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ABSTRACT

The study of how stars distribute themselves around a nebfack hole (MBH) in the center of a galaxy is
an important prerequisite for the understanding of mangi@gl-center processes. These include the observed
overabundance of point X-ray sources at the Galactic cetiterprediction of rates and characteristics of
tidal disruptions of extended stars by the MBH and of indpicé compact stars into the MBH, the latter being
events of high importance for the future space borne griémital wave interferometer LISA. In relatively small
galactic nuclei, hosting MBHs with masses in the rangg-110’ M, the single most important dynamical
process is 2-body relaxation. It induces the formation ofeg density cusp around the MBH and strong
mass segregation, as more massive stars lose energy ter lgies and drift to the central regions. Using
a spherical stellar dynamical Monte-Carlo code, we sineutlé long-term relaxational evolution of galactic
nucleus models with a spectrum of stellar masses. Our factieiconcentration of stellar black holes to the
immediate vicinity of the MBH. We quantify this mass segsgafor a variety of galactic nucleus models and
discuss its astrophysical implications. Special attenigogiven to models developed to match the conditions
in the Milky Way nucleus; we examine the presence of complajetads in connection to recent high-resolution
X-ray observations.

Subject headings: Galaxies: Nuclei, Black Holes, Star Clusters — Methobls:Body Simulations, Stellar
Dynamics — Gravitational Waves

1. INTRODUCTION _stable cluster of any known less massive astronomical ob-
Massive black holes (MBHSs), with masses ranging from a JECtS (Genzel et a 8. Schodel eflal. 2003; Ghez let al.

few 10*M., to a few 10M., are probably present in the cen- ), and thergfore the presence of a central blac_k hoIe. of
ters of most galaxies. The most compelling line of evideace i the above mass is well accepted. For a comprehensive review

based on measurements of the kinematics of gas and stars ifif tNe Possible interactions between the SgiMBH and the

the central reaions of nearb ; | BArth 2004: Ko surrounding stars and their observational consequenees, s
mendy_200 Zord P00S, for re-Alexander 5). .

cent reviews). The inferred masses of the central dark ebjec Mass _segrr1egat|0n is thought to grlng thousan%.stel-
correlate with different properties of the host galaxy,h@o &~ BHS_'” the innermost pc around Sgr AMorris :

bly most tightly and most fundamentally with the overall ve- . 0). This central overpopulation
may have a variety of consequences. We note that the com-

locity dispersion of the spheroidal stellar component & th _ i it

galaxy M - relation, se 00; Ferrarese & Pact obggt% gfob@b'y ﬁpw";]atfstpe stellar mas?_ dedn(s(lsty Ina

Merritt 20001 Tremaine et AL 200 06). The egion R 0.1pc) in which the “S” stars are confine en-
2000 2; Novak etlal."2006) AL 5003, Ghez ¢

observational statistics are dominated by systems in whichZ€! et alL2003;.Schodel et Lal. 2005). From

M. > 10’M, because kinematic detection of such massive INfrared photometry and spectroscopy, these stars appbar t

objects is easier to achieve. However, if Me- o relation ex- ma::linhseqlfjence (MS) O?]JeCtSOVg'th masses of Ordelgb'\gQGh

tends to lower masses, a possibility supported by obsenati and therefore younger than 100 M : , SNz

of low-luminosity active galactic nuclel (Greane &1 . etal 203! Fisenhauer ef AL 2005). This apparent youth in a
[2005), and most correspondingly small spheroid envwonmentwher_e normal st_ellar formation is r_nade impossi

harbor MBHSs, the nuclear MBHs in the 18107 M, range, ble by the strong tidal forces is an unsolved enigma.

of special interest for the present work, may reach a denSityanthiz:r?tr:pﬁgtngfaafremaﬁr{gcﬁwgguz]((j)br}]eecrt%e cmt:he '\gl?gztglsrtsed
2 -3 ; d (Aller & Richsfoh , ,

d%%%g J§>cal UNIVers € to be the S-stars themselvés_(Mairis 1993), or increase the

‘ . . . rotation rate of extended stars through multiple tidalriate
Our own Milky Way (MW) is the galaxy for which we have tions [Al ler & Kumat 2001). It has also been proposed
the strongest observational evidence for the presencessf-a ¢

tral MBH. Spectroscopic and astrometric measurementsof th wﬁésséS(;[?brﬁ:}reecﬁglrj‘?r?cistfggs\;vgrer?ﬁgglagg;rg;nsgﬁeMFE;'Ur
motion of stars in the vicinity of the radio source Sgft 8- . ;
deed indicate that they are orbiting a dark mass concemtrati tion such as that of an (unseen) stellar cluster, and whick we

of somge 3F4x 3106M_@ w_hose average_density must exceed %122%%%mgsa§0r;brﬁigro| un: dg Sqr By exgchl Iian e%\(/)véllt)h less
3 10°Mg pc. This high density is incompatible with a The presence of the stellar BHs around the MBH can in

principle be revealed through different kinds of obsemdi

1 Department of Physics and Astronomy, Northwestern Uniters

Evanston, IL 60208, USA If one of the objects acts as a secondary gravitational femes f
2 |nstitute of Astronomy, University of Cambridge, Madingl&oad, distant star lensed by the central M 2001;
CB3 OHA Cambridge, UK 1f_Alexand 03). Unfortunately,

3 Max Planck Intitut fiir Gravitationsphysik (Albert-Eingtelnstitut), D-

14476 Potsdam, Germany according to these studies, the rate of such double lensing o

curring at a detectable level is very low.
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If the motions of the S-stars can be tracked with high self-gravity, 2—body relaxation, interactions betweeamnsand
enough a precision, an extended distribution of non-luméno the MBH, and, in some cases, additional physics such as
matter around the Galactic MBH should signal itself through large-angle scatterings, collisions or stellar evolutiofhe
its effect on their orbits. In a slightly non-Keplerian potial, models presented here constitute a noticeable improvement
the orbits are affected by Newtonian retrograde precessiorover the very few simple estimates of mass segregation-avail
(Rubilar & Eckait 2001t Weinberg etldl. 2005). Present-day able in the Ilteraturdfmmbﬁ_wtalda_&sgude_&muld
observations are insufficient to detect this effect (Mouhwa P2000).
et al[2005), but Weinberg etl 05) have shown thatéutur ~ “Extreme-mass-ratio events” (EMRES) in galactic nuclei is
“extremely large telescopes” (ELTs) with diameters of 30 m our other key motivation. EMRES are events where a stellar
or more will likely be able to measure the mass and shape ofobject interacts strongly with an MBH. The best studied case
a dark density cusp of the formoc R, if it tallies at least  so far (first considered Hy Hill§ (1975)) is that of an exteshde
~ 2000M,, within 107?pc of Sgr A and hasy < 2. This star (main sequence or giant) coming so close to the MBH
effect is only sensitive to the overal(R); it does not distin-  that it is partially or totally disrupted by the intense fida
guish between a population of stellar BHs and another typeforces. The hydrodynamical and stellar dynamical aspects
of non-luminous component such as a cold dark matter, al-of such tidal disruptions have been the object of scores of
though the latter probably contributes much less than 10 % ofarticles (see references at
the density inside the innermost pc of the Galaxy (e.g., Gned http://obsww. uni ge. ch/ ~freitag/ MODEST W&/ Ti dal C
& Primack[2004[ Bertone & Merd{t 2008a,b). However, if a for the former aspect arld Frank & Rees 1976; Rees]1988;
concentration ok~ 10 M., BHs is indeed present, ELT obser- [Maggrrian & Tremairé 1999: 99; Freitag &
vations should allow us to witness 2-body relaxation at work Benz/2002b; Wang & Merr: 4, amongst others, for the
by the detection of- 3 gravitational encounters per year be- latter). Although our models also include a simple treatmen

tween any of- 100 monitored S-stars and a stellar BH (Wein- of tidal disruptions and yield rates for these events, we
berg et ali 5665). are more specifically interested in another class of EMRE,
Radio pulsars on similar short-period orbits would allow namely the coalescence between a compact star and the
the same kind of measurements with a very high accuracy asviBH. “Coalescences” as defined here include “plunges”
well as precise tests of the theor of general relativityr(les when a star suddenly finds itself on a radial, relativistjcal
etal . Kramer et &l. 2 04). Based on unstable orbit and disappears through the MBH horizon at
the semi-analytical work of (Miralda-Escudé & Galld 2000), its next periapse passage, and “inspirals” (EMRIs) during
[Chanamé & Gould[(2002) have suggested that stellar BHs,which the orbit of the stellar object progressively shritbs
by concentrating around Sgr*Awill push out lighter objects,  emission of gravitational waves (GWs) until it plunges.
possibly creating a central dip in their density profile aadén EMRIs will be of prime interest for LISA (“Laser Inter-
pointed out that pulsars would be the ideal probes to detectferometer Space Antenna”, see_Danzmbnn 189612000 and
this effect if the sky position of some 50 of them withinafew http://1isa.jpl. nasa. gov/),the future space borne
arcsec of Sgr A can be obtained. Unfortunately, because of mission to detect GWs with frequencies in the range0™ -
extreme dispersion suffered by radio signals travelingnfro 0.1 Hz. The waves emitted during the last year of inspiral, as
the Galactic center, the detection of pulsars in this regiiin the stellar object orbits in the deep gravitational field Iod t

probably require future radio telescopes with high seris;ti MBH, if detected and analyzed successfully, will inform us
at frequencieg> 10 GHz, such as the SK‘AQEEEEE% & EE%;[J aboutthe geometry of the space time in the immediate vjcinit
997 {Cordes ef Al 2004 Kramer etlal_2004). of the massive object, thus allowing to probe general rétgti

Nevertheless, relatively direct evidence for the presefice in the strong field regime to establish the existence of MBHs
an abundant population of stellar BHs around Sdgrmay and measure with high accuracy their masses and spinsl(Ryan
not need to await next-generation telescopes. Recently, ob199% ﬁb 03).
servations with the Chandra X-ray satellite have revealed 7 Predictions of EMRE rates and properties (especially the
transient sources within 23 pc of projected distance of Sgr A mass of stellar object and the orbital eccentricity when the

.[2008b); 4 of them have projected distancessignal starts contributing to the LISA stream) are impartan
smaller than 1 pc, indicative of an overabundance in this cen for the design and of LISA and the development of data anal-
tral region by a factor- 20 when normalized to the total en- ysis tools required to extract weak EMRE signals from a
closed mass at 1 and 23 pc (Launhardt ¢i al. 2002). Thesealata stream containing noise and a large number of other as-
sources are believed to be X-ray binaries, i.e., compaettd] trophysical source @]’ 002;_Gairlet al.
accreting from a binary companion; however current observa ). For the GW signal to be in the frequency range of op-
tions do not shed light on whether these are neutron stars otimal LISA sensitivity during the last year of inspiral (whe
black holes with low or high mass companions. However, for wave amplitude and the interesting strong-field effects are

one case, there is strong evidence for a low-masé the strongest), the MBH mass must be in the rahje~
donor and some preference for a BH accr et al.10°-10"M,. In what follows we argue that such MBHs are
2005 mfﬁs 005). likely to inhabit stellar spheroids in which relaxation &rns

In the present study we undertake a careful numericalrelatively short causing mass segregation close to the MBH.
model exploration of the distribution of compact objects in This is of great importance for EMREs as the inspiral a stella
galactic centers. Our goal is to assess the importance an®H, with a mass~ 10M,, can be detected in galaxies10
detectability of these various effects of mass segregation times more distant (and thereforel0°* more numerous) than
the context of existing observations. These models are ob+that of a~ 1M, object.
tained by explicit integration of the long-term stellar éyn- Determining rates and characteristics of EMREs for LISA
ical evolution of spherical nucleus models with account for is beyond the scope of this paper. A few estimates for those

exist in the literature, based on the same stellar dynamical

4 Square Kilometer Arrayht t p: / / www. skat el escope. or g code as used heré_(Erelthg 2001,"2003) or on other semi-
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analytical or numerical me %95; Sig- in almost all other works on the subject because they intro-
urdsson & Rees 19917; Miralda- 000; Ivhnov duce a well-defined theoretical framework, allowing in art
2002;[Hopman & Alexander 2005). The results from these ular to make use of methods developed for the study of globu-
studies are scattered over a disquieting large range, ®ppro lar clusters. Here we use the term “cluster” for any collisib
imately from 5x 10°%yr? (Hopman & Alexandé 5) to stellar system, including galactic nuclei. Collisionainadyn-
10°%yr™! (Ereitaff2001), for EMRIs of stellar BHs in a MW- ics, generally with a focus on globular or smaller clusters
like nucleus (se bn_2h03 for a brief discussion ofis covered by several textbooKs (Binney & TremHine 1987;
these various studies and EMRIs in general). This is witnessSpitzedl 1987 Heggie & Hiit 2003); therefore we only recall
in part, to the lack of realistic agreed-on models for thasstr  here the few concepts needed to understand the rest of the pa-
ture of galactic nuclei, causing different authors to adtipt per. More detailed explanations about collisional dynaiiric
ferent approximations and values to describe the stelaridi  the context of Monte-Carlo simulations can be found in our
bution around a MBH. With this study, we strive to improve previous paperd (Freitag & Beénz 2001, 2002b; Freitaglet al.
this situation. Ih :

Another cause for the disagreement found among EMRI  Barring the effects of mass loss due to stellar evolutios, in
studies is the poor understanding of the mechanisms reisponsstationary smooth, spherical potential, stellar orbitsilddoe
ble for EMRIs. All studies have assumed unperturbed spheri-energy- and angular-momentum-conserving rosettes of fixed
cal galactic nuclei in dynamical equilibrium, in which cd&e  shape and the cluster structure would show no secular evo-
body relaxation is certainly the main agent for bringingsta lution. But the potential is the sum of the contribution of a
onto very elongated orbits which may result in EMRIs. At finite number of stars (and a MBH) and is affected by short-
the same time, as already pointed out in the pioneering workscale and short-time fluctuations which causes the ortatal p
of Hils & Bendek [1995) and analyzed in detail by Hopman rameters to slowly change. In effect, stars are exchanging
& Alexander [2005), encounters with other stars may causeenergy and angular momentum with one another and, to a
an inspiralling star to plunge prematurely, before its @milbi  very good approximation this “relaxation” can be idealized
frequency has entered the LISA band. Although GWs emit- as due to the sum of a large number of uncorrelated 2-body
ted during the plunge itself will contain some high-freqagn  encounters leading to small deflection angles. This is tke ba
components, it is unlikely to be detectable by LISA as a re- for the Chandrasekhar theory of relaxation_(Chandrasekhar
solved source because, typically, tens to hundreds of thoufL1960) on which the Fokker-Planck equation and other approx-
sands of cycles are required to accumulate enough signal-toimate treatment of collisional dynamics are based (Binney &

noise ratiol(Barack & Cutlsr 20044[b: Gair & Vilen 2005; Wen Tremaine 1987; Héntin 1973).
& Gairi200%). Hence, for LISA, the problem is not limited to In this picture, one can define a local relaxation time
the determination of the rate of coalescendg,;, one also _ i _ o
needs to compute the fraction of thogewri = Nemri/Neoas tix = 57 mancrmoyz = 367X 10°yr x (1)
that are “clean” inspirals instead of plunges. Howevergher 1 3 2

.. . . . M a n (m*>
we limit ourselves td\.qq, the quantity for which the type of ( 10 ) (100kmsl) (106pc3) ( Mo )

simulations we carry out yield robust predictions. We think where InA is the Coulomb logarithmg is the 1D velocity

that a real trustworthy estimate éyr, can only be arrived dispersionp the number density of stars ara,) the aver-

at through the use of novel methods, to be developed in the . ; -,
future (see &15). age stellar mass. The slightly unusual numerical coeffiggen

The rest of this paper is organized as follows. [ih § 2, a quick devised such that a particle of mass,) traveling for atime
review of the relevant aspects of stellar dynamics in gajact _6t through a field of part|clles of same mass at a relative veloc-
nuclei and the previous relevant work is presented. [ § 3,tY Vel = \/220 would hzave its trajectory deflected by an angle
we describe the numerical method used in our simulations, ag?, With (66) = (r/2)"6t /tux. _
well as the physics and initial conditions implemented. Our ~ The argument of the Coulomb logarithm As= brmax/bo
main results from our~ 80 simulations are described ifE 4 Wherebo = G(m.)/o” is the typical impact parameter lead-
and we conclude in @5 with a discussion of the astrophysicaling to a deflection angle of /2 in gravitational encounters

implications of our results and an outlook for future work. ~ between stars. In a virialized, self-gravitating systemx is
of order the half-mass radid®, andA = ~:N, with . ~ 0.01
2. REVIEW OF THE THEORY AND PREVIOUS STUDIES if stars have a mass spectrum (Ereitag et al. 2006, and refer-
. o . . ences therein). In the region where the gravitational fisce
2.1. Collisional Dynamicsin Galactic Nuclei dominated by the central object, one finds: M, /(m,) (e.g.,
In stellar dynamics, the term “collisional” refers to alisi mm&. In practice, this does not lead to an

ations in which the discrete nature of stars, i.e. the feattah ~ important difference, thanks to the damping effect of thee lo
stellar system is not composed of a continuous fluid but of in- arithm. For instance, one finds falN,) ~ 15 forN, = 3x 108
dividual objects, plays a role. In the context of galacticley and InM, /(m,)) ~ 115 for My = 1M, and(m,) = 1M,
these effects include 2-body relaxation, direct (hydrayi Therefore, in most studies, including the present one, a fixe
cal) collisions between stars and close, dissipativeaactans value of A (= ~N,) is adopted. Comparisons with direct
between stars and a central MBH. N-body integrations, presented in[§K.1, as well as with a
In this work, we restrict ourselves to the situation of iso- version of the Monte-Carlo code in which varies with the
lated, spherical systems in dynamical equilibrium. These a distance to the center, from, /(m.) to v:N, (Ereitat{2000),
sumptions are made necessary by the numerical method weonfirm the validity of this approximation. We sgt= 0.01.
use (the Monte-Carlo code, sed B 3) which is still, at the The MBH dominates the gravitational force acting on stars
present day, the only stellar dynamical scheme able tottreat ~ within an “influence sphere” with a radius of ord8M,o;?
collisional evolution of systems consisting of more thar on whereoy is the stellar velocity dispersion at larger distances
million stars with acceptable realism. They are also adbpte (a more practical definition is given in[&38.2 for the category
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of galactic nucleus models considered in our simulations). considered as a separate process. We call them “large-angle
In this central region, the velocity dispersion is Keplaria scatterings” and reserve the word “relaxation” to the dffec
o(R) ~ GM,/R. If the stars are distributed according to a of 2-body encounters with larger impact parameters. On-aver
a power-law density profiley < R, the relaxation time gets  age, a star will experience an encounter with impact parimet

shorter closer to the MBH when> 1.5 and longer ify < 1.5. (with f_a of order a few) over a timescale
In what follows, we call “collision” the event in which two 1 InA
stars actually come so close to each other as to touch. Neglec tia ~ [7(fLabo)’no] ~ ~ 72t (7)
LA

ing deformations due to mutual tidal interactions, a cullis _
between stars of radiiy, andr, corresponds to their centers The effects of Iarge-angl_e scatterings on the. ove(all evolu
coming within a distance; +r, of each other. The cross sec- tion of a cluster are negligible in comparison with “diffust

tion for this process is relaxation [(Héndh 197%;_ Goodmhan 1083). However, unlike
oG(m + the latter process, they can produce velocity changesgstron
D = 71y +1p)? [14. M} ) enough to eject stars from an isolated cludﬁﬁ%nﬁ%o,

(r1+r2)V3 mﬁﬁm@ or, more importantly, from the “cusp”

wherem, , are the stellar masses avig their relative velocity around the central B 80; Baumgardt

at a large separation. If field-stars of type “2” have number €t @l..2004a). Therefore they may be important for the dy-
densityn,, and all stars of this type have the same velocity, namics of the innermost regions just where mass segregation

the average time for test-star “1” to collide with one of type IS relevanttoo. .
womig A central MBH represents a sink for the stellar system as

L2) — 12)\, -1 it destroys, captures or —if it forms a very compact binary
coll ~ (n25<co'u rel) ©) with another object- ejects stars that venture very close to

. . .. . . i.e., within some distanc®gss In particular, tidal disrup-
To estimate the importance of collisions in the dynamics, we tion, for a star of radius, and massm., OCCUrs atRees =

their velocity distribution is Maxwellan with dispersian i = 1257 (M. /m)¥> b, and refer-
y P ences therein). A quasi parabolic orbit whose Newtonian per

t

The collision time is therL(Binney & Tremalne 1987) apse distance would be smaller tiigs= Rounge= 8GM,c2
-1 actually plunges directly through the horizon (Zeldovich &
— 2 Gm, ~ 0 3 z - - z
ool = {16\/7?'7‘”* (1+_Tza r)} ~ 8.9 10'%r x Novikov ). Orbits with periapse distaneeRyss, COr-
-1 N responding to angular momentum (per unit maks) J ¢ ~
(106':,6-3) (1o95<t) (%) (M;) : (4) V2GM,Ryss form the “loss cone”. For a star with velocity

. L . . v at distanceR from the center, the loss cone has an aperture
The numerical relation is valid when the velocities are 1€ - = J /(RV
angled c =J.c/(Rv).

much sm?/llzer than the jtellar escl%oe veloc_ifyz,<< Vi = If the star is removed from the cluster in a single close en-
(2Gm, /r,)*/< = 6175kms=(m./Mg)"“(r./Re) "/ so that  counter with the MBH, a mature loss cone theory has been
the cross section is dominated by gravitational focusifds T developed which predicts rates and orbital charactesistic
ceases to be applicable at distances from the MBH smallergch eventmmﬁ; Light-
than man & Shapir 78; Amaro-Seoane

M, M, m. \ 7t et al..2004). The notion of critical radiu&) is central in
Reoll =r— ~ 2.3 % 10_2pc<106M > (M—*) ) these cases; it is basically the semi-major axis of an orbit
M. © © for which the relaxation processes cause a change of angu-
For R < Reall, 0 > V4, so the collision time reduces to (note lar momentum per orbital time of ordérc. InsideR; loss

the different normalization fan ando) cone orbits are nearly completely depleted (“empty losgton
- 0 regime). On the scale of the loss cone, the change of or-
feoll = 6_'17X 10%%yr x 5 () bital parameters due to relaxation can be treated as a diffu-
( n 3) (12 )—1( r. ) _ sion process and a direct analogy with the heat equation can
107pc 10°kms™ Ro be used to obtain the average time for a star to be destroyed,

The condition for the collision time to become shorter than tdeste =~ IN(9 & )trx- At distances larger thaR, relaxation is
the relaxation time is alse > V., for InA ~ 10-20. Col- efficient enough to bring stars into and out of the loss cone
lisions at such velocities are unlikely to lead to mergers; a Over an orbital time%,. The loss cone is therefore full and
fly-by with partial mass loss is the most likely outcome (Fre- taestt = 0 cPorb. The total rate of interactions with the MBH

itag & Ben ). Only withirReo can collisions noticeably  is given byl = 4r [ RPntl dR. It peaks aroun®., for many
affect the density profil 76; Sigurdsson & density profiles\(R).
Reed 1997). However, hydrodynamical simulations of colli-  In cases, such as non-destructive tidal interactions and GW

sions between MS stars show that complete stellar dismgptio emission, in which the star looses energy gradually andys on
requires > 5V, and nearly head-on eomewns destroyed after a large number of periapse passages, ¢ne int
ﬁ@@lﬁ@éﬂ Pa, 2005). play between relaxation and dissipative processes is Rot di
Disruptions are therefore rare and the effect of collisions  rectly amenable to the relatively simple loss cone formalis
the stellar distribution is weak, even fBr< R (Freitag & The detailed analysis of such situations has only receetiyb
Benz2002b). pioneered[(Alexander & Hoomian 2003; Hopman & Alexan-
Gravitational encounters with an impact parameter smallerderi2005).
than a fewbg lead to deflection angles that are relatively large  In the sphere of influence of the MBH, orbits of bound stars
and cannot be accounted for in the standard, “diffusive” the are essentially ellipses precessing on a time scale of order
ory of relaxation. Therefore in most approaches, both ana-(Me /M. orb)Porb > Pory WhereM, is the mass of the central
lytical and numerical, these large-angle scatterings habe object,M. orp the mass in stars within the apocenter distance
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of the orbit andP,, the orbital period. On shorter timescales,
orbits exert torques on each other, thus introducing sledal

whole cluster only if, on average, destroyed stars have neg-
ative orbital energies relative to the BH, a condition raygh

“resonant relaxation” which affects the angular momentum equivalent taR., < R (Duncan & Shapilb 1983).

on a time scalées ~ (Mo/m.)Pom ~ INA™Y(Mq /M. orb)trx

6). Resonant relaxation is suppressed

by relativistic precession for very close-by orbits s#iisf
Roeri/Rs < Mo /M, orb With Ryeri the periapse distance and
Rs = 2GM,/c? the Schwarzschild radius of the central BH.

2.3. Multi-Mass Clusters with a Central Object

Surprisingly, the effects of relaxation in a multi-massselu
ter containing a central massive object have been littld-stu
ied. To our knowledge, the only in-depth theoretical stufly o

Although resonant relaxation may be much faster than “nor- mass segregation in the Keplerian potential of a MBH is the

mal” relaxation in the sphere of influence of the MBH, it was

work of[Bahcall & Wolf (1977). The long-term evolution of a

shown to have only a moderate impact on the rate of tidal few models of MBH-hosting galactic nuclei with a mass spec-

disruptions in galactic nuclei, because these events ané-do
nated by stars with semi-major axis of order the criticaluad

see £3P) andl, /M, o < 10 (Rauch & Tremaink 1906;
8). On the other hand, the effects on the (2003

trum was followed numerically using a Fokker-Planck code
by[Murphy et al.[(1991) and with the same Monte-Carlo code
as the present study hz (2002b) land Fleitag
). However, in those studies, rich physics was indude

coalescence of compact objects is likely to be weak due towhich complicates the interpretation of the results (sahs,

relativistic precession. In any case, the study of this tioes
requires a method that can account for non-local gravitatio
interactions between orbits (“2-orbit” effects) and is not
dertaken here.

2.2. Sngle-Mass Clusters with a Central Object

stellar evolution,. . .) and their authors did not prese tditkd
results concerning mass segregation. Also, with the eiarept
of[Ereita (20083), the initial conditions used were noiaEd

to represent any specific galactic nucleus. Recently, (Baum
gardt et al 2004b) carried out diret-body simulations of
multi-mass clusters with some6@lx 10* to 1.3 x 10° stars
hosting a central IMBH and discussed how stars of different

The question of how relaxation will shape the distribution a5ses distribute themselves around the central objed. Th
of a large number of point-like objects of the same mass or-gy,dy offers the only direct characterization of mass sggre

biting a massive object has been addressed in the 70’s|yshort

after the detection of X-ray sources in globular clustes tr

tion around a massive object. One should be cautious, how-
ever when trying to apply thedé-body results to larger sys-

angle scatterings, binary interactions, IMBH wandering,.

@ered thﬁe h o.thesis that theremmaygpeglr'\,/la%ﬁ(s) ‘2} Egutﬁ?;rtlertems such as galactic nuclei because srakffects (large-

{Lightman & Shapifo 19717: Cohn & Kulstlid 1978). The
approximate solution, first found ty Bahcall & Wo 76)
is this context through a Fokker-Planck-type treatmenhef t
stellar dynamics, is the formation of a power-law density,
n(R) o« R4, In this simplified treatment, stars are only de-
stroyed if they reach a very high binding energy (typically
Eioss = GM,o /Riq. for tidal disruptions). As it neglects the
disruption of stars on (very) elongated orbifis< J.c), this
idealized configuration corresponds to an isotropic digtri
tion with a zero net diffusive flux of stars i space and a
constant outward energy flexxMore detailed Fokker-Planck
treatment accounting for loss-cone effects and otherseeali

may play a significant role there (Lin & Tremaine 1980).

A first step towards the understanding of mass segregation
in galactic nuclei is to consider the simpler problem of the
evolution of one or a few massive “tracers” in a non-evolving
stellar background. We undertake this step here for ithtist
purposes. This is a useful idealization for the early dymami
evolution of the population of stellar BHs. Those are very
rare objects so, until they have concentrated in the innstrmo
regions, they will mostly interact with other stars and nahw
one another. We assume all stellar BHs have nmagsand
all other stars have masswith q=mgy/m> 1;q=30is a
realistic value. The effects of 2-body relaxation on theitorb

tic bounding conditions confirmed the Bahcall-Wolf cusp as a of a massive particle (“test particle”) in a field of much ligh

very good approximatio
Shapird_19747;_Cohn & Kulsri

) (Bahcall & Walf 1977; Lightman &

_ field particles is embodied in the classidghamical friction
d 1978). It has since be found (DF) formula (se 87,§7.1)
with other methods also based on the diffusive, local the-
or% of relaxation: two types of Monte Carlo codés (Shapiro

and references thereln; Freitag & Benz 2002b) and a

47 In AG2nm(m+mgy)
V3

o = t5EV= - KOV (8)

gas-dynamical approach (Amaro-Seocane Bf al.12004). Verywith x(X) = erf(X) - 277/2Xe™®* and X = v/(v/20). In this

recently, the approximations involved in these computetio
have been vindicated by direldt-body simulations in which

formula, apr is the force per unit mass on the test particle
due to DFV its velocity, n the density of field particles, and
o the (1D) dispersion of their velocities, assumed to have a

the formation of theR™7/# profile over a relaxation time was
indeed Witnessedmmmm 2004)Maxwellian distribution. tpr is of order the local relaxation

Usinlg) a homological model for the evolution of a cluster,

time divided by 1+ q so the massive particles should already

[(1977) showed how a central BH can power the ex-experience significant mass segregation after a smalidract
pansion of the stellar system, by destroying stars that haveof the relaxation time.

diffused deep into the cusp. A central BH is therefore able For an object on a circular orbit of radiug v = v

to drive gravothermal expansion in a way similar to harden- , /GMenc(R)/RwhereMenc(R) is the total mass withif, and

ing binaries, but without leading to core oscillations (lgegy

a differential equation for the evolution &is easily derived

& Hut 2003). The central BH acts as a heat source for the from aprR=d(Rv)/dt,

5 Treating the cluster as a conducting gas, the Bahcall-Wilftisn can
be found by imposinglF /dR = 0 with F = -47R? - x(do?/dR) the rate of
“thermal” energy conducted across a sphere of radiug B. the thermal
conductivity, & = pA? /7 with p the mass density) ~ R the effective mean
free path and- ~ t;x the timescale for energy exchange.

-1
dR__ 2rGR?n(R)m 105 R ' ©)
dt ve(R)? tor(R)
Although it can yield a qualitative understanding and a
first approximation to the development of mass segregation,
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a treatment based on the use of Eq. 9 falls shoit of physical& Wol
realism. First, relaxation reduces to dynamical fri ferent
in the limit of very large mass ratio. In general, that th
of ¥ (and not only its modulus) is also affected by|2-body en- 10*M
counters, causing the eccentricity of a circular orbit tdtdr MBH h
away from zero. Second, if massive objects ale numerous Too
enough, they will eventually come to dominate the central re the on

gion. There, they will push the lighter objects awa
them and start interacting with each other in a w.
ilar to the single-mass situation. The dynamical

by hepati  with a

(I977) relative to the cusp exponents for stars of dif-
nasses (EQ10). From their Figure 9, however, it seem
= region for which this applies encompasses of order
only, at a time when, judging from their case 4C, the
as certainly grown past &

Ir knowledgm al_(20D4b) have presented
y directN-body simulations of a multi-mass system
central massive object. Although they observe that

more sim-the ma
rictiocrp  comp

st massive objects form a power-law cusp of exponent
tible withy = 1.75, the central profiles of the lighter

ture does not provide a way to determine the quasi-statjonar species are found to be much shallower than predicted by

distribution the particles of different masses will
long term.

In another seminal papér, Bahcall & Wolf (19
the possibility for a multimass system dominate
tential of a central MBH to settle into a relaxatio
state configuration (a cusp), provided stars lost t
with the MBH are replaced by stars coming fro
tant regions. By solving the coupled Boltzmann e
stars of various masses, they found that the st
ent massesy, should approximately follow one-p
tribution functions that are power law of the bind
fix V) = R(E) < EP, with indices scaling like

P_P

m m
These correspond to density profilesx R™ with
p. They foundp ~ 0.30 for the most massive o
dominate the central density, close to the value
mass distributionp ~ 0.25. For much lighter obj
innermostregiongy ~ 1.5 is expected (see al

It is interesting to note that the massive stars
to the center because they lose energy to ligh
ing 2-body encounters. This tendency would y
cal equipartition of kinetic energy if it wasn't for
gravitational potential in which the heavy object
increasing their velocities. In a cluster without a ¢
hole, equipartition can only be reached at the ce
if the massive particles are in small number or hav
much exceeding that of the lighter ones, so that

form a self-gravitating system, with negative he
on their own (SpitzE 1968 Vishlac T9 16

dopttbe Eq.

of our
7) studied lation
by the po- Wolf
al steady priate
interas region
more dis-
uations fo
rs of differ-
rticle dis-

ng energy  This

ME(S

(10)  gorithr
=3+ detail

ects, who reming
or a single The
cts in the spheri

fitt 2004). is repr

concentrateticles,
r ones durtute a
eld statisti- phase
e owdr corres
sinlygh  gular r
nitatk (mass
ter and onl R. Eac
e a mass noffor s
they cannotmally
at capacit Orbi
law assum

[1985;[Watters et &[_2000; Giirkan et [al_2004; K
[2005%). For all realistic mass spectrum, mass seg
trigger the core collapse of the sub-system of ma
a process known as “Spitzer instability”.

Clearly, in a fixed Keplerian potential, massiv
never reach equipartition with lighter ones; as t
trate to the center, their velocity dispersion m
and the thermal imbalance with the lighter obje
tained. An accelerated, catastrophic collapse o
tion of massive objects is prevented, however, by
effect of the central MBH which eventually comp
the energy lost to the light stars. Hence, a cusp o
jects is expected to form and maintain itself in th
equilibrium while it drives the expansion of the dis
lighter objects.

Published simulations of multi-mass clusters w

!

halisi et al. a parti
regatibn wi bility re
ssive bpdie by E a
object
e stars can Grav
ey concen ture, s
st inoeeas Fokke
>ts is main- sumeo
the pepul relatec
the hgatin param
ensates for §[Z1).
massive obof velc
armal quas ME(S
trikartiof and ar

tix. FO
th a céntra fst = 0.

I)MBH are few and far apart. The work of Muli

) stands out as a pioneering effort to folloy
tion of galactic nuclei taking into account relaxa
evolution and collisions. These authors have pu
ited data from one run without stellar evolution o

phy etl al. Stell

the evolu- lision t
ion llste form [(
blished lim where
collisso databe

, withy ~ 0.75+m, /(1.1 Mg). However, in the light
comment oml 91) and of our simu-
this cannot be interpreted as a rebuttal of Bal&all

) but more likely is an indication that the appro-
-egime is only reached deep in the influence region, a
not probed biX—-body simulations witfN, < 131000.

3./ SIMULATIONS: METHOD AND INITIAL CONDITIONS
3.L. The Monte-Carlo Code for Nucleus Dynamics

work is based on simulations of the long-term stel-

lar dynamical evolution of galactic nuclei performed with

SY)«2. This code is based on the Monte-Carlo al-
1 first described and implemented by Hénlon (HEnon
h19rB: Hénbn 1975). It has been described in
Z (2001, 2002b). Here, we succinctly
the basics of the method and the included physics.
Monte-Carlo method is based on the assumptions of
sal symmetry and dynamical equilibrium. The cluster
>sented by a number (typicaly = 10° - 107) of par-
2ach of which is a spherical shell. These shellsteons
sampling of 1-particle the distribution function iret
and stellar-parameters spaces. In other words,la shel
yonds to stars with a given orbital eneEyand an-
nomentum (in modulug) and given stellar properties
age, etc.). At any time a shell also has a given radius
h shell represents the same number of Stardy, > 1
all systems, one may 8§ = N, andN, > N, is for-
ossible).
al motion is not followed as dynamical equilibrium is
ed (the system is phase-mixed); instead, the position
cle on its orbit, i.e. its radiUg, is selected with proba-
flecting the time spent at eaéhon the orbit specified
1dJ in the potential of the other shells and the central

itational relaxation is treated in the Chandrasekltar p
milarly to what is done to derive the orbit-averaged

-Planck equation (Binney & Tremdline 1987). It is as-
to reduce to the effect of a large number of uncor-

, small-angle 2-body scatterings dominated by @npa

oterdy < b < bnax (the value ofbmax is discussed in
Consequently, relaxation is implemented as a series

city perturbations between neighboring particlés.

SY k2, time stepsit are a function of the radiuR

> set to be smaller or equal to a fractigrof the local

r the present work, we sé&; = 0.04 and checked that

01 does not lead to significantly different results.

ar collisions can also be treated by computing the col-
me for a pair (EqI3) and comparimy/tcon to a uni-

,1[ variate. For the simulations of the present work
collisions were included, interpolation from a large

se of Smoothed Particle Hydrodynamics (SPH) simu-

They report a good agreement with the predictio

n of Bahcall lation

7 2005) was used to determine the out-
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come, as described In Freitag et al. (2006). The simulations
of[Ereitag & Benz[(2005) specifically probe the high-velgcit
regime found in the vicinity of MBHs. 102
An accurate treatment of the loss-cone process is not possi->
ble in the framework of the present version of ME(S$¥2) 5
because it would require to endow particles in on near the
loss cone (or on orbits eccentric enough to possibly lead g
to EMRIs) with time steps shorter than the timescale taken <©
by relaxation to modify significantly the pericenter distan ‘ 1
trp ~ (1-e)tix < tix. dt(R) must be an increasing function
so that setting a short time step for some particle would, in
practice, reduce the time steps of all particles with posgi
lying inside its apocenter. This difficulty is circumventegl
an approximate treatment of the relaxation-induced rardom

walk of the direction of a particle’s velocity vector duriag
time stepl(Freitag & Beitz 2002b).

A novelty introduced in a few runs presented here is the
treatment of large-angle scatterings. They are treatedvaya
similar to collisions but with a cross-section

12) _ L2N2 i w(L2) _ G(my+np)

52 = m(fLabf-?)? with b STy 10-3 0.01 0.1
When a large-angle scattering is deemed to occur, the im- =M ygy/M
pact parameteb is selected at random between 0 aqgbg FiG. 1.— Influence radiuRq as a function of the parameteysin eta-
with probability densitydP/db o« b. The outcome, in the  models. Each curve is for a value 9f The dots indicate the value of the
center-of-mass frame of the pair is a deflection of the veloc break radiusR,. This diagram allows to find the maximumvalue for which
) '2) Rinfl < Ro.
ity vectors by an angle 2arctzb§(’ /b). When large-angle
scatterings are included, the Coulomb logarithm is redteced
In(~cN./ fLa) to account for the fact that gravitational encoun- i M_=7.0x107 M, m=1.6 Ryy=28 pe
ters withb < f_abyp are now treated separately. 5x107 |- ———— M.,=3.5x10"M, n=1.5 Ry=17.64 pc
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3.2. Initial Nucleus Models e M =3.5x10" M, 7=2.0 Ry;=13 pe

As is customary in cluster simulations, we use the
“N-body” system of unit ; ieu -
[1986). Unlike the situations for which this system was finst i
troduced, we deal here with stellar systems that are notlgtri
self-gravitating; instead their central regions are dated by
the potential of a massive, fixed object. Hence we define the
unit system such that the constant of gravitgis 1, the total
stellar mass is initiallyM¢(0) = 1, and the total initiastel-
lar gravitational energy (not accounting for the contribution
of the MBH to the potential) is1/2. We denote byRys the
N-body length unit.

As a time unit, we use the “Fokker-Planck tim&}p which
is connected to théN-body time unitTyg through Tep =
(N.(0)/InA)Tng wereN,(0) is the initial number of stars. We |
prefer to usdpp rather tharmyg because the former is a relax- - | ]
ation time while the latter is a dynamical time. We consider Eoowl v vvnnd vl o il il
systems in dynamical equilibrium whose evolution is segula 10-3  0.01 0.1 1 10 102
in most cases driven by-body relaxation. _For a large vari- Radius [pc]
et%/ of c_Iust(_ar structuredep ~ 10t wheretn, is the half-mass FIG. 2.— Enclosed mass as function of radius for some of our nsodéle
relaxation t'mem7 ’ points in gray are observational constrains from the kirtesaf stars and

0.138N Rﬁ 1/2 gas at the center of the MW. The point at the smallest distano@sponds
tih = — * (12) to the simultaneous fit of the orbits of S-starslby_Ghez kf2810%). Other
r InA GMg data points have been compilediby Schadellefal. [2003). Aihdines show

ith h di losina half of th Il the stellar contribution and thick lines include the cenii@H with M =
with R, the radius enc 05'”9 alt of the stellar mass.. 3.5x 10°PM,. The solid line is our reference model. The short-dashesl lin

There are only few published models for (spherical) clus- represents a model with a total stellar mass two time smaliesame stellar
ters in dynamical equilibrium and containing a massive cen- density at small distanceR & Rug).
tral object. The best described and most convenient ones are
the “eta-models” introduced By Dehhén (1993) and extended

to systems with a central object by Tremaine et lal. (1994).
The density profile is

107

(o)
X
—_
o
o

Interior Mass [My]

1086 —

-3 - The exponent) can take any value between 0 and 5/2. At
R = nMa (R 14 R (13) small radii, p oc R™ with v = 3-7 while at large distances,
P 4rRE \ Ry Ry ' density falls off likeR™. The break radius can easily be ex-
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FiG. 3.— Time scales in our reference model of the MW nucléMg €
7x10'Mg, =15, Ryg = 28pc). We plot the orbital timg,y, (assuming
a circular orbit), the relaxation timiy, the time scale for large-angle de-
flectionstys, collision timest.y; and the timescale for diffusion by 2-body
relaxation over the loss cone for tidal disruptian; = 62 Cctrx- For collisions
we indicate the average time for a MS star to coII|de with heoMS star or
with a red giant (RG) and the average time for a RG to collidén another
RG. We assumélys = Mg = 1M@, Rus = 1R@, Rrc = 50M@, and 5%
of RGs. The radius whettg,, =t ¢ is the critical radius.

pressed in terms of other important length scales,

Ro = (27— 1) Rug = (27 - 1)Rn. (14)

The fraction of the stellar mass enclosedRyis 2. The
central MBH defines a second dimensionless parameter
M./Md.

At short distances from it, the MBH dominates the dynam-

ics and therefore?(R) ~ oy (R) = (4-1)"1GM,/R. We
define the influence radilR,q implicitly through o?(Rnq) =
2O'MBH(Rmf|) Figure[d shows how, depends o for var-

ious values ofy. In the present study, we use eta-models as 8. 3+5g x 10°M.

typical MS star,

™ 2|:)orb_ 2
(3) To=tte (15)

A local, typical value ofj).c can be obtained by computing it
for a star whose velocity would be equal to the (3D) velocity
dispersion, i.e., solving Eq. ZSW 02ktjwi
V2 = 30%(R).

The rate of tidal disruptions is dominated by the contribu-
tion of stars with apocenter distances of order of the mini-
mum betweerRy andRgrg. For all models considered in
this study,Rerid < Rinit < Ry (see Figur€l3) so the loss-cone
effects should be little affected by the existence of a seep
density decrease beyoRyj.

For the present study we construct most models so that
they best approximate the conditions in the MW nucleus. In
Figure[2, we plot the enclosed mass as a function of radius
for some of our initial models and compare with observa-
tional data (3; Ghez e 005). Our+efer
ence cluster model is describedlly = 3.5x 10°M ), M =
7 x 10’'M, (hencey = 0.05), 1 = 1.5 andRyg = 28pc. This
model has a central density cusp witlr 1.5, a value consis-
tent with the stellar counts at the galactic center (Alexdnd

3). However, a detailed modeling of
the Galactlc center is not our goal. This would in particuéar
quire ad hoc assumptions regarding the history and location
of star formation to account for a population with a variety o
ages 4). This variety could be the resuhef t
intermittent formation, at a few pc from the center, of small
clusters that then spiral in and deposn their stars in the nu

cleus (see, e. 2004; L
et al. forwmm% Porte—
gies Zwart et al. 2008; Kim et Al. 20 % RE

for simulations).

Separate from the MW-like models, we explore the effects
of mass segregation in idealized galactic nucleus moddis wi
a variety of structural parameters. We consider nuclei with
M, in the range 18- 10"M,. To decrease the dimensionality

of the parameter space, we assumeNhes relation (Merritt
& Ferrarese 2001; Tremaine eflal. 2002; Barth &t al. 2005) to

hold perfectly,
B
(o
Me ~M — ] .
1 < 100km ‘1>

Tremaine et al.[(2002) fingh = 4.0+ 0.3 and My =
With a velocity dispersion ofo ~

(16)

a way to carry out simulations with a power-law density cusp 19gkms 5! the MW harbors an under-massive MBH. We

of controlled exponeny as initial conditions. We view the
steeper density decrease at large rdéli; Ry, as a cut-off to

avoid wasting computer memory and CPU time by putting a
large number of particles at distances that should not be-infl
enced by the presence of the MBH through relaxation effects model
In other words, the value d®, should be irrelevant as long
as it is large enough to encompass the region within which

the collisional physics takes place. It is therefore imaott

to haveR, > Ry and, from Figur€ll, we see that this will be

the case for = 1-2.25 provided thaj: < 0.05. Forn < 1.5,
1 < 0.1 should be sufficient.
Another important radius is the critical radius for tidas-di

ruptions, Rryg (Frank & Redd 1976 iro
LM.a.g.O.LLLa.D_&_'ELem.a.LlhmD 99;
IAm_a.LQ_S_e_Q_an_e_e_t_bmm) It is defined as the position in

note, however, that the velocity dispersion of the MW cen-
tral region, as defined for use in Eql 16, is dominated by stars
Iocated at a few hundreds pc from the cermé etal.
, and references therein), a region we do not attempt to
The MW nucleus is the only one whose structure is
relatively well constrained by observations at the scafés-o
terest hereR < 10pc). Hence, for simplicity we adopt the
MW nucleus as typical. A model for a nucleus with an MBH
of massM, is obtained from a MW model of sameandy by
simple length (and mass) rescaling. Rex Mo ™2 and using
(=4 we obtain:

17)

M 1/2
Rue = Rig (3.5>< 106|v|®)

the cluster where the diffusion angle caused by relaxat@wn p where Rygl,,, iS the N-body radius of the MW model.
orbital time equals the opening angle of the loss cone, for aNeglecting the dependence of the Coulomb logarithm on
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N., the relaxation time of the model scales likg = parameter-space, hence allowing a better understandthg of
trx |y (Me /3.5 x LB M)%4. It follows that tix(Rinfi) €x- systems under study. .
ceeds~ 10 Gyr forM, > 10’M, and we expect only minor Most of our simplifying assumptions favor mass segrega-

relaxation effects in such massive nuclei. The lowest MBH tion of stellar BHs, our primary object of study. For instanc
mass we consider, 20, corresponds to that of the small- it seems likely that a merger between nuclei induces vio-
est MBH detected with some confidence in a galactic centerlent relaxation, thus erasing —at least partially— any jotey

so far [Barth et d[_2004.2005). Even smaller systems, suchmass segregation. If both nuclei contain a MBH, the binary
as the nuclei of dwarf galaxies or globular clusters may hostMBH will eject stars from the central regions and strongly
intermediate mass black holes (IMBHs) with, < 10°M,. decrease the density there, thus lengthening relaxatioa ti
We do not address the evolution of low-mass objects here be{e.g.[Milosavljeve & Merriti 2001 [Makino & Funaio 2004).
cause their central dynamics may be significantly influencedAlso, if stars are formed over an extended period of time in-
by smallN, effects not included in ME(SS¥¥2. Recently, stead of all being born at some “initial” time, stellar BHdIyvi
the very significant increase of computational power offere 0n average, have less time to experience mass segregation.
by special-purpose GRAPE hardware (Makino é{_al. 003), Cosmological simulations indicate that most normal galax-
combined with a variety of mathematical and numerical tech- ies have not suffered a major merger for several Gyrs. In

niques to speed up computatiohs (Aardeth P003) have mad@articular, some 5-7 Ggr are grobablﬁ reguired for a disk to

it possible to follow the relaxation evolution of clusterithw ~ (re)form after a merge 994; Abadi ét al.

a central massive object and up t& 2 10° stars by “direct”  [2003). Therefore our simulations can be considered to cover
N-body integration 005; Pretothe evolution of a galactic nucleus since it experiencelags
et al. ). However, because of the steep dependence ohajor merger. We will focus our analysis on the structure of

the CPU time on the number of particles imposed by direct the nucleus after 5 and 10 Gyr of simulated evolution; 5 Gyr is
force computations in the-body algorithm (approximately — a reasonable value for the period of time during which a nu-
Tepux Ng per relaxation time), systems containind.0° stars cleus in the pr_esent-day universe may_have evolved without
or more can only be studied with more approximate methodsstrong interactions; 10 Gyr is an upper limit that enable®us
such as MC codes. see what the maximum effects of relaxation are likely to be.
The rangeM, = 10°-10" M, also corresponds to the MBH ~ Mergers probably lead to important gas inflow into the cen-
around which an EMRI has the best chance to be detected byral regions, triggering stellar formation and accretiotothe
LISA. The orbital period of a test particle on the innermost MBH, in a complex interplay (e.g..Springel ei &[._2D05). In

stable circular orbit around a non-rotating BH of maksis such episodes the MBH may grow substantially on time scales
3 shorter than the relaxation time, but still significantlydr

~ = 3 M, )_1 than stellar orbital periods. The stellar nucleus then reats
fisco 216%/2GM, 22 107 Hz <106|V|@ - (18 adiabatically in response to the deepening of the MBH poten-
Consequently, inspirals into MBH more massive than tial (Yound1980: Quinlan et &l. 199 eitag & BEnz 2002Db).
10’M, produce signals with frequency too low for LISA To investigate the impact of such episodes on the strucfure o
to detect, while the final inspiral into an MBH withl, < the nucleus several Gyrs later, and contrast it with our-stan
10°M,, occurs at periods higher than the time taken by light dard models where the mass of the MBH increases only little
to travel along LISA arms, which strongly reduces sensitivi  during the course of the simulation (by tidally disruptimgla

at those frequencie5 (Larson et [al.2000). In principle EM- capturing stars), we computed a few models in which a central
Rls into such lower-mass MBH could be caught at an earlier BH of small mass(t = 0) = 10°°) grows rapidly by accreting
phase in their orbital evolution but the emitted waves have some fraction of the gas released due to stellar evolution.
much lower amplitude then, thus severely limiting the detec . .

tion range [(Will %ﬁﬂ&). Furthermore, the analysis of Hopman 3.3. Stellar Population and Evolution

& Alexander (2005) indicates that most stellar objectsalps Except for a few test-case models presented [’E 4.1, we
bound to an IMBH will be scattered on to a direct plunge orbit use the “Kroupa” initial mass function (IMF) for all our mod-
before they enter the LISA band. These authors predict thatels [_Km_u,p_a_et_dlmt_lsmuﬂméjla,b). It is a broken
successful (i.e. gradual) LISA inspirals around IMBH hawe t power-law,dN,. /dm, oc Mm%, with = 0.3, 13 and 23 in the
start at very high eccentricities and small semi-major ari$ rangesm. /Mg € [0.01,0.08[, [0.08,0.5[ and [05,120], re-

should last only~ 1 year before coalescence. spectively. We generally consider the rang2-0120 M, for
In this study, we concern ourselves with the idealized situa stellar masses on the MS.
tion of an isolated, gas-free galactic nucleus. In pardcuie In most simulations, we do not include stellar evolution but

do not consider the effects of interactions with other galex  start with a stellar population in which all stars alreadyéa
such as mergers with other nuclei or gas inflow. Similarly, an age of 10 Gyr. This is of course not a physically consis-
we neglect the possibility of smaller stellar clusters &g tent treatment but we choose it for the sake of simplicity. Fo
down to the galactic center or non-spherical mass distribu-comparison purposes, in a few simulations, stellar evaiuis
tions. Finally, we assume that all stars have formed in a sin-included and those simulations are started with zero-age MS
gle burst with no further star formation. For the models in stars. The main impact of stellar evolution is to induce ign
which stellar evolution or collisions are included, the st icant mass loss in the first 108 years. As we will see, the
by stars is considered instantaneously lost from the systemnucleus experiences strong expansion if this gas is expelle
with, in some cases, a fraction being accreted by the centrafrom it. To produce such a model for a nucleus with specific
MBH. current properties (as those of the MW), we have to find, by
Some of these simplifications, most noticeably that of trial-and-error, initial cluster structural parameteading, af-
spherical symmetry and absence of gas, are required by théer 5-10 Gyr, to a nucleus model fitting the observations (in
numerical methods used. Others are made in order to reduceur case, the enclosed mass as function of radius).
the complexity of the problem and the dimensionality of the  We use a simple stellar evolution prescription according to
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which stars keep a fixed mass and radius while on the MS ULSLAL AL B LR B AL I AL L
and instantaneously turn into compact remnants (CRs) atthe ~ 10° g° E
end of their MS lifetimefys(m,). Data fortys(m.) were pro- F e ~ ]
vided by K. Belczynskil(Hurley et Al. 2000; al. 10% & N =
[2002). As for the relation between the stellar mass on the MS— o 1 '''''''''''''' X 3
and the nature and mass of the CR, we consider three modelsz 103 3
presented in Tabl 1. In the first one, dubbed “fiducial” (F), = F E
we assume all white dwarfs (WDs), neutron stars (NSs) and> 102 |- -
stellar BHs have a mass of@) 14 and 10M, respectively. 2 g AN 3
The two other models make use of the prescriptions developed! {51 [ |
by [Belczynski et 41.[(2002), assuming either soB=(0.02, =
model “BS”) or metal-poorZ = 104, model BP) chemical 2 100 L > N
composition. These prescriptions represent our curregiun £ £ . E
standing (although incomplete) of massive-star core psla 3 -1 L Time. (FP units) N\ B
and possible fallback onto the nascent compact remnant. Thex = 0
guantitative aspects are consistent with the hydrodyneatic ~ © £ 2 10290 ]
culations presented In Eryér (1999) and the resultingicelat ~ — 107 f 3¢ 3641x10° E
between MS and CR masses are shown in Figure 1 of Bel- £ 4 soEeao ]
czynski et al.|(2002). When stellar evolution is include@, w 1078 = 3
impose that the time step is smaller than a fadtgrtimes o \d
the MS Ilfe tlmetMS for a” StarS Stl" On the MS. We have lHHM 11 lHHM 11 XHHM 11 lHHM 11 lHHM 110

104 10-3 102 10-t 100

setfsg = 0.1 after have checked that results are essentially the
same as withfsg = 0.025.

Radius [N—body units]

FIG. 4.— Evolution of the density profile for a single-mass auswith

To explore the effect of supernova kicks in some simula-
tions with stellar evolution, we give NSs and BHs a veloc-
ity kick at birth. Although the mechanism responsible for

n =2.25 andu = Me /Mg = 0.05 simulated with 4 million particles. Note the

establishment of @ o« R™17 cusp and the expansion of the cluster, driven by
diffusion of stars towards the MBH.

such “natal kicks” is still not understood, they are reqdire
to explain the high spacial velocities of observed field ards
m 5, and references therein) as well as other o
served characteristics of neutron star binaries (e.glevivd
et al.[2004; Thorset 05,and references therein).
There are also observations and interpretation analx%s su
esting that some BHs receive a kick at birth (Mirabel &t al.
i Gualandris eflal. 20D5a; Willems ef al. 2005). It :
is generally accepted that a supernova explosion is retjuire
to provide the natal kick. Consequently, it is likely thatyon
BHs formed through the fallback mechanism, with a progen-
itor less_massive tha ~ 42 M., receive kicks (Fryer &
Kalogera 2001 Heger etlal. 2003). In the MC simulations
with natal kicks, we base our prescription on the results of
[Hobbs et al.[(2005). The kick velocity is picked from a single
Maxwellian distribution with a one-dimensional dispersaf
onk = 265(14Mg/m)km s wheremis the mass of the NS
or BH. BHs resulting from the evolution of a MS star more
massive than 42 are not given any kick.

4. RESULTS OF SIMULATIONS

Our simulations fall into two categories. First are a few
cases with a single-mass or a two-component stellar popula-
tion. They are used to test the MC algorithm by comparison
with analytical orN-body results. The second category con-
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FiG. 5.— Comparative evolution of single-mass models withedéht ini-
tial central density profiles. We plot the Lagrange radi, the radius of

sists of more than 80 galactic nucleus models with more re-gpheres enclosing the indicated fraction of the totalatetiass. Models with

alistic choices of parameters and stellar populations. Hatw

n =15 (solid lines) andy = 2.25 (dash-dot) are compared. Both runs have

follows we describe the results of some representative runs: =0.05 andN, =4 x 1¢°. At late times, the two cases have converged to the
and explain how the important outcomes are affected by thesame structure and evolution.

initial conditions and physics.

4.1. Test Models

The advent and spectacular increase of computing speed of

Since ME(SSY}«2 was originally developed and tested GRAPE boards now permits more comparisons, although re-
(Ereitag & E(éﬁlzl 'Z%GG b), the code has gone throughstrictions in the applicability of comparisons still exisiVe
many small revisions. Furthermore, at that time, only few have recently carried out new tests for the core-collapskiev

direct N-body simulations had been published with high tion of clusters with a variety of stellar mass functions ot
enough resolution to yield test cases to which the results ofcentral objecﬂ.ETeila.T.et.lﬂﬁOG). Here, we investigate-m
the more approximate MC code could be usefully compared.els with a central MBH. We compare MC results with simple
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FiIG. 6.— Comparison of the Lagrange radii evolution betwdetbody
results fronf Baumgardt eflal._(2004a) and our ME (S&2)simulations of
single-mass cluster models. From top to bottom, the parelespond to
models 1, 2 and 4 in Table 1 bf Baumgardf dt al. (ZD04a). The BAQIts
are plotted with solid lines, thid—body results with dashed lines. We present
MC results obtained withNp, = N, = 80000 for case 1 and 4 (top and bottom)
and Np = 5N, = 320000 for case 2. A run with, = N, = 80000 gives
very similar (but noisier) results. Thid—body time unit is converted into
FP unit assuming. = 0.11. The curves have been smoothed with a running
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Time [FP units]

averaging procedure using a Gaussian Kernel.

semi analytical predictions as well as published and oaigin
N-body simulations, presented here for the first time.

The development of @ o« R™17° density cusp in a single-
mass cluster hosting a central MBH has been a well-accepted
theoretical prediction for nearly 30 yeafs (Bahcall & Wolf

[1976), but has only recently been verified by diretody
simulations l(.ELeLQ_eLHlﬁz)E;_Baumgmdeﬁl__zbo4a). In

Figure[4 we show how such a profile forms in one of our
single-mass MC simulations of a cluster model wjth 2.25,
©=0.05 andN, = 4 x 10°. It is evident that at late times,
the evolution is an approximately self-similar expansidn o
the cluster, driven by destruction of stars by the MBH (whose
mass was kept constant in this simulation). Models with dif-
ferent initialn values converge to the same structure and evo-
lution aftert ~ (0.05-0.1)Tgp, as illustrated in FigurEl5. To
measure the speed at which the central regions evolve,the re
laxation time at the influence radiug(Rinn) (using Eq[R), is
a more relevant timescale thape; we findtx(Rnf) = 2.2 x
1073 Tep for 11 =0.05,n = 1.5 andt,y (Ring) = 4.9 x 1073 Tp for
n = 2.25. Hence, the full development of a Bahcall-Wolf cusp
requires of order 164 (R¢) in a single-mass cluster.

With anN-body cod 4a) have com-

puted the evolution of single-ma$s = 10 King models (Bin-

ney & Tremaine_198 ﬁMOa with a central
BH of 1 in the range @026~ 0.1 (the stellar velocities were
modified to ensure approximate dynamical equilibrium). The
central BH was allowed to grow in mass by disrupting stars
atR.g = (10°-107)Ryg and fully accreting their mass. As
Figurel® clearly indicates, we can reproduce the evolution o
such systems in a satisfactory manner using ME(S$Y)

We have also checked that our results are insensitive to the
particle number (as long as it is large enough) by repeating a
few models withN, = 5N, instead ofN, = N,. On the other
hand, we have found the MC results to be more sensitive
on the time step parameter than one might hope. For these
single-mass modeld; = 0.005-0.01 gives the best results
(sed Freitag & Bemz 2001 for an explanation of how the time
steps are determined in ME(SS¥®; in rough termd; is a
prescribed upper bound a@it(R) /tix(R)). With larger values,

the deflection angles in “super-encounters” become to@Jarg
leading to too little relaxation (and hence evolution) peitu

of simulated physical time.

The next step is to consider 2-component models in which
a small fraction fheawy Of the stars are significantly more
massive than the rest with = Mheavy/Mighe > 10.  How-
ever, there are no published results of this type using N-
body simulations that can provide a well-controlled testeca
For this reason we have undertaken our aM#body sim-
ulations using MoDY4, a code developed and made freely
available by Sverre Aarséth Modifications were made to
the code to include tidal disruptions and BH mergers. Over
the years, Aarseth’s BbDy family of codes have become
central workhorses in a great number of stellar dynamical
projects. They are described in detailin Aarséth (1 200
NBoDY4 can exploit a GRAPE board to accelerate the com-
putation by a very large factor (Makino efl Al 2D03), which
proved essential to obtain the results presented here.

To represent stellar BHs in a population of age 5-10 Gyr
q~ 20-40 andfheayy~ (1-3) x 107 would be adequate but
such small fractions cannot be adopted usefullNirbody
simulations withN, < 1.3 x 10°, the highest number of par-
ticles that can be used on the micro-GRAPE hardware at our

6http://wwv. ast.cam ac. uk/ ~sverre/ web/ pages/ nbody. ht m
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FIG. 7.— Comparison between oursl®pY4 and ME(SSY}x2 simula- Radius [N—body units]

tions of a 2-component cluster model. The evolution of Lagearadii for the
indicated mass fractions of each component is plotted. fitialistructure is
ann—-model withn = 2 andy. = 0.1. The population consists of light stars with
Might = 1 M@, shown with solid lines, and of 5% (in number) of heavy ob-
jects withmpeayy= 10 Mg, shown with dash-dotted lines. For these runs both
types are treated as MS stars, subject to tidal disruptioth&ycentral BH.
The physical scales are set Byg = 1 pc and\. = 64000. The gray (orange)
curves show the results of tie-body simulation, realized withp = 64 000.
The black curves are for the MC run which udégd= 640000. ThéN-body
time unit is converted into FP unit assuming= 0.02. The Lagrange radii

for the N-body run are determined, at each snapshot, through a precedu . h ltsin th . its. Wi
of “orbital oversampling” in which the position of each pelé on its orbit to SF)C':'C'WVc to compare the results in the same time units. We

is sampled many times, with probability densitf?/dR  v;(R), assuming find the best agreement with = 0.01-0.02, as was the case
a spherically symmetric potential centered on the IMBH sTilway, one can  for the (I)MBH-less multi-mass systems simulated by Freita
follow a fractional mass as low as 0.001 which representg 8:l particles et al. ). For the light particles, the concordance betw
forthe heavy stars. the methods is excellent. The heavy particles, on the other
hand, show some discrepancy. The MC code produces mass
segregation at a rate almost equal to that seen in the N-body
_ runs. The heavy objects appear to concentrate slightly more
disposal. To have a reasonably large number of heavy parat the center before the whole cluster starts expandindyslow
ticles, we have chosefheayy = 0.05 andq = 10 for a simu- The nature of the difference between the results from the
!atlon with N, = 6_4 000. The initial structure of the cluster two codes is seen more clearly in Fig[ite 8 where a snapshot of
is ann-model withn =2 andp = 0.1. For simplicity, we the central density profiles at nearly the same time is shown.
have assumed that all stars have a MS size and are tldaIIy dISThe MC run shows a Bahcall-Wolf cusp of BHs that extends
rupted if they come withiiR 4. of the IMBH, itself treated as g the way down to the resolution limit. In contrast, the
a massive particle (rather than an external potential). Wéhe  N-body profile appears to flatten slightly insifte 0.01Rysg.
star is tidally disrupted its whole mass is given to the IMBH. Gjven that the region with this flattened profile involvesyonl
The size is set t®Ryg = 1pc. MC models were run with  5-10 BH particles at a time in the—-body simulation, this
Np = N, (*64k”), Np = 5N, (“320k”) and N, = 10N, (*640k”) mismatch could be deemed of little significance, if it were
for higher resolution and to permit a better determinatibn o not consistently present in most snapshots. We have redone
the local density, particularly near the cluster centeneexled  the MC simulations with or without large-angle scatterings
by the MC algorithm for robust results. Actually, the result tidal disruptions of the MS stars and found that the results
turn out to depend very little oNy.". ~ arenotaltered: in all cases, the BHs develop a slightly more
Figure[T offers a global view on how the spatial distri- pronounced innermost density peak than in khéody run.
butions of light and heavy particles evolve with time in the The fact that in the MC simulation the central BH is assumed
N-body and MC simulations. For thid-body simulation,  to be fixed in position may be the cause of the difference;
the center of the system, from which distances are measuredhis is supported by the amplitude of the IMBH wandering in
was defined to _be the (ms_tantaneoys) position of the IMBH. theN—body run,~ 0.01Ry\g (Comparab|e to the Spatia| extent
As the natural time scale is dynamical for tNebody code  of the flattened profile). If this is the case, the effect sHoul
(Tne) but relaxational for the MC algorithnTgp), one needs  pe less important in galactic nuclei, as far as the distidlout
of stars around the MBH is concerned because the wander-

7 The N-body model was run at the Astronomisches Rechen-Institut in ; ; ; ; ; iti
Heidelberg, on a PC equipped with a micro-GRAPE board. ltired ap- Ing essen.tla”y the mamfeStatlon O.f enermme uipartitide
proximately 2 weeks of computation. In contrast, 64k andk3®IT runs creases with decreasing mass ratio/M,

took about 0.5 and 4 hours on a 1.7 GHz laptop. 2004, and references therein). In dittbody simulation, this

FiG. 8.— Comparison of the density profiles between owdsy4 and
ME(SSY )2 simulations of a 2-component cluster model. Thick solid an
dash-dotted lines show the mass density for light stars {)M8d massive
ones (“BH"), respectively; the thin lines are the total dées. TheN-body
and MC results are shown in gray and black, respectively. & add
straight lines representing power laws wittr 1.75 andy = 1.5.
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(which accretes 50 % of the stellar mass) and direct plunges
through the horizon. We use stellar population F. This is one
of the highest resolution models witl}, = 8 x 10° and each
particle representing 265 stars (note that the MC code does
not require a particle to stand for ameger number of stars).
The overall evolution of the nucleus structure is depicted
in three different (but essentially equivalent) ways inUfi&s
B, 10 andIN. In FigurEl9 we present a general overview by
showing how the Lagrange radii of the various stellar types
evolve with time. The development of mass segregation is
clearly apparent. Qualitatively, the region of influencehaf
MBH corresponds to the extent of the MS Lagrange radius
for a fractional mass equal to the value oF M, /Mg, i.e.
0.05. Deep in this region, the evolution is approximately ho
mologous. The stellar BHs concentrate in the center over a
timescale~ (1-2) x 103 Tp ~ 4—8Gyr. At the same time,
the other stars slightly expand out of the center but thd tota
density profile stays nearly constant.
T During this first phase, the BHs come to dominate the cen-
Eoi L il Ll tral mass density by forming a cusp around the MBH. This
10 1078 0.0t can be seen in FiguEelL0. We note that, at late times, the cusp
Time [FP units] exponent becomes compatible withe 1.75, but the lighter
FiG. 9.— Evolution of Lagrange radii for a “standard” MW nuclemsdel objects form a profile withy < 1.5, flatter than the Bahcall
GN\25. We plot the evolution of the radii of spheres that enclosdridicated & Wolf (m) exponent. However, it must be stressed that,
fractions of thej mass of various stellar species. Sqlidsl'me for MS stars, for this model, the stellar BHs never contribute more than
Zggﬁjggftgsd“::Qgiofro;tg?:reBd,_ﬁéﬁs’ long-dashed linesifartron stars and 1 5 o, of thenumber density in any region. Therefore they
do not become a strictly dominant species, in the sense that
they still experience most of their interactions with light
objects. This is different from the situation studied by Bah
call & Wolf (1977), who only considered larger values for the
number fractionfeavy Of massive objects (their smaller value
g being freavy = 1/16 while we havefheay = fen =~ 0.002) and
d smaller mass ratiog = Mheavy/ Might (they haveg < 10 while
we haveq ~ 20-30). Because our particle number is not
large enough to treat the system on a star-by-star basss, it i
still possible that, in a real MW-like nucleus, there woukdd
region very close to the central MBH in which the stellar BHs
are numerically dominant and a cldan Bahcall & WhIf (1977)
cusp could form. Our results strongly suggest that the gadiu
of this region is at least 100 times smaller th.
All other stellar species react to the segregation of thle ste
¢ lar BHs by expanding away from the center. This evolution

o
-

Radius [pc]

Radius [N—body units]
o
o

@

10~

ratio is is~ 10™* and~ 1072 for light and heavy stars respec-
tively. In a galactic nucleus with a M., MBH, the ratio is
107 at most.

Last we examine the density profiles shown in Figire
Specifically those obtained with the MC code (less affecte
by small-number effects) clearly indicate that the light ob
jects follow a profile compatible with = 1.5 only at distances
smaller tharR; 5 =~ 0.01Ryg, whereas the radius encompass-
ing a mass of stars equivalent¥y (an approximation t&s)
is of order 02—-0.3Ryg. Only within Ry 5 is thenumber space
density of stars dominated by BHs. Betwdgys andRy is
a transition region in which < 1.5 for the light objects even
though~ ~ 1.75 for the heavy ones. Similar findings were

obtained by Baumgardt efldl_(2004b). Although these result ! oy ; cent
do not invalidate the prediction from t)he Fokkegr-PIanclatfe is very similar for all objects of mass significantly loweath

ment that liaht obiects should form a cusbp with 1.5 close that of the BHs, with the NSs showing slightly less expansion

to the centlrgl | I\/{BH s | < p7YW)(t3nedin & Pri- than the MS and WD stars. However, to the resolution limit

mackl2004), they indicate that, unless the ’fractional numbe ©f our simulations, the density profiles show no conspicuous
' ’ central depletion, such as a flattening or even a dip (as sug-

of massive objects is unrealistically high (as is the caghen gested bf ld2602 for pulsars around Sr A

test-computation presented 991 inthegjr Fi - ; : . .
ure 9), this regime may only be attained in a very small cen- SUch a density decrease is apparent only in comparison with
the initial conditions. It is very unlikely that this densite-

tral volume and therefore will be of relatively little reksvce X ; :
to real systems crease can be revealed by observations in the Galacticrcente
' as a tell-tale indication of the presence of a cusp of stellar

4.2. Realistic Models BHs. Also, MS stars of different masses react essentiadly th
y same way, as can be seen in Fidurk 13, and end up having the
4.2.1. Sgr A"-type models same density profiles.

Next we consider models specifically intended to represent The fact that the stellar BH population is the main driv-
galactic nuclei. The parameters describing the initialdton  ing cause for the evolution of the central parts of our nugleu
tions for these simulations are listed in Tale 2. models becomes clear by running a simulation without any

Let us first consider in some detail the evolution of our BHs (see FigurEZ12). The most obvious difference is that the
“standard model”, ruN25 with = 1.5 andi = 0.05. These  overall evolution, now driven by the mass segregation of,NSs
parameters are adapted to fit the observed enclosed magds of order 5-10 times slower, reflecting a correspondingly

rofile of the MW center[(Schadel etlal. 2003:_ Ghez ét al. longer dynamical-friction time scale. The NSs are fullyseg
Iﬁ). The physics implemented in this model is limited to 2- regated only after of order 30—40 Gyr. Consequently, even a
body relaxation, tidal disruptions of stars by the centr@HI  clear-cut observation that old visible stars forny & 1.5 at
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by[Bahcall & Wolf (T97b[1977) but the lighter objects formusp shallower thany = 1.5 (see discussion in text).
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FiG. 11.— Evolution of the profiles of enclosed mass @&25. The solid lines are the results of the MC simulation. Foerefice, he dashed lines show
n = 1.5 profiles adjusted on the total mass and half-mass radiuschf @mponent. The top thin line is the total mass, incluttregcentral MBH; it is compared
to the observational constrains for the MW center (see E@r

the center of the MW could not be interpreted as (indirect) n =2.25 model shows more evolution in the first8 Gyr as it
evidence for the existence of a population of invisible BHs “catches up” with the) = 1.5 case. Aftet ~ 8 Gyr, however,
following a steeper profile: if BHs are not present, the gyste  both nuclei have similar structures. In both cases, the BHs
evolves too slowly to reach a relaxed state over 5-10 Gyr anddominate the mass density insige- 0.3 pc (where their den-

the observed distribution may still reflect some “initiahcid-

sity is~ 2 x 10°M, pc®) att ~ 10 Gyr. At that time, the BHs

tions” impose, for example, by a merger with another nucleusand MS stars form cusps with=1.7-1.8 andy = 1.3-1.4,

or by a large starburst due to massive gas inflow.
We note that the choice af = 1.5 as initial condition

is rather arbitrary.

tional constrains on the present-day stellar distribugiamund
Sgr A*. We have considered models within the range 2

respectively (folR < 0.15pc) for both simulations. In other
terms, in the region of influence of the MBH, a period of

It is mostly motivated by the observa- time of ordert;x(Rns) (which translates into #10 Gyr for

our MW-like models) seems enough to erase the details of
the “initial conditions”. The initial conditions of mod€&N25

(y=1.8) to 225 (y = 0.75) to assess the importance of the were chosen to be compatible with the overall mass distribu-

initial density profile on the late-time structure and evigo

tion in the Sgr A cluster, as constrained by observations (see

of our models. In FigurEZ14, we compare the evolution of two Figurel2). In Figur€ll we see that, despite mass segregation
models that share the same physics and most initial condi-and the slight expansion of the lighter stars, the enclosezbm
tions, including the total mass, the mass of the MBH, the stel profile is still an acceptable fit to the Sgi* Alata after 10 Gyr

lar population and (approximately) the enclosed stellassna of evolution. This is primarily because the evolution amigun

within 1 pc, but different central profiles, namely= 2.25,
corresponding to a shallow cusp, and our uspall.5. The

mostly to redistributing the various stellar types whilege
ing the total density nearly constant. It is evident thatahe
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FiG. 13.— Differential mass segregation amongst MS stars. Fatain
GN\44, in which the IMF extends down to.@1 M, (instead of being trun-
cated at M8M,), we plot the evolution of Lagrange radii for MS stars in
three different mass bins. The lightest objects expand gightly more than

the most massive ones. For each bin, we indicate the averagg(mm.) and tion of time. It is again evident that it takes-% Gyr for the
mass fractions. stellar BHs to concentrate in the inner pc. For a variety of
n values and stellar populations, we find that between 20 000
and 30 000 of them populate this region after 5 Gyr. Without
servations of the current mass profile do not provide a strongmass segregation their number would be of order 4-5 times
constraint on initial nucleus properties, as long as theiclma  lower. These numbers bracket the estimate of 25000 obtained
the stellar mass enclosed wittRr~ 2—3pc. For the chosen by [Miralda-Escudé & Gould (2000). Similarly, for a stellar
initial conditions, the overall expansion of the clustecars population similar to our case ris_(1993) found that
on a time scale longer than the Hubble time but, as we will some 36 x 10* BHs would dominate the stellar mass density
see, smaller nuclei expand significantly over a few Gyrs, ow- in the inner 08 pc (see line 4 of his Table 1). This agree-
ing to their shorter relaxation time (see Figliré 20). ment could be taken as proof that the dynamical friction for-
In Figure[Ih we present the number of stars of various typesmula, used by _Morri 3) and_Miralda-Escudé & Gbuld
within distances of 0.01, 0.1 and 1 pc of the MBH, as a func- (2000), captures the process of mass segregation quite accu
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FIG. 15.— Number of stars of different types within1Q 0.3 and 1pc 2‘ 5
from the center for modeBN\25. Solid lines indicate MS stars, short dashes 7 S
WDs, long dashes NSs and dash-dotted lines stellar BHs. diteddines are 3 ) 44
the result of the application of the analytical formula fgmdmical friction g
(equation§IB anld 9) for the BHs, assuming a static backgrdefided by the
n-model and average stellar mass of the initial conditionbls Bhat would
have reache®= 0 by dynamical friction are considered accreted by the MBH
and not counted.
10-3 =

rately. However we think that this agreement is actuallyeat bl sl sl el
fortuitous. In FiguréIl5 we plot the predictions of the dyram to 10 _ 10 _ 10 0.01
ical friction formalism, assuming circular orbits and atista Time [FP units]
background corresponding to the initial stellar distribot FIG. 16.— Evolution of a model with stellar evolution and groveththe
BHs that reaciR = 0 are assumed to merge with the MBH central MBH from a}seedG\l?B). The top panel shows the total number
and are ot counted.  Applied to our iniial nucleus model, & 1" femmants i the pucleus. The total number of 3«10
this computation overestimates the speed and magnitude Oélrious stellar species. A Lagrange sphere is specified bgctidn of the
mass segregation. In particular, it leads to too many BHs be-instantaneous total mass of stars of the corresponding species. The MBH
ing accreted by the MBH and, consequently they lead to agrows from a seed of- 1000Ms to 395x 10°Mg att = 10Gyr. Most of
fast_ decline in the number pf BHs populating in. the central gyssltgﬁ;eraesv%ﬁﬁirgﬁ.s from the accretion of a fracti@683 of the gas emitted
region aftert ~ 2Gyr. For instance, from this simple treat-
ment, one would expect only of order 7000 of them to inhabit
the inner pc at = 10Gyr. As expected, this formalism also
fails to reproduce thetructure of the central BH concentra-
tion by allowing BHSs to sink in all the way down & ~ 0
and not taking into account their mutual interactions. @ea 108
once the BHs dominate the mass density in some region, they
start exchanging energy with each other at an important rate
a process which cannotlead to an overall contraction. Fjinal
based on the simple dynamical friction argument, one would
erroneously expect all stars significantly more massive tha
the average, including the NSs, to segregate to smaller radi
this is clearly not seen in the numerical simulations. Weenot
that using the local, self-consistent velocity distribatfor an
n—model instead of relying on a Maxwellian approximation to y e
compute the dynamical friction coefficient makes a negleyib s CT
difference. 10° ‘ -
So far we have focused on our standard Sgn#odel. Ex- ‘ YN N
cept for mass segregation, its initial conditions were eet t ST LA~ N
reflect the state of the MW nucleas the present epoch in Loz Lo AT
the sense that the enclosed mass profile (interier 8s-5 pc) 0.01 0.1 1 10
matches the observational constrains and that the stelfar p Time [Gyr]
qlatlon has a.umform age of 10Gyr. Further Ste”ar. evo.lu' FIG. 17.— Number of stars of different types withirl00.3 and 1 pc from
tion was not included. Such a model, chosen for its SIM- the center for modeBN78.
plicity, is obviously not very realistic, not even entiredglf-
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consistent. In particular, during the 10 Gyr over which it leads to highly super-Eddington growth (see bottom panel
we allow dynamical evolution to proceed, the evolution of of Fig.[I8). It would be more physical to assume that the
stars with ZAMS mass above 1M, should be accounted gas accumulates at the center until the Eddington-fed MBH
forin principle. Also, the MBH may have significantly grown can accommodate it but this would only introduce negligible
during such a long period. By considering a very different changes in the results as long as this central gas resesvoir i
model, GN78, tuned to yield a Sgr A-like enclosed mass seen as a point mass by the stellar sysml Benz
profile after 10 Gyr of evolution, we show that the conclu- 2002b). In any case, the fate of the interstellar gas in acgala
sions about the mass-segregation (and rates of interactiontic nucleus is a complex issue ( ella 37a,b; Coker &
between stellar objects and the MBH, see next subsectionMelia[1997]1999; W 3 B; Cuadra éffal. 2005),
are largely insensitive to our assumptions about the past hi well beyond the scope of th|s study. Because the MBH ac-
tory of the nucleus, within the framework of the assump- quires the bulk of its mass on a timescale much shorter than
tions common to both models (spherically symmetry, evolu- the relaxation time but significantly longer than the orbita
tion in isolation, etc.). This conclusion also applies te th time of the stars affected by its growth, the results of our
other, less radical, variations of the Sgf Model that we  model apply to any situation of MBH growth respecting this
have considered but do not discuss in detail. To help iden-hierarchy of timescales, such as gas infall triggered byacga
tify models that are applicable to the Sgr Aluster, in Ta-  tic merger (e.gl. Barnes & Hernquist 19 996).
ble[d, we indicate the enclosed stellar mikse(R) for R=1 To conclude the presentation of Sgi-fype models, we
and 3 pc after 5 and 10 Gyr of evolution. Observations in- take a look at the results for the rates of disruptive events.
dicate that, for Sgr A Menc(1pc)~ 0.5-1 x 1°M, and In Fig. I8, we plot the accretion rates onto the MBH, for
Mencl(3pc)~ 0.5-1x 10’ M, (see Fig[R). We note, that, be- our standard, high-resolution mod&@N\25), for two lower-
cause the density of-models decreases steeply R Ry resolution models that include stellar collisior@\5 and
and we cannot afford large valuesf, lest the central res- GN46) and for our “alternative” Sgr Arun with stellar evo-
olution become insufficient, it is difficult to put enough mas lution and progressive MBH growtl@&{\78). We plot the con-
within 3 pc of the center. tributions of tidal disruptions (half of the mass of the star
Model GN78 is started as a cluster with= 3, i.e., no ini- accreted), coalescences, collisions (100 % of the gaslibeér
tial central density cusp, containing a “seed” BH at its eent  is accreted) and stellar evolution (f&N78). The mass lost
M, (0) = 10°M(0) (because = 0 but the velocity dispersion in collisions between MS stars is determined from our SPH
is isotropic, the few particles initially in the influencegien  results (Ereitag & Behz 2005 Freitag etlal. 2006; sEeE 3.1).
are not in exact dynamical equilibrium). All stars are on the As for collisions between a MS star and a compact remnant,
ZAMS att = 0; as the simulation proceeds, they are turned we considered two extreme assumptions: either we neglected
into remnants at the end of their MS lifetime, according to them altogether (but counted their number), a8\ 5, or the
prescription F of TablEl1. Natal kicks are imparted to NSs and MS star was considered to be entirely destroyed in the psoces
stellar BHs. We sel, = 2.13x 10°, My(0) = L.24x 10°M and the CR was left unaffected, as@46 (in another run,
and make the ad hoc assumption th&336 of the gas emit-  we assumed half of the mass of the MS star was accreted onto
ted by stellar evolution is instantaneously accreted my thethe CR).
MBH, in order to get, at = 10Gyr, M, ~ 3.5 x 10°M, and In Fig.[I3, we show thewumber rate of tidal disruptions,
M. /M ~ 0.05, similar to the parameters of most other mod- coalescences and collisions for the same simulations- Irre
els. As tidal disruptions and coalescence also contrilute t spective of the details of the models, we find that around
the growth of the MBH, we obtai, = 3.95x 10°M at  t = 10Gyr, the tidal disruption rate igIN/dt|yy ~ 3—4 x
t=10 Gyr Because the central parts of the cluster strongly10—5yr—1 in good agreement with previous estimates for nu-
contract in the initial phase (see below) we had to simu- clei of similar structure 88; Magorrian & Tremaine
late clusters with different initial sizes to find a value ttha m,m%mscences are less frequent
yield a good fit to the observed enclosed mass profile, namelyby some 20-30 % but dominate the mass accretion rate owing
Rne(0) = 162pc. to the important contribution of stellar BHs. In the models
We show the evolution of the structure of this model in without stellar evolution, mass segregation is respoadit
Fig.[18 and plot in FiglZll7 the number of stars in the vicin- the significant increase in the coalescence rate takingplac
ity of the MBH. Nearly 90% of neutron stars receive natal betweert ~ 2Gyr andt ~ 6 Gyr. The decline in the rates at
kicks strong enough to escape from the nucleus. A stronglater times is the consequence of the overall expansioneof th
and relatively fast contraction of the inner regions statts nucleus. The contribution of collisions to the growth of the
t ~ 3 Myr, which goes on, although at a much reduced rate un-MBH never exceeds IOMyr™. Att =10Gyr, it is around
til t ~ 100 Myr. This reflects the adiabatic contraction of the 5x 107 Myr™ if CR-MS collisions are neglected and some
stellar orbits, nearly unaffected by relaxation on suchatsh 4 times higher if these events are disruptive. As we will see i
timescale, in response to the growth of the MBH as it accretes§[Z23, collisions have also only little influence on theistr
the gas shed by massive stars turning into BHs and NSs. Ature of the galactic nucleus, as far as it can be resolved by ou
t ~ 10Myr the MS stars have formed insi®= 0.1 pc a pro- simulations.

file compatible with the cusp « R predicted by the theor . :

for an inFi)tiaI distribution Witmp =3 dQ[:“E an ef aif 1995; Fre}i 4.2.2. Modelsfor Nuclei of Different Masses

itag & Benz[2002b). The later evolution of the nucleus is  We now explore how nuclei less or more massive than our

again dominated by relaxation. The system of BHs reachesstandard Sgr A case evolve. We recall that, for a given

its highest concentration after some 2 Gyr. After thattimet  value, we restrict ourselves to a one-parameter family af-mo

structure and evolution are essentially the same as thaeoft els by keeping: = M, /M, fixed and imposindRyg « /M,

standard model. a scaling is inspired by thiel - o relation (see E312). Hence,
Our assumption about the fraction of the mass lost in stel-the model is specified by andM,(0). We have considered

lar winds accreted by the MBH is ad-hoc. At early times M,(0) values ranging from ¥0to 10’ M, and two values of
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complete destruction of the MS star. 100 % of the gas emittedliisions is
accreted by the MBH. The lower panel is for simulati@N78 which started
with a seed BH Mo ~ 1000 M) and stars on the ZAMS. Simple stellar
evolution is included with a fixed fraction of the gas emittelden a MS star
turns into a remnant being accreted by the MBH (see text).tHisrrun, the
Eddington accretion rate (with 10 % conversion factor) sadlotted but the
growth of the MBH was not limited by it.
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FiG. 19.— Event rates for the same simulations as in[Elb. 18.

n: 1.5and 2.0.

We show the evolution of the model wit,(0) = 1M,
andrn = 1.5 (modelGN\55) in Fig.[Z0. The most obvious
feature is a faster evolution, when measured in years, than
the Sgr A nucleus, which simply reflects a shorter relax-
ation time. This results in significant expansion of the €lus
ter central parts over a Hubble time. For instance, the half-
mass radius which showed hardly any change in the Sgr A
case, expands by a factor of about 2. In the models with
M,.(0) = 10* M, the whole cluster is expandingtat 10 Gyr,
with the half-mass radius of the= 1.5 model increasing form
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and coalescences). As we have seen, the distributions of WDs
and NSs evolve similarly as that of the MS stars; they are only
10 slightly more concentrated towards the center. For thess,pl
we have used “natural” units to stress the similarities leetw
the various models. Time is expressedlip, radius inRys
and mass ivig(0). From the Lagrange radii evolution, one
sees that models of different masses show a very similar-stru
1 ture at the same value of Tgp, Which reflects the fact that
evolution is driven by relaxation. Significant differencae
only visible at small radii. They are the consequences of the
“central boundary conditions” imposed by tidal disrupgon
and coalescences. Unlike relaxation, these processes intr
duce physical length scales in the systdRyg andRs. The
structure can only be independent of the size and mass of the
model at distances larger than the corresponding critachl.r
For then = 1.5 series, the 0.3 % radius of the BHs contracts
0.01 slightly faster at early times for more massive, larger aucl
with M, < 3.5x 1(°M,. This seems to be the consequence
of a bigger growth of the central MBH in the early evolution
el el il phase during which the stellar BHs segregate to the center
10+ 10-° 0.01 0.1 (t < (1-3)x 103Tp). In natural units, when the mass of the
Time [FP units] system is increased, the dynamical time at a given radius de-
Fic. 20.— Evolution of Lagrange radii for a small galactic nusle The creases. For a fixed aperture of the loss cone, this would yiel
initial conditions for this model@\55) aren = 1.5, . = 0.05, a stellar popu- @ higher accretion rate in the full-loss-cone regime (ajdar
lation of type FMe = 10° M andRyg = 4.73pc. radii) and a larger critical radius while the empty loss-€on
rate is unchanged. In fact, as we usk & M'/? scaling, the
size of the loss cone, at a fix&®}Ryg value, varies approx-
. . 2 -1/6 . . . 1/3
1.3 to 15.3pc. The expansion proceeds e  t? with |matgly like b Cf/zM' for tidal disruptions Rea. oc M _)
3~ 2/3 at large radii, as predicted for the self-similar ex- and likeffc o« My’ for coalescencesfunge x Ms). Al this
pansion powered by a central energy soufce (Hénonl 1965indicates that the coalescence rate should increasevith
WWWM; Amaro- our families of models, as indeed is the case. The situation
Seoane et al.2004). The central parts appear to expandsloweor tidal disruptions is more complicated, also becaus&jas
with 3 ~ 1/2, a relation not yet explicitly reported in the increases, allarger anq larger fraction of MS stars are compa
literature, to the best of our knowledge, but consistenhwit €nough to withstand tidal forces down to the last stabletorbi
the results of recent single-mass simulations with the gas-around the MBH. For instance, witid, = 10'M, only MS
dynamical model of cluster dynamids (Amaro-Seoane let al.Stars more massive than0.6 M, can be tidally disrupted on
2004) and Nopv4 (Baumgardt et al_2004a). Our exper- Nnon-plunge orbits, i.e., hav 4 > Rounge _
imentations with the gas model indicate that this is a loss- The “segregation phase” ends earlier and the concentration
cone effect and that the transition frgin~ 1/2to 2/3occurs ~ Of stellar BHs is less pronounced in the massive nuclei. ihis
around the critical radius. When tidal disruptions through likely a result of the larger critical radius which yields ap-
loss-cone diffusion are prevented (i.e., stars are destroy Proximately equal energy production rate (in “natural”tsni
only when their energy becomes smaller th&®M, /R.q), such asN-body energy unit pefep) for a lower stellar den-
the whole cluster expands lil(t) x t%3. sity in the inner regions. At the same time a larger critical
A straightforward consequence of this strong expansion of radius explains the larger accretion rate, as stars aretsbo

small nuclei is that one would have to start with initial cgnd Y the MBH when they are on wider orbits. To drift from
tions much more compact to recover our assuRggx My 2 large distances to these orbits the accreted stars have-to di
relation between different nuclei in the present-day usige ~ SiPate less orbital energy and contribute less heatingrttsva
However, this relation results from a naive applicationtwf t ~ the stellar system. In Fig. P2, we verify that the energy pro-
duction rate through tidal disruptions and coalescencés wi

M —o relation. Observationallyy is a luminosity-weighted e ;
value integrated over the light-of-sight and averaged aver € MBH is indeed nearly the same for the different models
with n = 2.0 during the expansion phase. As first realized by

aperture covering a region much larger than the one dynami _ ;
cally influenced by the MBH or by relaxati tal. (1975), during the gravothermal expansion of a dluste

2002). In fact, in no other case than the Milky Way is the the conditions in the central regions where energy is preduc
region affected by relaxation actually resolved by observa '€ indirectly controlled by the large-scale structuree Ti-

tions [Merritt ). Furthermore, thil — o relation for ter determines how much energy is transported outwards by
M. < 10’M, is poorly constrained :';lnyway. In future stud- 2-body relaxation to drive the expansion; this “luminosity
ies of the evolution of small galactic nuclei, a larger viyrief has to be balanced by central energy production through dis-
models should considered by allowing initial stellar clust ~ TUPtions and coalescences, in way similar to hardening-of bi

more and less dense than in our single-parameter families. nlaries which powers the post-collapse expansion of globula
In Fig.[Z1 we make a direct comparison between the mod-ClUSters : - gie
3 g [2003, amongst others).

els of different masses. We plot the evolution of the 0.3 and
10% Lagrange radii for MS stars and stellars BHs and ac- 4.2.3. Role of large-angle scatterings and collisions
cretion rates onto the central MBH (through tidal disrupsio T
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FIG. 21.— Evolution of galactic nuclei of different sizes. Thedtlpanels are for models with = 1.5, the right ones for) = 2.0. For all modelsyu =
M, (0)/M¢(0) = 0.05. We consider MBH masses ranging fronf #hd 16 M, and scale the initial size of the cluster according to[Ed.i.£7,Rys o /M.
In the top panels, we show the evolution of the Lagrange @fdifactional masses 0.1 and 0.003 for MS stars (solid lires) stellar BHs (dot-dash). The
triangles on the lower x-axis indicate 10 Gyr for the modelg/hich this corresponds to less than 0.1 in Fokker-Plamak tinits. In the bottom panels, we plot

the accretion rate onto the MBH. Solid lines indicate thetigbution of coalescences and the dot-dashed lines thadaifdisruptions (with 50 % of the mass of
each disrupted star beeing accreted).

The models witiMe = 10* Mg (3.5 x 10* M) is made up of onlfNp = N, = 6.1 x 10° (2.13x 10F) particles and the 0.003 Lagrange radius for BHs is detezein
with 3 (10) particles only, hence the large-amplitude destiiins. We used 4 10 (< N.) particles for all other simulations plotted here.

The discussion of direct collisions and large angle scatter [Lin & Tremainé, in which the cusp is embedded in a large
ings in galactic nuclei would warrant another, specific pape constant-density stellar core. These authors also araie th
Here we only consider the overall effects of these “strong the probability of ejection from the core (as opposed to from
encounters” between stars on the structure and evolution othe cluster) is 3-10 times that of absorption, so there is a
galactic nuclei. possibility that large-angle scatterings would reducerttie

In a few of our models, large-angle scatterings where in- of coalescences and/or disruptions significantly evenghou
troduced to test whether a significant number of stellar ob-they do not lead to numerous ejections. For our Stptyje
jects are ejected from the cusp through this mechanism. Inmodel, we find the number of BH-MBH coalescences to be
Fig.[2Z3, we compare the number of ejections to that of coales-reduced by some 3540 % by the effects of large-angle scat-
cences and tidal disruptions. For all stellar types, thelmerm  terings. Other numbers of events are much less affected. We
of ejections turn out to be smaller by a factor of a few. In par- find no appreciable influence on the density profiles around
ticular, stellar BHs are nearly 10 times more likely to merge the MBH att =~ 10 Gyr.
with the MBH than to be ejectefl._Lin & Tremal 80) ar-  Collisions between stars are also found to have very little,
gued that it was some 30-70% as likely for a cusp star to beif any, impact on our results concerning mass segregatidn an
ejected from the cluster as to be absorbed by the MBH. Ourrates of coalescence and tidal disruptions. In most rurts wit
results do not confirm this estimate but the nuclei we comside collisions, we only considered collisions between MS stars
are very different from the globular cluster model adopted b Encounters featuring one or two COs were counted but the
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mass or trajectories of the stars were left unchanged. For a e T T T A A
Sgr A*-type model, we find of order & 10* MS-MS colli- 0.01 01 1 10
sions in 10 Gyr (the number of collisions betwegnticlesin Time [Gyr]

the simulation is smaller by a factbk. /N, =53.3). The num- o - - -

bers of MS-WD, MS-NS and MS-BH for the same period are panci, we show the numbers of il dsruptions of M5 Stadicaslesoencas

about 3x 10°, 2x 10° and -4 x 10* respectively. Not sur- (i.e., plunges through the horizon of the MBH) for all stepecies. On the

prisingly, coliions between compat stars are extremaly _ botar paie, e P e umbers o ecions o e el s

and their number is therefore very uncertain given the reso-qpaiier than that of coalescences with the MBH.

lution of our simulations. We find a number of WD-NS and

WD-BH events of the order of 100-1000 (corresponding to

only a few particle-particle encounters) and no collisibes . . . . .

tween 2 compact stars. at the Galactic center, simulations with a much higher tesol
Despite the high velocities reached in the central regionstion are probably required.

(the median value of the relrjmve velocity at "infinity” for 5. SUMMARY AND OUTLOOK

colliding stars is about 500kmY, these encounters are not . .

highly disruptive. Collisions very rarely result in mergdut 5.1. Summary of simulationsand results

the complete destruction of a MS star requires of order 20-30 In this paper we report on our stellar dynamical simulations

collisions if encounters with CRs are neglected; on averageof multi-mass models of galactic nuclei. Our main goal was

only about 4 % of the stellar mass is lost when two MS stars to investigate how stellar objects of different massesitiste

collide (see alsb_Freitag etlal._2004). We are not able to de-themselves around a central massive black hole (MBH), in

tect any significant effect of collisions on the central dgns  response to relaxation, a process known as mass segregation

profile of MS stars, down to a few I¥pc of the MBH, even This work is based on the use of a Monte-Carlo code which

when we assume that collisions with a CR result in the com- allows to follow the secular evolution of spherical stetiars-

plete disruption of the MS star. This is somewhat surpriging ter in dynamical equilibrium over Gyrs. We performed about

view of estimates of the collision time such as done in Hig. 3, 90 different simulations, to investigate the effects ofivar

which suggest that inside 0.01pc of the MBH, a MS star  ous physical ingredients, assumptions about their treatme

should suffer fronr 10 collisions in 10 Gyr. Strong central of the initial nucleus structure and to perform some limited

collisional depletion has been found IMAuLm@tEIZl%l) parameter-space exploration. For most models14° parti-

in their Fokker-Planck simulations but the nucleus modgis f cles where used, requiring a few days of computing time on

which this effect was reported were much more collisional by a single-CPU PC. A few cases were computed with a0

construction than those used here. To determine whether col8 x 10° particles to establish that our results are not strongly

lisions can have an observable effect on the stellar digtab affected by the limitations in numerical resolution. Theda
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number is close to the maximum number of particles that canin LISA band when a compact star inspiral into the MBH.
fit in the memory of standard 32-bit Linux PC. We embarked in the present study as a first step towards more
All runs included the effects of the gravity of a central robust determinations of the rate and characteristic of suc
MBH, of the self gravity of the stars, of 2-body relaxation, extreme-mass ratio inspirals (EMRIs). This range of models
treated in the Chandrasekhar (diffusive) approximationl a also covers systems that are both large enough (in terms of th
of the tidal disruption of MS stars at the Roche limit around number of stars) to be amenable to treatment with the Monte-
the MBH as well as direct coalescence with the MBH for Carlo method and small enough for relaxational effectsadg pl
stars too compact to be tidally disrupted. In most casek, ste a significant role over some 10 Gyr.
lar evolution was not included explicitly; instead the kel To ensure that the Monte-Carlo code, based as it is on a
population consists, from the beginning of the simulatibn o number of simplifying assumptions, yield correct resuits,
a mixture of MS and compact remnants corresponding to aperformed a number of comparisons with simulations per-
single star formation episode that took place 10 Gyr ago. Informed with highly accurate (but much more computationally
a few models, explicit stellar evolution was included with a demanding) direct-summationgDY4 code. In particular,
stars starting on the MS and turning into compact remnantswe performed a new Bloby4 simulation of a two-component
(CRs) at the end of their MS life time. For simplicity, giants model with a central massive object using 64 000 particles.
were not considered because, as far as mass segregation @n the GRAPE hardware at disposal not more thah0*
concerned, only the mass of the star matters and the evolutio particles can be used; hence it is not yet possible to simalat
of the stellar distribution, being a relaxational procesgiires system with a realistic mass function using dirdebody but
timescales much longer than the duration of the giant phasethis 2-component toy model demonstrated for the first time
Stellar collisions and large-angle gravitational defleasi (not in a direct fashion that the MC code treats mass segregation
accounted for in the diffusive treatment of relaxation) @er around a MBH very satisfactorily.
considered in a small number of models. We made no attempt For the Sgr A models, our main results are the following.
to determine whether a given star-MBH coalescence wouldIn all cases, the stellar BHs, being the most massive objects
occur as a gradual inspiral or a direct plunge through the hor (with a fixed mass of 10 or a range of masses, depending
zon of the MBH. This question, of central importance for fu- on the model), segregate to the central regions. This sagreg
ture low-frequency gravitational wave detectors such &AL|  tion takes about 5 Gyr to complete. The nucleus then enters a
or BBO, has to be addressed in future work with more appro- second evolutionary phase which is characterized by the ove
priate numerical methods. all expansion of the central regions, powered by the aasreti
All our runs are started ag-models. They have a cen- of stellar mass (of very negative energy) onto the MBH. Al-
tral power-law density cusp o R7™3 and steeper “cut-off”  though all species participate in the expansion, mass segre
at large radii,p o« R™. In most cases, we used parameters gation continues in a relative fashion, as the system of BHs
(mass of the MBH, stellar density around it, etc.) corregpon expands slower than the other components. The structure of
ing to the stellar cluster around Sgr At the center of our  the nucleus at distances from the center larger than a few pc
Galaxy. We did not try to reproduce the very peculiar spa- is left unaffected by relaxation over a Hubble time.
tial and age distribution of the bright IR stars observedhinit BHs dominate the mass density withir0.2 pc of the MBH
1pc of Sgr A. In this work, we adopt the position that these butwe do not find them to be more numerous than MS stars in
stars, useful as they are as probes of the gravitationahpote any region we can resolve (down to a few mpd,atL0 Gyr).
tial, are not representative of the overall stellar popoiaat Estimating the exponent for the density cusp the BHs form,
the Galactic center, assumed to be much older and therefore o« R™, is difficult because of numerical noise, but, in most
amenable to our treatment. The usefulness of this assumptio cases;y is compatible with the Bahcall-Wolf valug= 1.75.
is that it defines a well-posed problem which consists anm-inte  In contrast, the less massive objects, such as MS stars, form
esting limiting case. Clearly other situations have to be-co a cusp withy generally in the range.3-1.4 which is sig-
sidered in future studies. For instance, an exciting séenar nificantly lower than the value of.3 predicted by Bahcall &
in sharp opposition to our simplifying assumptions, is that Wolf ). This is also found in the 2-componéhtbody
Sgr A* cluster and its central MBH have been formed progres- simulation. After 5-10 Gyr of evolution, we find of order
sively by the infall of rich stellar clusters, some of thermeo  2-3x 10%, 6-8x 10° and 2x 10* stellar BHs within 0.1, 0.3
taining intermediate-mass black holes (Hansen & Milosavl- and 1 pc of the center, respectively. About BHs coalesce
jeviéﬁ%;lmm%). In this with the MBH during a Hubble time. Using the formalism of
picture, which attempts to explain the existence of the very the dynamical friction for objects on circular orbits in a€ftk
young, unrelaxed stellar populations and assumes therirese stellar background is an easy alternative for estimatirgy th
epoch is not a special one, a stellar cluster should inspii@l ~ concentration of massive objects in the central regionsv-Ho
the Galactic center every few Myr (but see Nayakshin & Sun- ever, for stellar BHs, although this approach offers a d¢amali
yaevi 2005 for arguments opposing this view and suggestingtively correct picture, it overpredicts the effectiveneémass
the young massive stars have fornmadsitu in an accretion  segregation. In the case of a model wijth 1.5 (whose relax-
disk). Such infalls would build up a mixed-age stellar p@pul ation time does not increase towards the center), this yield
tion and reshuffle the orbits of stars already presentinthe n too large a number of BHs accreted by the MBH aoalfew
cleus quite significantly, and therefore yield a differeratas being present within the inner 1 pc after some 10 Gyr.
segregation structure. All types of objects lighter than the BHs, including the NSs,
Based on our “standard” Sgr*Amodels and a somewhat are pushed away from the central regions. Using the observed
naive application of thé/l — o relation, we have considered distribution of these object to infer the presence of seafiet)
two families of galactic nucleus models of different masses BHs does not seem to be possible though because, in the ab-
for M, in the range 16-10"M,. One family has; = 2.0, sence of BHs, it would take the NSs more than 10 Gyr to form
the othern = 1.5. The interval inM, was chosen mostly to  a Bahcall-Cusp of their own, even they would not receive any
cover the values that should yield gravitational wave dggna natal kick.
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These results are not significantly affected by stellar col-
lisions, large-angle scatterings, the initiaivalue. We also
considered three different prescriptions for the massed (a
types) of compact remnants and found no strong variations
in the simulation outcomes. Most interestingly, an altévea
model in which stellar evolution was included and the cen-
tral MBH was grown from an IMBH seed (by accretion of
an ad hoc fraction of the mass lost by stars when they turn
into COs) yields basically the same structure of mass segre-
gation (and same rates of coalescences end tidal disrgjption
att ~ 10 Gyr. These findings suggest that our main results are
not very sensitive to the special “initial conditions” usec
long as they are fine-tuned to producet at10Gyr a given
MBH mass and stellar mass within1 pc of the MBH. How-
ever, it would be instructive to consider a larger variety of
models in future work, including some with extended period
of stellar formation. Our present assumption of a singlestur L
of stellar formation maximizes the number fraction of stell
BHs and the time available for mass segregation.

When large-angle scatterings (not accounted for in the stan

dard diffusive treatment of relaxation) are explicitly inded FIG. 24.— Comparison between the distribution of transienb¥(sources
. . h, found bylMuna et d1.[{Z005b) at the Galactic center and theltesf one of
(essentlally asa speC|aI case of CO||ISIOnS), they areddan our simulations G\25, att = 9.19Gyr). The observational data are repre-

have only little impact on the rate of tidal disruptions 0BE€0  sented by diamonds connected by dotted lines. The smoots;usne for
lescences with the MBH. A stellar BH is about 10 times more each stellar species are the simulation data. Plotted isutheber of sources
likely to by swallowed by the MBH than to be ejected from Whose sky position projects within a given distance of theteeof the nu-
the nucleus. In contrast with this, in their multi-maésbody CGlefS' This number IS normalized t0 1o = 23pc. A distance to the

. ! b alactic center of 8 kpc has been assumed. The 7 seven trnafe more
SlmU|at|0nSmm4b) find that all stellaisB concentrated around SgrAthan any stellar component in the simulation.
except one are ejected from the cluster and ascribe thilt resu See text for an assessment of the statistical significanttésofesult.
to strong interactions with objects (generally anotheliaste
BH) deeply bound to the IMBH. These interactions are likely
to be “resonant”, i.e., the three objects (including the I¥)B . - . .
form a strongly interacting, chaotic configuration for many ~ 5-2. Astrophysical applications, including future work
orbital time until one of the lighter objects is ejected (Bau Although we have not attempted a realistic modeling of the
gardt, personal communication; see €.9.} 993). In-prin Galactic center, it is tempting to apply our results to one-sp
ciple, this mechanism can be included into the MC code by cific observation of the Sgr Aregion. Using theChandra
extending the loss-cone treatment used for tidal disraptio X-ray space-born observatofy, Muno et &l (2005b) have de-
and coalescences to interactions with the binary congistin  tected 7 transient sources which appear to be much more con-
the MBH and the most bound stellar object and resorting to centrated around Sgr*Athan the overall stellar population.
explicitintegration of 3-body motion when a close interaet ~ Here we examine whether this may be a direct consequence
between the binary and a third object is deemed to occur.  of mass segregation, if these sources are all stellar BHs ac-

However this process is probably of little importance in creting from a lower-mass companion. We make the strong

galactic nuclei as a rough analysis suggests. Let's Wi§e  assumption that these binaries are not formed or affected by
and X, to denote the cross sections for strong interaction interactions with other stars such as 3-body binary foromati
with the innermost stellar object (followed by ejectionrfro  partner exchange, ionization, etc. Instead we considgr the
the nucleus) and for direct plunge through the horizon of the just react to 2-body relaxation as point objects with a total
MBH, respectively. Then assuming that the scaling laws for mass approximated by the mass of the stellar BH.
three-body interactions establishemmasfs In Fig.[Z4 we perform a graphical comparison between the
ply all the way to mass ratios as extreme as considered heregpbserved distribution of X-ray transients and the distidu
we estimateXe;/ >, ~ (a/Rs)(m/M,) wherea is the semi-  of the various species, most importantly the BHs, in our high
major axis of the stellar object deeply bound to the MBH, resolution simulatiotB\25 att = 9.29 Gyr. Clearly, the tran-
Rs is the Schwarzschild radius of the MBH amdis typi- sients are more centrally concentrated than the BHs in the
cal mass of stellar objects. Now, for the interaction to be simulation but given the small number of observed souraes th
resonant, the inner binary has to be well separated from theplot itself is not sufficient to rule out our naive model foeth
other objects in the cusp,< Ry. whereR;. is the radius con-  distribution. If we pick up at random 7 sources with projekcte
taining (on average) one stellar object. Assuming a power-distance from the center smaller or equal to 23 pc following
law density cuspn oc R inside the influence radiuBini our “theoretical” BH profile, we find that their distributids
of the MBH, one findsR;. ~ Rnyn(M/M,)¥@). Therefore  at least as concentrated as the observed one (in the sense of
if the stellar velocity dispersion outsid®yy is o, one finds the Kolmogorov-Smirnov test) in some 15 % of the cases. It
Yei/Epl & (c/0)3(m/M,)*/G)_ For ac = 20kms* glob- is therefore at this point not possible to exclude that tae-tr

ular cluster containing an M., IMBH with ~ = 1.5, this sients owe their peaked profile purely to mass segregation bu

ratio is of order 18, But this is reduced to T8 for a galactic  thiS seems somewhat unlikely. .
nucleus withM, = 10°M ., ando = 200km 2 g As pointed out bmlmw), the rate of binary

interactions should also increase steeply towards thescent
and this probably combines with mass segregation to produce
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the observed distribution. In comparison with the[situatio man & Alexander have followed the secular change of ec-
in a globular cluster with a well-defined core veldcity dis- centricity and semimajor axis of individual stars assunang
tribution, the problem of binary dynamics in the viinity of fixed given stellar background to determine the diffusion co
a MBH is complicated by the fact that there is no|clear-cut efficients for 2-body relaxation. A powerful development of
definition of the hard-soft transition. The Keplerign veloc their method would be to evolve the stellar distributiorfsel
ity dispersion increases virtually without bound when ope a  consistently using a treatment of relaxation borrowed from
proaches the center. This may affect a binary on an orbit ofthe Hénon Monte-Carlo approach. One would use individ-
relatively large semimajor axesaround the MBH because 2- ual time steps to|better follow the evolution of stars on high
body relaxation will cause the orbit to reach down to a value eccentricity orbit$ until their fate (inspiral, plunge possibly
Roeri = (L—€)a < a over a timescale of ordeyy In(1/(1-¢€)) ejection) makes no more doubt. A Monte-Carlo code could
(e.g.[EFrank & Reés 19176). Therefore, a binary may be dis-easily cope with the 10-107 stars within the influence radius
rupted even if it is hard relative to the local velocity dispe on a star-by-star|basis.

sion at the position where it spends most of its time, i.e., at RecentlylHopihan & Alexandef (2006) have considered,
distances of ordea from the MBH. for the first time|in the study of EMRIs, the role of “reso-

The most extreme type of dynamical interaction a binary nant relaxation”,|i.e., of the random changes in eccenmyrici
can experience is the tidal separation of its members ifrits 0 and orientation of the orbital planes due to the non-vangshi
bit brings it within~ apin(Ms /Mpin)*/* of the MBH. He[eayin but fluctuating torque exerted on an orbit by the other orbits
is the semimajor axis of the binary itself ang, its mass.  each considered|as an elliptical mass wire (Rauch & Tremaine
This process is of great interest by itself both as a way te cre 1996). These authors find that resonant relaxation can in-
ate “hypervelocity stars” and to deposit a star on a tighitorb crease the EMR| rate by of order a factor 10, an exciting re-
around theﬂmmm(ﬁ; ualan- sult which is calling for confirmation by other computation
dris et al[20081; Miller et al. 2005; Pfahl 2005). techniques. Unfartunately, although strictly also a 2ypefd

Given a model of the stellar distribution, one coulg estenat fect, resonant relaxation is unlikely to be amenable toype t
an average lifetime for a binary of known properties and semi of local 2-body interactions at the core of the Hénon Monte-
major axis (assumed fixed), accounting for the 464, ex- Carlo method.
cursions caused by relaxation. However the complex questio
of binary dynamics in a galactic center would be betjer &@at
through self-consistent stellar dynamical simulationghef We thank Holger Baumgardt for discussions and results of
sort presented here but including binary processes. Hénonhis N-body simulations. PAS is indebted to him for invalu-
style Monte-Carlo code are particularly well suited for-fol able help with the modification of BbDY4 during his visit to
lowing the evolution of large systems with a signifidant frac the Albert Einstein Institut in August 2005. We are grateful
tion of binaries whose interaction can be computed pcdyrate to Tal Alexander,John Fregeau, Atakan Giirkan and Frederic
by direct 3- and 4-body integration, as has already|been re- Rasio for enlighténing discussions. MF received kind gudti
alized in the context of young and globular clusters (Gi&sz and very valuable explanations about Kolmogorov-Smirnov
Spurzen 2003; Fregeau etlal. 2005, Glirkan ket al14005).  tests from Laurent Eyer.

Concerning the prediction of EMRI rates and pfoperties, We made extensive use of the computer cluster “Typhoon”
the determination of how 2-body relaxation shapesithesstell at Northwestern University for the Monte-Carlo simulatpn
distribution around the MBH is only a first —crucial- step. A thanks to the Beowulf wizardry of John Fregeau.
robust estimate of the fraction of stars that eventuallpins TheN-body sinulations of 2-component models were per-
ral into LISA band, rather than plunge directly through the formed on theGRAPE computers at the Astronomisches
horizon while still on a wide orbit will probably require the Rechen Institut in Heidelberg, thanks to the support of Bain
development of a specific code. For stars on very eccentricSpurzem, Peter Berczik and Peter Schwekendiek.
orbits, one needs to follow the combined effects of GW emis-  This research was supported by NASA ATP Grant NAG 5-
sion and relaxation on a timescale significantly shprtentha 13229. We started writing the manuscript of this paper durin
allowed by the present ME(SS¥92 code where the time the workshop “LISA Data: Analysis, Source and Science” at
steps are a function of the distance from the center and tannathe Aspen Center for Physics where we benefited from the
depend explicitly on orbital parameters, lest consermatid hospitality of the Center and from discussions with many par
energy become impossible. ticipants in the mzeting. The participation of MF in this wer

The work offHopman & Alexandef (2005) (itself jnspired shop was supported in part by NASA grant NNG05G106G.
by [Hils_ & Bender 1995) indicates a promising avehue. The The work of MF in Cambridge is funded through the PPARC
vast majority of EMRIs enter the GW regime when their orbit rolling grant to the theory group at the 10A. The work of
is confined deep inside the region of influence of the MBH. PAS has been supported in the framework of the Third Level
Hence one could develop a code specialized in the dynam-Agreement betwgen the DFG (Deutsche Forschungsgemein-
ics of stars on quasi-Keplerian orbits around an MBH. Hop- schaft) and the IAC (Instituto de Astrofisica de Canarias).
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TABLE 2
PROPERTIES OFSIMULATED NUCLEI
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Name Structure Stellar M, (0) N. (0) No  Rus(0) Physic® Comments
n 1% pop@  (1CPMg)  (10F) (%) (pc)

G\N01 1.5 0.05 F 35 0.01 1 10.0 TC fst =0.01

G\N02 15 0.05 F 35 0.01 1 10.0 TC

G\N03 1.5 0.05 F 35 2.132 1 10.0 TC fst =0.01

G\No4 1.5 0.05 F 35 2.132 1 10.0 TC

G\NO5 1.5 0.05 F 35 2.132 4 10.0 TC

G\N06 1.5 0.05 F 35 2.132 1 28.0 TC fst =0.01

G\NO7 15 0.05 F 35 2.132 1 28.0 TC

G\N08 1.5 0.05 F 35 2.132 4 28.0 TC

GN10 1.5 0.05 F 35 2.132 1 28.0 TC,LA fse =0.01, fla=2

GN11 15 0.05 F 35 2.132 1 28.0 TC,LA fst =0.01, fla=4

G\N12 1.5 0.05 F 35 2.132 1 2222 TC fst =0.01

GN13 1.8 0.05 F 35 2.132 4 22.1 TC fse =0.01

G\N14 15 0.025 F 35 4.264 1 28.0 TC fst =0.01

GN15 1.5 0.05 F* 3.5 2.132 1 28.0 TC fst =0.01, no BHs

GN17 1.5 0.05 F 35 2.132 4 28.0 TC A3N08, other random seq.

G\N18 1.2  0.05 F 35 2.132 4 25.2 TC

GN19 2.0 0.05 F 35 2.132 4 21.0 TC

G\20 2.25 0.05 F 35 2.132 4 19.25 TC

G\21 15 0.05 BS 35 2.132 4 28.0 TC

G\N22 15 0.05 N 35 2.132 4 13.0 TC

G\23 15 0.05 BP 35 2.132 4 28.0 TC

G\25 15 0.05 F 35 2.132 8 28.0 TC

G\26 15 0.1 F 7.0 2.132 4 17.64 TC Central dens. &and.

G\29 15 0.05 F 35 2.132 4 28.0 TC

GN30 1.5 0.1 F 3.5 1.066 4 17.64 TC Central dens. = stand.

G\33 1.5 0.05 BS 35 2.132 4 28.0 TC

GN\N34 1.5 0.1 F 3.5 1.066 4 17.64 TC Central dens. = stand.

G\36 1.3 0.03 F 2.6 2.640 6 35.2 TC Similar to Freitag (2003)

G4 15 0.05 F* 35 3.156 8 28.0 TC IMF down to01 M,

G5 15 0.05 F 35 2.132 4 28.0 TC,C

GM6 15 0.05 F 35 2.132 4 28.0 TC,C Disruptive CO-MS coll.

G\M48 1.5 0.0283 F 35 2.132 4 28.0 TC,SE fsg=0.025, 1 ~ 0.05 at 10 Gyr

GM9 15 0.05 F* 35 2.132 1 28.0 TC no BHs

G\50 1.5 0.0283 F 35 2.132 4 20.0 TC,SE fse=0.025

G\53 15 0.05 F 35 2.132 4 28.0 TC,LA fa=4

G\54 15 0.05 F 35 2.132 4 28.0 TC,LA fla=8

G\55 15 0.05 F 0.1 0.0609 4 4.732 TC,C

G\56 1.5 0.05 F 0.35 0.2132 4 8.854 TC,C

G\57 15 0.05 F 1.0 0.6090 4 1497 TC,C

G\58 1.5 0.05 F 35 2.132 4 28.0 TC,C

G\59 15 0.05 F 10.0 6.090 4 4733 TC,C

GN60 1.5 0.05 F 35 2.132 4 28 TC, SE(NK) fsg = 0.025, SE but old population

G\N62 2.0 0.05 F 0.1 0.0609 4 3,550 TC,C

G\N63 2.0 0.05 F 0.35 0.2132 4 6.641 TC,C

aN6e4 2.0 0.05 F 1.0 0.6090 4 11.23 TC,C

G\N65 2.0 0.05 F 35 2.132 4 21.0 TC,C

aN66 2.0 0.05 F 10.0 6.090 4 35.50 TC,C

G\N67 1.5 0.0283 Fu 35 2.132 4 28.0 TC, SE(NK)fsg=0.025

G\N68 1.5 0.0566 Fu 35 1.066 1 17.64 TC,SE

aN69 1.5 0.0566 Fu 3.5 1.066 1 17.64 TC, SE(NK)

G\N70 1.5 0.05 F 35 2.132 4 28.0 TC,C 50 % MS mass accreted onto BHs#BM collisions

GN74 15 0.0566 BSu 3.5 1.066 1 17.64 TC,SE

GN75 15 0.0566 BSu 35 1.066 1 17.64 TC, SE(NK)

G\76 3.0 10° Fu ~0 2.132 4 32.4 TC,SE(NK) , 6.53% mass from SE accreted by MBH

GN77 15 0.0566 BSu 3.5 1.066 1 10.0 TC, SE(NK)

G\78 3.0 10° Fu ~0 2.132 4 16.2 TC,SE(NK) , 6.53% mass from SE accreted by MBH

G\N79 15 0.0566 BSu 35 1.066 1 7.0 TC, SE(NK)

GN80 1.5 0.1 BS 35 1.066 1 17.64 TC

G\81 1.5 0.045 BSu 35 1.066 1 8.0 TC, SE(NK)

G\Ng82 15 0.045 BSu 3.5 1.066 1 5.0 TC, SE(NK)

G\83 1.5 0.05 F 0.035 0.02133 2.133 238 TC,C

G\84 2.0 0.05 F 0.035 0.02133 2.133 21 TC,C

G\N85 1.5 0.05 F 0.01 0.006094 0.6094 1.50 TC,C

G\N86 2.0 0.05 F 0.01 0.006094 0.6094 1.12 TC,C

G\N87 15 0.045 BSu 3.5 1.066 4 8.0 TC, SE(NK)

G\88 2.0 0.05 F 0.035 0.02133 2.133 05 TC,C

GO0 15 01 F* 3.5 1.066 4 15.0 TC,C,SE Initial age of stellar g@yr

NOTE. — N, (0) is the initial number of stars (in £p N, is the number of particles (in i()generaIIpr < N.). Ryg is theN —body length scale. If not indicated otherwise,
the time step parameter fg; = 0.04 and the Coulomb logarithm is = In~vcN.. with v = 0.01. 50 % of the mass of tidally disrupted stars is accreted thet MBH.
@ F: “Fiducial”; BS: from Belczynski, solar metallicity; BRrom Belczynski, metal-poor (see text and Tdle 1). An “Wigates an unevolved IMF. An “*” indicates a pecularity

explained in the “Comments” column.

®) C: collisions; LA: large-angle scatterings; SE: stellaoletion (NK: natal kicks); TC: tidal disruptions and coatesces with MBH
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TABLE 3
STELLAR MASSENCLOSED BYR=1PC ANDR=3PC AT5AND 10 GYR

Name Time Menc(1pc) Menci(3pC) Time  Meng(1pc)  Menci(3pC)
(Gyn (1FMge) (10°Mg) Gyn (1FMg) (1PMg)

G\o4 497 2.82 13.00 10.00 2.04 11.00
GNO6 5.03 0.71 4.40 10.02 0.31 3.58
GNo7 5.16 0.86 4.61 10.03 0.54 4.04
GNO8 5.01 0.83 4.55 9.98 0.45 3.85
GN10 494 0.83 4.56 10.04 0.41 3.76
GN11 5.02 0.76 4.50 10.02 0.42 3.86
GN12 5.01 0.97 5.59 9.98 0.46 4.59
GN13 5.04 0.73 5.25 9.99 0.34 4.31
GN\14 5.00 0.85 8.39 10.05 0.015 6.93
GN15 6.43 121 5.24 7.67 1.18 5.15
GN17 5.09 0.98 4.51 9.78 0.77 3.89
GN\18 5.04 1.25 5.45 10.03 0.95 4.61
GN19 5.04 112 5.80 10.04 0.87 4.91
GN20 495 1.16 6.28 10.08 0.92 5.33
G\21 491 1.04 4.65 10.01 0.82 4.06
G\22 4.88 2.70 11.00 9.94 211 9.38
G\25 5.05 0.97 4.49 10.04 0.75 3.82
G\26 490 2.05 8.14 9.97 164 7.14
G\29 5.03 0.99 4.51 9.89 0.80 3.91
GN30 5.09 0.93 3.86 10.14 0.71 3.26
GN33 493 1.05 4.67 10.21 0.83 4.07
GN\34 496 0.95 3.89 9.96 0.74 3.32
GN\N36 485 0.87 4.30 9.99 0.67 3.57
G\44 5.01 0.98 4.54 10.03 0.76 3.89
G\45 529 1.04 4.62 10.03 0.82 4.06
G\46 511 1.05 4.65 9.69 0.85 4.11
G\48 494 0.72 2.98 10.11 0.54 2.43
G\49 6.43 1.19 5.00 7.67 1.16 4.89
GN\50 5.04 0.92 4.14 10.11 071 3.37
GN\53 487 1.04 4.67 10.12 0.81 3.97
G\54 5.07 0.98 4.54 9.90 0.76 3.87
GN\55 4.98 0.065 0.38 10.01 0.041 0.25
GN\56 5.00 0.19 1.07 10.07 0.14 0.78
G\57 5.00 0.44 2.24 10.04 0.33 1.78
GN\58 5.00 1.05 4.58 9.98 0.83 3.95
GN\59 5.03 1.64 7.30 10.58 1.56 6.88
GN60O 498 1.06 4.67 9.82 0.93 4.18
GN62 5.01 0.079 0.46 9.98 0.048 0.29
GN63 5.01 0.25 1.39 9.95 0.17 1.01
GN64 498 0.54 2.95 10.04 0.40 2.30
GN65 496 1.16 5.85 10.06 0.96 5.02
GN\66 514 1.30 8.06 9.91 1.38 7.88
GN67 493 0.64 2.22 10.01 0.51 1.90
GN\68 5.06 0.74 2.81 9.87 0.57 2.32
GN69 495 0.72 2.74 10.02 0.55 2.27
GN70 5.09 1.06 4.68 9.71 0.85 4.10
GN74 5.09 0.80 3.01 9.90 0.63 2.54
GN75 5.02 0.77 2.94 10.16 0.59 2.44
GN76 4.87 0.53 2.23 10.22 0.44 1.96
GN77 5.01 1.20 4.83 10.09 0.91 3.96
GN78 490 0.99 5.01 9.99 0.79 4.14
GN79 493 1.62 6.51 10.04 1.17 5.20
GN8o 481 1.01 4.01 10.07 0.79 3.48
G\81 499 1.25 5.49 10.00 0.94 4.41
GN\N82 5.01 3.69 17.00 10.05 2.68 13
G\84 5.01 0.025 0.15 10.02 0.015 0.087
GN85 4,99 0.0055 0.033 10.02 0.0031 0.018
GN\86 5.00 0.0061 0.036 10.03 0.0032 0.019
GN\87 501 1.23 5.42 10.01 0.90 4.31
GN\88 5.00 0.0075 0.042 9.98 0.0037 0.022

GN\N90 5.00 2.36 9.19 10.00 1.86 7.91




