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Phil. Hopkins et al.

• http://www.tapir.caltech.edu/~phopkins/Site/ 

• Hydro-dynamic simulations of “concert of SMBH, stars, and ISM”.  
- ~2010; GADGET-3 code (SPH simulation; Springel 2005) 
- 2014~: GIZMO (modified ver. of GADGET-3; Hopkins 2013, 2014) 
- 2015~: mesh-less finite mass/volume code for MHD (Hopkins&Raives 2015) 

• So many papers per year… 

• I think you CAN NOT avoid reading their piles of papers if you want to study 
SMBH-evolution.

http://www.tapir.caltech.edu/~phopkins/Site/


This seminar

• Stellar and Quasar Feedback in Concert: Effects on AGN Accretion, 
Obscuration, and Outflows (Hopkins et al. 2015: http://jp.arxiv.org/abs/
1504.05209) 
- I mainly introduce this paper because it is new, but the basic is almost the 
same as in HQ10. 

• Dynamical delays between starburst and AGN activity in galaxy nuclei 
(Hopkins 2012, MNRAS, 420, 8: http://ads.nao.ac.jp/abs/2012MNRAS.420L...8H) 

• How do massive black holes get their gas? (Hopkins & Quataert 2010, 
MNRAS, 407, 1529: http://ads.nao.ac.jp/abs/2010MNRAS.407.1529H) 

• Some more references are introduced in each relevant part.  

http://jp.arxiv.org/abs/1504.05209
http://ads.nao.ac.jp/abs/2012MNRAS.420L...8H
http://ads.nao.ac.jp/abs/2010MNRAS.407.1529H
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ABSTRACT

We use hydrodynamic simulations to study the interaction of realistic active galactic nucleus (AGN)
feedback mechanisms (accretion-disk winds & Compton heating) with a multi-phase interstellar medium
(ISM). Our ISM model includes radiative cooling and explicit stellar feedback from multiple processes.
We simulate radii ⇠ 0.1�100 pc around an isolated (non-merging) black hole. These are the scales where
the accretion rate onto the black hole is determined and where AGN-powered winds and radiation couple
to the ISM. Our primary results include: (1) The black hole accretion rate on these scales is determined
by exchange of angular momentum between gas and stars in gravitational instabilities. This produces ac-
cretion rates of ⇠ 0.03�1M� yr�1, sufficient to power a luminous AGN. (2) The gas disk in the galactic
nucleus undergoes an initial burst of star formation followed by several Myrs where stellar feedback sup-
presses the star formation rate per dynamical time. (3) AGN winds injected at small radii with momentum
fluxes ⇠ LAGN/c couple efficiently to the ISM and have a dramatic effect on the ISM properties in the
central ⇠ 100 pc. AGN winds suppress the nuclear star formation rate by a factor of ⇠ 10� 30 and the
black hole accretion rate by a factor of ⇠ 3� 30. They increase the total outflow rate from the galactic
nucleus by a factor of ⇠ 10. The latter is broadly consistent with observational evidence for galaxy-scale
atomic and molecular outflows driven by AGN rather than star formation. (4) In simulations that include
AGN feedback, the predicted column density distribution towards the black hole is reasonably consis-
tent with observations, whereas absent AGN feedback, the black hole is isotropically obscured and there
are not enough optically-thin sight lines to explain observed Type I AGN. A ‘torus-like’ geometry arises
self-consistently because AGN feedback evacuates the gas in the polar regions.

Key words: galaxies: formation — galaxies: evolution — galaxies: active — star formation: general —
cosmology: theory

1 INTRODUCTION

The masses of super-massive black holes (BHs) correlate with var-
ious host galaxy bulge properties (Magorrian et al. 1998; Ferrarese
& Merritt 2000; Gebhardt et al. 2000; Hopkins et al. 2007; Aller &
Richstone 2007; Feoli & Mancini 2009; Kormendy et al. 2011).
The small scatter in these correlations (relative to other galaxy
properties; Hopkins et al. 2009b), together with constraints in-
dicating that most BH mass is assembled in an optically bright
quasar phase (Soltan 1982; Salucci et al. 1999; Yu & Tremaine
2002; Hopkins et al. 2006b), has led to the development of models
where large-scale effects of feedback from accretion self-regulate
BH growth at a critical mass (Silk & Rees 1998; King 2003; Di
Matteo et al. 2005; Murray et al. 2005). Gas inflows triggered by
some process fuel rapid BH growth, until feedback begins to ex-
pel nearby gas and dust. This “blowout” results in a short-lived,
bright optical quasar that, having expelled its fuel supply, fades and
leaves a remnant on the observed BH-host correlations (Hopkins
et al. 2005a,c). This general scenario has been able to explain many
quasar observables, including luminosity functions, lifetimes, and

⇤ E-mail:phopkins@caltech.edu

BH mass functions (Hopkins et al. 2005b, 2006c, 2008b, 2009a;
Volonteri et al. 2006; Menci et al. 2003; Somerville et al. 2008;
Lapi et al. 2006; Tortora et al. 2009). It has also been speculated
that this feedback might ultimately have a large impact through-
out the AGN host galaxy, expelling or heating gas and explaining
the rapid quenching of star formation in massive galaxies (Granato
et al. 2004; Scannapieco & Oh 2004; Croton et al. 2006; Hopkins
et al. 2008a; Antonuccio-Delogu & Silk 2008).

High-velocity outflows can be driven from the BH accretion
disk by a variety of physical processes including, e.g., radiation
pressure on lines and dust, magnetic processes, or Compton heat-
ing (see e.g. Blandford & Payne 1982; Begelman 1985; Chang
et al. 1987; Sanders et al. 1988; Konigl & Kartje 1994; Murray
et al. 1995; Elvis 2000; Proga 2000, 2007; Silk 2005; Murray et al.
2005; Batcheldor et al. 2007; Tortora et al. 2009). These manifest
themselves observationally as the broad emission line regions and
broad absorption line quasars (e.g. Weymann et al. 1981; de Kool
et al. 2001; Gabel et al. 2006; Ganguly et al. 2007), more moderate
velocity outflows (v ⇠ 102 � 103 kms�1) associated with the nar-
row line region and the “warm absorber” (Laor et al. 1997; Cren-
shaw et al. 2000; Steenbrugge et al. 2005; Krongold et al. 2007),
as well as quasar absorption and occultation systems (e.g. McKer-
nan & Yaqoob 1998; Turner et al. 2008; Miller et al. 2008). Ob-
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Arp220 / NASA, ESA, and C.Wilson

Active Galactic Nuclei  
 = AGNs

• @centers of galaxies 

• Bright at wide wavelengths from radio to X-ray (LBol > 1010 Lsun) 

• Dust torus + central engine (SMBH + accretion disk); SMBH = MBH > 106 Msun 

• Time variability in flux

~a few to 10 pc?

Accretion disk  
(UV-opt, X-ray)

Dust torus  
(IR)

Antonucci 1993; Urry & Padovani 1995

Compilation by C.Harrison 
(see also Elvis et al. 1994)

Type-1
Type-2
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The details of (1) Accretion, (2) Obscuration, 
and (3) Evolution, are still unclear



Quasars (QSOs)
• Extremely bright type-1, high-z AGNs;  

> 100,000 QSOs are discovered 
@0<z<5 (SDSS) 

• MBH ~ 107-10 Msun 

• Eddington ratio ~ 0.01-1  
(some show super-Edd. accretion!?)  
→ “standard accretion disk” (Shakura 
& Sunyaev 1973)? 

• Known to show “down-sizing” evolution 
(e.g., Ueda et al. 2014, ApJ, 786, 104)  
→ Anti-hierarchical evolution in the 
hierarchical universe? (Enoki et al. 2014, ApJ, 
794, 69) 

• Tend to live in starburs galaxies?  
- merger-induced origin??

SDSS composite SED
Vanden Berk et al. 2001, ApJ, 122, 549

Acc. disk

Host galaxy

Ueda et al. 2014, 
ApJ, 786, 104



Introduction

• MBH and properties of the bulge 
component of the host galaxy (bulge 
mass, luminosity, stellar velocity 
dispersion) are well correlated = co-
evolution (e.g., Magorrian et al. 1998; Ferrarese & 
Merritt 2000; Tremaine et al. 2002; Marconi & Hunt 2003; 
Gultekin et al. 2009; Normandy & Ho 2013 for a review).  
- see also Ho & Kim (2014) for an 
application of Kormendy’s treatment. 

Kormendy & Ho 2013, ARA&A, 51, 511

• Some kind of feedback from a rapidly mass accreting SMBH would be 
the key to establish the relation → AGN feedback (e.g., Silk & Rees 1998; King 
2003; Di Matteo et al. 2005).  

• Understanding the gas fuelling process onto a SMBH is thus critically 
important (see reviews of possible mechanisms in, e.g., Jogee 2006; Alexander & Hickox 2012). 

AA51CH12-Kormendy ARI 24 July 2013 12:27

NGC 3998

M87

NGC 3607 NGC 3607

NGC 2778
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Figure 12
Correlations between black hole mass M• and (a) the K-band absolute magnitude of the classical bulge or elliptical and (b) its effective
velocity dispersion for the sample in Tables 2 and 3. Galaxies or M• measurements that we omit from further illustrations and fits are
shown in orange and purple.

6.3. We Omit BH Masses Based on Kinematics of Ionized Gas When Broad
Emission-Line Widths Are Not Taken into Account
Section 3.2 showed why we believe that BH masses based on ionized gas rotation curves are often
underestimated when large emission-line widths are not taken into account. It is not a priori
certain that large line widths imply that some dynamical support of the gas comes from random
motions, so that an asymmetric drift correction (Mihalas & Routly 1968, Binney & Tremaine
1987) is required, as it would be for a stellar system in which σ ∼ V . However, when the same
galaxy is analyzed using emission- and absorption-line kinematics and both show large line widths,
we almost always get larger M• estimates from absorption lines than from emission lines. The
examples of M87 and NGC 3998 are shown in Figure 12 with pairs of points, a purple point
for the low-M•, emission-line result connected with a purple line to a black point for the high-
M• result from stellar dynamics. The correction is particularly big for NGC 3998. Thus, it is
reasonable to suspect, even when we cannot check them, that M• values are underestimated by
ionized gas rotation curves when large line widths are not taken into account. These cases are
listed in purple in the tables and are shown by purple points in Figure 12. Also shown in black
with purple centers are three BH masses that are based on emission-line measurements in which
line widths were taken into account.

These latter points agree with the M• correlations determined from stellar and maser dynamics.
So do purple points for galaxies with σe ∼ 160 ± 20 km s−1. But when σe > 250 km s−1, many
purple points fall near the bottom of or below the scatter for black points. For M87, both points fall
within the scatter, but using the emission-line M• would—and, historically, did—contribute to
our missing a scientific result, i.e., that σ e “saturates” at high M• (Section 6.7). Other conclusions
are at stake, too. Because Graham & Scott (2013) retain the purple points but do not have the
high-M• BHs from Rusli et al. (2013), they incorrectly conclude that the M•-M K ,bulge correlation
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L14 G. Ponti et al.

Blum et al. 2010; Neilsen et al. 2011b). Thus, the ‘static absorber’
interpretation may be unlikely.

Early works on accretion disc theory (Shakura & Sunyaev 1973)
already predicted the formation of winds from the outer disc.
Compton-heated winds (see Fig. 3) can be launched if the inner
disc is geometrically thin and thus the central source can illumi-
nate and heat the outer disc, creating a hot outflowing disc atmo-
sphere with temperature T ∼ TIC =

∫ ∞
0 hνLνdν/4kL ∼ 107–8 K

(Krolik et al. 1981; London et al. 1981; Begelman et al. 1983a,b;
Woods et al. 1996; Shields et al. 1986) whose ionization parameter
is expected to be primarily linked to the spectral energy distribution
(SED; characterized by T IC) of the illuminating source.

Assuming that the Fe XXV and Fe XXVI absorption lines are unsat-
urated and are on the linear part of the curve of growth, we can esti-
mate the Fe XXV and Fe XXVI ion abundances (see formula 1 of Lee
et al. 2002). Fig. 4 shows the Fe XXV-to-Fe XXVI ion abundance ratio
as a function of T IC for all the observations in which the two lines
are detected. For all sources, we systematically observe the lower
ionization states (Fe XXV) at low T IC, with the ratio Fe XXV/Fe XXVI

decreasing for harder spectral shapes (higher T IC), as expected if the
ionization parameter (ξ ) increases linearly with T IC (see solid lines
in Fig. 4). This result suggests that, during the soft states, ionization
effects might play an important role in determining the properties
of the wind. However, this conclusion is based on the ionization
balance for a low-density gas illuminated by a # = 2 power law;
in order to verify the disappearance of the wind in hard states as
due to overionization, a detailed study of the actual ionizing spectra
and wind densities would be required. Although important, this is
beyond the scope of this Letter. Alternatively, the wind disappear-
ance in the hard state might arise from the fact that illumination
of the outer disc is critical for the production of Compton-heated
winds or from some other phenomenon (e.g. organization of mag-
netic field) which is related to the accretion states. Irradiation only
occurs when the outer disc subtends a larger solid angle than the
inner flow. Thus, the formation of thermal winds might be prevented
if harder states are associated with thick discs that, even if optically

Figure 3. Several physical mechanisms can explain the properties of the
observed equatorial disc winds. Here the thermal winds scenario is sketched.
In soft states, associated with geometrically thin discs, the central source
does probably illuminate the outer disc and thus it might heat it, increasing
the thermal pressure that then drives away a wind, which is flattened above
the disc. Thus, only in high-inclination sources our line of sight to the
central source crosses the wind, allowing us to detect it. In hard states, a
geometrically thick and optically thin corona and the jet are present, while no
wind is observed. [Correction added after online publication 2012 April 4:
figure colours fixed]

Figure 4. The Fe XXV-to-Fe XXVI ion abundance ratio as a function of TIC.
For each source, the Fe XXV/Fe XXVI ion abundance ratio is decreasing with
T IC (which is a tracer of the spectral hardness). This suggests that the wind
ionization increases with spectral hardness, thus suggesting that ionization
effects play an important role here. The solid lines show the expected relation
between ion ratios and T IC, assuming a linear relation between ξ and TIC
(ξ = $ × T IC/1.92 × 104, where $ = Fion/nkTc, Fion is the ionizing flux
between 1 and 103 Rydberg; Krolik et al. 1981) and the ion fraction versus ξ

as computed by Kallman & Bautista (2001; see their fig. 8) for an optically
thin low-density photoionized gas (# = 2).

thin at the centre, have an optically thick region with H/R ∼ 1 or
have a significant optical depth as seen from the outer disc (see also
Neilsen et al. 2011b). Alternatively, if the disc ionization instability
is at work in these transient sources, the Compton radius of the wind
might lie in a low-temperature, and thus unflared, part of the outer
disc (Dubus et al. 2001).

5 DISCUSSI ON

How important are these winds for the accretion phenomenon? We
estimate the wind mass outflow rate using the equation

Ṁwind = 4πR2nmpvout
%

4π
= 4πmpvout

LX

ξ

%

4π
, (1)

where mp is the proton mass, vout the wind outflow velocity and % is
the solid angle subtended by the wind. Chandra observations pro-
vide reliable measurements of the outflow velocities; the detection
of the wind in each soft state spectrum suggests a high filling factor;
moreover, we measured a wind opening angle of ∼30◦. Thus, once
the ionization parameter is estimated, we can measure the mass
outflow rate and compare it to the mass inflow rate (assuming an
efficiency η = 0.1). We estimate the ionization parameter ξ from
the Fe XXV/Fe XXVI ion ratio and assume the ion versus ξ distribution
computed by Kallman & Bautista (2001) and obtain values between
log(ξ ) ∼ 3.5 and 4.2. However, we caution the reader that these val-
ues might change significantly once (instead of assuming the ion
abundances of Kallman & Bautista 2001) the ion abundances ver-
sus ξ are computed using the properly tailored ionization balances
from the self-consistent SED.4 Fig. 5 shows that the mass outflow

4 For example, under various assumptions about the gas density, different
authors studying the same data set found ionization parameters that vary by
∼2 orders of magnitude (Miller et al. 2006a, 2008; Netzer 2006; Kallman
et al. 2009). However, our estimated ionization parameters here are within
the typical range of measured values, and we believe they are useful for our
purposes here.

C⃝ 2012 The Authors, MNRAS 422, L11–L15
Monthly Notices of the Royal Astronomical Society C⃝ 2012 RAS
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Ponti et al. 2012, MNRAS, 422, L11
see also Murray et al. 1995 for the 
validity of planar (equatorial) wind

Feedback mechanism in AGNs
• Gas inflows from the host galaxy triggers rapid SMBH growth = AGN 

• AGN will expel or heat nearby gas, which will quench star formation in the 
galaxy (e.g., Granato et al. 2004; Croton et al. 2006; Hopkins et al. 2008a);  
stars should be formed in cold, dense molecular cloud.  
→ high velocity wind (outflow), harsh radiation 

• But the expelled material is also the fuel for the AGN (suicide)  
→ short-lived, bright quasar phase 

• Above mechanism can roughly reproduce many quasar observables;  
luminosity function, lifetime, mass function (e.g., Volonteri et al. 2006; Menci et al. 
2003, 2014; Lapi et al. 2006) 



High velocity wind (outflow)

• Indeed, powerful molecular/atomic/ionized 
outflow have been observed in many AGNs :)  

• See, e.g., King & Pounds (2015) for a review 
of outflow models (http://ads.nao.ac.jp/abs/
2015arXiv150305206K) 

IRAS F11119+3257

Suzaku

Highly ionized iron 
(blueshifted) absorption

OH λ=119.23μm 
(blueshifted) absorption

Herschel

Energy conserving outflow?

Tombesi et al. 2015, Nature, 519, 436

http://ads.nao.ac.jp/abs/2015arXiv150305206K


This paper
• The detailed launching mechanism of the outflow and its influence 

on the surrounding ISM (i.e., AGN feedback) is still unclear. 

• So, anyhow simulate them and take a look at the results.  

• “We believe that to model this interaction with some fidelity, it is 
critical to include both a realistic description of the physics of the 
ISM, star formation, and stellar feedback, as well as a plausible 
description of AGN feedback mechanisms” 

• Include: stellar radiation pressure,  
HII photo-ionization, photoelectric heating,  
supernovae feedback, stellar winds,  
+ stellar evolution model. 

• AGN heating (Compton w/ Tcomp = 2×107 K, AGN wind)



Models

• Molecular fraction; Krumholz & Gnedin (2011)  
→ depends on the local column density and metallicity 

• Stars are formed in dense (nH2 > 1E4 cm-3) cloud, at a 
100% efficiency per free-fall time.

Initial conditions

 MBH 3E+07 Msun

Mbulge 1E+10 Msun

Mhalo 2E+12 Msun

Mgas 8E+07 Msun

M* 2.6E+07 Msun

Toomre-Q 1

Σdisk 1E+05 Msun/pc2

Particle mass 20 Msun

w/ feedback
w/o feedback
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10 pc

Stellar FB Only (no_BAL) Face-On

10 pc

Edge-On

10 pc

Cylindrical

10 pc

Stellar + Quasar FB (v5000)

10 pc 10 pc

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 (see Hopkins et al. 2012b,
2013a).

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. As shown in Hopkins
et al. (2013b) this is especially important for small scales around
black holes, where any simple constant-density threshold for star
formation fails to account for the radially-dependent tidal forces.

When stars form, stellar feedback is included from a variety of
mechanisms, as described in detail in Hopkins et al. (2011, 2012c).
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.

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.

c� 0000 RAS, MNRAS 000, 000–000

Results

• Brightness = density; Blue < 103 K; Red ~ 104-5 K; Yellow > 106 K



Results

• dM*/dt ~ 1 Msun/yr in a steady state, without AGN 
feedback (r < 500 pc).  

• AGN influences star formation kpc scale 
significantly. 

• At r < 10pc, stellar feedback alone can clear 
most of the gas after a few Myr.  

• Star formation efficiency per τdyn evolves 
significantly with time.

4 Hopkins et al.

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
to the standard cooling function (with a limiter following Faucher-
Giguere & Quataert 2012 to account for rate-limiting by Coulomb
collisions at the high temperatures that can obtain in strong shocks).

3 RESULTS WITH STELLAR FEEDBACK, BUT NO
BLACK HOLE FEEDBACK

Fig. 1 (top row) shows the morphology of the high-resolution no
AGN feedback run at a typical time after a few orbital periods,
when the system has reached an approximate statistical steady
state. Figure 2 shows the star formation rate as a function of time
for simulations with and without AGN feedback (top panel) and
two versions of the Kennicutt-Schmidt relation describing the star
formation law for these nuclear-scale simulations (bottom two pan-
els). Note that in the simulation with only stellar feedback, there is
an initial burst of star formation but after a few Myr, the star for-
mation rate settles into an approximate steady state at Ṁ? ⇠ 1M�
yr�1 within ⇠ 1kpc. The image in Fig. 1 is shown in the latter
phase. Within < 10pc, stellar feedback alone does clear most of the
gas after a few Myr; this is recycled in a small-scale fountain on a
similar timescale. The dynamics of these small-scale burst-quench
cycles will be explored in more detail in future work (Torrey et al.,
in prep).

3.1 Black Hole Accretion

Fig. 1 shows that the gas disk exhibits strong non-linear m = 1 spi-
ral wave and eccentric/lopsided disk modes, which are visible in
spite of the inhomogeneous structure of the ISM. Using simula-
tions on similar spatial scales but with a much less realistic model
of the ISM, Hopkins & Quataert (2010a) showed that non-linear
m = 1 modes generated by stellar-gas interactions dominate the an-
gular momentum transport in galactic nuclei at and inside the BH
sphere of influence. We confirm their result here with a much more
realistic ISM model.

Fig. 3 (top panel) plots the m = 1 mode amplitudes2 versus
radius for the simulations with and without AGN feedback. For
the simulation without AGN feedback, the m = 1 mode amplitude
found here ⇠ 0.1 is similar to that found in Hopkins & Quataert
(2010a)’s simulations with gas fractions & 0.5. This suggests that
the mode excitation and saturation physics is at least broadly sim-
ilar in spite of the more dynamic multi-phase ISM present in our
simulations.

Fig. 4 shows the black hole accretion rate, the outflow rate
from the galactic nucleus, and the total momentum flux in the
outflow as a function of time.3 The simulations clearly find large
inflows up to ⇠ M� yr�1 to the central < 0.05pc. Hopkins &

2 Mode amplitudes are measured in the gas surface density as

|am(R, t)|=
|
R 2⇡

0 ⌃(R, �) exp(im�)d�|
R 2⇡

0 ⌃(R, �)d�
(1)

3 The net inflow rate at radius R is given by Ṁ = �R�1 R
dMgas vR in an

annulus. The outflow rate is the same integral, but only over dMgas where
vR > 0. The rates are time-averaged in each annulus (which also removes
the spurious radial velocity contribution from e.g. stationary modes). Be-
cause of finite bin-widths the inflow rate can change sign discretely from
bin-to-bin.

0 1 2 3 4 5 6
Time  [Myr]

-2

-1

0

1

2

lo
g(

 S
FR

 ) 
 [ 

M
O •
 y

r-1
 ]

v5000
no_BAL

R < 10 pc
R < 500 pc

2.0 2.5 3.0 3.5 4.0 4.5 5.0
log( Σgas )  [ MO • pc-2 ]

0

1

2

3

4

5

lo
g(

 Σ
SF

R )
  [

 M
O •
 y

r-1
 k

pc
-2
 ]

Obs
erv

ed

v5000
no_BAL

Time < 1 Myr
1 Myr < Time < 3 Myr
3 Myr < Time < 5 Myr

2 3 4 5 6 7 8
log( Σgas Ω )  [ MO • yr-1 kpc-2 ]

0

1

2

3

4

5

lo
g(

 Σ
SF

R )
  [

 M
O •
 y

r-1
 k

pc
-2
 ]

ε = 0.02
ε = 0.002
ε = 0.0002

Figure 2. Top Panel: Star formation rate within 10 and 500 pc regions for
simulations with (v5000) and without (no_BAL) AGN feedback. Middle
and Bottom Panels: Location of the same simulations on the Kennicutt-
Schmidt relations at different times. 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 the mid-
dle panel (dashed line ±0.5 dex is from Narayanan et al. (2012)’s variable
XCO model) are based on a range of galaxies, not just galactic nuclei, but
nonetheless provide a useful point of comparison. The star formation effi-
ciency per dynamical time evolves significantly with time during the sim-
ulation, 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 efficiency.
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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
to the standard cooling function (with a limiter following Faucher-
Giguere & Quataert 2012 to account for rate-limiting by Coulomb
collisions at the high temperatures that can obtain in strong shocks).

3 RESULTS WITH STELLAR FEEDBACK, BUT NO
BLACK HOLE FEEDBACK

Fig. 1 (top row) shows the morphology of the high-resolution no
AGN feedback run at a typical time after a few orbital periods,
when the system has reached an approximate statistical steady
state. Figure 2 shows the star formation rate as a function of time
for simulations with and without AGN feedback (top panel) and
two versions of the Kennicutt-Schmidt relation describing the star
formation law for these nuclear-scale simulations (bottom two pan-
els). Note that in the simulation with only stellar feedback, there is
an initial burst of star formation but after a few Myr, the star for-
mation rate settles into an approximate steady state at Ṁ? ⇠ 1M�
yr�1 within ⇠ 1kpc. The image in Fig. 1 is shown in the latter
phase. Within < 10pc, stellar feedback alone does clear most of the
gas after a few Myr; this is recycled in a small-scale fountain on a
similar timescale. The dynamics of these small-scale burst-quench
cycles will be explored in more detail in future work (Torrey et al.,
in prep).

3.1 Black Hole Accretion

Fig. 1 shows that the gas disk exhibits strong non-linear m = 1 spi-
ral wave and eccentric/lopsided disk modes, which are visible in
spite of the inhomogeneous structure of the ISM. Using simula-
tions on similar spatial scales but with a much less realistic model
of the ISM, Hopkins & Quataert (2010a) showed that non-linear
m = 1 modes generated by stellar-gas interactions dominate the an-
gular momentum transport in galactic nuclei at and inside the BH
sphere of influence. We confirm their result here with a much more
realistic ISM model.

Fig. 3 (top panel) plots the m = 1 mode amplitudes2 versus
radius for the simulations with and without AGN feedback. For
the simulation without AGN feedback, the m = 1 mode amplitude
found here ⇠ 0.1 is similar to that found in Hopkins & Quataert
(2010a)’s simulations with gas fractions & 0.5. This suggests that
the mode excitation and saturation physics is at least broadly sim-
ilar in spite of the more dynamic multi-phase ISM present in our
simulations.

Fig. 4 shows the black hole accretion rate, the outflow rate
from the galactic nucleus, and the total momentum flux in the
outflow as a function of time.3 The simulations clearly find large
inflows up to ⇠ M� yr�1 to the central < 0.05pc. Hopkins &

2 Mode amplitudes are measured in the gas surface density as
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(1)

3 The net inflow rate at radius R is given by Ṁ = �R�1 R
dMgas vR in an

annulus. The outflow rate is the same integral, but only over dMgas where
vR > 0. The rates are time-averaged in each annulus (which also removes
the spurious radial velocity contribution from e.g. stationary modes). Be-
cause of finite bin-widths the inflow rate can change sign discretely from
bin-to-bin.
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Figure 2. Top Panel: Star formation rate within 10 and 500 pc regions for
simulations with (v5000) and without (no_BAL) AGN feedback. Middle
and Bottom Panels: Location of the same simulations on the Kennicutt-
Schmidt relations at different times. 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 the mid-
dle panel (dashed line ±0.5 dex is from Narayanan et al. (2012)’s variable
XCO model) are based on a range of galaxies, not just galactic nuclei, but
nonetheless provide a useful point of comparison. The star formation effi-
ciency per dynamical time evolves significantly with time during the sim-
ulation, 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 efficiency.
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Geometry and Black hole accretion:  
mass inflow at  r<2.8ε (min. Keplerian distance)

• m=1 mode (not m=2) develops, which is 
the dominant mechanism to remove 
angular momentum at r < 10 pc  
(same as in HQ10) 

• Warm gas disk becomes thick when AGN 
feedback is switched-on, in concordant 
with thick molecular disk (e.g., Hicks et al. 
2009, ApJ, 696, 448).  

• But the h/R of cold molecular gas keeps 
~const. value, which is very low (e.g., 
Fathi&TI et al. 2013, ApJ, 770, 27). 
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Figure 3. Time-averaged structural properties of the simulations. Top:
m = 1 mode amplitude |am=1| in the cold molecular gas, as a function of
radius. With no BAL feedback the large spiral modes are visible here; with
BAL winds the order-unity asymmetries introduced by the AGN wind im-
pacting the ISM dominate. Bottom: Gaussian disk scale-height (h/R) versus
radius. With no BAL winds, a modest h/R ⇠ 0.1� 0.2 ⇠ |am=1| is sup-
ported by the combination of stellar feedback and gravitational instabilities.
With BAL winds, h/R is greatly enhanced because there is little gas and it
is often dominated by escaping/venting polar winds. Even in the latter case,
the scale-height of the cold rotating gas remains modest, similar to that in
the non BAL wind simulation (see Fig. 1).

Quataert (2011) derive an analytic approximation for the inflow
rate through each annulus for inflows driven by strong gravita-
tional torques and resonant angular momentum exchange between
gas and stars. For modes with complex potential �a(R) and pattern
speed ! = ⌦p + i�, this is:

Ṁ = ⌃gas R2 ⌦
���
�a

V 2
c

���
h mS(!, �a)F(⇣)

1+@ lnVc/@ lnR

i
(2)

with S(!, �a) a phase function and F an order-unity amplitude cor-
rection derived in Hopkins & Quataert (2011), which can be mea-
sured directly in the simulations. For an m = 1 mode in a quasi-
Keplerian potential, this is approximately Ṁ ⇠�|a|⌃gas R2 ⌦ (with
|a| the mode amplitude).

Fig. 5 compares equation 2 to the simulation inflow/outflow
rates; the agreement is reasonable, particularly given that the an-
alytic result was derived under the assumption of smooth (non-
turbulent) gas flows. Fig. 5 also compares the inflow rate in our
simulations to four alternative proposed accretion rate estimators,
none of which does as good a job of reproducing the simulation
results. (1) Bondi: ṀBondi ⇡ 4⇡G2 M2

BH ⇢gas c�3
s . This over-predicts

the accretion rate by an enormous factor ⇠ 108 as most of the
gas is cold and molecular, supported not by pressure but by angu-
lar momentum. (2) Modified Bondi-Hoyle: ṀMBH ⇡ 4⇡G2 Menc(<
R)2 ⇢gas (c2

s + hV 2
gas�bhi)�3/2 (the rate used in Springel et al. 2005;
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Figure 4. Top: BH accretion rate vs. time. AGN feedback suppresses the BH
accretion rate relative to simulations without AGN feedback, with higher
momentum-loading in the input AGN wind (higher ⌘p) leading to lower
ṀBH. Middle: Total momentum flux in the galaxy-scale outflow at > 10pc
in each model, vs. time. The models with BAL winds all equilibrate at
broadly similar outflow momentum flux. This explains why higher-⌘p mod-
els adjust to have lower ṀBH. Bottom: Corresponding mass-outflow rate of
the wind at > 100pc. Simulations with AGN feedback have dramatically
larger outflow rates from the nuclear region relative to the simulation with-
out AGN feedback.

Hopkins et al. 2006a, 2005a; Hopkins & Hernquist 2009; Di Mat-
teo et al. 2008; Croft et al. 2009). This allows for the potential
beyond the BH as well as supersonic gas motion (so is dimen-
sionally better than [1]), but given the low cs this amounts to as-
suming all gas is in free-fall (neglects angular momentum) and
over-predicts Ṁ by factors ⇠ 1000. (3) Ballistic Accretion: Ṁball ⇡
2⇡⌃gas R2 ⌦(Vc/�) exp(�9V 2

c /16�2) (this corresponds to accre-
tion of the randomly-populated low-angular momentum “tail” of
highly turbulent flows from Hobbs et al. 2011, we generalize their
formulae for accretion through each annulus). This disagrees with
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cold molecular gas
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Fig. 12. Total HCO+(4–3) (left) and HCN(4–3) (right) spectra, inte-
grated over the field of view of 18′′, after primary beam correction.
The vertical scale is in Jy. The green lines are the Gaussian fits, whose
parameters are displayed in Table 2.

Table 2. Line fluxes, after primary beam correction.

Line Area V ∆Va Fluxb

Jy km s−1 km s−1 km s−1 Jy
CO(3–2) 596 ± 2 1516 ± 0.3 155 ± 1 3.6
C1 21 ± 1 1368 ± 1 42 ± 1 0.5
C2 197 ± 5 14 55±1 77 ± 1 2.4
C3 368 ± 5 1545±1 91 ± 1 3.8
HCO+(4–3) 5.7 ± 0.6 1509 ± 7 135 ± 14 0.04
HCN(4–3) 1.8 ± 0.4 1540 ± 7 57 ± 14 0.03

Notes. Results of the Gaussian fits: first line for CO(3–2) assumes only
one component; following lines assume 3 velocity components (C1, C2
and C3), shown in Fig. 10. (a) Full width at half maximum (FWHM).
(b) Peak flux.

truncated, as if only one side of the galaxy, the redshifted
SW part, is strong enough to be detected. The total intensi-
ties of both lines are, however, weak: HCO+(4–3) is 100 times
weaker than CO(3−2), and HCN(4−3) is 300 times weaker than
CO(3−2). These ratios are about 3 times less than at the center
of M 82, and suggest a lower fraction of dense gas (e.g. Naylor
et al. 2010). This is expected since NGC 1566 is not a starburst
galaxy (e.g., Gao & Solomon 2004).

The fact that the HCO+ emission is 3 times stronger than
the HCN emission indicates that the excitation of the molecules
at the center of NGC 1566 is dominated by star formation
(PDR or photodissociation region), and not the AGN (XDR or
X-ray dominated region). Indeed, in AGN-dominated molecular
disks, the HCN/HCO+ ratio can reach values much larger than 1
(Kohno et al. 2003; Krips et al. 2008; García-Burillo et al. 2010;
Costagliola et al. 2011; Imanishi & Nakanishi 2013).

4. Torques and AGN fueling

A small bar is detected in red and near-infrared images of
NGC 1566 (see for example Fig. 1 from Agüero et al. 2004,
from 2MASS). Its position angle is PA = 0◦, and its length is
35′′ = 1.7 kpc, as determined by Hackwell & Schweizer (1983),
or Comeron et al. (2010). According to Elmegreen & Elmegreen
(1990), this radius coincides with kinks in the spiral arms, and
the amplitude of the conspicuous 2-arm grand design spiral be-
gins to increase. We have used a red image (F814W) from HST
to derive the stellar potential in the center, since 2MASS im-
ages have insufficient angular resolution. We have not separated
the bulge from the disk contribution since NGC 1566 is a late
type (Sbc) galaxy. This means that the bulge was effectively

Fig. 13. Top: strengths (Qm and total QT ) of the m = 1 to m = 4 Fourier
components of the stellar potential within the central kpc. The m = 2
term is dominant, and has a constant phase, corresponding to the bar.
Bottom: corresponding phases in radians of the Fourier components,
taken from the major axis, in the deprojected image. The vertical line
indicates the proposed ILR position for the nuclear bar.

assumed to be flattened. Dark matter can be safely neglected
inside the central kpc. The image has been rotated and depro-
jected according to PA = 44◦ and i = 35◦, and then Fourier
transformed to compute the gravitational potential and forces. A
stellar exponential disk thickness of ∼1/12th of the radial scale-
length of the galaxy (hr = 3.8 kpc) has been assumed, giving
hz = 317 pc. This is the average scale ratio for galaxies of this
type (e.g., Barteldrees & Dettmar 1994; Bizyaev & Mitronova
2002, 2009). The potential has been obtained assuming a con-
stant mass-to-light ratio of M/L = 0.5 M⊙/L⊙ in the I-band
over the considered portion of the image of 2 kpc in size. This
value is realistic in view of what is found statistically for spi-
ral galaxies (Bell & de Jong 2001). The pixel size of the map is
0.079′′ = 3.8 pc. The stellar M/L value was fit to reproduce the
observed CO rotation curve. We have checked that the results
are not significantly changed when the geometrical parameters
(i and PA) are varied by ±5◦, as found in the literature. The M/L
varies as 1/sin2 i accordingly.

The potential Φ(R, θ) can be decomposed into its different
Fourier components:

Φ(R, θ) = Φ0(R) +
∑

m

Φm(R) cos(mθ − φm(R)).

The strength of the m-Fourier component, Qm(R) is defined as
Qm(R) = mΦm/R|F0(R)|, i.e. by the ratio between tangential and
radial forces (e.g. Combes & Sanders 1981). The strength of the
total non-axisymmetric perturbation QT (R) is defined similarly
with the maximum amplitude of the tangential force Fmax

T (R).
Their radial distributions and the radial phase variations are
displayed in Fig. 13.
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resolution and sensitivity. Observations and simulations are ad-
vancing together, since it is only now that we can simulate coher-
ently these scales with successive zoom-in re-simulations (e.g.,
Hopkins & Quataert 2010; Renaud et al. 2013). At 30 pc scales,
simulations suggest fueling involves a cascade of dynamical in-
stabilities (m = 2, m = 1), and the formation of a thick gas
disk similar to a torus, subject to bending and warping insta-
bilities (Hopkins et al. 2012). Since the gas concentration be-
comes large, the gas is highly unstable, clumpy and turbulent.
Dynamical friction can then drive these massive clumps to the
nucleus. Simulations reveal episodic feeding with 10 Myr time-
scales (10 pc) or even lower (0.1 pc). These fueling episodes are
then quenched by either star formation winds or AGN outflows.

Recently, high velocity outflows have been discovered in the
molecular gas of nearby AGN (Feruglio et al. 2010; Sturm et al.
2011; Alatalo et al. 2011; Dasyra & Combes 2012). Outflows
have been traced for a long time in ionized or atomic gas (Rupke
et al. 2005; Riffel & Storchi-Bergmann 2011). With our ALMA
cycle 0 data, we have been able to confirm that molecular out-
flows are also seen in low-luminosity AGN. The outflow re-
vealed in the Seyfert 2 NGC 1433 is the least massive molecular
outflow ever seen in galaxy nuclei (Combes et al. 2013). In the
prototypical Seyfert 2 NGC 1068, a clear molecular ouflow has
also been detected, entrained by the AGN radio jets (Krips et al.
2011; García-Burillo et al. 2010, and in prep.).

These high angular resolution results have shown that fueling
and feedback phases can occur simultaneously. Gas is inflowing
in the plane, with some also outflowing along the minor axis at
some angle with the plane. In NGC 1433, the CO map reveals a
nuclear gaseous spiral structure inside the 460 pc-radius nuclear
ring encircling the nuclear stellar bar. The nuclear spiral winds
up in a pseudo-ring at ∼200 pc radius, which might correspond
to the inner Lindblad resonance (ILR). In spite of the presence
of gas in rings at both outer and inner ILRs, some gas is finding
its way to the center. In both of these Seyfert 2 galaxies, dust
continuum emission is detected in a small nuclear disk, which
might be interpreted as the molecular torus (Combes et al. 2013).
In NGC 1068, the AGN is clearly off-center with respect to the
torus, implying an m = 1 perturbation (García-Burillo et al.,
in prep.).

In this paper, we present ALMA cycle 0 observations in the
CO(3–2) line of the Seyfert 1 NGC 1566, with a spatial reso-
lution of ∼25 pc. Its proximity (10 Mpc) and small inclination
of 35◦ make NGC 1566 an ideal target to test and refine sce-
narios of AGN feeding and feedback, and discover new phe-
nomena controlling gas structures and dynamics within 100 pc,
where the dynamical time-scale is smaller than 3 Myr (for Vrot ∼
200 km s−1). In the next subsection, all relevant characteristics
of NGC 1566 are described. Observations are detailed in Sect. 2
and results in Sect. 3. The interpretation in term of torques is
discussed in Sect. 4, and conclusions are drawn in Sect. 5.

1.1. NGC 1566

NGC 1566, a nearly face-on spiral galaxy, is the brightest mem-
ber of the Dorado group (Agüero et al. 2004; Kilborn et al.
2005). It has an intermediate strength bar type (SAB), and two
strongly contrasted spiral arms, emanating from the bar and
winding up in an outer pseudo ring. The remarkable grand-
design spiral has inspired special studies of its logarithmic arm
structure (Elmegreen & Elmegreen 1990; Korchagin et al. 2000).
There are two sets of spiral arms (see Fig. 1): the first set starts
at the end of the nuclear bar of about 35′′ = 1.7 kpc in radius,
better seen in the near infrared (Hackwell & Schweizer 1983).

Fig. 1. GALEX-NUV image of NGC 1566, showing the two sets of spi-
ral arm structures at large scales. The ALMA field of view (9′′ radius) is
shown as the black circle in the center. The image is a square of 12′ size.
The color scale is in log.

These arms then wind up in a ring, with kinks and a circle of
star formation, identified as the corotation of the spiral pattern
(Elmegreen & Elmegreen 1990). A second weaker set of spi-
ral arms then winds up in an outer pseudo ring, identified as
the outer Lindblad resonance. The inner Lindblad resonance of
the spiral might correspond to the end of the nuclear bar, and
therefore the corotation of the bar. Inside this ILR, there is a
deficiency of HII regions (Comte & Duquennoy 1982).

NGC 1566 is a low-luminosity AGN, classified as Seyfert,
although its precise position between Seyfert 1 and 2 varies
in the literature. More specifically, its nuclear spectrum varies
from Seyfert 1 in its most active phases to Seyfert 2 at mini-
mum activity (Alloin et al. 1985). It has many characteristics
of Seyfert 1 galaxies/AGN: a bright central point-like source
(Malkan et al. 1998), relatively broad [FeII] line emission in
the Broad Line Rregion (Reunanen et al. 2002), characteris-
tic variability on scales of months (Alloin et al. 1986), and an
X-ray point-source nuclear luminosity between 2–10 keV of
7 × 1040 erg/s (Levenson et al. 2009). The nucleus is known
to be variable from X-rays to IR bands (Alloin et al. 1986;
Baribaud et al. 1992; Glass 2004). These variations have been
interpreted as instabilities in a thin accretion disk (Abramowicz
et al. 1986). The mass of the NGC 1566 black hole has been
estimated to be 8.3 × 106 M⊙ by the M–σ relation and the
measured stellar velocity dispersion at the center (Woo & Urry
2002). From its bolometric luminosity, its Eddington ratio can
be estimated as 0.096 (cf. Table 1). HST [OIII] images show
a one-sided ionization cone towards the south-east (Schmitt &
Kinney 1996). VISIR images (Reunanen et al. 2010) reveal a
dominant central unresolved source with size FWHM < 15 pc
at 11.8 µm. Both large-scale and nuclear radio emission is seen
in NGC 1566 (Harnett 1984, 1987). The atomic gas (HI) dy-
namics have been investigated with the ATCA interferometer by
Walsh (priv. comm.), with a spatial resolution of ∼30′′. There
is a 30′′ × 50′′ HI hole towards the center, where the gas be-
comes mostly molecular. The CO(1–0) and (2–1) lines have been
mapped by Bajaja et al. (1995) with the SEST telescope, and are
detected out to 60′′radius. Excited molecular hydrogen has been
detected through its ro-vibrational lines at 2 µm (Reunanen et al.
2002). The H2 excitation is not by UV fluorescence but through
thermal UV heating. The contribution from star formation is less
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Accretion/outflow rate (1)

• Rather large accretion rate when no AGN 
feedback 
→ decreased by a factor ~ 10, when 
feedback is imposed (i.e., suicide) 

• Lower dMBH/dt when ηp is higher. 

• Time variation reflects that of star formation 
and dynamics. 

• Models with AGN feedback all equilibrate 
at similar outflow momentum flux; high-ηp 
models adjust to have low dMBH/dt.
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Figure 3. Time-averaged structural properties of the simulations. Top:
m = 1 mode amplitude |am=1| in the cold molecular gas, as a function of
radius. With no BAL feedback the large spiral modes are visible here; with
BAL winds the order-unity asymmetries introduced by the AGN wind im-
pacting the ISM dominate. Bottom: Gaussian disk scale-height (h/R) versus
radius. With no BAL winds, a modest h/R ⇠ 0.1� 0.2 ⇠ |am=1| is sup-
ported by the combination of stellar feedback and gravitational instabilities.
With BAL winds, h/R is greatly enhanced because there is little gas and it
is often dominated by escaping/venting polar winds. Even in the latter case,
the scale-height of the cold rotating gas remains modest, similar to that in
the non BAL wind simulation (see Fig. 1).

Quataert (2011) derive an analytic approximation for the inflow
rate through each annulus for inflows driven by strong gravita-
tional torques and resonant angular momentum exchange between
gas and stars. For modes with complex potential �a(R) and pattern
speed ! = ⌦p + i�, this is:

Ṁ = ⌃gas R2 ⌦
���
�a

V 2
c

���
h mS(!, �a)F(⇣)

1+@ lnVc/@ lnR

i
(2)

with S(!, �a) a phase function and F an order-unity amplitude cor-
rection derived in Hopkins & Quataert (2011), which can be mea-
sured directly in the simulations. For an m = 1 mode in a quasi-
Keplerian potential, this is approximately Ṁ ⇠�|a|⌃gas R2 ⌦ (with
|a| the mode amplitude).

Fig. 5 compares equation 2 to the simulation inflow/outflow
rates; the agreement is reasonable, particularly given that the an-
alytic result was derived under the assumption of smooth (non-
turbulent) gas flows. Fig. 5 also compares the inflow rate in our
simulations to four alternative proposed accretion rate estimators,
none of which does as good a job of reproducing the simulation
results. (1) Bondi: ṀBondi ⇡ 4⇡G2 M2

BH ⇢gas c�3
s . This over-predicts

the accretion rate by an enormous factor ⇠ 108 as most of the
gas is cold and molecular, supported not by pressure but by angu-
lar momentum. (2) Modified Bondi-Hoyle: ṀMBH ⇡ 4⇡G2 Menc(<
R)2 ⇢gas (c2

s + hV 2
gas�bhi)�3/2 (the rate used in Springel et al. 2005;
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Figure 4. Top: BH accretion rate vs. time. AGN feedback suppresses the BH
accretion rate relative to simulations without AGN feedback, with higher
momentum-loading in the input AGN wind (higher ⌘p) leading to lower
ṀBH. Middle: Total momentum flux in the galaxy-scale outflow at > 10pc
in each model, vs. time. The models with BAL winds all equilibrate at
broadly similar outflow momentum flux. This explains why higher-⌘p mod-
els adjust to have lower ṀBH. Bottom: Corresponding mass-outflow rate of
the wind at > 100pc. Simulations with AGN feedback have dramatically
larger outflow rates from the nuclear region relative to the simulation with-
out AGN feedback.

Hopkins et al. 2006a, 2005a; Hopkins & Hernquist 2009; Di Mat-
teo et al. 2008; Croft et al. 2009). This allows for the potential
beyond the BH as well as supersonic gas motion (so is dimen-
sionally better than [1]), but given the low cs this amounts to as-
suming all gas is in free-fall (neglects angular momentum) and
over-predicts Ṁ by factors ⇠ 1000. (3) Ballistic Accretion: Ṁball ⇡
2⇡⌃gas R2 ⌦(Vc/�) exp(�9V 2

c /16�2) (this corresponds to accre-
tion of the randomly-populated low-angular momentum “tail” of
highly turbulent flows from Hobbs et al. 2011, we generalize their
formulae for accretion through each annulus). This disagrees with
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Total momentum of the wind 
@r > 10pc



Accretion/outflow rate (2)
• Comparison between the 

simulated (~observed) in/out-
flow rate with various analytic 
models.  

• Mass inflow rate due to grab. 
torques induced by trailing spiral 
waves is (see basics in Lynden-
Bell & Kalnajs 1972),
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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.

the simulations as well; dimensionally it gives Ṁ / Mgas(R)⌦(R)
but with a “reduction factor” ⇡ (h/R)�1 exp(�0.56[h/R]�2),
which for h/R ⇠ 0.1� 0.3 found here is very small, so that there
is very little ballistic accretion. (4) Gravito-turbulent viscosity:
Ṁturb ⇡ 3⇡↵�2

gas ⌃gas ⌦
�1 where ↵ ⇠ 0.005� 0.05 is the (cooling

function-dependent) effective turbulent viscosity for a Q = 1 disk
(Gammie 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 net accretion
rate onto the BH is determined by a competition between the in-
flow rate from large scales set by gravitational torques and the ef-
ficiency of AGN feedback at suppressing this inflow in the galac-
tic nucleus. Our simulations explicitly resolve this competition and
produce accretion rates a factor of ⇠ 10 lower than in simulations
without AGN feedback (Fig. 4). For lower resolution galaxy-scale
or cosmological simulations it is unclear what the best time aver-
aged accretion rate estimator is to capture this competition between
inflow by gravitational torques and AGN feedback; this merits fur-
ther study 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
collapse. 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 efficiently evacuates the polar region of gas.

The bottom panels of Figure 2 shows our simulations in two
common versions of the Kennicutt-Schmidt relation. The star for-
mation rate surface density and gas surface densities are averages
within 10 pc and the rotation rate in the bottom panel is also mea-
sured 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 provide 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 rela-
tively high star formation efficiency in the burst of star formation
at early times followed by a more prolonged period of lower star
formation efficiency. Perhaps most striking is that the star forma-
tion 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 life-
time of massive stars. Thus the stellar feedback that is effective for
most of the duration of the simulation is that due to stellar radiation
and stellar winds, since supernovae only start after ' 3 Myr and
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 depends primarily on the
surface density of young stars, rather than the star formation rate.
We explore the consequences of this for the “burstiness” of nuclear
star formation and origins of the nuclear-scale Kennicutt-Schmidt
relation in a companion paper (Torrey et al., in prep).
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Figure 3. Time-averaged structural properties of the simulations. Top:
m = 1 mode amplitude |am=1| in the cold molecular gas, as a function of
radius. With no BAL feedback the large spiral modes are visible here; with
BAL winds the order-unity asymmetries introduced by the AGN wind im-
pacting the ISM dominate. Bottom: Gaussian disk scale-height (h/R) versus
radius. With no BAL winds, a modest h/R ⇠ 0.1� 0.2 ⇠ |am=1| is sup-
ported by the combination of stellar feedback and gravitational instabilities.
With BAL winds, h/R is greatly enhanced because there is little gas and it
is often dominated by escaping/venting polar winds. Even in the latter case,
the scale-height of the cold rotating gas remains modest, similar to that in
the non BAL wind simulation (see Fig. 1).

Quataert (2011) derive an analytic approximation for the inflow
rate through each annulus for inflows driven by strong gravita-
tional torques and resonant angular momentum exchange between
gas and stars. For modes with complex potential �a(R) and pattern
speed ! = ⌦p + i�, this is:

Ṁ = ⌃gas R2 ⌦
���
�a

V 2
c

���
h mS(!, �a)F(⇣)

1+@ lnVc/@ lnR

i
(2)

with S(!, �a) a phase function and F an order-unity amplitude cor-
rection derived in Hopkins & Quataert (2011), which can be mea-
sured directly in the simulations. For an m = 1 mode in a quasi-
Keplerian potential, this is approximately Ṁ ⇠�|a|⌃gas R2 ⌦ (with
|a| the mode amplitude).

Fig. 5 compares equation 2 to the simulation inflow/outflow
rates; the agreement is reasonable, particularly given that the an-
alytic result was derived under the assumption of smooth (non-
turbulent) gas flows. Fig. 5 also compares the inflow rate in our
simulations to four alternative proposed accretion rate estimators,
none of which does as good a job of reproducing the simulation
results. (1) Bondi: ṀBondi ⇡ 4⇡G2 M2

BH ⇢gas c�3
s . This over-predicts

the accretion rate by an enormous factor ⇠ 108 as most of the
gas is cold and molecular, supported not by pressure but by angu-
lar momentum. (2) Modified Bondi-Hoyle: ṀMBH ⇡ 4⇡G2 Menc(<
R)2 ⇢gas (c2

s + hV 2
gas�bhi)�3/2 (the rate used in Springel et al. 2005;
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Figure 4. Top: BH accretion rate vs. time. AGN feedback suppresses the BH
accretion rate relative to simulations without AGN feedback, with higher
momentum-loading in the input AGN wind (higher ⌘p) leading to lower
ṀBH. Middle: Total momentum flux in the galaxy-scale outflow at > 10pc
in each model, vs. time. The models with BAL winds all equilibrate at
broadly similar outflow momentum flux. This explains why higher-⌘p mod-
els adjust to have lower ṀBH. Bottom: Corresponding mass-outflow rate of
the wind at > 100pc. Simulations with AGN feedback have dramatically
larger outflow rates from the nuclear region relative to the simulation with-
out AGN feedback.

Hopkins et al. 2006a, 2005a; Hopkins & Hernquist 2009; Di Mat-
teo et al. 2008; Croft et al. 2009). This allows for the potential
beyond the BH as well as supersonic gas motion (so is dimen-
sionally better than [1]), but given the low cs this amounts to as-
suming all gas is in free-fall (neglects angular momentum) and
over-predicts Ṁ by factors ⇠ 1000. (3) Ballistic Accretion: Ṁball ⇡
2⇡⌃gas R2 ⌦(Vc/�) exp(�9V 2

c /16�2) (this corresponds to accre-
tion of the randomly-populated low-angular momentum “tail” of
highly turbulent flows from Hobbs et al. 2011, we generalize their
formulae for accretion through each annulus). This disagrees with

c� 0000 RAS, MNRAS 000, 000–000

~amp. of the mode in a quasi-Keplerian potential, which is rather constant!

• Bondi accretion & modified-Bondi accretion: clearly bad, because now gas is supported 
not by pressure but by angular momentum at these scales.  

• Ballistic accretion: random accretion of gas in the lower-tail of angular momentum 
distribution. This strongly depends on the geometry (h/R) is rejected in these simulations.  

• Gravito-turbulent viscosity: maybe OK at outer radii, but predicts lower value at r < 1pc, 
due to the dependence of the geometry (h/R).

w/o AGN feedback



AGN Obscuration

• Stellar feedback can make a geometrically thick disk. 

• But it can not make a low-column sight-line, which is necessary to explain 
type-1 AGNs. 

• AGN wind is necessary in this model.  
→ see other wind-driven (fountain) obscuration models (e.g., Wada 2012 
ApJ, 758, 66; Schartmann et al. 2014, MNRAS, 445, 3878)
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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.

the simulations as well; dimensionally it gives Ṁ / Mgas(R)⌦(R)
but with a “reduction factor” ⇡ (h/R)�1 exp(�0.56[h/R]�2),
which for h/R ⇠ 0.1� 0.3 found here is very small, so that there
is very little ballistic accretion. (4) Gravito-turbulent viscosity:
Ṁturb ⇡ 3⇡↵�2

gas ⌃gas ⌦
�1 where ↵ ⇠ 0.005� 0.05 is the (cooling

function-dependent) effective turbulent viscosity for a Q = 1 disk
(Gammie 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 net accretion
rate onto the BH is determined by a competition between the in-
flow rate from large scales set by gravitational torques and the ef-
ficiency of AGN feedback at suppressing this inflow in the galac-
tic nucleus. Our simulations explicitly resolve this competition and
produce accretion rates a factor of ⇠ 10 lower than in simulations
without AGN feedback (Fig. 4). For lower resolution galaxy-scale
or cosmological simulations it is unclear what the best time aver-
aged accretion rate estimator is to capture this competition between
inflow by gravitational torques and AGN feedback; this merits fur-
ther study 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
collapse. 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 efficiently evacuates the polar region of gas.

The bottom panels of Figure 2 shows our simulations in two
common versions of the Kennicutt-Schmidt relation. The star for-
mation rate surface density and gas surface densities are averages
within 10 pc and the rotation rate in the bottom panel is also mea-
sured 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 provide 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 rela-
tively high star formation efficiency in the burst of star formation
at early times followed by a more prolonged period of lower star
formation efficiency. Perhaps most striking is that the star forma-
tion 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 life-
time of massive stars. Thus the stellar feedback that is effective for
most of the duration of the simulation is that due to stellar radiation
and stellar winds, since supernovae only start after ' 3 Myr and
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 depends primarily on the
surface density of young stars, rather than the star formation rate.
We explore the consequences of this for the “burstiness” of nuclear
star formation and origins of the nuclear-scale Kennicutt-Schmidt
relation in a companion paper (Torrey et al., in prep).
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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 (see Hopkins et al. 2012b,
2013a).

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. As shown in Hopkins
et al. (2013b) this is especially important for small scales around
black holes, where any simple constant-density threshold for star
formation fails to account for the radially-dependent tidal forces.

When stars form, stellar feedback is included from a variety of
mechanisms, as described in detail in Hopkins et al. (2011, 2012c).
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.

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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Summary: the role of AGN feedback

• Evacuate gas from the circum-BH disk 

• Enhance outflow (consistent to observations?)  
→ significant influence on the ISM at least to r ~ 100 pc 

• Suppress the nuclear star formation by a factor of 10-30 

• Suppress the dMBH/dt by a factor of 3-30  
→ Throttle the nuclear activity (negative feedback) 

• Necessary to make a sight-line with NH < 1024 cm-2, i.e., to reproduce 
type-1 AGNs

TI’s Question: can they really explain “evolution” of SMBHs?


