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Nucleated Ellipticals

HST/ACS
Coté et al. 2006

(also Lauer et al. 2005)

The ACS Virgo Cluster Survey. VIII. The Nuclei of Early-Type Galaxies 43

Fig. 10.— (First Panel) F475W (g) image for VCC784 (NGC4379), one of the brightest Type Ia galaxies in our survey. (Second Panel)
Ground-based V -band image of VCC784, taken with the 2.4m Hiltner telescope (FWHM = 1.′′14). (Third Panel) Comparison of surface
brightness profiles measured for VCC784 using the ACS (filled squares) and ground-based images (open squares). To aid in the comparison,
the V -band profile has been matched to the ACS profile at a radius of 1′′. The best-fit two-component model for the galaxy and nucleus
based on the ACS profile are shown by the dashed and dotted curves. The solid curve shows the combined profile.
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Nucleated Spiral

HST/WFPC2
Carollo et al. 1998
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bulges become the rule, even in bulge-dominated systems.
In we plot the di†erence between the bulgeFigure 5b,

magnitude (F606W) and the total B magnitude versus
Hubble type (converted from the RC3; see Symbols are° 2).
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described by a single exponential, we report also the visible

size of the faint, outer disklike structure.

ESO 205-G7.ÈA small bulgelike component is embedded

in the inner bar and hosts in its very center a multiarmed

spiral (radius star-forming?). The nucleus of theD0A.5 ;

inner spiral is possibly unresolved. Dust lanes along the bar

connect to the central spiral.

ESO 240-G12.ÈThe outer, faint and irregular component

extends to about 6 exponential scales (i.e., B35A) of the

Ðtted single exponential bulge.

ESO 317-G20.ÈSpiral-like dust lane reaches close to the

very center. Tightly wound (ringlike) star-forming spiral

arms are present outside D4A from the center (i.e., inside the

Ðtted It is unclear whether the R1@4 law structure is aR
e
).

real bulge or an R1@4 law disk (see for anKormendy 1993

extensive discussion on ““ dense disks ÏÏ in the centers of

spiral galaxies).

ESO 443-G80.ÈStar formation is concentrated in the

nuclear, i.e., bulgelike, region.

ESO 508-G34.ÈThe distinct, boxy single exponential

bulge is rounder than the surrounding faint disk. The latter

extends to roughly 6 exponential scales (i.e., B35A) of the

bulge and shows hints of weak spiral structure.

ESO 549-G18.ÈThe Ðtted exponential bulge is embedded

in the present barlike structure.

ESO 572-G22.ÈNo obvious spiral arms are detected in

the faint, quiescent outer disk, which extends to roughly 8

exponential scales (i.e., B50A) of the single exponential

bulge. The latter has a very elongated, barlike morphology.

Star formation is concentrated in the nuclear region.

IC 879.ÈHighly elongated, star-forming structure is

embedded in the barlike component. The faint ““ spiral

arms ÏÏ may be tidal features (NGC 5078 is away).2@.5
IC 1555.ÈIrregular, boxy inner morphology. Dust lanes

cut the very center.

IC 5256.ÈHighly elongated, star-forming structure

embedded in the barlike component.

NGC 406.ÈClear spiral arm structure extending to

about 10 exponential scales (B75A) of the Ðtted single expo-

nential bulge. The bulge might be forming stars.

NGC 1325.ÈSpiral-like dust structure down to the

nucleus.

NGC 1353.ÈDust lanes down to the nucleus. The pres-

ence of a very small bulge, partly obscured by dust([1A)
lanes, cannot be excluded.

NGC 1385.ÈElongated, star-forming structure embed-

ded in the (irregular) barlike component.

NGC 1640.ÈSpiral-like dust lane down to the nucleus.

The bulgelike structure is embedded in an early-type bar

and is Ðtted by the sum of an R1@4 law (inner component,

reported in and an exponential (outer component,Table 2)

equivalent The two components are morphologi-R
e
D12A).

cally indistinguishable.

NGC 2082.ÈIrregular spiral-like structure reaching close

to the center.

NGC 2196.ÈThe surface brightness proÐle is reproduced

either by an R1@4 law plus exponential proÐle with param-

eters as in or by a single R1@4 law of D30A. VisualTable 2,

inspection of the image favors the Ðrst interpretation, since

spiral arms are present within 30A.
NGC 3054.ÈRegular bulge is embedded in a barlike

structure typical of early-type systems ; dust lanes across

nucleus.

NGC 3067.ÈThe central bright knot shows substructure ;



Nucleated pure disk

HST/WFPC2
Böker et al. 2002

not easily answered because the term ‘‘ photometric center ’’
is not well defined itself. For our analysis, we have defined
the photometric center as the average isophote center of our
ellipse fitted results for radii between 200 (well beyond the
extent of the cluster) and that of the outermost fitted
ellipse—in most cases around 1500. For the median distance
of our sample, this radial range corresponds to linear scales
between 200 pc and 1.5 kpc. If present, a stellar bar is likely
to dominate the luminosity within this range, but since in
the absence of close interactions a bar should be symmetric

with respect to the dynamical center, its photocenter is likely
a good measure of the true galaxy nucleus.

Figure 7 (top left panel) shows a histogram of the pro-
jected angular distance between the position of the pre-
sumed nuclear cluster and the galaxy photocenter according
to the definition above. About 75% (45 out of 59) of clusters
lie within 100 from the photocenter. This angular separation
corresponds to about 90 pc at the median distance of our
sample (19 Mpc). In this representation, some clusters
appear to be well separated from the galaxy center. How-
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Nucleated dE

HST/ACS
Coté et al. 2006

42 Côté et al.

Fig. 9.— (Panel a): A magnified view of the F475W image of VCC2048 (IC3773). This is the brightest dwarf galaxy in our sample
according to the morphological classifications of Binggeli, Sandage and Tamman (1985). It is classified as non-nucleated in the Virgo
Cluster Catalog, with type d:S0(9). (Panels b–d): The same image, after binning 4×4 pixels and convolving with Gaussians of FWHM =
0.′′5, 0.′′9 and 1.′′4, respectively.

36 Côté et al.

Fig. 4.— Azimuthally-averaged g-band surface brightness profiles for the galaxies from the ACS Virgo Cluster Survey (see Figure 3).
The galaxies are rank ordered by blue magnitude, which decreases from left to right and from top to bottom. Classifications from Table 1
are reported in the lower left corner of each panel. The classification scheme itself is summarized in Table 2. In each panel, the solid curve
shows the best-fit galaxy model; open symbols show datapoints that were excluded during the fitting of the models. For Type Ia galaxies,
dashed and dotted curves show the respective models for the galaxy and the nucleus. The fitted models for galaxies with possible offset
nuclei (the Type Ie galaxies) do not include components for the nuclei. For VCC1316, VCC1903 and VCC2000, the crosses show regions
affected by saturation of the F475W images; these regions were excluded when fitting models to the brightness profiles. The brightness
profiles for two galaxies (VCC1192 and VCC1199) flatten outside of ≈ 10′ due to contamination from the halo of VCC1226 (M49), which
is ! 5′ away in both cases. These outer points have been excluded in the fits.
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Milky Way

re ~ 5-8 pc

Schödel (2008, priv. comm.)

MW Spitzer
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1302 DI NINO ET AL. Vol. 138

Figure 6. As in Figure 5 but for the color–magnitude diagram (B − I vs. MI ) for each galaxy compared to the Bruzual & Charlot (2003) models with a Salpeter IMF.
Here the tracks for the models are shown for a total model mass of 1 M". Therefore, the difference in MI magnitude between an observed source and the model with
a corresponding B − I color gives the total mass of the observed star cluster. In addition, we show, as dashed lines, tracks without emission lines. The upper envelope
of the data points is a selection effect given by the magnitude threshold of the survey.
(A color version of this figure is available in the online journal.)
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A warning
There is a long history to the subject (e.g. 
Sandage, Binggeli, Freeman). But really need 
HST for detection and size measurements.
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42 Côté et al.

Fig. 9.— (Panel a): A magnified view of the F475W image of VCC2048 (IC3773). This is the brightest dwarf galaxy in our sample
according to the morphological classifications of Binggeli, Sandage and Tamman (1985). It is classified as non-nucleated in the Virgo
Cluster Catalog, with type d:S0(9). (Panels b–d): The same image, after binning 4×4 pixels and convolving with Gaussians of FWHM =
0.′′5, 0.′′9 and 1.′′4, respectively.

Coté et al., 2006

Original FWHM = 0.5”

FWHM = 0.9” FWHM = 1.4”



Every time you say something about the 
nucleus of a galaxy you have to make sure your 
resolve the NC (~5pc). Even with HST (0.05”) 
this is only possible to a distance of 20 Mpc

A warning
There is a long history to the subject (e.g. 
Sandage, Binggeli, Freeman). But really need 
HST for detection and size measurements.



Nucleation frequency

Carollo et al. 1998 & Böker et al. 2004 & Coté et al. 2006

overall:
63%

black: all
red: MI < -18.5
blue: MI > -18.5



Just how nuclear are 
Nuclear Clusters?



Just how nuclear are NCs?
44 Côté et al.

Fig. 11.— (Upper Panel): Projected offset, δrn, between the position of the galaxy center and that of the nucleus, plotted as a function
of galaxy magnitude. Filled circles show 62 galaxies of Types Ia and Ib. Open circles indicate the five galaxies in our sample which may
have offset nuclei (Type Ie). The dotted line shows an offset of δrn = 0.′′5, or ten ACS/WFC pixels; a single pixel is represented by the
lower, dashed line. (Lower Panel) Ratio of the offset to the mean effective radius, 〈re〉, of the host galaxy in the two bands, plotted
as a function of galaxy magnitude. The symbols are the same as in the previous panel. The upper dotted line in this case is drawn at
δrn/〈re〉 = 0.′′5/13.′′13 ≈ 0.038, where 〈re〉 = 13.′′13 is the mean effective radius of Type Ia galaxies. The lower dotted line is drawn at a
fractional offset of 1% the effective radius. A total of nine galaxies lie above this lower line.

Cote et al. 2006 Böker et al. 2002
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Just how nuclear are NCs?
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From kinematics
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From kinematics

It seems safe to conclude 
that NCs are the nuclei 
of their host galaxies



Odd case 1 in pure disk– 23 –

Fig. 6.— Upper Left Panel: Hα isovelocity contours for the central regions of NGC 2139
overlayed on the HST WFPC2 F814W image. In all plots of this figure, the red circle marks

the location of the kinematic center, the green box marks the location of the photometric
center, and the triangle marks the location of the central cluster. All coordinates refer to

those of the HST image. Upper Right Panel: χ2 contribution to the velocity field best-fit
kinematic model. Different colors are separated by ∆χ2 = 1, from χ2 = 1 (purple) to 8 (red).
The large kinematic asymmetry 5′′ from the kinematic center is the dominant feature and

does not appear to be associated with any feature in the HST image. A second significant
kinematic asymmetry is apparent, coincident with the central cluster. Lower Left Panel:

Hα flux level contours (see Figure 2 for relative values of the fluxes) overlayed on the HST
image. Two strong peaks on star formation are apparent. Neither is conincident with the
central star cluster. In general, the luminous band has higher Hα fluxes than the regions

outside. Lower Right Panel: Hα linewidth contours overlayed on the HST image. While the
linewidths are slightly larger near the star cluster and within the luminous band, we do not

see a clear correspondence between the linewidths and any of the other mapped quantities.

Nuclear Cluster

Kinematic Center

KC and NC 
offset? 

Caveats:
- bar influence 
- youngest NC

Photometric Center

Andersen et al.  2008
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Fig. 1.—(a) B-band image of FCC 046; (b) surface brightness of the N-
body model at . The isophotes are spaced by 1 mag arcsec!2, with thet p 150

mag arcsec!2 isophote drawn in white. Panels c and d show them p 24B

model’s velocity field and the velocity dispersion field, respectively. The ve-
locity field perturbations have an symmetry and range between !0.06m p 2
(black) and "0.06 (white), corresponding to ! .0.1vcirc

producing an unrotating disk and a rotating nucleus. We used
a quiet start (Sellwood 1983) to cancel spurious momenta and
angular momenta.
In our units, where , whichR p M(p M "M ) p G p 1d n d

give a unit of time , we set , ,3 1/2(R /GM) z p 0.2 R p 5d d t

, , and . The simulation was run onr p 0.78 r p 5 v p 0.648n c 0
a three-dimensional cylindrical polar grid code (described in
Sellwood & Valluri 1997) with N # N # N p 60# 64#R f z

. The vertical spacing of the grid planes was225 dz p
. We used Fourier terms up to in the potential,0.0125 m p 8

which was softened with the standard Plummer kernel, of soft-
ening length . Time integration was performed withe p 0.0125
a leapfrog integrator using a fixed time step . Todt p 0.006
scale units to FCC 046, we note that its surface brightness
profile declines exponentially with scale length R p 4!.1 ≈d

kpc. We estimated the stellar mass of FCC 046 at0.4 M ≈
, given a B-band total luminosity91.0# 10 M L p 2#, B

and using a B-band mass-to-light ratio810 L M/L ≈ 5B,, B

, typical for an old (15 Gyr), rather metal-poor ([Fe/M /L, B,,
H]p !0.5) stellar population. With this scale length and mass,
the unit of time corresponds to Myr, and the3 1/2(R /GM) ≈ 4d

velocity unit becomes km s!1.1/2(GM/R ) ≈ 100d

The global lopsidedness of the model, as measured by the
amplitude of the term in a Fourier expansion of them p 1
surface density, rose exponentially with time, saturating at

, for an e-folding time . The angular momentumt ! 70 t p 5.67
of the disk and the orbital angular momentum of the nucleus
increase at the expense of the nucleus’s internal (rotational)
angular momentum. By the end of the simulation, the nucleus
has lost approximately 20% of its initial internal angular mo-
mentum. However, the resulting orbital velocity of the nucleus
( ) is only a few percent of the local circular velocityv ≈ 0.01nuc
( ), so that dynamical friction against a live darkv ≈ 0.35circ

matter halo is not likely to damp the instability, as is also borne
out by the live halo simulations.

3. FCC 046: A CASE STUDY

FCC 046 is an dE4,N in the Fornax Cluster.m p 15.99B

Photometry and long-slit spectra, with an instrumental broad-
ening km s!1, in the wavelength region containingj p 30instr
the strong absorption lines of the near-infrared Ca ii triplet,
were observed at the Very Large Telescope with FORS2 in
November of 2001 (photometry) and 2002 (spectroscopy). See-
ing conditions were typically 0!.8 FWHM. A detailed analysis
of the photometry has been presented in De Rijcke et al.
(2003b), while details of the kinematics of FCC 046 will be
presented elsewhere. Additionally, theHubble Space Telescope
(HST) archives contain WFPC2 images of FCC 046 in the
filters F814W and F555W. Availability of all these data was
the sole reason for selecting this object.
FCC 046 contains a bright nucleus, which is displaced by

1!.2 with respect to the outer isophotes, or 30% of . TheRd
lopsidedness involves not just the nucleus but extends to
∼ . Color maps show no traces of large amounts of dust but2Rd
suggest the presence of a blue stellar population. The Ha image
reveals ionized emission regions, evidence of ongoing star for-
mation, within ∼ . The position of the blue stellar population1Rd
does not coincide with the lopsidedness of FCC 046 and is not
likely to be the cause of it (although it may be a consequence
of it). FCC 046 is in the outskirts of the Fornax Cluster; its
nearest neighbors are dwarfs over 100 kpc (in projection) away,
and the nearest large galaxy is more than 200 kpc distant.
Interactions are therefore not likely to account for its mor-
phology, unless a weakly damped mode has been excited
(Weinberg 1994). The kinematics of FCC 046 (mean velocity
and velocity dispersion) were extracted from the spectra fol-
lowing the method discussed in De Rijcke et al. (2003a). De-
spite its E4 flattening, the main body of FCC 046 has zero
mean rotation. The lack of rotation excludes the possibility that
the eccentric instability (Adams, Ruden, & Shu 1989; Miller
& Smith 1992; Taga & Iye 1998) is responsible for the
lopsidedness.
The nucleus is resolved by HST; it has a FWHM p 0!.27,

significantly larger than the FWHM p 0!.15 of the stars in the
same image, and therefore cannot be a foreground star. The
nucleus has the same systemic velocity as the galaxy, which
rules out a chance projection of a background object. It com-
prises ∼10% of the B-band luminosity of FCC 046 and is
therefore probably quite massive. We can use the fact that the
outer isophotes of the N-body model do not move appreciably,
and that their center coincides with the model’s center of mass
(COM), to estimate the relative mass-to-light ( ) ratios ofM/L
the disk and nucleus. In order for the mean position of the B-
band light distribution to coincide with the COM, the ratioM/L
of the nucleus has to be less than half that of the disk. If the
disk consists of an old, metal-poor population with M/L ≈ 5B

, this would mean that the nucleus hasM /L M/L ! 2, B,, B

, typical for a very young stellar population (M /L age !, B,,
Gyr). This is consistent with the blue color of the nucleus2–3

and its strong Pa absorption (Michielsen et al. 2003). The ro-
tation axis of the nucleus is not aligned with that of the galaxy’s
main body, showing evidence of minor-axis rotation with an
amplitude of ≈5 km s!1.
The surface density, the velocity field, and the velocity dis-

persion field of the N-body model at are presented int p 150
Figure 1. The viewing angle and the spatial scale were chosen

De Rijke & Debattista, 2004

Odd case 2 in dE



Integrated Properties



Properties over Hubble type

Radius depends most on authorship!
NCs are the same over the full Hubble sequence



Properties over Hubble type

Radius depends most on authorship!
NCs are the same over the full Hubble sequence

Easiest to study



NCs are massive star clusters

Walcher et al. 2005

Low velocity 
dispersions
10-40 km/s

Highest stellar 
volume densities 
in the universe



• Deep, small potential well triggers SF?

• Efficiency of SF in deep potential?

• Effect of high stellar density?

• Feedback on the surrounding disk?

Phase space densities

Walcher et al.  2005

Capuzzo-Dolcetta & 
Miocchi, 2008

Hernquist et al., 1993

Mergers lower 
phase space 

density



Star formation histories

UVES/VLT,  Walcher et al. 2006

- SSPs do NOT fit
- Tlum ~ 108 years << THubble

- 60% have emission lines

Recurrent star 
formation, because:

ΔTburst ~ 108 years         

ΔM ~ 2.5x105 M⊙
 

in gas-rich, bulge-less galaxies



Star formation histories
in earlier type spirals

– 52 –

Fig. 7.— Relation between the luminosity-weighted age 〈log τ〉L listed in Table 4 and the
Hubble T-type of the host galaxy (Tables 1 and 2). The ages were obtained from spectral
population fits to the STIS spectra and were assigned a measurement uncertainty of 0.3 dex,
based on the discussion in Section 4.3. Hubble T-types were, somewhat arbitrarily, assigned

an uncertainty of 1.0. Early-type spirals tend to have older NC populations. The solid line
indicates the best linear fit, the parameters of which are listed in Table 6.

Sa Sd
Rossa et al. 2006

Either shutoff of 
star formation 

OR
earlier onset of 
effective star 

formation



Star formation histories
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Star formation histories
in early type galaxies

Good question!
• Imaging from space: nuclei are younger than their 

hosts but older than 2 Gyr (Lotz et al. 2004, Cote et al. 2006)

• Spectra from ground: In S0’s the central regions are 
younger and α-enhanced (Silchenko et al.).  dE nuclei are 
younger and can form stars later than their hosts 
(Chilingarian et al. 2007, Koleva et al. 2009)

• We would need a STIS program for resolution, but 
NCs too faint!
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Figure 1. Radial profiles of the dEs with the shortest star-formation time-scale (see paragraph 4.1). In the outer regions we binned
the spectra to have SNR > 20. One half-light radius, Re, is indicated with a vertical blue dashed line. The SSP-equivalent metallicities
and ages within the 1 arcsec (uncorrected for line-of-sight contamination) and 1 Re extractions (Sect. 4) are shown with green lines (for
readability these lines are arbitrarily drawn from 0 to 5 arcsec and from 5 to 20 arcsec). The profiles are folded around the luminosity
peak, the red points are for the ’right’ side of the centre (North or East), and the blue for the ’left’.

count for the internal kinematics. A least-square minimiza-
tion provides the parameters of the population model, age
and metallicity in the case of a single stellar population
(SSP). The main characteristics of the method, described
and validated in Koleva et al. (2008c), is to fit the full spec-
trum, pixel-by-pixel, while the most common approach uses
spectrophotometric indices. The SSP-equivalent ages and
metallicity for central extractions of the present data were
found perfectly consistent with Lick indices and three times
more precise (Michielsen et al. 2007). Beside the precision,
another advantage of the method is its insensitivity to the
presence of emission lines, that can be either masked or fit-
ted with additive Gaussians.

We are using population models generated with Pe-
gase.HR (Le Borgne et al. 2004) assuming Salpeter IMF and
Padova isochrones and build with the ELODIE.3.1 library
(Prugniel & Soubiran 2001; Prugniel et al. 2007b). These
models have a well calibrated line spread function (LSF,
i. e. instrumental broadening) of 0.55 Å corresponding to
a resolution R ≈ 10000 or instrumental velocity dispersion
σinstr = 13 kms−1 at λ = 5500 Å.

The ELODIE library, as any other empirical libraries,
consists mostly of stars of the solar neighborhood and there-
fore presents the abundance pattern of this environment.
The chemical composition of the stars is scaled-solar at
high metallicity, but becomes enhanced in α-elements at low
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Figure 1. Radial profiles of the dEs with the shortest star-formation time-scale (see paragraph 4.1). In the outer regions we binned
the spectra to have SNR > 20. One half-light radius, Re, is indicated with a vertical blue dashed line. The SSP-equivalent metallicities
and ages within the 1 arcsec (uncorrected for line-of-sight contamination) and 1 Re extractions (Sect. 4) are shown with green lines (for
readability these lines are arbitrarily drawn from 0 to 5 arcsec and from 5 to 20 arcsec). The profiles are folded around the luminosity
peak, the red points are for the ’right’ side of the centre (North or East), and the blue for the ’left’.

count for the internal kinematics. A least-square minimiza-
tion provides the parameters of the population model, age
and metallicity in the case of a single stellar population
(SSP). The main characteristics of the method, described
and validated in Koleva et al. (2008c), is to fit the full spec-
trum, pixel-by-pixel, while the most common approach uses
spectrophotometric indices. The SSP-equivalent ages and
metallicity for central extractions of the present data were
found perfectly consistent with Lick indices and three times
more precise (Michielsen et al. 2007). Beside the precision,
another advantage of the method is its insensitivity to the
presence of emission lines, that can be either masked or fit-
ted with additive Gaussians.

We are using population models generated with Pe-
gase.HR (Le Borgne et al. 2004) assuming Salpeter IMF and
Padova isochrones and build with the ELODIE.3.1 library
(Prugniel & Soubiran 2001; Prugniel et al. 2007b). These
models have a well calibrated line spread function (LSF,
i. e. instrumental broadening) of 0.55 Å corresponding to
a resolution R ≈ 10000 or instrumental velocity dispersion
σinstr = 13 kms−1 at λ = 5500 Å.

The ELODIE library, as any other empirical libraries,
consists mostly of stars of the solar neighborhood and there-
fore presents the abundance pattern of this environment.
The chemical composition of the stars is scaled-solar at
high metallicity, but becomes enhanced in α-elements at low

Koleva et al. 2009



Star formation histories
in early type galaxies

Good question!
• Imaging from space: nuclei are younger than their 

hosts but older than 2 Gyr (Lotz et al. 2004, Cote et al. 2006)

• Spectra from ground: In S0’s the central regions are 
younger and α-enhanced (Silchenko et al.).  dE nuclei are 
younger and can form stars later than their hosts 
(Chilingarian et al. 2007, Koleva et al. 2009)

• We would need a STIS program for resolution, but 
NCs too faint!



He that has plenty of 
goods shall have more

Böker et al. 2004
Böker et al. 2004 & Coté et al. 2006



NC internal structure
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Table A1 – continued

Object Distance MBH Magspheroid M/L Massspheroid MagNC M/L MassNC
(Mpc) (M!) (mag) (M!) (mag) (M!)

1 2 3 4 5 6 7 8 9

Systems with less secure MBH but with an NC
G1 0.8 [6] 1.8+0.5

−0.5 × 104 [31] – – – – – 8.0 × 106 [51]

M15 0.01 [7] 0.5+2.5
−0.5 × 103 [32] – – – – – 7.0 × 105 [52]

MGG-11 3.6 [8] 1.0+4.0
−0.8 × 103 [33] – – – – – 3.5 × 105 [8]

ω Cen 0.0048 [9] 4.0+0.75
−1.0 × 104 [34] – – – – – 4.7 × 106 [53]

Column 1: in addition to galaxies, three globular clusters (G1, M15 and ω Cen) and one star cluster (MGG-11) are listed. Column 2: distances have been taken
from Tonry et al. (2001) unless otherwise noted. Column 3: BH masses have been adjusted to the distances shown in Column 2. Column 4: absolute magnitude
of the host spheroid using the distances in Column 2. Column 5: stellar M/L ratio (associated with the filter specified in Column 4) used to obtain the stellar
mass of the spheroid (Column 6). Column 7: absolute magnitude of the nuclear star cluster (or globular cluster) using the distances in Column 2. Column 8:
stellar M/L ratio (associated with the filter specified in Column 7) used to obtain the stellar mass of the cluster (Column 9).
References: 1 = NED (Virgo + GA + Shapley)-corrected Hubble Flow distance); 2 = Thim et al. (2004); 3 = Argon et al. (2004); 4 = McConnachie et al.
(2005); 5 = Jerjen, Binggeli & Barazza (2004); 6 = the Tonry et al. (2001) distance to NGC 224 (M31) is used; 7 = Harris (1996); 8 = McCrady, Gilbert &
Graham (2003); 9 = van de Ven et al. (2006); 10 = Shapiro et al. (2006); 11 = Gebhardt et al. (2003); 12 = Ferrarese et al. (1996); 13 = Maciejewski &
Binney (2001); 14 = Macchetto et al. (1997); 15 = De Francesco et al. (2008); 16 = Preliminary values determined by Hu (2008) from Conf. Proc. figures of
Cappellari et al. (2008); 17 = Ferrarese & Ford (1999); 18 = van der Marel & van den Bosch (1998); 19 = Ghez et al. (2005); 20 = Verolme et al. (2002);
21 = Bower et al. (2001); 22 = Houghton et al. (2006), Gebhardt et al. (2007); 23 = Emsellem et al. (1999); 24 = Gültekin et al. (2009); 25 = Filippenko &
Ho (2003); 26 = Merritt, Ferrarese & Joseph (2001a), Gebhardt et al. (2001); 27 = Jones et al. (1996), Valluri et al. (2005); 28 = Barth et al. (2008); 29 =
Marconi et al. (2003): 30 = Geha et al. (2002); 31 = Gebhardt et al. (2005) but see Baumgardt et al. (2003b); 32 = Gerssen et al. (2003), van den Bosch et al.
(2006) but see Baumgardt et al. (2003a) and Dull et al. (2003); 33 = Patruno et al. (2006); 34 = Noyola et al. (2008); 35 = Marconi & Hunt (2003); 36 = Rest
et al. (2001); 37 = de Vaucouleurs et al. (1991, hereafter RC3); 38 = This paper; 39 = D’Onofrio, Capaccioli & Caon (1994); 40 = Graham & Driver’s (2007,
their Section 4.2.1) bulge magnitude; 41 = Lauer et al. (2005, their table 8); 42 = Balcells et al. (2007); 43 = Mateo (1998); 44 = Geha, Guhathakurta & van
der Marel (2003); 45 = De Rijcke et al. (2006a); 46 = Cardone & Sereno (2005), Dwek et al. (1995); 47 = Lyubenova et al. (2008); 48 = Ravindranath et al.
(2001); 49 = Launhardt, Zylka & Mezger (2002); Schödel et al. (2007); 50 = Kormendy & McLure (1993); 51 = Baumgardt et al. (2003b), Ma et al. (2009);
52 = Dull et al. (1997); 53 = Meylan et al. (1995).

Figure A1. V- and H-band M/L ratios for a range of stellar metallicities
([Fe/H] = −2.24 to +0.56 dex) and ages (<13 Gyr) as a function of V −
I colour. Based on the Bruzual & Charlot (2003) stellar population models
and using a Chabrier (2003) initial mass function.

instances, it may also be due to residuals from the deconvolution
process used on early Hubble Space Telescope (HST) images.

NGC 2778. From kinematical measurements, Rix, Carollo &
Freeman (1999) revealed that this object is a lenticular galaxy, in
agreement with the designation by Kent (1985). Marconi & Hunt

Figure A2. Uncalibrated, 2MASS, Ks-band intensity profile from the centre
of the Milky Way, taken from Schödel et al. (2009a, their fig. 2). Here, we
have modelled the nuclear star cluster with a Sérsic function (dotted curve)
and the underlying host bulge – which has an effective half-light radius of
∼4.◦5 (e.g. Graham & Driver 2007) and is therefore basically a horizontal
line – with an exponential function (Kent, Dame & Fazio 1991). The NC’s
Sérsic function has an index of ∼3.0.

(2003) report a K-band galaxy magnitude, which has been con-
verted into a bulge magnitude by Graham & Driver (2007, their
section 4.2.1) that we use here. While Gebhardt et al. (2003) pro-
vide a BH mass for this galaxy, it is worth noting that their zero BH
mass model is only ruled out at the 1.5–2σ level. Lauer et al. (2005)
provide a V-band estimate for the magnitude of the central nucleus
(a previously unpublished result from Gebhardt et al. 1996). The
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previously surveyed clusters the central regions show a significant
overabundance of BSSs. Typically, the specific frequency drops
by a factor of 4 or more over a few core radii.3 Note that BSSs
have been found to be significantly more centrally concentrated,
even in clusters with significantly lower central density than!Cen
(see, e.g., NGC 288; Bellazzini et al. 2002).

3. SAMPLING THE ENTIRE CLUSTER

In order to further investigate the peculiar distribution of BSSs
in this stellar system, we extended the analysis to the external
regions. To do this we used the wide-field photometry previously
obtained by our group using theWide Field Imager (WFI) on the
2.2 m ESO-MPI telescope at the European Southern Observa-
tory (ESO) at La Silla. The WFI is a mosaic of 8 CCD chips
(each with a field of view of 80 ; 160) giving a global field of
view of 330 ; 340. The images were obtained using B and I filters
and have previously been used (Pancino et al. 2000) to identify
an additional, previously unknown RGB (RGB-a; see also Lee
et al. 1999). Since the cluster center is slightly off-center in that
data set, we also supplement the sampling of the external region
with theB, V catalog by Rey et al. (2004).4 The final catalog sam-
ples the cluster population over (complete) concentric annuli up
to a distance of 200 from the cluster center.

All the catalogs were transformed to the same absolute astro-
metric systemby using the Space TelescopeGuide Star Catalog II,
and then photometrically matched by using the stars in common.
Note that all three data sets have theB passband in common. To be
conservative and prevent any possible incompleteness due to poor
spatial resolution, we excluded the innermost region (r < 80) of
the WFI sample and used the Rey et al. catalog only in the most
external region not sampled by our WFI observations.

3.1. The Star Density Profile

As a first step, we used the selected sample of RGB/SGB
in the magnitude range 16 < B < 18:4 to obtain a new density

profile for the cluster. The analysis was performed using almost
23,000 stars. The surveyed region was divided into 27 concen-
tric annuli.5 Each annulus was split into a number of subsectors
(generally octants or quadrants). Then the number of stars lying
within each subsector was counted and averaged. Star density
was obtained by dividing the average star number by the corre-
sponding subsector area (in arcsec2). The resulting profile can be
nicely reproduced by a King model characterized by two param-
eters: the core radius, rc, and the concentration, c. We redeter-
mined these parameters using our observations and the projected
star density from a standard isotropic single-mass King model
(Sigurdsson & Phinney 1995). The result is shown in Figure 4;
we found rc ¼ 15300 ¼ 2A57 and c ¼ 1:31, in good agreement
with the values (c ¼ 1:24 and rc ¼ 15500) listed by Trager et al.
(1995).

3.2. The BSS Population over the Entire Cluster

We selected the BSSs following the criteria adopted for the
ACS sample. Only BSSs in the magnitude range 16 < B < 18:4
were considered. We used isochrones (Cariulo et al. 2004) to
convert the red edge of the selection box from the (B" R) color
into (B" I ) and (B" V ) colors. We found that the adopted red
edge in the ACS sample (B" R ¼ 0:7) corresponds to (B" I ) #
1:0 and (B" V ) # 0:42.

Figure 5 shows the zoomed CMDs in the BSS region for the
ACS and WFI samples. The selection boxes are shown in each
panel. The BSS population appears as a clear sequence diagonally
crossing each box. To be conservative, we selected only those
stars within the two dashed lines. This accounts for the bulk of the
BSS populations, with only a few objects being excluded from the
selection. Following these criteria,6 we have identified 158 BSSs

Fig. 3.—Specific frequency of BSSs with respect to RGB and HB stars, and
the sampled luminosity L4 in units of 104 L$, as a function of their projected
distance (r) from the cluster center.

Fig. 4.—Observed radial density profile. The solid line represents the best-fit
King model (rc ¼ 15300 and c ¼ 1:31).

3 As discussed in x 3.1, the core radius of ! Cen is rc ¼ 15300.
4 The total region sampled by Rey et al. (2004) covers 400 ; 400.

5 The use of circular annuli is a good approximation. Even though ! Cen is the
most elliptical GGC, Pancino et al. (2003) showed that the axial ratio of the entire
RGB distribution changes only a few percent in the central region (r < 50). In the
outer region statistical fluctuations overwhelm any errors caused by the ellipticity.

6 Note that slightly changing the box boundaries has negligible impact on the
overall results.

BLUE STRAGGLERS IN ! CENTAURI 435No. 1, 2006

Ferraro et al., 2006

SB profiles
• In MW and M32 Sersic with 

n~2-3? (Graham&Spitler 2010)

• For GCs people use King 
(sometimes with cusp)

2 Ibata et al.

Fig. 1.— (a) ACS color-magnitude diagram (CMD). Sources are classified into likely M54 (heavy black), Sgr (red), and foreground (light
black), according to CMD location. (b) Corresponding star counts profiles for M54 (black) and Sgr (red), with respect to the M54 density
center and as a function of (projected) radius R. Towards the centre of M54 we detect a sharp rise in the stellar surface density, at odds
with a flat distribution expected from a King model. The green line shows a Hernquist model fit to the Sgr profile (with background given
by the King model of Majewski et al. 2003, also displayed in Fig. 2 of B08). The background-subtracted profile M54 is presented in (c),
together with a composite model comprising a King model and a central IMBH.

convergence. In order to limit contamination we adopted
the color-magnitude selection criteria shown in Fig. 1a.
To avoid biases and spurious effects, we considered two
samples with two different limiting magnitudes (V < 19
and V < 19.5). The values thus obtained agree within
0.2′′ and we adopted their mean (α = 18h55m3.345s,
δ = −30◦28′47′′.1) as the best estimate (cross-hairs
in Fig. 2 mark this position). Note that this new
determination is substantially different (∆α ∼ 0.′′7 ,
∆δ ∼ −5′′) from the Harris (1996) center.

The projected density profile of M54 was measured by
counting stars down to V = 19.5 in 30 concentric annuli
around this new center. Each annulus was divided into
an adequate number of sub-sectors; the resulting density
is the average of the corresponding sub-sector densities,
and the quoted uncertainty is their rms dispersion. The
star-counts profile is well matched by the surface bright-
ness profile (which is unaffected by incompleteness); we
therefore decided not to apply an incompleteness correc-
tion, avoiding an additional source of uncertainty.

The observed density profile of M54 is shown in Fig. 1b
(black dots), where we have also plotted as triangles the
values obtained by splitting the first bin (r < 0′′.7) in two
portions (note that only 6 stars are found at r < 0′′.35).
If the innermost (r <

∼ 1′′) points are excluded, the density
profile is well-fit by an isotropic, single-mass King model
with core radius rc # 6′′ and concentration c # 1.8. How-
ever, in the inner ∼ 1′′ there is an indication of a power-
law deviation from a flat core behavior: the profile rises
as Σ ∝ R−α, with α # 0.3. These values are consistent
with those expected in the presence of a central IMBH
(see Baumgardt et al. 2005; Miocchi 2007). Indeed, the
observed profile is fit well by a King+BH model built
as described in Miocchi (2007), with BH to total cluster
mass ratio MBH/M = 0.0047 (i.e., MBH ∼ 9400M$).

2.2. Spectroscopy

The fiber-fed FLAMES spectrograph at the Very Large
Telescope (VLT) was used to follow up these findings.
Two observing modes were employed: the “MEDUSA”
and “ARGUS” configurations, with the high-resolution

Fig. 2.— (a) Center of the ACS I-band image. The density center
is marked with cross-hairs, while the pixel with highest σ is marked
with a red circle. (b) Map of σ over the same region, derived from
the 2 deep ARGUS fields. The circles and “star” markers indicate
the positions, respectively, of M54 and Sgr stars that are brighter
than I=16 (triangles mark foreground sources). Bright stars tend
to lower the measured σ in the pixels whose light they dominate.
Although the density center (0,0) has a high σ, a large region with
coherently high dispersion is detected to the SW.

HR21 mode, covering the Ca II triplet. With MEDUSA,
130 fibers can be allocated over a 25′ diameter field, while
“ARGUS” covers a rectangular 22×14 pixel field (11′′.4×
7′′.7). Some observations from July and August 2005 were
downloaded from the ESO archive, though most of the
data were obtained on June 2–5 2008. All the data were
reduced in a homogenous manner using the ESO pipeline
“Gasgano” software. A total of 944 isolated stars were
observed with MEDUSA at radii between 0′.5 and 12′.5,
while the entire inner region of the system out to a radius
of approximately 0′.6 was covered with 51 overlapping
ARGUS tiles, each of texp = 300 s. A further 2 deep
ARGUS fields (texp = 2535 s) were secured on the very
center of M54/Sgr under excellent seeing conditions (∼
0′′.6). The astrometry of the ARGUS data was refined
by cross-correlating against the I-band ACS image.

All the individual MEDUSA and ARGUS fibers were
sky-subtracted and cross-correlated against an artificial
template as in Ibata et al. (2005). Velocity uncertainties,
estimated from the r.m.s. scatter in Gaussian fits to each
Ca II line independently, are typically below 1 km s−1 for

M54, Sagittarius
Ibata et al., 2009
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Table A1 – continued

Object Distance MBH Magspheroid M/L Massspheroid MagNC M/L MassNC
(Mpc) (M!) (mag) (M!) (mag) (M!)

1 2 3 4 5 6 7 8 9

Systems with less secure MBH but with an NC
G1 0.8 [6] 1.8+0.5

−0.5 × 104 [31] – – – – – 8.0 × 106 [51]

M15 0.01 [7] 0.5+2.5
−0.5 × 103 [32] – – – – – 7.0 × 105 [52]

MGG-11 3.6 [8] 1.0+4.0
−0.8 × 103 [33] – – – – – 3.5 × 105 [8]

ω Cen 0.0048 [9] 4.0+0.75
−1.0 × 104 [34] – – – – – 4.7 × 106 [53]

Column 1: in addition to galaxies, three globular clusters (G1, M15 and ω Cen) and one star cluster (MGG-11) are listed. Column 2: distances have been taken
from Tonry et al. (2001) unless otherwise noted. Column 3: BH masses have been adjusted to the distances shown in Column 2. Column 4: absolute magnitude
of the host spheroid using the distances in Column 2. Column 5: stellar M/L ratio (associated with the filter specified in Column 4) used to obtain the stellar
mass of the spheroid (Column 6). Column 7: absolute magnitude of the nuclear star cluster (or globular cluster) using the distances in Column 2. Column 8:
stellar M/L ratio (associated with the filter specified in Column 7) used to obtain the stellar mass of the cluster (Column 9).
References: 1 = NED (Virgo + GA + Shapley)-corrected Hubble Flow distance); 2 = Thim et al. (2004); 3 = Argon et al. (2004); 4 = McConnachie et al.
(2005); 5 = Jerjen, Binggeli & Barazza (2004); 6 = the Tonry et al. (2001) distance to NGC 224 (M31) is used; 7 = Harris (1996); 8 = McCrady, Gilbert &
Graham (2003); 9 = van de Ven et al. (2006); 10 = Shapiro et al. (2006); 11 = Gebhardt et al. (2003); 12 = Ferrarese et al. (1996); 13 = Maciejewski &
Binney (2001); 14 = Macchetto et al. (1997); 15 = De Francesco et al. (2008); 16 = Preliminary values determined by Hu (2008) from Conf. Proc. figures of
Cappellari et al. (2008); 17 = Ferrarese & Ford (1999); 18 = van der Marel & van den Bosch (1998); 19 = Ghez et al. (2005); 20 = Verolme et al. (2002);
21 = Bower et al. (2001); 22 = Houghton et al. (2006), Gebhardt et al. (2007); 23 = Emsellem et al. (1999); 24 = Gültekin et al. (2009); 25 = Filippenko &
Ho (2003); 26 = Merritt, Ferrarese & Joseph (2001a), Gebhardt et al. (2001); 27 = Jones et al. (1996), Valluri et al. (2005); 28 = Barth et al. (2008); 29 =
Marconi et al. (2003): 30 = Geha et al. (2002); 31 = Gebhardt et al. (2005) but see Baumgardt et al. (2003b); 32 = Gerssen et al. (2003), van den Bosch et al.
(2006) but see Baumgardt et al. (2003a) and Dull et al. (2003); 33 = Patruno et al. (2006); 34 = Noyola et al. (2008); 35 = Marconi & Hunt (2003); 36 = Rest
et al. (2001); 37 = de Vaucouleurs et al. (1991, hereafter RC3); 38 = This paper; 39 = D’Onofrio, Capaccioli & Caon (1994); 40 = Graham & Driver’s (2007,
their Section 4.2.1) bulge magnitude; 41 = Lauer et al. (2005, their table 8); 42 = Balcells et al. (2007); 43 = Mateo (1998); 44 = Geha, Guhathakurta & van
der Marel (2003); 45 = De Rijcke et al. (2006a); 46 = Cardone & Sereno (2005), Dwek et al. (1995); 47 = Lyubenova et al. (2008); 48 = Ravindranath et al.
(2001); 49 = Launhardt, Zylka & Mezger (2002); Schödel et al. (2007); 50 = Kormendy & McLure (1993); 51 = Baumgardt et al. (2003b), Ma et al. (2009);
52 = Dull et al. (1997); 53 = Meylan et al. (1995).

Figure A1. V- and H-band M/L ratios for a range of stellar metallicities
([Fe/H] = −2.24 to +0.56 dex) and ages (<13 Gyr) as a function of V −
I colour. Based on the Bruzual & Charlot (2003) stellar population models
and using a Chabrier (2003) initial mass function.

instances, it may also be due to residuals from the deconvolution
process used on early Hubble Space Telescope (HST) images.

NGC 2778. From kinematical measurements, Rix, Carollo &
Freeman (1999) revealed that this object is a lenticular galaxy, in
agreement with the designation by Kent (1985). Marconi & Hunt

Figure A2. Uncalibrated, 2MASS, Ks-band intensity profile from the centre
of the Milky Way, taken from Schödel et al. (2009a, their fig. 2). Here, we
have modelled the nuclear star cluster with a Sérsic function (dotted curve)
and the underlying host bulge – which has an effective half-light radius of
∼4.◦5 (e.g. Graham & Driver 2007) and is therefore basically a horizontal
line – with an exponential function (Kent, Dame & Fazio 1991). The NC’s
Sérsic function has an index of ∼3.0.

(2003) report a K-band galaxy magnitude, which has been con-
verted into a bulge magnitude by Graham & Driver (2007, their
section 4.2.1) that we use here. While Gebhardt et al. (2003) pro-
vide a BH mass for this galaxy, it is worth noting that their zero BH
mass model is only ruled out at the 1.5–2σ level. Lauer et al. (2005)
provide a V-band estimate for the magnitude of the central nucleus
(a previously unpublished result from Gebhardt et al. 1996). The
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previously surveyed clusters the central regions show a significant
overabundance of BSSs. Typically, the specific frequency drops
by a factor of 4 or more over a few core radii.3 Note that BSSs
have been found to be significantly more centrally concentrated,
even in clusters with significantly lower central density than!Cen
(see, e.g., NGC 288; Bellazzini et al. 2002).

3. SAMPLING THE ENTIRE CLUSTER

In order to further investigate the peculiar distribution of BSSs
in this stellar system, we extended the analysis to the external
regions. To do this we used the wide-field photometry previously
obtained by our group using theWide Field Imager (WFI) on the
2.2 m ESO-MPI telescope at the European Southern Observa-
tory (ESO) at La Silla. The WFI is a mosaic of 8 CCD chips
(each with a field of view of 80 ; 160) giving a global field of
view of 330 ; 340. The images were obtained using B and I filters
and have previously been used (Pancino et al. 2000) to identify
an additional, previously unknown RGB (RGB-a; see also Lee
et al. 1999). Since the cluster center is slightly off-center in that
data set, we also supplement the sampling of the external region
with theB, V catalog by Rey et al. (2004).4 The final catalog sam-
ples the cluster population over (complete) concentric annuli up
to a distance of 200 from the cluster center.

All the catalogs were transformed to the same absolute astro-
metric systemby using the Space TelescopeGuide Star Catalog II,
and then photometrically matched by using the stars in common.
Note that all three data sets have theB passband in common. To be
conservative and prevent any possible incompleteness due to poor
spatial resolution, we excluded the innermost region (r < 80) of
the WFI sample and used the Rey et al. catalog only in the most
external region not sampled by our WFI observations.

3.1. The Star Density Profile

As a first step, we used the selected sample of RGB/SGB
in the magnitude range 16 < B < 18:4 to obtain a new density

profile for the cluster. The analysis was performed using almost
23,000 stars. The surveyed region was divided into 27 concen-
tric annuli.5 Each annulus was split into a number of subsectors
(generally octants or quadrants). Then the number of stars lying
within each subsector was counted and averaged. Star density
was obtained by dividing the average star number by the corre-
sponding subsector area (in arcsec2). The resulting profile can be
nicely reproduced by a King model characterized by two param-
eters: the core radius, rc, and the concentration, c. We redeter-
mined these parameters using our observations and the projected
star density from a standard isotropic single-mass King model
(Sigurdsson & Phinney 1995). The result is shown in Figure 4;
we found rc ¼ 15300 ¼ 2A57 and c ¼ 1:31, in good agreement
with the values (c ¼ 1:24 and rc ¼ 15500) listed by Trager et al.
(1995).

3.2. The BSS Population over the Entire Cluster

We selected the BSSs following the criteria adopted for the
ACS sample. Only BSSs in the magnitude range 16 < B < 18:4
were considered. We used isochrones (Cariulo et al. 2004) to
convert the red edge of the selection box from the (B" R) color
into (B" I ) and (B" V ) colors. We found that the adopted red
edge in the ACS sample (B" R ¼ 0:7) corresponds to (B" I ) #
1:0 and (B" V ) # 0:42.

Figure 5 shows the zoomed CMDs in the BSS region for the
ACS and WFI samples. The selection boxes are shown in each
panel. The BSS population appears as a clear sequence diagonally
crossing each box. To be conservative, we selected only those
stars within the two dashed lines. This accounts for the bulk of the
BSS populations, with only a few objects being excluded from the
selection. Following these criteria,6 we have identified 158 BSSs

Fig. 3.—Specific frequency of BSSs with respect to RGB and HB stars, and
the sampled luminosity L4 in units of 104 L$, as a function of their projected
distance (r) from the cluster center.

Fig. 4.—Observed radial density profile. The solid line represents the best-fit
King model (rc ¼ 15300 and c ¼ 1:31).

3 As discussed in x 3.1, the core radius of ! Cen is rc ¼ 15300.
4 The total region sampled by Rey et al. (2004) covers 400 ; 400.

5 The use of circular annuli is a good approximation. Even though ! Cen is the
most elliptical GGC, Pancino et al. (2003) showed that the axial ratio of the entire
RGB distribution changes only a few percent in the central region (r < 50). In the
outer region statistical fluctuations overwhelm any errors caused by the ellipticity.

6 Note that slightly changing the box boundaries has negligible impact on the
overall results.
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Fig. 1.— (a) ACS color-magnitude diagram (CMD). Sources are classified into likely M54 (heavy black), Sgr (red), and foreground (light
black), according to CMD location. (b) Corresponding star counts profiles for M54 (black) and Sgr (red), with respect to the M54 density
center and as a function of (projected) radius R. Towards the centre of M54 we detect a sharp rise in the stellar surface density, at odds
with a flat distribution expected from a King model. The green line shows a Hernquist model fit to the Sgr profile (with background given
by the King model of Majewski et al. 2003, also displayed in Fig. 2 of B08). The background-subtracted profile M54 is presented in (c),
together with a composite model comprising a King model and a central IMBH.

convergence. In order to limit contamination we adopted
the color-magnitude selection criteria shown in Fig. 1a.
To avoid biases and spurious effects, we considered two
samples with two different limiting magnitudes (V < 19
and V < 19.5). The values thus obtained agree within
0.2′′ and we adopted their mean (α = 18h55m3.345s,
δ = −30◦28′47′′.1) as the best estimate (cross-hairs
in Fig. 2 mark this position). Note that this new
determination is substantially different (∆α ∼ 0.′′7 ,
∆δ ∼ −5′′) from the Harris (1996) center.

The projected density profile of M54 was measured by
counting stars down to V = 19.5 in 30 concentric annuli
around this new center. Each annulus was divided into
an adequate number of sub-sectors; the resulting density
is the average of the corresponding sub-sector densities,
and the quoted uncertainty is their rms dispersion. The
star-counts profile is well matched by the surface bright-
ness profile (which is unaffected by incompleteness); we
therefore decided not to apply an incompleteness correc-
tion, avoiding an additional source of uncertainty.

The observed density profile of M54 is shown in Fig. 1b
(black dots), where we have also plotted as triangles the
values obtained by splitting the first bin (r < 0′′.7) in two
portions (note that only 6 stars are found at r < 0′′.35).
If the innermost (r <

∼ 1′′) points are excluded, the density
profile is well-fit by an isotropic, single-mass King model
with core radius rc # 6′′ and concentration c # 1.8. How-
ever, in the inner ∼ 1′′ there is an indication of a power-
law deviation from a flat core behavior: the profile rises
as Σ ∝ R−α, with α # 0.3. These values are consistent
with those expected in the presence of a central IMBH
(see Baumgardt et al. 2005; Miocchi 2007). Indeed, the
observed profile is fit well by a King+BH model built
as described in Miocchi (2007), with BH to total cluster
mass ratio MBH/M = 0.0047 (i.e., MBH ∼ 9400M$).

2.2. Spectroscopy

The fiber-fed FLAMES spectrograph at the Very Large
Telescope (VLT) was used to follow up these findings.
Two observing modes were employed: the “MEDUSA”
and “ARGUS” configurations, with the high-resolution

Fig. 2.— (a) Center of the ACS I-band image. The density center
is marked with cross-hairs, while the pixel with highest σ is marked
with a red circle. (b) Map of σ over the same region, derived from
the 2 deep ARGUS fields. The circles and “star” markers indicate
the positions, respectively, of M54 and Sgr stars that are brighter
than I=16 (triangles mark foreground sources). Bright stars tend
to lower the measured σ in the pixels whose light they dominate.
Although the density center (0,0) has a high σ, a large region with
coherently high dispersion is detected to the SW.

HR21 mode, covering the Ca II triplet. With MEDUSA,
130 fibers can be allocated over a 25′ diameter field, while
“ARGUS” covers a rectangular 22×14 pixel field (11′′.4×
7′′.7). Some observations from July and August 2005 were
downloaded from the ESO archive, though most of the
data were obtained on June 2–5 2008. All the data were
reduced in a homogenous manner using the ESO pipeline
“Gasgano” software. A total of 944 isolated stars were
observed with MEDUSA at radii between 0′.5 and 12′.5,
while the entire inner region of the system out to a radius
of approximately 0′.6 was covered with 51 overlapping
ARGUS tiles, each of texp = 300 s. A further 2 deep
ARGUS fields (texp = 2535 s) were secured on the very
center of M54/Sgr under excellent seeing conditions (∼
0′′.6). The astrometry of the ARGUS data was refined
by cross-correlating against the I-band ACS image.

All the individual MEDUSA and ARGUS fibers were
sky-subtracted and cross-correlated against an artificial
template as in Ibata et al. (2005). Velocity uncertainties,
estimated from the r.m.s. scatter in Gaussian fits to each
Ca II line independently, are typically below 1 km s−1 for

M54, Sagittarius
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Table A1 – continued

Object Distance MBH Magspheroid M/L Massspheroid MagNC M/L MassNC
(Mpc) (M!) (mag) (M!) (mag) (M!)

1 2 3 4 5 6 7 8 9

Systems with less secure MBH but with an NC
G1 0.8 [6] 1.8+0.5

−0.5 × 104 [31] – – – – – 8.0 × 106 [51]

M15 0.01 [7] 0.5+2.5
−0.5 × 103 [32] – – – – – 7.0 × 105 [52]

MGG-11 3.6 [8] 1.0+4.0
−0.8 × 103 [33] – – – – – 3.5 × 105 [8]

ω Cen 0.0048 [9] 4.0+0.75
−1.0 × 104 [34] – – – – – 4.7 × 106 [53]

Column 1: in addition to galaxies, three globular clusters (G1, M15 and ω Cen) and one star cluster (MGG-11) are listed. Column 2: distances have been taken
from Tonry et al. (2001) unless otherwise noted. Column 3: BH masses have been adjusted to the distances shown in Column 2. Column 4: absolute magnitude
of the host spheroid using the distances in Column 2. Column 5: stellar M/L ratio (associated with the filter specified in Column 4) used to obtain the stellar
mass of the spheroid (Column 6). Column 7: absolute magnitude of the nuclear star cluster (or globular cluster) using the distances in Column 2. Column 8:
stellar M/L ratio (associated with the filter specified in Column 7) used to obtain the stellar mass of the cluster (Column 9).
References: 1 = NED (Virgo + GA + Shapley)-corrected Hubble Flow distance); 2 = Thim et al. (2004); 3 = Argon et al. (2004); 4 = McConnachie et al.
(2005); 5 = Jerjen, Binggeli & Barazza (2004); 6 = the Tonry et al. (2001) distance to NGC 224 (M31) is used; 7 = Harris (1996); 8 = McCrady, Gilbert &
Graham (2003); 9 = van de Ven et al. (2006); 10 = Shapiro et al. (2006); 11 = Gebhardt et al. (2003); 12 = Ferrarese et al. (1996); 13 = Maciejewski &
Binney (2001); 14 = Macchetto et al. (1997); 15 = De Francesco et al. (2008); 16 = Preliminary values determined by Hu (2008) from Conf. Proc. figures of
Cappellari et al. (2008); 17 = Ferrarese & Ford (1999); 18 = van der Marel & van den Bosch (1998); 19 = Ghez et al. (2005); 20 = Verolme et al. (2002);
21 = Bower et al. (2001); 22 = Houghton et al. (2006), Gebhardt et al. (2007); 23 = Emsellem et al. (1999); 24 = Gültekin et al. (2009); 25 = Filippenko &
Ho (2003); 26 = Merritt, Ferrarese & Joseph (2001a), Gebhardt et al. (2001); 27 = Jones et al. (1996), Valluri et al. (2005); 28 = Barth et al. (2008); 29 =
Marconi et al. (2003): 30 = Geha et al. (2002); 31 = Gebhardt et al. (2005) but see Baumgardt et al. (2003b); 32 = Gerssen et al. (2003), van den Bosch et al.
(2006) but see Baumgardt et al. (2003a) and Dull et al. (2003); 33 = Patruno et al. (2006); 34 = Noyola et al. (2008); 35 = Marconi & Hunt (2003); 36 = Rest
et al. (2001); 37 = de Vaucouleurs et al. (1991, hereafter RC3); 38 = This paper; 39 = D’Onofrio, Capaccioli & Caon (1994); 40 = Graham & Driver’s (2007,
their Section 4.2.1) bulge magnitude; 41 = Lauer et al. (2005, their table 8); 42 = Balcells et al. (2007); 43 = Mateo (1998); 44 = Geha, Guhathakurta & van
der Marel (2003); 45 = De Rijcke et al. (2006a); 46 = Cardone & Sereno (2005), Dwek et al. (1995); 47 = Lyubenova et al. (2008); 48 = Ravindranath et al.
(2001); 49 = Launhardt, Zylka & Mezger (2002); Schödel et al. (2007); 50 = Kormendy & McLure (1993); 51 = Baumgardt et al. (2003b), Ma et al. (2009);
52 = Dull et al. (1997); 53 = Meylan et al. (1995).

Figure A1. V- and H-band M/L ratios for a range of stellar metallicities
([Fe/H] = −2.24 to +0.56 dex) and ages (<13 Gyr) as a function of V −
I colour. Based on the Bruzual & Charlot (2003) stellar population models
and using a Chabrier (2003) initial mass function.

instances, it may also be due to residuals from the deconvolution
process used on early Hubble Space Telescope (HST) images.

NGC 2778. From kinematical measurements, Rix, Carollo &
Freeman (1999) revealed that this object is a lenticular galaxy, in
agreement with the designation by Kent (1985). Marconi & Hunt

Figure A2. Uncalibrated, 2MASS, Ks-band intensity profile from the centre
of the Milky Way, taken from Schödel et al. (2009a, their fig. 2). Here, we
have modelled the nuclear star cluster with a Sérsic function (dotted curve)
and the underlying host bulge – which has an effective half-light radius of
∼4.◦5 (e.g. Graham & Driver 2007) and is therefore basically a horizontal
line – with an exponential function (Kent, Dame & Fazio 1991). The NC’s
Sérsic function has an index of ∼3.0.

(2003) report a K-band galaxy magnitude, which has been con-
verted into a bulge magnitude by Graham & Driver (2007, their
section 4.2.1) that we use here. While Gebhardt et al. (2003) pro-
vide a BH mass for this galaxy, it is worth noting that their zero BH
mass model is only ruled out at the 1.5–2σ level. Lauer et al. (2005)
provide a V-band estimate for the magnitude of the central nucleus
(a previously unpublished result from Gebhardt et al. 1996). The
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previously surveyed clusters the central regions show a significant
overabundance of BSSs. Typically, the specific frequency drops
by a factor of 4 or more over a few core radii.3 Note that BSSs
have been found to be significantly more centrally concentrated,
even in clusters with significantly lower central density than!Cen
(see, e.g., NGC 288; Bellazzini et al. 2002).

3. SAMPLING THE ENTIRE CLUSTER

In order to further investigate the peculiar distribution of BSSs
in this stellar system, we extended the analysis to the external
regions. To do this we used the wide-field photometry previously
obtained by our group using theWide Field Imager (WFI) on the
2.2 m ESO-MPI telescope at the European Southern Observa-
tory (ESO) at La Silla. The WFI is a mosaic of 8 CCD chips
(each with a field of view of 80 ; 160) giving a global field of
view of 330 ; 340. The images were obtained using B and I filters
and have previously been used (Pancino et al. 2000) to identify
an additional, previously unknown RGB (RGB-a; see also Lee
et al. 1999). Since the cluster center is slightly off-center in that
data set, we also supplement the sampling of the external region
with theB, V catalog by Rey et al. (2004).4 The final catalog sam-
ples the cluster population over (complete) concentric annuli up
to a distance of 200 from the cluster center.

All the catalogs were transformed to the same absolute astro-
metric systemby using the Space TelescopeGuide Star Catalog II,
and then photometrically matched by using the stars in common.
Note that all three data sets have theB passband in common. To be
conservative and prevent any possible incompleteness due to poor
spatial resolution, we excluded the innermost region (r < 80) of
the WFI sample and used the Rey et al. catalog only in the most
external region not sampled by our WFI observations.

3.1. The Star Density Profile

As a first step, we used the selected sample of RGB/SGB
in the magnitude range 16 < B < 18:4 to obtain a new density

profile for the cluster. The analysis was performed using almost
23,000 stars. The surveyed region was divided into 27 concen-
tric annuli.5 Each annulus was split into a number of subsectors
(generally octants or quadrants). Then the number of stars lying
within each subsector was counted and averaged. Star density
was obtained by dividing the average star number by the corre-
sponding subsector area (in arcsec2). The resulting profile can be
nicely reproduced by a King model characterized by two param-
eters: the core radius, rc, and the concentration, c. We redeter-
mined these parameters using our observations and the projected
star density from a standard isotropic single-mass King model
(Sigurdsson & Phinney 1995). The result is shown in Figure 4;
we found rc ¼ 15300 ¼ 2A57 and c ¼ 1:31, in good agreement
with the values (c ¼ 1:24 and rc ¼ 15500) listed by Trager et al.
(1995).

3.2. The BSS Population over the Entire Cluster

We selected the BSSs following the criteria adopted for the
ACS sample. Only BSSs in the magnitude range 16 < B < 18:4
were considered. We used isochrones (Cariulo et al. 2004) to
convert the red edge of the selection box from the (B" R) color
into (B" I ) and (B" V ) colors. We found that the adopted red
edge in the ACS sample (B" R ¼ 0:7) corresponds to (B" I ) #
1:0 and (B" V ) # 0:42.

Figure 5 shows the zoomed CMDs in the BSS region for the
ACS and WFI samples. The selection boxes are shown in each
panel. The BSS population appears as a clear sequence diagonally
crossing each box. To be conservative, we selected only those
stars within the two dashed lines. This accounts for the bulk of the
BSS populations, with only a few objects being excluded from the
selection. Following these criteria,6 we have identified 158 BSSs

Fig. 3.—Specific frequency of BSSs with respect to RGB and HB stars, and
the sampled luminosity L4 in units of 104 L$, as a function of their projected
distance (r) from the cluster center.

Fig. 4.—Observed radial density profile. The solid line represents the best-fit
King model (rc ¼ 15300 and c ¼ 1:31).

3 As discussed in x 3.1, the core radius of ! Cen is rc ¼ 15300.
4 The total region sampled by Rey et al. (2004) covers 400 ; 400.

5 The use of circular annuli is a good approximation. Even though ! Cen is the
most elliptical GGC, Pancino et al. (2003) showed that the axial ratio of the entire
RGB distribution changes only a few percent in the central region (r < 50). In the
outer region statistical fluctuations overwhelm any errors caused by the ellipticity.

6 Note that slightly changing the box boundaries has negligible impact on the
overall results.
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Fig. 1.— (a) ACS color-magnitude diagram (CMD). Sources are classified into likely M54 (heavy black), Sgr (red), and foreground (light
black), according to CMD location. (b) Corresponding star counts profiles for M54 (black) and Sgr (red), with respect to the M54 density
center and as a function of (projected) radius R. Towards the centre of M54 we detect a sharp rise in the stellar surface density, at odds
with a flat distribution expected from a King model. The green line shows a Hernquist model fit to the Sgr profile (with background given
by the King model of Majewski et al. 2003, also displayed in Fig. 2 of B08). The background-subtracted profile M54 is presented in (c),
together with a composite model comprising a King model and a central IMBH.

convergence. In order to limit contamination we adopted
the color-magnitude selection criteria shown in Fig. 1a.
To avoid biases and spurious effects, we considered two
samples with two different limiting magnitudes (V < 19
and V < 19.5). The values thus obtained agree within
0.2′′ and we adopted their mean (α = 18h55m3.345s,
δ = −30◦28′47′′.1) as the best estimate (cross-hairs
in Fig. 2 mark this position). Note that this new
determination is substantially different (∆α ∼ 0.′′7 ,
∆δ ∼ −5′′) from the Harris (1996) center.

The projected density profile of M54 was measured by
counting stars down to V = 19.5 in 30 concentric annuli
around this new center. Each annulus was divided into
an adequate number of sub-sectors; the resulting density
is the average of the corresponding sub-sector densities,
and the quoted uncertainty is their rms dispersion. The
star-counts profile is well matched by the surface bright-
ness profile (which is unaffected by incompleteness); we
therefore decided not to apply an incompleteness correc-
tion, avoiding an additional source of uncertainty.

The observed density profile of M54 is shown in Fig. 1b
(black dots), where we have also plotted as triangles the
values obtained by splitting the first bin (r < 0′′.7) in two
portions (note that only 6 stars are found at r < 0′′.35).
If the innermost (r <

∼ 1′′) points are excluded, the density
profile is well-fit by an isotropic, single-mass King model
with core radius rc # 6′′ and concentration c # 1.8. How-
ever, in the inner ∼ 1′′ there is an indication of a power-
law deviation from a flat core behavior: the profile rises
as Σ ∝ R−α, with α # 0.3. These values are consistent
with those expected in the presence of a central IMBH
(see Baumgardt et al. 2005; Miocchi 2007). Indeed, the
observed profile is fit well by a King+BH model built
as described in Miocchi (2007), with BH to total cluster
mass ratio MBH/M = 0.0047 (i.e., MBH ∼ 9400M$).

2.2. Spectroscopy

The fiber-fed FLAMES spectrograph at the Very Large
Telescope (VLT) was used to follow up these findings.
Two observing modes were employed: the “MEDUSA”
and “ARGUS” configurations, with the high-resolution

Fig. 2.— (a) Center of the ACS I-band image. The density center
is marked with cross-hairs, while the pixel with highest σ is marked
with a red circle. (b) Map of σ over the same region, derived from
the 2 deep ARGUS fields. The circles and “star” markers indicate
the positions, respectively, of M54 and Sgr stars that are brighter
than I=16 (triangles mark foreground sources). Bright stars tend
to lower the measured σ in the pixels whose light they dominate.
Although the density center (0,0) has a high σ, a large region with
coherently high dispersion is detected to the SW.

HR21 mode, covering the Ca II triplet. With MEDUSA,
130 fibers can be allocated over a 25′ diameter field, while
“ARGUS” covers a rectangular 22×14 pixel field (11′′.4×
7′′.7). Some observations from July and August 2005 were
downloaded from the ESO archive, though most of the
data were obtained on June 2–5 2008. All the data were
reduced in a homogenous manner using the ESO pipeline
“Gasgano” software. A total of 944 isolated stars were
observed with MEDUSA at radii between 0′.5 and 12′.5,
while the entire inner region of the system out to a radius
of approximately 0′.6 was covered with 51 overlapping
ARGUS tiles, each of texp = 300 s. A further 2 deep
ARGUS fields (texp = 2535 s) were secured on the very
center of M54/Sgr under excellent seeing conditions (∼
0′′.6). The astrometry of the ARGUS data was refined
by cross-correlating against the I-band ACS image.

All the individual MEDUSA and ARGUS fibers were
sky-subtracted and cross-correlated against an artificial
template as in Ibata et al. (2005). Velocity uncertainties,
estimated from the r.m.s. scatter in Gaussian fits to each
Ca II line independently, are typically below 1 km s−1 for

M54, Sagittarius
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Fig. 3.— Surface brightness profiles of NGC 404 created from HST, Gemini/NIFS, and 2MASS data. In both panels, the observed surface
brightness profiles are plotted with symbols, the solid line shows the best-fit two-Sérsic model, the dashed line the outer (bulge) component,
and the dot-dashed line the inner (NSC) component. The PSF is shown as a dotted red line in both plots. Residuals disappear off the
plot at small radii to the unmodeled extra-light component. Left – the F814W profile constructed from both WFPC2/PC (diamonds) and
ACS/WFC (squares) data. This data is the most reliable data available at large radii. Right – the NIR profile constructed from three
images: NIFS K-band (diamonds), HST NICMOS/NIC3 (triangles) and 2MASS large galaxy atlas data (squares Jarrett et al. 2003). Blue
diamonds show a correction for hot dust emission discussed in §3.1.

correction for this dust emission is shown with blue di-
amonds in Fig. 3. However, dust alone cannot explain
the luminosity of this excess light, accounting for only
∼35% of the excess in the NIR profile. Furthermore, at
I-band, no significant dust emission would be expected
at all. Two additional clues paint a complicated picture.
First, the color in the central 0.′′2 is somewhat bluer in
the HST F547M−F814W images (Fig. 2) and has com-
pact UV emission (Maoz et al. 2005), both suggestive of
the presence of young stars. Second, the stars in this
area appear to be counter-rotating relative to the NSC
and galaxy (see §4.1). Thus the central excess appears to
result from a combination of hot dust emission, younger
stars, and perhaps AGN continuum emission in the op-
tical and UV.
In summary, we find evidence for 3 components at the

center of NGC 404.

1. A bulge with Sérsic n ∼ 2.5 and effective radius
of 640 pc that dominates the light between 1′′ and
80′′ (and beyond).

2. A nuclear star cluster which dominates the light in
the central arcsecond (15 pc).

3. A central excess at r < 0.′′2. This excess appears
to result from the combination of hot dust, young
stars, and perhaps AGN continuum emission.

Within the central 1′′ in the I-band (roughly the area
included in the MMT spectrum analyzed in §5), ∼55% of
the light comes from the NSC, 29% from the underlying
bulge, and 16% from the central excess.
The isophotes in the ACS F814W data at 10-80′′have a

position angle of ∼80 degrees and an ellipticity of ∼0.08.
This matches well with the morphology of the HI disk on
a large scale; del Rı́o et al. (2004) finds an HI inclination
of ∼10 degrees and a position angle of about ∼80 degrees

TABLE 2
Morphological Fits

F814W Profile
Component Sérsic n reff [′′] µeff,F814W [mag/′′2] MI

Bulge 2.43 41.5 20.18 -18.09
NSC 1.99 0.74 16.02 -13.64
Central Excess -11.81

NIR Profile
Component Sérsic n reff [′′] µeff,H [mag/′′2] MH

Bulge 2.71 44.7 18.82 -19.62
NSC 2.61 0.68 14.15 -15.34
Central Excess -12.61
Central Excess (Dust Corrected) -12.14

Note. — Bulge magnitudes given for r ≤ 80′′, and NSC magni-
tudes for r ≤ 3′′. Central excess magnitudes are for the total flux
above the fit in the central arcsecond. Distance modulus is assumed
to be 27.43 giving 1′′=14.8 pc. Note that the magnitudes are not
corrected for foreground extinction (AI = 0.11, AH = 0.03; Schlegel
et al. 1998).

for radii between 100-300′′. Due to dust absorption, the
clearest picture of the inner arcsecond of NGC 404 comes
from the NIFS K-band image. As can be seen from the
contours in Fig. 2, the position angle at r < 0.′′25 has a
PA of 60-70 degrees. The PA then abruptly changes to
25 degrees at r = 0.′′3 and gradually increases to the large
scale PA of 80 degrees by ∼1′′. The ellipticity decreases
from ∼0.2 near the center to 0.07 at 1′′. These changes
fit well with our picture of three distinct components,
each having their own distinct morphology.

3.1. A Hot Dust Component

Within the central 0.2”, the NIFS spectra show a sig-
nificant spectral flattening and a reduction in the depths
of the CO lines by about 10%. A comparison of the cen-
tral spectrum to single stellar populations models from
Maraston (2005) shows that its spectral slope is flat-
ter/redder than any stellar population models. Further-

Seth et al., 2010, NGC404
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Fig. 3.— 2′′×2′′ images of top – the F606W-F814W color map
from the HST/ACS data described in Paper I. The image has been
rotated to match the orientation of the NIFS data. The contours
indicate the F814W surface brightness and were chosen to roughly
match the K-band contours in 2 and in the bottom panel. The
black bar indicates 10 pc (0.47′′). Bottom – the CO line strength
with larger values indicating deeper CO lines. The contours show
K-band contours as in 2.

robust. We also caution that the models remain very
uncertain, especially given that the CO strength can be
dominated by the coolest, thermally pulsing AGB stars,
which are very difficult to model (Marigo et al. 2008).
The CO line strength shows peaks at two ages; first at
10-20 Myr due to the presence of bright red supergiant
stars, and second at ∼300 Myr from AGB stars. The
CO evolution of these models is qualitatively similar to
that seen in the models of Maraston (2005), which also
include contributions from thermally pulsing AGB stars,
but differs from earlier models that don’t include this
phase and thus are lacking the second peak in CO depth
(e.g. Leitherer et al. 1999).

We can use these models to qualitatively analyze the
variations in stellar population seen across the cluster in
Figs. 3 and 5. The extinction is not well known, however
spectroscopic fits suggest an AV ∼ 0.5 corresponding to
a reddening of ∼0.2 magnitudes in the F606W-F814W
color. For the youngest stars, we expect a metallicity
of Z∼0.008 based on the 100 km s−1 circular velocity of
NGC 4244 (Garnett 2002). However, the combination of
the red color and low CO values above and below the
midplane of the cluster suggest an old (!1 Gyr), more
metal-poor population. Along the major axis there is a
slight reddening in the optical color along with an in-
crease in the CO line strength. One possible explanation
for this is an age gradient within the disk; for instance
if the center had an age of ∼100 Myr years then the

Fig. 4.— Models of the optical color CO line strength using
Padova isochrones Marigo et al. (2008) at Z=0.004, 0.008, and
0.019. The top panel shows the CO line strength derived using
relations from Doyon et al. (1994), while the bottom panel shows
the F606W-F814W optical color.

redder colors and deeper CO could result from slightly
older or younger populations at 5-10 pc. We caution
that the stellar populations at any point in the cluster
are clearly mixed and thus information determined from
comparing the observations to single-stellar population
models should be viewed with caution. With the ma-
turing of NIR stellar models and spectral libraries (e.g.
Lançon et al. 2007; Mármol-Queraltó et al. 2008), future
population synthesis studies may be able to provide more
robust results on the resolved star formation history from
this type of data. Lastly, we note that it is possible for
thermal emission from warm dust to reduce the strength
of the CO absorption. However, the low star formation
activity in the NSC indicated by the lack of NIR emis-
sion lines suggests that dust emission probably does not
play a large role in this cluster.

We now turn to the relation between the stellar pop-
ulations and the rotation. Figure 5 shows the derived
velocity, CO line strength, optical color, and disk frac-
tion of the NGC 4244 NSC as function of position in
slices along, above, and below the major axis. The slices
are each 0.25′′ in height, and the plotted lines are the
result of averaging the maps (i.e. Fig. 2 and 3) along the
vertical direction in each slice at every pixel along the x-
direction. The velocity and CO measurements were made
using the Voronoi binned data; the symbols in these pan-
els show the light-weighted positions of the bins coded by
which slice they fell in.

The top panel of Figure 5 shows that the rotation is
not confined to the midplane, but is present ∼0.25′′ above
and below the midplane as well. The bottom three panels
show that the slices above and below the plane are clearly
sampling a different component/stellar population from
the midplane. The CO lines are less deep away from the
plane, while the optical color is redder. The disk fraction
in the bottom panel is based on the results of our mor-
phological descomposition from §3.1. We calculated the
fraction of disk light along our slices from the best-fitting
Sérsic+Disk model after convolving each component with
the PSF. For the area above and below the major axis,
only 10-20% of the light in our NIFS observations appear
to be coming from the disk. Taken together, these plots
show that the whole cluster is rotating, not just the bluer,
younger disk component. This finding places strong con-
straints on the formation of this NSC as detailed in the
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NSC. The innermost point in their derived rotation curve
is at 24′′ where the galaxy rotation is 35 km s−1, increas-
ing to 60 km s−1 at 47′′. Given that we observe rotation
of ∼30 km s−1 within the central half-arcsecond, this sug-
gests that the rotation of the NSC is distinct from the
gas component of the galaxy disk. It would be interest-
ing to compare the NSC rotation to the stellar rotation
in the galaxy disk, however, this would require relatively
deep long-slit spectroscopy (e.g. Yoachim & Dalcanton
2008) since the surface brightness of the galaxy beyond
the nuclear star cluster is quite low.

The line-of-sight velocity dispersion is a somewhat
more difficult quantity to measure accurately due to the
low dispersion of the cluster as a whole. Our spectra
have 2.1Å/28 km s−1 pixels and 4.1Å/53 km s−1 reso-
lution (FWHM), while the dispersions of NSCs in late-
type galaxies are typically ∼25 km s−1 (Walcher et al.
2005). Nonetheless, we are able to make an accurate
measurement of the central dispersion of the cluster,
σ = 28 ± 2 kms−1. Convolution of the templates with
this dispersion substantially (by a factor of 2) improves
the χ2 of their fit to the central spectrum of the cluster,
giving a reduced χ2 of 0.9 and 1.1 using the GNIRS and
NIFS templates respectively. The bottom panel of Fig. 2
shows a map after clipping data with S/N<15 or errors
in the dispersion >10 km s−1. The velocity dispersion
drops along the major axis to to values of 10-20 km s−1

at precisely the area where rotation is seen most strongly
indicating that we are indeed seeing a relatively cold ro-
tating disk. This dispersion is close to the limit of what
we can reliably recover from our relatively low resolu-
tion observations, thus these values may represent upper
limits. It is unclear whether the increased dispersion we
see in the center is a result of unresolved rotation or a
genuinely hot component.

The use of the templates from NIFS and GNIRS give
very similar results for both the velocities and disper-
sions. The GNIRS templates selected for fitting the spec-
tra are primarily at spectral types close to those (K-M
giants) represented by the 3 NIFS spectra. For almost
all the spectra, our measured non-Gaussian h3 and h4
components of the LOSVD were consistent with zero.
However, due to our low S/N and resolution, we would
not expect to be able to detect any non-Gaussian signa-
tures (Cappellari & Emsellem 2004).

3.3. Stellar Populations and Connection to Kinematics

From the optical data described in Paper I, the
NGC 4244 NSC has two distinct stellar populations – a
bluer population dominates in the midplane with a red-
der population dominating above and below the plane.
This is clearly seen in the HST based color-map shown
in the top panel of Fig. 3. We would expect the NIFS
data to resolve these different populations despite the
2× lower resolution. If we make a map of the CO line
strength (bottom panel of Fig. 3), the bluer areas of the
HST image clearly have stronger CO absorption than the
redder areas above the midplane. The CO line strength
is determined by comparing the average depth of the line
at rest wavelengths of 22957±52Å to the continuum mea-
sured just to the blue of the CO bandhead (12CO (2, 0);
Kleinmann & Hall 1986). We also measured these values
for the GNIRS template stars for comparison. The CO
line strength values for the NSC range from ∼0.10 above

Fig. 2.— Top – Color indicates the measured radial velocity
for the Voronoi binned data using templates observed with NIFS.
Gray areas indicate spectra with S/N < 10 and/or errors > 15
kms−1. Rotation of ∼30 kms−1 is clearly visible along the ma-
jor axis. Contours show the K-band image at 15.5,14.5,13.5, and
12.5 mag/arcsec2. The black bar indicates 10 pc (0.47′′). Bot-
tom – Velocity dispersion measurements with S/N >15 and errors
<10 km s−1. The dispersion drops away from the center indicating
a relatively cold disk population.

and below the major axis typical of late G-type giant
stars (Teff ∼ 4800 K), to ∼0.25 along the major axis,
typical of K3-K6 giants (Teff ∼ 4100 K). We caution
that the CO depth depends on the gravity of the stars as
well as their effective temperature. We note that while
Mg, Ca, and Brγ absorption are clearly detected in the
highest S/N spectra, these features have lower S/N than
the CO feature and do not show any obvious variations
across the NSC. No emission features are detected.

To better understand the relation between the optical
colors and CO line strengths seen within the cluster, in
Fig. 4 we model these quantities using Padova isochrones
which include an updated treatment of the asymptotic gi-
ant branch (AGB) (Marigo et al. 2008). We sampled 107

M# of stars from a Kroupa (2001) initial mass function
and then obtained effective temperature, gravities, and
the F606W, F814W, and K-band magnitudes for each
star from the isochrones at ages from 4 Myr to 14 Gyr.
To obtain estimates for the CO line strength, we used
the relations from Doyon et al. (1994), who fit CO line
strength as a function of effective temperature for dwarfs,
giants, and supergiants. The total CO line strength at
each age was calculated as the mean CO line strength
weighted by the K-band luminosity of each star. We note
that the broader Doyon et al. (1994) CO index has val-
ues that are 20-50% lower than the one we measure here,
nonetheless, the trends of CO depth with age should be

Seth et al., 2009, NGC4244
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Fig. 7.— Velocity and dispersion of the stellar component derived from the CO bandhead. Contours show contours of the K-band image
with contours separated by a magnitude in surface brightness (as in Fig. 2). Radial Velocities are shown relative to the central velocity of
-58.9 km s−1.

Fig. 8.— The LOSVD along the major axis of the innermost com-
ponent at PA=80◦. Panels show the radial velocity, LOS disper-
sion, h3 and h4 components of the LOSVD (from top to bottom).
Bin centers falling within 0.′′1 of the major axis are plotted.

ing due to thermal excitation in dense gas as suggested
by the H2 2-1 S(1)/1-0 S(1) ratio.
The distribution of Brγ and Hα visible in Fig. 6 emis-

sion is primarily concentrated in two clumps, one just to
the N of the nucleus and one ∼1′′ to the SE. These are

Fig. 9.— The LOS dispersion values as a function of radius for
all data points with dispersion errors less than 10 kms−1. Error
bars on individual points can be seen in light gray. The thick line
shows a binned average and standard deviation as a function of
radius.

likely the sites of the most recent star formation in the
nucleus. In §5 we find a total young stellar mass at ages
! 10 Myr of ∼ 104 M". The central excess has bluer
optical colors and UV emission but lacks strong Hα or
Brγ emission, suggesting the young stars there have an
age of " 10 Myr (Gogarten et al. 2009).

4. KINEMATICS

Our NIFS data enable us to derive kinematics for
both the absorption lines, using the CO bandheads
from 22900-24000Å and the strongest of the H2 lines at
21218Å.

4.1. Stellar Kinematics

The velocity and dispersion across the NIFS FOV is
shown in Fig. 7. At radii of ∼1′′, we see a blue-shift
to the W and red-shift to the E, rotation that is in the
same direction as the HI rotation seen at larger radii

Seth et al. (2010)
NGC404
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NC coevolution with their host galaxies 
can not only be studied in terms of mass, 
but also in terms of stellar populations!



NCs and BHs coexist

• NGC4395   Filippenko & Sargent 1989

• NGC 3621  Satyapal et al. 2007, Barth et al. 2008

• NGC1042   Shields et al. 2008

• NGC 4178  Satyapal et al. 2009

For example in pure disks, 
4 cases are known
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to determine the NC masses. For five galaxies (M32, NGC 205,
NGC 2778, NGC 4697 and the Milky Way), we have modelled, in
the Appendix, their observed light distribution to derive their NC
fluxes.

Although roughly one dozen galaxies (including NGC 3621 and
excluding NGC 4026) from the sample of 76 galaxies in Graham
(2008a) appear to have both an NC and a BH, it would be inappro-
priate to conclude that roughly 16 per cent of galaxies contain both.
This is because sample selection effects have not been considered.
For example, high-mass galaxies tend not to have nuclear star clus-
ters; a sample dominated by such galaxies would be biased towards
low percentages. In passing, we note that because the central stellar
density in high-mass, bright elliptical galaxies decreases as a func-
tion of increasing galaxy luminosity (e.g. Faber et al. 1997), nuclear
star clusters are actually easier to detect in luminous galaxies than
in intermediate-luminosity elliptical galaxies. At the other end of
the scale, the sphere of influence of a 106 M! BH within a lower
mass spheroid having a velocity dispersion of 100 km s−1 is only
∼0.01 arcsec at the distance of the Virgo galaxy cluster; such BHs
would therefore go undetected. Gallo et al. (2008) have, however,
reported that 3–44 per cent of early-type galaxies less massive than
1010 M! have an X-ray active BH, while 49–87 per cent of more
massive early-type galaxies do. This may in part be a reflection
that massive BHs are less prevalent in lower mass galaxies. In any
event, our galaxy identification in Table 1 confirms that the coexis-
tence of NCs and BHs is not as rare as previously thought. Table 1
effectively doubles the number of galaxies reported to contain a
dense nuclear star cluster and having a direct supermassive BH
mass measurement.

In Table 1, the morphological type of each object is shown. Not
surprisingly, the first dozen galaxies with a BH but no signs of
an NC are big elliptical galaxies. The next dozen objects, those
with evidence for both a BH and an NC, are predominantly disc
galaxies; the exceptions are the elliptical galaxy NGC 4697, the
‘compact elliptical’ galaxy M32 (which may be a disc galaxy un-
dergoing transformation; e.g. Bekki et al. 2001; Graham 2002) and
the elliptical galaxy NGC 1399 with only tentative evidence for
an NC (possibly a swallowed GC, Lyubenova, Kuntschner & Silva
2008, which is one of the proposed mechanisms for building NCs).
However, given that almost every galaxy with a reliable BH mass
measurement that is less than 5 × 107 M! is a disc galaxy, their
prevalence is not surprising. Finally, lacking kinematical informa-

tion on the level of rotational versus pressure support in the bulges
of our sample, we are unable to comment on the role that pseudo-
bulges versus classical bulges may play.

In the following section, we attempt to probe the nature of the
transition from one type of nuclei to the other.

3 MASS RATI OS

3.1 From star clusters to massive black holes

Fig. 1 shows the ratio of the BH mass to the combined BH plus
NC mass. It is plotted against the stellar mass of the host spheroid:
either an elliptical galaxy, the bulge of a disc galaxy or nothing in
the case of the three globular clusters and one young star cluster
(see Table 1). For spheroids with stellar masses below ∼108 M!,
there is a dearth of reliable BH detections, although the majority
of low-mass spheroids are known to contain NCs (e.g. Binggeli,
Tammann & Sandage 1987; Ferguson 1989; Carollo, Stiavelli &
Mack 1998; Stiavelli et al. 2001; Balcells et al. 2003; Graham &
Guzmán 2003; Côté et al. 2006). From Local Group dwarf galaxies,
such as NGC 205, we know that any potential BHs which these low-
mass galaxies might host are less massive than their NCs. This is
reflected by the upper limits on five of the data points in Fig. 1. The
situation is reversed for spheroid masses greater than ∼1011 M!,
where the BHs dominate at the expense of the NCs. Fig. 1 reveals
that in between is mutual ground where both BHs and NCs appear
to coexist within the same spheroid. For the first time, we are able to
gain some preliminary insight into the nature of this transition as a
function of mass, although we recognize that more data are needed
in Fig. 1 before any possible relation can be defined with certainty.

The demise of NCs at a host spheroid mass of ∼1011 M! (Fig. 1;
see also Ferrarese et al. 2006a and Wehner & Harris 2006) is in-
teresting. The onset of partially depleted galaxy cores occurs at an
absolute B-band magnitude of −20.5 ± 1 mag (e.g. Faber et al.
1997; Graham & Guzmán 2003), which is also where the dynam-
ical properties vary (e.g. Davies et al. 1983; Dressler & Sandage
1983; Matković & Guzmán 2005). For an old stellar population, this
stellar flux corresponds to a stellar mass of 6+9

−4 × 1010 M! – which
has recently been noted by many studies as marking the transition
of several galaxy properties (e.g. Rogers, Ferreras & Peletier 2008)
and may also coincide with the turnover of the galaxy mass func-
tion (Li & White 2009). As noted by Ferrarese et al. (2006a), it may

Figure 1. The increasing dominance of the central BH over the NC of stars, traced by the mass ratio MBH/(MBH + MNC), is shown to depend on the host
spheroid mass Msph – which is zero for GCs. The highest mass spheroids do not contain an NC, but are included for illustrative purposes (see Table 1). The
five circled points have only an upper limit to their BH mass. The arrows on the right-hand side of the figure denote the up and down movements if either of
the two nuclear masses are in error by a factor of ±2.

C© 2009 The Authors. Journal compilation C© 2009 RAS, MNRAS

Graham & Spitler, 2010



Every time you say something about the 
nucleus of a galaxy you have to make sure your 
resolve the NC (~5pc). Even with HST (0.05”) 
this is only possible to a distance of 20 Mpc

NCs and BHs coexist

Seth

Massive black holes in nuclear star clusters 3

to determine the NC masses. For five galaxies (M32, NGC 205,
NGC 2778, NGC 4697 and the Milky Way), we have modelled, in
the Appendix, their observed light distribution to derive their NC
fluxes.

Although roughly one dozen galaxies (including NGC 3621 and
excluding NGC 4026) from the sample of 76 galaxies in Graham
(2008a) appear to have both an NC and a BH, it would be inappro-
priate to conclude that roughly 16 per cent of galaxies contain both.
This is because sample selection effects have not been considered.
For example, high-mass galaxies tend not to have nuclear star clus-
ters; a sample dominated by such galaxies would be biased towards
low percentages. In passing, we note that because the central stellar
density in high-mass, bright elliptical galaxies decreases as a func-
tion of increasing galaxy luminosity (e.g. Faber et al. 1997), nuclear
star clusters are actually easier to detect in luminous galaxies than
in intermediate-luminosity elliptical galaxies. At the other end of
the scale, the sphere of influence of a 106 M! BH within a lower
mass spheroid having a velocity dispersion of 100 km s−1 is only
∼0.01 arcsec at the distance of the Virgo galaxy cluster; such BHs
would therefore go undetected. Gallo et al. (2008) have, however,
reported that 3–44 per cent of early-type galaxies less massive than
1010 M! have an X-ray active BH, while 49–87 per cent of more
massive early-type galaxies do. This may in part be a reflection
that massive BHs are less prevalent in lower mass galaxies. In any
event, our galaxy identification in Table 1 confirms that the coexis-
tence of NCs and BHs is not as rare as previously thought. Table 1
effectively doubles the number of galaxies reported to contain a
dense nuclear star cluster and having a direct supermassive BH
mass measurement.

In Table 1, the morphological type of each object is shown. Not
surprisingly, the first dozen galaxies with a BH but no signs of
an NC are big elliptical galaxies. The next dozen objects, those
with evidence for both a BH and an NC, are predominantly disc
galaxies; the exceptions are the elliptical galaxy NGC 4697, the
‘compact elliptical’ galaxy M32 (which may be a disc galaxy un-
dergoing transformation; e.g. Bekki et al. 2001; Graham 2002) and
the elliptical galaxy NGC 1399 with only tentative evidence for
an NC (possibly a swallowed GC, Lyubenova, Kuntschner & Silva
2008, which is one of the proposed mechanisms for building NCs).
However, given that almost every galaxy with a reliable BH mass
measurement that is less than 5 × 107 M! is a disc galaxy, their
prevalence is not surprising. Finally, lacking kinematical informa-

tion on the level of rotational versus pressure support in the bulges
of our sample, we are unable to comment on the role that pseudo-
bulges versus classical bulges may play.

In the following section, we attempt to probe the nature of the
transition from one type of nuclei to the other.

3 MASS RATI OS

3.1 From star clusters to massive black holes

Fig. 1 shows the ratio of the BH mass to the combined BH plus
NC mass. It is plotted against the stellar mass of the host spheroid:
either an elliptical galaxy, the bulge of a disc galaxy or nothing in
the case of the three globular clusters and one young star cluster
(see Table 1). For spheroids with stellar masses below ∼108 M!,
there is a dearth of reliable BH detections, although the majority
of low-mass spheroids are known to contain NCs (e.g. Binggeli,
Tammann & Sandage 1987; Ferguson 1989; Carollo, Stiavelli &
Mack 1998; Stiavelli et al. 2001; Balcells et al. 2003; Graham &
Guzmán 2003; Côté et al. 2006). From Local Group dwarf galaxies,
such as NGC 205, we know that any potential BHs which these low-
mass galaxies might host are less massive than their NCs. This is
reflected by the upper limits on five of the data points in Fig. 1. The
situation is reversed for spheroid masses greater than ∼1011 M!,
where the BHs dominate at the expense of the NCs. Fig. 1 reveals
that in between is mutual ground where both BHs and NCs appear
to coexist within the same spheroid. For the first time, we are able to
gain some preliminary insight into the nature of this transition as a
function of mass, although we recognize that more data are needed
in Fig. 1 before any possible relation can be defined with certainty.

The demise of NCs at a host spheroid mass of ∼1011 M! (Fig. 1;
see also Ferrarese et al. 2006a and Wehner & Harris 2006) is in-
teresting. The onset of partially depleted galaxy cores occurs at an
absolute B-band magnitude of −20.5 ± 1 mag (e.g. Faber et al.
1997; Graham & Guzmán 2003), which is also where the dynam-
ical properties vary (e.g. Davies et al. 1983; Dressler & Sandage
1983; Matković & Guzmán 2005). For an old stellar population, this
stellar flux corresponds to a stellar mass of 6+9

−4 × 1010 M! – which
has recently been noted by many studies as marking the transition
of several galaxy properties (e.g. Rogers, Ferreras & Peletier 2008)
and may also coincide with the turnover of the galaxy mass func-
tion (Li & White 2009). As noted by Ferrarese et al. (2006a), it may

Figure 1. The increasing dominance of the central BH over the NC of stars, traced by the mass ratio MBH/(MBH + MNC), is shown to depend on the host
spheroid mass Msph – which is zero for GCs. The highest mass spheroids do not contain an NC, but are included for illustrative purposes (see Table 1). The
five circled points have only an upper limit to their BH mass. The arrows on the right-hand side of the figure denote the up and down movements if either of
the two nuclear masses are in error by a factor of ±2.
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to determine the NC masses. For five galaxies (M32, NGC 205,
NGC 2778, NGC 4697 and the Milky Way), we have modelled, in
the Appendix, their observed light distribution to derive their NC
fluxes.

Although roughly one dozen galaxies (including NGC 3621 and
excluding NGC 4026) from the sample of 76 galaxies in Graham
(2008a) appear to have both an NC and a BH, it would be inappro-
priate to conclude that roughly 16 per cent of galaxies contain both.
This is because sample selection effects have not been considered.
For example, high-mass galaxies tend not to have nuclear star clus-
ters; a sample dominated by such galaxies would be biased towards
low percentages. In passing, we note that because the central stellar
density in high-mass, bright elliptical galaxies decreases as a func-
tion of increasing galaxy luminosity (e.g. Faber et al. 1997), nuclear
star clusters are actually easier to detect in luminous galaxies than
in intermediate-luminosity elliptical galaxies. At the other end of
the scale, the sphere of influence of a 106 M! BH within a lower
mass spheroid having a velocity dispersion of 100 km s−1 is only
∼0.01 arcsec at the distance of the Virgo galaxy cluster; such BHs
would therefore go undetected. Gallo et al. (2008) have, however,
reported that 3–44 per cent of early-type galaxies less massive than
1010 M! have an X-ray active BH, while 49–87 per cent of more
massive early-type galaxies do. This may in part be a reflection
that massive BHs are less prevalent in lower mass galaxies. In any
event, our galaxy identification in Table 1 confirms that the coexis-
tence of NCs and BHs is not as rare as previously thought. Table 1
effectively doubles the number of galaxies reported to contain a
dense nuclear star cluster and having a direct supermassive BH
mass measurement.

In Table 1, the morphological type of each object is shown. Not
surprisingly, the first dozen galaxies with a BH but no signs of
an NC are big elliptical galaxies. The next dozen objects, those
with evidence for both a BH and an NC, are predominantly disc
galaxies; the exceptions are the elliptical galaxy NGC 4697, the
‘compact elliptical’ galaxy M32 (which may be a disc galaxy un-
dergoing transformation; e.g. Bekki et al. 2001; Graham 2002) and
the elliptical galaxy NGC 1399 with only tentative evidence for
an NC (possibly a swallowed GC, Lyubenova, Kuntschner & Silva
2008, which is one of the proposed mechanisms for building NCs).
However, given that almost every galaxy with a reliable BH mass
measurement that is less than 5 × 107 M! is a disc galaxy, their
prevalence is not surprising. Finally, lacking kinematical informa-

tion on the level of rotational versus pressure support in the bulges
of our sample, we are unable to comment on the role that pseudo-
bulges versus classical bulges may play.

In the following section, we attempt to probe the nature of the
transition from one type of nuclei to the other.

3 MASS RATI OS

3.1 From star clusters to massive black holes

Fig. 1 shows the ratio of the BH mass to the combined BH plus
NC mass. It is plotted against the stellar mass of the host spheroid:
either an elliptical galaxy, the bulge of a disc galaxy or nothing in
the case of the three globular clusters and one young star cluster
(see Table 1). For spheroids with stellar masses below ∼108 M!,
there is a dearth of reliable BH detections, although the majority
of low-mass spheroids are known to contain NCs (e.g. Binggeli,
Tammann & Sandage 1987; Ferguson 1989; Carollo, Stiavelli &
Mack 1998; Stiavelli et al. 2001; Balcells et al. 2003; Graham &
Guzmán 2003; Côté et al. 2006). From Local Group dwarf galaxies,
such as NGC 205, we know that any potential BHs which these low-
mass galaxies might host are less massive than their NCs. This is
reflected by the upper limits on five of the data points in Fig. 1. The
situation is reversed for spheroid masses greater than ∼1011 M!,
where the BHs dominate at the expense of the NCs. Fig. 1 reveals
that in between is mutual ground where both BHs and NCs appear
to coexist within the same spheroid. For the first time, we are able to
gain some preliminary insight into the nature of this transition as a
function of mass, although we recognize that more data are needed
in Fig. 1 before any possible relation can be defined with certainty.

The demise of NCs at a host spheroid mass of ∼1011 M! (Fig. 1;
see also Ferrarese et al. 2006a and Wehner & Harris 2006) is in-
teresting. The onset of partially depleted galaxy cores occurs at an
absolute B-band magnitude of −20.5 ± 1 mag (e.g. Faber et al.
1997; Graham & Guzmán 2003), which is also where the dynam-
ical properties vary (e.g. Davies et al. 1983; Dressler & Sandage
1983; Matković & Guzmán 2005). For an old stellar population, this
stellar flux corresponds to a stellar mass of 6+9

−4 × 1010 M! – which
has recently been noted by many studies as marking the transition
of several galaxy properties (e.g. Rogers, Ferreras & Peletier 2008)
and may also coincide with the turnover of the galaxy mass func-
tion (Li & White 2009). As noted by Ferrarese et al. (2006a), it may

Figure 1. The increasing dominance of the central BH over the NC of stars, traced by the mass ratio MBH/(MBH + MNC), is shown to depend on the host
spheroid mass Msph – which is zero for GCs. The highest mass spheroids do not contain an NC, but are included for illustrative purposes (see Table 1). The
five circled points have only an upper limit to their BH mass. The arrows on the right-hand side of the figure denote the up and down movements if either of
the two nuclear masses are in error by a factor of ±2.
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to determine the NC masses. For five galaxies (M32, NGC 205,
NGC 2778, NGC 4697 and the Milky Way), we have modelled, in
the Appendix, their observed light distribution to derive their NC
fluxes.

Although roughly one dozen galaxies (including NGC 3621 and
excluding NGC 4026) from the sample of 76 galaxies in Graham
(2008a) appear to have both an NC and a BH, it would be inappro-
priate to conclude that roughly 16 per cent of galaxies contain both.
This is because sample selection effects have not been considered.
For example, high-mass galaxies tend not to have nuclear star clus-
ters; a sample dominated by such galaxies would be biased towards
low percentages. In passing, we note that because the central stellar
density in high-mass, bright elliptical galaxies decreases as a func-
tion of increasing galaxy luminosity (e.g. Faber et al. 1997), nuclear
star clusters are actually easier to detect in luminous galaxies than
in intermediate-luminosity elliptical galaxies. At the other end of
the scale, the sphere of influence of a 106 M! BH within a lower
mass spheroid having a velocity dispersion of 100 km s−1 is only
∼0.01 arcsec at the distance of the Virgo galaxy cluster; such BHs
would therefore go undetected. Gallo et al. (2008) have, however,
reported that 3–44 per cent of early-type galaxies less massive than
1010 M! have an X-ray active BH, while 49–87 per cent of more
massive early-type galaxies do. This may in part be a reflection
that massive BHs are less prevalent in lower mass galaxies. In any
event, our galaxy identification in Table 1 confirms that the coexis-
tence of NCs and BHs is not as rare as previously thought. Table 1
effectively doubles the number of galaxies reported to contain a
dense nuclear star cluster and having a direct supermassive BH
mass measurement.

In Table 1, the morphological type of each object is shown. Not
surprisingly, the first dozen galaxies with a BH but no signs of
an NC are big elliptical galaxies. The next dozen objects, those
with evidence for both a BH and an NC, are predominantly disc
galaxies; the exceptions are the elliptical galaxy NGC 4697, the
‘compact elliptical’ galaxy M32 (which may be a disc galaxy un-
dergoing transformation; e.g. Bekki et al. 2001; Graham 2002) and
the elliptical galaxy NGC 1399 with only tentative evidence for
an NC (possibly a swallowed GC, Lyubenova, Kuntschner & Silva
2008, which is one of the proposed mechanisms for building NCs).
However, given that almost every galaxy with a reliable BH mass
measurement that is less than 5 × 107 M! is a disc galaxy, their
prevalence is not surprising. Finally, lacking kinematical informa-

tion on the level of rotational versus pressure support in the bulges
of our sample, we are unable to comment on the role that pseudo-
bulges versus classical bulges may play.

In the following section, we attempt to probe the nature of the
transition from one type of nuclei to the other.

3 MASS RATI OS

3.1 From star clusters to massive black holes

Fig. 1 shows the ratio of the BH mass to the combined BH plus
NC mass. It is plotted against the stellar mass of the host spheroid:
either an elliptical galaxy, the bulge of a disc galaxy or nothing in
the case of the three globular clusters and one young star cluster
(see Table 1). For spheroids with stellar masses below ∼108 M!,
there is a dearth of reliable BH detections, although the majority
of low-mass spheroids are known to contain NCs (e.g. Binggeli,
Tammann & Sandage 1987; Ferguson 1989; Carollo, Stiavelli &
Mack 1998; Stiavelli et al. 2001; Balcells et al. 2003; Graham &
Guzmán 2003; Côté et al. 2006). From Local Group dwarf galaxies,
such as NGC 205, we know that any potential BHs which these low-
mass galaxies might host are less massive than their NCs. This is
reflected by the upper limits on five of the data points in Fig. 1. The
situation is reversed for spheroid masses greater than ∼1011 M!,
where the BHs dominate at the expense of the NCs. Fig. 1 reveals
that in between is mutual ground where both BHs and NCs appear
to coexist within the same spheroid. For the first time, we are able to
gain some preliminary insight into the nature of this transition as a
function of mass, although we recognize that more data are needed
in Fig. 1 before any possible relation can be defined with certainty.

The demise of NCs at a host spheroid mass of ∼1011 M! (Fig. 1;
see also Ferrarese et al. 2006a and Wehner & Harris 2006) is in-
teresting. The onset of partially depleted galaxy cores occurs at an
absolute B-band magnitude of −20.5 ± 1 mag (e.g. Faber et al.
1997; Graham & Guzmán 2003), which is also where the dynam-
ical properties vary (e.g. Davies et al. 1983; Dressler & Sandage
1983; Matković & Guzmán 2005). For an old stellar population, this
stellar flux corresponds to a stellar mass of 6+9

−4 × 1010 M! – which
has recently been noted by many studies as marking the transition
of several galaxy properties (e.g. Rogers, Ferreras & Peletier 2008)
and may also coincide with the turnover of the galaxy mass func-
tion (Li & White 2009). As noted by Ferrarese et al. (2006a), it may

Figure 1. The increasing dominance of the central BH over the NC of stars, traced by the mass ratio MBH/(MBH + MNC), is shown to depend on the host
spheroid mass Msph – which is zero for GCs. The highest mass spheroids do not contain an NC, but are included for illustrative purposes (see Table 1). The
five circled points have only an upper limit to their BH mass. The arrows on the right-hand side of the figure denote the up and down movements if either of
the two nuclear masses are in error by a factor of ±2.
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Should we 
believe this?

Probably 
selection!



They cannot all lie on 
the same relation!

• Galaxies and their BHs

• NCs (GCs) and their BHs

• Galaxies and their NCs



Summary

• >75% of all galaxies from E to Sd have Nuclear Star 
Clusters in their photometric and kinematic centers.

• These NCs are massive, compact star clusters that 
form stars recurrently as long as there is a gas 
supply. Some of them contain massive Black Holes.

• NCs probably have complex spatial and kinematic 
structures. ➜ ongoing work

• I believe that NC structure and BH masses are 
interdependent and not well enough understood.



1) Disks form without a nucleus

2) Through random sampling of the cluster mass 
function a massive cluster forms with a likelyhood 
proportional to the total integrated surface SFR (SB)

3) Once the cluster is formed it wanders to the 
kinematic center and keeps growing through 
accretion of gas and other clusters

4) When the NC is massive enough to dominate the 
local central potential it becomes the true nucleus

A proposed paradigm for 
NC formation in a pure disk

Bekki et al., 2006, Li et al.,  2007, Andersen et al., 2008, Pflamm-Altenburg&Kroupa, 2009


