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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

values below the dominant high-specific SFR ‘‘sequence,’’ down
to very low levels. AtM! ¼ 2 ; 1011 M#, close to where the high-
specific SFR ‘‘sequence’’ terminates, the galaxies with low specific
SFRs begin to dominate. Above logM! ¼ 11:8 the plot is domi-
nated by noise from very few objects with such high mass. This
figure compares well to Figure 24 in B04.

7.2. The Star-forming Sequence

We now focus on star formation histories of various classes of
galaxies. In Figure 17 we show specific SFR against the stellar
mass for the star-forming galaxies, AGNs (together with SF/AGN
composites), and the class without H! detection. For each class
the top panels show nominal, unweighted data, while the bottom
panels are volume-corrected. Dashed line has the same meaning
as in Figure 15. First we notice that the three classes occupy rela-
tively distinct portions of the parameter space. This is especially
pronounced in the unweighted plots. Thus, the three classes ap-
pear to have had quite different star formation histories. This was

to some extent indicated in the CMDs (Fig. 1) but is more strik-
ing now.

The star-forming (SF) class, which forms a blue sequence in
the CMD (Fig. 1), dominates the high values of the specific SFR.
The sequence that was obvious in Figure 15 stands completely
isolated here. In the weighted plot we see an ever-increasing den-
sity toward the lower mass, which reflects a rising low-mass slope
of themass function of late type (blue) galaxies.While the typical
SFR rises from 0.1M# yr$1 at the low-mass end to 10M# yr$1 at
1011 M# (consistent with the assumption that the more massive
galaxies contain more gas and therefore have higher SFRs), the
specific SFR actually declines by a factor of 10. The tightness of
the ‘‘star-forming’’ sequence (note that the formal error of the spe-
cific SFR is only 0.20 dex) represents an important indication that
the galaxy’s mass regulates the overall star formation history (see
alsoGavazzi et al. 1996; Boselli et al. 2001). It appears reasonable
to assume that in the absence of an event thatmay disturb galaxy’s
gas reservoir, a galaxy would ‘‘naturally’’ sit on this tight se-
quence. This appears contrary to the suggestions that the red
(non-SF) sequence forms by simple gas exhaustion, since we
would then have a much wider range of (specific) SFRs at the
given mass, for galaxies observed in the various stages of gas

Fig. 15.—Dependence of the star formation history on the stellar mass. We
use the specific SFR (SFR/M!) as an indicator of a star formation history. Gal-
axies with a larger fraction of recent star formation will have a higher value of the
specific SFR. Instead of a single value, each galaxy is represented with a full two
dimensional probability function. The dashed line, shown for reference, represents
a constant SFR of 1M# yr$1. The top panel gives equal weight to every galaxy in
the sample, while the bottom panel shows logarithms of volume-corrected values
(i.e., weighted by Vmax). Uneven behavior at lowmasses is because of a small num-
ber of galaxies (or no galaxies) in some bins. Note that the sample is only optically
selected. Our completeness limit is below the lowest mass on the plot.

Fig. 16.—Conditional dependence of the star formation history on the stellar
mass. Same sample as in Fig. 15, but with each 0.05 dex wide mass bin nor-
malized to its maximum separately. This allows us to see what specific SFRs dom-
inate at each mass, and to follow activity where there are to few objects to show in
the standard plot. The bottom panel shows running modes from the top panel to-
gether with a Schechter-like fit to those points.
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Models that assume f~5% LAGN couples to ISM are successful in 
explaining in these observations

Establish correlations between 
SMBH and galaxy properties Truncate star formation

Salim+07

Gultekin+09



Observational breakthroughs on AGN outflows

• Physical conditions in QSO outflows 

using low-ion BALs (⇒ energetics)

Mrk 231

• Massive, galaxy-scale AGN outflows in 

local ULIRGs

➡  neutral, ionized, CO, OH, HCN, ...

• Herschel, E-VLA, ALMA, ... to 

revolutionize this field

A&A 518, L155 (2010)

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

-1000 -500 0 500 1000

0

0.1

0.2

0.3

Velocity [Km/s]

-1000 -500 0 500 1000

0

0.01

0.02

0.03

Velocity [Km/s]

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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Figure 4. Equivalent width, central velocity, FWHM, and v98% maps of N i D. A nuclear outflow extends from the nucleus up to 2–3 kpc in all directions (as projected
in the plane of the sky). The high velocities suggest that the AGN powers the nuclear wind. The northern quadrant of the nuclear wind is further accelerated by the
radio jet. A lower-velocity starburst-driven outflow is present in the south.
(A color version of this figure is available in the online journal.)

and show kpc-scale extents (Martin 2006; Shih & Rupke 2010).
They have 〈v98%〉 = −450 km s−1 in systems whose infrared
luminosity is dominated by star formation (Rupke et al. 2005c;
Martin 2005). Rupke et al. (2005c) calculate that ULIRG mass
outflow rates are 20% of the star formation rate on average.
However, evidence has remained elusive for large-scale outflows
that are clearly AGN-driven in LIRGs or ULIRGs (Rupke et al.
2005a).

The data we present here are clear: there is a neutral,
∼1000 km s−1 outflow in Mrk 231 that extends in every direction
from the nucleus (as projected into the plane of the sky) out
to at least 3 kpc. Such high velocities have not been seen in
starburst ULIRGs (Table 1), providing strong circumstantial
evidence that this wide-angle nuclear wind is driven by radiation
or mechanical energy from the AGN.

From what we know about the structure of galactic winds
(Veilleux et al. 2005), the molecular disk in Mrk 231 collimates
this nuclear wind. Given the disk’s almost face-on orientation,
we must be looking “down the barrel” of a biconical outflow.
The other end of this bicone is receding from us, behind the
galaxy disk and therefore invisible at optical wavelengths.

It is apparent from the velocity map that the north–south
radio jet in Mrk 231 (Carilli et al. 1998; Ulvestad et al. 1999)

is coupling to the nuclear wind, accelerating the neutral gas
to even higher velocities. The jet is not constrained to emerge
perpendicular to the disk, and thus produces an asymmetric
effect. The present data imply that the northern arm of the
large-scale jet is on the near side of the molecular disk. Neutral
outflows driven by jet interactions with the interstellar medium
(ISM) on kpc scales have also been observed in radio galaxies
in H i absorption (Morganti et al. 2005, 2007). The newly
discovered jet–wind interaction in Mrk 231 appears to be similar,
though this time the jet accelerates an already in situ wind.

Carilli et al. (1998) and Taylor et al. (1999) studied the
diffuse radio continuum emission from Mrk 231, which is
symmetric about the nucleus on scales of 100 pc to 1 kpc.
They hypothesized that this emission is produced by in situ
electron acceleration, but could not rule out that the AGN
distributes these electrons through a wide-angle outflow. Our
data are further evidence for the in situ interpretation, since we
now know that the AGN outflow reaches larger scales and is
asymmetrically accelerated.

Along with these AGN-driven outflows, Mrk 231 also hosts
a starburst-driven wind. Blueshifted velocities with 〈v98%〉 =
−570 km s−1 are observed in the star-forming arc south of
the nucleus. These are comparable to the maximum velocities

5

kpc

km/s
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Physical conditions in luminous QSO 
atomic outflows

• Photoionization modeling particularly constraining in QSOs with 
FeII* broad line absorption (T~104 K, v~5,000 km/s; FeLoBALs):                                             

ΔR~0.01 pc    (absorber thickness)

R~1-3 kpc      (distance from SMBH)
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ionization param
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Figure 1. Portion of the VLT spectrum showing the Fe ii UV 38 multiplet in SDSS J0318−0600 (the full spectrum can be found online). Line identifications are
indicated by vertical blue lines for the expected position of component i, based on the redshift z = 1.9257. The redshift of the quasar is in black located at the top
right. The log(gf ) values of the identified transitions are shown above the spectrum, where g is the statistical weight and f is the oscillator strength. The size of the
vertical blue line provides the value, which can be read from the y-axis scale at the top right. Each identifier lists the ion, wavelength, and lower energy level (in 1000
s of cm−1). The spectrum error is plotted in solid black below the spectrum (≈0.05 in normalized flux)
(A color version and the complete figure set [35 images] are available in the online journal.)

Table 2
Detected Absorption Lines in QSO 0318−0600

Ion Wavelength log gf Elow glow Components Referencea
Measured

C II 1334.53 −0.619 0 2 a,b–h,k 5
C II* 1335.71 −0.359 63 4 a,i,k 5
C IV 1548.20 −0.423 0 2 a,b–h,k 5
C IV 1550.77 −0.723 0 2 i,k 5

Notes.
a (5) Moore (1970, Section 3).
(This table is available in its entirety in a machine-readable form in the online
journal. A portion is shown here for guidance regarding its form and content.)

10 components in the Fe ii UV 1, 2, & 3 multiplet absorption
complexes.
The Fe ii multiplets UV 1, 2, & 3 are the best candidates to

identify Fe ii lines from the other 10 components to measure,
because they contain the Fe ii transitions with the strongest
oscillator strengths. However, this task proves to be non-
trivial in SDSS J0318−0600. Identifying measurable lines
from a saturated and heavily blended region (see Figure 2)
is difficult, especially when considering the large number of
strong resonance and excited state lines. Therefore, we attempt
to identify as many of the 11 components in the UV 1, 2,
and 3 multiplets using the Al ii template to search for these 11
components where blending is not so prevalent. We provide the
full list of detected ions, transition wavelengths, their oscillator
strengths, and lower level energies in the online version of
Table 2.
We find that for the lowest and highest velocity components

(k and a), enough measurements or limit determinations are
available and that we can effectively determine the electron den-
sity (nH), the ionization parameter (UH ), and the total hydrogen
column density (NH , see Section 4). Unfortunately, blending
prevents us from identifying enough measurable troughs for
components b–h for proper analysis. We opt for the limiting
case by taking the sum of these latter systems (see Section 3.2).

3.2. Column Density Determinations

With a list of measurable absorption troughs, we extract ionic
column densities. We begin the process by measuring lines from
the strongest component, (i), where we employ three primary
methods for determining the columndensities.Wedescribe three
additional methods for column density determination that are
less reliable in Section 3.3. We provide the measured values of
ionic column densities as well as the method applied in Table 3.
Our first method of measuring column densities is to model

a set of observed Fe ii resonance lines (e.g., Figure 3) using an
inhomogeneous absorption model, where we approximate the
gas distribution across our line of sight (LOS) to the background
source with a power law (see de Kool et al. 2002c; Arav et al.
2008, especially Figure 4, for a full description). The optical
depth at a given velocity within the outflow is described by

τv(x) = τmax(v)xa, (1)

where x is the spatial dimension in the plane of the sky
(simplified to one dimensionwithout loss of generality, see Arav
et al. 2005), a is the power law distribution index, and τmax(v)
is the highest value of τ at a given velocity. We simultaneously
solve for both τmax and a for each velocity resolution element
of the resonance Fe ii lines and apply this distribution (a) to
the excited Fe ii lines. We then apply the same distribution
dictated by the Fe ii lines to all ions because this is the simplest
assumption that imposes the strongest constraints.
We convert the modeled τ v to column density via (Savage &

Sembach 1991)

N (v) = 3.8× 1014
1

f λ
τv(cm−2 km−1 s), (2)

where λ is the wavelength of the line in Å, f is the oscillator
strength, and τ v is the optical depth in velocity space in km s−1,
which is integrated over the spatial dimension x. Using
Equation (2), we compute the column density for each veloc-
ity element and integrate over the range in velocity, which we

SDSS J0318-0600

Dunn+10
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ΔR~0.01 pc    (absorber thickness)

R~1-3 kpc      (distance from SMBH)

ne~104 cm-3

NH~1020-21 cm-2

ionization param

1. What are these things?

2. How can we use them to measure outflow energetics?

⇒ ΔR/R~10-5

Jupiter mass!

Observations from Moe+09, Dunn+10, Bautista+10, Arav 10



Compact absorbers must form in situ, 
at R~kpc from SMBHs

• If they traveled from the SMBH to their implied location...

t
flow

⇡ R

v
⇡ 3⇥ 105 yr

✓
R

3 kpc

◆✓
v

10, 000 km s�1

◆�1

• But destroyed by hydro instabilities and thermal evaporation in

CAFG, Quataert, & Murray 12

tKH, tevap ⇠ few ⇥ 103 yr

Not a direct accretion disk wind!



Radiative shock model

• Form in interaction of the QSO blast wave with an ISM clump:

vsh

nH 
pre, Tpre

nH 
c,i, Tc

i

a

QSO blast wave encounters moderately 
dense ISM cloud.

vsh

vsh,c

Shock wave propagates in cloud on 
crushing time tcc, cloud is destroyed 

by K-H in tKH~20tcc, and is accelerated 
to ~vsh in tdrag.

nH 
c,f, Tc

f

vsh

At t>tKH, tdrag, original cloud is shredded 
into cloudlets traveling at ~vsh and 
compressed by hot post-shock gas.

Tsh~vsh
2 Tsh~vsh

2

CAFG, Quataert, & Murray 12
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Cloud crushing by shocks,
Kelvin-Helmholtz instability

336 COOPER ET AL. Vol. 703

Figure 5. Logarithm of the density through the y = 0 plane in model rfd384 showing the effect of the clouds initial density on the evolution of a radiative fractal cloud.
(A color version of this figure is available in the online journal.)

Figure 6. log-temperature (top), log-pressure (middle), and velocity (bottom) at 0.35 (right) and 0.75 (left) epochs through the y = 0 plane in model rf384.
(A color version of this figure is available in the online journal.)

Table 2), has a greater degree of fragmentation and is less
cohesive when it leaves the computational grid. This is a result
of the inhomogeneous nature of the fractal cloud’s initial density
distribution and the larger cross section it presents to the incident
wind (Figure 1, left panel). The cloud first fragments along
regions where the wind finds paths of least resistance, i.e.,
regions of low density. As a result, the fractal cloud breaks
up into multiple core fragments. As the wind finds no regions of
least resistance in the spherical cloud, it is able to retain a single
cohesive structure for a longer period of time. Thus, not only

is the initial geometry of the cloud important in determining
its evolution, the distribution of the cloud’s density determines
how quickly the cloud begins to fragment. More homogeneous
density distributions would result in less initial fragmentation.

3.2. Effect of Radiative Cooling

3.2.1. Adiabatic Case

In order to understand the degree as to which the inclusion of
radiative cooling affects the survival of a cloud, we performed

• Well-studied problem for SNRs (e.g., Klein+94, Cooper+09)

CAFG, Quataert, & Murray 12



Requirements for radiative shocks 
explain properties of cool absorbers

t
cool

< t
cc

• Acceleration, cold gas: 

NH & 1020 cm�2

✓
vsh

5, 000 km s�1

◆4.2

)

• Post-shock compression:

nBAL
H ⇡ 4npre

H

✓
Tsh

104 K

◆
⇠ 104 cm�3

CAFG, Quataert, & Murray 12

tdrag < tKH

• Also: super-thermal line widths, multiple v components, reddening, ...

) �R ⇠ NH/nH ⇠ 0.01 pc



Energetics of QSO outflows

• Outflows are multiphase

CAFG, Quataert, & Murray 12

Ṁhot = 8⇡⌦hotRNhot
H µmpvhot

• Using radiative shock model:

• Most of kinetic power in hot flow:

Ėk ⇡ 2� 5% LAGN

Ṗ ⇡ 2� 10 LAGN/c

Ṁ ⇡ 1, 000� 2, 000 M�/yr

*

Rs
Rc

Rsw

QSO

vin

nH 
pre

FeLoBAL

shocked 
wind

shocked
ambient

medium

hot
flow cool

clumps

Observations from Moe+09, Dunn+10, Bautista+10, Arav 10



CAFG & Quataert, in prep.

The puzzle of large momentum fluxes

• If all photons scatter once & 
P is conserved,

Ṗ ⇠ LAGN/c

• Observations indicate 

Ṗ ⇠ 10LAGN/c

• Simulations also requireULIRG data from Sturm+10

to reproduce M●-σ (DeBuhr+)

Ṗ � LAGN/c



Momentum driving

Energy driving

tcool ≪ tflow

Shocked gas does work

No thermal pressure

Pfinal ~ Pstart

CAFG & Quataert, in prep.

*

Rs
Rc

Rsw

QSO

vin

shocked 
wind

shocked
ambient

medium

Pfinal ≫ Pstart

forward shock
with ambient medium

reverse shock
in nuclear wind

tcool ≫ tflow

e.g., Sedov-Taylor SNR

e.g., AGB wind

Does this 
cool?



Proposal: AGN outflows are energy-driven

➡ relevant criterion is cooling of reverse shock: Tsw~1010 K for vin~0.1c 

• Possible in ULIRGs despite extreme densities

cooling 
time 1-T

cooling 
time 2-Tp+

e-

AGN shocked wind cooling example

t (yr)

➡ 2-T plasma inhibits IC cooling

CAFG & Quataert, in prep.



Energy conservation naturally 
explains measured AGN momentum boosts

CAFG & Quataert, in prep.

•   Predicts

• To be tested soon with 
Herschel, E-VLA, ALMA, ...

˙P

LAGN/c
⇠ 1

2

✓
nuclear wind speed

galaxy wind speed

◆ vin = 0.1c

galaxy wind speed (km/s)

E cons.

P cons. (1 scatt limit)

• Analytic model will inform 
numerical implementations



Robust to mixing, leakage

• Stellar wind bubbles smaller & 
slower than in energy-conserving 
models (Castor)

➡ cooling due to mixing (McKee+84)

➡ hot gas vents out (H.-C. & Murray 09)

CAFG & Quataert, in prep.

• AGN winds more robust

➡ ~30× wind mass of cool gas 
before catastrophic ff cooling 

➡ escape along paths <10-3 under-
dense can still boost P by factor 
>10 in ULIRGs

A census of the Carina Nebula 1281
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Figure 1. Wide field images of the entire Carina Nebula in the optical, IR and radio. (a) Composite colour image with blue = [O III] λ5007, green = Hα and
red = [S II] λλ6717, 6731 (from Smith et al. 2000). (b) Colour image from MSX data, with blue = band A, green = band C and red = band E. (c) Colour image
from IRAS data, with blue = 25 µm, green = 60 µm and red = 100 µm. (d) False colour image of the 3.4-cm radio continuum measured by the Parkes telescope
(see Huchtmeier & Day 1975). The dashed rectangle in panel (c) is the region over which we integrated the total fluxes for the nebula at all wavelengths.
Galactic coordinates are measured in degrees. η Car and the centre of Tr 16 are located at l, b = 287◦36′, − 0◦38′, while Tr 14 is at l, b = 287◦25′, − 0◦36′.

intensity over most of the nebula, shown in Fig. 1(d), which can
then be used to measure the integrated 3.4-cm flux and the spatial
distribution of free–free radio emission. This map is missing some
low surface brightness emission in the outer nebula, which can be
seen in the Hα image but is below the lowest radio contour level.
This low-level emission should contribute less than ∼10 per cent of
the total flux, which is less than the uncertainty.

Additional radio data will be considered later in this paper as
well. To examine the spatial distribution of 0.843 GHz radio contin-

uum emission at higher spatial resolution (roughly 30 arcsec), we
will examine the MOST maps from Whiteoak (1994), as mentioned
above. These data were obtained from the online Molonglo Galactic
Plane Survey (MGPS) made with the MOST telescope.1 To compare
the distribution of molecular gas in giant molecular clouds, we will
use the emission maps of Carina obtained by the recent 12CO(1–0)

1 www.physics.usyd.edu.au/astrop/most
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Summary

• Compact, cool absorbers form in radiative shocks

• Energetics in good agreement with M●-σ requirements

• Observations of galaxy-scale AGN outflows suggest

Ṗ � LAGN/c

˙P

LAGN/c
⇠ 1

2

✓
nuclear wind speed

galaxy wind speed

◆

• Proposal: outflows are energy-conserving

• Prediction:


