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Abstract

Two-body relaxation times of nuclear star clusters are tstoough that gravitational encounters should
substantially affect their structure in 10 Gyr or less. Irclear star clusters without massive black holes,
dynamical evolution is a competition between core collapgech causes densities to increase, and heat input
from the surrounding galaxy, which causes densities toedeser. The maximum extent of a nucleus that can
resist expansion is derived numerically for a wide rangendfal conditions; observed nuclei are shown to
be compact enough to resist expansion, although there meg/lbeen an earlier generation of low-density
nuclei that were dissolved. An evolutionary model for NGG 20 presented which suggests that the nucleus
of this galaxy has already undergone core collapse. Addinmssive black hole to a nucleus inhibits core
collapse, and nuclear star clusters with black holes alwapand, due primarily to heat input from the galaxy
and secondarily to heating from stellar disruptions. Theagsion rate is smaller for larger black holes due to
the smaller temperature difference between galaxy anénsevhen the black hole is large. The rate of stellar
tidal disruptions and its variation with time are computedd variety of initial models. The disruption rate
generally decreases with time due to the evolving nucleasitig particularly in the faintest galaxies, assuming
that scaling relations derived for luminous galaxies camtiended to low luminosities.

Subject headings: galaxies: evolution — galaxies: nuclei — galaxies: dynamic

1. INTRODUCTION They are 10-100 times brighter than typical Milky Way glob-

Many galaxies have compact stellar nuclei. A nearby ular clusters. (b) Their sizes correlate with their lumities

example is NGC 205, the dwarf elliptical (dE) companion 25T ~ L°®. (c) Spectra reveal extended star formation histo-
to the Andromeda galaxy. NGC 205 exhibits a sharp up- €S and the luminosity-weighted mean stellar age cagsla

turn in its surface brightness profile inside of a few arcsec- With galaxy Hubble type, from- 10 Myr in late-type spirals
onds, attributable at least in part to a population of young 1©~ 10 Gyrin ellipticals. However the mass is typically dom-
stars near the center (Hodlge 1973: Carter & Sadler|1990).n&ted by an old stellar population. (d) Nuclear masseseeorr
The mass of the nucleus is 10°M., and its radius is~ late with host galaxy (bulge) massesMg,c ~ 0.00Mpuige
10pc (Jones et al. 1996; Valluri et al. 2005). Reaves (1977)‘31S well as with other global properties of the bulge such as

and Romanishin et al. (1977) found similar central light ex- veIc;10|t):cd|sp(ra]rS|on a?d Sersic |n|dex. b imil i
cesses in many early-type galaxies in the Virgo cluster; The fact that nuclear star clusters obey similar scaling
Binggeli et al. (1987), in their comprehensive survey ofjdiy  'e/ations with host galaxy properties as do supermassive
foun rat gy one-Tourth of e dar (0 and 450 ype) (45K 1S 5 11 1 11 Sggesion it e ey e ¢
galaxies were nucleated. The nuclei in the Virgo galaxies ar f — 7 X ,
sufficiently compact that they appear unresolved in ground_(Ferrarese et al. 2006a; Wehner & Harris 2006): perhaps both

based images, and their detection in these photographic surShOUIOI be assigned to the single category of “central messiv

veys was facilitated by the low central surface brightnesée OIbJeCt : Tr}|s suggestion raises .t?]e question c_>f Wgeggﬁ nu-
dwarf galaxies. clear star clusters can co-exist with supermassive blalgdsho

Recent observations with the Hubble Space Telescope haVeSeth et al.L(2008) list roughly a dozen galaxies with nuclear

revealed that nuclear star clusters are present in a muear wid ﬁumé?:&gne{w(f\?vﬁiz:;(;g% gjor?lltg?nsgfslég(rj Isctz\trlvcelu(;{ea;g aetlv
variety vof galaxies, including luminous elliptical galex ’ '

and the bulges of spiral galaxiés (Carollo €1 al. 1997, 1998; This paper addresses the evolution of nuclear star clusters

Boker et all 2002; Coté etial. 2006). The fraction of galaxies due to random gravitational encounters between starsrigno

with clearly distinguishable nuclear clusters is now hedik ![?rgetg?naﬁzsr:zlg eﬁrv(\e/f)?l? gﬁﬁgiénaasgmeaﬁlgfg e?%ue&];elﬁﬁig%
to be as high as 50%-75%. The nuclei are not present in EIon er than those in globular clusters, but still short %‘rou
galaxies brighter than absolute blue magnithdie~ —19, thagtJ ravitational encgunters would Sl’JbstantiaII aftbetr

but this may be due to the steeply-rising luminosity pro- 9 fter 10 Gvr. For inst in NGC 20% hich h
files in these galaxies which would make detection of a nu- structure after yr. For instance, in » WHICN Nas

clear excess difficult. The frequency of nucleation also ap- Ic;r;;tcigrfr;& zﬁ:t(')rﬁ'lsc’h{%g r;u;:rI]eOar{ g;%rudrﬁggtségr]:c%elg{ile
pears to drop in the faintest galaxies, falling essentitdly ¥ yr, 9 P

: ' could have already occurred (Jones et al. 1996; Vallurilet al
zero at galaxy absolute magnitudelg ~ —12 and below 2005).

(Sandage et &l. 1985; van den Bergh 1986). . .
< TR . " As pointed out by Dokuchaev & Ozernoi (1985), Kandrup
Nuclear star clusters have the following properties (Hoker (1990) and Quinlan (1996), evolution of a star cluster at the

5, : 3
2007;/van der Marel et al. 2007, and references therein). (a)Center of a galaxy can be qualitatively different than thiatro
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isolated stellar system. If the nucleus is sufficiently wh, Mnuc/m. Half-mass relaxation times for many of the nuclei
its velocity dispersion will be lower than that of the sumold are less than 10 Gyr.

ing galaxy, and the usual tendency toward core collapse will Figure[1b shows the dependence of relaxation time on
be opposed by a flow of energy from galaxy to nucleus. The galaxy absolute blue magnitudéds. Relaxation times are
fate of the nucleus — collapse versus expansion — depends oplotted both for the nuclei, and for their host galaxies;ha t
whether the core collapse time is short or long compared tocase of the galaxies, in equation[(ll) was equated with the
the time for the nucleus to absorb energy from the galaxy.observed effective radiuz (e.g. Ciotti 1991) andN was set
Quinlan (1996) analyzed a simple family of two-component to Mg, /m. Dotted lines are least-squares fits totlays. Mg
models and derived a condition for the minimum compactnessfor galaxies and nuclei independently; the fitted relatiames

of a nucleus in order to resist expansion. Quinlan’s condi-

tion implies a maximum sizényc/rgal ~ 0.02 for nuclei with l0g;0(tgal/yr) = 14.2—0.336(Mg + 16), (@)
masseMnuc/Mga = 102, This is intriguingly close to the l0g; (tnuc/yr) =9.38— 0.434(Mg + 16) 3)
observed sizes of nuclear star clusters. where we have writtetya andtnyc for the half-mass relax-

_Even a nucleus compact enough to satisfy Quinlan's crite- 445 time of the galaxy and the nucleus respectively. The
rion could escape core collapse if it contained a black hole. gecond of these relations predicts nuclear relaxatiorstivee

A black hole also acts as a heat source, by destroying anqg,y 0.1 Gyr in galaxies withVig ~ —12, the least luminous
absorbing stars (Shapiro 1977). Nuclear star clustera@ont  ga|axies that contain compact nuclei (van den Bergh!1986).
ing massive black holes should therefore expand, regardles™ rigyre[]c plots nuclei in the size ratio vs mass ratio plane.
of their initial degree of compactness. The symbol sizes in this plot are proportional to Jgiguc;

In this paper, integrations of the orbit-averaged Fokker- jjqq symbols haveth,e < 3 Gyr and open symbols have
Planck equation are carried out for models of nucleatedgala tue > 3 Gyr. There is evidence in this figure for two pop-

ies with and without black holes. The Fokker-Planck model jjations: compact nuclei with short relaxation times and

includes a loss term describing scattering of stars intéida®  ore extended nuclei with long relaxation times. Fiddre 1a,
disruption sphere of a black hole, if present. Physicalicoll ¢ombined with the knowledge that nuclear masses correlate
sions between stars are ignored, and the mass liberated fronyith galaxy masses (Wehner & Halfis 2006; Ferrareselet al.
disrupted stars is assumed to escape instantaneouslytfeom t 20064), implies that the larggac population in Figuréllc is
galaxy; these are both approximations but not unreasonablg,sgociated with the brightest galaxies. The lack of nuciiéi w
ones (e.g. in NGC 205 the timescale for physical collisions reif/Re < 103 probably reflects an observational limitation:

is ~ 3 orders of magnitude longer than the relaxation time). gt the distance of Virgo, the ACS/WFC pixel scale00.049

Initial conditions are derived from mass models that mimic g second corresponds+a3.9 pc, or~ 0.004 times a typical
the observed luminosity profiles of nhucleated galaxiesnQui galaxy effective radius of: 1 kpc.

lan’s criterion for black-hole-free nuclei is refined; wedin

that observed nuclei are either in the core-collapse regime 22 NGC 205

or have sufficiently long relaxation times that they would no )

have evolved appreciably in 10 Gyr. In models containing . Nuclear star clusters beyond the Local Group are too dis-

black holes, the dominant process driving nuclear evatigo  t@ntfor their structure to be well resolved. The nearbB4

almost always found to be heating by the galaxy. kpc; McConnachie et al. 2005) dE galaxy NGC 205 con-
The models presented here are idealizations in one impor-ta'”s one of the best resolved nuclei. Figure 2 shows surface

tant respect: only a single stellar mass group is considerecﬁrightness data of NGC 205 in theband, obtained by com-

and stellar masses are assumed to be fixed in time. The ef?iNiNgHST ACS observations from Valluri et al. (2005) with

fects of mass segregation, star formation and stellar gealu ~ 9round-based datalof Kim & Lee (1998) and Lee (1996). The

are therefore ignored. Multi-mass models will be considere horizontal axis isswa [1 — £(r)]"/2 wherersya is the isopho-

in a later paper. While the calculations presented here havdal semi-major axis anelis the ellipticity; NGC 205 is mod-

some relevance to nuclear star clusters in all galaxiedpthe erately elongatedg) ~ 0.5.

cusis on models that are structurally similar to low-lunsiity These circularly-symmetrized data were fit to a two-

elliptical galaxies. component spherical model defined, in terms of the (3d) lu-
Section Il summarizes the properties of nuclear star clus-minosity densityj(r), as

ters and their host galaxies that are relevant to this stbely-

tions Il and IV describe the results of evolutionary casul J(r) = ja(r) + j2(r) 4)
tions without, and with, black holes, respectively. Seattio o 7b[(r/r1/2)1/nfl}
sums up ja(r) = jga® (5)
. ; ; 2,.2\7V/2
2. NUCLEAR STAR CLUSTERS AND THEIR HOST GALAXIES j2(r) = joue (1+r%/rc) " (6)
2.1. Nucleated Galaxiesin the Virgo Cluster The galaxy is represented by Einasto’s (1965) law, idehtica

in functional form to the law of Sérsic (1963) that is more-typ

ically applied to surface density profiles. The quanhtn)

is chosen such that , is the (3d) radius containing/2 of

the total mass corresponding 1; n is an index that con-

trols the curvature of the profile (not to be confused with the
1.7 x 10P[rn(pc)]¥/2NY/2 Sérsic index; the latter is typically smaller byl — 2 than the

= /M2 years (1) Einastonthat describes the space density). The nucleus is rep-

© resented by a generalized “Hubble” lawy;is the core radius
(Spitzelr 1987), withi, set equal toe. The mean stellar mass  andy controls the steepness of the nuclear density falloff, e.g.
m was set to one solar mass aNdvas computed fronN = y=>5is Plummer’s (1911) model and= 2 is the isothermal

Figure[la shows half-light radiky and masse®lpc of nu-
clei observed in the ACS Virgo Cluster Survey (Coté et al.
2004). Dashed lines indicate constant values of the haffsma
relaxation time
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FIG. 1.— Properties of nuclear star clusters in the subset g@ovituster early-type galaxies that were found to be nuetkat the ACS Virgo Cluster Survey
(Céte et all 2004). (a) Nuclear radii and masses; massesoangtie compilation of Seth et al. (2008). Dashed lines spoad to nuclear half-mass relaxation
times of (10%,10°,10°, 101, 102) years increasing up and to the right. (b) Half-mass relaratiimes of nuclei (stars) and their host galaxies (filledles).
Dotted lines are least-squares fits. (c) Vertical axis isrétie of half-light radii of nuclei {ef) to half-light radii of galaxiesRe); horizontal axis is the ratio of
nuclear mass to galaxy mass. Symbol size is proportiondletdogarithm of the nuclear relaxation time in (b). Openlegcave logg(trn/yr) > 9.5 and filled
circles have logy(trh/yr) < 9.5. Dashed lines indicate the critical valuergf/Re above which nuclei expand, for galaxies described by Enasticesn = 2
(top),n= 3 andn = 4 (bottom).

two-component model of equatidn (R.2) will be used as a ba-
T & T sis for the evolutionary studies described below. We note
' . that one parameter in this fit, the Einasto inaefor rather,
the corresponding Sersic index describing the surfacédbrig
ness profile; Einasto fits have not yet been carried out for
many galaxies) is known to correlate roughly with galaxy
luminosity, in the sense that brighter galaxies have larger
(Graham & Guzman 2003).

N

14

16

18

3. NUCLEAR EVOLUTION WITHOUT BLACK HOLES

We first consider evolution, due to gravitational encousyter
T of a galaxy containing a compact nucleus consisting of stars
_ with a single mass and no nuclear black hole. Physical colli-
sions between stars are ignored. In this idealized moded, ev
lution takes place on a time scale determined roughly by the
central (nuclear) relaxation timégg; stars are scattered into
less-bound orbits, transferring heat to the nuclear epeelo
and causing the central density to increase. If the nuclens w
isolated, and ignoring sources of heat like hard binarysstar
core collapse would take place in a time~ofL(%t,. (Spitzer
1987). However because the nucleus is embedded in a galaxy,
ol vl il il i flow of heat can also take place in the opposite sense, from
0.1 1 10 100 1000 galaxy to nucleus, causing the latter to expand; core cetlap
is then delayed until a much longer time has elapsed (Quinlan
1996).

@ (mag arcsec™2)

20
T

22

Au
o —0.250 0.25

o

R (arcsec)

Fic. 2.— Two-component (ed._2.2) fit to surface brightness ddta o
NGC205. Thin solid lines show the nuclear and galactic camepts sep-
arately, after convolution with the ACS point-spread fumet dashed line is : :
before PSF convolution. Lower panel show surface-brigtgmesidualsn: 3.1. Evolution timescales

Einasto index of the galaxy componeny; nuclear core radiuy; power-law We begin by deriving an approximate expression for the
index of the nuclear space density. time scale to transfer energy from a galaxy to a nucleus,
sphere. Equatiofi(2.2) was compared to the data of Figure Zhen derive an approximate condition for heating to reverse
after spatial projection and convolution with the circifar ~ core_collapse. Our approach is similar to treatments in
symmetrized ACS HRC point-spread function. The optimiza- [Dokuchaev & Ozernd| (1985) and Kandrup (1990).
tion routine adjusted the five parametéjga, jnuc. 1/2, ¢, ) Consider a two-component system consisting of galaxy and
at fixedy; the latter parameter was varied in steps df 0 nucleus. Both components are assumed homogeneous and are
Figure2 shows the fit that minimizes the surface-brightnesscharacterized by a densitpdal, Pnuc), radius €gal, 'nuc), rms
residuals, withy = 3.2. The fit is good £ 0.05 magnitude  Velocity (Vgai, Vnug), and half-mass relaxation timg4), thuc)-
rms deviation), although this decomposition of the brigist Define gnye = (1/2)pnudV3,c to be the kinetic energy per
profile into “galaxy” and “nucleus” is not certainly not unie. unit volume of the nucleus. Assuming Maxwellian velocity
Since it provides such a good description of NGC 205, the distributions and a single stellar massthe rate of change of
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Fic. 3.— Density (upper) and velocity dispersion (lower) pexibf a set
of galaxy models constructed according to equation] (2. @malized such
that G = Mgg = 1. All models haveMnyc/Mgq = 0.003, n = 3 andy =
4. Different curves correspond to different degrees of emrctompactness,
i.e. 10G1o(Fnuc/rgal) = (—3.72,—3.20,—2.72,—2.20,-2.02, —1.90, - 1.72).
Thick lines denote models in which the nucleus undergoesrtipt” core
collapse; thin lines are models in which heat transfer froengalaxy causes
the nucleus to expand initially (as show in Higy. 4).

€nuc due to gravitational encounters is
2 2
(Vgal _Vnuc)

(ng It Vnzuc) ¥

a

denuc

at 4\/§[Gzrnpnucpgal|n/\

(7)

(Spitzer 1987, eq. 2-60). A necessary and sufficient camditi
for the nucleus to be heated by the galaxXygs > Viue. When
this condition is satisfied, the nuclear heating time is

1 denyc -
€nuc  dt

_ i\/? Viic Pruc
- 48 T[szpnucln/\ pga|

(8)

Theat=

(V!Jzal/vr'lzuc+ 1) 3/2(9)
(ngal/vrguc_ 1)

In the limiting cas&/ya > Vhuc this becomes

3
Vnuc

Theat= (pnuc> (@) i\/Ei
e Pgal Viue/ 48V G2mpnycln A
2
Pnuc Vgal > (Vgal >
~ — Jthuee | == | t 11
(pgal> (Vnuc nue Vnuc oal ( )

1/2 1/2
~ (pL“) (VL“C) (tnuctgal) /2.
Pgal Vgal

Models that satisfy the conditioVga > Vhye have
Pruc = Pga- Thus, the nuclear heating time is of the same
order as, or somewhat less than, the geometric meag,of
andtga. According to Figure 1b, this time is shorter than 10
Gyrin at least some galaxies.

Heating from the galaxy will reverse core collapseizis
shorter than the nuclear core collapse time. One definition o
the latter time is

(10)

(12)

-1
= Eiltnuc

1d
Tec = ‘ Pnuc

Pruc dt
where& 1 varies from~ 10 in the early stages of core col-

lapse to an asymptotic value f300 (e.g. Cohn 1980). The
conditionTpear < Tcc becomes

(13)

Pruc Voal _ ¢ 1
Pgal Vnuc

whereVyga > Vhyc has again been assumed. This expression is
similar to equation (14) of Dokuchaev & Ozernoi (1985). We
can convert equatiofi (1L4) into a relation between the guanti
ties plotted in Figure 1 by writin@nyc ~ Mnuc/rﬁuc and by
applying the virial theorem separately to both components,

l.e.
V2 ~ GMnuyc V2 - GMgal_
nuc ) gal '
Muc lgal

(14)

(15)

the former expression will only be approximately true fario
density nuclei. With these substitutions, the conditiod) (1

becomes ) .

Mnuc <10 (E_l) (rn_uc) )
Setting Mnuc/Mgas = 0.003, equation [(16) implies that
Muc/r'gal Must be smaller than 0.05 in order for core col-
lapse to occur, a value that lies within the range of observed
nuclear sizes (Fig. 1c). While the numerical coefficients in
equation[(Ib) should not be considered accurate, the denera

form of the relation will be verified below via more realistic
evolutionary models.

(16)

3.2. Fokker-Planck model

Evolution was modelled using the isotropic, orbit-averhge
Fokker-Planck equation (Cahn 1980), in the implementation
described by Merritt et all (2007). The initial galaxy was
given a density law as defined by equatién(2.2); the self-
consistent gravitational potential and isotropic phgssce
distribution functions were derived from Poisson’s and Ed-
dington’s formulae respectively. Henceforth we charazger
these initial models by the two dimensionless parameters

I'nuc/rgala Mnuc/Mgal a7

wherernyc andrgy are the spatial (not projected) half-mass
radii of nucleus and galaxy respectively, aidyc and Mga
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FIG. 4.— Evolution toward core collapse in the galaxy modelstptbin Fig[3. Vertical axis is the core density normalizedts initial value. The horizontal
axis is the time in units of the initial, half-mass relaxatiimet;,, defined by the galaxy (left) or by the nucleus (right).

are the total masses corresponding to the two componentsa. The critical values are well fit by relations of the form

Given the varied and non-unique ways in which half-light M r B
radii are defined observationally, we will henceforth siynpl nue _ a (”_“C) (18)
identify rnuc/rgal With refr /Re when comparing models to data. Mgal l'gal
(This identification should probably only be trusted to with  where
a factor of two or so.) o p _
Figure[3 showsp(r) and a(r) for a set of galaxy mod- n=2:A=300 B=270
els with Einasto index = 3 and nuclear slopg = 4; o(r) n=3:A=390 B=245
is the 1d velocity dispersion. Each of these models has n=4:A=355 B=220 (19)

Mnuc/Mgal = 0.003 but they differ in their degree of nuclear qyinlan (1996) derived a similar criterion for double-
concentration, fronTnyc/rgai =~ 0.0002 to~ 0.03. The de-  pjymmer-law galaxy models; his relation is most similar to
pendence ob onr is complex, sometimes exhibiting mul-  the one found here fan = 2, which is reasonable given the
tiple maxima; but as the nucleus is made less compact, thqoy central concentration of Plummer models. While these
central velocity dispersion drops, and whik/rgai 2 0.003  regyits are all based on nuclei with~ r—* envelopes, we
the centrab is lower than the peak value in the outer galaxy. note that half-mass radii are nearly invariant to the sttt
“Temperature inversions” like these imply a flow of heat from changes that occur prior to core collapse. Hence the crite-
galaxy to nucleus, which tends to counteract the outward flow 5 of equation[(19) should apply approximately to a much
that would otherwise o_lrive the nucleus toward core collapseprgader class of models, including models in which the nu-
(Dokuchaev & Ozerni 1985). . cleus evolved toward core collapse starting from the ihitia
Figure4 shows the change with time of the central densitiesconditions adopted here.

of the models in Figurgl3. Times are normalized by the ini-  |nterestingly, Figuréllc shows that observed nuclei almost
tial, half-mass relaxation time; the left panel normalietie 4| jie in the “prompt” core collapse regime; the only clear
galactic relaxation timéya), and the right panel tue. There — ayceptions are nuclei with such long relaxation times 10

is a critical value offquc/Tga) @bove which evolution toward  Gyr) that very little evolution would have occurred sinceith
core collapse is halted and the nucleus expands. Core colfoymation.

lapse still occurs in these models but on a much longer time |t \yould be nice to go one step further and argue that the
scale, roughly ten times the galaxy half-mass relaxatieti  yaycity of nuclei above the critical lines in Figiie 1c is doe
(and far longer than galaxy lifetimes; see Fig. 1b). The de- gynamical evolution, i.e. that there once existed a pomsiat

lay is due, as first shown by Quinian (1996), to the galaxy’s of |ow-density nuclei that underwent expansion and that now
need to first reverse the temperature gradient near thercentg,aye sych low densities that they are no longer observable as
by creating a large, flat core. In the models with nuclei that gistinct components. This argument is valid only if dissolu
contract, core collapse occurs in 120 times the initial nu- tjon time scales for the nuclei in this region of the plot are

clear half-mass relaxation time. _ . shorter than~ 10 Gyr. This is true for some, but not all, pos-
Experiments like the ones illustrated in Fig. 4 were carried sipje initial conditions. In models near but above the caiti

out for initial models with a range ohuc/rgal andMnuc/Mgal line, the time for the central density to drop by a facto? is

values, and with Einasto indices= (3,4,5). The critical found to be~ 10 *tge for Mue/Mga < 3% 104 butincreases

size ratio that separates collapsing-core and expandirgy-c

w10~ ; —4
models is plotted in Figure 1c for the three different valoks to~10 3}%?' for the more typical valubnue/Mga < 3 x 10

(e.g. FigL4). The latter time is longer than 10 Gyr in almost
all galaxies.
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Finally, we consider the special case of NGC 205 (Eig. 2).
On which side of the divide does it lie? Dynamical mod-

elling of NGC 205 suggests that the nuclear mass-to-light

ratio is ~ a few times smaller than that of the galaxy as a
whole (Carter & Sadler 1990; Valluri etlal. 2005). To con-

struct a mass model, we therefore simply decreased the am-

plitude of the nuclear component in the luminosity profile fit
of Figure[2 by a factor of @ at all radii. Figurd b shows
the projected “surface brightness” of this mass model, i.e.
—25logZ, where%(R) is the mass surface density at pro-
jected radiuR. Thernyc/rgal andMnye/Mgal Values for this

mass model place NGC 205 close enough to the critical lines

in Figure[1c that its fate is difficult to judge.
Accordingly, a variety of initial models (all witim = 3.04
andy = 4) were constructed and integrated forwardfot0

Gyr to see if any could match the reconstructed mass profile
of NGC 205. Figuréls shows the results of one such exercise:

this initial model undergoes “prompt” core collapse, aghie
ing singular density in a time of 1.0 x 10~ galaxy half-
mass relaxation times, i.e~ 10'° yr. The final, projected
mass profile is essentially identical to that of NGC 205 ekcep

atR < 0.1” where the data suggest a flat core; this difference

is probably not significant however given that the lumingsit
profile is not well constrained at radii smaller than the PSF.
(Alternatively, NGC 205 might not have reached full core-col
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FIG. 5.— Open circles show the surface “mass density” of a mod€3C

205 derived from Figl12; the normalization of the nuclear poment was
reduced by a factor of.8 relative to that of the galaxy to account for the lower

|apse; or some process like binary hea‘[ing m|ght have Cause(mass-to-light ratio of the nucleus. Heavy solid line showsass model that

the core to re-expand.) While not conclusive, this and simil
experiments suggest that the luminosity profile of NGC 205
is consistent with this galaxy’s nucleus having undergame c
collapse at some time in the last 10 Gyr.

Itis interesting to note that even slight reductions in the-c
tral density of the initial model in Figuté 5 (largey,c, smaller
Mnuo) led to expansion rather than collapse. In other words:
if its formation history had been only slightly different@C
205 might no longer contain a compact nucleus.

4. NUCLEAR EVOLUTION WITH BLACK HOLES
4.1. Models and Assumptions

Next we consider the evolution of nucleated galaxies con-

taining massive black holes; the latter are idealized as-New
tonian point masses with fixed masls. Evolution of f (E)
describing the stars is again followed via the orbit-avechg
Fokker-Planck equation with evolving potential, incluglthe
(fixed) potential from the black hole, and with a modifica-
tion that accounts for the loss of stars that are scattetted in
the black hole’s sphere of tidal disruption (Merritt et d&)04)
The latter is assigned a radiusrpfvhere

Me\ /3
rt::<n2—§?) I

with r, a stellar radius ang ~ 0.844, the value appropriate to
ann= 3 polytrope. IfE = —v?/s+(r) is the binding energy

(20)

per unit mass of a star in the combined potential of the galaxy

and black hole, then the tidal disruption sphere definesss“lo
cone” of orbits with angular momendesuch thatl < Jic(E),
where

J2(E) = 2r2 [W(rt) — E] ~ 2GMpprt. (21)

For black hole masses of interest hely§ < 10°M.), ry is
always greater than the radius of the event horizon, i.es sta
are disrupted not swallowed.

The Fokker-Planck equation now has the form
ON _ _0F _
ot  OE

F (E,t). (22)

was integrated forward via the Fokker-Planck equationgmssively thinner
lines show the surface density profile atg®.98,0.997,0.9995) times the
core collapse time of 10 Gyr.
Here,N(E,t) is the distribution of stellar energieg; (E,t)
is the flux of stars per unit of energy that are scattered in the
angular-momentum direction into the tidal disruption gehe
andFg(E,t) is the energy-directed flux. Each of these terms
is defined in detail in_ Merritt et al. (2007).

Three additional, dimensionless parameters are assdciate
with the black hole models:r;/rga, Mbh/Mga, and N =
Mgal/m. The first of these can be written

1 1/3
l'gal Mph/m M
o) (67) (R) @

In the “empty loss cone” limit, the tidal disruption rate e
only logarithmically withr; (Lightman & Shapiro 1977). The
dependence on is steeper if the loss cone is partially full
(as is the case in these models); nevertheless, here we sim-
ply fix r, = R, andm = M. Furthermore, half-light radii
for dE galaxies average 1 kpc with a very weak depen-
dence on galaxy luminosity (although with considerablé-sca
ter;.Graham & Guzman (2003)) and so we set

10°Mpn

N 1/3 1/3
1010) (Mgal) .

Equation [2#) gives the first of the three new parameters in
terms of the other two.

We relateN in this expression to observable galaxy proper-
ties by settingn~ M, and expressinllga in terms of galaxy
absolute magnitude. A typical B-band mass-to-light raio f
dE galaxies is 25 (M/L)g < 4 in Solar units (e.g. Seth et al.
2008) so the relation betwedg andN is roughly

log;oN ~ 10— 0.4 (Mg + 18). (25)

In the evolutionary models presented abdVeyas a trivial
parameter, affecting only how the time unit of the calculati
(essentially the relaxation time) was converted into yéaug

It

:2ox109(

lL:45x109( (24)

lgal
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eq.[1). In models containing a black holg,also fixes the
ratio between orbital periodB(E) and the (orbit-averaged)
time scales for diffusional loss-cone refilling, or

1 gdr . ((AR?)
W =rE S w A 2R (26)
~P(E)R(E) " . (27)

HereR= J?/J;(E)? is a dimensionless angular momentum
variable, 0< R < 1, with J.(E) the angular momentum of a

circular orbit of energye, and((AR)?) is the diffusion coeffi-
cient associated witR. For a galaxy with given structural pa-
rameters Mgal, rgal), 9 O N—1. Small/largeq (i.e. large/small
N) correspond to empty/full loss cone regimes respectively
(Lightman & Shapirg 1977). We adopt the prescription of
Cohn & Kulsrud {(1978) for relating the loss cone flgx to
the phase-space densitygiveng. The integrated loss rate,
J # (E)dE, is denoted by. The contributions of the masses
of tidally disrupted stars either to the galactic potentiato
the mass of the black hole are ignored.

Masses of (putative) black holes in dE galaxies are poorly

constrained, and so several values for the last of the three

parametersMpn/Mga were tried, in the range 16 <
Mbh/MgaI < 0.03.

In order to accomodate a black hole, a a slight modifica-
tion to the equilibrium galaxy models of equatién {2.2) was
required. In an isotropic stellar system containing a @ntr
point mass, the central density must increase at leastteasfas
r—1/2in order for f (E) to remain nonnegative. The flat nu-
clear density profile of equatioh (2.2) was therefore chdnge
to ap O r~ %5 dependence insidex rc.

In what follows, we fixed the following parameter values:

y=4, n=3. (28)
Setting n = 3 is reasonable given the weak observed de-
pendence of galaxy Sersic index &g for dE galaxies
(Graham & Guzman 2003), but we note again that our models
should not be scaled to giant E galaxies which have steepe
central density profiles. We then carried out four series of
integrations, starting from initial models with the followg
parameters:

e Series I'Mnye/Mga = 3 x 1073, Mpn/Mgai = 1 x 1073,
The parameterpyc/rga Was varied from 104 to
3x10°2. The two mass ratios that define this se-

ries of models are close to the average observed values

(Ferrarese & Ford 2005; Ferrarese et al. 2006a).

e Series Il:rpyc/rga = 3 10~%. The nuclear mass was

varied over the rangex110~% < Myuc/Mga < 3x 102
and the black hole mass was seMg,¢/3.

e Series l11:Mnue/Mgai = 3 x 103, Inuc/fga = 3x 1074,
The black hole mass was varied over the rangé“k_o
Mbh/MgaI <3x 1072

The number of stars in Series I-1ll was fixed Mt= 10,
appropriate for Mg ~ —18 galaxy (ed._25). As discussed be-
low, the choice ol has very little effect on the evolution of
the density profile, and the results fpfr,t) can robustly be
scaled to galaxies of different luminosities after adjugtihe
value ofty,. The assumed value dbFdoes, however, substan-
tially affect the dynamics of the loss cone and the rate @il tid
disruptions, and to investigate this dependence a fouribsse
of integrations were carried out:

Clusters
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FIG. 6.— Evolution of density (upper) and velocity dispersi@wer) pro-
files in a model from Series | withyyc/Mga = 0.003, Fhyc/rga = 0.0002 and
Mph/Mgai = 0.001. Thick curves are the initial models and blue curves show
the final time step; in units dfa), the displayed times ar@, 3 x 1061 x
10°°%1x104,1x10°%,0.01,0.1).

e Series |V:Mnuc/Mga| =3x 1073, rnuc/rga| =1x 1073,
Mbh/Mgal = 1 x 103, The parameteN was varied

from 10 to 10, according to equatior (25), this
corresponds to a range in galaxy absolute magnitude
—-8> Mg > —205.

1074

107°
:

Each integration was continued until a time of roughlitgl.
Using equation{gZS) an@l(2), this corresponds-td0™* yr
for Mg = —18, 103 yr for Mg = —15, 132 yr for Mg = —12,
and 16 yr for Mg = —9.

In a galaxy containing a massive black hole, the nuclear
half-mass relaxation time is not a well defined quantity. In-
stead, we will cite below the local relaxation timer) in
these models, defined as

0.340(r)3

(1) p(r)mG2InA

(Spitzer 1987), where(r) is the 1d stellar velocity disper-
sion defined above and includes the contribution to theastell

(29)
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FIG. 7.— Comparison of the density evolution in two integrasiamcluding L2 1
(solid lines) and without (dashed lines) the loss termepresenting tidally e 3
disrupted stars. Initial model (heavy line) Heduc/Mgaj = 0.003,f nyc/r gai = ~ ok _
0.0003 andViph/Mgga = 0.001. In units otgg, the displayed times a@®, 1 x L
1075,1x1074,1x 1073,0.01,0.1). -2 | 1 _
motions from the presence of the black hole itself. A natu- Cowd + ool o vvonnd ¢ vvind v vooN Tovd v ol 4ol ol i)
ral radius at which to evaluateis the black hole’s influence 107%107%0.01 0.1 1 107%107%0.01 0.1 1
radius,
r GMgn (30) r/rv;jal r/rgal
bh= ——5—-
G% FiGc. 8.— Density profiles at = O (left) and after an elapsed time of

In this f | ltoi k value in the black 10*4tga| (right) for various models containing black holes. Line thigicorre-
n this formula, we seip equal to its peak value in the black- spond between left and right panels. Top: Seriggk/rga= (2x 1074,3 x

hole-free model; e.g. for the models of Figlifen3{(3), oo ~ 1041 x10°3,3x 10°3,1x 102,3 x 1072); line width is a decreasing
0.25, or function of rpye. Middle: Series I1;Mnuc/Mgai = (1 x 1074,3 x 1074,1 x
—0.016 Mbh 31 10733 % 10731 x 1072,3 x 10~2); line width is a decreasing function of
Ioh = 0. (31) T e 4 a 3
0.001 Mnue Bottom: Series 1l;Mpn/Mgai = 1 x 10743 x 10°%,1x 1073,3 x

. . . . 103,1x 1072,3x 10°2; line width is a decreasing function dfpp.
in units whereG = Mgy = 1. This is reasonably equivalent to 9 o

the way thaty, is defined by observers. Merritt et al. (2007) density from changes in the central velocity dispersioaakf
plot t;(rpn) as a function ofop in a sample of (mostly lumi-  Ing the feed_back qup that drives core collapse. Furthgemor
nous) galaxies; they firtg(rn) ~ 1011 yr(0o,/100 km s1)75. in low-density nuclei, the presence of the black hole rdises

As defined hereyn is essentially time-independentin these ' temperature” of the nucleus and decreases the inward heat

simulations, although the values pfrppn), o(rpn) and hence flux from the_surrounding galaxy, reducing the expansioa rat
t,(rpn) do evolve substantially. compared with that of a black-hole-free nucleus.

Because core collapse is suppressed in these models, tie lon

4.2. Results: Density Evolution term evolution{ 2 t;(rpp)) is always toward expansion.
Models with central black holes evolve differently than  Figure[® illustrates the evolution of a model from Series |,
models without black holes, in two important ways. with Mnuc/Mgal = 0.003, rnyc/r gal = 0.0002 andVipn/Mgal =

. S : — 10-5
1. On time scales of order the nuclear relaxtion time, the 0-001. On a time scale ot t;(rpn) ~ 10ty the Bahcall-
density within the black hole’s influence sphere attains the Wolf cusp is established near the black hole and the veloc-

o ~ r~7/* “zero-flux” Bahcall-Wolf quasi-steady-state form ity dispersion drops slightly due to the change in the dgnsit
(Bahcall & Woli 1976/ 1977) slope. At longer times the inward flux of heat from the galaxy

begins to erase the dip in the velocity dispersion profile and
2. The presence of the black hole counteracts both the ten€auses the density to drop.

dency toward core collapse in compact nuclei, and the ten- In addition to heat transfer from the galaxy, destruction of
dency toward core expansion in low-density nuclei. Thelblac stars by the black hole is effectively a heat source which by
hole’s mass — while a small fraction of the total galaxy mass itself would cause the density of the nucleus to fall (Shapir
—is always comparable with the mass of the nuclear cluster in1977). However, integrations in which the loss tefn(E,t)
these models, and the fixed gravitational potential astagtia was set to zero evolved almost identically to those which in-
with the black hole acts to decouple changes in the centralcluded the loss term. Figuré 7 shows an example. Apparently,
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A mation of the Bahcall-Wolf cusp.
1+ nuef Taal —+ . The bottom row of Figuril8 shows the effects of varying the
. Men/Mga = 0.001 | . black hole mass on a model with fix@duc, Fnuc) (Series I1).
Here the differences are due almost entirely to the effect of
the black hole on the velocity dispersion profile: largerckla
holes imply a smaller, initial dip in the temperature profile
and less evolution. In these models, the contribution of the
loss term to the changes p{(r) is most clearly seen, but it
is still slight. It is interesting to note that the form pfr) at

r < rpy can depart strongly from the “zero-fluxg ~ r—7/4

_ form at early times in the models with larger black holes.

Mo = Mo /3 L . Evolution of the central density over the full course of the
integrations is shown in Figuld 9 for the same models in
Figure[8. Plotted there is the density at a (fixed) radius of
0.1rpn, Nnormalized to its initial value. Aside from an early in-
crease due to the formation of ther —7/4 cusp, the general
trend is for the density to decrease; the decrease is sinalles
(all else equal) for bigger black holes, for the reasons dis-
cussed above. Fdrpn/Mga = 0.001, the density declines as

p ~t795 at late timest(2 t (ryn)), with steeper(shallower)
falloff for smaller(largerMpp.

What do these models imply for the observed properties
of nuclear star clusters? The general tendency of the black
hole models is to evolve toward lower central density at fixed
nuclear size, i.e. to move toward the left on Figlile 1, and
eventually to disappear from this plot as the nuclei become
L NN L S too diffuse to be detected. Evolution is strongest in the
107%10"10"%10"30.01 0.1 00101 1 10 100 case of models containing nuclei of low initial density and

small Mpp < 3% 10*4Mga|) black holes: these galaxies have
/gl t/t(rpn) a strong “temperature inversion,” implying nuclear hegtin

FiG. 9.— Evolution of the central density in the black hole medéis- while the presence of the black hole inhibits core collapse.
trated in Fig[B. The vertical axis is the density at a radiug.b times the The heavy curves in the lower left panels of Figures 8[dnd 9
black hole’s initial influence radius, compared with itsuelatt = 0. Left: show that the nuclei in such models are the most rapidly de-
time inyu_nit_s_ of galaxy half-mass relaxation time. Rightnéiin units of the stroyed, and assuming the presence of such “small” black
galaxy’s initial relaxation time evaluated at the blackd®influence radius. holes in nucleated galaxies would help to explain the lack of

points in the upper left part of Figuié 1. Larger black holes
in all these models, the difference in temperature betweenn (Mbh < Mnyc) tend to stabilize nuclei by reducing the tem-

cleus and galaxy, and not the destruction of stars by théblac Perature inversion and decreasing the flow of heat from the
hole, is the dominant effect which causes the nucieus to ex-9alaxy. In such models, a Bahcall-Wolf cusp is established i
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N
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pand. a time~ t(rph) = 1(Tstga| and little evolution subsequently
Figurel[8 illustrates the early evolution of models from Se- takes place. _
ries I-11I; the figure shows density profiles &= 0, and af- While no attempt was made to construct evolutionary

ter an e|apsed time of Idtgal- The top row of the figure black-hole models that match the current state of NGC 205,

shows the effects of varying the nuclear radius in galaxiesit is clear from Figure§l8 anid 9 that including a black hole

With Mnyc/Mga = 0.003 and fixed black hole mass (Series I). 0f massMph & 10™°Mgq in this galaxy would cause the ini-

In each of these models, the initial velocity dispersiorfifgo  tial configuration to evolve very little over 10 Gyr, asiderfn

exhibits a dip outsidey, =~ 0.015, and the early evolution is  the establishment of thg ~ r=7/# cusp inside~ 0.2rp ~

a combined result of the inward flow of heat from the galaxy, 0.1 poMpn/10°M,). The kinematical upper limit tdpy, in

and formation of the Bahcall-Wolf profile at< rp, due to NGC 205 is~ 5 x 10*°M., (Valluri et all[2005) so the influ-

scattering of stars onto tightly-bound orbits. By x 10’5tga| ence of a black hole would be limited t0 0.05 pc~ 0.02",

almost all differences between the initial profiles haverbee below HST resolution.

erased and the nucleus has been transformed ipte & //* ] : :

cusp with a mass approximately equal to the initial nuclear 4.3. Results: Rates of Sellar Tidal Disruption

mass. An unambiguous signature of a massive black hole is a tidal
The middle row of Figurgl8 shows the result of varying the disruption flare (Komossa & Bade 1999). Figlird 10 shows

nuclear mass at fixed nuclear radius; the black hole mass ighe rate at which mass (in stars) is scattered into the black

set toMnyc/3 (Series 1l). In low-mass nuclei, the evolution hole’s disruption sphere for the various models. The left an

is similar to that of the models in Series I, with the differ- middle columns of this figure shoM expressed in units of

ence that the final normalization of the Bahcall-Wolf cusp is Mgal/tgal (Which does not change with time) aMbn/t; (ron)

proportional to the initial nuclear mass. Rdpyc 2 0.01Mgg respectively; the latter unit is itself a function of timeathe

(Mbh = 0.003Mga)), the initial velocity dispersion profile lacks  time dependence gb(rpn,t) and o(rpnh,t). (We emphasize

a local minimum and the heat flow from the galaxy is greatly that the mass of the black hole is assumed constant in these

reduced; the evolution in these models is dominated by for- Fokker-Planck models.) The right column in Figliré 10 shows
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FIG. 10.—Left column: Rate at which mass is scattered into the tidal disruptiorespbf the black hole, expressed in units of the galaxy masdedi by
the galaxy half-mass relaxation time (both of which are tam$. Middle column: Same as the left column, except that the loss rate is expréssemits of
black hole mass divided by the (time-varying) relaxationetiat the black hole influence radiug,. Right column: The integral until time of dM/dt, i.e. the
total mass scattered into the black hole’s disruption sphiarunits of the (constant) black hole mass. Lines and linths correspond to the same models in
Figured8 anffl9. The bottom panel shows, in addition, modets Beries 1V, with logyN = (6,7,8,9,10,11); line width decreases with increasihy
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FiG. 11.—Top: Stellar tidal disruption rate vs. time for models from Se-
ries 1V, which have fixed initial structural parameters btiet vary in their
assumed total magddy, and hence in the number of stafé,= Mga/Mc.

Curves correspond td values ranging from F0(thickest) to 18 (thinnest)
increasing in steps of 10; the corresponding galaxy lunitiessrange from
Mg = —8 to Mg = —20.5. Black hole masses are fixed arfmga.. Dashed
lines are defined in the text (dg.]3@ottom: Total disrupted mass. Galaxy
relaxtion times have been assumed to scale with galaxy hsitinas in ed 2.

the total mass lost to disruptions, integrated from timeozer
until timet, in units ofMgp.

While the variation of mass loss rate with time is com-
plex, the general trend is fdvl to decrease as the nuclear
density drops. We consider first a “fiducial” model defined
by Mnuc/Mgal & 0.003 andMpn/Mga = 0.001; these are ap-
proximately equal to the average mass ratios that are atgerv
in galaxies with nuclear clusters and black holes respelgtiv
(Wehner & Harris 2006; Ferrarese etlal. 2006a). We also fo-
cus first on the casdl = 10'° which was assumed in Se-
ries I-ll; this corresponds to a galaxy absolute magnitude
Mg ~ —18 (eq.[2b) and tdgs ~ 7 x 10'* yr (eq.[2). By
t=2x 10*5tga| ~ 15 Gyr, the Bahcall-Wolf cusp has been

established in these models and the loss rate to the blaek hol

is essentially independent of the initial nuclear radius:
Mph
tr (ron)

M~ 0.1 . (32)

Clusters 11

M remains relatively constant thereafter if expressed inghe
units. The total mass in disrupted star$ at 2 x 10*5tga| in
the same subset of modelsAs0.02Myy,, implying a mean
disruption rate over this time of 103Mbh/tga|, or

o) (1057

106M, 10M4yr

However, much higher and much lower rates are also pos-
sible:

— At early times, before the Bahcall-Wolf cusp is fully estab
lished,M in the fiducial models is higher for smallgfyc/rgal

by as much as- an order of magnitude. _

— The second row of Figufe 110 shows that the initlascales
roughly with My for fixed rnyc/rgai @andMpn/Mnyc.

— The third row of FiguréJ0 shows that the mass loss rate at
early times (i.e. before the nuclear density profile has been
strongly affected by the presence of the black hole) is a de-
creasing function oMy, at fixed Mgqay, tqa)), for reasons that
were discussed in detail by Wang & Meirltt (2004). _

The results discussed so far have described the effedts on
of changing the structural parameters of the initial gal@xy
equally important parameter is the assumed number of stars
N. In addition to fixing the unit of timegy, N also deter-
mines the details of the loss-cone refilling process andéenc
the number of stars scattered into the black hole in one+elax
ation time. SmalN correspondsto a “full loss cone” and large
N to an “empty loss cone.” (Small values i, also imply
a full loss cone; for instance, in the third row of Hig] 10, the
full-loss-cone regime is reached fiolyn/Mga ~ 10°3)

Recalling the definition ofj(E) (eq.[2T) as the dimension-
less ratio between the orbital period and the loss coneimefill
time, these two extremes correspondjts> 1 andq < 1 re-
spectively. It can be shown that the number of stars scdttere
into the loss cone in one relaxation time scales wits

Fxt0[InZ/3] 7, a<1; (34)

Ogq 0N, q>1 (35)
where theq 0 N~ dependence assumes a galaxy with fixed
structural properties, i.e. fixedigai, rgar). This decrease in
Mtga at smallN is visible in the last row of Figure10; for
N <108 i.e. Mg 2 — 13, the loss cones in these models are
essentially full andM is independent of the relaxation time.

The N-dependence is illustrated more clearly in Figure 11
which showsM and [ Mdt for the same models, expressed
this time in units of solar masses and years; equatighs (2)
and [25) were used to convétandtyy into physical units.
Each of these models evolves in nearly the same way when
expressed in terms oftga; as discussed above, changing the
flux of stars into the loss cone has very little effect on the
density evolution. The differences in the curves of Fidulle 1
are due primarily to the different time scaling (small galax
ies evolve faster) and secondarily to changeg(l) asp(r)
evolves.

The initial disruption rate scales almost linearly with
galaxy mass. This dependence is most easily understood
in the smallN/full-loss-cone limit, whereM O Mgq/ter O
(Mgal/trh) (trn/ter) With te; the galaxy crossing time. From Fig-
ure[atn ~ Mgal, andtg /ter ~ N ~ Mga), SOM ~ Mga ~ N.

This is similar to the dependence reported in other studies,
e.g. Figure 21 of Freitag etlal. (2006) who considered black
holes in power-law nuclei.

_ After the Bahcall-Wolf cusp is established, the evolutién o
M is dominated by the systematic decrease in nuclear density.

leOSM@yrl(

(33)
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FiG. 12.— Points are stellar tidal disruption rates computedMang & Merritt (2004) for a sample of early-type, “power-lagalaxies, with luminosity
profiles parametrized as “Nuker” laws. Open circles arexgadafor which the inner (projected) slope paramdtenf the Nuker-law fit was 0.9 or greater,
corresponding to @ ~ r~—2 spatial density profile for the inner parts of the galaxy. dsrshow disruption rates in the Fokker-Planck models froneSéV
(Fig.[11) at four times, @1 Gyr (thin line), 01 Gyr, 1 Gyr and 10 Gyr (thick line).

The dashed lines in the top panel of Figliré 11, which accu-might have been over-estimated, such a conclusion is proba-
rately reproduce the disruption rates fog t;(rpn), are bly premature until detailed models can be constructedase
~3/4 on the newest luminosity profiles for these galaxies. Sikeft
M=18x10 "Moyr ! < Mgal ) ( t > . (36) galaxies in the Wang & Merritt sample are classified as “nu-
108M ) \ 10°yr cleated” (Type la or Type Ib) Hy C6té et dl. (2006). Inspettio
The bottom panel shows time-integrated masses; these argf the ACS luminosity profiles of these galaxies suggests tha
roughly 10 2Mph att = 10 Gyr in all the models. none of them exhibit a clear, two-component structure like
Tidal destruction rates computed in the past for lumi- that of NGC 205; a “Nuker” model might therefore provide

nous E galaxies have generally been found to decreasén adequate fit to these galaxies. _

with increasing galaxy/black hole mass (Syer & Ulmer 1999; . Figure[12 also emphasizes the strong time dependence of

Magorrian & Tremaine 1999; Wang & Merritt 2004), oppo- N in low-luminosity galaxies, due to the structural changes

site to the trend shown here in Figurel 11. One reason iscaused primarily by transfer of heat from the galaxy. This

probably the rather different models used in these studies f Plot suggests that tidal flaring rates in dE galaxies ardylike

representing(r), e.g. “Nuker” models which have unbro- to be a strong function of the time since nuclear formation.

ken power-law cusps at small radii (Byun et al. 1996). These

are reasonable models for some galaxies but do not repro- 5. SUMMARY

duce the nuclear star clusters of low-luminosity ellipica 1. Half-mass relaxation times in nuclear star clusters are

(Ferrarese et &l. 2006b). Figlird 12 plots disruption rateaf  interestingly short, ranging from 10 Gyr in galaxies with

Wang & Merritt (2004) for a sample of galaxies modelled absolute magnitudielg = —18 to~ 1 Gyr atMg = —15.

with Nuker profiles, compared witN/dt from the Series 2. In the absence of a massive black hole, evolution of nu-

IV models at four different times: 0.01, 0.1, 1 and 10 Gyr. clear star clusters is a competition between core collapde a

The rates computed heretat O trace the lower envelope of heating from the external galaxy. Observed nuclei appear to

the points from Wang & Merritt (2004). be in the core-collapse regime, with the exception of nunalei
While these results suggest that tidal disruption rates forthe brightest galaxies whose relaxation times are so loaig th

some of the galaxies modelled by Wang & Merrltt (2004) they would not evolve appreciably in 10 Gyr.
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3. Adding a massive black hole “turns off” core collapse, time dependence of the disruption rate in a restricted dfiss
and nuclear star clusters containing black holes always ex-models.

pand, due primarily to heat input from the galaxy, but also

due to the effective heating associated with stellar tickalgh-

tions. Nuclei with modest black holes dissipate more quickl

| thank Dan Batcheldor for assistance with the HST point-

than black-hole-free nuclei; large black holes, on the iothe spread function used in the analyis of the NGC 205 luminos-
hand, tend to slow the transfer of heat from the galaxy by re- ity profile, Laura Ferrarese and Monica Valluri for addit@bn

ducing the temperature gradient.

advice on the modelling of this galaxy, and Milos Milosavl-

4. Rates of stellar tidal disruption generally decreasé wit jevic and Hagai Perets for useful discussions about the dy-
time due to the drop in density of the nucleus. Rates are lowemamics. Stefanie Komossa also provided useful comments.
in galaxies of lower mass, assuming that the relation betwee This work was supported by grants AST-0420920 and AST-
black hole mass and bulge mass extends to low galaxy lumi-0437519 from the NSF, grant NNG04GJ48G from NASA,

nosities. A simple expression is presented that reprodhees

and grant HST-AR-09519.01-A from STScl.
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