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Abstract

The Galactic center hosts a rotating disk of young stars between 0.05 and 0.5 pc of Sgr A*. The “S stars” at a
distance <0.04 pc, however, are on eccentric orbits with nearly isotropically distributed inclinations. The
dynamical origin of the S-star cluster has remained a theoretical challenge. Using a series of N-body simulations,
we show that a recent massive black hole merger with Sgr A* can self-consistently produce many of the orbital
properties of the Galactic nuclear star cluster within 0.5 pc. A black hole merger results in a gravitational-wave
recoil kick, which causes the surrounding cluster to form an apse-aligned eccentric disk. We show that stars near
the inner edge of an eccentric disk migrate inward and are driven to high eccentricities and inclinations due to
secular torques similar to the eccentric Kozai–Lidov mechanism. In our :ducial model, starting with a thin
eccentric disk with e = 0.3, the initially unoccupied region within 0.04 pc is populated with high-eccentricity,
high-inclination S stars within a few Myr. This formation channel requires a black hole of mass ×

+
M2 101.2

3 5 to
have merged with Sgr A* within the last 10 Myr.

Uni!ed Astronomy Thesaurus concepts: Galactic center (565); Stellar dynamics (1596); Supermassive black
holes (1663)

1. Introduction

Most massive galaxies, including our own Milky Way,
harbor supermassive black holes (SMBHs) in their centers.
SMBHs are intimately linked to their host galaxies and are
fundamental to our understanding of galaxy evolution (e.g.,
L. Ferrarese & D. Merritt 2000; T. Di Matteo et al. 2005;
V. Springel et al. 2005). The SMBH in our Galaxy, Sgr A*,
and the morphology of its surrounding environment are
inAuenced by the region’s history. Speci:cally, in the inner-
most regions of the nuclear star cluster surrounding Sgr A* is a
population of young stars. Between 0.05 and 0.5 pc from the
center is a well-de:ned, clockwise disk of O, B, and Wolf–
Rayet stars (e.g., R. Genzel et al. 1997, 2000; A. M. Ghez
et al. 1998; A. M. Ghez et al. 2000; T. Paumard et al. 2006;
S. Yelda et al. 2014; S. D. von Fellenberg et al. 2022). The
disk appears to be relatively thin with a thickness of around
10� (H. Bartko et al. 2009; J. R. Lu et al. 2009) and exhibits a
unimodal eccentricity distribution that peaks at e ≈ 0.3 (e.g.,
S. Yelda et al. 2014); however, see S. Naoz et al. (2018) for an
alternative explanation. Even closer in, within 0.04 pc, is a
nearly isotropic cluster of B stars known as the “S stars,”
which are much more eccentric, consistent with a thermal
distribution in the range 0.3� e� 0.95 (S. Gillessen et al.
2017; B. Ali et al. 2020).

The disk stars could have reasonably come from a single
star formation episode, for instance, from the fragmentation of
an accretion disk (e.g., Y. Levin & A. M. Beloborodov 2003;
S. Nayakshin & J. Cuadra 2005; S. Nayakshin & R. Suny-
aev 2005; J. R. Lu et al. 2013). However, the origin of the S

stars has been a theoretical challenge. The gravitational
inAuence of Sgr A* prevents stars from forming in place at
distances less than 0.04 pc (Y. Levin 2007). At the same time,
dynamical mechanisms for migration must work ef:ciently
based on the young age of S stars estimated to �15 Myr
(M. Habibi et al. 2017). A couple of possibilities that have
been explored are the tidal disruption of :eld binaries via the
Hills mechanism (e.g., J. G. Hills 1988; I. Ginsburg &
A. Loeb 2006) and the direct migration of disk stars (e.g.,
Y. Levin 2007; E. Griv 2010; X. Chen & P. Amaro-Seo-
ane 2014), but both mechanisms struggle to reproduce the
eccentricity and inclination distributions of the observed S
stars. An additional relaxation process must be invoked in
either case to thermalize and randomize the eccentricity and
inclination distributions, which is expected to take longer than
the estimated age of the cluster (e.g., H. B. Perets et al. 2009;
F. Antonini & D. Merritt 2013; F. Zhang et al. 2013).

Here, we propose that a relatively recent merger between
two massive black holes (MBHs) at the center of our Galaxy
can naturally explain the aforementioned morphology. The
formation and evolution of galaxies likely involve the
accretion of surrounding globular clusters or dwarf galaxies
(M. Volonteri et al. 2003a; V. Rodriguez-Gomez et al. 2015;
S. Paudel et al. 2018; A. Pillepich et al. 2018; E. Hochart &
S. Portegies Zwart 2024), which can provide an avenue for an
intermediate-mass black hole (IMBH) or a low-mass SMBH to
sink toward the Galactic center (P. Madau & M. J. Rees 2001;
M. Volonteri et al. 2003b; V. Rashkov & P. Madau 2014). The
presence of an intermediate-mass companion has been invoked
to explain the peculiar orbital distributions of the S-star cluster
and the surrounding disk (e.g., D. Merritt et al. 2009;
GRAVITY Collaboration et al. 2020; S. Naoz et al. 2020;
X. Zheng et al. 2020; J.-B. Fouvry et al. 2023; Y. B. Ginat
et al. 2023; C. M. Will et al. 2023; E. Zhang et al. 2023), and
there are several candidate IMBHs in the vicinity of Sgr A*
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proposed mechanism, one can better constrain the premerger
black hole properties by combining constraints on the recoil
kick magnitude with those on the current spin of Sgr A* (The
Event Horizon Telescope Collaboration 2022; R. A. Daly
et al. 2024).

Our :ducial model of an e = 0.3 eccentric disk corresponds to
a recoil kick of vkick ≈ 60 km s−1. Given this relatively low kick
magnitude, the MBH motion is ef:ciently damped via dynamical
friction on orbital timescales ≪ Myr (see Appendix C and
D. Merritt et al. 2004; L. Blecha & A. Loeb 2008). Hence,
measurements of the current proper motion of Sgr A* (e.g.,
M. J. Reid & A. Brunthaler 2004, 2020; R. Genzel et al. 2010;
D. Gordon et al. 2023; T. Oyama et al. 2024) cannot be used to
constrain this formation channel. The low kick magnitude also
suggests that the entirety of the star cluster within Sgr A*’s sphere
of inAuence would have remained bound, so the recoil would not
produce hypervelocity stars on its own; one would need to invoke
another process such as the Hills mechanism disruption of
binaries (J. G. Hills 1988) to produce hypervelocity stars.
However, it is important to note that the mass loss due to the
gravitational radiation is not taken into account in this work.
Mass loss likely contributes to both eccentricity excitation and
unbinding stars. We shall explore this further in future work. The
anisotropy of the recoiling star cluster may give rise to observable
signatures in the density or line-of-sight velocity pro:les of the
cluster (see T. Akiba & A.-M. Madigan 2023).

The e = 0.8 eccentric disk scenario produces a much more
extended, ∼pc central region made up of stars on high
inclinations, extreme eccentricities, and strong apsidal align-
ment (see Appendix E). While it does not produce a Galactic
center–like structure, these results are applicable to nearby
galaxies that host an asymmetric nucleus like the Andromeda
galaxy (S. Tremaine 1995). We emphasize that every MBH
merger has an associated recoil kick—many of the puzzling
nuclear features in nearby galaxies and the Milky Way may be
explained by the dynamical evolution of recoil kick–induced
eccentric disks starting with varying degrees of alignment and
lopsidedness. Since the postkick eccentric disk depends on the
kick magnitude, which in turn is dictated by the mass ratio and
spins of the premerger black holes, the proposed mechanism
offers a unique avenue to explore the merger history of the
Milky Way Galactic center and other nearby galactic nuclei.
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Appendix A
Analytical Estimate of the Premerger MBH Separation

during Star Formation

We estimate the maximum MBH premerger separation
during the star formation episode required to explain the young

age of the S stars and the disk stars. During the :nal phase of a
tightly bound MBH binary, gravitational radiation is the
dominant cause of orbital evolution, shrinking the binary
separation on a timescale

×t q M r3 10 yrGR
5 1

8
3
16
4

as suggested by M. C. Begelman et al. (1980), where q is the
mass ratio of the binary, M8 is the mass of the more massive
MBH (in units of 108 M⊙), and r16 is the binary separation (in
units of 1016 cm). We integrate over time and binary separation
to obtain the separation a certain time tpre before coalescence:

( )
/

×

r qM t
4

3 10
. A1pre,16 5 8

3
pre

1 4

Substituting q ≈ 0.06, M8 = 0.04, and tpre Myr for the
:ducial model, we obtain a premerger separation of

×r 8.5 10 cmpre
15 or 3 × 10−4 pc. This means that if the

star formation episode occurred premerger, stars must have
formed from a circumbinary gas disk. This is not constraining,
however, since rpre is much smaller than the inner edge of the
disk of 0.04 pc we use in our simulations. If the star formation
episode happened postmerger, stars must have formed in an
eccentric gas disk. If the MBH binary was driven to merger
through the ejection of stars, one might expect a Aatter,
scoured core density pro:le for the older stars in the Galactic
center. If the merger was instead driven by gas, one would
require a gas disk at least as massive as the secondary
Mgas ∼ 105 M⊙ to have been present during the inspiral.

Appendix B
Analytics for the Gravitational Recoil Kick

To obtain the recoil kick, we take the analytical model from
C. O. Lousto et al. (2010, 2012) as outlined in G. Fragione &
F. A. Rasio (2023). Their prescription suggests the kick vector

( ) ( )= + + +^ ^ ^ ^v v x v x y v zcos sin , B1mkick

where

( ) ( )= +v A B1 4 1 , B2m
2

( ) ( )=
+

v
H

q
q

1
, B3

2

2, 1,

and

[ ˜ ˜ ˜ ]

( ) ( )

=
+

+ + +

×

v
q
V V S V S V S

q

16

1

cos , B4

A B C

2

1,1

2 3

2, 1, 1

given a mass ratio q = m1/M2, a corresponding asymmetric
mass ratio η = q/(1 + q)

2, and dimensionless spin vectors
1

and
2
. The subscripts 1 and 2 refer to the less massive and

more MBH, and the subscripts ⊥ and ∥ refer to components
perpendicular and parallel to the orbital angular momentum
axis, respectively. The vectors x̂ and ŷ are orthogonal unit
vectors in the orbital plane. The vector S̃ is de:ned as

˜
( )

( )=
+

+
S

q

q
2

1
, B52

2
1

2
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f1 is the phase angle of the binary, and fΔ is the angle
between the in-plane component of

( )=
+

M
q

q1
B62 2 1

and the infall direction at merger. For our work, we assume
that the angle (fΔ − f1) is uniformly distributed in [0, 2π).
The values for the constants we adopt are
A = 1.2 × 104 km s−1, H = 6.9 × 103 km s−1, B = −0.93,
ξ = 145�, V1,1 = 3678 km s−1, VA = 2481 km s−1,
VB = 1793 km s−1, and VC = 1507 km s−1

(J. A. González
et al. 2007b; C. O. Lousto & Y. Zlochower 2008; C. O. Lousto
et al. 2012). This model is in good agreement with full
numerical relativity results even in the intermediate-mass ratio
regime of q ∼ 0.1 (J. A. González et al. 2009).

Appendix C
Analytical Estimate of the MBH Damping Timescale from

Dynamical Friction

We estimate the time it takes for an MBH initially recoiling
with speed vkick to become damped to zero velocity. The
expression for the acceleration due to Chandrasekhar dynami-
cal friction is

( )
= ^

vd

dt

G M

v
v

4 ln
,

2

2

where ( )ln is the Coulomb logarithm, ρ is the density of the
surrounding environment, and M is the mass of the black hole
(S. Chandrasekhar 1943). To :nd the time it would take an
object with initial speed vkick to come to a stop, we integrate
over time and velocity to obtain a stopping time of

( )
( )=t

v

G M12 ln
. C1stop

kick
3

2

Substituting vkick ≈ 60 km s−1, ( )ln 1, ρ ∼ 10−17 g cm−3,
and M = 4 × 106 M⊙ for our :ducial model, the estimated
stopping time is approximately 500 yr. This is in agreement
with earlier studies such as D. Merritt et al. (2004) and
L. Blecha & A. Loeb (2008). Dynamical friction is extremely
ef:cient at damping the motion of the MBH, so the current-day
proper motion of Sgr A* (e.g., M. J. Reid & A. Bruntha-
ler 2004; R. Genzel et al. 2010; M. J. Reid & A. Bruntha-
ler 2020; D. Gordon et al. 2023; T. Oyama et al. 2024) cannot
be used to constrain our merger scenario.

Appendix D
Modeled Physical Processes and Timescales

The EKL quadrupole timescale is calculated as

( )
( )

/

/
t

a e M

a M G

1
, D1quad

out
3

out
2 3 2

3 2
out

where for a given star at a semimajor axis a, we compute aout,
eout, and Mout as the mean semimajor axis, mean eccentricity,
and total mass of neighboring stars outward of a, and M is the
mass of the SMBH (S. Naoz et al. 2013; J. M. O. Antogn-
ini 2015). In our analysis, we consider neighboring stars in the
range a to 2a, so that aout ∝ a. The general relativistic
precession timescale we use is the :rst-order post-Newtonian

timescale estimate of

( )
( )

/

/ /
t

a c e

G M

2 1

3
, D21PN

5 2 2 2

3 2 3 2

where a and e are the semimajor axis and eccentricity of the
star and M is the mass of the SMBH (S. Naoz et al. 2013). For
both Equations (D1) and (D2), we explicitly assume that
M ≫ Mdisk, the mass of the stellar disk. We also include the
relevant timescales for relaxation processes. The two-body
relaxation, scalar resonant relaxation, and vector resonant
relaxation timescales are computed as

( )=

*

t
M

m N N
t

ln
, D32body

2

2 orb

( )= *t
m N

M
t , D4scalar

out
2body

and

( )=

*

t
M

m N
t

2
, D5vector

out

orb

respectively, where M is the mass of the black hole, m* is the
mass of a star, torb is the orbital period, N is the number of
stars, and Nout is the number of stars outward of the semimajor
axis considered (K. P. Rauch & S. Tremaine 1996; C. Hopman
& T. Alexander 2006). In the top panel of Figure 3, we plot
these timescales directly. While resonant relaxation processes
are relevant within a simulation time, the precession is
predominantly governed by the EKL quadrupole timescale.
In the bottom panel, we plot the timescales as they pertain to
changes in angular momentum. The notable change is due to
the fact that /j j t for relaxation processes and the EKL
quadrupole timescale, but j/Δj ∝ t for the general relativistic
precession timescale. For relative angular momentum changes,
all relaxation processes play a signi:cant role within a
simulation time.

Appendix E
Apsidal Alignment and Comparisons between Numerical

Experiments

In Figure E1 in the top left panel, we show the evolution of
the eccentricity alignment over time for our :ducial model.
The blue line that plots | |e shows that the alignment is erased
within a few Myr, while the orange line plotting the mean
scalar eccentricity grows over time. The :ducial model of a
weakly aligned, thin eccentric disk is able to reproduce the
eccentricity and inclination distributions of the S-star cluster
and surrounding disk while losing apsidal alignment within a
few Myr.

We compare the :ducial model to the other numerical
experiments we performed. We note the following key
differences:

1. The semimajor axis range of the S stars is much smaller
and closer to the observed �0.04 pc range in the e = 0.3
scenario rather than the e = 0.8 case. While the e = 0.3
simulation only induces high inclinations in the central
region < 0.04 pc, the e = 0.8 case has an extended
population of high-inclination orbits out to ∼parsec
scales.
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