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Abstract

The self-regulated feedback from the Active Galactic Nucleus (AGN) plays a key role
in the formation and evolution of galaxies by heating and expelling gas in galaxies. The
goal of this thesis is to investigate the role of radio-mechanical AGN feedback in expelling
gas in central cluster galaxies (BCGs), triggering star formation in the outflowing gas and
promoting runaway cooling of the hot intracluster medium gas.

We used ALMA observations to characterize molecular gas flows in 14 BCGs and com-
pared them with molecular flows observed in nearby AGN hosting and starburst galaxies.
The molecular flows in BCGs are slower, 10–1000 times larger, 10–100 times heavier and
carry more momentum compared to outflows driven by quasar mode AGN feedback and
starbursts. The kinetic power of flows lies substantially below driving power. The lifting
factor, a product of flow mass and radius divided by the driving power, is substantially
larger in BCGs showing that radio feedback, when active, is more effective at lifting gas.
BCGs form fewer stars per unit molecular gas mass, suggesting that star formation is sup-
pressed, perhaps because the gas in these systems rarely forms molecular disks. The radio
mode feedback can drive massive gas outflows and suppress star formation in negative
feedback.

Paradoxically, radio jets can not only inhibit star formation but also trigger star for-
mation. In chapter 3, we studied one such example of radio-jet triggered star formation
in the BCG of the Abell 1795 cluster using VLT optical spectroscopy, HST and ALMA
data. Abell 1795 has bright UV filaments surrounding radio jets indicating recent radio
jet-triggered star formation. The total extinction corrected star formation rate in the BCG
is 9–21 M� yr�1. We showed that the star formation follows the Kennicutt-Schmidt law
with a low efficiency. The gas depletion time of 1 Gyr due to star formation is longer
than the dynamical time of the outflow, indicating that star formation may be eventually
quenched. The velocity structure function of the warm ionized gas suggests that radio
jets may be able to drive supersonic turbulence. Thus radio-mechanical feedback can both
trigger and inhibit star formation in the same galaxy on different timescales.

Heating from radio-mode feedback does not completely offset cooling of hot gas at all
times, as many BCGs have large amounts of cold gas. We also studied the formation of
cold gas by cooling of uplifted low entropy gas from centres of galaxy clusters by cavities
in 24 galaxy clusters and their BCGs. We showed that single generation of cavities cannot
lift enough low entropy gas to form observed amount of cold gas in BCGs. The amount
of uplifted gas expected to have cooled from cavities within their lifetimes is less than
the observed cold gas mass in many BCGs suggesting that either efficient gas cooling is
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required or that the uplift mechanism alone cannot produce all the cold gas in BCGs. The
average altitude to which the gas needs to be lifted by cavities to cool before it falls back
is also large (�80 kpc) compared to the observed extent of nebular emission even in the
most extended systems. Therefore, we found that stimulated feedback by uplift alone is
generally insufficient to explain the observed levels of molecular gas mass in BCGs.
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Chapter 1

Introduction

The formation and evolution of the Universe currently are best explained by the� CDM
model, where� is the cosmological constant associated with the as yet unknowndark energy,
and CDM stands for Cold Dark Matter. The � CDM model is highly successful in explain-
ing the properties of the Universe. Strong constraints on the parameters of this model
have been placed. The constraints particularly come from the observations of the Cosmic
Microwave Background (CMB). The CMB is the leftover radiation from the very early
Universe when it was opaque because the density of the Universe was very high. When the
density dropped due to the expansion of the Universe, the photons could escape without
interacting with matter, an epoch also called the time ofrecombination. The CMB is as
close as we can get to the image of the Universe since its formation 13.7 billion ago. As
the Universe expanded, the radiation cooled. It is now observed in microwave frequencies
and has a temperature of 2.75 K. Various observational programs have mapped the CMB
radiation, such as NASA's WMAP and ESO's Planck Observatories. The most recent con-
straints come from the Planck observatory and the CMB spectrum is very well explained
by the � CDM model (Planck Collaboration et al., 2020).

In the � CDM framework, the universe evolved in a bottom-up hierarchical scenario.
Initially, the Universe was hot and smooth with weak, homogeneous gaussian distributed
density �uctuations. During the in�ation, the perturbations were ampli�ed making the
Universe clumpy and in-homogeneous, as it is observed today. About 85% of matter in the
Universe is made up of as yet unknown particles called dark matter and only 15% is made
up of observable baryons (Planck Collaboration et al., 2020). The initial perturbations
collapsed and merged under the in�uence of gravity to form dark matter halos. The
dark matter halos serve as the sites of galaxy formation, where the gas condenses in their
central deep potentials, fueling star formation. As dark matter halos merge and grow, they
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accrete more gas and fuel more star formation. Eventually, galaxies come together under
the in�uence of gravity to form galaxy clusters. Galaxy clusters are the most massive and
largest gravitationally bound objects in the Universe. The biggest clusters of galaxies have
total masses� 1015 M � , where M� is the mass of the Sun. The stellar mass in clusters
makes up only a few percent of the total mass. About 90% of the baryonic mass in clusters
is in the hot, di�use gas that permeates the cluster known as the intracluster medium
(ICM). Galaxies residing at the centres of clusters are called Brightest Cluster Galaxies
(BCGs).

Despite the success of the� CDM model, there are problems that are not consistent
with observations. Some of these problems are summarized below.

1.1 Galaxy Luminosity Function

As explained earlier, in the standard� CDM structure formation scenario, the gas condenses
in the central deep potentials of dark matter halos, fueling star formation and forming
galaxies. As dark matter halos merge and grow, they accrete more gas and fuel more star
formation. As galaxies grow they become more massive and brighter. This hierarchical
model of structure formation is usually modelled using large-scale cosmological numerical
simulations. In these simulations, gravity can be well described by Newtonian theory.
Dark matter is thought of as collisionless particles that only interact gravitationally, and
is represented by a set of point particles, called N-bodies. Small density �uctuations are
applied to the initial homogeneous distribution of particles. Their evolution is tracked
from very early stages to the current epoch. To compare these models to observations, the
number density of galaxies is counted assuming each dark matter halo hosts a galaxy of
proportional mass.

This simple prescription predicts a higher number of galaxies at both low and high
luminosities than what is observed (Baugh, 2006). This is characterized by the galaxy
luminosity function. The observed luminosity function is given by the Schechter function
(Schechter, 1976) as:

dn
dL

=
�

� �

L �

� �
L
L �

� �

e� (L=L � ) ; (1.1)

wheredn=dL is the number of galaxies per unit comoving volume per unit luminosity
andL � is the characteristic luminosity at which the power law part of the Schechter function
cuts o�. The typical observed value ofL � in the nearby Universe corresponds to a galaxy
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Figure 1.1: The observedb band galaxy luminosity function in the 2dFGRS survey is
represented by circles compared with the Seth & Tormen (Press-Schechter) halo mass
function as a solid (dashed) line assuming M/L= 100 hM/L � . Note the discrepancy at
the low and high-mass end for the dark matter-only case, suggesting that the M/L ratio is
not constant. (Figure is taken from Yang et al. (2003) with permission).
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mass of 1012 M � . Figure 1.1 from Yang et al. (2003) shows the galaxy luminosity function
for galaxies in the 2dFGRS survey (Norberg et al., 2002), compared with the halo mass
function assuming a constant mass-to-light ratio. The �gure clearly shows the observed
de�cit of low and high-mass galaxies in the Universe under simplistic assumptions. Thus,
additional physics is required to explain the observed demographics of galaxies.

1.2 The M- � relation

Every massive galaxy is believed to host a supermassive black hole (SMBH) at its centre
(Kormendy & Richstone, 1995). The properties of SMBHs have been considered to be
closely associated with the properties of their host galaxies. Thus, correlations between
various host galaxy parameters and SMBH parameters were discovered. The correlations
showed that the evolution of galaxies and their SMBH are fundamentally interlinked. Out
of all the correlations, the M-� relation is particularly strong. It is given by equation 1.2
and is also shown in Figure 1.2 (Gültekin et al., 2009).

log(MBH =M � ) = (8 :12� 0:08) + (4:21� 0:41)log
� �

200 km s� 1

�
; (1.2)

where MBH is the mass of the black hole in solar masses and� is the stellar velocity dis-
persion in the bulge. The velocity dispersion of stars is directly related to the galaxy's
mass. Indeed previous studies have shown a correlation between the galaxy bulge mass
and black hole mass (Kormendy & Richstone, 1995). Other correlations include the corre-
lations between the black hole mass and bulge luminosity (Kormendy & Richstone, 1995;
Magorrian et al., 1998) and galaxy light concentration (Graham et al., 2001). However,
these correlations are not as tight as the M-� relation. Nevertheless, they suggest the co-
evolution of black holes and their host galaxies. Why these correlations are observed is a
debated issue. Some studies argued that it is a result of hierarchical merging (Peng, 2007;
Jahnke & Macciò, 2011; Graham & Scott, 2013) but the energy budget analysis requires
a feedback mechanism that couples the growth of black holes to the growth of their host
galaxies.

1.3 Cooling �ow problem

Another major problem is that the galaxy evolution models without any kind of feedback
mechanism predicted large amounts of cold gas and star formation in massive galaxies
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Figure 1.2: The �gure shows the relationship between the black hole mass and the stellar
velocity dispersion in the bulges of galaxies (M-� relation) and its scatter. The black line
is the best-�t line given by equation 1.2. The �gure is reproduced with permission from
(Gültekin et al., 2009).
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and �cool-core� galaxy clusters. Cool-core galaxy clusters are characterized by short (� 1
Gyr) gas cooling times and low entropy, dense (� 10� 2 cm� 3) gas in the core (Hudson
et al., 2010). The gas in the ICM gets heated to high temperatures of a few 107 K in
the deep gravitational potentials of clusters and primarily emits in X-rays. The gas is in
global hydrostatic equilibrium, which means that the gravitational force acting on the gas
is balanced by its thermal pressure. The primary emission mechanism in the ICM gas is the
bremsstrahlung emission, in which the emissivity of the gas is proportional to the square
of the density of the gas (Sarazin, 1988). Due to their dense cores, cool-core clusters have
a strong peak in X-ray surface brightness in the core. In the absence of heating, the hot
gas will radiate away its energy in a cooling time given by

tcool = E th =LX =
p

(
 � 1)nenH �( T; Z)
; (1.3)

where, E th is the total thermal energy of the gas,LX is its X-ray luminosity which is
approximated as nenH �( T; Z), p is the gas pressure,ne and nH are the electron and
proton densities,�( T; Z) is the cooling function that depends on the temperatureT and
metallicity Z of the gas and
 � 5=3 is the ratio of speci�c heats for monoatomic ideal
gas. The cooling time at centres of clusters falls below 1 Gyr, which is much shorter than
the age of the Universe, indicating that an enormous amount of gas should cool to low
temperatures.

As the gas radiates its energy, its entropy (/ T=� 2=3) decreases, which must correspond
to an increase in its density (� ). Denser gas sinks deeper into the gravitational potential of
the cluster settling at a lower radius than its initial radius, reducing the thermal pressure
at its initial radius. Since the gravitational pressure at the initial radius is unchanged
since it only depends on the amount of gas above that radius, it overpowers the thermal
pressure and drives an in�ow of gas. This is a classical schematic of a cooling �ow (Fabian
& Nulsen, 1977; Cowie & Binney, 1977; Fabian, 1994). Thus, increased density causes even
more gas to cool rapidly, increasing the X-ray emissivity in the centre. The observed X-ray
luminosities of galaxy clusters predict classical gas cooling rates of hundreds to thousands
of solar masses per year.

Early X-ray observations detected weak line emission from the Fe L complex, consistent
with the predictions of the classical cooling �ow model (Canizares et al., 1982, 1988). Later,
far more sensitive observations using theXMM � Newton Re�ection Grating Spectrometer
failed to con�rm this result (Kaastra et al., 2001; Peterson et al., 2001; Tamura et al.,
2001a,b). Robust spectroscopy of the most extreme systems measured gas cooling rates of
� 100 M� yr � 1, which is a factor of ten lower than expected from classical cooling �ows
(Morris & Fabian, 2003). Other indirect evidence of cooling in the form of warm, ionized
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gas (Heckman, 1981), star formation (Johnstone et al., 1987; McNamara & O'Connell,
1989) and cold molecular gas (T � 100K) (Edge, 2001; Salomé & Combes, 2003) has been
detected in the BCGs of cool-core clusters. However, the star formation rates in BCGs are
typically a few M� yr � 1, only reaching a few hundred M� yr � 1 in the most extreme systems
(McDonald et al., 2018). For expected gas cooling of hundred to thousand M� yr � 1, these
estimates are ten to hundred times smaller. Up to 1010 M � of molecular gas has been
detected in galaxy clusters (Edge, 2001; Salomé & Combes, 2003). However, unimpeded
cooling for 1 Gyr should produce upwards of 1011 M � of molecular gas. The observed cold
gas masses account for only 5 � 10 per cent of expected molecular gas in BCGs.

1.4 Feedback mechanisms

The formation and evolution of stars and gas (baryons) in galaxies is more complex than
the formation of dark matter halos. Simple prescriptions for the formation and evolution
of galaxies do not match observations as explained above. Galaxy evolution models in-
corporating radiative cooling and gravitational heating alone produce too many stars, too
much cold gas and few hot baryons (Balogh et al., 2001; Davé et al., 2001; Bregman, 2007).
Additionally, the models have structural problems where the dark matter is found to be
excessive in dwarf and barred galaxies (Moore, 1994; Navarro et al., 1997) or the galaxies
are not extended enough or their bulges are too massive because stars are forming too
e�ciently early in the formation process of galaxies (Brook et al., 2011). Thus, additional
physics is required to explain the observations.

Some of the initial works invoked gas cooling, and feedback from supernovae as some
of the mechanisms to reproduce the observed galaxy luminosity functions (White & Frenk,
1991; Cole et al., 1994). Later, feedback from AGN in the form of powerful winds and radio
jets was also invoked to stop the growth of black holes and spheroids, heat the atmospheres
of galaxies and quench star formation (Silk & Rees, 1998; Fabian, 1999; King, 2003).
Now AGN and starburst feedback is an integral part of all galaxy evolution simulations.
Simulations have shown that the combination of these feedback mechanisms can regulate
the growth of massive galaxies by heating or expelling gas from halos (Bower et al., 2006,
2008; Croton et al., 2006). Signi�cant improvement was achieved when the addition of the
radio mode feedback (see section 1.4.4) from the AGN was able to reproduce the observed
luminosity function of massive galaxies (Bower et al., 2006; Croton et al., 2006; Davé et al.,
2012). Signatures of both starburst and AGN feedback are observed in many galaxies in the
local and distant Universe. In the following sections, we review these feedback processes.
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1.4.1 Starburst feedback

Starburst feedback is most prominent in intensely starforming systems. Massive stars with
masses between� 8 and 25 M� end their lives after� 3 Myr as they undergo core collapse
causing a violent explosion of the star's outer layers called a supernova (SN). As a result,
stars eject � 1�10 M � of metal1 enriched material with kinetic energy� 1051 erg. This
ejected energy can signi�cantly a�ect the ISM and regulate star formation. This is called
the SN or starburst feedback. Supernova feedback can regulate star formation (see Mac
Low & Klessen, 2004; McKee & Ostriker, 2007, and references therein), drive turbulence in
the ISM (Kim et al., 2001; Joung & Mac Low, 2006; Agertz et al., 2009; Tamburro et al.,
2009) and generate galactic out�ows (Martin, 1999; Oppenheimer & Davé, 2006). Dekel &
Silk (1986) �rst proposed that galactic out�ows generated by stellar feedback can blow away
the gas in star-forming regions limiting the number of baryons from which the stars form,
subsequently suppressing star formation. How the energy released by SN couples to the ISM
depends on the state of the pre-SN ISM. In low-density environments, the ejecta continues
to be in a free expansion phase keeping the kinetic energy and momentum. In more typical
environments, some part of the energy is quickly transformed into thermal energy through
shock heating the ejecta and the surrounding ISM to high temperatures. Once the mass
of the swept-up material becomes equal to the ejected material, the outer shock radius
expands, the temperature drops and the SN remnant enters a pressure-driven phase, where
the pressure on the inside is still larger than the pressure outside the expanding material.
Once the pressure inside becomes equal to the pressure outside, the SN enters a momentum-
conserving snowplough and continues to sweep up the ISM. Some studies have shown that
clustered supernovae going o� in star-forming regions within typical starburst timescales
of � 108 yr can provide a momentum boost up to an order of magnitude greater than
isolated SN, which is su�cient to drive galaxy scale out�ows of gas and dust (see Fig. 1.3
for example) (Sharma et al., 2014; Gentry et al., 2017; El-Badry et al., 2019).

Additionally, stellar winds from young, massive stars profoundly transform the sur-
rounding ISM and clear the denser gas from young stellar clusters before the SN occur
(Longmore et al., 2014). The bubble created by these winds can enhance the SN feedback
e�ciency. It can also a�ect the dust being formed in the ejecta or pre-existing dust in these
environments (El-Badry et al., 2019; Martínez-González et al., 2019). Cosmic rays (CRs)
originating in the SN remnants can ionize and heat the ISM including the cold material
that is optically thick. The CR energy is not radiated away during the expansion of the
SN remnant. Although their energy is small, they can inject momentum at a signi�cant
rate. Therefore, they can continue the expansion of the SN remnant and can also drive

1In astronomy, all elements heavier than Hydrogen and Helium are called metals.
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winds (Salem et al., 2016; Diesing & Caprioli, 2018).

Multiphase galactic out�ows driven by starburst have been observed in many starform-
ing galaxies (see Rupke, 2018, for review and references therein). Over the last two decades,
a large number of studies have tried to model the starburst feedback and incorporate it into
simulations of galaxy evolution (Dubois & Teyssier, 2008; Scannapieco et al., 2008; Agertz
et al., 2009; Joung et al., 2009; Ceverino & Klypin, 2009; Governato et al., 2010; Kimm
et al., 2015). However, modelling the SN feedback has proven to be challenging and its
results are generally mixed. The di�erences and contradictions between these studies �nd
their origins in the details of how SN feedback is modelled, di�erent numerical recipes, dif-
ferent resolutions adopted in these models as well as a variety of galaxy masses and merger
histories (see Scannapieco et al., 2012, and references therein). Therefore it is still unclear
to what extent SN feedback a�ects low and high-mass galaxies. For example, SN feedback
only has a small impact on the formation of massive galaxies, mostly because the deep
potential wells of massive galaxies prevent the gas from escaping the galaxy. Moreover,
SN feedback fails to stop the �ow of cold gas toward the centre of galaxies (Powell et al.,
2011). The gas pushed away by SN only modestly interacts with the in�owing gas thus
allowing massive galaxies to form too many stars. This is corroborated by hydrodynamical
simulations that incorporate a subgrid recipe for SN feedback without including the black
hole feedback. Comparison of these simulations with an expected relation between total
halo mass and the stellar mass of galaxies obtained by using the `abundance matching'
technique, i.e., by ranking galaxy halo masses from simulations with luminosities from ob-
servations and pairing them in the same order, shows that for galaxies with high halo mass,
SN feedback is unable to stop the formation of stars and star formation is too e�cient (e.g.,
see Kannan et al., 2014; Moster et al., 2010).

Star formation

Estimating accurate star formation rates in galaxies is critical for understanding the pro-
cesses governing the formation and destruction of stars and their impact on galaxies. Stars
form in cold and dense regions in galaxies containing molecular gas and dust, where the
temperature is favourable for the dense clouds to be gravitationally bound. Individual
stars are almost always unresolved in galaxies except in very few neighbouring galaxies.
Therefore, the information about star formation comes from integrated light from young
stars and gas around them in the ultraviolet (UV) and far-infrared (FIR) wavelengths and
from nebular recombination lines. These measurements are direct tracers of young stars.
The most common way to measure the star formation rate is to compare either UV/FIR
continuum �uxes, nebular emission line �uxes or UV/visible wavelength spectra of galax-
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Figure 1.3: A composite image of the M82 galaxy showing very hot (� 107 K) out�ow-
ing gas emitting X-rays (Blue); starlight in Optical (Green); � 104 K H� emitting gas
(Orange) and dust emission in Infrared (Red). Galactic winds driven by intense star-
burst with star formation rate of � 10 M� yr � 1 at the centre blasting the gas and dust
out of the galaxy are visible. Credit: X-ray: NASA/CXC/JHU/D.Strickland; Optical:
NASA/ESA/STScI/AURA/The Hubble Heritage Team; IR: NASA/JPL-Caltech/Univ.
of AZ/C. Engelbrecht.
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ies or star-forming regions with empirical libraries of stellar populations of di�erent ages,
metallicities, star formation histories and initial mass functions (IMFs) (see Conroy, 2013,
for review). Kennicutt (1998) has discussed methods used to estimate star formation rates
which are summarized below.

Ultraviolet continuum: The ultraviolet wavelength spectrum of star-forming regions is
dominated by light from young and massive stars. Therefore, the star formation rate scales
linearly with UV luminosity. The optimal wavelength range is 1250�2500 Å which avoids
contamination from older stars (Kennicutt, 1998). The conversion between measured UV
continuum �uxes and star formation rates can be derived from stellar population models.
Several studies have published these relations. One of the most commonly used relations
is given by (Kennicutt, 1998)

SFR(M � year� 1) = 1 :4 � 10� 28L � (ergs s� 1 Hz� 1); (1.4)

whereL � estimated over the wavelength range 1500�2800 Å. This conversion relation as-
sumes that star formation has remained constant over� 108 years (continuous star forma-
tion) and a Salpeter IMF (Salpeter, 1955) with mass limits 0.01 and 100 M� .

Recombination lines: Stars with masses& 10 M � and lifetimes of. 20 Myr contribute
signi�cantly in ionizing the gas around them. The ionized gas e�ectively re-emits the
integrated stellar luminosities of galaxies through recombination lines providing another
direct method to estimate star formation rates. The ionizing �ux of stars is calculated using
stellar population models. The most commonly used recombination line is the H� line and
the commonly used relation to estimate the star formation rate is given by (Kennicutt,
1998)

SFR(M � year� 1) = 7 :9 � 10� 42L(H� )(ergs s� 1); (1.5)

which is derived based on the assumptions used to derive equation 1.4. Other recombination
lines such as H� , P� , and P� have also been used. Forbidden emission lines can also be
used to estimate the SFR if H Balmer lines are not available. The [OII]� 3727 forbidden
line doublet is often su�ciently strong and it has been calibrated empirically through H�
as an SFR tracer.

FIR luminosity: Interstellar dust absorbs a signi�cant fraction of the light emitted by
stars, primarily at UV wavelengths and re-emits it in the FIR wavelength (10�300� m).
Therefore, FIR emission can be a sensitive tracer of the young stellar population and the
SFR. The e�ectiveness of FIR emission as the SFR tracer depends on the opacity of the
interstellar medium and the age of the stellar population. In galaxies with young stars,
most of the FIR dust emission is associated with young stars. In red galaxies containing
mostly older stellar populations, dust emission is associated with older stars. Even though
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there are ambiguities in the FIR emission, many studies have published calibrations for
the FIR luminosity and star formation rate. For example, for a continuous starburst of
age 10�100 Myr and assuming a Salpeter IMF, Kennicutt (1998) calibrated the following
relation for starburst systems

SFR(M � year� 1) = 4 :5 � 10� 44LF IR (ergs s� 1); (1.6)

whereLF IR is the total integrated infrared luminosity between 8�1000� m.

1.4.2 AGN feedback

A clue to solving this problem comes from the supermassive black holes (SMBH) that
are found at the centres of almost all massive galaxies (Kormendy et al., 2011). The
correlations observed between the SMBH masses and stellar velocity dispersions suggest
that they co-evolve. In the Active Galactic Nucleus (AGN) feedback model, a large amount
of gas initially cools down to the centre of the galaxy and accretes onto the central SMBH
triggering AGN activity. The AGN powered by accreting black holes release a fraction
(f acc � 0:1) of the potential energy lost by the accreted material as it falls into the potential
well of a black hole, back into the surrounding gas in the form of radiation or kinetic
out�ows. We can compare the energy output of a black hole given by EBH � f accMBH c2,
where MBH is the black hole mass andc is the speed of light, to the binding energy of
a galaxy bulge approximately given as Ebulge � Mbulge� 2, where � is the stellar velocity
dispersion of the bulge. Using the relation between black hole and bulge mass, MBH =
1:4 � 10� 3Mbulge (Häring & Rix, 2004), we can estimate the ratio of the two energies as
EBH /E bulge � 1:4 � 10� 4c=� 2. The stellar velocity dispersions are usually less than 400 km
s� 1, resulting in EBH /E bulge � 100. A galaxy with a mass of 1011 M � typically has a central
black hole of mass� 108 M � . The rest-mass energy of a black hole exceeds the galaxy's
collective SN energy output. Thus even a small fraction of black hole energy released into
the galaxy can have a profound e�ect on its host galaxy. The energy output of a black
hole, therefore, is an order of magnitude greater than the SN energy output, regulating not
only the black hole growth but the baryonic content of galaxies (Silk & Rees, 1998; Silk &
Mamon, 2012, for review). AGN feedback operating in cycles has been suggested, where
the energy released by AGN pushes the gas away and heats the surrounding atmosphere,
thereby quenching the cooling �ow and halting AGN activity and subsequently black hole
growth. Without an AGN to disturb the cooling �ow, the gas cools and the AGN activity
resumes (Li et al., 2015; McNamara et al., 2016; Prasad et al., 2020; Nobels et al., 2022).

AGN feedback primarily operates in two modes, �quasar mode� also known as radiative
feedback and �radio mode� also known as kinetic or mechanical feedback. While the quasar
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Figure 1.4: The �gure shows the radiative e�ciency of an AGN as a function of its accretion
rate. As the accretion rate increases, the AGN becomes more and more radiatively e�cient,
whereas, in the low accretion limit, it is dominated by high mechanical e�ciency (radio
jets). The �gure is taken from Churazov et al. (2005).

mode suppresses star formation and launches fast out�ows on short time scales, the radio
mode heats the atmospheres of galaxies on longer timescales suppressing cooling �ows (see
McNamara & Nulsen, 2007; Fabian, 2012, for reviews). Whether the AGN is in the quasar
mode or radio mode is determined by the accretion rate onto the central SMBH.

The energy radiated away by material accreting onto SMBHs can be given asL =
� r

_M accc2, where � r is the radiative e�ciency of the AGN which is a strong function of
the accretion rate _M acc. It is often useful to compare accretion rates to that of the Ed-
dington accretion rate ( _M Edd

acc ) to de�ne mass accretion limits. The Eddington accre-
tion rate is de�ned as the accretion rate when the outward radiation pressure of the
AGN is comparable to the gravitational force acting on the infalling material. Thus,
� r

_M Edd
acc c2 ' LEdd ' 4�GMc=� , where � is the opacity of the surrounding gas. At low

accretion rates (_macc � _M acc= _M Edd
acc � L=L Edd � 10� 3), the accreting material forms an

optically thin, geometrically thick and radiatively ine�cient hot disk with � r < 10� 3 be-
cause of long cooling timescales (Yuan & Narayan, 2014). At moderate accretion rates
( _macc ' 0:01�0.25), the accreting material forms a cold (relative to the virial temperature)
geometrically thin, optically thick and radiatively e�cient disk with � r (� BH ) ' 0:05�0.2,
with e�ciency increasing with increasing black hole spin(� BH ) (Novikov & Thorne, 1973;
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Koratkar & Blaes, 1999). At even higher accretion rates, the accreted material forms an
optically and geometrically thick disk that is radiatively ine�cient with � r < 10� 3, due
to long radiative di�usion times (S¡dowski et al., 2013, 2014; S¡dowski & Narayan, 2015).
This is illustrated in Fig. 1.4. The AGN operates in the quasar mode when it is in the
radiatively e�cient regime, otherwise, it operates in the radio mode.

1.4.3 Quasar mode feedback

The quasar mode feedback is commonly associated with highly luminous quasars at high
redshifts. In the early Universe, mergers of galaxies left large reservoirs of gas and dust in
galaxies. They fed the black holes forming powerful AGN that outshone their host galaxies.
The �rst quasar was discovered as a point radio source (Schmidt, 1963). It was identi�ed
as a star because of its star-like appearance. However, follow-up spectroscopy of the object
revealed very strong broad gas emission lines implying velocities of thousands of km s� 1

with a very blue optical spectrum that was unlike any star. Therefore these objects were
called �quasi-stellar objects� (QSOs) or �quasars�. The most luminous quasars can have
luminosities of up to 1047 erg s� 1.

The out�ows driven by quasar mode feedback can be energy or momentum-conserving
depending on whether radiative losses are negligible or not, respectively. When out�owing
gas does not radiate away its energy within short dynamical times of the out�ow, it is an
energy-conserving out�ow, otherwise, the out�ow is momentum-conserving. In the energy-
conserving out�ow, energy injected in the surrounding gas gets converted into the bulk
motion at a rate _E � _Mv 2

out , wherevout is the out�ow velocity and _M is mass out�ow rate.
Energy conserving �ows driven by AGN scale with black hole mass and lead to MBH / � 5,
where� is the stellar velocity dispersion (Silk & Rees, 1998; Murray et al., 2005). Whereas
for momentum conserving �ows, _E / _Mvout and it leads to MBH / � 4 (King, 2003; Murray
et al., 2005). Both relations lie close to the observedMBH � � relation (Fabian, 2012).

The primary source of energy in quasar mode can come from thermal energy or radiation
pressure. In the thermal pressure scenario, the shell of out�owing ambient gas is pushed by
the ram pressure of the hot, over-pressured gas in the inner regions of the galaxy heated by
the AGN. Essentially, the out�ows of cold or atomic gas in this case are driven by hot winds
produced by the AGN. X-ray observations of some galaxies have found such high-velocity
(&10,000 km s� 1) winds of hot, X-ray emitting gas driving cold out�ows (Faucher-Giguère
& Quataert, 2012; Tombesi et al., 2015). In this scenario, from energy conservation, it
follows that _pout = 0:5 _M out v2

out = 0:5f _Mwind vwind = _pwind , where the subscript �out�ow�
refers to the outer atomic or molecular out�ow, �wind� refers to the hot inner wind driving
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the out�ow, f is the coupling factor which determines the fraction of the kinetic energy
of the inner wind that is transferred to the outer out�ow and _p is the kinetic power of
the out�ow. Rearranging the terms, we get, _pout = f (vwind =vout ) _pwind . If the wind is
driven by radiation pressure,_pwind = LAGN =c and we get, _pout = f (vwind =vout )LAGN =c. For
wind-driven out�ows, _pout � 20LEdd =c and _E � 0:05LEdd (Zubovas & King, 2012; King &
Pounds, 2015).

Radiation from the AGN can also drive out�ows of gas if it is e�ciently coupled to the
ambient gas and if the ratio of the radiation force to the gravitational force is greater than
unity. The coupling of radiation to the gas is determined by the opacity of the gas per unit
mass,� , which depends on the gas density, dust-to-mass ratio and ionization parameter
of the gas. If � of the ISM is large enough, AGN radiation can couple e�ectively with the
ambient gas and drive out�ows (Ishibashi et al., 2018). In radiation-driven out�ows, the
momentum ratios _pout =LAGN =ccan reach values of up to 10 depending on the optical depth
and dust content of the gas in the ISM.

A very well-studied example of quasar mode feedback is the galaxy Markarian 231. It
hosts a powerful quasar at the centre driving out�ows of atomic, ionized and molecular gas
(Feruglio et al., 2010, 2015). The inner 1 kpc of this galaxy is devoid of a young stellar
population suggesting AGN has stopped star formation in the centre (Davies et al., 2007;
Lipari et al., 2009). AGN wind feedback has been detected in numerous other galaxies
hosting strong, active AGN. For example, AGN winds and actively star-forming regions
are spatially anti-correlated (Cano-Díaz et al., 2012; Cresci et al., 2015; Carniani et al.,
2016). In summary, quasar mode feedback is powerful enough to clear gas in massive
galaxies (Fiore et al., 2017).

1.4.4 Radio mode feedback

The second mode of AGN feedback is the radio mode or mechanical feedback. In radio
mode feedback, gas accreting on the central SMBHs releases a fraction of their stored
gravitational potential energy in the form of bipolar jets of energetic particles moving
at relativistic speeds emanating from the vicinity of the black hole. While quasar-mode
feedback is e�ective close to the AGN in inner parts of galaxies, radio-mode feedback injects
energy at much larger scales. The energy injected by the radio jets into the surrounding
atmosphere may be given as

_Ek = � f;k
_M accc2 ' 5:7 � 1046 � f;k ( _M acc=M� yr � 1) erg s� 1; (1.7)

where � f;k is the e�ciency of the radio jet to couple to the surrounding gas and drive
out�ow (Veilleux et al., 2020). Although simulations of accretion disks suggest� f;k of 10� 3
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Figure 1.5: Lef t : Composite image of MS0735 cluster showing X-rays (blue), ra-
dio (red) and optical (yellow). Cavities in the X-ray emission carved by radio bub-
bles are clearly visible. Credit: By NRAO, and L. Birzan and team (Ohio University)
- http://hubblesite.org/gallery/album/exotic/black_hole/pr2006051b/npp/all/, Public Domain,
https://commons.wikimedia.org/w/index.php?curid=9910992. Right : Chandra X-ray image
of the Perseus cluster showing disturbed X-ray cluster with cavities, shocks and sound
waves.Credit: NASA/CXC/SAO/E.Bulbul, et al.

(Yuan & Narayan, 2014), the e�ciency can be higher up to� 3�8 % for spinning black
holes with magnetized accretion disks (S¡dowski et al., 2016). Radio jets deposit a large
amount of energy in the atmospheres of galaxies and clusters heating their atmospheres. It
is the primary candidate for suppressing the cooling of hot gas and star formation in galaxy
clusters and all massive elliptical galaxies at late times (Bower et al., 2006; Croton et al.,
2006; Mulcahey et al., 2022). Su�cient heating of the ambient atmosphere will suppress
the cooling �ows, starving the AGN of the fuel supply. In the absence of heating, cooling
�ow resumes and the cycle continues.

Although radio jets have been detected in many galaxies, cool-core galaxy clusters o�er
the clearest view of the radio-mode feedback owing to their dense and bright atmospheres.
Radio mode feedback is evident in cool-core clusters and groups in which the radio jets blow
bubbles into their hot atmospheres. The bubbles appear as cavities or surface brightness
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depressions in the X-ray images of clusters and groups. The �rst detection of X-ray cavities
was reported by Boehringer et al. (1993) and Carilli et al. (1994) for Perseus and Cygnus
A clusters, respectively, usingROSAT satellite data. Since then, a wealth of high spectral
and spatial resolution data fromXMM-Newton and Chandra X-ray observatories detected
X-ray cavities in almost all cool-core clusters they observed and have shown that radio
mode feedback heats atmospheres of massive galaxies, clusters and groups, suppressing
cooling �ows. For example, the left panel of Fig. 1.5 shows an example of synchrotron
radio jet emission (red) �lling almost circular cavities seen in the X-ray emission (blue)
of the MS0735 galaxy cluster. The spatial anti-correlation between radio lobes and X-ray
cavities is evident. The right panel shows aChandra X-ray image of the Perseus cluster
showing shock fronts, cavities and sound waves produced by the mechanical feedback.

Measuring radio-mechanical power

The most e�ective way to gauge radio mechanical energy is by measuring the work done
by radio jets in in�ating cavities (McNamara et al., 2000). The cavities are likely �lled
with relativistic plasma with very high temperature and low density providing pressure
support. In that case, the total enthalpy, i.e. the mechanical work done by cavities plus
the internal energy providing pressure support is given by

Ecav =




 � 1
pV = 4pV; for 
 = 4=3; (1.8)

where 
 is the ratio of speci�c heats of cavity plasma,p is the average pressure inside a
cavity equal to the pressure of the surrounding ambient gas assuming that the cavity and
the surrounding gas are in pressure balance andV is cavity volume. The cavity power can
then be estimated as

Pcav =
Ecav

tcav
; (1.9)

where tcav is the age of the cavity. Cavity ages are determined assuming cavities rise
buoyantly in the atmospheres of galaxies and clusters at their terminal velocity. The
cavity age is then calculated astcav = R=vterm where R is the distance of the cavity
from the nucleus of the galaxy andvterm is its terminal velocity. Cavity powers are better
estimators of kinetic powers in radio jets as radio synchrotron powers of radio jets represent
a minor fraction of their kinetic power. The radio synchrotron power relies on the unknown
ratio k of energies between non-radiating particles in the jets versus synchrotron emitting
electrons assumed to lie in the range 0�100 (Willott et al., 1999). Lowk would imply lower
total mechanical power which may not be su�cient to o�set cooling. A high value ofk is
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not con�rmed by observations. However, large atmospheric pressures with values� 10� 10

dyn cm� 2 and large cavity sizes with diameters ranging from� 20 kpc to 200 kpc in the
most extreme sources imply very large mechanical powers exceeding synchrotron powers
of radio jets by up to two to three orders of magnitude (Bîrzan et al., 2008). The radio
powers and cavity powers are correlated and follow a linear relationship in the log space
given by (Bîrzan et al., 2004; Cavagnolo et al., 2010),

logPcav = 0:75(� 0:14)logP1:4 + 1:91(� 0:18); (1.10)

where Pcav is the cavity power in units 1042 erg s� 1 and P1:4 is the radio power at 1.4
GHz in units 1040 erg s� 1. The most powerful clusters have cavity powers up to a few
1045 erg s� 1 rivalling the power output of the powerful quasars. The measured cavity
powers (1042 to 1046 erg s� 1) scale linearly with radiative losses from a galaxy cluster's core
(LX� ray � 1042� 45 erg s� 1) implying that radio mechanical powers are su�cient to o�set gas
cooling in most systems (Ra�erty et al., 2006). Cavity powers may be underestimated as
they do not consider the power dissipated through shocks, sound waves, cosmic ray leakage,
thermal conduction, turbulence and other forms of energy. It further strengthens the
hypothesis that radio-mechanical AGN powers can o�set cooling in galaxies and clusters.

1.4.5 Heating Hot Atmospheres with Radio mode feedback

The mechanical energy of the AGN needs to couple to the surrounding medium e�ciently
in order to o�set cooling. Several mechanisms have been proposed for energy transport,
however, their relative importance is unclear. Here we discuss some processes that can
transfer AGN energy into the atmospheres of galaxies and clusters.

Weak shocks and sound waves

As cavities are blown and rise, they produce weak shocks in the ICM. However, weak shocks
created by single AGN outbursts cannot cool the ICM at large scales. The timescale for
shocks is smaller than the cooling time of the gas and the post-shock gas has a slightly
lower pressure than before as it is raised to a higher radius where gravity is weak, leading to
a small increase in the entropy of the gas. Although the impact of one weak shock is small,
their cumulative impact can be signi�cant (see for example Forman et al. (2007), Randall
et al. (2011)). Still, weak shocks are unable to heat the ICM at large distances. They are,
however, important at small distances close to the AGN, as shock strength decreases with
radius but entropy increase is cubic in the shock strength (McNamara & Nulsen, 2012).
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Similar to weak shock sounds waves can be seen in the Perseus cluster (see right panel
of Fig. 1.5) driven by repeated AGN outbursts in the AGN of its BCG (Fabian et al.,
2005). Sound waves dissipate energy through viscous dissipation and thermal conduction.
The strength of sound waves depends on the square of the wave amplitude, meaning that
it is e�ective at larger scales. Sound wave heating may provide su�cient heating to o�set
the cooling of ICM gas in clusters (Ruszkowski et al., 2004).

Turbulence, mixing and thermal conduction

As cavities rise buoyantly, they lift surrounding gas to higher altitudes. This gas then
detaches and falls back towards the centre. This process can generate gravity waves, sound
waves and turbulence that propagate outward, carrying the energy away from the cavities
and eventually thermalizing it (Donahue & Voit, 2022). This energy transport depends
on the properties of the ambient ICM such as its viscosity, thermal conduction coe�cient,
and magneto-hydrodynamic (MHD) wave interactions, which are uncertain and have large
uncertainties making the energy transport process more complex.

Recently, turbulence has been proposed as a plausible mechanism for heating the ICM
and o�set radiative cooling (Zhuravleva et al., 2014). However, turbulent energy inferred
from surface brightness �uctuations has large uncertainties making it inconclusive.Hitomi
satellite directly measured the velocity �eld of the hot gas in the Perseus cluster with
turbulent velocities of � 160 km s� 1, equivalent to about 10% of the thermal pressure of
the gas (Hitomi Collaboration et al., 2016). Thus the observed level of turbulent energy is
insu�cient to heat the cluster gas at large distances.

Cavity dissipation

As X-ray cavities rise, they are more susceptible to instabilities and should dissipate.
When cavities are destroyed as a result of instabilities, heat is transferred to the ICM
when ICM and lobe gases mix. While theory and simulations suggest cavities should be
destroyed rapidly, observations suggest that they survive for long periods and rise to 100s
of kiloparsecs (Bîrzan et al., 2004; Fabian et al., 2011). Moreover, cavity disruption can be
delayed by magnetic con�nement, viscosity, or favourable dynamics. Nevertheless, it can
potentially transport energy into the atmosphere at much larger distances where most of
the other mechanisms are less e�ective. Additionally, cosmic rays coming from within the
bubble can propagate out via di�usion or streaming (Boehringer & Mor�ll, 1988; Sijacki
et al., 2008). Streaming cosmic rays can excite plasma waves that can dissipate by heating
the surrounding ICM.

19



Figure 1.6: Lef t : The relationship between the molecular gas mass detected in clusters
and the minimum tcool=t� . All clusters with molecular gas detection (black points) have
min(tcool=t� ) lying between 10 and 25. The �gure is taken from Pulido et al. (2018).
Right : The relationship between H� gas luminosity and the gas entropy in clusters from
the ACCEPT database. All clusters with H� gas detection (blue points) have central
entropies less than 30 keV cm2. The �gure is taken from Voit & Donahue (2015).

The heating of the ICM by radio mode feedback is complex. Perhaps a combination of
all of these processes is at play. However, their relative roles may change under di�erent
ICM conditions. More studies are required to study these processes in detail.

1.4.6 Residual cooling and the origin of cold gas

Even though radio mode feedback can e�ectively heat atmospheres of massive galaxies
and clusters quenching cooling �ows, observations have found large amounts of cold gas
in cool-core clusters. Molecular gas masses as high as 1011 M � have been observed in
BCGs. They correlate strongly with the total H� luminosity and therefore with total star
formation rates (SFRs) in BCGs. The most star-forming BCGs have star formation rates
approaching 1000 M� yr � 1. Recent high-resolution observations show that the multiphase
gas extends out to 20�30 kpc and that the cold and warm gas phases have similar velocities
suggesting a common origin (Olivares et al., 2019). Therefore the hot X-ray emitting gas
is cooling to low temperatures in the inner regions of galaxy clusters and massive galaxies.
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Several authors have proposed models for gas cooling which are summarized below.

Thermal instabilities

The hot intracluster gas in cool core galaxy clusters is globally in thermal balance. How-
ever, it is locally thermally unstable. For example, imagine the motions of gas parcels in
strati�ed atmospheres as the origin of thermal instabilities. An incompressible gas parcel
in a hydrostatic atmosphere with a constant pressure gradient displaced vertically will os-
cillate about its equilibrium position at a frequency given by the Brunt-Väisälä frequency
due to gravity and buoyancy forces that act in opposite directions. However, the gas in
the ICM is compressible, which means that it cools in a timescaletcool and free falls in a
timescalet � . As it cools and loses energy, it becomes denser and will sink deeper into the
gravitational potential until it �nds a new balance between gravity and buoyancy. Iftcool

of the parcel of gas is much less than itst � , it will cool faster than gravity is able to move
it to its equilibrium level. By the time it reaches equilibrium, it would have cooled signi�-
cantly resulting in a new equilibrium position much deeper into the cluster's gravitational
potential corresponding to its increased density. Iftcool is longer than t � , it will oscillate
about its equilibrium at the Brunt-Väisälä frequency resulting in no runaway cooling. An-
alytical arguments and simulations show that in cluster atmospheres, thermal instability
ensues whentcool=t� . 1 criteria is reached (Nulsen, 1986; McCourt et al., 2012). When
this happens, density perturbations form dense blobs of gas that cool to low temperatures
which then decouple from the hot atmosphere.

However, observations of galaxy clusters show that minimumtcool=t� ratio never reaches
1. Pulido et al. (2018) showed that cool-core clusters have detectable levels of cold gas
when the ratio of their cooling time to free-fall time,tcool=t� , lies between 10 and 25 (see
left panel of Fig. 1.6). It is equivalent to a cooling time of less than 1 Gyr and entropy of
less than 30 keV cm2 at 10 kpc (see right panel of Fig. 1.6). The sharp transition in both
cases indicates that the multiphase gas is more closely associated with the dynamical time
of the central galaxy rather than cosmological cooling time. The most likely hypothesis is
that when these thresholds are met, thermal instabilities ensue leading to the condensation
of gas.

Precipitation model

Several models called �precipitation models� proposed that thermal instabilities in cluster
atmospheres ensue when min(tcool=t� ) � 10 (Voit & Donahue, 2015). According to these
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models, when this condition is satis�ed, cold gas condenses and falls back towards the cen-
tral SMBH increasing the accretion rate of the AGN. The AGN fueled by accretion releases
powerful jets and heats the surrounding atmosphere driving the min(tcool=t� ) ratio above
10, suppressing the condensation of cold gas without completely eliminating molecular
gas. Eventually, reduced cooling reduces accretion and the atmosphere starts to cool down
again driving the min(tcool=t� ) below 10 and the cycle repeats. However, the atmosphere
does not react to the heating due to AGN instantly. The min(tcool=t� ) changes gradually
over time similar to a hysteresis cycle, where a property of a system lags behind changes in
the e�ect causing it. As a result, the cold gas is preferentially observed when min(tcool=t� )
falls between 4�20 (Voit et al., 2020) and 1�20 (Li et al., 2015).

Uplift models

While some systems are consistent with the min(tcool=t� ) . 10 criteria, there are some
exceptions. For example, Martz et al. (2020) showed that in some BCGs the above criteria
are observed, yet those BCGs are either devoid of cold gas or have a substantially low
amount of cold gas. Recent ALMA observations have revealed that fast-moving molecular
gas clouds spatially coincide with out�ows of hot gas suggesting that the hot gas is uplifting
the molecular gas (Russell et al., 2019). The density contrast between the cold and hot
gas is& 105, and yet hot gas appears to be pushing the cold gas. Motivated by these
observations, McNamara et al. (2016) suggested a mechanism called �stimulated feedback�,
where buoyant bubbles blown by radio jets lift low-entropy gas in central regions of BCGs
to high altitudes. Condensation of uplifted gas can happen when its cooling time is less
than its infall time, i.e. tcool=tI . 1, where infall time t I is the time it takes the gas to
fall back to its original altitude. In addition to the �lamentary structure of molecular gas
observed in BCGs, their observed linewidths are narrow suggesting that the gas hasn't had
enough time to respond to its gravitational environment and it has formed recently and
in-situ from uplifted cold X-ray emitting gas (Russell et al., 2019). Uplift is now a part of
many radio mode feedback simulations and gas cooling models. For example, Voit et al.
(2017) have proposed a model where the atmosphere is divided into inner and outer regions
where thermal instabilities can ensue promoting gas cooling. The inner region encompasses
the area from the centre of the BCG to a distance where min(tcool=t� ) occurs. Outside this
region, hot gas needs to be uplifted to higher altitudes for thermal instabilities to occur
consistent with the stimulated feedback model.
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Turbulent cooling

It has been shown that radio jets and the uplift of cavities cause some level of atmospheric
turbulence. X-ray surface brightness �uctuations (Zhuravleva et al., 2014) and velocity
structure functions (Li et al., 2020; Qiu et al., 2021; Hu et al., 2022a) of multiphase gases
have put constraints on the turbulent velocities. However, these estimates have large
uncertainties. Nevertheless, vertical motion induced by turbulence can promote gas con-
densation similar to the bulk uplift of gas. Turbulent motions strong enough to lift gas to
a higher altitude where its cooling time is smaller than its turnover time due to turbulent
eddies (tedd) can stimulate cooling (Gaspari et al., 2018). Strong turbulence will shred and
mix the gases (Banerjee & Sharma, 2014), whereas weak turbulence fails to overcome the
buoyancy e�ects that suppress cooling (Donahue & Voit, 2022).

Additionally, cosmological infall of low-entropy gas (Donahue & Voit, 2022), rotational
motions of galactic atmospheres (Sobacchi & Sormani, 2019), gravity waves (Voit et al.,
2017) and convection (Binney & Tabor, 1995; Pizzolato & Soker, 2005; Meece et al., 2017)
can also stimulate gas condensation (see Donahue & Voit, 2022, for the discussion and
review).

1.4.7 Positive AGN feedback

As discussed above, AGN feedback is invoked in order to suppress star formation in massive
galaxies to reproduce the galaxy luminosity function and solve the cooling �ow problem.
Indeed cosmological simulations including strong AGN and star formation feedback have
been able to match the observations. However, the details of coupling between feedback
energies and the surrounding gas need to be investigated further. From an observational
point of view, the impact of AGN feedback on star formation in host galaxies is still not
well understood.

Recent observations of radio jets interacting with the local ISM of galaxies show that
radio jets may not only suppress the star formation but trigger star formation locally in
the region of direct interaction (Zinn et al., 2013; Cresci et al., 2015; Salomé et al., 2015).
Both phases can exist in a galaxy simultaneously or at di�erent times. Simulations and
analytical studies also suggest that radio-jets can trigger star formation in host galaxies
with star formation rates of up to 100 M� yr � 1 (Gaibler et al., 2012; Wagner et al., 2012;
Ishibashi & Fabian, 2014). Local studies show that radio jets can induce star formation
even if the ambient medium is only moderately dense. This leads to a possibility that this
mode of star formation was more common in the past when the AGN activity was more
prevalent and the gas densities were higher.
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1.5 This Thesis

It has been established that AGN and starburst feedback are an integral part of galaxy
formation and evolution. These disparate modes of feedback not only heat the atmospheres
of galaxies preventing the over-cooling of gas, but they drive out�ows of gas starving the
galaxies of fuel to form stars and stopping the growth of their black holes. The goal of
the thesis is to study whether the radio-mechanical feedback is capable of driving cold
galactic out�ows and suppressing star formation, study the nature of star formation trig-
gered by radio mode feedback and its implications for galaxy formation and evolution and
study whether the stimulated AGN feedback mechanism can explain the origin of cold gas
�laments observed in BCGs.

Out�ows driven by quasar mode feedback have been observed and discussed in the
literature. Radio mode feedback is mainly thought to maintain hot atmospheres of mas-
sive galaxies at late times. They both in�uence and contribute to the evolution of galaxies,
however, the relative importance of these di�erent feedback mechanisms is debated. Cicone
et al. (2014) and Fluetsch et al. (2019) studied gas out�ows driven by di�erent feedback
mechanisms in nearby early-type galaxies and showed that AGN feedback dominates in
galaxies hosting AGN, whereas, in starburst galaxies with no AGN, out�ows are driven by
starburst feedback. However, they did not �nd a correlation between radio jets and gas
out�ows and concluded that radio mode feedback does not play a major role in driving
gas out�ows. In chapter 2 of this thesis, I analyzed spatially resolved molecular gas ob-
servations in a sample of 14 BCGs taken with ALMA to characterize the molecular gas
�ows driven by radio mode feedback. We compared them with �ows observed in nearby
galaxies to understand the relative roles played by di�erent feedback mechanisms and their
e�ectiveness in driving gas out�ows.

As discussed in section 1.4.7, radio mode feedback can trigger star formation in galaxies
locally, possibly contributing to the inside-out growth of galaxies. Direct, high spatial
resolution, multiwavelength observations of radio-jet triggered star formation in a galactic
gas �ow are very limited. In chapter 3, I studied an excellent example of radio-jet triggered
star formation in the BCG of the galaxy cluster Abell 1795 using high spatial resolution
multiwavelength data from UV to radio wavelengths. I estimated the star formation rate,
and the star formation e�ciency and studied the role of radio jets in driving supersonic
shocks and turbulence in the surrounding gas.

In chapter 4 of this thesis, I study gas cooling via stimulated feedback by uplift in a
sample of cool-core galaxy clusters. Multiphase gas is found within central 20�30 kpc in
galaxy clusters. I test whether the stimulated feedback mechanism is a viable model to
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explain observed levels of cold gas in galaxy clusters by estimating the ability of cavities
to lift gas and the distances to which the hot gas needs to be lifted as well as the amount
of gas that can cool within the ages of cavities through di�erent gas cooling mechanisms.
Finally, in chapter 5, I summarise this thesis and its main conclusions.
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Chapter 2

Molecular Flows in Contemporary
Active Galaxies and the E�cacy of
Radio-Mechanical Feedback

The radio-mechanical feedback is thought to heat the heat atmospheres of massive galaxies
preventing overcooling of the gas at late times. Although some simulations suggest that
radio-mode feedback can drive gas out�ows, most AGN feedback studies exclude radio-
mode feedback as a plausible out�ow-driving mechanism. BCGs o�er excellent laboratories
for studying the impact of radio-mechanical feedback, because of their dense atmospheres,
cavities blown by radio jets are easily visible and recent high spatial resolution molecular
gas observations have shown molecular gas in �laments behind or directed towards bubbles.
Therefore, I studied molecular gas �ows in cool-core BCGs to study the properties of their
molecular gas �ows and the role of radio-mechanical feedback in driving these �ows.

The work in the following chapter contains original research and has been published in
Tamhane et al. (2022). I analyzed the archival ALMA data and wrote the manuscript. The
second author B. R. McNamara is my supervisor and signi�cantly edited sections 7 and 10
in the manuscript corresponding to sections 2.7 and 2.10 in the following chapter. Other
authors are collaborators who improved the manuscript by providing comments.
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2.1 Abstract

Molecular gas �ows are analyzed in 14 cluster galaxies (BCGs) centred in cooling hot
atmospheres. The BCGs contain109 � 1011 M � of molecular gas, much of which is being
moved by radio jets and lobes. The molecular �ows and radio jet powers are compared
to molecular out�ows in 45 active galaxies withinz < 0:2. We seek to understand the
relative e�cacy of radio, quasar, and starburst feedback over a range of active galaxy
types. Molecular �ows powered by radio feedback in BCGs are� 10�1000 times larger in
extent compared to contemporary galaxies hosting quasar nuclei and starbursts. Radio
feedback yields lower �ow velocities but higher momenta compared to quasar nuclei, as
the molecular gas �ows in BCGs are usually� 10�100 times more massive. The product
of the molecular gas mass and lifting altitude divided by the AGN or starburst power �
a parameter referred to as the lifting factor�exceeds starbursts and quasar nuclei by two
to three orders of magnitude, respectively. When active, radio feedback is generally more
e�ective at lifting gas in galaxies compared to quasars and starburst winds. The kinetic
energy �ux of molecular clouds generally lies below and often substantially below a few per
cent of the driving power. We �nd tentatively that star formation is suppressed in BCGs
relative to other active galaxies, perhaps because these systems rarely form molecular disks
that are more impervious to feedback and are better able to promote star formation.

2.2 Introduction

The energy released by active galactic nuclei (AGN) and star formation is able to lift and
perhaps expel interstellar gas (ISM) in galaxies at all epochs. Gaseous out�ows of ionized,
atomic, and molecular gas delay and suppress star formation in galaxies, a�ecting their
evolutionary paths (Alatalo et al., 2011; Maiolino et al., 2012; Aalto et al., 2012; Cicone
et al., 2012; Combes et al., 2013; Veilleux et al., 2013; Tombesi et al., 2015; Feruglio et al.,
2015; Rupke et al., 2017). For example, energetic feedback from starburst winds and AGN
may imprint the correlation between stellar velocity dispersion of the host galaxy bulges
and the supermassive black holes (SMBHs) masses (Fabian, 2012; King & Pounds, 2015;
Croton & Farrar, 2008; Bower et al., 2008) and may prevent galaxies from growing to
much larger sizes (Scannapieco & Oh, 2004; Beckmann et al., 2017). Burgeoning galaxies
at redshift 2 are maintained on the main sequence of galaxy formation by in- and out�owing
gas propelled by star formation and AGN (Tacconi et al., 2020).

Observations have established that out�ows from galaxies that host powerful AGN
are primarily powered by the AGN (Cicone et al., 2014). In the most massive galaxies,
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two primary forms or modes of AGN feedback are thought to operate during a galaxy's
lifetime: the radio and quasar modes (Bower et al., 2006; Croton et al., 2006). During the
quasar mode, nuclear winds drive large-scale out�ows of gas (Tombesi et al., 2015). These
winds are thought to eject interstellar gas from the nascent galaxy which suppresses star
formation and accretion onto the central SMBH (Fabian, 2012; Veilleux et al., 2020). The
mode, quasar or radio, is thought to be governed by the speci�c accretion rate onto the
black hole (Churazov et al., 2005). For accretion rates lower than a few percent of the
Eddington rate, radio-mechanical feedback ensues (Russell et al., 2013). Accretion rates
approaching the Eddington rate produce a quasar.

The M � � relation is thought to have been imprinted by quasars accreting near the
Eddington rate following major mergers (Kau�mann & Haehnelt, 2000a). Whether an Ed-
dington �ow conserves energy or momentum is consequential to the form and development
of the M � � relation. A hot, adiabatic wind whose radiative cooling timescale exceeds the
out�ow timescale conserves energy. Energy conserving winds lead toM � � relations scal-
ing as� 5 (Silk & Rees, 1998; Haehnelt et al., 1998). The accretion energy released during
the growth of a nuclear black hole vastly exceeds the potential energy of the host and thus
must couple ine�ciently to the surrounding gas (Fabian, 2012; King & Pounds, 2015). A
wind accelerated and heated by shock fronts whose cooling time scale lies below its expan-
sion timescale conserves momentum (Zubovas & King, 2014). In momentum-conserving
out�ows, the shocked wind radiates away its kinetic energy and compresses into a dense
gas. Ram pressure is communicated to the ISM driving out�ows to a kiloparsec and per-
haps beyond (Zubovas & King, 2012; King & Pounds, 2015). Momentum conserving winds
lead to � 4 scaling (Fabian, 1999; King, 2003; Murray et al., 2005) which lies close to the
observedM � � relation (Fabian, 2012).

If the optical depth of dust in the ISM is greater than that due to Thomson scattering,
the coupling between AGN radiation and dust can be signi�cant. In that case, radiation
pressure can power an out�ow (Ishibashi et al., 2018). Depending on the optical depth
of the medium around the AGN and the dust content, momentum ratios_p=(LAGN =c) can
reach values of up to 10 or higher in sources with high AGN luminosity and high dust
content, with large covering fraction leading to higher coupling e�ciency. The power ratio
( _E=LAGN ) can be greater than 0.01.

During radio mode feedback, jets launched from SMBHs in�ate bubbles in the sur-
rounding hot atmosphere, many of which are observed as surface brightness depressions or
cavities in X-ray images. Atmospheric heating by a combination of shock fronts (Randall
et al., 2011), turbulence (Zhuravleva et al., 2014), and enthalpy released as the cavities
rise suppresses and often neutralizes cooling and star formation (McNamara & Nulsen,
2007, 2012; Fabian, 2012). As the bubbles rise, they lift low entropy, metal-rich gas that
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is dispersed in the inner several 10s of kiloparsecs of the cluster (Nulsen et al., 2002; Kirk-
patrick & McNamara, 2015; Simionescu et al., 2008; Gitti et al., 2011). Some of this gas
may cool and condense in the bubbles' updrafts into molecular clouds (Revaz et al., 2008;
McNamara et al., 2016; Voit et al., 2017). Molecular gas is plentiful in brightest galaxies
(BCGs) residing at the centres of cool-core clusters, groups and galaxies (Edge et al., 2002;
Salomé & Combes, 2003; Pulido et al., 2018; Russell et al., 2019; Olivares et al., 2019).

In Galactic out�ows detected in ionized, neutral, and molecular forms, molecular gas
�ows usually contain most of the mass. Molecular clouds directly fuel star formation and
nuclear black holes. Therefore, they have the greatest potential impact on the evolution
of galaxies. Several investigations have explored out�ow properties including size, mass,
velocity, and their relationships to galaxy morphology, AGN luminosity, star formation
rate, and stellar mass. Cicone et al. (2014) found a trend between AGN luminosity and
out�ow rate. They also found that in starburst galaxies, the ratio of mass out�ow rate to
star formation rate, dubbed the loading factor, is typically� 1�4 but increases to upwards
of 100 for the most powerful AGN.

Fiore et al. (2017) found that AGN winds are a dominant driving mechanism in massive
galaxies at redshifts of two and below. They concluded tentatively that winds are capable
of sweeping or destroying molecular gas in massive galaxies. Most studies have focused
on relatively small, heterogeneous samples. Fluetsch et al. (2019) compiled a sample of
relatively nearby galaxies to study these relations with an eye to understanding selection
biases. They found that out�ows can be both energy-conserving and radiation pressure
driven, and that less than �ve percent of the gas escapes the host galaxies. No correlation
was found between molecular gas out�ow rates and radio power. Nevertheless, several
instances of jet-powered out�ows are known (Morganti et al., 2015, 2013; Mahony et al.,
2016).

Radio mode or radio/mechanical feedback is thought to be the agent maintaining the
inner cooling regions of hot atmospheres thus preventing star formation in massive galaxies
at late times. ALMA observations of central galaxies in clusters with cooling atmospheres
have revealed a far more complex picture (Russell et al., 2019; Olivares et al., 2019). While
stellar populations in most central galaxies are usually old, those in cooling core clusters
are instead often rich in molecular gas and star formation (Edge, 2001; Salomé & Combes,
2003; O'Dea et al., 2008; Donahue et al., 2015). For the past two decades, the Chandra
and XMM-Newton observatories have characterized the hot X-ray emitting atmospheres in
and around BCGs with �ne detail, revealing multi-phase, cooling atmospheres. Detailed
observations of the molecular gas content are available for only a dozen systems or so.
These studies have revealed molecular gas �laments trailing behind buoyantly rising X-ray
cavities and interacting with radio lobes (McNamara et al., 2014; Russell et al., 2014, 2016,
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2017a,b; Vantyghem et al., 2016, 2018). These spatial correlations indicate that radio AGN
are disrupting and perhaps expelling molecular gas from the central galaxies. Molecular
gas may also condense in the updrafts of rising radio bubbles (McNamara et al., 2014,
2016; Russell et al., 2019).

Here we analyze molecular �ows in central galaxies and compare them to those in active
galaxies from the Fluetsch et al. (2019). Fluetsch did not include out�ows driven by radio-
mode feedback in central galaxies. In fact, most studies neglect radio-mode feedback as an
e�ective mechanism for driving massive out�ows. Our goal is to understand the relative
impact these disparate modes of feedback can have on the evolution of galaxies.

In recent years, the Atacama Large Millimeter/submillimeter Array (ALMA) has ob-
served molecular gas in central galaxies with unprecedented spatial and velocity resolution.
This combined with sensitive X-ray imaging and nebular line spectroscopy has provided a
vivid picture of radio-mode feedback. Such work has revealed some of the most massive
molecular gas �ows known in the universe. Here we examine ALMA observations of BCGs
to decompose the �ow and non-�ow components. We investigate the relative e�ciency and
driving power of di�erent feedback modes and we examine their roles in suppressing star
formation.

Throughout this chapter, we adoptH0 = 70 km s� 1 Mpc� 1, 
 M = 0.3 and
 � = 0.7.

2.3 Sample selection

Archival ALMA observations of 12 BCGs were analyzed. All targets in our sample lie
below a redshift of 0.6 and span the range in the molecular gas mass of 107 � 1011 M � .
Star formation rate ranges between a few to� 600 M� yr � 1 and radio mechanical AGN
power between 1042 � 1046 erg s� 1. Their stellar masses are greater than 1011 M � . These
properties are summarized in table??. Most ALMA archival targets were observed based
on their large molecular gas reservoirs (Edge et al., 2002; Pulido et al., 2018). Therefore,
our sample is biased, incomplete and does not represent all central cluster galaxies. We
consider this bias throughout our analysis. We have included NGC 1275, the central galaxy
in the Perseus cluster, observed with the IRAM telescope (Salomé et al., 2011).

The Fluetsch et al. (2019) sample of 45 galaxies with gaseous out�ows lies within red-
shifts of z < 0:2 and has stellar masses lying between 1010:5�1012 M � , with the majority of
galaxies having stellar masses upward of 1011 M � , comparable to the stellar mass of BCGs
in our sample. They include four ULIRGs for which the molecular properties were deter-
mined from far-infrared OH transitions. They classify galaxies as Seyfert, low-ionization
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nuclear emission-line region (composite) and starburst (star-forming) galaxies based on
the BPT-[SII] diagram. They include galaxies with �ows in neutral and ionized phases.
We refer to these categories as AGN, composite, and starburst galaxies, respectively. Al-
though Fluetsch et al. (2019) sample does not provide a census of molecular out�ows in
galaxies, it is su�ciently large to derive scaling relations between out�ows and galaxy
properties, given the lack of high sensitivity millimetre data for a large, volume-limited
or mass-limited sample of galaxies. Their sample is still biased as it primarily contains
galaxies with enhanced star formation or known AGN. Nevertheless, it is still the largest
sample of molecular �ows in nearby galaxies spanning a wide range of AGN powers with
molecular out�ows powered by AGN winds/radiation as well as starbursts. However, their
sample does not contain �ows driven by radio mode feedback. Therefore, it makes a good
reference sample to compare to central galaxies in which the �ows are primarily driven by
radio mode feedback and some which also host luminous AGN and starbursts, in order to
study the relative e�cacy of di�erent driving mechanisms. Except for Phoenix, all other
BCGs in our sample are at or below a redshift of 0.2 allowing us to compare molecular
�ows and their driving mechanisms in contemporary galaxies with stellar masses lying
within a factor of a few as well as comparable AGN power output. Although galaxies in
the two samples reside in di�erent environments, it is likely that most of the galaxies in
the Fluetsch et al. (2019) sample have gone through a phase of radio AGN activity during
their evolution. Therefore, this comparison is a �rst step towards understanding the rela-
tive impact of radio-mechanical feedback when active compared to other out�ow driving
mechanisms assuming the radio-jet feedback operates in a similar way in other galaxies as
it does in BCGs.

2.4 Data Analysis

We used automated science pipeline scripts provided by ALMA with the data sets to
reduce and calibrate the data. For Cycle 0 Early Science data (Abell 1835 and Abell
1664), scripts were modi�ed according to instructions provided on the ALMA website1 to
re-calibrate the data with casa 4.2. All other data were processed incasa version 4.7.2.
Additional �agging was done for some BCGs such as phase centre correction (Abell 1835),
total �ux calibration (Phoenix) and self-calibration was performed on some datasets to
improve the signal-to-noise.

casa tasksuvcontsub and clean were used to subtract the continuum and generate
image data cubes, respectively. We used Briggs weighting with parameter 2 to improve

1https://casaguides.nrao.edu/index.php/Updating_a_script_to_work_with_CASA_4.2
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sensitivity to faint �laments. The rms noise in the data cubes was found to be close to the
theoretical rms.

2.5 Comparison of Molecular Flow Sizes, Speeds, Masses
and Power

The out�ows studied by Fluetsch are generally unresolved spatially due to their small
angular sizes. Their masses and velocities were measured by �tting at least two gaussians to
the molecular gas velocity pro�les. The area and width of the broader gaussian component
provided mass and velocity estimates. In some cases, the �ows are resolved and visibly
surround the galaxy. However, their morphologies are usually indiscernible due to their
small angular sizes.

In contrast, the �ows in cluster centrals (BCGs) are well resolved with a variety of
morphologies and velocity patterns. Molecular gas in BCGs is often �lamentary, extending
out from the center with multiple spectral components (Russell et al., 2019; Olivares et al.,
2019). In most galaxies, the molecular gas lies outside of the nucleus in an unsettled state.
Molecular clouds are rarely observed in ordered motion about the nucleus, as they are
in AGN hosting and other galaxies. We consider this o�-nucleus gas as a �ow in BCGs.
Some of this gas may be �owing towards the BCG as opposed to a pure out�ow. A simple,
comprehensive characterization of their �ows that can be compared to the Fluetsch et al.
(2019) systems would be desirable.

Although some �laments have smooth velocity gradients, they are much more extended
compared to the sizes of molecular gas disks observed in galaxies (Rose et al., 2019b;
Boizelle et al., 2017). Their position-velocity (PV) diagrams do not show the characteristic
`S'-shaped curve that represents rotation (see Fig. A2). Some of the molecular gas in A1664
may be forming a disk of molecular gas in the centre (Russell et al., 2014). Similarly, the
circumnuclear gas reservoir in phoenix has a smooth velocity gradient from� 200 to 200
km s� 1 suggestive of a disk (Russell et al., 2017a). But the extended �laments that we
consider as �ows have distinct velocity structures from the circumnuclear gas. Molecular
gas disks are detected in very few BCGs such as HydraA (Rose et al., 2019b) and Abell
262 (Russell et al., 2019). We have excluded those BCGs from our sample. In the following
subsections, we describe the process of estimating �ow properties in BCGs and compare
them to �ows in the Fluetsch sample.
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2.5.1 Flow velocities

Spectra from data cubes were extracted in beam-sized regions centered on each pixel in the
entire emission region. They were �tted with a model consisting of one Gaussian component
using the lmfit Python package2. A signi�cance of greater than3� was imposed for the
detection of line emission, evaluated by performing 1000 Monte Carlo iterations. Integrated
CO images and velocity centroid maps of BCGs analyzed here are presented in Appendix
1.

Fluetsch et al. (2019) identi�ed out�ows spectroscopically, based primarily on the de-
tection of two velocity components in the spectrum of the entire emission region. They
calculated �ow speed using FWHMbroad=2 + jvbroad � vnarrow j, where FWHMbroad is the full
width at half maximum of the broad component in the extracted spectrum of the source
and vbroad and vnarrow are the mean speeds of broad and narrow components. This method
can be applied only when narrow and broad components are identi�ed. In the absence
of multiple components, Fluetsch concluded non-detection of an out�ow. To allow for a
comparison to their method, we extracted spectra in the entire emission region including
all emission structures and �t them with one or two Gaussian components. The prescrip-
tion described above was applied to estimate out�ow velocities in BCGs according to their
method.

The out�ows in many Fluetsch galaxies are barely resolved spectrally and few are
resolved spatially. Therefore, the out�ow speeds and gas masses must be large enough
for the spectrum to deviate from gaussianity. Applying this method to Abell 2597, Abell
1835, AS1101 and NGC4696, the summed spectra deviate only marginally from gaussianity.
Their �ows would therefore have been missed were they too distant to be spatially resolved.
Nevertheless, some of these systems harbor some of the most massive molecular gas �ows
known.

We identify gas �ows in BCGs and determine their velocities and sizes individually
from spatially extended emission components. Gas speeds were estimated as �ux weighted
average speed along the spatially extended �laments or clumps of gas from their velocity
maps within regions we considered as �ows. The regions and the corresponding velocity
maps are shown in the Appendix. If more than one �lament or clump is present, the
average speeds of all extended components are considered as the �ow speed. Figure 2.1
compares Fluetsch's methodology to ours in systems where both methods can be applied.
The �ow speeds estimated using the two methods are correlated with a Pearson correlation
coe�cient of 0.77 and a p-value of 0.001. Speeds estimated using the Fluetsch method are

2https://lm�t.github.io/lm�t-py/
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Figure 2.1: Comparison of �ow speeds estimated using the Fluetsch method against our
method. The black dashed line is the 1:1 relation.

two times higher compared to our method, except for RXCJ0821. The molecular gas in
RXCJ0821 lies in two clumps north of the BCG's nucleus. Their mean velocities are close
to the BCG's systemic velocity. However, their FWHMs are signi�cantly larger than their
mean relative velocities, yielding much higher �ow velocities using the Fleutsch method.
The Fluetsch method captures a small fraction of the gas that is �owing at high speeds
and overestimates the �ow velocity. In what follows, we adopt speeds estimated using our
method. However, were we to adjust Fluetsch velocities to velocities obtained using our
method by dividing them by a factor of two, it does not change our results qualitatively
(see Appendix A.2).

Figure 2.2 shows the distribution of �ow speeds for all systems. BCG �ow speeds lie in
the range 50�300 km s� 1 with a mean of 173 km s� 1. Abell 1664 with a speed of 579 km s� 1

is a moderate outlier. By comparison, the �ow speeds of starburst and AGN galaxies lie
in the range 50�600 km s� 1 and 100�800 km s� 1, respectively. The mean out�ow velocity
for AGN and starburst galaxies is 447 km s� 1 and 243 km s� 1, respectively. Thus BCG
�ow speeds on average lie� 60% below AGN hosting galaxies but are similar to starburst
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Figure 2.2: The distribution of �ow speeds in BCG, AGN hosting, composite and star-
burst galaxies. The �ows in BCGs have relatively lower speeds compared to AGN hosting
galaxies.

galaxies.

2.5.2 Flow sizes

Flow projected sizes are determined from the projected lengths of the �laments in ALMA
CO images. The velocity pro�les of the gas in �laments in most BCGs are distinct from the
gas in the central regions of BCGs. Filamentary gas in cluster central galaxies generally has
narrow velocity widths with full width at half maximum velocities . 100 km s� 1 and mean
recessional speeds of several hundred km s� 1. These �laments are considered o�-nuclear
�ows. To examine the �laments we imaged the data cube over the velocity ranges observed
in the �lament. We then measured the �lament sizes from the BCG nucleus to the most
distant part of the �lament. When multiple �laments are present their sizes are averaged.
For example, PKS0745 has three long �laments in the SE, NW and SW directions. We
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Figure 2.3: Histogram of �ow radii in BCGs, AGN, composites and starburst galaxies.

take the length of each �lament from the BCG center marked asx in Figure A.1 to the
average outermost edge of the �lament as the size of the �ow.

In Figure 2.3 a histogram of �ow size in BCGs, AGN hosting, composites and starburst
galaxies are presented. BCG �ow sizes generally range between 2 and 15 kpc. Phoenix,
RXCJ1539 and NGC1275 are exceptions with �ows extending out to� 21, 24 and 33
kpc, respectively. The average molecular �ow size is� 12 kpc in BCGs. AGNs span a
broad range of �ow sizes from 30 pc to 3 kpc. They are generally much smaller and more
compact than those in BCGs with an average �ow size of only� 1 kpc. Molecular �ow sizes
in starburst and composite galaxies range between 100 pc and 1 kpc. Thus, the molecular
�ows in active galaxies studied by Fluetsch are generally con�ned to the nuclear regions.
In contrast, the molecular �ows in BCGs tend to be 10 to 1000 times larger extending well
into the bulge and beyond.
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2.5.3 Flow masses

Molecular gas masses in BCGs are calculated using the integrated intensity of the CO line
emission. Flow masses were estimated from the CO intensity of spectra extracted from
�ow regions. The total molecular gas mass was estimated using the spectrum extracted
from a region enclosing all detected CO emission. The molecular gas mass is inferred using
an empirical expression calibrated for the CO(1-0) line. The integrated line �ux ratios of
I CO(2 � 1)=ICO(1 � 0) � 3.2 andI CO(3 � 2)=ICO(1 � 0) � 7.2 are used to convert integrated CO(2-1)
and CO(3-2) �ux densities to CO(1-0), respectively. The corresponding brightness tem-
perature ratios are CO(2-1)/CO(1-0) = 0.8 and CO(3-2)/CO(1-0) = 0.8. These ratios are
based on observed ratios at CO(3-2), CO(1-0) or CO(2-1) and CO(1-0) in BCGs (Russell
et al., 2016; Vantyghem et al., 2016, 2017, 2018). They correspond to an excitation tem-
perature of� 20�25 K and high densities� 104 cm� 3. Integrated CO(1-0) �ux is converted
into molecular gas mass using the equation (Solomon & Vanden Bout, 2005; Bolatto et al.,
2013)
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where SCO � v is the integrated �ux density of the CO(1-0) line, DL is the luminosity
distance,z is the redshift of the galaxy andX CO is the CO-to-H2 conversion factor, with
X CO;Gal = 2� 1020 cm� 2 (K km s� 1)� 1.

The adopted value ofX CO lends to a factor of two or more uncertainty in the gas mass
estimates. Its value depends on temperature, density and particularly, the metallicity of
the molecular gas (Bolatto et al., 2013). Estimates ofX CO are available for Milky Way
(X CO;Gal ) and nearby galaxies. No direct estimate ofX CO is available for BCGs. However,
studies have shown that the hot atmospheres surrounding BCGs, from which the molecular
clouds have likely condensed, have metallicities lying between� 0.6�0.8 Z � , close to if not
below solar metallicity. Furthermore, the line widths of individual molecular gas clouds
are comparable to those in the Milky Way (Rose et al., 2019a; Tremblay et al., 2016;
David et al., 2014; Heyer & Dame, 2015). CO line ratios are consistent with optically thick
molecular gas (Russell et al., 2019). Vantyghem et al. (2017) found that the optically thin
13CO to optically thick 12CO line ratio in one BCG indicated abundances lying within a
factor of two of the Galactic value. Therefore, we have adoptedX CO;Gal for BCGs in our
calculations apart from Phoenix.
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The BCG in the Phoenix cluster is undergoing star formation at a rate of� 500 � 800
M � yr � 1 (McDonald et al., 2012b) similar to LIRG/ULIRGs. It has been shown that the
use ofX CO;Gal in ULIRGs may overestimate the amount of molecular gas by a factor of
�ve (Downes et al., 1993; Solomon et al., 1997; Downes & Solomon, 1998). Therefore, we
have adoptedX CO = 0.4� 1020 cm� 2 (K km s� 1)� 1 for Phoenix following Russell et al.
(2017a). Fluetsch et al. (2019) useX CO;Gal in their calculations for all galaxies except for
LIRGs and ULIRGs for which they useX CO of 0.4� 1020 cm� 2 (K km s� 1)� 1 and 0.6� 1020

cm� 2 (K km s� 1)� 1, respectively, which is in agreement with the factor we assume.

Radio interferometers such as ALMA can underestimate the total �ux if the angular size
of the emission region is larger than the maximum recoverable scale given by� 0.6� /D min ,
where � is the wavelength of the observation and Dmin is the shortest baseline. Single
dish telescopes generally do not su�er from this problem due to their large maximum
recoverable scales. Therefore, we compared our molecular gas mass measurements with
molecular gas masses obtained from single-dish observations (Edge, 2001) using the same
CO-to-H2 conversion factor as ours to quantify the missing �ux in our observations. The
ALMA molecular gas masses are within a factor of the single-dish molecular gas mass
measurements. ALMA detected 60 percent more molecular gas in RXCJ0821, while in
A1664, A1835 and NGC5044 the ALMA masses lie 25 to 40 percent below the single dish
mass measurements. In the latter systems, ALMA may have resolved away some extended
molecular gas. These discrepancies do not qualitatively a�ect our results.

Figure 2.4 shows the molecular gas mass associated with the out(in)�ows on a loga-
rithmic scale. BCG molecular �ow masses lie between 0.3�12� 109 M � apart from the
much smaller masses in NGC 5044 and Centaurus of 107:7 M � and 107:5 M � , respectively.
BCG �ow masses di�er markedly from those in Fluetsch et al. (2019). BCGs possess on
average� 100 times more molecular gas in �ows compared to composites (107:5�108:5 M � )
and starburst galaxies (106�108 M � ). On the other hand, a broad mass range is found in
AGN galaxies, lying between106� 109 M � . Nevertheless, the most massive �ows in BCGs
exceed those in AGN by more than a factor of 10.

However, the total molecular gas masses in BCGs are comparable to those in (Fluetsch
et al., 2019) (Fig 2.5). By comparison, the average total molecular gas mass in BCGs
is � 1010 M � , while it is 5� 109 M � in AGN and 3� 109 M � in composite and starburst
galaxies.

About half of the total molecular gas mass in BCGs is found in �laments. Some BCGs
like Perseus are �lament-dominated, in which almost all of the molecular gas is in �laments.
In AGN-hosting galaxies the amount of molecular gas in the out�ow is only� 10 percent.
It is even lower in composite and starburst galaxies at� 3 percent.
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Figure 2.4: Histogram of the mass of molecular gas in out�ows of BCGs, AGNs, composites
and starburst galaxies.

On a cautionary note, many BCGs analyzed here were selected for observation based
on their high molecular gas masses during the early ALMA cycles. Therefore they do not
represent the molecular gas masses of average BCGs. We have kept this in mind as we
draw scienti�c inferences from the data.

2.5.4 Measurement uncertainties

The true sizes of molecular �ows and their velocities are systematically underestimated due
to projection. Furthermore, when observed in emission we do not know what side of the
nucleus the �laments are located. Unless absorption against the continuum is observed, it
is very di�cult to determine whether the gas is moving towards or away from the AGN
(Rose et al., 2019a). Therefore, whether the �laments in an individual object are �owing in
or out is unknown. Both in�ows and out�ows can be present at the same time. Observed
velocities will be lower if both in�owing and out�owing gas is present along the line of sight.

39



Figure 2.5: Histogram of total molecular gas mass in BCGs, AGNs, composites and star-
burst galaxies.
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For example, in PKS0745, �ux weighted average velocity is only 50 km s� 1, however, there
is a component at� 200 km s� 1 in the extended �lament. The low-velocity gas could have
detached from the �ow and slowed down or infalling onto the central galaxy. These e�ects
would introduce a factor of a few uncertainty in velocity in most objects. Although these
e�ects are di�cult to quantify, we adopt 0.3 dex uncertainty in velocity.

The primary mass uncertainty comes from the application ofX CO , which contributes 0.3
dex (Bolatto et al., 2013). Statistical uncertainties due to the �tting the total intensities
add about . 20 percent. Thus the average error on the mass of the out�ow may be as
large as 0.31 dex. Orientation and projection introduce scatter in both velocity and radius
measurements. Including this scatter, the overall average error on �ow properties is� 0.5
dex.

2.6 Energy, Momentum, AGN radiation

AGN release mechanical energy and radiation capable of displacing the gas around them.
In ULIRGs and quasars, AGN power is correlated with the kinetic power of the �ows
(Cicone et al., 2014), consistent with the AGN's energetic output driving the �ows. The
output is in the form of fast nuclear winds and radiation, and radiation pressure from
young stars. In this section, we compare molecular �ow energy and momentum �uxes in
BCGs to the radiative energy and momentum �uxes of their AGN. We then compare those
relations with AGN, composite and starburst galaxies to study the di�erence between these
systems.

2.6.1 Flow momentum �ux vs LAGN=c

Apart from a few known quasars hosted in BCGs with radio bubbles, the mechanical AGN
power dominates the power budget usually by an order of magnitude or more (Russell
et al., 2013). Nevertheless, some systems with powerful radio activity also emit nuclear
X-rays. For the sake of completeness, we compare the nuclear radiation emerging from
BCGs to that of the active galaxies in Fleutsch.

Here, LAGN denotes the total isotropic radiated power emerging from the BCG's nu-
cleus. Russell et al. (2013) estimated the nuclear X-ray luminosities (Lnuc) in the 2� 10keV
energy range using photometric and spectroscopic methods. For those systems, we adopted
their photometric value for Lnuc. For the remaining sources (Phoenix and RXCJ0821), we
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used archivalChandra observations to estimate nuclear luminosity/upper limits using Rus-
sell's photometric method. The presence or absence of a nuclear point source was veri�ed by
generating an image in the 3�7 keV band and visually inspecting for a central point source.
When absent, upper limits for nuclear luminosities are presented.Lnuc was converted to
total bolometric AGN radiative luminosity ( LAGN ) by multiplying it by a bolometric cor-
rection. For Compton thick AGN, the bolometric correction is� bol � 30, with an intrinsic
uncertainty of 0.2 dex (Brightman et al., 2017). Our targets are likely Compton thin, so
we expect the bolometric correction to be smaller than the one for Compton thick AGN.
Low luminosity type-2 AGN have X-ray bolometric correction factors of� 10 (Lusso et al.,
2012). Therefore, we adopt� = 10 for our calculations. AGN X-ray luminosity is sensitive
to short-term AGN variability and can be underestimated.

The �ow momentum �ux is calculated as _Mv, where _M is the mass �ow rate in gm s� 1

and v is the �ow speed in cm s� 1. _M is estimated by dividing the mass of the �ow by the
time it takes the �ow to reach its projected size (R=v). The rate of momentum output in
radiation from the AGN is LAGN =c.

In �gure 2.6, the �ow momentum �ux is plotted against radiative momentum �ux
LAGN =c. The diagram is intended to probe the ability of radiation emitted by the nucleus
to drive a �ow. Indicated in the �gure are �ow to AGN radiation momentum �ux ratios
_Mv=(LAGN =c) = 1 ; 5; 20. According to nuclear wind-driven models, systems in which the

ratio lies between 1 and 5 are able to be driven by radiation. Higher values of momentum
�ux ratios can be obtained by radiation driven �ows when the gas in the central regions has
high IR optical depth, as in highly obscured AGNs and ULIRGs. However, at kpc scales,
the optical depth of the medium is generally too low for out�ows to attain momentum �ux
ratios greater than 5. The energy conserving �ows generally have momentum �ux ratios
above 5. All points lie above the one-to-one line, indicating that radiation is generally
unable to drive the �ows in these systems. These quantities are correlated in AGN and
composite galaxies with a Pearson-r correlation coe�cient of 0.73 at greater than 99 percent
signi�cance, including systems with eitherLAGN or _M upper limits. This indicates that
even if AGN radiation pressure is unable to power a �ow on its own, it may contribute
signi�cantly in high power AGN (Fluetsch et al., 2019).

As expected, BCGs show no correlation between the �ow momentum �ux and the AGN
radiative momentum �ux (Pearson r-value of 0.24, the 50 percent con�dence level). This
lack of correlation suggests that radiation pressure has little in�uence on �ows in BCGs.

The momentum ratios for AGN and composite galaxies lie in the range predicted by
nuclear wind-driven out�ow models discussed in section 2.8. Still, the large scatter in the
relationship makes it di�cult to determine whether �ows in these systems are energy con-
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serving, momentum conserving, or a combination of both. In BCGs, the rate of change of
�ow momentum exceeds the radiative momentum input by� 20, more than the maximum
theoretical prediction for energy conserving �ows. The only exception is Phoenix, which
has a ratio of � 0.2. Phoenix is the most powerful and highly star-forming BCG. It has
an active AGN depositing a large amount of energy into its surrounding medium in both
mechanical and radiative form in nearly equal amounts. That is re�ected in the plot above,
where the nuclear luminosity of Phoenix is� 1046 erg s� 1, similar to quasars. Phoenix
also has a high star formation rate (McDonald et al., 2019). Therefore, the conditions
in the Phoenix BCG are similar to those in ULIRGs and quasars. Therefore, Phoenix is
expected to be like ULIRGs, with a radiation pressure driven, momentum conserving �ow.
However, the molecular gas in Phoenix is closely tied to its radio bubbles, rather than star
formation or the quasar. The bubbles are apparently doing most if not all of the work.

2.6.2 Momentum

Momentum may be conserved in some gas �ows. After the hot shocked gas radiates away
most of the kinetic energy, its momentum is left behind and drives the �ow. As discussed
in sections 2.5.3 and 2.5.1, �ow speeds in BCGs on average are similar to �ow speeds in
star-forming galaxies and lower than AGNs. However, higher molecular gas masses are
often found in BCGs. Therefore, their �ow momenta are higher on average compared to
AGN, composite or starburst galaxies (see �gure 2.7). A broad range of �ow momenta are
found in AGNs, lying between 1046�1050 g cm s� 1. The �ow momenta in BCGs lies between
1049�1050 g cm s� 1 with an average of 2.3� 1050 g cm s� 1. This �gure is �ve to ten times
larger than in AGN, composite and starburst galaxies whose average �ow momenta are
6.6� 1049, 1� 1049 and 1.7� 1049 g cm s� 1, respectively. A small fraction of AGN galaxies
also have a high �ow momentum.

2.7 Gas Flows and Mechanical Power

BCGs often host powerful radio/mechanical AGN. The mechanical power output of the
AGN is estimated as the power required to in�ate the buoyantly rising bubbles of relativistic
plasma that are fed through jets from the vicinity of the central SMBH (McNamara &
Nulsen, 2007). These bubbles are observed as cavities in X-ray images. X-ray cavities are
detected in all sources in our sample. The energy required to in�ate a bubble is given by
E = 4PV, whereP and V are the pressure and volume of the bubble, respectively, where
the bubble is approximately in pressure equilibrium with the surrounding ICM (Churazov
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Figure 2.6: Relationship between the �ow momentum rate and the AGN radiation mo-
mentum rate. The three dashed lines represent nuclear wind-driven model predictions for
energy conserving (20:1), momentum conserving (1:1), and radiation pressure-driven (5:1)
�ows, respectively. Red circles are denoted by BCGs, AGNs by blue circles, composites by
light blue triangles and star-forming galaxies by blue stars. Symbols with white circles in
the middle are galaxies with �ows detected in OH and symbols with black marker edges
are fossil �ows from the Fluetsch sample, respectively. The black point with error bars in
the bottom right corner represents the average error bar on each point.
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Figure 2.7: The histogram of �ow momenta (M 
ow hv
ow i ) in BCGs, AGN, composite and
starburst galaxies.
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et al., 2000). The mechanical power of the AGN (Lmech) can be obtained by dividing the
energy by the buoyancy time of the bubble. Cavity power measurements were taken from
the literature (Bîrzan et al., 2012; Hlavacek-Larrondo et al., 2015; McDonald et al., 2015;
Vantyghem et al., 2018; Calzadilla et al., 2019).

Their mechanical powers lie between� 1043�1046 erg s� 1, one to two orders of magni-
tude larger than their nuclear radiation powers. Their mechanical powers are comparable
to the radiative powers of AGN and some composite galaxies. Using the mechanical powers
asPdrive for BCGs in the relationship betweenPdrive and _M using linear regression gives a
slope and intercept of 0.42� 0.25 and 0.97� 0.40 M � , respectively. It is shown in Fig. 2.8
by a dotted line. The Pearson correlation coe�cient 0.61 with a p-value of 0.02 indicates,
again, a weak correlation. Thus, despite being comparable to the radiative powers of AGN
and composite galaxies, mechanical powers are poorly correlated with the molecular gas
�ow rate.

This poor correlation is true for all systems including those in Fluetsch. While trends are
seen and AGN have ample power to drive the �ows, the process is complex and ine�cient,
with most AGN power either radiated away or being deposited in other forms.

The ample mechanical powers and close association of molecular gas �laments with X-
ray cavities in several systems suggest molecular clouds are lifted by the rising bubbles or
are condensing in their updrafts. Whether this is true in all systems is not clear. Evidence
suggests that at least some molecular gas condenses from cooling hot gas lifted behind
the X-ray cavities. Filaments may grow due to interpenetration of hot and cold gas (Liu
et al., 2019). Extended molecular �laments are detected towards multiple generations of
cavities in the Perseus cluster (Salomé et al., 2006). However, in some instances, the mass
of molecular gas is close to and may exceed the displaced atmospheric gas mass, which
would be di�cult to explain by uplift unless the molecular gas was created by multiple
AGN cycles (Russell et al., 2019). The scatter in the trend between the molecular �lament
mass and the mechanical power indicates a complex relationship between molecular gas
and the AGN. This is true for the systems in Fluetsch, which also exhibit large scatter in
their trends.

2.8 Lifting mechanism

The relationship between the kinetic energy �ux of the gas �ow and the lifting force provides
a measure of the coupling between the power source and the gas. It is an easily-determined
quantity in real and model systems and thus places interesting constraints. We de�ne the
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Figure 2.8: The power of the driving mechanism is plotted against the molecular �ow
rate. The red symbols indicate BCGs. For starburst galaxies, their star formation power is
used asPdrive . Dark blue circles, light blue triangles and murky blue stars represent AGN,
composite and starburst galaxies from Fluetsch et al. (2019), respectively. The white �lled
symbols are �ows detected in OH, and fossil �ows are denoted by symbols with a black
border. The dashed and dotted lines are the best �t lines for BCGs and Fluetsch galaxies,
respectively.
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Figure 2.9: The �gure shows the relationship between the kinetic power of �ows and the
mechanical powers in BCGs. For the Fluetsch galaxies, thex-axis represents the bolometric
AGN luminosity. The black lines represent �ow powers 5 percent (dashed), 0.5 percent
(dashed-dotted) and 0.05 percent (dotted) that of bolometric AGN luminosity. Symbols
are as in �gure 2.8.
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molecular �ow kinetic energy �ux as 0.5 _Mv 2, where _M is the mass �ow rate andv is the
average speed of the �ow. The power for the Phoenix cluster BCG is indicated by the sum
of its nuclear radiation and mechanical powers.

Figure 2.9 shows that the kinetic energy �uxes of molecular gas in most systems lie near
or below a few percent of the AGN or starburst power. The radio/mechanically-driven
BCGs are indistinguishable from the others in most BCGs, indicating that all mechanisms
couple ine�ciently to the molecular clouds and at similar levels. Some BCGs such as
A1835, A2597 and PKS0745 lie much below others as a result of low �ow speeds. The
gas in these systems may have decoupled from the �ow and slowing down. While a trend
is observed in other systems, the scatter in kinetic energy �ux at a given power spans
2-3 decades. Some scatter may be attributable to AGN variability. But the radio AGN
show a similar scatter to nuclear AGN and starbursts. Mechanical power is averaged over
107 � 108 yr, which is comparable to the timescales for accelerating the molecular clouds.
Nuclear AGN vary on much shorter timescales. So the scatter is more indicative of both
the weak coupling and the complex nature of feedback.

The three lines in Fig 2.9 were chosen to reference the fractions of AGN radiation power
expected in energy conserving (5%), momentum conserving (0.5%), and radiation pressure
driven (0.05%) �ows. Most Seyfert and composite galaxies lie in the theoretically expected
ranges. Thus, the coupling between AGN power and molecular �ow kinetic energy in BCGs
and other systems are broadly similar, despite very di�erent acceleration mechanisms.

2.8.1 Lifting Factor

Molecular gas �ows in BCGs generally have higher masses and extend to larger distances
on average than the systems in Fluetsch et al. (2019). These properties indicate that
radio AGN are generally more capable than nuclear winds, radiation, and starbursts at
propelling molecular clouds out of the centers of galaxies, at least at the present epoch.

This phenomenon is explored further in Figure 2.10, where we compare the product of
the mass and �ow size per unit power. We refer to this as the lifting factor. The radio-
mechanical power is adopted for BCGs. For AGN in the Fluetsch sample, we adopted
the bolometric AGN luminosity. For starburst galaxies, we adopted the star formation
power estimated from star formation rates using the relationPSFR (erg s� 1) = 2:5 � 1041

SFR (M � ) from (Veilleux et al., 2005). This conversion factor is consistent with the factor
measured independently in the central galaxy Abell 1835 (McNamara et al., 2006) which is
included in our sample. This single example o�ers reassurance that the conversion relation
of Veilleux et al. (2005) applies to BCGs.
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Figure 2.10: Histogram of �ow distance times the �ow mass divided by the power of the
driving mechanism for BCGs, AGN, composite and starburst galaxies. This quantity is
referred to as the lifting factor in the text.
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Figure 2.10 shows BCGs have higher lifting factors on average than other out�ow
systems, indicating that radio-mechanical feedback is more e�ective per unit power at
lifting large masses to greater distances than nuclear AGN and starbursts. The lifting
factor for starbursts (H2 galaxies) is considerably larger than for AGNs. The starbursts
overlap the lifting factors of the weakest BCG �ows, but BCGs outperform all by more
than an order of magnitude using this �gure of merit.

Figure 2.10 can be interpreted in the context of Figure 2.9. In Figure 2.9 we show that
the molecular kinetic energy �uxes against driving power are of similar magnitude between
the BCGs and galaxies in the Fluetsch sample. At �rst blush, Figure 2.9 and Figure 2.10
appear to be inconsistent with each other. This apparent inconsistency is attributable
to the large di�erences in the timescale and size of the �ows. The AGN in Fluetsch are
driving smaller masses of molecular gas over shorter distances but at higher speeds. The
much larger masses, distances and timescales in BCGs compensate such that the kinetic
energy �uxes per unit power are similar. However, the total mass displaced over time is
much larger in BCGs for a given mean power.

The large range of lifting factors may be due to variations in �ow characteristics in-
cluding the volume a�ected by radio, nuclear, and star-formation activity and the ability
of the working surfaces to couple to the ambient gas. This coupling is always weak but
varies greatly (Fig. 2.9).

Radiation pressure wind energy is released on smaller scales close to the AGN, where
radiation intensity is strong, and the particle number density is high. At larger distances
the medium becomes tenuous, and the radiation intensity drops rapidly. The out�ow then
transitions into a momentum conserving �ow and rapidly slows down (Veilleux et al., 2020).
Therefore, radiation driven �ows are less e�cient at lifting a large amount of mass to vast
distances.

The large lifting factor of radio-mechanical feedback in BCGs is attributable to the
large volume of impact and the relatively long timescales radio bubbles are able to lift
gas in the surrounding interstellar medium and atmosphere. Radio bubbles couple to the
gas in the inner kpc (Mukherjee et al., 2018; Guo et al., 2018) lifting the low entropy gas
in their wakes to high altitudes through drift and entrainment (Pope et al., 2010). This
is observed in real systems as high metallicity atmospheric gas located in the wakes of
rising X-ray bubbles extending in some instances to altitudes of tens of kpc (Kirkpatrick
& McNamara, 2015).

Radio bubbles encompass a large range of sizes and volumes, with diameters of a few kpc
to over 200 kpc. A typical bubble appearing as an X-ray cavity is elliptical in projection
with an average semi-major and semi-minor axis of 11.4 kpc and 7.7 kpc, respectively
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(Ra�erty et al., 2006; Calzadilla et al., 2019; McDonald et al., 2015; Hlavacek-Larrondo
et al., 2015; Vantyghem et al., 2017). Assuming an ellipsoidal 3D shape, the average
volume of a bubble is 1068 cm3. In contrast, the average volume of the AGN wind-driven
out�ows is � 1065 cm3, assuming cylindrical geometry with a radius and height of� 1 kpc,
respectively. Starbursts typically occur within the central 1 kpc. The energy injection
region is typically up to � 2 kpc in extreme situations, after which the �ow starts slowing
down (Schneider et al., 2020). Thus, the a�ected volume is approximately 1665�1066 cm� 3.
The volume would be smaller considering a more realistic bi-conical geometry. Therefore
the working volume of radio-mechanical feedback is much larger and a�ects a much larger
mass for a given ambient gas density.

Another key factor is the long lifting timescales of radio/X-ray bubbles. Their typical
observed ages lie between 10�20 million years (Bîrzan et al., 2004). But many survive
for � 100 million years or longer (Brienza et al., 2021). While the jet launching phase
typically lasts for � 10 million years, comparable to a typical quasar lifetime (Martini &
Schneider, 2003; Bird et al., 2008; Schawinski et al., 2015), radio bubbles propelled outward
by buoyancy continue to draw in and lift gas in their updrafts. Therefore, a single radio
event can continue to drive gas outward long after a quasar of similar power shuts down.
Once it shuts down the gas slows down in the galaxy's gravitational potential and by ram
pressure and drag forces.

We have considered here only the displaced molecular gas in BCGs. The e�ects shown
in Figure 2.10 are likely larger. Rising radio bubbles also lift and displace hot gas from
the central atmosphere.Chandra has observed metal enriched gas preferentially along the
radio jet axes (Kirkpatrick et al., 2011; Simionescu et al., 2008; Gitti et al., 2011). Similar
features are reproduced in hydrodynamic simulations indicating 109�1010 M � of metal rich
gas lifted from central regions of galaxy clusters (Duan & Guo, 2018; Qiu et al., 2020; Li
et al., 2015).

The atmospheric mass displaced by cavities is comparable to or larger than the molec-
ular gas masses (Russell et al., 2019). Fluetsch et al. (2019) found the molecular masses
in their sample exceeded the atomic and neutral phases by roughly 40 times. Therefore,
in order to compare our systems with Fluetsch, we have not included the hot gas masses.
But were we to do so the �ow rates and masses would increase by a factor of two or more.

2.9 Star Formation

Here we explore relationships between feedback, out�ows, and star formation. We adopt
BCG star formation rates (SFR) from McDonald et al. (2018) who used several methods

53



Figure 2.11: Histogram of log of the mass loading factor in BCGs, AGNs, composite and
starburst galaxies.
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to estimate the SFRs. For Pheonix, they decomposed the spectrum to separate the AGN
component from stellar radiation. For the remaining objects, they adopted the logarithmic
mean of multiple SFRs for each system found from the literature. The average logarith-
mic scatter in measurements of SFRs for BCGs is determined to be 0.28 dex. The SFR
measurement for RXCJ0821 is taken from O'Dea et al. (2008).

2.9.1 Mass loading factor

The mass loading factor� is de�ned as the ratio of the molecular gas �ow rate to the
star formation rate (� = _M=SFR). A high value of � indicates that the AGN can sweep
the gas from the galaxy as quickly as star formation consumes it. Low� indicates that
star formation will consume a signi�cant amount of gas before it can be removed from the
inner regions of the galaxy. The histogram in �gure 2.11 shows the distribution of� for
di�erent galaxy types, including the fossil galaxies in the Fluetsch sample. The majority
of the star-forming galaxies have mass loading factors� 1. This is expected from feedback
models for star-forming galaxies in which supernova explosions are the primary out�ow
driving mechanism. The galaxies hosting AGN from the Fluetsch sample and BCGs have
a broad range of� from 0.1 to � 100. However, the majority of those galaxies have� > 1.

High values of� found preferentially in BCGs and AGN galaxies indicate that much
gas is displaced from these systems before it can form stars. Therefore, star formation may
be suppressed or quenched assuming the gas leaves the galaxy and does not return. In the
next section, we show that very little molecular gas leaves these systems.

2.9.2 Does Radio-mode Feedback Suppress Star Formation?

The left panel of Fig. 2.12 shows the relationship between the total molecular gas mass
and the star formation rate for BCGs and the Fluetsch galaxies. Two clear trends are seen
in Figure 2.12. Linear regressions of the form log SFR (M � yr � 1) = a log M tot

109M �
+ b were

�tted separately to the data for the Fluetsch galaxies and BCGs. The values of parameters
(a, b, � a, � b) for BCGs and Fluetsch galaxies are (1.13, 0.23, 0.26, 0.24) and (1.66, 0.67,
0.43, 0.23), respectively.� a and � b are the 1� errors. The best �t-lines for BCGs and
Fluetsch galaxies are shown by the dashed and dashed-dotted lines, respectively.

The values of the parametera indicate the two populations have di�erent slopes. BCGs
have a lower total star formation rate per unit molecular gas mass compared to galaxies
from the Fluetsch sample. The segregation becomes strikingly apparent for total molecular
gas masses greater than� 109 M � . To test the statistical signi�cance of the di�erence
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Figure 2.12: The left panel shows the total molecular gas mass plotted against the SFR of
host galaxies. The dashed line and orange region show the best-�t line and 1� con�dence
interval for BCGs, respectively. The dashed-dotted line and the green shaded region show
the same for all Fluetsch galaxies. All symbols are as in �gure 2.8.
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observed between the two best-�t lines, we conducted a two-sample t-test with a null
hypothesis that the coe�cients of the two linear regressions are equal. The t-statistic
for the slope is 5.6 with a p-value smaller than 0.005. Similarly, the t-statistic for the
intercept is 5.5 with a p-value smaller than 0.005. Therefore, we can con�dently reject
the null hypothesis. The observed di�erence between BCGs and Fluetsch galaxies in the
relationship between their SFR andM tot in log space is statistically signi�cant. Given the
small sample size, we cannot determine whether the separate trends are due to selection
bias.

The picture changes when atomic and molecular gas masses are considered together.
The right panel of Fig. 2.12 shows the same relationship when both atomic and molecular
gas components are taken into account for Fluetsch galaxies. In this analysis, we consider
only molecular gas in the BCGs. Only upper limits for atomic gas masses for a small
number of BCGs are available. Babyk et al. (2021) has shown that based on H I upper
limits, the ratio of molecular to atomic gas mass in these systems lies well above unity.
Therefore, we do not expect H I masses to substantially alter the location of the BCGs in
these �gures. This is not true for the Fluetsch systems.

H I gas masses are available for 18 Fluetsch galaxies. For the remaining galaxies, their
H I gas mass was assumed equal to the average of the observed H I gas masses for galaxies
in the Fluetsch sample. In all except for a few galaxies, the atomic gas mass exceeds
the molecular gas mass. When both gas phases are considered together, Fluetsch galaxies
contain > 109 M � of gas, which is comparable to molecular gas masses in BCGs. However,
no clear relationship is found between the total (H I+H2) gas mass and SFR in Fluetsch
galaxies.

To further investigate these potentially interesting trends, we compared the star for-
mation in BCGs and galaxies from Fluetsch with the Kennicutt-Schmidt (KS) relation.
KS relates the star formation rate surface density (� SFR) to the total (H I+H 2) cold gas
surface density (Kennicutt, 1998). The KS relation is well-characterized, �ts a broad range
of galaxy classes, and scales non-linearly as� SFR / � 1:4

HI+H 2
.

We compared the SF law in BCGs and Fluetsch galaxies with the KS relation. We
adopted star formation rates in BCGs listed in Table??, and the remaining star formation
rates were taken from Fluetsch et al. (2019). In most Fluetsch galaxies, star formation
occurs in the circumnuclear region within� 1 kpc. Star formation rates in galactic disks
typically lie between 1�20 M � yr � 1 (Kennicutt, 1998). Therefore, we have adopted the
area of a 1 kpc radius region around the nucleus to estimate gas and star formation surface
densities for Fluetsch galaxies with star formation rates greater than 20M � yr � 1. For
the remaining galaxies from the Fluetsch sample, we obtained their angular diameters
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from NED3. We used blue band diameters from the RC3 - Third Reference Catalog of
Bright Galaxies (Corwin et al., 1994) and estimated areas assuming elliptical shapes. In
eight BCGs, the areas of the star formation regions were estimated using UV-band images
from the Hubble Telescope. The star formation regions in these BCGs are con�ned within
roughly 3 kpc to 10 kpc of the center. Star formation in Phoenix and Perseus extend up
to � 25 kpc in �lamentary structures. For the remaining BCGs, we adopted a conservative
area of the inner 3 kpc region centered on the nucleus. In some BCGs (e.g., Abell S1101,
RXCJ1539.5, PKS0745), molecular gas is more extended than the star forming region.
Therefore, the molecular gas surface densities may be overestimated by a factor of� 2 in
these systems.

Figure 2.13 shows the star formation law in BCGs and Fluetsch galaxies when only
molecular gas surface density is used for all galaxies. The best-�t relation for all galaxies
is given by:

� SFR = 10� 3:09� 0:49� 1:34� 0:17
H2

; (2.2)

where,� SFR is in M � yr � 1 kpc� 2 and � H2 is molecular gas surface density inM � pc� 2. The
overall distribution appears consistent with the KS relationship. The dispersion around
the KS relation is larger than the observational uncertainties alone, implying real variance
from galaxy to galaxy. Some of this variance may be attributed to variations in theX CO

factor used to convert CO surface brightness to molecular gas mass (see Kennicutt & Evans,
2012, for review, and references therein). Most BCGs fall into the intermediate density
star formation regime occupied by normal spiral disk galaxies and the inner regions of the
Milky Way. The star formation surface densities of most Fluetsch galaxies are higher than
the BCGs and are typical of those observed in circumnuclear starbursts and ULIRGs. This
is to be expected as the Fluetsch sample contains several ULIRG and starburst systems.

The Fluetsch galaxies lie systematically above the KS relation, such that they have
higher than normal star-formation-rate surface densities compared to their molecular gas
mass surface densities. Whether this departure is real or due to measurement bias is
unclear. The KS relation is properly characterized as the sum of the atomic and molecular
gas surface densities. We consider here only the molecular gas mass because H I emission
is rarely observed in BCGs, whose cold gas reservoirs are likely dominated by molecular
gas with H2/H I ratio unity or above (Babyk et al., 2021).

Why BCGs have lower star formation rates per molecular gas mass compared to the
Fluetsch galaxies is unclear. The location of the Fluetsch galaxies above the KS law
while the BCGs follow the law suggests the Fluetsch galaxies have higher than normal
star formation rate densities. The BCGs are outwardly normal. This di�erence may be

3https://ned.ipac.caltech.edu/
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Figure 2.13: The �gure expresses the relationship between the molecular gas surface density
and the SFR surface density for BCGs and FL galaxies. The grey line shows the global
Kennicutt-Schmidt relation (Kennicutt, 1998). Symbols are as in �gure 2.8.
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related to the fact that half of the total molecular gas in BCGs is found in o�-nuclear
�laments and is rarely seen in circumnuclear disks (Russell et al., 2019; Olivares et al.,
2019). The �laments, being dynamically disordered and perhaps younger than disk gas,
may be less prone to gravitational instabilities leading to star formation. The magnetic
�eld may further reduce fragmentation. Mixing with hot surrounding gas and magnetic
reconnection may reheat the cold �laments before star formation can ensue (Fabian et al.,
2011; Churazov et al., 2013). The gas in the nuclear regions is also dynamically disturbed
in many BCGs. The lack of ordered structure in the nucleus suggests that the gas is
dynamically young or is continually destroyed and reformed within the central galaxy,
preventing it from being consumed by star formation on short timescales. Perhaps one
or more of these factors reduces the e�ciency of star formation per unit local free-fall
time in BCGs compared to AGN, composite and starburst galaxies. These suggestions are
speculative and merit rigorous treatment in the future.

2.10 Fate of the Out�owing Gas

The �nal disposition of the out�owing gas depends on many factors including, the loading
factor, the speed of the �ow relative to the escape speed, and the rates of formation and
destruction of molecular clouds. Figure 2.11 indicates broad similarity across all feedback
modes in nearby AGN, albeit with a large scatter. Loading factors near and above unity
indicate that winds are as e�ective or more e�ective than star formation at depleting the
gas supply.

The degree to which star formation is delayed or suppressed depends largely on whether
the molecular gas escapes the galaxy. Fluetsch found that in systems with the highest
out�ow speeds, only a few percent of the molecular gas escapes entirely. In most instances
escape is negligible. If the currently out�owing gas returns to the galaxy in molecular form,
it would be available for future star formation. This scenario is almost certainly true in
BCGs, where molecular gas velocities are low compared to both the free-fall speeds and
escape speeds (Russell et al., 2017a,b, 2019). This is compounded by ram pressure forces
on the gas by the surrounding hot atmosphere. The emerging picture is a fountain where
hot and possibly cold molecular gas is lifted behind the bubbles. The gas eventually cools.
Most will likely return to the galaxy, but some molecular gas may be destroyed. The details
are unclear.

To compare the molecular gas speeds to the escape speeds, we adopt the Hernquist
pro�le to model a galaxy's gravitational potential. The estimated escape velocities are
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found using the following formula:

vesc =

r
2GM
r + a

(2.3)

wherea is the scale radius, which is related to the e�ective radius asRe � 1:8153a, and M
is the stellar mass of the galaxy taken from table??. To obtain an approximation to the
escape velocity for the Phoenix cluster BCG, we adopt the value 17 kpc from McDonald
et al. (2012b). For the remaining galaxies, we use an empirical relation between e�ective
radius and stellar mass for local elliptical galaxies from McIntosh et al. (2005) to determine
Re. This method overestimates the e�ective radius for Phoenix by� 65 percent. Therefore,
we adjusted e�ective radii to take this factor into account. The escaped gas was de�ned as
the molecular gas with a velocity greater than the escape velocity of the galaxy. To estimate
the escaped gas fraction, we integrated the spectrum above the positive and below negative
escape velocity and compared it to the total integrated intensity of the �ow.

We found that for all BCGs the escaped gas fraction is negligible. The high-velocity
gas in Abell 1664 has su�cient velocity to escape the central region of the BCG. But it
lies well below the escape velocity of the central cluster halo and will likely return.

As the gas cannot leave the galaxy, it will likely return. Thus some of the molecular gas
in BCGs is almost certainly �owing inward. As discussed in section 2.5.2, it is extremely
di�cult to distinguish an out�ow from an in�ow with gas seen in emission. However,
molecular gas is seen in absorption against the nuclear continuum of some systems (David
et al., 2014; Tremblay et al., 2016) has revealed both in- and out-bound molecular gas
with velocities between� 45 km s� 1 and 283 km s� 1 (Rose et al., 2019a). The absorption
velocities are broadly consistent with the molecular fountain model.

2.11 Concluding Remarks

We have shown that mechanical energy released by radio jets can have a far more dramatic
impact on galaxies compared to nuclear radiation (QSOs) and winds in contemporary active
galaxies. This is also true in ancient massive galaxies lying at high redshift. The relative
impact of radio-mechanical feedback, characterized here as the lifting factor, is qualitatively
similar to the situation in high redshift radio galaxies experiencing both quasar and radio-
mechanical feedback. In a study of 24 radio galaxies lying atz � 2, (Nesvadba et al.,
2017) examined the energy and momentum imparted on the surrounding ionized gas by
star formation, radio jets, and nuclear AGN. They found that while starburst winds play
a minor role, radio jets are generally more e�ective than quasars at powering gas motions.
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Likewise, Kellermann et al. (2016) found that 20% of contemporary quasars lying be-
tween z = 0:2 � 0:3 are radio-loud, double-lobed systems, akin to those at higher redshift.
Furthermore, (Jarvis et al., 2019) noted that compact radio jets with relatively modest
radio luminosities hosted by some quasars lying within the Kellermann et al. (2016) red-
shift range are interacting with and driving out�ows of nebular gas. Assuming radio jets
are operational during 20% of the life of a quasar, as the Kellermann et al. (2016) results
may imply, their large lifting factors indicate that radio-mechanical feedback would have
a signi�cant e�ect on the evolution of their host galaxies.

A di�erence between the Nesvadba study and ours apart from the epoch is the ability to
examine the three forms of feedback occurring simultaneously in the same galaxies. While
this approach is rarely possible in the contemporary Universe, some central cluster galaxies
are simultaneously experiencing powerful nuclear AGN, starbursts, and radio-mechanical
feedback. For example, IRAS 09104, is a radio galaxy with large X-ray cavities surrounding
a quasar host lying atz = 0:44. Its quasar power exceeds its radio-mechanical cavity
power by more than an order of magnitude. Yet its cavities are driving� 4:5� 1010 M � of
molecular gas out of the central galaxy with little help from the quasar (O'Sullivan et al.,
2021). The same is true for the iconic Phoenix cluster central galaxy (Russell et al., 2017a)
where radio-mechanical feedback is the primary source of energy and momentum input to
its � 1010 M � well of molecular gas. We now understand that this feedback mechanism
has been operating e�ectively through much of the history of central cluster galaxies (Ma
et al., 2013; Hlavacek-Larrondo et al., 2015) and a broader spectrum of massive galaxies
(Nesvadba et al., 2017).

Powerful radio AGN are found commonly in massive giant ellipticals (Best et al., 2003,
2005; Heckman & Best, 2014) often hosting dense, high pressure atmospheres. Radio AGN
are also found in giant ellipticals in less dense atmospheres capable of driving both HI
and molecular �ows (Morganti et al., 2005). In these systems the radio energy may be a
signi�cant fraction of the thermal energy in their atmospheres, indicating that the radio
jets are heating the atmospheres and driving away hot gas from their elliptical galaxy hosts
(Webster et al., 2021a; Morganti et al., 2021).

How far down the radio luminosity function radio-mode feedback is a�ecting galaxy
evolution is unknown. Radio surveys such as NVSS and First detect primarily low radio
luminosity galaxies (Tadhunter, 2016). But even low power radio galaxies trace much higher
mechanical powers (Bîrzan et al., 2008; Croston et al., 2018) and presumably higher lifting
factors. Recent observations suggest that the mechanical feedback could be signi�cant in
10% of Seyfert galaxies (Webster et al., 2021b) whose hosts are spiral rather than elliptical
galaxies. Even dwarf galaxies experience AGN feedback (Manzano-King et al., 2019), some
driven by mechanically-powerful radio jets (Mezcua et al., 2019; Davis et al., 2022).
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The upshot here is that when active, radio jets can strongly in�uence the evolution
of galaxies from their nascency to mature contemporary galaxies. The systems studied
here do not represent the general population of galaxies. Instead, they are snapshots of an
active period through which most massive galaxies transit. It would be premature to draw
broad conclusions about the in�uence of radio-mode feedback on the general population
of galaxies and their nuclear black holes. This must await further investigations of large
samples of galaxies observed across the electromagnetic spectrum from radio to X-rays.

2.12 Summary

Molecular gas properties are examined in 14 active galaxies (BCGs) centred in clusters
with cooling atmospheres. The molecular gas properties and power output from AGN and
star formation were compared to 45 local active galaxies compiled by Fluetsch et al. (2019).
Our results are summarized as follows:

� BCGs centered in cooling atmospheres contain� 108 M � to upwards of 1010 M � of
molecular gas. Thirty to seventy percent of the gas lies outside of the nucleus in extended,
�lamentary structures that appear to be moving relative to the BCG. Gravitationally stable
structures, such as large-scale disks, are rare (Olivares et al., 2019; Russell et al., 2019). In
contrast, only a few to ten percent of the total molecular gas mass in contemporary AGN
and starburst galaxies examined by Fluetsch et al. (2019) is �owing inward or outward.
The remainder presumably lies in disks or other stable structures.

� Molecular clouds surround or lie beneath X-ray cavities in�ated by radio jets in many
systems. The clear association of molecular clouds with X-ray cavities in systems such as
the Perseus cluster (NGC 1275), the Phoenix cluster, Abell 1835 and others indicate that
molecular clouds are being lifted outward, clearing the nucleus of gas. Molecular clouds
may also be condensing from atmospheric gas lifted in the updrafts of the rising radio
bubbles (cavities). The molecular mass lifted by radio bubbles can exceed the masses of
gas �ows studied by Fluetsch et al. (2019) by factors of 10�100.

� Radio bubbles are able to lift molecular material to altitudes of� 10kpc and beyond, with
�ow sizes on average� 10 times larger compared to active galaxies compiled in (Fluetsch
et al., 2019). Cluster out�ows tend toward lower velocities than those in the comparison
sample. However, their momentum �uxes are, on average, an order of magnitude larger.
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� We introduce the lifting factor, a parameter that is the product of the mass and size of
the molecular �ow divided by the driving power. The driving power is characterized by
the measured AGN power or the starburst power. This parameter indicates that radio-
mode feedback is vastly more capable of driving large gas masses to higher altitudes per
unit of driving power than other active systems. This result is consistent with similar
measurements for powerful radio galaxies at redshifts beyond 2 (Section 11).

� Loading factors vary broadly in BCGs from� 0:1 � 100. This range is similar to the
active galaxies compiled by Fluetsch et al. (2019). Only a few percent at most of the AGN
mechanical power in BCGs is transmitted to the molecular gas. This fraction is also similar
to the systems in Fluetsch et al. (2019).

� The star formation rate per gram of molecular gas in BCGs is �ve to ten times lower than
the most massive systems with AGNs and starbursts studied by Fluetsch et al. (2019). As
molecular gas is closely associated with star formation, this de�cit indicates, tentatively,
that star formation in BCGs is suppressed compared to other systems.

� Molecular cloud velocities in BCGs lie well below escape speeds. Similar to the systems
in Fluetsch et al. (2019), little or no molecular gas is able to escape the galaxy. Radio-
mechanical feedback is likely driving a fountain of hot and cold gas that eventually returns
to the central galaxy. This process may delay or suppresses star formation relative to other
active galaxies.

Radio-mechanical feedback (radio-mode) is more complex than is commonly assumed.
Radio sources not only heat their surrounding atmospheres but also drive molecular clouds
out of their host galaxies. In some instances, radio-mode feedback may promote the con-
densation of molecular clouds from their hot atmospheres that would sustain long-term
feedback needed to prevent the outsized growth of galaxies. Radio lobes are more capable
of driving large masses of molecular gas to higher altitudes than contemporary starbursts
and quasars. These e�ects may be most prominent in dense cluster atmospheres where
the cooling gas supply is plentiful and buoyancy forces are large. Radio/X-ray bubbles
encompass large volumes of gas that vastly exceed other AGN, where buoyancy e�ectively
drives gas outward long after the AGN has ceased to power the radio lobes.

Understanding when molecular clouds are inbound or outbound is fraught with uncer-
tainty. That most molecular gas lies o� the nucleus shows much of it is outbound. But
because their speeds lie well below the escape speed, some of the gas must be inbound. Our
results will thus be biased to some degree. But quantities such as the lifted mass will be
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a�ected by no more than a factor of two and will not qualitatively a�ect our conclusions.
Lacking a complete sample, we are subject to selection bias, which likely will a�ect the
properties of lower molecular gas mass systems that are undersampled. Selection biases
will be addressed as sample sizes increase and unbiased samples become available.
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Chapter 3

Radio jet-ISM interaction and the
impact of radio-mechanical feedback in
Abell 1795

In the previous chapter, we showed that radio-mechanical feedback can drive out�ows of
molecular gas in galaxies which can suppress star formation. However, most of the gas
in galaxies does not escape. It either falls back fueling the BH and central starbursts or
mixes with the hot gas and is heated to high atmospheres. However, when the radio jets
are active, they can compress the gas in the out�ow, thereby triggering star formation
in positive feedback. In this chapter, we study one such well-studied system, Abell 1795
using the new XSHOOTER spectrum of the H� and molecular gas �lament together with
previous multiwavelength observations to study the interaction between the radio-jets, ISM
of the galaxy and star formation in the molecular gas out�ows triggered by radio-jets.

The work in the following chapter has been submitted for publication to MNRAS. I am
the �rst author of the manuscript. I was responsible for the reduction and analysis of the
XSHOOTER, MUSE and ALMA data and I wrote the manuscript. The second author
is my supervisor. Third author H. R. Russell led the XSHOOTER proposal to obtain the
data. The remaining authors are collaborators who provided comments on how to improve
the manuscript before submission for publication.
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3.1 Abstract

We present XSHOOTER observations with previous ALMA, MUSE andHST observations
to study the nature of radio-jet triggered star formation and the interaction of radio jets
with the interstellar medium in the brightest cluster galaxy (BCG) in the Abell 1795
cluster. Using HST UV data we determined an ongoing star formation rate of 9.3 M�
yr � 1. The star formation follows the global Kennicutt-Schmidt law, however, it has a
low e�ciency compared to circumnuclear starbursts in nearby galaxies with an average
depletion time of � 1 Gyr. The star formation and molecular gas are o�set by� 1 kpc
indicating that stars have decoupled from the gas. We detected an arc of high linewidth in
ionized gas where electron densities are elevated by a factor of� 4 suggesting a shock front
driven by radio jets or peculiar motion of the BCG. An analysis of nebular emission line
�ux ratios suggests that the gas is predominantly ionized by star formation with a small
contribution from shocks. We also calculated the velocity structure function (VSF) of the
ionized and molecular gases using velocity maps to characterize turbulent motion in the
gas. The ionized gas VSF suggests that the radio jets are driving supersonic turbulence in
the gas. Thus radio jets can not only heat the atmosphere on large scales and may quench
star formation on longer timescales while triggering star formation in positive feedback on
short timescales of a few million years.

3.2 Introduction

The Active Galactic Nucleus (AGN) feedback has become an integral part of galaxy simula-
tions to limit the growth of massive galaxies via star formation and to explain the presence
of young stellar populations in low redshift galaxies (e.g. Kau�mann & Haehnelt, 2000b;
Schawinski et al., 2006; Croton et al., 2006; Scannapieco et al., 2012). Recent discoveries
of massive gas out�ows driven by intense radiation or radio-jets have demonstrated how
e�ectively the energy released by an AGN can interact with its host environment (eg. Mor-
ganti et al., 2005; Nesvadba et al., 2006; Feruglio et al., 2010; Ru�a et al., 2019, 2022). By
heating and expelling cold gas from a galaxy's centre, the AGN activity can limit the fuel
available for star formation and accretion onto the supermassive black hole (SMBH) and
thereby regulate galaxy growth.

The AGN feedback mainly occur in two phases, the �quasar mode� and the �radio mode�.
The quasar mode occurs when the cold gas accretes e�ciently on the central SMBH, form-
ing an accretion disk that emits at all wavelengths. The intense radiation and winds from
the accretion disk disrupt the surrounding gas and terminate star formation in a negative
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feedback (Fabian, 2012; Tombesi et al., 2015; Veilleux et al., 2020). In the low accretion
e�ciency regime, the radio mode feedback dominates (Russell et al., 2013). The radio
jets inject energy into the atmospheres of galaxies and galaxy clusters by blowing bubbles,
often seen as cavities or surface brightness depressions in X-ray images. The atmosphere
is heated by a combination of shocks (Randall et al., 2011), turbulence (Zhuravleva et al.,
2014), and the enthalpy released as the cavities rise, leading to suppression of cooling and
star formation (McNamara & Nulsen, 2007, 2012; Donahue & Voit, 2022).

Although radio mode feedback is thought to maintain balance in the inner hot atmo-
spheres of galaxies and clusters, AGN with pronounced radio jets are also prone to positive
feedback (Zinn et al., 2013; Gaibler et al., 2012). Theoretical models predict positive feed-
back scenarios where a collimated jet or out�ow compresses the surrounding interstellar
medium (ISM) to trigger star formation, and stars form within radiatively-driven out�ows
as this material is compressed, cools and fragments (eg. Silk, 2013; Ishibashi & Fabian,
2012; Zubovas et al., 2013; Bieri et al., 2016). Star formation rates from jet-ISM inter-
actions are observed to be limited (eg. van Breugel et al., 1985a; Crockett et al., 2012;
Cresci et al., 2015; Salomé et al., 2016; Santoro et al., 2016). However, a di�erent class of
models and numerical hydrodynamical simulations have predicted an even more intrigu-
ing scenario where stars can forminside the out�owing clouds (Ishibashi & Fabian, 2012;
Fabian, 2012; Zubovas et al., 2013; Yu et al., 2020). Some of these models expect that
stars can form in this mode at a rate of up to 10-100 M� yr � 1. This exciting new mode
of star formation would generate stars with high radial velocities, hence with kinematic
properties di�erent with respect to the galactic disk, and could contribute to the formation
of the spheroidal components of galaxies (bulge, halo). Therefore, star formation in these
�ows would contribute to the morphological evolution of galaxies (eg. Gaibler et al., 2012)
and could explain key aspects of galactic structure, including the mass-radius relation of
early-type galaxies (eg. Ishibashi & Fabian, 2014) and `inside-out' galaxy growth, where
compact z � 2 galaxies form the cores of present-day massive ellipticals (van Dokkum
et al., 2010; Ishibashi & Fabian, 2012).

Radio-jet induced star formation within their host galaxies has been detected in many
objects at low (Nesvadba et al., 2021; Salomé et al., 2017, 2015) and high redshifts (Emonts
et al., 2014; Nesvadba et al., 2020). Recent Very Large Telescope (VLT) observations of
local ultra-luminous infrared galaxy (ULIRG) IRAS F23128-5919 obtained the �rst detec-
tion of star formation in out�owing gas occurring at a rate of 30M � yr � 1, which is � 25
percent of the global star formation rate in this system (Maiolino et al., 2017). Although
with lower resolution, recent studies using the MaNGA survey have found evidence for
positive feedback and star formation in out�ows in a signi�cant fraction of galaxies (Gal-
lagher et al., 2019; Rodríguez del Pino et al., 2019). Here we study another example of
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well-resolved star formation within molecular gas �ows driven by radio jets in the BCG of
Abell 1795 galaxy cluster.

The central elliptical galaxy of the nearby cluster Abell 1795 hosts a powerful radio
source, 4C 26.42, which is driving two massive 109 M � molecular gas �ows (Fig. 3 Russell
et al., 2017b). These extended cool gas �laments are each� 7 kpc in length and visible in
soft X-ray, H� , CO and bright streams of star formation (eg. McNamara & O'Connell, 1993;
McNamara et al., 1996a; Salomé & Combes, 2004; Crawford et al., 2005). The �laments
project exclusively around the outer edges of two radio bubbles that have been in�ated
by the jet (van Breugel et al., 1984a; Fabian et al., 2001). The close spatial association
with the radio lobes, together with smooth velocity gradients along their lengths and
narrow velocity dispersions, show that the molecular �laments are gas �ows entrained by
the expanding bubbles as described in section 3.1 in (Russell et al., 2017b). For thick,
clumpy shells of molecular gas around the radio bubbles, the column depth is greatest
around the peripheries, and therefore this morphology will be detected as bright rims,
as observed. The south (S) molecular �lament appears to form an extension of a bright
stream of young stars that are visible inHST FUV observations, but appears disconnected
from the central clump and spatially o�set from the UV emission (shown in Fig. 3.8). This
striking spatial anti-correlation suggests that the molecular gas �ow could be fuelling this
burst of star formation. In this chapter, we study the interplay between the radio-jets,
ionized and molecular gas and star formation using high spatial resolution multiwavelength
observations of Abell 1795.

Throughout this paper, we use �at� CDM cosmology withH0 = 70 km s� 1 Mpc� 1, 
 m

= 0.3 and 
 � = 0.7. We adopt a redshift of 0.063001 (see section 3.3.5), where 1 arcsec
corresponds to 1.21 kpc.

3.3 Observations and Data Reduction

3.3.1 XSHOOTER

The galaxy spectra were obtained with the X-SHOOTER spectrometer at the European
Southern Observatory's Very Large Telescope (ESO-VLT) (Vernet et al., 2011). We se-
lected 1100-long slit for all arms. The slit width was 100in the ultraviolet B (UVB) arm, and
0.900in the visible (VIS) and near-infrared (NIR) arms. This setting gives a spectral resolu-
tion of 5100, 8800 and 5300 in UVB, VIS and NIR arms, respectively. The full width at half
maximum (FWHM) was 0.126 nm, 0.12 nm and 0.882 nm for UVB, VIS, and NIR arms
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corresponding to velocity resolutions of� 88 , 45 and 151 , respectively. The observations
were taken between April 2018 and March 2019. The seeing during observations varied
between 0.5700�1.2400FWHM across exposures with a mean seeing of� 0.8400. The slit was
positioned with a position angle of 19� as shown in the left panel of Fig. 3.1. This orien-
tation and slit width was chosen to enable the slit to sample both the S out�ow �lament
and the star-forming knots to the NE of the nucleus whilst providing the required spectral
resolution. Observations were executed in the OFFSET mode and interleaved with blank
sky exposures of equal duration as that of the source, obtained at about 1 arcmin from
the galaxy, for sampling the background. For each exposure, standard star observations
were taken for �ux calibration. The on-source integration time was 2 hours in the UVB
and NIR bands, respectively, and 1 hour in the VIS band with a total integration time of
5 hours.

We performed data reduction and calibration in theesoreflex software (version
2.11.0) using the recommended X-SHOOTER pipeline (version 3.5.0) (Freudling et al.,
2013) following the standard steps summarised below (Modigliani et al., 2010). We ana-
lyzed each individual exposure independently. The data were corrected and calibrated for
detector bias and dark current, detector pixel-to-pixel sensitivity variations, wavelength cal-
ibration, instrument and detector e�ciency and response and background sky subtraction.
The �ux calibration was performed by analyzing the standard star spectrum to determine
instrument and detector response. The �nal data product is a wavelength corrected, �ux
calibrated and background subtracted 2D spectrum of the slit for each exposure.

The observations were taken during di�erent times of the year and the spectra gener-
ated by the pipeline were in the topocentric reference frame. Therefore, we applied radial
velocity correction to change the spectrum to the barycentric frame of reference and re-
sampled the spectrum at the original wavelength grid usingspectres 1 package in Python
for each exposure (Carnall, 2017). We then combined individual exposures for each arm to
obtain the �nal 2D spectrum of the �lament in UVB, VIS and NIR bands. We corrected
the spectrum for Galactic foreground extinction estimated from the dust maps of Schla�y
& Finkbeiner (2011) by adopting RV of 3.1, the standard value for the di�use ISM and
Cardelli et al. (1989) extinction curve. The combined UVB and VIS band spectrum is
shown in Fig. 3.2. We divided the area of the slit into 10 regions of 1.100� 100and extracted
the spectrum from each region. Region 1 is� 9.5 kpc to the S of the nucleus and region
10 is � 3 kpc to the NE of the nucleus as shown in the left panel of Fig. 3.1. The BCG
nucleus lies close to region 8.

1https://spectres.readthedocs.io/en/latest/
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Figure 3.1: Left: HSTF150LP image of the star formation in Abell 1795. The black
dashed box shows the position of the X-SHOOTER slit. The numbers indicate the regions
along the slit used to extract the spectra for studying gas and stellar kinematics. Center:
Integrated CO(2-1) total intensity map with ALMA for velocities between � 340 and 150
km s� 1. The dashed black box represents the orientation of the XSHOOTER slit relative
to the molecular gas. We show radio contours at 8 GHz from the Very Large Array (VLA)
from Bîrzan et al. (2008) in magenta. Right:Chandra 0.5�7 keV X-ray image shows the
hot X-ray gas emission with molecular gas contours from CO overlaid in blue, where levels
correspond to �ux densities of 0.2, 0.3, 0.4 and 0.5 Jy/beam km/s. The red �X� denotes
the location of the nuclear radio source.

Figure 3.2: Combined UVB and VIS arm one-dimensional XSHOOTER spectrum of the
slit in the observed frame. Grey regions are a�ected by atmospheric telluric lines. Nebular
emission lines and stellar absorption lines (red) are indicated.
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3.3.2 MUSE

We also analysed Multi-Unit Spectroscopic Explorer (MUSE) integral �eld unit (IFU)
spectrograph data for Abell 1795. The observations were carried out on 05 February 2015
in seeing limited WFM-NOAO-N con�guration (Program ID: 094.A-0859(A), PI: Hamer).
The data were published and H� velocity maps were discussed in Olivares et al. (2019).
We reanalyzed the data to study other nebular emission lines together with ionized gas
kinematics traced by H� . Three exposures with an exposure time of 900s each were taken
with a total on source integration time of 2700s. (Olivares et al., 2019) analyzed only
one exposure with 900 s of on source integration time. For out study, we included all
exposures for better signal to noise ratio. The �eld of view of10 � 10 covered the entire
BCG including extended S H� �lament in a single pointing. Throughout the observation,
the average seeing was 1.3600.

The data were processed with esore�ex framework using MUSE pipeline version 2.8.5
(Weilbacher et al., 2020) with automated bias subtraction, wavelength and �ux calibration,
as well as illumination-, �at-�eld, and di�erential atmospheric di�raction corrections and
sky subtraction. The �nal MUSE datacube maps the entire galaxy in the range 4750
Å< � < 9350 Å with a spectral resolution of� 2 Å. The data were corrected for foreground
Galactic absorption as explained in the previous section.

3.3.3 ALMA

The Atacama Large Millimeter/submillimeter Array (ALMA) observed Abell 1795 between
11 and 14 June 2016 for 72 minutes as part of program 2015.1.00623.S (PI: Helen Russell).
Russell et al. (2017b) analyzed the data and discussed in detail the properties of the
molecular gas in Abell 1795. For the purpose of this work, we re-analyzed the ALMA data
and reproduced some of the results.

The data sets were calibrated with the ALMA pipeline reduction scripts in casa
version 4.7.2 (McMullin et al., 2007). We performed the standard phase calibration. Addi-
tional self-calibration did not improve the image root mean square (rms) noise. Line-free
channels were used to subtract the continuum emission from theuv plane using the task
uvcontsub . We then deconvolved and imaged the continuum subtracted CO(2-1) visibil-
ities using theclean algorithm with natural weighting to improve the sensitivity towards
�lamentary emission.

The �nal data cube is binned in 10 km s� 1 channels with a per channel rms sensitivity
of 0.64 mJy beam� 1 and has a synthesized beam of 0.800� 0.600with a position angle of
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� 15.4 deg.

We summed the �ux in each pixel in the data cube in a beam-sized region centred on
the pixel. Then the spectrum of each pixel was �tted with one or two Gaussian components
using the lmfit package when emission was detected at greater than the 3� threshold,
based on Monte Carlo simulations of the spectrum with 1000 iterations. The best-�t
parameters from this analysis were used to make velocity and FWHM maps of the molecular
gas emission. All �uxes and linewidths are corrected for primary beam response.

3.3.4 HST and VLA data

We used Hubble Space Telescope (HST) images taken with F150LP, F702W and F555W
�lters in our analysis. All images were obtained from the Hubble Legacy Archive2. The
F702W and F555W images each have total integration time of 1780 s (Proposal ID: 5212,
PI: Trauger) and the F150LP image has the total integration time of 1300 s (Proposal ID:
11681, PI: Sparks).

We also used the Very Large Array (VLA) L and X band radio maps of the central
radio source in Abell 1795 at 1.4 GHz and 8.2 GHz frequencies, respectively, from Bîrzan
et al. (2008). We refer the reader to their paper for the details of data analysis.

3.3.5 Systemic velocity

We adopt a redshift of 0.063001� 0.000016 corresponding to observed barycentric systemic
velocity of 18887.2� 4.8 km s� 1 based on stellar population synthesis modelling of the
spectra extracted from central region of the BCG as described in section 3.4.1. All velocities
in this paper are calculated with reference to this velocity. We note that our adopted
systemic velocity is 77.6 km s� 1 smaller than the velocity adopted in Russell et al. (2017b);
Olivares et al. (2019).

3.4 Data Analysis

3.4.1 Stellar kinematics

One of our goals is to study the motion of young stars in the �lament of A1795. In principle,
this can be done by allowing di�erent velocities for young and old stellar components in

2https://hla.stsci.edu/
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Figure 3.3: Voronoi binned stellar kinematics maps of A1795 with MUSE data. The left
and right panels show velocity and velocity dispersion in the units of km s� 1 in each bin,
respectively. Each Voronoi bin has a line-free continuum signal-to-noise ratio of at least
50. The HSTFUV150LP image contours smoothed with a gaussian kernel of 7 pixels
indicating star formation are overlaid.
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Region
Method 1 Method 2

Velocity � Velocity �
(km/s) (km/s) (km/s) (km/s)

1 34 � 6 249 � 6 � 56.42� 17.09 261� 22
2 12 � 5 270 � 6 83.90� 12.08 298� 14
3 � 5 � 4 259 � 5 � 100.85� 6.99 212� 9
4 � 5 � 4 235 � 5 � 37.92� 5.60 231� 7
5 0 � 4 232 � 4 � 24.82� 6.46 223� 8
6 7 � 5 239 � 6 19.22� 5.09 229� 7
7 0 � 4 236 � 5 18.06� 5.12 232� 7
8 � 2 � 4 243 � 4 16.88� 5.66 236� 8
9 9 � 3 235 � 4 9.09 � 6.20 241� 8
10 � 2 � 4 232 � 5 9.65 � 9.82 276� 13

Table 3.1: The table shows stellar velocities and velocity dispersions obtained using the
two methods described in section 3.4.1.

the stellar kinematics �tting. However, in practice, it is extremely di�cult to deblend the
nebular line emission from stellar features due to the degeneracies introduced by additional
degrees of freedom. The spectra of young stars are dominated by strong H and He absorp-
tion lines. The H absorption lines overlap with nebular emission lines and are very di�cult
to isolate. The presence of strong He absorption lines would allow the extraction of stellar
kinematics of young stars. However, we did not detect He absorption lines in the spectrum
of A1795. In the UVB band, less than 20% �ux comes from a young (spectral type O to
A stars) stellar population Crawford et al. (2005). The remaining �ux is dominated by
an older population of stars. The kinematics of the young stars can be determined from
the broad sodium D (NaD) absorption lines at�� 5890,5896 Å which are detected in the
spectra. In the following section, we describe the methods used to study the kinematics of
the stars using NaD lines and stellar kinematics �tting.

We used the penalized pixel-�tting (ppxf )3 package to determine the line of sight veloc-
ity distribution (LOSVD) (Cappellari, 2017). The ppxf package uses Gauss-Hermite poly-
nomials to parametrize the LOSVD. It measures deviations from pure Gaussian LOSVD.
We �tted the spectra with a high-resolution stellar population synthesis library of González
Delgado et al. (2005) (GD05) with Geneva isochrones. The GD05 library has a very high
spectral resolution with an FWHM of 0.6Å. The resulting stellar velocities lie within� 30
km s� 1 of the systemic velocity with no clear gradient along the �lament. The velocity

3https://pypi.org/project/ppxf/
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dispersions lie in the range 230�270 km s� 1.

We tried estimating the kinematics of young stars by �tting the NaD lines manually.
The NaD lines are a commonly observed feature in the spectra of early-type galaxies.
In the presence of strong continuum and absorption lines, it is possible to separate NaD
absorption into two components, one from the ISM and one from the stars, by �tting
stellar population synthesis models. However, the continuum in our spectrum is weak
and the absorption lines are a�ected by sky lines. Therefore, we extracted the observed
frame spectrum from 6216Å and 6306Å which covers the absorption lines and part of the
continuum. We �xed the Na� 5890/Na� 5896 ratio to 1.1 and �t absorption lines with a
single Gaussian absorption pro�le. Regions of the spectrum a�ected by sky lines were
masked during �tting. These �ts overestimated the true FWHM, therefore we scaled them
to match the FWHM calculated using ppxf following Hamer et al. (2016). Table 3.1 shows
the velocities and standard deviations (� = FWHM/2

p
2 ln 2) of the stars estimated using

both methods. In both cases, velocities are comparable to within 100 km s� 1 of the systemic
velocity. There is no velocity gradient along the �lament. The velocities estimated using
this method di�er from the velocities estimated using the �rst method. The velocities
estimated using ppxf uses the shape of the entire stellar continuum which also includes the
Ca H & K lines and other features. The NaD absorption lines su�er from contamination
from atmospheric lines adding extra uncertainty. In outer regions of the slit further away
from the BCG where the di�erence between the two methods is largest, the absorption
lines are weak making an accurate determination of their shape and location di�cult and
more uncertain. In inner regions, the di�erence in velocities is very small.

We also separately estimated stellar velocities of old stars in the BCG using the MUSE
data cube. We applied the Voronoi tesselation technique using Vorbin4 package (Cappellari
& Copin, 2003). The MUSE data were binned into tesselations with a minimum signal-to-
noise ratio of 50 in the line-free continuum. We modeled the spectrum extracted from each
bin with PyParadise package5. PyParadise iteratively performs linear least squares
�tting of line emission masked stellar continuum spectrum of every spectral unit. It also
estimates best-�t line-of-sight velocity distribution with a Markov Chain Monte Carlo
(MCMC) method independently. In Figure 3.3, we show the stellar velocity and velocity
dispersion map of the entire BCG including the inner �lament. The size of all Voronoi
bins along the �lament is comparable to the size of regions in the XSHOOTER slit. The
stellar velocities are nearly uniform, with velocities lying between 50�100 km s� 1 of the
systemic velocity. There is no indication of a velocity gradient. The extension of bins to
the SW is due to a nearby galaxy. The velocity dispersions in Abell 1795 vary between

4https://pypi.org/project/vorbin/
5https://github.com/brandherd/PyParadise
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230�320 km s � 1. The stellar velocity dispersion in the central 100radius region is 259� 18
km s� 1 consistent with the central stellar dispersion values reported in the literature (e.g.
Loubser et al., 2018).

The UV band imaging usingHST clearly shows the presence of young stars in the
�lament and near the BCG centre. However, due to most of the light in the spectrum
being dominated by older stars in the galaxy and the presence of strong nebular lines, we
are unable to study the kinematics of the young stars in the BCG.

3.4.2 Ionized gas morphology

We usedPyParadise to estimate the emission line �uxes in each spaxel in the MUSE
data cube. The best-�t stellar continuum was generated for each spaxel as explained in the
section above. It is subtracted from the spectrum, and the residuals are �t with a chain of
linked Gaussians for each emission line with common velocity centroid, velocity dispersion
and priors on emission line ratios. The errors in emission line �uxes are estimated from
the Monte-Carlo bootstrap approach. The products fromPyParadise were then used to
make maps of H� velocity, FWHM and �ux.

In Figure 3.4 left panel, we show the �ux density map of H� gas in Abell 1795. The
peak ionized H� gas emission lies� 0.6 kpc SE of the nuclear radio source, nearly co-
spatial with the molecular gas in projection. There is a 7.6 kpc long bright �lament of
H� wrapped around the outer edge of the north (N) radio lobe. There is another �lament
spanning nearly 14 kpc running NE to SW of the nuclear source. The S part of this �lament
extending 9.5 kpc to SW of the nucleus is nearly co-spatial with the radio lobes. The N
�lament is twice as bright as the S �lament. These �laments are surrounded by fainter
H� emission. The MUSE FOV also covers the S outer� 54 kpc long �lament of H� that
coincides with the bright �lament seen in X-ray images of the cluster (Crawford et al.,
2005).

The total H� luminosity in the zoomed-in region shown in Fig 3.4 covering the BCG
and inner �laments is (4.180� 0.002)� 1041 erg s� 1. We can then estimate the mass of the
ionized gas as (Osterbrock & Ferland, 2006),

M ion =
�m H LH �


n e
; (3.1)

where� is the mass per hydrogen atom which we �x to 1.4,mH is the hydrogen mass,LH �

is the H� luminosity and ne is the electron density, which is 100 cm� 3 (see section 3.7.2)
and 
 is the e�ective line emissivity. Assuming that the ionized gas is at a temperature of
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Figure 3.4: The �gure shows the H� �ux (left), velocity (centre) and FWHM (right) map
created from the MUSE data cube. Pixels where the FWHM is less than 800 km s� 1 are
shown. The VLA radio contours at 8 GHz from Bîrzan et al. (2008) are overplotted in
white. ALMA CO(2-1) contours are shown in magenta in the left panels for comparison.

79



12,000 K,
 � 3 � 10� 25 erg cm3 s� 1 (Baron & Netzer, 2019). The ionized gas mass in the
galaxy is (1.640� 0.001)� 107 M � .

3.4.3 Ionized gas velocity structure

The middle panel of Fig. 3.4 shows the velocity centroid map of H� . The H� gas in the
centre surrounding the central radio source is redshifted to velocities of 100 km s� 1 with
respect to the BCG. The redshifted gas appears wrapped around the southern radio lobe in
`V'-shaped wings that extend out to� 4.8 kpc on either side. They have a smooth velocity
gradient from � 0 km s� 1 at the edges to 100 km s� 1 at the centre of the BCG. There is a
sharp change in velocities of the ionized gas at the edges of the redshifted gas from� 100 km
s� 1 to � 150km s� 1 to the E, W and S of the `V-shaped wings. The gas immediately to the
N�NE of the redshifted gas� 2 kpc away from the BCG centre is blueshifted to velocities
of � 320 km s� 1, resulting in a sharp velocity change of� 420 km s� 1. The reasons for
sharp changes in velocity are not clear. It is likely that we are seeing separate H� �laments
projected along the line of sight where the redshifted gas is on the near side and blueshifted
gas is on the far side. In that case, it would indicate that the redshifted gas is in�owing
and the radio jets punched a hole in the gas causing the `V'-shaped velocity structure,
where the gas directly along the path of the radio jet is being blown away. Alternatively,
the sharp change in velocity suggests that the region is experiencing a shock either caused
by radio jets or the peculiar motion of the BCG in the cluster medium. Sloshing due to
the peculiar motion of the BCG may also contribute to the observed velocity structure of
the ionized gas. The sharp velocity gradient of 420 km s� 1 is close to the BCG's peculiar
velocity of 368 km s� 1 with respect to the cluster's average velocity (Zabludo� et al., 1990).
Alternatively, the gas may have cooled from the surrounding hot gas through interaction
with the radio lobe in its wake. However, the H� luminosity observed in Abell 1795 exceeds
the luminosity expected if the gas were condensing from the hot ICM (McDonald et al.,
2012a). Therefore, it is probably a combination of both.

The region of the sharp changes in velocities of the ionized gas is co-incident with large
FWHM, as seen in the right panel of Fig. 3.4. In a region that appears like an arc to the
N�NE of the central radio source where the velocity gradient is most extreme, the ionized
gas has very high FWHM between 600�700 km s� 1. In the centre and along the inner
edges of the `V'-shaped wings, the FWHM are 400�500 km s� 1. The high FWHM along
the boundary of the `V'-shaped wings also drop sharply to� 250 km s� 1 to the NE of the
nucleus, roughly co-spatial with the N molecular gas �lament. The inner S �lament has
a narrow FWHM of 100�150 km s� 1. The arc of very high FWHM could be a result of
beam smearing, where the region of sharp velocity gradient is poorly sampled due to large
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seeing during observations. It can blend spectral features at di�erent line of sight velocities
leading to �attened spectrum and increased observed line of sight velocity dispersion. For
example, a similar e�ect has been shown to greatly exacerbate the observed line of sight
velocity dispersion at the centre of a galaxy for a single-component disk model (Davies
et al., 2011). Still, the possibility of a shock cannot be completely ruled out. Higher
spatial resolution spectroscopic studies of that region may provide a deeper insight. We
note that Crawford et al. (2005) reported a rise in FWHM in the N �lament. We do not
detect any signi�cant changes in FWHM in the N �lament. Perhaps the single gaussian
component �t does not capture the broad component properly if it is present.

We also estimated the gas velocities in the XSHOOTER spectrum of the inner �lament.
The simultaneous �t with the ppxf including gas emission lines leaves some residual struc-
tures. Therefore, we �tted gas emission lines manually. We subtracted the best-�t stellar
continuum obtained fromppxf from the spectrum of the �lament in each region of the slit
to remove stellar absorption in H Balmer lines and the continuum. We �tted the residuals
containing nebular gas emission line �uxes outside ofppxf . First, we simultaneously �tted
H� , [NII] doublet and [SII] doublets (H� -[NII]-[SII] complex) with one Gaussian compo-
nent for each line. The �t was performed such that all emission lines in this complex had
the same velocities and line widths. Their intensities were allowed to vary independently.
The relative intensities of the two [NII]6548,6584 lines were �xed to match the relative val-
ues of their Einstein transition coe�cients. If there was signi�cant �ux in the residual with
one Gaussian component, we �tted one or two more Gaussian components. The velocities
and velocity widths of each component were independent of each other. The parameters
of the �t were used to calculate the �uxes, velocities and line widths of all emission line
components. The velocities and FWHM of the H� lines from the XSHOOTER spectrum
are shown in Table 3.2. We repeated this procedure separately for [OII] doublets, H� -[OIII]
complex, and [OI] emission lines.

The velocity structure of the H� gas is complex with several velocity components in the
central regions. The average H� velocity of all components in each region of the slit varies
from � 110 km s� 1 in region 1 to � 250 km s� 1 in region 10. The outer regions (regions
1,2 and 3) of the �lament have a narrow FWHM between 60�80 km s� 1, but require an
additional broad component with an FWHM between� 150�200 km s� 1. Regions 4,5,7
and 8 required three Gaussian components to account for all line emissions with velocities
between� 364 and 123 km s� 1. The velocity FWHM of these components vary from 50 to
250 km s� 1 (see Fig. A1).

It is worth noting that the gas velocities are very distinct from the velocities of stars.
The majority of the light in the MUSE spectrum is dominated by older F-K-type stars.
The young stars forming within the gas in the �lament are expected to have a smooth
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Figure 3.5: Velocity and FWHM maps of the two gaussian components in the spectrum of
CO(2-1) observation are shown in the left and right panels, respectively. A 0.05 Jy km s� 1

contour of the total CO(2-1) �ux map for the �rst component is shown in both panels to
guide the eye.

velocity gradient if they formed from the gas in the �laments. However, it is not possible
to estimate the velocity of young stars from our data. Therefore, the nature of their motion
remains unclear.

3.4.4 Molecular gas morphology

The majority of molecular gas in Abell 1795 is in �lamentary structures to the N and S of
the BCG. The S �lament extends out to� 9 kpc from the BCG centre. It is fainter than the
N �lament, containing 10 per cent of total molecular line emission, and is disconnected from
the central lump of molecular gas. The N �lament is clumpy and curved in an inverted `C'
shape and contains roughly 50 per cent of total molecular gas emission. Unlike S �lament,
it is connected to the central gas reservoir. A comparison with 5 GHz radio contours from
Bîrzan et al. (2008) shows that the N �lament wraps around the outer edge of the N radio
jet. It is fainter at 2.4 kpc (2 arcsec) NW of the nuclear continuum source where the
radio jet bends by� 90� as shown in the middle panel of Figure 3.1. The S molecular gas
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�lament appears nearly co-spatial with the southern radio jet in projection in the sky plane.
Molecular gas often forms on the edge or around radio bubbles from gas that was pushed
away or lifted by the bubbles or jets (see for e.g. Russell et al., 2019). It is possible that
the molecular gas has formed around the radio jets, but it appears co-spatial in projection.
The central clump of molecular gas is slightly o�set from the nuclear continuum source,
with its brightest emission being 0.96 kpc (0.8 arcsec) SE of the nucleus, where the radio
jet bends sharply by� 90� .

There is a clear interaction between the molecular gas and the radio jets. The molecular
emission peaks are nearly co-spatial with the bends in the radio jet. Either the central
radio source is precessing (van Breugel et al., 1984b) or the collision of the radio jets
with the dense ISM at surface brightness peaks in the molecular gas changes the path
of the expanding radio lobes (van Breugel et al., 1985b; McNamara & O'Connell, 1993;
McNamara et al., 1996b).

3.4.5 Velocity structure of the molecular gas

The velocity structure of molecular gas is fairly smooth in Abell 1795. The CO(2-1)
emission in most of the regions can be well described by a single Gaussian component.
However, a second component is required in two regions closer to the nucleus and in the
N �lament, where the radio jet takes sharp turns. The velocity and FWHM maps of both
components are shown in Fig 3.5. The southern molecular gas �lament has a smooth
velocity gradient from � 80 km s� 1 to � 200km s� 1 from the outer to the inner region. The
FWHM is narrow in most of the �lament at � 40 km s� 1 but increases to� 100 km s� 1

towards the inner region. The N �lament has a narrower velocity gradient from� 100km
s� 1 to � 370km s� 1. The FWHM is fairly constant between 60 km s� 1 to 100 km s� 1 with
no clear gradient. At the end of the N �lament, it increases up to 300 km s� 1. The central
reservoir has velocities between� 30 km s� 1 to 130 km s� 1 and broader FWHM between
� 100 km s� 1 and 250 km s� 1. The gas in the central region is dynamically distinct from
the gas in the �laments. There is no indication of a rotating disk of molecular gas in the
centre.

The second emission component located near the centre has velocities of� 60 km s� 1

with narrow FWHM of � 70 km s� 1. The two velocity components are closer in velocity
but their FWHM di�er by � 170 km s� 1. The second emission component in the N �lament
is blueshifted by 50 km s� 1 compared to the �rst component with similarly narrow FWHM
of � 70 km s� 1 as the �rst component.
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3.4.6 Molecular gas mass

The molecular gas mass is estimated using the relation from Bolatto et al. (2013) as follows

Mmol =1:05� 104

 
X CO

X CO;Gal

! �
1

1 + z

��
SCO � v

Jy km s� 1

��
DL

Mpc

� 2

M � ; (3.2)

whereSCO � v is the integrated �ux density of the CO(1-0) line, DL is the luminosity dis-
tance,z is the redshift, X CO is the CO-to-H2 conversion factor andX CO;Gal = 2� 1020 cm� 2

(K km s� 1)� 1. The CO(1-0) �ux density is estimated from CO(2-1) using the integrated
line �ux ratio CO(2-1)/CO(1-0) � 3.2 based on similar ratios observed in BCGs (Russell
et al., 2016; Vantyghem et al., 2016, 2017, 2018).

A major source of uncertainty in the mass estimate is the uncertainty in theX CO

factor. We assume the Galactic value for this factor which has an uncertainty of about 30%
(Solomon et al., 1987). The true value ofX CO depends on the metallicity, temperature
and density of molecular clouds (Bolatto et al., 2013). No direct estimates ofX CO are
available for BCGs. However, the metallicities in the atmospheres of BCGs are close to
the solar value and the linewidths of molecular gas clouds are similar to the molecular
cloud linewidths observed in the Milky Way (Rose et al., 2019a; Tremblay et al., 2016). In
RXCJ0821 BCG, the molecular gas was found to be optically thick indicating abundances
close to the Galactic value (Vantyghem et al., 2017). Therefore, we believe the Galactic
X CO factor is appropriate for this BCG as well. If the true conversion factor is similar to
that of ULIRGs, the molecular gas masses would be smaller by a factor of up to 5.

The total molecular gas mass in the BCG is (3.2� 0.2) � 109 M � . Nearly �fty per
cent of molecular gas mass is in the N �lament with a mass of (1.5� 0.2) � 109 M � . The
S �lament has a molecular gas mass of (3.8� 0.4) � 108 M � .

3.5 Comparing CO and H � emissions

To observe the coupling between H� and molecular gas, we created combined MUSE and
ALMA maps. We made CO moment 0, 1 and 2 maps with only one Gaussian component
per spaxel similar to the method described in section 3.3.3. We applied an o�set of� 1:7200

in RA to the MUSE H� maps to align them with the ALMA images. The o�set was
determined by visually matching H� and CO photocentroids and �laments assuming they
are aligned. All features are aligned such that the uncertainty in alignment is smaller
than the spatial FWHM of both instruments after applying the o�set. Then the ALMA
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Figure 3.6: The �gure shows maps of the ratio between the H� and CO(2-1) linear normal-
ized �ux ratio, line-of-sight velocity di�erence and the ratios of their FWHM from ALMA
and MUSE observations.

Figure 3.7: A comparison of the H� , molecular gas and stellar velocities (left panel) and
FWHM (right panel) in regions along the XSHOOTER slit. Stellar velocities using ppxf
are plotted. The physical distances of regions from the nuclear radio source are shown on
the top x-axis, where negative distances indicate regions to the south of the nucleus (see
Fig. 3.1). The molecular gas is comoving with the H� gas in the outer regions of �laments.
The gases appear dynamically disconnected in central region.
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image was reprojected onto the MUSE image using thereproject package in Python.
In Fig. 3.6, we show maps of the ratio of normalized H� /CO(2-1) �uxes in the left panel.
The �ux ratio does not show strong spatial variation in the �laments indicating that the
two phases are strongly coupled. In the central regions, H� is 2�4 times brighter compared
to the �laments perhaps because of additional ionizing radiation from the AGN, young
stars and interaction with the radio lobes. The middle panel of Fig. 3.5 shows the velocity
centroid di�erence between the two gas phases. The ionized gas appears to be comoving
with the molecular gas in most of the galaxy as indicated by a fairly constant velocity
gradient. However, at the inner end of the S �lament and E end of the central clump,
the ionized gas has a velocity in excess of 100 km s� 1 relative to the molecular gas. The
molecular and ionized gases are very likely directly physically related where most of the
ionized gas is the outer region of molecular gas clouds. Therefore, they are expected to
have the same velocity structure. The FWHM of the H� gas is 2�4 times higher than the
FWHM of the molecular gas. This is consistent with observations of ionized and molecular
gas in other BCGs (Tremblay et al., 2018; Olivares et al., 2019). The H� gas is more
extended than the molecular gas. Therefore, the line of sight crosses more H� gas than
molecular gas, perhaps with di�erent layers of gases at di�erent speeds, resulting in a broad
FWHM. The ionized gas also has a higher temperature and lower density. Therefore, it
can be shock excited relatively easier than the molecular gas increasing its FWHM.

We compared the velocity and FWHM of the H� gas to that of the molecular gas within
regions used in the XSHOOTER slit. We extracted the molecular gas spectrum and �tted
it with one or more Gaussian components similar to the process described in section 3.4.3.
In this way, we can see the e�ect of a line of sight on the velocities. Figure 3.7 shows the
relationship between velocities and FWHM of the two gas phases along the XSHOOTER
slit. The velocities of narrow components of H� gas are comparable to velocities of the
cold molecular gas in the outer regions of both the N and the S �laments (regions 1-3 and
10). In central regions, the coupling between the two phases is more complex. The FWHM
of H� gas is more than 10 times the FWHM of molecular gas for the broad component.
The interaction between the radio jet and the ISM is strongest in central regions. Central
regions also overlap with dust. If the ionized and molecular gases are mixed with dust,
individual layers of ionized gas along the line of sight moving at di�erent velocities will
su�er di�erent levels of extinction depending on the location of the dust. It will a�ect
the shape of the emission lines resulting in velocities appearing shifted compared to true
their velocities. In the rest of the �lament, at least one component of the H� gas appears
coupled to the molecular gas. Thus, multiple gaussian components could be tracing the
gas at di�erent locations along the line of sight moving at di�erent speeds.
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3.6 Star formation

The bright UV emission seen inHST images hints at recent or ongoing star formation
in Abell 1795. The UV emission predominantly appears around radio lobes in �laments
and the central region with several bright knots of UV emission. It is co-spatial with the
molecular gas in the centre and in the N �lament of the galaxy. However, it is o�set from
the molecular gas �lament to the S of the galaxy. The southern molecular gas �lament is
broken from the central gas clump, however, the southern UV �lament appears continuous
(see Fig.3.8, the middle panel). A similar trend is observed in the central reservoir where
bright knots of star formation seen in the UV image is o�set from the bright molecular gas
emission regions.

Several studies have estimated the total star formation rate in A1795 between less than
1 M � yr � 1 to 20 M � yr � 1 (McDonald et al., 2010; Crawford et al., 2005; McNamara &
O'Connell, 1989; Hicks & Mushotzky, 2005; Donahue et al., 2011) using various techniques
and data at di�erent wavelength ranges. Most star formation rate estimates using UV
imaging lie between 10 and 20M � yr � 1 depending on the assumed star formation history
and the initial mass function (IMF). For our analysis, we estimated the UV star formation
rate using anHST UV image.

Big blobs of UV emission seen in ground-based observations are well-resolved inHST
UV images. We measured the �ux of the entire UV emission region in theHST F150LP
image. We used Starburst996 code (Leitherer et al., 1999) to generate model spectra of
young stellar populations assuming solar metallicity (Z � 0:02) and GENEVA 2000 tracks.
We used both continuous star formation and single burst star formation histories assuming
the Salpeter IMFs with slopes of 1.3, 2.3 and 3.3. We used the models with an age of
107 years, which is consistent with the sound speed rise time of inner radio bubbles of
� 7 Myr (McNamara et al., 1996a), as well as the age of the young stellar population
of 7.5+2 :5

� 2:0 Myr in the S �lament estimated using far-UV spectroscopy (McDonald et al.,
2014). We applied foreground extinction to model spectra assuming a colour excess of
E(B-V) of 0.0116 based on dust maps of Schla�y & Finkbeiner (2011). We also applied
intrinsic extinction calculated from the ratio of H� and H� emission line �uxes integrated
over the area covering the star-forming �laments and scaled using methods described in
section 3.7.1. We estimated average intrinsic extinction AV � 0.6 in the galaxy using
Cardelli et al. (1989) extinction curve. The extincted models were convolved with the
HST F150LP �lter to establish a relationship between star formation rate and UV �ux.
The total SFR in 7 kpc radius aperture is 9.3� 0.4 M � yr � 1 and 21.3� 3.1 M � yr � 1 for

6https://www.stsci.edu/science/starburst99/docs/default.htm
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continuous and instantaneous star formation histories, respectively, for IMF slope of 2.3.
An IMF slope of 1.3 yields lower SFRs of 1.5� 0.1 and 8.1� 1.2 M � yr � 1, respectively, for
the two star formation histories. Assuming a top-heavy IMF with a slope of 3.3 yields
unrealistically high SFRs of 581 and 758M � yr � 1. Therefore, the IMF slope in A1795 is
most likely bottom-heavy with a slope between 1.3 and 2.3.

3.6.1 Radio lobe-ISM interaction

Almost all star formation knots appear on the outer regions of radio lobes providing strong
evidence for star formation triggered by radio lobes. Similar spatial association between
radio lobes and star formation is observed in several radio galaxies (Duggal et al., 2021;
Lacy et al., 2017). Radio lobes can potentially compress the gas in the interaction region
and send shocks causing gravitational collapse. We calculated the pressure in the region
of interaction between the radio lobes and the ICM following methods described in Lacy
et al. (2017, section 4.2) that are summarized below. The pressure in the interaction region
required to produce the observed synchrotron radio emission assuming minimum energy
density is given by:

pme =
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� 0 is the permeability of free space,� is the ratio of energy in free particles to electrons
assumed to be 100,� is the �lling factor of the emission region assumed to be 1,� x = 1:200

and � y = 1:100are beam sizes,s is the path length through the source which we estimate
to be 4 kpc,� is the angle between the magnetic �eld and line of sight assumed to be 45� ,
S0 = 0.03 Jy/beam is the mean surface brightness of the emission,� = � 0.8 is the spectral
index, � 0 = 1.5 GHz is the observed frequency and� 1 = 120 GHz and � 2 = 0:3 GHz are the
upper and lower cuto�s of the synchrotron spectrum. We used the VLA L band image of
A1795 at 1.5 GHz to calculate the mean surface brightness in the region and the radio beam
size while keeping all other parameters the same as in Lacy et al. (2017). The pressure in
the interaction region estimated using above method is 3� 10� 10 dyn cm� 2. The thermal
pressure of the ICM calculated from X-ray observations at 5 kpc is� 4.5� 10� 10 dyn cm� 2.
It is comparable to the pressure in the interaction region suggesting that the region of
interaction between radio lobes and the ICM is not overpressured and that radio lobes can
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only produce weak shocks. The minimum pressure required to support the molecular gas
in Abell 1795 is� 10� 8 dyn cm� 2 (Russell et al., 2017b). It is larger by at least an order
of magnitude suggesting that the structure of gas is supported by magnetic �elds. Thus,
radio jets can create low-velocity shocks in the gas in the interaction region, that could
couple more e�ectively to the ISM than strong shocks (Appleton et al., 2013).

3.6.2 The role of dust

Dust also plays a key role in cooling the gas and facilitating star formation. The left panel
of Fig. 3.8 shows a strong dust lane in the galaxy along with star-forming locations. The
dust is draped around the N radio lobe, co-spatial with the molecular gas in projection,
perhaps entrained by the radio lobe. Typically dust would sputter in the hot atmosphere
of the ICM on a short timescale of� 1 Myr (Vogelsberger et al., 2019). However, its
presence suggests that it is shielded, perhaps by magnetic �elds. Donahue et al. (2011)
detected Polycyclic Aromatic Hydrocarbons (PAHs) which are the smallest dust grains and
molecular hydrogen lines at� 8�13 � m in the rest frame usingSpitzer mid-IR spectrum,
and also concluded that the dust is shielded from the ICM and X-ray radiation. However,
dust can also grow quickly to detectable levels from cooling of warm (< 107 K) gas drawn
up by radio jets (Qiu et al., 2020). Edge et al. (2002) detected molecular H2 and FeII
1.6� m lines in their IR spectrum of the BCG. They used a larger 1.22 arcsec wide slit
centred on the BCG nucleus where there is a signi�cant amount of dust. We did not detect
H2 or FeII emission lines in the NIR XSHOOTER spectrum of the S �lament at a level of
1� 10� 16 erg s� 1 cm� 2 � 1. There is no visible level of dust in the southern �lament inHST
images. Dust could be hidden behind the stars, therefore not being visible. Nevertheless,
the presence of dust in the centre and the N �lament could have enhanced the cooling of
molecular gas and star formation in those regions.

3.6.3 Star formation e�ciency

We compared the star formation surface brightness with molecular gas surface brightness
to study the e�ciency of star formation. First we aligned the HSTF555W andHST702W
images with theHST150LP image such that the bright star-forming knots at the far end
of the N �lament visible in the UV and optical images are aligned. We then determined
the o�set between the central bright point source seen in the optical images which does
not have a UV counterpart, with the location of the ALMA nuclear continuum source
assuming they are both originating from the AGN. The o�set determined also aligned the
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Figure 3.8: The left panel shows an RGB image with smoothed model subtracted
HSTF702W and HSTF555W images in red and green, respectively, andHSTF150LP
image in blue. The middle panel shows theHSTF150LP image overlaid with CO(2-1)
line emission contours in black and VLA X-band radio contours in purple. The right panel
shows the relationship between� SFR and � H2 in ALMA beam-sized regions for di�erent ar-
eas across the galaxy. The black line shows the global Kennicutt-Schmidt relation. Dashed
grey lines show di�erent molecular gas depletion timescales.

molecular gas and dust lanes very well. Then, we smoothed theHST image by a Gaussian
kernel whose FWHM and position angle were the same as that of the synthesised beam
in the ALMA image. We then re-sampled theHST image onto ALMA's pixel grid using
the reproject package in Python. The CO(2-1) and UV �uxes were calculated in ALMA
beam-sized regions. The CO(2-1) �ux was converted to molecular gas mass as explained in
section 3.4.6 and SFRs were estimated from UV �uxes as explained in section 3.6 assuming
continuous SFH and an IMF slope of 2.3.

The right panel of Fig. 3.8 shows the relationship between� SFR and � H2 in di�erent
parts of the galaxy estimated by dividing the SFR and molecular gas mass by beam area
in appropriate units, respectively. Most of the points lie close to the Kennicutt-Schmidt
(KS) relation (Kennicutt, 1998) shown as a black line, characterized as� SFR / � 1:4

gas. A few
regions in the N �lament lie well below the KS relation. They are located where the radio
jet bends around the brightest molecular gas emission in the N �lament suggesting that
the star formation e�ciency is lower in these regions. Alternatively, either the molecular
gas mass is overestimated or the star formation is underestimated. The molecular gas
mass can be overestimated if theX CO conversion factor is lower. TheX CO factor depends
primarily on the density, metallicity and temperature of the molecular gas. In highly
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starforming regions, theX CO is up to a factor of �ve below its Galactic value, due to high
gas temperature and velocity dispersion (Bolatto et al., 2013). These regions have high
molecular gas FWHM (see Fig. 3.5) suggesting that molecular gas masses could have been
overestimated. On the other hand, star formation can be underestimated if the underlying
IMF is top-heavy. However, top-heavy IMF yields very high star formation rates which is
unlikely to be the case.

These results indicate a lower star formation e�ciency than circumnuclear star forma-
tion in nearby star-forming galaxies with similar gas densities. This is in agreement with
the jet-induced star formation observed in other galaxies (see e.g., Salomé et al., 2016;
Zovaro et al., 2019). We estimated average molecular gas depletion times due to star for-
mation (� depl;SFR = M H2 =SFR) of 1 Gyr assuming star formation continues at 9.3M � yr � 1.
The � depl;SFR in the S �lament and the central clump is � 0.8 and 0.9 Gyr, respectively. It
is twice as long in the N �lament at 1.7 Gyr. These timescales are much longer than the age
of the stellar population and the radio lobes. However, most of the molecular gas in Abell
1795 is �owing. Assuming it is being driven out of the galaxy at a rate of� 54 M� yr � 1

(Tamhane et al., 2022), the molecular gas in the galaxy will be depleted within� 6� 107

years, which is much shorter than� depl;SFR . Thus, although radio jet-ISM interaction may
have triggered star formation, this form of star formation has lower e�ciency and may be
quenched eventually by the negative feedback of radio jets.

3.6.4 The o�set between stars and molecular gas

The break in the southern molecular gas �lament is coincident with bright H� and UV
emission. Overall, the southern molecular gas �lament is o�set from the star-forming
�lament by � 0.4 kpc in the perpendicular direction if the molecular gas �lament were to
extend to the centre and� 1 kpc in the direction of the �lament. Similar o�sets between
star formation and cold gas have also been found in NGC1275 and simulations of AGN
feedback (Canning et al., 2014; Li et al., 2015). We discuss two possibilities when this can
happen.

First, the ram pressure of the expanding radio lobes has most likely triggered star
formation in Abell 1795. If molecular gas was present at all locations where star formation
is observed, then the star formation may have consumed it in the inner region of the S
�lament and its NE extension. Supernova feedback from young stars can also destroy the
molecular gas around them. Assuming that the region of S star-forming �lament that
lacks molecular gas previously had molecular gas with the same surface density as in the
S molecular gas �lament, star formation would have to proceed at 70 M� yr � 1 to consume
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the molecular gas within 107 years, which is the time since the onset of star formation.
This star formation rate is 5�7 times longer than observed star formation rates. At the
observed SFR, it would take few108 yrs to consume the molecular gas in that region, which
is about an order of magnitude or more longer than the age of radio lobes and inner X-ray
cavities (Kokotanekov et al., 2018). Even if we assume that the star formation proceeded
at a higher rate than observed, it is not clear why gas in other parts of the S �lament
has not yet been consumed. If we assume that the ram pressure due to radio lobes is not
strong enough in the outer part of the molecular gas �lament to trigger star formation,
it still does not explain the large amount of molecular gas in the N �lament, where star
formation is observed in the region of interaction between radio jets and molecular gas.

Alternatively, stars formed in the molecular gas �lament have decoupled from the �ow
and are moving in the gravitational potential of the galaxy without signi�cant resistance,
whereas the molecular gas is acted upon by the ram pressure from the radio lobes and the
ICM. It is similar to gas stripping in jelly�sh galaxies, where the ram pressure of the ICM
strips the gas from infalling galaxies while the stars in the galaxy are una�ected (see for
example, Fumagalli et al., 2014). If the S �lament is an in�ow, stars would always lead the
gas, as the gas would slow down due to the ram pressure of the ICM and radio jet. It can
also explain the extension of the UV emission to the NE of the BCG nucleus, where the
stars falling ballistically would overshoot the nucleus and are moving in that region. In
this scenario, the stars are leading the gas by� 1 kpc. For a� 7 Myr old stellar population
to have 1 kpc separation from the molecular gas, it would need to have an initial velocity
of � 400 km s� 1 in the rest frame of the BCG, for �lament with a cylindrical �lament with
diameter of 100 pc and a density of 2 cm� 3 (see section 4.2 of Li et al., 2018). The It is
higher than the stellar velocity dispersion in the BCG of 297 km s� 1 but close to the average
velocity of cluster galaxies of 368 km s� 1 relative to the BCG. On the other hand, if the
S �lament is an out�ow, the spatial o�set can arise if the molecular gas decelerates slower
than the stars, thus traveling further. Velocity of young stars in the �lament maybe able to
con�rm whether S �lament is an in�ow or an out�ow. A high-resolution far-UV spectrum
of the inner �lament where the contribution of old stars and nebular emission lines would
be minimal is required to obtain the velocities of young hot stars in the �lament.

3.7 Emission line ratios

As discussed in section 3.4.2, the products ofPyParadise allowed us to make maps of
emission line �uxes. We use these maps to determine the excitation state of the ionized
gas, its density and dust extinction in the galaxy as discussed in the sections below. The
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Figure 3.9: A map of extinction in the visual band (AV ) calculated as explained in sec-
tion 3.7.1. Radio contours in the VLA X-band are overlaid in blue.

original maps were noisy. We smoothed the MUSE data cube by a Gaussian kernel with
FWHM of 100.3, equal to the seeing during the observations and �t spectra from each
spaxel usingPyParadise as discussed in section 3.4.2 to reduce the noise in the maps of
low-intensity nebular emission lines.

3.7.1 Extinction map

Abell 1795 hosts a very prominent dust �lament in the N roughly co-spatial with the
molecular gas as shown in the left panel of Fig. 3.8. Therefore we expect signi�cant dust
extinction in the galaxy. We estimated the amount of visual extinction (AV ) by making a
map of the ratio of H� /H � Balmer decrement and scaled it to calculate E(B� V) as follows
(Domínguez et al., 2013):

E(B � V) =
2:5

k(� H� ) � k(� H� )
log10

�
(H�= H� )obs

(H�= H� ) int

�
; (3.5)

where k(� H� ) � 3:7 and k(� H� ) � 2:63 are extinction curves evaluated at H� and H�
wavelengths, respectively, given by Cardelli et al. (1989) and we assume (H� /H � ) int � 2:86
for an electron temperature of T= 104 K and electron density ofne = 102 cm� 3 for Case B
recombination. AV is then simply calculated asRV � E(B� V), where RV = 3:1.
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In Figure 3.9, we show the map ofAV in the BCG. Only spaxels with S/N> 3 for both
lines were considered. The spaxels withAV < 0 were masked. As expected, there is a
signi�cant amount of extinction in the centre and the N �lament with AV exceeding 1
mag. The S �lament has much lower extinction, indicating a low amount of dust compared
to the N �lament. It is consistent with the absence of a visible level of dust in the optical
image of the S �lament (see left panel of Fig. 3.8), as well as the non-detection of dust
emission features in the NIR XSHOOTER spectrum of the S �lament. Again we note that
if most of the gas is on the near side of dust along the line of sight, it will not su�er from
as much extinction as it would if dust and gas are mixed or if the gas is on the far side
of dust in the S �lament. The average extinction in the region covering both �laments
is 0.6. Interestingly, the dust in the centre is predominantly to the NE of the nucleus,
roughly co-incident with the shocked region, assuming the extinction map traces dust in
the galaxy. Also, the north radio lobe appears to bend around the north blob of dust. It
is also the location of the brightest CO emission indicating a large amount of molecular
gas. Therefore it appears that the gas has changed the direction of the radio lobes. We
use this extinction map to deredden emission line �uxes in the galaxy in a similar way as
in the process described in section 3.6. In the following sections, emission line �uxes in
each spaxel are corrected by the level of extinction measured in that spaxel.

3.7.2 Electron density

The high-resolution spectra allow us to resolve the [SII] doublets. The relative intensities
of [SII]� 6716 to [SII]� 6731 can be used to estimate electron density (ne) in the gas,
since the doublets are sensitive to the e�ects of collisional de-excitation and insensitive
to variations in electron temperature, due to their similar excitation energies. Therefore,
their excitation rate depends on the ratio of the collision strengths and the ratio of line
intensities depends only on the density of the gas (Osterbrock, 1989). We scaled the [SII]�
6716/[SII]� 6731 ratios to get estimatene following the procedure given in Proxauf et al.
(2014), where we assumed electron temperatureTe � 104 K. This method is only reliable
for gas densities between 100 and 1000 cm� 3. In Figure 3.10, we show thene map of the
BCG. The electron densities in the �lament are� 100 cm� 3 and potentially lower, as for
densities lower than 100 cm� 3, [SII] line ratio becomes ine�ective and can only provide an
upper limit. In the center, ne � 100cm� 3. It is consistent with previous studies and [SII]
line ratios found in other BCGs (Crawford et al., 1999; Hamer et al., 2016). To the N-NE
of the centre, on the outer edge of the central radio source, electron densities are enhanced
to � 400 cm� 3. This feature is co-spatial with the high FWHM arc shown in Figure 3.4. As
discussed in section 3.4.3, it could be a result of two separate gas �laments along the line
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Figure 3.10: The �gures show an electron density map derived from [SII]� 6717 / [SII]�
6732 as explained in section 3.7.2. Radio contours in the VLA X-band are overlaid in
white.

of sight superimposed in projection and beam smearing. However, if the region is shocked,
the density contrast between the pre and post-shocked medium is likely greater than four,
suggesting the shock could be isothermal. In that case, the shocked gas will radiate away
its energy and cool rapidly to form cold gas.

3.7.3 Excitation state

The [NII] to H � ratio can probe the excitation state of the gas due to its sensitivity to
AGN. Generally, star formation has a softer radiation �eld than AGN. Thus, changes in
the [NII]/H � ratio in a galaxy indicate di�erent gas excitation mechanisms in di�erent
parts of a galaxy. In Figure 3.11, we show the [NII]/H� map of the BCG. The ratio in the
S �lament is less than 0.7, whereas, in the centre surrounding the radio lobes, the ratio is
more than 1. It decreases gradually away from the centre. At� 4 kpc south of the nucleus,
the ratio changes sharply from� 0.85 to less than 0.7. The transition occurs at the tail
end of the redshifted `V'-shaped redshifted wings observed in Fig. 3.4. The excitation ratio
in the region of high FWHM arc is highest at closer to 1. This suggests that the gas in
the central region is more highly ionized by AGN activity than the gas in the outskirts,
perhaps by shocks or AGN photoionization. The higher levels of gas excitation towards the
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Figure 3.11: The ratio of [NII]/H� represents the excitation state of the ionized gas. The
blue cross denotes the location of the nuclear radio source. The VLA X-band radio contours
are overlaid in white.

centre compared to outer regions indicates an increasing contribution from AGN similar
to the trend observed in other BCGs (Hamer et al., 2016). In the following section, we try
to disentangle the relative contribution of di�erent excitation mechanisms.

3.7.4 Optical diagnostic diagrams

The broad wavelength coverage of the spectrum allows us to use ratios of various gas
emission lines to try to determine gas excitation mechanisms. The most commonly used
diagnostics line ratios are [NII]� 6583/H� , [OI] � 6300/H� , [SII] � 6716, 6731/H� , and
[OIII] � 5007/H� , the so-called BPT diagnostic diagrams (Baldwin et al., 1981). They
are generally used to approximately di�erentiate between di�erent excitation mechanisms.
Figure 3.12 shows BPT diagnostic diagrams of the BCG generated using MUSE spaxels
of individual line maps. Regions predominantly populated by star-forming, AGN and
composite galaxies as identi�ed by Kau�mann et al. (2003); Kewley et al. (2001) and
Schawinski et al. (2007) are shown by grey solid, dashed and dash-dotted lines, respectively.
The points are coloured by the regions in which they sit. The vast majority of points have
composite or LINER-like ionization sources involving [NII] and [OI] lines as shown in the
left panel of the �rst and the third row. The right panels show the distribution of points
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