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Super Winds



Efficiency of galaxy formation

Guo+ 2010



Massive galaxy density and colors:  
AGN feedback! 

Menci+  2006          Croton+2006 

0         1         2          U-R rest    1        2         3



Massive galaxy density and colors:  
AGN feedback! 

Menci+  2006          Croton+2006 

0         1         2          U-R rest    1        2         3

Without AGN heating SAMs:



Massive galaxy density and colors:  
AGN feedback! 

Menci+  2006          Croton+2006 

0         1         2          U-R rest    1        2         3

Without AGN heating SAMs:
1.  overpredict luminosities of 

massive galaxies by ~2 mags 



Massive galaxy density and colors:  
AGN feedback! 

Menci+  2006          Croton+2006 

0         1         2          U-R rest    1        2         3

Without AGN heating SAMs:
1.  overpredict luminosities of 

massive galaxies by ~2 mags 
and/or



Massive galaxy density and colors:  
AGN feedback! 

Menci+  2006          Croton+2006 

0         1         2          U-R rest    1        2         3

Without AGN heating SAMs:
1.  overpredict luminosities of 

massive galaxies by ~2 mags 
and/or
2. predict a number of massive blue 

galaxies higher than observed



Massive galaxy density and colors:  
AGN feedback! 

Menci+  2006          Croton+2006 

0         1         2          U-R rest    1        2         3

Without AGN heating SAMs:
1.  overpredict luminosities of 

massive galaxies by ~2 mags 
and/or
2. predict a number of massive blue 

galaxies higher than observed



The starting point:  
SMBH and stellar mass growth

Merloni 2008



The starting point:  
SMBH and stellar mass growth
The discovery of SMBH in the most local 
bulges;  tight correlation between MBH and 
bulge properties (e.g. Richstone+ 1998)

Merloni 2008



The starting point:  
SMBH and stellar mass growth
The discovery of SMBH in the most local 
bulges;  tight correlation between MBH and 
bulge properties (e.g. Richstone+ 1998)

Merloni 2008



The starting point:  
SMBH and stellar mass growth
The discovery of SMBH in the most local 
bulges;  tight correlation between MBH and 
bulge properties (e.g. Richstone+ 1998)

Silk & Rees 1998 and Fabian 1999 soon 
use this result: “When the black hole 
reaches a critical mass ~108M⊗ (M*!!!) it is 
powerful enough to eject the cold gas from 
the galaxy through strong winds, so 
terminating the growth of both black hole 
and galaxy and giving rise to the observed 
scaling between BH mass and bulge mass.”

Merloni 2008



The starting point:  
SMBH and stellar mass growth
The discovery of SMBH in the most local 
bulges;  tight correlation between MBH and 
bulge properties (e.g. Richstone+ 1998)

Silk & Rees 1998 and Fabian 1999 soon 
use this result: “When the black hole 
reaches a critical mass ~108M⊗ (M*!!!) it is 
powerful enough to eject the cold gas from 
the galaxy through strong winds, so 
terminating the growth of both black hole 
and galaxy and giving rise to the observed 
scaling between BH mass and bulge mass.”
Outflows affect large fraction of baryon 
in the Universe!!

Merloni 2008
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SMBH and stellar mass growth
The BH mass density obtained 
integrating the AGN L.-F. and the 
CXB ~ that obtained from local bulges

⇒ most BH mass accreted during 
luminous AGN phases!                    
Most bulges passed a phase of 
activity:

1) Complete SMBH census, 

Marconi+2004 
Merloni & Heintz 2008 

Shankar+2009
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AGN Feedback & 
AGN accretion mode

Radio mode 
! Low accretion-rate systems tend 

to be radiatively inefficient and  
jet-dominated 

! Feedback from low luminosity 
AGN dominated by kinetic energy 

! Low level activity can be 
~continuous 

Croton+ 2006 

Quasar mode 
! Major mergers 
! Minor mergers 
! Galaxy encounters 
! Activity periods are strong, short and 

recurrent 

AGN density decrease at z<2 
is due to: 

! decrease with time of galaxy merging 
rate 

! Decrease with time of encounters rate 
! Decrease with time of galactic cold gas 
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Feedback is driven by AGN radiation  
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Power to excavate cavities proportional 
to X-ray luminosity

Radio-mode feedback

Power in cavities proportional to AGN 
radio luminosity

Only BCG in clusters with low inner 
entropy (short cooling time) have an 
active nucleus: cold accretion!

..and only BCG with low inner 
entropy and an active nucleus are 
actively forming stars!

A delicate feedback 
mechanism: 

AGN input energy regulates 
the gas entropy and, in turn, 
further gas accretion and SF 
(stars can form from low 
entropy, cold and dense gas 
only). 

Voit & Donahue 2014
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radio jets (relativistic)

X-ray winds (warm 
absorbers, thousands 
km/s, UFO, moderately 
relativistic, )

ionized gas outflows 
(BAL, NAL, [OIII], Ha, 
v~1000-30000 km/s)

atomic gas outflows 
(NaI, HI, v~100-1000 
km/s)

NGC1068

nuclear region

ionized super wind

molecular gas outflows (OH, 
CO, HCN, v~100-2000 km/s) 

All carry significant amount of AGN Lbol ie~a few% 
Feedback observations are difficult 

Radio-mode (jet driven) feedback observed frequently, 
joining X-ray and radio observations (X-ray cavities in 

cool core clusters, filled with radio plasma) 

Quasar-mode feedback observations are rare. 
Systematic investigation of super winds impact on 

galaxy evolution still missing 
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Ultra fast outflows: UFOs!
Fast winds with velocity up to a fraction 
of c are observed in the central regions 
of AGNs; they likely originate from the 
acceleration of disk outflows by the 
AGN radiation field. Highly ionized,     
H-like He-like Fe 
Crenshaw+03, Pounds+03, Reeves+09, Moe+09, 
Tombesi+12

NGC1365 Risaliti+ 2005      
logξ~3-6 
logNH~22-24 
vout~0.03-0.3 c 
rmax<Lion/NHξ~0.03pc 
ionization par. 
rmin<2GMBH/v2out~0.003pc 
escape vel. 
Mout≈mpNHrvout~0.01-1M⊗/yr 

Mass outflow rate

PDS456



Broad Absorption Line QSOs

Borguet+2013  Gibson+2010 Dai+2008



Broad Absorption Line QSOs

Borguet+2013  Gibson+2010 Dai+2008



Broad Absorption Line QSOs

logU~ -1 ÷ 1         logNH~21-23 
vout~1000-30000 km/s 
lognH=3-4         from SIV*/SIV 
U=Q/4πr2cnH     ionization par. 
r~0.1-1kpc 
Mout≈mpNHrvout~10-1000M⊗/yr 

Mass outflow rate

Borguet+2013  Gibson+2010 Dai+2008



Broad Absorption Line QSOs

logU~ -1 ÷ 1         logNH~21-23 
vout~1000-30000 km/s 
lognH=3-4         from SIV*/SIV 
U=Q/4πr2cnH     ionization par. 
r~0.1-1kpc 
Mout≈mpNHrvout~10-1000M⊗/yr 

Mass outflow rate

Borguet+2013  Gibson+2010 Dai+2008



Local superwinds
M82



Local superwinds
M82

NGC1068



Local superwinds
M82

NGC1068NGC3079



Local superwinds
M82

NGC1068NGC3079Circinus



Local superwinds
M82

NGC1068NGC3079Circinus

Mrk573



Local superwinds
M82

NGC1068NGC3079Circinus

Mrk573
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Genzel+2008  Forster Schreiber +2014

[OIII], [FeII], Hα winds

vout~1000-10000 km/s 
logL[OIII]=42-44 ergs/s 
lognH=3-4         NELR 
r~1-10kpc 
Mout~10-1000M⊗/yr 

Mass outflow rate

Alexander+2010, Harrison+2012Cano-Diaz+2012



[OIII], [FeII], Hα winds

Cresci+2015 

Hα   [OIII]broad



Cold atomic gas winds
Teng+ 2013

vmax=300-2000 km/s       logNH=21-24 
assuming Ω=π and r=1kpc 

Mout=10-10000 M⊗/yr   Mass outflow rate
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The case of Markarian 231

•Nearby z=0.042, 187Mpc
•Merger system
•High luminosity (Lbol~1046 
erg/s), highly obscured 
(NH~1024 cm-2) BALQSO.
•SFR=200 MSun/yr
•ERO, R-K=6
Dust enshrouded AGN/
star-forming galaxy



Markarian 231
CO(1-0) emission line at 112 GHz

Fast cold gas (~100 K, up to +-1000 km/s) 
was detected on scales of ~1 kpc   

based on visibility fit  
- too fast to be disk rotation or inflow 
- too extended to be BLR    

OUTFLOW

Lbol~5×1045 ergs/s 

MH2, of ~ 7×107 Msun  

(uncertain conversion  L’CO to 
MH2) 

Mof~700 MSun/yr 

Lbol/Mout~7×1042 erg/s / MSun/yr



Outwards: cold outflow mapped

1 kpc

Feruglio+2015, A&A in press
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Cold outflow mapped: position-velocity plots

CO(2-1)   cuts through peak of emission (=AGN) 
VERTICAL  cut         HORIZONTAL         -45 degrees  

Molecular outflow with wide opening angle
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Outer rotating molecular disk seen face on +  
Inner warped disk with radius 80-100 pc, 60 deg inclined on l.o.s.

Warped molecular disk

seen also in HCN vibrational transition Aalto+2014



M OF , Ekin,OF and MOF /Mdisk radial profiles  
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ABSTRACT

Mrk 231 is a nearby ultra-luminous IR galaxy exhibiting a kpc-scale, multi-phase AGN-driven outflow. This galaxy represents the best
target to investigate in detail the morphology and energetics of powerful outflows, as well as their still poorly-understood expansion
mechanism and impact on the host galaxy. In this work, we present the best sensitivity and angular resolution maps of the molecular
disk and outflow of Mrk 231, as traced by CO(2-1) and (3-2) observations obtained with the IRAM/PdBI. In addition, we analyze
archival deep Chandra and NuSTAR X-ray observations. We use this unprecedented combination of multi-wavelength datasets to
constrain the physical properties of both the molecular disk and outflow, the presence of a highly-ionized ultra-fast nuclear wind,
and their connection. The molecular CO(2-1) outflow has a size of ∼ 1 kpc, and extends in all directions around the nucleus, being
more prominent along the south-west to north-east direction, suggesting a wide-angle biconical geometry. The maximum projected
velocity of the outflow is nearly constant out to ∼ 1 kpc, thus implying that the density of the outflowing material must decrease
from the nucleus outwards as ∼ r−2. This suggests that either a large part of the gas leaves the flow during its expansion or that
the bulk of the outflow has not yet reached out to ∼ 1 kpc, thus implying a limit on its age of ∼ 1 Myr. Mapping the mass and
energy rates of the molecular outflow yields ṀOF = [500 − 1000] M⊙ yr−1 and Ėkin,OF = [7 − 10] × 1043 erg s−1. The total kinetic
energy of the outflow is Ekin,OF is of the same order of the total energy of the molecular disk, Edisk. Remarkably, our analysis of the
X-ray data reveals a nuclear ultra-fast outflow (UFO) with velocity −20000 km s−1, ṀUFO = [0.3 − 2.1] M⊙yr−1, and momentum
load ṖUFO/Ṗrad = [0.2 − 1.6]. We find Ėkin,UFO ∼ Ėkin,OF as predicted for outflows undergoing an energy conserving expansion. This
suggests that most of the UFO kinetic energy is transferred to mechanical energy of the kpc-scale outflow, strongly supporting that
the energy released during accretion of matter onto super-massive black holes is the ultimate driver of giant massive outflows. The
momentum flux ṖOF derived for the large scale outflows in Mrk 231 enables us to estimate a momentum boost ṖOF/ṖUFO ≈ [30 − 60].
The ratios Ėkin,UFO/Lbol,AGN = [1 − 5]% and Ėkin,OF/Lbol,AGN = [1 − 3]% agree with the requirements of the most popular models of
AGN feedback.

Key words. Galaxies: individual: MRK231 – Galaxies: active – Galaxies: evolution – Galaxies: ISM – Galaxies: kinematics and
dynamics – Galaxies: quasars: general

1. Introduction

Luminous AGN are likely to play a key role in the evolution of
their host galaxies through powerful winds and outflows. In par-
ticular, during the earliest, dust obscured phase of AGN activity,
characterized by a large amount of molecular gas available to
fuel black hole accretion, the huge nuclear energy output enables
the production of AGN-driven outflows. These can perturb and
possibly expel most of the gas out of the host galaxy, therefore
leading to the quenching of star-formation. Current theoretical
models of galaxy evolution include AGN feedback to account
for galaxy colours and the lack of a large population of local

⋆ Based on observations carried out with the IRAM Plateau de Bure
Interferometer. IRAM is supported by INSU/CNRS (France), MPG
(Germany) and IGN (Spain), and with Chandra and NuSTAR obser-
vatories.

massive star forming galaxies (SFG, Granato et al. 2001, 2004,
Di Matteo et al. 2005, Menci et al. 2006, 2008, Bower et al.
2006, Croton et al. 2006).

Observations across the electromagnetic spectrum reveal that
AGN winds are widespread, suggesting that they cover large
solid angles and an extremely broad range of gas ionization pa-
rameter (Elvis 2000 and references therein). In X-rays mildly
ionized warm absorbers with velocities of ∼500-1000 km s−1

are observed in more than half of AGN (Piconcelli et al. 2005;
Blustin et al. 2005; McKernan et al. 2007). Furthermore, there is
growing evidence for the existence of ultra-fast outflows (UFOs)
via the detection of highly ionized Fe K-shell absorption arising
from a gas moving at velocities up to 0.2–0.4c (Pounds et al.
2003; Reeves et al. 2009; Tombesi et al. 2011, 2015 and refer-
ences therein). Optical/UV Broad Absorption Line (BAL) sys-
tems associated to ionized outflowing (−2000÷−20000 km s−1)
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4 Dipartimento di Fisica e Astronomia, Universitá di Firenze, Via G. Sansone 1, I-50019, Sesto Fiorentino (Firenze), Italy
5 Cavendish Laboratory, University of Cambridge, 19 J. J. Thomson Ave., Cambridge CB3 0HE, UK
6 Kavli Insitute for Cosmology, University of Cambridge, Madingley Road, Cambridge CB3 0HA, UK
7 ASDC-ASI, Via del Politecnico, I-00133 Roma, Italy
8 Department of Astronomy and CRESST, University of Maryland, College Park, MD, 20742, USA
9 Joint Space Science Institute, University of Maryland, College Park, MD20742, USA

Preprint online version: August 25, 2015

ABSTRACT

Mrk 231 is a nearby ultra-luminous IR galaxy exhibiting a kpc-scale, multi-phase AGN-driven outflow. This galaxy represents the best
target to investigate in detail the morphology and energetics of powerful outflows, as well as their still poorly-understood expansion
mechanism and impact on the host galaxy. In this work, we present the best sensitivity and angular resolution maps of the molecular
disk and outflow of Mrk 231, as traced by CO(2-1) and (3-2) observations obtained with the IRAM/PdBI. In addition, we analyze
archival deep Chandra and NuSTAR X-ray observations. We use this unprecedented combination of multi-wavelength datasets to
constrain the physical properties of both the molecular disk and outflow, the presence of a highly-ionized ultra-fast nuclear wind,
and their connection. The molecular CO(2-1) outflow has a size of ∼ 1 kpc, and extends in all directions around the nucleus, being
more prominent along the south-west to north-east direction, suggesting a wide-angle biconical geometry. The maximum projected
velocity of the outflow is nearly constant out to ∼ 1 kpc, thus implying that the density of the outflowing material must decrease
from the nucleus outwards as ∼ r−2. This suggests that either a large part of the gas leaves the flow during its expansion or that
the bulk of the outflow has not yet reached out to ∼ 1 kpc, thus implying a limit on its age of ∼ 1 Myr. Mapping the mass and
energy rates of the molecular outflow yields ṀOF = [500 − 1000] M⊙ yr−1 and Ėkin,OF = [7 − 10] × 1043 erg s−1. The total kinetic
energy of the outflow is Ekin,OF is of the same order of the total energy of the molecular disk, Edisk. Remarkably, our analysis of the
X-ray data reveals a nuclear ultra-fast outflow (UFO) with velocity −20000 km s−1, ṀUFO = [0.3 − 2.1] M⊙yr−1, and momentum
load ṖUFO/Ṗrad = [0.2 − 1.6]. We find Ėkin,UFO ∼ Ėkin,OF as predicted for outflows undergoing an energy conserving expansion. This
suggests that most of the UFO kinetic energy is transferred to mechanical energy of the kpc-scale outflow, strongly supporting that
the energy released during accretion of matter onto super-massive black holes is the ultimate driver of giant massive outflows. The
momentum flux ṖOF derived for the large scale outflows in Mrk 231 enables us to estimate a momentum boost ṖOF/ṖUFO ≈ [30 − 60].
The ratios Ėkin,UFO/Lbol,AGN = [1 − 5]% and Ėkin,OF/Lbol,AGN = [1 − 3]% agree with the requirements of the most popular models of
AGN feedback.

Key words. Galaxies: individual: MRK231 – Galaxies: active – Galaxies: evolution – Galaxies: ISM – Galaxies: kinematics and
dynamics – Galaxies: quasars: general

1. Introduction

Luminous AGN are likely to play a key role in the evolution of
their host galaxies through powerful winds and outflows. In par-
ticular, during the earliest, dust obscured phase of AGN activity,
characterized by a large amount of molecular gas available to
fuel black hole accretion, the huge nuclear energy output enables
the production of AGN-driven outflows. These can perturb and
possibly expel most of the gas out of the host galaxy, therefore
leading to the quenching of star-formation. Current theoretical
models of galaxy evolution include AGN feedback to account
for galaxy colours and the lack of a large population of local

⋆ Based on observations carried out with the IRAM Plateau de Bure
Interferometer. IRAM is supported by INSU/CNRS (France), MPG
(Germany) and IGN (Spain), and with Chandra and NuSTAR obser-
vatories.

massive star forming galaxies (SFG, Granato et al. 2001, 2004,
Di Matteo et al. 2005, Menci et al. 2006, 2008, Bower et al.
2006, Croton et al. 2006).

Observations across the electromagnetic spectrum reveal that
AGN winds are widespread, suggesting that they cover large
solid angles and an extremely broad range of gas ionization pa-
rameter (Elvis 2000 and references therein). In X-rays mildly
ionized warm absorbers with velocities of ∼500-1000 km s−1

are observed in more than half of AGN (Piconcelli et al. 2005;
Blustin et al. 2005; McKernan et al. 2007). Furthermore, there is
growing evidence for the existence of ultra-fast outflows (UFOs)
via the detection of highly ionized Fe K-shell absorption arising
from a gas moving at velocities up to 0.2–0.4c (Pounds et al.
2003; Reeves et al. 2009; Tombesi et al. 2011, 2015 and refer-
ences therein). Optical/UV Broad Absorption Line (BAL) sys-
tems associated to ionized outflowing (−2000÷−20000 km s−1)

1

vmax ~ constant out to ~1 kpc

Integral
In annuli

OF mass ~ 20% disk mass

Implies OF density decrease from the nucleus outwards as ∼ r−2 : either a large part of the gas leaves 
the flow during expansion, or bulk of the OF not yet reached 1 kpc (limiting age of 1 Myr) 

Spectra from regions centered on the nucleus and with increasing sides, Gaussian fit to model rotating disk and 
outflow components,    vmax = v98% = velocity shiftbroad + 2σbroad ,
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km s−1 is also seen at (+0.8,+0.8′′) offset from the phase center,
along the same diagonal direction where the blueshifted velocity
gradient is found. We cannot exclude that this feature is a resid-
ual side lobe, but the absence of the corresponding side lobe in
the opposite direction, suggests that this feature might be real.

3.3. Mapping ṀOF and Ėkin,OF

We fitted the pixel-by-pixel spectra with three Gaussian func-
tions, in order to simultaneously account for both low veloc-
ity (rotating disk) and high velocity gas (outflows). We define
the maximum velocity, vmax, as the shift between the veloc-
ity peak of broad component and the systemic velocity plus
2σ, where σ is the velocity dispersion of the broad gaussian
component (vmax = velocity shi f tbroad + 2σbroad, σbroad =
FWHMbroad/2.35). The vmax map is show in Figure 10. Based
on these three component fits, we attempted to map the mass
outflow rate and kinetic energy. In previous works (e.g. Feruglio
et al. 2010) the mass outflow rate has been computed using the
continuity fluid equation

ṀOF = Ω R2
OF ρOF vmax (3)

where ρOF is the average mass density of the outflow, vmax is
the maximum velocity of the outflowing gas, and ROF is the ra-
dius at which the outflow rate is computed, and Ω is the solid
angle subtended by the outflow. Assuming a spherical sector,
ρOF = 3MOF/ΩR3

OF
, then, ṀOF = 3 × vmax × MOF/ROF . In

this formula, ROF is the distance from the nucleus (RA,DEC=
12:56:14.23, 56:52:25.20). Accordingly, ṀOF represents the in-
stantaneous outflow rate of the material at the edge ROF (i.e., it
is a local estimate) and it is three times larger than the total out-
flow mass divided by the time required to push this mass through
a spherical surface of radius ROF . This estimator does not de-
pend on the solid angle Ω subtended by the outflow. Figure 11
is the map of the outflow rate ṀOF derived by averaging the CO
flux per beam of the broad gaussian components in quadrants of
increasing radii (south-west, south-east, north-east, north-west
off the AGN), and by adopting αCO = 0.5 to convert from line
luminosity to gas mass (Weiss et al. 2001). ṀOF in Figure 11,
therefore, should not be considered a pixel by pixel estimator of
the mass outflow rate, but rather the value in square sectors at
increasing radii.

The outflow originates from the nucleus, and ṀOF decreases
in all directions with increasing distance from the nucleus. The
outflow expands preferentially toward south-west, out to a dis-
tance of 0.4 arcsec from the nucleus.

3.4. ṀOF , Ėkin,OF and MOF/Mdisk radial profiles

In the following we study the mass outflow rate, kinetic power
and MOF/Mdisk as a function of the distance from the nucleus.
Since the outflow is located near the nucleus and rather symmet-
ric, for the sake of simplicity we adopted an one dimensional av-
erage. We used DS1 to map the region at < 0.5 kpc with the best
angular resolution, and DS2 to constrain any fainter high speed
emitting gas further out from the nucleus. We extracted spectra
from box regions centered on the nucleus and with increasing
sides. We then fitted the spectra with three Gaussian functions
(or four when the systemic line needs two components) to model
both the rotating disk and the outflow components, and com-
puted the mass outflow rate as detailed above. The gas masses
of the disks (traced by the systemic CO line) and outflow (broad

Fig. 10. Maps of vmax = velocity shiftbroad + 2σbroad (colour scale in
km s−1). The pixel size is 0.1 arcsec. The cross marks the AGN VLBI
position.

Fig. 11. Map of ṀOF (the scale in M⊙ yr−1 is reported at the panel bot-
tom). MOF is computed by averaging the CO flux of the broad gaus-
sian components in quadrants of increasing radii (south-west, south-
east, north-east, north-west squared sectors off the AGN), and then con-
verting to M(H2) using a conversion factor of 0.5. The clean beam is
shown as an open ellipse. The physical scale is 0.1 arcsec/pixel. The
cross marks the AGN VLBI position.

CO components) have been calculated by integrating the best fit
models and by using αCO = 0.5.

Figure 12 compares the best fit CO(2-1) emission line pro-
files integrated in a square region around the nucleus (using
DS1) with the integrated profiles from two adjacent square an-
nuli at increasing distances from the nucleus (using DS3). The
rms is ∼ 1.3 × 10−3 Jy for all the spectra. For the receding gas,
we detect high speed (800 km s−1) gas out to >∼ 1 kpc, and a
deficit of gas with intermediate velocity (300-500 km s−1) at
>∼ 0.5 kpc. For the approaching gas, this deficit is only seen at
≥0.9 kpc. The outflow mass rate ṀOF, the vmax, the kinetic en-
ergy rate Ėkin,OF = 0.5×ṀOF×v2

max, and the ratio of outflow mass
and molecular disk mass MOF/Mdisk are shown in Figure 13 as
a function of the distance from the nucleus (error-bars represent
the statistical errors only). Specifically, the histograms represent
integral quantities out to a given radius, while the points rep-
resent the local mass outflow rate in two annuli, computed by
measuring the mass density and the outflow mass within the an-
nuli. The integral mass outflow rate ṀOF is ≈ 1000 M⊙ yr−1
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Markarian 231 Summary

• Complex kinematics (2 component disk+ outflow)
• Cold outflow out to ~ 1kpc 
  +  nuclear semi relativistic wind 

• Energy-conserving outflow 

• What fate for the fast cold gas?  
Energy is large enough to leave the halo 
but size <~ 1 kpc.  
If density decreases as  ∼ r−2 
molecular clouds dissolve 
 but outflow may be visible in atomic ionized phase



Mark 231 atomic gas outflow
Narrow ionized lines=disk 

Broad ionized lines=outflow 

Neutral gas, NaI absorption = 
outflow 

Rupke&Veilleux 2011,2013

North
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The case of NGC 6240  

Major merger in early stage, 
with complex morphology, 
streamers, tidal tails, 
and 2 AGN nuclei 
both heavily obscured,  
with L(2-10) keV > 1044 erg/s  
and MBH > 108 M☉
SEVERAL MECHANISMS in 
ACTION !!
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New sensitive PdBI observations of CO(1-0): 
Broad CO(1-0) detected out to  +- 800 km/s 
Low surface-brightness structures 
blue-shifted (-300-400 km/s) extended structure up to scales of 7 kpc East
blue-shifted (-100-200 km/s) extended structure up to scales of 10 kpc South-West
Feruglio+ 2013a
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CO at -100 km/s coincides with the dust 
lane seen in HST image in the SW region 
CO with -400 km/s  coincident with Hα 
filaments in the Eastern region

The case of NGC 6240  

Chandra spectra provide evidence for shocked gas 
at the position of the Hα emission, and suggests 
that a shock is  propagating eastward and it is 

compressing the molecular gas, while crossing it. If 
CO outflow proceeds from the southern nucleus, as 
it is the case for Hα,   it carries several 100  M☉/yr
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The case of NGC 6240
High resolution CO(1-0) mapping (0.5kpc) Feruglio et al. 2013b

Complex nuclear flow.  
Velocity component width ~100km/s, as in merger models
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The case of NGC 6240
High resolution CO(1-0) mapping (0.5kpc) Feruglio et al. 2013b

The blueshifted -400km/s 
component originates from the 
souther nucleus!



Wind physical quantities 
Measure: 
• projected velocities 
• line luminosities (1D spectra, 2D 

maps)

Want to estimate 
• Wind velocity 
• Wind size and geometry 
• Mass outflow rate, kinetic energy  
• Distribution of Mass outflow rate 
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constant (for T ≈ 104K) 



Wind physical quantities
β

Hβ emissivity ∝1/T;  
[OIII] emissivity nearly 
constant (for T ≈ 104K) 

NLR: density 



SuperWinds 
Summary from yesterday

High level science motivations 

Efficiency of galaxy formation and quenching 

BH-Bulge correlations 

SuperWind observations (multi-wavelength)  

Feedback observations 

From observed quantities to wind physical quantities 



Launching a wind

€ 

Compton temperature kTIC =1/4 ε ;  ε = L−1 hνLνdν
0

∞

∫

if Cs < vesc ⇒  a corona will form

if Cs > vesc;Tesc =
GMmp

Rok
< TIC ⇒ a thermal wind will arise

vesc  decrease with R; TIC  and vesc  function of SED, not intensity 

⇒  winds starts at R≥
GMmp

kTIC

1) Thermal wind arising from the accretion disk. If nH<1012 cm-3 and logT<5K  
ionization heating is balanced by line cooling and recombination. If U is high line 
cooling is suppressed and gas reaches a hot phase in which Compton heating is 
balanced by inverse Compton cooling at an equilibrium T 



2: Continuum radiation driven Wind

• But any material above 
disc is also illuminated by 
the continuum source  

• Effective gravity is  
     (1- τ/τes L/LEdd) GM/R  

NOT simply GM/R 
• If just electron scattering 

= (1- L/LEdd) GM/R 
continuum driven wind 

• Exceeds Ledd in central 
regions of disc so wind 
from inner disc! 



€ 

equation of motion :  v dv
dr

=
kL

4π r 2c
−
GM
r 2

asymptotic velocity :  v∞ =
2
r0

kL
4π c

−GM
% 

& 
' 

( 

) 
* 

+ 

, 
- 

. 

/ 
0 

1/ 2

k is the absorption cross section per unit mass
which depends on the source of opacity.

Dust opacity
Thompson opacity

~ 100 −1000

Dust; rmin ≈1.3L46T1500
−2.8pc

Line opacity;  efficiency η  =
line scattering

electron scattering
Force multiplier =  ratio of line acceleration 
to that due to Thomson scattering ML(U)
U↑η↓

Winds, dynamical models 
3) line driven and dust driven winds
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Which wind goes where? L~0.1LEdd 

Warm absorbers
R=RIC

• Strong X-ray suppress 
UV line driven wind??

Courtesy by Chris Done



Which wind goes where? L~LEdd  

• X-rays weak but FUV 
can be strong! 

Courtesy by Chris Done
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Statistical studies
So far, only biased and very heterogeneous samples

Next generation surveys must target blind samples (a la SUPER, 
PHIBBS2, etc.) to constrain wind demographics

In the meantime… collections of all winds in AGN published so far 

18 molecular winds (Mrk231, N6240, N1068, ULIRGs, etc) 

36 ionized gas winds (local SDSS type 2 AGN, z~2 QSOs and 
radio galaxies, z~3 hyper-luminous QSOs) 

 6 BAL with spatial info available 

30 X-ray winds (UFOs, warm absorbers)
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Three main sets of relationships

1.Wind mass outflow rate, kinetic energy, AGN Lbol

2. Wind mass outflow rate, kinetic energy, SFR

3. Wind properties vs. SFG scaling relations (tdep gas 
fraction)
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Super Winds & AGN Lbol
Molecular 
small=nucl 
large=gal. 

Ionized 

BAL 

X-ray

Remarkable correlation between wind mass outflow rate and AGN bolometric 
luminosity: Mout~Lbol0.5 for molecular winds Mout~Lbol for ionized winds

 Ekin(out)=0.1-10% Lbol (UFOs, BALs)Ekin(out) = 1-10% Lbol (molecular) 

Ekin(out) = 0.1-1% (ionized low Lbol)  = 1-10 % (ionized high Lbol)
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Super Winds & AGN Lbol
Molecular, Ionized, BAL, X-ray

AGN outflow momentum rate 

>> 


AGN radiation momentum rate




Super Winds & AGN Lbol

Most molecular winds and 
several ionised winds are 
energy-conserving  

(but uncertainties are LARGE)

Molecular, Ionized, BAL, X-ray

AGN outflow momentum rate 

>> 


AGN radiation momentum rate
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Super Winds & SFR
Molecular 
small=nucl 
large=gal. 

Ionized 

BAL 

X-ray

Most molecular and ionised  winds are too powerful to be powered by SN
They are most likely AGN driven 

SN

Coarse correlation between Lbol and SFR, coarse correlation between 
Ekin(out) and SFR
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Molecular/ionized winds scaling relations

AGN feedback may be ubiquitous (winds, in addition to jets, seen in ionized, atomic, 
molecular gas). A solution for a major problem in galaxy evolution?

Heterogeneous sample: 
Molecular winds in local (U)LIRGs and nearby Seyfert galaxies.
Most ionized winds in z~2 AGN

Main sequence

Genzel+15

molecular

ionized
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Molecular/ionized wind scaling relations

Genzel+15

Gas depletion timescale (Mgas/SFR) normalised for trends 
with z and offset from galaxy main sequence

F, F+15tdep ~10-30 times shorter than average at high M*
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Gas fraction (Mgas/M*) normalised for trends with z and offset 
from galaxy main sequence
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Gas fraction (Mgas/M*) normalised for trends with z and offset 
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Molecular/ionized wind scaling relations



Genzel+15

Gas fraction (Mgas/M*) normalised for trends with z and offset 
from galaxy main sequence

F, F+15

Molecular/ionized wind scaling relations

Gas fraction 10-20 times smaller than average at high M*
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Summary
• Remarkable correlation between AGN mass outflow rate and AGN Lbol: 

Mout~Lbol0.5 for molecular winds ~Lbol ionized winds. 
• Ekin(out) = 1-10% Lbol (molecular);                                                               

Ekin(out) = 0.1-1% (ionized low Lbol)  = 1-10 % (ionized high Lbol)
1. At high Lbol Mout and Ekin of molecular and ionized winds is similar
• Conversion timescale from molecular gas to stars of massive galaxies 

hosting molecular winds are short
• Molecular gas fraction of massive galaxies hosting molecular winds are 

smaller than that of parent population
2. Molecular gas content of massive galaxies hosting molecular 

winds is reduced.
      speculation: 1+2 molecule in massive galaxies 
hosting powerful AGN are gradually destroyed, most 
gas is in atomic and ionized fase



Summary 2
• Most molecular winds some ionised winds and are energy conserving

• Most molecular winds are AGN driven, some ionised wind may be SN driven


however…


results are based on strongly biased samples!!!!! 
we need to test them on blind/unbiased samples  



First step
PHIBBS2: IRAM/NOEMA Legacy program (PI Genzel, 2000hr) to study gas in 100 SFG
SUPER: VLT/SINFONI Large program  (PI Mainieri, 280hr) to study 41 z~2 AGN

Next steps
ALMA/NOEMA surveys of 50-100 galaxies from z=0 to z=3 to definitely constrain molecular Super 
Wind demographics and physics

ELT/IFU/MOS NIR surveys of z=1-3 galaxies to definitely constrain ionised Super Wind 
demographics and physics at cosmic noon

8m/MOS, ELT/MOS optical surveys of z=0-1 galaxies to definitely constrain ionised Super Wind 
demographics and physics of galaxies from the local Universe to cosmic noon

Super winds effects on the formation of the first galaxies/AGN at the end of re-ionisation (z>6):
ALMA (cold gas)
E-ELT/MOS (warm gas)  
SKA and precursors (neutral gas)
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VLT
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