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ABSTRACT

Supermassive black holes (SMBHs) are believed to reside at the centre of massive galaxies such as brightest cluster galaxies
(BCGs). However, as BCGs experienced numerous galaxy mergers throughout their history, the central BH can be significantly
kicked from the central region by these dynamical encounters. By combining the TNG300 simulations and orbital integrations,
we demonstrate that mergers with satellite galaxies on radial orbits are a main driver for such BH displacements in BCGs.
BHs can get ejected to distances varying between a few parsecs to hundreds of kiloparsecs. Our results clearly establish that
SMBH offsets are common in BCGs and more precisely a third of our BHs are off-centred at z = 0. This orbital offset can be
sustained for up to at least 6 Gyr between z = 2 and z = 0 in half of our BCGs. Since the dense gas reservoirs are located in the
central region of galaxies, we argue that the consequences of off-centre SMBHs in BCGs are to quench any BH growth and BH

feedback.
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1 INTRODUCTION

Galaxy clusters are the largest virialized structures known today.
These rich systems of hundreds to thousands of galaxies are the
perfect targets to study how environment can impact the formation
of galaxies and their evolution. Located at the intersection of the
filaments which compose the cosmic web, clusters are believed
to form mainly by accreting small galaxies and groups which fall
along the filaments, or by mergers with other systems (Kravtsov &
Borgani 2012). Galaxies, gas clumps, and globular clusters, which
are captured by the cluster potential, would sink to the central
region of the cluster. Indeed, these satellites are bound to merge
with the central galaxy, which is often referred to as the bright-
est cluster galaxy (BCG; Crawford et al. 1999; Bernardi et al.
2007).

BCGs are among the most massive galaxies observed in the
Universe (Dubinski 1998). These peculiar elliptical galaxies, which
generally lie at the bottom of the cluster potential well, are more likely
to encounter other objects due to their special location, and thus to
undergo many mergers during their lifetimes which promotes their
growth. BCGs form via environmental processes (Castignani et al.
2020, and references therein), and suffer and reflect all the processes
which formed and shaped their host clusters. Hence, BCGs have
properties which are closely linked to those of their host clusters (see
Lauer et al. 2014; Sohn et al. 2022).

In the local Universe, black holes (BHs) are nearly ubiquitous
in galaxies (Kormendy & Ho 2013; Saglia et al. 2016; van den
Bosch 2016). In particular, BCGs host among the most massive
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BHs ever detected, the supermassive black holes (SMBHs). Re-
cently, measurements were reported of SMBH masses in excess of
10" My (McConnell et al. 2011; Hlavacek-Larrondo et al. 2012;
McConnell & Ma 2013a; Hlavacek-Larrondo et al. 2015; Thomas
et al. 2016). We expect the central BHs to grow at the same time
as their host galaxies by accreting matter brought in by infalling
galaxies. That is the reason why central BH masses seem to be
correlated with the stellar and bulge masses of their host galaxies
(Magorrian et al. 1998; Giiltekin et al. 2009; McConnell & Ma
2013b; Marleau, Clancy & Bianconi 2013; Sahu, Graham & Davis
2019). A prominent example is the SMBH of Holm 15A, the BCG of
the galaxy cluster Abell 85, which is the most massive BH directly
detected via stellar dynamics with a mass of about 4 x 10'° Mg, i.e.
2 percent of the total stellar mass of the central galaxy (Mehrgan
et al. 2019).

However, it has been demonstrated that BHs are not necessarily
located exactly at the bottom of the cluster potential, inside, and at
the centre of the central galaxy. In particular, tens of thousands of
active galactic nuclei (AGNs) are not located at the centres of their
host galaxies. These observations exhibit BH offsets between tens
of parsecs to a few kiloparsecs (Menezes, Steiner & Ricci 2014;
Menezes, Steiner & da Silva 2016; Shen et al. 2019; Reines et al.
2020). Many scenarios have been proposed to explain these off-centre
BHs (Merritt & Milosavljevi¢ 2005; Volonteri & Perna 2005; Loeb
2007; Barth et al. 2009; Sundararajan, Khanna & Hughes 2010;
Komossa 2012; Comerford & Greene 2014; Tremmel et al. 2018;
Boldrini, Mohayaee & Silk 2020). It is important to notice that
most of these scenarios need to invoke interactions and mergers with
other galaxies or dark matter (DM) substructures (Bellovary et al.
2018,2019; Pfister et al. 2019; Boldrini et al. 2020; Bellovary et al.
2021).
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This BH feature was also found in more massive galaxies such
as Andromeda (M31). It has been shown that its SMBH is offset by
0.26 pc from the centre of the galaxy (Kormendy & Bender 1999).
As there are several indications of a recent merger activity in M31,
it was demonstrated that the accretion of a satellite on a highly
eccentric orbit naturally explains this off-centre BH in our neighbour
galaxy (Boldrini 2020). As BCGs are the results of numerous galaxy
mergers throughout their history, we suspect that some mergers could
have significantly offset the SMBH located at the centre of BCGs to
distances even larger than that of the order of a kiloparsec.

In this paper, we aim to examine the impact of mergers between
BCGs and satellite galaxies, within galaxy clusters, on the SMBH
of BCGs. In fact, we track the orbit of the central SMBH in 370
BCGs by using orbital integration methods after analysing the merger
history of the central galaxies provided by the TNG300 simulation.
The paper is organized as follows. Our method is based on the
coupling between TNG300 data and orbital integration methods
and is described in details in Section 2. We present our results in
Section 3, and discuss the implications of this BH behaviour in
Section 4. Section 5 presents our conclusions and perspectives.

2 METHOD

Using a large sample of 370 galaxy clusters detected by Barnes et al.
(2018) in lustris—=TNG300 (Nelson et al. 2017, 2018; Pillepich et al.
2017; Springel et al. 2017; Marinacci et al. 2018; Naiman et al. 2018),
we track the orbit of a test SMBH throughout the merger history of
the BCG, by integrating its orbit in the fixed potential of the BCG
using the publicly available code GALPY' (Bovy 2015). The sample
is limited to masses Msp > 10'37° Mg and has a median mass M
= 8.8 x 10 Mg, at z = 0. The following describes our approach.

2.1 Merger history of BCGs with TNG300

For each cluster in TNG300, we identity the BCG at z = 0, which is
assumed to be the most massive galaxy in the cluster at z = 0. Going
back through its merger history tree until z = 2, we search for all
the main mergers that the BCG has undergone. Indeed, BCGs were
shown to have photometric properties and shapes that do not change
much in that redshift range, hinting at an earlier formation epoch
(Chu, Durret & Marquez 2021; Chu et al. 2022). Moreover, other
studies such as De Lucia & Blaizot (2007) and Thomas et al. (2010)
have shown evidence that the stellar population in such galaxies
has most likely settled since z = 2 as most of the stars in BCGs
were already formed in sifu a long time ago, and the stellar masses
measured today are found not to be significantly different from their
masses 9 billion yr ago (Collins et al. 2009). More precisely, BCGs
only grow by a factor of 1.8 in mass between z = 1 and z = 0
(Burke & Collins 2013).

We identify the BCG at snapshot n and go back one snapshot to n
— 1 to look for its first progenitor (FP; the most massive galaxy in the
cluster at snapshot n — 1). If a merger happened, we also identify the
most massive satellite galaxy with which the BCG has merged, which
is referred to as the next progenitor (NP) in the TNG300 simulation.
At snapshot n — 1, the NP will also have the BCG as a descendant.
We thus retrieve all FPs and NPs at each snapshot present in the
parent halo (or cluster). If two galaxies are merging, we retrieve their
positions, velocities, half-mass radii, stellars, and DM masses, which
will be used to integrate the orbit of the satellite in the potential of

! Available at https://github.com/jobovy/galpy.
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the BCG. We find that BCGs in this sample have undergone between
12 and 130 mergers since z = 2.

2.2 Orbital integrations with GALPY

For each satellite galaxy (or NP), we integrate its orbit forward in
time in the potential of the BCG (or FP) from z = 2 until z =
0. The potential of the BCG consists in a Hernquist and Plummer
profile for the DM and stellar components, respectively, which is
computed considering the properties found in TNG300. All masses
and scale radii are taken from the cosmological simulation. The DM
and stellar masses of the BCG remain fixed along all the orbital
integrations. In fact, we neglect the mass contribution of satellites
from galaxy mergers. The satellite is assumed to be a point mass,
which suffered the dynamical friction from the BCG. Its total half-
mass radius )" is incorporated in the dynamical friction force. We
used the Chandrasekhar dynamical friction force, which is already
implemented in GALPY and roughly follows Petts, Read & Gualandris
(2016). The impact of the dynamical friction modelling on our
findings is discussed in Appendix A. Besides, we also neglect the
mass-loss of the satellite, which could reduce the impact of the
merger with the BCG. The assumption that the satellite mass remains
constant during integrations is addressed in Appendix B.

We aim to determine if the satellite galaxy, via the merger, dy-
namically heats the central region of the BCG and more particularly
its SMBH. The satellite needs to be massive enough and pass close
enough to the centre of the BCG on its first orbit to be able to transfer
energy to the central region of the galaxy during the merger. Two
conditions need to be met:

(i) The distance d between the centres of the satellite and the BCG

must be smaller than the half-mass radius of the NP r32:

dSrsat (1)

hm*

This condition needs to be true on the satellite’s first passage in the
potential of the BCG (radial merger). Indeed, through each orbit,
the satellite will transfer its mass to the total mass of the BCG with
which it is merging until all its mass has been consumed by the
BCG. In order to simplify the problem, we neglect the mass-loss of
the satellite, which is valid only on its first passage.

(ii) The total mass of the satellite galaxy must be bigger than the
total mass of the FP contained in a radius d:

M = MO (d). )

tot — nt

Only under this condition, the BCG potential can be displaced due
to the mass deposit from the satellite (Read et al. 2006; Goerdt et al.
2010). Then, the BH can vacate the central region of the galaxy.
In our mass calculations, we take into account the DM and stellar
components.

The two previous conditions are equivalent to checking if the
satellite has a radial orbit. Indeed, the satellite must pass by the
centre or very close to the centre of the BCG in order to affect the
central SMBH. We note T, the time at which both of these conditions
are met. We update at each 7, the stellar and DM masses of the BCG
given by the TNG300 simulation. Fig. 1 illustrates a satellite which
falls in the potential of the BCG passing by its centre, in a radius r;
as described in equation (1). The SMBH is significantly kicked by
the satellite galaxy (see Fig. 1).

Using the simulation information, we are able to follow the orbit
of satellites throughout the merger history of the BCG with GALPY,
by considering their initial positions, velocities, and masses. Then,
an SMBH with a constant mass is placed at the centre of each BCG

MNRAS 522, 948-955 (2023)
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Figure 1. Dynamical heating from satellites of BCG: Scheme illustrating the
radial orbit of a satellite (green points), falling into the potential of the BCG,
which kicks away the central BH (black point) after its passage. It results in
an off-centred SMBH. The maroon circle represents the region of the BCG,
where equations (1) and (2) are satisfied. We note Tq, the time at which both
of these conditions are met. The dotted orange circle represents the half-mass
radius of the BCG stellar component.

potential. As we are not using the BH as a PartType5 particle from
the simulation, the mass of the SMBH was calculated based on the
Magorrian et al. (1998) relation: Msypn = 0.06 MBS, with MBCC
the stellar mass of the BCG at the first 7. We suppose that the SMBH
is initially on a circular orbit at an arbitrary radius, which is 100 times
its Schwarzschild radius, as the SMBH should lie in the central region
of its host galaxy. After a careful check, choosing a smaller radius
does not significantly affect our results. If both equations (1) and (2)
are satisfied, the SMBH is kicked at 74 with a velocity based on the
analytical expansion derived in Naab, Johansson & Ostriker (2009):

. Jatne
fist = 7((]1";))1;5“43“(100 x Ry, 3)

with vSMBH which is the circular velocity of the SMBH at 100 times
its Schwarzschild radius R;,

n =M /M), C))
and

vSél[
€= sV’ ®)
where v** is the velocity norm of the satellite galaxy at Ty (see Fig.

2). Our criterion (2) is established to maximize the energy transferred
to the SMBH via the velocity kick, described by equations (3) and
(4). All the velocities are calculated relative to the BCG. We then
integrate the BH orbit with its new velocity by applying dynamical
friction to it with a constant mass.

At each subsequent merger, we check if the SMBH, which might
have been kicked from the centre of the galaxy, passes close to the
inner region of the BCG heated by the satellite. We therefore use the
orbital radii of the SMBH and distance d between the centres of the
satellite and the BCG to define a simple criterion in order to establish
if the BH can be affected after this new merger:

rSMBH < g, (6)

In order to satisty this condition, the BH must have had sufficient
time to come back to the BCG centre before the next merger happens.
Then, the SMBH is kicked once again with a new velocity:

, (I +ne)
i =y g

The only difference with equation (3) is that the SMBH is no longer
in a circular orbit and now has a velocity norm vIMBH,

MNRAS 522, 948-955 (2023)
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Figure 2. BH kicks in BCGs: Orbital radius of an Mgypn = 2.6 X 1010 Mg
SMBH in a BCG potential composed of a DM halo of Mpy = 8.1 x 10'*
Mo, and a stellar component of M, = 4.4 x 10" Mg, between z =2 and z =
0. The SMBH has experienced 17 mergers since z = 2 but only four mergers
have satisfied our kicking criteria described by equations (1), (2), and (6),
showed by green arrows. The BH can be ejected to hundreds of kiloparsecs.
Between mergers, we observe the orbital decay of the BH due to dynamical
friction. At z = 0, the BH is still significantly off-centred by about 10 kpc.

First, we plot the orbit of the SMBH within a BCG which went
through multiple mergers throughout its history. As an example, Fig.
2 depicts the four kicks that an Msypy = 2.6 x 10'© My BH has
experienced in a BCG potential composed of a DM halo of Mpy =
8.1 x 10'>M,, and a stellar component of M, = 4.4 x 10" Mg
between z = 2 and z = 0. The maximum distance reached by the
SMBH is about 150 kpc. The SMBH has been heated by a first merger
between z = 2 and z = 1 and by three more mergers between z = 1
and z = 0. We emphasize that the number of mergers shown in Fig.
2 may not be equal to the total number of mergers experienced by
the BCG. Indeed, the BCG has experienced 17 mergers since z = 2
but only four mergers have satisfied our kicking criteria described by
equations (1), (2), and (6). In this example, the BCG undergoes its
last merger almost 2 Gyr ago, the SMBH was kicked up to 100 kpc
away from the centre, which is to say beyond rES6 = 32kpc at z =
0. After being kicked, we observe the orbital decay of the SMBH
in the BCG potential due to dynamical friction. We argue that the
SMBH needs to return to the central region to be kicked again (see
Fig. 2). Chances of encounter between an off-centre BH and a falling
satellite are very small. In the case of dynamical interactions out of
the central regions of BCGs, the collision would have little impact.
Indeed, it is really hard to satisfy the criterion (2) in these regions of
BGC:s as the major impact of satellites takes place especially in the
central region where the enclosed mass of BCG is smaller (at large
distances d, M;* would need to be comparable to the total mass of the
BCG MBCS(d)). We stress that at z = 0, the BH is still significantly
off-centred by about 10 kpc.

We apply this procedure to our full sample of 370 galaxy clusters
from TNG300.

3 RESULTS

Here, we present our results by considering our full sample of 370
BCGs and thus 370 orbiting BHs, tracked with orbital integrations.

As depicted by Fig. 3, not all mergers undergone by the BCGs
perturb the central BH. We derive that BHs are mainly kicked by
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Figure 3. Mergers in our full sample: satellite stellar mass as a function of
the BCG stellar mass. We distinguish two different categories of mergers in
our full sample of 370 BCGs: mergers which have kicked the central BH
(green points, 229 mergers), and mergers which have not affected the BH
(orange points, 6628 mergers). The dotted line represents a constant ratio
of 100 in mass. The majority of mergers leave the BH unaffected. BHs are
mainly kicked by satellites which have stellar masses M5 > MBCS/100.

satellites which have stellar masses M5 > MBG/100. We confirm
that massive satellites on a radial orbit are rare (only 229 mergers out
of all 6628 mergers accounted for all 370 clusters between z = 2 and
z = 0 meet equations 1 and 2), but their rareness does not invalidate
their efficiency in displacing the BH of BCGs. Almost half of BHs
(~170) of our sample were off-centred during their orbital history.
Some of the more massive satellites also appear to not have decentred
the BH, as indicated by the orange island of points above the line. Out
of all mergers with a stellar mass ratio M3 > MBG/100, 220 out
of 3500 satellites kicked away the BHs from their central positions.
Out of the 3280 satellites that did not manage to move the BH, 95
percent are massive satellites which did not satisfy equation (1),
i.e. their orbits are not radial. The remaining 5 per cent are massive
satellites that do have a radial orbit, but the BH was still off-centred at
the moment of the merger and was thus not affected. Thus, we predict
two different populations of BHs: those that have always resided at
the centre of their BCGs and those that have been off-centred. Hence,
we expect that these BHs exhibit differences in accretion, growth,
and feedback.

For all the 170 BHs heated by satellite galaxies, we analyse
their orbit between z = 2 and z = 0. Fig. 4 shows the cumulative
distribution of the SMBH offset at z = 0 and the maximum offset
measured since z = 2. In almost all these BCGs, the SMBH is
still off-centred at z = 0. About 60 percent of these SMBHs are
located at r > 0.1 kpc at present time, and almost all SMBHs were
off-centred by at least 1 kpc during their dynamical history. The
maximum offset reached by these BHs is about 200 kpc (see Fig.
4). We also demonstrate that even if BHs have been significantly
displaced at a specific redshift, BHs have sufficient time to decrease
their offset. We stress that below 10 pc, the determination of SMBH
orbits is not accurate as the dynamical friction becomes inefficient
and three-body interactions with surrounding stars or other orbiting
BHs can cause the BH orbit to further decay (Sesana & Khan 2015;
Dosopoulou & Antonini 2017; Ryu et al. 2018).

We now evaluate the time spent by the SMBH at distances longer
than 10, 100, and 1000 pc from the BCG centre. Fig. 5 illustrates the
cumulative histogram of the duration of the SMBH offset. We state
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Figure 4. Off-centred BHs in BCGs: Cumulative histograms showing the
BH offset at z = 0 in yellow, and the maximum offset measured since z =
2 in maroon. In almost half of our sample (170 BCGs), the SMBH is still
off-centred (r > 0.01 kpc) at z = 0. About 60 per cent of these SMBHs are
located at » > 0.1 kpc at present time, and more than 80 per cent of these
SMBHs were off-centred by at least 1 kpc during their dynamical history.
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Figure 5. BH offset time: Cumulative histogram of the total duration of our
170 BHs with an offset > 10, 100, and 1000 pc since z = 2. A huge percentage
85 per cent (60 percent) of the BCGs exhibit an SMBH off-centred with r
> 10 pc (r > 100 pc) for at least 6 Gyr. Besides, these BHs spend less than
3 Gyr above 1 kpc.

that 85 percent (60 per cent) of the BCGs exhibit an SMBH with
an offset of 10 pc (100 pc) for more than 6 Gyr since z = 2. This
means that SMBHs in BCGs spent more than half of their lifetime
off-centred. We also notice that these BHs spend less than 3 Gyr
above 1 kpc.

Besides, we show in Fig. 6 the cumulative distribution of the
specific times at which the first merger, the merger which has led
to the maximum offset, and the last merger happened. We establish
that 70 per cent of our 170 BHs experienced their first kick before
z = 1. Hence, SMBHs do not inhabit the centre of the BCG potential
already at early times of the Universe. Most BHs have undergone
their most important merger in terms of dynamical heating, i.e. the
one that displaces the most of our BHs, after z = 1, but much earlier
than their last mergers. We then establish that the energy given by
subsequent mergers is one of the key ingredients that permits BHs
to reach these far distances of the order of a tens of kpc. More
precisely, as a result of the first merger, BHs gain energy from the

MNRAS 522, 948-955 (2023)
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first (yellow), the maximum (maroon), and the last (green) kick happened.
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BHs experienced their first kick before z = 1. The merger which kicked the
central SMBH to the maximum distance does not take place at a particular
time since z = 2, but still happens much earlier than the last merger. 65
per cent of the clusters have undergone their last mergers after z = 1. That is
the reason why it is very likely that SMBHs in BCGs are still off-centred at
z=0.
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Figure 7. Dynamical friction on BHs: BH offset as a function of its mass at
z = 0 (yellow dots) and at the time of the maximum offset (maroon dots).
More massive BH exhibits larger offsets than less massive ones because
dynamical friction acting on BHs becomes significantly weaker as the total
galaxy mass grows.

satellite by changing its velocity according to equation (3). Before the
second kick, BHs have eccentric orbits and thus are more energetic.
This dynamical behaviour allows them to reach velocities which
are higher than the escape velocity computed at their position, until
large radius from the galaxy centre. Finally, we demonstrate that
65 percent of the clusters have undergone their last mergers after
z = 1. This phenomenon naturally explains why it is very likely that
SMBHs in BCGs are still off-centred at z = 0. Indeed, these BHs
do not have a sufficient time to lose their angular momentum via
dynamical friction and then reach the central region of the galaxy,
where they are expected to reside.

Finally, Fig. 7 displays the BH offset as a function of the BH
mass, both at z = 0 and at the time when the SMBH suffered its
most significant kick. We recall that Mgy was fixed at the mass

MNRAS 522, 948-955 (2023)

derived from the BCG mass at the first 74. We report a correlation
between BH mass and its offset. Indeed, more massive BH exhibits
larger offsets than less massive ones at z = 0. As a result, it is more
likely to find off-centred SMBHs in the most massive BCGs. In
the hierarchical structure formation model, the density at the centre
decreases as the total galaxy mass grows. In fact, dynamical friction
acting on BHs becomes significantly weaker and then BHs take more
time to sink towards the centre of their BCGs, as demonstrated in
Fig. 7.

4 DISCUSSION

BH offsets of a few dozen parsecs were shown to have huge
consequences on the physics that reign at the centre of galaxies
(Smith et al. 2018; Bahé et al. 2022). Even at such small distances,
Boldrini et al. (2020) have pointed out that accretion by the SMBH
in dwarf galaxies would become inefficient, due to the lower density
of gas at higher radii from the centre. Smith et al. (2018) indicated
that this might also be the case for more massive galaxies, such as
BCGs.

Our results clearly establish that SMBH offsets are common in
BCGs as they have undergone frequent dynamical perturbations.
Indeed, about a third of our SMBH sample are off-centred at the
present time, and half of SMBHs were off-centred by at least 1 kpc
during their dynamical history. Similarly to what was shown for
dwarf galaxies (Bellovary et al. 2021), we demonstrate that the
reason for off-centre locations is also mainly due to galaxy—galaxy
mergers and more precisely mergers with satellites on radial orbits.
The orbital offset in BCGs can sustain up to at least 6 Gyr between
z = 2 and z = 0 in half of our BCGs. Our result reinforces the
prediction of a population of off-centred BHs, not only in dwarf
galaxies (Governato, Colpi & Maraschi 1994; Schneider et al. 2002;
Volonteri, Haardt & Madau 2003; Islam, Taylor & Silk 2004; Micic,
Holley-Bockelmann & Sigurdsson 2011; Rashkov & Madau 2014;
Bellovary et al. 2018; Boldrini et al. 2020), but also in very massive
galaxies such as BCGs.

The fact that half of our SMBHs spend almost all their dynamical
history offset from the BCG centre should have major consequences
on the BH and galaxy formation and evolution as there is an interplay
between the feeding/feedback mechanisms of the SMBH and the
host galaxy (Silk & Rees 1998). In particular, it was pointed out that
BHs must intersect with a highly accretable clump at some point of
time in order to accrete gas efficiently (Smith et al. 2018). Hence,
as off-centred BHs seem to be very common in BCGs, we expect
that they accrete gas very inefficiently as gas clumps are centrally
located. As a result, off-centred BHs should experience essentially
no growth at all. It was already demonstrated that in cosmological
simulations, SMBH offset has a dramatic effect on BH growth (Bahé
et al. 2022). It is established that SMBHs gain mass via gas accretion
(Soltan 1982) and via BH mergers. Even if BH mergers are strongly
subdominant to gas accretion for SMBHs (Zhang et al. 2021; Ni et al.
2022), we pointed out that both mechanisms are effectively halted
by mergers of satellites on radial orbits in BCGs.

According to our results, we expect that growth and feedback for
a non-negligible SMBH population in BCGs was quenched between
z="2and z = 1 until z = 0. For this reason, we predict the presence
of a population of SMBHs with very different masses. It will result in
a larger scatter in mass compared to what cosmological simulations
predict. However, observations of BHs show the presence of a scatter
around the Mpy—Mpcg relation (McConnell & Ma 2013a; Savorgnan
etal. 2016; Main et al. 2017; Bogdan et al. 2018; Gaspari et al. 2019).
Such scatter is evident of the complex coevolution of SMBHs with
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their host galaxies in clusters (Volonteri, Habouzit & Colpi 2021).
In particular, we establish that the growth of these SMBHs seems to
be governed by one property of their host clusters, i.e. the number of
satellites on radial orbits.

The absence of gas accretion by the SMBHs will also obviously
influence their feedback (Heckman & Best 2014). If the SMBHs are
not accreting, BH feedback also becomes inefficient. Nevertheless, it
is well established that the BH feedback can alter the DM distribution
of galaxies. In fact, the repeating episodes of gas ejection and
recycling can flatten the cuspy DM profile until the formation of
a constant density in the central region of galaxies, called the DM
core. This effect on the DM profile has been studied in massive
galaxies in the Horizon—AGN simulation (Peirani et al. 2017, 2019)
and in the NIHAO-AGN simulations (Maccio et al. 2020). They
showed that BH feedback can very slightly flatten the DM profile
of BCGs. Our result, i.e. the quenching of BH feedback due to the
BH offset, reinforces the prediction concerning the inefficiency of
this mechanism to create DM cores in massive galaxies such as
BCGs.

This work highlights a major problem encountered in simulations
which pin the SMBH to the centre of the potential of the cosmological
box (Bahé et al. 2021). Doing so has many advantages: keeping the
BH at the centre renders subgrid AGN models effective, and this
ensures that the initial merger-driven growth of BHs can proceed
rapidly as this early phase is highly uncertain. This also avoids the
question of dynamical friction, which is still treated poorly within
simulations (Morton, Khochfar & Ofiorbe 2021). However, this re-
sults in higher accretion rates, overestimated BH growth, and higher
counts of BH-BH mergers (see Barausse et al. 2020; Bahé et al.
2021, and references therein). We confirm that BH repositioning in
simulations (see section 2.2 of Weinberger et al. 2017, which details
the repositioning of the BH in the TNG simulation) is non-physical
and shows the need of new repositioning and dynamical friction
models in order to correctly model the dynamics in galaxy clusters.
There have now been many efforts on testing and incorporating
dynamical friction from gas and stars in cosmological simulations
(e.g. Tremmel et al. 2015; Pfister et al. 2019; Chen et al. 2022), which
do produce off-centre SMBHs.

5 CONCLUSION

Making use of the work of Barnes et al. (2018), we study how
satellites affect the dynamics in the central region of 370 different
BCGs from the TNG300 simulation, between redshift z = 2 and z
= (. By using orbital integration methods, we show how galaxies
which fall in the potential of the BCG can heat dynamically the
centre of BCGs, and kick away the central SMBH to distances from
a few parsecs up to a hundred kiloparsecs. Our study demonstrates
that half of SMBHs in BCGs, more particularly those in the most
massive galaxies, were kicked away since z = 2, but only a
third are still off-centred by more than 200 pc today. These BHs
spent most of their lives outside the central region of their host,
which has consequences on the physics that reign at the centre of
clusters.

As gas is mostly condensed in the centre of galaxies, BHs, if
off-centred, do not encounter as many gas clumps. As a result, BHs
cannot accrete gas efficiently. Consequently, the growth of SMBH
may have been overestimated. Indeed, the lack of efficient accretion
means that they do not gain much mass in their lifetime. As the
central SMBH cannot accrete matter efficiently, AGN feedback also
becomes inefficient.
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Following this study, analysing how mergers can affect the
distribution of DM in the central regions of BCGs might also be
an interesting subject of research. Indeed, the multiple passages
of satellites in the central region of BCGs may be responsible for
ejecting DM out of the centre of the galaxy, resulting in the flattening
of the central DM density.

The presence of such a population of off-centred BHs in BCGs
brings up the question of their detections and the identification of
BCGs which may host an SMBH which has been kicked away in the
recent past. Traces in the morphology of the BCG such as stellar tails
or streams may hint at the passage of a massive satellite and thus at a
recent merger. Observations of the central regions of these galaxies
with integral field units such as the Multi Unit Spectroscopic Explorer
may enable us to pinpoint the location of a potential off-centred BH
by looking for the presence of a broadline region, characteristic of
Seyfert galaxies or associated with the presence of an AGN (Gaskell
2009). This is still a challenging project as Elitzur, Ho & Trump
(2014) show that the broadline emission decreases as the accretion
rate of the BH decreases as well. If off-centred, we would thus not
expect an intense emission.

In this paper, we only considered the central BH of the BCG.
However, satellites may harbour an SMBH as well in their centres.
We could thus expect a population of wandering BHs of different
masses in the BCG. The characterization of this population of BHs
and the knowledge of their orbits in the potential of the BCGs may
give us a better idea of the rate of BH-BH mergers observed in the
future.
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APPENDIX A: DYNAMICAL FRICTION MODEL

In this appendix, we discuss the sensitivity of the dynamical friction
model chosen in our orbital integrations to track the orbit of
central SMBHs in BCG potentials. The dynamical friction model is
described in Section 2.2. In addition, we evaluate here the impact of
the y parameter, defined as the absolute value of the logarithmic slope
of the density profile of BCGs. Indeed, this parameter controls the
amplitude of the dynamical friction force during orbital integrations.
In our study, y was set to be 1. According to Fig. Al, we
observe a very slight deviation in both cumulative histograms by
decreasing the y parameter. This figure demonstrates that modifying
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Figure Al. Impact of the y parameter: Cumulative histograms showing the
BH offset at z = 0 in yellow, and the maximum offset measured since z =
2 in maroon. About 55 per cent (60 per cent) of these SMBHs are located at
r > 0.1kpc at present time, and more than 80 per cent (80 per cent) of these
SMBHs were off-centred by at least 1 kpc during their dynamical history for
y=05(=1).
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this dynamical friction parameter does not significantly affect our
results.

APPENDIX B: ASSUMPTION OF FIXED
SATELLITE MASS

In order to test our assumption of fixed satellite mass during the
orbital integrations, we measure the mass-loss of satellite galaxies
between z = 2 and the time of the first BH kick (7}) in [llustris=TNG
simulation. Fig. B1 depicts that below 10'° My, (above 10" M) for
the satellite mass at z = 2, we over(under)estimated the satellite mass
during our integrations by a factor of 10. Considering higher(lower)
masses for satellites will affect their orbit by accelerating(delaying)
their infall towards the BCG centre. Taking into account, the mass-
loss in orbital integration remains a challenging problem as it is
computationally costly and also difficult to estimate due to the lack
of resolution of the Illustris—=TNG300 snapshot.
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Figure B1. Absence of mass-loss during integrations: mean satellite mass
at Tq as a function of the satellite mass at z = 2 for all the first mergers in
BCGs. We display the mean over the satellite mass range at z = 2, for better
visualization. Error bars represent 1-o Poisson uncertainties.
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