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Black hole dragging: a new mechanism for forming nuclear star clusters in giant elliptical galaxies
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ABSTRACT

It has long been thought that nuclear star clusters (NSCs) cannot co-exist with the most massive supermassive
black holes (SMBHs), since SMBH mergers — unavoidable for the most massive systems — would scatter away
NSC stars. However, central concentrations of light have now been reported in up to a third of all massive
ellipticals. We present a new mechanism for forming NSCs in giant elliptical galaxies, arising naturally from
SMBH mergers, which could explain these observations. We call this “black hole dragging”. After a major
merger of two galaxies and their SMBHs, the newly-merged SMBH can receive a gravitational wave recoil kick.
We show that recoiling SMBHs induce two competing effects on the galaxy’s background stars. Firstly, some
stars become bound to the SMBH and co-move with it, an effect strongest at low recoil velocities. Secondly,
background stars are ejected as the recoiling SMBH falls back due to dynamical friction, an effect strongest at
high recoil velocities. At intermediate recoil velocities (500-1000 km/s), both effects become important, and
the density of bound stars can exceed that of the background stellar core. This yields a central dense NSC that
is clearly visible in the galaxy’s surface brightness profile. We show that NSCs formed in this way have realistic
sizes, masses and velocity dispersions when measured similarly to observed systems. This provides a route for
even giant ellipticals containing SMBHs to host an NSC. We predict such NSCs should have indistinguishable

colors, ages and chemistry from non-NSC central stars, combined with low ellipticities.

1. INTRODUCTION

Nuclear star clusters (NSCs) are dense, bright stellar clus-
ters, located in the central regions of galaxies. They have
been defined as “stellar light above the inward extrapolation
of the host galaxy’s surface brightness profile on scales of
< 50 pc” (Neumayer et al. 2020), and usually coincide with
the photometric (Boker et al. 2002) and dynamical (Neu-
mayer et al. 2011) center of their host galaxy. However, there
is a lack of clarity in the terminology, and the same objects
can often be referred to as “nuclei”. (e.g. Lauer et al. 2005).

Most NSCs are small, with a median effective radius (r.)
of 3 pc (Neumayer et al. 2020), similar to globular clusters
(GCs, Harris 2010), but the distribution has a significant tail
towards large 7. , with NSCs in some spiral and elliptical
galaxies reaching ~ 50 pc (Georgiev et al. 2016; Coté et al.
2006). NSC stellar masses (M) are much larger than those
of GCs and scale with galaxy stellar mass (M,), approxi-
mately as My o M*1 /2 (Balcells et al. 2002; Scott & Gra-
ham 2013), though the relation appears almost linear for high
mass NSCs in spiral galaxies (Neumayer et al. 2020). Many
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NSCs are non-spherical, with ellipticities of up to 0.6 (Neu-
mayer et al. 2020). In elliptical galaxies there is a correla-
tion between the ellipticity and mass of their NSCs (Spengler
et al. 2017).

The determination of stellar ages and metallicities is ex-
tremely difficult for all but the nearest galaxies, so popula-
tion fitting of integrated light must be used (Tinsley 1978) to
determine the most likely age-metallicity combination. For
elliptical galaxies, this indicates that metallicities are gener-
ally lower in low-mass galaxies than in those of higher mass,
both in absolute terms and relative to that of their host galax-
ies (Neumayer et al. 2020). However, there is significant
stochasticity for individual galaxies. In spiral galaxies, spec-
troscopic studies indicate a mixture of stellar populations.
Although old stars dominate in terms of mass, there is a sig-
nificant young population.

There are two main theories for the formation of NSCs: (i)
dynamical friction followed by merging of GCs (Tremaine
etal. 1975; Lotz et al. 2001); and (ii) in-situ star formation af-
ter infall of gas (Loose et al. 1982; Mihos & Hernquist 1996).
A combination of these two is also possible and can occur
naturally in galaxy mergers, especially if star formation prior
to the merger is suppressed (e.g. Gray et al. 2024).

Dynamical friction (Chandrasekhar 1943) of GCs was
first proposed by Tremaine et al. (1975), shortly after the
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detection of a NSC in M31 (Light et al. 1974). Their
calculations show that a NSC of My ~ 107" My could
form in ~ 100 years. Observational evidence for this
mechanism includes a deficit of GCs in the central regions
(Lotz et al. 2001; Capuzzo-Dolcetta & Mastrobuono-Battisti
2009), and a correlation between the fraction of galaxies with
NSCs and those with GCs in low-mass cluster ellipticals ob-
served in the Virgo cluster (Sdnchez-Janssen et al. 2019).
Furthermore, semi-analytic simulations have formed NSCs
with density profiles (Antonini 2013), and mass and radius
(Gnedin et al. 2014), that are largely consistent with obser-
vations. In addition, N-body simulations have matched their
shape (Capuzzo-Dolcetta & Miocchi 2008; Hartmann et al.
2011; Antonini et al. 2012). They also show that, if suffi-
cient GCs are formed early enough, NSCs could be produced
from dynamical friction of GC systems within a Hubble time.
However, this mechanism does not explain the significant
proportion of young stars seen in NSCs of spiral galaxies.

Infall of gas to the nucleus generally leads to star forma-
tion, a process that may occur more than once if interrupted
by gas dispersion through supernova feedback and stellar
winds followed by later gas infall (Loose et al. 1982). Wet
mergers are likely to lead to gas infall and starbursts (Mihos
& Hernquist 1996; Gray et al. 2024). However, since spiral
galaxies which show no signs of previous mergers also have
NSCs, other mechanisms have been proposed. These include
bar-driven inspiral (Shlosman et al. 1990; Schinnerer et al.
2006) and mergers of gaseous spiral arms (Bekki 2007).

Neumayer et al. (2020) argue that GC dynamical friction
and gas infall are more important in lower and higher mass
galaxies respectively, with the transition occurring at M, ~
10° Mg, but with significant scatter. Their evidence for this
includes the metallicity differences described above and the
finding that the fraction fy of galaxies with NSCs tracks the
fraction of galaxies with GCs (Sanchez-Janssen et al. 2019).

Imaging via the Hubble Space Telescope finds fy to be ~
50% for spiral galaxies (Carollo et al. 1997, 2002), increasing
to ~ 80% for late-type spirals (Boker et al. 2002). Surveys
of galaxy clusters show that most elliptical galaxies also have
detectable NSCs: fn = 66-82% for elliptical galaxies in the
Virgo cluster (Coté et al. 2006) and fy ~ 80% for dwarf
elliptical galaxies in the Coma cluster (Den Brok et al. 2014).

In general, fy varies with M, (or galaxy luminosity).
Overall, there are nuclei in the vast majority of galaxies of
intermediate stellar mass (M, = 1030 M). There is rela-
tively little data available for spiral galaxies, but what there
is suggests that fy drops at low brightness, to around 0.1 at
My > —17 (Georgiev et al. 2009).

For elliptical galaxies, fx peaks at > 0.9 for galaxies with
M, ~ 109 M, (Sénchez-Janssen et al. 2019) or M; ~ —18
(Den Brok et al. 2014). At the low mass / brightness end
it falls to around zero for M, ~ 10° Mg (Sénchez-Janssen

et al. 2019) or M7 ~ —10 (Mufoz et al. 2015), which
could be partly owed to the difficulty of detecting faint nu-
clei. There is also a drop in fy above 10°Mg. Coté et al.
(2006) found fy ~ 0 for Mg < —20.5 and related it to the
transition from “cusp” to “core” galaxies; the surface bright-
ness profiles of these brighter elliptical galaxies tends to be
flattened, forming a central core, whereas those of dimmer
galaxies tend to continue to rise steeply as a cusp.

Central constant luminosity cores at the centers of some
giant elliptical galaxies are thought to form as the result of
dry mergers between galaxies containing supermassive black
holes (SMBHs). Since NSCs were found to have similar rela-
tions with their host galaxies to SMBHs (Rossa et al. 2006),
it was initially thought that NSCs were the low-mass counter-
parts of SMBHs. It also seemed likely that if a SMBH binary
formed after a merger, the transfer of energy and angular mo-
mentum from the binary would destroy the NSC (Quinlan &
Hernquist 1997; Milosavljevi¢ & Merritt 2001). It is now
clear that SMBHSs and NSCs can coexist, not least in the case
of the Milky Way (Schodel et al. 2009), and there is evidence
that NSCs do exist in giant elliptical galaxies. Lauer et al.
(2005) found nuclei in more than a third in their survey of 77
massive ellipticals, and 20% of the 40 galaxies with available
colors have nuclei with similar absorption line spectra to the
main galaxy (Neumayer et al. 2020).

Similarly, Dullo (2019) found “additional nuclear light
components” in 3/12 galaxies with some of the largest
known cores, and stated that they could be “nuclear star clus-
ters”. The surface brightness profile of one of these galaxies
(NGC 6166) is shown in Figure 1. The typical central ve-
locity dispersion o of lower-mass NSCs in galaxies such as
the Milky Way is ~ 60 kms~!. However, in NGC 6166 it
reaches some 300 kms~! (Bender et al. 2015), challenging
rule-of-thumb assumptions about NSC properties. It appears
that central light excesses in giant cored elliptical galaxies ex-
ist. These look like NSCs in their surface brightness profiles
(Figure 1), but with atypically large size and velocity disper-
sion. In this paper, we show how NSCs like this can form
naturally in galaxy mergers as a result of a new mechanism,
which we call “black hole (BH) dragging.”

Mergers leading to core formation can be divided into
three stages (Begelman et al. 1980). First, dynamical fric-
tion of the SMBHs against stars and dark matter (DM) slows
the SMBHs until they form a gravitationally bound binary
(Antonini & Merritt 2011; Valtaoja et al. 1989). Second,
three-body interactions between the binary and stars (or dark
matter) leads to stellar ejections and hardening of the bi-
nary (Quinlan 1996; Sesana et al. 2006). This second phase
is known as binary scouring, and its dynamical heating is
both the most accepted mechanism for core formation (Quin-
lan 1996) and the proposed cause of erasure of NSCs from
high mass ellipticals (Bekki & Graham 2010; Antonini et al.
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Figure 1. Surface brightness profile of NGC 6166. Data obtained
from Dullo (2019).

2015). In the final merger phase, gravitational wave (GW)
emission leads to inspiral and coalescence of the SMBH bi-
nary (Enoki et al. 2004; Sesana 2013).

At the time of SMBH coalescence, depending on their
mass ratio and spins (both magnitude and orientation), asym-
metric emission of GWs may occur. Since GWs carry lin-
ear momentum, the SMBH remnant receives a “recoil kick™.
Most kicks are small: for non-spinning SMBHs, Gonza-
lez et al. (2007) find a maximum kick speed of vy =
175 kms~!, while for spinning SMBHs v < 600kms™!
(Schnittman & Buonanno 2007). However, certain configu-
rations of the spins can lead to very high recoil speeds. Using
numerical relativity, Campanelli et al. (2007) show that for
spins aligned and anti-aligned with the orbital angular mo-
mentum, recoil speeds of ~ 4000 km s~1 can be achieved.
Kicks of this size would eject the SMBH remnant from the
galaxy but, after more modest kicks, the remnant and core
are expected to oscillate about their common center of mass
(COM) until they reach thermal equilibrium (Gualandris &
Merritt 2008).

Although most cores are relatively small at tens to a few
hundreds of pc in size, a few are > 0.5 kpc (Dullo 2019).
Nasim et al. (2021) performed equal mass merger simula-
tions based on the observed parameters of A2261-BCG, fol-
lowed by GW recoil kicks, and found that scouring alone pro-
duced a core size of ~ 1 kpc, but that a GW kick of ~ 0.8 vegc
could reach the observed size. In addition, they found that
a mild cusp was retained after scouring, but GW recoil re-
sulted in a flat profile. Khonji et al. 2024 (hereafter Paper 1)
performed a similar study with a range of initial conditions,
based on four galaxies from Dullo (2019) with observed core
sizes ranging from 0.65-2.71 kpc, including A2261-BCG. In
these simulations, after hardening of the SMBH binary, we
merged the SMBHs and gave the remnant recoil kicks of be-

tween 0.5-0.9 of the escape speed (vesc) of the galaxy rem-
nant. We showed that binary scouring alone could form cores
< 1.3 kpc in size, but that GW recoil speeds of < 0.5 veg. are
required to form cores > 2 kpc. We also found that a unique
signature of GW recoil heating is a truly flat core in the spa-
tial density, which appears as a core in the surface brightness.
NGC 1600 was one of the galaxies which did not require
recoil, consistent with previous modeling by Rantala et al.
(2018). Recently, Rawlings et al. (2025) studied GW recoil
in a version of this model, scaled-down by a factor of ~ 3 in
mass, and found the core after scouring could be enlarged by
a factor of 2-3.

In this paper, we study the effect of the likely more com-
mon smaller GW recoil kicks on the nuclei in six galaxies,
four of which were those in Paper 1. We examine whether
the effect of recoil heating is the same, resulting in cores that
are larger and flatter than after scouring alone. Somewhat
unexpectedly, we find that smaller kicks can result in cen-
tral cusps in surface brightness, steeper than the profiles af-
ter binary scouring. These cusps sometimes appear within a
larger flattened core, and, as such, would be classified obser-
vationally as NSCs. For this reason, we refer to these central
cusps throughout this paper as “NSCs”. We show that NSC
formation in our simulations owes to two competing effects.
Firstly, some stars become bound to the SMBH and co-move
with it, an effect that is maximized at low recoil velocity.
Secondly, background stars are ejected from the galaxy cen-
ter as the recoiling SMBH falls back due to dynamical fric-
tion. This effect is maximized at high recoil velocity. At
intermediate recoil velocities, both effects become important
and the density of bound stars can exceed that of the back-
ground stellar core. This yields a central dense NSC that
forms via a new mechanism: black hole dragging.

This paper is organized as follows. The merger and GW
recoil simulation methodology are described in Section 2.
The evolution of the density profiles, core fitting, formation
mechanism and properties of the NSCs are in Section 3. Fi-
nally, discussion and comparison with observed NSCs are
presented in Section 4.

2. METHODS

To study the effects of binary scouring and GW recoil on
the nuclei of giant elliptical galaxies, we performed N-body
simulations of equal-mass mergers, modeled on six such
galaxies selected for their large core sizes of > 0.5 kpc. Five
of the chosen galaxies were taken from Dullo (2019), four
of which were also used in Paper 1 studying the effects of
GW recoil kicks with vy, > 0.5 vesc. The remaining galaxy
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Table 1. Parameters of the selected galaxies.

Galaxy Type T Yy a n Te M, ¢ M, b
(kpe) (kpe) (10""Mg) (10"*Me)
NGC 1600 Isolated 065 0.04 2 63 2238 1.70 1.51
A2147-BCG BCG 128 0.14 2 64 31.8 2.63 1.34
NGC 6166 BCG 211 0.14 2 9.0 83.1 4.79 3.39
4C +74.13 BCG 224 028 2 37 209 5.13 2.39
A2261-BCG BCG 271 000 5 21 17.6 6.45 4.07
IC 1101 BCG 42 008 2 56 11.6 11.0 1.10

References—Dullo et al. (2017); Dullo (2019)

NOTE—The first five parameters are from core-Sérsic fits (equation 1).
@Black hole masses from the M,-r relation by Dullo (2019), except NGC 1600 (di-

rectly measured)

b Bulge mass from the M..-L. relation by Worthey (1994).

Table 2. Parameters of the N-body models for the precursor galaxies.

Galaxy M, M., Mam Scale  Cutoff n Te N, Nam Minimum
Radius Radius Particle Mass

(10°°Mg) (10"*Me) (10'*Mg)  (kpe)  (Mpe) (kpe) (10%) (10°)  (10°Mp)
NGC 1600 0.85 0.76 0.79 165 1.65 63 114 9.49 9.60 0.84
A2147-BCG 1.32 0.67 1.00 183 1.83 64 159 6.81 9.86 1.04
NGC 6166 2.40 1.69 1.00 183 1.83 9.0 417 1534 9.02 1.17
4C +74.13 2.60 1.20 1.00 183 1.83 3.7 105 1131 941 1.12
A2261-BCG 3.23 2.04 1.00 183 1.83 2.1 8.8 17.61 831 1.20
IC 1101 5.50 0.55 1.00 183 1.83 5.6 5.8 5.48 9.98 1.06

(IC 1101) was taken from Dullo et al. (2017), and is notable
for its extremely large core size of 4.2 kpc. NGC 1600 is the
only galaxy in the sample with a dynamical measurement of
the SMBH mass M, (Thomas et al. 2016); therefore, for the
other galaxies, we used the relation provided by Dullo (2019)
between the SMBH mass and the core radius 7, obtained by
fitting a core-Sérsic profile. This combines an outer Sérsic
profile (Sérsic 1963) with an inner logarithmic slope -, with
intensity I given by:

ala @ a1l/an
1+(rb) 1 exp(bn{w} ) (1)
r re

where 73, is the core radius, « is the sharpness of transition
between the inner and outer parts of the profile, n is the Sérsic
index, and b,, ~ 2n — 1/3 ensures that 7, is the effective

I=r

radius of the galaxy (Sérsic 1963). Finally, I’ is defined as:

1/« 1/n
I’IbZV/aexp[bn(Q Tb) ]

2

The bulge masses were calculated by Dullo et al. (2017)
and Dullo (2019), assuming an age of 12 Gyr, from their ob-
served colors and metallicities, using the M, —Luminosity
relation from Worthey (1994). The relevant parameters for
all six galaxies are given in Table 1. The setup of the galaxy
models and the properties of the /N-body simulations are de-
scribed in detail in Paper 1, but the key elements are summa-
rized here.

We simulated each galaxy as the remnant of an equal-mass
merger of two identical precursor galaxies. The model pa-
rameters for the precursors are summarized in Table 2 and
were derived from the corresponding observed values in Ta-
ble 1. We assumed that the total stellar and SMBH masses
were conserved during the respective dry galaxy and SMBH
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mergers, such that the precursor masses were half those of
the observed galaxies. We further assumed that the precur-
sors have Sérsic profiles with index n identical to that ob-
served for the remnants, but with half the effective radius r,,
as predicted by the virial theorem for dissipationless equal-
mass merger (e.g. Binney & Tremaine 2011; Barnes 1992;
Naab et al. 2009).

Five out of six galaxies are brightest cluster galaxies
(BCGs), such that their DM halos are contiguous with those
of neighboring galaxies. Hence, their enclosed mass Maq at
mean density 200 times the critical density was estimated to
be ~ 104 M, using its relation with M, given by Correa &
Schaye (2020). For NGC 1600, which is unusually isolated,
we used half of the estimated mass of ~ 15.8 x 1014M,
(Goulding et al. 2016) for the precursors.

We used the AGAMA library (Vasiliev 2019) to create
equilibrium multicomponent models (SMBH, stellar bulge
and DM halo). Sérsic (Sérsic 1963) and Navarro-Frenk-
White (Navarro et al. 1997) profiles were used for the bulge
and halo components, respectively. For the former, AGAMA
uses a deprojected profile in which the bulge mass can be
used as a proxy for luminosity. Potential models of all three
components and density models for bulge and halo were used
to create spherical ergodic distribution functions. These were
then sampled to provide the final galaxy N-body models.

The total particle number N was ~ 10, balancing reso-
lution and resource usage. The number of bulge (N,) and
halo (Vg ) particles were chosen so that the halo:bulge par-
ticle mass ratio (PMR) was ~ 10. However, central resolu-
tion was enhanced by the use of a mass refinement scheme
(Attard et al. 2024), which over-samples the central particles
by a factor of 10, as follows. Bulge and halo particles were
each divided into four concentric zones by radius, respec-
tively containing 1%, 11.5%, 38.5% and 49% of particles.
The innermost zone was left with the full increased resolu-
tion. From the second zone outwards, particle numbers are
reduced, and particle masses correspondingly increased, by
factors of ~ 2.53, 10 and 40, respectively, such that N is
restored to the original value and the PMR is maintained in
each zone.

The merger simulations were performed using the grif-
fin N-body code that employs as gravity solver an adaptive
fast multipole method with adjustable error (Dehnen 2014),
which we set to an average relative force error of 0.03%.
Plummer-type softening was used, with a parameter of 3 pc
for interactions involving the SMBHs and 30 pc for all other
interactions. The mass shells were conservatively chosen to
avoid mixing, given the fixed softening used.

The precursor galaxies were placed in a highly eccentric
orbit (¢ = 0.95), mimicking those in cosmological simula-
tions (Khochfar & Burkert 2006; Fastidio et al. 2024), and
resulting in faster orbital evolution (Gualandris et al. 2022).

The initial separation was 80 kpc, providing adequate sepa-
ration of the bulges.

The SMBHs were followed through the dynamical friction
phase, which ends with the formation of a black hole binary
(BHB) at a separation a s, defined as the separation where the
mass enclosed, from the BHB COM, is equal to the mass of
the BHB:

M, (r<ay)=2M,. 3)

The BHB then undergoes rapid hardening by three-body en-
counters with stars. Due to the triaxiality of the merger rem-
nant (Gualandris et al. 2017; Bortolas et al. 2018), this con-
tinues efficiently until the BHB reaches the hard binary sep-

aration:
GM,

402
where o is the stellar velocity dispersion. This corresponds to
the distance at which the specific binding energy exceeds the
specific kinetic energy (Milosavljevi¢ & Merritt 2001). After
BHB hardening, the N-body simulations are halted due to
the high computational costs (owing to the very short time
steps required to resolve the dynamics close to the BHB),
and a phase of GW emission and subsequent coalescence of
the BHB is assumed. To this end, the BHB in each model
was replaced with a single SMBH of the same total mass
and COM. The merged SMBH was then given a “GW recoil
kick”, arbitrarily in the z-direction' with magnitude vy, equal
to 0.1, 0.3 or 0.5 of the escape speed vesc Of the remnant,
calculated from the combined bulge and halo potential. The
N-body simulations were resumed with the single SMBH.

The SMBH motion following the kick can be character-
ized as a damped oscillator (Gualandris & Merritt 2008) with
passages in and out of the galaxy center until its velocity
reaches the “Brownian velocity” vg, given by equipartition
of kinetic energy with the stars (Smoluchowski 1906; Merritt
2001; Bortolas et al. 2016):

“)

ap =

m
0,2

M, ’

v = (5)
where m is the mass of a stellar particle. We continued the
simulations until the SMBH settles to Brownian motion. This
time is clear from its maximum velocity relative to the COM
of the stellar component, which shows a rapid drop to below
the calculated Brownian velocity.

I'We note that this choice is not exactly random, as the orbital plane of
the precursor orbit introduces a preferential direction. As a result, the z-
direction deviates very slightly from the remnants’ long axes.



6 KHONIJI ET AL.

3. RESULTS
3.1. Formation of the NSCs

Stellar density profiles (Figures 2 and 3, and Appendix B)
were constructed in radial bins from individual densities es-
timated using an SPH-style kernel estimator (using Pynbody,
Pontzen et al. 2013). This was preferred to traditional spher-
ical shells, to better illustrate the profiles of the remnant, due
to its advantages in non-spherical cases. We find that the low-
est velocity kicks often have a negligible effect on the profiles
(e.g. the vy /vese = 0.1 kick for NGC 6166, Figure 3). In
Paper 1, we showed that the highest velocity kicks result in
large, flat cores. However, in intermediate cases, a central
density remains within a flattened profile (Figure 2). This
is most clearly seen in A2147-BCG after a vy /vesc = 0.3
kick, NGC 6166 and IC 1101 after a vg/vese = 0.5 kick,
and NGC 1600 after kicks with vy /vesc of both 0.3 and 0.5.
We interpret these increased central densities as NSCs and
will focus on these five runs for the remainder of the pa-
per. The evolution of these changes in density for NGC 6166
after vi, /vesc = 0.5 kick are shown in Figure 3. The den-
sity profiles become flattened by the time the kicked SMBH
remnant reaches its first apocenter. When the SMBH returns
to the nucleus at its first pericenter, the density profiles be-
come steeper again. After multiple passages the outer part of
the core remains flattened, but the density remains increased
around the SMBH in the most central region.

To investigate the possible formation mechanism of the
NSCs, we examined the trajectories of the SMBH remnants
after the GW kicks (Appendix A). For the vy /vese = 0.1
kicks, the remnant travels a relatively modest distance of
~ 1kpc and is quickly damped to Brownian motion. Af-
ter the vg/vesc = 0.3 kicks, the SMBH travels further
(~ 3-Tkpc) but, in general, only reaches one apocenter be-
fore being damped at the first pericenter. The exception is
IC 1101, which makes two passages. For the v /vesc = 0.5
kicks, two or three passages are the norm, although A2147-
BCG makes five, before Brownian motion is reached.

The combination of the trajectories and density profiles
suggests the SMBHs may be bringing the stars to the nu-
cleus. This is supported by density contour plots, such as for
the nucleus of NGC 6166 after a GW kick with vy /vesc of
0.5 (Figure 4). After the kick, the flattening of the core as the
SMBH moves away from the COM of the galaxy is evident,
and the density continues to decrease, and the core to enlarge,
with successive passages of the SMBH. There is also a higher
density region around the SMBH, which moves out with it,
and then returns to settle back at the center with the SMBH,
surrounded by a flat core. This is likely due to the combina-
tion of the stars being dragged back to the dynamical center,
and heating by dynamical friction.

To confirm that the central density increase is due to this
“BH dragging” mechanism, we tagged the stars within the
SMBH sphere of influence at first apocenter and then plotted
their density profiles at the end of the kick, when the SMBH
reached Brownian motion, separately from the remaining
stars (Figure 5). These profiles, calculated using spherical
shells, show three distinct scenarios: First, in the cases where
the kick is relatively small and no increased central density is
seen overall (eg. the v /vesc Of 0.1 kicks and the vy, /vesc of
0.3 kicks for NGC 6166 and IC 1101), the tagged stars com-
bine with the remainder to form a smooth profile; Second, for
some of the largest kicks with no increased central density
(eg. the vy /vesc of 0.5 kicks for A2147-BCG and A2261-
BCQG), the tagged stars have a much lower density than the
remainder; Finally, the most interesting cases are between
these extremes (eg. the vg/vesc = 0.3 kick for NGC 1600
and the vg /vesc = 0.5 kicks for NGC 6166 and IC 1101),
where the tagged stars rise steeply centrally above the flat-
tened profile of the remainder, to form the increased nuclear
density.

The mass of stars bound to the SMBH remnant was calcu-
lated as the total mass of stars with negative total energy, that
are also located within the influence radius of the SMBH (7;).
The latter is defined as the radius enclosing stars with twice
the mass of the SMBH. Figure 6 shows the bound mass (Mj)
for NGC 6166 with v from 0.1 to 0.5 of veg at the time of
the kick and at each apocenter and pericenter following it.
The higher the GW kick velocity, the lower the bound mass
at corresponding time-points. For the kicks with vy, /vesc of
0.1 and 0.3, the bound mass increases quickly as the motion
of the SMBH remnant is damped and remains high. How-
ever, for the v, = 0.5 vese kick, the bound mass increases
as the SMBH slows to each apocenter, and then drops as the
remnant increases speed towards each pericenter.

Markov chain Monte Carlo (MCMC) fitting of the surface
density profiles was performed as in Paper | using the core-
Sérsic profile (Graham et al. 2003). The results of the fits,
given in Table 3, confirm a progressive increase in r, with
increasing vy /vVesc. As shown in Paper 1, NGC 1600 and
A2147-BCG do not require GW recoil to achieve their ob-
served sizes, but NGC 6166 and A2261-BCG require a kick
with vg, /Vese < 0.5. For the two remaining galaxies, a GW
kick with v, /vesc between 0.1 and 0.3 is required for both 4C
+74.13 and IC 1101. A key finding in Paper 1 was that GW
kicks resulted in uniquely flat cores, especially in 3D. With
the lower speed kicks in this study, we find that v may ac-
tually increase (see Figure 7). This occurs when the nuclear
density blends smoothly into the overall profile, and is most
prominent for vy /Vese = 0.1 in A2147-BCG and NGC 6166,
and for v /vesc = 0.3 in NGC 6166 and IC 1101. In these
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Figure 2. Volume density profiles, centered on the stellar COM, at the end of the recoil kick. This is at “Br”, which indicates the time the SMBH
has settled into Brownian motion. The galaxy models shown are NGC 1600 (left) and IC 1101 (right), for GW recoil kicks of vg /vesc = 0.5.
We use binned SPH profiles for the main profiles, but the inset plots use spherical shells centered on the SMBH. Increases in central density,
which we interpret as NSCs, are clearly seen within a flattened core.
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Figure 3. Evolution of the volume density profiles, centered on the stellar COM, for the N-body merger remnant model of NGC 6166 after
GW recoil kicks of vg/vese = 0.1 (left) and 0.5 (right), using binned SPH profiles. ¢y is the time when the N-body simulation is paused
for the SMBH merger and the GW recoil kick is given; “An” and “Pn” indicate nth apocenter and pericenter passages of the kicked SMBH;
“Br” indicates that the SMBH has settled into Brownian motion. The inset plots use spherical shells centered on the SMBH. For the the
Uk /Vese = 0.5 kick, the density changes as the SMBH remnant moves away from and back to the center, and the central density becomes more
prominent within a flattened core.
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Figure 4. Contour plots of NGC 6166 with vy, = 0.5 vesc. The blue dot is the position of the SMBH remnant, which leaves the area of the plot

towards apocenter. The red arrow indicates the direction and magnitude of its velocity. An area of high density is present around the SMBH
after the kick, and persists at “Br”, surrounded by a flat core.
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Figure 5. Volume (top three rows) and surface density (bottom three rows) profiles when the SMBH remnant has settled to Brownian motion
for NGC 1600, NGC 6166 and IC 1101. Columns from left to right are for kicks with vy /vesc of 0.1, 0.3 and 0.5 respectively. Profiles labeled
“nucleus” indicate those for particles that were within the influence radius of the SMBH at 1st apocenter (blue), and all other particles as
“remainder” (orange). The combined profiles are labeled “total” (green dotted). The prominent increases in central density in NGC 1600 with
Vi = 0.3 Vesc, and for NGC 6166 and IC 1101 with vz, = 0.5 vesc are seen to be due to the “nucleus” particles.
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Table 3. MCMC Core-Sérsic fits.

GalaXy ’Uk/'Uesc Vi Ty ol e n Te log (Eb/logM@kpC_z)
(kms™")  (kpo) (kpe)
NGC1600 0.0 0 068%55; 030550 30155 6.0, 223104 23.07 1003
0.1 300 0847051 0347068 47T 620700 2235100 22.81 +5:03
0.3 929 1177531 022409 337425 7671230 2640735 22.37 992
0.5 1548 1747004 0097007 48735 76738 224791 21.92 +0:02
A2147-BCG 00 0 132Ign¢ 023TG% 1419 63%5, 24710 21.95 040
0.1 323 220%0%% 0524095 28793 6337008 23.370% 21.27 7902
0.3 o71 27475355 023705y 3355 78733 231157 21.07 99
0.5 1619 36515Y 020555 47505 63103 24.6 175 20.47 £9:02
NGC 6166 0.0 0 0.907005  0.20%0:G2  1.151002  9.070] 60.1107 22.79 10-08
0.1 331 11250 0487005 48705 9.08%00; 6037035 22.42 904
0.3 994 1.83%09% 0497002 89719 9007000 60.1752 21.74 1002
0.5 1657 3.35792L 0211505 6.9%19 8237395 481713 21.09 799!
4C+7413 00 0 12205 0247051 50705 389705 169703 22.40 +303
0.1 339 1227095 0.24%003 50709 3897000 169701 22.40 +303
0.3 1019 253%50 0287003 63Tg7  387IGs 170757 21.62 7902
0.5 1698 3541008 0177003 52%0% 383700 172709 21.10 503
A2261-BCG 0.0 0 1.327008 0241502 6247558 2151502 13.1791 22.98 +0-02
0.1 356 096003 0.227573 5297518 2199500 12.905 1007 22797903
0.3 1070 2.08%005 0257005 3297125 208%005 1291700 92,20 +0-02
0.5 1784 265%50; 015700 88TTY 219705 12937063 21.90 +992
IC 1101 0.0 0 0.617907 0237997 31750 527103 11.75573 22.55 1059
0.1 318 063795 0127007 11707 547073 11.6 794 22.46 701}
0.3 956 478755y 052%g0r  L2¥0T 55700 115795 20.00 7999
0.5 1594 681705 021555 64795 77153 161735 19.12 0.3

NoOTE—The fits were performed on surface density profiles at the time the SMBH reaches Brownian motion.
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Figure 6. Bound mass to the SMBH remnant (here “A” and “P” in-
dicate apocenter and pericenter passages, followed by the number of
passages; “Br” indicates the SMBH remnant has settled into Brow-
nian motion) for galaxy NGC 6166 with vy /vesc = 0.1,0.3,0.5.
The bound mass is lower at higher vy, /vesc, for comparable phases
after the kick. For the slower kicks, the bound mass quickly rises
as the SMBH slows and remains high as the motion of the SMBH
remnant is rapidly damped. For the vy /vesc = 0.5 kick, the bound
mass is lower at each pericenter than the corresponding apocenter,
as the SMBH speeds up and slows down.
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Figure 7. Inner logarithmic slope () as a function of the ratio of
kick velocity (vg) to escape speed (vesc) for all six galaxy remnants.
A v /Vesc Of zero indicates scouring only. If the NSC cannot be
excluded from the fit at vy /vesc 0f 0.1 or 0.3, there is a spike in
to ~ 0.5 due to its presence. Where the NSC is excluded (unfilled
markers), the relation between y and vesc is restored.

cases, 7 ~ 0.5, indicating the formation of a central cusp.
For the five most prominent NSCs, there are central cusps
present but, due to the surrounding flat cores, they could be
excluded from the fit so that the flat signature for high kicks
is retained.

3.2. Properties of the NSCs

Here, we analyze the clusters of stars bound to the MBH,
but we return to the question whether these constitute NSCs
in the observational sense in Section 4.

The properties of the NSCs are shown in Table 4. Ob-
servers generally fit the light profile of such systems with the
combination of an inner and outer profile, and use the effec-
tive radius of the inner profile as the radius of the NSC (e.g.
Dullo 2019). To obtain a comparable radius for the simula-
tion NSCs, we fitted the surface density profile of the rem-
nant, once the SMBH had reached Brownian motion, using
an inner Sérsic profile and an outer core-Sérsic profile (Fig-
ure 8). The effective radius of the Sérsic fit was taken as the
radius of the NSC (ry). There is good agreement, within a
factor of 2-3, between 7 and the characteristic length 7y,
the theoretical linear extent of a bound cluster to an ejected
SMBH (Merritt et al. 2009), given by

GM,
Th= o ©)

Uk

Once ry is determined, the mass of the NSC (M) can
be found as the mass within 7. There is similarly good
agreement between the bound mass at the time of the recoil
kick Mp(tx) and My . The velocity dispersion of the NSC
(on), is determined using

K
o = Jo 7 R) X(R) RdR. o

Ji¥S(R)RAR

with K set to 0.595 kpc, the aperture used for o in the Hyper-
LEDA database (Makarov et al. 2014). Finally, the ellipticity
of the NSC (e ) is that of the stars within r. We find that
the NSCs are mostly spherical (e ~ 0.06-0.24).

Although limited by small number statistics, ratios of
My /M, (Figure 9) may be higher for a vy, of 0.3 ves. than
for 0.5 vesc. This is most clearly apparent for NGC 1600,
which forms an NSC in both cases, but with an order of
magnitude difference in My /M,. However, since My for
a given vy, /ves appears to scale faster than M,, the values of
My /M, for the 0.5 vy, /vese kicks in NGC 6166 and IC 1101
also appear low relative to those for the 0.3 v, /vesc kicks for
NGC 1600 and A2147-BCG. Similar trends are seen for rn
(Figure 10), which appears to scale with M, and may also be
lower for higher vy, /Vesc.
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Figure 8. Surface density profiles and combined inner Sérsic and outer core-Sérsic fits for the five most prominent NSCs: NGC 1600 after
kicks with v, = 0.3 and 0.5 of vesc (top left and top center, respectively), A2147 with v, = 0.3 vesc (top right), and NGC 6166 and IC 1101
with v = 0.5 vesc (bottom left and bottom center, respectively). The binned data are shown as black points, the inner Sérsic component of
the fit as a blue dot-dashed line, the outer core-Sérsic component as a green dashed line and the combined fit as a solid red line. The effective
radius for the Sérsic fit is used as the radius of the NSC.

Table 4. NSC properties

Galaxy Vk [ Vesc Tk N My (tr) My Mn /M, ON Ny for EN
(pc)  (pc)  (10°Mg) (10°Mg) (kms™1)
NGC 1600 0.3 80 80138 15.0 58722 0.034705% 436 315 095 0.107
0.5 30 4073 1.4 0.570% 0.00319005 405 31 090 0238
A2147-BCG 03 120 220732 149 133772 0.050T90% 411 349 0.93 0.058
NGC 6166 0.5 70 150189 9.6 82753  0.01715:9%9 508 313 096 0.058
IC 1101 0.5 190 4707310 304 3847030 0.0351003F 637 961 0.84 0.076

NOTE—NSC properties: 7y, is the theoretical linear extent of a bound cluster to an ejected SMBH; 7 is the effective radius
of the inner Sérsic fit and M, is the bound mass of the SMBH; M and Ny are the mass and particle number within 7,
respectively; o is the mean stellar velocity dispersion within 0.595 kpc at ¢tgy; fir is the fraction of Ny that are of the
two highest resolutions; € is the ellipticity of the stars within rx.
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Figure 9. NSC mass (My) as a proportion of SMBH mass (M,)
for the five most prominent NSCs. The galaxies are listed in order
of increasing SMBH mass from left to right. Those forming after
kicks with vg /vesc of 0.3 and 0.5 are shown in blue and orange,
respectively. My appears to scale faster than M, and My /M.
may be smaller for kicks with vy /vesc of 0.5 than 0.3.
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Figure 10. NSC radius (rn) for the five most prominent NSCs.
Those forming after kicks with vy, /vesc of 0.3 and 0.5 are shown in
purple and olive, respectively. The galaxies have increasing SMBH
mass (M,) from left to right, and there appears to be a trend for
increasing r with M,.

3.3. Relaxation Time

To ensure the above results are not affected by relaxation,
we estimate the relaxation time using

3
oN

fretn = 0.34—IN___
ol G?mplnA

®)

(Binney & Tremaine 2011), where oy is the mean stellar
velocity dispersion in the nuclear cluster, p is its density and

In A is the Coulomb logarithm, where

2
bmax Utyp

A= 2G'm

€)
Here, bmax is the maximum impact parameter and vy, is the
typical velocity of the cluster stars. This gives tyeax ~ 15
Gyr at a radius of 1kpc, far greater than the maximum time
for the SMBH to settle into Brownian motion of 0.6 Gyr.

4. DISCUSSION AND CONCLUSIONS

We have studied the effect of relatively small GW recoil
kicks following equal mass mergers and binary scouring to
form some of the largest elliptical galaxies. We unexpectedly
find that, unlike the flat cores which are a signature of GW
recoil heating by larger kicks in Paper 1, the higher bound
mass to the SMBH typical of smaller kicks results in stars
being pulled along with the SMBH remnant, a process we
call “BH dragging.”

The total mass of stars with negative total energy, that
are also located within the influence radius of the SMBH, is
taken as the bound mass (M}). This increases with decreas-
ing kick speed (vy) at the time of the kick (), at the first
apocenter and pericenter, and at the time the SMBH reaches
Brownian motion (¢g,, Figure 6). Furthermore, for each kick,
My increases between t; and first apocenter, and remains
higher than at ¢;, showing how the NSC builds mass.

The final result depends on both the kick velocity and the
galactic environment. Although the SMBH remnants have
the highest bound mass for the smallest kicks studied, with
Vg /Vesc = 0.1, there may be little change in the profile, as
the SMBH moves only a small distance (< 1kpc) and is
quickly damped, so heating is minimal. For the kicks with a
vy, of 0.3 or 0.5 of veg, there is usually a reduction in over-
all density further out due to the greater distance traveled by
the SMBH. The combination of the stars being dragged back
to the dynamical center and heating by dynamical friction re-
sults in the nuclear density being visible and distinct from the
remainder of the stellar bulge. However, there is a possible
intermediate scenario, where the heating is not as effective,
but the BH dragging still occurs, which can result in a cuspy
profile, with a higher ~ than before the kick.

‘We have shown that the simulation profiles can be decom-
posed into the stars that were bound to the SMBH remnant
at first apocenter and the remainder, and that it is the for-
mer which can cause the prominent central nuclear density.
This is clear evidence that the BH dragging mechanism is the
cause for the formation of NSCs in the simulations, where
the decomposition is straightforward to implement. How-
ever, this is obviously not possible in the case of observed
surface brightness profiles.

‘Where the nucleus is distinct, we understand that observers
would fit this separately, often using a Sérsic profile. For the
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Figure 11. NSC relations: NSC mass—radius relation (top left); SMBH mass relation with NSC radius (top right), NSC mass (bottom left), and
velocity dispersion (bottom right). Blue points are observations from Dullo (2019); Schodel et al. (2014); Feldmeier et al. (2014); Graham &
Spitler (2009); Seth et al. (2010); Den Brok et al. (2015), red points are simulations from this study, and green points are refitted observations

from Dullo (2019).

initial core-Sérsic fits (Table 3), where it was sensible and
practicable, we simply excluded the central density when fit-
ting the Core-Sérsic profile, but for the five runs with the
most prominent NSCs, we have followed the practice of ob-
servers, by fitting a combined profile using inner Sérsic and
outer core-Sérsic components. This allowed us to obtain
NSC masses and radii for comparison with observed NSCs.
However, neither method is possible in the case of the cuspy
profiles and so it is likely these galaxies would be classed as
cusp rather than core galaxies. The increased cuspiness also
leads to the possibility that galaxies after a small GW recoil
would be classified as cusp rather than core galaxies.

To compare the properties of our NSCs with those ob-
served, their radii, masses and velocity dispersions are plot-
ted with examples from the literature (Figure 11). In addi-
tion, we refitted the surface brightness data for NGC 6166
and NGC 4486 from (Dullo 2019), using the same procedure
as for our simulations, to give an even better comparison.
These will be discussed in detail in forthcoming work (N.
Khonji et al., 2025, in preparation).

The NSC mass-radius relation shows that the simulations
produce NSCs which are of an appropriate mass for their
size, in comparison to observed NSCs. Although they are
larger and more massive than most of the latter, there is
some overlap, especially when the refitted galaxies are in-
cluded. This is also the case for the relations between SMBH
mass and NSC mass or radius, although the relation appears
steeper for the simulations in the latter in comparison to the
observed NSCs. The velocity dispersions of the simulated
NSCs are higher than those observed, but within a factor of
~ 2. Overall, we believe the slightly larger properties are rea-
sonable, given the extremely high SMBH masses and stellar
masses used in the simulations. We also find that BH drag-
ging results in mostly spherical NSCs.

A broader question is whether NSCs even exist in larger
elliptical galaxies. Coté et al. (2006) found no nucleation
in galaxies brighter than ~ Mp -20.5, and suggest that any
nuclei are erased by subsequent mergers or core formation.
However, Lauer et al. (2005) find increased central densities
in 29% of elliptical galaxies and Dullo et al. (2024) find nu-
clei in 10-20 % of core galaxies but 76 % of cusp galaxies. It
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is interesting to note that BH dragging occurs after the merger
and core formation so these processes would not erase the nu-
cleus unless a subsequent merger occurs, and that it results in
a more cuspy profile. Furthermore, we calculate the relax-
ation time for these large galaxies to all be > 10 Gyr, so that
they will persist, although the massive SMBHs are likely to
be fed by tidal disruption events. Detection of such clusters
in giant elliptical galaxies could be used as a probe of low
velocity recoil kicks. We will examine this in future work.

Metallicity acts as an important differentiator between
NSC formation mechanisms. Nuclei formed by infall of GCs
should have lower metallicities than the remainder of the
galaxy, whereas they should be higher in those from in situ
star formation. BH dragging in gas-poor ellipticals would
be expected to have the same metallicity as the central stars.
Neumayer et al. (2020) find that nuclei in elliptical galaxies
above 10° M, generally have higher metallicities than their
hosts, especially in spectroscopic observations, such that they
favor in-situ star formation over GC infall in such massive
ellipticals. Although we agree the data suggests formation
by GC infall is less likely, the metallicity of galaxies has a
general tendency to rise towards their centers (Fahrion et al.
2021), so that NSCs formed by BH dragging would be ex-
pected to have higher metallicities than the remainder of the
galaxy. Low ellipticity is another potentially testable predic-
tion of the mechanism.

It is also possible that improved multiwavelength obser-
vations may allow detection of more massive nuclei in the
most massive galaxies. For example, Dullo et al. (2024) finds
hybrid nuclei with an NSC and AGN are three times more
frequent than previously observed (e.g. Seth et al. 2008) in
galaxies with stellar masses of 10!0-6-10!!-® M, and finds
NSC masses of up to 10%-%. Observational mass estimation is
also not straightforward and different methods may be used,
but they are predominantly photometric, by 1D or 2D decom-
position of the surface brightness profile, using multiple com-
ponents, and conversion of luminosities into mass using col-
ors and stellar population mass-to-light ratios (e.g. Georgiev
et al. 2016; Dullo et al. 2024).

Of course, our results must be viewed within the con-
text of the limitations of the simulations. As in all simula-
tions which approximate the stellar density distribution with
higher than stellar mass particles, collisional effects are nec-
essarily approximated and are not as accurately modeled as
in star-by-star simulations. Additionally, our stellar resolu-
tion is relatively low, as the simulations were not designed to
look for NSC formation, which was an unexpected finding.
Clearly, systems of this mass cannot currently be modeled on
a star-by-star basis, but further study with higher resolution
is planned to confirm the BH dragging process and examine
it in more detail. Resolution could be enhanced further by
using adaptive softening, allowing less conservative choices

of mass shells for the mass-refinement scheme. Furthermore,
our simulations assume that these galaxies contain so little
gas that hydrodynamic simulations are unnecessary, but it
may be interesting to examine the effect of adding a small
density of gas in further work.

However, if BH dragging is confirmed, there are two main
implications. First, there is no reason that this process would
not scale to smaller elliptical galaxies and SMBHs. BH-
dragging may have occurred in such galaxies after major
mergers, and be responsible for some of the NSCs already
observed. Second, we predict that BH-dragging can occur
in more massive elliptical galaxies, and may be detected in
future by improvements in observational techniques.
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APPENDIX

A. TRAJECTORIES OF THE SMBH REMNANT

Figure 12 shows the trajectory of the SMBH remnant after the GW recoil kicks. It generally makes only 1-2 passages before
being quickly damped to Brownian motion.
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[b]
Figure 12. Trajectory of the SMBH remnant (recentered on the COM) from the time the GW kick recoil is applied. Rows (from top to bottom)
correspond to galaxies NGC 1600, A2147 BCG, NGC 6166, 4C +74.13, A2261-BCG, IC 1101, respectively. Columns (from left to right) show
results for vy /vesc 0f 0.1, 0.3 and 0.5, respectively. In contrast to the higher speed kicks in Paper 1, the SMBH in general makes just one or two
passages through the nucleus before being damped to Brownian motion.
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B. DENSITY PROFILES

Figures 13 and 14 show the volume density profiles for all six galaxies, using a SPH-style kernel estimator (Pontzen et al.
2013). Figure 15 is as figure 5 but for galaxies A2147-BCG, 4C +74.13, and A2261-BCG.
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Figure 13. Volume density profiles, centered on the stellar COM, for the N-body merger remnant models of NGC 1600, NGC 6166 and IC
1101, using binned SPH profiles. The inset plots use spherical shells centered on the SMBH to show formation of the nucleus. Columns from
left to right are for GW recoil kicks of vg /vese = 0.1, 0.3 and 0.5 respectively. ¢ is the time when the N-body simulation is paused for the
SMBH merger and the GW recoil kick is given; “An” and “Pn” indicate nth apocenter and pericenter passages of the kicked SMBH; “Br”
indicates that the SMBH has settled into Brownian motion. Increases in central density are seen at Br in almost all cases, with varying degrees
of core formation outside them.
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Figure 14. As for Figure 13, but for A2147-BCG, 4C +74.13 and A2261-BCG
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Figure 15. Volume (top three rows) and surface density (bottom three rows) profiles when the SMBH remnant has settled to Brownian motion
for A2147-BCG, 4C +74.13, and A2261-BCG. Columns from left to right are for kicks with vg /vesc 0f 0.1, 0.3 and 0.5 respectively. Profiles
labeled “nucleus” indicate those for particles that were within the influence radius of the SMBH at 1st apocenter (blue), and all other particles
as “remainder” (orange). The combined profiles are labeled “total” (green dotted).
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