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ABSTRACT

Imaging surveys with thelubble Space Tel escope (HST) have shown that50%—80% of low- and intermediate-
luminosity galaxies contain a compact stellar nucleus at their center, regardless of host galaxy morphological
type. We combinéHST imaging for early-type galaxies from the ACS Virgo Cluster Survey with ground-based
long-slit spectra from KPNO to show that the masses of compact stellar nuclei in Virgo Cluster galaxies obey
a tight correlation with the masses of the host galaxies. The same correlation is obeyed by the supermassive
black holes (SBHs) found in predominantly massive galaxies. The compact stellar nuclei in the Local Group
galaxies M33 and NGC 205 are also found to fall along this same scaling relation. These results indicate that a
generic by-product of galaxy formation is the creation afeatral massive object (CMO)—either an SBH or a
compact stellar nucleus—that contains a mean frac#0rR%, of the total galactic mass. In galaxies with masses
greater thanM,, ~ a few x 10'° M, SBHs appear to be the dominant mode of CMO formation.

Subject headings: black hole physics — galaxies: elliptical and lenticular, cD —
galaxies: kinematics and dynamics — galaxies: nuclei — galaxies: structure

1. INTRODUCTION tional effort, only about 30 galaxies have secure SBH detec-

. o . . tions (see the recent review of Ferrarese & Ford 2005), the
Stellar and gas dynamical studies in an ever-increasing number

; ; “great majority of which are luminous galaxies with magni-
of gaIaX||es_have established Ithat many—_andbPerltlar\]pT a"(g:;ﬂ“;tudes in the range-22 < M, < —18 . It is unclear if fainter
nous galaxies contain central supermassive black holes S : ; . .

4 . and less massive galaxiedso contain SBHs and, if so,
\va(i)tuoya:?i%Jg%%Sg?t\i/eestyomﬁtetuists3; aT;issﬁLi:SﬁHas bhl%]cgrﬁlr?:f whether such objects would obey extrapolations of the SBH
. : - : scaling relations defined by the bright galaxies. Searches for
nosity (Ko_rmend_y&R|chstone 1995), mass (g & Rix 2004), SBHsgin low-luminosity mgmbers gf thge Local Group have
velocity Q|sperS|on (Ferrarese & Merritt 2000, Gebhardt et al. so far produced ambiguous results. There is no evidence of
2000@), light concentration (_Graham etal. 200_1), and halo cwcularan SBH in either M33 (Merritt et al. 2001: Gebhardt et al
velocity (Ferrarese 2002)—|t has become ywdely accepted that2001) or NGC 205 (Valluri et al 2005) yet M32 does appeér
SBH and galaxy formation are closely eanmed. : .. to contain an SBH withM g, = 2 5 x 166 M, (Verolme et
Unfortunately, the physical mechanisms underlying this | 2002 SBH ™ & O]
connectionl reznc;ngin oSbhscqre (260% Silk & Rees 1998; Pgrtegiesa .Althou)éh they have very different morphologies, M33 (Sc
Zwart et al. 4; Shapiro 5). Despite intense o serva—”_m) and NGC 205 (S0/E5pec) share one noteworthy simi-
_1 Based on observations with the NASA/E$Aibble Space Telescope ob- larity: thﬁll’ Centlers are .br?th ;;nzﬁcrll(eg by éhe presence of a ﬁom-
tained at the Space Telescope Science Institute, which is operated by thePact stellar nucleus (with a half-light radigs< 2-4  pc) that
Association of Universities for Research in Astronomy (AURA), Inc., under is ~20 times brighter than a typical globular cluster (e.g., Kor-
N@?_'A antfaclt '\tlf? 5-56;3525- hsics. National R b Counil of Canad mendy & McClure 1993; Butler & Martiez-Delgado 2005).
erzoerg Institute or Astropnysics, National Researc ouncil o anada, H _ s
5071 West Saanich Road, Victoria, BC VOE 2E7, Canada; Iaura.ferrarese@x\gglihgg\?vl#:gs?)zsgf dsEu g’:léilgl;t?oe (\:glli]g[glr?nsicl::ho rr?l?():(leci:l(uesgers
nrc-cnrc.gc.ca. C . ! ] .g.,
3 Visiting Astronomer, KPNO/NOAO, which is operated by AURA, Inc., Binggeli et al. 1987; Ferguson 1989; Binggeli & Cameron
under cooperative agreement with the NSF. 1991), recent observations with tiiiubble Space Telescope
“ Dipartimento di Astronomia, Univer$idi Padova, Vicolo dell'Osservatorio (HST) have revealed them to be far more common. About 50%—

2, 35122 Padua, Italy. o - . S
® Department of Physics, Rochester Institute of Technology, 84 Lomb Me- 70% of Iate-type gaIaX|es observed H)ST contain a distinct

morial Drive, Rochester, NY 14623. nuclear star cluster (Carollo et al. 1998; Matthews et al. 1999;
® European Southern Observatory, Karl-Schwarzschild-Strasse 2, 85748Boker et al. 2002, 2004; Balcells et al. 2003), while a recent

Garching, Germany. HST survey of 100 galaxies in the Virgo Cluster has detected
7 Astrophysics, D Wilki Buildi iversity of Oxford, 1 Kebl o .

Roads g)ﬂoﬁ'g‘(l 2235 U'K.mson uilding, University of Oxford, 1 Keble nuclei in a comparable fraction (66%—82%) of early-type gal-
s Department of Physics, Washington State University, Webster Hall 1245, axies (Cté et al. 2006; see also Lotz et al. 2004, Graham &

Pullman, WA 99164-2814. Guzma 2003, and Grant et al. 2005).

9 Department of Physics and Astronomy, Rutgers University, New Bruns- In this Letter, we explore the connection between compact

wick, NJ 08854. . . . .
2 Department of Physics and Astronomy, Johns Hopkins University, 3400 stellar nuclei, SBHs, and their host galaxies by combitits

North Charles Street, Baltimore, MD 21218-2686. imaging for 100 early-type galaxies from the ACS Virgo Clus-
 Department of Physics, New Jersey Institute of Technology, Newark, NJ ter Survey (ACSVCS; G et al. 2004) with new ground-based
07102. long-slit spectra for the brightest 69 of these galaxies. We show

102, - ) . . _ :
Hongl'jltt'}“tﬁl g’égég"onomy' University of Hawaii, 2680 Woodlawn Drive, ¢ the mass of the central massive object—either a compact

12 Department of Physics and Astronomy, University of Hawaii, Hilo, HI  Stellar nucleus or an SBH—scales in direct proportion to the
96720. galaxy mass. This finding points to a direct link between SBHSs,
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which are preferentially detected in the brightest galaxies, and
the compact stellar nuclei commonly observed in galaxies of
low and intermediate luminosity.

2. OBSERVATIONS AND DATA REDUCTIONS

HST images for 100 members of the Virgo Cluster were
acquired with the Advanced Camera for Surveys (ACS) as part
of the ACSVCS (G0O-9401). The program galaxies span a range
of =460 in blue luminosity and have early-type morphologies:
E, SO, dE, dE,N, or dSO. Images were taken in WFC mode
with a filter combination roughly equivalent to thgeand z
bands in the Sloan Digital Sky Survey photometric system.
The images cover 200" x 200 field with =0"1 resolution
and @05 pixel* sampling. For each galaxy, azimuthally av-
eraged surface brightness profiles were determined as described
by Ferrarese et al. (2006) andt€et al. (2006). We refer the
reader to these papers for full details of the analysis.

The 11 ACSVCS galaxies brighter thdfy, ~ —20 mag are
found to have surface brightness profiles that are accurately
represented by a “core-&ic” model (Graham et al. 2003;
Trujillo et al. 2004), described by a &éc (1968) model outside
a “break radius,t, , of afew arcseconds, and a shallower power-
Iavy interior tor,. None of these_ bright galaxies show cl_ear Fi6. 1.—Upper pandls: g-band images showing the central regions of M60
eV|d_ence of a central stellar Ium|n03|ty excess O\_ler the fitted (left) and IC 3773 (ight), the third and 51st brightest galaxies, respectively,
profile. In contrast, nearly all of the fainter galaxies are well in the ACSVCS.Lower panels: Azimuthally averagedy-band surface bright-
fitted with pure Sesic models; in addition, 60%—80% of these ness profiles for the same two galaxies. M60 is a typical nonnucleated “core-
89 galaxies show evidence of a nucleus, identified as a lumi- Sesic” galaxy: the best core-8c model is shown as a solid curve. The
nosity excess over the best-fitted profile withif". In 51 gal- vertical arrow shows t.he radius, , at which the outérseprofile “oreaks”

. . . to an inner power law; the long-dashed curve shows the inward extrapolation
axies, the DUCIGUS IS conspicuous enoth to allow usto me_asurgf the Sesic model fitted to the data beyomgl . For IC 3773, we show the
photometric and structural parameters; we do so by adding apest-fit model that consists of a central King model for the nucleottet
King model (King 1966) to the S$sic component when fitting curve) and a Sesic model for the underlying galaxgédshed curve). The solid
the surface brightness profile. Figure 1 shows images and surcurve shows the composite model.
face brightness profiles for two representative galaxies from

the ACSVCS: a “core-3sic” galaxy withMs ~ —21.4 mag  or subgiant stars of spectral type G8-K2, to be used as velocity
(M60), which also happens to have a dynamically measureddispersion templates, were observed each night with the same
SBH massMs,, = 2.0°58 x 10° M, (Gebhardt et al. 2003), instrumental setup adopted for the galaxies.
and a typical nucleated 8#c galaxy (IC 3773) withMg ~ Systemic velocities; , and velocity dispersionswere ex-
—17.3mag. ) _ tracted using the penalized pixel-fitting code of Cappellari &
Although compact, the central nuclei are resolved in all but Emsellem (2004) from spectra binned, in the spatial direction,
a half-dozen or so cases: half-light radii range fmm€ 2 pc within an aperture of radius equal to the galaxy effective radius,
(i.e., unresolved) to 62 pc, with a mediarnsaf pc. We estimate R The finalv andos, and their errors, are the averages and

total masses for the nuclei by multiplying theirz ~ -luminosities  standard deviation of the values obtained using three different
(determined by integrating the best-fit King models) with ap- template stars.

propriate mass-to-light ratiog,; ari} . Single-burst stellar
population models from Bruzual & Charlot (2003) were used
to estimatel, and’, for each nucleus, at the metallicity ap-
propriate for the observed color, for a fixed assumed age of In the left panel of Figure 2, masses for the nuclei are shown
7 = 5 Gyr and adopting a Chabrier (2003) initial mass function. in red, plotted as a function of the extinction-corrected, absolute
The uncertain ages of the nuclei are the dominant source ofblue magnitude of the galaXyl;  (Binggeli et al. 1987). In the
uncertainty on the derived masses; the difference (of ordermiddle panel, masses are plotted against the stellar velocity
~=+45%) between the 5 Gyr masses and those obtained asdispersions, measured withifR, . The filled black circles show
suming ages of 2 and 10 Gyr is taken as representative of thehe SBH masses (from Table Il of Ferrarese & Ford 2005;
error on the quoted values. Ms-values are mostly from de Vaucouleurs et al. 1991) detected
Long-slit spectra for the 69 ACSVCS galaxies brighter than based on stellar/gas dynamical studies that resolve the sphere
M, = —16.5mag, of which 29 are classified as certainly nucle- of influence. Velocity dispersions for the galaxies with SBHs
ated, were obtained between 2003 March 10-12 and March 21-are from Tremaine et al. (2002) or (for the three galaxies for
28 using facilities at the Kitt Peak National Observatory (KPNO). which no values were published in Tremaine et al.) Ferrarese
All spectra were obtained with the slit oriented along the galaxy & Ford (2005).
photometric major axis and were centered on thedtiplet near The first noteworthy point is that there is almost no overlap in
5200 A . Three separate instrumental setups were used for théhe range oM, and occupied by galaxies with nuclei and SBHs,
bright, middle, and faint thirds of the sample. Spectral resolutions with the former found preferentially in fainter galaxies with lower
ranged between 94 and 220 knt st 5200A . Exposure times  velocity dispersion. This is partly, but not entirely, due to obser-
ranged between 2400 and 5400 s. Between one and three giantational biases. Galaxies brighter thiy ~ —20 mag do not
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TABLE 1
100 [ i _ 1010 SCALING RELATIONS FOR CENTRAL MASSIVE OBJECTS
109 i . 100 XY) a b X; N
108 - Mg+ 19.9mag, Mggy ... vvnnnn —-0.37+ 0.08 846+ 0.11 191 21
Mg +16.9mag, M c.oonnn.nn. —-0.62+ 0.10 6.59+ 0.09 3.1 51
3 10 At T 107 0/(224 km s* ) Magp e vvnnnn 441+ 043 848+ 0.07 3.0 21
s g ‘ B & o/(54 km S ) Mg ovinnnnnn. 427+ 061 691+ 011 7.0 29
< 10 vl o E s 10° Mg /(10 M), Mgy ... ... 092+ 0.11 847+ 0.08 89 21
108 £ 108 Mgl M), Mpye - 132+ 025 691+ 0.09 6.0 29
: ] e e Mg l(10°° M), Meyo -+ - 112+ 0.07 757+ 0.07 8.9 50
104 = . {104 M l(10°° M), Mo +- v+ - = 756+ 047 7.4 50
10° T A uclens ] 4 0a Note.—The second and third columns give best-fit coefficients for linear
L L bl LB el s b relations of the formogY = alogX +b (ofogY = aX+ b when fitting to

-15 -20 50 100 500 10° 10' 10" 1012

M, (mag) ity R oy=aR, /G (i) the galaxies’ magnitudesy’ is the redugéd of the fit, wNils the number

of datapoints used in the fit.

Fic. 2.—Léft pandl: Mass of the CMO plotted against absolute blue magnitude . . .. _
of the host galaxy (or bulge for spiral galaxies). Nuclei from the ACSVCS are considered. Heré& is the gravitational constant, and = 5

shown as red squares. The SBHSs in early-type and spiral galaxies are shown a§Cappellari et al. 2006); the geometric effective radRs=
filled and open circles, respectiveMiddle panel: CMO mass as a function of a(l- (.;)1/2, with a being the radius measured along the iso-
the velocity dispersion of the host galaxy, measured wiQiRight panel: CMO photal semimajor axis, is taken from Ferrarese et al. (2006) for

mass plotted against galaxy mass, definedvgg, = aR.0*/G with 5 .In . .
all panels, the solid red and black lines show the best fits to the nuclei and early-the ACSVCS galaxies and from Marconi & Hunt (2003) for

type SBH samples, respectively, withytonfidence levels shown by the dotted ~ the galaxies hosting SB_HS- A regression analysis (Table 1)
lines. In the middle panel, the dashed line is the bestit,, o refation of demonstrates thahe nuclel and SBHs obey a common scaling

Tremaine et al. (2002). In the right panel, the dashed line is the fit obtained for relation linking their mass to the virial mass of the host gal-

the combined nucleiSBH sample. Coefficients for all fits are listed in Table 1. 15 ; ; ;

For a larger version of this figure, please see the ACSVCS Web page http:// a?yNG'éuggseméorhe’ the f%rSSGrelatg)RAggo?eye%.b% the n(;jdel

www.cadc.hia.nrc.gc.ca/community/ACSVCS/publications.html. 0 ( enha et al. ) an (Or W_ _'C we adopt
R. = 1 kpc, intermediate to the values of Minniti et al. 1993

tai lei 2) but host SBMEvid rina th and Regan & Vogel 1994), while the upper limits on the mass
contain nuclei (see § 2) but hos Ry SUpporing e cof the central SBH in both galaxies fall well below the best-

latter statement comes from the fact that SBHs have been su fit line

cessfully detected in all galaxies targeted in this magnitude range : :

by dynamical studies, and masses have been found to be consistent On these grounr::is, we sugﬁest that SBHs Iand nuclei should
with the Mg, o relation. Furthermore, the existence of SBHs in glv?g)“peg_ t(r)]get er dundefrt ehterm C?”ga mfasrf_lveLobJect
all bright galaxies is required to reconcile the local and active ( ), which we adopt for the remainder of this Letter.
galactic nucleus SBH mass functions (e.g., Marconi et al. 2004; gggztr%'ng‘%g?\iggf’?a%f;hgém% é\ﬁgéMéelgggn;glgfyumgss

Shankar et al. 2004). ¢
As one moves to fainter galaxies, nuclei become increasinglyr;\/lggﬁé jl\l:lsgi% ﬁ giig()/roe(;vcl:tr?eg i{);soe:jaggep%fo?écrfgﬁi_cogi?)énly
common, and they are almost always present in galaxies fainte o ' . '
y yo P g by Ctié et al. (2006) and Wehner & Harris (2006). We note

than M; ~ —18 mag (Cte et al. 2006). Located at the faint . . .
end of the magnitude range spanned by the ACSVCS galaxies,that our conclusions are insensitive to the exact methodology

NGC 205 and M33, both of which are strongly nucleated, are use_d in me_asuring. In particular, integrating within 1’ _(a

not believed to contain SBHs (Merritt et al. 2001; Gebhardt et [€9ion dominated by the nucleus), betweéa3dR, (aregion

al. 2001; Valluri et al. 2005). Galaxies with nuclei, SBHs, or, dominated by the host galaxy), or withyR,  (as in Ferrarese
possibly, both are found in thel8 < M, = —20 mag range. & Merritt 2000), changes the individual measurements (by,
In the same magnitude range, galaxies exist for which the ex-On average~5%, although differences of up to 30% can be
istence of an SBH is uncertain (e.g., NGC 3379 and NGC 4342-Seen for some of the fainter galaxies) but does not alter the
Gebhardt et al. 2000b; Cretton & van den Bosch 1999). Overall, overall trend.

therefore, the existing data support a view in whiafight

galaxies often, and perhaps always, contain SBHs but not stel- 4. DISCUSSION

lar nuclei. As one moves to fainter galaxies, nuclei become the The main finding in this Letter is that a commoWc,g

dominant feature while SBHs might become less common and M, relation leads smoothly from SBHs to nuclei as one moves

perhaps disappear entirely at the faint end. .down the mass function for early-type galaxies. This suggests
Further insight can be gained by relating the masses of nuCleliyat 5 single mechanism is responsible for the growth—and

and SBHS to the properties of the host galaxy. Regression fits,erhans the formation—of both nuclei and SBHs. It also points

(Akritas & Bershady 1996) for the early-type galaxies (spiral . galaxy mass as the primary (although not necessarily only)

galaxies have been excluded to ensure consistency with theparameter regulating such growth.

ACSVCS sample) confirm the visual impression from the left = g;qiar cusps and SBHs have often been linked in the lit-

and middle panels of Figure 2 that nuclei and SBHs obey ¢4 re. and it is therefore natural to ask whether nuclei could
statistically different scaling relations with respect to both gal- o the by-product of SBH evolution. Since most nuclei in the

axy magnitude and bulge velocity dispersion (Table 1). HOw- Acsycs galaxies are spatially resolved, we can exclude that
ever, a different picture emerges (see the right panel of Fig. 2)

" —_ 2
when the virial mass of the host galax%lga' = aRo%G s > We note that all nucleated galaxies are early-type (elliptical and SO gal-

axies), and so are the galaxies with central SBHs used in performing the fits.

 The central light excesses in the bright coresiRegalaxies M87 (e.g., For all, M, is a measure of the total mass of the galaxy, rather than the mass

Ferrarese et al. 2006) and NGC 6166 (Capetti et al. 2000), both of which are of the bulge, since even in lenticular galaxies, both bulge and disk components
strong radio sources, are unresolved and have a nonstellar origin. contribute to the measured
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they formed either via adiabatic growth (Young 1980) or, in abundance measurements for our nuclei will be presented in a
the fainter galaxies, via the Bahcall & Wolf (1976) process, future ACSVCS paper.
since either mechanism generates a power-law cusp only within  Alternatively, the formation of SBHs and nuclei could be

a fraction of the SBH’s influence radius (Merritt & Szell 2005).
However, nuclei and SBHs might coexistdome galaxies, the

mutually exclusive, with only material collected at the centers
of massive systems able to collapse to a black hole, while in

most promising cases being M32 (Verolme et al. 2002) and theless massive galaxies the collapse is halted and a star cluster

Milky Way (Ghez et al. 2003; Schiel et al. 2003). Although

is formed. SBHs and nuclei are almost certainly mutually ex-

neither galaxy possesses the kind of nucleus seen in the faintestlusive in the faintest galaxies considered here, as suggested

ACSVCS galaxies, it is quite possible, if not likely, for nuclei

to undergo structural changes as a consequence of the presen®433 are fully consistent with theM,, M,

of the central SBH.

by the fact that, although the nuclear masses of NGC 205 and
relation, the
upper limits on their SBH masses ara, implying that neither

Beyond this, the exact interplay between nuclei and SBHs galaxy contains an SBH of the sort expected from extrapola-
remains elusive. It is possible that nuclei form in all galaxies, tions of the scaling relations defined by SBHs in massive gal-
but in the most massive systems, they either subsequently colaxies. If the formation of an SBH prevents the formation of
lapse to SBHs or are destroyed or modified by the evolution of an “NGC 205-type” nucleus (or vice versa), then nuclei of
preexisting SBHs. As mentioned in § 2, the surface brightnessgalaxies that are known to host SBHs (e.g., M32, the Milky
profiles of galaxies brighter thall; ~ —20 mag, which host Way, and potentially all galaxies with a few 10° M, <
SBHs but not nuclei, display an inner “deficit” relative to the M, < afew x 10'° M) would necessarily have to belong
inward extrapolation of the ‘$gic law that best fits the outer to a separate class. A high-resolution study of the nuclear mor-
parts (Fig. 1; Ferrarese et al. 2006; Trujillo et al. 2004). Such phology in nearbyd < 15 Mpc) galaxies might unveil whether
deficits are generally believed to result from the disruptive effects nuclei in galaxies of different mass are structurally distinct.
of binary SBH evolution (Ebisuzaki et al. 1991; Milosavljevic These issues will be explored in more detail in forthcoming
et al. 2002; Ravindranath et al. 2002; Graham 2004), so the sam@apers.
process might have led to the destruction of a central nucleus.

Nuclei in slightly fainter galaxies that also contain an SBH might
have avoided destruction or might have been regenerated at a We thank the referee, Alister Graham, for many useful com-
later time, perhaps, e.g., by subsequent star formation. Deteriments. Support for program GO-9401 was provided through a

mining stellar population ages for the nuclei would provide us

grant from STScl, which is operated by AURA, Inc., under

with some observational constraints for this scenario. Age andNASA contract NAS5-26555.
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