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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)

The Mbh –Lspheroid relation

The Mbh –Lsphe

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 rinf are notably di↵erent from kinematics at larger radii. As shown in Table 1, excluding
r < rinf can reduce by up to 10-15%. Ten of the 12 updated galaxies are massive ( > 250 km s 1 using either
definition). Rusli (2012) presented seven new stellar dynamical 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• Mbulge 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 dynamical modeling of stars or gas (see Table A1 for references). Where necessary, M/L is converted to V -band
using galaxy colors. The values of Mbulge are scaled to
reflect the assumed distances in Table A1.
Most of the dynamical models behind our compiled values of Mbulge have assumed that mass follows light. This
assumption can be appropriate in the inner regions of
galaxies, where dark matter does not contribute significantly to the total enclosed mass. Still, several measurements are based on kinematic data out to large radii.
Furthermore, some galaxies exhibit contradictions between the dynamical estimates of M/L and estimates of
M/L from stellar population synthesis models (e.g., Cappellari et al. 2006; Conroy & van Dokkum 2012). For this
reason, we adopt a conservative approach and assign a

Graham & Scott (2013)
3

DIRECT BLACK HOLE MASSES
The correlation with near-infrared luminositiy revisited

9

Läsker et al 2014

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• .
(ell)
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• − Limp (red dashed
line in both panels).

See poster 48 by Ronald Läsker
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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, increasing from left to right, from 104 M⊙ (solid) to 109 M⊙ (dashed).
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NGC1277 IS AN OLD DISK GALAXY
The Astrophysical Journal Letters, 780:L20 (6pp), 2014 January 10

• No

3. Spectral energy distribution of NGC 1277 at different radial distances. The spectra are shown in arbitrary units, with the flux
Classical Bulge, which implies Figure
no
coevolution.	

and shifted for clarity. The position of several relevant absorption lines are indicated with vertical lines. The bottom panels show the
different radial distances. This represents the fraction of mass created at each epoch.
• Bottom heavy stellar populations at(A(Emsellem
2013)	

color version of this figure is available in the online journal.)
• stellar ages >10 Gyr. (Trujillo+2014)	

is (Fabian
clear that all
stars inimplies
this object
were formed at
single stellar population models of
• Chandra X-ray luminosity of 1e40
et ofal.the
2013),
low
high-redshift, most of them being older than 10 Gyr. In fact,
have found [ZMg /ZFe ] ∼ 0.7 in our sp
accretion rate.	

this remains true even out to large galactocentric distances, as
[α/Fe] ∼ 0.4. Note that an extrapola
we show
in Figure(Di
4, where
the radial
profiles for disks
the massemploying the model grid correspond
• That still leaves a lot of options: Cold
streams
Matteo),
Unstable
weighted age (top panel) and metallicity (middle panel) are
also Figure 5 in La Barbera et al. 2
(Bournaud), merger (Bonoli), direct
collapse
(Agarwal),
(Fabian),
shown.
According
to the analysisFeedback
performed with
STARLIGHT,
values should be taken with some c
NGC 1277 is an old object (∼12 Gyr) with a high total
very high values indicate that the bul
Run-aways (Shields)
metallicity down to at least 3R . This corresponds to a radial
of this object, which are very old, w
e
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Figure 16
Correlation of dynamically measured BH mass M• with (left ) K-band absolute magnitude MK,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.

lever on BH co-evolution	


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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COMPACT GALAXIES

Figure 2. HST/WFC3 F160W imaging of our sample of massive, quiescent z ∼ 2 galaxies (all with HF160W < 23). The deconvolved images are sh
the original images. Photometric redshifts, stellar masses (in units of 1011 M⊙ ), Sersic indices, and axis ratios from one-component profile fits, as
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 w
twice the circularized half-light radius. All galaxies are clearly resolved and many are flattened in projection, indicative of a disk-like stellar struct
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Sub-millimeter galaxies as progenitors of compact quiescent galaxies
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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 chos
flatness, with the exception of no. 5, which appears to have a compact bulge-like component surrounded by a more extended, disk-like component.
indications for color gradients, suggesting that the disk components of these galaxies are not strongly star forming. Bottom: two-component mode
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 compo
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 th
length
as measured
major axis of the disk-like component, which we calculate by dividing the semimajor axis of the “half-light ellipse”
zed stellar mass density profile of NGC 1277. The left panel shows the comparison between the stellar mass density
profile
of NGCalong
1277the
and
the
circularized
half-light
radius
rmal-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 of the bulge-like component.

e; 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
high-z and young compact massive objects at z ∼ 0.15.
If we conservatively assume that none of the other seven
this figure is available in the online journal.)
galaxies are disk dominated (i.e., they have weight 0), then we

• large

lever on BH co-evolution	


show in the next subsection. Using the age and
m our analysis of the galaxy spectra (12 Gyr and
ively, see below), we have obtained a M/L of
which we use to build the stellar mass density
ure 2).
anel of Figure 2, we show the comparison of
s density profile of NGC 1277 with the stellar
ofiles of “normal-sized” massive galaxies from
ey. To build the stellar mass density profiles of
ed” galaxies, we took the structural parameters
, effective radius Re , and stellar mass M⋆ ) of
s in the New York University (NYU) ValueCatalog (Blanton et al. 2005) with 0.8 < M⋆ <
nd 0.08 < z < 0.12. To facilitate the comparison

include the weights as specified above and the u
to the small sample size.
However, some of the seven non-classified
example, nos. 7 and 13, have small axis ratios

infer that 40%±15% of the population of massive, quiescent z ∼
2 galaxies
is disk
dominated.
This number and its uncertainty
conclude that the detailed structural properties
of NGC
1277
are

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

equivalent to those found in the primitive universe for massive
4.2.
galaxies with similar stellar mass.
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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 galaxies (cSFGs) at 1.4 < z < 3, which show evidence of
3.2. Stellar Population Properties and SFH
quenching beginning to set-in (lower specific star formation rates than typical star forming galaxies and increased AGN fractions). Their masses, sizes and numThe final evidence for considering that NGC 1277 is a relic
ber densities (which increase with decreasing redshift, at
galaxy comes from a detailed analysis of its spectra alongthe
itssame time the number density of quiescent galaxies
suggest that the highest redshift exammajor axis (see Figure 3). In the upper panel of this figure, ples
weincrease),
of these may be progenitors of compact quiescent
present the spectra of the galaxy at different radial distances. The
z ⇠ 2 galaxies. These galaxies are thus good candidates
for transition objects in the evolutionary sequence sugdepth of our exposure allows us to explore the stellar population
gested here between the z & 3 SMGs and the z ⇠ 2 quiescent galaxies. The comoving number density of the
properties of our galaxy down to 3Re with an S/N above 20 (our
most massive cSFGs (log(M/M > 10.8) at 2.5 < z < 3
limit to ensure that we have sufficient quality to obtain reliable
is ⇠ 5.4 ± 2.5 ⇥ 10 5 Mpc 3 , comparable to the number
density for z ⇠ 2 quiescent galaxies. However, the cSFGs
SFHs; Cid Fernandes et al. 2013).
are not massive enough to be descendants of the bright-

3

in the single mass bin and two redshift ranges as possible 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 future, 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),

The ATLAS

project – XX. Mass-size

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 similar 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

21
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• appear
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as labelled by their central velocity dispersion. Bimodal IMFs are used here,
although the results for the unimodal case are similar.

ERR . Our

s, within
relation
(8)

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.

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 relation is not inconsistent with the values presented in Conroy & van

• implies

large mass-to-light ratios and bottom heavy IMF

p://mnrasl.oxfordjournals.org/ at European Southern Observatory on March 11, 2014

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 # is3D
used to obtain a PDF, via the likelihood
2
L ∝ exp(−$χ /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
(M/L)stars / (M/L)
overSalp
all parameters but #, to obtain the PDF of the IMF slope.
3 illustrates the constraining power of the different observables,
.50
0.75 Fig.
1.00
individually, on the age and metallicity of the model SSP. Note that
the combined analysis ofCappellari+13
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).
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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 magnitude 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 gradients in Υ⋆ . Further gravitational sources in our models are a central BH, characterized by M• , and a dark matter (DM) halo of virial
mass MDM ≡ M200 . We define fDM = MDM /M⋆ , the ratio between MDM and stellar mass M⋆ , 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 × 1011 M⊙ (MPA-JHU DR71 ), we expect MDM ≈
2 × 1012 M⊙ (Moster et al. 2010), and thus a halo concentration
index of c200 = 8 (Macciò, Dutton & van den Bosch 2008), which

Läsker+13

See poster 48 by Ronald Läsker

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

CONCLUSIONS
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.

