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problem of SF truncation or correct BH or stellar mass function,
but restrict the question solely to the genesis of the scaling re-
lations. As an input for SF and BH accretion, we use observed
relations, but prevent any recipes that implicitly or explicitly
couple BH and stellar mass growth per individual galaxy.

2. NUMERICAL SIMULATIONS AND MERGER TREES

In this paper, we use the Lagrangian code pinocchio (Monaco
et al. 2002) to construct high-resolution ΛCDM merger trees
(for a comparison between N-body codes and pinocchio see
Li et al. 2007). The simulation has a box size of 100 Mpc
and 15003 particles; this ensures a very high mass resolution,
mp = 1.01 × 107 M⊙. The construction of merger trees is
straightforward with pinocchio: the code outputs a halo mass
every time a merger occurs, i.e., when a halo with more
than 10 particles merges with another halo. From an initial
6.5 × 106 halos, we receive a resulting sample of 10,932 halos
with M > 1011 M⊙ at z = 0.

When two halos merge, the less massive one can either survive
and continue to orbit within the potential well of the larger halo
until z = 0 or merge with the central object. The averaging
process described above will only apply to this second category
of halos (the ones that actually merge). We then adopt the
dynamical friction formula presented in Boylan-Kolchin et al.
(2008) to compute the fate of a halo. The orbital parameters of
the halo are extracted from suitable distributions that reproduce
the results of N-body simulations as described in Monaco et al.
(2007). If the dynamical friction time is less than the Hubble
time at that redshift, we consider the halo to merge at a time
t = tdyn; if it is longer the satellite halo is removed from our
catalog. Each halo in our sample at z = 0 has formed by at least
200 mergers and the most massive ones have had more than
5 × 104 encounters.

3. CREATING SCALING RELATIONS: AVERAGING
AND MASS FUNCTION BUILD UP BY

HIERARCHICAL MERGING

The main message of this work is to demonstrate what
effect merging over cosmic time has on an ensemble of halos
with initially uncorrelated MBH and M∗ values. These values
change their distribution and converge toward a linear relation
by z = 0—in the absence of SF, BH accretion, disk-to-bulge
conversion, and hence any physical connection between the two
masses.

For this task, we follow DM halos through their assembly
chain. We assign a stellar and a BH mass to each DM halo
once its mass becomes larger than 108 M⊙;1 the corresponding
redshift in the following is called zf . We set our initial guesses
for M∗ and MBH as a fixed fraction of the DM mass plus
a (large) random scatter. We used M∗/MDM = 10−3 and
MBH/MDM = 10−7 for the initial ratio; the scatter is taken from
a logarithmically flat distribution of 3 dex for the two quantities
(blue squares in Figures 1 and 2).

We have no knowledge of any realistic seed mass scatter, but
take four orders of magnitude variations in the MBH/M∗ ratio as
a proxy for “uncorrelated.” Empirical constraints on the possible
parameter space for seed BH mass do not seem to support seeds
more massive than ∼105 M⊙ (Volonteri & Natarajan 2009);

1 We picked this mass since at lower masses halos likely did/do not form
stars at all (Macciò et al. 2010). The most massive progenitors of
z = 0 galaxies form according to this definition in the range z = 15–17,
while low-mass satellites can form as late as z ∼ 3.

Figure 1. Changes of MBH vs. M∗ from an initially uncorrelated (within
4 dex in each parameter) distribution at high z (blue points) to z = 0 purely
by mass assembly along the merger trees, i.e., without SF, BH accretion, and
disk-to-bulge mass conversion. A very tight correlation of slope 1.0 is created
by the merging, with smaller scatter for higher masses which experienced more
merger. The black line is the observed local MBH–M∗ relation from Häring &
Rix (2004) with slope = 1.12.
(A color version of this figure is available in the online journal.)

toward lower masses a few solar mass BHs are clearly being
produced by stars. Whether this matches the true distribution of
seed masses is not important, but by simply taking a large range
that is currently not ruled out represents a rather conservative
starting point for our demonstration. Halos are then propagated
along the merger tree to z = 0 (the red points in Figures 1
and 2). When two halos merge according to our dynamical
friction formula, we set the resulting stellar and BH masses
equal to the sum of the individual masses before the merger
(Volonteri et al. 2003). The final mass in MBH and M∗ as well
as the corresponding normalization is determined simply by the
sum of the individual halos contributing to a final halo.

Figure 1 shows that the hierarchical formation of galaxies
provides a strong inherent driver from the uncorrelated initial
distribution to a linear relation.2 This effect is independent of
the chosen initial conditions as Figure 2 demonstrates, where
completely different initial conditions result in a relation with
the same slope and very similar scatter.

This experiment shows that the dominating structural parts of
the observed MBH–M∗ scaling relation—i.e., (1) the existence
of such a correlation, (2) that it extends over several orders of
magnitude in mass, (3) the fact that the slope is near unity, and
(4) an increasing scatter to lower masses—can be explained by
this physics-, feedback-, and coupling-free process. A slope ∼1
scaling relation does not need any physical interaction of galaxy
and BH. In the next sections, we will show that this also holds
when adding “second-order” effects like actual SF and BH
accretion, as well as disk–bulge conversion.

2 The convergence is in fact too strong (see the next sections), as the scaling
relation it produces by z = 0 is much tighter than the observed 0.3 dex scatter.
In principle, the scatter has a

√
N dependency on the number N of merger

generations, but the relation gets complicated by the different masses of the
merging components and different merging times across the tree.
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Figure 5. A sequence of snapshots of the mass-weighted gas temperature during a major merger of two models: Th-AGN-50 (top panels)
and MR-AGN-20 (bottom panels). The snapshots after the first close passage of the two galaxies at t = 0.92 Gyr, right after the galaxies
and black holes merge at t = 1.78 Gyr, and afterwards at t = 2.0, 2.64 Gyr are shown from left to right. The images are 80 kpc on a side
and redder color indicates a higher temperature.

4 PROPERTIES OF MERGED GALAXIES

4.1 Distribution of gas during the merger

Figure 5 shows a sequence of snapshots of the mass-weighted
average gas temperature along the line of sight during a
merger of Th-AGN-50 (top) and MR-AGN-20 (bottom).
The snapshots show the first close passage at t = 0.92 Gyr,
the time right after the final coalescence at t = 1.78 Gyr and
afterwards at t = 2.0, and 2.64 Gyr from left to right. In the
MR-AGN-20 model, gas is dissipated by the AGN-induced
outflow while the bulk of hot gas still remains by the end of
the simulation in the Th-AGN-50 model.

4.2 X-ray properties

We compare the evolution of hot gas and X-ray emis-
sion of the No-AGN and two feedback models. Following
Cen et al. (1995), we calculate the X-ray luminosity due
to bremsstrahlung radiation as well as line emissions of all
the species using the computed X-ray emissivity spectra ta-
bles, kindly made available to us by R. Cen. The emission
rates from H, He and metals are given separately assum-
ing that the gas is in ionization equilibrium and optically
thin. We calculate the total emissivity by summing the emis-
sion rates of the all components weighted by the relative
abundance assuming solar abundance. Then we compute
the integrated luminosity for 0.3-8 keV band using the com-
puted total emissivity. We assume that the central region
of the galaxy remains obscured because of the large col-
umn density of intervening gas and dust, therefore we only
include the X-ray contribution from hot and diffuse gas par-
ticles. Following Cox et al. (2006), we define the ‘hot and
diffuse gas’ with a temperature of T ! 106 K, and a density
ρ " 3.16 × 10−3M⊙pc−3, which corresponds to the criti-

Figure 6. Galactic X-ray coronal luminosity LX (top), and the
X-ray luminosity-weighted temperature of the hot and diffuse gas
component with a temperature of T ! 106 K, and a density ρ "
3.16× 10−3M⊙ pc−3 (bottom).

cal density for star formation, so effectively we exclude star
forming gas.

Figure 6 shows the X-ray luminosities for photons with
energies of 0.3-8 keV for No-AGN, Th-AGN-50 and MR-
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Figure 1. M•–σ relation for our full sample of 72 galaxies listed in Table 3 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(σ/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(σ/200 km s−1) for the early type (red dashed line), and log10(M•/ M⊙) = 8.07+5.06 log10(σ/200 km s−1)
for the late type (blue dot-dashed line). The plotted values of σ are derived using kinematic data over the radii rinf < r < reff .
(A color version of this figure is available in the online journal.)

(L), and stellar bulge mass (Mbulge). As reported below, our new
compilation results in a significantly steeper power law for the
M•–σ relation than in G09 and the recent investigation by B12,
who combined the previous sample of 49 black holes from G09
with a larger sample of upper limits on M• from Beifiori et al.
(2009). We still find a steeper power law than G09 or B12 when
we include these upper limits in our fit to the M•–σ relation.
We have performed a quadratic fit to M•(σ ) and find a marginal
amount of upward curvature, similar to previous investigations
(Wyithe 2006a, 2006b; G09).

Another important measurable quantity is the intrinsic or
cosmic scatter in M• for fixed galaxy properties. Quantifying the
scatter in M• is useful for identifying the tightest correlations
from which to predict M• and for testing different scenarios of
galaxy and black hole growth. In particular, models of stochastic
black hole and galaxy growth via hierarchical merging predict
decreasing scatter in M• as galaxy mass increases (e.g., Peng
2007; Jahnke & Macciò 2011). Previous empirical studies of
the black hole scaling relations have estimated the intrinsic
scatter in M• as a single value for the entire sample. Herein,
we take advantage of our larger sample to estimate the scatter
as a function of σ , L, and Mbulge.

In Section 2 we summarize our updated compilation of 72
black hole mass measurements and 35 bulge masses from dy-
namical studies. In Section 3 we present fits to the M•–σ , M•–L,
and M•–Mbulge relations and highlight subsamples that yield in-
teresting variations in the best-fit power laws. In particular, we
examine different cuts in σ , L, and Mbulge, as well as cuts based
on galaxies’ morphologies and surface brightness profiles. In
Section 4 we discuss the scatter in M• and its dependence on
σ , L, and Mbulge. In Section 5 we discuss how our analysis of
galaxy subsamples may be beneficial for various applications of
the black hole scaling relations.

Our full sample of black hole masses and galaxy properties is
available online at http://blackhole.berkeley.edu. This database
will be updated as new results are published. Investigators are
encouraged to use this online database and inform us of updates.

2. AN UPDATED BLACK HOLE AND GALAXY SAMPLE

Our full sample of 72 black hole masses and their host
galaxy properties are listed in Table 3, which appears at the
end of this paper. The corresponding M• versus σ , L, and Mbulge
are plotted in Figures 1–3. This sample is an update of our
previous compilation of 67 dynamical black hole measurements,
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What correlations with BH mass at high mass?
relationship is likely to be sensitive to the fitting algorithm. In
some cases, we use the ‘‘symmetric’’ least-squares algorithm of
Press et al. (1992). This technique allows for errors in both vari-
ables being fitted and finds the best slope and intercept parameters
without assigning either parameter as the independent or depen-
dent variable. In other cases, where wewant to use one variable to
predict the other, we use weighted least-squares fits.

A symmetric fit to all data points gives

log
M!

M"

! "
¼ 1:40 $ 0:17ð Þ 'MV ' 21

2:5
þ 8:41 $ 0:11; ð2Þ

which is shown as the short-dashed line in Figure 1. The M.-L
relationship appears to have less scatter for galaxies withMV <
'19, however. Just fitting galaxies with MV < '19 gives

log
M!

M"

! "
¼ 1:70 $ 0:22ð Þ 'MV ' 21

2:5
þ 8:22 $ 0:08; ð3Þ

which is shown as the dotted line in Figure 1. Both relationships
agree well for'23 < MV < '19; their differences in slope cause
them to diverge slightly when extrapolated to more luminous
galaxies. Both relationships also agree well with the Häring&Rix
(2004) relationship between M! and galaxy mass, M! ) M 1:15,
transformed back to luminosity, whichwe consider as a thirdM.-L
relationship. Novak et al. (2006) found that the M!-mass rela-
tionshipwas not significantly less tight than theM.-! relationship,
given the errors of the various samples. If so, then the reduced
scatter in theM!-mass relationship means that it should serve well
as a relationship between M! and L; we transform it by adopting
M /LV * 6 ; 10'0:092(MVþ22) M" L'1

" , based on theM /L estimates
given in Gebhardt et al. (2003); this gives

log
M!

M"

! "
¼ 1:38 $ 0:07ð Þ 'MV ' 22

2:5
þ 8:78 $ 0:10: ð4Þ

This is shown in Figure 1 as the long-dashed line; within errors it
is essentially identical to equation (2) for'25 < MV < '23, the
interval over which we extrapolate the M.-L relationship to the
most luminous galaxies in the sample.

3.2. M. Predicted from the M.-L versus M.-! Relationships

If the goal is to predict M! from ! or LV , then somewhat
different relationships are required from those given in equa-
tions (1)Y(4). A least-squares fit to the augmented Tremaine et al.
(2002) sample gives the best estimate of M! given ! as

log
M!

M"

! "
¼ 4:13 $ 0:32ð Þ log !

200 km s'1

! "
þ 8:29 $ 0:07;

ð5Þ

while the least-squares best estimate of M! given LV for gal-
axies with MV <'19 is

log
M!

M"

! "
¼ 1:32 $ 0:14ð Þ 'MV ' 22

2:5
þ 8:67 $ 0:09: ð6Þ

Figure 2 shows M!(L) from equation (6) plotted against M!(!)
from equation (5) for the sample. The L and ! predictors diverge
at large L, with theM.-L relationship predictingM! ) 1010 M"
for the most luminous galaxies, while equation (5) predicts only
one galaxy with M! > 3 ; 109 M".

The disagreement of the two M! predictors for the larger set
of galaxies lacking direct M! determinations can be traced to
changes in the form of the L-! relationship as a function of galaxy
luminosity. Figure 3 shows this relationship for the sample gal-
axies. The typical !-value appears to level off for large L; indeed,
there appears to be little relationship between ! and L for galaxies
with MV <'22. While most of the galaxies in this luminosity
range are BCGs, other bright ellipticals show the same behavior.
Put simply, the high luminosities of BCGs and other similarly
bright ellipticals are not matched by similarly large velocity dis-
persions. The M.-! relationship thus predicts unexceptional BH
masses for these exceptionally luminous galaxies.

This ‘‘saturation’’ in ! at BCG luminosities was noted in the
BCG velocity dispersion study of Oegerle & Hoessel (1991), but
it appears onlyweakly in the SDSS study of Bernardi et al. (2003).
We suggest that this may be due to the use of different BCG lumi-
nosities, based on the analysis of the SDSS magnitudes of BCGs
presented in Appendix A. For the core galaxies, we find L ) !7, a
much steeper relationship than the classic L ) !4. Specifically,
a symmetrical least-squares fit (Press et al. 1992) to the 99 core
galaxies with MV <'21 and having a !-value produces

MV ¼ '2:5 6:5 $ 1:3ð Þ log !

250 km s'1

! "
' 22:45 $ 0:18:

ð7Þ

However, since the L-! relationship appears to be nonlinear,
even this fit may not be the best approximation for the most
luminous galaxies. This result also contrasts with the relation-
ship measured for power-law galaxies alone,

MV ¼ '2:5 2:6 $ 0:3ð Þ log !

150 km s'1

! "
' 20:30 $ 0:10:

ð8Þ

Fig. 2.—M!(L) vs.M!(!) for the sample galaxies that have !measurements.
Power-law galaxies are plotted as crosses, core galaxies as filled circles, ‘‘in-
termediate’’ galaxies as small open circles, and BCGs with resolved cores as
filled squares. Galaxies with large circles have directly determined BH masses;
however, the predicted rather than observed M! values are still plotted. The
M.-! relationship is from eq. (5).M!(L) is from eq. (6). The error bars are from
assumed ! and L errors in the individual galaxies. [See the electronic edition of
the Journal for a color version of this figure.]
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FIG. 10.— NGC 1271 (red filled square) is shown on the black hole – host galaxy relations. The black hole/galaxy measurements (black and gray filled circles)
and the fitted relations (dot dashed lines) are taken from Kormendy & Ho (2013). The compact galaxies that have existing dynamical MBH measurements are
denoted with the red asterisks. These galaxies are generally consistent with MBH – σ⋆ but are positive outliers from MBH – Lbul. Kormendy & Ho (2013) did not
include the measurements shown in gray and light red when fitting the black hole scaling relations.

FIG. 11.— The observed velocity dispersion (top) and h4 (bottom) measured from the NIFS data (left) is compared to predictions from the best-fit model with
MBH = 3.0× 109 M⊙ (middle) and a model with a 4.7× 108 M⊙ black hole (right), which is the mass predicted fromMBH – Lbul when conservatively adopting
the total galaxy luminosity. When generating the σ and h4 predictions for a 4.7×108 M⊙ black hole, we sample over ΥH and the top five NFW dark halos from
the model grid in Section 7, such that the combination of parameters produces a model with the lowest χ2 for a black hole mass of 4.7× 108 M⊙ . The data and
model maps are plotted on the same scale, with the ranges given by the color bar to the right and the minimum and maximum values printed at the side of the
maps. The best-fit model is able to reproduce the sharp rise in the velocity dispersion and slight peak in h4 at the center, while the smaller black hole expected
from theMBH – Lbul correlation is unable to match either of these features.

Walsh et al. 2015
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Figure 12. 2MASS effective radius vs. absolute K-band magnitude for galaxies
in the MASSIVE (red circles) and ATLAS3D surveys (blue crosses). The big
circles indicate NGC 4889 (red) and M87 (blue).
(A color version of this figure is available in the online journal.)

we discuss key science results that can be expected from the
survey and present some early results. This list is by no means
exhaustive.

6.1. Stellar Mass-to-light Ratio and IMF

Our kinematic measurements at large radius, combined with
Schwarzschild orbit modeling, allow us to measure the dark
matter halo mass and the dynamically inferred stellar mass-
to-light ratio (M∗/L)dyn. At the same time, stellar population
synthesis modeling of our Mitchell spectra in the blue combined
with our K-band imaging and space-based photometry in the
mid-infrared provide an independent measurement of the stellar
mass, yielding (M∗/L)pop.

The observed increase in the ratio of (M∗/L)dyn/(M∗/L)pop
in galaxies with increasing σ has been interpreted as a change
in the IMF (e.g., Treu et al. 2010; Auger et al. 2010; Cappellari
et al. 2012; Sonnenfeld et al. 2012; Tortora et al. 2013;
Dutton et al. 2013; Barnabè et al. 2011, 2013), but it could
also indicate a degeneracy with the dark matter distribution
(e.g., Thomas et al. 2011; Wegner et al. 2012). A number
of independent approaches, including direct measurements of
gravity-sensitive stellar features and gravitational lensing, have
pointed toward an IMF that becomes more top-heavy in galaxies
with higher stellar velocity dispersions (e.g., Conroy & van
Dokkum 2012; Spiniello et al. 2014; Oguri et al. 2014). Some
recent results, however, are not consistent with an increasingly
top-heavy IMF in all systems (e.g., Smith & Lucey 2013; Rusli
et al. 2013b; Smith 2014). The sample size and dynamic range
in mass of the MASSIVE survey will improve the constraints
on any possible mass dependence of the IMF.

As a demonstration of early results from our survey, we show
in Figure 9 the two-dimensional stellar kinematic maps for
NGC 1600. We use the penalized pixel-fitting (pPXF) method
(Cappellari & Emsellem 2004) to extract the stellar line-of-
sight velocity distribution (LOSVD) function f (v) from the
absorption line features in our spectra. As input templates,
we use the MILES library of 985 stellar spectra, covering the
wavelength range of 3525–7500 Å at 2.5 Å (FWHM) spectral

Figure 13. Stellar velocity dispersion vs. absolute K-band magnitude for
galaxies in the MASSIVE survey (red circles) and ATLAS3D survey (blue
crosses). A total of 103 MASSIVE galaxies have measured σ in HyperLeda
and/or NSA. The big circles indicate NGC 4889 (red) and M87 (blue).
(A color version of this figure is available in the online journal.)

resolution (Sánchez-Blázquez et al. 2006). The pPXF routine
convolves the MILES stellar templates with f (v) modeled as
a Gauss-Hermite series (up to order six):

f (v) ∝ 1√
2πσ 2

e− (v−V )2

σ2

!

1 +
n"

m=3

hmHm

#
v − V

σ

$%

, (5)

where Hm(x) is the mth Hermite polynomial and given by

Hm(x) = 1√
m!

ex2

#
− 1√

2

∂

∂x

$m

e−x2
. (6)

Figure 9 shows the two-dimensional maps of the best-fit
Gauss–Hermite velocity moments V, σ, h3, and h4 from our
Mitchell IFS observations of NGC 1600. The galaxy rotates
slowly with V ! 20 km s−1 about its photometric minor axis.
The velocity dispersion peaks at 360 km s−1 in the central fiber
and declines radially by ∼20% out to ∼50′′. The flux-weighted
V/σ is 0.03±0.01 for NGC 1600. Only two galaxies have such
low V/σ in ATLAS3D (Emsellem et al. 2011). We will discuss in
separate papers the details of this analysis, results for (M∗/L)dyn,
and tests of systematics including spectral regions used in the
fits and robustness of the higher-order Gauss–Hermite moments
(Thomas et al. 2014, in preparation; R. Janish et al. 2014, in
preparation).

Q7

6.2. Radial Gradients and Assembly History

Massive early-type galaxies have experienced dramatic size
evolution, by factors of 2–4, from z ≈ 2 to the present (e.g.,
van Dokkum et al. 2008). One way to understand the physical
mechanisms responsible for this growth is to study spatial
gradients in the stellar populations and kinematics beyond the
half-light radius of present-day ellipticals. Since the dynamical
times in the outskirts of these galaxies are long, the stars
can potentially remember their origin both in their overall
distribution (Naab et al. 2007; Oser et al. 2010; Hilz et al. 2013)
and their degree of angular momentum (e.g., Davies et al. 1983;

13
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Figure 1. M•–σ relation for our full sample of 72 galaxies listed in Table 3 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(σ/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(σ/200 km s−1) for the early type (red dashed line), and log10(M•/ M⊙) = 8.07+5.06 log10(σ/200 km s−1)
for the late type (blue dot-dashed line). The plotted values of σ are derived using kinematic data over the radii rinf < r < reff .
(A color version of this figure is available in the online journal.)

(L), and stellar bulge mass (Mbulge). As reported below, our new
compilation results in a significantly steeper power law for the
M•–σ relation than in G09 and the recent investigation by B12,
who combined the previous sample of 49 black holes from G09
with a larger sample of upper limits on M• from Beifiori et al.
(2009). We still find a steeper power law than G09 or B12 when
we include these upper limits in our fit to the M•–σ relation.
We have performed a quadratic fit to M•(σ ) and find a marginal
amount of upward curvature, similar to previous investigations
(Wyithe 2006a, 2006b; G09).

Another important measurable quantity is the intrinsic or
cosmic scatter in M• for fixed galaxy properties. Quantifying the
scatter in M• is useful for identifying the tightest correlations
from which to predict M• and for testing different scenarios of
galaxy and black hole growth. In particular, models of stochastic
black hole and galaxy growth via hierarchical merging predict
decreasing scatter in M• as galaxy mass increases (e.g., Peng
2007; Jahnke & Macciò 2011). Previous empirical studies of
the black hole scaling relations have estimated the intrinsic
scatter in M• as a single value for the entire sample. Herein,
we take advantage of our larger sample to estimate the scatter
as a function of σ , L, and Mbulge.

In Section 2 we summarize our updated compilation of 72
black hole mass measurements and 35 bulge masses from dy-
namical studies. In Section 3 we present fits to the M•–σ , M•–L,
and M•–Mbulge relations and highlight subsamples that yield in-
teresting variations in the best-fit power laws. In particular, we
examine different cuts in σ , L, and Mbulge, as well as cuts based
on galaxies’ morphologies and surface brightness profiles. In
Section 4 we discuss the scatter in M• and its dependence on
σ , L, and Mbulge. In Section 5 we discuss how our analysis of
galaxy subsamples may be beneficial for various applications of
the black hole scaling relations.

Our full sample of black hole masses and galaxy properties is
available online at http://blackhole.berkeley.edu. This database
will be updated as new results are published. Investigators are
encouraged to use this online database and inform us of updates.

2. AN UPDATED BLACK HOLE AND GALAXY SAMPLE

Our full sample of 72 black hole masses and their host
galaxy properties are listed in Table 3, which appears at the
end of this paper. The corresponding M• versus σ , L, and Mbulge
are plotted in Figures 1–3. This sample is an update of our
previous compilation of 67 dynamical black hole measurements,
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Fig. 7.— Correlation of logM• with “basic” bulge logLH,bas (left) and logM
bas

(right panel), based on simple bulge+disk decompositions
of our Megamaser BH hosts (filled red symbols with error bars). Small open symbols (with error bars suppressed for clarity) are values
from ?, with their “spheroid” K-band luminosity converted to LH and M as described in §3.5. Circles indicate elliptical, squares S0, and
triangles spiral galaxies. The solid line represents the fit to the combined sample of L14 and the present study, with the 1� intrinsic scatter
(✏) shown by the grey area. The dotted line shows the relation fit when restricted to the L14 sample, i.e. with all Megamasers except
NGC4258 omitted. For comparison, the M• �M

bul

relations of ? and ? are overplotted as dashed and and dot-dashed line, respectively.
For illustration, the the labeled crosses show three more BH hosts with M

bul

taken from the literature, with two data points for Circinus
(dynamical and photometric stellar M

bul

). These, however, are excluded from our fit because the Milky Way (MW) bulge mass is highly
uncertain and the Megamaser-based M• (Circinus, NGC1068) are in question.

Fig. 8.— Same as Figure 7, but using the classical bulge parameters from our adopted multi-component decopmpositions for the
Megamaser hosts of our study masers (filled red symbols with error bars). The sample and data of the literature sample (?) are the same
as in Figure 7. Compared to the latter, where the bulges were modeled as part of as basic bulge+disk decomposition, the Megamasers
are closer to the relation of the mostly early-type L+14 sample, but only slightly so. Similarly, the conversion to mass reduces the scatter
marginally. The Megamaser galaxies also appear to have lower M• at a given L

bul

or M
bul

than the general BH host population, while
their scatter is similar to other galaxies in the low-mass regime they occupy.

18 Bulge luminosities from dedicated NIR data

Fig. 9.— Correlation of logM• with total logLH,tot (left) and logM
bul

(right panel), based on our adopted multi-component decom-
positions of the Megamaser BH hosts (large filled red symbols). Symbols shapes (Hubble type) and lines (relation fits) are defined as in
Figures 7 and 8. As for the relation with bulges, the Megamaser hosts reside at lower M• than predicted by the fit (dashed line) to the
predominantly early-type BH host galaxy sample (open symbols) of ?.

Laesker, Greene+ in prep
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Figure 1. M•–σ relation for our full sample of 72 galaxies listed in Table 3 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(σ/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(σ/200 km s−1) for the early type (red dashed line), and log10(M•/ M⊙) = 8.07+5.06 log10(σ/200 km s−1)
for the late type (blue dot-dashed line). The plotted values of σ are derived using kinematic data over the radii rinf < r < reff .
(A color version of this figure is available in the online journal.)

(L), and stellar bulge mass (Mbulge). As reported below, our new
compilation results in a significantly steeper power law for the
M•–σ relation than in G09 and the recent investigation by B12,
who combined the previous sample of 49 black holes from G09
with a larger sample of upper limits on M• from Beifiori et al.
(2009). We still find a steeper power law than G09 or B12 when
we include these upper limits in our fit to the M•–σ relation.
We have performed a quadratic fit to M•(σ ) and find a marginal
amount of upward curvature, similar to previous investigations
(Wyithe 2006a, 2006b; G09).

Another important measurable quantity is the intrinsic or
cosmic scatter in M• for fixed galaxy properties. Quantifying the
scatter in M• is useful for identifying the tightest correlations
from which to predict M• and for testing different scenarios of
galaxy and black hole growth. In particular, models of stochastic
black hole and galaxy growth via hierarchical merging predict
decreasing scatter in M• as galaxy mass increases (e.g., Peng
2007; Jahnke & Macciò 2011). Previous empirical studies of
the black hole scaling relations have estimated the intrinsic
scatter in M• as a single value for the entire sample. Herein,
we take advantage of our larger sample to estimate the scatter
as a function of σ , L, and Mbulge.

In Section 2 we summarize our updated compilation of 72
black hole mass measurements and 35 bulge masses from dy-
namical studies. In Section 3 we present fits to the M•–σ , M•–L,
and M•–Mbulge relations and highlight subsamples that yield in-
teresting variations in the best-fit power laws. In particular, we
examine different cuts in σ , L, and Mbulge, as well as cuts based
on galaxies’ morphologies and surface brightness profiles. In
Section 4 we discuss the scatter in M• and its dependence on
σ , L, and Mbulge. In Section 5 we discuss how our analysis of
galaxy subsamples may be beneficial for various applications of
the black hole scaling relations.

Our full sample of black hole masses and galaxy properties is
available online at http://blackhole.berkeley.edu. This database
will be updated as new results are published. Investigators are
encouraged to use this online database and inform us of updates.

2. AN UPDATED BLACK HOLE AND GALAXY SAMPLE

Our full sample of 72 black hole masses and their host
galaxy properties are listed in Table 3, which appears at the
end of this paper. The corresponding M• versus σ , L, and Mbulge
are plotted in Figures 1–3. This sample is an update of our
previous compilation of 67 dynamical black hole measurements,
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however, the black hole content of nuclear clusters in late-
type spirals is very poorly constrained, and M33 provides a
convincing demonstration that some nuclear clusters do not
contain a black hole of dynamically significant mass. The
best evidence that black holes can occur in at least some very
late-type disk galaxies comes from the detection of a small
number of active galactic nuclei (AGNs) in Scd and Sd-type
spirals. The best-studied case is the Sd galaxy NGC 4395,
which contains a Seyfert 1 nucleus (Filippenko & Sargent
1989; Filippenko & Ho 2003); it remains the only clear exam-
ple of a broad-lined AGN in a bulgeless galaxy. In addition, a
few examples of Type 2 AGNs in very late-type spirals have
been detected recently in optical spectroscopic surveys, such
as NGC 1042 (Seth et al. 2008a; Shields et al. 2008) and UGC
6192 (Barth et al. 2008).
A recent Spitzer spectroscopic observation of the Sd galaxy

NGC 3621 by Satyapal et al. (2007) led to the discovery of an
AGN in this galaxy, based on the detection of [NeV] emission
lines at 14.3 µm and 24.3 µm. Since the ionization potential
for ionization of Ne+3 to Ne+4 is 95 eV, ordinary H II regions
are not expected to be significant sources of [Ne V] emission,
but a hard AGN continuum can easily provide the necessary
ionizing photons. As a result, the relative strengths of neon
infrared fine-structure lines from different ionization states of
neon are useful as diagnostics of the ionization conditions
within AGN narrow-line regions (e.g., Spinoglio & Malkan
1992; Voit 1992; Sturm et al. 2002; Groves et al. 2006). Abel
& Satyapal (2008) used the results of new photoionization
models to argue that the strength of the [Ne V] emission in
NGC 3621 could only be plausibly explained by the presence
of an AGN, and not by an ordinary burst of nuclear star forma-
tion. The detection of an AGN in NGC 3621 is of significant
interest since it is one of the latest-type spirals known to host
an active nucleus, making it an important target for further
observations to constrain its black hole mass and AGN ener-
getics. Satyapal et al. (2007) note that there is no previously
published optical spectrum of the nucleus of NGC 3621 suit-
able for emission-line classification.
In this paper, we use archival HST images to show that

NGC 3621 contains a well-defined and compact nuclear star
cluster. A new optical spectrum of this star cluster is used to
examine the classification of the active nucleus, and to mea-
sure the stellar velocity dispersion of the cluster. We describe
dynamical modeling of the nuclear cluster and the resulting
constraints on the masses of both the cluster and the central
black hole. We also examine the structure of the galaxy us-
ing near-infrared images from 2MASS in order to determine
whether a bulge is present in this late-type disk galaxy. For
the distance to NGC 3621, we adopt D = 6.6 Mpc, based on
the Cepheid measurements of Freedman et al. (2001). At this
distance, 1′′ corresponds to 32.0 pc.

2. IMAGING DATA

2.1. Archival HST Data

NGC 3621 has been observed numerous times with HST,
although many of the observations were of outer fields that do
not include the nucleus, taken as part of the HST Key Project
on the Cepheid distance scale (Freedman et al. 2001). We
found three sets of images that did cover the galaxy nucleus:
one with WFPC2, one with ACS, and one with NICMOS. The
parameters for each of these observations are listed in Table
1. The galaxy was observed twice with ACS/WFC, with iden-
tical exposure sequences taken in two different pointings that
each placed the nucleus near the edge of the WFC field of

TABLE 1
HUBBLE SPACE TELESCOPE ARCHIVAL DATA

Camera Filter Exposure Time (s) Observation Date

WFPC2/PC F606W 2× 80 1994-08-17
ACS/WFC1 F435W 3× 360 2003-02-03

F555W 3× 360 2003-02-03
F814W 3× 360 2003-02-03

NICMOS/NIC3 F190N 6× 224 2007-03-31

FIG. 1.— HST images of the nucleus of NGC 3621. Left panel: A portion
of the WFPC2/PC F606W image. The rectangle surrounding the nucleus
shows the position and size of the spectroscopic aperture used in the Keck
observation. Right panel: A portion of the NICMOS/NIC3 F190N image. In
both panels, north is up and east is to the left.

view. One ACS pointing placed the nucleus on the WFC1
CCD and the other pointing placed it on the WFC2. We se-
lected the WFC1 pointing since this image included a larger
region surrounding the nucleus. The NICMOS F190N ob-
servation was taken as the continuum image for an F187N
(Paschen α) image; we do not use the F187N emission-line
image.
The NICMOS and ACS images were retrieved from the

HST data archives and we use the standard pipeline-processed
versions of these images. For the WFPC2 data, we use the
cosmic-ray cleaned and co-added image from theWFPC2 As-
sociations archive.
Figure 1 displays the central regions of the WFPC2 and

NICMOS images. The images show that the galaxy contains
a very compact and photometrically distinct nuclear star clus-
ter. Surrounding the cluster is a smooth and nearly featureless
region of radius∼ 1.′′5 (or∼ 50 pc). At larger radii, dust lanes
and young star clusters become very prominent in the optical
images, especially in the ACS F435W band.

2.1.1. GALFIT Modeling

To determine the structure of the nuclear cluster, we use
the 2-dimensional modeling package GALFIT (Peng et al.
2002). Unfortunately, the nuclear star cluster is saturated in
the ACS/WFC F555W and F814W images, making it impos-
sible to use these images to derive structural parameters for
the cluster. The ACS F435W image is not saturated, but in this
blue passband the dust lanes and massive stars in the circum-
nuclear region are more prominent, making this band less eas-
ily suited to modeling. In the NICMOS image (with a scale of
0.′′2 pixel−1), the cluster is unresolved. Therefore, we use the
WFPC2/PC image for the GALFIT decomposition. WFPC2
magnitudes listed below are on the Vegamag system, using a
zeropoint of 22.887 for the F606W filter (Baggett et al. 1997).
We used the Tiny Tim package Krist (1993) to create a

model point-spread function for the WFPC2/PC camera. The
model was created for the F606W filter at 2× oversampling.
For the GALFIT modeling, we extracted a 101×101 pixel2

region from the PC image, centered on the nuclear cluster.
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Fig. 1.— Left: BPT [O III]/Hβ versus [N II]/Hα narrow-line diagnostic diagram for all ∼ 25, 000 dwarf

emission-line galaxies analyzed in this work. Galaxies with spectra dominated by an AGN are plotted as

red points and galaxies with spectra dominated by star formation are plotted as blue points. Composite

galaxies with significant contributions from both an AGN and star formation are plotted as purple points.

The typical error is shown in the lower right corner (individual flux errors are given in Tables 2 and 4). The

dashed line is an empirical separation of pure star-forming galaxies and those with some contribution from an

AGN from Kauffmann et al. (2003b). The solid line is from Kewley et al. (2001), indicating the ‘maximum

starburst line’ given by pure stellar photoionization models. We note that the red point falling to the far

left of the diagram and just above the dividing line is unusual in a number of ways and rather suspect (see

footnote in text). Right: BPT diagram for broad-line AGN candidates only (§3.4). We consider the sources

falling in the AGN and composite regions of the diagram the most secure broad-line candidates. Significant

contamination from luminous Type II supernovae is likely in the star-forming region of the diagram.

136 of 
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Fig. 2.— The MagE spectrum of RGG 118 is shown in black for different regions (a. H� through [OIII]

�5007; b. [OI] �6300; c. H↵-[NII] complex and [SII] ��6713,6731). The red dashed line indicates the

best-fitting model for each region. The residual (data minus model) is shown in gray, offset by an arbitrary

negative constant. Emission lines are modeled with Gaussian components (see Methods). The best-fitting

full-width half maximum (FWHM) and luminosity are given for the broad H↵ component in panel d, along

with the estimated goodness-of-fit parameter for the model. Broad H↵ is shaded in purple; narrow H↵ and

[NII] lines are shaded in yellow.

Vivienne Baldassare, Reines et al. 2015
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Fig. 1.— At a distance of 100 Mpc, RGG 118 appears to be a disc galaxy, with evidence for spiral structure.

Its estimated stellar mass is ⇠ 2.5 ⇥ 109 M�, roughly 30 times lower than that of the Milky Way. Here,

we show the Sloan Digital Sky Survey g, r, and i-band images, which are colored blue, green, and red,

respectively.
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FIG. 4.— Both: Black solid/dashed lines represent various determinations of scaling relations. Circles and squares represent systems having dynamically
measured BH masses (Kormendy & Ho 2013) with classical and pseudobulges, respectively. Left: MBH � �⇤ relation. RGG 118 is plotted as the pink star.
Error bars on the mass account for the scatter in the correlations used to determine the BH mass; velocity dispersion errors include scatter in the relation between
stellar and gas velocity dispersion (Barth et al. 2008). We also show the well-studied dwarf AGN POX 52 (Barth et al. 2004; Thornton et al. 2008) and NGC 4395
(Filippenko & Ho 2003) (turquoise diamonds). For NGC 4395, which is bulgeless, the velocity dispersion is an upper limit and refers to the nuclear star cluster
(Filippenko & Ho 2003). Right: Dashed black line gives the MBH�Mbulge relation. Total masses are plotted for POX 52 (Thornton et al. 2008), and NGC 4395
(Filippenko & Ho 2003).

relation (Figure 4). This is typical of galaxies with pseudob-
ulges (Hu 2008), which are more disk-like, flat, and rotation-
ally dominated than classical galaxy bulges, and tend to have
younger stellar populations (Kormendy & Ho 2013). We find
the Sérsic index of the inner component to be n=1.13± 0.26,
which is consistent with a pseudobulge (Kormendy & Kenni-
cutt 2004). The high ellipticity of the bulge (✏ = 0.63) is also
in accord with expectations for pseudobulges.

4. DISCUSSION
Dwarf galaxies currently offer the best opportunity to un-

derstand BH seed formation and growth in the early universe.
By itself, the BH in RGG 118 indicates that formation path-
ways must exist that produce BH seeds of its mass or less.
Additionally, both the fraction of dwarf galaxies containing
BHs and the slope/scatter of the low-mass end of MBH � �⇤
depend on the mechanism by which BH seeds form (Volon-
teri et al. 2008; Miller et al. 2015). While searching for AGN
in dwarf galaxies can produce only a lower limit on the BH
occupation fraction for dwarf galaxies, it contributes toward
constraining the low-mass end of MBH � �⇤. In particular,
if BH seeds are generally massive (i.e. & 10

5 M�) the slope
of MBH � �⇤ is expected to flatten and the scatter to increase
(Volonteri & Natarajan 2009). We are in the process of mea-
suring BH masses and velocity dispersions for additional tar-
gets identified by Reines et al. (2013).

SDSS imaging reveals evidence for a pseudobulge in RGG
118. Pseudobulges do not seem to correlate with BH mass in
the same way that classical bulges do. For a sample of BHs
with MBH < 2 ⇥ 10

6 M�, Greene et al. (2008) found that

most of the host galaxies were either compact systems or disk
galaxies with pseudobulges. The BHs in these systems tended
to be an order of magnitude less massive for a given bulge
mass than those found in classical bulges. Kormendy & Ho
(2013) argue that BHs in non-active galaxies with pseudob-
ulges do not correlate at all with host galaxy properties, i.e.
fall below both the MBH �Mbulge and MBH � �⇤ relations.
However, they note that low-mass AGNs, which probe down
to BH masses of ⇠ 10

5 M� and �⇤ values of ⇠ 30 km s

�1,
do seem to sit on the extrapolation of MBH � �⇤ while
simultaneously falling below MBH � Mbulge. This behavior
is also seen for RGG 118. However, further work is needed to
understand the nuclear structure of RGG 118. At a distance
of ⇠ 100 Mpc, the spatial resolution of the SDSS imaging
(⇠ 0.400) can only resolve structures with sizes of several
hundred parsecs. Higher resolution imaging is needed to
detect nuclear features such as disks and bars, which can bias
estimates of bulge Sérsic index and mass and serve as strong
indicators of a pseudobulge.

The authors thank Belinda Wilkes and the Chandra X-ray
Center for granting us Director’s Discretionary Time. VFB
is supported by the National Science Foundation Graduate
Research Fellowship Program grant DGE 1256260. Support
for AER was provided by NASA through Hubble Fellowship
grant HST-HF2- 51347.001-A awarded by the Space Tele-
scope Science Institute, which is operated by the Association
of Universities for Research in Astronomy, Inc., for NASA,
under contract NAS 5-26555.
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FIG. 4.— Both: Black solid/dashed lines represent various determinations of scaling relations. Circles and squares represent systems having dynamically
measured BH masses (Kormendy & Ho 2013) with classical and pseudobulges, respectively. Left: MBH � �⇤ relation. RGG 118 is plotted as the pink star.
Error bars on the mass account for the scatter in the correlations used to determine the BH mass; velocity dispersion errors include scatter in the relation between
stellar and gas velocity dispersion (Barth et al. 2008). We also show the well-studied dwarf AGN POX 52 (Barth et al. 2004; Thornton et al. 2008) and NGC 4395
(Filippenko & Ho 2003) (turquoise diamonds). For NGC 4395, which is bulgeless, the velocity dispersion is an upper limit and refers to the nuclear star cluster
(Filippenko & Ho 2003). Right: Dashed black line gives the MBH�Mbulge relation. Total masses are plotted for POX 52 (Thornton et al. 2008), and NGC 4395
(Filippenko & Ho 2003).

relation (Figure 4). This is typical of galaxies with pseudob-
ulges (Hu 2008), which are more disk-like, flat, and rotation-
ally dominated than classical galaxy bulges, and tend to have
younger stellar populations (Kormendy & Ho 2013). We find
the Sérsic index of the inner component to be n=1.13± 0.26,
which is consistent with a pseudobulge (Kormendy & Kenni-
cutt 2004). The high ellipticity of the bulge (✏ = 0.63) is also
in accord with expectations for pseudobulges.

4. DISCUSSION
Dwarf galaxies currently offer the best opportunity to un-

derstand BH seed formation and growth in the early universe.
By itself, the BH in RGG 118 indicates that formation path-
ways must exist that produce BH seeds of its mass or less.
Additionally, both the fraction of dwarf galaxies containing
BHs and the slope/scatter of the low-mass end of MBH � �⇤
depend on the mechanism by which BH seeds form (Volon-
teri et al. 2008; Miller et al. 2015). While searching for AGN
in dwarf galaxies can produce only a lower limit on the BH
occupation fraction for dwarf galaxies, it contributes toward
constraining the low-mass end of MBH � �⇤. In particular,
if BH seeds are generally massive (i.e. & 10

5 M�) the slope
of MBH � �⇤ is expected to flatten and the scatter to increase
(Volonteri & Natarajan 2009). We are in the process of mea-
suring BH masses and velocity dispersions for additional tar-
gets identified by Reines et al. (2013).

SDSS imaging reveals evidence for a pseudobulge in RGG
118. Pseudobulges do not seem to correlate with BH mass in
the same way that classical bulges do. For a sample of BHs
with MBH < 2 ⇥ 10

6 M�, Greene et al. (2008) found that

most of the host galaxies were either compact systems or disk
galaxies with pseudobulges. The BHs in these systems tended
to be an order of magnitude less massive for a given bulge
mass than those found in classical bulges. Kormendy & Ho
(2013) argue that BHs in non-active galaxies with pseudob-
ulges do not correlate at all with host galaxy properties, i.e.
fall below both the MBH �Mbulge and MBH � �⇤ relations.
However, they note that low-mass AGNs, which probe down
to BH masses of ⇠ 10

5 M� and �⇤ values of ⇠ 30 km s

�1,
do seem to sit on the extrapolation of MBH � �⇤ while
simultaneously falling below MBH � Mbulge. This behavior
is also seen for RGG 118. However, further work is needed to
understand the nuclear structure of RGG 118. At a distance
of ⇠ 100 Mpc, the spatial resolution of the SDSS imaging
(⇠ 0.400) can only resolve structures with sizes of several
hundred parsecs. Higher resolution imaging is needed to
detect nuclear features such as disks and bars, which can bias
estimates of bulge Sérsic index and mass and serve as strong
indicators of a pseudobulge.
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Prospects: Molecular Gas Dynamics

at large radii (low M/L). Although the real M/L is unlikely to be exactly
constant, this is opposite to the trend reported by reddening free-
stellar-population studies21 and that expected from the presence of
molecular gas and star formation in the central regions22.

The ability to determine a black-hole mass accurately by using
molecular gas can be affected by many of the same issues that affect

measurements of ionized gas. Turbulent motions are in general small
in molecular gas, but they could conceivably increase around a black
hole. Similarly, if the inner gas were to be misaligned from the stellar
body, our mass estimate would be systematically affected in a way that
is degenerate with a change in M/L. In this galaxy, however, we find no
evidence that the velocity dispersion increases in the inner regions (as
described in section 1.1.1 in Supplementary Information), and con-
strain the inner gas to be aligned with the stellar body within ,3u. Such
a misalignment could change velocities by an insignificant amount
(,3 km s21; see section 1.1.2 in Supplementary Information). The
presence of dust could also cause mass models to underestimate the
contribution of luminous matter to the potential. We again believe this
should not introduce significant errors in this object, because of our
careful treatment of dust in the mass model (see section 1.1.2 in
Supplementary Information). Future studies with this technique
should choose their targets to minimize the impact of such effects,
but they can also include warps and turbulent motions in their gas
disk models23 and use near-infrared photometry as done in previous
studies of dusty objects23.

The use of molecular gas as a kinematic tracer holds great promise to
increase the total number of SMBH mass measurements in galaxies of
all types where CO is detected. Angular resolutions of up to 0.150 can
be achieved with current millimetre-wavelength interferometers,
allowing one, for instance, to resolve the SOI of a 2 3 108M[ SMBH
in a galaxy with se 5 200 km s–1 only out to about 30 Mpc. The next
generation of millimetre-wavelength interferometers will have an
angular resolution that is more than an order of magnitude greater
(for example, ,6 mas at 690 GHz with ALMA), as well as greatly
increased sensitivity. In less than 5 h of integration time with ALMA
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Figure 1 | NGC 4526 kinematic models and data. a–c, Model PVDs (black
contours), overlaid on the observed CO(2–1) PVD (greyscale). This PVD was
created from our CO(2–1) observations of NGC 4526 from CARMA. The
synthesized beam size achieved in these observations was 0.270 3 0.170, and the
velocity channel width was 10 km s–1. The final fully reduced and calibrated
data cube had a root-mean-square noise of 2.88 mJy per beam. The PVD was
created by rotating the data cube to align the kinematic major axis of the
molecular gas with the x axis, and then summing over one beam width around
the axis in the y direction. The spatial resolution achieved in the PVD was 0.250
(20 pc), equal to the predicted SMBH SOI. Our results do not depend on the
method used to extract the PVD. Shown are the best model with no SMBH

(a), the overall best-fit model (b) and a model with an overweight SMBH
(c). The model MBH and M/LI are indicated in the top left corner of each panel,
and an inset of the central 61.150 is shown in the bottom right corner.
d–f, Black points show the trace extracted from the respective observed PVD,
and associated standard errors. The grey line shows the trace extracted from the
models, and the grey crosses denote the value of the trace at the same radius as
the observed points. g–i, Residuals between the model and data at each position
(DV 5 data minus model; km s–1). The error bars in d–f and g–i correspond to
the formal uncertainties in fitting the trace (see section 1.2 in Supplementary
Information), added in quadrature with two factors of 5 km s–1 (to account for
the finite velocity channel width in both the data and model).
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Figure 2 | NGC 4526 SMBH mass uncertainties. Dx2:x2{x2
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contours of our fits to the CO(2–1) PVD, as a function of the two free
parameters MBH and M/LI. The model grid is shown with black dots and the
overall best-fit model by a white star. The solid shaded contours with black lines
correspond to the 1s–3s levels with one degree of freedom (Dx2 5 1, 4, 9) with
good models in the darkest areas. The 4s and 5s levels (Dx2 5 16, 25) are
shown by dashed grey lines.
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Figure 17. Range of galactic nuclei available for dynamical mass estimates within the SDSS DR7 sample of galaxies. About 105 galaxies from this sample are
likely to be observable using the Z band, given their predicted black hole masses from the MV − L relationship and Sérsic fits to their surface density profiles (see
Section 5). Left: the range of galaxy luminosities as a function of redshift. Center: the range in predicted black hole masses as a function of redshift. Scatter has been
introduced into the masses according to the intrinsic scatter measured for the MV − L relationship measured by Gültekin et al. (2009). Right: simulated MV − MBH
plot based on the sample of observable galaxies using the same scatter in BH masses. The density of galaxies are indicated by the colorbar. Black hole masses between
106 and 1010 M⊙ will be observable between 0.005 < z < 0.14.
(A color version of this figure is available in the online journal.)

of black hole masses to study. For example, for MBH > 107 M⊙,
this bias will set in at z > 0.1 (Figure 17).

6. COMPARISON TO CURRENT OBSERVATIONS

In Table 4, we list some recent IFS measurements with their
S/N, uncertainties on the Gauss–Hermite moments, Strehl
ratios, and error in black hole mass. These observations are
typically made using a plate scale of 50 mas, and the spectra
from multiple spaxels are generally binned in order to increase
the S/N to about ∼40, with the highest S/N of about ∼100. The
uncertainties in velocity dispersion are typically about 10 km s−1

and in h3 and h4 about 0.02. From the simulations in Section 3.4,
we find that IRIS will be able to achieve comparable precision
in the velocity moments at the same S/N. The uncertainty in
black hole mass in Table 4 varies over a large range, from
6% to 50%. The uncertainties in these measurements can be
dominated by systematics relating to the dynamical models used
to determine the black hole mass; in order to obtain an unbiased
fit to the black hole mass from line-of-sight stellar kinematics,
the dynamical models must simultaneously fit the black hole
potential as well as the potential from the extended mass, such
as the stellar distribution and dark matter halo. Each of these
properties can have multiple parameters and assumptions (e.g.,
whether the stellar distribution is tri-axial or axisymmetric).
The dependence of the black hole mass measurement on the
complexities of the dynamical models introduces difficulty in
estimating the uncertainty in the mass measurements from IRIS
from the predicted S/N of the spectra alone. Nevertheless,
current observations can inform us of the quality of the data
from future IFSs that are necessary to achieve a precise black
hole mass measurement. We expect that observations with
IRIS will be able to achieve similar uncertainties in black
hole masses as today, given the same analysis tools (but for
a much wider range of measurements). Beyond just matching
the S/N of current measurements, the much higher angular
resolution measurements with TMT will be crucial to reduce
the systematic effects of model assumptions. For example, in
the case of M87, Gebhardt & Thomas (2009) showed that the
mass of its central black hole increased by more than a factor
of two when a dark matter halo is included in the models for
data that poorly resolved the sphere of influence of the black

hole (see also Schulze & Gebhardt 2011). With higher angular
resolution observations from the Near-Infrared Integral Field
Spectrometer (NIFS) on Gemini North, Gebhardt et al. (2011)
found that the inclusion of a dark matter halo into the dynamical
model became less important and their final black hole mass
measurement became much less sensitive to the choice of model
parameters. In the region where the kinematics are dominated
by the potential of the black hole, the effect of the extended mass
such as the star cluster and the bulge also become less important
to the fit.

The dynamical MBH measurements from IRIS also have the
potential to calibrate other methods of estimating black hole
masses, such as reverberation mapping or single-epoch quasar
spectra. These methods measure the virial masses by measuring
the kinematics of the broad-line region (BRL) clouds around
AGNs. However, the results depend strongly on assumptions
about the geometry and kinematics of BRLs, as the measure-
ment of the kinematics are not spatially resolved as in stellar
dynamical measurements. Mass estimates using these methods
have uncertainties of up to a factor of three (Onken et al. 2004;
Peterson et al. 2004). Stellar dynamical measurements of black
hole masses can serve to better calibrate these methods, but only
a small number of systems are currently suitable (Davies et al.
2006; Onken et al. 2007). IRIS should significantly increase the
number of accessible sources.

6.1. Binning Spatial Locations

A very common method employed in almost all current IFS
dynamical measurements of black hole masses is the binning
of several spatial locations in order to obtain a higher S/N
measurement for the dynamical models. This binning is at
the expense of spatial resolution, but without binning there
is insufficient S/N to obtain robust dynamical constraints.
Typically, the spaxels are binned less at the centers of the nuclei
and more at the edges in order to obtain comparable S/N per
bin. Most of the simulations in this paper of the capabilities of
IRIS are made assuming either no binning or binning up to a
resolution element. For example, in Table 3, we tabulate both the
peak S/N at a single spaxel as well as the integrated S/N binned
up to the diffraction limit of 18 mas, which typically includes
about 4 spaxels in the 9 mas plate scale and about 16 spaxels in
the 4 mas plate scale. Further binning will be possible, as many

14

The Astronomical Journal, 147:93 (17pp), 2014 April Do et al.

0.1 1.0 10.0
Radius (pc)

10

20

30

40

V
el

oc
ity

 D
is

pe
rs

io
n 

(k
m

 s
−1
)

IRIS
Gebhardt et al. 2002
20,000 M  BH
No BH

Figure 9. Measured dispersion profile from Gebhardt et al. (2002), as reproduced
by Baumgardt et al. (2003), is plotted as diamond points on top of the expected
velocity dispersion curve for a star cluster with a black hole (dashed) and one
without. The star cluster is modeled with a King profile with isotropic velocity
dispersion and a total mass of ∼7.6 × 106 M⊙ (Baumgardt et al. 2003). The
previous measurements are only marginally within the region of Keplerian fall-
off in the velocity dispersion profile. Expected IRIS K-band measurements are
shown in red asterisks, which will be able to sample significantly further into the
potential providing the critical measurements necessary to measure the presence
of an IMBH.
(A color version of this figure is available in the online journal.)

the velocity dispersion profile for a cluster with and without a
central black hole of 2 × 104 M⊙. The projected line of sight
velocity dispersion is calculated from the Jeans equation for a
spherically symmetric and isotropic cluster (see, e.g., Schödel
et al. 2009):

σ 2
p(R) = 2G

Σ(R)

! ∞

R

rdr√
r2 − R2

! ∞

r

dr ′M(r ′)n(r ′)
r ′2 , (12)

where Σ(R) is the projected surface density of the tracer stars
(equivalent to the King profile in this case), and M(r) and n(r)
are the spatial mass and density profile, respectively. The ac-
tual measurement with IRIS will involve a much more sophis-
ticated dynamical model of the cluster, but this model serves
as a good illustration of the power of higher angular resolu-
tion measurements in resolving the sphere of influence of in-
termediate mass black holes. We find that IRIS on TMT will
have the angular resolution to observe the Keplerian fall-off

in the velocity dispersion profile due to the mass of a simu-
lated IMBH (see Figure 9). With the 4 mas plate scale, R =
8000 mode, and 10 exposures with 15 minute integrations each
(∼2.5 hr total), IRIS will be able to obtain about 1–2 km s−1 ve-
locity dispersion uncertainties at these critical points, providing
a definitive measurement of the black hole mass if one is present
in G1. Figure 10 shows the comparison between an image of
G1 taken using HST/Advanced Camera for Surveys (ACS) and
a simulated image with IRIS showing the increase in angular
resolution that will be provided by TMT.

4.2. Milky Way–like Black Holes (106–107 M⊙)

Currently, there are only a few galaxies with dynamical black
hole mass measurements in the range of 106–107 M⊙. Because
these galaxies lie at the lower mass end of the M−σ relationship,
they have a large impact on the slope of the relationship. The
Milky Way, while it has a precise black hole mass measurement,
has a highly uncertain bulge velocity dispersion measurement
given that we are situated within the Galaxy (e.g., Tremaine
et al. 2002). A larger sample of black holes of a comparable
mass range would greatly improve not only the precision of the
measured M − σ relationship, but also our understanding of
black hole demographics in this mass range.

Our simulation of the Milky Way nuclear star cluster uses
the K-band surface brightness profile measured by Philipp et al.
(1999) and Schödel (2011). In order to simulate the velocity
dispersion measurements, we use the isotropic cluster model
from Schödel et al. (2009) and their parameterization of the
spatial density profile in a broken power law model:

n(r) = no

"
r

ro

#−γ "
1 +

r

ro

#γ−A

, (13)

with A = 1.8, γ = 0.5, and ro = 20′′ (0.8 pc). We also correct
for the average extinction of AK = 2.7 (Schödel et al. 2009),
to simulate the case of a Milky Way–like galaxy that would
be more likely to be observed in a more optimal inclination
than the edge-on view we have of the Galactic center. We find
that IRIS would be able to detect the Keplerian fall-off in the
velocity dispersion using the 4 mas pixel scale at sufficient S/N
to observe an ∼4 × 106 M⊙ black hole at the distance to the
Virgo Cluster (16.5 Mpc), if it contains a star cluster as compact
as one at the center of our Galaxy (with ∼2.5 hr of integration
time; see Figure 11).
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Figure 10. Left: an ACS image of the central 0.′′25 of the G1 globular cluster (0.9 pc). Center: simulated image of the same region of the cluster with 4 mas pixels and
based on the best fit King profile to the K-band surface brightness of G1 extrapolated toward the center. Poisson noise was added to this image based on the expected
source counts as well as the background counts. The simulation uses the R = 8000 mode, and 10 exposures with 900 s integrations each (∼2.5 hr total). Right: the
expected S/N per spaxel per spectral channel in the continuum. This S/N should translate to a velocity dispersion uncertainty <2 km s−1 (see Section 3.4).
(A color version of this figure is available in the online journal.)
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SMBH masses, and TMT’s enormous collecting area and exquisite angular resolution will be an 
extremely powerful combination. 

 

 
Figure 6.5: (Top) Radius of influence for various black hole masses as a function of the angular size 
distance using the observed Ml -sT relation. We show lines for black hole masses increasing from 
104 M

!
 to 109 M

!
 (left to right). The increase in angular resolution will allow observations of black 

holes much further than possible today. (Bottom) Lower limits on black hole mass measurements as 
a function of distance. Most IFS black hole mass measurements today are made at a pixel scale of 
50 mas (100 mas resolution; blue, dashed), compared to TMT, which will have angular resolution of 

18 mas at K band (red, solid) and 8 mas at Z band (green, solid). (From Do et al. 2014.) 
 

6.2.1 Towards a complete census of black holes in nearby galaxies.  

For some time after the discovery of the MBH-σ relation, observations suggested that this correlation 
had very small scatter and applied uniformly to ellipticals and spirals in a single, coherent sequence. 
As the number of measurements increased over time however, it was recognized that this picture 
was a severe oversimplification. With nearly 100 dynamical measurements of SMBH masses, it is 
now apparent that the MBH-σ relation shows significant scatter and clear differences between galaxy 
types (e.g., Kormendy & Ho 2013). In particular, the MBH-σ relation seems to hold most strongly for 
classical bulges, which are believed to have formed through mergers, but not for pseudo-bulges built 
via secular evolution processes in spiral galaxies. However, despite 20 years of observational effort, 
our understanding of SMBH demographics remains very incomplete. TMT will make major 
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But does it matter for galaxy evolution?  Let’s try to 
look back in time…



Evolution in Scaling Relations?

• Observations show higher 
MBH at fixed galaxy property 
at higher redshift


• But, these offsets likely can 
be explained by selection 
bias


• What is the way forward?
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Figure 6. Comparison between our results and earlier results. All data points
are color-coded by the total continuum luminosity L5100. Measurement errors
have been suppressed for clarity. The Shen et al. (2008b) sample includes
quasars at lower redshift, and their luminosities are substantially lower than
our quasars, as indicated in Fig. 2. The Shen et al. (2008b) sample shows sys-
tematic offset towards lower BH masses, which is an indication that our high-
z sample is missing low-mass BHs at fixed σ∗ due to the luminosity threshold.
The samples in Woo et al. (2006) and Woo et al. (2008) are shown in open tri-
angles. They overlap with our quasars with comparable luminosities, but are
limited to a narrow dynamic range in σ∗ and BH mass. Since Woo et al. did
not report FWHM measurements, we took BH mass estimates directly from
their papers. The black line and gray shaded band are the Bayesian linear
regression results as in Fig. 3, and the dashed line denotes the local relation
from Kormendy & Ho (2013).

resolutions.

Spectral decomposition

Measuring the host stellar velocity dispersion in quasars
is always challenging because the stellar absorption features
are diluted by the significant contribution from the quasar.
The PCA decomposition technique attempts to subtract the
quasar continuum and broad line emission (including the
optical Fe II complex that extends over a broad spectral
range). However, it is difficult to ensure a clean subtraction
of the quasar contribution, and this may affect the dispersion
measurements. To mitigate the residual impact of quasar
emission, we masked prominent broad and narrow emission
line regions when fitting the decomposed galaxy spectrum for
σ∗; while broad-band quasar residuals are accounted for with
low-order polynomials in the σ∗ fit. We believe in general
this approach should work well.

σ∗ measurements

The main hurdle in our σ∗ measurement is the S/N of the
stellar absorption features in the decomposed galaxy spec-
trum. We have set a threshold of median S/N > 4 per pixel
to ensure a reasonable σ∗ measurement (the median S/N per
pixel in the galaxy spectrum is ∼ 15 for our good sample).

We have also tested the sensitivity of the σ∗ measurement to
changes in the stellar templates, fitting code, spectral fitting
range and masks, and found our fiducial σ∗ measurements are
robust against these details. The ultimate limitation on σ∗

measurements in quasars likely lies in the systematics from
spectral decomposition in extremely quasar-dominated spec-
tra, spectral calibration and template matching – our measure-
ments are far from reaching that limit. For example, it is still
difficult to measure σ∗ in the most luminous PG quasars at
low z (which are highly biased relative to the general quasar
population in terms of luminosity and radio-loudness) with
a huge quasar-host contrast – S/N is not the limiting factor
there20.

The completeness in σ∗ measurements for quasar samples
poses another concern. If a significant fraction of objects with
high quasar-to-host contrast are preferentially lost from the
sample due to the failure of σ∗ measurements, there is a po-
tential selection bias in the resultingMBH,vir−σ∗ relation, such
that the average σ∗ at fixed BH mass may be biased high.
Fortunately for our sample, the completeness in σ∗ measure-
ments is high (≈ 70%) at z< 0.75, meaning that the potential
bias due to sample incompleteness is not a severe issue for
the bulk of our sample. However, it may become important
for the highest redshift bin shown in Fig. 4, where the fraction
of quasars with measured σ∗ is low mainly due to small host
fractions. There is no easy way to quantify this effect – deeper
spectroscopy is required to increase the chance of measuring
σ∗ in these objects.

The next question is what σ∗ we are actually measuring.
SDSS-BOSS spectra collect light enclosed in a 2′′ diameter
circle on the sky, which translates to a physical radius of
3.3− 7.8kpc at 0.2 < z < 0.9. Therefore our σ∗ is measured
from the integrated light from the bulge and a potential disk
component at high z. We are ignorant about the morpholog-
ical types of our quasars and their redshift dependence, so
an object-by-object correction to the bulge σ∗ is difficult.
We have tried the empirical correction for aperture effects
in Shen et al. (2008b), and did not find significant changes
in our results. While we caution that some of the scatter in
our results may arise from the failure to resolve the host light
into disk and bulge components, the estimated bias in σ∗ due
to the inclusion of a rotating disk is ! 16% based on local
AGN samples (e.g., Bennert et al. 2014). Thus this effect is
negligible given the measurement uncertainties and intrinsic
scatter in Fig. 3.

BH mass estimates

A larger concern is in the BH mass estimates based on the
SE methods. As discussed at length in Shen (2013), there
are currently large systematic uncertainties in the SE virial
masses for high-z quasars at the ∼ 0.5 dex level (both in scat-
ter and in zeropoint), and systematic differences between dif-
ferent recipes.

To investigate the difference due to alternative SE mass
recipes, we have repeated the analysis based on the F14 mass
recipe for Hβ. We still find a significant correlation between
MBH,vir and σ∗ in different redshift bins, but the slope of the
correlation is even shallower than that based on the VP06

20 A promising approach for measuring σ∗ in these most luminous quasars
is to use near-infrared stellar absorption features assisted with adaptive optics
to minimize the impact of the quasar continuum (e.g., Dasyra et al. 2007;
Watson et al. 2008; Grier et al. 2013). But even in this case, the measurement
of σ∗ can be extremely difficult in the most luminous quasars.

Shen, Greene+ 2015



Need to understand BH masses from 
Reverberation Mapping

other two galaxies have a similar velocity gradient over 1.500. In
the remaining four galaxies, it is possible that insufficient 2D
coverage or a face-on gas disk can explain the lack of detected
rotation. In each of the four galaxies for which a narrow Br!
component wasmeasured, the Br! kinematics is similar to that of
the rotating molecular hydrogen. However, in the nuclear region
(r ! 0:500) Br! is redshifted in two of the galaxies and blue-
shifted in one galaxy by more than 75 km s"1 with respect to H2.
Also of note is that in one galaxy, NGC 4151, there is evidence of
a second velocity component superimposed on the general rota-
tion, which could be associated with a radial outflow of gas re-
lated to the nuclear radio jet.

The 2D coronal line flux distributions and kinematics are also
measured in the sample of Seyfert 1 galaxies. In all but one case,
the [Ca viii] and [Si vii] coronal emission is found to be consistent
with the flux distributions of Br! and theK-band continuum. The
only galaxy for which the coronal flux distribution differs from
the K-band emission is NGC 4151, and in this case the coronal
emission does follow the flux distribution of Br!. The coronal
emission is not measured to be spatially coincident with the H2 emis-
sion in any of the galaxies. In each galaxy the coronal emission is
measured to be red- or blueshifted in the central 0.500 and is in
agreement with the kinematics of Br!.

The velocity dispersions of both the coronal emission and the
narrow Br! component are greater than that of H2 by 1:3# 0:5
and 2:0# 0:7 times, respectively. In addition, the velocity disper-
sion of Br! is similar to that reported in the literature for [O iii]. If
this dispersion is assumed to be due to rotation, then the [O iii] and
Br! line emitting gas is located closest to the AGN and H2 fur-
thest, with the coronal gas located at an intermediate radius.

The 2D gas kinematics has been fitted with dynamical models
that assume a flat thin disk undergoing circular rotation in a grav-
itational field created by both the stellar population and a central
point mass, presumably amassive black hole. The stellar gravita-
tional field is estimated from archivalHSTNICMOSnear-infrared
images. The stellar light is separated from the Seyfert 1 nucleus by
fitting a Sèrsic function plus a point source (represented by a
model PSF), and a constant mass-to-light ratio,!, is used to con-
vert it to a stellar mass distribution. The model velocity field for
the gas disk is then synthetically observed to fit the model to the
observed velocity field. This takes into account the PSF for each
spectroscopic exposure, which is monitored with SCAM. A
method was developed to reliably estimate the PSF from a fit to
just the core of the galaxy light profile, which is dominated by the
pointlike AGN. The emission line surface brightness distribu-
tion, determined from the measured 2D flux distribution of the
line emitting gas, is also taken into account.

Based on the H2 gas dynamical modeling, MBH has been es-
timated in three galaxies. In NGC 3227, the best-fit model of
the H2 2.1218 "m kinematics, assuming i ¼ 20%, gives MBH ¼
2:0þ1:0

"0:4 ; 10
7 M' with ! ¼ 0:70# 0:05 M' /L';H and a Sèrsic

n ¼ 3 stellar light distribution. This mass estimate is consistent
with the estimate from two additional H2 transitions at 2.4066
and 2.4066 "m. For NGC 4151 the rotating component of the H2

2.1218 "m velocity field is best fit byMBH ¼ 3:0þ0:75
"2:2 ; 107 M'

with! ¼ 0:6M' /L';H , also with a Sèrsic n ¼ 3 stellar light dis-
tribution and assuming i ¼ 25%. InNGC7469, theAGN-subtracted
light distribution was found to better represent the stellar light
distribution, and with this distribution the best-fit model of the
H2 2.1218 "m kinematics givesMBH < 5:0 ; 107 M' with ! ¼
0:9 M' /L';H and assuming i ¼ 20%.

A very interesting result of the dynamical modeling is that
each of the galaxies prefers a near face-on molecular gas disk.
The best-fit models have i < 16%, 22%, and 25%, at the 1 # level,
for NGC3227, NGC7469, andNGC4151, respectively (i < 22%,
40%, and 47% at the 3 # confidence level). This is consistent with
unification theory, which predicts that Seyfert 1 galaxies should
have a near line-of-sight view of the central engine. Another in-
teresting result is that the stellar surface densities estimated in the
inner 200 for all three galaxies are found to be higher than most

Fig. 45.—MBH from gas dynamics vs. the reverberation mapping estimates.
The filled circles are the three galaxies for which modeling of the H2 disk was
completed, and the remaining data points are upper limits based on the gas kine-
matics. The line of equality between the direct and indirect MBH estimates is
shown by the dashed line. All galaxies are labeled by their NGC number or full
galaxy name. [See the electronic edition of the Supplement for a color version of
this figure.]

TABLE 16

MBH Upper Limits

Galaxy

vobs
(r = 100) pc /arcsec

MBH (i = 20%)

(107 M')

MBH (i = 45%)

(107 M')

MBH Reverb.

(107 M')

MBH Gas Dyn.

(107 M')

NGC 3227........................................ 70 74 22 10 4.2 # 2.1 2.0þ1:0
"0:4

NGC 3516........................................ 50 172 29 14 4.3 # 1.5

NGC 4051........................................ 30 45 28 14 0.2 # 0.1

NGC 4151........................................ 60 65 16 7.7 4.6 # 0.5 3.0þ0:75
"2:2

NGC 4593........................................ 70 175 58 28 1.0 # 0.2

NGC 5548........................................ 60 335 82 40 6.5 # 0.3

NGC 6814........................................ 40 102 11 5.4 1.2 # 0.5

NGC 7469........................................ 60 318 78 38 1.2 # 0.1 !5.0

Ark 120 ............................................ 75 632 241 117 15.0 # 1.9

Notes.—The fourth and fifth columns are upper limits based on eq. [5] with an assumed disk inclination of i ¼ 20% and i ¼ 45%. The two rightmost columns
are mass estimates based on reverberation mapping (except for NGC 6814; see reference in Table 1) and modeling of the gas dynamics presented in x 6.
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Prospects: TMT 

• Calibrate AGN BH masses out to 100 Mpc at least


• Get dynamical BH masses for the entire megamaser sample

TMT.PSC.TEC.07.007.REL02  PAGE 69 

DETAILED SCIENCE CASE: 2015 April 29, 2015 
SMBH masses, and TMT’s enormous collecting area and exquisite angular resolution will be an 
extremely powerful combination. 

 

 
Figure 6.5: (Top) Radius of influence for various black hole masses as a function of the angular size 
distance using the observed Ml -sT relation. We show lines for black hole masses increasing from 
104 M

!
 to 109 M

!
 (left to right). The increase in angular resolution will allow observations of black 

holes much further than possible today. (Bottom) Lower limits on black hole mass measurements as 
a function of distance. Most IFS black hole mass measurements today are made at a pixel scale of 
50 mas (100 mas resolution; blue, dashed), compared to TMT, which will have angular resolution of 

18 mas at K band (red, solid) and 8 mas at Z band (green, solid). (From Do et al. 2014.) 
 

6.2.1 Towards a complete census of black holes in nearby galaxies.  

For some time after the discovery of the MBH-σ relation, observations suggested that this correlation 
had very small scatter and applied uniformly to ellipticals and spirals in a single, coherent sequence. 
As the number of measurements increased over time however, it was recognized that this picture 
was a severe oversimplification. With nearly 100 dynamical measurements of SMBH masses, it is 
now apparent that the MBH-σ relation shows significant scatter and clear differences between galaxy 
types (e.g., Kormendy & Ho 2013). In particular, the MBH-σ relation seems to hold most strongly for 
classical bulges, which are believed to have formed through mergers, but not for pseudo-bulges built 
via secular evolution processes in spiral galaxies. However, despite 20 years of observational effort, 
our understanding of SMBH demographics remains very incomplete. TMT will make major 

Do+ 2014



Prospects: TMT + LSST 

SDSS-RM in a nutshell 
•  Motivation: expand the RM 

AGN sample in both size and 
luminosity-redshift range 

•  Simultaneous monitoring a 
uniform sample of 849 quasars 
at 0.1<z<4.5 in a single 7 deg2 
field with the SDSS-BOSS 
spectrograph; 32 epochs 
completed in 2014A; continue 
through 2017 at reduced 
cadence 

•  Dense photometric light curves 
(~2-4 day cadence) since 2010 
(PanSTARRS 1 + SDSS-RM 
imaging) 

SDSS-RM Project: http://www.sdssrm.org 

Shen+

See also Martini+
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Figure 13. Model LF and comparisons with data. The points represent LF measurements from different surveys: SDSS DR7 (black, this work); 2SLAQ-SDSS (blue,
Croom et al. 2009); VVDS (magenta, Bongiorno et al. 2007); COSMOS (cyan, Ikeda et al. 2011); NDWFS-DLS (red, Glikman et al. 2011). The green solid and
dashed lines indicate the median and 68% percentile of our model LF. The constraint in a zbin is generally better if there are more quasars in that bin. The redshift of
each zbin is marked in the upper right corner, and the redshifts for other LF data are marked in the lower left corner in the corresponding colors.
(A color version of this figure is available in the online journal.)

particular physical meaning, some model parameters do, such as
the mean and dispersion of Eddington ratios at fixed true mass.
There are, however, some notable discrepancies in the highest
redshift bins between our model extrapolation and the observed
faint-end LF. In particular, our model extrapolation is unable
to match the faint-end LF results in Glikman et al. (2011) and
Ikeda et al. (2011) at z ∼ 4.25. This is most likely caused by
the failure of our model extrapolation due to the much poorer
statistics and systematics with the C iv-based virial masses in
the two highest redshift bins.

Figure 14 shows our model BHMF in broad-line quasars.
The magenta shaded region indicates the 68% percentile of the
true BHMF, and the green shaded region indicates the 68%
percentile of the portion of BHMF that can be detected in the
flux-limited SDSS sample. The data points are the binned virial
BHMF measured in Section 3.1. The flux limit of SDSS greatly
reduces the abundance of active BHs toward the low-mass end.
At the same time, the shape and peak BH mass are generally
different for the true BHMF and for the observed virial mass
function, which is caused by the difference between true masses
and virial masses (see Equation (10)). The model BHMF (for all
active BHs or detected BHs) has a much larger uncertainty than
indicated by the Poisson errors associated with the binned virial
mass function. This large uncertainty is mostly caused by the
flexibility of our model and the poorly constrained luminosity-
dependent bias, and secondly by the fact that the SDSS quasar
sample only probes the high-luminosity tail of the distribution
of quasars.

Several studies have suggested that C iv is the least reliable
line to estimate BH masses (e.g., Baskin & Laor 2005; Sulentic
et al. 2007; Shen et al. 2008; Richards et al. 2011) due to
a possible non-virial component that contributes to the line
profile. The model constraints are particularly poor in the
highest redshift bins. Our rather simplistic model for the relation
between virial masses and true masses may not work very well
for the problematic C iv estimator. A reassessment and possible
improvement of the current version of the C iv estimator is
desirable (e.g., Assef et al. 2011; Y. Shen et al., in preparation).

We can obtain tighter constraints on the BHMF and model
parameters if we impose more restrictive prior constraints. For
instance, if we fix the value of β, the uncertainties of the resulting
BHMF and model parameters are substantially reduced, while
the LF is not changed significantly. This suggests that better
prior knowledge on these parameters can help improve these
model constraints significantly.

5. DISCUSSION

5.1. Evolution of Quasar Demographics

It is well known that the number density of bright quasars
peaks around redshift ∼2–3 (e.g., Richards et al. 2006). The
most important result in quasar demographics in the past
decade is the so-called cosmic downsizing, i.e., the number
density of less luminous objects peaks at lower redshift. Initially
discovered in the X-ray surveys (e.g., Cowie et al. 2003; Steffen
et al. 2003; Ueda et al. 2003; Hasinger et al. 2005), this trend
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Figure 8. Host galaxy spectra for our archival sample (that of PTF10iam is from SDSS DR10). The hydrogen Balmer series, evident in absorption in E+A galaxies,
is marked (dashed lines). The hosts of PTF09ge, 09axc and 09djl (the same events coincident with the centers of their hosts) do not show any strong emission lines,
indicating no (or very low) ongoing star formation, and display spectra similar to those of E+A galaxies.
(A color version of this figure is available in the online journal.)

Table 5
ROSAT and Swift X-Ray Observations at the Locations

of Our Three Nuclear Transients

Object ROSAT 0.1–2.5 keV Swift XRT 0.3–10 keV
(7/1990 to 2/1991) (3/2014 to 4/2014)

(erg s−1) (erg s−1)

09ge <4.33 × 1042 <2.27 × 1042

09axc <1.86 × 1043 7.13+12.22
−3.06 × 1042

09djl <6.28 × 1043 <1.91 × 1043

Notes. Two of the three nuclear transients are not detected in either
telescope (3σ upper limits shown). One (PTF09axc) is detected in
the XRT data. This luminosity is marginally consistent with a weak
AGN (Heckman et al. 2005) and too bright for an X-ray binary
(Hornschemeier et al. 2005).

(HR1) <0.5, we derive 3σ upper limits for the X-ray flux of at
the positions of PTF09ge, PTF09axc, and PTF09djl as listed in
Table 5.

We obtained target-of-opportunity X-ray observations of the
fields of PTF09ge, PTF09axc, and PTF09djl with the Swift
satellite (Gehrels et al. 2004) during 2014 March–April (i.e.,
five years after the outbursts). Data obtained by the onboard
X-Ray Telescope (XRT; Burrows et al. 2005) was analyzed with
the automated gamma-ray burst pipeline outlined in Evans et al.
(2009). We find no X-ray flux at the positions of PTF09ge and
PTF09djl (the derived limits listed Table 5 assume a power-
law spectrum with a photon index of 2), but we do detect
X-ray emission at the position of PTF09axc corresponding to a
luminosity of 7.13+12.22

−3.06 ×1042 erg s−1. This luminosity, together
with that in the host [O iii] 5007 Å line discussed above, is
roughly consistent with AGNs on the low-luminosity end of
the Heckman et al. (2005) local sample. The X-ray luminosity

is likely too high (given the stellar mass of this galaxy) for
an accreting binary origin (Hornschemeier et al. 2005). We
currently cannot constrain any time variability in this X-ray
signal and therefore are not able to determine if it is related to
PTF09axc directly.

Van Velzen et al. (2011) rejected a few of their TDE candidates
as AGNs based on photometric variability beyond the season
containing the flare. Here we find no evidence for additional
eruptions of our events during the years of available PTF
coverage (Figure 10).

We conclude that these three outbursts are not likely due
to AGNs, though the host of PTF09axc may also contain an
extremely weak AGN.

5.2. A Sequence of H- to He-rich Events

PTF09ge shows very similar photometric and spectroscopic
behavior to PS1-10jh (Figures 11 and 12), identified by G12 as
a likely He-rich TDE. Both objects display broad He ii emission
superimposed on a blue continuum. We find a ∼1000 km s−1

blueshift in the He ii 4686 Å emission peak of PTF09ge. A
similar blue “wing” was observed in PS1-10jh (see inset of
Figure 12), suggesting that the PS1-10jh line profile is made of
two components: an extended blueshifted component (seen also
in PTF09ge) and an intermediate-width component (not seen
in PTF09ge, but apparent also in the Hα profile of ASASSN-
14ae; Holoien et al. 2014). For PTF09ge, we further identify
a possible broad absorption feature redshifted by ∼3000 km
s−1, but this could be due to remaining narrow Fe ii 5018 Å and
5169 Å contamination from the host.

The single-band, sparsely sampled light curves of PTF09axc
and PTF09djl show similar rise times to PTF09ge (Figure 3)
but their spectra exhibit broad Hα emission (Figure 4).
Van Velzen et al. (2011) noted possible hydrogen emission in
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Follow-up of TDE candidates
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fundamental models of galaxy evolution and N-body dynamics (Rubilar & Eckart 2001, Weinberg et 
al. 2005, Will 2008, Merritt et al. 2010). In addition, improved measurements of stellar orbits will 
dramatically improve the uncertainty in, Ro, the distance from the sun to the Galactic Center. As Ro 
sets the scale of the Milky Way, precise measurements with TMT will constrain the Milky Way’s dark 
matter halo to < 1% (Weinberg et al. 2005), contributing to our understanding of the origin and 
evolution of the Milky Way. 

6.1.2 How the GC black hole interacts with its unusual environment  

Outstanding puzzles include the origin of the GC’s massive young star cluster, whose formation 
should have been suppressed by the SMBH, and an unexpected dearth of old red giants around the 
SMBH. These aspects challenge our notions of how SMBHs affect the formation and evolution of 
galaxies. The sensitivity of TMT will allow us to detect stars that are 100 times fainter than is possible 
today. Integral-field spectroscopy of this expanded sample will allow us to detect the pre-main 
sequence population for the first time at the GC, providing an important handle on the young cluster's 
age and initial mass function in this extreme environment. It will also test the idea that stellar stripping 
can explain the deficit of old red giants. 

 

 
Figure 6.4: TMT will enable revolutionary studies of the nucleus of Andromeda (M31). Left: A three 
color image of the current capabilities using HST ACS (F814W) and WFC3 (F110W, F160W). Right: 
A simulated image based on our current knowledge of this region, as observed with the Z, J, and K-
band using TMT's first light instrument IRIS with the NFIRAOS adaptive optics system. TMT/IRIS will 

provide the necessary sensitivity and spatial resolution to understand the dynamics, stellar 
population, and supermassive black hole at M31's center. 

 
It was recently reported that flares in Sgr A* are highly polarized, supporting a synchrotron origin for 
the NIR emission (Meyer et al. 2006, Nishiyama et al. 2009). However, the spatial resolution limits 
our ability to draw strong conclusions. TMT's high-spatial resolution and its time-domain capabilities 
will enable it to perform polarimetric monitoring campaigns that will help to break model 
degeneracies and test relativistic effects. The NIR (1-2.5 µm) polarimetry with TMT will be sensitive 
enough to monitor rapid changes on time scales of less than 5 minutes, with an accuracy of 0.1%.  

 

 

Stellar dynamics in nearby nuclei
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Figure 7. SMBH binary evolution driven by gas disks: color maps of residence time tres at various radii r for a range of BH masses. The value of tres is indicated by
the color bar. Plots on the left (right) assume an Eddington accretion rate ratio (ṁEdd) of 0.1 (1.0). Plots on the top, center, and bottom assume that the mass ratio of
the BH binary is 1, 0.1, and 0.01 respectively. Dashed lines are curves of constant orbital period (labeled), and the dot-dashed line is the RBLR given by Equation (3).
See text for more details.
(A color version of this figure is available in the online journal.)

Higher ṁEdd also extends the disk-dominated phase of the binary
evolution. In particular, at low masses (and large separations)
tres exhibits rather weak dependence on MBH, which is a result
of the system evolving in a disk-dominated regime where the
inspiral time is given by the local viscous timescale, which is
only weakly dependent on MBH.

Quite important for our work is the relatively weak de-
pendence of tres on separation in some cases, e.g., low ṁEdd

and relatively high q, which results in rather long tres for
r ∼ 0.003–0.1 pc and increases the number of binaries in
this range of r. This behavior is a result of two main fac-
tors. First, initially, when the system is in the disk-dominated
regime, the inner parts of the disk around the binary are
gas pressure dominated. Under these conditions the viscous
timescale on which the binary orbit evolves in the disk-
dominated case is a relatively weak function of r compared to the
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