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ABSTRACT17

We investigate the presence of a central black hole (BH) in B023-G078, M31Õs most massive globular18

cluster. We present high-resolution, adaptive-optics assisted, integral-Þeld spectroscopic kinematics19

from Gemini/NIFS that shows a strong rotation ( ! 20 km/s) and a velocity dispersion rise towards the20

center (37 km/s). We combine the kinematic data with a mass model based on a two-component Þt to21

HST ACS/HRC data of the cluster to estimate the mass of a putative BH. Our dynamical modeling22

suggests a> 3! detection of a BH component of 9.1+2 .6
" 2.8" 104 M ! (1! uncertainties). The inferred23

stellar mass of the cluster is 6.22+0 .03
" 0.05" 106 M ! , consistent with previous estimates, thus the BH24

makes up 1.5% of its mass. We examine whether the observed kinematics are caused by a collection25

of stellar mass BHs by modeling an extended dark mass as a Plummer proÞle. The upper limit on26

the size scale of the extended mass is 0.56 pc (95% conÞdence), which does not rule out an extended27

mass. There is compelling evidence that B023-G078 is the tidally stripped nucleus of a galaxy with28

a stellar mass> 109 M ! , including its high mass, two-component luminosity proÞle, color, metallicity29

gradient, and spread in metallicity. Given the emerging evidence that the central BH occupation30

fraction of > 109 M ! galaxies is high, the most plausible interpretation of the kinematic data is that31

B023-G078 hosts a central BH. This makes it the strongest BH detection in a lower mass (< 107 M ! )32

stripped nucleus, and one of the few dynamically detected intermediate-mass BHs.33

Keywords: galaxies: individual, Andromeda galaxy, galaxies: star clusters, stars: kinematics and34

dynamics, globular clusters: general, intermediate-mass black holes, galaxies: nuclear star35

clusters36

1. INTRODUCTION37

Intermediate-mass black holes (IMBHs) are hypoth-38

esized to exist in the mass range between stellar-mass39

black holes (! 100 M! ) and super-massive black holes40

(SMBHs; " 105 M ! ). Some models of SMBH formation41

rely on stellar or IMBH mass seeds or direct collapse of42

gas clouds, and thus the detection or lack of IMBHs can43

help us understand the SMBH formation (e.g. Greene44

et al. 2020).45

Studying IMBHs and the lowest mass SMBHs in galaxy46

centers can also help in extending and understanding the47

correlations that exist between galaxies and their black48

holes ( e.g.Gebhardt et al. 2000; McConnell & Ma 2013;49

Saglia et al. 2016) to lower masses.50

Recently, BHs with masses 105-107 M ! have been de-51

tected in lower-mass galaxies with masses 109Ð1010 M !52

using both dynamical measurements (den Brok et al.53

2015; Nguyen et al. 2018, 2019; Davis et al. 2020), and54

measurements of AGN (e.g.Reines et al. 2013; Chilin-55

garian et al. 2018; Mezcua et al. 2018). SMBHs with56

masses> 106 M ! have also been found at the centers57

of ultracompact dwarfs (UCDs; e.g. Seth et al. 2014;58

Ahn et al. 2017); massive star clusters that appear to59

be the tidally stripped nuclear star clusters of galax-60

ies (e.g.Mieske et al. 2013; Pfe! er & Baumgardt 2013;61

Neumayer et al. 2020). While so far, these BHs have62

only been found in the highest mass UCDs (Voggel et al.63

2018), there are likely lower mass stripped nuclei and64

BHs hiding among galaxiesÕ globular cluster (GC) sys-65

tems (Voggel et al. 2019). These objects are among the66

most likely targets for detecting IMBHs.6768

Although GCs are potential reservoirs for IMBHs, de-69

tecting these IMBHs remains challenging for several rea-70

sons. First, the gravitational sphere of inßuence of the71

IMBHs is small, which limits dynamical IMBH searches72

(that must resolve this radius) to within the Local Group.73

Second, dynamical evolution in GCs causes stellar-mass74

black holes (and more slowly, neutron stars) to mass seg-75

regate at the center of a cluster. Collections of these76

stellar remnants can create a rise in the central velocity77

dispersion mimicking an IMBH (e.g., Zocchi et al. 2019;78

Baumgardt et al. 2019). While many stellar-mass BHs79

will be lost due to interactions or natal kicks, a signiÞ-80
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Table 1
Best-Þt parameters in F814W and F606W for B023-G78

Function Parameter Best-Fit value Best-Fit values
F814W F606W

King log I 0 4.91 L" /pc 2 4.65 L" /pc 2

rc 2.69 pc 2.68 pc
c = log(r t /r c ) 1.11 1.12

! 0.10 0.11
PA 80.0 76.4

magtot 13.02 14.22

S«ersic log Ie 1.79 L" /pc 2 1.24 L" /pc 2

re 18.74 pc 15.06 pc
n 2.56 2.52
! 0.24 0.26

PA 77.0 85.6
magtot 14.08 15.24

M31 21.57 22.59
background mag/arcsec 2 mag/arcsec2

Half-light r hl 4.23 pc
radius

Note : The cluster is Þtted by a King + S«ersic model. The param-
eters and their corresponding best-Þt values are shown here. These
parameters are from the free models. The magnitudes and luminosi-
ties are not extinction corrected.

Table 2
Best-Þt MGE parameters of F814W Þts for B023-G78

Intensity Gaussian width Axial ratio
(L " /pc 2 ) ( arcsec)

24526 0.19 0.90
2307 0.24 0.90
43610 0.40 0.90
11092 1.06 0.90
4396 0.07 0.76
3435 0.13 0.76
2278 0.23 0.76
694 0.29 0.76
1478 0.39 0.76
392 0.46 0.76
1169 0.62 0.76
805 0.90 0.76
252 1.14 0.76
190 1.34 0.76
454 1.67 0.76
288 2.80 0.76
1.40 3.13 0.76
84.4 5.77 0.76

Note : The MGE parameters for the Þts to the F814W data
in Table 1.

ably bluer than the observed and model colors, suggest-317

ing that our assumed reddening, E(B-V)=0.23 (Jablonka318

et al. 1992), may be underestimated. We discuss this fur-319

ther in ¤ 4.2.320

We use multi-Gaussian expansion (MGE) models to321

deproject the SB proÞles for use in dynamical models.322

This method is described in detail in Pechetti et al.323

(2020). In short, we used the best-Þt parameters from324

Table 2 and converted them to MGE models using the325

mgefit 1d code (Cappellari 2002), sampling the SB pro-326

Þle logarithmically. The Þnal model contains 18 Gaus-327

sian components as described in Table2. The ellipticities328

from the IMFIT models were converted to axial ratios to329

deproject these MGEs.330331

4. DYNAMICAL MODELING AND BH MASS332

ESTIMATES333

In this section, we present dynamical models of B023-334

G078 that focus on constraining the mass of a possi-335

ble central BH mass using JeansÕ anisotropic modeling336

(JAM; Cappellari 2008). We Þrst present results for our337

default model, then explore the impacts of the uncer-338

tain extinction correction and possible systematic errors339

on our best-Þt models. We present additional dynami-340

cal models exploring the possibility of a cluster of stellar341

mass black holes in¤ 5.2.342

4.1. Results from Jeans Anisotropic modeling343

For estimating the BH mass, we used the JAM method344

for our dynamical models. These models use the 3-D de-345

projected MGE densities that were derived from the HST346

data in the previous section to create a gravitational po-347

tential. To this potential, a BH assuming a Gaussian348

potential with a very small scale (! 0.01##) is added. Us-349

ing the potential and MGEs, the JeansÕ equations are350

solved to estimate an intrinsic value of the root mean351

square (RMS) velocity (VRMS =
!

(V # Vsys )2 + ! 2
0),352

where V is the rotation velocity, V sys is the systemic ve-353

locity, and ! 0 is the velocity dispersion. The estimated354

VRMS is then integrated along the line of sight to com-355

pare with the observed RMS velocities derived from the356

Gemini/NIFS data out to a radius of 1 ##. Our default357

model uses the kinematic PSF derived from Þtting the358

Gemini/NIFS data to the F814W image, the best-Þt two-359

component King+S«ersic model derived from the F814W360

image (Table 1) , and the kinematics data cube after star361

subtraction. We discuss additional models used to assess362

our systematic errors in ¤ 4.3.363

We explore our JAM model Þts by varying the follow-364

ing 4 free parameters: mass-to-light ratio (M/L), incli-365

nation angle (i ), anisotropy parameter &, and BH mass366

M BH , since they are degenerate. We estimate the best-367

Þt values by sampling the parameter space using Markov368

Chain Monte Carlo (MCMC) simulations with the emcee369

package (Foreman-Mackey et al. 2013). We ran our mod-370

els for 10000 iterations. The resulting posterior proba-371

bility distribution functions of our model parameters are372

shown in Figure 4.373

We obtain a best-Þt BH mass of 9.1+2 .6
" 2.8" 104 M ! . The374

$2 of the best-Þt model is 404. The best-Þt no-BH model375

has a " $2 of 30, excluding this model at > 3! signiÞ-376

cance relative to the model with a BH. We estimated377

the Bayesian information criterion (BIC) for the best-378

Þt IMBH model and the no-BH model. The " BIC was379

24, which provides strong evidence against the no-BH380

model. A " BIC > 10 supports strong evidence for381

one model over another ( Kass & Raftery 1995 ) .382

For the best-Þt BH mass and! e as the integrated ve-383

locity dispersion at ! 0.##5, the sphere of inßuence radius384

(SOI= GM BH / ! 2
e) is ! 0.33 pc or! 0.##09; for comparison,385

the PSF core sigma (FWHM/2.35) is 0.##055, thus the SOI386

is resolved by our kinematic data as expected given the387

> 3! signiÞcance of the BH mass detection. The best-Þt388

M/L F 814W is 1.87+0 .04
" 0.04, giving a total dynamical mass389
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bluer colors of our outer component inferred in our model593

Þts to the B023-G078. The observed metallicity gradient594

is similar to those seen in" Cen and M54 (e.g.Suntze! &595

Kraft 1996; Monaco et al. 2005) with the metal-rich pop-596

ulations being more concentrated than the metal-poor597

populations. Overall, we interpret the metallicity spread598

and gradient as evidence of the multiple generations of599

stars we expect to see in NSCs.600

We note two additional pieces of evidence that favor601

B023-G078 being a stripped NSC. First, the strong ro-602

tation (V/ ! $ 0.8) seen is typical of NSCs (Neumayer603

et al. 2020), but is higher than those seen in Milky Way604

GCs (Kamann 2018); note that this value is a lower limit605

due to the unknown inclination of the system. Second,606

the two-component structure of the cluster is as expected607

from a stripped NSC (Pfe! er & Baumgardt 2013), and608

is similar to the more massive UCDs with known BHs609

(Seth et al. 2014; Ahn et al. 2017, 2018). The appar-610

ent (weak) color variation between the two components611

is also consistent with NSCs, where stellar population612

variations and gradients are expected (Neumayer et al.613

2020). Overall, there is strong evidence that B023-G078614

is in fact a stripped nucleus from a galaxy in a mass range615

where central BHs are commonly found.616

5.2. Possible alternatives to a central IMBH617

Dynamical evolution is expected to increase the M/L of618

clusters both at the center, due to the mass segregation619

of BHs and neutron stars, and in the outer parts, due620

to kicks received by low-mass dwarf stars (e.g.den Brok621

et al. 2014; Baumgardt 2017). The mass segregation of622

the remnants happens on a timescale less than the half-623

mass relaxation time, which in B023-G78 is! 14 Gyr,624

and thus it is expected that the BH subsystem will be625

mass segregated. The expected mass fraction of626

stellar-mass BHs retained over time remains ex-627

tremely uncertain due to poorly understood BH628

natal kicks from supernovae. Observationally,629

constraints on the BH kicks derived from the630

3-D velocities of X-ray binaries suggest typical631

kicks > 100 km/s ( Atri et al. 2019 ), with a small632

fraction having much lower kick velocities; these633

are perhaps BHs formed from direct collapse.634

The observed kicks are higher than expected from635

theoretical prescriptions that base the natal kicks636

on the better constrained neutron star kick distri-637

bution with a linear decrease in mass due to mass638

fall back and momentum conservation (e.g. Bel-639

czynski et al. 2002 ; Morscher et al. 2015 ; Baner-640

jee et al. 2020 ; Mapelli 2021 ). The observed kick641

velocities are also above the escape velocities of642

even the most massive Milky Way clusters includ-643

ing " Cen ( Gnedin et al. 2002 ). In addition to un-644

certainties due to kicks, additional uncertainty on645

the retention fraction of stellar mass-BHs comes646

from the unknown initial conditions for clusters647

including the high-mass stellar initial mass func-648

tion (e.g. Baumgardt & Hilker 2018 ), and the un-649

certainty in the initial-Þnal mass relation of BHs650

(e.g. Spera et al. 2015 ; Mapelli 2021 ).651

Models with ! 5% of the cluster mass in segregated652

stellar mass BHsare able to explain the rise in the cen-653

by Ashok et al. (2021).

tral dispersion in " Cen (Zocchi et al. 2019) and may654

be preferred to an IMBH model due to the lack of a655

high-velocity tail in the individual stellar velocities near656

the center (Baumgardt et al. 2019). An alternative con-657

straint on BH mass fractions in Milky Way clusters was658

made byWeatherford et al. (2020) through modeling the659

observed mass segregation of stars. They constrained the660

BH mass fraction in Milky Way GCs, and found them to661

be < 1% in 48/50 clusters (including the massive clusters662

47 Tuc and M54). They report a correlation between the663

BH mass fraction and the ratio of the core radius to the664

half-light radius, and Þnd two clusters with r c/r hl > 0.75665

to have BH mass fractions of up to 2%. B023-G078Õs666

large r c/r hl thus suggests a high mass fraction of667

BHs may be present. We note that the tidal strip-668

ping of star clusters can also lead to very high BH669

mass fractions as stars are lost from the cluster670

faster than the mass-segregated BHs ( Gieles et al.671

2021).672

Relative to " Cen, the higher metallicity of B023-G078673

should lead to higher BH natal kicks (potentially low-674

ering retention fractions) and lower typical BH masses675

and total BH mass fractions. To get a sense of the po-676

tential maximum mass fraction in BHs, we assumed a677

Kroupa (2001) IMF, the stellar evolution codes SSE &678

BSE using an [Fe/H]= # 0.7 (Hurley et al. 2000, 2002)679

and the initial-Þnal mass relations and BH kick prescrip-680

tions from (Banerjee et al. 2020). This combination681

yields a total initial mass in BHs of 4.3%, making up682

7.8% of the Þnal mass.Removing BHs that receive683

kicks (and keeping only those that directly col-684

lapse), the present-day total mass fraction in BHs685

is 5.5%. As noted above, the retention of BHs is686

highly uncertain, and the kick prescription used687

here doesnÕt match that of observed X-ray bina-688

ries ( Atri et al. 2019 ). On the other hand, the689

high mass of B023-G78 makes it plausible that690

a signiÞcant fraction of stellar-mass BHs are re-691

tained (e.g. Kremer et al. 2020 ). Thus it appears692

possible that the inferred central IMBH in B023-G78 may693

instead be a collection of stellar mass BHs.We exam-694

ine this possibility further below.695

5.2.1. Testing the Stellar Mass BH Scenario with JAM696

Models697

A collection of stellar-mass BHs di! ers from an IMBH698

because its mass distribution is extended, and this ex-699

tent may be resolvable by our observations. In" Cen,700

the best-Þt distribution of stellar-mass BHs from Zoc-701

chi et al. (2019) can be described as a Plummer density702

proÞle (' = 3M (1 + r 2/r 2
0)" 5/ 2/ 4( r 3

0) with the ratio of703

the BH subsystem Plummer radius (r 0) to the cluster704

half-light radius ( r hl ), (r 0/r hl ) ! 0.3. This ratio would705

correspond to ar 0 of ! 1.3 pc (0.##3) in B023-G078; this is706

signiÞcantly broader than the core of our PSF and thus707

may result in measurable changes in our data relative to708

the point mass assumed in our IMBH models. However,709

we note that in the distribution function-based models710

of Zocchi et al. (2019), the amount of mass segregation711

between BHs and stars is Þxed by a single parameter712

that is not well constrained, thus the ratio of ( r 0/r hl ) is713

uncertain. A previous paper by Breen & Heggie(2013)714

use theory, gas models, andN -body models on idealized715

clusters to understand the expected distribution of their716
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Table 4
B023-G078 cluster properties

Central V RMS 37.2± 0.6 km/s
V/ # 0.8
Cluster mass 6.22+0 .03

# 0.02 " 106M "

BH Mass 9.1+2 .6
# 2.8" 104 M "

BH mass fraction 1.5%
Half-mass relaxation time 14 Gyr
[F e/H ] -0.65 (center) t o -0.80 (at 1Ó)
Age 10.5± 0.5 Gyr
Assumed E(B-V) 0.23

Note : B023-G078 properties that we derived from our analyses.
The E(B-V) value is from Jablonka et al. (1992) and used as a de-
fault value in this paper.

5.3. B023-G78 in Context769

Assuming our observed dynamical signature is an770

IMBH, we consider how it compares to other IMBH can-771

didates and UCD/BH systems in Fig. 8. At the lower772

mass end, a comparison sample of claimed dynamical773

detections of massive BHs in GCs, as well as published774

upper limits for the same clusters are shown from the re-775

cent compilation of Greene et al.(2020). We note many776

of the dynamical detections plotted here are disputed and777

refer readers toGreene et al.(2020) for details. In addi-778

tion we add higher mass UCDs from recent discoveries,779

as well as present-day galaxies with both NSCs and BHs780

to provide context.781

Relative to any other Local Group star cluster, the782

! 9" 104 M ! BH in B023-G78 is the highest mass detec-783

tion claimed, double the suggested mass of the BH in784

" Cen (e.g.Noyola et al. 2010); as noted previously this785

IMBH detection has been contested (e.g.Zocchi et al.786

2017, 2019; Baumgardt et al. 2019). It is also more sig-787

niÞcant than the < 3! detection of a 2" 104 M ! BH in788

G1 (Gebhardt et al. 2005) derived from data with similar789

physical resolution.790

In comparison with the BHs previously found in other791

higher-mass UCDs, B023-G78 represents the Þrst case792

in the IMBH regime, with all other BHs having both793

higher masses and mass fractions. Relative to central794

BHs in present-day galaxies, the mass is the lowest dy-795

namical estimate apart from the ! 104 M ! BH suggested796

in NGC 205 (Nguyen et al. 2019). The most comparable797

present-day NSC+BH system is NGC 4395, which hosts798

a ! 4" 105 M ! BH, inferred both dynamically ( den Brok799

et al. 2015) and from reverberation mapping (e.g.Peter-800

son et al. 2005), that lies in a ! 2" 106 M ! NSC (den801

Brok et al. 2015). The inferred IMBH in B023-G78 is802

also comparable to the lowest mass BHs inferred from803

accretion (e.g.Baldassare et al. 2015; Chilingarian et al.804

2018).805

We also checked for possible BH accretion sig-806

natures in B023-G078. There is no cataloged X-807

ray source matching the location of B023-G078 in808

the deep XMM mosaic of Stiele et al. (2011). The809

faintest cataloged sources close to the location of810

B023-G078 have 0.5Ð4.5 keV XMM/EPIC unab-811

sorbed ßuxes of 2.1 " 10" 14 erg s " 1 cm " 2, which812

corresponds to a 0.5Ð10 keV X-ray luminosity813

of 1.9 " 1035 erg " 1 assuming a photon index of814

# = 1 .7. Hence the non-detection of B023-G078815

in these data suggests a 0.5Ð10 keV upper limit of816

L X ! 2" 1035 erg " 1. Using this upper limit to the817

X-ray luminosity in B023-G078 combined with818

our derived dynamical BH mass, the predicted819

5 GHz luminosity is < 8.5 µJy ( Plotkin et al.820

2012). B023-G078 is not detected in VLASS,821

and with an RMS noise in the VLASS image of822

127 µJy/bm, we can estimate a 3- ! upper limit823

of < 381 µJy. Therefore, in this case the X-824

ray limit (if accurate) is much more constraining825

than the radio data, although it would be possi-826

ble to get signiÞcantly deeper radio data. We also827

note that the presence of stellar mass black holes828

could also lead to detectable X-ray binaries, as829

B023-G078 does have a very high collision rate.830

However, among the highest collision rate GCs831

in M31 only a fraction ( < half ) appear to have832

bright X-ray sources (e.g., Peacock et al. 2010 ).833

We note in this context that in " Cen, which834

as discussed above, may host a large cluster of835

stellar mass BHs ( Zocchi et al. 2019 ; Baumgardt836

et al. 2019 ). However, no bright X-ray binaries837

are found, with the brightest X-ray sources being838

< 1033 ergs/s ( Henleywillis et al. 2018 ).839

One potentially comparable systems detected via ac-840

cretion is HLX-1, a bright o ! -nuclear X-ray source with841

an inferred BH mass of 104" 5 M ! (e.g. Webb et al.842

2012). Due to the light from HLX-1 itself, constrain-843

ing the age and mass of the surrounding stellar cluster844

is challenging (e.g.Soria et al. 2010; Farrell et al. 2014;845

Soria et al. 2017), but if it is old, its mass is estimated846

to be ! 3" 106 M ! (Soria et al. 2017).847

6. CONCLUSIONS848

We have presented adaptive-optics GEMINI/NIFS849

IFU kinematic data of M31Õs most massive star cluster,850

B023-G78. We combined these data with mass mod-851

els derived from HST ACS/HRC to constrain the mass852

content, including a possible central black hole in this853

massive star cluster. We Þnd the following:854

1. The kinematics of B023-G78 show a rise in the inte-855

grated velocity dispersion to! 37 km/s, and a peak856

rotation of ! 20 km/s.857

2. The surface brightness proÞle requires at least two858

components to Þt, and shows a small color gradient,859

with the outer component being ! 0.05 mags bluer860

than the inner component. A signiÞcant metallicity861

gradient of ! 0.15 dex is also seen within the central862

arcsecond.863

3. Our best-Þt JAM dynamical models give a BH864

mass of 9.1+2 .6
" 2.8" 104 M ! , M/L F 814W of 1.87+0 .04

" 0.04865

and anisotropy 0.15+0 .06
" 0.04. The BH detection is866

highly signiÞcant > 3! , and systematic errors are867

< 10% on the best-Þt BH mass.868

We discuss the possibility that this BH can be869

explained due to a collection of dark stellar remnants,870

and constrain the extent of these remnants and Þnd the871

derived extent of the dark remnants are mostly unre-872

solved by our observations, with an upper limit on the873

Plummer r 0 of 0.56 pc. We favor the presence of a single874
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IMBH given the other indications that B023-G78 is a875

stripped nucleus, as well as the apparent compactness876

of the dark component. Higher spatial-resolution data877

would give improved constraints on the nature of the878

central dark mass and should be a high priority in the879

forthcoming era of extremely large telescopes.880
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