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Importance of BH-galaxy relations
Co-evolution of BHs and their host galaxies

Physical link probably from BH (AGN) 
feedback on host galaxy (→Fabrizio’s talk)

Demography of supermassive BHs 
in nearby galaxy nuclei 

– 19 –

Fig. 3.— The M• − Lsph relation in the K band. Lines show the M• − Lsph relation described

by Equation (7) at z = 0 (solid), z = 1 (dashed), and z = 2 (dot-dashed). The values of the free

parameters are listed in Table 1. Superimposed for comparison are the observational data from

Table 3 of Peng et al. (2006b; blue points) and Tables 2 and 3 of Bennert et al. (2010; black

triangles and red squares). Note that the tabulated data from Peng et al. (2006b) and Bennert

et al. (2010) were not corrected for luminosity evolution; the term accounting for the evolution

of the spheroid luminosity in Equation (7) is essential to perform a direct comparison. We adopt

k-corrections appropriate for early-type galaxies, assuming K − V = −2.79 mag and K −R = 2.18

mag (Fukugita et al. 1995; Girardi et al. 2003).

Fig. 4.— SMBH mass functions at z = 0, 1, and 2, derived from the galaxy LFs (red solid lines)

and the galaxy SMFs (blue dot-dashed lines). The values of the free parameters are listed in Table

1. Shaded areas represent the errors from the galaxy LFs and SMFs. In the z = 0 panel, the orange

squares mark the local SMBH mass function from Marconi et al. (2004), and the green solid points

give the corresponding derivation from Vika et al. (2009), whose mass limit is M• ≈ 107.7M!.

Li, Ho & Wang, 2011

ρBH ≃ 3.5-5.5 ×105 M� Mpc-3

Salucci +99, Yu & Tremaine 02, Marconi +04, 
Shankar +04, Tamura+06, Tundo +07, Hopkins +07, 

Graham +07, Shankar +08, Vika+09 et many al.

Comparison with accreted mass function 
from AGN (Sołtan’s argument and continuity 
equation)

Marconi+04, +06

Yu & Tremaine 02, Marconi +04, Shankar+04, 
Merloni 04, Shankar +08, Merloni & Heinz 2009, 

Cao 10, Shankar+12, et many al.

Reliability and accuracy of BH masses critical!

 L/LEdd ~1 and ε~0.1



MBH-σ MBH-L & MBH-M

holes could help increase MBH and further steepen the MBH–s and
MBH–L relations.

Black holes in excess of 1010M8 are observed as quasars in the early
Universe, from 1.4 3 109 to 3.3 3 109 yr after the Big Bang2 (redshift,
z 5 2–4.5). Throughout the last 1.0 3 1010 yr, however, these extremely
massive black holes have not been accreting appreciably, and the average
mass of the black holes powering quasars has decreased steadily. Quasar
activity and elliptical galaxy formation are predicted to arise from
similar merger-triggered processes, and there is growing evidence that
present-day massive elliptical galaxies once hosted the most-luminous
high-redshift quasars21. However, definitive classification of these
quasars’ host galaxies has remained elusive.

Our measurements of black holes with masses of around 1010M8 in
NGC 3842 and NGC 4889 provide circumstantial evidence that BCGs
host the remnants of extremely luminous quasars. The number density
of nearby BCGs (,5 3 1026 Mpc23) is consistent with the number
density of black holes (,3 3 1027 to 1025 Mpc23) with masses
between 109M8 and 1010M8 predicted from the MBH–L relation
and the luminosity function of nearby galaxies. Furthermore, both
quantities agree with predictions based on the black-hole masses and
duty cycles of quasars. The black-hole number density predicted from
the MBH–s relation, however, is an order of magnitude less than the
inferred quasar population14,22. These two predictions can be reconciled
if the MBH–s relation has upward curvature or a large degree of intrinsic
scatter in MBH at the high-mass end, as suggested by our new measure-
ments. With improvements in adaptive optics instrumentation on
large optical telescopes and very-long-baseline interferometry at radio
wavelengths, black holes are being sought and detected in increasingly
exotic host galaxies. Along with our measurements of the black-hole

masses in NGC 3842 and NGC 4889, future measurements in other
massive galaxies will quantify the cumulative growth of supermassive
black holes in the Universe’s densest environments.
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Figure 3 | Correlations of dynamically measured black hole masses and bulk
properties of host galaxies. a, Black-hole mass (MBH) versus stellar velocity
dispersion (s) for 65 galaxies with direct dynamical measurements of MBH. For
galaxies with spatially resolved stellar kinematics, s is the luminosity-weighted
average within one effective radius (Supplementary Information). b, Black-hole
mass versus V-band bulge luminosity, LV (L8,V, solar value), for 36 early-type
galaxies with direct dynamical measurements of MBH. Our sample of 65
galaxies consists of 32 measurements from a 2009 compilation9, 16 galaxies
with masses updated since 2009, 15 new galaxies with MBH measurements and
the two galaxies reported here. A complete list of the galaxies is given in
Supplementary Table 4. BCGs (defined here as the most luminous galaxy in a
cluster) are plotted in green, other elliptical and S0 galaxies are plotted in red,
and late-type spiral galaxies are plotted in blue. The black-hole masses are

measured using the dynamics of masers (triangles), stars (stars) or gas (circles).
Error bars, 68% confidence intervals. For most of the maser galaxies, the error
bars in MBH are smaller than the plotted symbol. The solid black line in a shows
the best-fitting power law for the entire sample: log10(MBH=M8) 5
8.29 1 5.12log10[s/(200 km s21)]. When early-type and late-type galaxies are
fitted separately, the resulting power laws are log10(MBH=M8) 5
8.38 1 4.53log10[s/(200 km s21)] for elliptical and S0 galaxies (dashed red line)
and log10(MBH=M8) 5 7.97 1 4.58log10[s/(200 km s21)] for spiral galaxies
(dotted blue line). The solid black line in b shows the best-fitting power law:
log10(MBH=M8) 5 9.16 1 1.16log10(LV=1011L8). We do not label Messier 87
as a BCG, as is commonly done, because NGC 4472 in the Virgo cluster is
0.2 mag brighter.
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Figure 3. Scaling relations. The MBH as a function of bulge dynamical mass (panel a) and bulge stellar mass (panel b). Pseudo-bulges are highlighted as red
open squares. In panel (b), the M/L is from equation (6). See Section 3.2 and Fig. 4 for details on the M/L calibrations.

Figure 4. Mdyn versus L3.6,bul. The black line represents the linear regression of equation (6).

3.1 MBH versus 3.6 µm bulge luminosity

To construct the MBH–L3.6,bul correlation, we compute the bulge
3.6 µm luminosity using the magnitudes obtained with the 2D de-
composition (see Section 2.3 for details) and reported in Table 3. To
derive 3.6 µm luminosities in solar units, we use the 3.6 µm solar

absolute magnitude obtained with a K-band value of 3.3 mag and
a K − [3.6] = 0.05 mag colour correction (Allen 1976, see also
Bessell & Brett 1988; Bell & De Jong 2001). The data for classical
bulges are fitted with the three linear regression methods described
at the beginning of this section. We obtain the following scaling
relation of MBH with 3.6 µm bulge luminosity (see Table 4 for the

C© 2011 The Authors, MNRAS 413, 1479–1494
Monthly Notices of the Royal Astronomical Society C© 2011 RAS
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Figure 4. M• as a function of σ e for 94 Sample A galaxies (89 upper limits from nebular-line widths, circles and five upper limits from resolved kinematics,
arrows) and 49 Sample B galaxies (squares). The total number of galaxies is N = 143. The error bars for σ e are shown only in the upper panel for clarity. The
lower and upper ends of the dotted lines correspond to M• upper limits estimated assuming an inclination of i = 33◦ and 81◦ for the unresolved Keplerian
disc, respectively. Galaxies are plotted according to morphological type (upper panel) and nuclear activity (lower panel). The dashed line is the G09 M•–σ e
relation. The Sbc+ bin includes all galaxies classified as Sbc or later.

considering the additional fitting parameter in the mass measure-
ment (namely the radius). Indeed, the M• − Mbulge is worse than
the M•–σ e relation. However, Mbulge is still a better proxy for M•
than Li,bulge. Different Hubble types follow the same M• − Mbulge

relation, with the lenticular galaxies covering the whole range of
masses. There is also no dependence of this relation on nuclear
activity, in agreement with McLure & Dunlop (2002).

4.1.4 M• versus Sérsic n and 〈µe,bulge〉

The two-dimensional photometric decompositions yield a panoply
of galaxy structural parameters, including the Sérsic shape index
n and mean effective surface brightness 〈µe,bulge〉, both used as a
measure of the concentration of the bulge light. The Sérsic index n
has indeed been adopted by some as a good tracer for M• (Graham
et al. 2001, 2003; Graham & Driver 2007).

Our M•–n relation (Fig. 7) differs significantly from the lin-
ear and quadratic relations with log M• and log n by Graham
et al. (2001, 2003) and Graham & Driver (2007), respectively.
In particular, the values of n for galaxies with high M• are not
as large as those in Graham & Driver (2007). The relation is
characterized by a large scatter, a small Spearman correlation
coefficient and a low level of significance. Therefore, the corre-
lation between M• and n is poor and the M•–n relation is not
reliable for predicting M•. Our findings are in agreement with
Hopkins et al. (2007b) who found no correlation between M•
and the Sérsic index with both observations and hydrodynamical
simulations.

The correlation between M• and 〈µe,bulge〉 (Fig. 8) is also poor,
lending further support to the idea that M• is unrelated to the light
concentration of the bulge, regardless of the galaxy morphology
and nuclear activity.

C© 2011 The Authors, MNRAS 419, 2497–2528
Monthly Notices of the Royal Astronomical Society C© 2011 RAS
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Figure 4. M• as a function of σ e for 94 Sample A galaxies (89 upper limits from nebular-line widths, circles and five upper limits from resolved kinematics,
arrows) and 49 Sample B galaxies (squares). The total number of galaxies is N = 143. The error bars for σ e are shown only in the upper panel for clarity. The
lower and upper ends of the dotted lines correspond to M• upper limits estimated assuming an inclination of i = 33◦ and 81◦ for the unresolved Keplerian
disc, respectively. Galaxies are plotted according to morphological type (upper panel) and nuclear activity (lower panel). The dashed line is the G09 M•–σ e
relation. The Sbc+ bin includes all galaxies classified as Sbc or later.

considering the additional fitting parameter in the mass measure-
ment (namely the radius). Indeed, the M• − Mbulge is worse than
the M•–σ e relation. However, Mbulge is still a better proxy for M•
than Li,bulge. Different Hubble types follow the same M• − Mbulge

relation, with the lenticular galaxies covering the whole range of
masses. There is also no dependence of this relation on nuclear
activity, in agreement with McLure & Dunlop (2002).

4.1.4 M• versus Sérsic n and 〈µe,bulge〉

The two-dimensional photometric decompositions yield a panoply
of galaxy structural parameters, including the Sérsic shape index
n and mean effective surface brightness 〈µe,bulge〉, both used as a
measure of the concentration of the bulge light. The Sérsic index n
has indeed been adopted by some as a good tracer for M• (Graham
et al. 2001, 2003; Graham & Driver 2007).

Our M•–n relation (Fig. 7) differs significantly from the lin-
ear and quadratic relations with log M• and log n by Graham
et al. (2001, 2003) and Graham & Driver (2007), respectively.
In particular, the values of n for galaxies with high M• are not
as large as those in Graham & Driver (2007). The relation is
characterized by a large scatter, a small Spearman correlation
coefficient and a low level of significance. Therefore, the corre-
lation between M• and n is poor and the M•–n relation is not
reliable for predicting M•. Our findings are in agreement with
Hopkins et al. (2007b) who found no correlation between M•
and the Sérsic index with both observations and hydrodynamical
simulations.

The correlation between M• and 〈µe,bulge〉 (Fig. 8) is also poor,
lending further support to the idea that M• is unrelated to the light
concentration of the bulge, regardless of the galaxy morphology
and nuclear activity.

C© 2011 The Authors, MNRAS 419, 2497–2528
Monthly Notices of the Royal Astronomical Society C© 2011 RAS



BH fundamental plane
Correlation of MBH with virial bulge mass (~ Reσ2) suggests that MBH 
might correlate with  combination of  Re, σ
Indeed residuals of MBH-σ (weakly) correlate with Re (Marconi & Hunt 2003)
Hopkins et al. (20007a,b) propose a “fundamental plane” for MBH found 
both in data and models (Barway & Kembhavi 07, Aller & Richstone 07, Feoli & Mancini 09).

No. 1, 2003 MARCONI & HUNT L23

Fig. 1.—Left: vs. for the galaxies of group 1. The solid lines are obtained with the bisector linear regression algorithm of Akritas & Bershady (1996),M LBH K, bul
while the dashed lines are ordinary least-squares fits. Middle: vs. with the same notation as in the previous panel. Right: Residuals of vs. , inM M M -j RBH bul BH e e

which we use the regression of T02.M -jBH e

TABLE 2
Fit Results ( )log M p a! bXBH

X

Group 1 Galaxies All Galaxies

a b rms a b rms

. . . . . .log L " 10.0B, bul 8.18! 0.08 1.19! 0.12 0.32 8.07! 0.09 1.26! 0.13 0.48

. . . . . .log L " 10.7J, bul 8.26! 0.07 1.14! 0.12 0.33 8.10! 0.10 1.24! 0.15 0.53

. . . . . .log L " 10.8H, bul 8.19! 0.07 1.16! 0.12 0.33 8.04! 0.10 1.25! 0.15 0.52

. . . . . .log L " 10.9K, bul 8.21! 0.07 1.13! 0.12 0.31 8.08! 0.10 1.21! 0.13 0.51
. . . . . . .logM " 10.9bul 8.28! 0.06 0.96! 0.07 0.25 8.12! 0.09 1.06! 0.10 0.49

2MASS images are photometrically calibrated with a typical
accuracy of a few percent. More details can be found in L. K.
Hunt & A. Marconi (2003, in preparation, hereafter Paper II).
We performed a two-dimensional bulge/disk decomposition

of the images using the program GALFIT (Peng et al. 2002),
which is made publicly available by the authors. This code
allows the fitting of several components with different func-
tional shapes (e.g., generalized exponential [Sersic] and simple
exponential laws); the best-fit parameters are determined by
minimizing . More details on GALFIT can be found in Peng2x
et al. (2002). We fitted separately the J, H, and K images. Each
fit was started by fitting a single Sersic component and constant
background. When necessary (e.g., for spiral galaxies), an ad-
ditional component (usually an exponential disk) was added.
In many cases, these initial fits left large residuals, and we thus
increased the number of components (see also Peng et al. 2002).
The fits are described in detail in Paper II. In Table 1, we
present the J, H, and K bulge magnitudes, effective bulge radii
in the J band, and their uncertainties. The J, H, and KRe

magnitudes were corrected for Galactic extinction using the
data of Schlegel, Finkbeiner, & Davis (1998). We used the J
band to determine because the images tend to be flatter, andRe
thus the background is better determined.

4. RESULTS AND DISCUSSION

In Figure 1, we plot, from left to right, versus ,M LBH K, bul
versus , and the residuals of versus (basedM M M -j RBH bul BH e e

on the fit from T02). Only group 1 galaxies are shown. Mbul
is the virial bulge mass given by ; if bulges behave as2kR j /Ge e

isothermal spheres, . However, comparing our virialk p 8/3
estimates of with those of , obtained from dynamicalM Mbul dyn
modeling (Magorrian et al. 1998; Gebhardt et al. 2003), shows
that and are well correlated ( ); settingM M r p 0.88bul dyn

(rather than 8/3) gives an average ratio of unity. There-k p 3
fore, we have used in the above formula. Consideringk p 3
the uncertainties of both mass estimates, the scatter of the ratio

is 0.21 dex. We fitted the data with the bisector linearM /Mbul dyn
regression from Akritas & Bershady (1996) that allows for
uncertainties on both variables and intrinsic dispersion. The
FITEXY routine (Press et al. 1992) used by T02 gives con-
sistent results (see Fig. 1). Fit results of versus the galaxyMBH
properties for group 1 and the combined samples are sum-
marized in Table 2. The intrinsic dispersion of the residuals
(rms) has been estimated with a maximum likelihood method
assuming normally distributed values. Inspection of Figure 1
and Table 2 shows that and correlate well with theL MK, bul bul
BH mass. The correlation between and is equivalentM MBH bul
to that between the radius of the BH sphere of influence RBH
(p ) and .2GM /j RBH e e

4.1. Intrinsic Dispersion of the Correlations

To compare the scatter of for different wave bands,M -LBH bul
we have also analyzed the B-band bulge luminosities for our
sample. The upper limit of the intrinsic dispersion of the

correlations goes from ∼0.5 dex in whenM -L logMBH bul BH
considering all galaxies to ∼0.3 dex when considering only
those of group 1. Hence, for galaxies with reliable andMBH

, the scatter of correlations is ∼0.3 dex, indepen-L M -Lbul BH bul
dently of the spectral band used (B or JHK), comparable to
that of . This scatter would be smaller if the measurementM -jBH e

errors are underestimated. McLure & Dunlop (2002) and Erwin
et al. (2003) reached a similar conclusion using R-band ,L bul
but on smaller samples. The correlation between the R-band
bulge light concentration and has a comparable scatterMBH
(Graham et al. 2001).
Since and have comparable disper-M -L M -LBH B, bul BH NIR, bul

Marconi & Hunt 03
Hopkins+07a,b

observations
simulations

The BH fundamental plane corresponds to a 
correlation of MBH with gravitational binding energy
Evidence for FP is still debated (e.g. Beifiori+12) and ...
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BH fundamental plane?
Graham 08 shows 

Barred galaxies are systematically offset from MBH-σ relation 
the need of FP is driven by “barred” galaxies. The bar affects σ and a 
combination of σ, Re gives a tighter relation.

Hu 08 notices the offset nature of “pseudobulges” (from mostly barred 
galaxies) in MBH-σ relation

The barless Mbh-σ relation 15

Fig. 5.— Mbh-σ diagram for 40 galaxies (see section 4.4). The 11 barred galaxies are denoted with a cross.

Fig. 6.— Panel a) Residuals about the Mbh-σ relation constructed using the 29 non-barred galaxies (see section 4.4). The residual offset
of the ten barred galaxies that have Re values are denoted with a cross. Panel b) Residuals about the Mbh-σ relation constructed using
the 19 elliptical galaxies.

Graham 08

hope of accounting for barred galaxies, because such a plane will
introduce a bias to the nonbarred galaxies.

5. THE !-L RELATION AND SAMPLE BIAS

There has been some concern recently that the Mbh-! and/or
Mbh-L relations may be biased, and that they are not consistent
with each other. Lauer et al. (2007), Bernardi et al. (2007), and
Graham (2007, his Appendix A) have reported a slight difference
in the !-L relation between the local sample of galaxies with
direct SMBH masses and the greater population. If correct, this
implies that either theMbh-! or theMbh-L relationmay be biased.
Given the offset nature of some of the barred galaxies in theMbh-!
diagram (offset in the sense that they have overly large velocity
dispersions for their SMBH masses), it is apposite to explore
whether the barred galaxies may be responsible for the allegedly
biased nature of these local inactive galaxy samples.

TheGroup 1 and 2 galaxy data fromMH03 are used here, along
with the updates noted in Table 2. The seven barred galaxies from
the ‘‘Group 1’’ and ‘‘Group 2’’ galaxies of MH03 are excluded, and
the K-band magnitudes have been converted to the Rc band using
Rc ! K ¼ 2:6 (Buzzoni 2005). An uncertainty of 0.3mag and 5%
is assigned to the magnitudes and velocity dispersions, respec-

tively. Applying the regression analysis scheme from Tremaine
et al. (2002; see also Novak et al. 2006) to minimize the scatter in
the log ! direction, the optimal !-L relation is

log ! ¼ 2:23 # 0:03! 0:092þ0:018
!0:012

! "
MR þ 21ð Þ; ð13Þ

which is shown in Figure 7. The parameter uncertainties have
been estimated from aMonte Carlo bootstrap analysis. Although
MH03 note that theMK value forM31may be in error, excluding
it from the regression has no effect on equation (13). However,
the extreme outlying point NGC 4342, the smallest and faintest
spheroid from MH03’s sample after M32, is excluded from this
regression.
The reason for constructing an Rc-band relation was to allow

a comparison with the result from Tundo et al. (2007, their
eq. [4]), which is a SDSS r 0-band !-L relation for early-type SDSS
galaxies, the majority of which presumably do not have bars.
Using r 0 ! Rc ¼ 0:24 (Fukugita et al. 1995), Tundo et al.’s
(2007) expression is such that log ! ¼ 0:27! 0:092MRc

¼ 2:20!
0:092(MRc

þ 21), which is in remarkable agreement with equa-
tion (13). Therefore, it is not yet established that the local sample
of galaxies with direct SMBH mass measurements is biased.

6. Mbh-! VERSUS Mbh-L

Given that the local (predominantly inactive) sample of gal-
axies with direct SMBH mass measurements appears to be un-
biased with respect to the greater population, it is appropriate to

TABLE 4

SMBH Mass-Spheroid Relations

Sample Relation

!
(dex)

! 0

(dex)

Mbh-!

40 galaxies ................................... 8:13 # 0:06þ (3:92 # 0:27) log (!/200) 0.38 0.35

29 nonbarred ................................ 8:26 # 0:06þ (3:67 # 0:19) log (!/200) 0.30 0.25
19 elliptical .................................. 8:25 # 0:05þ (3:68 # 0:25) log (!/200) 0.24 0.18

Mbh-!-Re

40 galaxies ................................... 8:19 # 0:05þ (3:23 # 0:28) log (!/200)þ (0:43 # 0:11)½ log (Re/3)( 0.30 0.28

29 nonbarred ................................ 8:26 # 0:05þ (3:29 # 0:26) log (!/200)þ (0:29 # 0:11)½ log (Re/3)( 0.25 0.24

19 elliptical .................................. 8:23 # 0:04þ (3:32 # 0:36) log (!/200)þ (0:21 # 0:15)½ log (Re/3)( 0.22 0.18

Note.—The total scatter! is given rather than the (smaller) internal/intrinsic scatter, as the latter quantity depends on the measurements
errors that one assigns. The final column shows the total scatter ! 0 after removing just two data points (Cygnus A and NGC 3998).

Fig. 5.—Mbh-! diagram for 40 galaxies (see x 4.4). The 11 barred galaxies are
denoted with a cross.

Fig. 6.—(a) Residuals about the Mbh-! relation constructed using the 29
nonbarred galaxies (see x 4.4). The residual offset of the ten barred galaxies that
have Re values are denoted with a cross. (b) Residuals about the Mbh-! relation
constructed using the 19 elliptical galaxies.
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hope of accounting for barred galaxies, because such a plane will
introduce a bias to the nonbarred galaxies.

5. THE !-L RELATION AND SAMPLE BIAS

There has been some concern recently that the Mbh-! and/or
Mbh-L relations may be biased, and that they are not consistent
with each other. Lauer et al. (2007), Bernardi et al. (2007), and
Graham (2007, his Appendix A) have reported a slight difference
in the !-L relation between the local sample of galaxies with
direct SMBH masses and the greater population. If correct, this
implies that either theMbh-! or theMbh-L relationmay be biased.
Given the offset nature of some of the barred galaxies in theMbh-!
diagram (offset in the sense that they have overly large velocity
dispersions for their SMBH masses), it is apposite to explore
whether the barred galaxies may be responsible for the allegedly
biased nature of these local inactive galaxy samples.

TheGroup 1 and 2 galaxy data fromMH03 are used here, along
with the updates noted in Table 2. The seven barred galaxies from
the ‘‘Group 1’’ and ‘‘Group 2’’ galaxies of MH03 are excluded, and
the K-band magnitudes have been converted to the Rc band using
Rc ! K ¼ 2:6 (Buzzoni 2005). An uncertainty of 0.3mag and 5%
is assigned to the magnitudes and velocity dispersions, respec-

tively. Applying the regression analysis scheme from Tremaine
et al. (2002; see also Novak et al. 2006) to minimize the scatter in
the log ! direction, the optimal !-L relation is

log ! ¼ 2:23 # 0:03! 0:092þ0:018
!0:012

! "
MR þ 21ð Þ; ð13Þ

which is shown in Figure 7. The parameter uncertainties have
been estimated from aMonte Carlo bootstrap analysis. Although
MH03 note that theMK value forM31may be in error, excluding
it from the regression has no effect on equation (13). However,
the extreme outlying point NGC 4342, the smallest and faintest
spheroid from MH03’s sample after M32, is excluded from this
regression.
The reason for constructing an Rc-band relation was to allow

a comparison with the result from Tundo et al. (2007, their
eq. [4]), which is a SDSS r 0-band !-L relation for early-type SDSS
galaxies, the majority of which presumably do not have bars.
Using r 0 ! Rc ¼ 0:24 (Fukugita et al. 1995), Tundo et al.’s
(2007) expression is such that log ! ¼ 0:27! 0:092MRc

¼ 2:20!
0:092(MRc

þ 21), which is in remarkable agreement with equa-
tion (13). Therefore, it is not yet established that the local sample
of galaxies with direct SMBH mass measurements is biased.

6. Mbh-! VERSUS Mbh-L

Given that the local (predominantly inactive) sample of gal-
axies with direct SMBH mass measurements appears to be un-
biased with respect to the greater population, it is appropriate to

TABLE 4

SMBH Mass-Spheroid Relations

Sample Relation

!
(dex)

! 0

(dex)

Mbh-!

40 galaxies ................................... 8:13 # 0:06þ (3:92 # 0:27) log (!/200) 0.38 0.35

29 nonbarred ................................ 8:26 # 0:06þ (3:67 # 0:19) log (!/200) 0.30 0.25
19 elliptical .................................. 8:25 # 0:05þ (3:68 # 0:25) log (!/200) 0.24 0.18

Mbh-!-Re

40 galaxies ................................... 8:19 # 0:05þ (3:23 # 0:28) log (!/200)þ (0:43 # 0:11)½ log (Re/3)( 0.30 0.28

29 nonbarred ................................ 8:26 # 0:05þ (3:29 # 0:26) log (!/200)þ (0:29 # 0:11)½ log (Re/3)( 0.25 0.24

19 elliptical .................................. 8:23 # 0:04þ (3:32 # 0:36) log (!/200)þ (0:21 # 0:15)½ log (Re/3)( 0.22 0.18

Note.—The total scatter! is given rather than the (smaller) internal/intrinsic scatter, as the latter quantity depends on the measurements
errors that one assigns. The final column shows the total scatter ! 0 after removing just two data points (Cygnus A and NGC 3998).

Fig. 5.—Mbh-! diagram for 40 galaxies (see x 4.4). The 11 barred galaxies are
denoted with a cross.

Fig. 6.—(a) Residuals about the Mbh-! relation constructed using the 29
nonbarred galaxies (see x 4.4). The residual offset of the ten barred galaxies that
have Re values are denoted with a cross. (b) Residuals about the Mbh-! relation
constructed using the 19 elliptical galaxies.
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Pseudobulges

range to conclude that we see no correlation at all. The cumulative
amount of black-hole growth is not extremely different in classical
bulges and pseudobulges, but there is no sign in the correlations that
black-hole feeding has affected the pseudobulges.
The second andmore compelling black hole/host galaxy correlation

is the one between M$ and the velocity dispersion, s, of the stars at
radii where they do not feel the black hole gravitationally2–5. Here s is
averaged inside the ‘effective radius’, re, that contains half of the bulge
light. Figure 2 shows this correlation.
As is well known, ellipticals and classical bulges share the same tight

correlation. But as in Fig. 1, pseudobulges at best show a much larger
scatter (Fig. 2a). Without the guidance of the red and black points
(Fig. 2b), they show essentially no correlation. Larger samples that
reach smaller values of M$ may show a weak relationship16–20. But
we conclude that classical bulges and pseudobulges show very different
correlations with M$. Those for classical bulges are tight enough to
suggest coevolution. Whether pseudobulges correlate with M$ with
large scatter or not at all, the weakness of any correlation (r520.08
here) makes no compelling case that pseudobulges and black holes
coevolve, beyond the obvious expectation that it is easier for bigger
black holes and bigger pseudobulges to grow in bigger galaxies that
contain more fuel.
From the point of view of galaxy formation by hierarchical cluster-

ing, pseudobulge galaxies are already pure-disk galaxies12. Even more
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Figure 1 | Correlations of dynamicallymeasured black-holemasses with the
luminosities of different parts of their host galaxies. HereMK is the K-band
(2.2-mm) absolute magnitude of the disk component with bulge light removed
(a), of the bulge with disk light removed (b) and of the pseudobulge with disk
light removed (c). All plotted data are published elsewhere; parameters and
sources are discussed in Supplementary Information, and those for disk galaxies
are tabulated there. Elliptical galaxies are plotted in black, classical bulges are
plotted in red and pseudobulges are plotted in dark blue. One galaxy with a
dominant pseudobulge but with a possible small classical bulge (NGC 2787) is
plotted with a blue symbol that has a red centre. In least-squares fits, it is
included with the pseudobulges. Error bars, 1 s.d. In b, the red and black points
show a good correlation betweenM$ and bulge luminosity: a symmetric, least-
squares fit4 of a straight line has x25 12.1 per degree of freedom and a Pearson
correlation coefficient of r520.82. (All x2 values quoted in this paper are per
degree of freedom.) In contrast, in a the red and blue points together confirm a
previous result1 that black holes do not correlate with disks: x25 81 and
r5 0.41.Green points are for galaxies that containneither a classical bulge nor a
pseudobulge but only a nuclear star cluster, that is, pure-disk galaxies. They are
not included in the above fit, but they strengthen our conclusion. Similarly, in
c the blue points for pseudobulges showno correlation: x25 63 and r5 0.27. In
all panels, galaxies that have onlyM$ limits are plottedwith open symbols; they
were chosen to increase our dynamic range. They too support our conclusions.
This figure uses K-band magnitudes to minimize effects of star formation and
internal absorption, but in Supplementary Information we show that Fig. 1
looks essentially the same for V-band (0.55-mm) magnitudes.
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Figure 2 | Correlation of dynamically measured black-hole masses with the
velocity dispersions of their host galaxies. Black points are for elliptical
galaxies, red points are for classical bulges, blue points are for pseudobulges and
the green point is for a nuclear star cluster. Data sources are given in
Supplementary Information. Error bars, 1 s.d. The red and black points show
the well knownM$–s correlation2–5: x25 5.0 per degree of freedom and
r5 0.89. Reducing x2 to 1.0 implies that the intrinsic scatter in log(M$/M[) at
fixed s is 0.26, consistent with previous derivations4,5. This is the tightest
correlation between black holes and host galaxy properties and the one that
most motivates the idea that black holes and bulges coevolve. In contrast, the
blue points for pseudobulges show no correlation: x25 10.4 and r520.08.
This extends suggestions7–9 that theM$–s relation for pseudobulges is
different from that for classical bulges and elliptical galaxies.
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galaxies define a different 
correlation or no correlation at 
all?

What is the origin of the offset 
nature? Different BH growth?



MBH-σ & MBH-L: high mass end?

holes could help increase MBH and further steepen the MBH–s and
MBH–L relations.

Black holes in excess of 1010M8 are observed as quasars in the early
Universe, from 1.4 3 109 to 3.3 3 109 yr after the Big Bang2 (redshift,
z 5 2–4.5). Throughout the last 1.0 3 1010 yr, however, these extremely
massive black holes have not been accreting appreciably, and the average
mass of the black holes powering quasars has decreased steadily. Quasar
activity and elliptical galaxy formation are predicted to arise from
similar merger-triggered processes, and there is growing evidence that
present-day massive elliptical galaxies once hosted the most-luminous
high-redshift quasars21. However, definitive classification of these
quasars’ host galaxies has remained elusive.

Our measurements of black holes with masses of around 1010M8 in
NGC 3842 and NGC 4889 provide circumstantial evidence that BCGs
host the remnants of extremely luminous quasars. The number density
of nearby BCGs (,5 3 1026 Mpc23) is consistent with the number
density of black holes (,3 3 1027 to 1025 Mpc23) with masses
between 109M8 and 1010M8 predicted from the MBH–L relation
and the luminosity function of nearby galaxies. Furthermore, both
quantities agree with predictions based on the black-hole masses and
duty cycles of quasars. The black-hole number density predicted from
the MBH–s relation, however, is an order of magnitude less than the
inferred quasar population14,22. These two predictions can be reconciled
if the MBH–s relation has upward curvature or a large degree of intrinsic
scatter in MBH at the high-mass end, as suggested by our new measure-
ments. With improvements in adaptive optics instrumentation on
large optical telescopes and very-long-baseline interferometry at radio
wavelengths, black holes are being sought and detected in increasingly
exotic host galaxies. Along with our measurements of the black-hole

masses in NGC 3842 and NGC 4889, future measurements in other
massive galaxies will quantify the cumulative growth of supermassive
black holes in the Universe’s densest environments.
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Figure 3 | Correlations of dynamically measured black hole masses and bulk
properties of host galaxies. a, Black-hole mass (MBH) versus stellar velocity
dispersion (s) for 65 galaxies with direct dynamical measurements of MBH. For
galaxies with spatially resolved stellar kinematics, s is the luminosity-weighted
average within one effective radius (Supplementary Information). b, Black-hole
mass versus V-band bulge luminosity, LV (L8,V, solar value), for 36 early-type
galaxies with direct dynamical measurements of MBH. Our sample of 65
galaxies consists of 32 measurements from a 2009 compilation9, 16 galaxies
with masses updated since 2009, 15 new galaxies with MBH measurements and
the two galaxies reported here. A complete list of the galaxies is given in
Supplementary Table 4. BCGs (defined here as the most luminous galaxy in a
cluster) are plotted in green, other elliptical and S0 galaxies are plotted in red,
and late-type spiral galaxies are plotted in blue. The black-hole masses are

measured using the dynamics of masers (triangles), stars (stars) or gas (circles).
Error bars, 68% confidence intervals. For most of the maser galaxies, the error
bars in MBH are smaller than the plotted symbol. The solid black line in a shows
the best-fitting power law for the entire sample: log10(MBH=M8) 5
8.29 1 5.12log10[s/(200 km s21)]. When early-type and late-type galaxies are
fitted separately, the resulting power laws are log10(MBH=M8) 5
8.38 1 4.53log10[s/(200 km s21)] for elliptical and S0 galaxies (dashed red line)
and log10(MBH=M8) 5 7.97 1 4.58log10[s/(200 km s21)] for spiral galaxies
(dotted blue line). The solid black line in b shows the best-fitting power law:
log10(MBH=M8) 5 9.16 1 1.16log10(LV=1011L8). We do not label Messier 87
as a BCG, as is commonly done, because NGC 4472 in the Virgo cluster is
0.2 mag brighter.
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BHs in Brightest Cluster Galaxies 

Very massive black holes in BCGs 
(MBH ~ 109 - 2 1010 M⊙) 
Most have BH masses larger  than 
predicted by correlations 
(McConnell+2011, 2011a, 2012)
BCGs are deviant from fundamental 
plane of BH activity (MBH-LX-LR) 
unless MBH-LK underestimate MBH 
by ~10 (Hlavacek-Larrondo+12)
BCGs in cool core clusters should 
have MBH > 1010 M☉ to follow the FP.
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Fig. 18.— Measured black hole masses from this work versus predicted black hole masses from various scaling relations. (a) Predicted
masses from the M• − σ relation, log(M•) = α + βlog(σ/200 km s−1). Stars represent the relation of McConnell et al. (2011b; α = 8.29,
β = 5.12, ε0 = 0.43), and circles represent Beifiori et al. (2012; α = 7.99, β = 4.42, ε0 = 0.36). (b) Predicted masses from the M• − LV

relation, log(M•) = α + βlog(LV /1011L",V ). Stars represent the relation of McConnell et al. (2011b; α = 9.16, β = 1.16, ε0 = 0.50),
and circles represent Gültekin et al. (2009; α = 8.95, β = 1.11, ε0 = 0.38). (c) Predicted masses from the M• − M! relation, log(M•)
= α + βlog(M!/1011 M"). Stars represent the relation of Magorrian et al. (1998; α = 8.77, β = 0.96), and circles represent Beifiori et
al. (2012; α = 7.84, β = 0.91, ε0 = 0.46). The scaling relations for each panel were selected to span the widest range of predicted black
hole masses. The horizontal error bars in each panel are dominated by the intrinsic scatter, ε0, in log(M•), as estimated for each relation.
Magorrian et al. (1998) do not provide an estimate of ε0 with respect to M!, so we have adopted ε0 = 0.46 from Beifiori et al. (2012) in
panel (c). Horizontal error bars also contain a small contribution from measurement errors in σ, LV , or M!. Vertical error bars represent
measurement errors in M•, as determined by our stellar orbit models.

for NGC 3842, M• = 1.3+0.5
−0.4 × 109M" for NGC 7768,

and M• < 9.0× 109M" for NGC 2832. The orbit mod-
els also determine the stellar mass-to-light ratio M!/LR,
which we convert to M!/LV as described in Section 2.2.
We find M!/LR = 5.9 ± 1.7M"L

−1
",R (M!/LV = 7.4 ±

2.1M"L
−1
",V ) for NGC 4889,M!/LR = 5.2±0.8M"L

−1
",R

(M!/LV = 7.1± 1.1M"L
−1
",V ) for NGC 3842, M!/LR =

5.7 ± 1.1M"L
−1
",R (M!/LV = 8.8 ± 1.7M"L

−1
",V ) for

NGC 7768, and M!/LR = 7.6+0.8
−0.7M"L

−1
",R (M!/LV =

9.7± 1.0M"L
−1
",V ) for NGC 2832.

The orbital distributions from the best-fitting models
indicate that NGC 4889 and NGC 3842 are depleted of
radial orbits, out to radii of approximately 1 kpc. These
extended tangential bias regions have similar sizes to
the galaxies’ photometric cores, and may be linked to
the extremely massive black hole (M• ∼ 1010 M") in
each galaxy. NGC 7768 has a black hole mass of only
∼ 109 M" and a correspondingly modest tangential bias
region.
Several correlations between black hole mass and scalar

galaxy properties have been explored by numerous au-
thors. Below we focus on the M• − σ relation, the V -
band M• −L relation, and the relation between M• and
bulge stellar mass, M!. We estimate M! for each BCG
by multiplying LV by M!/LV .
In Figure 18, we compare our measured values of M•

in NGC 4889, NGC 3842, and NGC 7768, and our up-
per limit for NGC 2832, to predicted black hole masses
from the M• − σ, M• − LV , and M• − M! relations.
In particular, we display the σ- and L-based predictions
from McConnell et al. (2011b), who use the most up-
to-date sample of directly measured black hole masses.
The scaling relations derived from this sample are steep-

ened by the large black hole masses in NGC 4889 and
NGC 3842, as well as upward revisions of M• in M87
and M60 (Gebhardt & Thomas 2009; Shen & Gebhardt
2010; Gebhardt et al. 2011). The M• − σ relation is
additionally steepened by the inclusion of eight late-
type galaxies with maser-based measurements of M•
(Kontradko et al. 2008; Greene et al. 2010; Kuo et al.
2011). As a result, the McConnell et al. (2011b) rela-
tions predict the largest values of M• in BCGs. For
comparison, we have considered a large number of re-
ported power-law fits to earlier galaxy samples and have
determined which fits yield the lowest predicted values
of M• for our BCGs. These minimum predictions are
also displayed in Figure 18, in order to illustrate the full
range of investigations to date. For the M• − M! re-
lation, we display the predicted black hole masses from
Magorrian et al. (1998) and Beifiori et al. (2012), which
span the full range of M!-based predictions. Along with
the M• values predicted from the mean relations, we con-
sider the intrinsic scatter, ε0, in log(M•) at fixed σ, LV ,
or M!. The horizontal error bars in Figure 18 essentially
illustrate ε0; measurement errors in σ, LV , and M! have
much smaller effects on the predicted black hole masses.
The left panel of Figure 18 indicates that our measure-

ments ofM• in NGC 4889, NGC 3842, and NGC 7768 are
all greater than the predicted values from various fits to
the M• − σ relation. For NGC 4889 and NGC 3842, the
discrepancy exceeds the intrinsic scatter in M• regard-
less of which fit to M•−σ we select. For NGC 7768, M•
exceeds the mean M• − σ relations from Gültekin et al.
(2009a), Graham et al. (2011) and Beifiori et al. (2012)
by more than the corresponding estimates of ε0, but is
consistent with the power-law fit and ε0 estimate from
McConnell et al. (2011b).
The predicted black hole masses from M• − LV , in-
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Figure 3. Same as Fig. 1, but where we consider the best-fitting relation of PMK2012 (black line) which is considered to be the most robust to date. It is also
the relation that has the largest mass offset for BCGs from the FP (see Table 2). Shown are the data points used in PMK2012 to derive the best-fitting relation,
which only include sub-Eddington BHs with flat/inverted radio spectra (GBHs, Sgr A∗, LLAGN, as well as HBLs from SDSS). The BCGs are illustrated with
the same symbols as in Fig. 2 and are offset from the plane such that they appear to be less massive than predicted from their X-ray and radio luminosities. A
possible explanation is that the MBH−σ and MBH−MK correlations systematically underestimate the masses of BHs in BCGs.

16 BCGs in Table 1 that have no detectable X-ray nucleus and that
lie in some of the most extreme clusters of galaxies (i.e. some of the
most massive and strong cool core), if we apply the average mass
increase of log "MBH = 0.8, then our results imply that the true BH
masses lie between 8 × 109 and 2 × 1010 M$. Furthermore, if we
apply the average mass increase derived when including the BCGs
from MH2007 (log "MBH = 1.0, see Table 2), then the majority of
these BHs are ultramassive with MBH = (1−4) × 1010 M$.

The existence of UMBHs in BCGs has recently been confirmed
by McConnell et al. (2011a) who find a 2.1 × 1010 M$ BH in
NGC 4889. Yet, NGC 4889 lies in a fairly average cluster with
no cool core associated with it. It therefore does not require an
active nucleus to prevent the surrounding gas from cooling. On
the other hand, the central BHs in massive and strong cool core
clusters with LX > 1045 erg s−1 and tcool < 3 Gyr (such as the ma-
jority in Table 1) must be injecting extreme mechanical energies
into their surrounding medium to prevent the gas from cooling, of
the order of 1044−1045 erg s−1. Out of all BCGs, these are where
the BH must have accreted a substantial amount of mass to power
the outflows (>109 M$). Since these BCGs also lie in the most mas-
sive clusters, and BCG mass scales with cluster mass, they should
host the most massive BHs compared to other BCGs. The most mas-
sive BHs should therefore reside in these massive and strong cool
core clusters, and our results support this claim, while predicting that
many will have UMBHs at their centres. If confirmed, our results
will have important ramifications for the formation and evolution of

BHs across cosmic time (Lauer et al. 2007; McNamara et al. 2009;
Natarajan & Treister 2009; Hlavacek-Larrondo & Fabian 2011; Mc-
Namara, Rohanizadegan & Nulsen 2011; Hlavacek-Larrondo et al.
2012).

Note also, BCGs have undergone the most dramatic environ-
ments, subject to major mergers in the past and extreme AGN
outflows for the past several Gyr. It is not surprising then, that they
would have had the opportunity to grow to such masses. There are
two possible scenarios in which BHs can grow to be ultramassive.
The first is through hierarchical mergers, as supported by numerical
calculations (e.g. Yoo et al. 2007, who predict the existence of a
rare population of UMBH in the local Universe). The second is from
high-redshift ‘seeds’ and is based on the observation that quasars
exist from as early as z of about 6 (Fan et al. 2006; Vikhlinin 2011).
UMBH can therefore form from these high-redshift ‘seeds’, and
evolve into present-day BCGs, which are the most massive galaxies
of the local Universe. However, Natarajan & Treister (2009) argue
that although UMBH may exist, the maximum mass they can reach
is ∼1010 M$.

5 C O N C L U D I N G R E M A R K S

We have identified two possibilities as to why BCGs seem to be
systematically offset from the FP of BH activity, assuming that
our X-ray and radio core luminosities are correct. The first is that
the BHs in BCGs are supermassive (MBH ∼ 109 M$), but operate

C© 2012 The Authors, MNRAS 424, 224–231
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BH Mass measurements
motions or kinematics of test particles (stars, gas clouds)

Galactic Center, ~14 with H20 Megamasers in Galaxy Nuclei
spatially resolved gas/stellar kinematics (average kinematics of large 
volumes)

in principle all galaxies within ~100 Mpc; in practice ~60 galaxies 
(mostly E/S0)

reverberation mapping (in type 1 AGN: measure sizes from time delays)
in principle all type 1 AGN; in practice ~50 objects so far

virial masses (in type 1 AGN: masses from spectral measurements of 
broad lines)

all type 1 AGN at all z; as many objects as many good spectra 
available

Different methods are intercalibrated: BH mass ladder
gas/stellar kinematics → reverberation mapping → virial masses



Reverberation mapping
time delay of broad line w.r.t. to continuum light curve is light travel time 
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Figure 8. Test of SE mass estimates for Arp 151. Each filled circle represents
SE measurements after shifting luminosity measurements by the average lag
of four days (left: total luminosity; right: nuclear luminosity). Dashed lines
represent the correlation L0.5 ∝ V −2 expected from the virial theorem and the
size–luminosity relation, while solid lines are the best-fit slopes. The values of
best-fit slopes and its uncertainties are given in each panel.

consistent with the theoretical expectation. The best-fit slopes14

are −1.46 ± 0.31 (with intrinsic scatter 0.05 ± 0.01 dex) for
FWHMHβ and −1.09 ± 0.15 (with intrinsic scatter 0.02 ±
0.01 dex) for σHβ , which is consistent with the expected
value of −1. The linear correlation coefficients between the
nuclear luminosity and the line widths are −0.86 for the line
dispersion and −0.77 for the FWHM, indicating the tighter
inverse correlation of continuum luminosity with the line
dispersion than with the FWHM.

The agreement of the observed correlations with those ex-
pected for an ideal system is remarkable, considering the many
sources of noise in the observed velocity–luminosity relation.
They include residual errors in the subtraction of the host-galaxy
starlight contribution and the measurement uncertainties of line
widths and luminosities. The inverse correlation between line
width and luminosity further corroborates the use of SE mass
estimates (Peterson & Wandel 1999, 2000; Kollatschny 2003;
Peterson et al. 2004).

4.2. Uncertainties Due to Variability

Since the line width and continuum luminosity of an AGN
vary as a function of time, mass estimates from SE spectra may
also vary. Owing to its stochastic nature, this variability can be
considered a source of random error in SE mass estimates. In this

14 We used the Bayesian linear regression routine linmix_err developed by
Kelly (2007) in the NASA IDL Astronomy User’s Library. This method is
currently the most sophisticated regression technique, which takes into account
intrinsic scatter and nondetections as well as the measurement errors in both
axes, generating the random draws from posterior probability distribution of
each parameter for the given data using MCMC sampling. In this study, we
take best-fit values and uncertainties of parameters as the median values and
±1σ standard deviation of 10,000 random draws from corresponding posterior
distributions.

Figure 9. Distribution of the FWHMHβ measured from all SE spectra. Each
FWHMHβ value is normalized to the FWHMHβ measured from the mean
spectra. The average rms dispersion of nine objects is 0.021 ± 0.004 dex.

section, we quantify this effect by comparing SE measurements
with measurements from the mean spectra.

4.2.1. The Effect of Line-width Variability

We quantify the dispersion of the distribution of line-width
measurements using all SE spectra. This dispersion can be
interpreted as a random error due to the combined effect of
variability and measurement errors. In Figure 9, we present the
distributions of FWHMHβ measurements from all SE spectra,
after normalizing them by the measurement from the mean
spectra. All SE values are normalized to the FWHM measured
from the mean spectra. The standard deviation of the FWHM
distributions ranges from 0.009 dex to 0.042 dex, with an
average of 0.021 ± 0.004 dex (∼5%) across all objects. Note
that the standard deviation includes the variability and the
measurement error.

In Figure 10, we plot the distributions of line dispersion for all
objects. The dispersion of distributions ranges from 0.013 dex
to 0.040 dex, with an average and rms of 0.023 ± 0.003 dex
(∼5%) for the entire sample. SBS 1116 shows the broadest
distribution; however, part of this scatter can be attributed to the
residual systematic in the red wing of Hβ due to the bad pixels
in the original spectra, as discussed previously.

By averaging the standard deviation of the distribution of the
line-width measurements for all nine objects in the sample, we
find that the uncertainty of SE BH mass estimates due to the line-
width variation and measurement errors is on average 0.044 dex.
Note that the dispersion of the line-width distribution strongly
depends on the variability. For example, Arp 151 has the largest
variability amplitude and also the largest variability in the line
width. This is expected if line flux correlates with BLR size and
both are connected to the BH mass. Based on these results, we
conclude that the typical uncertainty of SE mass estimates due
to line-width variability is ∼10%. However, as discussed below,

10

The Astrophysical Journal, 747:30 (18pp), 2012 March 1 Park et al.

Figure 8. Test of SE mass estimates for Arp 151. Each filled circle represents
SE measurements after shifting luminosity measurements by the average lag
of four days (left: total luminosity; right: nuclear luminosity). Dashed lines
represent the correlation L0.5 ∝ V −2 expected from the virial theorem and the
size–luminosity relation, while solid lines are the best-fit slopes. The values of
best-fit slopes and its uncertainties are given in each panel.

consistent with the theoretical expectation. The best-fit slopes14

are −1.46 ± 0.31 (with intrinsic scatter 0.05 ± 0.01 dex) for
FWHMHβ and −1.09 ± 0.15 (with intrinsic scatter 0.02 ±
0.01 dex) for σHβ , which is consistent with the expected
value of −1. The linear correlation coefficients between the
nuclear luminosity and the line widths are −0.86 for the line
dispersion and −0.77 for the FWHM, indicating the tighter
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also vary. Owing to its stochastic nature, this variability can be
considered a source of random error in SE mass estimates. In this
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section, we quantify this effect by comparing SE measurements
with measurements from the mean spectra.

4.2.1. The Effect of Line-width Variability

We quantify the dispersion of the distribution of line-width
measurements using all SE spectra. This dispersion can be
interpreted as a random error due to the combined effect of
variability and measurement errors. In Figure 9, we present the
distributions of FWHMHβ measurements from all SE spectra,
after normalizing them by the measurement from the mean
spectra. All SE values are normalized to the FWHM measured
from the mean spectra. The standard deviation of the FWHM
distributions ranges from 0.009 dex to 0.042 dex, with an
average of 0.021 ± 0.004 dex (∼5%) across all objects. Note
that the standard deviation includes the variability and the
measurement error.

In Figure 10, we plot the distributions of line dispersion for all
objects. The dispersion of distributions ranges from 0.013 dex
to 0.040 dex, with an average and rms of 0.023 ± 0.003 dex
(∼5%) for the entire sample. SBS 1116 shows the broadest
distribution; however, part of this scatter can be attributed to the
residual systematic in the red wing of Hβ due to the bad pixels
in the original spectra, as discussed previously.

By averaging the standard deviation of the distribution of the
line-width measurements for all nine objects in the sample, we
find that the uncertainty of SE BH mass estimates due to the line-
width variation and measurement errors is on average 0.044 dex.
Note that the dispersion of the line-width distribution strongly
depends on the variability. For example, Arp 151 has the largest
variability amplitude and also the largest variability in the line
width. This is expected if line flux correlates with BLR size and
both are connected to the BH mass. Based on these results, we
conclude that the typical uncertainty of SE mass estimates due
to line-width variability is ∼10%. However, as discussed below,
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that BH masses based on SE spectra taken at different epochs
are consistent within ∼0.05 dex (∼12%) uncertainty, negligible
with respect to other sources of uncertainty which are believed
to add up to ∼0.4–0.5 dex (see Section 5.1).

4.3. Systematic Difference between SE and
Reverberation Masses

In order to assess the accuracy of the SE mass estimates, we
need to compare the SE masses with the masses determined
by reverberation mapping. Setting aside potential differences in
the virial coefficient, there are two main sources of systematic
uncertainties in SE mass estimates. One is the potential differ-
ence of the line profile between SE spectra and the rms spectra.
The other is the systematic uncertainty of the size–luminosity
relation. We postpone discussion of the latter to a future pa-
per when more accurate HST-based nuclear luminosities will
be available. Therefore, in this section we focus on the system-
atic difference of the Hβ line profile and derive new SE mass
estimators recalibrated to account for the difference found.

4.3.1. Comparing Line Profiles

In Figure 13 we compare the broad Hβ line profiles measured
from the mean and rms spectra after normalizing by the peak
flux. Generally the Hβ line is broader in the mean spectra than
in the rms spectra, indicating that the variation is weaker in
the line wings than in the line core. It is worth noting that the
observed offset cannot be explained by the contamination of the
narrow Hβ component or the Fe ii blends since we consistently
subtracted them in both the mean and rms spectra. To verify
this we arbitrarily decreased the amount of narrow component
subtracted from the observed Hβ profile, and found that the large
offsets between rms and mean spectra are virtually unchanged.

The broader line width in the mean spectra has been noted
in previous reverberation studies (e.g., Sergeev et al. 1999;
Shapovalova et al. 2004). Collin et al. (2006) reported that the
line widths in the mean spectra were typically broader by ∼20%
than those in the rms spectra. Denney et al. (2010) also found
that some objects in their reverberation sample clearly showed
narrower line widths in the rms spectra than in the mean spectra.
Several different and somewhat mutually exclusive explanations
have been suggested for this difference. For example, Shields
et al. (1995) explained the systematic difference of the line
width as being due to the high-velocity gas in the inner BLR
being optically thin to the ionizing continuum and hence fully
ionized. In this way, the line wings have weak variability and
are suppressed in the rms spectra. In contrast, Korista & Goad
(2004) suggested a distance-dependent responsivity of optically
thick clouds to explain the weak variability of Balmer line wings.

We quantify the systematic offset in line width in Figure 14
by showing the ratios of the line width measured from the mean
(and SE) spectra to those measured from the rms spectra as
a function of line width. The average offset in FWHMHβ is
0.07 ± 0.03 dex (0.05 ± 0.02 dex, if NGC 4253, the object
with the narrowest line, is excluded). In the case of line
dispersion (σHβ), the offset is slightly larger, 0.10 ± 0.04 dex
(0.07 ± 0.02 dex, if NGC 4253 is excluded). The larger offset
of the line dispersion in comparison with FWHM is consistent
with there being mainly a difference between variability in the
wings and in the core.

There seems to be a systematic trend, in the sense that the
offset becomes relatively larger for the narrower line objects,
but its origin is not clear. In particular, the narrow-line Seyfert
1 galaxy NGC 4253 (Mrk 766) has the narrowest Hβ line in the
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lines represent the Gauss–Hermite series fitting results. Each line profile is
normalized by the maximum value of the fit. Dashed vertical lines indicate the
center of the Hβ line.
(A color version of this figure is available in the online journal.)

sample and shows the largest systematic difference. It is possible
that the systematic difference for this particular object with very
narrow Hβ (FWHMHβ (rms) < 1000 km s−1) may be amplified
due to imperfect subtraction of the narrow component, the
Fe ii blends, or starlight. However, the trend is present even
if we remove this object from the sample.

In order to correct for this potential bias, we derive a relation
between Hβ line width as measured from rms and SE spectra
by fitting the trend as shown in Figure 14. Using the linear
regression routine linmix_err (Kelly 2007), we fit the linear
relationship in log-scale using bootstrap errors determined
in Section 3.3. We also determined the slope excluding the
narrowest-line object (NGC 4253) or the broadest-line object
(NGC 5548) from the sample. As shown in Figure 13, removing
either NGC 4253 or NGC 5548 from the sample does not
significantly change the slope.

In addition, we fit the slope using a fixed error for all objects.
Since the bootstrap errors on the rms line widths are significantly
different for each object owing to the different quality and S/N
of individual SE spectra, we assigned a fixed error, such as 20%
on both axes, to test the effect of errors. The best-fit slope using
a fixed error is slightly shallower than that with bootstrap errors
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Figure 6. Dependence of residuals from the MBH–σ∗ relation (∆ log MBH = (log VP + log f )− (α +β log σ/(200 km s−1)) on parameters related to the accretion state:
VFWHM/σline (top left); Eddington ratio (top right); VFWHM (bottom left); line dispersion σline (bottom right) of the Hβ line. In this plot, we adopt the local relation
with α = 8.12, β = 4.24 taken from Gültekin et al. (2009), and log f = 0.72 as determined in Section 6.2.

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

5. DISCUSSION

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

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

Woo+2010

Scatter of MBH(RM)-σ 
similar to MBH(σ) 



A. Marconi AGN X, Roma, 2012 

MBH from reverberation mapping (→RBLR) does not depend on 
distance ... 

BUT is

very demanding in terms 
of telescope time;

difficult at high L and high 
z (small ΔF/F, long ΔT, 
cosmological time 
dilation ...).

Single Epoch Virial BH Masses

The R–L Relationship: Host-Galaxy Starlight 19

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

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

The R–L Relationship: Host-Galaxy Starlight 19

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

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

Radius - Luminosity relation (Kaspi+2000,2005, Bentz+09):
can estimate BLR size from continuum luminosity!

Single Epoch (SE) MBH: combine line widths (FWHM) with continuum 
luminosity

Bentz+09

19



A. Marconi AGN X, Roma, 2012 

MBH = f ⇥
�

FWHM(H�)
1000 km s�1

⇥2 �
⇥L�(5100)
1044 erg s�1

⇥0.5

log f � = 6.91± 0.02

Calibration of virial MBH: SE
MBH for objects with RM (reverberation 
mapping) data are known from previous 
calibrations.
Consider many SE (single epoch) spectra of 
the same sources, measure FWHM and Lcont 
and find f’ which calibrates SE MBH

V from FWHM of line
R from radius-luminosity relation R~Lα

r.m.s. of log MBH(SE)/MBH(RM) is 0.4 dex
SE MBH can be wrong even up to a factor 10, 
but are ok in a statistical sense. Vestergaard & Peterson 2006

Large scatter (~0.4 dex) 
of MBH(SE)/MBH(RM)

MBH = f 0
✓
FWHM(H�)

1000 km s�1

◆2 ✓
�L�(5100)

1044 erg s�1

◆0.5

log f 0
= 6.91± 0.02

20



The BH mass ladder     (Peterson 2002)

Spatially resolved
Gas & stellar Kinematics

Local universe (< 250 Mpc)

MBH-σ,L,M
correlations

calibration (e.g. Onken +04, Woo+10)
 MBH(RM)

MBH
~0.5 dex

calibration (Vestergaard 
& Peterson 06, Park+12)

MBH(SE) 
MBH(RM) ~0.4 dex

1

Virial BH masses
Type 1 AGNs only

Reverberation Mapping (RM) 
MBH = f V 2RBLR/G

Time expensive

RBLR-L relation
(Kaspi +00, Bentz+09)2 MBH = f V 2RBLR/G

Single Epoch (SE)
MBH = f̃ V 2L�3 MBH = f̃ V 2L↵



Open issues
We are missing a RBLR-L for MgII and CIV (high z extension).

The physical origin of the RBLR-L relation

Accuracies of MBH(RM) and MBH(SE) 

Reliability of CIV-based masses

Effect of non-virial (e.g. outflow motions) in the BLR

Effect of radiation pressure



Accuracy of MBH based on SE
Use only spectra with S/N > 10-20 for accurate 
measurements of FWHM (Denney+09)
Correct L for host galaxy contamination
From MBH(RM) to MBH(SE) uncertainties from:

continuum and line variability ~0.05 dex 

scatter of R-L and systematic on f ~0.45 dex

Much of the scatter is due to the non-linear relations 
FWHM(SE)-FWHM(rms) and σ(SE)-σ(rms)

Correct for this non linearity effectively changes the 
virial relation 

A “corrected” virial relation also decreases the scatter 
between MgII and Hbeta based masses (Wang+09)
These are only empirical corrections, no physical reason behind.

The Astrophysical Journal, 747:30 (18pp), 2012 March 1 Park et al.

In the case of measurements from the SE spectra, the best fit is
expressed as

log σHβ(SE) = 0.567(±0.027)
+ 0.753(±0.008) log FWHMHβ (SE). (11)

We note that these results are somewhat limited by the small
dynamic range of our sample and the lack of objects with
FWHM > 3000 km s−1. Further analysis with broader line
objects is required. However, in the case of broader line
objects in the literature, we do not have consistently measured
line widths from rms spectra as described in Section 3.3.
Nevertheless, we will use this fit to convert FWHMHβ to σHβ in
Section 4.3.4.

4.3.4. Line-width Dependent Mass Estimators

In order to avoid potential systematic biases in SE spectra, we
derive line-width dependent mass estimators using the best-fit
relations derived above (see Figure 14). As a reference, we use
the mass estimator normalized for the VP from rms spectra
(reverberation results) using the virial factor log f = 0.72
determined from the MBH–σ∗ relation of reverberation mapped
AGNs (Woo et al. 2010):

MBH = 107.602 M#

(
σHβ(rms)

1000 km s−1

)2 (
λL5100,n

1044 erg s−1

)0.518

.

(12)
If we replace σHβ from rms spectra with σHβ measured from
SE spectra using Equation (9), the mass estimator changes to

MBH = 107.370 M#

(
σHβ (SE)

1000 km s−1

)2.212 (
λL5100,n

1044 erg s−1

)0.518

.

(13)
As in the case of Equation (9), we recommend readers to use
Equation (13) for AGNs with σHβ < 2000 km s−1.

In the case of FWHMHβ , the virial factor has not been
determined by Woo et al. (2010), but we can use the relations
found above to derive a consistent expression. If we replace
σHβ with FWHMHβ using Equation (10), then Equation (12)
becomes

MBH = 107.156 M#

(
FWHMHβ(rms)

1000 km s−1

)1.584

×
(

λL5100,n

1044 erg s−1

)0.518

. (14)

In order to use FWHMHβ measured from SE spectra,
FWHMHβ from rms spectra in Equation (14) can be replaced by
FWHMHβ from SE spectra using Equation (8). Then, the mass
estimator becomes

MBH = 106.966 M#

(
FWHMHβ(SE)

1000 km s−1

)1.734 (
λL5100,n

1044 erg s−1

)0.518

.

(15)
Alternatively, we can use Equation (13) and replace σHβ with

FWHMHβ measured from SE spectra using Equation (11). Then
Equation (13) becomes

MBH = 106.985 M#

(
FWHMHβ(SE)

1000 km s−1

)1.666

×
(

λL5100,n

1044 erg s−1

)0.518

, (16)

which is almost identical to Equation (15). For a consis-
tency check, we compared the SE masses estimated from
Equation (15) with those from Equation (16). They are con-
sistent within ∼1%, indicating that Equations (15) and (16)
are essentially equivalent. As in the case of Equation (8), for
AGNs with FWHMHβ < 3000 km s−1 we recommend using
Equation (16) instead of Equation (15), since the SE masses
derived from Equation (16) are slightly more consistent with
the masses determined from Equations (12) and (14).

The BH masses derived from the new mass estimators are
consistent with each other within a ∼2% offset, indicating that
the systematic difference in the line widths between SE and
rms spectra is well calibrated. In contrast, the ∼0.2 dex scat-
ter between various mass estimators reflects a lower limit to
the uncertainties of our line-width dependent calibrations. In a
sense, these new estimators can be thought of as introducing a
line-width dependent virial factor to correct for the systematic
difference of the geometry and kinematics of the gas contribut-
ing to the SE line profile and that contributing to the rms spectra.
Regardless of the physical interpretation, these new recipes en-
sure that mass estimates from SE spectra and rms spectra can
be properly compared.

5. DISCUSSION AND CONCLUSIONS

5.1. Random Uncertainty

We investigated the precision and accuracy of BH mass
estimates based on SE spectra, using the homogeneous and
high-quality spectroscopic monitoring of nine local Seyfert 1
galaxies obtained as part of the LAMP project. We find that the
uncertainty of SE mass estimates due to the AGN variability
is ∼0.05 dex (∼12%). Our result is slightly less than that of
Denney et al. (2009) who reported ∼0.1 dex random error due to
the variability based on the investigation of the Seyfert 1 galaxy
NGC 5548 using data covering ∼10 years. For higher luminosity
AGNs, the uncertainty due to variability can be smaller since the
amplitude of variability inversely correlates with the luminosity
(e.g., Cristiani et al. 1997). For example, by comparing SE
spectra with mean spectra averaged over ∼10 multi-epoch data
of eight moderate-luminosity AGNs, Woo et al. (2007) reported
that intrinsic FWHM variation of the Hβ line is ∼7%, resulting
in ∼15% random error in mass estimates.

In addition to the uncertainty related to variability, the total
random uncertainty of SE mass estimators includes the uncer-
tainty in the virial factor and the scatter of the size–luminosity
relation. The scatter of the AGN MBH–σ∗ relation (Woo et al.
2010) provides an upper limit to the random object-to-object
scatter in the virial factor of 0.43 dex. By adding 0.1 dex due to
variability and 0.13 dex scatter from the size–luminosity relation
in quadrature (assuming they are uncorrelated), the upper limit
of the overall uncertainty of SE mass estimates is found to be
0.46 dex. This is consistent with the uncertainty of 0.4–0.5 dex
estimated by Vestergaard & Peterson (2006). If we assume more
realistically that 0.3 dex of the scatter in the MBH–σ∗ relation
measured by Woo et al. (2010) is intrinsic scatter (e.g., Gültekin
et al. 2009) and not due to uncertainties in the virial coefficient,
then the uncertainty of the virial factor becomes 0.31 dex, result-
ing in an overall uncertainty of ∼ 0.35 dex in SE mass estimates.
More direct measurements of the virial coefficient (e.g., Davies
et al. 2006; Onken et al. 2007; Hicks & Malkan 2008; Brewer
et al. 2011) are needed to break this degeneracy.

Note that measurement errors in the line width and continuum
luminosity are negligible in our study owing to the high quality
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Figure 14. Direct comparisons of line widths and their ratios, i.e., FWHMHβ (left) and σHβ (right), measured from SE (or mean) and rms spectra, as a function of line
width. Average offset is 0.07 ± 0.03 dex for FWHMHβ and 0.10 ± 0.04 dex for σHβ . Dashed lines indicate an identity relation while solid lines are the best-fit results
using all objects (red), excluding NGC 4253 (blue) or excluding NGC 5548 (brown) using bootstrap errors.
(A color version of this figure is available in the online journal.)

since the most offset object, NGC 4253, has a large bootstrap
error and consequently has smaller weight in the fitting process.

To secure a large dynamic range, we decided to use all nine
objects for the fit and adopt the best-fit result using bootstrap
errors. The adopted best fits are expressed as

log FWHMHβ(rms) = −0.405(±0.051)
+ 1.095(±0.015) log FWHMHβ(SE),

(8)

log σHβ(rms) = −0.434(±0.060)
+ 1.106(±0.019) log σHβ(SE). (9)

However, these fits should not be extrapolated to high-velocity
objects; otherwise, negative bias will be introduced. Since our
sample consists of relatively narrow-line Seyfert 1 galaxies,
we recommend using Equations (8) and (9) for objects with
FWHMHβ,SE < 3000 km s−1 and σHβ,SE < 2000 km s−1,
respectively.

4.3.2. Systematic Offset of Mass Estimates

The systematically broader line width in SE spectra would
result in overestimates of SE masses if unaccounted for.
In Figure 15 we compare the SE VP with the VP based on

the reverberation studies. Note that in order to demonstrate the
effect of the systematic difference between SE and rms spectra
we simply used the measured RBLR for all SE VPs instead of
using L5100 and the size–luminosity relation. As expected, VPs
exhibit a biased systematic trend. The average offset of all SE
measurements is 0.152 ± 0.009 dex when FWHM is used in the
VP (top) and 0.204±0.011 dex for the σHβ-based VP (bottom).
The average offset of all measurements based on mean spectra
is 0.147 ± 0.066 (0.201 ± 0.075) dex when FWHMHβ (σHβ) is
used in the VP. To avoid potential biases from the narrowest-
line object, we recalculate the average offset after removing
NGC 4253. The average offset of all SE measurements is now
0.093 ± 0.006 dex and 0.135 ± 0.007 dex for FWHMHβ and
σHβ , respectively. When the measurements from mean spectra
are used in comparison, the average offsets are 0.092±0.040 dex
and 0.136±0.043 dex for FWHMHβ and σHβ , respectively. Thus,
the SE BH masses of broad-line AGNs with VPs in the range
∼105–107 M# can be overestimated by ∼25%–35% if the same
recipe used for rms spectra is adopted.

These results are similar to the findings by Collin et al. (2006),
who investigated the systematic offset of VP estimates between
rms and mean spectra using a different sample of reverber-
ation mapping measurements. Although it is not straightfor-
ward to directly compare their results with ours since the meth-
ods of generating rms spectra and measuring line widths are
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CIV-based masses are deemed unreliable because 
line is blueshifted compared to MgII (e.g. Shen+10) 
line width is not well correlated with MgII and Hbeta 
(Baskin & Laor 2005; Netzer +2007; Sulentic +2007; Shen & Liu 2012)

Accuracy of CIV-based MBH

VIRIAL BH MASS ESTIMATORS 11

FIG. 5.— Comparisons between different line widths and Hβ FWHM. Typical measurement uncertainties are indicated in each panel. The first row compares
the FWHMs of Hα, Mg II, CIII] and CIV with Hβ FWHM, where the dotted lines show the unity relation. Only the FWHMs of Hα and Mg II show significant
correlation with the FWHM of Hβ. The second and third rows show similar comparisons, but with FWTMs and FWQMs for Hα, Mg II CIII] and CIV. The
conclusion is the same. The bottom two panels show the correlations between FWTM/FWQM and FWHM for Hβ. In each panel we show the best-fit linear
regression results using the Bayesian method in Kelly (2007, predicting Y at X): the best-fit slope, the uncertainty of the slope and the intrinsic random scatter
about the regression.

the Vestergaard & Peterson (2006, VP06) calibration as our
standard, which is compatible with our measurements of the
Hβ FWHM, and provides similar estimates to those using the
calibration in Assef et al. (2011, see below). The virial mass
estimator based on a particular pair of line width and lumi-
nosity is:

log
(

MBH,vir

M!

)

= a+b log
(

L
1044 ergs−1

)

+c log
(

FWHM
kms−1

)

,

(3)
where L and FWHM are the continuum (or line) luminosity
and width for the specific line, and coefficients a, b and c are

to be determined by linear regression analysis.
In order to minimize the difference in virial masses com-

pared to our fiducial masses, we allow the slopes on both lu-
minosity and FWHM to vary. We use the multi-dimensional
Bayesian linear regression method in Kelly (2007) to perform
regression, treating our standard masses as the dependent vari-
able Y , and (logL, logFWHM) as the 2-dimensional indepen-
dent variable X . This approach takes into account measure-
ment errors, and possible covariance between luminosity and
FWHM, thus is arguably better than regressions on L versus
L5100 and FWHM versus FWHMHβ separately. The regres-

Shen & Liu 2012



Accuracy of CIV-based MBH
Comparison of rms and mean spectra:

non-variable component  responsible for a large part of the 
discrepancies (not in Hβ!)
bias in CIV mass depends on profile shape (S=FWHM/sigma)
empirical correction (MBH~ FWHM0.4 σ1.6) 
reduces M(CIV)/M(Hβ) scatter from 
0.36 to 0.22 dex
Non variable component possibly 
originates in an orientation
dependent outflow from BLR or 
ILR (inner extension of NLR)– 32 –

Fig. 5.—: Top: Comparison between C iv and Hβ mass residuals, calculated using FWHM,
and the shape of the C iv line, S = FWHM/σl for the A11 (solid circles), VP06 (open circles),
and N07 (stars) samples. The solid line shows the best fit correlation to the combined sample,
excluding absorbed N07 objects (gray stars). The Spearman rank order coefficient, rs, the
number of objects included in the fit, N , and the probability that the correlation is found
by chance, Pran, are given in the top right corner. Error bars are not included on the mass
residuals because uncertainties could not be calculated similarly for all samples (see Section
4). Bottom: Same as top panel except the C iv masses were calculated using σl and the
resulting residuals with the Hβ masses are compared to S−1 so that both plots have the
same dependence on the C iv width characterization used in the mass estimates. Note: rs is
insensitive to the choice to use S or S−1 as the independent variable.

– 29 –

Fig. 3.—: Mean (black) and rms (gray dot-dashed) spectra of the C iv reverberation mapping
sample. Spectra have been continuum subtracted and normalized in flux based on the C iv
emission-line peak. Solid gray curves show the rms spectra scaled by an arbitrary factor to
approximately match the red wing flux between each rms and mean spectrum (see Section 3
for details). The red curves in the panel for NGC 4395 show the normalized (red dot-dashed)
and scaled (red solid) Gauss-Hermite polynomial fit to the rms spectrum used for line width
measurements. We show only one set of spectra for each object, even though some objects
were monitored more than once; results not shown are qualitatively similar to those here.

Denney (2012)



BLR clouds are photoionized

Radiation pressure on BLR clouds is an unavoidable physical effect

Corrected mass estimator:

The effect of radiation pressure

MBH = f
V 2 R

G
+ g �L�

f (Hβ) , g (Hβ) calibrated assuming AGN lie on MBH-σ/L 

A simple model for a physical interpretation of g
→ BLR clouds optically thick to ionizing photons

g =
(Lion/�L�)
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[Marconi+08,09]
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NH~ 1023 cm-2

calibrated directly using (true) MBH estimated from MBH-σ/L from Bentz+09
Direct calibration of SE virial MBH
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rad. 
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Outline

BH Masses & Scaling Relations in Normal 
Galaxies

BH Mass Estimates in Active Galaxies

Scaling Relations in Active Galaxies & their 
redshift evolution



A. Marconi AGN X, Roma, 2012 

MBH-galaxy relations for AGN at z=0
MBH-σ relation for local AGN from RM database (Peterson+2004) and 
new RM observations at low L (LAMP) 
determine f, in agreement with earlier determinations (Onken+2004).
IMPORTANT: normalizations are imposed to be same but slope and 
scatter are not!

29

278 WOO ET AL. Vol. 716

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

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

5. DISCUSSION

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

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

Woo+2010

Relation is also surprisingly 
tight (intrinsic scatter ~0.4 
dex, similar to quiescent 
galaxies);
Slope is 3.6 ± 0.6 compared 
to 4.2-0.4 of quiescent 
galaxies (Gultekin+09); 
consistent within the large 
errors
Virial products are scaled by 
~5.2 (similar to Onken+2004)
Quasars are missing (difficult 
to measure σ



NLSy1 galaxies ON MBH-σ/L
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NLSy1 are believed to host small BHs (compared to their bulges), actively 
growing (large L/LEdd)

NLSy1 bulges are mostly pseudo-bulges (Orban de Xivry+11, Mathur+11)
When MBH corrected for radiation pressure, consistent with relation and 
pseudo-bulge hosts.



MBH-galaxy relations at low z (<1)
Treu et al. find evidence for evolution of MBH-σ/L 
zero point since z~0.5 (e.g. Bennert+11).
Intrinsic scatter (constant with z) is ~0.3 dex).
With high z objects (see later) evolution is as
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Figure 5. Upper left panel: BH mass–spheroid V-band luminosity relation. Colored circles represent measurements for the intermediate-redshift Seyfert galaxies (red:
z = 0.57, green: z = 0.36, blue: z = 0.36 taken from Paper II; squares indicate objects for which the fitting procedure ran into the lower limit of the spheroid effective
radius and we used priors to obtain a measure of the spheroid luminosity). Black circles correspond to the local reverberation-mapped sample (zave ! 0.08) studied by
Bentz et al. (2009a, 2009b) and re-analyzed here, including the best fit (black solid line; see the text and Table 4 for details). For all objects, the spheroid luminosity is
evolved to z = 0 assuming pure luminosity evolution (see the text for details). Note that no selection effects are included here. Intermediate-z objects with signatures
of interaction or mergers (see Figure 1 and Paper II) are indicated by a large open black circle. The dashed line shows the fiducial local relation for inactive galaxies
(Marconi & Hunt 2003), transformed to V band (group 1 only; see the text for details). Upper middle panel: the same as in the left panel, this time all z = 0.36 objects
in blue. Green circles are the high-z AGN sample (average z ∼ 1.8) taken from Peng et al. (2006b) and treated in a comparable manner. We assume 0.4 dex as error on
MBH, and 0.12 dex as error on luminosity (based on the error quoted by Peng et al. 2006b of 0.3 mag). We mark those high-z objects for which the BH mass is based
on the C iv line as green squares. Upper right panel: distribution of residuals in log MBH with respect to the fiducial local relation of reverberation-mapped AGNs.
Top panel: distribution of residuals for intermediate-redshift Seyfert galaxies (blue: z = 0.36; red: z = 0.57) and for the high-z AGN sample from Peng et al. (2006b;
green). Bottom panel: local sample. Lower panels: the same as in the upper panels, for the total host-galaxy luminosity.
(A color version of this figure is available in the online journal.)

high-z sample using the same prior as above), i.e., consistent
within the errors. If we exclude all objects for which MBH
was estimated based on the C iv line (which may be more
uncertain; Section 6.2), the evolution is less well constrained,
since half of the high-z objects are excluded. Using again a prior
on σint = 0.38 ± 0.09 as above, it results in β = 1.1 ± 0.3. The
slope also gets shallower when using the local inactive galaxy
sample from Marconi & Hunt (2003, group 1 only, transformed
to V-band magnitude, see Section 6.1): β = 0.9 ± 0.2.

7.4. BH Mass–Host-galaxy-luminosity Relation

We calculate the total host-galaxy luminosity for both
our intermediate-redshift Seyfert sample and the local
reverberation-mapped AGNs and show the MBH–Lhost relation
in Figure 5 (lower left panel). Note that, for consistency and lack
of additional information, we assume the same k-correction tem-
plate and passive luminosity evolution for the total host galaxy
as for the spheroid luminosity (see Section 5.2). Conservatively,
we also assume the same error on the total luminosity as on the
spheroid luminosity of 0.5 mag, although, generally, the error
on the total luminosity is smaller.

Compared to the MBH–Lsph relation, the MBH–Lhost relation
is apparently non-evolving: if we again treat the intrinsic scatter
of the relation as a free parameter and marginalize over it, the
offset we derive with respect to the local relation (solid black
lines in Figure 5, lower left panel) is ∆ log MBH = −0.03 ±
0.09 ± 0.04 (with respect to Lhost,V; including the full sample
at both z = 0.36 and z = 0.57). Expressed as offset in spheroid
luminosity, ∆ log Lsph = 0.04 ± 0.09 ± 0.04.

The best fit to the local reverberation-mapped AGNs (black
solid line in Figure 5, lower left panel) gives a marginally
steeper slope than for the MBH–Lsph relation (α = 0.96 ± 0.18
versus α = 0.70 ± 0.10; Table 4). Overplotting the high-
z comparison sample (Figure 5, lower middle panel), their
luminosity remains the same as in the upper middle panel: the
objects were fitted by Peng et al. (2006b) by only one component
(without any evidence of a second component) and thus Lsph
= Lhost. Apparently, the high-z comparison sample does not
follow the same MBH–Lhost relation, instead the offset remains.
The distribution of the residuals in logMBH of the distant AGNs
with respect to this fiducial local relation is shown in Figure 5
(lower right panel).
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Figure 6. Left panel: offset in log MBH as a function of log (1 + z) with respect to the fiducial local relation of reverberation-mapped AGNs (Figure 5, upper middle
panel). The best fit to all data points (solid black line) of the form ∆ log MBH = γ log(1 + z) including intrinsic scatter in log MBH as a free parameter but ignoring
selection effects is γ = 1.2 ± 0.2. (Note that the average data points for each sample are plotted only to guide the eye.) For comparison, we also overplot the
selection-bias corrected evolution (MBH/Lsph ∝ (1 + z)1.4±0.2; dotted line) with the 1σ range as dashed lines. As in Figure 5, squares indicate objects for which the
fitting procedure ran into the lower limit of the spheroid effective radius and we used priors to obtain a measure of the spheroid luminosity. Right panel: the same as
in the left panel as a function of look-back time. Here, the symbol size corresponds to BH mass.
(A color version of this figure is available in the online journal.)

Figure 7. Results of Monte Carlo simulations probing the effect of selection effects on the slope β of the relation ∆ log MBH = β log(1 + z) at fixed zero-redshift
spheroid luminosity corrected for evolution, and intrinsic scatter σint of the MBH–Lsph relation which is assumed to be non-evolving. Plotted are the 68% and 95%
joint confidence contours. Left panel: including both intermediate-z and high-z sample, without an assumed prior on σint. Both β and σint are well constrained
(β = 1.4 ± 0.2; σint = 0.3 ± 0.1). Middle panel: the same as in the left panel, including the prior by Gültekin et al. (2009; i.e., σint = 0.38 ± 0.09), resulting in the
same β within the errors. Right panel: the same as in the middle panel, but for intermediate-z sample only. While our sample alone does not cover a large enough
range in redshift, we find β = 2.8 ± 1.2 using the prior by Gültekin et al. (2009) on σint.

8. DISCUSSION

8.1. The Role of Mergers

Theoretical studies generally invoke mergers to explain the
observed scaling relations between BH mass and host-galaxy
spheroid properties—a promising way to grow both spheroid
and BH. In a simple scenario, spheroids grow by (1) the merging
of the progenitor bulges (assuming that both progenitors have
a spheroidal component), (2) merger-triggered starbursts in the
cold galactic disk, and (3) by transforming stellar disks into
stellar spheroids (e.g., Barnes 1992; Mihos & Hernquist 1994;
Cox et al. 2004), thus increasing the spheroid luminosity and
stellar velocity dispersion. The fueling of the BH, on the other
hand, is triggered by the merger event as the gas loses angular
momentum, spirals inward and eventually gets accreted onto
the BH, giving rise to the bright AGN or “quasar” period in

the evolution of galaxies (e.g., Kauffmann & Haehnelt 2000;
Di Matteo et al. 2005). Eventually, if BHs are present in the
center of both progenitor galaxies, they may coalesce. In such a
simple scenario, evolution in the BH mass–spheroid-luminosity
relation is not necessarily expected: both spheroid and BH grow
from the same gas reservoir, and bulge stars added to the final
spheroid followed the BH mass–spheroid-luminosity relation
prior to merging, so the relation will be preserved when the
BHs coalesce. However, while mergers provide a way to grow
both spheroids and BHs, they may do so on very different
timescales. Moreover, the merger history of galaxies varies,
depending, e.g., on formation time and environment. Different
types of merger, for example, with a different relative role of
dissipation (e.g., Hopkins et al. 2009a) have different effects on
the growth of spheroid and BH: for a gas-rich major merger
between an elliptical galaxy and a spiral galaxy—the latter

MBH

Lsph
⇠ MBH

Msph
⇠ (1 + z)1.4±0.2

MBH/Msph is 
already ~1.6 
times the local 
value at z~0.4 
i.e. ~4 Gyr ago.

Intriguingly no evolution when considering Total 
host luminosity.

Bennert+11



BH Mass & Radio Loudness
When BH mass estimates for samples of radiogalaxies and quasars are 
carefully checked ...
it turns out that there is no genuine radio-loud source with MBH < 108 M⊙

large spin is not the only condition for radio loudness, there is also 
condition on BH mass (MBH > 108 M⊙)

920 M. Chiaberge and A. Marconi

Figure 1. BH masses plotted against the radio-loudness parameter R for the
sample of LLAGNs. Yellow filled circles are FR Is, green filled triangles are
Seyferts, red squares are LINERs, yellow open hexagons are core galaxies
and green open stars are power-law galaxies (see text). The dotted line
shows the ‘standard’ RQ/RL division based on PG quasars (Kellermann
et al. 1989).

a forthcoming paper (Marconi et al., in preparation). See also Sec-
tion 4.4 for a short discussion about the impact of such a correction
on our results.

4 R ESULTS

4.1 Low-luminosity AGNs

In Fig. 1 we plot the estimated BH mass versus the radio-loudness
parameter, R, for the samples of nearby LLAGN. The properties of
the objects belonging to that sample are well defined, thus allowing
us to derive robust results. Most importantly, their nuclear emission
can be resolved by using the VLA and Hubble Space Telescope
(HST) for the radio and the optical bands, respectively. This allows
us a direct comparison between their faint nuclei and the nuclei of
powerful quasars, minimizing the contributions of the host galaxy
stellar emission (see Chiaberge et al. 2005). Seyferts are plotted
as triangles, power-law galaxies as stars, LINERs as squares, FR
Is as filled circles, core galaxies1 as empty circles and BLRGs as
pentagons.

The first piece of information that is important to bear in mind
is that at low AGN powers, the ‘separation’ between RQ and RL
nuclei occurs at a much higher value of the radio-loudness parameter
(Chiaberge et al. 2005; Sikora et al. 2007) than for powerful QSOs.
The reason for such a behaviour is still unclear. Sikora et al. (2007)
showed that such a separation is a function of the Eddington ratio

1 Core galaxies have luminosity profiles that rise steeply towards the centre,
then flatten at a certain ‘break radius’. Power-law galaxies, instead, have
profiles that rise steeply all the way to the HST resolution ∼0.1 arcsec
(Lauer et al. 1995).

Lo/LEdd. Therefore, it is possible that a change in the nuclear SED,
corresponding to, for example, a change in some of the physical
properties of the accretion disc, might result in a different value
of R for the transition between a jet-dominated AGN and a disc-
dominated AGN. However, a detailed analysis of this subject is
beyond the subject of this paper.

The dashed line at R = 2 in Fig. 1 is drawn with the purpose of
visually separating objects for which the optical emission is disc
dominated (RQ, left-hand side of the plot) from objects that are jet
dominated (RL, right-hand side of the plot). Note that BLRGs (blue
pentagons) are present in both sides of the plane. This is due to the
fact that BLRGs are objects seen at intermediate viewing angles
with respect to the jet direction (see e.g. Barthel 1989; Grandi
& Palumbo 2007). Therefore, most likely because of relativistic
beaming effects, in some of those objects the jet dominates the
optical emission, while in others the jet radiation is ‘debeamed’ and
the disc is bright enough to overshine the jet. Their location may
also be affected by variability. However, independently of their
location, it is clear that those are ‘intrinsically’ RL objects, i.e. they
do produce powerful relativistic jets, irrespective of the observed
dominant radiation source.

As already noted by Chiaberge et al. (2005), all RL LLAGNs
are associated with BH masses !108 M", while most of the RQ
population has lower BH masses. A similar result has been recently
found by Baldi & Capetti (2010). There seems to be a ‘region of
avoidance’, in the bottom right-hand part of the plot, as RL LLAGN
with small BH mass are absent.2 While it is clear that RQ AGNs
exist at all BH masses, the question is whether RL AGNs associated
with small BH masses exist at all.

Note the location of the Seyfert galaxy MCG-6-30-15 on the left-
hand side of the plane, at a BH mass of ∼6 × 106 (McHardy et al.
2005). This is an extremely important object, since it is probably the
most compelling example of maximally spinning SMBHs in AGNs
(e.g. Iwasawa et al. 1996; Miniutti et al. 2007). A high BH spin has
been often claimed to be the origin of radio loudness (Blandford
1990), but MCG-6-30-15 is RQ. However, the BH mass is at least
1 dex smaller than any RL AGN in these samples. This points
to the idea that the spin alone cannot give rise to radio loudness
and is consistent with the suggestion presented in this paper (see
Section 5).

4.2 QSOs

While it is clear that the above results hold for the selected (al-
though well-defined) sample of objects, the question is whether
it can be extended to larger samples of objects and for AGNs of
higher luminosity. In order to do so, in Fig. 2 we plot the samples
of QSOs described in Section 2.2. These are particularly important
samples, since relatively small BH virial masses ("108 M") have
been estimated in the literature for a significant fraction of objects.

2 For clarity, in Fig. 1 we plot only the detected nuclei. A number of objects
with upper limits to the optical emission are present among the core galaxies
and the LINER sample. However, all core galaxies in the Balmaverde sample
have BH mass !108; therefore, the exact value of R is irrelevant for the
purpose of this work. Only three LINERs with detected radio emission have
undetected optical nuclei. That is most likely explained as due to the high
surface brightness of the central region of the host galaxies (see e.g. the
discussion in Capetti et al. 2002). This leaves our conclusions unaltered.
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Figure 2. BH masses of QSO samples plotted against the radio-loudness
parameter R. Empty symbols refer to BH masses estimated with the
Vestergaard & Peterson (2006) formula. Filled symbols are radiation pres-
sure corrected masses from Marconi et al. (2008). Triangles, pentagons and
squares represent QSOs from the Gu et al., Oshlack et al. and McIntosh
et al. samples, respectively.

First, we recalculated the BH masses for all QSOs in those sam-
ples3 using the most updated formulae for virial mass estimates
derived by Vestergaard & Peterson (2006), and adopting the Wilkin-
son Microwave Anisotropy Probe cosmology (Hinshaw et al. 2009)
H0 = 71 km s−1 Mpc−1, !M = 0.27, !vac = 0.73. The results are
shown as open symbols in Fig. 2 [triangles, pentagons and squares
represent the Gu et al., Oshlack et al. and McIntosh et al. samples,
respectively]. Note that although the high-z sample of McIntosh
et al. (1999) is clearly biased against low BH masses, it is useful
to have it included in our analysis in order to show that RQ QSOs
are associated with both high and low BH masses and no physical
correlation between radio loudness and BH mass exists, as already
pointed out by various authors (e.g. Woo & Urry 2002b).

Although the number of objects with MBH < 108 M" is sig-
nificantly smaller than found in the above cited papers as a result
of the updated formulae we used in this paper, a few objects are
still present in the RL and small BH mass region of the plane (see
Fig. 2). Marconi et al. (2008, 2009) have recently pointed out that
for high-luminosity QSOs, the effects of radiation pressure on the
broad-line clouds (in particular for the hydrogen lines) should be
included in the BH mass estimate. We applied the most updated
corrections (Marconi et al., in preparation), and we calculated the
BH mass for all objects. The results are plotted as filled symbols in
Fig. 2. It is now clear that all QSOs in these samples, both RQ and
RL, have BH masses above a certain threshold, somewhere close to
108 M".

3 We have removed one object that was misclassified, i.e. the ‘double system’
PKS0114+074 (Akujor & Jackson 1992), and a few more for which the data
in the literature are incomplete or unreliable (none of those is associated with
BH masses smaller than 108 M").

Figure 3. BH mass versus radio-loudness parameter for the SDSS sample
of Rafter et al. (2009). The colour coding refers to bins of Hα luminosity,
which is used as a rough indicator of the AGN power. The long dashed
line indicates the Kellermann et al. (1989) separation between RQ and RL
QSOs. The diagonal dot–dashed line is used to guide the eye and follow the
change in RQ/RL division with AGN luminosity.

4.3 SDSS AGNs

We also want to check that larger samples of AGNs selected with
respect to their optical spectroscopic properties behave as the sam-
ples of AGNs discussed above. In order to do so, we consider the
sample from the SDSS published in Rafter et al. (2009). A number
of ‘RL’ AGNs associated with small BH masses have been found in
that sample. The BH masses were estimated using the Hα FWHM,
under the assumption that the optical continuum flux at 5100 Å is
indicative of the AGN luminosity. Note that this assumption may
not be true for the lowest luminosity objects, in which the stellar
emission from the host galaxy may dominate the optical flux at that
wavelength.

As already pointed out above, at low luminosities and for low
values of the Eddington ratio, the RQ/RL division occurs at or above
log R ∼ 2 (Chiaberge et al. 2005; Sikora et al. 2007); therefore, the
number of bona fide ‘RL’ AGN in the Rafter et al. sample should
be reconsidered taking into account the luminosity class of the
objects. In Fig. 3 we plot the BH mass versus radio loudness for the
subsample of AGNs detected in the radio band from Rafter et al.
(2009). We use a colour coding for different luminosity classes,
and we adopt the luminosity of the broad component of the Hα

emission line as a (rough) indicator of the AGN power. First of all,
we note that the most luminous AGNs (LHα ! 3 × 1043 erg s−1)
are all associated with large BH masses MBH ! 108 M". The
objects appear to be clustered in the RQ region (left-hand side), and
the peak of the AGN radio-loudness distribution appears to shift
from log R ∼ 2 for AGNs of very low Hα luminosities to log R ∼
1 at the highest luminosities. Assuming log R = 1 as the RQ/RL
threshold, the percentage of RL objects increases from ∼20 per cent
for objects with LHα > 1043 erg s−1 to 65 per cent in the luminosity
bin between LHα = 1041 and 1042 erg s−1. Even if we cannot infer

C© 2011 The Authors, MNRAS 416, 917–926
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Fig. 4.—Contour plot of the object (top panel ), object after subtraction of the PSF model (second from top), and residuals of the best fit (third from top). Scale
of contour plots is in arcseconds. Bottom panel: The radial surface brightness profile of the object ( filled points) and the fitted model (solid line) with components
( point source, dotted line; host galaxy, dashed line). The uncertainty in the radial surface brightness profile of the point source (PSF model) is about 0.1 mag at 0.500 and
0.3 mag at 1.200.

Host galaxies of luminous quasars at z ! 4 3625

Figure 2. The KS-band quasar images and the results of scaled quasar–PSF subtraction to produce residuals with monotonically declining radial luminosity
profiles. The top row shows the image of the quasar J131052.51−005533.2 (left), the stellar PSF extracted from within the same image (centre) and the
PSF-subtracted monotonically declining host-galaxy residual (right). The second row shows the same information for the quasar SDSS J144617.35−010131.1
with its associated on-image stellar PSF. The bottom row shows the effect of performing a control experiment, applying the same analysis to two stellar PSFs
drawn from the same science image (left and centre) with the resulting residual from scaled PSF–PSF subtraction, again designed to produce a monotonically
declining residual (right). All panels are 12 × 12 arcsec.

Table 2. KS-band photometry of the quasar host galaxies as derived from the
scaled PSF-subtracted residuals. Column 1 gives the source name. Column
2 gives the measured 4-arcsec diameter aperture magnitude with associated
total error. Columns 3, 4 and 5 list the contributions to this total error
provided by uncertainty in sky background, from PSF mismatch and from
uncertainty in the precise level of PSF subtraction required to produce
the desired minimum residual image with a monotonically declining radial
luminosity profile.

Source KS(mag) δK back δK PSF δK sub

SDSS J131052.51−005533.2 19.42 ± 0.17 0.07 0.15 0.03
SDSS J144617.35−010131.1 20.51 ± 0.29 0.12 0.26 0.07

in Fig. 4 which shows how reduced χ2
ν changes as half-light radius

is varied, for different alternative fixed values of Sérsic index n. It
can be seen that minimum χ2

ν is achieved at essentially the same
length-scale for each of the three alternative values of n adopted
(n = 2.5, 1, 4), but that the best quality of fit achieved is essentially
independent of n. Measurements of raw χ2 stepping through fixed
half-light radii return model parameter uncertainties, with 1σ errors
derived from a %χ2 = 1 range in the plot (shown in Table 3). We
conclude that we can say nothing about whether the host galaxies of
these luminous z ! 4 quasars are dominated by discs or spheroids,
but are reassured that our data are of sufficient quality to constrain
their scalelengths and luminosities.

C© 2012 The Authors, MNRAS 420, 3621–3631
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MBH-galaxy relations at high z (>1)
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imaging (~R band rest 
frame), and host galaxies 
classified as ellipticals.

As in previous 
studies,evolution is found 
after accounting for 
passive evolution.

At z~3 MBH/Msph is ~7 
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2456 R. Decarli et al.

Figure 1. The MBH–Lhost and MBH–Mhost relations in three different redshift bins. Squares (triangles, circles) mark quasars in which MBH is derived from
Hβ (Mg II, C IV). The reference (solid) line is the Bettoni et al. (2003) relation (upper panels) or the MBH/Mhost = 0.002 case (lower panels). The dotted line
is the best fit to the data, assuming the same slope of the rest-frame relations. No significant redshift evolution is observed when comparing MBH with the
observed host galaxy luminosities. On the other hand, a clear offset is apparent in the MBH–Mhost relationship as a function of the redshift.

Figure 2. The redshift dependence of MBH (top panel), Mhost (middle
panel) and their ratio " (bottom panel). The symbol code follows Fig. 1.
The best linear fits are plotted. The average points with rms as error bars of
the Hβ subsample (big square), of the low- and high-z C IV data (big circles)
and of the Mg II data with redshift <1 and >1 (big triangles) are also shown.

Figure 3. The redshift dependence of " for RLQs (top panel) and RQQs
(bottom panel) separately. The symbol code is the same as in Fig. 2. The
number of objects in each subsample is also provided in parenthesis.

C© 2010 The Authors. Journal compilation C© 2010 RAS, MNRAS 402, 2453–2461

2456 R. Decarli et al.

Figure 1. The MBH–Lhost and MBH–Mhost relations in three different redshift bins. Squares (triangles, circles) mark quasars in which MBH is derived from
Hβ (Mg II, C IV). The reference (solid) line is the Bettoni et al. (2003) relation (upper panels) or the MBH/Mhost = 0.002 case (lower panels). The dotted line
is the best fit to the data, assuming the same slope of the rest-frame relations. No significant redshift evolution is observed when comparing MBH with the
observed host galaxy luminosities. On the other hand, a clear offset is apparent in the MBH–Mhost relationship as a function of the redshift.

Figure 2. The redshift dependence of MBH (top panel), Mhost (middle
panel) and their ratio " (bottom panel). The symbol code follows Fig. 1.
The best linear fits are plotted. The average points with rms as error bars of
the Hβ subsample (big square), of the low- and high-z C IV data (big circles)
and of the Mg II data with redshift <1 and >1 (big triangles) are also shown.

Figure 3. The redshift dependence of " for RLQs (top panel) and RQQs
(bottom panel) separately. The symbol code is the same as in Fig. 2. The
number of objects in each subsample is also provided in parenthesis.

C© 2010 The Authors. Journal compilation C© 2010 RAS, MNRAS 402, 2453–2461

Decarli+2009
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Figure 1. Examples of SED decompositions. Black circles are rest-frame fluxes corresponding to the 14 bands used to constrain the SED of each object. Purple and
blue lines correspond respectively to the galaxy and the AGN template found as best-fit solution through the χ2 minimization for the BC03 template set (red and dark
green for the P07 one), while the black line shows their sum (dark gray for P07 total). Pink and cyan dotted lines show the range of allowed SED from the BC03
template library within 1σ of the best-fit MK measure, and light gray their sum. For one objects (VIMOS IDs 834988) our fitting procedure returns only an upper limit
for the galaxy rest-frame K-band magnitude (overall 10/89); in this case we only plot the AGN spectral component. The inset in each panel shows the normalized
probability distribution, P = exp (−χ2

red/2), for the rest-frame K-band absolute magnitude of the host galaxy, with the solid vertical line marking the best-fit value
and the dashed lines the 1σ uncertainties. The red vertical line marks instead 5% of the K-band magnitude of the AGN component. The full set of images of SED
decomposition can be found at http://www.mpe.mpg.de/∼am/plot_sed_all_rev.pdf

the parameter associated with the highest possible value of MK
within the uncertainty. Finally, whenever we decide that only
an upper limit can be meaningfully associated with the K-band
luminosity of the host galaxy, we assign an upper limit to the
object’s total stellar mass adopting the median mass-to-light
ratio of all other objects in the sample (this corresponds to
adopting the following relation between the logarithm of the
total stellar mass and MK for the upper limits in the sample:
logM∗ = −0.55 − 0.4(MK − 3.28), see Section 3.2). In total,
for 10/89 objects we can provide only upper limits for the host-
galaxy SED component (and thus for MK and M∗).

3.1. Rest-frame K-band Luminosities

We are mainly interested here in determining the total mass
of the host. It is generally believed that local scaling relations

apply only when the bulge/spheroid component of the host
galaxy is considered (Kormendy & Gebhardt 2001; but see the
recent works of Kim et al. 2008; Bennert et al. 2009, for a
different view); however, reliable bulge-disk decomposition for
our AGN hosts are problematic and will not be considered here;
we will briefly discuss the implications of this issue later, in
Section 6.1. In most of the objects of the sample the nuclear
AGN emission dominates the emission in all optical bands, and
the constraints on the host-galaxy emission are derived mostly
in the wavelength range where the AGN SED has a minimum,
around 1.2 µm, (Elvis et al. 1994; Richards et al. 2006). This is
close to the rest-frame K band, which is itself a good (i.e., such
that the mass-to-light ratio in the K band has a 1σ scatter of about
0.1 dex) indicator of total mass (see, e.g., Madau et al. 1998;
Bell et al. 2003). We thus proceed in two steps: we first try and
constrain the rest-frame K band magnitude of the AGN hosts,
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Fig. 7.— Black hole mass host stellar mass relation for zCOSMOS type–1 AGN in the redshift range

1 < z < 2.2. Symbols with leftwards arrows represent upper limits on the host mass. The black

solid line is the best fit to the Häring & Rix (2004) local spheroids sample relation, with dashed

lines marking a ±0.3 dex offset. Red arrows represent the direction of evolution of the points in the

MBH-M∗ plane in 300 Myr on the basis of their instantaneous accretion- and star formation-rates

and an AGN duty-cycle estimated from the amplitude of the corresponding luminosity and mass

functions (see text for details).
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Figure 1. Black-hole–host galaxy (corresponding to the spheroid mass for
these systems) mass relationship for SMGs and other systems (as indicated).
SMGs (circles) cannot lie a factor ≈ 4–6 above the local relationship (as found
for z ≈ 2 quasars and radio galaxies; Peng et al. 2006; McLure et al. 2006)
without overproducing the local black-hole mass density; see §4 for discussion.
The solid square indicate where X-ray luminous broad-line SMGs would lie,
assuming that the average CO dynamical mass represents the spheroid mass
in these systems, and shows that this subset of the broad-line SMG population
could be more evolved than typical systems. The solid bar indicates how the
SMBH masses for the SMGs varies depending upon the assumed Eddington
ratio (η). This figure is taken from Alexander et al. (2008); see §5 of that
paper for further details.

Borys et al. (2005) is 2×1011 M!; here we only consider the six z > 1.8 SMGs in
Borys et al. (2005) that do not have UV or near-IR excess emission over that ex-
pected from stars, giving a value ≈ 2 times lower than estimated by Borys et al.
(2005). The stellar-mass estimate is slightly higher than the masses estimated
from CO and Hα dynamics, and may be more representative of the overall mass

SMG (SubMm Galaxies, high z analogs of ULIRGs with typical 
SFR ~ 1000 M⊙/yr) seem to have smaller BHs compared to host spheroid 
w.r.t. quasars at similar redshifts.
With typical virial BH masses, ≈ 6 ×107 M⊙, SMGs appear to be in a phase 
of rapid BH growth.

Alexander+08,+09

Local Value

QSOs

SMGs



4

Figure 1. Black-hole–host galaxy (corresponding to the spheroid mass for
these systems) mass relationship for SMGs and other systems (as indicated).
SMGs (circles) cannot lie a factor ≈ 4–6 above the local relationship (as found
for z ≈ 2 quasars and radio galaxies; Peng et al. 2006; McLure et al. 2006)
without overproducing the local black-hole mass density; see §4 for discussion.
The solid square indicate where X-ray luminous broad-line SMGs would lie,
assuming that the average CO dynamical mass represents the spheroid mass
in these systems, and shows that this subset of the broad-line SMG population
could be more evolved than typical systems. The solid bar indicates how the
SMBH masses for the SMGs varies depending upon the assumed Eddington
ratio (η). This figure is taken from Alexander et al. (2008); see §5 of that
paper for further details.

Borys et al. (2005) is 2×1011 M!; here we only consider the six z > 1.8 SMGs in
Borys et al. (2005) that do not have UV or near-IR excess emission over that ex-
pected from stars, giving a value ≈ 2 times lower than estimated by Borys et al.
(2005). The stellar-mass estimate is slightly higher than the masses estimated
from CO and Hα dynamics, and may be more representative of the overall mass

4

Figure 1. Black-hole–host galaxy (corresponding to the spheroid mass for
these systems) mass relationship for SMGs and other systems (as indicated).
SMGs (circles) cannot lie a factor ≈ 4–6 above the local relationship (as found
for z ≈ 2 quasars and radio galaxies; Peng et al. 2006; McLure et al. 2006)
without overproducing the local black-hole mass density; see §4 for discussion.
The solid square indicate where X-ray luminous broad-line SMGs would lie,
assuming that the average CO dynamical mass represents the spheroid mass
in these systems, and shows that this subset of the broad-line SMG population
could be more evolved than typical systems. The solid bar indicates how the
SMBH masses for the SMGs varies depending upon the assumed Eddington
ratio (η). This figure is taken from Alexander et al. (2008); see §5 of that
paper for further details.

Borys et al. (2005) is 2×1011 M!; here we only consider the six z > 1.8 SMGs in
Borys et al. (2005) that do not have UV or near-IR excess emission over that ex-
pected from stars, giving a value ≈ 2 times lower than estimated by Borys et al.
(2005). The stellar-mass estimate is slightly higher than the masses estimated
from CO and Hα dynamics, and may be more representative of the overall mass

4 5 6

MBH-galaxy relations vs z

Alexander+08

Local Value

QSOs

SMGs

Merloni et al.

Bennert+09

Quasar at z~6.4
(Willot+03, Walter+09)

Maiolino 2009, 
Lamastra+2010
Targett+2012

Overall, with few 
exceptions (SMG), 
BH growth seems to 
precede bulge growth.

Decarli+09



The black hole–stellar mass relation 35

Figure 5. The predicted evolution of the BH to stellar mass ratio ! (normalized to the local value, see equation 1) is shown in Panels A and B for AGNs in
SMG-like galaxies selected from our Monte Carlo simulation according to the criteria (i) and (iii) (see text). The five filled contours correspond to equally
spaced values of the fraction of objects with a given value of !(z) at the considered redshift: from 0.01 for the lightest filled region to 0.1 for the darkest.
Panels A and B refer to the different selection in X-ray luminosity of the AGNs shown on the top of the panels. We compare with data for SMGs with X-ray
obscured AGNs (Panel A) and with BL AGNs (Panel B) in the same luminosity range adopted for the selection of model galaxies. The data correspond to
individual galaxies for which both BH and stellar or dynamical masses measurements were available in the literature (see Appendix B). The error bars in the
Panel A show only the uncertainties in the data due to the adopted Eddington ratio λ, while error bars on Panel B include the observational uncertainties in
both the BH and the stellar mass measurements. We also show as a shaded area the 1σ uncertainty region around the value of ! obtained by Alexander et al.
(2008) from average BH (adopting λ = 0.2) and stellar masses (obtained from near-infrared luminosity and CO line widths) taken from various samples (see
Alexander et al. 2008 and references therein). Note that the extremely gas-rich galaxies selected as SMGs represent rare evolutionary paths (see text for the
computed and the observed number densities) compared to typical galaxies at such redshifts. The statistical fluctuations associated with the low number of
selected SMGs in our model reflects in the irregular contours and the isolated bins shown in the figure.

The resulting predicted distribution of the MBH/M∗ ratio is shown
in Figs 5(a) and (b) for SMG with AGN luminosity in two different
ranges (see caption) as to compare with the ! estimates of six X-ray
obscured and three BL SMGs for which individual estimates of MBH

and M∗ were available in the literature (see Appendix B for details
on the adopted data). Although the comparison with observations
results are still indicative (due to the large uncertainties associated
with the Eddington ratios and with the measurements of both the BH
and the stellar mass, see Appendix B), the model predicts for bulk
of the SMG population values of ! ≤ 1, due to the slower growth of
BHs at high redshifts. This is due to the particular merging histories
corresponding to our selection criteria; large residual gas fractions
at z ≈ 2.5 imply less frequent high-redshift encounters at z ≥ 4
and less effective bursts and BH accretion episodes at these early
epochs. Since in our model the high-redshift interactions are the
only trigger for early BH growth, this results in lower values of
!(z) at later times (z = 2–3). Such results do not depend on the
details of the selection criteria (i) and (ii) that we adopted to extract
SMG-like galaxies from our Monte Carlo simulations. Indeed, we
have verified that adopting different thresholds for the gas fractions
(f gas ≥ 0.6) and star formation rates (up to 400 M% yr−1) the fraction
of galaxies with ! < 1 is always dominant.

It must be noted that the observed SMG at z = 2 in the right-hand
panel of Fig. 5 has a ! value much lower than that predicted by the
model at the same redshift. In view of the unavoidable uncertainties
affecting the present observational data (discussed in Appendix B),
it will be important to confirm the reliability and the statistical sig-
nificance of such a data point as a marker of the unobscured AGNs
in SMGs, since it would constitute a severe test for our model which
predicts a basically similar behaviour of !(z) for obscured and un-
obscured AGNs. On the other hand, the predicted distribution of
! for SMG-like galaxies shows a mild dependence with the AGN

luminosity, being larger for luminous AGN. Although the uncertain-
ties in present data do not allow yet to make precise comparisons,
this trend constitutes a model prediction which is at least consistent
with estimates of ! based on average values for MBH and M∗ in
SMG galaxies (see the shaded area).

An interesting feature of our interaction-driven model for BH
accretion is that the SMGs produced by the model end up in low-
redshift descendants which lie below the local MBH–M∗ relation as
shown in Fig. 6. In other words, the low-redshift (z ≤ 2) descendants
of SMGs are predicted to have BHs with low-intermediate masses

Figure 6. Typical growth paths for BH and stellar masses for our model
SMG-like galaxies. The dots represent the final location (at z = 0) of the
descendents of SMG-like galaxies selected according to our criteria (i) and
(iii) (see text) in the redshift range 2 ≤ z ≤ 3. The dashed line represent
the median value of the local MBH–M∗ relation for all model galaxies at
z = 0.
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with ! ≈ 5 holding at z = 5–6. These ! values are consistent with the
observations of luminous QSO at 3.6 < z < 6.4 (see Appendix A).

4.2 The BH growth at intermediate-redshift and BL AGNs

Now, we focus on BL AGNs at intermediate redshift 1 ≤ z ≤ 2
and AGN bolometric luminosity L ≥ 1044.5 erg s−1, for which the
model results can be compared with detailed existing observations.
Such objects are expected to form in less biased regions of the
primordial density field compared to the class of high-redshift QSO
discussed in the previous section; in fact, they have a comparable
AGN luminosity but are found at a lower redshifts, and thus are
expected to originate from merging histories characterized by a
lower rate of high-redshift encounters. Therefore, according to our
picture discussed at the end of Section 3, we expect such objects to
show a lower excess !(z). This is indeed the case, as illustrated in
Fig. 4, where we compare the model predictions with observations
by Merloni et al. (2010).

The distribution of ! for such intermediate objects is still dom-
inated by ! ≥ 1 at any redshift; the model predicts typical values
! ≈ 1.5–2, smaller than those attained by the high-redshift QSO
shown in Fig. 3, and consistent with the observational range. Be-
sides providing an average ! close to the observational value, it is
interesting to note how the model predicts a scatter in remarkable
agreement with the observed distribution (see right-hand panel in
Fig. 4). This indeed constitutes an extremely important test for mod-
els based on the hierarchical scenarios, since the scatter is directly
related to the spread in the merging histories of the host galaxies, a
specific prediction of these models which cannot be tuned though
adjustable free parameters.

Note that the model predictions shown in Fig. 4 refer to all AGNs
in the redshift and luminosity ranges specified above, while the data
we compare with include only unobscured objects. However, in
our model the obscuration properties of AGNs depend only on the
amount of gas swept by the blast wave originated by the AGN

at the time of observation (see Section 2.3), i.e. on the detailed
hydrodynamic of the interstellar medium during the last, short ("t !
5 × 107 yr) AGN active phase. Since the ! ratios of model BHs
basically depend on the integrated, past history of the simulated
BHs and host galaxies, we expect distribution of ! for obscured
and unobscured AGNs to be similar. While we cannot perform
an exact investigation of this issue (we do not model the nuclear
obscuration of AGNs), a first-order estimate of the effect of selecting
only obscured objects can be performed by considering in our model
only AGNs hosted in galaxies with high gas surface densities #gas ≥
30 M& pc−2: even in this case the mean value of ! in the distribution
in Fig. 4 is only decreased by a factor of ≈1.2, leaving the scatter
unchanged.

4.3 The growth of BHs in gas-rich galaxies: comparison
with submm emitting galaxies

In our model, a completely different set of BH accretion histories
is that corresponding to AGNs in SMGs. Their large gas fractions
(f gas " 0.6 relative to the total baryonic mass) and star formation
rate (ṁ∗ = 100–1000 M& yr−1, see the Introduction) indicate that
these galaxies originate from merging histories characterized by
less prominent high-redshift (z " 4) starbursts and BH accretion
episodes, so that a large fraction of gas is left available at lower
redshifts z ≈ 2–3. To compute quantitatively the predicted MBH and
M∗ for such galaxies and to compare with existing observations,
we selected from our Monte Carlo simulations galaxies with (i) gas
fractions f gas ≥ 0.7, (ii) star formation rates ṁ∗ ≥ 100 M& yr−1;
(iii) AGNs with X-ray luminosities L1 ≤ L ≤ L2, where L1 and
L2 have been chosen as to match the selection criteria adopted for
the observations we compare with (Borys et al. 2005; Alexander
et al. 2008); the X-ray luminosities (in the band 2–10 keV) have
been computed from the bolometric luminosities in equation (4)
adopting the bolometric correction by Marconi et al. (2004).

Figure 4. Left-hand panel: the predicted evolution of the BH to stellar mass ratio ! (normalized to the local value, see equation 1), for AGNs selected as to
have a bolometric luminosity L ≥ 1044.5 erg s−1 at 1 ≤ z ≤ 2. The four filled contours correspond to equally spaced values of the fraction of objects with a given
value of !(z) at the considered redshift: from 0.01 for the lightest filled region to 0.1 for the darkest. The data points represent the excess ! derived from the BH
masses of the COSMOS BL AGN measured by Merloni et al. (2010). Note that the bulk of the BH building up occurred at higher redshift, when most of the
galaxy interactions triggering the BH accretion take place: the slow evolution !(z) for 1 ≤ z ≤ 2 is driven by the gradual and much milder growth of the stellar
mass. Right panel: the distribution of log ! for all galaxies in the redshift range 1 ≤ z ≤ 2 for model galaxies (solid line) is compared with the corresponding
observed distribution (Merloni et al. 2010, filled histogram). The latter has been obtained including the lower limits shown in the left-hand panel. The average
value and the dispersion for log ! shown on the top refer to the observed distribution, these values are nearly insensitive to the exclusion of the lower limits.
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Figure 2. Top panel: we show the star formation histories for a subset of
model galaxies. All histories have been normalized to unity when integrated
over cosmic time, to make easier the comparison, such a normalization
defines the units of the y-axis. Bottom panel: the BH mass accretion histories
for the same model galaxies, normalized as above. The chosen subset of
galaxies in our Monte Carlo simulation is the same adopted to illustrate the
paths in the MBH–M∗ plane in Fig. 1.

At high redshifts z ! 3, the rapid interactions characterizing
the dense environment of such galaxies are effective in rapidly
destabilizing the galactic gas and in feeding the central BHs. In
fact, in such environments and cosmic times, both the interaction
rate in equation (2) and the fraction of destabilized gas (equation 3)
are large; the first, due to the large densities, and the second due to
the large ratio m′/m ≈ 1 (i.e. a mass m′ of the merging partner close
to the mass m of the main progenitor) characteristic of this early
phase (z ! 3) when galaxy interactions mainly involve partners with
comparable mass. The frequent starbursts in star formation and the
corresponding episodes of BH mass accretion at this early cosmic
times are shown in Fig. 2.

At lower z, the decline of the interaction rate and of the destabi-
lized fraction f acc suppresses the growth of BHs which in our model
is only due to galaxy interactions (see the drop in the BH accretion
episodes in the bottom panel of Fig. 2), while quiescent star forma-
tion still proceeds, as is shown by the smooth component in the star
formation histories in the top panel of Fig. 2. The latter, quiescent
component of star formation continues to build up stellar mass at
z " 2 (though at a milder rate), thus lowering the MBH/M∗ ratio.
The overall result is that, when the MBH/M∗ ratio is normalized to
the final local value, the excess !(z) increases with redshift.

Note that the above result is the outcome of two physical pro-
cesses: (1) the approximately two-phase growth of cosmic structures
(with major merging at high redshifts and accretion of small clumps
at low z) characteristic of hierarchical scenarios, as noted by sev-
eral authors (e.g. Zhao et al. 2003; Diemand, Kuhlen & Madau
2007; Hoffman et al. 2007; Ascasibar & Gottlöber 2008); (2) the
interaction-driven scenario for the triggering of AGN activity.

In the above picture, we expect the paths with !(z) ≥ 1 to dom-
inate the growth histories of massive objects, formed in biased
regions of the density field where high-redshift interactions are ex-
tremely effective, while we expect the high-redshift values of ! to
progressively lower when galaxies formed in less dense environ-
ment (and hence with a lower mass on average at any given z) are
considered, due to the progressively lower efficiency of interactions
in triggering BH accretion at high z. Indeed, the dependence of the
above effect on BH mass and on redshift constitutes a typical sig-
nature of the above interaction-driven model for the growth of BHs
in galaxies.

4 R E S U LT S : TH E E VO L U T I O N O F MBH−M∗
FOR DI FFERENT AGN POPULATI ONS

4.1 The early BH growth and high-redshift QSO

An efficient way to test the above scenario is to investigate how the
paths followed by BHs and by their host galaxies to reach the local
MBH–M∗ relation depend on their properties (mass, gas fraction and
star formation rate), and to compare such specific predictions with
the corresponding available observations for which we will use the
mean local value of the MBH/M∗ ratio obtained from the Häring &
Rix (2004) sample to calculate !. We will devote the next sections
to this.

To explore in detail the growth of BHs in galaxies with different
properties, we start with the most extreme objects, namely, the
massive BH already in place at high redshifts.

The time evolution of the MBH/M∗ ratio of such extreme objects
is shown in Fig. 3 in terms of the excess !(z) over their local value
for model BHs with masses MBH ≥ 109 M% at z ≥ 4. For such
objects, !(z) ≥ 1 holds at any time between z = 6 and the present,

Figure 3. The predicted evolution of the BH to stellar mass ratio ! (nor-
malized to the local value, see equation 1), for the evolution of BHs with
masses MBH ≥ 109 M% at z ≥ 4. The six filled contours correspond to
equally spaced values of the fraction of objects with a given value of !(z)
at the considered redshift: from 0.01 for the lightest filled region to 0.1 for
the darkest. For reference we draw as a dashed line the local value !(0) =
1. The data points represent the excess ! derived from the observed BH
masses of the high-redshift BL AGN following the procedure described in
Appendix A.
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Errors or selection effects?
Difference with observations possibly due to biases (Portinari+12):

Quasar host galaxies in peculiar phase of evolution
Difficult decomposition in bulge/disk, use all galaxy light
Luminous quasars trace overmassive BH for MBH-L relation (Lauer+07)
Observational errors on BH masses introduce bias (Shen & Kelly 10) 
→ sample is skewed towards apparently larger masses

MBH-L /Mstar relation might show little evolution after all
On the black hole–host relation in quasars 739

Figure 6. Evolution with redshift of the relation between the BH mass and the host luminosity in SAM quasar hosts, compared to observations (Decarli et al.
2010a,b; dots) in three redshift bins. The light (green) straight line is the local relation at z = 0 (Bettoni et al. 2003), extended with a thin line at magnitudes
brighter than MR = −24. Top panels: actual SAM quasar hosts; bottom panels: convolving SAM predictions with observational errors (1σ ) of 0.3 mag in
MR(host) and 0.4 dex in log(MBH).

We find that it is the error on BH masses, rather than on host
luminosities, that has the main impact in altering SAM predictions.
This effect was discussed by Shen & Kelly (2010; see also Shen
et al. 2008; Kelly, Vestergaard & Fan 2009): observational errors on
measured BH masses, combined with the steep end of the BH mass
function, introduce a Malmquist-type bias that skews the sample
towards much larger apparent BH masses. We shall refer to this
as the Shen–Kelly bias. An analogous Malmquist-type bias at the
bright end of the galaxy luminosity function has proved to help
to account for the stellar mass function of high-z galaxies in the
hierarchical scenario (Fontanot et al. 2009, and references therein).

The evolution of the BH mass–luminosity relation, in terms of
brightening with redshift at a given BH mass, is illustrated in Fig. 7.
The left-hand panel shows the ‘real’ evolution in the SAM: the
global galaxy population gets steadily brighter at increasing red-
shift, and quasar hosts are predicted to be much brighter at any red-
shift. The overluminosity depends on the BH mass: around MBH "
109 M# – the most interesting BH mass range for comparison with
the data set of Decarli et al. (2010a,b) – the offset is 0.7–1 mag,
increasing to almost 2 mag at lower BH masses around MBH "
108 M#.

In the right-hand panel we show the results after error convolu-
tion: while the evolution of objects around 108 M# is marginally
affected, the scenario drastically changes at the high-mass end: for
(apparent) BH masses of 109–109.5 M#, SAMs are consistent with
no evolution within the errors and become compatible with obser-
vational results.

Altogether, the combined effect of Lauer bias and Shen–Kelly
bias allows SAMs to compare successfully to the observational
results. Note that both biases, acting at the massive/luminous end,
produce a steepening in the slope of the BH mass–host luminosity
(or host mass) relation: the apparent slope is about 1.5 dex mag−1.

Future observational investigations of the apparent slope, extending
to QSOs of lower BH mass, will be a useful test for the models.

5 TH E M A S S F U N C T I O N O F Q S O s

In the previous sections, we have seen how statistical biases dom-
inate the interpretation of the observed evolution of the BH mass–
host relation. Even with the ‘aid’ of bias effects, though, Fig. 6
suggests that the SAMs hardly reach the most massive BH ob-
served in the high-redshift samples. Since the extent of the biases
strongly depends on the luminosity/mass function of galaxies and
BH at the high-mass end, we discuss in this section the observa-
tional constraints on the mass function of QSOs. In particular, we
consider whether the lack of a massive BH in the SAM is just a
statistical limit, simply due to the fact that very massive quasars are
too rare objects to be included in the simulation volume.

The Millennium Simulation follows a comoving box of size
500 h−1 = 685 Mpc; from the mass function of quasars (Vestergaard
& Osmer 2009), in such a volume we expect about 10 active nuclei
with 109.5 < MBH < 1010 M# at redshift 2 < z < 3, while none
is obtained in the simulations – not only considering the selected
quasar host galaxies, but even in the global galaxy population. The
left-hand panel in Fig. 8 shows the number of expected active nuclei
as a function of mass and redshift (thick histogram), compared to
those obtained in the SAM. The excess of low-mass QSOs in the
SAM might depend on the details of our selection criterion, or to the
incompleteness of the observed QSO mass function below 109 M#
(Kelly et al. 2010). More important for us here is the clear lack of
quasars more massive than 109 M# at high redshift, independent
of our selection criteria – as it is confirmed looking at the global
galaxy population.
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MBH-σ & MBH-L: high mass end?

holes could help increase MBH and further steepen the MBH–s and
MBH–L relations.

Black holes in excess of 1010M8 are observed as quasars in the early
Universe, from 1.4 3 109 to 3.3 3 109 yr after the Big Bang2 (redshift,
z 5 2–4.5). Throughout the last 1.0 3 1010 yr, however, these extremely
massive black holes have not been accreting appreciably, and the average
mass of the black holes powering quasars has decreased steadily. Quasar
activity and elliptical galaxy formation are predicted to arise from
similar merger-triggered processes, and there is growing evidence that
present-day massive elliptical galaxies once hosted the most-luminous
high-redshift quasars21. However, definitive classification of these
quasars’ host galaxies has remained elusive.

Our measurements of black holes with masses of around 1010M8 in
NGC 3842 and NGC 4889 provide circumstantial evidence that BCGs
host the remnants of extremely luminous quasars. The number density
of nearby BCGs (,5 3 1026 Mpc23) is consistent with the number
density of black holes (,3 3 1027 to 1025 Mpc23) with masses
between 109M8 and 1010M8 predicted from the MBH–L relation
and the luminosity function of nearby galaxies. Furthermore, both
quantities agree with predictions based on the black-hole masses and
duty cycles of quasars. The black-hole number density predicted from
the MBH–s relation, however, is an order of magnitude less than the
inferred quasar population14,22. These two predictions can be reconciled
if the MBH–s relation has upward curvature or a large degree of intrinsic
scatter in MBH at the high-mass end, as suggested by our new measure-
ments. With improvements in adaptive optics instrumentation on
large optical telescopes and very-long-baseline interferometry at radio
wavelengths, black holes are being sought and detected in increasingly
exotic host galaxies. Along with our measurements of the black-hole

masses in NGC 3842 and NGC 4889, future measurements in other
massive galaxies will quantify the cumulative growth of supermassive
black holes in the Universe’s densest environments.
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Figure 3 | Correlations of dynamically measured black hole masses and bulk
properties of host galaxies. a, Black-hole mass (MBH) versus stellar velocity
dispersion (s) for 65 galaxies with direct dynamical measurements of MBH. For
galaxies with spatially resolved stellar kinematics, s is the luminosity-weighted
average within one effective radius (Supplementary Information). b, Black-hole
mass versus V-band bulge luminosity, LV (L8,V, solar value), for 36 early-type
galaxies with direct dynamical measurements of MBH. Our sample of 65
galaxies consists of 32 measurements from a 2009 compilation9, 16 galaxies
with masses updated since 2009, 15 new galaxies with MBH measurements and
the two galaxies reported here. A complete list of the galaxies is given in
Supplementary Table 4. BCGs (defined here as the most luminous galaxy in a
cluster) are plotted in green, other elliptical and S0 galaxies are plotted in red,
and late-type spiral galaxies are plotted in blue. The black-hole masses are

measured using the dynamics of masers (triangles), stars (stars) or gas (circles).
Error bars, 68% confidence intervals. For most of the maser galaxies, the error
bars in MBH are smaller than the plotted symbol. The solid black line in a shows
the best-fitting power law for the entire sample: log10(MBH=M8) 5
8.29 1 5.12log10[s/(200 km s21)]. When early-type and late-type galaxies are
fitted separately, the resulting power laws are log10(MBH=M8) 5
8.38 1 4.53log10[s/(200 km s21)] for elliptical and S0 galaxies (dashed red line)
and log10(MBH=M8) 5 7.97 1 4.58log10[s/(200 km s21)] for spiral galaxies
(dotted blue line). The solid black line in b shows the best-fitting power law:
log10(MBH=M8) 5 9.16 1 1.16log10(LV=1011L8). We do not label Messier 87
as a BCG, as is commonly done, because NGC 4472 in the Virgo cluster is
0.2 mag brighter.
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Summary on MBH-galaxy z evolution
There seems to be a consensus on the evolution of the MBH/Msph ratio 
from 0 to high z: at high z MBH is larger than local value for a given Msph

NB: possible problems in MBH and measurement of host galaxy 
Msph is stellar mass: bulge growth in stars is lagging behind BH growth
MBH/Mdyn has not been studied yet for obvious difficulties in 
determining the host galaxy dynamical mass (wait for ALMA!); for 1 
(one) object at z~1.3 MBH/Mdyn is roughly equal to the local value 
(Inskip+2011)
Obviously is Mdyn which determines the capability of the galaxy to 
retain its gas under the effect of AGN feedback.

There are hints that MBH/Mtotal might not vary (Bennert+2009, Jahnke
+2009) or vary less  (Peng+2006, Merloni+2010) at z<1-1.5 compared to 
MBH/Mbulge; this is not true at higher redshift (quasars of Peng+2006). 

Are most stars in AGN hosts formed at z>1.5 during, eg merging 
processes, and then redistributed to form the bulges through secular 
processes? 
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