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The Unified model
Our pre-2000 view of AGN


AGN are powered by accretion onto 
supermassive Black Holes (e.g. Salpeter 1964, 
Zel’dovich 1964)


Broad Line Region: clouds close to AGN with 
large velocities ( > 1000 km/s) …


Narrow Line Region: clouds at larger (galactic) 
scales, smaller velocities (a few 100 km/s)


Different classes of AGN are the effect of  
different inclination of line of sights w.r.t. to  
dusty torus (Antonucci & Miller 1985;  
Antonucci 1993): torus can hide BLR and accretion disk from view, 
reprocesses accretion disk emission and re-emits IR radiation


AGN as “exotic” objects, laboratories for strong gravity physics and other 
interesting phenomena

Urry & Padovani 1995



Gebhardt+2000, Ferrarese & Merritt 2000

MBH-L MBH-σ

!both rescaled to R0=8.3 kpc", in agreement with each
other to within the uncertainties and with the statistical
estimates at larger radii.

Recent work on the S-star orbits !Schödel et al., 2003;
Eisenhauer et al., 2005; Ghez et al., 2005b, 2008;
Gillessen et al., 2009a, 2009b" has corroborated and fur-

FIG. 16. !Color" Stellar motions in the immediate vicinity of Sgr A*. Left: Stellar velocity dispersion as a function of projected
separation from Sgr A* !Eckart and Genzel, 1996, 1997; Genzel et al., 1997". Circles are data derived from proper motions; crossed
squares from line of sight velocities. The best fitting point mass model and its 1! uncertainty are shown as continuous curves.
Right: First detections of orbital accelerations for the stars S1 !S01", S2 !S02", and S8 !S04" and inferred possible orbits. From Ghez
et al., 2000.

FIG. 17. !Color" Orbit of the star S2 !S02" on the sky !left panel" and in radial velocity !right panel". Blue filled circles denote the
NTT and VLT points of Gillessen et al. !2009a, 2009b" !updated to 2010" and open and filled red circles are the Keck data of Ghez
et al. !2008" corrected for the difference in coordinate system definition !Gillessen et al., 2009a". The positions are relative to the
radio position of Sgr A* !black circle". The gray crosses are the positions of various Sgr A* IR flares !Sec. VII". The center of mass
as deduced from the orbit lies within the black circle. The orbit figure is not a closed ellipse since the best fitting model ascribes
a small proper motion to the point mass, which is consistent with the uncertainties of the current IR-frame definition. Adapted
from Gillessen et al., 2009a.

3146 Genzel, Eisenhauer, and Gillessen: The Galactic Center massive black hole and …

Rev. Mod. Phys., Vol. 82, No. 4, October–December 2010

Supermassive Black Holes
Our view changes in early 2000


End of 1990s: HST discovery of 
many supermassive BHs in  
galactic nuclei 

Correlations between MBH and 
properties of host spheroid (bulge): 
MBH-σ relation

Local BHs are relics of past AGN 
activity

Macchetto+97

NGC 4258 
(Miyoshi+95)

Gillessen+09



The Astrophysical Journal, 764:184 (14pp), 2013 February 20 McConnell & Ma

Figure 1. M•–σ relation for our full sample of 72 galaxies listed in Table 3 and at http://blackhole.berkeley.edu. Brightest cluster galaxies (BCGs) that are also the
central galaxies of their clusters are plotted in green, other elliptical and S0 galaxies are plotted in red, and late-type spiral galaxies are plotted in blue. NGC 1316 is
the most luminous galaxy in the Fornax cluster, but it lies at the cluster outskirts; the green symbol here labels the central galaxy NGC 1399. M87 lies near the center
of the Virgo cluster, whereas NGC 4472 (M49) lies ∼1 Mpc to the south. The black hole masses are measured using the dynamics of masers (triangles), stars (stars), or
gas (circles). Error bars indicate 68% confidence intervals. For most of the maser galaxies, the error bars in M• are smaller than the plotted symbol. The black dotted line
shows the best-fitting power law for the entire sample: log10(M•/M⊙) = 8.32+5.64 log10(σ/200 km s−1). When early-type and late-type galaxies are fit separately, the
resulting power laws are log10(M•/M⊙) = 8.39+5.20 log10(σ/200 km s−1) for the early type (red dashed line), and log10(M•/ M⊙) = 8.07+5.06 log10(σ/200 km s−1)
for the late type (blue dot-dashed line). The plotted values of σ are derived using kinematic data over the radii rinf < r < reff .
(A color version of this figure is available in the online journal.)

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

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

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

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

2. AN UPDATED BLACK HOLE AND GALAXY SAMPLE

Our full sample of 72 black hole masses and their host
galaxy properties are listed in Table 3, which appears at the
end of this paper. The corresponding M• versus σ , L, and Mbulge
are plotted in Figures 1–3. This sample is an update of our
previous compilation of 67 dynamical black hole measurements,
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Importance of BH-galaxy relations
BH gravitational influence over a 
volume ~10-7 that of host galaxy


How can BH know about galaxy 
and vice-versa?


AGN feedback: with massive BH 
(MBH > 107 M☉), AGN luminous 
enough (L~LEdd) to affect host 
galaxy


Gas is expelled quenching both 
BH accretion and star formation: 
situation in frozen when  
MBH/Mgal ~ 10-3  
(but it is not so simple ...)


Co-evolution of BHs and  host galaxies (see, eg, Kormendy  & Ho 2013) 

AGN are protagonists of galaxy evolution!

McConnell+2011



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


Complex BH-galaxy relations

but there are BHs in 
bulgeless galaxies …


More complex than we 
previously thought … 

e.g., Kormendy & Ho 2013



BLR, Torus & Beyond



14 Bentz, et al.

FIG. 11.— Top: Hβ BLR radius versus the 5100Å AGN luminosity. The solid line is the best fit to the data and the grayscale region shows the range allowed
by the uncertainties on the best fit. The left panel displays all 71 datapoints included in this analysis, where the open circles are the new measurements that we
include for the first time. The right panel shows the fit with Mrk 142 removed, an adopted lag for PG2130+099 of 31± 4 days, and a reddening correction of
0.26 dex for NGC3227 (see the text for details). The slope does not change appreciably with these adjustments, but the scatter is significantly reduced from
0.19 dex to 0.13 dex. All measurements are plotted with their associated uncertainties, but the error bars are sometimes smaller than the plot symbols. Bottom:
Residuals of the estimated BLR radii compared to the measured BLR radii using the best fit to the RBLR–L relationship. The dotted lines are Gaussian functions
with a width equal to the variance in the scatter determined from the best fit, demonstrating the relative normality of the residual distribution.

Bentz+13

Reverberation mapping of BLR
Light curves of continuum and 
broad emission lines are similar

time lag (= light crossing time) 
implies small dimensions of BLR 
(RBLR = c Δτ)

Combine line widths with time 
lags to estimate BH mass (e.g. 
Peterson et al.)

!
!
!
MBH ~106-109 M☉ found

Radius luminosity relation: 
RBLR ~ LAGN0.5 (Kaspi+00,Bentz+13)

BLR is photoionized from central 
continuum source

MBH = f
V 2R

G
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Fig. 2.—: Complete light curves for the five objects observed during our campaign. For each

object, the top panel shows the 5100 Å flux in units of 10−15 erg s−1 cm−2Å−1 and the bottom panel

shows the integrated Hβλ4861 flux in units of 10−13 erg s−1 cm−2. Open black circles denote the

observations from MDM Observatory and red asterisks represent spectra taken at CrAO. Closed

red squares show the photometric observations from CrAO, and closed blue triangles represent

photometric observations from the WISE Observatory.

Grier+12

Δτ

Possible to measure BH masses from any 
type 1 spectrum (combine line width and 

LAGN); no distance limit!
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The Obscuring Torus
provides selective nuclear obscuration  
required by unified model (Antonucci 1993)


contributes significantly to IR emission  
of AGN (reprocessed UV radiation)


possible contribution to IR cosmic  
background (Gruppioni+10, Pozzi+12) 


might provide X-ray absorption to  
explain X ray background  
(Setti & Woltjer 1989, Gilli+2007)


Inner radius set by dust sublimation   
Rd~ 0.4 L451/2 pc


Dust sublimation radius confirmed  
by K band reverberation mapping


Rd outer boundary of BLR, Outer radius Rout?
�8

cannot yet obtain spatially resolved images. Previously, Clavel
et al. (1989) measured both the BLR and dust reverberation radii
during the same monitoring campaign for a bright Seyfert 1
galaxy, Fairall 9, and concluded that the hot dust is outside the
BLR. We now examine whether this view is supported by our
measurements of infrared lags.

Figure 32 shows our measurements of infrared lags (NGC
5548, NGC 4051, NGC 3227, and NGC 7469; NGC 4151,
Minezaki et al. 2004), together with previous measurements of
broad-line lags in the literature (Fairall 9, Clavel et al. 1989;
Rodriguez-Pascual et al. 1997; Peterson et al. 2004; NGC 3783,
Reichert et al. 1994; NGC 7469, Wanders et al. 1997; Kriss et al.
2000; Collier et al. 1998; NGC 5548, Peterson et al. 2002; Krolik
et al. 1991; Peterson&Wandel 1999; Dietrich et al. 1993; Korista
et al. 1995; NGC 4151, Clavel et al. 1990; Maoz et al. 1991;
Kaspi et al. 1996; NGC 3227, Winge et al. 1995; Onken et al.
2003; NGC 4051, Shemmer et al. 2003). The optical luminos-
ities corresponding to the broad-line lags are averaged over the
monitoring period in each item in the literature.

Each AGN has a range of lag time for the BLR depending
on the broad emission line used (Korista et al. 1995; Peterson &
Wandel 1999; see also Fig. 32). In general, there is a tendency for
broad emission lines of higher ionization to have smaller lag
times and for those of lower ionization to have larger lag times,
which suggests that the BLR has a radially stratified ionization
structure. Therefore, the BLR extends out to the light-travel
distance corresponding to the largest lag time in each AGN. We
note that a correlation of!t / L0:7 has been suggested for broad
H! emission lines for a wide range of central luminosity of AGNs
including quasars brighter than MV ! "23 (Kaspi et al. 2000),
although their lags for Seyfert galaxies show a fairly large scatter.

Figure 32 shows that the lag times for broad lines are located
below the boundary set by the infrared !t versus MV relation.

Some lags of broad emission lines are beyond the infrared lag
in the same AGN. However, this occurs when such lags for the
BLRweremeasured in a bright state while the infrared lag for hot
dust was measured in a faint state. Such lags for the BLR, after
being corrected for their luminosity dependence, become smaller
than the infrared lag, as actually reported forNGC5548 (Suganuma
et al. 2004).

Thus, the outer radius of the BLR nearly corresponds to the
inner radius of the dust torus. In other words, it is suggested that
the bulk of the emitting region of high-velocity gas is restricted
inside the ‘‘wall’’ of the dust torus, which is located at a distance
determined by the continuum luminosity. Netzer & Laor (1993)
proposed that the dust in the narrow line emitting gas might
separate the BLR from the NLR by suppressing the emission
lines in the dust region, and that this might explain the large
difference in observed properties of broad and narrow emission
lines, such as line width and covering factor. The result presented
in Figure 32 supports their view that the BLR size is determined
by the dust sublimation radius.

5.4. Optical Delay behind X-Ray Variation in NGC 5548

It has been proposed that the UV/optical flux variation in
AGNs originates in the thermal reprocessing of X-ray variability
by the optically thick and geometrically thin accretion disk in its
outer part, while the bulk of the steady component is generated
by viscous processes in the accretion disk itself (e.g., Collin-
Souffrin 1991). In this scheme, the variation of the reprocessed
component in the UV/optical flux should show a lag time of days
or less behind the variation of X-rays released from the geo-
metrically thick hot corona in the inner part of the accretion disk.

For NGC 5548, Clavel et al. (1992) reported a UV lag of
! t ¼ 0$ 6 days behind theX-ray by comparing the light curves
in the hard X-ray (2–10 keV) and the UV (13508). It is not easy
to detect a clear correlation between X-ray and UV/optical var-
iations on short timescales or the lag time between them because
generally the amplitude of UV/optical variation on a short time-
scale is small and difficult to observe.

From observations of optical (5100 8) and hard X-ray (2–
10 keV) fluxes of light curves spanning 6 yr for NGC 5548,
Uttley et al. (2003) reported a strong correlation in their long-
timescale variationwhile onlyweakly restricting!t¼ 0 $15 days.
Since the amplitude of such optical variation is found to exceed
that of the hard X-ray, they argued that X-ray reprocessing is not
a main driver of the long-timescale optical variation, at least for
NGC 5548.

Thus, the problem yet to be answered is whether there is a
clear correlation between X-ray and optical variations on short
timescales. As shown below, because of accurate photometry
and frequent sampling of the V-band light-curve data, we de-
tected, for the first time, the day-basis optical variation having a
small amplitude and a clear lag time behind the X-ray variation,
which is well within a framework of reprocessing the X-ray flux
into the optical flux.

The top panel of Figure 33 shows our V light curve for NGC
5548 (Fig. 7) and the X-ray (2–10 keV) light curve obtained for
the same period from the Rossi X-ray Timing Explorer (RXTE;
Uttley et al. 2003). These two light curves strongly correlate with
each other, but the amplitude of the optical variation is much
smaller than that of the X-ray. The bottom panel shows a portion
of the light curves for a period of MJD % 52;085–52,130 with
an expanded vertical scale for the optical flux. Although the
optical data were not sampled as often as the RXTE data, a day-
basis correlated variation, as well as an optical lag of 1 or 2 days
behind the X-ray, is clearly seen. Cross-correlation analysis gives

Fig. 32.—Lag times plotted against the absolute V magnitude of AGNs.
Filled and thick open symbols show the infrared lags, where each symbol
indicates the same AGN as in Fig. 30. Thin open symbols show the lag times of
broad emission lines for the corresponding AGNs in the literature. Top: Lag
times of only the H! line. Bottom: Lag times of other broad lines.
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cannot yet obtain spatially resolved images. Previously, Clavel
et al. (1989) measured both the BLR and dust reverberation radii
during the same monitoring campaign for a bright Seyfert 1
galaxy, Fairall 9, and concluded that the hot dust is outside the
BLR. We now examine whether this view is supported by our
measurements of infrared lags.

Figure 32 shows our measurements of infrared lags (NGC
5548, NGC 4051, NGC 3227, and NGC 7469; NGC 4151,
Minezaki et al. 2004), together with previous measurements of
broad-line lags in the literature (Fairall 9, Clavel et al. 1989;
Rodriguez-Pascual et al. 1997; Peterson et al. 2004; NGC 3783,
Reichert et al. 1994; NGC 7469, Wanders et al. 1997; Kriss et al.
2000; Collier et al. 1998; NGC 5548, Peterson et al. 2002; Krolik
et al. 1991; Peterson&Wandel 1999; Dietrich et al. 1993; Korista
et al. 1995; NGC 4151, Clavel et al. 1990; Maoz et al. 1991;
Kaspi et al. 1996; NGC 3227, Winge et al. 1995; Onken et al.
2003; NGC 4051, Shemmer et al. 2003). The optical luminos-
ities corresponding to the broad-line lags are averaged over the
monitoring period in each item in the literature.

Each AGN has a range of lag time for the BLR depending
on the broad emission line used (Korista et al. 1995; Peterson &
Wandel 1999; see also Fig. 32). In general, there is a tendency for
broad emission lines of higher ionization to have smaller lag
times and for those of lower ionization to have larger lag times,
which suggests that the BLR has a radially stratified ionization
structure. Therefore, the BLR extends out to the light-travel
distance corresponding to the largest lag time in each AGN. We
note that a correlation of!t / L0:7 has been suggested for broad
H! emission lines for a wide range of central luminosity of AGNs
including quasars brighter than MV ! "23 (Kaspi et al. 2000),
although their lags for Seyfert galaxies show a fairly large scatter.

Figure 32 shows that the lag times for broad lines are located
below the boundary set by the infrared !t versus MV relation.

Some lags of broad emission lines are beyond the infrared lag
in the same AGN. However, this occurs when such lags for the
BLRweremeasured in a bright state while the infrared lag for hot
dust was measured in a faint state. Such lags for the BLR, after
being corrected for their luminosity dependence, become smaller
than the infrared lag, as actually reported forNGC5548 (Suganuma
et al. 2004).

Thus, the outer radius of the BLR nearly corresponds to the
inner radius of the dust torus. In other words, it is suggested that
the bulk of the emitting region of high-velocity gas is restricted
inside the ‘‘wall’’ of the dust torus, which is located at a distance
determined by the continuum luminosity. Netzer & Laor (1993)
proposed that the dust in the narrow line emitting gas might
separate the BLR from the NLR by suppressing the emission
lines in the dust region, and that this might explain the large
difference in observed properties of broad and narrow emission
lines, such as line width and covering factor. The result presented
in Figure 32 supports their view that the BLR size is determined
by the dust sublimation radius.

5.4. Optical Delay behind X-Ray Variation in NGC 5548

It has been proposed that the UV/optical flux variation in
AGNs originates in the thermal reprocessing of X-ray variability
by the optically thick and geometrically thin accretion disk in its
outer part, while the bulk of the steady component is generated
by viscous processes in the accretion disk itself (e.g., Collin-
Souffrin 1991). In this scheme, the variation of the reprocessed
component in the UV/optical flux should show a lag time of days
or less behind the variation of X-rays released from the geo-
metrically thick hot corona in the inner part of the accretion disk.

For NGC 5548, Clavel et al. (1992) reported a UV lag of
! t ¼ 0$ 6 days behind theX-ray by comparing the light curves
in the hard X-ray (2–10 keV) and the UV (13508). It is not easy
to detect a clear correlation between X-ray and UV/optical var-
iations on short timescales or the lag time between them because
generally the amplitude of UV/optical variation on a short time-
scale is small and difficult to observe.

From observations of optical (5100 8) and hard X-ray (2–
10 keV) fluxes of light curves spanning 6 yr for NGC 5548,
Uttley et al. (2003) reported a strong correlation in their long-
timescale variationwhile onlyweakly restricting!t¼ 0 $15 days.
Since the amplitude of such optical variation is found to exceed
that of the hard X-ray, they argued that X-ray reprocessing is not
a main driver of the long-timescale optical variation, at least for
NGC 5548.

Thus, the problem yet to be answered is whether there is a
clear correlation between X-ray and optical variations on short
timescales. As shown below, because of accurate photometry
and frequent sampling of the V-band light-curve data, we de-
tected, for the first time, the day-basis optical variation having a
small amplitude and a clear lag time behind the X-ray variation,
which is well within a framework of reprocessing the X-ray flux
into the optical flux.

The top panel of Figure 33 shows our V light curve for NGC
5548 (Fig. 7) and the X-ray (2–10 keV) light curve obtained for
the same period from the Rossi X-ray Timing Explorer (RXTE;
Uttley et al. 2003). These two light curves strongly correlate with
each other, but the amplitude of the optical variation is much
smaller than that of the X-ray. The bottom panel shows a portion
of the light curves for a period of MJD % 52;085–52,130 with
an expanded vertical scale for the optical flux. Although the
optical data were not sampled as often as the RXTE data, a day-
basis correlated variation, as well as an optical lag of 1 or 2 days
behind the X-ray, is clearly seen. Cross-correlation analysis gives

Fig. 32.—Lag times plotted against the absolute V magnitude of AGNs.
Filled and thick open symbols show the infrared lags, where each symbol
indicates the same AGN as in Fig. 30. Thin open symbols show the lag times of
broad emission lines for the corresponding AGNs in the literature. Top: Lag
times of only the H! line. Bottom: Lag times of other broad lines.
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Suganuma+2006

RBLR (Hβ)

Rd (K)



The Obscuring Torus
Two flavours of torii: 
smooth (e.g. Pier & Krolik 1992, Granato & Danese 1994) 
clumpy (e.g. Nenkova+2004, Hoenig+2006) 


!

!

!

!

!

Smooth and clumpy models provide different SEDs in terms of silicate 
features, width & peak of IR bump (Feltre+2012), but need very high 
spatial resolution, high quality data to disentangle the two cases. 


Smooth density distributions require large sizes to fit observed SED   
Rout/Rd~ 300-1000  ~ 120-400 L451/2 pc (eg Granato & Danese 2004)

Hoenig  
& Kishimoto 2010 

Seyfert 1 Seyfert 2



The Obscuring Torus

… but even the SED of clumpy tori is  
insensitive to Rout/Rd


So, what is the size of the torus? 


Solution is resolving torus emission  
at longer wavelengths!

or continues to larger radii would be a difficult task. A Y ¼ 10
torus is indistinguishable from the inner 10!d of a torus as large
as Y ¼ 100, as is evident also from Figure 13. As the wavelength
increases, the brightness falloff becomes less steep. VLTI inter-
ferometry has angular resolution of order 0.0100 at 12 "m, but it
would still be difficult to distinguish between the two displayed
radial density profiles even in systems where !d is of a similar
order of magnitude. The two density profiles produce distinctly
different brightness profiles at 70 "m, but there are no instru-

ments with the required angular resolution at that wavelength. In
the foreseeable future, ALMA seems to be the only facility with
a realistic chance to determine through 588 "m observations the
radial cloud distribution and whether a torus does extend beyond
Y ¼ 30.

4.3. Observations

With the advent of high-resolution IR observations, direct im-
aging is now available for some AGN tori, and upper limits have
been set on the dimensions of the nuclear IR source in others.
Interferometric observations at 8Y13 "m with the VLTI have re-
solved by now the nuclear region in three AGNs: NGC 1068,
Circinus, and Cen A. The thermal emission in all three cases
is rather compact. In NGC 1068 Jaffe et al. (2004) find that the
emission extends toR ¼ 1:7 pc. Poncelet et al. (2006) reanalyzed
the same data with slightly different assumptions and obtained
a similar result, R ¼ 2:7 pc. The AGN bolometric luminosity is
"2 ; 1045 erg s#1 in this case (Mason et al. 2006), so that Rd

is "0.6 pc and the torus mid-IR emission is confined within
"3RdY5Rd . In Circinus, Tristram et al. (2007) find that the torus
emission extends to R ¼ 1 pc. The AGN bolometric luminosity
is "8 ; 1043 erg s#1 (Oliva et al. 1999), so Rd ’ 0:1 pc and the
outer radius of the mid-IR emission is"10Rd . The nature of the
mid-IR emission from the CenA nucleus is somewhat involved—
Meisenheimer et al. (2007) conclude that it contains an unre-
solved synchrotron core and thermal emission within a radius
of "0.3 pc. Since the AGN bolometric luminosity is "1 ;
1043 erg s#1 (Whysong & Antonucci 2004), Rd is "0.04 pc
and the torus emission does not exceed"8Rd in this source. One
other case of resolved mid-IR emission involves NGC 7469,
where Soifer et al. (2003) find a 12.5 "m compact nuclear struc-
ture contained within R < 13 pc. Unfortunately, NGC 7469 is a
clear case where the IR signature is dominated by the starburst
component even though the AGN dominates the optical classi-
fication (Weedman et al. 2005); therefore, the resolved compact
structure cannot be identified with the torus (see alsoDavies et al.
2004).

Although there are no other reports of resolved torus emission
at this time, upper limits on the torus size have been reported in
some additional sources. Prieto & Meisenheimer (2004) studied
a number of AGNs in the 1Y5 "m range. In all cases the obser-
vations show unresolved nuclear emission at these wavelengths,
setting upper limits on the torus radius of P5Y10 pc, depending
on the target distance. Even more significant are the upper lim-
its reported at mid-IR. Radomski et al. (2003) place an upper
limit R < 17 pc at 10 and 18 "m on the nuclear component in
NGC 4151, while Soifer et al. (2003) place the tighter con-
straint R < 5 pc at 12.5 "m. Soifer et al. (2003) also find an
upper limit R < 14 pc for the 12.5 "m compact nuclear emission
in NGC 1275.

4.4. How Big is the Torus?

All current observations are consistent with a torus radial
thickness Y ¼ Ro/Rd that is no more than"20Y30, and perhaps
even as small as" 5Y10. Although larger values cannot be ruled
out, nothing in the currently available IR data requires their ex-
istence. Similarly, molecular line observations do not give any
evidence for large toroidal structures with the height-to-radius
ratio H /R " 1 required from unification statistics (see x 6.3). In
NGC 1068, Schinnerer et al. (2000) find from CO velocity dis-
persions that at R ’ 70 pc the height of the molecular cloud
distribution is onlyH " 9Y10 pc, forH /R " 0:15. Galliano et al.
(2003) model H2 and CO emission from the same source with a
clumpymolecular disk with radius 140 pc and scale height 20 pc,

Fig. 14.—Surface brightness for torusmodelswith #V ¼ 60,N 0 ¼ 5,$ ¼ 45$,
Y ¼ 30, and q ¼ 1 and 2, as indicated. The top panel shows the radial variation of
intensity with angular displacement from the center for pole-on viewing and a set
of wavelengths as marked. The AGN emission, which is not shown, corresponds
to a narrow spike at !/!dT1 (see text). Each intensity profile is normalized to its
brightness level at ! ¼ !d , shown in the bottom panel together with the corre-
sponding brightness temperature.
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Clumpy models 
allow more compact 
MID-FIR emission  
(Nenkova+08, 
Hoenig+06, Hoenig 
& Kishimoto 10) …


Clumpy Smooth

Meisenheimer 08

Nenkova+08
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Conclusion 

•  Dust distributions are parsec-sized  

 ! need interferometry to study them 

•  Circinus: warm disk + warm torus + dust in cone 

•  NGC1068 is similar, but … 

 … then it is also quite different IR Interferometric Observations
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3. Individual sources: NGC1068

Two Blackbody Gaussians:
FWHM major: ǻ1 = 20±3 mas

FWHM minor: į1 = 6±1 mas

Position angle Į1 = 42±2°

Silicate depth: Ĳ1 = 1.9±0.5

Temperature: T1 = 800±150 K

Covering factor: f1 = 0.25±0.07

FWHM major: ǻ2 = 56±5 mas

FWHM minor: į2 = 42±5 mas

Position angle: Į2 = 0±50°

Silicate depth: Ĳ2 = 0.42±0.2

Temperature: T2 = 290±10 K

Covering factor: f2 = 0.64±0.15

Jet

Raban et al. 2008
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Fig. 8. Correlated flux of the physical model with simulated clumpiness for the extended component: (a) 8.5 and (b) 12.5 µm. The
measured fluxes are plotted with asterisks; the continuous lines are the modelled fluxes. The clumpiness introduces significant
changes in the correlated fluxes compared to the smooth model (see Fig. 4). From among 1000 clumpy models we found at least
one (shown here), which matches the data well. This shows that clumpiness of a certain geometry can greatly improve the fit to the
data.

clumpy
torus

disk
masers

ionisation�cone
(visible, 90 )iθ = °

outflow

cone�edge
in�H and�H2 α

diskionisation�cone
(obscured)

outflow
masers

( =�120°)θm

Fig. 9. Cut through the dusty torus in the central parsec-sized
region of the Circinus galaxy derived from the interferometric
observations in the MIR. See text for details.

5.1. Extinction

To interpret the nuclear emission from Circinus and the silicate
absorption in the torus, we need to estimate the foreground ex-
tinction. Radiation from the nuclear region of Circinus suffers
extinction from two main foreground absorbers: our own galaxy
(Circinus is located at a galactic latitude of b = −4◦) and the
intrinsic absorption in the galactic disk of the Circinus galaxy.

By observing the reddening of several stars in the vicinity
of Circinus, Freeman et al. (1977) estimate the visual extinction
due to our own galaxy to be only AV = 1.50 ± 0.15mag, as
Circinus lies in a window of low galactic extinction. The extinc-
tion towards the nuclear region within Circinus itself is much

less constrained and estimates from near-infrared colors vary
from AV = 6mag for a foreground screen to AV ! 20mag for a
mix of dust and stars (Prieto et al. 2004; Mueller Sánchez et al.
2006). In the latter case, the colours saturate so that higher ex-
tinctions cannot be ruled out. The near-infrared observations
which underlie this estimate probe a region on scales of less than
10 pc distance from the nucleus. Given the presence of a nuclear
starburst (Mueller Sánchez et al. 2006), a mix of dust and stars
appears to be more realistic and we adopt a foreground extinc-
tion, between us and ∼ 2 pc from the nucleus, of AV ∼ 20mag.

From the optical depth of the silicate feature seen in the ex-
tended torus component, we can estimate the extinction towards
those regions of the torus where the warm dust emission arises.
Our value of τ2 ∼ 2.2 for the optical depth is at the lower end
of the values found by Roche et al. (2006), who cite a range of
2.2 ≤ τsil ≤ 3.5, depending on where they extract the spec-
trum along their slit. Given the low spectral resolution of MIDI
the minimum of the absorption trough may be washed out, lead-
ing to lower optical depths. We therefore consider the two val-
ues to be in good agreement, although our observations rule out
τsil > 3.0 for the nucleus. In the following, we will assume
τsil = 2.5 towards the larger (r = 1 pc) torus component.

We use the opacity scaling of Schartmann et al. (2005), to
convert the opacity measured in the 9.5 µm silicate feature to
an equivalent visual extinction, τV = 12.2 · τsil. Hence, the ab-
sorption in the visual is AV = 1.09 · τV mag = 13.3 · τsil mag.
For τsil = 2.5, we obtain AV = 33mag, which means that there
are an additional 11mag of extinction towards the torus region
compared to the limit derived from the near-infrared colours.
Most likely, the extinction towards the accretion disk itself is
even higher.

In contrast to the MIDI observations of NGC 1068
(Jaffe et al. 2004; Poncelet et al. 2006), we do not observe a fur-
ther increase of the silicate absorption feature when zooming
into the nucleus with our interferometric observations. Instead,
the absorption feature appears to be less pronounced in the corre-
lated fluxes, which can also be inferred directly from the convex
shape of the visibilities (e.g. from Fig. 3). In general, the sili-
cate feature is expected to appear in emission for lines of sight,

NGC 1068 (Raban+08)

Circinus (Tristram+10)

!

!

!

Observations from Keck-I,  
VLTI/MIDI (8-13 μm), VLTI/AMBER(J,H,K)


VLTI/MIDI: 
 
emission in NGC 1068 out to Rout ~ 2 pc  
with only Rout/Rd~3 (Jaffe+04, Raban+08)  
 
In Circinus Rd~0.1 pc, Rout/Rd~10 (Tristram+10)


Emission more compact than expected  
from smooth torus models!


Fit with Clumpy models!



IR Interferometric Observations
VLTI/MIDI observations of >30 nearby AGN observed at  ~10 mas  resolution


compact MID IR sizes, more than expected from simple smooth models


different MID IR morphologies consistent with evidence for polar 
elongation in several sources: dust “above” torus in ionisation cone?


no differences Sy1/Sey2


much larger scatter of  
RMIR vs L than RNIR vs L:  
RMIR ~ 4-20 × RNIR (~Rd),  
different structure and  
components in different  
sources?


Burtscher+2013

A&A 558, A149 (2013)
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rBarvainis (T=400K)

rin (empirical)

Fig. 35. Half-light radius as a function of mid-
IR luminosity; blue stars/red diamonds denote
type 1/2 AGNs; the error bar for NGC 4151 is
not a statistical error but shows the range for
r1/2 from the upper limit (from single-dish ob-
servation) and lower limit from our modeling.
The magenta and red lines show the innermost
radius as derived empirically (Eq. 10) and the
outermost radius for 300 K warm dust as given
by the Barvainis formula. The half-light radii at
12 µm show a large scatter, but are about 20
times larger than at 2 µm. They are almost al-
ways a factor of three smaller than the Barvainis
radius. The statistical errors of the MIDI size
measurements are smaller than the symbols and
therefore not shown. This plot makes use of the
bolometric correction factors described in the
text.
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mid−IR interferometry (type 1 AGNs)
mid−IR interferometry (type 2 AGNs)

near−IR interferometry (Swain, Kishimoto, Pott, Weigelt)

near−IR reverberation mapping data + fit (Suganuma)

Fig. 36. (Half-light) radius at various pass-
bands, probing the structure of the torus,
as a function of bolometric luminosity. The
blue and red circles are our own size esti-
mates from MIDI observations of type 1 and
type 2 sources respectively. The green stars are
the near-infrared interferometry observations
and derived ring-fit radii (Swain et al. 2003;
Kishimoto et al. 2011a; Weigelt et al. 2012).
The yellow plus symbols are the UV/optical-
near-infrared reverberation mapping radii from
Suganuma et al. (2006) and references therein;
the yellow line is a fit to these data. The scat-
ter in the mid-infrared sizes is significantly
larger than in the near-infrared. The error bar
for NGC 4151 is not a statistical error but de-
notes the range for r1/2 from the upper limit
(from single-dish observation) and lower limit
from our modeling. The statistical errors of the
MIDI size measurements are smaller than the
symbols and therefore not shown.

even for an uncorrelated set of points simply because more lumi-
nous objects are also more distant. This is most clearly seen for
the upper limits of Fig. 34 that turn into a narrow “correlation”
in Fig. 35. We therefore first investigate the size-luminosity plot
in observed units (Fig. 34). For the resolved sources (denoted
with stars and diamonds), we find a correlation between r1/2 and
flux that is roughly compatible with

p
F. The two colored lines

show the expected scaling of source size with flux using the nor-
malizations from the bright sources: many of the faint sources
show sizes that are compatible with the half-light radii of the
scaled versions of the Circinus galaxy and NGC 1068 (albeit all
the di↵erences in the detailed characteristics, see above). It is
also immediately obvious that the relation is dominated by large
scatter, especially if also taking the limits into account.

In physical units, we find from the size-luminosity plot
(Fig. 35) that the half-light radii of the resolved sources are
about 20 times larger at 12 µm than at 2 µm, but almost always
three times smaller than the radius rBarvainis expected for an op-
tically thin medium (Figs. 35, 36). Either there is significant ab-
sorption, even at mid-IR wavelengths, limiting the extent of the
mid-IR emission or there is just no AGN-heated dust at larger

scales. The very compact upper limits, on the other hand, show
that there is significant amount of mid-IR emitting material on
scales as compact as ⇡4 ⇥ rin.

It is also evident from this plot that there is essentially no
di↵erence in size between type 1 and type 2 sources, contrary
to the expectation from clumpy torus models that tori of type 2
sources appear on average about a factor of 2.5 more extended
than those of type 1 sources, albeit with large scatter (Tristram &
Schartmann 2011). This is in agreement with the fact that both
type 1 and type 2 tori follow the same mid-IR – X-ray relation
(Horst et al. 2008; Gandhi et al. 2009).

In order to explore the scatter in the mid-IR, we compile all
nuclear size measurements of AGN tori from UV/optical – near-
infrared reverberation mapping (Suganuma et al. 2006, and ref-
erences therein), near-infrared interferometry (Kishimoto et al.
2011a; Weigelt et al. 2012) and our own mid-IR size estima-
tions using MIDI data (Fig. 36). For the mid-IR we use the bolo-
metric corrections described at the beginning of this section, for
the near-infrared data we use the conversion from Kishimoto
et al. (2007), that is based on Elvis et al. (1994). In this plot,
color now denotes observing wavelength and technique; the
MIDI points are displayed as red crosses, near-IR interferometry

A149, page 28 of 46



IR Interferometric Observations
NIR interferometric observations with Keck-I and VLT-I/AMBER probe size of 
torus at ~2 μm with ~few mas spatial resolution (e.g. Kishimoto+11,+14)


small sizes, consistent with K band  
reverberation mapping


fit with clumpy tori, ring like structures,  
Rem/Rd depends on L/LEdd
Kishimoto et al.: Luminosity-dependent dusty structure in AGN

Fig. 1. Top: Calibrated visibilities of 8 Type 1 AGNs observed with
AMBER at 2.2 µm, shown as a function of spatial frequency in units of
cycles per Rin, or its reciprocal, spatial wavelength in units of Rin (see
upper axis), where Rin is the expected dust sublimation radius for each
object, approximately given by the near-IR reverberation. The dashed
and dash-dotted curves indicate visibility for thin-ring geometry with
radius Rin and 2 Rin, respectively. Binary brightness distributions that
are roughly consistent with observed visibilities are also shown for flux
ratios of 3 (triple-dot-dash) and 7 (dotted). Bottom: Closure phase mea-
surements plotted against the spatial frequency corresponding to the
longest baseline for a given three-telescope triangle.

curve consistent with a ring of radius 1–2 Rin. Accordingly, we
fit a thin-ring model to derive a ring radius Rring for each object,
as summarized in Table 2. This is plotted in Fig.2 as a func-
tion of bolometric luminosity L, derived as a scaled optical lu-
minosity 9⌫L⌫(5500Å) (e.g. Runnoe et al. 2012; note that the
L

1/2 fit is given in optical luminosity). Here the AD optical lumi-
nosity and its flux contribution at 2.2 µm were estimated based
on the SED from the near-IR broad-band images, and a small
correction of Rring was done assuming the AD is unresolved
(Table 2; Kishimoto et al. 2009a, 2011a, 2007). In Fig.2 we also
include the ring radii measured with the KI both from previ-
ous (Kishimoto et al. 2011a) and new additional data (MRK509;
Table 1), as well as one (NGC3783) from Weigelt et al. (2012).

We have three objects observed both with AMBER and KI.
For MRK509, AMBER provides only an upper limit on the
size, consistent with the new KI data, and thus Figure 2 only
shows the KI result. For IC4329A, AMBER provides a better
constraint, which is consistent with our previous KI measure-
ment, thus we only include the AMBER result. For NGC4151,
the results are consistent within errors, but this object might have
shown either visibility variability or PA dependence. More de-
tails on this object and MRK509 will be published elsewhere.

Figure 2 shows that the ring radii roughly scales with L

1/2.
We also plot the near-IR reverberation radii R⌧K and the L

1/2

fit in Fig.2 to directly compare with Rring. The interferometric
ring radius gives an overall e↵ective extent of the brightness dis-
tribution, or more specifically, an approximate half-light radius
(within which the half of the integrated light at a given wave-

Fig. 2. Rring (2.2µm, blue) vs bolometric luminosity L (⌘ 9⌫L⌫(5500Å)),
compared with near-IR reverberation radii (plus signs) and their L

1/2 fit
(Suganuma et al. 2006; dashed line; 1.1 pc (⌫L⌫(5500Å)/1046 erg/s)1/2;
⌘Rin; Kishimoto et al. 2007). For comparison, plotted in dim green and
red are half-light radii at 8.5 and 13 µm from Kishimoto et al. (2011b).

length is contained), as long as the first lobe (i.e. before the first
null) of the visibility curve is well described by the ring model.

When this e↵ective radius is quite close to the inner bound-
ary radius Rin, we infer that most of the hot dust grains reside
very close to Rin and the radial brightness distribution is quite
steep. On the other hand, if Rring is a few times larger, the distri-
bution is rather shallow and extended. Figure 3 shows this ratio
Rring/Rin, plotted against L and the Eddington ratio L/LEdd. In
objects with lower to mid L or L/LEdd, Rring are 2–3 Rin, im-
plying relatively shallow, extended structure, while in higher L

or L/LEdd objects, the ratio gradually becomes closer to unity,
indicating a steeper structure.

3.2. Closure phase

The bottom panel of Fig.1 shows the closure phase measure-
ments as a function of spatial frequency corresponding to the
maximum baseline in each triangle configuration of the three
telescopes. The closure phases, which are the measures of the
asymmetry of the brightness distribution, are consistent with
zero within the uncertainties which are as small as a few de-
grees in many cases (Table 1). This means that the source has not
shown any significant deviation from a point-symmetry, which is
consistent with the picture of a ring-like brightness distribution.

The constraints are not strong yet, as we have only partially
resolved the targets. However, we can already exclude some ex-
treme cases. The simplest case of a large asymmetry is a binary
brightness distribution with a large flux ratio. In Fig.1, we show
the cases with the flux ratios of 3 and 7 where binary separa-
tions are chosen to roughly reproduce the observed visibility
over the sample (2.7 and 4 Rin, respectively), as shown in the
top panel. The maximum phase expected corresponding to each
of the cases is plotted in the bottom panel. The closure phase
observed will of course depend on the exact configuration of
the triangle, but the comparison of these models with the ob-
served closure phases illustrate the approximate constraints over
the sample of the targets. The case of flux ratio 3 already seems
only marginally consistent with the data, and that of ratio 7 seem
very unlikely.

3

Suganuma+2006

2μm Kishimoto+14
8μm Kishimoto+11

13μm Kishimoto+11

Kishimoto et al.: Luminosity-dependent dusty structure in AGN

(a) (b)

Fig. 3. (a) The same as Fig.2, but ring radius normalized by the dust
sublimation radius Rin is shown. (b) The same ratio is plotted against
Eddington ratio. Black hole mass estimates are from broad-emission-
line reverberation (circles; Peterson et al. 2004), or H� FWHM and
radius-luminosity fit (squares; Bentz et al. 2009).

4. Discussions and conclusions

As shown in the previous section, the innermost dust distribution
probed at 2.2 µm seems to become steeper in objects with the
central engine at higher luminosities or higher Eddington ratios
(Fig.3). The Spearman’s test for the correlation with either L or
L/LEdd (excluding upper limits) shows still marginal significance
(2.2–2.8 �, depending on whether we include the NGC4151
measurement with the KI). However, the same tendency is ac-
tually observed in the mid-IR at ⇠10 Rin scale with the mid-IR
interferometry of several Type 1 AGNs (Fig.3; Kishimoto et al.
2011b). The fact that this is observed in both wavelengths lends
further support to the result in the near-IR, calling for a physical
interpretation.

The result might nicely be explained, at least partly, if we
consider the e↵ect of the radiation pressure from the central en-
gine, which is pushing the dust distribution outwards. Since the
luminosity of the AGNs in question are relatively close to the
Eddington limit for gas (see Fig.3a), the radiation pressure on
dust grains is expected to become important for normal ISM
dust-to-gas ratio. The importance of the radiation pressure has
been discussed in the context of the elongation of the mid-IR
emission at spatial scales of order ⇠10 Rin, observed along the
polar axis (Hönig et al. 2012). This is observed in some Type 2s
and also in a Type 1 object (see Sect.5.2 in Hönig et al. 2012).
Here, we should also take into account the possible latitude de-
pendence of the radiation pressure, since the illumination by
the putative accretion disk at the central engine could well be
anisotropic with the strongest radiation in the polar direction.

One possible picture would then be that the distribution of di-
rectly illuminated material is elongated relatively toward the po-
lar direction, or e↵ectively flaring, as advocated by Hönig et al.
(2012), in at least lower L or L/LEdd objects, generally showing
a shallow, extended radial structure. As we go into a higher L

or L/LEdd regime, this polar region could become more cleared
out, leaving the material preferentially more in the equatorial di-
rection, due to the larger contribution of radiation pressure and
possibly also due to the dust sublimation region growing out of
a given physical scale height. The radial brightness distribution

edge-on
cross-
section

Lower L or L/LEdd

face-on

Higher L or L/LEdd

~ 1 pc

Fig. 4. Inferred distribution of directly illuminated material.

of this equatorial material, as seen from face-on sightline, would
be steeper than that of the polar extended material, at least partly
because of the higher UV optical thickness along the equatorial
direction. It is also possible that there is an accumulation of the
material at higher L along the equatorial direction due to the radi-
ation pressure, sweeping up the material initially residing in the
inner region. Then the steeper structure at higher L/LEdd or L,
as seen from face-on line-of-sight, could be due to the decreas-
ing presence of polar-extended material relative to the equatorial
distribution, which alone is possibly steeper at higher L. This
picture is illustrated in Fig.4.

There is also a possibility that a steeper distribution of ac-
creting material is intrinsically required for achieving a higher
mass accretion rate. To disentangle such an intrinsic distribu-
tion from the radiation pressure e↵ect, we would also need to be
sensitive to the colder material shielded from the direct illumi-
nation, probing it at high spatial resolution. We plan to make a
further progress with a better PA coverage and longer baseline
range observations at various wavelength regions.
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Fig. 3. (a) The same as Fig.2, but ring radius normalized by the dust
sublimation radius Rin is shown. (b) The same ratio is plotted against
Eddington ratio. Black hole mass estimates are from broad-emission-
line reverberation (circles; Peterson et al. 2004), or H� FWHM and
radius-luminosity fit (squares; Bentz et al. 2009).

4. Discussions and conclusions

As shown in the previous section, the innermost dust distribution
probed at 2.2 µm seems to become steeper in objects with the
central engine at higher luminosities or higher Eddington ratios
(Fig.3). The Spearman’s test for the correlation with either L or
L/LEdd (excluding upper limits) shows still marginal significance
(2.2–2.8 �, depending on whether we include the NGC4151
measurement with the KI). However, the same tendency is ac-
tually observed in the mid-IR at ⇠10 Rin scale with the mid-IR
interferometry of several Type 1 AGNs (Fig.3; Kishimoto et al.
2011b). The fact that this is observed in both wavelengths lends
further support to the result in the near-IR, calling for a physical
interpretation.

The result might nicely be explained, at least partly, if we
consider the e↵ect of the radiation pressure from the central en-
gine, which is pushing the dust distribution outwards. Since the
luminosity of the AGNs in question are relatively close to the
Eddington limit for gas (see Fig.3a), the radiation pressure on
dust grains is expected to become important for normal ISM
dust-to-gas ratio. The importance of the radiation pressure has
been discussed in the context of the elongation of the mid-IR
emission at spatial scales of order ⇠10 Rin, observed along the
polar axis (Hönig et al. 2012). This is observed in some Type 2s
and also in a Type 1 object (see Sect.5.2 in Hönig et al. 2012).
Here, we should also take into account the possible latitude de-
pendence of the radiation pressure, since the illumination by
the putative accretion disk at the central engine could well be
anisotropic with the strongest radiation in the polar direction.

One possible picture would then be that the distribution of di-
rectly illuminated material is elongated relatively toward the po-
lar direction, or e↵ectively flaring, as advocated by Hönig et al.
(2012), in at least lower L or L/LEdd objects, generally showing
a shallow, extended radial structure. As we go into a higher L

or L/LEdd regime, this polar region could become more cleared
out, leaving the material preferentially more in the equatorial di-
rection, due to the larger contribution of radiation pressure and
possibly also due to the dust sublimation region growing out of
a given physical scale height. The radial brightness distribution
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of this equatorial material, as seen from face-on sightline, would
be steeper than that of the polar extended material, at least partly
because of the higher UV optical thickness along the equatorial
direction. It is also possible that there is an accumulation of the
material at higher L along the equatorial direction due to the radi-
ation pressure, sweeping up the material initially residing in the
inner region. Then the steeper structure at higher L/LEdd or L,
as seen from face-on line-of-sight, could be due to the decreas-
ing presence of polar-extended material relative to the equatorial
distribution, which alone is possibly steeper at higher L. This
picture is illustrated in Fig.4.

There is also a possibility that a steeper distribution of ac-
creting material is intrinsically required for achieving a higher
mass accretion rate. To disentangle such an intrinsic distribu-
tion from the radiation pressure e↵ect, we would also need to be
sensitive to the colder material shielded from the direct illumi-
nation, probing it at high spatial resolution. We plan to make a
further progress with a better PA coverage and longer baseline
range observations at various wavelength regions.
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A. Marconi Science Goals of a sub-arcsec FIR Space Observatory

FIG. 1.ÈProposed structure. The four symmetric quadrants illustrate the following (clockwise from top left) : the opening angles of the structure, the spectroscopic appearance to a distant observer at
various angles, the outÑow velocities along di†erent lines of sight, and some representative radii (appropriate for the Seyfert 1 galaxy NGC 5548) and some typical column densities.
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Figure 1. AGN classification in unified schemes. (a) In a smooth-density torus, everyone located inside the cone opening, such as observer 1, will see a type 1 source;
outside a type 2. (b) Decreasing the torus covering factor, the source becomes a type 1 AGN for more observers. (c) In a clumpy, soft-edge torus, the probability for a
direct view of the AGN decreases away from the axis, but is always finite.

reflection with R = 2.2+4.5
−1.1. While this finding contradicts sim-

plistic forms of unification, it is precisely the behavior expected
from its realistic formulation: Seyfert 1 and lightly obscured
Seyfert 2 correspond to different viewing angles of intrinsically
similar AGNs, drawn from the low end of the covering factor
distribution, thus they conform, on average, to simplistic unifi-
cation. But in mildly obscured Seyfert 2 the absorber/reflector
covers a larger fraction of the X-ray source, producing stronger
reflection that is not seen in the average Seyfert 1 spectrum,
where large covering factors are rare. The large difference be-
tween the average reflection spectra of Seyfert 1 and 2 arises
from significant differences in their torus covering factors.

3. COVERING FACTORS

The sometimes loosely invoked concept of “torus covering
factor,” CT, can be rigorously defined as the fraction of the sky
at the AGN center covered by obscuring material; it is the same
as the fraction of randomly distributed observers whose view
to the center is blocked, and thus see a type 2 AGN (Nenkova
et al. 2008a). Denote by N (i) the overall number of clouds
encountered, on average, along angle i from the axis. Then the
probability for direct viewing of the AGN from that direction is
e−N(i) and the torus covering factor is CT = 1 −

!
e−N(i)d cos i.

If N0 is the average number of clouds along radial equatorial rays
then N (i) = N0Φ(i), where Φ(90◦) = 1. The cloud angular
distribution function Φ can be conveniently parameterized as
Gaussian, Φ(i) = e−(90−i)2/σ 2

, with σ the distribution angular
width (Elitzur et al. 2004; Nenkova et al. 2008b). Fitting of IR
observations with clumpy torus models with Gaussian angular
distributions has been reported by a number of teams, and
Figure 2 shows the results of these modeling efforts in the N0–σ
plane together with the contour plots of CT.2 As expected from
realistic unification, and first noted by Ramos Almeida et al.
(2009), type 1 and type 2 AGNs preferentially occupy different
regions in the plane. The few sources with a “wrong” covering
factor (large-CT type 1, small-CT type 2) merely reflect the
probabilistic nature of clumpy obscuration. Although this ad hoc
collection of AGNs, which were selected by different, unrelated
criteria, does not constitute a complete sample (only the Mor
et al. 2009 analysis of PG quasars involved a complete sample),
it does illustrate the point.

Since the covering factor measures the fraction of AGN
luminosity captured by the torus and converted to infrared, the
AGN IR luminosity is CTL, where L is its bolometric luminosity.
Therefore type 2 AGNs have intrinsically higher IR luminosities

2 Earlier versions of this figure were presented in Elitzur (2009; accessible at
http://www.mpe.mpg.de/events/pgn09/online_proceedings.html) and Ramos
Almeida et al. (2011). The contour plots in both of these earlier figures are
afflicted by the computer bug reported in Nenkova et al. (2010).

Figure 2. Clumpy torus covering factors. Contour plots are for a toroidal
Gaussian distribution, where the number of clouds along viewing angle i from
the axis is N0e

−(90−i)2/σ 2
, with N0 and σ free parameters. Each contour is the

locus of N0–σ combinations that produce the labeled covering factor. The data
points are from clumpy torus modeling of IR observations of AGNs reported in
Mor et al. (2009), Nikutta et al. (2009), Ramos Almeida et al. (2011), Alonso-
Herrero et al. (2011), and Deo et al. (2011).
(A color version of this figure is available in the online journal.)

than type 1. Contrary to earlier expectations of strong anisotropy
at λ ! 8 µm, Spitzer observations at this wavelength regime
show a great similarity between the IR fluxes of AGNs 1 and 2
when normalized with either their X-ray fluxes (Lutz et al. 2004;
Horst et al. 2006) or optically thin radio emission (Buchanan
et al. 2006). Part of this puzzle was solved by clumpy torus
calculations, which show much less anisotropy in IR emission
than the earlier smooth-density models (Nenkova et al. 2008b).
Realistic unification explains away the remainder.

While infrared arises from reprocessing of the AGN radiation
captured by the torus, narrow-line emission is generated by the
radiation that has escaped the torus. The narrow-line luminosity
is proportional to (1−CT)L. At the same bolometric luminosity,
type 1 AGNs can be expected to have a higher narrow-line
luminosity than type 2.

4. UNIFICATION STATISTICS

Implicitly or explicitly, all studies of AGN statistics as-
sume that type 1 and type 2 are intrinsically the same objects,
drawn randomly from the distribution of torus covering factors.
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Figure 2. GTC/CC spectra (open symbols) and Spitzer/IRS spectra (black line)
of the nuclear regions of Arp 299-B1 (upper panel) and Arp 299-A (lower panel)
extracted as point sources. We mark emission lines and PAH features. The noise
in the GTC/CC spectra around 9.5 µm is due to the O3 telluric band.
(A color version of this figure is available in the online journal.)

CO index, possibly associated with an AGN. On scales of a few
arcseconds, B1 is also surrounded by star clusters and bright
H ii regions (AAH00).

3.2. Modeling with the clumpy Torus Models

Clumpy torus models reproduce satisfactorily the nuclear IR
emission of Seyfert galaxies and give an estimate of the AGN
bolometric luminosity (Ramos Almeida et al. 2009, 2011; Hönig
et al. 2010; Alonso-Herrero et al. 2011). In this section we model
the IR spectral energy distribution (SED) and MIR spectrum of
NGC 3690 to estimate the AGN’s bolometric luminosity.

We constructed the nuclear IR SED of NGC 3690 with the
GTC/CC Si-2 8.7 µm point source measurement of 1050 ±
200 mJy and the Hubble Space Telescope/NICMOS 2.2 µm
non-stellar measurement (AAH00). We included the Keck
1′′ diameter 3.2 and 17.9 µm (Soifer et al. 2001) and the
Kuiper Airborne Observatory 37.7 µm 8.′′5 beam flux densities
(Charmandaris et al. 2002) as upper limit since they are probably
contaminated by non-AGN emission. Figure 3 shows the nuclear
IR SED.

We used the Nenkova et al. (2008) clumpy torus mod-
els, also known as clumpy, and the Bayesian fitting routine
bayesclumpy (Asensio Ramos & Ramos Almeida 2009) to fit
the nuclear IR emission of NGC 3690. A Bayesian approach
allows the proper handling of the intrinsic degeneracies of

Figure 3. Best median fit using the clumpy torus models (black dotted line)
and 1σ confidence (shaded region) to the nuclear IR SED (filled blue dots and
arrows) and MIR GTC/CC spectrum (re-sampled to 45 data points, blue line)
of NGC 3690/Arp 299-B1. The inset shows the GTC/CC spectrum (filled blue
dots with errors) and best-fit models as above.
(A color version of this figure is available in the online journal.)

Table 1
clumpy Torus Models for NGC 3690/Arp 299-B1

clumpy Torus Parameter Prior/Range Fit

Torus width, σtorus 15◦–70◦ 57◦+7
−8

Torus radial thickness, Y 5–100 51+28
−30

No. clouds along equator, N0 1–15 10+3
−2

Cloud optical depth, τV 5–150 45+15
−13

Cloud radial distribution r−q , q 0–3 2.7+0.2
−0.3

Viewing angle, i 60◦–90◦ 75◦+8
−9

AV (foreground) 16 mag ± 7 15 mag+3
−3

Note. In the clumpy models the torus radial thickness is defined as Y = Ro/Rd,
where Ro is the outer radius and Rd is the inner radius.

the clumpy models, provides probability distributions of the
fitted parameters, and allows the use of priors for the torus
parameters.

The detection of a nuclear water maser in Arp 299-B1 (Tarchi
et al. 2011) implies an almost edge-on view of the AGN. We
restricted the range of the viewing angles to i = 60◦–90◦ as a
prior. Foreground dust is clearly present in the nuclear region
of this galaxy (see the optical to near-IR color map in Figure 9
of AAH00). We set the prior for the foreground extinction to a
Gaussian distribution centered at 16 mag with a 7 mag width,
based on the estimates of AAH00. We use the extinction curve
of Chiar & Tielens (2006). For the rest of the clumpy model
parameters we used the full range (see Table 1).

The best-fit clumpy torus model is shown in Figure 3 and
the parameters are listed in Table 1. The fit is achieved with
a wide torus, a highly inclined view, and a large number
of clouds along the equatorial direction. This results in a
high covering factor of f2 ∼ 0.9 (see Figure 10 in Ramos
Almeida et al. 2011). The torus extinction along the line of
sight of ALOS

V (torus) ∼ 456 mag dominates over the foreground
extinction.

The best-fit model to the nuclear IR emission provides an
estimate of the AGN bolometric luminosity of Lbol(AGN) =
3.2 ± 0.6 × 1044 erg s−1. This is about a factor of 10 higher
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Figure 6. Comparison between the SFR on different scales, where
SFRcircumnuclear implies typical physical scales of ∼0.6 kpc and SFRnuclear is
for ∼65 pc scales. Nondetections are plotted at a 2σ level. Symbols as in
Figure 4. The dashed line shows the median value for the nuclear/circumnuclear
SFR ratio for the detections of the nuclear PAH feature (see text and Table 3).
The dotted line indicates a nuclear/circumnuclear ratio of one.
(A color version of this figure is available in the online journal.)

414 and 329 M⊙ yr−1 kpc−2, respectively. We notice that for
those galaxies in common with Davies et al. (2007; Circinus,
NGC 1068, NGC 3783, NGC 7469, and NGC 3227), we find
quite discrepant values for the SFR density, with our values
lying below those in Davies et al. (2007) except for NGC 1068.
It might be due to the use of different SF histories and SFR
indicators. We note that with the 11.3 µm PAH feature we cannot
explore age effects (see Dı́az-Santos et al. 2008; Figure 8) as
this feature can be excited by both O and B stars, and thus it
integrates over ages of up to a few tens of millions of years
(Peeters et al. 2004), unlike the measurements in Davies et al.
(2007) that sample younger populations. In addition, we detect
neither nuclear nor circumnuclear SF in NGC 3783 based on the
PAH measurements. On the other hand, PAHs can also be found
in the ISM as being excited in less-UV rich environments, such
as reflection nebulae (e.g., Li & Draine 2002). However, the
decreased strength of the IR emission features in these objects
seems to indicate the low efficiency of softer near-UV or optical
photons in exciting PAHs in comparison to SF (Tielens 2008).

The circumnuclear SFRs of the Seyferts in our sample are
between 0.2 and 18.4 M⊙ yr−1 (see also Diamond-Stanic &
Rieke 2012), and the median circumnuclear SFR densities are
1.2 M⊙ yr−1 kpc−2. These are similar to those of Seyfert galaxies
in the CfA (Huchra & Burg 1992) and 12 µm (Rush et al. 1993)
samples, as derived using the 3.3 µm PAH feature (see Imanishi
2003; Imanishi & Wada 2004).

The comparison between the nuclear and circumnuclear SFRs
for our sample clearly shows that, in absolute terms, the nuclear
SFRs are much lower (see Table 3). This is in good agreement
with previous works based on smaller samples of local AGN
(e.g., Siebenmorgen et al. 2004; Watabe et al. 2008; Hönig
et al. 2010; González-Martı́n et al. 2013). The median value of
the ratio between the nuclear and circumnuclear SFRs for the
detections of the 11.3 µm feature is ∼0.18 (see also Table 3),
with no significant difference for type 1 and type 2 Seyferts
(∼0.18 and ∼0.21, respectively).

In Figure 6, we plot the nuclear and circumnuclear SFRs
probing typical physical scales of ∼65 pc and ∼600 pc,
respectively. Again, nondetections are plotted as upper limits

Figure 7. Observed nuclear SFR vs. ṀBH relation. Predictions from Hopkins
& Quataert (2010) are shown as dashed lines. We show the ṀBH ≈ 0.1 × SFR
relation, which is expected for r < 100 pc, and the 1:1 relation which, is expected
for the smallest physical scales (r < 10 pc). The solid line represents the fit to
our detections of the nuclear 11.3 µm PAH feature (see text for details).
(A color version of this figure is available in the online journal.)

at the 2σ level. Overall, for our detections, the fraction of the
SFR accounted for by the central ∼65 pc region of our Seyferts
ranges between ∼5%–35% of that enclosed within the aperture
corresponding to the circumnuclear data.

While the nuclear SFRs are lower than the circumnuclear
SFRs, the median nuclear projected SFR densities are approx-
imately a factor of 20 higher than the circumnuclear ones in
our sample (median values of 22 and 1 M⊙ yr−1 kpc−2, respec-
tively). This shows that the SF is not uniformly distributed, but
it is concentrated in the nuclear regions of the RSA Seyferts
studied here. This is in agreement with simulations of Hopkins
et al. (2012). The molecular gas needed to maintain these nu-
clear SFR densities appears to have higher densities in Seyfert
galaxies than those of quiescent (non-Seyferts) galaxies (Hicks
et al. 2013).

4.3. Nuclear Star Formation Rate Versus
Black Hole Accretion Rate

Hopkins & Quataert (2010) performed smoothed particle hy-
drodynamic simulations to study the inflow of gas from galactic
scales (∼10 kpc) down to !0.1 pc, where key ingredients are
gas, stars, BHs, self-gravity, SF, and stellar feedback. These nu-
merical simulations indicate a relation (with significant scatter)
between the SFR and ṀBH that holds for all scales, and it is
more tightly coupled for the smaller physical scales. The model
of Kawakatu & Wada (2008) predicts that the AGN luminosity
should also be tightly correlated with the luminosity of the nu-
clear (100 pc) SF in Seyferts and QSOs, and also that Lnuclear,SB/
LAGN is larger for more luminous AGN.

According to Alexander & Hickox (2012, and references
therein), ṀBH and AGN luminosities follow the relation

ṀBH(M⊙ yr−1) = 0.15(0.1/ϵ)(Lagn/1045 erg s−1), (3)

where we used ϵ = 0.1 as the typical value for the mass-energy
conversion efficiency in the local universe (Marconi et al. 2004).
We obtained ṀBH ranging between 5 × 10−6 and 0.5 M⊙ yr−1

for our sample of Seyfert galaxies. Uncertainties in the ṀBH
estimations are dominated by those in Lagn, i.e., 0.4 dex as
mentioned in Section 2.1.
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Figure 6. Comparison between the SFR on different scales, where
SFRcircumnuclear implies typical physical scales of ∼0.6 kpc and SFRnuclear is
for ∼65 pc scales. Nondetections are plotted at a 2σ level. Symbols as in
Figure 4. The dashed line shows the median value for the nuclear/circumnuclear
SFR ratio for the detections of the nuclear PAH feature (see text and Table 3).
The dotted line indicates a nuclear/circumnuclear ratio of one.
(A color version of this figure is available in the online journal.)

414 and 329 M⊙ yr−1 kpc−2, respectively. We notice that for
those galaxies in common with Davies et al. (2007; Circinus,
NGC 1068, NGC 3783, NGC 7469, and NGC 3227), we find
quite discrepant values for the SFR density, with our values
lying below those in Davies et al. (2007) except for NGC 1068.
It might be due to the use of different SF histories and SFR
indicators. We note that with the 11.3 µm PAH feature we cannot
explore age effects (see Dı́az-Santos et al. 2008; Figure 8) as
this feature can be excited by both O and B stars, and thus it
integrates over ages of up to a few tens of millions of years
(Peeters et al. 2004), unlike the measurements in Davies et al.
(2007) that sample younger populations. In addition, we detect
neither nuclear nor circumnuclear SF in NGC 3783 based on the
PAH measurements. On the other hand, PAHs can also be found
in the ISM as being excited in less-UV rich environments, such
as reflection nebulae (e.g., Li & Draine 2002). However, the
decreased strength of the IR emission features in these objects
seems to indicate the low efficiency of softer near-UV or optical
photons in exciting PAHs in comparison to SF (Tielens 2008).

The circumnuclear SFRs of the Seyferts in our sample are
between 0.2 and 18.4 M⊙ yr−1 (see also Diamond-Stanic &
Rieke 2012), and the median circumnuclear SFR densities are
1.2 M⊙ yr−1 kpc−2. These are similar to those of Seyfert galaxies
in the CfA (Huchra & Burg 1992) and 12 µm (Rush et al. 1993)
samples, as derived using the 3.3 µm PAH feature (see Imanishi
2003; Imanishi & Wada 2004).

The comparison between the nuclear and circumnuclear SFRs
for our sample clearly shows that, in absolute terms, the nuclear
SFRs are much lower (see Table 3). This is in good agreement
with previous works based on smaller samples of local AGN
(e.g., Siebenmorgen et al. 2004; Watabe et al. 2008; Hönig
et al. 2010; González-Martı́n et al. 2013). The median value of
the ratio between the nuclear and circumnuclear SFRs for the
detections of the 11.3 µm feature is ∼0.18 (see also Table 3),
with no significant difference for type 1 and type 2 Seyferts
(∼0.18 and ∼0.21, respectively).

In Figure 6, we plot the nuclear and circumnuclear SFRs
probing typical physical scales of ∼65 pc and ∼600 pc,
respectively. Again, nondetections are plotted as upper limits

Figure 7. Observed nuclear SFR vs. ṀBH relation. Predictions from Hopkins
& Quataert (2010) are shown as dashed lines. We show the ṀBH ≈ 0.1 × SFR
relation, which is expected for r < 100 pc, and the 1:1 relation which, is expected
for the smallest physical scales (r < 10 pc). The solid line represents the fit to
our detections of the nuclear 11.3 µm PAH feature (see text for details).
(A color version of this figure is available in the online journal.)

at the 2σ level. Overall, for our detections, the fraction of the
SFR accounted for by the central ∼65 pc region of our Seyferts
ranges between ∼5%–35% of that enclosed within the aperture
corresponding to the circumnuclear data.

While the nuclear SFRs are lower than the circumnuclear
SFRs, the median nuclear projected SFR densities are approx-
imately a factor of 20 higher than the circumnuclear ones in
our sample (median values of 22 and 1 M⊙ yr−1 kpc−2, respec-
tively). This shows that the SF is not uniformly distributed, but
it is concentrated in the nuclear regions of the RSA Seyferts
studied here. This is in agreement with simulations of Hopkins
et al. (2012). The molecular gas needed to maintain these nu-
clear SFR densities appears to have higher densities in Seyfert
galaxies than those of quiescent (non-Seyferts) galaxies (Hicks
et al. 2013).

4.3. Nuclear Star Formation Rate Versus
Black Hole Accretion Rate

Hopkins & Quataert (2010) performed smoothed particle hy-
drodynamic simulations to study the inflow of gas from galactic
scales (∼10 kpc) down to !0.1 pc, where key ingredients are
gas, stars, BHs, self-gravity, SF, and stellar feedback. These nu-
merical simulations indicate a relation (with significant scatter)
between the SFR and ṀBH that holds for all scales, and it is
more tightly coupled for the smaller physical scales. The model
of Kawakatu & Wada (2008) predicts that the AGN luminosity
should also be tightly correlated with the luminosity of the nu-
clear (100 pc) SF in Seyferts and QSOs, and also that Lnuclear,SB/
LAGN is larger for more luminous AGN.

According to Alexander & Hickox (2012, and references
therein), ṀBH and AGN luminosities follow the relation

ṀBH(M⊙ yr−1) = 0.15(0.1/ϵ)(Lagn/1045 erg s−1), (3)

where we used ϵ = 0.1 as the typical value for the mass-energy
conversion efficiency in the local universe (Marconi et al. 2004).
We obtained ṀBH ranging between 5 × 10−6 and 0.5 M⊙ yr−1

for our sample of Seyfert galaxies. Uncertainties in the ṀBH
estimations are dominated by those in Lagn, i.e., 0.4 dex as
mentioned in Section 2.1.
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Figure 8. Spectra of the sample. Spitzer/IRS SL spectra (thick line) compared with the ground-based spectra (T-ReCS/VISIR/Michelle: thin line). All observations
have been smoothed to the same spectral resolution. We show the location of the 11.3 µm PAH feature (dashed line), with the shaded area indicating the spectral range
used for obtaining the integrated flux. The red lines are the fitted local continua. For clarity, we applied a multiplicative factor to the IRS data (shown in the plot) for
overlapped spectra. In a few cases, the nuclear data lie above the circumnuclear data; this can be due to calibration uncertainties.
(A color version of this figure is available in the online journal.)
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Figure 4. Pair 1: NGC 3227 (1a) 2D maps of CO absorption (stars) and H2 emission (molecular gas). Maps are as labeled from left to
right: observed flux, velocity, and velocity dispersion. 2D maps of CO are in the top row and H2 in the bottom row, as indicated in the
lower right of each set along with the galaxy name and pair identification. In all maps north is up and east is to the left.

Figure 5. Pair 1: IC 5267 (1q) 2D maps. See Fig. 4 for details.

ably measure the velocity and velocity dispersion across
a large fraction of the 8′′×8′′ field of view. H2 1-
0 S(1) λ2.1218 µm emission is detected in 7 of the galax-
ies, with all 3 of those with non-detections being quies-
cent galaxies. Two of these non-detections are galaxies
for which Martini et al. (2003a) find no detectable nu-
clear dust structure, which is known to correlate with
low molecular gas content (e.g. Young & Scoville 1991,
Dumas et al. 2010). Spectra of each galaxy integrated
over the measured field-of-view are shown in Fig. 3.
The 2D flux distribution, velocity, and velocity dis-

persion (σ) of the stellar and gas kinematics have been
extracted by fitting the CO bandheads and H2 emission,
respectively. Before extraction of the kinematics the data
cubes were spatially binned to a minimum SNR with the
Voronoi binning technique of Cappellari & Copin (2003).
This was done to increase the SNR in outer radii where
otherwise the signal would be too low for reliable line
profile characterization. A target SNR of 10 and 5 per
bin was used for all stellar and molecular gas maps, re-
spectively. This level of binning maintained as high a
spatial resolution as possible within the central 200 pc

e.g. NGC 3227, Hicks+13

VLT SINFONI ~0.1″ spatial 
resolution can probe distribution 
of gas and stars at <100 pc 
scales in nearby galaxies 

to study inflow/outflow, triggering 
of star formation and AGN

… or to measure BH mass from 
kinematics of age and/or stars

The central parsecs of Centaurus A 7

Fig. 6.— Flux, velocity, and velocity dispersion maps of H2. See caption of Fig. 3 for more details

Fig. 7.— Comparison between the [Sivi] (left) and H2 (middle) velocity fields with their difference shown in the right panel. The
velocity fields are masked with the [Sivi] flux map which nearly coincides with the radio jet (red contour overlay [unpublished VLA data
kindly provided by M. Hardcastle]). The differenced velocity field (right hand panel), meant to ‘correct’ the [Sivi] kinematics for their
rotational component, reveals a distinct [Si vi] velocity gradient along the jet. The blue component SW of the AGN (0.′′7,−0.′′6) marks the
strongest translational velocity component, matching the knot in the radio jet

e.g. Centaurus A  
H2: Neumayer+07 Stars: Cappellari+09

286 R. I. Davies et al.

Figure 2. Relation between the characteristic age of most recent starburst and the AGN lu-
minosity and accrection rate. This figure is adapted from Davies et al. (2007) and includes an
additional point for NGC 2992 from Friedrich et al. (2009).

inflow could in principle continue even longer. Thus the inner spiral in NGC1097 appears
to be driving gas inwards at a sustainable rate.

As for NGC 1068, the gas is not reaching the AGN. Instead the spiral arms appear to
terminate in the central 10–20 pc, at which point the gas dispersion increases dramatically
(Davies et al. 2007; Hicks et al. 2009). If the gas piles up here, it will inevitably lead to
a starburst — and a nuclear starburst has been reported (Storchi-Bergmann et al. 2005;
Davies et al. 2007). The estimated gas inflow rate could lead to episodic starbursts similar
to this one every 20–150 Myr.

3. Nuclear Starbursts
We have seen in the previous section how, at least for these two cases, gas flows into

the central few to tens of parsecs. If it is stalled here, one would naturally expect it
to trigger a starburst. Evidence for starbursts on these scales was presented by Davies
et al. (2007), who used near infrared integral field spectroscopy combined with adaptive
optics to achieve high spatial resolution. Using the spectral information, these authors
were able to separate out the non-stellar continuum (hot dust emission) associated with
the AGN, and show that in every case the stellar continuum itself was spatially resolved
with a typical size scale < 50 pc. Furthermore, they showed that this was a distinct stel-
lar population, younger and dynamically cooler than the bulge: photometrically, from
an excess in the stellar continuum above an r1/4 law fitted to 1–2′′ scales and extrap-
olated inwards; and kinematically, from a drop in the stellar dispersion on the same
spatial scales. Constraints on stellar population synthesis models provided by several in-
dependent diagnostics indicated that the starburst ages were young, lying in the range
10–300 Myr. One important piece of evidence was the remarkably low equivalent width
of the Brγ line, which shows unambiguously that the star formation has ceased: i.e. al-
though still young, these are post-starbursts. Intriguingly, starburst models imply that
during the short (perhaps only 10 Myr) actively star forming phase, the luminosity of the
nuclear starburst would have been an order of magnitude greater than it is now — with
a star formation rate per unit area comparable to that in ULIRGs. This high intensity
appears to make sense in terms of the high gas-mass surface density which, from the
Kennicutt–Schmidt law, is expected to lead to high star-formation rates.

More pertinent to the issue of gas inflow, the authors showed that there appears to
be a relation between the characteristic age of the most recent episode of star formation

Davies+09

6″



AGN Galaxies & MBH-σ evolution



A. Marconi Science Goals of a sub-arcsec FIR Space ObservatoryA. Marconi Arcetri 2013

The ultimate goal...
Redshift evolution of MBH-galaxy relations 

can constraint BH growth and galaxy 
evolutionary models.

Fundamental to measure MBH at ALL redshifts!

Hopkins +07

Dots: “ observations”

Lines: models 

Several models can 
explain MBH-galaxy 
relations with various 
“flavours” of AGN 
feedback on the host 
galaxy.


Silk & Rees 98, Kauffman & 
Haehnelt 00, Cavaliere & 
Vittorini 00, Granato+ 04, 06, 
Murray +04, Di Matteo+05, 
Cattaneo+ 05, Miralda-
Escudè & Kollmeier 05, 
Monaco & Fontanot 05, 
Croton +06, Hopkins +06, 
Malbon +06, Marulli +08 ... 

�19



MBH-galaxy relations at high z
1518 BENNERT ET AL. Vol. 708

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

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

7.4. BH Mass–Host-galaxy-luminosity Relation

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

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

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

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

8. DISCUSSION

8.1. The Role of Mergers

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

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

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

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


Ideally one should measure the dynamical mass
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Figure 7. Results of our velocity field modeling (see Section 3.2.2). The masked data used in the model are displayed in frame (a), the best-fit model in frame (b), and
the model-subtracted residuals in frame (c).
(A color version of this figure is available in the online journal.)

radius for the PSF of our data cube is ∼0.′′2, equivalent to a
projected distance of ∼1.7 kpc at the redshift of this source.)
Ideally, we would determine a dynamical mass with reference
to the scale length of the stellar light in the host galaxy, but no
such information is available for this object. (While we have
determined a best-fit measure of Ropt ∼ 10.7 pixels for the
gaseous emission for this galaxy, this does not necessarily have
any bearing on the scale length of the stellar light, and should not
be used as a proxy in this case.) Within a radius of 5.25±1.05 kpc
(i.e., 10–15 pixel radius), the enclosed dynamical mass of the
host galaxy implied by our best-fit model parameters (including
errors) is 2.05+1.68

−0.74 × 1011 M⊙.

3.3. Star Formation in the Host Galaxy

In addition to constraining the dynamical mass, the narrow
Hα emission can itself be used to estimate the star formation
rate (SFR) in the host galaxy. We measure a total narrow Hα
line luminosity of 1.22 ± 0.21×1043 erg s−1 from the unmasked
regions of our data cube (including the 12% uncertainty in the
absolute flux calibration). A further maximum of 5% of the
total line flux may have been missed in the central 20 spaxels
where errors due to the subtraction of QSO emission dominate,
and from the small number of other masked pixels within the
high signal-to-noise regions of narrow-line emission, which
we add to the upper error bound. The origin of the Hα line
emission is not necessarily solely due to the presence of young
stars: AGN activity and shocks may also play an important
role in the spatially extended ionization of the gas. While
we cannot place our data on a standard Baldwin, Phillips, &
Terlevich diagram (Baldwin et al. 1981; Veilleux & Osterbrock
1987) without the addition of a second-line ratio, sources with
log([N ii]/Hα) <−0.5 are predominantly observed to be star
forming rather than AGN-photoionized sources (e.g., Groves
et al. 2006). Figure 8 displays the unmasked regions of our data
cube shaded according to whether the line ratio log([N ii]/Hα) is
<−0.5 or >−0.5, i.e., whether or not stellar photoionization is
likely to be the dominant ionization mechanism, or whether
the observed line emission is better considered as part of
the extended narrow-line region of the AGN. Star formation
dominates in the tidal features, but is equally important in some
of the more luminous regions of Hα emission toward the center
of the galaxy. If the Hα line emission is due solely to star
formation activity alone, the observed line flux is equivalent to
an SFR of 96+22

−17 M⊙ yr−1 using the scaling of Kennicutt (1998).
As the Hα emission can be produced by AGN photoionization as

0.5"

Figure 8. Dominant ionization mechanism pixel flagging map. This plot
illustrates in dark gray the regions where the emission line ratio log([N ii]6584/
Hα) <−0.5, i.e., where the emission is likely dominated by stellar rather than
AGN photoionization. The light gray pixels denote the regions for which AGN
photoionization may instead be the dominant ionization mechanism.

well as via photoionization by young stars, this value represents
a robust upper limit on the overall star formation in this system.
In Figure 9(a), we display this cumulative SFR as a function
of radius. In Figure 9(b), we display the cumulative SFR as
a function of radius considering only the data with line ratio
values of log([N ii]/Hα) <−0.5. In this case, we observe an
overall SFR of 50±10 M⊙ yr−1, derived from Hα emission that
is unlikely to have been photoionized by shocks or by the AGN,
providing a useful lower limit on this quantity. The average
integrated SFR per square kiloparsec (projected) is displayed
for all data and also for the data with log([N ii]/Hα) <−0.5 in
Figures 9(c) and (d), respectively. These plots clearly illustrate
the importance of star formation throughout this galaxy, and
that it is not restricted solely to either the inner or outer
regions.

3.4. Broad-line Emission and the QSO Properties

Taking the literature data for J090543.56+043347.3, the mass
of the central BH has been estimated as 9.02 ± 1.43 × 108 M⊙,
based on the width of its Mg ii emission line and the local
continuum luminosity (Shen et al. 2008). Additionally, this
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Quasar is on MBH-Mbul relation!
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Figure 10. J090543.56+043347.3 and the black hole mass vs. host galaxy mass
relation. (a) Position of J090543.56+043347.3 (stars) relative to the z = 0 MBH
vs. MBulge,Dyn correlation, with data points from Häring & Rix (2004). The
upper (blue) star uses the black hole mass derived from the Mg ii emisison line,
while the lower (red) star uses our Hα-based black hole mass. Note that the total
dynamical mass is plotted for J090543.56+043347.3 and that this represents an
upper limit to the bulge mass at z = 1.3. The solid line displays the bisector
linear regression fit of Häring & Rix (2004), while the dotted line gives the linear
regression fit for the MBH vs. Mstellar relation derived by Sani et al. (2011). (b)
Position of J090543.56+043347.3 (stars, color-coded as in frame (a)) relative to
the z = 0 MBH vs. MBulge,Dyn correlation, with data points and linear regression
fit (dashed line—note that this is indistinguishable from the MBH vs. Mstellar
regression fit denoted by the dotted line on frame (a)) from Sani et al. (2011).
(A color version of this figure is available in the online journal.)

we contrast it with the canonical low-redshift MBH versus
MBulge,Dyn relation of Häring & Rix (2004) and also the more
recent MBH versus MStellar and MBH versus MBulge,Dyn relations of
Sani et al. (2011), based on Spitzer/IRAC data. The dynamical
bulge masses of Häring & Rix (2004) plotted in Figure 10(a)
are either derived via first confirming that the light profiles of
the galaxies are bulge-dominated and then solving the spherical
Jeans equation, or taken directly from the literature. This sample
uses reliable preexisting BH mass estimates from the literature,
derived from gas and stellar kinematics and primarily sourced
from Tremaine et al. (2002). For the points on Figure 10(b), Sani
et al. (2011) carry out two-dimensional image decomposition of
the 3.6 µm data for their sample and then derive virial dynamical
galaxy masses as MBulge,Dyn = 5σ 2Re/G. Once again, the BH
masses for this sample are reliable estimates from the literature
based on stellar or gas dynamics, or masers. Note that there
is no significant difference between the regression lines for
MBH versus MBulge,Dyn and MBH versus MStellar derived by Sani
et al. (2011) from the 3.6 µ mass-to-light ratio including color-
correction terms. Two separate points are plotted for the different
Mg ii- and Hα-based BH masses of J090543.56+043347.3.
We find that, using the Mg ii-based BH mass, the position of
this object on either plot is a factor of ∼2 from the mean
z = 0 relation, but well within the scatter. Using our Hα-
based BH mass measurement, the position of this object lies

directly upon the mean z = 0 relation. This no-evolution result
is also consistent with the theoretical modeling of Jahnke &
Maccio (2011), in which the correlation can be fully explained
to have emerged at high redshifts from hierarchical assembly
and merging statistics. Due to the drop both in merger rate as
well as star formation and BH accretion rate densities in the
universe since z ∼ 2, their explanation predicts the overall
scaling relations to be largely in place by z = 1.

It should be noted that in Figure 10 we compare the dynamical
mass derived for a z = 1.3 galaxy with an unknown stellar
morphology and a rotating gas disk with stellar masses and bulge
dynamical masses in the local universe. Given this, it is therefore
worthwhile to consider the likely subsequent evolution of this
system over the intervening 8–9 Gyr. The major mechanisms
for the growth and evolution of the BH and its host galaxy are
BH accretion, star formation, merger activity, and disk-to-bulge
reprocessing, which we now consider in turn.

The bolometric quasar luminosity of J090543.56+043347.3
(Shen et al. 2008) is equivalent to a BH accretion rate of
∼5.4 M⊙ yr−1 (assuming mass is converted to luminosity with
an efficiency of 10%). Quasar lifetimes are typically between
107 and 108 years (Yu & Tremaine 2002; Marconi et al. 2004;
Hopkins & Hernquist 2009; Kelly et al. 2010). Tak-
ing the average of the two BH mass measurements for
J090543.56+043347.3 (∼6 × 108 M⊙) and a timescale of
5×107 years, an accretion rate of ∼5.4 M⊙ yr−1 would result in
the central BH growing by ∼45% in total over the current active
cycle of AGN-mode accretion. The absolute maximum possi-
ble growth factor for this BH (assuming (1) that it is observed
at the very start of its current activity cycle, (2) a maximum
accretion lifetime of 108 years, and (3) the lower of the two
BH mass estimates) is a factor of ! 2, though we do stress
that growth approaching this limiting value is unlikely. At the
same time, it is statistically not very likely that this BH would
undergo any further episodes of AGN activity between z = 1.3
and z = 0 (given the expected AGN fraction as a function of
redshift; Bluck et al. 2011).

Considering star formation in the host galaxy, our observed
Hα flux is consistent with an SFR of up to 100 M⊙ yr−1

(Section 3.3). Only accounting for the line emission which is
likely due to ionization by young stars rather than the AGN or
shocks (particularly true of the tidal arms and the areas of high
emission line intensity within the host galaxy: see Figure 3(d),
Figure 9) gives an SFR of 40–60 M⊙ yr−1. The observed SFR
is significantly higher than average (e.g., Karim et al. 2011) for
a galaxy at this redshift with a stellar mass approximating our
derived dynamical mass (2.05+1.68

−0.74 ×1011 M⊙ within a radius of
5.25 ± 1.05 kpc). But this may not be surprising given the clear
presence of highly star-forming tidal features (Figure 3).

As an aside, we note that triggering of the quasar activity via
interactions/mergers is a possibility for this particular AGN,
given the clearly discernable merger signature in the gas. The
high projected SFR per square kiloparsec toward the center
of the host galaxy (within a radius of 4 kpc; see Figures 9(c)
and (d)) might also be suggestive of links between mergers,
AGN activity, and circumnuclear star formation in the case of
this source, or of a nuclear star formation ring such as that
observed in the case of NGC 1097 (van de Ven & Fathi 2010).
However, the triggering of AGN activity via mergers remains
unproven and we are far from being able to, e.g., determine and
compare the age of the AGN2 with that of stars newly formed

2 The only limit we have is a minimum age of the AGN of ∼2 × 104 years,
from the fact that we see gas ionized by the AGN at 0.′′7 distance.
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Ideally one should measure the dynamical mass


BH masses can be measured only in type 1 AGN: the bright AGN 
continuum hinders measurements on host galaxy!



Strong AGN emission
z~2 Quasar showing evidence for fast outflows quenching star formation  
(Cano-Diaz+12)



Strong AGN emission
z~2.5 quasar showing evidence for fast outflows  (Carniani+14, in prep.)

Carniani et al.: Rotating disks in a strongly star-forming merging system at z = 4.7

LBQS0109 HE0251

HE0109 HB8905

HB8903 2QZ-J002830

Fig. 3. Radial surface brightness profiles of the sub-mm galaxy (N source, left panel) and of the quasar (S source, right panel). The continuum and
[CII] line emissions are denoted by the black and red lines, respectively.
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Carniani et al.: Rotating disks in a strongly star-forming merging system at z = 4.7
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Fig. 11.
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Dynamical host galaxy masses
Stellar mass depends on galaxy evolutionary stage


Ideally one should measure the dynamical mass


BH masses can be measured only in type 1 AGN: the bright AGN 
continuum hinders measurements on host galaxy!


Solution is to use fine structure or molecular lines in FIR-submm regime 
where AGN is much less strong.
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Figure 5. Three examples of SED decomposition performed without AGN (left panels) and with AGN (central panels). The corresponding PDF of the AGN
bolometric luminosity is shown in the right panels. The red circles represent the observed data points. The green line shows the integrated unextincted emission
originating from stars. The blue solid line represents the star formation contribution for dust absorption, partially redistributed across the MIR/FIR range in a
self-consistent way. The red line reproduces the AGN contribution and incorporates both the accretion disc and the torus emission, according to the adopted
library of templates. The sources shown in the upper and middle panels are classified as AGN at �99 per cent confidence, while one example of source will
less significant AGN contribution is shown in the bottom panel.

we selected only sources above the COSMOS 160 µm flux den-
sity limit (S160 > 10.2 mJy). The percentage of AGN hosts in
GOODS-S obtained in this case decreases to 40±4 per cent and
is now consistent with the COSMOS one within 1� uncertainty.
The overall fraction of > 99 per cent significant AGN is 37 per
cent, while it increases to 45 per cent and 55 per cent at > 95 per
cent and > 90 per cent confidence levels, respectively. We label
as AGN only those sources satisfying the F-test at the > 99 per
cent confidence level, as this threshold is fairly conservative and
reliable in terms of AGN contribution to the observed SED. In Fig.
5, the upper and middle panels represent sources with a > 99 per
cent significant AGN contribution, while that shown in the bottom
panel has a less significant AGN contribution, hence classified as a
“purely star-forming galaxy”.

We have verified that the star-forming galaxy SEDs adopted
in the code were physically motivated. For instance, we found that

our best-fit galaxy SEDs well reproduce the “IR8” relation, pre-
sented by Elbaz et al. (2011), within ±1� uncertainty. This find-
ing also removes possible systematics related to the treatment of
PAH emission component with respect to the total IR luminosity.
We also checked the potential degeneracy between AGN and Star-
burst emission components when fitting the rest-frame mid-IR (3
< �/µm < 8) data points. Indeed, we note that the inter-stellar
medium (ISM) emission in the MAGPHYS star-forming SEDs in-
cludes dust and PAH emission down to 3 µm (see da Cunha et al.
2008). An excess above the pure stellar continuum will thus not be
automatically ascribed to AGN. Besides, given the redshift distri-
bution of our sources in Fig. 1, the rest mid-IR continuum is sam-
pled at least by two filters in almost all observed SEDs (four IRAC
bands, MIPS 24 mum, and IRS 16 µm in GOODS-S). Such a
rich spectral coverage allows us to better constrain the rest mid-IR
emission through the available templates.
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self-consistent way. The red line reproduces the AGN contribution and incorporates both the accretion disc and the torus emission, according to the adopted
library of templates. The sources shown in the upper and middle panels are classified as AGN at �99 per cent confidence, while one example of source will
less significant AGN contribution is shown in the bottom panel.
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sity limit (S160 > 10.2 mJy). The percentage of AGN hosts in
GOODS-S obtained in this case decreases to 40±4 per cent and
is now consistent with the COSMOS one within 1� uncertainty.
The overall fraction of > 99 per cent significant AGN is 37 per
cent, while it increases to 45 per cent and 55 per cent at > 95 per
cent and > 90 per cent confidence levels, respectively. We label
as AGN only those sources satisfying the F-test at the > 99 per
cent confidence level, as this threshold is fairly conservative and
reliable in terms of AGN contribution to the observed SED. In Fig.
5, the upper and middle panels represent sources with a > 99 per
cent significant AGN contribution, while that shown in the bottom
panel has a less significant AGN contribution, hence classified as a
“purely star-forming galaxy”.

We have verified that the star-forming galaxy SEDs adopted
in the code were physically motivated. For instance, we found that

our best-fit galaxy SEDs well reproduce the “IR8” relation, pre-
sented by Elbaz et al. (2011), within ±1� uncertainty. This find-
ing also removes possible systematics related to the treatment of
PAH emission component with respect to the total IR luminosity.
We also checked the potential degeneracy between AGN and Star-
burst emission components when fitting the rest-frame mid-IR (3
< �/µm < 8) data points. Indeed, we note that the inter-stellar
medium (ISM) emission in the MAGPHYS star-forming SEDs in-
cludes dust and PAH emission down to 3 µm (see da Cunha et al.
2008). An excess above the pure stellar continuum will thus not be
automatically ascribed to AGN. Besides, given the redshift distri-
bution of our sources in Fig. 1, the rest mid-IR continuum is sam-
pled at least by two filters in almost all observed SEDs (four IRAC
bands, MIPS 24 mum, and IRS 16 µm in GOODS-S). Such a
rich spectral coverage allows us to better constrain the rest mid-IR
emission through the available templates.
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originating from stars. The blue solid line represents the star formation contribution for dust absorption, partially redistributed across the MIR/FIR range in a
self-consistent way. The red line reproduces the AGN contribution and incorporates both the accretion disc and the torus emission, according to the adopted
library of templates. The sources shown in the upper and middle panels are classified as AGN at �99 per cent confidence, while one example of source will
less significant AGN contribution is shown in the bottom panel.

we selected only sources above the COSMOS 160 µm flux den-
sity limit (S160 > 10.2 mJy). The percentage of AGN hosts in
GOODS-S obtained in this case decreases to 40±4 per cent and
is now consistent with the COSMOS one within 1� uncertainty.
The overall fraction of > 99 per cent significant AGN is 37 per
cent, while it increases to 45 per cent and 55 per cent at > 95 per
cent and > 90 per cent confidence levels, respectively. We label
as AGN only those sources satisfying the F-test at the > 99 per
cent confidence level, as this threshold is fairly conservative and
reliable in terms of AGN contribution to the observed SED. In Fig.
5, the upper and middle panels represent sources with a > 99 per
cent significant AGN contribution, while that shown in the bottom
panel has a less significant AGN contribution, hence classified as a
“purely star-forming galaxy”.

We have verified that the star-forming galaxy SEDs adopted
in the code were physically motivated. For instance, we found that

our best-fit galaxy SEDs well reproduce the “IR8” relation, pre-
sented by Elbaz et al. (2011), within ±1� uncertainty. This find-
ing also removes possible systematics related to the treatment of
PAH emission component with respect to the total IR luminosity.
We also checked the potential degeneracy between AGN and Star-
burst emission components when fitting the rest-frame mid-IR (3
< �/µm < 8) data points. Indeed, we note that the inter-stellar
medium (ISM) emission in the MAGPHYS star-forming SEDs in-
cludes dust and PAH emission down to 3 µm (see da Cunha et al.
2008). An excess above the pure stellar continuum will thus not be
automatically ascribed to AGN. Besides, given the redshift distri-
bution of our sources in Fig. 1, the rest mid-IR continuum is sam-
pled at least by two filters in almost all observed SEDs (four IRAC
bands, MIPS 24 mum, and IRS 16 µm in GOODS-S). Such a
rich spectral coverage allows us to better constrain the rest mid-IR
emission through the available templates.

c� 2014 RAS, MNRAS 000, 1–20

Del Vecchio+14



Dynamical mass from [CI] at z~5
BR1202-075 interacting/merging system at z~5 

with ALMA (Wagg+12) and IRAM (Salome+12) 
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Carniani et al.: Rotating disks in a strongly star-forming merging system at z = 4.7

Fig. 9. Blue and red residual maps of the QSO host galaxy obtained assuming spatially unresolved kinematics (left and right panels,
respectively). Contours represent the total line surface brightness at 90%, 50%, and 30% of the peak value.

Fig. 10. Analysis of the QSO surface brightness and kinematics. Upper panels: surface brightness fitting with an exponential disk.
Lower panels: velocity field fitting with a circularly rotating disk. From right to left: model, model convoluted for PSF, data and
residual map.

4.3. Spectroscopically detected faint companions

In figure 12 we show the surface brightness maps of the sources
identified as faint Gaussian components in the spectra plotted in
figure 3. These components have velocities of 570 km/s (SMG)
and 500 km/s (QSO) with respect to the main components, and
velocity dispersions of 220 km/s and 150 km/s. These values
where kept fixed during the pixel-by-pixel fit. The surface bright-
ness centroids of these components have a distance of 0.2400 and
0.1500 from the SMG and QSO, respectively, which at the red-
shift of the BR1202-0725 system corresponds to ⇠ 1.6 and ⇠ 0.9
kpc. These components are only detected spectroscopically, and
because of their faintness and distance from the main compo-

nents cannot be seen in direct images obtained by collapsing a
given velocity range in the datacube. Therefore these are sources
additional to those identified by Wagg et al. 2012 and Carilli
et al. 2013.

Figure 13 shows the [CII] channel map for the QSO where,
in the channels at velocities from -326 to -242 km/s, we observe
a small weak component whose integrated surface brightness
peak is indicated by a cross. For comparison, the filled circle
indicates the centroid of the QSO main emission. Its relative ve-
locity with respect to the quasar is ⇠ �250 km/s for a projected
distance of r = 3.4 kpc.

Overall, we have spectroscopically identified three new com-
ponents at distances less than 3.5 kpc from the SMG and QSO
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Fig. 15. MBH-Mbulge relation for 35 early-type galaxies in the
local Universe (empty diamonds) and BR1202 S (red filled
circle; the empty filled circle also considers the contribution
from the dispersion-supported mass). The black line represents
the best-fitting relation estimated by McConnell & Ma (2013):
log(MBH/M�) = 8.46 + 1.05 log(Mbulge/1011M�).

sume an average inclination of 60 degrees, the dynamical masses
so obtained would have been inconsistent with the molecular gas
masses.

Therefore, the only possibility to avoid the large uncertain-
ties and selection biases on stellar masses and the large un-
certainties on virial mass estimates is to use dynamical host
galaxy masses obtained from spatially resolved kinematics.
Intriguingly, in the only other case in which the dynamical mass
of a QSO host galaxy (z ⇠ 1.3) has been determined from a spa-
tially resolved kinematical analysis, the BH mass and the galaxy
mass agree with the local relation (Inskip et al., 2011). This
suggests that dynamical mass determinations from submm spec-
troscopy such as presented here might be much better probes of
the cosmological evolution of the MBH � Mgal relation.

7. Conclusions

We performed a kinematical analysis of the [CII] line emis-
sion in the BR 1202-0725 system at z ⇠ 4.7 from ALMA
Science Verification observations. The quasar and the submil-
limeter galaxy are separated by ⇠24 kpc and are characterized
by very high star-formation rates, larger than ⇠ 1000 M� yr�1.
Our kinematical analysis reveals that these galaxies apparently
have regularly rotating disks, that are seen almost face-on and
that indicate dynamical masses of 6⇥ 1010 M�, and 4⇥ 1010 M�
for the SMG and QSO host galaxy, respectively. These disks are
hotter than the disks of nearby galaxies, since the maximum ro-
tational velocity is similar to the intrinsic velocity dispersion,
but they are very similar to the disks of z ⇠ 2 � 3 Lyman-break
galaxies. If the intrinsic velocity dispersion of the gas disks pro-
vides support against gravity, these masses could increase up to
⇠ 9⇥1010 M� and ⇠ 5⇥1010 M�. Overall, the SMG and the QSO

host galaxy are characterized by very similar physical properties
in terms of SFRs, molecular gas mass, and dynamical mass.

The existence of these rotating disks suggest the the high
star formation and black hole accretion rates are not induced
by a major-merger event, at variance with the commonly ac-
cepted scenario for very massive galaxies and very high SFRs.
We also detected faint components which, after a spectral de-
blending, were spatially resolved from the main QSO and SMG
emissions. The relative velocities and positions of these compo-
nents are consistent with orbital motions within the gravitational
potentials generated by the QSO host galaxy and SMG, suggest-
ing that they are smaller galaxies in interaction or gas clouds in
accretion flows of tidal streams. Moreover, we did not find any
clear spectral evidence for outflows caused by AGN or stellar
feedback.

The rotating disks and the spectroscopically detected faint
components suggest that the high SFRs might be induced by
interactions or minor mergers with these companions which,
however, do not a↵ect the large-scale kinematics of the disks.
Alternatively, the strong star formation may be fueled by the ac-
cretion of pristine gas from the host halo. Both these processes
could explain the relative high intrinsic velocity dispersion.

Finally, the ratio between the black hole mass of the QSO,
obtained from new XShooter spectroscopy, and the dynamical
mass of the host galaxy might be comparable with the similarly
high value found in very massive local galaxies, suggesting that
the evolution of black hole galaxy relations is probably better
studied with dynamical than with stellar host galaxy masses.

New ALMA observations with higher sensitivity and spatial
resolution are required to confirm the findings presented here.
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Fig. 15. MBH-Mbulge relation for 35 early-type galaxies in the
local Universe (empty diamonds) and BR1202 S (red filled
circle; the empty filled circle also considers the contribution
from the dispersion-supported mass). The black line represents
the best-fitting relation estimated by McConnell & Ma (2013):
log(MBH/M�) = 8.46 + 1.05 log(Mbulge/1011M�).
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mass agree with the local relation (Inskip et al., 2011). This
suggests that dynamical mass determinations from submm spec-
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star formation and black hole accretion rates are not induced
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nents are consistent with orbital motions within the gravitational
potentials generated by the QSO host galaxy and SMG, suggest-
ing that they are smaller galaxies in interaction or gas clouds in
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components suggest that the high SFRs might be induced by
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however, do not a↵ect the large-scale kinematics of the disks.
Alternatively, the strong star formation may be fueled by the ac-
cretion of pristine gas from the host halo. Both these processes
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Finally, the ratio between the black hole mass of the QSO,
obtained from new XShooter spectroscopy, and the dynamical
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high value found in very massive local galaxies, suggesting that
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studied with dynamical than with stellar host galaxy masses.
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MBH-σ & MBH-L: high mass end?

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

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

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

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

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



The spectroastrometric approach

Wavelength

P
os

iti
on

 a
lo

ng
 th

e 
sl

it

Section for a given 
position along the slit

Section for a given 
wavelength (velocity)

−200 0 200 400 600 800 1000 1200
Velocity (km/s)

−2

−1

0

1

2

Po
si

tio
n 

al
on

g 
th

e 
sl

it 
(a

rc
se

c)

Longslit spectrum

Wavelength Centroid

1.252 1.254 1.256 1.258 1.260 1.262 1.264 1.266
h (µm)

ï10

0

10

20

30

40

50

in
te

ns
ità

 (a
.u

.)

ï15 ï10 ï5 0 5 10 15
Posizione lungo la fenditura riferita al nucleo (arcsec)

ï10

0

10

20

30

40

50

in
te

ns
ità

 (a
.u

.)

Position 
Centroid

ï2 ï1 0 1 2
Posizione lungo la fenditura (arcsec)

300

400

500

600

700

800

ve
lo

ci
tà

 (k
m

/s
)

       Rotation curve

0 200 400 600 800 1000 1200
velocity (km/s)

ï0.1

0.0

0.1

0.2

po
sit

io
n 

al
on

g 
th

e 
sli

t (
ar

cs
ec

)

Spectroastrometric curve

Spectroastrometry is well 
known from radio astronomers 
and, more recently, in the field 
of star formation …


much less in extragalactic 
astronomy.


Sometimes is just a matter of 
different names!



“Overcoming” the spatial resolution
Two pointlike sources imaged trough a slit
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Application to rotating disks
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The application to 
Integral-field spectra 
is straightforward!

Spectroastrometric curves for the three slits



BH mass from spectroastrometric map
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Example: Centaurus A
[Fe II] line seeing limited 
spatial resolution: ~0.4”

[Fe II] line AO assisted 
spatial resolution: ~0.15”

•Estimated BH mass: 
!

•We can probe the rotation curve down to radii of ~0.025” : 
~1/16 of the spatial resolution ( 0.4”) for seeing limited 
observations and ~1/7 of the spatial resolution ( 0.15”) for 
AO assisted observations.
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Example: Circinus galaxy
CRIRES Paβ observations  of Circinus galaxy: well known BH mass from 
H2O made observations (Greenhill+03)


A. Gnerucci et al.: Spectroastrometry of the nuclear gas disk of the Circinus galaxy

Fig. 10. Results of the fit to the spectroastrometric Brγ data. The left panel shows the rotation curve projected along the line of nodes, S ch vs. Vch.
The right panel shows the r = |S ch − S 0| vs. V = |Vch − Vsys | rotation curve. The solid red lines represent the curves expected from the model. The
dotted line in right panel represents the rotation curve due to the star component of the gravitational potential.

Table 1. Fit results.

Parameter Best-fit value±error

Brγ rotation curve modeling1 Brγ spectroastrometric modeling
Fit-R 0 Fit-R 1 Fit-S 0 Fit-S 1

θLON [◦] 215.0 ± 0.5 2172 217[±4]3 217[±4]3

xc [′′] −0.013 ± 0.02 0.042 0.04 ± 0.04 0.04 ± 0.03

yc [′′] 0.067 ± 0.02 0.082 0.08 ± 0.034 0.08 ± 0.024

log10(MUDM/M⊙) 7.22 ± 0.05 7.19 6.93 ± 0.07 6.88 ± 0.07

log10(M/L) −0.74 ± 0.01 −0.737 −11.2 ± 0.05 −0.742

i [◦] 61[±1]3 61[±1]3 61[±1]3 61[±1]3

Vsys [km s−1] 389.3 ± 0.8 393.6 391 ± 16 390 ± 9

χ2
red (χ2/d.o.f.) 1.80 (309/172) 3.69 (645.4/175) 0.25 (0.76/3) 0.3 (1.4/4)

Notes. (1) The best-fit parameter confidence intervals are computed only for the interesting parameters as explained in the text (see also Avni
1976). (2) Parameter held fixed. (3) Parameter held fixed. The adopted value (with corresponding errors) was estimated independently from the fit
presented in the table. (4) Derived from xc using the adopted value of θLON. (5) Parameter not constrained from the fit.

The fit results are tabulated in Table 1 and presented graphically
in Fig. 10, where we plot S ch vs. Vch, the rotation curve projected
along the line of nodes, and r = |S ch − S 0| vs. V = |Vch − Vsys|.
The solid red lines represent the curves expected from the model
(S ch vs. Vch

model and r vs. |Vch
model − Vsys|, respectively).

The first important result from this analysis is that the min-
imum distance from the rotation center where it is possible to
make a velocity estimate is ∼0.1′′ corresponding to ∼2.3 pc (see
right panel of Fig. 10), while with the standard rotation curve
method the minimum distance from the center that can be ob-
served is about half the spatial resolution (∼0.35′′). This clearly
shows how spectroastrometry can overcome the spatial resolu-
tion limit.

It is not possible to obtain measurements at spatial
scales smaller than ∼1/3 of those probed by the rotation curve

analysis because of the limited S/N of the spectra; this prevents
us from measuring the photocenters of the line at higher veloci-
ties, which would additionally extend the curves in Fig. 8 to the
red and blue sides.

6. Comparison of the rotation curves
and spectroastrometric analyses

Here we compare the results of the two independent analyses
of the CRIRES spectra (i.e. the fits labeled Fit-R 0 and Fit-S 0
in Table 1) and discuss the combined constraints from the two
methods. Finally, we re-analyze the data taking into account
these combined constraints.

As discussed in G10 and G11, the modeling of the spectroas-
trometric data is not able to constrain the mass-to-light ratio M/L
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of the nuclear star distribution because it models the gas rotation
curves at small distances from the rotation center where the con-
tribution of the stellar mass to the gravitational potential is negli-
gible. Indeed, performing a first model fit with M/L free to vary
(Fit-S 0 in Table 1), we obtain a value of log10(M/L) ≃ −11.
Therefore we used the results of the rotation curve modeling to
constrain this parameter. In the Fit-S 1 presented in Fig. 10 and
Table 1 we fixed the M/L to the value obtained from the rotation
curves analysis. Another important check concerns the geometri-
cal parameters of the modeled gas disk (i.e. the position angle of
the line of nodes θLON and the disk center, or equally, the center
position on the plane of the sky (xc, yc)). The spectroastrometric
model fitting gives a value of 217◦ for θLON. This is consistent
with the rotation curve modeling, which gives a best-fit value
of 215◦. On the other hand, the rotation curve modeling gives
a rotation center that is shifted south by ∼0.05′′ with respect to
that returned by the spectroastrometric modeling. However, the
spectroastrometric map probes a spatial region of radius ∼0.2′′,
whereas the rotation curves probe distances up to ∼3′′ from the
disk center; therefore, we expect the former to give a more robust
indication of the center position than the latter.

Another constraint that the spectroastrometry can place on
the rotation curves analysis is the position of the centers of the
three slits on the plane of the sky. As previously described, when
we combine the three spectroastrometric curves to obtain the
spectroastrometric map, we obtain an estimate of the positions
of the slit center with an accuracy better than that of the tele-
scope pointing (see G10 and G11 for details).

Therefore, we repeated the rotation curve modeling impos-
ing geometrical constraints obtained from the spectroastromet-
ric analysis, namely the slit center positions and the values of
θLON and (xc, yc) (Fit-R 1 in Table 1). This produces a higher
value of the reduced χ2 than the original fit (Fit-R 0 in Table 1).
However, the best-fit MUDM and M/L values are the same, within
the uncertainties. The differences relative to the Fit-R 0 case
(∼−0.03 dex and of +0.03 dex, for MUDM and M/L, respec-
tively; Table 1) can be considered an indication of the influence
of the geometrical disk parameters on the derived MUDM and
M/L values.

The slightly poorer fit quality of Fit-R 1 may also be an indi-
cation that the inner disk probed by the spectroastrometric anal-
ysis has a different geometry (in this particular case the disk
geometrical center position) than the outer disk, which influ-
ences the rotation curves. The rotation curves probe the aver-
age disk geometric parameters over a spatial region that extends
over the central ∼100 pc, whereas spectroastrometry probes the
inner ∼10 pc.

Regarding the principal parameter of the modeling, MUDM,
we note that the rotation curve fits give a mass estimate higher by
≈0.35 dex with respect to the values returned by the spectroas-
trometric modeling. This difference is larger than the statistical
or systematic uncertainties, but the good agreement between the
two modeling approaches with respect to the geometrical disk
parameters gives confidence that the results of the fitting are ro-
bust. We therefore attribute the difference in MUDM to the dif-
ferent spatial scales probed by the two methods. For the rotation
curve approach, as previously noted, the spatial resolution of the
observations sets the minimum radius at which the gas rotation
curve can be probed. Therefore, we can only measure the to-
tal dynamical mass enclosed within a radius equal to half the
spatial resolution with this approach, in this case correspond-
ing to ∼0.35′′ or 7 pc. On the other hand, the spectroastromet-
ric approach is able to probe the gas rotation curve at smaller
radii, allowing us to measure the total dynamical mass enclosed

Fig. 11. Dynamical mass measurements in the nuclear region of the
Circinus galaxy. Measurements are marked by filled circles of different
colors and are identified in the legend. The red filled circle represents
the CRIRES spectroastrometry mass measurement obtained assuming
a disk with i = 61◦ with respect to the line of sight, same as the large-
scale measurements; the open red circle represents the spectroastrome-
try mass measurement obtained assuming an edge-on disk, same as the
maser disk. The region shaded by gray dotted lines is characterized by
r < 20 mas and is the region probed by the H2O maser rotation curve,
where the dynamical mass is mostly unresolved and belongs to the BH.
The enclosed mass within this region must be dominated by the BH,
since no evidence for extended mass is seen in the maser rotation curve.
The gray stripe represents the radial total mass distribution of the best-
fit model for the CRIRES rotation curves (taking into account errors on
MUDM and M/L). The orange line represents the total mass distribution,
which is a combination of BH mass, nuclear (4 pc size) and extended
mass distribution, with the mass distribution derived by Müller Sanchez
et al. (2006). The nuclear mass distribution corresponds to what we
measure as MUDM. The green line is similar to the orange line but the
nuclear mass distribution now has a size of 2 pc. The dashed green line
is the contribution of BH mass and nuclear mass distribution, while the
dotted line represents the BH mass and the extended mass distribution.
The continuous black line represents the radial mass distribution of the
nuclear star cluster at the center of the Milky Way (Genzel et al. 2010)
combined with the BH mass (Greenhill et al. 2003a) and rescaled to
match the measurements at ∼10 pc scale.

within ∼0.1′′ (∼2 pc, see Fig. 10). We conclude that the differ-
ence in the mass measured by the two approaches (7.6× 106 M⊙
from spectroastrometry and 1.7 × 107 M⊙ from rotation curves)
is most likely due to an extended mass distribution within the
inner ∼0.35′′ (7 pc), which is large compared to the BH mass
(∼1.7 × 106 M⊙).

7. Nuclear mass distribution

The most important result from our measuring of the mass of
the BH in Circinus is that the MUDM value estimated from rota-
tion curve modeling is ∼0.35 dex higher than the value estimated
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High redshift galaxies
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Specast based virial masses
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Specast based virial masses
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Calibration of mass estimator

Mdynsin2i = fspec
FWHM2 rspec

G
= fspec V irspecMdynsin2i = f

FWHM2 re

G
= f V ir

Mdynsin

2
i = (1.0± 0.1) 2.3⇥ 109

M�

✓
V

100 km/s

◆2 ✓
rspec

1 kpc

◆

(±0.15 dex� systematic)

19 objects from the AMAZE, LSD (z~3) e SINS (z~2) samples



Spatial scales at high redshift

0.8 kpc = 0.1″ @z=2

Andromeda from Herschel



Spatial scales in local universe



Spatial scales in local universe
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A. Marconi Science Goals of a sub-arcsec FIR Space Observatory

Conclusions
Selected open questions that can be addressed by a longslit spectrograph 
an Integral Field Unit with high angular resolution ~0.1″  
(see other talks for more!)


What is the outer boundary of the obscuring torus?  
Is the torus forming stars?  
What is the relation between BH accretion and star formation?


What are the masses of BHs in nearby galaxies? 
What is the cosmological evolution of the BH-galaxy relations?  
What are the dynamical masses of AGN host galaxies at high redshift?


Can obtain observations at similar spatial resolution as current AO-
assisted NIR observations with 8m class telescopes


Spectroastrometry can allow to go beyond the spatial resolution limit …
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