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Figure 3: Temperature distribution in a 25 ⇥
50h�1Mpc sub-volume of Simba at z = 2 (the
color scale is logarithmic; T = 103.5–107.5 K).
Warm-hot gas traces large-scale filaments, with
bipolar jets emerging from the nodes where the
most massive black holes reside. Simba is the
first large volume simulation implement-
ing gravitational torque-driven black hole
growth and feedback that successfully re-
produces a range of galaxy observations.

the multi-phase properties of galactic winds.

• Massive galaxies. The simulations that I produced in Anglés-Alcázar et al. (2017c) represent
a state-of-the-art data set for a variety of studies of massive galaxies. Postdoc Sarah Wellons
(Northwestern) is investigating gas kinematics and intrinsic mass distributions in z ⇠ 2 galaxies.
Graduate student Tyler Parsotan (Oregon State) is performing mock HST observations to make
detailed comparisons to observed galaxy sizes at z > 1. Graduate student Rachel Cochrane (Ed-
inburgh) is performing 3D continuum radiative transfer calculations to make predictions for dust
continuum emission in submillimeter galaxies and detailed comparisons to ALMA observations.
Graduate student Dávid Guszejnov (Caltech) is exploring variable stellar initial mass function
models in massive galaxies. Within the FIRE collaboration, we are investigating the propagation
and e↵ect of cosmic rays in the extremely dense environments of massive galactic nuclei.

• Black hole growth and feedback. Graduate student Lindsey Byrne (Northwestern) is inves-
tigating connections between global halo gas properties and the nuclear conditions suitable for
rapid black hole growth identified in Anglés-Alcázar et al. (2017c). I am also training Lindsey to
run cosmological simulations using the AGN feedback model developed in Anglés-Alcázar et al.
2017a, which is a key component of her Ph.D. thesis. Undergraduate student Megan Tillman
(Texas A&M) is using detailed black hole accretion histories from the simulations to make predic-
tions for the quasar luminosity function. Postdoc Luke Zoltan Kelley (Northwestern) is analyzing
black hole merger histories to make predictions for gravitational wave experiments.

• Additional student projects in which I am significantly involved. Graduate student
Viraj Pandya (UC Santa Cruz) is performing detailed comparisons between the FIRE simulations
and the Santa Cruz Semi-Analytic Model (SAM) of galaxy formation. Planned work includes
developing a new SAM with galactic wind/CGM prescriptions motivated by particle tracking
analysis of FIRE simulations (as in Anglés-Alcázar et al., 2017b). Undergraduate student Gus
Beane (U. of Pennsylvania) is performing N-body calculations of star cluster evolution including
realistic tidal fields extracted from a Milky Way-like galaxy from the FIRE project, with many
Gaia-related applications. Undergraduate student Tze Goh (Columbia) is running cosmological
simulations with Gizmo to study the impact of di↵erent hydrodynamic techniques on the inferred
properties of gas accretion onto galaxies.

5 Future plans

I believe that my expertise is an excellent fit for the Department of Physics and I am very enthusias-
tic about the prospect of establishing a long and productive career at the University of Connecticut.
My research program complements very well ongoing work at the Department, providing links from
black hole accretion physics and star formation to galaxy evolution and cosmology as well as adding
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Figure 2: Accretion-driven winds ejected isotropically from the central black hole in a massive galaxy (Mstar ⇠
1011 M�) at z = 1. The background gray scale shows the projected gas surface density while the color scale
indicates the wind mass surface density (increasing from purple to red) for the central [0.5, 5, 50] kpc (from
left to right). AGN winds drive the formation of a low-density, high-temperature, central cavity, but may
leave the larger scale ISM gas broadly unperturbed in disk galaxies, while fast winds escaping along the
polar direction can significantly alter the physical conditions of the CGM. These simulations are the
first to simultaneously capture the interaction of fast nuclear winds with the multi-phase ISM
at ⇠ 10 pc scales and their impact on the CGM at ⇠ 100 kpc scales.

solver of the Gizmo code and incorporates star-formation driven winds calibrated to high resolution
simulations from the FIRE project (Anglés-Alcázar et al., 2017b). Crucially, Simba adds for the
first time gravitational torque-driven accretion as implemented in Anglés-Alcázar et al. (2017a),
itself based on detailed nuclear-scale simulations (Hopkins & Quataert, 2011), and implements a
two-mode black hole feedback scheme with accretion disk winds at high Eddington rates and a
jet mode at low Eddington rates that successfully quenches massive galaxies. The state-of-the-art
sub-grid physics in Simba will enable a wide range of science. Work in progress includes the Simba
presentation paper with comparisons to a range of galaxy observations (Davé, Anglés-Alcázar et al.
in prep.) and I am leading a detailed investigation of the impact of black hole feedback. Crucially,
Simba will be an ideal long-term platform to implement the next generation sub-grid algorithms
that will result from the explicit calculations described in §2.

4 Enabling science by training students and postdocs

The scope of my research is broadening rapidly by working with students and postdocs. Either
generating ideas for new projects, training students on data analysis, or providing data and tools
to more junior postdocs, the following compilation of ongoing work led by junior researchers shows
the potential of my research program and my strong commitment to mentoring and team work:

• Circumgalactic medium. The “particle tracking” technique developed in Anglés-Alcázar et al.
(2017b) has motivated an array of new projects. I am working closely with graduate student
Zach Hafen (Northwestern) to broaden the applicability of this technique, which has become an
essential component of his Ph.D. thesis. In his first two papers, Zach is tracing the origin and
fate of CGM gas in the FIRE simulations, and planned work will address the physical origin of
HI and metal absorbers in the CGM of galaxies. We are also teaming up for a follow-up study
connecting the cosmological cycling of baryons to the chemical evolution of galaxies. Graduate
student Joshua Borrow (Durham) is performing a novel analysis of large scale gas flows and the
exchange of mass between halos using the Simba large volume simulations. The possibilities of
particle tracking are endless and include studies of galaxy angular momentum acquisition and
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Figure 1: Projected gas surface density distribution at di↵erent scales for a cosmological simulation with
hyper-Lagrangian refinement, zooming from 1Mpc (left) to the central 10 pc (right) of a massive galaxy
(Mstar ⇠ 1011 M�) at z = 1. The mass resolution in the central 100 pc reaches ⇠ 20M�, which is
⇠ 2000 times higher than current state-of-the art simulations, and the dynamic range captured
enables studies spanning over 5 orders of magnitude in spatial scales.

the coupling e�ciency of winds and radiation to the surrounding ISM is largely unknown. I am
currently leading the next steps toward a predictive AGN feedback model by incorporating a state-
of-the-art wind injection algorithm into full cosmological simulations. In this novel method, high
resolution gas elements are injected into the simulation to represent the wind, such that the injected
mass, energy, and momentum accurately represent observed accretion disk winds at the injection
scale (regardless of the geometry of the gas around the black hole) and the net e↵ect of winds
depends on the explicit hydrodynamic interaction with the surrounding ISM. Preliminary results
demonstrate that it is crucial to capture the interaction of winds with the multi-phase ISM self-
consistently, which is out of reach in most current simulations (Figure 2). This high resolution
wind injection mechanism will enable a variety of science projects and will be an invaluable tool to
develop e↵ective wind models that can be more readily applied to lower resolution, large volume
cosmological simulations (§3).

In future calculations, I plan to integrate hyper-Lagrangian refinement with explicit AGN wind
injection (including also Compton heating, radiation pressure, and photo-ionization by the black
hole radiation field), which will provide an exciting new avenue to investigate the co-evolution of
black holes and galaxies. Opportunities for detailed comparisons to observations include ground-
based integral field spectroscopic studies of warm ionized and/or cool neutral outflows (e.g. Gemini,
VLT, Keck) and simultaneous X-ray measurements of accretion disk winds (e.g. Chandra, Suzaku,
NuSTAR) and large scale massive molecular outflows (e.g. Herschel, ALMA).

3 Simba large volume cosmological simulations

Cosmological applications and predictions for large galaxy surveys require simulating large cosmo-
logical volumes (> 100Mpc) with necessarily limited resolution. Bondi accretion represents the
basis for all black hole sub-grid models in major simulation projects, including MassiveBlack (Di
Matteo et al., 2012), Horizon-AGN (Dubois et al., 2014), Illustris (Vogelsberger et al., 2014), Ea-
gle (Schaye et al., 2015), Magneticum (Steinborn et al., 2015), Romulus (Tremmel et al., 2017),
and Illustris-TNG (Weinberger et al., 2017). Since Bondi accretion explicitly neglects the angular
momentum of the inflowing gas, which is a major limiting factor for fueling AGN, most current
models require artificial strong self-regulation by feedback to stop the otherwise runaway black hole
growth, which may bias predictions for the co-evolution of black holes and galaxies.

The Simba project represents a significant step forward in modeling statistical populations of
galaxies with realistic sub-grid physics based on higher resolution calculations (Figure 3). As the
descendent of the Mufasa simulation (Davé et al., 2016), Simba utilizes the MFM hydrodynamics
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Figure 1: Intergalactic transfer of gas in the
FIRE simulations. Green lines show the tra-
jectory of gas ejected in winds from a nearby
galaxy as it travels through the intergalactic
medium and is gravitationally captured by a
more massive galaxy in the center. The stellar
component of galaxies is represented in yellow
while the black dashed lines indicate the virial
radius of dark matter halos [1].

The cycling of gas between galaxies and their surrounding circumgalactic medium represents an integral
part of the modern paradigm of galaxy formation. Large scale winds powered by stellar and black hole feed-
back can eject a significant portion of the galaxy’s interstellar medium gas, which may re-accrete back onto
the galaxy, remain in the circumgalactic medium, or reach the intergalactic medium outside of dark matter
halos. Recent cosmological “zoom-in” simulations from the FIRE project have shown that gas ejected in
winds from one galaxy can accrete onto a nearby more massive galaxy and, surprisingly, this intergalactic
transfer of material via winds may be a primary contributor to galaxy growth (Figure 1). Galaxies provid-
ing intergalactic transfer material often end up merging with the central galaxy but, in the most extreme
case, galactic winds can potentially leave the Lagrangian region of the host halo (i.e. the volume defined
by the dark matter particles that will eventually form the halo) and enter into the otherwise disconnected
Lagrangian region of a di↵erent halo. In this project, we will quantify for the first time the large scale gas
flows between Lagrangian regions and the surrounding intergalactic medium and the importance of wind-
driven inter-Lagrangian mass transfer by analyzing the large scale cosmological simulation Simba. As the
descendent of the Mufasa simulation [2], Simba utilizes the Meshless Finite Mass hydrodynamics solver of
the Gizmo code and incorporates star-formation driven winds calibrated to the FIRE simulations. Cru-
cially, Simba adds a novel model for massive black hole growth based on gravitational torques, coupled with
a two-mode black hole feedback scheme with accretion disk winds at high Eddington rates and a jet mode
at low Eddington rates that successfully quenches massive galaxies. The state-of-the-art combination of hy-
drodynamics solver, star-formation driven winds, and black hole feedback makes Simba the ideal simulation
for this project.

Data and skills: this project only requires the z = 0 snapshot of the Simba simulation and the initial
conditions (to define the Lagrangian regions), which will be available in Flatiron Institute’s local cluster.
Project extensions include the analysis of other redshift snapshots. Knowledge of Python is required to
take advantage of existing analysis tools designed for this particular project. Previous experience analyzing
cosmological simulations is desired but not required.

References:

[1] D. Anglés-Alcázar, C.-A. Faucher-Giguère, D. Kereš, P. F. Hopkins, E. Quataert, and N. Murray. The cosmic
baryon cycle and galaxy mass assembly in the FIRE simulations. MNRAS, 470:4698–4719, October 2017.

[2] R. Davé, R. Thompson, and P. F. Hopkins. MUFASA: galaxy formation simulations with meshless hydrodynamics.
MNRAS, 462:3265–3284, November 2016.
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Figure 3: Temperature distribution in a 25 ⇥
50h�1Mpc sub-volume of Simba at z = 2 (the
color scale is logarithmic; T = 103.5–107.5 K).
Warm-hot gas traces large-scale filaments, with
bipolar jets emerging from the nodes where the
most massive black holes reside. Simba is the
first large volume simulation implement-
ing gravitational torque-driven black hole
growth and feedback that successfully re-
produces a range of galaxy observations.

the multi-phase properties of galactic winds.

• Massive galaxies. The simulations that I produced in Anglés-Alcázar et al. (2017c) represent
a state-of-the-art data set for a variety of studies of massive galaxies. Postdoc Sarah Wellons
(Northwestern) is investigating gas kinematics and intrinsic mass distributions in z ⇠ 2 galaxies.
Graduate student Tyler Parsotan (Oregon State) is performing mock HST observations to make
detailed comparisons to observed galaxy sizes at z > 1. Graduate student Rachel Cochrane (Ed-
inburgh) is performing 3D continuum radiative transfer calculations to make predictions for dust
continuum emission in submillimeter galaxies and detailed comparisons to ALMA observations.
Graduate student Dávid Guszejnov (Caltech) is exploring variable stellar initial mass function
models in massive galaxies. Within the FIRE collaboration, we are investigating the propagation
and e↵ect of cosmic rays in the extremely dense environments of massive galactic nuclei.

• Black hole growth and feedback. Graduate student Lindsey Byrne (Northwestern) is inves-
tigating connections between global halo gas properties and the nuclear conditions suitable for
rapid black hole growth identified in Anglés-Alcázar et al. (2017c). I am also training Lindsey to
run cosmological simulations using the AGN feedback model developed in Anglés-Alcázar et al.
2017a, which is a key component of her Ph.D. thesis. Undergraduate student Megan Tillman
(Texas A&M) is using detailed black hole accretion histories from the simulations to make predic-
tions for the quasar luminosity function. Postdoc Luke Zoltan Kelley (Northwestern) is analyzing
black hole merger histories to make predictions for gravitational wave experiments.

• Additional student projects in which I am significantly involved. Graduate student
Viraj Pandya (UC Santa Cruz) is performing detailed comparisons between the FIRE simulations
and the Santa Cruz Semi-Analytic Model (SAM) of galaxy formation. Planned work includes
developing a new SAM with galactic wind/CGM prescriptions motivated by particle tracking
analysis of FIRE simulations (as in Anglés-Alcázar et al., 2017b). Undergraduate student Gus
Beane (U. of Pennsylvania) is performing N-body calculations of star cluster evolution including
realistic tidal fields extracted from a Milky Way-like galaxy from the FIRE project, with many
Gaia-related applications. Undergraduate student Tze Goh (Columbia) is running cosmological
simulations with Gizmo to study the impact of di↵erent hydrodynamic techniques on the inferred
properties of gas accretion onto galaxies.

5 Future plans

I believe that my expertise is an excellent fit for the Department of Physics and I am very enthusias-
tic about the prospect of establishing a long and productive career at the University of Connecticut.
My research program complements very well ongoing work at the Department, providing links from
black hole accretion physics and star formation to galaxy evolution and cosmology as well as adding
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Figure 2: Accretion-driven winds ejected isotropically from the central black hole in a massive galaxy (Mstar ⇠
1011 M�) at z = 1. The background gray scale shows the projected gas surface density while the color scale
indicates the wind mass surface density (increasing from purple to red) for the central [0.5, 5, 50] kpc (from
left to right). AGN winds drive the formation of a low-density, high-temperature, central cavity, but may
leave the larger scale ISM gas broadly unperturbed in disk galaxies, while fast winds escaping along the
polar direction can significantly alter the physical conditions of the CGM. These simulations are the
first to simultaneously capture the interaction of fast nuclear winds with the multi-phase ISM
at ⇠ 10 pc scales and their impact on the CGM at ⇠ 100 kpc scales.

solver of the Gizmo code and incorporates star-formation driven winds calibrated to high resolution
simulations from the FIRE project (Anglés-Alcázar et al., 2017b). Crucially, Simba adds for the
first time gravitational torque-driven accretion as implemented in Anglés-Alcázar et al. (2017a),
itself based on detailed nuclear-scale simulations (Hopkins & Quataert, 2011), and implements a
two-mode black hole feedback scheme with accretion disk winds at high Eddington rates and a
jet mode at low Eddington rates that successfully quenches massive galaxies. The state-of-the-art
sub-grid physics in Simba will enable a wide range of science. Work in progress includes the Simba
presentation paper with comparisons to a range of galaxy observations (Davé, Anglés-Alcázar et al.
in prep.) and I am leading a detailed investigation of the impact of black hole feedback. Crucially,
Simba will be an ideal long-term platform to implement the next generation sub-grid algorithms
that will result from the explicit calculations described in §2.

4 Enabling science by training students and postdocs

The scope of my research is broadening rapidly by working with students and postdocs. Either
generating ideas for new projects, training students on data analysis, or providing data and tools
to more junior postdocs, the following compilation of ongoing work led by junior researchers shows
the potential of my research program and my strong commitment to mentoring and team work:

• Circumgalactic medium. The “particle tracking” technique developed in Anglés-Alcázar et al.
(2017b) has motivated an array of new projects. I am working closely with graduate student
Zach Hafen (Northwestern) to broaden the applicability of this technique, which has become an
essential component of his Ph.D. thesis. In his first two papers, Zach is tracing the origin and
fate of CGM gas in the FIRE simulations, and planned work will address the physical origin of
HI and metal absorbers in the CGM of galaxies. We are also teaming up for a follow-up study
connecting the cosmological cycling of baryons to the chemical evolution of galaxies. Graduate
student Joshua Borrow (Durham) is performing a novel analysis of large scale gas flows and the
exchange of mass between halos using the Simba large volume simulations. The possibilities of
particle tracking are endless and include studies of galaxy angular momentum acquisition and

3

University of Connecticut / CCA Daniel Anglés-Alcázar

Figure 1: Projected gas surface density distribution at di↵erent scales for a cosmological simulation with
hyper-Lagrangian refinement, zooming from 1Mpc (left) to the central 10 pc (right) of a massive galaxy
(Mstar ⇠ 1011 M�) at z = 1. The mass resolution in the central 100 pc reaches ⇠ 20M�, which is
⇠ 2000 times higher than current state-of-the art simulations, and the dynamic range captured
enables studies spanning over 5 orders of magnitude in spatial scales.

the coupling e�ciency of winds and radiation to the surrounding ISM is largely unknown. I am
currently leading the next steps toward a predictive AGN feedback model by incorporating a state-
of-the-art wind injection algorithm into full cosmological simulations. In this novel method, high
resolution gas elements are injected into the simulation to represent the wind, such that the injected
mass, energy, and momentum accurately represent observed accretion disk winds at the injection
scale (regardless of the geometry of the gas around the black hole) and the net e↵ect of winds
depends on the explicit hydrodynamic interaction with the surrounding ISM. Preliminary results
demonstrate that it is crucial to capture the interaction of winds with the multi-phase ISM self-
consistently, which is out of reach in most current simulations (Figure 2). This high resolution
wind injection mechanism will enable a variety of science projects and will be an invaluable tool to
develop e↵ective wind models that can be more readily applied to lower resolution, large volume
cosmological simulations (§3).

In future calculations, I plan to integrate hyper-Lagrangian refinement with explicit AGN wind
injection (including also Compton heating, radiation pressure, and photo-ionization by the black
hole radiation field), which will provide an exciting new avenue to investigate the co-evolution of
black holes and galaxies. Opportunities for detailed comparisons to observations include ground-
based integral field spectroscopic studies of warm ionized and/or cool neutral outflows (e.g. Gemini,
VLT, Keck) and simultaneous X-ray measurements of accretion disk winds (e.g. Chandra, Suzaku,
NuSTAR) and large scale massive molecular outflows (e.g. Herschel, ALMA).

3 Simba large volume cosmological simulations

Cosmological applications and predictions for large galaxy surveys require simulating large cosmo-
logical volumes (> 100Mpc) with necessarily limited resolution. Bondi accretion represents the
basis for all black hole sub-grid models in major simulation projects, including MassiveBlack (Di
Matteo et al., 2012), Horizon-AGN (Dubois et al., 2014), Illustris (Vogelsberger et al., 2014), Ea-
gle (Schaye et al., 2015), Magneticum (Steinborn et al., 2015), Romulus (Tremmel et al., 2017),
and Illustris-TNG (Weinberger et al., 2017). Since Bondi accretion explicitly neglects the angular
momentum of the inflowing gas, which is a major limiting factor for fueling AGN, most current
models require artificial strong self-regulation by feedback to stop the otherwise runaway black hole
growth, which may bias predictions for the co-evolution of black holes and galaxies.

The Simba project represents a significant step forward in modeling statistical populations of
galaxies with realistic sub-grid physics based on higher resolution calculations (Figure 3). As the
descendent of the Mufasa simulation (Davé et al., 2016), Simba utilizes the MFM hydrodynamics
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Figure 1: Intergalactic transfer of gas in the
FIRE simulations. Green lines show the tra-
jectory of gas ejected in winds from a nearby
galaxy as it travels through the intergalactic
medium and is gravitationally captured by a
more massive galaxy in the center. The stellar
component of galaxies is represented in yellow
while the black dashed lines indicate the virial
radius of dark matter halos [1].

The cycling of gas between galaxies and their surrounding circumgalactic medium represents an integral
part of the modern paradigm of galaxy formation. Large scale winds powered by stellar and black hole feed-
back can eject a significant portion of the galaxy’s interstellar medium gas, which may re-accrete back onto
the galaxy, remain in the circumgalactic medium, or reach the intergalactic medium outside of dark matter
halos. Recent cosmological “zoom-in” simulations from the FIRE project have shown that gas ejected in
winds from one galaxy can accrete onto a nearby more massive galaxy and, surprisingly, this intergalactic
transfer of material via winds may be a primary contributor to galaxy growth (Figure 1). Galaxies provid-
ing intergalactic transfer material often end up merging with the central galaxy but, in the most extreme
case, galactic winds can potentially leave the Lagrangian region of the host halo (i.e. the volume defined
by the dark matter particles that will eventually form the halo) and enter into the otherwise disconnected
Lagrangian region of a di↵erent halo. In this project, we will quantify for the first time the large scale gas
flows between Lagrangian regions and the surrounding intergalactic medium and the importance of wind-
driven inter-Lagrangian mass transfer by analyzing the large scale cosmological simulation Simba. As the
descendent of the Mufasa simulation [2], Simba utilizes the Meshless Finite Mass hydrodynamics solver of
the Gizmo code and incorporates star-formation driven winds calibrated to the FIRE simulations. Cru-
cially, Simba adds a novel model for massive black hole growth based on gravitational torques, coupled with
a two-mode black hole feedback scheme with accretion disk winds at high Eddington rates and a jet mode
at low Eddington rates that successfully quenches massive galaxies. The state-of-the-art combination of hy-
drodynamics solver, star-formation driven winds, and black hole feedback makes Simba the ideal simulation
for this project.

Data and skills: this project only requires the z = 0 snapshot of the Simba simulation and the initial
conditions (to define the Lagrangian regions), which will be available in Flatiron Institute’s local cluster.
Project extensions include the analysis of other redshift snapshots. Knowledge of Python is required to
take advantage of existing analysis tools designed for this particular project. Previous experience analyzing
cosmological simulations is desired but not required.
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Large-volume cosmological hydrodynamic simulations with black holes
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Bondi accretion

Different hydrodynamics, star formation, stellar feedback, AGN feedback… but very similar BH accretion!

The Astrophysical Journal, 770:5 (18pp), 2013 June 10 Anglés-Alcázar, Özel, & Davé
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Figure 3. Evolution of galaxy properties evaluated within the inner kpc for the stellar (red line) and gas (blue line) components of galaxies g54 (left) and g222 (right),
two of the most massive galaxies in the sample. From top to bottom: total mass, fraction of kinetic energy in ordered rotation (calculated with respect to the total
angular momentum of the galaxy), bulge mass fraction (mass fraction in a spherical component calculated from kinematic decomposition), and specific SFR.
(A color version of this figure is available in the online journal.)

the physical softening length in our simulations for the redshift
range of interest (ε ≈ 75–224 pc at z = 8–2). Furthermore,
the typical masses of central black holes that we infer for our
simulated galaxies (see Section 5) are, at most, comparable
to the mass of a few tens of gas particles, and we typically
resolve the inner kiloparsec of galaxies with thousands of gas
particles. Therefore, given the mass and force resolution in our
simulations, we do not expect the lack of gravitational force from
the central black hole to have a significant effect on accretion
rate estimates. It can be argued, however, that a more critical
issue is the lack of black hole feedback in our simulations. We
will address the issue of feedback in Section 5.

4.1. Bondi–Hoyle–Lyttleton Parameterization

The Bondi model (Hoyle & Lyttleton 1939; Bondi & Hoyle
1944; Bondi 1952) is the most widely used prescription for black
hole growth in galaxy formation simulations (e.g., Springel et al.
2005; Di Matteo et al. 2008). For a black hole of mass MBH,
moving at velocity v relative to a uniform distribution of gas
with density ρ and sound speed cs, the Bondi rate is given by

ṀBondi = α
4π G2 M2

BH ρ
(
c2

s + v2
)3/2 , (1)

where α is a dimensionless parameter that is usually added to
boost accretion rates and partially compensate for the relatively
high mean gas temperatures resulting from the multi-phase sub-
grid model of star formation and/or the lack of the spatial
resolution required to resolve the Bondi radius (Booth & Schaye
2009; Johansson et al. 2009). The choice of this parameter,
together with the initial black hole mass, can have a significant
effect on the early growth of black holes. Here we use a constant
value α = 100, similar to many previous studies (e.g., Springel
et al. 2005). For comparison, we also explore the functional
form introduced by Booth & Schaye (2009), where α ∝ ρ2

for gas at densities above the threshold for star formation
(n > 0.13 cm−3 in our simulations) and α = 1 for lower
density, single-phase gas. We note that further modifications to
the Bondi parameterization have been proposed for the case of
efficient cooling and significant contribution of the surrounding
halo to the total gravitational potential (Hobbs et al. 2012).
Making the reasonable assumption that the black hole is located
at the center of the potential well, we can get an estimate of the
Bondi rate based on the properties (gas density and sound speed)
of the most bound gas particle at the center of each simulated
galaxy.

Figure 4 shows the evolution of the density and sound speed
at the location of the black hole in galaxies g54 and g222.
Beginning at z = 8, the central density of galaxy g54 increases
by over two orders of magnitude up to ∼250 cm−3 at the end of
the last merger (t ∼ 2000 Myr) and then decreases rapidly
down to ∼30 cm−3 at z = 2. Prior to the last merger, the
accretion of low-mass gas-rich satellites results in temporary
increases of the central density that correlate with morphological
changes and increases in specific SFRs as seen in Figure 3. The
effects of mergers in the central density of galaxy g222 are
more evident, with significant density peaks (up to ∼400 cm−3)
clearly correlating with changes in the specific SFR within the
inner kiloparsec.

We evaluate the relative velocity of the surrounding gas
(v) as an SPH-kernel weighted averaged with respect to the
most bound gas particle, resulting in significantly lower values
compared to the typical sound speed (Figure 4). For both
galaxies, the evolution of the central sound speed resembles
that of the density but with less than a factor of three variation
during the simulation. We note that the large values of sound
speed shown here are due to the effective equation of state
resulting from the sub-grid prescription of star formation. This
leads to a significant suppression of Bondi rates that is partially
compensated by the addition of the boost factor α in Equation (1)
(see Pelupessy et al. 2007 for an alternative approach).
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with the evolutionary tracks obtained for simulations with mass retention rates ✏m = 90% (orange) and ✏m = 1% (blue) but otherwise
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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
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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
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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-
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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
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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-
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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.
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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 

Black hole-galaxy correlations: accretion or feedback driven?

Anglés-Alcázar+2013, 2015, 2017aIGM temperature

No feedback

AGN outflows



Variations of:

- Cosmological parameters: Ω! and ""
- Mass/energy of Supernova-driven winds:

ASN1 and ASN2
- Mass/energy of AGN-driven winds:

AAGN1 and AAGN2
- Initial random phase

Thousands of simulations 
designed to train machine 
learning algorithms

Villaescusa-Navarro, Anglés-Alcázar, Genel et al. (2021)
Ni, Genel, Anglés-Alcázar, Villaescusa-Navarro et al. (2023)



Bondi accretion Gravitational Torque accretion 

Two-mode black hole growth in SIMBA

The Astrophysical Journal, 770:5 (18pp), 2013 June 10 Anglés-Alcázar, Özel, & Davé
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Figure 3. Evolution of galaxy properties evaluated within the inner kpc for the stellar (red line) and gas (blue line) components of galaxies g54 (left) and g222 (right),
two of the most massive galaxies in the sample. From top to bottom: total mass, fraction of kinetic energy in ordered rotation (calculated with respect to the total
angular momentum of the galaxy), bulge mass fraction (mass fraction in a spherical component calculated from kinematic decomposition), and specific SFR.
(A color version of this figure is available in the online journal.)

the physical softening length in our simulations for the redshift
range of interest (ε ≈ 75–224 pc at z = 8–2). Furthermore,
the typical masses of central black holes that we infer for our
simulated galaxies (see Section 5) are, at most, comparable
to the mass of a few tens of gas particles, and we typically
resolve the inner kiloparsec of galaxies with thousands of gas
particles. Therefore, given the mass and force resolution in our
simulations, we do not expect the lack of gravitational force from
the central black hole to have a significant effect on accretion
rate estimates. It can be argued, however, that a more critical
issue is the lack of black hole feedback in our simulations. We
will address the issue of feedback in Section 5.

4.1. Bondi–Hoyle–Lyttleton Parameterization

The Bondi model (Hoyle & Lyttleton 1939; Bondi & Hoyle
1944; Bondi 1952) is the most widely used prescription for black
hole growth in galaxy formation simulations (e.g., Springel et al.
2005; Di Matteo et al. 2008). For a black hole of mass MBH,
moving at velocity v relative to a uniform distribution of gas
with density ρ and sound speed cs, the Bondi rate is given by

ṀBondi = α
4π G2 M2

BH ρ
(
c2

s + v2
)3/2 , (1)

where α is a dimensionless parameter that is usually added to
boost accretion rates and partially compensate for the relatively
high mean gas temperatures resulting from the multi-phase sub-
grid model of star formation and/or the lack of the spatial
resolution required to resolve the Bondi radius (Booth & Schaye
2009; Johansson et al. 2009). The choice of this parameter,
together with the initial black hole mass, can have a significant
effect on the early growth of black holes. Here we use a constant
value α = 100, similar to many previous studies (e.g., Springel
et al. 2005). For comparison, we also explore the functional
form introduced by Booth & Schaye (2009), where α ∝ ρ2

for gas at densities above the threshold for star formation
(n > 0.13 cm−3 in our simulations) and α = 1 for lower
density, single-phase gas. We note that further modifications to
the Bondi parameterization have been proposed for the case of
efficient cooling and significant contribution of the surrounding
halo to the total gravitational potential (Hobbs et al. 2012).
Making the reasonable assumption that the black hole is located
at the center of the potential well, we can get an estimate of the
Bondi rate based on the properties (gas density and sound speed)
of the most bound gas particle at the center of each simulated
galaxy.

Figure 4 shows the evolution of the density and sound speed
at the location of the black hole in galaxies g54 and g222.
Beginning at z = 8, the central density of galaxy g54 increases
by over two orders of magnitude up to ∼250 cm−3 at the end of
the last merger (t ∼ 2000 Myr) and then decreases rapidly
down to ∼30 cm−3 at z = 2. Prior to the last merger, the
accretion of low-mass gas-rich satellites results in temporary
increases of the central density that correlate with morphological
changes and increases in specific SFRs as seen in Figure 3. The
effects of mergers in the central density of galaxy g222 are
more evident, with significant density peaks (up to ∼400 cm−3)
clearly correlating with changes in the specific SFR within the
inner kiloparsec.

We evaluate the relative velocity of the surrounding gas
(v) as an SPH-kernel weighted averaged with respect to the
most bound gas particle, resulting in significantly lower values
compared to the typical sound speed (Figure 4). For both
galaxies, the evolution of the central sound speed resembles
that of the density but with less than a factor of three variation
during the simulation. We note that the large values of sound
speed shown here are due to the effective equation of state
resulting from the sub-grid prescription of star formation. This
leads to a significant suppression of Bondi rates that is partially
compensated by the addition of the boost factor α in Equation (1)
(see Pelupessy et al. 2007 for an alternative approach).

6

Bondi accretion of HOT gas
T > 105 K 

+

Torque accretion of COLD gas
T < 105 K 

à Accretion = Bondi + Torque
à Both channels can operate simultaneously

Hopkins & Quataert (2010,2011)
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the physical softening length in our simulations for the redshift
range of interest (ε ≈ 75–224 pc at z = 8–2). Furthermore,
the typical masses of central black holes that we infer for our
simulated galaxies (see Section 5) are, at most, comparable
to the mass of a few tens of gas particles, and we typically
resolve the inner kiloparsec of galaxies with thousands of gas
particles. Therefore, given the mass and force resolution in our
simulations, we do not expect the lack of gravitational force from
the central black hole to have a significant effect on accretion
rate estimates. It can be argued, however, that a more critical
issue is the lack of black hole feedback in our simulations. We
will address the issue of feedback in Section 5.

4.1. Bondi–Hoyle–Lyttleton Parameterization

The Bondi model (Hoyle & Lyttleton 1939; Bondi & Hoyle
1944; Bondi 1952) is the most widely used prescription for black
hole growth in galaxy formation simulations (e.g., Springel et al.
2005; Di Matteo et al. 2008). For a black hole of mass MBH,
moving at velocity v relative to a uniform distribution of gas
with density ρ and sound speed cs, the Bondi rate is given by

ṀBondi = α
4π G2 M2

BH ρ
(
c2

s + v2
)3/2 , (1)

where α is a dimensionless parameter that is usually added to
boost accretion rates and partially compensate for the relatively
high mean gas temperatures resulting from the multi-phase sub-
grid model of star formation and/or the lack of the spatial
resolution required to resolve the Bondi radius (Booth & Schaye
2009; Johansson et al. 2009). The choice of this parameter,
together with the initial black hole mass, can have a significant
effect on the early growth of black holes. Here we use a constant
value α = 100, similar to many previous studies (e.g., Springel
et al. 2005). For comparison, we also explore the functional
form introduced by Booth & Schaye (2009), where α ∝ ρ2

for gas at densities above the threshold for star formation
(n > 0.13 cm−3 in our simulations) and α = 1 for lower
density, single-phase gas. We note that further modifications to
the Bondi parameterization have been proposed for the case of
efficient cooling and significant contribution of the surrounding
halo to the total gravitational potential (Hobbs et al. 2012).
Making the reasonable assumption that the black hole is located
at the center of the potential well, we can get an estimate of the
Bondi rate based on the properties (gas density and sound speed)
of the most bound gas particle at the center of each simulated
galaxy.

Figure 4 shows the evolution of the density and sound speed
at the location of the black hole in galaxies g54 and g222.
Beginning at z = 8, the central density of galaxy g54 increases
by over two orders of magnitude up to ∼250 cm−3 at the end of
the last merger (t ∼ 2000 Myr) and then decreases rapidly
down to ∼30 cm−3 at z = 2. Prior to the last merger, the
accretion of low-mass gas-rich satellites results in temporary
increases of the central density that correlate with morphological
changes and increases in specific SFRs as seen in Figure 3. The
effects of mergers in the central density of galaxy g222 are
more evident, with significant density peaks (up to ∼400 cm−3)
clearly correlating with changes in the specific SFR within the
inner kiloparsec.

We evaluate the relative velocity of the surrounding gas
(v) as an SPH-kernel weighted averaged with respect to the
most bound gas particle, resulting in significantly lower values
compared to the typical sound speed (Figure 4). For both
galaxies, the evolution of the central sound speed resembles
that of the density but with less than a factor of three variation
during the simulation. We note that the large values of sound
speed shown here are due to the effective equation of state
resulting from the sub-grid prescription of star formation. This
leads to a significant suppression of Bondi rates that is partially
compensated by the addition of the boost factor α in Equation (1)
(see Pelupessy et al. 2007 for an alternative approach).
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Figure 3: Temperature distribution in a 25 ⇥
50h�1Mpc sub-volume of Simba at z = 2 (the
color scale is logarithmic; T = 103.5–107.5 K).
Warm-hot gas traces large-scale filaments, with
bipolar jets emerging from the nodes where the
most massive black holes reside. Simba is the
first large volume simulation implement-
ing gravitational torque-driven black hole
growth and feedback that successfully re-
produces a range of galaxy observations.

the multi-phase properties of galactic winds.

• Massive galaxies. The simulations that I produced in Anglés-Alcázar et al. (2017c) represent
a state-of-the-art data set for a variety of studies of massive galaxies. Postdoc Sarah Wellons
(Northwestern) is investigating gas kinematics and intrinsic mass distributions in z ⇠ 2 galaxies.
Graduate student Tyler Parsotan (Oregon State) is performing mock HST observations to make
detailed comparisons to observed galaxy sizes at z > 1. Graduate student Rachel Cochrane (Ed-
inburgh) is performing 3D continuum radiative transfer calculations to make predictions for dust
continuum emission in submillimeter galaxies and detailed comparisons to ALMA observations.
Graduate student Dávid Guszejnov (Caltech) is exploring variable stellar initial mass function
models in massive galaxies. Within the FIRE collaboration, we are investigating the propagation
and e↵ect of cosmic rays in the extremely dense environments of massive galactic nuclei.

• Black hole growth and feedback. Graduate student Lindsey Byrne (Northwestern) is inves-
tigating connections between global halo gas properties and the nuclear conditions suitable for
rapid black hole growth identified in Anglés-Alcázar et al. (2017c). I am also training Lindsey to
run cosmological simulations using the AGN feedback model developed in Anglés-Alcázar et al.
2017a, which is a key component of her Ph.D. thesis. Undergraduate student Megan Tillman
(Texas A&M) is using detailed black hole accretion histories from the simulations to make predic-
tions for the quasar luminosity function. Postdoc Luke Zoltan Kelley (Northwestern) is analyzing
black hole merger histories to make predictions for gravitational wave experiments.

• Additional student projects in which I am significantly involved. Graduate student
Viraj Pandya (UC Santa Cruz) is performing detailed comparisons between the FIRE simulations
and the Santa Cruz Semi-Analytic Model (SAM) of galaxy formation. Planned work includes
developing a new SAM with galactic wind/CGM prescriptions motivated by particle tracking
analysis of FIRE simulations (as in Anglés-Alcázar et al., 2017b). Undergraduate student Gus
Beane (U. of Pennsylvania) is performing N-body calculations of star cluster evolution including
realistic tidal fields extracted from a Milky Way-like galaxy from the FIRE project, with many
Gaia-related applications. Undergraduate student Tze Goh (Columbia) is running cosmological
simulations with Gizmo to study the impact of di↵erent hydrodynamic techniques on the inferred
properties of gas accretion onto galaxies.

5 Future plans

I believe that my expertise is an excellent fit for the Department of Physics and I am very enthusias-
tic about the prospect of establishing a long and productive career at the University of Connecticut.
My research program complements very well ongoing work at the Department, providing links from
black hole accretion physics and star formation to galaxy evolution and cosmology as well as adding
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Figure 2: Accretion-driven winds ejected isotropically from the central black hole in a massive galaxy (Mstar ⇠
1011 M�) at z = 1. The background gray scale shows the projected gas surface density while the color scale
indicates the wind mass surface density (increasing from purple to red) for the central [0.5, 5, 50] kpc (from
left to right). AGN winds drive the formation of a low-density, high-temperature, central cavity, but may
leave the larger scale ISM gas broadly unperturbed in disk galaxies, while fast winds escaping along the
polar direction can significantly alter the physical conditions of the CGM. These simulations are the
first to simultaneously capture the interaction of fast nuclear winds with the multi-phase ISM
at ⇠ 10 pc scales and their impact on the CGM at ⇠ 100 kpc scales.

solver of the Gizmo code and incorporates star-formation driven winds calibrated to high resolution
simulations from the FIRE project (Anglés-Alcázar et al., 2017b). Crucially, Simba adds for the
first time gravitational torque-driven accretion as implemented in Anglés-Alcázar et al. (2017a),
itself based on detailed nuclear-scale simulations (Hopkins & Quataert, 2011), and implements a
two-mode black hole feedback scheme with accretion disk winds at high Eddington rates and a
jet mode at low Eddington rates that successfully quenches massive galaxies. The state-of-the-art
sub-grid physics in Simba will enable a wide range of science. Work in progress includes the Simba
presentation paper with comparisons to a range of galaxy observations (Davé, Anglés-Alcázar et al.
in prep.) and I am leading a detailed investigation of the impact of black hole feedback. Crucially,
Simba will be an ideal long-term platform to implement the next generation sub-grid algorithms
that will result from the explicit calculations described in §2.

4 Enabling science by training students and postdocs

The scope of my research is broadening rapidly by working with students and postdocs. Either
generating ideas for new projects, training students on data analysis, or providing data and tools
to more junior postdocs, the following compilation of ongoing work led by junior researchers shows
the potential of my research program and my strong commitment to mentoring and team work:

• Circumgalactic medium. The “particle tracking” technique developed in Anglés-Alcázar et al.
(2017b) has motivated an array of new projects. I am working closely with graduate student
Zach Hafen (Northwestern) to broaden the applicability of this technique, which has become an
essential component of his Ph.D. thesis. In his first two papers, Zach is tracing the origin and
fate of CGM gas in the FIRE simulations, and planned work will address the physical origin of
HI and metal absorbers in the CGM of galaxies. We are also teaming up for a follow-up study
connecting the cosmological cycling of baryons to the chemical evolution of galaxies. Graduate
student Joshua Borrow (Durham) is performing a novel analysis of large scale gas flows and the
exchange of mass between halos using the Simba large volume simulations. The possibilities of
particle tracking are endless and include studies of galaxy angular momentum acquisition and
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Figure 1: Projected gas surface density distribution at di↵erent scales for a cosmological simulation with
hyper-Lagrangian refinement, zooming from 1Mpc (left) to the central 10 pc (right) of a massive galaxy
(Mstar ⇠ 1011 M�) at z = 1. The mass resolution in the central 100 pc reaches ⇠ 20M�, which is
⇠ 2000 times higher than current state-of-the art simulations, and the dynamic range captured
enables studies spanning over 5 orders of magnitude in spatial scales.

the coupling e�ciency of winds and radiation to the surrounding ISM is largely unknown. I am
currently leading the next steps toward a predictive AGN feedback model by incorporating a state-
of-the-art wind injection algorithm into full cosmological simulations. In this novel method, high
resolution gas elements are injected into the simulation to represent the wind, such that the injected
mass, energy, and momentum accurately represent observed accretion disk winds at the injection
scale (regardless of the geometry of the gas around the black hole) and the net e↵ect of winds
depends on the explicit hydrodynamic interaction with the surrounding ISM. Preliminary results
demonstrate that it is crucial to capture the interaction of winds with the multi-phase ISM self-
consistently, which is out of reach in most current simulations (Figure 2). This high resolution
wind injection mechanism will enable a variety of science projects and will be an invaluable tool to
develop e↵ective wind models that can be more readily applied to lower resolution, large volume
cosmological simulations (§3).

In future calculations, I plan to integrate hyper-Lagrangian refinement with explicit AGN wind
injection (including also Compton heating, radiation pressure, and photo-ionization by the black
hole radiation field), which will provide an exciting new avenue to investigate the co-evolution of
black holes and galaxies. Opportunities for detailed comparisons to observations include ground-
based integral field spectroscopic studies of warm ionized and/or cool neutral outflows (e.g. Gemini,
VLT, Keck) and simultaneous X-ray measurements of accretion disk winds (e.g. Chandra, Suzaku,
NuSTAR) and large scale massive molecular outflows (e.g. Herschel, ALMA).

3 Simba large volume cosmological simulations

Cosmological applications and predictions for large galaxy surveys require simulating large cosmo-
logical volumes (> 100Mpc) with necessarily limited resolution. Bondi accretion represents the
basis for all black hole sub-grid models in major simulation projects, including MassiveBlack (Di
Matteo et al., 2012), Horizon-AGN (Dubois et al., 2014), Illustris (Vogelsberger et al., 2014), Ea-
gle (Schaye et al., 2015), Magneticum (Steinborn et al., 2015), Romulus (Tremmel et al., 2017),
and Illustris-TNG (Weinberger et al., 2017). Since Bondi accretion explicitly neglects the angular
momentum of the inflowing gas, which is a major limiting factor for fueling AGN, most current
models require artificial strong self-regulation by feedback to stop the otherwise runaway black hole
growth, which may bias predictions for the co-evolution of black holes and galaxies.

The Simba project represents a significant step forward in modeling statistical populations of
galaxies with realistic sub-grid physics based on higher resolution calculations (Figure 3). As the
descendent of the Mufasa simulation (Davé et al., 2016), Simba utilizes the MFM hydrodynamics
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Figure 1: Intergalactic transfer of gas in the
FIRE simulations. Green lines show the tra-
jectory of gas ejected in winds from a nearby
galaxy as it travels through the intergalactic
medium and is gravitationally captured by a
more massive galaxy in the center. The stellar
component of galaxies is represented in yellow
while the black dashed lines indicate the virial
radius of dark matter halos [1].

The cycling of gas between galaxies and their surrounding circumgalactic medium represents an integral
part of the modern paradigm of galaxy formation. Large scale winds powered by stellar and black hole feed-
back can eject a significant portion of the galaxy’s interstellar medium gas, which may re-accrete back onto
the galaxy, remain in the circumgalactic medium, or reach the intergalactic medium outside of dark matter
halos. Recent cosmological “zoom-in” simulations from the FIRE project have shown that gas ejected in
winds from one galaxy can accrete onto a nearby more massive galaxy and, surprisingly, this intergalactic
transfer of material via winds may be a primary contributor to galaxy growth (Figure 1). Galaxies provid-
ing intergalactic transfer material often end up merging with the central galaxy but, in the most extreme
case, galactic winds can potentially leave the Lagrangian region of the host halo (i.e. the volume defined
by the dark matter particles that will eventually form the halo) and enter into the otherwise disconnected
Lagrangian region of a di↵erent halo. In this project, we will quantify for the first time the large scale gas
flows between Lagrangian regions and the surrounding intergalactic medium and the importance of wind-
driven inter-Lagrangian mass transfer by analyzing the large scale cosmological simulation Simba. As the
descendent of the Mufasa simulation [2], Simba utilizes the Meshless Finite Mass hydrodynamics solver of
the Gizmo code and incorporates star-formation driven winds calibrated to the FIRE simulations. Cru-
cially, Simba adds a novel model for massive black hole growth based on gravitational torques, coupled with
a two-mode black hole feedback scheme with accretion disk winds at high Eddington rates and a jet mode
at low Eddington rates that successfully quenches massive galaxies. The state-of-the-art combination of hy-
drodynamics solver, star-formation driven winds, and black hole feedback makes Simba the ideal simulation
for this project.

Data and skills: this project only requires the z = 0 snapshot of the Simba simulation and the initial
conditions (to define the Lagrangian regions), which will be available in Flatiron Institute’s local cluster.
Project extensions include the analysis of other redshift snapshots. Knowledge of Python is required to
take advantage of existing analysis tools designed for this particular project. Previous experience analyzing
cosmological simulations is desired but not required.

References:

[1] D. Anglés-Alcázar, C.-A. Faucher-Giguère, D. Kereš, P. F. Hopkins, E. Quataert, and N. Murray. The cosmic
baryon cycle and galaxy mass assembly in the FIRE simulations. MNRAS, 470:4698–4719, October 2017.
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Figure 3: Temperature distribution in a 25 ⇥
50h�1Mpc sub-volume of Simba at z = 2 (the
color scale is logarithmic; T = 103.5–107.5 K).
Warm-hot gas traces large-scale filaments, with
bipolar jets emerging from the nodes where the
most massive black holes reside. Simba is the
first large volume simulation implement-
ing gravitational torque-driven black hole
growth and feedback that successfully re-
produces a range of galaxy observations.

the multi-phase properties of galactic winds.

• Massive galaxies. The simulations that I produced in Anglés-Alcázar et al. (2017c) represent
a state-of-the-art data set for a variety of studies of massive galaxies. Postdoc Sarah Wellons
(Northwestern) is investigating gas kinematics and intrinsic mass distributions in z ⇠ 2 galaxies.
Graduate student Tyler Parsotan (Oregon State) is performing mock HST observations to make
detailed comparisons to observed galaxy sizes at z > 1. Graduate student Rachel Cochrane (Ed-
inburgh) is performing 3D continuum radiative transfer calculations to make predictions for dust
continuum emission in submillimeter galaxies and detailed comparisons to ALMA observations.
Graduate student Dávid Guszejnov (Caltech) is exploring variable stellar initial mass function
models in massive galaxies. Within the FIRE collaboration, we are investigating the propagation
and e↵ect of cosmic rays in the extremely dense environments of massive galactic nuclei.

• Black hole growth and feedback. Graduate student Lindsey Byrne (Northwestern) is inves-
tigating connections between global halo gas properties and the nuclear conditions suitable for
rapid black hole growth identified in Anglés-Alcázar et al. (2017c). I am also training Lindsey to
run cosmological simulations using the AGN feedback model developed in Anglés-Alcázar et al.
2017a, which is a key component of her Ph.D. thesis. Undergraduate student Megan Tillman
(Texas A&M) is using detailed black hole accretion histories from the simulations to make predic-
tions for the quasar luminosity function. Postdoc Luke Zoltan Kelley (Northwestern) is analyzing
black hole merger histories to make predictions for gravitational wave experiments.

• Additional student projects in which I am significantly involved. Graduate student
Viraj Pandya (UC Santa Cruz) is performing detailed comparisons between the FIRE simulations
and the Santa Cruz Semi-Analytic Model (SAM) of galaxy formation. Planned work includes
developing a new SAM with galactic wind/CGM prescriptions motivated by particle tracking
analysis of FIRE simulations (as in Anglés-Alcázar et al., 2017b). Undergraduate student Gus
Beane (U. of Pennsylvania) is performing N-body calculations of star cluster evolution including
realistic tidal fields extracted from a Milky Way-like galaxy from the FIRE project, with many
Gaia-related applications. Undergraduate student Tze Goh (Columbia) is running cosmological
simulations with Gizmo to study the impact of di↵erent hydrodynamic techniques on the inferred
properties of gas accretion onto galaxies.

5 Future plans

I believe that my expertise is an excellent fit for the Department of Physics and I am very enthusias-
tic about the prospect of establishing a long and productive career at the University of Connecticut.
My research program complements very well ongoing work at the Department, providing links from
black hole accretion physics and star formation to galaxy evolution and cosmology as well as adding
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Figure 2: Accretion-driven winds ejected isotropically from the central black hole in a massive galaxy (Mstar ⇠
1011 M�) at z = 1. The background gray scale shows the projected gas surface density while the color scale
indicates the wind mass surface density (increasing from purple to red) for the central [0.5, 5, 50] kpc (from
left to right). AGN winds drive the formation of a low-density, high-temperature, central cavity, but may
leave the larger scale ISM gas broadly unperturbed in disk galaxies, while fast winds escaping along the
polar direction can significantly alter the physical conditions of the CGM. These simulations are the
first to simultaneously capture the interaction of fast nuclear winds with the multi-phase ISM
at ⇠ 10 pc scales and their impact on the CGM at ⇠ 100 kpc scales.

solver of the Gizmo code and incorporates star-formation driven winds calibrated to high resolution
simulations from the FIRE project (Anglés-Alcázar et al., 2017b). Crucially, Simba adds for the
first time gravitational torque-driven accretion as implemented in Anglés-Alcázar et al. (2017a),
itself based on detailed nuclear-scale simulations (Hopkins & Quataert, 2011), and implements a
two-mode black hole feedback scheme with accretion disk winds at high Eddington rates and a
jet mode at low Eddington rates that successfully quenches massive galaxies. The state-of-the-art
sub-grid physics in Simba will enable a wide range of science. Work in progress includes the Simba
presentation paper with comparisons to a range of galaxy observations (Davé, Anglés-Alcázar et al.
in prep.) and I am leading a detailed investigation of the impact of black hole feedback. Crucially,
Simba will be an ideal long-term platform to implement the next generation sub-grid algorithms
that will result from the explicit calculations described in §2.

4 Enabling science by training students and postdocs

The scope of my research is broadening rapidly by working with students and postdocs. Either
generating ideas for new projects, training students on data analysis, or providing data and tools
to more junior postdocs, the following compilation of ongoing work led by junior researchers shows
the potential of my research program and my strong commitment to mentoring and team work:

• Circumgalactic medium. The “particle tracking” technique developed in Anglés-Alcázar et al.
(2017b) has motivated an array of new projects. I am working closely with graduate student
Zach Hafen (Northwestern) to broaden the applicability of this technique, which has become an
essential component of his Ph.D. thesis. In his first two papers, Zach is tracing the origin and
fate of CGM gas in the FIRE simulations, and planned work will address the physical origin of
HI and metal absorbers in the CGM of galaxies. We are also teaming up for a follow-up study
connecting the cosmological cycling of baryons to the chemical evolution of galaxies. Graduate
student Joshua Borrow (Durham) is performing a novel analysis of large scale gas flows and the
exchange of mass between halos using the Simba large volume simulations. The possibilities of
particle tracking are endless and include studies of galaxy angular momentum acquisition and
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Figure 1: Projected gas surface density distribution at di↵erent scales for a cosmological simulation with
hyper-Lagrangian refinement, zooming from 1Mpc (left) to the central 10 pc (right) of a massive galaxy
(Mstar ⇠ 1011 M�) at z = 1. The mass resolution in the central 100 pc reaches ⇠ 20M�, which is
⇠ 2000 times higher than current state-of-the art simulations, and the dynamic range captured
enables studies spanning over 5 orders of magnitude in spatial scales.

the coupling e�ciency of winds and radiation to the surrounding ISM is largely unknown. I am
currently leading the next steps toward a predictive AGN feedback model by incorporating a state-
of-the-art wind injection algorithm into full cosmological simulations. In this novel method, high
resolution gas elements are injected into the simulation to represent the wind, such that the injected
mass, energy, and momentum accurately represent observed accretion disk winds at the injection
scale (regardless of the geometry of the gas around the black hole) and the net e↵ect of winds
depends on the explicit hydrodynamic interaction with the surrounding ISM. Preliminary results
demonstrate that it is crucial to capture the interaction of winds with the multi-phase ISM self-
consistently, which is out of reach in most current simulations (Figure 2). This high resolution
wind injection mechanism will enable a variety of science projects and will be an invaluable tool to
develop e↵ective wind models that can be more readily applied to lower resolution, large volume
cosmological simulations (§3).

In future calculations, I plan to integrate hyper-Lagrangian refinement with explicit AGN wind
injection (including also Compton heating, radiation pressure, and photo-ionization by the black
hole radiation field), which will provide an exciting new avenue to investigate the co-evolution of
black holes and galaxies. Opportunities for detailed comparisons to observations include ground-
based integral field spectroscopic studies of warm ionized and/or cool neutral outflows (e.g. Gemini,
VLT, Keck) and simultaneous X-ray measurements of accretion disk winds (e.g. Chandra, Suzaku,
NuSTAR) and large scale massive molecular outflows (e.g. Herschel, ALMA).

3 Simba large volume cosmological simulations

Cosmological applications and predictions for large galaxy surveys require simulating large cosmo-
logical volumes (> 100Mpc) with necessarily limited resolution. Bondi accretion represents the
basis for all black hole sub-grid models in major simulation projects, including MassiveBlack (Di
Matteo et al., 2012), Horizon-AGN (Dubois et al., 2014), Illustris (Vogelsberger et al., 2014), Ea-
gle (Schaye et al., 2015), Magneticum (Steinborn et al., 2015), Romulus (Tremmel et al., 2017),
and Illustris-TNG (Weinberger et al., 2017). Since Bondi accretion explicitly neglects the angular
momentum of the inflowing gas, which is a major limiting factor for fueling AGN, most current
models require artificial strong self-regulation by feedback to stop the otherwise runaway black hole
growth, which may bias predictions for the co-evolution of black holes and galaxies.

The Simba project represents a significant step forward in modeling statistical populations of
galaxies with realistic sub-grid physics based on higher resolution calculations (Figure 3). As the
descendent of the Mufasa simulation (Davé et al., 2016), Simba utilizes the MFM hydrodynamics
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Figure 1: Intergalactic transfer of gas in the
FIRE simulations. Green lines show the tra-
jectory of gas ejected in winds from a nearby
galaxy as it travels through the intergalactic
medium and is gravitationally captured by a
more massive galaxy in the center. The stellar
component of galaxies is represented in yellow
while the black dashed lines indicate the virial
radius of dark matter halos [1].

The cycling of gas between galaxies and their surrounding circumgalactic medium represents an integral
part of the modern paradigm of galaxy formation. Large scale winds powered by stellar and black hole feed-
back can eject a significant portion of the galaxy’s interstellar medium gas, which may re-accrete back onto
the galaxy, remain in the circumgalactic medium, or reach the intergalactic medium outside of dark matter
halos. Recent cosmological “zoom-in” simulations from the FIRE project have shown that gas ejected in
winds from one galaxy can accrete onto a nearby more massive galaxy and, surprisingly, this intergalactic
transfer of material via winds may be a primary contributor to galaxy growth (Figure 1). Galaxies provid-
ing intergalactic transfer material often end up merging with the central galaxy but, in the most extreme
case, galactic winds can potentially leave the Lagrangian region of the host halo (i.e. the volume defined
by the dark matter particles that will eventually form the halo) and enter into the otherwise disconnected
Lagrangian region of a di↵erent halo. In this project, we will quantify for the first time the large scale gas
flows between Lagrangian regions and the surrounding intergalactic medium and the importance of wind-
driven inter-Lagrangian mass transfer by analyzing the large scale cosmological simulation Simba. As the
descendent of the Mufasa simulation [2], Simba utilizes the Meshless Finite Mass hydrodynamics solver of
the Gizmo code and incorporates star-formation driven winds calibrated to the FIRE simulations. Cru-
cially, Simba adds a novel model for massive black hole growth based on gravitational torques, coupled with
a two-mode black hole feedback scheme with accretion disk winds at high Eddington rates and a jet mode
at low Eddington rates that successfully quenches massive galaxies. The state-of-the-art combination of hy-
drodynamics solver, star-formation driven winds, and black hole feedback makes Simba the ideal simulation
for this project.

Data and skills: this project only requires the z = 0 snapshot of the Simba simulation and the initial
conditions (to define the Lagrangian regions), which will be available in Flatiron Institute’s local cluster.
Project extensions include the analysis of other redshift snapshots. Knowledge of Python is required to
take advantage of existing analysis tools designed for this particular project. Previous experience analyzing
cosmological simulations is desired but not required.
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