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Black hole “demographics”

•What black holes live in what 
galaxies.

•Black hole: mass, activity, 
occupation, multiplicity, location, 
spin.

•Galaxy: bulge mass, luminosity, 
size, velocity dispersion, globular 
cluster system, spiral arm pitch 
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Why care about 
demographics?

•An answer in the back of the books 
for theorists.

•Learn about initial conditions, seed 
mass distribution from smallest 
black holes.

•Seeing how demographics evolve 
may tell us how black holes grow 
and/or how galaxies evolve.
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We can measure SMBH masses

•Sgr A*

•Stellar dynamical

•Megamasers

•Gas dynamical 
[ALMA!]

•Reverberation 
mapping

•Single epoch

Primary

Secondary*
Tertiary
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BH mass of NGC 3706

KG+, submitted
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N3706 has a stellar ring that 
rotates in both directions
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SMBH Masses correlate 
with host galaxy 

properties.
•Galaxy bulge luminosity (M-L)

•Kormendy 93; Kormendy & Richstone 
95

•Galaxy bulge mass (M-Mbulge)

•Dressler 89; Magorrian+ 98

•Stellar velocity dispersion (M-σ)
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Quasar feedback predictions
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Energy-conserving

Momentum-conserving

Silk & Rees 98

Fabian 99
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Or just BH/galaxies merging?

Mergers

Peng 07
Jahnke & Maccio 

10

11



KG+ 09b
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KG+ 09b
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KG+09b measured the
intrinsic or cosmic scatter

•The scatter is 0.44 ± 0.06 dex, log-
normal in the mass direction.

•The scatter is smaller, 0.31 ± 0.06, 
for just the ellipticals, but it is only 
a 2 sigma result. We need to be 
cautious about slicing and dicing 
the sample and claiming a low-
significance deviation.
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Cumulative 
number 
density
of BHs

KG+09

Scatter matters
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Figure 4. ∆ log MBH—offset from the local MBH–σ∗ relation—as a function of
redshift for the black hole mass bins.
(A color version of this figure is available in the online journal.)

It is likely that the overall appearance of an upward trend in ∆
log MBH with redshift in Figure 2 is the result of a combination
of different selection biases. We discuss these in the following
section.

5. UNCERTAINTIES AND BIASES

We now discuss potential selection biases that could lead to
the appearance of evolution in the MBH–σ∗ relationship with
redshift. At the heart of these selection biases are scatter and
measurement uncertainty. Gültekin et al. (2009) determined an
intrinsic rms scatter in the MBH–σ∗ relation—that is, scatter
not due to uncertainties in measurements and surrogacies—of
0.31 dex for early-type galaxies and 0.44 dex for all galaxy
types, based on the locally observed sample of galaxies with
dynamically determined black hole masses. For AGN samples,
neither the magnitude of the intrinsic scatter in the MBH–σ∗
relationship nor the shape of the scatter function is known. The
0.63 and 0.72 dex scatter about the MBH–σ∗ relation for our HO3
and MO2 samples, respectively, includes the intrinsic scatter
in the MBH–σ∗ relation, the ∼0.4 dex uncertainty for virial
estimates of black hole mass (Vestergaard & Peterson 2006),
and the 0.13 dex scatter in the [O iii]–σ∗ surrogacy (Bonning
et al. 2005). The combined scatter and uncertainty lead to the
systematic offsets for the mass bins shown in Figure 4, with the
magnitude of the offsets proportional to the scatter. The scatter
and uncertainties factor into several biases, as discussed below.

5.1. Malmquist-like Bias

In S07 we simulated the effect of a Malmquist-like bias that
arises from correlations between quasar luminosity, MBH, and
redshift. Galaxies hosting larger black holes tend to have higher
quasar luminosities and are thus preferentially selected from the
flux-limited SDSS sample. Because there is intrinsic scatter in
the MBH–σ∗ relation, a given galaxy in a flux-limited quasar
sample will typically host a disproportionately large black hole.
Assuming that quasar luminosity is correlated with MBH, the

Figure 5. Log σNL as a function of redshift (top panel) and log MBH as a function
of redshift (bottom panel) for the highest-mass (log MBH > 9.0 M#) HO3 bin.
See the text for discussion.

correlation between luminosity and redshift means that this
selection effect is increased with redshift and therefore leads
to a positive trend in ∆ log MBH with redshift. The strength of
this trend is related to the magnitude of the scatter. Since it is
not known whether the intrinsic scatter (both the magnitude and
the shape of the scatter function) in the MBH–σ∗ relationship
for quasars is the same as that for locally observed galaxies,
the degree of bias is also not known. Qualitatively, Figure 4
indicates that this bias is operating in the lowest-mass bin, in
which lower-luminosity objects drop out of the sample with
increasing redshift. In our simulations of the Malmquist-like
bias, scatters of 0.3 dex and 0.5 dex produced a factor of 0.19
and 0.44 dex bias, respectively, in MBH for a sample with an
average mass of log MBH ≈ 8.0, roughly corresponding to the
average black hole mass of the HO3 sample. This range of bias
is consistent with the overall rise in ∆ log MBH of +0.39 dex for
the HO3 sample.

5.2. Lauer Bias

Lauer et al. (2007) discuss how the appearance of evolution
can arise from comparison of high-redshift samples of AGNs
with local samples of quiescent galaxies, which have differing
selection criteria. Bias in the MBH–σ∗ relationship manifests at
high MBH, where there is a dearth of high-σ∗ galaxies to host the
biggest black holes. Their Figure 3 shows how intrinsic scatter in
the MBH–σ∗ relationship gives rise to a higher density of the most
massive black holes than for the “native” population hosted by
galaxies with σ∗ prescribed by the MBH–σ∗ relationship. This
leaves galaxies with more modest σ∗ as the only remaining
homes for the majority of the most massive black holes. Such
a bias may account for the rise in ∆ log MBH in Figure 2 for
the highest-mass bin. Lauer et al. estimate, for reasonably large
scatter, a factor of three bias in MBH for the MBH–σ∗ relation
for the biggest black holes, consistent with the rise in the largest
mass bin in Figure 2. Figure 5 shows that, while the black
hole mass is roughly constant with redshift for this bin, σ[O iii]
decreases with redshift. A possible explanation for this drop

5

Salviander & Shields 
(2013)

See also:
Woo+08, Merloni+10

Redshift evolution bias
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Figure 1. Observable M•–σ∗ plane at discrete distances based on " = 0.′′1 and
α = 8.2,β = 4.6 (solid line). In areas above the dashed distance lines, ri will
be resolved if the galaxy with the given σ∗ hosts the given SMBH.
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Figure 2. Simulated M•–σ∗ data points (black circles) based on a " = 0.′′1
criteria. This demonstrates the observable region of the M•–σ∗ plane with the
assumption that there is no M•–σ∗ relation. The fitted M•–σ∗ relation (red line)
is α = 8.4,β = 3.5.

and upper limits to the M•–σ∗ relation, (M•–σ∗)u. Galaxies
with ri > rmax(Mmax) were removed from the sample, where
Mmax = [ε + 10αu (σ/200 km s−1)βu]M%.

Each galaxy was first assigned 90 separate values of M• using
a step size of 100.1 from 101.0M% to 1010.0M%. In this case, the
high-mass cut was made by applying the αu = 8.1,βu = 4.2
relation of G09 and the αu = 8.2,βu = 4.9 relation of FF05.
Figure 2 shows the distribution of observable galaxies in the
M•–σ∗ plane assuming every galaxy within 100 Mpc can host
any M• and that " = 0.′′1. The fit to this sample (red line) is
α = 8.4,β = 3.5.

However, galaxies host single (or binary) SMBHs, therefore
it is shrewd to assign each galaxy a single (uniformly sampled)
random value for M• in the range 101–1010M%. The distribution
of observable galaxies in the M•–σ∗ plane using a random
sample of M• is shown in Figure 3 using the red open circles.
In this case, the low-mass cut was made using " = 0.′′1, and
the high-mass cut was made using the (M•–σ∗)u relation of
αu = 8.1,βu = 4.2, ε = 0.4 (G09). The M•–σ∗ relation fit to
these observable galaxies (red line) is αu = 8.3,βu = 4.1, ε =
0.2 dex. An observable M•–σ∗ relation of αu = 8.3,βu =
4.6, ε = 0.4 dex is found using the high-mass (M•–σ∗)u relation
of FF05. Figure 3 also shows all observed galaxies based on the
combined catalogs of Graham (2008b), Hu (2008), and G09. No
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Figure 3. Distribution of observable galaxies from a random distribution of
M• (red circles) using the (M•–σ∗)u relation of G09. All present estimates of
M• and σ∗ are shown as filled black circles, with uncertainties. The fit to the
observable galaxies (red circles and line) is α = 8.3,β = 4.1.

Table 1
Effects of the ri Cutoff from Averaged Random M• Distributions

" Observed α Observed β Observed ε

(Zero Point) (Slope) (Scatter)

Variable Upper Cutoffs

0.′′05 8.25 ± 0.17 3.80 ± 0.33 0.41 dex
0.′′10 8.25 ± 0.21 3.90 ± 0.34 0.27 dex
0.′′15 8.25 ± 0.23 3.93 ± 0.34 0.22 dex
0.′′20 8.25 ± 0.27 4.01 ± 0.38 0.18 dex

Fixed Upper Cutoffs

0.′′05 8.44 ± 0.03 3.93 ± 0.23 1.82 dex
0.′′10 8.57 ± 0.02 4.02 ± 0.21 1.22 dex
0.′′15 8.64 ± 0.02 4.03 ± 0.25 0.97 dex
0.′′20 8.68 ± 0.03 4.07 ± 0.32 0.85 dex

Notes. Average results from applying variable and fixed M•–σ∗ upper limits to
50 random M• samples. A fixed upper limit of αu = 8.7 and βu = 5.0 was used
based on the upper-limit fit in Figure 4. If there was no intrinsic M•–σ∗ relation,
these are the values of the M•–σ∗ relation that would be observed using the
different spatial resolutions listed.

distinction is made between “good” and “bad” M• estimates, or
differences in quoted σ∗; all estimates are plotted (143 total).

The similarity between the M•–σ∗ distribution of observable
random mass SMBHs and observed SMBHs masses is striking.
However, as this result derives from a single random sampling
of M•, it represents a single possible observable M•–σ∗ relation.
If galaxies intrinsically have random M• values, then the range
of observable SMBHs could have a distribution given by the
distribution in Figure 2. Therefore, 50 separate random M•
samplings were then made for each galaxy, and in each case a
fit to the observable M•–σ∗ relation was performed. In addition,
as the previously used value of " = 0.′′1 only applies to HST
observations, the analysis was repeated for a range of ri lower
cutoffs. Finally, as the high-mass cuts may not actually be
defined by the G09 and FF05 fits, values of αu from 7.8 to
8.7 (in 0.1 steps) and βu from 3.6 to 5.4 (in 0.2 steps) were
used to create an addition 100 individual (M•–σ∗)u cutoffs. The
mean values of α,β and ε, derived by applying these different "
criteria, and from using these variable upper limits, are presented
in Table 1.

Table 1 has several notable features. First, as " rises ε
falls. This is expected because the range of observable SMBHs

Batcheldor 10
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Figure 1. Observable M•–σ∗ plane at discrete distances based on " = 0.′′1 and
α = 8.2,β = 4.6 (solid line). In areas above the dashed distance lines, ri will
be resolved if the galaxy with the given σ∗ hosts the given SMBH.
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Figure 2. Simulated M•–σ∗ data points (black circles) based on a " = 0.′′1
criteria. This demonstrates the observable region of the M•–σ∗ plane with the
assumption that there is no M•–σ∗ relation. The fitted M•–σ∗ relation (red line)
is α = 8.4,β = 3.5.

and upper limits to the M•–σ∗ relation, (M•–σ∗)u. Galaxies
with ri > rmax(Mmax) were removed from the sample, where
Mmax = [ε + 10αu (σ/200 km s−1)βu]M%.

Each galaxy was first assigned 90 separate values of M• using
a step size of 100.1 from 101.0M% to 1010.0M%. In this case, the
high-mass cut was made by applying the αu = 8.1,βu = 4.2
relation of G09 and the αu = 8.2,βu = 4.9 relation of FF05.
Figure 2 shows the distribution of observable galaxies in the
M•–σ∗ plane assuming every galaxy within 100 Mpc can host
any M• and that " = 0.′′1. The fit to this sample (red line) is
α = 8.4,β = 3.5.

However, galaxies host single (or binary) SMBHs, therefore
it is shrewd to assign each galaxy a single (uniformly sampled)
random value for M• in the range 101–1010M%. The distribution
of observable galaxies in the M•–σ∗ plane using a random
sample of M• is shown in Figure 3 using the red open circles.
In this case, the low-mass cut was made using " = 0.′′1, and
the high-mass cut was made using the (M•–σ∗)u relation of
αu = 8.1,βu = 4.2, ε = 0.4 (G09). The M•–σ∗ relation fit to
these observable galaxies (red line) is αu = 8.3,βu = 4.1, ε =
0.2 dex. An observable M•–σ∗ relation of αu = 8.3,βu =
4.6, ε = 0.4 dex is found using the high-mass (M•–σ∗)u relation
of FF05. Figure 3 also shows all observed galaxies based on the
combined catalogs of Graham (2008b), Hu (2008), and G09. No
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Figure 3. Distribution of observable galaxies from a random distribution of
M• (red circles) using the (M•–σ∗)u relation of G09. All present estimates of
M• and σ∗ are shown as filled black circles, with uncertainties. The fit to the
observable galaxies (red circles and line) is α = 8.3,β = 4.1.

Table 1
Effects of the ri Cutoff from Averaged Random M• Distributions

" Observed α Observed β Observed ε

(Zero Point) (Slope) (Scatter)

Variable Upper Cutoffs

0.′′05 8.25 ± 0.17 3.80 ± 0.33 0.41 dex
0.′′10 8.25 ± 0.21 3.90 ± 0.34 0.27 dex
0.′′15 8.25 ± 0.23 3.93 ± 0.34 0.22 dex
0.′′20 8.25 ± 0.27 4.01 ± 0.38 0.18 dex

Fixed Upper Cutoffs

0.′′05 8.44 ± 0.03 3.93 ± 0.23 1.82 dex
0.′′10 8.57 ± 0.02 4.02 ± 0.21 1.22 dex
0.′′15 8.64 ± 0.02 4.03 ± 0.25 0.97 dex
0.′′20 8.68 ± 0.03 4.07 ± 0.32 0.85 dex

Notes. Average results from applying variable and fixed M•–σ∗ upper limits to
50 random M• samples. A fixed upper limit of αu = 8.7 and βu = 5.0 was used
based on the upper-limit fit in Figure 4. If there was no intrinsic M•–σ∗ relation,
these are the values of the M•–σ∗ relation that would be observed using the
different spatial resolutions listed.

distinction is made between “good” and “bad” M• estimates, or
differences in quoted σ∗; all estimates are plotted (143 total).

The similarity between the M•–σ∗ distribution of observable
random mass SMBHs and observed SMBHs masses is striking.
However, as this result derives from a single random sampling
of M•, it represents a single possible observable M•–σ∗ relation.
If galaxies intrinsically have random M• values, then the range
of observable SMBHs could have a distribution given by the
distribution in Figure 2. Therefore, 50 separate random M•
samplings were then made for each galaxy, and in each case a
fit to the observable M•–σ∗ relation was performed. In addition,
as the previously used value of " = 0.′′1 only applies to HST
observations, the analysis was repeated for a range of ri lower
cutoffs. Finally, as the high-mass cuts may not actually be
defined by the G09 and FF05 fits, values of αu from 7.8 to
8.7 (in 0.1 steps) and βu from 3.6 to 5.4 (in 0.2 steps) were
used to create an addition 100 individual (M•–σ∗)u cutoffs. The
mean values of α,β and ε, derived by applying these different "
criteria, and from using these variable upper limits, are presented
in Table 1.

Table 1 has several notable features. First, as " rises ε
falls. This is expected because the range of observable SMBHs

Batcheldor 10
What if we 

only saw the 
tip of the 
iceberg?
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Figure 1. Observable M•–σ∗ plane at discrete distances based on " = 0.′′1 and
α = 8.2,β = 4.6 (solid line). In areas above the dashed distance lines, ri will
be resolved if the galaxy with the given σ∗ hosts the given SMBH.
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Figure 2. Simulated M•–σ∗ data points (black circles) based on a " = 0.′′1
criteria. This demonstrates the observable region of the M•–σ∗ plane with the
assumption that there is no M•–σ∗ relation. The fitted M•–σ∗ relation (red line)
is α = 8.4,β = 3.5.

and upper limits to the M•–σ∗ relation, (M•–σ∗)u. Galaxies
with ri > rmax(Mmax) were removed from the sample, where
Mmax = [ε + 10αu (σ/200 km s−1)βu]M%.

Each galaxy was first assigned 90 separate values of M• using
a step size of 100.1 from 101.0M% to 1010.0M%. In this case, the
high-mass cut was made by applying the αu = 8.1,βu = 4.2
relation of G09 and the αu = 8.2,βu = 4.9 relation of FF05.
Figure 2 shows the distribution of observable galaxies in the
M•–σ∗ plane assuming every galaxy within 100 Mpc can host
any M• and that " = 0.′′1. The fit to this sample (red line) is
α = 8.4,β = 3.5.

However, galaxies host single (or binary) SMBHs, therefore
it is shrewd to assign each galaxy a single (uniformly sampled)
random value for M• in the range 101–1010M%. The distribution
of observable galaxies in the M•–σ∗ plane using a random
sample of M• is shown in Figure 3 using the red open circles.
In this case, the low-mass cut was made using " = 0.′′1, and
the high-mass cut was made using the (M•–σ∗)u relation of
αu = 8.1,βu = 4.2, ε = 0.4 (G09). The M•–σ∗ relation fit to
these observable galaxies (red line) is αu = 8.3,βu = 4.1, ε =
0.2 dex. An observable M•–σ∗ relation of αu = 8.3,βu =
4.6, ε = 0.4 dex is found using the high-mass (M•–σ∗)u relation
of FF05. Figure 3 also shows all observed galaxies based on the
combined catalogs of Graham (2008b), Hu (2008), and G09. No
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Figure 3. Distribution of observable galaxies from a random distribution of
M• (red circles) using the (M•–σ∗)u relation of G09. All present estimates of
M• and σ∗ are shown as filled black circles, with uncertainties. The fit to the
observable galaxies (red circles and line) is α = 8.3,β = 4.1.

Table 1
Effects of the ri Cutoff from Averaged Random M• Distributions

" Observed α Observed β Observed ε

(Zero Point) (Slope) (Scatter)

Variable Upper Cutoffs

0.′′05 8.25 ± 0.17 3.80 ± 0.33 0.41 dex
0.′′10 8.25 ± 0.21 3.90 ± 0.34 0.27 dex
0.′′15 8.25 ± 0.23 3.93 ± 0.34 0.22 dex
0.′′20 8.25 ± 0.27 4.01 ± 0.38 0.18 dex

Fixed Upper Cutoffs

0.′′05 8.44 ± 0.03 3.93 ± 0.23 1.82 dex
0.′′10 8.57 ± 0.02 4.02 ± 0.21 1.22 dex
0.′′15 8.64 ± 0.02 4.03 ± 0.25 0.97 dex
0.′′20 8.68 ± 0.03 4.07 ± 0.32 0.85 dex

Notes. Average results from applying variable and fixed M•–σ∗ upper limits to
50 random M• samples. A fixed upper limit of αu = 8.7 and βu = 5.0 was used
based on the upper-limit fit in Figure 4. If there was no intrinsic M•–σ∗ relation,
these are the values of the M•–σ∗ relation that would be observed using the
different spatial resolutions listed.

distinction is made between “good” and “bad” M• estimates, or
differences in quoted σ∗; all estimates are plotted (143 total).

The similarity between the M•–σ∗ distribution of observable
random mass SMBHs and observed SMBHs masses is striking.
However, as this result derives from a single random sampling
of M•, it represents a single possible observable M•–σ∗ relation.
If galaxies intrinsically have random M• values, then the range
of observable SMBHs could have a distribution given by the
distribution in Figure 2. Therefore, 50 separate random M•
samplings were then made for each galaxy, and in each case a
fit to the observable M•–σ∗ relation was performed. In addition,
as the previously used value of " = 0.′′1 only applies to HST
observations, the analysis was repeated for a range of ri lower
cutoffs. Finally, as the high-mass cuts may not actually be
defined by the G09 and FF05 fits, values of αu from 7.8 to
8.7 (in 0.1 steps) and βu from 3.6 to 5.4 (in 0.2 steps) were
used to create an addition 100 individual (M•–σ∗)u cutoffs. The
mean values of α,β and ε, derived by applying these different "
criteria, and from using these variable upper limits, are presented
in Table 1.

Table 1 has several notable features. First, as " rises ε
falls. This is expected because the range of observable SMBHs

Batcheldor 10
What if we 

only saw the 
tip of the 
iceberg?

Then why are 
there so few 

non-
detections?
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All of these have black hole masses >5 × 108 M". If log M
is uniformly distributed between 10 and ∼3 × 109 M" in this
dispersion range, as suggested by Batcheldor, then for every
black hole with M > 5 × 108 M" there should be roughly 10
(i.e., [log(5 × 108) − log(10)]/[log(3 × 109) − log(5 × 108)])
with smaller masses. Thus, the four galaxies in the sample of
G09 should be accompanied by ∼40 galaxies with similar dis-
persions and distances but smaller black holes. Since the obser-
vations are planned before knowing the mass of the black hole,
there should be 40 galaxies with smaller black holes that have
also been observed, for which the observations would probably
yield only upper limits. Instead of 40, there are only 3 upper
limits in that range in the literature (NGC 315, NGC 6861, and
NGC 1841; Beifiori et al. 2009). Thus published measures of
black hole masses argue against the upper-envelope model, but
the published data may not tell the whole story. Some upper
limits derived from HST observations may not be in the liter-
ature, and the observers may have had other clues leading to
an enhanced success rate (e.g., a rising dispersion curve from
ground-based observations, weak active galactic nucleus (AGN)
activity, etc.). Nevertheless, there is little or no positive evidence
that supports the notion that very small black holes are present
in galaxies with such high velocity dispersion.

3. TESTS OF THE UPPER-ENVELOPE MODEL

As we have discussed, a critical test of the upper-envelope
model is whether it correctly predicts the success rate of
detecting central black holes. The challenge in applying this
test is that we cannot model the behavior of observers and time
allocation committees, who determine which galaxies are to
be observed. However, the most promising sites to prospect
for black holes are the centers of those galaxies with the
largest values of θ

pred
infl ≡ GMpred/(σ 2D), the angular size of the

sphere of influence determined using the black hole mass Mpred

predicted by the M–σ relation. Thus, an objectively defined
sample that provides the sharpest tests of the upper-envelope
model is the set of galaxies with the largest values of θ

pred
infl —the

difference between the ridgeline model and the upper-envelope
model is maximized for this sample.

We have queried the HyperLeda catalog for all galaxies with
measured distance and central velocity dispersion. HyperLeda is
not complete in any sense, but this method mimics the approach
used by observers to identify target galaxies for black hole
searches. For each galaxy we predicted the black hole mass
using the M–σ relation in the form

Mpred(σ ) = 10α(σ/200 km s−1)β M" (1)

with α = 8.12 and β = 4.24 from G09. Using other values of β
changes the sample, but our final results are very similar when
using any β in the range 3–5 to create the initial sample. We next
computed θ

pred
infl and sorted the galaxies by this parameter. We

then found the best available distances and dispersions6 for the
galaxies near the top of the list, recomputed θ

pred
infl , and resorted.

The galaxies with the top 50 resulting values of θ
pred
infl are listed

in Table 1.
Our results will be based on a sub-sample of galaxies from

this table with the N ! 50 largest predicted angular spheres of

6 Some of these dispersions seem implausible to us, e.g., 500 km s−1 for
NGC 4055, and we are engaged in a program to remeasure high-dispersion
galaxies including some from this list.
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Figure 1. Plot of the probability p of detecting 15 or more black holes in the top
30 galaxies as a function of the following upper-envelope model parameters:
(a) µmin = log10(Mmin/M") where Mmin is the minimum black hole mass
in the upper-envelope model. Values of µmin < 3 can be rejected at the 90%
confidence level. (b) The minimum detectable angular sphere of influence θmin.
The p-values are very low for all plausible values of θmin, showing that our test
is insensitive to the exact value assumed. (c) ∆, the range of log mass in the
upper-envelope model.

influence, and we must choose N. If N is too small, the statistical
uncertainties will be unnecessarily large. If N is too large the
power of the test will be diluted by galaxies that have not been
examined for black holes. We normally work with N = 30,
but we have experimented with other values of N and find, as
described below, that our results are quite insensitive to N so
long as N " 20. Of the top 30 galaxies in Table 1, 15 have
published black hole mass determinations and 5 have published
upper limits.

We present two tests with these data. The first tests for the
probability of obtaining these data given the upper-envelope
hypothesis as presented by Batcheldor (2010). The second
examines more generally how limited resolution affects our
inferences about the M–σ relation and its properties.

3.1. Test A

We make the simplifying assumption that a black hole can be
detected if and only if its angular sphere of influence exceeds
θmin = 0.′′01, a factor of two smaller than the smallest angular
sphere of influence for a published black hole mass (NGC 2778;
Gebhardt et al. 2003). This assumption is conservative, in that
a larger value of θmin would yield results that are even harder to
reconcile with the upper-envelope model (see Figure 1(b)). For a
given galaxy, with known distance D and velocity dispersion σ ,
there is then a minimum black hole mass that can be detected,
Mlimit(σ,D) = σ 2Dθmin/G. In the upper-envelope model as
presented by Batcheldor (2010), logarithmic black hole masses
µ = log10 (M/M") are distributed uniformly between some
upper and lower limits µmax and µmin, so the probability of
detecting a black hole in a given galaxy is

Pdetect(σ,D) = µmax(σ ) − µlimit(σ,D)
µmax(σ ) − µmin

. (2)
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KG+12 quantified the “why so 
few nondetections” argument.

Bottom line:
It’s a ridgeline 
relation, not an 

envelope relation.
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The low end is 
important.

•Closer to initial conditions.

•BH seed mass distribution.

•Spirals dominate distribution.

•Evolution not finished?

•Other physics in competition?
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Black holes in small 
galaxies are undermassive.
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Figure 8. Relation between BH mass and bulge velocity dispersion for the maser galaxies presented here (open circles) and those from the literature (gray stars).
IC 2560 is indicated with a cross and the BH mass error bar is heuristic only. For reference, we show the MBH–σ∗ relation of elliptical galaxies from Gültekin et al.
(2009, red dashed line). The maser galaxies trace a population of low-mass systems whose BHs lie below the MBH–σ∗ relation defined by elliptical galaxies. The
largest outlier galaxies are (from highest to lowest MBH) NGC 2960, NGC 6323, and NGC 2273.

Sérsic index, see Section 5.1). These authors also show that the
average B/T of pseudobulges (0.16) is lower than that of clas-
sical bulges (0.4) with a large spread. Gadotti (2009), on the
other hand, advocates use of the Kormendy (1977) relation as a
discriminator, since pseudobulges tend to have lower central sur-
face brightnesses at a fixed radius (see also Carollo 1999; Fisher
& Drory 2008). Finally, while classical bulges are typified by
old stellar populations, pseudobulges tend to have ongoing star
formation (e.g., Kormendy & Kennicutt 2004; Drory & Fisher
2007; Fisher et al. 2009; Gadotti 2009). Since deriving robust
velocity measurements is beyond the scope of this paper, and
in the absence of more robust structural information, we rely
on morphology and stellar population properties at the present
time.

The nearest, well-studied targets in our sample (NGC 4388,
and NGC 2273) probably contain pseudobulges. In the case of
NGC 2273, this classification is based on both the young stellar
populations and the rings and nuclear disk. NGC 4388 is less
certain, but there is clear evidence for recent star formation and
dust. We suspect that NGC 6264 contains a pseudobulge, given
its morphological similarities with NGC 2273 (namely the outer
ring and inner bar) and the evidence for young stars. The same
goes for NGC 3393 and IC 2560, which each contain an outer
ring, a bar, and an inner ring. On the other hand, NGC 1194,
with both evolved stellar populations and a large bulge, probably
contains a classical bulge. NGC 2960 has some of the clearest
evidence for ongoing star formation, and so we tentatively put
it into the pseudobulge category. Finally, we remain agnostic

about NGC 6323, which is one of the most distant targets. Thus,
of the nine targets we consider, at least seven likely contain
pseudobulges.

6. SCALING BETWEEN MBH AND σ∗

In Figure 8, we present the location of the megamaser galaxies
in the MBH–σ∗ plane. The maser galaxies do not follow the
extrapolation of the MBH–σ∗ relation defined by the elliptical
galaxies. Instead, they scatter towards smaller BH masses at
a given velocity dispersion. Quantitatively, taking ∆MBH ≡
log(MBH) − log[M(σ∗)], where log[M(σ∗)] is the expected MBH
given σ∗, we find 〈∆MBH〉 = 0.24 ± 0.10 dex. There are many
hints in the literature that the MBH–σ∗ relation does not extend
to low-mass and late-type galaxies in a straightforward manner
(e.g., Hu 2008; Greene et al. 2008; Gadotti & Kauffmann
2009). However, the precision BH masses afforded by the maser
galaxies make a much stronger case. The MBH–σ∗ relation is
not universal. Neither the shape nor the scatter of the elliptical
galaxy MBH–σ∗ relation provides a good description of the
maser galaxies in this plane.

We now add the maser galaxies to the larger sample of local
galaxies with dynamical BH masses to show that indeed a single,
low-scatter power-law does not provide an adequate description
of all galaxies in the MBH–σ∗ plane. For convenience and to
facilitate comparison with previous work, we assume a power
law for all fits, although that form may not provide the best
description of the sample as a whole.
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Feedback may not work in small 
BHs, but that is a prediction of QSO 
feedback, not evidence against it.The Astrophysical Journal, 754:146 (9pp), 2012 August 1 Mathur et al.

Figure 3. Black hole mass vs. the host bulge luminosity for our sample of
NLS1s. For each galaxy there are two points joined by a bar corresponding to
two different assumptions about the color corrections. The line is the black-
hole-mass–bulge-luminosity relation from Gültekin et al. (2009). It is clear that
our sample galaxies do not follow the Gültekin et al. relation, but lie below
that relation. The measurement error on log LV /L! is smaller than the color
correction shown. The error on black hole mass estimates from single epoch
spectra is generally believed to be about 0.3 dex.

(Gadotti 2009; Fisher & Drory 2010). Thus, it appears that the
black holes in NLS1s are undermassive for their bulges.

We also compared our data with the “Magorrian relation” for
broad-line AGNs (BLAGNs) by Shen et al. (2008) and found
consistent result, viz., our NLS1s do not follow the MBH–Lbulge
relation of BLAGNs. It should be noted that the Shen et al.
luminosities are for the entire host galaxy (not just the bulge);
taking this into account enhances the difference between NLS1s
and BLAGNs.

We have to keep in mind that our results may be affected by
dust. As noted above, our observations are in the HST r band
only, so we do not have any color information available for
our sample. Naturally, the amount of extinction and reddening
depends on the inclination of the galaxy, with face-on galaxies
least affected. While one may determine the inclination for a
disk by measuring the axial ratio, the same cannot be done for
bulges, because we do not know their shape a priori. While it
is not known whether the bulge and the disk of a galaxy have
the same rotation axis, we can assume them to be the same
for the time being. In Table 2 we have listed the axial ratios
of the disks of our galaxies; most of them are pretty close to
1, indicating they are close to face on, so the effect of dust
is minimal. Graham & Worley (2008) have given prescription
for correcting the observed bulge magnitude for dust and for
correcting the observed disk scale height and the disk central
surface brightness; we will assume the same corrections for the
bulge as well. Accordingly, our data points in Figure 3 will move
to the right (higher luminosity) by a minimum of 0.56 (and more
for more inclined galaxies), strengthening the result.

5. DISCUSSION

HST/ACS observations of our sample of 10 NLS1 galaxies
have revealed that the bulge profiles range from “classical,”

Figure 4. Photometric plane. The solid line is the best fit found for E and
S0 galaxies by Graham (2002). The points are our data. It appears that the
pseudobulges do not lie on the photometric plane relation, just as they do not
lie on the fundamental plane.

i.e., near-deVaucouleurs, for five galaxies to “pseudo,” i.e.,
near-exponential, for five galaxies. Thus, at least half of our
sample galaxies likely host pseudobulges. This is consistent
with the results of Orban de Xivry et al. (2011) who find that
NLS1 hosts preferentially have pseudobulges while BLS1 hosts
preferentially have classical bulges.

Hu (2008) has shown that the MBH–σ relation for
pseudobulges is different from the relation for early-type bulges.
Gadotti & Kauffmann (2009) have also shown that the BHs in
pseudobulges do not follow the MBH–σ relation of normal galax-
ies (and broad-line AGNs); they lie below the relation. Indeed,
we find that the galaxies in our sample also lie below MBH–bulge
luminosity relation. (We did not find the locus of our galaxies
on the MBH–σ plane, because we do not have direct measure-
ments of σ ; pseudobulges do not follow the fundamental plane
either, so we cannot use the observed 〈Ie〉 and Re measurements
to estimate σ ). These results are fully consistent with the earlier
results of Mathur & collaborators (Section 1) which showed
that the locus of NLS1s on MBH–bulge relations is distinct from
that of BLS1s and normal galaxies. Neither the black hole mass
estimates nor the estimates of σ based on narrow-line widths
give a spurious result. Thus, the black holes in NLS1 galax-
ies are truly undermassive for their bulges. They are, however,
growing at a close-to-Eddington rate, so may reach the scaling
relations of BLS1s eventually (Mathur 2000a, 2000b), provided
they continue to accrete at the present rate. On the other hand,
they may never reach the BLS1 scaling relations, especially if
their BHs are growing slowly (Orban de Xivry et al. 2011).

As noted above, Gadotti (2008) has shown that pseudobulges
do not lie on the fundamental plane. We can check whether
our sample galaxies lie on the “photometric plane” defined by
Graham (2002). In Figure 4, we have plotted the effective radius
log(Re) versus log(n) + b〈Ie〉, where b = 0.26, the photometric
plane. Points are our data and the solid line is the correlation
found by Graham (2002) for E and S0 galaxies. The scatter
around the correlation was found to be about 0.125 dex in log Re

7

Mathur+ 2012
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Kormendy & Bender (2012)
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Kormendy+ (2012)

See also poster by 
Vardha Bennert

24



KG+ 09b

25



KG+ 09b

25



The high-end is 
important.

• Implied quasar masses ~1010

•“Extremes of the universe”

•X-ray background implies an upper 
limit.

•Cooling flows in clusters seem to 
require big BHs.
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Which is right, M–σ or M–L?

Lauer
+07
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BCGs have big black holes.

McConnell+ (2011)
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Is the scatter smaller?
Prediction:

Jahnke
+10
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NGC 1277 and other 
extreme outliers

Figure 1 | HST/ACS image with a logarithmic stretch of the compact lenticular galaxy NGC 1277. The image size is 19×8 kpc. The galaxy has a half-light radius
of 1 kpc, is strongly flattened, and is discy. It is immediately clear that a superposition of multiple galaxies does not explain the high velocity dispersion. NGC 1277 has
a small regular nuclear dust disc with an apparent axis ratio of only 0.3 that indicates that we see the galaxy close to edge-on. North is up and East is to the left. Through
a multi-component fit14 to the HST image, we identify the inner component, with a half-light-radius of 0.3 kpc and a Sersic index of n � 1 as a pseudo-bulge, that
contains 24% of the light. For the dynamical modelling we construct a three-dimensional luminous mass model of the stars by de-projecting the two-dimensional light
model from the HST image. Then, the gravitational potential is inferred from the combined luminous mass, black hole mass, and dark matter halo. In this potential
representative orbits are integrated numerically, while keeping track of the paths and orbital velocities of each orbit. We then create a reconstruction of the galaxy by
assigning each orbit an amount of light, so that the model recreates the total light distribution, while simultaneously fitting the long-slit stellar kinematics observed with
the Hobby-Eberly Telescope (Fig. 2). The models include the effect of the Earth’s atmosphere and the telescope optics without any a priori assumption on the orbital
configuration. See SI.

Object Distance σc RK,e Luminosity �
(Mpc) (km s−1) (kpc) log(LK ) (1 − b/a)

(1) (2) (3) (4) (5)
ARK90 131 392±4 1.6 11.2 0.7
NGC1270 69 393±3 1.8 11.2 0.8
NGC1277 73 403±4 1.6 11.1 0.5
UGC1859 82 362±4 2.0 11.2 0.6
UGC2698 89 397±3 2.7 11.4 0.7
MRK1216 94 354±4 1.9 11.2 0.6

Table 1 | Global properties of the six small, high-dispersion galaxies. The six
galaxies presented here were found using a large program on the Hobby-Eberly
Telescope with the Marcario Low Resolution Spectrograph10 in which we targeted
galaxies from the Two Micron All Sky Survey (2MASS)28 that have the largest
predicted Sphere-of-Influences. Our Sphere-of-Influence prediction assumes that
the galaxies follow the relation between black-hole mass and host galaxy veloc-
ity dispersion16. For those 2MASS galaxies without a velocity dispersion value
from the literature, we used an estimate based on the Fundamental Plane relation
between galaxy size, surface brightness and velocity dispersion29. See the SI for
for more information on the survey. The columns show (1) Distance from Hub-
ble flow. (2) Stellar velocity dispersion extracted from a central aperture. (3,4,5)
2MASS28 half-light radius, total luminosity and apparent ellipticity.

galaxies.

Supplementary Information is linked to the online version of the paper at
http://www.nature.com/nature.
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Figure 2 | Line-of-sight stellar kinematics in NGC 1277. The stellar kinematics
observed with the Hobby-Eberly Telescope, shown with the 1σ error bars, were
measured25 at 31 locations along the major axis of NGC 1277 (See SI.). Panels
a,b,c and d, from top to bottom, show the mean velocity, velocity dispersion, and
higher-order Gauss-Hermite velocity moments26 h3 and h4, representing skew-
ness and kurtosis, respectively. The kinematics show a remarkably flat rotation
curve and a dispersion profile that strongly peaks toward the center. The best-fit
Schwarszchild model (black line) has a 17 × 109 M⊙ black hole. The relation
between black-hole mass and host luminosity predicts a 108 M⊙ black hole, but
the corresponding model (red dot-dashed line) does not fit the data at all. The
telescope resolution (seeing 1.6�� FWHM) is indicated in panel b and is sufficient
to resolve the sphere-of-influence of the black hole.
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Figure 1. M•–σ relation for our full sample of 72 galaxies listed in Table 3 and at http://blackhole.berkeley.edu. Brightest cluster galaxies (BCGs) that are also the
central galaxies of their clusters are plotted in green, other elliptical and S0 galaxies are plotted in red, and late-type spiral galaxies are plotted in blue. NGC 1316 is
the most luminous galaxy in the Fornax cluster, but it lies at the cluster outskirts; the green symbol here labels the central galaxy NGC 1399. M87 lies near the center
of the Virgo cluster, whereas NGC 4472 (M49) lies ∼1 Mpc to the south. The black hole masses are measured using the dynamics of masers (triangles), stars (stars), or
gas (circles). Error bars indicate 68% confidence intervals. For most of the maser galaxies, the error bars in M• are smaller than the plotted symbol. The black dotted line
shows the best-fitting power law for the entire sample: log10(M•/M") = 8.32+5.64 log10(σ/200 km s−1). When early-type and late-type galaxies are fit separately, the
resulting power laws are log10(M•/M") = 8.39+5.20 log10(σ/200 km s−1) for the early type (red dashed line), and log10(M•/ M") = 8.07+5.06 log10(σ/200 km s−1)
for the late type (blue dot-dashed line). The plotted values of σ are derived using kinematic data over the radii rinf < r < reff .
(A color version of this figure is available in the online journal.)

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

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

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

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

2. AN UPDATED BLACK HOLE AND GALAXY SAMPLE

Our full sample of 72 black hole masses and their host
galaxy properties are listed in Table 3, which appears at the
end of this paper. The corresponding M• versus σ , L, and Mbulge
are plotted in Figures 1–3. This sample is an update of our
previous compilation of 67 dynamical black hole measurements,
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The more BH mass measurements 
we have, the more we can do. 
• Look at differences in physically motivated 

subsamples 

• Central surface brightness profile: 
power-law vs. core (McConnell & Ma 
2013 vs. Graham & Scott 2013) 

• Morphology: ellipticals vs. non-
ellipticals, etc.

• Barred vs. unbarred (Graham & Li 2009 
vs. Graham & Scott 2013)
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The more BH mass measurements 
we have, the more we can do. 
•Look for trends across galaxy size.

• Is scatter constant across galaxy 
size? Do we really know what’s 
going on in the tails of the 
distributions? (i.e., NGC 1277)

•Does the black hole occupation 
fraction decrease in small 
galaxies?
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The more BH mass measurements 
we have, the more we can do. 

•Look for deviations from log-linear 
relation.

•Which (if any) scaling relationship 
is correct at the high end? 

•Where/how do the deviations at 
the low end start?
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Status of the BH scaling 
relationships: It’s complicated

• We have known that BH mass scales with host galaxy 
properties for a long time.

• The smallest galaxies don’t play by the same rules. 
[Caveats: maser selection effects? systematics in Hα 
masses?]

• Largest galaxies may not play by the same rules. 
[Caveats: small numbers, early going in the big BH 
game.]

• Extreme outliers. [Caveats: selection effects]

• Increasing numbers of BH mass measurements should 
advance our understanding of the underlying physics.
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