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dwarf galaxies: significant challenges to the 
Cold Dark Matter (CDM) model
“missing satellites” problem
(probably) too few observed satellite galaxies compared with 
dark-matter subhalos in CDM 
—> Can a CDM-based model produce a satellite stellar mass 
function as observed?

“too big to fail” problem
dark-matter subhalos in CDM are too dense compared with 
observed satellite galaxies 
—> Can a CDM-based model produce a satellite dynamical 
mass (velocity dispersion) function as observed?



The Latte Project: the Milky Way on FIRE 
simulating a Milky Way-mass galaxy with a realistic 

population of satellite dwarf galaxies 

Wetzel et al 2016, ApJL submitted, arXiv:1602:05957

http://www.astrophoto.com/M82.htm

Feedback In Realistic Environments

F RE



Andrew Wetzel Caltech - Carnegie

SF criteria in galaxy simulations 2651

Figure 2. Gas surface density (intensity), with star-forming regions colour-
coded as red–yellow (with increasing specific SFR). The distribution of SF
varies with SF law. Local binding criteria select locally overdense regions
in all cases. A fixed density threshold works well for most of the MW disc,
but fails in the central, high-ρ regions of the HiZ model (where the mean
density is above threshold). A molecular law works reasonably well in the
outer regions of the MW model, but ‘smears’ SF among a much wider range
of gas in spiral arms; in the HiZ/starburst nucleus model it identifies all gas
as molecular. Temperature, Jeans stability, cooling rate and convergent-flow
criteria select gas at nearly all densities.

Figure 3. SFR-weighted density distribution for the simulations with differ-
ent SF prescriptions (labelled) in the MW-like (top) and starburst/HiZ (bot-
tom) disc models. The self-gravity criterion identifies the most dense regions.
A fixed density threshold simulation is dominated by SF near the thresh-
old, which is much lower than the maximum densities in the HiZ model.
A molecular criterion effectively corresponds to a much lower threshold;
for the metallicities here ≈1 cm−3. The other criteria spread the SF across
almost all the gas, even at very low densities.

selecting ‘overdensities’ at ∼1 pc would require a threshold a factor
of ∼109 larger than the threshold at ∼kpc – and the threshold we
use on those scales is already much larger than the value chosen in
most simulations!

Identifying SF with molecules (3) is reasonably similar to the
choice of a high threshold density or self-gravity, when we focus on
regions of very low mean surface density/opacity. When the average
surface density is !10 M⊙ pc−2 (at Z ∼ Z⊙), the medium is not
self-shielding and becomes atomic dominated, so these criteria all
similarly select overdense regions where rapid cooling has enabled
collapse. But as soon as the density rises much above this value, the
(dense) gas is essentially all molecular, and the criterion becomes
meaningless (distributing SF equally among all gas). This ‘smears
out’ SF in the dense gas, evident in Fig. 2 (which now appears
as if it were effectively lower resolution). In fact, for metallicities
of "0.1 Z⊙, we see in Fig. 3 that this criterion is nearly identical
to invoking a relatively low ‘threshold’ density of n0 ∼ 1 cm−3.
At lower metallicities significant differences appear (Kuhlen et al.
2011), but there is almost no difference in an instantaneous sense
between this model and a threshold density – the differences owe
to the fact that at these metallicities cooling rates are sufficiently
suppressed such that the cooling time is no longer short compared
to the dynamical time (Glover & Clark 2012).
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High resolution to capture structure                                                 
of multi-phase inter-stellar medium 

mgas = 7070 Msun 

hgas = 1 pc (min), 25 pc (typical) 
hdm = 20 pc 
tstep,min = 180 yr 

Cooling from atoms, molecules, and 9 metals down to 10 K 
Star formation only in self-gravitating clouds

model for star formation
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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

30 Doradus

model for stellar feedback
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dark matter-only simulation

300 kpc



dark matter with effects of baryons

300 kpc



stars

300 kpc



10

Mstar = 9x1010 Msun

SFR = 3.4 Msun/yr

12 kpc
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stellar mass function of satellites

Wetzel et al 2016



Andrew Wetzel Caltech - Carnegie

stellar mass function of satellites

Wetzel et al 2016
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stellar velocity dispersion function of satellites

Wetzel et al 2016
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stellar velocity dispersion function of satellites

Wetzel et al 2016
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velocity dispersion - mass relation

Wetzel et al 2016



Andrew Wetzel Caltech - Carnegie

velocity dispersion - mass relation

Wetzel et al 2016
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Kirby et al 2014

mass - metallicity relation

Wetzel et al 2016
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mass - metallicity relation

Wetzel et al 2016
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Weisz et al 2014

diverse range of star-formation 
histories of satellite dwarf galaxies
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Wetzel et al 2016

diverse range of star-formation 
histories of satellite dwarf galaxies
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What causes the lack of (massive) 
satellite dwarf galaxies around the 
Milky Way-mass host?
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inclusion of baryons destroys 
dark-matter subhalos

dark matter in dark-matter-only dark matter in baryonic simulation
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subhalo number density profile

Mbound >1e7 Msun

subhalos in dark-matter only

Wetzel et al in prep

subhalos in baryonic
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dark-matter subhalo mass function

d < 300 kpc

subhalos in baryonic

subhalos in dark-matter only

Wetzel et al in prep see also, e.g., Zhu et al 2016, Sawala et al 2016
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stellar feedback drives gas outflows/inflows 
that can produce dark-matter cores

Wetzel et al in prep
0.2 1.0 8.0
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stellar feedback drives gas outflows/inflows 
that can produce dark-matter cores

Wetzel et al in prep
0.2 1.0 8.0
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simulated dwarf galaxies have bursty star formation

El-Badry, Wetzel et al 2015
time

14 Sparre et al.

7 8 9 10 11
log M

�

/M
�

�1.2

�1.0

�0.8

�0.6

�0.4

�0.2

0.0

0.2

lo
g

SF
R
(H

�
)/

SF
R
(F

U
V

)

FIRE
Weisz+2012
FIRE
Weisz+2012

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-

c
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Sparre et al 2015
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feedback-driven gas outflows in dwarf galaxies
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fluctuations in galaxy radius at fixed Mstar
El-Badry, Wetzel et al 2015
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we exclude ≈50% of the stars that formed before z∼2 because
of the higher merger rates at early times.

Throughout, we present both áD ñr , the average of the net
(vector) radial migration distance across all particles, and
á D ñr∣ ∣ , the average of the absolute radial migration distance.
The former measures systematic inward/outward migration,
while the latter measures the scatter induced by simultaneous
inward and outward migration.

3.3.2. Radial Migration over Short Timescales

Figure 4 compares the time-evolution of the sSFR, the mean
stellar radial migration, and the slope of the central dark-matter
density profile over the same starburst episode shown in
Figure 3. The middle panel shows the average migration
distance for all stars. Like radial velocity, radial migration
distance is closely related to the sSFR: stars migrate outward
when the sSFR falls during periods of net outflow and migrate
inward once gas falls back into the galactic center and the sSFR
rises. This has a dramatic effect on the radial distribution of
stars: during the main outflow episode, the overall stellar
population migrates coherently ≈2.5kpc outward in less than
300Myr. Note that áD ñr is always positive because we measure
radial migration since formation, and as we will show in

Section 3.3.3, stars experience coherent and lasting outward
migration over long timescales.
The bottom panel shows the time-evolution of the central

slope α of the dark matter density profile (ρDM∝rα). We define
α as the power law that best fits ρDM in the r=(1%–2%) R200m
interval; see Chan et al. (2015) for further discussion of α. Here,
α∼0 represents a flat central density profile (a “core”), while
α−1 represents a steep Navarro–Frenk–White-like profile (a
“cusp.”) Because dark matter particles migrate in and out on the
same timescale as stars, α evolves similarly to the mean stellar
migration and sSFR, changing from a cuspy profile at peak sSFR
to a core at peak outflow.

3.3.3. Radial Migration over Long Timescales

We next examine stellar radial migration in m10.6 over long
(cosmological) timescales. Figure 5 shows the distribution of
radial migration distances since formation, áD ñr and á D ñr∣ ∣ , as
a function of stellar age. Here we stack results across all
snapshots, measuring each particle’s migration distance in each
snapshot and binning the simulation in stellar age. Thus, young
ages include a combination of stars measured at z∼0 and high
z, while old ages necessarily come from stars measured only
at z∼0.

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. áD ñr (purple)
shows the net radial migration, while á D ñr∣ ∣ 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 α of the dark matter density profile (ρDM∝rα). α
correlates with mean stellar migration, since star and dark matter particles feel
the same time-varying gravitational potential.

Figure 5. Distribution of radial migration distances of stars since their
formation as a function of their stellar age in m10.6. Top: Δr, the difference
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 D r∣ ∣, the absolute
radial migration distance. Inset shows stars younger than 1 Gyr, highlighting
short timescales. After 200 Myr, stars move an average 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 (1 Gyr), 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.

8

The Astrophysical Journal, 820:131 (17pp), 2016 April 1 El-Badry et al.El-Badry, Wetzel et al 2015
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detailed stellar (and gas) kinematics in dwarf 
galaxies will provide robust tests of feedback 
models and the nature of dark-matter coring

El-Badry, Wetzel et al, in prep
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