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Types of AGN Feedback

• Quasar mode vs. Radio mode 

• Establishment vs. Maintenance mode 

• Energy-driven vs. Momentum-driven 

• Negative vs. Positive 

• Mechanical (Kinetic) vs. Radiation

‣ Mechanical: Jets vs. Disc Wind

‣ Radiation: Compton vs Dust-driven winds
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parameter α reheat that determines the time-scale on which reheated

disc gas is added to the hot gas reservoir.

The models presented here have ϵSMBH = 0.5, αhot = 3.2, V hot =

485 km s−1, αcool = 0.58 and α reheat = 0.92. For this choice, the

model gives an excellent match to the local bJ- and K-band galaxy

luminosity functions, as shown in Fig. 3. (The dashed lines in this

figure show the luminosity function when feedback from AGN is

switched off. The match to the observational data is then very poor,

due in part to the large value of V hot. Benson et al. (2003) and Baugh

et al. (2005) were able to obtain better matches to the luminosity

function – albeit not as good as in our model including AGN feed-

back – through the inclusion of alternative means of suppressing gas

cooling in massive haloes.)

The values of αhot and V hot that we have adopted are somewhat

larger than the values used in our previous work and imply that

stellar feedback is extremely strong, especially in small galaxies.

As a result, the energy involved in feedback (i.e. the energy re-

quired to heat cold disc gas to the halo virial temperature) is equal

to the total energy produced by supernovae in galaxies with vcirc =

Figure 3. The luminosity function of galaxies in the local Universe. The

upper panel compares the model bJ-band luminosity function (red lines)

with the observational determination from the 2dF galaxy redshift survey

by Norberg et al. (2002). Here and in the panel below, the dotted line shows

the model prediction without dust obscuration and the solid line the predic-

tion taking obscuration into account, while the dashed lines show models in

which feedback from AGN has been switched off. The lower panel compares

the K-band luminosity function in the model to the observational determi-

nations by Cole et al. (2001) and Huang et al. (2003). Arrows indicate the

approximate magnitude faintwards of which of sample of model galaxies

becomes incomplete due to the limited mass resolution of the Millennium

simulation.

200 km s−1 and exceeds the available supernovae energy by

(vcirc/200 km s−1)−1.2 in lower mass galaxies. It should be noted,

however, that our model does not make use of any of the available

AGN energy to eject material from the galaxy itself. Numerical sim-

ulations of merging galaxies with central supermassive black holes

indicate that this can be a significant source of additional feedback

even though the outflow is strongly beamed (Di Matteo et al. 2005;

Springel et al. 2005b). We also require that the material be heated

to the virial temperature of the halo. Both of these assumptions are

likely to lead to an overestimate of the energy injection that is re-

quired. In addition, the values of these feedback parameters should

be treated with caution since our model of star formation is undoubt-

edly simplified. We intend to present a more detailed investigation

of the star formation and cooling model in future work.

Fig. 3 shows how AGN feedback can solve one of the two prob-

lems highlighted in Section 1: the absence of the very bright galax-

ies that unquenched cooling flows would generate at the centres of

very massive haloes. Fig. 4 shows how our model solves the second

problem: the red colours observed for the most massive observed

galaxies. The colour distribution in the model is clearly bimodal

(cf. Menci et al. 2005) and shows a very well-defined red sequence

which, at the red end, is populated by the most massive galaxies.

The transition in mean colour occurs at around a mass of ∼2 ×

1010 h−1 M⊙. Our model gives a qualitatively good match to obser-

vational data (Kauffmann et al. 2003; Baldry et al. 2004).

The colour distribution displayed in Fig. 4 is influenced strongly

both by AGN feedback and by the improvements to our cooling

model which now allows reheated disc gas to be added to a sur-

rounding hot reservoir during the lifetime of a halo. This tends to

establish a near steady state in which gas cooling is balanced by

reheating. Below a halo mass of ∼1012 h−1 M⊙, the colours of

Figure 4. The colour distribution of model galaxies from one-tenth of the

Millennium simulation. The graph shows the B − V colour as a function

of stellar mass in a galaxy. Note the clearly bimodal distribution of galaxy

colours, and the transition to a unimodal colour distribution which occurs at

M ∗ ∼ 1010.5 h−1 M⊙. The points are colour coded as in Fig. 1, i.e. satellites

(green points) and central galaxies of halo of masses < 3 × 1011 h−1 M⊙
(black points), 3 × 1011–1012 h−1 M⊙ (blue points) or > 1012 h−1 M⊙
(red points).

C⃝ 2006 The Authors. Journal compilation C⃝ 2006 RAS, MNRAS 370, 645–655

measurements based on stellar kinematics and gas kine-
matics. If the stated measurement errors in the black hole
masses are correct or if they are underestimated because of
systematic errors, the intrinsic dispersion in theMBH-! rela-
tion is no larger than about 0.25–0.3 dex in black hole mass
(i.e., less than a factor of 2).

Black hole mass estimates based on gas kinematics are
particularly uncertain, due to uncertainties in the spatial dis-
tribution of the gas (e.g., filled disk or torus configuration,
uncertain inclination and thickness) and the large but uncer-
tain correction for pressure support. In particular, including
a correction for pressure support will increase the black hole
mass; since four of the six high-dispersion galaxies in our
sample have masses determined by gas kinematics, a system-
atic increase in their masses could increase the best-fit slope.

The range of slopes for the MBH-! relation found in the
literature appears to arise mostly from systematic differen-
ces in the velocity dispersions used by different groups. We
do not believe that these differences reflect the different defi-
nitions of dispersion used by the groups (FM use the disper-
sion within a circular aperture of radius re=8, and the
Nukers use the dispersion within a slit aperture of half-
length re). It appears that part of the difference results from
Ferrarese &Merritt’s analysis, in which central velocity dis-
persions are extrapolated to re=8 using an empirical for-
mula. However, another—and possibly larger—component
appears to arise from poorly understood systematic errors
in the dispersion measurements.

In a few galaxies, the influence of the central black hole
may significantly affect the velocity dispersions—both the
central dispersions used by FM and the slit dispersions used

by the Nukers. Future analyses of the MBH-! relation
should be based on velocity-dispersion measures that are
less strongly weighted to the center; it is likely that both the
slope and the intrinsic scatter of the relation depend on
which dispersion measure is used, and it will be interesting
to seek the dispersion measure that offers the smallest intrin-
sic scatter. Other improvements in the analysis would
include the use of statistical estimators that are more robust
and that explicitly include an intrinsic dispersion in the
black hole mass, accounting properly for the asymmetric
error bars in black hole mass determinations, and estimat-
ing more accurately the uncertainties in individual disper-
sion measurements.

The investment of the astronomy community in the diffi-
cult task of measuring black hole masses has not yet been
matched by a commensurate investment in the much easier
task of obtaining high-quality kinematic maps of galaxies
containing black holes. A complete set of high-quality dis-
persion and rotation profiles for the galaxies in Table 1
would allow us to explore more deeply how the black hole
mass is related to the kinematic structure of its host galaxy.

We thank Michael Hudson and Tim de Zeeuw for discus-
sions and Tim de Zeeuw for communicating results in
advance of publication. Support for proposals 7388, 8591,
9106, and 9107 was provided by NASA through a grant
from the Space Telescope Science Institute, which is oper-
ated by the Association of Universities for Research in
Astronomy, Inc., under NASA contract NAS 5-26555. This
research was also supported by NSF grant AST 99-00316.

Fig. 7.—Data on black hole masses and dispersions for the galaxies in
Table 1, along with the best-fit correlation described by eqs. (1) and (19).
Mass measurements based on stellar kinematics are denoted by circles, on
gas kinematics by triangles, and on maser kinematics by asterisks; Nuker
measurements are denoted by filled circles. The dashed lines show the 1 !
limits on the best-fit correlation.

Fig. 8.—Residuals between the black hole masses and dispersions for the
galaxies in Table 1 and the best-fit correlation described by eq. (1) with
" ¼ 4:02 (eq. [19]). Mass measurements based on stellar kinematics are
denoted by circles, on gas kinematics by triangles, and on maser kinematics
by asterisks; Nuker measurements are denoted by filled circles.

750 TREMAINE ET AL. Vol. 574



Logarithmic view of the AGN-galaxy system
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http://www.horizon-simulation.org/

An example of a cosmological hydrodynamical simulation including AGN 
feedback: The Horizon Simulation (Dubois et al 2013, AMR code RAMSES, Teyssier, 2002) 


• 100 Mpc/h comoving volume

• 10243 dark matter particles

• Sub-grid models of star formation, SN and AGN feedback, metals (O, Fe, C, N, Mg, Si)

• The minimum cell size is ~1 kpc.



M-sigma relation   Black hole - Bulge Coevolution

log(MBH/M8) = (8.13 ± 0.05) + (5.13 ± 0.34) log(σ / 200 km s−1)

Graham et al (2011)

•Quasar(-mode) Feedback


‣Energy driven (~σ5 ) 
(Silk & Rees 1998)  or


‣Momentum driven (~σ4) 
(Fabian 1999) 

outflows.


• Radiation regulated Bulge 
accretion 
(Umemura 2001)


•Non-causal. A scaling is a 
natural consequence of 
galaxy merging. 
(Jahnke & Maccio 2011)


• What is the relative 
importance of each process?



Key questions

• How is M-σ relation established and maintained? 

• How is the star-formation rate affected by AGN Feedback?

‣ How is star-formation inhibited? 

(Gas removal, Dispersion, Heating?)

‣ How are outflows driven?

‣ Can SF be enhanced by pressure trigged collapse? 

• What is the efficiency of AGN Feedback and what does it depend on? 
 
 
 
                  We find out with….  
 



Hydrodynamic simulations



Jet/wind - Hot phase ISM - Cold phase ISM

• Radiative cooling down to 104 K

• Taub equation of state

• Piecewise Parabolic Method (PPM)

• Characteristic Tracing

• Two-shock / HLLC hybrid Rieman solver


• Magnetic fields

• Self-gravity

• Radiation

Special relativistic conservation equations in the single fluid approximation
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Simulation setup

FLASH 3.2 with Paramesh AMR

PLUTO 4 with Chombo AMR

• Clumpy two-phase ISM

• Hemispherical isotropic distribution 

of clouds, representing bulges of 
protogalaxies, CCS, GPS sources


• Pressure equilibrium (except jet)

• x=0 reflective, others are reflective

• v = 0 everywhere, except at jet inlet



Γ=10, P=1045 erg s-1, χ = mc2/4p = 1

Quasar-mode feedback by AGN jets  
in gas-rich galaxies



fV = 0.027 
Rc,max~25 pc

fV = 0.053 
Rc,max~50 pc

fV = 0.053 
Rc,max~10 pc

Quasar-mode feedback by AGN jets  
in gas-rich galaxies



AGN Jet Feedback Jet propagation

Energy deposition



Synthetic radio images Useful in comparisons to HzRG 
(e.g. GPS and CSS sources).



Energy- or Momentum-driven?



Bubble evolution - Energy or momentum driven? 

Cosmological 
simulations are alright in 
employing energy driven 
outflows, especially in 
the limit of small cloud 
sizes and small filling 
factor.


Bubble expansion 
speed is ~1000-2000 
km s-1. How is warm 
phase material 
accelerated to 
comparable speeds 
within dynamical time of 
bubble?



Mechanical advantage

Momentum budget
bubble p0
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Analogous definition of mechanical advantage:
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Navier-Stokes (Newton’s law) 
instantaenous momentum 
transfer + pressure gradient.


Integral of the pressure over 
the surface area bounding 
the cloud.



Mechanical advantange and Energy transfer

• Energy transfer from Jet to 
kinetic energy of clouds 
reaches 0.2-0.4 and rising.


• Mechanical advantage 
>> 1 , reaching 100 
 

The Astrophysical Journal, 757:136 (24pp), 2012 October 1 Wagner, Bicknell, & Umemura

Figure 4. Mechanical advantage vs. time for all 28 runs including clouds. The
top, middle, and bottom panels show runs for which fV = 0.42, 0.13, and 0.052
or 0.027, respectively. The mechanical advantage here is defined as the total
outward radial momentum of clouds at time t divided by the total momentum
delivered by the jet up to time t. The mechanical advantage in all simulations
≫1, indicating strong momentum coupling in the energy-driven regime.
(A color version of this figure is available in the online journal.)

G-series, and I-series of the simulations (see Table 2 for
nomenclature), we observe that for fV ! 0.1, lower filling
factors decrease the feedback efficiency, while for fV " 0.1,
lower filling factors increase the feedback efficiency. The reason
for the weak dependence and the non-monotonicity is the
competing effects of the cloud ablation rate and jet plasma
confinement time. On the one hand, smaller filling factors
increase the volume available for the jet plasma to flood through
and thereby reduce the confinement time, which reduces the
impulse delivered to the clouds over the confinement time.
On the other hand, smaller filling factors increase the mass
of ablated material relative to the total mass of a cloud,
because the ablation rate is proportional to the cloud surface
area and the mass is proportional to the cloud volume, which
decreases faster than the former for decreasing filling factor.
When lowering the filling factor in the range fV ! 0.1, the
effect of reduced plasma confinement time dominates over the
effect of increased fractional cloud ablation and results in lower
mass-averaged outflow velocities. In the range fV " 0.1, the
increased cloud ablation rate dominates over the reduced plasma

Figure 5. Fraction of jet energy going into kinetic energy of the warm phase
as a function of time for all 28 simulations containing a warm phase. The top,
middle, and bottom panels show runs for which fV = 0.42, 0.13, and 0.052 or
0.027, respectively. For all simulations, 0.4 ! Ekin,w/Pjet ! 0.1 although the
maxima and the time taken to reach the maxima depend on the jet power and
ISM parameters.
(A color version of this figure is available in the online journal.)

confinement time when reducing fV , leading to higher mass-
averaged outflow velocities. Over the range of values for the
filling factor studied here, these two effects counteract one
another, and the dependence of ⟨vr,w⟩ on fV for constant Pjet/nh

remains weak.
The mechanical advantage (Figure 4) is slightly reduced for

systems with lower filling factor down to fV = 0.027, but the
dependence of the efficiency of transfer of jet energy to kinetic
energy of the warm phase (Figure 5) on warm-phase filling
factor parallels the weak (non-monotonic) dependence of the
maximum outflow velocity on filling factor.

Note that, by reducing the filling factor, we are also reducing
the total mass of the warm phase. In contrast to this, we may
keep the total mass and filling factor the same but change the
maximum size of clouds by varying kmin. The results for this are
shown next.

5.3. Dependence on Maximum Cloud Sizes

Let us look at the D-series of runs, for which we have varied
the maximum size of clouds by varying kmin. The values of kmin
are denoted by the subscript of the run labels in Figure 3.
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How strong (or efficient) is negative AGN feedback?



Negative Feedback   Outflow speeds and M-σ

• Negative feedback depends on ISM 
properties and jet/wind parameters

• The more powerful the jet, the faster the 
outflows. ➡ M-σ  scaling (Silk & Rees 1998).

• The gas dynamics is complicated, but we 
can make predictions of when feedback is 
efficient.



How does AGN Feedback work internally? 
How is energy and momentum transferred?



The Inner Workings

• The channel flow remains at  
β > 0.01 within the kpc 
simulation domain.


• All channel flows have high 
densities n > 0.1 cm-3 due to 
turbulently entrained hot-phase 
material.


• Some channel flows are heavily 
mass loaded by cloud material 
(n ≳ 10 cm-3).


⇒ Pressure gradients at cloud interfaces are maintained mainly through  
     high ram pressure channel flows.

 
 ⇒ Estimates of cloud acceleration timescales are less than bubble dynamical time.



AGN Feedback efficiencies 
Dependence on filling factor and cloud sizes

‣ Surface area per unit mass exposed to ablation scales inversely with cloud radius.


‣ Confinement time of jet, and therefore, the time available for energy and momentum 
transfer is shorter in lower filling factor environments.



AGN Jet Feedback 
Efficiencies	

Reason for strong dependence of 
feedback efficiency on cloud size:


‣ View problem of jet propagation 
through galaxy as a (self-
avoiding) random-walk/diffusion 
problem.


‣ We define an interaction depth: 

⌧
jc

= (ncR2

c,max

)R
bulge

N = fV R3

bulge

/R3

c,max

= ncR3

bulge

⌧
jc

= fV (Rbulge

/R
c,max

) = fV kmin

Dependence on cloud sizes



AGN Jet Feedback 
Efficiencies	

Feedback efficiencies depend 
stronger on maximum cloud 

sizes than on filling factor


   A galaxy with many small 
isolated clouds experiences 

efficient cloud dispersion 
compared to a galaxy with 

fewer but bigger cloud 
complexes. 


Bigger cloud complexes may 
be more easily triggered to 

collapse.

Dependence on cloud sizes



Positive vs Negative Feedback.



Theoretical work on AGN induced star-formation

• AGN (especially jets) can increase the external pressure by a factor of 1000. 

• Silk (2013) proposed a pressure regulated (rather than density regulated) modified 
star-formation rate:

• Kim et al (2012) performed a (Toomre) stability analysis of a self-gravitating cold 
gas-rich disc confined by an external pressure (e.g. AGN induced)

‣ The maximum instability growth rate is found to be enhanced by the external 

pressure by a factor ~(2pext/pdisc)1/2

‣ The characteristic wavelength of instabilities is reduced by ~2pext/pdisc.

6

bulges, as well as to the scales inferred for the prede-
cessors of compact quiescent galaxies at lower redshift
(Barro et al. 2012).

3.6. Positive feedback: AGN-driven star formation

My basis hypothesis is that AGN can have positive as
well as negative feedback on star formation rates. The
observational consensus is mixed. Certainly, radio jet-
induced triggering does occur, both of star formation
rates (Croft et al. 2006) and of molecular gas formation
(Feain et al. 2007). Quenching of star formation is estab-
lished for nearby active galaxies (Schawinski et al. 2007).
However recent surveys find little evidence that x-ray

luminous AGN quench star formation (Harrison et al.
2012) and indeed that optically selected radio-loud QSOs
have enhanced star formation at lower luminosities
(Kalfountzou et al. 2012). The latter result raises the
question of why such an effect is not seen at high radio
power. One could speculate as follows. The relevance
of high Eddington luminosity to positive feedback is ob-
servationally elusive. It might be that at low Eddington
luminosities, mechanical feedback is dominant, in which
case this would plausibly be the major source of posi-
tive feedback. A testable prediction is that evidence for
enhanced outflows should be especially prominent in pos-
itive feedback candidates, targeted by elevated SSFR at
high redshift.
In what follows, I will assume that enhanced pressure

associated with the central AGN enhances star forma-
tion. This effect may be more prominent at lower lumi-
nosities as the starburst is likely to saturate at high lumi-
nosity, in part due to induced strong outflows. These are
observed to be initiated at high pressures and associated
mass loading (Newman et al. 2012).
The AGN pressure-driven star formation rate is

Σ̇AGN
∗ =

ϵSN

σd
Σgas

√

πGpAGN

fg
=

ϵSN

σd
ΣgasG

√

πfpEMBH

κfgr2
.

(25)
This yields a Schmidt-Kennicutt-like law at a given ratio
of black hole to spheroid mass:

Σ̇AGN
∗ = GΣ3/2

gas
πϵSN

fgσd

(

MBH

M∗

)1/2 (fpE
κ

)1/2

. (26)

If τ = κΣgas/2 is specified, one can rewrite this as

Σ̇AGN
∗ =

Σ∗

τS
ζ(τ/2)1/2f1/2

pE

(

MBH

M∗

)1/2

, (27)

where
ζ =

ϵSNc

2σd
=

mSNvcc

2ESN

and
τS = cκ(4πG)−1.

The corresponding specific star formation rate is

SSFR =
ζ

τS

√

τfpE
2

MBH

M∗

. (28)

I set

ṀBH = 4π
GMBH

cηκ
= MBH/tBH ,

where the black hole e-folding growth time

tBH = ητS ≡ cηκ(4πG)−1 = 4.3× 107η0.1 yr

is equal to the so-called Salpeter time and I define τS =
cκ(4πG)−1 ≡ 4.3×108yr as a reference time (the Salpeter
time at 100% efficiency). The numerical values assume
electron scattering opacity and η ≡ 0.1η0.1. I note that

mSNvcc

ESN
= 360

mSN,150vc,400
E51

and
ζ = 180

mSN,150vc,400
E51

. (29)

To infer the disk-averaged specific star formation rate
(SSFR), let τ = τ̄ = fpE

2
MBH

M∗

at r = Rd. The SSFR is
given by

SSFR=
ζ

τS

MBH

M∗

fpE
2

(30)

∼
3

τS
ζ200

MBH

10−3M∗

fpE,30 (31)

∼ (108yr)−1, (32)

since MBH ∼ 10−3M∗, where ζ = 200ζ200, and fpE =
30fpE,30. This is similar to what is observed at z >

∼ 2
(Weinmann et al. 2011; Bouwens et al. 2012; Stark et al.
2013). The ratio of stellar luminosity to mass is

LAGN
∗

M∗

= ϵradc
2(SSFR) ≈

2.1017s

tBH
erg g−1s−1 ≈ 200

M⊙

L⊙

,

(33)
and agrees with ULIRG observations (Scoville 2003), al-
though possibly requiring a slightly top-heavy IMF (with
ϵrad ∼ 2.10−3).
We now have the following equation for the AGN-

induced star formation rate in terms of the black hole
growth rate:

ṀAGN
∗ = ζ

MBH

τS

√

τfpE
2

M∗

MBH
=

ηζ

2
fpEṀBH

Rd

r
.

(34)
I note that

ṀAGN
∗

ṀBH

=
ηζfpE

2

Rd

r
. (35)

This ratio (∼ 600) is similar to what is observed for
stacked AGN at z ∼ 2, if I set r ∼ 0.5Rd and fpE ∼ 30
(Mullaney et al. 2012).
The dust temperature is dominated by the inner disk,

TAGN
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)
3
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The enhanced dust temperatures (∼ 45K) correspond to
those observed for AGN, evaluated at r ∼ 0.1Rd or ∼ 100
pc.

3.7. Gas accretion and star formation rate

The ratio of black hole growth to stellar mass growth
time-scales, can be written

SSFR.tBH =
ηζfpE

2

MBH

M∗

(

Rd

2r

)
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the Eddington accretion rate (or the black hole growth rate at
Eddington luminosity) is

ṀE = ṀBH/fE = LE

ηc2
= 4π

GMBH

cηκ
, (5)

and the wind outflow rate from the AGN disk is (King & Pounds
2003)

Ṁw = fE

LE

vwc
. (6)

Here fE = fxLAGN/LE and κ is the opacity, quantified below
and generally taken to be dominated by electron scattering
at small radii (or by dust at large radii) in the subsequent
applications. I have introduced an (unknown) AGN efficiency
factor fx that might be less than unity to incorporate AGN-driven
shell dissipation. This would affect the scalings derived above.
For example, a case can be made for energy-conserving winds
(Faucher-Giguère & Quataert 2012).

The AGN pressure introduced here drives a wind, in con-
junction with any supernovae resulting from triggered star for-
mation. The radial dependence of the overpressured outflow is
described below in what I call the far regime via a solution for the
pressure-driven shell or ring. So far as the disk is overpressured,
this refers to a continuous input of energy via backflow of the
circumdisk gas heated by the frustrated jet or wind. This quasi-
uniform turbulent pressure behind the bow shock is clearly seen
in the numerical simulations (Gaibler et al. 2012; Wagner et al.
2012, 2013).

3.1. The Near and Far Regimes

Quasar feedback is commonly divided into two modes: the
quasar and the radio modes. This is a great simplification of
course, but captures the essential physics. The MBH–σ scaling
relation, and associated black hole growth, is controlled by the
quasar mode. Quenching of star formation by gas ejection from
the galaxy potential well is regulated by the radio (essentially
radio jet) mode. These modes correspond to near and far
regimes, with radio jets, and the associated bow shocks, linking
the two. The following discussion of the two modes is meant
to be illustrative and plausible but could well be modified if
different physical models are adopted, for example, with regard
to the gas fraction or the dust content.

3.1.1. The Near Mode

In the near, AGN-dominated, regime, the radiative momen-
tum and any associated wind drive gas away. The gas is ionized
and hot, and the dominant opacity is electron scattering. The
geometry in the inner region will be that of a hot disk but can
be approximated here as quasi-spherical.

I assume that the black hole outflow self-regulates the
gas reservoir that feeds the disk. Hence, balancing the AGN
momentum LE/c with the acceleration needed to eject a gas
shell f̄gGM2R−2, where I denote the galaxy-averaged gas
fraction by f̄g ≈ 0.2, I obtain the well-known expression (Silk
& Rees 1998; Fabian 1999; King 2003; Murray et al. 2005) for
the MBH–σ relation:

σ 4 = 4πG2MBH/κ f̄g. (7)

This agrees in normalization and slope with the observed
relation, although understanding the dispersion in the relation
requires substantially more physics input that has largely been
lacking up to now.

The gas ejected from the inner region does not acquire enough
momentum to be ejected from the galaxy and would eventually
cool and refuel star formation, were it not for the onset of jet-
driven feedback. I will use jets as my template in what follows
since these have hitherto been explored in most detail with high-
resolution simulations, but, as noted previously, winds may be
equally effective.

3.1.2. The Far Mode

Consider the jet driving of bubbles. The jet power is approx-
imated by the Eddington ratio fE = Pjet/LE. The jet expands
into an inhomogeneous ISM and drives a bow shock. The ram
pressure sweeps up a shell of dense gas, entrains clumps, and
ablates cold gas. The expanding bubble surface allows a large
ram pressure momentum boost over radiative momentum by
a mechanical advantage factor fp ∼ 10–300 (Wagner et al.
2012, 2013), with the numerical simulations finding an outflow
efficiency

Ṁwv2
w/LAGN = vw/c (8)

= (0.1–0.4)Pjet/LAGN. (9)

The momentum acquired by clouds relative to jet momentum
due to ram/thermal pressure is fp ≈ t

1/2
3 , where t3 = t/1000 yr.

In this approximately energy-conserving phase, v2
w ∝ PjettR

−3,

and one has R ∝ t3/5, so that

fp ∝ R5/6 ∝ v−5/4
w . (10)

As vw falls from its initial value ∼ (0.3–0.1)c to the observed
outflow velocities of ∼103 km s−1, one infers that indeed
fp ∼ 10–100.

The fully three-dimensional numerical simulations demon-
strate the validity of this simple approximation, and supercede
earlier discussions that assume spherical symmetry but still pro-
vide some insight. For example, an alternative way of view-
ing the boost is if energy of the initial relativistic outflow is
conserved, with a fraction fi of the initial wind energy going
into shell acceleration, generating bulk motion of the swept-up
gas at vshell. In this case, the momentum flux is boosted rela-
tive to LAGN/c by a factor fivw/vshell, where we might expect
vw ∼ 0.1c and fi ∼ 0.5 (Faucher-Giguère & Quataert 2012;
Zubovas & King 2012). In fact, the actual physics is likely to be
rather more complicated, since the final outflow velocity occurs
at the onset of the momentum-conserving phase and is a more
complex function of halo mass (Silk & Nusser 2010).

First, I give a back-of-the-envelope estimate for the AGN-
induced pressure exerted on clouds in the disk or spheroid,
namely,

pAGN = fpfE

LE

4πR2c
, (11)

where the mechanical advantage factor fp includes the effects
of wind interactions and fE is the Eddington ratio LAGN/LE. In
what follows, I write fpE = fpfE, and for fiducial values, I
will define fpE = 30fpE,30.

The wind-driven pressure from the entire galaxy is similar:

pw = Ṁwindvw

4πR2
= fpE

LE

4πR2c
. (12)

Next, I derive the pressure more rigorously. Note first that the
relevant pressure is ram pressure. I use the similarity solution
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Mechanical advantage = pjet / pclouds



Negative vs Positive 
Feedback

• Competing effects:  
  a) Cloud ablation   
  b) Pressure-triggered collapse 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Positive Feedback through Jet-induced Star Formation in Disc 
Galaxies. Gaibler et al. (2011)
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Cloud evolution in detail 
The complexity of positive and negative feedback

• Star-formation can occur in galactic outflows. These would leave an imprint in 
stellar kinematics.


• A bottom up approach - starting from the simulation of individual coulds being 
blown out or compressed - is also needed to understand the averaged global 
effects of positive and negative feedback.
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Summary

• Quasar mode (and radio-mode) feedback are Energy-driven 

• AGN jets and winds can accelerate ionized, neutral and molecular gas through ram-
pressure to 100s~1000s km s-1, as seen in observations. ➜ Negative Feedback


• Pressurization of clouds or the entire galactic disc by the AGN blown bubble can 
lead to enhanced star-formation in the galaxy. ➜ Positive Feedback 

• Positive and negative always happen together. It is the ratio of these and the 
locality of each which affects galaxy properties. 

• The efficiencies of positive and negative feedback depend strongly on the 
properties of the ISM like, e.g. the size-distribution of clouds as well as the column 
density of the system. Positive feedback may be significant in gas rich disc 
galaxies at high redshift. 

• Quasar mode negative feedback (radiation and kinetic) 
and Positive feedback still need to be properly included in cosmological and semi-
analytic modelling.
Movies shown in this talk can be found at http://www2.ccs.tsukuba.ac.jp/Astro/Members/ayw/research/agn_feedback/agn_feedback.html

http://www2.ccs.tsukuba.ac.jp/Astro/Members/ayw/research/agn_feedback/agn_feedback.html


Summary in images
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