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Figure 2: Comparison of two z = 0 halos of masses 3 × 1014M⊙ and 3 × 1012M⊙ formed in flat ΛCDM cosmology (Ωm = 1 − ΩΛ = 0.3,
h = 0.7, σ8 = 0.9). In each case the mass distribution around the center of the halo is shown to approximately two virial radii from the center
of each halo. Both objects were resolved with similar number of particles and similar spatial resolution relative to the virial radius of the halo
in their respective simulations. I leave it as an exercise to the reader to guess the mass of the halo shown in each panel.

not easy to tell the mass of the halo by simply examining
the overall mass distribution or by counting the number of
subhalos. This is a visual manifestation of approximate (but
not exact, see, e.g., [21, 22]) self-similarity of CDM halos
of different mass. If we would compare similar images of
distribution of luminous matter around galaxies and clusters,
the difference would be striking.

The manifestly different observed satellite populations
around galaxies of different luminosities and expected
approximately self-similar populations of satellite subhalos
around halos of different mass is known as the substructure
problem [8, 23, 24]. In the case of the best studied satellite
systems of the Milky Way and Andromeda galaxies, the
discrepancy between the predicted abundance of small-mass
dark matter clumps and the number of observed luminous
satellites as a function of circular velocity (see Section 2) has
been also referred to as the “missing satellites problem.” (The
name derived from the title “Where are the missing galactic
satellites?” of one of the papers originally pointing out the
discrepancy [24].) The main goal of this paper is to review
theoretical and observational progress in quantifying and
understanding the problem over the last decade.

2. Quantifying the Substructure and
Luminous Satellite Populations

In order to connect theoretical predictions and observations
on a quantitative level, we need descriptive statistics to
characterize population of theoretical dark matter subha-
los and observed luminous satellites. Ideally, one would
like theoretical models to be able to predict properties
of stellar populations hosted by dark matter halos and
subhalos and make comparisons using statistics involving
directly observable quantities, such as galaxy luminosities.
In practice, however, this is difficult as such predictions
require modeling of still rather uncertain processes shaping

properties of galaxies during their formation. In addition,
the simulations can reach the highest resolution in the
regime when complicated and computationally costly galaxy
formation processes are not included and all of the matter
in the universe is modeled as a uniform collisionless and
dissipationless component (i.e., the component that cannot
dissipate the kinetic energy it acquires during gravitational
collapse and accompanying gravitational interaction and
relaxation processes). Such simulations thus give the most
accurate knowledge of the dark matter subhalo populations,
but can only predict dynamical subhalo properties such
as the depth of their potential well or the total mass of
gravitationally bound material. Therefore, in comparisons
between theoretical predictions and observations so far, the
most common strategy was to find a compromise quantity
that can be estimated both in dissipationless simulations and
in observations.

2.1. Quantifying the Subhalo Populations. Starting with the
first studies that made such comparisons using results of
numerical simulations [8, 24] the quantity of choice was the
maximum circular velocity, defined as

Vmax = max
(
Gm(< r)

r

)1/2

, (1)

where m(< r) = 4π
∫
ρ(r)r2dr is the spherically averaged

total mass profile about the center of the object. Vmax is a
measure of the depth of the potential (the potential energy
of a self-gravitating system is W ∝ V 2

max) and can be fairly
easily computed in a cosmological simulation once the center
of a subhalo is determined. (The detailed description of the
procedure of identifying the centers of subhalos is beyond the
scope of this paper, but is nevertheless pertinent. While many
different algorithms are used in the literature [6, 9, 25–29],
all algorithms boil down to the automated search for density
peaks (most often in configuration space, but sometimes
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disfavored by the fact that ultra-faint dwarfs appear to lie
on the continuation of the luminosity-metallicity relation of
more luminous dwarf galaxies [73].)

More practically, the extreme faintness of the majority of
dwarf satellites implies that we have a more or less complete
census of them only within the volume of ∼30–50 kpc of the
Milky Way [56, 74]. Figure 5 shows the distance to which the
dwarfs of a given luminosity are complete in the SDSS survey,
in which the faintest new dwarfs have been discovered. The
figure shows that we have a good census of the volume of
the Local Group only for the relatively bright luminosities
of the “classical” satellites. At the fainter luminosities of
the ultra-faint dwarfs, on the other hand, we can expect to
find many more systems at larger radii in the future deep
wide area surveys. The exact number we can expect to be
discovered depends on their uncertain radial distribution,
but given the numbers of already discovered dwarfs and
our current knowledge of the radial distribution of brighter
satellites (and expected radial distribution of subhalos), we
can reasonably expect that at least a hundred faint satellites
exist within 400 kpc of the Milky Way. This is illustrated in
Figure 6, which shows the luminosity function of the Milky
Way satellites corrected for the volume not yet surveyed
under different assumptions about radial distribution of the
satellites [56].

The basis for considering these extremely faint stellar
systems as bona fide galaxies is the fact that unlike star
clusters, they are dark matter dominated: that is, the total
mass within their stellar extent is much larger than the
stellar mass expected for old stellar populations [48]. The
total dynamical masses of these galaxies are derived using
kinematics of stars. (These faint dwarf spheroidal galaxies
do not have cold gas and therefore their mass profiles
cannot be measured using the gas rotation curve, as is
commonly done for more massive dIrr galaxies.) High-
resolution spectroscopy of the red giant stars in the vicinity
of each galaxy provides the radial velocities of these stars.
The radial velocities can then be modeled using using the
Jeans equilibrium equations to derive the total mass profile
[75–80]. This modeling requires certain assumptions about
the unknown shape of the stellar distribution and velocity
distribution of stars, as well as assumptions about the
shape and radial profile of the dark matter distribution.
The resulting mass profile, therefore, has some uncertainty
associated with these assumptions [75, 78, 80].

Additionally, the ultra-faint dwarfs follow scaling rela-
tions of the brighter classical satellites such as the luminosity-
metallicity relation [73] and, therefore, seem to be the low
luminosity brethren within the family of dSph galaxies.

3. Defining the Substructure Problem

As I noted above, comparison of theory and observations
in terms of the directly observable quantities such as
luminosities is possible only using a galaxy formation model.
These models, although actively explored [39, 81–87] (see
also Section 4.3) are considerably more uncertain than the
predictions of dissipationless simulations on the properties
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Figure 7: Comparison of the cumulative circular velocity functions,
N(> Vmax), of subhalos and dwarf satellites of the Milky Way within
the radius of 286 kpc (this radius is chosen to match the maximum
distance to observed satellites in the sample and is smaller than the
virial radius of the simulated halo, R337 = 326 kpc). The subhalo
VFs are plotted for the host halos with maximum circular velocities
of 160 km/s and 208 km/s that should bracket the Vmax of the actual
Milky Way halo. The VF for the observed satellites was constructed
using circular velocities estimated from the line-of-sight velocity
dispersions as Vmax =

√
3σr (see the discussion in the text for the

uncertainties of this conversion).

of dark matter subhalos. Given that observed dwarf satellites
are very dark matter dominated, the dissipative processes
leading to formation of their stellar component are expected
to have a limited effect on the distribution of the dynamically
dominant dark matter. Fruitful comparison between simula-
tion predictions and observations is, therefore, possible if a
quantity related to the total mass profile can be measured in
the latter.

The first attempts at such comparisons [8, 9] assumed
isotropy of the stellar orbits and converted the line-of-
sight velocity dispersion of stars in dSph satellites, σr ,
to estimate their maximum circular velocities as Vmax =√

3σr . The admittedly oversimplistic conversion was adopted
simply due to a lack of well-measured velocity profiles and
corresponding constraints on the mass distribution at the
time. Figure 7 shows such a comparison for the classical
satellites of the Milky Way and subhalo populations in
Milky Way-sized halos formed in the concordance ΛCDM
cosmology.(I did not include the new ultra-faint satellites in
the comparison both because their Vmax values are much
more uncertain and because their total number within
the virial radius requires uncertain corrections from the
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Figure 3. Rotation curves, assuming Einasto profiles with α = 0.18, of
all resolved haloes with Vpeak > 30 km s−1 within 300 kpc of the centre
of Douglas (based on measured Vmax and Rmax values in the simulation).
Plotted as black points are the data for the MW satellites brighter than
2 × 105 L⊙ compiled in Wolf et al. (2010), with sizes proportional to the
log of their stellar masses. The cyan lines indicate strong massive failures –
subhaloes that are too dense to host any of the MW dSphs. The black lines
plot the additional subhaloes that are identified as massive failures according
to the stricter definition given in the text: haloes with Vpeak > 30 km s−1 that
are not accounted for by the dense galaxies in the observational sample. The
subhaloes with Vpeak > 30 km s−1 that are selected to host the high-density
galaxies, Draco and Ursa Minor, are indicated by dotted magenta lines, with
their associated galaxies plotted as magenta squares. The dotted lines plot
the subhaloes that are consistent with at least one of the remaining seven
dwarfs in our sample, which are allowed to reside in multiple such sub-
haloes. The grey dashed line indicates the sole subhalo of Douglas expected
to host a Magellanic Cloud (Vmax > 60 km s−1), which we exclude from
our analysis. Not plotted are 40 resolved (Vmax > 15 km s−1) subhaloes
with Vpeak < 30 km s−1. In all, Douglas hosts 12 unaccounted-for massive
failures, including eight strong massive failures that are too dense to host
any bright MW dSph.

enough to host the lower density galaxies at z = 0. The curves
correspond to Einasto profiles with α = 0.18, normalized using
the measured Rmax and Vmax values for each identified system. The
dashed grey line indicates the lone Magellanic Cloud analogue in
Douglas, defined as subhaloes with present-day Vmax > 60 km s−1

(Stanimirović, Staveley-Smith & Jones 2004), which is eliminated
from our analysis. Our cut is again less conservative than that in
Boylan-Kolchin et al. (2011): the criterion used by those authors
would eliminate approximately one additional subhalo per host, on
average (i.e. they would measure one fewer strong massive failure
per host).

The data points in Fig. 3 indicate measurements of V1/2 at r1/2

for the MW dSphs in our sample (taken from Wolf et al. 2010, who
used data from Walker, Mateo & Olszewski 2009 along with data
from Muñoz et al. 2005; Koch et al. 2007; Simon & Geha 2007

and Mateo, Olszewski & Walker 2008).2 The Wolf et al. formula
is analytically exact for spherically symmetric systems with flat
velocity dispersion profiles. However, for strongly non-spherical
systems the mass (circular velocity) at r1/2 can be underestimated
by as much as 40 per cent (18 per cent) if the satellite is viewed along
the long-axis, and similarly overestimated by as much as 50 per cent
(22 per cent) if viewed from along the short axis (Kowalczyk et al.
2013). Shifts of order 20 per cent in V1/2 in Fig. 3 (roughly the size
of the error bars on Draco and Ursa Minor) would not strongly affect
our overall conclusions. Other mass estimators in the literature (e.g.
Breddels & Helmi 2013; Jardel & Gebhardt 2013) yield results that
are consistent with those plotted in Fig. 3.

The points in Fig. 3 are sized by the log of the stellar mass of each
galaxy. Plotted in black are the low-density MW dSph galaxies. The
magenta points indicate the high-density dSphs, Draco and Ursa
Minor, which may only be associated with a single subhalo in each
host (indicated by the dotted magenta lines) when counting massive
failures. If the data points for Draco or Ursa Minor were 10 km s−1

higher (e.g. if V1/2 were underestimated), the strong massive failures
(cyan lines) would vanish but the number of massive failures (cyan
and black lines) would remain unchanged.

Fig. 4 summarizes the results of counting massive failures in the
complete set of 48 hosts, where each line corresponds to a different
assumed density profile shape. Black lines show results for our
fiducial choice, an α = 0.18 Einasto profile; also shown are the
implied distributions for NFW profiles (magenta), an underdense
Einasto (cyan; α = 0.28), and an overdense Einasto (dark yellow,
α = 0.15). The left-hand panel indicates the cumulative distribution
of massive failures and the right plots the same for strong massive
failures; also plotted as a dashed magenta line is the distribution of
1σ discrepant subhaloes from the Aquarius simulations, which we
discuss below. As explained above, the strong definition is highly
sensitive to the densest dwarf; it is likewise strongly dependent
on the density profile, with medians varying between 2 and 10 for
those chosen here. The number of massive failures, however, is more
consistent and varies by a maximum of ∼5 – the median varies from
8.5 for α = 0.28 to 13 for α = 0.15.

All of the 48 hosts contain at least two strong massive failures for
α = 0.18; using the slightly less dense NFW profile results in only
one (iHera, with Mv = 1.22 × 1012 M⊙) of the 48 hosts (2 per cent)
containing no strong massive failures.3 Even the least dense profile
considered here (α = 0.28) leads to only five hosts (10 per cent) with
no strong failures.4 These results are similar to the expectations of
Purcell & Zentner (2012), who estimated the prevalence of strong
massive failures in MW-size hosts using a semi-analytic formalism,
though in detail we have found slightly higher fractions of systems
with strong massive failures.

The problem is revealed as more serious when we enumerate all
unaccounted-for massive haloes, however. None of the ELVIS hosts
are without massive failures: the least problematic MW analogues

2 For simplicity, we exclude galaxies within 300 kpc of M31 – many of
the M31 satellites have substantial contributions from baryons within r1/2,
making a measurement of the central DM density very difficult. However, the
central masses of the M31 dSphs appear to be consistent with the MW dSphs
(Tollerud et al. 2012), and are therefore inconsistent with the subhaloes
expected to host them (Tollerud et al. 2014).
3 However, iHera does not host any LMC or SMC candidate subhaloes and
therefore remains an imperfect match to the MW satellite system.
4 For completeness sake, we note that the massive failures are drastically
reduced in number or disappear completely if we assume a strongly cored
or flat inner profile (α = 0.5−1).
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The Astronomical Journal, 142:24 (12pp), 2011 July Oh et al.

Figure 6. Left: the rotation curve shape of DG1 and DG2 as well as the seven THINGS dwarf galaxies. The DM rotation curves (corrected for baryons as shown in
Figure 4) are scaled with respect to the rotation velocity V0.3 at R0.3 where the logarithmic slope of the curve is dlogV/dlogR = 0.3 (Hayashi & Navarro 2006). The
small dots indicate the NFW model rotation curves with V200 ranging from 10 to 90 km s−1. See the text for further details. The best-fitted pseudo-isothermal halo
models (denoted as ISO) are also overplotted. See Section 4.2 for more details. Right: the scaled DM density profiles of DG1 and DG2 as well as the seven THINGS
dwarf galaxies. The profiles are derived using the scaled DM rotation curves in the left panel. The small dots represent the NFW models (α ∼ −1.0) with V200 ranging
from 10 to 90 km s−1. The dashed lines indicate the best-fitted ISO halo models (α ∼ 0.0). See Section 4.3 for more details.
(A color version of this figure is available in the online journal.)

mass distribution for the galaxy halo, the galaxy rotation curve
V (R) can be converted to the mass density profile ρ(R) by the
following formula (see de Blok et al. 2001; Oh et al. 2008, 2011
for more details),

ρ(R) = 1
4πG

[

2
V

R

∂V

∂R
+

(
V

R

)2]

, (4)

where V is the rotation velocity observed at radius R and G is
the gravitational constant. Here we do not de-contract the halos
since in these galaxies adiabatic contraction does not occur and
rather expansion happens as shown in Governato et al. (2010;
see also Dutton et al. 2007).

Using Equation (4), we derive the DM density profiles of
the THINGS dwarf galaxies, DG1, and DG2 as well as the
CDM halos whose rotation curves are shown in the left panel
of Figure 6. In addition, we also derive the corresponding
mass density profiles of the best-fitted ISO halo models to
the THINGS dwarf galaxies. As shown in the right panel of
Figure 6, despite the scatter, both DG1 and DG2 have shallower
mass density profiles than DM-only simulations. Instead, they
are more consistent with the THINGS dwarf galaxies showing
near-constant density DM distributions at the centers.

In Figure 7, we compare the derived DM density profiles of
DG1 and DG2 with their true full three-dimensional DM density
distribution. The inner decrease in the actual DM density profiles
of Figure 7 is due to the shape of the potential in the region below
the force resolution (86 pc). As shown in Figure 7, for DG1, the
observationally derived DM density profile robustly traces the
true values but that for DG2 it is found to be on average a
factor of three lower than its true value at the central regions.
This is mainly due to the lower gas rotation velocity of DG2
as shown in panel (f) of Figure 3, resulting in smaller velocity
gradients ∂V /∂R in Equation (4) and thus smaller densities.

However, considering the uncertainties in deriving the profile,
the recovered profile is acceptable to examine the central DM
distribution.

We determine the inner density slopes α assuming a power
law (ρ ∼ rα) and find them to be α = −0.31 ± 0.07 for DG1 and
α = −0.49 ± 0.06 for DG2, respectively. If we re-measure the
slope of DG2, excluding the innermost point which has a large
error bar, the slope is flatter (α = −0.27 ± 0.05) as indicated
by the long dashed line in the right panel of Figure 7. These
slopes deviate from the steep slope of ∼−1.0 from DM-only
cosmological simulations. The profiles of both DG1 and DG2
deviate from NFW models beyond about 10 times the force
resolution. This tells us that the baryonic feedback processes
in dwarf galaxies can affect the DM distribution in such a way
that the central cusps predicted from DM-only simulations are
flattened, resulting in DM halos characterized by a core, as found
in normal dwarf galaxies in the local universe.

5. CONCLUSIONS

In this paper, we have compared the DM distribution of the
dwarf galaxies from a novel set of SPH+N-body simulations
by Governato et al. (2010) with that of seven THINGS dwarf
galaxies to address the “cusp/core” problem in ΛCDM. The
simulations were performed in a fully cosmological context, and
include the effect of baryonic feedback processes, particularly
strong gas outflows driven by SNe. Both the simulated and the
observed dwarf galaxies have similar kinematic properties and
have been analyzed in a homogeneous and consistent manner as
described in Oh et al. (2011). The techniques used in deriving
DM density profiles were found to provide accurate results
when compared with the true underlying profiles, supporting
the veracity of the techniques employed by observers. Therefore,
this provides a quantitative comparison between the simulations
and the observations, and allows us to examine how the baryonic
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‘missing satellites’ problem
CDM predicts too many dark matter subhalos compared with 
observed satellite galaxies 
—> Can a CDM-based model produce satellites with 
observed distribution of stellar masses?

‘too big to fail’ problem
CDM predicts dark-matter subhalos that are too dense 
compared with observed satellite galaxies 
—> 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
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possible solutions
1. dark matter is not ‘standard’ CDM                     

examples: warm dark matter, self-interacting dark matter 

2. standard CDM + baryonic physics                                                        

dwarf galaxies: significant challenges 
to the Cold Dark Matter (CDM) model
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Fig. 2.— The spatial distribution of LG dwarf galaxies projected into the supergalactic X-Y

plane. Galaxies analyzed in this paper are color-coded by their absolute V-band magnitude,

while other galaxies are left as grey points. Outside the LG, the grey points are (from left

to right): Antlia, NGC 3109, Leo P, and UGC 4879. The size of each point is proportional

to the galaxy’s half-light radius. Following McConnachie (2012) we adopt Rvirial = 300 kpc

for both the MW and M31, and a zero-velocity radius of 1060 kpc for the LG.

The Local Group
Weisz et al 2014
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The Latte Project: the Milky Way on FIRE 
simulating a Milky Way-mass galaxy with a realistic 

population of satellite dwarf galaxies in LCDM

http://www.astrophoto.com/M82.htm
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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 gas and star formation

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

Feedback In Realistic Environments

F RE



Andrew Wetzel Caltech - CarnegieESA

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
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each MW-mass simulation is 
    massively parallel: 2048 cores 
    CPU time: 720k hours 
    wall time: 15 days

Latte simulations 
    run on the Stampede supercomputer 
    supported by NSF XSEDE

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

Feedback In Realistic Environments

F RE



cosmological zoom-in simulation 
to achieve high resolution

86 Mpc
6 Mpc



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

300 kpc



dark matter in baryonic simulation
dark matter with effects of baryons

300 kpc



starsstars

300 kpc



19

Latte

Flat White

Mstar = 7x1010 Msun
host galaxies at z = 0



Andrew Wetzel Caltech - Carnegie

Ma, Hopkins, Wetzel et al, in prep
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The Latte Project: 
the Milky Way on FIRE 
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Flat White simulation

Wetzel et al 2016
stellar masses of satellite galaxies
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Wetzel et al 2016
stellar velocity dispersions of satellites

Flat White simulation
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Wetzel et al 2016
velocity dispersion - mass relation
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mass - metallicity relation
Wetzel et al 2016
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Wetzel et al 2016
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dwarf galaxies: significant challenges to the 
Cold Dark Matter (CDM) model
‘missing satellites’ problem
CDM predicts too many dark matter subhalos compared with 
observed satellite galaxies 
—> Can a CDM-based model produce satellites with 
observed distribution of stellar masses?

‘too big to fail’ problem
CDM predicts dark-matter subhalos that are too dense 
compared with observed satellite galaxies 
—> Can a CDM-based model produce satellites with 
observed distribution of stellar velocity dispersions?
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What causes the lack of (massive) 
satellite dwarf galaxies?

1. Stellar feedback drives significant gas 
outflows/inflows that dynamically heat dark 
matter, reducing the inner density (cores) 

2. Stellar disk of Milky Way-mass host galaxy 
destroys satellites (via tidal shocking, etc)

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

Feedback In Realistic Environments

F RE



29

inclusion of baryons —> stellar disk 
destroys dark-matter subhalos

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

100 kpc



Andrew Wetzel Caltech - Carnegie

dark-matter subhalo mass function
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What causes the lack of (massive) satellite dwarf 
galaxies around the Milky Way-mass host?

1. Stellar feedback drives significant gas 
outflows/inflows that dynamically heat dark 
matter, reducing the inner density (cores) 

2. Stellar disk of Milky Way-mass host galaxy 
destroys satellites (via tidal shocking, etc)
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dwarf galaxies have bursty star formation

El-Badry, Wetzel et al 2015

time
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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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