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✴ AGNs are powered by accretion of matter onto a SMBH. The energy released in this 
process is ≳ galactic bulge binding energy. 

➡ Relation between MBH and the global properties of the host galaxy: 

B H - G A L A X Y  S C A L I N G  R E L AT I O N

!2

Kormendy & Ho, 2013

Log MBH = 𝛂 + 𝝱 Log Mgal
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➡ BH growth precedes the galaxy 
mass assembly.

✴ @ z <1-3, the galaxies host BHs that are 
up to ~7 times more massive with 
respect to the local ones  
(Peng+06, Treu+04,07 , Woo+06,08, Bennert+10,11, 
Decarli+09,10, Alexander+09, Merloni+10) 

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

✴ 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)
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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 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

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.
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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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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 = 1.6and 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 hostsand

( – ) :´ 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 Mdynand 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 ratesand the
massesof 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 starsat 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-
rateratios as high as ˙ ˙ �*M M 1 30BH (median value).
These growth-rateratios 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 propertiesand 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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➡ BH growth precedes the galaxy 
mass assembly.

✴ @ z <1-3, the galaxies host BHs that are 
up to ~7 times more massive with 
respect to the local ones  
(Peng+06, Treu+04,07 , Woo+06,08, Bennert+10,11, 
Decarli+09,10, Alexander+09, Merloni+10) 

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

✴ 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)
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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 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

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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Astrophysics, the Korea Astronomy and Space Science
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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
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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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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 = 1.6and 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 hostsand

( – ) :´ 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 Mdynand 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 ratesand the
massesof 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 starsat 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-
rateratios as high as ˙ ˙ �*M M 1 30BH (median value).
These growth-rateratios 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 propertiesand 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 theorem used:  

Mdyn ~ FWHM2 Size / sin(i)2 

 inclination from axial ratio of flux image 

 no check on rotating disk assumption 

 
 
                    Significant uncertainties!
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Figure 1. from On the Cosmic Evolution of the Scaling Relations Between Black Holes and Their Host Galaxies: Broad-Line Active Galactic
Nuclei in the zCOSMOS Survey
MERLONI ET AL. 2010 ApJ 708 137 doi:10.1088/0004-637X/708/1/137
http://dx.doi.org/10.1088/0004-637X/708/1/137
© 2010. The American Astronomical Society. All rights reserved.
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✴ Only luminous AGN observable at high z (bias) 

✴ Bright quasars “hide” their host galaxies: 
accurate subtraction of the point-like QSO is 
needed: 

๏ spatial decomposition ➡ high angular resolution 

๏ spectral decomposition ➡ assume on galaxy and AGN 
template. 

๏ gravitational lensing ➡ detailed model of the system. 

✴ Photometric estimations take into account only 
stellar mass content (bias): 

๏ single band M/L 

๏ stellar population synthesis models ➡ assumptions on 
stellar population properties 

Peng+06
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✴ Only luminous AGN observable at high z (bias) 

✴ Bright quasars “hide” their host galaxies: 
accurate subtraction of the point-like QSO is 
needed: 

๏ spatial decomposition ➡ high angular resolution 

๏ spectral decomposition ➡ assume on galaxy and AGN 
template. 

๏ gravitational lensing ➡ detailed model of the system. 

✴ Photometric estimations take into account only 
stellar mass content (bias): 

๏ single band M/L 

๏ stellar population synthesis models ➡ assumptions on 
stellar population properties 

Peng+06
 The most distant QSOs may 

not have converted a large 

fraction of their gas into stars

Use sub-mm/FIR bands with ALMA!
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Measure dynamical masses of quasar host galaxies in 
submm band (AGN do not “hide” host galaxy if radio quiet) 

Full kinematical modelling instead of virial estimates for 
better accuracy and reliability 

Sample of 72 QSO from ALMA archive in 2 < z < 7 range 

Use [CII] 158µm or CO (J+1→J) as tracers of galaxy disk        
kinematics 

Standard data reduction (self calibration when useful)
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SDSS J092303.53+024739.5 
@ z[CII]=4.654876±0.000015✴ Line fitting spaxel by spaxel 

(new algorithm for “cleaner” maps) 

✴ Test for spatially resolved kinematics  
(fit all spaxels with fixed line profile and 
check residuals)
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33 sources w/ line detection
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33 sources w/ line detection
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33 sources w/ line detection
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✴ Dynamical mass estimate by modelling observed velocity field 

➡ ASSUMPTION: rotating thin disks with exponential surface brightness profile  

✴ Kinematical model to perform 2D map-fitting and to recover RD, Mgal,dyn  

➡ Monte Carlo “cloud” model, assumed brightness profile and velocity field 

➡ Takes into account all geometrical projection and observational effects (e.g. beam 
smearing, binning, etc.)

K I N E M AT I C A L  M O D E L

!12

I(r) = I0 exp(�r/RD) V 2(r) =
2GMdyn

RD
y2[I0(y)K0(y)� I1(y)K1(y)]

RD=1.25’’  
Mdyn=5x1010 M⦿ 
i=40° 
P.A. = -45 ° 
FWHM(PSF)= 0.4’’x0.275’’ 
BPA=-50° 
𝝈(LSF)= 20 km/s
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a) i= 40°, P.A. = -45°

c) i= 60°, P.A. = 45°

b) i=40°, P.A. = 0°

i=30°

FWHMbeam = 0.325’’⨉0.325’’

FWHMbeam = 0.125’’⨉0.125’’

i=60°

i=30°

Mdyn=5.0⨉1010 M⦿/sin2i

i=60°

Beam smearing 
and/or wrong M(r) 
makes i and Mdyn 

almost degenerate
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K I N E M AT I C A L  M O D E L I N G
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✴ Standard approach (2steps) (e.g. Cresci et al. 2009,…): 

1) Fit line flux distribution with exponential disk = measure scale radius RD

✴ + Bayesian method (MCMC): assumes prior on inclination from morphology (axial ratio) 

2) Fit velocity field with exponential mass & line flux distribution with fixed RD         
= measure dynamical mass Mgal,dyn 
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 Constraint on sin(i)
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✴ Sample of 72 QSOs at 2 < z < 7 from ALMA archive.  

72
Data reduction

~45% not detected or low 
S/N

33
Data analysis

~40% clearly or not show 
rotating disk kinematics 

(outflow/merging…)

19

Fit Flux map

Fit velocity map

~40% inclination not constrained,  
~10% only lower limit

10+28+2
MBH Mass

~15% not 
available 

from 
literature
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O V E R A L L  R E S U LT S

!17

12 sources
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E V O L U T I O N  O F  B H - G A L A X Y  R E L AT I O N

!18

This work

α=9.6± 0.3 

β≡βDML

4 < z < 7

De Nicola, Marconi & 
Longo 2018

αDML = 8.37 ± 0.06 

βDML = 1.01 ± 0.07

z < 1

C O N F I R M I N G  T H E  E V O L U T I O N  O F  z≳1  R E L AT I O N  
( E . G .  V E N E M A N S + 1 7 ,  D E C A R L I + 1 7 ,  T R A K H T E N B R O T + 1 7 )  

log MBH = α+β (log Mgal-10.8)

W O R K  I N  P R O G R E S S !
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E V O L U T I O N  O F  M B H/ M g a l , d y n    

!19

Decarli et al., 2010
z ≲ 3

log� = (0.28± 0.06)z � (2.91± 0.06)

C O N S I S T E N T  W I T H  E X T R A P O L AT I O N  O F  𝚪  I N C R E A S E  AT  Z < 3  
S U G G E S T S  T O  S E A R C H  F O R  A  𝚪  D E C R E A S E  AT  Z≳6 ?  

W O R K  I N  P R O G R E S S !
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ALMA sensitivity and spatial resolution allow to obtain spatially resolved 
kinematical maps of quasar host galaxies up to z>6 ➡ Mgal,dyn estimation is 
possible also for high-z galaxies!! 

On a “blind” search <1/3 of the galaxies have rotating disk kinematics that allow 
to estimate galaxy masses. 

Our result confirms the observed evolution of MBH-Mgal,dyn relation with z. 

Γ = MBH/Mgal ratio is ~10x the local value at  z~4-7, consistent with extrapolation 
of Γ(z) from z<3. 

Important to study z>6 because BH growth w.r.t. to host galaxy might be 
revealed.

C O N C L U S I O N S

!20

Stay tuned!  
Pensabene, Marconi et al. 2018 (in prep.) 



T H E  E N D
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B A C K U P  S L I D E S

Antonio Pensabene 19 Dicembre 2017
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C O M PA R I S O N  W I T H  V I R A L  M A S S E S

✴ Estimate Mvir with, e.g., Wang+13 
virial relation 

✴ No linear 1:1 relation between 
Mdyn and Mvir 

✴ With no kinematical map it is not 
possible to verify if disk is rotating 
(not an easy task!)
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V I R I A L  M A S S E S - “ s p e c t ro a s t ro m e t r y ”  

(Gnerucci, Marconi et al. 2011)

Mspec sin2i ~ fspec FWHM2 rspec 

fspec = 1.0 ± 0.1  

✴ Use “spectroastrometry” to measure more 
accurate virial masses (Gnerucci, Marconi, +11; 
Carniani, Marconi+13) 
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V I R I A L  M A S S E S - “ s p e c t ro a s t ro m e t r y ”  

(Gnerucci, Marconi et al. 2011)

Mspec sin2i ~ fspec FWHM2 rspec 

fspec = 1.0 ± 0.1  

✴ Use “spectroastrometry” to measure more 
accurate virial masses (Gnerucci, Marconi, +11; 
Carniani, Marconi+13) 
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B H s  V I R I A L  M A S S E S

✴ Homogeneous MBH virial mass estimation → single-epoch 
spectroscopy method - combines the width of lines originating from 
BLR (e.g. MgII, CIV) with continuum emitted by the AGN: data 
available only for 6 sources. (De Rosa+11,+14, Shao+17, Trakhtenbrot+11, 
Shen+18) 

✴ Remaining masses derived from the literature.  
  (Venemans+15, Willott+15, Banerji+15)

MBH = f
(�V )2R

G

log

✓
MBH

M�

◆
= 6.6 + 2 log

✓
FWHM(MgII)

103 km s�1

◆
+ 0.5 log

✓
�L�(3000Å)

1044 erg s�1

◆

(Bongiorno et al. 2014)


