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DIRECT BLACK HOLE MASSES

Fig. 1.— The M• � � relation for our full sample of 72 galaxies listed in Table A1 and at http://blackhole.berkeley.edu. Brightest
cluster galaxies (BCGs) that are also the central galaxies of their clusters are plotted in green, other elliptical and S0 galaxies are plotted
in red, and late-type spiral galaxies are plotted in blue. NGC 1316 is the most luminous galaxy in the Fornax cluster, but it lies at the
cluster outskirts; the green symbol here labels the central galaxy NGC 1399. M87 lies near the center of the Virgo cluster, whereas NGC
4472 (M49) lies ⇠ 1 Mpc to the south. The black-hole masses are measured using the dynamics of masers (triangles), stars (stars) or gas
(circles). Error bars indicate 68% confidence intervals. For most of the maser galaxies, the error bars in M• are smaller than the plotted
symbol. The black dotted line shows the best-fitting power law for the entire sample: log10(M•/M�) = 8.32 + 5.64 log10(�/200 km s�1).
When early-type and late-type galaxies are fit separately, the resulting power laws are log10(M•/M�) = 8.39 + 5.20 log10(�/200 km s�1)
for the early-type (red dashed line), and log10(M•/M�) = 8.07 + 5.06 log10(�/200 km s�1) for the late-type (blue dot-dashed line). The
plotted values of � are derived using kinematic data over the radii rinf < r < re↵ .

compare the two definitions of � for 12 galaxies whose
kinematics within r

inf

are notably di↵erent from kine-
matics at larger radii. As shown in Table 1, excluding
r < r

inf

can reduce � by up to 10-15%. Ten of the 12 up-
dated galaxies are massive (� > 250 km s�1 using either
definition). Rusli (2012) presented seven new stellar dy-
namical measurements of M• along with central velocity
dispersions. We have used the long-slit kinematics from
Rusli (2012) and references therein to derive � according
to Equation 1; our � values appear in Tables A1 and 1.
For the M• � M

bulge

relation, we have compiled the
bulge stellar masses for 35 early-type galaxies. Among
them, 13 bulge masses are taken from Häring & Rix
(2004), who used spherical Jeans models to fit stellar
kinematics. For 22 more galaxies, we multiply the V -
band luminosity in Table A1 with the bulge mass-to-

light ratio (M/L) derived from kinematics and dynam-
ical modeling of stars or gas (see Table A1 for refer-
ences). Where necessary, M/L is converted to V -band
using galaxy colors. The values of M

bulge

are scaled to
reflect the assumed distances in Table A1.
Most of the dynamical models behind our compiled val-

ues of M
bulge

have assumed that mass follows light. This
assumption can be appropriate in the inner regions of
galaxies, where dark matter does not contribute signifi-
cantly to the total enclosed mass. Still, several measure-
ments are based on kinematic data out to large radii.
Furthermore, some galaxies exhibit contradictions be-
tween the dynamical estimates of M/L and estimates of
M/L from stellar population synthesis models (e.g., Cap-
pellari et al. 2006; Conroy & van Dokkum 2012). For this
reason, we adopt a conservative approach and assign a
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• The direct black hole 
masses in nearby 
galaxies are the basis for 
all BH mass estimates.  

• Only ~80 have been 
measured to date. 

• Requires high spatial 
resolution spectroscopy 
(ELT; Do+2014)
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Fig. 2.— Black hole scaling relations involving a) central velocity dispersion σ, b) Ks-band host spheroid magnitude and c) B-band host
spheroid magnitude. The red dots represent the (luminous) core-Sérsic galaxies and the blue circles represent the (intermediate-luminosity)
Sérsic galaxies and bulges, while the open crosses designate those which are barred. The symmetrical bisector regressions given in Table 3
are shown here, except for panel a) which shows the OLS(σ|Mbh) regression for the 21 barred (dotted blue) and 27 non-barred (solid blue)
Sérsic galaxies, along with the symmetrical bisector regression for the 24 core-Sérsic galaxies. The faint dot-dashed gray line at the bottom
of panel a) corresponds to a black hole’s sphere-of-influence of 0′′.1 at a distance of 1.3 Mpc. With such a limiting spatial resolution of 0′′.1,
black holes residing below this line cannot be reliably detected. Using the LKs

–σ and LB–σ relations for the Sérsic galaxies, constructed
using both a bisector regression and an OLS(L|σ) regression, this gray line has been mapped into panels b) and c). The left-most core-Sérsic
galaxy in panels b) and c) is NGC 3998.

the line which bisects the forward and inverse regression
lines, having the average angle between them, is the sym-
metrical bisector regression line. In general, symmetri-
cal regressions are preferred when it is not known which
variable is dependent on the other, and when one wants
to establish the intrinsic relation between two quanti-
ties, the so-called theorist’s question (Novak et al. 2006).
Biases in the data sample, due to selection boundaries,
can of course bias the results from a symmetrical regres-
sion and thus create a preference for either the forward
or inverse regression depending on whether the selection
boundary is vertical or horizontal in one’s diagram (e.g.
Lynden Bell et al. 1988). Typically in the literature, the
modified FITEXY routine has only been run as a ‘for-
ward’ regression, minimizing the offsets in the vertical
direction, where as users of the BCES code typically re-
port the symmetrical bisector regression line. It is not
appropriate to compare such results, and some confu-
sion exists because Tremaine et al. (2002) remarked that
their modified FITEXY routine treats the data symmet-
rically. However if this was true, if the x and y data was
treated equally, then swapping the x and y data points
would not alter the fit that one obtains.
Returning to our Mbh–L diagram, given the larger un-

certainties on the spheroid magnitudes, compared to the
uncertainties on the velocity dispersions, we have used
the modified FITEXY routine to check if the BCES
bisector routine has yielded a biased result. In fitting
the line y = a + bx, Tremaine et al.’s (2002) modified
version of the routine FITEXY (Press et al. 1992, their
Section 15.3) minimizes the quantity

χ2 =
N
∑

i=1

(yi − a− bxi)2

δyi
2 + b2δxi

2 + ϵ2
. (8)

The intrinsic scatter (in the y-direction) is denoted here
by the term ϵ, and the measurement errors on the N

pairs of observables xi and yi are denoted by δxi and
δyi. The intrinsic scatter ϵ is solved for by repeating the
fit with different values of ϵ until χ2/(N − 2) equals 1.
To achieve a minimization in the x-direction, i.e. to per-
form the ‘inverse’ regression, one can simply replace the
ϵ2 term in the denominator with b2ϵ2 (Novak et al. 2006;
Graham 2007a; Graham & Driver 2007a). The Mbh–L
bisector line for the core-Sérsic spheroids, obtained from
the bisector line of the forward and inverse modified FI-
TEXY routine, has a slope of −0.46 and −0.56 in the
K- and B- bands, respectively. The slope of the Mbh–L
bisector line for the Sérsic spheroids, obtained from the
forward and inverse modified FITEXY routine, is −0.95
and −0.88 for the K and B-bands, respectively. These
results are consistent with the values obtained from the
BCES bisector routine, as reported in Table 3.

3.5. Further Pruning

Curious readers may be wondering what happens if
additional data points are pruned from the Mbh–L dia-
gram. The ‘core’ galaxy with the faintest magnitude is
the lenticular galaxy NGC 3998. With a velocity disper-
sion in excess of 300 km s−1, this galaxy is expected to
be a ‘core’ galaxy. Figure 8 from Gonzalez Delgado et
al. (2008) reveals that this galaxy hosts an AGN that
swamps the central light profile and any core which may
be there, hence the cautious ‘?’ on its classification in
Table 1. Re-labelling this galaxy to be a “Sersic” galaxy
slightly steepens the Sersic Mbh–L relation, and hence
our case for a deviation from the previous linear M-L re-
lation, but not significantly. To the immediate lower left
of this galaxy in the Mbh–L diagram is NGC 4342. This
Sérsic galaxy was labelled an outlier by Laor (2001) and a
potential outlier by Häring & Rix (2004), both of whom
excluded it from their analysis. Bogdán et al. (2012a)
have also identified it as unusual, and it may be a heavily
stripped galaxy (Blom et al. 2012), causing it to deviate
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the line which bisects the forward and inverse regression
lines, having the average angle between them, is the sym-
metrical bisector regression line. In general, symmetri-
cal regressions are preferred when it is not known which
variable is dependent on the other, and when one wants
to establish the intrinsic relation between two quanti-
ties, the so-called theorist’s question (Novak et al. 2006).
Biases in the data sample, due to selection boundaries,
can of course bias the results from a symmetrical regres-
sion and thus create a preference for either the forward
or inverse regression depending on whether the selection
boundary is vertical or horizontal in one’s diagram (e.g.
Lynden Bell et al. 1988). Typically in the literature, the
modified FITEXY routine has only been run as a ‘for-
ward’ regression, minimizing the offsets in the vertical
direction, where as users of the BCES code typically re-
port the symmetrical bisector regression line. It is not
appropriate to compare such results, and some confu-
sion exists because Tremaine et al. (2002) remarked that
their modified FITEXY routine treats the data symmet-
rically. However if this was true, if the x and y data was
treated equally, then swapping the x and y data points
would not alter the fit that one obtains.
Returning to our Mbh–L diagram, given the larger un-

certainties on the spheroid magnitudes, compared to the
uncertainties on the velocity dispersions, we have used
the modified FITEXY routine to check if the BCES
bisector routine has yielded a biased result. In fitting
the line y = a + bx, Tremaine et al.’s (2002) modified
version of the routine FITEXY (Press et al. 1992, their
Section 15.3) minimizes the quantity

χ2 =
N
∑

i=1

(yi − a− bxi)2

δyi
2 + b2δxi

2 + ϵ2
. (8)

The intrinsic scatter (in the y-direction) is denoted here
by the term ϵ, and the measurement errors on the N

pairs of observables xi and yi are denoted by δxi and
δyi. The intrinsic scatter ϵ is solved for by repeating the
fit with different values of ϵ until χ2/(N − 2) equals 1.
To achieve a minimization in the x-direction, i.e. to per-
form the ‘inverse’ regression, one can simply replace the
ϵ2 term in the denominator with b2ϵ2 (Novak et al. 2006;
Graham 2007a; Graham & Driver 2007a). The Mbh–L
bisector line for the core-Sérsic spheroids, obtained from
the bisector line of the forward and inverse modified FI-
TEXY routine, has a slope of −0.46 and −0.56 in the
K- and B- bands, respectively. The slope of the Mbh–L
bisector line for the Sérsic spheroids, obtained from the
forward and inverse modified FITEXY routine, is −0.95
and −0.88 for the K and B-bands, respectively. These
results are consistent with the values obtained from the
BCES bisector routine, as reported in Table 3.

3.5. Further Pruning

Curious readers may be wondering what happens if
additional data points are pruned from the Mbh–L dia-
gram. The ‘core’ galaxy with the faintest magnitude is
the lenticular galaxy NGC 3998. With a velocity disper-
sion in excess of 300 km s−1, this galaxy is expected to
be a ‘core’ galaxy. Figure 8 from Gonzalez Delgado et
al. (2008) reveals that this galaxy hosts an AGN that
swamps the central light profile and any core which may
be there, hence the cautious ‘?’ on its classification in
Table 1. Re-labelling this galaxy to be a “Sersic” galaxy
slightly steepens the Sersic Mbh–L relation, and hence
our case for a deviation from the previous linear M-L re-
lation, but not significantly. To the immediate lower left
of this galaxy in the Mbh–L diagram is NGC 4342. This
Sérsic galaxy was labelled an outlier by Laor (2001) and a
potential outlier by Häring & Rix (2004), both of whom
excluded it from their analysis. Bogdán et al. (2012a)
have also identified it as unusual, and it may be a heavily
stripped galaxy (Blom et al. 2012), causing it to deviate

Graham & Scott (2013)
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Figure 3. Our adopted correlations of M• with bulge/spheroid (Lsph, left panel) and total (Lt,imp, right panel) luminosity. Filled coloured circles, error bars
and lines are defined analogous to Figure 1. The respective intrinsic scatter is indicated by the shaded area, which has a width of 2ϵ• in the direction of M•.
Note the similarity in both relations’ width, as well as the similarity between the slopes of M•−Lt,imp and the fit to ellipticals only, M•−L

(ell)
imp (red dashed

line in both panels).

with ours, although it is important to keep in mind that both S11
and V12 use samples and sample selection criteria that are differ-
ent from one another and from our study. S11 exclude pseudob-
ulges identified based on the bulge’s location in the fundamental
plane and its Sérsic index, which may be highly uncertain and sub-
ject to the modeling complexity (see Paper-I). V12 exclude barred
galaxies and an outlier, NGC4342. Irrespective of the suitability
of the applied criteria to identify pseudobulges / barred galaxies,
and the astrophysical justification to exclude such objects from the
analysis, these sample restrictions are expected to decrease the scat-
ter, since by construction they do not apply to elliptical galaxies,
and (presumably) only rarely to early-type lenticulars. That is, they
tend to bias the sample towards early-type and luminous galax-
ies, for which numerous studies (including ours) find a slightly
decreased scatter. Indeed, V12 find a significantly higher scatter
(0.52+0.10

−0.06 instead of 0.40+0.09
−0.06) when analyzing their full sample

of reliable M• (line 5 in Table 5), higher than the scatter of our
adopted M• − Lsph relation (0.42+0.08

−0.04).

We investigate the effects of the decomposition method on
the relation parameters, separately from variance due to the used
sample of M•, by fitting relations to the intersection of MH03’s
full galaxy sample with ours M• (lines 9-12 in table 5). Using the
same data as MH03, restriction of the sample leaves the slope un-
changed, but increases a and ϵ decreases by an amount compa-
rable to their respective uncertainties (compare line 9 to line 2).
We next replace the M• that MH03 used with our updated val-
ues, and find little effect on b and ϵ, but a significantly increased
zero-point (line 10). If we retain the M• used by MH03, but re-

place the MH03 luminosities with our improved Lsph (line 11), the
zero point also increases, but not quite as much. Simultaneously, b
and ϵ respectively decrease by 0.11 and 0.04 dex, which parallels
the change we observed upon replacing standard bulge luminosities
(Lb,std) with Lsph while fitting to our (full) sample. Using both
improved Lsph and updated M• (line 12, compared to line 9) com-
bines the above effects (increased a, decreased b, slightly decreased
ϵ) and leads to a best-fit relation that is in close agreement with our
adopted relation (full sample, line 13). Therefore, the above analy-
sis confirms that improved decompositions are the dominant driver
towards a lower slope, and shows that the updated M• estimates
are main (but not sole) cause for the higher zero-point with respect
to the M•−Lbul relation derived by MH03. Meanwhile, the intrin-
sic scatter appears to be primarily effected by sample selection and
decreases only slighly due to improved bulge luminosity estimates.

4 DISCUSSION

4.1 The theorist’s question8

Our analysis suggests that M• is equally tightly correlated with
Lbul as with Ltot, as measured by the intrinsic scatter in M•:
ϵbul = 0.42+0.08

−0.04 and ϵtot = 0.49+0.10
−0.04 (compare lines 4 and 7

of Table 4). If the scatter orthogonal to the ridge line of the relation

8 we use the apt terminology used by Novak et al. (2006) here and in the
next subsection

© 2008 RAS, MNRAS 000, 1–16
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DIRECT BLACK HOLE MASSES

3

ments on GSMTs, we develop a data simulator for the
first-light AO fed integral-field spectrograph, the In-
fraRed Imaging Spectrograph (IRIS), for the Thirty Me-
ter Telescope (TMT). In particular the simulations are
used to assess the signal to noise ratio (SNR) attain-
able by the IRIS spectrograph using realistic values for
the expected instrument and telescope performance for a
set of representative objects in which a black hole mass
measurement would be of scientific interest. We present
details about the instrument in Section 2 and the data
simulator in Section 3. In Section 3.4, we also investigate
the relationship between SNR and the precision of kine-
matic moment measurements that will ultimately be used
in dynamical mass modeling. In Section 4, we present the
results of simulations of both massive early type galaxies
such as those from Lauer et al. (2007b) as well as lower
mass systems such as the Milky Way-like black holes and
the G1 globular cluster to assess the whole range of black
hole masses accessible in the era of 30 m class telescopes.
We estimate, based on bulged/disk decompositions of
galaxies from SDSS DR7, the number of galaxies that
will be observable with IRIS and TMT in Section 5. The
simulated capabilities of IRIS/TMT are compared to the
current state of IFS measurement of black hole masses
in Section 6. In Section 8, we present our conclusions.
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Fig. 1.— Top: the projected radius of influence in the plane
of the sky for various black hole masses as a function of the
angular size distance using the observed MBH − σ relationship
(Gültekin et al. 2009). The lines for black hole masses, increas-
ing from left to right, from 104 M⊙ (solid) to 109 M⊙ (dashed).
The increase in angular resolution will allow observations of black
holes much further than possible today. Bottom: the lower limits
on black hole mass measurements as function of distance. Most
IFS BH mass measurements today are made at a pixel scale of
50 mas (100 mas resolution; blue, dashed), compared to future
GSMTs, which will have angular resolution of 18 mas at K band
(red, solid) and 8 mas at Z band (green, solid).

2. DESCRIPTION OF THE IRIS INSTRUMENT

The InfraRed Imaging Spectrograph (IRIS,
Larkin et al. 2010) is designed to be one of the

first light instruments for the Thirty Meter Telescope
(TMT), with both imaging and integral-field spec-
troscopy capabilities. It will be fed by an AO system,
the Narrow-Field Infrared Adaptive Optics System
(NFIRAOS, Herriot et al. 2010), to provide diffraction
limited resolution. IRIS will be a workhorse instrument,
spanning science cases from solar system objects to
high-z galaxies, but here we will summarize its capa-
bilities that are relevant to dynamical measurement
of black hole masses. IRIS has both an image slicer
and a lenslet spectrograph to provide four spatial pixel
(spaxel9) scales - 4 mas, 9 mas, 25 mas, and 50 mas -
with wavelength coverage from Z (λcen = 0.93 µm) to K
band (λcen = 2.18 µm). The lenslet mode covers the 4
and 9 mas plate scales while the image slicer uses the 25
or 50 mas scale. The field of view depends on the spatial
pixel scale as well as the number of spectral elements
sampled. The image slicer has 90 × 45 spaxels while
the lenslet spectrograph has a 16 × 128 spaxel mode
for broad-band wavelength coverage (20% bandpass) or
112× 128 spaxels for more narrowband (5% bandpass);
the field of view ranges from 4.′′4 × 2.′′25 for the 50
mas plate scale with the 2000 spectral channels to
0.′′064 × 0.′′51 for the smallest spatial pixel scale (4
mas) with 4096 spectral channels. The most relevant
mode for dynamical black hole mass measurement will
likely be the 5% bandpass filter with either the 4 or 9
mas spatial pixel scale, which will provide a field of view
of 0.′′45 × 0.′′51 and 1.′′01 × 1.′′15, respectively (see
Table 1). The complement of broad-band filters as well
as total instrument and telescope throughput in each
band-pass is given in Table 2. These modes will provide
spectral resolution of 4000, however a spectral resolution
of 8000 will also will be possible for 2.5% bandpass
filters, which will be useful for measuring nuclei with
low velocity dispersion (< 30 km s−1). For galaxies
with low surface brightness and black holes with large
gravitational radius of influence in the plane of the sky,
the 50 mas plate scale utilizing the image slicer will
provide high signal-to-noise (SNR) measurements per
spaxel.

3. SIMULATION SETUP

Most of the simulations of the expected SNR of IRIS
observations are performed in the K band, which is cur-
rently used for most dynamical black hole mass deter-
minations from the ground. The K band contains very
strong CO absorption lines at ∼ 2.29 − 2.39 µm, which
can be effectively used to determine the integrated stellar
line-of-sight velocity distribution (often parameterize by
the Gauss-Hermite polynomials). At these longer wave-
lengths, observations will also have higher Strehls from
better AO correction. On current 8-10 m telescopes, the
typical Strehl ratios obtained are 0.25 atH band and 0.35
at K band (van Dam et al. 2006). In comparison, the
adaptive optics system for TMT will be able to achieve
on-axis Strehl ratios of about 0.62 at H band and 0.72
at K band at zenith. IRIS will be able to obtain AO-
corrected observations for wavelengths as short as Z band
(λ = 0.840−1.026 µm) thereby covering the Ca II triplet

9 Following common usage in IFS observations, we will use the
term spaxel to mean a spatial pixel in the IFS data cubes and
spectral channel to mean a pixel in the wavelength dimension.
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• PPAK IFU observations constrains the dynamical model. 	



• Higher mass-to-light ratio and smaller black hole



NGC1277 IS AN OLD DISK GALAXY

• No Classical Bulge, which implies no coevolution.	


• Bottom heavy stellar populations (Emsellem 2013)	


• stellar ages >10 Gyr. (Trujillo+2014)	


• Chandra X-ray luminosity of 1e40 (Fabian et al. 2013), implies low 

accretion rate.	


• That still leaves a lot of options: Cold streams (Di Matteo), Unstable disks 

(Bournaud), merger (Bonoli), direct collapse (Agarwal), Feedback (Fabian), 
Run-aways (Shields)    
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Figure 3. Spectral energy distribution of NGC 1277 at different radial distances. The spectra are shown in arbitrary units, with the flux normalized per unit wavelength
and shifted for clarity. The position of several relevant absorption lines are indicated with vertical lines. The bottom panels show the SFHs derived with STARLIGHT
at different radial distances. This represents the fraction of mass created at each epoch.
(A color version of this figure is available in the online journal.)

is clear that all of the stars in this object were formed at
high-redshift, most of them being older than 10 Gyr. In fact,
this remains true even out to large galactocentric distances, as
we show in Figure 4, where the radial profiles for the mass-
weighted age (top panel) and metallicity (middle panel) are
shown. According to the analysis performed with STARLIGHT,
NGC 1277 is an old object (∼12 Gyr) with a high total
metallicity down to at least 3Re. This corresponds to a radial
distance which encloses 85% of the total light of this object
(Trujillo et al. 2001) assuming a global Sérsic index of n =
2.2 for this galaxy (van den Bosch et al. 2012). In addition to
the SFH, age, and metallicity profiles obtained with the full
spectral fitting approach, the middle and lower panel in Figure 4
present the radial variation of the metallicity and the α/Fe
parameter, which is a good estimator of how fast a galaxy forms
its stars (Worthey et al. 1992) using line strength indices. This
metallicity profile has been estimated using a hybrid approach
which combines the luminosity weighted age derived from
STARLIGHT versus the [MgFe]’ index. This metallicity gradient
shows similar values in the inner region as the one purely based
on STARLIGHT. Both metallicity profiles seems to indicate a
smooth decline toward lower metallicities in the outer parts of
NGC 1277.

To estimate the α/Fe gradient, since the MIUSCAT models
are scaled solar around the solar metallicity, we employ the
approach shown in La Barbera et al. (2013). We have first
derived two independent metallicity estimates from the pair
of spectral indices Hβ-Mgb5177 and Hβ-⟨Fe⟩* (a combined Fe
index; González 1993), ZMg and ZFe respectively. The difference
between these two metallicities is a good solar proxy [ZMg/ZFe]
and has been shown to tightly correlate with the α-enhanced

single stellar population models of Thomas et al. (2011). We
have found [ZMg/ZFe] ∼ 0.7 in our spectra, which translates into
[α/Fe] ∼ 0.4. Note that an extrapolation has been made when
employing the model grid corresponding to the Mgb index (see
also Figure 5 in La Barbera et al. 2013), and therefore these
values should be taken with some caution. Nonetheless, such
very high values indicate that the bulk of the stellar populations
of this object, which are very old, was formed in a very short
period of time, almost resembling a single-burst event. In fact,
according to the calibration provided by de La Rosa et al.
(2011, their Equation (2)) between the time needed to form
half of the final stellar mass of the galaxy, TM/2, and α/Fe,
NGC 1277 formed its mass in less than a few hundred Myrs.
For comparison, a normal-sized massive galaxy with α/Fe =
0.25, has TM/2 = 1.4 Gyr. In other words, NGC 1277 seems to
have formed its stellar mass much faster than “normal-sized”
galaxies with equal mass. Such short time scales suggest star
formation rates as high as ∼1000 M⊙ yr−1 for the formation of
the bulk of the stars of NGC 1277. These high star formation
rates have been measured in massive high-z galaxies (Riechers
et al. 2013).

4. RESULTS AND DISCUSSION

We have presented three strong pieces of evidences that sug-
gest that NGC 1277 is a relic galaxy. It is massive and compact,
with no signature of interactions, it has exactly the same stellar
mass density profile as the massive compact galaxies at high-z,
and finally its stellar populations are compatible with having
been formed very fast and more than 10 Gyr ago. Consequently,
it is worth exploring its other properties to learn about the

4
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Kormendy & Ho 2013

53

Figure 16
Correlation of dynamically measured BH massM• with (left) K-band absolute magnitudeMK,bulge

and luminosity LK,bulge and (right) velocity dispersion σe for (red) classical bulges and (black)
elliptical galaxies. The lines are symmetric least-squares fits to all the points except the monsters
(points in light colors), NGC 3842, and NGC 4889. Figure 17 shows this fit with 1-σ error bars.

6.6 The M• – Lbulge, M• –Mbulge, and M• – σe correlations for
classical bulges and elliptical galaxies

Figure 16 shows the updated correlations of M• with bulge luminosity and velocity dispersion.
Recent advances allow us to derive more robust correlations and to better understand the
systematic effects in their scatter. First, we distinguish classical bulges that are structurally
like ellipticals from pseudobulges that are structurally more disk-like than classical bulges. There
is now a strong case that classical bulges are made in major mergers, like ellipticals, whereas
pseudobulges are grown secularly by the internal evolution of galaxy disks. We show in Section 6.8
that pseudobulges do not satisfy the same tight M•–host-galaxy correlations as classical bulges and
ellipticals. Therefore we omit them here. Second, we now have bulge and pseudobulge data for all
BH galaxies (Kormendy & Bender 2013b). Third (Section 3), we have more accurate BH masses,
partly because of improvements in data (ground-based AO and integral-field spectroscopy), partly
because of improvements in modeling (e. g., three-integral models that include dark matter), and
partly because we are now confident that emission-line rotation curves underestimate M• unless
broad line widths are taken into account (Section 6.3). We omit these masses. Fourth, we have
reasons to omit BH monsters, mergers in progress, and (Section 6.7) the two largest BHs known
in ellipticals. Finally, the sample of galaxies with dynamical BH detections is larger and broader
in Hubble types. These developments lead to a significant recalibration of the ratio of BH mass to
the mass of the host bulge and, as we have already begun to see, to qualitatively new conclusions.
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• large lever on BH co-evolution	



• appear similar to z~2 passive galaxies (Red Nuggets)	



• implies large mass-to-light ratios and bottom heavy IMF 
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Sub-millimeter galaxies as progenitors of compact quiescent galaxies 11

Figure 6. Schematic illustration of the formation and evolutionary sequence for massive galaxies advocated in this paper.

4.2. Connection to Compact Star Forming Galaxies at
2.5 < z < 3

Barro et al. (2013) found a population of relatively
massive (log(M/M� > 10) compact star forming galax-
ies (cSFGs) at 1.4 < z < 3, which show evidence of
quenching beginning to set-in (lower specific star for-
mation rates than typical star forming galaxies and in-
creased AGN fractions). Their masses, sizes and num-
ber densities (which increase with decreasing redshift, at
the same time the number density of quiescent galax-
ies increase), suggest that the highest redshift exam-
ples of these may be progenitors of compact quiescent
z ⇠ 2 galaxies. These galaxies are thus good candidates
for transition objects in the evolutionary sequence sug-
gested here between the z & 3 SMGs and the z ⇠ 2 qui-
escent galaxies. The comoving number density of the
most massive cSFGs (log(M/M� > 10.8) at 2.5 < z < 3
is ⇠ 5.4± 2.5⇥ 10�5 Mpc�3, comparable to the number
density for z ⇠ 2 quiescent galaxies. However, the cSFGs
are not massive enough to be descendants of the bright-
est z & 3 SMGs, or progenitors of most of the massive
z ⇠ 2 quiescent galaxies considered here, as none of the
cSFGs have log(M/M�) > 11 (Barro, private communi-
cation), but are likely decendents of less intense star-
bursts at z & 3 and progenitors of slightly lower mass
quiescent z = 2 galaxies.

4.3. Caveats and Outlook

One of the largest uncertainty in the derivables for
the z & 3 SMG sample are associated with their stellar
masses. As extensively discusses in Micha lowski et al.
(2012a) stellar masses for SMGs are highly dependent
on the assumed star formation history, and may di↵er
by up to ±0.5 dex given di↵erent assumptions and mod-
els. Dynamical mass considerations may set an upper
limit to stellar masses, however the z & 3 SMGs samples
with available dynamical mass estimates are still sparse,
as well as subject of their own biases.
The sample of z & 3 SMGs is still small, and only par-

tially spectroscopically confirmed. Future, larger and
deeper mm surveys, over multiple fields, will allow for
better constraints on the evolution of the co-moving num-
ber density of starburst galaxies, to the highest redshifts,
and to study the e↵ects of cosmic variance. This will al-
low for more detailed tests and modeling of the proposed
scenario in di↵erent redshift and mass bins, rather that

in the single mass bin and two redshift ranges as possi-
ble with the present data. E.g., the proposed scenario
implies that the significant population of z ⇠ 2 SMGs
should evolve into compact, ⇠ 1 Gyr old, massive post
starburst galaxies at z ⇠ 1.5. Interestingly Bezanson
et al. (2012) recently published a spectroscopic sample
of galaxies with exactly these properties. Similarly, if
compact quiescent galaxies at z & 3 are found in the fu-
ture, the properties of these should match those of the
highest redshift z > 5 SMGs. With deeper data it will
also be possible to push to lower star formation rates,
and not only consider the most extreme starbursts. This
will likely provide a way of fitting the 2.5 < z < 3 cSFG
discussed in Section 4.2 into the evolutionary picture.
Cosmological surface brightnes dimming and the

large amounts (and unknown distribution) of dust in
SMGs make them extremely faint in the rest-frame
UV and optical, and likely bias the sizes measured,
even in very deep NIR imaging data. However, we do
note that one of the galaxy in our sample (AzTEC1),
has been resolved in high resolution submillimeter
imaging (Younger et al. 2008), with a derived extend of
0.1�0.200, corresponding to physical size of 1.3�2.7 kpc,
consistent with the constraints on the e↵ective radius
we measure from the UltraVISTA data (re < 2.6kpc,
see Table 1). ALMA will greatly improve estimates of
the sizes of high redshift SMGs, through high resolution
observations of the restframe FIR dust continuum. We
have argued in this paper that the observed structural
properties are consistent with the SMGs being disks or
mergers, but the constraints are uncertain, due to the
relatively low S/N and spatial resolution of the images,
e.g. the Sersic n parameters and e↵ective radii could
be underestimated, due to obscuration by dust and
cosmological surface brightness dimming. With ALMA
it will be straightforward to determine redshifts from
molecular lines, and constrain the internal dynamics
of the galaxies, e.g. estimate velocity dispersions, ro-
tational velocities and search for evidence of merging.
This will provide powerful diagnostics to help map
the transformation of the most massive galaxies in the
universe from enigmatic starburst at cosmic dawn to
dead remnants, a few gigayears later.

ST acknowledges the support of Lundbeck foundation
and is grateful for the hospitality and support of the
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Figure 2. Circularized stellar mass density profile of NGC 1277. The left panel shows the comparison between the stellar mass density profile of NGC 1277 and
similar mass but normal-sized SDSS galaxies. The vertical dashed lines indicate the position of the effective radii for NGC 1277 (blue line; 1.2 kpc) and SDSS massive
ellipticals (pink line; 4.7 kpc) and spirals (orange line; 5 kpc). The right panel shows the comparison of the stellar mass density profile of NGC 1277 with similar mass
compact galaxies at high-z and young compact massive objects at z ∼ 0.15.
(A color version of this figure is available in the online journal.)

spectra we will show in the next subsection. Using the age and
metallicity from our analysis of the galaxy spectra (12 Gyr and
0.2 dex respectively, see below), we have obtained a M/L of
4.438 (r-band) which we use to build the stellar mass density
profile (see Figure 2).

In the left panel of Figure 2, we show the comparison of
the stellar mass density profile of NGC 1277 with the stellar
mass density profiles of “normal-sized” massive galaxies from
the SDSS survey. To build the stellar mass density profiles of
the “normal-sized” galaxies, we took the structural parameters
(Sérsic index n, effective radius Re, and stellar mass M⋆) of
all the galaxies in the New York University (NYU) Value-
Added Galaxy Catalog (Blanton et al. 2005) with 0.8 < M⋆ <
1.2×1011 M⊙ and 0.08 < z < 0.12. To facilitate the comparison
with our profiles, we divided the NYU galaxies into two different
categories: disk-like (n < 2.5) and spheroid-like (n > 2.5). We
find that the average disk-like massive galaxy within the NYU
sample at those redshifts has M⋆ = 0.92 × 1011 M⊙, n = 2.2, and
Re = 5.0 kpc. On the other hand, the average spheroid-like object
has M⋆ = 0.95 × 1011 M⊙, n = 4.0, and Re = 4.7 kpc. Once
we obtained these average galaxy profiles, the representative
regions of each galaxy category were build using all the galaxies
in the NYU sample within the above stellar mass range and
redshift interval, the central stellar mass densities of which were
within 68% of the distribution centered around the mean value.

Neither present-day massive “normal-sized” spiral-like nor
elliptical-like galaxies have similar stellar mass density profiles
to that shown by NGC 1277. NGC 1277 has a denser profile
in the inner 1 kpc (being a factor of two to three denser than
the present-day densest elliptical galaxies of the same stellar
mass). In the outer region, beyond 4 kpc, NGC 1277 is under-
dense compared to the normal population of massive galaxies.
However, when we compare (see Figure 2 right panel) the stellar
mass density profile of NGC 1277 with the massive compact
galaxies found at high-z (Szomoru et al. 2012) or with the young
compact massive galaxies found at z ∼ 0.15 (Trujillo et al.
2012), the agreement between both profiles is remarkable. We

conclude that the detailed structural properties of NGC 1277 are
equivalent to those found in the primitive universe for massive
galaxies with similar stellar mass.

3.2. Stellar Population Properties and SFH

The final evidence for considering that NGC 1277 is a relic
galaxy comes from a detailed analysis of its spectra along its
major axis (see Figure 3). In the upper panel of this figure, we
present the spectra of the galaxy at different radial distances. The
depth of our exposure allows us to explore the stellar population
properties of our galaxy down to 3Re with an S/N above 20 (our
limit to ensure that we have sufficient quality to obtain reliable
SFHs; Cid Fernandes et al. 2013).

The SFHs of NGC 1277 along its radial distance have
been obtained using a full spectral fitting approach. We have
employed the extended versions of the MILES stellar population
synthesis models (Vazdekis et al. 2010) MIUSCAT (Vazdekis
et al. 2012; Ricciardelli et al. 2012) and we have fed the full
spectral fitting code STARLIGHT (Cid Fernandes et al. 2005)
with them in order to recover the SFH of this galaxy. The
models cover a wide range of both ages (0.1–17.8 Gyr) and
metallicities (–1.71 to 0.22) and they also allow for variations on
the initial mass function (IMF) slope and shape. For the purpose
of this exercise, we have focused on the standard assumption of a
Kroupa Universal IMF, although we have also studied the impact
on changing the IMF (Ferré-Mateu et al. 2013) according to the
velocity dispersion, as recently claimed by several studies (e.g.,
Ferreras et al. 2013; La Barbera et al. 2013), and we have found
that our results remain unaltered. In addition, the same study
was carried out with a different spectral fitting code, STECKMAP
(Ocvirk et al. 2006), to ensure the robustness of the method,
producing similar results.

We therefore derive the mean age and mean metallicity
and the SFH for each of the radial binnings out to 3Re (both
luminosity and mass-weighted). Figure 3 (lower panels) shows
the derived mass-weighted SFH for four of the apertures. It
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Figure 2. HST/WFC3 F160W imaging of our sample of massive, quiescent z ∼ 2 galaxies (all with HF160W < 23). The deconvolved images are shown directly below
the original images. Photometric redshifts, stellar masses (in units of 1011 M⊙), Sersic indices, and axis ratios from one-component profile fits, as well as the scale of
the images, are indicated. Ellipses indicate best-fitting axis ratios and sizes from GALFIT—the area of the ellipse corresponds to that of a circle with a radius that is
twice the circularized half-light radius. All galaxies are clearly resolved and many are flattened in projection, indicative of a disk-like stellar structure.

Rb, eff = 0.33 kpc
Rd = 1.7 kpc

B/T = 0.25 B/T = 0.43

Rb, eff = 0.58 kpc
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Rb, eff = 0.34 kpc
Rd = 1.4 kpc

B/T = 0.26

Rb, eff = 0.71 kpc
Rd = 3.7 kpc

B/T = 0.52

Figure 3. Top: F098N+F160W color composites for galaxies 11, 8, 2, and 5 from Figure 2, ordered by axis ratio. These four examples are chosen because of their
flatness, with the exception of no. 5, which appears to have a compact bulge-like component surrounded by a more extended, disk-like component. There is no strong
indications for color gradients, suggesting that the disk components of these galaxies are not strongly star forming. Bottom: two-component model fits (without PSF
smearing) for the same galaxies. The white and black ellipses indicate twice the size of the half-light ellipses for bulge-like and disk-like components, respectively.
B/T is the ratio of the light in the model for the bulge-like component and the light of the models for the two components combined. “Rd” is the exponential scale
length as measured along the major axis of the disk-like component, which we calculate by dividing the semimajor axis of the “half-light ellipse” by 1.6. “Rb,eff” is
the circularized half-light radius of the bulge-like component.

If we conservatively assume that none of the other seven
galaxies are disk dominated (i.e., they have weight 0), then we
infer that 40%±15% of the population of massive, quiescent z ∼
2 galaxies is disk dominated. This number and its uncertainty

include the weights as specified above and the uncertainty due
to the small sample size.

However, some of the seven non-classified galaxies, for
example, nos. 7 and 13, have small axis ratios. Therefore, it

3
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Figure 12. Variation of the IMF on the MP projections. Same as in Fig. 1 for the variation of the IMF mismatch parameter (M/L)stars/(M/L)Salp, which
measure the ratio between the stellar M/L from dynamical models and the one from population models, with a fixed Salpeter IMF for reference. Like in
Fig. 11 only galaxies with H� < 2.3 Å are included. The trend follows lines of roughly constant �e, or even better, follows lines parallel to the ZOE (thick red
line) above its break. Like in other diagrams the trend looks different at large masses MJAM

>⇠ 1011 M�, suggesting these objects are different. The heaviest
IMF (red colour) is not reached by the most massive galaxies, but by the fast rotators with the biggest bulges.

Kelly (2007), as implemented in his IDL routine LINMIX ERR. Our
three fits provide consistent values for the best-fitting slopes, within
the errors, and nearly consistent normalizations. The fitted relation
has the form

log10

(M/L)stars
(M/L)Salp

= a+ b⇥ log10

�e

130km s�1
, (8)

and our preferred values (bottom panel of Fig. 13) have best fit-
ting parameters and formal errors a = �0.12 ± 0.01 and b =

0.35 ± 0.06 (parameters and errors for the other fits are given in-
side the figures). The observed trend of IMF with � appears to ac-
count for about half of the total trend in the (M/L) � �e relation
(M/L)JAM / �0.72

e (see Paper XV), the remaining one being due
to stellar population variations.

Our trend implies a transition of the mean IMF from Kroupa
to Salpeter in the interval log10(�e/km s�1

) ⇡ 1.9� 2.5 (or �e ⇡
90�290 km s�1), with a smooth variation in between, consistently
with what can be seen in Cappellari et al. (2012) and in Fig. 11.
The fact that this trend is slightly weaker than the one implied by
Fig. 11 seems to confirms the intrinsic differences in the IMF of
individual galaxies. However, part of this difference could also be
explained if the distance errors were underestimated. One way to
address this issue would be to repeat our analysis for galaxies in a
clusters at intermediate distance like the Coma cluster, for which
relative distance errors can be neglected.

Our slope is a factor ⇡ 3.5 smaller than the “tentative” trend
reported in Treu et al. (2010) for the same quantities, and making
the same assumption for the dark halo. A reason for this large differ-
ence must be due to the fact that their sample only included galaxies
with �>⇠ 200 km s�1 (log10(�/km s�1

)

>⇠ 2.3). Our sample is too
small to reliably study trend in IMF for the galaxies above that �e,
but their reported trend would exceed the slope of the (M/L) � �
relation (Paper XV), making it difficult to explain. Their steep in-
ferred trend may then be due to their use of spherical and homol-
ogous models for all the galaxies, which may introduce systematic
trends. Moreover they used single stellar population M/L based
on colours is expected to be less reliable than our determinations

based on spectra (Gallazzi & Bell 2009). A reanalysis of the unique
SLACS dataset seems required to clarify this issue. Our trend with
�e is also smaller than the one reported by Ferreras et al. (2013)
from spectral analysis, who find a rapid change from a Kroupa to a
Salpeter IMF in the narrow interval � ⇡ 150�200 km s�1. Our re-
lation is not inconsistent with the values presented in Conroy & van
Dokkum (2012b) also from spectral analysis, or with the result re-
ported by Spiniello et al. (2012), with the IMF becoming steeper
than Salpeter above �>⇠ 200 km s�1. We are also broadly con-
sistent with the IMF variation implied by the non-contracted halo
spherical dynamical models of Tortora, Romanowsky & Napoli-
tano (2013). Overall there is a qualitative agreement between dif-
ferent approaches and the still significant systematic differences in
the various methods could account for the differences.

5 DISCUSSION

5.1 Previous relations as seen on the Mass Plane

We have shown in Paper XV that the galaxy Fundamental Plane
(Dressler et al. 1987; Djorgovski & Davis 1987) can be accu-
rately explained by virial equilibrium combined with a smooth
variation of galaxy properties, mainly the total mass-to-light ra-
tio M/L, with velocity dispersion, with galaxies lying on a tight
MP (MJAM,�e, R

maj
e ), for a large volume-limited sample of ETGs

(Paper I). Once this has been established, the interesting informa-
tion on galaxy formation is then all contained in the distribution
and the physical properties of galaxies on this plane, which we pre-
sented in this paper.

We find that on the MP: (i) galaxies sizes are delimited by
a lower-boundary, which has a minimum at a characteristic mass
MJAM ⇡ 3 ⇥ 10

10M�; (ii) A number of key galaxy proper-
ties: dynamical M/L, and its population indicators H� and colour,
as well as the molecular gas fraction, which are mainly related
to age, the normalization of the IMF and the prominence of the
bulge, all tend to be constant along lines of constant �e, on the MP;

c� 2013 RAS, MNRAS 000, 1–35
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We parametrize a stellar population by an age, metallicity and
IMF slope. More detailed models will be presented elsewhere
(La Barbera et al., in preparation). We note that, according to
Thomas, Maraston & Johansson (2011a), both TiO1 and TiO2 are
rather insensitive to non-solar abundance ratios. Furthermore, Con-
roy & van Dokkum (2012a) find an anticorrelation between [α/Fe]
and NaI0.82 strength (similar to our Na8190 index). Hence, we do
not expect our results, regarding the non-universality of the IMF, to
be affected by the well-known overabundance of [α/Fe] in massive
galaxies (see e.g. Trager et al. 2000). To confirm this point, we stud-
ied two subsamples within the highest σ bin, split with respect to the
distribution of [α/Fe] values, constructing low-(∼+ 0.1) and high-
(∼+ 0.3) [α/Fe] stacks. The measured TiO1 (mag)/TiO2
(mag)/Na8190 (Å) strengths are 0.0351 ± 0.0014/0.0860 ±
0.0010/0.74 ± 0.07, for the high [α/Fe] subsample, and 0.0352 ±
0.0015/0.0833 ± 0.0010/0.77 ± 0.08, for the low [α/Fe] subsample,
which is fully consistent with the original stack, including all values
of [α/Fe]: 0.0364 ± 0.0006/0.0842 ± 0.0005/0.78 ± 0.03.

Our analysis follows a hybrid method, whereby two independent
probability distribution functions (PDFs) for age, metallicity and
IMF slope are obtained using spectral fitting and line strengths,
respectively. For the former, we fit the region 3900–5400 Å, using
SSPs from MIUSCAT, after convolving them from the original
2.51 Å resolution, to the fiducial velocity dispersion of 300 km s−1,
plus SDSS spectral resolution. A grid of 32 × 32 × 10 models
in age, log Z and # is used to obtain a PDF, via the likelihood
L ∝ exp(−$χ2/2). For each line strength, we also define a second
PDF in the same grid. The joint PDF is defined as the product
of the corresponding (independent) PDFs. Finally, we marginalize
over all parameters but #, to obtain the PDF of the IMF slope.
Fig. 3 illustrates the constraining power of the different observables,
individually, on the age and metallicity of the model SSP. Note that
the combined analysis of the hybrid method is acceptable for all
three cases (i.e. the joint likelihood does not reduce to the product
of mutually unlikely regions of parameter space).

Figure 3. The 68, 95 and 99 per cent confidence levels of the likelihood
from individual constraints (from left to right) of spectral fitting, Na8190,
TiO1 and TiO2 are shown on the age–metallicity plane for two of the stacks,
as labelled by their central velocity dispersion. Bimodal IMFs are used here,
although the results for the unimodal case are similar.

5 C O N C L U S I O N S

Fig. 2 motivates the need to invoke a non-universal IMF when
comparing galaxies over a range of velocity dispersions, with an
increased contribution from low-mass stars in the most massive
galaxies. Fig. 4 presents the best-fitting slope of the IMF, when
marginalizing over age and metallicity, as a function of velocity dis-
persion, given by the probability-weighted estimates using the joint
PDF, for three cases, depending on whether TiO1 (filled circles),
TiO2 (open squares) or Na8190 (crosses) are used in the analysis.
Both unimodal (top) and bimodal (bottom) IMFs are considered. We
note that at low-velocity dispersion, the constraint on IMF slope be-
comes more challenging, as low-mass ETGs feature complex star
formation histories (see e.g. de la Rosa et al. 2012), making the
SSP approach used here not fully applicable. Therefore, Fig. 4 only
shows the range 150–300 km s−1, where the approximation of an
SSP is justified. The general trend towards a bottom-heavy IMF is
evident in all cases. The result for the joint PDF corresponding to all
three indices plus spectral fitting is shown as a grey shaded region –
extending over the 68 per cent confidence level – with a black line
giving a simple least-squares fit to the data. We emphasize here that
accurate values of the IMF slope will require a detailed analysis
of abundance ratios (such as e.g. [α/Fe] or [Na/Fe]). The predicted
IMF slopes for massive ETGs do not pose a problem to optical–NIR
photometry, where the contribution from low-mass stars would be
most important. As an example, the MIUSCAT models for a 10-Gyr
population at solar metallicity give V − K = 3.04 for a (bimodal)
IMF slope # = 0.30 versus V − K = 3.03 for # = 2.80. (A unimodal
distribution will give an excess in V − K of ∼0.25 mag over a simi-
lar range of #.) Hence, a variation in the IMF is compatible with the
observed V − K colours. Furthermore, V − K colours alone cannot
be used to constrain the IMF, a well-known result, that explains why

Figure 4. Variation of the IMF slope – unimodal (top) and bimodal (bot-
tom) distributions – against central velocity dispersion. The shaded region
corresponds to the 68 per cent confidence level of the joint PDF including
spectral fitting and all three line strengths (TiO1, TiO2 and Na8190). The
Salpeter (unimodal) and Kroupa equivalent (bimodal) cases are shown as
horizontal dashed lines. A least-squares fit to the data is shown for reference
(solid line). The rightmost panels give the stellar mass-to-light ratios in the
SDSS r band for a 10-Gyr-old population at solar metallicity, illustrating
the large variations one could expect depending on the choice of IMF.
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THESE GALAXIES EXIST IN SDSS TOO

1574 J. B. Hyde et al.

Figure A9. Power-law galaxies: format same as previous figure. Figure A10. Power-law galaxies: format same as previous figure.
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See poster 48 by Ronald Läsker

Bottom-heavy initial mass function 3

Figure 2. Kinematic data of our target and selected orbit-based models.
HET-based line-of-sight velocity (vlos) and velocity dispersion (σ⋆) are
plotted as a function of position along the slit (semimajor axis), with the
galaxy centre at the origin. The abscissa values represent the flux-weighted
average position of each spectral bin, and error bars the 1σ measurement
uncertainties. The SDSS aperture, and σ⋆ (1σ-confidence) is indicated by
the gray rectangle. Solid (red, green, blue) curves and the dashed curve
are the best-fit models with (Υ⋆,i, logM•) = (2.6, 10.3), (6.0, 10.3),
(6.0, 8.6), and (2.6, 8.3). The FWHMof the HET (SDSS) PSF is displayed
by the upper (lower) horizontal bar.

as measured in the SDSS fibre (diameter 3′′, PSF FWHM = 1.′′8)
by Oh et al. (2011).

3 DYNAMICALMODELING

We use the HST imaging and SDSS+HET kinematic data to con-
strain dynamical models that have been constructed via the method
of Schwarzschild (1979). Based on a comprehensive library of rep-
resentative stellar orbits, this method allows for maximal freedom
in orbital structure that may be especially important here consider-
ing the peculiar properties of b19. It thereby has an advantage over
other methods, such as fitting solutions of the (axisymmetric) Jeans
equations or analytic distribution functions. We explore only mod-
els with oblate intrinsic shape as implied by the observed rotational
pattern.

Our implementation of the Schwarzschild method is described
in van den Bosch et al. (2008). It uses an MGE parametrization of
the surface brightness profile (Emsellem, Monnet & Bacon 1994;
Cappellari 2002), which allows for an analytic deprojection. We
use GALFIT3 to derive the MGE parameters (see Table 2 and right
panel of Figure 1). It was necessary to include a quite flattened (q =
0.26) component for an acceptable fit, which probably represents
an embedded disk and effectively limits the range of inclination (i)
to 77◦ ! i ! 90◦.

We run models assuming minimal and maximal allowed incli-
nation to deproject the surface brightness. The resulting luminosity
density is converted to the stellar mass density via the global stellar

mj σj [′′] qj

19.81 0.0329 0.491
19.11 0.0957 0.647
19.68 0.378 0.256
19.26 0.220 0.687
18.49 0.660 0.439
18.39 1.28 0.673
17.79 2.95 0.748

Table 2. MGE parametrization of our target in the i-band (HST/ACS
F775W), used as input to the dynamical models.mj is the apparent magni-
tude of the j-th Gaussian component (before extinction correction), σj its
dispersion, and qj its axis ratio.

mass-to-light ratio in the i-band, Υ⋆,i ≡ M⋆/Li. Given the spatial
resolution of our kinematic data, we therefore ignore possible gra-
dients inΥ⋆. Further gravitational sources in our models are a cen-
tral BH, characterized byM•, and a dark matter (DM) halo of virial
mass MDM ≡ M200. We define fDM = MDM/M⋆, the ratio be-
tweenMDM and stellar massM⋆, and vary it in the range [1, 100].
The model DM halo is spherically symmetric with an NFW profile
(Navarro, Frenk & White 1997). Given the previously estimated
M⋆ of 1.15 × 1011M⊙ (MPA-JHU DR71), we expect MDM ≈
2 × 1012M⊙ (Moster et al. 2010), and thus a halo concentration
index of c200 = 8 (Macciò, Dutton & van den Bosch 2008), which
we adopt throughout. Theoretically, c is anticorrelated withMDM,
varying between [5, 12] over rangeMDM ∈ [0.5, 500] × 1011M⊙

of the model grid. Yet, its exact value should be insignificant, as is
MDM, because the halo scale radius is ∼ 10 − 100 times larger
than Re, and the DM density is very low compared to the baryonic
density (≈ 1% inside 1Re even for the most massive haloes). For
the same reason, our results should be insensitive to the central DM
density log-slope, i.e. possible departures from an NFW form.

In total, we compute dynamical models on a 37×25×11×2-
grid evenly spaced in parameters Υ⋆,i ∈ [1, 10], log(M•/M⊙) ∈
[7.5, 11.5], log(fDM) ∈ [0, 2] and i ∈ {77◦, 90◦}. Using the
χ2-statistic, the orbital weights of each model are optimized to
fit the photometric and kinematic data. In order to evaluate the
relative likelihoods of the parameters of interest, we marginal-
ize the models over fDM and i, and plot the minimum-χ2

as a function of (logΥ⋆,i, logM•). Figure 3 presents contours
(black solid) of ∆χ2 = {2.3, 6.2, 11.8}, corresponding to the
{68.3%, 95.5%, 99.7%}-quantiles of the χ2-distribution with two
degrees of freedom. Models with logM• ≈ 10.3 fit the data well
across a wide range of assumed mass-to-light ratios, as do mod-
els with 0.6 ! logΥ⋆,i ! 0.85 when M• ! 1010M⊙. Our data
are not able to further distinguish between models in this parame-
ter range due to limited depth and resolution, which prevents spa-
tially resolved measurement of higher-order velocity moments and
leaves the orbital anisotropy in the central parts (the BH sphere-of-
influence) relatively unconstrained. We verified that all our models
are insensitive to the presence of dark matter, a direct consequence
of b19’s small size and high stellar mass density (≈ 5M⊙/pc

3

inside Re if logΥ⋆ ≈ 0.8). The quality of the fit is illustrated
in Figure 2, where selected models are compared to the kinematic
data. Models with log(M•/M⊙) ≈ 10.3 or logΥ⋆,i = 0.7 (solid
coloured lines) fit the data very well and differ only insignifi-
cantly in their observables, while models with logM• ! 9.5 and

1 http://www.mpa-garching.mpg.de/SDSS/DR7/Data/stellarmass.html
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3D observations are the way forward for black hole mass 
measurements, in either continuum or emission.  

Compact Galaxies 

differentiate between different BH scaling relations 

appear very similar to z~2 passive galaxies 

have large stellar mass-to-light ratio, which implies 
bottom heavy IMFs.

CONCLUSIONS


