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•   AGNs in 60% of galaxies earlier than Sbc:        
BHs are ubiquitous in early-type galaxies
•   Reverse is true for nuclear star clusters

Ho, Filippenko, & Sargent 1997
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Optical spectroscopic searches plagued
with incompleteness due to star formation, 

dust, and flux limits



When do NCs and BHs coexist?
Are they physically related?

1. A solid handle on BH demographics in 
late-type galaxies and at low BH mass

2. Do BH masses scale with galaxy (or 
NC?) properties at low mass?



We do not (yet) know the 
space density or occupation 
fractions of low-mass BHs.



Search Techniques 
(105 M⦿ BHs)

• Dynamical methods: inactive or active BHs, limited 
to a few Mpc

• Optical spectroscopy: nuclear activity required, 
sensitive to dust and star formation

• MIR spectroscopy: nuclear activity required

• X-ray spectroscopy: nuclear activity required

• tidal disruptions, gravitational radiation, high-
resolution radio imaging, optical variability



Dynamics (I)

M33: Nuclear BH < 1500 M⦿

(Gebhardt et al. 2001)

NGC 205: Nuclear BH < 20,000 M⦿

(Valluri et al. 2004)

G1, Omega Cen, (other globular clusters?)
(Gebhardt et al. 2002, 2005; Noyola et al.)



Dynamics (II)
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Figure 16. Velocity field of the best-fitting H2 dynamical model (middle, top), with a BH mass of MBH = 4.5 × 105 M" and a disk inclination of 37◦, in comparison
to the symmetrized data (top left). The velocity residual (data model) is shown in the right panel. The velocity curves in the bottom panels are extracted along the line
of nodes (overplotted to the velocity maps) and represent the peak velocity curves. The diamonds correspond to the model velocity curve, while the crosses correspond
to the data.
(A color version of this figure is available in the online journal.)

Figure 17. Constraining the mass of the central BH: the figure indicates the grid
of models (in BH mass, MBH, and disk inclination) that was calculated, and the
contours show χ2 in the vicinity of the best-fit dynamical models for matching
the H2 kinematics. The minimum χ2 model is at MBH ∼ 4.5 × 105 M" and a
disk inclination of 37◦. The contours indicate the 1, 2, and 3σ confidence levels,
respectively (see the text for details).

determined from the NIFS stellar kinematics and the luminosity
of the NSC (and central excess) above the underlying bulge. The
NGC 404 NSC mass is a large fraction (1%–2%) of the bulge/
galaxy mass, making it fall significantly above the relationship
for MBHs and early-type Virgo NSCs given by Ferrarese et al.
(2006); however, there are several other similar outliers in the

Figure 18. Scaling relations for NSCs and MBHs in early-type galaxies. Data
for MBHs are from Häring & Rix (2004), while for the NSCs these are from
Côté et al. (2006) with mass estimates from Seth et al. (2008a). The solid line
shows the joint MBH/NSC fit from Ferrarese et al. (2006), while the dashed
line shows the fit to the MBH data from Häring & Rix (2004). Just the bulge
mass is plotted for NGC 404; the total galaxy mass would be ∼30% larger.
(A color version of this figure is available in the online journal.)

Virgo NSC sample. Using the Ferrarese et al. (2006) NSC mass
versus σ relation also gives a mass nearly an order of magnitude
smaller than the measured NSC mass.

The NSCs high mass relative to its galaxy raise the question
of whether our interpretation of this component as an NSC is
correct. As an alternative, we could be seeing some form of

8 BARTH ET AL.

FIG. 8.— NGC 3621 and the K-band black hole mass- bulge luminosity re-
lation. Plotted points are galaxies with stellar-dynamical and gas-dynamical
measurements of black hole mass as compiled in the “Group 1” sample of
Marconi & Hunt (2003). The solid line represents the best-fitting black hole-
bulge relationship from Marconi & Hunt (2003). Arrows show the upper
limits to the bulge luminosity and black hole mass for NGC 3621.

NIR relationships. Bulge upper limit is only MH ∼ !17.5
mag, much fainter than any of the bulges in MH sample.
Also suggest that our approach to finding upper limits based

on Jeans equation for stars+BH would be applicable to other

nuclear star clusters and might be useful to apply to a wider
sample (rather than just assuming a stellar-only model and
using that as the upper limit).

6. SUMMARY AND CONCLUSIONS
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however, the black hole content of nuclear clusters in late-
type spirals is very poorly constrained, and M33 provides a
convincing demonstration that some nuclear clusters do not
contain a black hole of dynamically significant mass. The
best evidence that black holes can occur in at least some very
late-type disk galaxies comes from the detection of a small
number of active galactic nuclei (AGNs) in Scd and Sd-type
spirals. The best-studied case is the Sd galaxy NGC 4395,
which contains a Seyfert 1 nucleus (Filippenko & Sargent
1989; Filippenko & Ho 2003); it remains the only clear exam-
ple of a broad-lined AGN in a bulgeless galaxy. In addition, a
few examples of Type 2 AGNs in very late-type spirals have
been detected recently in optical spectroscopic surveys, such
as NGC 1042 (Seth et al. 2008a; Shields et al. 2008) and UGC
6192 (Barth et al. 2008).
A recent Spitzer spectroscopic observation of the Sd galaxy

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

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

2. IMAGING DATA

2.1. Archival HST Data

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

TABLE 1
HUBBLE SPACE TELESCOPE ARCHIVAL DATA

Camera Filter Exposure Time (s) Observation Date

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

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

NICMOS/NIC3 F190N 6× 224 2007-03-31

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

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

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

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

2.1.1. GALFIT Modeling

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

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

region from the PC image, centered on the nuclear cluster.



Optical Spectroscopy
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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.

Narrow-line Counterparts 
From SDSS

Barth, Greene, & Ho 2008

Thornton, Barth, Ho, & Greene 2009

XMM Seyferts 5

FIG. 5.— Plot of L[O III] vs L2!10 keV with our sample (red asterisks) along
with the objects (black, filled squares) from Panessa et al. (2006), which in-
cludes quasars and Seyfert 1 and 2 galaxies, all corrected for X-ray absorption
except for our sample. The open symbols represent NGC 4395 (green circle;
Panessa et al. 2006), POX 52 (green triangle; Barth et al. 2004, Thornton et
al. 2008) and intermediate mass Seyfert 1 objects (blue squares; Greene &
Ho 2004, Desroches et al. 2009). The solid line represents the least-squares
fit derived by Panessa et al. (2006).

thermal blackbody model improves slightly (C = 37.63 using
18 PHA bins and 15 dof) with a blackbody temperature of
kT = 0.14±0.05 keV, but still slightly underpredicts the spec-
trum at energies of > 2.0 keV.
Finally, we note that this spectrum flattens out at energies

> 1.0 keV, similar to the flattening seen at energies between
1 ! 5 keV in the XMM-Newton spectrum of POX 52 when it
was observed to be in partially-covered state (Thornton et al.
2008). With this in mind, we add a partial-covering compo-
nent to our model and keep both the Galactic absorber and
the power law fixed to their previous values. The best fit
(C = 17.93 using 18 PHA bins and 13 dof) from this model
included a kT = 0.20 keV blackbody and an additional ab-
sorbing column density of NH = 4.3 × 1022 cm!2 cover-
ing 95% of the X-ray emitting region. This model is more
complex than the previous models tested, but better fits the
flattened region between energies 1!5 keV. If this model ac-
curately describes the observed emission, we would expect to
see the spectrum of SDSS J103234 decrease at energies > 5
keV and follow the shape of the power law component. Ad-
ditional observations with a higher S/N are needed to confirm
this prediction, but based on the data currently available, we
select the partially-covered absorbed power law as our best-fit
model.

5. DISCUSSION

5.1. L[O III]-LX Correlation

The relationship between the luminosity of the [O III] emis-
sion line at 5007 Å and the 2! 10 keV luminosity has been
studied for a range of objects, including type 1 and 2 Seyfert
galaxies and quasars, to determine if it is an intrinsic rela-
tionship or if the relationship has any additional dependence
on properties such as accretion rate, luminosity, and mass.
Kraemer et al. (2004) investigated the range of X-ray and
[O III] luminosities in both broad-line and narrow-line Seyfert
1 galaxies, finding little difference between the two popula-
tions. Heckman et al. (2005) followed this study with an-

other, in which they included both Seyfert 1 and 2 galaxies,
specifically investigating whether this relationship extended
to Seyfert 2 galaxies and whether or not LX needed to be cor-
rected for absorption. They found that if the LX of a Seyfert 2
galaxy was corrected for absorption, the correlation remained
intact with minimal scatter added due to the uncertainties in-
volved in the absorption correction. Panessa et al. (2006) in-
cluded a wider variety of objects to their sample in order to in-
clude a larger luminosity range than previous used, and found
that the correlation remained approximately the same. An im-
portant outcome of this is that the optical [O III] luminosity
can be used as a tracer of the intrinsic X-ray luminosity, and
therefore used to estimate the amount of absorption seen in
the X-ray.
We plot the L[O III] measurements for the BGH08 sample

against our estimates of LX along with the L[O III]-LX relation
derived by Panessa et al. (2006) in Fig. 5. All four objects
fall below the relation, although SDSS J103234 is essentially
consistent within the errors and SDSS J110912 falls within
the scatter of other AGNs, suggesting little or no intrinsic ab-
sorption in these objects. SDSS J144012 and the upper limit
of SDSS J011905 fall more than an order of magnitude below
the relation and the level of absorption required to rectify the
observed and expected LX values seems to be substantial.
We use the L[O III]-LX correlation from Panessa et al. (2006)

and calculate the expected 2!10 keV luminosity from the ob-
served L[O III] values. The observed L[O III] values are from
the SDSS spectra (Kauffmann et al. 2003, BGH08). Compar-
ing these values to the LX values measured from the XMM-
Newton data, we can attempt to quantify the level of in-
trinsic absorption within each galaxy. The observed LX of
SDSS J103234 is consistent with the LX derived from L[O III],
so no additional absorption is needed to reconcile the two
LX values. SDSS J110912 needs an absorbing column den-
sity of NH = 8.8× 1021 cm2 in order to bring the observed
LX to the value suggested by its [O III] luminosity. Due to
the low LX of the upper limit of SDSS J011905, a consider-
able amount of absorption, NH > 1.5× 1022 cm2, is needed
to bring the observed and predicted LX values into agreement.
However, without a proper detection of SDSS J011905, the
magnitude of the intrinsic absorbing column density will re-
main unknown. SDSS J144012 also falls below the L[O III]-
LX relation, suggesting that there is a considerable amount
of absorption in this object. Using our measured LX, we es-
timate the absorbing column density needed to account for
its displacement from the L[O III]-LX correlation to be NH =
2.3×1022 cm2.
Bassani et al. (1999) showed that Seyfert 2 galaxies with

FX/F[O III] < 1 are more highly absorbed objects with typ-
ical absorbing column densities of NH > 4× 1023 cm2 and
those with FX/F[O III] < 0.1 are mostly Compton-thick (NH >
1024 cm2). For FX/F[O III] > 1, the sample of galaxies be-
comes a mix of Seyfert 1 and Seyfert 2 galaxies with lower
levels of absorption corresponding to absorbing column den-
sities of NH < 4× 1023 cm2. In the case of SDSS J011905,
we find an upper limit of FX/F[O III] < 0.76, consistent with
a highly absorbed AGN. SDSS J103234 and SDSS J110912
have FX/F[O III] values of 9.3 and 1.4, respectively, suggest-
ing little or no absorption. The X-ray to O III flux ratio of
SDSS J144012 is FX/F[O III] = 0.3, which is consistent with
the level of absorption we previously estimated.

5.2. SDSS J110912

XMM observations



from the TWIN spectrum, which is similar in dimension to the
300 diameter SDSS fiber aperture. The two spectra are very simi-
lar in continuum and emission-line properties. The continuum
and emission-line fluxes are spatially strongly peaked; we con-
sequently did not attempt to correct for the different aperture
areas, but note that the resulting flux scale could be uncertain by
as much as a factor of 2. (We note that this uncertainty does not
affect our subsequent conclusions that are based on line ratios.)

The TWIN spectrum of the NGC 1042 nucleus as measured
through a 100 ; 100 synthetic aperture is shown in Figure 1. The
spectrum shows emission lines superposed on a stellar contin-
uum, with signal-to-noise ratio decreasing at the blue end. The
aperture is substantially larger than the central star cluster, which
has an effective radius of !0.0200 (Böker et al. 2004), and thus
the spectrum in Figure 1 contains significant circumnuclear star-
light (81% of the total light in the I bandpass; Walcher et al.
2006) and nebular emission.

We also obtained high-resolution spectra for the NGC 1042
nucleus using UVES at the Very Large Telescope, for purposes
of resolving absorption features and enabling accurate estima-
tion of the stellar velocity dispersion and population constraints.
The UVES observations were obtained with a 100 wide slit, and
span two wavelength intervals, 3570Y4830 and 6120Y7980 8,
with resolution of !35,000. The seeing for these observations
was !0.800, and we used an extraction width of 100 to measure
the spectrum of the nucleus. The instrument slit was maintained
at the parallactic angle throughout, thereby sweeping through
P:A: ¼ 123#Y141#. Portions of the resulting spectra are shown
as insets in Figure 1. Further details and analysis of the stellar
continuum as measured in the UVES data are presented by
Walcher et al. (2005, 2006). As discussed by Walcher et al.
(2006), the continuum is dominated by an old stellar population.

3. ANALYSIS

Within the optical bandpass, nebular emission may signal the
presence of an active galactic nucleus through emission-line
strengths, ratios, and/or profiles. With the data described in x 2

we are able to investigate each of these aspects of the NGC 1042
nucleus.

On first inspection, the emission-line ratios for this source are
ambiguous in their interpretation.Wemeasured the flux of prom-
inent emission features in the TWIN spectrum; in so doing we
did not attempt to subtract the starlight but corrected the Balmer
emission-line fluxes using the equivalent widths (EWs) of under-
lying absorption as determined from the population fit to the high-
resolution UVES spectra (Walcher et al. 2006). The resulting line
fluxes are listed in Table 1, and line ratios commonly used for neb-
ular classification are plotted in Figure 2. In each case the ratios for
the nucleus fall close to the AGN/starburst boundary. Also shown
in Table 1 and Figure 2 are measurements obtained through ad-
jacent, off-nucleus apertures, spanning 1.500Y300 on both sides of
the nucleus. The off-nucleus spectrum displays emission consis-
tent with high-metallicity H ii regions photoionized by hot stars.
The nuclear H! /H" ratio is consistent with the Case B predic-
tion (!2.86) and hence negligible reddening within the mea-
surement uncertainties.

If we suppose that the nucleus itself is powered by stars, we
can perform a consistency test by comparing the ionizing photon
production rate necessitated to explain the Balmer emission with
the ionizing photon production rate predicted for the observed
stars. Walcher et al. (2006) obtained detailed multicomponent
stellar population fits to the blue UVES continuum spectra, dem-
onstrating that this source was dominated by old ($Gyr) stars
with additional younger components, some with ages !107 yr.
The Bruzual & Charlot (2003) models used by Walcher et al.
provide quantitative predictions for the ionizing luminosity emit-
ted by the stars producing the observed blue spectra. For the
UVES spectra no absolute flux calibration exists, hence the ion-
izing photon flux derived from the blue setting and the H! flux
from the red setting are not directly comparable. However, con-
sistent predictions for the H! emission line and the adjacent

Fig. 1.—Spectra of the nucleus of NGC 1042 obtained with a 100 ; 100 aper-
ture. The TWIN spectrum is shownwith full wavelength coverage, while portions
of the high-resolutionUVES spectra are shown as insets. The redUVES spectrum
is expanded and truncated vertically to show the profiles of the [N ii] k6548, H!
k6563, and [N ii] k6583 lines. Note that the H! profile shows a larger peak flux
but narrower base than the [N ii] lines.

TABLE 1

NGC 1042 Emission Line Fluxes

100 ; F/F(H")

Line Nucleus Off-Nucleus

[O ii] k3726.................................. 111 % 22 . . .
[O ii] k3729.................................. 89 % 22 . . .
[Ne iii] k3869 .............................. 35 % 3 . . .
He i + H8 k3889 ......................... 12 % 2 . . .
H# k3970...................................... 14 % 2 . . .
[S ii] k4069 .................................. 19 % 5 . . .
H$ k4102 ..................................... 21 % 3 . . .
H% k4340 ..................................... 41 % 12 20 % 12

H" k4861..................................... 100 % 14 100 % 14

[O iii] k4959................................. 13 % 3 0 % 3

[O iii] k5007................................. 84 % 9 26 % 8

[O i] k6300 .................................. 26 % 1 0.0 % 0.6

[N ii] k6548 ................................. 68 % 2 39 % 2

H! k6563 .................................... 332 % 16 318 % 15

[N ii] k6583 ................................. 234 % 8 118 % 6

[S ii] k6716 .................................. 68 % 3 44 % 2

[S ii] k6731 .................................. 78 % 3 30 % 3

Notes.—F(H") ¼ 1:9 ; 10&15 ergs s&1 cm&2 for the nucleus and
1:8 ; 10&15 ergs s&1 cm&2 for the combined off-nucleus apertures. The
absolute flux scale is uncertain by up to a factor of 2. H% and longer
wavelength transitions were measured from the TWIN spectra, while
lines shortward of 4800 8 were measured from UVES. The UVES and
TWIN measurements were placed on a consistent flux scale by multi-
plying the UVES values to produce agreement in the H% line flux.
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A New Volume-Limited 
Survey

• PI: E. Moran

• Starts with all galaxies with Mg < -14 within 80 
Mpc and redshifts in SDSS, ALFALFA, or NED

• Has spectra for all targets (either with SDSS or a 
large number of ground-based facilities)

• 24 new AGNs, no broad-line objects



Volume-limited Search

Figure 1: (left) Absolute g magnitude distribution for our AGN sample (N = 26) and the combined GH04
and B08 SDSS samples (N = 45). The median value for our sample is Mg = −17.44. (middle) Stellar
mass distribution for our dwarf galaxy AGN hosts, calculated via the Bell et al. (2003) method. (right)
Emission-line diagnostic diagram for our sample (stars) and H ii galaxies (dots) in the same Mg range. The
solid curve is the “maximal starburst” line of Kewley et al. (2006).

NGC 4395, a nearby dwarf spiral at d ≈ 4 Mpc (Filippenko & Sargent 1989; Filippenko & Ho 2003;
Moran et al. 1999, 2005; Peterson et al. 2005), and POX 52, a spheroidal system at d ≈ 100 Mpc
(Barth et al. 2004; Thornton et al. 2008). Using the SDSS, Greene & Ho (2004, 2007b) performed
the first systematic search for additional broad-line active galaxies with MBH ≤ 106 M! (cf. Dong
et al. 2007), which has been extended to narrow-line objects as well (Barth et al. 2008). There
is tantalizing evidence that the IMBH candidates discovered obey a low-mass extrapolation of the
black-hole/galaxy scaling relations derived for massive systems (Barth et al. 2005). However, as
shown by Greene & Ho (2007a), these searches are very incomplete in low-luminosity galaxies,
precluding definitive statements about the space densities of IMBHs. Moreover, while the AGN
host galaxies are typically ∼ 1 mag fainter than L∗, very few objects with the low stellar masses of
NGC 4395 and POX 52 have been found (Greene et al. 2008).

To obtain an improved census of the local black hole demographics and the properties of IMBH-
containing galaxies, we have initiated a sensitive, unbiased search for nearby IMBH candidates. Our
approach is straightforward: to search for evidence of black-hole accretion in the nuclei of all galaxies
within a large, nearby volume of space. Specifically, (1) we employ a large distance-limited sample
of galaxies that is relatively complete and free of significant selection biases, and (2) we focus on
the nearest objects to enable the detection of IMBHs in the faintest (least massive) host galaxies
and to maximize the sensitivity of follow-up observations.

Our sample is drawn from three overlapping resources that contain sizeable numbers of objects
with measured redshifts: the SDSS DR7, the ALFALFA H i survey (Giovanelli et al. 2005), and
the NASA/IPAC Extragalactic Database (NED). The SDSS and ALFALFA complement each other
nicely — ALFALFA includes faint, low surface brightness objects that were overlooked in the SDSS,
and the SDSS includes gas-poor objects not detected in ALFALFA. NED provides a backstop for
galaxies which, for one reason or another, were omitted in the two main surveys. Nuclear activity
is classified using SDSS spectra or our own data (obtained with the MDM 2.4m, Lick 3m, KPNO
4m, Palomar 5m, and HET 9.2m telescopes). The critical step in the analysis is the removal of the
stellar continuum prior to measurement of the emission-line fluxes.

Our survey is currently limited to objects within 80 Mpc that have absolute magnitudes brighter
than Mg = −14 (more than 3 mag fainter than NGC 4395). Thus far, we have identified active
nuclei in 26 galaxies fainter than Mg = −18.3 — less luminous than the majority of host galaxies
in the Greene & Ho (2004, GH04) and Barth et al. (2008, B08) IMBH samples (see Fig. 1, 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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Figure 5. X-ray colors of AGN candidates with sufficient counts, from Table 2. Colors are defined such that H1 ≡ (M − S)/T and H2 ≡ (H − M)/T , where
S, M, H, and T are defined to be the soft (0.3–1 keV), medium (1–2 keV), hard (2–8 keV), and total (0.3–8 keV) counts, respectively. Also plotted are the expected
colors for absorbed power-law models (observed with ACIS-S) with photon indices of 1.0 (red), 1.6 (orange), 1.8 (green), 2.0 (blue), and 3.0 (purple), as well as a
1 keV blackbody (cyan). The column density NH for each model ranges from 1 × 1020 cm−2 to 1 × 1023 cm−2. Lines of constant column density for the power-law
models are overplotted for clarity, in particular NH = 1 × 1020 cm−2 (dashed), NH = 1 × 1021 cm−2 (dotted), and NH = 5 × 1021 cm−2 (dash-dotted). All AGN
candidates with X-ray colors are consistent with absorbed power-law models, and inconsistent with a 1 keV blackbody, typical of an X-ray binary in the “thermal”
state (Remillard & McClintock 2006). Large uncertainties make it difficult to determine the photon indices and column densities precisely. NGC 4395 is a known
AGN with strong absorption (NH ≈ 2 × 1022 cm−2; Iwasawa et al. 2000; Moran et al. 2005).
(A color version of this figure is available in the online journal.)

our Chandra sample, they find seven AGN candidates, a simi-
lar detection fraction. Interestingly, of the nine overlap objects,
six (IC 342, NGC 925, NGC 3184, NGC 4490, NGC 4559,
and NGC 6946) are identified in this paper as AGN candi-
dates, but not by Satyapal et al. It is possible that the weakly
active nuclei picked out by our X-ray search method are too
faint to emit much Ne v emission. We can estimate the total
Ne v luminosity LNeV for our sample assuming the bolomet-
ric luminosity Lbol = 16LX and Lbol = 9L5100 (Ho 2008),
where L5100 is the continuum luminosity at 5100 Å, coupled
with the correlation between L5100 and LNeV found by Dasyra
et al. (2008). For our range in X-ray luminosities (LX = 1037–
1040 erg s−1), this corresponds to Ne v luminosities of LNeV =
1035–7 × 1037 erg s−1. These luminosities are orders of mag-
nitude fainter than those measured by Satyapal et al. (2008).
Even NGC 3184, which appears to be a bona fide AGN (Ghosh
et al. 2008), was not detected. The Satyapal et al. detections of
Ne v are in excess of the Dasyra et al. relation, however, thus it
is possible these relations do not hold for very late-type spiral
galaxies.

Another factor that might be relevant is the ionization param-
eter; since Ne v is a high-ionization line, its strength decreases
dramatically when the ionization parameter decreases (Abel &
Satyapal 2008). By analogy with the local population of LINERs
and Seyferts (Ho 2008), the very low Eddington ratios of our
low-mass systems should correspond to low ionization param-
eters, and thus plausibly weak Ne v emission. Finally, we note
that NGC 3556 is identified by Satyapal et al. as an AGN candi-
date but has no X-ray detection in this work. Wang et al. (2003)
identify an X-ray source as a candidate for the galactic nucleus
in NGC 3556 (which they number source 35); we chose not to
include this source in our candidate list as the offset from the
optical nucleus is 10′′. More detailed study is clearly warranted,

and it will likely take the combined efforts of large multiwave-
length surveys to find such low-mass and low-luminosity AGNs,
and to properly assess the global AGN fraction in these late-type
systems.
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Table 1
(Continued)

Galaxy Distance T Hubble Spectral Nuclear R.A. Decl. Obs. ID Instrument Exp. Time Counts log(LX) log(Llim) Sample
(Mpc) Type Type Class Cluster? (J2000) (J2000) (ks) (erg s−1) (erg s−1)

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15)

NGC 7793 2.8 7.0 S(s)d y (B02) 23 57 49.82 −32 35 27.7 3954 ACIS-S 48.9 <7 <35.6 C
UGC 05460 19.9 7.0 SB(rs)d 10 08 09.30i +51 50 38.0i 7835 ACIS-S 5.1 <5 <38.2 C
UGC 08041 14.2 7.0 SB(s)d 12 55 12.68 +00 07 00.0 7132 ACIS-S 4.7 <5 <37.9 C
UGC 09912 19.7 8.0 SBdm 15 35 10.50j +16 32 58.0j 7832 ACIS-S 5.1 <5 <38.2 C

Notes.
Column (1): galaxy name. Column (2): distance from Tully (1988), assuming a Virgo infall model (Tully & Shaya 1984) with velocity v = 300 km s−1, DVirgo =
16.8 Mpc, and H0 = 75 km s−1 Mpc−1, except where noted. Columns (3) and (4): T type and Hubble type (de Vaucouleurs et al. 1991). Column (5): classification of
the nuclear spectrum from Ho et al. (1997a), unless otherwise noted: H = H ii nucleus, S = Seyfert nucleus, L = LINER, and T = transition object. Quality ratings
are given by “:” and “::” for uncertain and highly uncertain classification, respectively. Two classifications are given for some ambiguous cases, where the first entry
corresponds to the adopted choice. Column (6): the presence of an NC. A “?” indicates a nonconverging isophotal fit to the surface brightness profile.
a Distance from Mould et al. (2000), using the Virgo infall only model.
b Assuming a column density of NH = 2 × 1021 cm−2 (Takano et al. 1994; Parmar et al. 2001; Dubus & Rutledge 2002; La Parola et al. 2003).
c Optical position from Leon & Verdes-Montenegro (2003), with a 1σ uncertainty of 0.′′5.
d NGC 3079 is listed in de Vaucouleurs et al. (1991) as having a T type of 7.0 and a morphological type of SB(s)c spin, which is inconsistent. For this study, we assume
that it is of a type later than SBc, and include it our sample.
e Optical nuclear position determined from NED, with a 1σ uncertainty of 1′′.
f Distance from Filippenko & Ho (2003).
g Assuming a column density of NH = 2 × 1022 cm−2 (Iwasawa et al. 2000; Moran et al. 2005).
h Classification from Véron-Cetty & Véron (2006).
i Optical nuclear position from Falco et al. (1999), with a 1σ uncertainty of 1′′.
j Optical nuclear position from Paturel et al. (1999), with a 1σ uncertainty of 1′′.
References. (B97) Böker et al. 1997; (B02) Böker et al. 2002; (DC02) Davidge & Courteau 2002; (FH03) Filippenko & Ho 2003; (KM93) Kormendy & McClure
1993; (P96) Phillips et al. 1996; (S06) Seth et al. 2006. Columns (7) and (8): coordinates from 2MASS (Skrutskie et al. 2006), unless otherwise noted. Column (9):
Chandra observation ID. Column (10): instrument used. Column (11): live exposure time of observation. Column (12): background-subtracted counts measured, or
upper limit if no source was detected. Column (13): 2–10 keV X-ray luminosity or upper limit if no source was detected, assuming a power-law spectrum with index
Γ = 1.8 and Galactic column density of NH = 2 × 1020 cm−2 (Ho et al. 2001), unless otherwise noted. Column (14): limiting 2–10 keV luminosity for observations
with a detected source. Column (15): “P” object is in Chandra archive and within the Palomar survey of Ho et al. (1995); “C” object is within Chandra archive but
not part of the Palomar survey.

Figure 1. Distributions of morphological T types. The Ho et al. (1997a) Palomar sample (with T = 6.0–9.0) is shown as the shaded histogram. Our Chandra sample is
shown as three unfilled histograms: the Palomar objects (P sample; red, dashed), the non-Palomar objects (C sample; blue, dotted), and all objects (black, solid). All
histograms have been normalized such that the total number over all T types equals 1.
(A color version of this figure is available in the online journal.)

accuracy for 2MASS is often quoted as 0.′′1, this only applies
to point sources. The distribution of offsets between the nearest
X-ray detection and photometric center from 2MASS is highly
bimodal, and we chose to consider objects belonging to the
smaller-offset group as AGN candidates. Our formal crite-

rion requires that the 2MASS positions and X-ray detections
lie within 5′′ of each other. In practice almost all candidates
have better than 2.′′5 agreement, while nearly all nondetections
have no X-ray point sources within 10′′ of the 2MASS posi-
tion. (NGC 4625 has an X-ray source within 6′′ of the optical
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Figure 2. Top panel illustrates the distribution of the 100 galaxies targeted by
AMUSE-Virgo (the ACSVCS sample) as a function of the host stellar mass:
the dotted histogram represents the whole sample; the red histogram is for the
32 galaxies found to host X-ray cores, while the blue histogram is for the 26
X-ray cores that host no nuclear star cluster. The six galaxies which host hybrid
nuclei have a higher chance contamination to the nuclear X-ray emission from
LMXBs. The “weighted” distribution of galaxies hosting an accreting SMBH
is illustrated by the black shaded histogram (see Section 3). The bottom panel
shows the active SMBH fraction (solid black line) and the fraction of hybrids
(dot-dashed green line) as a function of the host stellar mass. Numbers are given
at the 95% C.L.
(A color version of this figure is available in the online journal.)

Finally, in order to characterize the average spectral proper-
ties of our sample, we stacked the images of all the detected
X-ray nuclei with snapshot observations, for a total of 102 ks
of effective exposure; 236 ± 16 counts are detected from the
stacked nuclear X-ray source, corresponding to a net count
rate of 2.3 ± 0.1 × 10−3 counts s−1 (0.3–7 keV). We con-
structed the soft (S), medium (M), and hard (H) band stacked im-
ages, restricting the energies between 0.3–0.7 keV, 0.7–1.1 keV,
and 1.1–6 keV, respectively (e.g., Ott et al. 2005). The net
counts in each band (S = 30.1 ± 5.9, M = 73.1 ± 8.8, and
H = 130.8 ± 8.0) yield the following hardness ratios for
the stacked nucleus: HR1 = (S − M − H )/(S + M + H ) =
−0.7 ± 0.1, and HR2=(S + M − H )/(S + M + H ) =
−0.1 ± 0.1. These relatively hard values of HR1 and HR2
are quite typical of accretion-powered sources, such as
AGNs or X-ray binaries, confirming our interpretation of
low-level accretion-powered emission (rather than thermal
emission from hot gas, as observed, e.g., in star-forming
regions).

4. THE DUTY CYCLE OF NUCLEAR ACTIVITY

4.1. The Active Fraction Versus Host Stellar Mass

The weighted (as described in Section 3) distribution of
galaxies hosting an X-ray active SMBH down to our luminosity
limit is plotted in Figure 2 as a function of the host stellar mass
M!. Overall, we infer that between 24% and 34% of the galaxies
targeted by AMUSE-Virgo host an X-ray active SMBH, down
to a luminosity threshold of ∼2 × 1038 erg s−1 (2–10 keV, at

Figure 3. Results from AMUSE-Virgo, in red, are compared to those presented
by Pellegrini (2005) and Zhang et al. (2009), in magenta and green, respectively.
Open marks represent upper limits, while filled marks are for detections.
Undetected nuclei from AMUSE-Virgo (open red circles) which are not
“collapsed” onto the Chandra detection threshold for our survey indicate only
marginal detections (less than six photons were detected within a radius of 2′′

centered on the optical position).
(A color version of this figure is available in the online journal.)

the 95% C.L.). This sets a firm lower limit to the BH occupation
fraction in nearby bulges within a cluster environment.

Perhaps not surprisingly, the incidence of nuclear activity
increases with stellar mass: between 0.7% and 14% of the
galaxies with log(M!) between 8.5 and 9.5 host a nuclear, active
SMBH; the fraction raises to 16%–43% for 9.5 <log(M!)<
10.5, up to 53%–87% for log(M!)> 10.5 (at the 95% C.L.).
The known trend (since the first Palomar sample; Ho et al. 1997)
of increasing active SMBH fraction with increasing host stellar
mass is obviously amplified by (possibly entirely driven by)
the fact that, going down the mass function, as the nuclear BH
masses decrease with (some power of) M!, so do their expected
X-ray luminosities for a fixed Eddington ratio.

In order to assess this completeness effect, we estimated the
fraction of X-ray active SMBHs as a function of M! for four sub-
samples, each complete down to LX/LEdd = −9,−8,−7,−6.
These “Eddington-complete” active fractions are listed in
Table 3 as a function of M!: within the limitations of the ad-
mittedly large error bars imposed by such low-statistics sub-
samples, this exercise proves that once the issue of Eddington
completeness is taken into account, there is no evidence for
a statistically significant increase in the incidence of nuclear
SMBH activity with increasing host stellar mass. For reference,
Figure 3 illustrates the distribution of the inferred Eddington-
scaled X-ray luminosities for the AMUSE-Virgo sample as a
function of MBH (in red) and compares it with previous works
(Pellegrini 2005; Soria et al. 2006a, 2006b; Zhang et al. 2009).
While the distribution of active SMBHs is quite broad in terms
of Eddington-scaled X-ray luminosities, with LEdd ranging be-
tween a few 10−9 up to a few 10−6, this plot seems to show a
slight increase of the Eddington-scaled X-ray luminosity with
BH mass. We quantify this in the following section.
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Figure 3. DSS images of the galaxies in the sample with IRS SH and LH slits overlayed. The field of view of the images is 200′′ × 200′′.
(A color version of this figure is available in the online journal.)

for the presence of an AGN in this 1 galaxy. We discuss the IR
spectral line fluxes and flux ratios for this galaxy, NGC 4178,
separately in Section 5 below.

4.2. Incidence of AGN

The absence of [Ne v] (ionization potential 97 eV) emission
in our sample strongly suggests that with the exception of
NGC 4178, none of the galaxies in our sample harbor AGNs. In
Table 4, we list the [Ne v] 14.3 µm luminosities corresponding
to the 3σ upper limits on the fluxes for all galaxies in the
sample with the exception of NGC 4178. The luminosities
were obtained using the galaxy distances listed in Table 1. The
upper limits to the line luminosity are well below 1038 ergs s−1.
Using the compilations of MIR line fluxes of standard AGN
from Sturm et al. (2002), Haas et al. (2005), Weedman et al.
(2005), Ogle et al. (2006), Cleary et al. (2007), Armus et al.
(2007), Gorjian et al. (2007), Deo et al. (2007), Tommasin et al.
(2008), and Dale et al. (2009);6 there are 82 standard AGNs
(optically classified as type 1 or type 2 AGN) with measured
[Ne v] 14 µm line fluxes. The [Ne v] 14 µm line luminosities for
these AGNs range from ∼2×1038 ergs s−1 to ∼8×1042 ergs s−1

with a median value of ∼5 × 1040 ergs s−1, more than 2
orders of magnitude above the [Ne v] limiting sensitivities

6 Note that a few of the AGN were observed more than once. In such cases,
we always selected measurements that were obtained with the high-resolution
IRS module, choosing the reference with the largest compilation.

listed in Table 4. The [Ne v] luminosity of NGC 3621, our
one and only previously discovered Sd galaxy with a weak
AGN is ∼5 × 1037 ergs s−1 (S07), consistent with or above the
limiting sensitivities of ∼90% of our sample. Our nondetections
thus firmly imply that these galaxies do not host AGNs with
luminosities comparable to the weakest known in any galaxy.

There are a number of MIR diagnostics used to characterize
the dominant ionizing radiation field in galaxies. Since the flux
ratio of emission lines from high-ionization to low-ionization
ions depends on the nature of the ionizing source, the [Ne v]
14.3 µm/[Ne ii] 12.8 µm and the [O iv]25.9 µm/[Ne ii]12.8 µm
line flux ratios have been widely used to characterize the nature
of the dominant ionizing source in galaxies (Genzel et al. 1998;
Sturm et al. 2002; Satyapal et al. 2004; Dale et al. 2006, 2009).
We can compare our line flux ratio upper limits to the ratios in
standard AGNs. Again, using the recent compilations of MIR
line fluxes of standard AGNs observed by Spitzer from Deo et al.
(2007), Tommasin et al. (2008), and Dale et al. (2009); there are
56 AGNs with measured [Ne ii] 12.8 µm and [Ne v] 14 µm line
fluxes. The [Ne v]/[Ne ii] line flux ratio in these galaxies ranges
from 0.02 to 2.97, with a median value of 0.73. As can be seen
from Table 4, all of the galaxies with [Ne v] 14.3 µm upper
limits have [Ne v]/[Ne ii] upper limits well below the median
value in standard AGNs, supporting the hypothesis that these
galaxies lack an AGN. Similarly, using the fluxes compiled in
Verma et al. (2003), Deo et al. (2007), Tommasin et al. (2008),
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Are NCs required to host BH? Based on 3 objects.
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the tight correlation between the [Ne v] 14 µm line luminosity
and the AGN bolometric luminosity found in a large sample of
standard AGN (Equation (1) in S07), the AGN bolometric lumi-
nosity of NGC 4178 is ∼8 × 1041 ergs s−1, slightly greater than
the estimate for the AGN bolometric luminosity of NGC 3621
(S07). This estimate assumes that the relationship between the
[Ne v] 14 µm line luminosity and the bolometric luminosity
established in more luminous AGN (see S07) extends to the
lower [Ne v] luminosity range characteristic of NGC 4178 and
other late-type galaxies. The nuclear bolometric luminosities of
the AGNs discovered in the late-type galaxies from S08 ranges
from ∼3 × 1041 ergs s−1 to ∼2 × 1043 ergs s−1, with a median
value of ∼9 × 1041 ergs s−1. As can be seen, the luminosity of
the AGN in NGC 4178 is typical of other recently discovered
AGN in low-bulge galaxies.

If we assume that the AGN is radiating below the Eddington
limit, we can estimate the lower limit to the mass of the black
hole based on the AGN bolometric luminosity estimate. The
Eddington mass estimate in NGC 4178 is ∼6 × 103 M$, well
within the range of lower mass limits found in other late-
type galaxies with AGN (S07; S08). There appears to be a
NSC in NGC 4178 (see Section 7.1). However, there are no
measurements of the central velocity dispersion. We, therefore,
cannot determine if the lower mass limits derived for the black
hole mass are incompatible with the MBH–σ relation, assuming
a linear extrapolation to the low mass range.

5.4. Comparison to Other AGNs in Bulgeless Galaxies

NGC 4178 is one of less than a handful of completely
bulgeless disk galaxies showing evidence for an AGN. The
best-studied definitively bulgeless disk galaxy with an AGN
is the galaxy NGC 4395, which shows the hallmark signatures
of a type 1 AGN (e.g., Filippenko & Ho 2003; Lira et al. 1999;
Moran et al. 1999). The bolometric luminosity of the AGN is
∼1040 ergs s−1 (Filippenko & Ho 2003), almost 2 orders of
magnitude lower than the estimated bolometric luminosity of
the AGN in NGC 4178. The estimated bolometric luminosity
of the AGN in NGC 3621 is a factor of 1.6 less (S07) than
that of the AGN in NGC 4178, making NGC 4178 the most
luminous AGN in an Sd galaxy currently known. The black
hole mass of NGC 4395, determined by reverberation mapping,
is MBH = (3.6±1.1)×105 M$ (Peterson et al. 2005). This value
for the black hole mass would be consistent with the lower limit
of the black hole mass derived for NGC 4178 of 6×103 M$ if the
AGN is accreting at a high rate. Our recent X-ray observations,
when combined with our Spitzer observations, suggest that the
black hole mass in NGC 3621 is ∼2 × 104 M$ and that it is
accreting at a high rate (Lbol/LEdd > 0.2; Gliozzi et al. 2009).
If NGC 4178 is similar to NGC 3621, then its black hole mass
is comparable to that in NGC 4395 and is inline with those
inferred for nuclear black holes in other pseudobulge galaxies
(Greene & Ho 2007).

6. MIR AGN DETECTION RATE IN SD GALAXIES

In S08, we showed that optical studies significantly miss
AGN in late-type galaxies. From the H97 sample, out of the full
sample of 486 galaxies, 207 are of Hubble type Sbc or later,
and only 16 (8%) are optically classified as AGNs. Using MIR
diagnostics, we demonstrated that the AGN detection rate in
optically normal disk galaxies of Hubble type Sbc or later, is
∼30%, implying that the overall fraction of late-type (Sbc or
later) galaxies hosting AGNs is possibly more than four times

Figure 7. Distribution of Hubble types for the current sample combined with
that from S08. The galaxies with [Ne v] detections are indicated by the filled
histogram. Since the sensitivity of the observations varied across the sample,
we also indicate with a downward arrow in Figure 6 the number of galaxies
with [Ne v] 14 µm line sensitivity of 1038 ergs s−1 or better. As can be seen, the
AGN detection rate in optically normal galaxies drops dramatically for galaxies
with no bulge component.

larger than what optical spectroscopic studies indicate. Although
it is now clear that AGNs do reside in a significant number of
late-type galaxies, virtually all of the newly discovered AGNs
are in galaxies with Hubble type of Scd or earlier. Prior to the
current work, there were only a handful of Sd galaxies observed
by the high-resolution modules of Spitzer’s IRS, precluding
us from determining based on MIR diagnostics the true AGN
fraction in galaxies with essentially no bulge.

In Figure 7, combining our current sample with that from
S08, we show the AGN detection fraction in optically normal
galaxies as a function of Hubble type. Since the sensitivity of
the observations varied across the sample, we also indicate with
a downward arrow in Figure 6 the number of galaxies with
[Ne v] 14 µm 3σ line sensitivity of 1038 ergs s−1 or better.
As can be seen, all of the Sd/Sdm galaxies were observed
with the highest sensitivity. There are a total of 22 Sd/Sdm
galaxies observed by Spitzer IRS and only 1 with a [Ne v]
detection (NGC 4178). Figure 7 shows that the AGN detection
rate in optically normal galaxies drops dramatically for pure
disk galaxies, with a detection rate of only 4.5%. From the
H97 sample, out of the full sample of 486 galaxies, excluding
interacting and irregular galaxies, 26 are of Hubble type Sd/Sdm
and only 1 is optically identified as an AGN (NGC 4395). With
the discovery of only one additional AGN in an Sd galaxy from
the H97 sample based on MIR diagnostics, the overall detection
rate of AGN in pure disk galaxies is only ∼8%, significantly
lower than the detection rate in late-type galaxies with some
bulge component. Our study thus shows that AGNs in pure disk
galaxies do not appear to be hidden but are indeed truly rare.

7. DEMOGRAPHICS OF LATE-TYPE GALAXIES
WITH AGNS

7.1. An NSC in NGC 4178?

With the discovery of an AGN in NGC 4178, there are
now only three known AGNs in Sd galaxies. As mentioned
earlier, the two other Sd galaxies with AGNs, NGC 4395 and
NGC 3621, both have prominent NSCs. In Figure 8, we show
the HST NICMOS image of NGC 4178 (Böker et al. 1999).

Satyapal et al 2009

arrows indicate completeness

NGC 4178



Space Densities
• SDSS sample alone too biased by selection effects

• Combination of Moran+Satyapal studies should 
yield real constraints

• Hints that space density really is falling in Sd 
galaxies

• Searches using tidal disruptions, dynamical 
measurements, gravitational radiation(?) all 
upcoming 
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sistent velocity dispersion within uncertainty measured by two instruments. The other 19 galax-
ies are either dominated by AGN emission or low in S/N ratio, thus it fails to get useful mea-
surements on them. We also measure σ∗ for 15 of the 17 objects from BGH05, and no results
for the other two dominated by AGN emission. The result is consistent with BGH05 consider-
ing the uncertainties. If we define the deviation between our new measurements and BGH05 as
∆σ∗ = logσ∗New − logσ∗BGH05, the Root-Mean-Square (RMS) of ∆σ∗ is 0.07 dex. This is a cross-
examination of our technique, with which the overall sample presented in this paper is measured.
All the measurements are summarized in Table 1-3. For 46 galaxies observed by MagE, more than
one measurement of σ∗ from different fitting regions are available, the corresponding results are
mostly consistent within uncertainty. We take the average of available measurements as the best
estimates of the stellar velocity dispersions.

Fig. 2.— Examples of ESI (left) and MagE (right) observation of spectra in ’Fe region’ (see text)
and region around CaT, one row for each object with the SDSS name shown. The spectra are
flux-calibrated in fλ units and normalized to a flux level of unity. the red overplotted spectra are
the best-fitting broadened template stars.

3.2. Emission-line properties

To decompose Hα + [N II] lines, we first subtract the underlying continuum, given by a
broadened stellar template plus a quadratic polynomial to represent featureless continuum, and
then times by a quadratic polynomial accounting for reddening etc. using similar technique as

Ting Xiao, graduate student with Aaron Barth, 
has analyzed 80 more Keck and MagE spectra for

the SDSS broad-line sample 



MBH-σ★ continuous (?)
T. Xiao, A. Barth, J. Greene, L. Ho in prep

see also Barth et al. 2004
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Yanfei Jiang, graduate student at Princeton, has 
plowed through all ~170 HST/WFPC2 images!
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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



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

– 15 –

Fig. 1.— Spectra of newly discovered 22 GHz water masers toward the nuclei of 8 galaxies.
The vertical line above each spectrum marks the systemic recession velocity of the galaxy

and its ± 1σ uncertainty is indicated by the horizontal bar. Each spectrum spans 1200 km
s−1 except UGC 3789, which covers 2200 km s−1. Velocities are heliocentric and use the

optical definition of Doppler shift.



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

This case allows to rule out virtually all 
astrophysically plausible alternatives to 

SMBH
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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 ~15% 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 will be reported by Kuo et al. in prep. 



NGC 4258
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9 new masers from 
Kuo et al. in prep

IC 2560 
no VLBI 

Greene, Peng, Kim, Kuo et al. submitted

BH-bulge scaling relations are not universal
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• Maser galaxies are offset to lower σ★. See also Hu, 
Gadotti, Erwin.  Major caveat: are there small classical 
bulges that we don’t measure with our ground-based slit 
spectra?

• Some galaxies do not grow their BHs effectively; perhaps 
because evolutionary history is more passive?

• How do we understand both the active and maser 
galaxies? 

• We do not know BH mass function <107 M⦿.

• We cannot use MBH-σ★ to calibrate AGN masses.



• There are ~105 M⦿ BHs in low-mass (bulgeless) 
galaxies

• They are probably rare

• Dynamical modeling, X-ray and radio surveys, 
and tidal disruption detections should provide 
new insights

• BH scaling relations are not universal; story at 
low-mass is confusing at best

Summary



• Why does NGC 4395 have a BH, but not M33?

• Is there any evolutionary connection between 
NCs and BHs?

• Are the formation mechanisms for the low- and 
high-mass BHs different (e.g., cluster vs. gas 
disk)?  

• Can we use observed scaling relations and mass 
limits to constrain seed formation models? 

Hard Questions



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

Volonteri et al. 2008

Direct gas collapse Pop III remnants



THEMBH !Lbulge RELATIONSHIP FOR AGNs 3

FIG. 1.— Comparison of black hole mass and V -band bulge luminosity
values from Wandel (2002) (open points) and this work (filled points) 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 fromWandel (2002) have
a range of∼ 2 dex in mass within a limited∼ 1.5 dex range in luminosity.

(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.

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 ef-
fects of errors on both coordinates in the fit using bivariate
correlated errors and a component of intrinsic scatter. FI-
TEXY numerically solves for the minimum orthogonalχ2 us-
ing an interative root-finding algorithm and is a “symmetric”
algorithm in that it does not assume a dependent and indepen-
dent variable. Following Tremaine et al. (2002), we include
an estimate of the fractional scatter, in this case the fraction of
theMBH measurement value (not the error value) that is added
in quadrature to the error value to obtain a reduced χ2 of 1.0.
While BCES also accounts for intrinsic scatter, it does not
provide a measure of it. We adopt the bootstrap of the BCES
bisector value with N = 1000 iterations. Fits of the form

log
MBH

108M!

= K +α log
Lbulge

1010L!
(1)

were performed utilizing both the single-component bulge
luminosities and the multiple-component bulge luminosities
and are presented in Table 2. The powerlaw 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

relationship using the sample of nearby galaxies with dynam-
ical black hole mass measurements (Ferrarese & Ford 2005;

FIG. 2.— TheMBH !Lbulge relationship for AGNs with reverberation-based
masses and bulge luminosities from two-dimensional decompositions ofHST
host-galaxy images. The solid line is the BCES 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.

FF05). We restricted the sample to ellipticals, both to cir-
cumvent the need for bulge–disk decompositions and be-
cause ellipticals are reported to show less scatter about the
MBH!Lbulge relationship (cf. McLure & Dunlop 2001). Bulge
magnitudes were converted to V -band using a typical ellipti-
cal galaxy color of B !V = 0.9. The fitting results are pre-
sented in Table 2. We also fit the quiescent galaxy relation-
ship excluding CygnusA and NGC5845, both of which are
known to deviate significantly (FF05).
Figure 3 shows the MBH ! Lbulge relationship for the FF05

ellipticals compared to the “best” fit for the AGNs in this
study. The slope of the quiescent galaxy relationship is
steeper, although the severity of the discrepancy depends on
the specifics of the fitting routine used, as the best-fit slope
from BCES is α = 1.43± 0.21 versus α = 1.11± 0.21 from
FITEXY. The fits presented here for the quiescent ellipti-
cal galaxies are slightly steeper than that reported by FF05
(α = 1.05± 0.21) and are in reasonable agreement with the
slope of 1.40± 0.17 for the quiescent galaxy fit reported by
Lauer et al. (2007a). Both of these studies included lenticular
and spiral galaxies with dynamical masses in their fitting sam-
ples. Lauer et al. (2007a) compiled decompositions from the
literature, while FF05 assumed specific ratios of Lbulge/Ltotal
based on morphological type.5

4. DISCUSSION

The compendium of AGN black hole masses and bulge
luminosities presented here offers several advantages over
previous measurements compiled from the literature (i.e.,
Wandel 1999, 2002; McLure & Dunlop 2001). The masses
result from a homogeneous analysis of reverberation-mapping
data (Peterson et al. 2004), in contrast to many recent stud-

5 The relative contribution of the bulge is known to vary substantially
within a single morphological type. Figure 6 of Kent (1985) shows, for ex-
ample, that B/T ranges from 0.3!1.0 for S0 galaxies).

Bentz et al. 2009

Shallower slope than inactive galaxies
scatter=0.38 dex

Fig. 5.— Upper left panel: Black hole mass-spheroid V-band luminosity relation. Colored circles represent
measurements for the intermediate-redshift Seyfert galaxies (red: z = 0.57, green: z = 0.36, blue: z = 0.36
taken from Paper II; squares indicate objects for which the fitting procedure ran into the lower limit of
the spheroid effective radius and we used priors to obtain a measure of the spheroid luminosity). Black
circles correspond to the local RM sample (zave ! 0.08) studied by Bentz et al. (2009a,b) and re-analyzed
here, including the best fit (black solid line; see text and Table 4 for details). For all objects, the spheroid
luminosity is evolved to z = 0 assuming pure luminosity evolution (see text for details). Note that no selection
effects are included here. Intermediate-z objects with signatures of interaction or mergers (see Fig. 1 and
Paper II) are indicated by a large open black circle. The dashed line shows the fiducial local relation for
inactive galaxies (Marconi & Hunt 2003), transformed to V-band (group 1 only; see text for details). Upper
middle panel: The same as in the left panel, this time all z = 0.36 objects in blue. Green circles are the
high-z AGN sample (average z ∼ 1.8) taken from Peng et al. (2006b) and treated in a comparable manner.
We assume 0.4 dex as error on MBH, and 0.12 dex as error on luminosity (based on the error quoted by
Peng et al. (2006b) of 0.3 mag). We mark those high-z objects for which the BH mass is based on the C IV

line as green squares. Upper right panel: Distribution of residuals in log MBH with respect to the fiducial
local relation of RM AGNs. Top panel: distribution of residuals for intermediate-redshift Seyfert galaxies
(blue: z=0.36; red: z=0.57) and for the high-z AGN sample from Peng et al. (2006b) (green). Bottom panel:
local sample. Lower panels: The same as in the upper panels, for the total host-galaxy luminosity. [See
the electronic edition of the Journal for a color version of this figure.]

30



BH Masses in AGNs
The R–L Relationship: Host-Galaxy Starlight 19

FIG. 5.— The Hβ RBLR–L relationship after correcting the AGN luminosities for the contribution from host-galaxy starlight. The top panel shows each separate
measurement as a single data point, and the bottom panel shows the weighted mean of multiple measurements for any individual object. The solid lines are the

best fit to the relationship (listed in bold face in Table 9), which has a slope of α = 0.519+0.063
!0.066.

Reverberation Mapping

Bentz et al. 2008

Radius-Luminosity Relation
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Spitzer



Optical Spectroscopy

• Sdm galaxy, 4 Mpc away

• Broad-line AGN, compact 
radio core, violently 
variable X-rays

• Unambiguous BH in a 
late-type spiral. Can we 
find more?

Filippenko & Sargent 1989

NGC 4395





T2 objects

non-detection in the radio (VLA)
Greene, Ho, & Ulvestad 2006

GH10: Wrobel, Greene, Ho, & Ulvestad 2008
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Fig. 3.— X-ray–optical spectral index αox vs. monochromatic 2500 Å luminosity, in units of erg

s−1 Hz−1. Black circles are the Greene & Ho (2004) objects detected by Chandra, where L
2500Å

is determined from Hα measurements (Greene & Ho 2005, 2007b). We also plot the sample of

55 ROSAT-detected, intermediate-mass BHs (Greene & Ho 2007a; purple open circles), the full

sample of ROSAT-detected, low-redshift (z < 0.35), type 1 AGNs from SDSS (Greene & Ho

2007b; gray points), NLS1s from that same sample (green points), X-ray-weak NLS1s (Williams

et al. 2004; red triangles), PG NLS1s (blue open diamonds), X-ray-selected NLS1s (Grupe et al.

2004; orange pluses), NGC4395 (Moran et al. 2005; asterisk), and POX52 (Thornton et al. 2008;

cross). The best-fit L
2500Å

– αox relation from Steffen et al. (2006) is also included (solid line; 1σ

width of line given by dashed lines).

H
ig

he
r X

-r
ay

s/
O

pt
ic

al
Lo

w
er

 X
-r

ay
s/

O
pt

ic
al



Desroches, Greene, & Ho 2009
Greene & Ho 2007

– 20 –
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s−1 Hz−1. Black circles are the Greene & Ho (2004) objects detected by Chandra, where L
2500Å

is determined from Hα measurements (Greene & Ho 2005, 2007b). We also plot the sample of

55 ROSAT-detected, intermediate-mass BHs (Greene & Ho 2007a; purple open circles), the full

sample of ROSAT-detected, low-redshift (z < 0.35), type 1 AGNs from SDSS (Greene & Ho

2007b; gray points), NLS1s from that same sample (green points), X-ray-weak NLS1s (Williams

et al. 2004; red triangles), PG NLS1s (blue open diamonds), X-ray-selected NLS1s (Grupe et al.

2004; orange pluses), NGC4395 (Moran et al. 2005; asterisk), and POX52 (Thornton et al. 2008;

cross). The best-fit L
2500Å

– αox relation from Steffen et al. (2006) is also included (solid line; 1σ
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is determined from Hα measurements (Greene & Ho 2005, 2007b). We also plot the sample of

55 ROSAT-detected, intermediate-mass BHs (Greene & Ho 2007a; purple open circles), the full

sample of ROSAT-detected, low-redshift (z < 0.35), type 1 AGNs from SDSS (Greene & Ho

2007b; gray points), NLS1s from that same sample (green points), X-ray-weak NLS1s (Williams

et al. 2004; red triangles), PG NLS1s (blue open diamonds), X-ray-selected NLS1s (Grupe et al.

2004; orange pluses), NGC4395 (Moran et al. 2005; asterisk), and POX52 (Thornton et al. 2008;

cross). The best-fit L
2500Å

– αox relation from Steffen et al. (2006) is also included (solid line; 1σ

width of line given by dashed lines).
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Figure 6. Background–subtracted 0.2–10 keV EPIC pn light curves for the four objects (common time bin size of 200 s). For GH12, we show the light curves

from the longest GH12a and GH12c (69 d apart) observations only (during the shorter GH 12b observation, the mean count rate is ∼0.5 Cts/s).

uniform soft excess. We simulate two 100 ksXMM–Newton spectra

which differ in reflection fraction (R = 1 and R = 2 respectively)
and disc ionization (ξ = 250 erg cm s−1 and ξ = 500 erg cm s−1

respectively). By fitting the two spectra with a blackbody plus

power law model, we obtain a soft excess strength of∼22 and∼30

per cent respectively, in line with the spread and absolute value ob-

served in Fig. 2. In other words, doubling the reflection fraction

and the ionization parameter only produces a marginal increase in

the soft excess strength, fully consistent with the observed spread.

This can be achieved in the smeared absorption model only if the

correlation shown in Fig. 5 can be explained by simple physical

arguments.

5 X–RAY VARIABILITY

One of the main goals of our XMM–Newton observations was to

search for X–ray variability in our mini–sample of IMBHs. Since

the BH mass sets the geometrical scale of the system, and since X–

rays are thought to originate in the innermost few tens gravitational

radii, short timescale variability has to be expected from our IMBH

sample. As a reference, the light crossing time of a sphere of 50 rg

in radius is ∼500 s for a 106 M" BH. Hence, X–ray variability

down to a few hundred seconds (at least) has to be expected for

our sources if, as generally assumed, the X–ray emission in AGNs

originates in the innermost regions of the accretion flow.

In Fig. 6 we show the broadband (0.2–10 keV) background

subtracted light curves for all our objects with a 200 s time–bin,

as obtained from the EPIC pn data. X–ray variability is clearly de-

tected in all cases down to the bin–size timescale, confirming that

the X–ray emitting region must be compact, of the order of a few

tens of gravitational radii.

One of the most powerful ways to investigate the nature and

properties of X–ray variability (and any time–series) is the analy-

sis of the power spectral density (PSD), i.e. the distribution of the

power of the signal as a function of frequency. At least one char-

acteristic frequency (or timescale) can be derived from the power

spectral densities (PSD) of accreting black hole X–ray light curves.

If the variability power as function of frequency ν is parametrized
as P (ν) ∝ ν−α, most AGN and X–ray binaries in the high/soft

state have α ≈ 2 which breaks to α ≈ 1 below a characteristic

high frequency break νH. In addition to the high frequency break,

X–ray binaries in the hard and intermediate states also exhibit a

second low frequency break νL and, for frequencies below νL, the

PSD slope becomes α ≈ 0. For AGN, convincing evidence for a

c© 2001 RAS, MNRAS 000, 1–??

40 ks XMM 
observations

Miniutti et al. 2008

σNXS is the integral of
the power spectrum

above the break 
σNXS correlated with

BH mass
POX 52 

Thornton et al. 2008

NGC 4395


