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Figure 2. Mock galactic map, similar to Fig. 1, but as seen from within the galaxy, for m12i (top) and m12f (bottom). We ray-trace a Galactic (Aitoff)
projection, as seen from a random star ⇠ 10kpc from the galactic center. Individual, filamentary giant molecular cloud (GMC) complexes and young star
clusters are visible, and both galaxies have a clear thin disk plus bulge morphology.

(Martin 1999, 2006; Heckman et al. 2000; Newman et al. 2012;
Sato et al. 2009; Chen et al. 2010; Steidel et al. 2010; Coil et al.
2011).

Until recently, numerical simulations treated stellar feedback
in highly-simplified fashion and have had difficulty reproducing
these observations. This is especially true of models which in-
voke only energetic feedback (thermal injection) via supernovae
(SNe), which typically find the energy is efficiently radiated away
(Katz 1992; Guo et al. 2010; Powell et al. 2011; Brook et al. 2011;
Nagamine 2010; Bournaud et al. 2011). By “turning off cooling”
for some adjusted duration, as in Stinson et al. (2006); Governato
et al. (2010); Macciò et al. (2012); Teyssier et al. (2013); Stin-

son et al. (2013); Crain et al. (2015), or directly putting in winds
“by hand” as in Springel & Hernquist (2003a); Davé et al. (2006);
Anglés-Alcázar et al. (2014); Vogelsberger et al. (2014), it is pos-
sible to reproduce some of the observed galaxy properties. But this
obviously does not demonstrate that known stellar feedback mech-
anisms actually act in this way, nor can it correctly predict many
ISM and CGM-scale properties that depend explicitly on e.g. the
phase-structure of feedback-driven outflows (see Hummels et al.
2013).

Accurate treatment of star formation and galactic winds ul-
timately requires realistic treatment of the stellar feedback pro-
cesses that maintain the multi-phase ISM. Observationally, many
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Figure 1. Left: Evolution of the most massive BH in simulation A2 (a representative example). We show, from top to bottom: (1) BH mass, (2) accretion
rate, (3) Eddington ratio, (4) gas/stellar mass surface density within the variable accretion radius R0 . 100 pc, and (5) the 90th percentile radial velocity of
outflowing gas within 1 kpc (v90) compared to the escape velocity at 1 kpc (vesc). The top two panels also indicate the total stellar mass and SFR of the host
galaxy. Top right: Projected mass-weighted gas temperature maps at z = 2.3 on di�erent scales centered on the main BH. The white dashed line indicates
Rvir (left) and the black circle (right) corresponds to the central 100 pc. Bottom right: Projected gas surface density (from purple to red) overlaid on top of
the stellar mass surface density (background gray scale); we show redshift evolution from z = 6 ! 1. The white circles indicate the central 100 pc. Length
scales indicated on the panels are in physical units. At early times, ⌃gas fluctuates by more than three orders of magnitude owing to stellar feedback evacuating
gas within the accretion radius; ṀBH can reach the Eddington rate but only intermitently during . 1 Myr phases. More sustained BH growth begins at z ⇠ 4,
when the stars dominate the gravitational potential and the nuclear gas content becomes more steady.

disk based on resolved galaxy properties on scales .100 pc. Specif-
ically, we model the inflow rate driven by gravitational torques
induced by non-axisymmetric perturbations in the stellar potential.

2 SIMULATIONS

We use the N-body+hydrodynamics code GIZMO2 (Hopkins 2015)
to re-simulate four halos from the A series of MassiveFIRE galax-
ies presented in Feldmann et al. (2017), which did not include
BH physics. This set of simulations covers a range of halo for-
mation histories for halo mass Mhalo ⇡ 1012.5 M� at z = 2.
Our new simulations use the updated FIRE-2 code (Hopkins et al.
2017), including the meshless finite mass (MFM) hydrodynamics
solver and improvements to the accuracy of stellar feedback cou-
pling algorithms, described therein. We assume a standard ⇤CDM
cosmology consistent with observational constraints (e.g. Planck
Collaboration et al. 2016) and evolve halos down to z = 1 with
baryonic and dark matter particle masses mb = 3.3 ⇥ 104 M� and
mDM = 1.7⇥105 M� and force softenings ✏gas = 0.7 pc, ✏? = 7 pc,
✏BH = 7 pc, and ✏DM = 57 pc, where ✏gas is the minimum adaptive

2 http://www.tapir.caltech.edu/~phopkins/Site/GIZMO.html

force softening for gas (identical to the kernel smoothing scale) and
✏?, ✏BH, and ✏DM are fixed in physical units at z < 9. Additionally,
we use the Milky Way-mass galaxy m12i from the FIRE-2 Latte
simulation suite (Wetzel et al. 2016) at three di�erent resolution
levels (mb = [7, 56, 450]⇥103 M�) for numerical convergence tests
(these runs do not include BHs).

We treat BHs as individual collisionless particles that grow
through accretion and mergers (Springel et al. 2005). We model
accretion as ṀBH = (1 � ⌘) ṀTorque, where ⌘ = 0.1, ṀTorque /
✏T f 5/2

d Md R�3/2
0 M1/6

BH (Hopkins & Quataert 2011, eq. 65), and
fd and Md are the mass fraction and total mass of the disk (stars
and gas) within a radial aperture R0 enclosing 256 gas elements.
An upper limit of 140 pc (physical) is imposed on R0 to avoid
accreting distant gas. The ✏T pre-factor encapsulates uncertainties
in processes that a�ect gas transport on unresolved scales (e.g. BH
feedback). We set ✏T = 2.5 to match the observed normalization
of the MBH–Mbulge relation at late times but ✏T could in principle
vary in di�erent regimes. We refer to Anglés-Alcázar et al. (2017)
for details of the numerical implementation, including the on-the-
fly bulge-disk decomposition. BHs can exceed the Eddington rate
(Ṁedd) by up to a factor of 10, consistent with recent simulations of
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gas within the accretion radius; ṀBH can reach the Eddington rate but only intermitently during . 1 Myr phases. More sustained BH growth begins at z ⇠ 4,
when the stars dominate the gravitational potential and the nuclear gas content becomes more steady.

disk based on resolved galaxy properties on scales .100 pc. Specif-
ically, we model the inflow rate driven by gravitational torques
induced by non-axisymmetric perturbations in the stellar potential.

2 SIMULATIONS

We use the N-body+hydrodynamics code GIZMO2 (Hopkins 2015)
to re-simulate four halos from the A series of MassiveFIRE galax-
ies presented in Feldmann et al. (2017), which did not include
BH physics. This set of simulations covers a range of halo for-
mation histories for halo mass Mhalo ⇡ 1012.5 M� at z = 2.
Our new simulations use the updated FIRE-2 code (Hopkins et al.
2017), including the meshless finite mass (MFM) hydrodynamics
solver and improvements to the accuracy of stellar feedback cou-
pling algorithms, described therein. We assume a standard ⇤CDM
cosmology consistent with observational constraints (e.g. Planck
Collaboration et al. 2016) and evolve halos down to z = 1 with
baryonic and dark matter particle masses mb = 3.3 ⇥ 104 M� and
mDM = 1.7⇥105 M� and force softenings ✏gas = 0.7 pc, ✏? = 7 pc,
✏BH = 7 pc, and ✏DM = 57 pc, where ✏gas is the minimum adaptive

2 http://www.tapir.caltech.edu/~phopkins/Site/GIZMO.html

force softening for gas (identical to the kernel smoothing scale) and
✏?, ✏BH, and ✏DM are fixed in physical units at z < 9. Additionally,
we use the Milky Way-mass galaxy m12i from the FIRE-2 Latte
simulation suite (Wetzel et al. 2016) at three di�erent resolution
levels (mb = [7, 56, 450]⇥103 M�) for numerical convergence tests
(these runs do not include BHs).

We treat BHs as individual collisionless particles that grow
through accretion and mergers (Springel et al. 2005). We model
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Dusty simulated galaxies in FIRE-2 3

Figure 1: 870-µm observed-frame flux maps for a subsample of snapshots of the central galaxy of FIRE-2 halo A4 predicted using the �����
radiative transfer code. The predicted dust continuum emission displays a range of morphologies as the ordered disk develops. This emission
is compact, spanning half-light radii of ⇠ 1 � 2 kpc.

AGB), as detailed in Hopkins et al. 2018a; and (3) photo-ionization
and photo-electric heating. Every star particle is treated as a single
stellar population with known mass, age, and metallicity, and
then all feedback event rates, luminosities and energies, mass-loss
rates, and all other quantities are tabulated directly from stellar
evolution models (Bruzual & Charlot 2003), assuming a Kroupa
(2001) initial mass function. The FIRE simulations succeed in
broadly reproducing many observed galaxy properties, including
stellar masses, star formation histories and the ‘main sequence’ of
star-forming galaxies (see Hopkins et al. 2014; Sparre et al. 2017),
metallicities and abundance ratios (Ma et al. 2016; van de Voort
et al. 2015), as well as morphologies and kinematics of both thin
and thick disks (Ma et al. 2016).

For this paper, we choose a subsample of four simulated
galaxies that reach Milky Way masses by z = 2. The halos selected
cover a range of halo formation histories for halos of masses
Mhalo ⇠ 1012.5M� at z = 2. The simulations are described in
detail by Anglés-Alcázar et al. (2017), but we briefly summarise
their methods here. Anglés-Alcázar et al. (2017) re-simulated a
set of halos originally simulated by Feldmann et al. (2017). One
important di�erence between these two sets of simulations is that
the Feldmann et al. (2017) simulations were run with the FIRE-1
code Hopkins et al. (2014), whereas Anglés-Alcázar et al. (2017)
used the FIRE-2 code Hopkins et al. (2018b). FIRE-2 employs a
new, more accurate hydrodynamics solver (a mesh-free Godunov
solver implemented in the �����1 code; Gaburov & Nitadori 2011;
Hopkins 2015) and improved treatments of cooling and recombina-
tion rates, gravitational softening and numerical feedback coupling
(Hopkins et al. 2018a). Moreover, the Anglés-Alcázar et al. (2017)
simulations employ higher resolution (baryonic particle masses
of 3.3 ⇥ 104M� , with a minimum softening length for the gas of
0.7 pc) and a higher density threshold for star formation, and they
include a novel implementation of black hole growth.

2.2 Selection of sub-mm-bright galaxy snapshots at z > 2

We wish to simulated galaxies that are representative of those typ-
ically observed with ALMA at high spatial resolution at high red-
shifts, which implies that we should select those that are likely to
have high (S850 >⇠ 1 mJy) sub-mm flux densities. Performing radia-
tive transfer on each of the 600 redshift snapshots to predict sub-mm
fluxes and then selecting the brightest would be unnecessarily com-
putationally intensive. The first step in our analysis is therefore to

1 http://www.tapir.caltech.edu/~phopkins/Site/GIZMO.html

select redshift snapshots for each of the four galaxies for which
we expect the sub-mm flux to be particularly bright, using simply
the SFR and dust mass at each redshift. We adopt the following
equation, derived from fits to the sub-mm flux densities of simu-
lated galaxies computed via dust radiative transfer and presented in
Hayward et al. (2013):

f850 = 0.81 mJy ⇥
 

SFR
100M�yr�1

!0.43  
Mdust

108M�

!0.54

, (1)

where we estimate the dust mass for the present purposes using
Mdust = 0.01Mgas. We select the ⇠ 20 snapshots with the highest
predicted f850 for each simulated halo (named A1, A2, A4 & A8).2
A small number of snapshots were excluded from the analysis
after performing radiative transfer due to poorly defined centres
and extremely di�use dust emission. We do not attempt to produce
a complete sample of sub-mm bright galaxies from the FIRE-2
simulations; instead, our selection is su�cient to yield a sample
of sub-mm bright snapshots for which we can perform radiative
transfer and study multi-wavelength properties.

3 RADIATIVE TRANSFER METHODS AND RESULTS

3.1 Performing radiative transfer with �����

Modelling dust and its emission in galaxies is a di�cult compu-
tational problem (see Steinacker et al. 2013, for a comprehensive
review). The process of radiative transfer is non-local in space (pho-
tons can propagate long distances before interacting with dust), and
it is coupled in terms of both direction and wavelength. The distribu-
tion of dust in (both real and simulated) galaxies is far from a simple
screen; instead, it is necessary to model the three-dimensional dis-
tribution of sources of radiation (stars and AGN) and dust.

In this work, we make use of the Stellar Kinematics Includ-
ing Radiative Transfer (�����)3 Monte Carlo radiative transfer code
(Baes et al. 2011; Camps & Baes 2014). Monte Carlo radiative
transfer codes like ����� treat the radiation field from stars (and
sometimes AGN) as a flow of photons through the dusty medium of
a galaxy to compute the e�ects of dust absorption, scattering, and
re-emission of the absorbed light, including dust self-absorption.

2 Our analysis focuses on the central galaxies of each halo. Throughout, we
will refer to the central galaxy of e.g. halo A1 simply as ‘galaxy A1’.
3 http://www.skirt.ugent.be
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Figure 1. Left: evolution of the most massive BH in simulation A2 (a representative example). We show, from top to bottom: (1) BH mass, (2) accretion
rate, (3) Eddington ratio, (4) gas/stellar mass surface density within the variable accretion radius R0 ! 100 pc and (5) the 90th percentile radial velocity of
outflowing gas within 1 kpc (v90) compared to the escape velocity at 1 kpc (vesc). The top two panels also indicate the total stellar mass and SFR of the host
galaxy. Top right: projected mass-weighted gas temperature maps at z = 2.3 on different scales centred on the main BH. The white dashed line indicates Rvir
(left) and the black circle (right) corresponds to the central 100 pc. Bottom right: projected gas surface density (from purple to red) overlaid on top of the
stellar mass surface density (background grey-scale); we show redshift evolution from z = 6 → 1. The white circles indicate the central 100 pc. Length scales
indicated on the panels are in physical units. At early times, !gas fluctuates by more than three orders of magnitude owing to stellar feedback evacuating gas
within the accretion radius; ṀBH can reach the Eddington rate but only intermittently during !1 Myr phases. More sustained BH growth begins at z ∼ 4, when
the stars dominate the gravitational potential and the nuclear gas content becomes more steady.

an ideal setting to investigate the evolution of massive BHs. By
implementing stellar feedback processes on the scale of star-
forming regions directly following stellar population synthesis mod-
els, the FIRE simulations reproduce a variety of galaxy (Hopkins
et al. 2014; Ma et al. 2016; Feldmann et al. 2017) and CGM
(Faucher-Giguère et al. 2015, 2016; Muratov et al. 2015; Hafen
et al. 2017) observables. Here, we use high-resolution cosmolog-
ical hydrodynamic simulations of quasar-mass haloes (Mhalo ≈
1012.5 M⊙ at z = 2; e.g. White et al. 2012) from early times down
to z = 1 to study the impact of stellar feedback on massive BH
growth. Our simulations model the inhomogeneous, dynamic inter-
stellar medium in the nuclear regions of galaxies (!100 pc) while
self-consistently capturing mass transport from cosmological gas
infall down to galactic nuclei (Fig. 1, top right). We build on results
from nuclear-scale simulations (Hopkins & Quataert 2010, 2011;
Hopkins et al. 2016) to estimate the feeding rate of the BH accre-
tion disc based on resolved galaxy properties on scales !100 pc.
Crucially, we model the inflow rate driven by gravitational torques
induced by non-axisymmetric perturbations in the stellar potential,
which represents a significant improvement over models based on
Bondi accretion.

2 SI M U L ATI O N S

We use the N-body+hydrodynamics code GIZMO2 (Hopkins 2015)
to re-simulate four haloes from the A series of MassiveFIRE galax-
ies presented in Feldmann et al. (2017), which did not include
BH physics. This set of simulations covers a range of halo forma-
tion histories for halo mass Mhalo ≈ 1012.5 M⊙ at z = 2. Our new
simulations use the updated FIRE-2 code (Hopkins et al. 2017),
including the meshless finite mass (MFM) hydrodynamics solver
and improvements to the accuracy of stellar feedback coupling
algorithms, described therein. We assume a standard "CDM
cosmology consistent with observational constraints (e.g. Planck
Collaboration et al. 2016) and evolve haloes down to z = 1 with
baryonic and dark matter particle masses mb = 3.3 × 104 M⊙ and
mDM = 1.7 × 105 M⊙ and force softenings ϵgas = 0.7 pc, ϵ⋆ = 7 pc,
ϵBH = 7 pc, and ϵDM = 57 pc, where ϵgas is the minimum adaptive
force softening for gas (identical to the kernel smoothing scale) and
ϵ⋆, ϵBH and ϵDM are fixed in physical units at z < 9. Additionally,
we use the Milky Way-mass galaxy m12i from the FIRE-2 Latte

2 http://www.tapir.caltech.edu/phopkins/Site/GIZMO.html
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Figure 1. Left: evolution of the most massive BH in simulation A2 (a representative example). We show, from top to bottom: (1) BH mass, (2) accretion
rate, (3) Eddington ratio, (4) gas/stellar mass surface density within the variable accretion radius R0 ! 100 pc and (5) the 90th percentile radial velocity of
outflowing gas within 1 kpc (v90) compared to the escape velocity at 1 kpc (vesc). The top two panels also indicate the total stellar mass and SFR of the host
galaxy. Top right: projected mass-weighted gas temperature maps at z = 2.3 on different scales centred on the main BH. The white dashed line indicates Rvir
(left) and the black circle (right) corresponds to the central 100 pc. Bottom right: projected gas surface density (from purple to red) overlaid on top of the
stellar mass surface density (background grey-scale); we show redshift evolution from z = 6 → 1. The white circles indicate the central 100 pc. Length scales
indicated on the panels are in physical units. At early times, !gas fluctuates by more than three orders of magnitude owing to stellar feedback evacuating gas
within the accretion radius; ṀBH can reach the Eddington rate but only intermittently during !1 Myr phases. More sustained BH growth begins at z ∼ 4, when
the stars dominate the gravitational potential and the nuclear gas content becomes more steady.

an ideal setting to investigate the evolution of massive BHs. By
implementing stellar feedback processes on the scale of star-
forming regions directly following stellar population synthesis mod-
els, the FIRE simulations reproduce a variety of galaxy (Hopkins
et al. 2014; Ma et al. 2016; Feldmann et al. 2017) and CGM
(Faucher-Giguère et al. 2015, 2016; Muratov et al. 2015; Hafen
et al. 2017) observables. Here, we use high-resolution cosmolog-
ical hydrodynamic simulations of quasar-mass haloes (Mhalo ≈
1012.5 M⊙ at z = 2; e.g. White et al. 2012) from early times down
to z = 1 to study the impact of stellar feedback on massive BH
growth. Our simulations model the inhomogeneous, dynamic inter-
stellar medium in the nuclear regions of galaxies (!100 pc) while
self-consistently capturing mass transport from cosmological gas
infall down to galactic nuclei (Fig. 1, top right). We build on results
from nuclear-scale simulations (Hopkins & Quataert 2010, 2011;
Hopkins et al. 2016) to estimate the feeding rate of the BH accre-
tion disc based on resolved galaxy properties on scales !100 pc.
Crucially, we model the inflow rate driven by gravitational torques
induced by non-axisymmetric perturbations in the stellar potential,
which represents a significant improvement over models based on
Bondi accretion.

2 SI M U L ATI O N S

We use the N-body+hydrodynamics code GIZMO2 (Hopkins 2015)
to re-simulate four haloes from the A series of MassiveFIRE galax-
ies presented in Feldmann et al. (2017), which did not include
BH physics. This set of simulations covers a range of halo forma-
tion histories for halo mass Mhalo ≈ 1012.5 M⊙ at z = 2. Our new
simulations use the updated FIRE-2 code (Hopkins et al. 2017),
including the meshless finite mass (MFM) hydrodynamics solver
and improvements to the accuracy of stellar feedback coupling
algorithms, described therein. We assume a standard "CDM
cosmology consistent with observational constraints (e.g. Planck
Collaboration et al. 2016) and evolve haloes down to z = 1 with
baryonic and dark matter particle masses mb = 3.3 × 104 M⊙ and
mDM = 1.7 × 105 M⊙ and force softenings ϵgas = 0.7 pc, ϵ⋆ = 7 pc,
ϵBH = 7 pc, and ϵDM = 57 pc, where ϵgas is the minimum adaptive
force softening for gas (identical to the kernel smoothing scale) and
ϵ⋆, ϵBH and ϵDM are fixed in physical units at z < 9. Additionally,
we use the Milky Way-mass galaxy m12i from the FIRE-2 Latte
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Effects of stellar feedback on Black Hole Growth

TRANSITION FROM
(1) Irregular morphology, bursty star formation, highly dynamic conditions TO 
(2) Well-defined stellar potential, more steady star formation, and long-lived nuclear

gas disk enabling efficient BH growth. 

2 D. Anglés-Alcázar et al.

Figure 1. Left: Evolution of the most massive BH in simulation A2 (a representative example). We show, from top to bottom: (1) BH mass, (2) accretion
rate, (3) Eddington ratio, (4) gas/stellar mass surface density within the variable accretion radius R0 . 100 pc, and (5) the 90th percentile radial velocity of
outflowing gas within 1 kpc (v90) compared to the escape velocity at 1 kpc (vesc). The top two panels also indicate the total stellar mass and SFR of the host
galaxy. Top right: Projected mass-weighted gas temperature maps at z = 2.3 on di�erent scales centered on the main BH. The white dashed line indicates
Rvir (left) and the black circle (right) corresponds to the central 100 pc. Bottom right: Projected gas surface density (from purple to red) overlaid on top of
the stellar mass surface density (background gray scale); we show redshift evolution from z = 6 ! 1. The white circles indicate the central 100 pc. Length
scales indicated on the panels are in physical units. At early times, ⌃gas fluctuates by more than three orders of magnitude owing to stellar feedback evacuating
gas within the accretion radius; ṀBH can reach the Eddington rate but only intermitently during . 1 Myr phases. More sustained BH growth begins at z ⇠ 4,
when the stars dominate the gravitational potential and the nuclear gas content becomes more steady.

disk based on resolved galaxy properties on scales .100 pc. Specif-
ically, we model the inflow rate driven by gravitational torques
induced by non-axisymmetric perturbations in the stellar potential.

2 SIMULATIONS

We use the N-body+hydrodynamics code GIZMO2 (Hopkins 2015)
to re-simulate four halos from the A series of MassiveFIRE galax-
ies presented in Feldmann et al. (2017), which did not include
BH physics. This set of simulations covers a range of halo for-
mation histories for halo mass Mhalo ⇡ 1012.5 M� at z = 2.
Our new simulations use the updated FIRE-2 code (Hopkins et al.
2017), including the meshless finite mass (MFM) hydrodynamics
solver and improvements to the accuracy of stellar feedback cou-
pling algorithms, described therein. We assume a standard ⇤CDM
cosmology consistent with observational constraints (e.g. Planck
Collaboration et al. 2016) and evolve halos down to z = 1 with
baryonic and dark matter particle masses mb = 3.3 ⇥ 104 M� and
mDM = 1.7⇥105 M� and force softenings ✏gas = 0.7 pc, ✏? = 7 pc,
✏BH = 7 pc, and ✏DM = 57 pc, where ✏gas is the minimum adaptive

2 http://www.tapir.caltech.edu/~phopkins/Site/GIZMO.html

force softening for gas (identical to the kernel smoothing scale) and
✏?, ✏BH, and ✏DM are fixed in physical units at z < 9. Additionally,
we use the Milky Way-mass galaxy m12i from the FIRE-2 Latte
simulation suite (Wetzel et al. 2016) at three di�erent resolution
levels (mb = [7, 56, 450]⇥103 M�) for numerical convergence tests
(these runs do not include BHs).

We treat BHs as individual collisionless particles that grow
through accretion and mergers (Springel et al. 2005). We model
accretion as ṀBH = (1 � ⌘) ṀTorque, where ⌘ = 0.1, ṀTorque /
✏T f 5/2

d Md R�3/2
0 M1/6

BH (Hopkins & Quataert 2011, eq. 65), and
fd and Md are the mass fraction and total mass of the disk (stars
and gas) within a radial aperture R0 enclosing 256 gas elements.
An upper limit of 140 pc (physical) is imposed on R0 to avoid
accreting distant gas. The ✏T pre-factor encapsulates uncertainties
in processes that a�ect gas transport on unresolved scales (e.g. BH
feedback). We set ✏T = 2.5 to match the observed normalization
of the MBH–Mbulge relation at late times but ✏T could in principle
vary in di�erent regimes. We refer to Anglés-Alcázar et al. (2017)
for details of the numerical implementation, including the on-the-
fly bulge-disk decomposition. BHs can exceed the Eddington rate
(Ṁedd) by up to a factor of 10, consistent with recent simulations of
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Important implications!

Costa+2014
Dubois+2015 
Bonoli+2016
Keller+2016

Biernacki+2017
Bower+2017

Fiacconi+2017
Habouzit+2017

Prieto+2017
Latif+2018

- BH-galaxy scaling relations
- Growth of  early QSOs
- AGN demographics
- Time variability
- Massive BH-BH mergers
- Threshold for AGN feedback

Many aspects 
explored in sims
with different 

resolution/physics



Anglés-Alcázar+2017c (arXiv:1707.03832)

What about Black Hole Feedback?

à BH feedback *not* needed to reproduce BH-galaxy scaling relations
Anglés-Alcázar+2013, 2015, 2017a. à Common gas supply for Star Formation and BH growth!



… W
ork in progress …



Cosmological hyper-refinement simulations 
Anglés-Alcázar+ in prep.

à Choose interesting redshift from full cosmological simulation
à Re-start the simulation splitting gas resolution elements near the SMBH

Imposed mass resolution profile
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Cosmological hyper-refinement simulations 

à Gizmo meshless finite mass hydrodynamics
à FIRE star formation/stellar feedback
à Dynamic hyper-refinement  mb à 20 M☉
à Explicit gas inflow down to <0.1pc 

z ~ 2
MVIR ~ 1012.5 M☉
RVIR ~ 150 kpc
SFR ~300 M☉/yr

Simulating 

Multiscale 

Astrophysics to 

Understand 

Galaxies

Anglés-Alcázar+ in prep.

Feedback

In  

Realistic 

Environments



Cosmological hyper-refinement simulations 
Anglés-Alcázar+ in prep.

2 Mpc 20 pc200 pc20 kpc

à From Mpc to Torus scales in a single model!

- Very well defined initial conditions (the CMB!)
- No boundary issues, continuous inflow from larger scales à steady state
- Radial inflow/outflow/star formation from >10kpc to < 1pc
- Mechanisms responsible for angular momentum transport vs R?
- Nuclear vs galaxy-scale obscuration?
- Redshift evolution? 



à Mstar ~ 1011.5 M☉,  SFR ~20 M☉/yr, z = 1
à MBH = 109 M☉ accreting at Eddington
à Vout = 30,000 km/s  
à Outflow rate = BH accretion rate

AGN winds in the FIRE simulations
From isolated galaxies (Torrey+ in prep.) to full cosmological simulations (Anglés-Alcázar+ in prep.)

5% Lbol injected isotropically at 0.1 pc



à Early black holes are under FIRE!
Nuclear star formation/stellar feedback critical 
to many aspects of  SMBHs 

Anglés-Alcázar+2017c (arXiv:1707.03832)

à From the CGM down to the torus!
Hyper-refinement techniques predict explicit 
inflow rates down to ~0.1 pc scales  

àAGN winds in multi-phase ISM!
Impact from torus to CGM scales?


