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 2Necessity of “negative” AGN feedback

• SN feedback  
→ low-mass


• AGN feedback 
→ high-mass

AA51CH12-Kormendy ARI 24 July 2013 12:27
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Kormendy & Ho 2013, ARAA, 51, 511

Observed baryonic  
mass function

Mass spectrum of CDM halos

Star formation regulator

→ to match the mass 
function of galaxies  

with the observed one
→ to reproduce 
the  M-sigma



 3AGN wind@accretion disk-scale
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Figure 2
(a) A Gaussian fit to the ∼7-keV absorption feature finds a line energy of 7.06 ± 0.02 keV with (1σ ) width 100 ± 30 eV. Identification
with the FeXXV 1s-2p resonance line (6.70-keV rest energy) indicates an outflow velocity of v ∼ 0.12 ± 0.01c . (b) Alternative modeling
with a photoionized gas over the wider 1–10 keV spectral band yields a good fit with a relatively high column density N H ∼ 3.2 ±
0.7 × 1023 cm−2, moderate ionization parameter log ξ = 2.7 ± 0.1 erg cm s−1, and outflow velocity of v ∼ 0.15 ± 0.01c. Interestingly,
the FeXXV absorption line profile includes lower energy components due to the addition of one or more L-shell electrons, showing why
the simple Gaussian fit gives too low a velocity.
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Figure 3
The P Cygni profile of FeXXV from the stacked XMM-Newton pn observations of PG1211+143 is
characteristic of a wide-angle outflow. The comparable equivalent width of emission and blueshifted
absorption components indicate the highly ionized outflow has a large covering factor. Reprinted from
Pounds & Reeves (2009) with permission.
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King & Pounds 2015, ARA&A, 53, 115

6.7keV Fe

Vout ~ 0.12c

Ultra Fast Outflow (UFO)
• Very fast: ~0.1-0.3c

• Highly ionized

• Wide solid angle:  

Ω/4π ~0.4 (Gofford+15)

• log (NH/cm2) > 20-21



 4AGN wind@host galaxy-scale

• Vout: up to  
~1000 km/s


• Rout: up to  
~1 kpc


• Mass outflow 
rate is well 
correlated with 
the AGN power

Cicone et al. 2014, 

A&A, 562, A21



 5Types of conservation (energy vs momentum)
The Astrophysical Journal Letters, 745:L34 (5pp), 2012 February 1 Zubovas & King

Figure 1. Diagram of momentum-driven (top) and energy-driven (bottom) outflows. In both cases a fast wind (velocity ∼ηc ∼ 0.1c) impacts the interstellar gas of
the host galaxy, producing an inner reverse shock slowing the wind, and an outer forward shock accelerating the swept-up gas. In the momentum-driven case, the
shocks are very narrow and rapidly cool to become effectively isothermal. Only the ram pressure is communicated to the outflow, leading to very low kinetic energy
∼(σ/c) LEdd. In an energy-driven outflow, the shocked regions are much wider and do not cool. They expand adiabatically, communicating most of the kinetic energy
of the wind to the outflow (in simple cases approximately 1/3 is retained by the shocked wind). The outflow radial momentum flux is therefore greater than that of
the wind. Momentum-driven flows occur when shocks happen within ∼1 kpc of the AGN, and establish the M–σ relation (King 2003, 2005). Once the supermassive
black hole mass attains the critical M–σ value, the shocks move further from the AGN and the outflow becomes energy-driven. This produces the observed large-scale
flows, which probably sweep the galaxy clear of gas.

until the central AGN luminosity decreases significantly at some
radius R = R0, when the expansion speed decays as

Ṙ2 = 3
(

v2
e +

10
3

σ 2
)(

1
x2

− 2
3x3

)
− 10

3
σ 2, (7)

where x = R/R0 ! 1. In Equation (6), fg is the gas fraction rel-
ative to all matter. This may be lower than the value fc prevailing
when the earlier momentum-driven outflow establishes the M–σ
relation (5), as gas may be depleted through star formation, for
example.

The solutions (6) and (7) describe the motion of the contact
discontinuity where the shocked wind encounters swept-up
interstellar gas (see Figure 1). The observed molecular lines
are likely to come from the shocked interstellar gas ahead of
this discontinuity—its temperature is much lower (∼107 K)
than that of the shocked wind, as we shall see. The outer shock
must run ahead of the contact discontinuity into the ambient
ISM in such a way that the velocity jump across it is a factor of
(γ + 1)/(γ − 1) (where γ is the specific heat ratio). This fixes
its velocity as

vout = γ + 1
2

Ṙ ∼− 1230σ
2/3
200

(
lfc

fg

)1/3

km s−1 (8)

(where we have used γ = 5/3 in the last form). This corresponds
to a shock temperature of order 107 K for the forward shock

into the ISM (as opposed to ∼1010–1011 K for the wind shock).
Since the outer shock and the contact discontinuity are very
close together when energy-driven flow starts (see Figure 1)
this means that the outer shock is always at

Rout = γ + 1
2

R. (9)

The outflow rate of shocked interstellar gas is

Ṁout = dM(Rout)
dt

=
(γ + 1)fgσ

2

G
Ṙ. (10)

Assuming M = Mσ , the wind outflow rate is

Ṁw ≡ ṁṀEdd = 4fcṁσ 4

ηcG
. (11)

We can now define a mass-loading factor for the outflow, which
is the ratio of the mass flow rate in the shocked ISM to that in
the wind:

fL ≡ Ṁout

Ṁw
= η(γ + 1)

4ṁ

fg

fc

Ṙc

σ 2
. (12)

Then the mass outflow rate is

Ṁout = fLṀw = η(γ + 1)
4

fg

fc

Ṙc

σ 2
ṀEdd. (13)

3

ISM shock
(energy conserved)

Zubovas & King 2012



 6Gone with the wind

UFO

OH 119μm

Tombesi et al. 2015, Nature, 519, 436

• Luminous AGN/ULIRG: QSO-mode

• Clearly, “energy-conserving”

Energy conserving

Momentum conserving



Mrk 231
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KINETIC ENERGY TRANSFER FROM X-RAY ULTRAFAST OUTFLOWS TO MM/SUB-MM COLD
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ABSTRACT

UltraFast Outflows (UFOs), seen as X-ray blueshifted absorption lines in active galactic nuclei (AGNs), are considered
to be a key mechanism for AGN feedback. In this scenario, UFO kinetic energy is transferred into the cold and extended
molecular outflow observed at the mm/sub-mm wavelength, which blows away the gas and suppresses star formation
and accretion onto the central black hole. However, the energy transfer between the inner UFO and the outer molecular
outflow has not yet fully studied mainly due to the limited sample. In this paper, we performed comparison of their
kinetic energy using the mm/sub-mm published data and X-ray archival data. Among fourteen Seyfert galaxies whose
molecular outflows are detected in the IRAM/PdBI data, eight targets are bright enough to perform spectral fitting
in X-ray, and we have detected UFO absorption lines in six targets with 90% significance level, using XMM-Newton
and Suzaku satellites. The time-averaged UFO kinetic energy was derived from the spectral fitting. As a result, we
have found that the energy-transfer rate (the kinetic energy ratio of the molecular outflow to the UFO) has a negative
correlation with the black-hole (BH) mass, which shows that the AGN feedback is more efficient in the lower mass
BHs. This tendency is consistent with the theoretical prediction that the cooling time scale of the outflowing gas
becomes longer than the flow time scale when the BH mass is smaller.

Keywords: galaxies: active — galaxies: nuclei — galaxies: Seyfert — X-rays: galaxies

Corresponding author: MM
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• UFO search in galaxies 
hosting mol. outflows 
(Cicone et al. 2014)


• Six AGNs are found to host 
UFOs (XMM, Suzaku)


• Measure “energy transfer 
rate” from UFOs to mol. 
outflows. 

C = K̇mol/K̇UFO



 8Wide variety in the energy transfer rate

• Some favour energy 
conserving, some 
do momentum 
conserving, the 
others in between…


• C ~ 0.7% - 100% 

• Can we explain this 
messy trend by a 
physical model??



 9Dependence on MBH may be the key?

• Both “energy-” and 
“momentum-” 
conserving modes 
exist. 


• Roughly a negative 
trend with MBH


• Radiative cooling is 
more efficient for 
higher MBH objects
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 10Dependence on MBH may be the key?
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Figure 3. Kinetic energy versus outflow velocity. The verti-
cal axis in the lower panel is normalized by the UFO kinetic
energies, which corresponds to the energy-transfer rate C.
The point types are the same as in figure 2

tion, in which 0.007 ≤ C ≤ 1. This negative correlation
means that the radiative cooling is more effective when
the BH mass is larger.
King (2003) said that whether the radiative cooling

is effective or not depends on the balance of the cool-
ing time scale of the outflowing gas and the flow time
scale. The cooling efficiency of the outflowing gas de-
pends on the balance of these two time scales (King
2003; King et al. 2011). Now we assume that the radius
of the reverse shock between the unshocked UFO wind
and the shocked UFO wind is small enough to be ne-
glected and the hot bubble filled with the shocked UFO
wind exists. In this case, the hot bubble is thermal-
ized and the Compton cooling may work. King (2003)
shows that the Compton cooling time of the gas in the
Eddington luminosity case is

tcool =
2cR2

3πGMBH

(
me

mp

)2 (v
c

)−2
b, (4)
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Figure 4. Energy-loss rate (K̇) versus AGN luminosity
(LAGN). The blue/red points show the UFO/molecular out-
flow, respectively. The red-filled circles show the IRAM data,
whereas the red-open circles show the ALMA data. The red
triangle shows the Herschel data of IRAS F11119. The blue-
filled squares show the results of this work, whereas the open
one is the Chandra+NuSTAR data (Feruglio et al. 2015).
The dotted lines are the best-fit linear functions for larger
samples in Gofford et al. (2015) for UFO and Cicone et al.
(2014) for molecular outflows, whose error ranges are shown
in the shaded areas.
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Figure 5. Energy-loss rate (K̇) versus Eddington luminosity
(LEdd). See the caption of 4 for details.

where me/p is the electron/proton mass and b(! 1) is
the filling factor for the collimation of the wind. On
the other hand, the flow time scale (for the momentum-
driven case) is expressed as

tflow = R

(
2πG2MBH

fgσ2κ

)−1/2

, (5)
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where me/p is the electron/proton mass and b(! 1) is
the filling factor for the collimation of the wind. On
the other hand, the flow time scale (for the momentum-
driven case) is expressed as

tflow = R

(
2πG2MBH

fgσ2κ

)−1/2

, (5)

From UFOs to molecular outflows 11

10-3

10-2

10-1

100

101

107 108 109

En
er

gy
-tr

an
sf

er
 ra

te
 (C

=K
. m

ol
/K. UF

O
)

MBH/Msolar

Figure 6. Energy-transfer rate (C) versus BH mass
(MBH/M⊙). The filled circles show the IRAM data of the
Seyfert galaxies, whereas the open circles show the ALMA
data. The cross bin is the Chandra+NuSTAR results of Mrk
231, and the open triangle shows the IRAS F11119. The
blue line and the cyan-shaded region show the best-fit linear
function and its error range, in which only the filled circle
data points are used. The black dashed line is the expected
relation whose maximum is unity and minimum is ∼ 0.007.

where fgas is the gas fraction to the dark matter, σ is the
velocity dispersion, and κ is the opacity. Consequently,
the ratio of the two time scales is

tc
tf

=
2

3π
cR

(
me

mp

)2 (v
c

)−2
b

(
2π

MBHfgasσ2κ

)1/2

≃ 1.8

(
MBH

108M⊙

)−1/2 ( R

1 kpc

)( v

0.1c

)−2
.

(6)

This equation shows that the cooling is more efficient
(i.e., the energy-transfer rate is smaller) for larger BH
masses, which is consistent with figure 6.
Richings & Faucher-Giguère (2018a,b) performed the

hydro-chemical simulations to demonstrate the molecu-
lar outflow swept by the inner outflow assuming UFO.
They isotropically injected wind particles within the
inner boundary with the velocity of 0.1c, assuming a
spherically symmetric geometry. They consider the
radiative cooling in both the shocked UFO and the
shocked ambient gas, and showed that the energy-
transfer rate decreases in the higher BH masses mainly
due to stronger gravitational potential. In the larger
BH mass case, the velocity dispersion becomes larger
and the mass of the host galaxy enclosed within R,
which is shown asMgal(< R) = 2σ2R/G, becomes larger
(see equation 2.2 in Richings & Faucher-Giguère 2018b).
This tendency is also consistent with our results.
The other possibility is that the energy-transfer rate

depends on the Eddington ratios. From figures 4
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Figure 7. Energy-transfer rate (C) versus Eddington ratios
(LAGN/LEdd). See the caption of figure 6 for details.

and 5, we can easily notice that the energy-transfer
rate increases toward larger Eddington ratios (figure
7). The energy-transfer rate reaches maximum at
around the Eddington luminosity, and minimum when
LAGN/LEdd ! 10−2. The best-fit linear function is
log(C) = 0.11 ± 0.28 + (1.19 ± 0.33) log(LAGN/LEdd).
In this case, the quasar mode feedback is more ef-
ficient for Eddington/super-Eddington AGNs. How-
ever, Richings & Faucher-Giguère (2018b) shows that
the energy-transfer rate is independent of AGN lu-
minosity for the fixed MBH = 108M⊙, which clearly
contradicts our results. Now the number of targets is
very limited and the selection bias may exist; our sample
has a pseudo-correlation between MBH and LAGN/LEdd.
More samples are needed to investigate the environmen-
tal dependence of AGN feedback more strictly. If the
energy-transfer rate is large for the larger Eddington ra-
tios, the BH mass may be fixed in the super-Eddington
phase via strong accretion and strong feedback, because
most of the BH masses are considered to be acquired in
the super-Eddington accretion phase (Kawaguchi et al.
2004).

4.2. Comments on uncertainty

The energy-outflow rates of both the UFOs and molec-
ular outflows have uncertainty. The largest uncer-
tainty in UFO parameters is the wind geometry, which
determines Ω and r. The X-ray reverberation lag
techniques would make it possible to constrain Ω (see
Mizumoto et al. 2018), but this method is not yet well
established. Ratios of the triplet lines in some ions (like
Si and Fe) can constrain n of the X-ray absorbers, but
the current grating instrument can make only a rough
constraint even with the good photon statistics (e.g.,

(Compton cooling)

(Flow time-scale)



 12Summary and Issues

• Powerful AGN-driven winds are one of the key components 
to regulate galaxy-evolution. 


• Both accretion disk-scale winds (UFOs) and galaxy-scale 
winds (molecular outflows = MOs) have been extensively 
studied. 


• We examined physical connection (energy transfer rate) 
between UFOs and MOs, and found a wide variety from 
0.7% to 100%. 


• The energy transfer rate seems to correlate with MBH 
→ balance of cooling and flow time scales may explain. 

• Geometry of UFOs?? Radius, Covering factor… 

• Statistical sample of MOs → ALMA!


