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Black hole demographics:
current status and open questions

• Below 107 M⊙, still very few 
detections, and large but 
poorly determined scatter.  

• Demographics still very 
uncertain for the very highest 
masses,  >109 M⊙.

• Decoupled scaling relations 
for ellipticals and spirals?

• Recent evidence for extreme 
outliers, e.g., NGC 1277 
(van den Bosch et al 2012)
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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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Central kinematics: OSIRIS with 50 mas sampling,
measured from K-band CO bandheads

Large-scale kinematics measured with LRIS

Luminosity profile 
measured from 

HST images

Schwarzschild orbit modeling, fitted 
to kinematic data to constrain MBH

Example of an AO-based stellar-dynamical BH detection:
the S0 galaxy NGC 3998     (J. Walsh et al, 2012)

radius (arcsec)
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• Dynamical detection requires 
resolving the gravitational sphere 
of influence of the BH:  
rg = GM/σ2

• Assume the scaling relationship 
from McConnell & Ma (2013):  
log MBH = 8.32 + 5.64 log(σ/200)

• With K-band observations, TMT 
can potentially detect MW-
equivalent BHs out to 20 Mpc, 
and the highest-mass BHs to 
Gpc distances

TMT & IRIS: the next giant leap in 
angular resolution for SMBH detection

Tuesday, July 23, 13



Redshift windows and available spectral features
– 28 –
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Fig. 18.— The range of redshifts where different stellar spectral features will be observable

with IRIS in different filters.

With these requirements, we find that IRIS on TMT will be able to measure black

hole masses with stellar dynamics for about 4000 galaxies in the SDSS DR7 sample. These
galaxies span a predicted mass range of 106 − 1010 M! and a luminosity range of −24 <

Mv < −19. For comparison, there is currently a sample of about 65 galaxies with dynamical
black hole mass measurements (see recent compilation in McConnell et al. 2011a). The
large sample of stars will enable an examination of the black hole scaling relation with

different demographic samples of galaxies. For example, recent analysis have suggested that
the black hole relationships do not appear to apply to galaxies with either pseudobulges or

bulge-less galaxies (Kormendy et al. 2011); this may imply that the growth of black holes in
these galaxies proceed differently than in galaxies with bulges, or that feedback mechanisms
operate differently in these galaxies. Using the bulge to disk fraction, B/T from Simard

et al. (2011), we find that the SDSS sample with accessible dynamical mass measurements
span a wide range in B/T from those that are disk-like with B/T < 0.3 to those that are

completely bulge-dominated (B/T > 0.75); this sample should allow for much more detailed
examinations of the origin of this discrepancy. The large sample size will also importantly aid

in determining the scaling relationships at different redshift, which will help to understand
the growth of central massive black holes (Volonteri 2010).
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M0–M5), a K4 V star, and a G9 V star. The STIS kinematics
were determined using a library of five stars (G8 III–K3 III, and
G5 V), and the LRIS kinematics were extracted using a library
of eight K0 III–K3 III stars.

The optimal stellar template was determined just once by us-
ing pPXF to fit a very high S/N spectrum generated by summing
the spectra over all spatial locations. Once the optimal stellar
template was found, pPXF was used to measure the kinemat-
ics in each spatial bin by holding fixed the relative weights of
the stars that comprise the optimal template. We did, however,
allow the coefficients of an additive Legendre polynomial of
degree 1 and a multiplicative Legendre polynomial of degree 2
to vary. The additive polynomial was used to model the AGN
continuum, and the multiplicative polynomial was included to
correct continuum shape differences between the optimal stellar
template and the galaxy spectra due to imperfect flux calibration
and reddening.

Errors on the kinematic measurements were estimated using a
set of Monte Carlo simulations. During each realization, random
Gaussian noise was added to the observed spectrum from each
bin based upon the standard deviation of the pPXF model
residuals. The LOSVD was measured with the penalization
turned off in order to produce realistic uncertainties. From 100
realizations, we determined the 1σ errors from the standard
deviation of the resulting distributions.

We also tested the robustness of our kinematic measurements
by assuming different continuum models, each with various
combinations of additive and multiplicative polynomials of
degree 1–3. We additionally used pPXF to measure just V
and σ in each spatial bin, as well as allowed for the relative
contributions of the stars making up the optimal stellar template
to vary between spatial bins. Regardless of the continuum model
used, the number of Gauss–Hermite moments extracted, or
whether a new optimal template was fit for each bin, we found
consistent results for all but a few spatial bins. The kinematics
measured from these few spatial bins were deemed unreliable
and excluded from further analysis.

As a final step, we determined the systematic offsets in
the odd Gauss–Hermite moments directly from the data using
the point-symmetrization routine described in Appendix A
of van den Bosch & de Zeeuw (2010). The offset for the
first odd Gauss–Hermite moment corresponds to the recession
velocity of the galaxy, and a systematic shift in the second
odd Gauss–Hermite moment may result from slight template
mismatch effects. The offsets were subtracted from the V and
h3 values determined with pPXF.

Although the systematic offsets in the odd moments were
measured with the point-symmetrization code, we did not
symmetrize the kinematics before using them as inputs into the
orbit-based dynamical models. Often the observed kinematics
are symmetrized (e.g., Gebhardt et al. 2003; Cappellari et al.
2006) because the dynamical models can only produce predicted
kinematics that are bi- or point-symmetric. Thus, symmetrizing
the input kinematics reduces the noise in the observations and
aids in visual comparisons between various models. However,
the symmetrization routine assumes that the galaxy nucleus
is exactly centered on one of the IFU lenslets. While this is
true for the reduced data sets from the SAURON IFU (Bacon
et al. 2001), for which the symmetrization code was originally
designed, the assumption does not hold for the OSIRIS data.
Consequently, our best-fit stellar dynamical model, presented in
Section 8, was determined using non-symmetrized kinematics,
but in Section 8.1 we also test the effect on MBH of symmetrizing

Figure 3. Best-fit broadened optimal stellar template (red) is compared to the
observed NGC 3998 spectrum from a single OSIRIS lenslet located at x =0.′′0,
y =0.′′01 (top) and a spatial bin containing 25 OSIRIS lenslets centered on
x = −0.′′1, y = −1.′′0 (middle). Green dots show the fit residuals and have
been shifted by an arbitrary amount. The optimal template used to measure the
kinematics is dominated by a K5 III star, whose spectrum is shown in the bottom
panel.
(A color version of this figure is available in the online journal.)

the kinematics before running the orbit-based stellar dynamical
models.

5.1. OSIRIS Kinematics

We used the pPXF method to measure the kinematics from
the OSIRIS data over a wavelength range of 2.22–2.38 µm. For
NGC 3998, this wavelength region included three very strong
CO bandhead absorption features: (2 − 0)12CO, (2 − 1)12CO,
and (4 − 2)12CO. The kinematics were constrained mainly by
these prominent CO bandheads, although weaker Ca i and Mg i
absorption lines were also detected. We note that no emission
lines were detected with the OSIRIS Kbb filter. The stellar
kinematics were measured from 90 spatial bins, 10 of which
contain just a single lenslet and fall within the central ∼0.′′15
region. The S/N of the spectra (taken to be the ratio of median
value of the binned spectrum to the standard deviation of the
pPXF model residuals) ranged from 39 to 73, with a median
value of 58. The optimal template was composed of eight
stars, with a K5 III star contributing a majority of the flux.
In Figure 3, we show example spectra from two spatial bins and
the optimal template broadened by the best-fit LOSVD as well
as the spectrum from the K5 III star.

The kinematics show that the galaxy is rapidly rotating, with
velocities of ±115 km s−1 over the OSIRIS IFU, and there is an
anti-correlation between h3 and V. Although the h4 kinematics
are expected to be symmetric about the center, with a peak or dip
at the nucleus, we find h4 to be noisy, without any clear trends.
In contrast, the velocity dispersion shows a very strong peak at
the nucleus, rising from σ ∼ 270 km s−1 in the outer regions
to σ ∼ 560 km s−1 at the center. The errors on the velocity
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Figure 5. Examples of the spectral fitting to the LRIS data. The spectra were
extracted from bins located 1.′′06 (top) and −8.′′23 (middle) from the nucleus.
The optimal stellar template, broadened by the best-fit LOSVD, is shown in red,
and the fit residuals are displayed in green. For comparison, we plot the LRIS
spectrum of the K3 III star that contributes most of the flux to the optimal stellar
template.
(A color version of this figure is available in the online journal.)

6. PSF MEASUREMENTS

An important input into the stellar dynamical models is the
spatial PSF. However, determining the OSIRIS PSF is especially
complicated because the quality of the AO correction varies with
time and numerous data cubes (obtained over the course of two
nights) were mosaiced together. Davies et al. (2004) highlight

several ways to estimate the PSF from AO-corrected IFU data,
and for this work we used a method that compares the OSIRIS
data cube to a deconvolved HST image, as has been employed by
Krajnović et al. (2009). We used the MGE model generated from
the WFPC2 791W image (discussed in Section 3), which already
has the HST PSF removed, and convolved it with a model for the
OSIRIS PSF. The OSIRIS PSF is taken to be three concentric
circular 2D Gaussians parameterized by the dispersions and
relative weights of the components. The convolved image is
then compared to the OSIRIS data cube, summed along the
wavelength axis, and the parameters of the PSF are varied to
determine the best fit. We found that the three components have
dispersions of 0.′′01, 0.′′04, and 0.′′28 with relative weights of
0.19, 0.60, and 0.21. Thus, we were able to achieve a good AO
correction and the PSF core has a FWHM of ∼0.′′1.

To model the STIS PSF, we used Tiny Tim (Krist & Hook
2004) to reconstruct the PSF for a monochromatic filter pass-
band at 8651 Å. Fitting two concentric circular 2D Gaussians to
the Tiny Tim image, we found that the PSF can be characterized
by a narrow component with σ = 0.′′03 and a weight of 0.76,
plus a broad component with σ = 0.′′12 and a weight of 0.24.
These dispersion values and weights were used as input into the
stellar dynamical models, which require a PSF to be described
with circularly symmetric Gaussians.

For the LRIS PSF, we examined the spatial distribution of
the eight velocity template stars that were observed on the same
night as NGC 3998. We fit a single Gaussian to a spatial cut
at 8600 Å through the geometrically rectified 2D spectra, and
found an average dispersion of σ = 0.′′35.

7. ORBIT-BASED STELLAR DYNAMICAL MODELING

Orbit-based dynamical models using the Schwarzschild su-
perposition method (Schwarzschild 1979) are the standard
means by which to measure black hole masses from stellar kine-
matics (e.g., Gebhardt et al. 2003; Valluri et al. 2005; Gültekin
et al. 2009a; Cappellari et al. 2009). They are additionally use-
ful for studying the orbital structure of galaxies (e.g., Verolme

Figure 6. Comparison of the stellar kinematics for NGC 3998 measured from the OSIRIS (black circles), STIS (red triangles), and LRIS (blue squares) data. The
radial velocity, V, the velocity dispersion, σ , and the higher-order Gauss–Hermite moments, h3 and h4, which quantify asymmetric and symmetric deviations from a
Gaussian, are plotted as a function of projected distance from the nucleus. There are two velocity branches in the top left plot due to the galaxy’s rotation: one side of
the galaxy is blueshifted relative to the systemic velocity and the other side is redshifted. The high angular resolution kinematics from both OSIRIS and STIS are in
agreement with the large-scale data from LRIS.
(A color version of this figure is available in the online journal.)
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The IRIS simulator
(Tuan Do, Shelley Wright, & the IRIS science team)

source model

PSF convolution

noise model:
sky background, 

telescope, AO system, 
detector readnoise and 

dark current

– 7 –

trade off between using the K-band, H-band, and Z-band briefly in Section 3.4. For the

bulk of the paper, we will discuss observations at K-band to best compare with current IFS
observations. Filter information and sky backgrounds in each filter are giving in Table 2.
All simulations utilize the simulated on-axis PSFs at zenith from the NFIRAOS team (see

Figure 2).

Fig. 2.— The IRIS PSFs used for simulations in this paper. These are the predicted PSF

from the AO system at 2.2 µm (K-band, left) and 0.88 µm (Z-band, right) at zenith with a
Strehl ratio of 0.72 and 0.19, respectively. The images are at the 4 mas plate scale and 1′′

in radius and are displayed on a log scale to highlight the wings of the PSF.

Table 2. IRIS Filters and Sky Background

Filter Sky Backgrounda Zero Point λcentral λcut−on λcut−off Spec. Throughputb

(mag) (photons s−1 m−2) (µm) (µm) (µm)

Zbb 18.9 1.37× 1010 0.928 0.840 1.026 0.351
Ybb 18.5 9.85× 109 1.090 0.980 1.200 0.351
Jbb 18.1 6.43× 109 1.310 1.180 1.440 0.373
Hbb 16.7 3.97× 109 1.635 1.470 1.800 0.432
Kbb 13.9 1.72× 109 2.182 1.975 2.412 0.421

aSky background between OH lines.

bTotal spectroscopic instrumental throughput (including telescope, optics, detector, etc.).

options:
imaging/spectroscopy,

slicer/lenslet, 
spatial sampling, 

grating & filter 

} S/N maps

simulated 
images and 
IFU spectra
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Fig. 3.— Top: synthetic spectrum of a Teff = 4500K (∼K3III) giant used for the simulations
in a 9 mas spaxel. The fluxes are given for observations of a location with surface brightness

with K = 13 mag/arcsec2, at a spectral resolution R = 8000, and an integration time of 900
s. Middle: the background spectrum, which includes contributions from the sky continuum,

telescope, OH lines, and zodiacal emission. Bottom: the resulting SNR at each spectral
channel in a single spaxel. The sharp dips in the SNR are due to the higher sky background
at the wavelengths of the OH lines.

to simulate different LOSVD with the first 4 Gauss-Hermite polynomials: the mean velocity

v, the velocity dispersion σ, h3, and h4. The LOSVD is defined as follows by van der Marel

K band z band
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S/N predictions for IFU observations 
of extended sources

• S/N estimates shown here for total integration time of 5 hours in the K band
• IRIS sensitivity in the 9 mas scale will be better than Keck/OSIRIS in the 50 mas scale

– 12 –
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IRIS 50 mas, R = 4000
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Fig. 5.— The average SNR of extended sources with 5 hours of total integration time (20

observations of 900 s) for an M0III stellar template source for different IRIS spaxel scales
and spectral resolutions: 9 mas, R = 4000 (solid); 9 mas, R = 8000 (dotted); 50 mas, R
= 4000 (dot-dashed). For comparison, we also plot the extended source sensitivity of the

OSIRIS IFU on Keck (dashed).

and SNR. This is accomplished by convolving a synthetic spectrum of a 4500 K giant with a

LOSVD, adding random noise, and recovering the Gauss-Hermite moments. We fit for the
Gauss-Hermite moments using the Penalized Pixel-Fitting code from Cappellari & Emsellem

(2004). The code works by iteratively fitting a combination of template spectra convolved
with different velocity moments and noise to obtain the best fit kinematic parameters. We

input a series of synthetic spectra with temperatures ranging from 3100-4500 K in order to
allow the algorithm freedom in choosing the best fit template as well as to simulate possible
template mismatches. We find that for observations of nuclei with velocity dispersion of

200-350 km/s, which corresponds to > 107 M!, R = 4000 should be sufficient to obtain
errors in σ ∼ 5− 6 km/s, and h3 and h4 of ∼ 0.02 at SNR > 60, comparable to that of IFU

measurements today at the same spectral resolution (for simulated v = 0 km/s, σ = 350
km/s, h3 = −0.14, h4 = 0.03, see Figure 7). For the low velocity dispersion case (v = 0
km/s, σ = 30 km/s, h3 = −0.14, h4 = 0.03), appropriate for intermediate mass black holes

and nuclear star clusters, we find that a spectral resolution of R = 4000 will be insufficient
to accurately determine h3 and h4 at any SNR. These observations will require the higher

spectral resolution mode of R=8000, which will able to achieve errors in velocity dispersion,
∆σ ∼ 1 km/s for SNR ! 50 and errors in h3 and h4 of less than 0.03 (see Figure 8). This

spectral resolution is higher than any of the current IFUs and should enable IRIS to expand

Keck/OSIRIS 50 mas

IRIS 50 mas, R=4000IRIS 9 mas, R=4000
IRIS 9 mas, R=8000

Tuesday, July 23, 13



Simulations for nearby early-type galaxies

• Simulation parameters:  K band, 9 mas scale, R=4000, 1 hour exposures

– 25 –

2011a, 2012), though their frequency and formation are still unknown. More nearby in M87,

the second brightest galaxy in the Virgo cluster, contains a 6.6 ± 0.4 × 109 M! black hole
(Gebhardt et al. 2011). These galaxies are also important to study as the MBH −L and the
MBH − σ relationship predict very different central black hole masses when extrapolated to

galaxies at these masses. Therefore, there is currently significant interest in targeting BCGs
with current IFS instruments. However, the centers of these galaxies tend to have core light

profiles and therefore will have low surface brightness, which makes them difficult to study
given the sensitivity of current IFSs. By examining the brightest galaxies in the Lauer et al.

(2007b) sample, we try to characterize the galaxies that will be valuable targets for IRIS to
search for the highest mass black holes. We find that there are about 48 galaxies which have
predicted black hole masses > 109 M! from this sample that will be observable by IRIS. It is

certainly unclear at this point what the true black hole masses of BCGs will be, but with the
next generation of IFSs, we will certainly have the tools to answer this question by providing

a number of high mass black hole measurements to achieve a statistically significant sampling
of the high mass end of the scaling relationships.
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Fig. 16.— Simulated average SNR of observations of nearby early-type galaxies with the 9
mas plate scale mode of IRIS in the K-band with a total integration time of 1 hours at R
= 4000. The black circle at the center represent the radius of influence of the black hole

predicted based on the galaxy’s luminosity.
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Simulating an observation of the MW core at the 
distance of the Virgo Cluster (16 Mpc)

• Parameters:  K band, 9 mas scale, R=4000, 10×900 sec exposure

– 22 –
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Fig. 14.— Left: Simulation of the SNR of observations of the extinction corrected core of

the Milky Way if it were at the distance to the Virgo Cluster (∼ 16 Mpc), at K-band with
10 observations of 900 s each, at R = 4000 in the 9 mas plate scale. Center: K-band surface
brightness of the Milky Way core at the distance to Virgo. Right: the velocity dispersion

curve of the nuclear star cluster with a 4×106 M! black hole and a star cluster with ∼ 1×106

M! within the central 1 pc (solid line). The dashed line shows the velocity dispersion profile

for the cluster alone. The innermost measurements from IRIS will be able to sample the
Keplerian falloff the in velocity dispersion profile.

4.2.1. Nuclear Star Clusters

The extrapolation of the black hole masses to less luminous galaxies and smaller bulges
would predict less massive central black holes in these galaxies. Instead, many of these

galaxies are found to have compact star clusters at their centers, with half-light radii of 3-10
pc with masses of 106 − 107 M! (e.g. Böker et al. 2004). These clusters are rather massive

for star clusters and intriguingly, their masses appear to follow the MBH − σ relationship,
leading to the proposal that they are a product of the same galaxy evolution mechanism
that produces supermassive black holes and their scaling relationships with galaxy properties

(Ferrarese et al. 2006; Wehner & Harris 2006). Understanding the origins of these clusters
would then help us understand the coupling of the nuclei to galaxy evolution. However, a

number of questions remain about the basic properties of these clusters; for example, it is
unclear at this time whether these low mass galaxies with nuclear star clusters have central
black holes as well. Locally, we know that M33 likely does not contain a central black hole,

while M32 has both a nuclear star cluster and a massive black hole of ∼ 2.5 × 106 M!

(e.g. Verolme et al. 2002; van den Bosch & de Zeeuw 2010). These clusters represent a big

observational challenge since they are faint, compact, and any likely black holes will have
relatively low masses. Resolving the sphere of influence of these black holes are generally

out of reach with current telescopes (see Figure 15). Only a few sources in the local universe
have constraining limits on their black hole masses (e.g. Graham & Spitler 2009; Seth et al.
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for star clusters and intriguingly, their masses appear to follow the MBH − σ relationship,
leading to the proposal that they are a product of the same galaxy evolution mechanism
that produces supermassive black holes and their scaling relationships with galaxy properties

(Ferrarese et al. 2006; Wehner & Harris 2006). Understanding the origins of these clusters
would then help us understand the coupling of the nuclei to galaxy evolution. However, a

number of questions remain about the basic properties of these clusters; for example, it is
unclear at this time whether these low mass galaxies with nuclear star clusters have central
black holes as well. Locally, we know that M33 likely does not contain a central black hole,

while M32 has both a nuclear star cluster and a massive black hole of ∼ 2.5 × 106 M!

(e.g. Verolme et al. 2002; van den Bosch & de Zeeuw 2010). These clusters represent a big

observational challenge since they are faint, compact, and any likely black holes will have
relatively low masses. Resolving the sphere of influence of these black holes are generally

out of reach with current telescopes (see Figure 15). Only a few sources in the local universe
have constraining limits on their black hole masses (e.g. Graham & Spitler 2009; Seth et al.
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A unique IRIS feature:  R=8000 for observing 
kinematics of low-mass galaxies and clusters

Predicted errors in V, σ, h3, and h4, for an object with actual velocity dispersion 
30 km/sec, as observed at R=4000 or R=8000

– 15 –
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Fig. 8.— Results of simulations of the dependence of the errors in measured velocity moments
on the SNR of the observed spectra at spectral resolutions of R = 8000 (solid) and R = 4000

(dotted). The simulations were run with Gauss-Hermite moments: V = 0 km/s, σ = 30
km/s, h3 = −0.14, and h4 = 0.03. Errors in velocity dispersion drops below 2 km/s with a

SNR > 30 for R = 8000 (top right). Because of limited spectral resolution, the R = 4000
simulation was not able to obtain robust measurements of h3 or h4 even at high signal to
noise. Dynamical measurements of intermediate-mass black holes or low mass nuclei will

require the R = 8000 mode to be effective.

4. Results

4.1. Intermediate Mass Black Holes (< 106 M!)

Intermediate mass black holes have been a source of debate in recent years, because

while they’ve been predicted to exist theoretically, the observational evidence for IMBHs are
subject to much debate (e.g. Anderson & van der Marel 2010). These objects are interesting
because they can tell us about the formation mechanisms of black holes (Volonteri 2010).

We know that supermassive black holes and stellar mass black holes must have been created
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IRIS’s ability to detect an IMBH 
in the M31 globular cluster G1

– 20 –

13 shows the comparison between an image of G1 taken using HST/ACS and a simulated

image with IRIS showing the increase in angular resolution that will be provided by TMT.
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Fig. 12.— The 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 falloff in 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.

4.2. Milky Way-like black holes (106 − 107 M!)

Presently, 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

Simulated IRIS data 
for a 20,000 M⊙ BH

IRIS simulation parameters:
K band, R=8000, 4 mas scale, 2.5hr exposure
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Nuclear clusters in low-mass galaxies: 
do they contain IMBH?

• NGC 4395: a bulgeless Sd galaxy with a 
Seyfert 1 nucleus inside a nuclear cluster

• BH mass from reverberation mapping:
3.6×105 M⊙ (Peterson et al 2005), or 
4.9×104 M⊙ (Edri et al 2012)

• The nuclear cluster has reff = 0.15 arcsec 
(3 pc).  In the R=8000 mode, IRIS can 
resolve the spatial and kinematic structure 
of the cluster for the first time.

NGC 4395  (D=4 Mpc)
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Pushing the limits: very high mass BHs

• Galaxies with estimated MBH > 109 M⊙

• Parameters:  K band, 9 mas scale, R=4000, 5 hour exposures

NGC 1016 75.9 Mpc
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Going from data to discovery

For TMT to be the world’s greatest BH discovery engine, 
stellar-dynamical modeling expertise is critically important.1772 R. C. E. van den Bosch and P. T. de Zeeuw

Figure 1. Contour maps of the confidence intervals for the parameters of
the mass model of the models of M32. From blue to red the colour denote
high to low confidence. Areas for which the surface brightness cannot be
deprojected are white. The contours denote 1σ , 3σ (thick line) confidence
levels at "χ2 = 63 and 189. The six upper-right panels show the intrinsic
shape parameters (p, q, u) and the M/L; the three lower left panels show the
viewing angles (ϑ , ϕ, ψ). The combination of ϑ and ϕ is shown in a Lambert
equal area projection (the half circle), seen down the north pole (z-axis). In
this panel, the x, y and z symbols give the location of views down those
axis. The best-fitting models are very round and near oblate. The preferred
viewing angles are near the y-axis with nearly no intrinsic misalignment.
See Sections 2 and 3.1.1.

parameter space for the full range in shape and M•, as it would
increase the computation time by a factor of 10. Therefore, we first
fix the M• at 2.6 × 106 M", while varying the shape and the M/L.
By doing this, we assume that the derived shape does not depend
on the specific M• we use. We show in Sections 3.1.2 and 4 that
this is a reasonable assumption.

The result of this triaxial modelling is shown in Fig. 1. The best-
fitting shape is nearly as round as the observed flattening allows
and is consistent with an oblate axisymmetric spheroid with axis
ratios (p, q) = (0.95 ± 0.05, 0.76+0.0

−0.2). This is fully consistent
with expectations given the aligned bi-symmetric rotation in the
observed velocity field. Curiously though, Verolme et al. (2002) did
find a best-fitting inclination 70◦ ± 10◦ (equivalent to p = 1, q =
0.73 ± 0.03) using axisymmetric modelling. Our results do agree,
but our errors are different, due to our conservative error bars. Our
‘axisymmetric’ models are still slightly triaxial (p > 0.99) and thus
do allow for additional freedom from the triaxial orbital families.
The box orbits are important as our (near) axisymmetric models
contain 8 per cent box orbits within one Re.

Within the subset of axisymmetric models, the inclination is not
well constrained at ϑ = i = 90+0◦

−50. Essentially, the full inclination
range (given the observed flattening) is allowed at the 3σ level.
This result is interesting as it agrees with the observation made in
Krajnović et al. (2005), and in van den Bosch & van de Ven (2008),
that the axisymmetric models cannot constrain the inclination well.
However, as is also shown in van den Bosch & van de Ven (2008),
we can marginalize over the allowed shapes to gain insight into

Figure 2. M• (top) and the M/L (bottom) confidence levels as a function of
shape for M32. The small red crosses indicate where models were computed
and the big black cross indicates the best-fitting model. From far left to far
right the models change from prolate (p = 0.8, q = 0.76), triaxial (p =
0.9, q = 0.76) and oblate (p = 1.0, q = 0.46). The vertical line denotes
the transition from triaxial to oblate. The models on the vertical line are the
roundest possible models. The contours show increasing level of confidence.
The inner and outer thick contour indicate a "χ2 of 14.1 and 63, which
correspond to the 99.9 per cent and 96 per cent confidence on the M• and
shape, respectively. The models with M• = 0 are relocated to 8 × 105 M",
to place them within the plot.

the physical parameters – like M/L and anisotropy – which tells
us more about the galaxy than the inclination. The M/L is 1.4 ±
0.2 M"/L",I , identical to the value from the models of Cappellari
et al. (2006) and Verolme et al. (2002) (when corrected for the
different assumed distance and for galactic reddening).

3.1.2 The black hole in M32

To illustrate the effect of triaxiality, we show what happens when
we sample different shapes while varying the M• and the M/L.
We vary the shape from maximally prolate to maximally oblate (six
models) and at different axisymmetric shapes (eight models). These
shapes continuously follow the q = 0.76 and then the p = 1 line
in the upper leftmost plot (p versus q) in Fig. 1. This also fully
encompasses the uncertainty in estimated shape.

In Fig. 2, we show the confidence levels ("χ 2) of the M/L and
M• as a function of these shapes. As expected, the contours show
that the roundest models are the best fit (q > 0.66, p > 0.88). After
marginalizing over the shapes, our M• mass estimate of (2.4 ±
1.0) × 106 M" is fully consistent with previous results of (2–4) ×
106 M" from Joseph et al. (2001), (2.4 ± 0.7) × 106 M" from van
der Marel et al. (1998), (2.5 ± 0.5) × 106 M" Verolme et al. (2002)
and 2.6 × 106 M" from M•–σ (Tremaine et al. 2002).

The two most nearly prolate models in this test are a significantly
worse fit than the best-fitting model. To illustrate this, we show
the kinematics of the observed stellar kinematics and four models,
varying from oblate to prolate, in Fig. 3. While the oblate and round
models reproduce the observations, the prolate models are unable
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M32: Constraints on triaxial shape parameters, MBH, and stellar M/L
(van den Bosch & de Zeeuw 2010) 
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• BH masses and host galaxies of high-z quasars
• Followup of stellar tidal disruptions
• Anatomy of emission-line regions in nearby AGNs
• AGN outflows and feedback
• SMBH in merging galaxies
• Dynamical masses of BH in 

reverberation-mapped AGNs
• IMBHs in ULX sources
• Stellar clusters around BH
• Identification of gravitational-wave sources

Many other BH science cases to pursue:
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