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model for gas and star formation
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high resolution to model 
structure of dense, multi-phase 
inter-stellar medium (ISM) 

resolution 
mgas,star = 7070 Msun 

hgas = 1 pc (min), 25 pc (med) 

gas cooling from atoms, molecules, and 9 metals to 10 K 

star formation in dense self-gravitating molecular clouds:          
ngas > 1000 atom/cm3

star-forming regions
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Heating: 

Supernovae: core-collapse (II) and Ia 

Stellar Winds: massive O-stars & AGB stars 

Photoionization (HII regions) + photoelectric heating

Explicit Momentum Flux: 

Radiation Pressure 

Supernovae 

Stellar Winds

Ṗrad ⇠ L

c
(1 + �IR)

ṖSNe ⇠ ĖSNe v
�1
ejecta

ṖW ⇠ Ṁ vwind

model for stellar feedback
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Galaxy evolution: interplay 
between infall and outflows

-Outflow of material from galaxies regulate their growth. Outflows are easy to 
see observationally (at least at high-z)!

low-z (emission) high-z (absorption)

Steidel+2010
(see also Rubin+’10 ,Weiner+’09)

NASA (HST, Chandra, Spitzer)

Stacked spectrum of LBGs at z~2.5
M82 starburst

30 Doradus

stellar scale galaxy scale



Andrew Wetzel Caltech - Carnegie

Mon. Not. R. Astron. Soc. 000, 000–000 (0000) Printed 22 February 2017 (MN LATEX style file v2.2)

FIRE-2 Simulations: Physics versus Numerics in Galaxy Formation
Philip F. Hopkins?1, Andrew Wetzel1,2,3†, Dušan Kereš4, Claude-André Faucher-
Giguère5, Eliot Quataert6, Michael Boylan-Kolchin7, Norman Murray8, Christopher
C. Hayward9, Shea Garrison-Kimmel1, Cameron Hummels1, Robert Feldmann6,10,
Paul Torrey11, Xiangcheng Ma1, Daniel Anglés-Alcázar5, Kung-Yi Su1, Matthew Orr1,
Denise Schmitz1, Ivanna Escala1, Robyn Sanderson1, Michael Y. Grudić1, Zachary
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ABSTRACT

The Feedback In Realistic Environments (FIRE) project explores the role of feedback in cosmological simulations of
galaxy formation. Previous FIRE simulations used an identical source code (“FIRE-1”) for consistency. Now, motivated
by the development of more accurate numerics – including hydrodynamic solvers, gravitational force softening, and
supernova coupling algorithms – and the exploration of new physics (such as magnetic fields), we introduce “FIRE-2”, an
updated numerical implementation of FIRE physics for the GIZMO code. We run a suite of cosmological simulations and
compare against FIRE-1 results: overall, FIRE-2 improvements do not qualitatively change galaxy-scale properties. We
pursue an extensive study of numerics versus physics in galaxy simulations. The details of the star-formation algorithm,
cooling physics, and chemistry have weak effects, provided that we include metal-line cooling and star formation occurs
at higher-than-mean densities. We present several new resolution criteria for high-resolution galaxy simulations. Most
galaxy-scale properties are remarkably robust to the numerics that we test, provided that: (1) Toomre masses (cold disk
scale heights) are resolved; (2) the feedback coupling ensures conservation and isotropy, and (3) individual supernovae
are time-resolved. As resolution increases, stellar masses and profiles converge first, followed by metal abundances and
visual morphologies, followed by properties of winds and the circum-galactic medium (CGM). The central (⇠kpc) mass
concentration of massive (> L⇤) galaxies is most sensitive to numerics, in particular, how winds ejected into hot halos
are trapped, mixed, and recycled into the galaxy. Multiple feedback mechanisms are required to reproduce observations:
supernovae dominate on cosmological timescales, regulating stellar masses; stellar (OB/AGB) mass loss primarily fuels
late-time star formation; radiative feedback helps to suppress instantaneous star formation in disks and accretion into
low-mass galaxies. We provide tables, initial conditions, and the numerical algorithms that are required to reproduce our
simulations.

Key words: galaxies: formation — galaxies: evolution — galaxies: active — stars: formation — cosmology: theory —
methods: numerical

1 INTRODUCTION

Feedback from stars is an essential and still poorly-understood
component of galaxy formation. In the absence of stellar feedback,
most gas accreted into galaxies should cool rapidly on a timescale

? E-mail:phopkins@caltech.edu
† Caltech-Carnegie Fellow

much shorter than the dynamical time, collapse, fragment, and turn
into stars (Hopkins et al. 2011; Tasker 2011; Bournaud et al. 2010;
Dobbs et al. 2011; Krumholz et al. 2011; Harper-Clark & Murray
2011). Cosmologically, efficient cooling inevitably results in most
of the baryons turning into stars, producing galaxies much more
massive than observed (Katz et al. 1996; Somerville & Primack
1999; Cole et al. 2000; Springel & Hernquist 2003b; Kereš et al.

c� 0000 RAS

ar
X

iv
:1

70
2.

06
14

8v
1 

 [a
st

ro
-p

h.
G

A
]  

20
 F

eb
 2

01
7

numerical improvements: 
new hydrodynamics method              
P-SPH —> Mesh-free Finite Mass 
feedback coupling is now 
geometrically aware - injection of 
mass, energy, momentum is isotropic

GIZMO: 
disk after 
100 orbits

sub-sonic
turbulence

Rayleigh-Taylor
instability 
(with boost)
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7Mstar = 7x1010 Msun

MW-like galaxy at z = 0
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Xiangcheng Ma, 
Hopkins, Wetzel 
et al 2016
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vertical height 

Latte simulation

h
thin = 300 pc

hthick =1100 pc

successful formation of ‘thin’ and ‘thick’ 
stellar disk similar to Milky Way
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thick —> thin disk formation

Ma, Hopkins, Wetzel et al 2016

also Stinson et al 2013, Bird et al 2013, Agertz & Kravtsov 2016, Ceverino et al 2017

radial evolution:    inside —> out 
vertical evolution: upside —> down
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Flat White 
M200m=1.8e12

Macchiato 
M200m=1.6e12

Latte 
M200m=1.3e12

300 kpc
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from Weisz et al 2014
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‘missing satellites’ problem
Can a CDM-based model produce satellites with observed 
distribution of stellar masses?

‘too big to fail’ and ‘core-cusp’ problem
Can a CDM-based model produce satellites with observed 
distribution of stellar velocity dispersions?

dwarf galaxies: significant challenges 
to the Cold Dark Matter (CDM) model

also, Brooks & Zolotov et al 2014, Sawala et al 2016, Fattahi et al 2016, 
Alyson’s talk, Carlos’ talk
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What causes the lack of (massive) 
satellite dwarf galaxies?
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Feedback In Realistic Environments

F RE

presence of central galaxy
destroys satellites via gravitational tidal forces
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inclusion of baryons —> stellar disk 
destroys dark-matter subhalos

dark matter in dark-matter-only dark matter in baryonic simulation

100 kpc
Garrison-Kimmel, Wetzel et al 2017
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presence of central galaxy
destroys satellites via gravitational tidal forces 

UV background
regulates gas cooling + star formation, even in more 
massive ‘classical’ dwarfs at low redshift
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Figure 36. Effects of different stellar feedback physics on cosmological galaxy formation histories, as Fig. 4. We compare a dwarf (m10q) and MW-mass
galaxy (m12i), both run with our default, higher-order accurate hydrodynamic solver (MFM; left); but we also show a set of simulations of m12i with the
same physics variations using the smoothed-particle hydrodynamics (SPH; right) method, to demonstrate that even though the hydrodynamic solvers produce
differences in massive galaxies, the qualitative effects of different feedback mechanisms are identical (independent of the hydrodynamic method). (1) Default:
Our default models include all standard stellar evolution processes. (2) No OB/AGB mass-loss: Removing continuous stellar mass loss (both OB and AGB-star
winds) produces slightly lower metallicities (owing to the lack of recycling) and significantly lower late-time SFRs – it appears the primary role of stellar
mass-loss is to provide an additional source of gas fueling late-time SF in both dwarfs and MW-mass systems. (3) No Radiative feedback: This removes all
radiative feedback (radiation pressure as well as photo-ionization and photo-electric heating by local particles and the meta-galactic background). In dwarfs
(even with Vmax ⇠ 40kms�1, shown here), removing the photo-ionization heating (dominated by the UVB) produces ⇠ 10⇥ larger SFRs and stellar masses
(producing large bursts that make a core and lower Vc). In massive galaxies, the effects are weaker but removing radiation pressure produces significantly
higher central densities (more strongly-peaked rotation curves in the central ⇠ 5kpc). (4) No Supernovae: SNe clearly dominate on cosmological scales, as
removing them produces orders-of-magnitude higher SFRs at early times, giving rise to runaway collapse to extremely high densities until the gas is depleted.

methods themselves produce significant differences. Likewise, we
have checked the comparisons above are independent of resolution,
star formation prescription, and details of the cooling functions.

9.3 The Role of Different Feedback Mechanisms:
Self-Regulation Within Galaxies and the
Kennicutt-Schmidt Relation

In Fig. 37 we repeat the experiment from Fig. 36 turning on and off
different feedback mechanisms, but in restarts of the z ⇠ 0 MW-
mass galaxy as Fig. 10. This allows us to separate non-linear, long-

timescale cosmological effects on the SFR (e.g. galactic wind gen-
eration and recycling), from the instantaneous self-regulation of
star formation within a galaxy.

As expected, removing SNe produces a systematically higher
SFR. Removing OB/AGB winds leads, initially, to higher SFRs,
as the additional feedback (gas heating via shocked winds) is no
longer present (but the gas mass of the disk is still essentially fixed
at its initial value); however the SFR then declines as the miss-
ing mass-loss is unable to “re-supply” gas lost to star formation.
Most interesting, without radiative feedback, the SFR systemati-

c� 0000 RAS, MNRAS 000, 000–000

Hopkins, Wetzel et al 2017 Mhalo=1010 Msun

impact of UV background on star 
formation in dwarf galaxies

standard feedback model

no feedback

no UV background
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What causes the lack of (massive) 
satellite dwarf galaxies?
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presence of central galaxy
destroys satellites via gravitational tidal forces 

UV background
regulates gas cooling + star formation, even in more 
massive ‘classical’ dwarfs at low redshift 

stellar feedback (supernovae)
bursty star formation —> gas outflows/inflows —> heat 
dark matter —> reduce inner density (forming cores)
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stellar feedback generates dark-matter 
cores in dwarf galaxies at Mstar >~106 Msun
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too few stars
also, Governato et al 2012, Teyssier et al 2013, Di Cintio et 
al 2014, Madau et al 2014, Tollet et al 2015, Read et al 2015

FIRE in the Field 7

Figure 5. Star formation rate, averaged over 50 Myr time intervals, as a function of time for a low-mass galaxy (left; M? = 4.7⇥105 M�), an intermediate-mass
galaxy (center; M? = 4.1 ⇥ 106) and a high-mass galaxy (halo m10k, M? = 1.0 ⇥ 107 M�) from our simulated sample. Dashed horizontal lines show the
average star formation rate for each galaxy over the age of the Universe. Galaxies with higher stellar mass at z = 0 have higher star formation rates, which in
turn drive larger gravitational potential fluctuations. Star formation in all of the galaxies is bursty, with significant variations around the mean.
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Figure 6. Density profiles for the three halos plotted in Figure 5. Dotted vertical lines mark the galaxy half-mass radius in each case. The gray hatched region
shows where numerical relaxation may a↵ect the density profiles according to the Power et al. criterion. The dashed gray (solid black) line corresponds to the
density profile for the DMO (hydrodynamical) run for each halo. The amount of central density reduction and size of any core produced is proportional to the
stellar mass of the galaxy.

tribution of their host halos, while galaxies with lower stellar mass
cannot.

To better understand the modification of the central dark mat-
ter structure in our simulated sample, Fig. 7 shows the ratio of
each galaxy’s density profile in the hydrodynamical run to ⇢(r) ob-
tained from its DMO version. The horizontal axis is scaled by the
galaxy half-mass radius, r1/2. The density profile ratios are colored
by M?(z = 0), identically to previous figures; below the Power
(2003) radius, the line coloring is changed to gray. A number of
interesting trends appear in the Figure. On large scales (r � r1/2),
the amplitude of the ⇢hydro(r) is very similar to ⇢DMO(r), indicating
that baryonic physics has minimal e↵ects there. On small scales
(r<⇠ r1/2), however, the density profiles in many runs are systemati-
cally lower in the hydrodynamical simulations relative to the DMO
simulations, pointing to the e�cacy of stellar feedback at modify-
ing the central gravitational potential even in dwarf galaxy halos.

It is also interesting to note that the size of this e↵ect depends on
stellar mass, echoing the results shown in Figure 6. The galaxies
with the lowest M? (darkest curves) show the least central den-
sity reduction – including no reduction at all for 2 of the systems
– while the highest M? galaxies show the largest central density
reduction. Furthermore, r1/2 is an excellent indicator of the radial
scale at which any density modification occurs. Our simulations
therefore predict that the density profiles of low-mass dwarf galax-
ies in ⇤CDM should be virtually unmodified (relative to DMO pre-
dictions) on scales larger than r1/2.

As an alternate way of looking at the central density reduction
as a function of stellar mass, Figure 8 shows the ratio of density
in the hydrodynamical run to the DMO run for each halo at a fixed
physical radius of 500 pc (as opposed to Figure 7, which shows cen-
tral density reduction as a function of r/r1/2). The density reduction
at a fixed physical radius also shows a clear correlation with M?.

MNRAS 000, 1–15 (2016)

Alex Fitts, …, Wetzel et al 2016 Mhalo=1010 Msun
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all of these 
galaxies have  
Mhalo=1010 Msun

8 A. Fitts et al.

Figure 7. The e↵ects of star formation and feedback on central dark matter
density. Each curve shows the ratio of a halo’s density profile obtained in
the hydrodynamic simulation to its DMO counterpart as a function of ra-
dius (scaled by the galaxy’s half-mass radius). As in previous plots, color
corresponds to M?(z = 0), and lines are plotted in gray for radii smaller
than the Power radius. At large distances from the halo center, all density
profiles have amplitudes that are within 10% of their DMO counterparts.
Within the half-mass radius, however, the central density can be reduced in
the hydrodynamic runs, with the amount of reduction strongly correlated to
M?(z = 0): the lowest-mass galaxy is virtually unchanged from the DMO
run, while the highest-mass galaxies have large reductions in central den-
sity.

The coloring of the points in Figure 8 indicates the concentration
parameter of each halo (measured in the DMO run). Even with our
relatively large suite of galaxies at fixed halo mass, it is di�cult to
discern if there is a trend in density reduction with halo concentra-
tion at fixed M?.

Figures 6–8 demonstrate that more massive (dwarf) galaxies
have greater reduction in the central densities of their host halos
and that the radial scale of this central density reduction is set by the
size of the galaxy. In Figure 9, we show that density amplitudes in
the dark-matter-only simulations are excellent predictors of stellar
mass. The right panel of the figure shows density profiles in the
hydrodynamical run, with line color again mapped to stellar mass
at z = 0. At large scales (r � 1 kpc), the densest halos are also the
ones that form the most stars. In the centers of these halos, however,
the central density reduction wipes out any trace of this correlation.
The left panel of the Figure shows the density profiles in the DMO
runs, with colors indicating the stellar mass in the hydro version
of each run at z = 0. Amazingly, the correlation between density
and stellar mass exists at essentially all radii in the DMO run: the
stellar mass of a halo at fixed Mvir = 1010 M� can be predicted
directly from the central density (or Vmax, or formation time) of that
halo in a DMO simulation. This intriguing result reinforces trends
identified in Section 3.1.

This correlation is explored further in Figure 10, which plots
the stellar mass of each galaxy as a function of the amplitude of
the DMO density profile at 500 pc. The connection between the
two is apparent and points to halo density as a "second parameter"
in abundance matching that determines the scatter in M? at fixed
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Figure 8. The correlation between M? and the central density reduction
in the hydrodynamic runs relative to the DMO runs at 500 pc. There is
little to no reduction in central density below 106 M�, while more massive
systems see significant reduction. This figure o↵ers a complementary view
of Figure 7, in which density reduction is shown as a function of radius
scaled by r1/2: it shows the density reduction at a fixed physical radius. The
coloring of the points indicates the concentration of each galaxy’s halo in
the DMO run.

Mvir. A more detailed exploration of the connection between halo
density, halo mass, and stellar mass across a wider range of sim-
ulated halo masses is clearly warranted and will be presented in
a future FIRE-2 paper. For now, we note that the scatter obtained
in our simulations is consistent with ±0.5 dex or so, larger than is
found for more massive systems (e.g., Behroozi et al. 2013) but
not consistent with completely stochastic galaxy formation at these
masses (see, e.g., Garrison-Kimmel et al. 2016).

4 DISCUSSION

4.1 E↵ects of reionization

The results of the previous section demonstrate that there are tight
connections between the dark matter structure of Mvir(z = 0) ⇡
1010 M� halos in DMO simulations, halo assembly, galaxy stellar
mass, and the central density structure of galaxies. Earlier-forming,
more concentrated, higher Vmax halos form more stars than do later-
forming, less concentrated, lower Vmax halos. In fact, the lowest
Vmax and lowest concentration halo in our sample, m10a, does not
form any stars, despite having a z = 0 virial mass that is only 5-
15% lower than halos that form up to 6 ⇥ 106 M� of stars. This
seemingly puzzling behavior is linked to its late-time assembly, as
seen in Figure 3.

The relationship between stellar mass growth and halo growth
for our suite is explored in more detail in Figure 11. The left panels
show all of the halos, while the right panels focus on those with
the lowest stellar masses at z = 0 (halos m10a, m10b, m10c, and
m10v). The lower panels show the dark matter mass assembly his-
tory, while the upper panels show the growth of M?(< Rvir) as

MNRAS 000, 1–15 (2016)

Alex Fitts, …, Wetzel et al 2016

stellar feedback generates dark-matter 
cores in dwarf galaxies at Mstar >~106 Msun



Andrew Wetzel Caltech - Carnegie

dwarf galaxies have bursty star formation
El-Badry, Wetzel et al 2016

time

14 Sparre et al.
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Figure 12. SFR(H↵)/SFR(FUV) versus stellar mass for the simulated
galaxies in FIRE at z = 0, 0.2, and 0.4 (blue ⇥ symbols). For each
galaxy at these redshifts, we show the SFR(H↵)/SFR(FUV) ratio at look-
back times of 0, 25, 50, 75 and 100 Myr. The grey line with error bars
indicates the median values and 16–84th percentile ranges for different
mass bins. Data for local galaxies from Weisz et al. (2012) are shown as
red squares, and the 16–84th percentile ranges for different mass bins are
indicated by the black contour. The scatter in the SFR(H↵)/SFR(FUV)
values is a measure of the burstiness of the star formation histories. The
SFR(H↵)/SFR(FUV) ratios of the galaxies in the FIRE simulations are
broadly consistent with the observational data except that in the mass range
of 108�109.5 M�, there is a population of simulated galaxies with signifi-
cantly lower SFR(H↵)/SFR(FUV) ratios than observed; this may be caused
by the GMC mass function not being resolved to sufficiently low masses in
the simulations.

the last 200 Myr within 20% of the virial radius of the halo. This
corresponds to the requirement that SFR200 Myr & 1M⇤ yr�1. We
mark galaxies as being in a burst phase (thick black lines) when the
SFR is at least 1.5 times the SFR200 Myr value at z = 2. Some of the
shortest bursts are shown in panels D, E, P and U, where the SFR
exhibits a single peak, and before (after) the peak the SFR increases
(decreases) monotonically. In all of these cases, the burst peak is
resolved by at least three time bins, which implies that the short-
est variability timescales of bursts are of order 3 Myr. The most
common type of bursts have longer durations and more complex
shapes; see e.g. panels F, G, N and W. The typical bursts duration
in these panels are 25-100 Myr, but some short spikes have dura-
tions as short as 3-5 Myr.

The presence of SFR variability on timescales as small as 3
Myr suggests that the FIRE feedback model leads to SFR fluctua-
tions that cannot be probed using standard SFR indicators such as
H↵ and FUV emission.6 An important consequence of such fast
SFR variability is related to the inner density profiles of dark mat-
ter halos because SFR variability on timescales less than the local
orbital period of dark matter particles can turn dark matter cusps
into cores (Pontzen & Governato 2012).

6 In principle, these fluctuations could be probed for local galaxies by
analysing their resolved stellar populations (for recent examples of such
analyses, see e.g. Weisz et al. 2008, 2011, 2014; Johnson et al. 2013;
Williams et al. 2015).

5.3 Comparing with observations of local galaxies

To directly compare the SFR variability of the FIRE galaxies with
observations, we now consider the ratio of the H↵-derived SFR to
the FUV-derived SFR, SFR(H↵)/SFR(FUV). This ratio is a sensi-
tive probe of the SFR variability of individual galaxies, in contrast
with e.g. comparisons of the scatter in the SFR–M⇤ relations ob-
tained using different SFR indicators, because it quantifies the dif-
ference between the SFR indicators for the same galaxy. Figure 12
compares the H↵ to FUV ratios of 185 local galaxies from Weisz
et al. (2012) with those of the z = 0 FIRE galaxies (see Section
2.1 for details regarding how the ratios are calculated for the sim-
ulations). The individual observational (simulation) data points are
denoted with red squares (blue ⇥’s), and the 16–84th percentile
ranges for different mass bins are denoted by the black contour
(grey error bars).

The median value of SFR(H↵)/SFR(FUV) at high masses is
' 1 for both the observed and simulated galaxies. The ratio de-
creases with decreasing stellar mass: at M⇤ ' 108 M�, the me-
dian value is ' 0.6. This suppressed H↵/FUV ratio is potentially
a signature of bursty star formation being common in real low-
mass galaxies (e.g. Lee et al. 2009; Weisz et al. 2012), and in
the simulations, it is definitely a consequence of the rapid SFR
variability exhibited by low-mass galaxies (because other possi-
ble factors, chiefly incomplete sampling of the IMF and differen-
tial dust attenuation, are not modelled). As demonstrated in Sec-
tion 2, strong bursts with durations of order 10 Myr can cause
the SFR(H↵)/SFR(FUV) ratio to be systematically less than 1 (see
Weisz et al. 2012 for a more detailed analysis).

Regarding the scatter, at high masses (M⇤ > 1010 M�), the
scatter in the FIRE simulations’ SFR(H↵)/SFR(FUV) ratios is less
than the observed scatter. The scatter appears to be less in the sim-
ulations, but this may be an artifact of the small number of massive
galaxies at z = 0. The scatter in the ratio increases with decreasing
stellar mass for both the observations and simulations. At lower
masses, M⇤ . 109.5 M�, the scatter is larger than in the more-
massive galaxies for both the simulations and the observations. A
difference between the observations and simulations is that the scat-
ter is slightly larger at low masses in the simulations compared to
the observations.

Overall, the majority of galaxies have SFR(H↵)/SFR(FUV)
ratios consistent with observations, but a fraction of galaxies
do, however, have significantly lower ratios than observed. This
makes the scatter in SFR(H↵)/SFR(FUV) of the simulated galaxies
around 0.2 dex larger than the observations for M⇤ . 109.5 M�.
This is a sign that the population of simulated galaxies is slightly
more bursty than real galaxies. This confirms the result from Sec-
tion 4.1, where the scatter of the SFR–M⇤ relation was found to be
slightly larger than in observations. Even though the FIRE galax-
ies seem to become bursty at a slightly larger M⇤ value than the
observed sample of galaxies, we find it encouraging that the bursti-
ness of the simulated galaxies’ star formation histories decreases
with increasing stellar mass, consistent with observations.

5.4 Convergence studies

When analysing the H↵/FUV ratio, it is crucial to be aware of how
well-converged the strength and duration of burst cycles are. To
analyse how the signature of burst cycles changes with resolution,
we compare SFR(H↵)/SFR(FUV) of the high-resolution (HR) and
standard-resolution (SR) versions of the MassiveFIRE simulations
at z = 2 in Figure 13. In this figure, open symbols indicates galax-
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general prediction of simulations at high resolution
e.g., Stinson et al 2007, Ceverino & Klypin 2009, Governato et al 2010, 
Pontzen & Governato 2012, Teyssier et al 2013, Madau et al 2014
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Figure 4. Changes in the distribution of stars and dark matter in
m10.6 across the same starburst episode shown in Figure 3. Top:
Specific star formation rate (sSFR) averaged over timescales of
10 (cyan) and 100 (black) Myr. Middle: Mean radial migration
of stars relative to their formation radius. h�ri (purple) shows
the net radial migration, while h|�r|i shows the absolute radial
distance. Migration correlates strongly and inversely with sSFR.
During this outflow episode, the half-mass radius increases from
2.5 to > 5 kpc within ⇡ 200 Myr. Bottom: Central slope ↵ of the
dark matter density profile (⇢DM / r↵) . ↵ correlates with mean
stellar migration, since star and dark matter particles feel the same
time-varying gravitational potential.

over such short times. That is, short-timescale migra-
tion is limited to temporary outward/inward burst cycles.
However, over su�ciently long (& 1Gyr) timescales,
stars show systematic and coherent outward migration
that continues to increase with stellar age. This long-
term behavior is caused by the repeated semi-periodic
oscillations of the potential that gradually heat the or-
bits of stars over time (for example, Pontzen & Governato
2012), such that the oldest stars, which have undergone
the most outflow episodes, have migrated outward the
most. Indeed, the oldest stars (> 8Gyr) have migrated
outward an average of ⇠ 4 kpc, or 2Re(z = 0), from the
radius where they formed.

3.4. Impact of Radial Migration on Populations
Gradients

Our simulated galaxies develop significant radial popu-
lation gradients by z = 0, with the youngest, most metal-
rich stars concentrated near the galactic center and the
outskirts dominated by old, metal-poor stars. These gra-
dients are similar to those observed in low-mass galaxies
in the local Universe (for example, Mateo 1998; Kirby
et al. 2012; Vargas et al. 2014). Galactic archeology
studies, which attempt to infer the formation-history of a
galaxy base on its properties at z ⇠ 0, commonly assume

Figure 5. Distribution of radial migration distances of stars since
their formation as a function of their stellar age in m10.6. Top:
� r, the di↵erence between a star particle’s radius when it is at
a given age and its radius when it formed. Positive (negative)
values correspond to stars that have migrated outward (inward)
since formation. Bottom: Same, but for |� r|, the absolute ra-
dial migration distance. Inset shows stars younger than 1 Gyr,
highlighting short timescales. After . 200Myr, stars move an av-
erage absolute radial distance of 1 kpc. As the top panel shows,
the average coherent (net) migration is weak over this timescale,
but over longer timescales (& 1Gyr), stars show strong systematic
outward migration via repeated inflow-outflow episodes that drive
stellar orbits to larger radii. Thus, older stars have experienced
systematically stronger outward radial migration.

that one can translate population gradients observed at
z ⇠ 0 to radial star formation and/or chemical enrich-
ment histories. For example, Zhang et al. (2012) con-
cluded that the star-forming regions of most nearby low-
mass have been shrinking because the observed average
stellar age increases with radius.
This common assumption is valid if the radial distribu-

tion of stars at z = 0 accurately reflects the distribution
of stars at the time of their formation. However, dynam-
ical heating can can mix di↵erent stellar populations and
thus alter radial population gradients, and radial migra-
tion can preferentially a↵ect old stars (Governato et al.
2015; Brooks & Teyssier 2015; Gonzalez-Samaniego et al.
2015). The significant radial migration which we present
above suggests that, in low-mass galaxies, SFHs that are
calculated from population gradients at z = 0 may be
contaminated significantly by migration. We now inves-
tigate this possibility in m10.6.
Figure 6 shows the SFH of m10.6 as a joint function

of both lookback time and radius. In both versions, the
right projection shows SFR versus time, while the left
projection shows the azimuthally integrated SFR (den-
sity) versus radius.
The left panel shows the SFH if we use the radial dis-
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Like the OM profile, the ML profile goes to � = 0 at r ⌧
ra, but at r � ra, it asymptotically approaches � = 1/2, not
� = 1. At small radii, the ML profile rises more steeply than
the OM model. The ML profile provides a good fit to the
anisotropy profiles of dark matter halos in some cosmological
simulations (Mamon & Łokas 2005) and of stars in idealized
simulations of major mergers (Dekel et al. 2005).

Figure 2 compares the OM and ML profiles with the time-
averaged �(r) profiles of our simulated galaxies. We choose
ra values to best-fit the median �(r) profile of all 7 galaxies,
for illustrative purposes only. The OM profile provides a rea-
sonably good fit for all of our low-mass galaxies, though the
anisotropy profiles from the simulations generally rise more
steeply than the OM profile at small radii and approach lower
� values at large radii (� ⇡ 0.6 rather than � ! 1). The ML
profile is a poorer fit at small radii, where it rises too steeply.
At large radii, the ML profile is a good fit for profiles that
plateau at �  0.5, but problematically, it is unable to accom-
modate anisotropies greater than � = 0.5.

Of course, we have little a priori reason to expect that the
OM or ML models should provide a particularly good fit to
the anisotropy profiles of our simulated galaxies. While, qual-
itatively, an anisotropy profile that increases from isotropy at
r = 0 to radial anisotropy at large radii is a natural consequence
of violent relaxation, the precise form of �(r) depends on the
details of a galaxy’s formation history, the kinematics of star-
forming gas clouds, and the strength of feedback-driven po-
tential fluctuations.

Since different galaxies in our sample have different star
formation and evolutionary histories, one might also expect
them to have a variety of anisotropy profile forms. The simi-
larity between the median anisotropy profiles across our sam-
ple in Figure 2 is thus somewhat surprising. It suggests that
the semi-periodic potential fluctuations that the galaxies un-
dergo may wash out the kinematic “memory” of the galax-
ies’ formation histories, driving them towards a universal
anisotropy profile.

In summary, feedback-driven potential fluctuations cause
strong fluctuations in the normalization of vr,rms and � profiles,
as well as weaker fluctuations in the profiles’ radial shapes.
All of our galaxies’ time-averaged � profiles are nearly self-
similar and are reasonably well fit by an OM profile.

4. CORRELATING SSFR WITH STELLAR KINEMATICS
In this section, we explore in detail the time (co)evolution of

sSFR and stellar kinematics. We then use the correlation be-
tween star formation activity and stellar kinematics predicted
by our simulations to formulate an observational test of the
role of stellar feedback and feedback-driven potential fluctua-
tions in the evolution of low-mass galaxies. Because stars and
dark matter respond kinematically to potential fluctuations in
very similar ways (E16), our predictions also represent an ob-
servational test of the role of stellar feedback in regulating the
inner dark matter density profile in dwarf galaxies.

4.1. Evolution of sSFR and stellar kinematics
Figure 3 shows the time-evolution of sSFR and the line-of-

sight stellar velocity dispersion �los in m10.6 over the last
⇡ 3.5 Gyr since z = 0.2. Because this galaxy is not perfectly
spherically symmetric, �los varies somewhat with viewing an-
gle, with typical differences of 50% between the most extreme
“edge-on” and “face-on” angles. To quantify this variation,
we “observe” each snapshot along 1000 different lines of sight

Figure 3. Top: Relation between specific star formation rate (sSFR) and
line-of-sight stellar velocity dispersion �los as a function of cosmic time in
m10.6. Blue curve shows sSFR, smoothed over 100 Myr, as labeled on
the left y-axis, while red curve shows �los, as labeled on the right y-axis.
We “observe” each snapshot along 1000 lines-of-sight distributed uniformly
on the unit sphere: red curve shows the median across these viewing angles
and shaded region shows 68% scatter. sSFR and �los are strongly correlated,
with a time-offset of ⇡ 50 Myr. Middle: Same as top panel, but for the
velocity anisotropy �. Anisotropy is also closely related to sSFR. Peaks in
�(t) correspond to post-starburst periods in which sSFR is falling rapidly.
Bottom: central slope ↵ of the dark matter density profile (⇢DM / r↵). ↵
is anticorrelated with sSFR and �los. The predicted coevolution of sSFR and
�los provides an observable test of the effect of stellar feedback on stellar
kinematics, and by extension, the dark-matter density profile, in low-mass
galaxies.

distributed uniformly on the unit sphere, calculating �los for
each line of sight. We then calculate the median and 68%
scatter across these 1000 �los values for each snapshot.

sSFR and �los track each other remarkably well across all
viewing angles. However, �los(t) is temporally offset from
sSFR(t) by ⇡ 50 Myr, a result of temporal delay between high
sSFR causing a change in gas kinematics and the response of
the stars to the changing potential. We interpret this strong
correlation and time delay as follows. To first order, �los traces
the depth of the gravitational potential, which is deepest when
significant gas has accumulated in the galactic center, when in
turn high gas densities drive high sSFR. As stellar feedback
begins heating and rarefying the gas, driving galactic winds,
sSFR starts to fall almost instantaneously. However, �los does
not fall until after significant gas mass is driven out, shallow-
ing the overall gravitational potential, and this takes roughly
a dynamical time. Similarly, during the post-starburst cooling
phase, stars do not respond kinematically until gas accumu-
lates in the galactic center and the potential contracts, again
over approximately a dynamical time. Roughly consistent
with the offset in Figure 3, tdyn in m10.6 is < 100Myr in
the central few kpc, where star formation occurs.

The middle panel of Figure 3 compares the time-evolution
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anisotropy profiles of dark matter halos in some cosmological
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At large radii, the ML profile is a good fit for profiles that
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modate anisotropies greater than � = 0.5.
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OM or ML models should provide a particularly good fit to
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tential fluctuations.
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larity between the median anisotropy profiles across our sam-
ple in Figure 2 is thus somewhat surprising. It suggests that
the semi-periodic potential fluctuations that the galaxies un-
dergo may wash out the kinematic “memory” of the galax-
ies’ formation histories, driving them towards a universal
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strong fluctuations in the normalization of vr,rms and � profiles,
as well as weaker fluctuations in the profiles’ radial shapes.
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similar and are reasonably well fit by an OM profile.
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sSFR and stellar kinematics. We then use the correlation be-
tween star formation activity and stellar kinematics predicted
by our simulations to formulate an observational test of the
role of stellar feedback and feedback-driven potential fluctua-
tions in the evolution of low-mass galaxies. Because stars and
dark matter respond kinematically to potential fluctuations in
very similar ways (E16), our predictions also represent an ob-
servational test of the role of stellar feedback in regulating the
inner dark matter density profile in dwarf galaxies.

4.1. Evolution of sSFR and stellar kinematics
Figure 3 shows the time-evolution of sSFR and the line-of-

sight stellar velocity dispersion �los in m10.6 over the last
⇡ 3.5 Gyr since z = 0.2. Because this galaxy is not perfectly
spherically symmetric, �los varies somewhat with viewing an-
gle, with typical differences of 50% between the most extreme
“edge-on” and “face-on” angles. To quantify this variation,
we “observe” each snapshot along 1000 different lines of sight

Figure 3. Top: Relation between specific star formation rate (sSFR) and
line-of-sight stellar velocity dispersion �los as a function of cosmic time in
m10.6. Blue curve shows sSFR, smoothed over 100 Myr, as labeled on
the left y-axis, while red curve shows �los, as labeled on the right y-axis.
We “observe” each snapshot along 1000 lines-of-sight distributed uniformly
on the unit sphere: red curve shows the median across these viewing angles
and shaded region shows 68% scatter. sSFR and �los are strongly correlated,
with a time-offset of ⇡ 50 Myr. Middle: Same as top panel, but for the
velocity anisotropy �. Anisotropy is also closely related to sSFR. Peaks in
�(t) correspond to post-starburst periods in which sSFR is falling rapidly.
Bottom: central slope ↵ of the dark matter density profile (⇢DM / r↵). ↵
is anticorrelated with sSFR and �los. The predicted coevolution of sSFR and
�los provides an observable test of the effect of stellar feedback on stellar
kinematics, and by extension, the dark-matter density profile, in low-mass
galaxies.

distributed uniformly on the unit sphere, calculating �los for
each line of sight. We then calculate the median and 68%
scatter across these 1000 �los values for each snapshot.

sSFR and �los track each other remarkably well across all
viewing angles. However, �los(t) is temporally offset from
sSFR(t) by ⇡ 50 Myr, a result of temporal delay between high
sSFR causing a change in gas kinematics and the response of
the stars to the changing potential. We interpret this strong
correlation and time delay as follows. To first order, �los traces
the depth of the gravitational potential, which is deepest when
significant gas has accumulated in the galactic center, when in
turn high gas densities drive high sSFR. As stellar feedback
begins heating and rarefying the gas, driving galactic winds,
sSFR starts to fall almost instantaneously. However, �los does
not fall until after significant gas mass is driven out, shallow-
ing the overall gravitational potential, and this takes roughly
a dynamical time. Similarly, during the post-starburst cooling
phase, stars do not respond kinematically until gas accumu-
lates in the galactic center and the potential contracts, again
over approximately a dynamical time. Roughly consistent
with the offset in Figure 3, tdyn in m10.6 is < 100Myr in
the central few kpc, where star formation occurs.

The middle panel of Figure 3 compares the time-evolution
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Figure 4. Left: Stellar line-of-sight velocity dispersion, �los, versus instan-
taneous sSFR, as smoothed over 10 Myr (top) and 100 Myr (bottom) for the
last 40 snapshots of m10.6. For each snapshot, we calculate �los along 1000
lines of sight as in Figure 3 and plot the median. While �los correlates with
instantaneous sSFR, this correlation has significant scatter. Right: Same,
but for the relation between �los and sSFR 50 Myr earlier, that is, between
sSFR(t) and �los(t + 50Myr). For this galaxy, a 50 Myr offset provides the
tightest correlation, given the necessary time lags between high sSFR, re-
sultant feedback, driving galactic winds, changing the overall potential, and
changing stellar kinematics. The Spearman correlation coefficient, ⇢, is in-
cluded in the legend of each panel.

sured 50 Myr previously. We experimented using offsets from
0 to 150 Myr and find 50 Myr to provide the tightest relation
for this galaxy. This strengthened correlation reinforces a sce-
nario in which the evolution of �los follows feedback-driven
potential fluctuations that are strongest approximately 50 Myr
after bursts of star formation. The correlation is slightly
stronger when sSFR is averaged over 100 Myr as compared
with 10 Myr. This is because a sustained burst of star forma-
tion that lasts more than just 10 Myr is more likely to drive a
large-scale gas outflow that displaces enough mass to signifi-
cantly shallow the potential, while the 10-Myr averaged sSFR
includes some minor maxima and minima from bursts of lo-
calized star formation that do not drive galactic-scale outflows
(see E16).

The other low-mass galaxies in our simulations are best fit
by time-offsets between 40 and 70 Myr. We find no clear
scaling between time-offset and mass, likely because all the
galaxies in our simulations except m10 have similar dynami-
cal times (E16). When a time-offset is included, all the galax-
ies in our sample except m10 produce a positive correlation
between sSFR100 Myr and �los with ⇢> 0.5. We find no corre-
lation between sSFR and �los in m10 because in this galaxy,
outflows do not displace enough gas mass to drive significant
potential fluctuations.

This predicted correlation between sSFR and �los provides
a clear observational test to determine whether real low-mass
galaxies undergo feedback-driven potential fluctuations simi-
lar to those in our simulations. It is of course not possible to
directly trace the time-evolution of individual galaxies sSFRs
and kinematics as in Figure 3. On the other hand, if the late-
time evolution of individual galaxies over timescales longer

than a few dynamical times is an ergodic process (which is a
good approximation in our model), then a statistical survey of
many galaxies with similar masses would stochastically sam-
ple such galaxies at different phases in their burst cycles, and
thus be directly comparable to the results of Figure 4. Figure 4
implies that, in a representative survey of low-mass galaxies
with a variety of SFRs, there should be a clear correlation be-
tween sSFR and stellar kinematics: galaxies that underwent a
starburst in the last ⇠ 50 Myr should have systemically higher
velocity dispersion.

The results of Cicone et al. (2016) provide a test of the
instantaneous correlation (that is, with no time-delay, as in
the left panels of Figure 4). Cicone et al. (2016) investi-
gated the scaling of observed galaxies’ stellar absorption line
width with SFR using stacked SDSS spectra from ⇠ 160,000
star-forming galaxies. In good agreement with our model,
they found that, for galaxies with Mstar  109.5 M�, starburst
galaxies have systematically different stellar kinematics from
galaxies with lower SFR: absorption line widths (which trace
�los) increase with SFR at fixed Mstar. Also consistent with
our model, the correlation between �los and SFR vanishes at
higher Mstar. This occurs in our simulations as well (see E16),
because galaxies with Mstar & 109.5 M� have deeper potentials
and thus do not undergo the outflow-driven potential fluctua-
tions that regulate short-timescale evolution at lower masses.

The stronger version of our prediction, with a time-delay
(as in the right panels of Figure 4), is more challenging to test,
because it requires determining a galaxy’s sSFR 50 Myr ago.
However, using resolved star formation histories from CMDs
or spectral features that trace recent star formation activity
(e.g. Kauffmann et al. 2003; Weisz et al. 2012; Stilp et al.
2013; Pacifici et al. 2016; Leja et al. 2016) may also make
it possible measure the offset between changes in sSFR and
stellar kinematics in low-mass galaxies.

The relationship between sSFR and stellar kinematics pre-
dicted by Figure 4 suggests a compelling test of the role of
stellar feedback in the evolution of low-mass galaxies. In
particular, a number of studies (Navarro et al. 1996; Read &
Gilmore 2005; Pontzen & Governato 2012; Di Cintio et al.
2014; Oñorbe et al. 2015; Chan et al. 2015; Tollet et al. 2016;
Read et al. 2016b; Wetzel et al. 2016) have suggested that
feedback-driven potential fluctuations are responsible for flat-
tening the central dark matter density profiles of low-mass
galaxies. This mechanism has been proposed as a “baryonic
solution” to the “core-cusp” problem, wherein the dark-matter
density profiles of low-mass galaxies predicted by dissipation-
less simulations are systemically steeper at small radii than
those of real galaxies.

Because the processes through which energy from stellar
feedback is coupled to the ISM of low-mass galaxies are
poorly understood and cannot be resolved explicitly in cosmo-
logical simulations, there is still significant uncertainty as the
whether feedback can reconcile the density profiles of simu-
lated low-mass galaxies with observation (see, e.g., Garrison-
Kimmel et al. 2013). The mechanism has proved difficult to
test explicitly, in large part due to the observational challenges
of observationally inferring galaxies dark matter density pro-
files. But, as demonstrated in (E16), if stellar feedback-driven
potential fluctuations can remove dark matter from the centers
of dwarf galaxies, then they must also change the kinematics
of stars. The predicted observable correlation between sSFR
and stellar kinematics can then also serve as a test for theo-
ries which attempt to alleviate the tensions between observed
dwarf galaxy density profiles and ⇤CDM simulations through
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Figure 4. Left: Stellar line-of-sight velocity dispersion, �los, versus instan-
taneous sSFR, as smoothed over 10 Myr (top) and 100 Myr (bottom) for the
last 40 snapshots of m10.6. For each snapshot, we calculate �los along 1000
lines of sight as in Figure 3 and plot the median. While �los correlates with
instantaneous sSFR, this correlation has significant scatter. Right: Same,
but for the relation between �los and sSFR 50 Myr earlier, that is, between
sSFR(t) and �los(t + 50Myr). For this galaxy, a 50 Myr offset provides the
tightest correlation, given the necessary time lags between high sSFR, re-
sultant feedback, driving galactic winds, changing the overall potential, and
changing stellar kinematics. The Spearman correlation coefficient, ⇢, is in-
cluded in the legend of each panel.

sured 50 Myr previously. We experimented using offsets from
0 to 150 Myr and find 50 Myr to provide the tightest relation
for this galaxy. This strengthened correlation reinforces a sce-
nario in which the evolution of �los follows feedback-driven
potential fluctuations that are strongest approximately 50 Myr
after bursts of star formation. The correlation is slightly
stronger when sSFR is averaged over 100 Myr as compared
with 10 Myr. This is because a sustained burst of star forma-
tion that lasts more than just 10 Myr is more likely to drive a
large-scale gas outflow that displaces enough mass to signifi-
cantly shallow the potential, while the 10-Myr averaged sSFR
includes some minor maxima and minima from bursts of lo-
calized star formation that do not drive galactic-scale outflows
(see E16).
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(as in the right panels of Figure 4), is more challenging to test,
because it requires determining a galaxy’s sSFR 50 Myr ago.
However, using resolved star formation histories from CMDs
or spectral features that trace recent star formation activity
(e.g. Kauffmann et al. 2003; Weisz et al. 2012; Stilp et al.
2013; Pacifici et al. 2016; Leja et al. 2016) may also make
it possible measure the offset between changes in sSFR and
stellar kinematics in low-mass galaxies.

The relationship between sSFR and stellar kinematics pre-
dicted by Figure 4 suggests a compelling test of the role of
stellar feedback in the evolution of low-mass galaxies. In
particular, a number of studies (Navarro et al. 1996; Read &
Gilmore 2005; Pontzen & Governato 2012; Di Cintio et al.
2014; Oñorbe et al. 2015; Chan et al. 2015; Tollet et al. 2016;
Read et al. 2016b; Wetzel et al. 2016) have suggested that
feedback-driven potential fluctuations are responsible for flat-
tening the central dark matter density profiles of low-mass
galaxies. This mechanism has been proposed as a “baryonic
solution” to the “core-cusp” problem, wherein the dark-matter
density profiles of low-mass galaxies predicted by dissipation-
less simulations are systemically steeper at small radii than
those of real galaxies.

Because the processes through which energy from stellar
feedback is coupled to the ISM of low-mass galaxies are
poorly understood and cannot be resolved explicitly in cosmo-
logical simulations, there is still significant uncertainty as the
whether feedback can reconcile the density profiles of simu-
lated low-mass galaxies with observation (see, e.g., Garrison-
Kimmel et al. 2013). The mechanism has proved difficult to
test explicitly, in large part due to the observational challenges
of observationally inferring galaxies dark matter density pro-
files. But, as demonstrated in (E16), if stellar feedback-driven
potential fluctuations can remove dark matter from the centers
of dwarf galaxies, then they must also change the kinematics
of stars. The predicted observable correlation between sSFR
and stellar kinematics can then also serve as a test for theo-
ries which attempt to alleviate the tensions between observed
dwarf galaxy density profiles and ⇤CDM simulations through

testable predictions of feedback-driven core formation
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TK Chan, …, Wetzel et al, in prep 
see also Di Cintio et al 2016
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Figure 2. Central g band surface brightness plotted against effective radius. We showed the observed values of early-type galaxies in
the Virgo cluster (Gavazzi et al. 2005) and UDGs in the Coma cluster (van Dokkum et al. 2015a). The colors of points represent infall
time, whereas the styles show different viewing angles (square: along x axis; triangle : along y axis; circle: along z axis).

prevents formation of prominent disks in dwarf galaxies
(Wheeler et al. 2015).

Their effective radii and surface brightness are approx-
imately within the range of UDGs for a large range of in-
fall times. The dynamical effects of stellar feedback are the
most effective in the mass range M

h

⇠ 1010�11M�, as shown
in Chan et al. (2015); El-Badry et al. (2016), enabling all

of our galaxies to have large effective radii especially at
t
infall

& 6Gyr. 6

6 El-Badry et al. (2016) measured the effective radii of the galax-
ies from FIRE, but their radii should not be directly compared
with ours. They measured the instantaneous light profiles, so star-
bursts at the center reduce their luminosity-weighted effective
radii, while their effect on our profiles with aged stars is smaller.
They also applied elliptical fit to r band images with a surface

c� 0000 RAS, MNRAS 000, 000–000

TK Chan, …, Wetzel et al, in prep
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The Latte Simulations: 
the Milky Way on FIRE
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