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Abstract

We discuss classifications of UV complete supersymmetric theories in six dimensions, and (spin-
)topological field theories admitting a finite global symmetry and possibly time-reversal symme-
try in three dimensions. We also discuss a generalization of finite global symmetries and their
gauging in two dimensions.

First, we start with LSTs which are UV complete non-local 6D theories decoupled from grav-
ity in which there is an intrinsic string scale. We present a systematic approach to the construction
of supersymmetric LSTs via the geometric phases of F-theory. Our central result is that all LSTs
with more than one tensor multiplet are obtained by a mild extension of 6D superconformal field
theories (SCFTs) in which the theory is supplemented by an additional, non-dynamical tensor
multiplet, analogous to adding an affine node to an ADE quiver, resulting in a negative semidef-
inite Dirac pairing. We also show that all 6D SCFTs naturally embed in an LST. Motivated by
physical considerations, we show that in geometries where we can verify the presence of two
elliptic fibrations, exchanging the roles of these fibrations amounts to T-duality in the 6D theory
compactified on a circle.

Second, we study the interpretation of O7_, -planes in F-theory, mainly in the context of the
six dimensional models. In particular, we study how to assign gauge algebras and matter con-
tents to seven-branes and their intersections, and the implication of anomaly cancellation in our
construction, generalizing earlier analyses without any O7 -planes. By including O7. -planes
we can realize 6d superconformal field theories hitherto unobtainable in F-theory, such as those
with hypermultiplets in the symmetric representation of special unitary gauge algebra. We also
examine a couple of compact models. These reproduce some famous perturbative models, and
in some cases enhance their gauge symmetries non-perturbatively.

Third, we argue that it is possible to describe fermionic phases of matter and spin-topological
field theories in 2+1d in terms of bosonic ”shadow” theories, which are obtained from the orig-
inal theory by ”gauging fermionic parity”. The fermionic/spin theories are recovered from their
shadow by a process of fermionic anyon condensation: gauging a one-form symmetry generated
by quasi-particles with fermionic statistics. We apply the formalism to theories which admit
gapped boundary conditions. We obtain Turaev-Viro-like and Levin-Wen-like constructions of
fermionic phases of matter. We describe the group structure of fermionic SPT phases protected
by the product of fermion parity and internal symmetry G. The quaternion group makes a surprise
appearance.

Fourth, we generalize two facts about oriented 3d TFTs to the unoriented case. On one hand,
it is known that oriented 3d TFTs having a topological boundary condition admit a state-sum
construction known as the Turaev-Viro construction. This is related to the string-net construction
of fermionic phases of matter. We show how Turaev-Viro construction can be generalized to
unoriented 3d TFTs. On the other hand, it is known that the “fermionic” versions of oriented
TFTs, known as Spin-TFTs, can be constructed in terms of “shadow” TFTs which are ordinary
oriented TFTs with an anomalous Z, 1-form symmetry. We generalize this correspondence to
Pin™-TFTs by showing that they can be constructed in terms of ordinary unoriented TFTs with
anomalous Z, 1-form symmetry having a mixed anomaly with time-reversal symmetry. The
corresponding Pin™-TFT does not have any anomaly for time-reversal symmetry however and



hence it can be unambiguously defined on a non-orientable manifold. In case a Pin™-TFT admits
a topological boundary condition, one can combine the above two statements to obtain a Turaev-
Viro-like construction of Pin™-TFTs. As an application of these ideas, we construct a large class
of Pin™-SPT phases.

Finally, we recall that it is well-known that if we gauge a Z,, symmetry in two dimensions,
a dual Z, symmetry appears, such that re-gauging this dual 7Z, symmetry leads back to the
original theory. We describe how this can be generalized to non-Abelian groups, by enlarging the
concept of symmetries from those defined by groups to those defined by unitary fusion categories.
We will see that this generalization is also useful when studying what happens when a non-
anomalous subgroup of an anomalous finite group is gauged: for example, the gauged theory can
have non-Abelian group symmetry even when the original symmetry is an Abelian group. We
then discuss the axiomatization of two-dimensional topological quantum field theories whose
symmetry is given by a category. We see explicitly that the gauged version is a topological
quantum field theory with a new symmetry given by a dual category.
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Three line defects coming together with a local operator placed at the point of
intersection can be interpreted as a morphism from one line defect to the tensor
product of other two line defects. (c) Local operators between lines can also be
fused to give rise to tensor product of morphisms. . . . . . .. ... ..o L.

4.3.5 Canonical maps: (a) Placing the lines as shown and fusing them gives rise to a
canonical associator map. (b) Folding a line as shown and fusing it with itself
gives rise to a canonical evaluation map. (c) Folding a line as shown and fusing
it with itself gives rise to a canonical co-evaluation map. . . . . ... ... ...

4.3.6 (a) A graph I' of boundary line defects drawn on a sphere. (b) The same graph
drawn on a plane obtained after removing a point from the sphere. . . . . . . ..

4.3.7 The computation of a graph on the plane involves the listed morphisms. Here a
denotes the associator tensored with identity morphism for A*. The final result
is the partition function Zr of the theory on a three-ball decorated by the graph I'.

4.3.8 Bulk lines and Drinfeld Center: (a) Bringing a bulk line O to the boundary such
that its image crosses a boundary line X gives rise to a canonical half-braiding
given by morphism Sx. (b) Bringing O to the boundary in two different ways as
shown in the figure is equivalent and hence 5 commutes with other morphisms.

4.3.9 (a) A three-ball partition function decorated by a graph I" of bulk and boundary
lines. (b) The graph is projected onto the sphere for evaluation. The different
projections evaluate to the same result, thanks to the Drinfeld center axioms . .
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4.3.1%, 1-form symmetries: (a) There exists a bulk line L with properties shown in
the figure. (b) Half-braiding L lines across each other gives a factor of +-1 when
compared to L lines without braiding. The factor of +1 arises for a bosonic 1-
form symmetry generator L = B and —1 arises for a fermionic 1-form symmetry
generator [, = II. This minus sign implies that the symmetry is anomalous.

4.3.11Lines L, living at the intersection of a O-form symmetry generator U, and the
boundary form the sub-category C,. . . . . . ... ... L.

4.3.1XGiven a tetrahedron with a labeling of vertices by 7 € {0, 1,2, 3}, we orient the
edges such that vertex with label ¢ has ¢ incoming edges. This defines a local
order on the tetrahedron. Orientation is defined by using right-hand rule going
from O to 1 to 2. If the thumb points inward, we say that the tetrahedron is
positively oriented as shown in (a). If the thumb points outward, we say that the
tetrahedron is negatively oriented as shownin(b). . . . . . . ... ... ... ..

4.3.138Bosonic SPT phases: (a) A positively oriented tetrahedron with generic simple
elements on edges. We label the vertices such that an edge going from ¢ to h
is assigned the element V-1;,. (b) The planar graph dual to the tetrahedron with
all the morphisms as canonical identity morphisms. The graph evaluates to the
associator a3(1, g, 9¢’, g9’g"). Notice that the faces of the dual graph correspond
to vertices of the tetrahedron and are ordered correspondingly. Edges are oriented
so that the face to the left is comes before the face to the right. For example, the

outer face in the dual graphisthe first. . . . . . . . ... .. ... ... .....

4.3.14Gauge-fixing: A graphical representation of the partial gauge-fixing procedure
used in computing the G group cocycle. Left: A choice of gauge is the same as
a choice of basis vector in the space of junctions between line defects in the full
G category. Right: we identify V{, ) ~ V(1. ® V, and identify V(, .) with the
corresponding elements / or II of the center. We then express a general junction
canonically in terms of a choice of junction between line defects labelled by
G elements. The double lines denote the center elements. The empty circle
represents any choice of how to connect the center lines in a planar way. . . . . .

4.3.15Gu-Wen fermionic SPT phases: (a) The planar graph dual to the tetrahedron
which computes @ in a gauge determined by the choice of morphism at the junc-
tions. We partial gauge-fix as in the previous Figure. The resulting web of center
lines can be simplified by bringing together all planar junctions and collapsing
planar loops, up to resolving a single crossing (See next Figure 5.4.2). Up to the
corresponding sign, we obtain: (b) a graph which depends on GG elements only
anddefines 3. . . . . . .. e

4.3.1dntermediate computational steps relating a3 and v3. The planar intersections
(white circles) of center lines can be collapsed together safely, but the non-planar
intersection has to be resolved first, at the price of a sign (—1)"2(99)<"
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4.3.17%, 1-form symmetries: (a) There exists a bulk line b with properties shown in
the figure. (b) Half-braiding b lines across each other gives a factor of -1 when
compared to b lines without braiding. The factor of +1 arises for a bosonic 1-
form symmetry and —1 arises for a fermionic 1-form symmetry. This minus sign
implies that the symmetry is anomalous. . . . . . . .. ... ... ... .....

4.3.18onstruction of COZZ: (a) A morphism can involve a b line or not. Notice that the
direction of b line is irrelevant as it is equal to its dual. (b) Composition of two
morphisms involving a b line is obtained by using the canonical map from b ® b
to identity to join the b lines. (c¢) Tensor product of two morphisms involving a b
line is twisted by a half-braiding of bacross V3. . . . . ... ... ...

4.3.19A sample computation of fusion rules in shadow product of two equivariant toric
codes with & = &: S ® SY is by definition a sum of four terms which involve
associators and crossings. I/ inside S.S ® S.S is mapped to zero object as second
term cancels against the third and the first term cancels against the fourth. P/
is mapped to P by the first and fourth terms and to / P by the second and third
terms. Hence, S @ SO ~ PI°. . . . . ... ...

4.3.20I'wo sample computations of associators for a phase corresponding to long ex-
act sequence. The values at the starting of double lines encode the number of
Py lines. We leave the argument of n, self-evident as it can be read from the
diagram. m and n are numbers (defined modulo 2) associated to the choice of
morphisms at the junctions where two S lines converge and diverge respectively.
m is 1 if it corresponds to the morphism S ® S — P and O if it corresponds
to S ® .S — I. nis defined similarly. The graph in (b) evaluates to a non-zero
number only if ns(¢, ¢”) + n2(g, 9'g") + na(g9qg’, ¢”) + € + m +n = 0 which is
the same as ns(g, ¢') + e +m+n = 0. As aresult of this, the double lines always
come in pairs. The graphs in (a) and (b) imply that the associators respectively
are (—1)<(€+2(9"9") g and A"V (_1)mpy where ) is a square root of 2.

4.3.21The figure depicts various terms in the computation of /5SS, ® SSI,. We
need to convert SPS into S1.S using the chosen isomorphisms. This results in
junctions of the three bosonic lines with appropriate signs. After taking into
account various factors from associators, crossings and junctions, we obtain
ISS, @ SSIL ~ SIS, . . . e

4.4.1 The first step of a swiss cheese construction: the manifold is triangulated, and
spherical holes are opened up at the vertices of the triangulation. . . . . . . . ..

4.4.2 The second step of a swiss cheese construction: we connect the holes by tubes
running along the edges of the triangulation. A special line is added around the
tubes to make them trivial. . . . . .. ... Lo o

4.4.3 The third step of a swiss cheese construction. The complement of the holes is a
collection of solid cylinders running through faces of the triangulation, fused at
tetra-valent vertices inside the tetrahedra. The cross-section of the solid cylinders
is a disk with three boundary punctures. We insert a complete basis of states

alongeachcylinder. . . . . . . ... ... L L
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4.4.4 Left: The basic ingredient of the state sum is a tetrahedron decorated with lines.
Right: The dual planar graph in the spherical fusion category. For clarity we
denoted with circled numbers the tetrahedron vertices dual to each face. . . . . .

4.4.5 A crucial identity for spherical fusion category evaluation maps: a graph ' (Left)
can be split into two simpler graphs I'; and I's (Right) with a sum over a complete
set of dual local operators at the new junctions (dashed line). . . . . .. .. ...

4.4.6 A triangular bi-pyramid (Right) can be obtained by gluing two tetrahedra. Corre-
spondingly, the dual planar graph (Middle) can be obtained by fusing tetrahedral
dual planar graphs along a pair of junctions (Right). For clarity, the faces dual to
the original vertices are indicated by circled numbers. . . . . . . . ... ... ..

4.4.7 a) A tetrahedron with an extra quasi-particle transversing two faces. We indi-
cated the choice of framing at each face. b) The dual planar graph in the spher-
ical fusion category. We drew the center line along the simplest choice of path.
Alternative paths which self-intersect or wind around the endpoints (c) would
give answers which differ by framing phases . . . . . . . .. ... ... ...,

4.4.8 A canonical choice of framing for the dual tetrahedron graph dressed by 1-form
Symmetry generators. . . . . . . .. .o h e e e e e e e e e e e e e e e

4.4.9 Gauge-fixing: A graphical representation of the partial gauge-fixing procedure
used in computing the tetrahedron contribution of the G' Gu-Wen phase decorated
by an extra 2-form flat connection 5. Left: A choice of gauge is the same as
a choice of basis vector in the space of junctions between line defects in the
full G category, possibly with an extra center line. Right: we identify V(, o ~
Vi1,e) ® Vg0 and identify V/; ) with the corresponding elements [ or II of the
center. We then express a general junction canonically in terms of a choice of
junction between line defects labelled by G elements. The double lines denote
the center elements. The empty circle represents any choice of how to connect
the center linesinaplanarway. . . . . . . .. . . ... .. ... .. ...

4.4.10T'he computation of the tetrahedron contribution for the G Gu-Wen phase deco-
rated by an extra 2-form flat connection B5. . . . . . ... ... L.

4.5.1 The Hilbert space associated to a surface > without holes (left) can be embedded
in the Hilbert space associated to a surface ¥’ with holes (right), as the image of
projectors defined by the action of closed boundary lines ) .. d;L;. . . . ... ..

4.5.2 The Hilbert space associated to a surface ' with a regular arrangement of holes
(left) can be identified with a direct sum of tensor product of Hilbert spaces asso-
ciated to a collection of three-punctured disks. For clarity, we denote the bound-
ary line defects L;, and L] simply as “i,” and “7;”. Disks are in correspondence
to faces of the triangulation. Pairs of dual defects are in correspondences to the

edges of the triangulation. . . . . . . . . . .. ... L o

Xxi

138



4.5.3 Left: The projector P, can be computed as a state-sum model evaluation of a bi-
pyramid. The bi-pyramid partition function is interpreted as a map from the dual
of the vector space associated to the bottom faces to the vector space associated
to the top faces. The action of the projector on the microscopic Hilbert space of
the string-net model corresponds to gluing the bi-pyramid on top of the vertex
v. Right: The bi-pyramid is computed in the spherical fusion category by an
appropriate planar graph dual to the bipyramid surface. The oval faces are dual
to the top and bottom vertices of the bi-pyramid. . . . . . .. ... ... .. ... 149

4.5.4 Left: The projector P, in the presence of a quasi-particle at f can be computed
as a state-sum model evaluation of a bi-pyramid with an extra bulk line. Right:
The decorated bi-pyramid is computed in the spherical fusion category by an ap-
propriate planar graph including the appropriate center line corresponding to the
quasi-particle. The quasi-particle joins the junctions dual to the bi-pyramid faces
above f. We selected a specific framing for the quasi-particle (which direction it
exits and enters the junctions) it and keptitconstant . . . . . . . ... ... ... 150

4.5.5 Left: A very economical description of the operator U}jf/ [¢] for adjacent faces
f and f’. The pillow-case geometry is the minimal way to interpolate between
triangulations with quasi-particle insertions at f and f’. Right: The decorated
pillowcase is computed in the spherical fusion category by an appropriate planar
graph including the appropriate center line corresponding to the quasi-particle.
The quasi-particle joins the junctions dual to the bottom bi-pyramid face above
f and the top bi-pyramid face above f’. We selected a specific framing for the
quasi-particle, pointing towards the vertex v. . . . . . . . .. ... L. L. 151

4.5.6 Left: The only bi-pyramid contributing non-trivial signs to P, in the presence of
an e particle. The quasi-particle is framed towards v and the decoration of the
edges near v must flip from 1 to P or viceversa. Right: An example of a pil-
lowcase contributing a non-trivial sign to U¢. There is a potential sign whenever
the quasi-particle is framed towards an oval face, i.e. the earliest vertex of a face
(““0”) 1s opposite to the edge e. Then the sign measures the presence of P along
the 01 edge of that face. This can be expressed as a cup product oy U A{. . . . . 153

4.5.7 A comparison of U/U e’j and U e]iUef for edges e, ¢’ adjacent to the same face f.
Left and Right: The corresponding pairs of pillowcase geometries. Middle: The
fused geometry. If the edges e and ¢ are the 01 and 12 edges of f, the center
lines emanating from the fused junctions at f reconnect as shown in the middle.
The two center lines can be identifies only up to a change of one unit of framing.
Similar pictures with the outer face labelled by 0 or 2 match with no change of
framing. Hence associativity fails only if e and ¢’ are the 01 and 12 edges or
VICE-VETSA. .« v v v v v it e e e e e e e e e e e e 157

5.2.1 (a) A boundary line L. (b) The dual line L* is defined by reversing the orientation
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5.2.2 A morphism m between outgoing lines A;, A, and A3 corresponds to a state m
in the Hilbert space on a disk with boundary punctures A;, A, and A3. Consider
on a hemisphere geometry with a boundary on the spherical part and the disk
shown in (b) being the cross-section. The state shown in (b) is produced on the
cross-section if the boundary has the graph shown on (a) inserted on it such that
A; end on their respective punctures. . . . . . .. ..o 162

5.2.3 (a) Composition of morphisms. The box is our alternative notation for a mor-
phism. (b,c) Tensor product of objects and morphisms. . . . .. ... ... ... 163

5.2.4 Canonical maps: (a) Associator a(A, B, C'), (b) Evaluation ey, and (c) Co-evaluation
7 163

5.2.5 (a) Graphical representation of the chosen basis. (b) Graphical representation of
thedual basis. . . . . . . . . ... 164

5.2.6 (a) Graphical representation of the fact that the two basis are dual to each other.
(b) Completeness of the basis. Here, sum over (kaf3) represents a sum over all

such consistent triples. . . . . . . . ... Lo 165
5.2.7 A change of basis via a unitary matrix. . . . . . . . .. .. .. ... .. .. ... 165
5.2.8 Definition of F-symbols. . . . . . .. ... L Lo 165
529 Labeling of faces. . . . . . . . . . .. 166
5.2.10A tetrahedron can have two chiralities - (a) positive and (b) negative. There is a

label attached to every face but we don’t show it in the figure for brevity. . . . . . 166

5.2.11Graph attached to a tetrahedron: (a) positive chirality and (b) negative chirality. . 167
5.2.12a) A line in CNG@/'. (b) A sample graph in C showing a morphism « in the mor-

phismspace (V7)e. . . o o o o oo 169
5.2.13T'he action of anti-linear isomorphism 7. . . . . . .. .. ... ... ....... 170
5.2.14Definition of F'-symbols for Coo 170

5.2.15The action of Uy sends a graph (a) on 23 to a graph (b) on 28’ but in the “wrong”
orientation. This means that the tensor product in graph (b) is taken from right
to left. In order to get back to our convention of tensor product from left to right,
we take a mirror of graph (b) and obtain graph (c). The resulting graph (c) is read

INC .. 171
5.2.16T'he symmetry of the theory under a reflection guarantees that the above two

graphs evaluate to the same number. . . . . . . ... ... L0 0oL 172
5.2.17The possible graphs that we attach to a tetrahedron. . . . . . . .. ... .. ... 174

5.3.1 (a) A property of bulk line IT generating an anomalous Z, 1-form symmetry. (b)
Half-braiding II lines across each other gives a factor of —1 when compared to
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5.3.3 The basic tetrahedron graph in the Turaev-Viro construction of the partition
function Z;(M, 5) of the shadow theory in the presence of a background 2-
connection 5. A II line (shown as double line in the figure) leaves the vertex if
the dual face has 5, = 1. We let such lines meet without crossing each other in
the region denoted by a disk in the graph. Different ways of joining the lines in
the disk are equivalent because of the property of II lines shown in Figure 5.3.1(a).178

5.3.4 (a) The big circle is a cartoon representing the locus M dual to w;. A 1I line
is bubbled nearby and dipped into this locus. The operators at the two marked
junctions are inverses of each other. (b) Taking the left half of II line around
a loop C in M which intersects once the locus £’ dual to w?, brings us to the
configuration shown in the figure. We omit M in this figure for brevity. The
region denoted by a black disk is shown in (c). That is, the II lines are glued
inside this black region in such a way that there is a non-trivial half-braiding (i.e.
crossing) of the II lines. The reason for the appearance of this crossing is that the
normal direction to M is reflected across £’ and hence the top and bottom parts
of the (left half of) IT loop are exchanged as C' crosses £'. . . . . . . . ... ... 180

5.3.5 The equations defining twisted Drinfeld center. . . . . . . . ... ... .. ... 182

5.3.6 The properties of a bulk line b generating a non-anomalous Z, 1-form symmetry
are very similar to that of II. The only difference is that crossing b lines doesn’t
leadtoasign. . . . . . . . . . e 183

5.3.7 Construction of Cz,: (a) Two types of morphisms from A to B. (b) Composition
of two morphisms of the second type. (c) Tensor product of two morphisms of
the second type. (d) Tensor product of a morphism of first type on the left and
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5.4.1 We choose our basis for morphism space Lyg cie/ino(g,9) — Lge @ Ly o such
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Chapter 1

Introduction

In this thesis, our operational definition of a quantum field theory is any relativistic quantum
mechanical theory in the absence of dynamical gravity. Thus, it is a matter of extreme importance
to understand quantum field theories. Even before trying to understand QFTs, one might ask:
What is the space of QFTs? It turns out that even this zeroth order question is an extremely
challenging one to answer.

Recently, a lot of progress was made on this question on two fronts. In the rest of this intro-
ductory chapter, we will provide an overview of these two developments which should be acces-
sible to non-experts. The other chapters of the thesis will record the technical work performed
by the author as a part of these developments. Each subsequent chapter will be accompanied by
its own introductory section addressed to the experts.

1.1 6d supersymmetric QFTs

On one front, people made progress by restricting their attention to six-dimensional supersym-
metric UV complete QFTs. UV completeness of a QFT means that the QFT describes physical
processes at all energy scales. It is typically assumed because it is extremely restrictive. The cri-
terion of UV completeness drastically cuts down the space of QFTs one needs to explore. This
was a lesson learned from the famous renormalization program of the last century. Supersymme-
try is assumed in order to provide a strong computational control on the quantum fluctuations in
the theories under consideration because supersymmetry forces quantum fluctuations of bosonic
degrees of freedom to cancel against the quantum fluctuations of fermionic degrees of freedom.

To simplify the problem further, we could imagine considering only those theories in which
physical phenomena happening at different energy scales are the same. In other words, we would
like to consider theories in which the physics is not a function of the energy scale at which we
probe the system. Such QFTs are called conformal field theories (CFTs). Such theories occupy
a very small subspace of the space of QFTs. Flipping this statement around, we can now think
of QFTs as deformations of CFTs. Thus the problem of understand QFT's essentially boils down
to first understanding the space of CFTs and then understanding the space of deformations of
CFTs.



Now, it is a general expectation that the space of QFTs gets smaller as one increases spacetime
dimension. The reasoning is that starting from a higher dimensional QFT, one can in principle
obtain myriad of lower dimensional QFTs by compactifying some of the space directions on a
compact manifold of very small size. However, it is known that the maximal spacetime dimen-
sion in which a SCFT can exist is siXx. So one obtains the most amount of restrictions when one
looks for six-dimensional SCFTs.

One very successful strategy for constructing 6d SCFTs is via compactifications of F-theory.
F-theory is a name used to describe a certain class of non-perturbative vacua of type IIB string
theory in which the axion and dilaton obtain space dependent vevs. The vacua can be described
by means of an elliptic fibration over physical space, thus making the effective spacetime dimen-
sion twelve.

To construct 6d SCFTs, one compactifies F-theory on a non-compact elliptically fibered
Calabi-Yau threefold with the intersection pairing of 2-cycles in the base being positive defi-
nite. Thus the classification of 6d SCFTs boils down to classification of such Calabi-Yaus. This
classification was performed in [9, 10] by assuming additional input from anomaly cancellation
in the resulting 6d QFT. The authors hoped that the actual list of such Calabi-Yaus would exactly
match the list obtained using anomaly cancellation without any mismatch.

Now it turns out that there exists a class of supersymmetric UV complete QFTs in six di-
mension whose low-energy physics is described by 6d SCFTs. Unlike 6d SCFTs, these theories
are non-local because they do not distinguish between a circular dimension of radius R and a
circular dimension of radius 1/R. In particular, if one tries to compactify these theories on a
small circle, one obtains again a six dimensional theory rather than a five dimensional theory.
Since this property is shared by string theory as well, these theories are called supersymmetric
little string theories (or LSTs).

One can construct 6d LSTs by compactifying F-theory on a non-compact elliptically fibered
Calabi-Yau threefold with the intersection pairing of 2-cycles in the base being positive semi-
definite (but not positive definite). This classification was performed in [1] and is described in
Chapter 2 below.

A twist in the above story came when it was realized that upon comparing the list of theories
obtained via F-theory with the list of theories obtained via other methods of classification [11],
there were some theories missing in the F-theoretic classification. The situation was particularly
disturbing because the missing theories could be constructed via type IIA string theory which is
supposed to be dual to F-theory. Thus if F-theory could not reproduce these theories, it would be
a big conundrum.

It was soon realized that the above F-theoretic classifications assumed that one is dealing
with F-theory compactifications which do not involve frozen singularities, or O7, planes in
type IIB language. Incorporating frozen singularities into the machinery of F-theory turns out
not be straightforward and many of the nice properties enjoyed by F-theory compactifications
without frozen singularities is not shared by compactifications with frozen singularities. The
incorporation of frozen singularities is the subject of Chapter 3 where it is also shown how to
reproduce the missing theories via such compactifications.



1.2 3d topological field theories

On the other front, people restricted their attention to topological field theories (or TFTs) in two
and three dimensions. TFTs are structurally even simpler than CFTs because they enjoy much
more spacetime symmetry. The data of CFTs is insensitive to the size of the spacetime manifold
but the data of TFTs is insensitive to any topological deformation of the spacetime manifold.

This seems to imply that TFTs should be trivial because there could be no spacetime de-
pendence in the expectation values of local observables. However, most of the interesting data
of TFTs is captured in the expectation values of non-local observables which are defined over
a non-zero dimensional locus in spacetime. These observables are also referred to as defects.
Defects in TFTs capture properties of spacetime manifold as they can wrap around non-trivial
cycles in spacetime. Even more refined data is captured by junctions between defects which can
be thought of as defects living inside defects. Of course, one can obtain even finer information
by considering defects living inside defects living inside defects, and so on. Given this nested
structure of non-local observables, it pays to restrict to low-enough dimensions where the nesting
structure could be handled more easily.

The properties of line defects in TFTs are captured by the data of a fusion category possibly
enriched by other structures on the category. In this language, the line defects are recognized as
objects of teh category and local operators living at the junction of two line defects are recognized
as morphisms between the corresponding objects in the category. Two line defects can be brought
together and converted into a single line defect via topological deformations. This makes the
category into a fusion category.

The extra structure needed to describe line defects in a 3d TFT is that of braiding which
captures properties of lines as they wind around each other in three dimensional spacetime. The
correct mathematical structure turns out to be that of a modular tensor category. However, Turaev
and Viro [ 1 2] presented a construction of 3d TFT's based on the data of a spherical fusion category
which does not admit a braiding structure.

This puzzle was resolved in [3] where it was argued that the fusion category of Turaev and
Viro is actually describing lines on a topological boundary of the 3d TFT. Since the boundary
is two dimensional, the lines living on it do not require a braiding structure and hence it makes
sense. The Turaev-Viro prescription for obtaining partition function of the 3d TFT was also
obtained using abstract principles of TFTs. Thus, one converts the problem of classififying 3d
TFTs to the problem of classifying spherical fusion categories. One can restrict to those 3d TFTs
which admit an inverse TFT in the sense that taking a direct product of the two TFTs gives rise
to a trivial TFT. In this case, it is easy to classify the corresponding spherical fusion categories.
In [3], a prescription was also given to obtain the data of a 3d spin-TFT from the data of a 3d
TFT with an anomalous Z, symmetry and vice-versa. A spin-TFT is a TFT which requires a
choice of spin structure on the spacetime manifold to be well defined. Thus spin-TFTs can be
thought of as TFTs with fermionic degrees of freedom. Using all of the above, one can classify
invertible 3d spin-TFTs via spherical fusion categories. All of this is the content of Chapter 4.

The story of last paragraph holds for 3d TFTs which are defined only on oriented spacetime
manifolds. This story can be enriched by generalizing to 3d TFTs which can be defined even
of unoriented spacetime manifolds. Such unoriented TFTs are important because these TFTs
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admit time-reversal symmetry. This symmetry can be thought to be the consequence of the exis-
tence of an orientation reversing codimension one defect in the TFT. The lines on a topological
boundary in the presence of an orientation reversing defect were studied in [4] and the resulting
mathematical structure was identified as that of a “twisted” spherical fusion category. The gener-
alization of Turaev-Viro prescription in terms of data of a twisted spherical fusion category was
also given. On an unoriented spacetime, there can be two types of TFTs with fermionic degrees
of freedom. They are called Pin*-TFTs and Pin~-TFTs and they are well-defined after choosing
a Pin™-structure or a Pin™-structure on the spacetime respectively. In [4], a correspondence was
established between 3d Pin*-TFTs and 3d unoriented TFTs with an anomalous Z, symmetry and
was used to provide a partial classification of invertible 3d Pin*-TFTs. All of this is the subject
of Chapter 5.

1.3 Finite symmetries in two dimensions

In Chapter 6, we go slightly outside the main theme of this thesis. Instead of talking about
classification of QFTs, we will talk about correspondence between QFTs. It was shown a long
time ago [13] that if one gauges a finite, abelian internal global symmetry group G of a two-
dimensional QFT, the resulting 2d QFT has a finite, abelian internal global symmetry group G
which is the Pontryagin dual of G. Furthermore, if one gauge G in the resulting 2d QFT, one
obtains the original 2d QFT that one started with.

Chapter 6 asks what happens if (G is a finite, non-abelian group. Gauging GG produces Wilson
line defects labeled by representations of G which form a fusion category known as the represen-
tation category of G. If G is abelian, the data of representation category is equivalent to the data
of G. However, if GG is non-abelian, there is no such notion of G. Is there a notion of “gauging the
representation category of the gauged 2d QFT” to obtain the original 2d QFT with non-abelian
global symmetry G'?

This question was answered in affirmative in [5]. In fact, a much more general statement was
argued. In general one can consider the fusion category C formed by topological line defects
in a 2d QFT T. A notion of gauging C is provided by the choice of a special object known as
Frobenius algebra object A in C. This object satisfies some nice properties. Once gauges T by
inserting a fine-enough network of A lines in the 2d spacetime. In the gauged theory T, the
network of A lines becomes invisible and the fusion category C formed by topological lines is
the category of A-bimodules in C. It can be shown that C admits a Frobenius algebra object A
which is dual to A in the sense that the category of A-bimodules in C can be identified with C.
Lifting this up, it can be shown that gauging ¥ by A gives back the theory ¥ with associated
fusion category C.



Chapter 2

F-theory and the Classification of Little
Strings

2.1 Introduction

One of the concrete outcomes from the post-duality era of string theory is the wealth of insights
it provides into strongly coupled quantum systems. In the context of string compactification,
this has been used to argue, for example, for the existence of novel interacting conformal field
theories in spacetime dimensions D > 4. In a suitable gravity-decoupling limit, the non-local
ingredients of a theory of extended objects such as strings are instead captured by a quantum
field theory with a local stress energy tensor.

String theory also predicts the existence of novel non-local theories. Our focus in this work
will be on 6D theories known as little string theories (LSTs).! For a partial list of LST con-
structions, see e.g. [14, 6, 15—19]. In these systems, 6D gravity is decoupled, but an intrinsic
string scale M,i,y remains. At energies far below M,.;,4, We have an effective theory which is
well-approximated by the standard rules of quantum field theory with a high scale cutoff. How-
ever, this local characterization breaks down as we reach the scale Mg The UV completion,
however, is not a quantum field theory.?

The mere existence of little string theories leads to a tractable setting for studying many
of the essential features of string theory —such as the presence of extended objects— but with
fewer complications (such as coupling to quantum gravity). It also raises important conceptual
questions connected with the UV completion of low energy quantum field theory. For example,
in known constructions these theories exhibit T-duality upon toroidal compactification [16,17,21]
and a Hagedorn density of states [22], properties which are typical of closed string theories with
tension set by M?2

string*

Several families of LSTs have been engineered in the context of superstring theory by using
various combinations of branes probing geometric singularities. The main idea in many of these
constructions is to take a gravity-decoupling limit where the 6D Planck scale M), — oo and

"We leave open the question of whether non-supersymmetric little string theories exist.
2In fact, all known properties of LSTs are compatible with the axioms for quasilocal quantum field theories [20].
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the string coupling g, — 0, but with an effective string scale M, held fixed. Even so, an
overarching picture of how to construct (and study) LSTs has remained somewhat elusive.

Our aim in this chapter will be to demystify various aspects of LSTs, and in particular to
give a systematic approach to realizing LSTs arising in F-theory>. To do this, we will use both a
bottom up characterization of little string theories on the tensor branch (i.e. where all effective
strings have picked up a tension), as well as a formulation in terms of compactifications of F-
theory. To demonstrate UV completeness of the resulting models we will indeed need to use the
F-theory characterization.

Recall that in F-theory, we have a non-compact base B of complex dimension two, which
is supplemented by an elliptic fibration to reach a non-compact Calabi-Yau threefold. In the
resolved phase, the intersection pairing of the base coincides with the Dirac pairing for two-form
potentials of the theory on its tensor branch. For an SCFT, we demand that the Dirac pairing is
negative definite. For an LST, we instead require that this pairing is negative semidefinite, i.e.,
we allow for a non-trivial null space.

F-theory also imposes the condition that we can supplement this base by an appropriate el-
liptic fibration to reach a non-compact Calabi-Yau threefold. In field theory terms, this is usually
enforced by the condition that all gauge theoretic anomalies are cancelled on the tensor branch
of the theory. For 6D gauge theories which complete to LSTs, this condition was discussed in
detail in reference [26]. Even when no gauge theory interpretation is available, this means that in
the theory on the tensor branch, some linear combination of tensor multiplets is non-dynamical,
and instead defines a dimensionful parameter (effectively a UV cutoff) for the 6D effective field
theory.

In F-theory terms, classifying LSTs thus amounts to determining all possible elliptic Calabi-
Yau threefolds which support a base B with negative semidefinite intersection pairing. One of
our results is that all LSTs are given by a small extension of 6D SCFTs, i.e. they can always be
obtained by adding just one more curve to the base of an SCFT so that the resulting base has an
intersection pairing with a null direction. Hence, much as in the case of Lie algebras, all LSTs
arise from an affine extension of SCFTs. See figure 2.1.1 for a depiction of this process.

In fact, the related classification of 6D SCFTs has already been successfully carried out. See
e.g. the partial list of references [9,27-30, 10, 1 1]. What this means is that we can freely borrow
this structure to establish a classification of LSTs. Much as in reference [10], we establish a
similar “atomic classification” of how LSTs are built up from smaller constitutent elements. We
find that the base of an F-theory geometry is organized according to a single spine of “nodes”
which are decorated by possible radicals, i.e. links which attach to these nodes. As opposed to
the case of SCFTs, however, the topology of an LST can be either a tree or a loop.

Using this characterization of LSTs, we also show that all 6D SCFTs can be embedded in
some LST by including additional curves and seven-branes:

6D SCFTs — 6D LSTs. 2.1.1)

3More precisely, we focus on the case of geometric phases of F-theory, ignoring the (small) list of possible
models with “frozen” singularities (see e.g. [23—25]). We return to this point later in section 2.10 when we discuss
the mismatches between field theory motivated LST constructions and their possible lifts to string constructions
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Figure 2.1.1: Depiction of how to construct the base of an F-theory model for an LST. All
LST bases are obtained by adding one additional curve to the base for a 6D SCFT. This
additional curve can intersect either one or two curves of the SCFT base. Much as in the
study of Lie algebras, LSTs should be viewed as an “affine extension” of SCFTs.

Deformations in both Kéhler and complex structure moduli for the LST then take us back to
the original SCFT. It is curious to note that although many 6D SCFTs cannot be coupled to 6D
supergravity, they can always be embedded in another theory with an intrinsic length scale.

A hallmark of all known LSTs is T-duality, that is, by compactifying on a small circle,*
we reach another 6D LST compactified on a circle of large radius. This motivates a physical
conjecture that all LSTs exhibit such a T-duality. In geometries where we can verify the presence
of two elliptic fibrations, we find that exchanging the roles of these fibrations amounts to T-
duality in the 6D theory compactified on a circle. In some cases, we find that T-duality takes us
to the same LST. For a recent application of this double elliptic fibration structure in the study
of the correspondence between instantons and monopoles via compactifications of little string
theory, see reference [31].

The rest of this chapter is organized as follows. In section 2.2 we state necessary bottom
up conditions to realize a LST. This includes the core condition that the Dirac pairing for an
LST is a negative semidefinite matrix. After establishing some of the conditions this enforces,
we then turn in section 2.3 to the rules for constructing LSTs in F-theory. We also explain the
(small) differences between the rules for constructing LSTs versus SCFTs. Section 2.4 gives
some examples of known constructions of LSTs, and their embedding in F-theory. In section
2.5 we show how decoupling a tensor multiplet to reach an SCFT leads to strong constraints
on possible F-theory models. In section 2.6 we present an atomic classification of bases, and in
section 2.7 we turn to the classification of possible elliptic fibrations over a given base. In section
2.8 we demonstrate that every 6D SCFT constructed in F-theory can be embedded into at least
one 6D LST constructed in F-theory. In section 2.9 we show how T-duality of the LST shows
up as the existence of a double elliptic fibration structure, and the exchange in the roles of the
elliptic fibers. As a consequence, we show that LSTs can acquire discrete gauge symmetries for

“That is, small when compared with the effective string scale.



particular values of their moduli. In section 2.10 we discuss the small mismatch with possible
LST constructions suggested by field theory, and their potential embedding in a non-geometric
phase of an F-theory model. Section 2.11 contains our conclusions, and some additional technical
material is deferred to a set of Appendices.

2.2 LSTs from the Bottom Up

In this section we state some of the conditions necessary to realize a supersymmetric little string
theory.

We consider 6D supersymmetric theories which admit a tensor branch (which can be zero
dimensional, as will be the case for many LSTs), that is, we will have a theory with some dy-
namical tensor multiplets, and vacua parameterized (at low energies) by vevs of scalars in these
tensor multiplets. We will tune the vevs of the dynamical scalars to zero to reach a point of
strong coupling. Our aim will be to seek out theories in which this region of strong coupling is
not described by an SCFT, but rather, by an LST. In addition to dynamical tensor multiplets, we
will allow the possibility of non-dynamical tensor multiplets which set mass scales for the 6D
supersymmetric theory.

Recall that in a theory with 7' tensor multiplets, we have scalars ST and their bosonic su-
perpartners B;,;I , with anti-self-dual field strengths. The vevs of the S’ govern, for example,
the tension of the effective strings which couple to these two-form potentials. In a theory with
gravity, one must also include an additional two-form potential B:[V coming from the graviton
multiplet. Given this collection of two-form potentials, we get a lattice of string charges Agying,
and a Dirac pairing:’

Astring X Astring — Z7 (221)

in which we allow for the possibility that there may be a mull space for this pairing. It is conve-
nient to describe the pairing in terms of a matrix A in which all signs have been reversed. Thus,
we can write the signature of A as (p, g, r) for ¢ self-dual field strengths, p anti-self-dual field
strengths, and r the dimension of the null space.

Now, in a 6D theory with ¢ self-dual field strengths and p anti-self-dual field strengths, the
signature of A is (p, ¢,0). For a 6D supergravity theory with 7" tensor multiplets, the signature is
(T, 1,0). In fact, even more is true in a 6D theory of gravity: diffeomorphism invariance enforces
the condition found in [32] that det A = —1.

Now, since we are interested in supersymmetric theories decoupled from gravity we arrive
at the necessary condition that the signature of A is (p,0,7). In this special case, each of our
two-form potentials has a real scalar superpartner, which we denote as S’. The kinetic term for
these scalars is:

Lerr D Ars05'057. (2.2.2)

Observe that if A has a zero eigenvector, some linear combinations of the scalars will have a
trivial kinetic term. When this occurs, these tensor multiplets define parameters of the effective
theory on the tensor branch (i.e. they are non-dynamical fields).

SHere we ignore possible torsional contributions to the pairing.
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This leaves us with two general possibilities. Either A is positive definite (i.e. A > 0), or
it is positive semidefinite (i.e. A > 0). Recall, however, that to reach a 6D SCFT, a necessary
condition is that we must also demand that A > 0. We summarize the various possibilities for
self-consistent 6D theories:

6D SUGRA | 6D LST | 6D SCFT
signature (T,1,0) (p,0,7) (T,0,0) (2.2.3)
det A: |detA=—1|detA=0]|detA >0

For now, we have simply indicated an LST as any theory where det A = 0.

As already mentioned, when det A = 0, some linear combinations of the scalar fields for
tensor multiplets will have trivial kinetic term. This means that they are better viewed as defining
dimensionful parameters. For example, in the case of a 6D theory with a single gauge group
factor and no dynamical tensor multiplets, this parameter is just the overall value S,.; = 1/g% ;5
with gy, the Yang-Mills coupling of a gauge theory. Indeed, this Yang-Mills theory contains
solitonic solutions which we can identify with strings:

F=—%F (2.2.4)

that is, we dualize in the four directions transverse to an effective string. More generally, we
can expect A to contain some general null space, and with each null direction, a non-dynamical
tensor multiplet of parameters:

Vot =Ny U+ ..+ Np 0T suchthat A - ¥y = 0. (2.2.5)
for the two-form potential, and:
Spurr = N1SY + ... + NpST (2.2.6)

for the corresponding linear combination of scalars. Since they specify dimensionful parameters,
we get an associated mass scale, which we refer to as My, .in,:

Snull = M2

string*

(2.2.7)

Returning to our example from 6D gauge theory, the tension of the solitonic string in equation
(2.2.4)isjust1/g2,, = M thring' At energies above M ,.i4, Our effective field theory is no longer
valid, and we must provide a UV completion.

On general grounds, A > 0 could have many null directions. However, in the case where
where we have a single interacting theory, i.e. when A is simple, there are further strong re-
strictions. As explained in reference [33], when A > 0 is simple, all of its minors are positive
definite: A, > 0. Consequently, there is precisely one zero eigenvalue, and the eigenvector
is a positive linear combination of basis vectors. Consequently, there is only one dimensionful
parameter Mg,ing. This also means that if we delete any tensor multiplet, we reach a positive
definite intersection pairing, and consequently, a 6D SCFT. What we have just learned is that if
we work in the subspace orthogonal to the ray swept out by .S,,,;;, then the remaining scalars can
all be collapsed to the origin of moduli space. When we do this, we reach the LST limit.
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We shall refer to this property of the matrix A as the “tensor-decoupling criterion” for an
LST. As we show in subsequent sections, the fact that decoupling any tensor multiplet takes us
to an SCFT imposes sharp restrictions.

Even so, our discussion has up to now focussed on some necessary conditions to reach a
UV complete theory different from a 6D SCFT. In references [26, | 1] the specific case of 6D
supersymmetric gauge theories was considered, and closely related consistency conditions for
UV completing to an LST were presented. Here, we see the same consistency condition A > 0
appearing for any effective theory with (possibly non-dynamical) tensor multiplets.

Indeed, simply specifying the tensor multiplet content provides an incomplete characteriza-
tion of the tensor branch. In addition to this, we will also have vector multiplets and hypermul-
tiplets. For theories with only eight real supercharges, anomaly cancellation often imposes tight
consistency conditions.

There is, however, an important difference in the way anomaly cancellation operates in a 6D
SCFT compared with a 6D LST. The crucial point is that because A has a zero eigenvalue, there is
a non-dynamical tensor multiplet which does not participate in the Green-Schwarz mechanism.
In other words, on the tensor branch of an LST with 7' tensor multiplets, at most only 7" — 1
participate. This is not particularly worrisome since as explained in reference [32] and further
explored in reference [34], there is in general a difference between the tensor multiplets which
participate in anomaly cancellation and those which appear in the tensor branch of a general 6D
theory.

Though we have given a number of necessary conditions that any putative LST must satisfy,
to truly demonstrate their existence we must pass beyond effective field theory, embedding these
theories in a UV complete framework such as string theory. We therefore now turn to the F-
theory realization of little string theories.

2.3 LSTs from F-theory

In this section we spell out the geometric conditions necessary to realize LSTs in F-theory. Recall
that in a little string theory, we are dealing with a 6D theory which contains strings with finite
tension. As such, they are an intermediate case between the case of a 6D superconformal field
theory (which only contains tensionless strings), and the full string theory (i.e., one in which
gravity is dynamical).

Any supersymmetric F-theory compactification to six dimensions is defined by an elliptically
fibered Calabi-Yau threefold X — B. Here, X is the total space and B is the base. The elliptic
fibration can be described by a local Weierstrass model

vV =23+ fr +g, (2.3.1)

where f and g are local functions on B, that globally are sections respectively of Op(—4Kp)
and Op(—6Kp), Kp being the canonical class of B. The discriminant of the elliptic fibration is:

A =4+ 2747 (2.3.2)
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which globally is a section of Og(—12Kp). The discriminant locus A = 0 is a divisor, and its
irreducible components tell us the locations of degenerations of elliptic fibers. Such singularities
determine monodromies for the complex structure parameter 7 of the elliptic fiber, which is in-
terpreted in type IIB string theory as the axio-dilaton field. In type IIB language, the discriminant
locus signals the location of seven-branes in the F-theory model.

In F-theory, decoupling gravity means we will always be dealing with a non-compact base
B. When all curves of B are of finite non-zero size, we get a 6D effective theory with a lattice
of string charges:

Agtring = HP (B, 7). (2.3.3)
The intersection form defines a canonical pairing:
Aintersect © Nstring X Nstring — Z, (2.3.4)
which we identify with the Dirac pairing:
Apirac = Aintersect- (2.3.5)
We also introduce the “adjacency matrix”
Aqdjacency = —ADirac- (2.3.6)

To streamline the notation, we shall simply denote the adjacency matrix as A. The two-form
potentials of the 6D theory arise from reduction of the four-form potential of type IIB string
theory. Additionally, the volumes of the various compact two-cycles translate to the real scalars
of tensor multiplets:

ST o Vol(¥;). (2.3.7)

In the F-theory model, the appearance of a null vector for A;,c-sc: means that some of these
moduli are not dynamical in the 6D effective field theory. Rather, they define dimensionful
parameters / mass scales.

To define an F-theory model, we need to ensure that there is an elliptic Calabi-Yau X in
which B is the base. A necessary condition for realizing the existence of an elliptic model is that
the collection of curves entering in a base B are obtained by gluing together the “non-Higgsable
clusters” (NHCs) of reference [35] via P'’s of self-intersection —1.

Recall that the non-Higgsable clusters are given by collections of up to three P!’s in which
the minimal singular fiber type is dictated by the self-intersection number of the P!. The self-
intersection number, and associated gauge symmetry and matter content are as follows:

Self-intersection | —3 | —4 | =5 | —6 | =7 -8 (2.3.8)
Gauge Theory sug | 03 | fa | e | e7D %56 e7 e
Self-intersection | —9 —10 —11 —12 (2.3.9)
Gauge Theory es® 3 inst | egP 2 inst | egP 1 inst | eg o
Self-intersection | —3, —2 —2,-3,-2 —3,-2,-2 (23.10)

SU: Sl e XSp .
Gauge Theory @%2(;-&-12,2) @%(2,25715)0@792?1,2&2) @5(3,22)@51 (1,2)
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in addition, we can also consider a single —1 curve, and configurations of —2 curves arranged
either in an ADE Dynkin diagram, or its affine extension (in the case of little string theories).
The local rules for building up an F-theory base compatible with these NHCs amount to a local
gauging condition on the flavor symmetries of a —1 curve: We scan over product subalgebras
of the eg flavor symmetry which are also represented by the minimal fiber types of the NHCs.
When they exist, we get to “glue” these NHCs together via a —1 curve.

For a general elliptic Calabi-Yau threefold, the curves appearing in a given gluing configura-
tion can lead to rather intricate intersection patterns. For example, two curves may intersect more
than once, and may therefore form either a closed loop, or an intersection with some tangency.
Additionally, we may have three curves all meeting at the same point, as in the case of the type
I'V Kodaira fiber. Finally, a single —1 curve may in general intersect more then just two curves.
The possible ways to locally glue together such NHCs has also been worked out explicitly in
reference [35] (see also [36]). The main idea, however, is that since the —1 curve theory defines
a 6D SCFT with Eg flavor symmetry, we must perform a gluing compatible with gauging some
product subalgebra of the Lie algebra es.

What this means in general is that the adjacency matrix provides only a partial characteriza-
tion of intersecting curves in the base of a geometry. To handle these different possibilities, we
therefore introduce the following notation:

Normal Intersection: a,b or ab (2.3.11)
Tangent Intersection: al|b (2.3.12)

b
Triple Intersection: a / ¢ (2.3.13)
Looplike configuration: //a;...ax//. (2.3.14)

Now, decoupling gravity to reach an SCFT or an LST leads to significant restrictions on the
possible ways to glue together NHCs. In the case of a 6D SCFT, contractibility of all curves
in the base means first, that all of the compact curves are P%s, and further, that a —1 curve
can intersect at most two other curves. Additionally, all off-diagonal entries of the intersection
pairing are either zero or one. In the case of LSTs, however, the curves of the base could include
aT?, and a —1 curve can potentially intersect more than two curves. Additionally, there is also
the possibility that the off-diagonal entries of the adjacency matrix may be different than just
Zero or one.

Again, we stress that the intersection pairing provides only partial information. For example,
a curve of self-intersection zero could refer either to a P!, or to a 7%. In the case of a 72 of
self-intersection zero, the normal bundle need not be trivial, but could be a torsion line bundle
instead. Additionally, an off-diagonal entry in the adjacency matrix which is two may either refer
to a pair of curves which intersect twice, or to a single intersection of higher tangency. The case
of tangent intersections violates the condition of normal crossing (which is known to hold for
SCFTs [9] but fails for LSTs). An additional type of normal crossing violation appears when we
blow down a —1 curve meeting more than two curves. In Appendix A.2 we determine the types
of matter localized when there are violations of normal crossing.
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2.3.1 Geometry of the Gravity-Decoupling Limit

We now discuss how to obtain limits of F-theory compactifications in which gravity is decoupled,
following a program initiated in [37], worked out in detail in [38] (see also [39]), and extended
to the case of 6D SCFTs in [40]. For this purpose, we consider F-theory from the perspective of
the type IIB string, with the volume of the base B of the F-theory compactification providing a
Planck scale for the compactified theory. We will see that the quest for decoupled gravity leads
to the same condition on semidefiniteness of the intersection matrix of the compact curves, and
moreover we will see how to ensure that the F-theory base B in such cases has a metric of the
appropriate kind.

The Case of Compact Base

We begin with the case in which the F-theory base B is a compact surface, and suppose we have
a sequence of metrics (specified by their Kihler forms w;) which decouple gravity in the limit
i — oo. In particular, the volume must go to infinity: lim;_,., vol(w;) = oo.

To investigate the geometry of this family of metrics, we temporarily rescale them and con-
sider the Kéhler forms o

W; = ——. (2.3.15)
v/ vol(w;)

The rescaled metrics all have volume 1, and since the closure of the set of volume 1 Kihler
classes on B is compact, there must be a convergenct subsequence of Kéhler classes [w;,] whose
limit

[Woo] = lim [w;] (2.3.16)

J—00

lies in the closure of the Kéhler cone. If the original sequence was chosen generically, the limit
of the rescaled sequence will be an interior point of the Kéhler cone, and in this case all areas
and volumes grow uniformly as we take the limit of the original sequence w;. Gravity decouples,
but all other physical quantities measured by areas and volumes approach either zero or infinity,
leaving us with a trivial theory.

However, if the rescaled limit (2.3.16) lies on the boundary of the Kihler cone, more in-
teresting things can happen. In favorable circumstances, such as those present in Mori’s cone
theorem [41] and its generalizations [42], we can form another complex space B out of B by
identifying pairs of points p and ¢ whenever they are both contained in a curve C' whose area
vanishes in the limit. There is a holomorphic map 7 : B — B for which all such curves of zero
limiting area are contained in fibers 7~ '(¢), t € B.

As already pointed out in [38], there are two qualitatively different cases: B might be a
surface or it might be a curve. (It is not possible for B to be a point since there are some curves
C' C B whose area does not vanish in the limit.) If B is a surface, then the map 7 : B — B
contracts some curves to points, and may create singularities in B. It is widely believed, and has
been mathematically proven under certain hypotheses [43, 44], that the limiting metric w., can
be interpreted as a metric w on the smooth part of B.
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On the other hand, if B is a curve, so that 7 has curves i, tE B as fibers, then we again
expect the limiting metric w., to be induced by a metric on B, although there are fewer mathe-
matical theorems covering this case. (See [45] for one known theorem of this kind.)

In general, we do not expect the curves contracted by 7 to necessarily have zero area in the
gravity-decoupling limit. This can be achieved by starting with a reference Kéhler form wy on B
as well as a (possibly degenerate) Kéhler form w5 on B, and constructing a limit of the form

tli)m (wo + tm*(wg)) - (2.3.17)

In the case of an SCFT, we wish all curves contracted by 7 to be at zero area in the limit, so in
that case we should omit wy and simply scale up 7*(wg)).

The Case of Non-Compact Base

Our discussion of the compact bases makes it clear that the decoupling limit only depends on
the metric in a (finite volume) neighborhood of a collection of curves on the original F-theory
base B, together with a rescaling which takes that neighborhood to infinite volume and smooths
out its features in the process. This analysis can be applied to an arbitrary base, compact or
non-compact.

If the collection of curves is disconnected, the corresponding points on B to which the col-
lection is mapped will be moved infinitely far apart during the rescaling process, thus leading
to several decoupled quantum theories. So to study a single theory, it suffices to consider a
connected configuration. To reiterate the two cases we have found:

1. We may have a connected collection of curves >J; which can be simultaneously contracted
to a singular point on a space B. (The contractibility implies that the intersection matrix
is negative definite.) When the metric on B is rescaled, gravity is decoupled giving a 6D
SCFT (in which every curve in the collection remains at zero area).

Alternatively, we can combine this rescaled metric with another reference metric which
provides finite area to each X;. This produces a quantum field theory in the Coulomb
branch of the SCFT.

2. Or we may have a connected collection of curves XJ; which are all contained in a single
fiber of amap 7 : B — B, and include all components of that fiber. (This implies that the
intersection matrix is negative semidefinite, with a one-dimensional zero eigenspace.) We
combine a reference metric on B that sets the areas of the individual >J;’s with a metric
on B which is rescaled to decouple gravity, yielding a little string theory (with the string
provided by a D3-brane wrapping the entire fiber). The overall area of the fibers of 7 sets
the string scale, and the possible areas of the >J;’s map out the moduli space of the theory.
Gravity is decoupled, and we find an LST.

Note that in the second case, there are two distinct possibilities for the fibers of the map 7: the
general fiber can be a curve of genus 0 or a curve of genus 1. In the case of genus 1, it is possible
for the central fiber to have a nontrivial multiplicity, that is, the fiber can take the form m> for
some m > 1.
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2.4 Examples of LSTs

In the previous section we gave the general rules for constructing LSTs. Our plan in this section
will be to show how the F-theory realization allows us to recover well-known examples of LSTs
previously encountered in the literature.

To this end, we begin by first showing how LSTs with sixteen supercharges arise in F-theory
constructions. After this, we turn to known constructions of LSTs with eight supercharges (i.e.
minimal supersymmetry). This will also serve to illustrate how F-theory provides a single coher-
ent framework for realizing LSTs.

2.4.1 Theories with Sixteen Supercharges

To set the stage, we begin with little string theories with sixteen supercharges. In this case, we
have two possibilities given by A/ = (2,0) supersymmetry or N" = (1, 1) supersymmetry. Note
that only the former is possible in the context of 6D SCFTs.

One way to generate examples of A" = (2,0) LSTs is to take k& M5-branes filling R>! and
probing the geometry S! x C? with S! a transverse circle of radius R. To reach the gravity-
decoupling limit for an LST we simultaneously send the radius 2 — 0 and M,; — oo whilst
holding fixed the effective string scale. In this case, it is the effective tension of an M2-brane
wrapped over the circle which we need to keep fixed. Performing a reduction along this circle, we
indeed reach type IIA string theory with k£ NS5-branes. By a similar token, we can also consider
IIB string theory with & NS5-branes. This realizes LSTs with A" = (1, 1) supersymmetry.

T-dualizing the & NS5-branes of type IIA, we obtain type IIB string theory on the local
geometry given by a configuration of —2 curves arranged in the affine A;_; Dynkin diagram.
Similarly, we also get an LST by taking type IIA string theory on the same geometry.

Consider next the F-theory realization of these little string theories. First of all, we reach
the aforementioned theories by working with F-theory models whose associated Calabi—Yau
threefold takes the form 72 x S, in which S — C is an elliptically fibered (non-compact)
Calabi-Yau surface. If we treat the 7" factor as the elliptic fiber of F-theory, we get IIB on .S, and
if we treat the elliptic fiber of S as the elliptic fiber of F-theory, we get (after shrinking the 7"
factor to small size) F-theory with base T’ 2 % C, which is dual to ITIA on S. To refer to both cases,
it will be helpful to label the auxiliary elliptic curve T2 as T (for fiber) and the other elliptic
curve as T3 (since it lies in the surface S).

Now, by allowing S to develop a singular elliptic fiber, we can realize the same local ge-
ometries obtained perturbatively. For example, the C?/Z; lifts to a Kodaira fiber of type I}.
Resolving this local singularity, we find & compact cycles . ~ P1’s which intersect according
to the affine A;_; Dynkin diagram. In this case the null divisor class is:

[Snr] = [Z1] + .. + [Z4] (2.4.1)

that is, it is the ordinary minimal imaginary root of Ek_l. By shrinking 7% to small size, this
engineers in F-theory the N' = (2,0) LST of k M5-branes, or of k£ NS5-branes in type IIA.
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Figure 2.4.1: Depiction of the tensor branch of the A" = (2,0) 121\3 LST. In the top figure, we
engineer this example using spacetime filling M5-branes probing the geometry S1 x C2. In
the dual F-theory realization, we have four —2 curves in the base, which are arranged as the
affine A; Dynkin diagram. The Kihler class of each —2 curve in the F-theory realization
corresponds in the M-theory realization to the relative separation between the M5-branes.

(See figure 2.4.1 for a depiction of the A-type ' = (2,0) LSTs.) In the other case, one obtains
F-theory on T x C' whose fibers have an I}, singularity along 7% x {0}. Then [3,,,;1] is precisely
the class of the F-theory fiber T2, and supersymmetry enhances to N = (1, 1).

More generally, we can consider any of the degenerations of the elliptic fibration classified
by Kodaira, i.e. the type I,,, II,[II, IV, IT* IIT* IV* fibers and produce a N' = (2,0)
model with that degeneration occuring as a curve configuration on the F-theory base, as well as
a N = (1,1) model with that same degeneration occurring as the F-theory fiber over some 7 in

the base.

As a brief aside, a convenient way to realize examples of both the A' = (1,1) and N = (2,0)
theories is to consider F-theory on the Schoen Calabi-Yau threefold d Py xp1 d Py [46]. Then, we
can keep the elliptic fiber on one d Py factor generic, and allow the other to degenerate. Switching
the roles of the two fibers then moves us from the IIA to IIB case. Note that although this strictly
speaking only yields eight real supercharges (as we are on a Calabi-Yau threefold), in the rigid
limit used to reach the little string theory, we expect a further enhancement to either N' = (2, 0)
or NV = (1, 1) supersymmetry. The specific chirality of the supersymmetries depends on which
elliptic curve we take to be in the base, and which to be in the fiber of the corresponding F-theory
compactification.

Let us also address whether each of the different Kodaira fiber types leads us to a different
little string theory. Indeed, some pairs of Kodaira fiber types lead to identical gauge symmetries
in the effective field theory. To illustrate, consider the type IV Kodaira fiber, and compare it with
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the type I3 fiber. There is a complex structure deformation which moves the triple intersection
appearing in the type IV case out to the more generic type /3 case. This modulus, however, is
decoupled from the 6D little string theory. The reason is that if we consider a further compact-
ification on a circle, we reach a 5D gauge theory which is the same for both fiber types. The
additional complex structure modulus from deforming IV to I35 does not couple to any of the
modes of the 5D theory. So, there does not appear to be any difference between these theories.
In other words, we should classify all of the N' = (2,0) little string theories in terms of affine
ADE Dynkin diagrams rather than in terms of Kodaira fiber types.

For the NV = (1, 1) little string theories, the absence of a chiral structure actually leads to
more possibilities. For example, if we consider M-theory on an ADE singularity compactified
on a further circle, we have the option of twisting by an outer automorphism of the simply laced
ADE Lie algebra [47]. In other words, for the N' = (1,1) theories we have an ABCDEFG
classification according to all of the simple Lie algebras.

To realize these LSTs in F-theory, we make an orbifold of the previous construction. Suppose
that S — (' is an elliptically fibered (non-compact) Calabi—Yau surface which has compatible
actions of Z,, on the base and on the total space, such that the action on the total space preserves
the holomorphic 2-form. Then Z,, acts on T2 x S with the action on T2 being translation by a
point of order m. The quotient X := (T% x S)/Z,, is then an elliptically fibered Calabi—Yau
threefold (with two genus one fibrations as before).

The elliptic fibration X — (T2 x C)/Z,, leads to an F-theory model with " = (1,1)
supersymmetry. Note that the base (T2 x C)/Z,, of the F-theory fibration contains a curve .
of genus 1 and self-intersection 0 such that m> can be deformed into a one-parameter family
although no smaller multiple can be deformed. Note also that if the action of Z,, on S preserves
the section of the fibration S — C, then X — (T2 x C)/Z,, also has a section and, as we
will explain in section 2.7.1, m € {2,3,4,6} since every elliptic fibration with section has a
Weierstrass model [48].

There is a second fibration X — (S/Z,,) which is a genus one fibration without a section
and leads to theories with A/ = (2,0) supersymmetry. We discuss additional details about this
second fibration, as well as T-duality for these theories, in section 2.9.

It is instructive to study the structure of the moduli space of the LSTs with maximal super-
symmetry. Recall that the tensor branch for a A" = (2,0) SCFT of ADE type g is given by:

Ma0)lg) = RE /W, (2.4.2)

where in the above, 7" is the number of tensor multiplets and W, is the Weyl group of the ADE
Lie algebra g. That is, the moduli space is given by a Weyl chamber of the ADE Lie algebra and
is therefore non-compact. In the present case of LSTs, we see that the condition that we have a
string scale leads to one further constraint on this moduli space, effectively “compactifying” it to
the compact Coxeter box for an affine root lattice [17].

Finally, one of the prominent features of these examples is the manifest appearance of two
elliptic fibrations in the geometry. Indeed, in passing from the N = (2,0) theories to the N =
(1,1) theories, we observe that we have simply switched the role of the two fibrations. In section
2.9, we return to this general phenomenon for how T-duality of LSTs is realized in F-theory.
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2.4.2 Theories with Eight Supercharges

Several examples of LSTs with minimal, i.e. (1, 0) supersymmetry are realized by mild general-
izations of the examples reviewed above.

To begin, let us consider again the case of k coincident M5-branes filling R>! and probing
the geometry ST x C?. We arrive at a (1,0) LST by instead taking a quotient of the C? factor
by a non-trivial discrete subgroup I'¢ C SU(2) so that the geometry probed by the M5-brane is
C?/T'¢. The discrete subgroups admit an ADE classification, and the corresponding simple Lie
group G apg specifies the gauge group factors on the tensor branch. We reach a 6D SCFT by
decompactifying the S1. In this limit, we have an emergent G;, x G flavor symmetry. From
this perspective, the little string theory arises from gauging a diagonal GG subgroup of the flavor
symmetry. In the IIB realization of NS5-branes probing the affine geometry, applying S-duality
takes us to a stack of D5-branes probing an ADE singularity. On its tensor branch, this leads to
an affine quiver gauge theory [49].

The F-theory realization of these LSTs is simply an affine A-type Dynkin diagram of k
curves of self-intersection —2 decorated with [,,, I, IV* I11* II* fibers, respectively for G =
Ap_1, D4, Eg 7. We reach a 6D SCFT by decompactifying any of the —2 curves in the loop,
and we recover a 6D SCFT with an emergent G, X G i flavor symmetry. From this perspective,
the little string theory arises from gauging a diagonal GG subgroup of the flavor symmetry. Note
that for G # A, all these systems involve conformal matter in the sense of reference [25].

Another class of LSTs is given by taking £ M5-branes in heterotic M-theory, i.e. M-theory
on S'/Zy x C2. In this case, we have two Ex flavor symmetry factors; one for each endpoint
of the interval S'/Z,. In this case, the gravity-decoupling limit requires us to collapse the size
of the interval to zero size (i.e. to reach perturbative heterotic strings), whilst still holding the
effective string scale finite. (The ratios of the lengths of subintervals between the endpoints
and the various M5-branes to the length of the total interval will remain finite in the gravity-
decoupling limit and provide parameters for the tensor branch.) In perturbative heterotic string
theory, we have k& NS5-branes probing C?. A related example is provided by instead working
with the Spin(32)/Z, heterotic string in the presence of k£ NS5-branes. Indeed, once suitable
Wilson line data has been specified, these two examples are T-dual to one another.

The F-theory realization of the theory of £k M5-branes is given by a non-compact base with a
configuration of curves:
[E5|1,2,...,2,1[Eg] (2.4.3)
k

where we have indicated the flavor symmetry factors in square brackets. In this configuration,
we reach the LST limit by holding fixed the volume of the null divisor (given by a sum over each
divisor with multiplicity one), and collapse all other Kdhler moduli to zero size. The construction
of the T-dual characterization is somewhat more involved, and so we defer a full discussion to
section 2.9 and Appendix A.6. See figure 2.4.2 for a depiction of the M-theory and F-theory
realizations of this LST.

We can also combine the effects of different orbifold group actions. For example, we can
consider k£ M5-branes filling R>! and probing the geometry S'/Zy x C?/T'. In F-theory terms,
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Figure 2.4.2: Top: Depiction of the LST realized by £ MS5-branes in between the two
Horava-Witten nine-brane walls of heterotic M-theory (k = 3 above). This leads to an
LST with an Fg x Eg flavor symmetry BOTTOM: The Corresponding F-theory base given
by the configuration of curves [Es], 1,2, ..., 2, 1, [Es] for k total compact curves. In this real-
ization, the Eg flavor symmetry is localized on two non-compact 7-branes, one intersecting
each —1 curve.

this is given by the geometry:

g 9 g9
[Es]1,2, ..., 2, 1[Es] (2.4.4)
k

1.e. we decorate by a g-type ADE gauge symmetry over each curve of self-intersection —1 or —2.
This geometry was studied in detail in reference [ 5]. Further blowups in the base are needed for
all fibers to remain in Kodaira-Tate form. This leads to conformal matter between each simply
laced gauge group factor [28].

Summarizing, we have seen in the above that the various LSTs which have been constructed
via perturbative string theory and M-theory all have a natural embedding in the context of specific
F-theory constructions. With this in mind, we now turn to a systematic construction of all 6D
LSTs in F-theory.

2.5 Constraints from Tensor-Decoupling

As a first step towards the classification of LSTs, we now show how to classify possible bases
using the “tensor-decoupling criterion,” that is, the requirement that decoupling any tensor mul-
tiplet from an LST must take us to an SCFT. In geometric terms, deleting any curve of the base
(with possible fiber enhancements along this curve) must take us back to an SCFT base (with
possibly disconnected components). Since all SCFTs have the structure of a tree-like graph of
intersecting curves [ 0], our task reduces to scanning over the list of connected SCFTs, and ask-
ing whether adding an additional curve (with possible fiber enhancements on this curve) will
produce an LST. This inductive approach to classification will allow us to effectively constrain
the overall structure of bases for LSTs.
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In this section we show how the tensor-decoupling criterion constrains many candidate bases
for LSTs. We first use this criterion to limit the possible graph topologies of curves in the base.
Next, we give a general inductive rule for how to take an SCFT and verify whether it enhances
to an LST. We shall refer to this as an inductive classification, since it implicitly accounts for all
possible structures for LSTs. In section 2.6 we use these constraints to present a more explicit
construction of possible bases for LSTs.

2.5.1 Graph Topologies for LSTs

For any compact curve X in the base which remains in the gravity-decoupling limit, the self-
intersection X2 must be —n for 0 < n < 12. Moreover, since having an F-theory model requires
that —4K, —6K, and —12K be effective divisors, if K - X 4+ £2 > 0 (so that K - ¥ > 0), then
—4 K would have multiplicity at least 4 along >, —6/ would have multiplicity at least 6 along 3.,
and —12K would have multiplicity at least 12 along >.. Since this is not allowed in the Kodaira
classification, we conclude that 2g — 2 = K - X + ¥2 < 0, in other words, that X is either P!
or T2. We now use the tensor-decoupling criterion to argue that the possible topologies of LST
bases are limited to tree-like structures and appropriate degenerations of an elliptic curve.

Let us first show that a curve ¥ of self-intersection zero (of topology P! or T'2) can only
appear in isolation, i.e. it cannot intersect any other curve. If it met another curve and we
decoupled everything that this curve touches, we would be left with an SCFT base containing a
curve of self-intersection zero, a contradiction. If > has genus 0, then the base takes the form
C x 3, while if ¥ has genus 1, then the base takes the form (C x X)/Z,,, with Z,, acting on X
by a translation and on C by multiplication by a root of unity. Note that if either g = 0 orm = 1,
the base is just a product. Hence, to get a six-dimensional theory we must wrap seven-branes
over Y, i.e. we must include a non-trivial fiber enhancement over this curve, unless ¢ = 1 and
m > 1. (We will see examples of this latter case in section 2.9.)

Consider next adjacency matrices in which the off-diagonal entries are different from zero
or one. For example, this can occur when a —4 and —1 curve form a closed loop (i.e. intersect
twice), or when the same curves intersect along a higher order tangency. Again, this possibility is
severely limited because if this were to a occur in a configuration with three or more curves, we
would contradict the tensor-decoupling criterion. By the same token, the value of all off-diagonal
entries are bounded below by two:

—2< A]J <0 for I7é J, (251)

and in the case where —2 appears, we are limited to just two curves. The only possibilities for a
rank one LST base (i.e. with two curves) are therefore:

1,1 or //2,2/) or //4,1// or 2||2 or 4]|1. (2.5.2)

In Appendix A.2 we analyze the possible fiber enhancements which can occur when the two
curves meet along a tangency (i.e. do not respect normal crossing), as is the case in the last two
configurations.
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For all other LST bases, we see that all curves must be constructed from P'’s of self-
intersection —x for 1 < z < 12, which all intersect with normal crossings, i.e. all off-diagonal
entries of the adjacency matrix are either zero or one.

To further constrain the structure, we next observe that the base of any 6D SCFT is always
tree-like [9]. This means that the graph associated to an LST adjacency matrix can admit at most
one loop, and when it contains a loop, there can be no additional curves branching off. This is
because the tensor-decoupling criterion would be violated by joining a loop of curves to anything
else. We are therefore left with two general types of configurations:

o Tree-like LSTs
e Loop-like LSTs.

Note that some of the tree-like structures we shall encounter can also be viewed as loops, that
is, as degenerations of an elliptic curve.

2.5.2 Inductive Classification

To proceed further, we now present an inductive strategy for constructing the base of any LST
with three or more curves. The main idea is that we simply need to sweep over the list of SCFT
bases and ask whether we can append an additional curve of self-intersection —z to such a base.
By the remarks on decoupling already noted, we see that this additional curve can intersect either
one curve or two curves of an SCFT base. In the latter case, we obtain a loop-like configuration
of curves in the base. The latter possibility can only occur for an SCFT base which consists of
a single line of curves (i.e. no branches emanating off of the primary spine of the base). The
main condition we need to check is that after adding this curve, we obtain a positive semidefinite
adjacency matrix. In particular, the determinant must vanish. Implicit in this construction is that
we only append an additional curve compatible with the gluing rules for bases.

Consider first the case of an LST with adjacency matrix Aygr which describes a tree-like
base given by adding a single curve of self-intersection —z to some SCFT with adjacency matrix
Ascrr:

y —1 00 000
-1
Atree = | 0 Ascrr (2.5.3)
0
Let Ascrr be the principal submatrix for the set of nodes {3, 4, ..., N'}. Evaluating the determi-
nant of AY¢5., we obtain the condition:

O = det(AtE;%) = ydet(ASCFT) — det(ASCFT/). (254)

or:
Yy = det(ASCFT,)/det(ASCFT). (255)
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SCFT |12 13 14 15 16 17 18 19 1(10) 1(11) 1(12) 22 23

det(A) | 1 2 3 4 5 6 7 8 9 10 11 3 5
Yy S 3 73 2 95 53 147 3/2 13/9 7/5 15/11 2 /5

Table 2.5.1: Candidate loop-like rank two LSTs from adding an additional curve to a rank two
SCFT.

Consider now the case of a loop-like LST. In this case, the only SCFTs we need consider are
those constructed from a single line of curves (i.e. no trivalent vertices at all), and we can only
add the additional curve to the leftmost and rightmost ends of a candidate SCFT. The adjacency
matrix is then of the form:

y -1 00 .. 00 -1
1

Aleor 0 (2.5.6)

LST — ASCFT .
0
-1

To have an LST we must have

0 = ydet(Ascrr) — (Ascrr)an) — (Ascrr)(v—1.n-1) + 2(=D)" " (Aserr)an-1) (2.5.7)

where we have denoted the (i, j)!* minor of Ascpr by an appropriate subscript. Solving for v,
we obtain:

(Ascrr)a) + (Ascrr) (v—1.n-1) — 2(=1D)" T (Ascrr)a,n-1)
)= L @58)
det(ASCFT)

The above algorithm allows us to systematically classify LSTs: From this structure, we see
that the locations of where we can add an additional curve to an existing SCFT are quite con-
strained. Indeed, in order to not produce another SCFT, but instead an LST, we will typically
only be able to add our extra curve at the end of a configuration of curves, or at the second to last
curve. Otherwise, we could not reach an SCFT upon decoupling other curves in the base.

2.5.3 Low Rank Examples

To illustrate how the algorithm works in practice, we now give some low rank examples. In
table 2.5.1 we list all of the rank two SCFT bases which we attempt to enhance to loop-like LST.
Of the cases where y is an integer, some are further eliminated since the resulting base requires
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further blowups.® The full list of rank two LST bases is then:

Three curve LST bases:
2 (2.5.9)
272 and 121 and 212 and //222//

where the first entry denotes a triple intersection of —2 curves (that is, a type 'V Kodaira degen-
eration), and //x125...x,11// denotes a loop in which the two sides are identified.

2.6 Atomic Classification of Bases

In principle, the remarks of the previous section provide an implicit way to characterize all LSTs.
Indeed, we simply need to sweep over the list of bases for SCFTs obtained in reference [1 0] and
then determine whether there is any place to add one additional curve to reach an LST. The
self-intersection of this new curve is constrained by the condition that the determinant of the
adjacency matrix vanishes, and the location of where we add this curve is likewise constrained
by the tensor-decoupling criterion.

In this section we use the atomic classification of 6D SCFTs presented in [10] to perform a
corresponding atomic classification of bases for LSTs. We now use the explicit structure of 6D
SCFTs found in [10] to further cut down the possibilities. It is helpful to view the bases as built
out of smaller “atoms” and “radicals”. In particular, we introduce the convention of a “node”
referring to a single curve in which the minimal fiber type leads to a D or E-type gauge algebra.
We refer to a “link” as any collection of curves which does not contain any D or E-type gauge
algebras for the minimal fiber type. The results of [ 0] amount to a classification of all possible
links, as well as all possible ways of attaching links to the nodes. Quite remarkably, the general
structure of the resulting bases is quite constrained. For all 6D SCFTs, we can filter the theories
according to the number of nodes in the graph. These nodes are always arranged along a single
line joined by links:

19 1o

S 1%
SO,lgiLH g2 L2,393---9/<:—2Lk—2,k—19k—1Lk—l,k 9k Sk,k+17 (2.6.1)

here, the g;’s denote the nodes, the L; ;;1’s denote interior links (since they join to two nodes)
and the S’s are side links as they can only join to one node. The notation I®™ refers to decorating
by m small instantons, these are further classified according to partitions of m (i.e. how many
of the small instantons are coincident with one another). One of the key points is that for k£ > 6,
there is no decoration on any of the interior nodes, i.e. for 3 < ¢ < k — 2. This holds both for
the types of links which can attach to these nodes (which are always the minimal ones forced
by the resolution algorithm of reference [©]), as well as the possible fiber enhancements (there
are none). When £ = 5, it is possible to decorate the middle node g5 by a single —1 curve. In
reference [10], the explicit form of all such sequences of ¢’s, as well as the possible side links
and minimal links was classified. An additional important property is that all of the interior links
blow down to a trivial endpoint, the blowdown of a single —1 curve.

SFor example, configurations such as //512// and //313// require a further blowup. Doing this, we instead
reach a four curve LST base, respectively given by //6131// and //4141//.
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Turning now to LSTs, we can ask whether we can add one more curve to the base quiver,
resulting in yet another tree-like graph, or in a loop-like graph. By inspection, we can either add
this additional curve to a side link, an interior link, or a base node.

Restrictions on Loop-like Graphs: In fact, a general loop-like graph which is an LST
is tightly constrained by the tensor-decoupling criterion. The reason is that if we consider the
resulting sequence of nodes, we must have a pattern of the form:

//91L1292L2 395...9k—2Lk—2 -1 9k—1 L—1.k9kLi1 ]/ (2.6.2)

where the notation ““//” indicates that the left and the right of the base quiver are joined together
to form a loop. Now, another important constraint from reference [10] is that the minimal fiber
type on the nodes obeys a nested sequence of containment relations. But in a loop, no such
ordering is possible. We therefore conclude that all of the nodes for a loop-like LST must be
identical, and moreover, that the interior links must all be minimal. We therefore can specify all
such loops simply by the type of node (i.e. a —4 curve, a —6 curve, a —8 curve or a —12 curve),
and the number of such nodes.

For this reason, we now confine our attention to tree-like graphs, i.e. where we add an ad-
ditional curve which intersects only one other curve in the base. The main restriction we now
derive is that the resulting configuration of curves is basically the same as that of line (2.6.1). In-
deed, we will simply need to impose further restrictions on the possible side links and sequences
of nodes which can appear in an LST base.

Restrictions on Adding to Interior Links: Our first claim is that we can only possibly
add an extra curve to an interior link in a base with two or fewer nodes. Indeed, suppose to the
contrary. Then, we will encounter a configuration such as:

Yy
GiLliiv1Giv1- (2.6.3)

where y denotes our additional curve attached in some way to the link. The notation “...” denotes
the fact that there is at least one more curve in the base. Now, since the interior link blows down
to a single —1 curve, we will get a violation of normal crossing. This is problematic if we have
one additional curve (as denoted by the “...”), since deleting that curve would produce a putative
SCFT with a violation of normal crossing, a contradiction. By the same token, in a two node
base, if any side links are attached to this node, then we cannot add anything to the interior link.

This leaves us with the case of just:
Yy
9111292 (2.6.4)

In this case, it is helpful to simply enumerate once again all of the possible interior links, and ask
whether we can attach an additional curve. This we do in Appendix A.4, finding that the options
are severely limited. Summarizing, then, we find that we can attach an extra curve to an interior
link only in the case where there are two nodes, and then only if these two nodes do not attach to
any side links.
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Restrictions on Adding to Nodes: Let us next turn to restrictions on adding an extra curve
to a node in a base. If we add a curve to a node, we observe that this extra curve must have
self-intersection —1. Note that the endpoint of the SCFT must therefore be trivial in these cases.
We now ask which of the nodes of the base can support an additional —1 curve. Since we must
be able to delete a single curve and reach a collection of SCFTs, we cannot place this —1 curve
too far into the interior of the configuration. More precisely, we see that for £ > 7 nodes, we are
limited to adding a —1 curve to the first three, or last three nodes. In the specific case where we
attach a —1 curve to the third interior node, we see that there cannot be any side links whatsoever.
Otherwise, we would find a subconfiguration of curves which is not a 6D SCFT.

Restrictions on Adding to Side Links: Consider next restrictions on adding an extra curve
to a side link. In the case of a small instanton link such as 1, 2..., 2, we can append an additional
—1 curve to the rightmost —2 curve, but then it can no longer function as a side link (via the
tensor-decoupling criterion). In Appendices D and E we determine the full list of LSTs com-
prised of just adding one more curve to a side link. If we instead attempt to take an existing SCFT
and add an additional curve to a side link to reach an LST, then we either produce a new side
link (i.e. if the curve has self-intersection —1, —2, —3 or —5), or we produce a base quiver with
one additional node (i.e. if the curve has self-intersection —4, —6, —7, —8, -9, —10, —11, —12).
Phrased in this way, we see that the rules for which side links can join to an SCFT are slightly
different, but cannot alter the overall topology of a base quiver from the case of an SCFT.

Summarizing, we see that unless we have precisely two nodes, and no side links, we cannot
decorate any interior link. Moreover, we can only decorate the three leftmost and rightmost node
in special circumstances. So in other words, the general structure of a tree-like LST base is
essentially the same as that of a certain class of SCFTs. All that remains is for us to determine
the possible sequences of nodes (with no decorations) which can generate an LST, and to also
determine which of our side links can be attached to an SCFT such that the resulting configuration
is an LST.

Overview of Appendices: This final point is addressed in a set of Appendices. In the
appendices we collect a full list of the building blocks for constructing LSTs. The tensor-
decoupling criterion prevents a direct gluing of smaller LSTs to reach another LST. Rather, we
are always supplementing an SCFT to reach an LST. Along these lines, in Appendix A.3 we
collect the list of bases which are comprised of a single spine of nodes with no further decoration
from side links. In Appendix A.4 we collect the full list of bases in which no nodes appear.
Borrowing from the terminology used for 6D SCFTs, these links are “noble” in the sense that
they cannot attach to anything else in the base. Finally, in Appendix A.5 we give a list of LSTs
given by attaching a single side link to a single node. Much as in the classification of 6D SCFTs,
the further task of sweeping over all possible ways to decorate a base quiver by side links is left
implicit (as dictated by the number of blowdowns induced by a given side link). All of these
rules follow directly from reference [ 10].

This completes the classification of bases for LSTs. We now turn to the classification of
elliptic fibrations over a given base.
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2.7 Classifying Fibers

Holding fixed the choice of base, we now ask whether we can enhance the singularities over
curves of the base whilst keeping all fibers in Kodaira-Tate form. As this is a purely local question
(i.e. compatible with the matter enhancements over the neighboring curves), most of the rules
for adding extra gauge groups / matter are fully specified by the rules spelled out in reference
[10]. Rather than repeat this discussion, we refer the interested reader to these cases for further
discussion of the “standard” fiber enhancement rules for curves which intersect with normal
crossings.

There are, however, a few cases which cannot be understood using just the SCFT consider-
ations of reference [10]. Indeed, we have already seen that a curve of self-intersection zero, an
elliptic curve, tangent intersections and triple intersections of curves can all occur in the base of
an LST. We have also seen, however, that all of these cases are comparatively “rare” in the sense
that they do not attach to larger structures. Our plan in this section will therefore be to deal with
all of these low rank examples. In Appendix A.1 we give general constraints from anomaly can-
cellation in F-theory models and in Appendix A.2 we present some additional technical material
on the localization of matter in the case of tangent intersections such as the 4||1 and 2||2 config-
urations. Finally, compared with the case of 6D SCFTs, the available fiber enhancements over a
given base are also comparatively rare. To illustrate this point, we give some examples in which
the base is an affine Dynkin diagram of —2 curves. In these cases, the presence of the additional
imaginary root (and the constraints from anomaly cancellation) typically dictate a small class of
possible fiber enhancements.

2.7.1 Low Rank LSTs

In this subsection we give a complete characterization of fiber enhancements for low rank LSTs.
To begin, we consider the case of the rank zero LSTs, i.e. those where the F-theory base con-
sists of a single compact curve. In these cases, we only get a 6D theory once we wrap some
7-branes over the curve unless the normal bundle of the curve is a torsion line bundle. An in-
teresting feature of this and related examples is that because the corresponding tensor multiplet
is non-dynamical it cannot participate in the Green-Schwarz mechanism and we must cancel the
anomaly using just the content of the gauge theory sector. We then turn to the other low rank
examples where other violations of normal crossing appear. In all of these cases, the F-theory
geometry provides a systematic tool for determining which of these structures can embed in a
UV complete LST.

Rank Zero LSTs

In arank zero LST, we have a single compact curve, which must necessarily have self-intersection
zero. There are only a few inequivalent configurations consisting of a single curve with self-
intersection zero:

Yopu1 = P Lo, I, 11 1y, 1 (2.7.1)
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Here [, (resp. P) is shorthand for a base B consisting of a smooth torus (resp. two sphere)
with trivial normal bundle 72 x C (respectively P! x C), while I; (resp. II) is a curve with
a node (resp. a cusp) singularity and trivial normal bundle. These configurations can give rise
to LSTs only if 7-branes wrap ... Otherwise, we do not have a genuine 6D model. The
variants ,,, /o and ,,,1; describe curves whose normal bundle is torsion of order m > 1; these can
also support 6D theories for m € {2,3,4,6} as discussed below. Observe also that if we apply
the tensor-decoupling criterion in these cases, we find that the resulting 6D SCFT is empty, i.e.
trivial.

As curves of self-intersection zero do not show up in 6D SCFTs, it is important to explicitly
list the possible singular fiber types which can arise on each curve of line (2.7.1).

We begin with the “multiple fiber phenomenon” — a genus one curve Y. whose normal bundle
is torsion of order m > 1. The F-theory base B is a (rescaled) small neighborhood of ¥, and
its canonical bundle Op (K ) must also be torsion of the same order by the adjunction formula.
Now to construct a Weierstrass model, we need sections f and g of Op(—4Kp) and Op(—6Kp),
respectively, but nontrivial torsion bundles do not have nonzero sections. Thus, in order to have
a nonzero f, the order m of the torsion must divide 4, while to have a nonzero g, the order m
must divide 6. There are thus three cases:

1. If m = 2, then both f and g may be nonzero.
2. If m = 3 or 6, then f must be zero but ¢ may be nonzero.

3. If m = 4, then g must be zero but f may be nonzero.

For any other value of m > 1, Weierstrass models do not exist (since f and g are not both allowed
to vanish identically).

Note that the fact that some quantities obtained from coefficients in a Weierstrass model are
sections of torsion bundles also provides the possibility that those sections do not exist (if they
are known to be nonzero). As described in Table 4 of [51], the criterion for deciding whether a
given Kodaira type leads to a gauge algebra whose Dynkin diagram is simply laced or not simply
laced reduces in almost every case to a question of whether a certain quantity has a square root.®
If the desired square root is in fact a section of a 2-torsion bundle, then it cannot exist.

We can give explicit examples of this phenomenon which do not involve enhanced gauge
symmetry, using the framework outlined in section 2.4.1. We start with S = T2 x C, where
T2 admits an automorphism of order m which acts faithfully on the holomorphic 1-form. If
we extend the action to include multiplication by an appropriate root of unity on C, then the

"In what follows we focus on those cases where the fiber enhancement leads to a non-abelian gauge symmetry,
i.e. a gauge theory description. In the cases where we have a type I; or type I fiber enhancement, the resulting
6D theory will consist of some number of weakly coupled free hypermultiplets, where the precise number depends
on whether the base curve has non-trivial arithmetic and / or geometric genus. Much as in the case of 6D SCFTs,
these cases can be covered through a mild extension of the analysis presented in reference [10]. See also [50] for
additional information about these theories.

8In the remaining case, one must consider a more complicated cubic equation, but in the situation being described
here, the question in that case boils down to the existence or non-existence of a cube root. If the bundle of which the
desired cube root is a section is a 3-torsion bundle, the cube root cannot exist.
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Base Curve Matter Content

Iy Any simple Lie algebra, n44j = 1

1,11 SU(N), nggm = 1, np2 =1
su(6), ny =1, Ny = 1, nps = 5

P su(N), N >2,ny =16, ny2 = 2
su(6), ny =17, np2 =1, nps = %

511(6), ny = 18, nps = 1
sp(N), N>1,n;=16,np2 =1
sp(3), ny =175, nps = 3

EU(N)’NZG,’14,nf:N_4’nS:%

ds
g2, nny = 10
fa,mp =95
eg, iy =6
er, ny =4

€8, Minst = 12

Table 2.7.1: Rank zero LSTs. In the above, Adj refers to the adjoint representation, sym refers
to a two-index symmetric representation, and A" refers to an n-index anti-symmetric represen-
tation.

holomorphic 2-form on S is preserved. As is well-known, such automorphisms exist exactly for
m € {2,3,4,6}. As explained in section 2.4.1, the quotient (T2 x S)/Z,, has an elliptic fibration
(T % S)/Zy, — (TE x C)/Z,, whose fibers over T2 x {0} are all nonsingular elliptic curves,
but with Z,, acting upon them as loops are traversed on T2. This same geometry has a second
fibration (T3 x S)/Z,, — S/Z,, with no section and some multiple fibers in codimension two,
which will be further discussed in section 2.9.

Turning now to enhancements of fibers, from the relation between anomaly cancellation and
enhanced singular fibers [52, 53,51, 54] we find all possible gauge theories compatible with a
given choice of base curve. This is summarized in table 2.7.1. We find that in general, such
theories can support hypermultiplets in the adjoint representation (denoted Adj), the two-index
symmetric representation (denoted sym) and the n-index anti-symmetric representation (denoted

A™).

The greatest novelty here relative to the case of 6D SCFTs are the theories with 144 = 1 or
su(N) gauge algebra, ng.,, = 1, ny2 = 1 or, in the special case of su(6), ny = 1, ngm = 1,
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nas = 1/2. The first of these cases, with n44 = 1, corresponds simply to a smooth curve of
genus 1 in the base. The cases with symmetric representations of su(/V), on the other hand,
arise when the base curve is of Kodaira type /; (i.e. has a nodal singularity). As reviewed
in Appendix A.2, the notion of genus is ambiguous for singular curves. A type [; curve has
topological genus 0O but arithmetic genus 1, and as a result it must support a hypermultiplet in the
two-index symmetric representation, rather than one in the adjoint representation.

For LSTs, these are the only examples in which a curve of (arithmetic) genus 1 shows up, and
a curve of genus g > 2 is never allowed. Note also that a curve of genus 0 and self-intersection
0 cannot itself support an eg gauge algebra: it must be blown up at 12 points, resulting in an eg
theory with 12 small instantons:

(12),1,2,2,2,2,2,2,2,2,2,2,2 (2.7.2)

Rank One LSTs

Consider next the case of rank one LSTs, i.e. those in which there are two compact curves in the
base. As we have already remarked, in this and all higher rank LSTs, all the curves of the base
will be P'’s, and moreover, they will have self-intersection —x for 1 < x < 12. Now, in the case
of two curves, we can have various violations of normal crossing. For example, we can have
curves which intersect along a tangency. This occurs in both the 4|1 and 2||2 configurations,
the latter describing a type III Kodaira fiber. Observe that in both cases, there is a smoothing
deformation which takes us from an order two tangency to a loop, i.e. we can deformto //4,1//
and //2,2//. In addition to these rank one LSTs, there is just one more configuration given
by 1,1, which in some sense is the most “conventional” possibility (as all intersections respect
normal crossing).

To this end, let us first discuss fiber enhancements for the 1,1 configuration. We shall then
turn to the cases where there is either a violation of normal crossing or a loop configuration.
Whenever curves with gauge algebras intersect, matter charged under each gauge algebra will
pair up into a mixed representation of the gauge algebras. The mixed anomaly condition places
strong constraints on which representations are allowed to pair up. The allowed set of mixed
representations for two curves intersecting at a single point is given in section 6.2 of reference
[10]. Consider for example, the 1, 1 base. We have:

T (2.7.3)
with the following list of allowed gauge algebras:

o g, =50(M),gr=5p(N),M =7,....,12,M — 5> N, 4N + 16 > M.

o g, =50(M),gr =5sp(N),M =7, N <6.

® gL =00, gr=5p(N), N <T.

e g, =5p(M),gr =sp(N),2M +8 > 2N, 2N + 8 > 2M.
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® gr zsp(M),ngsu(N),2M+8ZN,N+8+5N73+5N76 > 2M.
e g, =su(M), gr = su(N), M + 8+ 0pr3+0ars > N, N +8+0n3+ 0y > M.

® g1 = fu, ¢, e7 OT e5, g = (.
Here, it is understood that sp(0) is the same as an empty —1 curve, and ¢g on a —1 curve implies

that 11 points on the —1 curve have been blown up.

Consider next the configuration //2,2//, i.e. aloop of two —2 curves. In this case the only
gauge algebra enhancement is given by

su(N) su(N)
/)2 2 2.7.4)

with a bifundamental localized at each intersection point.

When the —2 curves intersect tangentially, i.e. in the 2||2 configuration, more options are
available, as suggested by the effective field theory on the tensor branch. We find the following
general possibilities for enhancements of the gauge algebra and matter:

e g, = su(N,), g» = s50(NV,), R, = Na, Ry = Ny. The only allowed possibilities are
N,=6,Ny=12and N, =7, N, = 13.

o g, =su(4), g, =s0(7),s0(8), R, =4, R, = 8.

o g, =su(d),gy, =92, R =4, R, = 7.

Just as it was necessary to deform the singular Kodaira /; curve to get hypermultiplets in the
symmetric representation of su(V), so it is necessary to deform the 5 base to the tangentially
intersecting Kodaira type /1 curve configuration to get these matter pairings. In conclusion, for
the Kodaira type 111 configuration 2||2, we may enhance the gauge algebras as:

s0(7)  su(4)
2 | 2
[Sp(1)]
s50(8)  su(4)
2 || 2
[Sp(2)]
g2 su(4)
21 2

[Ns=1/2]

Here, there is a mixed representation in the bifundamental of the two gauge algebras in the last
three cases. These representations can only show up when the curves are tangent to each other.
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Finally, we turn to the case of the bases //4,1// and 4||1. In both cases, the only enhance-
ment possible is an SO-type algebra over the —4 curve and an Sp-type or SU-type algebra over
the —1 curve. The matter content of the theory, however, depends on the type of intersection.

Consider first the case of
50(2N+38) s

p(N)

1 // (2.7.5)
with a half hypermultiplet localized at each intersection point. Indeed, we can reach this theory
by starting from the 6D SCFT:

502N +8)] 1 [s0(2N + 8) (2.7.6)

and gauging the diagonal subalgebra of the flavor symmetry.

In the case of the tangential intersection 4||1, we again find novel configurations of matter
which are missing from the case of normal crossing. The gauge algebras are the same as those
of (2.7.5):

s50(2N+8) sp(N)
4 || 1 (2.7.7)
However, there is now a single full hypermultiplet in the bifundamental of the two gauge algebras
rather than two half hypermultiplets.

There is another configuration possible in the case of 4/|1:

su(N) so(N+8)
1] 4 (2.7.8)

with a hypermultiplet in the bifundamental of the two gauge algebras, as well as a hypermultiplet
in the two index anti-symmetric representation of the su(n) factor, all of which are located at the
collision point between the two branes.

Rank Two LSTs

We now turn to the case of rank two LSTs, i.e. those with three curves. Here, we can have no
tangential intersections. In this case, the adjacency matrix again provides only partial information
about the geometry of intersecting curves. In the case where we have normal crossings for all
pairwise intersections, the rules of enhancing fiber enhancements follow from reference [ 0] and
are also reviewed in Appendix A.1. There is, however, also the possibility of a Kodaira type

2
IV configuration of —2 curves, 1.e. 2 57 2. We shall therefore confine our attention to fiber
decorations with this base.

To illustrate, suppose the gauge algebra localized on each of the three —2 curves is su(2);,7 =
1,2, 3. Anomaly cancellation dictates that in such a case there must be a single half-trifundamental
%(2, 2,2) plus two fundamentals charged under each su(2). We note in passing that the loop-
like configuration //222// also admits a similar enhancement in the gauge algebras, i.e. with
su(2);,7 = 1,2,3 gauge groups, but that the corresponding matter content is given by three
bifundamentals (2,2,1), (2,1,2), (1,2,2). These two configurations have the same anomaly
polynomials.
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But in contrast to the //222// configuration, for 2 % 2, no other gauge algebra enhancements
are possible. To see this, suppose we su(N) factors on each —2 curve. We would then need N2
fundamentals of each su(/N) to get a (IV, N, N) representation. However, anomaly cancellation
considerations constrain us to 2N such fundamentals. In other words, we are limited to N < 2.

2.7.2 Higher Rank LSTs

Turning next to the case of LSTs with at least four curves in the base, all of these local violations
of normal crossing do not appear. Nevertheless, we encounter such violations when we attempt
to blow down —1 curves which touch more than two curves. Even so, the local rules for fiber
enhancements follow the same algorithm already spelled out in detail in reference [10]. In some
cases, however, there can be additional restrictions compared with the fiber enhancements which
are possible for 6D SCFTs. To illustrate, we primarily focus on some simple examples, i.e.
the affine ADE bases, fiber decorations for the base 1,2, ...,2, 1, and fiber decorations for the
loop-like bases.

Affine ADE Bases

Let us next consider the case of fiber enhancements in which the base is given by an affine
Dynkin diagram of —2 curves. If we assume that no further blowups are introduced in the base,
we will be limited to just su(/V) gauge algebras over each curve. In the case of 6D SCFTs, it is
typically possible to obtain a rich class of possible sequences of gauge group factors, because 6D
anomaly cancellation can be satisfied by introducing an appropriate number of additional flavor
symmetry factors. This in turn leads to a notion of a “ramp” in the increase in the ranks [28] (see
also [18]). For an affine quiver, this is much more delicate, since all of these cases can be viewed
as a degeneration of an elliptic curve. For example, in the case of an affine A, base (i.e. the I}
Kodaira type), anomaly cancellation tells us that all of the gauge algebra factors are the same
su(N). By a similar token, 6D anomaly cancellation tells us that the gauge algebra of any of
these cases is su(/Nd;), where d; is the Dynkin label of the node in the affine graph, and N > 1
is an overall integer.” In F-theory language, we have fiber enhancements I, over each node.
Indeed, at a formal level we can think of anomaly cancellation being satisfied by introducing
su(1) gauge algebras.

The 1,2,...,2, 1 Base

Compared with the case of affine ADE bases, there are comparatively more options available
for fiber enhancements of the base 1,2,...,2,1. In some sense, this is because these bases do
not directly arise from the degeneration of a compact elliptic curve, but are better viewed as the
degeneration of a cylinder.

This same observation has already been made in the context of 4D superconformal AN/ = 2 quiver gauge
theories [55]. Indeed, in this special case the condition of vanishing beta functions is identical to the condition that
6D anomalies cancel.
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With this in mind, we now explain how fiber enhancements work for this choice of base. For
a large number of —2 curves, the allowed enhancements take a rather simple form, whereas there
are outlier LSTs for smaller numbers of —2 curves. In particular, when there are more than five
—2 curves, the —2 curves necessarily hold su(N;) gauge algebras:

ar su(N1) su(Na)  su(Nj_1) su(Ne) gp
1 2 2 .. 2 2

The N; are subject to the convexity conditions 2N; > N;_; + N;,1, with the understanding that
N; =1 for a curve without a gauge algebra.

The —1 curves in this configuration may hold either sp(M) or su(M) gauge algebra. If
the leftmost —1 curve holds sp(M), anomaly cancellation imposes the additional conditions
2Ny > 2M + Ny, 2M + 8 > Nj. If the leftmost —1 curve holds su(A/), anomaly cancellation
imposes 2N; > M + Ny, M + 8 4+ 0ar3 + O > Np. Finally, the —1 curve may be empty
provided N; < 9. The story is mirrored for the rightmost —1 curve at the other end of the chain.

When there are exactly five —2 curves, we have two additional configurations:

su(2) so(7) su(2)
12 2 2 2 21

and
su(2) go su(2)

12 2 2 2 21

When there are four —2 curves, we similarly have

and
su(2) go su(2)

12 2 2 21

When there are three —2 curves, we have several new configurations:

su(2) so0(7) su(2)
2 21

su(2) gy su(2)
122 21

gz s0(7) su(2)
2 21

and
ar g2 su(2)

12 2 21
with g, = sp(M), M < 3 in each of the last two cases.

When there are two —2 curves, we have:

g 50(7) su(2)
2 21
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and
gL g2 su(2)
12 2

1
with g = sp(M), M < 3 in each of the last two cases.

When there is only a single —2 curve, there are even more possibilities:

o1 50(8) gr
1 2 1

with gr :5p<ML),ML < 2, gr = SP(MR),MR < 2.

or 50(7) gg
2

with g7, zsp(ML),gR :EP(MR),ML + Mr <4or My =4, Mr = 1.

gL 92 9R
121

with g;, = sp(My), gr = sp(Mg), My + Mg < 4.

ar su(2)
2 1

with g, = g2 or 50(7).

2.7.3 Loop-like Bases

Finally, let us turn to the case of fiber enhancements for the loop-like bases. We have already
discussed the case of an affine A;, base of —2 curves in which we the allowed fiber enhancements
are just a uniform [ fiber. Otherwise, we induce some blowups. Now, if we allow for blowups,
we can reach more general loop-like configurations. However, as we have already discussed near
line (2.6.2), all of these cases consist of a single type of base node suspended between minimal
links. This is a consequence of the fact that in a general 6D SCFT, there are nested containment
relations on the minimal fiber types [10]:

g C ... C gt DL D g, (2.7.9)

However, in a 6D LST, we must also demand periodicity of the full configuration. This forces a
uniform fiber enhancement on each such node.

As a consequence, we can summarize all of these cases by keeping implicit the blowups
associated with conformal matter. We have:

112, ...,2]/ (2.7.10)

where we allow for a general fiber enhancement to an ADE type simple Lie algebra g over
each of the —2 curves. For all cases other than the su(/V) gauge algebras, this in turn requires
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further blowups in the base, i.e. we have a configuration with conformal matter in the sense of
references [28,29]. So in other words, all of these loop-like configurations are summarized by
stating the number of —2 curves, and the choice of fiber type over any of the —2 curves.

2.8 Embeddings and Endpoints

In the previous sections we presented a general classification of LSTs in F-theory. One of the
crucial ingredients we have used is that decompactifying any curve must return us to a collection
of (possibly disconnected) SCFTs. Turning the question around, it is natural to ask whether all
SCFTs embed in LSTs.

In this section we show that this is indeed the case. Moreover, there can often be more than
one way to complete an SCFT to an LST. To demonstrate such an embedding, we will need to
show that there exists a deformation of a given LST F-theory background which takes us to the
requisite SCFT. This can involve both Kéhler deformations, i.e. motion onto a partial tensor
branch, and may also include complex structure deformations, i.e. a Higgsing operation.

With this in mind, we first demonstrate that all of the bases for 6D SCFTs embed in an LST
base. A suitable tensor branch flow then takes us from the LST base back to the 6D SCFT base.
Then, we proceed to show that the available fiber decorations for LSTs can be Higgsed down
to the fiber decorations for an SCFT. The latter issue is somewhat non-trivial since the fiber
decorations of an ADE-type base is comparatively less constrained when compared with their
affine counterparts.

2.8.1 Embedding the Bases

We now show that all bases for 6D SCFTs embed in LST bases. To demonstrate that such
an embedding is possible, it is convenient to use the terminology of “endpoints” for SCFTs
introduced in reference [9], which we can also extend to the case of LSTs. Given a collection of
curves for an SCFT base, we can consider blowdowns of all of the —1 curves of the configuration.
Doing so, we shift the self-intersection of all curves touching this —1 curve according to the rule
x — (x — 1) for a curve of self-intersection —z. In the case where a —1 curve is interposed in
between two curves, we have x, 1,y — (x — 1), (y — 1). After this first stage of blowdowns, we
can then sometimes generate new —1 curves. Iteratively blowing down all such —1 curves, we
eventually reach a configuration of curves which we shall refer to as an “endpoint.” The set of all
endpoints has been classified in reference [Y], and they split up according to four general types:

Trivial Endpoint: 1 — C? (2.8.1)

A-type Endpoint: x;...xy (2.8.2)

D-type Endpoint: 2:v21...:vk (2.8.3)
2 2 2

E-type Endpoint: 22222, 222222, 2222222 (2.8.4)
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In fact, starting from such an endpoint we can generate all possible bases of 6D SCFTs by further
blowups. Sometimes such blowups are required to define an elliptic Calabi-Yau, while some can
be added even when an elliptic fibration already exists. By a similar token, we can also take a
fixed base, and then decorate by appropriate fibers.

Now, a central feature of this procedure is that the resulting adjacency matrix retains the
important property that it is positive definite. Similarly, if we instead have a positive semidef-
inite adjacency matrix, the resulting matrix will retain this property under further blowups (or
blowdowns) of the base.

To demonstrate that we can always embed an SCFT in an LST, it will therefore suffice to
show that there is some way to add additional curves to an SCFT endpoint such that the resulting
LST defines a base. To illustrate the idea, suppose we have a 6D SCFT with a trivial endpoint.
Then, before the very last stage of blowdowns, we have a single —1 curve, which we shall call
.. If we return to the original SCFT, this curve will also be present, but its self-intersection will
be different. Hence, to get an LST we can simply attach one more —1 curve to . For example,
the configuration 1, 1 defines the base of an LST. Supplementing the fibers can always be done
to realize the case of fiber decorations.

Consider next the case of A-type endpoints. Here, we can always attach a suitable number of
“tails” of the form 1, 2..., 2 to each curve such that blowing down these instanton links leads us
to k curves of self-intersection —2, i.e. 2, ..., 2. Attaching an additional —1 curve to the left and
to the right, we get a base of the form 1,2, ...,2, 1. We therefore conclude that adding such tails
again allows an embedding in an LST.

By a similar token, we can append such tails to a D-type endpoint until we reach the Dynkin
diagram with just —2 curves. Adding one more —1 curve to this configuration:

2
D-type Endpoint = 22...2, 1 (2.8.5)

leads to a blowdown eventually to the configuration 2, 1, 2, which in turn blows down to 1, 1. So
again, we conclude that the adjacency matrix is positive semidefinite and we have arrived at an
LST.

This leaves us with the E-type endpoints. In these cases, we just have a configuration of —2
curves, and the possible blowups are severely limited [9]. For example, there are no blowups of
the £ Dynkin diagram. It therefore suffices to add one additional —2 curve to this configuration
to reach its affine extension. Similar considerations also apply for the Fs and E7 configurations
when no additional blowups are present, i.e. we simply proceed from the Dynkin diagram to its
affine extension.

To round out the analysis, we need to demonstrate that if we perform any blowups of an £ or
E; endpoint, we can again attach a —2 curve at the same location, without inducing any further
blowups.!? That this is indeed the case is conveniently summarized by simply writing down the
possible blowups. For Ej, there are two other consistent bases, and for F; there is one. In both

0Note that attaching a —1 curve will not work since we would then blowdown to a configuration where the
adjacency matrix is not positive semidefinite — a contradiction.
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cases, we can indeed still add our —2 curve without inducing extraneous blowups:

2
3 2
2 3 2
1 1 2

232181232 — 2315132 — 22222 (2.8.6)
3
1 2

223151322 — 2222222, (2.8.7)

Summarizing, we have just demonstrated that all bases for 6D SCFTs embed in an LST base.

LST Endpoints As a brief aside, one of the interesting features of this argument is that we
have implicitly relied on the notion of an LST endpoint. Given that we have already classified
all such bases, we can also ask about the possible endpoints for LSTs. Compared with the case
of 6D SCFTs, the number of distinct endpoints are comparatively small. Roughly speaking, this
is because of the positive semidefinite condition for our adjacency matrix, which in turn means
that many configurations will blow down to a single curve of self-intersection zero (as in the
1,2,...,2,1 configurations).

Combining the tensor-decoupling criterion with the demand that we have a positive semidef-
inite adjacency matrix means that the total number of endpoints are given by the Kodaira type
intersections of —2 curves, an elliptic curve, as well as a single P* of self-intersection zero,
which we denote by P. In the latter two cases, we note that we only obtain a 6D LST by having
a non-trivial elliptic fibration. Thus, we find the following list of LST endpoints:!

LST Endpoints: P, 1, [1, 111, 1V I II* 1II* V" (2.8.8)

’ n?

forn > 0.

2.8.2 Embedding the Fibers

Suppose next that we have supplemented a base by an additional curve. When we do this,
additional non-trivial fibers are sometimes inevitable, and can in turn force additional structure
on the elliptic fibers. To give a concrete example, consider the case of a 6D SCFT with base
given by the Eg Dynkin diagram of —2 curves. Fiber decorations for this model were studied
in reference [10] where it was found that typically, additional flavors can be added so that an
appropriate convexity condition on the ranks is obeyed. To extend this to an LST base, we
cannot add a —1 curve (ai the blowdown is inconsistent). Rather, we must add an additional —2
curve to reach the affine Fs Dynkin diagram of —2 curves. When we do this, we must remember
that the elliptic fibration of the resulting F-theory model also becomes rigid. So in other words,
the available elliptic fibrations are further constrained. It is at this stage that we must include the
effects of Higgsing as well as tensor branch deformations to reach the original 6D SCFT. That
this 1s always possible follows from the fact that all representations of the Lie algebra ¢ embed

""Here we neglect the possibility of torsion in the normal direction to the compact curves of the base.
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in representations of its affine extension ¢g. Similar considerations apply for the fiber decorations
of all of the E-type bases.

In the case of the A- and D-type bases, the analysis is comparatively simpler. The reason is
that we can just add additional tails of the form 1, 2, ..., 2 with trivial fibers and leave the fibers
above the curves in the SCFT base as they were. One might worry here about the fact that curves
of self-intersection —1 and —2 are not always allowed to have trivial fibers. For instance, the
—1 curve in the sequence 2, 2, 3, 1, 5 necessarily has a type /[ fiber. However, such subtleties do
not arise in this case: one can always add small instanton links of the form 1,2, ..., 2 with trivial
fibers to an A- or D-type base to get an LST.

Putting together our analysis of tensor branch flows and Higgs branch flows, we conclude
that all 6D SCFTs embed in some LST. Indeed, it is also clear that there can sometimes be more
than one such embedding.

2.9 T-duality

In the previous sections we used the geometry of F-theory compactifications to tightly constrain
the structure of LSTs. In this section we turn the analysis around and show how the physics of
little string theories suggests non-trivial geometric structures for elliptic Calabi-Yau threefolds
in which the non-compact base has a negative semidefinite intersection form.

In physical terms, one of the key features of LSTs is that the description as a local quantum
field theory must break down near the string scale. A sharp way to probe this structure is by
compactifying on a circle. Recall that in T-duality, the theory compactified on a small St of
radius R is dual to another string theory compactified on an S* of radius R ~ o f /R. Based on
this, it is natural to expect that all LSTs have a similar T-duality.

This expectation suggests a non-trivial constraint on the geometry of an F-theory realization
of an LST. Recall that F-theory compactified on an elliptically fibered Calabi- Yau threefold X —
B leads, upon further compactification on an S', to M-theory compactified on the same Calabi-
Yau threefold. In the M-theory description, the Kéhler class becomes a dynamical modulus
(which is taken to zero size to reach the F-theory limit). On the other hand, T-duality tells us
that if we take this circle to be very small, we should expect to obtain another LST, this time
compactified on a large radius circle. For this to be so, we must have available to us more than
one way to reach an F-theory background from a given compactification of M-theory on X. In
other words, physical considerations suggest the existence of another elliptic fibration for our
Calabi-Yau threefold X — B, and the lift from M-theory to F-theory involves collapsing the
Kihler class of this other elliptic fiber to zero size.

Our plan in this section will be to give further evidence that T-duality is realized in F-theory
constructions of LSTs through the presence of a double elliptic fibration. We shall, however,
mainly focus on particular examples of how T-duality is realized geometrically. After this, we
give a sketch for how we expect this correspondence to work in general, leaving a complete proof
to future work.
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2.9.1 Examples

As a first example consider the T-duality between the LST of £ > 2 NS5-branes in IIA (the
N = (2,0) A-type LSTs), and that of & NS5-branes in IIB string theory (the N" = (1, 1) A-type
LSTs). The IIA realization just follows from a base with —2 curves arranged in a loop, i.e. as
the type I,_; degeneration of an elliptic curve. The F-theory elliptic curve is then a smooth T2,
i.e. an I fiber. Switching the roles of these two curves, we get the type IIB N = (1,1) LST, i.e.
we have (k — 1) D7-branes wrapped over a T2. There is a clear extension of this case to all of
the ADE N = (2,0) LSTs in terms of the corresponding ADE 7-branes wrapped over a T2

Another class of examples we have already encountered several times involves the LSTs
realized by M5-branes filling R>! and probing the geometry S! x C?/T for I an ADE subgroup
of SU(2). Compactifying on a further circle, we can shrink the S? factor to reach IIA string
theory. T-duality is then inherited from that of the physical superstring theory.

In the F-theory realization of these systems, we have a base quiver with conformal matter
suspended in between the nodes:

//g@g®..©g9®g//. (2.9.1)
k

As we have already remarked in the classification of such structures, all fiber types and conformal
matter are necessarily minimal; no deviations from this rigid structure are possible. This actually
means that we can readily identify the other elliptic fiber of this model: It is given by a suitable
multiple of an I, fiber, where the d; denote the Dynkin labels of the affine extension of the
g-type Lie algebra. Another consequence of this analysis is that sometimes, the absence of other
fiber decorations for say the E-type affine bases means we cannot arbitrarily combine these two
structures. Rather, since the only fiber enhancements over the E-type bases are Ii-type fibers (i.e.
without inducing further blowups), there is again a clear exchange between the roles of the two
(singular) elliptic curves.

Quite strikingly, this also entails the existence of several infinite classes of models which are
self-T-dual upon toroidal reduction. These are models which have a double elliptic structure con-
sisting of two copies of the same Kodaira fiber. For example, models which have an Iy Kodaira
base, with gauge groups su(/N) on each —2 curve and bifundamentals at the intersections. As

a more exotic example consider the blown up type IV degeneration: 3%3. On each —3 curve
in this configuration there is an su(3) gauge sector which arises precisely from a type IV fiber.
Clearly, contracting the -1 curve, switching fiber and base, and then blowing up we obtain back
the same model.'?

As a final class of examples, consider the F-theory models with base:
[Es|1,2,...,2,1[Eg]. (2.9.2)
k

This is realized in heterotic M-theory by a collection of k& M5-branes in between the two het-
erotic walls. compactifying on a further circle and activating appropriate Wilson lines for the

12See [50] for a further analysis of this case.
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background Eg x FEjg flavor symmetry, we reach —via T-duality of the physical superstring— the
case of k NS5-branes of the Spin(32)/Z, heterotic string theory. This system can be analyzed
in perturbative string theory, and the T-dual LST is therefore realized by an sp(k) gauge theory
with 32 half hypermultiplets in the fundamental representation, and a single hypermultiplet in
the two-index anti-symmetric representation.

Demonstrating the presence of the extra elliptic fibration for the F-theory model is somewhat
more subtle in this case, but we can see it as descending from a Z, quotient of the Iox-type
Kodaira configuration of —2 curves:

//2,2,..,2,2// 3 1,2,..,2,1. (2.9.3)

/

2k k

In Appendix A.6 we present an explicit analysis of this case of the base 1, 1, and also explain its
extension to the configuration 1,2, ...,2, 1. The corresponding F-theory model is realized by a
base given by P, a single P! with self-intersection zero, with a fiber enhancement I, i.e. we get
an sp(k) 7-brane wrapped over P. We have already classified the matter enhancements for this
case in section 2.7, and indeed, we find agreement with the purely heterotic analysis. Note that
the sp-type algebra originates from the Z, quotient of an Ay, algebra via its outer automorphism.

In fact, a similar observation allows us to extend this to some of the models in which we have
a P! of self-intersection zero. For example, under a further Z, quotient, we can reach some of
the gauge theories already encountered via more direct methods:

SunN Sun SupnN

[sus] 1, 1 [sug] =3 [st6] O [sua], (2.9.4)

where the su;4 flavor symmetry acts on the sixteen hypermultiplets in the fundamental represen-
tation, and the su, flavor symmetry acts on the hypermultiplets in the two index anti-symmetric
representation. From this perspective, we can still recognize the quotient of an additional elliptic
fiber. Schematically, we have:

//2,2// B 1,150, (2.9.5)

2.9.2 Examples Involving Curves with Torsion Normal Bundle

Recall that in section 2.4 we found that the N” = (1, 1) LSTs admitted an ABCDEFG classifi-
cation according to their corresponding affine Lie algebras. In the F-theory realization of these
models, we also saw that the base contained a genus 1 curve with a torsion normal bundle. We
encountered torsion normal bundles again in section 2.7.1 in our discussion of rank zero LSTs.
We will now explain these examples in more detail.

By construction, examples in this class admit two genus one fibrations: (T2 x S)/Z,, —
(T2 x C)/Z,, and (T% x S)/Z, — S/Z,,. The first fibration has a section with monodromy
over the central fiber of 7 : (T2 x C')/Z,, — C. The second fibration does not have a section
(i.e., it is not an elliptic fibration, in the terminology of [56]), and we discuss its structure here.

Recall that for a genus one fibration X — B without a section, there is an associated “Jaco-
bian fibration” J(X/B) — B which has a section, and which has precisely the same 7 function
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describing the fibers.'> As explained in [24, 56, 57], the set of X’s which share a common Ja-
cobian fibration (and are equipped with an action by the Jacobian fibration, as stressed in [58])
forms a group'* which should be identified with the group of connected components of the gauge
group in F-theory. That is, compactifying the F-theory model on a circle, there is a discrete choice
of one of these X’s to serve as the compactification space for M-theory, which is the hallmark of
a discrete gauge choice.

In our examples, the action of Z,, on S has fixed points, leading to A,,_; singularities on
the quotient S/Z,,. (More generally, there can be A, ; singularities for any ¢ dividing m, due
to fixed points of subgroups.) Over an A,_; point, we have taken the quotient of the fiber by a
translation of order /, so that fiber has multiplicity ¢. Notice that even though the fiber is multiple,
the total space is smooth.

This is precisely the situation analyzed by Mark Gross in [60], who showed that the Jacobian
fibration is fibered over the same base, still with A, ; singularities. But once the Jacobian fibra-
tion has been taken, it is possible to resolve those singularities of the base (which corresponds
physically to giving an expectation value to scalars in the corresponding tensor multiplets). We
thus find that these theories are part of a larger family of LSTs, but at special values of the tensor
moduli in the larger family, a finite gauge group appears, leading to additional 5D vacua (i.e., the
fibrations without a section) corresponding to distinct sectors of Wilson line expectation values.

Let us illustrate this with two concrete examples drawn from Appendix A.7, where we work
out the N = (1, 1) theories of BCFG type in detail. As a first example, consider a partially blown
down graph of type Ly, illustrated here (and in Figure A.7.1):

(e
®
(]
[

o O T °
[ ]
where we blow down each solid circle to an A; singularity. As shown in Appendix A.7, there is

a genus 1 fibration X over this base B with a fiber of multiplicity 2 at each A; singularity. The
fiber never degenerates over this locus.

The Jacobian fibration J(X/B) is simply a Weierstrass fibration over B whose fibers do not
degenerate. There is no obstruction to resolving the singularities of B, moving out into the rest
of the moduli space. In fact, this is part of the moduli space of the A" = (2, 0) theory of type E,
and we claim that when the tensors are tuned to blow down precisely the curves corresponding
to solid nodes, a Z, gauge symmetry appears in the theory. That gauge symmetry is necessary to

13 A more common notation is .J(X ), but since we are studying Calabi—Yau threefolds with more than one genus
one fibration, we indicate the fibration for emphasis.

4This group has been incorrectly called the Tate—Shafarevich group in the literature [56, 57], for which the
fourth author apologizes. The group contains the Tate—Shafarevich group [59], but it can also contain fibrations
with isolated multiple fibers [60], a fact which arose in the proof of the finiteness theorem for elliptic Calabi—Yau
threefolds [601,62]. The examples presented here have such isolated multiple fibers, and so do not belong to the Tate—
Shafarevich group but rather to the larger group of Calabi—Yau threefolds sharing a common Jacobian fibration.
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explain the additional 5D models which appear when the A;’s are blown down and a twist of the
Jacobian fibration is possible. Presumably, moving away from this locus amounts to Higgsing
the Z, gauge symmetry. Incidentally, this example is the T-dual of the N' = (1, 1) model with
group F.

As a second example (which is the T-dual of the ' = (1, 1) model with group G3), consider
another partially blown down graph of type Esg, illustrated here (and in Figure A.7.2):

where this time, we blow down each lined pair of solid circles to an A, singularity. There is a
fibration with multiple fibers of multiplicity 3 over each of those points. The Jacobian fibration
is again part of the ' = (2, 0) theory, with a different tuning of the moduli. With this tuning, we
find a Z3 gauge symmetry.

A related example was given in section 2.7.1 using the action of Zg on a nonsingular elliptic
curve with j = 0. The quotient S/Z¢ has central fiber which is a rational curve passing through
surface singularities of types A;, As, and A5 with fibers of multiplicity 2, 3, and 6 over those
points. Resolving the singularities leads to another affine Fs diagram:

R

where again the solid circles represent the curves being blown down. Tuning the moduli of the
N = (2,0) Ex theory to blow down those curves leads to a locus in moduli with a Zg gauge
symmetry. Notice that this is the intersection of the previous two loci with Z, and Zs gauge
symmetry.

2.9.3 Towards T-Duality in the More General Case

In the examples from the previous two subsections, we saw that the expected appearance of T-
duality for an LST motivates the search for a double elliptic fibration structure in such F-theory
models. When the base has a fibration by curves of genus 1, the origin of this second fibration
is clear. When the fibration on the base is by curves of genus 0, however, the T-duality is not as
readily manifest.

Example (2.9.2) does have manifest T-duality, as further analyzed in Appendix A.6. In this
case, the Weierstrass model y* — F'(x, v, s, t]) can be regarded as a double cover of a P!-bundle
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over the base B, where x denotes the coordinate on the P!. Since the double cover is branched at
4 points along each fiber PL of this fibration, the total space gets a fibration by curves of genus
1.

Now the base B of that F-theory model has a fibration 7 : B — (' of its own whose general
fiber is another P* which we shall call P. In Appendix A.6, after making a birational modifica-
tion of the base (i.e., blowing it up and down), we find that the double cover is branched along
4 points of each fiber P} as well, and this implies that there is a second genus 1 fibration on
the total space. Note that this echoes the discovery made in [ 5] that heterotic T-duality, when
viewed from the perspective of F-theory, exchanges the roles of base and fiber in the heterotic
weak coupling limit.

It is therefore natural to seek out a more general geometric exchange symmetry in LSTs with
T-duality. We leave a more complete investigation of this possibility to future work.

2.10 Outliers and Non-Geometric Phases

Much as in the case of the classification of SCFTs achieved in reference [10], we view the F-
theory realization of LSTs as providing a systematic approach to the construction of such models.
In some cases, however, we indeed find a few small gaps between what is expected based on field
theory considerations, and what can be obtained in geometric phases of F-theory.

Our plan in this short section will be to proceed mainly by effective field theory considera-
tions to give a list of such outlying behavior, both for 6D SCFTs and LSTs. In this sense, we
will present a complete classification of UV complete 6D phenomena decoupled from gravity,
though we hasten to add that some of these putative theories may end up being inconsistent due
to the lack of an embedding in an F-theory (or other string) construction.!> In some cases, how-
ever, this also points to a few additional novel possibly non-geometric structures. Though we
shall comment on possible ways to realize these models in F-theory, we leave a more complete
analysis to future work.

2.10.1 Candidate LSTs and SCFTs

From a bottom up perspective, the primary constraints on the construction of consistent LSTs
are the existence of a lattice of string charges with a negative semidefinite Dirac pairing, and
possible gauge groups “decorating” the associated tensor multiplets.

In some cases, there is a clear indication from F-theory that certain bottom up considerations
are too weak; For example, the phenomenon of a —n curve for n > 3 always implies the ex-
istence of a non-trivial gauge group factor, a condition which is not obvious from any anomaly
cancellation condition.

There are, however, two intermediate cases suggested by field theory which also have a po-
tential realization in string theory. The first case deals with the gauge-gravitational anomaly

SFor a recent example of a seemingly consistent 6D SCFT which is actually inconsistent, see e.g. Appendix A
of reference [63].
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cancellation condition (see (A.1.7)) imposed in all geometrically realized 6D SCFTs and LSTs.
This condition has no field theoretic analog in flat space as there are no a priori restrictions
on one-loop contribution to mixed gauge-gravitational anomaly. Non-vanishing of total mixed
gauge-gravitational anomaly implies that the theory is inconsistent when put on a fixed curved
spacetime background. It would clearly be troublesome if 6D SCFTs were anomalous in this way.
Fortunately, it is always possible to cancel the one-loop contribution to this anomaly against a
Green-Schwarz contribution, as was demonstrated in [64]. This argument does not apply to 6D
LSTs, and indeed it can be checked explicitly in many examples of 6D LSTs that there is no way
to cancel the one-loop mixed gauge-gravitational anomaly using the Green-Schwarz mechanism.
This means that 6D LSTs cannot always be put on a fixed curved spacetime.

One class of such models would arise on:
12...21 (2.10.1)

where we decorate all the tensors with su-type gauge groups along with anti-symmetric matter
for the last su gauge group and symmetric matter for the first su gauge group. With the presence
of this symmetric representation, (A.1.7) is violated. Nonetheless, this model can be constructed
by putting type IIA on an interval S*/Z, with an O8~ orientifold plane on each fixed point, D6s
stretched along the interval, NS5s embedded in the D6s at various points along the interval, and
two of the NSS5s stuck respectively at the two fixed points.

More generally, to construct new examples of 6D SCFTs and LSTs which violate the 1-loop
mixed gauge-gravitational anomaly condition (A.1.7) we can do the following: take any F-theory
model having a —1 curve or P base curve associated with su-type gauge group and at least
one anti-symmetric hyper and 16 fundamental hypers not transforming under any other gauge
group. Then, replace this set of hypermultiplets with a single hypermultiplet in the symmetric
representation. The resulting theory will satisfy gauge anomaly cancellation, but it will have a
non-vanishing 1-loop gauge-gravitational anomaly.

The second case has to do with the condition of “normal crossing” which is present in all
geometrically realized 6D SCFTs, and is only mildly violated in LSTs. For example, we have
seen that an intersection with an order two tangency 4||1 leads to a consistent LST base. In the
bottom up perspective, we have a Dirac pairing which has 2 on the off-diagonal entries, and —4
and —1 on the diagonals. Generalizing, we can consider constructions such as:

4)|2..2 (2.10.2)
4)|2...21 (2.10.3)
4)|2...2|4 (2.10.4)

all of which have a negative definite Dirac pairing. Though we have not encountered these
possibilities in our discussion of geometric phases of F-theory, the first two have been realized
in IIA string theory via appropriate suspended brane configurations (see e.g. [18]), at least when
there are non-trivial gauge group factors over the associated tensor multiplets. For example, we
can have su-type on the —2 charge tensors, and so-type gauge groups on the —4 tensors, with
sp-type gauge groups on the —1 tensors. The crucial ingredient appearing in these suspended
brane models is an O8" -orientifold, rather than an O8 -orientifold. The T-dual description in

44



IIB string theory involves O7*-orientifold planes, a case which leads to some non-geometric
behavior, a point we shall return to later. The last example 4||2...2||4 resists an embedding in ITA
string theory, since it would appear to involve two O8"-orientifold planes. Indeed, if we attempt
to decorate these tensor multiplets by so-type algebras on the —4 tensors, and su-type algebras
on the —2 tensors, we cannot cancel gauge theoretic anomalies.

Assuming that configurations such as 4/|2 can indeed occur in the construction of LSTs, it is
natural to ask how many additional models can be obtained, at least from a bottom up perspective.
Pairing each tensor multiplet with a simple gauge algebra, these are as follows:

so0(M) ! su(N1) su(Nz2)  su(Ng) sp(Ng)

4 2 2 .2 1 (2.10.5)
sp(NT)
1
sp(N1) so(My) sp(Ng) so(My)  su(Ng)
1 4 | (2.10.6)
su(N') sp(Ny)so(M7) so(My)  su(Ng)
1 4 4 2 (2.10.7)

It should be noted that gauge and mixed anomalies strongly constrain the allowed gauge algebras
so(M) su(N)
in the above list. In particular, the configuration 4 || 2 is constrained by mixed anomalies to

have a bifundamental (M, N), requiring N < M — 8, 2N > M. These conditions lead to strong
constraints on the rest of the gauge algebras in the aforementioned theories, as discussed in [11].

If one also relaxes the condition that there is a gauge group paired with each tensor, even
more constructions are possible. In most of these cases, no known embedding in a string con-
struction is available, so we suspect that at least some of these theories are actually inconsistent.
Nevertheless, for the sake of completeness, we list them here:

21141 2 (2.10.8)
4141022 (2.10.9)
4122...2]4 (2.10.10)
4122...21 (2.10.11)
4H22-~52 (2.10.12)
1i1m414H2 (2.10.13)
131..414]2 (2.10.14)
12314..414]2 (2.10.15)
122314..414]2 (2.10.16)
214..414] 2 (2.10.17)

It is worth mentioning that a violation of normal crossing and a violation of gauge-gravitational
anomaly cancellation do not appear simultaneously in any of these examples. The lists of LSTs
and putative LSTs arising from these violations are small and tightly constrained.

This perspective on LSTs also points to the existence of some additional novel structures for
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6D SCFTs. Indeed, starting from an LST, we can consider a combination of tensor-decoupling
and Higgsing to reach some additional candidate SCFTs.

The theories of this type, which are consistent with anomaly cancellation and with no un-
paired tensors, take the form:

so(M)  su(N1) su(Na) su(Ng)

A0 2 2 .2 (2.10.18)
sp(N’) so(M)  su(N1) su(Na)
1 4 ] 2 2 (2.10.19)
so(M1) sp(V1)  so(Mi)  su(Ng)
1 47 2 (2.10.20)
sp(N1)so(M1)  so(Mg) — su(Ng)
14 .. 4| 2 (2.10.21)

Notice that (2.10.19) does not admit a known type IIA construction, whereas the other three do.
Another curious thing to notice is that this model does not admit an embedding in a putative LST.
The obvious examples of attaching an so group to the left or attaching an su group to the right
are pathological because they necessarily have non-vanishing quartic part of gauge anomaly.
Although we have only proved that every 6D SCFT can be embedded in a 6D LST for models
arising geometrically within F-theory, we expect this statement to be true in general. Hence, we
suspect that the putative SCFT (2.10.19) is inconsistent. Finally, concentrating only on positive-
definiteness, we have the 4||2 configurations:

1422 (2.10.22)
4122..2 (2.10.23)
141...414] 2 (2.10.24)
414..414]2 (2.10.25)
31..414]2 (2.10.26)
2314..414]2 (2.10.27)
22314..414]2 (2.10.28)

2.10.2 Towards an Embedding in F-theory

In the above, we encountered some additional candidate SCFTs and LSTs which appear to be
consistent with effective field theory considerations. Additionally, some of these models admit
an embedding in type IIA suspended brane constructions.

It is therefore important to ask to what extent we should expect F-theory to cover this and
related examples. Though we leave a complete characterization to future work, there are some
general ingredients we can already identify which point the way to incorporating these additional
non-geometric structures.

As we have already mentioned, one crucial ingredient in the ITA realization of the 4|2
configuration is the appearance of an O8"-plane, which T-dualizes to a pair of O7"-planes in
type IIB string theory. Such orientifolds lead to the phenomena of “frozen singularities” in F-
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theory [23-25]. These are models in which the monodromy of the axio-dilaton around the brane
is consistent with that of an appropriate I singularity, but in which the corresponding gauge
algebra is not so(2n + 8).

Another not entirely unrelated phenomenon we have encountered in the construction of the
N = (1,1) LSTs, as well as in some of the low rank LSTs are models in which the normal
bundle of a curve on the base is torsion of finite order. To produce a Weierstrass model, we have
found it necessary to impose specific restrictions on the order of these torsion bundles, though
the M-theory realization of these A-type A/ = (1, 1) theories suggests a whole family of models
parameterized by rational theta angles [47].

In fact, it is relatively straightforward to engineer all of the A-type N' = (1,1) LSTs in type
IIB, and to lift this back to F-theory. For example, in type IIB language, we have a stack of NV
D7-branes wrapped on a 72. Switching on a background value for a flat RR and NS two-form
potential, we get additional theories parameterized by the ratio of these two periods. In F-theory
language, we see this by a choice of how we resolve the affine node of the A,y Dynkin diagram.
In physical terms, this resolution comes from compactifying an 8D model on an additional S*.
Going down on a T, we have Wilson lines for this affine node along the A- and B-cycles of the
T2

The presence of such background B-fields also suggests that similar effects from discrete
group actions may also make an appearance in the construction of the 4||2 type configurations.
For example, at the level of the effective field theory, we can consider a base:

2
222..2 (2.10.29)

with [y-type fiber decorations on each —2 curve. Now, this field theory admits a Z, automor-
phism in which we combine the outer automorphism of the D-type base with an outer auto-
morphism on the suy factors on the leftmost —2 curve and the top —2 curve. At the level of
gauge theory, the outer automorphisms of suy can take us to either an so or sp-type algebra.
Combining these two operations, we see that we get an effective field theory where there is one
less tensor multiplet, and in which the BPS charge has doubled, and in which the Dirac pairing
between this Z, invariant combination and its neighbor is 2, leaving us with a configuration of
tensor multiplets 4/|2...2. Taking into account the algebra assignment (i.e. the would-be fibers),
we can in principle have either so or sp -type algebras, of which only the former is compati-
ble with anomaly cancellation.'® Similar considerations also apply for the LST tensor multiplet
configurations such as 4/|2...21.

Let us stress that effective field theory considerations do not directly inform us of the actual
non-geometric realization of these models in F-theory. Indeed, what is particularly remarkable
is that even if we allow these additional structures, the total number of additional candidate
SCFTs and LSTs is quite small, with the vast majority being covered by geometric phases of

161 et us recall that in F-theory, conjugation by an outer automorphism apparently leads to a geometrically am-
biguous assignment for the quotient algebra. This ambiguity has been resolved by appealing to anomaly cancellation
considerations, in which the opposite conclusion is reached, i.e. a non-split Iy fiber realizes an sp-type algebra [65].
However, effective field theory considerations suggest that when combined with a quotient on the tensor multiplets,
there may be a generalization of this construction available in which we instead reach an so-type algebra. Incorpo-
ration of an O7 plane or of discrete B-fields might provide a route to such a generalization.
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F-theory. This suggests that whatever the mild deformation of known F-theory backgrounds are
that produce these models, the structures encountered in this chapter and in earlier work remain
quite robust.

2.11 Conclusions

In this chapter we have given a systematic approach to realizing supersymmetric little string the-
ories via compactifications of F-theory. Much as in the case of 6D SCFTs, these theories arise
from working with F-theory on a non-compact base, in which some collection of curves are si-
multaneously collapsed to small size. The key difference with a 6D SCFT is that the intersection
pairing for these curves defines a positive semidefinite quadratic form on the lattice of string
charges. So, in contrast to the case of SCFTs the associated theories contain a dimensionful
parameter which is naturally promoted to a non-dynamical tensor multiplet. After spelling out
all necessary conditions to geometrically realize LSTs in F-theory, we have given a classification
of all such theories. On the one hand, these theories can all be viewed as arising from extending
6D SCFTs by one or more additional curves. As such, they also admit an atomic classification,
much as in reference [10]. We have also seen that the general expectation that all 6D SCFTs
embed in an LST is indeed realized via the explicit embedding in an F-theory compactification.
Finally, we have seen that T-duality of an LST is realized via a double elliptic fibration in the
corresponding F-theory model. In the remainder of this section we discuss some avenues for
future investigation.

Perhaps the most important issue left open by our analysis is the small gap between theo-
ries realized by geometric phases of F-theory, and the list of effective field theories which can
potentially complete to an LST (or SCFT). It would be interesting to establish to what extent non-
geometric deformations can enter in such F-theory models, and conversely, how many of these
putatively consistent LSTs (and SCFTs) are actually excluded by further non-trivial consistency
conditions.

One of the key simplifications in our analysis of LSTs is that decoupling any curve in the
base takes us back to a collection of (possibly decoupled) 6D SCFTs and scale invariant theories
(i.e. when we have free vector multiplets). This strongly suggests that the common notions of
renormalization group flows for local quantum field theories extend to non-local LSTs. Develop-
ing the details of such a structure would provide a rather striking vantage point on what it means
to “UV complete” a quantum field theory in the first place.

As a preliminary step in this direction, it is also natural to ask whether there is a notion of
monotonic loss in the degrees of freedom in such conjectural flows from LSTs to SCFTs. For
example, in many of the cases studied in this chapter, we can weakly gauge both diffeomorphisms
as well as an SU(2) field strength, which in the context of a 6D SCFT would be identified with
the R-symmetry of the theory. It is tempting to conjecture that there is a formal extension of
conformal anomalies to these cases as well. It would be interesting to study whether an extension
of the methods presented in references [66, 67] (see also [68]) would provide insight into such
generalizations of renormalization group flows.
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Finally, one of the hallmarks of the systems we have encountered is the appearance of an
effective T-duality upon compactification on a further circle. Given that there are now concrete
methods for extracting the partition functions for some 6D SCFTs (see e.g. [69]), it would be
quite natural to study this and related structures for LSTs.
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Chapter 3

The Frozen Phase of F-theory

3.1 Introduction

F-theory [70-72] is a geometrical way to describe non-perturbative backgrounds of type IIB
string theory, whose transition functions include S-duality in addition to the more usual symme-
tries. Supersymmetric backgrounds of F-theory describe a spacetime which includes the base
of an elliptic Calabi—Yau variety, with a variable axio-dilaton field whose value is specified by
the elliptic fibration. The degeneration loci of the fibration, called the irreducible components
of the discriminant locus, are interpreted as seven-branes on which various gauge algebras are
realized. Among these, one finds as particular examples the ordinary D7-branes and O7-planes
of perturbative IIB theory.

The perturbative definition of O-planes, however, allows for several different variants. As was
pointed out in the early days of F-theory [23], the one reproduced in conventional F-theory is the
O7_-plane, whose charge equals —4, in units where a (full) D7-brane has charge 1. Another type,
called the O7-plane, has charge +4. At a fixed total charge, such an object allows for fewer
deformations; for example, an O7_ with 8 D7s on top, with total charge 4, can be deformed in
various ways by pulling the D7s away, while a single O7. with the same charge does not allow
for such a possibility. The F-theory description of the latter should hence involve a divisor which
for some reason cannot be deformed, and was thus called frozen in [23], where this was also
discussed in several dual frames. This phenomenon was then further investigated in [24].

Thus it was known for a long time that F-theory includes O7, -planes but they were basi-
cally ignored in the vast existing literature on the compactifications of F-theory. One motivation
for revisiting this issue at present rests in the classifications of six-dimensional superconformal
theories (SCFTs). In a series of works initiated in [9], and in particular in [10], it was shown
that almost all known 6d SCFTs at that time and a lot more were realizable using 6d compacti-
fications of F-theory. However, if one compares this classification against the known examples
constructed using massive IIA brane constructions [73, 19, 18, 74] and the purely-field theoret-
ical analyses [75, | 1], one recognizes that there are indeed cases not realized by conventional
F-theory constructions.

A typical feature of these cases is that their massive IIA brane construction involves O8,s.
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By a T-duality, this is mapped to a IIB brane construction involving O7_s. This motivated us to
look at F-theory compactifications to six-dimensions in the presence of O7_s.

At this point, it is natural to worry if there could be frozen singularities other than O7-
planes which have not been studied in conventional F-theory. This question was settled, at least
for supersymmetric seven-branes, in a recent re-analysis of 7-branes in F-theory [25] which
concluded that the O7, is in fact the only type of frozen singularity in F-theory.! Therefore,
the only ingredient missing in conventional F-theory compactifications to six-dimensions is the
inclusion of O7-planes, and indeed including them we find F-theory realizations of ‘missing’
6d SCFTs, as we will see later in the chapter.

Once we are convinced that O7, -planes can be included in the F-theory construction, we
realize that we need to revisit every part of the standard F-theory machinery, such as the assign-
ment of the gauge algebras and of the matter content to the components of the discriminant and to
their intersections, and the way the 6d anomalies cancel via the Green—Schwarz-West-Sagnotti
effect [79, 80], derived geometrically for F-theory by Sadov in [52]. This chapter is the first
attempt to provide such generalizations.

One unexpected consequence of the introduction of O7, -planes is the following. To appreci-
ate it, let us first recall the situation without O7, -planes. In a conventional F-theory compactifi-
cation without O7_ -plane, once one is given the geometry of the elliptically-fibered Calabi—Yau,
there is a standard method to assign a unique set of gauge algebras and matter content to the
geometry. In particular, under this standard assignment, each simple factor in the gauge algebra
is associated to a single component of the discriminant divisor, and each component has at most
one simple factor of gauge algebras associated to it. This choice corresponds to having zero
holonomies of the gauge fields on these divisors themselves. We have the option of turning on
the non-trivial gauge configurations, including the effects often called the T-branes [81], but we
also have the standard option of not turning them on at all.

With O7 . -planes, however, we will often be forced to have at least some nontrivial gauge
configurations on some of the components. More precisely, we even lose the concept of a unique,
standard assignment of gauge algebras and matter content, since we do not even have a natural
origin in the space of the all possible holonomies. Because of this, we often have multiple
simple factors of gauge algebras on a single component of the discriminant locus, and also a
single simple factor of gauge algebra shared across multiple components, as we will see later.

Unfortunately, at present, we do not have any algorithmic method to find consistent assign-
ments given an elliptic Calabi—Yau and a specification of where the O7 . -planes are; we do not
even have a method to tell if there are any consistent assignments at all. Therefore we are forced
to rely on consistency checks via anomaly cancellation and dualities to backgrounds that are
better understood.

The rest of the chapter is organized as follows. In Sec. 3.2, we study the properties of O7, -
planes in the context of F-theory, using string theory and M-theory dualities. This will let us
figure out how to assign gauge algebras and matter content. In Sec. 3.3, we study the anomaly

'There are various other less-studied types of higher-codimension singularities one can incorporate in F-theory,
such as the ones used by Garcia-Etxebarria and Regalado [76] to construct 4d N'=3 SCFTs. Frozen versions of
singularities also occur in M-theory [23,24], where they play an important role in M5-brane fractionation [24,77,78].

51



cancellation of F-theory models with O7_-planes. We will see that the analysis of Sadov [52]
can be naturally generalized by introducing a divisor which represents where O7-planes lie.
Then in Sec. 3.4, we discuss some 6d SCFTs which can be realized only with O7, -planes in
F-theory construction, and in Sec. 3.5, we study the massless spectrum of a couple of compact
six-dimensional models with O7_ -planes.

In Appendix B.1, we review the 8d compactifications with O7-planes, which is simpler
than the 6d examples discussed in the main text. Finally in Appendix B.2, we give an alternative
derivation, using intersecting brane models, of the spectrum of some compact models discussed
in Sec. 3.5.

3.2 Frozen seven-branes and their properties

In this section, we use perturbative string techniques to obtain some properties of frozen singu-
larities.

We start in section 3.2.1 with a lightning review of O-planes. We then discuss the basics
of O7-planes in F-theory in Sec. 3.2.2, and in Sec. 3.2.3 we study the physics at individual
intersection points of O7 -planes and other seven-branes. To prepare ourselves for the analysis
of an O7 -plane which intersects with more than one seven-brane, we then need to have short
digressions, on the T-duals of NS5- and D6-branes in Sec. 3.2.4 and on the phenomenon of shared
gauge algebras in Sec. 3.2.5. We then come back to the case with O7_-planes in Sec. 3.2.6. In
the final subsection 3.2.7, we see that with O7_ -planes a shrunken divisor does not necessarily
signify any singularity in the low energy physics.

3.2.1 Basics of orientifold planes

Let us start by a quick review of the basics of the orientifolds.>

Action on the closed strings: An orientifold is usually defined as a Z, symmetry II that in-
cludes world-sheet parity €2. It can also include a spacetime involution o. It is often necessary to
also include an extra factor (—)’t (where Fy, is the left-moving spacetime fermion number) so
that IT? acts as the identity. If locally o is the reflection of 9—p coordinates, so that the orientifold
plane Op (the fixed locus of )’ has (spatial) dimension p, one needs to include (—)F Lifp=2,3

2A good review of the basics can also be found in [82]. More detailed and rigorous analysis of perturbative

orientifolds were done e.g. in [83, 84], but we stick to the traditional, ad hoc approach in this chapter. The name
orientifold itself was introduced in [85] by Dai, Leigh and Polchinski. The concept of the orientifold goes back
further in history, see e.g. [86, 87] and references therein.

3We will also consider actions that include translations and thus have no fixed locus as in (3.2.5); the conclusions
in (3.2.1) below also apply.
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mod 4.* To summarize, locally the orientifold action is

09 08 o7 06 05
Q QRy QRsRo(—1)"t QR;RsRo(—1)"t QRgR:RsRy -’

(3.2.1)

where R, denotes a reflection of the p-th coordinate. This specifies the orientifold’s action on
closed strings. In this chapter, we will be interested in particular in O7s, with O6s and O8s
making occasional appearances.

Action on the open strings: In presence of open strings, one also needs to decide its action on
the Chan—Paton matrix \, which appears in a superposition ) _, ; A;;|ij) of the states [ij), that in
turn can be interpreted as going from the i-th to the j-th brane in a stack (omitting other quantum
numbers). Since the world-sheet parity €2 reverses orientation, it acts by transposing A, but it
may also mix the states with a change of basis M: namely, A\ — MMM ~!. Imposing that this
action is an involution leads to the condition that

MM = 1. (3.2.2)

This sign choice leads to two different types of O-plane, which we call Op,..

The RR-charge: The RR charge can be computed through a one-loop computation, which
contains — tr M~ M in its Mobius strip contribution (see for example the reviews [82, 88]). In
the end one concludes that the charge is 4=2P~° that of a full Dp-brane: explicitly,

p |9 8 7 6 5 4 3
+2P7° | £16 £8 +4 2 +1 £ +4

(3.2.3)

Thus, the Op_ has negative charge and the Op, has positive charge, as the name implies.

The gauge group: The gauge group is also influenced by the sign (3.2.2). If a stack of N Dp-
branes is parallel to the Op-plane but not on top of it, the action will relate the strings ending on
them to strings ending on an image stack in a different locus; the gauge group will be the usual
U(N). On the other hand, if the stack is on top of the Op-plane, the action will relate the open
string states to themselves, projecting out some of them. To read off the gauge group, we can
consider the gauge field states )\ijaﬁ 1 /2\0; ij). Since Qa4 12§ = —a_y /5, the surviving states
will be those with Chan—Paton factors \ such that A = —M MM ~1. If the sign in (3.2.2) is —1,
M is antisymmetric; by a change of basis (A — C~A\C, M — CMC") it can be chosen to be

“To check this, one first uses the fact that a reflection R; of the I-th spatial coordinate acts by I'; on the 10d
Majorana spinor, which satisfies (I';)®> = +1. Therefore, R, .. ;, = lor (—1)f+Fr depending on whether
p=0,10r 2,3 mod 4, respectively. Then one compensates this (—1)F2TF7 by the fact that Q(—1)2Q = (-1)fr
and therefore ((—1)2)2 = (—1)ft+Fr,

SIn [23] and other older papers, Op..-planes are called planes of type OF, with the opposite sign. We stick to
the more modern conventions which are now standard.
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of the form J = ( _[I)N %), and thus \ will be in the sp, algebra.® If on the other hand the sign
in (3.2.2) is +1, then M can be chosen to be 195, and A € soqy.

Summarizing, the choice (3.2.2) leads to two different orientifolds:

e Op_, with 505y gauge algebra and charge —2P°, and

e Op,, with s5p, gauge algebra and charge +2° 5.

Dg-branes intersecting Op-planes: More generally, if we also have a stack of Dg-branes
which intersect our Op, there are subtle signs [8] coming from the fact that the strings from
the Op- to the Dg-branes needed to be expanded to both integer and half-integer modes. In flat
space (and vanishing B field), the number #ND of Neumann-Dirichlet directions (the number
of directions transverse to the Dp and parallel to the Dgq, or vice versa) has to be a multiple of
4, for unbroken supersymmetry. The result for the gauge algebra on the Dg-branes is then as
follows:’
‘ Op4 Op_
#ND = 0, 8 | symplectic orthogonal . (3.2.4)
#ND =4 orthogonal symplectic

T-duality: Let us next discuss the T-duality of orientifolds, since we often need to perform
T-duality of the setup on S! /Z, where two fixed points support Op-planes, possibly of different
types. Two most straightforward cases are when both fixed points have Op_ or both fixed points
have Op, . The T-dual is then simply O(p + 1)_ or O(p + 1), wrapped around S*.

When one fixed point has Op_ and the other fixed point has Op,, the T-dual is known to be
a shift-orientifold, namely an orientifold whose spacetime action o not only flips the coordinates
transverse to the orientifold, but also translates a circle by half its radius

R
o (xp—f—lv Tp42, - - 71:9) ~ (xp—f—l + 57 TTp425 77 —Z'9> . (325)

See Fig. 3.2.1 for a pictorial representation. Note that this action fixes no point.

The derivation of this fact can be found e.g. in [23, p. 41] or [89]. A rough argument goes as
follows. We start from the shift-orientifold background (3.2.5), and T-dualize the x,, direction.
Its T-dual should be a compactification on S*/Z,. Therefore this should result in a combination
of two Op-planes at two fixed points. The original shift-orientifold background did not have any
D(p + 1)-charge. Therefore, in the T-dual, we should have zero Dp-plane charge. This is only
possible if one fixed point is Op_ and the other is Op, .

®We follow the standard convention that sp; = sus.

"The fields on the Dgq stack get mapped to fields on another point of the stack, unless the Dq stack is completely
embedded in the Op-plane. A priori this only restricts the behavior as a function of the coordinates of the gauge
field, which would then locally remain of u(2m) type. However, in situations where the divisor wrapped by the
stack is compact, in most applications we want to keep only the zero-modes of the gauge field under its equation of
motion, and this restricts the gauge group as in (3.2.4).
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Op4 m Op —_—

shiftO(p + 1)

Figure 3.2.1: A model with two Op-planes with opposite sign is turned by T-duality.

Another intuitive argument is as follows. The shift operator s : z, — x,4; can be thought
‘R ~. A 1= . e s
of as e"2”, where p is the momentum operator. Its T-dual is § = e'2r", where w is the “winding
operator”’, which measures the length of the string. s gives 1 on strings of total length zero, such
as those that begin and end on the same Op, but it gives —1 on the strings that begin and end on
different Op’s, signaling the fact that the two have different signs.

Other types of orientifolds: It is also known that there are ()pi—planes when p < 6, distin-
guished from the more ordinary Op_-planes by the RR-torsion flux. As we will not use them
heavily, we will not discuss them further.

3.2.2 Frozen divisors in F-theory

Our main interest lies in seven-branes in Type IIB theory and F-theory. An ordinary O7_ without
any D7-branes on top is known to lift to two /; divisors, due to quantum effects [90]. Similarly,
with n < 4 D7-branes on top, the F-theory realization is given by (n + 2) I; divisors. With
at least 4 D7-branes, it is interpreted in F-theory as an [, divisor (where n is the number of
D7-branes). Since string theory also has O7_ -planes, it is natural to ask how these are described
in F-theory.

First of all, from (3.2.3) we see that O7.. have charge equal to that of £4 full D7-branes. So
an O7, has the same charge and tension as an O7_ with 8 full D7-branes on top. In F-theory,
they will give rise to the same monodromy [23, 91]; we expect both to be described by an I}
divisor. However, the O7_ with 8 D7 gives rise to an s0,4 gauge algebra, while the O7 . gives
rise to none. A related difference is that the O7_ with 8 D7 can be deformed by pulling the
D7s away (which corresponds in F-theory to a complex structure deformation), while the O7 .
cannot. Thus an O7 is described by a I} singularity wAhich for some reason cannot be deformed;

we will call this a frozen singularity, and denote it by /.

More generally, an O7_ with n D7s has the same charge and tension as an O7 with (n — 8)
D7s; both are described by an I, singularity, but in the latter case the gauge algebra is sp,,_,
rather than 502, and the deformations are correspondingly reduced. In this case too we say that
the singularity is frozen, and we denote by I _,.
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To be more expicit, an F-theory vacuum is typically described by the “Weierstrass coef-
ficients” f and g which are sections of the line bundles Op(—4Kpg) and Op(—6Kp) on the
F-theory base B, and which lead to the equation

v ="+ fr+yg (3.2.6)

for the total space of the elliptic fibration. Along a divisor D with a f;;_ 4 singularity, f vanishes
to order 2, g vanishes to order 3, and the equation 4 f2 + 27¢? of the discriminant locus vanishes
to order (n — 8) + 10, for a configuration with n — 8 D7-branes on top of an O7 ;. Although the
“freezing” mechanism is not understood, it must prevent any deformation with lowers the order
of vanishing of either f or g at all, or which lowers the order of vanishing of 4f3 + 274 below
10.

Note that the Weierstrass coefficients are accompanied by periods of type IIB two-forms
over appropriate two-cycles in B; for compactifications to 6d, the complex moduli provided by
Weierstrass coefficients are paired with these periods of two-cycles to provide the two complex
scalars in a hypermultiplet. In particular, by activating a vev represented by one of these two-form
periods we may disturb the gauge group assigned to a divisor without changing the geometry of
the divisor (which would have required a change of complex modulus). Such deformations are
often described in the language of T-branes [81], for which a number of geometric tools have
been developed [92-94].

As an exercise in using the rule (3.2.4), let us consider D3-branes embedded in the world-
volume of O7,. Since #ND = 4, the gauge group on the embedded D3-branes is so for O7
and sp for O7_. In particular, the smallest gauge algebra allowed is so; and sp,, with one and
two Chan-Paton indices, respectively. A bulk D3-brane has two Chan-Paton indices. Therefore,
a bulk D3-brane can fractionate into two separate objects on O7, but not on O7_. These D3-
branes can be considered as point-like instantons of the gauge fields on O7_, and therefore the
D3-charges of the minimal-charge instanton on O7 differ by a factor of 2. This fact becomes
important in the anomaly analysis in Sec. 3.3.1.

3.2.3 Intersections

As mentioned in the introduction, O7, s are the only frozen F-theory singularities [25]. As our
main interest lies in the compactification to 6d, we now want to understand their behavior when
they intersect other singularities: namely, how they modify the gauge algebras of neighboring
divisors, and the matter representations at intersections with them. We will do so by using
perturbative string techniques, and dualities.

Some readers might want to study the simpler situation in 8d summarized in Appendix B.1,
before considering the more interesting but complicated examples of 6d compactifications dis-
cussed here.

56



I*—I intersection

Let us now start working out what happens when the frozen divisors intersect ordinary divisors.
We will begin with the intersections of frozen [} with I,,, divisors.

Let us first recall what this intersection gives in the unfrozen case, i.e. an /*— intersection.
The intersection with the /* induces on the [ a so-called “Tate” monodromy, a nontrivial auto-
morphism of the gauge algebra that reduces it [95].% This is expressed by saying that the divisor
is non-split, and denoted by a superscript "°. Its effect on the gauge algebra is that it reduces from
Uy, to sp,,. We summarize this situation by writing

502048 SPp,

oo (3.2.7)
As a warm-up, let us also see how it is reproduced by orientifolds. Consider an intersection of an
O7_ + (n+4) D7 along directions 01256789 with m full D7s along directions 03456789. From
(3.2.4) we see again that the gauge algebra on the m D7s is reduced to sp,,,; see also footnote
7. We thus recover (3.2.7). Notice that the spacetime action of the orientifold projection can be
interpreted as the Tate monodromy we mentioned above.

We can similarly work out what happens if the /* divisor is replaced by its frozen T* coun-
terpart: the configuration now involves an O7, + (n — 4) D7s, and 2m transverse D7s (see
Fig. 3.2.2, where only directions 6789 are depicted). Looking again at (3.2.4), we see that the
gauge algebra on the m D7s is reduced this time to s05,,. We conclude

5pn—4 502m,

n 3.2.8
LI (329
Thus, an /™ divisor intersecting a frozen divisor has an so gauge algebra, rather than a sp gauge
algebra. In both cases (3.2.7) and (3.2.8) there is a bifundamental at the intersection, due to the
strings from one set of branes to the other.

I+, 1 *_ ] *, T*~T* intersections

We will now consider intersections between two I* divisors, both frozen and unfrozen. We
will see that using perturbative O7s we will have only partial success in understanding the full
possibilities. This will lead us in later section to consider T-dualities with O6s and O8s.

I*-I* intersection: Let us again start by recalling what F-theory gives in the ordinary, unfrozen
case. The intersection of two [* divisors actually falls outside Kodaira’s classification. To cure
this, one can blow-up the base; this reveals a new divisor that touches both /*’s, and that behaves

8This is not to be confused with the “Kodaira” monodromy, describing how the geometry changes when one
goes around a singular divisor
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O74 + (n—4)D7 =| I*

m D7 = I%,
3,4

Figure 3.2.2: An O7-D7 intersection, interpreted in F-theory as an intersection between an
I, ., and an I},

like in (3.2.7):

502]1+8 502¢48 - 502k+8  SP(kte)/2 $020+8 (3.2.9)
Iy e I Iy ke I

where we assumed k + ¢ to be even, and the e denotes the bad singularity that we blew up.

Physically, it signals a six-dimensional superconformal sector which is sometimes called Dy, 4—

Dy4 conformal matter;’ the blow-up represents moving along its tensor branch, namely the part

of its moduli space where all six-dimensional tensor multiplets are abelian.

Let us now try to engineer an /*—/* intersection using O7s. The most natural generalization
of Fig. 3.2.2 consists of two O7s that intersect transversally. This can be achieved by an orien-
tifold projection in flat space that has more than one generator of the type we recalled in (3.2.1).
For an intersection of two O7s, locally one takes the two generators

QR R, (—1)" QRgRo(—1)"x . (3.2.10)

We can see that in this situation there is an O7 on the locus z° = 27 = 0, and one on the locus
2% = 2% = 0. (Notice that one is then also quotienting by their product R R7 Rg Ry, so that at the
intersection between the O7s there is in fact also a Z, orbifold singularity.) Choosing the + type
of these two orientifold planes affects their charge and their action on Chan—Paton indices in the

way we reviewed earlier; we will see shortly what their combined effect amounts to.

Another ingredient is that the projection on the closed Z,-twisted sector is reversed if two
orientifolds of different type intersect [Y6]. This comes about by considering the exchange of
closed strings between two crosscaps, one from one O7 and another from another O7. The

°In fact this superconformal theory depends only on & + ¢ and has so(2k + 2/ + 16) flavor symmetry. Thus
we will simply call it Dy ¢+ g conformal matter in what follows. We use the blackboard letter ID since the notation
D; denotes an i-th divisor in this chapter. One can also define Dy, as the 6d superconformal theory which has a
one-dimensional tensor branch on which it becomes an sp,, _, theory with 4n fundamentals with at least s04,, flavor
symmetry. For example, then, the Dg theory is the E-string theory.
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sign of this diagram is reversed when two orientifolds are of different type, and the modular
transformation of this diagram determines the orientifolding projection on the closed string Zs
twisted sector. In the end, one finds that an O7_—O7, intersection has a six-dimensional tensor
multiplet, while O7_-O7_ or O7.—07 intersection has a hypermultiplet:

| O7_ 074
O7_ | hyper tensor . (3.2.11)
O7, | tensor hyper

As we mentioned, if D-branes are present, they will now feel the effect of both projections.
Consider for example choosing both planes to be O7_, with k + 4 and ¢ + 4 D7s present on the
25 = 27 = 0 and 2% = 2% = 0 loci respectively. The first set of D7s, say, would be projected
to $09;48 by the O7_ parallel to it; but, recalling (3.2.4), it would also be projected to sp;, 4 by
the O7_ transverse to it. This means that it actually gets projected to the intersection of the two,

U14. In the language of F-theory branes, this gives

Upt4q Upig
oI (3.2.12)

where the - now represents the hypermultiplet found in (3.2.11).!° This hypermultiplet is un-
charged under uy4 @ uyy. The presence of this neutral hypermultiplet signals that the con-
figuration (3.2.12) is obtained by moving along a particular direction in the Higgs branch of
Dg+4—Dyy4 conformal matter whose tensor branch was depicted in (3.2.9). This particular di-
rection in the Higgs branch is parametrized by vevs of the neutral hypermultiplet in (3.2.12).
Another well-known direction in the Higgs branch, distinct from the one represented by (3.2.12),
is provided by brane recombination, where the two [* divisors merge.

I*-T* intersection: For an 0O7.,.-07, projection, for the same reason we get

Up 4 Up_4
by = 3.2.13
Iy - I ( )
In analogy with our discussion below (3.2.12), it is natural to think that this is the Higgsing of a
“frozen conformal matter”
SPr—4 5Py

2.14
I e I; 7 & )

and that upon blowing up (moving along the tensor branch) an I}, with so(k + ¢) gauge algebra
would be created, which would behave as in (3.2.8). We will see later that this expectation is
borne out.

10A warning is in order. The orientifold projection leaves the gauge algebra u on I*, but the u; part usually gets
Higgsed and becomes massive by the Green-Schwarz mechanism, each u; eating a neutral hypermultiplet. This
point was carefully analyzed in [97, Sec. 2]. When we compare this with explicit F-theory models, we can only
expect to see Sl 14 and s, 4 Symmetry.
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I*—I* intersection: For an 07,-0O7_ intersection, on each set of D7s the two projections
will be of the same type. For example, on the D7s on the O7_, we have A = —M; XM =
— MMM, !, with both M; symmetric. We can make M; = 1 as in section 3.2.1; with the
residual freedom in change of basis we can diagonalize M5, but a priori it could have any number
of positive and negative eigenvalues. If we also impose that the D7s can move off the O7_, we

obtain that M, = < 1%* * _12+4 ), and the gauge symmetry is 50,4 ®60,44. Similar considerations

apply to the O7, + (k — 4)D7s; hence we get

SPrj2—2 O 5Pr/2—o 50044 D 50444 (3.2.15)
I} o Iy

where we assumed £ to be even. Notice that in this case there is no neutral hypermultiplet at the

origin, according to (3.2.11); we have included the symbol o to mark this. So in this case we do

not expect this configuration to be a Higgsing of a conformal one. This might look surprising,

but it will become clearer in section 3.2.7 below, where we will see an alternative realization of

the same setup (in the case k = £ is even).

3.2.4 NSS5- and D6-branes

To go beyond the results in section 3.2.3, we will need to consider configurations which are dual
to ITA in presence of NS5-branes. To set the stage, in this subsection we will discuss a situation
without orientifolds.

We consider ITA on R? x S!; let us say the S* corresponds to direction 4, and has periodicity
R. Let us have a single NS5 whose worldvolume is in directions 056789, localized at 2% = z* =
0, « = 1,2, 3. T-dualizing it along direction 4 turns it into an Euclidean Taub-NUT geometry.
The space transverse to the NS5 is R3 x S'; T-duality turns the H flux of the NS5 into a Chern
class that signals the S* is now Hopf-fibred over the S%s at z*2® = r2. The inverse images of
these S2s are thus copies of S3. These shrink smoothly at 2% = 0, so that locally around this
point the fibration is S < R3 — R*. One way to realize this fibration in coordinates is

H=~C*— R (3.2.16)
= (2) — 2° = glo%g (3.2.17)
w
where o are the Pauli matrices. So
ot +ir® = 2w, 3 = |z]* — |w|*. (3.2.18)
If we have several NS5s localized at several positions in the 3 direction (z° = 2?2, 2! = 22 =

x* = 0), T-duality turns the geometry into a multi-Taub-NUT geometry where the S* shrinks at
the 23 = z?. The inverse image under the S' fibration of a path between two of these points is
an S?. We represent this in Fig. 3.2.3.

Let us now suppose some D6s are also stretched along the 0356789 directions. First let us
imagine there are n D6 stretched along the entire 3 axis. Under T-duality along direction 4, they
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NS5 NS5 --n D6

l

5ly, 5ly, Sy,

Figure 3.2.3: NS5-branes, D6-branes, and T-duality. The compact and noncompact directions of the
cylinder are called respectively directions 4 and 3 in the text.

will turn into n D7s. More precisely, as Fig. 3.2.3 suggests, they will turn into a sequence of D7s
wrapping the various S? on the Taub-NUT with multiplicity n. What the picture does not show
is that these S*s are holomorphic cycles. Locally around an NS5 at z* = 0, for example, we see
from (3.2.18) that the locus 2® = 0 is turned into zw = 0, which is the union of the curve z = 0
and of w = 0. In F-theory terms, this is a chain of intersecting /,, curves.

In the presence of a Romans mass, parameterized conventionally by an integer 27 Fjy = ng #
0, one can also have situations where D6s are ending on NS5s. Focusing on an NS5 on which
a D6 ends from the right, we see again from (3.2.18) that T-duality turns it into the single curve
z = 0. This would be one of the S*s in Fig. 3.2.3. The number of D6s ending on an NS5 from
the left minus the number of D6s from the right is proportional to Fy. We then have a chain of
intersecting curves supporting I, I, n, Lntongs - - -

Another possible generalization is to move the D6s in the z* direction, so that there is now a
stack of n; D6s at 2* = x?. On the IIB side, this corresponds to Wilson lines for the gauge field
on the D7s.

3.2.5 Shared gauge algebras

From the setup of Fig. 3.2.3, we can also wonder what happens if we move only some of the
D6s away from the NS5s in direction 4; say from an initial stack of n D6s we move m to the
position z! = z{. These D6s recombine: they no longer end on the NS5s. In field theory, this
corresponds to a partial Higgsing

su, @ su,, — Su,_,, DSsu,, D su,_., (3.2.19)

where the su,, at the middle is the diagonal subalgebra of two copies of su,, C su,.

Since the displacement has happened along the 4 direction, it is not immediately apparent on
the IIB side: the T-dual still consists of two stacks of m + n D7-branes meeting at a point, as in
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section 3.2.4. The only consequence of the displacement is the presence of a Wilson line: there
is a worldvolume gauge field with non-zero holonomy, a = ?—ﬁdiag(o, ...,0,1,...,1)dz*. Since
direction 4 shrinks at the intersection point, on both D7s thé:re is a worldvolume da = f field
strength proportional to a d-function supported on the intersection point.

By comparing with the IIA picture, we conclude that a Wilson line can partially break the
gauge algebra on two intersecting D7s, as in (3.2.19): part of the gauge algebra can recombine.
The su,, algebra is now shared between the two intersecting divisors; this is summarized in
Fig. 3.2.4. In what follows, we fill find other examples of such shared gauge algebras.

NS5

n — m D6s
9
k‘
j “=m D6s
Sy —m l SUp—m

5U,,

Figure 3.2.4: On the IIA side, we can move m of the D6s off the NS5s and make them recombine.
On the IIB side, this corresponds to a gauge algebra su,, that is shared between two curves meeting
at a point. We denote this with a double-sided arrow.

If we move all the D6s off the NS5 (i.e. if n = m), only the shared gauge algebra is present. In
this case, one might be puzzled by the fact that on the 1IB side the Wilson line is now proportional
to the identity. This would not seem to cause a Higgsing, while from the IIA picture it is clear
that it does, since the D6s are away from the NSS5.

To clarify this point, we need to identify the T-dual of the NS5 position in IIB. Since the NS5
position in IIA is shifted by a diffeomorphism in the * position, its T-dual should be shifted in
IIB by a gauge transformation for the NS=NS two-form field, namely B — B + dA, for A a
one-form. In fact this one-form was identified in [98, Sec. 2.2] explicitly. Thus more generally
we conclude that, in the intersection between two curves C;, Cs, there is a shared gauge algebra
if on either curve there is an eigenvalue a; of the Wilson line « on the curves that does not match
with the pullback of A at large distance from the intersection:

a; # Ale, . (3.2.20)

In F-theory language, we could consider a deformation of the Weierstrass coefficients which
“recombined” two branes, i.e., smoothed the two divisors out into a single divisor. If instead

62



of this deformation, the corresponding periods of two-forms are activated, the gauge theory will
recombine without any change in the geometry.

3.2.6 NSS5-branes and O-planes

Having made a detour in the last two subsections, we now reintroduce O-planes in our story.

First we need to review the behavior of NS5s in presence of orientifolds. Like any other
brane, any NS5 must come with a mirror image under the orientifold action. Each copy is
usually called a half-brane to emphasize that it can become full if the two copies are brought to
the O-plane. It turns out [99] that when this is done the two half-NS5s can be separated again:
this time along the O-plane worldvolume, while staying on it. When this happens, the orientifold
type changes between the two half-NS5s.

The situation relevant for our purposes consists in having an O6 defined by a reflection in-
verting directions 124, and for example two half-NS5s at two values of 3. (Thus the O6-plane
and the half-NS5s are stretched along the same directions as the D6 and NS5 in the previous
subsection.) If the O6 is taken to be an O6_ outside the two half-NSS5s, its type will change to
06, inside. This leads to a sequence of gauge algebras

502p48, SP,, 5 $02,48 - (3221)

Actually, since direction 4 is compact, a reflection involving 124 will have a fixed point both
at v* = 0 and at * = R/2, the opposite locus on the circle. The O6-plane on that locus can
be of both O6_ and O6, type. We show both those cases in Fig. 3.2.5. In both cases the gauge
algebras are still as in (3.2.21), since the difference with the case of Fig. 3.2.5(a) happens in a
region where no D6s are present.

(n+4) D6s n D6 (n +4) D6s (n +4) D6s n D6 (n + 4) D6s

e
OBQQ %0@

509,48 5P, 502n48 502y,48 5P, 502n+8

(@) (b)

Figure 3.2.5: Two configurations with O7 1 -planes, and their T-duals. The dots now represent half-
NSS5s
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Upon T-duality, we again find a chain of curves. To see what type of curves we have, we need
to use the rules reviewed in section 3.2.1; see in particular Fig. 3.2.1. We learn from there that
an orientifold with O6_.-planes on both sides of a circle gets T-dualized to an orientifold with an
O7+-plane, while a circle which has an O6, on one side and an O6_ on the other gets T-dualized
to a shift-orientifold. This is another realization of Tate monodromy, which we discussed at the
beginning of section 3.2.3.

Thus, in the case of Fig. 3.2.5(a), after T-duality we end up with a curve /55 between two
ordinary I curves. This is familiar from (3.2.9) with m = n, and is in agreement with the
sequence of gauge algebras (3.2.21) we found in IIA.

In the case of Fig. 3.2.5(b), we have a frozen j}; 44 curve touching two I3° ¢ ones. The
presence of the frozen singularity alters the usual F-theory rules: from the IIA picture, we see
that as expected an I, , curve supports an sp,, gauge algebra; moreover, we also see that an 1},
touching a frozen curve supports an s0-,,. This can be generalized to

SPg-a FOkie SPgs (3.2.22)
Iy rie I

(with £ = n+4). This is the theory on the tensor branch of (3.2.14), thus realizing the expectation

discussed there.

If we put the half-NS5s back on top of each other, we recover a full NS5. We can now split it
again by moving the two halves along the periodic 4 direction, together with some of the D6s, or
by moving them in another direction, so that the degeneration induced by T-dualizing the NS5s
no longer happens on the O6-D6 system. These two new configurations represent respectively
the Higgsing in (3.2.12), and the one mentioned below it involving brane recombination. These
two possibilities are depicted in Fig. 3.2.6.

o
06 (n+ 4) D6s (n + 4) D6s
@ A O6_ )
O6_ l O6_ l
Up44a Up 4 502n48

Figure 3.2.6: Two different ways of Higgsing D, 14—, 4 conformal matter. The first reproduces
(3.2.12); the second corresponds to brane recombination.

The setup of this section can also be decorated by adding m D6-branes at the bottom ori-
entifold plane; this would add a gauge algebra sos,, to Fig. 3.2.5(a), and sp,, to Fig. 3.2.5(b).
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On the F-theory side, this would correspond to the presence of a Wilson line, and to a gauge
algebra that is shared among the three curves, in the language of section 3.2.5. Again, this can
be realized through the T-brane-like phenomena of activating the two-form-period partner of a
geometric deformation.

3.2.7 Smooth transitions

In the chains of curves considered so far, shrinking one or more of the curves leads to some
strongly coupled physics. This is clear from the IIA picture, where it corresponds to making two
or more NS5-branes coincide. In an effective field theory description, this often manifests itself
in a gauge coupling becoming infinite. The positions of the NS5s parameterize a so-called tensor
branch of a six-dimensional effective theory; these situations correspond to non-generic loci of
the tensor branch.

For example, in the situations depicted in figures 3.2.3 and 3.2.5, there is a one-dimensional
tensor branch, parameterized by a 6d tensor multiplet whose scalar ¢ corresponds to the distance
between the two NS5s, and which in the 6d theory also plays the role of an inverse squared gauge
coupling. At the origin {¢ = 0}, the gauge coupling diverges. At this strong coupling point it is
expected that a CFT arises, describing two coincident NS5s on top of a D6 stack.

However, on the IIA side we can also consider placing the NS5s at different values of 2 (the
compact direction). In this case, bringing the NS5s at the same value of 2° does not actually put
them on top of each other; thus now we do not expect strong coupling physics at the origin of the
tensor branch.

n —m D6s n —m DG6s
Sy —m SUy_m SUp_—m SUp—m
5“’!” 5u'm

Figure 3.2.7: A smooth transition, in ITA and in F-theory.

A first example not involving orientifolds is shown in Fig. 3.2.7. In this case without frozen
seven-branes as above, we can of course put all NS5-branes on the same stack of D6-branes so
that this smooth transition does not happen.

When we start involving orientifolds, we can engineer more interesting situations. The ex-
ample in Fig. 3.2.8 has a non-split /5> touching both a frozen and a non-frozen /*. In this case
we do not have any way to put all NS5-branes on the same side of the O6-planes. Note also that
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in both sides of the figure the overall gauge algebra remains the same, but the roles of localized
and shared simple subalgebras are exchanged.

n D6 (n+ 4) D6s n D6 (n +4) D6s
o o
06, 06_ 06, 06_
06, 06_ 06, 06_
= V. ‘ =
m D6s (m + 4) D6s m D6s (m +4) D6s
| — |
5Py, 50248 5p, 502,48
spnl 502m48 5P, 502m+8

Figure 3.2.8: A configuration that produces a curve touching both an I* and and an T*. The gauge
algebras sp,, and s09,,+5 are shared between the first two and the second two curves respectively.

When the two NS5s are aligned, for m = n we are in fact in the situation of (3.2.15), with
k = { = 2n+4. This is in agreement with our observation made there (motivated by the absence
of a hypermultiplet) that there is no conformal point at that intersection; in this case the transition
is completely smooth, and there is no special point on the tensor branch.

In F-theory we are accustomed to getting conformal theories at the origin of the tensor branch;
one reason for this is that one can engineer string states from D3-branes, and these strings become
tensionless when we shrink a curve. In the situations of Fig. 3.2.7 and 3.2.8, in fact we cannot
wrap a D3-brane on the middle curve: this is made clear by T-dualizing back to IIA, where it
would become a D2-brane, which can terminate on either one or the other half-NS5, but not on
both.

The situation in Fig. 3.2.8 is a simple illustration of the fact mentioned in the introduction
that in the presence of O7, we lose the notion of a canonical assignment of gauge algebras and
matter content. In this situation, this happens for two reasons. First, we can only take m D6-
branes from bottom to top of the cylinder. After doing that, we are still left with 4 D6-branes
ending on half-NS5-brane. This implies that there is no canonical ‘zero’ for the Wilson lines.
Second, the half-NS5s are stuck at fixed values of z*. This implies that there are fixed non-zero
periods of NS-NS 2-form potential on the curves.

3.2.8 Tangential intersections and O8-planes

The discussion of I*~I and I*—I intersections in section 3.2.3 has an interesting exception, that
occurs when the intersection is tangential. We discuss it now because T-duality helps in the
analysis, as we will now see.

We start by considering O7s and D7s that again share the directions 056789, but which are
extended in the remaining directions in a more complicated fashion than in section 3.2.3. Define
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z =x' +ix?, w = r3 +ix*, and let the orientifold act on the spacetime by o : 2z <> w. The 07+
will then be on the locus z = w; place again n &= 4 D7s on top of it. Now also place m half-D7s
on the locus z = 0; their m images will be on the locus w = 0. In this case, the gauge fields on
the D7s on z = 0 will have a U(m) gauge field, which the O7 maps to a gauge field on the D7s on
w = 0. To see why this is related to a tangential intersection, consider the invariant coordinates
v = z + w, u = zw. The configuration we are considering is then mapped to an O7; + (n £ 4)
D7s on the locus v? = 4u, and m D7s on u = 0. These two loci intersect tangentially. We can
summarize this as follows:

502,48 SUpy, 5P,y SUp,

= 3.2.23

Lol s Lol (3229

where we have used || to denote tangency as in [1]. This coordinate change is illustrated in the
top part of Fig. 3.2.9, in the O7. case.

~)

o7 n — 4)D7
m D7 ++n )

m D7

155,
v
7 |
3,4
1,2 \’\\/ 074 j (n —4)D7 08, —{A(n —4)D8
m D7

m D6

t’ m D7 - N

Figure 3.2.9: Various equivalent ways of seeing a tangential T*—I intersection. As in recent figures,
the dot on the bottom-right frame is a half-NSS5.

An additional subtlety concerns the matter content in (3.2.23). One can in principle work
this out directly in the original setup on the left of Fig. 3.2.9, but it is instructive to do it instead
in a dual frame. First of all we change coordinates, using again (3.2.18); only this time we
take 2 = ' + iz?, w = 23 + iz* introduced earlier, and define new coordinates &' + i7? = zw,
7% = |2|?—|w|?, with a fourth periodic coordinate ¢’ = ZZ. We are once again rewriting R* as a
fibration S' — R* — R3. The orientifold is now defined by the involution o : 7% — —73, 7* —
—7*; the O7-plane then sit at 73 = 7* = 0, while the D7s are on the locus 7! = 72 = 0. (Notice
that the z* circle shrinks at 23 = 0.) If we now T-dualize along direction 4, we end up with an
08 at 7° = (0 with a half-NS5 stuck on it, and with D6s crossing it. All this is depicted on the

67



lower part of Fig. 3.2.9, again for the O8 case. At this point we can read off the matter content
from a perturbative string computation similar to the one leading to (3.2.4), as already done
in [19, 18]; the result is that in the tangential intersection (3.2.23) the u,,, has a hypermultiplet in
the antisymmetric in the unfrozen case, and in the symmetric in the frozen case.

3.3 Anomaly analysis

In this section we discuss the cancellation of one-loop anomalies and the Green—Schwarz contri-
butions in 6d compactifications with frozen seven-branes.

3.3.1 Anomaly cancellation with frozen singularities

A compactification of F-theory on an elliptically fibered Calabi—Yau threefold gives rise to an
effective 6d gauge theory with A/ = (1,0) supersymmetry at low energies. When there are no
frozen singularities present, it is possible to turn off the holonomies of gauge fields on stacks of
seven-branes, and the periods of 2-form NS-NS and R-R potentials. Then, each simple summand
g; of the 6d gauge algebra is associated to a single irreducible component D; of the discriminant
locus of the elliptic fibration, and can be determined from the knowledge of the type of singular
fiber over D; along with the data of the monodromy of the elliptic fiber around D, [72, 95,

]. The matter content [100,51] and the coupling of tensor multiplets [52] is encoded in the
intersection numbers of various divisors in the base of the elliptic fibration. These data allow
us to compute both the 1-loop contribution [ 18_100p to the anomaly polynomial, as well as the
Green—Schwarz contribution I8¢ to the anomaly polynomial. Combining these two, one finds

that I® = I?, ., -+ I&;5 vanishes for any smooth elliptically fibered Calabi—Yau threefold [53,51].

Now let us include frozen singularities in the geometry. In this situation, it is not always
possible to tune the above mentioned holonomies to zero. We do not have any canonical nonzero
choice either. Because of the nonzero holonomies, one is forced to consider situations in which
simple summands of the 6d gauge algebra are realized on divisors which are positive linear com-
binations of irreducible components of discriminant locus. We will call the divisors associated
to simple summands of gauge algebra as gauge divisors.

We will not be able to list down all the possible 6d spectra that could result from a geometry,
as that will require a systematic understanding of holonomies and fluxes in F-theory compacti-
fications, which we do not have at present. Therefore, we suppose that an assignment of gauge
algebras on the components of the discriminant is given, and study the Green—Schwarz contribu-
tion to the anomaly. We follow the work of Sadov [52] but we include the effects from the frozen
singularities.

The 6d tensor multiplets descend from Kaluza-Klein reduction of the chiral 4-form C'¥) of
type IIB string theory. To determine the coupling of 6d tensor multiplets, we need to look at two
couplings of C'¥) in ten-dimensional type IIB string theory. One of them is a coupling to gravity
and the other is a coupling to the gauge theory living on seven-branes.
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Gauge Green—Schwarz terms: We start with the coupling of the gauge fields to the RR 4-form
field C“). When there are no O7., -planes, the stack of seven-branes on D, has a ten-dimensional
coupling given by

/0(4)V(Fa)Da (3.3.1)

where F, is the field strength valued in the “Kodaira” 8d gauge algebra €, on the D, component of
the discriminant, and v(F},) is the instanton number density, normalized so that it integrates to one
on the standard BPST instanton embedded into £, with embedding index 1. This normalization
reflects the familiar fact that an instanton in the worldvolume of a seven-brane has D3-charge 1.

When the component D, carries a ]A;'; 44 singularity, i.e. when it corresponds to an O7,-
plane with n D7-branes on top, the local 8d gauge algebra is €, = sp,,, and the ten-dimensional

coupling is
/C<4> <%V(Fa)> D,. (3.3.2)

Note a factor-of-two difference in the coefficient between (3.3.1) and (3.3.2). This is due to the
fact that a bulk D3-brane can fractionate into two on O7, as reviewed in Sec. 3.2.2, and the
gauge instanton in the standard normalization corresponds to the D3-brane of minimal possible
charge.

Let us now write the 6d gauge algebra in the form @®;g; where g; is simple. Each g; is shared
on some of the D,; we let 1; , = 1 or 0 depending on whether g; is on D, or not. An embedding
Pia : 9i — £, must exist whenever p; , = 1, and otherwise we let p; , be the zero map. These
embeddings have the properties

1. @, pial(9i) C ¢, and

2. g, is the diagonal in P, p; .(g:)-

The Green—Schwarz coupling for the gauge fields is given in terms of the field strenghs F; valued

in g; by
/0(4) ZV(Fi)Ei = 2/0(4) (Z M7a0i7ay(F’i)> D, (3.3.3)

%

where we defined the ¢-th gauge divisor to be

Si =Y Hia0iaDa, (3.3.4)

and o; , 1s the embedding index of g; C €,, multiplied by 1/2 when £, = sp,, is supported on a
frozen singularity.

Note that even when there is no “sharing” (so the gauge divisors are >, = D,) and no O7, -
planes, g, could still be different from €,, due to the “Tate monodromy” phenomenon [95].

Before proceeding, we point out here that the inverse square of the gauge coupling of g; is
given by > 11;,0;,A, Where A, is the area of D,. This follows from the fact that the scalar
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A, and the 2-form [ D, C™ are the bosonic components of a single supermultiplet, and therefore
Green-Schwarz coupling [ CW Y™ 1; ,0; 4v(F;) D, comes with the coupling [ >°, A pi 40i o tr F3A
xF;. This means in particular that when the gauge algebra g; is shared on multiple components,
the gauge theory does not become singular when a single component D, involved in the gauge
divisor shrinks to zero size.

Gravitational Green-Schwarz terms: We turn our attention to the gravitational coupling.
When there are no O7,s, the stack of seven-branes on D, has a ten-dimensional coupling to

gravity given by
N, p1(T)
@ (e 2\ p
/C’ (12 4 ) B (3.3.5)

where N, is the order of vanishing of discriminant A on D,, p;(7) is the Pontryagin class
of the tangent bundle of the worldvolume. We also slightly abuse notation and use D, within
the integral to represent the two-form determined by the divisor.!! In particular, a D7-brane
contributes N, = 1 and an O7_-plane contributes N, = 2.

Now, the contribution of O7, to this gravitational coupling is opposite to that of O7_; the
“effective IV,” is —2. Since an [} singularity corresponds to O7, + (n — 4)D7-branes, its “ef-
fective N,” is =2 + (n — 4) = n — 6. In comparison, N, of I}* is n + 6. Hence, in the presence
of O7, we need a correction term to the coupling, and it can be written as

/ oW ((]1\]—2 - sa) P ﬁT)) D, (3.3.6)

where s, = 1 when the curve D, carries an O7, and s, = 0 when it does not.

The cancellation: Combining (3.3.3) and (3.3.6), the full six-dimensional coupling relevant
for the Green—Schwarz mechanism is

/B cW (—(K + F)pliT) + Z Ziu(Fi)> , (3.3.7)

where the integral is performed only over the base B, C' has two legs on the base B, we
have used the condition for unbroken supersymmetry (the Calabi—Yau condition) to substitute
the canonical divisor K in place of —1—12NaDa, and

I = Z SqD, (3.3.8)

is the frozen divisor, signifying the divisor along which we find the frozen singularities.

"The couplings (3.3.1) and (3.3.5) follow in the case of N, D7-branes by starting from the coupling
>, CP))A(T)"/? tre!” determined in [101] and extracting the necessary parts, using A(T)|4 = —p1(T)/24 and
tref’|; = —v(F).
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The contribution to anomaly polynomial is then a square of the coefficient of C¥), with a
factor of 1/2 in front, to take into account that the RR 4-form field is self-dual:

2
8 _ T F
bs_—§(4K+F)4 +§:&WE). (3.3.9)
It is a standard result (see e.g. [102—104,97,52]) that the one-loop anomaly of the 6d system is
given by
[18—100p = 3—2Tp1(T)2 - ZV(Fi)pl(T) + 2J v(Fi)v(Fy) (3.3.10)

where n is the number of tensor multiplets, and NV;, M;; are some numerical coefficients, as-
suming that the coefficient of tr R* vanishes, i.e.

ny —ng — 297 + 273 =0. (3.3.11)

At the end of this subsection, we comment on how to obtain the numerical values N; and M;;.

We see that cancellation of gauge and gauge-gravity anomalies requires the following:
N;=(K+F) 5, M =%, - %5 (3.3.12)

Here, K - 3; = K - > 11 40i.D, can be computed from the adjunction formula 2(g, — 1) =
(K + D,) - D,, where g, is the genus of the curve D,.

If the 6d theory contains dynamical gravity and satisfies (3.3.11), then we obtain the follow-
ing condition as well, from the vanishing of the coefficient of (tr R?):

9—ny=(K+F)? (3.3.13)

This condition (3.3.13) follows just from geometry, as we now demonstrate. If D, carries
a frozen singularity, then the singular fiber over D, has Kodaira type I-,. For these Kodaira
fibers, it is known that D, - (—2K — D,) = 0 [51]. Moreover, any two distinct components D,
and D, of I’ must not intersect each other because two I-, singularities cannot intersect each
other(in the absence of conformal matter). From these two facts, it follows that

(K+JU%=KQ+§:%Damﬂ(+D@:J@, (3.3.14)

and the equality K? = 9 — ny.!?

By now, the cancellation of the Green-Schwarz anomaly and of the one-loop anomaly in the
conventional F-theory compactification without O7_ is well-established. This allows us to read
off N; and M;; for almost all the cases. First, for ¢ # j, we have M;; = 1 for a bifundamental
of su-su or a half-bifundamental of so-sp. To read off N; and M,;; (without suming over 7),

12Compactification of C'*) on a base B produces h''' (B) anti-symmetric 2-form potentials. One of them goes
into the supergravity multiplet and the remaining h**(B) — 1 go into tensor multiplets; hence ny = h**(B) — 1.
Since B is the base of Calabi—Yau, h'°(B) = h?°(B) = 0 and it follows from Noether’s formula that K? =
10 — K5Y(B) = 9 — ny.
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let us say that the given algebra is g, and the total set of hypermultiplets for g; is p. One then
looks up the pair of (g;, p) e.g. in Egs. (2.10)—(2.14) of [105], to find a conventional F-theory
realization of the 6d gauge theory on a sphere of self-intersection —n. Then M;; = —n and
N; = n — 2. Essentially the only case not covered by this procedure is when g; = su(n), with
one sym and n — 8 fundamentals. For this, one first Higgses the hypers in sym, to give so(n)
with n — 8 fundamentals. This has a well-known anomaly polynomial, which can be determined
in the method just described above. Then one can convert it back the anomaly polynomial of the
original su(n) theory by using v(so(n)) = 2v(su(n)).

3.3.2 Matter content with frozen singularities

Transversal intersections: In the situation when there are no frozen singularities and each
simple factor of gauge algebra g, is associated to a single irreducible component of discriminant
locus D,, Grassi and Morrison [51] wrote down the matter content charged under g, in terms
of intersection numbers of combinations of D, and K, assuming that every intersection among
D, and D, are transversal. The geometry underlyng the derivation of those formulas, analyzed
in the M-theory dual (and therefore on the Coulomb/tensor branch of the theories), consists of
finding the curves in the total space upon which M2-branes can be wrapped, and finding the
intersection numbers of those curves with the divisors which represent the Cartan subgroup of
the original nonabelian gauge group, since those intersection numbers specify gauge charges.
This was carried out in a number of works [95, , ,065,54] which [51] relied upon.

Now we would like to understand the matter content in the presence of the frozen singu-
larities. We do not have a geometric derivation for our proposed answer, since the M-theory
geometry of frozen singularities is not well understood. However, as we have seen in detail,
the effect of the frozen singularity in the anomaly contribution from the Green—Schwarz effect
is summarized by the replacement of individual components D, by the gauge divisor >;, and
of the canonical class K by K’ = K + F. The one-loop contribution should then be able to
exactly cancel this contribution. We thus propose that the corect answer for the matter content is
to perform the same replacement in the results of [51].

We tabulate the results of this replacement, i.e., of our precise proposal for matter content, in
Table 3.3.1. Two comments on the table are in order:

e The number associated to adjoint representation in the table is n3’ — 1 where 739 is the
number of hypermultiplets charged in the adjoint representation. The —1 incorporates the
contribution to the anomaly of a vector multiplet, which indeed comes with the opposite
sign with respect to an adjoint hypermultiplet.

e The entry for so7 in our table contains a refinement over [51], in which only the spinor
representation was considered. But the coefficient of the spinor representation is negative
whenever (—2K' — %;) - ¥; < 0. In this case, a different representation with the same
contribution to the anomaly needs to be used. One finds symZ_does the job."?

3We claim that similar modifications are unnecessary for s0,,>s. Even though the representation containing

sym?_satisfies anomaly cancellation for any s0,,>7, the representation only makes sense for so7, as we now demon-
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Ja p \ Number of hypers in p
ST adj K + %) - 5
fund (—8K' —2%,) - %
sii3 adj K+ %) - 5
fund (—9K’ —3%;) - %
sU,,, adj S(K+3%) -5,
n>4 fund (—8K' —nk;) - %,
asym? K3,
sp,,, adj S(K+3%) -5,
n>2 fund (—8K' —nX;) - %,
asym?, H(-K'+3%) %,
507, adJ %(K’ + 21) . Ez
(—2K/ — El) : Zz Z O, vect %(-?)K/ - Zz) : El
spin (—4K' —2%;) - %,
507, adj (2K —2F +%)) -5
(—QK/ — Ez) : Ez S O, vect éll(_]'6K/ — 721) : Zz
sym2, f2K'+%) -5,
50, adj S(K+ %) -5,
8 <n <14, vect | 3((4—n)K'+ (6 —n)%;) - 5
spin, m(—?ﬂf(’ —16%;) - &,
50, adj (K +5) -5,
n>15 vect (—4K' —7%;) - %
¢ adj IK + %) - 5
27 (Z3K' —25,) - 5
er adj HK + %) - 5
56 $(—4K' - 3%;) - 5
s ad] HK + %) -5
26 1(=5K' —3%)) - %
92 ad;] S(K'+3%) -5
7 (Z5K' —25,) - 5

Table 3.3.1: Number of hypermultiplets for each relevant representation of each simple gauge
algebra when frozen singularities are present. This includes the contribution of vector multiplet
as a —1 hypermultiplet in adjoint. K’ = K + F. The two different proposals for so; coincide
when (—2K' —3%};) - ¥; = 0. For s0,,>15 we have a further constraint that 3; - (—2K' — ;) = 0,

and for eg we have a further constraint that (6K’ + 5%;) - ¥; = 0.
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For g, = s0,,>15, we have the additional constraint ¥;- (—2K’ —¥;) = 0. The physical mean-
ing of this constraint is that the intersection points of ¥; and —2K’ — ¥; carry spinor representa-
tions, but it is impossible to satisfy anomaly cancellation for so0,,>15 if we have hypermultiplets
transforming as spinors. There is a similar constraint for eg which states that (6 K’ +53;)-%; = 0.

Tangential intersections: We know that this simple replacement cannot be the full story. We
saw at the end of Sec. 3.2.8 that if a curve carrying frozen singularities intersects a curve carrying
I,, singularity tangentially, then it traps a hypermultiplet in the two-index symmetric representa-
tion of su,,. In light of this, for g, = su,, we define ¢, to be the number of tangential intersections
of F'with D,. Lett; = ) 1; 4tq, in terms of which we write our modified proposal for su,, as

1
p= |5+ F+%0) % —t;| adj + (=8K — 8F — nX;) - ; fund
+[(-=K — F) - X; + t;]Jasym® + t; sym*. (3.3.18)

This still satisfies anomaly cancellation because ¢ = —ad]j + asym? + sym? has the property that
tr, [ and tr, ['* are both zero. This proposal gives correct predictions for models which have a
perturbative dual in which case the spectrum can be determined by other methods.

3.4 Noncompact models

Now let us analyze how the anomaly cancellation works out in a few examples. We are particu-
larly interested in 6d SCFTs which supplement the lists given in [9, 10]. Asin [9, 10], we expect
to model the tensor branch of a 6d SCFT by means of a contractible collection of curves in the
F-theory base, with the difference that we will now allow frozen branes as well.

3.4.1 so-sp chains

We first come back to the setup discussed in Sec. 3.2.6. In the type IIA frame, we consider the
following chain:
06_
(n+ 4) D6s

06_
(n + 4) D6s

06,
n D6s

06,

1 D6s (3.4.1)

strate. Suppose (2K’ + X;) - 3; > 8, so that we have at least one sym? . Combining this inequality with the
inequalities that the number of vectors are non-negative and the number of adjoints are > —1, we obtain:

(“2K' + %)% > -8 (3.3.15)
(—4K’ _ gzi) >0 (3.3.16)
2K +%,)-5; > 8 (3.3.17)

Combining the first and third inequalities, we find that 2 > 0. Combining the second and third inequalities, we
find that (8 — n)X7 > 32. These two together imply that n < 8.
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separated by half-NS5-branes. The leftmost and the rightmost stacks are semi-infinite. This
realizes the 6d quiver theory with the structure

[502n+8] Bpn 502n48 [gpn] (342)

where the bracketed algebras are flavor symmetries.

We perform a T-duality to bring this setup into F-theory. The result depends on whether we
have O6_ or O6. on the other fixed locus, see Fig. 3.2.5. The first case is a familiar setup without
frozen singularities:

[502n+8] 5P, $02,48 [spn]
1 4 (3.4.3)
I Ly I, Iy
where the first, the second, the third row shows the gauge algebra, the negative of the self-
intersection number, and the singularity type, respectively. Denoting the two CP'’s in the middle
by Dy and D, the Green—Schwarz contribution to the anomaly is

4

2
K + (1(Fy)Dy + V(FSO)D2)> . (3.4.4)

In the second case we obtain a setup with frozen singularities:

[502714—8] ﬁpn 502,48 [5pn]
PR (3.4.5)

Dovs  Inra Iongs Loga
Note that the gauge group, matter content, and flavor symmetry group of (3.4.5) are identical to
those of (3.4.3): only the F-theory realization is different.

Denoting the two middle CP"’s by D, and D, this time, and the canonical class by K to
distinguish it from the case above, the Green—Schwarz contribution is now

- % (-# (K + )+ (v(Fy) - %Dl +v(Fy) - 2[)2)) : (3.4.6)

where the factor 1/2 in front of D, is due to the fractionation of D3-branes on O7,, and the
factor 2 in front of D; is due to the embedding index 2 of 502,15 C Suz,s. The frozen divisor
F'1s Dy 4+ D3, where Ds is the noncompact divisor on the far right.

The terms with tr Ffp and tr Ffo in the two expressions (3.4.4) and (3.4.6) should agree, since
they cancel the same 1-loop anomalies. Indeed, we can easily check that

K K+F 1 1 2
Dy |- (D1, Dy) = %Dl : (§D1,2D2) — (-1 1. (3.4.7)
D2 2D2 1 —4

In addition, as observed earlier, K* = (K + F)%.
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3.4.2 su-su chains

Let us next consider the ITA configurations shown in Fig. 3.4.1. The top row and the bottom
row are distinguished by the type of the O8-plane; we add 16 D8-branes for the top row to
have the same Romans mass for the both rows. The configurations on the left column contain
an intersection of the type discussed in section 3.2.8. The configurations on the right column
are obtained by moving the half-NS5-brane at the intersection of the 6-branes and the 8-branes
away from the intersection. Gauge theoretically, this operation corresponds to giving a vev to
hypermultiplets.

Using the discussion in section 3.2.8 and following [19, 18], we find that these configurations
realize 6d quivers whose structures are summarized in Fig. 3.4.2. (We did not explicitly write
in that figure the standard bifundamental matter hypermultiplets between two consecutive gauge
factors.) The type of the O8-plane is correlated to the type of the two-index tensor representation
of the su,, gauge algebra. Higgsing is done by giving a vev to the hypermultiplet in the antisym-
metric or symmetric two-index tensor representations of su,, breaking it to sp,, , or s0,,. Here
for simplicity n is assumed to be even in the former case; if n is odd, the gauge algebra is sp,,, /5
and one needs to add a flavor to su,,_g.

We can discuss the F-theory duals by T-dualizing the original IIA configurations along the
lines of section 3.2.8; the results are shown in Fig. 3.4.3. The top row and the bottom row are
distinguished by whether we have the ordinary I} singularity or the frozen I} singularity. For the
left column, this noncompact divisor of I or fj{ is tangent to the divisor with [,, singularity. To
go to the right column, we deform the divisors so that the tangent point is split to two transversal
intersection points. This operation in turn changes the singularity type from I, to I;°. The
two models on the bottom row realizes 6d quiver gauge theories (the tensor branches of 6d
SCFTs) which were not previously possible in an ordinary F-theory compactification without
frozen singularities.

Let us name the four divisors in each model as C', D1, Do, C5 from the left to the right; C'; »
are non-compact and D, o are compact. The Green—Schwarz contribution to the anomaly can be
written down as follows.

For the top row with the non-frozen I singularity, we have

2
_%(_K“f7+pw@n+pwuw) (3.4.8)

both before and after the Higgsing. For the bottom row with the frozen I} singularity, we have

_ % (—(K + Cl>p1§lT>

2
+ Dll/(Fl) + DQV(FQ)) (349)

where we used the fact that the frozen divisor is C;. After the Higgsing, the Green—Schwarz
contribution is
1 n(T)

2
—5(%K+0er4QDWWQ+QWB0 (3.4.10)
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before after
08™+ 16 D8s 087+ 16 D8s
O_ 1,NS5 NS5 NS5 1 .NS5 NS5 NS5
n Db6s n—8D6s n—16 Dé6s n D6s n -8 D6s n—16 Dé6s
os* os*
0. 1,NS5 NS5 NS5 1 12NS5 NS5 NS5
n D6s n -8 D6s n—-16 D6s n D6s n -8 D6s n—16 D6s
Figure 3.4.1: Four type IIA configurations.
| before after
O_ | [suyg], 51, + asym, su,, g, [SU,—16] [51116],51%/275%—8, 51— 16]
O, Sll, + Sym, Sty _g, [Sl,_16] $0y,, 5y _g, [Stn—_16]

Figure 3.4.2: Quivers. On the upper right corner, we assumed that n is even.

before after

/
j\I -[n In—8

tangent
;
I; I, I3 I;

Iy 16 Iy In—s  I,_16
tangent
oy ns
I 16 I I In-g  In_16

Figure 3.4.3: F-theory duals.
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where the factor in front of D, is due to the embedding index of s0,, C su,.'*. It is a straight-
forward exercise to show that these Green—Schwarz contributions correctly cancel the gauge
squared and the gauge-gravity part of the one-loop anomalies.

The construction discussed here gives a first indication of how the classification results of
[9, 10] need to be modified in order to include frozen branes. We leave a thorough consideration
of the effect of frozen branes on this classification to future work.

3.5 Compact models

In this section we discuss some compact models with O7_-planes in F-theory language. The
compact models we discuss are, if every O7 is of type O7_, the very classic F-theory models
which are dual to the T /Z, compactifications of the 503, heterotic string with various standard
choices of gauge bundles, originally found in [108, 6, 15]. Their perturbative realizations were
first considered by Bianchi and Sagnotti [7] before the second superstring revolution, during
which these models were revisited by many others, including by Gimon and Polchinski [&].

3.5.1 The F_, model and its flip

Without frozen 7-brane: Aspinwall and Gross considered the following model [6]: the F-
theory base is the Hirzebruch surface F_,, which is a CP! bundle over CP' such that the base
is a —4 curve. We have the [, singularity along the —4 curve C' and and a fiber ® hosts an [)j§
singularity; see Fig. 3.5.1(a).

5032 SPay Suag4

5pg
C o C (6}
0 0
133 e

(a) (b)

Figure 3.5.1: In 3.5.1(a), the compact model of [6] on the Hirzebruch surface F_,. In
3.5.1(b), a frozen version.
This model has the following massless matter content:

® 503, on C and sp,, on P,

e a half-hypermultiplet in 32 ® 48,

14In particular it explains the superficially funny-looking nog+ in [107, (3.23)]
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e a hypermultiplet in A?48, together with

e one supergravity multiplet, one tensor multiplet and 20 neutral hypermultiplets.

Let us remind ourselves how this spectrum can be understood in a dual frame. We start
from the heterotic or type I 5035 on a K3, realized as an elliptic fibration over CP'. The Green—
Schwarz mechanism requires that the instanton number of the gauge bundle over K3 is 24. To
keep the whole so032 gauge algebra unbroken, we use 24 point-like instantons. We then collapse
the whole 24 instantons to a point. This is known to generate sp,, on the heterotic side [109].
The spectrum as written above can be found perturbatively on the type I side.

Assuming that the elliptic fiber has small area, we perform fibre-wise the duality between het-
erotic on 7 and F-theory on an elliptically-fibered K3. This converts the whole to an elliptically-
fibered K3 fibered over CP'. The so3; gauge algebra is now realized on the base C' as the I},
singularity, and the point-like instanton is on the fiber ® as the /3 singularity.

With a frozen 7-brane: Now, let us flip [}, to 1?2. The anomaly cancellation suggests the
following matter content:

e spg on £C and suy, on 2P,
e a hypermultiplet in 16 ® 24,
e two hypermultiplets in A?24, together with

e one supergravity multiplet, one tensor multiplet and 20 neutral hypermultiplets.
This model is also shown in Fig. 3.5.1(b). It can be Higgsed to

® 5pg on %C’ and sp,, on 29,
e a hypermultiplet in 16 ® 24,
e a hypermultiplet in A%24, together with

e one supergravity multiplet, one tensor multiplet and 21 neutral hypermultiplets.

Here and below, we mean by the sentence “a gauge algebra g on D” that the gauge divisor
associated to g is D, in the language of Sec. 3.3.

Let us give a derivation of these spectra, using the same duality as in the unfrozen case
shown above. We again start from the heterotic or type I sos, on a K3, realized as an elliptic
fibration over CP", but with the generalized Stiefel-Whitney class of Spin(32)/Z, being nonzero
along the fiber, destroying the vector structure [23]. The maximal possible gauge algebra is now
spg. We now need a gauge configuration of instanton number 12 on the K3 surface, since the
embedding index of spg C s039 1s two. We choose to put all 12 point-like instantons at the same
place.
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The spectrum can be determined perturbatively using the type I description.!> We find that
when the point-like instanton is on a generic point, the spectrum is as in the Higgsed case above,
while when it is on a singularity of the form C?/Z,, the spectrum is the one before the Higgsing.

To go to the F-theory frame, we perform the fiber-wise duality as before. This time we use
the frozen version reviewed in Appendix B.1, which relates heterotic or type I s033 on T’ 2 without
vector structure to F-theory on K3 with one frozen singularity. We now have the /7, singularity
on C and the [} singularity on ®. The Higgsing distinguishing the two versions is related to
how the residual part of the discriminant with the /; type singularity intersects with the fiber ®.

3.5.2 The CP' x CP' model and its flips

The next compact model has the following perturbative realizations: We first consider in type
IIB theory the T?/Z, x T? /7, compactification with O7_ at each Z, singularity, together with
16 mobile D7-branes along the first 7 /Z, and another 16 mobile D7-branes along the second
T?/Z,. We can then replace some of the O7_-planes with the O7  -planes. In Appendix B.2, we
give the derivation of the spectrum of the models described below from the point of view of the
intersecting brane models. The aim here is to understand the spectrum from the F-theory point
of view.

Without frozen seven-branes: The perturbative type IIB setup can be promoted to an F-theory
setup as follows. Since T2/Z, ~ CP', we take the F-theory base to be CP' x CP'. We pick
divisors C and D wrapping each of the CP' above. We let each divisor host an I}, singularity.

At the intersection we expect to have the conformal matter theory (see footnote 9) D35, where
5039 X §039 C §0g4 1S gauged.

This is not the end of the story, since the rest of the discriminant locus has singularities at
three points on C' and three points on D respectively. At each point, a blow-up reveals a —1 curve
of I3* singularities; see the discussion around (3.5.1) below. After the blow-down each gives rise
to the conformal matter [)4. For a summary see Fig. 3.5.2.

The matter content is then

e 5035 on C' and s0%, on D,

e the conformal matter D3, gauged by so35 X s0%, C 5064
e three copies of D14 gauged by so039,

e three copies of Dy gauged by so5,,

e one supergravity multiplet, one tensor multiplet and 13 neutral hypermultiplets.

15 An analysis after a T-dual along one direction in the 72 without vector structure is given around equation (B.2.3)
of Appendix B.2.2.
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Figure 3.5.2: An F-theory description of the tensor branch of the perturbative model with
two O7_ [7,8]. Upon shrinking F as well as C, Cs, Cs3, D1, Dy, D3 and then Higgsing the
resulting conformal matter theory, we recover the original perturbative model.

Upon Higgsing of the conformal matter theories, this results in the standard perturbative
massless spectrum of the model:'®

e u;50on C and uj; on D,

e a hypermultiplet in 16 ® 16/,
e two hypermultiplets in A?16,
e two hypermultiplets in A?16/,

e one supergravity multiplet, one tensor multiplet and 20 neutral hypermultiplets,

as can be found in the original papers [7, &, 97], and reviewed in App. B.2.1. The F-theory
interpretation of this Higgsed spectrum was given in [90, 110]; this study eventually led to a
refined understanding of the relation between F-theory and O7_ [111].

We note that the T-duality between Type IIB on T2 /Zy x T?/Z,, which we used here, and
Type 1 on T*/Z,, as originally considered, was first discussed in [112]. We also mention that
when each O7_ has four D7s on top of it, then the perturbative orientifold construction can be
subtly modified so that the system is slightly on the tensor branch side, rather than on the Higgs
branch side, of the conformal point, as noticed early in the study of orientifolds [ 113, ]

16The u; part of both u;¢ are known to get Higgsed by the Green-Schwarz mechanism, eating one neutral hyper-
multiplet each, and becoming massive [97, Sec. 2]. Here we follow the older perturbative string terminology.
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Detailed discussion of the geometry: Before discussing the case with frozen 7-branes, we
pause here to record the details of the geometry. Let us choose coordinates ([s,t], [u, v]) on
CP' x CP'. We put I}, along t = 0 and v = 0. The equation defining the elliptic fibration was
derived in [108] but we follow the notation of [ 15, Eq. (42)]:

y® = 2° + tops3(s, t,u, v)a? + 08, (3.5.1)

where ps 3 is bihomogeneous of degree (3,3). This equation is not in Weierstrass form. By
completing the cube, we find

1
f=t"? (t%6 — g;933) , (3.5.2)
g =t —ltﬁvﬁ + 3])2 (3.5.3)
3\ 3 27133 ) "
A = t%0"3(26%° + ps33)(2630° — p33). (3.5.4)

We indeed see [}, along ¢ = 0 and v = 0. Therefore we have the D3, conformal matter at
t=v=0.

In addition, we see two components
2t%0° = 3 3 (3.5.5)

of the residual discriminant. They intersect with ¢ = 0 at the three points ¢ = p33 = 0, and
similarly with v = 0 at the three points v = p3 3 = 0.

Let us study the intersection points with ¢ = 0 in more detail. We locate one of the intersec-
tion points at ¢ = u = 0. In other words, assume we can write ps 5 = ups 2 + tp2 3. Multiplicities
of f, g, and A att = u = 0 are easily seen to be 4, 6, and 20 so we have a conformal fixed
point and we need to blow up. To perform the blowup, we work in the affine coordinate chart
v = s = 1. In one coordinate chart of the blowup, we have ¢; = t, u; = u/t, and the Weierstrass
coefficients and discriminant become

1,
fi=ti— g(ulp + )%, (3.5.6)
S5 Ly, 2 ~_ =2
g1 = (w1p+p) —gtl + E(ulp +p)?), (3.5.7)
Ay =152t} + wp + p) (2] — wip — p). (3.5.8)

The exceptional divisor t; = 0 supports an Iy fiber, since the orders of vanishing are (0,0, 8),
and there is monodromy: the usual branch divisor (g1/f1)|;, = O vanishes at u; = ¢; = 0 in this
chart and has a single order of vanishing. Thus, this is /g* and the gauge algebra is sp,. No matter
is visible in this chart. Note that this branch point is the point at which the residual discriminant
meets the exceptional divisor. The multiplicities at this point are 2, 3, 10 which is consistent with
the enhancement from A; to Dg which is expected at such a point. In the other coordinate chart
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of the blowup, we have o = ¢/u, us = u. The Weierstrass coefficients and discriminant become

I . _
fo = t3(uz = 5 (B + t20)°), (3.5.9)
(1 2
g2 = t5(P + t2P) <—§U3 +5- 0+ 752]?)2) , (3.5.10)
Ay = t5%u3(2u3 + P + top) (2u3 — P — t2P) (3.5.11)

and we indeed see the exceptional divisor us = 0 meeting the original [}, at o = 0. This
intersection point also provides the second branch point defining the monodromy.

(@) (b)

Figure 3.5.3: In 3.5.3(a), a compact model, obtained from the CP' x CP' model of Fig. 3.5.2
by freezing one of the I7, curves and shrinking some Ig®. This model reproduces the spec-
trum of the perturbative model described in appendix B.2.2. In the sense of section 3.3,
the gauge divisor for sus is 2(C' + E), while the one for the sp,s are £ + 3D + D; and
%D + Dy 4+ Ds3. In 3.5.3(b), an enhanced version of the same model, where a second g
gauge algebra appears. The gauge divisors are F + %D + Dy, %D + Do+ D3, C+Cy+2F,
C + Cs.

With one frozen 7-brane: Now let us flip the I3, on C; to ff‘z. We then have the following
setup, see Fig. 3.5.3(a):"’

e ugon2(C + E),
e spjon £+ 3D + Dy and sp{ on 3D + D, + D,
e hypermultiplets in 8 ® 8, and 8’ ® 8", 8" ® 8,

e two hypermultiplets in A28,

17 As in the previous footnote, we expect the u; part to become massive via the Green-Schwarz mechanism, eating
a neutral hypermultiplet.
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e one supergravity multiplet, 5 tensor multiplets and 16 neutral hypermultiplets.

This realizes the spectrum of the perturbative model described in appendix B.2.2. Notice that we
have blown down some of the —1-curves of the unfrozen model in Fig. 3.5.2.

An enhanced variant of this model can be obtained by blowing up the —1-curves; see Fig. 3.5.3(b).
It has'®

e sp,on F + %D+D1 and sp; on %D+D2 + Ds,
e ujonC + C) +2F and uf on C' + Cy,
e hypermultiplets in 8 ® 8,8 ® 8”,8" ® 8”,8" ® 8

e one supergravity multiplet, 7 tensor multiplets and 14 neutral hypermultiplets.

This enhanced model is related to the previous one by a combination of a Higgsing and of two
‘small instanton’ transitions, where two tensors are traded for two antisymmetric and two neutral
hypermultiplets (for a total of 2 x (28 + 1)); indeed in such a transition a tensor is traded for
29 hypermultiplets. Other intermediate models are also possible, where only some of these
transitions have taken place.

Figure 3.5.4: A compact model realizing the spectrum of the perturbative model with two
O7., discussed in app. B.2.3. The gauge divisors are C'+C+Cs, C+Cy+C3, D+ D1+ Do,
D+ Dy + Ds.

With two frozen seven-branes: We can further flip the I}, on C to f{“Q. We then have the
following setup, see Fig. 3.5.4:

18 As in the previous two footnotes, we expect the 1 parts to become massive via the Green-Schwarz mechanism,
eating neutral hypermultiplets.
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® (5Py)1,2:34, supported on C+Cy+Cy, C+Cy+Cs, D+ Dy + Dy, D+ Do+ D3 respectively,
e hypermultiplets in 4; ® 4; for i < j,

e one supergravity multiplet, 7 tensor multiplets, and 14 neutral hypermultiplets.

85



Chapter 4

State sum constructions of spin-TFTs and
string net constructions of fermionic
phases of matter

4.1 Introduction

The general purpose of this chapter is to explore the properties of spin-topological quantum
field theories in 2 4 1 dimensions [| | 5] and their relation to fermionic gapped phases of matter
[116,117]. A concrete objective of this chapter is to leverage the relation between these two
notions in order to produce explicit lattice Hamiltonians for new fermionic phases of matter.

Spin-topological quantum field theories are topological quantum field theories which are
defined only on manifolds equipped with a spin structure. Fermionic phases of matter are phases
defined by a microscopic local Hamiltonian which contains fermionic degrees of freedom. The
relation between these two notions is most obvious for relativistic theories, thanks to the spin-
statistics theorem. It is far from obvious for non-relativistic theories or discrete lattice systems
[118].

Standard (unitary) TFTs in 2+ 1 dimensions are rather well-understood in terms of properties
of their line defects, which form a modular tensor category [119,120]. A similar characterization
for spin-TFTs is not as well developed. The expected relation to fermionic phases of matter
suggests the existence of a formulation involving some kind of modular super-tensor category,
involving vector spaces with non-trivial fermion number grading. We do not know how to give
such a description or how to reconstruct a spin-TFT from this type of data.

Instead, we follow a different strategy: we encode a spin-TFT ‘€, into the data of a “shadow”
TFT T, a standard TFT equipped with an extra piece of data, a fermionic quasi-particle IT which
fuses with itself to the identity.

In the language of [ 1 1 8], the spin-TFT is obtained from its shadow by a procedure of “fermionic
anyon condensation”. Conversely, if we pick a spin manifold M and add up the ¥ partition func-
tion over all possible choices of spin structure 7 we recover the T partition function.

!See appendix C.1 for a simple justification of this statement for TFTs which are associated to 2d RCFTs.
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The relation between spin-TFTs and standard TFTs equipped with appropriate fermionic
quasi-particles was also discovered in the mathematical literature [121]. This reference pro-
poses a Reshetikhin-Turaev-like construction of a spin TFT partition function from the data of a
modular tensor category equipped with invertible fermionic lines. The partition function of the
spin TFT summed over the possible choices of spin structure reproduces the Reshetikhin-Turaev
partition function of the underlying modular tensor category.

Similarly, the relation between fermionic phases of matter and bosonic phases equipped with
a special fermionic quasi-particle was proposed in [122—124] as a form of “gauging fermionic
parity”.

It is natural to wonder if all spin TFTs should admit a shadow. We believe that should be
the case. Given a spin TFT and a spin manifold, we can add up the partition function over
all possible spin structures in order to define tentatively the partition function of its shadow.
This procedure essentially corresponds to “gauging fermionic parity” and assigns to every spin
manifold a partition function which does not depend on a choice of spin structure. The key
question is if one can extend this definition to general manifolds which may not admit a spin
structure. In 2 + 1 dimensions TFTs can be reconstructed from the properties of their quasi-
particles, which should be computable from the data of spin manifold partition functions.

The fermionic anyon condensation procedure computes the partition function of ¥, on a
spin manifold M from partition functions of T; on M decorated by collections of fermionic
quasi-particles. The calculation involves some crucial signs involving the Gu-Wen Grassmann
integral [125] and a choice of spin structure on M.

A slightly more physical perspective on the construction can be given as follows. Consider
some microscopic bosonic physical system S which engineers T, at low energy. Combine S
with a system of free massive fermions. The II quasi-particles in S can combine with the free
fermions v to produce a a bosonic composite particle 1)II. Condensation of 111 produces a new,
fermionic phase of matter which we identify as a physical realization of T .

We will focus in most of the chapter on theories which admit a state-sum construction. Con-
cretely, that means that the shadow TFT T is fully captured by the data of a spherical fusion
category Cy, which can be fed into the Turaev-Viro construction [12] of the partition function or
the Levin-Wen construction [|26] of a bosonic commuting projector Hamiltonian. We will learn
how to modify these standard constructions to compute the partition function of € on a spin
manifold and a fermionic commuting projector Hamiltonian for €. This is an extension of the
proposal of [127].

As an application of these ideas, we propose an explicit construction for all the fermionic
SPT phases which are predicted by the spin-cobordism groups [128]. In particular, this includes
phases which lie outside of the Gu-Wen super-cohomology construction. The classification of
such phases has been previously proposed in [ 1 23], and our results agree with theirs. The novelty
here is that we construct explicit state sums and Hamiltonians for all the phases and make explicit
their dependence on spin structure. Furthermore, we give a cohomological description of the
classification and determine explicitly the group structure of fermionic SPT phases under the
stacking operation.
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Figure 4.2.1: A graphical depiction of the map from ¥, to ‘¥;. On the right we have the par-
tition function of ¥z, on a three-dimensional manifold, equipped with a Z, flat connection.
We represent the connection as a collection of domain walls implementing Z, symmetry
transformations g, ¢/, etc. On the left we have the partition function of ¥, obtained by
summing the ¥, partition function over all possible choices of Z, flat connection.

4.2 Overview

4.2.1 One-form symmetries and their anomalies

In order to understand the relation between ‘T and ‘T, it is useful to look at an analogous relation
between standard “bosonic” TFTs. Consider TFTs ¥z, endowed with a (non-anomalous) Z,
global symmetry, i.e. TFTs which are defined on manifolds equipped with a flat connection.
The dimension of space-time is arbitrary at this stage. For a mathematical definition TFTs with
symmetries in 2 + 1d, see e.g. [129—131] and references therein.

Given such a TFT, we can build a new TFT ¥, by coupling the Z, global symmetry to a
dynamical gauge field. The partition function for ‘T, on a manifold M is computed by summing
up the ¥, partition functions over all possible inequivalent Z, flat connections (with the same
weight):

1
YANLYE = E Z\M: : 4.2.1
[ 731’] |H0(M, ZQ)‘ [ 7(5227 [041“ ( )
[a1]€HY (M,Z2)

The theory ¥} is always equipped with a bosonic quasi-particle B, the Wilson line defect,
which fuses with itself to the identity in a canonical way. We can recover Tz, from %}, by con-
densing B. Intuitively, the insertion of A = 1 & B along a cycle in M forces the flat connection
to be trivial along that cycle (i.e. the partition function vanishes unless the holonomy of the
connection is trivial). Adding a sufficient number of A’s to M will set the flat connection to zero.

In 2+1 dimensions, it is useful to think about this process as gauging a (non-anomalous) Z»
1-form symmetry generated by B. By definition, a global Z, 1-form symmetry is parameterized
by an element of H'(M, Z,) [132]. Gauging this symmetry amounts to coupling the theory to
a flat Zy-valued 2-form gauge field * [3;] € H?(M,Z,). Thus T, has more structure than an

2We will try be be careful and distinguish a 2-cocycle 3 from its cohomology class [3s].
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Z N /
Figure 4.2.2: Wilson lines in Z, gauge theory have trivial statistics and can be freely recom-
bined. We use a double-line notation for quasi-particles and line defects to indicate a choice
of framing, but the Wilson loops have no framing dependence, i.e. represent bosonic quasi-

particles. In general, these abstract properties characterize the quasi-particle generators 5 of
non-anomalous Z, 1-form symmetries.

1eB

Figure 4.2.3: A graphical depiction of the map from ¥}, to T7,. On the right we have the
partition function of ¥, on a three-dimensional manifold, possibly decorated with Wilson
line operators B along non-trivial cycles, dual to the domain walls of the previous picture.
Abstractly, the choice of Wilson lines equips the manifold with a flat connection [/, for
a dual Z, 1-form symmetry of ¥;,. Summing over all choices gives back the Ty, partition
function.

ordinary TFT: it can associate a partition function to a manifold equipped with a 2-form gauge
field [52]

Concretely, we can triangulate the manifold M and represent (3 as a 2-cocycle, an assignment
of elements of Z, to faces of the triangulation such that the sum over faces of each tetrahedron
vanishes. * We can define the partition function Z[M; Ty; 35 of T, coupled to 3, by decorating
M with B lines which pass an (even) odd number of times through each face labelled by the

3An arbitrary Zo-valued function on faces is called a 2-cochain with values in Z,, and the condition that the
sum over faces of each tetrahedron vanishes is written as 32 = 0, i.e. the 2-cochain is closed. A 1-form gauge
transformation is parameterized by a 1-cochain \q, i.e. a Zs-valued function on the links, and transforms (5 to

B2 + 0.
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(trivial) nontrivial element of Z,. *

1
ZIM; % o] = o Y (=1 Z (Mg, 4.2.2
[a1]€HY (M,Z2)

An even number of B lines enter each tetrahedron and can be connected to each other in any
way we wish without changing the answer, thanks to the statistics and fusion properties of B. It
is relatively straightforward to verify that the partition function does not change if we replace (3,
with a gauge-equivalent cocycle 35 + 0\, or if we change the triangulation of M. In either case,
the collection of B lines is deformed or re-organized. Thus

Z[M;%y; Bo + 0M] = Z[M; Ty; o] = Z[M; T [Bo]] (4.2.3)

Summing up this decorated partition function over all possible S5 will insert enough A’s to
project us back to the partition function of ‘T, :

e 1 [HYM,Z,)| .
2] = Tz > ZIM; T [Ba]] (4.2.4)
[B2]€ H?(M,Z2)

We can introduce extra signs to select a specific Z, flat connection a;:

HY(M,Z a
Z[M; TZQ; Oél] = m Z (_1)IM 1UBQZ[M; Ib? [52” (425)
! [52]€H2(M,Z2)

Vice versa, we can consider a theory T, equipped with a non-anomalous Zs 1-form symmetry
generated by some quasi-particle B. Gauging the Z, 1-form symmetry with the same formulae
4.2.4 and 4.2.5 results into a new theory ¥, which is always equipped with a Z5 global symmetry
generated by Wilson surfaces.

Now we can go back to T;. By definition, this theory contains a particle which is a fermion.
That is, a particle II which is (1) an abelian anyon (2) generates a Z, subgroup in the group of
abelian anyons and (3) has topological spin —1. The first two conditions mean that ¥ has a
1-form Z, symmetry, while the third one implies that this symmetry is anomalous, i.e. there is an
obstruction to coupling the theory to a 2-form gauge field in 241 dimensions in a gauge-invariant
manner.

Concretely, in order to couple T to the 2-cocycle 3, we again pick a triangulation of M. Up
to some choices of conventions for how to frame the quasi-particle worldlines, we can populate
M with II lines which pass an (even) odd number of times through each face labelled by the
(trivial) non-trivial element of Zs, joined together inside each tetrahedron. This produces some
tentative partition function Z[M;Ty; o). The anomalous nature of the Z, 1-form symmetry
implies that the partition function changes by some signs when the 2-cocycle 3, is replaced by
a cohomologous one, i.e. when the II lines are deformed and recombined. Signs may also arise

4We write concrete elements of Zo additively. That is, the trivial element will be denoted 0, while the nontrivial
one will be 1. In particular, when we discuss cochains with values in Z,, we will write the group operation additively.
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Figure 4.2.4: The II lines have fermionic statistics and thus extra signs may occur as the
worldlines are recombined.

when one re-triangulates M and, obviously, if we change our conventions of how to connect or
frame the collection of II lines representing (3.

It is quite clear that the anomaly we encounter here does not depend on the specific choice
of theory. If we are given two such TFTs ¥; and T, then their product ¥; x T has a standard,
non-anomalous 1-form symmetry with generator 1I;II,. That means that we can define unam-
biguously the partition function for the product theory coupled to a background Z, two-form
connection, implemented by decorating M by a collection of 11,11, defects.

As we are considering a product theory and products of lines in the two factors, we can factor
the partition function as

Z[M;gl X 52;52] = Z[M;Sl;@]Z[M;TQ%@ﬂ (4.2.6)

Thus the individual partition functions can only change sign simultaneously under gauge trans-
formations of changes of triangulation.

We would like to argue that we can pick our conventions of how to connect and frame II
lines in such a way that the gauge and re-triangulation anomalies coincide with the ones which
emerged in the study of Gu-Wen fermionic SPT phases [125] and their relation to spin-TFTs
[118]. The Gu-Wen Grassmann integral combined with a spin-structure-dependent sign gives a
Zs-valued function z;(M; B2) of a triangulated manifold endowed with a cocycle 3, and a spin
structure. This function changes in a specific manner as one changes the cocycle by a gauge
transformation 5, — (5 + O\, or the triangulation. We claim these are the same transformation
rules as for Z[M; T; ().

In particular, the combination zy;(82) Z[M; % y; Bs] is well-defined and gives us a spin-TFT
with a bosonic Z, one-form symmetry. Gauging that symmetry gives us the spin-TFT ¥, with a
partition function

H(M,7Z
Z|M;%,) = M S alB)ZIM; Ty B 4.2.7)
(M2, &
2]eH?(M,Zs)
This is our basic prescription to recover T from its shadow .

An alternative way to express the expected anomalous transformation laws of Z[M; T¢; 3]
is to say that the 1-form Z, symmetry generated by the II lines can only be gauged if we regard
the (2+1)-dimensional theory T as living on a boundary of a (3+1)-dimensional TFT containing
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a 2-form gauge field 5. Concretely, the action of this (3+1)-dimensional TFT is [1 18]
S4 =7 62 U ﬂg. (428)
My

This action is invariant under S,— 35 + 0 \; if M, is closed, but on a general compact manifold
it varies by a boundary term

Si—=Si+im [ A(B2 A), (4.2.9)

OMy

where the Z,-valued 3-cochain A is given by
A(ﬁg, )\1) == )\1 U 52 + 62 U )\1 + )\1 U 5)\1 (4210)

Note that one cannot discard the first two terms in parentheses because the cup product is not
supercommutative on the cochain level.

The anomalous nature of the 1-form Z, symmetry means that when Ty on M = OMj is
coupled to a 2-form gauge field (3, its partition function, with an appropriate choice of conven-
tions for drawing and framing the II lines encoding (3,, transforms under 1-form gauge symmetry
precisely as in (4.2.9).

ZIM; Ty By + 0N = (=) AP Z[ N Ty ] (4.2.11)

More generally, both gauge transformations and changes of triangulations can be interpreted
as triangulated bordisms M x [0, 1] with 3, defined over the whole 4-manifold, interpolating
between [32|o and (|, at the two ends. Then Z[M; T¢; 5] changes under such manipulations as

Z[M;If; 52‘1] — eiﬂ—f]bfx[(),l] BQUB?Z[M;If; 52|0]. (4.2.12)

4.2.2 Shadow of a product theory

The fermionic sign zy7(/2) is almost multiplicative [118]:

zn(Ba)em(By) = (— 1) 2952 2 (85 + ) 4.2.13)

This observation allows us to re-write the product of two spin-TFT partition functions in a
suggestive way

(T, ,
Z[M;zs]Z[M;zS]:M S RIS T 4214)
TN gy 2 (M. 20)
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with

HO(M, Zs)| NG
ZIM; Ty x ;T o) = |H(M, Z,)| 1) BetB)NBL 7 - T e NZIM: S 3
[ ) fo f’ﬁ2] |H1(M7Z2)| Z ( ) [ ) f762+ﬁ2] [ ) aBZ]
[B3]€ H? (M, Z2)
(4.2.15)
This expression defines an operation X ; which maps the shadows of two spin-TFTs to the shadow
of their product.

The physical interpretation of this formula is straightforward. The product of shadow theories
%y and ‘I’f is endowed with a bosonic Z, 1-form symmetry generated by the product IT @ II" of
the fermionic lines of the two theories. Gauging that symmetry leaves us with a new theory with
fermionic 1-form symmetry generated by II;, which we interpret as the shadow of the product
Ts x . of the corresponding spin TFTs. This agrees with the stacking construction proposed

in [124].

A simple check of this proposal is that the multiplication is associative: the product of three
shadow theories has a Zy X Zs bosonic 1-form symmetry with non-trivial generators II @ IT',
I ® HH, I .

We will use this construction systematically in order to explore the group structure of fermionic
SPT phases.

4.2.3 Gu-Wen and beyond

The starting point of the Gu-Wen construction of femionic SPT phases [125] is a group super-
cohomology element (13, n3), i.e. a pair of cochains on BG with values in R/Z and Z,, respec-
tively, satisfying

1
5712 = 0, (5V3 = 5712 U no. (4216)

Given a flat G-connection on M, one can pull back the cochains 3 and ny, on BG to cochains on
M which we can still denote as v3 and ns. Then the Gu-Wen Grassmann integral zrj(ny) can be
combined with the product of v3 over all tetrahedra in M in order to give the partition function
of an invertible spin-TFT with a symmetry G.

Our strategy to prove that zr7(f2) captures the anomaly of fermionic 1-form symmetries will
be to re-cast the Gu-Wen construction in this form, by defining an appropriate bosonic theory
T [v3, no) such that the associated partition function reproduces the product of 3 over all tetra-
hedra in M.

The construction proceeds as follows. A 2-cocycle n, gives rise to a central extension
0—=2Z—G—G—0 (4.2.17)

Consider a bosonic SPT phase for G, labelled by a @-cocycle v3 with values in R/Z [115, 133].
We can gauge the Z, subgroup and get a bosonic TFT with symmetry GG. The resulting theory is
essentially an enriched version of the toric code, where the G symmetry acts on quasi-particles
in a way determined by no and V3. If this theory has a bulk line defect IT which is a fermion and
is acted upon trivially by the G symmetry, it is a candidate for a shadow of a Gu-Wen phase.
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We will determine the condition for the bulk fermion II to exist. The existence of II will
restrict 3 to be a specific combination of ny and a group cochain v5 which satisfies (4.2.16). We
will denote this bosonic TFT G,, ,,,. The result is a one-to-one map between Gu-Wen fermionic
SPT phases and bosonic SET phases of the form G, ,,,.

We will compute explicitly Z[M; G,, n,; B=] to find that it is only non-vanishing if 3, equals
the pull-back of ns to M, in which case the partition function is essentially equal to the product
of v over all tetrahedra in M. This will verify that Z[M; T] for these theories coincide with the
Gu-Wen partition sum and zp;(/35) is the correct kernel for fermionic anyon condensation.

Cobordism theory [ 128, 123] predicts the existence of a more general class of fermionic SPT
phases protected by fermion number symmetry together with a global symmetry G, labelled by
a triple (v3,ng,m ), where 7 is a Zs-valued 1-cocycle on G, ny is a Zs-valued 2-cochain on
G, and v is an R/Z-valued 3-cochain on G. We will show that n is in fact a cocycle, and v
and ny must again satisfy the Gu-Wen equations (4.2.16). Thus the set of fermionic SPT phases
with symmetry GG can be identified with the product of the set of Gu-Wen phases and the set
HY(G, Z,) parameterized by 7.

The meaning of 7 is a group homomorphism from G to Z,, which is used to pull-back a
certain “root” Z, fermionic SPT phase along 7. The “root” Z, phase is expected to be the phase
whose shadow is the toric code, enriched by the Z, symmetry which exchanges the e and m
quasi-particles. Such a Z, symmetry is not manifest in the standard formulation of the toric code
and only emerges at low energy. With a bit of effort, though, one can produce a microscopic
description of the toric code with explicit Z, symmetry [|34], starting from an Ising fusion
category.

We will verify that the Zs-equivariant toric code Z is indeed the shadow of root fermionic
SPT phase with Z, global symmetry, by explicitly computing Z X y Z and matching it with a
Gu-Wen phase.

The Ising pull-back phases Z, can be combined with a standard Gu-Wen phase G, ,,, to give
a candidate G, ,,, X y Z for the shadow of the most general fermionic SPT phase. We will verify
this combination is indeed the most general symmetry-enriched version of the toric code which
admits a suitable fermion II.

Finally, we will compute the twisted products of general fermionic SPT phases with the help
of a relation of the schematic form

I7T1 Xf‘,z'-ﬂ'i = gl/g,nz XfIﬂl—Hri (4218)

where the Gu-Wen phase G, ,,, is determined canonically from 7; and 7.

This result explicitly realizes the group of fermionic SPT phases as an extension of H'(G, Z)
by the super-cohomology group of Gu-Wen phases (which itself is an extension of H*(G, Z,) by
H3(G,Zy)). This extension is nontrivial. That is, while the set of fermionic SPT phases is the
product of the group H'(G,Z,) and the group of Gu-Wen phases with symmetry G, the abelian
group structure on this set is not the product structure.
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4.2.4 A Hamiltonian perspective

We would like to describe the relation between a gapped bosonic Hamiltonian which engineers
the shadow bosonic TFT ‘€ and a gapped fermionic Hamiltonian which can engineer the related
spin TFT ‘T,. Again, it is useful to first look at a pair of bosonic Hamiltonians for ¥}, and <,
related by gauging standard or 1-form non-anomalous Z, symmetries.

The procedure for gauging a standard on-site Z, global symmetry of some lattice realization
of %7, is well understood. One extends the Hilbert space by adding Z,-valued edge variables
playing the role of a flat Z, connection «;. Flatness is imposed locally by extra placquette terms
in the Hamiltonian enforcing dcr; = 0. The Hamiltonian for ¥, deformed by the coupling to the
flat connection can be denoted as Hy,[«;] and the Hamiltonian on the enlarged Hilbert space is
schematically

(4.2.19)

1 =z
H%:HZQ[ +U}

2

Here o7¥% are Pauli matrices acting on the Z, variables at the e-th edge. More explicitly, suppose
Hy,[«] is given as a sum of local terms:

Hy,[o] =Y Hy,[o] (4.2.20)

where Hy, acts nontrivially only on the degrees of freedom in a neighborhood of the vertex v.
We can take [ [ to vanish if the connection is not flat in a neighbourhood of v.

Let P; be a projector which enforces the flatness of Z,-valued edge variables at a face f.
Concretely, denoting edges and faces as pairs and triples of vertices,

1 oy ARy ey 4
P012 = 5(1 + 001012020>- (4221)
Then the Hamiltonian in the enlarged Hilbert space is also a sum of local terms

Hj, =Y Hy +> (1-P) (4.2.22)
v f

The resulting enlarged Hilbert space is then projected to gauge-invariant states by a collection
of projectors UZ2 which act by a local Z transformation on the degrees of freedom at the lattice
site v and shift the connection on the nearby edges. Concretely, we can write

Uz =1, [[ 55, (4.2.23)

Here u, acts on the local degrees of freedom of the original theory at v as a local Z, symmetry
transformations.

More generally, one can define operators U AZOQ which implement gauge transformations a;; —
a1 + 0o with a parameter \y which is a Z,-valued 0-cochain. Absence of anomalies means that

Zo7T1Z Z
URUy =UE,, (4.2.24)
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Hence the final Hilbert space H[T;] is obtained by the projection
Upe W) = [0y) (4.2.25)

Thus we can define a Hamiltonian for ¥, as

1
Hy, = Hp, + ) 51— UZ2) (4.2.26)

Wilson line quasi-particles can be added at the vertices of the lattice by flipping the sign of
the Coulomb branch constraints there. For convenience, we will choose a branching structure on
the lattice, taken to be triangular, and define the Hilbert space H[Ty; 5] as

URZ[Wy; Ba) = (—1)) 0% (Wy; 8y) (4.2.27)

1.e.
HaylB) = Hzﬁz ( 1)) Uy (4.2.28)

where \{ is a delta function at the vertex v. Concretely, each face ¢ with 35(¢) = 1 will contribute
a Wilson loop at its first vertex. This makes the Z, 1-form symmetry of ¥, manifest “on-site”.

The construction can be readily generalized to non-anomalous symmetry realizations which
do not act on-site. We can introduce a triangular lattice in the system, with a lattice scale which
is much larger than the scale set by the gap in ¥, and add the Z, connection to the edges of
that lattice. Operators U /\ZOQ with the correct properties will still be defined, up to exponentially
suppressed effects.

Conversely, starting from a generic theory ¥, with non-anomalous 1-form symmetry, the
Hilbert space of Ty, is obtained by first summing the Hilbert spaces of ‘¥, with one or none
insertions of the B quasi-particle and then projecting to the sub-space which is fixed by the
action of closed B string operators, i.e. closed B lines wrapping non-trivial cycles on the space
manifold ..

We can obtain a more local description by enlarging further the original Hilbert space and
the subsequent projector. If the theory %} is given in a form which allows a direct coupling to a
2-form connection on the lattice by a local Hamiltonian H,[5;] we just make (3, into a collection
of dynamical Z, variables attached to the faces of the lattice.

If not, we introduce a new triangular lattice in the system, with a lattice scale which is much
larger than the scale set by the gap in T,. We can attach a Z, variable [35(t) to each face ¢ of the
lattice and denote as #[(3:] the space of ground states of ¥, with a B quasi-particle inserted in
the middle of each face with 85(¢) = 1. In particular, 7[0] is the usual space of ground states of
Cb-

In either case, we define the enlarged Hilbert space as the direct sum H' = @3, [f:] over all
2-cocycles ;. Concretely, the Hilbert space 5] is realized as the space of zero energy states
of a local Hamiltonian H,[f,] acting on the microscopic Hilbert space. We can realize H’ as the
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space of zero energy states of a local Hamiltonian

1 =z
H = H, { za } . (4.2.29)
Here 5,"¥"* are Pauli matrices acting on the Z, variables at the ¢-th face.’
Due to the properties of the B quasi-particles, we must have unitary transformations
Uy, : H[B2] = H|[B2 + 6] (4.2.30)

which move B quasi-particles from one site to another or create or annihilate pairs of B quasi-
particles. For example, if \; is concentrated on one edge e, the corresponding unitary operator
U, will move, create or annihilate B particles in the two faces adjacent to that edge. In particular,
it will anti-commute with the o variables for these two faces, commute with all others.

We expect the U, operator to be an operator which only acts in the neighborhood of the edge
e, 1.e. local at the scale of our lattice. There is a certain degree of freedom in defining the Uy, . As
the B quasi-particles are bosons, it should be possible to use that freedom to ensure that different
ways to transport the B particles are all equivalent, i.e.

UnUx, = Uy, (4.2.31)

In other words, U), implement the 1-form gauge symmetry of the theory ¥}, which should not
be anomalous. In particular, for every edge e we have U? = 1, and [U,, U!] = 0 for all e, ¢/. We
must also ensure Us,, = 1 for all 0-cochains p. This requirement means that 1-form symmetry
transformations with parameters A\, and A\, + o are physically indistinguishable.

We want to define the Hilbert space for Ty, as the subspace of the enlarged Hilbert space fixed
by the action of these unitary transformations. We can define a commuting projector Hamiltonian
acting on the enlarged Hilbert space H' as

1

3 SA-U.), (4.2.32)

e

It engineers the space of ground states of T,.This construction makes the Z, global symmetry
of ¥z, manifest: it acts on the face variables as | [, 07 and commutes with the Hamiltonian.

Note that the U, operators for closed 1-cochains, which satisfy 6\; = 0, can be identified
with the closed B string operators we discussed originally, while the general U, operators are
open B string operators. We can denote the closed string operators as U fll . They map each
summand in the Hilbert space back to itself.

Thus we define a microscopic Hamiltonian for ¥, as

1+70° 1
Hysz, = Hy { 5 } +) 5= U) (4.2.33)

e

3Since in two dimensions any 2-cochain is closed, there is no need for projectors in H’.
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acting on the tensor product of the microscopic Hilbert space of ¥}, and of the Z, face degrees of
freedom

Now consider the case of a fermionic Z, 1-form symmetry, i.e. a Z, 1-form symmetry with
an anomaly (4.2.9). As a warm-up, we can focus on how to define consistently the action of
closed II string operators on the original Hilbert space of ground states for T ;. If we triangulate
the space manifold and pick a 1-cocycle A\, i.e. a Zs-valued function on edges \; satisfying
0A1 = 0, we can draw a collection of non-intersecting II lines which cross each edge e \;(e)
times modulo 2. We can relate different such collections for the same \; without ever braiding
the II lines, and thus we should be able to define a corresponding composite string operator V,\Cll
acting on the space of ground states of T;.

If we compose two such closed string operators V)fll and Vf,ll, we get a collection of string
which may have intersections. Resolving each intersection will cost us a —1 sign. The total
number of intersections modulo 2 should coincide with [ A; U \}. Thus we expect to be able to
consistently define the closed string operators in such a way that

1y el ALUN, 1/el
VIV = (—1ls oy (4.2.34)

1

In particular, there is no consistent way for a ground state to be fixed by all V¢,

There is a natural way to correct the closed string operators in such a way that a consistent
projection becomes possible: we can dress them by some extra sign o2(\;) which also satisfies

ga(A)oa(N)) = (=1)/s Mgy (A + X)) (4.2.35)

If the space manifold is endowed with a spin structure, we can use the spin structure to define
such a sign. Moreover, the Gu-Wen grassmann integral in two dimensions combined with a spin
structure provides a local definition of precisely the same sign o5(\;) provided we enlarge the
Hilbert space with fermionic degrees of freedom living on faces [ 1 1 8]. In other words, o2(\1) can
be written as a product of local fermionic operators situated on the edges e for which A (e) # 0.

In order to get a fully explicit and local definition of the space of T ground states, we need
to extend this logic to open II string operators, or equivalently to V), for not necessarily closed
1-cochains \;.

We can proceed as before and consider the sum of Hilbert spaces 7 [J:] over all 2-cocycles
B2, where H[[35] is the space of ground states of T ; with a II quasi-particle inserted in the middle
of each face with 55(¢) = 1. We can define as before unitary operators V), which re-arrange the
location of the II quasi-particles, but the fermionic nature of the quasi-particles, or the anomaly
of the corresponding 1-form symmetry, indicates that the algebra of V), will only close up to
signs:

Vi Vi = Vi (—1)s (822020, (4.2.36)

Similar considerations as for the partition function show that the anomaly wys, must be uni-
versal for all theories with a fermionic Z, 1-form symmetry. We can get a concrete expression
for as follows. Consider the 3+1d TFT (4.2.8) on M, = X x D?, coupled to the 2+1d TFT on
OM, = X x S1. The operator V,, in the 2+1d theory which implements the Z, 1-form symmetry
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transformations also shifts the 2-form gauge field 3, by ;. By continuing )\; into the bulk, we
may regard V), as a boundary of a codimension-1 defect in the 34+1d TFT. By considering three
such defects with parameters A, ] and —(\; + \]) meeting at the origin of D?, one can see that

ViV Vor -x = /Zw(BQ, A, Ap). (4.2.37)
The 2-cochain w is defined as a solution of the equation
dw(Ba, A, A1) = A(B2, M) + A(Ba 4+ A1, X)) — A(Ba, At + A)). (4.2.38)
Using (4.2.9), we find
w(Ba2, A1, A]) = A U] +0A U A, (4.2.39)

where U; is the Steenrod higher product [135] (see also Appendix B.1. of [136] for a brief
summary). In particular, we see that wy, = fz w does not depend on /35 in this case.

Another manifestation of the anomaly is that the operators V), are not invariant under A\; >
A1 + Opp, where p is an arbitrary Zs-valued O-cochain. Namely, by considering two defects
implementing 1-form gauge transformations with parameters A; and A\; + d 1, we find

VirigVor = (—1)feliotthutdaonotionits), (4.2.40)

One way to deal with this anomaly would be to couple the system to the Hamiltonian version
of Gu-Wen Grassmann integral. The Gu-Wen Grassmann integral on a bordism geometry > X
[0, 1] with 5 and 35 + A, at the two ends will provide dressing operators Uy which should
correct the V), to a set of commuting projectors. This is somewhat cumbersome, though, and we
will propose a more direct alternative lattice construction.

We will promote the face variables 35 ( f) to occupation numbers n s for fermionic degrees of
freedom. Thus at each face we have a pair of fermionic creation and annihilation operators, or
equivalently a pair of Majorana fermions -y, 7}. We combine the individual edge operators V,
with Majorana fermions on the two faces f; and f sharing e and define new edge operators

Ul = Vv, 7%, (4.2.41)

in such a way as to make the following fermionic Hamiltonian well-defined
1
— § ~(1=yuf
Hfﬁs = Hf[nf]+ e 2(1 e) (4.2.42)

The sign in the definition of U/ is determined by a certain 1-chain £ with values in Z,. This
chain encodes a choice of spin structure on ..

If ¥+ admits a Levin-Wen construction, we will show how to incorporate directly the effect
of the II particles to get a string net construction for T.
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4.2.5 Open questions and future directions

Classification of fermionic SPT phases can be generalized in several directions. Most obviously,
one would like to classify SPT phases protected by G which is a central extension of G by Zf A
natural guess is that the corresponding shadow theory must have both ordinary symmetry G and
a fermionic one-form symmetry Z,, but with a mixed anomaly between the two.

The mixed anomaly is determined by the extension class of the short exact sequence 0—Z- —G—G—0.
Concretely, this means that the shadow theory is described by a G-graded fusion category, but the
crossing conditions for the fermion are modified by the 2-cocycle 15 representing the extension
class. Physically, intersections of domain walls implementing G symmetry transformations will
carry non-trivial fermion number.

Following the approach of Appendix B, we get a generalization of the Gu-Wen equations:

1 1
5V3 = 5%2 U ne + 51/)2 U no, 5712 = 0. (4243)

It would be interesting to study the group structure on the space of such fermionic SPT phases.

Another possible generalization is to extend the discussion to unorientable theories. This is
important for classifying fermionic SPT and SET phases with anti-unitary symmetries.

It would be very interesting to extend the shadow theory approach to fermionic phases in
higher dimensions. For example, it has been proposed in [| 18] that 3+1d fermionic phases are
related to bosonic phases with an anomalous 2-form Z, symmetry, where the 5d anomaly action
is

/ Sq* Cs, (4.2.44)
Ms

with C being the background 3-form Z, gauge field and Sq¢? denoting a Steenrod square. Gu-
Wen equations in 3+1d can be interpreted as describing shadow theories of this sort, and it should
be possible to use the methods of this chapter to produce more general SPT phases.

Optimistically, one might hope that every fermionic theory in every dimension has a bosonic
shadow. Recent results of Brundan and Ellis [137] indicate that this is true in 2+1d. In partic-
ular, it would be very interesting to understand shadows of general spin-TFTs in 24+1d which
have framing anomalies. This would require developing the theory of “’super modular tensor
categories.”

Finally, we hope that the study of shadows of fermionic theories could shed light on the
fermion doubling problem in lattice field theory.

4.3 Spherical fusion categories and fermions

The bosonic theory ¥ [vs, no| we will associate to the Gu-Wen fermionic SPT phases belongs
to the special class of TFTs which admit a Turaev-Viro state sum construction of the partition
function [ 2] and a Levin-Wen string net construction of a microscopic lattice Hamiltonian [ 126].
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Figure 4.3.1: A topological field theory with a gapped boundary condition. Boundary lines
are labelled by objects L; in a spherical fusion category C which controls their topological
fusion and junctions. Bulk lines are labelled by objects Y, in a modular tensor category
which can be recovered as the Drinfeld center Z|C] of the boundary lines. Junctions of lines
are labelled by choices of local operators, i.e. elements in certain morphism spaces. We use
a double-line notation to indicate the dependence of bulk lines on a choice of framing. The
partition function can be computed by a Turaev-Viro state sum.

The Turaev-Viro construction allows one to define a large class of three-dimensional topo-
logical field theories. The mathematical input for the construction is a spherical fusion category
C. The output is the partition function of a topological field theory, whose quasi-particles are
described by the modular tensor category Z|C], the Drinfeld center of C.

The physical meaning of the mathematical input becomes manifest through the following ob-
servation: the Turaev-Viro construction produces topological field theories which admit a canon-
ical topological boundary condition, which in turns supports topological line defects labelled by
the objects in C [138].

This suggests the following physical statement: any (irreducible, unitary) three-dimensional
topological field theory T equipped with a topological boundary condition ‘B will admit a Turaev-
Viro construction based on the category of topological line defects supported on ‘5.

At first sight, it may appear surprising that the whole bulk topological field theory could be
reconstructed from the properties of a single boundary condition. This is related to the cobordism
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hypothesis [139]. There is a simple “swiss cheese” argument which demonstrates this fact in
2 + 1d and motivates the structure of the Turaev-Viro state sum model, which we review in a
later section 4.4.

The same argument justifies the observation that several properties and enrichments of the
bulk theory can be encoded in terms of the spherical fusion category C. For example, if T has
a non-anomalous (0-form) symmetry group G then C will admit an extension to a (G-graded
category C¢, which can be used to extend the Turaev-Viro construction to manifolds endowed
with a G-valued flat connection [130].

With this motivation in mind, we can review some useful facts about spherical fusion cate-
gories and their physical interpretation.

4.3.1 Categories of boundary line defects

In the following we use the term topological field theory to denote the low energy/large distance
effective field theory description of a gapped unitary quantum field theory. Similarly, a topolog-
ical boundary condition is simply the low energy description of a gapped boundary condition.

The mathematical description of topological field theories involves a variety of operations
which have an intuitive interpretation as a “fusion” of local operators or defects. The precise
physical interpretation is that the local operators or defects to be fused are brought to relative
distances which are still much larger than the gap, but smaller than the scale of the low energy
effective field theory. This allows one to replace them by a single effective local operator or
defect.

A gapped system may have multiple vacua, either due to spontaneous breaking of a symmetry
or to accidental degeneracy. In the bulk theory, the presence of multiple vacua manifests itself
in the existence of non-trivial local operators, whose expectation value labels different vacua.
Mathematically, the local operators which survive at very low energy form a ring under the
fusion operation described above (because of cluster decomposition). The identity operator can
be decomposed into a sum of idempotents which project the system to a specific vacuum:

1=>)"1, L1y = 6,01, (4.3.1)

The same idea applies to defects of lower co-dimension. As an example consider line defects,
which could be the effective description of a quasi-particle or of a microscopic line defect. Line
defects can be fused with each other and may support non-trivial local operators, including local
operators which interpolate between two or more lines. Again, the existence of a local multi-
plicity of vacua for a line defect manifests itself in the existence of non-trivial idempotent local
operators.

Mathematically, line defects can be organized into a fusion category. The objects in the
category are the line defects themselves, and the morphisms are the local operators interpolat-
ing between two line defects. The physical fusion operation is encoded into a tensor product
operation and accidental degeneracies into a sum operation. Line defects with no accidental
degeneracy map to “simple” objects in the category.
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Lo Lo Ly

L Ly Ly L1 ® Lo
(a) (b) (©) (d)

Figure 4.3.2: Data of a category C: (a) A line defect (shown here with its orientation) is an
object in C. (b) A local operator between two lines is a morphism in C. (c) Another rep-
resentation of the previous figure (common in mathematics literature) in which morphisms
are denoted by boxes. (d) The direct sum L; & L, of two line defects can be projected to an
individual summand by a local operator

L3 L3

Ly Ly L L*
(a) (b)

Figure 4.3.3: Various operations: (a) Fusion of local operators gives rise to composition of

morphisms. (b) Changing the orientation of a line defect gives rise to the operation of taking
dual of an object.

103
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A B A®B c c
(@ (b)

Ly

Lo

(©)

L3 ® Ly

L1 ® La

Figure 4.3.4: Fusion: (a) Fusion of line defects gives rise to the tensor product of objects. (b)
Three line defects coming together with a local operator placed at the point of intersection
can be interpreted as a morphism from one line defect to the tensor product of other two line
defects. (c) Local operators between lines can also be fused to give rise to tensor product of

morphisms.
A®(B®C)
= [ =
A B C (A®B)®C I
(@) (b)

L®L*

©

L®L*

Figure 4.3.5: Canonical maps: (a) Placing the lines as shown and fusing them gives rise to a
canonical associator map. (b) Folding a line as shown and fusing it with itself gives rise to a
canonical evaluation map. (c) Folding a line as shown and fusing it with itself gives rise to

a canonical co-evaluation map.
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(@)

(d)

Figure 4.3.6: (a) A graph I of boundary line defects drawn on a sphere. (b) The same graph
drawn on a plane obtained after removing a point from the sphere.

Depending on the dimension of space-time, the category of line defects will have further
structures and constraints. Here we are interested in line defects which live on a gapped boundary
condition. See Figures 4.3.2,4.3.3,4.3.4, 4.3.5 for examples.

If the boundary condition itself has a single vacuum, the boundary line defects are expected to
form a spherical fusion category C. The term spherical denotes a set of properties with a simple
physical interpretation. Any graph I' of line defects drawn on a two-sphere, with a specific choice
of local operators at the vertices, will produce a state in the two-sphere Hilbert space of the bulk
theory. As the latter space is one-dimensional, the graph will effectively evaluate to a number
Zr, which can be interpreted as the partition function of the theory for a three-ball decorated by
I, normalized by the partition function of the bare three-ball. See Figure 4.3.6.

Mathematically, the graph is drawn on the plane as the evolution of a collection of lines,
created, fused or annihilated at special points. The corresponding number is computed by Pen-
rose calculus, as the composition of a sequence of maps associated to these individual processes,
which form the data of the spherical fusion category. See Figure 4.3.7. The axioms of the spher-
ical fusion category guarantee that the answer is independent of how we draw the graph. This
evaluation map for graphs on the two-sphere is the basic ingredient in state sum constructions.

If we are given two topological field theories ¥ and ¥, with gapped boundary conditions ‘B
and B’ associated to spherical fusion categories C and C’, the product of the two theories with
the product boundary condition is associated to the product C x C’ of the fusion categories.
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(D®F)® A*

- [2:2]

(DR(E®C)) ® A*

D [o]

A (D®E)®C)® A*

2]

B (B®C)® A*

Figure 4.3.7: The computation of a graph on the plane involves the listed morphisms. Here
a denotes the associator tensored with identity morphism for A*. The final result is the
partition function Zp of the theory on a three-ball decorated by the graph I'.
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Figure 4.3.8: Bulk lines and Drinfeld Center: (a) Bringing a bulk line O to the boundary
such that its image crosses a boundary line X gives rise to a canonical half-braiding given
by morphism Sx. (b) Bringing O to the boundary in two different ways as shown in the
figure is equivalent and hence 5 commutes with other morphisms.

Bulk line defects can be fused with the boundary. If the boundary image crosses some pre-
existing boundary line, the fusion produces some canonical local operator at the crossing. This
physical process is encoded in the mathematical definition of Drinfeld center Z[C]. An element
of the center is a pair (O, ) of an object O in C together with a collection of crossing maps
Bx : O® X — X ® O for every other object X, satisfying certain axioms. See Figure 4.3.8.

These axioms have a simple interpretation. Consider a network of line defects in the three-
ball, including boundary lines and bulk lines. If we project the network to a graph I' on the
boundary and evaluate Zr, the answer will not depend on the choice of projection. See Figure
4.3.9. Every bulk line will thus map to an element of the center Z[C]. Conversely, the Turaev-
Viro construction gives an explicit definition of a bulk line defect for every element of the center
AR

In particular, we can recognize the generators of bulk 1-form symmetries as special elements
of the center. For example, a spherical fusion category C, represents a bulk theory equipped with
a bosonic Z, one-form symmetry if we can find a generator B = (b, [3), an element of the center
Z|C] such that 3, = 1, and such that there is an isomorphism &, : b® b — [ with{ @1 =1®¢
in Hom(b ® b ® b, b). Essentially, this means that B lines fuse to the identity and can be freely
re-connected in pairs. See Figure 4.3.10.

Similarly, a spherical fusion category C represents a bulk theory equipped with a fermionic
Zs one-form symmetry if we can find a generator IT = ( f, 3), an element of the center Z[C| such
that 3y = —1g; and such that there is an isomorphism §; : f @ f — I with{® 1 =1®¢
in Hom(f ® f ® f, f). Essentially, this means that f lines fuse to the identity and can be freely
re-connected in pairs, at the price of a —1 sign for each crossing. See again Figure 4.3.10.

®From the point of view of the bulk theory, a gapped boundary condition can be characterized in terms the set of
bulk lines which “condense” at the boundary, i.e. project to the trivial line on the boundary. They are a collection of
mutually local bosons which is closed under fusion.
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Figure 4.3.9: (a) A three-ball partition function decorated by a graph I" of bulk and boundary
lines. (b) The graph is projected onto the sphere for evaluation. The different projections
evaluate to the same result, thanks to the Drinfeld center axioms
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Figure 4.3.10: Zy 1-form symmetries: (a) There exists a bulk line L with properties shown in
the figure. (b) Half-braiding L lines across each other gives a factor of =1 when compared to
L lines without braiding. The factor of +1 arises for a bosonic 1-form symmetry generator
L = B and —1 arises for a fermionic 1-form symmetry generator L = II. This minus sign
implies that the symmetry is anomalous.

More generally, a monoidal category equipped with such a IT is called a “monoidal 1I-category”

in [137].

A couple variants to this setup may be useful. If the boundary condition has some accidental
degeneracy, we should consider a spherical multi-fusion category. Local operators on the bound-
ary are morphisms from the trivial line defect to itself, which is thus not simple. The category C
splits into multiple sub-categories C, ; representing line defects which interpolate between vacua
a and b. The objects in these categories fuse accordingly:

Ca,b X Cc,d € 6b7CCa7d 4.3.2)

If the bulk theory and boundary condition have a non-anomalous discrete global symmetry
G (possibly broken at the boundary), we will have a G-graded spherical fusion category (see
e.g. [140]), with sub-categories C, which fuse according to the group law:

Cy @ Cy € Cog (4.3.3)

The sector C, labelled by the group identity e consists of standard boundary line defects while
the other C, contain the boundary version of g-twist line defects.

Note that we can define a (G-graded product of (G-graded spherical fusion categories by letting
(C x ')y = C,y x C,. Physically, this corresponds to taking the direct product of two theories T
and ¥’ and of their corresponding boundary conditions ‘8 and B’

If we gauge the symmetry GG (with Dirichlet boundary conditions for the gauge connection),
all objects in C become true boundary line defects. Bulk line defects are now associated to the
center of the whole C. The center of C includes Wilson loops, of the form (I®", Bx, = T;), X, is
an arbitrary simple object of C, and the matrices 7}, define an n-dimensional representation of G.
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Figure 4.3.11: Lines L, living at the intersection of a 0-form symmetry generator U, and the
boundary form the sub-category C,.

" If G is abelian, the Wilson loops are labelled by characters in the dual group G* and generate
a non-anomalous G* 1-form symmetry.

We can also gauge a subgroup H of GG. The resulting H gauge theory should have a residual
global symmetry given by the quotient Gy = Ng(H)/H of the normalizer of H by H. The
corresponding G i-graded category consists of

Cy = J Cug (4.3.4)

heH

Later in the chapter, we will find it useful to build some interesting G-graded categories
starting from SPT phases for a central extension G of G by an Abelian group and gauging the
Abelian group as described above.

Although a 1-form symmetry generator B (or II) for a G-graded theory is defined as a special
element in Z[C,.|, we will often be interested in 1-form symmetries which are compatible with
turning on GG-flat connections or even gauging G. We will see that this is the case if B (or II)
admits a lift to Z|[C|. The lift may not be unique and different lifts can be thought of as different
ways to equip the theory with both G symmetry and 1-form Z, symmetry.

4.3.2 Example: toric code

The simplest example of a category of boundary line defects occurs in the toric code, also known
as topological Z, gauge theory in 2+1d. Recall that the toric code has four quasi-particles,
corresponding in the gauge theory to a trivial defect 1, a Wilson loop e, a flux line m and the
fusion € of the latter two. This topological field theory can be endowed with a Z, global symmetry
exchanging the e and m lines, which will be very important later on but which we ignore now.

The e and m lines are bosons, while € is a fermion. Indeed, e generates a non-anomalous Z$
one-form symmetry and in the language of the introduction the toric code is the partner T, of a

"We are identifying here Home (19" ® X, X, ® I®™) with n x n matrices.
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trivial ¥7,. Symmetrically, m also generates a non-anomalous Z5' one-form symmetry (with a
mixed anomaly with the Z§ symmetry).

On the other hand, e generates precisely the sort of anomalous one-form Z§ symmetry we
need for the shadow of a spin TFT. This will be an important example for us, especially after we
make manifest the Z, global symmetry exchanging e and m.

A 75 gauge theory has two natural gapped boundary conditions: we can fix the flat connection
at the boundary or let it free to fluctuate. The corresponding boundary conditions in the toric
code, B, and B,,, condense either the e or the m particle. 3

In either case, the category of boundary line defects consists of two simple objects, [ and P,
which fuse as

I®lI=1 I®@P=P P®I=P P®P=1 (4.3.5)

All the associators and other data can be taken to be trivial.

The four elements in the center, say for 8., can be described as

1= (;pr=1,8p=1)

e=I;Br=108p=-1)

m=(P;p;=1,8p=1)

e=(P;pr=1,0p=-1) (4.3.6)

We recognize the required properties for generators of bosonic or fermionic 1-form symmetries.

The toric code also offers a very simple example of gauging a Z, symmetry at the level of
spherical fusion categories: the trivial Z, SPT phase is associated to a Z,-graded spherical fusion
category, with Cy consisting of the identity object I and C; consisting of P. Dropping the grading
gives us the Z, gauge theory/toric code.

4.3.3 Example: bosonic SPT phases and group cohomology

The group cohomology construction of bosonic SPT phases has precisely the form of a G-graded
Turaev-Viro partition sum, based on a G-graded category C with a single (equivalence class of)
simple object V, in each C, subcategory.

The associator is a map from V. to itself, which can be written as

e2mias(1,9.99'.99'9")

1Vgg/g//

where a3 is a 3-cocycle on BG with values in U(1). The cocycle condition is equivalent to the
pentagon axiom for the associator. Re-definitions of the isomorphisms V, ® V; ~ V,, used in
the definition will shift a3 by an exact cochain.

8In appendix C.3 we describe a fermionic boundary condition B, at which e condenses.
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Figure 4.3.12: Given a tetrahedron with a labeling of vertices by i € {0, 1,2, 3}, we orient
the edges such that vertex with label ¢ has ¢ incoming edges. This defines a local order on
the tetrahedron. Orientation is defined by using right-hand rule going from O to 1 to 2. If the
thumb points inward, we say that the tetrahedron is positively oriented as shown in (a). If
the thumb points outward, we say that the tetrahedron is negatively oriented as shown in (b).

We refer the reader to Figure 4.3.13 for a graphical explanation of the relation between as-
sociators and cocycle elements. An illustrative example is the non-trivial group cocycle for
G = ZQZ 1

az(0,6,e+€,e+¢€ +€") = 566/6// 4.3.7)
In terms of the cocycle ¢; defined by the group element on edges of the tetrahedron, a?g =
%61 Ue Ue. 0

We can describe the corresponding G gauge theory simply by ignoring the GG grading on C.
For future reference, it is useful to describe objects in the Drinfeld center of C. The bulk defect
lines (i.e. simple objects of the Drinfeld center) turn out to be labelled by a pair (g, x), where
g is an element of G and x an irreducible projective representation of the stabilizer G, of g in

G [141].

The pair (g, x) gives a center line of the form (V,*", 3, = x(g')). Notice that 3 only needs
to be specified if g and ¢’ commute, in which case it is a matrix multiple of the basis element of
Home(V, ® Vy, Vy @ V) =~ C. The definition of the Drinfeld center requires

VRN SN ) N w1

X(g’g”) — 2mias(l,9,99',99'9")—2mias(1,9',9'9,9' 99" ) +2mics(1,9",9'9",9'g g)X(gl)X(gH) (4.3.8)

and fixes the group 2-cocycle associated to the projective representation in terms of a3 and g.
Physically, this is a g-twist line dressed by a Wilson line.

% An alternative expression for the cocycle can be given via the Bockstein homomorphism: €; U €; is equivalent

modulo 2 to %561, where €; is an integral lift of €;. Thus we can write ng = %gl U €.
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(a) (b)

Figure 4.3.13: Bosonic SPT phases: (a) A positively oriented tetrahedron with generic sim-
ple elements on edges. We label the vertices such that an edge going from g to / is assigned
the element V-1;,. (b) The planar graph dual to the tetrahedron with all the morphisms as
canonical identity morphisms. The graph evaluates to the associator a3(1, g, g¢’, g¢'g"). No-
tice that the faces of the dual graph correspond to vertices of the tetrahedron and are ordered
correspondingly. Edges are oriented so that the face to the left is comes before the face to
the right. For example, the outer face in the dual graph is the first.
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4.3.4 Example: G-equivariant Z, gauge theory from a central extension

Consider a central extension R
0—Zy—G—G—0 (4.3.9)

We can take a G SPT phase and gauge the Z, subgroup.

The result is a G-graded category with C, consisting of two objects. If we denote the pre-
images of ¢ in G as (g,0) and (g, 1), then C, consists of Vo and V, ;. The fusion rule is given
by

‘/g,e & ‘/g’,e/ = ‘/gg’,e+e’+n2(g,g’)> (4.3.10)

where n; is the Zs-valued group 2-cocycle corresponding to the central extension.

We can now ask if the Z, gauge theory has Z, 1-form symmetry generators which are com-
patible with the G global symmetry, i.e. map each C, to itself. That means we should look for
objects of the center Z[C] which project to either V. o or V. ;. The former case corresponds to the
bare Wilson loop, which generates a bosonic Z, 1-form symmetry.

The latter case is more interesting, as the 2-cocycle for (e, 1)-twist lines may be non-trivial.
A (1,1)-twist line will be a bosonic (fermionic) Z, generator if we can find a 1-dimensional
projective representation of GG with appropriate cocycle and x((e, 1)) = +1.

This is a somewhat intricate constraint on the G 3-cocycle a3 defining the initial SPT phase.
Up to a gauge transformation, this constraint has a neat solution: &’; must be given in terms of a
group super-cohomology element (3, n2) as follows:

N 1

3 = V3 + 5712 U €. (4311)
Here v3 is an R /7Z-valued 3-cochain on BG satisfying the Gu-Wen equation (4.2.16), and where
€1 is the Zs-valued 1-cochain which sends (g, €) to €. It is easy to see that de; = no, and thus the
cocycle condition dais = 0 follows from the Gu-Wen equations. The fermion II corresponds to
the projective representation y((g,¢)) = (—1).

Of course, the form given here for a3 can be modified by gauge transformations. For exam-
ple, a transformation with parameter %el Uy no would give another representative:

N 1
Ay = Vs + 561 Une. (4.3.12)

with Ué =3+ %ng U1 na.

There are two complementary ways to arrive at this solution. In Appendix C.2 we give a
derivation based on the analysis of anomalies in the Z, gauge theory coupled to a G gauge field.
In Figures 4.3.14 and 4.3.15 we give a graphical/physical proof of 4.3.12 using the spherical fu-
sion category associated to GG. Essentially, the existence of a Drinfeld center element of the form
(Veq1; ) allows certain topological manipulations of planar graphs, relating two graph which
encode the left and right side of equation 4.3.11.

In particular, we can define v5 in terms of the spherical fusion category data as a tetrahedron
graph of (g,0) lines, with n, extra fermion lines at each vertex, exiting from the earliest face
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e+¢€ +n2(g,9")
Vag' Vigg',0)

Figure 4.3.14: Gauge-fixing: A graphical representation of the partial gauge-fixing proce-
dure used in computing the G group cocycle. Left: A choice of gauge is the same as a choice
of basis vector in the space of junctions between line defects in the full G category. Right:
we identify Vi, o) ~ V{1, ® V, o and identify V{; o) with the corresponding elements [ or II
of the center. We then express a general junction canonically in terms of a choice of junction
between line defects labelled by G elements. The double lines denote the center elements.
The empty circle represents any choice of how to connect the center lines in a planar way.

around the vertex and coming together to a common point where they are connected in a planar
manner, as in Figure 4.3.15 (b).

In conclusion, we have a bijection between Gu-Wen fermionic SPT phases and potential
shadows of G-symmetric spin-TFTs based on a Z, theory.

Notice that the pair (v3,n2) labels both the spherical fusion category and the choice of
fermionic line, i.e. it labels the II-category. The same spherical fusion category may admit
multiple candidate fermionic lines. For example, if we are given a group homomorphism A,
from G to Z,, we can dress II by a Wilson line for the corresponding representation, i.e. add a
(—1)* to 3. Then the same choice of &3 will give a v3 which differs from the original by \; Un.

As an example of the construction, consider G = Z4 as a Zs central extension of G = Zs.
Recall that H3(Z,,R/Z) = Z,. We claim that the generator of this group corresponds to a
shadow of a Gu-Wen fermionic SPT. Indeed, if [r);] is the generator of H' (G, Zy) = Z,, then the
extension class corresponding to G can be written as Nng = [%5771], where 7); 1s an integral lift of
m. Concretely, 1, is the Z, cocycle defined by the GG elements on the edges of the triangulation
and [£07);] measures the failure of the group law for a G lift of the G elements.

Therefore a possible solution of the equation (4.2.16) is

1 _
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(a) (b)

Figure 4.3.15: Gu-Wen fermionic SPT phases: (a) The planar graph dual to the tetrahedron
which computes @ in a gauge determined by the choice of morphism at the junctions. We
partial gauge-fix as in the previous Figure. The resulting web of center lines can be simplified
by bringing together all planar junctions and collapsing planar loops, up to resolving a single
crossing (See next Figure 5.4.2). Up to the corresponding sign, we obtain: (b) a graph which
depends on G elements only and defines 5.
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Figure 4.3.16: Intermediate computational steps relating a3 and v3. The planar intersections
(white circles) of center lines can be collapsed together safely, but the non-planar intersection
has to be resolved first, at the price of a sign (—1)"2(9:9)<",
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The corresponding 3-cocycle on G is

~ 1. 1

Qg3 — g 1 U 57]1 + 1(5771 U €. (4314)
Twice this cocycle is zl;ﬁl Uy ~ %ef , which is a pull-back of a 3-cocycle on G = Z, generating
H3(Zsy,7) ~ Zs. Therefore this cocycle represents the generator of H4(G, R/Z). 1° This is the
shadow of a Gu-Wen phase with symmetry Z,. It is an abelian phase, in the sense that the fusion
rules of the shadow TFT are abelian (based on an abelian group Z,).

Another solution of the Gu-Wen equations with the same ns is

vy = —%ﬁ U on. (4.3.16)
It differs from (4.3.13) by a closed 3-cochain iﬁuéﬁ whose class is the generator of H3(G,R/Z) =
Zs. In physical terms, these two Gu-Wen phases (and their shadows) differ by tensoring with a
bosonic SPT phase. Two more shadows of Gu-Wen phases are obtained by taking G = Zy X Zs.
In this case a3 is a pull-back of a 3-cocycle on G = Z,, which is otherwise unconstrained. Over-
all, we get four Gu-Wen phases with symmetry G = Z,. They are all abelian phases and are
naturally labeled by elements of Z,.

4.3.5 Example: Z,-equivariant toric code vs Ising

The toric code has a Z, symmetry which exchanges e and m, which is not manifest as an on-site
symmetry in the standard microscopic formulation of the theory.

The symmetry can be made manifest by extending the category of boundary line defects to
a Zo-graded category which includes boundary twist lines for the Z, symmetry and using the
extended category as an input for a state sum or a string-net model.

As the Zy symmetry exchanges the 5. and ‘5, boundary conditions, the boundary twist lines
interpolate between B, and B,,.

Concretely the Z,-graded category can be identified with the Ising fusion category (see [142]
or appendix B of [143] for a detailed discussion). There are three objects /, S, P fusing as
PS=S®P=Sand S® S = I & P. The object S belongs to C;, I and P to Cy. The
nontrivial associators are

a(P,S,P): (P®S)® P=P®(S® P), (4.3.17)
a(S,P,S): (S®P)®S—=S®(P®S), (4.3.18)
a(S,5,9): (S®5)®5—5®(S®S9). (4.3.19)

10 Alternatively, we can re-write it directly in terms of the Z4 cocycle 6%4 = 71 + 2¢;. Itis easy to verify that a3
is co-homologous to

1 1. N N 1. N 1 . . .
16?4 U 6%4 U 6%4 = 1’171 UmUmn + 5771 UmUer + 5(61 Um +mU 61) Un, (4.3.15)

modulo 1.
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The first one, regarded as an endomorphism of S, is —1. The second one, regarded as an en-
domorphism of I @ P, is a vector (1, —1). The last associator is determined by the pentagon
equation only up to an overall sign: the associator morphism regarded as an endomorphism of

S @ S is a matrix
(1 1
A (1 _1> , (4.3.20)

The fusion rules can be explained as follows. The fusion rules for C; are the usual fusion
rules for the boundary lines on the ‘B, boundary. Since S is the termination of a Z; domain wall
which implements the particle-vortex symmetry transformation, we must have S ® S D I.: this
means that a domain wall shaped as a hemisphere ending on a ‘B, boundary can be shrunk away.
Finally, shrinking away the same hemispherical domain wall in the presence of a Wilson line P
shows that S ® S D P. The associators are fixed by the pentagon equation, up to an ambiguity
in the sign of A [142].

where A = ++/2.

This identification of the Ising category with the Z, equivariant version of the toric code
is consistent with the observation that gauging the Z, symmetry of the toric code produces the
quantum double of the 3d Ising TFT, i.e. a TFT whose category of bulk like defects is the product
of the Ising modular tensor category and its conjugate.

The Ising modular tensor category has three simple objects 1, o, v which fuse just as 7, .5, P
above. The quantum double (i.e. the Drinfeld center of the Ising fusion category) has bulk quasi-
particles which are the product of 1, 7,1 and 1,7, ¢). The 1%} particle is a boson to be identified
with the Wilson loop. The 1/ and 1) fermions are two versions of the original ¢ particle. Thus,
for a fixed A, there is a two-fold ambiguity in the choice of the fermion II for the Ising fusion
category. More precisely, crossing either 1 or 1) with P gived —1, while crossing a fermion with
S gives a phase £2 satisfying [143]

E+¢E = (4.3.21)
The two solutions of this equation correspond to taking IT = 1/ or I = ). It is easy to see that
¢* = —1, so taking into account both the freedom in choosing )\ and the freedom in choosing

IT we get four Zs-equivariant versions of the toric code with a fermionic Z, 1-form symmetry.
They can be labeled by &, which is a fourth root of —1. The four versions of the theory are on
equal footing, since none of the four roots is preferred.

Recall that fermionic SPT phases with a unitary Z, symmetry have a Zg classification [?,?,

]. Four of them correspond to Gu-Wen supercohomology phases. We will argue below that
the shadows of the other four phases are given by the four versions of the Ising fusion category
equipped with II. The latter phases are non-abelian, in the sense that the fusion rules of the
shadow TFT are not group-like.

4.3.6 Example: Ising pull-backs

If we are given a group GG with a group homomorphism 7; : G — Zs, we can define a G-graded
Ising-like category as follows.
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If m1(g) = 0, we take C, to consist of two simple elements, /, and P,. If 71(g) = 1, we take
C, to consist of a simple element S,. We take the fusion rules to mimic the Ising category:

Voe ® Voo = Vg exers (4.3.22)
Voe ® Sgp = Sgg (4.3.23)
Sg ® Vg = Sgq', (4.3.24)

SgSq = Vagro+ Vg1, (4.3.25)

where we denoted I, = Vo and P, = V, ;. The associators can be taken from the Ising category.

The center particle with boundary image P, and [ taken from the fermion in the Ising cat-
egory example equips this category with a fermionic 1-form symmetry. We will call the corre-
sponding G-equivariant TFT an Ising pull-back and denote it Iﬁl. It depends on a parameter &
satisfying ¢ = —1 as well as 7, : G—Z,. We will see below that it is a shadow of a fermionic
SPT phase with symmetry G' X Zg .

A richer possibility is to consider a long exact sequence of groups
0—Zy = Go— G = Zy — 0, (4.3.26)

WhereA we denote the homomorphism from G to Zs by 7. The kernel of 7, will be denoted G,
then Gy is a central extension of Gy by Z,. Let ny be a 2-cocycle on GG corresponding to this
central extension.

If m1(g) = 0, we take C, to have two simple objects, V, ., € € Z,. If m1(g) = 1, we take C, to
have a single simple object S,. We again take the fusion rules to still mimic the Ising category:
SgSq = Vg0 + Vg 1, €tc., but now require the V; = V, . fusion to follow the G, multiplication
rules.

It follows from the results of [145] that for any such long exact sequence there exists a fusion
category with these fusion rules, provided a certain obstruction [04] € H*(G,R/Z) constructed
from ny, and 7; vanishes. Possible associators depend are parameterized by a 3-cochain v3 €
C3(G,R/Z) such that vz = O4. As argued in appendix C.2, such a category has a fermion
if and only if [n,] is a restriction of a class [3;] in H?(G, Zy), in which case 3 must satisfy
the Gu-Wen equation (4.2.16). This TFT is a candidate for a shadow of a fermionic SPT phase
with symmetry G' X Zg. One can view this theory as a G-equivariant version of the toric code,
where some elements of G act by particle-vortex symmetry, and the fusion of G domain walls
is associative only up to e and m lines. This failure of strict associativity is controlled by the
extension class ny € H%(Gy, Zs).

Thus we obtain categories labelled by a triple (3, 12, 71 ) (and a choice of a fermion) which
are shadows of fermionic TFTs with symmetry G. We will see below that all these TFTs are
fermionic SPT phases, i.e. they are “invertible”. On the other hand, one may argue that shadows
of fermionic SPT phases with symmetry G must be GG-equivariant versions of the toric code.
Indeed, the component C; of such a category must contain the identity object, the fermion II, and
no other simple objects, since condensing the fermion must give an invertible fermionic TFT.
The fusion rules for C; must have the same form as in the toric code, because Il generates a
Zo 1-form symmetry, and the associator for C; must be trivial for II to be a fermion. Thus C;
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Figure 4.3.17: Z, 1-form symmetries: (a) There exists a bulk line b with properties shown in
the figure. (b) Half-braiding b lines across each other gives a factor of -1 when compared
to b lines without braiding. The factor of +1 arises for a bosonic 1-form symmetry and
—1 arises for a fermionic 1-form symmetry. This minus sign implies that the symmetry is
anomalous.

describes the toric code, and C = | g C, is a G-equivariant extension of the toric code.

4.3.7 Gauging one-form symmetries in the presence of gapped boundary
conditions

Given a gapped boundary condition for T;, we can derive in a simple manner a gapped boundary
condition for T7,. Here we describe the process at the level of boundary line defects. In later
sections we will test it at the level of partition sums and commuting projector Hamiltonians. !

We start from a spherical fusion category C, equipped with a bosonic Zs one-form symme-
try generator B = (b, 3), an element of the center Z[C] such that 5, = 1,g, and there is an
isomorphism &, : b® b — I suchthat { ® 1 = 1 ® £ in Hom(b ® b ® b, b).

In the condensed matter language, our objective is to condense the anyon 5. The general
mathematical formalism for anyon condensation is described in [146]. It should be applied to
the commutative separable algebra A = [ + B. We will use a somewhat simplified procedure
for concrete calculations.

We then define a new category COZ2 with the “same” objects and enlarged spaces of mor-
phisms:
Homcg2 (Uy, Vo) = Home, (U, V') & Home, (U, b @ V) (4.3.27)

The new morphisms should be thought of as B-twisted sectors. The morphisms are composed
with the help of the b ® b — 1 map and the tensor product is defined with the help of 3, as in
Figure 5.3.7.

! Although we specialize here to a Z, one-form symmetry, the same procedure works for a general Abelian group
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Figure 4.3.18: Construction of COZQ: (a) A morphism can involve a b line or not. Notice
that the direction of b line is irrelevant as it is equal to its dual. (b) Composition of two
morphisms involving a b line is obtained by using the canonical map from b ® b to identity
to join the b lines. (c) Tensor product of two morphisms involving a b line is twisted by a
half-braiding of b across V;.

The image of simple objects under this map may not be simple: if X is simple, b ® X is also
simple and may or not coincide with X. In the former case, Homcz2 (Xo, Xo) is two-dimensional
0

and X, will split into two simples X .

We then add to C?Q the simple summands of the objects inherited from C,. Concretely, X(;—L
can be described as X, with the insertion of a projector W;t( along the line. The projectors will be
linear combinations of the generator 1x of Homg, (X, X') and the generator x of Homg, (X, b ®
X'). We can compute £% = nx1x and define projectors

1
X = 5(1)( + (nx)%x) (4.3.28)

Notice that if b is the identity line in C;, the identity in C(?Q will itself split.

The final result will be a spherical (multi-)fusion category C2>. We can extend C>> further
to a Zo-graded category in the following manner. We extend the original category C, to a new
graded category C, X Zo, a direct sum of 2 copies of C,. We extend the Z, 1-form symmetry to
Cy» X Z5 by the center element (b, 3 x (—1)¢), where B it taken to lie in C, x {0} and we twisted
the original 3 by a sign when crossing a line in C x {1}.

Finally, we proceed as before using the extended center element. Objects in C, X {€} map to
objects in CZ2. Concretely, the only difference between objects in C?Q and Cle is an extra sign in
the tensor product of morphisms which appear when the b line crosses a 6122 object.
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4.3.8 Example: 1-form symmetries in the toric code

Consider again the spherical fusion category C modelled on Z,, with two objects 1 and P fusing
as P ® P ~ 1 and trivial associators.

The Wilson loop in this Z, gauge theory is the object ¢ = (1,5p = —1) in the center of
the category. It is a boson generating an “electric” Z§ 1-form symmetry. If we gauge this 1-
form symmetry, we obtain a category C. with elements [, P, with a two-dimensional space of
morphisms. We can denote the generators of these morphisms as 11, &;, 1p, £p. We have €2 = 1,
and 2 = 1p.

We can decompose Iy = [T + 17~ and P, = P~ + P~". Working out the fusion rules,
we find a multi-fusion category, with P™~ and P~ being domain walls between the two vacua.
Each vacuum has a trivial category of line defects.

Adding twisted sectors gives us two new objects, I, = I~ + "t and P, = P*" + P~
Hence our final graded multi-fusion category has has four sectors, C., each consisting of an
element of grading 0 and an element of grading 1. Physically, this is a boundary condition with
two trivial vacua, each described by the trivial Z,-graded fusion category.

This makes sense. We obtained the toric code by gauging the Zs global symmetry of a trivial
theory. In the absence of boundary conditions, gauging the dual 1-form symmetry effectively
ungauges the Z, gauge theory. In the presence of boundary conditions, gauging the standard Z,
symmetry with Dirichlet b.c. leaves us with a bulk Z, gauge theory with a residual Z, global
symmetry at the boundary. This can be thought of as a Z, gauge theory coupled to a boundary Z,-
valued sigma model. After we gauge the 1-form symmetry, the boundary sigma model remains
and the extra Z, global symmetry is spontaneously broken.

On the other hand, gauging the 1-form symmetry generated by m leads to a category C,, with
two isomorphic simple elements [y, Fy. This is again a trivial category of line defects. Adding
twisted sectors, we find two more isomorphic objects, I; and P;. We have obtained again the
trivial Z,-graded fusion category.

4.3.9 The II-product of shadows

The product of two theories T and ‘I’f is equipped with a bosonic line [1IT" which generates a
standard bosonic Z, 1-form symmetry. If we gauge IIII’, we obtain a new theory which we can
denote as Ty x; T’. This new theory still has a fermionic 1-form symmetry, generated by II,
or equivalently II’ (the two coincide in the new theory). It is our candidate for the shadow of
T X T,

The shadow product Ty x ;T'; should be associative, as it corresponds to the product operation
of the corresponding spin-TFTs. This is quite clear from the definition as well: the product of
three shadows contain bosonic generators ITIT’, II'I1” and III1” generating a Zy X Zs 1-form
symmetry. Gauging the two Z in any order should be equivalent to gauging both. In the language
of anyon condensation, we are condensing the algebra A = [ + IIII' + IT'I1" 4 TII1".
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We would like to explore the group structure of the candidate fermionic SPT phases we
have encountered until now. Recall that we have introduced two basic classes of fermionic SPT
phases: Ising pull-backs Z¢ [G] and Gu-Wen phases G, ., [G].

Gu-Wen SPT phases

As a simple example, consider two Gu-Wen phases G, ,,|G] and Gy, 7,[G]. We can take the G-
graded product of the corresponding categories. The result is a G-graded category with objects
V.. which fuse according to a Z, x Z, extension G’ of GG, with cocycle (ng, 712) and associators
Qs03.

The bosonic symmetry generator is V, 1 1, equipped with crossing (—1)*¢. As we gauge the
symmetry, we will extend the morphisms so that V;fgg and Vg(fe +1,z11 become isomorphic. Keep-
ing this identification into account, the resulting objects will fuse according to the Z, extension
G of G associated to the cocycle ng + no.

Computing the associator of the new category takes a bit of effort. For concreteness, we can
. . . 0 . . 0
pick representative objects V' ,. When we multiply them, we obtain, say, V, . +n2(1,9,99) 712 (1,,9")

which has to be mapped back to V° by inserting n2(1, g, g¢') extra in-

& 99" e+e'+n2(1,9,99')+n2(1,9,99'),0
tersections with IIII lines.

We can gauge fix and then compute the associator via the tetrahedron graph. We obtain
v3z(—1)abn2tn2ba where ¢, encodes the first Z, grading of the elements placed on the edges.
This differs from v5i5(—1)"2+72)Y4 by a sign

(_1)61Uﬁ2+fl2U61 — (_1)5(61U1ﬁ2)+51U15ﬁ2+561Ulflg (4329)

The second term above is zero and the first term can be absorbed into a gauge redefinition of the
associator. Hence, we obtain a new Gu-Wen super-cohomology phase (v}, ns + fy) with

I/é = I/3§3(—1)n2u1ﬁ2 (4330)

This is indeed the expected group law for Gu-Wen fermionic SPT phases.

The squared equivariant toric code

Another interesting example is the product of two equivariant toric codes. The resulting Z,-
graded category has objects I/, PI, I[P, PP in Cy and S'S in C;. The bosonic generator is then

Pep.

We choose the two fourth roots &; and & of —1 which identify specific Ising II-categories 7!
and Z¢2. Recall that only ¢2 affects the crossing phases. A flip & — —¢ changes the associator
SSS and thus effectively twists the category by a Z, group cocycle, i.e. multiplies the theory by
a bosonic Z, SPT phase.

Gauging the 1-form symmetry leads one to identify the pairs I1° ~ PP® and PI° ~ IP°,
while S'SY will split into some S9 and S°.
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Fusion of SS° with PIY from the left involves crossing 17 across PI and hence flips the
sign of the non-trivial morphism of S.S° to itself. On the other hand, fusion with PI° from the
right flips the sign of the non-trivial morphism because of non-trivial PSP associators for Ising
category. We thus learn that P1° ® S9 = S ® PI° = 5% and PI' ® S° = S° @ PI° = S9.
These fusion rules do not depend on &; or &.

The fusion rules involving S¢ and S°, on the other hand, are affected by the Js crossing
phases. We find that if §; = &, or more generally £7¢3 = —1, we have S9®S] ~ S°®S° ~ PI°
and SY ® S? ~ 5% ® 59 ~ II": the objects in the new category fuse according to a G =17
group law, generated, say, by S?. We demonstrate an example of computation of fusion rules for
this case in fig. 4.3.19.

The G = Z4 can be regarded as a Z, central extension of G = Zy with Vg = I1 0, Vo =
PI°, V1o =S% and V;; = S°. It can be easily checked that PI° equipped with crossing (—1)¢
is a fermionic bulk line. The result is the shadow of Gu-Wen phase for a Z, global symmetry,
with Z, being the central extension.

On the other hand, if &7 = 1, we have S{ ® S} ~ S® ® S? ~ [I° and S ® S° ~
S? ® S% ~ PI°: the objects in the new category fuse according to a G = Lo X s group law.
We can set, say, Voo = I1°, Vo1 = PI°, V1o = SY and V1 ; = SY. The result is the shadow of a
Gu-Wen phase for a Z, global symmetry, with trivial central extension, i.e. a bosonic SPT phase.

We still need to compute the associator az(&;,&2). We can compute the associativity phases
for SY from the associator for SS ® SS ® S5 or by evaluating some tetrahedron planar graphs.
The general calculation is somewhat tedious and we will omit it. It should be obvious that if
&1& = 1 all crossing or associator phases will cancel out among the two theories. Thus we
expect to obtain a trivial associator as well as the trivial group extension. Thus we claim

TEx; T8~ T (4.3.31)

where [ denotes the trivial Zy SPT phase. In particular, this proves the claim that the Ising
II-category is the shadow of an SPT phase!

On the other hand, Z¢ x ; Z¢ will be a root Gu-Wen Z, SPT phase, which one of the two being
determined by the value of £2, as the sign of £ can be changed by adding a bosonic SPT phase.
We can compute v3 for that phase by looking at graphs involving S and identity lines, with II
lines emerging from junctions with two incoming S, lines. The only source of interesting phases
is the crossing phase of the fermion and S.. We find that if £? = 4=, then v5 = i}lm Umny Un.

Ising pull-back and Gu-Wen

We can combine the Ising pull-back category with homomorphism 7; with a Gu-Wen phase.
The G-graded product has objects I, ., P, . or S, . depending on the value of 7 (¢g). Gauging the

bosonic 1-form symmetry identifies P_, with I ., and Sy with Sy 1.

We can restrict ourselves to objects [;6, or Sg’o. Effectively, the ny cocycle has been restricted
to a cocycle n9 on Gy = ker 71. The fusion rules of this category mimic our example based on a
long exact sequence

0= 7o — Gy — G — Ty — 0 (4.3.32)
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Figure 4.3.19: A sample computation of fusion rules in shadow product of two equivariant
toric codes with §; = &: S ® SY is by definition a sum of four terms which involve
associators and crossings. /I inside SS ® SS is mapped to zero object as second term
cancels against the third and the first term cancels against the fourth. PI is mapped to PI by
the first and fourth terms and to I P by the second and third terms. Hence, S} ® S9 ~ PI°.

One might wonder what happens to the rest of the data of the n, cocycle which is not captured by
n9. This data goes into the associators for the new category. In particular, it is possible to extract
the values of ns(g, ¢') from (relative) signs of certain associators. This is of course true in the
Gu-Wen case as well, where ns(g, ¢') is also encoded, for example, by the sign in the associator
(Voo ® Vyo) @Vig = Vi ® (Vo ® Vig).

The associators can be determined from tetrahedron graph by inserting the bosonic line P ;
at appropriate junctions. All of them can be written (modulo factors of square root of 2) as 3
times a sign which depends on n,, the choice of morphism S ® S — (I, P) and € grading of
lines. We show two sample associators and their results in Figure 4.3.20.

Choosing ¢ = 1, ¢ = 0 and g to be identity in Figure 4.3.20(a) tells us that the associator
equals (—1)"2(9"9") This means that sign of this associator determines 75 (g’, g”) for such that
m(¢') = 0 and m;(¢”) = 1. Similarly, we could compute the associator of I, ., Sy o and I,
and choosing g as identity, ¢ = 1 and ¢’ = 0 would determine ny(g’, ¢”) such that 71 (¢') = 1 and
m1(g") = 0. Determining ns(g’, ¢") such that 71 (¢') = 1 and 71 (¢”) = 1 is a bit more non-trivial.
It is determined by the associator in Figure 4.3.20(b) when we choose € = 1, m = ny(¢’, ¢”) and
the particular n for which the graph evaluates to a non-zero number. Notice that there is only one
such n.

We will verify now that every long sequence example can be obtained in this manner.

Ising pull-back and long exact sequence with the same 7,

The product category has objects V,, ., PV, . and SS,,. The bosonic generator is associated to
P, ;. Condensation will identify V,, . and PV, .4, and split S.S,, to Sy, ..
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Figure 4.3.20: Two sample computations of associators for a phase corresponding to long
exact sequence. The values at the starting of double lines encode the number of P ; lines.
We leave the argument of n, self-evident as it can be read from the diagram. m and n are
numbers (defined modulo 2) associated to the choice of morphisms at the junctions where
two S lines converge and diverge respectively. m is 1 if it corresponds to the morphism
S ®S — Pand Q0 if it corresponds to S ® S — I. n is defined similarly. The graph in (b)
evaluates to a non-zero number only if ns(¢’, ¢") +n2(g, ¢'g") +n2(99’, g") +e+m+n =0
which is the same as ny(g,¢') + € + m +n = 0. As a result of this, the double lines
always come in pairs. The graphs in (a) and (b) imply that the associators respectively are
(—1)<(+n2(0"9") g and A+ (1) where ) is a square root of 2.
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It turns out that the consistency of fusion rules completely constrains them. First of all, we
don’t physically expect any of S, . ® Sy  to be the zero object. This implies that they must fuse
to a single object since the fusion of sums (S, 0 @ S;1) ® (S0 B Sy 1) is equal to sum of four
objects Vg0 @ Vg0 @ Vygr1 @ Vg 1. Using similar arguments, we find that the fusion of two
simple objects must be a single simple obejct. Second, V; , and V,; must map Sy . to different
objects. If, on the contrary V, o ® Sy ~ V1 ® Sy =~ Sgq .0, then we could fuse by Sy o
from the right to find that the elements in subcategory associated to GGy do not fuse according to
a cocycle, leading to a contradiction. Third, the fusion of S elements with themselves must be
captured by a cochain. This can be shown using a similar argument as above. This cochain can
be combined with the cocycle for (G to give rise to a cochain for G governing the fusion rules
for the full category. Associativity of fusion then implies that this cochain must be a cocycle 7.

Thus, we see that this is a Gu-Wen extension example, with objects V,, . and V,, . = S, ..
As T8¢ , and Ifrl_l are inverse to each other, we can express any long exact sequence example as
the IT-product of Z¢ and a Gu-Wen phase.

Product of long exact sequence examples

In a similar manner, we can verify that the X ; product of two long exact sequence examples is
a new long exact sequence example. The product has a bosonic line V, ;V; ;. Let m; and 7, be
respectively the two homomorphisms.

e In the m,(g) = 71(g) = 0 sector, gauging the bosonic 1-form symmetry identifies VoV
with V, .1V, «+11 and we can choose representative objects as Vg’f_ = V3.eVa0-

e Inthe m(g) = 0,71(g9) = 1 sector,Vg,Egg is identified with Vg,ﬁﬂgg and we choose repre-
sentative object S, = Vj 0.5,.

e In the m(g9) = 1,m1(g) = 0 sector, S,V,.e is identified with S,V, ., and we choose
representative object .S, = Sy Vg 0.

e In the m;(g) = 71(g) = 1 sector, S,S, splits into two objects (as in the product of two
equivariant toric codes above) which we denote as V,; and V.

The fusion rules of representative objects can be obtained analogously to the examples above.

This can be identified with a long exact sequence
0 =7y =G —-G—=7Zy—0 (4.3.33)

with G — Z, homomorphism 7} = m; + 7. It is somewhat trickier to determine the G’ central
extension: while the restriction to m1(g1) = 71 (g1) = m(g2) = 7 (g2) = 0 coincides with
n2(g1, g2) + na(g1, g2), the rest of it depends on the details of the associators of the two initial
categories.

We can attack the problem by specializing first to Ising pull-backs.
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4.3.10 Triple products and quaternions

In consideration of our analysis, we expect some relation of the form

-1

I5, [G) % I3, [G) = Gty nt @) mami m )G % 1 T

!
T +71'1

[G] (4.3.34)

We switched the £ phase for the Ising pull-back on the right hand side for future convenience.

In order to extract the Gu-Wen phase which appears in this expression, we consider the triple
product
gVB(TFLW{),m(WMri)[G] = Ifrl [G] Xf A

T14T]

(G) x5 I, (] (4.3.35)

The details of the calculation only depend on the image of GG group elements under 7 and
1. Without loss of generality, we can do our computation for G = Z, x Z/, with 7; and 7} being
the projections into the first and second factor respectively. The general answer will be obtained
by pulling back the Z, x Z!, answer by m; x .

This is a rather non-trivial calculation, but it is somewhat simplified by the permutation sym-
metry acting on the triple 7y, 7}, ™ + 7], although gauge-fixing choices may break the symmetry
at intermediate stages of the calculation. The [n] cocycle is actually independent from £2: a shift
of £2 will be implemented by multiplying by the root Gu-Wen phase pulled back along 7, 7/
and 7, + 7, which shifts the cocycle by

mUm +muUm + (m+7)U(m +7) =m U +m Um (4.3.36)

which is exact.

It turns out to be possible to pick a gauge-fixing in which 7 is at least cyclically symmetric.
We take triple product of elements of various Ising categories in the order mentioned in (4.3.35).
For instance, m; = 0,7] = 1 sector contains elements of the form /.SS and PSS. The lines
IPP, PIP and PPI giverise to a Zs X Zs bosonic 1-form symmetry. There are two choices of
junctions between these three lines. They correspond to canonical junctions between I PP, PI P
and PPI lines taken in clockwise and counter-clockwise order respectively. Their product is
clearly equal to 1 and their square is —1 as it involves a crossing. Hence, when we bring together

these centre lines in calculations, we multiply the canonical junctions by 7 and —: respectively.
12

When we condense, the three lines generate three non-trivial morphisms such that the product
of two of these gives rise to the third. We choose PPI to identify /.SS with PSS, IPP to
identify SIS with SPS, and PIP to identify SSI with SSP in a cyclic fashion. Similarly,
we choose I PP to split I.S.S into 1SS, and 1SS _ etc. in a cyclic manner. We summarize our
choice of objects in the condensed category:

e In m; = 7w} = 0 sector, the objects are //] and I PI. IPI equipped with an appropriate
crossing is the generator of fermionic 1-form symmetry. We rename /// and [ PI as V;
and V_; respectively.

12In the language of anyon condensation, this is the chocie of maps A ® A — Aand A — A ® A with good
properties.
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e In m = 0,7 = 1 sector, the objects are /.55, and 15S_. We rename them as V..
e Inm = 1,7} = 0 sector, the objects are SSI; and SSI_. We rename them as V.

e In m; = 7} = 1 sector, the objects are SIS, and SPS_. We rename them as V.

Some of the computations of fusion rules are completely analogous to the case of squared
equivariant toric code. These are (+¢)®(—1) ~ (—1)®(+q) ~ F¢, q®q ~ —1 and ¢ (—q) ~ 1
where ¢ denotes either one of ¢, j and k.

The other computations are analogous but we have to be careful about choosing correct sign

for the junctions of three bosonic lines. We show how these junctions arise in a sample compu-
tation in 4.3.21. The final result is captured by the quaternion group:

i=—ji=
1k=—kj =1
ki=—ik=j (4.3.37)
This corresponds to the cocycle
ne(m, ) =mUm +mUm, +m Um (4.3.38)

This describes the quaternion group as a Z, central extension of Z,y x Z)!

The extension indeed enjoys S5 permutation symmetry, up to a gauge transformation : — —1,
Jj — —Jj, k — —k for odd permutations.

Computing v3(m, 7/, €) is of course rather more cumbersome. We leave it as an exercise for
the enthusiastic reader.

4.3.11 The group structure of fermionic SPT phases

The dependence of Z¢[Z,] on £ is very mild: we can change £ to another fourth root of —1 by
multiplying it by one of the four Z; Gu-Wen phases. Correspondingly, we can change £ in Zfrl [G]
by multiplying it by the pull-back along 7; of one of the four Z, Gu-Wen phases. Consequently,
we can just stick to a specific choice of £ in the following.

We expect all fermionic SPT phases to take the form G,, ., [G] ® Z¢ [G]. We could label such
a phase by a triple (v3, no, 7). It is natural to ask what is the group law for such phases.

We know that the product of two Gu-Wen phases is another Gu-Wen phase, with addition law

gV377l2 X gyé,né = gyg—i—l/é—i—%ngulné,ng—&—ng (4339)

This can be expressed as the statement that the group G[G|] of Gu-Wen phases is a central exten-
sion

0 — H*BG,U(1)] = G[G] — H*[BG,Zy] — 0 (4.3.40)
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Figure 4.3.21: The figure depicts various terms in the computation of 1SS, ® SSI,. We
need to convert SPS into SIS using the chosen isomorphisms. This results in junctions of
the three bosonic lines with appropriate signs. After taking into account various factors from
associators, crossings and junctions, we obtain /.55, ® SSI, ~ SIS..

with cocycle $ny Uy nfy valued in H3[BG, U(1)].

Similarly, when we add Ising pull-back phases the 7 cocycles add up. Hence the group of
fermionic SPT phases F |G| of the form (5, no, 7 ) will be a central extension

0 — G[G] — F[G] — H'[BG,Zy] — 0 (4.3.41)
The G[G]-valued cocycle G, for this extension can be computed by the relation

T5, 1G] % T, [G] = Go(mi, w1, €) X IS (G (4.3.42)

T14m]

Comparing with our previous computation, the change =1 — ¢ on the right hand side shifts ng
by (m + ) U (71 + 7). Thus Go(mq, 77, €) has cocycle

no(my,m) = m Um (4.3.43)

This corresponds to the dihedral group extension of Z, x Z).

A standard presentation of the dihedral group is given by elements a and b such that a* =
b> = 1 and aba = b. In our case, we can choose V, = SIS, and V}, = SSI,.
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Figure 4.4.1: The first step of a swiss cheese construction: the manifold is triangulated, and
spherical holes are opened up at the vertices of the triangulation.

4.3.12 Il-categories and II-supercategories

There is a known relationship between II-categories and super-categories which is analogous the
the relation between C, and Cyz, in the bosonic case [137].

Given a II-category Cy, we can build a super-category C; whose even morphisms are Home, (X, Y')
and odd morphisms are Home, (X, Il ® Y'). This is a “II-supercategory”, i.e. a super-category
equipped with an object II with is odd-isomorphic to /. Vice versa, we can go from a II-
supercategory to a [I-category by dropping the odd morphisms.

In a previous work [118] , we sketched a state-sum construction based on spherical super-
fusion categories. For simplicity, we assumed the spherical super-fusion category had no Majo-
rana objects, i.e. irreducible objects with an even and an odd endomorphisms. If we take the “II-
envelope” of such a super-category we will get a II-supercategory with an even and an odd copy
of each irreducible object. Dropping odd morphisms we get a II-category. The state-sum con-
struction given in [ 18] builds up the spin TFT whose shadow is associated to this II-category.
In the next section, we will formulate the state-sum construction for general II-categories. It
should be possible to re-formulate it in terms of the associated super-categories, with or without
Majorana objects.

4.4 Spherical fusion categories and state sum constructions

It 1s instructive to review the physical derivation of the Turaev-Viro construction for a 3d TFT
with a single vacuum and a gapped boundary condition.

We begin with the observation that such a topological field theory ¥ associates a one-dimensional
Hilbert space to a two-sphere. Thus a boundary ‘B with the topology of a two-sphere must create
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Figure 4.4.2: The second step of a swiss cheese construction: we connect the holes by tubes

running along the edges of the triangulation. A special line is added around the tubes to
make them trivial.

<2\ I

ﬂ

"

Figure 4.4.3: The third step of a swiss cheese construction. The complement of the holes is a
collection of solid cylinders running through faces of the triangulation, fused at tetra-valent
vertices inside the tetrahedra. The cross-section of the solid cylinders is a disk with three
boundary punctures. We insert a complete basis of states along each cylinder.
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a state in that Hilbert space which is proportional to the state created by a three-ball, with some
specific proportionality constant Csys which depends on the theory and on the boundary condition.

Consider a three-manifold M, say with no boundaries, for which we want to compute the
partition function. Equip M with some triangulation. Up to a factor of Cy for each vertex, the
partition function of M will be the same as the partition function of a manifold M’ obtained
from M by removing a small ball around each vertex of the triangulation and replacing it with a
spherical boundary of type ‘B. See Figure 4.4.1.

We can enlarge the holes in M’ until the spherical boundaries collide with each other, so
that each hole almost fills the corresponding 3-cell in the cell-decomposition of M dual to the
triangulation. The manifold M’ looks like a foam of empty bubbles.

Next, we can “pop” the walls between bubbles. Concretely, this requires us to carve out
parts of M’ with the topology of a cylinder with 98 boundaries at each end, i.e. [0,1]g s X
D?. The manifold is cut along the annulus [0, 1] s x OD?. The path integral on the cylinder
produces some state in the Hilbert space associated by the theory to the annulus with ‘5 boundary
conditions on the edge. We can replace the cylinder by some other geometry bounded by the
same annulus, as long as they produce the same vector in the annulus Hilbert space.

An example of such geometry is half a solid torus, bounded by that annulus and by an an-
nulus with ‘B boundary condition, decorated by some boundary line defect L; running along the
annulus. It is natural to expect such geometries to produce a basis in the Hilbert space as the
choice of L; is varied over all simple objects. '* Thus the cylinder path integral should produce a
state which can be decomposed as a linear combination of these elements, with some coefficients
¢;. The correct choice of ¢; is known to coincide with the quantum dimensions d;.

We use the replacement of the cylinder geometry with the decorated half-solid torus to open
holes in all the walls between bubbles, once for each 2-cell in the cell-decomposition of M dual
to the triangulation. The result is a sum over manifolds M’ labelled by the choice ¢ of lines for
each 2-cell. See Figure 4.4.2.

We can enlarge the holes in the walls until they almost fill the corresponding 2-cells in the
cell-decomposition of M dual to the triangulation. The manifold M/’ looks like the 1-skeleton
of the cell decomposition. Each 1-cell between 2-cells associated to lines L;, L;, L;, corresponds
to a component of the manifold with the cross-section of a disk with three punctures where the
three lines L;, L; and Ly lie. See Figure 4.4.3.

Finally, we can cut the 1-cells by using the Hilbert space associated to the disk with three
boundary punctures. We can identify this Hilbert space with the space V;;;, of local operators
available at a junction between defects L;, L;, L;, by the state-operator map. Inserting a complete
basis of states across each 1-cell we decompose the three-manifold to a collection of three-balls,
with a tetrahedral graph of line defects drawn on the boundary. See again Figure 4.4.3. The
partition function for each decorated three-ball can be evaluated using the data of C.

These three steps express the original partition function as a state sum involving ingredients
which can be computed fully in terms of the category C of boundary line defects. If we take the

13This should be analogous to the statement that solid tori with a bulk line defect give a basis of the Hilbert space
associated to a torus.
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basis of boundary line defects L; to consist of the simple objects in C we obtain the Turaev-Viro
state sum.

The physical construction suggests that more general choices of collections of objects in C
should also reproduce the same partition sum, as long as one picks the correct ¢; coefficients to
reproduce the correct sum of simples » . d; L.

The construction can be extended to more general three manifolds, including a variety of
extra topological defects. It is very simple to add boundaries with ‘B boundary conditions and
arbitrary graphs of boundary line defects drawn on the boundary. This leads to the same state
sum over a cell complex with boundary. '4

Another important example are bulk topological line defects, which turn out to be labelled
by elements of the Drinfeld center Z[C] of the spherical fusion category. Concretely, an element
of the Drinfeld center is an object in C equipped with choice of canonical junction as it crosses
any other element. The data encodes the image of the bulk line when brought to the boundary.

The bulk lines Y,, “run” along the 1-skeleton of the construction, resulting into a modification
of the vector spaces which appear along the 1-cells to the spaces V,.; ;i of local operators available
at a junction between defects Y,,,L;, L;, L.

4.4.1 Symmetries

The Turaev-Viro construction can be refined to deal with three manifolds equipped with a non-
trivial flat connection for a discrete group GG [130]. The starting point of such a construction
is a G-graded spherical fusion category C, which consists of a collection of sub-categories C,
labelled by elements of GG. Essentially, the flat connection is represented on the triangulation by
group elements on the edges of the triangulation and the state sum decorates edges labelled by g
with objects in C,.

The output of the construction is a topological field theory with a non-anomalous G global
symmetry. The theory is equipped with a topological boundary condition where the G symmetry
may be broken.

As before, we expect the converse to be true as well. A topological theory endowed with
a non-anomalous G global symmetry and a topological boundary condition admits topological
domain walls U, labelled by G elements, which fuse according to the group law and admit
canonical topological junctions. The boundary condition will be support categories C, of line
defects at which a U, domain wall ends. Together, the C, form a (GG-graded spherical fusion
category which can be used to reconstruct the topological theory.

In the absence of a flat connection, we can decorate all edges with the identity element e and
the state sum reduces to the Turaev-Viro construction for C.. On the other hand, if we gauge the G
symmetry (with Dirichlet boundary conditions) the resulting theory is given by the Turaev-Viro
construction for the whole C, forgetting about the grading.

141t is also possible to include other topological boundary conditions B’ (or interfaces) to the construction, but
this requires extra data to be provided, in the form of the C-module ((C,C)-bimodule) category of domain lines
between B and B’.
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A topological field theory 7" may also have a non-anomalous 1-form global symmetry. Con-
cretely, that means that there is a set of bulk line defects B, which bosons, fuse according to a
group law and braid trivially with each other. '

A non-anomalous 1-form global symmetry allows one to couple the theory to a background 2-
form flat connection. We will show how to include this coupling in the Turaev-Viro construction,
by modifying the vector spaces attached to faces of the triangulation according to the value of
the background 2-form. '¢

We will demonstrate that the anomaly of a fermionic Z, 1-form symmetry can be eliminated
in a canonical way if the three-manifold is endowed with a spin structure.

4.4.2 Review of the Turaev-Viro construction

We refer to [ 138, , 148] for a very clear discussion of the Turaev-Viro construction and of its
relation to 3d topological field theories ¥ equipped with a topological boundary condition ‘B.

We denote the spherical fusion category as C, with a finite set / of (equivalence classes of)
simple objects V;. Remember that the space of local operators at a junction with outgoing line
defects Vi, ---V, is Home (1, V1 ® - ®@ V).

The building blocks of the Turaev-Viro construction are the spherical fusion category evalua-
tion maps which assigns a complex number Z(I") to a planar graph I on a two sphere with edges
labelled by objects and vertices labelled by morphism in C. More precisely, if we label the two
ends of a segment e by dual objects V, and V', a vertex v joining edges eq, - - - €, 1s labelled by
a morphism

vy € Home (1, V1 ® -+ - ®@ V) (4.4.1)

where V; are the objects associated to v and e;.

The 3d partition function depends on a choice of manifold M, possibly decorated by bulk
line defects T, labelled by objects Y,, in the Drinfeld center Z(C). The manifold may admit a
boundary OM, possibly decorated by boundary line defects V;.

The first step in the calculation is to give a combinatorial description M of M, which is
essentially a decomposition of M into convex polytopes, say tetrahedra. The partition function
is computed as a sum over different ways to decorate the edges of M by simple objects [ in C
(reversing the orientation of an edge conjugates the objects):

dedges (M)

M {Y } Z D2vertlces(M) [M7 {Ya}7 l] (442)

where we count bulk vertices with weight 1 and boundary vertices with weight 1/2 in vertices(M),

5Gauging a 1-form symmetry in 241 dimensions should be a special case of the operation of anyon condensation,
which can be done to a theory which includes a topological line A with sufficiently nice properties, generalizing the
properties of A = &, B,

16Standard and 1-form global symmetries can be combined into the notion of 2-group. It would be interesting to
integrate this possibility in our story.
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Figure 4.4.4: Left: The basic ingredient of the state sum is a tetrahedron decorated with
lines. Right: The dual planar graph in the spherical fusion category. For clarity we denoted
with circled numbers the tetrahedron vertices dual to each face.

and bulk edges with label i with weight 1 and boundary edges with label i with weight 1/2 in
edges(M, 7). The d; and D are quantum dimensions and total dimension.

The partial partition functions Z[M, {Y,},[] are computed by gluing together contributions
of the individual polytopes of M. Each face C of the triangulation with counterclockwise edges
e1, -+ ,ep 1s associated to a vector space

H(C,1) = Home (1,1(e)) ® - - & I(ey)) (4.4.3)

and the partial partition function is valued in H(OM, 1) = [[cor H (C,1). Pieces of a manifold

are glued along faces C' and C by contracting the elements of dual vector spaces H(C, ) and
H(C,).

The contribution of an individual polytope is the output of the spherical fusion category
evaluation map Zr for a spherical graph I' dual to the polytope. For example, a tetrahedron
contribution is evaluated by the evaluation of a dual tetrahedral graph I', with vertices decorated
by basis elements in H(C,[)*. See Figure 4.4.4.

An important ingredient of the construction is a neat identity which holds for the evaluation
maps. Consider a spherical graph I' and cut it along the equator of the sphere. We can obtain
two simpler graphs I'y and I'; by taking either half of I' and bringing together the cut lines to a
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Figure 4.4.5: A crucial identity for spherical fusion category evaluation maps: a graph I'
(Left) can be split into two simpler graphs I'; and I'; (Right) with a sum over a complete set
of dual local operators at the new junctions (dashed line).

0 @
4 A

Figure 4.4.6: A triangular bi-pyramid (Right) can be obtained by gluing two tetrahedra.
Correspondingly, the dual planar graph (Middle) can be obtained by fusing tetrahedral dual
planar graphs along a pair of junctions (Right). For clarity, the faces dual to the original
vertices are indicated by circled numbers.

common junction. The two new junctions support dual spaces of local operators V" and V'*. Then
Zy = Zyp, - Iy, (4.4.4)
where the inner product denotes a sum over dual bases of local operators in V' and V*. See Figure

445.

This has a straightforward geometric interpretation: the polytope dual to I' can be decom-
posed into the polytopes dual to I'; and I';, glued along the faces dual to the new junctions. The
partition functions are glued by contracting the dual vector spaces associated to these faces. See
Figure 4.4.6.

The bulk line defects affect the partition sum by modifying the vector spaces associated to
the faces crossed by the lines. Essentially, they replace faces C' with decorated faces D, and
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Figure 4.4.7: a) A tetrahedron with an extra quasi-particle transversing two faces. We indi-
cated the choice of framing at each face. b) The dual planar graph in the spherical fusion
category. We drew the center line along the simplest choice of path. Alternative paths which
self-intersect or wind around the endpoints (c) would give answers which differ by framing
phases

H(C,1) with
H(Da,1) = Home (1, Y, @ l(e)) @ - @ I(en)) (4.4.5)

The computation of the contribution of a polyhedron with such modified faces involves adding
an extra Y, line attached to the appropriate vertices of I'. If Y,, crosses some other line in [' we
can insert (3, there. The precise framed path followed by Y,, is immaterial because Y, lies in the
center. Changes of framing, though, change the answer appropriately. See Figure 4.4.7.

4.4.3 Adding a flat connection

Next, consider a GG-graded spherical fusion category, a direct sum of sub-categories C, with the
property that C,®Cy € Cy4y. We will denote the identity in G as 1. The Turaev-Viro construction
applied to C; gives a 3d TFT ¥ with boundary condition B, bulk lines in Z|[C;] and boundary
lines in C;.

We can extend this theory to manifolds equipped with a G connection, simply representing
the flat connection by edge elements g. and by prescribing that an edge e of the triangulation is
labelled by an object in C,, and building the partition sum as before. This endows T with a global
symmetry G.
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Elements in C, can be interpreted as lines lying at the intersection of the boundary B with
a U, topological domain wall implementing the g symmetry. In general, there will not be any
canonical choice of objects in C, with trivial associators, meaning that the GG global symmetry is
broken at the boundary. !’

Notice that bulk lines in the center Z[C;] are not equipped with a canonical crossing through
lines in C,. Physically, this corresponds to the fact that there is no canonical way for a bulk line
to cross a U, domain wall. '®

The group cohomology construction of bosonic SPT phases is the simplest example of a G-
graded Turaev-Viro partition sum, based on a G-graded category with a single (equivalence class
of) simple object V; in each C, subcategory.

The evaluation of a tetrahedron of positive (negative) orientation produces directly the asso-
ciator agt and the partition sum immediately reproduces the SPT partition function.

4.4.4 Gauging standard global symmetries

Gauging the GG global symmetry of T should produce another topological field theory T¢. The
partition function of T should be obtained by summing the partition functions of ¥ over all
possible choices of flat G connections. We expect this to coincide with Turaev-Viro applied to
the whole C, disregarding the GG grading. This gives a sum over all flat connections rather than
equivalence classes of flat connections, but the total quantum dimension should also change in
such a way to compensate for that over-counting.

Notice that in the presence of a B boundary the Turaev-Viro construction applied to the
whole C will not sum over different choices of boundary lines. Correspondingly, the G gauge
theory has Dirichlet b.c.: the flat connection is fixed at the boundary.

Gauging a theory with a standard Abelian global symmetry G should give a theory with a
1-form symmetry valued in the dual Abelian group G*, generated by Wilson lines B,,. Using the
definition of Wilson lines as center elements, we find that the insertion of a network of Wilson
lines changes the sum over G flat connections o by inserting a factor 2™/ @152 where we are
contracting the group elements in the flat connection oy with the characters in the background
G™ 2-form flat connection [s.

In order to see that in a fully explicit manner, it is useful to put a local order on the vertices
of the triangulation and pick the first vertex in every face as a framing for the B, lines. Then the
decorated two-sphere graph associate to a tetrahedron has three B, lines coming out of vertices
into the first face, and one coming out of the 234 vertex towards the second face. In order to
bring the B, lines together and define a consistent graph, we need to have the B, line from

"Depending on the C, lines being dynamical or not in a UV completion of the theory, we can interpret the
breaking as being spontaneous or explicit.

18]t is possible to define a G action on the center Z[C;], corresponding to surrounding a bulk line with an Uy
domain wall, so that a canonical crossing morphism exists mapping ¥ ® V, to V; ® (g o Y'). In the mathematical
literature there is also the notion of G-center, corresponding to objects in C with a canonical crossing through objects
in C;. These should correspond physically to bulk twist lines, at which U, defects may end.
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the 234 vertex cross the line between the first and second faces. The twisting factor contributes
e?mi(@12(P2)231  This is precisely the contribution of a single tetrahedron to 2™/ @15 19

4.4.5 Adding a 2-form flat connection

A theory endowed with a 1-form global symmetry Z can be coupled to a 2-form flat connection,
say described by a 2-cocycle (5 valued in Z. Concretely, (55 should tell us which symmetry
generators B, = (b,, 3,) run through each face of the triangulation. Without loss of generality,
we can take the lines entering each tetrahedron to join together at some interior point, thanks to
085 = 0. Gauge transformations on 35 simply move around the lines or re-connect them.

Thus we have a Turaev-Viro construction of the partition function Z[f,]: we simply replace
the vector spaces Home (1,1(e1) ® - - - ® l(e,,)) with Home (1, b,l(e1) ® - - - ® [(e,,)) and project
the B, lines for each tetrahedron to the surface, evaluating the corresponding graph as usual.

On general grounds, gauging a theory with a 1-form symmetry H should give a theory with

a standard global symmetry valued in the dual Abelian group //*. We have already described the
process at the level of spherical fusion categories C, and CZ2.

The evaluation of tetrahedra in the C(?? category over objects inherited from C;, will precisely
match the evaluation of tetrahedra in C;, coupled to a general (3,. Adding a Z, flat connection o
simply adds the usual factor of ¢™ /@152,

The only non-trivial step in identifying the Turaev-Viro partition sum of C%2 as the result of
gauging the 1-form symmetry of the Turaev-Viro partition sum of C, is to observe that the sum
over simple object of C, of the images in C>

> dt (X (4.4.6)

)

reproduces the correct sum of simple objects in C(?Q.

4.4.6 Example: toric code

We can see now explicitly the equivalence between the toric code and Z, gauge theory: the
decoration / or P of the edges of the triangulation encodes a Z, cochain and all tetrahedra
contributions equal to 1. The total quantum dimension is 2, and the partition function is

1 1
> d 1= S (M, Z5)], (4.4.7)

€1]6e1=0

where v is the number of vertices. Remember that center of the category consists of objects
I=(I,p=1),e=(,p=—-1),m=(P,f=1),e=(P,Bp = —1). The pre-factor 27" can
be interpreted as the order of the Z, gauge group .

9In general, one can interpret the Fourier transform kernel 2™ J@1UB2 45 4 very simple topological field theory
with both a 1-form symmetry G* and a standard symmetry GG, generated by a spherical fusion category modelled on
G and G*-valued lines (1, 27",
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We see explicitly that adding an m line produces a vortex: the extra P line passing through
a face breaks the flatness condition there. If we couple the system to the corresponding flat
connection /35", the partition sum becomes

2—1@ Z 1. (4.4.8)

€1]0e1=pL"

That is, it is equal to (4.4.7) if 55" is exact and equal to zero otherwise. This is somewhat boring,
but consistent.

If we couple the system to a flat connection /35, associated to the quasi-particle e, the partition

sum becomes instead ]

— ) (—1)fevn (4.4.9)

v
€1|0e1=0

The cup product emerges as before from the evaluation of the tetrahedron: with a canonical
choice of framing, a single e line crosses a single edge as in Figure 4.4.8. If 35 is not exact,
we can always find a dual 1-cocycle by which to shift ¢; in order to switch the sign of the cup
product and thus cancel all terms in pairs. (This is equivalent to the statement that the mod-2
intersection pairing on cohomology is non-degenerate.) Thus the sum is not-vanishing only if 3§
is exact, in which case the integrand is a co-boundary and the sign drops out. This is consistent
with the symmetry exchanging e and m.

Next, we can try to couple the system to a flat connection 35, associated to the fermion e. The
result should be anomalous, but yet instructive. The partition sum becomes

1 S (—nyfaus (4.4.10)

v
€1|de1=p35

It is still true that if 35 is not exact, we can always find a dual 1-cocycle by which to shift ¢
in order to switch the sign of the cup product and cancel all terms in pairs. Thus the sum is
not-vanishing only if 35 is exact. If we write 35 = d\;, we can absorb A into a shift of ¢; to get

1 ) 1 1
- Z (_1)f 1USAL+A1USA :<_1)/\1U5)\12_® Z 1:§|H1(M,Z2)H(—1))‘1U6/\1 (4.4.11)

v
€1|0e1=0 €1|0e1=0

This is the toric code partition function (4.4.7) times z;(d\1). In other words, the anomaly found
in the toric code is precisely what we expected, at least for exact 35 connections.

4.4.7 Gu-Wen II-category

The Z- gauge theory based on the G SPT phase has a simple partition sum: lines are decorated
by a fixed G flat connection which is lifted to a G connection by some 1-cochain €;. The fusion
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Figure 4.4.8: A canonical choice of framing for the dual tetrahedron graph dressed by 1-form
symmetry generators.
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Figure 4.4.9: Gauge-fixing: A graphical representation of the partial gauge-fixing procedure
used in computing the tetrahedron contribution of the G Gu-Wen phase decorated by an extra
2-form flat connection ;. Left: A choice of gauge is the same as a choice of basis vector
in the space of junctions between line defects in the full G category, possibly with an extra
center line. Right: we identify V(, ) >~ V(1 ® Vo and identify V/, () with the corresponding
elements [ or II of the center. We then express a general junction canonically in terms of a
choice of junction between line defects labelled by G elements. The double lines denote the
center elements. The empty circle represents any choice of how to connect the center lines
in a planar way.

rules imply that de; equals the value of ny on faces. The partition sum is

1 ~
> > IIas (4.4.12)
€1|de1=n2
We can pull out the 3 contribution and get

%Hug > (=S (4.4.13)

€1]lde1=ns2

From the fact that the mod-2 intersection pairing on cohomology is non-degenerate, one again
deduces that the partition sum is non-zero only for G flat connections for which the pull-back of
N9 18 exact, i.e. no = ;. Then we have

2—11](—1)f‘”1w‘1 Hy3 Z 1 =zn(dN) (4.4.14)

€1]6e1=0

Things become more interesting if we turn on the Z, 2-form flat connection (5 coupled to
the fermionic 1-form symmetry generator. With appropriate gauge fixing, as in Figures 4.4.9 and
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Figure 4.4.10: The computation of the tetrahedron contribution for the G Gu-Wen phase
decorated by an extra 2-form flat connection (5.
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4.4.10, the partition sum becomes

2—1@1_[”3 > (mpfmbatads: (4.4.15)

e1|de1=na+p2

Now the partition sum is non-zero if the pull-back of n, is co-homologous to 3. We can write
B2 = ng + 0\, shift €; and obtain

2%(_1)[712U)\1+/\1Un2+)\1u5)\1 H V3 Z (_1)fn2U61+61Un2 (4.4.16)

€1|0e1=0
The sign in the sum is actually a boundary and drops out. We get

1
Zf[ﬁg] = _<_1)fn2U>\1+)\1Un2+>\1U5)\1 H 3 Z 1 (4.4.17)

2v
€1]6e1=0

Crucially, the answer transforms under gauge transformations precisely as z(/3;). Further-
more, the product Z¢[f3s]2n(f2) simply coincides with the (spin-structure corrected) Gu-Wen
SPT phase partition function: the [ [ v3 combines with the Gu-Wen grassmann integral in zy;(5z).
We accomplished our main objective.

4.4.8 State sums and spin-TFTs

We are ready to give our prescription for the Turaev-Viro partition sum of a spin TFT T con-
structed from the spherical fusion category C; for its shadow T ;.

Pick a spherical fusion II-category C;. Define the decorated Turaev-Viro partition sum Z¢[[3]

by adding fermionic II lines through all faces where BQ = 1. The lines will be framed as in the
Gu-Wen Il-category calculation, going out of each dual vertex in the direction of the earliest face
in the order. See Figure 4.4.8.

The amplitude for each tetrahedron is computed using the same projection on the two-sphere.
The spin-TFT partition sum will be

HO(M,Z
zips) = AL 5~ 2T ) (44.18)
HOLZ)] 2
Ba]€H2(M,Z2)
The spin-structure dependence is hidden in zy;(f3s).

Notice that the calculation of z;(/3;) can be integrated into the Turaev-Viro calculation. The
Gu-Wen Grassmann integral can be given a super-vector space interpretation:

e We can assign fermion number 0 to the V;;, spaces and fermion number 1 to the Viy;j
spaces. This mimics the assignment of Grassmann variables 0, 0, to the faces of the
triangulation.
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e We can pick a specific order in the tensor product of face vector spaces which defined the
Hilbert space associated to the boundary of a tetrahedron. The order mimics the choice of
order for the Grassmann variables in the Gu-Wen integrand.

e When contracting pairs of dual vector spaces associated to each face, we keep track of
the Koszul signs required to reorder the tensor product and bring the pair of spaces to be
adjacent to each other. This mimics the choice of order for the Grassmann variables in the
Gu-Wen integration measure

As the combinatorics of super-vector space tensor products reconstruct the Gu-Wen Grass-
mann integral, all which is left is the linear coupling of (3, to the chain F of faces encoding the
spin structure. We can write

|H°(M, Zs)|
ZIM: % | = 2] E: —Webeg  IM:T,: 4.4.1
[ ) Ss] |H1 (]\4—7 Z2)| ( ) super[ ) Sfu ﬁ2] ( 9)
[BQ]EHQ(M,ZQ)

This has the form of a calculation in the spherical super-fusion category associated to the
II-category C;. It would be interesting to pursue this point further.

4.5 String net models

The same data which goes into the Turaev-Viro construction can also be used to give a local
lattice Hamiltonian construction of the theory.

It is straightforward to give a physical motivation is analogous to the one we reviewed for
the partition function. The basic step is to relate the Hilbert space Hy, of the theory ¥ on some
space manifold ¥ and the Hilbert space Hy on a manifold 3’ with an extra circular hole with
boundary condition ‘B.

In general, Hyy is larger than Hy, but there will be maps ¢, 7 embedding Hy into Hys and
projecting Hy to Hy, which can be described in terms of three-manifolds with the topology of
Y x [0, 1] minus a half-sphere. It is easy to see that 7 o ¢ is a multiple of the identity map, as it
corresponds to a three-manifolds with the topology of 3J x [0, 1] minus a contractible sphere with
boundary condition ‘B.

Thus we can describe Hy, as the image in Hyy of the projector 2 o , corresponding to a three-
manifolds with the topology of > x [0, 1] minus two half-spheres. Furthermore, the projector
i o 7 can be given a simple description in terms of the combination ) . d;L; we encountered in
explaining the Turaev-Viro construction, where the L; are interpreted as closed line defects going
around the circumference of the hole, acting on the Hilbert space.

More generally, we can triangulate > and carve out a circular hole at each vertex of the
triangulation. Each hole will be associated to a separate projector P, = i, o 7, and all projectors
will commute. Thus Hy is obtained from Hyy as the ground state of a commuting projector
Hamiltonian. See Figure 4.5.1.
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Figure 4.5.1: The Hilbert space associated to a surface > without holes (left) can be em-
bedded in the Hilbert space associated to a surface >’ with holes (right), as the image of
projectors defined by the action of closed boundary lines ) . d; L.

We can readily give a local description of Hy, by enlarging the holes until they almost fill
the 2-cells dual to the vertices of the triangulation. We can continue out decomposition as we did
for the partition function. At the next step we cut at 1-cells and replace Y with a collection X"
of disks associated to faces of the triangulation, with ‘B boundary conditions and three boundary
lines for each disk. Each edge of the triangulation is associated with a pair of dual boundary lines
in the disks corresponding to adjacent faces.

As long as the possible choices of lines run over all simples, or whatever other convenient
basis of lines we employed in the state sum model, we can find maps ., m. embedding Hy- in
Hs. See Figure 4.5.2.

If the lines we selected are simple objects, the embeddings are actual isomorphisms, as both
. o T, and T, o 7, turn out to be multiples of the identity as long as the pairs of simple lines
corresponding to an edge of a triangulation are dual to each other. The Hilbert space Hy is the

tensor product of the corresponding morphism spaces V;; for each disk. *° See again Figure
4.5.2.

The Hilbert space Hyx~ is the microscopic Hilbert space for the string net model. The decora-
tion of edges by line defects L; and the vector spaces V;;;, decorating the faces are the microscopic
degrees of freedom. This is also the Hilbert space associated in the state sum construction to a
boundary with topology Y., triangulated and decorated by all possible simple simple lines.

The projectors P, can be computed as the state sum partition function for a geometry M,
consisting of a bi-pyramid made of tetrahedra to be glued on top of the triangles adjacent to v.
Of course, the bi-pyramid contribution can be computed directly by the evaluation of the dual
graph in the spherical fusion category. See Figure 4.5.3.

If we want to add a bulk quasi-particle Y as some point in >, say inside a face f of the
triangulation, we simply replace V;;;, with the Hilbert space for a disk V., with the extra bulk
particle Y in the middle, as in the state-sum model. The projectors for the vertices around [ are
corrected by adding the quasi-particle to the state-sum calculation, going in and out the old and
new f face. See Figure 4.5.4.

20Tf the lines L; are not simple, the Vj;; are modules for the Hom(L;, L;) morphisms. Then 7. o i, is still
a multiple of the identity but ¢, o 7. projects the naive tensor product of V;;; spaces to the tensor product over
Hom(Li, Lz)
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Figure 4.5.2: The Hilbert space associated to a surface ¥’ with a regular arrangement of
holes (left) can be identified with a direct sum of tensor product of Hilbert spaces associated
to a collection of three-punctured disks. For clarity, we denote the boundary line defects L;,

and L] simply as “i,” and “i;”. Disks are in correspondence to faces of the triangulation.
Pairs of dual defects are in correspondences to the edges of the triangulation.

Figure 4.5.3: Left: The projector P, can be computed as a state-sum model evaluation of a bi-
pyramid. The bi-pyramid partition function is interpreted as a map from the dual of the vector
space associated to the bottom faces to the vector space associated to the top faces. The
action of the projector on the microscopic Hilbert space of the string-net model corresponds
to gluing the bi-pyramid on top of the vertex v. Right: The bi-pyramid is computed in the
spherical fusion category by an appropriate planar graph dual to the bipyramid surface. The
oval faces are dual to the top and bottom vertices of the bi-pyramid.
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Figure 4.5.4: Left: The projector P, in the presence of a quasi-particle at f can be computed
as a state-sum model evaluation of a bi-pyramid with an extra bulk line. Right: The decorated
bi-pyramid is computed in the spherical fusion category by an appropriate planar graph
including the appropriate center line corresponding to the quasi-particle. The quasi-particle
joins the junctions dual to the bi-pyramid faces above f. We selected a specific framing for
the quasi-particle (which direction it exits and enters the junctions) it and kept it constant
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Figure 4.5.5: Left: A very economical description of the operator U}ff/ [¢] for adjacent faces f
and f’. The pillow-case geometry is the minimal way to interpolate between triangulations
with quasi-particle insertions at f and f’. Right: The decorated pillowcase is computed
in the spherical fusion category by an appropriate planar graph including the appropriate
center line corresponding to the quasi-particle. The quasi-particle joins the junctions dual
to the bottom bi-pyramid face above f and the top bi-pyramid face above f’. We selected a
specific framing for the quasi-particle, pointing towards the vertex v.

We can also consider operators U}ff, [¢] corresponding to state-sum geometries which inter-
polate between the original triangulation and a triangulation where the quasi-particle Y has been
moved to another face f’ along some framed path ¢ in ¥ x [0, 1]. See Figure 4.5.5 for a crucial
example. Crucially, these operators will commute with the projectors in the Hamiltonian. Their
algebra will mimic the topological properties of the corresponding quasi-particles.

4.5.1 Example: toric code

The string net model for the toric code, based on the category with objects / and P, is quite
obviously a Z, gauge theory: the configuration of edge decorations on the triangular lattice can
be interpreted as a 1-cochain a; with values in Zs. The fusion constraint requires «; to satisfy
day = 0. Since all vector spaces V;;;, are one-dimensional or zero-dimensional, each allowed
edge decoration corresponds to a basis vector in Hsy; which will be denoted |a; ). The projector
P, simply acts as

1 1
o) — 5\041> + E’O‘l +OAY) (4.5.1)

where A\§(v') = d,,, is the O-cochain supported on v. The product [ [, P, projects to the subspace
of gauge-invariant states.
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It is interesting to decorate this picture with quasi-particles. The m quasi-particle at some
face f simply deforms the fusion constraint at f. More generally, a configuration 33" of m
quasi-particles imposes the constraint dor; = 3. The projectors are unchanged:

1 1
Py [85"|on) = §!a1> + §|a1 + 0X) (4.5.2)

Similarly, the operators Uy which change the locations of m particles as 85" — (5" + 0\
can be defined by combining individual U" which act on the two faces adjacent to an edge e,
built from a pillowcase geometry. The map only changes o at the edge itself, and thus we have
simply

U;\T”Oéﬁ == |Oél + /\1> (453)

Clearly we have
U U = Uxl - (4.5.4)

Note that if \; is exact, \; = o, we have

Uspo B

Ho

=P

Mo+

(4.5.5)

Therefore on the image of [], P, the operator U} is invariant under A; + A1 + d/io. The ability
to define operators U} satisfying (4.5.4) and (4.5.5) indicates that the Zy 1-form symmetry
generated by the m particle is non-anomalous.

On the other hand, an e quasi-particle at a face f will not change the fusion constraint, but
will change the form of the projectors for the vertices of f by adding some signs. Inspection
of the dual bi-pyramid graph shows that the e center line only needs to cross other lines if it is
framed towards v. In that case, we pick a sign —1 for each P line it crosses. See Figure 4.5.6.

For definiteness, we should pick a canonical framing for quasi-particles. For example, we can
add a branching structure (local order of vertices) on the triangulation and frame quasi-particles
towards the earliest vertex in each face. Then P, has a sign only if v is the earliest vertex of f,
appearing in front of the |a; + d\)) term.

The projectors for a general configuration of e particles 35 become

1 1 .
Py, [B5]|ar) = §|oz1> + 5(—1)”“52!@1 + 6Xo) (4.5.6)

Here we used the branching structure to define cup products. In a gauge theory language, the
second term in the deformed projector inserts a Wilson line at the earliest vertex of the face f.
The space of states in the presence of e particles is the image of the projector [[, P,[55]. Here
a 1s closed because there are no m quasi-particles present.

The operators U which change the locations of ¢ particles as 35 — (5 + d\; can be defined
by combining individual U¢ which act on the two faces adjacent to an edge e, built from a
pillowcase geometry. See again Figure 4.5.6. The operator is diagonal in the |« ) basis:

U o) = (—1)) @191 |qy) 4.5.7)
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Figure 4.5.6: Left: The only bi-pyramid contributing non-trivial signs to P, in the presence
of an e particle. The quasi-particle is framed towards v and the decoration of the edges near
v must flip from 1 to P or viceversa. Right: An example of a pillowcase contributing a non-
trivial sign to U¢. There is a potential sign whenever the quasi-particle is framed towards
an oval face, i.e. the earliest vertex of a face (“0”) is opposite to the edge e. Then the sign
measures the presence of P along the 01 edge of that face. This can be expressed as a cup
product c;; U AS.

Again we have
U§1 U)\ell = U§1+)\/17 U(Se)\o P;o [55] = P/\eo [/85]7 (4'5'8)

indicating that the Z, 1-form symmetry generated by the e particle is non-anomalous.

Notice that the U™ and U*° operators do not commute, as expected from the braiding phase
of e and m:
URUs, = (-1 Mg oy (4.5.9)

Neither is Uy, invariant under A\; — A; + 0o when dai; = B3 is non-vanishing. This indicates
a mixed anomaly for the two Z, 1-form symmetries.

Finally, we can insert € particles. We both impose the constraint da; = (5 and use the
projectors
1 1 J AoUB2
Py [fo]lan) = Flan) + 5(=1) o + 6X0) (4.5.10)

These correspond to a specific choice of framing of the € line in the pillowcase geometry: it
joins the two junctions along the most direct path compatible with the framing of the junctions,
crossing a minimum number of other edges in the planar graph.

The operators which change the location of the e particles around a single edge take the form

Utlan) = Usc |on) = (=1)7 1P oy + X9). (4.5.11)
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We can tentatively define a general operator rearranging e particles:
Us, ) = (=) 1% ag 4+ A) (4.5.12)

but the anomaly pops out as expected:

U5, Uy, = (=D)I Mg (4.5.13)
We can compute also
1 1
US, ProlBa]|on) = §<_1)IQIUA1|041 +)‘1>+5(_1)”0%2(_1)[&0%1(—1)“1%1\041 +0Ao+ A1)
(4.5.14)

and check that it coincides with Py [8 4 dA1|U5 | ), as expected.

Note that the pairing

wn(A, \]) = / AU N (4.5.15)
s
is symmetric modulo 2 for closed cochains A;, \| but not in general. Rather, one has
wg()\l, )\’1) — U.)E(A/l, )\1) = /((5)\ Uy )\/1 + )\1 U1 5)\’1) (4516)
P

Thus some Uy, and U 6’1 anti-commute rather than commute. Concretely, it is easy to check that

U¢ and U;, anti-commute if the e and €’ are adjacent to the same face and have the same orien-
tation (induced by the branching structure) with respect to the face. They commute otherwise.
Thus we cannot impose the constraint US = 1 on the states for all ¢.?!

4.5.2 A fermionic dressing operator

To fix the sign problem in the algebra of the operators Uy , let us place at each face f of the
triangulation a pair of Majorana fermions v, and +}. They are generators of a Clifford algebra

Cl(2).
For any edge e, define
Se = z'va[ew}RM (4.5.17)
where f; r are the faces to the left and to the right of the edge (with respect to the branching
structure orientation). We have the commutation relation

5.8, = (_1)& W g, G (4.5.18)

where d; (e) is a 1-cochain supported on the edge e. In words: S, operators commute unless the
two edges share a face and have the same orientation with respect to the face, in which case they

2'While it is true that the naive U¢ squares to 1 for all e, it is not true that the naive Uy, squares to 1 for all A;.
But this problem can be fixed by redefining Uy, by suitable factors of <. The lack of commutativity for U¢ and U,
is a more serious problem.
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anti-commute. We also have S? = 1 for all e. The crucial point is that the combined operators
S.US commute with each other for all e.

Next we would like to define S), for a general 1-cochain Ay, so that

Sn Sy = (—1)fergy (4.5.19)
We let
Sy = (—1)Zecerer B @O TT g (4.5.20)
ecA

Here A is the set of edges where A\;(e) = 1, ordered in some way, and the product is ordered
from right to left. The sign factor in (4.5.20) can also be described as follows: we include —1
for every pair of edges in A which share a face, have the same orientation (with respect to the
branching structure), and whose order along the face agrees with the ordering of A. It is easy
to check that Sy, does not depend on the choice or ordering of A and that (4.5.19) is satisfied.
Thus, if we provisionally define V), = S, U5, on the tensor product of Hs» and the fermionic
Fock space, we will have the relations

VaVag = Vag - (4.5.21)

A further issue which needs to be addressed is the behavior of V), under transformations
A1 — A1 + dug, where pig is a Zo-valued O-cochain. A satisfactory generator of a Zy 1-form
symmetry must be invariant under such “symmetries of symmetries”. Instead, in agreement with
a general formula (4.2.40), we find

U 1o PuolBe] ) = (—1)Jx(omotmos) p16)] ). (4.5.22)

Thus the operator Uy, is nontrivial even after projection to the physical Hilbert space Hs.

Similarly, we can compute Ss,,. To write down the answer, note that basis elements in the
fermionic Fock space are naturally labeled by Z,-valued 2-cochains 1,: for a given face f, the
state [v,) is an eigenstate of iy;v} with eigenvalue (—1)"2(), Then we get

56#0 |V2> _ (_1)fE(VQUM0+M0UV2+C’2UMO)+LDQ Ho ‘U2> ) (4523)

Here w5, is a particular Z,-valued 0-chain representing the 2nd Stiefel-Whitney class of 3, and
(s is a Zs-valued 2-cochain which takes value 1 on every face.

We can cancel all v,-dependent signs in S5, against -dependent signs in Uy, if we project
to the subspace where v, = (5. To eliminate state-independent signs, we choose a 1-chain F
such that 0F = w,. As discussed in [1 18], such a £/ determines a spin structure on .. Then we
define improved F-dependent Fock-space operators

S/J\El = (_1)f2 Cruhi+[p M S, -

Here (' is a Zs-valued 1-cochain taking value 1 on every edge. It satisfies 0C; = C5. We also
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define improved F-dependent dressed generators:
Vi =Us 5%
On the projected Hilbert space, they satisfy
VaVa = Vil Vaiisw = Va

for all 1-cochains A, and all O-cochains .

We can now define a commuting projector Hamiltonian for the phase T, on the projected
Hilbert space as
1
H =Y 51— V).

e

4.5.3 Fermionic dressing for general II-categories

If the Drinfeld center of the fusion category C contains a fermion I1, we can define U/ operators
in a manner completely analogous to the toric code example. The operator is evaluated by the
pillowcase graphs framed as described above.

Because of the universality of factors associated to changes of framing and recombination of

IT lines, we expect the same law as in the toric code.

UlU), = (—1)) aenuney/ (4.5.24)

e+e’

More directly, we can compare the geometries associated associated to U/U 5 and U, g, U/. The
corresponding pairs of pillowcase geometries can be glued together to give the same geometry,
but the framing of the center lines in the new geometry may or not agree. A careful analysis of all
cases reproduces the expected multiplication law. See Figure 4.5.7. Therefore the same dressing
by Majorana fermions will give commuting operators U? = S, U/.

From the toric code example, we also expect
Ur{uo _ (_1)f2(ﬂ2U#O+IJIOUﬁ2)' (4.5.25)

This can be reproduced, with some effort, by counting the number of self-intersections of the
IT lines obtained by merging the chain of pillowcase graphs for the sequence of edges around a
single vertex.

Therefore the fermionic dressing ensures that V¥’ = U {1 Sy is trivial when ), is exact.

It follows that we can gauge the 1-form symmetry generated by II by imposing the constraints
Ba2(f) = va(f) for all faces f and V.F = 1 for all edges ¢ in the tensor product of the Hilbert
space of €+ and the fermionic Fock space.

This is our final prescription for a microscopic Hamiltonian for ¥, built from the data of C;.
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2
2 \/ 2

Figure 4.5.7: A comparison of U/U ef, and U j U/ for edges e, ¢’ adjacent to the same face
f. Left and Right: The corresponding pairs of pillowcase geometries. Middle: The fused
geometry. If the edges e and ¢’ are the 01 and 12 edges of f, the center lines emanating
from the fused junctions at f reconnect as shown in the middle. The two center lines can be
identifies only up to a change of one unit of framing. Similar pictures with the outer face
labelled by 0 or 2 match with no change of framing. Hence associativity fails only if e and
¢’ are the 01 and 12 edges or vice-versa.

4.5.4 Including global symmetries

It is easy to extend the string-net construction to models with global non-anomalous symmetry
G. Such a model is associated to a G-graded spherical fusion category C = @©,C,. In the
Hamiltonian approach, GG acts on-site and commutes with the Hamiltonian.

For example, we can model the lattice system on a discrete G-valued sigma model. That is,
we put group variables g, at vertices. Edges between vertices labeled by group elements ¢ and ¢/
are labeled by simple objects in Cy,-1. We have commuting projectors P99 which change the
group element at v from g to ¢, built from a state-sum bi-pyramid with central edge decorated
by ¢'g~" [133].

Essentially by construction, adding GG gauge fields on the edges and gauge-fixing the vertex
group elements reproduces the string net model for the theory where G is gauged.

Bosonic SPT phases provide an obvious, well understood example of this construction. In
this case C, has a single simple object for all g, so the vertex variables g, are the only variables.
For an explicit expression for the projectors P99 see [133].

4.5.5 Example: the shadow of Gu-Wen phases

Our next example is the Z, gauge theory associated to a Z, central extension Gofa symmetry
group G. In this case C, has two simple objects which we denote V., € € Zy, as before. They
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fuse according to (4.3.10).

We decorate the vertices of the triangulation with group elements in GG and the edges with Z,
variables €; so that the edge objects are V-1, ., (o). The fusion rules imply that d¢; = n,, where
no is evaluated on the GG group elements around each face.

The projectors PJ9" involve two terms, each computed as a product of @5. The two terms
map a state with given Z, decoration to two states with Z, decorations which differ by a gauge
transformation at v. This is expected, as we are defining an equivariant version of Z, gauge
theory.

With a bit of patience, one can disentangle the contribution of Z, and G variables to the bi-
pyramid graph of P%9". For example, we can gauge-fix as in figure 4.4.9 every junction of the
bi-pyramid graph. As we collapse the center line junctions to a single planar junction, we will
get a factor of —1 from non-planar intersections. We can write these signs as (—1)™2€1), where
the parenthesis indicates a certain bilinear pairing which is somewhat tedious to compute. This
factor multiplies some expression ]51]9’9/ which depends on the G variables only.

We can populate the lattice with II particles along some cocycle 55. Now de; = ny + [o. We
get deformed projectors P99 [3,]. Again, we can gauge-fix the junctions in a canonical way. The
manipulation of IT lines will give some new signs (—1)™2:<)+(%2:)" multiplying the same Pﬂg'
expression as before.

We can similarly compute the U/ operators which change 3, in the two faces adjacent to e.
The calculation involves the same pillowcase graphs as before. The G group elements do not
change in the process, we only shift €; by A{.

f €1U>\f

The contribution from II lines crossing other lines is again (—1) , as in the toric code.

Thus the fermionic dressing proceeds as before.
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Chapter 5

Unoriented 3d TFTs

5.1 Introduction

It is an age-old problem to provide a complete definition of quantum field theories. A part of
the problem is to understand on what kinds of manifolds can we put a quantum field theory. For
instance, we can ask the following question: Given a theory that can be defined on orientable
manifolds, what sort of extra data do we need in order to extend the definition of the theory to
non-orientable manifolds? First of all, such an extension may not be possible. For instance, if the
theory has a framing anomaly, then it will not be well-defined on non-orientable manifolds. This
was recently explained in a footnote of [149]. Second, if such an extension is possible, then it
need not be unique. That is, there can be different unoriented theories which reduce to the same
oriented theory on orientable manifolds. We will see plenty of examples like this in this chapter.

On a non-orientable manifold, we can choose a consistent orientation everywhere if we re-
move a locus homologous to the Poincare dual of first Stiefel-Whitney class w;. The induced
local orientation flips as we cross this locus. In order to be able to define an unoriented the-
ory in terms of the data of the oriented theory, we need the existence of orientation reversing
codimension one defects which we place along this locus. These orientation reversing defects
implement orientation reversing symmetries akin to the orientation preserving codimension one
defects which implement a global symmetry transformation [150]. These defects can be placed
on top of each other forming the structure of a group G with a homomorphism p : G — Z,
whose kernel GG is the global symmetry group of the theory. The set G; = G — G parametrizes
the orientation reversing symmetries.

In this chapter, we explore the consequences of the existence of such orientation reversing
defects in the context of 3d TFTs which admit a topological boundary condition. We restrict
ourselves to the case in which the structure group of the TFT can be decomposed as O(3) x G for
a finite global symmetry group G. In such cases, the properties of orientation reversing defects
allow us to propose a generalization of Turaev-Viro state-sum construction of 3d TFTs [151,138]
to the unoriented case.! We check that this proposal indeed defines a 3d unoriented TFT. From
now on, whenever we say “unoriented TFT”, we mean this particular structure group.

Historically, the original construction due to Turaev and Viro was based on a modular tensor category treated as
a spherical fusion category. This construction produced theories which could be defined on an unoriented manifold.
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For an oriented 3d TFT T with global symmetry G, the input data for the construction is a
G-graded spherical fusion category C. We will find that an unoriented 3d TFT ¥ extending ¥ is
constructed in terms of a G-graded “twisted” spherical fusion category C where C is embedded
as a subcategory of C. In terms of the data of C, we give a prescription to construct the partition
function of ¥ on any (possibly non-orientable) 3-manifold.

We also apply these ideas to 3d Pin™-TFTs (i.e. TFTs with structure group Pin™(3) x G)
which are a generalization of 3d Spin-TFTs. Spin-TFTs are “fermionic” analogs of ordinary
oriented TFTs as they are sensitive to the spin structure of the underlying orientable manifold.
To define fermions on an unorientable manifold, we need to choose either a Pin™-structure or
a Pin~-structure on the manifold. Correspondingly, the natural unoriented generalizations of
Spin-TFTs are Pin™-TFTs and Pin~-TFTs.

In [3], arecipe was given to construct a 3d Spin-TFT from an ordinary 3d TFT with an anoma-
lous Zy 1-form symmetry. This ordinary TFT €y was called the shadow of the corresponding
Spin-TFT €. The idea was to use a kernel TFT T} to connect the shadow theories with their
spin counterparts. Ty is a Spin-TFT with an anomalous Z, 1-form symmetry. The diagonal Z,
I-form symmetry in the product theory T, x €} is non-anomalous. This non-anomalous 1-form
symmetry is then gauged to obtain the spin TFT T,.

We extend their recipe by constructing shadows for Pin*-TFTs. The Pin"-shadows corre-
spond to theories with anomalous Z, 1-form symmetry and a certain time-reversal anomaly in
the presence of a background 2-connection for the Zy 1-form symmetry. The Pin™-kernel TFT
T has a corresponding time-reversal anomaly which cancels the anomaly of the shadow. Hence,
the resulting Pin™-TFTs are time-reversal invariant and can be put on non-orientable manifolds
without any ambiguity [152].

As an application, we construct a large class of Pin™-SPT phases with global symmetry
G. SPT phases are TFTs which are invertible under the product operation on TFTs. In the
condensed matter literature, these are referred to as fermionic SPT phases protected by G x ZI
with 7% = (—1)¥". In the case when G is trivial, cobordism hypothesis predicts two Pin™-SPT
phases forming a Zs group structure [ 1 28]. Our construction reproduces both of these SPT phases
along with the Z, structure.

This chapter is organized as follows. In section 6.5.31, we propose a Turaev-Viro construc-
tion for unoriented 3d TFTs. In section 6.5.32, we provide a construction of Pin*-TFTs in terms
of ordinary unoriented TFTs with a Z, 1-form symmetry which is anomalous and has a mixed
anomaly with time-reversal symmetry. In section 6.5.33, we construct a large class of Pin*t-SPT
phases with global symmetry G and reproduce the Z, group of Pin™-SPT phases in the case of
trivial GG. In section 5.5, we present our conclusions and comment on future directions which
include a strategy to classify all Pin™-SPT phases with global symmetry G.

This construction was generalized to arbitrary spherical fusion categories but such theories could only be defined
on oriented manifolds. It is this latter construction that we call “oriented Turaev-Viro construction” in this chapter.
This chapter presents a further generalization of this setup which we call “unoriented Turaev-Viro construction”.
Our construction can be used to construct any unoriented 3d TFT with a topological boundary condition.
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L ¢ L
(a) (b)

Figure 5.2.1: (a) A boundary line L. (b) The dual line L* is defined by reversing the orien-
tation of L.

5.2 Turaev-Viro construction

For an exhaustive review and physical understanding of the Turaev-Viro state-sum construction
of oriented 3d TFTs, the reader is referred to [3]. In this section, we first review relevant aspects
of this construction. Then, we propose a generalization of the construction to the unoriented
case. We also provide a physical understanding of our proposal in terms of orientation reversing
defects. We close the section by discussing invertible unoriented TFTs with global symmetry G,
or in other words bosonic SPT phases protected by G x ZI.

A reader only interested in the Turaev-Viro construction of unoriented 3d TFTs is referred to
subsections 5.2.3 and 5.2.4.

5.2.1 Boundary line defects and spherical fusion category

In general, a boundary condition ®B allows one to define a TFT ¥ on a manifold A/ with boundary
B by placing ‘B on the boundary. The boundary condition is called topological if topological
deformations of M (including topological deformations of B) leave the partition function of ¥
on M invariant.

Turaev-Viro procedure constructs an oriented 3d (unitary) TFT ¥ from the knowledge of a
topological boundary condition B of T [153]. ¥ can be recovered from any one of its topological
boundary conditions. For simplicity, we will assume that ¥ has a one-dimensional Hilbert space
on S?. The Turaev-Viro construction for such a TFT ¥ is phrased in terms of a (unitary) spherical
fusion category C.

The objects of C are line defects living on B. Such line defects are specified by a label L
and an orientation along the line corresponding to L. If a line defect with a certain orientation is
denoted as an object L in C, the same line defect with opposite choice of orientation is denoted
as the dual object L*. See Figure 5.2.1.
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A1 A2

Az
As

(a) (b)

Figure 5.2.2: A morphism m between outgoing lines A;, A and A3 corresponds to a state
m in the Hilbert space on a disk with boundary punctures A;, A; and As. Consider on a
hemisphere geometry with a boundary on the spherical part and the disk shown in (b) being
the cross-section. The state shown in (b) is produced on the cross-section if the boundary
has the graph shown on (a) inserted on it such that A; end on their respective punctures.

The morphisms m 45 from A to B in C are local operators living between two boundary
lines. Thus, m 45 form a vector space. This vector space can also be identified with the Hilbert
space of states on the disk with boundary punctures corresponding to A* and B. Similarly, the
local operators living at the junction of multiple outgoing lines A; is the space of states on disk
with boundary punctures corresponding to A;. The space of states can be generated by placing
a hemispherical cap on which the lines A; emanate from a point on the boundary of the cap and
go to their respective punctures. See Figure 5.2.2.

The composition of morphisms corresponds to fusion of local operators along the line. There
is a tensor product corresponding to fusion of lines as they are brought together. There are also
canonical associator, evaluation and coevaluation maps which physically correspond to placing
the lines in a certain fashion and fusing them. See Figures 5.2.3 and 6.3.4. Using these canonical
morphisms, we can assign a morphism m from ®;A4; to ®,5; to any planar graph I' of bound-
ary line defects (with local operators at their junctions) such that I" has incoming lines A; and
outgoing lines B;. The canonical morphisms satisfy certain identities which guarantee that a
topologically equivalent graph I evaluates to the same morphism m.

Consider vacua 7 of B which can be characterized by the expectation value of a line L;. Such
lines are called simple lines. Morphism space from L; to L; is empty for ¢ # j and is one-
dimensional for ¢ = j. The space of local operators living on L; can be identified as C because
there is a canonical identity operator living on L;. Every line L can be written as a sum of simple
lines L = &n;L; where n; denotes the multiplicity of the simple line L; in the sum. The identity
line 1 can be treated as a special simple line which can be inserted anywhere without changing
any answers. The duals of simple lines are simple as well.

Turaev-Viro construction uses C as an input and produces the partition of T on any oriented
manifold M as the output. We will describe the construction in a very hands-on fashion in the
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L3 L3 A B A®B L3 Ly L3 ® Ly

Ly Ly C c Ly Lo L1 ® L2
(@) (b) (©)

Figure 5.2.3: (a) Composition of morphisms. The box is our alternative notation for a mor-
phism. (b,c) Tensor product of objects and morphisms.

A®(B®C) 1 L L®L*

= a4, B,0) = EL] = EL]

A B C (A®B)®C L L®L* 1
(a) (b (©

Figure 5.2.4: Canonical maps: (a) Associator a(A, B, C'), (b) Evaluation ey, and (c) Co-
evaluation 7,.
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(@ (b)

Figure 5.2.5: (a) Graphical representation of the chosen basis. (b) Graphical representation
of the dual basis.

next subsection. We will see that the basic object in the construction is a graph I' in C drawn on
the sphere. I' can be projected down to a closed graph I', drawn on the plane. I', constructs a
morphism from identity line to itself which evaluates to a definite number. This number is the
partition function Zr of ¥ on a 3-ball along with a network of boundary lines (and local operators
at their junctions) I" inserted at the boundary 2-sphere. The word “spherical” in spherical fusion
category corresponds to certain axioms which guarantee that different projections to the plane
evaluate to the same number.

This construction can be easily generalized to TFTs with a global symmetry group G. The
symmetry manifests itself in the existence of codimension one topological defects U, labeled by
g € G. Going across the locus of U, implements a symmetry transformation on the system by g.
These defects fuse according to the group law and can end on ‘B giving rise to new lines at the
junction. Thus the category of boundary lines living on B becomes graded by G, i.e. C = @, C,.

5.2.2 Oriented Turaev-Viro

Let’s look at the decomposition of the tensor product of two simple lines L; ® L; = @nijk.
This means that there is a nfj dimensional space of morphisms from L;, to L; ® L;. We pick a
basis of this space labeled by «. Similarly we pick a dual basis for the space of morphisms from
L; ® Lj to L, which we also label by «.. See Figure 5.2.5. The completeness of the basis can be
written graphically as in Figure 5.2.6(b). > We can transform to a basis labeled by o’. We denote

the unitary matrix corresponding to the transformation as (U,’),,. See Figure 5.2.7.

The associator induces an isomorphism between the morphism space from L; to (L; ® L;) ®
Ly, and the morphism space from L; to L; ® (L; ® Ly). In terms of our chosen basis, this iso-
morphism can be captured in terms of F-symbols (F}’ k)(na, 8)(q,v,5) Which are defined in Figure

2We are assuming that the quantum dimensions of all L; is 1 for simplicity. For generic quantum dimensions, we
have to normalize these morphisms appropriately so that any graph of line defects and its topological deformations
define the same morphism.
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k k 7 J 3 J

(a) (b)
Figure 5.2.6: (a) Graphical representation of the fact that the two basis are dual to each

other. (b) Completeness of the basis. Here, sum over (kaf3) represents a sum over all such
consistent triples.

Figure 5.2.7: A change of basis via a unitary matrix.

ijk

Figure 5.2.8: Definition of /'-symbols.

165



(a) (b)

Figure 5.2.9: Labeling of faces.

(a) (b)

Figure 5.2.10: A tetrahedron can have two chiralities - (a) positive and (b) negative. There
is a label attached to every face but we don’t show it in the figure for brevity.

6.3.8. Under a change of basis, F'-symbols transform as

We are now ready to describe Turaev-Viro prescription for the partition function of T on
a manifold M. Pick a branched triangulation 7" of M. A branched triangulation requires an
ordering > of the vertices of the triangulation. To an edge e between vertices a and b, a branched
triangulation assigns a direction a — b if a > b. The GG-connection «; on M assigns an element
ge of the group G to each directed edge e. We now label each directed edge e by a simple
element living in C,,. Pick a face f of T". Rotating it and flipping it, f looks like as shown in
Figure 5.2.9(a). Then, we label f by some « corresponding to a morphism as shown in the Figure
5.2.9(b). Thus we have a labeling of edges and faces of a branched triangulation. Call one such
labeling as L.
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Figure 5.2.11: Graph attached to a tetrahedron: (a) positive chirality and (b) negative chiral-
ity.
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Pick a tetrahedron ¢ in [. To each ¢ we assign a planar graph I'; in C and we call such a graph
as a tetrahedron graph. Notice that ¢ can have two chiralities - positive and negative as shown in
Figure 5.2.10. T'; for a positive chirality ¢ and a negative chirality ¢ are shown in Flgure 5.2.11.

The first one evaluates to (F}”*)(, .5)(4.5) and the second one evaluates to (F}’*) (p.0.8)(a:5)"

Let’s call this number as n,(l) and define N(I) = [[,n:(I). To each edge e of T, we can

associate a number d (Z) which is the quantum dimension of the simple line assigned to e in L.
Define d(l) = [, d.(I). The partition function Z (M) is then given by

=D~ "N(Dd(l) (5.2.2)

where D = />, d? is the total quantum dimension of C (where d; is the quantum dimension of
simple line L;) and v is the number of vertices in 7.

The invariance of Z (M) under Pachner moves is guaranteed by the pentagon equation satis-
fied by the associators in C. The pentagon equation says that the following morphism made by
composing associators

(A®B)®C)®D — (A®(B®(C))®D - A®((BoC)®D) - A®(B®(C®D)) (5.2.3)
and the following morphism made by composing associators
(AB)@(C)®D - (A®B)®(C®D)— AR (B® (C® D)) (5.2.4)

are equal. In terms of F'-symbols, this means that

) irl ikl kl ij
D F) s amd) En@em ) FI) wameoe) = O FE @87 00m) (Fi) paar)som)

7,0,€, 14 T
(5.2.5)
One can check that (5.2.5) is invariant under an arbitrary gauge transformation (5.2.1).

5.2.3 Twisted spherical fusion category and orientation reversing defects

Consider an oriented theory defined by C. We propose that an unoriented parent theory can be
constructed in terms of a larger “twisted” spherical fusion category C. This larger category is
assembled from four pieces C = CO 0P CO =Y 0D C1 1 such that each of the subcategories Cev o
is G-graded. Co 1 is a bimodule on which CO o acts from left and Cl 1 acts from right. Similarly,
Cl,g is a (non-empty) bimodule with C1,1 acting from the left and C070 acting from the right. An
object in 5071 fuses with an object in (,;170 to give an object in CNO,O. Similarly, an object in CNLO
fuses with an object in C~0,1 to give an object in (3171. C can also be thought of as a 2-category
made out of two objects ‘0’ and ‘1°.

CO o is the same as the spherical fusion category C. C1 1 has same objects as that of C. Simi-
larly, C 0 1s a copy of CO 1 at the level of objects. Graphically, we describe 51mple objects of C. e/
as lines with the left plaquette labeled by € and right plaquette labeled by €. In general, we draw
graphs I in C in which we label the each plaquette by some ¢. See Figure 5.2.12.
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L k
(@ (b)

Figure 5.2.12: (a) A line in C~E,E:. (b) A sample graph in C showing a morphism « in the
morphism space (V,”)..

In our notation, the labels i, 7, k etc. tell us that we have a line of (fe,ez with a specific value of
¢ + ¢ but do not determine the individual €, ¢’. The data of individual € is captured in the labeling
of plaquettes by ¢, €, €’ etc. Thus the labeling of plaquettes is slightly redundant. We need only
specify the label of a single plaquette and the labels for the other plaquettes can be determined
from the labels 7, j, k£ etc. In what follows, we will often just specify the label of the left-most
plaquette.

C comes equipped with the data of an anti-linear isomorphism / between various morphism
spaces. This map is easy to describe in terms of simple objects. It takes the morphism space
(V7). from Ly, to L; @ L; with some labeling of plaquettes (such that the left-most plaquette is
€) to the morphism space (V,:j )et+1 from Ly to L; ® L; but with the labeling on plaquettes flipped.
Thus, we just have to pick a basis o of morphism spaces (V;7)o. The basis (V;); is determined
by the action of I and we label the resulting basis by the same labels .. See Figure 5.2.13. Thus,
under a change of basis (U,7)uro of (V;7)o, the basis of (V;), transforms by (U;?)%,,,.

The associators are compatible with I. Let’s denote F'-symbol associated to a graph having
the left-most plaquette 0 as (E;7%)(, o 5)(g.5) @ shown in Figure 5.2.14. Then, compatibility of
associator and [ implies that the F'-symbol associated to the same graph but with the labels of all

*

plaquettes flipped is (Fl” k)(p,a, 8)(g.0)- Thus, the pentagon equation for the associator becomes

ijk irl ikl s(?) Kl ij
D (F) s @) Fn ) aem ) F) g omer = 2 Lo @m0 (Fidl) ) siow)

7,0,€, 14 T
(5.2.6)
where s(i) = x* if ¢ labels a simple object of C~071 or CMLO and s(i) = 1 otherwise. As the equation
in terms of F'-symbols looks different from (5.2.5), we refer to this equation as the twisted
pentagon equation even though it still descends from the pentagon equation on the associators.
This equation also appeared in [154].

169



e e +1
I
€ a e’ — e+1 a &1
k k
(@) (b)

Figure 5.2.13: The action of anti-linear isomorphism /.

ijk

Figure 5.2.14: Definition of F-symbols for C.
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0 « 0 — 1 1 — 1 e’ 1
k k* E*
(@ (b) ©

Figure 5.2.15: The action of Uy sends a graph (a) on B to a graph (b) on B’ but in the
“wrong” orientation. This means that the tensor product in graph (b) is taken from right to
left. In order to get back to our convention of tensor product from left to right, we take a
mirror of graph (b) and obtain graph (c). The resulting graph (c) is read in C'.

Notice that the gauge transformations on F'-symbols now take the following form

(F™) pasand = F7)was) aornd) U5 U5 (U ara(UF) 05 (5.2.7)

and one can check that (5.2.6) is invariant under this gauge transformation.

The identity line of C = (,7070 can be inserted anywhere in plaquettes labeled by 0 without
changing any answers. Similarly, the identity line of C~171 can be inserted anywhere in plaquettes
labeled by 1 without changing any answers. For each object in (?0,1, we define a dual object in
C~1,0 and vice-versa. These duals are slightly different from the usual duals in a spherical fusion
category C. That is, given a line L in C~0,1, the evaluation maps take . ® L* to identity in C~0,0
and take L* ® L to identity in C~1,1. Similar statements hold true if we flip 0 and 1 or replace
evaluation with co-evaluation.

Given a graph I' in C drawn on the sphere, different projections to planar graphs I', must be
equivalent. In other words, we demand that there are conditions on C similar to that of a spherical
structure on a spherical fusion category C.

We now turn our attention to the physical interpretation of the structure we have just de-
scribed. An unoriented 3d TFT € has an orientation reversing defect U implementing a reflec-
tion transformation. This defect can fuse with other orientation preserving defects U, to form
more orientation reversing defects Ug,. The fusion of these defects froms a group G =G x1Z
and there is a canonical homomorphism p; from G to Z, whose kernel is G.

Ug can be fused with the boundary B to give a new boundary B’. Under such a fusion, the
orientation of the boundary flips as well. There is a spherical fusion category C’ associated to 23’
which is identified as 67171. If there is a line L on ‘B, then fusion of 8 with Uy, flips its orientation
and we obtain the line L* on B’. Consider a morphism from L;, to L; ® L; on B. Slapping Ur
on top of it, we send each line to its dual and B to B’. However, since this process flips the
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(a) (b)

Figure 5.2.16: The symmetry of the theory under a reflection guarantees that the above two
graphs evaluate to the same number.

orientation of the boundary, we have to take a mirror of the resulting configuration of lines to
read it in terms of C’. See Figure 5.2.15. Thus, fusion with Ug provides a linear isomorphism
from V,7 in C to V.* in C’. This is the origin of the anti-linear isomorphism I in C described
above.

Ury can end on the boundary giving an interface between B and 8’ and an interface between
B’ and B. The lines living on these interfaces give rise to Co; and C; o respectively. Together
they form a “twisted” spherical fusion category C described above.

The label 0 and 1 of plaquettes in a graph in C corresponds respectively to the boundary ‘B
and B’ in the physical setting. A graph I in C drawn on a sphere computes the partition function
of ¥ on a 3-ball with a network of boundary lines specified by I'. The bulk of the 3-ball contains
orientation reversing defects which end on the boundary at the location of lines living in C~0,1 or
CLO‘

Given such a 3-ball with I on the boundary, we can bubble a Ug, in the bulk of the 3-ball and
bring it to the boundary. This sends I' to I'" (after taking the mirror) and both of these graphs
must evaluate to the same number. This is the origin of the compatibility between associators
and /. See Figure 5.2.16.
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5.2.4 Unoriented Turaev-Viro

In this subsection, we generalize the Turaev-Viro prescription to compute the partition function
of an unoriented theory % on an unoriented 3-manifold M. We will assume that the reader has
read subsection 5.2.2 before reading this subsection and so we will sometimes cut corners in
what follows.

Fix an orientation O on R?. An unoriented 3-manifold M can be constructed as follows. We
pick open sets of R? and glue them along codimension one loci using piecewise-linear maps.
This gives us a locus £ in M which is defined by the property that the transition functions are
orientation reversing. The Poincare dual of this locus is a representative of first Stiefel-Whitney
class and we call it w;. We assign a local orientation O; to any small tetrahedron ¢ in M — L
by first using the local chart to map it to a tetrahedron in R® where we have already picked an
orientation O. O, remains invariant under deformations of ¢ inside M — L.

Pick a branched triangulation 7" of M. w, assigns a number p, valued in {0, 1} to every edge
e. And the G-connection o; on M assigns an element g. of the group G to each directed edge e.

Let’s extract a set of labels S o such that each label in the set corresponds to a simple object
of CNO70. Similarly, extract a set of labels Sy such that each label in the set corresponds to a
simple object of C~0,1. Define an involution * on .Sy o induced by taking the dual of simple objects.
Similarly, define an involution * on Sy ; under which ¢ is sent to j if the * operation of C sends
the object L; in (,7071 to the object L; in C~1,0. There is also a G-grading on both of these sets
descending from the (G-grading of simple objects.

We now label each directed edge e by a label in (S, ),.. Pick a face f of 7. We can label
J by some label « just as in the oriented case. Thus we obtain a labeling of edges and faces of a
branched triangulation. Call one such labeling as [.

Now pick a tetrahedron ¢ in M — £ in the labeling [. To each such ¢ we will assign a planar
graph T, in C. If the chirality of ¢ matches the local orientation O, we assign the graph shown
in Figure 5.2.17(a) with ¢ = ¢ = ¢’ = €” = 0 and if the chirality doesn’t match the local
orientation we assign the graph shown in Figure 5.2.17(b) with ¢ = ¢’ = €’ = ¢ = (. To define
I'; for a t intersecting £, we choose a small neighborhood U, of ¢ such that £ looks like a wall
cutting U; into two parts. On one side of the wall, we assign 0 to every vertex and on the other
side we assign 1. We assign a global orientation Oy, to U, given by local orientation Oy of any
tetrahedron t’ lying completely on one side of the wall where vertices are labeled by 0. We now
assign the graph shown in Figure 5.2.17(a) with ¢ = 0 and arbitrary €', ¢”, ¢ if chirality of ¢
matches Oy, and the graph shown in Figure 5.2.17(b) with ¢ = 0 and arbitrary €', ¢”, ¢ if it does

not.

Notice that if we flip the choice of 0 and 1 that we assigned to the sides of the wall and apply
the above presciption, then I'; is flipped to the “reflected” graph ", which is the graph obtained
by acting Ug on I';. See Figure 5.2.16. I'; and I'} evaluate to the same number.

Also notice that if we take a tetrahedron ¢” in U; whose vertices are all labeled by 1 and assign
to it a new graph I'}, by matching its chirality with O, instead, then [}, will be the “reflected”
version of the old graph I';» that we assigned in the starting of last paragraph by matching its
chirality with the local orientation, and hence I}, will evaluate to the same number as I';». Thus,
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(a) (b)

Figure 5.2.17: The possible graphs that we attach to a tetrahedron.

we see that we could have also given the prescription to compute the partition function in various
patches U; by using the local orientations and assigning {0, 1} to the two sides produced by an
intersection of U; with the w; wall. The tetrahedra lying the intersection of U; and U; would give
the same contribution in each patch. Thus, we would just have to make sure that we “glue” the
tetrahedra in various intersections properly.

Returning back to our original prescription, we just repeat what we already said for the ori-

ented case. Let’s call the evaluation of I'; as n,(!) and define N (l) = [ [, n.(l). To each edge e of

T', we can associate a number d,.(I) which is the quantum dimension of the simple line assigned
to e in [. Define d(l) = []_ d.(l). The partition function Z (/) is then given by

Z(M) =D " N(l)d(l) (5.2.8)

where D = /) _.d? is what we dub as the total quantum dimension of C (where d; is the
quantum dimension of simple line L;) and v is the number of vertices in 7. We would like to
emphasize that we are picking labels i only in “half” of C i.e. C~070 and 5071. Hence, the total
quantum dimension only involves square of quantum dimensions of half of the simple lines.

The invariance of Z(M ) under Pachner moves and under change of representative of w; is
guaranteed by the twisted pentagon equation (5.2.6) satisfied by the F'-symbols in C. In the rest
of the chapter, by “twisted spherical fusion category” we will mean the data of Cy o @ Cp; and
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we will often repackage this data as C' = ©;C; = ©,C,, ©y C, Where g € G=GxZyand R
is the generator of Zj in G. C, = (Co)y and Cry = (Co.1),- We also define a homomorphism p
(also called p;) from G to Z; which sends G' x {e} to 0 and G' x {R} to 1.

5.2.5 Example: Bosonic SPT phases

Bosonic SPT phases protected by G = G x ZI are invertible unoriented TFTs with global
symmetry GGy. Such a phase is constructed by a twisted spherical fusion category C having a
single simple object L, in each subcategory C,. The fusion rules are L, ® Ly ~ L.

F-matrices define a U (1) valued function of three group elements a3(g, ¢', ") = Fy g g7.g9'¢"-
The twisted pentagon equation (5.2.6) translates to

ag(g) (g',g”,g’”)ozg(g,g’g”,g”’)ozg(g,g’,g”)
as(gg’, 9", 9")as(g,9',9"9")

=1 (5.2.9)

where s(g) = (—1)?9). This means that a3 is a p-twisted group cocycle. On the other hand,
gauge transformations (5.2.7) become

B9, 9" Ba(g, 9'9")
B2(9,9")B2(99', 9")

which corresponds to adding an exact p-twisted cocycle 03, to as.

a3(g7g/ag,/> — a3(g7glvg”) (5210)

This means that the bosonic SPT phases are classified by the p-twisted group cohomology
H3*(BG,U(1),) [155]. A background connection «; for Gy on M combines with w; to give
a background connection for G which is represented as a map from M to BG. An element of
H3(BG,U(1),) is then pulled back to a density on M which can be integerated on M to produce
the partition function Z(M, ay).

5.3 Pin"-TFTs

We start this section by reviewing the construction of Spin-TFTs from their shadows [3]. We will
argue that the Pin*-shadows must have an additional kind of anomaly which was not present in
the case of Spin-shadows. Incorporating this addtional anomaly will allow us to generalize the
shadow construction to Pin*-TFTs. We finish the section by showing how to take a product of
Pin™-TFTs at the level of shadows.

5.3.1 Review of Spin case
[3] provided a recipe to construct a 3d Spin-TFT T, from its shadow T;. The shadow is an

ordinary TFT with an anomalous Z, 1-form symmetry. This manifests itself in the existence of
a bulk line II which fuses with itself to the identity and has certain properties. See Figure 5.3.1.
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Figure 5.3.1: (a) A property of bulk line II generating an anomalous Z, 1-form symmetry.
(b) Half-braiding IT lines across each other gives a factor of —1 when compared to II lines
without braiding.

We want to couple T to a background 2-connection 3, for the 1-form symmetry. We can
do so by inserting II lines inside a triangulated manifold such that an even number of II lines
cross a face having S, = 0 and an odd number of II lines cross a face having 5, = 1. Since
IT has a non-trivial crossing with itself, topologically different ways of gluing II lines inside
the tetrahedron will differ by signs. Hence, we need to pick a convention of how we will glue
the II lines crossing these faces inside each tetrahedron when we say that ¥ is coupled to a
background 2-connection . Once we have picked this convention, the partition function will
not be invariant under gauge transformations of ;.

After fixing the convention, the change in the partition function under gauge transformations
is independent of the theory, however. To see this, consider the product ¥ = ¥; x T, of two
shadow theories T; and %5, and couple it to a background 2-connection for the diagonal Z,
I-form symmetry. The partition function would then be the product

Z(M, B2) = Z1(M, B2) Zy(M, Bs) (5.3.1)

and a gauge transformation would leave Z invariant. This is because resolving a crossing of the
product line I1;II, gives no minus sign as the signs from crossing of I1; and crossing of 11, cancel
each other.

The strategy of [3] was to compute this anomaly for a simple shadow theory, namely the
shadow of Gu-Wen fermionic SPT phases. The anomaly under 5, — (5 4+ d\; turns out to be

Zs(M, By) — (—1)JuMUBetBllt o 7 (N 5,) (5.3.2)

This transformation is the same as the transformation of a spin-structure 7; dependent sign
z(M,m, B2). This sign can be written as [156]

2(M, 1, B) = (—1) s mUP2rt [y BabBatwalfs (5.3.3)
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Figure 5.3.2: Properties of boundary image of bulk lines. These properties imply that the
bulk lines are elements of the Drinfeld center of the spherical fusion category formed by
boundary lines.

where N is a 4-manifold whose boundary is M and w, is a representative of second Stiefel-
Whitney class. For oriented manifolds, this sign is independent of N because (55 U 53 + wy U Sy
is exact if (5 is a cocycle. It is easy to see from this expression that

Z(M, m, 52 + 5)\1) _ (_1)fM /\1UBerBQLJ)qu/\lUé)qZ(j%7 m, 52) (534)

Here we have used a representation of spin structure as an equivalence class of 1-cochains 7
satisfying d07; = w, under the equivalence relation given by addition of exact 1-cochains to

m [156].

Thus combining the shadow theory with this sign gives a theory with a non-anomalous Z,
1-form symmetry. The spin theory T, is obtained from this by gauging this 1-form symmetry

|HO(M, Zs)|
ZS(M> 771) = m Z Z(Ma 771,52)21‘(]\4 52) (5.3.5)
[Ba]€H2(M,Zz)

So, we have a one-to-one correspondence [T;] <+ (T, II) where [T;] denotes the equivalence
class of Spin-TFTs under permutations of spin structures 7; — 7, +a; where [o] € HY(M, Z,).

We would like to have a Turaev-Viro construction for Z¢(M, #5). To this end, we should
understand how to encode the II line in terms of the spherical fusion category C. Notice that II
is mapped to a boundary line P by bringing it to the boundary. If we bring II to the boundary
such that it crosses a boundary line X, we obtain a canonical isomorphism Sy : X ® P —
P& X. Bringing II to the boundary in topologically equivalent ways should lead to same answers.
Hence, (P, ) can be moved across other morphisms. See Figure 5.3.2.

Mathematically, this means that II is an element (P, 3) of Drinfeld center of C. This ele-
ment fuses with itself to identity and 5p = —1. The Turaev-Viro construction for Z;(M, /3;) is
achieved by inserting a II line emanating from every vertex whose dual face has 5, = 1. See
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Figure 5.3.3: The basic tetrahedron graph in the Turaev-Viro construction of the partition
function Z;(M, f,) of the shadow theory in the presence of a background 2-connection fs.
A 1T line (shown as double line in the figure) leaves the vertex if the dual face has 5y = 1.
We let such lines meet without crossing each other in the region denoted by a disk in the
graph. Different ways of joining the lines in the disk are equivalent because of the property
of II lines shown in Figure 5.3.1(a).
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Figure 5.3.3.

5.3.2 Fermion in Pin"-theories

Pin"-TFTs are a generalization of Spin-TFTs to the unoriented case. Spinors can be defined on
an n-dimensional non-orientable manifold by using transition functions valued in Pin™(n) group
or Pin~(n) group, both of which are double covers of O(n). They are distinguished by the value
of R? acting on spinors where R is a spatial reflection. R? = +1 for Pin*-group and R?> = —1
for Pin~-group. In terms of time reversal symmetry 7', the action on spinors is 7% = —1 for the
Pin™ case and T2 = +1 for the Pin~ case. A Pin'-structure exists only if the second Stiefel-
Whitney class [ws] vanishes. On the other hand, a Pin~-structure exists only if [wy+w?] vanishes
where [w;] is the first Stiefel-Whitney class. Two Pin™ or Pin~-structures differ by an element
of H' (M, Z,).

In the Pin™ case, there is a choice in defining the action of reflection in i-th spatial direction
on spinors. We can either multiply the spinor by the gamma matrix ; or by —;. This suggests
that in a Pin™-shadow there are two canonical choices mp and np = —mp of local operators at
the junction of a II line and RR-defect. These operators square to 1. The orientation preserving
defects always have a single canonical local operator at the junction.

Now we will argue that, in general, there must be a locus £ embedded inside the locus M
of orientation reversing defects which implements the transformation m <+ n. Moreover, the
homology class of £ must be the Poincare dual of [w?]. Choose a locus £ embedded inside
M whose homology class is the dual of [w?]. Now bubble a fermion line near M and move
it such that it intersects M in two junctions. See Figure 5.3.4(a). The local opeartors at the
two junctions must be inverses of each other. Take one of these junctions around a cycle C' in
M. If the cycle intersects £, then fusing the fermion line with itself at the end of this process
gives a crossing of fermion line which provides a factor of —1. See Figure 5.3.4(b). Topological
invariance demands that C' must intersect £ as well so that the fusion of the local operators at the
end of the process provides a factor of —1 which cancels the sign from the crossing. Similarly, if
C doesn’t intersect L, it doesn’t intersect £ either. Hence, £ and £’ are in the same homology

class. Thus, we can choose to identify £ with the representative w?.

We will see in the next section that this flip m <> n as II crosses £’ is responsible for the
presence of mixed anomaly between time reversal symmetry and Zy 1-form symmetry in Pin™-
shadows.

5.3.3 Shadows of Pin"-TFTs

Just as in the spin case, to define what we mean by a Pin*-shadow ¥ coupled to a background
B2, we need to pick a convention for configuring II lines. In addition to this, we also need to
choose whether we will put m or n on the junctions when II crosses R-defect. The Pin™-TFT
T is obtained as

Z+<M7 771)

0
. |H° (M, Zy)| Z 2y (M, B2) Z (M, Ba) (5.3.6)

- 1
|[H1(M, Z,)| [B2]€ H2 (M, Z2)
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Figure 5.3.4: (a) The big circle is a cartoon representing the locus M dual to w;. A II line
is bubbled nearby and dipped into this locus. The operators at the two marked junctions
are inverses of each other. (b) Taking the left half of II line around a loop C' in M which
intersects once the locus £’ dual to w?, brings us to the configuration shown in the figure.
We omit M in this figure for brevity. The region denoted by a black disk is shown in (c).
That is, the II lines are glued inside this black region in such a way that there is a non-trivial
half-braiding (i.e. crossing) of the II lines. The reason for the appearance of this crossing is
that the normal direction to M is reflected across £’ and hence the top and bottom parts of
the (left half of) II loop are exchanged as C' crosses L’.
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where the sign which cancels the anomaly for Z, 1-form symmetry of T can be defined as
2 (M1, Bo) = (—1)Jum Pty BaUft(wi+w2)Uf2 (5.3.7)

where ON = M and n; parametrizes Pin™-structures. The expression is independent of N as
B2 U By + (w? 4 wq) U By is exact if [ is a cocycle. Fliping the choice of local operator changes
the partition function as Z;(M, B;) — (—1)/m192Z (M, 3,). This can be absorbed into a
permutation of Pin*-structures 17; — 7; + wy. Thus, as in the spin case, we have a one-to-one
correspondence [T, ] <» (T, II) where [T, ] denotes the equivalence class of Pin*-TFTs under
permutations of Pin™-structures.

Now, notice that Pin*-shadows have a time reversal anomaly in the presence of a background
2-connection [,. As we add dvg to wy, we add du; to w? where u; = w; Uvg + v Uw; +vo U dug.
This corresponds to moving M and £'. But during such movements, £’ will cross some II lines
encoding [3; and the partition function will change as

Z(M, B2) = (=1)u 9% 75 (M, ) (5.3.8)
Under this transformation, the sign also transforms in the same way

Z+(M, 7717ﬁ2) - (_1)IMUIU/32'Z+(M7 7717B2> (539)

and the corresponding Pin*-TFTs have no time-reversal anomaly.

The signs 2z, written above implies the following anomaly under By — B2 + d)\;
Zi(M, By) — (_1)IM A1UB2+B2UA1 +A1USA 1 +w?UA; Zs(M, Bs) (5.3.10)

where w; is a representative of first Stiefel-Whitney class. As the anomaly is universal, we will
verify that this is the correct anomaly by computing the anomaly directly for shadows of Pin™
generalization of Gu-Wen fermionic SPT phases in the next section.

To obtain the Turaev-Viro construction for Z¢(M, ), we need to know how to encode the
IT line in terms of the data of C. As in the spin case, II is mapped to some boundary line P
with canonical isomorphisms Sx : X ® P — P ® X. However, unlike the spin case, II is not
an element of Drinfeld center of C. Rather, we need to insert extra signs whenever we move II
across L'. This descends to the statement that (P, ) is an element of a twisted Drinfeld center
which is defined in Figure 5.3.5.

5.3.4 Product of Pin"-TFTs

In this subsection, we want to figure out the shadow of the product of two Pin™-TFTs. This will
lead to the definition of a product on the shadow theories which we will call the shadow product.

First, notice that 3

2 (M1, Ba) 2 (M1, By) = 20 (M, By + Bh) (— 1) ar P21 (5.3.11)

3See Appendix B of [156] for an introduction to higher cup products like U; used in the following equation.
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Figure 5.3.5: The equations defining twisted Drinfeld center.

Now consider two Pin™-TFTs T, and ¥, with their corresponding shadows T and T’;. Using
the above, we can write the partition function of the product theory as

_ |HY(M, Z,)|*

Z(M)Z (M) = (M, Zy)

Z zy (M, By + ﬁé)Zf(M, ﬂg)Z}(My ﬁé)(_l)fM B2U1Bs5
[B2],185]
(5.3.12)

which can be massaged as

HOY(M,Z -
Z (M) Z (M, 1) = M S e (Mo, B)Zp(M, ) (5.3.13)
V20N 8y e H2 (M, Z)

with

. |HO(M, Z,)| s
Zy(M. ) = !Hl(TZz)! > (0B 7 (M, By + B) 25 (M, By) (5.3.14)
’ [B3)€H2 (M Z2)

being the partition function of the shadow corresponding to the product theory. We denote this
shadow theory as the shadow product Ty x ; T

Physically, we are constructing the shadow of the product by gauging the diagonal Z, 1-
form symmetry in the product of the shadow theories. Notice that this 1-form symmetry is
non-anomalous and hence gauging it makes sense.

To implement the shadow product in the Turaev-Viro description, we first take a graded
product of C X C’ of C and C'. This means that (C x¢ C'), = C, x C;. Now we need a notion
of gauging the line b = IIII" in the Drinfeld center of C X C’. In general, we can consider the
following problem. Take a theory ‘T, specified by a twisted spherical fusion category C;, having a
non-anomalous Z, 1-form symmetry. This means that there exists a line 0 in the Drinfeld center
of C, which fuses with itself to identity and has the properties shown in Figure 5.3.6. We want
to construct the twisted spherical fusion category for the theory T, obtained after gauging the
1-form symmetry generated by b.
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A

(@) (b)

Figure 5.3.6: The properties of a bulk line b generating a non-anomalous Z, 1-form symme-
try are very similar to that of II. The only difference is that crossing b lines doesn’t lead to a
sign.

b is invisble in the gauge theory. This means that a morphism from A to b ® B in C, has
to be regarded as a morphism from A to B in Cz,. And the morphisms from A to B in C, are
also morphisms from A to B in Cz,. The composition and tensor product of new morphisms are
defined as shown in the Figure 5.3.7.

Let’s try to understand what happens to the simple objects under this operation. If L is a
simple object in C,, M = b ® L is simple as well. If M is not isomorphic to L, then the
morphism from L to b ® M in C, provides an isomorphism from L to M in Cz, combining them
into a single simple object in Cz,. If M is isomorphic to L, then the morphism from L to b ® M
in C, provides an additional endomorphism &, of L in Cz,. Since there are two independent
morphisms from L to itself in C,, it must split into two simple objects L™ and L~ which can be
constructed by inserting a projector

1
i = 5(1 +¢1) (5.3.15)

on L.

5.4 Fermionic SPT phases

In this section, we discuss Pin*-SPT phases. We also explicitly compute the partition function on
an arbitrary manifold M of a certain Pin'-shadow which gives rise to the Pin™ Gu-Wen phases.
We can read the anomaly of Pin"-shadows from the expression for the partition function. The
anomaly matches the expectation of the previous section. We finish the section by reproducing
Z group of Pin™-SPT phases without any global symmetry.
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(a) (b) (©) (d

Figure 5.3.7: Construction of Cz,: (a) Two types of morphisms from A to B. (b) Compo-
sition of two morphisms of the second type. (c) Tensor product of two morphisms of the
second type. (d) Tensor product of a morphism of first type on the left and of second type
on the right will similarly involve a crossing of b line. And the tensor product of second type
on left and first type on right doesn’t involve any crossing.

5.4.1 Gu-Wen phases

In this subsection, we will discuss Pint Gu-Wen SPT (f-SPT) phases with global symmetry G.
Gu-Wen fermionic SPT phases were first described in [157] and explored further in [156].

The twisted spherical fusion category for these phases is such that C, has two simple objects
Lyoand Ly, forany gin G x Z?. The fusion rule is

L976 X Lg/76/ ~ ng’,e+e’+n2(g7g') 54.1)

where 1 is a Z,-valued group cocycle, i.e. it is an element of H?(B(G x Z%),Z,). H*(B(G x
7%, Z,) is also the group of central extensions of the form

0% —G—GxZE =0 (5.4.2)

Thus, we can view C as descending from C whichisa (A}’-graded category with a single simple ob-
jectin each grade. One obtains C by forgetting the sub-grading corresponding to the Zy subgroup
appearing in the above central extension. More physically, C can be viewed as generalizing the
notion of unoriented bosonic SPT phases to bosonic SPT phases with more complicated struc-
ture group. Forgetting the Z, grading corresponds to gauging the Z, symmetry. The associator
of elen/l\ents in C can be read from the associator in C which we denote as a3. It is an element of
H3*(BG,U(1),). As a note, we will denote an arbitrary element of G x Z& by g in what follows.

We demand the existence a fermionic line II in the twisted Drinfeld center of C which fuses
with itself to the identity. For the 1-form symmetry generated by this line to be compatible
with G, the line must be of the form (L., ) or (L1, /). The former case cannot lead to
a fermionic line. Hence, II must be of the form (L., ). The existence of such a line will
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g (9,0

Q)

) . 6.0
_>
e+e +n2(g,9')

g9 (g9',0)

Figure 5.4.1: We choose our basis for morphism space Ly 1/ 4ny(g,9') — Lge ® Ly o such
that the basis for different (e, ¢’) are related by crossing of a II line as shown in the figure.
Here a label € adjacent to double line denotes that the double line is IT if € = 1 and the double

line is the identity line if € = 0.
=] (_1>9%U€1 @@

(@ (b)

Figure 5.4.2: Intermediate computational steps relating a3 and v5. The sign arises from
dragging a II line over a vertex. We can further resolve the crossing on the right hand side
to make contact with 3 which is defined in Figure 5.4.3.
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Figure 5.4.3: The definition of v3(g, ¢, ¢").

put some constraints on the form of C which we now explore. First, we choose our basis of
morphisms as shown in the Figure 5.4.1. Consider the basic graph dual to the tetrahedron. Using
our basis, it can be written as in Figure 5.4.2(a). This, in turn, can be manipulated to the final
graph shown in Figure 5.4.3 which we define to be v3(g, ¢, g”). During this manipulation we
obtain a sign from resolving a crossing and another sign from moving a II line across a vertex.
See Figure 5.4.2(b). Thus, we see that

Qg = vy(—1)m2teua (5.4.3)

where ¢ is a Z»-valued co-chain which sends (g, €) to e.

We find that a Pint Gu-Wen phase is specified by a double (13, ny) where v3 satisfies
Juy = (—1)r2unateiin: (5.4.4)

However, there is a redundancy in such a description. We will see in subsection 5.4.3 that the
phase defined by v3 = 1 and ny = p? is the same as the trivial phase specified by v3 = 1 and
Ng = 0.

To completely specify the Pint Gu-Wen phase, we also need to pick a specific I line. The
twisted Drinfeld center equations (see Figure 5.3.5 with i = (g,¢) and j = (¢, ¢’)) for such a
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line tell us that

as(g,6,9.€;e,1)B(q,€)as" (g.6¢, 1,9, €)B(g, €)as(e, 1; 9,64, €) (5.4-3)
= (=)0 B(gq e+ € +na(g, g))

Using (5.4.3), we see that it reduces to

Blgg e+ € +na(g,q)) = (1)) B(g,€)8(g . €) (5.4.6)

Using the fact that I is fermion tells us that
Blg,e+1) = =g, €) (5.4.7)
Feeding it back, we obtain that
Blgg’,0) = B(g,0)B(g, 0) (5.4.8)
The only solution to this equation that works uniformly for any group G is
Blg. €) = (F)" (1) (5:4.9)

Since flipping the sign of all the /3 in the orientation reversing sector doesn’t change the resulting
Pin™-TFT, we can choose L. ; equipped with

B(g,e) = (—1) (5.4.10)

as the fermion.

For the rest of this subsection, we note that we can write H%(B(G x Z1),Z,) in terms of
group cohomology of G. Let’s denote an arbitrary element of G'x Z¥ as g;, g, etc. We also denote
an arbitrary element of i as g and R as the generator of Z%. We have the gauge transofrmations

n2(g1, 92) — n2(g1, 92) +n1(g1) + n1(g192) + na(g2) (5.4.11)

Pick n; such that ny(g) = 0 for all g and n;(R) 4+ n1(gR) = na(g, R). Thus we have fixed a
gauge such that ny(g, R) = 0 for all g. Then using the cocycle condition

n2(9g2, g3) + n2(9192, g3) + na(g1, gags) + na(g1, g2) = 0 (5.4.12)
we find that we can express ns as
ng = my + p1r Umy + p1 Up; (5.4.13)

where m, parametrizes an element of H*(BG), Z,), m, parametrizes an element of H,(BG,Z,)
and 7 2 denotes the pullback of m, 5 from G to G' x Zf& This analysis establishes that

H*(B(G x 7Y, 7y) = H*(BG, Zy) x H'(BG, Zy) x Zy (5.4.14)
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d (9,0) (¢',0)

€ e

Q)
Q)

! e+¢ +n2(g,9)
g9 (99',0)

Figure 5.4.4: Gauge fixing: We choose basis for various morphisms related in the way shown
in the figure.

5.4.2 Anomaly for Pin"-shadows

In this subsection we will compute the partition function Z;(M, ;) for a Pin™ Gu-Wen phase.
The explicit expression will allow us to compute the anomaly under a gauge transformation f; —
B2 + 0A1. As the anomaly is universal, this will justify our prescription (5.3.6) for constructing
Pin*-TFTs in terms of their shadows.

In the presence of a background [, the basic tetrahedron graph is as shown in Figure 5.4.5(a).
This can be gauge fixed as shown in Figure 5.4.4. After the gauge fixing, we can move the II
lines to the position shown in Figure 5.4.5(b). This implies that the partition function can be
written as

%Hyg > (—1)umetatuivataus (5.4.15)

€1]de1=na+P2
This expression is non-zero only when the GG-connection is such that no = 35 + da;. By shifting
€1 — €1 + o, the above expression can be re-written as

1

5(_1>va1 naUai+aiUng+aiUsar +wiUas H Vs Z (_1)IM naUer +e1Unz +w?Uer (5416)

€1]6e1=0
The sign inside the sum is exact and hence we obtain

1 2
Zf(M; /82) — _(—1>IJM ngUa1+a1Un2+a1U6a1+wIUa1 H Vs Z 1 (5417)

21}
€1]de1=0

Shifting B, — [2 + d0\; is the same as shifting «; — a7 + A; under which the partition
function changes as

Zs(M, By + 0X1) = (—1)urMUB4 Bt twiod 7o (V3. (5.4.18)
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Figure 5.4.5: The graph on the right can be obtained from graph on the left after gauge fixing
and deforming the IT lines.
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which matches the expectation in (5.3.10) exactly.

5.4.3 Group structure of Gu-Wen phases

Now we would like to compute the product of two Gu-Wen phases labeled by (v5,7n,) and

(4, n%). The G-graded product of corresponding categories has 4 simple objects in each grade

L, .o which fuse according to the cocycle (n2, n5) and have associators a'sy. The non-anomalous
Zy 1-form symmetry is generated by L. ; ; which has crossing (—1)<.

Gauging the symmetry identifies L, . . with L, .1 +41. We pick representative objects Lg o
in each grade and compute the associator of L .o, Ly 0 and Ly o via the tetrahedron graph.
Multiplying two representative objects Lo and Ly ¢ o, We obtain Ly 4 ey (.9} (g.9) Which
can be mapped back to the representative object Ly e ny(g.9')+n(g,¢),0 DY inserting n5(g, g')
number of IIII" lines emanating from the corresponding vertex. The representative objects thus
fuse according to the cocycle ny + nj. Now, we gauge fix as in the previous subsection. Then,
doing same manipulations as in the previous subsection, we find that the tetrahedron graph eval-
uates to

ngé(_1)712U€1+’LU%U61+61UTL’2 (5.4.19)

Upto a gauge redefintion, it can be written as
(v (—1)m2 e ) (1) (et nztudue (5.4.20)

Thus the product is a Gu-Wen phase with 73 = ygyé(—l)”2U1”'2 and Ny = ny + nb.

However, notice that substituting v3 = 1,175 = 0 in (5.4.17) and writing w? = o, gives

1
= 1\ y 1Udar +601Ua
Zi(M, o) = 2U( 1)Jar ! E 1 (5.4.21)
€1|6e1=0
and substituting 13 = 1,ny = p7 gives
1
— {1\ ya1t+o1)Uda
Z5(M, ) = oy (=1)hren ol |§6 701 (5.4.22)

which are the same expressions! Thus, the Gu-Wen phase labeled by (v3 = 1,ny = p?) is the
trivial phase. The reader might complain that (5.4.21) does not seem to describe a frivial phase.
We would like to stress that this is the partition function of the shadow theory describing the
trivial Pin*-TFT. The trivial Pin™-TFT is obtained by combining a non-trivial shadow with a
non-trivial sign.

Thus, the group GW(G) of Pin™ Gu-Wen phases with global symmetry G can be described as
follows. Consider the set parametrized by (v3, ny) with v3 parametrizing elements of H*(B(G x
Z%),U(1),) and ny parametrizing elements of H?(B(G x Z&),Z,). Provide it a group structure
given by

(v3, o) (g, mb) = (v31/4(—1)"2912 g + ) (5.4.23)

Finally, quotient it by the Z, subgroup generated by (3, n2) = (1, p?).
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An alternative description can be given by first defining a group H(G) = H?*(B(G x
Z8),U(1),)/Zy where the Z, is generated by the cocycle (—1)#1Y1#1, Then, GW(G) is a central
extension

0 — H(G) = GW(G) — H*(BG,Zy) x H'(BG,Zy) — 0 (5.4.24)

with cocycle valued in H(G) being (—1)"2"1"2 € H3(B(G x Z%),U(1),) where ny and n, are
valued in H*(BG,Z,) x H(BG,Zs) as in (5.4.13) but without the p7 summand.

5.4.4 ZF version of Ising

As an application of our formalism, we would like to construct all Pin™-SPT phases wth global
symmetry group G being the trivial group {id}. There is only one Gu-Wen phase in this class,
which is the trivial phase. There is a non-trivial phase in this class which is given by the Z%
analogue of a Z, graded spherical fusion category Z which is known as the Ising fusion category.
Below we recall the construction of Z and its Z& cousin. It turns out that the analysis for both
the cases is similar and we treat both of them together.

We are looking for a Z, graded (twisted) spherical fusion category such that Cy = {I, P} and
C, = {S} are the simple objects. The fusion rules are

PoP~I (5.4.25)
SP~S (5.4.26)
PS~S (5.4.27)
SRS~IDP (5.4.28)

The F'-symbols can be bootstrapped from these fusion rules by using (twisted) pentagon equation
and taking advantage of the gauge freedom.

When the Z, grading corresponds to a Z, global symmetry, the non-trivial F'-symbols are
determined to be

(FE5) sy8) = —1 (5.4.29)

(F7%)s)0s) = —1 (5.4.30)
1

(FS*) i = (F§*) iy = (F§™) ey = 75 (5.4.31)
1

(F§%%)(pypy = jFE (5.4.32)

When the Z, grading corresponds to ZZ orientation reversing symmetry, the non-trivial F-
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symbols are determined to be

(F&)s)8) = —1 (5.4.33)
(F7%) sy = —1 (5.4.34)
1
(ngs)m(l) = (ngs)(P)(I) = (ngs)(])(P) = E (5.4.35)
1
(FS55)pyp) = -7 (5.4.36)

That is, the choice of sign becomes a gauge freedom in the Z% case.

The fermion line is given by an element of (twisted) Drinfeld center of the form (P, ).
Solving the Drinfeld center equations for the Z, case, we obtain

Bp=—1 (5.4.37)
Bs = %1 (5.4.38)

Thus, there are two choices for the fermion line II. Given the choice in picking the associator
and the choice in II, we can construct four Spin-TFTs with global symmetry Z,.

On the other hand, solving the twisted Drinfeld center equations for the Z% case, we obtain

Bp=—1 (5.4.39)
Bs = %1 (5.4.40)

However, as we know from before, flipping the sign of all the 3 in the orientation reversing sector
doesn’t change the resulting Pin™-TFT and we can fix 3¢ = +1. Hence, in the Z% case, there
are no choices and we obtain only one Pin"-TFT which we call Z,.

5.4.5 Pin"-SPT phases with no global symmetry

Cobordism hypothesis predicts a Z, group of Pin™-SPT phases [128]. We have already found
the trivial phase as a Gu-Wen phase. We claim that the non-trivial phase corresponds to the
Pin™-TFT Z, that we encountered in last subsection. To justify this, we will show that the square
of Z, is the trivial Gu-Wen phase. This will prove that Z, is indeed an SPT phase and provide
an explicit construction of Pin™-SPT phases without global symmetry. The existence of this
non-trivial phase was also discussed in [158].

The graded product of Z, with itself has simple objects /1, PI, I P, PP in the trivial grade
and a simple object S'S in the non-trivial grade. Gauging the 1-form symmetry generated by
[1IT, we obtain a category C with Cy having simple objects //, PI and C; having simple objects
5SS+, SS7. 85T and SS™ are constructed by using projectors obtained by using the non-trivial
endomorphism of S.S. See Figure 5.4.6.

SS* ® PI involves the F-symbol F'7>F which flips the sign of {5 and hence SS* @ PI ~
SS~. On the other hand, PI ® SS involves 3p and hence PI ® SS* ~ SS~. The computation
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SS* SS SS

Figure 5.4.6: Definition of S.S*.

PP PP

\
=+{ 1 o+ AN +§\

sst  sst 5SS SS SS§ SS S8 8§ SS SS

Figure 5.4.7: Computation of SS* ® SS* is by definition a sum of four terms which involve
associators and crossings. /[ inside SS®.SS is mapped to /] by first and fourth terms and to
P P (which is isomorphic to /] in the new category) by the second and third terms. Similarly,
P1I is mapped to the zero object as the four terms cancel in pairs. Hence, SS™ ® SS* ~ I1.

of SST ® SST can be done in a similar but more involved manner which we explain in Figure
5.4.7. We find that SS* ® SS™ ~ II. All the statements above hold true if we replace S'S™ with
SS™. Thus, C has the fusion rules of the Gu-Wen phase which is trivial.

For a general GG, we can consider the pullback of Z, along p; which we denote as Z, (G).
7. (G), has two simple elements I,, P, if p1(g) = 0 and has a single simple object S, if p;(g) =
1. The fusion rules and associators are just pulled back from Z, . Clearly, Z, (G) will also square
to 0 as our argument above is independent of G-grading.

This allows us to construct GW(G) x Zs worth of Pin™-SPT phases with global symme-
try G. We suspect that this is not the full classification and comment on how to complete the
classification in the next section.
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5.5 Conclusion and future directions

In this chapter we discussed the generalization of Turaev-Viro construction of oriented 3d TFTs
to unoriented 3d TFTs. We proposed that the input data of this construction in the unoriented
case should be a “twisted” spherical fusion category in which the pentagon equation for the
F-symbols is modified.

As a generalization of the construction of [3], we also proposed a construction for Pin*-
TFTs in terms of their shadows. The shadows are ordinary unoriented TFTs with a Z, 1-form
symmetry which is anomalous and has a mixed anomaly with time-reversal symmetry.

Combining the above two ingredients, we were able to give explicit constructions of a large
class of invertible Pin*-TFTs with global symmetry G. Such theories are known as Pin™-SPT
phases. We also reproduced the Z, group of Pin*-SPT phases without any global symmetry.

There are plenty of interesting directions in which this work can be extended in the future and
we make some very speculative comments about them in what follows. Perhaps the most imme-
diate future direction is to use the machinery developed in this chapter to provide a classification
of Pin™-SPT phases for an arbitrary group GG which admit a topological boundary condition. The
author suggests to look at a spherical fusion category graded by Z, x ZZ with simple elements
I, P in the (0,0) grade, I;, P in the (0, 1) grade, S in the (1,0) grade and S} in the (1, 1) grade.
The fusion rules mimic the Ising category. Is it possible to find a consistent set of /'-symbols?
If yes, then the class of Pin™-SPT phases we presented in this chapter is not the full answer. It
should then be possible to finish the classification, in a spirit similar to the one in [3], by pulling
back this Z, x ZI phase and combining it with the class of phases presented in this chapter.

It would be very interesting to provide a construction (Turaev-Viro-like or some other con-
struction) for TFTs with more general struture groups. For instance, one could mix O(n) and G
or mix Pin™(n) and G in the fermionic case. It seems that a proper treatment of these generaliza-
tions should involve a rich interplay of symmetry defects along with higher codimension defects
living in the worldvolume of symmetry defects.

Let us comment about the Pin~(n) x G case. It seems natural that the kernel for Pin~-TFTs

would be the sign
2 (M1, Ba) = (—1)Ja Bt [y Pabar(wi+wz) B (5.5.1)

which seems to be the same expression as (5.3.7) but this time we take 7; to parametrize Pin™-
structures. This would suggest that the corresponding shadow theory has no mixed anomaly
between time reversal and Z, 1-form symmetry. Also, the anomaly for the 1-form symmetry

should now be
Z4(M, By) — (—1)Ju 2Bt Bao+hh 7 (\f g, (5.5.2)

However, for Pin™ case, we saw in Figure 5.3.4 that moving the fermion IT across the locus dual
to w? should change the operator at the junction of II line and the orientation reversing defects.
The argument given there was that this sign was needed to cancel the sign coming from the
crossing of II lines. This lead to different anomalies than the ones we want for the Pin™ case. So,
in the Pin™ case, we do not want such a change in the sign of the corresponding local operator.
The author suspects that in this case the sign coming from crossing of II lines will be canceled by
factors coming from patching of 11 with RII where RII is II line with a reflected framing. This
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would make sure that II is an element of Drinfeld center rather than a twisted Drinfeld center,
which would in turn imply the anomalies given above. It would be interesting to work out the
details and provide a Turaev-Viro construction for Pin~ shadows.

Of course, this means that one will have to first understand how to compute (in terms of the
twisted spherical fusion category) the extra data attached to a bulk line which corresponds to
patching the line with itself but with reflected framing. In other words, this corresponds to a
generalization of Moore-Seiberg data [159, 160] to the unoriented case. A step towards this was
recently taken in [161].

A puzzle here is that there should be no non-trivial Pin™-SPT phase according to [128]. So,
somehow the Pin™-TFTs produced by the potential Pin~-shadows having ZZ version of Ising as
their twisted spherical fusion category should be trivial.

Another interesting direction to pursue would be to see if it is possible to find a generalization
of Turaev-Viro construction which could construct anomalous 3d TFTs. Such TFTs live at the
boundary of a 4d SPT phase. Hence, such TFTs should not admit topological boundaries of
their own but they can admit interfaces to other 3d TFTs with the same anomaly. Perhaps it is
possible to choose a simple TFT in each anomaly class and build a Turaev-Viro construction
using a topological interface between the TFT we want to construct and the simple TFT. See
[152, , , ] for recent interesting work on anomalous unoriented 3d TFTs.

Finally, it would be interesting to concretely construct a time-reversal invariant commuting
projector Hamiltonian using the data of twisted spherical fusion category. This Hamiltonian goes
into the string-net construction of fermionic phases of matter. See [126], [3] for more details.
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Chapter 6

On finite symmetries and their gauging in
two dimensions

6.1 Introduction

Let us start by considering a two-dimensional theory 7" with Z,, symmetry. We can gauge it to
get the gauged theory 7'/Z,. This gauged theory is known to have a new Z, symmetry, and
re-gauging it gives us back the original theory: T/Z, /7, = T [13]. It is also well-known that
this phenomenon generalizes to any arbitrary finite Abelian group G. That is, gauging a theory T
with G symmetry results in a theory 7'/G with a new finite Abelian group symmetry G such that
gauging the new theory by the new symmetry takes us back to the original theory: T'/G/ G=T.
One natural question arises: can it be generalized to higher dimensions? Yes, according to [150],
where the generalized concept of p-form symmetries was introduced. Our investigation starts
from a related but different question: can it be generalized to non-Abelian finite groups?

The answer is again yes [164], and it again requires a generalization of the concept of sym-
metries, but in a direction different from that of [150]. To explain this, let us pose what we have
said above in a different way. Traditionally, we say that 7" has symmetry G if we can find unitary
operators U, labeled by elements g € G whose action on the Hilbert space commutes with the
Hamiltonian. When G is Abelian, the information about G is captured in 7'/G via unitary oper-
ators Uj labeled by elements g € G which commute with the Hamiltonian of T/G. When G is
non-Abelian, we will argue that the information of G in T'/G is captured by operators U; which
still commute with the Hamiltonian but these operators are now in general non-unitary. These
operators can be constructed by wrapping a Wilson line for G along the spatial circle. Hence,
Wilson lines should be thought of as generalized symmetries for the theory 7'/G. In fact, we will
also argue that there is a natural notion of gauging this symmetry formed by Wilson lines such
that gauging 7'/G results back in the original theory 7.

This raises the following question: How do we specify a generalized symmetry that a theory
can admit? In this chapter, we give an answer to this question: a general finite symmetry of
a two-dimensional theory is specified by a structure which is known to mathematicians in the
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name of unitary fusion categories. We prefer to call it symmetry categories.! For the gauged

theory 7'/ G for possibly non-Abelian group G, the Wilson line operators form Rep(G), which is
a symmetry category formed by the representations of GG. Similarly, a general symmetry category
C physically corresponds to more general line operators of 7.

We also discuss how a symmetry category C can be gauged. It turns out that there is no
canonical way of gauging a generic symmetry category. Pick one way M of gauging the sym-
metry C of a theory 7". Denote the gauged theory by 7'/ M and its symmetry category by C’. It
then turns out that there exists a dual way M’ of gauging C’ such that 7'/ M /M’ is equivalent to
T This generalizes the fact that regauging the gauged theory with symmetry Rep(G) gives back
the original theory with symmetry G.

This generalization of the concept of symmetry allows us not only to perform the re-gauging
of non-Abelian gauge theories, but also to answer various other questions. First of all, we will
see that symmetry categories C capture symmetries together with their anomalies. Then, the
machinery we spell out allows us to compute what is the symmetry of the gauge theory 7'/ H
when we gauge a subgroup H of a possibly anomalous flavor symmetry GG. For example, if we
gauge a non-anomalous Zs, subgroup of Zy X Zy X Z- with a suitable choice of the anomaly, we
can get non-anomalous non-Abelian symmetry Dg and (), the dihedral group and the quaternion
group of order 8.% In general, the symmetry C of the gauged theory is neither a group nor Rep(G)
for a finite group, and we need the concept of symmetry categories to describe it.

There are also vast number of symmetry categories not related to finite groups, formed by
topological line operators of two-dimensional rational conformal field theories (RCFTs). In par-
ticular, any unitary modular tensor category, or equivalently any Moore-Seiberg data, can be
thought of as a symmetry category, by forgetting the braiding.

We should emphasize here that this generalization of the concept of symmetry from that
defined by groups to that defined by categories was already done long ago by other authors,
belonging to three somewhat independent lines of studies, namely in the study of the subfactors
and operator algebraic quantum field theories, in the study of representation theory, and in the
study of RCFTs. Each of the communities produced vast number of papers, and not all of them
can be cited here. We recommend to the readers textbooks by Bischoff, Longo, Kawahigashi and

"We do not claim that this is the ultimate concept for the O-form finite symmetry in two dimensions; there still
might be a generalization in the future. For example, in other spacetime dimensions, a proposed generalization was
to use the concept of p-groups, see e.g. [165], and one might want to unify the two approaches. We also note that
this extension of the concept of the symmetry in two dimensions from groups to categories was already proposed by
many other authors in the past, and we are merely shedding a light to it from a slightly different direction. We will
come back to this point later in the Introduction.

ZRecently in [166], Gaiotto, Kapustin, Komargodski and Seiberg performed an impressive study of the phase
structure of thermal 4d su(2) Yang-Mills theory. One important step in the analysis is the symmetry structure of
the thermal system, which is essentially three-dimensional. As a dimensional reduction from 4d, the system has
a Zo X Zo O-form symmetry and a Zo 1-form symmetry, with a mixed anomaly. Then the authors gauged the Z,
1-form symmetry, and found that the total O-form symmetry is now Dg. This Dg was then used very effectively to
study the phase diagram, but that part of their paper does not directly concern us here. Their analysis of turning an
anomalous Abelian symmetry by gauging a non-anomalous subgroup into a non-Abelian symmetry is a 3d analogue
of what we explain in 2d. See their Sec. 4.2, Appendix B and Appendix C. Clearly an important direction to pursue is
to generalize their and our constructions to arbitrary combinations of possibly-higher-form symmetries in arbitrary
spacetime dimensions, but that is outside of the scope of this chapter.

197



Rehren [167] and Etingof, Gelaki, Nikshych and Ostrik [168] from the first two communities
and the articles by Carqueville and Runkel [ 169] and by Brunner, Carqueville and Plencner [170]
from the third community as the starting points.

Our first aim in this chapter is then to summarize the content of these past works in a way
hopefully more accessible to other researchers of quantum field theory, emphasizing the point of
view related to the modern study of symmetry protected topological phases. What we explain in
this first part of the chapter is not new, except possibly the way of the presentation, and can all
be found in the literature in a scattered form.

Our second aim is to axiomatize two-dimensional topological quantum field theories (TFTs)
whose symmetry is given by a symmetry category C. This is a generalization of the work by
Moore and Segal [171], where two-dimensional TFTs with finite group symmetry were axiom-
atized. We write down basic sets of linear maps between (tensor products of) Hilbert spaces
on S' and basic consistency relations among them which guarantee that a unique linear map is
associated to any surface with m incoming circles and n outgoing circles together with arbitrary
network of line operators from C.

The rest of the chapter is organized as follows. First in Sec. 6.2, as a preliminary, we recall
how gauging of a finite Abelian symmetry G can be undone by gauging the new finite Abelian
symmetry G, and then briefly discuss how this can be generalized to non-Abelian symmetries
G, by regarding Rep(G) as a symmetry. This effort of generalizing the story to a non-Abelian
group makes the possibility and the necessity of a further generalization to symmetry categories
manifest. We exploit this possibility and describe the generalization in detail in subsequent
sections.

Second, we have two sections that form the core of the chapter. In Sec. 6.3, we introduce the
notion of symmetry categories, and discuss how we can regard as symmetry categories both a
finite group GG with an anomaly « and the collection Rep(G) of representations of G. We then
explain in Sec. 6.4 that physically distinct gaugings of a given symmetry category C correspond
to indecomposable module categories M of C, and we describe how to obtain the new symmetry
C' of the theory T'/ M for a given theory T with a symmetry C.

Third, in Sec. 6.5, we give various examples illustrating the notions introduced up to this
point. Examples include the form of new symmetry categories C’ when we gauge a non-anomalous
subgroup H of an anomalous finite group G, and the symmetry categories of RCFTs.

Fourth, in Sec. 6.6, we move on to the discussion of the axioms of two-dimensional TFTs
whose symmetry is given by a symmetry category C. We also construct the gauged TFTs 7'/ M
given an original TFT 7" with a symmetry category C and a gauging specified by its module
category M. Sections 6.5 and 6.6 can be read independently.

Finally, we conclude with a brief discussion of what remains to be done in Sec. 6.7. We have
an appendix D.1 where we review basic notions of group cohomology used in the chapter.

Before proceeding, we note that we assume that the space-time is oriented throughout the
chapter. We also emphasize that all the arguments we give, except in Sec. 6.6, apply to non-
topological non-conformal 2d theories.
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6.2 Re-gauging of finite group gauge theories

6.2.1 Abelian case

Let us start by reminding ourselves the following well-known fact [ 13]:

Let T be a 2d theory with flavor symmetry given by an Abelian group G. Let us assume that
G is non-anomalous and can be gauged, and denote the resulting theory by T'/G. Then this
theory has the flavor symmetry G, which is the Pontrjagin dual of G, such that T/G/G = T.

Recall the definition of the Pontrjagin dual G of an Abelian group GG. As a set, it is given by
G = {x : G — U(1) | x is an irreducible representation }. (6.2.1)

Note that x is automatically one-dimensional. Therefore the product of two irreducible repre-
sentations is again an irreducible representation, which makes G into a group. G and G are
isomorphic as a group but it is useful to keep the distinction because there is no canonical iso-
morphism between them.

In the literature on 2d theories, gauging of a finite group G theory is more commonly called
as orbifolding by G, and the fact above is often stated as follows: a G-orbifold has a dual G
symmetry assigning charges to twisted sectors, and orbifolding again by this dual G’ symmetry
we get the original theory back. This dual G’ symmetry is also known as the quantum symmetry
in the literature.

This fact can be easily shown as follows. Let Z7[M, A] denote the partition function of
T on M with the external background GG gauge field A. Here A can be thought of as taking
values in H*(M,G). Then the partition function of the gauged theory 7'/G on M is given by
ZrigIM] o< >, Zr[M,A]. Here and in the following we would be cavalier on the overall
normalization of the partition functions. More generally, with the background gauge field B for
the dual G symmetry, the partition function is given by

ZrjcIM,B] < Y " e'PN 20 (M, A] (6.2.2)
A

where B € H'(M, CAJ) and €'(P4) is obtained by the intersection pairing
) HY(M,G) x HY(M,G) — H*(M,U(1)) ~ U(1). (6.2.3)

The equation (6.2.2) says that the partition function of 7'/G is essentially the discrete Fourier
transform of that of 7', and therefore we dually have ' = T'/G /G

ZrIM, Al o< Y "B 76| M, B). (6.2.4)
B

This statement was generalized to higher dimensions in e.g. [150]:
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Let T be a d-dimensional theory with p-form flavor symmetry given by an Abelian group
G. Let us assume that G is non-anomalous and can be gauged, and denote the resulting
theory by T /G. Then this theory has the dual (d—2—p)-form flavor symmetry G, such that
T/G/G=T.

The derivation is entirely analogous to the 2d case, except that now A € HP™(M,G) and
B e H"1P(M, Q).

6.2.2 Non-Abelian case

The facts reviewed above means that the finite Abelian gauge theory 7'/G still has the full infor-
mation of the original theory 7', which can be extracted by gauging the dual symmetry G. Itis
natural to ask if this is also possible when we have a non-Abelian symmetry (G, which we assume
to be an ordinary O-form symmetry.

This is indeed possible® by suitably restating the derivation above, but we will see that we
need to extend the concept of what we mean by symmetry. To show this, we first massage (6.2.4)
in a suitable form which admits a straightforward generalization. Let us consider the case of
Zrp[M, A = 0] for illustration. By Poincare duality, B can also be represented as an element of
H, (M, CAJ) Then, (6.2.4) can be rewritten as

ZrMl o< Y Zrjo[M. Gy, LGl (6.2.5)
"9\17‘.. 7§n
where i € {1,--- ,n} labels generators of H,(M) and §; is an element of G associated to the

cycle labeled by i. Each summand on the right hand side, Z7/¢[M, g1, -+ , g, is then the
expectation value of Wilson loops in representations labeled by g; placed along the cycle i.

Now, we can sum the G elements for each i separately to obtain
Zp|M] o< Zpja[M, Wi, - W] (6.2.6)

where W, denotes the insertion of a Wilson line in the regular representation along the cycle
¢. This is because, for an abelian G, the regular representation is just the sum of representations
corresponding to elements g of G.

The relation (6.2.6) says that by inserting all possible Wilson lines on all possible cycles, we
are putting the delta function for the original gauge field A. We now note that the relation (6.2.6)
holds for a non-Abelian G as well, if we insert W, not only for the generators of H;(M) but
for the generators of 71 (M ). This can be seen by the fact that tr g in the regular representation is

nonzero if and only if ¢ is the identity.

3That this is possible was already shown for two-dimensional theories in [164], as an example of a much more
general story, which we will also review in the forthcoming sections. Here we describe the construction in an
elementary language.
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The identity (6.2.6) means that the ungauged theory 7' can be recovered from the gauged
theory T'/G by inserting line operators W, in an appropriate manner. This is analogous to
the construction of the gauged theory 7" from the ungauged theory 7' by inserting line operators
representing the G symmetry in an appropriate manner. Given the importance of Wilson lines
in recovering the information of the ungauged theory, we assign the status of dual symmetry to
Wilson lines.

Let us phrase it another way. When G is Abelian, the dual (d — 2)-form G symmetries can
be represented by 1-cycles labeled by elements of G, forming a group. When G is non-Abelian,
the dual symmetry can still be represented by 1-cycles labeled by representations Rep(G) of G.
We can still multiply lines, corresponding to the tensor product of the representations, and this
operation reduces to group multiplication of GG in the abelian case. But Rep(G) is not a group if
G is non-Abelian. Therefore this is not a flavor symmetry group, it is rather a flavor symmetry
something. We summarize this observation as follows:

Let T be a d-dimensional theory with O-form flavor symmetry given by a possibly non-
Abelian group G. Let us assume that G is non-anomalous and can be gauged, and denote
the resulting theory by T /G. Then this theory has Rep(G) as the dual (d — 2)-form flavor
symmetry ‘something’, such that T /G /Rep(G) = T.

6.3 Symmetries as categories in two dimensions

Any finite group, possibly non-Abelian, can be the 0-form symmetry group of a theory. In
addition to this, we saw in the last section that Rep(G), the representations of G, can also be
the (d — 2)-form symmetry something of a d-dimensional theory. We do not yet have a general
understanding of what should be this something in general d dimensions for general combinations
of various p-form symmetries. However, at least for d=2 and p=0, we already have a clear
concept for this something in the literature, which includes both groups G and representations of
groups Rep(G) and much more. In this section we explain what it is.

6.3.1 Basic notions of symmetry categories

In two dimensions, a O-form finite symmetry element can be represented by a line operator with
a label a. Inserting this line operator on a space-like slice S corresponds to acting on the Hilbert
space associated to .S by a possibly non-unitary operator U, corresponding to the symmetry
element. Moreover, U, commutes with the Hamiltonian /I associated to any foliation of the
two-dimensional manifold. In addition, U, cannot change under a continuous deformation of its
path. Therefore the line operator under consideration is automatically topological.

Topological line operators, in general, form a structure which mathematicians call a tensor
category. We want to restrict our attention to topological line operators describing a finite sym-
metry. Such topological line operators form a structure which mathematicians call a unitary
fusion category. We call it instead as a symmetry category, to emphasize its role as the finite
symmetry of unitary two-dimensional quantum field theory. We start by stating the slogan, and
then fill in the details:
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Finite flavor symmetries of 2d theories are characterized by symmetry categories.

Objects

The objects in a symmetry category C correspond to topological line operators generating the
symmetry. More precisely, a theory 7" admitting the symmetry C will admit topological line
operators labeled by the objects of C. Henceforth, we will drop the adjective topological in front
of line operators.

For any line operator labeled by an object a, we have a partition function of 7" with the line
inserted along an oriented path C', which we can denote as

(---a(C)---) (6.3.1)

where the dots stand for additional operators inserted away from C.

Morphisms

The morphisms in a symmetry category C correspond to topological local point operators which
can be inserted between two lines. More precisely, consider two labels a and b, and a path C'
such that up to a point p € C' we have the label a and from the point p we have the label b. Then,
we can insert a possibly-line-changing topological operator labeled by m at p. We call such m a
morphism from a to b, and denote this statement interchangeably as either

m:a—b or m € Hom(a, b). (6.3.2)

The set Hom(a, b) is taken to be a complex vector space and it labels (a subspace of) topo-
logical local operators between line operators corresponding to a and b in 7. From now on, we
would drop the adjective topological in front of local operators.

Existence of a trivial line

C contains an object 1, which labels the trivial line of 7". We have

(- 1(C) )= (e ). (6.3.3)

Additive structure
Given two objects a and b, there is a new object a @ b in C. In terms of lines in 7', we have
(- (@®b)(C) )= (-a(C)- )+ (---bC)---). (6.3.4)

We abbreviate a @ a by 2a, a ® a ® a by 3a, etc. The linear operator U,gq, acting on the Hilbert
space obtained by wrapping a & b on a circle is then given by U, + U,.
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Figure 6.3.1: Two lines with the labels a and b can be fused to form a line with the label
a®b.

Tensor structure

Given two objects a and b, we have an object a ® b in C. This corresponds to considering two
parallel-running line operators a and b as one line operator. The linear operator U, acting on
the Hilbert space obtained by wrapping a ® b on a circle is then given by U,U,.

The trivial object 1 acts as an identity for this tensor operation. That is, there exist canonical
isomorphisms a ® 1 ~ a and 1 ® a ~ a for each object a. We can always find an equivalent
category in which these isomorphisms are trivial, thatis a ® 1 = 1 ® a = a. Hence, we can
assume that these isomorphisms have been made trivial in C. Henceforth, the unit object will
also be referred to as the identity object.

Consider three lines ', 2 3 meeting at a point p, with C' 5 incoming and C3 outgoing. We
can put the label a, b, c on C 5 3, respectively. We demand that the operators we can put at the
junction point p is given by m € Hom(a ® b, ¢). This label a ® b corresponds to a composite line
as can be seen by the following topological deformation shown in Fig. 6.3.1.

The definition of a ® b here includes a choice of the implicit junction operator where the
lines labeled by a, b and a ® b meet. In this chapter, whenever we draw figures with such implicit
junction operators, we always choose the operator to be the one labeled by the identity morphism
id:a®b—a®b.

Simplicity of the identity, semisimplicity, and finiteness

The simple objects a € C are objects for which Hom(a, a) is one-dimensional. In general,
for any object z, there is always a canonical identity morphism from x to x which labels the
identity operator on the line labeled by z. For a simple object a, the existence of the identity
morphism implies that there is a natural isomorphism Hom(a, a) ~ C as an algebra. We assume
for simplicity that the identity object 1 is simple.

We also assume that every object z has a decomposition as a finite sum

T = EB N,a (6.3.5)

where NNV, is a nonnegative integer and a is simple. In other words, every object x is semisimple.

Finally, we assume finiteness, that is the number of isomorphism classes of simple objects
is finite. Below, we will be somewhat cavalier on the distinction between simple objects and
isomorphism classes of simple objects.
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a® (b®c)

b®c

(a®b)®c

Figure 6.3.2: Left: The associator relates two different orders to tensor three lines. Right:
Equivalently, the local operator labeled by the associator morphism is obtained by squeezing
the region between (¢ ® b) ® c and a ® (b ® ¢) shown above to a point.

Associativity structure

The data in a symmetry category C includes certain isomorphisms implementing associativity of
objects
Qape € Hom((a®b) @ c,a® (b® c)) (6.3.6)

which we call associators.* Fusion matrices I for the Moore-Seiberg data, and the (quantum) 6j
symbols for the (quantum) groups are used in the literature to capture the data of associators.

The associator ;. corresponds to a local operator which implements the process of ex-
changing line b from the vicinity of a to the vicinity of c¢. See Figure 6.3.2. They satisfy the
pentagon identity which states the equality of following two morphisms

(@) @c)@d— (a® (b®c)®d—=a®@(b®c)®d) - a® (b (c®d))
=((a®b)@c)®d— (a®b)®(c®d) -a® (b® (c®d)) (6.3.7)

where each side of the equation stands for the composition of the corresponding associators. The
pentagon identity ensures that exchanging two middle lines b, ¢ between two outer lines a, d in
two different ways is the same, see Fig. 6.3.3.

4Since we can and do choose the identity morphisms 1 ® a — a and a ® 1 — a to be trivial, the associator o p .
is also trivial when any of a, b, c is trivial.
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A-Ah
AN

Figure 6.3.3: The pentagon identity guarantees that two distinct ways to rearrange the order
of the tensoring of four lines lead to the same result.

1 1 a a*®a a a® a*
= .65 = QeaL = Qoef = .oeaL
a a®a* @ a*®a 1 1

Figure 6.3.4: Folding a line and squeezing it gives rise to local operators labeled by evalua-
tion and co-evaluation morphisms.

Dual structure

For every object a, C contains a dual object a*. The line labeled by the dual object has the
property that 5
(-oa(C)--)y = (---a*(C)---). (6.3.8)

Here, C' denotes the same path C' but with a reverse orientation, and the morphisms attached
at the junctions on C' need to be changed appropriately as we explain below at the end of this
subsubsection.

We require that the dual of the dual is naturally isomorphic to the original object: (a*)* ~ a.

The dual operation also changes the order of the tensoring:

(a®@b)*=b"®a". (6.3.9)

We demand that there are evaluation morphisms

R .

iawad =1, diav®a—1 (6.3.10)

a
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Figure 6.3.5: Consistency condition on evaluation and co-evaluation morphisms resulting
from a topological deformation.

and co-evaluation morphisms’

OE(LR: lsa*®a, %12 a®a. (6.3.11)

a

These label local operators corresponding to the process of folding a line operator a. See Figure
6.3.4.

We note that ¢ and £, are not necessarily equal. However, we require as part of definition
of dual structure that they are related as follows

= o(pa®1)=eo(1®p}) (6.3.12)

where p, is an isomorphism from a to a and p,- is an isomorphism from a* to a*. Similarly, we
require
"o = (1op,") o e = (P @ 1) 0. (6.3.13)

The data of p, and p,- is referred to in the literature as a pivotal structure on the fusion category

C.
The evaluation and co-evaluation morphisms have to satisfy the following consistency con-
dition with the associator

(B @1)oagea to(l® %) =1 (6.3.14)

as morphisms from a to a. This ensures that a line with two opposite folds in the right direction
can be unfolded as shown in Figure 6.3.5. A similar identity is satisfied by € and °¢. which
ensures that two opposite folds in the left direction can be unfolded.

Using evaluation and co-evaluation morphisms of different parity we can construct loops of

>We use the convention that when something is denoted by x, co-something is denoted by °x. This usage is
unconventional, in particular for the case of coproduct for which A is definitely the standard notation, but it reduces
the amount of notations that one has to remember.
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Figure 6.3.6: A loop of line a constructed by composing evaluation and co-evalutaion mor-
phisms. The loop, if it contains no other operators in it, can then be shrunk and the partition
function with the loop is equal to dimcc a = dim a times the partition function without the
loop, with all other insertions unchanged.

lines
OER L
(dimee a)id : 1 -2 ¢* @ a 25 1, 6.3.15)
OEL R
(dimca)id: 1 % a®a” — 1. (6.3.16)

These are morphisms from 1 to 1 and hence they are proportional to the identity morphism. The
proportionality factors define two numbers: the counter-clockwise dimension dimcc a of a and
the clockwise dimension dim¢ a of a. See Figure 6.3.6.

Since we can replace the label a by a* at the cost of flipping the orientation of line, we must
have

dimce a = dimc a™, (6.3.17)
dimcc a® = dimc a. (6.3.18)

Indeed, this follows from (6.3.12) and (6.3.13).

In fact, it turns out that we can further argue that
dimcc a = dime a = dim a. (6.3.19)

To see this, place a small counter-clockwise loop of line a around the “north pole” on the sphere.
Let there be no other insertions anywhere on the sphere. This evaluates to dimcc a X Zg2 where
Z g2 1s the partition function on sphere. Now we can move the line such that it looks like a small
clockwise loop around the “south pole” on the sphere. This evaluates to dim¢ a X Zg2. Equating
the two expressions we find (6.3.19) . This is a further constraint on C. If the fusion category C
satisfies (6.3.19), then C is called a spherical fusion category in the literature.

Since € and €%, are not necessarily equal, we have to specify whether a folding of line a to
the right should be read as the morphism £ or the morphism €L.. Similarly there is a specification

The authors thank Shu-Heng Shao for discussion related to this point.
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of °e® vs. °¢L.. This issue can be dealt with in two ways, which are technically equivalent but

have a rather different flavor.

One method: One perspective is to regard that a line is always labeled by the pair (the local
orientation, an object in C). Then, a pair (1, a) and (|, a*) are isomorphic but not actually the
same. We note that this distinction needs to be made even when a ~ a*. Then we make the rule
that when a vertical line is labeled by (1, a) up to some point and then labeled by (|, a*) from
that point, we insert the pivotal structure p, € Hom(a,a) at that point. This approach would
be preferred by those who have no trouble with adding local orientations as a new datum to a
topological line operator.

Another method: Another perspective is to think that the change between ¢ and €. and
between °e” vs. °cL is canceled by changing the nearby morphisms. This method mlght be
preferred by those who do not want to add local orientation as a new datum to a topological line

operator.

We emphasize that, in this approach, the operation of exchanging a by a* with a reversed
orientation does not change the local operators at the junctions. Instead it changes the way the
local operators at the junctions are read as morphisms in the associated symmetry category C.

The following moves are sufficient to specify what happens in any situation:

1. Consider a morphlsm floa;l. o(l1®m):a®b— cwherem : b — a* ® c. This is

equal to €% o a 1., © (1®n).a®b%cwheren:(p;1®1)om:b—>a*®c.
2. Consider a morphism € o a4« 0 (M ® 1) : b® a — ¢ where m : b — ¢ ® a*. This is

equalto o a0 (n®1):b®a— cwheren = (ps ® 1) om : b — c® a*.
3. Consider a morphism (1®m)oaa ab © eR b— a*®cwherem :a®b— c. Thisis
equal to (1 ® 1) 0 agrqp 0 %€ 1 b — a* ®cwheren—m0(pa1®1).a®b—>c.

4. Consider a morphism (m ® 1) o abia 0°" . b — c®a* wherem : b® a — c. This is

equalto(n@l)oabaa*o kb= c®a wheren—m0(1®pa) b®a— c.

These moves follow from (6.3.12) and (6.3.13). We draw a picture of the first move in Figure
6.3.7. The other three moves are also described by similar pictures.

Unitary structure
The unitary structure requires an existence of a conjugate-linear involution sending m € Hom(a, b)
tom' € Hom(b, a), generalizing the Hermitian conjugate in the standard linear algebra.

We require that the evaluation and the coevaluation morphisms are related by this conjugate
operation:
el = ()T °eh = (eM)f (6.3.20)
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m = (p;*l ®1)om

Figure 6.3.7: The fold in the diagram on left hand side is specified as € and the fold on the
right is specified as eL.. This changes the morphism from m on the left side to (p,.' ® 1) om
on the right side. These two diagrams provide two different categorical representations of
the same physical configuration.

We further require m' o m € Hom(a, a) to be positive semi-definite in the following sense:
Since we assumed the semisimplicity and the finiteness of the number of simple objects, Hom(a, a)
can naturally be identified with a direct sum of a matrix algebra. Then we require m' o m to have
non-negative eigenvalues.

The above positivity condition requires dima > 0 for all a. As we will see in Sec. 6.3.3
below, the unitarity implies sphericity.

6.3.2 Comments

We have several comments:

e Note that category theorists do not like unitary structures, since it is specific to the base field
C while they would like to keep everything usable for arbitrary base field. For this reason
they often distinguish various concepts of x operations and various structures satisfied
by them, such as rigid structure, pivotal structure, spherical structure and pseudo-unitary
structure.” If we consider unitary 2d quantum field theories (or more precisely its Wick-
rotated versions which are reflection-positive), the unitary structure is the most natural
one.

Operator algebraic quantum field theorists in fact work in this setting, since for them the
existence of the positive-definite inner product on the Hilbert space is paramount. Unfortu-
nately their papers often phrase purely categorical results in the operator algebra theoretic

"The rigid structure posits the existence of the left dual a* and the right dual *a, satisfying various conditions. It
can be shown that **a ~ a**, and a**** ~ a. The pivotal structure is a collection of isomorphisms a¢** ~ a. In our
description, the pivotal structure relates ¢~ and €%.. A pivotal structure is called spherical if dim a = dim a* for all
a. A spherical structure is called pseudo-unitary if |dim a| is the largest eigenvalue of (N, ) for all simple a. For
the definition of N¢,, see Sec. 6.3.3.

ab®

209



language, which makes them somewhat harder for outsiders to digest. From this point of
view their review article [167] is very helpful, where a concise translation between termi-
nologies of two different schools is given.

e Every property given above, except the simplicity of identity, semisimplicity and finite-
ness, is a straightforward expression of how topological lines and the junction operators
associated to symmetries should behave. We impose the simplicity of identity, semisim-
plicity and finiteness to make the situation tractable. When the semisimplicity is dropped,
the category is called a finite tensor category; when the simplicity of identity is dropped,
the category is called a finite multi-fusion category; when both are dropped, it is called
a finite multi-tensor category. When finiteness is dropped, we simply drop the adjective
“finite”.

Indeed, if we consider all topological lines in a given 2d theory and all topological opera-
tors on topological lines, they might not in general form a unitary fusion category. Rather,
our point of view is that we take a subset of topological lines and subspaces of topological
operators on the lines so that they form a unitary fusion category, and then it can be thought
of as a symmetry of the 2d theory.

e A very similar categorical structure was introduced by Moore and Seiberg [172] in the
analysis of 2d RCFTs and 3d TFTs. In the category theory they are now called unitary
modular tensor categories. In fact, the unitary modular tensor categories are also unitary
fusion categories, where the latter description is obtained by forgetting the braiding.

6.3.3 More notions of symmetry categories

Before discussing examples, it is useful to set up a few more notions:

‘Homomorphisms’ between symmetry categories

In the case of two groups (G; and (G5, we have the concept of homomorphisms ¢ : G — Ga,
preserving the group multiplication. Similarly, we can talk about symmetry functors p : C; — Co
between two symmetry categories, together with the data specifying how the structures listed
above are mapped. Among them are isomorphisms

€ap € Hom(p(a) @ ¢(b), p(a @ b)) (6.3.21)
which tell us how the tensor structure of C; is mapped into the tensor structure of Co. For example,

the morphisms ¢, , map the associator of C; to the associator of C,.

Two symmetry functors ¢, ¢’ : C; — Co are considered equivalent when there is a set of
isomorphisms
N € Hom(p(a), ¢'(a)) (6.3.22)

such that
Na@b€ab = €4p(Na @ ). (6.3.23)
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When a symmetry functor has an inverse, it is called an equivalence between symmetry cate-
gories.

Products of symmetry categories

In the case of two groups (G; and G, their product GG; x Gy is also a group. Similarly, given
two symmetry categories C; and Cs, we denote their product as C; X Cs, whose simple objects
are given by a; X ay where a; » are simple objects of C; o, respectively. This product is called
Deligne’s tensor product of categories.

Fusion rule of unitary fusion categories

A symmetry category comes with a lot of structures. Sometimes it is useful to forget about most
of them as follows. For each isomorphism class of simple objects a, introduce a symbol [a],
and define their multiplication by [a][b] := )Y NS[c] when a ® b = @, Ngc. This makes
non-negative integral linear combinations of [a]’s into an algebra over Z, with a specific given
basis. We call this algebra R(C) the fusion ring of the symmetry category C. In the case of
modular tensor categories, this algebra is also called the Verlinde algebra. We would often call
this algebra as just the fusion rule of C.

Let n be the number of isomorphism classes of simple objects. Then we can regard (IV,)§ as
n X n matrices and [a] — N, is the adjoint representation of the fusion ring.

Determination of dimensions of objects

The dimensions are fixed by N¢,. To see this, consider the n-dimensional vector v := (dim a),
where a runs over the isomorphism classes of simple objects. Its entries are positive real numbers
thanks to the unitarity. Furthermore, v is the simultaneous eigenvector of all N,’s with eigenval-
ues dim a. Then by the Perron-Frobenius theorem, dim a is the largest eigenvalue of the matrix
N,, which is guaranteed to be positive. The argument above applies both to dim¢ and dimcc, and
therefore the sphericity is implied by the unitarity. Unitarity also guarantees dim a = dim a*.

We define the total dimension of the symmetry category C by the following formula:

dimC =) (dima)’. (6.3.24)

Here the sum runs over the isomorphism classes of simple objects.
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999 999

Figure 6.3.8: The same background connection represented in two different ways as net-
works of topological line operators. If the symmetry is anomalous, they lead to different
partition functions.

6.3.4 Groups and representations of groups as symmetry categories
Symmetry categories C(G, o)

As an example, let us recast an ordinary group GG as a symmetry category. We first regard each
element g € G as a simple object denoted by the same letter in the category. We define

g4 =gy, g =g (6.3.25)

Taking o, 4, 4, to be the identity maps, they clearly form a unitary fusion category, which we
denote by C(G).

More generally, the pentagon identity among ay, 4, 4, Says that « is a 3-cocycle on G valued
in U(1).® Denote the resulting fusion category by C(G, «). In the literature it is often denoted
Vecg,. We clearly have dim g = 1. Thus the total dimension of this symmetry category is the
order of the group.

When «; and a» differ by a coboundary of a 2-cochain ¢, we can construct an equivalence
of categories between C(G, ) and C(G, o) using the functor specified using the same € in
(6.3.21). This means that in the definition of C(G, «), one can regard o € H*(G,U(1)).

It is also clear that any unitary fusion category whose simple objects are all invertible can be
made to be of this form. Summarizing,

A symmetry category C whose simple lines are all invertible is equivalent to C(G, ) where
G is a finite group and « is an element in H3(G, U(1)).

8 As already noted in footnote 4, in our convention vy, g, ¢, is trivial whenever any of g; o 3 is the identity. Such
a cocycle is called normalized. It is a well-known fact in group theory that group cohomology can be computed by
restricting every cochains involved to be normalized.
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C(G, a) and the anomaly

As is by now familiar, this cohomology class @ € H3(G, U(1)) specifies the anomaly of G flavor
symmetry in two dimensions [ 73, ]. One way to see it is as follows [150]: Insert a network
of lines with trivalent junctions between them on the spacetime manifold >.. Let the lines be
labeled by simple objects of C(G, «), that is by group elements. And let every junction of the
form g ® ¢ — g¢’ be labeled by the identity morphism gg’ — g¢’. Such a configuration can also
be thought of as reproducing the effects of a background connection on X which has holonomies
given by g on crossing transversely a line labeled by g. Now, consider a local region looking
like the left hand side of Figure 6.3.8. Move the lines such that now it looks like the right hand
side of Figure 6.3.8. This changes the partition function by «(g, ¢’, ¢”). The new background
connection is just a gauge transform of the original background connection. Hence, we see that
« precisely captures the anomaly in the flavor symmetry. Morally, this means the following:

A symmetry category C includes the specification of its anomaly.

Fixing a group G, the set of its anomalies forms an Abelian group. Notice that, in our
language, C(G, «) for different o have the same fusion ring R = Z,G. Thus, we can ask the
following more general question: does the set of symmetry categories C with the same fusion
ring R form an Abelian group? The answer is that we need a coproduct on R. To see this, let
us recall why the anomaly of a flavor symmetry forms an Abelian group from the perspective of
quantum field theory.

In general, given two theories 7 2, we can consider the product theory 77 x 75 which is just
two decoupled theories considered as one. When 7 has flavor symmetry group G;, the product
Ty x T, has flavor symmetry group GG; X G,. When G = Gy = G, we can take the diagonal
G subgroup of G x G and regard T} x T5 to have flavor symmetry G. Now, when 7; has the
anomaly «;, we define the anomaly of 77 x 75 to be the sum a; + a. This abstractly defines the
addition operation on the anomaly.

The crucial step that does not directly generalize to symmetry categories is the existence of
the diagonal subgroup G C G x (. In order to define the addition operation on the set of fusion
categories sharing the same fusion rule R, similarly we need a coproduct R — R ® R.

C(G, ) and the G-SPT phases

Next, fixing a 3-cocycle «, let us ask what is the autoequivalence of C(G, «), that is, the self
equivalence that preserves the structure as a symmetry category.

Pick an autoequivalence ¢ : g — ¢(g) with the associated €,;, € Hom(p(g)¢(h), ¢(gh)).
Clearly ¢ is an automorphism of GG. Fixing ¢ to be the identity, ¢ needs to be a 2-cocycle so that
it does not change «. Furthermore, two such €’s are considered equivalent when they differ by a
2-coboundary, due to (6.3.23). Therefore € can be thought of as taking values in H?(G, U(1)).
Summarizing,
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Figure 6.3.9: The lines representing a commuting holonomy (g, k) on a torus.

Autoequivalence of C(G, 0) is the semidirect product Aut(G) x H*(G,U(1)).

The Aut(G) part is clear: it just amounts to renaming the topological lines associated to the
group operation. How should we think of H%(G,U(1))? Itis telling us that instead of choosing
the identity operator as the implicit junction operator for ¢ ® ¢’ — ¢g¢' as done in Fig. 6.3.1,
we can choose ¢, times the identity. This will not change the associator but will change the
partition function associated to a background connection on Y. This corresponds to coupling
a two-dimensional theory with C(G, ) symmetry with a two-dimensional bosonic symmetry
protected topological (SPT) phase, which is specified by the 2-cocycle ¢ protected by the flavor
symmetry GG. The 2-cocycle € is also known as a discrete torsion of .

As an example, consider a torus with holonomies g, h around two 1-cycles. They can be
represented using the topological lines as in Fig. 6.3.9. There, we resolved the intersection to
two trivalent junctions.

We now change the operators at the two junctions to €, and €,-1 -1 given by the values of
the 2-cocycle. In total the phase of the partition function changes by

Cgh = €gh/€hyg (6.3.26)

which is the standard relation between the discrete torsion phase ¢ on the torus and the 2-cocycle
e [174]. We can thus generalize as follows:

Autoequivalences of a symmetry category C generalize the notion of renaming and multiply-
ing by SPT-phases for a group symmetry.

We need to keep in mind however that the phases introduced by € in the general case do not have
an interpretation of multiplying a SPT phase protected by C, since the product of two theories
with symmetry C has symmetry C X C but is not guaranteed to have symmetry C, as already
discussed above.

Rep(G) as symmetry category

Next, let us discuss Rep(G) for a finite group G. Its structure as a symmetry category is straight-
forward: the objects are representations of G, the morphism space Hom(R, S) between two
representations consists of intertwiners, as the tensor product ® and the associator ap g1 we
use the ordinary operations, the dual is the complex conjugate, etc. The simple objects are the
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irreducible representations. The dimension of a representation R as defined above equals the or-
dinary definition. Then, the total dimension of Rep(G) is the sum of the square of the dimensions
of the irreducible representations, therefore

dim Rep(G) = |G]|. (6.3.27)

~

Clearly, when G is an Abelian group, we have a natural equivalence C(G) = Rep(G). This
means in particular that the symmetry categories Rep(G) for distinct Abelian G are distinct. In
fact the fusion rings R(Rep(G)) are already distinct.

For non-Abelian (, the situation is more delicate. For example, take the dihedral group Dg
with eight elements (i.e. the symmetry of a square in three-dimensional space) and the quaternion
group (g (i.e. the group formed by eight quaternions 41, 4, &5, k). Their character tables are
the same. In particular, they both have four one-dimensional irreducible representations 1, a, b
and ab and a unique two-dimensional irreducible representation m, with m®@m ~ 1S ad b ab.
Therefore, their fusion rings are the same. In this case, however, the symmetry categories are
different, since they are known to have distinct associator v, ,,, m. see e.g. [175]. In this sense,
the relation between Rep(Ds) and Rep(Q)s) is analogous to the relation between the symmetry
categories C(G, o) associated to the same group but with a different anomaly.

It is also known that there are cases where two distinct groups lead to the same symme-
try category [176, 177]. Let Fy be the finite field with two elements. The symplectic group
Sp(2d,Fy) acts on (FF5)?. The extension of (F3)?? by Sp(2d,Fy) with this natural action is
classified by the cohomology H?(Sp(2d,Fs), (F5)??), see Appendix A, in particular (D.1.11).
It is known that when d > 3, there is a suitable nonzero v € H?(Sp(2d,F5), (F5)?) such that
Gq = Sp(2d,Fy) x (Fy)*. and G/, = Sp(2d,Fs) x, (F3)?? we have Rep(G4) = Rep(GY) as a
symmetry category. The smallest example is when d = 3, where |G3| = |G%| = (2° — 1)(2* —
1)(22 — 1)2%° - 282 = 92897280.

As already roughly discussed in Sec. 6.2.2, a theory T'/G where T has flavor symmetry G has
a symmetry Rep(G), and re-gauging Rep(G) we get back the original theory 7'. Equivalently, if
a theory 7" has a symmetry Rep(G), gauging Rep(G) of 7" has the symmetry G. In the example
above, we said Rep(G4) = Rep(G) for different G, and G/;. This means that there are (at least)
two distinct ways of gauging C = Rep(G4) = Rep(GY), producing two different theories with
different symmetries GG; and G’;. Let us next study what is going on in detail.

6.4 Gaugings and symmetry categories

Given a theory T" with non-anomalous G symmetry, we can form the gauged theory 77 = T'/G,
and 7" has Rep(G) as the symmetry category. We would like to precisely state the process of
gauging Rep(G) of T" and getting back 7.

To do this, it is helpful first to state two procedures, one of obtaining Rep(G) from G and
another of obtaining G from Rep(G), in a manner that treats G and Rep(G) on an equal footing.
This is done using the concept of module categories and bimodule categories.
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Once we understand this process, it is straightforward to study how to gauge a more general
symmetry category C. We will also be able to answer how the symmetry category C changes
under gauging in the general setting.

6.4.1 Module and bimodule categories

Readers would be familiar with the action of a group or an algebra on a vector space. Then the
vector space is called a representation or equivalently a module. When there are two commuting
actions, one from the left and another from the right, it is often called a bimodule. Module
categories and bimodule categories are categorified versions of this construction. Our expositions
will be brief; for more details, please consult Chapter 7 of the textbook [168].

The categorified version of a linear space is an additive category. An additive category M
is a category with the additive structure whose morphism spaces are vector spaces. Here and in
the following, we assume objects of M to be of the form €, , N,,,,» where m runs over simple
objects and N,, are non-negative integers. We also assume that the number of isomorphism
classes of simple objects is finite.

The simplest additive category is Vec, the category of finite dimensional vector spaces. There
is only one simple object C, and every other object is isomorphic to nC = C".

Take C to be a symmetry category. A left-module category over C is an additive category
M such that for a € C and m € M the product « ® m € M is defined, together with the
associativity morphisms

A pm € Hom((a ® b)) @ m,a ® (b ® m)) (6.4.1)

satisfying the pentagon identity. Direct sums of module categories can be easily defined. When
C is a symmetry category it is known that every module category can be decomposed into a direct
sum of indecomposable module categories.

Physically, a module category specifies a topological boundary condition. Each object m in
the module category specifies the boundary condition and the “type of flux” it carries. A line a
can end on m at the cost of transforming m to a ® m which changes the flux at the boundary
by a. If a ® m ~ m for all a € C then m, along with its direct sums with itself, describes
an indecomposable module category by itself which corresponds to a boundary condition that
absorbs all the flux and hence we can refer to it as the “Dirichlet boundary condition”. In general,
an indecomposable module category is a generalization of mixed Dirichlet-Neumann boundary
conditions familiar from gauge theory. In the literature, the structure on Vec of a module category
for C is often called a fiber functor of C, but we try not to use this terminology.

We can similarly define a right-module category over C. A (Cy, Cy) bimodule category is an
additive category M which has a left action of C; and a right action of C,, together with further
compatibility morphisms

ey m.c, € Hom((c1 @ m) @ c2,¢1 @ (M @ ¢2)). (6.4.2)
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A bimodule category has the physical interpretation that it describes a topological interface where
lines in the symmetry categories C; o can end from the left and from the right, respectively.

Recall that a representation of an algebra A on a vector space V' can be thought of as a
homomorphism from A to the algebra of matrices Hom(V, V). Similarly, given an additive
category M we can form the symmetry category Func(M, M) of additive self functors, and
then giving the structure of a module category on M is the same as giving a homomorphism of
symmetry categories from C to Func(M, M).

The commutant of C within Func(M, M) is denoted by C}, and called the dual of C with
respect to M. When M is indecomposable, it is known that (C3,)}, ~ C. M is naturally a
(C,C’) bimodule category where C’ is C}, with the order of the tensor product reversed. Since
we will only use C’ and not C}, in the following, we will call C’ the dual of C with respect to
M. Two symmetry categories C and C’ such that C’ is the dual of C acting on M are called
categorically Morita equivalent. We will come back to this notion in Sec. 6.4.7.

6.4.2 Duality of C(G) and Rep(G)

Let us discuss examples of module categories. We can give Vec a structure of a module category
over C(G): for g € C(G) and C € Vec, we just define g@C = C, and let the associator be trivial.
Note that this construction does not work for C(G, ) with nonzero anomaly o € H*(G,U(1)),
since the pentagon will not be satisfied.

We can also give Vec a structure of a module category over Rep(G): for R € Rep(G) and
C € Vec, we just define R ® C = R € Vec, and let the associator be the natural one induced
from the tensor product structure of G. We note that for C = Rep(G,) = Rep(G) at the end of
Sec. 6.3.4, the module category structures on Vec as Rep(G,) and Rep(GY)) are different, since
the associators (6.4.1) as morphisms in Vec turn out to be distinct.

Furthermore, we note that Vec is a (C(G), Rep(G)) bimodule category. The only additional
ingredient is the associator

agcr € Hm((g® C) ® R, g ® (C® R)) = Hom(R, R). (6.4.3)

The compatibility condition just says that o, ¢ r are representation matrices of g on R, chosen
compatible with the tensor product. Physically, we can regard Vec as the boundary between a
system with G symmetry on the left and a gauged system with Rep(G) symmetry on the right.

In fact, Rep(G) is characterized as the maximal set of right actions compatible with the left
action of C(G), and C(G) as the maximal set of left actions compatible with the right action of
Rep(G). As we will explicitly confirm in Sec. 6.4.5, C(G) and Rep(G) are dual to each other
with respect to Vec:

The symmetry category C(G) and Rep(G) are dual with respect to the module category Vec.
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Figure 6.4.1: Associativity axiom for an algebra object A € C
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B = B =
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A A A

Figure 6.4.2: Unit axiom for an algebra object A € C.
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Figure 6.4.4: Frobenius axiom for an algebra object A € C.

6.4.3 Gauging by an algebra object

How is this duality of C(G) and Rep(G) related to gauging? To understand this, we need a
digression. Take A = P ,9mnC (G). The group multiplication gives a multiplication morphism
i:A®RA— A, and and the map 1 — EBg 0149 defines a unit morphism v : 1 — A. These two
operations satisfy the properties in Figures 6.4.1 and 6.4.2. In general, if we have an object A
in a general symmetry category C along with morphisms p and u which satisfy these properties,
then A is called an algebra in C.

We also have corresponding co-morphisms. The map g — |—é| D, (h ® h™'g) defines a
co-multiplication °/1 : A — A ® A and the projection g — 41,1 defines a co-unit morphism
°u: A — 1. °u satisfies a co-associativity axiom which is given by turning the graphs in Figure
6.4.1 upside down and changing the directions of all the arrows. Similarly, °x and °u together
satisfy a co-unit axiom which is given by turning the graphs in Figure 6.4.2 upside down and
changing the directions of all the arrows. In general, if we have an object A € C with morphisms
°u and °u satisfying these axioms, we say that A is a co-algebra in C.

Moreover, in the group case we can explicitly check that A satisfies additional properties
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A*

Figure 6.4.5: Symmetricity axiom for an algebra object A € C. Here °¢, denotes the co-
evaluation map for line a.

which relate the algebra and co-algebra structure on A. These are shown in Figures 6.4.3, 6.4.4
and 6.4.5. An object A € C satisfying these properties is called as a symmetric Frobenius algebra
object in C.

Now, given a two-dimensional theory 7" with flavor symmetry G, the partition function of the
gauged theory 7'/G can be described using this object A. Namely, Zr/(M) on a manifold M
is defined by the partition function of 7" on M with a fine-enough trivalent mesh of topological
lines all labeled by A. By fine-enough, we mean a mesh which can be obtained as the dual graph
of a triangulation of the 2d manifold M. The relations above guarantee that the result does not
depend on the choice of the mesh as long as it is fine enough. Dually, these relations guarantee
invariance under changes of triangulations by Pachner moves. Furthermore, by decomposing
A=6&P , 9> one can see that this trivalent mesh is a superposition of various G bundles over M,
giving us back the standard definition of the gauged theory.

The crucial idea of [178, 169] is to take this as the definition of gauging in the generalized
sense. Namely, given a theory 7" with a symmetry category C, pick a symmetric Frobenius alge-
bra object A € C. Then, the gauged theory 7'/ A is defined exactly as in the previous paragraph.

Note that there can be multiple possible choices of A for a given C. For example, when
C = C(G), we can pick any subgroup H C G and take Ay := &, ., h. When C = C(G, a), we
can check that Ay is an algebra only when the anomaly o € H3(G, U(1)) when restricted to H
is trivial. We can also twist the multiplication morphism m : A ® A — A by using

€, € Hom(g ® h, gh) (6.4.4)

where €, € H*(G,U(1)). The choice of A then can be thought of as the choice of a gauge-able
subsymmetry together with the choice of the discrete torsion [!64]. We summarize:

Gauging a gauge-able subpart of C is done by inserting a fine-enough mesh of an algebra
object A in C. The choice of A in C generalizes the notion of choosing a non-anomalous
subgroup and the discrete torsion in the case of group symmetry.
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Figure 6.4.6: Associativity axiom for a left A-module (p, ).

We have some comments:

e There is in general no canonical maximal A in C. For example, given C(G, ) for a non-
trivial anomaly, there is not necessarily a unique maximal non-anomalous subgroup.

e In the case of C(G, «), finding possible algebras A is equivalent to finding a symmetry
subcategory of the form C(H,0). This is however not the general situation. Algebras A
specifying possible gaugings do not necessarily correspond to symmetry subcategories.

e Note also that two distinct A and A" might give rise to the same gauged theory. We will
come back to this question in Sec. 6.4.6.

6.4.4 Symmetries of the gauged theory from bimodules for the algebra ob-
ject

What is the symmetry category of the gauged theory 7'/A? Since T'/A is just the original theory
T with a fine mesh of A, we can still consider topological lines p € C of the original theory. But
for p to be topological in the presence of an arbitrary mesh of A, the lines of A need to be able
to end on p both on the left and the right consistently.

First of all, there must be a morphism =, : A ® p — p such that conditions in Figures 6.4.6
and 6.4.7 are satisfied. These properties make p into a left A-module in C. Similarly, there must
be a morphism i : p ® A — p which satisfies similar conditions and makes p into a right
A-module as well. Moreover, there must be morphisms °xy : p - A®pand°zg:p > p®R A
which satisfy co-conditions obtained by reflecting the graphs in Figures 6.4.6 and 6.4.7 upside
down and reversing all the arrows. This would make p into a left and right A-comodule. It
turns out that for a symmetry category, we can always get the co-module structure by combining
the module structure with the co-evaluation map for A or A*. Hence, from now on we restrict
our attention only to the module structure. On top of all these conditions, p must also satisfy
conditions which allow us to commute the left and right actions of A on p. This is the condition
shown in Figure 6.4.8 and it makes p into an (A, A)-bimodule in C.
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Figure 6.4.7: Unit axiom for a left A-module (p, z1).

p p
xy, TR
p N p
IER\ / xrr
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Figure 6.4.8: Definition of (A, A)-bimodule (p, xy, xRg).

222



pP®agq pP®agq

TR L

p A q p A q

Figure 6.4.9: The compatibility condition defining balanced tensor product of two A-
bimodules p and ¢ via 7.

The topological operators between two lines p and g, both of which are bimodules, need to be
compatible with the action of A from both sides. That is, the insertion of the bimodule changing
operator and the action of A must commute. They give rise to the category Bimod¢(A) of (A, A)
bimodules of A within C. Note that the concept of the category of (A, A) bimodules is different
from the concept of bimodule categories over C that we encountered above.

The tensor product in the category Bimod(A) is written as ® 4 and it ensures that any inser-
tions of A between p and ¢ in p ® 4 ¢ can be removed. The product p ® 4 ¢ is given as a subobject
of p ® ¢ defined by the most general projection 7

T:pRq—>pRagq (6.4.5)
which satisfies the equation
PpRAR¢BEPpR¢SpRsqg=pPpRA RSP (ARq¢ BpRqSpRaq (6.4.6)

where each side of the equation stands for the composition of the morphisms shown, which are
the associators «, the projection 7 and the morphisms x; and xg defining the action of A on p
and ¢. See Figure 6.4.9. The equation tells us that the right action of A on p is balanced against
the left action of A on q.

The left action of A on p ® 4 ¢ is defined by the compatibility condition
AR(p®q) 5 AR (pR4q) B pRiqg=A®(pRq) > (ARp)®Rq % pRq = pRaq (6.4.7)

where each side of the equation means the composition of the appropriate morphisms, namely
the associators, the projection, and the left action of A on p. The reader can draw a figure for
(6.4.7) in a similar fashion as to Figure 6.4.9 for (6.4.6). Similarly, we define the right action of
Aon p® 4 q. These actions manifestly commute and convert p ® 4 ¢ into an A-bimodule.

The dual of 7 is °7 : p®4 ¢ — p ® q and we have 7 o °7 = 1. The associator in Bimod¢(A)
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Figure 6.4.10: The associator in Bimod¢(A).

is then defined as

Qpgr = Tpg@ar © (1 @ Tgr) 0 pgr 0 (mpg ® 1) 0 (*Tpg agir), (6.4.8)

see Figure 6.4.10. This ensures that any insertions of A can be removed in the diagram defining
the associator.

Similarly, the evaluation and co-evaluation maps in Bimod¢(A) are defined as e

EP
L,R o 5/L7R J— [e] L,R [} o . . h. ﬁ . A
€, o°mand °¢,” = mo ¢, o °u where u and °u are unit and co-unit morphisms defining A.

The argument above suggests that we should take Bimod¢(A) to be the symmetry category of
the gauged theory T'/A.

= U O

Now, consider two half-spaces, and put the mesh only on the right half. We now have a
domain wall between the original theory 7" on the left and the gauged theory 7'/A on the right.
On this domain wall, the lines of the theory 7', in particular those from C, should be able to end
on the left and the lines of the theory 7'/A, namely those from Bimod¢(A), should be able to
end on the right. This suggests that the domain wall is described by the category Mod¢(A), the
category of right A-modules. Note that Mod¢(A) has a natural left action of C and a natural
right action of Bimod¢(A), making it naturally a (C, Bimod¢(A)) bimodule category. Almost
by definition, Bimod¢(A) is the dual of C with respect to the module category Mod¢(A).

6.4.5 Gauging of C(G) to get Rep(GG) and vice versa

As an exercise, let us describe the process explicitly when C = C(G) and Rep(G).
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From C(G) to Rep(G): We have already defined an algebra A in C(G) in Sec. 6.4.3. Let us
determine Mod¢ () (A), the category of right modules of A.

Consider an object M = @ N,g where N, are non-negative integers. We constrain A/ by
demanding that it forms a right-module for A. First of all, we need a morphismz : M ® A — M,
which is characterized by morphisms z, , : Nyg ® ¢" = Ny gg’, each of which can be though
of as an Ny, x N, matrix. These matrices have to satisfy two equations. The first one involves
the product axiom of A and it tells us that

xgg’,g”xg,g’ = 13979/9/1. (649)

The second one involves the unit axiom of A and it tells us that

Tge = 1. (6.4.10)
Combining these two, we find that
Lg,gLgg g—1 = 1 (6411)
which implies that N, = N for all g and
Lgg = xe,gg’<we,g)7l- (6.4.12)

So, we find that the right modules are M = N P g 9=N A with arbitrary invertible N x N
matrices T g.

Now, we find the morphisms in Mod¢(c)(A). The first observation is that all (N A,z ,) are
isomorphic to (N A, 1). A morphism from right to left is provided by sending Ng inside (N A, 1)
to Ng inside (N A, z. ;) by the matrix x. ;. The condition that this morphism commutes with the
action of A turns out to be (6.4.12) and hence this morphism is indeed a module morphism. The
morphism from left to right via the inverse matrix is the inverse of this module morphism. So,
we can restrict our attention to objects NA = (N A, 1).

Let us then find module morphisms from N A to N'A. Such a morphism ¢ is specified by
an N x N’ matrix ¢, sending Ng inside NA to N'g inside N'A. The condition that ¢ be a
module morphism implies that  is a constant N x n/ matrix independent of g. Thus, we identify
Mode(i)(A) as the category Vec.

Next, let us determine Bimod¢(c)(A). By a similar analysis as above, we can write such a
bimodule as (NA, (1), (Tr)e,q) Where (zg).,q and ()4 encode the morphisms M ® A —
M and A ® M — M. As before we can restrict our attention to (N A, (z1),.,1). Demanding
that the left and right actions of A are compatible, we find that

(L)ge(TL)ge = (TL)gg e (6.4.13)

which means that the objects of Bimodc()(A) are identified as representations of G. One can
check that the morphisms of Bimod¢ ) (A) are precisely the intertwiners between the represen-
tations. Thus Bimode()(A) is equivalent to Rep(G). We can also work out ® 4 and it agrees
with the tensor product on Rep(G).
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From Rep(G) to C(G): Now the algebra object A € Rep(G) is the regular representation. The
regular representation is spanned by basis vectors g in one-to-one correspondence with the group
elements g. If we denote the action of g by p(g) then p(g )h = gh The algebra multiplication
takes g ® I to d,4rg Which is an intertwiner. The unit morphism 1 — A corresponds to choosing
>, gin A

First, we look for right modules of A. Choose some representation R of G. We denote the
action of g on ¢ € R as gq. Note that gg # 0 for any g and any non-zero ¢ because otherwise
this would imply that 7 = g|G|q = 0. The right-action of A on R must satisfy g(p h) (gp)h
We must also have that (p’ h) k= Onil T and p(>_,9) = p. Now, start with some arbitrary vector

¢ # 0 such that g # 0 for some g. Then, it must be true that p":= (¢~'¢) 1 # 0. Then, pl=p
and pg = O for all ¢ # 1. This implies that for every g we obtain a vector p, = gp which
has the following properties: p, h = dgnDy. Also, all p, must be linearly independent because
> aypy = 0 can be hit by 1 from the right to yield a;, = 0. Thus the set formed by p, for
all g is the regular representation A of G and R breaks up as a sum of regular representations.
Thus, the objects of Modgep()(A) are all isomorphic to N A for some non-negative integer N.
One can easily work out the module morphisms as well and then one finds that Modgep(a) (A)is
equivalent to Vec.

Next, we look for bi-modules of A. Pick A as a Particular right module for A. It can be
converted into a bimodule V;, by simply stating that h p; = dg4,p1. The G-equivariance then
determines that 7 Pk = Okg,npPk- Thus objects of Bimodgep(ey(A) are labeled by non-negative
integers n, for each g. One can similarly figure out bimodule morphisms leading to the result
that Bimodgep () (A) is equivalent to C(G). Again, the tensor product @ 4 can be worked out and
it equals the group multiplication.

6.4.6 Gaugings and module categories

Let us come back to the general question. We said that given a theory 7" with a symmetry C and a
symmetric Frobenius algebra object A € C, we can put a fine mesh of A on the two-dimensional
manifold to define the gauged theory 7'/A. We now ask the question: when do two algebra
objects A and A’ give rise to the same gauged theory 7'/A ~ T'/A’? For this, the symmetries
of the gauged theories should be the same, Bimod¢(A) ~ Bimod¢(A’) and the properties of the
domain walls should also be the same, Mod¢(A) ~ Mod¢(A’).

Let us see that conversely, if Mod¢(A) ~ Mod¢(A’), the gauged theories are the same 7'/ A ~
T/A'. Indeed, the equivalence is captured by an (A, A’) bimodule m in C which sends an object
M’ of Mod¢(A’) to an object M of Mod¢(A) via M = m ® 4 M’ where ® 4 denotes a tensor
product in the category Bimod¢(A’). There is an inverse (A’, A) bimodule n providing the
inverse map. Physically, m corresponds to a topological interface between 7'/A and T'/ A" which
can be fused with boundary conditions of 7'/A’ to yield boundary conditions of 7'/A. n is
the inverse interface. Algebras A and A’ such that Mod¢(A) ~ Mode(A’) are called Morita
equivalent.

We claim that the existence of such an invertible interface guarantees that 7'/A and 7'/ A’ are
isomorphic theories. For instance, consider the Hilbert space V of T'/A on S*. It can be mapped
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to the Hilbert space V' of T/A" on S* by considering a cylinder geometry of infinitesimal time
with the insertion of a wrapped domain wall n in between. Similarly, we have an inverse map
from V'’ to V' constructed similarly from m. Now, we can compose these maps by putting one
cylinder on top of the other. As the interfaces are topological, they can be moved towards each
other and ultimately fused away as they are inverses of each other. Thus, we are left with a unitary
evolution on an infinitesimal length cylinder geometry. We can now take the infinitesimal to zero
in all the steps above to obtain an isomorphism between V' and V’. Similar arguments can be
used to show that any kind of data of 7'/A is isomorphic to the same kind of data of 7'/A’.

We would like to stress that this equivalence of 7'/A and T'/ A’ is different from our claim that
T and T'/A contain the same amount of information. For example, in the latter case, the Hilbert
spaces would be different, as we will detail in Sec. 6.4.8.

All of this means that what really characterizes different gaugings are not the algebra objects
used in the gaugings themselves but the associated module categories Mod¢(A) over C. We can
then ask the question: does every module category M over C come from a symmetric Frobenius
algebra object A in C, so that M arises as the domain wall between the original theory 7" and the
gauged theory 7'/A? The answer is yes [ 168, 179].

The construction goes roughy as follows. Given a module category M over C, consider the
morphism spaces Hom(c®m, n) for ¢ € C and m,n € M. There is an object called the internal
hom and denoted by Hom(m, n) in C which satisfies

Hom (¢ ® m,n) ~ Home(c, Hom(m,n)). (6.4.14)
At the level of objects, this is given by

Hom(m,n) = @(dim Hom v (c ® m,n))c (6.4.15)

Cc

where ¢ runs over the isomorphism classes of simple objects in C as can be simply verified by
computing Home (¢, Hom(m, n)) from this equation.

Now, the internal homs can be concatenated naturally, in the sense that there is a natural
morphism
i : Hom(m,n) ® Hom(n, o) — Hom(m, o) (6.4.16)

and in particular Hom(m, m) has the multiplication. It can be shown [168] that A = Hom(m, m)
for a simple object m € M is an algebra object such that Mod 4(C') ~ M. Furthermore, A is
automatically symmetric Frobenius if C is a symmetry category [!79]. Summarizing, we have

Distinct choices of gaugings of a theory with symmetry category C are in one to one corre-
spondence with choices of indecomposable module categories M over C characterizing the
domain wall between the original theory and the gauged theory. The gauged theory has the
symmetry C' which is the dual of C with respect to M.

We denote the gauged theory corresponding to a module category M by 7'/ M. We would like to
note that a decomposable module category corresponds to a direct sum of algebras A = A; ® A,
where the algebra structure of A comes from algebra structure of A; and the algebra structure

227



of As. Gauging a theory T using A produces T/A = T /A; & T/ A, because a mesh of A is the
same as a mesh of A; plus a mesh of A,.

6.4.7 (Re-)gauging and its effect on the symmetry category

Now we can give a unified description of the (re-)gauging process. Consider a theory 7" with
a symmetry C. Pick an indecomposable module category M of C. There is an algebra object
A € C such that M ~ Mod¢(A), and then the gauged theory 7'/ M := T'/A has the symmetry
C' = Bimod¢(A) such that M is a natural (C,C’) bimodule category.

Now, pick an indecomposable module category M’ of C’ and repeat the same process. We
get the gauged theory 7'/ M /M’ which has the symmetry C” such that M’ is a (C’,C") bimodule
category. We now see that the ‘set’ of all symmetry categories can be subdivided into ‘subsets’
consisting of symmetry categories that can be converted into each other by a sequence of gauging.

Note that this double gauging can be done in one step, since from two bimodule categories
M and M’ we can form the tensor product M X M’ which is a (C,C"”) bimodule category.
Notationally it is convenient to write a (C, C’) bimodule category M as a morphism M : C — C'.
Then we can regard M X M’ as M’ o M. Then T/ M/ M’ ~ T/(M' o M). Any multiple
gauging can be done in one step.

In particular, M®P given by reversing the order of the tensor product is naturally a (C’,C)
bimodule category, and M o M is the identity. Therefore we have 7'/ M /M = T. The
example we started this chapter with, T'//G/ G = T for an Abelian group G, is a special instance
of this construction.

It is instructive to phrase the re-gauging process in terms of the algebra A as well, whose de-
tail can be found in [169] with plenty of helpful drawings. The category of bimodules Bimod¢(A)
have an algebra object B = A*® A. B is also trivially an algebra in C and its algebra multiplica-
tion is given by the evaluation map. Moreover, we can embed Ainto Bas A - A*® A® A —
A* ® A = B where the first map is the co-evaluation map and the second map is the multi-
plication for A. We are looking for B-bimodules in Bimod¢(A) which can be identified with
B-bimodules in C because A embeds inside B and hence a B-bimodule structure carries an A-
bimodule structure. Now, B-bimodules in C are trivially obtained from any object a € C by the
mapping A* ®a® A. This mapping gives us an equivalence of C and the category of B-bimodules
in Bimodc(A).

Physically, this means that the lines of 7'/ M /M come as lines of 7" dressed by A* on one
side and by A on the other. The local operators in 7'/ M / M°P also correspond to a local operator
of T" which appears at the junction of “middle” lines and the A-lines on the side are just joined
smoothly. Let’s insert a network of lines of 7'/ M /M°P on a surface ¥ and compute the partition
function. The network will look like a network of lines of 7" with additional A loops, one for
each “plaquette”. These A loops can be shrunk away leaving the partition function of a network
of lines of T'. Thus we see explicitly how we obtain the same theory on regauging. Later on,
we will discuss 2d TFTs with C symmetry and we will give a prescription for constructing the
gauged TFT which uses heavily the algebra A rather than M. From this argument, it is clear that
regauging the gauged TFT will give back the original TFT.
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Summarizing, we have the following:

Denote by M : C — C' when the symmetry category C has a gauging M under which the
dual symmetry is C'. Two consecutive gaugings M : C — C' and M' : C' — C" can be
composedto M’ oM : C — C", and any gauging M : C — C' has an inverse M~ : C' — C
such that M~ o M is the identity.

Now, let us ask when are two symmetry categories C and C’ dual with respect to some in-
decomposable module category M. It is known [145] that this happens if and only if Z(C) ~
Z(C'), where Z(C) is the Drinfeld center of C. This has the following physical interpretation.

Recall first that any symmetry category where every simple object is invertible is of the form
C = C(G, «). From the same data of G and o« € H?(G,U(1)), we can construct a 3d TFT called
the Dijkgraaf-Witten theory [173]. On the boundary of the Dijkgraaf-Witten theory, we can put
a 2d theory with symmetry G with an anomaly a.

There is a generalization of this construction that gives a 3d TFT starting from any symmetry
category C, sometimes called the generalized Turaev-Viro construction. We will just call them
the Dijkgraaf-Witten theory associated to C. The Drinfeld center Z(C) is the braided tensor
category which captures the properties of the line operators of this 3d TFT, and this 3d TFT can
have a boundary where a 2d theory with symmetry C lives. For a recent exposition, see e.g. [3].

Since 7'/ A is obtained by just adding a mesh of A on 7", T'//A and T can be put on boundaries
of the same 3d TFT. Therefore their Drinfeld centers should be the same. Conversely, specifying
an isomorphism Z(C) ~ Z(C') corresponds to specifying a 1d domain wall on a 2d boundary
of a single 3d TFT, such that we have lines from C on the left and lines from C’ on the right of
the domain wall. This corresponds to specifying a (C,C’) bimodule implementing the gauging.
Summarizing,

Two symmetry categories C and C' can be transformed to each other by an appropriate
gauging if and only if the 3d TFTs associated to them are equivalent, i.e. Z(C) ~ Z(C').
The fact Z(C) ~ Z(C') also implies that the total dimension of C and C’ are the same,

dimC = dim C'. (6.4.17)

This is because it is known that dim Z(C) = | dim C|%.

Another related point is the following. This mathematical process of choosing a module
category or an algebra object corresponding to it for a symmetry category and taking the dual
category can be performed for a modular tensor category. A modular tensor category describes
topological line operators in a three-dimensional theory and therefore this operation should be
thought of as creating a new three-dimensional theory from an old one. This operation is in fact
known under the name of anyon condensation [130].

6.4.8 The effect of the gauging on Hilbert space on S*

Let us now discuss the Hilbert space on S! of a theory with symmetry C, and how it is modified
by the gauging.
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Figure 6.4.11: An example of a circle with transverse line operators. The point marked
with an X labels the choice of the base point. In the diagrams here and below, the time flows
upwards, and the lines also carry arrows in the upward direction unless otherwise mentioned.

Backgrounds for C symmetry

Consider a cylinder of the form S* x R, with lines a; in C transverse to the constant time slice
t = 0. Let us assume that other data about the circle like its size, spin-structure etc. have been
fixed so that we can associate a Hilbert space of states to this circle. See Figure 6.4.11 for an
example. In the figures here and below, the time flows from the bottom to the top.

We would like to identify this configuration of lines with an object a of C and say that the
circle carries the background a for the symmetry C. When C = C(G), the backgrounds are
labeled by group elements and correspond to holonomy of the G-connection around the circle.
As the lines are topological, we can try to define such an a by fusing them together. Clearly, there
are choices in the precise way one performs this procedure: there is a choice of the base-point
from which we start taking the tensor product, and there is also a choice in the relative order of
fusion of the lines, which is related to the associators in C. To spell this out more fully, we need
some notations and operations.

Let us denote the Hilbert space for a cylinder with just one line operator a € C by V,. We
require Vg, = V, @ Vj. A morphism m : a — b defines an operator Z(m) : V,, — Vj. This is
given by the geometry shown in Fig. 6.4.12. Note that in a non-topological theory, the vertical
height of the cylinder containing the topological line and/or the topological operator needs to be
taken to zero. The same comment applies to all the figures discussed below in this section. Now,
two choices of fusing a, b and c in Fig. 6.4.11 can be taken care of by using the associator o and
Z:

Z<aa,b,c) : ‘/(a®b)®c — Va®(b®c)' (6.4.18)

To track the change of the base point, we need to introduce the map X, : Vogy — Viga
defined by Fig. 6.4.13, together with its inverse. They are associated to the intersection of the
topological line and the auxiliary line, which is the trajectory of the base point.

The operations X, ;, and Z(«) satisfy many consistency relations, which we spell out in full
in Sec. 6.6.2. With them, we can keep track of the change of the base point and the change of the
order of fusing the lines in a consistent manner. This allows us to associate a Hilbert space to a
circle with multiple transverse line operators ag, ..., ai.
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Figure 6.4.12: A morphism m : a — b defines an operator Z(m) : V, — V.

Figure 6.4.13: X, ;, and its inverse tracks the change of the base points.

The operators X and Z can also be used to express how a line operator wrapped around S*
acts on the Hilbert space. Indeed, given two morphisms m : a — c®d andn : d®c — b, we can
define the operator U, 4(m, n) using the network drawn in Fig. 6.4.14. Explicitly, this is given by

Uca(m,n) = Z(n)X.aZ(m). (6.4.19)

The action U, of a line operator labeled by a wrapped around on S! on the Hilbert space V; on
S! without any transverse line, referred to in Sec. 6.3.1, is a special example of this construction:

U, = Ua*ﬂ(oea, €.) Where °¢,, €, are the co-evaluation map and the evaluation map introduced
in (6.3.10), (6.3.11).

The Hilbert space of the gauged theory

So far we discussed the Hilbert spaces V,, of the original theory 7" with the symmetry C, where
a € C is the label of the line operator transverse to the constant time slice S'. Let us now discuss
how Hilbert spaces W, of the gauged theory 7'/ A can be found, where p € C'.

A line in the gauged theory is given by an (A, A) bimodule in C. Each such bimodule p can
be viewed as an object in C and hence has a Hilbert space V), associated to it by the ungauged
theory 7. We construct the Hilbert space 1V, associated to p by the gauged theory 7'/A as a
subspace of V), in the following manner.

In the case of C(G), one is traditionally instructed to project this space to the subspace left
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Figure 6.4.15: The projector defining the Hilbert space of the gauged theory is a specific
instance of an action of a wrapped line operator. The morphisms used at the trivalent vertices
are those specifying the bimodule structure of p.

invariant by the action of the group G. For a general symmetry category C and its gauging A, we
need a projector P : V,, — W,. Such a projector is naturally given by P := U, 4(°zg, x1,) where
°rr:p —>pRAand x; : A® p — p are the morphisms defining the module and comodule
structures on p, see Fig. 6.4.15. This projector was written down in [181].

Let us now show that this projector to W), agrees with the traditional definition in the case of
C(G), when p is the identity object in the category of bimodules. This means thatp = A = g9
as an object in C(G). Therefore we are going to project V4 = €P o V- The operator P restricted
to Vj is given by |G|7' ;- and this is indeed a projector to the G-invariant subspace. The
action of P on the whole V4 can be found similarly, and we find that

W, = PV, ~ @(Gc-invariant subspace of V) (6.4.20)
c

where C' runs over conjugacy classes of GG, ¢ € C is a representative element, and G, is the
commutant of ¢ in GG. This is as it should be.

Summarizing, we have the following statement:
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The Hilbert space of the gauged theory T/ A is obtained by taking the invariant part of the
ungauged theory T under the projector naturally defined by wrapping A around S*.

6.5 More examples of symmetry categories and their gauging

In the previous sections we reviewed the general theories of symmetry categories and their gaug-
ing. So far, however, we only saw basic examples where symmetry categories are either of the
form C(G, o) where G is a finite group and « its anomaly, or of the form Rep(G) where G is a
group. In this section we discuss many other examples and their gauging.

6.5.1 Symmetry category with two simple lines

The simplest symmetry category consists of just one simple object 1 and its multiples. This can
be thought of as a symmetry of any 2d theory, but it is not very interesting.

Let us then consider the simplest nontrivial symmetry category, consisting of simple objects
1 and x. The dual of x can only be x, and then  ® x can only contain one copy of 1. Therefore
the tensor product can only be of the form x ® x = nx @ 1, where n is a non-negative integer.

When n = 0, then the simple objects 1 and = form the group Z,. As we already discussed,
there are two possible symmetry categories C(Z,, o) where o € H3(Zy,U(1)) = Z, determines
the anomaly.

When n = 1, the dimension of z is easily determined to be (1 + v/5)/2. The only nontrivial
condition is the pentagon identity of the associator a, . ,, and can be solved uniquely [182]. This
symmetry category in fact has a braiding which turns it into a modular tensor category describing
an anyon system. Recently this is known under the name of Fibonacci anyons because fusing n
copies of x generates the F,, 11 & F,,x where F}, is the nth Fibonacci number. For this reason
we denote this category Fib.

It is known that we cannot have n > 1, as shown by Ostrik [183]. Therefore, possible
symmetry categories with two simple lines are just three, C(Zs,0), C(Zs, 1) and Fib. Ostrik also
classified all possible symmetry categories with three simple objects [184].

6.5.2 Symmetry category of SU(2) WZW models and other RCFTs

Next, we review the symmetry category of RCFTs, following the construction of [185]. Let
us take a rational chiral algebra 4 in two dimensions and consider a conformal field theory
T which corresponds to the diagonal modular invariant of this algebra A. As is well-known,
from a chiral vertex operator a corresponding to an irreducible representation of .4, we can
construct a topological line operator a of this theory 7. Because the theory 7' corresponds to
the diagonal modular invariant, chiral and antichiral vertex operators generate the same line
operators. Therefore the theory has topological lines generated by irreducible representations of
a single copy of A. They of course are specified by the Moore-Seiberg data, or equivalently they
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form a unitary modular tensor category C. We can forget the braiding of C and regard it as the
symmetry category of this theory 7.

The essential observation of [185] is that the choice of gauge-able subpart of C, or equiva-
lently the choice of the module category M over C, is in one to one correspondence with the
choice of modular invariants of the chiral algebra A. In particular, all modular invariants, includ-
ing the exceptional ones, arise as the result of a generalized gauging.

Let us describe them in more detail in the case of SU(2) WZW models, following [186]. The
chiral algebra is S/I\J(2) k> which has k& + 1 irreducible representations

Vi, j=0,1/2, k)2 (6.5.1)
with the fusion rule
VidVi =V ® V@ 8 Vn (6.5.2)
where m = min(j + j', k — (j + j)). We have

qj+1/2 _ q—j—1/2

pIER—T; where ¢ = ¢”™/(++2), (6.5.3)

dimV; =

They form a symmetry category we denote by Rep(S/[\J(2) k). The object Vj is the identity. It
is clear that the objects V; with integral j form a symmetry subcategory, and can be denoted
by Rep(S/(\)(S)k). In particular, when k£ = 3, this is equivalent to the symmetry category Fib
discussed above.

Since V2 @V}, /2 = Vo, the simple lines Vj and V}, /» form a sub-symmetry category. From our
general discussion above, this is equivalent to C(Zs, o) where o € H3(Zy,U(1)) = Zy. This cvis
determined in terms of the associator, or equivalently the fusion matrix or the quantum 6j symbol
involving four V},/», and is known to be o = k € Zs. In particular Rep(SAU(2)1) = C(Zy,1). This
also means that the subsymmetry formed by V4 and V- is gauge-able when k is even. Gauging
it we obtain the modular invariant of type Dy /o.2.

The Fs 7 s modular invariants correspond to algebra objects

‘/0@‘/37 k=10 (E6)7
A= Vo®V, @ Vs, k=16 (E;), (6.5.4)
Voo Vs®Vo® Viy, k=28 (Ey).

The type X,, of the modular invariants, or equivalently of the possible gauging, specifies the
corresponding module category structure as follows: the isomorphism classes of simple objects
in the module category are labeled by the nodes of the Dynkin diagram of X,,, and the edges
describe how V/ /5 acts on the simple objects.
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6.5.3 Gauging a subgroup of a possibly-anomalous group
Generalities

We now turn our attention to a more traditional setup of gauging a subgroup H of a bigger group
G. We will soon see that already in this traditional-looking setup we encounter various surprises.

We start by specifying the anomaly of the bigger group; we start from a symmetry category
C(G, a) where o« € H*(G,U(1)). Possible gaugings are classified by their module categories, as
already discussed. They turn out to be in one-to-one correspondence with a pair (H, ¢)) where H
is a subgroup such that the restriction of « to H is trivial, and v is an element of H?(H,U(1)).?
This result agrees with the more traditional viewpoint: we choose a non-anomalous subgroup H
and then choose the discrete torsion ).

From the general machinery described above, the gauged theory has a symmetry category
which is the dual of C(G, ) with respect to (H,1). Let us denote the resulting symmetry
category by C' := C(G,«; H,1)). When o = 0, H = G, ¢ = 0, we already know that C’ =
Rep(G). Furthermore, when G is abelian, ¢’ = C(G,0). The explicit structure of C’ in the
general case can be determined by realizing it as a category of bimodules Bimod¢(A) for the
algebra object A corresponding to (H, ).

Let us see what we can say generally. Firstly, there are two general facts:

e the dimensions of lines in C’ are all integral; such symmetry categories are called as integral
symmetry categories.

e the total dimension dimC’ := )" _(dima)? is the same as the original one: dimC’ = |G].

Secondly, there are cases where the dual symmetry C(G, a; H, v) itself is of the form C(G’, o)
for some group GG’ and the anomaly /. There is a theorem by Naidu, Nikshych [187, 188] and
Uribe [189] determining exactly when this happens, and if so, explicitly the form of G’ and «’'.
The general formula is too complicated to reproduce in full here. A necessary condition is that /7
is an Abelian normal subgroup. When « is trivial this in fact suffices. In the next subsubsection
we describe its explicit structure.

Gauging a normal Abelian subgroup of a non-anomalous group

Statement: Let us choose a group G and its normal Abelian subgroup H. We then gauge H.
The gauged theory then has a symmetry group G’ with an anomaly o/ € H3(G’,U(1)), given as
follows.

The fact that H is a normal Abelian subgroup means that G is an extension

0-H—->G—->K=G/H—0 (6.5.5)

“More precisely, when « is nontrivial, ¢/ is an element of a torsor over H2(H, U(1)).
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and as such it is determined by an an action of K on H by inner automorphisms in G, and
an element x € H?*(K, H) defined using the group action. The group G is a crossed product,
G = H x,, K. Letus identity G = H x K as a set. Then the group structure is given as follows:

(h, k) (W, ) = (k> h)k(k, k), kK (6.5.6)

where k > 1’ is the action of k on A’ and k(k, k') is an H-valued 2-cocycle of K.

Denote by H the dual group of H. There is a natural action of K on H given by k> p(h) =
p(k~1 > h) for arbitrary elements k € K, h € H and p € H. Under this action,

G'=HxK (6.5.7)
with the trivial two-cocycle in H?(K, H ), and o is given by
o =a,  where a.((p, k), (0, k), (" k")) = p" (kK > r(k, K)) (6.5.8)

Note that the nontriviality « of the crossed product in the original G side is traded for the non-
triviality of the anomaly «,; on the G’ side. Summarizing, we have

Let us gauge a normal Abelian subgroup H of a symmetry group G. G is then necessarily of
the form G = H x,, K, where k € H*(K, H). When G has no anomaly, the gauged theory

has the symmetry group G' = H x K, and the resulting anomaly /' is given in terms of k as
in (6.5.8).

Derivation: Let us now derive the description of G’ given in the last paragraph. Our starting
category is C((F) and we want to gauge it by the algebra object A = @ h where h € H. The
simple objects of gauged category Bimod¢ () (A) are bimodules which can be seen to form the

set H x K using arguments very similar to those in Sec. 6.4.5. An object (p, k) in Bimod¢(cy(A)
is built from the object @, (h, k) in C(G). Our choice of the bimodule structure on (p, k) is
that the right action by A is trivial and the left action by A is given in terms of morphisms
(L) = (hye) @ (B k) — (kI k) satisfying the familiar condition

(L) = (@) e((T)he) ™" (6.5.9)

with
(xL)h,e = p(h) (6510)

The balanced tensor product of (p, k) and (o', k') in Bimodc(y(A) is given in terms of pro-
jectors myp : (hy k) @ (W, k') — (hi(k, k") (k> R'), kk'). The equation (6.4.6) tells us that

Th(knye = Tha ' (R') (6.5.11)
Demanding the right action on (p, k) ®4 (', k') to be trivial leads us to the condition that

Thh = The (6.5.12)
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which can be substituted into (6.5.11) to simplify it to
Th(koh'),e = Thep (B). (6.5.13)
Via (6.4.7), the left action p” on (p, k) @4 (p/, k') satisfies
P (W) = mhep(h) (6.5.14)
which can be combined with (6.5.13) to yield
p"(h) = p(h)p (k> h). (6.5.15)

In particular we have
The = p' (k7' > h). (6.5.16)

The equation (6.5.15) means that Bimode () (A) is equivalent to C(G’, o) where G’ = HxK
for some yet to be determined «’.

The associator can be computed from the graph in Figure 6.4.10. Let the objects p, ¢, r be
(k,p), (K',p), (K", p"). It suffices to restrict each object to the sub-object (k, ¢) in C(G). Without
loss of generality, we can assume 7. . = 1 because factors of 7. . are canceled by factors of °7, .
Then the only contribution comes from what is denoted as °7,g , 4. in Figure 6.4.10 and we find
the anomaly o' given in (6.5.8).

Examples: As an example, consider G = Z,, generated by = with 2°" = 1, and gauge the
Zs subgroup generated by z". When n is odd, G = Zy X Z,, and the dual symmetry is clearly
just G' = Zs X 7, without any anomaly, since the part Z,, does not matter. When n is even,
G is a nontrivial extension 0 — Zy — G = Zo, — Z,, — 0, corresponding to a nonzero
k € H*(Z,,Z,). This means that the dual is G’ = Zy X Z,, with a nontrivial anomaly «,, as
given above.

As another example, consider G = Ds,, the dihedral group of 2n elements, generated by
two elements 7, s such that r* = s* = 1, srs™! = r~!. In particular, let n = 2m. Then
x := r" generates the center Z, = () of Ds,. Let us then gauge the center. Since the extension
0 — Zy — D, — D,, — 0 is nontrivial, the dual group G’ = @ x D,, has a nontrivial anomaly
Q. ,, given in terms of a nonzero kp € H %(D,,, Z) describing the extension. In particular, for
D,,, = Dg, the dual group G’ = Z; X Zgo X 7o is Abelian. Dually, this means that by gauging i}
of the Abelian group G’ with an anomaly «, turns the symmetry into a non-Abelian group Ds.

As a final example in this subsection, consider G = (), the quaternion group of eight ele-
ments, formed by eight quaternions +1, +4, +j, +k. This is naturally a subgroup of SU(2) since
quaternions of absolute value 1 form the group SU(2), and as such the lift to SO(3) of a finite
subgroup of SO(3), this case Dy = Zy X Z,. This means that we have a nontrivial extension

0—=Zy — Qs — Dy — 0. (6.5.17)

This extension is again nontrivial, whose class kg € H?(Zy X Zs, Zs) is different from xp in the
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case of Dg. The dual group is then G’ = ZE X Zy X Zs but with a different anomaly «, .

Dually, we can say as follows. The same Abelian group, @ X Zgy X Zo with two different

anomalies xp and k¢ dualizes, under gauging of Z, into two different non-Abelian groups Dg
and ()s.

6.5.4 Integral symmetry categories of total dimension 6

Let us study the symmetry categories of total dimension 6 in detail. We already know a few such
symmetry categories, C(Zs X Zs, «), C(S3, ) and Rep(S3), where S is the symmetric group
acing on three objects. Let us study what the gauging of their subgroups leads to. We will see
that there are in fact two more integral symmetry categories of total dimension 6.

From C(Zy x Z3,«): Here the anomaly is determined by o € H3(Zy x Z3,U(1)) = Zy X Zs.

e 7, is always gaugeable,
e 7, is gaugeable only when « is from Z3 and then the dual is itself,
e 75 is gaugeable only when « is from Z, and then the dual is itself,

e Zg is gaugeable only when « is trivial.

So there is nothing particularly interesting going on here.

From Rep(S3):  Any possible gauging of Rep(.S3) can always be done by first gauging Rep(Ss)
back to C(.S3) and then gauge one of its subgroup. Therefore we do not have to study it separately.

From C(S3,a): Here the anomaly is determined by o € H?3(S3,U(1)) = Zg x Zs3. Let us
denote by a and b the generators of Z, and of Zj, respectively.

e 7, is always gaugeable and the dual is itself.

e The subgroup Z, is gaugeable only when o = b’ with i = 0, 1,2. The dual is not of the
form C(G’, o) because this subgroup is not normal. When a = 0 the dual turns out to
be Rep(S;). When i = 1,2, the duals cannot be Rep(S;), since if so, a further gauging
will produce C(Ss, %) from C(Ss,b"?). But this is impossible, since these two symmetry
categories have different number of possible gaugings.

e The normal subgroup Zs is gaugeable only when o = a®!. Gauging it leads back to itself,
with the same anomaly.

e S3is gaugeable only when « is trivial. The dual is Rep(.S3).
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From the analysis above, we find that symmetry categories C(S3,b"?;Z,,0) obtained by
gauging the Z, subgroup of S3 with a nontrivial anomaly a = b'? is neither of the form C(G, a)
nor of the form Rep(S3). It turns out that they have the same fusion rule as Rep(S3), namely
there are simple objects 1,z of dimension 1 and a of dimension 2, such that 2% = 1, ax = a,
a’> = 1+ x + a. These are the smallest integral symmetry categories which is neither C(G, «)
nor Rep(G).

It is known that the symmetry categories we listed so far exhaust all possible integral sym-
metry categories of dimension 6. This was shown in [190].

6.5.5 Integral symmetry categories of total dimension 8

Let us next have a look at symmetry categories of dimension 8. There are five finite groups G of
order 8, namely the three Abelian ones Zg, Zy X Zy4, (Z2)? and two non-Abelian ones Dg and Qg.
Correspondingly, we already see that there are symmetry categories C(G, «) constructed from
these group, where the possible anomalies are given as follows:

G | Zs|2,xZs | 23| Ds | Qs
Hg(G,U(l)) H Zg‘Z%XZ;;‘Z;‘Z%XZ;l‘Zg .

(6.5.18)

We also know two other symmetry categories of total dimension 8, namely the representation
categories Rep(Ds) and Rep(Qs).

These two representation categories have the same fusion rules: there are four dimension-1
simple objects 1, a, b, ab forming an Abelian group A = Z, X Z,, and one dimension-2 simple
object m, such that the fusion rule is commutative, a ® m = b ® m = m, and

mm=1®adbd ab. (6.5.19)

There are in fact two more symmetry categories, known as KP and TY with this fusion rule
[175]. For all these four cases, it is known that we can gauge the subsymmetry Zy = {1, a} and
obtain C(Dg, o) where o € H3(Dg, U(1)) is chosen depending on the four cases.

The four symmetry categories with the above fusion rule have a nice uniform description due
to Tambara and Yamagami, which is applicable to a more general case based on any Abelian
group A. The gauging of Z, = {1, a} leading to C(Ds, «) also has an explanation in the larger
context of Tambara-Yamagami categories. We will study them in more detail in the next subec-
tion.

The only remaining choice of the fusion rule of an integral symmetry category of total dimen-
sion 8 has the following form [191]: there are four dimension-1 simple objects 1, ¢, ¢2, ¢* forming
an Abelian group A = Z,, and one dimension-2 simple object m, such thatc® m = m®c =m
and

mam=1®cd . (6.5.20)

The result of Tambara and Yamagami [!75] implies that there are four symmetry categories with
this fusion rule, distinguished by two sign choices. These categories do not have a common
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name; let us temporarily call it S 1. This completes the list of the integral symmetry category of
total dimension 8.

Before moving on, we have two comments. First, every integral symmetry categories we
saw so far, i.e. those symmetry categories for which dimensions of objects are integers, can be
obtained by gauging a non-anomalous subgroup of a possibly anomalous group. This property
fails when the total dimension is larger. Indeed, some of the Tambara-Yamagami categories
we discuss next are integral but cannot be obtained by gauging a non-anomalous subgroup of a
possibly anomalous group.

Second, the symmetry category KP is of a historical interest, since it is the category of rep-
resentations of the first non-commutative non-cocommutative Hopf algebra that appeared in the
literature, constructed by Kac and Paljutkin in 1966 [192]. One way to construct a symme-
try category is to pick a Hopf algebra H and take the category of its representations. When
H is commutative, the symmetry category is of the form C(G), and when H is cocommuta-
tive, the symmetry category is of the form Rep(G). When we take the dual of a Hopf algebra,
this naturally interchanges C(G) and Rep(G). Therefore considering Hopf algebras is a unified
framework in which C(G) and Rep(G) can be treated symmetrically. That said, to treat the sym-
metries of two dimensional theories and their gauging, we need to deal with symmetry categories
in general and we cannot stop at the level of the Hopf algebras. The symmetry categories which
are categories of representations of Hopf algebras can be characterized as symmetry categories
which has Vec as a module category. But even the familiar C(G, ) with a nontrivial o does not
have Vec as a module category!

6.5.6 Tambara-Yamagami categories

To construct a Tambara-Yamagami category, we start from an Abelian group A. The simple ob-
jects of the category are elements a € A of dimension 1 together with an object m of dimension
|A|, with the commutative fusion rule

a@m=m, m®m:@a. (6.5.21)

Tambara and Yamagami showed in [175] that any symmetry category with this fusion ring is
given by the choice of a symmetric nondegenerate bicharacter y : A x A — U(1) and the choice
of the sign of 7 = £1/4/|.A|. The nontrivial associators are given in terms of x and 7:

Ag,mb = X<a7 b)v (6.5.22)
Am,a,m = @ X(au b)ldbv (6.5.23)
b
Ammm = T(x(a,0) ap € Hom(@ m, @ m). (6.5.24)
a b

Let us denote the resulting symmetry category by TY (A, x, 7).

In our case where A = Z, x Z, generated by a and b, we just have two possible symmetric
nondegenerate bicharacters y up to the action of SL(2,7Z,). Explicitly, two such choices are
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specified by
x(a,a) =1, x(b,b) =—x(a,b) = +1. (6.5.25)

We denote the choices by xi. The choice of 7 is 7 = £1/2. Then we have the following
correspondence:

X T
Rep(Ds) | x+ +1/2
Rep(Qs) | x4+ —1/2 . (6.5.26)

KP X- +1/2

TY x- —1/2
Here we are slightly abusing the notation such that TY alone stands for a specific symmetry
category with total dimension 8, while TY (A, x, 7) refers to a general construction.

Another Tambara- Yamagami category of total dimension 8 isbasedon A = Z, = {1, ¢, %, ¢*}.
Any non-degenerate symmetric bicharacter is of the form

xe(ch, ) = (£i). (6.5.27)

Together with the choice of the sign of 7, we have four Tambara-Yamagami categories S based
on Z,. We note that the bicharacter y is trivial on the subgroup Z, = {1,a = ¢*}.

It is known that for all eight Tambara-Yamagami categories described above, we can gauge
the subsymmetry Z, = {1,a} and obtain C(Dg, o) where o € H?(Dg, U(1)) is chosen depend-
ing on the four cases. This fact is a specific instance of a general theorem determining when a
Tambara-Yamagami category is obtained by gauging a subgroup of a possibly non-anomalous
group [193]. They showed that this occurs if and only if A has a Lagrangian subgroup H for Y,
i.e. there is a subgroup H C A such that i) the restriction of y on H is trivial and ii) A/H ~ H
via the pairing induced by . In the four cases above, H is given by Zy = {1,a}.

Let us explicitly describe below that gauging the subgroup H of the Tambara-Yamagami
symmetry category C = TY (A, x, 7) produces a symmetry category of the form C(G, «). The
algebra object we use to gauge the system is A = €, _; h.

We note that A fits in the extension 0 — H — A — H — 0. We fix a specific section
s : H — A and denote by « the two-cocycle in C?(H, H) characterizing this extension. Then
the symmetric nondegenerate bicharacter y on .4 defines a symmetric map

~

x:Hx H—U®1) (6.5.28)

satisfying the condition
X(p+p'0) =x(p.o) + x(p', o) + o(k(p, p')). (6.5.29)
Simple (A, A) bimodules turn out to be isomorphic to either of the following two types:

o X,,forp, o€ H. As an object in C, it is @heH ho. The right action of A is trivial, and
the left action of A is given by p(a)id : @ ® ho — aho.
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o Y, forp,o € H. Asan object in C, it is just m. The left action and the right action of A
is given by p(a)id : a ® m — m and o(a)id : m ® a — m.

The tensor product ® 4 in the category of bimodules, together with the projections 7 (6.4.5) in
the definition of ® 4 is then given as follows:

Xpo @a Xy o = Xpp oo (6.5.30)
where the projections 7 are trivial,
Xpo @aYy o =Yy o0 (6.5.31)
where the projections 7 are given by p/(a)id : ac ® m — m,
Yy @4 Xpror = Yooy o) (65.32)
where the projections 7 are given by o(a)p’(a)~tid : m ® ac’ — m, and
Yoo @4 Yyor = Xpor)y1o(p)1 (6.5.33)

where the projections 7 are given by

=P (@) idar(pyr : m@m = P (6.5.34)

aceH zeA

The equations (6.5.30),(6.5.31),(6.5.32),(6.5.33) show that the simple objects X,, and Y, ,
form the group L
G=(H x H) X Zs (6.5.35)

where the Z, acts by
(p,0) = (=0, —p). (6.5.36)

The anomaly « can be computed using the projections given above and the associators (6.5.22),
(6.5.23) and (6.5.24) of the original category. We find

A Xpoy Xyt oy X o) = p(K(0,0")), (6.5.37)
A Xy, Xy o, Yy o) = p'(K(0,0")), (6.5.38)
A Xp o, Yy o, X o) = x(0,0"), (6.5.39)
Y0y Xy ot X o) = (00" 1) (k(0, ")), (6.5.40)
a(XpJ? YZO’,U’? Yp”,a”) = UH</€(0> (U,)_lpﬂ))a (6.5.41)
(Yo, Xy o, Ypron) = X(0', 0 ()71 (p") ), (6.5.42)
(Yoo, Yo or, Xpron) = (0" (")) (ko (p) 7, 0)), (6.5.43)

(Yoo, Yo, Yyron) = sgn(r)x(o (o)™, 0" (p") 7). (6.5.44)

As a check of the computation, we can directly confirm that these define a 3-cocycle on G.

In the eight cases Rep(Dsg), Rep(Qs), KP, TY and S_ we discussed above, we always have
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°I:Vv-sC|I1:C=>V M: VRV =V °M : V—>V®V

Figure 6.6.1: The basic building blocks of a 2d TFT.

H = 75 and the resulting group G' = (Zg X Zsy) X Zs is Dg. To see this, regard Zs X Z as the
group of flipping the coordinates = and 3 of R? generated by

(ﬁ,y) = <_'T7y>7 (Sl?,y) = (JJ, _y> (6545)

respectively, and Z, acting on Zy X Zs to be the exchange of = and y given by

(z,y) = (y,2). (6.5.46)

Dually, with a suitably chosen a on Dg and gauging the Z, subgroup flipping the x coordinate,
we get the four symmetry categories given above.

6.6 2d TFT with C symmetry and their gauging

6.6.1 2d TFTs without symmetry

As a warm-up, let us recall the structure of 2d TFTs without any symmetry. We follow the
exposition in [171] closely, see in particular their Appendix A.

We start with a vector space V' of states on S and one wants to define a consistent transition

amplitude
Zy 1 VO™ e (6.6.1)

corresponding to a given topological surface > with m incoming circles and n outgoing circles.
We need four basic maps °1, I, M, ° M corresponding to four basic geometries given in Fig. 6.6.1.

First, we construct maps °/M : V ®V — Cand°M[ : C — V ® V as in Fig. 6.6.2. This
inner product must be non-degenerate because it just corresponds to a cylinder geometry which
pairs a state on one circle with a dual state on the other circle. Using it, we can identify V and V'*.
Then, °I is an adjoint of / and °M is an adjoint of M. Therefore, to every property involving M,
we can write down a corresponding property involving ° M, and similarly for statements about /
and °/. This allows us to reduce the number of independent statements we need to write down
roughly by half; we do not repeat these adjoint statements below.

We consider M as giving a product on V. There is no order on the two incoming circles of
a pair of pants and hence the product is commutative, see Fig. 6.6.3. We can also see that M
is associative from Fig. 6.6.4 and that [ is a unit of the multiplication M from Fig. 6.6.5. Also,
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TV

IM: VeV —=C MI:C—-VRV

Figure 6.6.2: The pairing of V' with itself.

L5

Figure 6.6.3: The product M is commutative.

by composing these inner products with the product, we see that the product is invariant under
permuting three legs, see Fig. 6.6.6

After these preparations, let us associate a map Zy, : V™ — V®" to a surface ¥ with m
incoming circles and n outgoing circles. We pick a time coordinate ¢ : > — [0, 1] such that at
t = 0 we start with m initial circles and at £ = 1 we finish with n final circles. As time goes
from O to 1, the number of circles generically stay constant but can either increase or decrease
by one unit at specific times 0 = ¢ < t; < t3 < --- < t, = 1. Cut X once in each interval
(t;,t;+1). This divides X into p pieces. The geometry of each piece contains some cylinders,
which correspond to trivial transition amplitude, and exactly one non-trivial geometry out of the
four non-trivial cases shown in Fig. 6.6.1. This gives us an expression for Zy, in terms of the four
maps °I, I, M,°M.

However, one could choose a different time ¢ which starts with same m initial circles and
ends with same n final circles. In general, this would lead to a different cutting of > and a
different compositions of four maps °7, I, M, ° M. We need to make sure that they agree.

We can continuously deform the time function ¢ to obtain the time function ¢’. The critical

AP\ VN A/ AP0

Figure 6.6.4: The product M is associative.
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Figure 6.6.5: I is a unit of the product M.

Figure 6.6.6: The product is invariant under exchanging an incoming circle and an outgoing
circle.

points ¢; will move under this deformation and will cross each other. It is also possible for two
critical points to meet and annihilate each other or for two critical points to pop out of nowhere.
We therefore need to ensure that Zys; remains invariant when ¢; and ¢;,; cross each other, and
when two critical points are created or annihilated. For this, we just need to ensure that the
two-step composition from the cut between ¢;_; and ¢; to the cut between ¢, 1 and ¢;, 5 remains
invariant under these processes.

All possible types of the topology changes were enumerated carefully in Appendix A of
[171]. The cases are the following and their adjoints:

1. The creation or the annihilation of two critical points as shown in Fig. 6.6.5, or

2a. The exchange of two critical points as shown in Fig. 6.6.4, which we already encountered,
or

2b. the situation Fig. 6.6.7 where the number of intermediate circles changes from one to three,
or

2c. the situation Fig. 6.6.8 where the A-cycle and the B-cycle of a torus is exchanged. In more
detail, on one side, a circle consisting of segments a, b, ¢, d in this order splits to two circles
consisting of a, b and ¢, d, which are now along the A-cycle. They then merge into a circle
consisting of four segments with the order b, a, d, c. On the other side, the two circles in
the intermediate stage consists of segments b, ¢ and d, a, and are along the B-cycle.

The invariance of Zy, under the change 1 is the unit property itself, and the invariance under
the change 2a is the associativity itself. The invariance under the change 2b can be reduced to
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Figure 6.6.7: One possible topology change.

b a b /\ a

: ZZa SN N V74N
ST S

@ d c \/ / d

Figure 6.6.8: Another possible topology change concerns a torus with two holes. On the two
figures on the right, the time flows from inside to the outside, and the parallel edges of the
boundary need to be identified to form a torus. On one side, the intermediate two circles are
along the A-cycle, and on the other side, they are along the B-cycle.
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Figure 6.6.9: The Hilbert space of a circle with multiple line operators are identified with
the Hilbert space of a circle with the fused line operator.

a

Z(m) : Va — ‘/b Xa,b : Va®b — %@a Y;;,a : ‘/b®a — Va®b

Figure 6.6.10: Basic operations on the cylinder.

associativity by using the cyclic invariance of the product, shown in Fig. 6.6.6. Finally, under the
topology change 3b, the map Zy, is trivially invariant.

In total, we have shown that a 2d TFT with no symmetry is completely defined by a vector
space V' with the four maps °7, I, M,°M with the conditions described above. Such a vector
space is known as a commutative Frobenius algebra V.

6.6.2 TFT with C symmetry on a cylinder

Let us now move on to the discussion of TFTs with symmetry given by a symmetry category C.
In this subsection we start with the simplest geometry, namely cylinders. We already discussed
basics in Sec. 6.4.8. As mentioned there, we choose a base point along each constant-time cicle,
and call its trajectory the auxiliary line.

Basic ingredients: We first associate the Hibert space V,, for a circle with a single insertion of
a line labeled by a € C. We require Vg, = V, ® V;,. We now associate a Hilbert space V.. for
a circle with insertions of transverse lines a, b, ¢, ... by fusing them in a fixed particular order,
starting from the closest line on the right of the base point and then toward the right :

V;z,b,c,... = V(...((a@)b)@c)...). (6.6.2)
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The case with three lines is shown in Fig. 6.6.9.

We have two basic operations we can perform on the cylinder, see Fig. 6.6.10. One is to
insert a morphism m : @ — b, which defines an operator Z(m) : V, — V,. Another is to move
the base point to the right and to the left, which defines morphisms X, : Vogp — Vige and
Yz;,a : ‘/b®a — va@b-

Assignment of a map to a given network: With these basic operations, we can assign a map
Vap,... — Veq,.. for a cylinder equipped with an arbitrary network of lines and morphisms from
the symmetry category C, where an incoming circle have insertions a, b, ... and an outgoing
circle have insertions ¢, d, .. ..

We choose a time function ¢ on it, and we call any time ¢; a critical point when either of the
following happens: 1) there is an insertion of a morphism on a line, ii) there is a fusion of two
lines a, b into one line a ® b or vice versa, and iii) a line crosses an auxiliary line. Note that we
do not allow the auxiliary line to bend backward in time, as part of the definition.

Weorder 0 = tp < t; < --- <t,—1 <t, =1 so that the incoming circle is at ¢ = 0 and the
outgoing circle is at ¢ = 1. Each critical point of type i) gives a factor of Z(m), that of type ii)
gives a factor of Z(«a)) where « is an appropriate associator, and that of type iii) gives a factor of
X or Y. Then we define the map V, ;... — V. 4... associated with this time function ¢ to be the
composition of factors corresponding to these critical points.

Consistency of the assignment: We now need to show that this assignment is consistent.
There are three types of changes under which the assignment needs to be constant, namely

e the change of the time function ¢,
e the change of the positions of the auxiliary line, and

e the change of the network in a disk region that does not change the morphism within it.

The third point might need some clarification. In the symmetry category C, a topologically
different network can correspond to the same morphism. Then we need to ensure that if we
replace a subnetwork on a cylinder accordingly, the resulting map on the Hilbert space should
also be the same, see Fig. 6.6.11 This is not just a change in the time function, therefore we need
to guarantee the invariance separately.

The auxiliary line might cut though the subdiagram, as also shown in Fig. 6.6.11, but this
does not have to be treated separately, since we can first move the auxiliary line outside of the
disk region, assuming that it is shown that the auxiliary lines can be moved.

Then this third type of change can be just taken care of by assuming that we can fuse two
local operators, leading to the following constraint, see Fig. 6.6.12:

Z(n)Z(m) = Z(nom). (6.6.3)
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then

and

Figure 6.6.11: A local change in the network should not affect the map on the Hilbert space
if the two subnetworks give the same morphism.

Figure 6.6.12: Two morphisms can be combined.
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Figure 6.6.14: Winding the auxiliary line all the way around, represented by X, ;, should
not do anything.

Next, let us take care of the second type of change, where we move the auxiliary lines keep-
ing the network and the time function fixed. First, moving the auxiliary line back and forth in
succession should not do anything, so we have

Xop =Y, ! (6.6.4)

b,a

see Fig. 6.6.13. Rotating the base point all the way around should not do anything either, there-

fore we have
X1 =id, (6.6.5)

see Fig. 6.6.14.

Then we should be able to move the morphisms across the auxiliary line, leading to two
relations, as illustrated in Fig. 6.6.15:

XopZ(m®1)=Z(1@m)X.p, (6.6.6)
Xa’b/Z(l & TL) = Z(n X l)me (667)

form :a — a’ andn : b — b’. We can also fuse two lines before crossing the auxiliary line, see
Fig. 6.6.16. This leads to the constraint

Xb,c@aZ(ab,c,a>Xa,b®cZ(aa,b,c) = Z(ac,a,b_l)Xa(@b,c- (668)
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Figure 6.6.15: Morphisms can be crossed across the auxiliary line.

-
a®b € a®b ¢

Figure 6.6.16: Crossing the fused line over the auxiliary line should be the same with cross-
ing two lines separately.

Finally, on the cylinder, the change in the time function itself does not do much, and possible
changes are already all covered. Thus, we see that to define a consistent TFT with C symmetry
on a cylinder, we need the data of an additive functor Z : C — Vec with morphisms X, :
Vasy = Viga satistying (6.6.5), (6.6.6), (6.6.7) and (6.6.8).

Generalized associators on the cylinder: The relations so far guarantees that we can always
move the base point and change the order of the tensoring of lines in a consistent manner. .
For example, the relation (6.6.8) means that there is a single well-defined isomorphism between
Viesb)ee and Vicgaq)zp. We introduce a notation

Aaeb) e (coa)eb @ Viagb)yoe = Viewa)ob (6.6.9)

for it, and call it a generalized associator on the cylinder. We similarly introduce generalized
associators for an arbitrary motion of the base point and an arbitrary rearrangement of paren-
theses. Each such generalized associator have multiple distinct-looking expressions in terms of
sequences of Z (), X and X 1, but they give rise to the same isomorphism.

6.6.3 TFT with C symmetry on a general geometry

Basic data: Let us discuss now the TFT with C symmetry on a general geometry. The four
basic geometries are given in Fig. 6.6.17. For a pair of pants, we need to join the two auxiliary
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OI:%—)C IC—)‘/l Ma7b:Va®Vb—>V;®b OMa,bZV(-l@b—>Va®Vb

Figure 6.6.17: The basic building blocks of a 2d TFT with C symmetry.

Figure 6.6.18: The pairing of V,, and V-.

lines coming from each leg into a single auxiliary line. We take the point where this happens to
coincide with the critical point where two circles join to form a single circle. In what follows,
we will refer to the initial two legs of a pair of pants as the initial legs and the final leg as the
product leg.

We can now associate to any geometry > with m initial legs and 7 final legs with an arbitrarily
complicated network of lines and morphisms from C a linear map as follows. We first choose a
time function ¢ : ¥ — [0, 1]. We call a time value ¢; critical when any of the following happens:
1) the topology of the constant time slice change, ii) there is a morphism, or iii) a line crosses a
auxiliary line. We order the critical times so that 0 =ty < #; <ty < --- <1, = 1. We cut X
once in each interval (¢;,t;,1), and associate to each critical time ¢; one of the basic linear maps.
We then compose them. We now need to guarantee that this assignment is consistent.

Basic consistency conditions: Let us first enumerate basic consistency conditions. First, we
define the pairing of V,, and V,- as in Fig. 6.6.18:

IZ(EYMye o : Ve @V, — C, (6.6.10)
"Moo Z(°e) 1 C = Vo ® Ve (6.6.11)

Then we require that
this pairing is non-degenerate and can be used to identify (V)" ~ V,-. (6.6.12)

Under this pairing, the product M, ; and the coproduct ° M- .- are adjoint, etc. This again allows
us to reduce the number of cases need to be mentioned below roughly by half.

L oelt to define the pairing. We can also use €%,

a’ a

Before proceeding, we note that we used €
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Figure 6.6.19: A morphism can be moved across the product.

>
i
Figure 6.6.20: I is a unit of the product M, ;.

°e,- to define a slightly different pairing. Exactly which pairing to be used in each situation can
be determined by fully assigning orientations to every line involved in the diagram. Below, we
assume that every line carries an upward orientation, unless otherwise marked in the figure.

Second, a morphism can be moved across the product, see Fig. 6.6.19:

M, y(Z(m) @idy,) = Z(m ® idp) M p- (6.6.13)

Third, the map [ defined by the bowl geometry gives the unit, see Fig. 6.6.20:
My,(v@l)=v, wvEV, (6.6.14)

Fourth, it is twisted commutative:
XapMap(v @ w) = My q(w @), veV, wel, (6.6.15)
as illustrated in Fig. 6.6.21. Fifth, it is associative up to the associator:

Z(tap,e) Magpe(Map @ ide) = Mg pee(ide ® M), (6.6.16)

as shown in Fig. 6.6.22.

Sixth, we want to formulate that the product is symmetric under the cyclic permutation of
three circles. To do this we first introduce a slightly generalized form of the product shown in
Fig. 6.6.23:

M(a®c*,c®b*)%a®b* : ‘/a®c* ® ‘/c®b* — Va@b* (6617)
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a®b c

lﬁg{‘ -

a b c

Figure 6.6.22: The product M is associative up to the associator.

given by
M(a@c*,c@b*)%a@b* = Z(lda ® 65 & idb*)A(a®c*)®(0®b*)—>a®(c*®c)®b* Ma@c*,c@b* (6618)

where €& : ¢* @ ¢ — 1 is the evaluation morphism and A is the generalized associator introduced
in the last subsection.

The generalized product has an alternative definition as given in Fig. 6.6.24, where the line ¢

Figure 6.6.23: A slightly generalized version of the product operation. In the figure on the
right, the time flows from inside to the outside.
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Figure 6.6.24: An alternative definition of the generalized product. The time flows from the
inside to the outside.

Figure 6.6.25: The product is invariant under exchanging an incoming circle and an outgoing
circle.

crosses three auxiliary lines. This gives an alternative expression
M(a@c*,c@b*)%a@b* =
Z(ida®b* ® 6CR)'/4((:"(8)a)(§§)(b*®c)—>(a®b*)(X)(C(X)c*)]\40*®a,b*(@c(*)(a,c* ® Xc,b*) (6619)
and we demand

the right hand sides of the equations (6.6.18) and (6.6.19) are the same. (6.6.20)

We can now formulate the cyclic symmetry of the product:
M (a@c* cob*)—acbs and Mg poar)—coa- are related by the inner products, (6.6.21)

see Fig. 6.6.25. We can in fact derive this relation for general a, b, ¢ just from the subcase when
c = 1 and the relations already mentioned. We keep the general case for cosmetic reasons, since
it looks more symmetric.

Seventh, we need a consistency on the torus. An incoming circle consisting of four segments
with lines a, b, ¢, d can first split into two circles with two segments a, b and ¢, d each and then
rejoins to form a circle with four segments in the order b, a, d, c; another way this happens is that
the two intermediate circles have segments b, ¢ and d, a, see Fig. 6.6.26. They each determine
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Viesgb)e(end) — Viega)e@ded) Viewe)o(dsa) = Vicab)o(agd)

Figure 6.6.26: Two ways a circle splits into two and then rejoins. They should be equal up
to the action of X and the associators.

maps (MA)a,b;c,d : Vv(a@b)@(c@d) — ‘/(b®a)®(d®c) and (MA)b,c;d,a . ‘/(b®c)®(d®a) — ‘/(c®b)®(a®d)
given by

(MA)a,b;c,d = Mb@a,d@c(Xa,b X Xc,d)ACL@b,c@d? (6622)
(MA)pcda = Megbaod(Xpe @ Xaa)Dbge,dza- (6.6.23)

We then demand that they are equal up to the generalized associators:

A(b®a)®(d®c)ﬁ(c®b)®(a®d)(M A)apiea = (M A)b,c;d,aA(a@)b)@(c@d)%(b@c)@(d@a). (6.6.24)

Consistency in the general case: We finally finished writing down basic moves. Now we can
analyze the general moves. We again have three cases:

e the change of the time function ¢ on the surface 3,
e the change of the positions of the auxiliary line, and

e the change of the network in a disk region that does not change the morphism.

Let us start by discussing the third case. This is in fact automatic once the first two cases are
taken care of, since any disk region can be put into a cylinder under a topological change, and
then the auxiliary line can be moved off away from it. Then all we have to assume is that Z(m)
fuses appropriately, (6.6.3).

The change in the position of the auxiliary line can happen in the following three ways:

e The auxiliary line can move within a single cylinder. This was already discussed in the last
subsection.

e When a circle with line a and a circle with line b join to form a circle, the order of a, b and
the base point x in the product leg can either be z, a, b or a, b, x. The invariance under this
is the twisted commutativity (6.6.15).
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Figure 6.6.27: One possible topology change. The line d is on the back side of the figures.

e A line ¢ € C can cross the trivalent vertex of the auxiliary line. This move changes the

number of the intersection of the line ¢ with the three auxiliary lines in one of the two
ways, 0 <> 3 or 1 <+ 2. One example of the move 0 <+ 3 is the equality (6.6.20) of the
two definitions (6.6.18) and (6.6.19) of the generalized product. The move 1 <+ 2 can be
deduced by combining the twisted commutativity.

Finally we need to take care of the changes in the time function ¢. One possible change is that
a morphism and a product can happen in two different orders. The invariance under this move is
(6.6.13). Then there are topological changes in the cutting of the surface, which again comes in
the following varieties:

1.

2a.

2b.

2c.

The creation or the annihilation of two critical points does Fig. 6.6.20. The consistency
under this change is the unit property (6.6.14).

The exchange of two critical points does Fig. 6.6.22. The consistency under this change is
the associativity (6.6.16).

The number of intermediate circles changes from one to three. One example is drawn in
Fig. 6.6.27. The consistency under this change can be reduced to the cyclic symmetry of
the generalized product (6.6.21).

How the torus is decomposed is changed as in Fig. 6.6.26, for which we assigned a basic
relation (6.6.24).

Summarizing, a TFT with C symmetry is captured by the data (V'; Z, X;°I, I, M,° M) sat-
isfying the various relations listed above. Namely, on the cylinder, we have (6.6.3), (6.6.5),
(6.6.6), (6.6.7), (6.6.8), and on the general geometry, we have in addition (6.6.12), (6.6.13),
(6.6.14), (6.6.15), (6.6.16), (6.6.20), (6.6.21), and (6.6.24), and finally, diagrams turned upside
down correspond to adjoint linear maps.

6.6.4 Gauged TFT with the dual symmetry

Now we would like to discuss the definition of the TFT 7'/A gauged by an algebra object A in
terms of the ungauged TFT 7. We start from the data (V'; Z, X;°I, 1, M,°M) for the original
theory 7.
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The Hilbert space of the gauged theory was introduced in Sec. 6.4.8. See that section for
some necessary background. We use the action by A on V,,, depicted in Fig. 6.4.15. This is given
by

P .= Up7A(O.I’R,SL'L) = Z(;E’L)XP’AZ(OI'R) (6625)

where xr;, : A® p — pand °xr : p — p ® A are the morphisms defining the A-bimodule
structure on p. As we already discussed, P turns out to be a projector, and we define W, to
be the projection PV,,. Now, we define the data (W, Z,X,°I,1,M, OM) for T'/A in terms of
corresponding data for 7.

The morphism map Z : We define the new Z to be the restriction of the old Z. We need to
check that if the initial state lay in ¥/, C V), then the final state also necessarily lies in W, for
a bimodule morphism p — ¢. This can be checked by gluing a cylinder on top of the final state
which corresponds to the action of A. The wrapped A line can then be taken across any bimodule
morphism until it wraps the p line at the start of the cobordism. But then the wrapped A line has

no effect and can be removed because the initial state we started with is invariant under the action
of A.

The base point-change map X : We now want to define the new X, , : Wye,s — Woap-
We use 7 and °r (see Sec. 6.4.4) to define X, , = Z(7)X,,Z(°r). This is well defined because
a wrapped A line at the end of the cobordism can be moved to an A line propagating between a
and b at the start of the cobordism which can be removed because of the definition of & 4.

The unit and counit maps Tand °: Now the new unit morphism I would be a map from C
to W, C Vy. We defineitas [ = Z (u)I where u : 1 — A is the unit morphism in the definition
of A. Similarly, °T = °IZ(v) where v : A — 1 is the co-unit morphism in the definition of A.
These are well-defined as can be shown by manipulations similar to those we are now going to
perform for the definition of M.

The product and coproduct maps M and °A/ :  The new M is defined analogously as ]\7[p,q =
Z(m)M,,,. This M can be shown to be well defined as a map W, ® W, — W, ,, by a series of
manipulations using a lot of properties of A. See Figure 6.6.28. We represent a pair of pants as a
3-punctured plane for ease of illustration. The lower punctures correspond to input legs and the
upper puncture corresponds to the product leg of the pair of pants. Unlabeled lines correspond
to A. To explain various manipulations, let us refer to manipulations involving =; as “step ”.

e Step 1 just tells us that the left action of A on p ® 4 ¢ is defined by the left action on p, and
the right action on p ® 4 q is defined by the right action on gq.

e In step 2, we introduce an A line wrapping the leg carrying q. We can do that because the
input state in that leg is invariant under the action of A.

e In step 3, we first use the fact that ¢ is an A-bimodule and then use the fact that ¢ is a right
A-module.
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Figure 6.6.28: The new product M and its well-definedness. For details of the manipulation,
see the main text.
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e In step 4, we use the fact that ¢ is a left module for A.

e Finally, in step 5, we first use the fact that ¢ is a bimodule, then the fact that the tensor
product is ® 4, and then the fact that p is a bimodule.

e Ultimately, we can simply remove both the A lines because the input states are invariant
under the action of A.

We define °M as the adjoint of M.

To complete the definition of 7'/ A, we have to check that the operations defined above satisfy
the various conditions that we described in the last section. Most of them just concern some trivial
topological manipulations of lines and are manifestly satisfied. Some others, such as (6.6.14),
can be checked using manipulations similar to the ones we have been doing in this sub-section.
Yet some others, like the complicated relation (6.6.20) and (6.6.24)), require us to simplify a lot
of 7 and °, but this can be done. This completes the definition of 7'/ A.

6.7 Conclusions

In this chapter we reviewed the notion of unitary fusion categories, or symmetry categories as
we prefer to call them, and how they formalize the generalized notion of finite symmetries of
a two-dimensional system. We studied various explicit examples of such symmetry categories,
some of which are related rather directly to finite groups and some of which are not. We then
studied how a symmetry category can be gauged and be re-gauged back. We also defined 2d
topological quantum field theories admitting a symmetry given by a symmetry category. Many
questions remain. Here we mention just two.

The first is how to generalize the constructions discussed in this chapter to higher dimensions.
In a sense, this is a merger of the generalized symmetry in two dimensions in the sense of this
chapter, and of the generalized symmetry in the sense of [150]. That there should be something
that combines both is clear: even in general spacetime dimension d, the O-form symmetries can
be any non-Abelian group G, possibly with an anomaly specified by H%(G, U(1)) in the bosonic
case and by subtler objects in the fermionic case. Then the (d — 2)-form symmetry needs to be
extended at least to allow Rep(G). When d = 3, it seems that the notion of 1-form symmetries
needs to be extended at least to include modular tensor categories, with an action of the 0-form
symmetry group GG with an anomaly. What should be the notion in d = 4 and higher?

The second is to actually construct two-dimensional systems 7' for a given symmetry category
C. For any group GG without an anomaly, there is the trivial theory where the Hilbert space
is always one-dimensional. How about the other cases? We can roughly classify symmetry
categories C as follows, depending on the simplest possible theories 7" that have C as a symmetry:

1. The simplest C-symmetric theories have one-dimensional Hilbert space. These would be
C-symmetry protected topological (SPT) phases.

2. The simplest C-symmetric theories have finite-dimensional Hilbert space. These would be
C-symmetry enriched topological (SET) phases.
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3. The simplest C-symmetric theories have infinite-dimensional Hilbert space. Taking the
low energy limit, these would be C-symmetric conformal field theories (CFTs).

4. There is no C-symmetric theory.

Clearly this classification forms a hierarchy, and it would be nice if we have a uniform construc-
tion that tells easily which stage of the above classification a given symmetry category C belongs
to. There is a recent paper in this general direction [194], where a construction of 2d theory
starting from any given symmetry category C was discussed. We hope to see more developments
in the future.

Actually, there are various symmetry categories C constructed in the subfactor theory, e.g. what
is called the Haagerup fusion category, for which no C-symmetric theory is known. If a theory
symmetric under the Haagerup fusion category could be constructed, it would be considered as
a huge breakthrough.
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Appendix A

Appendix to Chapter 2

A.1 Brief Review of Anomaly Cancellation in F-theory

The allowed gauge algebras and matter content for a given tensor branch structure is heavily
constrained by anomaly cancellation. In 6D, anomalies are related to four-point amplitudes
of external currents J, associated with continuous symmetry group (G,. In such a four-point
amplitude, insertions of external currents J, for a given gauge group (G, must come in pairs,
so we need only consider the anomalies related to the four point functions (J,J,J,J,) (gauge
anomaly cancellation) and (J,.J,.J,.J,) (mixed gauge anomaly cancellation).

For a representation R of some gauge group (&, we introduce constants Indg, g, and ygr
relating the quadratic and quartic Casimirs of G as follows:

TrrF? = IndgtrF? | TrpF* = xptrF* 4 yp(trF?)2, (A.1.1)

Here, tr indicates the trace in a defining representation of the group'.

The constraints on gauge and mixed anomalies take the form [52, ,53,51]
Ind g, — XR: Indg,ng, = 6(10 — n)&j—ﬁ (A.12)
YAdj, — ;yRmRa = —3(10 - n)% (A.1.3)
Tagie — ) TRR, =0 (A.14)
R
> Indg,Indgng,p = (10 — m%. (A.1.5)

R,R

'For SU(N) and Sp(N), the defining representation is simply the fundamental representation. For SO(5) and
SO(6), it is the spinor representation. For SO(N), N > 7, it is the fundamental representation, though normalized
with an additional factor of 2 so that Try F'? = 2uF?, Try F* = 2w F4. A complete list including exceptional gauge
groups can be found in Table 2 of [51].
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Here, €2, is the natural metric on the space of antisymmetric tensors, and al, bg are related to
the anomaly 8-form Ig via

1 1
Is = Q5 Xx7, XxI= 5aftrR? + 20 r F2. (A.1.6)

These field theoretic conditions can be translated into F-theory language as restrictions on the
allowed gauge algebras and matter for a given base. Any gauge algebra summand g, in the
theory is paired with a tensor multiplet, which is in turn associated with a curve X, in the base.
In these terms, the anomaly cancellation conditions become

Indag, — Y Indg,ng, = 6(K - 4) = 6(2g, — 2 — S, - To) (A.1.7)
R

Yadi, — O Yrar, = —3(Za - Ta) (A.18)

R
Tag, — Y TR, =0 (A.1.9)

R
> Indg,Indgnp,p, = Sa- o (A.1.10)

R,R/

Here, K is the canonical divisor of the base and g, is the genus of ¥,. The adjunction formula
K-¥,=2(g, — 1) — X, - ¥, has been used in the second equality of (A.1.7).

Gauge anomaly cancellation may be used to constrain the gauge groups paired with a given
tensor node, and mixed anomaly cancellation constrains the gauge groups allowed on neigh-
boring tensor nodes. However, tensors need not be paired with gauge groups. In particular,
curves of self-intersection 0, —1, or —2 can be devoid of a gauge group entirely. Curves of self-
intersection 0 cannot touch any other curves, so this case is relatively uninteresting. Curves of
self-intersection —1 and —2, on the other hand, can touch other curves.

A.2 Matter for Singular Bases and Tangential Intersections

In this Appendix, we review the relationship between matter, singularities and tangential inter-
sections. Further information can be found in [54].

Consider some curve .. When this curve becomes singular, there are two distinct notions of
genus. Geometric genus, denoted pg, is the topological genus of the curve after all singularities
have been resolved. Arithmetic genus, denoted g, is the quantity related to the intersection theory
of the curve by

29 —2=K - +¥° (A.2.1)

The arithmetic genus is the one that shows up in the adjunction formula and hence enters the
anomaly cancellation equation (A.1.7). These two notions of the genus are related via

9=ps+ Y w (A2.2)
P
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Here, the sum runs over all singular points P of the curve and mp is the multiplicity of the
singularity at P. For a curve with a nodal singularity (of Kodaira type I;) or a cusp singularity
(of Kodaira type /1), there is a single singular point of multiplicity mp = 2. Hence, in each
of these cases we have g = p, + 1. The only values of g and p, that can actually arise in our
classification are g = 1 and p, = 0.

Although p, does not show up directly in the anomaly cancellation conditions, it still deter-
mines the F-theory matter content. Namely, p, is precisely the number of adjoint hypermultiplets
charged under the gauge algebra paired with this curve. For smooth LST bases, we see that there
is one adjoint whenever the genus g = p, of the curve is 1. For singular curves, on the other
hand, the arithmetic genus g can be 1 even without any adjoint hypermultiplets. For curves with
gauge algebra su(NV), one instead finds symmetric and antisymmetric representations, as noted

in [52].

We now consider the Kodaira type /71 base configuration, which consists of two —2 curves
intersecting tangentially. First, we show that two curves meeting tangentially can indeed carry
fiber types I} and 4, which correspond to gauge algebras g /50(7)/s0(8) and su(4), respectively.
For this, we consider the Weierstrass model:

y* = 2%+ (zu+ 0H)2® + (zu + 0°)*22vr + (2u + 0)* 2w (A.2.3)

Here z and o are local coordinates on the base and wu, v, and w are functions that do not vanish
at (z,0) = (0,0). From this, we compute f, g, and A to be

f=(zu+0*)?*(—=1/3 4 2*v)
g = (zu+0%)3(2/27 — (1/3)2%v + z*w) (A.2.4)
A = 2*(zu + 0% (—v? — 182%wv + 42%0° + 272w? + 4w).

From this, we see that the curve z = 0 has Kodaira type I, whereas the curve zu + o2 has
Kodaira type I;. These curves meet at (z,0) = (0, 0), where they are tangent to each other. The
multiplicities of f, g, and A at (0,0) are 2, 3, and 10, respectively. On the other hand, had we
attempted to intersect transversely curves with fibers of singularity types /; and I,, we would
have found that the multiplicities of f, g, and A would have been 4, 6, and 12, respectively.
Hence, curves with these fiber types cannot meet transversely, only tangentially.

We can enhance the gauge algebras on these tangent curves to s0(12) and su(6), correspond-
ing to Kodaira fiber types I and I, respectively. Here, the Weierstrass model is

y? = 2° + (2u + 0%)2® + (zu + 0?)* 2oz (A.2.5)

This yields
1 22 3 213
f:—g(zu—ka )"+ vzi(zu+ o)

2 1
g= 2—7(zu +0?)? — 51)23(zu + o?)* (A.2.6)

A = —v?2%(zu + 0%)% + 40°2° (2u + 02)°.
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Thus, from the degrees of vanishing of f, g, and A, we see the curve z = (0 has Kodaira type /g
whereas the curve zu + o2 has Kodaira type I;.

We also get so(13) and su(7) from Kodaira fiber types I and I7, respectively, using the
Weierstrass model
v =2 + (zu + 0*)2® + w(zu + 0?)%2". (A.2.7)

This model has
1 2\2
f= —g(zu +07)

2
g= ﬁ(zu + 02 +wz"(zu + 0%)° (A.2.8)

A = 4wz (zu + 0?)? + 270?22 (zu + 02)'S.
The fact that we got s0(13) in this case and s0(12) in the previous case follows from Table 7
of [51].

Using these Weierstrass models, we are able to realize the gauge algebra enhancements on
two tangent —2 curves discussed in section 2.7.

A.3 Novel DE Type Bases

Appendices B and C [10] provided a complete list of DE type bases that can be used to construct
6D SCFTs. All of these bases can show up in LSTs as well when certain non-DE type links are
suitably attached. However, there are also some novel DE type bases, which blow down to 0.

We use an abbreviated notation to describe these bases. Namely, we specify curves of self-
intersection —4, —6, —8, and —12 according to

D~4 (A3.1)
Eg~ 6 (A3.2)
By~ 8 (A.3.3)
Ey =~ 12 (A3.4)
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The allowed types of conformal matter between DE type nodes are represented as follows:

DID~D& D
Fg131Eg ~ Eq & Fy
F112321F ~ Ex & Fy
Fr12321E; ~ s & B
Fo1231D ~ B> & D
Fx12231D ~ Ex & D
E¢1315131Eg ~ Eq é)g o
Fg13151321 F; ~ Ey & E-
Fg131513221 s ~ Fy ¢ By
F2123151321 5 ~ By & By

4,5

5,5
E12231513221E5 ~ Ey & Fx.

(A.3.5)
(A.3.6)
(A3.7)
(A3.8)
(A.3.9)
(A.3.10)
(A.3.11)
(A.3.12)
(A.3.13)
(A.3.14)
(A.3.15)
(A.3.16)

We omit the subscripts above the & when dealing with the minimal type of conformal matter:

1,1
DeD~D®D

D@EG:DZG’;EG
D@E72DE§E7
D@EgﬁDQQSLEg
E6®E62E6$E6
Eﬁ@E7:E63€§E7
E669E82E6%§E8
E769E72E7%§E7
E769E8:E74€§E8

5,5
Eg @ Eg ~ Eg @ Eg

(A.3.17)

(A3.18)
(A.3.19)
(A.3.20)
(A3.21)
(A3.22)
(A3.23)
(A.3.24)
(A.3.25)

(A.3.26)

Using this notation, we now list the novel DE type bases for LSTs. All of these bases are
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positive semi-definite with a single zero eigenvalue. We begin with configurations with only D

nodes:

3,3
Do D

3,3
DOD

The configurations with only Eg nodes:

The configurations with D and FEjg:

The configurations with D and E7:

3,3 3,3
D®E®D, n

5,5
Eg & Eg

35
D& Eg
3,3
D@ EP* @ Eg
3,3
D@ E* O Eg
3.4
D& Es ® Eq

3,2
Do Es® D
D2 ¢ Es@ D

4,4
D@ EP o E;

45
D@ EF* o E;
Do E,®D

2.4
D& E:®D

2
D® 1321 ¢ E;

The configurations with D and Eg:

3,5 5,3
D& E"®D, n=12..

D*™ @ Es® D

282

=1,2

5 g e

(A.3.27)

(A.3.28)

(A.3.29)

(A.3.30)
(A.3.31)
(A.3.32)
(A.3.33)

(A.3.34)
(A.3.35)

(A.3.36)
(A.3.37)

(A.3.38)
(A.3.39)

(A.3.40)

(A.3.41)

(A.3.42)
(A.3.43)
(A.3.44)



The configurations with g and Eg:

5,5 5,5
Eﬁ@EéBnEDEg, 7’L:1,2,...

45
Es © E$* © EY?
The configurations with D, Eg and Er:

4,4
D® E;  Eg
4,3
DO EY ¢ Eg
3,5
DO EP? O E,

3,4
D@ EP @ E;
D@ EY* o By
D & EY* @ E?
D®Es® E; ® ES?

The configurations with D, Eg and FEg:

4,5 5,5
D®E"® Es, n=1,2,..

D@ EY° @ Ey
D®? ¢ EP? @ EP?

5,4
D @ Ey ® F
The configurations with D, E; and Eg:

4,5
D@ EY ¢ E
D** ¢ EQ* @ EF?

The configurations with g, F; and Eg:

4,5
Ees ® Es® E; ® FEg

4,5
Es © E$* © E®?

The configurations with D, Fg, E7 and Ejg:

D@ Ey® EY* @ Eg
D@Q@Eg@E7@E6
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(A.3.45)
(A.3.46)

(A.3.47)
(A.3.48)
(A.3.49)

(A.3.50)
(A.3.51)
(A.3.52)
(A.3.53)

(A.3.54)
(A.3.55)
(A.3.56)

(A.3.57)

(A.3.58)
(A.3.59)

(A.3.60)
(A.3.61)

(A.3.62)
(A.3.63)



A.4 Novel Non-DE Type Bases

The following is the list of novel bases constructed solely from curves of self-intersection —1,

—2, =3, and —5:

12...21
5@1@5

1
1512
1
1
21512
1312
1
131
1
131512

1
131?12

1
1231512

1
1231?12

1
12231512

1
12231?12

1
231512

11
23151
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(A.4.1)
(A.4.2)

(A4.3)

(A.4.4)
(A.4.5)

(A.4.6)
(A.4.7)

(A.4.8)

(A.4.9)

(A.4.10)

(A4.11)

(A.4.12)

(A4.13)

(A.4.14)



3131512

1
313151
215131512

1
21513151
11
1513151

1
15131512

11
1513151
1315131512

1
131513151
12315131512

1
1231513151
122315131512

1
12231513151
151231512

1
15123151
512231512

1
51223151
12321512

1
1232151
1321512

1
132151
1
1322
2
22..21
1
151322

1512%%2
512222
151222
3122
1315122

285

(A4.15)

(A.4.16)
(A4.17)

(A.4.18)
(A.4.19)
(A.4.20)

(A.4.21)
(A.4.22)

(A.4.23)
(A.4.24)

(A.4.25)
(A.4.26)

(A.4.27)
(A.4.28)

(A.4.29)
(A.4.30)

(A.4.31)
(A.4.32)

(A.4.33)
(A.4.34)

(A.4.35)
(A.4.36)
(A.4.37)
(A.4.38)

(A.4.39)
(A.4.40)
(A.4.41)
(A.4.42)
(A.4.43)



12315122
122315122
215122
1%122
13151%2
123151&2
1223151§2
2151é2
11
15132
32132
12231321
23123
12313221
1313221
1512231
13213
123131
13131
312321
3132151
2313151
151232151
1232151321
5123132
3215123
123151231
13151231
1321513221
5131322

13215131
3221513
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(A.4.44)
(A.4.45)
(A.4.46)

(A.4.47)
(A.4.48)
(A.4.49)
(A.4.50)
(A4.51)

(A.4.52)
(A.4.53)
(A.4.54)
(A.4.55)
(A.4.56)
(A.4.57)
(A.4.58)
(A.4.59)
(A.4.60)
(A.4.61)
(A.4.62)
(A.4.63)
(A.4.64)
(A.4.65)
(A.4.66)
(A.4.67)
(A.4.68)
(A.4.69)
(A.4.70)
(A.4.71)
(A.4.72)
(A.4.73)
(A.4.74)



A.5 Novel Gluings

1512313
5122313
1231512321
12231512321
131512321
12315132151
1315132151
315123151
122315132215
321513151
315123215
513215132
51223151321
512315123
151231513221
3131513221
1512315131
5122315131
512321513
123151313
13151313
513151232
15131513215
15131513151
12231513151321
12315131513221
1315131513221
123151315131
13151315131
51315131513

(A.4.75)
(A.4.76)
(A.4.77)
(A.4.78)
(A.4.79)
(A.4.80)
(A.4.81)
(A.4.82)
(A.4.83)
(A.4.84)
(A.4.85)
(A.4.86)
(A.4.87)
(A.4.88)
(A.4.89)
(A.4.90)
(A.4.91)
(A.4.92)
(A.4.93)
(A.4.94)
(A.4.95)
(A.4.96)
(A.4.97)
(A.4.98)
(A.4.99)

(A.4.100)

(A.4.101)

(A.4.102)

(A.4.103)

(A.4.104)

At times, non-DE type side links or noble atoms can attach to DE type nodes in ways they could
not for 6D SCFTs. For instance, the side link 2151321 could never attach to a D node in a 6D
SCEFT, since it induces four blow-downs on the —4 curve. However, this is allowed for LSTs.

The full list of these novel gluings of one side link to a single node is as follows:
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For gluing to a D-type node (i.e. a —4 curve), we have:

2221® D
2151321 @ D
3215131 @ D
1512321 & D
3151231 D

1
315131 ¢ D
1
2231® D

1
151321 ¢ D
151315131 @ D
012315131 ® D

For gluing to an Ej-type node (i.e. a —6 curve), we have:

222221 @ Ejg

22315131 &
231512321 @ F
232151321 @ Fi
321513221 @ Fg

1
31513221 @ Ej

231%1321 D Es
15131513221 @ Ejs
51231513221 @ Es
3151315121 & Ej
23151315131 @ Es

For gluing to an £7-type node (i.e. a —8 curve), we have:

22222221 @ Er
8
2231513151321 ¢ E7

1
2231513221 @ E5

1
2231513221 @ Ey
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(AS.])
(A.5.2)
(A.5.3)
(A5.4)
(A.5.5)

(A.5.6)
(A5.7)

(A5.8)
(A.5.9)
(A.5.10)

(A5.11)

(A.5.12)
(A.5.13)
(A.5.14)
(A.5.15)

(A.5.16)

(A.5.17)
(A.5.18)
(A.5.19)
(A.5.20)
(A.5.21)

(A.5.22)

(A.5.23)
(A.5.24)
(A.5.25)



while for an Eg-type node (i.e. a —12 curve), we have:

222222222221 @ Eg. (A.5.26)
—_—
12

We remark that in the case of the /7 and Eg nodes, we can also delete some of the aforementioned
curves, using instead a “primed” node, (i.e. by adding a small instanton link elsewhere).

A.6 T-Dualityinthe 1,2,...,2 1 Model

Let us consider the LST whose F-theory base B has a chain of rational curves consisting of two
curves of self-intersection —1 at the ends of the chain, and k£ > 0 curves of self-intersection —2 in
between meet each other. The union of those k + 2 curves on the base deforms to a nonsingular
rational curve of self-intersection 0, and provides a fibration 7 : B — C' on the base whose
general fiber is P!. The total space of the elliptic fibration looks like a one parameter family of
elliptic K3 surfaces (over general fibers of 7) degenerating to a pair of dPy’s with k intermediate
elliptic ruled surfaces (over 7(0)), which (when & = 0) is precisely the degeneration which
appears in the analysis of heterotic / F-theory duality in reference [72].

Remarkably, the total space of this elliptic fibration admits a second elliptic fibration, at least
birationally. The computation which shows this was written out in reference [196], although it
has some earlier antecedents in the math literature [197-200].>

Consider a base of the form P! x C where the homogeneous coordinates on P* are [0, 7] on
the coordinate on C is v). We write a Weierstrass equation of the form

V? =X +ac' ' X + ("o’ + co%7% 4+ 07 10), (A.6.1)

where a and c are constants. (In [196] only the 7 = 1 affine chart appears.) Notice that we get a
small instanton with instanton number k£ + 1 when ¢» = 0 = 0, so to getthe 1,2,...,2, 1 model
we should blowup the point ¢ = ¢ = 0 k + 1 times. We keep this implicit in what follows.

Note that we have Kodaira type //* at both 0 = 0 and 7 = 0, and since those represent
non-compact curves, we see g X Eg global symmetry.

Now there is a remarkable coordinate change:

X = st7°z? (A.6.2)
Y =t 822y (A.6.3)
o=t73x (A.6.4)
T=t. (A.6.5)

(This is only a “rational map” because of the division by powers of ¢.) The result of the substitu-

2There was a subsequent extension of this computation to a more general case [200-202], which will undoubtedly
be useful for understanding additional T-dualities of LSTs.
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tion is
16042 — 31555 4 st 136 4 (WFHI85 4 et 1248 4 ¢7165T), (A.6.6)
If we multiply the resulting equation by ¢! /2, we obtain

y? = s3ta? + ast®x? + (YFTHOr + cts? 4 2P) (A.6.7)

= 2% 4 (3t + ast® + ct)a? + oF B (A.6.8)
We interpret this as a family elliptic curves over IP’[l& R C. (Note that this is a very different
base, with coordinates [s, t] which mix the former base and fiber coordinates.) Remarkably, this
is the equation for the F-theory dual of the Spin(32)/Z, heterotic string with a small instanton
att = 1 = 0 (as derived in [72, 15])! We have a global symmetry algebra so(32) along ¢t = 0.
Note that we should also blow up ¢t = ¢ = 0.

Thus, in a quite subtle way there is T-duality for this pair of models, in which the two different
elliptic fibrations on the semi-local total space are exchanged, after a birational change. Note that
the coordinate change given above is (rationally) invertible. The inverse is:

r =07 (A.6.9)
y=o021Y (A.6.10)
s=o0 211X (A.6.11)
t=r. (A.6.12)

A.7 F-Theory Construction of ' = (1,1) LSTs

The M-theory construction for little string theories with A" = (1, 1) supersymmetry is described
in [47]. Such a theory can be seen as M-theory compactified on a spacetime of the form (C? x
S1) /T for ' C SU(2) a finite subgroup. The action on S* is by rotations, and there is a subgroup
I of I" which acts trivially on S*, leading to a short exact sequence of groups

0—=I1"=T—=7Z,—0. (A.7.1)

Geometrically, there is an action of Z, on the ALE space C?/I" corresponding to an automor-
phism of the corresponding Lie group; the gauge group of the little string theory is the subgroup
commuting with the outer automorphism.

The mathematical description of these groups has been known for a long time, and is nicely
summarized in a table on p. 376 of [203] which we reproduce as Table A.7.1. We have made
a minor correction to the table (already noted in footnote 15 of [47]), and we have added the
information about the gauge group and theta angle as discussed in [47]. In the table, the cyclic
group action on C? with coordinates (z, y, z) is described in terms of exponents (£, 2, <) of the
generators; the notation also indicates how the equation transforms under the action.

To construct these theories using F-theory, we use a base B which is a neighborhood of an

elliptic curve > whose normal bundle is a torsion line bundle of order . The base has a finite
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unramified cover of degree r which is a product > x C, and the cyclic group Z, will act on the
elliptic fibration over > x C (which we take to be in Weierstrass form). Thus, the classification
is analogous — we must find cyclic group actions on Weierstrass elliptic fibrations which induce
the corresponding actions on the ADE singularities.

Note that, as observed in section 2.7.1, this construction requires r € {2, 3,4, 6}, so that most
of the instances of case (1) are ruled out. In fact, we have been unable to find a conventional F-
theory construction of any instance of case (1) (which would correspond, in the interpretation
of [47], to an SU(n) theory with a rational theta angle). Instead, as mentioned in section 2.10.2,
we anticipate an F-theory construction for these models involving B-field expectation values.

In Table A.7.2, we present explicit forms of these group actions in cases (3), (4), and (6),
using a Weierstrass equation ( with variables (z,y,t). The quotient can be described in terms
of a Weierstrass equation ¢ whose variables (X, Y,T’) are expressed in terms of (x,y,t) in the
table.

We now explain the geometry of the group actions by means of figures illustrating cases (2),
(3), (4), and (6). We will explain the cases in the reverse order from the one given in Table A.7.1.

We begin with case (6) leading to gauge symmetry F}, illustrated in Figure A.7.1. The M-
theory construction only involved the Dynkin diagram of the singularities, but here we must
consider the entire Kodaira fiber as represented by the affine Dynkin diagram. Thus, in the
bottom half of Figure A.7.1 we see Eg, with the affine node represented by a square rather than
a circle. This diagram has been obtained as a double cover of the affine F5 diagram shown in the
top half of Figure A.7.1, in which the solid circles represent curves along which we branch as we
construct a double cover. The two curves on the left are duplicated in the bottom half because
they don’t meet the trivalent vertex at a branch point of the double cover. After taking the double
cover, the solid curves have become —1 curves and are to be blown down. (Alternatively, the
solid curves can be contracted to A; singularities prior to taking the double cover.)

Note that the quotient involves an affine Eg diagram rather than an affine F; diagram. This
is because the Z, action on the “extra” curve in the Kodaira fiber (corresponding to the image
of the affine node) has two fixed points, one giving an F; singularity and the other giving an A
singularity. The two together fit into an affine Fg diagram.

We next treat case (4) leading to gauge symmetry G, depicted in Figure A.7.2. The bottom

r Type %) Description Gauge Group 0
(1) any 1(1,-1,0;0) ay+ 2" A1 25 A, SU() € 1Q
@ 4 H1,3,22) 2?4222 Ay, P Dyyis Sp(n) T
3) 2 5(0,1,1;0) 2>+ + 22" Ay, 2% Do Sp(n) 0
@ 3 101,200 2 +yP+ 2P D, ¥ B Gy 0
5) 2 H1,1,0;0) 2?49’z 42" Dy 25Dy, SO(2n+1) 0
© 2 11,0100 a?+yP4zt Joleaiagy 8 F, 0

Table A.7.1: Cyclic actions on ALE spaces
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Type @ X, v,1r &
3) %(O, 1,1) —y*+2° +ux® +wt™ (P, 3y, t*) —Y?+ X3 +uTX? +wT"
4 3(1,0,2) —y®+2%+wt’ (t'e, 1%, %) —Y? 4+ X° +wT®
© 3(0,1,1) —y*+2°+ wt* (P, Py, 1%)  =Y? + X? + wT®

Table A.7.2: Group actions on Weierstrass models. Here u and w represent invariant functions
of ¢ which do not vanish at £ = 0.

O

.
>

Figure A.7.1: F}

(o)
®
(]
[ ]

(0]

Figure A.7.2: G,

half of the figure this time is 154 with the affine node again represented by a square. This diagram
has been obtained as a friple cover of the affine £y diagram shown in the top half of Figure A.7.2,
in which the solid circles represent curves along which we branch as we construct a triple cover.
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Figure A.7.3: Sp(n), 6 =0

(For an adjacent pair of solid curves, the branching is via 1/3 on one curve and 2/3 on the other.)
The lowest curve in the top half of the diagram is triplicated in the bottom half because it doesn’t
meet the trivalent vertex at a branch point of the triple cover. After taking the triple cover, the
solid curves have become —1, —2 pairs and are to be blown down. (Alternatively, the solid
curves can be contracted to A, singularities prior to taking the triple cover.) Note that the Zj
action on the image of the affine node has two fixed points, one giving an Ej singularity and the
other giving an A, singularity; the two together fit into an affine Fs diagram.

Now we consider case (3), depicted in Figure é.7.3. The bottom half is A\gn,l, obtained as
a branched double cover of the top half, which is D,,,4. The square denotes the affine node (or
its image), and the solid circles in the top half denote curves along which the double cover is
branched. This time, the Z, action on the the affine node has two fixed points unrelated to the
singularity we are studying, creating the two extra solid curves at the left of the diagram.

Finally, we treat case (2), depicted in Figure A.7.4, which is the most complicated case. Here,
we have a Z, action on Ay, at the bottom of the figure, and we describe the quotient in two stages:
the quotient by the Z subgroup (shown in the middle of the figure as an Ay, 1 diagram) and the
quotient by the full Z, (shown at the top of the figure as a D,,, 5 diagram). The diagram at the
top includes a resolved Aj singularity (three connected solid dots), two resolved A; singularities
(at the far left) which are to be branched along during the first double cover, and points marked
by x which are A; singularities not branched during the first double cover (from top to middle)
but branched during the second double cover (from middle to bottom).
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Figure A.7.4: Sp(n
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Appendix B

Appendix to Chapter 3

B.1 Dimension eight

There are three families [23] of vacua with 16 supercharges in dimension eight. The standard
one has gauge algebra of rank 20, the next one has gauge algebra of rank 12, and the final one
has gauge algebra of rank 4.

The rank-12 case was originally found in the context of heterotic string by Chaudhuri, Hock-
ney and Lykken in [204] and is called the CHL string. An easy generalization leads to the rank-4
case. The moduli space of these systems and the possible enhancements of gauge algebras are
studied in detail in [205].

In this appendix, we give an F-theory description of three cases: they are models on elliptically-
fibered K3 with 0, 1, or 2 frozen seven-branes.

B.1.1 1IIB with seven-branes

Let us start by the perturbative IIB setup on the orientifold 7% /Z,. We can either have zero O7 .,
one O7, or two O7,:

T R N N (B.1.1)

with 16, 8 or 0 D7-branes, respectively. The first one, under T-duality, maps to 2 O8_ in type
ITA, and then 1 O9_ in type IIB. The last one, under T-duality, maps to O8_ and O8,4, or to a
shift-orientifold of type IIA, and then a shift-orientifold of type IIB, without any D9-brane.

The second one is more peculiar. One T-duality should combine a pair of two O7_s to O8_,
while the other pair of O7_ and O7, to a shift orientifold. The resulting geometry is shown
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below:

08_

shift

4 08_. (B.1.2)

Namely, we consider a 7> whose complex structure modulus is of the form 7 € %—i—z’R, and take
the Z, flip along the horizontal axis. Then we have just one O8_ locus and a shift-orientifold
locus. Another T-duality leads to the Spin(32)/Z, bundle without vector structure [23].

B.1.2 F-theory interpretation

The F-theory representation of the rank-20 case is the standard F-theory compactification on the
elliptically-fibered K3 surface.

The F-theory representation of the rank-12 case is given by an elliptic K3 compactification
with a single frozen seven-brane.! We use projective coordinates [z, w] on CP' and locate the
frozen brane at z = 0:

y? = 2% +ug(z,w)za? + vz, w)2 s + ws(z, w)z". (B.1.3)

Here we have used the “Tate form™ [95, 208] to present the equation, which involves arbitrary
homogeneous polynomials us, v4, and ws of the labeled degrees. By a change of variables, the
equation can be put into Weierstrass form:

2 _ 3 1 2 3

N 1
y =7+ 22(—§u§ + 2207 + z3(§u — §z2u3v4 + 2*ws), (B.1.4)

from which we can read off the equation of the discriminant locus

A = 2" (dufws — ujvi — 182 uzvaws + 42°05 + 272 wz.) (B.1.5)

Generically, in addition to the frozen seven-brane of type fj at z = 0, which makes no
contribution to enhanced gauge symmetry, there are 14 additional zeros of the discriminant,
which correspond to 14 seven-branes of type [; (i.e., 14 individual D7-branes) also contributing
no enhanced gauge symmetry. Tuning the coefficients can lead to enhanced gauge symmetry.

The brane counting becomes clear if we explicitly include a Kodaira fiber of type I; sup-
porting an sog gauge algebra: this “uses up” 6 of the 14 D7-branes, but can be interpreted as an
O7_-plane on top of a stack of 4 D7-branes, which is the quantum splitting of the O7_-plane [90].

The F-theory representation of the rank-4 8D vacuum with 16 supercharges involves two
frozen seven-branes, which we can locate at z = 0 and w = 0, respectively. The equation for

Note that this is a substantially different description than the ones proposed in [206] and [207], where a torsion
flux on the base CP' was proposed. It is possible that they are all dual descriptions.

296



these models (in Tate form) is

y? =2+ uy(z, w)zwa® + vo(z, w)2twe (B.1.6)

with frozen brane-locus § = zw. Note that vo(z,w) is constant, and the z° term in the equation

vanishes due to degree considerations. This implies that (x,y) = (0,0) is a section which has

order 2 in the Mordell-Weil group, and suggests a subtle modification of the F-theory gauge
2

group.

B.2 CP! x CP' model and its flips via branes

B.2.1 Unflipped case

The original model considered by Bianchi—Sagnotti and Gimon—Polchinski was given in terms
of Type I on T* /Z,. Tt has O9_ with 16 D9s in the bulk, with 16 O5_ at the Z, fixed points, and
16 D5s.?

Let us determine its massless spectrum. From the bulk closed string modes, we have one
supergravity multiplet, one tensor, and four neutral hypermultiplets. From the Z, twisted closed
strings, one neutral hypermultiplet arises from each Z, singularity.

As for the open strings, O9_ wants to make the gauge algebra on D9 orthogonal. Therefore
the bulk of the 9-brane has Spin(32)/Z, as the gauge group. But O5_ wants to make the gauge
algebra on D9 symplectic. This gives a localized Spin(32)/Zs holonomy around the intersection
point, and the massless gauge algebra on D9 that can remain is uy, the intersection of sp,4 and
5039. This will keep charged hypermultiplets in 2 - A?16. One can do the same analysis on the
D5-branes, and get the same answer, when all the D5s are on a single O5_. Finally, the 5-9
strings give hypermultiplets in 16 x 16. The spectrum is then

e gauge algebras uig X U,
e charged hypermultiplets in 2 - A%16 © 16 x 16’ @ 2 - A%16/,
e one supergravity multiplet, one tensor multiplet, and 20 neutral hypermultiplets.

Anomalies correctly cancel [97].

We can take T-duality along two directions and bring this model to the type IIB T /Z, ori-
entifolds with seven-branes, with the structure below:

- - e (B.2.1)

2We are assuming here that the torsion in the Mordell-Weil group is calculated for frozen F-theory models in
the same way it is calculated for conventional F-theory models [209]. We leave detailed investigations of this for
the future.

3Here the number of D-branes is counted in terms of Type IIB or Type ITA RR-charge, in a way invariant under
T-duality. In simple orientifold models, this number equals the number of mobile D-branes or the rank of the gauge
groups, but in more complicated models such as those discussed in this chapter, they can be different.
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where the first 72 has the coordinate u, the second has the coordinate v, with the orientifolding
action sending v — —w and v — —wv individually. The spectrum above are when all 16 D7s
along v are on u = 0 and when all 16 D7s along u are on v = 0.

B.2.2 Singly-flipped case

For this, we consider the setup

o ole (B.2.2)

with 16 D7s perpendicular to the first 72 and 8 D7s perpendicular to the second T2

To deduce the open string spectrum on the 8 D7s perpendicular to the second 72, we just T-
dualize one direction of the first 72 and apply the rules of [74]. When the 8D7s are on a generic
point, one gets sp, with a full antisymmetric tensor (both the traceless part and a singlet), and
with 16 fundamentals. If they are on O7_, it gets enhanced to ug with 2 - A28, and if they are on
O7,, it gets enhanced to sp, X sp, with a bifundamental.

For the 16 D7s on the first 72, we can take the T-dual of the second 7:
0O6_ 0O6_
08_
/\ \ shift
o \ \/ - (B.2.3)

This T-duality was derived from the worldsheet point of view in [210].

When 16 D7s are on a single generic point on 72, the T-dual is just 8 D6s suspended between
two D8s that are in fact the same due to the funny geometry. This is sp, with one asym and 16
flavors. When they are all on an O7_, this gets enhanced to ug with 2 - A?8. Although we started
from 32 Chan-Paton indices but we got just ug. We give two other explanations to this somewhat
unexpected fact:

e If we T-dualize the second torus twice, this describes instantons (or 5-branes) in the Spin(32)/Z
gauge fields on 7 without vector structure. As discussed in [23], a minimal flat Spin(32)/Z
configuration without vector structure is in SU(2) embedded in so3, as sp; x spg. Then
the instanton needs to be embedded into this spg; a single such instanton counts as two in-
stantons in the original Spin(32)/Z,. In other words, two small instantons of Spin(32)/Z
needs to move together.

e In the original 7-brane description, there are four intersections with transverse O7s; one is
with O7, and three are with O7_. The former has a monodromy that squares to —1 and
the latter has a monodromy that squares to 1. But one cannot embed them into O(1): they
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are not consistent, since the four monodromies need to multiply to one. To compensate
this, one needs an additional flat SO(3) background on the 7-brane.

Summarizing, when 16 D7s perpendicular to the first 72 are on a single O7_ and 8 D7s
perpendicular to the second 77 are on a single O7,, the spectrum is

e gauge algebras ug x [[,_; ,(5p4)i,
e charged hypermultiplets in 2 - A\*8 © (D,_, ,8 ® 8;) © 8, ® 8y,

e one supergravity multiplet, 5 tensor multiplets, and 16 neutral hypermultiplets.

B.2.3 Doubly-flipped case

Let us finally consider

.- x|+ - (B.2.4)

with 8 D7-branes on each T2. Using the analysis as in case II, we see that when 8 D7s are on a
single O7., the gauge algebra is sp, X sp,. Considering D7s on both T2, we have (sp,)? in total.
The matter spectrum can be worked out as before:

e gauge algebras Hj‘zl(spz)i,

e charged hypermultiplets in @,_. 4; ® 4;,

1<j

e one supergravity multiplet, 7 tensor multiplets, and 14 neutral hypermultiplets.

The anomaly cancels; although there are 8 additional tensors, they do not participate in the gauge
anomaly cancellation. This is as it should be, since they are localized on the intersections of O7_
and O7,, and bifundamentals are supported away from them.
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Appendix C

Appendix to Chapter 4

C.1 Spin-TFTs from Rational spin-CFTs

Unitary rational conformal field theory is a rich source of examples of topological field theories
in 2+ 1 dimensions. The Hilbert space of the topological field theory is identified with the space
of conformal blocks for the chiral algebra the conformal field theory.

If we endow the Riemann surface with a spin structure, we can consider conformal blocks for
a chiral super-algebra A = A, & A;, which includes both bosonic currents of integral spin and
fermionic currents of half-integral spin. The conformal blocks for .4 can be naturally identified
with the Hilbert space of a spin-TFT ‘Z.

We expect the shadow Ty to be the TFT associated to the bosonic sub-algebra .4,. Notice that
A, is a module for A, and thus gives a quasi-particle in Ty, a fermion. As A; currents fuse to A,
currents, the fermionic quasi-particle fuses to the identity. We identify it with II. Thus fermionic
anyon condensation is related to fermionic current algebra extensions, in the same way as the
standard anyon condensation is related to standard current algebra extensions.

It should be possible to pursue this analogy further and derive from spin-RCFTs appropriate
axioms for “super modular tensor categories”.

We can give a few well-known examples of this construction.

C.1.1 Ising model and a chiral fermion

The Ising modular tensor category is naturally associated to the current algebra of a ¢ =
Virasoro minimal model.

1
2

The current algebra is generated by the stress tensor and can also be described as the coset
%@ij(%' It has three modules, which we can denote as M; = Ay, M, and My, of conformal

dimension O, 1—16

tensor category.

and % The latter is associated to the fermionc quasi-particle of the Ising modular
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We can consider the super-algebra A consisting of Ay and .4; = M,. This is simply the
algebra generated by a free chiral fermion ¢/(z). This algebra has a single Neveu-Schwarz (NS)
module, A itself. It corresponds to the identity quasi-particle in the bulk spin-TFT. On the other
hand, M, is a Ramond module. It must lie at the end of a bulk defect with a non-bounding spin
structure.

The Ising 3d TFT is the shadow of the spin-TFT associated to a free chiral fermion. We could
denote it as TV.

C.1.2 [II-product of Ising models and multiple chiral fermions

In order to find the shadow of the product of two free chiral fermions, we are supposed to gauge
the Zo 1-form symmetry generated by IIII'. This is the same as a simple current extension.

Consider two copies of the ¢ = % Virasoro minimal model. The module corresponding to
HII" is M, ® Mys. We thus consider the chiral algebra Ay = M; ® My & My, ® My. In other
words, the chiral algebra generated by 1)0v, 11" and ¢/'0v).

By bosonization, we identify that with the algebra A, defined by a free boson current d¢ and
vertex operators 2", of dimension 2n2. In other words, this is the U(1), current algebra. It has

4 modules generated respectively by 1, e%, Y = e and %

The chiral super-algebra generated by A, and by 1) can be identified with U(1); and is asso-
ciated to the simplest spin Chern-Simons TFT. Again, it has a single quasi-particle, the identity,
and an extra Ramond line defect associated to the module generated by e . We can also identify
it as the square of TV,

More generally, a set of N free chiral fermions has bosonic 1-form symmetry generators
;1. Adjoining them to the identity module gives us the SO(NN); WZW current algebra, with a
module My, generated by the 1); and one or two modules generated by twist fields, associated to
the spinor representation(s). This is the shadow of the N-th power of TV.

C.1.3 U(1)4 Chern-Simons theories

Consider the current algebra Ay = U(1)4, for odd k, generated by the bosonic current J¢ and
vertex operators e2Vkni¢ This is associated to an U (1)4x Chern-Simons theory.

The algebra Ay has modules M,, generated by e;ﬁw, for —2k < m < 2k. In particular,
My = My, is generated by eVkid which has half-integral dimension k /2.

The chiral super-algebra A generated by d¢ and vertex operators e\/E”i(f’ is associated to an
U (1) spin Chern-simons theory. It has NS modules generated by evi' for —k /2 <m < k/2

2m+1 .
and Ramond modules generated by e 2v )

In particular, U (1) is the shadow of U (1).
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C.2 (G-equivariant toric code

C.2.1 Symmetries of the toric code and their anomalies

The toric code (also known as Z, topological gauge theory in 2+1d with a trivial Dijkgraaf-Witten
class) can be described by a Euclidean action

Storic = m’/ bU da, (C2.1)
M

where a and b are Z,-valued 1-cochains on a triangulation of an oriented 3-manifold M. One
may call a the gauge field, then b is a Lagrange multiplier field imposing the constraint da = 0.
The model has Zs x Zs 0-form gauge symmetry:

ar a4+, brsb+oNy, ANy € CV(M,7Zy). (C.2.2)

As for global symmetries, the toric code has a Z, 0-form global symmetry F{, exchanging a and
b. We will call it particle-vortex symmetry, since the Wilson line for a represents an electrically
charged particle, while the Wilson line for b represents a vortex excitation. This symmetry is not
manifest in the action since the cup product is not supercommutative on the cochain level. There
is also Zy X Zo = Fy 1-form global symmetry

arat+a, brb+B, BN (M7Zs). (C.2.3)

Crucially, Fj acts on F; by a nontrivial automorphism exchanging « and 5. The combined
symmetry is described by a 2-group (or equivalently a crossed module) [211]. In general, the
equivalence class of a 2-group [ is described by a pair of groups Fy, F}, where F} is abelian, an
action 7 of Fy on F, and a Postnikov class v € Hf;(FO, F}). The Postnikov class describes the
failure of the fusion of F; domain walls to be associative ”on the nose”. In the case of the toric
code we can use Shapiro’s lemma [212] to compute H (Fy, Fy) = H"(ker 7,7Z5) = 0forn > 0.
Hence the Postnikov class is necessarily trivial.

Global symmetries may have 't Hooft anomalies, i.e. obstructions to gauging. Such anoma-
lies can always be canceled by coupling the theory to a topological gauge theory in one dimension
higher. Thus anomalies are classified by topological actions for the gauge fields in one dimension
higher. In the case of a 2-group symmetry, such actions have been classified in [21 1]. The gauge
fields are a 1-form F} gauge field A and a 2-form F} gauge field B = (B,, B,). More precisely,
A is a 1-cocycle with values in F{), while B is a twisted 2-cocycle with values in a local system
(i.e. flat bundle) with fiber F. The twist arises from the fact that F{y acts nontrivially on Fj. The
most general action in 4d representing the anomaly for a 2-group symmetry is

Sonomaty =271 [ (B,(B) + (B Uca(A) + wn(A). (C24)

The notation is as follows. We regard the pair (A, B) as map from ) to the classifying space BF
of the 2-group, which is a bundle over B F{, with fiber BFj. The action depends on a quadratic
function ¢ : Fy—R/Z invariant under the Fj action, a class co € HZ(Fp, F}), and a class
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wy € HY(Fy,R/Z). B denotes the Pontryagin square (a cohomological operation associated to
the quadratic function ¢ which maps a twisted 2-cocycle B to an R /Z-valued 4-cocycle 33(B)).
In the case of interest to us, both H2(Fy, Fy) and H*(F,, R/Z) vanish (the former by Shapiro’s
lemma again), so there are no anomalies for F{, or a mixed anomaly between Fj and F;. On
the other hand, there exist Fy-invariant quadratic functions on Fj, so the 1-form symmetry F}
could be anomalous. In fact, it is easy to see that the anomaly is nontrivial and corresponds to
the quadratic function

1
q: 7y X Lo—RJZ, q: (x,y)— 37y (C.2.5)

Indeed, let the F; gauge field A be trivial, so that B is an ordinary 2-cocycle (B,, By,) with values
in '} = Zy X Zs. If we perform the shifts (C.2.3) with not-necessarily-closed 1-cochains v and
5, the action (C.2.1) transforms as follows:

Sioric = Storic + m'/ (bUda+ fUda+ SUd). (C.2.6)
M

To cancel the terms which depend on b and a we couple the action to the 2-form gauge fields B,
and B, which transform as B, — B, + d«, By — By, + 63 and define

S oric = m‘/ (bUda+bUB,+ ByUa). (C.2.7)
M

The new action transforms as

%mﬁ*%ma+m/w5UBwf&U6+ﬁUa% (C.2.8)
M

which is precisely the boundary term in the variation of
Uyl / By, U B,. (C.2.9)
My

This is nothing but the Pontryagin square of B € Z2(My, F}) for the quadratic function (C.2.5).!

To summarize, the anomaly action for the toric code is
Sanomaly = 271 B, (B). (C.2.10)
My

In particular, the anomaly for the diagonal subgroup of £ is obtained by letting B, = B, = B.
Note that this subgroup is Fy-invariant. The corresponding anomaly action is

&mm@:m/)Bu& (C2.11)
My

which means that the toric code is a shadow of a fermionic theory. The worldline ot the corre-

'In general, if A is nontrivial, B is a twisted 2-cocycle, and the Pontryagin square for twisted cocycles is more
difficult to write down.
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sponding fermion II is represented by the Wilson line exp(in [(a + b)).

C.2.2 (G-equivariant toric code

We are now ready to promote the toric code to a (G-equivariant toric code, i.e. couple itto a G
gauge field A. Mathematically, this means embedding G into the symmetry of the toric code.
Since the “target” symmetry is a 2-group [F rather than a group, this means specifying a homotopy
class of maps BG— BF. Physically, we make the fields A and B functions of A so that under
G gauge transformations A and B transform by Fj and F; gauge transformations, respectively.
Such am embedding is characterized by a homomorphism 7 : G—Fj and a cohomology class
[Ay] € H2(G, F). That is, we set

A=m(A), B=Ay(A). (C.2.12)

The corresponding anomaly action is obtained by substituting into (C.2.10):
Sanomaty = [ Bg(A2(A)). (C.2.13)
Ms

This means that the symmetry G is free of 't Hooft anomalies if and only if J3,(A3(A)) is coho-
mologically trivial, i.e. if and only if there exists a 3-cochain v3 € Z*(G, R/Z) such that

(Sl/g = mq(Ag) (C214)

Then G gauge-invariance can be restored by modifying the 3d action by a term 27i || 1 V3(A).

Let us specialize this to the case of trivial 7. Then A is trivial, and B = A5(A) is an ordinary
(not twisted) 2-cocycle on M with values in Fy = Zy x Z,. We can write Ay = (55, %), where
8%, 85 € Z*(G,Zs,). The condition (C.2.14) simplifies to

1
Svs = 553 U s, (C.2.15)

The action of the equivariant toric code in this case is

1 1 1
zm'/ <§bu5a+ §bu5§(A) + §BSUa+u3(A)). (C.2.16)
M

Regarding b as a Lagrange multiplier, we see that it 1mposes a constraint éa = [5(A). This
means that the pair (A, a) is a 1-cocycle with values in G, where G is a central extension of G by
Zy whose extension class is 35. The part of the action independent of b can then be interpreted
as an integral of a pull-back of a 3-cocycle 73, where 73 is given by

N 1
U3 =g+ 553 Ue, (C.2.17)

where € is a Z,-valued 1-cochain on & trivializing the pull-back of 3¢ and restricting to the
identity on the central Z, subgroup of GG. The corresponding fusion category is a twisted Drinfeld
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double of CAJ, with the twist given by V5. Essentially, we have shown that this is the most general
G-equivariant extension of the toric code where G acts trivially on the toric code quasi-particles
(none of the elements of G exchange e and m). Note that the model considered in section (4.3.4)
has this general form, but in addition has 3¢ = 85 = 3,. We will see shortly that this constraint
arises if we require the model to contain a fermion.

Now suppose 7 is nontrivial. Let Gy = ker 7. It is easy to check that the action of G on
F| ~ Zs X Zs is induced from the trivial action of G, on Z,. .> Therefore by Shapiro’s lemma
H2(G, Fy) ~ H?(Gy,Zs). Thus for nontrivial 7 G-equivariant extensions of the toric code
are labeled by a central extension of (G together with a trivialization 5 of the corresponding
Pontryagin square 3(Ay). The model considered in section (4.3.6) is of this form. Below we
will determine the condition on A, imposed by the existence of a fermion.

C.2.3 One-form symmetries of the equivariant toric code

Consider enlarging the symmetry group G to a 2-group G, such that the group of 1-form symme-
tries is Zo. Since Zs has no nontrivial automorphisms, the 2-group structure of G is controlled
by a Postnikov class I' € H?(G,Z,). Enhancing the symmetry of the toric code from G to G
involves extending the map BG— BF to a map BG— BF. Since the Postnikov class v of F is
trivial, this is only possible if I' is trivial. Physically, since the fusion of F{, domain walls in
the toric code is associative “on the nose”, this remains true even after we reinterpret them as GG
domain walls via a homomorphism 7 : G— Fj,.

Specifying the homotopy class of a map BG— BT is equivalent to specifying B and A as
functions of B € Z?(M,Z,) and A € Z'(M, G) in a way compatible with gauge transformations
of B and A. This means

A=mn(A), B=A(A)+ p(B), (C.2.18)

where 7 and A, are as before, and p is a nonzero homomorphism from Z, to F; which is invariant
with respect to the GG action on F} induced by 7 : G— Fj.

The anomaly for the 2-group G is obtained by substituting the expressions for B and A into
(C.2.10). Using the properties of the Pontryagin square, we get

Sunomaty =21 | (&quz(A)) B(A(A).Up(B) + Lp(B) U p<B>) . 219

where b, is an Fj-invariant bilinear form on F associated to the quadratic function ¢. Explicitly:

1
be(w1, Y15 22, y2) = (192 + Y172). (C.2.20)
2

We will assume as before that anomalies for G are absent, i.e. J3(A3) is cohomologically trivial.
Then the first term in (C.2.19) is exact. The second term describes the mixed anomaly between
Zo 1-form symmetry and G, so it must be exact for Z, to be a global 1-form symmetry of the
G-equivariant toric code. This means that the cohomology class of p(1) must be orthogonal to

2We are grateful to V. Ostrik for pointing this out.
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the cohomology class of A, with respect to b,. Finally, the last term describes the anomaly of the
1-form Z, symmetry.

Let us focus on fermionic Z, 1-form symmetries. Such symmetries must have a nontrivial
anomaly, so ¢(p(1)) # 0. This uniquely fixes p : it must send 1 to the generator of F°. That is,
the fermion must be represented by a Wilson line exp(mé [ (a+b)). The orthogonal complement
of F* is FIV itself, therefore the mixed anomaly is absent if and only if [A;] € H2(G, Fy) is in
the image of the map H?(G, F{®)— H2(G, F}). That is, we must have

Ay = Ay + 6,9, (C.2.21)

where A € Z'(G, F[*) and ¢, € C(G, F}). The anomaly action for symmetry G is now exact,
and if we let M, = M5, it becomes

Sanomaly = 21 /M (Vg(A) + bq(zﬁl(A),p(B))> + i /M BUB. (C.2.22)

The first term is not invariant under O-form and 1-form gauge symmetries, but it does not repre-
sent a true anomaly: it can be removed by modifying the action of the equivariant toric code by
a local counterterm

SU(A, B) = —2ri / (ug(A) + by (41 (A), p(B))) . (C.2.23)
Ms
The last term in (C.2.22) is the correct anomaly for the 1-form Z, symmetry to be fermionic.

The 1-cochain ¢, € C Y(G, Fy) does not affect the cohomology class of the B-field and can
be removed by a 1-form gauge transformation with a parameter —t;. (This transformation also
shifts 13). Then Ay = Ay € Z?(G, Zs), and the constraint on v3 simplifies:

- 1- -
This is nothing but the Gu-Wen equation. The counterterm action also takes a simple form:

SS(A, B) = —2mi / vs(A). (C.2.25)

M3

We still retain the ability to perform 1-form symmetry transformations valued in FIF 0 ~ Zs.
Indeed, while such transformations shift g[}l, they do not affect Sgt (C.2.23), since FlF % is an
isotropic subgroup of F;. Under a transformation with a parameter \; € C'(G,Z,) the data
(s, Ay) transform as follows:

1 - -
V3 +— 5)\1 U 6)\1, A2 — A2 + 6)\1 (C226)

Changing v3 by exact cocycles also does not affect the action.

We conclude that G-equivariant versions of the toric code with a fermionic Zy 1-form sym-
metry are labeled by triples (7, Ay, v3), where 7 is a homomorphism G—Zs and (v3, Ay) €
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C3(G,U(1)) x Z*(G,Zsy) satisfy the Gu-Wen equations. We also described the identifications
on this set which do not affect the model.

C.3 Wen plaquette model

The Wen placquette model for the toric code is defined on a square lattice with Z, variables
at each site. The commuting projectors are F;; = aﬁjafﬂda;{ j+10i4+1,j4+1» associated to the
plaquettes of the lattice. This is a realization of the toric code.

The model realizes the Z, symmetry of the equivariat toric code, but not in an on-site manner:
the Z, symmetry maps to translations of the lattice by one unit.

The e and m quasi-particles are described by switching the sign of a plaquette at even or odd
locations on the lattice. The corresponding string operators can be taken to be, say, products
of the form U;fjai-{ j+101 j+2 * - which create a particle in the plaquette to the left and below the
beginning of the string. A similar effect is archived by ai{ 0 +103 JIDREES

The combination o7 ;07 ;.07 ;.- creates a pair of e and m particles at neighbouring pla-
quettes, i.e. an € particle.

C.3.1 Fermionic “boundary condition”

Consider the model restricted to the upper half-plane. The bulk plaquettes do not gap the system
completely. At the boundary, degrees of freedom survive which roughly correspond to a Z, spin
chain of twice the lattice spacing: the boundary operators S; = af’, 00i+1,0 commute with all bulk
plaquette operators. They anti-commute with nearest neighbours and commute with all others.

The B, gapped boundary condition where e condenses is easily described: we canadd ), So;
to the Hamiltonian. This commute with e string operators ending on the boundary. Similarly,
we obtain B, by adding > . Ss;+1 to the Hamiltonian. This commute with m string operators
ending on the boundary. *

Both choices break explicitly the translation symmetry along the boundary by one unit, which
maps one into the other. This is compatible with the action of the Z, symmetry of the toric
code. A boundary condition defined by a bosonic boundary Hamiltonian which preserves the
translation symmetry will flow to a Z,-symmetric boundary condition for the equivariant toric
code. If gapped, it must coincide with a direct sum of 8, and ‘B,,, i.e. it must spontaneously
break the Z, symmetry.

Simple choices of bosonic boundary conditions, such as adding ) . S; to the Hamiltonian,
leave the Z, symmetry unbroken and give a gapless critical Ising model at the boundary. The
Ising model is coupled to the bulk toric code in a straightforward manner: the bulk Z, gauge the-
ory couples to the Ising symmetry of the gapless theory. In particular, e lines can end on o(z, Z)

3In a gauge theory description, these boundary conditions are either Dirichlet, i.e. fix the connection at the
boundary, or Neumann, i.e. leave the connection free to fluctuate at the boundary.
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operators, m lines on the dual y(z, Z) operators and € lines on the fermionic local operators (z)
and ¥(%).

As the result of fermionic anyon condensation of e is the root Z, fermionic SPT phase, we
should be able to produce a boundary condition B, at which € ends and the Z, symmetry is
broken. The boundary condition should be related to a Z,-invariant interface between the toric
code and the root Z, fermionic SPT phase.

We can define B, as follows. First, we add a Majorana mode ~; at each boundary lattice
site. Next, we add the following commuting projectors to the Hamiltonian: ), v;v;11.5;. This
Hamiltonian gaps the system. Indeed, if we fermionize locally the boundary Ising degrees of
freedom in terms of new Majoranas ¢;, the commuting projectors become » . v;Yi4+1¢;Ci+1 and
we have massive ground states where all the c¢;y; have the same sign.

The boundary Hamiltonian commutes with the e line defects ¢;07 ;07,07 ;.5 ending at
the boundary. This motivates the identification with B¢, *

Although the new Hamiltonian is naively invariant under translations along the boundary, in
oder to define the actual Hilbert space we need to pair up the Majorana modes in some manner.
This breaks the Z, symmetry, as expected.

There is a neat way to restore it: we can place on the lower half plane some gapped system
which has Majorana boundary oscillators. An example is an infinite collection of Kitaev chains
extended along the vertical direction. Concretely, we can put a pair of Majorana modes ~; ; and
7i; at each site in the lower half plane and build the Hamiltonian with projectors 7; ;y; ;1. These
boundary plaquettes commute with the ; = 7; _; oscillators used in the boundary Hamiltonian.

This is a microscopic description of the expected gapped interface between the root Z, SPT
phase and the equivariant toric code.

C.3.2 Anyon condensation

It is straightforward to implement the bosonic anyon condensation in the plaquette model.

We can populate the lattice with an arbitrary number of e particles by removing from the

Hamiltonian the odd plaquettes, using the Hamiltonian — ), ili-tjeven Py

The “edge operators” U® can be taken to be o;; for even i + j and aiyj for odd ¢j: they

commute with the Hamiltonian and move or annihilate e particles along diagonals in the lattice.
They clearly all commute.

Adding the U® edge operators to the Hamiltonian eliminates all the spin degrees of freedom
and returns the trivial theory, as expected.

Fermionic anyon condensation is a bit more subtle. We can populate the lattice with an

“In a gauge theory language, we expect B¢ to correspond to a deformed Neumann boundary condition, with
extra boundary action given by the quadratic refinement of the intersection pairing associated to a spin structure on
the boundary.

308



arbitrary number of € particles if we use the Hamiltonian
€ __ o ) o T z Y Y z T
H® = E Py P15 = E 02;,j92i4+1,j92i+2,j92i,j+192i+1,j+192i+2,j+1 (C3.1)
1,3 ij
We can visualize the € particles as living in the middle of vertical edges at odd horizontal loca-
tions.

The operator 03, ., ; commute with the new Hamiltonian but anti-commute with the four P
operators around the vertex. It moves an ¢ particle vertically by one unit.

The operator 03;_, ;03,05;,, anti-commutes with the four P operators above it. It moves an
e particle horizontally by one unit.

As expected these V' © operators do not commute: vertical operators commute with each other,
but horizontal operators anti-commute with horizontal neighbours and vertical operators imme-
diately below.

We can add Majorana pairs. It is convenient to denote them as ;4 1,; and 7y, ; ;.

1 f . f — 7% . .~ f =
The dressed hopping operators U/ take the form: Uy, ; = 105, j72i+1,72i11; and Uy, ; =
M z )
10%;1,j02i,j02i+1,572i—1,572i+1,5-

The U/ operators square to 1. The product of the operators around a closed path is
Pai1,j-1Pai g 1Voi—1 21,51 Va1 V20011 (C3.2)
This will become 1 as soon as we impose the Coulomb branch constraints

CZifl,jfl = P2i71,j71’}/éi_1,j'721'71,]‘71 = i(—l)i (C.3.3)

Overall, we only need to impose the Cy; 41 j1+1, U. Qfl +1,; and U2fi’ ; projectors, as they imply the
original P; ; ;11 ; = 1 constraints.

It is straightforward, if tedious, to show that we can use the Uin 1 = 1 and UQfm =1
constraints to gauge-fix the spin variables. In terms of dressed fermionic operators
— y / _ A y
Doj1y = 72j+1,jU§i+1,j‘72¢+2,j 2j+1,5 — 72j+1,j02i+1,j‘7§i+2,j (C3.4)

commuting with the U/ projectors, the Gauss law constraints involve I} i+1,41 25+1,5—1 and make
the system into a collection of vertical Kitaev chains.

309



Appendix D

Appendix to Chapter 6

D.1 Group cohomology

In this appendix, we collect various standard facts about group cohomology.

Definition: Given a finite group G and its module A, we define n-cochains C"(G, A) as func-
tions G" — A. The differential is given by

df (g1, 9n+1) = 91f (92, -, Gns1)

+ Z(_l)zf(gla <o 9idig1s - - 7gn+1) + (_1)n+1f(917 B 7971) (Dll)
=1

The differential squares to zero: d> = 0. Then we define the group cohomology H*(G, A) as the
cohomology of this differential. Explicitly, the first few differentials are given by

df(g,h) = gf(h) = f(gh) + f(9), (D.1.2)
df (a,b,c) = af(b,c) — f(ab,c) + f(a,bc) — f(a,b), (D.1.3)
df(ﬂf,y, Z,UJ) = mf(yv Z,UJ) - f(xya va> + f(-fE,yZ,U)) - f(.fC,y,ZUJ) + f(x,y, Z) (D14)

Some points on notation: It does not lead to any loss of generality if we assume that every
cochain/cocycle/coboundary is normalized, i.e. it is zero whenever at least one of g; = 1. See
e.g. [155]. We have assumed throughout the chapter that every cochain is normalized. We are
often interested in H*(G, U(1)) for i = 2,3 where the action of G on U(1) is taken to be trivial.
Henceforth, we will assume the trivial action whenever we write U(1). It is also convenient to
treat U(1) elements as phases and in this case the + sign in above definitions should be replaced
by the usual multiplication of phases. For instance we have,

df (g, h) = =2 (D.1.5)



We have used the product notation throughout the chapter in the context of group cohomology
valued in U(1).

Pull-back: Recall that given a map M; — M, between two manifolds, one can pull-back n-
forms on M5 to n-forms on M;. The analogous statement in group cohomology is that given a
group homomorphism G — G, we obtain a module homomorphism H(G’, A) — H'(G, A).
Explicitly, let b : G — G, then h : H'(G', A) — H¥(G, A) is given by

he) (g1, -, 9:) = a(h(gr), -+, h(g)). (D.1.6)

Cup product: There is an operation called cup product C*(G, A) x CI(G, A) — C" (G, A)
when A is aring. If « € H(G, A) and 8 € H/(G, A), then the cup product is defined as

(U B) (g1, 7gi+j) =a(g, -, 9)B(Gir1, »gi—i—j)' (D.1.7)

It can be easily checked that this product descends to a product on cohomologies.

One-dimensional representations of G: Let us ask what is the meaning of H'(G,U(1)). The
1-cochains are maps from G to U(1) and imposing the cocycle condition turns them into group
homomorphisms. Hence H' (G, U(1)) is the group formed by one-dimensional representations
of G. In particular, when G is a finite Abelian group, then H!(G,U(1)) ~ G is the dual group.

Projective representations of G: Now, let us ask what is the meaning of ¢ € H?*(G,U(1)).
We want to interpret the €(g, g2) as the phases defining a projective representation of GG. The
cocyle condition reads

(91, 92)€(g192, 93) = €(g2, 93)€(91, G293) (D.1.8)

which is the associativity condition such phases are required to satisfy. Such a cocycle can be
shifted by a coboundary of the form

B(9192)
5(91)5(92)

which corresponds to rephasing of the group action on the projective representation. Thus, we see
that H%(G, U(1)) classifies the phases encountered in projective representations upto rephasing.
The usual representations correspond to the trivial element of H?(G, U(1)).

dB(g1, g2) = (D.1.9)

Crossed products and extensions of groups: Consider an Abelian group H and a (possibly
non-Abelian) group K. Consider an action of K on H and use it to define H?(K, H). An
element x € H*(K, H) can be used to define a group extension G of K by H, that is there is a
short exact sequence

0-H—->G—>K—=0 (D.1.10)
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and G is called the x-cross product of K and H and it is written as G = H x,, K. Explicitly, the
group G as a set is the direct product H x K with the group multiplication given as follows

(hl, k’1)(h2, kz) = (h1 + (k’l > hg) + I{)(kl, ]{32), ]{51]{52). (D.1.11)

Here, > denotes the action of K on H via inner automorphism in G. The reader can verify that
the associativity of the group multiplication is ensured by the cocycle condition on x. Shifting
k by a coboundary changes GG upto isomorphism. Hence, group extensions of K by an Abelian
group H are classified by a group action of K on H along with an element in H?(K, H) defined
using the group action.

Bicharacters on GG: Consider an Abelian group G and a trivial module A of G. Given a
cohomology element in H?(G, A) represented by a cocycle €(g, h), one can form a(g,h) =
€(g,h) — €(h, g) which is an antisymmetric function on G. This is indeed well defined because
adding a coboundary to € doesn’t change cv. When A is U(1) this « is a bicharacter, and there’s
a bijection between an antisymmetric bicharacter on G and H?(G, U(1)).

A useful isomorphism: Recall the familiar statement that any closed n-form is exact locally.
In group cohomology, the analogous statement is that

H'(G,R) =1, (D.1.12)
that is H'(G,R) is trivial. We can use this to obtain H"'(G,Z) ~ H'(G,U(1)). This follows
from the long exact sequence associated to the sequence 0 — Z — R — U(1) — 0.

Explicit group cohomologies:
o H*(Zy,Z) = Zxs]/(nxs).
o H*((Z,)", U(1)) = (Zn)"*~1/2,
o H3((Zy)*, U(1)) = (Z,,)k+kk=0/2+k(k=1)(k=2)/6 " yith generators given by

Oz(i)(a, b,c) = 627Fiai(bi-i-czi—<bi-&-6i>)/"27 (D.1.13)
a(i,j)(a’ b,c) = 627riai(bj+cj_<bj+cj>)/n2’ (D.1.14)
B3R (g, b, ¢) = ePriaibicr/n (D.1.15)

where a,b,c = {0,1,...,n — 1} and (a) is the mod n function to {0,...,n — 1}. In
particular, H3(Z,,U(1)) = Z, and its generator has the cocycle

a(a, b, c) = exrialbre=bta)/n?, (D.1.16)
e For D,, the dihedral group with m elements we have [213],
H* (Dma Z) = Z[a27 b27 C3, d4]/(2a27 2b2a 263) md47 (b2)2 + a2b2 + (m2/4)d4) (D117)
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In particular, HQ(D2n+17U(]_)) = 0, H3<D2n+1,U<1)) = Z4n+2; HQ(DQ,“U(]_)) = Z2 X
Zo, H3(Dyy,, U(1)) = Zy X Zy X Zs,. The explicit generators can be found in [214].

e For (), the quaternion group, we have [215]

H*(Qg,7Z) = Z[Ay, By, C4]/(245,2B5,8C,, A3, B3, Ay By — 4Cy). (D.1.18)
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