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Wide-angle, galaxy-scale outflows driven by AGN
Mrk 231

• Now detected in atomic+molecular (CO, 
OH, HCN, ..) gas in luminous QSOs at 
z~0-6 (Moe+09, Feruglio+10, Fischer+10, Sturm+11, 

Rupke & Veilleux 11, Aalto+12, Greene+11, Maiolino+12, …)
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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
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• R~1-10 kpc, v~1,000 km/s, dM/dt~1,000 
Msun/yr, ⇒ Lkin ~ few % LAGN
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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
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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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• Distinct from radio jets acting in 
clusters



Outline

• Spherically-symmetric dynamics of AGN-driven galactic winds

➡ energy-conserving ⇒ momentum fluxes ≫LAGN/c 

• Observational signatures 

➡ molecule formation at wind shocks 

• Effects on galaxies: 3D simulations with stellar+AGN feedback



FG, Quataert & Murray 12; FG & Quataert 12

AGN outflow momentum fluxes ≫LAGN/c

• If all photons scatter once & 
P is conserved,

Ṗ ⇠ LAGN/c

The prevalence of kpc-scale outflows among AGN 21

Figure 12. Left Panel: Momentum rates of the outflows (Ṗout) normalised to the star formation luminosity (LIR,SF/c) versus AGN luminosity. The dashed
lines represent the required optical depths if the outflows are driven by radiation pressure from star formation (see Section 5.1). Right Panel: Momentum rate
of the outflows normalised to the AGN luminosities (LAGN/c) versus AGN luminosity. In both panels the vertical dotted lines represent the upper and lower
bounds in Ṗout (see Section 4.3). Based on our assumptions, the outflows are unlikely to be purely radiatively driven but are broadly consistent with theoretical
predictions of galactic-scale energy-driven outflows that are launched by an AGN accretion-disc wind (i.e., Ṗout ! 10–20LAGN/c; e.g., Zubovas & King 2012;
Faucher-Giguère & Quataert 2012; Debuhr et al. 2012).

is unlikely to escape unless it is travelling at !1000 km s−1 (see the
calculation in Section 5.2 of Harrison et al. 2012). Indeed, some
models have shown that even massive outflows may stall in the
galaxy halo, re-collapse and cool at later times (along with new fuel
supplies), resulting in re-ignition of star formation and black hole
growth (e.g., Lagos et al. 2008; McCarthy et al. 2011; Gabor et al.
2011; Rosas-Guevara et al. 2013; Hopkins et al. 2013b; see also
Gabor & Bournaud 2014).

In summary, while it is not possible to constrain the ultimate
fate of outflowing gas from observations, we have observed out-
flows with extremely high velocities and the estimated outflow ki-
netic energy rates (i.e., ≈ 0.5–10% of LAGN) and momentum rates
(! 10–20×LAGN/c) are in broad agreement with the requirements
of models that invoke AGN-driven outflows to regulate star forma-
tion and black hole growth in luminous AGN (e.g., Di Matteo et al.
2005; Hopkins & Elvis 2010; Debuhr et al. 2012). Even if the out-
flows do not escape the galaxy halos, they may be the required pre-
cursor to the postulated “maintenance mode” of feedback that ap-
pears to be necessary to control the level of cooling in massive ha-
los at later times (e.g., Churazov et al. 2005; McCarthy et al. 2011;
Gabor et al. 2011; Bower et al. 2012).

6 CONCLUSIONS

We have presented optical IFU observations covering the
[O III]λλ4959,5007 and Hβ emission lines of sixteen z = 0.08–
0.2 type 2 AGN. Our targets were selected from a parent sample of
≈ 24,000 z< 0.4 AGN (Mullaney et al. 2013) and we demonstrate
that they are representative of the 45±3% of luminous (L[O III] "

5×1041 erg s−1) z< 0.2 type 2 AGN that have a significant fraction
(!30%) of their ionised gas outflowing (Section 2.1). The fraction
of AGN with ionised outflows at lower levels will be much higher.
We use infrared SED decomposition on our targets to derive SFRs
(# [10–100] M⊙ yr−1) and AGN luminosities (LAGN = 1044.3–
1046.0 erg s−1) for our targets. We also show that the radio emission

in our targets (luminosity range: L1.4GHz $ 1024.4 W Hz−1) is due
to a combination of star formation and other processes, with five
targets showing a “radio excess” above that expected from star for-
mation and at least three of these showing spatially resolved radio
emission (on scales R1.4 ! 7 kpc) that could be due to radio jets or
shocks (Section 2.4). In summary, our targets are taken from a well
constrained parent sample and are not extreme star forming sys-
tems or radio loud AGN that have been the focus of many similar
studies.

The main results from our analysis are:

• We find extended [O III] emission-line regions over the full-
field-of-view of our IFU observations (i.e., total extents of "10–
20 kpc). In most of the sources these emission-line regions are cir-
cular or moderately elliptical; however, we observe some irregu-
lar morphologies, particularly in the radio excess sources (see Sec-
tion 4.1).
• By tracing narrow [O III] emission-line components across the

field-of-view, we identify a range of kinematic features associated
with galaxy dynamics including galaxy rotation, merger debris and
double nuclei. We isolate these kinematic components from any
kinematics due to outflows (see Section 4.2).
• We find high-velocity and disturbed ionised gas (velocity

widths ofW80 ≈ 600–1500 km s−1) extended over ! (6–16) kpc in
all of our targets. With our knowledge of the parent sample we
conclude that, "70% (3σ confidence level) of the outflow features
observed in the [O III] emission-line profiles of z < 0.2 luminous
type 2 AGN are extended on kiloparsec scales (see Section 4.2).
• The bulk outflow velocities across the sample are vout ≈

510–1100 km s−1, which are comparable to the galaxy escape
velocities. The maximum projected gas velocities reach up to
v02 ≈ 1700 km s−1 (see Section 4.2). These velocities indicate that
ionised gas is currently being unbound from their host galaxies but
it is not clear if it will permanently escape their host galaxy halos
(see Section 5.2).
• We observe a range of kinematic structure in the outflows in-

Harrison+14

• Observations indicate

Ṗ ⇠ 20LAGN/c

Cicone+14



Momentum conserving

Energy conserving

tcool ≪ tflow

Shocked gas does pdV work

No thermal pressure

Pfinal ~ Pstart

Pfinal ≫ Pstart

tcool ≫ tflow

e.g., Sedov-Taylor SN remnant

e.g., evolved star wind

FG & Quataert 12 (s.a. King 03, Costa+14)
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AGN-driven galactic winds are energy-conserving

FG & Quataert 12 (s.a. Zubovas & King 12)

1) Radiation pressure accelerates nuclear wind with                                   Ṗ ⇠ LAGN/c

2) Energy-conserving phase boosts       by factor ~20                       

(assume, traced by broad absorption lines (BALs) with vin~0.1c)

(show)

•   Important heating and cooling physics missed in most simulations

• Several previous studies predicted AGN-driven outflows to be 
momentum-conserving because of the short cooling times 
expected in galactic nuclei (e.g., Silk & Nusser 2010)

Ṗ



Wind shock structure evolution

Accretion disk wind from 
 108 M⦿ black hole, vin=0.1c

Density Temperature

Cooling dominated by inverse Compton scattering with BH radiation,  

but slowed by factor ~50 due to weak p+, e- coupling

shocked 
wind

Tsh

FG & Quataert 12



Dynamical models for spherical galactic nuclei

Solid curves=energy-conserving
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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
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Energy conservation naturally explains  
measured QSO outflow momentum boosts

FG & Quataert 12; Stern, FG+16
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Outline

• Spherically-symmetric dynamics of AGN-driven galactic winds 

➡ energy-conserving ⇒ momentum fluxes ≫LAGN/c 

• Observational signatures

➡ molecule formation at wind shocks 

• Effects on galaxies: 3D simulations with stellar+AGN feedback
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• Shocked wind properties set by 

jump conditions at (inner) wind 

shock (v~0.1c)

Higher n, 
lower T

Cools

tcool ⇡ 2⇥ 104 yr
⇣ nambient

10 cm�3

⌘�1

⇥
⇣ vouter shock

500 km s�1

⌘2

• Shocked ambient medium 

properties set by jump 

conditions at forward (outer) 

shock (v≲1,000 km/s):



Time-dependent chemistry in forward shock cooling layer

shocked ambient 
medium

• 3D hydro 

‣ illuminated by QSO 

‣ confined by pressure of 
wind bubble

Richings & FG, in prep. (using CHIMES chemical network from Richings+14ab)
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Figure 1. Schematic illustration of the outflow structure. The AGN wind is
launched in the galactic nucleus with velocity vin. The wind is shocked at
Rsw (velocity vsw). A second shock, at radius Rs (velocity vs), is driven into
the ambient ISM. The two shocks are separated by a contact discontinuity
at Rc. The swept-up ambient material piles up in a shell at ≈Rs. However, it
is the cooling of the shocked wind (not the shocked ambient medium) that
determines whether the outflow conserves energy or momentum.

wind is parametrized by

Ṁinvin ≡ τin
LAGN

c
. (2)

If LAGN = LEdd, then

τin = η−1
( vin

c

) Ṁin

ṀEdd
(3)

is related to the mass loading of the wind.
The ambient, pre-shock medium is also assumed to be spheri-

cally symmetric, with a radial gas density profile ρg(R). The details
of the small-scale wind acceleration are unspecified, but could owe
to radiation pressure on spectral lines, free electrons or dust, as
well as hydromagnetic forces (we return to the acceleration mech-
anisms in Section 4.3). We assume that this acceleration occurs on
scales much smaller than all others in the problem. For instance,
the accretion disc wind model of Murray et al. (1995) predicts that
the wind is launched at a radius ∼0.01 pc. Since the interesting
physics in our calculations occurs at radii where the escape velocity
is ≪vin, we can also neglect gravity in our first-order calculations;
the numerical calculations of Section 3 will include a more accurate
treatment.

Before proceeding, it is important to understand the structure of
the outflow that develops. Studies of the analogous problem of fast
stellar winds revealed that the outflow is characterized by both a for-
ward and a reverse shock, separated by a contact discontinuity (see
Fig. 1; e.g. Weaver et al. 1977). The outermost shock is the forward
shock, which propagates in the ambient medium. The innermost,
reverse shock is the shock first encountered by the gas accelerated
by the BH; it is also termed the wind shock. We denote the radius
of the wind shock by Rsw, the radius of the contact discontinuity by

Rc and the radius of the ambient medium shock by Rs. Rsw and Rs

have velocities vsw and vs, respectively, with respect to the BH. As
the outflow propagates outward, it sweeps up ambient ISM. This
results in a shell of swept-up material at ≈Rs and causes the bubble
to slow down its expansion. Except at very early times, we thus
have vs ≪ vin and vsw ≪ vin.3 Then, the velocity of the wind shock
relative to the wind itself is vws ≡ vin − vsw ≈ vin.

Neglecting for the moment two-temperature effects, which we
demonstrate are important in the next section, the temperature of
the post-shock gas depends sensitively on the shock velocity. For
a strong shock of velocity vsh in a monatomic gas, the Rankine–
Hugoniot jump conditions imply

Tsh(vsh) = 3µ

16k
mpv

2
sh ≈ 1.2 × 1010 K

( vsh

30 000 km s−1

)2
, (4)

where µ is the mean molecular weight. In general, vs ≪ vin and the
shocked wind is much hotter than the shocked ambient medium.
For instance, while the swept-up material may decelerate to a
few 100 km s−1 (or less), the velocity of the wind shock remains
nearly constant at vws ≈ vin ! 10 000 km s−1. This is key to the
question of whether AGN outflows conserve energy or momen-
tum, because it is much harder to cool the T ! 109 K shocked
wind than the cooler shocked ambient medium. In particular, it is
the cooling of the shocked wind, rather than the shocked ambient
medium, that determines whether the outflow is energy- or momen-
tum conserving (see also King et al. 2011). Whether or not the
shocked ambient medium cools has no significant impact on the
global outflow dynamics, and for our purposes Rc ≈ Rs (e.g. Koo
& McKee 1992a). We thus make the identification Rc → Rs in the
following.

To determine the cooling rate of the shocked wind, we need
its characteristic density, temperature and radius from the BH. Al-
though the exact structure of the wind bubble is non-trivial, the
analysis is considerably simplified, yet retains the essential physics,
by adopting the following approximation. Since the sound crossing
time of the shocked wind (ts ∼ [Rs − Rsw]/vin) is short, the shocked
wind pressure is nearly uniform between Rsw and Rs. Furthermore,
Koo & McKee (1992b) show that the gas density ρ is approxi-
mately constant in the intermediate region Rsw ≪ R ≪ Rs, a result
supported by the numerical calculations of Falle (1975). Briefly,
this follows because mass conservation and adiabaticity imply that
R2v is constant in that region. Since the flow is steady, ρR2v is also
constant, implying that ρ must be constant. As the pressure P ∝ ρT
is uniform, T is approximately uniform as well. The properties of
the shocked wind are thus adequately described by constants ρ̄sw(t),
T̄sw(t) and P̄sw(t), where the density and temperature are given by
the shock jump conditions at Rsw. In particular,

ρ̄sw = 4ρw(Rsw) = Ṁin

πR2
swvin

. (5)

Before cooling of the shocked wind becomes important, the thermal
energy of the wind bubble is conserved, Eb = (1/2)Lint, where
we assume that 1/2 of the energy goes into bulk motion of the
swept up shell, 1/2 goes into thermal pressure of the shocked wind
bubble4 and Lin ≡ (1/2)Ṁinv

2
in. The thermal pressure of the shocked

3The last inequality may be transiently violated if the shocked wind quickly
loses its pressure support and Rsw → Rs on a time-scale as short as
∼(Rs − Rsw)/vin, but this does not affect our arguments.
4This is a simple approximation to more exact calculations; Weaver et al.
(1977) show that for adiabatic bubbles in a uniform medium Eb ≈ (5/11)Lint.
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radiation fie
ld H, He, C, 

N, O, Ne, 
…

H2, CO, 
OH, H2O, 

…

• Time-dependent chemistry 
including: 

• standard cooling/heating 
+ Compton from AGN + 
cosmic rays 

• 11 atoms, 20 molecules 

• dust-mediated reactions 
(assume constant dust) 

• self-shielding



Example hydro-chemical simulation

Richings & FG, in prep.
LAGN=1045 erg s-1, vin=0.1c, Pin=LAGN/c, 
nambient=10 cm-3, Z⦿, MW dust-to-metals, σ=200 km/s potential



Richings & FG, in prep.

Molecule formation in cooling forward shock

• As post-shock layer cools 

‣ pressure from wind 
bubble compresses it 

‣ density increases 

‣ molecules form quickly 

‣ (stars form in wind?)

All other parameters as on previous slide

L=1046, Z⦿

1045, Z⦿

• Molecular abundances 
increase with metallicity, 
AGN power, dust-to-
metals ratio

1046, 0.1Z⦿



Predictions for molecular tracers: CO conversion
• Radiative transfer with RADMC-3D 
‣ line transfer 
‣ thermal dust emission, absorption, 

and scattering

Richings & FG, in prep.

L=1046, Z⦿

1045, Z⦿

1046, 0.1Z⦿

• Standard ULIRG value: αCO(1-0)=0.8 

‣ observed outflow rates could be 
biased high by factor ~5 (additional 
factor ~5 if using standard MW value)



Comparison with observed outflows

Richings & FG, in prep.

L=1046, Z⦿

1045, 
1046, 

ob
s

• Seyfert 1 and 2 CO 
observations compiled in 
Cicone+14

• To compare fairly with 
simulations, apply 
observational αCO to 
simulated CO spectra

→ reasonable agreement 
with observed molecular 
outflow rates for Z⦿ sims



Warm H2: mapping AGN winds with JWST era
• >70% of H2 is warm 

(~102-104 K) in sims

• Emits in NIR and MIR ro-
vibrational lines

• Existing AGN wind detections 
by Spitzer, ground-based 
IFUs (e.g., Ogle+07, Rupke & Veilleux 13, 
Hill & Zakamska 14)

L=1046, Z⦿ Richings & FG, in prep.

• JWST MIRI and NIRSPEC 
will observe with IFU 
capability out to cosmic 
noon (z~1-3) Guillard+15



Preview: dust+H2 in M82’s star formation-driven wind 

Dust (Spitzer IRAS) H2 (Spitzer IRS)

Beiraio+15Engelbracht+06



Outline

• Spherically-symmetric dynamics of AGN-driven galactic winds 

➡ energy-conserving ⇒ momentum fluxes ≫LAGN/c 

• Observational signatures 

➡ molecule formation at wind shocks 

• Effects on galaxies: 3D simulations with stellar+AGN feedback



To capture effects of AGN feedback on galaxies, 
need realistic ISM and stellar feedback

• AGN winds 

‣ often launched at center of disk 

‣ expand in multiphase ISM 

~0.01 pc res. gas-rich nucleus, SF only

Blue ≲1,000 K, pink ~104-105 K, yellow ≳106 K

Hopkins, Torrey, FG+16

• We use the GIZMO (FIRE) code: 

‣ dark matter, gas + stars 

‣ cooling to T~10 K 

‣ SNe, photoionization, stellar 

winds, radiation pressure



Turning on the AGN

Hopkins, Torrey, FG+16

Stellar Feedback, AGN Accretion, & Obscuration 3
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Figure 1. Morphology of the gas in a standard simulation, in face-on (x,y; left), side-on (x, z; middle), and cylindrical (R, z; right) projections. The time
(⇡ 3Myr since the beginning of the simulation) is ⇡ 150 (8) orbital periods at 1pc (10 pc). Brightness encodes projected gas density (increasing with density;
logarithmically scaled with a ⇡ 6dex stretch); color encodes gas temperature with blue material being T . 1000K molecular gas, pink ⇠ 104 � 105 K warm
ionized gas, and yellow & 106 K hot gas. Top: Simulation with stellar, but no AGN feedback (no_BAL in Table 1). A multiphase disk forms; it is mostly
molecular inside the central ⇠ 200pc, with heating by HII regions very localized to small ionized “bubbles” and heating by SNe restricted to low-density
regions where it can vent vertically. The central ⇠ 10 pc develops a stellar+gas accretion disk dominated by m = 1 modes. Bottom: Same, with broad-
absorption line winds (v5000). The winds blow out a polar cavity and generate an expanding shell in-plane, with occasional dense clumps sinking through to
the center. Feedback eventually evacuates the entire nuclear region.

for 11 tracked species as in Wiersma et al. (2009a,b). The enrich-
ment for each species is followed with the time dependent metal
flux directly attached to the mass, momentum and energy flux from
stellar winds and SNe Types Ia & II.

Star formation is allowed only in dense, molecular, self-
gravitating regions above n > 104 cm�3. We follow Krumholz &
Gnedin (2011) to calculate the molecular fraction fH2 in dense gas
as a function of local column density and metallicity, and allow SF
only from molecular gas. Gas which is locally self-gravitating, i.e.
has ↵ ⌘ �v2 �r/Gmgas(< �r) < 1 on the smallest available scale
(�r being our force softening or smoothing length) forms stars at a
rate ⇢̇⇤ = ⇢mol/tff (i.e. 100% efficiency per free-fall time); non-self
gravitating material does not form stars.

When stars form, stellar feedback is included from a variety of
mechanisms, as described in detail in Hopkins et al. (2011, 2012b).
The end result of this stellar feedback is a multiphase ISM with a
broad range of densities and temperatures.

2.3 Black Hole Growth & Feedback

The simulations all include super-massive BHs. The BH is much
more massive than the stellar/gas particles, so we do not need to
artificially “force” the BH particle to stay in the center of the poten-
tial, but let it move freely. We cannot, however, directly resolve the
viscous accretion disk of the BH on scales ⌧ 0.1pc. We therefore
simply assume that the BH immediately accretes any gas particle

gravitationally bound to it, with apocentric radius < 2.8✏ (the min-
imum Keplerian distance). The rate of particle accretion is capped
at the Eddington limit.

The BH radiates at a luminosity L = ✏r ṀBH c2 (✏r = 0.1 is
assumed).1 The explicit details of the BH feedback implementa-
tion are given in Appendix A; we briefly summarize them here.
Since quasars are believed to have high-velocity, near-planar winds
driven off the accretion disk (e.g., Murray et al. 1995), we assume
that a fraction of the photon momentum drives a wind launched at
the resolution scale around the BH from accreted gas. Specifically
a fraction of any gas accreted is blown out as a wind with veloc-
ity vwind, planar with the inflow (by launching particles directly at
the accretion radius with this velocity). Two parameters define the
wind, the mass-loading and velocity; this is equivalent to speci-
fying the momentum-loading (ṗwind = ⌘p L/c) and energy-loading
(Ėwind = ⌘E L) of the wind. Values for the simulation parameters are
in Table 1.

We also include Compton heating & cooling from the radi-
ation field. Following Sazonov et al. (2004), this can be approx-
imated with a nearly obscuration-independent Compton tempera-
ture of TCompton ⇡ 2⇥107 K. We add the appropriate Compton rates

1 We also describe in Appendix B a model which imposes a spectrum of
sub-grid time variability in the accretion rates; however this has no signifi-
cant effects on the time-averaged results here.
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for 11 tracked species as in Wiersma et al. (2009a,b). The enrich-
ment for each species is followed with the time dependent metal
flux directly attached to the mass, momentum and energy flux from
stellar winds and SNe Types Ia & II.

Star formation is allowed only in dense, molecular, self-
gravitating regions above n > 104 cm�3. We follow Krumholz &
Gnedin (2011) to calculate the molecular fraction fH2 in dense gas
as a function of local column density and metallicity, and allow SF
only from molecular gas. Gas which is locally self-gravitating, i.e.
has ↵ ⌘ �v2 �r/Gmgas(< �r) < 1 on the smallest available scale
(�r being our force softening or smoothing length) forms stars at a
rate ⇢̇⇤ = ⇢mol/tff (i.e. 100% efficiency per free-fall time); non-self
gravitating material does not form stars.

When stars form, stellar feedback is included from a variety of
mechanisms, as described in detail in Hopkins et al. (2011, 2012b).
The end result of this stellar feedback is a multiphase ISM with a
broad range of densities and temperatures.

2.3 Black Hole Growth & Feedback

The simulations all include super-massive BHs. The BH is much
more massive than the stellar/gas particles, so we do not need to
artificially “force” the BH particle to stay in the center of the poten-
tial, but let it move freely. We cannot, however, directly resolve the
viscous accretion disk of the BH on scales ⌧ 0.1pc. We therefore
simply assume that the BH immediately accretes any gas particle

gravitationally bound to it, with apocentric radius < 2.8✏ (the min-
imum Keplerian distance). The rate of particle accretion is capped
at the Eddington limit.

The BH radiates at a luminosity L = ✏r ṀBH c2 (✏r = 0.1 is
assumed).1 The explicit details of the BH feedback implementa-
tion are given in Appendix A; we briefly summarize them here.
Since quasars are believed to have high-velocity, near-planar winds
driven off the accretion disk (e.g., Murray et al. 1995), we assume
that a fraction of the photon momentum drives a wind launched at
the resolution scale around the BH from accreted gas. Specifically
a fraction of any gas accreted is blown out as a wind with veloc-
ity vwind, planar with the inflow (by launching particles directly at
the accretion radius with this velocity). Two parameters define the
wind, the mass-loading and velocity; this is equivalent to speci-
fying the momentum-loading (ṗwind = ⌘p L/c) and energy-loading
(Ėwind = ⌘E L) of the wind. Values for the simulation parameters are
in Table 1.

We also include Compton heating & cooling from the radi-
ation field. Following Sazonov et al. (2004), this can be approx-
imated with a nearly obscuration-independent Compton tempera-
ture of TCompton ⇡ 2⇥107 K. We add the appropriate Compton rates

1 We also describe in Appendix B a model which imposes a spectrum of
sub-grid time variability in the accretion rates; however this has no signifi-
cant effects on the time-averaged results here.
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Top view
Side view

Blue ≲1,000 K, pink ~104-105 K, yellow ≳106 K

• Shocked wind expands along paths of 
least resistance

• BAL wind feedback 

‣ outflow rate ∝ accretion rate 

‣ parameterized by initial wind 
velocity, momentum loading

‣ nuclear gas geometry (e.g., clean disk vs. messy merger) important for momentum 
boost  + effects on galaxy

• Origin of the torus?
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Figure 5. Inflow/outflow rate vs. radius in the model with stellar feedback
alone, averaged over time for a few dynamical times. Negative values (out-
flow) are dotted, positive values (inflow) are solid (absolute value plotted
for the sake of a logarithmic projection).3 We compare several analytic ac-
cretion rate models (§ 3). The “gravitational torques” estimator (resonant
exchange between gas+stellar gravitational instabilities) is accurate within
a factor ⇠ 3 at all radii < 100pc, and correctly predicts the major sign (in-
flow/outflow) changes. Spherical accretion models fare poorly: the “pure
Bondi” estimator gives ⇠ 107 M� yr�1, too large to fit on the plot; the
“modified Bondi-Hoyle” estimator over-predicts by ⇠ 2� 4dex. “Ballistic
accretion” from turbulence fares poorly in the opposite manner (predicting
⌧ 10�4 M� yr�1 at R . 40pc). “Gravito-turbulent viscosity” is dimen-
sionally reasonable, but under-estimates Ṁ by factors of ⇠ 5� 50 near the
BH radius of influence, where gravitational torques are most prominent, and
does not capture the sign information.
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Figure 6. Column density distribution on sightlines to the BH in each sim-
ulation. Stellar feedback alone produces a relatively narrow range of very
large columns. Simulations with BAL winds have evacuated polar regions
with column densities < 1022 cm�2 and overall broader obscuring column
density distributions. The “clumpy torus” thus naturally arises from AGN
feedback interacting with the large-scale ISM at ⇠ 10pc.

2001; Thompson et al. 2005; Debuhr et al. 2010, 2011). This is
dimensionally similar to the gravitational torques scaling but with
free-fall slowed by a term ↵(h/R)2 instead of |a|; over some radii
the two are comparable but the former decreases rapidly inside the
BH radius of influence (implying accretion would be “throttled”)
while |a| can remain order-unity all the way to the true accretion
disk (see Tremaine 1995; Bacon et al. 2001; Hopkins & Quataert
2011, 2010b; Hopkins 2010).

The comparisons in this section are based on simulations with-
out AGN feedback. In the presence of feedback, the accretion rate
onto the BH can be reduced significantly (Fig. 4) along with the
central part of the galaxy being relatively depleted of gas (Fig. 1).
It is unclear what the best accretion rate estimator in this case; this
will be studied in future work.

3.2 Star Formation and Vertical Disk Structure

Fig. 3 (top panel) shows the vertical scale height of the gas disk as a
function of radius. The disk is in vertical equilibrium but the disper-
sions are turbulent (much larger than thermal). As shown in Paper
II on larger scales, stars form roughly until feedback can maintain
Toomre Q ⇡ 1 (h/R ⇠ Mgas(< R)Menc(< R)) and offset further col-
lapse. At large radii this gives h/R ⇠ 0.2�0.3; at r ⇠ 3�10pc this
is h/R ⇠ 0.1 (dispersions ⇠ 20�70kms�1). The cylindrical image
in Figure 1 highlights the modest thickening of the disk at larger
radii that is qualitatively analogous to that required in AGN "torus"
obscuration models. As we describe in §4 this effect is much more
dramatic in simulations with AGN feedback because feedback effi-
ciently evacuates the polar region of gas.

The bottom panels of Figure 2 shows our simulation results for
two versions of the Kennicutt-Schmidt relation. The star formation
rate surface density and gas surface densities are averages within
10 pc and the rotation rate in the bottom panel is also measured at
10 pc. The observations in Figure 2 are best fits from Narayanan
et al. (2012) based on a variable XCO factor. They are shown to pro-
vide a point of comparison, but include a range of galaxies, not
just galactic nuclei. The time averaged star formation efficiency in
Figure 2 is broadly consistent with observations. The efficiencies
evolve significantly with time, however, with a relatively high star
formation efficiency in the burst of star formation at early times
followed by a more prolonged period of lower star formation effi-
ciency. Perhaps most striking is that the star formation efficiency
per dynamical time decreases by nearly a factor of ⇠ 10 during the
course of the simulations without AGN feedback. Thus the decline
in the star formation rate is not simply due to gas depletion but is
also due to the decreasing star formation efficiency. Note that the
duration of the simulation is comparable to the lifetime of massive
stars. Thus the stellar feedback that is effective for most of the du-
ration of the simulation is that due to stellar radiation and stellar
winds, since supernovae have not had significant time to operate.
In addition, because the local dynamical time is short compared to
the lifetimes of massive stars, the efficiency of stellar feedback de-
pends primarily on the surface density of young stars, rather than
the star formation rate. This is a poorly explored regime that merits
additional study.

4 RESULTS WITH BLACK HOLE FEEDBACK

We now consider the results of simulations with AGN feedback,
focusing on the fiducial v5000 run in which the AGN wind at small
radii is injected with ṗ = L/c and Ė = 0.008L. Fig. 1 (bottom)
shows the gas morphology at a few Myr in this simulation; there
is a clear dramatic impact on the gas, with the central ⇠ 30 pc
relatively evacuated of gas by the 3 Myr time of these images.

The v5000 outflows are launched in the dense disk mid-plane.
This drives an expanding shell in the disk plane, with gas piled up in
a narrow ring/shell at the outer (radiative) shock where the winds
are encountering the ISM. This is similar to Faucher-Giguère &
Quataert (2012)’s models for galaxy-scale winds driven by AGN,
though it is not clear if those models quantitatively apply because
the hot shocked gas created by the AGN wind is not well-confined.

c� 0000 RAS, MNRAS 000, 000–000

Hopkins, Torrey, FG+16

BAL wind-induced torus may explain observed 
column density distribution

Type I Type II

Observed NH distributionSimulated NH distributions

low columns cleared 
by BAL feedback

no BAL ⇒ too 
obscured

above 4.8 ! and form our complete sample. The remainder are
at low latitude (42) and/or have lower significance in the final
analysis (44). In the complete sample 14 out of 102 are beamed
sources—BL Lac objects and blazars—(17 out of 152 overall)
and the remainder are Seyferts and galaxies which show indica-
tions of activity. In addition, we have detected 32Galactic sources
and two galaxy clusters which meet the latitude and significance
criteria for the complete sample. At low latitudes we also detect
at >4.8 !103 Galactic sources, three galaxy clusters, and 13 un-
identified sources.Although they are included in Table 1, we have
not used sources identified as blazars or BL Lac objects, nor any
source with z > 0:5, in the distribution functions.

We use the J-band magnitudes from the 2MASS survey to cat-
egorize the objects since that is the largest homogeneous database
which covers the largest fraction of the Swift BAT sources. It is
noticeable that the faintest optical counterparts are the blazars and
the Galactic sources. The optically determined AGNs tend to be
in fairly bright galaxies. One of the reasons that there are so few
blazar identifications at low Galactic latitudes is the relative faint-
ness of the likely optical counterparts combined with the lack of
available redshifts and the effect of Galactic reddening.

Nine of the objects have not previously been optically classified
as AGNs. An excellent example of this is the object NGC 4138
(Ho 1999;Moustakas &Kennicutt 2006) which shows little or no
[O iii] emission and in which only very high signal-to-noise ratio
(SNR) spectra revealed a very faint broad H" line. Other objects,
such as NGC 4102 (Moustakas & Kennicutt 2006), show no
optical evidence of AGN activity.

For those objects which are optically classified as AGNs, 33
are Seyfert 1s, 14 are Seyfert 1.5s, and 35 are Seyfert 2s. There
is reasonable but not perfect correlation between the optical clas-
sification and the presence of X-ray absorption (see below). Only
two of 33 Seyfert 1s have a column density greater than 1022 cm!2,
whereas 4 of 14 Seyfert 1.5s and 33 of 35 Seyfert 2s are absorbed
(two do not have X-ray column densities).

The median redshift of the nonblazars is"0.017. However, the
blazar redshift distribution is very different with a long tail to high
redshift and a median redshift of 0.24 (mean of 0.76). Thus we
have been careful in determining the overall luminosity func-
tion to separate the blazars from the nonblazars since this will
significantly change the slope of the high-luminosity end of the
luminosity function.

4.4. X-Ray Spectral Analysis

The X-ray spectra of many of the sources have been published
(see the references in Table 1). In these cases we have used the
previously reported values of the column densities of the sources,
while noting that the SNR of the observations varies greatly, as
does the sophistication of the analysis and the type ofmodels used
to classify the spectra. Many of the spectra are rather complex
(Winter et al. 2008), making assignment of errors to the column
density difficult and highly model dependent. Where the column
densities in Table 1 were obtained with Swift XRT follow-up
observations, for homogeneity we report the results of simple ab-
sorbed power law fits. As shown in Figure 7, a large fraction of
the BAT sources are not detected by the ROSAT all-sky survey,
despite its factor of 100 better sensitivity for unabsorbed sources.
This graphically illustrates the importance of obscuration in the
selection of X-ray samples.

A detailed analysis of the archival XMM, ASCA, BeppoSAX,
and Chandra data as well as the Swift XRT data is presented in
another paper (Winter et al. 2008).

The distribution of absorption for the nonblazars (Fig. 12) is
almost flat for log nH(cm!2) in the range 21Y24, with a strong
peak at low column density due primarily to the effects of Ga-
lactic obscuration. The relative paucity of Compton-thick objects
( log nH[cm

!2]#24.5) is interesting. Unfortunately at such high
columns the flux, even in the BATenergy band, is severely reduced
so our level of completeness is uncertain. In addition we are only
able to fit simplified models for many of these objects. Thus
quantification of the lack of Compton-thick objects awaits more
observationswith high-sensitivityX-ray spectrometers (e.g.,XMM,
Suzaku).
As shown in Figure 13, the fraction of strongly absorbedAGNs

drops with increasing luminosity. This is consistent with the
previous claims of a drop in the absorbed fraction at higher lu-
minosities, but it is not yet of sufficient statistical significance
to confirm this dependence. While this has been seen in several
X-ray-selected surveys (Ueda et al. 2003; La Franca et al. 2005;
Shinozaki et al. 2006), the fact that the selection of BATsources
is independent of the line-of-sight column density confirms and
extends these results.

4.5. BAT Spectral Analysis

At the present stage of analysis we only have four channel
spectra available (this is a limitation of the present analysis soft-
ware and is not intrinsic to the experiment). We have thus fit only
simple power law models to the data.
The fact that the BAT hardness ratio shows no correlation with

SNR (Fig. 5) indicates that there is no selection bias due to spec-
tral parameters. The median spectral index is ! ¼ 1:98, in agree-
ment with the INTEGRAL results from Beckmann et al. (2006b),
with an rms spread 0.27. For a sample of 74 sources which have
archival X-ray spectrum spectra at lower energies (e.g., Markowitz
& Edelson 2004), the BATslope is on average"0.23 steeper than
in the X-ray band (Fig. 14). Aviable explanation for this (Nandra
et al. 1999) is that the BAT data are detecting the ‘‘true’’ X-ray

Fig. 12.—Distribution of column densities for the BAT-selected AGNs. Note
the peak at low column densities and the relatively flat distribution above it. The
Galactic column density has not been subtracted.

TUELLER ET AL.124 Vol. 681

Tueller+08



Larger scales: full galaxy simulations

Torrey, FG+, in prep.LAGN=1045 erg s-1, vin=0.1c, Pin=LAGN/c (time steady)

No BAL

vin=0.1c 
BAL



Effects of moderate-luminosity AGN on disk galaxies
• Hot wind vents out normal to 

disk plane once nuclear cavity 
is opened 

• Steady-state SFR negligibly 
affected by BAL wind 

• Effects could be larger in 
luminous QSOs, especially 
those with messy inner regions 
obstructing wind escape

Torrey, FG+, in prep.

LAGN=1045 erg s-1, Pin=LAGN/c

vin=0.1c BAL



Galaxy-scale feedback hypothesis

Note: Early galaxies (z≿2) have thicker disks & messier gas morphologies, so they may be 
in general more affected by AGN feedback than local galaxies.

Arp 220 NGC 253

For significant direct AGN wind feedback on galactic SFR, need energetic wind (~ galaxy 
binding energy) and quasi-isotropic covering of the nucleus for efficient coupling, e.g. in 
major mergers that concentrate gas in galaxy centers.

E.g., if/when a luminous AGN turns on…

is likely to be strongly affected. is unlikely to have its SFR significantly changed.



Summary
• Energy-conserving AGN outflows ⇒ momentum fluxes ≫LAGN/c 

• Forward shocks can cool and form molecules 

• Realistic ISM, stellar feedback, and large-scale gas geometry needed to 

capture effects of AGN-driven winds on galaxies 

➡ BAL winds from moderate-luminosity AGN have weak effect on the 

SFR of disk galaxies 

➡ effects of AGN winds likely enhanced in galaxies with messy nuclear 

geometries, e.g. in galaxy mergers or high-redshift galaxies


