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< 0.01 pc 

Multi-scale physics !!! 

M
33 doesn’t have a superm

assive   
black hole but it is beautiful! 

(1)   Gas inflows from galactic scales 

(2)   Feedback acting at galactic scales 

10 kpc 

Black holes in Cosmological Hydrodynamic Simulations 
Springel+05; Di Matteo+05,08; Hopkins+05,06; Sijacki+07,15; Booth & Schaye 09; Johansson+09; 
Bellovary+10,11; Teyssier+11; Choi+12,15; Debuhr et al. 2012; Dubois+12,13; Vogelsberger+14; 
Rosas-Guevara+15; Schaye+15; Steinborn+15; …  
 



M
33 doesn’t have a superm

assive   
black hole but it is beautiful! 

Black holes in Cosmological Hydrodynamic Simulations 

Need to start with accretion prescription 



Dependence on black hole mass… 

Assume same physical conditions D(t)  –  different initial black hole mass 

àEvolution of  Ma  and  Mb  ? 

Ma Mb 



Ma Mb 

Dependence on black hole mass… 

àEvolution of  Ma / Mb  ? 



Evolution depends on power index  p 

Ma  and  Mb  converge if  p < 1 

Independent of D(t) !! Anglés-Alcázar et al. (2015) 

Dependence on black hole mass… 



Ma  and  Mb  diverge if  p > 1 

Independent of D(t) !! 

> 
< 

Dependence on black hole mass… 

Anglés-Alcázar et al. (2015) 

Evolution depends on power index  p 



Massive black holes in simulations 

Bondi accretion + thermal feedback 

Black hole mass vs. velocity dispersion 

à Feedback self-regulation drives BH-galaxy connection 

Di Matteo+05 and many others 

Analytic models: Silk & Rees 1998, King 2003, Murray et al. 2005  



Subsequent Evolution depends on power index  p 

Ma  and  Mb  diverge if  p > 1 

Independent of D(t) !! 

> 
< 

Dependence on black hole mass… 

Anglés-Alcázar et al. (2015) 



p = 2  in Bondi prescription 

Need to break dependence on MBH for convergence !! 

Dependence on black hole mass… 

Anglés-Alcázar et al. (2015) 



p = 2  in Bondi prescription 

Need to break dependence on MBH for convergence !! 

Feedback loop required !! 

Dependence on black hole mass… 

Anglés-Alcázar et al. (2015) 



1.   Is black hole growth self-regulated by a non-linear feedback loop? 

2.   Is the observed connection between black holes and galaxies driven 
by feedback self-regulation? 

3.   Can we break the degeneracy between black hole accretion and 
feedback? 
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1.   Is black hole growth self-regulated by a non-linear feedback loop? 

2.   Is the observed connection between black holes and galaxies driven 
by feedback self-regulation? 

3.   Can we break the degeneracy between black hole accretion and 
feedback? 
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Do we want Bondi to tell us what to do with feedback… 
…while neglecting angular momentum? 



“Gas at galactic scales must loose > 99.9% of  angular momentum to 
get to the black hole accretion disk” 

Jogee 2006 

Gas inflows from galactic scales 

 

- Galaxy interactions and internal gravitational instabilities trigger 
non-axisymmetric perturbations to the gravitational potential on 
galactic scales 

- Gravitational torques drive gas inflows to smaller scales, triggering 
further instabilities and driving gas to ever smaller scales 

 

 “Bars within Bars” 

Shlosman et al. 1989, 1990  

 

 
But transport of gas by bars is not efficient within BH radius of influence… 



Hopkins & Quataert 2010, 2011 

Analytic gravitational torque model 

 

Perturbations to the stellar component 
drive the gas into shocks that dissipate 
energy and angular momentum  

 
 

 

Gas: Face On  Edge On Stars:  Face On Edge On

Inside BH potential
dominant asymmetry
that drives gas inflow 
is not bar-like (m=2)

Instead:  eccentric/
lopsided disk (m=1), 
in both stars & gas

~ 30 pc

• Stars torquing on gas

gas 
(contours)

stars 
(color)

Gravity dominates torques from 0.1 - 10,000 pc:

 

Inside BH potential the dominant asymmetries driving gas inflows are 
eccentric / lopsided disk (m=1), not bar-like (m=2) modes 

 
 

 



Multi-scale simulations of gas rich disks 
Hopkins & Quataert 2010,2011 

 

Gravitational torques provide 
angular momentum transport  

Bondi 
Neglects angular momentum! 

Simulations vs. analytic models 



Zoom-in simulations of z=2 galaxies 

Central black hole accretion rate in post-processing: 

     Gravitational torque model                          Bondi          
Bondi 1952,… 

 

Hopkins & Quataert 2011 

 

Anglés-Alcázar et al. (2014) 



Black hole growth limited by  
inflows and mass loss in outflows 

10 kpc 

< 0.01 pc 

OUTFLOWS = (1 - ε) INFLOWS … but no feedback loop included! 
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Anglés-Alcázar et al. (2013) 

Black hole growth limited by  
inflows and mass loss in outflows 
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Post-processing full box simulations from Davé+13  

Anglés-Alcázar et al. (2015) 

Initially over-massive 

Initially under-massive 

Black hole growth limited by  
inflows and mass loss in outflows 

Evolutionary 
tracks to z = 0 
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Black hole growth limited by  
inflows and mass loss in outflows 

The Astrophysical Journal, 798:1 (22pp), 2015 ??? Anglés-Alcázar et al.
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Figure 9. Top: the impact of initial conditions on black hole growth. For each
host galaxy, we consider black holes with initial masses that are either a factor
of 10 above (M10; red) or below (M0.1; blue) the corresponding MBH–Mbulge
relation and compare their evolution to that of a central black hole initially
consistent with the MBH–Mbulge relation (Mscl). Red and blue solid lines show
median values for the mass ratios M10/Mscl and M0.1/Mscl, respectively, for all
host galaxies as a function of time. Initial conditions are defined at a common
redshift for all galaxies, which is taken to be z = 4, 3, 2, or 1, as indicated
by the vertical dashed lines. Bottom: evolution of accretion rates in Eddington
units resulting from the initial conditions defined in the top panel. Red and blue
solid lines correspond to median values for black holes initially over-massive
or under-massive relative to the MBH–Mbulge relation at the starting redshift.

for the observed scaling relations, this convergent behavior of
gravitational torque accretion may have significant implications
for the accretion histories of massive black holes and the
interpretation of observations.

Figure 9 provides further insight into this by comparing the
growth of central black holes with different initial masses under
the evolution of the same host galaxy. For each of the 213
simulated galaxies from our primary sample, we follow the
evolution of three black holes with an initial mass taken to be
(1) consistent with the corresponding MBH–Mbulge relation at
z = 4, Mscl, (2) a factor of 10 above, M10 ≡ 10 × Mscl,
and (3) a factor of 10 below, M0.1 ≡ 0.1 × Mscl. We then
calculate the median value of the mass ratios M10(t)/Mscl(t)
and M0.1(t)/Mscl(t) over all host galaxies as a function of time,
which are shown by the red and blue solid lines in the top panel of
Figure 9. The same process is repeated for starting redshifts z =
4, 3, 2, and 1, where all host galaxies are “seeded” at the same
redshift using black holes with initial masses as defined above.

As expected from the middle panel of Figure 4, the ini-
tial conditions for black hole growth are smoothed out by
subsequent evolution, resulting in mass ratios M10(t)/Mscl(t)
and M0.1(t)/Mscl(t) that approaches one with time. Figure 9
(top panel) allows us to infer the timescale in which torque-
limited growth erases the initial conditions and its dependence
on redshift. We find that over-massive black holes require
longer convergence timescales relative to black holes with initial
mass below the scaling relation. Furthermore, the timescale for

convergence toward the MBH–Mbulge relation significantly in-
creases with decreasing starting redshift. This is seen for initial
black holes both above and below the scaling relation.

This numerical experiment allows us to look at the effects
of initial conditions on the evolution of Eddington ratios.
The bottom panel of Figure 9 shows the evolution of the
median Eddington ratios corresponding to the populations of
black holes initially over-massive or under-massive at different
starting redshifts, as defined for the top panel. Given the
dependence of gravitational torque rates on black hole mass
(λ ∝ M

−5/6
BH ), under-massive black holes are characterized

by higher Eddington ratios relative to black holes lying on
the MBH–Mbulge relation. Increased Eddington ratios only last
for a period of time given by the convergence timescale and,
therefore, the evolution of λ is characterized by a rapid decrease
at early times followed by the usual decline at lower redshifts, as
seen in Figure 5. Similar arguments can be made for a population
of over-massive black holes at any given redshift. In this case,
Eddington ratios are strongly suppressed initially and may even
slightly increase with time if the mass decline relative to the
scaling relation supersedes the overall decline in Eddington
ratios. The net effect of having a population of over-massive
black holes relative to the MBH–Mbulge relation at any given
redshift is a weaker evolution of λ with time.

Figure 10 shows quantitative predictions of the timescale for
convergence toward the MBH–Mbulge relation, which we define
here as the time required for a black hole with initial mass either
10 times above or below to that corresponding to the MBH–Mbulge
relation to grow to less than a factor of two difference relative
to a black hole that had an initial mass consistent with the
MBH–Mbulge relation at the starting redshift. We compute black
hole convergence probabilities as a function of time after seeding
based on the number of host galaxies for which their central
black holes did converge in a given timescale. As in Figure 9,
we take z = 4, 3, 2, and 1 as the starting redshifts. The timescales
are expressed in Gyr for the left panel and scaled by the Hubble
time corresponding to each starting redshift in the right panel.

The convergence time probability distribution for under-
massive black holes peaks at significantly shorter timescales
relative to over-massive black holes (Figure 10, left panel). For
example, the median convergence timescale for under-massive
black holes starting at z = 4 is ∼0.7 Gyr whereas for over-
massive black holes it increases up to ∼3.6 Gyr. This is not
unexpected, since the amount of mass required to balance out
the initial mass difference relative to the baseline mass from the
MBH–Mbulge relation is about 10 times higher for over-massive
black holes according to the definition adopted here. Indeed,
only ∼5% of the over-massive black holes starting at z = 1 had
enough time to converge before the end of the simulation at z =
0, while ∼86% of the under-massive black holes starting at z =
1 have converged.

Given some initial log-normal scatter, the mass-dependence
of the convergence timescales may produce a bias toward higher-
mass black holes at later times, since it takes longer for higher-
mass black holes to evolve toward the MBH–Mbulge relation
relative to lower-mass black holes. If the intrinsic scatter of
the MBH–Mbulge relation is higher at early times, this might
imply an increasing number of over-massive black holes at
higher redshifts that could be observed prior to convergence,
as some observations suggest (Treu et al. 2007; Decarli et al.
2010; Greene et al. 2010; Merloni et al. 2010; Bennert et al.
2011; Targett et al. 2012). The initial conditions as well as the
redshift dependence of the convergence timescales may thus
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< 0.01 pc 

M
33 doesn’t have a superm

assive   
black hole but it is beautiful! 

(1)   Gas inflows from galactic scales 

(2)   Feedback acting at galactic scales 

10 kpc 

What about black hole feedback? 



What about black hole feedback? 
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Fig. 8.— Left: A compilation of outflow momentum flux measurements vs. bulk outflow velocity for galaxy-scale outflows in luminous
quasars. Only quasars with luminosity 0.1 < L46 < 10 are included. The reference for each observation is indicated in the legend, while the
marker color denotes the gas phase in which the outflow is detected: cyan, highly ionized gas detected in X-ray; blue, ionized gas detected
in UV absorption; yellow, ionized gas detected in optical emission lines; black, neutral gas; green, molecular gas. The black line show the
ṗ / v�1

out relation expected in an energy-conserving outflow, with normalization appropriate for an assumed nuclear wind speed vin = 0.1c.
Right: Outflow momentum flux vs. distance of the outflow from the quasar. Markers and colors are as in the left panel but error bars are
omitted for clarity. The gray region shows outflow momentum fluxes that cannot be achieved by acceleration by hot gas pressure given
the upper limits on Phot/Prad shown in Fig. 5, assuming a time-steady wind and quasar luminosity. Most of the observed ṗ are within the
gray region, indicating that the current hot gas pressure is insu�cient to explain the large (albeit uncertain) momentum fluxes inferred of
present galaxy-scale outflows. This suggests that the observed galaxy-scale outflows and/or the quasar luminosity evolved systematically
since the outflows were launched from the nucleus, as would be the case if the outflows obtained their large momentum fluxes in an earlier
phase in which the quasars were buried and obscured in the optical (see the discussion in §4).

straints on Phot in terms of Facc:

Facc = 4⇡r

2⌦out

�
Phot + Prad(1 � e

�⌧̄
out)

�
, (31)

where ⌦out and ⌧̄out are the covering factor and
spectrum-averaged optical depth of the outflow (ignor-
ing multiple scatterings), respectively. Since ⌦  1 and
(1 � e

�⌧̄
out)  1, and using equation (23) to eliminate r

2

in favor of L, we get

Facc

L/c

 1 +
Phot

Prad
. (32)

Averaging over time, from t = 0 (when the outflow is
first launched) to t ⇡ tf , we thus find

ṗ

L/c

 1 +

⌧
Phot

Prad

�
. (33)

This equation assumes that L did not decrease substan-
tially with time, which is reasonable for luminous quasars
radiating near their Eddington limit.

The left panel of Figure 8 shows a compilation of ṗ

measurements from the literature versus outflow veloc-
ity vout (in the models discussed above, we identify vs
with vout for galaxy-scale outflows). The compilation fo-
cuses on measurements in UV- or [O iii]- selected quasars
with 0.1 < L46 < 10 and includes measurements for dif-
ferent gas phases (indicated by the color of the marker),
but the selection e↵ects of this compiled sample are not
well defined. A few notes on individual measurements
are given in Appendix D. We crudely show uncertainties

on ṗ of a factor of three up and down when errors are
not reported by the authors. We note that the Harri-
son et al. (2014) measurements are not necessarily more
uncertain than the other data points in this compilation
in spite of the much larger quoted errors bars as these
authors explored di↵erent methods of estimating ṗ from
ionized gas measurements. Thus, the error bars on the
Harrison et al. (2014) data points are likely more repre-
sentative of the true uncertainty on ṗ measurements from
ionized gas. The ṗ measurements are broadly consistent
with ṗ / v

�1
out (solid black line), as expected from an en-

ergy conserving flow in which the product ṗvs is constant
(FGQ12, Zubovas & King 2012).

Except for the three measurements based on X-ray ab-
sorption, which most likely probe the small-scale accre-
tion disk wind (e.g., Tombesi et al. 2015) and which are
plotted with cyan markers, the outflows compiled in Fig-
ure 8 are on scales &100 pc. In the remainder of this sec-
tion, we focus on these larger scale outflows, which span
0.1 . ṗ/(L/c) . 100, with 25 � 75 percentile range of
6.9 < ṗ/(L/c) < 35. According to eqn. (33), this range of
ṗ implies a minimum 5.9 < hPhot/Pradi < 34. This range
of hPhot/Pradi is plotted as a gray region in Figure 5. The
hPhot/Pradi required by the bulk of the ṗ measurements
is higher than the upper limits on the present Phot/Prad
implied by the emission line ratios, at all radii. A similar
comparison is shown in the right panel of Figure 8. The
dashed line plots the maximal ṗ attainable by a wind
accelerated at any r, in a steady-state quasar adhering
to the upper-limits shown in Figure 5. The individual

Stern+2016;  Faucher-Giguere & Quataert (2012)  
 

GIZMO (Hopkins 2015) in PSPH and MFM, adaptive softenings 
metal cooling, subgrid ISM (Springel & Hernquist 2003), no galactic winds 

à On-the-fly gravitational 
torque accretion + standard 

BH seeding,BH mergers 
 

à Kinetic outflows with 
prescribed velocity and  
total momentum flux 

 
Debuhr+12  
Choi+12,15  
Hopkins+15 

[20 Mpc/h]3 volume,  

2x2563 particles,  

mg= 107 M¤  

ε= 2 kpc (DM)   



NO FEEDBACK 

Anglés-Alcázar et al. (2016), arXiv:1603.08007  

 

What about black hole feedback? 
Same black hole accretion model and different feedback strengths 

NO FEEDBACK 

Temperature distribution in [20 Mpc/h]3 volume  



NO FEEDBACK 

Anglés-Alcázar et al. (2016), arXiv:1603.08007  

 

What about black hole feedback? 
Same black hole accretion model and different feedback strengths 

Temperature distribution in [20 Mpc/h]3 volume  

FEEDBACK:  v = 1000 km/s,  P = Lbol/c  



NO FEEDBACK 

Anglés-Alcázar et al. (2016), arXiv:1603.08007  

 

What about black hole feedback? 
Same black hole accretion model and different feedback strengths 

Temperature distribution in [20 Mpc/h]3 volume  

FEEDBACK:  v = 10000 km/s,  P = Lbol/c  



NO FEEDBACK 

Anglés-Alcázar et al. (2016), arXiv:1603.08007  

 

What about black hole feedback? 
Same black hole accretion model and different feedback strengths 

Temperature distribution in [20 Mpc/h]3 volume  

FEEDBACK:  v = 1000 km/s,  P = 20 Lbol/c  



NO FEEDBACK 

What about black hole feedback? 

Black hole—Galaxy correlation 

Anglés-Alcázar et al. (2016), arXiv:1603.08007  

 

Same black hole accretion model and different feedback strengths 

Reproducing post-processing  
calculations! 



NO FEEDBACK 

What about black hole feedback? 

Black hole—Galaxy correlation 

Anglés-Alcázar et al. (2016), arXiv:1603.08007  

 

Same black hole accretion model and different feedback strengths 

. 
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What about black hole feedback? 

Black hole—Galaxy correlation 

Anglés-Alcázar et al. (2016), arXiv:1603.08007  

 

Same black hole accretion model and different feedback strengths 
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NO FEEDBACK 

What about black hole feedback? 

Black hole—Galaxy correlation 

Anglés-Alcázar et al. (2016), arXiv:1603.08007  

 

Same black hole accretion model and different feedback strengths 
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NO FEEDBACK 
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Figure 3. E↵ects of the mass retention rate in the accretion disk on the simulated MBH–M? relation. Left: We compare the evolutionary
tracks of black holes and galaxies in the MBH–M? plane from early times down to z = 0 for our fiducial simulation (✏m = 10%; purple)
with the evolutionary tracks obtained for simulations with mass retention rates ✏m = 90% (orange) and ✏m = 1% (blue) but otherwise
identical parameters. For clarity, only the evolutionary tracks of the 100 most massive black holes at z = 0 are shown. Middle: MBH–
M? relation at z = 0 for our simulation with ✏m = 90%. Rigth: MBH–M? relation at z = 0 for our simulation with ✏m = 1%. The orange
and blue solid lines shown in the middle and right panels correspond to best power law fits to each simulated MBH–M? relation, where the
slope is forced to be equal to that of the best fit MBH–M? relation for our fiducial simulation. Only galaxies with mass M? > 109.5 M�,
i.e. roughly after the initial transitory growth phase of their central black holes, are included in the fits. The beige solid line shows the
local observed MBH–Mbulge relation of Häring & Rix (2004), where the shaded area indicates a 0.5 dex scatter in black hole mass. The
mass retention rate governs the normalization of the MBH–M? relation. The linear e↵ect of the direct mass loss from

the accretion disk dominates over non-linear e↵ects of black hole feedback on larger scales.

masses. Non-linear e↵ects introduced by black hole feedback
could potentially a↵ect not only the normalization but also
the slope of the MBH–M? relation. For the feedback param-
eters adopted in our fiducial simulation (vout = 1000 km s�1,
Ṗout = Lbol/c), our results suggest that the linear e↵ect of
direct mass loss at accretion disk scales dominates over non-
linear e↵ects of black hole feedback acting on larger (⇠kpc)
scales.

3.4 Feedback and the MBH–M? relation

We now proceed to explore explicitly the implications of
black hole feedback on the connection between black holes
and galaxies by comparing simulations with various degrees
of feedback strength. Figure 4 shows the MBH–M? rela-
tion obtained at z = 0 for simulations adopting di↵er-
ent values of velocity and momentum flux for the black
hole driven outflows. All simulations use the same parame-
ters except for vout and Pout, including the black hole seed
mass (Mseed = 105 M�h

�1) and the mass retention rate
(✏m = 10%). Best power-law fits to the MBH–M? relation
for M? > 109.5 M� are indicated in each panel by the solid
lines of di↵erent colors.

The top right panel of Figure 4 reproduces the MBH–
M? relation shown in Figure 1 for our fiducial simulation,
which is in good agreement with the observed scaling rela-
tion. As a first idealized test, the top left panel shows the
MBH–M? relation resulting for our no-feedback simulation,
where black holes grow under the assumption that a frac-
tion 1 � ✏m of the inflowing gas is lost at accretion disk
scales but the e↵ects of black hole driven outflows are ex-
plicitly neglected. In this case, black holes and galaxies are
only coupled through the accretion parameterization and
yet, they evolve on average along the observed scaling rela-
tion. The no-feedback MBH–M? relation at z = 0 is thus in
very good agreement with our fiducial feedback simulation.

Figure 4. E↵ects of black hole feedback on the MBH–M? rela-
tion. We show the MBH–M? relation at z = 0 obtained for simula-
tions using di↵erent velocity (v) and/or total momentum flux (P )
for the accretion driven outflows, including (i) no explicit treat-
ment of black hole feedback (top left), (ii) v = 103 km s�1 and
P = Lbol/c (top right; fiducial simulation), (iii) v = 104 km s�1

and P = Lbol/c (bottom left), and (iv) v = 103 km s�1 and
P = 20Lbol/c (bottom right). All simulations use the same mass
retention rate in the accretion disk regardless of the assumed feed-
back e�ciency (✏m = 10%). The beige solid line shows the local
observed MBH–Mbulge relation of Häring & Rix (2004), where
the shaded area indicates a 0.5 dex scatter in black hole mass.
Qualitatively similar MBH–M? relations are obtained de-
spite the use of di↵erent feedback e�ciencies, including

the no-feedback case.

c� 0000 RAS, MNRAS 000, 000–000

Black hole—galaxy correlation Temperature distribution on large scales 

What about black hole feedback? 

àDriven by gas inflow rates and not by  
feedback self-regulation on large scales 

àSignificant impact of black hole 
feedback on IGM / galaxy evolution  

Anglés-Alcázar et al. (2016), arXiv:1603.08007  

 

Same black hole accretion model and different feedback strengths 



NO FEEDBACK 
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Figure 3. E↵ects of the mass retention rate in the accretion disk on the simulated MBH–M? relation. Left: We compare the evolutionary
tracks of black holes and galaxies in the MBH–M? plane from early times down to z = 0 for our fiducial simulation (✏m = 10%; purple)
with the evolutionary tracks obtained for simulations with mass retention rates ✏m = 90% (orange) and ✏m = 1% (blue) but otherwise
identical parameters. For clarity, only the evolutionary tracks of the 100 most massive black holes at z = 0 are shown. Middle: MBH–
M? relation at z = 0 for our simulation with ✏m = 90%. Rigth: MBH–M? relation at z = 0 for our simulation with ✏m = 1%. The orange
and blue solid lines shown in the middle and right panels correspond to best power law fits to each simulated MBH–M? relation, where the
slope is forced to be equal to that of the best fit MBH–M? relation for our fiducial simulation. Only galaxies with mass M? > 109.5 M�,
i.e. roughly after the initial transitory growth phase of their central black holes, are included in the fits. The beige solid line shows the
local observed MBH–Mbulge relation of Häring & Rix (2004), where the shaded area indicates a 0.5 dex scatter in black hole mass. The
mass retention rate governs the normalization of the MBH–M? relation. The linear e↵ect of the direct mass loss from

the accretion disk dominates over non-linear e↵ects of black hole feedback on larger scales.

masses. Non-linear e↵ects introduced by black hole feedback
could potentially a↵ect not only the normalization but also
the slope of the MBH–M? relation. For the feedback param-
eters adopted in our fiducial simulation (vout = 1000 km s�1,
Ṗout = Lbol/c), our results suggest that the linear e↵ect of
direct mass loss at accretion disk scales dominates over non-
linear e↵ects of black hole feedback acting on larger (⇠kpc)
scales.

3.4 Feedback and the MBH–M? relation

We now proceed to explore explicitly the implications of
black hole feedback on the connection between black holes
and galaxies by comparing simulations with various degrees
of feedback strength. Figure 4 shows the MBH–M? rela-
tion obtained at z = 0 for simulations adopting di↵er-
ent values of velocity and momentum flux for the black
hole driven outflows. All simulations use the same parame-
ters except for vout and Pout, including the black hole seed
mass (Mseed = 105 M�h

�1) and the mass retention rate
(✏m = 10%). Best power-law fits to the MBH–M? relation
for M? > 109.5 M� are indicated in each panel by the solid
lines of di↵erent colors.

The top right panel of Figure 4 reproduces the MBH–
M? relation shown in Figure 1 for our fiducial simulation,
which is in good agreement with the observed scaling rela-
tion. As a first idealized test, the top left panel shows the
MBH–M? relation resulting for our no-feedback simulation,
where black holes grow under the assumption that a frac-
tion 1 � ✏m of the inflowing gas is lost at accretion disk
scales but the e↵ects of black hole driven outflows are ex-
plicitly neglected. In this case, black holes and galaxies are
only coupled through the accretion parameterization and
yet, they evolve on average along the observed scaling rela-
tion. The no-feedback MBH–M? relation at z = 0 is thus in
very good agreement with our fiducial feedback simulation.

Figure 4. E↵ects of black hole feedback on the MBH–M? rela-
tion. We show the MBH–M? relation at z = 0 obtained for simula-
tions using di↵erent velocity (v) and/or total momentum flux (P )
for the accretion driven outflows, including (i) no explicit treat-
ment of black hole feedback (top left), (ii) v = 103 km s�1 and
P = Lbol/c (top right; fiducial simulation), (iii) v = 104 km s�1

and P = Lbol/c (bottom left), and (iv) v = 103 km s�1 and
P = 20Lbol/c (bottom right). All simulations use the same mass
retention rate in the accretion disk regardless of the assumed feed-
back e�ciency (✏m = 10%). The beige solid line shows the local
observed MBH–Mbulge relation of Häring & Rix (2004), where
the shaded area indicates a 0.5 dex scatter in black hole mass.
Qualitatively similar MBH–M? relations are obtained de-
spite the use of di↵erent feedback e�ciencies, including

the no-feedback case.
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Black hole—galaxy correlation Temperature distribution on large scales 

What about black hole feedback? 

àDriven by gas inflow rates and not by  
feedback self-regulation on large scales 

àSignificant impact of black hole 
feedback on IGM / galaxy evolution  
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Figure 3. E↵ects of the mass retention rate in the accretion disk on the simulated MBH–M? relation. Left: We compare the evolutionary
tracks of black holes and galaxies in the MBH–M? plane from early times down to z = 0 for our fiducial simulation (✏m = 10%; purple)
with the evolutionary tracks obtained for simulations with mass retention rates ✏m = 90% (orange) and ✏m = 1% (blue) but otherwise
identical parameters. For clarity, only the evolutionary tracks of the 100 most massive black holes at z = 0 are shown. Middle: MBH–
M? relation at z = 0 for our simulation with ✏m = 90%. Rigth: MBH–M? relation at z = 0 for our simulation with ✏m = 1%. The orange
and blue solid lines shown in the middle and right panels correspond to best power law fits to each simulated MBH–M? relation, where the
slope is forced to be equal to that of the best fit MBH–M? relation for our fiducial simulation. Only galaxies with mass M? > 109.5 M�,
i.e. roughly after the initial transitory growth phase of their central black holes, are included in the fits. The beige solid line shows the
local observed MBH–Mbulge relation of Häring & Rix (2004), where the shaded area indicates a 0.5 dex scatter in black hole mass. The
mass retention rate governs the normalization of the MBH–M? relation. The linear e↵ect of the direct mass loss from

the accretion disk dominates over non-linear e↵ects of black hole feedback on larger scales.

masses. Non-linear e↵ects introduced by black hole feedback
could potentially a↵ect not only the normalization but also
the slope of the MBH–M? relation. For the feedback param-
eters adopted in our fiducial simulation (vout = 1000 km s�1,
Ṗout = Lbol/c), our results suggest that the linear e↵ect of
direct mass loss at accretion disk scales dominates over non-
linear e↵ects of black hole feedback acting on larger (⇠kpc)
scales.

3.4 Feedback and the MBH–M? relation

We now proceed to explore explicitly the implications of
black hole feedback on the connection between black holes
and galaxies by comparing simulations with various degrees
of feedback strength. Figure 4 shows the MBH–M? rela-
tion obtained at z = 0 for simulations adopting di↵er-
ent values of velocity and momentum flux for the black
hole driven outflows. All simulations use the same parame-
ters except for vout and Pout, including the black hole seed
mass (Mseed = 105 M�h

�1) and the mass retention rate
(✏m = 10%). Best power-law fits to the MBH–M? relation
for M? > 109.5 M� are indicated in each panel by the solid
lines of di↵erent colors.

The top right panel of Figure 4 reproduces the MBH–
M? relation shown in Figure 1 for our fiducial simulation,
which is in good agreement with the observed scaling rela-
tion. As a first idealized test, the top left panel shows the
MBH–M? relation resulting for our no-feedback simulation,
where black holes grow under the assumption that a frac-
tion 1 � ✏m of the inflowing gas is lost at accretion disk
scales but the e↵ects of black hole driven outflows are ex-
plicitly neglected. In this case, black holes and galaxies are
only coupled through the accretion parameterization and
yet, they evolve on average along the observed scaling rela-
tion. The no-feedback MBH–M? relation at z = 0 is thus in
very good agreement with our fiducial feedback simulation.

Figure 4. E↵ects of black hole feedback on the MBH–M? rela-
tion. We show the MBH–M? relation at z = 0 obtained for simula-
tions using di↵erent velocity (v) and/or total momentum flux (P )
for the accretion driven outflows, including (i) no explicit treat-
ment of black hole feedback (top left), (ii) v = 103 km s�1 and
P = Lbol/c (top right; fiducial simulation), (iii) v = 104 km s�1

and P = Lbol/c (bottom left), and (iv) v = 103 km s�1 and
P = 20Lbol/c (bottom right). All simulations use the same mass
retention rate in the accretion disk regardless of the assumed feed-
back e�ciency (✏m = 10%). The beige solid line shows the local
observed MBH–Mbulge relation of Häring & Rix (2004), where
the shaded area indicates a 0.5 dex scatter in black hole mass.
Qualitatively similar MBH–M? relations are obtained de-
spite the use of di↵erent feedback e�ciencies, including

the no-feedback case.
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Black hole—galaxy correlation Mass growth suppressed by feedback 

What about black hole feedback? 

àSignificant impact of black hole 
feedback on IGM / galaxy evolution  

àDriven by gas inflow rates and not by  
feedback self-regulation on large scales 

Same black hole accretion model and different feedback strengths 
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Torques growing BHs on FIRE (in progress)  

“More physics, more resolution, more problems!”   

 (R. Teyssier) 
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Figure 2: Time-resolved SMBH and star
formation activity in a pilot cosmological
zoom-in simulation with resolved ISM
(as on the r.h.s. of Fig. 1). Top: BH and
galaxy stellar masses as a function of redshift.
Middle: BH accretion and galactic star forma-
tion rates. The true stellar M and Ṁ are di-
vided by a factor of 1,000 for comparison with
BH properties. Spikes in BH accretion and star
formation activity correlate well because both
are tied to the gas content of the galaxy. Bot-
tom: Eddington ratio as a function of time.
Horizontal dotted lines show Eddington ratios
l = 0.01, 0.1, 1. At early times, this simulated
galaxy experiences several super-Eddington ac-
cretion episodes, which may explain observa-
tions of ultra-luminous quasars at z & 6.
The galaxy also experiences several l < 0.01
episodes, when the accretion flow is predicted
to be radiatively ine�cient and to drive rela-
tivistic radio jets.

in a full-physics pilot cosmological simulation with resolved ISM and BHs that we have completed
already. These preliminary results show that our simulations with gravitational torque-driven accre-
tion are broadly consistent with the Soltan argument and with the observationally-inferred decline
in the duty cycle of high-Eddington ratio episodes with increasing cosmic time.

2 Simulations and Analysis

Our simulations will be cosmological zoom-in simulations, which self-consistently predict when
galaxy interactions and galaxy mergers occur. Our simulations have a mass resolution of 104 M�
and a spatial resolution of 10 proper pc, making them some of the highest resolution cosmological
simulations available today. For this proposal, we will focus on halos that are massive enough to host
luminous quasars when their BHs accrete near Eddington. Specifically, we will rerun the 8 Lyman
break galaxy-mass halos presented in Faucher-Giguère et al. (2015; Mh(z = 2) = 4 ⇥ 1011 � 1012

M�) and the 16 quasar-mass halos analyzed in Faucher-Giguère et al. (2016) and Feldmann et al.
(2016; Mh(z = 2) = 2 ⇥ 1012 � 1013 M�). In these previous papers, the halos were run without
BHs, so we will have a complete set of reference runs without AGN to compare with our new BH
runs. 2M CPU-hours will be required to re-run these halos to z = 2. To study redshift evolution to
low redshift, we will allocate an additional 2M CPU-hours to evolve 5 of these halos all the way to
z = 0. The PI has dedicated access to 1,160 compute cores (amounting to 10M CPU-hours/year)
on a Northwestern supercomputer, which is su�cient to perform all proposed runs.

Our simulations will be run with the GIZMO code in “meshless finite mass” (MFM) mode
(Hopkins 2015). MFM is a new hydro solver that has been shown to combine the advantages
of grid-based methods (capturing shocks and fluid instabilities accurately) and smooth particle
hydrodynamics (SPH) methods (exact mass, energy, and momentum conservation; and superior
angular momentum conservation). Our version of GIZMO implements all the FIRE stellar feedback
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Hopkins+2014 

Extremely rich simulations!  
BH growth/feedback at <100 pc,  
BH dynamics, bursty star formation, 
violent stellar feedback… 

No BH feedback 



Multi-scale BH growth/feedback on FIRE 

Hopkins+2015 

àNuclear/galaxy scale simulations with 
FIRE star formation/stellar feedback  
+ explicit BH growth/feedback 
 
àCalibrate accretion/feedback for 
cosmological simulations 

Figure 1: Our multi-scale modeling approach is enabling cosmological simulations with SMBH
growth and feedback of predictive power. Left : Galactic nuclei simulation with 0.01 pc resolution
used to calibrate our BH accretion rate estimator (Hopkins, Torrey, Faucher-Giguère et al. 2016). Center:
Galaxy-scales simulation with 1 pc resolution used to calibrate how BH feedback couples to galaxies (Torrey,
Faucher-Giguère et al., in prep.) Right: Cosmological simulation with resolved ISM physics, BH accretion
based on gravitational torques, and BH feedback (Anglés-Alcázar, Faucher-Giguère et al., in prep.).

The cosmological simulations by Anglés-Alcázar and collaborators were the first to implement
the physically-motivated gravitational torque-driven BH accretion model. These studies demon-
strated the drastic implications of the accretion model, but did not have the resolution or stellar
physics necessary to simulate truly realistic galaxies with a resolved ISM, as is now possible with the
FIRE algorithms. It is thus critical to revisit each of the above issues with cosmological simulations
that for the first time simultaneously include realistic stellar feedback physics and a realistic BH
accretion estimator calibrated to high-resolution simulations of galactic nuclei. We will use our new
simulations to carry out the following analyses that will directly inform and enhance Chandra’s
legacy of revealing the physics and cosmological history of SMBH growth:

• Predict AGN accretion and host galaxy star formation rates with a time resolution ⇠ 103 yr
from z = 10 to z = 0. Quantify correlations between star formation and AGN activity.

• Identify the triggers of AGN activity (major mergers, minor mergers, or secular processes) as
a function of redshift, galaxy mass, galaxy color, and AGN luminosity.

• Predict the distribution of Eddington ratios (l) for AGN activity as a function of redshift,
galaxy mass, galaxy color, and AGN luminosity.

• Quantify the occurrence and duty cycles of radiatively ine�cient (l < 0.01), radiatively
e�cient (0.01 < l < 1), and super-Eddington (l > 1) accretion episodes and their associated
modes of kinetic feedback (relativistic jets vs. sub-relativistic accretion disk winds).

We will compare our simulations with observational constraints on the connection (or lack thereof)
between AGN activity and galaxy interactions and mergers, both at z . 1 (e.g., COSMOS; Cister-
nas et al. 2011) and at z ⇠ 2 (e.g., CANDELS; Kocevski et al. 2012). We will also compare our
predictions with observationally-inferred, redshift-dependent Eddington ratio distributions from
z = 0 to z ⇠ 5 (Merloni & Heinz 2008; Kelly & Shen 2013; Shankar et al. 2013). Our simula-
tions will allow us to confront the gravitational torque-driven model with the well-known Soltan
(1982) argument that most of the relic SMBH mass at z = 0 was built up in phases of luminous,
radiatively e�cient accretion. Figure 2 show the time-resolved star formation and AGN activity
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1.  Torque-limited growth: black holes and galaxies evolve on average towards 
observed scaling relations, regardless of  the initial conditions, and with no need 
for mass averaging through mergers or additional self-regulation processes.  

2.  Large-scale AGN feedback can have a significant effect on galaxy evolution 
while only weakly affecting BH-host scaling relations. 

3.  Common gas supply regulated by gravitational torques is the primary driver of  
the observed co-evolution of  black holes and galaxies.  

 
 
4.  Calibrating AGN feedback efficiency to match BH-host correlations can be 

severely biased by the accretion model!   

Summary 

Anglés-Alcázar et al. (2013), ApJ, 770, 5 

Anglés-Alcázar et al. (2015), ApJ, 800, 127  

Anglés-Alcázar et al. (2016), arXiv:1603.08007  
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Figure A1. MBH–M? relation at z = 2 obtained for a simulation with 8⇥
higher mass resolution relative to our fiducial simulation, i.e. using 5123

gas and dark matter particles, but otherwise identical black hole accretion
and feedback parameters. The orange solid line indicates the best power-
law fit to the MBH–M? relation for the high resolution simulation, while the
blue dashed line shows to the best fit relation for our fiducial simulation.
The beige shaded area corresponds to 0.5 dex scatter in MBH relative to
Häring & Rix (2004). The increased resolution yields a very similar MBH–
M? relation.

A2 Hydrodynamics solver

We take advantage of the multi-method nature of the GIZMO code
to evaluate the robustness of our results with respect to the hy-
drodynamics solver. In particular, we compare our results using
a pressure-entropy formulation of smooth particle hydrodynamics
with the Lagrangian Godunov-type “meshless finite mass" (MFM)
method implemented in GIZMO (Hopkins 2015). Figure A2 shows
the MBH–M? relation at z = 0 resulting from a simulation using
the MFM hydrodynamics solver to evolve 2563 gas resolution ele-
ments in a [20 h�1Mpc]3 comoving volume. The initial conditions
and model parameters are identical to that of our fiducial simula-
tion. The only exception is the use of a cubic spline kernel with
32 neighbors instead of the quintic spline kernel with 64 neigh-
bors used in our SPH simulations (since MFM converges at lower
neighbor number). Nonetheless, to preserve the physical scale at
which black hole accretion and feedback are evaluated, the num-
ber of neighbors used for the black hole accretion and feedback
prescriptions in the MFM simulation is the same as in the SPH
simulations (⇠ 256 particles).

The z = 0 MBH–M? relation obtained with MFM is in very
good agreement with the observed MBH–Mbulge relation, with most
black hole–galaxy pairs located within 0.5 dex of the Häring &
Rix (2004) relation. Compared to our fiducial SPH simulation
(Figure 1), MFM produces slightly larger scatter in the low mass
regime. Considering the best power-law fit to the MBH–M? rela-
tion for galaxies with M? > 109.5 M� (indicated by the orange solid
line), MFM yields slightly steeper slope and lower normalization
relative to our fiducial simulation (blue dashed line). Overall, the
good agreement between the two hydrodynamic methods, with no
additional calibration of model parameters, confirms that our con-
clusions are not sensitive to the choice of hydrodynamics solver.

Figure A2. MBH–M? relation at z = 0 obtained for a simulation using
the Godunov-type “meshless finite mass" (MFM) hydrodynamics solver in
GIZMO but otherwise identical black hole accretion and feedback parame-
ters as our fiducial simulation (which used PSPH, the pressure formulation
of smooth particle hydrodynamics). The orange solid line indicates the best
power-law fit to the MBH–M? relation for the MFM simulation, while the
blue dashed line shows to the best fit relation for our fiducial PSPH simula-
tion. The beige shaded area corresponds to 0.5 dex scatter in MBH relative
to Häring & Rix (2004). MFM and PSPH agree well: our uncertainties are
not driven by the hydrodynamic method.

A3 Bulge-disk decomposition

Throughout this paper, the stellar mass within the e↵ective radius
of the galaxy (M?) has been used as proxy for bulge mass when
comparing simulation results with the observed MBH–Mbulge rela-
tion. This type of simplification is commonly used in cosmological
simulations (e.g. DeGraf et al. 2015; Sijacki et al. 2015) and is
justified by the fact that bulge-disk decompositions are very uncer-
tain at the resolutions achieved in typical cosmological simulations.
Indeed, producing galaxies with realistic bulges continues to be a
challenge even for high resolution cosmological “zoom-in" simula-
tions (Brooks & Christensen 2015). In contrast, numerical conver-
gence for the stellar mass of galaxies in cosmological simulations
is significantly better than any estimate of the bulge component, al-
lowing for a simple but robust quantification of the relative growth
of black holes and galaxies. In addition, using M? facilitates com-
parisons with observational studies at higher redshifts, where bulge
masses are di�cult to estimate (e.g. Jahnke et al. 2009; Sun et al.
2015). Nonetheless, it is important to address the implications of
di↵erent definitions of host galaxy bulge mass on the simulated
scaling relation within the limitations of the numerical resolution.

Figure A3 shows the MBH–M? relation at z = 0 for our fidu-
cial simulation using two di↵erent definitions of host galaxy bulge
mass. We perform a simple bulge-disk kinematic decomposition
using the full three-dimensional information available in the simu-
lation. For each galaxy, we compute the angular momentum vector
of the stellar component, which is used as the reference axis to cal-
culate the azimuthal velocity (v�) of each star particle. The mass of
the spheroidal component (Mbulge) is estimated as double the mass
of particles moving with v� < 0 (Abadi et al. 2003; Anglés-Alcázar
et al. 2014). The left panel of Figure A3 shows the MBH–M? rela-
tion for the total spheroidal component. On average, Mbulge is larger
than the stellar mass within the e↵ective radius, which yields ⇠ 0.16
dex lower normalization in the best fit relation relative to the best
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