
FIRE-2: Numerics vs. Physics 5

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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1) Resolving individual star-forming regions in full cosmological context 

2) Stars form from high density (n > 1000 cm-3), molecular, locally self-gravitating gas

3) Local feedback from supernovae, stellar winds, and radiation from Starburst99

4) Reproduce many galaxy properties without tuning parameters

Mock three-color image 
(u/g/r bands) of  galactic 
projection seen at 10 kpc 
from the center of  MW-
mass galaxy (Wetzel+16)

FIRE cosmological “zoom-in” simulations

Collaborators: C.-A. Faucher-Giguère (Northwestern), R. Feldmann (Zurich), Z. Hafen (Northwestern), C. Hayward (Flatiron), 
P. Hopkins (Caltech), D. Keres (UC San Diego), X. Ma (UC Berkeley), A. Muratov (Altius), N. Murray (Toronto), E. Quataert
(UC Berkeley), J. Stern (Northwestern), Torrey (UFL), S. Wellons (Northwestern), A. Wetzel (UC Davis), …

Hopkins et al. 2014, 2018



FIRE cosmological “zoom-in” simulations
Hopkins et al. 2014, 2018



Properties of galactic winds

“Wind loading factor”  =  Mass ejected / Stellar mass formed

à Large mass-loading factors in                      
low mass galaxies 

Measured (e.g. FIRE, Christensen+2016,…) 
or 

Required (e.g. Oppenheimer+, TNG, Simba,        
Auriga,…)

Implications?

à Anglés-Alcázar+2017bWind loading factor, recycling fraction, recycling time/distance…  

Galaxy stellar mass

Davé+2019



Tracing gas flows

à “Wind recycling”
Gas ejected and re-accreted

50 kpc

MHALO (z=0)  =  1011 M⦿
z = 2

Anglés-Alcázar+2017b



“Intergalactic transfer” 

50 kpc

Tracing gas flows
MHALO (z=0)  =  1011 M⦿
z = 2

Anglés-Alcázar+2017b



Wind recycling

Intergalactic transfer 

Fresh accretion

Anglés-Alcázar+2017b

Wind recycling and transfer events 
are common in every galaxy’s history! 



Intergalactic Transfer

From small satellites onto 
Milky-Way mass galaxy

Quasi-spherical outflows unbind                
interstellar medium gas from satellites

Satellite winds are easily stripped by 
ram pressure

à Up to 1/3 of stellar mass at z=0!

Anglés-Alcázar+2017b

See Grand+2019 for qualitatively consistent results from Auriga 



Tracing the origin and fate of circumgalactic medium gas flows
Hafen, Faucher-Giguere, Anglés-Alcázar, …

Zach Hafen
Northwestern Univ.

Physical origin of metal absorbers?
Multi-phase properties of winds?

Hafen+2019a,b 



Tracing the origin and fate of circumgalactic medium gas flows
Hafen, Faucher-Giguere, Anglés-Alcázar, …

Zach Hafen
Northwestern Univ.

Physical origin of metal absorbers?
Multi-phase properties of winds?

Hafen+2019a,b 



With Romeel Davé, Desika Narayanan, …

10 Davé et al.

Figure 2. Temperature map projected through a random 10 Mpc/h slice from a 50 Mpc/h Simba volume, at z = 2 (left) and z = 0
(right). At z = 2, warm-hot gas traces large-scale filaments, with energetic bipolar outflows owing to jets evident from the nodes where
the most massive galaxies and black holes reside. At z = 0, high-speed AGN outflows have shocked the IGM gas throughout much of this
volume to well beyond the virial radii of halos, with cooler dense filamentary structures penetrating the hot gas.

Table 1. The Simba simulation suite.

Name La

box ✏bmin zcend md
gas me

DM M
f

⇤,min

m100n1024 100 0.5 0 1.82 ⇥ 107 9.6 ⇥ 107 5.8 ⇥ 108

m50n1024 50 0.25 1 2.28 ⇥ 106 1.2 ⇥ 107 7.3 ⇥ 107

m25n1024 25 0.125 2 2.85 ⇥ 105 1.5 ⇥ 106 9.1 ⇥ 106

m12.5n1024 12.5 0.0625 5 3.56 ⇥ 104 1.88 ⇥ 105 1.14 ⇥ 106

a Box length in comoving h�1Mpc.
b Minimum gravitational softening length in comoving h�1kpc.

c Ending redshift (all begin at z = 249).
d Initial gas element mass resolution in M�.

e Dark matter particle mass resolution in M�.
f Minimum stellar mass of a resolved galaxy in M�.

pressure measurable via the Sunyaev-Zel’dovich e↵ect (Lim
et al. 2018); we will explore these in future work. In this pa-
per, we focus on the demographics of the galaxy population
predicted by Simba.

Figure 3 shows some examples of individual galaxies.
We choose a Milky Way-sized disk galaxy at z = 0, with
M⇤ ⇡ 4.7 ⇥ 1010

M� and SFR= 1.3 M�yr�1, and show the
face-on (upper row) and edge-on (lower row) views, in both
H2 (left) and H i (right) gas surface density. The z = 2 galaxy
shown in the bottom four panels has essentially the same
M⇤, but with SFR= 45 M�yr�1 that is typical of a main
sequence galaxy at Cosmic Noon. The z = 0 disk is a grand
design spiral, with a thin cold gas distribution. There is a
small central hole in cold gas that owes to the AGN feedback
from its 6⇥107

M� black hole accreting at 0.005M�yr�1. The
z = 2 system shows more prominent star forming clumps and
a thicker gas distribution, and is overall more compact (note
the scale bar). While Simba’s numerical resolution smooths
out many of the detailed internal features, this shows that it
still produces galaxies that have features broadly like star-
forming disk galaxies in the real Universe. We do not show
more massive quenched examples, but as expected they tend

to be elliptical in their stellar morphology, with little cold
gas.

3.1 Galaxy stellar mass functions

Since galaxies are a collection of stars, the most basic prop-
erty of a galaxy is its stellar mass. Given that the con-
cordance cosmological model strongly constraints the halo
mass function, the galaxy stellar mass function (GSMF)
thus characterises the e�ciency by which halos convert their
baryons into stars. It is well established that (under the
abundance-matching ansatz) the stellar-to-halo mass ratio
drops quickly to low and high masses away from the peak at
L
⇤ (e.g. Moster et al. 2013; Behroozi et al. 2013), and current

models attribute this to self-regulation by star formation-
driven feedback below L

⇤ and quenching of galaxies due to
AGN feedback above L

⇤ (Somerville & Davé 2015). Since
the GSMF is reasonably well measured over much of cos-
mic time (albeit with non-trivial systematic uncertainties;
Mobasher et al. 2015), it represents a stringent test for the
key feedback modules of a galaxy formation model. Indeed,

MNRAS 000, 1–22 (2018)

Galactic winds based on FIRE simulations 
(Anglés-Alcázar+17b)

Two-mode black hole accretion:
à Cold gas inflow driven by gravitational torques 

(Hopkins & Quataert 2011, Anglés-Alcázar+17a)
à Bondi accretion from hot gas

Two-mode black hole feedback:
(kinetic+bipolar; Anglés-Alcázar+17a)
à Radiative (λ>0.02): v = 1000 km/s,  P = 20 L/c
à Jet (λ<0.02): v = 8000 km/s 
+ X-ray heating (Choi+2012)

Dust production, growth, and destruction 
(passively advected; Li+2019)

Simba = Mufasa + black holes Davé, Anglés-Alcázar+2019 



Solid lines:  cs = 10 km/s
Dashed lines:  cs = 30 km/s

à BONDI can suppress early BH growth 
even with continuous gas supply!

à Transition depends on cs, Mseed, ρ, and 
normalization

à Divergence timescale = cs
3 / ( 4π G2 Mseed ρ )Bondi accretion rate = 4π G2 MBH

2 ρ /cs
3

Why I keep asking Joop Schaye again and again…

The dark nemesis of galaxy formation 9

Figure 4. The observed and predicted relation between black hole mass and total galaxy stellar mass. The relation predicted by the
simple analytic model is shown as a black dashed line. This is obtained from the equivalent line in Fig. 2 using the observationally
inferred relation between galaxy mass and mass of the dark matter halo mass (Moster et al. 2013). Dynamical measurements of black
hole masses in nearby galaxies are shown as coloured points with error bars (Savorgnan et al. 2016), with red and blue points indicating
early and late-type galaxies respectively. Vertical errors indicate uncertainties in the black hole mass, while horizontal error bars extend
from the galaxy bulge mass to the e↵ect of assuming a maximal disk stellar mass. The background image shows galaxies from the
EAGLE simulation, with the colour showing the average star formation growth timescale in each pixel and contours summarising the
galaxy number density in the Mbh – M⇤ plane. The hydrodynamic simulation follows the behaviour of both the analytic model and the
observations, validating the assumptions we have made. Furthermore, the dot-dashed line shows the median relation we obtain when we
re-run the simulation turning o↵ feedback from star formation. In the absence of star formation driven outflows, black holes are always
able to accrete e�ciently and grow along a power-law relation.

Identifier L N mg �eos nn Cvisc �TAGN mseed

[cMpc] [M�] [K] [M�]

REFERENCE 100 2⇥15043 1.81⇥106 4/3 2/ln10 2⇡ 108.5 1.475⇥ 105

EagleVariation AGNdT9p00 ALPHA1p0e4 50 2⇥7523 1.81⇥106 4/3 2/ln10 2⇡⇥102 108.5 1.475⇥ 105

EagleVariation SEED1p0e4 50 2⇥7523 1.81⇥106 4/3 2/ln10 2⇡ 108.5 1.475⇥ 104

EagleVariation ALPHA1p0e4 50 2⇥7523 1.81⇥106 4/3 2/ln10 2⇡⇥102 108.5 1.475⇥ 105

EagleVariation ALPHA1p0e8 50 2⇥7523 1.81⇥106 4/3 2/ln10 2⇡⇥10�2 108.5 1.475⇥ 105

EagleVariation ONLY AGN 50 2⇥7523 1.81⇥106 4/3 – 2⇡ 108.5 1.475⇥ 105

EagleVariation EOS1p666 25 2⇥3763 1.81⇥106 5/3 2/ln10 2⇡⇥102 108.5 1.475⇥ 105

HIRES-REFERENCE 25 2⇥7523 2.26⇥105 4/3 2/ln10 2⇡ 108.5 1.475⇥ 105

HIRES-RECALIBRATED 25 2⇥7523 2.26⇥105 4/3 1/ln10 2⇡⇥103 109.0 1.475⇥ 105

Table 1. Parameters describing the available simulations. From left-to-right the columns show: simulation name; comoving box size;
total number of particles; initial baryonic particle mass and the subgrid model parameters that vary: �eos nn, Cvisc and �TAGN (see
section 4 of Schaye et al. (2015) for an explanation of their meaning). The changes are highlighted in bold. Simulations with initial
baryonic mass 1.81⇥106 M� (2.26⇥105 M�) have dark matter particle mass 9.70⇥106 M� (1.21⇥106 M�).

MNRAS 000, 1–?? (2016)

EAGLE simulation:
stellar feedback suppresses early BH growth?

Bower+2017



Cosmological baryon transfer in the Simba simulations 

Distance to nearest dark matter particle neighbor at: 
Initial conditions (z=99)

Present day (z=0)

Borrow, Anglés-Alcázar & Davé (2019)

Josh Borrow
Durham University
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The “Spread” Metric
à Quantify relative motion between baryons and dark matter
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Dark matter can move 
up to 7 Mpc relative to 
the initial nearest 
neighbor! 

Cosmological baryon transfer in the Simba simulations 
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Dark matter can move 
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Cosmological baryon transfer in the Simba simulations 

Gas can move up to 12 Mpc relative 
to the initial nearest DM neighbor!

à Baryons decouple from the dark 
matter due to hydrodynamic 
forces, radiative cooling, and 
feedback

à 40% of  baryons have spread more 
than 1 Mpc!

Borrow+2019

z = 0
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Cosmological baryon transfer in the Simba simulations 
Borrow+2019

z = 0

Gas can move up to 12 Mpc relative 
to the initial nearest DM neighbor!

à Baryons decouple from the dark 
matter due to hydrodynamic 
forces, radiative cooling, and 
feedback

à 40% of  baryons have spread more 
than 1 Mpc!



M  

2 Mpc75 kpc
Where does the gas that end 
up in halos come from?

Dark matter halo à

Lagrangian region  à
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Spatial distribution of  gas at the initial conditions
Where do the baryons that 
end up in halos come from?



Where do the baryons that 
end up in halos come from?

à 60% of  halo gas originates from its Lagrangian region (but 
halos retain only 20-30% of  the original LR gas)

à Inter-Lagrangian transfer provides 10% of  halo gas at z=0  



1) FIRE predicts large mass-loading in low-mass galaxies
à Most stars form out of  wind-recycled gas 
à Inter-galactic transfer of  gas from satellites important for galaxy assembly 

and CGM composition

University of Connecticut / CCA Daniel Anglés-Alcázar

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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2) Cosmological baryon transfer in the Simba simulations 
à Spread metric quantifies global effect of  feedback and separates hierarchy 
à 40% of  baryons move > 1 Mpc relative to the dark matter
à Inter-Lagrangian transfer can provide 10% of  CGM gas at z=0

Simba

Inter-Lagrangian Mass Transfer in Galaxy Evolution

Mentors: Daniel Anglés-Alcázar and Romeel Davé
Kavli Summer Program in Astrophysics 2018

Center for Computational Astrophysics, Flatiron Institute

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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