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High-resolution IR photometry and imaging of the luminous IR galaxies
reveals that the bulk of the luminosity originates in compact circumnuclear re-
gions (e.g. Wright et al 1988, Carico et al 1990, Telesco et al 1993, Smith &
Harvey 1996, and references therein). Likewise, CO interferometric observa-
tions show that a large fraction of the molecular gas is concentrated in central
disks, with typical radii on the order of 0.1–1 kpc and implied surface densities
on the order of 102–105 M⊙ pc−2 (Young & Scoville 1991, Scoville et al 1994,
Sanders &Mirabel 1996). Less massive disks with similar gas and SFR surface
densities are associated with the IR-bright nuclei of spiral galaxies (e.g. Young
& Scoville 1991, Telesco et al 1993, Scoville et al 1994, Smith & Harvey 1996,
Rubin et al 1997). The full spectrum of nuclear starburst regions is considered
in the remainder of this section.
The physical conditions in the circumnuclear star-forming disks are distinct

in many respects from the more extended star-forming disks of spiral galaxies,
as is summarized in Table 1. The circumnuclear star formation is especially
distinctive in terms of the absolute range in SFRs, the much higher spatial
concentrations of gas and stars, its burst-like nature (in luminous systems), and
its systematic variation with galaxy type.
The different range of physical conditions in the nuclear starbursts is clearly

seen in Figure 7, which plots the average SFR surface densities and mean
molecular surface densities for the circumnuclear disks of 36 IR-selected star-
bursts (Kennicutt 1998). The comparison is identical to the SFR–density plot

Table 1 Star formation in disks and nuclei of galaxies

Property Spiral disks Circumnuclear regions

Radius 1–30 kpc 0.2–2 kpc
Star formation rate (SFR) 0–20 M⊙ year−1 0–1000 M⊙ year−1
Bolometric luminosity 106–1011 L⊙ 106–1013 L⊙
Gas mass 108–1011 M⊙ 106–1011 M⊙
Star formation time scale 1–50 Gyr 0.1–1 Gyr
Gas density 1–100 M⊙ pc−2 102–105 M⊙ pc−2
Optical depth (0.5 µm) 0–2 1–1000
SFR density 0–0.1 M⊙ year−1 kpc−2 1–1000 M⊙ year−1 kpc−2
Dominant mode steady state steady state + burst

Type dependence? strong weak/none
Bar dependence? weak/none strong
Spiral structure dependence? weak/none weak/none
Interactions dependence? moderate strong
Cluster dependence? moderate/weak ?
Redshift dependence? strong ?
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(Fig. 4). The displacement of peaks is of the order of a few arc-
seconds, larger than any displacement expected frommisregistra-
tion of the images or from the residual distortions in the GALEX
FUV image (!100; see x 2.2). The large apertures still allow us to
encompass bothUVand infrared emission, but themeasured fluxes
are clearly emerging from slightly different regions. Conversely,
there is a high degree of coincidence, within the accuracy afforded
by the images’ resolution, between the infrared, both 8 and 24!m,
and H" emission peaks.

Because of crowding, background annuli are generally diffi-
cult to define around each aperture, without including a neighbor-
ing region. We thus adopt a different approach for background
removal from themeasured fluxes. The 166 apertures are divided
into 12 ‘‘areas’’ (one of these being the region probed by theHST
Pa" image), where the local background at each wavelength is
fitted and globally removed from each area.20 Checks performed
on the few isolated apertures that can be identified in the images
indicate that this process of background removal is robust for the
relatively small galactic areas selected (e.g., the inner region cor-
responds to about 20%of D25). The 12 regions used for local back-
ground fitting are identified as rectangular areas in Figure 2. The

local background has fairly different values from region to re-
gion; for instance, it changes by a factor close to 10, from"10#5

to "10#4 Jy arcsec#2 among the 12 regions in the MIPS24 im-
age. As a reference, in the central region background levels at
8 and 24 !m represent 32% and 21%, respectively, of the total
flux in the region.

The definition of background regions is a compromise between
selecting small enough areas that a ‘‘local background’’ can be
defined and, at the same time, large enough to include enough
pixels that a mode can be robustly derived (see above). Hence,
small-level background variations can still be present within each
region. To prevent such local variations from significantly affect-
ing our analysis, we adopt a strict definition of ‘‘detection:’’ de-
tections are defined as background-subtracted fluxes that are at
least 100% of the local background. Below this level, we define
them as ‘‘upper limits.’’ Within this definition, out of 166 aper-
tures, 33 contain upper limits in one or more bands; 29 of them
are in the FUV image. This leaves us with 133 apertures with re-
liable measurements at all wavelengths. In the inner region, of
the 54 regions, 43 have measurements in all six bands; for 7 re-
gions Pa" is below our detection threshold, and for 4 other regions
the FUV is also an upper limit. One of the 133 regions coincides
with the Seyfert 2 nucleus (Ford et al. 1985; Goad & Gallagher
1985; Terashima &Wilson 2001; Sturm et al. 2002), which is ex-
cluded from our analysis. The UV, optical, and near-IR pho-
tometry is corrected for the small foreground extinction from our
own Galaxy, E(B# V ) ¼ 0:037 (from the NASA Extragalactic

Fig. 1.—Two three-color composites of M51. Left: FUV (blue), continuum-subtracted H"(green), and 24 !m dust (red ) emission of the galaxy pair. The FUVand
FIR images, from GALEX and Spitzer, respectively, have closely matched resolution (!600), while the resolution of the ground-based H" image has been degraded to
match that of the two space-borne images. Right: Continuum-subtracted H" (blue), 3.6 !m stellar continuum (green), and 8 !m dust (red ) emission of the galaxy pair.
This second image exploits the higher angular resolution of the IRAC images (about 200 FWHM) to provide higher level of detail. The stellar continuum emission traces
evolved (old) stellar populations. In this figure, a foreground star appears pure green. North is up, and east is to the left. The size of the pictures is "8A6 ; 11A8.

20 The local background is fitted interactively in each image and for each
region, using the IRAF routine MSKY written by M. Dickinson (1993, private
communication). MSKY allows the user to define the interval in the pixel dis-
tribution where the mode and the variance are calculated. The interactivity of the
procedure produces a robust result even in the absence of source masking.

STAR FORMATION IN M51 875No. 2, 2005

Star formation rate indicator 1: direct UV emission from young
stars.  Note that we are tracing the YOUNG stars, so an IMF 
(initial mass function) is needed to calculate TOTAL star 
formation rate.  Very dust sensitive.

UV
Hα

24µm

Calzetti et al. 2005



(Fig. 4). The displacement of peaks is of the order of a few arc-
seconds, larger than any displacement expected frommisregistra-
tion of the images or from the residual distortions in the GALEX
FUV image (!100; see x 2.2). The large apertures still allow us to
encompass bothUVand infrared emission, but themeasured fluxes
are clearly emerging from slightly different regions. Conversely,
there is a high degree of coincidence, within the accuracy afforded
by the images’ resolution, between the infrared, both 8 and 24!m,
and H" emission peaks.

Because of crowding, background annuli are generally diffi-
cult to define around each aperture, without including a neighbor-
ing region. We thus adopt a different approach for background
removal from themeasured fluxes. The 166 apertures are divided
into 12 ‘‘areas’’ (one of these being the region probed by theHST
Pa" image), where the local background at each wavelength is
fitted and globally removed from each area.20 Checks performed
on the few isolated apertures that can be identified in the images
indicate that this process of background removal is robust for the
relatively small galactic areas selected (e.g., the inner region cor-
responds to about 20%of D25). The 12 regions used for local back-
ground fitting are identified as rectangular areas in Figure 2. The

local background has fairly different values from region to re-
gion; for instance, it changes by a factor close to 10, from"10#5

to "10#4 Jy arcsec#2 among the 12 regions in the MIPS24 im-
age. As a reference, in the central region background levels at
8 and 24 !m represent 32% and 21%, respectively, of the total
flux in the region.

The definition of background regions is a compromise between
selecting small enough areas that a ‘‘local background’’ can be
defined and, at the same time, large enough to include enough
pixels that a mode can be robustly derived (see above). Hence,
small-level background variations can still be present within each
region. To prevent such local variations from significantly affect-
ing our analysis, we adopt a strict definition of ‘‘detection:’’ de-
tections are defined as background-subtracted fluxes that are at
least 100% of the local background. Below this level, we define
them as ‘‘upper limits.’’ Within this definition, out of 166 aper-
tures, 33 contain upper limits in one or more bands; 29 of them
are in the FUV image. This leaves us with 133 apertures with re-
liable measurements at all wavelengths. In the inner region, of
the 54 regions, 43 have measurements in all six bands; for 7 re-
gions Pa" is below our detection threshold, and for 4 other regions
the FUV is also an upper limit. One of the 133 regions coincides
with the Seyfert 2 nucleus (Ford et al. 1985; Goad & Gallagher
1985; Terashima &Wilson 2001; Sturm et al. 2002), which is ex-
cluded from our analysis. The UV, optical, and near-IR pho-
tometry is corrected for the small foreground extinction from our
own Galaxy, E(B# V ) ¼ 0:037 (from the NASA Extragalactic

Fig. 1.—Two three-color composites of M51. Left: FUV (blue), continuum-subtracted H"(green), and 24 !m dust (red ) emission of the galaxy pair. The FUVand
FIR images, from GALEX and Spitzer, respectively, have closely matched resolution (!600), while the resolution of the ground-based H" image has been degraded to
match that of the two space-borne images. Right: Continuum-subtracted H" (blue), 3.6 !m stellar continuum (green), and 8 !m dust (red ) emission of the galaxy pair.
This second image exploits the higher angular resolution of the IRAC images (about 200 FWHM) to provide higher level of detail. The stellar continuum emission traces
evolved (old) stellar populations. In this figure, a foreground star appears pure green. North is up, and east is to the left. The size of the pictures is "8A6 ; 11A8.

20 The local background is fitted interactively in each image and for each
region, using the IRAF routine MSKY written by M. Dickinson (1993, private
communication). MSKY allows the user to define the interval in the pixel dis-
tribution where the mode and the variance are calculated. The interactivity of the
procedure produces a robust result even in the absence of source masking.

STAR FORMATION IN M51 875No. 2, 2005

Star formation rate indicator 2: Hα emission.  UV light photo-ionizes 
bubbles (HII regions).  (Relatively) Insensitive to dust, so a robust 
indicator of SFR.  Also good because directly counts photo-ionizing 
photons with very few assumptions. 
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(Fig. 4). The displacement of peaks is of the order of a few arc-
seconds, larger than any displacement expected frommisregistra-
tion of the images or from the residual distortions in the GALEX
FUV image (!100; see x 2.2). The large apertures still allow us to
encompass bothUVand infrared emission, but themeasured fluxes
are clearly emerging from slightly different regions. Conversely,
there is a high degree of coincidence, within the accuracy afforded
by the images’ resolution, between the infrared, both 8 and 24!m,
and H" emission peaks.

Because of crowding, background annuli are generally diffi-
cult to define around each aperture, without including a neighbor-
ing region. We thus adopt a different approach for background
removal from themeasured fluxes. The 166 apertures are divided
into 12 ‘‘areas’’ (one of these being the region probed by theHST
Pa" image), where the local background at each wavelength is
fitted and globally removed from each area.20 Checks performed
on the few isolated apertures that can be identified in the images
indicate that this process of background removal is robust for the
relatively small galactic areas selected (e.g., the inner region cor-
responds to about 20%of D25). The 12 regions used for local back-
ground fitting are identified as rectangular areas in Figure 2. The

local background has fairly different values from region to re-
gion; for instance, it changes by a factor close to 10, from"10#5

to "10#4 Jy arcsec#2 among the 12 regions in the MIPS24 im-
age. As a reference, in the central region background levels at
8 and 24 !m represent 32% and 21%, respectively, of the total
flux in the region.

The definition of background regions is a compromise between
selecting small enough areas that a ‘‘local background’’ can be
defined and, at the same time, large enough to include enough
pixels that a mode can be robustly derived (see above). Hence,
small-level background variations can still be present within each
region. To prevent such local variations from significantly affect-
ing our analysis, we adopt a strict definition of ‘‘detection:’’ de-
tections are defined as background-subtracted fluxes that are at
least 100% of the local background. Below this level, we define
them as ‘‘upper limits.’’ Within this definition, out of 166 aper-
tures, 33 contain upper limits in one or more bands; 29 of them
are in the FUV image. This leaves us with 133 apertures with re-
liable measurements at all wavelengths. In the inner region, of
the 54 regions, 43 have measurements in all six bands; for 7 re-
gions Pa" is below our detection threshold, and for 4 other regions
the FUV is also an upper limit. One of the 133 regions coincides
with the Seyfert 2 nucleus (Ford et al. 1985; Goad & Gallagher
1985; Terashima &Wilson 2001; Sturm et al. 2002), which is ex-
cluded from our analysis. The UV, optical, and near-IR pho-
tometry is corrected for the small foreground extinction from our
own Galaxy, E(B# V ) ¼ 0:037 (from the NASA Extragalactic

Fig. 1.—Two three-color composites of M51. Left: FUV (blue), continuum-subtracted H"(green), and 24 !m dust (red ) emission of the galaxy pair. The FUVand
FIR images, from GALEX and Spitzer, respectively, have closely matched resolution (!600), while the resolution of the ground-based H" image has been degraded to
match that of the two space-borne images. Right: Continuum-subtracted H" (blue), 3.6 !m stellar continuum (green), and 8 !m dust (red ) emission of the galaxy pair.
This second image exploits the higher angular resolution of the IRAC images (about 200 FWHM) to provide higher level of detail. The stellar continuum emission traces
evolved (old) stellar populations. In this figure, a foreground star appears pure green. North is up, and east is to the left. The size of the pictures is "8A6 ; 11A8.

20 The local background is fitted interactively in each image and for each
region, using the IRAF routine MSKY written by M. Dickinson (1993, private
communication). MSKY allows the user to define the interval in the pixel dis-
tribution where the mode and the variance are calculated. The interactivity of the
procedure produces a robust result even in the absence of source masking.

STAR FORMATION IN M51 875No. 2, 2005

Star formation rate indicator 3: Reprocessed dust emission (24 µm
or redder).   
Problem is: need a satellite, and resolution is not great.  But with Spitzer, 
Herschel, ALMA this is a powerful alternative.

UV
Hα

24µm



Radio continuum correlates with SFR through thermal brehmsstrahlung (free-free) 
radiation and CR acceleration in SNe leading to synchrotron radiation.  
From Dumas et al. 2011.

– 34 –

Fig. 2.— Radio continuum images at 20 cm (top left), 6 cm (top right) and 3.6 cm (bottom

left) and the Hα map (bottom right). The data at 3.6 cm and 6 cm have been short-spacing

corrected using single dish data from the Effelsberg 100m telescope and all radio maps have

been corrected from primary beam attenuation. The resolution of the maps is given in

Table 1. The horizontal lines correspond to 10
��∼0.4kpc (bottom right panel), size of com-

plexes of star forming regions, and to 83
��∼3.3kpc corresponding to the scales encompassing

the width of the spiral arms and interarm regions (top left panel).



X-rays also correlate with SF.  X-rays in starburst galaxies dominated by SN remnants 
and high-mass X-ray binaries. 



Star Formation Rate Tracers
1 Ultraviolet continuum emission from hot stars

2 Balmer and other recombination emission lines

3 Infrared thermal emission (reradiated starlight)

4 Radio continuum emission (free-free and non-thermal)

5 CO emission from molecular clouds

6 Integrated constraints from total optical luminosity.

From Whittle lectures
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Connection between Gas and Star Formation
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Figure 9 (Left) The global Schmidt law in galaxies. Solid points denote the normal spirals in
Figure 5, squares denote the circumnuclear starbursts in Figure 7. The open circles show the SFRs
and gas densities of the central regions of the normal disks. (Right) The same SFR data but plotted
against the ratio of the gas density to the average orbital time in the disk. Both plots are adapted
from Kennicutt (1998).

Violent interactions and mergers are the only events capable of triggering such
a catastrophic mass transfer.

5.3 Physical Regulation of Star Formation Rate
Although star-forming galaxies span millionfold ranges in their present SFRs
and physical conditions, there is a remarkable continuity in some of their prop-
erties, and these relationships provide important insights into the physical reg-
ulation of the SFR over this entire spectrum of activities.
We have already seen evidence from Figures 5 and 7 that the global SFRs

of disks and nuclear starbursts are correlated with the local gas density, though
over very different ranges in density and SFR per unit area. The left panel of
Figure 9 shows both sets of data plotted on a common scale, and it reveals that
the entire range of activities, spanning 5–6 orders of magnitude in gas and SFR
densities, fits on a common power law with index N ∼ 1.4 (Kennicutt 1998).
The SFRs for the two sets of data were derived using separate methods (Hα

luminosities for the normal disks and FIR luminosities for the starbursts), and
to verify that they are measured on a self-consistent scale, Figure 9 also shows
Hα-derived SFR gas densities for the centers (1–2 kpc) of the normal disks
(plotted as open circles). The tight relation shows that a simple Schmidt (1959)
power law provides an excellent empirical parametrization of the SFR, across
an enormous range of SFRs, and it suggests that the gas density is the primary
determinant of the SFR on these scales.
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Looks at surface density of molecular+atomic 
gas. Derives a ‘Schmidt (1959)’ power-law relation
between ΣSFR and Σgas

n ~ 1.4
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ABSTRACT

We investigate the relation between the star formation rate (SFR) surface density (ΣSFR) and the mass surface
density of gas (Σgas) in NGC 5194 (a.k.a. M51a, Whirlpool Galaxy). Visible Integral field Replicable Unit
Spectrograph Prototype (VIRUS-P) integral field spectroscopy of the central 4.1 × 4.1 kpc2 of the galaxy
is used to measure Hα, Hβ, [O iii]λ5007, [N ii]λλ6548,6584, and [S ii]λλ6717,6731 emission line fluxes for
735 regions ∼170 pc in diameter. We use the Balmer decrement to calculate nebular dust extinctions, and
correct the observed fluxes in order to accurately measure ΣSFR in each region. Archival H i 21 cm and CO
maps with spatial resolution similar to that of VIRUS-P are used to measure the atomic and molecular gas
surface density for each region. We present a new method for fitting the star formation law (SFL), which
includes the intrinsic scatter in the relation as a free parameter, allows the inclusion of non-detections in both
Σgas and ΣSFR, and is free of the systematics involved in performing linear regressions over incomplete data
in logarithmic space. After rejecting regions whose nebular spectrum is affected by the central active galactic
nucleus in NGC 5194, we use the [S ii]/Hα ratio to separate spectroscopically the contribution from the
diffuse ionized gas (DIG) in the galaxy, which has a different temperature and ionization state from those of
H ii regions in the disk. The DIG only accounts for 11% of the total Hα luminosity integrated over the whole
central region, but on local scales it can account for up to a 100% of the Hα emission, especially in the inter-
arm regions. After removing the DIG contribution from the Hα fluxes, we measure a slope N = 0.82 ± 0.05,
and an intrinsic scatter ε = 0.43 ± 0.02 dex for the molecular gas SFL. We also measure a typical depletion
timescale τ = ΣH i+H2/ΣSFR ≈ 2 Gyr, in good agreement with recent measurements by Bigiel et al. The atomic
gas density shows no correlation with the SFR, and the total gas SFL in the sampled density range closely
follows the molecular gas SFL. Integral field spectroscopy allows a much cleaner measurement of Hα emission
line fluxes than narrow-band imaging, since it is free of the systematics introduced by continuum subtraction,
underlying photospheric absorption, and contamination by the [N ii] doublet. We assess the validity of different
corrections usually applied in narrow-band measurements to overcome these issues and find that while systematics
are introduced by these corrections, they are only dominant in the low surface brightness regime. The disagreement
with the previous measurement of a super-linear molecular SFL by Kennicutt et al. is most likely due to differences
in the fitting method. Our results support the recent evidence for a low, and close to constant, star formation
efficiency (SFE = τ−1) in the molecular component of the interstellar medium. The data show an excellent
agreement with the recently proposed model of the SFL by Krumholz et al. The large intrinsic scatter observed
may imply the existence of other parameters, beyond the availability of gas, which are important in setting the SFR.

Key words: galaxies: formation – galaxies: individual (NGC 5194) – galaxies: ISM – galaxies: spiral – ISM:
structure – stars: formation

Online-only material: color figures, machine-readable table

1. INTRODUCTION

In the quest to achieve a thorough understanding of the pro-
cesses involved in the formation and subsequent evolution of
galaxies, we must first fully characterize the process of star for-
mation under different environments in the interstellar medium
(ISM). During the last decade, major efforts have been made to
characterize the variables involved in triggering star formation
and setting the star formation rate (SFR) in galaxies. Kennicutt
(1998b) showed that, integrating over the whole optical disk of
galaxies, the SFR surface density (ΣSFR), as measured by the
Hα emission, tightly correlates with the total gas surface den-
sity (ΣH i+H2 ) over several orders of magnitude in SFR and gas
density. The relation from Kennicutt follows a power-law form,
with a slope N = 1.4. These types of correlations between ΣSFR
and Σgas, either atomic (ΣH i), molecular (ΣH2 ), or total (ΣH i+H2 ),
are usually known as star formation laws (SFLs, a.k.a. Schmidt
Laws or Schmidt–Kennicutt Laws, after Schmidt 1959, who first

introduced the power-law parametrization to relate gas density
and the SFR), and they show that the availability of gas is a key
variable in setting the SFR.

Although the global SFL provides us with valuable insights
on the role that gas density plays at setting the SFR, the
measurement involves averaging over the many orders of
magnitude in Σgas and ΣSFR present in the ISM of single
galaxies, implying the loss of valuable information about the
detailed physics that give rise to the SFL. Azimuthally averaged
measurements of gas surface densities and the SFR have been
used to conduct more detailed studies of the SFL across the disks
of local galaxies. For example, Wong & Blitz (2002) measured,
under the assumption of constant dust extinction, a slope of
N ≈ 0.8 for the molecular SFL, and N ≈ 1.1 for the total
gas SFL on a sample of seven molecule rich spirals, with a
large scatter from galaxy to galaxy, and Schuster et al. (2007)
measured N = 1.4 ± 0.6 for the total gas SFL on NGC 5194.
Azimuthally averaged profiles are also affected by averaging
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ABSTRACT

We investigate the relation between the star formation rate (SFR) surface density (ΣSFR) and the mass surface
density of gas (Σgas) in NGC 5194 (a.k.a. M51a, Whirlpool Galaxy). Visible Integral field Replicable Unit
Spectrograph Prototype (VIRUS-P) integral field spectroscopy of the central 4.1 × 4.1 kpc2 of the galaxy
is used to measure Hα, Hβ, [O iii]λ5007, [N ii]λλ6548,6584, and [S ii]λλ6717,6731 emission line fluxes for
735 regions ∼170 pc in diameter. We use the Balmer decrement to calculate nebular dust extinctions, and
correct the observed fluxes in order to accurately measure ΣSFR in each region. Archival H i 21 cm and CO
maps with spatial resolution similar to that of VIRUS-P are used to measure the atomic and molecular gas
surface density for each region. We present a new method for fitting the star formation law (SFL), which
includes the intrinsic scatter in the relation as a free parameter, allows the inclusion of non-detections in both
Σgas and ΣSFR, and is free of the systematics involved in performing linear regressions over incomplete data
in logarithmic space. After rejecting regions whose nebular spectrum is affected by the central active galactic
nucleus in NGC 5194, we use the [S ii]/Hα ratio to separate spectroscopically the contribution from the
diffuse ionized gas (DIG) in the galaxy, which has a different temperature and ionization state from those of
H ii regions in the disk. The DIG only accounts for 11% of the total Hα luminosity integrated over the whole
central region, but on local scales it can account for up to a 100% of the Hα emission, especially in the inter-
arm regions. After removing the DIG contribution from the Hα fluxes, we measure a slope N = 0.82 ± 0.05,
and an intrinsic scatter ε = 0.43 ± 0.02 dex for the molecular gas SFL. We also measure a typical depletion
timescale τ = ΣH i+H2/ΣSFR ≈ 2 Gyr, in good agreement with recent measurements by Bigiel et al. The atomic
gas density shows no correlation with the SFR, and the total gas SFL in the sampled density range closely
follows the molecular gas SFL. Integral field spectroscopy allows a much cleaner measurement of Hα emission
line fluxes than narrow-band imaging, since it is free of the systematics introduced by continuum subtraction,
underlying photospheric absorption, and contamination by the [N ii] doublet. We assess the validity of different
corrections usually applied in narrow-band measurements to overcome these issues and find that while systematics
are introduced by these corrections, they are only dominant in the low surface brightness regime. The disagreement
with the previous measurement of a super-linear molecular SFL by Kennicutt et al. is most likely due to differences
in the fitting method. Our results support the recent evidence for a low, and close to constant, star formation
efficiency (SFE = τ−1) in the molecular component of the interstellar medium. The data show an excellent
agreement with the recently proposed model of the SFL by Krumholz et al. The large intrinsic scatter observed
may imply the existence of other parameters, beyond the availability of gas, which are important in setting the SFR.
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1. INTRODUCTION

In the quest to achieve a thorough understanding of the pro-
cesses involved in the formation and subsequent evolution of
galaxies, we must first fully characterize the process of star for-
mation under different environments in the interstellar medium
(ISM). During the last decade, major efforts have been made to
characterize the variables involved in triggering star formation
and setting the star formation rate (SFR) in galaxies. Kennicutt
(1998b) showed that, integrating over the whole optical disk of
galaxies, the SFR surface density (ΣSFR), as measured by the
Hα emission, tightly correlates with the total gas surface den-
sity (ΣH i+H2 ) over several orders of magnitude in SFR and gas
density. The relation from Kennicutt follows a power-law form,
with a slope N = 1.4. These types of correlations between ΣSFR
and Σgas, either atomic (ΣH i), molecular (ΣH2 ), or total (ΣH i+H2 ),
are usually known as star formation laws (SFLs, a.k.a. Schmidt
Laws or Schmidt–Kennicutt Laws, after Schmidt 1959, who first

introduced the power-law parametrization to relate gas density
and the SFR), and they show that the availability of gas is a key
variable in setting the SFR.

Although the global SFL provides us with valuable insights
on the role that gas density plays at setting the SFR, the
measurement involves averaging over the many orders of
magnitude in Σgas and ΣSFR present in the ISM of single
galaxies, implying the loss of valuable information about the
detailed physics that give rise to the SFL. Azimuthally averaged
measurements of gas surface densities and the SFR have been
used to conduct more detailed studies of the SFL across the disks
of local galaxies. For example, Wong & Blitz (2002) measured,
under the assumption of constant dust extinction, a slope of
N ≈ 0.8 for the molecular SFL, and N ≈ 1.1 for the total
gas SFL on a sample of seven molecule rich spirals, with a
large scatter from galaxy to galaxy, and Schuster et al. (2007)
measured N = 1.4 ± 0.6 for the total gas SFL on NGC 5194.
Azimuthally averaged profiles are also affected by averaging
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Figure 1. Left: HST+ACS V-band image of NGC5194 and its companion NGC 5195 (Mutchler et al. 2005). The central 4.1 × 4.1 kpc2 region sampled by the
1.′7 × 1.′7 VIRUS-P field of view is marked in red. Right: map of the 738 regions sampled by VIRUS-P in the three dither positions. Each region has a diameter of 4.′′3
corresponding to ∼170 pc at the distance of NGC5194.
(A color version of this figure is available in the online journal.)

Bigiel et al. (2008) used a slightly smaller distance of 8.0 Mpc,
it is worth noticing that most of the results in this paper are
based on surface densities, which are independent of distance,
and thus are not affected by the assumed value. All values for
ΣSFR are in units of M$ yr−1 kpc−2, and values of Σgas are in
units of M$ pc−2.

2. OBSERVATIONS

We obtained spatially resolved spectroscopy over the central
4.1 × 4.1 kpc2 region of NGC 5194 on the night of 2008 April
4, using VIRUS-P on the 2.7 m Harlan J. Smith telescope at
McDonald Observatory. VIRUS-P with the VP-2 IFU bundle
used in this work consists of a square array of 246 optical fibers,
which samples a 1.′7×1.′7 field of view with a 1/3 filling factor.
The fibers are 200 µm in diameter, corresponding to 4.′′3 on
sky. The spectrograph images the spectrum of the 246 fibers
on a 2048 × 2048 Fairchild Imaging CCD. Because of camera
alignment issues, the spectrum of one fiber fell off the chip,
reducing the number of usable fibers to 245.

The spectrograph was used in a red setup under which it
samples a wavelength range of 4570–6820 Å with a spectral
resolution of ∼5.0 Å (FWHM). This red setup allows us to
sample both Hβ and Hα, and our resolution is high enough to
resolve the Hα-[N ii]λλ6548,6893 complex. We took the data
in 2 × 1 binning mode in the spectral direction which translates
into a plate scale of 2.2 Å pixel−1. Given the 1/3 filling factor
of the IFU, three dithered exposures were necessary to sample
the complete field of view.

We obtained four 20 minute exposures at each of
the three dither positions, accounting for an effective ex-
posure time of 80 minutes. Dither 1 was centered at
α = 13:29:52.69; δ = +47:11:43.0. Dithers 2 and 3 were offset
from dither 1 by ∆α = −3.′′6; ∆δ = −2.′′0 and ∆α = 0.′′0; ∆δ =

−4.′′0, respectively. Figure 1 shows the observed region in NGC
5194 as well as the position of the IFU fibers for the three dithers.
Because of the extended nature of NGC 5194 no fibers in the
field of view sampled a blank region of the sky. This implied the
need for off-source sky frames in between science frames. We
obtained 5 minute sky exposures bracketing all science expo-
sures. These were obtained 30′ north of NGC 5194. The typical
seeing during the observations was 2.′′0.

Bias frames, comparison NeCd lamps, and twilight flats were
taken at the beginning and end of the night. VIRUS-P is mounted
on a two degree of freedom gimble at the broken Cassegrain
focus of the telescope. The gimble keeps the spectrograph in a
fixed gravity vector independent of the position of the telescope
during the observations which translates into a practically
complete lack of flexure in the spectrograph optical components.
For this reason calibration frames intercalated with the science
observations were not necessary.

The spectro-photometric standard Feige 34 was observed
for the purpose of flux calibration (see Section 3.1). Standard
observations were performed using a finer 6 position dither
pattern which better samples the point-spread function (PSF) of
the star and ensures the collection of its total flux (see Section 3.1
and Figure 2).

The instrument is equipped with a guiding camera which
images a 4.′5×4.′5 field offset from the science field sampled by
the IFU. The guiding camera is a 512 × 512 pixel Apogee unit
equipped with a BV filter which allows broadband photometric
measurements of the stars in the field. During the night we
saved a guider frame every 30 s in order to reconstruct changes
in atmospheric transparency. The guider images are also used to
establish the IFU astrometry. The relative offset, rotation, and
plate scales of the guider and IFU fields have been precisely
calibrated using observations of crowded fields in open clusters,
so the pixel coordinates of stars in the guider frames provide us
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Figure 11. Atomic gas surface density vs. SFR surface density for the 718
regions unaffected by AGN contamination. Upper limits in ΣSFR correspond to
regions with CH ii = 0. The vertical dashed line marks the H i to H2 transition
threshold at 10 M! pc−2. The diagonal dotted lines correspond to constant
depletion timescales τ = SFE−1 of 0.1, 1, 10, and 100 Gyr.
(A color version of this figure is available in the online journal.)

to be a widespread phenomena in normal spirals by Bigiel et al.
(2008) using two-dimensional spatially resolved measurements.
It is thought to be related to a threshold in surface density at
which a phase transition from atomic to molecular gas occurs in
the ISM (Krumholz et al. 2009a). Given the lack of correlation
between ΣH i and ΣSFR, we do not attempt to fit a atomic gas
SFL. We restrict our analysis to the modeling of the molecular
and total gas correlations with the star formation activity. These
correlations are usually well described by a power-law function
(Schmidt 1959; Kennicutt 1998b).

It has been established that the observed rms dispersion about
a power law in these SFLs is much larger than the observational
uncertainties (Kennicutt 1998b; Kennicutt et al. 2007), implying
the existence of significant intrinsic scatter of physical origin in
the relations. However, previous works have not introduced this
intrinsic scatter into the parameterization of the SFL, and authors
restrict themselves to measure the scatter after fitting a power
law to the data. In this work, we incorporate the intrinsic scatter
in the SFL, which we parameterize as

ΣSFR

1 M! yr−1 kpc−2 = A

(
Σgas

100 M! pc−2

)N

× 10 N (0,ε), (11)

where A is the normalization factor, N is the slope, and N (0, ε)
is a logarithmic deviation from the power law, drawn from a
normal distribution with zero mean and standard deviation ε.
The value of ε corresponds to the intrinsic scatter of the SFL
in logarithmic space. The factor 10 N (0,ε) can be interpreted as
changes of physical origin in the SFE for different regions.
We chose a pivot value for the normalization of 100 M! pc−2,
which is roughly at the center of the distribution of measured
Σgas values, in order to minimize the covariance between the
slope and the normalization. When comparing the normalization
factors derived here with other fits found in the literature, this
must be taken into account. Most works quote normalizations

Figure 12. Molecular gas surface density vs. SFR surface density for the 718
regions unaffected by AGN contamination. Upper limits in ΣSFR correspond to
regions with CH ii = 0. Upper limits in ΣH2 correspond to regions with non-
detection in CO at the 1σ level. The diagonal dotted lines correspond to constant
depletion timescales τ = SFE−1 of 0.1, 1, 10, and 100 Gyr. Also shown is the
best-fitted power law from the MC method (black solid line), and the best-fitted
parameters.
(A color version of this figure is available in the online journal.)

at 1 M! pc−2, while Bigiel et al. (2008) quote normalizations at
10 M! pc−2.

Previous measurements of the spatially resolved SFL use
different algorithms to fit a power law to the data. Usually
a linear regression in logarithmic space is performed, but
methods differ in the treatment of error bars. Kennicutt et al.
(2007) used a FITEXY algorithm (Press et al. 1989), which
has the advantage of incorporating errors in both the ordinate
and abscissa coordinates, although errors must be assumed to
be symmetric in logarithmic space, which is not always the
case. Bigiel et al. (2008) used an ordinary least-squares (OLS)
bisector method (Isobe et al. 1990) giving the same weighting
to every data point. Both methods have the disadvantage of
not being able to incorporate upper limits in the minimization.
Our data are mainly limited by the sensitivity of the CO
intensity maps as can be seen in Figure 12, where 93 of the
718 regions unaffected by AGN contamination are undetected
in CO and hence we can only provide upper limits for their
molecular gas surface densities. This is also the case in the
works mentioned above. As will be seen in Section 11, these
upper limits contain important information regarding the slope
of the spatially resolved SFL, and neglecting them biases the
fits toward steeper slopes. We introduce and use a new method
for fitting the SFL which is not affected by the above issues.

9.1. The Fitting Method

To fit our data we use a Monte Carlo (MC) approach combined
with two-dimensional distribution comparison techniques com-
monly used in color–magnitude diagram (CMD) fitting (Dolphin
et al. 2001). Our method allows us to include the regions not de-
tected in the CO map (including those with negative measured
fluxes), incorporate the intrinsic scatter in the SFL as a free
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Previous measurements of the spatially resolved SFL use
different algorithms to fit a power law to the data. Usually
a linear regression in logarithmic space is performed, but
methods differ in the treatment of error bars. Kennicutt et al.
(2007) used a FITEXY algorithm (Press et al. 1989), which
has the advantage of incorporating errors in both the ordinate
and abscissa coordinates, although errors must be assumed to
be symmetric in logarithmic space, which is not always the
case. Bigiel et al. (2008) used an ordinary least-squares (OLS)
bisector method (Isobe et al. 1990) giving the same weighting
to every data point. Both methods have the disadvantage of
not being able to incorporate upper limits in the minimization.
Our data are mainly limited by the sensitivity of the CO
intensity maps as can be seen in Figure 12, where 93 of the
718 regions unaffected by AGN contamination are undetected
in CO and hence we can only provide upper limits for their
molecular gas surface densities. This is also the case in the
works mentioned above. As will be seen in Section 11, these
upper limits contain important information regarding the slope
of the spatially resolved SFL, and neglecting them biases the
fits toward steeper slopes. We introduce and use a new method
for fitting the SFL which is not affected by the above issues.

9.1. The Fitting Method

To fit our data we use a Monte Carlo (MC) approach combined
with two-dimensional distribution comparison techniques com-
monly used in color–magnitude diagram (CMD) fitting (Dolphin
et al. 2001). Our method allows us to include the regions not de-
tected in the CO map (including those with negative measured
fluxes), incorporate the intrinsic scatter in the SFL as a free
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ABSTRACT

We propose a simple theoretical model for star formation in which the local star formation rate (SFR) in a
galaxy is determined by three factors. First, the interplay between the interstellar radiation field and molecular
self-shielding determines what fraction of the gas is in molecular form and thus eligible to form stars. Second,
internal feedback determines the properties of the molecular clouds that form, which are nearly independent of
galaxy properties until the galactic interstellar medium (ISM) pressure becomes comparable to the internal giant
molecular cloud (GMC) pressure. Above this limit, galactic ISM pressure determines molecular gas properties.
Third, the turbulence driven by feedback processes in GMCs makes star formation slow, allowing a small
fraction of the gas to be converted to stars per free-fall time within the molecular clouds. We combine analytic
estimates for each of these steps to formulate a single star formation law, and show that the predicted correlation
between SFR, metallicity, and surface densities of atomic, molecular, and total gas agree well with observations.
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1. INTRODUCTION

The last decade has seen a revolution in our understanding of
star formation in galaxies, driven by the advent of spatially
resolved multi-wavelength surveys. Prior to this work, our
observational constraints on the star formation process were
largely limited to low-resolution surveys that characterized
entire galaxies using only a handful of observable quantities,
e.g. the mean surface density of star formation averaged over a
whole disk. While these surveys yielded a number of intriguing
results—most famously the Kennicutt (1998) star formation
law—they left unanswered many basic questions about the
physics of star formation. For example, they could not clearly
determine whether star formation correlates more strongly with
the molecular or total gas content of a galaxy (Kennicutt 1998;
Wong & Blitz 2002), or whether star formation is regulated
primarily by local processes within individual star-forming
clouds (e.g., Krumholz & McKee 2005, hereafter KM05; Shu
et al. 2007) or by galactic-scale processes such as spiral shocks,
supernovae, or cloud–cloud interactions (e.g., Wyse 1986; Silk
1997; Tan 2000; Li et al. 2005).

Now, however, emission maps at 24 µm from the Spitzer
Infrared Nearby Galaxy Survey (SINGS) provide us with
accurate estimates of the rate of dust-enshrouded star formation
at resolutions of better than a kpc in nearby galactic disks
(Kennicutt et al. 2003, 2007; Calzetti et al. 2007), while
ultraviolet observations from the Galaxy Evolution Explorer
(GALEX) Nearby Galaxy Survey (NGS) reveal the rates of
non-obscured star formation with comparable resolution and
accuracy (Gil de Paz et al. 2007). Observations of H i emission
from the very large array (VLA)4 as part of The H i Nearby
Galaxy Survey (THINGS; Walter et al. 2008) and of CO
emission by the BIMA Survey of Nearby Galaxies (BIMA
SONG; Helfer et al. 2003) and the HERA CO-Line Extragalactic

4 The VLA is operated by the National Radio Astronomy Observatory, which
is a facility of the National Science Foundation, operated under cooperative
agreement by Associated Universities, Inc.

Survey (HERACLES; Leroy et al. 2009) using the 30 m
IRAM telescope provide maps of the gas content of galaxies at
comparable resolutions. Combining these data sets leads to two
particularly important conclusions that our theoretical models
of star formation must incorporate and explain.

The first observational result is that that star formation is
a direct product of the molecular gas in a galaxy, not of all
the gas. Across a wide range of galactic environments the star
formation rate (SFR) correlates well with molecular gas, and
poorly or not at all with the atomic gas measured on sub-kpc
spatial scales (Wong & Blitz 2002; Kennicutt et al. 2007; Leroy
et al. 2008; Bigiel et al. 2008, hereafter B08). The correlation
between SFR and molecular gas surface density is superlinear
in samples that extend to starbursts with gas surface densities
∼103 M# pc−2 (Kennicutt 1998), but is nearly linear for galaxies
with molecular surface densities from 5–100 M# pc−2 (B08;
however, see Kennicutt et al. 2007 for a different interpretation).
Observations of the low-density outskirts of galactic disks hint
that the linearity may break down there (Gardan et al. 2007;
Fumagalli & Gavazzi 2008), but it is unclear if this indicates a
change in the star formation process or a change in the CO-to-H2
conversion factor.

The second observational result is that giant molecular clouds
(GMCs) have remarkably similar properties in all nearby galax-
ies. Across the Local Group GMCs appear to have the same
surface density, roughly 85 M# pc−2, and to obey the same
linewidth–size relation (Blitz et al. 2007; Bolatto et al. 2008;
Heyer et al. 2009). Together these two observations imply
that all observed molecular clouds are not far from virial
balance between gravity and internal turbulence. There is of
course considerable uncertainty in the GMC surface density,
arising mostly from the CO-to-H2 conversion factor, but it
is striking that there is no clear evidence of a systematic
trend in GMC properties across a sample of galaxies rang-
ing from H i-dominated dwarfs to molecule-rich giant spirals.
This seems to be a critical clue to the physics of molecular
clouds.
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1. INTRODUCTION

The last decade has seen a revolution in our understanding of
star formation in galaxies, driven by the advent of spatially
resolved multi-wavelength surveys. Prior to this work, our
observational constraints on the star formation process were
largely limited to low-resolution surveys that characterized
entire galaxies using only a handful of observable quantities,
e.g. the mean surface density of star formation averaged over a
whole disk. While these surveys yielded a number of intriguing
results—most famously the Kennicutt (1998) star formation
law—they left unanswered many basic questions about the
physics of star formation. For example, they could not clearly
determine whether star formation correlates more strongly with
the molecular or total gas content of a galaxy (Kennicutt 1998;
Wong & Blitz 2002), or whether star formation is regulated
primarily by local processes within individual star-forming
clouds (e.g., Krumholz & McKee 2005, hereafter KM05; Shu
et al. 2007) or by galactic-scale processes such as spiral shocks,
supernovae, or cloud–cloud interactions (e.g., Wyse 1986; Silk
1997; Tan 2000; Li et al. 2005).

Now, however, emission maps at 24 µm from the Spitzer
Infrared Nearby Galaxy Survey (SINGS) provide us with
accurate estimates of the rate of dust-enshrouded star formation
at resolutions of better than a kpc in nearby galactic disks
(Kennicutt et al. 2003, 2007; Calzetti et al. 2007), while
ultraviolet observations from the Galaxy Evolution Explorer
(GALEX) Nearby Galaxy Survey (NGS) reveal the rates of
non-obscured star formation with comparable resolution and
accuracy (Gil de Paz et al. 2007). Observations of H i emission
from the very large array (VLA)4 as part of The H i Nearby
Galaxy Survey (THINGS; Walter et al. 2008) and of CO
emission by the BIMA Survey of Nearby Galaxies (BIMA
SONG; Helfer et al. 2003) and the HERA CO-Line Extragalactic
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Survey (HERACLES; Leroy et al. 2009) using the 30 m
IRAM telescope provide maps of the gas content of galaxies at
comparable resolutions. Combining these data sets leads to two
particularly important conclusions that our theoretical models
of star formation must incorporate and explain.

The first observational result is that that star formation is
a direct product of the molecular gas in a galaxy, not of all
the gas. Across a wide range of galactic environments the star
formation rate (SFR) correlates well with molecular gas, and
poorly or not at all with the atomic gas measured on sub-kpc
spatial scales (Wong & Blitz 2002; Kennicutt et al. 2007; Leroy
et al. 2008; Bigiel et al. 2008, hereafter B08). The correlation
between SFR and molecular gas surface density is superlinear
in samples that extend to starbursts with gas surface densities
∼103 M# pc−2 (Kennicutt 1998), but is nearly linear for galaxies
with molecular surface densities from 5–100 M# pc−2 (B08;
however, see Kennicutt et al. 2007 for a different interpretation).
Observations of the low-density outskirts of galactic disks hint
that the linearity may break down there (Gardan et al. 2007;
Fumagalli & Gavazzi 2008), but it is unclear if this indicates a
change in the star formation process or a change in the CO-to-H2
conversion factor.

The second observational result is that giant molecular clouds
(GMCs) have remarkably similar properties in all nearby galax-
ies. Across the Local Group GMCs appear to have the same
surface density, roughly 85 M# pc−2, and to obey the same
linewidth–size relation (Blitz et al. 2007; Bolatto et al. 2008;
Heyer et al. 2009). Together these two observations imply
that all observed molecular clouds are not far from virial
balance between gravity and internal turbulence. There is of
course considerable uncertainty in the GMC surface density,
arising mostly from the CO-to-H2 conversion factor, but it
is striking that there is no clear evidence of a systematic
trend in GMC properties across a sample of galaxies rang-
ing from H i-dominated dwarfs to molecule-rich giant spirals.
This seems to be a critical clue to the physics of molecular
clouds.
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Figure 2. SFR surface density Σ̇∗ as a function of total gas surface density Σg.
Lines and contours are the same as in Figure 1. Other points are a compilation
of literature data from B08. We show individual apertures in M51 (black
dots; Kennicutt et al. 2007), azimuthal averages (blue circles) in NGC4736
and NGC5055 (Wong & Blitz 2002), NGC6946 (Crosthwaite & Turner 2007),
and M51 (Schuster et al. 2007), and global averages for starbursts (open green
triangles; Kennicutt 1998), normal spirals (filled green triangles; Kennicutt
1998), and low surface brightness galaxies (yellow diamonds; Wyder et al.
2009). The gray arrows and labels indicate schematically the dominant physical
process responsible for setting the slope in each region.

in external galaxies without higher resolution observations. A
lower limit comes from the fact that the observations mix to-
gether spiral arm and interarm regions, and the arm–interarm
density contrast is ∼2–4 in galaxies observed at higher res-
olution (Nakanishi & Sofue 2003; Schuster et al. 2007). The
complexes themselves represent density peaks on top of the
already-enhanced density within the arm, and in fully molecu-
lar regions clouds are observed to have surface densities higher
than the mean by a factor of ∼2 (Rosolowsky & Blitz 2005). We
therefore adopt c ≈ 5, and thus we expect the data to be charac-
terized by log cZ′ ≈ −0.3 to 1.2, with the four low-metallicity
dwarfs lying at somewhat lower log cZ′.

Our simple model recovers a number of salient features
in the observations. Figure 1(a) shows that we recover the
observational result that the H i surface density reaches a
maximum value, which is ∼10 M& pc−2 at solar metallicity,
and that the SFR does not correlate well with ΣH I in resolved
observations of galaxies. The RMS noise in the SFR surface
density in the survey is ∼10−4 M& kpc−2 (Bigiel et al.
2008), so the apparent flattening of the contours below this
value is an observational artifact. Figure 1(b) indicates that we
recover a good approximation to the correct, nearly constant
SFR in molecular gas at surface densities from roughly 5 −
100 M& pc−2. Combined, these two effects produce an SFR
that increases superlinearly with total gas content below the H i
saturation threshold and only linearly above it (Figure 1(c)).
Third, we recover the return to a superlinear increase of
SFR with total gas content above ∼100 M& pc−2, produced
by the increase in molecular cloud density in high-pressure
environments (Figure 2).

It is worth noting that the observations are subject to sig-
nificant systematic errors in both the gas surface density and
in the SFR, and that this is likely to limit the extent of agree-
ment between the data and any theoretical model, including
this one. The main uncertainty in the gas surface density is in
the factor XCO used to convert an observed CO intensity into a
molecular cloud mass. The standard assumption of a constant

XCO = 2.0 × 1020 cm−2(K km s−1)−1 is likely to be accurate to
a factor of ∼2 in spiral galaxy environments, where its value has
been calibrated against other methods of estimating mass (Blitz
et al. 2007). In low-metallicity dwarf galaxies, however, there is
evidence that the assumption of a fixed XCO may underestimate
the true molecular mass by as much as a factor of ∼10 (Leroy
et al. 2007), while in starburst systems it may overestimate the
mass by factors of up to ∼5 (Downes & Solomon 1998). The
variation of XCO in starbursts has been at least approximately
accounted for in the high-Σg systems shown in Figure 2, but the
uncertainty there is probably larger than for spiral galaxies. For
dwarf systems at low metallicity, on the other hand, the values
of Σg and ΣH2 in Figures 1 and 2 have for the most part been de-
rived assuming a constant XCO, and thus the possible systematic
underestimate of Σg and ΣH2 has not been included. This would
tend to shift points to the right in Figures 1(c) and 2. The effect
in Figure 1(b) will be minimal, because most of the galaxies for
which this effect is significant fall below the completeness limit
in any event.

Uncertainties in the SFRs come from a combination of
uncertainties in dust corrections and in the stellar initial mass
function (IMF). Comparing SFRs in the THINGS sample based
on FUV plus 24 µm emission to those based on Hα, or Hα
plus 24 µm emission, suggests uncertainties below the factor
of ∼2 level. Comparison to the SFR in the Milky Way inferred
from radio catalogs of H ii regions suggests a slightly larger
uncertainty: McKee & Williams (1997) infer a star formation
timescale in the molecular gas of (SFRff/tff)−1 = 300 Myr
from this technique, compared to 2 Gyr for the average of the
THINGS sample. The origin of this discrepancy is unclear, but
it suggests that significant caution is warranted in interpreting
the SFRs inferred from observations.

4. DISCUSSION

4.1. Relation to Previous Work

It is important to understand how our results here relate to
previous work on star formation laws, both phenomenological
and theoretical. Our new star formation law, Equation (10),
is more complex than the simple Kennicutt (1998) power law
Σ̇∗ ∝ Σn

g, with n = 1.4 ± 0.15, and the related observational
correlation between the CO and infrared luminosities of galaxies
(assumed to be proxies for the molecular gas mass and the SFR,
respectively) reported by Greve et al. (2005) and Riechers et al.
(2006). Such increased complexity is demanded by improving
observations, since the data shown in Figures 1 and 2 clearly
cannot be fitted by single power laws. There are very distinct
regions where the relationship between Σ̇∗ and Σg is steep,
flattens, and then steepens again. That said, our model is in fact
consistent with the data set on which the Kennicutt (1998) law
is based—these are shown by the green open and filled triangles
in Figure 2—and these data in turn fall within the contours of
the THINGS observations. Thus there is no inconsistency in the
data themselves.

Why then is it possible to fit the data of the Kennicutt (1998)
sample with a single power law? The answer comes partly from
the fact that the data are averaged over entire galaxies, which
introduces significant scatter compared to the more recent data
that are resolved to sub-kpc scales. The primary reason for
the single power-law Kennicutt fit with an index of n ≈ 1.4,
however, is that most of the dynamic range in Σg that gives rise
to the index of 1.4 comes from galaxies with Σg ! 100 M&
pc−2. The same is true for the observed correlation between
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CO and IR luminosities in galaxies, where most of the dynamic
range in the sample comes from starbursts with large surface
densities and SFRs. In this regime our predicted law, Equation
(10), also reduces to a simple power law Σ̇∗ ∝ Σ1.33

g ; the index
1.33 is well within the error bars in Kennicutt’s fit. Conversely,
a fit to only the normal galaxies in Kennicutt’s sample produces
a much steeper best-fit index of n = 2.47 ± 0.39, consistent
with the steeper slope we predict for normal galaxies due to the
dependence of the H2 fraction on Σg. Thus the classic single
power-law star formation law is in part an artifact of fitting
a single power law between normal galaxies and starbursts, a
point also made by Gao & Solomon (2004) and Wyder et al.
(2009).

On the theoretical side, the classical explanation for the
observed Σ̇∗ ∝ Σn

g and LIR ∝ Lm
CO correlations with n ≈

m ≈ 1.5 is that the SFR should be proportional to the gas
mass divided by the free-fall time (Madore 1977; Elmegreen
1994, 2002; Kennicutt 1998). The latter varies as density to
the −1/2 power, so in a parcel of gas of density ρ the SFR
per unit volume varies as ρ3/2. The model we propose here
is entirely consistent with this basic picture, and with earlier
explanations for correlations between SFRs and gas masses and
surface densities by KM05 and Krumholz & Thompson (2007),
despite the fact that we obtain a nearly linear correlation between
Σ̇∗ and ΣH2 for Σg ! 100 M% pc −2.

The reason we can obtain a linear correlation between Σ̇∗ and
ΣH2 is that, in any theory in which the star formation timescale is
proportional to the free-fall time, the star formation rate per unit
area will vary as Σ̇∗ ∝ ΣH2/tff ∝ ΣH2ρ

1/2. Similarly the total
SFR in a galaxy will vary as Ṁ∗ ∝ MH2ρ

1/2, where MH2 is the
total mass of molecular gas. The indices n and m for the areal
and total star formation laws therefore depend on how ρ varies
with ΣH2 and MH2 , respectively. The most common assumption
in previous work has been to adopt ρ ∝ Σg (e.g., Elmegreen
2002) and ρ ∝ MH2 , but this assumption is independent of
the basic idea that the SFR varies inversely with the free-
fall time. Indeed, if the characteristic densities of star-forming
clouds do not vary from galaxy to galaxy, as is approximately
(though not exactly) the case in our model for galaxies with
Σg < 85 M% pc−2, then we expect a linear relationship
between Σ̇∗ and ΣH2 , even though the underlying volumetric
star formation law is nonlinear. Krumholz & Thompson (2007)
obtain a linear relationship between the luminosities of galaxies
in the infrared and in HCN(1 → 0) emission for much the same
reason. They point out that the high critical density of the HCN
line ensures that it traces gas at similar densities in every galaxy,
at least up to the most extreme starbursts. Since ρ is constant,
the star formation law is linear. In our model here ρ is roughly
constant in galaxies with Σg < 85 M% pc−2 for a different
reason—GMC densities are unaffected by galactic environment
because GMC pressures greatly exceed mean ISM pressures—
but the end result, a linear star formation law, is the same.
Conversely, a scaling law Σ̇∗ ∝ Σ3/2

H2
or LIR ∝ L

3/2
CO is expected

when the characteristic density of the molecular gas scales close
to linearly with its surface density or total mass. In our model
such a scaling appears in the starburst regime because ISM
pressure becomes important in setting GMC internal densities.

4.2. Predictions for Future Observations

Our model makes distinct predictions that can be tested
against future observations. One obvious prediction is the
upward kink in the relationship between Σ̇∗ and ΣH2 , or Σ̇∗

and Σg, seen at ΣH2 ≈ Σg ≈ 100 M% pc−2 (Figures 1(a),
(b), and 2). This kink in our model is caused by the transition
between molecular cloud surface densities being determined by
internal regulation and being determined by external pressure. A
spatially resolved survey such as THINGS targeting the nearest
circumnuclear starburst galaxies such as M64, which reach
surface densities in the range ∼50–1000 M% pc−2 (Rosolowsky
& Blitz 2005), should reveal this kink quite clearly, perhaps
even within a single galaxy. The one caveat is that locating
the kink depends on being able to measure molecular surface
densities accurately, which in turn depends on our knowledge
of the X factor used to convert CO intensity to surface density.
Uncertainties in its value translate directly into uncertainties in
the location of the kink in the star formation law.

A second testable prediction comes from our predicted
metallicity dependence of the relationship between Σ̇∗ and Σg
(Figure 1(c)). Our model curves span the range of metallic-
ities covered by the THINGS sample, and, as of the date
of this paper’s submission, a version of the data shown in
Figure 1 binned by metallicity was not available. However, such
metallicity binning should reveal that low-metallicity galaxies
have systematically lower SFRs at fixed Σg for galaxies when
Σg ! 10 M% pc−2. Because there is degeneracy between the
metallicity Z′ and the clumping factor c, ideally this prediction
would be tested with higher resolution observations that reduce
or remove the need to adopt a clumping factor to account for the
structure of the gas on scales unresolved by the observations.
Surveying a large sample of entire galactic disks with ∼100 pc
resolution so that c ≈ 1 is probably prohibitively expensive with
the current generation of telescopes. However, even a random
sample of sight lines through galaxies at varying Σg and metal-
licity, with ∼100 pc resolution, should be sufficient to test for a
metallicity-dependent correlation between SFR and gas surface
density such as the one we predict.

5. SUMMARY

We have shown that the observed relationship between the
SFR and the atomic and molecular content of galaxies can be
explained by a simple model, whose elements are summarized
by the regions labeled in Figure 2. First, self-shielding of
hydrogen determines the amount of gas in molecular form. This
imposes a characteristic gas surface density of ∼10/cZ′ M%
pc−2 for the transition from atomic to molecular, where c is
the factor by which the gas surface density is increased due
to clumping unresolved by the observations and Z′ is the
metallicity relative to solar. Second, once molecules do form,
molecular clouds reach a surface density of roughly 85 M%
pc−2 independent of galactic environment. This behavior can
be understood as arising from the fact that molecular clouds
are overpressured relative to their surroundings, so they must
be regulated by internal processes, most likely H ii regions
(Matzner 2002; Krumholz et al. 2006), that do not depend on
metallicity or other large-scale galaxy properties. The constant
surface density imposes a roughly constant volume density and
free-fall time on all molecular gas. The exception to this is
galaxies where the mean galactic surface density is " 100 M%
pc−2, in which the ambient pressure is high enough to force
GMC densities to rise along with galactic surface density in
order to keep the clouds in pressure balance. Third, once formed
molecular clouds convert themselves into stars at a nearly
universal rate of ∼1% of the mass per free-fall time as a result
of turbulent regulation. Together these effects produce a total
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ABSTRACT

We develop a model for the regulation of galactic star formation rates ΣSFR in disk galaxies, in which interstel-
lar medium (ISM) heating by stellar UV plays a key role. By requiring that thermal and (vertical) dynamical
equilibrium are simultaneously satisfied within the diffuse gas, and that stars form at a rate proportional to the
mass of the self-gravitating component, we obtain a prediction for ΣSFR as a function of the total gaseous surface
density Σ and the midplane density of stars+dark matter ρsd. The physical basis of this relationship is that the
thermal pressure in the diffuse ISM, which is proportional to the UV heating rate and therefore to ΣSFR, must adjust
until it matches the midplane pressure value set by the vertical gravitational field. Our model applies to regions
where Σ ! 100 M" pc−2. In low-ΣSFR (outer-galaxy) regions where diffuse gas dominates, the theory predicts that
ΣSFR ∝ Σ√

ρsd. The decrease of thermal equilibrium pressure when ΣSFR is low implies, consistent with obser-
vations, that star formation can extend (with declining efficiency) to large radii in galaxies, rather than having a
sharp cutoff at a fixed value of Σ. The main parameters entering our model are the ratio of thermal pressure to total
pressure in the diffuse ISM, the fraction of diffuse gas that is in the warm phase, and the star formation timescale
in self-gravitating clouds; all of these are (at least in principle) direct observables. At low surface density, our
model depends on the ratio of the mean midplane FUV intensity (or thermal pressure in the diffuse gas) to the star
formation rate, which we set based on solar-neighborhood values. We compare our results to recent observations,
showing good agreement overall for azimuthally averaged data in a set of spiral galaxies. For the large flocculent
spiral galaxies NGC 7331 and NGC 5055, the correspondence between theory and observation is remarkably close.

Key words: galaxies: ISM – galaxies: spiral – ISM: kinematics and dynamics – galaxies: star formation –
turbulence

Online-only material: color figures

1. INTRODUCTION

Star formation is regulated by many physical factors, with
processes from sub-parsec to super-kiloparsec scales contribut-
ing to setting the overall rate (see, e.g., McKee & Ostriker
2007). One of the key factors expected to control the star forma-
tion rate is the available supply of gas. Over the whole range of
star-forming systems, from entire spiral galaxies to circumnu-
clear starbursts, the global average of the surface density of star
formation, ΣSFR, is observed to be correlated with the global
average of the neutral gas surface density Σ as ΣSFR ∝ Σ1+p

with 1 + p ≈ 1.4 (Kennicutt 1998). Recent observations at
high spatial resolution have made it possible to investigate
local, rather than global, correlations of the star formation
rate with Σ, using either azimuthal averages over rings, or
mapping with apertures down to ! kpc scales (e.g., Wong
& Blitz 2002; Boissier et al. 2003, 2007; Heyer et al. 2004;
Komugi et al. 2005; Schuster et al. 2007; Kennicutt et al. 2007;
Dong et al. 2008; Bigiel et al. 2008; Blanc et al. 2009; Verley
et al. 2010). While power-law (Schmidt 1959, 1963) relation-
ships are still evident in these local studies, steeper slopes are
found for the outer, atomic-dominated regions of spiral galaxies
(as well as dwarf galaxies) compared to the inner, molecular-
dominated regions of spirals. In addition, measured indices
in the low-Σ, low-ΣSFR regime vary considerably from one
galaxy to another. Thus, no single Schmidt law characterizes the

5 Hubble Fellow.

regulation of star formation on local scales in the outer parts of
galaxies.

The nonlinearity of observed Schmidt laws implies that not
just the quantity of gas, but also its physical state and the sur-
rounding galactic environment, affect the star formation rate.
Indices p > 0 imply that the star formation efficiency is higher
in higher-density regions, which are generally nearer the centers
of galaxies and have shorter dynamical times. Indeed, the expec-
tation based on theory and numerical simulations (Goldreich &
Lynden-Bell 1965; Kim & Ostriker 2001) in thin, single-phase
gaseous disks is that gravitational instabilities leading to star
formation would grow only if the Toomre parameter (Toomre
1964) Q ≡ vthκ/(πGΣ) is sufficiently small. These instabilities
would develop over a timescale comparable to the galactic or-
bital time torb ≡ 2π/Ω, which corresponds to about twice the
two-dimensional Jeans time tJ,2D ≡ vth/(GΣ) when Q is near
critical. Here, vth is the thermal speed (v2

th ≡ Pth/ρ = kT /µ for
Pth, ρ, and T the gas thermal pressure, density, and temperature),
and κ is the epicyclic frequency (κ2 ≡ R−3dΩ2/dR). While
the implied scaling ΣSFR ∝ ΣΩ is roughly satisfied globally
(Kennicutt 1998), supporting the notion that galaxies evolve to-
ward states with Q roughly near critical (e.g., Quirk 1972), for
more local observations this does not provide an accurate pre-
diction of star formation (e.g., Leroy et al. 2008; Wong 2009).

In addition to galactic rotation and shear rates, an important
aspect of local galactic environment is the gravity of the stellar
component. The background stellar gravity compresses the disk
vertically (affecting the three-dimensional Jeans time tJ ≡
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Nuclear Activity (I): Optical Spectra

ANRV352-AA46-13 ARI 15 July 2008 12:45

The forbidden lines of the doublet [O I] λλ6300, 6364 arise from collisional excitation of O0 by hot
electrons. Because the ionization potential of O0 (13.6 eV) is nearly identical to that of hydrogen,
in an ionization-bounded nebula [O I] is produced predominantly in the “partially ionized zone,”
wherein both neutral oxygen and free electrons coexist. In addition to O0, the conditions of the
partially ionized zone are also favorable for S+ and N+, whose ionization potentials are 23.3 eV
and 29.6 eV, respectively. Hence, in the absence of abundance anomalies, [N II] λλ6548, 6583 and
[S II] λλ6716, 6731 are strong (relative to, say, Hα) whenever [O I] is strong, and vice versa.

In a nebula photoionized by young, massive stars, the partially ionized zone is very thin because
the ionizing spectrum of OB stars contains few photons with energies greater than 13.6 eV. Hence,
in the optical spectra of H II regions and starburst nuclei, hereinafter H II nuclei, the low-ionization
transitions [N II], [S II], and especially [O I] are very weak. [As originally defined by Weedman
et al. (1981), a starburst nucleus is one whose current star-formation rate is much higher than its
past average rate. Because in general we do not know the star-formation history of any individual
object, I adopt the more general designation of H II nucleus.] By contrast, a harder radiation
field, such as that of an AGN power-law continuum that extends into the extreme ultraviolet (UV)
and X-rays, penetrates much deeper into an optically thick cloud, creating an extensive partially
ionized zone and hence strong low-ionization forbidden lines. A hard AGN radiation field also
boosts the production of collisionally excited forbidden line emission because its high thermal
energy deposition rate enhances the gas temperature.

2.2. Sample Spectra
The spectra shown in Figure 1 illustrate the empirical distinction between AGNs and H II nuclei.
In NGC 7714, which has a well-known starburst nucleus (Weedman et al. 1981), [O I], [N II],
and [S II] are weak relative to Hα. The [O III] λλ4959, 5007 doublet is quite strong compared to
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Figure 1
Sample optical spectra of the various classes of emission-line nuclei. Prominent emission lines are identified.
(Based on Ho, Filippenko & Sargent 1993 and unpublished data.)
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The forbidden lines of the doublet [O I] λλ6300, 6364 arise from collisional excitation of O0 by hot
electrons. Because the ionization potential of O0 (13.6 eV) is nearly identical to that of hydrogen,
in an ionization-bounded nebula [O I] is produced predominantly in the “partially ionized zone,”
wherein both neutral oxygen and free electrons coexist. In addition to O0, the conditions of the
partially ionized zone are also favorable for S+ and N+, whose ionization potentials are 23.3 eV
and 29.6 eV, respectively. Hence, in the absence of abundance anomalies, [N II] λλ6548, 6583 and
[S II] λλ6716, 6731 are strong (relative to, say, Hα) whenever [O I] is strong, and vice versa.

In a nebula photoionized by young, massive stars, the partially ionized zone is very thin because
the ionizing spectrum of OB stars contains few photons with energies greater than 13.6 eV. Hence,
in the optical spectra of H II regions and starburst nuclei, hereinafter H II nuclei, the low-ionization
transitions [N II], [S II], and especially [O I] are very weak. [As originally defined by Weedman
et al. (1981), a starburst nucleus is one whose current star-formation rate is much higher than its
past average rate. Because in general we do not know the star-formation history of any individual
object, I adopt the more general designation of H II nucleus.] By contrast, a harder radiation
field, such as that of an AGN power-law continuum that extends into the extreme ultraviolet (UV)
and X-rays, penetrates much deeper into an optically thick cloud, creating an extensive partially
ionized zone and hence strong low-ionization forbidden lines. A hard AGN radiation field also
boosts the production of collisionally excited forbidden line emission because its high thermal
energy deposition rate enhances the gas temperature.

2.2. Sample Spectra
The spectra shown in Figure 1 illustrate the empirical distinction between AGNs and H II nuclei.
In NGC 7714, which has a well-known starburst nucleus (Weedman et al. 1981), [O I], [N II],
and [S II] are weak relative to Hα. The [O III] λλ4959, 5007 doublet is quite strong compared to
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Sample optical spectra of the various classes of emission-line nuclei. Prominent emission lines are identified.
(Based on Ho, Filippenko & Sargent 1993 and unpublished data.)

478 Ho

A
nn

u.
 R

ev
. A

st
ro

. A
st

ro
ph

ys
. 2

00
8.

46
:4

75
-5

39
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.a
nn

ua
lre

vi
ew

s.o
rg

by
 P

rin
ce

to
n 

U
ni

ve
rs

ity
 L

ib
ra

ry
 o

n 
07

/1
9/

11
. F

or
 p

er
so

na
l u

se
 o

nl
y.

Ho 2008

Stellar continuum

Narrow emission lines
from the narrow-line region:
at ~0.1-1 kpc from center

Note the major difference between 
AGN and HII galaxies is the strength of 

the low ionization lines

Low Ionization Nuclear Emission Regions



Kauffmann et al. 2003

Galaxy continuum *must* be subtracted
to uncover true fluxes in Hβ, e.g.



We use the so-called “BPT” diagram

19
81
PA
SP
..
.9
3.
..
.5
B



What is the excitation mechanism?

Photoionization by O stars (HII galaxies, star-forming 
galaxies, etc)

Photoionization by a power-law continuum -- typified by a 
wide range of ionization states

PNe -- photoionization by evolved star

Shock heating



ANRV352-AA46-13 ARI 15 July 2008 12:45

[O II] λ3727 or Hβ because the metal abundance of NGC 7714’s nucleus is rather low, although
the ionization level of H II nuclei can span a wide range, depending on metallicity (Ho, Filippenko
& Sargent 1997c; Kewley et al. 2001; Groves, Heckman & Kauffmann 2006). On the other hand,
the low-ionization lines are markedly stronger in the other two objects shown, both of which
qualify as AGNs. NGC 1358 has a high-ionization AGN or Seyfert nucleus. NGC 1052 is the
prototype of the class known as LINERs (Heckman 1980b). The ionization level can be judged by
the relative strengths of the oxygen lines, but in practice is most easily gauged by the [O III]/Hβ

ratio. In the commonly adopted system of Veilleux & Osterbrock (1987), the division between
Seyferts and LINERs occurs at [O III] λ5007/Hβ = 3.0. Ho, Filippenko & Sargent (2003) stress,
however, that this boundary has no strict physical significance. The ionization level of the NLR in
large, homogeneous samples of AGNs spans a wide and apparently continuous range; there is no
evidence for any clear-cut transition between Seyferts and LINERs (Ho, Filippenko & Sargent
2003), although with sufficient numbers, the two classes do delineate two distinct loci in optical
diagnostic diagrams (Kewley et al. 2006).

The classification system discussed above makes no reference to the profiles of the emission
lines. Luminous AGNs such as quasars and many classical Seyfert galaxies exhibit permitted lines
with a characteristically broad component, with full width at half-maximum (FWHM) widths of
∼1000 to 10,000 km s−1. This component arises from the BLR, which is thought to be physically
distinct from the NLR responsible for the narrow lines. Following Khachikian & Weedman (1974),
it is customary to refer to Seyferts with and without (directly) detectable broad lines as type 1 and
type 2 sources, respectively. As discussed in Section 3.4, this nomenclature can also be extended
to include LINERs.

2.3. Diagnostic Diagrams
The classification system of Veilleux & Osterbrock (1987), which I adopt throughout this review,
is based on two-dimensional line-intensity ratios constructed from [O III] λ5007, Hβ λ4861, [O
I] λ6300, Hα λ6563, [N II] λ6583, and [S II] λλ6716, 6731 (here Hβ and Hα refer only to the
narrow component of the line). The main virtues of this system, shown in Figure 2, are (a) that
it uses relatively strong lines, (b) that the lines lie in an easily accessible region of the optical

log [N II] λ6583/Hα
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Figure 2
Diagnostic diagrams plotting (a) log [O III] λ5007/Hβ versus log [N II] λ6583/Hα, (b) log [O III] λ5007/Hβ versus log [S II] λλ6716,
6731/Hα, and (c) log [O III] λ5007/Hβ versus log [O I] λ6300/Hα. (Adapted from Ho, Filippenko & Sargent 1997a.)
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FIG. 9.ÈVO87 diagnostic plot log [N II]/Ha vs. log [O III]/Hb for (a) the continuous starburst models based on the PEGASE SED, (b) continuous
starburst models based on the STARBURST99 SED with Lejeune plus Schmutz atmospheres, and (c) continuous starburst models based on the
STARBURST99 SED with Lejeune atmospheres. The theoretical grids of ionization parameter and chemical abundance are shown in each case. [See the
electronic edition of the Journal for a color version of this Ðgure.]
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FIG. 2.ÈAs in Fig. 1, except Z \ 0.2 times solar metallicity. Note that spectra for ages greater than 5 Myr are coincident with the 5 Myr curve shown here.
[See the electronic edition of the Journal for a color version of this Ðgure.]

radius,ÏÏ R
t
:

R
t
\ R*

Av= M0 ref
vref

M0
B2@3

,

where is a (normalizing) reference velocity and is avref M0 ref(normalizing) reference mass-loss rate. Again, models with
similar values of the transformed radius give similar spectra.
Stars that use a greater fraction of their EUV photons in

maintaining the photoionization of their extended atmo-
spheres would show a lower intensity and a harder EUV
spectrum at energies below the He II ionization edge and
would be expected to exhibit more atmospheric blanketing
by heavy elements.

4. STARBURST MODELING

To model the starburst spectrum as a function of age of
the exciting stars, metallicity, and ionization parameter, we

Detailed Photoionization 
Models

Kewley et al. 2001

Range of assumptions 
for the shape of the 
ionizing continuum

Range of assumptions 
for the metallicity and density  

of the gas



Kauffmann et al. 2003

Seyferts

empirical line

Kewley line



Kauffmann et al. 2003

LINERs (Heckman 1980). Low 
ionization lines are particularly 

strong.  Can be AGN or shocks.

empirical line

Kewley line



Digression: What powers LINERs?

Answer: It depends.  But there is no doubt that LINER emission 
from the very center of nearby massive ellipticals is correlated with accretion. 
See Eracleous et al. 2010 for detailed analysis of power source of LINERs.

Large aperture on a ULIRG: Shocks

Veilleux et al. 1999
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Figure 3
Illustration of starlight removal for NGC 3998 using the template galaxy NGC 3115. Prominent emission
lines are labeled. The insert shows an expanded view of the Hα + [N II] region and a multi-Gaussian
decomposition leading to the detection of a broad Hα component. (Adapted from Ho, Filippenko & Sargent
1993 and Ho et al. 1997.)

Figure 3 illustrates the starlight subtraction process for the LINER NGC 3998. Note that in
the original observed spectrum, many of the weaker emission lines were hardly visible, whereas
after starlight subtraction, they can easily be measured. The intensities of even strong lines such
as Hβ and [O III] λλ4959, 5007 are modified. Importantly, starlight correction is essential for
properly identifying the weak broad Hα component in NGC 3998.

2.5. Other Classification Criteria
Although the traditional optical classification system described above is the most widely used, there
are instances when features in other spectral regions may be more practical or useful. Surveys of
intermediate-redshift galaxies, for example, cannot routinely access the Hα region, and under
such circumstances it is desirable to devise a classification system based only on the blue part
of the spectrum. Diagnostic diagrams proposed by Rola, Terlevich & Terlevich (1997) based on
the strong lines [O II] λ3727, [Ne III] λλ3869, 3968, Hβ, and [O III] λλ4959, 5007 provide
moderately effective discrimination between starbursts and AGNs. A number of redshift surveys
have searched for narrow-line AGNs based on the presence of [Ne V] λλ3346, 3426 (e.g., Hall
et al. 2000, Barger et al. 2001, Szokoly et al. 2004). With an ionization potential of 97 eV, [Ne V]
unambiguously arises from nonstellar excitation, but the practical difficulty is that these lines are
quite weak (strength ∼10% of [O III] λ5007) and often can only be detected with confidence in
stacked spectra (e.g., Zakamska et al. 2003).

The long-standing controversy over the relevance of shock excitation also has led to the de-
velopment of line diagnostics outside of the traditional optical window. Dı́az, Pagel & Wilson
(1985; see also Dı́az, Pagel & Terlevich 1985; Kirhakos & Phillips 1989) suggested that [S III]
λλ9069, 9532, in combination with the optical lines of [O II], [O III], and [S II], are effective in
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Point 1: Accreting black holes are found in massive, bulge-
dominated galaxies

Kauffmann et al. 2003
SDSS

Black Hole Demographics 



Point 2: If you look hard enough you find that virtually ALL 
massive, bulge-dominated galaxies contain (very weakly) accreting 
supermassive black holes
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Figure 4
(a) Detection rate of emission-line nuclei as a function of Hubble type. The different classes of nuclei are marked as follows: Seyferts
(S) = dark blue filled squares, LINERs (L) = red circles, transition objects (T) = light blue open triangles, LINERs + transition
objects + Seyferts (S + L + T) = pink stars, and H II nuclei = yellow crosses. (b) Distribution of bulge-to-total (B/T) light ratios,
derived from the morphological type and its statistical dependence on B/T. The histograms have been shifted vertically for clarity.
(Adapted from Ho, Filippenko & Sargent 1997a,b.)

3.3. Detection Rates
In qualitative agreement with early work, the Palomar survey shows that a substantial fraction
(86%) of all galaxies contain detectable emission-line nuclei (Ho, Filippenko & Sargent 1997b).
The detection rate is essentially 100% for all disk (S0 and spiral) galaxies, and >50% for elliptical
galaxies. One of the most surprising results is the large fraction of objects classified as AGNs or
AGN candidates, as summarized in Figure 4. Summed over all Hubble types, 43% of all galaxies
that fall within the survey limits can be considered active. This percentage becomes even more
remarkable for galaxies with an obvious bulge component, rising to ∼50–70% for Hubble types
E–Sb. By contrast, the detection rate of AGNs drops dramatically toward later Hubble types (Sc
and later), which almost invariably (80%) host H II nuclei. This strong dependence of nuclear
spectral class on Hubble type has been noticed in earlier studies (Heckman 1980a, Keel 1983b),
and further confirmed in SDSS (Kauffmann et al. 2003, Miller et al. 2003). A qualitatively similar
conclusion, cast in terms of host galaxy stellar mass rather than Hubble type, is reached by Gallo
et al. (2008) and Decarli et al. (2007). Decarli et al. also claim that the occurrence of AGN activity
in Virgo cluster spirals does not depend on morphological type, but it must be noted that the
sources of spectroscopy and nuclear classification employed in that study are very heterogeneous.

Within the parent galaxy sample, 11% have Seyfert nuclei, at least doubling estimates based on
older (Stauffer 1982b; Keel 1983b; Phillips, Charles & Baldwin 1983) or shallower (Huchra & Burg
1992; Maia, Machado & Willmer 2003; Gronwall et al. 2004; Hao et al. 2005a) surveys. LINERs
constitute the dominant population of AGNs. Pure LINERs are present in ∼20% of all galaxies,
whereas transition objects, which by assumption also contain a LINER component, account for
another ∼13%. Thus, if all LINERs can be regarded as genuine AGNs (see Section 6), they truly
are the most populous constituents, making up one-third of all galaxies and two-thirds of the AGN
population (here taken to mean all objects classified as Seyferts, LINERs, and transition objects).

Within the magnitude range 14.5 < r < 17.7 in SDSS, Kauffmann et al. (2003) report an
overall AGN fraction (for narrow-line sources) of ∼40%, of which ∼10% are Seyferts. The
rest are LINERs and transition objects. Using a different method of starlight subtraction, Hao
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Point 2: If you look hard enough you find that virtually ALL 
massive, bulge-dominated galaxies contain (very weakly) accreting 
supermassive black holes
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(a) Detection rate of emission-line nuclei as a function of Hubble type. The different classes of nuclei are marked as follows: Seyferts
(S) = dark blue filled squares, LINERs (L) = red circles, transition objects (T) = light blue open triangles, LINERs + transition
objects + Seyferts (S + L + T) = pink stars, and H II nuclei = yellow crosses. (b) Distribution of bulge-to-total (B/T) light ratios,
derived from the morphological type and its statistical dependence on B/T. The histograms have been shifted vertically for clarity.
(Adapted from Ho, Filippenko & Sargent 1997a,b.)

3.3. Detection Rates
In qualitative agreement with early work, the Palomar survey shows that a substantial fraction
(86%) of all galaxies contain detectable emission-line nuclei (Ho, Filippenko & Sargent 1997b).
The detection rate is essentially 100% for all disk (S0 and spiral) galaxies, and >50% for elliptical
galaxies. One of the most surprising results is the large fraction of objects classified as AGNs or
AGN candidates, as summarized in Figure 4. Summed over all Hubble types, 43% of all galaxies
that fall within the survey limits can be considered active. This percentage becomes even more
remarkable for galaxies with an obvious bulge component, rising to ∼50–70% for Hubble types
E–Sb. By contrast, the detection rate of AGNs drops dramatically toward later Hubble types (Sc
and later), which almost invariably (80%) host H II nuclei. This strong dependence of nuclear
spectral class on Hubble type has been noticed in earlier studies (Heckman 1980a, Keel 1983b),
and further confirmed in SDSS (Kauffmann et al. 2003, Miller et al. 2003). A qualitatively similar
conclusion, cast in terms of host galaxy stellar mass rather than Hubble type, is reached by Gallo
et al. (2008) and Decarli et al. (2007). Decarli et al. also claim that the occurrence of AGN activity
in Virgo cluster spirals does not depend on morphological type, but it must be noted that the
sources of spectroscopy and nuclear classification employed in that study are very heterogeneous.

Within the parent galaxy sample, 11% have Seyfert nuclei, at least doubling estimates based on
older (Stauffer 1982b; Keel 1983b; Phillips, Charles & Baldwin 1983) or shallower (Huchra & Burg
1992; Maia, Machado & Willmer 2003; Gronwall et al. 2004; Hao et al. 2005a) surveys. LINERs
constitute the dominant population of AGNs. Pure LINERs are present in ∼20% of all galaxies,
whereas transition objects, which by assumption also contain a LINER component, account for
another ∼13%. Thus, if all LINERs can be regarded as genuine AGNs (see Section 6), they truly
are the most populous constituents, making up one-third of all galaxies and two-thirds of the AGN
population (here taken to mean all objects classified as Seyferts, LINERs, and transition objects).

Within the magnitude range 14.5 < r < 17.7 in SDSS, Kauffmann et al. (2003) report an
overall AGN fraction (for narrow-line sources) of ∼40%, of which ∼10% are Seyferts. The
rest are LINERs and transition objects. Using a different method of starlight subtraction, Hao
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Point 2: If you look hard enough you find that virtually ALL 
massive, bulge-dominated galaxies contain (very weakly) accreting 
supermassive black holes
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Figure 4
(a) Detection rate of emission-line nuclei as a function of Hubble type. The different classes of nuclei are marked as follows: Seyferts
(S) = dark blue filled squares, LINERs (L) = red circles, transition objects (T) = light blue open triangles, LINERs + transition
objects + Seyferts (S + L + T) = pink stars, and H II nuclei = yellow crosses. (b) Distribution of bulge-to-total (B/T) light ratios,
derived from the morphological type and its statistical dependence on B/T. The histograms have been shifted vertically for clarity.
(Adapted from Ho, Filippenko & Sargent 1997a,b.)

3.3. Detection Rates
In qualitative agreement with early work, the Palomar survey shows that a substantial fraction
(86%) of all galaxies contain detectable emission-line nuclei (Ho, Filippenko & Sargent 1997b).
The detection rate is essentially 100% for all disk (S0 and spiral) galaxies, and >50% for elliptical
galaxies. One of the most surprising results is the large fraction of objects classified as AGNs or
AGN candidates, as summarized in Figure 4. Summed over all Hubble types, 43% of all galaxies
that fall within the survey limits can be considered active. This percentage becomes even more
remarkable for galaxies with an obvious bulge component, rising to ∼50–70% for Hubble types
E–Sb. By contrast, the detection rate of AGNs drops dramatically toward later Hubble types (Sc
and later), which almost invariably (80%) host H II nuclei. This strong dependence of nuclear
spectral class on Hubble type has been noticed in earlier studies (Heckman 1980a, Keel 1983b),
and further confirmed in SDSS (Kauffmann et al. 2003, Miller et al. 2003). A qualitatively similar
conclusion, cast in terms of host galaxy stellar mass rather than Hubble type, is reached by Gallo
et al. (2008) and Decarli et al. (2007). Decarli et al. also claim that the occurrence of AGN activity
in Virgo cluster spirals does not depend on morphological type, but it must be noted that the
sources of spectroscopy and nuclear classification employed in that study are very heterogeneous.

Within the parent galaxy sample, 11% have Seyfert nuclei, at least doubling estimates based on
older (Stauffer 1982b; Keel 1983b; Phillips, Charles & Baldwin 1983) or shallower (Huchra & Burg
1992; Maia, Machado & Willmer 2003; Gronwall et al. 2004; Hao et al. 2005a) surveys. LINERs
constitute the dominant population of AGNs. Pure LINERs are present in ∼20% of all galaxies,
whereas transition objects, which by assumption also contain a LINER component, account for
another ∼13%. Thus, if all LINERs can be regarded as genuine AGNs (see Section 6), they truly
are the most populous constituents, making up one-third of all galaxies and two-thirds of the AGN
population (here taken to mean all objects classified as Seyferts, LINERs, and transition objects).

Within the magnitude range 14.5 < r < 17.7 in SDSS, Kauffmann et al. (2003) report an
overall AGN fraction (for narrow-line sources) of ∼40%, of which ∼10% are Seyferts. The
rest are LINERs and transition objects. Using a different method of starlight subtraction, Hao
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(a) Detection rate of emission-line nuclei as a function of Hubble type. The different classes of nuclei are marked as follows: Seyferts
(S) = dark blue filled squares, LINERs (L) = red circles, transition objects (T) = light blue open triangles, LINERs + transition
objects + Seyferts (S + L + T) = pink stars, and H II nuclei = yellow crosses. (b) Distribution of bulge-to-total (B/T) light ratios,
derived from the morphological type and its statistical dependence on B/T. The histograms have been shifted vertically for clarity.
(Adapted from Ho, Filippenko & Sargent 1997a,b.)

3.3. Detection Rates
In qualitative agreement with early work, the Palomar survey shows that a substantial fraction
(86%) of all galaxies contain detectable emission-line nuclei (Ho, Filippenko & Sargent 1997b).
The detection rate is essentially 100% for all disk (S0 and spiral) galaxies, and >50% for elliptical
galaxies. One of the most surprising results is the large fraction of objects classified as AGNs or
AGN candidates, as summarized in Figure 4. Summed over all Hubble types, 43% of all galaxies
that fall within the survey limits can be considered active. This percentage becomes even more
remarkable for galaxies with an obvious bulge component, rising to ∼50–70% for Hubble types
E–Sb. By contrast, the detection rate of AGNs drops dramatically toward later Hubble types (Sc
and later), which almost invariably (80%) host H II nuclei. This strong dependence of nuclear
spectral class on Hubble type has been noticed in earlier studies (Heckman 1980a, Keel 1983b),
and further confirmed in SDSS (Kauffmann et al. 2003, Miller et al. 2003). A qualitatively similar
conclusion, cast in terms of host galaxy stellar mass rather than Hubble type, is reached by Gallo
et al. (2008) and Decarli et al. (2007). Decarli et al. also claim that the occurrence of AGN activity
in Virgo cluster spirals does not depend on morphological type, but it must be noted that the
sources of spectroscopy and nuclear classification employed in that study are very heterogeneous.

Within the parent galaxy sample, 11% have Seyfert nuclei, at least doubling estimates based on
older (Stauffer 1982b; Keel 1983b; Phillips, Charles & Baldwin 1983) or shallower (Huchra & Burg
1992; Maia, Machado & Willmer 2003; Gronwall et al. 2004; Hao et al. 2005a) surveys. LINERs
constitute the dominant population of AGNs. Pure LINERs are present in ∼20% of all galaxies,
whereas transition objects, which by assumption also contain a LINER component, account for
another ∼13%. Thus, if all LINERs can be regarded as genuine AGNs (see Section 6), they truly
are the most populous constituents, making up one-third of all galaxies and two-thirds of the AGN
population (here taken to mean all objects classified as Seyferts, LINERs, and transition objects).

Within the magnitude range 14.5 < r < 17.7 in SDSS, Kauffmann et al. (2003) report an
overall AGN fraction (for narrow-line sources) of ∼40%, of which ∼10% are Seyferts. The
rest are LINERs and transition objects. Using a different method of starlight subtraction, Hao
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Very incomplete at low 
masses: star formation, dust,

low-mass BHs



Other ways to find local active galaxies



Also Broad Emission Lines
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Figure 3
Illustration of starlight removal for NGC 3998 using the template galaxy NGC 3115. Prominent emission
lines are labeled. The insert shows an expanded view of the Hα + [N II] region and a multi-Gaussian
decomposition leading to the detection of a broad Hα component. (Adapted from Ho, Filippenko & Sargent
1993 and Ho et al. 1997.)

Figure 3 illustrates the starlight subtraction process for the LINER NGC 3998. Note that in
the original observed spectrum, many of the weaker emission lines were hardly visible, whereas
after starlight subtraction, they can easily be measured. The intensities of even strong lines such
as Hβ and [O III] λλ4959, 5007 are modified. Importantly, starlight correction is essential for
properly identifying the weak broad Hα component in NGC 3998.

2.5. Other Classification Criteria
Although the traditional optical classification system described above is the most widely used, there
are instances when features in other spectral regions may be more practical or useful. Surveys of
intermediate-redshift galaxies, for example, cannot routinely access the Hα region, and under
such circumstances it is desirable to devise a classification system based only on the blue part
of the spectrum. Diagnostic diagrams proposed by Rola, Terlevich & Terlevich (1997) based on
the strong lines [O II] λ3727, [Ne III] λλ3869, 3968, Hβ, and [O III] λλ4959, 5007 provide
moderately effective discrimination between starbursts and AGNs. A number of redshift surveys
have searched for narrow-line AGNs based on the presence of [Ne V] λλ3346, 3426 (e.g., Hall
et al. 2000, Barger et al. 2001, Szokoly et al. 2004). With an ionization potential of 97 eV, [Ne V]
unambiguously arises from nonstellar excitation, but the practical difficulty is that these lines are
quite weak (strength ∼10% of [O III] λ5007) and often can only be detected with confidence in
stacked spectra (e.g., Zakamska et al. 2003).

The long-standing controversy over the relevance of shock excitation also has led to the de-
velopment of line diagnostics outside of the traditional optical window. Dı́az, Pagel & Wilson
(1985; see also Dı́az, Pagel & Terlevich 1985; Kirhakos & Phillips 1989) suggested that [S III]
λλ9069, 9532, in combination with the optical lines of [O II], [O III], and [S II], are effective in
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4 Schulze et al.: The local AGN luminosity function

we approximated the underlying continuum as a straight line.
While the structure of the broad lines is generally complicated, it
has repeatedly been demonstrated (e.g. Steidel & Sargent 1991;
Ho et al. 1997; Hao et al. 2005b) that in many cases a double
Gaussian provides an acceptable fit to the BLR lines. We al-
ways started with a single Gaussian per line. A second (in a
few cases also a third) component was added only if a single
Gaussian yielded a poor fit and the addition of a component
significantly improved it. At our limited spectral resolution, any
possibly present narrow component of a broad line such as Hβ
is difficult to detect. We did not include an unresolved narrow
component by default and added such a component only when it
was clearly demanded by the data.

The Fe ii emission complex affecting the red wing of Hβ
can be sufficiently approximated by a double Gaussian at wave-
length λλ4924, 5018 Å for our data. We fixed their positions
and also fixed their intensity ratio λ5018/λ4924 to 1.28, typical
for BLR conditions. Thus only two parameters were allowed to
vary, the amplitude and the line width. The [O iii] λλ4959, 5007
Å lines were also fitted by a double Gaussian with the intensity
ratio fixed to the theoretical value of 2.98 (e.g. Dimitrijević et al.
2007). The relative wavelengths of the doublet were fixed as
well, but the position of the doublet relative to Hβ was allowed
to vary as a whole.

For the Hα line complex, the contributions of [N ii], and
sometimes also [S ii] needed to be taken into account. The latter
was mostly well separated and could be ignored, but when re-
quired we modelled it as a double Gaussian with fixed positions
and same width for both lines. For fitting the [N ii] λλ6548, 6583
Å doublet we left only the amplitude free. The positions were
fixed, the intensity ratio was set to 2.96 (Ho et al. 1997), and the
line width was fixed to the width of the narrow [O iii] lines.

With this set of constraints, each spectrum was fitted with
a multi-Gaussian plus continuum model. We decided manually
which model fits best, neglecting contributions by Fe ii, [N ii] and
[S ii] lines if not clearly present. In 6 objects we detected Hα but
the S/N was too low to trace Hβ. On the other hand, 21 of our
spectra did not reach sufficiently into the red to cover Hα; further
8 spectra were too heavily contaminated by telluric absorption
to produce a reliable Hα fit. For these objects, Hβ was readily
detected.

Of the 324 spectra of the sample, we thus could obtain rea-
sonable fits for 318 objects in Hβ, and for 295 in Hα. Figure 3
shows some example results, illustrating the range of signal to
noise ratios and resolutions of the spectral material.

3.2. Line Fluxes

From the fitted model we determined the emission line fluxes of
Hα and Hβ as well as the continuum flux at 5100 Å. As said
above, a narrow component of the Balmer line was only sub-
tracted if clearly identified in the fit. This happened in 46 cases
for Hα and in 34 instances for Hβ. We also measured the line
widths of Hα and Hβ, which were then used to estimate the
black hole masses for the sample. These results are presented
in a companion paper (Schulze & Wisotzki, in prep.).

In order to estimate realistic errors we constructed artificial
spectra for each object, using the fitted model and Gaussian ran-
dom noise corresponding to the measured S/N. We used 500 re-
alizations for each spectrum. We fitted these artificial spectra as
described above, fitting the line and the continuum andmeasured
the line widths and the line flux. The error of these propertieswas
then simply taken as the dispersion between the various realiza-

Fig. 3. Examples of fits to the spectra, illustrating the quality of
the spectroscopic data. The line complex of Hβ is shown on the
left side, the corresponding complex around Hα is shown on the
right side. The data are represented by black lines, the multi-
component Gaussian fits to the Balmer lines are shown in red,
other lines are shown green, and the combined model is over-
plotted in blue. Each panel also shows the fit residuals at the
bottom.

tions. Note that this method provides only a formal error, tak-
ing into account fitting uncertainties caused by the noise. Other
sources of error may include: A residual Fe ii contribution; an
intrinsic deviation of the line profile from our multi-Gaussian
model, as well as uncertainties in the setting of the continuum
level.

3.3. Relation between Hβ and Hα fluxes

In order to investigate the distribution of AGN emission line
luminosities we focus on Hα and Hβ as the two most promi-
nent recombination lines in our spectra. It is of interest to look
at the relation between these two lines. While recent published
work on this subject has mostly relied on Hα (Hao et al. 2005a;
Greene & Ho 2005), extending similar studies to nonzero red-
shifts is easier using Hβ. In Fig. 4 we plot the fluxes of the
two broad lines against each other. As expected, Hα and Hβ are
strongly correlated. To quantify this, we applied a linear regres-
sion between Hα and Hβ in logarithmic units, using the FITEXY

Hao et al. 2005

Ho et al. 1997

Schulze & Wiszotski 2009

Greene & Ho 2004



Nuclear Acitivity (II): X-ray/Radio Emission

Very important to: (a) Confirm the targets identified in the optical, particularly 
the LINERs, (b) Search in targets with high star formation rates, high dust 
obscuration, weak BHs. At even higher energies, lots of work with Swift/BAT 
survey that I will not cover.

Gallo et al. 2010

No. 1, 2009 CANDIDATE AGNs IN LATE-TYPE SPIRAL GALAXIES 273

IC 342 NGC 925 NGC 1493

NGC 3079 NGC 3184 NGC 4039

NGC 4490 NGC 4559NGC 4395

NGC 4654 NGC 4701NGC 4561

Figure 2. Images in the 0.2–8 keV band of all AGN candidates from Table 2. The green circles identify point-source detections in the image coincident with the optical
nucleus. Crosses locate the position of the nucleus as found from 2MASS (red) or other optical sources (blue). See Table 1 for more details. The size of the cross
represents the 95% confidence uncertainty in the near-infrared/optical position. The pixel scale varies slightly from object to object, and in some cases is nonsquare.
A 10′′ × 10′′ guide is shown on the lower right of each image.
(A color version of this figure is available in the online journal.)

(Ho 2008), a range LX = 1037–1040 erg s−1 corresponds to
LHα = 7×1035–7×1038 erg s−1. Palomar objects in our sample
with H ii nuclei have LHα = 1037.5–1038.8 erg s−1, which can
explain why such low-luminosity AGNs, if present, were missed
in the Palomar data.

The galaxies in our sample are low-mass, late-type spirals,
and thus likely harbor an NC at the center of the gravitational
potential well. Böker et al. (2002, 2004) found that ∼75%
of late-type spirals (T = 6–9) host a compact, photometri-
cally distinct source located near the photometric center of
the galaxy, with the surface brightness profile deviating from
a pure disk profile. These NCs have mean effective radii of
reff = 3.5 pc and I-band luminosities of LI = 106.2 L%. Rossa
et al. (2006) found that for NCs in galaxies within a similar
range in T type, the average cluster mass is M = 106.25 M%.
The increased stellar density at the center therefore implies
an increased chance of detecting, in particular, a low-mass
X-ray binary (LMXB) as a nuclear X-ray point source, con-
fusing our results. M 33, for example, likely has no central

massive BH (Gebhardt et al. 2001), but does possess an X-
ray source coincident with the optical nucleus, with proper-
ties suggestive of an X-ray binary (Dubus et al. 2004). This is
why we do not included M 33 as part of our AGN candidates.
NGC 2403 also hosts an X-ray binary in its known NC (Yukita
et al. 2007), although the X-ray luminosity is not high enough
to be confused with an AGN (in this work, no detection was
found above the limiting luminosity of 1036.1 erg s−1). X-ray
binaries must therefore be carefully considered when attempt-
ing to detect low-luminosity AGNs. Although NCs also occur
frequently in more massive early-type spiral galaxies (Carollo
et al. 1997, 1998) and intermediate-luminosity elliptical galax-
ies (Côté et al. 2006), LMXB contamination is not important in
these cases because at these larger BH masses LX > 1040 erg s−1

due to nuclear activity, much greater than typical LMXB X-ray
luminosities.

An X-ray detection in an NC is much more likely to be an
LMXB rather than a high-mass X-ray binary (HMXB) because
the mean age of NCs in late-type hosts is ∼108−9 yr (Rossa et al.

Desroches & Ho 2009



Nuclear Activity (III): MIR

Using [NeV]λ14.3, 15.1 μm lines as indicator of an AGN.  Stay tuned for 
results from Hershel and WISE...

The incidence of growing black holes 607

Figure 5. Upper panel: comparison of volume-weighted space densities of active SMBHs in the local Universe, ! in units of number Mpc−3 log M−1
BH. Mid-IR

active SMBH function (filled squares; GA09) 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 A). 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 per cent over the range MBH ≈ (0.5–500) × 106 M".

Whilst the main focus of this paper is to compare SMBH statis-
tics derived from mid-IR and optical detection 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 active 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, Satyapal & Marcu (2009) for a large sample
of optically classified LINERS. Dudik et al. (2009) reported in-
consistencies between [Ne V] 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 obser-
vations may be driving their observed result. Using the relations
between high-ionization mid-IR emission and hard X-ray lumi-
nosity (M08; GA09; Goulding et al., in preparation), we suggest
that a detected [Ne V] luminosity of L[Ne V] ≈ 1038 erg s−1 in an
AGN (i.e. the limiting luminosity in Dudik et al. 2009) would
be equivalent to a hard X-ray luminosity of LX,2−10 keV ≈ 5 ×
1040 erg s−1; indeed, almost all of the X-ray-detected AGNs which
lack significant [Ne V] emission in Dudik et al. (2009) are below this

threshold. We thus conclude that with sufficiently sensitive high-
resolution mid-IR spectroscopy, there is currently no conclusive
evidence to suggest that X-ray-detected type II AGNs lack signif-
icant [Ne V] emission in the mid-IR. Hence, with the exception of
some Seyfert 1 galaxies (as discussed previously), it is unlikely
that our derived mid-IR space density lacks significant numbers of
X-ray-detected AGNs with [Ne V] emission below our sensitivity
limit.

Given our comparatively small volume to that considered by
using the SDSS (e.g. Greene & Ho 2007; H04), we further validate
our derived space density of active SMBHs by robustly testing our
results to find if (1) our sample is overdense, and thus strongly
subject to cosmic variance or (2) given the modest errors associated
with our MBH estimations, the derived space density is strongly
subject to scattering of objects in our defined binning structure.
We discuss these analyses in Appendix A. Briefly, we find that our
sample is broadly representative of galaxies to z ∼ 0.3, and further
show that even in our most pessimistic case, we find an increase
in our derived space density of at least a factor of ≈2 (maximum
increase by a factor of ≈11) at MBH ≈ 3 × 106 M" over the optical
NL space density of H04.

C© 2010 The Authors. Journal compilation C© 2010 RAS, MNRAS 406, 597–611
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Kewley et al. (2001). This line represents the maximum line ra-
tios possible from starburst photoionization models using the
hardest possible starburst input ionizing radiation field. Note that
the majority of galaxies in our sample (!85%–94%, depending
on the diagram) have optical line ratios well to the left of this
line, indicating that the optical line ratios do not require the pres-
ence of any AGN contribution. We point out that the optical
spectroscopic classification of a galaxy, in principle, will depend
on the measurement aperture size, particularly in sources with
weakAGNs surrounded by vigorous star formation activity. How-
ever, the aperture size employed in the H97 optical spectral mea-
surements (!200 ; 400) is in general one of the smallest available
in the literature. In addition, the sensitivity of the observations
is considerably higher relative to many other surveys; therefore,
the optical line ratios fromH97 provide themost sensitive optical
classifications for weak AGNs currently available.

3. OBSERVATIONAL DETAILS AND DATA REDUCTION

All data presented in this work were obtained using both
the short-wavelength (SH; 4:700 ; 11:300, k ¼ 9:9 19:6 !m)
and long-wavelength (LH; 11:100 ; 22:300, k ¼ 18:7 37:2 !m)
high-resolution modules of the IRS. These modules have a spec-
tral resolution of R ! 600. The 32 observations were archived
from various programs, including the SINGS Legacy Program
(Kennicutt et al. 2003), and therefore contain both spectral map-
ping and staring observations. In spectral mapping mode, the

Fig. 1.—Distribution of Hubble types for the sample. The galaxies with
[Ne v] detections are indicated by the filled histogram (see x 4 for details). Since
the sensitivity of the observations varied across the sample, we also indicate with
arrows the number of galaxies with [Ne v] 14 !m line sensitivity of 1038 ergs s#1

or better. Although the sample size is too small to make statistically meaningful
statements, we note that none of the galaxies of Hubble type later than Scd in this
sample display a [Ne v] line. [See the electronic edition of the Journal for a color
version of this figure.]

Fig. 2.—Standard optical line ratio diagnostic diagrams (Veilleux & Osterbrock 1987) widely used to classify AGNs for the entire H97 sample, with our Spitzer sam-
ple represented by the filled symbols. The solid line represents the theoretical starburst limit line from Kewley et al. (2001). This line represents the maximum line ratios
possible from purely starburst photoionization models. The galaxies with [Ne v] detections are labeled in the figure (see x 4 for details). Note that most of the galaxies with
[Ne v] detections are to the left of the starburst limit line, indicating that their optical line ratios are purely consistent with star formation. [See the electronic edition of the
Journal for a color version of this figure.]

SATYAPAL ET AL.928 Vol. 677
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Def of gravitational sphere of influence

Required HST to achieve (although now we can also 
achieve with IFU+AO)

In addition to stellar dynamical modeling, it is also 
possible to model gas disks (when they exist)

Finally, in special cases we can use very compact masing 
disks

Dynamics

A. J. Barth

plicity. Modeling the kinematics of a thin, rotating disk is conceptually straightforward.
Furthermore, observations of emission-line velocity fields require less telescope time than
absorption-line spectroscopy. Since the FOS was a single-aperture spectrograph, however,
it was not well-suited to the task of mapping out emission-line velocity fields in detail, and
FOS gas-dynamics data were only obtained for a few additional galaxies (van der Marel &
van den Bosch 1998; Ferrarese & Ford 1999; Verdoes Kleijn et al. 2000).
After the initial FOS detections, progress was made on two fronts. The installation of

the Space Telescope Imaging Spectrograph (STIS), a long-slit instrument, greatly expanded
the capabilities of HST for dynamical measurements. In addition, the development of tech-
niques to model the kinematic data in detail led to more robust measurements. At the center
of a disk, the large spatial gradients in rotation velocity and emission-line surface brightness
are smeared out by the telescope point-spread function (PSF) and by the nonzero size of the
spectroscopic aperture. Macchetto et al. (1997) and van der Marel & van den Bosch (1998)
were the first to model the effects of instrumental blurring on HST gas-kinematic data, and
detailed descriptions of modeling techniques have been given by Barth et al. (2001), Ma-
ciejewski & Binney (2001), and Marconi et al. (2003).
The feasibility of performing a black hole detection in any given galaxy can be roughly

quantified in terms of rG, the radius of the “sphere of influence” over which the black
hole dominates the gravitational potential of its host galaxy. This quantity is given by
rG = GM•/σ2" . Projected onto the sky, and scaled to typical parameters for an HST mea-
surement, this corresponds to

rG = 0.11
(

M•

108M!

)(

200 km s!1

σ"

)2(20 Mpc
D

)

arcsec. (1.1)

Detection of black holes via their influence on the motions of stars or gas is most read-
ily accomplished when observations are able to probe spatial scales smaller than rG, but it
should be borne in mind that this is at best an approximate criterion. The stellar velocity
dispersion is an aperture-dependent quantity, so there is no uniquely determined value of
rG for a given galaxy. Even when rG is unresolved the black hole will still influence the
motions of stars and gas at larger radii. In stellar-dynamical measurements, it is possible to
obtain information from spatial scales smaller than the instrumental resolution by measur-
ing higher-order moments of the central line-of-sight velocity profile, since extended wings
on the velocity profile are the signature of high-velocity stars orbiting close to the black
hole (e.g., van der Marel 1994). With sufficiently high signal-to-noise ratio, the informa-
tion contained in the full line-of-sight velocity profile could be exploited in gas-dynamical
measurements as well, although measurements to date have generally been performed by
fitting models to the first and second moments of the velocity distribution function (i.e., the
mean velocity and line width at each observed position), or in some cases only to the mean
velocities.
The analysis of a gas-dynamical dataset consists of the following basic steps. The galaxy’s

stellar light profile must be measured, corrected for dust absorption if necessary, and con-
verted to a three-dimensional luminosity density. The stellar mass density is generally as-
sumed to be axisymmetric or spherically symmetric. A model velocity field is computed for
the combined potential of the black hole and the galaxy mass distribution, usually assuming
a spatially constant stellar mass-to-light ratio (M/L). After projecting the velocity field to
a given distance and inclination angle, the model is synthetically “observed” by simulating
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Verolme et al. 2002

Observed Kinematics
V, σ, h3, h4 -- this from SAURON

Stellar dynamical model
Based on a library of orbits

M 32



Verolme et al. 2002

Observed Kinematics
V, σ, h3, h4 -- this from SAURON

HST+ground-based 
imaging (+deprojection)
gives mass distribution

Stellar dynamical model
Based on a library of orbits

M 32
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Gas-dynamical Measurements
A. J. Barth

Fig. 1.2. An example of a dusty emission-line disk: HST images of the S0 galaxy
NGC 3245. The left panel is a continuum image taken with the HST F547M fil-
ter (equivalent to the V band), and the right panel shows a continuum-subtracted,
narrow-band image isolating the Hα and [N II] emission lines. At D = 21 Mpc, 1′′
corresponds to 100 pc.

Gerhard 1985; Ebneter, Davis, & Djorgovski 1988), but HST revealed that the dust was
often arranged in well-defined disks too small to be resolved from the ground. Imaging
surveys with HST have found such disks, with typical radii of 100 ! 1000 pc, in ∼ 20% of
giant elliptical galaxies (e.g., van Dokkum& Franx 1995; Verdoes Kleijn et al. 1999; Capetti
et al. 2000; de Koff et al. 2000; Tomita et al. 2000; Tran et al. 2001; Laine et al. 2003).
Jaffe et al. (1999) show that nuclear gas disks in early-type galaxies fall into two general

categories. The most common type are dusty disks, which are easily detected by their ob-
scuration in broad-band opticalHST images. The dust is usually accompanied by an ionized
component. Figure 1.2 shows an example, the disk in the S0 galaxy NGC 3245. The second
class consists of ionized gas without associated dust disks. M87 (Ford et al. 1994) is the
prototype of this category. Ionized disks are sometimes found to have filamentary or spiral
structure, and patches of dust may be present as well. A comprehensive study of disk orien-
tations in radio galaxies by Schmitt et al. (2002) finds that the radio jets are not preferentially
aligned along the disk rotation axis, although jets tend not to be oriented close to the disk
plane.
Soon after the first HST servicing mission, the first spectroscopic investigations of the

kinematics of these disks were performed with the Faint Object Spectrograph (FOS). The
first target was M87, for which Harms et al. (1994) detected a steep velocity gradient across
the nucleus in the Hα, [N II], and [O III] emission lines, consistent with Keplerian rotation
in an inclined disk. The central mass was found to be (2.4± 0.7)× 109 M", remarkably
close to the values first determined by Young et al. (1978) and Sargent et al. (1978). The
second gas-dynamical study with HST found a central dark mass of (4.9± 1.0)× 108 M"

in the radio galaxy NGC 4261 (Ferrarese, Ford, & Jaffe 1996). These dramatic results
opened a new chapter in the search for supermassive black holes, demonstrating that spa-
tially resolved gas disks could indeed be used to measure the central masses of galaxies. In
contrast to stellar dynamics, the gas-dynamical method is extremely appealing in its sim-
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Barth 2004 NGC 3245

Example ionized gas disk.  HST finds 
~20% of ellipticals contain well-
organized ionized gas disks at their 
center

A. J. Barth

Fig. 1.3. Projected radial velocity curves for the major axis of a model disk with
i = 60◦ atD = 20Mpc, forM• = 0, 107, 108, and 109 M". The models are convolved
with the HST PSF and sampled over a slit width of 0.′′1. The curves illustrate the
mean velocity observed at each position along the spectrograph slit.

the passage of light through the spectrograph optics and measuring the resulting model line
profiles. Finally, the model fit to the measured emission-line velocity field is optimized to
obtain the best-fitting value of M•. In addition to M•, the free parameters in the kinematic
model fit include the disk inclination and major axis position angle, and the stellar M/L;
these can be determined from the kinematic data if observations are obtained at three or
more parallel positions of the spectrograph slit. Maciejewski & Binney (2001) have shown
that when the slit is wider than the PSF core, there is an additional signature of the black
hole: at one particular location in the velocity field, the rotational and instrumental broaden-
ing will be oppositely directed, and they will very nearly cancel, giving a very narrow line
profile. The location of this feature can be used as an additional diagnostic of M•. With
up-to-date analysis techniques and high-quality STIS data, it is possible to achieve formal
measurement uncertainties on M• of order ∼ 25% or better for galaxies with well-behaved
disks (e.g., Barth et al. 2001). This makes the gas-dynamical method very competitive with
the precision that can be achieved by stellar-dynamical measurements.
Figure 1.3 illustrates model calculations for the projected radial velocities along the major

axis of an inclined gas disk. The models have been calculated for a disk inclined at 60◦ to
the line of sight, in a galaxy at a distance of 20 Mpc with M• = 0, 107, 108, and 109 M".
To demonstrate the effects of varying M•, the same stellar mass profile has been used for
all four models. The model velocity fields have been convolved with the STIS PSF and
sampled over an aperture corresponding to an 0.′′1-wide slit, and the curves represent the
mean velocity that would be observed as a function of position along the slit. At one extreme,
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Fig. 1.2. An example of a dusty emission-line disk: HST images of the S0 galaxy
NGC 3245. The left panel is a continuum image taken with the HST F547M fil-
ter (equivalent to the V band), and the right panel shows a continuum-subtracted,
narrow-band image isolating the Hα and [N II] emission lines. At D = 21 Mpc, 1′′
corresponds to 100 pc.

Gerhard 1985; Ebneter, Davis, & Djorgovski 1988), but HST revealed that the dust was
often arranged in well-defined disks too small to be resolved from the ground. Imaging
surveys with HST have found such disks, with typical radii of 100 ! 1000 pc, in ∼ 20% of
giant elliptical galaxies (e.g., van Dokkum& Franx 1995; Verdoes Kleijn et al. 1999; Capetti
et al. 2000; de Koff et al. 2000; Tomita et al. 2000; Tran et al. 2001; Laine et al. 2003).
Jaffe et al. (1999) show that nuclear gas disks in early-type galaxies fall into two general

categories. The most common type are dusty disks, which are easily detected by their ob-
scuration in broad-band opticalHST images. The dust is usually accompanied by an ionized
component. Figure 1.2 shows an example, the disk in the S0 galaxy NGC 3245. The second
class consists of ionized gas without associated dust disks. M87 (Ford et al. 1994) is the
prototype of this category. Ionized disks are sometimes found to have filamentary or spiral
structure, and patches of dust may be present as well. A comprehensive study of disk orien-
tations in radio galaxies by Schmitt et al. (2002) finds that the radio jets are not preferentially
aligned along the disk rotation axis, although jets tend not to be oriented close to the disk
plane.
Soon after the first HST servicing mission, the first spectroscopic investigations of the

kinematics of these disks were performed with the Faint Object Spectrograph (FOS). The
first target was M87, for which Harms et al. (1994) detected a steep velocity gradient across
the nucleus in the Hα, [N II], and [O III] emission lines, consistent with Keplerian rotation
in an inclined disk. The central mass was found to be (2.4± 0.7)× 109 M", remarkably
close to the values first determined by Young et al. (1978) and Sargent et al. (1978). The
second gas-dynamical study with HST found a central dark mass of (4.9± 1.0)× 108 M"

in the radio galaxy NGC 4261 (Ferrarese, Ford, & Jaffe 1996). These dramatic results
opened a new chapter in the search for supermassive black holes, demonstrating that spa-
tially resolved gas disks could indeed be used to measure the central masses of galaxies. In
contrast to stellar dynamics, the gas-dynamical method is extremely appealing in its sim-
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Fig. 1.3. Projected radial velocity curves for the major axis of a model disk with
i = 60◦ atD = 20Mpc, forM• = 0, 107, 108, and 109 M". The models are convolved
with the HST PSF and sampled over a slit width of 0.′′1. The curves illustrate the
mean velocity observed at each position along the spectrograph slit.

the passage of light through the spectrograph optics and measuring the resulting model line
profiles. Finally, the model fit to the measured emission-line velocity field is optimized to
obtain the best-fitting value of M•. In addition to M•, the free parameters in the kinematic
model fit include the disk inclination and major axis position angle, and the stellar M/L;
these can be determined from the kinematic data if observations are obtained at three or
more parallel positions of the spectrograph slit. Maciejewski & Binney (2001) have shown
that when the slit is wider than the PSF core, there is an additional signature of the black
hole: at one particular location in the velocity field, the rotational and instrumental broaden-
ing will be oppositely directed, and they will very nearly cancel, giving a very narrow line
profile. The location of this feature can be used as an additional diagnostic of M•. With
up-to-date analysis techniques and high-quality STIS data, it is possible to achieve formal
measurement uncertainties on M• of order ∼ 25% or better for galaxies with well-behaved
disks (e.g., Barth et al. 2001). This makes the gas-dynamical method very competitive with
the precision that can be achieved by stellar-dynamical measurements.
Figure 1.3 illustrates model calculations for the projected radial velocities along the major

axis of an inclined gas disk. The models have been calculated for a disk inclined at 60◦ to
the line of sight, in a galaxy at a distance of 20 Mpc with M• = 0, 107, 108, and 109 M".
To demonstrate the effects of varying M•, the same stellar mass profile has been used for
all four models. The model velocity fields have been convolved with the STIS PSF and
sampled over an aperture corresponding to an 0.′′1-wide slit, and the curves represent the
mean velocity that would be observed as a function of position along the slit. At one extreme,
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inclination?  turbulence?





Megamasers: 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 
angular-diameter 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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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.

14

Fig. 1.— Characteristic H2O maser spectra. The x-axis shows LSR velocities based on optical definition. Flux densities of masers can
vary significantly, so the spectra shown here are just representative for particular epochs: January 13 2008 for NGC 1194; February 21
2009 for NGC 2273; April 2 2009 for NGC 2960 (Mrk 1419); November 30 2005 for NGC 4388; March 31 2009 for NGC 6264; and April 6
2000 for NGC 6323.

Kuo et al. 2011

8 new megamaser disks with beautiful 
Keplerian rotation curves.  Yield BH 
masses with <10% precision (!).  Hoping 
for 10 more soon.  
Important to cross-calibrate stellar-
dynamical masses with maser masses.



All Massive Galaxies Harbor Massive Black Holes

The first, and most basic, conclusion of the 
dynamical studies is that all bulge-dominated 
galaxies contain BHs.  This is the same as the 
result from the active galaxies.



NGC 1194

NGC 2273
UGC 3789

NGC 2960

NGC 4388

NGC 6264NGC 6323

Maoz 1998

Kuo et al. 2011

Real BHs!

Density of the 
central dark object

Half mass

Evaporation time



Scaling Relations -- First Luminosity

19
95
AR
A&
A.
.3
3.
.5
81
K

No. 1, 2009 INTRINSIC SCATTER OF THE M–σ and M–L RELATIONS 207

Figure 4. M–L relation for galaxies with dynamical measurements. The symbol indicates the method of BH mass measurement: stellar dynamical (pentagrams) and
gas dynamical (circles). Arrows indicate upper limits for BH mass. Squares are galaxies that we omitted from the fit. The color of the error ellipse indicates the Hubble
type of the host galaxy (elliptical (red) and S0 (green)) and the saturation of the color is inversely proportional to the area of the ellipse. The line is the best-fit relation
for the sample without upper limits: MBH = 108.95 M!(LV /1011 L!,V )1.11.

Figure 5. Histogram of residuals from best-fit M–L relation.

when using three-integral models. This, however, contrasts with
claims commonly made in other works: that strict resolution of
the sphere of influence is required for credible MBH determi-
nations and, more importantly, that MBH determinations made
from observations that do not resolve the sphere of influence
will be biased. Given the strong prevalence of this viewpoint,
and prompted by comments from the referee, we review its de-
velopment and application in the literature. We find, in fact, that
there is little or no support for the conclusion that MBH determi-
nation becomes increasingly biased with decreasing resolution.
It appears that the common but uncritical application of sphere-

of-influence-resolution as a way to cull MBH determinations
cannot be justified by careful reading of the very works often
cited in its support.

In their review article, Ferrarese & Ford (2005, page 539)
write, “All studies which have addressed the issue [of BH mass
determination and resolution level] . . . have concluded that re-
solving the sphere of influence is an important (although not
sufficient) factor: not resolving [Rinfl] can lead to systematic er-
rors on MBH or even spurious detections,” and cite the following:
Ferrarese & Merritt (2000); Merritt & Ferrarese (2001b, 2001a);
Graham et al. (2001); Ferrarese (2002); Marconi & Hunt (2003).
We consider each of these in turn.

Ferrarese & Merritt (2000) found that the ground-based MBH
measurements by Magorrian et al. (1998) were higher for fixed
velocity dispersion than the predictions of their empirical M–σ
relation and judged them to be therefore biased. The discrepancy
with their M–σ relation increased with increasing distance.
While discrepancy with the M–σ relation is not a justifiable
reason for excluding MBH measurements from the relation (the
argument is circular), the masses from Magorrian et al. (1998)
were, in fact, biased to high values by roughly a factor of 3.
The reason for the bias, however, is that they came from two-
integral, isotropic, axisymmetric models, not because they were
more poorly resolved (Merritt & Ferrarese 2001a; Gebhardt
et al. 2003b).

Merritt & Ferrarese (2001b) present similar arguments as
do Merritt & Ferrarese (2001a) who also go on to describe
the reason two-integral models yield masses that are biased
somewhat high. Merritt & Ferrarese (2001a) do mention that

Kormendy & Richstone 1995

Gültekin et al. 2009

MBH

LBH
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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

MBH-σ★

Gültekin et al. 2009

gas

stars

Scatter is only a factor 
of 2-3
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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

MBH-σ★

Gültekin et al. 2009

Why do we care?
1. Fine-tuning between BH growth 

and galaxy evolution.
2. Important tool for studying BHs.

gas

stars

Scatter is only a factor 
of 2-3
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Fig. 1.—Two typical examples for the modeling are shown. The solid line gives the modeled velocity profile for NGC 4374 (left panel) and NGC 4261 (right
panel). The quantity j* denotes the rms velocity of the stars [ ]. Overplotted are the data points observed by Davies & Birkinshaw (1988). The effective22 1/2(j ! v )
radius, , is indicated by the dashed line. The modeled velocity profiles match the data well within the observed error bars.Re

Fig. 2.—Black hole mass vs. bulge mass for the 30 sample galaxies. The
solid line gives the bisector linear regression fit (see § 4) to the data with a
slope of . For comparison the relation found by Marconi & Hunt1.12! 0.06
(2003) is shown as the dashed line (slope: ). The squares indicate1.06! 0.09
galaxies taken from group 1 in Table 1; the triangles refer to group 2 galaxies.
The error bars in black hole mass are the published ones given in Table 1 and
for the bulge mass were adopted to be 0.18 dex in for all objects. ThelogM
possible outlier, plotted in light gray, is NGC 4342, which was not included
in the fit.

these large apertures a seeing correction is not necessary. All
systems, except NGC 1068, are bulge dominated, and a bulge-
to-disk decomposition is not critical. For NGC 1068 we per-
form a one-dimensional bulge-to-disk decomposition to only
account for the bulge stars.
2. A constant mass-to-light ratio U is assumed to convert the

luminosity density into themass density and calculate thepotential.
3. The Jeans equation in its spherical and isotropic form is

solved using a fourth-order Runge-Kutta algorithm, predicting
the velocity dispersion for each galaxy.j (r)r
4. The dispersions are integrated along the line of sight,

projected back onto the plane of the sky, averaged over the

observational aperture, and compared to the kinematic data.
The observed velocity profiles typically extend from 2! to 25!.
For these apertures seeing convolution is neglected.
5. From this the value for U is adjusted by scaling the model

velocity dispersion curve to best match the observed values.
The mass of the central black hole is unchanged during the
scaling procedure. Two examples of this modeling procedure
are shown in Figure 1.
6. Using this final value for U, the mass density is integrated

over the galaxy’s bulge (with , where the mass ofr p 3rmax eff
the bulge has already converged).
7. To account for the flattening of the bulge the bulge mass

is multiplied by , where e is the projected ellipticity1/2(1" e)
(e.g., Kochanek 1994).

The resulting bulge masses determined in this Letter are
listed in Table 1 (group 1), augmented by bulge masses taken
from the literature (group 2). We remodeled three bulge masses
from the sample of Magorrian et al. (1998) and found good
agreement: MM98/Mhere(M87)p 1.3, MM98/Mhere(NGC 821) p
1.0, and MM98/Mhere(NGC 3379) p 1.03.
Also in other objects, the mass-to-light ratio from our spher-

ical Jeans models agrees well with the ones from much more
extensive modeling: for IC 1459 Cappellari et al. (2002) give

. At a mean color of this1U p 3.2 (R"I) ∼ (V"I) ∼ 0.65I 2
corresponds to , well in agreement with our value,U p 4.1R

. For M87 van der Marel (1994) found inU p 4.2 U p 2.9R I
good agreement with our value, . This comparisonU p 3.0I
with a number of other authors shows that our models, although
more simplistic than other current approaches, provide suffi-
ciently robust and unbiased estimates of Mbulge.
To account for the uncertainties introduced by the simpli-

fying assumptions in the modeling (e.g., spherical symmetry,
isotropy, constant mass-to-light ratio) and the inhomogeneity
of the data, we give a conservative individual error estimate
for the bulge masses of a factor of 1.5 or !0.18 dex.

4. RESULTS AND DISCUSSION

In Figure 2, we plot Mbh against the dynamical bulge mass
Mbulge for the 30 galaxies in the sample. In contrast to the

Häring & Rix 2004

MBH/Mbulge ~ 0.1%

Scaling Relations -- Also bulge mass



the case be made for a bulge-disk conspiracy: the rotation
curve is approximately flat all the way to the innermost
point, !2 kpc (Begeman 1987). In all other cases, the bulge
contribution is insignificant by the time the flat part of the
rotation curve is reached (Broeils 1992; Kent 1987). In other
words, there is no direct evidence in these galaxies of a cou-
pling between bulge and halo. At most, a connection

between the vc-!c relation and the disk-halo conspiracy can
be thought of in the following terms. A rough correlation
exists between maximum rotational velocity and Hubble
type (e.g., Casertano & van Gorkom 1991); coupled with
the correlation between Hubble type and bulge luminosity
and between the latter and the bulge velocity dispersion
(Kormendy & Illingworth 1983), a correlation between vc
and !c ensues. However, as in the case of the MBH-!c rela-
tion, which is ‘‘ expected,’’ given theMBH-LB and the Faber-
Jackson relation, the vc-!c relation is tighter and therefore
more fundamental than any of the correlations mentioned
above.

One last possibility to explore is whether the vc-!c relation
could be nothing but the Tully-Fisher relation in disguise.
Verheijen (2001) finds negligible intrinsic scatter for the K-
band Tully-Fisher relation when the circular velocity in the
flat part of the rotation curve is substituted to the maximum
rotational velocity. The tightness of the relation implies a
fundamental connection between DM halo mass and the
total baryonic mass. The connection with bulge mass (and
hence !c) is, however, not immediate (Norman, Sellwood, &
Hasan 1996). For instance, the bulge-to-disk fraction could
conceivably depend on the detailed form of the halo angular
momentum profile (Bullock et al. 2001) and the details of
the angular momentum exchange between gas clouds during
dissipation (van den Bosch et al. 2002). It should be further
noticed that Verheijen (2001) finds that the Tully-Fisher
relation holds with negligible intrinsic scatter down to
vc ! 80 km s"1, while the vc-!c relation shown in Figure 3
seems to break down below vc ! 150 km s"1.

4. A RELATION BETWEEN SBHs
AND DM HALOS

Not being the result of a dynamical tautology, the near
invariance of !c=vc over 2 orders of magnitude in
RðvcÞ=Rð!cÞ seems to indicate a remarkable uniformity in

Fig. 2.—Residuals from the best fit to all galaxies, with the exclusion of
NGC 598 (Fig. 1, dotted line), plotted as a function ofRðvcÞ=R25.

Fig. 3.—Same as Fig. 1, except that filled circles represent spiral galaxies
withRðvcÞ=R25 > 1:0 and open circles represent the sample of elliptical gal-
axies from Kronawitter et al. (2000). The dotted line is a fit to all spiral gal-
axies with the exception of NGC 598, while the solid line is the fit to all
spirals with !c > 70 km s"1. The latter fit is consistent with the one obtained
for the elliptical galaxies alone (see fits 3 and 4 in Table 2). The dashed line
is a fit to the entire sample of ellipticals plus spirals with !c > 70 km s"1.

Fig. 4.—Ratio between bulge velocity dispersion !c and disk circular
velocity vc plotted against the ratio of the radii at which the two are mea-
sured. Filled circles are galaxies for whichRðvcÞ=R25 > 1:0.
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inclination correctionmay not be valid in some instances.Another
source of uncertainty comes from strong warps and other types of
nonaxisymmetric distortions in the H i disk, which are known to
be present inmany disk galaxies (e.g., Baldwin et al. 1980; Bosma
1981; Lewis 1987; Richter & Sancisi 1994; Haynes et al. 1998).
Indeed, in x 4.3 we present evidence based on our sample that a
sizable fraction of nearby galaxies may have strongly disturbed or
dynamically unrelaxed H i distributions.

Lastly, we need an empirical prescription to convert the cor-
rectedH i linewidth into themaximum rotation velocity. This issue
has been investigated in a number of studies (e.g.,Mathewson et al.
1992; Courteau 1997), the latest and most thorough being that
of Paturel et al. (2003b), whose calibrations we adopt. In detail,
the calibrations depend on the resolution of the observations, but
for simplicity we just use those obtained for the highest resolution
(8 km s!1):

log 2vm sin i ¼ (1:071 # 0:009) logW50 ! (0:210 # 0:023);

log 2vm sin i ¼ (1:187 # 0:002) logW20 ! (0:543 # 0:005):

ð3Þ

The uncertainty on vm is taken to be the value formally given in
Hyperleda. This is a conservative estimate, because inmany cases
theHyperleda value incorporates a larger spread of individualmea-
surements than we actually used. For our sample, the values of
vm have an average uncertainty of 6.3%, with a standard deviation
of 5.4%.

3. THE vmY!0 RELATION

Figure 2 summarizes our principal findings. Taken collectively
(Fig. 2a), the distribution of vm versus !0 shows, at best, a loose

correlation. Although the best-fit relations of Baes et al. (2003) or
Pizzella et al. (2005) roughly bisect the cloud of points, the scatter
is enormous, far greater than can be attributed to observational
errors or potential sources of systematic uncertainty (e.g., inclina-
tion corrections for vm or aperture corrections for !0). Separating
the sample byHubble type (Fig. 2bY2f ) reveals threemain culprits
for the large scatter: (1) a systematic shift of zero point as a function
of Hubble type, most clearly seen in the locus of the ridgeline
defining the upper envelope of the distribution of points; (2) the
existence of subset of low-!0 (!0 P 50 km s!1), extreme late-type
galaxies (T & 6Y9, Hubble types ScdYSdm) that have almost
constant vm ('100 km s!1); and (3) a cloud of points, present in all
Hubble type bins, but especially prominent for earlier type sys-
tems, with very low values of vm/!0 (plotted as open triangles).
To assess how much of the scatter in the vmY!0 diagram is

intrinsic, we make use of the Tully-Fisher relation to constrain
what value of vm any particular galaxy ought to have given its
luminosity. Since the Hubble type mix of a sample affects the
slope, normalization, and scatter of the Tully-Fisher relation (e.g.,
Roberts 1978; Rubin et al. 1985; Bell & de Jong 2001; De Rijcke
et al. 2007; Pizagno et al. 2007), and the variations are minimized
in the near-infrared (e.g., Verheijen 2001), we assembledKs-band
(2.16 "m) magnitudes for nearly the entire sample using the
Extended Source Catalog of the Two-Micron All-Sky Survey
(2MASS; Skrutskie et al. 2006). The photometry pertains to the
‘‘total’’ magnitudes (Table 1), and for simplicity we do not correct
for Galactic or internal extinction, which should be quite small in
the Ks band. Figure 3 shows that a Ks-band Tully-Fisher relation
exists for all Hubble types, including E and S0, and, importantly
in the present context, that there is little obvious variation in the
slope, normalization, or scatter of the relation across the wide
range of Hubble types included in our sample. Overplotted on

Fig. 2.—Relationship between central stellar velocity dispersion and the maximum rotation velocity for galaxies of the following Hubble types: (a) all, (b) ellipticals
(!5 ( T ( !2:5), (c) S0 (!2:5 < T ( !0:5), (d ) SaYSb (!0:5 < T < 2:5), (e) SbcYSc (2:5 ( T < 4:5), ( f ) later than Sc (T ) 4:5), ( g) all disks, and (h) all spirals.
Sources that are low-velocity and high-velocity outliers in the Tully-Fisher relation (Fig. 3) are plotted as open triangles and squares, respectively. The filled points
belong to the ‘‘kinematically normal’’ sample. In panels a and fYh, the extreme late-type, bulgeless spirals are plotted as stars. For the sake of clarity, error bars are not
shown in panels a, g, and h. The dashed lines denote, from bottom to top, vm ¼ !0,
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!0, and
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!0. The best fit to the entire sample of kinematically normal galaxies is

plotted as a solid line in panel a.
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the case be made for a bulge-disk conspiracy: the rotation
curve is approximately flat all the way to the innermost
point, !2 kpc (Begeman 1987). In all other cases, the bulge
contribution is insignificant by the time the flat part of the
rotation curve is reached (Broeils 1992; Kent 1987). In other
words, there is no direct evidence in these galaxies of a cou-
pling between bulge and halo. At most, a connection

between the vc-!c relation and the disk-halo conspiracy can
be thought of in the following terms. A rough correlation
exists between maximum rotational velocity and Hubble
type (e.g., Casertano & van Gorkom 1991); coupled with
the correlation between Hubble type and bulge luminosity
and between the latter and the bulge velocity dispersion
(Kormendy & Illingworth 1983), a correlation between vc
and !c ensues. However, as in the case of the MBH-!c rela-
tion, which is ‘‘ expected,’’ given theMBH-LB and the Faber-
Jackson relation, the vc-!c relation is tighter and therefore
more fundamental than any of the correlations mentioned
above.

One last possibility to explore is whether the vc-!c relation
could be nothing but the Tully-Fisher relation in disguise.
Verheijen (2001) finds negligible intrinsic scatter for the K-
band Tully-Fisher relation when the circular velocity in the
flat part of the rotation curve is substituted to the maximum
rotational velocity. The tightness of the relation implies a
fundamental connection between DM halo mass and the
total baryonic mass. The connection with bulge mass (and
hence !c) is, however, not immediate (Norman, Sellwood, &
Hasan 1996). For instance, the bulge-to-disk fraction could
conceivably depend on the detailed form of the halo angular
momentum profile (Bullock et al. 2001) and the details of
the angular momentum exchange between gas clouds during
dissipation (van den Bosch et al. 2002). It should be further
noticed that Verheijen (2001) finds that the Tully-Fisher
relation holds with negligible intrinsic scatter down to
vc ! 80 km s"1, while the vc-!c relation shown in Figure 3
seems to break down below vc ! 150 km s"1.

4. A RELATION BETWEEN SBHs
AND DM HALOS

Not being the result of a dynamical tautology, the near
invariance of !c=vc over 2 orders of magnitude in
RðvcÞ=Rð!cÞ seems to indicate a remarkable uniformity in

Fig. 2.—Residuals from the best fit to all galaxies, with the exclusion of
NGC 598 (Fig. 1, dotted line), plotted as a function ofRðvcÞ=R25.

Fig. 3.—Same as Fig. 1, except that filled circles represent spiral galaxies
withRðvcÞ=R25 > 1:0 and open circles represent the sample of elliptical gal-
axies from Kronawitter et al. (2000). The dotted line is a fit to all spiral gal-
axies with the exception of NGC 598, while the solid line is the fit to all
spirals with !c > 70 km s"1. The latter fit is consistent with the one obtained
for the elliptical galaxies alone (see fits 3 and 4 in Table 2). The dashed line
is a fit to the entire sample of ellipticals plus spirals with !c > 70 km s"1.

Fig. 4.—Ratio between bulge velocity dispersion !c and disk circular
velocity vc plotted against the ratio of the radii at which the two are mea-
sured. Filled circles are galaxies for whichRðvcÞ=R25 > 1:0.
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inclination correctionmay not be valid in some instances.Another
source of uncertainty comes from strong warps and other types of
nonaxisymmetric distortions in the H i disk, which are known to
be present inmany disk galaxies (e.g., Baldwin et al. 1980; Bosma
1981; Lewis 1987; Richter & Sancisi 1994; Haynes et al. 1998).
Indeed, in x 4.3 we present evidence based on our sample that a
sizable fraction of nearby galaxies may have strongly disturbed or
dynamically unrelaxed H i distributions.

Lastly, we need an empirical prescription to convert the cor-
rectedH i linewidth into themaximum rotation velocity. This issue
has been investigated in a number of studies (e.g.,Mathewson et al.
1992; Courteau 1997), the latest and most thorough being that
of Paturel et al. (2003b), whose calibrations we adopt. In detail,
the calibrations depend on the resolution of the observations, but
for simplicity we just use those obtained for the highest resolution
(8 km s!1):

log 2vm sin i ¼ (1:071 # 0:009) logW50 ! (0:210 # 0:023);

log 2vm sin i ¼ (1:187 # 0:002) logW20 ! (0:543 # 0:005):

ð3Þ

The uncertainty on vm is taken to be the value formally given in
Hyperleda. This is a conservative estimate, because inmany cases
theHyperleda value incorporates a larger spread of individualmea-
surements than we actually used. For our sample, the values of
vm have an average uncertainty of 6.3%, with a standard deviation
of 5.4%.

3. THE vmY!0 RELATION

Figure 2 summarizes our principal findings. Taken collectively
(Fig. 2a), the distribution of vm versus !0 shows, at best, a loose

correlation. Although the best-fit relations of Baes et al. (2003) or
Pizzella et al. (2005) roughly bisect the cloud of points, the scatter
is enormous, far greater than can be attributed to observational
errors or potential sources of systematic uncertainty (e.g., inclina-
tion corrections for vm or aperture corrections for !0). Separating
the sample byHubble type (Fig. 2bY2f ) reveals threemain culprits
for the large scatter: (1) a systematic shift of zero point as a function
of Hubble type, most clearly seen in the locus of the ridgeline
defining the upper envelope of the distribution of points; (2) the
existence of subset of low-!0 (!0 P 50 km s!1), extreme late-type
galaxies (T & 6Y9, Hubble types ScdYSdm) that have almost
constant vm ('100 km s!1); and (3) a cloud of points, present in all
Hubble type bins, but especially prominent for earlier type sys-
tems, with very low values of vm/!0 (plotted as open triangles).
To assess how much of the scatter in the vmY!0 diagram is

intrinsic, we make use of the Tully-Fisher relation to constrain
what value of vm any particular galaxy ought to have given its
luminosity. Since the Hubble type mix of a sample affects the
slope, normalization, and scatter of the Tully-Fisher relation (e.g.,
Roberts 1978; Rubin et al. 1985; Bell & de Jong 2001; De Rijcke
et al. 2007; Pizagno et al. 2007), and the variations are minimized
in the near-infrared (e.g., Verheijen 2001), we assembledKs-band
(2.16 "m) magnitudes for nearly the entire sample using the
Extended Source Catalog of the Two-Micron All-Sky Survey
(2MASS; Skrutskie et al. 2006). The photometry pertains to the
‘‘total’’ magnitudes (Table 1), and for simplicity we do not correct
for Galactic or internal extinction, which should be quite small in
the Ks band. Figure 3 shows that a Ks-band Tully-Fisher relation
exists for all Hubble types, including E and S0, and, importantly
in the present context, that there is little obvious variation in the
slope, normalization, or scatter of the relation across the wide
range of Hubble types included in our sample. Overplotted on

Fig. 2.—Relationship between central stellar velocity dispersion and the maximum rotation velocity for galaxies of the following Hubble types: (a) all, (b) ellipticals
(!5 ( T ( !2:5), (c) S0 (!2:5 < T ( !0:5), (d ) SaYSb (!0:5 < T < 2:5), (e) SbcYSc (2:5 ( T < 4:5), ( f ) later than Sc (T ) 4:5), ( g) all disks, and (h) all spirals.
Sources that are low-velocity and high-velocity outliers in the Tully-Fisher relation (Fig. 3) are plotted as open triangles and squares, respectively. The filled points
belong to the ‘‘kinematically normal’’ sample. In panels a and fYh, the extreme late-type, bulgeless spirals are plotted as stars. For the sake of clarity, error bars are not
shown in panels a, g, and h. The dashed lines denote, from bottom to top, vm ¼ !0,

ffiffiffi
2

p
!0, and

ffiffiffi
4

p
!0. The best fit to the entire sample of kinematically normal galaxies is

plotted as a solid line in panel a.
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Supermassive black holes do not correlate with dark
matter halos of galaxies
John Kormendy1,2,3 & Ralf Bender2 ,3

Supermassiveblackholeshavebeendetected in all galaxies
that contain bulge components when the galaxies observed
were close enough so that the searches were feasible.
Together with the observation that bigger black holes live
in bigger bulges1–4, this has led to the belief that black hole
growth and bulge formation regulate each other5. That is,
black holes and bulges “coevolve”. Therefore, reports6,7 of
a similar correlation between black holes and the dark matter
halos in which visible galaxies are embedded have profound
implications. Dark matter is likely to be nonbaryonic, so
these reports suggest that unknown, exotic physics controls
black hole growth. Here we show – based in part on recent
measurements8 of bulgeless galaxies – that there is almost
no correlation between dark matter and parameters that
measure black holes unless the galaxy also contains a bulge.
We conclude that black holes do not correlate directly with
dark matter. They do not correlate with galaxy disks,
either9,10. Therefore black holes coevolve only with bulges.
This simplifies the puzzle of their coevolution by focusing
attention on purely baryonic processes in the galaxymergers
that make bulges11.
The idea of coevolution was motivated by the observation that

bigger black holes (BHs) live in bulges and elliptical galaxies
that have bigger velocity dispersions σ at large radii where stars
feel mainly each others’ gravity and not that of the BH3,4.
This correlation was compelling, because its scatter was small,
consistent with measurement errors. The reduced χ2 was 0.79 for
the highest-accuracy sample3, and “the intrinsic scatter [in BH
mass M• at fixed σ] is probably less than 0.15 dex.”4 The
scatter was so small that σ could be used as a surrogate for
M• for many arguments. More important was the implication
that a fundamental physical connection between BH and bulge
growth awaits discovery, given the realization12 that even a tiny
fraction of the energy produced in BH growth could, if absorbed
by protogalactic gas, regulate bulge formation. Small scatter
will be important here, too. Tight correlations motivate a search
for underlying physics. Loose correlations are less compelling:
bigger galaxies just tend to be made of bigger galaxy parts.
The discovery6,7 of a similarly tight correlation between σ and

the circular rotation velocities Vcirc of gas in the outer parts
of galaxies, where gravity is controlled by dark matter (DM),
therefore was taken to imply that DM also regulates BH growth.
In fact, it was suggested6 that the more fundamental correlation
is the one with DM; i. e., that dark matter engineers coevolution.
The proposed BH–DM correlation raised two concerns. First, it

was known that BHs do not correlate with galaxy disks9, whereas
galaxy disks correlate closely with DM13,14. It was not clear how
BHs and disks could separately correlate with DM without also
correlating with each other. Second, the velocity resolution of
some σ measurements was too low to resolve narrow spectral
lines; this problem is discussed in the caption to Figure 1.
If dark matter controls BH growth and bulges are essentially

irrelevant, then Vcirc should correlate tightly with σ even in
galaxies that do not have bulges. Figure 1 performs this test.

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

Figure 1 updates the plot that was used to claim6 a BH–DM
correlation. The reliable original data are shown in black;
points measured with low velocity resolution were omitted as
documented in Supplementary Table 1. Motivated by the above
discussion, we measured8 velocity dispersions in six Sc – Scd
galaxies that have nuclear star clusters (“nuclei”) but essentially
no bulges. They are shown by red points. Other color points
show additional published data on bulgeless galaxies that were
measured with enough spectral dispersion to resolve nuclear σ.
Figure 1 shows that bulgeless galaxies (color points, NGC3198)

show only a weak correlation between Vcirc and σ. This is
expected, because bigger galaxies tend to have bigger nuclei20.
But no tight correlation suggests any more compelling formation
physics than the expectation that bigger nuclei can be
manufactured in bigger galaxies that contain more fuel. The

Figure 1 | Outer rotation velocity Vcirc vs. near-central velocity dispersion σ.
The data are listed in the Supplementary Information. Error bars are 1 sigma.
The original BH–DM correlation6 is shown in black symbols (circled if the
galaxy has a classical bulge) except that points have been omitted if the
σ measurement had insufficient velocity resolution. For example, the
bulgeless Scd galaxy IC 342 (now the orange point, after correction) was
shown6 at σ = 77 ± 12 km s-1, consistent with the black points. But
the measurement15 had low resolution: the instrumental velocity dispersion
σinstr = (resolution FWHM)/2.35 was 61 km s-1, similar to σ found in IC 342.
Low resolution often results in overestimated σ. The same source lists σ =
77 km s-1 for the nucleus of M33, which has σ = 21± 2 km s-1 as measured
at high resolution16,17. In fact, a high resolution measurement of IC 342 was
available18: at σinstr = 5.5 km s-1, σ is observed to be 33± 3 km s-1 (orange
point). We correct or omit black points if σ <

∼
σinstr. We add points (color)

for galaxies measured with σinstr < 10 km s-1, i. e., high enough resolution
to allow measurement of the smallest dispersions seen in galactic nuclei. The
line (equation at bottom; velocities are in units of 200 km s-1) is a symmetric
least-squares fit19 to the black filled circles minus NGC 3198. It hasχ2 = 0.25.
The correlation coefficient is r = 0.95. This correlation is at least as good as
M• –σ. The correlation for the+ points hasχ2 = 2.6 and r = 0.77. In contrast,
the correlation for the color points plus NGC 3198 hasχ2 = 15.7 and r = 0.70.

Kormendy  & Bender 2011
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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

MBH-σ★

Gültekin et al. 2009

Why do we care?
1. Fine-tuning between BH growth 

and galaxy evolution.
2. Important tool for studying BHs.



BH Mass Density

Use BH-bulge scaling relations + 
observed galaxy population to 
infer BH mass function and BH 
mass density today.

Then compare with integrated 
luminosity in quasars over 
cosmic time (the Sołtan 
argument; see Yu & Tremaine 
2002) -- BHs mostly grew in 
Eddington-limited, optically 
bright phases

Need to know intrinsic scatter

Marconi et al. 2004



Space density of most massive BHs...

What is the shape of the mass 
function at the most massive end? 
MBH-σ★ relation and MBH-Lbulge 

relations don’t predict the same 
mass function.

We want to know what the primary 
correlation is.

3.3. Parameter Biases in Galaxies with M. Measures?

The distribution of points withM! measurements shows what
appears to be a bias in the BH sample: galaxies with MV "
#22:5 with measured M! have a higher than average ! than
typical galaxies at this luminosity, or conversely have low lu-
minosities for their !-values (see also Bernardi et al. 2007b).
The seven galaxies with measuredM! atMV " #22:5 have av-
erage ! ¼ 311 % 25 km s#1, while equation (7) predicts only
"250 km s#1 at MV " #22:5 in agreement with the average !
at this luminosity for the SDSS sample (Bernardi et al. 2003). If
! is the best predictor of M., then the BHs in these galaxies
should be on average (314/250)4 & 2:4 times more massive
than is typical for galaxies with MV " #22:5. The M.-L rela-
tionship in turn would be biased at the high-luminosity end, and
the large BH masses predicted from L shown in Figure 2 will be
overestimates. Conversely, if L is the better predictor of M. ,
then theM.-! relationship would be biased to predict lowerM!
than would be correct.

The possibility that the galaxies with measuredM! are a biased
sampling of the L-! relationship is echoed in Figure 2. For
M! > 108 M', M.(L) is on average greater than M!(!) for gal-
axies in the present sample. Lowering M!(L) by the bias factor
inferred above or increasing M!(!) by a similar factor would
bring the average predictions into excellent agreement, however.
Note that the galaxies with measuredM! in Figure 2 are presently
in excellent agreement, since these are the very systems used to
define the M.-! and M.-L relationships.

Figure 2 also shows, however, that the largeM!(L) predicted
for the most luminous galaxies still deviate from M!(!) by a
much larger factor than this putative bias. The strong curvature in
L-! relationship leads to the upward curvature in M!(L) versus
M!(!) well in excess of the selection biases implied by Figure 3.
Any luminosity-based predictor of M! calibrated for MV > #22

would still predict M! in excess of the M.-! relationship for
MV < #22, since ! for the brightest galaxies does not increase
with luminosity.
Looking at all the parameter plots in this and the next section,

we see no consistent pattern that clearly lays the ‘‘blame’’ on any
one parameter as compared to the others, nor is there any hy-
pothesis for how the galaxies with measuredM! could have been
selected in a way to create the apparent biases seen. We also note
that given the relatively small sample of galaxies with M! mea-
sures, there is no evidence thatM! is itself biased with respect to
L, !, or any other galaxy parameter. As a result, there is no clear
path for determining any sort of bias correction. This issue is likely
to be resolved onlywhen a substantially larger number ofM! mea-
sures are available for early-type galaxies. In this paper we leave
the issue of potential biases in the sample of galaxies with M!
measures as a caveat that the zero points of the relationships
betweenM! and other galaxy parameters may change by larger
amounts than the random errors might indicate asM! is measured
in more galaxies.

4. CORE STRUCTURE AS AN INDEPENDENT
WITNESS OF M.

4.1. The Cusp Radius

Resolving whether L or ! is the best predictor for M! for gal-
axies with MV < #23 will only be possible when real M! de-
terminations can be made in this luminosity regime. Lacking this,
we can attempt to obtain preliminary information by considering
whether the central structure of galaxies may provide an inde-
pendent witness to M.. We characterize the physical scale of the
core by the ‘‘cusp radius,’’ r" , which is the radius at which the
negative logarithmic slope of a galaxy’s surface brightness profile
reaches a prespecified value " 0. Thismeasure of core sizewas first
proposed by Carollo et al. (1997); we discuss it in detail in Ap-
pendixC. The core is also characterized by the cusp brightness, I",
the local surface brightness at r" (#" is I" expressed in magnitude
units). In terms of the Nuker law parameters, for " ( " 0 ( $,

r" ) rb
" 0 # "

$ # " 0

! "1=%

; ð9Þ

I" is then found directly from the fitted Nuker law,

I" ¼ 2($#")=% Ib
rb
r"

! ""

1þ r"
rb

! "%# $("#$ )=%

: ð10Þ

Carollo et al. (1997) advocated use of r" with " 0 ¼ 1
2 as a core

scale parameter.We show inAppendixC that using r" with " 0 ¼ 1
2

indeed gives tighter correlations with other galaxy parameters
than the choice of rb as a scale parameter. While the Nuker law rb
is still used to calculate r" , we no longer use it directly as a mea-
sure of core size, in contrast to the analysis presented in Faber et al.
(1997). Lastly, we emphasize that since r" is generally well in-
terior to rb, it is not meant to describe the actual complete extent of
the core; it is just a convenient representative scale.

4.2. Core Structure and Galaxy Parameters

It has long been known that the physical scale of cores in early-
type galaxies is correlated with galaxy luminosity (Lauer 1985;
Kormendy 1985). This relationship may be due to the action of
central BHs on the central distribution of stars (e.g., Faber et al.
1997). Figures 4 and 5 show the relationships between !, L, and
cusp radius, r" , for the present sample. The r" -! relationship is

Fig. 3.—Relationship between central velocity dispersion, !, and L for the
sample. A fit to just the core galaxies and BCGs (solid line; eq. [7]) gives
L " !7, a much steep relationship than the standard L " !4 Faber-Jackson
relationship, and L " !2 for the power-law galaxies alone (dotted line; eq. [8]).
It is this change in slope that leads to conflicting predictions for M! from the
M.-L and M.-! relations for the most luminous galaxies. Core galaxies with
directly measured BH masses are circled. [See the electronic edition of the
Journal for a color version of this figure.]

LAUER ET AL.816 Vol. 662

Lauer et al. 2007



Origin of Scaling Relations?

Feedback (ala Hopkins/Springel/
Hernquist)?

Or just hierarchical merging?

Peng 2007
Jahnke & Maccio 2010

Need to know how BH-bulge scaling relations and scatter depend on 
galaxy morphology and mass.
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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

MBH-σ★

Gültekin et al. 2009
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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

MBH-σ★

Gültekin et al. 2009

Intrinsic scatter: Important to understand 
origin AND derive robust space densities of BHs. 

Tremaine et al. (2002) : <0.3 dex
Add in pesky non-ellipticals 

Gultekin et al. (2009) : 0.44 dex
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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

MBH-σ★

Gültekin et al. 2009

High-mass end: Important to understand high-z 
quasars.  But suffer most from systematics 
(e.g., importance of dark halo, triaxiality).  

Because very low central surface brightness, 
increasing this sample will be hard 



Most Massive Black Holes Ever Weighed

McConnell et al 2011



Signature of the most
massive known BH 
is a *dip* in the 
central stellar velocity
dispersion.

McConnell et al 2011
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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

MBH-σ★

Gültekin et al. 2009

Low-mass end: 1. Large range in host 
morphologies/merger histories -- strong 
constraints on BH-galaxy coevolution.

2. At the lowest masses, shape of BH-bulge 
correlations will constrain seed formation models
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Are there no BHs in low-mass galaxies?  Or are we just 
confused because of star formation, dust, and wimpy active 
galaxies?

Kauffmann et al. 2003
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POX 52

NGC 4395

Barth et al. 2004



POX 52

NGC 4395

Barth et al. 2004

Both objects have MBH ~ 105 M⦿

Neither have classical bulges.



Greene & Ho 2004
19 DR1

~200 candidates 
DR4

Greene & Ho 2007

See also Dong et al. for an alternate search technique



Greene & Ho 2004
19 DR1

~200 candidates 
DR4

Greene & Ho 2007

See also Dong et al. for an alternate search technique

BH mass selected
but biased to relatively 

luminous host galaxies and 
high Eddington ratios



Barth, Greene, & Ho 2005

NCs and BHs 7

ture and a bar are seen in the residuals. The central light
source was modeled as a Sersic with an effective radius
of 0.2�� and a Sersic n = 0.1, making us believe it is un-
resolved. de Francesco et al. (2006) classify this galaxy
as a LINER, thus the central source is AGN-light dom-
inated. Therefore our photometrically derived NC mass
of 8.5× 105 M⊙again is a conservative upper limit.
NGC4342: The fit with GALFIT was difficult, with

4 Sersic components in the final fit. The final solution
was chosen to oversubtract the NC. Again we have a
conservative upper limit of 21.85 mag corresponding to
MNC = 2.5 × 106 M⊙, using an M/L of 6.5 in I from
Cretton & van den Bosch (1999). Contamination from
AGN light is also possible, making our upper mass limit
more robust.
NGC3379 (M105): The NC is visible in Gebhardt et al.

(2000b), but not mentioned there. Graham & Spitler
(2009) note this galaxy as un-nucleated. Two extended
components with Sersic n ∼ 1 and one very compact
source with Sersic n ≈ 1/2 (i.e. Gaussian surface bright-
ness profile) and re = 0.2 �� give a good fit to this object.
The measured integrated magnitude of the central point
source is 25.7 in the F814W of WFPC2, corresponding
to MNC = 1.4× 104 M⊙. We used M/LF 814W = 3 as a
suitable upper limit to the M/L.
NGC2787: This galaxy was analyzed in Peng et al.

(2002) and the nuclear photometry is taken from that
source. We used M/LF 547M = 3 as a suitable upper
limit to the M/L. Thus, the NC upper mass limit is 1.9×
106 M⊙.
Note that in the galaxies NGC4486, NGC4374, and

NGC3379 a luminous nuclear source is clearly seen.
While this could all be AGN light, we see no way to
ascertain the absence of a NC. In contrast to Graham
& Spitler (2009) we only claim to be able to derive an
upper limit to the NC mass, rather than excluding a NC
alltogether. Note also that a stellar cusp containing 10%
of the BH mass is predicted around any BH (Merritt &
Szell 2006a).

4. DISCUSSION

We now discuss and interpret a number of features we
saw in the previous section, with the aim to discuss ideas
that emerge from these Figures but to our knowledge,
have not been discussed in the literature before. The
ultimate aim of our study is of course to contribute to
a consistent physical picture of black hole and nuclear
cluster growth.
In Figure 4, one relation between the global galaxy

properties and MBH holds for a large range of n, inde-
pendent of the presence of a bulge. Outliers are rather
low-mass galaxies (and not low-mass black holes).
We stress that this relation is purely observational at

this stage. Due to the heterogeneous assembly of the Ser-
sic n values (literature, own fitting) the physical region
represented by them is not always the same. In particular
some of the galaxies do not contain a bulge, while for oth-
ers the Sersic n has been explicitly measured for the bulge
component. The existence of a relation seems evidence
that indeed the measurement of Sersic n is meaningful.
In particular, no conspiracy is obvious that would funda-
mentally bias our measurements in the sense of producing
a spurious correlation. It thus seems to us that even in-
dependently of the exact details of the derivation of the

Fig. 2.— The relation between the mass of the BH and the
velocity dispersion of the spheroid around it. We plot the objects
as listed in the text. The lines give the best fit of Gültekin et al.
(2009).

Fig. 3.— The BH mass vs. the spheroid mass (bulge, GC, NC).
We plot the objects as listed in the text. The line indicates the
best-fitting relation of Häring & Rix (2004)

Sersic n, it clearly describes a property of the galaxy that
is relevant for the BH mass. A question to ask is then,
whether we fully understand the physical implications of
that relation, and whether we could potentially reduce
the relation to underlying intrinsic distribution of galaxy
properties (e.g. if Sersic n was related to bulge mass in
a very tight manner, we might be tempted to argue that
bulge mass is the more fundamental measurement). We
believe the present paper cannot resolve this question

Neumayer & Walcher 2012

Actual dynamical masses!



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).

2

Moran et al. in prep

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;

3

How about actual space densities of BHs with MBH < 106 M⦿?
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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.)

Lick AGN Monitoring Project (PI Barth).  We reproduce the MBH-σ★ relation 

with the RM sources...Dynamical masses are hard (Hicks et al., Davies et al., 
Onken et al.)

Woo et al. 2010
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Massive galaxies always make a central supermassive black hole.  The 
situation remains unclear for lower-mass systems that sometimes but not 
always, host black holes.

We are building a strong case that these central massive dark objects are real 
black holes.

There are tight correlations between black hole mass and bulge properties.

But how tight are they?  And how do the scaling relations depend on mass?  
What is the most massive black hole?  What is the importance of galaxy 
morphology?

Summary



Can we see AGN feedback in action?



SDSS J1356+1026 3

FIG. 2.— Left: r band Magellan acquisition image of SDSS J1356!1026 and its immediate environment. Red scale bar indicates 10′′ (22 kpc) and blue lines
indicate positions of the two spectroscopic slits. N is up and E is to the left. The observation taken with the N-S slit is PA1 and the one with the SE-NW slit is
PA2. Right: The two-dimensional spectrum centered on [O III]λ5007 taken at the N-S slit position. The vertical scale is the same as that of the image on the left.
The full horizontal span is 3842 km s 1 centered at 5010Å (rest frame). The “bubble” feature that is the focus of this paper is the round feature to the south of the
continuum sources. There is also a tidal feature (TT) connecting the merging galaxies with the companion to the north, with the extent demarcated by the vertical
white line.

1992b) on March 29, 2011, with the 3”-wide slit oriented in
the E-W direction and an integration time of 32 minutes. The
same instrument was again used at the 2.3m Bok telescope on
May 27, 2011 with the 3"-wide slit oriented in the N-S di-
rection and an integration time of 40 minutes. In both cases,
the polarization measurements span 4000-7550Å with a res-
olution of ∼ 20 Å. The degree of linear polarization (P) is
corrected for statistical bias (Wardle & Kronberg 1974) and
the position angle of the polarization (θ) was calibrated by
observing the interstellar polarization standard stars Hiltner
960 and VI Cyg #12 (Schmidt et al. 1992a). Further details
of the general observation and reduction procedures for the
spectropolarimetry can be found in Smith et al. (2003).
We have compiled the spectral energy distribution of

SDSS J1356!1026 based on publicly available catalogs, from
radio to ultra-violet wavelengths (see Table 1; Figure 1). X-
ray observations with both XMM-Newton and Chandra are
currently underway.

3. ANALYSIS OF OBSERVATIONS
3.1. Observed emission

We first introduce the basic observational components of
SDSS J1356!1026 and its immediate environment, as seen in
Figure 2. We observe two nuclei, the northern (N) nucleus
and the southern (S) nucleus, separated by ∼ 2.5 kpc (1.1 ′′)
on the sky. We find distinct stellar continuum and ionized gas
emission from each nucleus in SDSS J1356!1026. Although
the continua are spatially resolved, the southern source is faint
enough that we are unable to determine the velocity separation
between the nuclei from the stellar spectra. To the north is a
companion galaxy located 62 kpc (in projection on the plane
of the sky) from the N nucleus. In velocity space, the stellar
features of the companion galaxy are blueshifted by ∼ 250
km s 1 with respect to the stellar features of the N nucleus.

In addition to stellar continua, there is strong, spatially re-
solved [O III] λλ4959,5007 line emission, as well as Hβ and
other high-ionization forbidden lines. We focus here predom-
inantly on the [O III]. A ∼ 51 kpc-long [O III] emission line
feature (denoted ‘TT’ for ‘tidal tail’; Fig. 2) extends between
SDSS J1356!1026 and the northern companion galaxy and
somewhat beyond it. No associated stellar continuum is de-
tected for this feature, nor is it seen in the broad-band image.
Additional likely tidal features are seen in the broad-band im-
age, such as the low surface brightness feature∼ 10 ′′ (22 kpc)
SE of the nuclei. This feature is tentatively detected in [O III]
emission in the two-dimensional spectrum (see feature Bv2 in
Figure 3).

The focus of this paper is on the well-organized kine-
matic feature to the South of SDSS J1356!1026, “the bub-
ble” (see Figure 3). The feature appears as a ring in the two-
dimensional spectrum, with a spatial extent of ∼ 12 kpc and
apparent velocity extent of ∼ 460 km s 1. The central veloc-
ity of the bubble at its base is close to that of the N nucleus,
∼ 8 kpc (projected) from its center. Equidistant to the north
of the N nucleus, we find three clumps spanning a comparable
velocity range. The bubble and the clumps are pure emission-
line features, with no stellar continuum detected in the spec-
tra. Emerging at a 45◦ angle to the bubble are two ’wisps’ of
emission associated with the same outflow.
We subtract the stellar continuum and co-add the spectrum

in velocity space to evaluate the [O III]/Hβ line ratio as a func-
tion of position along the slit (Figure 4). The ratio is constant
along the slit, with [O III]/Hβ ∼ 10, suggesting that the gas is
photoionized by an accreting BH. This line ratio is constant
for a remarkable number of components, including both the
S and N nuclei, bubble, and the northern clumps. We have
not corrected these observations for extinction, but note that
assuming RV = 3.1 and the reddening law of Cardelli et al.
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FIG. 3.— Two-dimensional spectra (left) and one-dimensional extractions along the labeled regions (right) for slit position PA1 (top) and PA2 (bottom). The
two-dimensional spectra are centered on 5007Å and span 80Å (rest-frame) in the spectral direction. Each image is 23′′ (50 kpc) in height, although the spectrum
along PA2 extends 15 kpc further to the south to highlight Bv1 and Bv2 (the ’wisps’). In the two-dimensional spectra we label features of interest, including, from
PA1 (top left) – B: bubble; S: southern nucleus; N: northern nucleus; C: clumps. We also show the one-dimensional spectrum of the northern Companion seen
in Fig. 2 with a 65 kpc projected distance from our program object. We label in PA2 (bottom left) – Bv1: wisp feature 1, Bv2: wisp feature 2, and C: the small
amount of flux in the same region as the clumps. The one-dimensional spectra (right) are extracted in the windows shown in the two-dimensional image, and the
labels correspond, except that the B spectrum bottom right is the sum of Bv1 and Bv2. The spectra have been multiplied by the factors indicated on the plot for
ease of display. In addition, for the PA2 spectra (bottom right), we overplot the corresponding features from PA1 to demonstrate the relative velocities between
the components. For instance, note that the bubble and the wisps Bv1 and Bv2 have a similar range of velocities. The artifact in the Clump and Companion
spectra along PA1 are due to a gap between the two LDSS3 CCDs.

ization fraction can be attributed to the dilution of the scat-
tered quasar light by the unpolarized emission from the ex-
tended narrow-line region and starlight from the host galaxy.
Indeed, the dilution of the polarized flux by starlight increases
to the red, as expected from a red stellar population, and an
abrupt minimum in P is seen around [O III] (Figure 5). The
generally higher values of P for the N-S slit orientation of the
May 27, 2011 observation are likely caused by the fact that
the spectral extraction aperture runs along the axis of the pre-
sumed scattering cone, thereby including a larger fraction of
the scattering regions than the earlier measurement made with
the Kuiper Telescope. Other small discrepancies between the
two spectropolarimetric observations are likely caused by dif-
fering positions of the object within the slit and by the differ-
ence in the slit direction, suggesting that polarized structures
within the source are partially resolved.

3.2. Observed Kinematics and Geometry

We propose that SDSS J1356!1026 is powering a large-
scale outflow, which is entraining the warm ionized gas that
we see radiating in [O III]. Here we present the observed kine-
matics along each slit position that we will use to estimate the
energetics of the outflow.
Starting with the bubble along the first (NS) slit position

PA1, we take two-pixel–wide extractions along the spatial di-
rection starting from nucleus S and working our way to the
bottom of the bubble (all within the bubble as demarcated in
Figure 3). We use Gaussian fits to identify the primary veloc-
ity components at each spatial position. These velocities are
plotted in Figure 6, ignoring some weak components. This
velocity pattern, increasing symmetrically to a projected ve-
locity of∼ 250 km s 1, is the signature of an expanding sphere
of gas with limb brightening.
In addition to the bubble, there are three clumps to the north

of nucleus N that we see in slit position PA1. We note that (a)
their central velocity is similar to that of the bubble and (b) the
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FIG. 6.— We show our simple kinematic model (left) and an accompanying cartoon of the outflow region (right). Left: Position-velocity diagram centered
on the the [O III] bubble, as demarcated in Figure 3. Filled black circles indicate velocity peaks measured at intervals of 0.′′4. We assume that the accelerating
agent is offset from nucleus N by∼ 2′′, thus the outflow is detached from the continuum source. While the acceleration arises from nucleus N, we show only the
outflowing region, starting at the open circle at the origin. Overplotted is a schematic model of a quasi-spherical outflow that is decelerated at its base as it passed
through continuum sources N and S. The velocity along the flow increases with radius from source N with a power-law dependence υ ∝ rn. We plot models
with n = 1 (red dash-dot), n = 1.5 (blue dotted) and n = 2 (green dashed). This model yields a maximum outflow velocity of ∼ 1000 km s1. Right: A schematic
cartoon illustrating our best guess of the system geometry, including the two continuum sources, the Bubble to the south, Clumps to the north, and the slight tilt
in the plane of the sky relative to the observer. The circle indicated the origin of our model to the left.

celerating agent, as has been proposed for NGC 3079 (Cecil
et al. 2001). On the other hand, the outflow we observe is
considerably more extended and more energetic than that in
NGC 3079, so it is not clear that energy injection on 1 kpc
scales can power the observed 20 kpc outflow. Deeper radio
interferometry at 1′′ resolution would settle the issue.
The source is undetected in the Texas survey at 365 MHz

(Douglas et al. 1996) and in the VLA Low-Frequency Survey
at 74 MHz (Cohen et al. 2007), with the 74 MHz observation
providing a stronger upper limit, so we focus on this obser-
vation. This implies a limit on the spectral index α > 0.47
(hence the use of this value in the calculation above). Such
a flat spectrum effectively excludes a “relic” radio source
(Komissarov & Gubanov 1994).
High-resolution, high-sensitivity radio observations would

be useful in establishing the presence of two quasars and of
any extended radio emission, especially on 5 10 ′′ scales.
Since the separation of the nuclei is ∼ 1′′, observations with
VLA would be well-suited for these purposes. The archival
radio observations available to us at the moment indicate that
the outflow in SDSS J1356!1026 is unlikely to be jet-driven.

4. CONCLUSIONS
SDSS J1356!1026 is an on-going galaxy merger at red-

shift z = 0.123 that contains at least one obscured quasar in
its northern nucleus. The bolometric luminosity of the object,
estimated at 1.5× 1046 erg s 1, places it among the more lu-
minous nearby quasars (e.g., Hopkins et al. 2007). We have
conducted a study of the kinematics and spatial distribution of
the ionized gas in this source. We find a ∼ 50 kpc tidal fea-
ture close to the systemic velocity of the object that is photo-

ionized by the quasar along an unobscured direction. High
optical linear polarization is observed, also indicating that the
emission-line regions are powered by the AGN. In addition,
we observe a pair of expanding shells, or bubbles, centered
on the northern nucleus and expanding into the intergalac-
tic medium. The remarkable scale of the expanding structure
(∼ 40 kpc in total extent), its high expansion velocities (ob-
served velocity range of 460 km s 1, with physical velocities
likely reaching 1000 km s 1), and its large opening angle and
luminosity imply that the kinetic energy of the outflow likely
exceeds> 1044 45 erg s 1.
We find that while star formation may be occurring concur-

rently with quasar activity in SDSS J1356!1026, it is energet-
ically insufficient to power the observed outflow, likely by an
order of magnitude, as further supported by the polarization
observations. The merging quasars are radio quiet, and there
is no evidence for extended radio emission; therefore, the out-
flow is unlikely to be powered by a relativistic jet in a manner
similar to outflows seen in some radio galaxies. We propose
that SDSS J1356!1026 may be an example of on-going feed-
back from a quasar in its most common radiative phase. Such
feedback has been postulated to account for the colors and lu-
minosities of massive galaxies (e.g., Springel et al. 2005), but
it has been difficult to assemble direct evidence of interactions
between radio-quiet quasars and their large-scale gaseous en-
vironments aside from individual cases noted in the introduc-
tion. SDSS J1356!1026 provides compelling evidence that
accretion energy can drive wide-angle outflows of gas beyond
the confines of the host galaxy.
The presence of extended ionized emission by itself is not a

Energetics suggest 1045-46 erg/s
kinetic luminosity.  Very hard to 

achieve with the measured upper 
limit on the star formation rate.

This source has no radio jet. We 
argue it is the long-sought example 

of AGN feedback.



FEEDBACK FROM RADIO-QUIET QUASARS
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ABSTRACT

The correlations between properties of supermassive black holes 

and stellar spheroids in nearby galaxies strongly suggest that there 

is a physical connection between these two components, even 

though their masses and physical scales are vastly different. There 

is growing evidence that radio-loud active galactic nuclei exert a 

strong feedback on the gas in their host galaxies, providing a 

possible mechanism for such connection. However, as only a 

minority of active galaxies are radio-loud at any given time, the 

radio-loud feedback may only be a part of the explanation. Here we 

report the discovery of powerful outflows from radio-quiet quasars 

observed in the emission lines of the photo-ionized gas.

• Parent sample: SDSS-selected obscured quasars from 

Zakamska et al. 2003 (AJ, 126, 2125), Reyes et al. 2008 (AJ, 

136, 2373)

• Circumnuclear obscuration allows us to probe ionized gas 

morphology in extremely luminous quasars (Lbolometric up to 

several x 1047 erg/sec)

• Results on stellar properties of the host galaxy published in 

Greene et al. 2009 (ApJ, 702, 441), Liu et al. 2009 (ApJ, 702, 

1098), more in preparation

CONCLUSIONS

• At highest quasar luminosities, ionized emission nebulae with 

sizes ! 20 kpc are common; some are kinematically organized 

structures -- likely outflows.

• Exhibited by both radio-quiet and radio-loud quasars (detailed 

comparison pending)

• Incidence of such structures appears to increase over a narrow 

range of [OIII]5007 luminosities, from " 20% at L[OIII]=1042.6 erg/

sec to >50% at L[OIII]=1043.4 erg/sec

• Mass, kinetic energy of outflows to be determined by detailed 

kinematic and photo-ionization modeling.

LONG SLIT SPECTROSCOPY

INTEGRAL FIELD UNIT OBSERVATIONS

• Observed 15 objects with LDSS3 (Magellan) and 30 more 
luminous objects with GMOS (Gemini-N); most are radio-quiet

• Quasars are luminous enough to ionize entire galaxy

• Gas is kinematically disturbed; no #! - #gas correlation

• Large (! 20 kpc) organized kinematic structures: 1/15 (Magellan) 
and ∼7/30 (Gemini)

• Greene et al. 2011, ApJ, under review; Greene & Zakamska in 
prep.

22 kpc

r-band image 2D spectrum
in [OIII]5007slit orientation
1814 km/sec

ionized
gas
clumps

tidal
feature,
companion

• Preliminary reductions

• Observed 14 z=0.5 quasars with GMOS IFU (Gemini-N), 
including 2 radio galaxies

• Extended ionized gas observed in every case

• In cases where emission is kinematically organized (e.g., 
symmetric around the nucleus) outflows are likely

-250 km/sec peak of [OIII] +250 km/sec

33
 k

p
c

Images in [OIII] emission line at different velocities: 

merging
galaxies

ionized
gas
bubble

AGN Feedback?
At low z and low luminosity, only radio-jets are 
known to drive massive outflows (e.g., Stockton & 
Mackenty 1987).

We have finally found 20kpc outflows in z~0.5 
obscured radio-quiet QSOs.

With GMT+NIR IFU+AO we can study the   
kinematics of ionized gas outflows in obscured and   
unobscured QSOs that are x100 more luminous at    
z~2 where all the action is.  Actually test whether      
accreting black holes play a role in galaxy evolution.
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Massive galaxies always make a central supermassive black hole.  The 
situation remains unclear for lower-mass systems that sometimes but not 
always, host black holes.

We are building a strong case that these central massive dark objects are real 
black holes.

There are tight correlations between black hole mass and bulge properties.

But how tight are they?  And how do the scaling relations depend on mass?  
What is the most massive black hole?  What is the importance of galaxy 
morphology?

Summary




