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Abstract

In this work, we consider the problem of simulating time-independent Lindblad evolu-
tion in continuous time using time-independent Schrodinger evolution. The task is distinct
from the usual computational problem of outputting the final state of a time evolution, as
we seek to have our simulation be close to the original evolution at all times between the
start and end. This goal is broken down into two parts, this work focusing only on the
first: approximating an instantaneous reset of a qubit with time-independent Schrodinger
evolution and combining multiple time-independent approximations into a single time-
independent evolution that inherits characteristics of its constituents.

We propose and analyze a family of time-independent Hamiltonians and initial ancilla
states that approximate in continuous time an instantaneous reset of a single qubit with
four parameters: state error, time to perform the reset, time before the reset in which the
initial state is unchanged, and time after the reset in which the state remains reset. The
specific time-independent Hamiltonians are constructed using the idea of interpolating a
unitary that exchanges the information between the input register and a register initialized
to the |0) state, but only after a set number of applications and then leaves the input register
untouched for a set number of additional applications.
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Chapter 1

Motivation

In quantum physics, the simplest mathematical model to describe continuous time evo-
lution of quantum systems is that of Schrodinger’s equation, in which all state evolution
within the Hilbert space is guided by the action of a fixed Hermitian operator, the Hamil-
tonian. However, the fixed Hamiltonian model is not the only model of time evolution.
In the realm of quantum computation, letting the Hamiltonian depend on time allows a
sequence of independent unitary gates to be applied to an input state in succession rather
than as a single, net unitary. Additionally, in the realm of open systems, time evolution
usually involves Markovian dissipation, which has elicited the Lindblad master equation
as a description of those open systems.

1.1 Models of evolution

As a basis for this work, we consider the question of how well one model of evolution may
simulate another. However, our notion of simulation is different from the usual computa-
tional sense, as we would like to have our simulating evolution match the original at all
times between the start and finish times, not just momentarily at the start time and at
the finish time. To make our discussion of simulating models of evolution precise, we first
define the notion of a parameterized channel, which is just a function mapping some input
to a set of channels.

Definition 1.1.1. Let S be some set and X and Y be Hilbert spaces. A “parameterized
channel” from X to Y over the parameter space S is a function from S to channels from
X to ). Notationally, for the parameterized channel ® over S from X to Y, any s € S,



and any density operator p on X, we write ®[s] to denote the specific channel from X to Y
corresponding to s, and we write ®[s|(p) to denote the density operator on Y that results
from applying ®[s] to p. Furthermore, we may optionally write ®[s|x_y to specify that the
channel’s source is the register labeled X and that its destination is the register labeled Y,
or just ®[s]x when X =Y to specify that the source and destination registers are both the
same register.

The above definition allows us to describe an evolution as particular type of parame-
terized channel, mapping time, a real number, to a channel.

Definition 1.1.2. Let X be a Hilbert space. An “evolution” or “process” on X is any
parameterized channel ® over R from X.

Using the above definition, we may think of a “model of evolution” as simply any set
of evolutions.

Also, we utilize parameterized channels to define some common notation that appears
frequently throughout the rest of this work.

Definition 1.1.3. Let X be a Hilbert space. The unitary parameterized channel is a
parameterized channel from X to X over the parameter space of unitaries acting on X that
is defined as simply evolving the state by the parameter unitary. Notationally, we omit a
symbol for the parameterized channel itself for brevity, and denote the channel that applies
the unitary U simply as [U]. In other words, for p being a density operator and U being a
unitary,

[Ul(p) = UpU". (1.1)

Definition 1.1.4. Let X and )Y be Hilbert spaces. The ancilla parameterized channel,
denoted =, is a parameterized channel from X to X ®) over the parameter space of density
operators on Y that is defined as adding an ancilla register initialized to the parameter
density operator. In other words, for p being a density operator on X and o being a
density operator on Y,

Elo](p) = p@o.

As the input register is usually implied and the input register is reused as an output register,
we may abbreviate Z[o]x_xy simply as Z[o]_y.

Though they are not parameterized, we also use tr to denote the trace channel and I’
to denote the reset channel.



Definition 1.1.5. The trace channel, denoted tr, is the channel that maps a square linear
operator to the sum of its eigenvalues. For a density operator p acting on X ® Y, we write
the partial trace of p over X as (trxy ®1Iy)(p).

Definition 1.1.6. Let X be a Hilbert space with basis B = {|0),...,|dim(X) — 1)}. The
reset channel, denoted I' is defined as the channel that replaces its input with |0) (0] ,. As
such, we may express I' as

I' = Z[|0) (0| 4] o tr (1.2)
or, equivalently,
[' = (Ix ® try) o [swaP] o Z[|0) (0],], (1.3)
for an extra register ) = X. The equivalency may be seen as

Z[10) (O] x] o tr = (trx @1y) © Z[|0) (0]
= (Ix ® try) o [swAP] o Z[[0) (0],,]. (1.5)

Returning to evolutions, the models mentioned above may now be formally expressed.
We consider the model of time-independent Schrodinger evolutions for the Hilbert space X
as solutions to the time-independent von Neumann equation, the density operator gener-
alization of the Schrodinger equation, for the Hamiltonian H being a Hermitian operator
on X and p being a density operator,

p = —ilH, pl, (1.6)

in which the commutator [A, B] is defined as AB — BA. Notably, each time-independent
Schrodinger evolution @ has the form

Dlt] = [e”"] (1.7)

for H being the Hermitian operator from above. Conversely, conjugation by any unitary
operator U can be expressed as a time-independent Schrodinger evolution for some fixed
time ¢ by picking some H = %(z InU), for which InU is multi-valued. By the Stinespring
dilation theorem, it follows that any arbitrary channel ¥ may be expressed as

U = (I ®tr)o®t] o Z[p] (1.8)

for some time-independent Schrodinger evolution @, some fixed time ¢, and some ancilla
state p.



Similarly, we consider the model of time-dependent Schrodinger evolutions for the
Hilbert space X as the solutions to the time-dependent von Neumann equation,

p=—ilH(t),pl, (1.9)

for H now being a function from the real numbers to the Hermitian operators acting on X.
Clearly, the model of time-dependent Schrodinger evolutions subsumes the model of time-
independent Schrodinger evolutions, as a time-dependent H can be defined to be constant
in t.

Lastly, the model of time-independent Lindblad processes for the Hilbert space X is
given by the solutions to the Lindblad master equation,

1
p=—ilH, p] +Z ( LipL! — LTLgp— 5@%) , (1.10)

for H being a Hermitian operator and {L; : j € [m]} being a set of linear “jump” operators
[9][10]. Again, the model of time-independent Lindblad processes clearly subsumes the
model of time-independent Schrédinger evolutions, as the jump operators may all be set to
0. Though a time-dependent generalization of Lindblad processes exists, it is not relevant
to this work.

We state that an evolution @ is simulated for time ¢; by another evolution ¥ on a
larger Hilbert space with initial ancilla p if evolving by ¥ for any t € [0,t;] with an
ancilla initialized to p has the same effect on the main system register as evolving by & for
the same amount of time. Note that this notion of simulation is distinct from the usual
computational notion of simulation that is only concerned with the closeness of the final
result, as we care about the intermediate times over the entire course of the evolution.

Definition 1.1.7. An evolution ® on Hilbert space X is said to be simulated by another
evolution V on Hilbert space X ® YV with ancilla state p on Y for time ty € R with error
€ > 0 if, for any time t € [0,14],

1B [ — (I @ tr) 0 W[t] 0 Z[o]||, <e, (1.11)

in which ||-||¢ denotes the completely bounded trace norm on quantum channels.

With this definition, we may also state that an entire model of evolution simulates a
single target evolution ® if the model contains any evolution that simulates ®.



1.2 Simulation of Lindblad evolution

Based on their definitions, both the time-dependent Schrédinger model and the time-
independent Lindblad model completely subsume the time-independent Schrodinger model,
so it naturally follows that both models may simulate all time-independent Schrodinger
evolutions with no error and infinite duration. On the other hand, time-independent
Schrodinger evolutions must satisfy the Poincaré recurrence theorem, in that, for any
error € > 0, there exists a time ¢t > 0 such that evolution for time ¢ returns the state
to being within € of the initial state. Time-dependent Schrodinger evolutions and time-
independent Lindblad evolutions in general do not satisfy the Poincaré recurrence theorem,
as the time-dependent Hamiltonian that flips a qubit just once before turning off and
the Lindblad amplitude damping process are counterexamples [9][10]. Thus, the time-
independent model cannot simulate all time-dependent or Lindblad evolutions with no error
and infinite duration. In this work, we focus on whether or not time-independent Lindblad
evolution may be simulated by time-independent Schrodinger evolution for arbitrarily small
error and arbitrary duration.

The task of efficiently producing the final state of time-independent Schrédinger evo-
lution using quantum algorithms, or, equivalently, the time-dependent Schrodinger model,
has been well studied [7][38][1][2][3][!]. More recently, it has been shown that quantum
algorithms can also be utilized to efficiently output the final state of an arbitrary time-
independent Lindblad process for an arbitrary evolution time and arbitrarily small error

[51[6]-
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Figure 1.1: Circuit diagram simulating Lindblad evolution.

Though the task of outputting just the final state generally ignores intermediate times



and thus differs from the focus of this work, [0] does include a simple, though inefficient,
method of simulating a time-independent Lindblad process via time-dependent Schrodinger
evolution that does respect intermediate times. For a given time-independent Lindblad
evolution ® with Hamiltonian H and jump operators Lq,...L,, and an arbitrary time
t; € R, ®[ty] may be approximated by repeatedly interleaving the three channels

{e—“m] : el I® [e—“ftﬂ , (1.12)

as depicted in Figure 1.1, for which J is a Hermitian block matrix defined from the jump
operators as

o LI ... L}
Ly 0 ... 0

J=1. . . .| (1.13)
Ln, O 0

Specifically, with
Uy = <[® [e—iH%fD o(T®I)o {e—“\/ﬂ , (1.14)

it is the case that the channel
(Un)N

converges to ®[ty] in the limit as N — oco. Moreover, fixing some t < t;, a prefix of

k= [%-‘ steps of the above channel, given by the channel

(\I]N)ka

approximates @ [t] in the limit as N — oo [0][10].

So far, our discussion of simulating time-independent Lindblad evolutions has been
limited to discrete applications of unitary gates and quantum channels. However, in the
world of continuous time evolution, the approach above suggests that we might simulate
the entirety of ® by applying ¥ instantaneously N equally spaced times in sequence,
so long as N is sufficiently large. We can imagine this evolution as simply assigning the
time % to the kth group of three operations in Figure 1.1, so that the state at time ¢ can



0 & ty et

Figure 1.2: Mlustration of T4 with s from (1.16) as a timed circuit of channels. The state
at time t is given by applying all of the gates with times less than t starting from ®.

be determined by applying all of the operations whose times are less than ¢ sequentially.
Then, fixing some € > 0, as long as

o]

<e (1.15)
O
trk tp(k+1)
N' N
by repeatedly instantaneously applying Wy at N equally spaced points in time between
0 and t;. To formalize this last notion of a timed circuit or an evolution that consists
of a sequence of channels each occurring instantaneously at a specific time, we define the
following parameterized channel:

for any £k < N and any ¢ € ), we may simulate ® for time ¢; with error e

Definition 1.2.1. Let X be a Hilbert space and C(X) be the set of channels acting on
density operators on X. Let the channel sequence

s=((P1,t1),..., (Pp,t,)) € (C(X),R)" (1.16)

for somen € Nwitht, < --- <t, denote a sequence of pairs of channels and times at which
the corresponding channel is instantly applied. The sequence of channels evolution for s,
denoted Y, is an evolution and parameterized channel from X to X over the parameter
space R. Then, fort € R, T, is defined as follows:

I t <ty
Ts[t]: DPro---0®y  t <t < tpy, k<n. (117)
(I)no"'oq)l tztn

The above evolution s depicted in Figure 1.2.

Equipped with the above definition and channel sequence

s ((xpN tﬁf) ,...,(@N,tf)) , (1.18)



constructed by assigning the times % for k < N to each group of three operations in
Figure 1.1, we may formally state that as long as the condition from (1.15) holds,

1@ [t] = LS [t]]], < e (1.19)

for all ¢t € [0,].

Even at this point, we are still outside the realm of time-independent Schrodinger
evolution, as our simulation of ® relies on instantaneous applications of Wy. In particular,
we still need to find some time-independent Hamiltonian and initial ancilla state whose
evolution approximates the instantaneous applications of Wy as defined in T4. However,
instead of tackling the problem of approximating all of the applications of Wy in T directly,
or even approximating a single instantaneous application of Wy, this work concerns itself
with approximating just the reset step I' from W . Whether or not such a time-independent
Schrodinger simulation of just I' can be composed with approximations of other steps into
a single Hamiltonian and single ancilla that simulate ® is left for discussion in section 4.2.

1.3 The reset problem

As we are now solely interested in the reset step of Lindblad simulation, we will focus on
finding a time-independent Hamiltonian and an initial ancilla state such that their evolu-
tion reasonably approximates Y (r;,) for an arbitrary time ¢; and an arbitrary additional
duration after ;. Unfortunately, we cannot reuse our definition of simulation for evolu-
tions from Definition 1.1.7, as T, has a discontinuity at time ¢; when IT' is applied
instantaneously while any time-independent Schrodinger evolution can be expressed as a
continuous analytic function. Consequently, the requirement in Definition 1.1.7 that the
channel distance is no more than e for all times cannot possibly be satisfied for small ¢
around ty. As such, we define the property of a Hamiltonian and an initial ancilla state
performing an (¢, d)-approximation of a channel ® with time ¢, denoting the “before time”
and t, denoting the “after time” as evolution by the Hamiltonian and ancilla leaving the
input state unchanged within error € until time ¢, — d, applying ® to the input state in
time 20, and finally returning to leaving the state unchanged within error € for time ¢, — 9.

Definition 1.3.1. Let X and Y be Hilbert spaces. A Hamiltonian H acting on Hilbert
space X ® Y and an initial state p on Y are said to perform an (€,0)-approximation of a

channel ® on X with time t, > 0 before and time t, > 0 after if the following two properties
hold:



1. For anyt € [0,t, — 9],

|(Lx ® try) o [e 7] 0 Z[p]y — 1|, < e. (1.20)

2. For anyt € [ty + 0,t, + t4),

[(Ix ® try) o [e7] 0 Z[p] Ly — @, <. (1.21)

Furthermore, for s = (®,t,), H and p are also said to perform an (€,0)-approximation of
T, with total duration t, + t,.

Chapter 2 proposes a family of Hamiltonians and ancillas that seem to satisfy the above
(e, 0)-approximation property for I' with € and § being arbitrarily small, and Chapter 3
provides a rigorous analysis of those Hamiltonian and ancilla pairs.



Chapter 2

The Reset Hamiltonian

As motivated by the previous chapter, we would like to construct a time-independent
Hamiltonian and initial state that perform an (e, §)-approximate reset for an arbitrary e
and 6. Unfortunately, there exists no such pair that performs a reset for e = 0 [11].

Theorem 2.0.1. There exists no Hamiltonian and initial ancilla state that perform an

(€,9)-approzimation of I' for e =0 and 6 < min(ty,t,).

Proof. Suppose that, for input register S, such a Hamiltonian and initial state exist, de-
noted H and p, respectively, with p acting on ancilla register £ and H acting on S ® £.
Based on the first property of approximate reset, let the function f : R — R be defined for
any t € [0,t, + t,] as

ft) = ||(Is @ trg) o [e 7] 0 E[p] e — 1], (2.1)

As f is a composition of analytic functions, f is also analytic. Furthermore, by definition
of (e, 0)-approximate reset, f(t) = 0 for ¢t € [0,t, — 0]. As 0 < t;, f is constant on an
interval of non-zero length. As f is analytic, f must be constant for all t € [0,t, + t,]. It
follows that

(Is®tre) o [e ] o E[p| e =1 (2.2)

for all t € [0,t, + t,]. However, using similar reasoning with the second property of
approximate reset, we also obtain that

(IS ® tI'g) o [e*th} o E[p]ﬁg =TI (23)

for all t € [0,t, + t,]. Clearly, I' # I, so contradiction proves that the initial supposition is
false. O

10



As no € = 0 reset can be performed by time-independent time evolution, this work pro-
poses a construction of a Hamiltonian and initial state that perform an (¢, §)-approximate
reset for an arbitrarily small € > 0 and 6 > 0. Furthermore, for simplicity, we fix the time
before and time after as t, = t, = }1 from Definition 1.3.1. In general, these parameters can
be chosen arbitrarily with a few adjustments, but that case is left for the rigorous analysis
in chapter 3.

2.1 Simple construction

Before tackling the more general construction that does nothing, performs the reset, and
returns to doing nothing, we first consider the task of simulating the reset for just a single
instant in time. In the Hilbert space of just two qubit registers, labeled S for the system
qubit and & for the environment qubit, the most natural approach to simulating a reset
for one instant is to initialize the ancilla to |0), evolve both registers according to some
Hamiltonian that generates the SWAP operator, and then trace the environment out.

However, instead of considering SWAP, we choose a slight modification to SWAP that we
will later generalize to perform resets that last more than just a single instant. Specifically,
we define the s waP-and-X unitary as follows:

Definition 2.1.1. The unitary operator Us is defined as

Usx = (I ® X)SwAP. (2.4)

Naturally, Usx can be used in exactly the same way as SWAP to perform an instantaneous
reset, as applying a Pauli X operator to a register right before tracing it out is equivalent to
tracing out the register immediately. That said, unlike SWAP, Ugy has the special property
that it is a cyclic permutation unitary, which is defined as follows:

Definition 2.1.2. Let a cyclic permutation unitary for dimension N € N be any unitary
operator U that satisfies:

1. U permutes the computational basis states {|0),...,|N —1)}.

2. For everyn € Zy, there ezists an m € Zy such that |n) = U™ |0).

We may verify that [00) = U2, |00), |01) = UL |00), [10) = U2, |00), and |11) = UZ |00),
so Uy is indeed a cyclic permutation operator.

11
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Figure 2.1: Table form of Us. One application of Ug advances each basis state to the
basis state below it, wrapping from the bottom to the top.

One useful property of cyclic permutation unitaries is that such a unitary can be simply
represented as an ordered table of computational basis states. The table is ordered such
that one application of the unitary takes each basis state to the one below it, wrapping
from the last basis state to the first. For instance, our Uy unitary can be represented by
the table in Figure 2.1 acting on systems S and &.

From the table it is simple to see that for either computational basis state with the
environment initialized to |0), a single application of Uy results in the system register
ending in the state |0).

However, the primary useful property of cyclic permutation unitaries is that every such
unitary, of any dimension, each has a simple, nicely structured Hamiltonian that generates
evolution by that unitary. To obtain this result, we first note that any cyclic permutation
unitary of dimension N can be expressed in terms of a canonical cyclic permutation unitary
for dimension N, defined as follows:

Definition 2.1.3. For any N € N, let the canonical cyclic permutation unitary for di-
mension N and computational basis {|j) : j € Zn} be denoted by Cn and act on the basis
states as follows:

O 1j) = |(j + 1) mod ) (2.5)
for any j € Zy.

Subsequently, we have the following theorem.

Theorem 2.1.4. An arbitrary cyclic permutation unitary C for dimension N can be de-
composed as C = PCxnPT for some permutation unitary P.

Proof. Let C be a cyclic permutation unitary for dimension N and basis {|j) : j € Zn}.
Then, by the definition of a cyclic permutation unitary, let |¢;) = C7|0) for each j € N.

12



As C is a permutation unitary, {|¢;) : j € Zny} = {|j) : j € Zn}. Let P be the
permutation unitary such that P |j) = P |t;) for each j € N. Tt follows that Cy = PTCP,
so C' = PCyP?. O

By the above theorem, finding a Hamiltonian that generates powers of C' at discrete
time steps reduces to finding a Hamiltonian that generates Cy. Thus, we consider one
Hamiltonian that generates C'y, based on the intuition that the eigenstates of C'y are the
Fourier basis states.

Definition 2.1.5. Let wy be the Nth primitive root of unity and Fy be the N -dimensional
Fourier transform unitary that is defined as

1 T
Py= s 30 30 Wil (. (26)

JELZN kKELN

Let Dy be the N-dimensional Hermaitian operator that is diagonal in the computational
basis and is defined as

Dy =Y —2mj5) (il - (2.7)

JEZN

Then, we define the canonical cyclic permutation Hamiltonian as Hy = F;,DNFN. No-
tably, Hy has spectral norm ||Hy||oo = 27(N — 1), which is related to the maximum energy
needed to evolve by the Hamiltonian.

By plugging in t = %,

Hy indeed generates Cly:

we may verify that time-independent Schrodinger evolution by

Theorem 2.1.6. For any N € N and t = %,

e Nt = Oy (2.8)

13



Proof. Let j € Zy

eIV |j) = Fle” VN Fiv|j) (2.9)
T 1 ;
= F}, ( &% |l) <l|> — Y W k) (2.10)
l€EZN \/N k€EZn
1 .
- (Tehin) o 3t 1)
l€EZN \/N k€EZn
1 1)k
_ FJL\/—N%XZ: wdTVF ) (2.12)
N
=[i+1) (2.1
= Cy |j) 1
By linearity, e *#nt = Cly. O

Corollary 2.1.7. Let C = PCy P be a cyclic permutation unitary. It is generated by the
Hamiltonian PHxP?.

Returning to our 2-qubit construction, the unitary Ug can be expressed using the
dimension-4 canonical cyclic permutation operator as

Usx = (I ® X) SWAP (2.15)
= CNOTg¢ Cy CNOTgg, (2.16)

in which CNOTg¢ performs a NOT operation on the £ register, controlled on the S register.

14



Indeed, we have that

CNOTgg Cy CNOTg¢ |00) = CNOTgse Cy |00) (2.17)
= CNOTs¢ |01) (2.18)

= |01), (2.19)

CNOTgg Cy CNOTg¢ |01) = CNOTgse Cy |01) (2.20)
= CNOTs¢ |10) (2.21)

= [11), (2.22)

CNOTgse Cy CNOTg¢ [11) = CNOTge Cy [10) (2.23)
= CNOTgs¢ |11) (2.24)

= [10), (2.25)

CNOTgsg Cy CNOTg¢ |10) = CNOTge Cy |11) (2.26)
= CNOTg¢ |00) (2.27)

(2.28)

= |00),

matching Figure 2.1.

Using the cyclic permutation decomposition of Usy, we find that Uy is generated by
the Hamiltonian

Hi = cNOTge Hy CNOT5¢ . (229)

Moreover, as e~ 4! has period 1, and the discrete reset occurs after one application of Usy
out of a cycle of 4 states, evolution by the Hy, Hamiltonian realizes a reset at time ¢t = %.

Now that we have an explicit Hamiltonian Hgc, we may now consider how well it
simulates a reset beyond the single moment when ¢ = %. According to numerical simulation,
as illustrated in Figure 2.2, the 4-dimensional Hamiltonian does evolve a |1) state to an
exact |0) state at time ¢ = 1 and stays somewhat close to |0) until time ¢ = 3. Furthermore,
when starting in the state |0), evolution by the Hamiltonian maintains a state that is closer
to |0) than |1) until time ¢ = 1. However, recalling the definition of (e, §)-approximate
reset Definition 1.3.1, we would like our reset Hamiltonian to approximate the identity on
S before the reset, perform a reset in time ¢, and persist the reset state. Unfortunately, our
4-dimensional Hamiltonian performs poorly according to our definition, as the evolution
begins to reset the |1) state immediately, takes a long time to perform the reset, and does
not maintain a steady |0) as the post-reset state. To resolve these issues, we consider a

generalization of Uy and Hgy for dimension larger than 4.
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Figure 2.2: Probability of measuring |0) on S when evolving by Hgy with ancilla |0) on £.
t, and t, + t, are labeled in red and brown, respectively.

2.2 Clocked construction

Aside from the starting time and the single instant that Hg exactly performs a reset,
evolution by Hgy drifts away from the idealized reset behavior. The behavior of Hy at
these two times corresponds to how zero applications of Uy followed by tracing out the
environment performs the identity and how a single application of Uy followed by tracing
out the environment performs a reset. As such, in hopes of finding a Hamiltonian that drifts
less from the initial state and reset state, we consider replacing Ugy in our construction
process with a unitary that maintains the starting state and the reset state on the system
register for more than just a single application each. It turns out that such unitaries do
exist and may be obtained by generalizing Usk to an N = 2"-dimensional unitary, denoted
Uci,n, which shall be defined later, that maintains the starting state for % applications

and maintains the reset state for another % applications.

Although such a unitary does not guarantee any behavior of a corresponding Hamilto-
nian except for the moments in time corresponding to discrete applications of the unitary,
it turns out that the cyclic permutation Hamiltonian that is obtained from U, y, denoted
Hey, v, which shall also be defined later, has most of the properties we desire.

In particular, according to numerical simulations of H, y illustrated in Figure 2.3, we
observe that for larger IV, H, ny seems to converge pointwise to an idealized reset. Notably,
the high amplitude troughs are pushed closer to time ¢t = 0 for the |0) initial state and
time ¢ =  for the |1) initial state, suggesting that He, y performs an (e, d)-approximate
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reset with smaller § as IV increases. Similarly, as /N increases, the state remains closer to
1

the initial state for a larger portion of time before ¢ = 7, and the state remains closer to
|0) for a larger potion of the time after ¢ = i. However, this last observation is not enough
to suggest that e decreases with larger N, as the depth of the first trough for the |0) case
does not seem to change with larger N, though its width does. Fortunately, this issue may
be resolved by shifting the entire curve leftward using an initial ancilla state |j) on C with
j > 0. A complete, rigorous analysis of the reset property for H¢,, n is provided in Chapter

3.

To define the Hamiltonian H, n, we first generalize Usx to the clocked-swapP-and-X
unitary U,y for dimension N = 2" with n > 2. Conceptually, we partition the (n — 1)-
qubit environment register £ into a 1-qubit “eXchange register” labeled X, and an (n — 2)-
qubit “Clock” register labeled C. Similar to £ in the 4-dimensional case, X serves as the
register into which the information of § is swapped into. On the other hand, the new
register C simply maintains a clock or counter that maintains a memory of the number of
unitary applications before the swap between & and X occurs. The above description can
be captured by ensuring U, y has two properties:

1. Uy n always increments the state of the %—dimensional C register by 1, mapping
0) = 1) = -+ = [E = 1) = |0).

2. Uq,nv applies the Uy operator to the S and X registers when the clock overflows, or
in other words, after exactly % applications.

While the second property ensures that a reset is performed on S after exactly % applica-
tions of Ug, v, the first property ensures that no change occurs to S after any of the first
% — 1 applications of Uy, y nor any of the % — 1 applications after the reset.

For instance, U 4 has a 2-qubit clock and corresponds to the table in Figure 2.4.
From the table we may observe that, indeed, for either state in which the environment is
initialized to |000), the first three applications of Ug, 4 leave the system state unchanged,
whereas the fourth through seventh application leave the system qubit in the state |0).
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Figure 2.4: Depiction of an input qubit superposition [i) being reset after exactly 4 appli-
cations of U 4. Each application of U, 4 advances the state down the table.
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Figure 2.5: Circuit diagram of U,y that resets register S after &' applications, though

1
Uei v is never actually constructed from constituent gates.

The above properties give the intuition that we should define U, y according to the
circuit in Figure 2.5. However, we formally define U,y in terms of its canonical cyclic
permutation decomposition and then prove that it is equivalent to the circuit shown in the
figure.

Definition 2.2.1. For N = 2" with n € N, the unitary operator Uy, n is defined as

UCL,N = (CNOTs)( ®]c)ON(CNOTSX ®Ic). (230)

According to its definition, Uy, n in its conjugated canonical cyclic permutation form
is a natural generalization of that of Uy from (2.16). However, we must still verify that
the operator indeed satisfies the two desired properties described above.

Theorem 2.2.2. For N =2" withn €N, j € Z%, and |) ,|®) as qubit pure states,

Ul [9)16)10) = [9) [6) |3) - (2.31)
Proof.
Us n [0) [0)]0) = <(CNOTSX ®1¢)Cn(CNOTsx ®Ic)>j [v) @) 0) (2.32)
= (CNOTSX ®Ic)CgV(CNOT3X ®]c) |”¢> |¢> |0> (233)
= (CNOTgx @)% (CNOTsx [¥0) |0)) |0) . (2.34)
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Note that CNOTgsxy |1) |¢) may be expressed in the computational basis with amplitudes
o, Ao1, 10, and ap; as

ONOTsx [¢) [6) = D > a [k) |I) . (2.35)

It follows that
(CNOTsx ®10)C (CNOTsx 1) |6)) [0) = (CNOTsx @ 1¢) (Z > anC k) 1) \0)) (2.36)
— (ONOTgx Q1) (Z > ap k) |1) U)) (2.37)
= (CNOTsx ®Ic)(CNOTsx [¢) |#)) [4) (2.38)
= [¥) |9) 17) - (2.39)
[

Theorem 2.2.3. For N = 2" with n € N,

N
Ug.n = (Usx ® Io). (2.40)
Proof.
N N
Uan = ((CNOTSX ®I¢)Cn(CNOTsx ®Ic)) ! (2.41)
N
= (ONOTsx ®Ic)Cp (CNOTsy ®I¢) (2.42)

N
To rewrite C'y , we use the following lemma:

Lemma 2.2.4. For N = 2" withn € N and M = 2™ with m < n,
cN = C% ® I (2.43)
in which I denotes the qubit tdentity unitary.

Proof. Note that

Ck=Cy @1, (2.44)
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proving the lemma for m = 1. Assume towards induction that for m = k,

cN = C% ® 1™, (2.45)
Then, for m =k +1,

N = (C%)? (2.46)
= 0% @ I% (2.47)

ok
— (02% ®I)® I (2.48)
=COn ® %™, (2.49)

M
Thus, induction proves the lemma. O

Using the lemma,

(CNOTsxy ®Ic)CR (CNOTsxy ®Ic) = (CNOTsy ®I¢)(Cy @ Ic)(CNOTsx ®1¢) (2.50)
= (Usx ® Ic). (2.51)

Corollary 2.2.5. For N =2" withn €N, j € Z%, and |¥) ,|p) as qubit pure states,

U ) 10 1) = 1) (X [9) 1) (2.52)

As Uq, y is a cyclic permutation unitary, we may obtain a Hamiltonian that generates
it from the cyclic permutation Hamiltonian using Corollary 2.1.7:

Definition 2.2.6. For N = 2" with n € N, the Hamiltonian He, n 15 defined as
Heo v = (CNOTsy ®1¢)Hy(CNOTsy ®1¢). (2.53)

As the Schatten norms are unitarily invariant, He,n has spectral norm ||Hepn|leo =
|Hy|loo = 27 (N —1).

Similar to evolution by Hgy, evolution by H, n is periodic with period 1, and an exact
reset is performed for an instant at time ¢ = i. However, H, v also exactly performs the
identity for an instant at times ¢ = 0, + 1_ 1

and exactly performs a reset for an

N 4 N
instant at times t = 71’ i + %, e ,% — % In Chapter 3, we prove rigorously that He, n

may be used to satisfy the approximate reset property.
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Chapter 3

Analysis

In this chapter, we prove that for any choice of €,0 > 0, and t;,t, > 0, there exists an
N such that the clocked Hamiltonian H, n defined in Definition 2.2.6 and an appropriate
ancilla state |1)) perform an (e,d)-approximate reset for those parameters, according to
Definition 1.3.1. That is, H¢, y satisfies the properties in the following theorem:

Theorem 3.0.1. Let €,0 > 0 and t,,t, > 0. Let the timescale adjustment of the reset be
denoted by

)
7 = max(ty, t,) + 7 (3.1)
Let
16
N =2"=0(e % *r") > max (TT, 4) (3.2)
with n € N. Let the approximate initial time offset be denoted by
_ N
] = ’VE@' — tb>—‘ € Z% (33)
Then, the Hamiltonian
1
H= - Hon (3.4)

acting on S @ X ® C and the ancilla state

p=10)(0l® |5} (j| (3.5)
on X ® C satisfy the following two properties:
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1. For anyt € [0,t, — 9],
I(Is @ trae) o [e™ ] 0 Elp] sxe — Is]lo < e (3.6)
2. For anyt € [ty + 0, tp + t4],

[(Is @ trxe) o e 0 Z[p] e — Lsllo < €. (3.7)

However, instead of proving the above theorem directly, we first prove a simpler version
of the theorem in which ¢ and § are still arbitrarily small, but ¢, and ¢, are fixed with
t, = t, = 1, and the behavior of the reset is allowed to be arbitrary on the intervals [0, ]
and [t, +t, — d,t, + t,]. Specifically, fixing t, and ¢, allows 7 to be set to %n while allowing
a small window of arbitrary behavior at either end of the time interval allows the state |7)
to be replaced by the state |0).

Theorem 3.0.2. Lete,d > 0. Let N =2" = O(e 85~1) forn € N. Then, the Hamiltonian
H = He n acting on S @ X ® C and the ancilla state p = |0) (0], ® [0) (0|, on X ®C
satisfy the following two properties:

1. For anyt € [5,% —5],
I(Is ® trxc) o [e7"] 0 E[p]sae — Islo < e (3.8)
2. For anyt € [}1—1—(5,1—(5},
I(Is @ trace) o e 0 Z[p]sxe — Tsllo < . (3.9)
Proof. We first isolate a parameterized channel ¥ that acts as a subroutine for the overall

simulated reset and ends up allowing us to bound both channel distances in Theorem 3.0.2
by a single expression of W.

Definition 3.0.3. Let ¥ be a parameterized channel with three parameters, a Hamiltonian
on CV, a density operator on C%, and a real number denoting time, forn € N and N = 2"
from S @ X to S ® X defined for H a Hamiltonian on n qubits, p a density operator on
n — 2 qubits, and t € R as

U[H, p,t] = (Isx @ tre) o [e7""] 0 E[p] . (3.10)
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In particular, for o an arbitrary density operator on C and p = |0) (0|, ® o¢, the
proposed simulated reset may be expressed as

(Is @ trac) o [e""] 0 E[p] e = (Is @ tra) 0 W[H, 0, t] o E[|0) (0 . (3.11)

For p and ¢ arbitrary, we may use Theorem 2.2.3 to note that

U[Hon, pit] = (Isx @ tre) o [e”HeNt] 0 E[p] e (3.12)
I ~iHan(t-1)] o =
= (Isx ® tr¢) [UCL,N} o {e e (1% ] = (3.13)
= (Isx @ tre) o Uk @ I] 0 [e*@'f’w(t*i)] o Z[pl e (3.14)
= [Us] o (Isx ® trc) 0 [e‘iH“‘“N(t‘ﬂ o Z[p]e (3.15)
1
= [USX] oW |:HCL,N7 p,t — Z:| . (316)

Using the above fact, the channel distance from the second property (3.9) may be rewritten
for H and p as in the theorem and t € [}L + 9, % — 5], as

|(Is @ trae) o [e 7] 0 E[|0) (0] ® plxc — F”<> (3.17)
(s  trx) o IH, p, 1] 0 Z[10) 0] ] - Tlo (3.18)
1
= ||(Is ® trx) o [Usd o (@ | H, p,t — = | 0 Z[|0) (0] ] — Z[|0) (0], 3.19
H( @t)[]([pt 4} 10) (01, [|><H)<> (3.19)
1
VU |H,p,t—-|0Zl0 OX—EO OX 3.20
< [ .00 = 3] o210 011 = =101 01 (3.20)

Similarly, the channel distance from the first property (3.8) may be rewritten for ¢ €
[5, % — 5] as

|(Is @ trae) o [e] 0 Z[|0) (0] 4 @ plswe — I, (3.21)
= [[(Is @ trx) o (V[H, p, 1] 0 Z[|0) (0] ,] — Z[|0) {0l ]) I (3.22)
< [[W[H, p, 1] o Z[|0) (O] x] — Z[|0) (0 x]llo- (3.23)

Consequently, to prove both of the properties from Theorem 3.0.2, it is sufficient to prove
that, for t € [5, }L — 5},

W [H, p, 1] 0 Z[|0) (Ol ] = =[]0) (O]l <€ (3.24)

As such, we introduce the following lemma:
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Lemma 3.0.4. Let N = 2" with n € N, p be an arbitrary qubit state, and o > 0. Then,
the following statement is asymptotically true for t € [5,% — 5] and as N approaches oo
and 6 approaches 0:

1% [Hew., 10) {0l ] 0 Z[0) (0],] = Z[10) 0l ]ll, = O (N267%) . (3.25)

The proof of the above lemma is quite involved, and it is provided in section 3.1.
Taking the lemma as true for the time being, it is simple to see that our choice of N =
2" = O(¢78571) is indeed sufficient to obtain the bound from (3.24). O

Contingent on Lemma 3.0.4 being true, we may now use the simpler case of Theo-
rem 3.0.2 to prove the more general case of Theorem 3.0.1. As the time intervals on which
we wish to bound the channel distances by € become [0, ¢, — 0] and [¢, + 9, t, +,] instead of
6, % — 6] and [§ + 0, 1 — 8], we prove that our modifications to the Hamiltonian and ancilla
state simply apply an affine linear transformation to the time domain that map the second
pair of intervals into the first pair of intervals.

Proof of Theorem 3.0.1. Recall from the statement of the theorem our definition of 7 =
max(ty, ty) + %, which represents the overall timescale adjustment needed going from of
the simple reset from Theorem 3.0.2 with fixed times before and after the reset to the
simulated reset with arbitrary times before and after the reset. Asthe more general theorem

requires that the Hamiltonian iHCL,  transitions from the initial state to the reset state in

At
approximately time 0, it must be the case that the Hamiltonian He,, v on its own transitions
from the initial state to the reset state in approximately time %. As such, let § = 1(%

denote a timescale-adjusted 6. Then, our choice of N = O(e 85~%7%) = O(e%6~*) in the
statement of the current theorem is consistent with the choice of N in Theorem 3.0.2, but
with & substituted in place of §. However, while the time before the reset and the time
after the reset in Theorem 3.0.2 are identically %, in the current theorem, t;, and ¢, may
differ. As such, we denote the approximate initial time offset as j = [££(7 — )|, which
we use to initialize the ancilla state. With this choice of variables, the proposed simulated

reset may be expressed in terms of ¥ as

(Is ® trxe) o [e7'] o E[p]xc (3.26)
= (Is ® trxe) o e Hon | 0 Z[10) (0], @ 15) (] (3:27)
= (Is @ trac) o [ Hn (48] 0 2[10) (0] ® [0) (0] (3.28)
= (Is @ try) o U [HCL,N, 10) (0] , % + %] o Z[]0) (0 - (3.29)
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As in the proof of Theorem 3.0.2, we note that the channel distance from the first property
(3.6) for t € [0,t, — d] is bounded by

I(Zs ® trae) o [e™*"] 0 Elpl e — I (3.30)

t ] —
(15 11) 00 | Hov o 0) Ol - + 5] o Z00) 01~ 1

(3.31)
0

(3.32)

i, 10) 0l =+ 2| 0 Z[10) (0] — Z[10) 01
<o [ 0.+ 3]

¢

Recalling Lemma 3.0.4, to prove that (3.32) is bounded above by e, it is sufficient to show
that for any ¢ € [0,t, — 6], £+ £ € [5, - 5} In fact, as = + < is linear in ¢, we need

only verify that the images of the endpoints of [0,t, — d] fall within [5, 1 (5] As such,
we indeed find that

0 J 1 N B

1

> E(T — 1) (3.34)
1 o

> E (tb + 5 - tb> (335)
4]

- (3.36)
J

> — .

> 157 (3.37)

— 3, (3.38)
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and

tb4; 5 % _ tb4—T J % [ g (r— tbﬂ (3.39)
- tb47_ 5, %(T )+ % (3.40)
— i - g + % (3.41)
< i _ g . % (3.42)
Si_f% (3.43)
_ }1 _5 (3.44)

Thus, the first property is proven.

Similarly, the channel distance from the second property (3.7) for t € [t, + 0, ¢, + to] is
bounded by

|(Is @ trae) o [e 7] 0 E[p]sxe — F”<> (3.45)

t ' —
~ (15 ® trx) 0 ¥ | o, [0) O -+ 5| 010} 011 = Tl (3.46)

t 51

< | Howel0) 0. £+ = ] 0 =100 011 - =10 o1 (3.47)

O

As with the first property, to prove that (3.47) is bounded above by ¢, it is sufficient to
show that for any ¢ € [t, + 0,8, + to), 1= + L-1le¢ [5, - 5] Again, -~ + L — 1is linear
in ¢, so we need only verify that the images of the endpoints of [¢, + 0, ¢, + ¢,] fall within

[5, }L — S], and it is indeed the case that

tb4—|7-_5 . % - i _ tb4+75 % [%(T_tb)w _% (3.48)
. tb4—T 5, %(T ) - % (3.49)
_ % (3.50)
> % (3.51)
— 5, (3.52)
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and

L | SR

< t”;t“ + %(T — 1) + % - i (3.54)

. (3.55)

s
< 74_75 + 16% (3.56)
-3 s% + % (3.57)
1 )

= % T (3.58)

=" 5. (3.59)

Thus, the second property is proven, completing the proof of Theorem 3.0.1. O

3.1 Proof of main lemma

Proof of Lemma 3.0.4. To prove the lemma, we first relate the channel distance between
the two channels from the lemma, given by

W [Hew,n, 0) (Ol 2] 0 Z[]0) (0] ] = Z[10) (O 2]l » (3.60)

to the trace distance between the outputs of the two channels after they have both been
applied to the same arbitrary state p on S, given by

| ( [Hewx, 10) 0l 110 010} (0L = =010} 01 (o) (3.61)
As Z[|0) (0] 4] is an isometric channel, we use a generalization of [12, Theorem 3.56]'. The
original theorem bounds the distance from a channel to the identity channel based on the
trace distance between an arbitrary state and the output of the channel after being applied
to that state, and is stated as follows:

LCorrections to the theorem are contained in that text’s errata, found at https://johnwatrous.com/
wp-content/uploads/2023/08/TQI.errata.pdf.
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Theorem 3.1.1. Let € > 0 and ® be a channel from X to X such that, for any p being a
density operator on X,

(@ —=D)(p)l <« (3.62)
Then, it follows that
[®— 1]y < 2e. (3.63)

However, for this proof, we require a generalization of the above theorem that replaces
the identity channel with an arbitrary isometric channel subject to a similar trace distance
closeness constraint. While the case of an arbitrary wunitary channel follows trivially from
the original theorem due to the invertibility of unitaries, isometries are not generally invert-
ible. Fortunately, the proof technique for the original theorem can be directly generalized
to isometric channels, yielding the following theorem:

Theorem 3.1.2. Let € > 0, ¥ be an isometric channel from X to ), and ® be another
channel from X to Y such that, for any p being a density operator on X,

(¥ =®)(p)]1 <« (3.64)
Then, it follows that
1w - o], < 2Ve, (3.65)

Although the proof of the above theorem is almost identical to that of [12, Theorem
3.56], it is reproduced in section 3.2 for completeness. In summary, we bound the channel
distance by a fidelity between the actions of ¥ and ® on a pure state, which has a nice
form due to ¥ being an isometric channel. Using above theorem, the proof of Lemma 3.0.4
reduces to asymptotically bounding (3.61) by

| (9 Hewx. 10) (0l 1) 0 Z(10) (01] = Z[10) 1) )|, =0 (¥ H67)  (366)

as N approaches oo and 0 approaches 0. Using the Fuchs-van de Graaf inequalities, we
relate the above trace distance to a fidelity

| ( [Hev 10) (0l 1 2 Z[0) (0]] = Z[10) (01,]) (o) | (3.67)
— |1 [Hoew,v10) (0l ] (p © 10} {0L) = p & [0) (0], (3.68)
< 2% = F (9 [He,10) Ol + ] (p @10} (0]e), 9@ [0) (01, ). (3.69)
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For now, we make the simplifying assumption that p is a pure state, as we consider the
non-pure case later. As such, let p = |¢) (| for some pure state 1)) = 1 |0) + 9 |1).
Since the input state is pure, the fidelity may be expressed as

F(WHewx, 10) (0l (1) (0] @10} (01,), [¥) (] @ [0) (0] ) (3.70)
= (W (0] (W[Hew 10) {0l )(1) (2]  10) (0],)) 1) 10) (3.71)

— (@l (0] ((Us ® Ix @ tre) o [e7 ] 0 Z[|0) (0]c]) (1) (4] © 10) (0],)) [¥) [0)
(3.72)
= 3 IOl e () (01 € 10) (0 @ 10) Qe)e ™ ) 100 ]a) - (379
= 3 1wl 0l ale 1w 0y 0] (3.74)

For every = € Z N, the inner product from (3.74) can be expanded by decomposing [¢)) in
the computational basis, yielding

(V101 Gl e 5o ) 10) 10) (3.75)
= (o (01 + 1 (11 ) 0] {al et (g [0) + v [1) ) [0) o) (3.76)

Then, we define ap,p,(x) for by,bo € {0,1} such that the inner product above can be
expressed as a sum of four terms,

(@] (0] (] e et [3) [0) [0) = ago(w) + ao(x) + aio(x) + a1i(2), (3.77)
with
pyb, () = Ui, by, (bo| (O] (| ™ N by) [0) ]0) . (3.78)

Recall that H¢, n as defined in Definition 2.2.6 has a canonical cyclic permutation decom-
position given by

Hen = (CNOT13 ®1)Hyn(CNOT 1o ®I). (3.79)
Starting with a1 (z), the term may be rewritten as
air(w) = [¢1|* (1] (0] (] e~ [1) |0) |0) (3.80)
= |1 * (1] (0] (x| (cNOT1 @1 )e™ ¥ (cNOT3 ®T) [1) |0) |0) (3.81)
= [rf* (1] (1] &l ™ 1) [1) [0) (3.82)
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It turns out that the a;;(x) term may be transformed and combined with the agy(z) term
by observing another property of the cyclic permutation Hamiltonian. As Cy is simply a
permutation of the basis states and exponentiation by Hy generates Cly, each basis state
can be expressed as a time-independent Schrédinger evolution by Hy from the state |0),
which is captured in the following lemma:

Lemma 3.1.3. For any N € N, j k € Zy, and t € R,
k_ g

(G | e k) = (0 | e (8% | 0). (3.83)

Proof. As e7*¥ = Oy is the cyclic permutation Hamiltonian and CY; |0) = |I), (j| and |k)
can each be rewritten as

(il = (0] Ccy, |k) = C |0) (3.84)
= (0] e'FIn %, = ¢ NN |0) (3.85)
Thus,
G e TN k) = (0| e V(R R) | ). (3.86)
]

Equipped with this new lemma, a;1(z) may be expressed as

any(w) = [ (1 (1] e [1) 1) |0) (3.87)
= [¢1[* (0] (O] (] e="'~*|0) |0} |0) - (3.88)

Using the same steps, the four terms may each be expressed as

ago() = [o|* (0] O] (] =¥ |0) 0) [0) , (3.89)
aoi () = oty (1] (1] (x| e™*10) |0) |0), (3.90)
aro(x) = 1y (0] (1] (x| e~ 10) |0) |0) , (3.91)
a1 (x) = [¢1]* (0] (0] (x| e='~* |0) |0) [0) (3.92)
As mentioned, we may now combine the first and last terms, since
ago() + an(x) = ([to]” + [¢1]*) (0] 0] (x] e~'>* |0) |0) [0) (3.93)
= (0] (0] ([ e~"""~" |0} |0} |0) . (3.94)
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Subsequently, our expression for fidelity from (3.74) can be lower-bounded as

Z (] (0] ] e~ et |y [0) [0) | (3.95)
Z |aoo(x) + ao1(z) + aro(x) + a11 ()| (3.96)
> Z (O] (0] (] e~ 10) 0) [0)| — |aon ()] — |aro()]) (3.97)

Furthermore, we Simplify our notation for agpi(x) and aj9(z) by defining a function ayy that
outputs the amplitude still in the state |0) after evolving from the state |0) by Hy for some
time ¢.

Definition 3.1.4. For any N € N, let an : R — C be defined fort € R as
ay(t) = (0] e vt |0) . (3.98)

We may then express the absolute values of ag; and a9 in terms of ay as

Jaou ()] = ot | (11 (1] (2l e~ [0} [0) [0} (3.99)
< 2 [(0] (ol (0] (=% =%) o) j0) o) (3.100)
:% an (t—%—%)' (3.101)
and
Jarolw)] = [t | (0] (1] (el e~ [0) [0) |0} (3.102)
< 2 [(0] (o] (0] (=% =2) o) j0) o) (3.103)
1

5 (07

N(t—%—i)'. (3.104)

Since everything is expressed in terms of the absolute value of ay, we define another
function Sy and prove that the new function is an upper bound of ay.

Definition 3.1.5. For any N € N, let By : R — R™, be a periodic function with period 1
that is defined for t € (0,1) as follows:
: t e (0,

Bu(t) = {T

3)
2
. (3.105)
ava L€ (1)
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Lemma 3.1.6. For any N € N andt € R,

A plot comparing |ay| and Sy is shown in Figure 3.1.

1
0.8
0.6
0.4
0.2 :
!

0

0 0.5 1 1.5 2
Figure 3.1: Plot of |an(t)| (red) and By(t) (blue) for N =8 and t € [0, 2].

Proof. Using the definition of Hy, we have that
lan ()] = [(0] e~V |0)| (3.107)
- ((oy Fle iDxtpy \0)‘ (3.108)

_ '(%N 3 <Z|> (Z 2kt |y <k\) (j—ﬁ 3 u>>i (3.109)

JELN
1 )
=5 > e (3.110)
kE€ZNn
|1 o e27riNt}

which is periodic with period 1. To bound the above expression, we use the trigonometric
law of cosines as depicted in Figure 3.2 and the half angle identity for sine to attain

11— ¢ =2 —2cosh = 2|sin (g) : (3.112)
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Figure 3.2: Geometric depiction of |1 — €| being given as the length of the red chord of
the unit circle.

As the sine function is concave on [0, g],

2 _ Gin(o). (3.113)
m
Thus, for 6 € [—7, 7],
210 . (0
— < — || <2 .
- <2 51n<2>’_2 (3.114)
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Consequently, we may bound (3.111) for t € [—%, %} as

NT= e = aN s () '
2

< —— (3.116)

N <2|27th|)

1

- — 3.117
2N |t| ( )
= Bn(t), (3.118)
completing the proof. O

It turns out that we may use the fact that Sy is decreasing on (O, %} and increasing on

[3.1] to bound the expressions from (3.101) and (3.104) purely in terms on N and 6.
Lemma 3.1.7. For anyt € [(5,% — (5], x € [O, %}, and y € [}1, ﬂ, it 15 the case that

‘aN (t—%—y)’ < 2—]175. (3.119)

Proof. By choice of t, x, and y, we have that t — & —y € [0 — 1, —¢], which is equivalent
to [0, 1 — ¢] under periodicity 1. Using Lemma 3.1.6,

o (1= e 5) < - ) .12
< hax B (1) . (3.121)

As [y is decreasing on (0, %} and increasing on [%, 1),

hax By (t) = Bn(6) =Bn(1—06) = NG (3.122)
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Using Lemma 3.1.7, the fidelity bound from (3.97) may be further rewritten as

o (55l (53

> <|<0! (O (| et |0y 0) [0)| — %

: (3.123)
> % (1010110 0y 0)] - 55 (3.124)
> S 00101 (el 5 0} [0)J0)f — 5= S |01 (0] el 10) [0} o) (3.125)

We bound the above expression by individually lower-bounding the first and second terms.
The second term from (3.125) may be lower-bounded using Cauchy-Schwarz as

~ 5 2 101 (0] (] e 0) 0} 0) (3.126)
> LSS 1101 (ol et j0) o) [0y (3.127)
= | 010 ] [0} [0) 0] (3.125)

Note that e=#¥%]0) |0) |0) is a unit vector, so

Y. > Ial bl (a7 |0) [0) 0)[* = 1. (3.129)

a,be{O,l} TEL N
4

Thus,

1
L — 3.130
2V/NGs | & 2v/N§ (3130)

2

1 J 101 0] (el it [0) 0} [O)2 > —
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Reusing the fact that e=*#~|0) |0) |0) is a unit vector, Lemma 3.1.3, Definition 3.1.4, and
Lemma 3.1.7 we may lower-bound the first term from (3.125) as

>~ (0] 0] (] =" 0y [0) [0)]° (3.131)

TE€EZL N
4

—1 2
=1— > > [(al®l(ele""10) [0) [0)] (3.132)
a,be{0,1} z€Z N
(a,b)#(0,0) T

—1= >3 [l (ol (o e ¥ =E) 10y o) o)
ve{i 4} *y

—1- ¥ Z(aNQ—%—y)r (3.134)

veli b3}y

1 2
>1- S
>1- > ) (2]\76) (3.135)
vel{d5.3} *<2y
3

‘ 2

(3.133)

Combining all of the terms, we find that the fidelity is lower bounded by

F (W How . 10) Ol 1) (01 @ [0) (O, [0} (0 910 (0L, ) (3.137)
3 1 VN
21— e (3.138)
3 1
=1- (16N52 * 2\/N6) ' (8:139)

Returning to the original trace distance from (3.61), we have that, for p a pure state,

| ( [Hew,10) €Ol ] 2 Z110) (0] = Z[10) (0]) ()|, < 2\/ Vet (10

A

3 1
2 + 3.141
= \/16\/N52 g G
) (N*iéfl) . (3.142)
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Now, instead of a pure state, let p be an arbitrary qubit mixed state with spectral decom-
position

p=D_ i) (sl (3.143)

Then, we may simply apply the linearity of quantum channels and the triangle inequality
over a convex combination to attain

| (9 (Hewx 10} €Ol 1) 0 Z(10) (0] = =110} (011 ) o) (3.144)

(3.145)

= |[(¥ [Herx,10) (01 1) 0 Z[10) (01] — =[[0) ou)(zp] 43) wj>

[1]

10) (O1]) () ()| (3.146)

= | 2 (¥ [He, 10) (0l 8 0 Z[10) (0]] -

1

[ (2 1Fenvs 103 €081 0 Z010) (O1) = Z010) 01 () (sl)| - (3:147)

7j=1
~0 (N—%F) , (3.148)
which completes the proof of Lemma 3.0.4. O

3.2 Proof of generalized channel distance theorem

Proof of Theorem 3.1.2. According to [12, Theorem 3.51], as ® and ¥ are channels, for
the identity channel I from X to X, it is the case that

W —@ffp = WQ%XH(\P R 1 =2 1)([¢) (LDl (3.149)

For an arbtirary ) € X ® X', we may relate the trace distance above to a fidelity using
the Fuchs-van de Graaf inequalities as

(P @1 - I)(Jv) @) <2v1=F(¥e)() @), (@ )(|v) @) (3.150)

39



Towards bounding the above expression, we let p = |¢) (| and ¥ have Schmidt decompo-
sition given by

W) =D VBiléas) 68,) . (3.151)
j=1
for Schmidt rank s and probability vector (py,...,ps). Because ¥ is an isometric channel,
VU ® [ is also isometric, and
(W& I)(p) = Ix) (Xl (3.152)

for some pure state |x) € Y ® X. In particular, the squared fidelity from (3.150) may be
rewritten as

F(Y@1)(p), (2@1)(p))* =F(Ix) (xl, (2@ 1)(p))’ (3.153)
= (@@ D)) | x) (3.154)

= tr() (x| (2 ® I)(p)) (3.155)

(3.156)

=t ((wanp@anp).

At this point, we may expand (¥ ®1)(p)! and (®® I)(p) using the Schmidt decomposition
of [¢), attaining

S S T
(T I)(p) =TaI) (Z > Ve 6ag) (barl @ |d5,;) <¢B,k|) (3.157)

-
= Z > /pibr (‘I’(|¢A,j> <¢A,k|)T> ® |opr) (D8], (3.158)
(@@I)(p)=(2®I) (Z > Vom [6a) (am| ® |65.) <¢B,m|> (3.159)
=3 Vi (2(6ar) (Danl) ©1052) G.n (3.160)
=1 m=1
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The above two expressions may be substituted into (3.156) to get that

T I)(p) (@& 1)(p )) (3.161)
<ZZ Z \/pjpkpm< (Ipa;) (Dak) @ day) <¢Am|)> ® |bp.k) (¢B,m|>
B (3.162)
(ZZm( (16,) <¢Ak1>*¢><|¢m><m\>)> (3.163)
=S et (0,0 (0D 016, (044 (3.164)
71=1 k=1
=3 e (16a) Gaal). B(16as) (Gasl) (3.165)
7=1 k=1

The entire right-hand side of (3.150) may now be rewritten as

2v/1— F((¥ & D) () (@), (@@ () (4))? (3.166)
=2,|1- ZZW (164) (as]), D(16as) (Dai])) (3.167)
- 2\ Zzpﬂ% (|9a) (Pakl); (¥ —@)([¢a;) (Pakl)) (3.168)

When considering the summands under the radical, there are two cases: that j = k and that
j # k. First, consider the case that j = k. Then, we may let 0 = |4 ;) (Pax| = |Pa;) (Pa,l
be the density operator of a pure state. It follows by Holder’s inequality for Schatten norms
that

(U(o), (¥ =2)(0)) < [[¥(0)]lI(¥ = P)(o)]l1 (3.169)
<e (3.170)

Second, consider the case that j # k. Then, let 0 = |pa;) (Pax| be the outer product
of orthogonal states, which is not the density operator of a quantum state. It follows by
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Holder’s inequality for Schatten norms that

(W(o), (¥ =2)(0)) < [[¥(0)[1[I(¥ = P)(0)ll (3.171)
< [l [[(¥ = @)(0)lo (3.172)
= (¥ = ©)(0)|oo- (3.173)

As W and ® are trace-preserving, (¥ —®)(o) is traceless. It turns out that the tracelessness
of (I — ®)(0) may be used to bound the spectral norm from (3.173) by a trace norm.

Lemma 3.2.1. Let p be a traceless operator. Then,

1
lolloe < 5llollh- (3.174)

Proof. Let |A{| > [A2| > -+ > |\,| for r being the rank of p denote the absolute values of
the eigenvalues of p. As p is traceless,

==Y N (3.176)
j=2
Consequently,
1olloe = A1l (3.177)
1 1|
=5l + 3 ZAJ- (3.178)
=2
1 T
<3 > 1Al (3.179)
j=1
1
= 2l (3150)
completing the proof. n
Applying the lemma,
1
10 = @)(9)lloo = (T = @) ()]s (3.181)

Unfortunately, we cannot apply the premise from the theorem immediately, as o is not a
density operator. However, it happens that ¢ may be expressed as a linear combination of
four density operators.
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Lemma 3.2.2. For arbitrary orthogonal pure states 1) and |¢),

1
=3 pRAIDHXGE] (3.182)
j=1

for |&;) being a pure state for each j € {1,2,3,4}.
Proof. Let [¢;) for j € {1,2,3,4} be a pure state defined as

) +16)

&) = 7 (3.183)
Then,
4 4
S FIEY ] = 7 30 (1) (1 +#16) (] + (i) ) (9] + 16) (9] (3184)
j=1 j=1
-3 (Zzﬂ %) w|+Z  l6) w!+Zlf %) ¢\+Zzﬂ 6) (m)
" (3.185)
4
=< (1) (|¢ Wi+ > ) <¢|) (3.156)
j=1
= [¢) (¢ (3.187)
as desired. O
By the lemma,
o= %Z@la, (3.188)
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with o; being some density operator for each [ € {1,2,3,4}. It follows that

1
10¥ = @) (@)lloe < SI(¥ = @)(o)l (3.189)
1 1<,
=5|[T-2) (5 > ity (3.190)
1 , =1 1
< ZZW(@—@) ()], (3.191)
1=1
<e (3.192)
Thus, in both cases,
(U(|Pa) (Dakl), (¥ —P)(|da;) (Pal)) <e. (3.193)
Ultimately, we may bound (3.168) by
2J > D pipk(P(6a,) (arl), (¥ =) ([6as) (Sarl) < 2V, (3.194)
j=1 k=1
completing the proof of Theorem 3.1.2. O
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Chapter 4

Conclusion

In the previous chapter, we rigorously proved that for any arbitrarily small choice of € and
0, there exists a corresponding time-independent Hamiltonian H and ancilla state p such
that H and p perform an (¢, d)-approximation of an idealized reset. It turns out that our
choice of Hamiltonian and ancilla incur certain costs in performing the approximate reset.

4.1 Cost model

In particular, we consider as costs the system size of the ancilla and the largest energy
required for the Hamiltonian, given by the spectral norm of the Hamiltonian. By the main
reset theorem, Theorem 3.0.1, the Hamiltonian given by our construction that satisfies our
choices of €, 9, t,, and t, is given by

1

EHCL’N (4.1)

for, asymptotically, a timescale constant
7 = O(max(tp, ta) + 9) (4.2)
and system dimension

N = O(e 86 47). (4.3)
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By our definition of H¢, y from Definition 2.2.6, H, n is N-dimensional and has spectral
norm ||Hep n|leo = 27(N —1). As such, the asymptotic cost of performing an approximate
reset by our construction that satisfies our parameters is a maximum energy that is

O(e 35 *7%) (4.4)
and an ancilla with

O(log(7) — log(e) — log(d)) (4.5)

qubit registers. Intuitively, it makes sense that the required energy asymptotically tends
to infinity as 0 approaches 0, as the Hamiltonian must act more and more quickly on the
interval to traverse between the initial state and the reset state in time 20 as 6 approaches 0.
The intuition for the required energy asymptotically tending to infinity when e approaches
0 is a little less clear, but recall the analyticity argument in the proof that no € = 0 reset
approximation exists for Theorem 2.0.1. In particular, as e approaches 0, the distance
from the approximation to the identity channel approaches a constant 0 on the interval
t € [0,t, — 0] while approaching a constant 1 on the interval ¢t € [t, + 0,t, + t,], which
requires a polynomial with degree approaching infinity for approximation, though work on
a thorough analysis of this statement is ongoing.

It is still unclear whether there is an asymptotic lower bound for either the energy or
dimension in terms of the parameters. As such, a natural avenue of further investigation
is to determine whether better asymptotic bounds on energy and system size are possible
for the same set of parameters and what trade-offs may exist between the two costs.

In a related direction, we may also consider the relationship between ¢ and §. In our
construction, for N being fixed, ¢ and 0 are polynomially related. In other words, to
get within e of an idealized reset, our construction requires an amount of time that is
polynomial in e. It turns out that if the constraints of our reset approximation problem
are relaxed by fixing ¢, = 0 instead of allowing the parameter to be arbitrary, it is possible
to achieve an exponentially fast approximate reset by using a different construction that
approximates the channel distance as function of time with a Gaussian centered at time 0

[11].

4.2 Connecting reset to Lindblad simulation

Recall that the timed sequence of channels that was proposed to simulate arbitrary Lind-
blad evolution, Y with s from (1.18), consisted of repeatedly interleaving a I' step along
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with two other time-independent Hamiltonian evolution channels at equally spaced times.
Of that sequence, we constructed a Hamiltonian and ancilla pair that approximates just
the I'. Supposing that we find Hamiltonian and ancilla pairs that individually approximate
each of the two Hamiltonian evolution channels, we still need to merge those Hamiltonians
and ancillas with our reset Hamiltonian and ancilla to get just one Hamiltonian and ancilla
pair that simulates the entire sequence of channel applications.

Towards that goal, let us consider the problem of merging just two pairs of Hamiltonian
and ancilla state. Formally, suppose that we have our first Hamiltonian H; on X ® ) and
its corresponding initial ancilla state p; on ) that perform an (e, d)-approximation of T,
for s; = (®4,t1) and a second Hamiltonian Hy on X ® Z and its corresponding ancilla
state py on Z that perform an (e, §)-approximation of T, for so = (®g,t1 + t2). Our hope
is that it is possible to construct H3 on X ® Y ® Z and p3 on Y ® Z simply from Hq,
Hs, p1, and py such that Hz and ps perform an (e, d)-approximation of Y ,,. Indeed, we
conjecture that it may be possible to simply construct a Hamiltonian and ancilla with the
desired properties as

Hy=H I+ H,® Iy (4.6)

and

p3 = p1 @ P2 (4.7)

as long as ¢ is sufficiently small compared to t; and t5, and our pairs H; and p; and Hy and
p2 both satisfy an additional property termed dormancy, which shall be defined shortly.

In particular, the two concerns that arise when simply adding H; and Hy as above is
that evolution by H; around ¢; might interfere with the approximation of Y, and that
evolution by H; around t; might interfere with the approximation of Y,,. It turns out
that the definition of (¢, ) approximation from Definition 1.3.1 protects us from the first
concern, as its first property requires that H, and ps leave the system state completely
unchanged up to error € before time ¢, regardless of what the system state is. It might
appear as though the second property of Definition 1.3.1 protects us from the second
concern, as it requires that H; and p; keep the state unchanged after the channel is applied
at 11.

However, in the specific case of the channel being approximated being a replacement
channel, the second property does not distinguish between whether the Hamiltonian and
ancilla are continuously applying the identity channel after ¢; or whether the Hamiltonian
and ancilla are continuously reapplying the replacement channel after t;, as illustrated in
Figure 4.1. For instance, if a Hamiltonian and ancilla pair (Hj, p1) is expected to perform
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T —{1]
0 (31 lo R 74
[T} —{rH
0 1] 123 R

Figure 4.1: The two behaviors that Definition 1.3.1 cannot distinguish between, as both
take an arbitrary input state to |0) at time ¢; and maintain that state.

a reset just at £1, but it performs the reset at t; and also at a second time t5 > t1, the pair
cannot be expected to compose well with another pair (Hy, po) that performs an operation
between ¢, and ty, as the action of (Ha, p2) will be reset by (Hy, p1).

In fact, a Hamiltonian and ancilla pair can be constructed from our reset approximation
that indeed reapplies the reset channel multiple times. Specifically, consider extending the
exchange register X' to m qubits with the respective ancilla qubits initialized to |0), and
generalizing the unitary behavior of U, x that applies Usy to the combined S ® & register
when the clock overflows to a new repeated-reset unitary Uggp . that applies an X on S
followed by a cyclic shift of the (m + 1)-qubit combined & ® X register when the clock
of n qubits overflows, as shown in Figure 4.2. Applying Uggp nm results in a reset being
performed the first m times that the clock register overflows. Furthermore, as Uggp . m is a
cyclic permutation unitary like Uy, n, the Hamiltonian that generates it will perform exact
resets at the times corresponding to its discrete applications.

As such, we define the dormancy property as an extension of (€, §)-approximation such
that the Hamiltonian truly leaves the target register unchanged, up to error €, even after
applying an arbitrary unitary U after the channel is applied around time t.

Definition 4.2.1. Let H on X ® Y and p on Y perform an (€,d)-approzimation of ® with
time ty, before the application of ® and time t, after the application of ®. The approzimation
is said to be dormant if, for any unitary U on X and t1,ts € [ty + 0,1ty + to] with t1 < to,

H(I ® tr) o [eiiH(trtl)} o[U®I]o[e™] o E[p] — [U] o é[)”<> <e. (4.8)

We conjecture that our construction approximating I' from Theorem 3.0.1 satisfies
dormancy and that any approximation of an isometric channel also satisfies dormancy. If
the two above conjectures turn out to be true, it seems plausible that T, might have an
(¢, 0)-approximation constructed by a simple sum of Hamiltonians and tensor product of
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\

Figure 4.2: Circuit diagram of Uggp n . that resets register S every 2" applications with up
to m resets for register X consisting of m qubits.
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ancilla states from approximations of the constituent channels from (1.12), which would
be a time-independent Schrodinger simulation of the original time-independent Lindblad
evolution.
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Appendix A

Python Code for Numerical Plots

Below is the Python code used with Python 3.11.1, numpy 1.26.1, scipy 1.11.3, and mat-
plotlib 3.8.0 to generate the numerical plots in Figure 2.3 and Figure 2.2:

import sys
import argparse

import numpy as np

from scipy import linalg

import matplotlib.pyplot as plt

import matplotlib.animation as animation

# matrixz representation of cnot gate
CNOT = np.asmatrix(

np.array(
[
(1, o, 0, 01,
(o, 1, o, 01,
(o, o, o, 11,
o, o, 1, ol,
]
)

def get_canon_unitary(dim):
# get canontical cyclic permutation unitary
base = np.asmatrix(np.zeros((dim, dim)))
for j in range(dim):
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basel[(j + 1) % dim, j] =1
return base

def get_canon_hamiltonian(dim):
# get canonical cyclic permutation hamiltonian
dft = np.asmatrix(linalg.dft(dim, scale="sqrtn"))
base = np.asmatrix(np.diag(unp.arange(0, dim) * 2 * np.pi))
return dft.H @ base Q@ dft

def get_reset_conjugator(dim):
# get permutation operator used in canonical decomposition of reset unitary
return np.asmatrix(np.kron(CNOT, np.eye(dim // 4)))

def get_reset_unitary(dim):
# get reset unitary
conjugator = get_reset_conjugator(dim)
return conjugator @ get_canon_unitary(dim) @ conjugator

def get_reset_hamiltonian(dim) :
# get reset hamiltonian
conjugator = get_reset_conjugator(dim)
return conjugator @ get_canon_hamiltonian(dim) @ conjugator

if __name__ == "__main__":
# set up args
parser = argparse.ArgumentParser(
description="Run numerical simulation of reset Hamiltonian."

)

subparsers = parser.add_subparsers(required=True)

parser_test = subparsers.add_parser("test", help="run sanity checks")
parser_test.set_defaults(test=True)

parser_sim = subparsers.add_parser("sim", help="run simulation")
parser_sim.add_argument (

"dim",

metavar="n",

type=int,

help="dimension of environment. must be power of 2 and at least 4.",
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parser_sim.add_argument (

"steps",

metavar="t",

type=int,

help="number of steps to subdivide the simulation time interval.",
)
parser_sim.add_argument (

nogn s

"--state",

metavar="s",

type=int,

help="start state of system. must be O or 1.",
)
parser_sim.add_argument (

ll_pll s

"--plot",

action="store_true",

help="whether simulation data should be plotted.",
)

parser_sim.set_defaults(test=False, state=0, plot=False)

# get args
args = parser.parse_args()

if args.test:
# sanity check reset hamiltontian
dim = 32
print("performing sanity check...")

out = "FAIL"
if np.allclose(linalg.expm(-1j * get_reset_hamiltonian(dim)), np.eye(dim)):
out = "PASS"
print("exp(-ih) close to identity: {}".format(out))
out = "FAIL"
if np.allclose(
linalg.expm(-1j * get_reset_hamiltonian(dim) / dim), get_reset_unitary(dim)
)
out = "PASS"
print("exp(-ih/d) close to reset unitary: {}".format(out))

else:
# check args
dim = args.dim
steps = args.steps
start_state = args.state
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if (dim < 4) or (dim & (dim - 1) != 0):
print("dimension must be power of 2 and at least 4")
sys.exit (1)

if (start_state != 0) and (start_state != 1):
print("start state must be 0 or 1")
sys.exit (1)

# set up state wector
vec_table = []
vec_table.append(np.asmatrix(np.zeros((dim, 1), dtype=np.cfloat)))
if start_state ==
vec_table[0] [0] = 1
else:
vec_table[0] [dim // 2] = 1

# get hamiltonian
h = get_reset_hamiltonian(dim)

# run simulation

for j in range(steps - 1):
print("iter {} of {}".format(j + 1, steps))
vec_table.append(linalg.expm(h * (-1j) * j / steps) @ vec_table[0])

# get probability of observing classical state 0
probs = np.array(
L
sum( [np.square(np.abs(x[y])).item() for y in range(dim // 2)]1)
for x in vec_table

if args.plot:
# output plot of probabilities over time to file
fig, ax = plt.subplots()
ax.set_title(
"Probability of measuring ket O for reset Hamiltonian with N = {},\n"
"starting with basis state {}".format(dim, start_state)
)
ax.set_xlabel("Time")
ax.set_ylabel ("Probability".format(dim // 2))
ax.plot(np.arange(steps) / steps, probs)
fig.savefig("plot_prob_from_{}_with_dim_{}.png".format(start_state, dim))
else:
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# output probabilities to file
with open(

"data_prob_from_{}_with_dim_{}.txt".format(start_state, dim), "w"
) as f:

f.write("dat\n")

f.write("\n".join((str(x) for x in probs)))
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