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ABSTRACT

We present an analysis of the instantaneous supermassive black hole (SMBH) accretion rates in a collection of 1563 post-merger
galaxies drawn from the IllustrisTNG simulation. Our sample consists of galaxies that have experienced a merger in the last
simulation snapshot (within ~ 160 Myrs of coalescence) in the redshift range 0 < z < 1, with merger stellar mass ratios >1: 10
and post-merger stellar masses >10'"Mg. We find that, on average, the accretion rates of the post-mergers are ~1.7 times higher
than in a control sample and that post-mergers are three to four times more likely to experience a luminous active galactic nuclei
(AGN) phase than isolated galaxies. SMBH accretion rate enhancements persist for ~2 Gyrs after coalescence, significantly
exceeding the ~500 Myr lifetime of star formation rate enhancements. We find that the presence of simultaneous enhancements
in both the star formation and SMBH accretion rates depends on both the mass ratio of the merger and on the gas mass of
the post-merger galaxy. Despite these accretion rate enhancements, only ~35 per cent of post-mergers experience a luminous
AGN (Lyo > 10*erg/s) within 500 Myrs after coalescence, and fewer than 10 per cent achieve a luminosity in excess of Ly
> 10%erg/s. Moreover, only ~10 per cent of the highest luminosity (Lyo > 10¥erg/s) AGN in the IllustrisTNG galaxy sample
are recent mergers. Our results are therefore consistent with a picture in which mergers can (but do not always) trigger AGN

activity, but where the majority of galaxies hosting high luminosity AGN are not recent mergers.

Key words: galaxies: active — galaxies: evolution — galaxies: interactions.

1 INTRODUCTION

It is well established that galaxy mergers play a fundamental role in
the growth of galaxies in the universe. In addition to the assembly of
the main matter components, the merger process is predicted to have
short-lived, but dramatic, effects on numerous galactic properties.
The most obvious visible impact of a galaxy—galaxy interaction is
the re-arrangement of stellar material, an effect which was seen in the
earliest N-body simulations (Toomre & Toomre 1972; White 1978;
Roos & Norman 1979; Villumsen 1982). Strong tidal forces result
in disturbed morphologies including shells and tidal features that
are dependent on the properties of both the initial galaxy members
and the orbital properties of the interaction (Casteels et al. 2014;
Nevin et al. 2019; Blumenthal et al. 2020; Patton et al. 2016). The
advent of hydrodynamical simulations further demonstrated that the
generation of internal asymmetric structures produced torques that
could drain angular momentum from the gas, causing it to flow to the
centre and resulting in central starbursts (Hernquist 1989; Barnes &
Hernquist 1991; Mihos & Hernquist 1996; Di Matteo et al. 2007;
Capelo & Dotti 2016; Blumenthal & Barnes 2018), a feature that is
widely observed in both the pre- (Barton, Geller & Kenyon 2000;
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Woods, Geller & Barton 2006; Woods & Geller 2007; Ellison et al.
2008; Woods et al. 2010; Scudder et al. 2012; Patton et al. 2013;
Knapen, Cisternas & Querejeta 2015; Cao et al. 2016) and post-
(Ellison et al. 2008, 2013; Thorp et al. 2019; Bickley et al. 2022)
merger regimes in galaxy surveys.

Merger driven gas inflows have also been predicted to poten-
tially fuel black hole growth (Sanders et al. 1988; Di Matteo,
Springel & Hernquist 2005; Springel, Di Matteo & Hernquist 2005;
Hopkins et al. 2008; Capelo et al. 2015). However, while there is
broad agreement in the observational literature supporting merger-
enhanced star formation, there continues to be controversy over the
role of mergers in triggering active galactic nuclei (AGN). Although
numerous observational studies do not find evidence for a merger-
AGN connection (Cisternas et al. 2011; Schawinski et al. 2011;
Kocevski et al. 2012; Bohm et al. 2013; Shah et al. 2020; Lambrides
etal. 2021), many others have demonstrated a statistically significant
excess of AGN in interacting pairs and post-mergers (Alonso et al.
2007; Ellison et al. 2011, 2013; Bessiere et al. 2012; Hong et al.
2015; Kocevski et al. 2015; Hewlett et al. 2017; Marian et al. 2020;
Bickley et al. 2023).

Recently, Ellison et al. (2019b) explored the possibility that contra-
dictory results may result from different experimental approaches;
namely, that some studies assess the excess of AGN in mergers,
whereas others quantify the excess of mergers amongst AGN. Using
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a sample of low redshift AGN and high-quality imaging from the
Canada France Imaging Survey, Ellison et al. (2019b) demonstrated
that there is both an excess of AGN in mergers and an excess
of mergers amongst AGN. At least at low redshift (and for the
optical and mid-infrared (IR) selection used by Ellison et al. 2019b),
experimental approach does not seem to explain the conflicting
results.

There are numerous other factors that may affect our assessment
of the merger-AGN connection. AGN are a multiwavelength phe-
nomenon that manifest across the electromagnetic spectrum and
different selection methods identify different objects (see Hickox &
Alexander 2018 for a recent review). The extent of a connection
between mergers and AGN may depend on the wavelengths at which
the AGN is selected. For example, several studies have shown that
the AGN excess in mergers is greater for mid-IR selected AGN,
compared to those identified through their optical emission lines
(Satyapal et al. 2014; Weston et al. 2017; Goulding et al. 2018; Ellison
etal. 2019b; Gao et al. 2020), with no X-ray AGN enhancement found
in low redshift post-mergers (Secrest et al. 2020). However, even
for selection in a given frequency regime disagreement can exist.
For example, some studies of radio-selected AGN find no merger
connection (Dicken et al. 2012; Ellison, Patton & Hickox 2015b),
whereas others do (Ramos Almeida et al. 2011, 2012; Gao et al.
2020; Pierce et al. 2022), a tension that could be linked to further
distinctions within the radio population into high and low excitation
sources (Chiaberge et al. 2015; Bernhard et al. 2022). Disagreement
also exists as to whether the dominance of merger triggering is linked
to AGN luminosity (Schawinski et al. 2012; Treister et al. 2012;
Villforth et al. 2014; Glikman et al. 2015; Mechtley et al. 2016;
Villforth et al. 2017; Marian et al. 2019; Pierce et al. 2022).

The above summary of the observational literature demonstrates
the considerable diversity amongst recent results. However, there
are a few broad statements regarding the merger-AGN connection
that are relatively uncontroversial. First, that the majority of AGN are
not merger induced, a statement that is also supported by simulations
(Steinborn et al. 2018; McAlpine et al. 2020). Second, that some AGN
are probably triggered by interactions, although the fraction likely
depends on subtleties such as redshift (e.g. Rosario et al. 2015) and
selection method (e.g. Gao et al. 2020). Third, it is the most obscured
(Satyapal et al. 2014; Fan et al. 2016; Weston et al. 2017; Ellison
et al. 2019b; Gao et al. 2020) and most luminous (Schawinski et al.
2012; Treister et al. 2012; Glikman et al. 2015; Donley et al. 2018;
Goulding et al. 2018; Urbano-Mayorgas et al. 2019; Pierce et al.
2022) AGN that seem to be most likely to be linked to mergers.

Beyond the simple understanding of which mechanisms (merging
versus various secular processes) lead to black hole growth, the
potential for AGN triggering during the interaction is arguably most
relevant for assessing the end point of the merger sequence. Since
AGN have been widely implicated as a way to quench star formation
(Di Matteo et al. 2005; Springel et al. 2005), if most mergers
experience an accretion + feedback event during the interaction,
then we might expect most post-coalescence galaxies to rapidly shut-
down their star formation (Hopkins et al. 2008).

An additional complication to the proposed connections between
mergers, star formation and AGN triggering, followed by feedback
driven quenching, is the different timescales for these processes.
High-resolution simulations have shown that merger induced central
starbursts and high supermassive black hole (SMBH) accretion
rates are for the most part not temporally correlated (Volonteri
et al. 2015a). Furthermore, most observational studies do not find a
connection between central starburst and AGN activity, except in the
highest luminosity systems, an effect that is largely attributed to short

4967

timescales for AGN variability (Rowan-Robinson 1995; Schweitzer
et al. 2006; Lutz et al. 2010; Shao et al. 2010; Santini et al. 2012;
Rosario et al. 2013a,b).

In order to assess the impact of mergers on star formation, black
hole accretion and quenching in a statistical and holistic way, we
have been undertaking a series of studies using a large, state-of-the-
art hydrodynamical simulation suite from IllustrisTNG (hereafter
TNG; Nelson et al. 2017, 2019; Naiman et al. 2018; Marinacci et al.
2018; Pillepich et al. 2017; Springel et al. 2017). Although large box
simulations are lacking in resolution compared with idealized binary
merger runs or cosmological zoom in simulations (e.g. Hopkins et al.
2013; Moreno et al. 2015, 2019), they offer several advantages. First,
many thousands of interactions can be drawn from the large sample
of galaxies in a cosmological simulation, in contrast to the suites
of binary mergers which typically contain only tens of interactions.
Second, no a priori decisions are required to define either galaxy
properties (morphologies, gas fractions etc.) or interaction properties
(e.g. mass ratios, orbits etc.). Finally, the full cosmological setting
provides a more realistic interaction with both the circumgalactic and
intergalactic environments.

In the first paper in our series, Patton et al. (2020) demonstrated
that enhancements in the star formation rate (SFR) of interacting
galaxies in TNG are experienced in the pre-coalescence phase out
to separations of a few hundred kpc. Although the exact number
varies depending on the simulation used, triggered star formation
out to large separations was found to be a common feature of all
of simulations in the TNG suite. Hani et al. (2020) continued the
assessment of SFR enhancement into the post-coalescence regime
and showed that the elevated levels persist for typically 500 Myrs
post-merger. Quai et al. (2021) demonstrated that although most
post-mergers do not lead to rapid shut down of star formation, there
is nonetheless an excess of quenched galaxies amongst simulated
post-mergers compared with controls.

In the work presented here, we investigate the role of mergers
in triggering AGN in TNG, specifically whether there is an en-
hancement of SMBH accretion rates in the post-merger phase. In
Section 2, we summarize the salient details of the TNG simulation,
our merger sample selection, and our algorithm for matching post-
merger galaxies to control comparisons. In Section 3 we quantify the
enhancement of black hole accretion rates in post-mergers and in-
vestigate whether these enhancements depend on galaxy and merger
properties (Section 3.1). Furthermore, we quantify the timescale over
which accretion rate enhancements persist (Section 3.2) and compare
this with the triggered star formation in order to assess synchronicity
between these processes (Section 3.3). Finally, we address whether
mergers are likely to produce AGN activity and quantify the con-
tribution of recent mergers to the total AGN population, i.e. what
fraction of mergers produce high accretion rates (Section 4.3) and
what fraction of high accretion rate systems have undergone a recent
merger (Section 4.4).

2 METHODS

2.1 MlustrisTNG

We use the IllustrisTNG galaxy formation simulation, a state-of-
the-art cosmological magneto-hydrodynamic simulation including
galactic scale stellar feedback, stellar population evolution and
chemical enrichment, primordial and metal-line gas cooling and
heating, and multimode blackhole feedback (Nelson et al. 2019;
Nelson et al. 2017; Naiman et al. 2018; Marinacci et al. 2018;
Pillepich et al. 2017; Springel et al. 2017). In the work presented here,
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we use the TNG100-1 simulation run, the intermediate volume, and
resolution run of the fiducial TNG galaxy formation model, which
has a (110.7 Mpc)3 volume, a baryonic resolution of 1.4 x 100 Mg,
and a dark matter resolution of 7.5 x 10° M.

We briefly describe the physical models for SMBH seeding and
feedback in TNG, with the full details available in Weinberger et al.
(2017) and Pillepich et al. (2018). SMBHs are seeded at Mgy =
8 x 10° h~'M,, at the centre of halos that meet a threshold mass of
5 x 10'"h~!'Mg. The black holes can then grow by either accreting
gas from the region surrounding the black hole or by merging with
other black holes.

SMBH accretion is calculated using a Bondi-Hoyle-Lyttleton
subgrid model,

. AT G*M2, p
Mponai = ———21= (1)

CS
where G is the gravitational constant, Mgy is the black hole mass,
and p and ¢, are the density and sound speed sampled in a kernel-
weighted sphere centred on the SMBH, labelled the accretion region.

The SMBH accretion rate is capped by the Eddington rate,
AdrGM BHMp

€,01C

Mpaq = 2
where my, is the proton mass, €, is the radiative accretion efficiency,
o ris the Thompson cross-section, and ¢ is the vacuum speed of light.

SMBHs are merged when the black holes are within the accretion
regions of one-another. Furthermore, in order to prevent the wander-
ing of SMBHs away from the halo centre, SMBHs are fixed to the
local gravitational potential minima, which has the added effect of
promptly merging SMBHs when their host subhalos coalesce.

TNG uses a dual feedback mode model, where SMBHS use a dif-
ferent feedback prescription depending on the SMBH accretion rate
and SMBH mass. At high accretion rates, feedback is implemented
according to a radiative mode model, and at low accretion rates the
feedback is implemented according to a kinetic mode model. The
classification of high versus low accretion is made by calculating
the ratio of the Bondi accretion rate to the Eddington accretion rate,
where a high accretion rate is defined as Mp,uq; > x Mgaq and x is
defined as,

. Mgy \*
X =min |:XO<108M@) ,0.1]. 3)
The maximum x = 0.1 follows observational constraints set by X-
ray binaries Dunn et al. (2010), whereas the parameters x, and j are
simulation parameters tuned to 0.002 and 2, respectively.

For SMBHs with high accretion rates, the simulation uses a
radiative feedback prescription, where a fraction of the accreted
mass energy is injected as thermal energy into the region surrounding
the black hole. At low accretion rates, once again a fraction of the
accreted mass energy is injected into the surrounding BH region;
however, the energy injected is in the form of kinetic energy in
randomized directions away from the black hole. For our work,
focused on SMBH accretion rates, we do not comment in detail

on the feedback prescriptions, and refer the reader to Weinberger
et al. (2017).

2.2 Identifying galaxies and galaxy mergers in IllustrisTNG

Before we can identify the population of galaxy mergers in the TNG
simulation, we first apply selection constraints to our entire galaxy
sample.

MNRAS 519, 4966-4981 (2023)

First, we exclude galaxies at redshift>1 from our sample because
the increased frequency of mergers and interactions exacerbate issues
such as numerical stripping and subhalo switching (Rodriguez-
Gomez et al. 2015), which makes robust merger identification more
difficult. We then apply a stellar mass requirement of 10°M, equiv-
alent to ~1000 particles, to ensure our selected galaxies are properly
resolved. We combine our minimum stellar mass requirement with
our minimum merger mass ratio of 1:10, i.e. requiring post-mergers
have progenitors of at least 10°M, by requiring a minimum stellar
mass of 10'°M,, in the post-merger sample.

We also apply an additional environmental constraint to remove
galaxies susceptible to numerical stripping from ongoing interactions
with neighbouring subhalos. Following the procedure of Patton et al.
(2020), we calculate rqp,

r

—hosi T peomp “4)
R?/ét + R?jznp

Tsep =
where r is the three-dimensional (3D) separation of the galaxies,
and R}f5" and R}, are the stellar half mass radii of the host and
companion. Patton et al. (2020) demonstrated that TNG galaxies with
Tsep S 2 had stripped stellar mass and we therefore excluded them
from our galaxy sample.

Once we have identified appropriate candidate galaxies from
TNG, we identify galaxy mergers using the merger-trees created
by the SUBLINK algorithm (Rodriguez-Gomez et al. 2015), which
associate each galaxy in TNG with progenitor and/or and descendant
galaxies. We identify galaxy mergers by selecting nodes within the
merger trees. Nodes occur when particles which are assigned into
distinct subhalos at a given snapshot are subsequently assigned into
the same subhalo in the following snapshots.

In the work presented here, we calculate the mass ratio of the
merger using a different methodology from previous works in this
series. We apply additional steps, once again, as a precaution against
numerical stripping and subhalo switching. For each merger, the mass
ratio of the merger is calculated using the stellar mass within twice the
stellar half-mass radius, in the snapshots leading up to coalescence of
the subhalos, up to a maximum of 10 snapshots. From the mass ratio
estimates, the maximum and minimum are excluded, which removes
abnormally large or small values that are due to subhalo switching
or significant numerical stripping. Finally, we take the average and
standard deviation of the remaining mass ratio measurements to
calculate the merger stellar mass ratio, 1, and assign a merger mass
ratio error, o ,. For the work presented here, we define mergers as
coalescence of subhalos with a merger mass ratio within 0.1 < u
< 1. We do not limit the overall post-merger sample using the mass
ratio error except when specified.

2.3 Post-merger and non-merger galaxy samples

Hydrodynamical simulations have suggested that SMBH accretion
rates peak post-coalescence (Hopkins et al. 2008), a framework that
is corroborated by some observational studies (Ellison et al. 2013;
Satyapal et al. 2014; Bickley et al. 2023). In the work presented here
we focus on post-merger galaxies, and construct our post-merger
sample using only galaxy mergers that have coalesced in the time
between the previous and current snapshot, or within ~160 Myrs.
Note that we discuss the long-term effects on the post-merger sample
in Section 3.2. Selecting galaxies immediately after coalescence, and
applying the galaxy selection criteria outlined above, we identify a
sample of 1973 post-merger galaxies from TNG100-1. The stellar
mass, SMBH mass, redshift, and mass ratio distributions of this
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Figure 1. Distribution of post-merger and non-merger sample (from top to
bottom) in stellar mass, SMBH mass, redshift, and mass ratio. The dotted teal
line shows the distribution of all the post-mergers, following our criteria, in
TNG100-1. The solid teal line shows the distribution of the 1563 successfully
control matched post-mergers, and the dashed yellow line shows the 1522
successfully control matched non-mergers.

complete post-merger sample are shown in the dotted teal line in
Fig. 1.

In addition to the post-mergers, we define a sample of non-
mergers whose properties are representative of the post-mergers. We
construct a non-merger sample in order to generate a comparative
population that has the same underlying distribution as the post-
merger sample, and in order to contextualize how the underlying
stochasticity of SMBH accretion rates affect our calculation of
accretion rate enhancements. The representative non-merger sample
is constructed as follows. For each of the 1973 post-mergers, we
identify one non-merging galaxy that is selected to be the single best
match in redshift, stellar mass, gas mass, environment, and feedback
mode (see Section 2.4 for details on the necessity of feedback mode
matching) that has not undergone a merger of mass ratio u > 0.1
within the last 2 Gyrs. The environment is quantified using two
parameters taken from Patton et al. (2020): r; and N,. r; is the 3D
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Figure 2. SMBH accretion rates as a function of stellar mass for all the
TNG100-1 galaxies meeting the selection criteria of Section 2.2. The dark
blue contours represent the sample in radiative mode feedback and the orange
contours represent the sample in kinetic mode feedback.

distance to the nearest neighbour, within two Mpc, which has a mass
above 10 percent of the target galaxy mass. N, is the number of
neighbours within two Mpc of the galaxy centre, with a minimum
mass of 10°M,. The single best match is selected as an exact match
in redshift and feedback mode, and the best simultaneous match of
stellar mass, gas mass, r; and N, following the statistical weighting
scheme of Patton et al. (2016). We therefore begin with a sample of
1973 post-mergers and 1973 non-mergers.

2.4 Control matching post-merger and non-merger galaxies

In order to quantify the difference between a given physical property
(e.g. SMBH accretion rate) of an individual (post-merger or non-
merger) galaxy and the expected value of a ‘normal’ galaxy, we use
a control matching algorithm to identify a sample of comparative
controls for each individual galaxy in the post-merger and non-
merger sample. The pool of possible control galaxies consists of
all galaxies, meeting the criteria outlined in Section 2.2, that have
not undergone a merger of mass ratio ; > 0.1 within the last 2 Gyrs.
We note that when control matching the non-mergers, we exclude
galaxies that have already been assigned into the non-merger sample
from the control pool, such that no galaxy can be matched to itself.

We begin by down-selecting the pool of potential control galax-
ies by imposing two cuts (which are effectively broad matching
constraints). First, we require that the controls for a given galaxy
are drawn from the same simulation snapshot, which corresponds
to matching in redshift. Second, we require that the controls for a
given galaxy are in the same instantaneous feedback mode as the
post-merger (or non-merger), using the feedback mode classification
outlined in Section 2.1. The requirement of feedback mode matching
diverges from the methods applied by Patton et al. (2020), Hani et al.
(2020), and Quai et al. (2021), but is necessary for the work presented
here to avoid spurious features in the results. The issue is illustrated in
Fig. 2 which shows the distribution of accretion rates as a function of
stellar mass for all galaxies in TNG100-1, colour-coded to distinguish
those in radiative feedback mode (dark blue) from those in kinetic
feedback mode (red). Fig. 2 demonstrates that (at a fixed stellar mass)
the accretion rate distributions are bimodal. Without feedback mode
matching, post-merger galaxies may (artificially) exhibit extremely
enhanced or suppressed accretion rates if they are matched to controls
in the other feedback mode.

In addition to snapshot (redshift) and feedback mode, the control
galaxies for each post-merger and non-merger are matched on several
further properties. First, the control sample is limited to galaxies
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Figure 3. Distribution of parameters matched in control matching process:
(from top to bottom) stellar mass and gas mass measured within twice the
stellar half mass radius, distance to nearest neighbour within two Mpc, and
number of neighbours within two Mpc. Post-mergers are represented with
the teal line, and the controls are represented with the dashed pink line.

whose stellar mass is matched to within £0.05 dex and whose gas
mass is matched to within 0.1 dex. Next, the matched control
sample is limited to galaxies within +10 per cent of r; and N,. We
allow all of the error tolerances to grow, 0.01 dex in stellar mass,
0.1 dex in gas mass, and 10 per cent in r; and N,, up to four times
until at least five matched control galaxies are found. If fewer than
five control galaxies are found, then the post-merger is excluded
from the sample. On average, galaxies have to grow their error
tolerances twice to meet the required number of controls, and 410
post-merger galaxies (and 451 non-merger galaxies) did not meet
the control requirements within permitted error tolerances after the
maximum number of grows and were hence rejected from our sample.
Therefore, our final matched sample consists of 1563 matched post-
merger galaxies and 1522 non-merger galaxies, with an average of 10
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Figure 4. Histogram of accretion rate enhancements for the post-merger
population and non-merger population. Post-mergers are represented with
the teal line, and non-mergers are represented with the dashed yellow line.
The median enhancement of the post-merger sample is 0.23 dex.

matched controls each. The properties of the final post-merger and
non-merger samples are shown in the solid teal and dashed yellow
lines in Fig. 1. We note that the top panel of Fig. 1 reveals that the
control matching algorithm preferentially fails to match higher stellar
mass post-mergers. It was determined that the strict error tolerance
on stellar mass matching combined with gas mass matching resulted
in higher mass post-mergers being less likely to find a sufficient
number of controls. However, we note that both matching criteria
are necessary in order to select an unbiased set of controls. Without
the strict error tolerance, high mass post-mergers are preferentially
matched to low mass controls. We therefore prioritize the selection of
unbiased controls over the completeness of the matched post-merger
sample.

Fig. 3 shows the distribution of stellar mass, gas mass, r|, and
N, for the post-merger galaxies, shown in the teal line, and the
matched control galaxies, shown in dashed pink line. In the figure,
the distributions trace one another closely, demonstrating the success
of the control matching methodology in identifying galaxies with
similar properties to the post-merger sample. Although not shown in
Fig. 3, we note that the non-merger sample and its controls exhibit
similarly closely matched properties.

Once the control matching procedure is complete, we then calcu-
late a relative SMBH accretion rate enhancement, A My, for each
post-merger and non-merger galaxy as

AMgy = logio(Mpy) — median[logio(Mprcontrois)]- ()

3 RESULTS

3.1 Enhancement of accretion rates in post-merger galaxies

Fig. 4 shows the distribution of AMpy for the post-merger sample,
shown in the teal line, and non-merger sample, shown in the
yellow dashed line. The non-merger population peaks at 0 dex,
consistent with no enhancement in the SMBH accretion rate of
non-mergers relative to their controls. A lack of statistical offset
may be expected for the non-merger sample, as it is a subset of
the control population. However, since the non-merger sample is
not randomly selected from the control pool, and is selected to
match the population characteristics of the post-merger sample,
we have therefore demonstrated that the population characteristics
of the non-merger sample do not give rise to enhanced SMBH
accretion rates relative to their controls. Nonetheless, the non-
merger distribution provides a useful reference. For example, both
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Figure 5. Accretion rate enhancements of post-merger galaxies for different
redshifts. The background density plot shows the distribution of AMpy for
the post-merger sample, and the foreground points represent the median value
at that redshift. The teal circles are the median post-merger AMpy and the
yellow squares are the median non-merger AMpgy. The error on the x-axis
represents the bin width for each data point, and the error on the y-axis is the
standard error on the median for that redshift bin.

populations show a similar distribution of AMpgy, ranging from
100 times enhanced to 100 times suppressed accretion rates relative
to controls, with 30 non-mergers (2 percent) achieving accretion
rates at least 10 times higher than controls. The comparable spread
demonstrates the large variability of accretion rate in both samples.
In contrast to the non-mergers, the post-merger sample peaks at a
positive accretion rate enhancement, with a median enhancement
of 0.23 dex, corresponding to an enhancement of ~ 70 per cent.
In the post-merger sample, 102 post-mergers (6.5 percent) have
accretion rates at least 10 times higher than controls. Fig. 4 therefore
demonstrates our first main result, that mergers in TNG, on average,
have an elevated accretion rate in the post-merger phase.

Fig. 5 shows the SMBH accretion rate enhancement of the post-
merger and non-merger samples as a function of redshift. The full
distribution of the post-merger sample is shown in the background
density plot, and the foreground points are the median accretion
enhancement for the post-merger sample (teal circles) and non-
merger sample (yellow squares) within equally spaced bins of
redshift. The errorbars represent the standard error on the median
within each bin. The median accretion rate enhancement of the post-
merger sample is consistently above O across the redshift range. We
present both the median enhancement points and the background
distribution to emphasize that while there is a positive median
AMpy in post-mergers, not all post-mergers show accretion rate
enhancements (as expected from Fig. 4). Overall, neither sample
(post-mergers nor non-mergers) show any significant dependence on
redshift, indicating that the merger process elevates accretion rates
out to at least z = 1 (the limit of our sample selection).

We find a similarly consistent result when investigating the
dependence of SMBH accretion rate enhancements on stellar mass,
shown in Fig. 6. As expected from its construction, we find that the
non-merger sample has accretion rate enhancements consistent with
zero at all stellar masses. In contrast the teal points demonstrate that
the SMBH accretion rates in post-mergers are consistently enhanced,
on average, at all stellar masses within our sample.

Fig. 7 shows the accretion rate enhancements A Mgy as a function
of the gas mass (top panel) and gas fraction (bottom panel) of the
post-merger or non-merger galaxy, where the gas mass is the sum of
all gas particles within twice the stellar half-mass radius and the gas
fraction is the ratio of the gas mass to the baryon mass (gas + stars).
In the top panel, we see that for a gas mass less than ~10°Mg, the
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Figure 6. Accretion rate enhancements of post-merger galaxies for different
stellar masses. The background density plot shows the distribution of AMp g
for the post-merger sample, and the foreground points represent the median
value at that stellar mass. The teal circles are the median post-merger AMp g
and the yellow squares are the median non-merger AMpy. The error on the
x-axis represents the bin width for each data point, and the error on the y-axis
is the standard error on the median for that stellar mass bin.
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Figure 7. Accretion rate enhancements of post-merger galaxies for different
Myas (shown in top panel) and gas fractions (shown in bottom panel). The
gas mass is the sum of all gas particles within twice the stellar half-mass
radius of the galaxy. The gas fraction is the ratio of the gas mass to the
baryon mass (gas mass + stellar mass). The background density plot shows
the distribution of AMpy for the post-merger sample, and the foreground
points represent the median value at that Mg, or gas fraction. The teal circles
are the median post-merger AMpy and the yellow squares are the median
non-merger AMpgp. The error on the x-axis represents the bin width for each
data point, and the error on the y-axis is the standard error on the median for
that Mg, or gas fraction bin.
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Figure 8. Accretion rate enhancements of post-merger galaxies for different
merger mass ratio. The background density plot shows the distribution of
AMpy for the post-merger sample, and the foreground points represent the
median value at that mass ratio. The error on the x-axis represents the bin
width for each data point, and the error on the y-axis is the standard error on
the median for that mass ratio bin.

median enhancements of the post-merger sample are not significantly
distinct from the non-merger sample, with the exception of one point
at ~1083-84M. However in the regime of >10°M, post-mergers
consistently have on average enhanced accretion rates. Therefore,
Fig. 7 suggests that post-mergers of a lower gas mass are less
likely to have enhanced accretion rates. In addition, at gas masses
above 10°M,,, post-merger galaxies consistently show accretion rate
enhancements, where non-merger galaxies of this mass range do
not, suggesting that the presence of a large amount of gas does not
guarantee higher than average accretion rates.

We find a qualitatively consistent result looking at the gas fraction
(bottom panel of Fig. 7). We see that for post-mergers with a lower
gas fraction, there is a trend towards low to no relative accretion
enhancement. Once again, there is some evidence for an exception
to this trend at the lowest gas fraction; however, we caution that the
poor statistics at lower gas mass and gas fraction make the median
data point more susceptible to the variability on a galaxy by galaxy
basis. Therefore, we find that the presence of a significant amount of
gas is an essential, but insufficient criterion to produce accretion rate
enhancements, and that the merger itself is important for driving gas
into the region surrounding the SMBH whence it can accrete.

Finally, Fig. 8 shows AMpy; for post-merger galaxies of different
merger mass ratios. We note that in this plot, we only include galaxies
with a merger mass ratio error of o, < 0.1, which excludes 99
galaxies from the sample of 1563 post-mergers. By visual inspection,
we find no significant relationship between the strength of the
accretion rate enhancement and the merger mass ratio. In fact, we
see that the majority of enhancements are consistent, within error,
with the overall sample accretion rate enhancement of 0.23 dex.
We further confirm the lack of correlation with a statistical Pearson
correlation test, which yields a correlation coefficient of ~0.1.

The lack of correlation between A Mz and mass ratio is somewhat
contradictory to previous simulation results. For example, Capelo
et al. (2015) find mass ratio to be the most important factor
influencing SMBH accretion rate in a suite of high-resolution binary
merger simulations. However, there are notable differences between
the experiments of Capelo et al. (2015) and the work presented
here. Specifically, Capelo et al. (2015) look at the effect of varying
the merger mass ratio while keeping the orbital geometry and gas
fraction constant, whereas our result looks at a population averaged
enhancement and is therefore subject to the variable conditions of
every merger. In addition, Capelo et al. (2015) comment on the role
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Figure 9. Running median of the accretion rate enhancement (teal) and star
formation rate enhancement (purple) over the time post-merger. The error of
the shaded region represents the 25th and 75th percentiles associated with the
median at that time post-merger.

of resolution in their result, and that some of the torques generated in
the galaxy interaction require high—resolution simulations in order
to be resolved. Finally, our result should not be interpreted as mass
ratio having zero role in regulating gas inflows. Instead, Fig. 8
demonstrates that, once the full demographic of merger properties is
sampled, mass ratio is not a dominant factor in predicting the strength
of a SMBH accretion rate enhancement.

3.2 Timescale of accretion rate enhancements

We have thus far demonstrated that post-merger galaxies show,
on average, enhanced accretion rates when compared to matched
controls. This result is in agreement with previous theoretical studies
that demonstrate merger driven gas inflows (Di Matteo et al. 2005;
Springel et al. 2005; Hopkins et al. 2008), which would increase the
local gas density surrounding the black hole. However, the timescales
of enhanced SMBH accretion are crucial to understanding the
influence of the merger beyond the immediate post-merger phase, and
the role of merger induced accretion rate enhancements on a galaxy’s
evolution. In addition, studying the average temporal behaviour of
SMBH accretion rate enhancements can help alleviate the challenges
associated with studying the highly stochastic individual SMBH
accretion rates.

In the following section, we re-perform an experiment from a
previous paper in this series. Following the procedure of Hani et al.
(2020) (who investigated enhancements in SFR), we calculate a
AMpy for post-merger galaxies in the snapshots following coa-
lescence. Specifically, for each post-merger in our sample, we follow
the descendants for as long as the merger tree allows or until the
next merger event (with a mass ratio greater than 1:10). We control
match the post-merger descendants to identify the enhancement to
SMBH accretion rate as a function of the time since the most recent
merger. We re-select the control galaxies at each subsequent snapshot
following the same matching criteria as Section 2.4. Therefore, a
galaxy at snapshot N will not be matched to the same controls in the
subsequent snapshot N + 1 if the controls fall out of the acceptable
matching criteria and tolerances specified in Section 2.4.

Fig. 9 shows the SMBH accretion rate enhancement as a function
of time post-merger. The median SMBH accretion rate enhancement
is shown in the teal line, where the shaded region represents the
25th and 75th percentiles. We find that, on average, SMBH accretion
rate enhancements persist for up to 2 Gyr post-merger. A long-
lived accretion rate enhancement may seem to be in contradiction
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with the short lived (tens-hundreds of Myrs) high accretion rate
events observed in previous simulation studies (Di Matteo et al.
2005; Springel et al. 2005; Hopkins et al. 2008). However, we
emphasize our relative enhancement variable AM g is distinct from
an enhancement in absolute accretion rate in a given galaxy. Our
result demonstrates that post-mergers sustain a population-averaged
enhanced accretion rate relative to matched controls, which does not
necessarily correspond to a long lived high accretion rate event in an
individual galaxy. A long-lived population average suggests that the
dynamical disturbance that leads to higher than normal feeding of
the SMBH persists for up to ~2 Gyrs in TNG100-1.

We are also interested in investigating the temporal correlation, or
lack there-of, between star formation rate enhancements and SMBH
accretion rate enhancements. Studying the population averaged
enhancements can smooth out the large temporal variability of
SMBH accretion rates, and allow us to look at the timescales over
which connections between star formation and SMBH accretion rate
are present in the overall post-merger population. Therefore, we also
compute the star formation rate enhancements of our post-merger
sample,

ASFR = lOg]()(SFR) - median[lOgIO(SFRCvntrol.r)]s (6)

where the star formation rate is the sum of star formation rates for
all cells within twice the stellar half-mass radius. When calculating
ASFR, we introduce an additional matching criterion from Hani et al.
(2020). We require that galaxies be matched within a classification
of star forming or passive in order to avoid (spuriously) large/small
values of ASFR. Passive galaxies are defined as galaxies which lie
more than 20 below the star forming main sequence, where we
calculate the star forming main sequence by applying a linear fit
to TNG100-1 galaxies with stellar mass between 10°% 1927 and
between redshift 0—1, and extrapolate the linear fit to higher stellar
masses following the procedure of (Donnari et al. 2019). In this
way, post-merger star-forming galaxies are matched to star-forming
controls, in addition to the fiducial matching criteria outlined in
Section 2.4. Likewise, passive post-mergers are matched to passive
controls. We therefore identify a different set of controls when
calculating AMgy and ASFR for the experiments presented in
Section 3.2.

Fig. 9 shows the star formation rate enhancement in the purple
line, once again the shaded region represents the 25th and 75th
percentiles. We qualitatively recover the result of Hani et al. (2020),
who find that, on average, post-merger galaxies demonstrated star
formation rate enhancements,' and that the enhancements persisted
for up to ~500 Myrs after the merger, consistent with previous
simulation studies (Di Matteo et al. 2008) and observational estimates
(Wild, Heckman & Charlot 2010). We therefore demonstrate that,
on average, SMBH accretion rate enhancements are significantly
longer lived than star formation rate enhancements within our post-
merger sample. We compare the result of Fig. 9 with Volonteri
et al. (2015a), who investigate the temporal correlation between
SFR and SMBH accretion rate in 10 high resolution binary merger
simulations. Volonteri et al. (2015a) find that, on an individual merger
basis, properties are only temporally correlated within the 200-300

'We note that the magnitude of the star formation rate enhancement in
post-merger galaxies is lower in the work presented compared with the
main result of Hani et al. (2020). There exist a number of subtle matching
scheme differences, specifically the inclusion of gas mass matching (which
is demonstrated in Hani et al. (2020) to reduce the magnitude of the SFR
enhancement).
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Myrs of the final coalesence event of the merger, a timescale that
is consistent with our population averaged result. Our result that
enhancements of SMBH accretion rates can be sustained up to 2
Gyrs is also consistent with the result of Volonteri et al. (2015b), who
find that the SMBH accretion rates of merger remnants can remain
sufficiently high such that the luminosity of the AGN is dominant
over the stellar luminosity up to 1.5 Gyrs after the merger.

As apossible explanation for the difference in the timescale of SFR
and accretion rate enhancements, we comment that in TNG, both the
star formation and SMBH accretion depend on local gas density,
where stars form in gas following the empirical Kennicutt-Schmidt
relation (Schmidt 1959; Kennicutt 1998) and the gas dependence of
SMBH accretion is shown in equation (1). However, star formation
in TNG additionally requires a threshold density of ny = 0.1cm™3
(Pillepich et al. 2018). We suggest a possible scenario where a merger
event increases the central gas density significantly within ~500
Myrs of coalesence, resulting in enhanced star formation and SMBH
accretion rates. However, the increase of material to the central gas
reservoir is insufficient to sustain star formation past 500 Myrs yet
sufficient to sustain a long lived low accretion rate enhancements.

We considered whether the above average accretion rates in the
post-merger sample, which persist ~ 2 Gyrs after the merger event,
may be a feature of the matching methodology, as we define controls
as galaxies that have not undergone a merger of mass ratio >1:
10 within the last 2 Gyrs. We test whether the timescale of averaged
accretion rate enhancements is sensitive to the minimum elapsed time
post-merger that we allow for controls. We regenerate our control
sample, now requiring that control galaxies to have had at least 3
Gyrs since their most recent 1:10 merger, and find that the timescale
of 2 Gyrs is robust.

Fig. 9 demonstrates the averaged behaviour of AMpy and ASFR
in the total post-merger sample. However, not all galaxies show
positive SMBH accretion rate or SFR enhancements (e.g. Fig. 4).
In particular, the results of Section 3.1 suggest that gas poorer
galaxies do not exhibit, on average, accretion rate enhancements.
We therefore separate the post-merger population based on the
instantaneous feedback mode, which separates the post-mergers with
high absolute accretion rates (radiative mode) from low absolute
accretion rates (kinetic mode). The distinction in feedback mode
also broadly separates lower mass, gas rich galaxies (radiative mode)
from higher mass, gas poor galaxies (kinetic mode).

Fig. 10 shows SMBH accretion rate enhancements and SFR
enhancements, separated into the radiative mode, shown in blue, and
kinetic mode, shown in red. In the top panel, we see that both popula-
tions show, on average, positive accretion rate enhancements within
2 Gyrs of coalescence. The radiative mode feedback population has a
higher peak accretion rate enhancement of ~ 0.3 dex compared with
a relative enhancement of ~0.2 dex in the kinetic mode feedback
population. The lower median accretion rate enhancements in kinetic
mode feedback galaxies is consistent with Section 3.1, demonstrating
that accretion rate enhancements are lower in galaxies with lower gas
mass or gas fraction.

The bottom panel of Fig. 10 shows the star formation rate
enhancement separated by feedback mode, where the solid lines
show the star formation rate enhancement calculated within twice
the stellar half-mass radius and dashed lines within one stellar half-
mass radius. We include a second radius in order to compare the
global and central star formation rate enhancements. Beginning with
the solid lines in Fig. 10, we see that the two feedback modes show
different behaviour in the first 500 Myrs post-merger. Radiative
mode feedback galaxies show star formation rate enhancements
for ~ 500 Myrs after the merger. We therefore find that galaxies
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Figure 10. Running median of the accretion rate enhancement (top panel)
and the star formation rate enhancement (bottom panel) over the time post-
merger. The dark blue line represents the population in radiative mode
feedback, and the orange line represents the population in kinetic mode
feedback. The solid lines show the star formation rate measured within twice
the stellar half-mass radius. The dashed lines represent the star formation rate
enhancement calculated in a smaller aperture of one stellar half-mass radius.
The error on the y-axis represents the 25th and 75th percentiles associated
with the median AM gy and ASFR at that time post-merger.

in radiative mode feedback, on average, have both accretion rate
and star formation rate enhancements within the first few hundred
Myrs. In contrast, kinetic mode feedback galaxies show a relative
star formation suppression for 500 Myrs after the merger. Therefore,
Fig. 10 demonstrates that despite an increased supply of gas, resulting
in enhanced SMBH accretion rates, kinetic mode post-mergers
display lower than average rates of star formation within ~ 500 Myrs
of coalescence. Our result that, on average, kinetic mode feedback
galaxies demonstrate both relatively enhanced SMBH accretion rates
and relatively suppressed of star formation rates may be explained
considering the relationship between star formation quenching and
kinetic mode feedback in TNG (Davies et al. 2020; Luo et al. 2020;
Terrazas et al. 2020; Nelson et al. 2021; Piotrowska et al. 2021),
which we will discuss in further detail in Section 4.2.

Another possible explanation for the star formation rate sup-
pression as well as the difference in timescales between AM gy
and ASFR is that the enhancement in accretion rate is measured
in the accretion region for the simulation, i.e. within the cells in
the immediate vicinity of the black hole particle, whereas the star
formation rate is measured over a much larger spatial scale, within
twice the stellar half-mass radius. We therefore investigate whether
central SFR enhancements are present in the PM sample. In the
bottom panel of Fig. 10, the dashed lines represent the star formation
rate enhancement calculated within one stellar half-mass radius,
ASFRy,¢, once again split by feedback mode into the blue and
red lines. Comparing the solid lines, ASFR, with the dashed lines,
ASFRypy¢, we can see how a more centralized aperture, although still
much larger in spatial extent than the BH accretion region, affects the
timescales of the star formation rate enhancements. For the radiative
feedback mode galaxies, we see that the SFR enhancement peak is
higher, reaching almost 0.4 dex. We also see that the enhancement is
slightly longer lived. In the kinetic mode galaxies, we see that the star
formation rate is slightly enhanced, 0.1 dex, within the ~500 Myr
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window, demonstrating relative star formation rate enhancements
despite suppressed star formation rates on a larger spatial scale.

3.3 Correlation of star formation rate and accretion rate
enhancements

In the previous section, Fig. 9 demonstrated that within ~ 500 Myrs
of the merger, on average, galaxies have both star formation rate
enhancements and accretion rate enhancements. However, Fig. 9
does not assess whether the two enhancements are temporally
correlated in a given galaxy. Although the merger process triggers
gas inflows (Hernquist 1989; Barnes & Hernquist 1991; Mihos &
Hernquist 1996; Di Matteo et al. 2007; Capelo & Dotti 2016;
Blumenthal & Barnes 2018) that might naturally lead to quasi-
simultaneous enhancements in both nuclear star formation and BH
accretion (Sanders et al. 1988; Di Matteo et al. 2005; Springel et al.
2005; Hopkins et al. 2008), observations show little evidence for
a starburst-AGN connection outside of the most luminous systems
(Rowan-Robinson 1995; Schweitzer et al. 2006; Lutz et al. 2010;
Shao et al. 2010; Santini et al. 2012; Rosario et al. 2015). High
resolution binary merger simulations have also demonstrated the
lack of temporal correlations for the majority of the duration of the
merger, with Volonteri et al. (2015a) finding a correlation only during
the 200-300 Myrs over which the galaxies coalesce. The challenge
is the different timescales of the two processes; BH accretion is
stochastic on very rapid timescales, whereas star formation is more
sustained. Observations that take a snapshot of a single point in
time can not capture any potential extended connection between
these processes. Simulation snapshots suffer from the same effect.
Nonetheless, a merger event pinpoints the time of major gas inflow
and may therefore be expected to demonstrate a connection between
star formation and accretion.

In order to test for a correlation between the SFR enhancement
and SMBH accretion rate enhancements in post-merger galaxies,
and determine whether selecting the post-mergers within different
windows of time post-merger may affect a measured correlation, we
consider the relationship between AMpy; and ASFR on a galaxy by
galaxy basis. We note that for the remainder of this section, where
we compare AMpy and ASFR for each individual galaxy, we use a
single matching criteria to calculate both AMpy and ASFR, where
we include the star forming versus passive classification discussed in
Section 3.2 to our fiducial matching scheme outline in Section 2.4.
That is, for each post-merger we identify a set of suitable controls
and calculate AMpy and ASFR relative to the same set of controls.

Fig. 11 shows the distribution of AMpy vs ASFR on a galaxy by
galaxy basis, divided into three samples based on time post-merger.
The percentages of galaxies occupying each quadrant are shown,
where a high occupation fraction in the top right quadrant would
be indicative of an excess of simultaneous enhancements. We find
that within 200 Myrs of the merger, 42 per cent of post-mergers have
both accretion rate and SFR enhancements. However, the majority
of post-mergers occupy each of the other quadrants, demonstrating
that the star formation and accretion rate processes are not generally
synchronized in post-mergers. We perform a Pearson correlation test
for each window of time post-merger, with the correlation coefficient
quoted in the textbox of each panel. The correlation coefficient
is strongest within 200 Myrs of the merger and decreases with
each subsequent time bin. However, even in the shortest time-since-
merger interval the correlation between SFR and SMBH accretion
rate enhancements is modest (correlation coefficient = 0.29). Our
result therefore demonstrates that the synchronicity or correlation
between SFR and SMBH accretion rate enhancements is affected by
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Figure 11. Accretion rate enhancements versus star formation rate enhancements, where each panel represents bins of time post-merger (TPM in Gyrs), since
the most recent >1:10 mass ratio merger. The percentages represent the number of galaxies within each quadrant relative to the total number of galaxies in the

panel. The Pearson correlation coefficient is shown in the light blue text box.

the timescale on which the galaxy is observed. We also demonstrate
that a significant correlation between AMpy and ASFR is only
present in the first few hundred Myrs post-merger, consistent with the
timescale of temporally correlated SFR and SMBH accretion rates
in Volonteri et al. (2015a). Finally, that even within 200 Myrs of
coalescence, the majority of post-mergers do not have synchronized
ASFR and AMpy.

Returning to the left-most panel of Fig. 11, we note that despite
a bias for co-incident positive AMgy and ASFR, the majority of
post-mergers do not demonstrate synchronicity in SFR and SMBH
accretion rate enhancements. We explore the diversity of the post-
mergers within 200 Myrs of the merger in Fig. 12, which shows the
distribution of the post-mergers in AMpgy and ASFR space, separated
into bins of mass ratio and gas mass. The panels are organized such
that gas mass is increasing from top to bottom and mass ratio is
increasing from left to right.

The post-mergers in the bottom row of panels of Fig. 12, corre-
sponding to a gas mass 10°7~!'M, demonstrate that the majority
of gas-rich post-mergers have both positive AMpy and ASFR (i.e.
over 50 percent are in the top right quadrant). In fact, comparing
the bottom left panel (gas-rich ‘minor’ mergers) to the bottom right
panel (gas-rich major mergers), we see that gas-rich major mergers
are more likely to have synchronicity (51 percent compared with
76 percent). We also find that overall, gas rich major mergers
are more likely to produce SMBH accretion rate enhancements
(68 percent positive AMgy compared with 89 percent). Our
result suggests that gas rich major mergers more reliably produce
accretion rate enhancements compared with minor mergers, though
not necessarily stronger enhancements (result of Fig. 8).

The panels of the top row of Fig. 12, corresponding to gas mass
10773 M, show a slight bias for galaxies to occupy the left-side
quadrants, corresponding to relatively lower star formation rates.
A star formation rate suppression in lower gas mass post-mergers is
consistent with the results of Sections 3.1 and 3.2. We also emphasize
that we are considering the gas mass of the galaxy post-coalescence,
an important distinction if comparing our results with previous work
such as Di Matteo et al. (2007) and Scudder et al. (2015). Specifically,
Di Matteo et al. (2007) do not find a strong dependence of star
formation rate enhancement on the initial gas mass (i.e. the amount of
gas available just before coalescence), whereas Scudder et al. (2015)
find that galaxies with the lowest initial gas fraction have the highest
SFR enhancements due to interactions. Our results demonstrate that
star formation rate enhancements are less likely in post-mergers

with a low post-coalescence gas mass, but do not comment on the
relationship with initial gas mass. Our dependence of ASFR on gas
mass may be explained, in part, by the correlation between SFR and
gas fraction (as was demonstrated in Scudder et al. 2015 and Hani
et al. 2020). However, we note that Hani et al. (2020) still find a
dependence of ASFR on gas fraction even when explicitly control
matching on gas mass. If we focus on the top right panel of Fig. 12, we
also find that the bias for negative ASFR is present even in the highest
mass ratio mergers. Therefore, our results suggest that even major
mergers are unlikely to produce star formation rate enhancements if
they have a low gas mass.

Overall, Fig. 12 demonstrates that the strongest bias for syn-
chronicity and the strongest correlation (coefficient = 0.47) occurs
in gas-rich major mergers. We note that for the results presented in
Fig. 12, we find the same qualitative and similar quantitative results
when separating the post-mergers by gas fraction rather than gas
mass.

4 DISCUSSION

4.1 Effect of resolution and numerical considerations

In the work presented here, we use the intermediate volume and
resolution run of TNG, TNG100-1. We can repeat our experiment
using the large volume and low resolution run, TNG300-1, which has
a (302.6 Mpc)® volume, a baryonic resolution of 1.1 x 10’Mgy, and
a dark matter resolution of 5.9 x 10’My (Weinberger et al. 2017;
Pillepich et al. 2018). We obtain a sample of 25576 successfully
matched post-merger galaxies from TNG300-1. Fig. 13 shows the
accretion rate enhancement parameter for the post-merger sample
from both resolutions, TNG100 shown in teal and TNG300 shown in
the dashed line. The median AMpy of the TNG300 post-merger
population is ~0.27 dex, corresponding to an accretion rate en-
hancement of roughly 90 per cent, slightly higher but consistent with
the median enhancement for TNG100. Therefore, we demonstrate
the comparability of our results between the two resolutions and
volumes.

A limitation of any work looking at SMBH accretion rates using
cosmological scale simulations is the subgrid model required to
calculate M. Subgrid models are an essential part of cosmological
simulations, as they include important physical processes, such
as stellar and SMBH feedback, that occur on scales below the
resolution of the simulation. As mentioned, the TNG physics model
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Figure 12. Accretion rate enhancement versus star formation rate enhancement for galaxies within 200 Myrs of a >1:10 mass ratio merger. The plots are
organized by increasing gas mass, in units logjoMg, from bottom to top and increasing mass ratio from left to right. The percentages represent the number of
galaxies within each quadrant relative to the total number of galaxies in each panel. The Pearson correlation coefficient is shown in the light blue text box for

each quadrant.
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Figure 13. Histogram of accretion rate enhancements for the post-merger
populations from the intermediate resolution, TNG100-1, and low resolution,
TNG300, simulations. TNG100 is represented with the teal line, and TNG300
is represented with the dashed line.

uses a Bondi-Hoyle-Lyttleton accretion model (Weinberger et al.
2017, Pillepich et al. 2018). However, the accretion model includes
simplifying assumptions, such as spherical symmetry, which would
not hold for an accretion disk of material surrounding a SMBH.
Negri & Volonteri (2017) demonstrated the variability of accretion
rates calculated by different Bondi models and the dependance on
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simulation choices such as how the local density and sound speed
are sampled. They find that Bondi models often overestimate the
accretion rate, particularly when AGN feedback is inefficient at
evacuating gas from the central region of the galaxy. However,
they also find that in some simulations the accretion rate can be
underestimated, which occurs when simulation cells of hot gas
are over-represented in calculation of local parameters. Therefore,
while we are unable to comment on the effects of mergers on the
subparsec scales around the SMBH, the work presented here provides
insight on how a merger event can impact the supply of material
to the nuclear region, which may go on to truly accrete onto the
SMBH.

An additional limitation of this work concerns the implementation
of SMBH relocation in cosmological simulations, and the subsequent
effect on SMBH accretion and SMBH mergers. Bahé et al. (2022)
investigate the effects of SMBH repositioning in simulations using
the EAGLE galaxy physics model, and demonstrate that the reposi-
tioning of SMBHs to the potential minima can result in significant
boosts to SMBH accretion rate due to the increased density at the
gravitational potential minima and the reduced relative velocity of
the SMBH after repositioning. In addition, SMBH repositioning
promotes early SMBH merging as it places the SMBHs of the
merging galaxies in close proximity. A higher SMBH mass, due
to ‘premature’ merging, will promote higher accretion rates due to
the dependence on SMBH mass in the Bondi model. Therefore, we
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may expect the TNG model to overestimate accretion rates in the
PM sample since SMBHs in merging galaxies do not wander and
may merge prematurely. In addition, SMBH mergers may further
complicate the timescale and delay between processes like starbursts
and AGN activity. For example, Ni et al. (2022) demonstrate using
the ASTRID cosmological simulations, which do not anchor SMBH
particles to the gravitational minima and instead include a subgrid
recipe to compensate for unresolved dynamical friction, that there is a
delay of ~200 Myrs between first close encounter of SMBH pairs and
the SMBH merger. The above limitations highlight the imperative
to investigate the galaxy merger and AGN connection in other
cosmological simulations with varying subgrid implementations for
SMBH physics.

4.2 Implications for feedback and quenching

In Section 3.2, we suggested that the enhancement of SMBH
accretion rates in post-mergers with kinetic mode AGN feedback
may have implications for galaxy quenching in TNG. Numerous
studies have demonstrated that in TNG effective kinetic mode AGN
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feedback is responsible for galaxy quenching (Davies et al. 2020;
Luo et al. 2020; Terrazas et al. 2020; Nelson et al. 2021; Piotrowska
et al. 2021). Here, we briefly comment on how merger induced
accretion enhancements may influence galaxy quenching in TNG.
For simplicity, we can consider idealistic scenarios through which
the enhanced accretion rates in post-merger galaxies may affect the
quenching process.

First, increased accretion rates could result in post-merger galaxies
that are in a high accretion state and are therefore using the radiative
mode feedback model, which is ineffective at quenching in the
TNG model. Therefore, mergers in TNG could inhibit or delay the
quenching process, as galaxies may be in an inefficient feedback
mode (in terms of quenching star formation). Since the median
enhancement of accretion rates is subtle, ~1.7 times higher than
controls, a delayed quenching effect would be most applicable in
galaxies that have accretion rates close to the transition between
high and low accretion states, as defined in Section 2.1.

Alternatively, increased SMBH accretion rates may enhance
quenching in TNG. First, accretion rate enhancements in galaxies
with low accretion rates could increase the energy input via effective
kinetic mode feedback and contribute to the quenching of galaxies.
In addition, enhancement in accretion rate can promote growth of
the SMBH. According to the TNG model, the transition between
radiative and kinetic mode feedback is strongly dependent on the
SMBH mass, such that high mass SMBHs are more likely to be
have kinetic mode feedback. Therefore, post-mergers may transition
towards effective kinetic mode feedback sooner, promoting an excess
of quenching.

Quai et al. (2021) explicitly investigate quenching in post-merger
galaxies in TNG and conclude that quenching is rare in post-merger
galaxies, but that there is an excess of quenched post-mergers when
compared with matched controls. Specifically, Quai et al. (2021)
find that quenching in post-mergers occurs only in galaxies that
were already predisposed to quenching. The rarity of quenched post-
mergers would be consistent with the first scenario outlined above.
Post-mergers with strongly enhanced accretion rates will likely be
in radiative feedback mode, where the SMBH feedback would not
interact with the host galaxy in a way that promotes quenching,
leading to a rarity of quenched post-merger galaxies. Furthermore,
the merger process may introduce more gas into the nuclear region
of the host galaxy, prolonging the lifetime of the high accretion state
and preventing quenching.

MSUtof [1og10(Mo/yr)]

Figure 14. The top panel shows the fraction of galaxies that have a SMBH
accretion rate at or higher than M%“};’ff within a period of 500 Myrs, relative
to the total number of galaxies. The teal line corresponds to the post-merger
sample and the yellow dashed line is the non-merger sample, as defined in
Section 2.3. The top x-axis corresponds to the AGN luminosity, calculated
as Lol = 0.1Mpyc?. The bottom panel shows the ratio of the fraction of
post-merger galaxies to non-merger galaxies, or the fractional excess of AGN
in the post-merger sample. The error in the shaded region is the Poisson error
reflecting the number of galaxies.

The second scenario we have proposed is consistent with the slight
excess of quenched post-mergers found in Quai et al. (2021), where
increased effective kinetic mode feedback speeds up quenching in the
post-merger galaxies that are predisposed to quench. Furthermore,
a truncation of star formation in the massive post-merger galaxies
following a period of enhanced AGN activity would be consistent
with the findings of Dubois et al. (2016) who observe a decrease
of star formation in massive galaxies due to merger induced AGN
activity. In addition, we discuss how our results relate to observational
studies in Section 4.5.

4.3 What fraction of mergers are active galactic nuclei?

So far we have demonstrated that post-merger galaxies have (on
average) enhanced accretion rates. We have also demonstrated that
not all post-mergers show enhancements in their SMBH accretion
rate. Next we address the question of how frequently mergers actually
trigger an AGN. Specifically, in this experiment, we will quantify
what fraction of all post-mergers will have a high accretion event
within 500 Myrs of coalescence.

To begin, we define an enhancement fraction, fiphanced, @S the
number of galaxies that have an SMBH accretion rate at or above
a cutoff, M54 divided by the total number of galaxies in the
sample. We calculate feynancea fOr both the post-merger and non-
merger sample, defined in Section 2.3, following the post-merger for
500 Myrs after the merger and the non-merger sample for 500 Myrs
of secular evolution. The result of the experiment is shown in Fig. 14.

The top panel of Fig. 14 shows feinancea @S @ function of M };“,‘}’ff,
where the post-merger sample is shown in the solid teal line and the
non-merger sample is shown in the dashed yellow line. The top axis
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shows the associated bolometric luminosity for the SMBH accretion
rate cutoff, calculated as 10 percent of the accretion mass energy,
or 0.1Mgpc?. We demonstrate that ~ 60 percent of post-merger
galaxies have accretion rates exceeding Ly, > 10*erg/s within 500
Myrs of the merger. However, we find that 50 per cent of non-merger
galaxies also have an AGN phase of Ly, > 10*erg/s within the
same time period. Our result demonstrates that accretion rate events
exceeding Ly, > 10%¥erg/s are common in both samples, though
slightly more common in the post-mergers, as expected.

In the bottom panel of Fig. 14 we show the ratio of the post-
merger to NON-merger fenhanced (the ratio of the blue solid line to the
yellow dashed line from the top panel), or the fractional excess of
AGN in the post-merger sample. We demonstrate that even though
the fraction of galaxies that have an AGN phase decreases with
increasing luminosity for both samples (as expected), the fractional
excess of post-mergers with an AGN phase increases with luminosity.
Therefore while less than 10 per cent of post-mergers will achieve
accretion rates exceeding Ly, > 1045erg/s, four times more AGN
appear in the post-merger sample than the non-merger sample.

Overall, we find that only a small fraction of mergers have high
accretion rate events but that post-mergers are more likely to have an
AGN event than a non-merger as a function of luminosity, consistent
with results from the Magneticum Pathfinder simulation (Steinborn
et al. 2018) and the EAGLE simulation (McAlpine et al. 2020),
as well as complimentary to Bhowmick, Blecha & Thomas (2020)
who find that high luminosity AGN are more likely to appear in
environments with a higher density of SMBHs in TNG.

4.4 What fraction of active galactic nuclei are mergers?

A complementary question to the one posed in Section 4.3 is
what fraction of galaxies with high accretion rates are mergers? In
Section 4.3, we demonstrated that the post-merger sample galaxies
are more likely to be AGN than the non-merger sample of galaxies.
However, post-mergers are rare in both TNG and the observed
universe and thus may not be the major pathway to AGN triggering.
Therefore, we measure the merger fraction of AGN in TNG100-1
in order to quantify the contribution of mergers to the total AGN
population in the simulation.

To investigate the merger fraction of AGN, we first select an ‘AGN
sample’ by selecting all galaxies that have a SMBH accretion rate at
or above M4, Tn this experiment, the merger fraction is defined as
the fraction of galaxies that have had a merger in the last 500 Myrs.
Fig. 15 shows the merger fraction as a function of the cutoff accretion
rate. The x-axis defines the AGN sample used to calculate the merger
fraction, where the AGN sample will consist of all galaxies with
accretion rates at or exceeding M$'T (and meeting the selection
criteria outlined in Section 2.2, i.e M, > 1010M@ and z < 1). Once
again, we show the equivalent bolometric luminosity along the top
axis, calculated as Ly, = 0.1Mpgpyc2. Fig. 15 shows that the merger
fraction increases as a function of accretion rate (or, equivalently,
luminosity). The horizontal dashed line represents the total merger
fraction for the entire sample of galaxies, fierger ~ 3 per cent. We see
that the merger fraction of the AGN sample exceeds the total fierger
around Ly, ~ 10*erg/s. Therefore, there is no significant luminosity
dependence of the merger fraction for Ly, < 10*erg/s. Beyond Ly,
~ 10*erg/s the merger fraction increases with AGN luminosity, with
a peak merger fraction of ~13 per cent.

Although there is a luminosity dependence on the merger fraction
for Lyo 2 1044erg/s, we find that recent mergers never dominate
the AGN sample, even at the highest luminosities. This result is
once again consistent with the results of Steinborn et al. (2018)
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Figure 15. The teal line shows the fraction of galaxies that have had a merger
of mass ratio greater than 1:10 within the past 500 Myrs. The x-axis defines
the sample used to calculate the merger fraction from left to right, where only
galaxies with a black hole accretion rate of at least M%“,El"ff are included in the
calculation of the merger fraction. The top x-axis shows the corresponding
AGN luminosity, calculated as Lyo; = 0.1Mp gc2. The error in the shaded
region is the Poisson error reflecting the number of galaxies. The horizontal
dashed line represents the overall merger fraction of the sample, ~3 per cent,
for all galaxies in TNG with stellar mass of at least 10'°M¢, and a redshift
<l1.

and McAlpine et al. (2020) for the Magneticum Pathfinder and
EAGLE simulations. We note that the merger fraction that we have
defined does not include galaxies in the pre-merger phase, which may
contribute to the remaining ~90 per cent of galaxies at or above 10%°
erg/s. There may also be minor mergers that are not accounted for
in the merger fraction. However, the result of Fig. 15 also supports a
scenario where secular processes play a significant role in fueling the
highest luminosity AGN (at least in the redshift regime 0-1). This
experiment concludes that post-mergers contribute more to the AGN
population at the highest accretion rates, but they are non-dominant
over the entire accretion rate range.

4.5 Comparisons to observations

In the previous sections, we have demonstrated that there is a
population averaged enhancement in SMBH accretion rate in post-
mergers and that post-mergers are more likely to host highly accreting
SMBHs. Our findings are in agreement with the observational studies
that find that AGN are more likely to appear in a post-merger or
interacting galaxy sample when compared with undisturbed controls
(Woods & Geller 2007; Alonso et al. 2007; Koss et al. 2010; Ellison
et al. 2011; Ramos Almeida et al. 2012; Ellison et al. 2013; Satyapal
et al. 2014; Hong et al. 2015; Kocevski et al. 2015; Rosario et al.
2015; Weston et al. 2017; Hewlett et al. 2017; Goulding et al. 2018;
Ellison et al. 2019b; Gao et al. 2020; Marian et al. 2020; Pierce
et al. 2022). We find that at most, AGN occur four times more
commonly in the post-mergers compared with the non-mergers. The
maximum excess of AGN is quantitatively consistent with numerous
observational studies finding an excess of approximately four or
lower (Ellison et al. 2013; Goulding et al. 2018; Gao et al. 2020),
though some studies find a significantly larger excess of AGN in
merging galaxies (Satyapal et al. 2014; Weston et al. 2017). Such
variations in the observed excess may be, in part, due to the different
AGN selection techniques, which have been demonstrated to result
in different AGN fractions (Secrest et al. 2020; Bickley et al. 2023).
Variations may also exist within the same AGN selection techniques,
as demonstrated in Bickley et al. (2023) who find the AGN excess
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may also depend on the strength of visual disturbances in the PM
sample..

In addition, we demonstrate that the majority of high luminosity
AGN are not associated to recent mergers. Our results are in
agreement with observations which find the most luminous AGN
are not mergers (Cisternas et al. 2011; Schawinski et al. 2011, 2012;
Kocevski etal. 2012; Bohm et al. 2013; Villforth et al. 2014; Mechtley
et al. 2016; Hewlett et al. 2017; Villforth et al. 2017; Marian et al.
2019; Lambrides et al. 2021), but are in contrast to observational
studies that find the majority of quasars have disturbed morphology
(Treister et al. 2012; Glikman et al. 2015; Fan et al. 2016; Goulding
et al. 2018; Urbano-Mayorgas et al. 2019). Therefore, our results
support a scenario where mergers can, but do not always, trigger
AGN, and where mergers do not play a major role in triggering even
the most luminous AGN.

Despite an increased likelihood to host highly accreting SMBHs,
we demonstrate that the majority of mergers do not host a highly
accreting SMBH, suggesting the majority of mergers will not
undergo a strong AGN feedback event. In fact, observations have
demonstrated that mergers have normal (or even enhanced) gas
fractions (e.g. Ellison et al. 2015a; Ellison, Catinella & Cortese 2018;
Violino et al. 2018; Pan et al. 2018), consistent with a lack of strong
instantaneous feedback. However, observations do find that AGN can
have effects on the small (kpc or below) scale interstellar medium
(e.g. Oosterloo et al. 2017; Izumi et al. 2020; Ellison et al. 2021;
Garcia-Burillo et al. 2021; Ramos Almeida et al. 2022; Saito et al.
2022).

In Section 3.3, we demonstrated that the strength of the star
formation rate and SMBH accretion rate enhancements, on a galaxy
by galaxy basis, are not generally correlated, in agreement with
simulations such as Hickox et al. (2014), Volonteri et al. (2015a).
However, we do find a connection between star formation rate and
SMBH accretion rate in post-mergers with both a high mass ratio
and significant amount of gas. Such a connection may reflect the
general preference for AGN to reside in gas rich and star forming
galaxies, as demonstrated in simulations (Ward et al. 2022) and
observations (Rosario et al. 2013a; Bernhard et al. 2016; Jarvis et al.
2020; Ellison et al. 2019a; Shangguan et al. 2020; Xie et al. 2021;
Koss et al. 2021). In addition, we demonstrate in Fig. 12 numerous
individual cases where a post-merger may have a strongly enhanced
SMBH accretion rate and simultaneously suppressed or normal star
formation rate relative to controls. Our results are therefore consistent
with observations which show that most AGN (not strictly post-
mergers) have typical rates of star formation (Rosario et al. 2013a,
2015), although some observations demonstrate higher than normal
star formation rates in the highest luminosity AGN (Schweitzer et al.
2006; Lutz et al. 2010; Shao et al. 2010; Santini et al. 2012).

Finally, in Section 4.1, we comment the consistency between our
results and the rarity of rapid quenching in TNG post-mergers found
in Quai et al. (2021). However, Ellison et al. (2022) demonstrate that
in observations, there exists a significant excess of rapidly/recently
quenched post-starburst galaxies (PSBs) in galaxy mergers. There is
still uncertainty about the quenching mechanisms within PSBs, as
observations show they do not lack molecular gas (e.g. Rowlands
et al. 2015; French et al. 2015). Instead, it might be that PSBs
lack dense star-forming gas (French et al. 2018), perhaps due to
enhanced turbulence (e.g. Smercina et al. 2022). Such mechanisms
may not be captured within TNG due to the resolution constraints
and effective equation of state treatment of the interstellar medium,
warranting an investigation of AGN and rapid quenching in post-
merger galaxies using higher resolution simulations or simulations
with varied physical models.
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5 CONCLUSIONS

In the work presented here, we study the effect of galaxy mergers on
SMBH accretion rates in a collection of 1563 post-merger galaxies
from the [lustrisTNG simulation. Our post-merger sample reflects
a diverse collection of stellar masses, star formation rates, gas
masses, environments, and mass ratios. For each post-merger galaxy
in our sample, we identify control galaxies for comparison, and
are able to isolate the effect of the merger on the instantaneous
SMBH accretion rates. Our results are summarized in the following
points:

(i) On average, post-merger black hole accretion rates are en-
hanced by a factor of 0.23 dex, corresponding to a ~70 per cent
increase in accretion rate (Fig. 4). We find that there is significant
variation in the accretion rate enhancement on a galaxy by galaxy
basis, where ~ 30 percent of post-mergers have accretion rates
consistent with no enhancement or lower than controls.

(i1)) SMBH accretion rate enhancements persist for up to 2 Gyrs
after coalescence, and are significantly longer lived than SFR en-
hancements, which only persist for ~500 Myrs post-merger (Fig. 9).

(iii) We find that the co-incidence of accretion rate and SFR
enhancements is most pronounced within the first few hundred Myrs
post-merger, and that the correlation strength of the enhancements
decreases with time post-merger, shown in Fig. 11. However, even
within 200 Myrs of coalescence, the majority of post-mergers do not
demonstrate synchronicity in SMBH acretion rate enhancements and
SFR enhancements.

(iv) In Fig. 12, we find that gas rich major mergers demonstrate
the strongest correlation coefficient between ASFR and AMpy,, and
the majority have enhancements in both. However, we find that the
presence of gas alone is an insufficient criteria for enhancing SMBH
accretion rates, and that gas rich non-mergers, on average, do not
have positive AMpy (Fig. 7).

(v) Post-mergers are more likely to host high luminosity AGN
than non-merger galaxies (Fig. 14), however high luminosity AGN
are rare in the post-merger sample. For AGN luminosity in excess
of Ly, > 10%erg/s, corresponding to ~10 per cent of post-mergers,
there are four times more AGN in the post-merger sample than the
matched non-merger sample.

(vi) We find a luminosity dependence in the merger fraction of
AGN for Ly, > 10446rg/s (Fig. 15). However, we find that the
majority of high luminosity AGN are not recent mergers, which
at most only contribute ~13 per cent to AGN with Ly, > 10%erg/s.
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