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Dwarf galaxies pose significant challenges for cosmologicaodels. In par-
ticular, current models predict a dark matter density that i s divergent at the
center, in sharp contrast with observations which indicatean approximately
constant central density core. Energy feedback, from sup&ova explosions
and stellar winds, has been proposed as a major factor shapignthe evolution
of dwarf galaxies. We present detailed cosmological simuii@ns with sufficient
resolution both to model the relevant physical processes drto directly assess
the impact of stellar feedback on observable properties of warf galaxies. We
show that feedback drives large-scale, bulk motion of the iterstellar gas re-
sulting in significant gravitational potential fluctuations and a consequent re-
duction in the central matter density, bringing the theoretical predictions in
agreement with observations.

Dwarf galaxies are the most common galaxy tyfe (In the hierarchical picture of cos-
mic structure formation, dwarf galaxies form first, lateccbming building blocks for larger
galaxies. Thanks to their proximity in the local universe(ad 18 galaxies are located within
300 kpc of the Sun), several of these galaxies have beeredtindietail. By measuring line-of-
sight velocities for hundreds of stars, accurate modelinfp@ mass distribution has revealed
features that pose severe challenges for the standard xgoad model. It appears, for ex-
ample, that the distribution of dark matter (which is the dwent mass component of these
galaxies) is of almost constant density in a central rediahis comparable in size to the stellar
body of the galaxyZ,13,4,5,/6). In the best studied systems, Fornax and Ursa Minor, thesad
of this region is~ 400 pc and~ 300 pc, respectively@). This core is at odds with existing cos-
mological models, which reliably predict the dark matteh&we a divergent density (a cusp) at
the galactic centef7). Some dwarf spheroidal galaxies also exhibit radial graidiin the stellar
population, with stars more deficient in heavy elements (aacefore presumed older) having
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a more extended distribution and being kinematically wartinen more metal-rich star§,9).
Further, the presence of globular clusters in many dwaisizzling since these massive, com-
pact systems of many thousands of stars would have suffeaedagional drag as they moved
through the dark matter background of the galaxy halo. Thisachical friction would have
caused the globular clusters to spiral into the galaxy ceméime scales much shorter than the
age of the galaxy (the Fornax dwarf spheroidal galaxy isbieta this regard3)).

It is well established that massive stars inject large arteoahenergy into the surround-
ing medium via stellar winds and supernova explosions,ltiagun large-scale (hundreds of
parsecs in large galaxies) random bulk motions of the itelas gas at close to sonic speeds
(~ 10 km s! for the typical gas temperature v6* K) (10,11,[12). The effect of such per-
turbations is larger for dwarf galaxies, as they have loveer gressure due to the lesser depth
of their gravitational potential wells. This stellar feedl has been invoked to explain at least
some of the puzzling properties of dwarf galaxies. In patéig there has been considerable
debate as to whether or not it can turn the theoreticallyipted central dark matter cusp into a
core (13,14,/15,[16).

Previous theoretical work has included both non-cosmokligaind cosmological model-
ing. High resolution, non-cosmological numerical modeithwletailed descriptions of relevant
physical processed,17,/18) suffer from unrealistically symmetric initial conditisrand a
static description of the dark matter potential, and froml#tk of gas accretion from the ambi-
ent cosmic medium. Prior attempts at self-consistent fgygramic cosmological simulations
have tended to focus on the formation of the very first smdlgaprogenitors(19,20), or
on dwarf galaxy models without sufficient resolution or teevant physics to properly model
star formation and feedback because of the substantial wtatignal challenges involved in
self-consistent modellin@(,22).

Here we present the results of cosmological simulationsvairtigalaxy formation and evo-
lution that adequately resolve and model the processesofasimation and stellar feedback.
In good agreement with our previous semi-analytical res{), our self-consistent model
demonstrates that in small galaxies random bulk gas motiowen by stellar feedback play a
critical role in determining the structure of the galacenter. The key result is the transforma-
tion of the central density profile from a cusp to a large cdtas is a consequence of resonant
heating of dark matter in the fluctuating potential that hssinom the bulk gas motions. We
also demonstrate that the same mechanism can explain athaimg features of dwarf galax-
ies, such as the stellar population gradients, low decayfaartglobular cluster orbits and the
low central stellar density.

The simulations were run using the cosmological paralks tode Gasoliné28). This
code represents dark and stellar matter as a collectionrkindatter and star particles and uses
the smoothed particle hydrodynamics (SPH) formalism taules gas evolution. A detailed
description of the code, including the prescriptions far $ormation and supernova feedback,
can be found in refs24.,25). The very high resolution achieved in our models requihedatd-
dition of two key features to the standard cosmological cédiest, low temperature<{ 10* K)
radiative cooling from de-excitation of fine structure andtastable lines of heavy elements
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Figure 1: A zoom-in on the central part of the simulated forgndwarf galaxy at redshift
z = 5.3. This time was chosen to illustrate the very clumpy gas ithistion following a star
burst. Gas is shown in blue and stars in refl) Global view. B) View of the galaxy. C) The
central part of the galaxy. A number of star clusters areoiesn panelC, the oldest (marked)
has an age of 200 Myr.

was necessary to correctly model gas cooling in small ge¢a®b). Second, since our mass
resolution & 200 M) is sufficient to resolve individual supernovae, we introeldi a new,
stochastic, prescription for stellar feedbalk)(

We created cosmological initial conditions with input cvagits designed to produce a
dwarf galaxy with total mass- 10° M, at redshiftz = 6 within a box of size 4 co-moving
Mpc. A central, high resolution, sphere with radius 0.4 coving Mpc was populated with gas
particles. The particle masses inside the high resolupber® were 1,900 Mfor dark matter
and 370 M, for gas. The mass of particles generated to represent stars W20 M. At the
end of the simulations, the total numbers of dark matter, &ag star particles werel x 107,
4.5 x 105, and4.5 x 10°, respectively. The gravitational softening length wasiteeinstant at
12 pc. Further model details, including the descriptionurherical convergence tests and free
parameter studies, can be found25)

Two primary simulations were run. The first one included ladl key physical effects: gas
dynamics, star formation, and stellar feedback. (This wa$ab the most computationally
expensive, consuming x 10> CPU hours.) The second one was a dark-matter-only control
simulation. The simulations startedzat 150, and ended at = 5.

In the simulations, the matter distribution develops tlassic web-like or filamentary struc-
ture on large scales, with the most massive galaxy formingradz = 10 at the intersection
of the major filaments near the center of the computational(B@ure 1). The evolution of
the galaxy is relatively smooth (no major mergers) betweea 8 and 5. The star forma-
tion in the dwarf galaxy is very bursty, with major star bsretpeating approximately every
~ 80 Myr, consistent with the non-cosmological models[®®)( Stars form predominantly
in clusters, but many of them quickly disperse. Starting at 6.2, when the galactic stellar



mass reaches 107 M, clusters which survive until the end of the simulation tstarming.
These long-lived clusters have broadly the same sizes((pc, essentially unresolved in our
simulations), masses-(10° M), and heavy element abundanee §% of solar) as globular
clusters observed in the local universe. It is notewortlay th the Local Group no old (early-
type) dwarfs with stellar mass 10" M, have globular clusters, whereas all brighter dwarfs
(with the exception of M32, which is severely tidally strggpby its host galaxy, M31) have
globular cluster<). This suggests that a galaxy has to be large enougtd{ M, in baryons)

to produce globular clusters, in good agreement with ouukitions.

Feedback from the bursty and clustered star formation teegula dramatically perturbed
interstellar gas distribution on large scales (hundreg®ofecs; Figures 1 and 2 and Movie S1).
This is consistent with the observed (irregular) distridmitof gas in dwarf galaxiedlj. Note
that at high-redshift this feedback does not expel gas flwrgalaxy, in contrast to the maxi-
mum stellar feedback mechanisf#). Instead, supernova explosions compress gas into large
shells and filaments, which are confined to the central pahefalaxy and move with speeds
~ 10 — 20 km s ! (comparable to the speeds of dark matter particles). We athquevi-
ously (16) that gas motion with these characteristics results iniefftagyravitational heating of
the central dark matter and flattening of the cusp.

The heating of dark matter in our model dwarf galaxy is higéfiective (Figures 2—4).
Whereas both density, and velocity dispersiony, of the particles are strongly affected by
the variable content of gas and stars at the galactic ceaheephase-space densify,= p/o?,
is much less sensitive to adiabatic compression of darkemhbgt baryons (Figure 2). In the
dark-matter-only simulationf' stays approximately constant, whereas in the hydrodynamic
simulation, F' gradually decreases with time as the result of the stelldlfack, becoming a
factor of 10 lower than for the dark-matter-only simulasat the end of the evolution.

The dark matter density is strongly affected by the steladback only in the central region
of the galaxy (Figure 3). This is the region in which the eseld gas mass occasionally domi-
nates that of the dark matter, and is where the gas is mosgtyraffected by the feedback. At
the end of the hydrodynamic simulations, the dark mattesitieat the smallest resolved radius
becomes a factor of seven smaller than in the dark-matigrsanulations.

Whereas the dwarf galaxy halo in the dark-matter-only satioh develops a central cusp
with logarithmic slope ofy = —0.95, consistent with previous predictions of the standard
model [7), in the hydrodynamic simulations, resonant heating dustdftar feedback turns the
cusp into a flat core with radiug)0 pc (Figure 4) and average densit M., pc3. These
core parameters are close to those inferred for Forrax)0 pc (6) and~ 0.1 M., pc3 (1),
respectively. The same mechanism produces a core of sorhemhader radius+ 300 pc) in
the distribution of stars, and, significantly, pushes ndayned globular clusters away from the
galactic center. The four oldest globular clusters, fomepke, were born with radial distance
dispersiorns, = 37 pc (essentially at the galactic center), but aite200 Myr of evolution this
distance had grown to a time-averaged value,of 280 pc (comparable to the stellar core ra-
dius). We suggest that resonant gravitational heating tlast partially explain why globular
clusters in Fornax, and in some other dwarfs, are locatedrge Idistances from the galactic
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Figure 2: Evolution of the central quantities in the modelkdigalaxy. In the upper panel,
solid lines correspond to changes in the dark matter (bjagsg (blue), and stellar (red) masses
enclosed within the central 100 pc as a function of the régshi The dashed blue line shows
the evolution of the enclosed gas mass within the centrakfid(half the virial radius). In
the lower panel, green and black lines show the evolutiorhefdentral dark matter phase-
space densityF, for the hydrodynamic and dark-matter-only simulatiorespectively. We
also show the evolution of the velocity anisotropy,for the same dark matter particles as
were used to calculate (magenta line; horizontal black line marks= 0). Heren = (¢? —
o2)/(0? + o?), whereo, ando; are, respectively, the one-dimensional radial and targjent
velocity dispersions.
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Figure 3: Evolution of the enclosed dark matter masses imbéel galaxy at different radii.

Dashed lines correspond to the dark-matter-only simutaand solid lines correspond to the
hydrodynamic simulation.
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Figure 4: Radial profiles for the model galaxy at redshift= 5.2. At this time the central
gas density is very low, minimizing the adiabatic comprassif dark matter due to baryons
(which makes it appropriate for comparison with presenbgesved gas-poor dwarfs). Green
and red lines show the dark matter and stellar dengityp(ofiles, respectively, in the hydro-
dynamic simulation. The thick black line corresponds todhek matter density profile for the
dark-matter-only simulation. The magenta line shows theciy anisotropy;; (see caption to
Figure 2 for the definition), profile for the dark matter (irethydrodynamic simulation).

center[B). Two mechanisms contribute to the effect: first, the feedlfimttens the central cusp,
which reduces the efficiency of dynamical friction in the ttehregions [§); second, stellar
feedback would have continued to heat the globular clustatsountil stars stopped forming,
around 200 Myr ago in Forna).

The distribution of velocities is isotropic within the coand shows slight radial anisotropy
outside the core (Figure 4), whereas the core remains @ottioroughout the evolution (Fig-
ure 2). This behavior is inconsistent with a mechani&8) €mploying massive gas clouds,
passively orbiting (not driven by feedback) near the gaanter, which flatten the dark mat-
ter cusp via heating due to dynamical friction. It has beeswsh(27) that this would result
in the development of significant tangential anisotropyhwithe core, which is not observed
in our simulations. On the other hand, the gravitationabnesice heatingl6) naturally pro-



duces isotropic cores due to the fact that the feedbaclenitbulk gas motions have random
directions.

These results also provide a natural explanation for tHesmopulation gradients seen in
many early-type dwarfs8([9). In our simulations star formation is concentrated towduel
galactic center. Over time, feedback gradually heats tipeijation of stars, resulting in older
(and more metal-poor) stars being kinematically warmerlaawing a larger spatial extent than
younger (and more metal-rich) stellar populations. Heneecan reproduce, qualitatively, the
age, metallicity, and velocity dispersion gradients obsdiin dwarf galaxies.

Our simulations were stoppedat= 5 as continuing beyond this point would require a much
larger computational box to correctly model the growth afjéa structures and an infeasible
increase in computation time. Furthermore, the impact tdreal ionizing radiation, ignored
in our model, can become significant aftee= 6.5. Nevertheless, we can reasonably infer the
subsequent evolution of our model galaxy. If it is to become of the early-type galaxies in
the local universe (which are gas-poor), some mechanishimaik to remove most or all of its
interstellar medium. Some combination of a powerful stastjincreased metagalactic ionizing
radiation, and ram-pressure stripping could result in tivarfllosing most of its ga2g@). Itis
also likely that only a fraction of its star clusters will siwe until the present time. As a result,
our model galaxy would end up resembling a large dwarf sptiargalaxy in the local universe:
low stellar density; metal-poor with old stellar populatschaving pronounced radial population
gradients; large stellar and dark matter cores (compamlsige and density to those in dwarf
spheroidals); and perhaps a few globular clusters. In mespercts, the galaxy would resemble
the Fornax dwarf.

Our non-cosmological modelind®) suggested that stellar feedback can be directly respon-
sible for the absence of dark matter cusps only in small gegawith total masses 10'° M.
in larger galaxies the dark matter particle velocities Ineesignificantly larger than the veloc-
ity of the random gas bulk motions; 10 km s~. Our current, cosmological simulations are
consistent with this result (the mass of our galaxy reac¢hesl0° M, by » = 5). Numerical
simulations[P9) have suggested that a universal halo density profile (edhspy or cored),
once set is preserved through subsequent hierarchicaltenolwhich is consistent with the
analytical result that the collisionless dark matter pksssce density can only decrease over
time), implying that our mechanism may also lead to dark ematbres in larger galaxies.

Our simulations indicate that the gravitational heatingraftter resulting from feedback-
powered bulk gas motions is a critical determinant of thepprbes of dwarf galaxies. Large
dark matter cores are an unavoidable consequence of earfpshation in dwarf galaxies. Our
model indicates that, in primordial dwarf galaxies, gl@ydlusters are formed in the most nat-
ural place—near the center, where the gas pressure is bighad are then pushed by feedback
to much larger distances. This mechanism also ensuresltiatlgr clusters and unclustered
stars have a comparable distribution, as is observed ip-g8gré dwarfs/80). Additionally, the
low stellar density and stellar population gradients obsain dwarf galaxies are also expected
from the model. Finally, it is also worth noting that largeae® have serious implications for
direct searches of dark matter, as a flat core will produce@meaker gamma ray annihilation
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signal than a cusp.
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Supporting Online Material
Methods

Model

We used GASOLINES$1), a parallel TreeSPH particle code that has individuaiglartimesteps.
In several respects our run parameters were similar to tnsesgfor the galaxy formation simu-
lations run with GASOLINE reported if&2). In what follows we will highlight the differences
required to simulate small galaxies at high redshift. Thieedacludes Compton cooling, atomic
cooling based on collisional equilibrium and low-temparatcooling due to metals. The cos-
mic ultraviolet background is assumed to be low at the rétshie consideredS3) and was
omitted.

We model the low-temperature:(10* K) radiative cooling of gas through fine structure
and metastable lines of C, N, O, Fe, S, and Si following thegiption in &4). To derive
the cooling function, the authors assumed that the aboweeglts are maintained in ionization
equilibrium by locally produced cosmic rays, and that thensiz ray ionization rate is scaled
from the Galactic value by /7., whereZ/Z, is the metallicity of gas in solar units. We found
that for temperatures = 20 . .. 10* K their cooling function can be approximated very well by
the following empirical expression:

log(A/n%) = —24.81 + 2.928z — 0.698222 + log(Z/Z),

wherex = log(log(log(T))). Hereny is the number density of hydrogen atoms (incpand
A/n% isin erg cni s7! units.

The star formation algorithms we used were very similar twséhthat were extensively
tested by Stinson et alSf) and Governato et alSP). In order for gas to form stars it has to be
Jeans unstable, to be colder tHan000 K, to have a minimum physical density o atoms/cc
and to have a minimum overdensity of 1,000. Star creationlavtinen proceed at an average
rate, in terms of solar masses per unit volume per unit tiri@,0% times the gas density divided
by the dynamical time. Star particles were created stoidadlyt as described ingp), with a
mass of 120 solar masses each. The probability that a stddWwewcreated in any million year
interval was proportional to the average star formatioa odithe parent gas particle multiplied
by the time interval divided by the star mass.

A Kroupa (S6) initial stellar mass function was used to determine the ohsupernovae per
solar mass of stars. Each supernova was assumed to depesit 0.4 x 10°! ergs into the gas
in net (allowing for some loss in the process). Our high masslution made it inappropriate
to average the feedback effects due to a large populaticiasf when describing the feedback
due to an individual star particle. Instead, we employedhsstic feedback by translating
the time-averaged feedback into a probability that an idd& supernova would occur in that
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time. Thus the energy is injected in discrete supernovatsvéior larger star particle masses
the energy output converges to the result with continuoedtfack. Star particles select nearby
gas particles in the manner described38)(to receive feedback energy. However, the energy
was added in a volume-weighted rather than mass-weightedenavhich better respects the
isotropic nature of the energy injection.

Initial conditions

In our simulations, we used the following values of the colemgical parametersY/): matter
density(2,,, = 0.27, baryonic density), = 0.044, Hubble constanfl, = 71 km s ! Mpc!,
amplitude of fluctuationgy = 0.84, and spectral index, = 0.93. We assumed that the
universe is flatQ,, + Q4 = 1, where(2, is the cosmological constant.)

Constrained cosmological initial conditions were constied using the package COSMICS
(). We used two concentric spherical Gaussian ball consstaifihe first constraint had
a Gaussian scale length &f, = 0.119 co-moving Mpc and an initial overdensity 6f =
1.686D(0)/D(z.on), WhereD(z) is the linear growth factor, and.,;, = 5.92 is the targeted
collapse redshift. This was designed to produce a halo Wwighmass ofv 10° M, by z ~ 6.
After a few tests we realized that for our large box size (4rasng Mpc) one constraint was
not enough to produce an isolated dwarf galaxy:by 5. We chose a second constraint, with
scale length of?, = 0.357 co-moving Mpc and initial overdensity &6 = 6,[0.5(Ry/R;)* +
0.5]>/2 = 0.08944;. (The value off, assumes an isolated density peak in an empty universe.)

We used COSMICS to produce a cube populated withi®* dark matter particles at, =
150. The central sphere, with radius of 0.4 co-moving Mpc andaioing ~ 4.6 x 10° dark
matter particles, was then populated with the same numbga®particles (each gas patrticle
initially overlaying a dark particle and being assigned shene velocity). Followindg99), the
initial temperature of gas was set2d3(1 + z)?/(1 + 200) K= 310 K. (The above expres-
sion assumes that the temperature of gas is the same as tusnoic microwave background
radiation untilz = 200 and is set by adiabatic expansion thereafter.)

To make the simulations computationally feasible, we I@dlethe resolution outside the
central sphere by averaging coordinates and velocitiegrarps of adjacent particles. Between
radii 0.4 and 0.8 co-moving Mpc, the number of particles wekiced by a factor af®, and
in the remainder of the computational box by a facto®df These low-resolution particles
are needed to reproduce tidal torques from large scalesroctwtes inside the central high-
resolution sphere. Particles in the low resolution reg@amscollisionless and account for the
mass of both dark matter and gas in those regions.

The standard numerical code does not have the requiredgshigsich as non-equilibrium
molecular hydrogen chemistry and radiative transfer) tbamsistently describe star forma-
tion in small progenitor galaxies with virial temperat(tg. < 10* K. Proper modeling of these
galaxies is important as they pre-enrich the intergalao@dium (out of which our model dwarf
galaxy will be built) with trace amounts of heavy element® dWcumvented this limitation by
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running the hydrodynamic simulations with a simplified prggion for star formation until
z = 9.6 (before our model galaxy was assembled), and then switc¢higr default star for-
mation recipe. The simplified portion of the simulations madlow-temperature< 10* K)
cooling due to heavy elements, and employed simple gastgdnserdensity> 100 and den-
sity > 1 cm~3) and temperaturel{ < 3 x 10* K) criteria to select star-forming particles. At
z = 9.6, our model galaxy had a heavy element abundance 6f001 solar units, which is
comparable to the lower stellar metallicity cutoff obsehne nearby early-type dwarf galax-
ies [S10). (At the end of the simulations, the average metallicityga$ in the model galaxy
reached 0.014 solar units.) Despite these significant diogilons, in the initial phase of the
simulations we produce the correct abundance of heavy elsmethe intergalactic medium.
We also explored a range of heavy elements abundances-&t.6, by scaling the metallicity
of all gas particles by a constant factor in the ragge 0.2 to 5 (see the next section). Af-
ter 2 = 9.6, we ran the simulations with the full physics (low-temparatcooling and Jeans
instability criterion).

Numerical tests

To estimate the smallest resolved radius at the center ahodel galaxy, we carried out addi-
tional dark-matter-only simulations which had 8 times lowess resolution than our fiducial
model. The initial conditions for this run were generatexrirthe initial conditions for the high
resolution run by binning together groups of 8 adjacentiglag (reducing the effective resolu-
tion by a factor of two in each linear dimension). We choseglavitational softening length
for the new run to be twice larget & 24 pc) than for the fiducial run.

Figure S1 shows the final radial density profiles for both haglal low resolutions runs.
One can see that both profiles converge around radiuw® pc (or 3.3¢), implying that our
high resolution model should resolve radii downtot0 pc. The actual resolution is probably
somewhat smaller in the fiducial run. At the radius where tivednd high resolution models
start diverging, the low resolution run exhibits both a kréathe density profile (becomes
shallower) and the one-sigma spread becomes significardr\{see Figure S1). For the high
resolution run, the same behavior is observed at a radius p€2or2:z. Thus we are confident
that in the fiducial models we resolve central radii to atid@gc, and perhaps to 25 pc. Thisis
sufficient for our purposes, as stellar feedback signiflggrgrturbs the distribution of galactic
gas on scales 100 pc.

Next we explored model sensitivity to the three importantelgparametersEgy (the en-
ergy deposited into the interstellar medium by a single sup&); the low-temperature cooling
factor, x (see the description below); and the initial metallicitgtta, £. (The fiducial values
are Esy = 0.4 x 10°* ergs,x = 1, and¢ = 1.) It would be computationally prohibitive to
run full-scale simulations for different values of the ab@arameters. Instead, we ran a se-
quence of small-box simulations. At= 9.6, we cut out a sphere centered on our model galaxy
with radius 6.1 kpc (three virial radii at that epoch). Werthian eight different cosmological
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Figure S1: Radial density profiles for the model galaxy forkelaatter-only simulations at
z = 5. Solid blue and red lines show the dark matter density psoéileeraged over the last 50
shapshots for the fiducial model and the model with 8 timegtanass resolution, respectively.
The dotted blue and red lines show the corresponding omeasitgviations from the averaged
profiles. The vertical solid green line is at 80 pc, the radvhere the low and high resolution
models converge. The vertical dashed green line corresporttie estimated smallest resolved
radius (40 pc) for the high resolution run.

simulations, with the extracted sphere placed in an emptyetse. Two of the runs had identi-
cal parameters to the fiducial full-box simulations (a dar&tter-only run and a hydrodynamic
run). Six other small-box simulations were run with two difént values for each of the three
free parameters, with the rest of the parameters kept atfitiecial values.

In Figures S2—4 we show the evolution of the central dark enguhase space density,
measured in the same way as in the full-box simulations (semain text of the paper). Specif-
ically, it was measured for the central 5000 dark matterigad, typically located within the
central~ 200 pc. This quantity is relatively insensitive to the variabiabatic compression
of dark matter caused by baryons (gas and stars). Black a®hdines correspond to fidu-
cial values of the parameters for the dark-matter-only grtddynamic small-box simulations
respectively (these lines are repeated in all three figures)
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Figure S2: Evolution of the central dark matter phase-spaosity, /', for small-box simula-
tions with different values of’sy. Black and green lines correspond to the dark-matter-only
and hydrodynamic fiducial model&§y = 0.4 x 10°! ergs). Blue and red lines correspond to
the models with four times lowef(1 x 10°! ergs) and four times larget .6 x 10°! ergs) values

of the parametefsy, respectively.
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Figure S3: Evolution of the central dark matter phase spaosity, F', for small-box simu-
lations with different values ok. Black and green lines correspond to the dark-matter-only
and hydrodynamic fiducial models & 1). Blue and red lines correspond to the models with
xk = 0.2 and 5, respectively.
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Figure S4: Evolution of the central dark matter phase spaosity, F', for small-box simu-
lations with different values of. Black and green lines correspond to the dark-matter-only
and hydrodynamic fiducial model§ & 1). Blue and red lines correspond to the models with

¢ = 0.2 and 5, respectively.
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Figure S5: Evolution of the mass-to-light ratio within trentral 200 pc(M/ L), for small-box
simulations with different values dfsy. Blue, green, and red lines correspond to the models
with Egy = (0.1,0.4,1.6) x 10°! ergs, respectively.

A comparison of Figures S2—4 with the bottom panel of Figuie@ the main text, shows:
(a) for the dark-matter-only models, in the small-box siatans the quantity” behaves sim-
ilarly to the case of the full-box simulations (convergesatoapproximately constant value);
and (b) gravitational dark matter heating due to stelladlieek manifests itself in both large-
and small-box simulations, but the magnitude of the effecmaller in the smaller box case.
The latter result is not unexpected, as in the small-box Ineraimount of dark matter and gas
available for the build-up of the model galaxy is much smatan in the full-box simulations,
resulting in much less energetic star formation after titeairstrong star burst aroungd~ 7.7.

Reducing the energy input from supernovae by a factor of do@s not affect appreciably
gravitational heating of dark matter (see Figure S2). Foues$ larger energy input results in
somewhat stronger effect. The effect is clearly seen fomthele range oftsy tested.

Figure S5 demonstrates that we produce quite dark galaxigsthe central value of the
total mass-to-light ratio(\//L),, reaching 2, 5, and 9 by = 5 for the models withFsy =
(0.1,0.4,1.6) x 10° ergs, respectively. (In calculating//L), we adopted the mass-to-light
ratio of 1 for starsi§l1), and ignored gas, as current dwarf spheroidal galaxies ey little
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gas.) These values are close to the observed ones; e.g.abhdd=bornax havel/ /L), = 3 and
5, respectively$12).

As discussed if§ 1, the low-temperaturel{ < 10* K) radiative cooling function we use in
our model is based on several assumptions. We investigageskensitivity of the assumptions
by running small-box simulations with the original coolifighction multiplied by a constant
factor,x, equalto 0.2, 1, and 5. The impact of stellar feedback onght&ral phase space density
of dark matter is quite insensitive to the efficiency of loewiperature cooling as shown in
Figure S4. We emphasize, however, that to properly restdvdamation and stellar feedback
in dwarf galaxies, some form of low-temperature coolingtodse present in the model. In our
runs with no radiative cooling fdf' < 10* K, the shortest Jeans length for gas particles inside
the galaxy was- 10 kpc — much larger that the size of the galaxy. As a result, diaagic
disk was absolutely gravitationally stable, and any stamédion prescription produced stars
at random locations inside the disk. In this case stars arédonmed in clusters and stellar
feedback does not produce large-scale gas bulk motioneéiddeating the interstellar gas
almost uniformly). Not surprisingly, in such models theldaratter experiences essentially no
gravitational heating due to the feedback.

The last parameter we explored was the initial abundancesafyhelements inside the
model galaxy. The fiducial gas metallicity at= 9.6 was~ 0.001 solar units (se§ 1). We
ran two small-box models with the metallicity of each gastipkr multiplied by a factor¢
equal to0.2 and 5. Figure S5 shows that both the lower and higher matgltases resulted
in a somewhat stronger gravitational heating effect. Thag/ e due to either a significant
non-linear dependence of the strength of the effect on gaallioity, or (more likely) on the
stochastic nature of our star formation and stellar feeklpaescriptions. Again, for the range
of ¢ tested, gravitational heating due to stellar feedbaclgisicant.

To summarize, the small-box simulations demonstrateddbaimain result—that stellar
feedback results in significant gravitational heating akdaatter at the centers of primordial
dwarf galaxies—is largely insensitive to the values of theaei parametergsy, ~, and$ when
they vary within reasonable ranges. We believe that thistabse small galaxies are effectively
“pressure cookers” in which star formation and feedbaclcargined to the central parts of the
halos. A combination of model parameters that results inenemiergy being pumped into the
interstellar gas will result in individual star bursts thatve a stronger effect on dark matter, but
the interval between star bursts becomes longer (it takegeldfor hotter gas to cool down), so
the overall cumulative effect is qualitatively similar.

It follows from our numerical experiments that to accunatabdel formation and evolution
of a dwarf galaxy in a cosmological context, the followinghddions have to be met: (a) The
model has to include a prescription for low-temperaturel(* K) radiative gas cooling due
to heavy elements. This makes the simulations significabilyat least a factor of 10) more
expensive, but is absolutely necessary if one wants to tiweshe critical star formation and
feedback processes. (b) In SPH codes, the gas mass resdiasdo be high enough (a few
hundred M,, or better) to properly resolve the extremely low densitg geside supernovae
remnants: it is the thermal pressure of this het{0° K) gas that drives the large-scale bulk
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motions of the interstellar gas.
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