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What is a “low-mass” black hole?
204 GÜLTEKIN ET AL. Vol. 698

Figure 1. M–σ relation for galaxies with dynamical measurements. The symbol indicates the method of BH mass measurement: stellar dynamical (pentagrams), gas
dynamical (circles), masers (asterisks). Arrows indicate 3σ68 upper limits to BH mass. If the 3σ68 limit is not available, we plot it at three times the 1σ68 or at 1.5 times
the 2σ68 limits. For clarity, we only plot error boxes for upper limits that are close to or below the best-fit relation. The color of the error ellipse indicates the Hubble
type of the host galaxy: elliptical (red), S0 (green), and spiral (blue). The saturation of the colors in the error ellipses or boxes is inversely proportional to the area of
the ellipse or box. Squares are galaxies that we do not include in our fit. The line is the best fit relation to the full sample: MBH = 108.12 M!(σ/200 km s−1)4.24. The
mass uncertainty for NGC 4258 has been plotted much larger than its actual value so that it will show on this plot. For clarity, we omit labels of some galaxies in
crowded regions.

relation from sample S. The distribution of the residuals appears
consistent with a normal or Gaussian distribution in logarithmic
mass, although the distribution is noisy because of the small
numbers. For a more direct test of normality we look at log(MBH)
in galaxies with σe between 165 and 235 km s−1, corresponding
to a range in log(σe/200 km s−1) from approximately −0.075
to 0.075. The predicted masses for the 19 galaxies in this
narrow range differ by at most a factor of 4.3, given our
best-fit relation. The power of having a large number of
galaxies in a narrow range in velocity dispersion is evident
here, as there is no need to assume a value for the slope of

M–σ or even that a power-law form is the right model. The
only assumption required is that the ridge line of any M–σ
relation that may exist does not change substantially across
the range of velocity dispersion. The mean of the logarithmic
mass in solar units is 8.16, and the standard deviation is
0.45. The expected standard deviation in mass is 0.19, based
on the rms dispersion of log(σe/200 km s−1) (0.046) in this
range times the M–σ slope β; thus the variation in the ridge line
of the M–σ relation in this sample is negligible compared to
the intrinsic scatter. We perform an Anderson–Darling test for
normality with unknown center and variance on this sample of
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What do we want to know?

Evolution of massive black hole seeds 1083

of mass MBH in a galaxy with velocity dispersion σ c:

d fEdd(t)
dt

= f 1−α
Edd (t)
|α|tQ

(
εṀEddc2

109 L"

)−α

, (7)

where here t is the time elapsed from the beginning of the accretion
event. Solving this equation gives us the instantaneous Eddington
ratio for a given MBH at a specific time, and therefore we can
self-consistently grow the MBH mass. We set the Eddington ratio
f Edd = 10−3 at t = 0. This same type of accretion is assumed to
occur, at z > 15, following a major merger in which an MBH is not
fed by disc instabilities.

In a hierarchical universe, where galaxies grow by mergers, MBH
mergers are a natural consequence, and we trace their contribution
to the evolving MBH population (cf. Sesana et al. 2007, for details
on the dynamical modelling). During the final phases of an MBH
merger, emission of gravitational radiation drives the orbital decay
of the binary. Recent numerical relativity simulations suggest that
merging MBH binaries might be subject to a large ‘gravitational
recoil’: a general relativistic effect (Fitchett 1983; Redmount &
Rees 1989) due to the non-zero net linear momentum carried away
by gravitational waves in the coalescence of two unequal-mass BHs.
Radiation recoil is a strong field effect that depends on the lack
of symmetry in the system. For merging MBHs with high spin, in
particular orbital configurations, the recoil velocity can be as high as
a few thousands of kilometers per second (Campanelli et al. 2007a,b;
González et al. 2007; Herrmann et al. 2007; Schnittman 2007).
Here, we aim to determine the characteristic features of the MBH
population deriving from a specific seed scenario, and its signature in
present-day galaxies; we study the case without gravitational recoil.
We discuss this issue further in Section 4.

4 R E S U LT S

Detection of gravitational waves from seeds merging at the redshift
of formation (Sesana et al. 2007) is probably one of the best ways to
discriminate among formation mechanisms. On the other hand, the
imprint of different formation scenarios can also be sought in ob-
servations at lower redshifts. The various seed formation scenarios

Figure 3. The MBH–velocity dispersion (σ c) relation at z = 0. Every circle represents the central MBH in a halo of given σ c. Observational data are marked
by their quoted error bars, both in σ c and in MBH (Tremaine et al. 2002). Left-hand to right-hand panels: Qc = 1.5, Qc = 2, Qc = 3, Population III star seeds.
Top panels: fraction of galaxies at a given velocity dispersion which do not host a central MBH.

have distinct consequences for the properties of the MBH popula-
tion at z = 0. Below, we present theoretical predictions of the various
seed models for the properties of the local SMBH population.

4.1 SMBHs in dwarf galaxies

The repercussions of different initial efficiencies for seed formation
for the overall evolution of the MBH population stretch from high
redshift to the local Universe. Obviously, a higher density of MBH
seeds implies a more numerous population of MBHs at later times,
which can produce observational signatures in statistical samples.
More subtly, the formation of seeds in a $CDM scenario follows
the cosmological bias. As a consequence, the progenitors of massive
galaxies (or clusters of galaxies) have a higher probability of host-
ing MBH seeds (cf. Madau & Rees 2001). In the case of low-bias
systems, such as isolated dwarf galaxies, very few of the high-z pro-
genitors have the deep potential wells needed for gas retention and
cooling, a prerequisite for MBH formation. We can read off directly
from Fig. 1 the average number of massive progenitors required for
a present-day galaxy to host an MBH. In model A, a galaxy needs
of the order of 25 massive progenitors (mass above ∼107 M") to
ensure a high probability of seeding within the merger tree. In model
C, instead, the requirement drops to four massive progenitors, in-
creasing the probability of MBH formation in lower bias haloes.

The signature of the efficiency of the formation of MBH seeds will
consequently be stronger in isolated dwarf galaxies. Fig. 3 (bottom
panel) shows a comparison between the observed MBH–σ relation
and the one predicted by our models (shown with circles) and, in
particular, from the left-hand to right-hand panel, the three models
based on the Lodato & Natarajan (2006, 2007) seed masses with
Qc = 1.5, 2 and 3, and a fourth model based on lower mass
Population III star seeds. The upper panel of Fig. 3 shows the frac-
tion of galaxies that do not host any MBHs for different velocity
dispersion bins. This shows that the fraction of galaxies without an
MBH increases with decreasing halo masses at z = 0. A larger frac-
tion of low-mass haloes are devoid of central BHs for lower seed
formation efficiencies. Note that this is one of the key discriminants
between our models and those seeded with Population III remnants.

C© 2007 The Authors. Journal compilation C© 2007 RAS, MNRAS 383, 1079–1088
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How do we find BHs with MBH < 106 M⦿?
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Dynamical BH masses for <106 M⦿ BHs only 
possible within a few Mpc

Gebhardt et al. (2001) 

Valluri et al. (2005)

2 BARTH ET AL.

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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Reverberation Mapping...Hasn’t quite reached 
such low masses yet (except for NGC 4395)

278 WOO ET AL. Vol. 716

Figure 6. Dependence of residuals from the MBH–σ∗ relation (∆ log MBH = (log VP + log f )− (α +β log σ/(200 km s−1)) on parameters related to the accretion state:
VFWHM/σline (top left); Eddington ratio (top right); VFWHM (bottom left); line dispersion σline (bottom right) of the Hβ line. In this plot, we adopt the local relation
with α = 8.12, β = 4.24 taken from Gültekin et al. (2009), and log f = 0.72 as determined in Section 6.2.

the dependence since the line width of most of our objects is
relatively small, σline < 2000 km s−1. By dividing our sample
at σline = 1500 km s−1 into two groups of similar sample size,
we separately measured the virial coefficient for narrower-line
and broader-line AGNs. The difference in the virial coefficient is
∆ log f = 0.1–0.2, which is not significant given the uncertainty
of 0.15 dex on the virial coefficient.

5. DISCUSSION

We present the MBH–σ∗ relation of the reverberation sample
in Figure 7, using the slope, β = 3.55 ± 0.60, determined in
Section 4.1 and the average virial coefficient, 〈log f 〉 = 0.72 ±
0.10, determined in Section 4.2. Compared to the local quiescent
galaxies, active galaxies follow a consistent MBH–σ∗ relation
with a similar slope and scatter. Note that the mean black hole
mass of the reverberation sample (〈log MBH/M%〉 = 7.3±0.74)
is an order of magnitude smaller than that of quiescent galaxies
(〈log MBH/M%〉 = 8.2 ± 0.79). The slightly shallower slope
of the reverberation sample is consistent with the trend in the
quiescent galaxies that the slope is shallower for galaxies with
lower velocity dispersion (σ∗ < 200 km s−1); see Gültekin
et al. (2009). In contrast, the slope of late-type quiescent
galaxies (4.58 ± 1.58) seems higher than the slope of our active
galaxies, which are mainly late-type galaxies. However, given
the uncertainty in the slope (β = 3.55 ± 0.60) of the active
galaxy MBH–σ∗ relation, the difference between quiescent and
active galaxies is only marginal. We did not attempt to divide
our sample into various morphology groups or a few mass bins
to test the dependence of the slope, since the sample size is still
small and biased toward lower mass objects.

Figure 7. MBH–σ∗ relation of active galaxies with reverberation black hole
masses (blue), compared with non-active galaxies with dynamical black hole
masses. The reverberation masses were determined assuming the virial coef-
ficient, log f = 0.72 ± 0.10. The solid line is the best-fit slope of the active
galaxies, while the dashed line is the best fit to the inactive galaxy samples from
Gültekin et al. (2009).
(A color version of this figure is available in the online journal.)
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Otherwise must rely on signatures of nuclear 
activity

Optical line emission, broad or narrow: SDSS (Greene & Ho; Dong et al., Barth 
et al., Moran et al.); nearby objects (e.g., Filippenko & Ho; Barth et al., Shields 
et al.)

X-ray (+radio): Desroches & Ho; Ghosh et al.; Gallo et al.; Reines et al.; 
Schramm et al.

MIR (mostly via spectroscopy): Satyapal et al.; Goulding et al.
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FIG. 2.— SDSS color composite images of the Seyfert galaxy sample. The image size is 1′ × 1′. North is up and east is to the left.
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Figure 2: Two IMBH candidates from our survey, J0811+2328 (top) and J1009+2656 (bottom). Their
starlight-subtracted spectra in the Hβ (left) and Hα (center) regions are shown along with their SDSS
images, which have the same physical scale (15 kpc × 15 kpc). The galaxies are tiny: both have Mg = −17.2
and stellar masses of ∼ 2 × 109 M!.

The stellar masses of the galaxies (Fig. 1, middle) range from 4 × 108 M! to 1 × 1010 M!.
The nuclear properties of our sample are interesting. Only two objects (one of which is NGC

4395) are classified as type 1 AGNs. The other 24 are narrow-line objects with emission-line flux
ratios consistent with those of Seyfert 2 galaxies (Fig. 1, right). In general, the objects have
exceptionally weak lines. For example, the median luminsity of the [O iii] λ5007 line — a decent
indicator of the isotropic luminosity of an AGN (Heckman et al. 2005) — is just 6× 1038 ergs s−1.

Spectra and images of two objects from our sample are shown in Figure 2. Because of their
proximity, our IMBH candidates are ideal for follow-up study with Chandra.

1.3 Chandra Observations

Given the unbiased nature of our sample, it is very significant that 24/26 of the objects are type 2
AGNs with narrow emission-line spectra. In optical surveys of luminous galaxies, type 2 AGNs
outnumber type 1s by only a factor of 3 or 4 (e.g., Osterbrock & Shaw 1988). It’s possible, as
with luminous Seyfert 2s, that the broad-line regions of the AGNs in our sample are obscured by
a dense, parsec-scale torus (e.g., Antonucci 1993). But in this scenario, something would have to
be different about the typical geometry or covering factor of the torus in order to account for the
dominant type 2 fraction. On the other hand, it’s not clear exactly how the torus originates in
the first place, even in luminous AGNs. One possibility is that it might result from a wind driven
from the surface of the accretion disk by radiation pressure (Konigl & Kartje 1994). However, in
modeling such a wind, Elitzur & Shlosman (2006) find that AGNs with low bolometric luminosities
are not powerful enough to create a torus. In a similar vein, it has been shown (Nicastro 2000;
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FIG. 2.— SDSS color composite images of the Seyfert galaxy sample. The image size is 1′ × 1′. North is up and east is to the left.
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Anactively accretingmassive blackhole in the dwarf
starburst galaxy Henize 2-10
Amy E. Reines1, Gregory R. Sivakoff1, Kelsey E. Johnson1,2 & Crystal L. Brogan2

Supermassive black holes are now thought to lie at the heart of every
giant galaxywith a spheroidal component, including our ownMilky
Way1,2. The birth and growth of the first ‘seed’ black holes in the
earlier Universe, however, is observationally unconstrained3 andwe
are only beginning to piece together a scenario for their subsequent
evolution4. Here we report that the nearby dwarf starburst galaxy
Henize 2-10 (refs 5 and 6) contains a compact radio source at the
dynamical centre of the galaxy that is spatially coincident with a
hard X-ray source. From these observations, we conclude that
Henize 2-10 harbours an actively accreting central black hole with
a mass of approximately one million solar masses. This nearby
dwarf galaxy, simultaneously hosting a massive black hole and an
extreme burst of star formation, is analogous in many ways to
galaxies in the infant Universe during the early stages of black-hole
growth and galaxy mass assembly. Our results confirm that nearby
star-forming dwarf galaxies can indeed form massive black holes,
and that by implication so can their primordial counterparts.
Moreover, the lack of a substantial spheroidal component in
Henize 2-10 indicates that supermassive black-hole growth may
precede the build-up of galaxy spheroids.
The starburst in Henize 2-10, a relatively nearby (9megaparsecs,

,30million light years) blue compact dwarf galaxy, has attracted
the attention of astronomers for decades6–10. Stars are forming in
Henize 2-10 at a prodigious rate8,11,12 that is ten times that of the
LargeMagellanic Cloud13 (a satellite galaxy of theMilkyWay), despite
the fact that both of these dwarf galaxies have similar stellarmasses14–16

and neutral hydrogen gas masses7,17. Most of the star formation in
Henize 2-10 is concentrated in a large population of very massive
and dense ‘super-star clusters’, the youngest having ages of a few
million years and masses of one hundred thousand times the mass
of the Sun6. Themain optical body of the galaxy has an extent less than
a kiloparsec (,3,000 light-years) in size and has a compact irregular
morphology typical of blue compact dwarfs (Fig. 1).
We observed Henize 2-10 at centimetre radio wavelengths with the

VeryLargeArray (VLA) and in thenear-infraredwith theHubble Space
Telescope (HST) as part of a large-scale panchromatic study of nearby
dwarf starburst galaxies harbouring infant super-star clusters18–20. A
comparisonbetween theVLAandHSTobservations drewour attention
to a compact (,24 pc3 9 pc) central radio source located between two
bright regions of ionized gas (Fig. 2). These data exclude any associa-
tion of this central radio source with a visible stellar cluster (Fig. 3;
see Supplementary Information for a discussion of the astrometry).
Furthermore, the radio emission from this source has a significant
non-thermal component (a<20.4, Sn / nawhere Sn is the flux density
at frequency n) between 4.9GHz and 8.5GHz, as noted in previous
studies of the galaxy9. An archival observation of Henize 2-10 taken
with the Chandra X-ray Observatory reveals that a point source with
hard X-ray emission is also coincident (to within the position uncer-
tainty) with the central non-thermal radio source10 (see Supplementary
Information). Typically, even powerful non-nuclear radio and X-ray
sources (for example, supernova remnants and active X-ray binaries)

are at least an order of magnitude less luminous than the central source
in Henize 2-10 (see Supplementary Information). In contrast, the radio
and hardX-ray luminosities of the central source inHenize 2-10, aswell
as their ratio, are similar to known low-luminosity active galactic nuclei
powered by accretion onto a massive black hole21.
The central, compact, non-thermal radio source in Henize 2-10 is

also coincidentwith a local peak inPaa andHa emission and appears to
be connected to a thin quasi-linear ionized structure between twobright
and extended regions of ionized gas. This morphology is tantalizingly
suggestive of outflow (Fig. 2). Although we cannot conclusively deter-
mine whether or not this linear structure is physically connected to the
brightest emitting regions with the data in hand, ground-based spec-
troscopic observations22 confirm a coherent velocity gradient along the
entire ionized gas structure seen in Fig. 2, consistent with outflow or
rotation. Moreover, a comparison between the central velocity of this
ionized gas structure and the systemic velocity of the galaxy—derived

1Department of Astronomy,University of Virginia, 530McCormick Road, Charlottesville, Virginia 22904, USA. 2National Radio AstronomyObservatory, 520Edgemont Road, Charlottesville, Virginia 22904,
USA.

Figure 1 | Henize 2-10. Henize 2-10 is a blue compact dwarf galaxy hosting a
concentrated region of extreme star formation. Using Ha (ref. 8) and 24mm
(ref. 11) fluxes from the literature, we estimate a star-formation rate12 of
1.9M[ yr21, assuming that all of the emission is from the starburst and that the
contribution from the active nucleus is negligible.We estimate thatHenize 2-10
has a stellar mass of 3.73 109M[ from the integrated 2MASSKs-band flux14,15.
Neutral hydrogen observations of Henize 2-10 indicate a solid-body rotation
curve typical of dwarf galaxies with amaximum projected rotational velocity of
39 km s21 relative to the systemic velocity of the galaxy7. These observations
also indicate a dynamical mass of about 1010M[within 2.1 kiloparsecs (ref. 7).
The main optical body of the galaxy, shown here, is less than one kiloparsec
across. Henize 2-10 shows signs of having undergone an interaction, including
tidal-tail-like features in both its gaseous7 and stellar distributions (seen here).
In this three-colour HST image of the galaxy, we show ionized gas emission in
red (Ha) and the stellar continuum in green (,I-band, 0.8mm) and blue (,U-
band, 0.3mm). These archival data were taken with Wide Field and Planetary
Camera 2 (Ha) and the Advanced Camera for Surveys (U- and I-band). The
white box indicates the region shown in Figs 2 and 3.
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Figure 2: Two IMBH candidates from our survey, J0811+2328 (top) and J1009+2656 (bottom). Their
starlight-subtracted spectra in the Hβ (left) and Hα (center) regions are shown along with their SDSS
images, which have the same physical scale (15 kpc × 15 kpc). The galaxies are tiny: both have Mg = −17.2
and stellar masses of ∼ 2 × 109 M!.

The stellar masses of the galaxies (Fig. 1, middle) range from 4 × 108 M! to 1 × 1010 M!.
The nuclear properties of our sample are interesting. Only two objects (one of which is NGC

4395) are classified as type 1 AGNs. The other 24 are narrow-line objects with emission-line flux
ratios consistent with those of Seyfert 2 galaxies (Fig. 1, right). In general, the objects have
exceptionally weak lines. For example, the median luminsity of the [O iii] λ5007 line — a decent
indicator of the isotropic luminosity of an AGN (Heckman et al. 2005) — is just 6× 1038 ergs s−1.

Spectra and images of two objects from our sample are shown in Figure 2. Because of their
proximity, our IMBH candidates are ideal for follow-up study with Chandra.

1.3 Chandra Observations

Given the unbiased nature of our sample, it is very significant that 24/26 of the objects are type 2
AGNs with narrow emission-line spectra. In optical surveys of luminous galaxies, type 2 AGNs
outnumber type 1s by only a factor of 3 or 4 (e.g., Osterbrock & Shaw 1988). It’s possible, as
with luminous Seyfert 2s, that the broad-line regions of the AGNs in our sample are obscured by
a dense, parsec-scale torus (e.g., Antonucci 1993). But in this scenario, something would have to
be different about the typical geometry or covering factor of the torus in order to account for the
dominant type 2 fraction. On the other hand, it’s not clear exactly how the torus originates in
the first place, even in luminous AGNs. One possibility is that it might result from a wind driven
from the surface of the accretion disk by radiation pressure (Konigl & Kartje 1994). However, in
modeling such a wind, Elitzur & Shlosman (2006) find that AGNs with low bolometric luminosities
are not powerful enough to create a torus. In a similar vein, it has been shown (Nicastro 2000;
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FIG. 2.— SDSS color composite images of the Seyfert galaxy sample. The image size is 1′ × 1′. North is up and east is to the left.
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Anactively accretingmassive blackhole in the dwarf
starburst galaxy Henize 2-10
Amy E. Reines1, Gregory R. Sivakoff1, Kelsey E. Johnson1,2 & Crystal L. Brogan2

Supermassive black holes are now thought to lie at the heart of every
giant galaxywith a spheroidal component, including our ownMilky
Way1,2. The birth and growth of the first ‘seed’ black holes in the
earlier Universe, however, is observationally unconstrained3 andwe
are only beginning to piece together a scenario for their subsequent
evolution4. Here we report that the nearby dwarf starburst galaxy
Henize 2-10 (refs 5 and 6) contains a compact radio source at the
dynamical centre of the galaxy that is spatially coincident with a
hard X-ray source. From these observations, we conclude that
Henize 2-10 harbours an actively accreting central black hole with
a mass of approximately one million solar masses. This nearby
dwarf galaxy, simultaneously hosting a massive black hole and an
extreme burst of star formation, is analogous in many ways to
galaxies in the infant Universe during the early stages of black-hole
growth and galaxy mass assembly. Our results confirm that nearby
star-forming dwarf galaxies can indeed form massive black holes,
and that by implication so can their primordial counterparts.
Moreover, the lack of a substantial spheroidal component in
Henize 2-10 indicates that supermassive black-hole growth may
precede the build-up of galaxy spheroids.
The starburst in Henize 2-10, a relatively nearby (9megaparsecs,

,30million light years) blue compact dwarf galaxy, has attracted
the attention of astronomers for decades6–10. Stars are forming in
Henize 2-10 at a prodigious rate8,11,12 that is ten times that of the
LargeMagellanic Cloud13 (a satellite galaxy of theMilkyWay), despite
the fact that both of these dwarf galaxies have similar stellarmasses14–16

and neutral hydrogen gas masses7,17. Most of the star formation in
Henize 2-10 is concentrated in a large population of very massive
and dense ‘super-star clusters’, the youngest having ages of a few
million years and masses of one hundred thousand times the mass
of the Sun6. Themain optical body of the galaxy has an extent less than
a kiloparsec (,3,000 light-years) in size and has a compact irregular
morphology typical of blue compact dwarfs (Fig. 1).
We observed Henize 2-10 at centimetre radio wavelengths with the

VeryLargeArray (VLA) and in thenear-infraredwith theHubble Space
Telescope (HST) as part of a large-scale panchromatic study of nearby
dwarf starburst galaxies harbouring infant super-star clusters18–20. A
comparisonbetween theVLAandHSTobservations drewour attention
to a compact (,24 pc3 9 pc) central radio source located between two
bright regions of ionized gas (Fig. 2). These data exclude any associa-
tion of this central radio source with a visible stellar cluster (Fig. 3;
see Supplementary Information for a discussion of the astrometry).
Furthermore, the radio emission from this source has a significant
non-thermal component (a<20.4, Sn / nawhere Sn is the flux density
at frequency n) between 4.9GHz and 8.5GHz, as noted in previous
studies of the galaxy9. An archival observation of Henize 2-10 taken
with the Chandra X-ray Observatory reveals that a point source with
hard X-ray emission is also coincident (to within the position uncer-
tainty) with the central non-thermal radio source10 (see Supplementary
Information). Typically, even powerful non-nuclear radio and X-ray
sources (for example, supernova remnants and active X-ray binaries)

are at least an order of magnitude less luminous than the central source
in Henize 2-10 (see Supplementary Information). In contrast, the radio
and hardX-ray luminosities of the central source inHenize 2-10, aswell
as their ratio, are similar to known low-luminosity active galactic nuclei
powered by accretion onto a massive black hole21.
The central, compact, non-thermal radio source in Henize 2-10 is

also coincidentwith a local peak inPaa andHa emission and appears to
be connected to a thin quasi-linear ionized structure between twobright
and extended regions of ionized gas. This morphology is tantalizingly
suggestive of outflow (Fig. 2). Although we cannot conclusively deter-
mine whether or not this linear structure is physically connected to the
brightest emitting regions with the data in hand, ground-based spec-
troscopic observations22 confirm a coherent velocity gradient along the
entire ionized gas structure seen in Fig. 2, consistent with outflow or
rotation. Moreover, a comparison between the central velocity of this
ionized gas structure and the systemic velocity of the galaxy—derived

1Department of Astronomy,University of Virginia, 530McCormick Road, Charlottesville, Virginia 22904, USA. 2National Radio AstronomyObservatory, 520Edgemont Road, Charlottesville, Virginia 22904,
USA.

Figure 1 | Henize 2-10. Henize 2-10 is a blue compact dwarf galaxy hosting a
concentrated region of extreme star formation. Using Ha (ref. 8) and 24mm
(ref. 11) fluxes from the literature, we estimate a star-formation rate12 of
1.9M[ yr21, assuming that all of the emission is from the starburst and that the
contribution from the active nucleus is negligible.We estimate thatHenize 2-10
has a stellar mass of 3.73 109M[ from the integrated 2MASSKs-band flux14,15.
Neutral hydrogen observations of Henize 2-10 indicate a solid-body rotation
curve typical of dwarf galaxies with amaximum projected rotational velocity of
39 km s21 relative to the systemic velocity of the galaxy7. These observations
also indicate a dynamical mass of about 1010M[within 2.1 kiloparsecs (ref. 7).
The main optical body of the galaxy, shown here, is less than one kiloparsec
across. Henize 2-10 shows signs of having undergone an interaction, including
tidal-tail-like features in both its gaseous7 and stellar distributions (seen here).
In this three-colour HST image of the galaxy, we show ionized gas emission in
red (Ha) and the stellar continuum in green (,I-band, 0.8mm) and blue (,U-
band, 0.3mm). These archival data were taken with Wide Field and Planetary
Camera 2 (Ha) and the Advanced Camera for Surveys (U- and I-band). The
white box indicates the region shown in Figs 2 and 3.
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Figure 2: Two IMBH candidates from our survey, J0811+2328 (top) and J1009+2656 (bottom). Their
starlight-subtracted spectra in the Hβ (left) and Hα (center) regions are shown along with their SDSS
images, which have the same physical scale (15 kpc × 15 kpc). The galaxies are tiny: both have Mg = −17.2
and stellar masses of ∼ 2 × 109 M!.

The stellar masses of the galaxies (Fig. 1, middle) range from 4 × 108 M! to 1 × 1010 M!.
The nuclear properties of our sample are interesting. Only two objects (one of which is NGC

4395) are classified as type 1 AGNs. The other 24 are narrow-line objects with emission-line flux
ratios consistent with those of Seyfert 2 galaxies (Fig. 1, right). In general, the objects have
exceptionally weak lines. For example, the median luminsity of the [O iii] λ5007 line — a decent
indicator of the isotropic luminosity of an AGN (Heckman et al. 2005) — is just 6× 1038 ergs s−1.

Spectra and images of two objects from our sample are shown in Figure 2. Because of their
proximity, our IMBH candidates are ideal for follow-up study with Chandra.

1.3 Chandra Observations

Given the unbiased nature of our sample, it is very significant that 24/26 of the objects are type 2
AGNs with narrow emission-line spectra. In optical surveys of luminous galaxies, type 2 AGNs
outnumber type 1s by only a factor of 3 or 4 (e.g., Osterbrock & Shaw 1988). It’s possible, as
with luminous Seyfert 2s, that the broad-line regions of the AGNs in our sample are obscured by
a dense, parsec-scale torus (e.g., Antonucci 1993). But in this scenario, something would have to
be different about the typical geometry or covering factor of the torus in order to account for the
dominant type 2 fraction. On the other hand, it’s not clear exactly how the torus originates in
the first place, even in luminous AGNs. One possibility is that it might result from a wind driven
from the surface of the accretion disk by radiation pressure (Konigl & Kartje 1994). However, in
modeling such a wind, Elitzur & Shlosman (2006) find that AGNs with low bolometric luminosities
are not powerful enough to create a torus. In a similar vein, it has been shown (Nicastro 2000;
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FIG. 2.— SDSS color composite images of the Seyfert galaxy sample. The image size is 1′ × 1′. North is up and east is to the left.
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Anactively accretingmassive blackhole in the dwarf
starburst galaxy Henize 2-10
Amy E. Reines1, Gregory R. Sivakoff1, Kelsey E. Johnson1,2 & Crystal L. Brogan2

Supermassive black holes are now thought to lie at the heart of every
giant galaxywith a spheroidal component, including our ownMilky
Way1,2. The birth and growth of the first ‘seed’ black holes in the
earlier Universe, however, is observationally unconstrained3 andwe
are only beginning to piece together a scenario for their subsequent
evolution4. Here we report that the nearby dwarf starburst galaxy
Henize 2-10 (refs 5 and 6) contains a compact radio source at the
dynamical centre of the galaxy that is spatially coincident with a
hard X-ray source. From these observations, we conclude that
Henize 2-10 harbours an actively accreting central black hole with
a mass of approximately one million solar masses. This nearby
dwarf galaxy, simultaneously hosting a massive black hole and an
extreme burst of star formation, is analogous in many ways to
galaxies in the infant Universe during the early stages of black-hole
growth and galaxy mass assembly. Our results confirm that nearby
star-forming dwarf galaxies can indeed form massive black holes,
and that by implication so can their primordial counterparts.
Moreover, the lack of a substantial spheroidal component in
Henize 2-10 indicates that supermassive black-hole growth may
precede the build-up of galaxy spheroids.
The starburst in Henize 2-10, a relatively nearby (9megaparsecs,

,30million light years) blue compact dwarf galaxy, has attracted
the attention of astronomers for decades6–10. Stars are forming in
Henize 2-10 at a prodigious rate8,11,12 that is ten times that of the
LargeMagellanic Cloud13 (a satellite galaxy of theMilkyWay), despite
the fact that both of these dwarf galaxies have similar stellarmasses14–16

and neutral hydrogen gas masses7,17. Most of the star formation in
Henize 2-10 is concentrated in a large population of very massive
and dense ‘super-star clusters’, the youngest having ages of a few
million years and masses of one hundred thousand times the mass
of the Sun6. Themain optical body of the galaxy has an extent less than
a kiloparsec (,3,000 light-years) in size and has a compact irregular
morphology typical of blue compact dwarfs (Fig. 1).
We observed Henize 2-10 at centimetre radio wavelengths with the

VeryLargeArray (VLA) and in thenear-infraredwith theHubble Space
Telescope (HST) as part of a large-scale panchromatic study of nearby
dwarf starburst galaxies harbouring infant super-star clusters18–20. A
comparisonbetween theVLAandHSTobservations drewour attention
to a compact (,24 pc3 9 pc) central radio source located between two
bright regions of ionized gas (Fig. 2). These data exclude any associa-
tion of this central radio source with a visible stellar cluster (Fig. 3;
see Supplementary Information for a discussion of the astrometry).
Furthermore, the radio emission from this source has a significant
non-thermal component (a<20.4, Sn / nawhere Sn is the flux density
at frequency n) between 4.9GHz and 8.5GHz, as noted in previous
studies of the galaxy9. An archival observation of Henize 2-10 taken
with the Chandra X-ray Observatory reveals that a point source with
hard X-ray emission is also coincident (to within the position uncer-
tainty) with the central non-thermal radio source10 (see Supplementary
Information). Typically, even powerful non-nuclear radio and X-ray
sources (for example, supernova remnants and active X-ray binaries)

are at least an order of magnitude less luminous than the central source
in Henize 2-10 (see Supplementary Information). In contrast, the radio
and hardX-ray luminosities of the central source inHenize 2-10, aswell
as their ratio, are similar to known low-luminosity active galactic nuclei
powered by accretion onto a massive black hole21.
The central, compact, non-thermal radio source in Henize 2-10 is

also coincidentwith a local peak inPaa andHa emission and appears to
be connected to a thin quasi-linear ionized structure between twobright
and extended regions of ionized gas. This morphology is tantalizingly
suggestive of outflow (Fig. 2). Although we cannot conclusively deter-
mine whether or not this linear structure is physically connected to the
brightest emitting regions with the data in hand, ground-based spec-
troscopic observations22 confirm a coherent velocity gradient along the
entire ionized gas structure seen in Fig. 2, consistent with outflow or
rotation. Moreover, a comparison between the central velocity of this
ionized gas structure and the systemic velocity of the galaxy—derived

1Department of Astronomy,University of Virginia, 530McCormick Road, Charlottesville, Virginia 22904, USA. 2National Radio AstronomyObservatory, 520Edgemont Road, Charlottesville, Virginia 22904,
USA.

Figure 1 | Henize 2-10. Henize 2-10 is a blue compact dwarf galaxy hosting a
concentrated region of extreme star formation. Using Ha (ref. 8) and 24mm
(ref. 11) fluxes from the literature, we estimate a star-formation rate12 of
1.9M[ yr21, assuming that all of the emission is from the starburst and that the
contribution from the active nucleus is negligible.We estimate thatHenize 2-10
has a stellar mass of 3.73 109M[ from the integrated 2MASSKs-band flux14,15.
Neutral hydrogen observations of Henize 2-10 indicate a solid-body rotation
curve typical of dwarf galaxies with amaximum projected rotational velocity of
39 km s21 relative to the systemic velocity of the galaxy7. These observations
also indicate a dynamical mass of about 1010M[within 2.1 kiloparsecs (ref. 7).
The main optical body of the galaxy, shown here, is less than one kiloparsec
across. Henize 2-10 shows signs of having undergone an interaction, including
tidal-tail-like features in both its gaseous7 and stellar distributions (seen here).
In this three-colour HST image of the galaxy, we show ionized gas emission in
red (Ha) and the stellar continuum in green (,I-band, 0.8mm) and blue (,U-
band, 0.3mm). These archival data were taken with Wide Field and Planetary
Camera 2 (Ha) and the Advanced Camera for Surveys (U- and I-band). The
white box indicates the region shown in Figs 2 and 3.
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Figure 2: Two IMBH candidates from our survey, J0811+2328 (top) and J1009+2656 (bottom). Their
starlight-subtracted spectra in the Hβ (left) and Hα (center) regions are shown along with their SDSS
images, which have the same physical scale (15 kpc × 15 kpc). The galaxies are tiny: both have Mg = −17.2
and stellar masses of ∼ 2 × 109 M!.

The stellar masses of the galaxies (Fig. 1, middle) range from 4 × 108 M! to 1 × 1010 M!.
The nuclear properties of our sample are interesting. Only two objects (one of which is NGC

4395) are classified as type 1 AGNs. The other 24 are narrow-line objects with emission-line flux
ratios consistent with those of Seyfert 2 galaxies (Fig. 1, right). In general, the objects have
exceptionally weak lines. For example, the median luminsity of the [O iii] λ5007 line — a decent
indicator of the isotropic luminosity of an AGN (Heckman et al. 2005) — is just 6× 1038 ergs s−1.

Spectra and images of two objects from our sample are shown in Figure 2. Because of their
proximity, our IMBH candidates are ideal for follow-up study with Chandra.

1.3 Chandra Observations

Given the unbiased nature of our sample, it is very significant that 24/26 of the objects are type 2
AGNs with narrow emission-line spectra. In optical surveys of luminous galaxies, type 2 AGNs
outnumber type 1s by only a factor of 3 or 4 (e.g., Osterbrock & Shaw 1988). It’s possible, as
with luminous Seyfert 2s, that the broad-line regions of the AGNs in our sample are obscured by
a dense, parsec-scale torus (e.g., Antonucci 1993). But in this scenario, something would have to
be different about the typical geometry or covering factor of the torus in order to account for the
dominant type 2 fraction. On the other hand, it’s not clear exactly how the torus originates in
the first place, even in luminous AGNs. One possibility is that it might result from a wind driven
from the surface of the accretion disk by radiation pressure (Konigl & Kartje 1994). However, in
modeling such a wind, Elitzur & Shlosman (2006) find that AGNs with low bolometric luminosities
are not powerful enough to create a torus. In a similar vein, it has been shown (Nicastro 2000;
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Satyapal et al. 2007

Spitzer (+others)

Greene & Ho (2004, 2007)

Broad-line AGNs from SDSS;
see YanFei later this session

16 BARTH ET AL.

FIG. 2.— SDSS color composite images of the Seyfert galaxy sample. The image size is 1′ × 1′. North is up and east is to the left.

Barth et al. 2008

Narrow-line AGNs from SDSS

Dong et al. 2007; 
SDSS

NGC 1042; 
Shields et al. 2008

Optical Spectra

NGC 3621 (+others); 
Satyapal et al. 2007

Spitzer

 Desroches & Ho 2008
also Ghosh et al. 2008

X-ray detection

Gallo et al. 2008,2010; 
VIRGO/AMUSE

X-ray

Note the wide array of 
galaxy morphologies: 
bulgeless spirals, spheroidals,

and a dwarf starburst...
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New sample from M. Schramm and 
J. Silverman using the 4Ms CDFS.  
These are selected to have 
M* < 109.5 M⦿ and all have high Lx/LB.
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Space Densities Still Uncertain12 A. Goulding et al.

Figure 5. (Upper panel) Comparison of volume-weighted space densities of active SMBHs in the local Universe, Φ in units of number
Mpc−3 log M−1

BH. Mid-IR active SMBH function (filled squares; Goulding & Alexander 2009) is compared to the optically identified NL
AGN function (dotted curve) of H04, the BL AGN function (filled circle) of Greene & Ho (2007), and total SMBH function (active+inactive
galaxies; solid curve; Marconi et al. 2004). Sample selection bias is analysed using a robust Monte-Carlo simulation (shaded region; see
Appendix). (Lower panel) Ratio of mid-IR active SMBHs to the total local SMBH mass function. The total SMBH mass function is
extrapolated by 0.3 dex to MBH < 106 M". For comparison the volume-weighted AGN fraction of H04 is also shown (dashed line). We
estimate a mean volume-weighted local AGN fraction of ≈ 25+29

−14 percent over the range MBH ≈ (0.5–500) × 106 M".

NGC 4565) lack high-resolution Spitzer-IRS spectroscopy
of the central region (as noted in Table 2 of GA09), one
(NGC 3031; LIR ≈ 2.8× 109 L") lies fractionally below our
luminosity limit for this survey, and NGC 4258 is not in-
cluded in the RBGS due to its extremely large angular size.

Whilst the main focus of this paper is to compare
SMBH statistics derived from mid-IR and optical detec-
tion techniques, it is prudent to note that the majority
of AGN space densities calculated at higher redshifts are
typically derived from sources detected in wide-field X-ray
surveys. Hence, we now establish whether our mid-IR ac-

tive space density may be missing a significant fraction
of X-ray detected AGNs. Recently, a comparison between
high-resolution Spitzer-IRS spectroscopy and X-ray detected
AGNs, was made by Dudik et al. (2009) for a large sample of
optically classified LINERS. Dudik et al. (2009) reported in-
consistencies between [NeV] non-detections and the presence
of hard X-ray nuclear emission in a subset of their sample.
However, they conclude that the limited sensitivity of their
mid-IR observations may be driving their observed result.
Using the relations between high-ionisation mid-IR emission
and hard X-ray luminosity (M08; GA09; Goulding et al. in

Goulding et al. 2011 

Goulding et al. used MIR           
selection.  See also the           
recent paper by Schulze                
et al based on the Hamburg        
ESO survey

Reines and Moran will                 
discuss promising new                       
search strategies
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Scaling Relations Still Uncertain
3

Fig. 1.— Panel (a) is the relation between the BH masses MBH and I−band absolute magnitude MI of the bulge. Our sample is labeled
with open blue circles. Galaxies without an extended disk are labeled with red triangles. Upper limits of the bulges for bulgeless galaxies
are plotted with arrows. Solid lines are the best fitting relation for active galaxies from Bentz et al. (2009a) and inactive galaxies from
Gültekin et al. (2009), respectively, in the two sub-panels. Dashed blue lines are the best-fitting relations when our sample is included. All
comparison samples are shifted to the I band appropriately. Panel (b) is the relation between BH masses and dynamical bulge masses.
Solid line is the best fitting relation for Gültekin et al.’s sample with dynamical masses from Häring & Rix (2004). Blue line is the best
fitting when our sample with stellar velocity dispersion measurements is included. Grey open circles are objects from our sample with
velocity dispersions measured from [S II] (Greene & Ho 2007). Open blue circles with black dot at the center are galaxies with little disk
contamination for the stellar velocity dispersion measurements.

objects, the BH masses are directly comparable, hope-
fully minimizing systematic errors. However, we note
that their BH masses range from 107 − 109M!, larger
than the BH masses in our sample by about 2 orders
of magnitude. This comparison can tell us whether the
MBH − Lbulge relation observed in massive AGNs still
exists at the low masses probed here.
In order to do this comparison, we adopt the f factor

from Onken et al. (2004, e.g., we boost our virial BH
masses by 0.3 dex). We fit the sample with the following
log-linear relation

log(MBH/M!) = α(MI −M0) + β, (1)

where M0 is the median magnitude measured from the
fitted sample, which is held constant during the fitting.
For the following fits, we do not include galaxies with
only upper limits on their bulge magnitudes 5. Follow-
ing Greene & Ho (2006) and Tremaine et al. (2002), we
include the intrinsic scatter ε0 in the definition of χ2

(equation 1 of Greene & Ho 2006) so that the best fit
gives a χ2 = 1. Thus, we get an upper limit on the
intrinsic scatter.
We find a significantly steeper slope and lower zero-

point when fitting our sample and that of Bentz et al.
together. The difference between the two samples can
be quantified by calculating the predicted BH masses
Mpredict based on our bulge luminosities and the best-
fitting relation for the Bentz et al. sample. We calculate
a mean difference of 〈log(Mpredict/MBH)〉 = 1.15± 0.03,

5 We have tried to fit our sample including the upper limits using
the maximum likelihood method as done in Gültekin et al. (2009).
The answer is unchanged.

where the latter is the error on the mean. The other way
is to fit our combined samples, which gives an intrinsic
scatter of ε0 = 0.41−0.45 for an assumed scatter in virial
BH masses of 0.48 (e.g., Collin et al. 2006; Woo et al.
2010) to 0.4 (e.g., Greene & Ho 2006). Both calculations
show that the galaxies in our sample have systematically
smaller BH masses at a fixed bulge mass compared with
Bentz et al.’s sample. Differences in stellar populations,
which we estimate would dim our bulges by ∼ 1 mag, are
not sufficient to explain these discrepancies.
To investigate further whether these differences rep-

resent a real physical difference (e.g., as a function of
mass), we also compare to inactive BHs with dynamical
BH masses from Gültekin et al. (2009). As explained
in Paper I, we adopt a color difference of V − I = 1.34
mag to shift the Gültekin et al. sample from the V band
to the I band. The average difference between the pre-
dicted and observed BH masses based on the Gültekin
et al. fit is 〈log(Mpredict/MBH)〉 = 0.85 ± 0.04. If we fit
our sample combined with that of Gültekin et al., the in-
trinsic scatter increases significantly (see Table 1). This
scatter is driven by a systematic shift between our sam-
ple and Gültekin et al.’s sample. For a given BH mass,
the galaxies in our sample have larger bulge luminosities.
This shift may be real, or it may be explained by younger
stars, and thus lower mass-to-light ratios, in our galaxies
(Paper I). In order to remove this uncertainty, we esti-
mate dynamical masses Mdyn for a subset of our sample,
as described below. Dynamical mass should be a good
approximation of the stellar mass of the bulge Mbulge,
since in general stars should dominate the gravitational
potential on the scale of the bulge.

– 44 –

Fig. 6.— The MBH−σ∗ relation for massive black holes. Filled dots represent new measure-
ments from this work. Red dots are the MagE sample, purple dots are the newly observed
ESI objects, and blue dots are the objects originally from the BGH05 sample. For objects
observed with both ESI and MagE, both measurements are shown, connected by a short
black line. The filled dots over-plotted with grey squares represent the galaxies with “pos-
sible” broad Hα components. Filled squares represent the 56 higher-mass active galaxies
selected from SDSS by Greene & Ho (2006b), with BH masses updated with Equation 6.
Crosses represent literature data of 24 RM AGNs with stellar velocity dispersion measure-
ments presented by Woo et al. (2010). NGC 4395 and POX 52 (Filippenko & Ho 2003;
Peterson et al. 2005; Thornton et al. 2008) are illustrated with stars. All the MBH are scaled
to the virial factor of f = 0.75 or fσ = 3, in the virial mass MBH = fRBLR∆V 2/G (see
text for details). Open circles represent objects with dynamically determined BH masses
compiled by Gültekin et al. (2009), and the red line is the MBH − σ∗ relation derived by
Gültekin et al. (2009). Red dashed-line is the MBH − σ∗ relation reported by Graham et
al. (2011). The blue solid line shows our best-fit MBH − σ∗ relation for active galaxies with
α = 7.68 ± 0.08 and α = 3.32 ± 0.22, and the blue dotted lines show the intrinsic scatter
of 0.46 dex. Typical errors in measurements for the sample in this work (filled dot) and
GH06 sample (filled square) are shown on the bottom right (note that these do not include
systematic uncertainties in the assumed f factor).

Xiao, Barth et al. 2011

Jiang  et al. 2011

Broad-line AGN sample (SDSS)

Stellar velocity dispersions measured from stars 
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Gültekin et al. 2009

S0

Spiral

Elliptical

What is a “low-mass” black hole?

Origin of BH-galaxy scaling 
relations: 

Scatter in relations as function of 
BH mass AND galaxy     
morphology

Then our interest is in all systems 
with MBH < 107 M⦿ where the  
widest range of galaxy morphology 
is found

M32

small elliptical

MW
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Pseudobulges

Two types of bulges (central, 
luminous component)

Elliptical galaxies inside disks 
(Sombrero), disky bulges   (see 
right)  

Rotationally supported, bars, ovals, 
rings, nuclear spirals, ongoing star 
formation, low dispersions in the 
center

These bulges built secularly 
(Kormendy & Kennicutt 2004)

36”

Fisher et al. 2009
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Gültekin et al. 2009 see no 
differences in MBH-σ★ relation while 

Hu 2008, Gadotti & Kauffmann 
2009 report differences; see also 
Greene, Ho, & Barth 2008                                 

Some concensus that 
pseudobulges have higher σ★ at 

fixed BH mass

Black Hole-Pseudobulge relations?

Hu 2008

Mbh-σ∗ relation: bulges vs. pseudobulges 7
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Figure 2. Left-top: The Mbh-σe relations for early-type bulges (filled markers, thick lines) and pseudobulges (open markers, thin lines). Mass measurement
based on stellar kinematics are denoted by squares, on gas kinematics by circles, on masers by triangles, and on stellar proper motions by diamond. The solid
lines are fitting results using χ2 estimator, dashed lines using AB estimator. Left-middle: Residuals between the measured Mbh and the prediction by best-fit
relation using χ2 estimator for early-type bulges. The markers are the same as the top panel. The best-fit relation of T02 is shown for comparison. Left-bottom:
The contours are 1σ, 2σ and 3σ limits of χ2 fitting of α and β. The central circles denote best-fit value. The dashed squares and their central cross markers
denote the best-fit value and uncertainties using AB estimator. The thick and thin lines are results of early-type bulges and pseudobulges respectively. Right:
Similar as the left panel, but for the Mbh-σc relations, the best-fit of T02 is substituted by one of FF05.

c� 2008 RAS, MNRAS 000, 1–12
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NGC 4258

• H20 megamasers (microwave 
amplification by stimulated emission; 
102-104 L⦿) as dynamical tracers

• Very precise BH mass (3.9±0.1 x 107 

M⦿), relatively free of systematic bias

• With accelerations, also measure an 
independent distance

• Along with MW, best case to rule out 
astrophysical alternatives to SMBH 
(e.g., Maoz et al. 1995, 1998)

Miyoshi et al., Herrnstein et al., Greenhill, Humphreys, Moran
galaxy is ~7 Mpc away
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Step 1: Single-Dish Search

• Advent of Green Bank Telescope - 
doubled the number of maser 
galaxies

• So far searches have focused on 
obscured active galaxies from 
optical spectroscopic surveys; one 
volume-limited survey. ~1/3 of 
obscured AGNs detected.

• ~40-60% of maser galaxies have 
the systemic+high-velocity features 
indicative of maser disks

Monday, August 22, 2011



Step 2: VLBI 

Spatial distribution on the sky reveals an 
edge-on disk

Rotation curves reveal Keplerian rotation
around a (very) compact object 

Reid et al. 2009
UGC 03789

16

Fig. 3.— Maser distributions (top panels) and rotation curves (bottom panels) for NGC 1194 , NGC 2273, UGC 3789, and NGC 2960.
The maser distribution has been rotated to horizontal to show the scatter in the maser positions and the offset of the systemic masers from
the plane defined by high-velocity masers more clearly. The coordinate system is chosen to place the centroid of the high-velocity maser
disk (blue and red points) at θy = 0 and the centroid of the systemic masers (green points) at θx = 0. The axes for the maps show relative
position in milliarcseconds, and North (N) and east (E) are indicated by directional arrows on each map. The bottom panel for each galaxy
shows the rotation curves of the redshifted and blueshifted masers (red and blue points on the curves) plotted with the best-fit Keplerian
(solid curve) and Plummer (dotted curve) rotation curves. The velocities shown in the figure are the LSR velocities after the special and
general relativistic corrections. The residuals (data minus Keplerian curve in red and blue; data minus Plummer curve in black) are in the
bottom part of each figure. Note that we plot the rotation curve with the impact parameter θ (mas) as the ordinate and rotation speed |v|
(km s−1) as the abscissa for the convenience of fitting.

Kuo et al. 2011 presents 7 new BH masses.
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Fig. 2.— VLBI maps for the seven 22GHz H2Omasers megamasers analyzed. The maps are color-coded to indicate redshifted, blueshifted,
and systemic masers, where the “systemic” masers refer to the maser components having recessional velocities close to the systemic velocity
of the galaxy. Except NGC 4388, maser distributions are plotted relative to the average position of the systemic masers. For NGC 4388,
in which the systemic masers are not detected, we plot the maser distribution relative to the dynamical center determined by fitting the
high velocity features with a Keplerian rotation curve.
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Fig. 2.— VLBI maps for the seven 22GHz H2Omasers megamasers analyzed. The maps are color-coded to indicate redshifted, blueshifted,
and systemic masers, where the “systemic” masers refer to the maser components having recessional velocities close to the systemic velocity
of the galaxy. Except NGC 4388, maser distributions are plotted relative to the average position of the systemic masers. For NGC 4388,
in which the systemic masers are not detected, we plot the maser distribution relative to the dynamical center determined by fitting the
high velocity features with a Keplerian rotation curve.

Kuo et al. 2010 (astroph/1008.2046)
Monday, August 22, 2011
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Kuo et al. 2011
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New Maser Systems

• 10-20 new megamaser disks, ~6 good enough for distances: Megamaser 
Cosmology Project

• Masses are all within ~x3 of 107 M⦿ (with ~10% uncertainties)

• Galaxies are all spirals (S0-Sb), with >60% barred. 15 < D < 150 Mpc.

• These are obscured active galaxies, many are Compton thick.  Eddington 
ratios are ~10%.

• Interestingly, not all edge-on galaxies

• BH masses reported in Kuo et al. 2011; scaling relations in Greene et al. 
2010. 
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NGC 1194

NGC 2273
UGC 3789

NGC 2960

NGC 4388

NGC 6264NGC 6323

Maoz 1998
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So far, only NGC 4258 has megamaser+stellar dynamical masses (Siopis et 
al. 2009

We (van de Venn; Remco; Jonelle; Anil; Gebhardt...) will get data for NGC 
1194...still waiting for data for NGC 4388

Can’t obviously do RM for these, they are obscured (possible in NIR??)

X-ray masses

Cross Comparisons
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Based on morphology and color, the sample is 
dominated by pseudobulges
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G
reene et al. 2010

NGC 4258

NGC 1068

Circinus

Gülte
kin et

 al
. 20
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7 new masers from 
Kuo et al. 2010

IC 2560 
no VLBI 

Monday, August 22, 2011



G
reene et al. 2010

NGC 4258

NGC 1068

Circinus

Gülte
kin et

 al
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7 new masers from 
Kuo et al. 2010

IC 2560 
no VLBI 

Dispersions here are not biased
by disk light.  Biased by disky

bulges.
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Nature Letter, 20 January 2011, 000, 000–000

Supermassive black holes do not correlate with galaxy
disks or pseudobulges
John Kormendy1, R. Bender2 ,3, & M. E. Cornell1

Figure 1 | Correlations of dynamically measured black hole masses M• with the K-band (2.2 µm) absolute magnitude of (a) the disk component with bulge light
removed, (b) the bulge with disk light removed, and (c) the pseudobulge with disk light removed. All plotted data are published elsewhere; parameters and
sources are discussed in the Supplementary Information, and those for disk galaxies are tabulated there. Elliptical galaxies are plotted in black; classical bulges
are plotted in red; pseudobulges are plotted in blue. One galaxy with a dominant pseudobulge but with a possible small classical bulge (NGC 2787) is plotted
with a blue symbol that has a red center. In least-squares fits, it is included with the pseudobulges. Error bars are 1 sigma. In panel (b) the red and black points
show a good correlation between M• and bulge luminosity; a symmetric, least-squares fit4 of a straight line has χ2 = 12.1 per degree of freedom and a Pearson
correlation coefficient of r = -0.82. (All χ2 values quoted in this paper are per degree of freedom.) In contrast, in panel (a), the red and blue points together
confirm a previous result1 that BHs do not correlate with disks: χ2 = 81 and r = 0.41. Green points are for galaxies that contain neither a classical nor a pseudo
bulge but only a nuclear star cluster; i. e., these are pure-disk galaxies. They are not included in the above fit, but they strengthen our conclusion. Similarly,
in panel (c) the blue points for pseudobulges show no correlation: χ2 = 63 and r = 0.27. In all panels, galaxies that have only M• limits are plotted with open
symbols; they were chosen to increase our dynamic range. They, too, support our conclusions. This figure uses K-band magnitudes to minimize effects of star
formation and internal absorption, but the Supplementary Information shows that Figure 1 looks essentially the same for V-band (5500 A) magnitudes.

The masses of supermassive black holes are known to
correlate with the properties of the bulge components of
their host galaxies1-5. In contrast, they appear not to
correlate with galaxy disks1. Disk-grown pseudobulges are
intermediate in properties between bulges and disks6. It has
been unclear whether they do1,5 or do not7-9 correlate with
black holes in the same way that bulges do, because too few
pseudobulges were classified to provide a clear result. At
stake are conclusionsabout which parts of galaxies coevolve
with black holes10, possibly by being regulated by energy
feedback from black holes11. Here we report pseudobulge
classifications for galaxies with dynamically detected black
holes and combine them with recent measurements of
velocity dispersions in the biggest bulgeless galaxies12.
These data confirm that black holes do not correlate with
disks and show that they correlate little or not at all with
pseudobulges. We suggest that there are two different
modes of black hole feeding. Black holes in bulges grow
rapidly to high masses when mergers drive gas infall that
feeds quasar-like events. In contrast, small black holes in
bulgeless galaxies and galaxies with pseudobulges grow as
low-level Seyferts. Growth of the former is driven by global
processes, so the biggest black holes coevolve with bulges,
but growth of the latter is driven locally and stochastically,
and they do not coevolve with disks and pseudobulges.
The well known correlation1,5 between dynamically measured

BH masses M• and the absolute magnitudes of elliptical galaxies
(black points) and the bulge parts of disk galaxies (red points) is
shown in Figure 1(b). The correlation has χ2 = 12 per degree of
freedom implying moderate intrinsic scatter. This result and a
tighter correlation2−5 between M• and host velocity dispersion σ
(Figure 2) motivate the idea that BHs and host bulges evolve
together and regulate each other10,11. All new results in this
paper are in contrast to these two correlations.
Figure 1(a) plots M• versus the absolute magnitude of only the

disk part of the host galaxy, with the bulge luminosity removed.
We conclude that BHs do not correlate with galaxy disks.
This confirms an earlier conclusion1 based on the more indirect
observation that BHs do not correlate with total (bulge+disk)
luminosities of disk galaxies. In Figure 1(a), the color of the
points –which encodes bulge type (see below) – is irrelevant. A
least-squares fit to the red and blue points has correlation
coefficient r = 0.41. One-sigma errors imply χ2 = 81 per degree
of freedom: the data do not respect the weak anticorrelation.
The green points for pure-disk (that is, completely bulgeless)
galaxies further confirm the large scatter and lack of correlation.
Figure 1(c) plotsM• versusMK for “pseudobulge” components

with disk light removed. They are also included in (b) in ghostly

1Department of Astronomy, University of Texas at Austin, 1 University Station, Austin, TX 78712-0259, USA
2Max-Planck-Institut für Extraterrestrische Physik, Giessenbachstrasse, D-85748 Garching-bei-München, Germany
3Universitäts-Sternwarte, Scheinerstrasse 1, D-81679 München, Germany

light blue to show how they compare with classical bulges and
ellipticals. Pseudobulges required explanation, as follows.
Much work over several decades has shown that the high-stellar-

density central components in disk galaxies – all of which we used
to call “bulges” – come in two varieties. How to distinguish them
is discussed in the Supplementary Information. The difference
was first found observationally but is now understood to be a
result of fundamentally different formation mechanisms6.

Hu 2008; 
also Gadotti & Kauffmann, Greene et al. 2008; Hu 2009; etc.
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Figure 2. Left-top: The Mbh-σe relations for early-type bulges (filled markers, thick lines) and pseudobulges (open markers, thin lines). Mass measurement
based on stellar kinematics are denoted by squares, on gas kinematics by circles, on masers by triangles, and on stellar proper motions by diamond. The solid
lines are fitting results using χ2 estimator, dashed lines using AB estimator. Left-middle: Residuals between the measured Mbh and the prediction by best-fit
relation using χ2 estimator for early-type bulges. The markers are the same as the top panel. The best-fit relation of T02 is shown for comparison. Left-bottom:
The contours are 1σ, 2σ and 3σ limits of χ2 fitting of α and β. The central circles denote best-fit value. The dashed squares and their central cross markers
denote the best-fit value and uncertainties using AB estimator. The thick and thin lines are results of early-type bulges and pseudobulges respectively. Right:
Similar as the left panel, but for the Mbh-σc relations, the best-fit of T02 is substituted by one of FF05.
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Is this primarily a *morphology* effect?  So there is no correlation between BH 
mass and pseudobulge mass?

If yes, then the interpretation is that BH-bulge scaling relations are 
established in the making of classical bulges (e.g., merging/BH feedback).

But the data are also consistent with a BH mass dependent change in scaling 
relations.

In which case, the interpretation is less clear.  Perhaps provides support for a 
picture in which BH-bulge scaling relations are just a side effect of many 
mergers in high mass galaxies (e.g., Peng 2007; Jahnke & Maccio 2010).
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Figure 6. Dependence of residuals from the MBH–σ∗ relation (∆ log MBH = (log VP + log f )− (α +β log σ/(200 km s−1)) on parameters related to the accretion state:
VFWHM/σline (top left); Eddington ratio (top right); VFWHM (bottom left); line dispersion σline (bottom right) of the Hβ line. In this plot, we adopt the local relation
with α = 8.12, β = 4.24 taken from Gültekin et al. (2009), and log f = 0.72 as determined in Section 6.2.

the dependence since the line width of most of our objects is
relatively small, σline < 2000 km s−1. By dividing our sample
at σline = 1500 km s−1 into two groups of similar sample size,
we separately measured the virial coefficient for narrower-line
and broader-line AGNs. The difference in the virial coefficient is
∆ log f = 0.1–0.2, which is not significant given the uncertainty
of 0.15 dex on the virial coefficient.

5. DISCUSSION

We present the MBH–σ∗ relation of the reverberation sample
in Figure 7, using the slope, β = 3.55 ± 0.60, determined in
Section 4.1 and the average virial coefficient, 〈log f 〉 = 0.72 ±
0.10, determined in Section 4.2. Compared to the local quiescent
galaxies, active galaxies follow a consistent MBH–σ∗ relation
with a similar slope and scatter. Note that the mean black hole
mass of the reverberation sample (〈log MBH/M%〉 = 7.3±0.74)
is an order of magnitude smaller than that of quiescent galaxies
(〈log MBH/M%〉 = 8.2 ± 0.79). The slightly shallower slope
of the reverberation sample is consistent with the trend in the
quiescent galaxies that the slope is shallower for galaxies with
lower velocity dispersion (σ∗ < 200 km s−1); see Gültekin
et al. (2009). In contrast, the slope of late-type quiescent
galaxies (4.58 ± 1.58) seems higher than the slope of our active
galaxies, which are mainly late-type galaxies. However, given
the uncertainty in the slope (β = 3.55 ± 0.60) of the active
galaxy MBH–σ∗ relation, the difference between quiescent and
active galaxies is only marginal. We did not attempt to divide
our sample into various morphology groups or a few mass bins
to test the dependence of the slope, since the sample size is still
small and biased toward lower mass objects.

Figure 7. MBH–σ∗ relation of active galaxies with reverberation black hole
masses (blue), compared with non-active galaxies with dynamical black hole
masses. The reverberation masses were determined assuming the virial coef-
ficient, log f = 0.72 ± 0.10. The solid line is the best-fit slope of the active
galaxies, while the dashed line is the best fit to the inactive galaxy samples from
Gültekin et al. (2009).
(A color version of this figure is available in the online journal.)

Woo et al. 2010

Greene et al. 2010

What is the difference?  Why is the 
scatter the same as the inactive 
galaxies?
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Figure 1. Comparison of black hole mass and V-band bulge luminosity values
from Wandel (2002) (open circles) and this work (filled circles) for objects that
are common to both. The new values cover a range of 2.5 dex in luminosity and
show a clear trend, while the values from Wandel (2002) have a range of ∼2
dex in mass within a limited ∼1.5 dex range in luminosity.

Figure 2. MBH–Lbulge relationship for AGNs with reverberation-based masses
and bulge luminosities from two-dimensional decompositions of HST host-
galaxy images. The solid line is the “best” fit with a slope of α = 0.80 ± 0.09.
The dashed line is the fit from Wandel (2002) to his sample of broad-line AGNs
and has a slope of α = 0.90 ± 0.11.

for the objects or the same analysis techniques in determining
the black hole mass. All of the reverberation-based black hole
masses have since been homogeneously analyzed and updated
by Peterson et al. (2004), and PG 2130+099 has an updated mass
from the analysis of a new reverberation data set by Grier et al.
(2008). Figure 2 shows the black hole masses versus the host
galaxy V-band luminosities for the full sample of 26 objects
included in this study.

Table 2
Fits to the MBH–Lbulge Relationship

Sample K α Scattera

BCES

AGNs −0.02 ± 0.06 0.80 ± 0.09
AGNs (+ extra components) −0.07 ± 0.08 0.85 ± 0.11
FF05 ellipticals 0.42 ± 0.12 1.43 ± 0.21
FF05 ellipticals (− outliers) 0.30 ± 0.10 1.42 ± 0.24

FITEXY

AGNs −0.05 ± 0.06 0.76 ± 0.08 0.38
AGNs (+ extra components) −0.13 ± 0.06 0.80 ± 0.09 0.44
FF05 ellipticals 0.15 ± 0.11 1.11 ± 0.21 0.73
FF05 ellipticals (− outliers) 0.14 ± 0.11 1.18 ± 0.19 0.64

Notes. a The fractional scatter, quantified as the fraction of the measurement
value of MBH that must be added in quadrature to the error value in order to
obtain a reduced χ2 of 1.0.

3. THE BLACK HOLE MASS–BULGE LUMINOSITY
RELATIONSHIP

We employed two independent fitting routines in our exam-
ination of the MBH–Lbulge relationship: FITEXY (Press et al.
1992), which estimates the parameters of a straight-line fit
through the data including errors in both coordinates; and BCES
(Akritas & Bershady 1996), which accounts for the effects of
errors on both coordinates using bivariate correlated errors and a
component of intrinsic scatter. FITEXY numerically solves for
the minimum orthogonal χ2 using an iterative root-finding algo-
rithm and is a “symmetric” algorithm in that it does not assume
a dependent and an independent variable. Following Tremaine
et al. (2002), we include an estimate of the intrinsic scatter as
the fraction of the measurement value (not the error value) that
is added in quadrature to the error value to obtain a reduced χ2

of 1.0. The statistical accuracy of reverberation masses is only a
factor of 2–3 (Onken et al. 2003), so the fractional error is added
to the MBH measurement. BCES also accounts for, but does not
quantify, intrinsic scatter. For comparison with the “symmetric”
fits from FITEXY, we adopt the bootstrap of the BCES bisector
value with N = 1000 iterations. Fits of the form

log
MBH

108 M#
= K + α log

Lbulge

1010 L#
(1)

were performed utilizing both the single-component bulge
luminosities and the multiple-component bulge luminosities and
are presented in Table 2. The power-law slope ranges from
0.76 ± 0.08 to 0.85 ± 0.11 depending on the definition of the
bulge luminosity and the specific fitting routine utilized. We
take the BCES fit nearest the middle of this range, with a slope
of 0.80 ± 0.09, as the “best” fit.

For comparison, we fit the quiescent galaxy MBH–Lbulge re-
lationship using the sample of nearby galaxies with dynamical
black hole mass measurements (Ferrarese & Ford 2005; FF05).
We restricted the sample to ellipticals, both to circumvent the
need for bulge–disk decompositions and because ellipticals are
reported to show less scatter about the MBH–Lbulge relationship
(see McLure & Dunlop 2001). Bulge magnitudes were con-
verted to the V band using a typical elliptical galaxy color of
B−V = 0.9. The fitting results are presented in Table 2, includ-
ing fits to the quiescent galaxy relationship excluding Cygnus A
and NGC 5845, both of which are known to deviate significantly
(FF05).

Bentz et al. 2009

– 44 –

Fig. 6.— The MBH−σ∗ relation for massive black holes. Filled dots represent new measure-
ments from this work. Red dots are the MagE sample, purple dots are the newly observed
ESI objects, and blue dots are the objects originally from the BGH05 sample. For objects
observed with both ESI and MagE, both measurements are shown, connected by a short
black line. The filled dots over-plotted with grey squares represent the galaxies with “pos-
sible” broad Hα components. Filled squares represent the 56 higher-mass active galaxies
selected from SDSS by Greene & Ho (2006b), with BH masses updated with Equation 6.
Crosses represent literature data of 24 RM AGNs with stellar velocity dispersion measure-
ments presented by Woo et al. (2010). NGC 4395 and POX 52 (Filippenko & Ho 2003;
Peterson et al. 2005; Thornton et al. 2008) are illustrated with stars. All the MBH are scaled
to the virial factor of f = 0.75 or fσ = 3, in the virial mass MBH = fRBLR∆V 2/G (see
text for details). Open circles represent objects with dynamically determined BH masses
compiled by Gültekin et al. (2009), and the red line is the MBH − σ∗ relation derived by
Gültekin et al. (2009). Red dashed-line is the MBH − σ∗ relation reported by Graham et
al. (2011). The blue solid line shows our best-fit MBH − σ∗ relation for active galaxies with
α = 7.68 ± 0.08 and α = 3.32 ± 0.22, and the blue dotted lines show the intrinsic scatter
of 0.46 dex. Typical errors in measurements for the sample in this work (filled dot) and
GH06 sample (filled square) are shown on the bottom right (note that these do not include
systematic uncertainties in the assumed f factor).

Xiao, Barth et al. 2011
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Population of galaxies are the same: Sa-Sc spirals.

Population of BHs are the same -- both masers and low-mass RM objects 
have similar BH masses and Eddington ratios

Brad Peterson would say the RM masses are just better...

How we measure f?  Selection effects...?

Monday, August 22, 2011



What are the space densities of BHs with MBH < 106 M⦿?

Does the scatter in BH-bulge scaling relations depend on morphology or BH 
mass or both?

small question: Why do we get different answers about BH-galaxy scaling 
relations from RM and dynamical samples?

Open Questions (?)
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