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Introduction: AGN & supermassive black holes



The Unified Model of AGN
Our pre-2000 view of AGN 

AGN are powered by accretion onto 
supermassive black holes (e.g. Salpeter 
1964, Zel’dovich 1964): energy is released by 
an accretion disk (radiative) and, possibly, by 
a jet (mechanical)

Broad Line Region (BLR): clouds 
photoionized by the AGN close to the BH 
with large velocities ( >1000 km/s) …

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

Different classes of AGN are the effect of the different inclinations of 
the line of sight (Antonucci & Miller 1985; Antonucci 1993): a dusty 
torus can hide BLR and accretion disk from view, reprocesses 
accretion disk emission and re-emits IR radiation

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

Urry & Padovani 1995
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Supermassive black holes should be 

present in nearby galaxy nuclei as relics 

of past activity …



Our view changes in the early 2000 
Supermassive BHs (MBH~107-1010 M☉)  
detected in nuclei of nearby galaxies  
Notable examples:


Galactic Center (Genzel+10)

NGC 4258, Circinus, other H2O maser 
galaxies (Miyoshi+95,Greenhill+03,Kuo+11)

M31 (Kormendy & Richston 1995), M32 
(van der Marel+97)

M87 (Macchetto, AM+97)

Centaurus A (Marconi+01, Neumayer+07)

!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

Galactic center (e.g., Gillessen+09)

Supermassive Black Holes

NGC 4258 
(Miyoshi+95)M87 

(Macchetto,
AM+97)



BHs and Relations with host galaxy

Magorrian+1998

MBH-M

Ferrarese & Merritt 2000
MBH-L MBH-σ

Kormendy & 
Richstone 
1995

MBH-L

BH detected in nearby normal galaxies!

Correlations MBH vs host spheroid (M, L, σ)

Consistent with zero intrinsic scatter? 
Great impact in literature!

Gebhardt+2000

MBH-L MBH-σ



BH demography in local universe
If all galaxies host a BH and MBH-galaxy 
relations apply to all galaxy can estimate 
demography of supermassive BHs in nearby 
galaxies from galaxy luminosity functions


If AGN powered from BH accretion can 
estimate expected BH demography in local 
universe from past AGN activity (AGN 
luminosity function) (Sołtan’s argument)

Successful comparison between local BH 
mass function and accreted mass function 
from AGN yelds 

Local BHs are relics of AGN activity!

ρBH ≃ 3.5-5.5 ×105 M! Mpc-3

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

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

– 19 –

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

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

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

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

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

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

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

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

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

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

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

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

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

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

Li, Ho & Wang, 2011

Marconi+04, +06

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

Cao 10, Shankar+12, et many al.

 L/LEdd ~1 and ε~0.1



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

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

MBH = f
V 2R

G

– 38 –
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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!



IR Interferometric Observations

15/01/2014 Konrad R. W. Tristram 8

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

Tristram et al.: The nuclear dust torus in the Circinus galaxy 11

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)

Emission more compact than expected  
from smooth torus models (e.g., Raban+08,  
Tristram+10, Kishimoto+11,14)

Torus is the outer boundary of BLRKishimoto 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

2!m Suganuma+2006
2μm Kishimoto+14
8μm Kishimoto+11
13μm Kishimoto+11

Kishimoto+14, in prep.

BLR avg. siz
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“New” Unified Models
There are other important factors beyond LAGN and torus inclination w.r.t. 
to the line of sight to take into account:


new physics and structure of central obscurer; varying covering factor  
e.g., clumpy tori (e.g. Elitzur 2012), disk-wind models (e.g. Elvis 2000)

real differences among the various observational classes due, e.g., to 
different accretion mechanism (standard AD vs RIAF), to missing BLR 
and/or NLR 
BH-galaxy coevolution e.g., effect on host galaxy/BH accretion, 
different behaviour of secular and  
merging driven activity 

See comprehensive review  
by Netzer 2015

T.O.R.U.S.
BLR

BLR/Outflow
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T.O.R.U.S. Toroidal Obscuration Required by Unified Schemes (M. Elitzur)



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,

2

BH gravitational influence over 
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 considered as “exotic” objects, laboratories for strong gravity 
physics and other interesting phenomena  

Accreting BHs, i.e. AGN, are important actors in the evolution of galaxies!

A change of paradigm

McConnell+2011



Most baryons are not condensed into stars: 
Mbaryon,stars/Mtotal = 0.07 (from baryonic  
Tully-Fisher, Balogh+2001, Zaritsky+2014) 
"b/"0 = 0.0486/0.309 = 0.157 (total  
fraction of baryons, Ade+2015) 
Observed mass/luminosity function of  
galaxies is different from that of dark  
haloes rescaled for "b/"0

Predicted galaxy LF including SN
 feedback 

Photoionization +
 SN feedback 

Benson etal 2003 

•  include gas cooling
 + photoionization +
 SN feedback  
=> can explain faint
 end of LF &
 condensed baryon
 fraction 
•  however, too many
 bright galaxies 
=> additional
 feedback – AGN? 

Courtesy of C. Lacey

?

Photoionization  
+ SN feedback

DM Halo f(M)

rescaled

Galaxies 
observed

Why AGN feedback?

892 K. Schawinski et al.

3.1.1 The colour–mass diagram

The observed u − r colour–mass diagrams of galaxies by morphol-
ogy at z ∼ 0 are shown in Fig. 2. Contours in each panel show
the linear density of galaxies and green lines indicate the location
of the green valley, defined from the all-galaxy panel at the upper
left. The right-hand panels show only early types (top) or late types
(bottom). These colour–mass diagrams, which constitute one of the
two main starting points of our analysis, lead us to the following
two important findings.

(i) Both early- and late-type galaxies span almost the entire u − r
colour range, that is, the classification by morphology reveals pop-
ulations of blue early-type galaxies and of red late-type galaxies
(e.g. Schawinski et al. 2009a; Masters et al. 2010b).

(ii) The green valley appears as a dip between bimodal colours
only in the all-galaxies panel; within a given morphological class,
there is no green valley, just a gradual decline in number den-
sity. Most early types lie in the red sequence with a long tail of
∼10 per cent of the population reaching the blue cloud, which could
represent a population in rapid transition, commensurate with the
original idea of the green valley as a transition zone. The late-type
galaxies, however, do not separate into a blue cloud and a red se-
quence, but rather form a continuous population ranging from blue
to red without a gap or valley in between.

The traditional interpretation (and visual impression) from the all-
galaxies diagram – that blue star-forming galaxies evolve smoothly

and quickly across the green valley to the red sequence – changes
when viewed as a function of morphology.

Specifically, the impression of bimodality in the all-galaxies
colour–mass diagram depends on the superposition of two separate
populations: late types that are mostly in the blue cloud, decreasing
smoothly all the way to the red sequence, and early types, a few of
whose colours reach all the way to the blue cloud. Consideration
of the indeterminate morphology galaxies (see Section 3.4) actu-
ally strengthens this conclusion, as they are mostly blue discs with
prominent red bulges, hence the green colours.

The blue late-type galaxies, in particular, show no signs of rapid
transition to the red sequence; indeed, they must take a very long
time to reach the red sequence (Section 3.3). The early types do
appear to transition quickly across the green valley, in that there are
few of them with green colours and even fewer with blue colours.
This suggests the bluest early types might have been produced by
major mergers of late types.

The demographics of galaxies by colour and morphology in
Table 1 make the point about evolutionary time-scale very clearly
(for the moment ignoring changes from one morphology into the
other): early types spend most of their time on the red sequence,
while late types remain in the blue cloud for most of their lifetimes.

3.1.2 The extinction-corrected colour–mass diagram

Dust extinction reddens galaxies, and significant reddening from
blue to red has been reported for high-redshift galaxies (e.g.

Figure 2. The u − r colour–mass diagram for our sample. In the top left, we show all galaxies, whereas on the right, we show the early-type (top) and late-type
galaxies (bottom); green lines show the green valley defined by the all-galaxy diagram. This figure illustrates two important findings: (1) Both early- and
late-type galaxies span almost the entire u − r colour range. Visible in the morphology-sorted plots are small numbers of blue early-type (top) and red late-type
(bottom) galaxies (e.g. Schawinski et al. 2009a; Masters et al. 2010b). (2) The green valley is a well-defined location only in the all-galaxies panel (upper left).
Most early-type galaxies occupy the red sequence, with a long tail (10 per cent by number) to the blue cloud at relatively low masses; this could represent blue
galaxies transiting rapidly through the green valley to the red sequence. More strikingly, the late types form a single, unimodal distribution peaking in the blue
(these are the main-sequence star formers) and reaching all the way to the red sequence, at higher masses, with no sign of a green valley (in the sense of a
colour bimodality). The contours on this figure are linear and scaled to the highest value in each panel.
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AGN Feedback
During BH growth AGN can release significant amount of energy 
compared to galaxy gravitational binding energy;
AGN feedback can sweep away gas in host galaxy quenching star 
formation, and BH growth … (e.g. Fabian 2012) …
Small galaxies ➙ Stellar (SN) feedback
Massive galaxies ➙ AGN feedback
Two modes of feedback: 
Quasar mode: high L/LEdd,  
radiative feedback, short time scale 
Radio mode (maintenance):  
low L/LEdd, kinetic feedback (jets),  
long time scale
Recently: positive feedback !  
Radiation pressure and winds from 
AGN can trigger star formation, up to 
~100 M⊙/yr (Ishibashi & Fabian+14, Silk
+13, Zubovas+13, Zubovas & King+14)
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A. Marconi EARLY E-ELT SCIENCE: Spectroscopy with HARMONI

BHs from spatially resolved kinematics
In general, gas clouds and stars move in the galaxy gravitational potential 
(mainly due to stars).


To detect a BH it is important to explore the region where the BH 
gravitational potential dominates.

Thus spatial resolution must be small enough to spatially resolve the 
region where the BH dominates the gravitational potential (RBH).

How much we need to resolve RBH depends on the S/N and spatial 
coverage/sampling of the data
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Considering the projected angular dimensions on the plane of the sky:



Two kinds of spectrographs


Longslit spectrographs 
provide spectra at position x along the slit (1 spatial dimension)


Integral Field Units (IFU) 
provide spectra at position x,y (2 spatial dimensions)  
→ datacube (x, y, λ)

Importance of IFUs

x
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xy
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λ

slice in x,λ 
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observation 
from longslit 
spectrum)

Datacube  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(image at λ)



M87: Gas kinematics
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Figure 1. HST WFPC2/PC F547M (left) and continuum-subtracted Hα+[N ii]
(right) images of the M87 nucleus. The images have been rotated such that the
STIS instrumental y-axis points upward, and each box is 1.′′7 on a side. The five
STIS slit positions are overplotted on the continuum-subtracted image, and the
length of the rectangles show the region over which the emission lines could be
measured.

individual IRAF5 tasks within the standard Space Telescope
Science Institute (STScI) pipeline, with the exception of the
cosmic-ray cleaning step. The reduced, geometrically rectified,
subexposures were aligned and combined using the IRAF tasks
IMSHIFT and IMCOMBINE in order to produce the final two-
dimensional (2D) STIS image at each of the five slit positions.

Furthermore, from the HST archive we retrieved Wide Field
Planetary Camera 2 (WFPC2) F658N, F547M, and F702W
images, which were originally made under programs GO-5122
and GO-5476 and had the M87 nucleus placed on the PC
detector. The images in each filter were taken as a sequence
of two individual exposures with total exposure times of 2700 s,
800 s, and 280 s for the F658N, F547M, and F702W images,
respectively. The subexposures were combined and the cosmic
rays were rejected using the IMCOMBINE and LA-COSMIC IRAF
tasks. We then created a continuum-subtracted Hα+[N ii] image
by rotating the F658N and F702W images to a common
orientation, and subtracting a scaled version of the F702W image
from the F658N image. The scale factor was chosen such that
a background region in the continuum-subtracted image would
have a mean flux as close to zero as possible. In Figure 1, we
present the emission-line image with the location of the STIS
slits overlaid, as well as the F547M WFPC2 image. A compact
central source and an extended disk structure with several spiral-
like wisps is seen in the continuum-subtracted image, as was
previously found by Ford et al. (1994).

3. EMISSION-LINE KINEMATICS

From each of the 2D STIS images, we extracted spectra from
individual rows out to ∼0.′′5 from the slit center, which is as
far as the emission lines were detectable. At locations where
the emission lines became weak, we binned together three STIS
rows in order to improve the signal-to-noise ratio (S/N). Prior
to measuring the emission-line kinematics, we subtracted the
starlight continuum on a row-by-row basis by fitting a line
between wavelengths 6295–6862 Å excluding the regions near
the emission lines, then subtracting this fit from the spectrum.
Due to the low S/N in the continuum and the small wavelength
range, a straight line is a sufficient description of the continuum
near Hα and we do not attempt a more complicated subtraction.
Below we detail our spectral fitting procedure and describe the
observed velocity fields.

5 IRAF is distributed by the National Optical Astronomy Observatory, which
is operated by the Association of Universities for Research in Astronomy
under cooperative agreement with the National Science Foundation.

3.1. Spectral Fitting Method

We simultaneously fit three single Gaussians to the
continuum-subtracted Hα and [N ii] emission lines using the
MPFIT library in IDL (Markwardt 2009), which employs a
Levenberg–Marquardt least-squares minimization technique.
We then performed a Monte Carlo, adding random Gaussian
noise to the spectrum based upon the model residuals, and refit
the new spectrum to determine the velocity, velocity dispersion,
and flux for each of the three emission lines during each itera-
tion. From the resulting distributions, we were able to determine
whether the [N ii] λ6548 and λ6583 velocities were consistent
within 2σ . If the velocities were consistent, we calculated the
mean and the 2σ errors from the combined distribution of the
[N ii] velocities, which was taken to be the final velocity and
error for that spectral row. The same process was adopted for the
[N ii] velocity dispersions and for 3× the flux of the [N ii] λ6548
line and the flux of the [N ii] λ6583 line. If instead the kinemat-
ics of the [N ii] lines were not consistent, we fit progressively
more constrained models (such as tying together the [N ii] ve-
locity widths) until the [N ii] kinematics were consistent. With
our approach, we are assuming that the [N ii] velocities should
be equal, the [N ii] velocity dispersions should be the same, the
fluxes of the [N ii] lines should maintain a 3:1 ratio (as dictated
by atomic physics), and that any differences that are seen are
due to fitting error. We chose not to fit Gaussian models that
enforce these constraints from the start because we found doing
so produced very small errors on the kinematics—typically we
measured velocity errors of only a few km s−1 for the good S/N
spectra (while the STIS pixel scale is ∼25 km s−1).

We also tested whether the spectral fits could be significantly
improved with the addition of a broad Hα component described
by a single Gaussian. Including a broad component either caused
the χ2 per degree of freedom (χ2

ν ) to decrease by less than
15%, produced a broad component with zero flux, or resulted
in unreasonably small fluxes and/or line widths for the Hα and
[N ii] narrow components. We cannot fully rule out the existence
of a compact broad-line region, but the data do not require the
presence of a physically distinct broad-line component, similar
to the giant elliptical galaxy M84 (Walsh et al. 2010). In both
these galaxies, the very broad central line widths are consistent
with coming from the inner portion of the rotating disk. Thus,
the kinematics presented here come from single Gaussian fits
to the Hα and [N ii] lines only without the inclusion of a model
for a broad component.

While the above fitting method worked well for many of the
observed spectra, the spectra extracted near the center of slit
positions 2–4 were complex with severely blended emission
lines. In addition, some of these rows showed artifacts, in the
form of a periodic fluctuation in the flux, from the geometric
rectification step of the data reduction (Dressel et al. 2007).
Moreover, spectra extracted near the center of slit position
5 exhibited blended [N ii] λ6548 and Hα emission lines and
a noisy [N ii] λ6583 line that may be double-peaked. It was
therefore difficult to decompose the spectra into Hα and [N ii]
components with accurate and unique mean velocities, velocity
dispersions, and fluxes, even when applying constraints to the
three single Gaussians that were being fit. Consequently, we
consider the measurements from the central rows of slits 2–5
to be unreliable and we do not use them to constrain our
gas-dynamical models. The innermost kinematic measurements
provide relatively little useful information when constraining
the disk models because the line profiles near the nucleus
are dominated by rotational broadening and blurring by the

3
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Figure 4. The emission-line velocity, velocity dispersion, and flux (black points) measured as a function of location along the slit for the five slit positions. The
numbers at the top left of each plot correspond to the slit locations shown in Figure 1, while the negative and positive Y Offsets correspond to the bottom and top
half of the slits, respectively, depicted in Figure 1. We defined Y Offset = 0 to be the spectral row with the largest continuum flux. Gray points indicate the velocity
measurements that were considered unreliable and are plotted for reference, while the corresponding velocity dispersion and flux measurements are left off the figure.
Spectral rows that were binned together to improve the S/N are shown with error bars along the x-axis. The spectra from the bottom portion of slit 1 had very poor
S/N and we were unable to obtain kinematic measurements. The best-fit dynamical model for M87 without an asymmetric drift correction is overplotted with the red
solid line, and the best-fit systematic velocity is displayed with the dashed black line. A single scaling factor has been applied to the model emission-line fluxes such
that the median values of the model and data would match. The dotted red line shows the model line widths without the inclusion of an intrinsic velocity dispersion.
(A color version of this figure is available in the online journal.)

we searched for a new parameterization of the intrinsic velocity
dispersion that would match these few points, at the expense
of being able to reproduce the observed velocity dispersions at
the other locations. Since the distribution of the observed line
widths is asymmetric, and the velocity dispersions at negative
Y Offsets are generally larger than those measured at positive Y
Offsets, we modified the input kinematics by simply replacing
the observed velocity dispersions from the positive Y Offset
side with the values from the negative Y Offset side. We then fit
gas-dynamical models with an asymmetric drift correction first
to the modified line widths and then to the velocities. We deter-
mined that the intrinsic velocity dispersion was best character-
ized as a constant+exponential function, with σ0 = 202 km s−1,
σ1 = 2040 km s−1, and r0 = 4.4 pc, and that the black hole
mass increased by 20% to MBH = 4.2 × 109 M⊙. As can be
seen in Figure 7, the new model is able to sufficiently match the
high velocity dispersions observed at Y Offsets of −0.′′10 and
−0.′′15 from slits 3 and 4.

The formal model fitting error and the additional sources of
uncertainty were added in quadrature to derive the final range
of black hole masses. Thus, we find the M87 black hole mass is
(2.8–4.4) ×109 M⊙ (1σ uncertainties) and (2.7–6.9) ×109 M⊙
(3σ uncertainties) with a best-fit value of 3.5 × 109 M⊙. We

propagated the 6% increase in the black hole mass resulting
from the asymmetric drift correction into the upper uncertainty
of MBH only. Even when using an extreme characterization of
the intrinsic velocity dispersion to better match the observed
line widths at Y Offsets of −0.′′10 and −0.′′15 in slits 3 and
4, the black hole mass does not increase beyond the final 1σ
uncertainties.

7. DISCUSSION AND CONCLUSIONS

Using newly acquired STIS observations of M87 with the
0.′′1-wide aperture at five adjacent parallel positions, we have
measured the [N ii] velocity, velocity dispersion, and flux well
within the black hole’s dynamical sphere of influence. Through
gas-dynamical modeling of the STIS data, we have determined
that the mass of the black hole is MBH = (3.5+0.9

−0.7) × 109 M⊙.
This black hole mass is similar to the expectations from the
MBH–bulge relations. With σ⋆ = 324 km s−1 (Gebhardt et al.
2011) and a V-band luminosity calculated from MV = −22.71
(Lauer et al. 2007), the most recent calibrations of the MBH–σ⋆

relation suggest that MBH ∼ 3×109 M⊙ (Graham & Scott 2013;
McConnell & Ma 2013) and the MBH–Lbul correlation predicts
MBH = 2 × 109 M⊙ (McConnell & Ma 2013).
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FIG. 1.ÈPositions of the slit during the observations compared with the Ha ] N II image of the M87 disk from the WFPC2 archive. The gray levels are
between 0% and 40% of the nuclear peak in the outer region. The nucleus has been rescaled to be displayed within this range of values. North is up and east is
to the left.

frames.
In addition, geometric distortion is also induced on the slit and dispersion directions by the spectrographic mirror and the

grating. The distortion in the dispersion direction was determined by tracing the spectra of two stars taken in the core of the
47 Tucanae globular cluster. These stars are ^130 pixels apart and almost at the opposite extremes of the slit. The distortion
along the slit direction was determined by tracing the brightness distribution along the slit of the planetary nebula NGC 6543
emission lines. Ground-based observations (Perez, Cuesta, Axon, & Robinson, in preparation) indicate that the distortion

TABLE 1

LOG OF OBSERVATIONS

Integration Time
Target Data Set Date (1996) (s) Format Description

M87 . . . . . . . . . . . . . X3E40101T Jul 25 297 1024 ] 512 Interactive acq.
M87 . . . . . . . . . . . . . X3E40102T Jul 25 2169 1024 ] 512 Spectrum =POS1
M87 . . . . . . . . . . . . . X3E40103T Jul 25 600 1024 ] 512 Internal Ñat
M87 . . . . . . . . . . . . . X3E40104T Jul 25 600 1024 ] 512 Internal dark
M87 . . . . . . . . . . . . . X3E40105T Jul 25 2169 1024 ] 512 Spectrum 1 =NUC
M87 . . . . . . . . . . . . . X3E40106T Jul 25 600 1024 ] 512 Internal Ñat
M87 . . . . . . . . . . . . . X3E40107T Jul 25 2169 1024 ] 512 Spectrum =POS2
M87 . . . . . . . . . . . . . X3E40108T Jul 25 600 1024 ] 512 Internal Ñat
M87 . . . . . . . . . . . . . X3E40109T Jul 25 2597 1024 ] 512 Spectrum 2 =NUC
M87 . . . . . . . . . . . . . X3E4010AT Jul 25 600 1024 ] 512 Internal Ñat
M87 . . . . . . . . . . . . . X3E4010BT Jul 25 2597 1024 ] 512 Spectrum 3 =NUC
M87 . . . . . . . . . . . . . X3E4010CT Jul 25 600 1024 ] 512 Internal Ñat
M87 . . . . . . . . . . . . . X3E4010DT Jul 25 2597 1024 ] 512 Spectrum 4 =NUC

47 Tuc . . . . . . . . . . X34I0108T Apr 4 477 1024 ] 256z Spectrum
47 Tuc . . . . . . . . . . X34I0109T Apr 4 600 1024 ] 256z Internal Ñat
NGC 6543 . . . . . . X3BD0102T Sep 10 682 1024 ] 512 Spectrum
NGC 6543 . . . . . . X3BD0105T Sep 10 500 1024 ] 512 Internal Ñat

SUPERMASSIVE BLACK HOLE OF M87 595

FIG. 15.ÈPredicted rotation curves at POS1 and POS2 for Ðt A (solid line), B (dotted line) and C (dashed line). Given the uncertainties on the zero points
described in the text, the data points have been shifted in velocity and space to match model A.

weighting of the luminosity distribution can result in an overestimate of the mass of up to 0.5 ] 109 still within theM
_

,
formal uncertainties of the Ðt derived below. The weak dependence of the model rotation curve on the luminosity distribution
is important because the true luminosity distribution for [O II] is unknown.

The presence of a ““ hole ÏÏ at the center of the luminosity distribution whose size is comparable with the FWHM of the PSF
has little e†ect on the rotation curve but, as we shall see in holes do have an e†ect on the width of the line proÐles.° 9,

Using this modiÐed Ðtting function under the same basic assumptions described in leads to the parameters given in° 7
The errors quoted are conservative as they are based on the mean absolute deviation of values obtained from theTable 4.

histogram of the local minima.
As a sanity check, we have repeated the above Ðtting procedure taking into account the luminosity proÐles plotted in

i.e., exponential and power-law dependences on radius (see We found that the luminosity weighting introducesFigure 13, ° 9).
no signiÐcant change in the loci of acceptable solutions.

The PSF smearing has three e†ects on the model Ðts, Ðrstly, as one would expect, the required black hole mass is increased
to compensate for the lowering of the velocity amplitudes. In addition the inclination is more poorly constrained and larger
angles with the line of nodes become admissible. However, taking into account the POS1 and POS2 data restricts the
inclination to less than ^65¡.

Three representative Ðts with acceptable values of the reduced s2 are shown in and have the correspondingFigure 14
parameters : (Ðt A :) cpix\ 23.0, h \ [9¡, km s~1 (s2\ 2.08) ;b \ 0A.08, M

BH
(sin i)2\ 1.91 ] 109 M

_
, i \ 51¡V

sys
\ 1290

(Ðt B) cpix\ 22.7, h \ 1¡, km s~1 (s2\ 1.90) ; (Ðt C) cpix\b \ 0A.08, M
BH

(sin i)2\ 1.93 ] 109 M
_

, i \ 52¡V
sys

\ 1203
22.5, h \ 7¡, km s~1 (s2\ 1.82). The main di†erence betweenb \ 0A.085, M

BH
(sin i)2\ 2.00 ] 109 M

_
, i\ 50¡V

sys
\ 1146

the Ðts is in the sign of h since the analysis of the rotation curve alone cannot distinguish between them but, as described in the
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FIG. 12.ÈBest Ðts of the observed rotation curve with the Keplerian thin disk model. The solid line corresponds to cpix\ 22.7, b \ 0A.08, M
BH

(sin i)2\

km s~1 and the dotted line to cpix\ 22.7,1.73 ] 109 M
_

, h \ 0¡.7, i \ 49¡V
sys

\ 1204 b \ 0A.06, M
BH

(sin i)2\ 1.68 ] 109 M
_

, h \[5¡.1, i \ 60¡V
sys

\

km s~1 (s2\ 1.73). The residuals are computed for the former set of values and the error bars on the velocity are the square roots of the denominators of1274
eq. (9).

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

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

ps

V
ps

(S) \
/
S~*S

S`*S ds /
B~h

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

/
S~*S

S`*S ds /
B~h

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

, (8)

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

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

J2np2
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2
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p2

[
1
2

(b@[ b)2
p2

D
. (9)

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

VLT/SINFONI H2 2.12 !m 
observations (Neumayer+2007)

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

5.3. Best-fit Model and Black Hole Mass

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

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

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

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

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

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

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

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

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

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

Fig. 12.—Constraining the mass of the central black hole: the figure indicates
the grid of models (in black hole mass, MBH, and disk inclination) that was cal-
culated, and the contours show!" 2 in the vicinity of the best-fit dynamical mod-
els for matching the H2, kinematics. The minimum " 2 model is at MBH % 4:5 ;
107 M$ and amedian disk inclination of 34&. The contours indicate the 1, 2, and 3
! confidence levels, respectively (see text for details).
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where MBH is the mass of the black hole, G is the gravitational
constant and !! is the velocity dispersion of the stellar spheroid.
In the velocity field, this is the point of minimum rotation, where
the black hole stops to dominate the gravitational potential, be-
fore the stars (with their rising rotation curve) take over. For our
H2 velocity this is at"0.800, as seen in Figure 16 (left). For Cen A
we have the following numbers: !! ¼ 138 km s$1 (Silge et al.
2005), at D ¼ 3:5Mpc, rBH ¼ 0:800 % 0:100 ¼ 13:2 pc % 1:7 pc,
and therefore we get MBH ¼ (6:0 % 0:7) ; 107 M&.

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

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

The best-fit black hole mass derived through modeling of the
H2 kinematics,MBH ¼ 4:5þ1:7

$1:0

! "
; 107 M& at i ¼ 34( % 4(, is in

good agreement with the mass derived by HN+06 [(6:1þ0:6
$0:8) ;

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

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

CENTRAL PARSECS OF CENTAURUS A 1341No. 2, 2007MBH = 4.5 × 107 M⊙ MBH = 0 Warped disk model

VLT/ISAAC [FeII],  
Br# & H2 2.12 !m 
observations 
(Marconi+2001)
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explain the observed near-IR morphology. Schreier et al.
(1996) showed that HST R-band imaging polarimetry is
also consistent with dichroic polarization from such a disk.

The Ðrst observational evidence for a large mass concen-
tration at the nucleus of Cen A came from CO kinematical
observations of the nuclear region ; these suggested a
compact, 100È300 pc scale circumnuclear ring enclosing a
mass of D109 (Israel et al. 1990, 1991 ; Rydbeck et al.M

_1993 ; Hawarden et al. 1986). Infrared Space Observatory
(ISO) imaging by Mirabel et al. (1999) provided morpho-
logical evidence that the molecular material within the
central 2 kpc might be in the form of a gaseous bar. Paa
narrowband images obtained with NICMOS on the HST
(Schreier et al. 1998, hereafter Paper I) revealed an elon-
gated (D2@@ ] 1@@) emission-line region centered on the
nucleus ; this was interpreted as an extended accretion disk
around the AGN. Marconi et al. (2000, hereafter Paper II)
presented a detailed study of the photometric structure of
the galaxy interior to the dust lane using NICMOS and
WFPC2, which led to a black hole mass estimate of 109

using BH growth models by van der Marel (1999). ToM
_

,
conÐrm the presence of a black hole, and to better measure
its mass, requires high spatial and spectral resolution IR
spectroscopy, as is now becoming possible with the new
generation of 8 m class telescopes, with state-of-the-art
infrared arrays.

In this paper, we report the results of a high spatial
resolution near-IR spectroscopic study of both the ionized
and molecular gas in the central region of the galaxy. Our
data, obtained with ISAAC at the ESO Very Large Tele-
scope, allow us to study the kinematics of the circumnuclear
disk discovered in Paper I on subarcsecond scales and to
obtain a dynamical mass estimate for the central black hole.
In ° 2 we discuss the spectroscopic observations and data
reduction. The results themselves are described in ° 3, which
also discusses the di†erence in the kinematics between the
ionized and the molecular gas and compares our results
with those obtained previously at other wavelengths.
Section 4 presents our kinematic modeling of the ionized
gas velocity Ðeld of the nuclear disk. In ° 5, we summarize
the evidence for a supermassive BH at the nucleus of Cen A
and the consequences for understanding AGNs and the
BH-mass versus bulge-mass relationship. In particular, in
° 5.3 we discuss the kinematics of the molecular gas and
provide direct evidence for the kinematic signature of a
weak gaseous bar. Our conclusions are presented in ° 6.

Throughout the paper, we assume a distance to Cen A of
3.5 Mpc (Tonry 1991 ; Hui et al. 1993 ; Soria et al. 1996) and
an average heliocentric systemic velocity of Vhel \ 543 ^ 2
km s~1 (Israel 1998).

2. OBSERVATIONS AND DATA REDUCTION

Near-infrared observations were performed in 1999 May,
June, and July, with ISAAC mounted at the Antu unit
(UT1) of the VLT telescope. ISAAC (Moorwood et al. 1999)
is a near-IR imager and spectrograph equipped with a
1024 ] 1024 Rockwell detector whose pixels subtend 0A.147
on the sky. The observations consisted of medium reso-
lution spectra obtained with the slit and the grating0A.3
centered at j \ 1.27 km (J) and j \ 2.15 km (K). The dis-
persion was 0.6 pixel~1 and 1.2 pixel~1, respectively,A! A!
yielding a resolving power of 10,000 in J and 9000 in K.

Seeing during observations (performed in service mode)
was in the range with photometric conditions. At a0A.4È0A.6,
given position angle of the slit, the observation procedure
was to obtain an acquisition image in K and then center the
slit on the prominent nuclear peak (Paper I). For o†-nuclear
positions a small telescope movement perpendicular(^0A.3
to the slit) was subsequently performed. After positioning
the slit, observations consisted of several pairs of exposures
in which the object was moved to two di†erent positions
along the slit (which we call A and B), in order to perform
sky subtraction. This led to an e†ective slit length of 45A.
The on-chip integration time was 180 s, resulting in a total
on-source integration time of 36 minutes at each slit posi-
tion. The slit positions are summarized in Figure 1, and the
observation log is given in Table 1. The orientation of the
NUC-1 slit was chosen to align with the major axis of the
Paa disk. To give a clearer picture of any kinematical signa-
ture of the molecular bar, the NUC-2 slit was oriented
along the bar major axis.

Data reduction was standard for near-IR spectroscopy
and performed using IRAF.3 In each A or B frame, we Ðrst
removed the electronic ghost using task is–ghost in the ESO
ECLIPSE package (Devillard 1997). The frames were then
Ña-Ðelded with di†erential spectroscopic dome exposures,
and sky subtraction was performed for each couple of
frames (A-B). Corrections for geometrical distortion of the

3 IRAF is made available to the astronomical community by the
National Optical Astronomy Observatories, which are operated by
AURA, Inc., under contract with the U.S. National Science Foundation.

FIG. 1.ÈSlit positions overlaid, from left to right, on the F222M and Paa NICMOS2 images (Schreier et al. 1998) and on the NICMOS3 Paa image by
Marconi et al. (2000). The ““ NUC ÏÏ and ““ OFF ÏÏ labels indicate the slit positions described in Table 1. ““ s] ÏÏ and ““ s[ ÏÏ indicate the sign of the position along
the slit used in the following Ðgures. North is up and east is left.

FIG. 12a

FIG. 12b

FIG. 12.ÈObserved nuclear rotation curves (solid squares are for Pab, empty squares for [Fe II]) with model Ðt (solid line). The lower insets in each panel
are the residuals. The label at the top of each panel indicates the assumed inclination and reduced value.sRed2
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Figure 8. Data-model comparison for the best-fitting three-integral model. Top two panels: the top row shows the bisymmetrized and linearly interpolated
100 mas SINFONI data of Fig. 4. The second row shows the best-fitting dynamical model predictions. The central bins that were excluded from the fit are
shown with the white diamonds. Bottom two panels: same as in the top two panels, for the 250 mas SINFONI kinematics. For each quantity, the colour scale
is the same in the two instrumental configurations.

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

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

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

C⃝ 2009 The Authors. Journal compilation C⃝ 2009 RAS, MNRAS 394, 660–674
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radius provide a rough indication of the model uncertainties. Also shown
are the break radius (or core radius) Rb, the BH radius of influence RBH and
the σ of the best-fitting Gaussian model of the SINFONI 100 mas PSF.

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

The dotted line shows the model prediction, still with the same
β profile as for the previous models, for MBH = 2 × 108 M⊙. This
is the best-fitting value determined by Silge et al. (2005) from the
GNIRS data. This model has a much steeper Vrms profile near the
centre, which seems to qualitatively reproduce the steeper rise of
the Vrms in the GNIRS data within R ! 1. Unfortunately, we cannot
compare our Jeans models with the more nuclear GNIRS kinematics
(R ! 0.5 arcsec). Those measurements have rather extreme h4 " 0.2
values. In this case, it becomes not possible to reliably translate the
kinematics into a true Vrms value, as required by the Jeans equations.
In fact, when the Gauss–Hermite moments are large, the Vrms one
can derive by formally integrating over the LOSVD is extremely
sensitive to the wings of the LOSVD which are observationally not
well constrained. For this reason, we limit our comparison to the
remaining values, for which h4 is consistent with zero within the
1σ errors. Our comparison suggests that the near four times higher
value for MBH derived by those authors is not due to differences in
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We now have over 80 detections and 

mass measurements of Black Holes in 

nearby galaxies (see “databases", e.g., 

McConnel & Ma 2011, Kormendy & Ho 

2013, Graham & Scott 2013) 


Most early 2000 detections dominated 

by HST/STIS


Most late 2000 detections dominated by 

AO assisted IFU observations (e.g. VLT/

SINFONI, Keck/NIFS)
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Relations with host galaxy (II)

Häring & Rix 2004

MBH-M

Marconi & Hunt 2003

MBH-L MBH-M

Graham+2010

MBH-σ
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Figure 1. M–σ relation for galaxies with dynamical measurements. The symbol indicates the method of BH mass measurement: stellar dynamical (pentagrams), gas
dynamical (circles), masers (asterisks). Arrows indicate 3σ68 upper limits to BH mass. If the 3σ68 limit is not available, we plot it at three times the 1σ68 or at 1.5 times
the 2σ68 limits. For clarity, we only plot error boxes for upper limits that are close to or below the best-fit relation. The color of the error ellipse indicates the Hubble
type of the host galaxy: elliptical (red), S0 (green), and spiral (blue). The saturation of the colors in the error ellipses or boxes is inversely proportional to the area of
the ellipse or box. Squares are galaxies that we do not include in our fit. The line is the best fit relation to the full sample: MBH = 108.12 M⊙(σ/200 km s−1)4.24. The
mass uncertainty for NGC 4258 has been plotted much larger than its actual value so that it will show on this plot. For clarity, we omit labels of some galaxies in
crowded regions.

relation from sample S. The distribution of the residuals appears
consistent with a normal or Gaussian distribution in logarithmic
mass, although the distribution is noisy because of the small
numbers. For a more direct test of normality we look at log(MBH)
in galaxies with σe between 165 and 235 km s−1, corresponding
to a range in log(σe/200 km s−1) from approximately −0.075
to 0.075. The predicted masses for the 19 galaxies in this
narrow range differ by at most a factor of 4.3, given our
best-fit relation. The power of having a large number of
galaxies in a narrow range in velocity dispersion is evident
here, as there is no need to assume a value for the slope of

M–σ or even that a power-law form is the right model. The
only assumption required is that the ridge line of any M–σ
relation that may exist does not change substantially across
the range of velocity dispersion. The mean of the logarithmic
mass in solar units is 8.16, and the standard deviation is
0.45. The expected standard deviation in mass is 0.19, based
on the rms dispersion of log(σe/200 km s−1) (0.046) in this
range times the M–σ slope β; thus the variation in the ridge line
of the M–σ relation in this sample is negligible compared to
the intrinsic scatter. We perform an Anderson–Darling test for
normality with unknown center and variance on this sample of

Gultekin+2009

MBH-σ

1486 E. Sani et al.

3 R ESULTS

In the previous section, we have verified the validity of our 2D de-
composition by exploring the 3.6 µm FP for ellipticals, which turns
out to be as tight as that observed by JI08 (private communication).
Here, we study the relations between MBH and the bulge structural
parameters listed in Tables 2 and 3, respectively. To analyse the
MBH–bulge scaling relations, we adopt the following three different
fitting methods.

(1) A bisector linear regression (Akritas & Bershady 1996),
which uses the bivariate correlated errors and intrinsic scatter
(BCES) method. Whereas this method takes into account the in-
trinsic scatter, it does not allow any determination of it. Hence,
the intrinsic rms has been estimated with a maximum likelihood
method assuming normally distributed values.

(2) The linear regression FITEXY method as modified by T02,
which accounts for the intrinsic scatter by adding, in quadrature,
a constant value to the error of the dependent variable in order to
obtain a reduced χ 2 of 1.

(3) A Bayesian approach to linear regression, LINMIX_ERR
(Kelly 2007), which accounts for measurement errors, non-
detections and intrinsic scatter to compute the posterior probability
distribution of parameters.

The MBH–bulge relations we fit are in the following form:

log M•/M⊙ = α + β × (x − x0), (2)

where x is the logarithm of a measured bulge structural parameter
expressed in solar units and x0 is its mean value used to reduce the
covariance between the fit parameters. As described below, the three
methods provide consistent results for the MBH–bulge relations.

Since the LINMIX_ERR is argued to be among the most robust
regression methods for reliable estimates of the intrinsic dispersion
(Kelly 2007), we use it to obtain the final results on the MBH–bulge
scaling relations. We still use the BCES and FITEXY methods for
comparison with previous works.

The fitting results are plotted in Figs 2, 3, and 5, where we present
the MBH–Lbul, MBH–Mdyn and MBH–σ relations, respectively. The
MBH–σ relation is analysed only to provide a consistent compari-
son with MBH–Lbul and MBH–Mdyn in terms of sample and fitting
methods.

We exclude from the linear regressions the nine sources classified
as pseudo-bulges. This allows us to verify, and possibly quantify,
whether pseudo-bulges follow the same scaling relations as classical
bulges. From a visual inspection of Figs 2–5, pseudo-bulges with
large BH masses (MBH > 107 M⊙) follow the relations, while those
with low BH masses deviate significantly from the scaling relations
defined by classical bulges. Deviant pseudo-bulges are analysed in
the following sections and discussed in Section 4.

In the following, after describing in details the MBH–bulge rela-
tions at 3.6 µm, we compare them with the published results ob-
tained at shorter wavelengths. Finally in Section 3.4, we explore the
possible MBH correlation with σ and Re separately as suggested by
MH03, Hopkins et al. (2007) and Graham (2008a).

Figure 2. Scaling relations. The MBH as a function of 3.6 µm luminosity (in equation 3). The linear regressions are shown as dot–dashed blue, dashed
green and red continuous lines, respectively, for the BCES, FITEXY and LINMIX_ERR methods, and are obtained from classical bulges only (47 sources).
Pseudo-bulges are open red squares.

C⃝ 2011 The Authors, MNRAS 413, 1479–1494
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BH Galaxy relations
BH mass correlates with many structural properties of the host spheroid


velocity dispersion, luminosity, virial product / mass

Kormendy & Ho 2013



BH Galaxy relations
But our view has further changed in recent years


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

classical bulges: form after merger events,  
feedback is important

pseudo bulges: form by secular processes,  
no feedback required

but there are BHs in 
bulgeless galaxies …


More complex than we 
previously thought … 

e.g., Kormendy & Ho 2013



Modifying BH-galaxy coevolution

Kormendy & Ho (2013) propose a modification of BH-galaxy coevolution

At high mass end (early type galaxies, classical bulges) BH grow by 
dissipative “wet” merging; feedback and subsequent many random “dry” 
merging tighten the MBH-$ correlation

At low mass end (pseudobulges, bulgeless galaxies) secular / dynamical 
processes are more important in feeding BH, mergers transform stellar 
disks into bulges and increase scatter
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win et al. 2003, 2015; Athanassoula 2005; Gadotti 2009;
MacArthur et al. 2009; dos Anjos & da Silva 2013; Seidel
et al. 2015). In the recent literature, pseudo- and clas-
sical bulges have frequently been divided at the Sérsic
index nsph = 2 (e.g. Sani et al. 2011; Beifiori et al. 2012),
although, from a selection of hundreds of disc galaxies
imaged in the K-band, Graham & Worley (2008) ob-
served no bimodality in the bulge Sérsic indices about
nsph = 2 or any other value. While pseudo-bulges are
expected to have exponential-like surface brightness pro-
files (nsph ' 1), being disky components that formed
from their surrounding exponential disks (e.g. Bardeen
1975; Hohl 1975; Combes & Sanders 1981; Combes et al.
1990; Pfenniger & Friedli 1991), it has been shown that
mergers can create bulges with nsph < 2 (e.g. Eliche-
Moral et al. 2011; Scannapieco et al. 2011; Querejeta
et al. 2015), just as low-luminosity elliptical galaxies (not
built from the secular evolution of a disk) are also well
known to have nsph < 2 and even nsph < 1 (e.g. Davies
et al. 1988; Young & Currie 1994; Jerjen et al. 2000).
The use of the Sérsic index (in addition to rotation) to
identify pseudo-bulges is thus a dangerous practice.
Sani et al. (2011) reported that pseudo-bulges – which
they labelled as such according to the nsph < 2 crite-
rion – with low black hole masses (MBH < 107 M�)
are significantly displaced from the correlation traced by
their (classical) bulges with nsph > 2. In Figure 3, we
show the distribution of spheroid Sérsic indices11 in the
MBH�Lsph diagram. Our aim is to check whether bulges
with nsph < 2 are o↵set to lower black hole masses from
the correlation defined by bulges with nsph > 2. To do
this, we fit a symmetrical linear regression to the bulges
that have nsph > 2 and we then compute the vertical
o↵set of all bulges from this regression. In Figure 3, we
plot the vertical o↵set against nsph. Among the 23 bulges
with nsph < 2, 12 have a positive vertical o↵set and 11
have a negative vertical o↵set. Kormendy (2015) pro-
vides a list of many pseudo-bulge classification criteria,
including the divide at nsph = 2, and cautions that each
individual criterion has a failure rate of 0-25%. If this
is true, we should have that no less than 75% of bulges
with nsph < 2 display a negative vertical o↵set12. What
we observe, instead, is that there are the same number
of bulges with nsph < 2 lying above and below the cor-
relation defined by bulges with nsph > 2, and that the
amplitude of their o↵set is the same (. 1.5 dex). That
is, bulges with nsph < 2 do not appear to be o↵set from
the correlation traced by bulges with nsph > 2.

4.3. Black hole mass – spheroid stellar mass

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

⇤,sph , consistent with a dry-merging formation sce-
nario, and define a tight early-type sequence with intrin-

11 The spheroid Sérsic indices are taken from our galaxy decom-
positions (Paper I ).

12 One reaches the same conclusion when using the vertical o↵set
from the correlation defined by bulges with nsph > 3 or even nsph >
4. There are 13 and 10 bulges with nsph < 2 that lie above and
below, respectively, the correlation traced by bulges with nsph >
3. Similarly, there are 15 and 8 bulges with nsph < 2 that lie
above and below, respectively, the correlation traced by bulges with
nsph > 4.
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Fig. 2.— Black hole mass plotted against 3.6 µm spheroid abso-
lute magnitude. Symbols have the same meaning as in Figure 1.
The red dashed line indicates the BCES bisector linear regression
for the spheroidal component of the 45 early-type (E+S0) galax-
ies, with the red shaded area denoting its 1� uncertainty. The blue
solid line shows the BCES bisector linear regression for the bulges
of the 17 late-type (Sp) galaxies, with the blue shaded area denot-
ing its 1� uncertainty. The black dashed-dotted and dotted lines
represent the BCES bisector linear regressions for the core-Sérsic
and Sérsic spheroids, respectively.

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

sph .

sic scatter ✏(Y |X) = 0.43 ± 0.06 dex. On the other hand,
the bulges of the spiral galaxies trace a steeper late-type
sequence, whose slope is less well constrained due to the
smaller size of the subsample and, more importantly, to
the smaller range in M⇤,sph that the subsample spans.
For the bulges of spiral galaxies, the BCES code returns
a log-linear relation with a slope = 3.00 ± 1.30, while
the modified FITEXY routine finds a shallower (but still
consistent within the 1� uncertainty) slope = 2.28+1.67

�1.01.
The Bayesian estimator of Kelly (2007) fails in perform-
ing an inverse (X|Y ) linear regression for the subsam-
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win et al. 2003, 2015; Athanassoula 2005; Gadotti 2009;
MacArthur et al. 2009; dos Anjos & da Silva 2013; Seidel
et al. 2015). In the recent literature, pseudo- and clas-
sical bulges have frequently been divided at the Sérsic
index nsph = 2 (e.g. Sani et al. 2011; Beifiori et al. 2012),
although, from a selection of hundreds of disc galaxies
imaged in the K-band, Graham & Worley (2008) ob-
served no bimodality in the bulge Sérsic indices about
nsph = 2 or any other value. While pseudo-bulges are
expected to have exponential-like surface brightness pro-
files (nsph ' 1), being disky components that formed
from their surrounding exponential disks (e.g. Bardeen
1975; Hohl 1975; Combes & Sanders 1981; Combes et al.
1990; Pfenniger & Friedli 1991), it has been shown that
mergers can create bulges with nsph < 2 (e.g. Eliche-
Moral et al. 2011; Scannapieco et al. 2011; Querejeta
et al. 2015), just as low-luminosity elliptical galaxies (not
built from the secular evolution of a disk) are also well
known to have nsph < 2 and even nsph < 1 (e.g. Davies
et al. 1988; Young & Currie 1994; Jerjen et al. 2000).
The use of the Sérsic index (in addition to rotation) to
identify pseudo-bulges is thus a dangerous practice.
Sani et al. (2011) reported that pseudo-bulges – which
they labelled as such according to the nsph < 2 crite-
rion – with low black hole masses (MBH < 107 M�)
are significantly displaced from the correlation traced by
their (classical) bulges with nsph > 2. In Figure 3, we
show the distribution of spheroid Sérsic indices11 in the
MBH�Lsph diagram. Our aim is to check whether bulges
with nsph < 2 are o↵set to lower black hole masses from
the correlation defined by bulges with nsph > 2. To do
this, we fit a symmetrical linear regression to the bulges
that have nsph > 2 and we then compute the vertical
o↵set of all bulges from this regression. In Figure 3, we
plot the vertical o↵set against nsph. Among the 23 bulges
with nsph < 2, 12 have a positive vertical o↵set and 11
have a negative vertical o↵set. Kormendy (2015) pro-
vides a list of many pseudo-bulge classification criteria,
including the divide at nsph = 2, and cautions that each
individual criterion has a failure rate of 0-25%. If this
is true, we should have that no less than 75% of bulges
with nsph < 2 display a negative vertical o↵set12. What
we observe, instead, is that there are the same number
of bulges with nsph < 2 lying above and below the cor-
relation defined by bulges with nsph > 2, and that the
amplitude of their o↵set is the same (. 1.5 dex). That
is, bulges with nsph < 2 do not appear to be o↵set from
the correlation traced by bulges with nsph > 2.

4.3. Black hole mass – spheroid stellar mass

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

⇤,sph , consistent with a dry-merging formation sce-
nario, and define a tight early-type sequence with intrin-

11 The spheroid Sérsic indices are taken from our galaxy decom-
positions (Paper I ).

12 One reaches the same conclusion when using the vertical o↵set
from the correlation defined by bulges with nsph > 3 or even nsph >
4. There are 13 and 10 bulges with nsph < 2 that lie above and
below, respectively, the correlation traced by bulges with nsph >
3. Similarly, there are 15 and 8 bulges with nsph < 2 that lie
above and below, respectively, the correlation traced by bulges with
nsph > 4.

Fig. 2.— Black hole mass plotted against 3.6 µm spheroid abso-
lute magnitude. Symbols have the same meaning as in Figure 1.
The red dashed line indicates the BCES bisector linear regression
for the spheroidal component of the 45 early-type (E+S0) galax-
ies, with the red shaded area denoting its 1� uncertainty. The blue
solid line shows the BCES bisector linear regression for the bulges
of the 17 late-type (Sp) galaxies, with the blue shaded area denot-
ing its 1� uncertainty. The black dashed-dotted and dotted lines
represent the BCES bisector linear regressions for the core-Sérsic
and Sérsic spheroids, respectively.
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Fig. 3.— Black hole mass plotted against 3.6 µm spheroid abso-
lute magnitude. Symbols are color coded according to the spheroid
Sérsic index nsph. Bulges with nsph < 2, claimed by some to be
pseudo-bulges, are enclosed with a square. The black solid line
shows the BCES bisector linear regression for the spheroids that
have nsph � 2, such that MBH / L1.25±0.13

sph .

sic scatter ✏(Y |X) = 0.43 ± 0.06 dex. On the other hand,
the bulges of the spiral galaxies trace a steeper late-type
sequence, whose slope is less well constrained due to the
smaller size of the subsample and, more importantly, to
the smaller range in M⇤,sph that the subsample spans.
For the bulges of spiral galaxies, the BCES code returns
a log-linear relation with a slope = 3.00 ± 1.30, while
the modified FITEXY routine finds a shallower (but still
consistent within the 1� uncertainty) slope = 2.28+1.67

�1.01.
The Bayesian estimator of Kelly (2007) fails in perform-
ing an inverse (X|Y ) linear regression for the subsam-
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Fig. 4.— Vertical o↵set from the MBH�Lsph correlation defined
by spheroids with nsph � 2 (see Figure 3), plotted against nsph.
The vertical dashed line corresponds to nsph = 2. The horizontal
solid line is equivalent to a zero vertical o↵set. Among the bulges
with nsph < 2, 12 have a positive vertical o↵set and 11 have a
negative vertical o↵set. Hence, bulges with nsph < 2 are not ran-
domly o↵set to lower black hole masses from the correlation traced
by bulges with nsph � 2.

ple of spiral galaxies. More data would be welcome to
better constrain the slope of this late-type sequence, al-
though we note that direct measurements of black hole
masses below 106 M� are extremely challenging to ob-
tain with the current technological resources. In this
regard, using a sample of ⇠140 low-redshift (z  0.35,
with a median redshift hzi = 0.085) bulges hosting Ac-
tive Galactic Nuclei (AGNs) with virial black hole masses
105 . MBH/M� . 2 ⇥ 106 (Jiang et al. 2011), Gra-
ham & Scott (2015) showed that they roughly follow
the quadratic MBH � M⇤,sph relation defined by their
Sérsic bulges. The majority of our spiral galaxies host
an AGN13 and we anticipate here that the correlation
traced by our spiral galaxy bulges may track the loca-
tion of these lower mass AGN in the MBH � M⇤,sph di-
agram. That is, the AGNs appear to be the low-mass
continuation of our tentative late-type sequence shown in
Figure 5 and this will be explored with more rigour in a
forthcoming paper.

5. CONCLUSIONS

Using 3.6 µm Spitzer imagery, we have performed
accurate multicomponent decompositions (i.e. bulge,
disks, bars, spiral arms, rings, halo, nucleus, depleted
core, etc.), which were checked to be consistent with
the two-dimensional galaxy kinematics, and we have
derived galaxy luminosities, spheroid luminosities and
spheroid stellar masses for 66 nearby galaxies with a
dynamical measurement of their black hole mass. Our
galaxy sample, besides being the largest ever used to
investigate black hole mass scaling relations, contains
17 spiral galaxies, half of which have MBH < 107 M�.
This constitutes a significant improvement over past
studies whose samples were biased towards high-mass,

13 According to the nuclear classification reported on NED
(NASA Extragalactic Database), among our 17 spiral galaxies, at
least 12 host a Seyfert AGN and one hosts a LINER AGN.
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Fig. 5.— Black hole mass plotted against spheroid stellar mass.
Symbols are coded according to the galaxy morphological type (see
legend). The red dashed line indicates the BCES bisector linear re-
gression for the bulges of the 45 early-type galaxies (E+S0), with
the red shaded area denoting its 1� uncertainty. The bulges of
early-type galaxies follow MBH / M1.04±0.10

⇤,sph , a near-linear rela-
tion consistent with a dry-merging formation scenario. The steeper
blue solid line shows the BCES bisector linear regression for the
bulges of the 17 late-type (Sp) galaxies, with the blue shaded area
denoting its 1� uncertainty. The bulges of late-type galaxies fol-
low MBH / M2�3

⇤,sph, indicating that gas-rich processes feed the

black hole more e�ciently (“quadratically” or “cubically”) than
the host bulge grows in stellar mass. We note that AGNs with
105 . MBH/M� . 2⇥ 106 (Jiang et al. 2011) appear to follow the
blue line (see Graham et al. 2015, in preparation).

early-type galaxies.
Using our state-of-the-art dataset, we have investigated
substructure in the MBH � Lgal, MBH � Lsph and
MBH � M⇤,sph diagrams. Our principal conclusions are:

• The MBH � M⇤,sph log-relation for the spheroidal
components of early-type (elliptical + lenticular)
galaxies has a slope of 1.04 ± 0.10 and intrin-
sic scatter ✏(Y |X) = 0.43 ± 0.06 dex. We call
this tight correlation an early-type sequence. The
MBH � M⇤,sph log-relation for the bulges of late-
type (spiral) galaxies has a more uncertain slope
(2 � 3) due to the smaller size of the subsample
and, more importantly, to the smaller range in stel-
lar mass (3 ⇥ 109 . M⇤,sph/M� . 3 ⇥ 1010) that
the subsample spans. We refer to this correlation
as a “tentative” late-type sequence. In (gas-poor)
early-type galaxies, the black hole and the stel-
lar content of the spheroidal component grow at
the same pace, following a linear MBH � M⇤,sph
relation. In (gas-rich) spiral galaxies, the black
hole grows faster than its host bulge, following a
quadratic/cubic MBH � M⇤,sph relation. For anal-
ogy with the color-magnitude diagram, it would be
tempting to refer to our early-type sequence as a
red sequence, although no bimodality in color has
been observed in the MBH � M⇤,sph diagram.

• The MBH �M⇤,sph log-relations for core-Sérsic and
Sérsic spheroids have slopes consistent with each
other (1.19 ± 0.23 and 1.48 ± 0.20, respectively),

BH Galaxy relations
Very recent work with careful bulge/disk 
decomposition from 3.6 μm Spitzer 
images (Savorgnan & Graham 2015)

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

Savorgnan, Graham, Marconi, Sani 2015



Why low mass black holes?

Low mass galaxies have a “quieter” merger history than massive ones …


… the distribution of their black hole masses retains an imprint of the 
original seed mass distribution!


Fossil record of BH formation and early growth should be encoded in the 
demography of low mass black holes (MBH < 107 M⊙), but should be 
almost completely erased at larger masses (Volonteri+ 2008). 


BH growth models predict significantly different MBH - σ relations at MBH 
~ 105−106 M⊙, for different initial mass functions of the seed black holes, 
that is for different seed formation mechanisms.


Measurements at low masses are very important!



What HARMONI could do …

Detect 105−106 M⊙ BHs in the local universe!
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What HARMONI could do …
Simulations of observations of small 
mass BHs with IRIS at TMT (Do+2014): 
diffraction limited from Z (0.9) to K (2.2)


Black hole masses between 106 and 
1010 M⊙ will be observable between 
0.005 < z < 0.14. 


In particular Milky Way mass BHs can 
be observed at distance of Virgo 
cluster


It is not difficult to imagine that 
HARMONI can go to a distance larger 
by factor 39/30 = 1.3 …


See talk by J. Magorrian

The Astronomical Journal, 147:93 (17pp), 2014 April Do et al.

Figure 17. Range of galactic nuclei available for dynamical mass estimates within the SDSS DR7 sample of galaxies. About 105 galaxies from this sample are
likely to be observable using the Z band, given their predicted black hole masses from the MV − L relationship and Sérsic fits to their surface density profiles (see
Section 5). Left: the range of galaxy luminosities as a function of redshift. Center: the range in predicted black hole masses as a function of redshift. Scatter has been
introduced into the masses according to the intrinsic scatter measured for the MV − L relationship measured by Gültekin et al. (2009). Right: simulated MV − MBH
plot based on the sample of observable galaxies using the same scatter in BH masses. The density of galaxies are indicated by the colorbar. Black hole masses between
106 and 1010 M⊙ will be observable between 0.005 < z < 0.14.
(A color version of this figure is available in the online journal.)

of black hole masses to study. For example, for MBH > 107 M⊙,
this bias will set in at z > 0.1 (Figure 17).

6. COMPARISON TO CURRENT OBSERVATIONS

In Table 4, we list some recent IFS measurements with their
S/N, uncertainties on the Gauss–Hermite moments, Strehl
ratios, and error in black hole mass. These observations are
typically made using a plate scale of 50 mas, and the spectra
from multiple spaxels are generally binned in order to increase
the S/N to about ∼40, with the highest S/N of about ∼100. The
uncertainties in velocity dispersion are typically about 10 km s−1

and in h3 and h4 about 0.02. From the simulations in Section 3.4,
we find that IRIS will be able to achieve comparable precision
in the velocity moments at the same S/N. The uncertainty in
black hole mass in Table 4 varies over a large range, from
6% to 50%. The uncertainties in these measurements can be
dominated by systematics relating to the dynamical models used
to determine the black hole mass; in order to obtain an unbiased
fit to the black hole mass from line-of-sight stellar kinematics,
the dynamical models must simultaneously fit the black hole
potential as well as the potential from the extended mass, such
as the stellar distribution and dark matter halo. Each of these
properties can have multiple parameters and assumptions (e.g.,
whether the stellar distribution is tri-axial or axisymmetric).
The dependence of the black hole mass measurement on the
complexities of the dynamical models introduces difficulty in
estimating the uncertainty in the mass measurements from IRIS
from the predicted S/N of the spectra alone. Nevertheless,
current observations can inform us of the quality of the data
from future IFSs that are necessary to achieve a precise black
hole mass measurement. We expect that observations with
IRIS will be able to achieve similar uncertainties in black
hole masses as today, given the same analysis tools (but for
a much wider range of measurements). Beyond just matching
the S/N of current measurements, the much higher angular
resolution measurements with TMT will be crucial to reduce
the systematic effects of model assumptions. For example, in
the case of M87, Gebhardt & Thomas (2009) showed that the
mass of its central black hole increased by more than a factor
of two when a dark matter halo is included in the models for
data that poorly resolved the sphere of influence of the black

hole (see also Schulze & Gebhardt 2011). With higher angular
resolution observations from the Near-Infrared Integral Field
Spectrometer (NIFS) on Gemini North, Gebhardt et al. (2011)
found that the inclusion of a dark matter halo into the dynamical
model became less important and their final black hole mass
measurement became much less sensitive to the choice of model
parameters. In the region where the kinematics are dominated
by the potential of the black hole, the effect of the extended mass
such as the star cluster and the bulge also become less important
to the fit.

The dynamical MBH measurements from IRIS also have the
potential to calibrate other methods of estimating black hole
masses, such as reverberation mapping or single-epoch quasar
spectra. These methods measure the virial masses by measuring
the kinematics of the broad-line region (BRL) clouds around
AGNs. However, the results depend strongly on assumptions
about the geometry and kinematics of BRLs, as the measure-
ment of the kinematics are not spatially resolved as in stellar
dynamical measurements. Mass estimates using these methods
have uncertainties of up to a factor of three (Onken et al. 2004;
Peterson et al. 2004). Stellar dynamical measurements of black
hole masses can serve to better calibrate these methods, but only
a small number of systems are currently suitable (Davies et al.
2006; Onken et al. 2007). IRIS should significantly increase the
number of accessible sources.

6.1. Binning Spatial Locations

A very common method employed in almost all current IFS
dynamical measurements of black hole masses is the binning
of several spatial locations in order to obtain a higher S/N
measurement for the dynamical models. This binning is at
the expense of spatial resolution, but without binning there
is insufficient S/N to obtain robust dynamical constraints.
Typically, the spaxels are binned less at the centers of the nuclei
and more at the edges in order to obtain comparable S/N per
bin. Most of the simulations in this paper of the capabilities of
IRIS are made assuming either no binning or binning up to a
resolution element. For example, in Table 3, we tabulate both the
peak S/N at a single spaxel as well as the integrated S/N binned
up to the diffraction limit of 18 mas, which typically includes
about 4 spaxels in the 9 mas plate scale and about 16 spaxels in
the 4 mas plate scale. Further binning will be possible, as many
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The ultimate goal...
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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 ... 
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Figure 5. Upper left panel: BH mass–spheroid V-band luminosity relation. Colored circles represent measurements for the intermediate-redshift Seyfert galaxies (red:
z = 0.57, green: z = 0.36, blue: z = 0.36 taken from Paper II; squares indicate objects for which the fitting procedure ran into the lower limit of the spheroid effective
radius and we used priors to obtain a measure of the spheroid luminosity). Black circles correspond to the local reverberation-mapped sample (zave ≃ 0.08) studied by
Bentz et al. (2009a, 2009b) and re-analyzed here, including the best fit (black solid line; see the text and Table 4 for details). For all objects, the spheroid luminosity is
evolved to z = 0 assuming pure luminosity evolution (see the text for details). Note that no selection effects are included here. Intermediate-z objects with signatures
of interaction or mergers (see Figure 1 and Paper II) are indicated by a large open black circle. The dashed line shows the fiducial local relation for inactive galaxies
(Marconi & Hunt 2003), transformed to V band (group 1 only; see the text for details). Upper middle panel: the same as in the left panel, this time all z = 0.36 objects
in blue. Green circles are the high-z AGN sample (average z ∼ 1.8) taken from Peng et al. (2006b) and treated in a comparable manner. We assume 0.4 dex as error on
MBH, and 0.12 dex as error on luminosity (based on the error quoted by Peng et al. 2006b of 0.3 mag). We mark those high-z objects for which the BH mass is based
on the C iv line as green squares. Upper right panel: distribution of residuals in log MBH with respect to the fiducial local relation of reverberation-mapped AGNs.
Top panel: distribution of residuals for intermediate-redshift Seyfert galaxies (blue: z = 0.36; red: z = 0.57) and for the high-z AGN sample from Peng et al. (2006b;
green). Bottom panel: local sample. Lower panels: the same as in the upper panels, for the total host-galaxy luminosity.
(A color version of this figure is available in the online journal.)

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

7.4. BH Mass–Host-galaxy-luminosity Relation

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

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

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

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

8. DISCUSSION

8.1. The Role of Mergers

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

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

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

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

7.4. BH Mass–Host-galaxy-luminosity Relation

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

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

The best fit to the local reverberation-mapped AGNs (black
solid line in Figure 5, lower left panel) gives a marginally
steeper slope than for the MBH–Lsph relation (α = 0.96 ± 0.18
versus α = 0.70 ± 0.10; Table 4). Overplotting the high-
z comparison sample (Figure 5, lower middle panel), their
luminosity remains the same as in the upper middle panel: the
objects were fitted by Peng et al. (2006b) by only one component
(without any evidence of a second component) and thus Lsph
= Lhost. Apparently, the high-z comparison sample does not
follow the same MBH–Lhost relation, instead the offset remains.
The distribution of the residuals in logMBH of the distant AGNs
with respect to this fiducial local relation is shown in Figure 5
(lower right panel).

No. 2, 2010 COSMIC EVOLUTION OF BLACK HOLES AND SPHEROIDS. IV. 1519

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


Ideally one should measure the dynamical mass
The Astrophysical Journal, 739:90 (12pp), 2011 October 1 Inskip et al.
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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

8

Inskip+11 measure dynamical mass of 
quasar host galaxy at z~1.3 


Quasar is on MBH-Mbul relation!


Similar result for ALMA based galaxy 
mass of QSO at z~5 (Carniani,AM,+13)
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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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What HARMONI could do …

Measure galaxy masses at high redshift (complementary to ALMA!)

10�1 100 101

z

100

101

102

103

104

R
[p

c]

Spatial Scales

VLT DL@2µm

E-ELT DL@2µm

Galaxy sizes 100 pc -1 kpc



A. Marconi EARLY E-ELT SCIENCE: Spectroscopy with HARMONI

All tailored to 

HARMONI, of course!

Outline

Introduction: AGN & supermassive black holes


Supermassive black holes: masses & relations with host galaxies


AGN host galaxies: star formation & the importance of feedback


Beyond the spatial resolution limit: very low mass BHs, the BLR

31



A. Marconi EARLY E-ELT SCIENCE: Spectroscopy with HARMONI

All tailored to 

HARMONI, of course!

Outline

Introduction: AGN & supermassive black holes


Supermassive black holes: masses & relations with host galaxies


AGN host galaxies: star formation & the importance of feedback


Beyond the spatial resolution limit: very low mass BHs, the BLR

31

AGN host galaxies: star formation & the importance of feedback



“Classical View” of feedback

Hopkins+2008



Is feedback really needed?
Recently, the need for AGN feedback has been questioned …

MBH-galaxy relations might also come only from hierarchical assembly of 
BH and stellar mass through galaxy merging without any causal origin  
(Peng 2007, Jahnke & Macciò 2011, Cen 2011, Fanidakis et al 2011)

But the small (?) scatter in MBH-galaxy relations would not be explained 
by a non-causal connection: it should result from self regulated BH 
growth and not BH quenching star formation in the host galaxy (Hopkins, 
Murray & Thomson 2009)

Stellar feedback (radiation pressure + supernovae) might be as effective 
as BH feedback (Hopkins, Quataert & Murray 2012)

Indeed stellar feedback can work except in most massive objects (Mhalo 
≫ 1012 M⊙) where AGN feedback could be needed (Hopkins+14)


AGN-driven outflows can remove gas on the long-term but impact of 
AGN feedback on SF is marginal (e.g., Roos+14)

In any case, where is the evidence that AGN-driven outflows are indeed 
quenching star formation?



Outflows in star forming galaxies
Outflows in SF galaxies from stacks at given M�, SFR

Gas outflows are only present in galaxies above the MS, velocity 
increases with offset from MS

Outflows may be responsible for shaping the upper envelope of the MS 
by providing a self-regulating mechanism for the SFR

Cicone, Maiolino, Marconi, 2015
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Outflows in SF galaxies from stacks at given M�, SFR

Gas outflows are only present in galaxies above the MS, velocity 
increases with offset from MS

Outflows may be responsible for shaping the upper envelope of the MS 
by providing a self-regulating mechanism for the SFROutflows and complex stellar kinematics in SDSS star forming galaxies 19

Figure 18. Excess of ionised gas velocity with respect to stellar velocity (vgas − vstars) as given by y = |v0.1 gas|− |v99.9 stars| as a
function of the offset from the Main Sequence of star-forming galaxies. In the upper panel the outflow velocity is measured from the
[OIII]λ5007 line and in the lower panel from the Hα+[NII] lines. As in Fig. 14, only bins with either σy < 50 km s−1 or |y| ! 2σy

are plotted. The black stars indicate the mean trend, obtained by averaging the data points (weighted with their errors) over bins of
∆log(SFR/SFRMS) = 0.5

.

indirectly confirm that the dust content of galaxies is not
related to their stellar mass, as it has been recently shown
by Herschel observations (Santini et al. 2014).

(ii) The incidence of outflows in our stacks clearly increases
with the SFR and with the specific SFR (sSFR). More-
over, our results suggest that, at a given SFR, more massive
galaxies are increasingly less efficient at launching powerful
outflows. This qualitatively agrees with the expectations of
models of star formation-driven feedback.

(iii) In those cases in which an outflow is detected, the
outflow velocity is tightly correlated with the SFR for
SFR > 1 M⊙ yr−1, while at lower SFRs the dependance of

vout on SFR is nearly flat. Although with a much larger
scatter, the outflow velocity is also found to increase with
the stellar velocity dispersion, tracing the depth of the host
galaxy gravitational potential. This likely reflects the un-
avoidable bias of our methods towards selecting preferen-
tially outflows escaping from the galactic potential well, and
therefore outflows with velocity close or above the escape ve-
locity from the galaxy (which scales with σ∗).

(iv) The relationships between outflow velocity and σ∗

show that momentum-driven winds may be at work in ac-
celerating the highest velocity clouds, which reach velocities
as high as vout ∼ (6− 8)σ∗.
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[OIII]λ5007 line and in the lower panel from the Hα+[NII] lines. As in Fig. 14, only bins with either σy < 50 km s−1 or |y| ! 2σy

are plotted. The black stars indicate the mean trend, obtained by averaging the data points (weighted with their errors) over bins of
∆log(SFR/SFRMS) = 0.5
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SFR > 1 M⊙ yr−1, while at lower SFRs the dependance of

vout on SFR is nearly flat. Although with a much larger
scatter, the outflow velocity is also found to increase with
the stellar velocity dispersion, tracing the depth of the host
galaxy gravitational potential. This likely reflects the un-
avoidable bias of our methods towards selecting preferen-
tially outflows escaping from the galactic potential well, and
therefore outflows with velocity close or above the escape ve-
locity from the galaxy (which scales with σ∗).

(iv) The relationships between outflow velocity and σ∗
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ubiquitous fast winds in ionised and, especially, molecular gas 

Large outflow rates for SFRs and gas masses (up to ~100-1000 M⊙/yr, 
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Figure 1. Observed PACS spectra (continuum-normalized) of the OH transition at 79 µm (gray). Overplotted are the low-velocity (dotted) and high-velocity (dashed)
fit components and the total fit (solid). The arrow indicates the rest position of H2O 423–312. The dash-dotted line for IRAS 14378 shows the observed spectrum of
the OH transition at 119 µm for this object.

the PACS resolution is ∼140 km s−1. The data reduction was
done using the standard PACS reduction and calibration pipeline
(ipipe) included in HIPE 5.0. However, for the final calibration
we normalized the spectra to the telescope flux (which dom-
inates the total signal, except for NGC 253) and re-calibrated
it with a reference telescope spectrum obtained from dedicated
Neptune observations during the Herschel performance verifi-
cation phase. All of our objects (except NGC 253) are point
sources for PACS. In the following, we use the spectrum of the
central 9′′ × 9′′ spatial pixel (spaxel) only, applying the point-
source correction factors (PSF losses) as given in the PACS doc-
umentation. We have verified this approach by comparing the
resulting continuum flux density level to the continuum level
of all 25 spaxels combined (which is free of PSF losses and
pointing uncertainties). In all cases the agreement is excellent,
however the central spaxel alone provides better signal-to-noise
ratio (S/N). We note for completeness that for NGC 253 the
total OH 79 µm line profile summed over all 5 × 5 spaxels
yields emission, consistent with the Infrared Space Observa-
tory Long-Wavelength Spectrometer observations by Bradford
et al. (1999).

In a next step we have performed a continuum (spline) fit.
Due to the limited wavelength coverage these fits are somewhat
subjective. To help define continuum points and potential
additional spectral features (such as the H2O absorption line
at 78.74 µm, indicated with an arrow in Figure 1), we have
used our full range spectra of Arp 220 and NGC 4418.
These two sources will be analyzed in detail in forthcoming
papers, but preliminary data points for Arp 220 are included in
Figures 2 and 3. We note here that NGC 4418 shows signatures
of an inflow.

3. TARGETS

For this first study of outflow signatures in our data
we use a sub-sample that is mainly constrained by the
observing schedule of Herschel, but that covers a broad
range of AGN and starburst activity, including a starburst
template (NGC 253), a cold, starburst-dominated ULIRG

Figure 2. Maximum outflow velocities (terminal velocities) as a function of star
formation rate (upper panel) and AGN luminosity (lower panel). The asterisk
denotes NGC 253 and the triangle denotes Arp 220.

(IRAS 17208−0014), warm ULIRGs (S25/S60 > 0.1)
and/or ULIRGs with strong AGN contributions (Mrk 231,
IRAS 13120−5453, IRAS 14378−3651), and a heavily ob-
scured ULIRG (IRAS 08572+3915), which hosts a powerful
AGN (e.g., Veilleux et al. 2009, hereafter V09).

4. RESULTS AND DISCUSSION

Figure 1 shows the (continuum-normalized) OH 79 µm line
spectra for all objects. For NGC 253, we show the central spaxel
only. The Mrk 231 spectrum is taken from Fischer et al. (2010)
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Morganti et al. (2010) reported evidence for AGN-induced mas-
sive and fast outflows of neutral H in powerful radio galaxies,
possibly driven by the AGN jets.

The bulk of the gas in QSO hosts, i.e. the molecular phase,
appears little affected by the presence of the AGN. Indeed, most
studies of the molecular gas in the host galaxies of QSOs and
Seyfert galaxies have found narrow CO lines (with a width
of a few 100 km s−1), generally tracing regular rotation pat-
terns, with no clear evidence for prominent molecular out-
flows (Downes & Solomon 1998; Wilson et al. 2008; Scoville
et al. 2003), even in the most powerful quasars at high redshift
(Solomon & Vanden Bout 2005; Omont 2007). Yet, most of the
past CO observations were obtained with relatively narrow band-
widths, which may have prevented the detection of broad wings
of the CO lines possibly associated with molecular outflows.
Even worse, many CO surveys were performed with single dish,
where broad CO wings may have been confused with baseline
instabilities and subtracted away along with the continuum.

We present new CO(1–0) observations of Mrk 231 obtained
with the IRAM Plateau de Bure Interferometer (PdBI). Mrk 231
is the nearest example of a quasar object and is the most lu-
minous Ultra-Luminous Infrared Galaxy (ULIRG) in the local
Universe (Sanders et al. 1988) with an infrared luminosity of
3.6 × 1012 L⊙ (assuming a distance of 186 Mpc). A significant
fraction (∼70%) of its bolometric luminosity is ascribed to star-
burst activity (Lonsdale et al. 2003). Radio, millimeter, and near-
IR observations suggest that the starbursting disk is nearly face-
on (Downes & Solomon 1998; Carilli et al. 1998; Taylor et al.
1999). In particular, past CO(1−0) and (2−1) IRAM PdBI ob-
servations of Mrk 231 show evidence for a regular rotation pat-
tern and a relatively narrow profile (Downes & Solomon 1998),
as well as a molecular disk (Carilli et al. 1998). The existence
of a quasar-like nucleus in Mrk 231 has been unambiguously
demonstrated by observations carried out at different wave-
lengths, which have revealed the presence of a central compact
radio core plus pc-scale jets (Ulvestad et al. 1999), broad optical
emission lines (Lipari et al. 2009) in the nuclear spectrum, and a
hard X-ray (2−10 keV) luminosity of 1044 erg s−1 (Braito et al.
2004). In addition, both optical and X-ray data have revealed that
our line of sight to the active nucleus is heavily obscured, with
a measured hydrogen column as high as NH = 2 × 1024 cm−2

(Braito et al. 2004). The quasar Mrk 231 displays clear evidence
of powerful ionized outflows by the multiple broad absorption
lines (BAL) systems seen all over its UV and optical spectrum.
In particular, Mrk 231 is classified as a low-ionization BAL
QSOs, a very rare subclass (∼10% of the entire population) of
BAL QSOs characterized by weak [OIII] emission, in which the
covering factor of the absorbing outflowing material may be near
unity (Boroson & Meyers 1992). Furthermore, giant bubbles and
expanding shells on kpc-scale are visible in deep HST imag-
ing (Lipari et al. 2009). Recent observations with the Herschel
Space Observatory have revealed a molecular component of the
outflow, as traced by H2O and OH molecular absorption features
(Fischer et al. 2010), but the lack of spatial information has pre-
vented an assessment of the outflow rate.

2. Data

We exploited the wide bandwidth offered by the PdBI to observe
the CO(1−0) transition in Mrk 231. The observations were car-
ried out between June and November 2009 with the PdBI, using
five of the 15 m antennas of the array. We observed the CO(1−0)
rotational transition, whose rest frequency of 115.271 GHz is
redshifted to 110.607 GHz (z = 0.04217), by using using both
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Fig. 1. Continuum-subtracted spectrum of the CO(1−0) transition in
Mrk 231. The spectrum was extracted from a region twice the beam size
(full width at half maximum, FWHM), and the level of the underlying
continuum emission was estimated from the region with v > 800 km s−1

and v < −800 km s−1. Left panel: full flux scale. Right panel: expanded
flux scale to highlight the broad wings. The line profile has been fitted
with a Gaussian narrow core (black dotted line) and a Gaussian broad
component (long-dashed line). The FWHM of the core component is
180 km s−1 while the FWHM of the broad component is 870 km s−1,
and reaches a Full Width Zero Intensity (FWZI) of 1500 km s−1.

the C and D antenna configurations. The spectral correlator was
configured to cover a bandwidth of about 1 GHz in dual po-
larization. The on-source integration time was ∼20 h. The data
were reduced, calibrated channel by channel, and analyzed by
using the CLIC and MAPPING packages of the GILDAS soft-
ware. The absolute flux was calibrated on MWC 349 (S (3 mm)=
1.27 Jy) and 1150+497 (S (3 mm) = 0.50 Jy). The absolute
flux calibration error is of the order ±10%. All maps and spec-
tra are continuum-subtracted, the continuum emission is esti-
mated in the spectral regions with velocity v > 800 km s−1 and
v < −800 km s−1.

3. Results

Figure 1 shows the spectrum of the CO(1−0) emission line,
dominated by a narrow component (FWHM ∼ 200 km s−1),
which was already detected in previous observations (Downes
& Solomon 1998; Bryant & Scoville 1997). However, our new
data reveal for the first time the presence of broad wings ex-
tending to about ±750 km s−1, which have been missed, or pos-
sibly confused with the underlying continuum, in previous nar-
rower bandwidth observations. Both the blue and red CO(1−0)
wings appear spatially resolved, as illustrated in their maps
(Fig. 2). The peak of the blue wing emission is not offset
with regard to the peak of the red wing, indicating that these
wings are not caused by to the rotation of an inclined disk,
which leaves outflowing molecular gas as the only viable ex-
planation. A Gaussian fit of the spatial profile of the blue and
red wings (by also accounting for the beam broadening) indi-
cates that the out-flowing medium extends over a region of about
0.6 kpc (0.7′′) in radius. To quantify the significance of the spa-
tial extension of the high-velocity outflowing gas, we fitted the
visibilities in the uv-plane. We averaged the visibilities of the
red and blue wings in the velocity ranges 500 ÷ 800 km s−1 and
−500 ÷ −700 km s−1, and we fitted a point source, a circular
Gaussian, and an inclined disk model. The results of the uv-
plane fitting are shown in Fig. 3 and summarized in Table 1. The
upper panels of Fig. 3 show the maps of the residuals after fit-
ting a point-source model. The residuals of the red wing are 5σ
above the average rms of the map and those of the blue wing 3σ
above the rms. The lower panels of Fig. 3 show the CO(1−0)
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an age of only ∼3 Gyr, requires that the quasar feedback quench-
ing mechanism must have been at work already at z > 6 (age of
the Universe less than 1 Gyr), i.e. close to the reionization epoch.
Quasar-driven winds have been observed up to z ∼ 6 (Maiolino et al.
2001, 2004); however, these are associated with ionized gas in the
vicinity of the black hole, accounting only for a tiny fraction of the
total gas in the host galaxy. So far, no observational evidence was
found for the massive, quasar-driven outflows at z > 6 required by
feedback models to explain the population of old massive galaxies
at z ∼ 2.

Here we focus on one of the most distant quasars known,
SDSS J114816.64+525150.3 (hereafter J1148+5251), at z =
6.4189 (Fan et al. 2003). CO observations have revealed a large
reservoir of molecular gas, MH2 ∼ 2 × 1010 M⊙, in the quasar
host galaxy (Bertoldi et al. 2003b; Walter et al. 2003). The strong
far-IR thermal emission inferred from (sub)millimetre observations
reveals vigorous star formation in the host galaxy, with star for-
mation rate (SFR) ∼ 3000 M⊙ yr−1 (Bertoldi et al. 2003a; Beelen
et al. 2006). J1148+5251 is also the first high-redshift galaxy in
which the [C II] 158 µm line was discovered (Maiolino et al. 2005).
High-resolution mapping of the same line with the Institute de
Radioastronomie Millimetrique (IRAM) Plateau de Bure Interfer-
ometer (PdBI) revealed that most of the emission is confined within
∼1.5 kpc, indicating that most of the star formation is occurring
within a very compact region (Walter et al. 2009).

Previous [C II] observations of J1148+5251 did not have a band-
width large enough to allow the investigation of broad wings tracing
outflows, as in local quasars. In this Letter, we present new IRAM
PdBI observations of J1148+5251 that, thanks to the wide band-
width offered by the new correlator, have allowed us to discover
broad [C II] wings tracing a very massive and energetic outflow in
the host galaxy of this early quasar. We show that the properties of
this outflow are consistent with the expectations of quasar feedback
models.

We assume the concordance !-cosmology with H0 =
70.3 km s−1 Mpc−1, "! = 0.73 and "m = 0.27 (Komatsu et al.
2011).

2 O B S E RVAT I O N S A N D DATA R E D U C T I O N

Observations with the IRAM PdBI were obtained mostly in 2011
April in D configuration (mostly with precipitable water vapor
(PWV) in the range 1.5–3.5 mm), while a few hours were also ob-
tained in 2011 January in C+D configuration (PWV < 1.5 mm). The
resulting synthesized beam is 2.2 × 1.8 arcsec2. The receivers were
tuned to 256.172 GHz, which is the rest-frame frequency of [C II] at
the redshift of the quasar, z = 6.4189 (Maiolino et al. 2005). The fol-
lowing flux calibrators were used: 3C 454.3, MWC 349, 0923+392,
1150+497, 3C 273, 3C 345, 1144+542, J1208+546, J1041+525
and 1055+018. Uncertainties on the absolute flux calibration are
20 per cent. The total on-source integration time was 17.5 h, result-
ing in a sensitivity of 0.08 Jy km s−1 beam−1 in a channel with width
100 km s−1.

The data were reduced by using the CLIC and MAPPING packages,
within the IRAM GILDAS software. Cleaning of the resulting maps
was run by selecting the clean components on an area of ∼3 arcsec
around the peak of the emission. For each map, the resulting resid-
uals are below the 1σ error, ensuring that sidelobes are properly
cleaned away. Anyhow, as discussed in the following, the size de-
termination has been investigated directly on the uv data, therefore
independently of the cleaning.

3 R ESULTS

3.1 Detection of broad wings

The continuum was subtracted from the uv data by estimat-
ing its level from the channels at v < −1300 km s−1 and at
v > +1300 km s−1. The inferred continuum flux is 3.7 mJy, which is
fully consistent with the value expected (4 mJy) from the bolomet-
ric observations (Bertoldi et al. 2003a), once the frequency range
of the latter and the steep shape of the thermal spectrum are taken
into account.

Fig. 1(a) shows the continuum-subtracted spectrum, extracted
from an aperture of 4 arcsec (corresponding to a physical size of
11 kpc). Fig. 1(b) shows the spectrum extracted from a larger aper-
ture of 6 arcsec that, although noisier than the former spectrum,
recovers residual flux associated with the beam wings and with any
extended component.

The spectrum shows a clear narrow [C II] 158 µm emission line,
which was already detected by previous observations (Maiolino

Figure 1. IRAM PdBI continuum-subtracted spectrum of the [C II] 158 µm
line, redshifted to 256.172 GHz, in the host galaxy of the quasar J1148+5152
extracted from an aperture with a diameter of 4 arcsec (top) and 6 arcsec
(bottom). The spectrum has been resampled to a bin size of 85 km s−1. The
red lines show a double Gaussian fit (FWHM = 345 and 2030 km s−1) to
the line profile, while the blue line shows the sum of the two Gaussian
components.

C⃝ 2012 The Authors, MNRAS 425, L66–L70
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Å]

1.64 1.66 1.68 1.70 1.72 1.74 1.76 1.78
Wavelength [µm]

�0.15
�0.10
�0.05

0.00
0.05
0.10
0.15

0.4

0.6

0.8

1.0

1.2

1.4

1.6

1.8

2.0

Fl
ux

[1
0�

16
er

g/
s/

cm
2 /

Å]
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Figure 8. FWHM (broad component) of the 5007Å line against
the AGN bolometric luminosity for our targets and other 2 com-
parison samples for which AGN bolometric luminosities from SED
fitting are available, as labeled (see text for details).

systems, we plot in Figure 7 the average FWHM (⇠ 4.2Å
corresponding to ⇠ 250 km s�1 in the velocity space)
as a function of the uncorrected [OIII] luminosity mea-
sured on the stacked spectrum of a sample of 30 massive
(logM*=10.76-11.35) star forming galaxies selected to be on
the MS at z⇠ 1.6 and observed with FMOS in the COSMOS
survey (Kashino et al. 2013, black cross). In this case, the
stacked spectrum has been constructed by carefully exclud-
ing AGN from the sample. All our targets have measured
FWHM of the broad (and shifted) component well above the
average value of star forming galaxies at the same redshift
(see also Newman et al. 2012). If outflows driven from SF
winds were common in MS galaxies at z⇠ 1.6, these would
translate in a broadened FWHM in the stacked spectrum,
which instead is not observed.

The only source above the MS in our sample with prop-
erties comparable to the SMG/ULIRGs presented in H12
and for which we have the [OIII] spectrum is XID60053
(SFR⇠ 900 M� yr�1). This object shows only narrow (“S”)
components in the combined fit of the H↵ and [OIII] lines.
The possible CT nature for this source, coupled with the
other observed properties (high SFR, high extinction, ir-
regular morphology, and accretion rate at the Eddington
level; see Sections 2.3 and 4.3) point towards the interpreta-
tion that XID60053 may be caught in the “dust-enshrouded”
phase of rapid black hole growth which should occur before
the feedback phase. This would naturally explain the non de-
tection of strong broad components (as observed in XID5321
and XID2028) despite the similar intrinsic AGN luminosity
(see next Section).

5.2 Type 2 AGN samples

We now compare our results with those reported in the lit-
erature for objects selected on the basis of a purely AGN
classification.

Mullaney et al. (2013) presented the analysis from a
multicomponent (allowing for the presence of a broad com-
ponent) line fit of the [OIII]5007 line in the SDSS popu-
lation. In the lower panel of Fig. 7 we report the contour
levels extracted for the Type 2 AGN only, at observed total
[OIII] luminosities larger than 1040 erg s�1. The pinkish-
grey squares represent the average values of the “broad”
FWHM in two luminosities ranges (L[OIII]⇠ 1040.5 erg s�1

and L[OIII]⇠ 1042 erg s�1). All but two of our X-shooter
targets have FWHM > 716 km s�1, which represents the av-
erage FWHM of the broadest component in the SDSS Type
2 AGN sample at L[OIII]⇠ 1041.5�42.5 erg s�1. We note
that objects with FWHM > 900 km s�1 at L[OIII]>⇠1042

erg s�1 are rare in the SDSS sample (⇠2%, see Harrison
2013) while all of our 5 targets with observed L[OIII] larger
than this luminosity threshold revealed a broad component
with FWHM larger than the SDSS average. We also do not
find a clear trend of the broad FWHM with the L[OIII] in
our sample, as already pointed out in Harrison (2013).

In order to verify the efficiency of selection criteria
applied to X-ray sources in detecting objects with large
FWHM, we constructed the stacked spectrum of all XMM-
COSMOS Type 2 AGN at z=0.5-0.9 for which [OIII] is vis-
ible in the zCOSMOS spectra and without imposing any
preselection on their optical/IR colors (⇠ 110 objects). We
measured the FWHM in the average spectrum and the fit is
consistent with a single and symmetric line component with
FWHM⇠ 540 km s�1 (magenta square in Fig. 7). This value
is consistent with the average value of the broadest compo-
nent observed in the SDSS sample at comparable observed
[OIII] luminosities (L[OIII]=1040�41 erg s�1, FWHM⇠ 450
km s�1; see also Heckman et al. 1981). We note that both
the SDSS Type 2 and the XMM-COSMOS Type 2 samples
may contain also objects in the feedback phase (which occur
at different L and redshift due to the downsizing) and there-
fore with individual large FWHM associated to blueshifted
(or redshifted) [OIII] lines, but they are washed out in the
average stacking.

The higher average FWHM measured in our sample
with respect to the z⇠ 0.7 XMM-COSMOS Type 2 AGN
may be due to the larger luminosity of our sample, and
may be in principle simply ascribed to the fact that more
luminous systems are on average larger and therefore the
NLR extends at larger radii (e.g. Netzer et al. 2004; see
also R-Z13, Greene et al. 2011; Hainline et al. 2013; see also
the higher average FWHM in SDSS Type 2 AGN at high
L[OIII]). In the lower panel of Fig. 7 we also plot the re-
sults for 15 Type 2 QSOs from the SDSS studied in Greene
et al. (2009,2011), with total observed L[OIII]>⇠1042 erg s�1

(green triangles), therefore more directly comparable to our
targets. In this case no further selection in addition to line
ratio diagnostic has been applied. Although the authors indi-
cate outflows on scales extending from few up to 10 kpc as a
possible origin for the observed broad widths, we notice that
on average their values (average FWHM⇠ 525 km s�1) are
consistent with those observed in the SDSS Seyfert 2 sample,
and a factor of ⇠ 2 lower than the average observed in our
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Figure 8. FWHM (broad component) of the 5007Å line against
the AGN bolometric luminosity for our targets and other 2 com-
parison samples for which AGN bolometric luminosities from SED
fitting are available, as labeled (see text for details).

systems, we plot in Figure 7 the average FWHM (⇠ 4.2Å
corresponding to ⇠ 250 km s�1 in the velocity space)
as a function of the uncorrected [OIII] luminosity mea-
sured on the stacked spectrum of a sample of 30 massive
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the MS at z⇠ 1.6 and observed with FMOS in the COSMOS
survey (Kashino et al. 2013, black cross). In this case, the
stacked spectrum has been constructed by carefully exclud-
ing AGN from the sample. All our targets have measured
FWHM of the broad (and shifted) component well above the
average value of star forming galaxies at the same redshift
(see also Newman et al. 2012). If outflows driven from SF
winds were common in MS galaxies at z⇠ 1.6, these would
translate in a broadened FWHM in the stacked spectrum,
which instead is not observed.

The only source above the MS in our sample with prop-
erties comparable to the SMG/ULIRGs presented in H12
and for which we have the [OIII] spectrum is XID60053
(SFR⇠ 900 M� yr�1). This object shows only narrow (“S”)
components in the combined fit of the H↵ and [OIII] lines.
The possible CT nature for this source, coupled with the
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regular morphology, and accretion rate at the Eddington
level; see Sections 2.3 and 4.3) point towards the interpreta-
tion that XID60053 may be caught in the “dust-enshrouded”
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and XID2028) despite the similar intrinsic AGN luminosity
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erature for objects selected on the basis of a purely AGN
classification.
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levels extracted for the Type 2 AGN only, at observed total
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2013) while all of our 5 targets with observed L[OIII] larger
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may contain also objects in the feedback phase (which occur
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average stacking.

The higher average FWHM measured in our sample
with respect to the z⇠ 0.7 XMM-COSMOS Type 2 AGN
may be due to the larger luminosity of our sample, and
may be in principle simply ascribed to the fact that more
luminous systems are on average larger and therefore the
NLR extends at larger radii (e.g. Netzer et al. 2004; see
also R-Z13, Greene et al. 2011; Hainline et al. 2013; see also
the higher average FWHM in SDSS Type 2 AGN at high
L[OIII]). In the lower panel of Fig. 7 we also plot the re-
sults for 15 Type 2 QSOs from the SDSS studied in Greene
et al. (2009,2011), with total observed L[OIII]>⇠1042 erg s�1

(green triangles), therefore more directly comparable to our
targets. In this case no further selection in addition to line
ratio diagnostic has been applied. Although the authors indi-
cate outflows on scales extending from few up to 10 kpc as a
possible origin for the observed broad widths, we notice that
on average their values (average FWHM⇠ 525 km s�1) are
consistent with those observed in the SDSS Seyfert 2 sample,
and a factor of ⇠ 2 lower than the average observed in our
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Table 1. Properties of our quasar sample

ID Target Name �0 [µm] ��rest [Å] Redshift �L5100 [1046 erg/s]
LBQS0109 LBQS 0109+0213 1.68 ± 0.04 28.5 ± 0.2 2.35 ± 0.08 4.9 ± 0.8
2QZJ0028 2QZ J0028-2830(a) 1.70 ± 0.04 27.9 ± 0.2 2.40 ± 0.09 3.1 ± 0.6
HB8905 HB89 0504+030 1.75 ± 0.05 22.7 ± 0.2 2.48 ± 0.09 2.9 ± 0.6
HE0109 HE 0109-3518 1.706 ± 0.003 17.342 ± 0.011 2.407 ± 0.007 7.4 ± 1.5
HB8903 HB89 0329-385 1.720 ± 0.013 19.31 ± 0.06 2.44 ± 0.03 5 ± 2
HE0251 HE 0251-5550 1.68 ± 0.03 31.81 ± 0.17 2.35 ± 0.05 6.8 ± 1.4
(a): this is the same target of Cano-Díaz et al. (2012) which has been re-observed.

Fig. 1. Upper panel: The spectra of the six QSOs if our sample. Each spectrum is extracted from a nuclear region of 0.2500⇥02500 (2 ⇥ 2 pixel).
The di↵erent components in the fit for each line (H�,[Oiii] and FeII) are shown in green and the red line is the total fit. The shaded yellow regions
indicate the zone a↵ected by strong sky line residuals which are excluded from the fit. Lower panel: fit residuals, obtained as a di↵erence between
observed and model spectra.

fined as W80 = v90 � v10, where v10 and v90 are the veloci-
ties at 10th and 90th percentiles, respectively. For a Gaussian
profile, W80 is approximately the full width at half maximum
(FWHM).

The observed kinematical maps are the results of the convolu-
tion of the intrinsic ones with the PSF of the observations. In
those cases where the [Oiii]�5007 emission line has been fitted
with multiple Gaussians, line profiles are based on the sum of
all Gaussian components. The maps were obtained by selecting
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fined as W80 = v90 � v10, where v10 and v90 are the veloci-
ties at 10th and 90th percentiles, respectively. For a Gaussian
profile, W80 is approximately the full width at half maximum
(FWHM).

The observed kinematical maps are the results of the convolu-
tion of the intrinsic ones with the PSF of the observations. In
those cases where the [Oiii]�5007 emission line has been fitted
with multiple Gaussians, line profiles are based on the sum of
all Gaussian components. The maps were obtained by selecting
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Residual faint “narrow” (~100-200 km/s) [OIII] ➙ host galaxy, star formation?

Carniani et al.: Ionised outflows in z ⇠ 2.4 quasar host galaxies

Fig. 2. Residuals from the pixel-per-pixel fitting assuming that the QSO
emission is not spatially resolved. Left panels: residual spectra extracted
from a region of 0.2500⇥0.2500, where the residual map, obtained by col-
lapsing the [Oiii]�5007 spectral channel, shows likely the presence of
a spatially resolved emission. Dashed lines indicate the wavelength of
the doublet [Oiii]�5007 and the dotted line shows the H� position. The
red shaded region denotes the wavelength range over which the residual
[Oiii]�5007 emission has been integrated to produce the maps shown
on the right. Right panels: residual maps obtained by collapsing the
spectral channels corresponding to the residual [Oiii]�5007 emission,
as shown by the red region in the left panels. In the first five maps the
presence of a clear [Oiii]�5007 residual emission suggests that the emit-
ting region is spatially resolved. The “noise” residual map of HE0251
indicates that the sources is not resolved.

only those spatial pixels with a S/N equal to or higher than 2. We
defined the S/N as the ratio between the peak of the [Oiii]�5007
line and the rms of the residuals. Zero-velocities correspond to
the peak position either of the narrow (FWHM < 1000 km/s) and
strongest Gaussian component or of the broken-power law one
of the [Oiii]�5007 profile estimated in the preliminary spectral
fitting. The zero-velocity wavelength was also used to refine the
redshift of each QSO (Table 1) providing the velocity of the host
galaxy. The inferred redshift and [Oiii]�5007 line width are con-
sistent, within the errors, with those estimated by Shemmer et al.
(2004) and Marziani et al. (2009).

The v10 maps (Figure 3, third panel) show strongly blue
shifted regions, spatially associated with high velocity disper-
sion (> 400 km/s, Figure 3, forth panels). The broad [Oiii]�5007
profile cannot be explained by a rotating gas component, which,
in local star forming galaxies has typical FHWM values of about
⇠250 km/s. Moreover, the morpholgy of the velocity maps , sug-
gesting the presence of a conical blue-shifted region, is com-
pletely di↵erent from the typical “spider” diagram of a disc.
Consequently both the [Oiii]�5007 profile and the velocity maps
suggest that in at least five out of six QSOs we detect ionised
outflowing gas with velocities > 300 km/s.

We can detect only the blue-side outflows because the red-
side is likely to be obscured by dust in the host galaxy along
the line-of-sight. For this reason, the [Oiii]�5007 line emission
is asymmetric with a prominent blue shifted wing. While this is
what commonly happens, in some cases the particular orienta-
tion of the line-of-sight with respect to the source can result in
redshifted outflows (e.g. Rodríguez Zaurín et al. 2013; Bae &
Woo 2014; Perna et al. 2015).

The next step is to understand the physical mechanisms driv-
ing away the ionised gas out to a distance of a few kpc from the
centre of the host galaxy.

5. Outflow properties

In the following, we estimate mass, average velocity and radius
of the high-velocity winds. We then infer mass outflow rate, mo-
mentum rate and kinetic power, and compare them with previ-
ous works (Greene et al. 2012, Cicone et al. 2014, Harrison et al.
2014, Sun et al. 2014, Brusa et al. 2015, Cresci et al. 2015 and
Feruglio et al. 2015).

5.1. Outflow and radius

Given the uncertainties on the driving mechanism, we used a
simple model to estimate the physical properties of the outflow.
In this model, the outflow is represented by a shell-like cloud
ejected from the nucleus within a cone and with a filling factor
equal to 100%. We assume that the physical size of the outflow-
ing material is smaller than the spatial resolution typical of our
datasets. This model is defined by the mass of the cloud, Mo, the
distance between the cloud and the location of the AGN, Ro, and
the averaged cloud velocity, vo. The outflow mass rate is given
by

Ṁo =
Mo

⌧dyn
=

Movo

Ro
(1)

where ⌧dyn is the dynamical time, i.e. the time taken by the
ionised gas to reach a distance Ro with an average velocity vo.
We note that assuming either a shell or a uniformly filled cone
with a filling factor equal to 1 (e.g Maiolino et al. 2012) changes
the Ṁo estimate by a factor of 3. Since this factor is constant,
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Table 1. Properties of our quasar sample

ID Target Name �0 [µm] ��rest [Å] Redshift �L5100 [1046 erg/s]
LBQS0109 LBQS 0109+0213 1.68 ± 0.04 28.5 ± 0.2 2.35 ± 0.08 4.9 ± 0.8
2QZJ0028 2QZ J0028-2830(a) 1.70 ± 0.04 27.9 ± 0.2 2.40 ± 0.09 3.1 ± 0.6
HB8905 HB89 0504+030 1.75 ± 0.05 22.7 ± 0.2 2.48 ± 0.09 2.9 ± 0.6
HE0109 HE 0109-3518 1.706 ± 0.003 17.342 ± 0.011 2.407 ± 0.007 7.4 ± 1.5
HB8903 HB89 0329-385 1.720 ± 0.013 19.31 ± 0.06 2.44 ± 0.03 5 ± 2
HE0251 HE 0251-5550 1.68 ± 0.03 31.81 ± 0.17 2.35 ± 0.05 6.8 ± 1.4
(a): this is the same target of Cano-Díaz et al. (2012) which has been re-observed.

Fig. 1. Upper panel: The spectra of the six QSOs if our sample. Each spectrum is extracted from a nuclear region of 0.2500⇥02500 (2 ⇥ 2 pixel).
The di↵erent components in the fit for each line (H�,[Oiii] and FeII) are shown in green and the red line is the total fit. The shaded yellow regions
indicate the zone a↵ected by strong sky line residuals which are excluded from the fit. Lower panel: fit residuals, obtained as a di↵erence between
observed and model spectra.

fined as W80 = v90 � v10, where v10 and v90 are the veloci-
ties at 10th and 90th percentiles, respectively. For a Gaussian
profile, W80 is approximately the full width at half maximum
(FWHM).

The observed kinematical maps are the results of the convolu-
tion of the intrinsic ones with the PSF of the observations. In
those cases where the [Oiii]�5007 emission line has been fitted
with multiple Gaussians, line profiles are based on the sum of
all Gaussian components. The maps were obtained by selecting
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[OIII] velocity Narrow H! fluxK band: broad H! subtracted

Ionized outflows in luminous quasars
Origin of “narrow” [OIII] emission?  AGN or Star Formation excited?

K band observations targeting H! … subtract broad H! and outflow 
component … narrow H! residual 

Narrow Ha/[OIII] emission traces star formation  
and is anti-correlated with the presence of fast outflows!


Detailed analysis of high luminosity quasars provides 
evidence for fast outflows quenching star formation, 

AGN feedback revealed! (?) 

But Galaxies are still forming stars at ~100 M⊙/yr  
(from H!)

no [NII], upper limit on [NII]/H! excludes AGN excitation → star formation!



What HARMONI could do
VLT/SINFONI seeing limited:  
8×8 FOV 
0.6” spatial resolution 
~1” structures (→ 8 kpc) over 20x20 pixels

with E-ELT/HARMONI spatial resolution at 2μm 
(0.01”) and spatial sampling 0.01” …


we can image the same field of view over 
250x250 pix 

with a spatial resolution of 80 pc! 

key to study impact of ionized gas winds on host 
galaxy star formation 

important synergy with ALMA (mapping cold 
molecular gas)
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Outflows in nearby Seyferts
The Multi Unit Spectroscopic Explorer (MUSE) is a second generation 
instrument for VLT: IFU spectrograph


Made of 24 IFU subunits

Panoramic: 1 arcmin x 1 arcmin FOV

0.2”/spaxels → 300 x 300 spectra

Visible: 4750-9300 Å, 1.25 Å/channel

26 CHAPTER 2. THE INTEGRAL FIELD SPECTROGRAPH MUSE

Figure 2.1.3: Illustration of the slicing of the FOV performed by MUSE.

The result of the multiple slicing described in the last two steps is a total of 1152 mini-slits,
corresponding to an equal number of spectra after light dispersion in wavelengths, as dis-
played at the bottom of Figure 2.1.2. Starting from the spectra obtained on the CCDs, the
data reduction pipeline, which is described in 2.2, then creates the data cube reconstructing
the original FOV.

Figure 2.1.4 summarizes the di�erent phases of the FOV splitting and also shows the
distribution of the 48 mini-slits over one of the 24 CCD belonging to a separate IFU. Every
mini-slit has a width of 75 pixels in the x direction, corresponding to 15 arcsec. Therefore,
every spaxel in the x direction corresponds to 15 75 0.2 arcsec. Concerning the other
angular coordinate, as in the y direction the field is first split in 24 sections and then again
in other 12 slices for each section, a spaxel measures 60 24 12 0.2 arcsec in this
direction.

MUSE does not currently make use of an adaptive optics system, which is indeed
planned to be implemented in the future, in order to noticeably improve its spatial resolu-
tion, which is still seeing limited ( 0.4 1 arcsec). Together with the adaptive optics, the
instrument is expected to o�er the above cited Narrow Field Mode, capable of studying
FOVs of 7.5 7.5 with the extremely high resolution granted by the adaptive optics.

The resolving power5 achieved by the IFUs in WFM is of 1770 at 4800 Å and of 3590
at 9300 Å (corresponding to �� 2.7 Å and �� 2.6 Å), with a spectral sampling of
1.25 Å per wavelength bin.

5The resolving power of a spectrograph at a certain wavelength � is defined as �/��, where �� is the
spectral resolution at that wavelength, i.e. the FWHM of the line profile produced by the instrument in
response to an incoming monochromatic line.

It was build to search for 
emission line galaxies 
missed by imaging survey, 
but it is also an unique tool 
to study nearby galaxies….
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number of spaxels not 

too different from 

HARMONI (~152x214)



Optical B-V-R (CGS survey)

NGC 5643: a barred Seyfert 2

Cresci, AM et al., submitted
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MUSE@VLT view

Green: Continuum; Blue: Ha; Red: [OIII]

Optical B-V-R (CGS survey)

NGC 5643: a barred Seyfert 2

Green: [NII] ; Blue: Ha; Red: [OIII]
Cresci, AM et al., submitted



A. Marconi EARLY E-ELT SCIENCE: Spectroscopy with HARMONI

Positive feedback in NGC5643?

44

The two blobs:


• Show SF-like line ratios

• Are on the receding side 

of the dust lane

• Have high EW(Ha) -> 

young age (~10 Myr)

• Are much closer than the 

SF ring around the 
nucleus, in the ionization 
cone


• Are in the direction of the 
outflow

Positive(Feedback? Cresci, AM et al., submitted
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NGC 5643 sampled with 0.2” pixels and 

spatial resolution of 1.0”


D=17.3 Mpc, 17 pc sampling, 83 pc 

spatial resolution


E-ELT/HARMONI have same intrinsic 

spatial resolution at z~0.5, with only ×2 

worse sampling of PSF!



Next steps: MAGNUM 
MAGNUM survey: Measuring Active Galactic  
Nuclei Under MUSE microscope 

8 additional local AGNs observed with  
MUSE (PI Marconi). Huge amount of information  
on excitation mechanisms, outflows, star formation-AGN interaction, 
comparison between X ray, mm and MUSE data…

[OIII]%%%H!

NGC 1365

58 CHAPTER 3. MUSE DATA ANALYSIS

(a) Map of the flux of [OIII] in logarithmic scale.

(b) Map of the velocity of [OIII] relative to its velocity in the center.
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(a) Map of the flux of [OIII] (in logarithmic scale) for v 300 km s 1.

(b) Map of the flux of [OIII] (in logarithmic scale) for 300 km s 1 v 300 km s 1.
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(a) Fit of [OIII] and H� of a region extracted from the vertical filament under the center (above-left
(0, 20) arcsec), showing two well distinct peaks for [OIII] and only one for H�.
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(b) Fit of [OIII] and H� of a spectrum extracted from an area at the bottom-left of the center (around
( 10, 10) arcsec), showing two well distinct peaks both for [OIII] and for H�.

Figure 3.4.7: Fit of [OIII] and H� of two di�erent regions, both showing a double peak of
[OIII], but only one having the second peak also in H�.
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(b) Fit of [OIII] and H� of a spectrum extracted from an area at the bottom-left of the center (around
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Figure 3.4.7: Fit of [OIII] and H� of two di�erent regions, both showing a double peak of
[OIII], but only one having the second peak also in H�.
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NGC 1365 similar distance and (intrinsic) 

spatial sampling as NGC 5643


E-ELT/HARMONI have same intrinsic 

spatial resolution at z~0.5, with only ×2 

worse sampling of PSF!



Circinus galaxy





Circinus sampled with 0.2” pixels and 

spatial resolution of 0.8”


D=4 Mpc, 4 pc sampling, 15 pc spatial 

resolution


E-ELT/HARMONI have same intrinsic 

spatial resolution at z~0.06 (D~250 Mpc), 

with only ×1.6 worse sampling of PSF!



A. Marconi EARLY E-ELT SCIENCE: Spectroscopy with HARMONI

NGC 1068

49





NGC1068 sampled with 0.2” pixels and 

spatial resolution of 0.8”


D=13 Mpc, 13 pc sampling, 49 pc spatial 

resolution


E-ELT/HARMONI have same intrinsic 

spatial resolution at z~0.2 (D~1 Gpc), 

with only ×1.6 worse sampling of PSF!
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All tailored to 

HARMONI, of course!

Outline

Introduction: AGN & supermassive black holes


Supermassive black holes: masses & relations with host galaxies


AGN host galaxies: star formation & the importance of feedback


Beyond the spatial resolution limit: very low mass BHs, the BLR

51
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and, more recently, in the field 
of star formation …


much less in extragalactic 
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Sometimes is just a matter of 
different names!
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“Overcoming” the spatial resolution
Two pointlike sources imaged trough a slit

SLIT HWHM PSF
D

V1

V2

It is possible to measure the 
light centroid position with an 
accuracy smaller than the 
spatial resolution (FWHM of the 
instrumental PSF)
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Application to rotating disks
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Spectroastrometric map of the gas line

The application to 
Integral-field spectra 
is straightforward!

Spectroastrometric curves for the three slits



BH mass from spectroastrometric map
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Gnerucci, AM+10



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

A139, page 9 of 12
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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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Harmoni & very small mass BHs
Centaurus A: with SINFONI+AO down to 0.025 from 0.15 spatial 
resolution with IFU (SINFONI) observations


Circinus:  with CRIRES (seeing lim.) down to 0.1” from 0.7 spatial 
resolution


HARMONI: expected to get down to 1/10 PSF size: 13 mas @ 2 μm: 
limited by S/N of line wings


HARMONI can detect down to 
105 M⊙ BH and measure their 
masses in the local universe 
with spatially resolved 
kinematics!


HARMONI can detect down to 
104 M⊙ BH and measure their 
masses in the local universe 
with spectroastrometry?
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A. Marconi EARLY E-ELT SCIENCE: Spectroscopy with HARMONI

Harmoni & very small mass BHs
HARMONI can detect down to 104 M⊙ BH and measure their masses in 
the local universe with spectroastrometry?


 Amplitude of rotation curve at RBH for 104 M⊙ BH is 
order of "~20 km/s


need spectral resolution large enough to sample it 
~4-6 times to reconstruct rotation curve …


… spectral resolution of at least 5 km/s → 60,000 
km/s


HIRES@E-ELT will have R~100,000 with spectral 
coverage of 0.4-2.5 μm in single exposure


Will have a IFU2 mode (~70 spaxels) working with 
AO


We can combine HARMONI with HIRES@E-ELT to 
measure very low mass black holes!
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!

!

Notes!to!table!
(1)!The!UHR!mode!can!also!be!organized!with!1!object!+lamp,!aperture!on!sky!0.72”!!!!
(2)!Can!be!changed!in!the!telescope!interface!optics!
!

!
Figure*1*Possible*HIRES*architecture*with*wavelength*splitting*in*four*spectrographs**
*

! ! ! !
Figure*2*Schematic*view*of*the*slit*illumination*in*the*main*observing*modes*of*HIRES*
*
The!modular!approach!will!allow!also!a!shifting!in!time!for!the!development!and!delivery!of!
the!different!spectrographs.!

HIRES'Data'Flow'Concept'and'Instrument'Control'Software'

The!data!flow!concept!of!HIRES!follows!an!endKtoKend!scheme!of!operations!with!the!final!
goal!to!provide!the!astronomer!with!highKlevel!scientific!products!as!complete!and!precise!
as!possible!in!a!short!time!after!the!end!of!an!observation.!Several!packages!will!contribute!
to!achieve!this!requirement!from!tools!aiming!at!preparing!and!schedule!observations!at!the!
telescope! according! to! the! needs! of! the! chosen! scientific! program! to! dedicated! Data!
Reduction!Software!(DRS)!and!Data!Analysis!Software!(DAS)!packages!running!both! in!an!
automated!as!well!as!in!interactive!mode!(when!required).  



A. Marconi EARLY E-ELT SCIENCE: Spectroscopy with HARMONI

HARMONI & the BLR Size
BLR size from H# reverberation 
mapping:


rBLR ~ 0.02 pc for LAGN ~ 1011 L⊙

rBLR ~ 0.25 pc for LAGN ~ 1013 L⊙


rBLR ~ 0.25 pc → 0.12 mas @ 400 
Mpc

100 × E-ELT DL @ 2 μm   
→ 0.1 mas

very challenging but can be done 
in principle, especially with VLTI 
(Marconi, Maiolino, Petrov 2003, 
Rakshit+2015)

Pa!, Br$ sizes are very likely  
2-3 × larger
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Figure 11. Top: Hβ BLR radius vs. the 5100 Å AGN luminosity. The solid line is the best fit to the data and the gray-scale region shows the range allowed by the
uncertainties on the best fit. The left panel displays all 71 data points 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 PG 2130+099 of 31 ± 4 days, and a reddening correction of 0.26 dex for
NGC 3227 (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.

significant time lag. Repeating the reverberation experiment will
also allow for the confirmation or contradiction of the outlier
status of Mrk 142. While it is possible that Mrk 142 is truly an
outlier, it is worth noting that other narrow-line Seyfert 1s in the
reverberation sample (NGC 4051, NGC 4253, NGC 4748) lie
extremely close to their expected locations, and well within the
sample scatter.

Arp 151. The tidally distorted galaxy Arp 151 was one of the
most variable objects in the 2008 LAMP campaign, with a well-
determined time lag of 4.0 ± 0.5 days. However, there appears

to be a problem with the flux calibration for Arp 151. The flux
calibration for the LAMP sample of AGNs was determined by
comparing the observed [O iii] λ5007 flux for NGC 5548 to
the known [O iii] flux from many years of spectrophotometric
monitoring. Because of the unstable nature of weather and
the need for many observations over a long period of time,
reverberation data sets rely on the narrow [O iii] emission lines
as internal calibration sources for the many nonphotometric
nights on which data are obtained. The emission lines do not
vary on the timescales probed in a single monitoring campaign,

23
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HARMONI & the BLR Size

The observed Sv will be diluted by the quasar continuum,
which at optical and ultraviolet frequencies originates from the
accretion disk. The continuum emission will have a negligible
spectroastrometric signaland therefore will dilute Sv of the
broad line by a factor of F F + F( )v v v

cont , where Fv
cont is the

photon flux density of the continuum.3 Therefore, the final
form of Equation (11) is
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3.1. A Simplified BLR

In order to explore the dependence of Sv on the disk properties,
we begin by calculating Sv for a simplified BLR that originates
from a single thin ring =r rBLR and has negligible local
linebroadening, i.e., s � vrot, where σ is the characteristic
velocity of the local line-broadening mechanismand vrot is
the rotational velocity. Under these conditions, =vrot

( )GM rBH BLR
1 2. We relax both assumptions below. In the

figures, we use the fully relativistic expression for jF ¢r( , )v
* from

CH894 and Equation (12) to calculate Sv. However, since the
relativistic corrections to jF ¢r( , )v

* have a weak effect on the
derived Sv, for increased readability, we repeat here the Newtonian expressions for Fv

*. In this simplified BLR, Fv
* is equal to
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Figure 1. Apparent magnitudes and expected BLR angular sizes of the
brightest AGN at each z, complied from BQS, SDSS, the >z 5.7 quasar
sample of Bañados et al. (2014), and a sample of local Seyferts. Top:for each
0.5-wide bin in z, the values of mi (K-corrected to z = 2) of the brightest
quasar, the 10th-brightest quasar, and the 100th-brightest quasarare shown.
The ranges in z where Paα, aH , and Mg II are observed in NIR bands are noted
on top. Bottom:expected BLR angular size of the quasars shown in the top
panel, derived from L1450 Å by assuming the RM-based relation between rRM
and L1450 Å. The implied cosmology-independent relation between θ and nF
(Equation (3)) is noted. The dependence of the maximum q r( )RM on z is
remarkably weak, spanning merely a factor of three over the entire z range.

Figure 2. Top:illustration of a spectroastrometric observation of a simplified
BLR, which originates from a single =r rBLR and has negligible local line
broadening. The ellipse depicts the BLR ring, with coordinate j¢, projected
onto the plane of the sky. Color denotes line-of-sight velocity. The physical
sizes of the ellipse axes, up to relativistic effects, are rBLR and r icos .BLR The
angle between the spatial direction of the slit and the major axis of the projected
ring is defined as j. Middle:implied emission-line profile of the rotating ring on
top of the underlying quasar continuum, for an assumed = -v 10,000 km srot

1,
=isin 0.5, and = -EW 26,000 km s 1. Normalization assumes an aH line of

an = -L 10 erg s48 1 quasar at z = 2. Bottom:implied photocenter offsets of the
BLR, assuming no contamination by non-BLR sources, for the q r( )BLR and j
noted in the panel. The centroid of the reddest line photons are offset from the
centroid of the bluest line photons by 150 μas.

3 Equivalent to Equation (4) in Pontoppidan et al. (2008).
4 The value of jF ¢r( , )v

* is equal to the integrand in Equation (7) in CH89,
divided by the observed photon energy.
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which at optical and ultraviolet frequencies originates from the
accretion disk. The continuum emission will have a negligible
spectroastrometric signaland therefore will dilute Sv of the
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we begin by calculating Sv for a simplified BLR that originates
from a single thin ring =r rBLR and has negligible local
linebroadening, i.e., s � vrot, where σ is the characteristic
velocity of the local line-broadening mechanismand vrot is
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Figure 1. Apparent magnitudes and expected BLR angular sizes of the
brightest AGN at each z, complied from BQS, SDSS, the >z 5.7 quasar
sample of Bañados et al. (2014), and a sample of local Seyferts. Top:for each
0.5-wide bin in z, the values of mi (K-corrected to z = 2) of the brightest
quasar, the 10th-brightest quasar, and the 100th-brightest quasarare shown.
The ranges in z where Paα, aH , and Mg II are observed in NIR bands are noted
on top. Bottom:expected BLR angular size of the quasars shown in the top
panel, derived from L1450 Å by assuming the RM-based relation between rRM
and L1450 Å. The implied cosmology-independent relation between θ and nF
(Equation (3)) is noted. The dependence of the maximum q r( )RM on z is
remarkably weak, spanning merely a factor of three over the entire z range.

Figure 2. Top:illustration of a spectroastrometric observation of a simplified
BLR, which originates from a single =r rBLR and has negligible local line
broadening. The ellipse depicts the BLR ring, with coordinate j¢, projected
onto the plane of the sky. Color denotes line-of-sight velocity. The physical
sizes of the ellipse axes, up to relativistic effects, are rBLR and r icos .BLR The
angle between the spatial direction of the slit and the major axis of the projected
ring is defined as j. Middle:implied emission-line profile of the rotating ring on
top of the underlying quasar continuum, for an assumed = -v 10,000 km srot

1,
=isin 0.5, and = -EW 26,000 km s 1. Normalization assumes an aH line of

an = -L 10 erg s48 1 quasar at z = 2. Bottom:implied photocenter offsets of the
BLR, assuming no contamination by non-BLR sources, for the q r( )BLR and j
noted in the panel. The centroid of the reddest line photons are offset from the
centroid of the bluest line photons by 150 μas.

3 Equivalent to Equation (4) in Pontoppidan et al. (2008).
4 The value of jF ¢r( , )v

* is equal to the integrand in Equation (7) in CH89,
divided by the observed photon energy.
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3.4.1. Narrow Emission Lines

Photons from the NLR originate from �r rBLR, and hence
any asymmetries on NLR scales (as seen in Figure 5 of

Bailey 1998) may dominate Sv at v with narrow line emission.
The largest relevant r is rPSF, the physical size spanned by the
PSF, since emission from >r rPSF can likely be filtered out
during the data reduction phase of the spectroastrometric
observation. For an assumed =PSF 70 mas we get

»r r10PSF
3

BLR ( =r 600 pcPSF at z = 2). Now, since in the
calculation of Sv (Equation (12)) there is a factor of r in the
integrand, NLR emission that originates from r103

BLR may
dominate Sv, even if the NLR flux density is only~0.1% of the
broad-line flux density. This is the same argument made in
Section 3.3 for why weak BLR emission from large scales can
dominate Sv. Hence, photons from wavelengths near narrow
emission lines will need to be disregarded when measuring the
photocenter of the BLR.
For example, at a broad aH luminosity of -10 erg s44 1,

which is equivalent to = -L 10 erg s46 1 (Stern & Laor 2012a),
the mean fluxes of the narrow aH , [O I], [S II] and [N II] lines are
0.3%–3% of the broad aH flux (Figure 3 in Stern &
Laor 2012b; Figure 1 in Stern & Laor 2013). The flux density
ratio of [N II] and the narrow aH is ∼10 times this value for a
typical NLR-to-BLR FWHM ratio of 0.1, while [O I] and [S II],
which reside on the broad aH wings, have even higher flux
density ratios. Therefore, since the NLR-to-BLR flux density
ratiois�0.1% at v with these strong narrow lines, the relevant
Sv will likely be dominated by the NLR.
We search also for weaker lines in the CLOUDY (Ferland

et al. 2013) model of the NLR described in Stern et al. (2014).7
We find three additional lines that may be strong enough to
dominate Sv. The lines are [S III], Ar V, and He I, at

= -av 11,500, 5840,H and -5270 km s 1, and have fluxes that
are 0.08, 0.03, and 0.01 times the flux of the narrow aH ,
respectively. The latter two lines can be seen as small bumps in
the high-resolution spectra of NGC 4151 (Figure 1 in Arav
et al. 1998). Photons near these lines may also have to be
disregarded. In Section 5we demonstrate that the emission
from even weaker lines will not significantly affect Sv.
We note that the above estimates for the NLR strength are

likely an upper limit, since spectroastrometry candidates have
-�L 10 erg s46 1, while the narrow-to-broad flux ratio

decreases with L as ~ -L 0.3, probably due to the decrease in
NLR CF with increasing L (Stern & Laor 2012b). Additionally,
some of the narrow line emission may originate from >r rPSF
and therefore can be filtered out.

3.4.2. Continuum Emission from the Host Galaxy,
Distant Scattering Media, and Dust Grains

At optical wavelengths, the polarized flux density in
unobscured AGNs is typically 0.5–5% of the total flux density
(Smith et al. 2002), suggesting that some of the observed
emission is scattered emission. The scattering medium may
reside on scales �rBLR, and therefore, based on the same
reasoning used above for the NLR, asymmetries in this
scattering medium can in principle dominate Sv. However,
because a distant scatter views the BLR as a point source, the
opening angle covered by the scatterer will not be a function of
location in the BLR, and hence not a function of velocity. Since
the scattering efficiency is a weak function of λ, and a
= -v 10,000 km s 1 emission line spans merely l l =d 0.03,

Figure 5. Simulated spectroastrometric signal of the broad aH in +J1521 5202,
an = -L 10 erg s1450 Å

47.6 1 quasar at z = 2.2. Top panel:the yellow line plots
the normalized spectrum of J1540–0205, used as a template for +J1521 5202.
The black line plots the fit to the continuum, broad aH , and the noted narrow
lines (marked by vertical dotted lines). Second panel:expected Sv, assuming
s =( )v isin 1rot and the µf r r( ) 2 shown in Figure 4. The narrow lines
likely have asymmetry on large scales;therefore, at v with strong NLR
emission Sv is on the scale of the PSF, which is beyond the plotted axis. The
weak Ar V and He I lines have a comparable contribution to Sv as the broad Hα.
At v that are not dominated by narrow lines (thick line), the broad aH and
quasar continuum dominate Sv. The photocenter at = -v 4000 km s 1 is offset
from the photocenter at = - -v 4000 km s 1 by m85 as. Third panel:the solid
line marks the expected Sv at v where the NLR does not dominate Sv. The error
bars are the simulated centroid statistical uncertainties, for spectral bin sizes of
1000 and -4000 km s 1 in the emission line and continuum, respectively. We
assume a 10 hr integration on an AO-assisted 8 m telescope, with =Strehl 0.4
and =f 0.2inst . Bottom panel:expected Sv and centroid uncertainties assuming
the physically motivated f(r) shown in Figure 4.

7 We use the Stern et al. (2014) NLR model with an ionizing slope of −1.6,
solar metallicity, and =r L600 pc47

1 2 , which corresponds to
= »r r r1000 BLR PSF, where the NLR contribution to Sv peaks.
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assuming µf r r( ) 2, and the relative error bar sizes are
correspondingly smaller.

In the top panel of Figure 6, we show the expected
spectroastrometric signal of J1521+5202 for a 10-minute-
observation on a next-generation 39 m telescope, zoomedin on
the emission line for clarity. We assume that A∝ d2,

µ -dFWHMPSF
1, a Strehl ratio of 0.4 (e.g., Clénet

et al. 2010), and =f 0.4inst (e.g., Davies et al. 2010). Hence,
Equations (17) and (18) imply that � µ -d 2, and that the
required observing time to reach a certain value of ϵ scales as
-d 4. We therefore decrease the spectral bin sizes to -200 km s 1.

With a next-generation telescope, one can derive Sv to a high
velocity resolutionand therefore yield strong constraints on the
BLR kinematics.

5.2. Spectroastrometry Estimates for Additional Quasars

In this section, we estimate the statistical signal-to-noise ratio
(S/N) of the spectroastrometric signal of the most luminous
quasars at different z. To this end, we define -( )S SS N red blue
to be the photocenter offset between the red and blue wings of a
broad emission line, which is an aggregate S N that effectively
combines the data points shown in Figures 5 and 6. For each
wing, we include all photons with velocities < <∣ ∣v0 FWHM,
excluding velocities that might be contaminated by narrow line
emission. We address quasars in which Paα, aH , or Mg II fall in

one of the NIR transmission windows, and werequire thatlrest is
at least 10,000 -km s 1 away from the edge of the atmospheric
window, in order to adequately sample the quasar continuum and
avoid significant telluric absorption. These quasars are listed in
Table 1. The S/N of less luminous quasars can then be estimated
by noting that

�
q

µ µ µ
-

z
r L

N
LS N( )

( )
, (19)

v

RM
1 2

ph
1 2

where we used Equations (1) and (18) for the dependence of
q r( )RM and �v on L, respectively, and emphasize that
Equation (19) is only valid at a fixed redshift. We assume a
Strehl ratio of 0.2, 0.4, and 0.4for the J, H, and K bands,
respectively, and =f 0.2(0.4)inst for all bands for an 8 m
(39 m) telescope.9
Potential narrow-line contamination near Mg II and Paα

is derived in a similar fashion as for narrow lines near aH
(Section 3.4.1). Narrow lines with a large enough flux to
significantly affect Sv near Mg II include the narrow Mg II

doublet, a He II line at = - -v 7000 km sMg
1

II , an Ar IV line at
= -v 6000 km sMg

1
II , and a Mg V line at =vMg II

-6100 km s 1.
Similarly, near Paα there are the Brδ and Brϵ lines, three He lines
at = - -av 255, 1055 andPa - -1855 km s 1, and an [Fe II] line at

=a
-v 2140 km sPa

1. All photons with v within -750 km s 1 of
these lines are excluded from the analysis. We note that some of
the mentioned lines are permitted linesand therefore should also
exhibit broad line emission;however, these broad lines are likely
too weak to affect Sv significantly.
The rotating disk parameters of the model are the same as

in the previous section, with v r( )rot RM and the normalization
chosen so the model reproduces the estimated values of
FWHM and Φ listed in Table 1. Since not all targets have
available NIR spectra, we estimate FWHM and Φ from
observed emission lines, as detailed in Table 1. For Mg II, we
assume that the total flux is contributed from the two lines in
the doublet (separated by -770 km s 1) according to a 2:1
ratio. Therefore, at a given v the expected centroid is the
photon-flux-weighted centroid of the individual lines in the
doublet.
The value of -( )S SS N red blue is the number of standard

deviations from which -S Sred blue deviates from a straight line
interpolation of the photon centroids of the continuum bins. It
is equal to

� � �
- =

-
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red blue

red
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where �blue and � red are the statistical errors on the photocenters
of blue and red wing photons, respectively, calculated from the
expressions in Equations (17) and (18). The error on the
continuum level, �cont, is equal to the error on the evaluation of
a straight line interpolation from the data points in the blue and
red continuum regions:
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Figure 6. Simulated spectroastrometric signal with a 39 m telescope. As in the
bottom panels of Figure 5, the solid line denotes the expected Sv at velocities in
which the BLR and quasar continuum dominate Sv. Error bars denote the
expected statistical uncertainty in the photocentroid measurement. In both
panels, f(r) from Baskin et al. (2014) is assumed. Top panel:signal expected
on the broad aH of J1521+5202, the object that appears also in Figure 5. The
higher photon flux and smaller PSF in 39 m telescopes compared to 8 m
telescopes enableconstraining Sv to an order of magnitude higher velocity
resolution, with a fraction of the observing time. Bottom panel:signal expected
on the broad Mg II line of SDSS J114816.64+525150.3, a z = 6.4 quasar.

9 Instrument throughput based on NACO and MICADO (Multi-AO Imaging
Camera for Deep Observations, Davies et al. 2010) specifications.
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HARMONI & the BLR Size

The observed Sv will be diluted by the quasar continuum,
which at optical and ultraviolet frequencies originates from the
accretion disk. The continuum emission will have a negligible
spectroastrometric signaland therefore will dilute Sv of the
broad line by a factor of F F + F( )v v v

cont , where Fv
cont is the

photon flux density of the continuum.3 Therefore, the final
form of Equation (11) is
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3.1. A Simplified BLR

In order to explore the dependence of Sv on the disk properties,
we begin by calculating Sv for a simplified BLR that originates
from a single thin ring =r rBLR and has negligible local
linebroadening, i.e., s � vrot, where σ is the characteristic
velocity of the local line-broadening mechanismand vrot is
the rotational velocity. Under these conditions, =vrot

( )GM rBH BLR
1 2. We relax both assumptions below. In the

figures, we use the fully relativistic expression for jF ¢r( , )v
* from

CH894 and Equation (12) to calculate Sv. However, since the
relativistic corrections to jF ¢r( , )v

* have a weak effect on the
derived Sv, for increased readability, we repeat here the Newtonian expressions for Fv

*. In this simplified BLR, Fv
* is equal to
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Figure 1. Apparent magnitudes and expected BLR angular sizes of the
brightest AGN at each z, complied from BQS, SDSS, the >z 5.7 quasar
sample of Bañados et al. (2014), and a sample of local Seyferts. Top:for each
0.5-wide bin in z, the values of mi (K-corrected to z = 2) of the brightest
quasar, the 10th-brightest quasar, and the 100th-brightest quasarare shown.
The ranges in z where Paα, aH , and Mg II are observed in NIR bands are noted
on top. Bottom:expected BLR angular size of the quasars shown in the top
panel, derived from L1450 Å by assuming the RM-based relation between rRM
and L1450 Å. The implied cosmology-independent relation between θ and nF
(Equation (3)) is noted. The dependence of the maximum q r( )RM on z is
remarkably weak, spanning merely a factor of three over the entire z range.

Figure 2. Top:illustration of a spectroastrometric observation of a simplified
BLR, which originates from a single =r rBLR and has negligible local line
broadening. The ellipse depicts the BLR ring, with coordinate j¢, projected
onto the plane of the sky. Color denotes line-of-sight velocity. The physical
sizes of the ellipse axes, up to relativistic effects, are rBLR and r icos .BLR The
angle between the spatial direction of the slit and the major axis of the projected
ring is defined as j. Middle:implied emission-line profile of the rotating ring on
top of the underlying quasar continuum, for an assumed = -v 10,000 km srot

1,
=isin 0.5, and = -EW 26,000 km s 1. Normalization assumes an aH line of

an = -L 10 erg s48 1 quasar at z = 2. Bottom:implied photocenter offsets of the
BLR, assuming no contamination by non-BLR sources, for the q r( )BLR and j
noted in the panel. The centroid of the reddest line photons are offset from the
centroid of the bluest line photons by 150 μas.

3 Equivalent to Equation (4) in Pontoppidan et al. (2008).
4 The value of jF ¢r( , )v

* is equal to the integrand in Equation (7) in CH89,
divided by the observed photon energy.
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sizes of the ellipse axes, up to relativistic effects, are rBLR and r icos .BLR The
angle between the spatial direction of the slit and the major axis of the projected
ring is defined as j. Middle:implied emission-line profile of the rotating ring on
top of the underlying quasar continuum, for an assumed = -v 10,000 km srot

1,
=isin 0.5, and = -EW 26,000 km s 1. Normalization assumes an aH line of

an = -L 10 erg s48 1 quasar at z = 2. Bottom:implied photocenter offsets of the
BLR, assuming no contamination by non-BLR sources, for the q r( )BLR and j
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divided by the observed photon energy.
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3.4.1. Narrow Emission Lines

Photons from the NLR originate from �r rBLR, and hence
any asymmetries on NLR scales (as seen in Figure 5 of

Bailey 1998) may dominate Sv at v with narrow line emission.
The largest relevant r is rPSF, the physical size spanned by the
PSF, since emission from >r rPSF can likely be filtered out
during the data reduction phase of the spectroastrometric
observation. For an assumed =PSF 70 mas we get

»r r10PSF
3

BLR ( =r 600 pcPSF at z = 2). Now, since in the
calculation of Sv (Equation (12)) there is a factor of r in the
integrand, NLR emission that originates from r103

BLR may
dominate Sv, even if the NLR flux density is only~0.1% of the
broad-line flux density. This is the same argument made in
Section 3.3 for why weak BLR emission from large scales can
dominate Sv. Hence, photons from wavelengths near narrow
emission lines will need to be disregarded when measuring the
photocenter of the BLR.
For example, at a broad aH luminosity of -10 erg s44 1,

which is equivalent to = -L 10 erg s46 1 (Stern & Laor 2012a),
the mean fluxes of the narrow aH , [O I], [S II] and [N II] lines are
0.3%–3% of the broad aH flux (Figure 3 in Stern &
Laor 2012b; Figure 1 in Stern & Laor 2013). The flux density
ratio of [N II] and the narrow aH is ∼10 times this value for a
typical NLR-to-BLR FWHM ratio of 0.1, while [O I] and [S II],
which reside on the broad aH wings, have even higher flux
density ratios. Therefore, since the NLR-to-BLR flux density
ratiois�0.1% at v with these strong narrow lines, the relevant
Sv will likely be dominated by the NLR.
We search also for weaker lines in the CLOUDY (Ferland

et al. 2013) model of the NLR described in Stern et al. (2014).7
We find three additional lines that may be strong enough to
dominate Sv. The lines are [S III], Ar V, and He I, at

= -av 11,500, 5840,H and -5270 km s 1, and have fluxes that
are 0.08, 0.03, and 0.01 times the flux of the narrow aH ,
respectively. The latter two lines can be seen as small bumps in
the high-resolution spectra of NGC 4151 (Figure 1 in Arav
et al. 1998). Photons near these lines may also have to be
disregarded. In Section 5we demonstrate that the emission
from even weaker lines will not significantly affect Sv.
We note that the above estimates for the NLR strength are

likely an upper limit, since spectroastrometry candidates have
-�L 10 erg s46 1, while the narrow-to-broad flux ratio

decreases with L as ~ -L 0.3, probably due to the decrease in
NLR CF with increasing L (Stern & Laor 2012b). Additionally,
some of the narrow line emission may originate from >r rPSF
and therefore can be filtered out.

3.4.2. Continuum Emission from the Host Galaxy,
Distant Scattering Media, and Dust Grains

At optical wavelengths, the polarized flux density in
unobscured AGNs is typically 0.5–5% of the total flux density
(Smith et al. 2002), suggesting that some of the observed
emission is scattered emission. The scattering medium may
reside on scales �rBLR, and therefore, based on the same
reasoning used above for the NLR, asymmetries in this
scattering medium can in principle dominate Sv. However,
because a distant scatter views the BLR as a point source, the
opening angle covered by the scatterer will not be a function of
location in the BLR, and hence not a function of velocity. Since
the scattering efficiency is a weak function of λ, and a
= -v 10,000 km s 1 emission line spans merely l l =d 0.03,

Figure 5. Simulated spectroastrometric signal of the broad aH in +J1521 5202,
an = -L 10 erg s1450 Å

47.6 1 quasar at z = 2.2. Top panel:the yellow line plots
the normalized spectrum of J1540–0205, used as a template for +J1521 5202.
The black line plots the fit to the continuum, broad aH , and the noted narrow
lines (marked by vertical dotted lines). Second panel:expected Sv, assuming
s =( )v isin 1rot and the µf r r( ) 2 shown in Figure 4. The narrow lines
likely have asymmetry on large scales;therefore, at v with strong NLR
emission Sv is on the scale of the PSF, which is beyond the plotted axis. The
weak Ar V and He I lines have a comparable contribution to Sv as the broad Hα.
At v that are not dominated by narrow lines (thick line), the broad aH and
quasar continuum dominate Sv. The photocenter at = -v 4000 km s 1 is offset
from the photocenter at = - -v 4000 km s 1 by m85 as. Third panel:the solid
line marks the expected Sv at v where the NLR does not dominate Sv. The error
bars are the simulated centroid statistical uncertainties, for spectral bin sizes of
1000 and -4000 km s 1 in the emission line and continuum, respectively. We
assume a 10 hr integration on an AO-assisted 8 m telescope, with =Strehl 0.4
and =f 0.2inst . Bottom panel:expected Sv and centroid uncertainties assuming
the physically motivated f(r) shown in Figure 4.

7 We use the Stern et al. (2014) NLR model with an ionizing slope of −1.6,
solar metallicity, and =r L600 pc47

1 2 , which corresponds to
= »r r r1000 BLR PSF, where the NLR contribution to Sv peaks.
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assuming µf r r( ) 2, and the relative error bar sizes are
correspondingly smaller.

In the top panel of Figure 6, we show the expected
spectroastrometric signal of J1521+5202 for a 10-minute-
observation on a next-generation 39 m telescope, zoomedin on
the emission line for clarity. We assume that A∝ d2,

µ -dFWHMPSF
1, a Strehl ratio of 0.4 (e.g., Clénet

et al. 2010), and =f 0.4inst (e.g., Davies et al. 2010). Hence,
Equations (17) and (18) imply that � µ -d 2, and that the
required observing time to reach a certain value of ϵ scales as
-d 4. We therefore decrease the spectral bin sizes to -200 km s 1.

With a next-generation telescope, one can derive Sv to a high
velocity resolutionand therefore yield strong constraints on the
BLR kinematics.

5.2. Spectroastrometry Estimates for Additional Quasars

In this section, we estimate the statistical signal-to-noise ratio
(S/N) of the spectroastrometric signal of the most luminous
quasars at different z. To this end, we define -( )S SS N red blue
to be the photocenter offset between the red and blue wings of a
broad emission line, which is an aggregate S N that effectively
combines the data points shown in Figures 5 and 6. For each
wing, we include all photons with velocities < <∣ ∣v0 FWHM,
excluding velocities that might be contaminated by narrow line
emission. We address quasars in which Paα, aH , or Mg II fall in

one of the NIR transmission windows, and werequire thatlrest is
at least 10,000 -km s 1 away from the edge of the atmospheric
window, in order to adequately sample the quasar continuum and
avoid significant telluric absorption. These quasars are listed in
Table 1. The S/N of less luminous quasars can then be estimated
by noting that

�
q

µ µ µ
-

z
r L

N
LS N( )

( )
, (19)

v

RM
1 2

ph
1 2

where we used Equations (1) and (18) for the dependence of
q r( )RM and �v on L, respectively, and emphasize that
Equation (19) is only valid at a fixed redshift. We assume a
Strehl ratio of 0.2, 0.4, and 0.4for the J, H, and K bands,
respectively, and =f 0.2(0.4)inst for all bands for an 8 m
(39 m) telescope.9
Potential narrow-line contamination near Mg II and Paα

is derived in a similar fashion as for narrow lines near aH
(Section 3.4.1). Narrow lines with a large enough flux to
significantly affect Sv near Mg II include the narrow Mg II

doublet, a He II line at = - -v 7000 km sMg
1

II , an Ar IV line at
= -v 6000 km sMg

1
II , and a Mg V line at =vMg II

-6100 km s 1.
Similarly, near Paα there are the Brδ and Brϵ lines, three He lines
at = - -av 255, 1055 andPa - -1855 km s 1, and an [Fe II] line at

=a
-v 2140 km sPa

1. All photons with v within -750 km s 1 of
these lines are excluded from the analysis. We note that some of
the mentioned lines are permitted linesand therefore should also
exhibit broad line emission;however, these broad lines are likely
too weak to affect Sv significantly.
The rotating disk parameters of the model are the same as

in the previous section, with v r( )rot RM and the normalization
chosen so the model reproduces the estimated values of
FWHM and Φ listed in Table 1. Since not all targets have
available NIR spectra, we estimate FWHM and Φ from
observed emission lines, as detailed in Table 1. For Mg II, we
assume that the total flux is contributed from the two lines in
the doublet (separated by -770 km s 1) according to a 2:1
ratio. Therefore, at a given v the expected centroid is the
photon-flux-weighted centroid of the individual lines in the
doublet.
The value of -( )S SS N red blue is the number of standard

deviations from which -S Sred blue deviates from a straight line
interpolation of the photon centroids of the continuum bins. It
is equal to

� � �
- =

-

+ +( )
( )S S

S S
S N , (20)red blue

red blue

red
2

blue
2

cont
2 1 2

where �blue and � red are the statistical errors on the photocenters
of blue and red wing photons, respectively, calculated from the
expressions in Equations (17) and (18). The error on the
continuum level, �cont, is equal to the error on the evaluation of
a straight line interpolation from the data points in the blue and
red continuum regions:

� � �=
-
-

+( )v v

v v
, (21)cont
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red cont blue cont
red cont
2

blue cont
2 1 2

Figure 6. Simulated spectroastrometric signal with a 39 m telescope. As in the
bottom panels of Figure 5, the solid line denotes the expected Sv at velocities in
which the BLR and quasar continuum dominate Sv. Error bars denote the
expected statistical uncertainty in the photocentroid measurement. In both
panels, f(r) from Baskin et al. (2014) is assumed. Top panel:signal expected
on the broad aH of J1521+5202, the object that appears also in Figure 5. The
higher photon flux and smaller PSF in 39 m telescopes compared to 8 m
telescopes enableconstraining Sv to an order of magnitude higher velocity
resolution, with a fraction of the observing time. Bottom panel:signal expected
on the broad Mg II line of SDSS J114816.64+525150.3, a z = 6.4 quasar.

9 Instrument throughput based on NACO and MICADO (Multi-AO Imaging
Camera for Deep Observations, Davies et al. 2010) specifications.
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this signal re
duction is relatively small, the spectroastrom

etric

signal should
be detectable also in an outflowing BLR.

Note that as the rotational m
otion in the BLR decreases

relative to the random motion, Sv is r
educed as shown in the

bottom panel of Fig
ure 3. In J1521+5202,

for example, the

- =( )S SS N
17

red blue
expected for 10 hr on an 8 m

telescope (Figure 7) is reduced to - <( )S SS N
5

red blue
if

s
>( )v isin 3

rot
. Therefore, even a null detection of the

spectroastrom
etric signal would place an interesting upper

limit on the fraction of the BLR motion that is ordere
d.

6.2. MBH Estimates

Above we have demonstrated that by measuring the BLR

photocenter o
ffset Sv, one

can derive rBLR. Given
a measure-

ment of rBLR and an estimate of the Kep
lerian velocit

y vK based

on the line width
, one can derive =M r v G

BH BLR K
2 , analogous

to RMstudies. The
refore, since

any uncertainty in the rBLR

measurement propagate
s to the MBH estimate, it is inter

esting to

understand the implied uncertainty in rBLR given a measure-

ment of Sv.

For a given rBLR, differe
nt values of σ imply changes of a

factor of two
in Sv (Figure 3

). Also, Figure
4 shows that w

hile

different radi
al distribution

s of the line e
mission can ch

ange the

Sv profile significantly,
the range of Sv at =∣ ∣v HWHM for

different f(r) s
pans merely a factor of 1.5

. So, in the worst-cas
e

scenario where nothin
g is known about σ and f(r), for a give

n

measurement of Sv at
=∣ ∣v HWHM one can estimate rBLR to

within a facto
r of ∼3. Howev

er, this uncer
tainty can be

reduced

by constraining
σ from the line profi

leand by constraining
f(r)

using the measurements of Sv at <∣ ∣v HWHM. For the

purpose of estimating MBH, these uncertainties
on the rBLR

estimate should be added to the uncertainty on vK due to the

unknown inclination i of the disk plane to the line of sig
ht. The

total implied accuracy to which MBH can be derived is an

important topic
for future study.

Furthermore, σ and f(r) are likely to be similar or the same

for all BLRs
. In this case, one can tie the spectroastrom

etry

measurements of the BLR to lower-luminosity sources that

have been reverberation
mapped, potentially removing this

source of “noise.” With next-generati
on telescopes, o

ne can

potentially perform spectroastrom
etry on objects that are low

luminosity enough to be also reverberation
mapped.

6.3. 8 m class Telesco
pes, 30 m class Telesco

pes,

and Space Telescopes

Figure 7 shows that ex
isting telescopes ca

n detect the BLR

spectroastrom
etric signal in

aH in the most luminous quasars
at

< <z1 2.5. Therefore
, with existing telescopes one can use

spectroastrom
etry to estimate the MBH of the most luminous

quasars at the peak of the quasar epoch
. Also, the measured

rBLR can be compared to the extrapolation
of the -r L

BLR

relation deduced by RM studies on lower-luminosity AGNs

(Equation (1)).

In Section 5 we show that the required integration time to

reach a given S N scales as -d 4 , where d is the telescope

diameter. Therefore, with next-generati
on 30 m class tele-

scopes, the required integration times are lower by a factor of

=(30 8) 2004 than with 8 m telescopes. Also, the smaller

PSF of larger
telescopes im

plies that reducing
the systematics

to a given angular preci
sion is likely less challeng

ing.

The relatively short integration times required in 30 m

telescopes ca
n be utilized to observe a lar

ge sample of quasar
s

(from Equation (20) and Figure 7, reaching
=S N 10 on

quasars with =
-

L 10 erg s
1450

47 1 at »z 2 requires 7–15

minutes on a 39 m telescope). Thus, one can explore the

dependence o
f Sv on additional BL

R parameters, e.g., th
e BLR

FWHM, the EW of the lines, MBH and L LEdd, whethe
r the

high-ionizatio
n BLR shows signs of an outflow (Richards

et al. 2011),
and whether the quasar spectrum shows broad

absorption lines, which
might be some proxy for orientatio

n.

The high photon flux can also be utilized to achieve a higher

resolution in v, as shown in the top panel of Figu
re 6, and thus

further const
rain the kinematic model of the BLR.

Additionally,
with next-generati

on telescopes one can

explore fainter quasa
rs, such as quasars as distant as z = 6.5

(Figure 7), and fainter emission lines. This opens the

possibility to perform spectroastrom
etry on multiple lines

simultaneously,
at specific z where multiple lines fall in the

NIR atmospheric win
dows (say,

lC ] 1909III
in J and Mg II in

H at ~z 5). Thus, one
can constrain the BLR structure as a

function of the ionization level of the line-emitting gas.

Another inte
resting possibility is to perform BLR spectro-

astrometry using the James Webb Space Telescope (Gardner

et al. 2006),
which has a diameter of 6.6 m and allows full

coverage at 0.6–5 μm without the issue of telluric absorption.

Since
=Strehl 1 in a space telescope, compared to

=Strehl 0.4 assumed above for an 8 m telescope, the

observing
time requirements are comparable

´ =-(
)

(6.5 8) 0.4 0.94 . The continu
ous waveleng

th coverage

can allow observing multiple emission lines for the same

quasar. Utilizing the Hubble Space Telescope for BLR

spectroastrom
etry may also be possible, sin

ce the increased

observing time due to the r
elatively small telescope

diameter of

2.4 m is partially of
fset by the lo

wer diffractio
n limit in the UV.

Figure 7. Expected S/N for spectroastrom
etry candidates at different z.

Candidates are chosen from the most luminous quasars at ea
ch z (Figure 1),

where a stron
g low-ionizatio

n emission line falls in one of the NI
R bands. The

y-axis is the S
/N of the centroi

d offset of the
blue and red

wings of the
emission

line (Equation
(20)), for10 hr on an 8 m telescope (small symbols)and1 hr on

a 39 m telescope (larg
e symbols). The marker type de

notes the assu
med radial

distribution of the line emission (Figure 4), and bold markers denote the

examples shown in Figures 5 and 6. The spectr
oastrometric signal o

f the BLR

in < <z1 2.5 quasars is detectable at >S N 10 with existing telescopes,

while next-ge
neration telescopes wi

ll be able to observe the s
pectroastrom

etric

signal up to z = 6.5.
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A. Marconi EARLY E-ELT SCIENCE: Spectroscopy with HARMONI

Conclusions
What HARMONI could do: 

Supermassive black holes: masses & relations with host galaxies

measure small BH masses 105 -106 M⊙ and assess the nature of 
scatter at the low end of MBH-sigma relation

measure masses of type 1 AGN host galaxies at very high z and, in 
combination with ALMA, study the z-evolution of the MBH-Mdyn relation


AGN host galaxies: star formation & the importance of feedback

do detailed studies of ionised gas outflows at all redshifts and, in 
combination with ALMA, study the “feedback” effects of AGN driven 
outflows


Beyond the spatial resolution limit: very low mass BHs, the BLR

measure very small BH masses ~104 M⊙ combined with E-ELT/HIRES


spatially resolve the BLR and get constraints on its geometry and 
kinematics
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