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Outline

• Feedback:   What is it good for?

• Absolutely Everything ....  

• Feedback 101:   the Physics of Feedback

• Energy vs Momentum

• Feedback from momentum (rad pressure) during

• Star Formation

• The Growth of Massive Black Holes 
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Feedback 101

M82

Energy 
(dilute gas)

Gas heated up to 
Cs > Vesc & then unbound

eg: solar wind
SN-heated galactic wind

Momentum 
(dense gas; energy radiated)

force induces δV
if ~ Vesc, gas blown out
 eg:  molecular gas δV’s

O star winds

Carina
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• Hot ISM in galaxies (shock heated by SNe)

• hot gas can push around most of the mass iff 

M82 Σg (cold gas)

Hydro Equil:
P = πGΣg2

(observed:  LX ~ 10-4 LFIR) 

Feedback 101

Tuesday, December 25, 12



Bo
uc

he
 e

t 
al

. 

SNe can 
vent; but
thermal
pressure 
cannot 

affect the 
bulk of 

the mass

Bulk of the Mass 
Stirred up by
Momentum

(photons, 
radiative SNe, CRs)

even in MW, SN-heated ISM
~ 10% of pressure
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Driving Turbulence in Dense Gas
GMC w/ embedded 

star cluster Analytic Studies: 
Rad Pressure contributes

significantly to GMC
destruction & ISM turbulence

(from MW to ULIRGs)
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Q

Both of these Sims are Wrong
 Need to both form and disrupt GMCs (e.g., Genel+)

Why is this Important?  Gas Inflow in Galaxies

Text

Isothermal EOS: T ~ 100 K Stiffer EOS
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Driving Turbulence in Dense Gas
GMC w/ embedded 

star cluster

PH
 &

 E
Q

gas-rich z ~ 2 galaxy (isolated)

Analytic Studies: 
Rad Pressure contributes

significantly to GMC
destruction & ISM turbulence

(from MW to ULIRGs)

K
rum

holz+
; M

Q
T

Tuesday, December 25, 12



Feedback from the Central AGN
mechanical (jets & winds) & radiative

• Jets
• heat IGM/ICM (low ρ), but not dense ISM

• Winds
• BAL-QSO winds
✓ equatorial 

✓ Ṗ up to ~ 5L/c (Arav+)

• Photons
• UV:  Ṗ ~ L/c  (absorbed by dust):  κUV ~ 103 cm2 g-1 ~ 103 e scatt

• FIR:  Ṗ ~ τL/c (τ ~ dust FIR optical depth ~ 10-100):  κFIR ~10 e scatt
• Compton Heating (only low density gas)

• Outstanding Problem:  Which Dominates?
• Physics very difft for ISM & IGM
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mechanical (jets & winds) & radiative

Feedback from the Central AGN
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mechanical (jets & winds) & radiative

Feedback from the Central AGN
Sa

za
no
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et

 a
l. 

20
05

unobscured
spectrum

obscured
AGN

spectrum

(ξ ind of r for Q ~ 1)

Atomic cooling only; molecular gas/dust mix 
would cool to T < 100 K for low/moderate ξ 

Text

→ no AGN “heating” but
momentum is imparted

(ionization parameter)
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Feedback from the Central AGN

L
c

>
GMMg

r2
Dust in the host Galaxy

absorbs the AGN’s radiation 
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Feedback from the Central AGN

L
c

>
GMMg

r2
Dust in the host Galaxy

absorbs the AGN’s radiation 

M(r) =
2�2r

G
Mg = fM (� � constant)

Conjecture:   LM is an upper limit to the luminosity 
of an accreting BH; systems that reach LM self-

regulate and L does not increase further

LM ⇥ 4f�4c

G
⇥ 3� 1046 f0.1 �4

200 ergs s�1

For L > LM

momentum injection is 
sufficient to blow away 
all of the gas in a galaxy

Tuesday, December 25, 12



CAUTION: Energy-Driven Outflows are NOT Energy-Conserving
 

MOMENTUM IS WHAT MATTERS ON LARGE SCALES!

E coupled
(0.05 L)

E in outflow
(~0.0001 L)

Slide From Phil Hopkins
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BH Growth & AGN Feedback in Numerical Simulations
(Jackson Debuhr, EQ, Phil Hopkins, Chung-Pei Ma)

• SPH sims w/ Gadget

• isolated galaxies; mergers, ...

• BHs:  accreting sink particles

• How do BHs get their gas?

• “Radiative” Feedback

• Simple model: addtl force ∍ τL/c absorbed by nearest N ~ 103-4 particles

• Results weakly dependent on N (pressure redistributes momentum)
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BH impacts
the central ~ 
kpc but no 

Galaxy-scale
effects

no large-scale
blow out of gas

With Feedback No Feedback

Merger of 2 
~ 1011 M⊙

(baryonic)
galaxies
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What sets MBH & Mstar  in galaxy mergers (sims)?

AGN feedback has ...

little effect on stellar 
mass formed

strong effect on
BH mass:  sets MBH-σ

MBH-σ reqs τ ~ 25, i.e,
Ṗ ~ 25 L/c 

(similar to Ė ~ 0.05 L  in Di Matteo+ 05)

reproducing this efficient
coupling very non-trivial

Tuesday, December 25, 12



Summary
• Feedback is important for a wide variety of problems in galaxy 

formation (although likely not as many as it is invoked for!)

• “Pushing” (momentum), rather than “heating” (energy), dominates 
feedback for dense gas, i.e., for most of the mass

• impt in both star forming units (molecular clouds) & larger scales

• AGN Feedback in the dense ISM:  Momentum, not Energy

• BH growth self-regulates on sub-kpc scales:  M-σ relation

• reqs very efficient coupling:  τ ~ 25 (during mergers)

• Little effect on star formation; not nec. galactic-scale blowout
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Test of Extra Force

L = 0

L = Lc

L = 2Lc

spherical 
isothermal
potential

spherical 
shell of
mass Mg

lines:  analytic
points:  numerical
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What is it Good For?

NGC 3079 (HST)

Getting gas/metals out of galaxies (& into the IGM)
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The Schmidt Law(s)

• Observed:  
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Opacity

Dust Opacity
(T < 103 K)
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