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Correlations BH - host spheroid


Kormendy & Richstone (1995) suggest MBH vs  LB,spher


Magorrian at al. (1998) find MBH and Mspher (“Magorrian” relation)

- Low resolution ground based data

- Most mass estimates overestimated (2-I models)

When it all started

Kormendy & 
Richstone 1995

Magorrian at al. 1998



When it boomed

Two groups independently 
find tight relation MBH vs σ 

Big and hot debate about the 
slope MBH ~ σ5 (FM00) and 
MBH ~ σ4 (G00)


Ferrarese & Merritt 2000

Gebhardt et al. 2000

MBH-LB

MBH-LB MBH-σ

MBH-σ
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Figure 3.5: The tight correlation between MBH and �e for the whole sample. Di↵erent
colors denote di↵erent subsets. Red points are not included in the regression (see App. C).
Two of the largest outliers are labeled. The dashed lines are 1 time the intrinsic scatter,
which is printed on the plot together with the Spearman’s correlation coe�cient (c and r,
respectively).
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(a) MBH -LK relation. (b) MBH -LV,gal relation.

(c) MBH -Mbul relation. (d) MBH -Re relation.

Figure 3.6: Monovariate scaling relations between SMBHs and host galaxies of Tab. 3.5,
with the exception of MBH -�e (which is shown in Fig. 3.5) and MBH -LV . Symbols are
the same as in Fig. 3.5. All these correlations are well established. Only LV,gal correlates
poorly with MBH .

Over 100 mass estimates  
(stars, gas, masers)

Differences among galaxy types (early, 
spirals, pseudo bulges …)

Many correlations of MBH  
(vs σ, L, R, n, DM Halo, GCs …)

Review by Kormendy & Ho 2013

De Nicola, AM, Longo 2018



What’s new since 2000?
BH mass measurements


How? Uncertainties? Open problems?

Are they really BHs?


Which relations are real?

Real, observational effects or biases?

Physical meaning?

What about the Fundamental plane of spheroids?


Redshift evolution and origin of these relations?

problems in measuring BH masses (and galaxy properties) at high 
redshifts
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Solid evidence for central ‘dark’ (i.e. non-stellar) mass concentrations in about 80 
nearby galaxies has emerged over the past two decades (e.g. Magorrian 1998, Kormendy 
2004, Gültekin et al. 2009, Kormendy & Ho 2013, McConnell & Ma 2013) from 
optical/infrared imaging and spectroscopy on the Hubble Space Telescope (HST) and 
large ground-based telescopes, as well as from Very Long Baseline radio Interferometry 
(VLBI).  

 
The first truly compelling case that such a dark mass concentration cannot just be a 

dense nuclear cluster of white dwarfs, neutron stars and perhaps stellar black holes 
emerged in the mid-1990s from spectacular VLBI observations of the nucleus of NGC 
4258, a mildly active galaxy at a distance of 7 Mpc (Miyoshi et al. 1995, Moran 2008, 
Figure 1). The VLBI observations show that the galaxy nucleus contains a thin, slightly 
warped disk of H2O masers (viewed almost edge on) in Keplerian rotation around an 
unresolved mass of 40 million solar masses (Figure 1). The inferred density of this mass 
exceeds a few 109 solar masses pc−3 and thus cannot be a long-lived cluster of ‘dark’ 
astrophysical objects of the type mentioned above (Maoz 1995). As we will discuss 
below, a still more compelling case can be made in the case of the Galactic Center. 

 
 

 
Figure 1. Left: Optical and radio image of the active galaxy NGC4258. This disk galaxy 
exhibits a spectacular curved twin radio and X-ray jet, visible in orange in this picture. 
Right: (top) Schematic edge-on (left) and face-on (right) views of the almost-edge-on, 
warped maser disk of NGC 4258 (from Moran 2008) with warp parameters from 
Herrnstein et al. (2005) and including the inner contours of the radio jet. The relative 
positions of the receding, near-systemic, and approaching H2O masers are indicated by 
red, green, and blue spots, respectively. Differences in line-of-sight projection corrections 
to the slightly tilted maser velocities account for the departures in the high-velocity 

Proper motions of stars

Only Milky Way Center


Stellar kinematics

kinematics of stars and  
(complex) dynamical models


Gas kinematics

kinematics of gas and  
simple kinematical models (rotating disks)

Masers (high spatial resolution from radio interferometry)


Reverberation mapping & Virial Masses

Talk by Giorgio Calderone


In all case need to resolve BH sphere of influence

BH Mass measurements

rBH =
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Impact of AO & 3D spectroscopy
Up to early 2000’s


measurements with long list spectrographs


HST provided best spatial resolution


Nowadays


use of integral field spectroscopy


high spatial resolution  
with AO @ 8m class telescopes


very high spatial resolution in submm  
with ALMA 


Future


Optical interferometry (very challenging …)


JWST (but little improvement…)


ELT and 30m class telescopes

No. 2, 1997 SUPERMASSIVE BLACK HOLE OF M87 593

FIG. 12.ÈBest Ðts of the observed rotation curve with the Keplerian thin disk model. The solid line corresponds to cpix\ 22.7, b \ 0A.08, MBH(sin i)2\
km s~1 and the dotted line to cpix\ 22.7,1.73 ] 109 M

_
, h \ 0¡.7, i \ 49¡Vsys \ 1204 b \ 0A.06, MBH(sin i)2\ 1.68 ] 109 M

_
, h \[5¡.1, i \ 60¡Vsys \km s~1 (s2\ 1.73). The residuals are computed for the former set of values and the error bars on the velocity are the square roots of the denominators of1274

eq. (9).

PSF, the Ðnite slit width, and the intrinsic luminosity distribution of the gas. In this section we include these e†ects in our
analysis and this enables us to reconcile these worrying features of the gas kinematics with the Keplerian disk.

To take into account the e†ects of the f/48 PSF and the Ðnite slit size we must average the velocities using the luminosity
distribution and the PSF as weights. To compute the model curve we chose the reference frame described by s and b, i.e., the
coordinate along the slit and the impact parameter. With this choice the model rotation curve is given by the formulaV

ps

V
ps
(S) \ /

S~*S
S`*S ds /

B~h
B`h db //~=`= db@ds@V (s@, b@)I(s@, b@)P(s@[ s, b@ [ b)

/
S~*S
S`*S ds /

B~h
B`h db //~=`= db@ds@I(s@, b@)P(s@[ s, b@[ b)

, (8)

where V (s@, b@) is the Keplerian velocity derived in I(s@, b@) is the intrinsic luminosity distribution of the line,equation (6),
P(s@[ s, b@[ b) is the spatial PSF of the f/48 relay along the slit direction. B is the impact parameter (measured at the center
of the slit) and 2h is the slit size, S is the position along the slit at which the velocity is computed and 2 *S is the pixel size of the
f/48 relay. For the PSF we have assumed a Gaussian with FWHM, i.e.,0A.08

P(s@ [ s, b@[ b) \ 1

J2np2
exp

C[ 1
2

(s@[ s)2
p2 [ 1

2
(b@[ b)2

p2
D

. (9)

The consequences of this more realistic approach to modeling the rotation curve are illustrated in for someFigure 13
extreme choices of both the luminosity distribution (power law or exponential proÐle) and the geometric parameters of the
disk. Motivated by the presence of two peaks in the position velocity of we also included a case in which the lineFigure 3
emission is absent in the very center of the disk. In each case we show the importance of the convolution with the spatial PSF
and the weighted average with luminosity proÐle and slit width. In general the dominant e†ect on the two-dimensional
velocity Ðeld is the convolution with the spatial PSF, and since the slit width is narrower than the PSF it has little or no e†ect
in modifying the expected rotation curve. The e†ects of the luminosity distribution are important only when the curve is
strongly asymmetric with respect to the center of rotation, i.e., when the impact parameter is not null and the angle with the
line of nodes is much greater than zero. These e†ects are larger for steeper luminosity distributions and lead to large velocity
excursions from the PSF-convolved velocity Ðeld at the turn-over radii (see right panel). Fortunately, these extremeFig. 13,
cases can be eliminated from further discussion because they are not a good representation of the observed rotation curve for
M87. In the cases of interest, the di†erences at the turn-over radii are always less than ^100 km s~1 and neglecting the

M87 w/ HST, Macchetto, AM, +1997



images of model orbits (with weights)

(Cappellari et al. 2004)

Observed  
galaxy image

Stellar orbit track Image of  
orbit on sky

t

Observed 
velocity field[Courtesy of Michele Cappellari]

MBH, Υ,  
orbital structure

Stellar dynamics: Schwarschild models

new thing: 3D data

3-I models 

inclusion of dark matter haloes (orbits from out 
to nuclear region)



Stellar dynamics: the case of Centaurus A
670 M. Cappellari et al.

Figure 8. Data-model comparison for the best-fitting three-integral model. Top two panels: the top row shows the bisymmetrized and linearly interpolated
100 mas SINFONI data of Fig. 4. The second row shows the best-fitting dynamical model predictions. The central bins that were excluded from the fit are
shown with the white diamonds. Bottom two panels: same as in the top two panels, for the 250 mas SINFONI kinematics. For each quantity, the colour scale
is the same in the two instrumental configurations.

Figure 9. Anisotropy variation. The diamonds, connected with solid lines,
show the anisotropy σ r/σ t (see text for a definition) measured at different
polar angles, from the equatorial plane to the symmetry axis, in the galaxy
meridional plane. As the model is nearly spherical, the differences at a given
radius provide a rough indication of the model uncertainties. Also shown
are the break radius (or core radius) Rb, the BH radius of influence RBH and
the σ of the best-fitting Gaussian model of the SINFONI 100 mas PSF.

in the nucleus of Cen A. We also show in Fig. 10, with the two
dashed lines, the Jeans predictions for two MBH corresponding to
the 3σ upper and lower confidence limits of the Schwarzschild
model. They show that, as expected, inside R ! 1 arcsec, the data
are very sensitive to a change in MBH at the level of the quoted
errors.

The dotted line shows the model prediction, still with the same
β profile as for the previous models, for MBH = 2 × 108 M⊙. This
is the best-fitting value determined by Silge et al. (2005) from the
GNIRS data. This model has a much steeper Vrms profile near the
centre, which seems to qualitatively reproduce the steeper rise of
the Vrms in the GNIRS data within R ! 1. Unfortunately, we cannot
compare our Jeans models with the more nuclear GNIRS kinematics
(R ! 0.5 arcsec). Those measurements have rather extreme h4 " 0.2
values. In this case, it becomes not possible to reliably translate the
kinematics into a true Vrms value, as required by the Jeans equations.
In fact, when the Gauss–Hermite moments are large, the Vrms one
can derive by formally integrating over the LOSVD is extremely
sensitive to the wings of the LOSVD which are observationally not
well constrained. For this reason, we limit our comparison to the
remaining values, for which h4 is consistent with zero within the
1σ errors. Our comparison suggests that the near four times higher
value for MBH derived by those authors is not due to differences in

C⃝ 2009 The Authors. Journal compilation C⃝ 2009 RAS, MNRAS 394, 660–674

Moments of LOSVD → < V > � h3 h4

With AO (3” x 3” FOV)

Seeing limited (8” x 8” FOV)

Data

Model

Data

Model

Cappellari et al. 2009
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See A. Pensabene’s Talk
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Gas kinematics: the case of Centaurus A

model the freedom to find the best inclination angle given the
general assumptions of the model.

5.3. Best-fit Model and Black Hole Mass

We calculate a grid of possible models for varying disk in-
clination and central black hole mass to get the set of values that
best match the observed data. The best-fitting black hole mass in
our tilted-ring model to the H2 kinematics is MBH ¼ (4:5þ1:7

#1:0) ;
107 M$ for a median inclination of %34& ' 4& (error bars are
given at the 3 ! level). The best model has a "2

min of 8.2. This
represents the minimum in the !"2 distribution, shown in Fig-
ure 12. The points represent models. The contours were deter-
mined by a two-dimensional smoothing spline interpolated from
these models and represent!"2 values of 1.0, 4.0, and 9.0. This
corresponds to 68.3%, 95.4%, and 99.7% confidence levels for

1 degree of freedom, or 1, 2, and 3 ! confidence levels, respec-
tively. The associated best-fit model velocity maps are shown in
comparison to the data in Figure 13. If we would keep the in-
clination angle fixed to the mean value of 45& given by kine-
metry, the model would not be able to reproduce the overall
velocity field. The main deviation between model and data ap-
pears for radii larger than %0.700, i.e., outside the radius of in-
fluence of the black hole, where the model results in a rotational
velocity that is significantly higher than the observed one. The
"2
min for this ‘‘best-fit’’ model is 16.8 with a best fit MBH %

3:0 ; 107 M$. This model is thus ruled out to over 3!. The entire
velocity field is better reproduced by a disk at lower inclination
(i.e., more face-on) plus a higher black hole mass that makes up
for the decrease in velocity inside the radius of influence of the
black hole.

Figure 14 shows a comparison of the model and the data for
the case of no central point mass. Here, the gravitational po-
tential is made up only by the stars. The mass-to-light ratio is
0.72M /L$;K (HN+06). It is obvious that this is not a good fit in
the central 0:500 ; 0:500. The modeled rotation only catches up
with the data outside%1.000, where the stars clearly dominate the
gravitational potential. The case for no black hole is excluded to
very high significance (over 8 !).

There are various factors that influence the black hole mass
estimate in our dynamical model and we have done a substantial
number of tests to scrutinize their impact on the best-fit result. As
mentioned in x 5.1, the assumed geometry of the disk (warped
vs. flat) has a small influence on the black hole mass. The same
holds true for the parameterization of the surface brightness. We
modeled the kinematics for three different parameterizations of
the disk’s surface brightness profile, with all three being a reason-
able fit to the data.We found that the black hole mass does change
by less than 3% depending on the assumed surface brightness
profile of the inner gas disk. This result is in agreement with the
detailed analysis of Marconi et al. (2006).

Obviously, the contribution of the stellar potential to the total
gravitational potential also influences the resulting best-fit black
holemass.We used the two extreme values, 0.72 and 0.53M /L$;K

derived by Silge et al. (2005) through stellar dynamical models at

Fig. 11.—Tilted-ring model to describe the nuclear H2, gas disk seen at (a) the original orientation as fitted by kinemetry and (b) rotated by 45& to make the warp more
visible. The red and blue lines are the line of nodes for the receding and approaching sides, respectively.

Fig. 12.—Constraining the mass of the central black hole: the figure indicates
the grid of models (in black hole mass, MBH, and disk inclination) that was cal-
culated, and the contours show!" 2 in the vicinity of the best-fit dynamical mod-
els for matching the H2, kinematics. The minimum " 2 model is at MBH % 4:5 ;
107 M$ and amedian disk inclination of 34&. The contours indicate the 1, 2, and 3
! confidence levels, respectively (see text for details).

CENTRAL PARSECS OF CENTAURUS A 1339No. 2, 2007

where MBH is the mass of the black hole, G is the gravitational
constant and !! is the velocity dispersion of the stellar spheroid.
In the velocity field, this is the point of minimum rotation, where
the black hole stops to dominate the gravitational potential, be-
fore the stars (with their rising rotation curve) take over. For our
H2 velocity this is at " 0.800, as seen in Figure 16 (left). For Cen A
we have the following numbers: !! ¼ 138 km s$ 1 (Silge et al.
2005), at D ¼ 3:5Mpc, rBH ¼ 0:800 % 0:100 ¼ 13:2 pc % 1:7 pc,
and therefore we get MBH ¼ (6:0 % 0:7) ; 107 M& .

The observed radius of minimum rotation is independent of
the inclination, and so this simple concept provides a nice check
on the black holemass derived via dynamicalmodeling.Given the
excellent spatial resolution of our AO-assisted data (FWHMcore ¼
0:1200 and FWHMhalo ¼ 0:3000), the observed radius of influence

of the black hole is well beyond the radius where PSF effects start
significantly affecting the derived velocity curve.

The best-fit black hole mass derived through modeling of the
H2 kinematics,MBH ¼ 4:5þ 1:7

$ 1:0

! "
; 107 M& at i ¼ 34( % 4(, is in

good agreement with the mass derived by HN+06 [(6:1þ 0:6
$ 0:8) ;

107 M& at i ¼ 45(] using high spatial resolution kinematics of
[Fe ii] derived fromAO-assisted NaCo long-slit data (FWHM ¼
0:1100). The dynamical model they used is in principle identical
to the one described above, except for the fact that we cover the
velocity field in two dimensions and they modeled only four slit
positions. Moreover, they did not include the disk inclination
angle as a free parameter, which is the main reason for their smaller
error bars. Concerning the disk geometry, HN+06 excluded disk
inclination angles below 45( due to the jet inclination derived by

Fig. 14.—Kinematic evidence for a central black hole.Top: Comparison of the observed symmetrizedH2 velocity field (left) to a velocity fieldmodel for the case of zero
black hole mass with only a stellar potential, derived by HN+06 (right). Bottom: Velocity curves extracted along the line of nodes (indicated in the top panels). Obviously,
this model is not a good fit to the data in the central 0:800 ; 0:800. Only beyond 1.000 is themodel velocity curve (diamonds) in reasonable agreement with the data (asterisks).

CENTRAL PARSECS OF CENTAURUS A 1341No. 2, 2007

model the freedom to find the best inclination angle given the
general assumptions of the model.

5.3. Best-fit Model and Black Hole Mass

We calculate a grid of possible models for varying disk in-
clination and central black hole mass to get the set of values that
best match the observed data. The best-fitting black hole mass in
our tilted-ring model to the H2 kinematics is MBH ¼ (4:5þ1:7

#1:0) ;
107 M$ for a median inclination of %34& ' 4& (error bars are
given at the 3 ! level). The best model has a "2

min of 8.2. This
represents the minimum in the !"2 distribution, shown in Fig-
ure 12. The points represent models. The contours were deter-
mined by a two-dimensional smoothing spline interpolated from
these models and represent!"2 values of 1.0, 4.0, and 9.0. This
corresponds to 68.3%, 95.4%, and 99.7% confidence levels for

1 degree of freedom, or 1, 2, and 3 ! confidence levels, respec-
tively. The associated best-fit model velocity maps are shown in
comparison to the data in Figure 13. If we would keep the in-
clination angle fixed to the mean value of 45& given by kine-
metry, the model would not be able to reproduce the overall
velocity field. The main deviation between model and data ap-
pears for radii larger than %0.700, i.e., outside the radius of in-
fluence of the black hole, where the model results in a rotational
velocity that is significantly higher than the observed one. The
"2
min for this ‘‘best-fit’’ model is 16.8 with a best fit MBH %

3:0 ; 107 M$. This model is thus ruled out to over 3!. The entire
velocity field is better reproduced by a disk at lower inclination
(i.e., more face-on) plus a higher black hole mass that makes up
for the decrease in velocity inside the radius of influence of the
black hole.

Figure 14 shows a comparison of the model and the data for
the case of no central point mass. Here, the gravitational po-
tential is made up only by the stars. The mass-to-light ratio is
0.72M /L$;K (HN+06). It is obvious that this is not a good fit in
the central 0:500 ; 0:500. The modeled rotation only catches up
with the data outside%1.000, where the stars clearly dominate the
gravitational potential. The case for no black hole is excluded to
very high significance (over 8 !).

There are various factors that influence the black hole mass
estimate in our dynamical model and we have done a substantial
number of tests to scrutinize their impact on the best-fit result. As
mentioned in x 5.1, the assumed geometry of the disk (warped
vs. flat) has a small influence on the black hole mass. The same
holds true for the parameterization of the surface brightness. We
modeled the kinematics for three different parameterizations of
the disk’s surface brightness profile, with all three being a reason-
able fit to the data.We found that the black hole mass does change
by less than 3% depending on the assumed surface brightness
profile of the inner gas disk. This result is in agreement with the
detailed analysis of Marconi et al. (2006).

Obviously, the contribution of the stellar potential to the total
gravitational potential also influences the resulting best-fit black
holemass.We used the two extreme values, 0.72 and 0.53M /L$;K

derived by Silge et al. (2005) through stellar dynamical models at

Fig. 11.—Tilted-ring model to describe the nuclear H2, gas disk seen at (a) the original orientation as fitted by kinemetry and (b) rotated by 45& to make the warp more
visible. The red and blue lines are the line of nodes for the receding and approaching sides, respectively.

Fig. 12.—Constraining the mass of the central black hole: the figure indicates
the grid of models (in black hole mass, MBH, and disk inclination) that was cal-
culated, and the contours show!" 2 in the vicinity of the best-fit dynamical mod-
els for matching the H2, kinematics. The minimum " 2 model is at MBH % 4:5 ;
107 M$ and amedian disk inclination of 34&. The contours indicate the 1, 2, and 3
! confidence levels, respectively (see text for details).

CENTRAL PARSECS OF CENTAURUS A 1339No. 2, 2007

Velocity field from H2 (2.12)
MBH = 4.5 × 107 M⊙ MBH = 0 Warped disk model

Neumayer et al. 2007



Gas kinematics: ALMA
CO lines in (mostly) spiral galaxies

ALMA resolution (< 0.01-0.1”)

Molecular gas less dynamically  
hot than ionised gas

4

FIG. 1.— Left: HST WFPC2 F814W (I-band) image of the NGC 1332 nucleus and dust disk, displayed with logarithmic stretch. Right: ALMA CO(2-1)
image, summed over all frequency channels of the data cube and displayed with linear stretch. The ellipse at lower right illustrates the FWHM size of the ALMA
synthesized beam.

FIG. 2.— CO(2–1) line profile integrated over an elliptical region having
major and minor axis lengths of 4.′′3 and 0.′′7. The error bar at lower left
shows the background noise level summed in quadrature over this integration
region.

jor axis with the northern side of the disk redshifted. We use
the term kinematic major axis to refer to the locus of points
of maximum line-of-sight velocity amplitude on each ellipti-
cal annulus, which is equivalent to the line of nodes for an
inclined, flat circular disk seen in projection. The kinematic
minor axis refers to the locus of points at which vLOS is equal
to the systemic velocity vsys. In a flat circular disk, the kine-
matic major andminor axes will be seen as orthogonal straight
lines on the sky, but in the presence of warping, radial flows,
or elliptical orbits, this is in general no longer the case. (See
Wong, Blitz, & Bosma 2004 for a detailed discussion of the
observable signatures of noncircular or warped kinematics in

gaseous disks.)
As described by Krajnović et al. (2008), galaxies having

multiple kinematic components are typically characterized by
either abrupt changes in q or Γ (with∆q> 0.1 or∆Γ> 10◦),
or a double-peaked k1 profile, or the presence of a distinct
peak in the k5 profile at which k5/k1 > 0.02. A kinematic twist
is identified if Γ varies smoothly with radius with a rotation
of > 10◦.
The kinemetry results are shown in Figure 4. The kine-

matic PA Γ ranges from 128◦ at r = 0.′′22 (within one resolu-
tion element of the galaxy nucleus) to 117◦ at the outer edge
of the disk, which can be characterized as a mild kinematic
twist. The k5/k1 ratio is below 0.02 at all radii and does not
contain any strong features. Overall, the modest radial varia-
tion in Γ and q, and the flat k5/k1 profile with magnitude of
∼ 1%, indicate that the NGC 1332 disk kinematics are con-
sistent with coherent disk rotation as the dominant kinematic
structure. If rg were well resolved, k1 would exhibit a central
quasi-Keplerian (v ∼ r−0.5) decline with increasing distance
from the nucleus, but instead we see a smooth monotonic rise
in k1 as a function of R. This is an indication that vLOS does not
in itself provide direct evidence for a compact central mass;
beam smearing hides the central high-velocity emission in the
higher-order velocity moment maps.
We also extract a position-velocity diagram (PVD) as an-

other method to visualize the kinematics. We constructed the
PVD by rotating each frequency slice of the data cube clock-
wise by 27◦ so that the kinematic PA at the largest measured
radius was oriented horizontally, and then extracting a four-
pixel wide swath through the data cube (corresponding to one
resolution element) along the disk major axis. Figure 5 shows
the PVD, which illustrates a smooth and continuous distribu-
tion of emission across the full range of velocities present in
the disk. The central high-velocity emission is clearly seen in
the form of a slight upturn in the locus of maximum line-of-
sight speed on either side of the nucleus. This central velocity
upturn is relatively faint and only seen within ±0.′′8 of the
nucleus, it only spans 3–4 velocity channels above the level
of the flat outer envelope in rotation velocity, and it is spa-

5

FIG. 3.— Maps of CO intensity, vLOS, σLOS, h3, h4, h5, and h6 measured from Gauss-Hermite fits to the data and model cubes. The left panels show kinematic
moment maps of the ALMA data, and the right panels show the best-fitting model for the flat σturb profile having MBH = 6.0× 108 M⊙, as described in §5.2.
The model CO intensity map gives the integral of the CO line profile at each spatial pixel in the modeled data cube. Units for the CO surface brightness map are
Jy beam−1 km s−1, and units for the vLOS and σLOS maps are km s−1. In this and subsequent figures, line-of-sight velocities are shown relative to the systemic
velocity 1559 km s−1 determined from the best-fitting model. The higher-order moment coefficients h3 through h6 are dimensionless.

NGC1332: Barth+2016
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Data Model

Figure 7. Integrated intensity, mean velocity and velocity dispersion maps of the 12CO(2-1) emission in NGC4697. The moments extracted from the observa-
tions are shown in the left panels, while the same moments extracted in an identical way from our best-fit model are shown in the right panels.

4.3.2 Non-circular motions

As previously discussed, in our analysis we assume that the gas in
NGC4697 is in purely circular motion. If significant non-circular
motions are present (e.g. inflow, outflow, streaming), then this
could affect our analysis.

Randriamampandry et al. (2015) studied the effect of non-
circular motions on the derivation of mass profiles in detail, and

showed that dramatic variations can be caused in strongly barred
galaxies if the bar is orientated at specific angles with respect to
our line of sight. However, NGC4697 is unbarred. Non-circular
motions can still be present in objects without bars, for instance
because of other departures from axisymmetry in the gravitational
potential (e.g. spiral arms), but such motions are low in amplitude
compared to the rotation of these systems (e.g. ⇡10 km s�1 in M51,
a galaxy with much stronger spiral structure than early-types; Meidt

MNRAS in press, 1–15 (2015)
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SDSS

2 kpc

200 pc

HST

200 pc

ALMA CO(2-1)

Figure 1. Left panel: SDSS three-colour (gri) image of NGC4697, 40x40 (13.2 kpc ⇥ 13.2 kpc) in size. Right panel, top: Unsharp-masked HST Advanced
Camera for Surveys (ACS) F850LP image of a 825 pc ⇥ 825 pc region (indicated in blue in the left panel) around the nucleus, revealing a clear central dust
disc. Right panel, bottom: As above, but overlaid with blue 12CO(2-1) integrated intensity contours from our ALMA observations. The synthesised beam
(0.0054⇥ 0.0052, 30⇥ 29 pc) is shown as a white ellipse in the bottom-left corner of the panel.

et al. 2008; etc). However, the most reliable method of SMBH mass
measurement is usually thought to be spatially-resolved dynamics.
In our own Milky Way, this is possible using the resolved motion
of individual stars (Ghez et al. 2008; Gillessen et al. 2009), while
for external galaxies measurements can be made using integrated
stellar light both with long-slit (e.g. Dressler & Richstone 1988;
Magorrian et al. 1998; Gebhardt et al. 2003) and integral-field spec-
troscopy (e.g. Verolme et al. 2002; Cappellari et al. 2009). Inter-
stellar gas also provides several complimentary tracers of galaxy
potentials. The best of these is maser emission from circumnuclear
accretion discs that, when present, allows exquisite SMBH mass
estimates (e.g. Miyoshi et al. 1995; Greene et al. 2010). Unfortu-
nately, suitable systems are quite rare. Ionised gas can also be used
to estimate SMBH masses after suitable corrections for asymmetric
drift have been applied (e.g. Ferrarese et al. 1996; Sarzi et al. 2001;
Neumayer et al. 2007).

In the last few years substantial improvements in observa-

tional capabilities have also allowed molecular gas to be used to
estimate SMBH masses. Davis et al. (2013b) presented the first
measurement of this type, estimating the mass of the SMBH in
the Virgo cluster fast-rotating early-type galaxy (ETG) NGC4526.
Davis (2014) presented a figure of merit for this technique, and
showed that with the Atacama Large Millimeter/submillimeter Ar-
ray (ALMA) this method should allow SMBH mass measurements
in thousands of galaxies across the universe (see also Hezaveh 2014
for the prospects of its use in lensed galaxies at very high redshifts).
Onishi et al. (2015) presented the first use of this technique in a
spiral galaxy (NGC1097), while Barth et al. (2016a,b) showed its
power to resolve the Keplerian increase in velocity around black
holes directly.

As a result, building on some of these small pilot projects
(Davis et al. 2013b; Onishi et al. 2015), we have recently star-
ted the mm-Wave Interferometric Survey of Dark Object Masses
(WISDOM) project. This project aims to benchmark and test the

MNRAS in press, 1–15 (2015)
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Solid evidence for central ‘dark’ (i.e. non-stellar) mass concentrations in about 80 
nearby galaxies has emerged over the past two decades (e.g. Magorrian 1998, Kormendy 
2004, Gültekin et al. 2009, Kormendy & Ho 2013, McConnell & Ma 2013) from 
optical/infrared imaging and spectroscopy on the Hubble Space Telescope (HST) and 
large ground-based telescopes, as well as from Very Long Baseline radio Interferometry 
(VLBI).  

 
The first truly compelling case that such a dark mass concentration cannot just be a 

dense nuclear cluster of white dwarfs, neutron stars and perhaps stellar black holes 
emerged in the mid-1990s from spectacular VLBI observations of the nucleus of NGC 
4258, a mildly active galaxy at a distance of 7 Mpc (Miyoshi et al. 1995, Moran 2008, 
Figure 1). The VLBI observations show that the galaxy nucleus contains a thin, slightly 
warped disk of H2O masers (viewed almost edge on) in Keplerian rotation around an 
unresolved mass of 40 million solar masses (Figure 1). The inferred density of this mass 
exceeds a few 109 solar masses pc−3 and thus cannot be a long-lived cluster of ‘dark’ 
astrophysical objects of the type mentioned above (Maoz 1995). As we will discuss 
below, a still more compelling case can be made in the case of the Galactic Center. 

 
 

 
Figure 1. Left: Optical and radio image of the active galaxy NGC4258. This disk galaxy 
exhibits a spectacular curved twin radio and X-ray jet, visible in orange in this picture. 
Right: (top) Schematic edge-on (left) and face-on (right) views of the almost-edge-on, 
warped maser disk of NGC 4258 (from Moran 2008) with warp parameters from 
Herrnstein et al. (2005) and including the inner contours of the radio jet. The relative 
positions of the receding, near-systemic, and approaching H2O masers are indicated by 
red, green, and blue spots, respectively. Differences in line-of-sight projection corrections 
to the slightly tilted maser velocities account for the departures in the high-velocity 

H2O megamasers in galactic nuclei: “test particles”

High spatial resolution of radio interferometers

Possible to measure centripetal acceleration (Herrnstein+99): 
independent distance! 

NGC 4258, Miyoshi+1995
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Figure 2. Map of the relative positions of individual maser spots toward
UGC 3789. High-velocity blueshifted (blue) and redshifted (red) masers straddle
the systemic masers (green and expanded view inset) and the linear arrangement
of spots suggests that we are viewing a nearly edge-on rotating disk, similar to
that seen in NGC 4258. The ≈2 mas extent of the maser spots in UGC 3789
is approximately seven times smaller than for NGC 4258, which is consistent
with UGC 3789 being at approximately seven times greater distance. Formal
fitting uncertainties are given in Tables 2, 3 and 4 and are typically less than
0.010 mas.

Figure 3. Position–velocity plot of the maser spots toward UGC 3789. The
high-velocity blueshifted (blue) and redshifted (red) spots display a Keplerian
1/

√
R rotation curve, indicated by the curved dotted lines. The systemic masers

(green) are consistent with projected positions and velocities for gas in Keplerian
orbit at R ≈ 0.43 mas, indicated by the straight dotted line, but small deviations
from a linear distribution are apparent. Impact parameter is defined as distance
along a position angle of 41◦ east of north from an (east, north) offset of
(− 0.4, − 0.5) mas; the plus sign (+) at (− 0.03 mas, 3265 km s− 1) indicates the
assumed center of the SMBH.

no continuum emission was detected at a 2σ limit of less than
0.14 mJy.

4. CONCLUSIONS

The discovery of H2O masers emanating from a sub-pc disk in
the Seyfert 2 galaxy NGC 4258 more than two decades ago has
led to detailed imaging of an active galactic nucleus accretion
disk. Geometric modeling of the Keplerian orbits of the masers
yielded the most accurate distance to any galaxy, allowing
recalibration of the extragalactic distance scale. Now, the recent
discovery by Braatz & Gugliucci (2008) of H2O masers in UGC
3789 offers the opportunity to extend this technique to a galaxy
seven times more distant.

In this paper we presented VLBI images of the UGC 3789
H2O masers, which showed that these masers are remarkably
similar to those in NGC 4258. In both sources, the spatial
distribution is nearly linear, with high-velocity masers on both
sides (both spatially and spectrally) of systemic velocity masers.
The masers trace gas in Keplerian orbits with rotation speeds of
∼ 1000 km s− 1 at radii of ∼ 0.1 pc, presumably moving under
the influence of a ∼ 107 M⊙ SMBH.

UGC 3789 has a recessional velocity of ≈3325 km s− 1 and
is well into the Hubble flow. The VLBI results presented in this
paper will be followed by detailed spectral monitoring data
and disk modeling in Paper II to determine the distance to
UGC 3789. This angular-diameter distance, when combined
with its recessional velocity, should yield a direct and accurate
estimate of H0.

Facilities: VLBA, GBT, Effelsberg

REFERENCES

Argon, A. L., Greenhill, L. J., Reid, M. J., Moran, J. M., & Humphreys,
E. M. L. 2007, ApJ, 659, 1040

Braatz, J. A., & Gugliucci, N. 2008, ApJ, 678, 96
Braatz, J. A., Henkel, C., Greenhill, L., Moran, J., & Wilson, A. 2004, ApJ, 617,

L29
Braatz, J. A., Wilson, A. S., & Henkel, C. 1996, ApJS, 106, 51
Claussen, M. J., & Lo, K.-Y. 1986, ApJ, 308, 592
Freedman, W. et al. 2001, ApJ, 553, 47
Greenhill, L. J. 2004, New Astron. Rev., 48, 1079
Greenhill, L. J., Henkel, C., Becker, R., Wilson, T. L., & Wouterloot, J. G. A.

1995a, A&A, 304, 21
Greenhill, L. J., Jiang, D. R., Moran, J. M., Reid, M. J., Lo, K. Y., & Claussen,

M. J. 1995b, ApJ, 440, 619
Greenhill, L. J., Kondratko, P. T., Lovell, J. E. J., Kuiper, T. B. H., Moran, J. M.,

Jauncey, D. L., & Baines, G. P. 2003, ApJ, 582, L11
Greenhill, et al. 2002, ApJ, 565, 836
Haschick, A. D., Baan, W. A., & Peng, E. W. 1994, ApJ, 437, L35
Henkel, C., Braatz, J. A., Greenhill, L. J., & Wilson, A. S. 2002, A&A, 394,

L23
Herrnstein, J. R., Moran, J. M., Greenhill, L. J., & Trotter, A. S. 2005, ApJ, 629,

719
Herrnstein, et al. 1999, Nature, 400, 539
Hu, W. 2005, ASP Conf. Ser. 339, Observing Dark Energy, ed. S. C. Wolff &

T. R. Lauer (San Francisco: ASP), 215
Humphreys, E. M. L., Reid, M. J., Greenhill, L. J., Moran, J. M., & Argon,

A. L. 2008, ApJ, 672, 800
Kondratko, P. T., Greenhill, L. J., & Moran, J. M. 2006, ApJ, 652, 136
Kondratko, P. T. et al. 2006, ApJ, 638, 100
Macri, L. M., Stanek, K. Z., Bersier, D., Greenhill, L. J., & Reid, M. J. 2006, ApJ,

652, 1133
Miyoshi, M., Moran, J., Herrnstein, J., Greenhill, L., Nakai, N., Diamond, P., &

Inoue, M. 1995, Nature, 373, 127
Newman, J. A. et al. 2001, ApJ, 553, 562
Ratra, B., & Peebles, P. J. E. 1988, Phys. Rev. D, 37, 3406
Reid, M. J., & Brunthaler, A. 2004, ApJ, 616, 872
Spergel, D. N. et al. 2003, ApJS, 148, 175
Theureau, et al. 1998, A&AS, 130, 333
Walker, C., & Chatterjee, S. 2000, VLBA Scientific Memo 23, http://www.nrao.

edu/memos/sci/gps_ion.html
Watson, W., & Wallin, B. 1994, ApJ, 432, L35
Wetterich, C. 1988, Nucl. Phys. B, 302, 668

UGC3789: Reid+2009

UGC3789: Zhao+2018

– 22 –

2.0 2.5 3.0
BH mass

0
2•105

4•105

6•105

8•105

1.055•104 1.060•104 1.065•104 1.070•104

Vlsr(km/s)

0
5.0•104

1.0•105

1.5•105

2.0•105

-0.04 -0.02 0.00 0.02 0.04
X0 (mas)

0
5.0•104

1.0•105

1.5•105

2.0•105

-0.04 -0.02 0.00 0.02 0.04
Y0 (mas)

0

5.0•104

1.0•105

1.5•105

60 70 80 90 100 110 120 130
I

0
5.0•104
1.0•105
1.5•105
2.0•105
2.5•105
3.0•105

-60 -50 -40 -30 -20 -10 0 10
PA

0
1•105
2•105
3•105
4•105
5•105
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Fig. 5.— Visualization of Bayesian fitting results for UGC 6093. The upper left panel presents the

probability density functions (PDFs) of the fitted parameters, while the upper right panel shows a

top view of the fitted maser positions. The lower left panel shows the 3-D disk model based on the

fitting results overlapping with the observed positions of masers with SNR > 7. The lower right

panel presents the PV diagram, and the dash line present the position-velocity relation in an ideal

case, an edge-on, flat, Keplarian disk orbiting around a point mass with our fitted value.

NGC5675b  
Gao+2016
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Fig. 2.— The combined VLBI map with a flux cutoff of 3 mJy, which is at the 10σ level. The maser
positions are referenced to the strongest systemic feature at 8295.91 km s−1, with the black cross marking
the dynamic center derived from the fitting of the rotation curve, as shown in Fig. 3. The horizontal bar in
the lower right corner marks the corresponding physical size, using a nominal distance of 119 Mpc to NGC
5765b.
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Fig. 3.— The position-velocity diagram from the combined VLBI results, with a flux cutoff of 3 mJy, which
is at the 10σ level. The dotted line shows the best-fit Keplerian rotation curve assuming an edge-on thin
disk model without disk warping. This model gives an enclosed mass of 4.4 ± 0.44 ×107M⊙ and a recession
velocity of 8304 km s−1. The origin on the X-axis marks the position of the dynamic center. For most of the
high-velocity features, their deviation from the fitted rotation curve is less than 5% of their rotation velocity.



Problems
Stellar dynamics 

Very complex models e.g. black boxes for “others”

results depend on orbit library (e.g. number of stars)? (e.g. Merritt)

results do depend on 2-I vs 3-I (e.g. Gebhardt et al., Cappellari et al.)

results do depend on considering DM Halo (e.g. Gebhardt et al.)

axisymmetric or triaxial galaxies?

Jeans modelling reliable? (e.g. Cappellari et al.)


Gas kinematics 
Simple modelling but works only if gas is in circularly rotating thin disk

Degeneracy MBH - disk inclination

Gas velocity dispersion: support against gravity and effects on BH mass?

Effect of non gravitational motions (e.g. outflows)

Masers: Effect of disk mass? Probably not (Kuo+18)

Masers: only edge on disk observed (strong bias)


Both gas and stars: errors underestimated?



Stars vs gas comparison
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neglecting the emission-line widths (for gas dynamics, Apps. D.1 & D.2). In both
cases, the MBH values can turn out to have been underestimated, even if in the first
case not including the DM halo in the analysis only indirectly a↵ects MBH through
M/L. However, a DM halo is not always important (see e.g. Tab. 1 of Schulze and
Gebhardt 2011 or Tab. 3 of Rusli et al. 2013b), while in the second case it is not
guaranteed that these emission line widths contribute significantly to the analysis, as
they could simply be due to unresolved rotation (which is taken into account in the
modeling) or turbolent motions. In this sample we find several galaxies having their
MBH estimated both with and without modeling a DM halo. Instead, only NGC3998
has two MBH values both neglecting and taking into account these widths. When
possible, I tried to be conservative, keeping those estimates which take a DM halo into
account, while for NGC3998, I took the MBH value obtained including emission-line
widths in the analysis (see also App. C).
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Figure 3.1: Plot of the galaxies for which more than one MBH estimate exists in the
literature. The red line is the 1:1 line. Di↵erent techniques seem to give di↵erent results,
at least within the 1� uncertainty bars.

Next, we turn to the parameters describing the host galaxies. E↵ective velocity dis-
persions �e’s, morphologies, distances and bulge masses Mbul’s are taken from Saglia et al.
(2016), when possible. Velocity dispersions are computed through eq. A.8, where the lower

De Nicola, AM, Longo 2018

Galaxies with independent MBH measurements from stars and gas

Discrepancies ~0.2 dex, up to 0.5 dex

Systematic discrepancies at high mass end:


effect of DM Haloes and 3-I/axysimmetry in stars measures?

effect of gas velocity dispersion in gas measures?



Are they really BHs?
Sometimes measurements “marginally” resolve BH sphere of influence

Affects reliability of mass measurement

AA51CH12-Kormendy ARI 24 July 2013 12:27

2. PROGRESS IN BH DETECTION TECHNOLOGY. I. IMPROVEMENTS
IN SPATIAL RESOLUTION
Figure 1 shows the history of M• measurements for all galaxies that have BH detections based on
observations of spatially resolved dynamics. Multiple measurements for each galaxy are joined by
straight line segments to show how the available spatial resolution has improved with time. For BHs
found with HST, only the discovery observations are shown; these have not been superseded. The
individual measurements for our Galaxy, M31, and M32 are listed in Table 1. Spatial resolution
is parameterized by the ratio of the radius rinfl of the sphere of influence of the BH to the effective
Gaussian dispersion radius σ∗ of the point-spread function (PSF) (see notes to Table 1).

2.1. Early Ground-Based BH Discoveries
Kormendy & Richstone (1995) review the seven ground-based BH detections and one based on
HST available in 1995.

The first dynamical BH discovery was in M32 (Tonry 1984, 1987). It was made with barely
enough resolution to be reasonably secure (Kormendy 2004) (Section 2.2.1). It is typical of a
subject with urgent expectations and much at stake that the first discovery is made as soon
as it becomes barely feasible and at a time when the result still has only modest significance.

10,000
Galaxy
M31
M32
NGC 3115
NGC 3377
NGC 4594
NGC 4486B
NGC 7582
NGC 4526

HST observations
Maser observations
NGC 4258
AO-assisted
Cen A

1985 1990 1995 2000

Publication date

r in
fl/
σ *

2005 2010 2015

1,000

100

10

1

0.1

Figure 1
Spectroscopic spatial resolutions for black hole (BH) discoveries (Tables 1–3) and histories of improvements in resolution. Adaptive
optics (AO)-assisted resolutions are approximate. The maser discoveries at 2010.9 ± 0.2 and the AO discoveries at 2013.4 ± 0.2 have
been spread out enough so that they can be distinguished. Note that most ground-based BH discoveries that predate the Hubble Space
Telescope (HST) were made at similar or higher rinfl/σ∗ than most HST BH discoveries. But HST has 5–10 times better spatial
resolution (absent AO), so it is used to discover smaller BHs in more distant galaxies. Updated from Kormendy (2004).
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Are they really BHs?
Observations find: dark mass confined within spatial resolution element 
Unambiguous proof of BH: motions close to Schwarzschild radius

At lower confidence: density of possible cluster so high that it must 
collapse to BH in short time (Maoz+1998)

adapted from Maoz 1998

In most cases survival 
time scales of clusters 

>> age of universeVery far from RSCHW scales

Ferrarese & Ford 2005

Nuclear star clusters exist: are we 
overestimating BH masses?



BH Database as of “today”
About 80 galaxies with “secure” BH masses 

Additional ~40 galaxies with less reliable 
measurements or upper limits

Various galaxy morphological types 

3

Galaxy Morphology A Distance MBH �e LK Re B
(Mpc) (log M�) (log km/s) (log L�) (log kpc)

Circinus SABb: 3 2.82 ± 0.47 6.23 ± 0.10 1.90 ± 0.02 10 ± 0.12 -0.91 ± 0.07 1
A1836 BCGE 0 152.40 ± 8.43 9.57 ± 0.06 2.46 ± 0.02 11.75 ± 0.06 0.89 ± 0.02 0
IC1459 E4 0 28.92 ± 3.74 9.39 ± 0.08 2.52 ± 0.01 11.70 ± 0.06 0.90 ± 0.06 1
NGC524 S0 2 24.22 ± 2.23 8.94 ± 0.05 2.39 ± 0.02 10.52 ± 0.08 0.17 ± 0.07 1
NGC821 S0 1 23.44 ± 1.84 8.22 ± 0.21 2.32 ± 0.02 10.84 ± 0.31 0.33 ± 0.03 1
NGC1023 SB0 2 10.81 ± 0.80 7.62 ± 0.06 2.31 ± 0.02 10.45 ± 0.07 -0.41 ± 0.03 1
NGC1399 E1 0 20.85 ± 0.67 8.95 ± 0.31 2.498 ± 0.004 11.81 ± 0.06 1.53 ± 0.01 1
NGC2273 SBa 3 29.50 ± 1.90 6.93 ± 0.04 2.10 ± 0.03 10.43 ± 0.40 -0.57 ± 0.03 1
NGC2549 S0/ 2 12.70 ± 1.64 7.16 ± 0.37 2.16 ± 0.02 9.73 ± 0.06 -0.72 ± 0.06 1
NGC3115 S0/ 2 9.54 ± 0.4 8.95 ± 0.10 2.36 ± 0.02 10.93 ± 0.06 0.20 ± 0.06 1
NGC3227 SBa 3 23.75 ± 2.63 7.32 ± 0.23 2.12 ± 0.04 9.93 ± 0.25 -0.28 ± 0.05 1
NGC3245 S0 2 21.38 ± 1.97 8.38 ± 0.11 2.31 ± 0.02 10.20 ± 0.06 -0.60 ± 0.04 1
NGC3377 E5 1 10.99 ± 0.46 8.25 ± 0.25 2.16 ± 0.02 10.64 ± 0.25 0.52 ± 0.02 1
NGC3384 SB0 3 11.49 ± 0.74 7.03 ± 0.21 2.16 ± 0.02 10.20 ± 0.06 -0.51 ± 0.03 1
NGC3393 SABa 3 49.20 ± 8.19 7.20 ± 0.33 2.17 ± 0.03 10.62 ± 0.25 -0.48 ± 0.07 1
NGC3585 S0 2 20.51 ± 1.70 8.52 ± 0.13 2.33 ± 0.02 11.45 ± 0.25 0.93 ± 0.07 1
NGC3608 E1 0 22.75 ± 1.47 8.67 ± 0.10 2.26 ± 0.02 11.04 ± 0.25 0.68 ± 0.03 1
NGC3842 E1 0 92.20 ± 10.64 9.96 ± 0.14 2.43 ± 0.04 12.04 ± 0.06 1.52 ± 0.05 1
NGC3998 S0 2 14.30 ± 1.25 8.93 ± 0.05 2.44 ± 0.01 10.15 ± 0.31 -0.48 ± 0.04 1
NGC4026 S0 2 13.35 ± 1.73 8.26 ± 0.12 2.25 ± 0.02 9.86 ± 0.31 -0.39 ± 0.06 1
NGC4258 SABbc 2 7.27 ± 0.50 7.58 ± 0.03 2.06 ± 0.04 10.03 ± 0.03 -0.33 ± 0.03 1
NGC4261 E2 0 32.36 ± 2.84 8.72 ± 0.10 2.5 ± 0.02 11.53 ± 0.25 0.87 ± 0.04 1
NGC4291 E2 0 26.58 ± 3.93 8.99 ± 0.16 2.38 ± 0.02 10.86 ± 0.25 0.30 ± 0.06 1
NGC4459 E2 1 16.01 ± 0.52 7.84 ± 0.09 2.22 ± 0.02 10.64 ± 0.25 0.00 ± 0.01 1
NGC4473 E5 1 15.25 ± 0.49 7.95 ± 0.24 2.28 ± 0.02 10.80 ± 0.25 0.44 ± 0.01 1
NGC4564 S0 2 15.94 ± 0.51 7.95 ± 0.12 2.21 ± 0.02 10.15 ± 0.06 -0.41 ± 0.01 1
NGC4596 SB0 2 16.53 ± 6.23 7.88 ± 0.26 2.13 ± 0.02 10.34 ± 0.06 -0.14 ± 0.16 1
NGC4649 E2 0 16.46 ± 0.61 9.67 ± 0.10 2.58 ± 0.02 11.66 ± 0.06 0.90 ± 0.02 0
NGC4697 E5 1 12.54 ± 0.40 8.13 ± 0.01 2.25 ± 0.02 11.17 ± 0.31 0.64 ± 0.01 1
NGC4889 E4 0 102.00 ± 5.17 10.32 ± 0.44 2.54 ± 0.01 12.25 ± 0.06 1.47 ± 0.02 1
NGC5077 E3 0 38.70 ± 8.44 8.93 ± 0.27 2.35 ± 0.02 11.42 ± 0.06 0.64 ± 0.09 1
NGC5128 E 0 3.62 ± 0.20 7.75 ± 0.08 2.18 ± 0.02 10.80 ± 0.31 0.03 ± 0.02 1
NGC5576 E3 1 25.68 ± 1.66 8.44 ± 0.13 2.26 ± 0.02 11.02 ± 0.06 0.79 ± 0.03 1
NGC5845 E3 1 25.87 ± 4.07 8.69 ± 0.16 2.38 ± 0.02 10.43 ± 0.31 -0.41 ± 0.07 1
NGC6086 E 0 138.00 ± 11.45 9.57 ± 0.17 2.5 ± 0 11.87 ± 0.08 1.20 ± 0.04 0
NGC6251 E1 0 108.40 ± 9.00 8.79 ± 0.16 2.46 ± 0.02 11.94 ± 0.06 1.20 ± 0.04 1
NGC7052 E3 0 70.40 ± 8.45 8.60 ± 0.23 2.42 ± 0.02 11.77 ± 0.06 1.10 ± 0.05 1
NGC7582 SBab 3 22.30 ± 9.85 7.74 ± 0.20 2.19 ± 0.05 10.61 ± 0.32 -0.62 ± 0.19 0
NGC7768 E4 0 116.00 ± 27.50 9.13 ± 0.18 2.41 ± 0.04 12.00 ± 0.25 1.37 ± 0.10 1
UGC3789 SABab 3 49.90 ± 5.42 6.99 ± 0.08 2.03 ± 0.05 10.33 ± 0.31 -0.24 ± 0.05 1
NGC1332 S0 2 22.30 ± 1.85 8.82 ± 0.10 2.47 ± 0.01 11.20 ± 0.31 0.29 ± 0.06 1
NGC1374 E3 1 19.23 ± 0.66 8.76 ± 0.06 2.23 ± 0.01 10.72 ± 0.06 0.36 ± 0.01 1
NGC1407 E0 0 28.05 ± 3.37 9.65 ± 0.08 2.442 ± 0.003 11.72 ± 0.12 0.97 ± 0.05 0
NGC1550 SA0 0 51.57 ± 5.60 9.57 ± 0.07 2.44 ± 0.02 11.32 ± 0.10 0.66 ± 0.05 0
NGC3091 E3 0 51.25 ± 8.30 9.56 ± 0.07 2.48 ± 0.02 11.75 ± 0.06 1.10 ± 0.07 1
NGC3368 SABab 3 10.40 ± 0.96 6.88 ± 0.08 2.122 ± 0.003 10.09 ± 0.06 -0.57 ± 0.04 1
NGC3489 SAB0 3 12.10 ± 0.84 6.78 ± 0.05 1.949 ± 0.002 9.68 ± 0.25 -1.00 ± 0.03 1
NGC4751 E 1 26.92 ± 2.92 9.15 ± 0.06 2.56 ± 0.02 10.95 ± 0.09 0.52 ± 0.05 0
NGC5328 E 0 64.10 ± 6.96 9.67 ± 0.16 2.523 ± 0.002 11.71 ± 0.09 0.94 ± 0.05 0
NGC5516 E 0 58.44 ± 6.35 9.52 ± 0.06 2.52 ± 0.02 11.83 ± 0.09 1.30 ± 0.05 0
NGC6861 E 1 27.30 ± 4.55 9.30 ± 0.08 2.590 ± 0.003 11.14 ± 0.13 0.32 ± 0.07 0
NGC7619 E 0 51.52 ± 7.38 9.40 ± 0.11 2.47 ± 0.01 11.78 ± 0.25 1.16 ± 0.06 1
NGC2748 Sc 3 23.40 ± 8.24 7.65 ± 0.24 2.06 ± 0.02 9.84 ± 0.25 -0.39 ± 0.15 1
NGC4151 Sa 2 20.00 ± 2.77 7.81 ± 0.08 2.19 ± 0.02 10.61 ± 0.25 -0.18 ± 0.06 1
NGC7457 S0 2 12.53 ± 1.21 6.95 ± 0.30 1.83 ± 0.02 9.69 ± 0.08 -0.28 ± 0.04 1
NGC307 S0 2 52.80 ± 5.74 8.60 ± 0.06 2.31 ± 0.01 10.50 ± 0.05 -0.31 ± 0.05 0
NGC3627 SAB(s)b 3 10.05 ± 1.09 6.93 ± 0.05 2.088 ± 0.002 9.45 ± 0.09 -1.08 ± 0.05 0
NGC3923 E4 1 20.88 ± 2.70 9.45 ± 0.12 2.35 ± 0.02 11.50 ± 0.11 0.89 ± 0.06 0
NGC4486A E2 1 16.00 ± 0.52 7.10 ± 0.15 2.16 ± 0.01 10.08 ± 0.05 -0.19 ± 0.01 0
NGC4501 SA(rs)b 3 16.50 ± 1.14 7.30 ± 0.08 2.20 ± 0.01 10.16 ± 0.07 -0.40 ± 0.03 0
NGC5018 E3 1 40.55 ± 4.87 8.02 ± 0.08 2.32 ± 0.01 11.54 ± 0.09 0.62 ± 0.05 0
NGC5419 E 0 56.20 ± 6.11 9.86 ± 0.14 2.56 ± 0.01 12.00 ± 0.09 1.26 ± 0.05 0
IC4296 BCGE 0 49.20 ± 3.63 9.11 ± 0.07 2.51 ± 0.02 11.78 ± 0.25 1.21 ± 0.03 1
NGC1277 S0/ 2 73.00 ± 7.30 9.70 ± 0.05 2.52 ± 0.07 10.83 ± 0.08 0.09 ± 0.04 0
IC2560 SBbc 3 33.20 ± 3.32 6.59 ± 0.16 2.15 ± 0.02 10.13 ± 0.25 -0.14 ± 0.04 1
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Galaxy Morphology A Distance MBH �e LK Re B
(Mpc) (log M�) (log km/s) (log L�) (log kpc)

NGC224 Sb 2 0.77 ± 0.03 8.15 ± 0.16 2.23 ± 0.02 10.34 ± 0.10 -0.19 ± 0.02 1
NGC4472 E2 0 17.14 ± 0.59 9.40 ± 0.04 2.48 ± 0.01 11.86 ± 0.06 1.05 ± 0.01 1
NGC3031 Sb 2 3.60 ± 0.13 7.81 ± 0.13 2.15 ± 0.02 10.43 ± 0.31 -0.24 ± 0.02 1
NGC4374 E1 0 18.51 ± 0.60 8.97 ± 0.05 2.47 ± 0.02 11.64 ± 0.25 1.07 ± 0.01 1
NGC4486 E1 0 16.68 ± 0.62 9.68 ± 0.04 2.51 ± 0.03 11.64 ± 0.25 0.85 ± 0.02 1
NGC4594 Sa 2 9.87 ± 0.82 8.82 ± 0.04 2.38 ± 0.02 10.79 ± 0.25 -0.03 ± 0.08 1
NGC3379 E1 0 10.70 ± 0.54 8.62 ± 0.11 2.31 ± 0.02 10.96 ± 0.25 0.42 ± 0.02 1
NGC221 E2 1 0.80 ± 0.03 6.39 ± 0.19 1.89 ± 0.02 9.12 ± 0.04 -0.90 ± 0.02 0
CygnusA E 0 242.70 ± 24.27 9.42 ± 0.12 2.43 ± 0.05 12.19 ± 0.10 1.46 ± 0.04 0
NGC1271 SB0 2 80.00 ± 8.00 9.48 ± 0.15 2.45 ± 0.01 11.07 ± 0.08 0.34 ± 0.07 0
NGC1275 E 1 73.80 ± 7.38 8.90 ± 0.24 2.39 ± 0.08 11.84 ± 0.08 1.15 ± 0.04 0
NGC1600 E 0 64.00 ± 6.40 10.23 ± 0.04 2.47 ± 0.02 11.86 ± 0.08 1.08 ± 0.04 0
NGC3706 E 0 46.00 ± 4.60 8.78 ± 0.06 2.51 ± 0.01 11.58 ± 0.08 0.80 ± 0.04 0
NGC5252 S0 2 92.00 ± 9.20 8.98 ± 0.23 2.28 ± 0.02 11.49 ± 0.09 0.88 ± 0.06 0
NGC4339 E 1 16.00 ± 1.60 7.63 ± 0.36 1.98 ± 0.02 10.26 ± 0.25 0.37 ± 0.04 0
NGC4434 E 1 22.40 ± 2.24 7.85 ± 0.15 1.99 ± 0.02 10.28 ± 0.25 0.20 ± 0.04 0
NGC4578 E 1 16.30 ± 1.63 7.28 ± 0.22 2.03 ± 0.02 10.33 ± 0.25 0.49 ± 0.04 0
NGC4762 E 1 22.60 ± 2.26 7.36 ± 0.14 2.13 ± 0.02 11.05 ± 0.25 1.06 ± 0.04 0

Table 1. Col.1 : Galaxy name. Col.2 : Morphology. Col.3 : Flag A, A=0 indicates core ellipticals, A=1 indicates power-law ellipticals, A=2
indicates bulges, A=3 indicates pseudobulges (Saglia et al. 2016). Col.4 : Distance. Col.5 : BH mass. Col.6 : E↵ective velocity dispersion.
Col.7 : Luminosity, measured either at 3.6µm (Savorgnan et al. 2016) or from 2MASS data (van den Bosch 2016, § 2.2. Col.8 : E↵ective
radius, coming from the same analysis as L. Col.9 : Flag B, B=0 indicates K-band data, B=1 indicates Spitzer data.

Figure 1. Comparison of the K-band and the Spitzer photome-
tries for the galaxies of my sample for which both measurements
are avilable. The red lines are the 1:1 lines. The values are in good
agreement with the Spitzer radii being on average slightly larger,
which can be expected since Spitzer data are deeper.

compare Spitzer and 2MASS data. For the luminosities, the
agreement is fairly good, as can be expected given the low
K�3.6 color index (Sani et al. 2011), while things are slightly
worse when dealing with radii, which can be explained by the
di↵erent analyses and techniques used to derive the photo-
metric variables (van den Bosch 2016; Savorgnan & Graham
2016).

3 LINEAR REGRESSIONS

The first step of the analysis consists in fitting the scaling
relations to our data. These relations have the form

z = ↵ (x � hxi) + � + " (2)

for monovariate correlations and

z = ↵ (x � hxi) + � (y � hyi) + � + " (3)

for bivariate correlations. In these equations, ↵ and � are
the slopes, � is the zero-point and " is the intrinsic scat-
ter around the dependent variable. This last parameter is
of great importance since it embeds the scatter not due
to measurement errors, thus providing information about
which variable(s) is (are) most closely connected to the cen-
tral BH. Centering the independent variable reduces the
covariance between the observables; moreover, the zero-
point should be ⇠ hzi. Commonly used fitting routines are
the Bayesian linmixerr and its multi-dimensional equiv-
alent mlinmixerr (Kelly 2007). Here, we rely on the ro-
bust lts_linefit and lts_planefit algorithms (Cappel-
lari et al. 2013), which combine the Least Trimmed Squares
algorithm from Rousseeuw & Van Driessen (2006) with a
residuals sum-of-squares minimization. These routines also
allow for outliers detection and their consequent exclusion
from the fits, which is not used in this work since we do not
omit galaxies a posteriori. Moreover, the fact that a galaxy is
an outlier does not necessarily signal bad data. For example,
the largest galaxies (e.g. NGC4889, NGC1600, see Fig. ??)
are expected to be outliers of the MBH -�e relation because
of the longer time needed by their SMBH to clear the bulge
of gas, which results in abnormally large MBH ’s (King &
Pounds 2015). All the variables are logarithmic with unit of
measure reported in Tab. 1. In all fits, the dependent vari-
able will be MBH .

We consider the monovariate correlations between

MNRAS 000, 1–12 (2018)
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Scaling relations - Results II

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●
● ●

●
●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●
●

−1.0 −0.5 0.0 0.5 1.0 1.5

6
7

8
9

10

Re (log kpc)

M B
H (

log
 M

Su
n)

●

●

●

●

●

●

●

● ●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

6
7

8
9

10

−1.0 −0.5 0.0 0.5 1.0 1.5

●

●

●

●

●

core
power−law
bulges
pseudobulges
omitted

eps_y = 0.63
Spearman = 0.75

MPE, Garching bei Muenchen - June 21, 2018 15 / 33

Many BH-galaxy relations
BH masses correlate with almost every 
property of the host spheroid

L, σ (e.g. K&H 13,  
Mc Connell & Ma+13, 
Van Den Bosch 16) 

(Stellar) mass (e.g. Sani+11,  
K&H13, Reines & Volonteri 15)

Effective radius (e.g. De Nicola+18)

8 G. Savorgnan et al.

Figure 4. Black hole mass vs Sérsic index. Figure 4a: All galaxies with at least one measurement from GD07, V12, S11 and B12; if a
galaxy has been measured by more than one study, we plot the average value of its Sérsic index as obtained in Section 2.4. Black crosses
are used to show the location of the 8 galaxies excluded from the initial sample of 62, due to widely varying Sérsic indices (we plot their
mean Sérsic index). Figure 4b: Only the 27 galaxies with multiple Sérsic measurements. Open symbols are used for core-Sérsic galaxies,
rather than filled symbols that denote Sérsic galaxies. The solid blue line (and the blue dotted lines) shows the symmetrical bisector
regression (with errors) for the Sérsic bulges of disc galaxies. The dashed red line (and the red dotted lines) shows the symmetrical
bisector regression (with errors) for core-Sérsic elliptical galaxies (not shown in Figure 4b due to the low number statistics). The labelled
galaxies designate outliers that were excluded from the regressions.

reliable regressions for core-Sérsic elliptical galaxies in
Figure 4b, nor for Sérsic elliptical galaxies and core-Sérsic
bulges in either Figures 4a and 4b. Table 4 contains the
results from the symmetrical regressions. All of the outliers
reside more than 3σ from the linear regressions.

4 PREDICTIONS AND DISCUSSION

The MBH − n relation can be predicted from two other im-
portant scaling relations: the MBH − Lsph and the Lsph − n
relations, where Lsph is the luminosity of the galaxy’s
spheroidal component.

Since at least Graham (2001, his Figure 14), we have
known that the Lsph − n relation is different for elliptical
galaxies and the bulges of disc galaxies. Figure 10 from
Graham & Guzmán (2003) and Figure 11 from Graham
(2013) display the Lsph − n relation for elliptical galax-
ies (in the B-band) and for the bulges of disc galaxies (in
the Ks-band) respectively. In both Figures, the linear re-
gressions had been estimated “by eye”. We re-analyzed the
data from their Figures and performed a symmetrical linear
bisector regression analysis using the BCES routine from
Akritas & Bershady (1996).
We obtained

MB,sph = (−18.25 ± 0.18) + (−9.01± 0.47) log(n/3)

for the elliptical galaxies, and

MKs,sph = (−23.01 ± 0.15) + (−5.55± 0.47) log(n/3)

for the bulges of the disc galaxies. Here MB,sph indicates
the absolute B-band magnitude of elliptical galaxies and
MKs,sph indicates the dust-corrected, absolute Ks-band mag-
nitude of the bulges of disc galaxies.

We have used the MBH − Lsph relation from
Graham & Scott (2013) who derived B-band and Ks-band
bulge magnitudes, from the total luminosity of lenticular and
spiral galaxies, through a statistical correction that takes
into account inclination effects and dust absorption. Fol-
lowing Graham (2012), Graham & Scott (2013) derived the
MBH − Lsph relation separately for core-Sérsic and Sérsic
spheroids. They observed a near-linear MBH −Lsph relation
for the core-Sérsic spheroids, thought to be built in addi-
tive dry merger events, and a notably (2.5 times) steeper
MBH − Lsph relation for the Sérsic spheroids considered to
be products of gas-rich processes. They reported

log(MBH) = (9.03 ± 0.09) + (−0.54± 0.12)(MB,sph + 21)

and

log(MBH) = (9.05± 0.09) + (−0.44± 0.08)(MKs ,sph + 25)

for their core-Sérsic subsample, whereas

log(MBH) = (7.37 ± 0.15) + (−0.94± 0.16)(MB,sph + 19)

and

log(MBH) = (7.39± 0.14) + (−1.09± 0.22)(MKs ,sph + 22.5)

c⃝ 2013 RAS, MNRAS 000, 1–??

Sersic index  
(e.g. Savorgnan, 

Graham+13)



Many BH-galaxy relations A
A

51C
H

12-K
orm

endy
A

R
I

24
July

2013
12:27

400

300

200

100
90
80
70

400

300

200

100
90
80

60
10 20 30 40 50 70 100 200 400

70

10 20 40 60 80 100 200

Ci
rc

ul
ar

 ro
ta

tio
n 

ve
lo

ci
ty

 V
ci

rc
 (k

m
 s–1

)

V c
irc

 (k
m

 s–1
)

Central velocity dispersion σ (km s–1) Central velocity dispersion σ (km s–1)

Ferrarese (2002) galaxies with optical Vcirc
Ferrarese (2002) galaxies with HI Vcirc
Böker et al. (1999) nuclei
Kormendy et al. (2010) nuclei
Walcher et al. (2005) nuclei
Ho & Flippenko (1996) nuclei

Ho (2007a)
Classical bulges
Pseudobulges
Nuclei

log Vcirc = (0.90±0.15) log σ + (0.20±0.03)

M101

M33

IC342

N6946

N3198

a b

Figure 23
Outer rotation velocities Vcirc of spiral galaxy disks versus central velocity dispersions σ (Kormendy & Bender 2011, their figures 1 and S3). (a) Ferrarese (2002)
correlation (black points, circled if the galaxy has a classical bulge). Ferrarese points are omitted if the σ measurement had insufficient velocity resolution or corrected if
higher-resolution data are available. Added in color are points for galaxies that have no classical bulge and essentially no pseudobulge but that are measured with
instrumental resolution (expressed as a dispersion) σinstr < 10 km s−1 high enough to resolve the smallest σ in galactic nuclei. The line (equation at bottom, velocities in
units of 200 km s−1) is a least-squares fit to the black circles omitting NGC 3198. (b) V circ-σ relation for the large sample in Ho (2007a). It includes nuclei ( panel a) and
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DM Halo mass  
(see Kormendy & Ho 13)

The MBH–� relation 7

Table 2. bces (Y|X) linear regressions for the expression log(MBH/M�) = A[ |� | � 15�] + B. Columns: (1) Fit number. (2) Sample
description. (3) Sample size. (4) Slope. (5) log(MBH/M�)–intercept at |� | = 15�. (6) Intrinsic scatter in the log MBH direction. (7) Total
rms scatter in the log MBH direction. (8) Pearson correlation coe�cient. (9) p-value probability that the null hypothesis is true.

Fit Sample N A B ✏ � r p-value
(dex/deg) (dex) (dex) (dex)

(1) (2) (3) (4) (5) (6) (7) (8) (9)

1 All 44 �0.171 ± 0.017 7.01 ± 0.07 0.33 ± 0.08 0.43 �0.88 5.77 ⇥ 10�15

2 Pseudobulges + hybrids 37a �0.153 ± 0.018 6.99 ± 0.07 0.31 ± 0.08 0.41 �0.85 1.68 ⇥ 10�11

3 Classical bulges + hybrids 13a �0.169 ± 0.025 7.13 ± 0.16 0.31 ± 0.08 0.41 �0.90 2.31 ⇥ 10�5

4 Barred 35 �0.188 ± 0.024 6.96 ± 0.09 0.35 ± 0.09 0.46 �0.86 2.66 ⇥ 10�11

5 Unbarred 9 �0.143 ± 0.020 7.11 ± 0.12 0.33 ± 0.08 0.43 �0.92 4.92 ⇥ 10�4

6 m = 2 26 �0.188 ± 0.028 7.00 ± 0.09 0.41 ± 0.11 0.49 �0.86 1.79 ⇥ 10�8

7 m , 2 18 �0.153 ± 0.019 7.05 ± 0.10 0.28 ± 0.09 0.40 �0.88 1.20 ⇥ 10�6

a Seven galaxies (IC 2560, the Milky Way, NGC 1068, NGC 3368, NGC 4258, NGC 4594 and NGC 4699)
potentially have both types of bulge morphology. The bulge-less galaxy NGC 4395 is excluded.

Figure 2. Black hole mass (Table 1, Column 9) versus the ab-
solute value of the pitch angle in degrees (Table 1, Column 13),
represented as red dots bounded by black error bars. Equation (8)
is the solid green line (which represents the result of the error-
weighted bces (Y|X) regression of log MBH on |� |). The 1� confi-
dence band (smaller dark shaded region) and the 1� total rms
scatter band (larger light shaded region) depict the error as-
sociated with the fit parameters (slope and intercept) and the
rms scatter about the best fit of equation (8), respectively. The
three galaxies with questionable measurements (see Section 4.2)
are labelled. For comparison, we have also plotted the ordinary
least squares (Y|X) linear regression from Seigar et al. (2008) and
from Berrier et al. (2013), represented by a dotted magenta and
a dashed cyan line, respectively.

be observed from the seven hybrid galaxies in our sample
(see Table 1, Column 3) that either have conflicting pseu-
dobulge versus classical bulge classifications in the literature
or are stated as possessing both a pseudobulge and classical
bulge, simultaneously.

Observing Fig. 3, we do note that the six galaxies
(Cygnus A, NGC 224, NGC 1398, NGC 2974, NGC 3031
and NGC 4151) classified unambiguously as possessing clas-
sical bulges, all lie above the best-fitting linear regression for
the entire sample. Since the linear regression naturally acts
to divide half of the sample above the line of best fit, the in-

Cygnus A

NGC 4594

Milky Way

Figure 3. Similar to Fig. 2. Galaxies with bulges only classified
as classical are indicated by pentagons. Galaxies with bulges only
classified as pseudobulges are indicated by circles. Galaxies with
bulges ambiguously classified as having either classical, pseudo
or both types of bulges are labelled as having hybrid bulges and
are marked with squares. NGC 4395, being the only bulge-less
galaxy in our sample, is marked with a diamond. Markers filled
with the colour red represent galaxies with barred morphologies
and markers filled with the colour blue represent galaxies with
unbarred morphologies. The full and sub-sample bces (Y|X) lin-
ear regressions are plotted as lines with various styles and colours.
Fits 1–5 from Table 2 are depicted as a dotted black line, a solid
green line, a dotted magenta line, an alternating dash–dotted red
line and a dashed blue line, respectively. The three galaxies with
questionable measurements (see Section 4.2) are labelled. Error
bars and confidence regions have not been included for clarity.

dividual chance of a particular galaxy lying above the line of
best fit is 50 per cent, making the probability of these specific
six galaxies all lying above the line of best fit 1 chance out
of 64. This informs us that the classical bulges tend to have
higher black hole masses for a given pitch angle. However, it
is important to note the diminished statistical significance
of the classical bulge sample due to it having a small sample
size of only 13 galaxies (with seven of those being hybrid
bulge morphologies). Furthermore, this sample includes all
three galaxies with questionable measurements (see Section

MNRAS 000, 1–18 (2017)

Pitch angle of spiral 
arms (e.g. Davis+17)
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Fig. 2.— The upper and lower left panels show the correlation between M• or NGC , respectively,

and the velocity dispersion. The dashed curve in the upper left panel corresponds to equation

(3), and the line in the lower left panel is log(NGC/500) = 0.15 + 4.54 log(σ/200 km s−1). In the

upper right panel NGC is plotted versus the visual luminosity of the host galaxy; the line shows the

correlation given by equation (4). In the lower right panel blue triangles and red points correspond

to the number of blue and red globular clusters, respectively, versus SMBH mass; in this panel the

galaxies NGC 1399, NGC 3379 and NGC 5128 are represented by the geometric mean of the two

SMBH mass estimates.

Number of globular 
clusters (Burkert & 

Tremaine 11)



Bulges vs Pseudobulges and Disks
Our view has further changed in recent years


different BH-galaxy relations for different  
“bulges”, disks do not correlate

classical bulges: form after merger events,  
feedback is important

pseudo bulges: form by secular processes,  
no feedback required

but there are BHs in 
bulgeless galaxies …


More complex than we 
previously thought … 

e.g., Kormendy & Ho 2013



Different relations for late & early types?
Recent work with careful bulge/disk 
decomposition from 3.6 μm Spitzer 
images (Savorgnan & Graham 2015)


Accurate BH-galaxy relations: no 
difference between bulges and  
pseudo-bulges, apparently due to 
different relations for early type galaxies 
spheroids (red sequence) and spiral 
galaxy bulges / spheroids (blue cloud)

6 Savorgnan et al.

Fig. 1.— Black hole mass plotted against 3.6 µm galaxy absolute
magnitude. Symbols are coded according to the galaxy morpho-
logical type: red circle = E, red star = E/S0, red upward triangle
= S0, blue downward triangle = S0/Sp, blue square = Sp, black di-
amond = merger. Empty symbols represent core-Sérsic spheroids,
whereas filled symbols are used for Sérsic spheroids. Four spiral
galaxies had their magnitudes overestimated (luminosities under-
estimated) and are shown as upper limits. The red dashed line
indicates the BCES bisector linear regression for the 45 early-type
galaxies (E+S0), with the red shaded area denoting its 1� uncer-
tainty. MBH correlates equally well with Lgal and Lsph only for
early-type galaxies, but not for all (early+late-type) galaxies.
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Fig. 2.— Black hole mass plotted against 3.6 µm spheroid abso-
lute magnitude. Symbols have the same meaning as in Figure 1.
The red dashed line indicates the BCES bisector linear regression
for the spheroidal component of the 45 early-type (E+S0) galax-
ies, with the red shaded area denoting its 1� uncertainty. The blue
solid line shows the BCES bisector linear regression for the bulges
of the 17 late-type (Sp) galaxies, with the blue shaded area denot-
ing its 1� uncertainty. The black dashed-dotted and dotted lines
represent the BCES bisector linear regressions for the core-Sérsic
and Sérsic spheroids, respectively.

4.2. Black hole mass – spheroid luminosity

The MBH � Lsph diagram is shown in Figure 2, and
the linear regression analysis is presented in Table 3.
Sérsic and core-Sérsic spheroids have slopes consistent
with each other (within their 1� uncertainties), in dis-
agreement with the findings of GS13. The slope that we

obtained for core-Sérsic spheroids (MBH / L1.18±0.20
sph

) is
consistent with the slope reported by GS13 in the Ks-
band for the same population (MBH / L1.10±0.20

sph
). How-

ever, the slope that we determined for Sérsic spheroids
(MBH / L1.53±0.20

sph
) is notably shallower than that found

by GS13 (MBH / L2.73±0.55
sph

).
Although the Sérsic/core-Sérsic classification used by
GS13 slightly di↵ers12 from the classification used here,
the main cause of the inconsistency is that the bulge-
to-total ratios obtained from our galaxy decomposi-
tions are di↵erent from those assumed by GS13 to con-
vert galaxy luminosities into bulge luminosities. Our
bulge-to-total ratios for low-luminosity Sérsic spheroids
(3.6 µm MAGsph & �22 mag) are smaller than those
used by GS13. The host galaxies of such bulges are
late-type, spiral galaxies, which typically present a com-
plex morphology (bars, double bars, embedded disks, nu-
clear components, etc). Our galaxy models account for
the extra components, while the average bulge-to-total
ratios of GS13 were based on less sophisticated Sérsic-
bulge/exponential-disk decompositions which overesti-
mated the bulge luminosity. This results in our bulge
magnitudes being on average ⇠0.7 mag fainter than in
GS13, after accounting for the di↵erent wavelength of
the data. At the same time, our bulge-to-total ratios for
the high-luminosity Sérsic spheroids (3.6 µm MAGsph .
�24 mag) are on average larger than those adopted by
GS13. In this regime, the host systems are early-type
galaxies that feature intermediate-scale disks13. Past
bulge/disk decompositions failed to correctly identify the
extent of such disks and treated them as large-scale disks,
thus underestimating the bulge luminosity. The magni-
tudes that we obtained for such spheroids are on average
⇠0.5 mag brighter than in GS13. These two e↵ects ex-
plain the shallower slope that we obtained for the Sérsic
spheroids.
The slope that we obtained for Sérsic spheroids (1.53 ±
0.20) is not consistent with the value of 2.5 expected
from MBH / �5 and Lsph / �2. In addition, the Sérsic
and core-Sérsic spheroids appear not to define two dis-
tinct MBH �Lsph sequences. This leads us to investigate
substructure in the MBH � Lsph diagram for early- and
late-type galaxies. First, we checked that the elliptical
and lenticular galaxies, taken separately, have slopes con-
sistent with each other, and thus, taken together, they
define a single early-type sequence in the MBH � Lsph

diagram. We then fit the early-type galaxies with a sin-
gle log-linear regression, and obtained MBH / L1.00±0.10

sph
.

We did not find any convincing evidence for the change
in slope required for consistency with the MBH � � and
bent Lsph � � correlations. Because the change in slope
should occur at MBH > 108±1 M�, but all the early-type
galaxies in our sample have MBH & 107 M�, one possible
explanation is that we are still not probing enough low

12 The classification has changed for the galaxies NGC 1316,
NGC 1332 and NGC 3998.

13 Intermediate-scale disks are disks of stars fully embedded in
the spheroidal component of their galaxy. They are typical of
“disky” elliptical galaxies (e.g. NGC 3377), but they can also be
found in other types of host galaxies. They can be considered an
intermediate class between nuclear disks, with sizes ⇠10� 100 pc,
and large-scale disks, that encase the bulge and dominate the light
at large radii.

8 Savorgnan et al.

�26�24�22�20
MAGsph [mag]

106

107

108

109

1010

1011

M
B

H
[M

�
]

1

2

3

4

5

6

7

8

9

10

n
sp

h

Fig. 3.— Black hole mass plotted against 3.6 µm spheroid abso-
lute magnitude (as in Figure 2). Symbols are color coded according
to the spheroid Sérsic index nsph. Bulges with nsph < 2, claimed
by some to be pseudo-bulges, are enclosed with a square. The
black solid line shows the BCES bisector linear regression for the
spheroids that have nsph � 2, such that MBH / L1.25±0.13

sph
.

Fig. 4.— Vertical o↵set from the MBH�Lsph correlation defined
by spheroids with nsph � 2 (see Figure 3), plotted against nsph.
The vertical dashed line corresponds to nsph = 2. The horizontal
solid line is equivalent to a zero vertical o↵set. Among the bulges
with nsph < 2, 12 have a positive vertical o↵set and 11 have a
negative vertical o↵set. Hence, bulges with nsph < 2 are not ran-
domly o↵set to lower black hole masses from the correlation traced
by bulges with nsph � 2.

4.3. Black hole mass – spheroid stellar mass

Finally, we present the MBH � M⇤,sph diagram in
Figure 5, and its linear regression analysis in Ta-
ble 4. The bulges of the early-type galaxies follow
MBH / M1.04±0.10

⇤,sph , consistent with a dry-merging

formation scenario16, and define a tight early-type
sequence with intrinsic scatter ✏(Y |X) = 0.43 ± 0.06 dex.

16 In dry mergers, the black hole and the bulge grow at the same
pace, increasing their mass in lock step.

Graham (2012) reported that the MBH/Mdyn,sph ratio
for core-Sérsic galaxies was 0.36% (Mdyn,sph is the
spheroid dynamical mass), and discussed the many
implications of this. Using a larger data sample,
Graham & Scott (2013) reported that the MBH/M⇤,sph
ratio was 0.49% for core-Sérsic galaxies. Here we find
a median MBH/M⇤,sph ratio of 0.50 ± 0.04% for the
22 core-Sérsic galaxies and 0.68 ± 0.04% for the 45
early-type galaxies. Among other things, this higher
value (previously reported to be 0.1�0.2% for all galaxy
types, e.g. Marconi & Hunt 2003), boosts estimates of
the black hole mass function and mass density based on
galaxy/spheroid luminosity functions.
The bulges of the spiral galaxies trace a steeper late-type
sequence, whose slope is less well constrained due to the
smaller size of the subsample and, more importantly,
to the smaller range in M⇤,sph that the subsample
spans. For the bulges of spiral galaxies, the BCES code
returns a log-linear relation with a slope = 3.00 ± 1.30,
while the modified FITEXY routine finds a shallower
(but still consistent within the 1� uncertainty) slope
= 2.28+1.67

�1.01. More data would be welcome to better
constrain the slope of this late-type sequence, although
we note that direct measurements of black hole masses
below 106 M� are extremely challenging to obtain with
the current technological resources. In this regard,
using a sample of ⇠140 low-redshift (z  0.35, with
a median redshift hzi = 0.085) bulges hosting Active
Galactic Nuclei (AGNs) with virial black hole masses
105 . MBH/M� . 2 ⇥ 106 (Jiang et al. 2011), Graham
& Scott (2015) showed that they roughly follow the
quadratic MBH � M⇤,sph relation defined by their Sérsic
bulges. The majority of our spiral galaxies host an
AGN17 and we anticipate here that the correlation
traced by our spiral galaxy bulges may track the
location of these lower mass AGN in the MBH � M⇤,sph
diagram. That is, the AGNs appear to be the low-mass
continuation of our tentative late-type sequence shown
in Figure 5 and this will be explored with more rigour
in a forthcoming paper.

As a final remark, we comment on the work by Reines
& Volonteri (2015), who investigated the relationship
between black hole mass and total galaxy stellar mass,
M⇤,gal. Their Figure 8 presents the MBH � M⇤,gal dis-
tribution for a sample of ⇡ 260 local AGNs with virial
black hole masses and for ⇡ 80 galaxies with dynami-
cal black hole masses. They concluded that the AGN
sample and the early-type galaxies with quiescent black
holes define two distinct sequences in their MBH �M⇤,gal
diagram; these two sequences have similar slope, but a
normalization factor di↵erent by more than one order of
magnitude. Since we noted that the Jiang et al. (2011)
AGN sample follows the steeper MBH � M⇤,sph correla-
tion traced by our spiral galaxy bulges (the majority of
which host an AGN), it would be interesting to recover
the MBH � M⇤,sph distribution also for the AGN sam-
ple of Reines & Volonteri (2015). However we do note
that there is emerging evidence (e.g. Busch et al. 2015;
Subramanian et al. 2015) for a population of bulges with

17 According to the nuclear classification reported on NED
(NASA Extragalactic Database), among our 17 spiral galaxies, at
least 12 host a Seyfert AGN and one hosts a LINER AGN.

Savorgnan, Graham, AM, Sani 2015
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Figure 3.5: The tight correlation between MBH and �e for the whole sample. Di↵erent
colors denote di↵erent subsets. Red points are not included in the regression (see App. C).
Two of the largest outliers are labeled. The dashed lines are 1 time the intrinsic scatter,
which is printed on the plot together with the Spearman’s correlation coe�cient (c and r,
respectively).
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Mass Bias
Correlations are biased to higher Mass/Velocity dispersion galaxies 


Normalization of MBH-σ relation increased by factor ~3SMBHs: selection bias and its consequences 5

Figure 1.Mean velocity dispersion σ at a given aperture (solid lines with gray bands), as labelled on the y-axis, as a function of the total stellar mass of SDSS
galaxies with a probability p(E–S0) > 0.80 of being classified as ellipticals and/or lenticulars (see text for details). The solid line in each panel shows the
mean relation in the SDSS, based on the SEREXP stellar masses of Meert et al. 2015; gray band shows the dispersion around the mean. The symbols show the
local E–S0 galaxies with dynamically measured black hole masses from McConnell & Ma (2013, top, left), Savorgnan et al. (2016, top right), Beifiori et al.
(2012, bottom left), and Läsker et al. (2014, bottom right). Filled red circles in each panel show ellipticals; green triangles show lenticulars. Open circles in
the upper right panel mark the galaxies classified as barred by Savorgnan et al. (2016). In all panels, most black hole hosts lie above the relations defined by
the local population of SDSS galaxies regardless of morphological type.

ics is expected to be dominated by the black hole (e.g.,
Merritt & Ferrarese 2001b), and not adequately resolving the
sphere of influence could significantly bias black hole mass esti-
mates (e.g., Merritt 2013). The next section explores the conse-
quences of this selection effect.

4 PROBING BLACK HOLE-GALAXY CORRELATIONS
AND RESIDUALS THROUGH TARGETEDMONTE
CARLO TESTS

We now describe the results of Monte Carlo simulations we have
performed to study how the requirement that

θinfl ≡ rinfl/dAng (3)

where dAng is the angular diameter distance, must exceed some
critical angle θcrit, impacts black hole and black hole-host scal-
ing relations. To illustrate our results, we set θcrit = 0.1′′ , a
characteristic resolution limit for space-based (Hubble space tele-
scope) observations. We have verified that none of our conclusions
is significantly changed if we increase the critical radius to, say,
θcrit = 0.5′′, which is more typical for ground-based measure-
ments, Of course, increasing θcrit decreases the number of de-
tectable objects. In addition, the bias does not scale linearly with
θcrit so a weak trend with resolution is expected. Finally, we stress

that this may not be the only selection effect in real samples; our
goal is to study this effect in isolation.

4.1 Setting up the simulations

Our simulations, which follow the approach of Bernardi et al.
(2007), work as follows:

(i) A comoving distance dCom is drawn from a distribution
which is uniform in comoving volume out to 200 Mpc3. This cut-
off is small enough that the difference between dAng and dCom is
irrelevant.
(ii) A (total) stellar mass Mstar is assigned from the

Bernardi et al. (2013) stellar mass function of ellipti-
cals+lenticulars.
(iii) A velocity dispersion is determined by drawing from a

Gaussian distribution with mean and scatter as derived from the
σ − Mstar relation in the SDSS shown in the right panels of Fig-
ure 1.

3 This value was chosen to broadly match the outermost distance for dy-
namical measurements of black holes (e.g., Cygnus A, Kormendy & Ho
2013). Reducing it to 100-150 Mpc does not qualitatively change any of
our conclusions.
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Figure 3. Black hole scaling relations:Mbh-σ (left) andMbh-Mstar (right), in Model I (Mbh ∝ M0.5
starσ

4.5, top), Model II (Mbh ∝ M0.5
starσ

2.5, middle),
and Model III (Mbh ∝ M2

star/Re, bottom) in the same format as the previous figure. Red circles and grey squares show a random subsample of 200 objects
from the full and selection biased subsamples, respectively. Red long-dashed and black solid curves show the associated mean values ofMbh as σ andMstar

vary. Resolving the black hole sphere of influence biases the observed relations so that they lie significantly above the intrinsic ones; they overestimate Mbh

by factors of 3× or more. Blue symbols with error bars show the Savorgnan et al. (2016) dataset which is only really matched by the (selection biased) Model
I.

σ). Correlations with the variable on which the selection was made
will be unbiased, and, since the correlation shown is at fixedMstar,
the rinfl selection does not bias the σ-Mstar relation in the middle
panel very much. However, in Model I, rinfl ∝ M0.5

starσ
2.5 is nearly

a function of σ only, so requiring θinfl ! θcrit will tend to select
large σ, which is what we see in the left hand panel. In contrast,
rinfl ∝ (M2

star/Re)/σ2 in Model III, so θinfl ! θcrit tends to
select small σ in the right hand panel.

Comparison with the blue symbols in the top panels shows
that Model I is remarkably similar to the data, whereas Models II

and III are not. The discrepancy between the σ-Mstar relation in
the selection-biased sample and the data (i.e., the Savorgnan et al.
2016 E+S0s) is most pronounced in Model III, because it has no σ
factor in Mbh to cancel the σ2 factor in the definition of rinfl, so
the selection biased sample is composed of objects with smaller σ
(rather than larger) for theirMstar.

For completeness, the bottom panels of Figure 2 show a sim-
ilar analysis of the Re-Mstar relation. Model II is nearly unbiased
by the selection effect for the same reason as before; and while
there is a small bias (to slightly smaller Re) in models I and III, it
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CHAPTER 1. THE PHYSICS OF GALAXIES 2

Figure 1.1: The tight three-dimensional scaling relation between �e, Re and the surface
brightness within Re per unit square arcsecond µe, based on data from Saglia et al. (1997)
& Wegner et al. (1999).

� = �0.75± 0.01.

One remarkable aspect of the FP is its scatter: the rms was found to be just 0.05. In order
to understand why the FP works so well, we must investigate its causality, e.g. the physics
behind this scaling relation. Early-type galaxies are gravitational systems in equilibrium;
thus, they obey the virial theorem:

⌦
v
2
↵
=

GM

hRi (1.3)

where hRi and hvi are defined in a way that the right-hand side and the left-hand side are
the potential energy and the kinetic energy of the system, both per unit mass. However,
the observables for an elliptical galaxy, i.e. the quantities we can measure, are Re, hIei and
�e. In terms of these variables and using eq. 1.1, eq. 1.3 can be written

Re = C�
2
e hIei

�1
✓
M

L

◆�1

(1.4)

where C is a constant accounting for homology (i.e. orbital distributions and densities).
We immediately see that, if C and the mass-to-light ratioM/L are the same for all elliptical
galaxies, then eq. 1.4 predicts ↵ = 2 and � = �1. The deviation of the observed coe�-
cients from those predicted by the virial theorem is called the tilt of the FP. According to
Cappellari et al. (2006), this tilt is mostly due to scatter in M/L, rather than di↵erences

Which is the “fundamental” relation?
Relations with M, L, σ, R and other parameters suggest existence of 
“fundamental” BH-galaxy relation

Proposal of BH “Fundamental plane”  MBH ~ σα Rβ (e.g. Hopkins+2007)


Hopkins+ find  MBH ~ σ3.0 R0.4  (-Egrav ~ 2 Ekin ~ σ4.0 R)

In general MBH-σ considered “fundamental” because it has smaller 
intrinsic scatter


What about the well-known fundamental plane of elliptical galaxies?

Almost never taken into account …


Van den Bosch+16 finds  
MBH ~ (LK/Re)3.8  
with same scatter as 
MBH ~ σ5.4  
consistent with FP Projection

MBH-σ main relation, other relations 
are combination with FP

Data from Saglia+97, Wegner+99



BH Database as of “today”
About 80 galaxies with “secure” BH masses 

Additional ~40 galaxies with less reliable 
measurements or upper limits

Various galaxy morphological types 


De Nicola, AM, Longo (2018) combine 
“secure” BH masses with photometry  
from Spizter 3.6um or K band (good  
tracers of stellar mass)

3

Galaxy Morphology A Distance MBH �e LK Re B
(Mpc) (log M�) (log km/s) (log L�) (log kpc)

Circinus SABb: 3 2.82 ± 0.47 6.23 ± 0.10 1.90 ± 0.02 10 ± 0.12 -0.91 ± 0.07 1
A1836 BCGE 0 152.40 ± 8.43 9.57 ± 0.06 2.46 ± 0.02 11.75 ± 0.06 0.89 ± 0.02 0
IC1459 E4 0 28.92 ± 3.74 9.39 ± 0.08 2.52 ± 0.01 11.70 ± 0.06 0.90 ± 0.06 1
NGC524 S0 2 24.22 ± 2.23 8.94 ± 0.05 2.39 ± 0.02 10.52 ± 0.08 0.17 ± 0.07 1
NGC821 S0 1 23.44 ± 1.84 8.22 ± 0.21 2.32 ± 0.02 10.84 ± 0.31 0.33 ± 0.03 1
NGC1023 SB0 2 10.81 ± 0.80 7.62 ± 0.06 2.31 ± 0.02 10.45 ± 0.07 -0.41 ± 0.03 1
NGC1399 E1 0 20.85 ± 0.67 8.95 ± 0.31 2.498 ± 0.004 11.81 ± 0.06 1.53 ± 0.01 1
NGC2273 SBa 3 29.50 ± 1.90 6.93 ± 0.04 2.10 ± 0.03 10.43 ± 0.40 -0.57 ± 0.03 1
NGC2549 S0/ 2 12.70 ± 1.64 7.16 ± 0.37 2.16 ± 0.02 9.73 ± 0.06 -0.72 ± 0.06 1
NGC3115 S0/ 2 9.54 ± 0.4 8.95 ± 0.10 2.36 ± 0.02 10.93 ± 0.06 0.20 ± 0.06 1
NGC3227 SBa 3 23.75 ± 2.63 7.32 ± 0.23 2.12 ± 0.04 9.93 ± 0.25 -0.28 ± 0.05 1
NGC3245 S0 2 21.38 ± 1.97 8.38 ± 0.11 2.31 ± 0.02 10.20 ± 0.06 -0.60 ± 0.04 1
NGC3377 E5 1 10.99 ± 0.46 8.25 ± 0.25 2.16 ± 0.02 10.64 ± 0.25 0.52 ± 0.02 1
NGC3384 SB0 3 11.49 ± 0.74 7.03 ± 0.21 2.16 ± 0.02 10.20 ± 0.06 -0.51 ± 0.03 1
NGC3393 SABa 3 49.20 ± 8.19 7.20 ± 0.33 2.17 ± 0.03 10.62 ± 0.25 -0.48 ± 0.07 1
NGC3585 S0 2 20.51 ± 1.70 8.52 ± 0.13 2.33 ± 0.02 11.45 ± 0.25 0.93 ± 0.07 1
NGC3608 E1 0 22.75 ± 1.47 8.67 ± 0.10 2.26 ± 0.02 11.04 ± 0.25 0.68 ± 0.03 1
NGC3842 E1 0 92.20 ± 10.64 9.96 ± 0.14 2.43 ± 0.04 12.04 ± 0.06 1.52 ± 0.05 1
NGC3998 S0 2 14.30 ± 1.25 8.93 ± 0.05 2.44 ± 0.01 10.15 ± 0.31 -0.48 ± 0.04 1
NGC4026 S0 2 13.35 ± 1.73 8.26 ± 0.12 2.25 ± 0.02 9.86 ± 0.31 -0.39 ± 0.06 1
NGC4258 SABbc 2 7.27 ± 0.50 7.58 ± 0.03 2.06 ± 0.04 10.03 ± 0.03 -0.33 ± 0.03 1
NGC4261 E2 0 32.36 ± 2.84 8.72 ± 0.10 2.5 ± 0.02 11.53 ± 0.25 0.87 ± 0.04 1
NGC4291 E2 0 26.58 ± 3.93 8.99 ± 0.16 2.38 ± 0.02 10.86 ± 0.25 0.30 ± 0.06 1
NGC4459 E2 1 16.01 ± 0.52 7.84 ± 0.09 2.22 ± 0.02 10.64 ± 0.25 0.00 ± 0.01 1
NGC4473 E5 1 15.25 ± 0.49 7.95 ± 0.24 2.28 ± 0.02 10.80 ± 0.25 0.44 ± 0.01 1
NGC4564 S0 2 15.94 ± 0.51 7.95 ± 0.12 2.21 ± 0.02 10.15 ± 0.06 -0.41 ± 0.01 1
NGC4596 SB0 2 16.53 ± 6.23 7.88 ± 0.26 2.13 ± 0.02 10.34 ± 0.06 -0.14 ± 0.16 1
NGC4649 E2 0 16.46 ± 0.61 9.67 ± 0.10 2.58 ± 0.02 11.66 ± 0.06 0.90 ± 0.02 0
NGC4697 E5 1 12.54 ± 0.40 8.13 ± 0.01 2.25 ± 0.02 11.17 ± 0.31 0.64 ± 0.01 1
NGC4889 E4 0 102.00 ± 5.17 10.32 ± 0.44 2.54 ± 0.01 12.25 ± 0.06 1.47 ± 0.02 1
NGC5077 E3 0 38.70 ± 8.44 8.93 ± 0.27 2.35 ± 0.02 11.42 ± 0.06 0.64 ± 0.09 1
NGC5128 E 0 3.62 ± 0.20 7.75 ± 0.08 2.18 ± 0.02 10.80 ± 0.31 0.03 ± 0.02 1
NGC5576 E3 1 25.68 ± 1.66 8.44 ± 0.13 2.26 ± 0.02 11.02 ± 0.06 0.79 ± 0.03 1
NGC5845 E3 1 25.87 ± 4.07 8.69 ± 0.16 2.38 ± 0.02 10.43 ± 0.31 -0.41 ± 0.07 1
NGC6086 E 0 138.00 ± 11.45 9.57 ± 0.17 2.5 ± 0 11.87 ± 0.08 1.20 ± 0.04 0
NGC6251 E1 0 108.40 ± 9.00 8.79 ± 0.16 2.46 ± 0.02 11.94 ± 0.06 1.20 ± 0.04 1
NGC7052 E3 0 70.40 ± 8.45 8.60 ± 0.23 2.42 ± 0.02 11.77 ± 0.06 1.10 ± 0.05 1
NGC7582 SBab 3 22.30 ± 9.85 7.74 ± 0.20 2.19 ± 0.05 10.61 ± 0.32 -0.62 ± 0.19 0
NGC7768 E4 0 116.00 ± 27.50 9.13 ± 0.18 2.41 ± 0.04 12.00 ± 0.25 1.37 ± 0.10 1
UGC3789 SABab 3 49.90 ± 5.42 6.99 ± 0.08 2.03 ± 0.05 10.33 ± 0.31 -0.24 ± 0.05 1
NGC1332 S0 2 22.30 ± 1.85 8.82 ± 0.10 2.47 ± 0.01 11.20 ± 0.31 0.29 ± 0.06 1
NGC1374 E3 1 19.23 ± 0.66 8.76 ± 0.06 2.23 ± 0.01 10.72 ± 0.06 0.36 ± 0.01 1
NGC1407 E0 0 28.05 ± 3.37 9.65 ± 0.08 2.442 ± 0.003 11.72 ± 0.12 0.97 ± 0.05 0
NGC1550 SA0 0 51.57 ± 5.60 9.57 ± 0.07 2.44 ± 0.02 11.32 ± 0.10 0.66 ± 0.05 0
NGC3091 E3 0 51.25 ± 8.30 9.56 ± 0.07 2.48 ± 0.02 11.75 ± 0.06 1.10 ± 0.07 1
NGC3368 SABab 3 10.40 ± 0.96 6.88 ± 0.08 2.122 ± 0.003 10.09 ± 0.06 -0.57 ± 0.04 1
NGC3489 SAB0 3 12.10 ± 0.84 6.78 ± 0.05 1.949 ± 0.002 9.68 ± 0.25 -1.00 ± 0.03 1
NGC4751 E 1 26.92 ± 2.92 9.15 ± 0.06 2.56 ± 0.02 10.95 ± 0.09 0.52 ± 0.05 0
NGC5328 E 0 64.10 ± 6.96 9.67 ± 0.16 2.523 ± 0.002 11.71 ± 0.09 0.94 ± 0.05 0
NGC5516 E 0 58.44 ± 6.35 9.52 ± 0.06 2.52 ± 0.02 11.83 ± 0.09 1.30 ± 0.05 0
NGC6861 E 1 27.30 ± 4.55 9.30 ± 0.08 2.590 ± 0.003 11.14 ± 0.13 0.32 ± 0.07 0
NGC7619 E 0 51.52 ± 7.38 9.40 ± 0.11 2.47 ± 0.01 11.78 ± 0.25 1.16 ± 0.06 1
NGC2748 Sc 3 23.40 ± 8.24 7.65 ± 0.24 2.06 ± 0.02 9.84 ± 0.25 -0.39 ± 0.15 1
NGC4151 Sa 2 20.00 ± 2.77 7.81 ± 0.08 2.19 ± 0.02 10.61 ± 0.25 -0.18 ± 0.06 1
NGC7457 S0 2 12.53 ± 1.21 6.95 ± 0.30 1.83 ± 0.02 9.69 ± 0.08 -0.28 ± 0.04 1
NGC307 S0 2 52.80 ± 5.74 8.60 ± 0.06 2.31 ± 0.01 10.50 ± 0.05 -0.31 ± 0.05 0
NGC3627 SAB(s)b 3 10.05 ± 1.09 6.93 ± 0.05 2.088 ± 0.002 9.45 ± 0.09 -1.08 ± 0.05 0
NGC3923 E4 1 20.88 ± 2.70 9.45 ± 0.12 2.35 ± 0.02 11.50 ± 0.11 0.89 ± 0.06 0
NGC4486A E2 1 16.00 ± 0.52 7.10 ± 0.15 2.16 ± 0.01 10.08 ± 0.05 -0.19 ± 0.01 0
NGC4501 SA(rs)b 3 16.50 ± 1.14 7.30 ± 0.08 2.20 ± 0.01 10.16 ± 0.07 -0.40 ± 0.03 0
NGC5018 E3 1 40.55 ± 4.87 8.02 ± 0.08 2.32 ± 0.01 11.54 ± 0.09 0.62 ± 0.05 0
NGC5419 E 0 56.20 ± 6.11 9.86 ± 0.14 2.56 ± 0.01 12.00 ± 0.09 1.26 ± 0.05 0
IC4296 BCGE 0 49.20 ± 3.63 9.11 ± 0.07 2.51 ± 0.02 11.78 ± 0.25 1.21 ± 0.03 1
NGC1277 S0/ 2 73.00 ± 7.30 9.70 ± 0.05 2.52 ± 0.07 10.83 ± 0.08 0.09 ± 0.04 0
IC2560 SBbc 3 33.20 ± 3.32 6.59 ± 0.16 2.15 ± 0.02 10.13 ± 0.25 -0.14 ± 0.04 1
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Galaxy Morphology A Distance MBH �e LK Re B
(Mpc) (log M�) (log km/s) (log L�) (log kpc)

NGC224 Sb 2 0.77 ± 0.03 8.15 ± 0.16 2.23 ± 0.02 10.34 ± 0.10 -0.19 ± 0.02 1
NGC4472 E2 0 17.14 ± 0.59 9.40 ± 0.04 2.48 ± 0.01 11.86 ± 0.06 1.05 ± 0.01 1
NGC3031 Sb 2 3.60 ± 0.13 7.81 ± 0.13 2.15 ± 0.02 10.43 ± 0.31 -0.24 ± 0.02 1
NGC4374 E1 0 18.51 ± 0.60 8.97 ± 0.05 2.47 ± 0.02 11.64 ± 0.25 1.07 ± 0.01 1
NGC4486 E1 0 16.68 ± 0.62 9.68 ± 0.04 2.51 ± 0.03 11.64 ± 0.25 0.85 ± 0.02 1
NGC4594 Sa 2 9.87 ± 0.82 8.82 ± 0.04 2.38 ± 0.02 10.79 ± 0.25 -0.03 ± 0.08 1
NGC3379 E1 0 10.70 ± 0.54 8.62 ± 0.11 2.31 ± 0.02 10.96 ± 0.25 0.42 ± 0.02 1
NGC221 E2 1 0.80 ± 0.03 6.39 ± 0.19 1.89 ± 0.02 9.12 ± 0.04 -0.90 ± 0.02 0
CygnusA E 0 242.70 ± 24.27 9.42 ± 0.12 2.43 ± 0.05 12.19 ± 0.10 1.46 ± 0.04 0
NGC1271 SB0 2 80.00 ± 8.00 9.48 ± 0.15 2.45 ± 0.01 11.07 ± 0.08 0.34 ± 0.07 0
NGC1275 E 1 73.80 ± 7.38 8.90 ± 0.24 2.39 ± 0.08 11.84 ± 0.08 1.15 ± 0.04 0
NGC1600 E 0 64.00 ± 6.40 10.23 ± 0.04 2.47 ± 0.02 11.86 ± 0.08 1.08 ± 0.04 0
NGC3706 E 0 46.00 ± 4.60 8.78 ± 0.06 2.51 ± 0.01 11.58 ± 0.08 0.80 ± 0.04 0
NGC5252 S0 2 92.00 ± 9.20 8.98 ± 0.23 2.28 ± 0.02 11.49 ± 0.09 0.88 ± 0.06 0
NGC4339 E 1 16.00 ± 1.60 7.63 ± 0.36 1.98 ± 0.02 10.26 ± 0.25 0.37 ± 0.04 0
NGC4434 E 1 22.40 ± 2.24 7.85 ± 0.15 1.99 ± 0.02 10.28 ± 0.25 0.20 ± 0.04 0
NGC4578 E 1 16.30 ± 1.63 7.28 ± 0.22 2.03 ± 0.02 10.33 ± 0.25 0.49 ± 0.04 0
NGC4762 E 1 22.60 ± 2.26 7.36 ± 0.14 2.13 ± 0.02 11.05 ± 0.25 1.06 ± 0.04 0

Table 1. Col.1 : Galaxy name. Col.2 : Morphology. Col.3 : Flag A, A=0 indicates core ellipticals, A=1 indicates power-law ellipticals, A=2
indicates bulges, A=3 indicates pseudobulges (Saglia et al. 2016). Col.4 : Distance. Col.5 : BH mass. Col.6 : E↵ective velocity dispersion.
Col.7 : Luminosity, measured either at 3.6µm (Savorgnan et al. 2016) or from 2MASS data (van den Bosch 2016, § 2.2. Col.8 : E↵ective
radius, coming from the same analysis as L. Col.9 : Flag B, B=0 indicates K-band data, B=1 indicates Spitzer data.

Figure 1. Comparison of the K-band and the Spitzer photome-
tries for the galaxies of my sample for which both measurements
are avilable. The red lines are the 1:1 lines. The values are in good
agreement with the Spitzer radii being on average slightly larger,
which can be expected since Spitzer data are deeper.

compare Spitzer and 2MASS data. For the luminosities, the
agreement is fairly good, as can be expected given the low
K�3.6 color index (Sani et al. 2011), while things are slightly
worse when dealing with radii, which can be explained by the
di↵erent analyses and techniques used to derive the photo-
metric variables (van den Bosch 2016; Savorgnan & Graham
2016).

3 LINEAR REGRESSIONS

The first step of the analysis consists in fitting the scaling
relations to our data. These relations have the form

z = ↵ (x � hxi) + � + " (2)

for monovariate correlations and

z = ↵ (x � hxi) + � (y � hyi) + � + " (3)

for bivariate correlations. In these equations, ↵ and � are
the slopes, � is the zero-point and " is the intrinsic scat-
ter around the dependent variable. This last parameter is
of great importance since it embeds the scatter not due
to measurement errors, thus providing information about
which variable(s) is (are) most closely connected to the cen-
tral BH. Centering the independent variable reduces the
covariance between the observables; moreover, the zero-
point should be ⇠ hzi. Commonly used fitting routines are
the Bayesian linmixerr and its multi-dimensional equiv-
alent mlinmixerr (Kelly 2007). Here, we rely on the ro-
bust lts_linefit and lts_planefit algorithms (Cappel-
lari et al. 2013), which combine the Least Trimmed Squares
algorithm from Rousseeuw & Van Driessen (2006) with a
residuals sum-of-squares minimization. These routines also
allow for outliers detection and their consequent exclusion
from the fits, which is not used in this work since we do not
omit galaxies a posteriori. Moreover, the fact that a galaxy is
an outlier does not necessarily signal bad data. For example,
the largest galaxies (e.g. NGC4889, NGC1600, see Fig. ??)
are expected to be outliers of the MBH -�e relation because
of the longer time needed by their SMBH to clear the bulge
of gas, which results in abnormally large MBH ’s (King &
Pounds 2015). All the variables are logarithmic with unit of
measure reported in Tab. 1. In all fits, the dependent vari-
able will be MBH .

We consider the monovariate correlations between

MNRAS 000, 1–12 (2018)
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FP of galaxies with BH Masses

Scaling relations - Fundamental Plane and its

projections

Kormendy relation: L / R
1.05 (" = 0.19)

FJ relation: L / �
3.68
e (" = 0.37)
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Do pseudobulges follow the FP? (Kormendy & Kennicutt 2004, S16)

MPE, Garching bei Muenchen - June 21, 2018 13 / 33

The
Fundamental
Plane

All galaxies follow FP, also pseudo bulges seem to
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Main dependence on V = log σ, small dependence on R = log Re, no 
dependence on L = log Lsph,

Intrinsic scatter not decreased w.r.t. MBH-σ 

Hyperplane is not the fundamental relation! 

To disentangle FP from MBH-L,σ,R relations 
Assume BH fundamental relation  
MBH = α L + β R + 𝛾 V + Σ (Σ int. scatter)

Model FP as a trivariate  Gaussian distribution ɸ(L, R, V) 
Slopes and intrinsic scatters of all MBH-L,σ,R can be computed 
analytically as a function of α, β, 𝛾, Σ 

We conclude that MBH ~ σ4.0 R0.4 is best relation (fundamental?)

This result takes into account FP 

A BH fundamental plane?
Unification of FP and BH masses I

BH fundamental hyperplane:

MBH = (�0.21± 0.33)L+ (0.56± 0.33)R+ (4.10± 0.39)V

" = 0.35± 0.04 not better than MBH � �!
MBH does not improve the FP

The hyperplane is not the fundamental relation, but the FP must be taken
into account in the analysis

MPE, Garching bei Muenchen - June 21, 2018 18 / 33

L, R, V, logs

De Nicola, AM, Longo 2018



Huge topic with hundreds/thousands of papers … a few key points:


Relation MBH-galaxy properties implies a physical link between BH and 
host galaxy (Coevolution BH-galaxy)

BH sphere of influence very small: VBH/Vgal ~ 10-7 → no gravitational link

Energy released to grow BH >> gravitational binding energy 
→ AGN feedback (Talks by M. Brusa, R. Maiolino tomorrow)


Possibilities to establish MBH-galaxy relations:


AGN feedback on host galaxy 
(also needed to stop galaxy 
growth)

BH self-regulation (i.e. feedback 
on small scales < 1 kpc)

Random growth → central limit  
→ big BHs in big galaxies


but scatter too large?

Physical meaning of BH-galaxy relations

AA51CH12-Kormendy ARI 24 July 2013 12:27
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a b

Figure 37
(a) Numerical experiment to show how a correlation (red points) between BH mass and bulge stellar mass is produced from an initially
uncorrelated distribution (blue points) by a succession of dry mergers. A tight linear correlation emerges, and the scatter decreases
toward higher masses. The solid line has a slope of 1. (b) Here, a subset of 400 randomly selected merger trees include simple
prescriptions for star formation, BH accretion, population of dark matter halos with stars, and conversion of disks to bulges during
major mergers. Overplotted in black is the Section 5 database of dynamically measured BH masses supplemented by low-mass BHs
from Greene & Ho (2004, 2007c) that have bulge photometry in Jiang et al. (2011). The line is the best-fit M•-M bulge relation from
Section 6.6.1 (Equation 10). Simulations adapted from Jahnke & Macciò (2011).

It is possible that merger averaging is at least as important as feedback-driven coevolution in creating
the observed BH–host-galaxy correlations. The observation that points to this possibility is the result
that M• correlates tightly with the properties of bulges and ellipticals but not with those of
pseudobulges and disks. These are not remnants of major mergers either of progenitor galaxies
or of clumps in violently instable disks. Merger averaging is not relevant for them. In contrast,
we concluded that at least several dry, major mergers are required to excavate realistic cores. And
these can easily have been preceded by one or more wet mergers.

We do not know the relative importance of merger averaging and AGN feedback in set-
ting up the BH–host-galaxy correlations. If feedback plays a major role, then—we suggest in
Section 8.6—it is quasar-mode feedback that happens at large z. It is poorly understood. How-
ever, as summarized in the next section, observations of high-z quasars and submillimeter galaxies
(SMGs) suggest that a nascent correlation between M• and Mhost was already in place at z ≈ 2–6.
Given the prodigious accretion and star-formation rates of these gas-rich systems, it seems likely
that some form of energy feedback—from the AGN, from the starburst, or (most likely) from
both—did help to establish the BH–host-galaxy correlations during the quasar era. The intrin-
sic scatter of the correlations, on the other hand, appears to be larger than at z ∼ 0. Moreover,
the observations suggest that BH accretion and star formation were not precisely coeval. Thus
the BH–host-galaxy correlations seen in nearby galaxies may have been tightened by hierarchical
merging at intermediate-to-late times.

622 Kormendy · Ho

A
nn

u.
 R

ev
. A

str
o.

 A
str

op
hy

s. 
20

13
.5

1:
51

1-
65

3.
 D

ow
nl

oa
de

d 
fro

m
 w

w
w

.a
nn

ua
lre

vi
ew

s.o
rg

by
 O

ss
er

va
to

rio
 A

str
of

isi
co

 d
i A

rc
et

ri-
IN

A
F 

on
 1

1/
25

/1
3.

 F
or

 p
er

so
na

l u
se

 o
nl

y.

Jahnke & Macciò 11



Model by A. King and collaborators:


for L/LEdd~1 fast wind accelerated close to AGN


wind creates a bubble which sweeps the gas in host galaxy ISM 


shock forms at the interface between wind 
and swept ISM


post shock material is Compton-
cooled by AGN up to ~kpc scales  
→ wind is momentum driven


wind falls back until MBH ~ MBH(σ)


then expands beyond ~kpc scales, 
Compton-cooling no more effective  
→ outflow becomes energy driven

A very simple model …

AGN wind

swept up ISM gas 
(mildly shocked)

ISM gas

strongly 
shocked 
ISM gas

outer shock  
driven into  
ISM gas



model prediction 


no free parameters, excellent agreement 
with observations!


Extremely simple: spherical 
symmetry, ISM with uniform density, 
galaxy as isothermal sphere but …


agreement with observations tells us 
that the basic physics is probably 
there

A very simple model …

MBH =
2fg�T

⇡mpG2
�4 = 4.6⇥ 108 M�

⇣ �

200 km

⌘4

AGN wind

swept up ISM gas 
(mildly shocked)

ISM gas

strongly 
shocked 
ISM gas

outer shock  
driven into  
ISM gas
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Figure 38
Correlation between M• and host-galaxy stellar mass M∗ of active galactic nuclei (AGNs) from z ∼ 0.1 to 7.1, shown separately (a) for
the bulge only and (b) for the entire galaxy. The dashed line is the Häring & Rix (2004) correlation between M• and M ⋆,bulge at z ∼ 0
for inactive galaxies, which is roughly consistent with the zeropoint calibration used here for AGN BH masses. Dark blue points denote
hosts that are known to be ellipticals or that contain classical bulges or that are massive enough so that they must be bulge-dominated
by z ∼ 0. They obey a moderately strong correlation. Dust-reddened quasars and other obscured AGNs appear to have preferentially
undermassive BHs, the most extreme being the submillimeter galaxies (SMGs). Less massive hosts are mostly disk-like, spiral galaxies at
z ! 2; they show a larger scatter in M•− M ⋆,bulge like that of pseudobulges at z ∼ 0. (c) Offset of log M• with respect to the local
M•− M ⋆,bulge relation derived by Häring & Rix (2004, dashed line) and here in Section 6.6 (solid line). The black points at z ≃ 0 are our
sample of (left to right) ellipticals, classical bulges, and pseudobulges with dynamically detected BHs (Tables 2 and 3; objects are slightly
offset from z = 0 for clarity). Adapted from Ho (2013).
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Kormendy & Ho 2013

Review by Kormendy & Ho up to 2013

Signs of evolution at z<2 disappear when whole galaxy is considered

Increased MBH/MGal weakens evidence for evolution at lower z
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Figure 38
Correlation between M• and host-galaxy stellar mass M∗ of active galactic nuclei (AGNs) from z ∼ 0.1 to 7.1, shown separately (a) for
the bulge only and (b) for the entire galaxy. The dashed line is the Häring & Rix (2004) correlation between M• and M ⋆,bulge at z ∼ 0
for inactive galaxies, which is roughly consistent with the zeropoint calibration used here for AGN BH masses. Dark blue points denote
hosts that are known to be ellipticals or that contain classical bulges or that are massive enough so that they must be bulge-dominated
by z ∼ 0. They obey a moderately strong correlation. Dust-reddened quasars and other obscured AGNs appear to have preferentially
undermassive BHs, the most extreme being the submillimeter galaxies (SMGs). Less massive hosts are mostly disk-like, spiral galaxies at
z ! 2; they show a larger scatter in M•− M ⋆,bulge like that of pseudobulges at z ∼ 0. (c) Offset of log M• with respect to the local
M•− M ⋆,bulge relation derived by Häring & Rix (2004, dashed line) and here in Section 6.6 (solid line). The black points at z ≃ 0 are our
sample of (left to right) ellipticals, classical bulges, and pseudobulges with dynamically detected BHs (Tables 2 and 3; objects are slightly
offset from z = 0 for clarity). Adapted from Ho (2013).
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Figure 38
Correlation between M• and host-galaxy stellar mass M∗ of active galactic nuclei (AGNs) from z ∼ 0.1 to 7.1, shown separately (a) for
the bulge only and (b) for the entire galaxy. The dashed line is the Häring & Rix (2004) correlation between M• and M ⋆,bulge at z ∼ 0
for inactive galaxies, which is roughly consistent with the zeropoint calibration used here for AGN BH masses. Dark blue points denote
hosts that are known to be ellipticals or that contain classical bulges or that are massive enough so that they must be bulge-dominated
by z ∼ 0. They obey a moderately strong correlation. Dust-reddened quasars and other obscured AGNs appear to have preferentially
undermassive BHs, the most extreme being the submillimeter galaxies (SMGs). Less massive hosts are mostly disk-like, spiral galaxies at
z ! 2; they show a larger scatter in M•− M ⋆,bulge like that of pseudobulges at z ∼ 0. (c) Offset of log M• with respect to the local
M•− M ⋆,bulge relation derived by Häring & Rix (2004, dashed line) and here in Section 6.6 (solid line). The black points at z ≃ 0 are our
sample of (left to right) ellipticals, classical bulges, and pseudobulges with dynamically detected BHs (Tables 2 and 3; objects are slightly
offset from z = 0 for clarity). Adapted from Ho (2013).
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Review by Kormendy & Ho up to 2013

Signs of evolution at z<2 disappear when whole galaxy is considered

Increased MBH/MGal weakens evidence for evolution at lower z



MBH-galaxy relations vs z
Average MBH/Mgal larger than in 
local universe at z <1-3 (Peng+06, 
Treu+04,07 , Woo+06,08, 
Bennert+10,11, Decarli+09,10, 
Alexander+09, Merloni+10)


MBH/Mgal increases at higher z 
(Wu+07, Ho+07, Maiolino+09, 
Walter+09):  
MBH up to ~10% of Mgal!


Large MBH/Mgal(star) might be due to 
selection effects (e.g. Lamastra+10)  
or biases (e.g. Lauer+07)


The ALMA revolution: extension to  
very high redshift with “dynamical” 
Mgal (e.g. Maiolino+05, Walter+09,  
Wang+13, 16, Willott+13,15, 
Venemans+12,16,17, Banados+15, 
Decarli+17, Trakhtenbrot+17)

[C ii] survey in z > 6 quasars 13

Figure 12. Constraints on the black hole – host galaxy mass
ratio for the main sample of this work, as a function of the
[C ii] redshift. The color code is the same as in Figs. 6 and
11. Objects with S/N>10 in the [C ii] map are highlighted
with larger symbols. The minimum black hole mass Mmin

BH

is computed from the rest-frame UV continuum luminosity,
by assuming that the quasars are emitting at Eddington lu-
minosity. The dynamical mass is derived via equation 7, and
might be considered as an upper limit for the marginally–
resolved sources (blue points) or if the dynamics is dispersion
supported (see equation 6). The plotted ratio can therefore
be considered as a lower limit. The ratio observed in lo-
cal galaxies is marked with a dashed line. All our quasars
clearly lie above the local value. In particular, all but one
of the high–S/N sources have Mmin

BH /Mdyn ⇡ 0.03, i.e., 1 dex
above the local value.

galaxies of these two quasars are dominated by ordered
rotation or if the underlying velocity structure is more
complex (see, for instance, the high-resolution studies
of z > 6 quasars presented in Venemans et al. 2017a
and Shao et al. 2017). In particular, given the present
data quality it is impossible to rule out whether part of
the spatially–resolved [C ii] emission is associated with
a close satellite galaxy of the quasar host galaxy, similar
to the cases discussed in Decarli et al. (2017).
We can make rough estimates of the host galaxy dy-

namical masses from our observations. The dynamical
mass in a dispersion–dominated system can be expressed
as:

Mdyn =
3

2

R[CII]�
2

line

G
, (6)

where R[CII] is the radius of the [C ii]–emitting region
(defined as the major semiaxis of the 2D Gaussian fit of
the [C ii] map), �line is the line width from the gaussian
fit of the [C ii] spectra, and G is the gravitational con-
stant. If the line width is dominated by rotation, the gas

appears as a flat disk with an inclination angle i (see,
e.g., Wang et al. 2013; Willott et al. 2015). In this case:

Mdyn = G
�1

R[CII] (0.75FWHM/ sin i)2. (7)

Here, 0.75 is a factor to scale the line FWHM to the
width of the line at 20% of the peak, in the case of a
Gaussian profile, following Willott et al. (2015). If we
assume an inclination of i = 55� (following Willott et
al. 2015, who derived it as the median inclination an-
gle from the Wang et al. (2013) sample), the dynam-
ical mass inferred with equation 7 is 3.1⇥ larger than
the one estimated with equation 6 (see de Blok & Wal-
ter 2014 for a detailed discussion on deriving dynamical
mass constraints from unresolved observations).
In Figure 11 we show the [C ii] line width and size

for the quasar host galaxies in our sample. These are
comparable with the ones reported in the literature for
z > 6 quasar host galaxies (Walter et al. 2004; Wang et
al. 2013; Willott et al. 2015; Venemans et al. 2017a). The
combination of size and line width implies that the tar-
geted host galaxies have dynamical masses in the range
2⇥ 1010 � 2⇥ 1011 M�, if we adopt equation 7. In par-
ticular, all but one of the sources detected with S/N>10
in the [C ii] map have Mdyn ⇡ 4 ⇥ 1010 M�. We stress
however that, given the limited angular resolution of our
observations, the dynamical mass estimates in some of
the sources in our sample might be overestimated.

5.5. Black hole to host galaxy mass ratio

In the local universe, the mass of black holes in galaxy
nuclei correlates with the host galaxy stellar mass (as
well as with other large-scale properties of the galaxy,
such as the stellar velocity dispersion). The typical mass
ratio isMBH/Mhost ⇠ 0.002 (e.g., Marconi & Hunt 2003;
Häring & Rix 2004; Sani et al. 2011; Kormendy & Ho
2013; a factor ⇠ 10 lower according to Reines & Volon-
teri 2015). Whether this ratio evolves with redshift is
a matter of debate. Observations of the host galaxy
starlight in conditions of natural seeing (e.g., Decarli et
al. 2010; Targett et al. 2012; Matsuoka et al. 2014), us-
ing adaptive optics (e.g., Falomo et al. 2005; Inskip et
al. 2011), or capitalizing on the exquisite angular res-
olution of the Hubble Space Telescope (e.g., Dunlop et
al. 2003; Bennert et al. 2011; Schramm & Silverman
2013; Park et al. 2015), in some cases aided by natu-
ral magnification (Peng et al. 2006; Ding et al. 2017)
point towards a higher black hole to host galaxy mass
ratio in quasars at redshift z = 1–4, compared to lo-
cal relations (although some studies, e.g., Jahnke et al.
2009; Cirsternas et al. 2011, found no evidence for an
evolution in the black hole to host galaxy mass ratio).
Studies exploiting spatially–unresolved observations of
the spectral energy distribution of fainter active galac-
tic nuclei (e.g., Merloni et al. 2010) also suggest that

Decarli+17

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.

C⃝ 2010 The Authors. Journal compilation C⃝ 2010 RAS, MNRAS 402, 2453–2461
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source size, i.e., = oD 4.5 1.5 kpc. The host galaxy dynami-
cal mass is then = ´:M M 1.16 10dyn

5( ) =v Dcir
2

o ´ :D i M2.6 4.5 kpc 1.6 10 sin10 2[ ( ) ] ( ) . The error includes
the uncertainties from both the line width and the assumed
disk size.

We plotMBH versusMdyn for J0100+2802 and other z>5.7
quasars in Figure 4 (Wang et al. 2013; Willott et al. 2013,
2015; Bañados et al. 2015; Venemans et al. 2016), comparing
to the SMBH-to-bulge mass relation of local galaxies
from Kormendy & Ho (2013), i.e., =:M M10BH

9( )
:M M0.49 10bulge

11 1.16( ) . For J0100+2802 as well as other
z>5.7 quasars that have SMBH mass measurements based on
the quasar Mg II line emission (De Rosa et al. 2011, 2014;
Willott et al. 2013, 2015), we follow Willott et al. (2015) and
add a 0.3 dex uncertainty to the error bar of the SMBH mass to
account for the scatter of the calibration (Shen et al. 2008). For
the sample from Wang et al. (2013), which does not have
SMBH mass measurements, we adopt the relationship between
the 1450 Å luminosity and the quasar bolometric luminosity
from Venemans et al. (2016), and calculate the Eddington
luminosities and SMBH masses assuming a typical Eddington
ratio and a scatter of = - oL Llog 0.3 0.3bol Edd( ) from De
Rosa et al. (2011). TheMdyn for most of the z>5.7 quasars are
estimated based on [C II] observations (Wang et al. 2013;
Willott et al. 2013, 2015; Bañados et al. 2015; Venemans
et al. 2016). The only exception is the z=6.42 quasar SDSS
J114816.64+525150.3, in which the [C II]-emitting gas at
>1.5 kpc scale is turbulent (Cicone et al. 2015) and the CO size
is used (Riechers et al. 2009; Stefan et al. 2015)in the Mdyn
calculation. According to Figure 4, for any inclination angle of

. ni 10 , J0100+2802 is above the local M MBH bulge– relation
and the±0.3 dex area of the intrinsic scatter (i.e., the gray area
in Figure 3). As was discussed in Willott et al. (2015), most of
the z∼6 quasars with SMBH masses on the order of :M108

are close to the trend of local galaxies, while the more luminous
and massive objects tend to be above this trend (see also
Venemans et al. 2016). This suggests that the SMBH grows
faster than the quasar host galaxies in these most massive
systems at the earliest epoch, unless all these > :M M10BH

9

quasars are close to face-on. However, as there is no resolved
image for J0100+2802 yet, we do not rule out the possibilities
that the gas is unvirialized and the [C II] line width cannot
probe the disk circular velocity.

5. SUMMARY

We detected [C II], CO, and (sub)mm and radio continuum
emission in the host galaxy of the quasar J0100+2802, which
hosts the most massive SMBH known at .z 6. The detections
probe the properties of the young quasar host at an early
evolutionary stage: the (sub)mm continuum indicates moderate
FIR emission and constrains the SFR to be- -

:M850 yr 1. The
CO and [C II] lines estimate the gas mass and gas-to-dust mass
ratio that are within the range of other millimeter-detected
quasars at z∼6. The [C II]-to-FIR luminosity ratio J0100
+2802 is higher than that of the most FIR luminous quasars at
z>5.7, i.e., following the trend of increasing L LC FIRII[ ] with
decreasing LFIR found for high-z quasars and star-forming
systems. The quasar Mg II line emission detected in previous
near-infrared spectroscopic observations (Wu et al. 2015) is
blueshifted by about 1000 -km s 1 compared to the host galaxy
redshift measured by the [C II] and CO lines. The host
dynamical mass estimated with the [C II] line width suggests
that the SMBH is likely to be overmassive, compared to the
local relation, though further constraints on the gas kinematics
and disk inclination angle are still required.

The data presented in this paper are based on observations
under project number S14CY with the IRAM Plateau de Bure
Interferometer, projects 14B151 and 15A494 with the VLA,
and project M15BI055 with JCMT/SCUBA-2. IRAM is
supported by INSU/CNRS (France), MPG (Germany), and
IGN (Spain). The National Radio Astronomy Observatory is a
facility of the National Science Foundation operated under a
cooperative agreement by Associated Universities, Inc. The
James Clerk Maxwell Telescope is operated by the East Asian
Observatory on behalf of The National Astronomical Observa-
tory of Japan, Academia Sinica Institute of Astronomy and
Astrophysics, the Korea Astronomy and Space Science
Institute, the National Astronomical Observatories of China,
and the Chinese Academy of Sciences (grant No.
XDB09000000), with additional funding support from the
Science and Technology Facilities Council of the United
Kingdom and participating universities in the United Kingdom
and Canada. We are thankful for support from the National
Science Foundation of China (NSFC) grants No.11373008 and
11533001, the Strategic Priority Research Program “The
Emergence of Cosmological Structures” of the Chinese
Academy of Sciences, grant No. XDB09000000, the National
Key Basic Research Program of China 2014CB845700, and the
Ministry of Science and Technology of China under grant
2016YFA0400703. R. W. acknowledges support from the
Thousand Youth Talents Program of China, the NSFC grants

Figure 4. MBH vs. Mdyn of the [C II]-detected z>5.7 quasars. The Mdyn for
z>5.7 quasars are estimated based on [C II] observations, except for one
object, SDSS J114816.64+525150.3 at z=6.42, in which the [C II]-emitting
gas at >1.5 kpc scale is turbulent and the CO size is adopted (Riechers et al.
2009; Wang et al. 2013; Willott et al. 2013, 2015; Cicone et al. 2015;
Venemans et al. 2016). The red star shows J0100+2802 in this work. For
objects that do not have an inclination angle estimated with the resolved [C II]
image, we show Mdyn calculated with different inclination angles (dashed
lines). The solid line and the gray region show the local relationship with ±0.3
dex intrinsic scatter. The gray circles are the sample of local galaxies
(Kormendy & Ho 2013).
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The crucial assumption in deriving the 
dynamical masses is that the [C II] emit-
ting gas is distributed in a thin disc. How-
ever, our initial observations of the [C II] 
emission are barely resolved at best. To 
learn about the spatial distribution and 
the kinematics of the gas and dust in  
the quasar host galaxies, higher spatial 
 resolution imaging is essential. We have 
an ongoing ALMA programme to image 
the host galaxies of our z > 6.5 quasars 
at high, sub-kiloparsec, resolution (one 
kiloparsec at z = 7 corresponds to an 
extent of ~ 0.2 arcseconds on the sky). 
The first source for which we obtained 
ALMA imaging at a resolution of 1 kilo- 
parsec is the z = 7.1 quasar host 
J1120+0641; the only z > 7 quasar known 
so far.

ALMA high spatial resolution imaging of a 
z = 7.1 quasar host

The host galaxy of the quasar 
J1120+0641 was initially detected with 
the PdBI, but the galaxy remained 
 unresolved in the 2 arcsecond beam 
(~ 10 kpc at the redshift of the quasars; 
Venemans et al., 2012). As a result, the 
dynamical mass and the morphology  
of the line-emitting gas could not be con-

strained. With ALMA we obtained 
[C II] imaging at a resolution of 0.23 arc- 
seconds (~ 1 kpc). Surprisingly, the dust 
continuum and [C II] emission regions  
are very compact and only  marginally 
resolved in the ALMA data (Figure 3; 
Venemans et al., 2017a). The majority 
(80 %) of the emission is associated  
with a very compact region of size 1.2 × 
0.8 square kiloparsecs. Also shown  
in Figure 3 are the red and blue sides of 
the emission line: the red contours show 
emission centred on +265 km s–1 and  
the blue contours the emission centred 
on –265 km s–1. The red, white and blue 
crosses indicate the location of the peak 
of the redshifted, central and blueshifted 
[C II] emission, respectively. It is clear that 
there is no evidence for ordered motion 
at the current resolution.

Applying the virial theorem to these [C II] 
data yields a dynamical mass for the  
host galaxy of (4.3 ± 0.9) × 1010 M⊙, only 
~ 20 times that of the central supermas-
sive black hole. In the very central region, 
the dynamical mass of the host is only 
five times that of the central black hole. In 
this region, the mass of the black hole 
and that of the implied dust and gas are 
able to explain the dynamical mass. In 
other words, there is not much room for a 

massive stellar component in the very 
central region.

The ALMA observations of J1120+0641 
begin to spatially resolve the host galaxy 
of a z > 7 quasar. With the even longer 
baselines available at ALMA, significantly 
higher-resolution imaging (down to scales 
of 100s of parsecs) of such distant qua-
sar hosts is now possible, which will start 
to spatially resolve the sphere of influence 
of the central supermassive black hole.

The interstellar medium in z ~ 7 quasar 
host galaxies

By measuring the FIR continuum of the 
z > 6.5 quasar host galaxies at different 
frequencies and observing additional 
molecular or atomic lines, we can con-
strain the physical properties of the inter-
stellar medium (ISM) in these galaxies. 
We therefore obtained additional millime-
tre and radio observations with ALMA, 
the PdBI and the US National Radio 
Astronomy Observatory (NRAO) Karl G. 
Jansky Very Large Array (VLA) targeting 
the CO(2–1), CO(6–5), CO(7–6) and [C I] 
370 μm emission lines in the z > 6.5 
 quasar hosts (Venemans et al., 2017a,b). 
An example of ALMA observations of the 
CO(6–5), CO(7–6), [C I] and underlying 
continuum emission in a quasar host at 
z = 6.9018 is shown in Figure 4. 

We detected CO emission in all of the 
 z > 6.5 quasars we targeted, except for 
J1120+0641. The [C I] emission line was 
detected in only one quasar host (Fig- 
ure 4) and was generally found to be sig-
nificantly fainter than the [C II] line. The 
derived [C II]/[C I] luminosity ratio was 
greater than 13 in all cases. From the CO 
detections, we can determine the mass 
of the molecular gas reservoirs. Based on 
the CO line strength, we estimate that the 
quasar host galaxies contain a molec-
ular gas mass of (1–3) × 1010 M⊙. This is 
approximately ten times the mass of the 
central supermassive black hole. In all 
quasar hosts, the (limit on the) strength of 
the CO emission, in comparison to that of 
[C II], is very similar to the [C II]/CO line 
ratio measured in local starburst galaxies 
and star-forming regions in the Milky Way.

Finally, we can compare the [C II]/[C I] 
and CO/[C II] line ratios to models to 
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Figure 2. Black hole 
mass plotted against 
dynamical mass esti-
mates of z ≥ 6 quasar 
host galaxies (filled 
stars) and the bulge 
masses of local galaxies 
(black diamonds, from 
Kormendy & Ho, 2013). 
The solid line and grey 
area show the local 
black hole to bulge 
mass relation as derived 
by Kormendy & Ho 
(2013). Figure adapted 
from Venemans et al. 
(2016).
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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

Bennert+10

We first note that the dynamical masses of the quasar hosts
cover a very narrow range, ( – ) :~ ´ M3.7 7.5 1010 (i.e.,
spanning roughly a factor of 2), and five of the six systems
have ( – ) :~ ´M M6 7.5 10dyn

10 (i.e., spanning less than 0.1
dex). Interestingly, the latter mass is in excellent agreement
with the observed “knee” of the stellar mass function in SF
galaxies (M*), which is known to show very limited evolution
up to at least ~z 3.5 (e.g., Ilbert et al. 2013; Muzzin
et al. 2013). We also note that the dynamical masses of the
interacting SMGs differ from those of the corresponding quasar
hosts by factors of about 0.85, 0.3, and 1.8 (for the J1511,
J0923, and J1328 systems, respectively). Given the uncertain-
ties on our Mdyn estimates mentioned above, these mass ratios
are consistent with our interpretation of these interacting
systems being major galaxy mergers (see Section 3.4 below).

To complement our estimates of dynamical masses, we also
derive rough estimates of the dust and gas masses in our
sources. Dust masses are estimated assuming that the FIR
continuum fluxes measured from our ALMA data are emitted
by optically thin dust, following an SED with =T 47 Kd and
b = 1.6and further assuming an opacity coefficient of

( )k m l=l
b0.77 850 m rest (following Dunne et al. 2000, for

consistency with Venemans et al. 2016; see also, e.g., Beelen
et al. 2006). The dust masses we derive are in the range

( – ) :~ ´M M0.4 4.8 10dust
8 for the quasar hostsand

( – ) :´ M0.2 0.4 108 for the companion SMGs. Importantly,
the dust masses of the quasar hosts comprise <1% of the
dynamical masses. This qualitative result is virtually indepen-
dent of the significant uncertainties involved in the dust mass
estimates (due to the assumptions on the SEDs and on kl).
Rough estimates of gas masses can then be inferred by
assuming a (uniform) gas-to-dust ratio of 100. These are rather
conservative estimates, as several recent studies have shown
that the gas-to-dust ratio in high-redshift hosts may be
significantly lower (e.g., as low as ∼20–60; Ivison
et al. 2010; Banerji et al. 2016, and references therein). For
most of the systems, and particularly the quasar hosts, the gas
masses comprise <20% of Mdynand reach ∼60% in only one
quasar host (J1341). Adopting the aforementioned lower gas-
to-dust ratios would obviously result in yet lower gas-to-
dynamical mass ratios. We conclude that the Mdyn estimates of
our sources are dominated, to a large degree, by the stellar
components within the galaxies.

Using our estimates of Mdynas proxies for *M , we again find
that all the FIR-bright systems are found well above the SF-
MS, offset from the relation in Equation (1) by at least 0.5 dex
(J0331)and by up to 1.2 dex (J1341). On the other hand, all the
FIR-faint quasar hosts, as well as two of the three accompany-
ing SMGs (those of J1511 and J0923), are consistent with the
SF-MS, being within about 0.2 dex of the aforementioned
relation, which is consistent with the intrinsic scatter associated
with it.

3.3.3. SMBH-host Galaxy Relations

We now turn to compare the mass growth ratesand the
massesof the SMBHs powering our quasars relative to those of
the stellar populations in their host galaxies.

For the quasar host galaxies, we assume that the mass
grows only due to the formation of new starsat a rate
determined by the CE01-based SFRs (see Section 3.3.1
above). For the SMBHs, the growth rates are calculated
assuming ˙ ( )h h= -M L c1BH bol

2, where Lbol is the

bolometric luminosity, estimated from the rest-frame UV
continuum emission (see T11), and the radiative efficiency is
assumed to be h = 0.1. We find that all systems have
˙ ˙

* >M M 1 200BH (see Table 4), with the highest SFR
systems J1341 and J1511 having ˙ ˙ �*M M 1 190BH and 1/
120, respectively. The lower-SFR systems have growth-
rateratios as high as ˙ ˙ �*M M 1 30BH (median value).
These growth-rateratios are consistent with those derived
in N14 (and in Netzer et al. 2016), which is expected given
the consistency between the new ALMA data and the
previous Herschel measurements.
As for the mass comparison, we rely on the dynamical

mass estimates derived above and the MgII-based BH
masses available from T11. These MBH estimates used the
calibration by McLure & Dunlop (2004). The more recent
calibration by Trakhtenbrot & Netzer (2012) would have
increased MBH by a factor of 1.75 (∼0.24 dex), but we chose
not to use it for the sake of consistency with our own
previous work and with other samples of 2z 5 quasars (see
also Shen et al. 2011; Mejía-Restrepo et al. 2016). Table 4
lists MBH and the BH-to-host mass ratios, which are in the
range ~ -M M 1 260 1 10BH dyn . Figure 9 shows our
estimates of Mdyn and MBH, along with some similar
estimates in local galaxies. For this, we use the subset of
elliptical galaxies tabulated in Kormendy & Ho (2013), for

Figure 9. Black hole masses, MBH, vs. host galaxy dynamical masses, Mdyn, for
our sample of �z 4.8 quasars (red stars), compared with a sample of �z 0
elliptical galaxies (taken from Kormendy & Ho 2013, black circles). The dotted
diagonal lines trace different constant BH-to-host mass ratios. The crosses at
the top-left corner illustrate representative measurement uncertainties (black)
on both propertiesand systematic uncertainties (gray) uncertainties on MBH (of
0.4 dex). The significant systematic uncertainties on Mdyn (not shown) are more
complicated, involving the poorly constrained [ ]C II emission sizes and
inclinations (see Section 3.3.2 for details). Arrows indicate the possible
evolution in both the BH and stellar components, assuming constant mass
growth rates over a period of 50 Myr. We note that all BH masses would
increase by 0.24 dex if the calibration of Trakhtenbrot & Netzer (2012) is
adopted (see the text for details). Our quasars cover a wide range, with most
systems being consistent with the ratio observed in the local universe and some
exceeding ~M M 1 100BH dyn . The extreme object J1341, which has

�M M 1 10BH dyn at �z 4.8, is expected to evolve toward the locally
observed ratio.
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MBH-galaxy relations vs z
Average MBH/Mgal larger than in 
local universe at z <1-3 (Peng+06, 
Treu+04,07 , Woo+06,08, 
Bennert+10,11, Decarli+09,10, 
Alexander+09, Merloni+10)


MBH/Mgal increases at higher z 
(Wu+07, Ho+07, Maiolino+09, 
Walter+09):  
MBH up to ~10% of Mgal!


Large MBH/Mgal(star) might be due to 
selection effects (e.g. Lamastra+10)  
or biases (e.g. Lauer+07)


The ALMA revolution: extension to  
very high redshift with “dynamical” 
Mgal (e.g. Maiolino+05, Walter+09,  
Wang+13, 16, Willott+13,15, 
Venemans+12,16,17, Banados+15, 
Decarli+17, Trakhtenbrot+17)

[C ii] survey in z > 6 quasars 13

Figure 12. Constraints on the black hole – host galaxy mass
ratio for the main sample of this work, as a function of the
[C ii] redshift. The color code is the same as in Figs. 6 and
11. Objects with S/N>10 in the [C ii] map are highlighted
with larger symbols. The minimum black hole mass Mmin

BH

is computed from the rest-frame UV continuum luminosity,
by assuming that the quasars are emitting at Eddington lu-
minosity. The dynamical mass is derived via equation 7, and
might be considered as an upper limit for the marginally–
resolved sources (blue points) or if the dynamics is dispersion
supported (see equation 6). The plotted ratio can therefore
be considered as a lower limit. The ratio observed in lo-
cal galaxies is marked with a dashed line. All our quasars
clearly lie above the local value. In particular, all but one
of the high–S/N sources have Mmin

BH /Mdyn ⇡ 0.03, i.e., 1 dex
above the local value.

galaxies of these two quasars are dominated by ordered
rotation or if the underlying velocity structure is more
complex (see, for instance, the high-resolution studies
of z > 6 quasars presented in Venemans et al. 2017a
and Shao et al. 2017). In particular, given the present
data quality it is impossible to rule out whether part of
the spatially–resolved [C ii] emission is associated with
a close satellite galaxy of the quasar host galaxy, similar
to the cases discussed in Decarli et al. (2017).
We can make rough estimates of the host galaxy dy-

namical masses from our observations. The dynamical
mass in a dispersion–dominated system can be expressed
as:

Mdyn =
3

2

R[CII]�
2

line

G
, (6)

where R[CII] is the radius of the [C ii]–emitting region
(defined as the major semiaxis of the 2D Gaussian fit of
the [C ii] map), �line is the line width from the gaussian
fit of the [C ii] spectra, and G is the gravitational con-
stant. If the line width is dominated by rotation, the gas

appears as a flat disk with an inclination angle i (see,
e.g., Wang et al. 2013; Willott et al. 2015). In this case:

Mdyn = G
�1

R[CII] (0.75FWHM/ sin i)2. (7)

Here, 0.75 is a factor to scale the line FWHM to the
width of the line at 20% of the peak, in the case of a
Gaussian profile, following Willott et al. (2015). If we
assume an inclination of i = 55� (following Willott et
al. 2015, who derived it as the median inclination an-
gle from the Wang et al. (2013) sample), the dynam-
ical mass inferred with equation 7 is 3.1⇥ larger than
the one estimated with equation 6 (see de Blok & Wal-
ter 2014 for a detailed discussion on deriving dynamical
mass constraints from unresolved observations).
In Figure 11 we show the [C ii] line width and size

for the quasar host galaxies in our sample. These are
comparable with the ones reported in the literature for
z > 6 quasar host galaxies (Walter et al. 2004; Wang et
al. 2013; Willott et al. 2015; Venemans et al. 2017a). The
combination of size and line width implies that the tar-
geted host galaxies have dynamical masses in the range
2⇥ 1010 � 2⇥ 1011 M�, if we adopt equation 7. In par-
ticular, all but one of the sources detected with S/N>10
in the [C ii] map have Mdyn ⇡ 4 ⇥ 1010 M�. We stress
however that, given the limited angular resolution of our
observations, the dynamical mass estimates in some of
the sources in our sample might be overestimated.

5.5. Black hole to host galaxy mass ratio

In the local universe, the mass of black holes in galaxy
nuclei correlates with the host galaxy stellar mass (as
well as with other large-scale properties of the galaxy,
such as the stellar velocity dispersion). The typical mass
ratio isMBH/Mhost ⇠ 0.002 (e.g., Marconi & Hunt 2003;
Häring & Rix 2004; Sani et al. 2011; Kormendy & Ho
2013; a factor ⇠ 10 lower according to Reines & Volon-
teri 2015). Whether this ratio evolves with redshift is
a matter of debate. Observations of the host galaxy
starlight in conditions of natural seeing (e.g., Decarli et
al. 2010; Targett et al. 2012; Matsuoka et al. 2014), us-
ing adaptive optics (e.g., Falomo et al. 2005; Inskip et
al. 2011), or capitalizing on the exquisite angular res-
olution of the Hubble Space Telescope (e.g., Dunlop et
al. 2003; Bennert et al. 2011; Schramm & Silverman
2013; Park et al. 2015), in some cases aided by natu-
ral magnification (Peng et al. 2006; Ding et al. 2017)
point towards a higher black hole to host galaxy mass
ratio in quasars at redshift z = 1–4, compared to lo-
cal relations (although some studies, e.g., Jahnke et al.
2009; Cirsternas et al. 2011, found no evidence for an
evolution in the black hole to host galaxy mass ratio).
Studies exploiting spatially–unresolved observations of
the spectral energy distribution of fainter active galac-
tic nuclei (e.g., Merloni et al. 2010) also suggest that

Decarli+17

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.

C⃝ 2010 The Authors. Journal compilation C⃝ 2010 RAS, MNRAS 402, 2453–2461
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source size, i.e., = oD 4.5 1.5 kpc. The host galaxy dynami-
cal mass is then = ´:M M 1.16 10dyn

5( ) =v Dcir
2

o ´ :D i M2.6 4.5 kpc 1.6 10 sin10 2[ ( ) ] ( ) . The error includes
the uncertainties from both the line width and the assumed
disk size.

We plotMBH versusMdyn for J0100+2802 and other z>5.7
quasars in Figure 4 (Wang et al. 2013; Willott et al. 2013,
2015; Bañados et al. 2015; Venemans et al. 2016), comparing
to the SMBH-to-bulge mass relation of local galaxies
from Kormendy & Ho (2013), i.e., =:M M10BH

9( )
:M M0.49 10bulge

11 1.16( ) . For J0100+2802 as well as other
z>5.7 quasars that have SMBH mass measurements based on
the quasar Mg II line emission (De Rosa et al. 2011, 2014;
Willott et al. 2013, 2015), we follow Willott et al. (2015) and
add a 0.3 dex uncertainty to the error bar of the SMBH mass to
account for the scatter of the calibration (Shen et al. 2008). For
the sample from Wang et al. (2013), which does not have
SMBH mass measurements, we adopt the relationship between
the 1450 Å luminosity and the quasar bolometric luminosity
from Venemans et al. (2016), and calculate the Eddington
luminosities and SMBH masses assuming a typical Eddington
ratio and a scatter of = - oL Llog 0.3 0.3bol Edd( ) from De
Rosa et al. (2011). TheMdyn for most of the z>5.7 quasars are
estimated based on [C II] observations (Wang et al. 2013;
Willott et al. 2013, 2015; Bañados et al. 2015; Venemans
et al. 2016). The only exception is the z=6.42 quasar SDSS
J114816.64+525150.3, in which the [C II]-emitting gas at
>1.5 kpc scale is turbulent (Cicone et al. 2015) and the CO size
is used (Riechers et al. 2009; Stefan et al. 2015)in the Mdyn
calculation. According to Figure 4, for any inclination angle of

. ni 10 , J0100+2802 is above the local M MBH bulge– relation
and the±0.3 dex area of the intrinsic scatter (i.e., the gray area
in Figure 3). As was discussed in Willott et al. (2015), most of
the z∼6 quasars with SMBH masses on the order of :M108

are close to the trend of local galaxies, while the more luminous
and massive objects tend to be above this trend (see also
Venemans et al. 2016). This suggests that the SMBH grows
faster than the quasar host galaxies in these most massive
systems at the earliest epoch, unless all these > :M M10BH

9

quasars are close to face-on. However, as there is no resolved
image for J0100+2802 yet, we do not rule out the possibilities
that the gas is unvirialized and the [C II] line width cannot
probe the disk circular velocity.

5. SUMMARY

We detected [C II], CO, and (sub)mm and radio continuum
emission in the host galaxy of the quasar J0100+2802, which
hosts the most massive SMBH known at .z 6. The detections
probe the properties of the young quasar host at an early
evolutionary stage: the (sub)mm continuum indicates moderate
FIR emission and constrains the SFR to be- -

:M850 yr 1. The
CO and [C II] lines estimate the gas mass and gas-to-dust mass
ratio that are within the range of other millimeter-detected
quasars at z∼6. The [C II]-to-FIR luminosity ratio J0100
+2802 is higher than that of the most FIR luminous quasars at
z>5.7, i.e., following the trend of increasing L LC FIRII[ ] with
decreasing LFIR found for high-z quasars and star-forming
systems. The quasar Mg II line emission detected in previous
near-infrared spectroscopic observations (Wu et al. 2015) is
blueshifted by about 1000 -km s 1 compared to the host galaxy
redshift measured by the [C II] and CO lines. The host
dynamical mass estimated with the [C II] line width suggests
that the SMBH is likely to be overmassive, compared to the
local relation, though further constraints on the gas kinematics
and disk inclination angle are still required.

The data presented in this paper are based on observations
under project number S14CY with the IRAM Plateau de Bure
Interferometer, projects 14B151 and 15A494 with the VLA,
and project M15BI055 with JCMT/SCUBA-2. IRAM is
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IGN (Spain). The National Radio Astronomy Observatory is a
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Observatory on behalf of The National Astronomical Observa-
tory of Japan, Academia Sinica Institute of Astronomy and
Astrophysics, the Korea Astronomy and Space Science
Institute, the National Astronomical Observatories of China,
and the Chinese Academy of Sciences (grant No.
XDB09000000), with additional funding support from the
Science and Technology Facilities Council of the United
Kingdom and participating universities in the United Kingdom
and Canada. We are thankful for support from the National
Science Foundation of China (NSFC) grants No.11373008 and
11533001, the Strategic Priority Research Program “The
Emergence of Cosmological Structures” of the Chinese
Academy of Sciences, grant No. XDB09000000, the National
Key Basic Research Program of China 2014CB845700, and the
Ministry of Science and Technology of China under grant
2016YFA0400703. R. W. acknowledges support from the
Thousand Youth Talents Program of China, the NSFC grants

Figure 4. MBH vs. Mdyn of the [C II]-detected z>5.7 quasars. The Mdyn for
z>5.7 quasars are estimated based on [C II] observations, except for one
object, SDSS J114816.64+525150.3 at z=6.42, in which the [C II]-emitting
gas at >1.5 kpc scale is turbulent and the CO size is adopted (Riechers et al.
2009; Wang et al. 2013; Willott et al. 2013, 2015; Cicone et al. 2015;
Venemans et al. 2016). The red star shows J0100+2802 in this work. For
objects that do not have an inclination angle estimated with the resolved [C II]
image, we show Mdyn calculated with different inclination angles (dashed
lines). The solid line and the gray region show the local relationship with ±0.3
dex intrinsic scatter. The gray circles are the sample of local galaxies
(Kormendy & Ho 2013).
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The crucial assumption in deriving the 
dynamical masses is that the [C II] emit-
ting gas is distributed in a thin disc. How-
ever, our initial observations of the [C II] 
emission are barely resolved at best. To 
learn about the spatial distribution and 
the kinematics of the gas and dust in  
the quasar host galaxies, higher spatial 
 resolution imaging is essential. We have 
an ongoing ALMA programme to image 
the host galaxies of our z > 6.5 quasars 
at high, sub-kiloparsec, resolution (one 
kiloparsec at z = 7 corresponds to an 
extent of ~ 0.2 arcseconds on the sky). 
The first source for which we obtained 
ALMA imaging at a resolution of 1 kilo- 
parsec is the z = 7.1 quasar host 
J1120+0641; the only z > 7 quasar known 
so far.

ALMA high spatial resolution imaging of a 
z = 7.1 quasar host

The host galaxy of the quasar 
J1120+0641 was initially detected with 
the PdBI, but the galaxy remained 
 unresolved in the 2 arcsecond beam 
(~ 10 kpc at the redshift of the quasars; 
Venemans et al., 2012). As a result, the 
dynamical mass and the morphology  
of the line-emitting gas could not be con-

strained. With ALMA we obtained 
[C II] imaging at a resolution of 0.23 arc- 
seconds (~ 1 kpc). Surprisingly, the dust 
continuum and [C II] emission regions  
are very compact and only  marginally 
resolved in the ALMA data (Figure 3; 
Venemans et al., 2017a). The majority 
(80 %) of the emission is associated  
with a very compact region of size 1.2 × 
0.8 square kiloparsecs. Also shown  
in Figure 3 are the red and blue sides of 
the emission line: the red contours show 
emission centred on +265 km s–1 and  
the blue contours the emission centred 
on –265 km s–1. The red, white and blue 
crosses indicate the location of the peak 
of the redshifted, central and blueshifted 
[C II] emission, respectively. It is clear that 
there is no evidence for ordered motion 
at the current resolution.

Applying the virial theorem to these [C II] 
data yields a dynamical mass for the  
host galaxy of (4.3 ± 0.9) × 1010 M⊙, only 
~ 20 times that of the central supermas-
sive black hole. In the very central region, 
the dynamical mass of the host is only 
five times that of the central black hole. In 
this region, the mass of the black hole 
and that of the implied dust and gas are 
able to explain the dynamical mass. In 
other words, there is not much room for a 

massive stellar component in the very 
central region.

The ALMA observations of J1120+0641 
begin to spatially resolve the host galaxy 
of a z > 7 quasar. With the even longer 
baselines available at ALMA, significantly 
higher-resolution imaging (down to scales 
of 100s of parsecs) of such distant qua-
sar hosts is now possible, which will start 
to spatially resolve the sphere of influence 
of the central supermassive black hole.

The interstellar medium in z ~ 7 quasar 
host galaxies

By measuring the FIR continuum of the 
z > 6.5 quasar host galaxies at different 
frequencies and observing additional 
molecular or atomic lines, we can con-
strain the physical properties of the inter-
stellar medium (ISM) in these galaxies. 
We therefore obtained additional millime-
tre and radio observations with ALMA, 
the PdBI and the US National Radio 
Astronomy Observatory (NRAO) Karl G. 
Jansky Very Large Array (VLA) targeting 
the CO(2–1), CO(6–5), CO(7–6) and [C I] 
370 μm emission lines in the z > 6.5 
 quasar hosts (Venemans et al., 2017a,b). 
An example of ALMA observations of the 
CO(6–5), CO(7–6), [C I] and underlying 
continuum emission in a quasar host at 
z = 6.9018 is shown in Figure 4. 

We detected CO emission in all of the 
 z > 6.5 quasars we targeted, except for 
J1120+0641. The [C I] emission line was 
detected in only one quasar host (Fig- 
ure 4) and was generally found to be sig-
nificantly fainter than the [C II] line. The 
derived [C II]/[C I] luminosity ratio was 
greater than 13 in all cases. From the CO 
detections, we can determine the mass 
of the molecular gas reservoirs. Based on 
the CO line strength, we estimate that the 
quasar host galaxies contain a molec-
ular gas mass of (1–3) × 1010 M⊙. This is 
approximately ten times the mass of the 
central supermassive black hole. In all 
quasar hosts, the (limit on the) strength of 
the CO emission, in comparison to that of 
[C II], is very similar to the [C II]/CO line 
ratio measured in local starburst galaxies 
and star-forming regions in the Milky Way.

Finally, we can compare the [C II]/[C I] 
and CO/[C II] line ratios to models to 
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Figure 2. Black hole 
mass plotted against 
dynamical mass esti-
mates of z ≥ 6 quasar 
host galaxies (filled 
stars) and the bulge 
masses of local galaxies 
(black diamonds, from 
Kormendy & Ho, 2013). 
The solid line and grey 
area show the local 
black hole to bulge 
mass relation as derived 
by Kormendy & Ho 
(2013). Figure adapted 
from Venemans et al. 
(2016).
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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
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We first note that the dynamical masses of the quasar hosts
cover a very narrow range, ( – ) :~ ´ M3.7 7.5 1010 (i.e.,
spanning roughly a factor of 2), and five of the six systems
have ( – ) :~ ´M M6 7.5 10dyn

10 (i.e., spanning less than 0.1
dex). Interestingly, the latter mass is in excellent agreement
with the observed “knee” of the stellar mass function in SF
galaxies (M*), which is known to show very limited evolution
up to at least ~z 3.5 (e.g., Ilbert et al. 2013; Muzzin
et al. 2013). We also note that the dynamical masses of the
interacting SMGs differ from those of the corresponding quasar
hosts by factors of about 0.85, 0.3, and 1.8 (for the J1511,
J0923, and J1328 systems, respectively). Given the uncertain-
ties on our Mdyn estimates mentioned above, these mass ratios
are consistent with our interpretation of these interacting
systems being major galaxy mergers (see Section 3.4 below).

To complement our estimates of dynamical masses, we also
derive rough estimates of the dust and gas masses in our
sources. Dust masses are estimated assuming that the FIR
continuum fluxes measured from our ALMA data are emitted
by optically thin dust, following an SED with =T 47 Kd and
b = 1.6and further assuming an opacity coefficient of

( )k m l=l
b0.77 850 m rest (following Dunne et al. 2000, for

consistency with Venemans et al. 2016; see also, e.g., Beelen
et al. 2006). The dust masses we derive are in the range

( – ) :~ ´M M0.4 4.8 10dust
8 for the quasar hostsand

( – ) :´ M0.2 0.4 108 for the companion SMGs. Importantly,
the dust masses of the quasar hosts comprise <1% of the
dynamical masses. This qualitative result is virtually indepen-
dent of the significant uncertainties involved in the dust mass
estimates (due to the assumptions on the SEDs and on kl).
Rough estimates of gas masses can then be inferred by
assuming a (uniform) gas-to-dust ratio of 100. These are rather
conservative estimates, as several recent studies have shown
that the gas-to-dust ratio in high-redshift hosts may be
significantly lower (e.g., as low as ∼20–60; Ivison
et al. 2010; Banerji et al. 2016, and references therein). For
most of the systems, and particularly the quasar hosts, the gas
masses comprise <20% of Mdynand reach ∼60% in only one
quasar host (J1341). Adopting the aforementioned lower gas-
to-dust ratios would obviously result in yet lower gas-to-
dynamical mass ratios. We conclude that the Mdyn estimates of
our sources are dominated, to a large degree, by the stellar
components within the galaxies.

Using our estimates of Mdynas proxies for *M , we again find
that all the FIR-bright systems are found well above the SF-
MS, offset from the relation in Equation (1) by at least 0.5 dex
(J0331)and by up to 1.2 dex (J1341). On the other hand, all the
FIR-faint quasar hosts, as well as two of the three accompany-
ing SMGs (those of J1511 and J0923), are consistent with the
SF-MS, being within about 0.2 dex of the aforementioned
relation, which is consistent with the intrinsic scatter associated
with it.

3.3.3. SMBH-host Galaxy Relations

We now turn to compare the mass growth ratesand the
massesof the SMBHs powering our quasars relative to those of
the stellar populations in their host galaxies.

For the quasar host galaxies, we assume that the mass
grows only due to the formation of new starsat a rate
determined by the CE01-based SFRs (see Section 3.3.1
above). For the SMBHs, the growth rates are calculated
assuming ˙ ( )h h= -M L c1BH bol

2, where Lbol is the

bolometric luminosity, estimated from the rest-frame UV
continuum emission (see T11), and the radiative efficiency is
assumed to be h = 0.1. We find that all systems have
˙ ˙

* >M M 1 200BH (see Table 4), with the highest SFR
systems J1341 and J1511 having ˙ ˙ �*M M 1 190BH and 1/
120, respectively. The lower-SFR systems have growth-
rateratios as high as ˙ ˙ �*M M 1 30BH (median value).
These growth-rateratios are consistent with those derived
in N14 (and in Netzer et al. 2016), which is expected given
the consistency between the new ALMA data and the
previous Herschel measurements.
As for the mass comparison, we rely on the dynamical

mass estimates derived above and the MgII-based BH
masses available from T11. These MBH estimates used the
calibration by McLure & Dunlop (2004). The more recent
calibration by Trakhtenbrot & Netzer (2012) would have
increased MBH by a factor of 1.75 (∼0.24 dex), but we chose
not to use it for the sake of consistency with our own
previous work and with other samples of 2z 5 quasars (see
also Shen et al. 2011; Mejía-Restrepo et al. 2016). Table 4
lists MBH and the BH-to-host mass ratios, which are in the
range ~ -M M 1 260 1 10BH dyn . Figure 9 shows our
estimates of Mdyn and MBH, along with some similar
estimates in local galaxies. For this, we use the subset of
elliptical galaxies tabulated in Kormendy & Ho (2013), for

Figure 9. Black hole masses, MBH, vs. host galaxy dynamical masses, Mdyn, for
our sample of �z 4.8 quasars (red stars), compared with a sample of �z 0
elliptical galaxies (taken from Kormendy & Ho 2013, black circles). The dotted
diagonal lines trace different constant BH-to-host mass ratios. The crosses at
the top-left corner illustrate representative measurement uncertainties (black)
on both propertiesand systematic uncertainties (gray) uncertainties on MBH (of
0.4 dex). The significant systematic uncertainties on Mdyn (not shown) are more
complicated, involving the poorly constrained [ ]C II emission sizes and
inclinations (see Section 3.3.2 for details). Arrows indicate the possible
evolution in both the BH and stellar components, assuming constant mass
growth rates over a period of 50 Myr. We note that all BH masses would
increase by 0.24 dex if the calibration of Trakhtenbrot & Netzer (2012) is
adopted (see the text for details). Our quasars cover a wide range, with most
systems being consistent with the ratio observed in the local universe and some
exceeding ~M M 1 100BH dyn . The extreme object J1341, which has

�M M 1 10BH dyn at �z 4.8, is expected to evolve toward the locally
observed ratio.
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Virial masses MBH = f V2 R /G 

Only in type 1 AGN 
Calibration i.e. f 


based on assumption that AGN follow 
same relation as quiescent galaxies

what if BHs are under/overmassive?

inclination effect not considered


Redshift evolution: challenges on MBH
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Figure 32
BH–host-galaxy correlations for active galactic nuclei (AGNs) with BH masses derived from reverberation mapping (RM) and from
single-epoch spectroscopy of broad AGN emission lines. (a) AGNs (colored points) show considerably larger scatter in the M•-σ relation
than inactive galaxies (black points). Moreover, the scatter increases toward lower BH masses; most of these galaxies contain
pseudobulges. Adapted from Xiao et al. (2011). (b) Inactive BHs in classical bulges and ellipticals obey a well-defined relation between
M• and dynamical mass Mdyn; the same holds for reverberation-mapped AGNs with M• ! 107 M⊙ ( green points). Low-mass AGNs, on
the other hand, along with inactive BHs in pseudobulges, fall notably below the correlation for classical bulges and ellipticals. Adapted
from Jiang, Greene & Ho (2011).

masses. The correlation between BH mass and (pseudo)bulge luminosity is more complicated to
interpret. The Greene-Ho objects lie significantly below the fiducial M•-Lbulge relation for in-
active galaxies: (Pseudo)bulges are overluminous at a fixed BH mass (Greene, Ho & Barth 2008;
Jiang, Greene & Ho 2011) or the BHs are undermassive at fixed (pseudo)bulge mass (Section 6.8).
Part of this offset can be ascribed to younger stellar populations in pseudobulges. But that is not
the whole story, as the M•-M bulge relation in Figure 21 makes clear. Similarly, a significant offset
remains after applying an M/L correction and even after replacing the (pseudo)bulge luminosity
with its dynamical mass computed using the measured velocity dispersion and effective radius
( Jiang, Greene & Ho 2011) (Figure 32b). Therefore Figure 32b is consistent with Section 6.8.

7.3. A BH in the Starbursting Dwarf Galaxy Henize 2-10
The “poster child” for BH discovery using the radio–X-ray–M• fundamental plane (Merloni,
Heinz & Di Matteo 2003; Gültekin et al. 2009a) is Henize 2-10, illustrated in Figure 33. Reines
et al. (2011) present a good case that the galaxy contains a BH, based on the observation of an X-ray
point source with 2–10-keV luminosity LX ∼ 1039.4 erg s−1 and a radio core with 4.9-GHz and
8.5-GHz luminosities of LR ≈ 1035.9 erg s−1. Careful astrometry implies that they are the same

608 Kormendy · Ho

A
nn

u.
 R

ev
. A

str
o.

 A
str

op
hy

s. 
20

13
.5

1:
51

1-
65

3.
 D

ow
nl

oa
de

d 
fro

m
 w

w
w

.a
nn

ua
lre

vi
ew

s.o
rg

by
 O

ss
er

va
to

rio
 A

str
of

isi
co

 d
i A

rc
et

ri-
IN

A
F 

on
 1

1/
25

/1
3.

 F
or

 p
er

so
na

l u
se

 o
nl

y.

Kormendy & Ho 2013



Virial masses MBH = f V2 R /G 


CIV: used for very high redshift (with optical spectra) but reliability 
questioned by many authors


CIV probably affected by outflows


Denney 13 shows that CIV 
average line profile are different 
than r.m.s. ones: existence of 
non-BLR extended component 
(outflow?) strongly affects line 
width estimate


Redshift evolution: challenges on MBH

CIV Line Shape 5

Figure 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 spec-
trum 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.

Figure 3. Continued.

The VP06 sample is of particular interest for investi-
gating biases, since it calibrates the C iv SE BH mass
scale. VP06 often used multiple SE spectra of a single
object and calculated masses from each epoch. Further-
more, the epochs and number of spectra they used varied
from object to object and between C iv and Hβ. Here we
are more interested in the SE C iv and Hβ masses and S
for different objects rather than different epochs, so we
derived a geometric average of each of these quantities
for the VP06 sample. For objects with more than one
epoch of data, we use the C iv FWHM and σl to calcu-
late log(S) for each epoch, and then calculate a simple
average of the individual values of log(S), adding uncer-
tainties from each epoch in quadrature4. We also aver-

4 Intrinsic variations in S could occur from epoch to epoch, so

age the SE C iv masses and uncertainties given in Table
2 of VP06 for each object in the same way. Finally, we
recalculate the SE Hβ mass using the updated formula
provided by A11 (their Equation 4), which is based on
the most recent calibration of the Hβ R − L relation of
Bentz et al. (2009a). We then similarly average these SE
masses to end up with one Hβ mass for each object. Ob-
jects that had SE Hβ masses but not SE C ivmasses were
omitted from the sample. For the six objects lacking an
SE Hβ mass, we used the RM mass, which is generally
equivalent5. This results in a sample of 27 objects taken
from VP06.
N07 did not publish σl values for their sample, but their

study was based on SDSS spectra. Thus, we obtained the
SDSS spectra and remeasured both the FWHM, σl, and
their uncertainties following the methods for “Prescrip-
tion A” described by A11. This includes fitting sixth
order Gauss-Hermite polynomials to the C iv profiles be-
cause of the typically poor data quality of this sample
(average S/N per pixel in the continuum near restframe
1700Å is only 5.4). Interestingly, in several cases, our
measurement for the FWHM of the C iv line in the N07
sample differs significantly from the values presented by
N07, as shown in Figure 4. Unfortunately, N07 neither
describe how they determined the widths of the lines
given in their Table 2 nor provide any uncertainties on
these measured values, so reconciling these differences is
not possible here. Nonetheless, this highlights the dif-
ficulties in these types of studies as different measure-
ment techniques applied to the same data set can re-
sult in statistically different measurements of the same
quantities (see also Assef et al. 2011; Vestergaard et al.
2011; Park et al. 2011). We will continue to use our
own FWHM measurements of the N07 sample because
they have been determined with methods consistent with
those applied to the other samples used here. We flag
seven of these objects not necessarily because they are
all outliers in any part of our analysis, but because we
have evaluated their line widths to be potentially un-
reliable due to evidence for absorption in the C iv line
profiles of the SDSS spectra6.
Using our C iv line widths and the continuum lumi-

nosities given by N07, we calculate new SE C iv masses
for each of the 15 objects in this sample based on the
FWHM and σl following Equations 7 and 8 of VP06 (also
Equation 6 of A11). We also recalculate the SE Hβ mass
using the FWHM and luminosity provided by N07 but
using the formula given by A11. Unfortunately, we could
not calculate uncertainties in the mass estimates because
N07 do not provide uncertainties on the Hβ width or

averaging over epochs may be removing information about long
timescale changes in emission-line profiles known to exist. How-
ever, the standard deviation about the mean S in all objects for
which we calculate an average is much smaller than the formal
uncertainties in S propagated from the uncertainties in the mea-
surements of the SE FWHM and σl.

5 This is not strictly correct because host galaxy starlight has not
been removed from the SE luminosities. The resulting Hβ masses
for these six objects will be somewhat underestimated compared
to the expected SE Hβ mass (this underestimation is likely ! 0.2
dex, based on the average difference calculated from the rest of the
sample, for which both SE and RM masses are available).

6 The classification of absorption here is based solely on the
observed SDSS spectra. However, the existence of some such ab-
sorption has been verified in new, higher S/N data obtained for
seven of the N07 sources (Assef et al. 2011, Denney et al. in prep).

Denney 13
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Radiation pressure

May affect BH mass estimates  
(partially cancel gravitational  
force; Marconi+08, +09)

Still an open issue


If all incident ionising photons absorbed by a BLR cloud  
(must be to have MgII emission …)
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4.7 Line width vs continuum luminosity distributions: model and observations 137

Figure 4.7 Left panel: 3000 Å vs 5100 Å continuum luminosities. The observed distribu-
tion was obtained with �L = 0.05 dex luminosity bins, and smoothed by convolving with a
Gaussian function with FWHM = 0.1 dex (2 pix). The red dots denote the median 3000Å
luminosities per given 5100Å bin, the error bars the percentiles (16%, 84%) choses such that
the total bar include 68% of the points in each bin. The solid red line is the best linear fit
to the red dots (as errors we have used the bars divided by the square root of the number
of points) which has slope ⇠ 1.1. For comparison, the dashed red line is the linear relation
L3000 = 100.2L5100. Right panel: Comparison of H� and Mg II line widths. The observed dis-
tribution was obtained with �V = 0.1 dex velocity bins, and smoothed by convolving with
a Gaussian function with FWHM = 0.2 dex (2 pix). Red points and lines are as in the left
panel. The dashed red line is the linear relation FWHMMg II = 10-0.2FWHMH� .

Figure 4.8 Same as Fig. 4.7 but for C IV and Mg II.



Virial masses in (luminous) AGN


Galaxy properties difficult to measure (galaxy difficult to “see” with AGN 
emission)


Selection effects: sampling objects at specific time of their evolution  
(e.g. Lamastra+10)


ALMA revolution: it is possible to measure dynamical galaxy masses up 
to high redshift


Same challenges as in BH mass 
measurement form gas (galaxy 
sizes at high z, similar to nuclear 
disk sizes i.e. < 1”)


Usually galaxy masses are simple 
virial estimates


Dynamical masses are total 
masses within a few kpc

Redshift evolution: challenges on galaxy props.
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Conclusions
BH mass measurements


There are open issues on gas and stellar kinematical measurements

We still not have the unambiguous proof that we detect BHs (except 
for Milky Way) but considering AGN they most likely are …


Which relations are real?

We still need to probe the low BH in big bulge regime 

Existence of correlations imply coevolution BH-galaxy

There is a fundamental correlation (e.g. MBH-σ or MBH-σ, R)  
the rest result from combination with galaxy structure (e.g. FP) 


Redshift evolution and origin of these relations?

At high redshift BH seem over massive compared to host galaxies

limited to type 1 AGN for virial BH masses

need to properly measure galaxy dynamical masses


