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1. Motivation

The first (Pop Ill) stars are metal-free and have a large charactemsiss and suppressed
fragmentation in its protostellar collapse (Abel et al., 2002; Bromm et al.,;Z0@&hea & Norman,
2007). A fraction of these stars enrich the surrounding intergalactic me(dih) when they go
supernova, which can happen in staggl0 M, in Type Il supernovae (SNe) or in stars roughly
between 140, and 260M,, in pair-instability SNe (PISNe; Heger & Woosley, 2002a). The host
halo and the neighboring halos are then enriched with this ejecta. Theteagistical metallicity
that is~ 10-%Z., if dust cooling is efficient (Omukai et al., 2005; Schneider et al., 2008¢kC
et al., 2008) and- 10-3°Z, otherwise (Bromm et al., 2001; Smith et al., 2009), where the gas can
cool rapidly, lowering its Jeans mass. An intermediate characteristic mass@¥1., can be occur
if the gas cooling is suppressed to the cosmic microwave background (@viperature (Larson,
1998; Tumlinson, 2007; Smith et al., 2009). The resulting Population Il kiares will thus have a
lower characteristic stellar mass than its metal-free progenitors. Thessditat clusters may be
connected to stars in the Milky Way halo and nearby dwarf spheroidah()dgalaxies, both with
a metallicity floor of [Z/H] = —4 (Beers & Christlieb, 2005; Tafelmeyer et al.1@0Frebel et al.,
2010).

The transition from Pop Ill to Pop Il star formation (SF) is solely depehdarthe propaga-
tion of metals from the SNe remnants into future sites of SF. Their flows arelerrbpcause of
the interactions between the SN blastwave, cosmological accretion and hglerspend nearby
stellar feedback. In minihalo$/A ~ 10° M..), radiation from a massive Pop IlI star can drive a 30
km s~ shock, which is 10 times greater than the escape velocity of the halo, ares leakind
a warm (3x 10* K) and diffuse (0.5 cm3) medium (Kitayama et al., 2004; Whalen et al., 2004;
Abel et al., 2007). This aids in the expansion of the blastwave becauskjtscthe transition to
the Sedov-Taylor and snowplow phases. In PISNe, approximately h#iEanetals stay in the
IGM with a metal bubble size of a few kpc (Wise & Abel, 2008; Greif et al.,@0The blastwave
may induce SF in nearby halos through the compression of the gas &d988), and timescales
for metal mixing into the dense gas are many dynamical times (Cen & Riquelme), f20@Bock
velocities <100 km s,

Numerical simulations are useful to detangle and study these complexitieseatrdrthition
from Pop Il to Il stars. Here, we present a simulation that includes bgéstyf SF, and their
radiative and mechanical feedback. The methods used here inderpadhlink together recent re-
sults from metal-enriched and metal-free star formation, the critical metallictypain-instability
supernovae. This is the first time it has been possible to link the formatioreadtdck of the first
stars to protogalaxies, resolving the important scales and including the masttamipphysical
effects.

2. Method

2.1 Simulation setup

We use the adaptive mesh refinement (AMR) code enzo'\(@Bhea et al., 2004), which
has been modified to use a HLLC Riemann solver (Toro et al., 1994) fotiaud stability in

lenzo. googl ecode. com changeset b86d8ba026d6
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Figurel: Top: Halo mass function of the simulation compared with the il fit (solid) of Warren et al.
(2006).Bottom: Total Pop Il luminosities of halos with constant massigH ratios overplotted.

strong shocks. To resolve minihalos with at least 100 dark matter (DM) jesrignd follow the
formation of the first generation of dwarf galaxies, we use a simulation bax\pc that has a
resolution of 258. This gives us a DM mass resolution of 18410. We refine the grid on baryon
overdensities of % 2792 wherel is the AMR level, resulting in a super-Lagrangian behavior.
We also refine on a DM overdensity ofsx32' and always resolve the local Jeans length by at
least 4 cells, avoiding artificial fragmentation during gaseous collapseglfVe et al., 1997).
This simulation has .4 x 108 computational elements and a maximal spatial resolution of 0.1 pc.
We initialize the simulation witlgrafic (Bertschinger, 2001) &= 130 and use the cosmological
parameters from the 7-year WMAP data (Komatsu et al., 20Q¢)= 0.266,Qx = 0.734,Qp, =
0.0449,h=0.71, og = 0.81, andn = 0.963 with the variables having their usual definitions. We
stop the simulation &= 7.

We use a non-equilibrium chemistry solver with 9 species of hydrogen rhedind molecular
hydrogen (Abel et al., 1997). We spatially distinguish metal enrichment fop Il and Pop Il
stars. We will follow-up this study with one that considers radiative coolioghnfmetal-enriched
gas, using the method of Smith et al. (2008).

2.2 Star formation

We distinguish Pop Il and Pop Il SF by the total metallicity of the densest cileimolecular
cloud. Pop Il stars are formed if [Z/H} —4, and Pop 11l stars are formed otherwise. We do not
consider Pop II1.2 stars and intermediate mass stars from CMB-limited cooling.
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Simulations have shown that the characteristic mass of Pop Il Btggg~ 100 M. They
form in molecular clouds that coexist with the dark matter halo center with limitephfeatation
occurring during their collapse; however Turk et al. (2009) and Sta@/l. (2010) have recently
shown that Pop Il binaries may form in a fraction of such halos.

For Pop Il stars, we use the same SF model as Wise & Abel (2008) wlaetestar particle
represents a single star, forming at an overdensity>ol8°. Instead of using a fixed stellar mass,
we randomly sampled from an IMF with a functional form of

. (Mchar> 16
M

to determine the stellar mass. AbdVig,g;, it behaves as a Salpeter IMF but is exponentially cutoff

below that mass (Chabrier, 2003; Clark et al., 2009). For reproducjhilégyrecord the number of

times the random number generator (Mersenne twister; Matsumoto & Nishid288)) has been

called for use when restarting the simulations.

We treat Pop Il SF with the same prescription as Wise & Cen (2009), whichmedified
version of the Cen & Ostriker (1992) method but accounts for the fatthieamolecular clouds
are resolved. The critical overdensity is the same as the Pop Il SF madehch star-forming
region, seven percent of the cold gas< 10° K) is removed from the grid and deposited into the
star particle that lives for 20 Myr, the maximum lifetime of an OB star. Thess gimerate the
majority of the ionizing radiation and SNe feedback in stellar clusters, thusweeedower mass
stars.

f(M)dM =M 13exp dMm (2.1)

2.3 Stellar feedback

We use mass-dependent luminosities and lifetimes of the Pop Il stars froae&ec (2002).
The radiation field is evolved with adaptive ray tracing (Abel & Wandelt, 2®0ise & Abel, 2010)
and is coupled self-consistently to the hydrodynamics. We modelhésidociating radiation with
an optically-thin, inverse square profile, centered on all stars. Thesedée as pair-instability SNe
(PISNe) if they are in the mass range 140-RB0(Heger et al., 2003). We use the explosion energy
from Heger & Woosley (2002b), where we fit the following function to theiodels,Episy =
10°! x [5.0 4 1.304(Mpe — 64)], whereMye = (13/24) x (M, — 20)M,, is the helium core (and
equivalently the ejecta) mass alul] is the stellar mass.

The Pop Il stars emit 6000 hydrogen ionizing photons per baryon oegérlifetime, and we
do not consider singly- and doubly-ionizing helium photons. We note thaetallicity stars
generate up to a factor of four more ionizing photons than a solar metallicitylgtogn (Schaerer,
2003) and might be underestimating the radiative feedback. Nonethelesdutly provides an
excellent first insight in the transition to Pop Il SF, as the metal enrichmeng ikeir ingredient
here. For SN feedback, these stars gener&te 60*8 erg s M, ~? after living for 4 Myr, which
is injected into spheres with a radius of 10 pc. If the resolution of the grid ssthes 10/3 pc, we
deposit the energy into & 8ube surrounding the star particle.
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Figure2: Density-weighted projections of gas density (top), terapee (middle), and metallicity (bottom)

atz="7. The left column shows the entire simulation volume, whbescenter and right columns focus on
the intense and quiet halos, which are marked by left and aighws in the upper-left panel. The metallicity
projections are a composite picture of metals originatirmgnf Pop 1l (red) and Pop Il (blue) stars with
magenta indicating a mixture of the two.

3. Resaults

Here we present the gaseous and stellar evolution of two selected halesimtiiation: one
that has an early mass buildup but no major mergers aft€t2, and one that experiences a series
of major mergers betwean= 10 andz= 7. We name the halos “quiet” and “intense”, respectively.
The entire simulation contains 38 galaxies with 3640 Pop Il stellar clustersagtdres the for-
mation of 333 Pop Il stars. The halo mass function and galaxy luminositigdated in Figure
1.

We illustrate the state of the simulationzt 7 in Figure 2 with density weighted projections
of gas density, temperature, and metallicity, showing the entire box andrigaus the two halos
of interest. Radiative and mechanical feedback create a multi-phase migdiigie these halos,
which are embedded in a warm and ionized IGM.



Formation of the First Galaxies John H. Wise

(a) Redshift (b) Redshift
10

15 12 10 9 8 7 15 12 9 8 7
i 1 —1.5¢
2 10°}
- —2.0
2107} T .
b= ) ‘g —2.5
186 r —3.0p
G —-3.5
2 1050 S e e ; Intense
= — Intense | Pop III Gas
= 10"} -~ Quiet |3 —L57 - Pop I Gas
0.18F i + g _ —2.0f| — Pop II Stars
. Q,/Q,
8}2 oL Z/ M ‘g _95
<2 0.12 =30
0.10 35 ]
R e 1 e
’ 300 400 500 600 700 300 400 500 600 700
Time [Myr] Time [Myr]

Figure 3: (a) Evolution of the total halo mass (top), stellar mass ¢}yl and gas fraction (bottom) of
the quiet (dashed) and intense (solid) halos. (b) Masshteifystellar metallicities and gas metallicities
enriched by Pop Il and Pop Il SNe of the intense (top) andtqbigttom) halos.

3.1 Massevolution

Figure 3a shows the total, metal-enriched stellar, and gas mass history of thenassive
progenitors of both halos. The quiet halo undergoes a series of majgeraatz > 12, growing
by a factor of 30 to 5 x 10’M., within 150 Myr. Afterwards it only grows by a factor of 3 by
Zz= 7 mainly through smooth accretion from the filaments and IGM. It is the most weakalo
in the simulation between redshifts 13 and 10. At the same time, the intense haonhass
M = 3 x 10°M,,, but it is contained in a biased region on a comoving scale of 50 kpc-wizb
halos withM ~ 10°M.,. After z= 10, these halos hierarchically merge to form dMQ halo at
z =7 with two major mergers at redshifts 10 and 7.9, seen in the rapid increaggalimass in
Figure 3a. The merger history of the two halos are not atypical as darkrhalttes can experience
both quiescent and vigorous mass accretion rates.

Both halos start forming Pop Il stars whish= 10’M.,. This is consistent with the filtering
massMs of high-redshift halos when it accretes mainly from a pre-heated IGRe¢& & Hui,
1998; Gnedin, 2000; Wise & Abel, 2008). Afterwards these halos cah efficiently through
H, cooling, sustaining constant and sometimes bursting SF. The latter chstaxstere equated
with the definition of a galaxy. The quiet halo forms®M, of stars byz= 9. This initial star-
burst photo-evaporates the majority of its molecular clouds, in addition to hesithionizing the
surrounding IGM out to a radius of 10-15 kpczat 9. These respectively reduce the in-situ and
external cold gas supply that could feed future SF.

The gas fractions of both halos decrease from 0.15 to 0.08 by outflovendry ionization
fronts and blastwaves in their initial starbursts. The quiet halo does metéhenajor merger with
any halo withM > M;, leading to a small final gas fraction. These low-mass halos are photo-
evaporated, hosting diffuse warm gas reservoirs instead of colé denss. Aftez = 10, the halo
mainly accretes warm diffuse gas from the filaments and IGM. In contrasintbnse halo grows
from major mergers of halos witM > Ms. The progenitor halos involved in the major mergers
are able to host molecular clouds and have higher gas fractions. Betwegd andz = 8, the gas
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Figure4: The scatter plots show the SF history of the quiet (left) anerise (right) halos as a function of
metallicity atz= 7. Each circle represents a star cluster, whose area is piapad to its mass. The open
circles in the upper right represent31a0*, and 18 M., star clusters. The dashed lines in the right panel
guide the eye to two stellar populations that were formedvim $atellite halos, merging at= 7.5. The
upper histogram shows the SFR. The right histogram deietstellar metallicity distribution.

fraction increases from 0.07 to 0.12 until it jumps to 0.14 when a gas-rich megoger occurs.
The stellar mass accordingly increases with the ample supply of gas durimgttod.

3.2 Metallicity evolution

The evolution of the stellar and gas metallicity of both halos are illustrated in FjpurelSNe
from Pop Il stars enrich the nearby IGM out to a radius of 10 kpc aogiges a metallicity floor
of [Z3/H] ~ —3. Ejecta from Pop Il SNe initially enrich the ISM of both halos to an avefZgéH |
between -3.5 and -3.

In the quiet halo, an equilibrium ¢Z,/H] ~ —2.5 is established between metal-rich outflows
and metal-poor inflows. Galactic outflows are directed in the polar directibiseogas disk,
keeping the adjacent filaments metal-poor. These features and a well-iBMg@dfl. Wise & Abel,
2008; Greif et al., 2010) are apparent in the metallicity projections in Figufé@ average stellar
metallicity is within 0.5 dex ofZ,/H].

In the intense halo, the first few Pop Il star clusters h@y@l] between —1 and —2 and dom-
inate the average stellar metallicity at- 8. Afterwards the metallicity increases by a factor of
30 to [Z/H] = —1.5 through self-enrichment from a starburst. Because this halo is located in
large-scale overdensity, most of the ejecta falls back into the halo afiehingadistances up to
20 comoving kpc, keeping the halo gas metallicity high because the inflowelatively metal-
rich themselves. After the ~ 8 starburst, the average stellar metallicity follows the average gas
metallicity within 0.1 dex.
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3.3 Star formation history

The most massive progenitor of the quiet halo interestingly never hosts HIRtar. Instead
a nearby halo forms a Pop Il star, which (randomly) produces a Ptgke- 16. The blastwave
overruns the most massive progenitor, and the dense core sunisexémt and is enriched by
this PISN, triggering the transition to Pop Il SF. Other progenitors host thop Il stars, forming
atz=15.4,14.2,13.8, with the latter producing a PISN. Metal enrichment from these two PISNe
and Pop Il SF quench Pop Ill SF in this halo. The progenitors of the iatkak® host a total of 56
Pop Il stars with 21 producing PISNe. The first forms in:a 80°M., halo atz= 19. Pop Ill stars
form on a regular interval in the halo’s progenitors uatit 9 when most of these halos enter the
metal-rich bubble surrounding the intense halo.

Figure 4 shows the SF history (SFH), metallicity distribution, and SF ratestbftmdos. A
nearby PISNe provides a metallicity floor of [Z/H] = —2.8 in the quiet halo aictvimetallicity
the first Pop Il stars form. The stellar metallicity evolution exhibits what is ebggefrom an
isolated system with the stellar feedback steadily enriching the ISM, resultiagciorrelation
between stellar age and metallicity. Afier 10 the metallicities plateau at [Z/H] = —2.1 for reasons
previously discussed. The SFR peakgat10 and decreases as the cold gas reservoir is depleted.
Aroundz = 7.5, a 25:1 minor merger occurs, and the gas inside the satellite halo is congpresse
triggering metal-poor, [Z/H] = —3.2, SF during its nearest approach. fdls remains metal-poor
because most of metal enrichment in the quiet halo occurs in bi-polar flespepdicular to the
galaxy disk and filament. Stars with [Z/H] —3 compose 1.6 percent of the total stellar mass.

In contrast with the quiet halo, the intense halo undergoes a few merghedos with an
established stellar population. This creates a superposition of age-metalbcikg in the SFH,
seen in the complexity of Figure 4. The first two Pop Il stellar clusters hawmaxpectedly high
metallicity [Z/H] ~ -1, which occurs when a PISN blastwave triggers SF in two neighboring.ha
Most of the early SF have [Z/H] = —2.5. &t= 9, the halo’s virial temperature reache$ ¥0 This
combined with a 10:1 merger creates a starburst that quickly enricheslthe ha/H] = -1.5 by
z= 8. The halo continues to enrich itself afterwards. The spikes in the scitargorespond to
SN triggered SF in nearby molecular clouds that are enriched up to a tctOrwith respect to
the ISM. However their mass fraction are small compared to the total stellar Miassstarburst
atz =9 creates a bimodal metallicity distribution with peaks at [Z/H] = —2.4 and —1.2 with the
metal-rich component mainly being created after the starburst. Two systemsizétile stellar
components merge into the halozat 8, and their stellar populations are still discernible in the
metallicity-age plot. Stars with [Z/Hk —3 compose 1.8 percent of the total stellar mass.

4. Discussion and Conclusions

We focus on the birth of two galaxies prior to reionization with a cosmologicaRAisiiation
hydrodynamics simulation. Supernovae from Pop Il stars provide tbessary heavy elements
for the transition to a Population Il stellar population, which we have directly Isited. These
two galaxies have a 10—-15% probability in surviving as present-dagitfaglaxies (Gnedin &
Kravtsov, 2006), otherwise they will be incorporated into galactic stellkrsha# z = 8.55 galaxy
was recently spectroscopically confirmed that is contained in an ionizealebulith radius 0.1—
0.5 Mpc with an uncharacterized population of galaxies contributing to théitodaing radiation
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field (Lehnert et al., 2010). The galaxies simulated here might reprégemopulation and should
be detected with the upcomidgmes Webb Space Telescope.

We find that one PISN is sufficient to enrich the star-forming halo an@ésoding~ 5 kpc to
a metallicity of 103Z.,, givenMchar= 100M..,. DLA systems have a metallicity floor on the same
order (Wolfe et al., 2005), and metal enrichment from Pop Il SNeiges/a possible explanation.

If the first stars have a lower characteristic mass that favor hypeen@wanlinson, 2007),
then this metallicity floor should be lowered by a factor~ofLlO because (1) the metal ejecta is
lowered by a factor ofv 50 and (2) the mixing mass is approximately decreased by a factor of
(Ehyp/Ep|3N)3/5 in the Sedov-Taylor solution, whef&y,/Episn) ~ 0.1 is the ratio of explosion
energies of a hypernova and PISN. In the case where this metallicity fltessishan the critical
metallicity, then the next instance of SF will further enrich the ISM, solidifyingttiaasition to
Pop Il SF. We conclude that it only takes one, at most two, SNe from Pgpals in the halo
progenitors to complete the transition to Population 1l (Frebel & Bromm, 2010 question of
whether the critical metallicity is 1@ or 10-3° Z., is most applicable to nearby halos where the
heavy elements mix slowly into dense cores as the blastwave overtakes ithhes&o percent of
stars have [Z/Hk —3 in both systems, consistent with observations of metal-poor stars in the halo
and dSphs (Beers & Christlieb, 2005; Battaglia et al., 2010).

We have shown that it is possible to simulate the formation of a high-redshaftf dalaxy and
its entire SFH with radiative and mechanical feedback. These resultslpriovaluable insight on
the first galaxies and the role of metal-free stars in the early universere ®xists a wealth of
information in this simulation, and we plan to follow up this preliminary report with nu=tailed
analysis of the metal enrichment of the IGM, global SF rates, and olisgrabconnections with
high-redshift galaxies and Local Group dwarf galaxies in the neardutu
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