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ABSTRACT
We construct dynamical models for a sample of 36 nearby galaxies with Hubble Space Telescope

(HST ) photometry and ground-based kinematics. The models assume that each galaxy is axisymmetric,
with a two-integral distribution function, arbitrary inclination angle, a position-independent stellar mass-
to-light ratio !, and a central massive dark object (MDO) of arbitrary mass They provide accept-M

a
.

able Ðts to 32 of the galaxies for some value of and ! ; the four galaxies that cannot be Ðtted haveM
akinematically decoupled cores. The mass-to-light ratios inferred for the 32 well-Ðtted galaxies are consis-

tent with the fundamental-plane correlation ! P L0.2, where L is galaxy luminosity. In all but six gal-
axies the models require at the 95% conÐdence level an MDO of mass M

a
D 0.006M

bulge
4 0.006!L .

Five of the six galaxies consistent with are also consistent with this correlation. The other (NGCM
a
\ 0

7332) has a much stronger upper limit on We predict the second-moment proÐles that should beM
a
.

observed at HST resolution for the 32 galaxies that our models describe well.
We consider various parameterizations for the probability distribution describing the correlation of

the masses of these MDOs with other galaxy properties. One of the best models can be summarized
thus : a fraction f ^ 0.97 of early-type galaxies have MDOs, whose masses are well described by a Gauss-
ian distribution in log of mean [2.28 and standard deviation D0.51. There is also marginal(M

a
/M

bulge
)

evidence that is distributed di†erently for ““ core ÏÏ and ““ power law ÏÏ galaxies, with core galaxiesM
ahaving a somewhat steeper dependence on M

bulge
.
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1. INTRODUCTION

The evidence that massive dark objects (MDOs) are
present in the centers of nearby galaxies is reviewed by

& hereafter FurtherKormendy Richstone (1995, KR95).
evidence that postdates this review is described by Bender,
Kormendy, & Dehnen et al. and(1996), Kormendy (1997),

der Marel et al. The MDOs are probably blackvan (1997b).
holes, since star clusters of the required mass and size are
difficult to construct and maintain, and since black hole
quasar remnants are expected to be common in galaxy
centers ; however, this identiÐcation is not important for the
purposes of this paper. Following Kormendy (1993a), KR95
suggest that at least 20% of nearby kinematically hot gal-
axies (ellipticals and spiral bulges) have MDOs and point
out that the observed MDO masses exhibit the correlation

where is the mass of the hotM
a

^ 0.003M
bulge

, M
bulge
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stellar component of the galaxy (throughout this paper we
use the word ““ bulge ÏÏ to refer to the hot stellar component
of a galaxy, whether elliptical or spiral). For a ““ bulge ÏÏ with
constant mass-to-light ratio ! and luminosity L , M

bulge
4

!L .
The machinery for modeling the kinematics of bulges to

determine whether MDOs are present has increased stead-
ily in sophistication over the past two decades. The earliest
models (e.g., et al. Ðtted only the line-of-sightSargent 1978)
velocity dispersions of spherical galaxies and assumed that
the stellar distribution function was isotropic. Modern pro-
grams (e.g., et al. et al. Ðt theRix 1997 ; Gebhardt 1997)
entire line-of-sight velocity distribution for arbitrary
axisymmetric galaxy models. While the most general and
accurate possible models, and the highest resolution spec-
troscopic observations, were needed to establish the pres-
ence of the Ðrst few MDOs, we have learned with experience
that estimates of the MDO mass based on cruder models
and observations are usually fairly accurate. An example is
the MDO in M87: et al. estimated the massSargent (1978)
to be D5 ] 109 from spherical, isotropic models, veryM

_close to the 3 ] 109 determined by et al.M
_

Harms (1994)
from Hubble Space Telescope (HST ) spectra of a ring of
ionized gas at 20 pc from the center.

This experience suggests that it is worthwhile to estimate
MDO masses using relatively simple models applied to a
large sample of galaxies. We cannot yet insist on HST spec-
troscopy for our sample, since this is still available only for
a few galaxies ; on the other hand, HST photometry is avail-
able for over 60 galactic bulges. In this paper, we examine a
sample of 36 bulges for which both HST photometry and
reasonable-quality, ground-based, long-slit spectroscopy
are available. We look for evidence of MDOs among these
by Ðtting two-integral axisymmetric dynamical models to
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PERSPECTIVENATURE ASTRONOMY

In the left panel of Fig. 2 (see also Table 1) we show results from 
our literature search for observationally derived outflow kinetic 
powers presented in the form of ‘kinetic coupling efficiencies’, 
Ėkin/LAGN. The quoted values, which have been derived using a vari-
ety of methods, vary by four orders of magnitude, ranging from 
~0.001% to ~10% of LAGN. Systematic uncertainties in the derived 
efficiencies are important to understand. These efficiencies are 
often used to test whether the radiative luminosity of the AGN is 
capable of driving the observed outflows, and to test whether the 
outflows are powerful enough to have an impact on galaxy for-
mation, as suggested by theoretical work30–40. Indeed, high values  
(⪆ 1%) have sometimes been taken as evidence that AGN outflows 
are capable of quenching massive galaxies, whereas low values (< 1%)  
have been used as evidence that their impact may be limited or that 
they disagree with theoretical expectations.

It is not the aim of this Perspective to provide a comprehensive 
review of the observational and theoretical work on AGN-driven 
outflows. Instead, focusing on one common method as an example, 
we highlight some of the observational challenges when deriving 
kinetic powers. We then assess the validity of the common practice 
of comparing kinetic powers to ‘fiducial’ coupling efficiencies from 
theoretical models. Throughout, we make the assumption that the 
outflows are truly driven by AGNs and not by star formation; estab-
lishing the driving mechanism(s) of outflows is in itself a challenge 
and is a separate topic of discussion41.

Observational results and challenges
Outflow properties vary as a function of distance42; however, in only a 
small number of objects are outflows sufficiently well-resolved, with 
sufficient signal-to-noise ratio in the emission lines, such that the 
geometries are well-known and physical outflow properties can be 
explored as a function of radius36,43. In the majority of observations  

the outflows are marginally resolved or unresolved, and single aver-
age values of outflow properties are usually derived44–46.

Below we discuss the uncertainties on the average derived out-
flow properties in these typical cases. Although some of this dis-
cussion is relevant for many outflow tracers, we focus on two of 
the most commonly adopted galaxy-wide (as opposed to accretion 
disk) tracers, for which large samples over multiple epochs are now 
becoming available: (1) warm-ionized outflows (T ≈  104 K) traced 
with rest-frame optical or near-infrared emission lines47; and (2) 
cold molecular outflows (T ≈  10 K) as traced by carbon monoxide 
(CO) emission lines48.

Mass outflow rates
Mass outflow rates are usually calculated following

̇ =M B
M v

r (4)out
out out

out

where rout is the outflow radius and Mout is the mass involved in the 
outflow. The constant B accounts for the assumptions on the geom-
etry and whether an instantaneous or time-averaged mass-outflow 
rate is being quoted, with B =  1 or B =  3 typically assumed (see ref. 49).  
In the following, we discuss the ‘raw’ outflow quantities of vout, rout 
and Mout. We focus on equation (4) as it is a baseline method used by 
many observational papers and for studying galaxies from multiple 
epochs, even when other approaches are also explored33,44,46,50. Much 
of the discussion below is also relevant for other approaches that 
rely on obtaining outflow velocities and radii.

Outflow velocities
Several approaches are used to define vout. In an attempt to account 
for projection effects (see also ref. 51), some studies use velocities 
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Fig. 1 | Abstracts with word combinations of ‘AGN’, ‘quasar’, ‘outflows’ and ‘feedback’ as a function of time. The curves show the percentage of 
all refereed astronomy publications on SAO/NASA ADS with abstracts containing the combination of keywords shown in the legend, each year. A 
representative error bar is shown for N  errors. The number of abstracts discussing AGN/quasar outflows has been growing relatively steadily since 1990, 
and, since 2000, abstracts mentioning AGN feedback have been growing rapidly. We relate this to: (1) three papers that characterize MBH–host galaxy 
relationships that are in the top-100 of all-time astronomy publications (top 0.009% citation count based on SAO/ADS) (refs [17–19]); and (2) a series of 
galaxy-formation analytical models (such as ref. 20), semi-analytical models (such as ref. 26) and hydrodynamical simulations (such as ref. 71) where AGN-
driven outflows are required to explain these and other observables of galaxy populations. It has become increasingly popular to attempt to derive outflow 
properties observationally in order to test AGN feedback models. In this Perspective we discuss the validity of these approaches.
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Fig. 1 | Visual representations of some selected structure and galaxy 
formation simulations. The simulations are divided into large- volume 
simulations that provide statistical samples of galaxies and zoom simulations that 
resolve smaller scales in more detail. They are also divided in dark matter- only 
simulations, such as N- body simulations, and dark matter plus baryons 
simulations, such as hydrodynamical simulations. Dark matter- only simulations 
have now converged on a wide range of predictions for the large- scale clustering 
of dark matter and the dark matter distribution within gravitationally bound dark 
matter halos. Recent hydrodynamical simulations reproduce galaxy populations 
that agree remarkably well with observational data. However, many detailed 
predictions of these simulations are still sensitive to the underlying 
implemen ta tion of baryonic physics. Image of the Aquarius project courtesy of 
Volker Springel, Max- Planck-Institute. GHALO is reproduced with permission 
from REF.408, Oxford University Press. Phoenix is reproduced with permission from 
REF.92, Oxford University Press. ELVIS is adapted with permission of Shea Garrison 
Kimmel from REF.409. Via Lactea image courtesy of Dr Joachim Stadel, University 
of Zurich. NIHAO is adapted with permission from REF.112, Oxford University Press. 

Auriga image courtesy © MPA/Virgo consortium. APOSTLE image courtesy Till 
Sawala, University of Helsinki. Latte/FIRE image adapted with permission from 
REF.135, Oxford University Press. Eris image courtesy of Lucio Mayer and Simone 
Callegari, University of Zurich. Millennium image courtesy of Volker Springel, 
Max- Planck-Institute; Millennium- XXL courtesy © Millennium simulation/MPA/
Virgo consortium; Millennium- II image courtesy of Mike Boylan- Kolchin/
Millennium- II Simulation. Dark Sky is adapted from REF.42, Skillman, S. W. et al. Dark 
sky simulations: early data release. arXiv e- prints (2014). Bolshoi image courtesy 
of S. Gottlöber ; IDL: https://www.cosmosim.org/cms/images- and-movies/. 
Illustris image courtesy of Illustris Collaboration; IllustrisTNG image courtesy of  
D. Nelson, TNG Collaboration. Magneticum image adapted with permission from 
Dolag (2015)410. Simba is adapted with permission from REF.171, Oxford University 
Press. Massiveblack- II is reproduced from REF.411, Oxford University Press. 
Romulus25 image courtesy of Tom Quinn, University of Washington and Michael 
Tremmel, Yale University. EAGLE adapted with permission from REF.111,  
Oxford University Press. Horizon- AGN image courtesy of Christophe Pichon, 
Horizon Simulation Group, https://www.horizon-simulation.org/media.html .
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simulations, such as hydrodynamical simulations. Dark matter- only simulations 
have now converged on a wide range of predictions for the large- scale clustering 
of dark matter and the dark matter distribution within gravitationally bound dark 
matter halos. Recent hydrodynamical simulations reproduce galaxy populations 
that agree remarkably well with observational data. However, many detailed 
predictions of these simulations are still sensitive to the underlying 
implemen ta tion of baryonic physics. Image of the Aquarius project courtesy of 
Volker Springel, Max- Planck-Institute. GHALO is reproduced with permission 
from REF.408, Oxford University Press. Phoenix is reproduced with permission from 
REF.92, Oxford University Press. ELVIS is adapted with permission of Shea Garrison 
Kimmel from REF.409. Via Lactea image courtesy of Dr Joachim Stadel, University 
of Zurich. NIHAO is adapted with permission from REF.112, Oxford University Press. 
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REF.135, Oxford University Press. Eris image courtesy of Lucio Mayer and Simone 
Callegari, University of Zurich. Millennium image courtesy of Volker Springel, 
Max- Planck-Institute; Millennium- XXL courtesy © Millennium simulation/MPA/
Virgo consortium; Millennium- II image courtesy of Mike Boylan- Kolchin/
Millennium- II Simulation. Dark Sky is adapted from REF.42, Skillman, S. W. et al. Dark 
sky simulations: early data release. arXiv e- prints (2014). Bolshoi image courtesy 
of S. Gottlöber ; IDL: https://www.cosmosim.org/cms/images- and-movies/. 
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Success	of	state-of-the-art	
cosmological	hydro	simulations

Baryonic	physics
• Radiative	cooling
• Star	formation
• Stellar	feedback
• SMBH	growth
• AGN	feedback
• Quasar	mode
• Radio	mode	

Galaxy	gallery	from	Illustris



Quasar	feedback	is	needed…

• To	reproduce	the	M-s relation
• To	quench	the	galaxies
• Quasar/radiative	mode

uncertainty. While having lower numerical resolution per merger,
the simulation that we analyze here eliminates this caveat by pro-
viding a fully self-consistent cosmological history for the formation
and evolution of galaxies and their black holes (albeit at a lower
spatial resolution). This provides an important confirmation of the
analysis of Robertson et al. (2006b), who, however, did not find
evidence for an evolution of the slope at the high-mass end of the
MBH-! relation.

4.2.2. The Evolution of MBH-M!

In Figure 9, we show theMBH-M! relation from the simulations
at z ¼ 1, 2, 3, 4, 5, and 6.5, alongside the local observational re-
lation determined by Häring & Rix (2004; thick gray lines). Our
best-fit relation at each redshift is shown by a solid line, while the
dotted lines in each panel show results for the other redshifts.
Table 3 gives the slope c, normalization d, and dispersion !m

for our best-fit relations of the form

log
MBH

M#

! "
¼ c log

M!

1011 M#

! "
þ d: ð4Þ

As before, our fitted values for c and d are intended to indicate gen-
eral trends in the evolution rather than to be used as statistically
rigorousmeasurements. The observed relationship (Häring&Rix
2004) has a slope c ¼ 1:12 and normalization d ¼ 8:2.

Overall, there appears to be only limited evolution in the
MBH-M! relation, but there is a slight steepening at z ¼ 2-4. To
highlight this trend, we restrict our fits to the high-mass end with
M! ' 5 ; 1010 M# (Fig. 9, dashed line). In this range, the rela-
tion is significantly steeper, implying slopes cs ( 1:9 at z ¼ 3Y4
and (1.5 at z ( 2. This is more significant than the evolution
found in the slope of MBH-! and implies that there is some evo-
lution in the ratio of black hole mass to stellar mass relative to the
local observations. More precisely, systems with M! k 1010 M#
have larger black hole masses at fixedM! than at z ¼ 1, where the
ratio is in good agreement with the relation observed at the present
epoch. This trend of an increasingMBH/M! ratio as a function of
redshift appears consistent with the recent measurements of high-
redshift (up to z ( 3:5) BHmasses and host luminosities by Peng
et al. (2006), as well as the BHFP (Hopkins et al. 2007b). We
further analyze this effect in x 4.3.

4.3. Evolution of !, Gas Fraction,
and Re at Fixed Stellar Host Mass

We now analyze some of the physical properties of the host
galaxies and their evolution with redshift to investigate the phys-
ical origin for the trends that we have found in the MBH-! and
MBH-M! relations. Figure 10 shows the stellar velocity dispersion
! versus the stellar massM! for each galaxy as a function of red-
shift. The dotted lines and the solid line (for z ¼ 1) show our best-
fit relations.At a fixedM!, the velocity dispersion! increaseswith
increasing redshift. This is consistent with the results from the

merger remnants in Robertson et al. (2006b) and reflects changes
in the structural properties of stellar spheroids, which become
smaller toward higher redshift.
In Figure 11, we show the projected half-mass radius Re, the

cold gas fraction fgas (a proxy for the disk gas fraction), and
hMBH/M!i as a function of redshift. We show results for systems

TABLE 3

Parameters of Best-Fit MBH-M! Relations

z Slope (c) Normalization (d) Scatter (!) cs

1...................... 1.18 ) 0.02 8.10 ) 0.03 0.03 1.2

2...................... 1.23 ) 0.03 8.09 ) 0.03 0.04 1.5

3...................... 1.25 ) 0.04 8.04 ) 0.04 0.06 1.9

4...................... 1.30 ) 0.05 8.04 ) 0.05 0.07 1.9

5...................... 1.17 ) 0.10 7.90 ) 0.10 0.14 2.0

6.5................... 1.01 ) 0.22 7.78 ) 0.25 0.34 . . .

Fig. 10.—Stellar velocity dispersion ! vs. stellar M! at z ¼ 1, 2, 3, 4, 5, and
6.5 (indicated by the same colors as used in Figs. 4Y6). The best-fit power law to
the trend is shownwith a dotted line at each redshift, andwith a solid line at z ¼ 1.
The dispersion ! at fixedM! increases with increasing redshift, which can be in-
terpreted as a weak evolution in the Faber & Jackson relation. [See the electronic
edition of the Journal for a color version of this figure.]

Fig. 11.—Redshift evolution of the projected half-mass radiusRe (top), cold gas
fraction fgas (middle), and characteristic black hole to stellar mass ratio hMBH/M!i
(bottom), for systems with M! > 3 ; 1010 M# (dashed lines) or M! > 6 ;
1010 M# (solid lines) in the BHCosmo run. These threshold valueswere chosen to
compare with the observed evolution determined by Trujillo et al. (2006). The in-
crease in cold gas content in high-redshift progenitor hosts, as well as the trend to
more compact systemswith an increasing ratio of MBH/M! at a fixed stellarmass, is
consistent with the recent results of Trujillo et al. (2006) and Peng et al. (2006), as
well as the BHFP (Hopkins et al. 2007b).
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Radio	feedback	is	needed…

• To	halt	cooling	and	SF	in	
massive	galaxies

• Radio/mechanical/	
maintenance	mode

The many lives of AGN 23

V vir new fuel for star formation must come from cooling flows which
are affected by ‘radio mode’ heating.

The effect of ‘radio mode’ feedback is clearly substantial. Sup-
pression of condensation becomes increasingly effective with in-
creasing virial temperature and decreasing redshift. The effects are
large for haloes with V vir ! 150 km s−1 (T vir ! 106 K) at z " 3. Con-
densation stops almost completely between z = 1 and the present
in haloes with V vir > 300 km s−1 (T vir > 3 × 106 K). Such systems
correspond to the haloes of groups and clusters which are typically
observed to host massive elliptical or cD galaxies at their centres.
Our scheme thus produces results which are qualitatively similar
to the ad hoc suppression of cooling flows assumed in previous
models of galaxy formation. For example, Kauffmann et al. (1999)
switched off gas condensation in all haloes with V vir > 350 km s−1,
while Hatton et al. (2003) stopped condensation when the bulge
mass exceeded a critical threshold.

4.2 Galaxy properties with and without AGN heating

The suppression of cooling flows in our model has a dramatic effect
on the bright end of the galaxy luminosity function. In Fig. 8 we
present K- and bJ-band luminosity functions (left- and right-hand
panels respectively) with and without ‘radio mode’ feedback (solid
and dashed lines respectively). The luminosities of bright galaxies
are reduced by up to two magnitudes when the feedback is switched
on, and this induces a relatively sharp break in the luminosity func-
tion which matches the observations well. We demonstrate this by
overplotting K-band data from Cole et al. (2001) and Huang et al.
(2003) in the left-hand panel, and bJ-band data from Norberg et al.
(2002) in the right-hand panel. In both bandpasses the model is quite
close to the data over the full observed range. We comment on some
of the remaining discrepancies below.

Our feedback model also has a significant effect on bright galaxy
colours, as we show in Fig. 9. Here we plot the B − V colour dis-
tribution as a function of stellar mass, with and without the central
heating source (top and bottom panels respectively). In both panels
we have colour-coded the galaxy population by morphology as es-
timated from bulge-to-total luminosity ratio (split at L bulge/L total =

Figure 8. Galaxy luminosity functions in the K (left) and bJ (right) photometric bands, plotted with and without ‘radio mode’ feedback (solid and long-dashed
lines respectively – see Section 3.4). Symbols indicate observational results as listed in each panel. As can be seen, the inclusion of AGN heating produces a
good fit to the data in both colours. Without this heating source our model overpredicts the luminosities of massive galaxies by about two magnitudes and fails
to reproduce the sharp bright-end cut-offs in the observed luminosity functions.

0.4). Our morphological resolution limit is marked by the dashed
line at a stellar mass of ∼4 × 109 M⊙; this corresponds approxi-
mately to a halo of 100 particles in the Millennium Run. Recall that
the morphology of a galaxy depends both on its past merging history
and on the stability of its stellar disc in our model. Both mergers
and disc instabilities contribute stars to the spheroid, as described
in Section 3.7. The build-up of haloes containing fewer than 100
particles is not followed in enough detail to model these processes
robustly.

A number of important features can be seen in Fig. 9. Of note
is the bimodal distribution in galaxy colours, with a well-defined
red sequence of appropriate slope separated cleanly from a broader
‘blue cloud’. It is significant that the red sequence is composed
predominantly of early-type galaxies, while the blue cloud is com-
posed mostly of disc-dominated systems. This aspect of our model
suggests that that the physical processes that determine morphol-
ogy (i.e. merging, disc instability) are closely related to those that
control star formation history (i.e. gas supply) and thus determine
galaxy colour. The red and blue sequences both display a strong
metallicity gradient from low to high mass (c.f. Fig. 6), and it is this
which induces a ‘slope’ in the colour–magnitude relations which
agrees well with observation (e.g. Baldry et al. 2004).

By comparing the upper and lower panels in Fig. 9 we can see how
‘radio mode’ feedback modifies the luminosities, colours and mor-
phologies of high-mass galaxies. Not surprisingly, the brightest and
most massive galaxies are also the reddest and are ellipticals when
cooling flows are suppressed, whereas they are brighter, more mas-
sive, much bluer and typically have discs if cooling flows continue
to supply new material for star formation. AGN heating cuts off the
gas supply to the disc from the surrounding hot halo, truncating star
formation and allowing the existing stellar population to redden.
However, these massive red galaxies do continue to grow through
merging. This mechanism allows the dominant cluster galaxies to
gain a factor of 2 or 3 in mass without significant star forma-
tion, in apparent agreement with observation (Aragon-Salamanca,
Baugh & Kauffmann 1998). This late-stage (i.e. z " 1) hierarchi-
cal growth moves objects to higher mass without changing their
colours.
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V vir new fuel for star formation must come from cooling flows which
are affected by ‘radio mode’ heating.

The effect of ‘radio mode’ feedback is clearly substantial. Sup-
pression of condensation becomes increasingly effective with in-
creasing virial temperature and decreasing redshift. The effects are
large for haloes with V vir ! 150 km s−1 (T vir ! 106 K) at z " 3. Con-
densation stops almost completely between z = 1 and the present
in haloes with V vir > 300 km s−1 (T vir > 3 × 106 K). Such systems
correspond to the haloes of groups and clusters which are typically
observed to host massive elliptical or cD galaxies at their centres.
Our scheme thus produces results which are qualitatively similar
to the ad hoc suppression of cooling flows assumed in previous
models of galaxy formation. For example, Kauffmann et al. (1999)
switched off gas condensation in all haloes with V vir > 350 km s−1,
while Hatton et al. (2003) stopped condensation when the bulge
mass exceeded a critical threshold.

4.2 Galaxy properties with and without AGN heating

The suppression of cooling flows in our model has a dramatic effect
on the bright end of the galaxy luminosity function. In Fig. 8 we
present K- and bJ-band luminosity functions (left- and right-hand
panels respectively) with and without ‘radio mode’ feedback (solid
and dashed lines respectively). The luminosities of bright galaxies
are reduced by up to two magnitudes when the feedback is switched
on, and this induces a relatively sharp break in the luminosity func-
tion which matches the observations well. We demonstrate this by
overplotting K-band data from Cole et al. (2001) and Huang et al.
(2003) in the left-hand panel, and bJ-band data from Norberg et al.
(2002) in the right-hand panel. In both bandpasses the model is quite
close to the data over the full observed range. We comment on some
of the remaining discrepancies below.

Our feedback model also has a significant effect on bright galaxy
colours, as we show in Fig. 9. Here we plot the B − V colour dis-
tribution as a function of stellar mass, with and without the central
heating source (top and bottom panels respectively). In both panels
we have colour-coded the galaxy population by morphology as es-
timated from bulge-to-total luminosity ratio (split at L bulge/L total =

Figure 8. Galaxy luminosity functions in the K (left) and bJ (right) photometric bands, plotted with and without ‘radio mode’ feedback (solid and long-dashed
lines respectively – see Section 3.4). Symbols indicate observational results as listed in each panel. As can be seen, the inclusion of AGN heating produces a
good fit to the data in both colours. Without this heating source our model overpredicts the luminosities of massive galaxies by about two magnitudes and fails
to reproduce the sharp bright-end cut-offs in the observed luminosity functions.

0.4). Our morphological resolution limit is marked by the dashed
line at a stellar mass of ∼4 × 109 M⊙; this corresponds approxi-
mately to a halo of 100 particles in the Millennium Run. Recall that
the morphology of a galaxy depends both on its past merging history
and on the stability of its stellar disc in our model. Both mergers
and disc instabilities contribute stars to the spheroid, as described
in Section 3.7. The build-up of haloes containing fewer than 100
particles is not followed in enough detail to model these processes
robustly.

A number of important features can be seen in Fig. 9. Of note
is the bimodal distribution in galaxy colours, with a well-defined
red sequence of appropriate slope separated cleanly from a broader
‘blue cloud’. It is significant that the red sequence is composed
predominantly of early-type galaxies, while the blue cloud is com-
posed mostly of disc-dominated systems. This aspect of our model
suggests that that the physical processes that determine morphol-
ogy (i.e. merging, disc instability) are closely related to those that
control star formation history (i.e. gas supply) and thus determine
galaxy colour. The red and blue sequences both display a strong
metallicity gradient from low to high mass (c.f. Fig. 6), and it is this
which induces a ‘slope’ in the colour–magnitude relations which
agrees well with observation (e.g. Baldry et al. 2004).

By comparing the upper and lower panels in Fig. 9 we can see how
‘radio mode’ feedback modifies the luminosities, colours and mor-
phologies of high-mass galaxies. Not surprisingly, the brightest and
most massive galaxies are also the reddest and are ellipticals when
cooling flows are suppressed, whereas they are brighter, more mas-
sive, much bluer and typically have discs if cooling flows continue
to supply new material for star formation. AGN heating cuts off the
gas supply to the disc from the surrounding hot halo, truncating star
formation and allowing the existing stellar population to redden.
However, these massive red galaxies do continue to grow through
merging. This mechanism allows the dominant cluster galaxies to
gain a factor of 2 or 3 in mass without significant star forma-
tion, in apparent agreement with observation (Aragon-Salamanca,
Baugh & Kauffmann 1998). This late-stage (i.e. z " 1) hierarchi-
cal growth moves objects to higher mass without changing their
colours.
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Observational	evidence	for	quasar	feedback

• Multi-scale,	multi-phase	AGN	winds!
• On	scales	of	accretion	disk	(<pc),	
ultra	fast	outflows	(UFOs)	are	
observed	
• Velocity	~	0.05c	- 0.3c
• Power	~	0.5	– 5%	Ledd

• On	kpc scale,	warm	ionized	and	
molecular	outflows	are	also	observed
• Mass	outflow	rate	>	SFR	
• Depletion	time	<	100	Myr
Þ imply	feedback!!	

• Kpc winds	may	be	driven	by	pc	winds	
(e.g.,	Tombesi et	al.	2015)

UFO	seen	in	the	X-ray	spectrum	of	PDS	456



Strong	evidence	for	radio-mode	feedback

• In	massive	galaxy	clusters	with	strong	cooling,	clear	
interactions	between	AGN	jets	and	gas	are	seen
• For	CC	clusters,	expected	SFRs	>>	observed	SFRs

Blue:	X-ray	gas
Red:	radio	jets



Strong	evidence	for	radio-mode	feedback

• Pjet ~	LX
• Heating	~	cooling	
within	cluster	CCs
• Just	enough	to	
suppress	SFRs	and	
maintain	the	
quenched	galaxies

Panagoulia+	(2014)



Conventional	paradigm	of	AGN	feedback

Quasar/ Radio/





However…

• Spatial	resolution	of	state-of-the-art	cosmological	
hydro	simulations	~	0.1	kpc ~	1020 cm		
• Schwarzschild	radius	of	106-9 Msun SMBH	~	1011-14 cm
=> Subgridmodels	of	AGN	feedback



Ingredients	of	subgrid AGN	models	

• SMBH	seeding	
• SMBH	growth	due	to	mergers	and	accretion
• SMBH	accretion
• Eddington-limited	modified	Bondi	accretion:

• Boosting	factor	a ~	100	(Sijacki+2007,	Booth	&	Schaye 2009)	

Simulations of galaxy formation physics 3041

an active BH particle removes the mass !M = (1 − ϵr) ṀBH !t

from its primary cell, where !t is the current time step and ϵr is
the radiative efficiency (see below). BH accretion rates are typically
very small compared to the actual cell masses of the primary cell
such that !M is usually significantly smaller than the mass of
the primary cell. In the rare event that this is not the case, we
added a ‘bucket mechanism’ which collects !M in an accretion
mass bucket to be then handled with a small time delay. During
subsequent time steps, this bucket is then emptied such that we
always accrete the correct amount of mass. Specifically, if !M is
larger than 90 per cent of the primary cell mass, we remove this
90 per cent of the cell mass and put the remaining mass of !M into
the bucket. During the next accretion event of the BH, we then try to
remove the current !M from the cell plus the mass that is currently
in the bucket. Here again, we allow at maximum a removal of
90 per cent of the cell mass. This procedure guarantees a continuous
accretion scheme, where the internal and dynamical masses of the
BH particles grow at the same rate, which is different from the
original stochastic accretion implementation used in previous SPH
studies of this model (Springel et al. 2005a). We note that the
draining scheme does not change the real dynamical mass of BH
sink particles until the internal mass is equal to or larger than the
initially assigned dynamical mass. Also, only at that point do we
actually drain mass from the primary cell, thereby maintaining mass
conservation during the whole evolution.

2.6.2 BH growth

BH sink particles grow in mass by accreting surrounding gas or
through BH mergers. In our model, BH accretion is described using
a Bondi–Hoyle–Lyttleton-based Eddington-limited rate

ṀBH = min
[

4παG2M2
BHρ

(c2
s + v2

BH)3/2
, ṀEdd

]
, (21)

where ρ and cs are density and sound speed of the surrounding gas,
respectively, and vBH is the BH velocity relative to the gas. ṀEdd

denotes the Eddington accretion rate of the BH. In the following,
we will usually use a repositioning scheme for BH sink particles
that ties them to the minimum of the gravitational potential, in
which case we will neglect the relative gas velocity term (vBH) in
the accretion rate. The repositioning ensures that BHs stay at the
centre of their haloes (FoF groups), which is important to guar-
antee their correct growth rate. Note that because of the relatively
coarse mass resolution available for DM and stars, the BHs would
not by themselves sink to the centre on the correct time-scale. But
the repositioning implies that the velocity of the BH sink particle
is unphysical, such that we do not consider it in the accretion rate.
Due to our feedback implementation, the sound speed (cs) near BHs
is typically significantly higher than the relative BH–gas velocity
such that this does not introduce any relevant effects. As in previous
studies, we multiply the theoretical Bondi–Hoyle–Lyttleton accre-
tion rate by a factor α to approximately account for the volume
average of the Bondi rates for the cold and hot phases of the subgrid
ISM model.

However, when no star-forming gas is present in the immediate
vicinity of the BH (and the quasar accretion is hence in a ‘low
state’), this prescription is expected to significantly overestimate
the true accretion rate. In particular, this will happen when the BH
has grown to a large mass and is embedded in comparatively low-
density background gas. Then the residual BH accretion we estimate
with equation (21), together with our quasar-mode feedback scheme

(see below), can create a hot, low-density bubble around the BH,
with a pressure that matches the background gas pressure Pext at
the centre of the halo. The formation of such a bubble with density
well below the SF density threshold would clearly be an unrealistic
artefact of our subgrid model. We address this as follows.

First, we note that if a quasar-heated bubble in a quasi-stationary
state forms, we expect that the cooling losses in the bubble will
approximately balance the injected feedback energy from the quasar
mode

%(T ) ρ Mfb ≃ ϵf ϵr
4παG2M2

BHρ

c3
s

c2. (22)

Here Mfb is the gas mass in the bubble (which is equal to the
amount of material that receives the feedback energy) and %(T) is
the cooling function. The product ϵf ϵr specifies the quasar-mode
feedback strength (see below). Neglecting metallicity effects for
the moment, this equation describes an equilibrium temperature
Teq for the bubble (or equivalently a thermal energy ueq per unit
mass) which depends only on the BH mass, because the density
dependence drops out. We use this temperature to define a reference
pressure

Pref = (γ − 1) ρsfr ueq, (23)

where ρsfr is the star formation threshold. Note that this definition
makes Pref effectively a function of the BH mass alone. We now
compare Pref for each BH to its actual surrounding gas pressure
Pext, which each BH sink particle measures for its current location.
If we have Pext < Pref, then the external gas pressure is not able to
compress the gas around the BH against the quasar-mode feedback
to a density exceeding the SF threshold. In this case, our multipli-
cation factor for α is not really meaningful. We compensate this by
lowering the accretion rate estimate by the factor (Pext/Pref)2. In the
regime of very hot gas (where %(T) ∼ T1/2), this will lower the bub-
ble temperature approximately by the factor Pext/Pref, and increase
its density by the inverse of this factor, while the actual accretion
rate is hardly changed. We have found that this scheme reliably
prevents the formation of unphysically large bubbles around BHs
in the ‘low state’, whereas the self-regulated growth of the BHs and
their final masses is unaffected.

BHs do not only grow through gas accretion, but also when
they merge with other BHs. BHs merge once they are within their
‘feedback radius’ (see below). Here we also do not consider the
relative velocities of BHs for the same reason that we neglect the
velocity term in the accretion rate.

2.6.3 Quasar- and radio-mode feedback

For AGN feedback, we use a two-state model as used in previous
studies (see Springel et al. 2005a; Sijacki et al. 2007 for details).
This model distinguishes between quasar-mode feedback (high BH
accretion rates) and radio-mode feedback (low BH accretion rates).
Quasar-mode AGN feedback is modelled by assuming that a frac-
tion (ϵf) of the radiative energy released by the accreted gas couples
thermally to nearby gas within a radius that contains a pre-calculated
mass scale. Significant quasar activity requires high densities of rel-
atively cold gas around the BH, supplied through large-scale inflows
during galaxy mergers. We will in the following assume a radia-
tive efficiency of ϵr ∼ 0.1–0.2 (Shakura & Sunyaev 1973; Yu &
Tremaine 2002). For quasar-mode AGN feedback, we follow the
same approach as for the enrichment scheme presented above and
distribute energy over a number of BH neighbour cells such that a
pre-defined mass is enclosed within the thermal ‘feedback radius’.
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Ingredients	of	subgrid AGN	models	

• Two-mode	feedback	with	threshold	~	%	Eddington
• Quasar-mode:	

• Injection	of	thermal	energy
• Er ~	0.1,	Ef ~	5%

• Radio-mode:	
• Injection	of	thermal	energy	or	kinetic	energy	(Weinberger+2017)

• Ef ~	0.02	(thermal)	or	0.2	(kinetic)
• Random	displacements	or	momentum	kicks
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2 M E T H O D O L O G Y

We use a novel version of the parallel TREESPH code GADGET-2
(Springel, Yoshida & White 2001b; Springel 2005) in this study,
which employs an entropy-conserving formulation of smoothed
particles hydrodynamics (Springel & Hernquist 2002). Besides fol-
lowing gravitational and non-radiative hydrodynamical processes,
the code includes a treatment of radiative cooling for a primor-
dial mixture of hydrogen and helium, and heating by a spatially
uniform, time-dependent ultraviolet (UV) background (as in Katz,
Weinberg & Hernquist 1996). Star formation and associated super-
novae feedback processes are calculated in terms of a subresolution
multiphase model for the interstellar medium (ISM) (Springel &
Hernquist 2003a). We use a simple prescription for metal enrich-
ment, and optionally incorporate galactic winds powered by su-
pernovae, as implemented by Springel & Hernquist (2003a). Fur-
thermore, we follow the growth and feedback of BHs based on a
new model that combines the prescriptions outlined in Springel,
Di Matteo & Hernquist (2005b) and Sijacki & Springel (2006).

In the following, we briefly summarize the main features of the
BH model relevant for this study (see Springel et al. 2005b, for
further details), focusing on extensions that permit us to follow
BH growth and feedback in a cosmological simulation of structure
formation (see also Di Matteo et al. 2007). We then discuss a new
BH feedback prescription at low accretion rates, based on a ‘bubble’
heating scenario for representing AGN heating in the radiatively
inefficient regime of accretion.

2.1 Black hole formation and growth

The BHs in the code are represented by collisionless sink particles,
which may accrete gas from their surroundings based on a prescribed
estimate for the accretion rate. Two BH particles are also allowed
to merge if they fall within their local smoothed particle hydrody-
namics (SPH) smoothing lengths and if their relative velocities are
smaller than the local sound speed.

In our cosmological simulations of structure formation, we as-
sume that low-mass seed BHs are produced sufficiently frequently
such that any halo above a certain threshold mass contains one such
BH at its centre. Whether these seed BHs originate in exploding
Population III stars, in the collapse of star clusters, or are of pri-
mordial origin is not important for our analysis, but there needs to
be a process that produces initial seed BHs which can then grow
to the masses of supermassive BHs by gas accretion in the course
of our simulations. For definiteness, in most of our simulations we
adopt a seed BH mass of 105 h−1 M⊙ and endow all haloes with a
mass larger than 5 × 1010 h−1 M⊙ with a seed if they do not contain
any BH already. We identify haloes without BHs on the fly during
a simulation by frequently calling a fast, parallel friends-of-friends
(FOF) algorithm that is built into our simulation code.

State-of-the-art cosmological simulations of structure formation
reach mass resolutions that are at best of order of our initial BH seed
mass, while the resolution typically reached is still considerably
coarser than that. This would mean that the initial growth of the
BH mass could be significantly affected by numerical discreteness
effects if the sink particle can only swallow full gas particles, as is
the case in our scheme. In order to avoid that the BH growth and
the accretion rate estimate is strongly affected by this numerical
discreteness limitation, we treat the BH mass MBH as an internal
degree of freedom of the sink particle. In the beginning, MBH may
differ from the dynamical mass Mdyn of the sink particle itself. The
variable MBH is integrated smoothly in time based on the estimated

accretion rate on to the BH, while Mdyn increases in discrete steps
when the sink particle swallows a neighbouring gas particle. The
latter process is modelled stochastically such that Mdyn tracks MBH

in the mean, with small oscillations around it. With this prescription
for the BH mass, we can follow the early growth of BHs accurately
in a subresolution fashion even when their mass may be smaller than
the mass resolution of the simulation, while at late times (or in the
limit of very good mass resolution) the two mass variables coincide.
Of course, in the event of a merger of two BH sink particles, both
MBH and Mdyn are added together.

Following Di Matteo et al. (2005), we estimate the accretion rate
on to a BH particle according to the Bondi–Hoyle–Lyttleton formula
(Hoyle & Lyttleton 1939; Bondi & Hoyle 1944; Bondi 1952):

ṀBH = 4παG2 M2
BHρ

(
c2

s + v2
)3/2 , (1)

where α is a dimensionless parameter, ρ is the density, cs the sound
speed of the gas and v is the velocity of the BH relative to the gas.
We account for the possibility that the BH accretion has an upper
limit given by the Eddington rate:

ṀEdd = 4πG MBHmp

ϵr σT c
, (2)

where mp is the proton mass, σ T is the Thompson cross-section and
ϵr is the radiative efficiency, that we assume to be 0.1, which is the
mean value for the radiatively efficient Shakura & Sunyaev (1973)
accretion on to a Schwarzschild BH. In some of our numerical mod-
els we specifically explore the imprints of the imposed Eddington
limit on the BH properties.

2.2 Black hole feedback

In the model of Springel et al. (2005b), it is assumed that a fixed
fraction of the BH bolometric luminosity couples thermally to the
local gas, independent of the accretion rate and environment. In our
model we extend this BH feedback prescription in order to obtain
a physically refined model for AGN heating both at high and at
low accretion rates. We are motivated by the growing theoretical
and observational evidence (Fender et al. 1999; Gallo et al. 2003;
Churazov et al. 2005; Heinz et al. 2005; Croton et al. 2006) that
AGN feedback is composed of two modes, analogous to states of
X-ray binaries. Specifically, at high redshifts and for high accretion
rates we assume that the bulk of AGN heating is originating in the
luminous quasar activity. In this regime, BHs accrete efficiently and
power luminous quasars where only a very small fraction of their
bolometric luminosity couples thermally to the gas. On the other
hand, at lower redshifts and for BHs accreting at much lower rates
than their Eddington limits, AGN heating proceeds via radiatively
inefficient feedback in a mostly mechanical form.

To model the transition between these two accretion and feed-
back modes, we introduce a threshold χradio = ṀBH/ṀEdd for
the BH accretion rate (BHAR) in Eddington units, above which
‘quasar heating’ is operating, and below which we deal with ‘radio’
mode feedback, which we model by injecting bubbles into the host
galaxy/cluster. Typically, we adopt a value of 10−2 for χ radio, and
we impose no other criterion to distinguish between the two modes
of feedback.

For BHAR that are higher thanχ radio, we parametrize the feedback
as in Springel et al. (2005b), i.e. a small fraction of the bolometric
luminosity is coupled thermally and isotropically to the surrounding
gas particles, with an amount given by

Ėfeed = ϵf L r = ϵfϵr ṀBHc2. (3)
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the canonical 0.1–0.2 of the accreted rest-mass energy that is
released in the accretion process and not vanishing in the black
hole), while ϵf, high is the fraction of this energy that couples to the
surrounding gas. For the low-accretion state, the feedback energy
is parametrized as

"Ėlow = ϵf,kinṀBHc2. (8)

Note that we use different coupling efficiencies, ϵf, kin and ϵf, high,
for the two modes, motivated by the different physical nature of
the accretion modes; namely that the low-accretion state is thought
to be radiatively inefficient. We keep the coupling efficiency in the
high-accretion state at a constant value of ϵf, high = 0.1, resulting in
an overall efficiency ϵrϵf, high = 0.02, while we set a maximum value
of ϵf, kin = 0.2 in the low-accretion mode, which assumes that the
released rest-mass energy appears primarily in kinetic outflows. We
note that our choice of ϵf, kin = 0.2 is within the physically plausible
range, depending on the underlying physical mechanism. If, for
example, the energy is delivered by small-scale jets produced by
the Blandford–Znajek mechanism, the jet energy can be a factor of
10 or more larger than our adopted value for ϵf, kin because of black
hole spin (Yuan & Narayan 2014). In the opposite case, for non-
spinning black holes, small-scale simulations of accretion (Yuan
et al. 2015) provide a theoretical lower limit to ϵf, kin of about 10−3.

To protect against a potential runaway of the kinetic feedback
mode that may drive the density to ever lower values (see also
section 2.6.2 of Vogelsberger et al. 2013, for further discussion), we
conjecture that at very low densities, the coupling efficiency ϵf, kin

eventually becomes weak. For simplicity, we assume that such a
weakening occurs below a density fthreshρSFthresh, where fthresh is a free
parameter and ρSFthresh is the density threshold for star formation.
If the surrounding density ρ drops below this value we reduce the
coupling proportional to density. This then formally corresponds to
a variable coupling efficiency in the low-accretion state,

ϵf,kin = min
(

ρ

fthreshρSFthresh
, 0.2

)
. (9)

Our standard value for this prescription is fthresh = 0.05, and we will
show in Section 5 that the exact value of ϵf, kin has hardly any impact
on galaxy properties.

In the high-accretion state, we inject the feedback as pure ther-
mal energy in a small local environment around the black hole,
as in Springel et al. (2005) and our subsequent work (including
Vogelsberger et al. 2013, as well as Illustris), while using our new
model of kinetic feedback in the low-accretion state. In the latter
case, we inject the energy as pure kinetic energy. Unlike in the
high-accretion state, we hence input momentum but no immediate
thermal energy to the gas. Technically, we inject both forms of feed-
back in a kernel-weighted manner into a prescribed number of gas
neighbouring the BH, as determined by equation (4). This region
is identical for imparting feedback and the calculation of the gas
properties used in the accretion estimate.

Because we cannot spatially resolve small-scale jets and the ac-
cretions flows in our cosmological simulations, we add the mo-
mentum in a random direction. We have found that this approach
is most robust for avoiding possible numerical artefacts that can
be produced at poor resolution by more elaborate approaches for
adding the momentum. For example, one may impart the momen-
tum in a spherically symmetric fashion, radially away from the black
hole, with zero total momentum (as vector sum) added per injection
event. However, this can produce an artificial suppression of the
gas density at the position of the black hole at the resolution we
achieve here. Similarly, a biconical injection in opposite directions

at the position of the black hole can create artificially depressed gas
densities unless the ‘jets’ are well enough resolved. We therefore
prefer random injection directions that change for every injection
event, which we found to be least resolution dependent. In this case,
detailed energy and momentum conservation is only obtained as a
time average over the injection events.

Specifically, for an available kinetic feedback energy "E, we
kick each gas cell j in the feedback region by

" pj = mj

√
2 "E w(rj )

ρ
n, (10)

where " pj is the change in momentum of gas cell j, mj denotes
its mass and rj is the distance vector from the black hole to the
respective cell. The factor n is the unit vector in a randomly chosen
injection direction, w(rj) the value of the smoothing kernel, and
ρ is the density estimate of the surrounding gas, as described in
Section 2.1. The total momentum injection per feedback event is
thus

pinj =
∑

j

mj

√
2 "E w(rj )

ρ
n, (11)

and the corresponding change in total energy of the gas (relative to
the lab frame) is

Einj = "E +
∑

j

(
pj · n

)
√

2 "E w(rj )
ρ

, (12)

where pj is the momentum of cell j before the injection event.
For a single injection event, this violates strict momentum conser-

vation and will generally not increase the total energy by precisely
"E. However, the average over many injection events leads to the
desired energy injection and assures momentum conservation (i.e.
⟨ pinj⟩ = 0), as the injection direction n is randomly chosen for each
injection event and does not correlate with the flow direction of the
surrounding gas. To make the occurrence of these injection events
independent of the time-stepping, and also to make them powerful
enough individually, we discretize the kinetic feedback mode by
imposing a minimum energy that needs to accumulate in the kinetic
accretion mode before the feedback is released. This is similar to
the approach adopted in Illustris and Eagle for the BH feedback in
large haloes.

In this work, we choose to parametrize the adopted energy thresh-
old for the kinetic feedback in terms of a fiducial energy computed
from the mass of the feedback region and the surrounding dark mat-
ter velocity dispersion. This identifies an energy per unit mass that
is tied to the virial temperature of the halo. In fact, we could also
construct the energy scale from the temperature of the surrounding
gas. But the latter can be affected strongly by local cooling or previ-
ous feedback events, hence we prefer to use the dark matter velocity
dispersion for increased robustness. We note that the velocity dis-
persion is also used for our supernova-driven wind feedback from
star formation, which we adopt from Illustris in only a slightly mod-
ified form (see Appendix A). We parametrize the kinetic feedback
threshold by

Einj,min = fre
1
2

σ 2
DM menc, (13)

where σ DM is the 1D dark matter velocity dispersion, menc is the
gas mass in the feedback region and fre is a free parameter that
specifies the burstiness and thus the frequency of the reorientation
of the kinetic feedback. If a larger value is chosen for fre, fewer
feedback events occur, but they are individually stronger. Choosing

MNRAS 465, 3291–3308 (2017)
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Uncertainties	due	to	AGN	subgrid
models	are	BIG!

• Cluster	integrated	
properties	could	vary	
by	15-150%	at	r500
• Uncertainties	are	
even	larger	close	to	
cluster	centers	

1628 H.-Y. K. Yang, P. M. Sutter and P. M. Ricker

Figure 11. Model uncertainties for cluster observables as a function of over-
density radii. Values correspond to the maximum values across all models
shown in Fig. 10.

Table 4. Model uncertainties for cluster observables mea-
sured within various overdensities.

! = 2500 1000 500 200
(per cent) (per cent) (per cent) (per cent)

!Tsl 40.6 19.0 7.1 4.4
!Mg 116.2 58.5 24.3 6.0
!LX 303.2 188.6 136.8 113.6

!YSZ 48.4 25.6 13.2 8.8
!YX 46.3 28.3 19.6 7.4

is proportional to density squared, can vary by factors of a few for
all radii. The level of uncertainties is smaller and comparable for
Tsl, YSZ and YX, ranging from ∼40–50 per cent at R2500, to ∼10–20
per cent at R500, to ∼5–10 per cent at R200.

4.2 Impact of AGN feedback on the scaling relations

Keeping in mind the model uncertainties of integrated properties
shown in the previous section due to different evolution in each
model, next we study some general trends predicted by all the
models. In particular, we probe the impact of AGN outbursts on the
cluster observables using cross-correlations among them. Note that
in this study we focus on the global observable properties, that is,
whether there will be observable features beyond the core due to the
disturbances introduced by the central AGN. The influence on the
core properties by AGN has been discussed extensively in previous
work [see McNamara & Nulsen (2007) and references therein] and
will be a part of our future work.

Fig. 12 (top row) plots the evolution of the AGN power, X-
ray luminosity and spectral-like temperature for all the bubble runs
listed in Table 3. The jet runs are not shown here because their AGN
power cannot be compared directly in the thermal form. However,
their results can be well represented by the jet-like bubble run P5E,
as discussed in Section 3.3.5 (see also Fig. 8). For all the models, the
BH self-regulates its growth when its feedback power is sufficient
to balance the radiative losses by the cluster. However, the feedback
power fluctuates around the mean after t ≃ 6 Gyr with different
amplitudes depending on the initial configurations and growth at
earlier times. These fluctuations are present in the AGN activity as
well as in the cluster observables. Taking run P2B (red curve) as
an illustration, the strong AGN outbursts at t ≃ 5–6 Gyr raise the
entropy of the gas and hence induce the decrease in luminosity and
increase in temperature at t ≃ 6–7 Gyr. Similar effects can be seen
for the peak in AGN activity around t ≃ 10 Gyr and corresponding
fluctuations in the observables at t ≃ 11 Gyr.

We therefore compare the AGN power with the changes in lumi-
nosity and temperature after t = 6 Gyr (bottom row in Fig. 12) to see
whether their fluctuations are correlated. The notations dlog(LX) and
dlog(Tsl) represent logarithmic deviations from their initial values;
the feedback power is plotted with respect to the initial luminosity

Figure 12. Top: evolution of the AGN power, X-ray luminosity and spectral-like temperature measured within [0.15–1]R500. All the bubble runs in Table 3
are shown in different colours (black: P1A, grey: P1B, gold: P1C, blue: P2A, red: P2B, navy: P3A, cyan: P3B, green: P4A, pink: P4B, magenta: P4C, yellow:
P5E). Bottom: correlations for data points in the time interval 6 ≤ t ≤ 12 Gyr (r is the correlation coefficient) between the AGN power and the change in X-ray
luminosity (left), the AGN power and the change in spectral-like temperature (middle), and the X-ray luminosity and spectral-like temperature (right). These
correlations are expected because AGN outbursts result in reduction of the luminosity and heating of the cluster with slight time delays.
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Figure 1 | The self-regulated multiphase AGN feeding and feedback cycle. The diagram highlights the three key unification scales
(micro – meso – macro), which cover a geometric increase of roughly three orders of magnitude each. The macro halo is either a galaxy,
group, or cluster and the normalization length is either its virial or Schwarzschild radius (the latter has been directly imaged by the EHT22

– see the adaptation in the middle left inset). The lower insets show crucial phases of the feeding cycle, in particular the multiphase
condensation rain out of the turbulent X-ray plasma halo and consequent CCA phase growing the central SMBH (adapted from ref23).
The upper insets capture key phases of the feedback cycle, i.e., the generation of hot X-ray UFOs and collimated relativistic jets, the
entrainment of multiphase ambient gas (or in-situ formation; adapted from refs21,24), and the final AGN heating deposition via bubbles,
shocks, and turbulence (Perseus image credit: ESA/Hubble Media). The multiphase feeding and feedback processes loop for hundreds of
cycles during the whole Hubble time.
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SMBH	feeding

Option	1:	Bondi	accretion
• Currently	implemented	in	most	cosmological	
simulations,	with	a	boosting	factor

• May	feed	SMBHs	in	some	massive	ellipticals and	
clusters	(Allen	et	al.	2006)
• Assume	spherically	symmetric,	steady-state	
accretion	from	fluids	with	no	angular	momentum	
and	no	B	field

1

Angular momentum transport and AGN fuelling 1041

Figure 6. Simulated versus predicted inflow rates, as in Fig. 5, for minor mergers, isolated galactic discs and re-simulations of galactic nuclei; the inflow rates
are measured at a radius of 5ϵ (as Fig. 5) in each case, with the values of this radius in parentheses in each panel. Colours denote the gas fraction, as in Fig. 5,
while symbol types denote some of the key parameters varied in the ensemble of simulations. In all panels, the predicted inflow rate (x-axis) is the simple strong
orbit-crossing estimate in equation (19). Top left: galaxy–galaxy minor mergers. Top right: isolated, bar-unstable galactic discs. The parameters varied in the
simulations include the initial disc-to-total mass ratio (D/T) at the effective radius and the stellar feedback prescription (qeos, where <0.25 denotes modest
feedback and >0.5 denotes strong feedback; see Hopkins & Quataert 2010a). Bottom left: intermediate-scale re-simulations of both mergers and isolated
unstable systems (e.g. Fig. 2). The key parameter regulating the formation of secondary bars is the D/T . Bottom right: nuclear-scale re-simulations of the
intermediate-scale systems (e.g. Fig. 3), where the lopsided m = 1 disc forms and regulates the gas inflow.

5.1 Previous accretion models

In semi-analytic and numerical models that lack the resolution to
study gas transport from ∼0.1 − 1 kpc to !0.1 pc, simple sub-grid
prescriptions are necessarily used to estimate the accretion rate on
to a central BH. One common estimate of the BH accretion rate
is the Bondi accretion rate for spherical accretion (e.g. Di Matteo
et al. 2005):

ṀBondi = 4παB
G2M2

BH ρgas

c3
s

, (44)

where cs and ρgas are the ambient sound speed and gas density,
respectively, and αB is a constant that depends on the mass profile
and gas equation of state; αB is sometimes taken to be as large
as ∼100 (Springel et al. 2005). Although perhaps appropriate for
pressure-supported gas (e.g. in clusters of galaxies), the Bondi rate is
not well-motivated for the cold, nearly Keplerian, gas that dominates
the mass in disc galaxies. Indeed, we shall see that equation (44) is
not a good approximation to our numerical results.

For rotationally supported gas, the inflow rate is determined by
the rate of angular momentum transport. If angular momentum
transport in galaxies were primarily produced by local stresses in

a thin disc, the effective kinematic viscosity would be ∼αV cs h,
yielding an inflow rate

Ṁviscous = 3π αV cs $gas h, (45)

where h ∼ cs/% is the disc’s vertical thickness and αV is the dimen-
sionless viscosity parameter (assumed spatially constant).

Both equations (44) and (45) depend quite differently on the am-
bient gas properties than the inflow rate produced by stellar gravita-
tional torques and orbit crossing (equations 19 and 36). To highlight
this, Fig. 8 shows the ratio of the true inflow rate through a given
annulus R in our simulations to the viscous accretion rate (equa-
tion 45) and the order of magnitude gravitational torque inflow
rate from equation (19). Because we show the results as a func-
tion of scale, all simulations on various scales are shown together
(but each is only shown at the well-resolved and self-consistently
modelled radii appropriate to it). We also compare the simulation
results to a generalization of the Bondi–Hoyle formula appropriate
for larger radii in a galaxy, with MBH → Menc, the total enclosed
mass within a radius. This is strictly valid for inflow through an
annulus R only if Menc changes relatively slowly with R so that
the spherical accretion sonic radius is at >R. We include it to
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SMBH	feeding

Option	2:	Accretion	by	gravitational	torque
• Applies	to	gas	with	angular	momentum,	
e.g.,	disk	galaxies,	mergers,	etc
• Outward	angular	momentum	transport	
needed	to	flow	in	to	the	vicinity	of	the	BH
• Torque	can	be	provided	by	non-
axisymmetric	perturbations to	the	stellar	
gravitational	potential	
• Analytical	prescription:

1

1030 P. F. Hopkins and E. Quataert

(1978, 1979) and Athanassoula (1992a, 2003) derive this result
rigorously. They show that there can only be a non-zero second-
order torque at the resonance points – where the epicyclic expansion
breaks down – or if the perturbation magnitude is growing in time
at a rate that is large compared to ! − !p.

The above derivation applies for collisionless particles. However,
gas is collisional, and thus obeys a slightly different dispersion
relation. For systems consisting of both gas and stars – which are
the focus of this paper – the gas mode is offset from the stellar mode
by a small angle δ due to dissipation. This gives rise to a torque on
the gas by the stars (typically δ ∼ 10◦–15◦ in simulations; Noguchi
1988; Barnes & Hernquist 1996; Barnes 1998; Berentzen et al.
2007). Following Wada (1994), the phase shift δ and the resulting
orbit-averaged torque on the gas can be derived in the limit of weak
modes that do not induce orbit crossing or shocks in the gas:

τ = dJ

dt
= −m

2
f∗ V 2

c

∣∣∣∣
$a(R)

V 2
c

∣∣∣∣
2

sin (δ) B̃(R), (13)

where f ∗ is the stellar mass fraction in the disc,

δ = tan−1

(
mκ (!p − !) &

'

)
, (14)

B̃ =
(
2 [1 − !p/!]−1 + ∂ ln $a/∂ ln R

)2

!−2
√

'2 + m2 &2 κ2 (! − !p)2
(15)

and & ∼ 0.1 is a dimensionless constant that parametrizes the
dissipation in the gas (formally, & is the dimensionless constant in
a phenomenological ‘friction’ term in the momentum equation that
is proportional to the radial velocity; the value ∼0.1 is motivated
by comparison with hydrodynamic simulations). Note that the net
torque is second order in the perturbation amplitude |a| ∼ $a/V

2
c .

In addition, for a bar (m = 2) mode inside co-rotation, δ > 0, and the
gas mode leads the stellar mode (implying net angular momentum
loss by the gas); this reverses outside co-rotation.

Since the gas follows nearly circular orbits (J ≈ ! R2), the orbit-
averaged gas inflow rate follows trivially from the torque τ = dJ/dt:

Ṁ = 2π (gas R2 !
τ

V 2
c (1 + ∂ ln Vc/∂ ln R)

. (16)

Note the sign convention: positive Ṁ is outflow, negative is inflow.
For the simple case of a constant-Vc disc with $a ∼ |a| V 2

c and
typical values for δ ∼ 10◦ calibrated from simulations, equation (13)
implies

Ṁ ≈ −|a|2 α m (gas R2 !

(1 − !p/!)2 |2 − m2 (1 − !p/!)2|
(17)

where α ∼ 2–3. Far from resonance, this reduces to Ṁ ∼
|a|2 Mgas !.

In addition to the torque between the gas and stars, non-
axisymmetric waves can also directly transport angular momentum
(with the coupling at resonances); this yields a qualitatively simi-
lar torque that is also second order in |a| (Lynden-Bell & Kalnajs
1972). Kalnajs (1971) derives an exact solution for the logarithmic
spiral, for which the inflow rate can be written as

ṀK71 = −|a|2
(

cs

Vc

)
∂|K|2

∂|kR|
π2

√
3 m

2
√

2 Q
(gas R2 !, (18)

where K ≡ *[(m + i kR + 1/2)/2]/*[(m + i kR + 3/2)/2] and k is the
radial wavenumber of the mode. The resulting torque scales as |a|2
but is smaller than the torque between gas and stars (equation 13)
by two factors: (1) a term ∼(cs/Vc) Q−1 ∼ (gas/(tot, and (2) a
pre-factor ∂|K|2/∂|kR| that depends on the structure of the mode,

which scales as ≈|kR|/(1 + m3) for |kR| ≪ 1 or ∼|kR|−2 for |kR| ≫
1. As a result, the predicted torques become small in both the global
and local mode limits.

2.3 Torques and inflow: non-linear regime (orbit crossing)

2.3.1 General criteria

In the epicyclic approximation of the previous section, the pertur-
bation to the orbit of a particle is periodic in φ. For a gaseous disc,
however, this assumption breaks down if the perturbed orbits of
particles cross each other, because orbit crossing in gas leads to
dissipation (generally shocks) and inflow. Such dissipation breaks
the periodicity in φ that leads to the cancellation of the first-order
(in $a ∝ a) contribution to the torque in equation (12). As a result,
in the limit of strong orbit crossing an order of magnitude estimate
of the inflow rate is

Ṁ ∼ −|a| m (gas R2 !

1 + ∂ ln Vc/∂ ln R
∼ −|a| (gas R2 !. (19)

Equation (19) will derived more rigorously in what follows.
Papaloizou & Pringle (1977) derived a useful criterion for when

orbits cross. Consider two quasi-circular orbits at the same φ, with
infinitesimal initial radial separation δri. Using the linear solution
for each particle (equation 8), the separation between the particles as
a function of time is given by δr(t) = δri [1+(∂Ra/∂R0) cos (m φ)].
Thus if

|ζ | ≡ |∂Ra/∂R0| =
∣∣∣∣

1
'

(
∂f0

∂R
− f0

'

∂'

∂R

)∣∣∣∣ ! 1, (20)

then the orbits cross, i.e. δr < 0, at some point (phase) in the
orbit. We caution that this is a sufficient, but not necessary, criterion
for orbit crossing. One can readily derive a similar criterion for
when the particles cross in azimuth: |∂φa/∂φ| > 1; and, clearly,
if |Ra| > R there will be orbit crossing. Near-resonances, one can
have orbit-trapping (where the gas librates about a specific radius),
which will lead to shocks, for |∂Ra/∂R| as small as ∼0.05–0.1 (see
Binney & Tremaine 1987). In general, even for linear modes, there
is no purely local criterion for orbit crossing – one of the above
conditions must be satisfied somewhere for orbit crossings to occur,
but if so, it can in principle occur anywhere. A full census requires
calculating the mode structure everywhere and the resulting particle
orbits. Nevertheless, we can make considerable analytic progress in
several limits.

2.3.2 Strong orbit-crossing limit

We now derive the net torque and inflow rate in the limit |ζ | ≫ 1, in
which the gas experiences strong orbit crossings and shocks. Prior to
equation (20), we derived the pericentric separation of two perturbed
particles at a given φ. Generalizing this result, the separation after
moving from some arbitrary φi to a final φf will be given by δr(t) =
δri[1 + (∂Ra/∂R0) (f (m φf ) − f (m φi))], where R1 = Ra f (m φ)
represents the epicyclic expansion solution, i.e. f (m φ) = cos (m φ).
Because ζ ≫ 1, there is orbit crossing at a range of φ. We are thus
not in a regime in which the epicyclic approximation is valid in a
global sense; however, we can consider it locally valid for a small
amount of time (‘between shocks’). Globally, the gas orbits may be
quite non-circular but we can approximate this motion with a series
of small epicyclic ‘steps’ separated by shocks that dissipate angular
momentum and energy, allowing the gas to flow in.
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Figure 1. Inflow properties in a typical gas-rich (f gas ≈ 0.4) merger of two equal-mass ∼L∗ (M∗ = 1011 M⊙) galaxies (run b3ex in Hopkins & Quataert 2010a)
at different times: before any interaction, when the system is unperturbed (left); just after an early first passage (centre left), which induces a bar response
in the primary; somewhat later, just before the second passage, as the induced bar feature has relaxed (centre right); just after final coalescence (right). Top:
images of the gas density at each time. Intensity reflects the gas surface density. Colour reflects the specific star formation rate (from blue being low, with gas
consumption time-scale ≫Gyr to yellow being high, with consumption time-scale ∼107–108 yr). Horizontal axis is Cartesian (x, in kpc). Second from top: gas
and stellar surface density profiles as a function of cylindrical radius R. We also show the analytic gas density profile from equation (41), which assumes that
gas inflow approximately balances star formation at each radius (see Section 3). Middle: amplitude of non-axisymmetric modes versus radius. Second from
bottom: orbit-crossing measure |ζ (R)| ≡ |∂R1/∂R| (equation 20); |ζ | > 1 implies strict orbit crossing, but shocks are still present at many radii with |ζ | !
1. Bottom: gas inflow (negative) or outflow (positive) rate as a function of radius. Dotted red line shows Ṁgas = 0. We compare the simulation results to our
analytic prediction based on strong shocks induced in the gas by the non-axisymmetric stellar potential (Section 2.3.4). The predictions from the no-shock,
weak-torque limit (equation 17) or the direct transport by the mode in the gas (equation 18) are smaller by a factor of >10, and would be indistinguishable
from the Ṁ = 0 line.

support for the simplifying assumptions we made in the analytic
derivation. By contrast, the predictions of the no-shock, weak-
torque limit (equation 17) or the direct transport by the mode in
the gas (equation 18) are smaller by a factor of >10. Although the
results in Fig. 1 are for a major merger, we find similar consistency
between the simulation results and our analytic predictions for both
minor mergers and isolated, bar-unstable galactic discs. Fig. 1 also
shows that the orbit-crossing parameter ζ is ∼1 at a range of radii,

with |ζ | ∼ 10–100 ≫ 1 near the co-rotation resonance, implying
strong orbit crossings and shocks. As described in the text above
equation (43), our estimate of ζ is itself based on the epicyclic ap-
proximation; it is thus very approximate in mergers given that the
galaxies are strongly disturbed and quantities such as "p are not that
well-defined. None the less, the results in Fig. 1 are consistent with
the presence of strong shocks and dissipation in the simulations,
which drive the large gas inflow rates.
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Figure 3. Analogous results to Fig. 1 for re-simulations of the central ∼10–50 pc in the intermediate-scale simulations shown in Fig. 2, at times near the peak
of accretion and gas inflow (from left to right, these are runs Nf8h1c1qs, Nf8h2b4, Nf8h1c0hol, Nf8h1c1dens in Hopkins & Quataert 2010a). These simulations
have a resolution of ∼0.1 pc and extend deep into the potential of the central BH. The (non-wound) m = 1 eccentric disc and/or single-armed spiral mode is
ubiquitous in the quasi-Keplerian potential.

to just m = 2), and inflow rates as a function of radius, for simula-
tions of the central ∼kpc (the range shown in Fig. 2). We consider
otherwise identical initial conditions but with different resolution.
We also consider two different extremes in the parametrization of
the ISM gas equation of state, encapsulated in the parameter qeos (see
Hopkins & Quataert 2010a for details). A low value of qeos corre-
sponds to an ISM with efficient cooling and without much turbulent
or thermal pressure support (here qeos = 0.02 corresponds to an ef-
fective sub-grid sound speed of just ∼10 km s−1), and a high value
corresponds to an ISM with strong pressure support (here qeos = 0.25
corresponds to effective sound-speeds ∼50 km s−1). For each, we
compare simulations at three resolution levels: a low-resolution run,
for which the mass and force resolution inside of ∼1 kpc are com-
parable to what can be achieved directly (without any ‘zoom-in’ or
‘re-simulation’) in the parent, galaxy-scale simulations; a standard-

resolution run (the characteristic resolution of our re-simulations on
this scale); and a very high-resolution run (the ‘ultra-high’ resolution
runs in Hopkins & Quataert 2010a) with ∼0.3 pc force resolution,
small enough to resolve the same scales as our nuclear-scale sim-
ulations without the need for an additional re-simulation iteration.
Even at low resolution, the major qualitative features are in place
and the inflow rates are order-of-magnitude accurate. But in the case
with weak assumed feedback, the ISM is subject to much greater
resolved fragmentation and clumpy star formation (see appendix B
in Hopkins & Quataert 2010a for more discussion and examples).
This leads to inflow rates and mode structures that are more highly
variable in position and time, and the exact details (depending on
how clumps collapse locally and turn into stars) are more sensi-
tive to resolution. The case with stronger implicit feedback yields
an ISM with less explicit substructure, which in turn allows rapid
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SMBH	feeding
Option	3:	Chaotic	cold	accretion	(CCA)
• Multiphase	cold	gas/filaments	are	
ubiquitous	in	clusters
• Applies	to	gas	satisfying	criteria	for	
precipitation	(McCourt	et	al.	2012,	Voit et	al.	2015,	
Gaspari et	al.	2017):

• During	CCA,	gas	collisions	and	tidal	forces	
allow	angular	momentum	cancellation	
(Gaspari et	al.	2013,	2017)

• Accretion	rate	can	reach	~100	x	Bondi	rate
• May	be	relevant	in	violently	accreting,	
irregular	systems	at	high	redshifts	too

1

Perseus	cluster

Simulated	cold	gas698 M. Gaspari, P. Temi and F. Brighenti

contribution of the hot plasma into the very soft (0.1–0.5 keV)
and hard X-ray (>0.5 keV), respectively. The hot plasma halo in
hard X-ray fills the whole tens kpc galactic halo, emitting photons
mostly within the central 5 kpc. The X-ray halo is quasi-spherically
symmetric. The signature of mild, subsonic turbulence are clearly
visible in the fractional asymmetries, inducing relative density per-
turbations and thus surface brightness fluctuations (see Gaspari &
Churazov 2013; Gaspari et al. 2014 for more on this subject). The
synthetic map shows that depressions in surface brightness can be
naturally created by turbulent eddies. Some of the weaker cavities in
hot haloes could be thus not be associated with AGN jets or sloshing
motions. We note a mild subsonic turbulence level Ma3D ∼ 0.3–0.4
– as detected by recent Hitomi telescope (Section 2.3) – is fully suf-
ficient to stimulate CCA; while in such regime dissipational heating
is subdominant and slow, the variance induced by turbulence still
plays a key role. The hard X-ray halo is the original progenitor of
the multiphase rain. In soft X-ray, the condensing filaments start
to be visible and the hardness ratio (hard to soft X-ray emission)
shows corresponding decrements, as found by observations (fig. 5
in Tamura et al. 2003). In the central 5 kpc, the peaks in SBx cor-
relate with the locus of the warm filaments and enclosed radio,
molecular clouds, forming a coherent dynamical structure from the
tens of kpc down to the pc scale. Despite the decreasing sensitiv-
ity below 0.5 keV and the adaptive smoothing, the Chandra image
well captures the combined effect of the turbulent atmosphere and
the plasma cooling features, with remarkable similarity to the syn-
thetic data. The higher the angular resolution, the better the locus
of condensation it will be resolved. Future Athena mission (Nandra
et al. 2013) is in excellent position to spatially resolve such X-ray
‘clumpiness’ and to directly constrain the initial stage of the local
runaway condensation.

Fig. 28 shows the typical condensed ionized and neutral structures
emerging from the CCA rain within the central 6 kpc, residing
in the UV (top) and optical/IR or 21-cm regime (middle). Key
feature is that filamentary structures can be naturally formed in
the turbulent flow. Condensation preferentially occurs between the
interface of two or more turbulent eddies, which compress the gas
along sheets, thus creating extended filaments. This simple process
does not require magnetic fields, anisotropic conduction, AGN jet
entrainment or kinetic plasma physics, albeit these may further
enhance the filamentary morphology and properly set emission line
ratios. The multiple clouds also combine in projection forming
extended filaments, in particular in the neutral phase that appears
more clumpy. Compared to G15 with higher temperature floor (e.g.
due to photoionization heating), the warm phase appear thinner
and more fragmented, although current turbulent evolution is also
longer. Second key result is that the low-temperature ionized gas
envelops the thinner neutral filaments and clouds as a skin. Albeit the
UV mass is much smaller than that of the neutral gas, its emissivity is
significant as the cooling function has the strongest peak near 105 K
(Fig. 1). Similar UV filaments and clumpy structures have been
discovered in several massive galaxies, including A1795, A1068,
A2597 and RXJ1504 (see the UV sample of 16 BCGs in Tremblay
et al. 2015).10

The bottom panel in Fig. 28 shows the Hα+[N+] as seen by
SOAR (Werner et al. 2014). Albeit in part contaminated by the

10 We attempted to subtract FUV−NUV to remove the stellar contribution
in GALEX data of NGC 5044 (Marino et al. 2011), but the maps are too
shallow to constrain filamentary emission. A deep spectrum or Integral Field
Unit instrument would be ideal.

Figure 28. Top: surface brightness of the ionized UV gas (1.6 × 104 K <

T ≤ 1.1 × 106 K). Middle: surface brightness of the neutral gas (200 K < T
≤ 1.6 × 104 K), mainly shining in the optical/IR band and 21 cm. The
field of view is 7 × 7 kpc2 (t = 88 Myr). Bottom: NGC 5044 SOAR
Hα+[N+] emission tracing part of the ionized gas around the filaments
(from fig. 1 in Werner et al. 2014 – reproduced as per Oxford Journals
policy; DOI: http://dx.doi.org/10.1093/mnras/stu006). The low-temperature
ionized gas, having smaller masses yet substantial brightness, envelops the
thinner neutral filaments and clumpy structures as a skin. Extended straight
or curved filaments naturally form out of the interacting sheets between the
large-scale turbulent eddies.
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ABSTRACT
Bondi theory is often assumed to adequately describe the mode of accretion in astrophysical
environments. However, the Bondi flow must be adiabatic, spherically symmetric, steady, un-
perturbed, with constant boundary conditions. Using 3D AMR simulations, linking the 50 kpc
to the sub-pc scales over the course of 40 Myr, we systematically relax the classic assump-
tions in a typical galaxy hosting a supermassive black hole. In the more realistic scenario,
where the hot gas is cooling, while heated and stirred on large scales, the accretion rate is
boosted up to two orders of magnitude compared with the Bondi prediction. The cause is the
nonlinear growth of thermal instabilities, leading to the condensation of cold clouds and fila-
ments when t

cool

/t
↵

<⇠ 10. The clouds decouple from the hot gas, ‘raining’ onto the centre.
Subsonic turbulence of just over 100 km s�1 (M > 0.2) induces the formation of thermal in-
stabilities, even in the absence of heating, while in the transonic regime turbulent dissipation
inhibits their growth (t

turb

/t
cool

<⇠ 1). When heating restores global thermodynamic bal-
ance, the formation of the multiphase medium is violent, and the mode of accretion is fully
cold and chaotic. The recurrent collisions and tidal forces between clouds, filaments and the
central clumpy torus promote angular momentum cancellation, hence boosting accretion. On
sub-pc scales the clouds are channelled to the very centre via a funnel. In this study, we do
not inject a fixed initial angular momentum, though vorticity is later seeded by turbulence.
A good approximation to the accretion rate is the cooling rate, which can be used as subgrid
model, physically reproducing the boost factor of 100 required by cosmological simulations,
while accounting for the frequent fluctuations. Since our modelling is fairly general (turbu-
lence/heating due to AGN feedback, galaxy motions, mergers, stellar evolution), chaotic cold
accretion may be common in many systems, such as hot galactic halos, groups, and clusters.
In this mode, the black hole can quickly react to the state of the entire host galaxy, leading to
efficient self-regulated feedback and the symbiotic Magorrian relation. Chaotic accretion can
generate high-velocity clouds, likely leading to strong variations in the AGN luminosity, and
the deflection or mass-loading of jets. During phases of overheating, the hot mode becomes
the single channel of accretion, though strongly suppressed by turbulence. High-resolution
data could determine the current mode of accretion: assuming quiescent feedback, the cold
mode results in a quasi flat temperature core as opposed to the cuspy profile of the hot mode.

Key words: accretion – black hole – hydrodynamics – galaxies: ISM/IGM/ICM – instabilities
– turbulence – methods: numerical

1 INTRODUCTION

Accretion onto compact objects plays central role in the evolution
of astrophysical systems. A number of physical processes, such as
radiative cooling, heating and turbulence, as well as the presence
of magnetic fields and transport processes, could all affect the ef-
fective accretion rate onto compact objects. The complexity of the
real accretion process makes it impossible to predict the accretion

? E-mail: mgaspari@mpa-garching.mpg.de

rate analytically. Only under very restrictive assumptions of adia-
baticity, spherical symmetry, unperturbed and steady initial condi-
tions, in the absence of magnetic fields, self-gravity, and feedback,
can the nonlinear hydrodynamic equations be solved analytically
(Bondi 1952). In this idealised case, the Bernoulli equation reduces
to
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SMBH	feeding	– open	questions

Q:	How	well	does	each	theory	compare	with	the	data?
• What	powers	the	AGNs?	Observational	evidence	for	
accretion	by	secular	processes?

Q:	How	to	determine	which	BH	accretion	mechanism	
is	dominant	depending	on	galaxy	types/environments?

1



On	the	scales	of	BH	accretion	disks

• Successes:
• Thin	disk	theory	confirmed
• For	thick	disks,	jets	are	launched	
as	described	by	the	Blandford-
Znajek mechanism

• For	slim	disks,	AGN	accretion	
disk	winds	produced	by	strong	
radiation	pressure

• Goal:	obtain	efficiencies	of	
radiation/winds/jets	as	a	
function	of	Eddington	ratio,	
BH	spin,	B	field	flux,	etc
• GRMHD/GRrMHD simulations	
are	both	simple	and	hard

2
(see	HY	Pu’s	talk	on	Thursday!)



Quasar	wind	feedback

• Energy-driven	outflows could	
produce	momentum	injection	~				
5-20	L/c seen	in	observed	outflows	
(Cicone et	al.	2014,	Tombesi et	al.	2015)

• Such	energy	driven	outflows	could	
originate	from	shock-heated	gas	
from	the	accretion-disk	winds

• Justified	injection	of	thermal	
energy	for	quasar	feedback

3
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Figure 2. Momentum- and energy-driven AGN outflows. A momentum-driven outflow (shown on the left) occurs when the inner wind that shock-heats as
it passes the reverse shock (region (b)) cools efficiently. The resulting (isothermal) shock consists of an initially adiabatic shock followed by a region where
radiative cooling dominates shown in light blue. The loss of thermal energy results in a drop of pressure support and causes region (b) to be very thin. The
post-shock pressure at the contact discontinuity in this case is P = ρwv2

w. An energy-driven outflow (shown on the right) results when the energy injected
by the inner wind (region (a)) is fully conserved throughout the outflow, i.e. no substantial cooling losses are sustained. Region (c) is driven out as the now
hot and thick region (b) expands adiabatically. The separate question of how efficiently region (c) cools does not determine whether the outflow is energy-
or momentum-driven. We revisit this question in Section 4.2 and for now represent region (c) as thick, while mindful it can collapse into a very thin shell if
cooling is efficient.

(out)flow pattern depends critically on which of these is the fate of
the thermal energy contained in the ≈1010−11 K hot shocked inner
wind.

2.3 Momentum-driven limit

If the reverse shock cools efficiently, shocked inner wind gas in
region (b) traverses a radiative region with a size of the order of the
cooling length lcool until its temperature returns to its pre-shock value
at a radius ≈Rr + lcool. This sequence of an initially adiabatic shock
and a cooling region constitutes an isothermal shock. Since cooling
is efficient, lcool ≪ Rr, it follows that the shock is approximately
planar, i.e. region (b) is very thin (see Fig. 2). For a strong isothermal
shock, the Rankine–Hugoniot jump conditions yield a post-shock
pressure P given by

P = ρwv2
w. (11)

The post-shock gas then drives an outer shock into the unper-
turbed ISM, thrusting with a pressure equal to the ram-pressure
of the pre-shock inner wind, i.e. P = LEdd/(4πcR2). This result be-
comes physically intuitive when recalling that region (b) is very
thin. The inner wind can then be imagined to collide with the ISM
directly, transferring its momentum fully in the interaction. In this
limit, the outflow is said to be momentum-driven since the driving
force is equal to the momentum flux of the inner wind. Equation (8)
can then be simplified to

d
[
Msh(R)Ṙ

]

dt
= LEdd

c
− GMsh(R)Mtot(<R)

R2
. (12)

For an isothermal halo with velocity dispersion σ (see King 2005;
McQuillin & McLaughlin 2012; Ishibashi & Fabian 2012), this can
be recast into the form

d
[
RṘ

]

dt
= −2σ 2

(
1 − MBH

Mσ

)
− GMBH

R
, (13)

where Mσ = fgasκ

πG2 σ 4. Neglecting the last term on the right hand
side of equation (13) (valid if the launching speed of the shell is
higher than the escape speed from the black hole’s gravitational
potential), the differential equation admits unbound solutions only
if MBH ≥ Mσ . If AGN outflows are momentum-driven, they can

in principle escape to arbitrarily high radii only when the central
black hole grows beyond a critical mass, at which the outflowing
shell becomes unbound. At this critical value, further accretion on
to the black hole is expected to become inefficient and the black
hole mass is limited to

Mm
final = Mσ = fgasκ

πG2
σ 4, (14)

where the superscript ‘m’ denotes ‘momentum-driven’. Remark-
ably, the normalization and the Mm

final ∝ σ 4 scaling2 are in close
agreement with the observed MBH ∝ σ 4.3 relation (Ferrarese &
Merritt 2000; Gebhardt et al. 2000; Tremaine et al. 2002; Gültekin
et al. 2009; McConnell & Ma 2013; Kormendy & Ho 2013).

2.4 Energy-driven limit

If the reverse shock is instead unable to radiate away its thermal
energy, the shell is driven by the adiabatic expansion of the hot
shocked wind bubble (see Fig. 2). In the limit where the full energy
of the inner wind is conserved, the resulting outflow pattern is
termed energy-driven.

In an energy-driven outflow, the expansion rate of the shell of
shocked interstellar gas is equal to the rate at which the shocked
wind does ‘PdV’ work on its surroundings. By balancing energy
losses due to ‘PdV’ work and work done for overcoming gravity
with energy injection by the inner wind, we can write an energy
equation that reads

Ė = (γ − 1)
d(PV )

dt

= ϵLEdd − P V̇ − G
Msh(R)Mtot(<R)

R2
Ṙ, (15)

where the first equality simply follows from the ideal gas law and
γ = 5

3 is the adiabatic index of the gas. As mentioned, ϵ = η/2 if
Ṁw = ṀEdd. Using equation (8) to eliminate P from equation (15),
assuming an isothermal halo such as in King (2005), King, Zubovas
& Power (2011) and McQuillin & McLaughlin (2013) and that the

2 Note that McConnell & Ma (2013) however find a steeper scaling of σ 5.2

for a sample or early type galaxies.

MNRAS 444, 2355–2376 (2014)

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/444/3/2355/1066324 by N
ational Tsing H

ua U
niversity user on 13 O

ctober 2020

Energy- versus momentum-driving 2365

Figure 7. The structure of the outflow shown as a two-dimensional histogram of the gas density as a function of radius for the energy-driven outflow model
at t ≈ 30.2 Myr (left) and for the momentum-driven outflow at t ≈ 100.2 Myr (right) for a black hole mass of 108 M⊙. The outflow can be separated into
three distinct zones: (a) a shocked wind phase which is modelled in a ‘subgrid’ fashion by adding energy or momentum for energy- and momentum-driven
outflows, respectively, (b) a shocked medium phase, which is thick in the energy-driven outflow and (c) the ambient gas phase. In the innermost regions of the
momentum-driven outflow, the shocked wind phase consists of a thin and highly compressed layer instead of a hot bubble, as in the energy-driven case. The
arrow indicates the location of the forward (weak) shock.

Figure 8. Temperature profile of gas in the energy-driven outflow at t ≈ 30.2 Myr (left) and in the momentum-driven outflow at t ≈ 100.2 Myr (right) for
a black hole with mass 108 M⊙. The region directly affected by the ‘subgrid’ model is shaded in orange. For energy-driven outflows, our ‘subgrid’ model
generates a very hot bubble that drives an outflow as it expands adiabatically, while for momentum-driven outflows, our ‘subgrid’ model evacuates the central
regions entirely by imparting velocity kicks to the nearest neighbouring gas cells of the central black hole. The temperatures of the different regions are an
indicator of the cooling processes that are likely to dominate in each phase if radiative cooling is taken into account. The shocked wind gas in the energy-driven
outflow should cool efficiently via inverse Compton cooling close to the AGN (see text), whereas the shocked medium component should only cool via standard
two-body processes such as Bremsstrahlung or metal-line cooling.

of 10 increase results in a cooling function similar to that of gas
enriched to solar metallicity (Sutherland & Dopita 1993).

In our various numerical tests, we also explore relaxing the as-
sumption that the AGN constantly emits at its Eddington luminosity.
The ratio tcool/tflow is sensitive to the mass of the black hole and to the
luminosity of the AGN that drives the outflow since Ė ∝ L ∝ MBH.
In order to account for the (degenerate) effects of lowering the black
hole mass and/or AGN luminosity, we consider three different AGN
light curves as shown in Fig. 9. The first case assumes the AGN
to emit at a constant luminosity LEdd as before; in a second case
we let the AGN luminosity rapidly rise from a value LEdd/100 to
LEdd and, in the third case, we adopt a variable light curve. In this
last scenario, the chosen light curve is taken directly from a high-
resolution cosmological simulation that self-consistently follows
black hole accretion (Costa et al. 2014). In the cosmological sim-
ulations, variability results from alternating accretion and outflow
episodes, that respectively boost and suppress the AGN luminosity.

For brevity, we shall name the simulations as ‘EnergyEdd’, ‘Ener-
gyStep’, ‘EnergyVar’ and ‘EnergyEddCooling’ for simulations of
energy-driven outflows adopting the identically named light curves
in Fig. 9, respectively. EnergyEddCool is identical to EnergyEdd,
but is simulated using the cooling function increased by a factor of
10. Note that in this section, we implicitly assume that an (unre-
solved) AGN inner wind is launched even if the Eddington ratio is
low. We caution, however, that it is unclear whether an AGN inner
wind can be launched if L < LEdd for instance if the driving mecha-
nism is radiation pressure on UV lines (e.g. Proga & Kallman 2004;
Proga 2005).

Fig. 10 illustrates the impact of radiative cooling in our four
numerical experiments. At the top of the panel, we show the cumu-
lative mass of outflowing gas in the innermost 20 kpc of the halo
as a function of temperature, at a time when the outflowing shell is
located at a distance of about 10 kpc from the AGN. For simulation
EnergyEdd (thin black line), the lowest temperature in outflowing

MNRAS 444, 2355–2376 (2014)
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Figure 15. Momentum flux and kinetic luminosity per logarithmic unit
distance for an energy-driven outflow in the cosmological simulations at
different times. Integrated quantities are labelled next to the corresponding
curves. Note that, since units are given in comoving coordinates, these results
imply that an outflow with momentum flux ≈13LEdd/c and kinetic luminos-
ity ≈0.01L builds up at scales of 100 h−1 ckpc ! 20 kpc. The magnitude of
the momentum fluxes, kinetic luminosities and spatial scales agree well with
observed AGN-driven outflows and indicate that the energy-driven model is
a viable mechanism for AGN feedback in cosmological simulations.

this and the previous simulation with standard primordial cooling is
identical at the time at which momentum injection starts taking
place. Suppressing cooling equates to reducing the efficiency at
which the galaxy is replenished with fresh material. The dotted
black line in Fig. 14 shows that momentum-driving now efficiently
expels gas from the inner regions of the galaxy.

The results presented in this section indicate that if the AGN
energy/momentum couples to the ISM of the host galaxy hydrody-
namically via an inner wind, an efficient large-scale outflow must be
energy-driven already at scales of ≈70 h−1 cpc (minimum cell size).
In the cosmological simulations, a momentum flux of 5–10LEdd/c
is required to efficiently disrupt the central disc and revert the fila-
mentary inflows from which it is fed, while LEdd/c is sufficient to
drive an unbound shell for the spherically averaged isolated halo. In
Fig. 15, we verify that the momentum fluxes and kinetic luminosities
of energy-driven outflows resulting from a 108 h−1 M⊙ black hole
in our cosmological simulations are comparable to observed val-
ues. Both quantities can be seen to rise with time as thermal energy
is converted into kinetic energy of the outflow. The net momen-
tum fluxes and kinetic luminosities, estimated by integrating over

the curves shown in Fig. 15, are of the order of ∼7–16LEdd/c and
0.003–0.02LEdd, respectively, at scales !100 h−1 ckpc ≈ 17 kpc in
good agreement with observed outflows (e.g. Maiolino et al. 2012;
Cicone et al. 2014).

5.4 Implications for the origin of the MBH–σ relation

We have seen that in a realistic cosmological context, a much larger
amount of momentum input is required to suppress the infall of
(cold) gas than is available in the momentum driven-model sug-
gested by King (2003) based on spherical static haloes. This is not
surprising as not only is the gas not static, but a significant fraction of
the gas falls in along well-defined filamentary structures with a small
covering factor which does not offer a large working surface for the
outward streaming AGN-driven outflow. A significantly larger mo-
mentum input than LEdd/c is therefore required to even temporarily
interrupt the inflow. Most of the injected momentum and energy
escapes to large radii with little effect on the majority of the in-
flowing gas. Note that similar conclusions are drawn by Nayakshin
(2014), Zubovas & Nayakshin (2014) and Bourne, Nayakshin &
Hobbs (2014) for a clumpy gaseous halo. Our cosmological sim-
ulations thereby suggest that the self-regulation of the black holes
is not due to a complete ejection of the gas from the surrounding
galactic haloes, but due to a temporary suppression/reduction of the
inflow rate of cold gas. It is thereby not obvious at what radius the
feedback loop limiting the black hole mass is closed. If cooling is
efficient, the momentum inflow rate of infalling gas and the energy
input rate required to eject the inflowing matter scale with σ 4 and
σ 5, respectively. The requirement of stopping the inflow and par-
tially ejecting the gas should thus lead to a self-regulated MBH–σ

relation with a slope somewhere in between these two cases, as is in-
deed observed. As discussed in considerable detail by Kormendy &
Ho (2013), such a self-regulated MBH–σ relation is then almost cer-
tainly modulated by the late-time merging of then gas-poor galaxies,
especially at the high-mass end. Note also that σ in real galaxies is
only weakly dependent on distance to the centre. The scale at which
the feedback loop is closed should therefore have only a modest
effect on an MBH–σ relation resulting from such self-regulation.
This may explain why a wide range of feedback implementations
in simulations of widely varying resolution appear to be able to
reproduce at least approximately the slope of the observed MBH–σ

relation. The main conclusion from our study regarding the MBH–
σ relation is, however, that the observed AGN-driven winds must
become energy-driven at sufficiently small galactic scales such that
the outflow driven by the inner AGN wind is still sufficiently fast to
convert about 5 per cent of the initially liberated energy into kinetic
energy of the outflow. As we have explicitly shown there is then en-
ergetically no problem to realize momentum fluxes of 5–30LEdd/c
in the outflow as observed. Note that the picture would be the same
if a similar amount of energy was injected by a different means than
via thermalization of a fast inner AGN wind. A possibility to be
explored further here is Compton heating in phases in which the
AGN spectral energy distribution is particularly hard. Implications
of our findings on future AGN feedback models are discussed in
Appendix B.

6 MA I N C O N C L U S I O N S A N D S U M M A RY

(i) We have confirmed that simplified analytical models of
energy- and momentum-driven AGN outflows in a spherically sym-
metric isolated halo without cooling can be accurately reproduced
in numerical simulations for similar assumptions. Our simulations,

MNRAS 444, 2355–2376 (2014)
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Quasar	wind	feedback

• The	kpc molecular	outflows	
could	be	driven	by	the	accretion	
disk	winds,	but	molecular	clouds	
should	be	quickly	destroyed	
during	entrainment

• Recent	simulations	including	
time-dependent	chemistry	have	
successfully	shown	in	situ	
formation	of	molecular	clouds	

3

Richings &	Faucher-Giguere (2018)

Molecules in AGN winds 3687

Figure 7. Velocity-integrated maps of CO (1−0) emission (top row) and CO (1−0) spectra (bottom row) from runs nH10_L46_Z1 (left), nH10_L45_Z1
(centre), and nH10_L46_Z0.1 (right) after 1 Myr. These were calculated in the high-resolution octant, which was mirrored in the line-of-sight direction to
include both the receding and approaching sides of the outflow. The spectra have been normalized to a distance of 184 Mpc, which corresponds to the distance
of Mrk 231. Note that the dips in the spectra at !v = 0 are the result of artefacts along the boundary between the high- and low-resolution regions, and are not
physical. These do not affect our comparisons with observed CO luminosities, for which we only integrate over the broad wings of the line, and also likely do
not significantly affect our estimates of the CO to H2 conversion factors (see the text).

Cicone et al. (2014) presented CO (1−0) observations of seven
ULIRGs and quasar hosts, of which four showed detections of fast
molecular outflows. They also compared these with a further 12
sources from the literature. Not all of these galaxies are luminous
AGN, so we only compare our simulations to the Seyfert 1 and 2
galaxies in the extended sample of Cicone et al. (2014). This gives
us a sample of 10 AGN host galaxies, of which 6 were observed by
Cicone et al. (2014) and a further 4 were taken from the literature
(Wiklind, Combes & Henkel 1995; Maiolino et al. 1997; Cicone
et al. 2012; Feruglio et al. 2013a,b).

Cicone et al. (2014) measured the CO luminosity in the broad
wings of the continuum-subtracted CO line. The velocity range
that they integrated over depends on the source, but was typically
from ≈300 km s−1 to the maximum velocity that the wing could
be detected at (see their table 2). To match the method used for
the observations, we integrate our simulated CO spectra in each
wing from 300 km s−1 to a maximum vmax, which we take to be the
velocity at which the flux density falls to 1 per cent of its maximum
value. This definition might not be equivalent to the vmax used in
the observations, as we do not model the noise or detectability
of CO in the simulated spectra, but it does not have a significant
impact on the CO luminosity. For the low-luminosity run, we use a
lower minimum velocity of 200 km s−1, as vmax < 300 km s−1. By
restricting the CO luminosity to the wings of the line, we also avoid
the artificial dip at !v = 0.

To obtain the H2 mass from the CO luminosity, Cicone et al.
(2014) assumed a conversion factor αCO (1−0) = MH2/LCO (1−0) =

0.8 M⊙ (K km s−1 pc2)−1. This value, which is ≈5 times lower than
the Milky Way value, is commonly used for ULIRGs. Cicone et al.
(2012) showed that the molecular gas in Mrk 231 has similar excita-
tion in the host galaxy and the outflow, and so the outflow plausibly
has the same conversion factor as its ULIRG host. To compare with
observations, we use the same conversion factor, although we will
investigate this assumption further below.

Cicone et al. (2014) then calculated the molecular mass outflow
rate by assuming that the outflowing material is uniformly dis-
tributed over a radius R, measured from the CO maps. This gives an
outflow rate of ṀH2 = 3vMH2/R, where the velocity v is the aver-
age velocity in the range used to integrate the wings of the CO line.
In our simulations, the outflowing molecular gas is instead found in
a shell, for which the outflow rate is ṀH2 = vMH2/R. We therefore
divide the rates given in Cicone et al. (2014) by 3, for consistency
with the simulations, although we note that this may underestimate
the true outflow rate if the geometry of the observed systems is that
of a uniform outflow rather than a shell.

The top panel of Fig. 8 shows the molecular outflow rates de-
rived from our simulated CO spectra, from run nH10_L46_Z1 (red
circle), nH10_L45_Z1 (blue circle), and nH10_L46_Z0.1 (green
circle), plotted versus AGN luminosity. The outflow rates from the
high-resolution quadrant have been multiplied by 4 to give the out-
flow rate in the full spherical outflow. The black symbols show the
observed sources from Cicone et al. (2014) and references therein.
The molecular outflow rates in the two simulations at solar metal-
licity are slightly lower than the observations, although they are still

MNRAS 474, 3673–3699 (2018)
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Quasar	feedback	– open	questions	3

Q:	How	does	the	wind	energy	couple	to	the	ISM/CGM	
and	suppress	star	formation?	What	exactly	causes	
quenching	(ejection/heating/turbulence)?
• May	depend	on	AGN	luminosity,	clumpiness of	the	ISM,	
and	geometry

AGN winds in isolated galaxies 5297

Figure 1. Gas distribution for the G4 initial condition galaxy used in this
paper. Colour indicates gas temperature with magenta being cool/cold gas
(i.e. T < 104 K) and green being warm/ionized gas (i.e. 104 < T < 106 K),
while pixel brightness indicates total gas column density. The gas distributions
shown here are the result of evolving each galaxy in isolation, without any
black hole feedback, for 1 Gyr to allow a multiphase ISM structure to develop
under the influence of stellar feedback.

bottom, the simulations show the no feedback, weak, intermediate,
and strong BAL winds (see Section 2.2.3 for definitions).

In the no BAL feedback case, the evolution of the central gas
reservoir is driven by gas dynamics in conjunction with stellar
feedback. A multiphase ISM is sustained with dense and cold star-
forming gas pockets (indicated with magenta within Fig. 2) forming
within a warm, volume-filling gas (indicated with green and red in
Fig. 2). As explored in detail in Torrey et al. (2017), the central gas
mass undergoes an episodic evolution pattern – including periods of
low and high central gas densities – that is driven by an unstable
equilibrium between turbulent gas energy dissipation and turbulent
energy injection via stellar feedback in short dynamical time regions.
Feedback from star formation alone can be responsible for lowering
the central gas density, but gas is able to return to the central region in
∼tens of Myr. Though not shown in this figure, the episodic central
gas mass cycle manifests in the top row time series of Fig. 2 via a
low central gas density at t = 20 Myr (Torrey et al. 2017).

The behaviour of the simulations with BAL winds included
(bottom three panels of Fig. 2) have more sustained and pronounced
central gas cavities when compared with the no BAL wind simula-
tion. The size of the central gas cavity increases with the strength

Figure 2. Time series of face-on gas projections of the G3 disc with no BAL
feedback (top), weak winds (second row), intermediate winds (third row), and
strong winds (bottom). Times and scale bars are marked within. The size of the
central cavity increases with the velocity/strength of the BAL wind material,
reaching ∼1 kpc in the strongest wind simulation. Magenta indicates cold gas
(∼100 K), green indicates warm/ionized material (∼104 K), and red indicates
hot gas (∼106 K). The brightness or opacity of each pixel indicates the total
column density. Despite being hot, the central gas cavities appear mostly dark
because the gas densities are very low.

of the AGN feedback. The gas distribution at large (i.e. ∼1 kpc)
distances from the black hole is not significantly changed in the weak
wind simulation (compare, e.g. the off-centre gas distribution of the
top three rows at t = 30 Myr). Instead, the majority of the impact
from the weak BAL winds s confined to the central ∼100 pc, where
the central gas density is reduced. Examining the intermediate and
strong BAL wind speed cases reveals qualitatively similar behaviour,
but with the central gas cavity now being increasingly well defined,
and marginally (significantly) larger for the intermediate (strong)
BAL wind strength.

The central gas cavity is a natural consequence of the BAL
wind feedback that we have implemented in this paper. For a fast
outflow expanding into a static ambient medium the expected outflow
solution has been explored in detail (King & Pounds 2003; Faucher-
Giguère & Quataert 2012). The post-shock wind material is expected
to be highly overpressurized when compared against the ambient
ISM (at least when the hot gas is effectively confined). The central
low-density gas cavity is created as the overpressurized post-shock
gas expands and pushes upon the ambient ISM.

The pressure of the post-shock gas is largely set by the BAL wind
properties that we have manually chosen for our simulations. In
the idealized spherically symmetric case, the average density of the

MNRAS 497, 5292–5308 (2020)
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(see	TC	Chen’s	talk	on	tomorrow!)



Quasar	feedback	– open	questions	3

Q:	What	is	the	role	of	radiation	driving	on	dust	on	the	
scale	of	dusty	torus?	(Murray	et	al.	2005,	Ciotti &	Ostriker 2007,	2012,	
Costa	et	al.	2018)	

Q:	Do	jets play	a	role	in	quenching	galaxies?	(Wagner	&	
Bicknell	2011)



Radio	jet	feedback4

• Early	simulations	including	
Bondi	accretion	&	thermal	
injections	from	AGNs	
successfully	prevented	
runaway	cooling	of	clusters	
and	reach	self-regulation	
(Sijacki et	al.	2007)

• Isolated	simulations	with	
CCA	&	kinetic	jets	further	
reproduced	the	properties	
of	CC	clusters	(Gaspari 2011,	Li	&	
Bryan	2014,	Yang	&	Reynolds	2016)

Li	et	al.	(2015)



Radio	jet	feedback4

• Understanding	the	processes	
of	local	thermal	instabilities	
in	producing	cold	filaments	
(McCourt	et	al.	2012,	Voit et	al.	2015,	
2017)

• Understanding	the	
thermalization processes	of	
kinetic	jets	(Yang	&	Reynolds	2016,	
Li	et	al.	2017)

McCourt	et	al.	(2012) Thermal instability in stratified plasmas 3329

Figure 6. Comparison of the plasma density in simulations with our fiducial
heating function (equation 4) to simulations where we have added signifi-
cant, random fluctuations to the heating function H (see equation 21). These
are white noise fluctuations with a temporal correlation tcorr = tTI; simu-
lations with longer correlation times tcorr = 10 tTI give similar results (see
Fig. 7). From top to bottom, the panels show the density at t = 10 tTI in our
fiducial simulations, simulations with 100 per cent fluctuations in heating
and simulations with 300 per cent fluctuations in heating. Fluctuations of
300 per cent produce a cooling flow, but 100 per cent fluctuations do not and
instead produce results similar to our fiducial model. In all panels, colour
represents the log of the density, which ranges from 10−2 (blue) to 10 (red).

between results that are a consequence of the exact (and, in detail,
unphysical) balance in equation (4) and results that are more robust
and are primarily a consequence of global thermal stability.

We carried out 2D simulations with tcorr = {0.1, 1, 10} × tff and
with the fluctuations normalized to rms amplitudes of 50, 100 and
300 per cent. (Note that we quote the rms or ‘1σ ’ amplitude of the
fluctuations; the peak values are considerably higher.) Fig. 6 shows
images of the density fluctuations for these simulations, and Fig. 7
shows the temperature distribution function for different values of
tcorr and the fluctuation amplitude. These figures demonstrate that
our conclusions about the development of the thermal instability
are essentially unaffected by order-unity fluctuations, over at least
10 cooling times. This important result implies that, as long as the
plasma is in approximate global thermal equilibrium on reasonable
time-scales ∼tTI and length-scales ∼H, the development and sat-
uration of local thermal instability will proceed approximately as
shown in Figs 1–4. We think that the existence of an approximate
thermal equilibrium, rather than the specific details of our heat-
ing function (equation 4), determines how the thermal instability
develops and saturates. This conclusion is bolstered by Paper II,
which finds very similar results using an entirely different heating
function.

Figs 6 and 7 show that extremely strong heating fluctuations with
rms amplitudes of 300 per cent spoil the thermal equilibrium of the
plasma and induce a cooling catastrophe; even our extremely op-
timistic feedback model cannot withstand arbitrarily large heating
perturbations. Though the feedback mechanism is not yet under-
stood in clusters, this places a constraint on the heating: it should

not differ persistently from the local cooling rate by more than a
factor of several. Fig. 7 shows that this conclusion is essentially
independent of the coherence time tcorr of the heating.

6 IN T E R P R E TATI O N O F TH E N O N - L I N E A R
S AT U R AT I O N

In this section, we show that the linearized dynamical equations pro-
vide valuable insight into the non-linear saturation of the thermal
instability and its astrophysical implications. As in Section 5, we
focus on the development of multiphase structure (Section 6.2) and
on the accreted mass flux (Section 6.3), which have been extensively
studied observationally. Our basic procedure is to estimate a satura-
tion amplitude for the linear instability. Because we use linearized
equations, the interpretation in this section only strictly holds in
the weak cooling limit (tTI ≫ tff ), so that the density perturbations
remain relatively small.

Fig. 8 illustrates the development and saturation of the thermal
instability. The density inhomogeneity δρ/ρ (or any other quantity
linear in the perturbation) initially grows exponentially according
to the dispersion relation (equation 16), but eventually freezes out at
a finite amplitude. This amplitude, along with the relations (12a)–
(12c), then approximately determines the state of the plasma at late
times. In the following sections, we estimate this amplitude and
show that we can reproduce elements of the non-linear saturation
shown in Fig. 3. Fig. 8 shows that the difference between atmo-
spheres which develop multiphase gas and ones which do not is
fundamentally a non-linear effect. The linear growth rate of the per-
turbations is largely independent of the time-scale ratio tTI/tff , and
it is the saturation which determines the degree of inhomogeneity
at late times.

6.1 Saturation amplitudes

In the limit that the plasma is buoyantly neutral (N = 0), we
can estimate the saturation amplitude by inspecting the linearized,
Lagrangian form of the momentum equation (equation 1b):

dvz

dt
= − δn

n
g. (22)

The characteristic inflow (or outflow) time for a perturbed fluid
element is tsink ∼ H/δvz. Initially, δvz is small and this inflow time
is long compared to the growth time of the thermal instability. As the
perturbation grows, however, δn/n increases and the fluid element
accelerates according to equation (22). The inflow time tsink thus
becomes shorter as the instability develops. We assume that the
growth ceases when the inflow time is comparable to, or slightly
shorter than, the growth time of the thermal instability. In this case,
the thermal instability saturates when the velocity satisfies

δvz ∼ H

tTI

. (23)

Thus, non-linear saturation occurs when a fluid element flows to
smaller radii after one cooling time, as seems intuitively reasonable.

The physical picture of a sinking fluid element does not apply in
a stably stratified atmosphere, since the fluid element does not flow
monotonically inwards, but instead oscillates with the gravity wave
frequency N. The velocity associated with this oscillation dwarfs
the mean, inward velocity. These waves are sourced by cooling,
however, and we assume that they reach a steady state in which
the dissipation rate due to non-linear mode coupling equals the
driving rate due to the thermal instability ∼t−1

TI . Thus the instability

C⃝ 2011 The Authors, MNRAS 419, 3319–3337
Monthly Notices of the Royal Astronomical Society C⃝ 2011 RAS
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Fig. 11.— Time-averaged (between 1 and 3 Gyr) radial profiles of heating and cooling emissivities in units of erg s�1 cm�3 for the jet
cones (left column) and the ambient region (right column). Data marked with open squares represent processes that are cooling for a
certain radial bin. The top panels shows the contributions from radiative cooling, shock heating, and transport plus adiabatic processes.
The last term is further broken down into advection, convection, and adiabatic compression/expansion in the bottom panels. The amount
of mixing heating shown in the top left panel is inferred from the fact that there is rough balance between heating and cooling (see Figure
10).

plotted in the right columns of Figure 11. As have been
alluded to in the previous sections, there is net cooling
within the ambient region, i.e., the only available heating
source is weak shocks, and it is insu�cient to overcome
radiative cooling. What maintains the ambient gas at
a given radius to be quasi-steady (see Figure 9) is en-
ergy from transport and adiabatic processes. As shown
in the bottom right panel, adiabatic compression and ad-
vection are both non-negligible (the former has a slightly
more contribution), while convection plays a lesser role.
By estimating the amount of advective energy transfer
through the surfaces of each sector, we find that the en-
ergy primarily flows from the interface between the jet
cones and the ambient region, as opposed to radial inflow
from larger radii. In other words, the ambient region,
though having net cooling, is pumped by flows of energy
from already-heated gas. The gas further gains energy
by adiabatic compression as it flows inward radially as
a part of gentle circulation. Note that for the first two
radial bins in the upper right panel of Figure 11, there
appears to be some net energy losses. This loss of in-
ternal energy could be compensated by mixing with the
non-negligible amount of jet materials within the inner
20 kpc in the ambient region (see the right columns of
Figure 2).

In terms of the overall contributions by di↵erent pro-
cesses within the whole cluster core (i.e., the averaged
heating and cooling luminosities integrated within 100
kpc), we find that within the jet cones, Lc : Lmix :
(Ladv+Lconv+Lad) : Lsh = (�1.52⇥1044) : 9.14⇥1044 :
(�1.37 ⇥ 1045) : 4.08 ⇥ 1044 ' (�0.11) : 0.67 : (�1.0) :
0.30. That is, cooling is dominated by adiabatic expan-
sion instead of radiative cooling; heating from bubble
mixing contributes about twice the amount of heating
from shocks within the cooling radius. For the ambient
region, Lc : (Ladv +Lconv +Lad) : Lsh = (�1.20⇥ 1045) :
9.95 ⇥ 1044 : 2.05 ⇥ 1044 ' (�1.0) : 0.83 : 0.17. In
other words, shock heating slows down radiative cooling
by ⇠ 17%, while the rest of gas internal energy comes
from advection and adiabatic compression. The over-
all energetics suggest that in our simulation, most in-
jected energy from the AGN is stored within the bub-
bles, whereas the energy associated with shocks contain
a minor portion. This is consistent with the energy par-
titions inferred by recent analysis of the Perseus cluster
(Zhuravleva et al. 2016).

4. DISCUSSION

4.1. Turbulent heating

Yang	&	Reynolds	(2016)



Radio	feedback	– open	questions4

Q:	What	about	cosmic-ray	(CR)	dominated	jets?	How	
do	they	heat	the	clusters	differently?	How	to	
distinguish	kinetic	vs.	CR	jets?	(Guo &	Oh	2008,	Pfrommer 2013,	
Ruszkowski et	al.	2017,	Yang	et	al.	2019)	

X-ray

SZ Lu-Cheng	Sie
(NTHU)

Yang	et	al.	(2019)



Radio	feedback	– open	questions4

Q:	ICM	is	a	magnetized,	weakly	collisional	plasma.	
How	do	the	plasma	properties	of	ICM	affect	the	
feedback	processes?

• Anisotropic	thermal	conduction	(Yang	&	Reynolds	2016b)
• Anisotropic/Braginskii viscosity	(Kingsland	et	al.	2019) B

3

Figure 1. Slices of gas density (top) and temperature (bottom) at t = 60 Myr for cases A (inviscid), B (unsuppressed isotropic viscosity),
C (unsuppressed anisotropic viscosity), and D (anisotropic viscosity bounded by microinstabilities).

are irregular and the surfaces are rippled due to Rayleigh-
Taylor (RT) and Kelvin-Helmholtz (KH) instabilities as
the low-density bubbles move through the dense ICM
core with a velocity shear. As a result, the bubbles are
gradually disrupted and mixed with the ambient ICM.
The timescales for the growth of RT and KH instabilities
at the bubble surface evaluated at t = 12 Myr are ⇠ 20
and 6.7 Myr, respectively (for density contrast ⌘ ⇠ 0.1
and shear velocity �v ⇠ 3000 km s�1). Note that in or-
der for magnetic tension to suppress the KH instabilities,
�v has to be smaller than the rms Alfvén speed in the
two media (Chandrasekhar 1981). Given the large shear
velocity at early times, magnetic tension is unable to
preserve the smooth surface of bubbles self-consistently
inflated by AGN jets.

For the simulations with unsuppressed viscosity, either
isotropic (B) or anistropic (C), the morphology of the
bubbles is distinct from the inviscid case. Due to the
suppression of fluid instabilities by viscosity, the bubble
surface is much more smooth, and mixing is greatly in-
hibited (evident from the bubble-ICM density and tem-
perature contrasts). The importance of viscosity in cases
B and C can be seen from Figure 2, which shows that
the Reynolds numbers (Re ⌘ UL/⌫) are . 1 for the
bubble interior. As a result, the bubbles look much
more coherent in the mock X-ray image (bottom row
of Figure 2) in cases B and C, in contrast to the more
patchy bubbles with rippled surfaces in case A. Our result
for the isotropic viscosity case confirms previous studies
(Reynolds et al. 2005; Guo 2015). In contrast to Dong
& Stone (2009), who showed that the coherence of bub-
bles depends on magnetic field topology, we show that
unsuppressed anisotropic viscosity in tangled magnetic
field can suppress the fluid instabilities and prevent the
bubbles from disruption. Although anisotropic viscosity
only inhibits the instabilities along field lines, the ran-
domness of the tangled field helps to stabilize the bubbles

in multiple directions. Therefore, its effect is very sim-
ilar to the isotropic case, though the effective isotropic
viscosity is somewhat suppressed with respect to the full
Spitzer value due to the field geometry (analogous to the
factor of ⇠ 1/5�1/3 suppression of thermal conductivity;
Narayan & Medvedev 2001). This is also consistent with
the results of ZuHone et al. (2015), who found that the
effect on suppressing the KH instabilities for cold fronts
of an isotropic viscosity ⇠1/10 of the Spitzer value was
similar to Braginskii viscosity.

An even more interesting and somewhat surprising re-
sult is that, when we add the effects of microinstabilites
that limit the pressure anisotropies (case D), the result
is completely flipped – anisotropic viscosity is no longer
able to preserve the bubble coherence, as if there were no
viscosity. We can understand this result by looking at the
distributions of magnetic field and pressure anisotropies
comparing cases C and D (Figure 3). Driven by con-
verging/diverging field lines in the background tangled
field, both simulations exhibit pressure anisotropies on
the order of 10�3 in the ambient medium. The pressure
anisotropies are most significant at the shocks and within
the bubbles, due to enhanced temperatures at these lo-
cations. Without the microinstabilities, the pressure
anisotropy in the bubble interior could reach ⇠ 0.1 owing
to significant compressive motions by the jets. Note that
the pressure anisotropies are predominantly positive be-
cause Braginskii-MHD simulations without the microin-
stability limiter are able to capture the firehose instabil-
ity (which regulates the negative pressure anisotropies)
but not the mirror instability (see discussions in, e.g.,
Kunz et al. 2012).

On the other hand, the bubble interior is also where the
magnetic field pressure is lower due to the adiabatic ex-
pansion of the bubbles. Therefore, when the bounds for
pressure anisotropies are applied, the enhanced plasma
beta within the bubbles (� ⇠ 104) dramatically limits

Kingsland	et	al.	(2019)

Full	Braginskii viscosity
Viscosity	suppressed	
by	micro-instabilities

Shiang-Chih Wang
(NTHU)



Summary

• State-of-the-art	cosmological	simulations	have	had	
tremendous	success	in	reproducing	the	properties	of	
galaxies,	and	AGN	feedback	is	one	of	the	essential	
ingredients
• Due	to	the	huge	separation	of	scales,	subgrid AGN	
models	are	simplistic,	limiting	the	predictive	power
• Detailed	observations	and	multi-scale	simulations	
have	significantly	improved	understanding	of	the	
SMBH	feeding	and	feedback	processes	on	<kpc	scales	



Open	questions	and	future	prospects
• What	is	the	urgent	next	step	to	improve	subgrid AGN	models?	
• What	additional	simulations	are	needed	to	answer	the	open	
questions	or	to	interpret	controversial	observational	results?

1 Q:	What	is	the	dominant	mechanism	for	powering	the	AGNs?	
How	does	it	depend	on	galaxy	types/environments?

2 Q:	What	are	the	efficiencies	of	radiation/winds/jets	as	a	
function	of	Eddington	ratio,	BH	spin,	B	field	flux,	etc?

3 Q:	Whether/how	do	the	winds	suppress	star	formation?	Do	jets	
play	a	role	in	quenching?	

4 Q:	How	are	the	feedback	processes	affected	by	CR-
dominated	jets	and	the	fact	that	ICM	is	weakly	collisional?	












