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ABSTRACT

We revisit the formation and evolution of the first galaxies using new hydrodynamic cosmological simulations

with the ART code. Our simulations feature a recently developed modelftormation and dissociation, and

a star formation recipe that is based on molecular rather than atomic gas. Here, we develop and implement a

recipe for the formation of metal-free Population Il stars in galaxy-scale simulations that resolve primordial

clouds with sufficiently high density. We base our recipe on the results of prior zoom-in simulations that re-

solved the protostellar collapse in pre-galactic objects. We find the epoch during which Pop 1l stars dominated

the energy and metal budget of the first galaxies to be short-lived. Galaxies which host Pop Il stars do not

retain dynamical signatures of their thermal and radiative feedback for more tham affer the lives of the

stars end in pair-instability supernovae, even when we consider the maximum reasonable efficiency of the feed-

back. Though metals ejected by the supernovae can travel well beyond the virial radius of the host galaxy, they

typically begin to fall back quickly, and do not enrich a large fraction of the intergalactic medium. Galaxies

with total mass in excess ofs=310°M, re-accrete most of their baryons and transition to metal-enriched Pop

Il star formation.

Keywords:galaxies: formation — galaxies: evolution — methods: numerical — stars: formation — cosmol-
ogy:theory

1. INTRODUCTION niques |(Turk et al. 2009; Greif etlal. 2011) have suggested

A natural consequence of Big Bang Nucleonsynthesis is that angular momentum imparted on the gas during collapse
that the first stars in the universe formed from gas that wasCOU!d still lead to fragmentation, causing the cores and the re-
completely devoid of elements heavier than lithium. Since Sulting stars to be substantially smaller. Ultimately, the next
such conditions do not exist in any known star-forming re- 9eneration of super-zoomed simulations will need to follow
gions today, star formation in the primordial regime has thus th€ Proto-stellar systems for longer periods of time, with more
far only been explored by theory and simulations. From first d€tailed treatments of radiative transfer and magnetohydrody-
principles, it can be deduced that gas which is free of met-"amics, to conclude decisively on the true nature of Pop IlI

als would not be able to cool efficiently, and would there- Stars(Creifetal. 2012).

fore inherently have a higher Jeans mass than stars forming in, 1 ough we do not yet have any direct observational evi-

metal-enriched gas. Bromm el al. (1099) showed that metal-d€nce for Pop il stars, we know that they must have existed

free gas settles into disks, then fragments into clumps with:cn sorrr:e form, as gg_s lin the un.i}/erste irg)eyitably ;rarl]ns(jitioqﬁd
N : oo from having primordial composition to being enriched wi

c,\)/ll‘JnN ioglhgsi’mvy?f] |c|hn u;?;{gv?/ ruupni\'z\lljacli);Ci(:”vavgzesaoo?vintsr:g?s enough metals to allow present-day star formation to com-
H . - ’

this process was robust to initial conditions in Smoothed Par_mence. The nature of this transition is of kgy importance
ticle Hydrodynamics (SPH) simulations (Bromm et al. 2002). for understanding the dawn of galaxy formation: if Pop Ill

it / : /+ stars did indeed form with a top-heavy initial mass function
Using independent Adaptive Mesh Refinement (AMR) grid P ;
techniques,_Abel et al.. (2000) confirmed that such dense(IMF)’ a significant fraction of them may have been prone to

/ . . . end their lives as pair-instability supernovae (PISNe). Such
gg"l‘p? aln?z%cgg)pocketstcgn indeed form I? Ft).”mprd'l""ltgas'supernovae generate up to ten times as much thermal en-
eletal ( presented even more realistic simulations, X ; y

and concluded that single massive stars would formH4a ergy as Type Il SNel (Heger & Woosley 2002), quickly heat

ing the gas in their host halos. In addition, metal-free stars

cooling at the center of these clumps, and the radiative feed—, o gpje'to produce enormous quantities of ionizing photons:

back would halt accretion onto the star and prevent further star

O . . a metal-free star will always have a higher surface temper-
formation in the parent halo. Subsequent work with higher ature than an enriched counterpart of equal mass (Schaerer

resolution reaffirmed these conclusions (Yoshida et al.[2006;54/7. : o )
O’Shea & Norman 2007). However, recent studies with both ﬁggv Tumiinson & Shull 2000). If the IMF is indeed top

s 15 ; y, the effect is even more drastic as many stars would
SPH (Stacy etal. 2010. 2012: Clark et al. 2011) and grid tech-p 56 their emission spectra peak in the UV regime. Both the

L o o supernovae and the ionizing photons serve to heat and dis-
Department of Astronomy, University of Michigan, Ann Arbor, Ml herse neutral gas in the vicinity the star, creating a large Hil
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ance of these effects works to determine star formation ratesand the WMAP-7 cosmology{, = 0.28,024 =0.72,h=0.7,
in galaxies and their subsequent evolution. 05 =0.817,0p = 0.046,Qpm = 0.234). Additional runs were
While Pop Il stars are no longer thought to be a major performed with 0.5 and 0.25h™* Mpc comoving boxes to
driver of the global reionization of the intergalactic medium explore the effects of mass resolution (hereby referred to as
(Ciardi et al.| 2000;_Ricotti et al. 2002b; Ricotti & Ostriker H Mpc and Q Mpc runs, respectively). The details for each
2004; Mesinger et al. 2009), constraints on the cosmologicalrun performed in our simulation suite are presented in Sec-
electron scattering optical depth from WMAP suggest that ha-tion[2.3. Numbers quoted in this paragraph, as well as Sec-
los less massive than 481, may have contributed to the tions[Z.1 andZ]2 refer to our baseliné® Mpc runs. These
photon budget at the beginning of reionization. In order for runs start with a 256root grid, which sets the DM particle
this scenario to work, low mass halos must permit the escapemass tompy = 5.53x 10*M, and the base comoving reso-
of ionizing photons effectively (Alvarez etlal. 2012; Ahn et al. |ution of 5.56 kpc. We employ Lagrangian refinement crite-
2012). Pop Il stellar feedback has been explored as a mechria, refining cells when the DM mass approximately doubles
anlsmf to <t:_reate Wmdogvs of tlmteI d;lvr\llng Véh(lgh sgggghl%hte& compared to the initial mass in the cell, specifically, when it
cape fractions are made possihle (Wise &|Cen 2009, but se O ;
Gnedin et all. 200€; Ricatti et al. 2008). Eﬁcsedrsojmn;[t)zl Xegwiv:Ig.r?t, v(;rlljzemgoaasugigj IB/ Stl;lrepics)?;sic
We revisit these important conclusions with novel high- PP Y €d y

resolution cosmological simulations that feature separate staParyon fraction @ x mopw x o x 0.8. In both refinement
formation criteria and feedback prescriptions for Pop Ill and conditions, the extra factor of.®is the split tolerance. We
Pop Il stars. While we cannot resolve all stages of their for- use & maximum of 8 additional levels of refinement, giving us
mation, we do resolve the clumps of gas on a ~1 pc scalea final resolution of 1@]’1_1/256/28 ~ 22 comoving pc. Since
which inevitably collapse into Pop Il stars. In addition to we are studying high-redshift galaxies, it is important to note
the commonly accepted parameters for Pop Il formation andthat this translates to about 2 physical pc at the endpoint of
feedback, we also explore models in which the radiative andour simulationsz=9, and 1 physical pc &= 20 when the
SNe feedback are taken at extreme values, as well as modelfirst stars begin to form. This spatial resolution is sufficient to
in which the IMF of Pop Ill stars is taken to be identical to capture the detailed multi-phased structure of the interstellar
Pop Il counterparts. medium (ISM) (e.g._Ceverino & Klypin 2009).

Our analysis in this paper focuses on the dynamical effects In order to simulate several representative regions of the
that Pop |1l stars can impart onto their host galaxies. We quan-universe, we employ the "DC mode" formulation presented in
tify the ability of Pop Il stars to suppress star formation, ex- 'Sirko (2005) and Gnedin etlal. (2011). Running simulations
pel gas, and enrich the medium both within and outside of with different DC modes allows us to sample cosmologically
the galaxies in which they form. Using a wide suite of sim- over- and under-dense regions without actually changing the
ulations, we show that mass resolution and mesh refinementotal mass within each box. A single parameigy:, which is
criteria affect the derived importance of Pop Il stars. In a constant at all times for a given simulation box, represents the
forthcoming second papelr_(Muratov etlal. 2013a, Paper 11),fundamental scale of density fluctuations present in the box.
we will explore the nature of the transition between Pop Il At sufficiently early times, when perturbations on the funda-
and Pop Il star formation, and assess the relative importancenental scale of the box are in the regime of linear growth,
of feedback effects from the two stellar populations. Apc is related to the overdensi$pc(a) = D+(a) Apc, where
D. is the linear growth factor. The expansion rate of the in-
dividual box relates to the expansion rate of the universe by

2. SIMULATIONS the following relation, which is Equation 3 of Gnedin et al.

We perform cosmological simulations with the Eule- (2011):
rian, gasdynamics+N-body adaptive refinement tree (ART) _ Auni
code [(Kravtsov et al. 19917; Kravtsov 1999, 2003; Rudd ket al. Bpox = [1+ApcDs( _)]1/3’ (1)
2008). The latest version of the code incorporates a new phe- DCL+Buni
nomenological prescription for molecular hydrogen forma- where ayoy is the local scale factor of the simulation box,
tion on dust grains and self-shielding, as well as shielding by while a,; is the global expansion factor of the universe. For
dust introduced in_ Gnedin etlal. (2009) and developed furtherthis study, we have used three different setups Wt =
inlGnedin & Kravtsovi(2011). Having such a detailed account —2.57,-3.35, and 404, labeled 'Box UnderDenst 'Box
of molecular gas, as well as excellent spatial resolution at highUnderDense+’ and 'Box OverDense’, respectively. At the
redshift makes it practical to consider a star formation recipe endpoint of our simulations; = 9, these values translate to
that is also based on molecular gas. This formulation has pre-overdensities ofpc = —0.257,-0.335, and (404, respec-
viously been shown to much better reproduce the Kennicutt-tively. Boxes UnderDenseand UnderDense+ have nega-
Schmidt relation for high-redshift, low-mass, and low metal- tive DC modes, implying they are underdense regions of the
licity galaxies, and it now enables more realistic simulations universe. However, while Box UnderDensis representa-
of the early universe_(Tassis el al. 2008; Gnedin & Kravtsov tive of a void, and hosts only low-mass galaxies which col-
2010,12011). Radiative transfer, including Hydrogen and lapse relatively late, Box UnderDense+ hosts the first star-
Helium ionization, as well as Lyman-Wernét, dissociat-  forming galaxy among all three simulation boxes. This galaxy
ing feedback, is computed using the OTVET approximation is also more massive than any of those in Box OverDense until
(Gnedin & Abel[2001), employing the same Eddington ten- z~ 13.
sor considered in that work. Stellar particles are treated as Box OverDense hosts several massive star-forming galaxies
point sources of radiation. Diffuse radiation from the CMB, which statistically dominate the sample of simulated galaxies.
Compton heating, recombination, and bremsstrahlung is alsoThe H Mpc and Q Mpc boxes usetipc = 5.04 and 6.11,
computed. respectively. These runs are primarily designed to explore the

For our baseline runs, we use a&nt Mpc comoving box  earliest possible epoch of Pop Il star formation, tracing only
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the most overdense regions with even higher mass resolutionis relatively high, but consistent with values chosen by other
None of our simulations continue past 9, as the boxes are  researchers (Hummels & Bryan 2012).
too small to capture the nonlinear growth of large-scale modes . _
at later epochs. 2.2. Population Il star formation

We construct catalogs of halo properties from simulation 2.2.1. Formation criteria
outputs using the profiling routine described_ in Zemp et al.
(2012). We take the virial radiuR;r, as the distance from the d
center of a halo which encloses a region that has an overden
sity of 180 with respect to the critical density of the universe.

We model the formation of Pop Il stars based on criteria
erived from simulations of Abel et al. (2002). These authors
showed that once the core density of a proto-cloud reached
1000 cm?, further collapse to a massive stellar object was
. . imminent. Analyzing their results, we found that for gas at
2.1. Population Il star formation any given densityyy past this threshold, the time of collapse
Following |Gnedin et al. | (2009) and_Gnedin & Kravtsov to a stellar core is approximately six times the free-fall time
(2011), we set the threshold for Pop Il star formation in a for that density, &¢(ny). This collapse time is 9 Myr for
gas cell when the fraction of molecular hydrogen exceeds, _ =3 -1/2 A
the thresholdfy, = 2ny,/ny = 0.1. Tests described in the My = 1000 C_m_ fggof)ca'f’f aEHh ' hForhOllj(; f|d:C|aI_r;r;s,
above studies showed that the exact value of this threshold'© usenr.:.m.n fistical cmf as the orlels old anl s = = col
was not important for overall star formation rates, but mainly yras the statistical star formation delay, simulating the col-

regulated the number and mass of stellar particles producedl.apse time. This value is lower than the one used for Pop Il

The simulations performed in that study employed a non-zero>:&/S: This density threshold value was chosen to ensure Pop
floor (minimum value) of the dust-to-gas ratio in cells, which ' s”tarsf\_/vogldbform Iprlmarlly vr:hen ﬁeﬁls hﬁ“’e blfen maxi-
was meant to account for unresolved pre-enrichment. Sincg&Y refined, but is low enough such that the collapsing gas
our current simulations spatially resolve regions where theclouqls are still fully resolved in our simulations. Further dis-
first stars are expected to form, it is unnecessary and inapprogu\?vse'oar;s'i 2{;iiﬂ%i;}%%ﬁ%ﬂ%ﬁﬁi'mum fraction of molec-
priate to use such a floor. This means that in our runs, priorular hvdrogen at 16 to reflect that primordial aas clouds

to the metal feedback from the first generation of stars, only yarog P 9

- ; : - ; : : must cool primarily via ro-vibrational transitions ¢f, to
primordial chemistry is used ihl, formation reactions. We ' X -
find that such primordial reactions with our resolution do not form the first stars_ (Couchman & Rees 1986; Tegmarklet al.

5 ; . . -
yield molecular fractiong, > 0.01 on relevant timescales. 1997). The precise value of this threshold is rather arbitrary,
Therefore, in order to form the first (Pop IIl) generation of as we do not attempt to model the actual chemistry of stellar

T ; . - : ore formation. We have chosen this value because it is lower
starts, a ?_eparate prescriptionis required and is outlined in thefchan but close to the typical value for the molecular hydrogen
next section. !

- fraction in cold, dense primordial gas arourw20, which we
In cells where the molecular fraction exceedstethresh- P 3 e
old, Pop Il stellar particles are formed with a statistical star N2ve found empirically to be 2 10°° (see Section 2.3.2 and
formation delay,dtsr = 10 yr, implemented by drawing a Figure[3). A minimum threshold for molecular fraction en-

random number, between 0 and 1, and forming stars only SU'€S that théd,-dissociating Lyman Werner radiation from
. g\ . ’ ) recently-formed Pop Il stars will realistically suppress fur-
if P> exp(—E), wheredt is the length of the timestep at  ther Pop 111 star formation in the region.

the cell’s refinement level. Each particle represents a stellar Pop Il stars form in gas that has metallicity igg /Z, <

population with a Miller & Scalo[(1979) IMF from 0.1 Mto -3.5. This threshold is chosen to match the critical metallicity
100 M. The mass of a stellar particle is determined by the discovered by Bromm et al. (2001), and has held up in later
following the relation: studies [(Smith et al. 2009). Though the exact value of this
critical metallicity is still uncertain and can be affected by the
Py = ﬂsz- (2) presence of dust (Omukai et al. 2005), we find that it is not

TS very important as the majority of Pop Il stars form in truly

primordial, or nearly primordial gas. Compiling all of our
simulations, we found that only ~10% of Pop Ill stars form
with log,yZ/Z, > -5.

We summarize the formation criteria for Pop 1l stars with
e following set of equations,

The star formation efficiency per free-fall time is sette =
0.01, based on recent results.of Krumholz etlal. (2012). We
use a constant star formation timescaje= 8.4 x 1P yr cor-
responding to the free-fall time at hydrogen number density th
ny = 50 cnT. This approach differs from Gnedin & Kravtsov

(2011), where the timescale was computed by using the phys- NH > Nh min = 10* cm™®

ical density of molecular clouds. However, we find that in our fo> fu o =103

simulations the density-dependent timescale instills a strong H = THo.min

resolution dependence on the star formation rate. Pop Il stel- 0g,0Z/Z < =3.5. (3)

lar particles are treated as statistical ensembles of stars fog/ajues given for each variable represent the fiducial choices.
which the appropriate metal yield and fraction of stars to go

supernovae is computed by integration of the IMF. The num- 2.2.2. IMF and supernova feedback

ber of SN Il explosions is 75 per 1M, formed, while the The IMF of Pop Ill stars is currently a hotly debated and ac-
amount of SN I metals generated by a stellar particle184 tive area of research. It is still unclear whether the high Jeans
of its initial mass. Each supernova releases@P! erg ther- mass of primordial gas results in a top-heavy IMF as pre-
mal energy which is deposited over the course dfyir0Fol- dicted by early studies (Abel etlal. 2002; Bromm €f al. 1999;
lowing the notation of Hummels & Bryan (2012), this implies [Yoshida et all_2003), or if the angular momentum and radia-
fraction of the rest mass energy of stars which is available fortive effects during infall can fragment the cloud and generate
thermal SNe feedback Bsy/Mc? = 8.4 x 10°6. This value relatively low-mass cores (Greif etlal. 2011; Stacy €t al. 2012;
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Hosokawa et al. 2011; Clark et/al. 2011). Itis even likely that A 100Mg, star does not explode as a PISN, but its actual
the Pop IIl IMF can be considerably variable depending on fate is still uncertain and depends on the details of the stel-
environment(O’Shea & Norman 2007) and ionization state of lar rotation and magnetic structure (Heger & Woasley 2010).
the collapsing gas (Yoshida etlal. 2007). We choose not to ex-Before undergoing core collapse, such a star would experi-
plore various analytic forms for the IMF, as constraining it is ence thermonuclear pair-instability pulses that would eject the
beyond the scope of this paper. Instead, we consider that theuter layers of H and He, with possible traces of the elements
main way by which the Pop Ill IMF can influence galaxy for- C, N, and O. The energy released in such pulses is of the or-
mation, in contrast to the known Pop Il IMF, is by enhancing der or smaller than the energy of a normal SN type II. If the
the output of ionizing radiation and the number and intensity remaining core has enough rotation to trigger a gamma-ray
of supernovae. In particular, PISNe, which are hypothetically burst in the collapsar model (Woosley & Heger 2012), it may
plausible from stars in the mass range +4%0M,, (or for then lead to a powerful explosion with over®t@rg of en-
lower masses if rotation is considered, see e.9. _Stacy et alergy and the ejection of significant mass of metals. Without
2013), would potentially be dramatic singular events in the rotation, the core may drive a weak collapsar explosion or
evolution of any galaxyl(Bromm etal. 2003;_Whalen et al. no explosion at all, when all the remaining mass recollapses.
2008). To account for the occurrence of PISNe we use Given these uncertainties, and to contrast with the case of
two different particle masses for Pop Il stars. Every newly a full PISN explosion for the 170 M stars, for the 100M
formed Pop Il stellar particle is randomly assigned to be ei- stars we assume that no substantial metals are deposited into
ther a 170\, star, which is to explode in a PISN, or 100M  the ISM and that the released energy corresponds to a stan-
star, which only generates a mild explosion before collapsingdard SN type Il. About 50 M of gas is released into the ISM,
into a black holel (Heger & Woosley 2002, 2010). The propor- while also leaving behind a remnant black hole of ~59.M
tion of these two types of particle mass and fate is governed by To prevent artificial radiative losses, PISN energy and mass
a single parametePq sy, Which is the fraction of PISNe pro-  ejecta are distributed within a sphere of constant density, with
genitors (170 M, stars) that form when the Pop Il star forma- a radius 1.5 cell lengths, centered at the middle of the PISN
tion criteria are met. In our fiducial runs, we $#isy = 0.5. host cell. Each of the 27 cells within such a sphere, consist-
This value was chosen to test the maximum possible impact ofing of the star’s host cell and its immediate neighbors, receive
PISNe on galaxy evolution, and probably represents the most dose of energy and metal-rich gas proportional to the ac-
top-heavy the primordial IMF can possibly be. Since the at- tual volume of the cell contained within the sphere. This pre-
mospheres of Pop llI stars are free of metals, they are unablecription is physically motivated as we found that our typical
to drive stellar winds and therefore do not enrich the ISM in timestep (about 450 yr) is too coarse compared to the typical
any way other than through supernovae. Pop Il stars whichtimescale of the early free expansion phase of the SN remnant.
have masses too low to produce SNe are ignored in our modelFor example, it takes the ejecta ~500 yr to traverse half of the
For our fiducial value ofi min (as well as all other param-  typical Pop Il star host cell length (4.5 pc) 220 if it trav-
eters considered in Sectibn 213.1), we found that the gas masgls at the free-expansion velocity. This velocity is computed
in a maximally refined cell ar =~ 20 is sometimes not suf-  here by assuming that all of the PISN energy os2I0°! erg
ficient to form a 170M, star. Therefore, we prevent further goes into kinetic energy of the ejecta. In practice, we found
refinement in metal-free cells that hamg > 0.5ny min and that this model did not significantly affect the geometry of the

whose splitting would leave insufficient mass to form the star. plastwave relative to simulations where we injected the metals
Through tests, we have checked that this refinement restricand energy into a single cell.

tion never artificially slows down Pop Il star formation. It

becomes especially relevant in the super-Lagrangian runs dis- -
cussed in Sectidn 2.3.3 and in the H and Q Mpc boxes which 2.2.3. Radiative feedback
inherently have very high resolution. In addition to the supernova feedback, all Pop Ill stars have

The PISN from a 170M star releases 27 10°! erg of enhanced radiative feedback relative to Pop Il counterparts,
thermal energy, as well as 80Mof metals into the ISM  dueto the lack of metals in their atmospheres (Schaerer 2002).

(Heger & Woosleyl 2002). As suggested by Wise & Abel We use the same spectral shape for the ionizing feedback of all
(2008), we use a delay of 2.3 Myr from the formation of Stellar particles (the Pop Il SED from Figure 4 of Ricotti et al.
a 170M, particle to its PISN event, representing the main 2002a), which has a characteristic energy of 21.5 eV for ion-
sequence lifetime of this type of star (Schaérer 2002). Af- izing photons, however we enhance the radiative output of
ter the supernova goes off, the cell which hosts it often Pop Il stars by a factor of 10 relative to Pop II, following
winds up with super-solar metallicity. The cooling func- Wise & Cen (2009). After a Pop Ill stellar particle under-
tions employed in our code are not accurate for these high-goes supernova, radiative feedback from the star is completely
temperature high-metallicity conditions associated with the shut off. On the other hand, Pop Il stellar particles shine ac-
early phases of supernova remnants. We found that while thecording to a light curve fit from Starburst 99 model results
blastwave expanded regardless of whether or not cooling wadLeitherer et al. 1999). This light curve consists of a flat com-
turned on, the inner regions of the supernova remnant over{ponent for the first & 10° yr, followed by a steep power-law
cooled. We therefore turned off all metal cooling for gas at falloff. Radiative feedback from Pop Il stellar particles be-
temperatures higher than“Q According to the models of ~ comes insignificant after 8 10" yr. Since Pop |l stars shine
Heger & Woosley [(2002), a 170Mstar is completely dis-  longer than both types of Pop Il stars, the factor of 10 ra-
rupted by its PISN event, and all gas mass from the stellardiative enhancement does not translate into a proportionally
interior would be ejected into the ISM leaving no remnant. higher number of ionizing photons per lifetime. Pop II stars
The ejecta then consists of 80Jvbf metals from the core, ~€mit 6,600 ionizing photons per stellar baryon per lifetime.

as well as the primordial envelope which is 22Mf He and  In our fiducial runs, Pop Ill stars emit 38,800 and 34,500 pho-
68 Mg of H. tons per baryon per lifetime for the 100dvand 170 M, stars,

respectively.
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10-#

S UnderDense+ by another factor of ~5. This difference is also
seen in the maximum density achieved in each box. For our
fiducial resolution of 8+8 levels, all three boxes are able to
reach a density of at least 10000 €rby a= 0.085, giving us
enough time to study star formation in every box before our
stopping point oh = 0.1.
Based on these results, we chaosgnin = 10000cm® as
our fiducial value for the density threshold. In addition to the
constraints obtained from the PDF, other considerations went
into this selection. A lower value would suffice to meet our
proto-cloud collapse criteria, but would result in all Pop Il
stellar particles forming before cells are maximally refined.
Such an outcome is poor practice in hydrodynamic simula-
tions, as subgrid physics is being invoked on scales where
the resolution is still good enough to self-consistently cap-
ture relevant physical processes. On the other hand, using a
higher threshold would allow the maximally refined cells to
reach densities beyond the resolving power of the simulation.
When such conditions are reached, either further refinement
, or subgrid physics should already be in use. In addition, us-
10-7 Conl il L HEH‘I‘ R Ing a hlgher denSity threshold in our test runs often led to POp
102 103 104 108 108 107 Il stars forming in bursts (in the same timestep, in neighbor-
n, (cm-3) ing cells). We do not speculate here whether such bursts are
_ o _ _ physically plausible or not, but the scales necessary to model
wigﬁéﬁtl-st;hfordn'qséggﬁ“gg f_“g%gg g_h{%rg)ge”B?uuemﬁﬁésdg?g'% rfoéor;(’”s this process properly are certainly unresolved in our simula-
UnderDense, red for Box UndérDense+, black for Box OverDense. Dotted 11ONS. \We suspect that higher tempo_ral or Spat'al resolution
lines are for 8+7 levels of refinement, solid lines for 8+8, short-dashed lines would reveal that feedback from the first star in a cell would
for 8+9. The long-dashed green line represents our chosen density threshsuppress, or at least delay further clustered star formation, as
old _nl—_i,min = 10000 Cfﬁa. All runs with at ‘Ieast 8 levels of refinement have the H2 photo_dissociation timesca'es due to interna' Lyman_
sufficiently dense gas to form stars by this epoch. Werner feedback from a single 10QMstar within a given
star-forming clump are typically shorter than the clump’s free-

2.3. Convergence Study & Setting Fiducial Parameters  fall imescalel(Safranek-Shrader et al. 2012).
. . . I To determine the ultimate effect of the density threshold on
In this section, we describe the test runs that justify the nu- )

merical setup and the choice of parameters for our main runs, opA IIl_sjt-grogorrg;ct)gnaﬁgdzlté%%a(\)l é;]nssyr\:er(tahzeggrmg de\ﬁ'th
Since the Pop llI star formation recipe described above is ongH.min = ~ 2% ey . using X DV
Dense initial conditions. Varying this threshold by a factor

of the critical components of our study, we focus on testing £ 20 ch h o f hich the fi f

the key elements of this model. In Table 1 we list the details © I fC anges the scale factor at Wf ich t Z ;]r_?;_star orms
of the simulations performed in our suite. Box OverDense has°" y_ roma= 0'h0463 tozi— 0.0483_,30r ror:: red Shil _ﬁo'Gh
many more potential sites for Pop Il star formation than the t© 2= 19.7. In thény min = 1000 cm* run, the density thresh-
other 1h™X Mpc boxes, and therefore serves as the best test.2d IS réached at a lower level of refinement from the other
ing ground. It is important to keep in mind that while every C2S€S considered, allowing the first star to form sooner. The
parameter we test has an effect on Pop Il star formation, thevar"'jltlon in the other three runs is only froaw= 0.0480 to

most drastic differences between the simulations are cause&=.0'0483' ?”C.h. rlnarglcr;_a_l differences d(largons_tratﬁ tharf f|%|r
by the choice of initial conditions. The role of cosmic vari- a given set of initial conditions, our actual density thresho

ance will be explored more comorehensively in Paper II criterion for the formation of Pop Il stars has little effect on
b P y peril. when and where they form. In each of these runs, only a single

Pop Il star formed in each box befoae= 0.05, and the total
) , ) number of Pop Il stars varied between 4 and %@ &t0.055.
First, we choose an appropriate value for the density threshgaseq on these tests, we have determined that the total number
old for creating Pop IIl stars. In Figufé 1, we examine the of pop ||| stars formed had little correlation with the density
high-density end of the volumetric probability distribution tnreshold within the considered range.
function (PDF) of the hydrogen number densityaat 0.085 After the first star forms in a given halo, the gas den-
(z=108). In order to test the properties of the primor- sjty can be significantly reduced near the center, quenching
dial gas from which the first stars form, we ran a special fyrther star formation. Figuré 2 demonstrates this effect in
set of simulations with no star formation or chemical en- ,n OverDense nHle4 fid. The PDF of this galaxy is de-
richment (runs OverDense_noSF_8, UnderDense+_noSF_8yeted at high density 10 Myr after a PISN explosion. The
UnderDense_noSF_8, as well as additional versions of each ¢qrresponding galaxy from the run without star formation,
with one more and one fewer maximum level of spatial re- gyerDense noSF 8, is also shown for reference. While the
same, only gas in the most massive halos has collapsed @, "= 10 ¢cn13, it is depieted in our fiducial run. Since this den-

this density regime, meaning that the PDFs are very sensitivegj, ; ;
' ity is nowhere near anmyy min that we have considered in our
to the number and nature of such halos. The PDFs of BoXyagis we can conclude that Pop IIl stars will not form in quick

OverDense and UnderDense+ are offset by a factor of ~5 a o
all densities, while the UnderDensbéox is offset from Box Successionin this halo.
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2.3.1. Density threshold for Pop Il star formation
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Table 1
SIMULATION RUNS

Run Base grid fmax dx(pc) Mpm(M@) Numin(cm™)  Description

Convergence study

UnderDense_noSF_7 256 7 44 5500 No star formation

UnderDense_noSF_8 256° 8 22 5500 No star formation

UnderDense_noSF_9 256° 9 11 5500 No star formation

UnderDense+_noSF_7 256 7 44 5500 No star formation

UnderDense+_noSF_8 256 8 22 5500 No star formation

UnderDense+_noSF_9 256° 9 11 5500 No star formation

OverDense_noSF_7 256° 7 44 5500 No star formation

OverDense_noSF_8 256 8 22 5500 No star formation

OverDense_noSF_9 256 9 11 5500 No star formation

OverDense_noSF_HMpc 256° 8 11 690 No star formation, 0.5 Mpc box

Fiducial runs

UnderDense _nH1le4 fid 256 8 22 5500 10000 Underdense box with no massive galaxies, fiducial parameters
UnderDense+_nH1le4 _fid 256 8 22 5500 10000 Underdense box with one massive galaxy, fiducial parameters
OverDense_nH1e4 fid 256 8 22 5500 10000 Overdense box, fiducial parameters

Density threshold study

OverDense_nH1e3 256° 8 22 5500 1000 Lowest density threshold for Pop Il star formation
OverDense_nH5e3 256 8 22 5500 5000 Low density threshold for Pop Il star formation
OverDense_nH2e4 256 8 22 5500 20000 High density threshold for Pop Il star formation

Mass resolution & refinement criteria

OverDense_SL7 256 8 22 5500 10000 Super-Lagrangian refinemetif 0

OverDense_SL5 256 8 22 5500 10000 Aggressive super-Lagrangian refinemsfit 0
OverDense_HiRes 512 7 22 690 10000 Higher mass resolution

OverDense_HMpc 256° 7 22 690 10000 0.5 Mpc box

OverDense_HMpc_HiRes 256 8 11 690 10000 0.571 Mpc box, higher spatial resolution
OverDense_HMpc_SL5 256° 7 22 690 10000 0.6 Mpc box, super-Lagrangian refinemens0
OverDense_QMpc 256 8 55 86 10000 0.2671 Mpc box

Alternative physics

OverDense_ExtremeSN 256° 8 22 5500 10000 Extreme PISNe (Section 2.3.6)
OverDense_ExtremeRad 256° 8 22 5500 10000 Extreme Pop llI radiation field (Secfion 2.3.6)
OverDense_LowMass 256 8 22 5500 10000 Pop Il IMF and feedback mirror Pop Il (Sedfion 2.3.5)

Column 1.) Name of the run; 2.) Base grid, number of DM parsicieimber of root cells; 3.) Maximum number of additional levels of refinement; 4.) Minimum
cell size at the highest level of refinement in comoving pc; 5.) DM particle mass:in@vy) Minimum H number density for Pop 1l star formation in cm?7.)
Further description of the run.

star formation, and does not appear to depend significantly on
spatial or mass resolution. Our fiducial choice oflfor the

2.3.2. Molecular Fraction minimalH; fraction does not exclude dense gas from forming
Another component of the Pop I1l star formation criterion stars |nt any runs, as long as little Lyman-Werner radiation is
present.

is the requirement of a minimal fraction bl in the host cell.

To determine what value of thd, threshold makes sense in
the context of these simulations, we examine the molecular
fraction of hydrogen as a function of density in the runs with-  Since we have demonstrated resolution dependence for the
out star formation at the epock & 20) when gas is begin-  maximum density of gas within a given galaxy, it is expected
ning to reach densities close ity min. Figure[3 shows that  that refinement criteria could play a role in controlling when
the molecular fraction in primordial gas generally increases gas in the simulation first reaches thg min threshold. To

with density, but saturates abomg ~ 10cni®. The satura-  test this, in some of our runs we employ super-Lagrangian
tion value of fy, grows slowly with time in the absence of (SL) refinement criteria. This approach dictates that the re-

2.3.3. Super-Lagrangian Refinement
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Figure2. PDF for most massive galaxy in Box OverDenseat 0.05 (z= Figure3. Molecular fraction of hydrogen vs number density for three

19) with star formation (solid, run OverDense_nH1e4_fid) and without star Box OverDense runs using different resolution without star formation at
formation (dotted, run OverDense_noSF_8). The Pop Il star that recently a= 0.05 (z= 19, runs OverDense_noSF_9, OverDense_noSF_8, and Over-
formed at the center of this galaxy has temporarily depleted it of the denseDense_noSF_7 are black triangles, red circles, and purple squares, respec-
gas needed to continue star formation. tively). The mediarH, fraction in each density bin is indicated by a triangle,
while the error bars show 25th and 75th percentile levels. At this epoch, when
the first stars would normally be forming, our fiducial resolution of 8 levels

. . has the same molecular fraction as if we were using one more or one fewer
finement threshold between subsequent levels is lowered byevel of refinement, and the points actually lie directly on top of each other

a constant factor, granting a more effective zoom-in on the for ny < 10cnT3. Run OverDense_noSF_HMpcat 0.05 (green filled tri-
densest regions at earlier times. The refinement criteria inangles) has lower values and wider spreattipfraction forny < 10? cm3

; Om ¢ but converges with the other runs at higher densities, demonstrating a lack
a cell can be written as 2 mpw x Com x X" % 0.8 for the of dependence on mass resolution. Also shown is run OverDense_nH1e4_fid

dark matter mass, and3®x mpy x g_m x Xt % 0.8 for the where star formation has already taken plac@ky0.05 (blue filled circles).
. . . Since the gas has been enriched by a PISN, molecular gas can form at much
gas mass, wheréis the level of the cell which is to be re-  oer densities. Light red and light blue points trace outkthefraction in

fined. In this formalismX = 1 implies Lagrangian refine- every single cell for run OverDense_noSF_8 and OverDense_nH1le4._fid, re-
ment as described at the beginning of Seckibn 2. We havespectively.

tried runs with very aggressive SL refinemeKt<£ 0.5, run

OverDense_SL5) and less aggressive refineméentq.7, run

OverDense_SL7). Running ;hese simulations in Box OVer- yhe effects of mass resolution alone. All other numerical pa-
Dense withny min = 10000 cm®, we found that the epoch at  rameters are kept consistent with run OverDense_nH1e4_fid.
which Pop Il stars first appear is pushed back fia0.0478 The increased mass resolution has several immediate im-
to a=0.0456 withX = 0.7, and toa = 0.0435 withX = 0.5. plications. Since we now resolve halos of mas§Mg

This demonstrates that the use of SL refinement is an impor-yith over 1000 particles, we can better probe the regime
tant numerical tool for exploring the earliest epoch of star here the very first Pop Il stars are expected to collapse in
formation in a given simulation box. However, using SL re- proto-galactic 'minihalos’. Indeed, the epoch of formation
finement produces an enormous number of high-level cells:gof the First star in the box becomess 0.0427 in a halo of
ata=0.05, run OverDense_SL5 has a factor of 4000 more 1 5x 10PM, (compared t@=0.0481 ancdMl, = 7.5 x 1P M,
maXima”y refined cells than run OVerDense_nHle4_ﬁd. This in run OverDense nH1le4 f|d) The h|gher mass resolution
drastic difference makes the SL simulations prohibitively ex- effectively means that there is more power on the small scales
pensive soon after the first stars form. responsible for the growth of halos in this mass regime. Due

Therefore, we use these SL runs to study Pop Il star for- tg the high computational cost of this run, we have only ad-
mation at the earliest possible epochs, when the mass of thganced it toa = 0.055.
halos that hosted them was low enough for PISNe to have The effect of increasing mass resolution is further explored
their maximal effect. through runs using the H and Q boxes of B25Mpc and 0.25
h™ Mpc in size. Applying the 256base grid to these boxes
gives us a DM particle mass of 690and 86 M., respec-

We test the effects of mass resolution by setting up one runtively. We find that the H box (run OverDense_HMpc_HiRes)
with 5128 initial grid, giving a DM particle mass of 690 M produces a Pop Il star bg = 0.0456 in a halo of mass
We use 7 additional levels of refinement, therefore granting us1.5 x 10°M,, while the Q Mpc box (run OverDense_QMpc)
the same maximum spatial resolution as in the fiduciaf256 does not produce one unél= 0.0473. Using SL refinement
run. Having consistency in spatial resolution allows us to testin the HMpc box (run OverDense_HMpc_SL) allows us to

2.3.4. Increased Mass Resolution
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.
see a Pop Il star forming in a:810°M, halo. et A B ]

The earlier formation epochs and lower mass of halos host- 3 QMpe g 17 1
ing the first stars in the H and Q Mpc boxes, compared to the r HMpc . 0.7» ° .
fiducial 1h™ Mpc runs, show that it is crucial to have high 5 IMpc 4 0.5° 1

enough mass resolution to capture Pop Il star formation in
halos close to 1M, It has been previously shown that ha-
los less massive than this threshold will not achieve significant " 1
enoughH, abundances to trigger Pop Il star formation at ear- .

lier epochs|(Yoshida et al. 2003). The further significance of7 3 4
this mass range will be explained in our Results section. Fig-=
urel4 shows explicitly how varying refinement criteria, spatial —_ o
resolution, and mass resolution affected the lowest possibles S a -
mass for a star-forming galaxy. *

2.3.5. Low Mass Pop Il IMF

We present one simulation, run OverDense_LowMass,
which does not rely on a top-heavy IMF for Pop Il stars. The 108
conditions for Pop Il star formation in this run are similar to
our fiducial top-heavy recipe in that we use the same thresh-
old ny min to determine which cells are allowed to form stars. ‘ L ‘
However, the stellar particle masses are drawn from the same 6 8 10 20
IMF as for Pop Il stars. This run explores the possibility that dx (pe)

Pop 11l stars were ordinary low-mass objects. Whenever the X \pe
density in a given cell exceeds the threshold, the star forma-Figure4. The least massive galaxy to host a star in various runs vs. the

tion rate is determined according to the following relation: minimum comoving cell size employed in the run. The colors indicate the
simulation box size: h™ Mpc (black), 0.5h™1 Mpc (red), or 0.2%71 Mpc
. €Eff (blue). The shape of points indicates the refinement criterion employed in the
Px = T—Pgas, (4) box, with open squares for Lagrangian refinement, filled triangles. T6r&L
¥ refinement, and open five-pointed stars f&i“GBL refinement.
where pgas is the mass density of all gas in the cell. This

relation is similar to equationl 2, but does not explicitly use

molecular hydrogen. This modification is necessary becaus&ormation of the first stars. Given that the extra mass resolu-

primordial gas can reach densities above our star formationtion granted by the H Mpc box allows us to see star formation
threshold, but cannot become fully molecular without the j3 106 M, halos, we infer that our fiducial b Mpc runs

i |

presence of dust. are not properly resolving the very first star-forming mini-
halos. Rather, they are more generally simulating Pop Il
2.3.6. Extreme Pop IIl Feedback star formation in an early population of galaxies. The frac-

To isolate the relative impacts of the feedback effects, we tion of star-forming halos in run OverDense_nH1e4_fid at
ran toy simulations using exaggerated values for the PISNa=0.07 (z=13.3) was only 1% in the mass range®M, <
energy and ionizing photon yield. In one run, called Over- M;, < 10’M,, but it reached 65% foMp > 10'Ms. In
Dense_ExtremeSN, PISNe released 20°* erg of thermal run OverDense_HMpc_HiRes, these numbers increase sig-
energy, a factor of 10 larger than in all other runs. The extremenificantly to 15% for 16M, < My < 10’M, and 100% for
ionizing simulation OverDense_ExtremeRad had instead anM,, > 10'M,. In addition to the resolution effects, the sup-
additional factor of 10 boost in the ioniZing phOton flux of pression of star formation in the q_ﬁ) 1d M® range is also
Pop Il stars, giving the 100M and 170M, stars 388,000  plausible in the regime of a moderate Lyman-Werner back-

and 345,000 photons per lifetime, respectively. While these ground (e.gl Machacek et/al. 2001; O'Shea & Noriman 2008;
models are too strong to be consistent with any published reiSafranek-Shrader etlal. 2012).

sults, using them allows us to explore the most extreme effects |t js worth noting that the ratio of star-forming galaxies in

of Pop 1l feedback. the range 10M, < My < 18M, falls off gradually with
time in run OverDense_nH1e4 fid. It changes from 65% at

3. RESULTS a=0.065 to 20% ab = 0.1, suggesting that halo mass alone
Pop Il stars in our simulations begin to form in halos of is not a good proxy for determining whether a galaxy can
massMy, > 10°M,, starting ata ~ 0.045 @~ 21.2) in ac- achieve the high density required for our Pop Il star for-

cordance with expectations from prior work (Yoshida ét al. mation criteria. One potential cause of the change is the de-
2003). Figurdb shows the mass of host halo in which eachcreased physical spatial resolution at later epochs, but accord-
Pop Il star formed. Pop Il stars begin forming in most of ing to our study of the gas in the first star-forming galaxy
these halos shortly thereafter, but are not shown in this plot.shown in FiguréB, the factor-of-two difference in spatial res-
In the 1h~* Mpc runs, the halo mass for first star formation is ©lution achieved by using one fewer level of refinement does
close to 18M,. This mass is an order of magnitude larger not preclude gas from reaching the fidugiglmin = 10 cm™3

than that of the halos hosting the first stars in the simula-threshold. The difference is more likely to be rooted in the
tions of[Wise et dl.[(2012) arid Greif et &, (2011), and those €volution of physical density in halos of a given mass. For
preferred by theoretical considerations (Tegmark ét al.|1997).halos between T0and 1¢M, the average matter density
Consequently, those authors also find an earlier epoch for thavithin the virial radius changes from®x 102Mg, pc at
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Figure 5. Each Pop lll star’s host halo mass at the time of formation vs the Figure6. Though metals from PISNe are ejected past the virial radius, they
scale factor at which the star formed for run UnderDens¢ile4_fid (blue), do not stay there for long. Plotted here are the radii enclosing 80% of the

run UnderDense+_nH1e4 fid (red), run OverDense_nH1e4 fid (black), andmetals produced in the galaxy, as well as the radii where the enclosed mass
run OverDense_HMpc_HiRes, which did not go past0.075 (green). Ad- of baryons divided by the virial mass equals 80% of the universal baryon
ditional points for the halos hosting the first stars from each of the runs usedfraction. Each line represents a galaxy as it evolves in time, beginning at the
for Figure[4 are also included, with the same color and shape scheme. In ouepoch when the first star forms. Within 50 Myr of the PISN event (denoted

1 h™ Mpc runs, Pop Il star formation happens almost exclusively in halos by five-pointed stars), most of the gas and metals have begun to recollapse,
between 10M¢ and 1¢Mg. The additional mass resolution in run Over- ~ Of are at least enclosed within the virial radius once again. The maximum ex-
Dense_HMpc_HiRes makes it possible to see that the first Pop Il stars formt€nt of metal propagation is strongly regulated by galaxy mass. The distance

in halos between fM, and 16 M. The average mass of Pop Il star- between two points on each line corresponds to 10 Myr.
forming halos increases slightly with time. When multiple Pop Il stars form
within a galaxy in a very short time interval, points on the plot are grouped
into a clustered shape.
to significantly alter the ISM of their host galaxies. Here we

explore such effects during time when Pop lll stars are the

a=0.065 to 68 x 10°3M¢ pc® ata= 0.1, due to the expan- dominantdrivers of feedback. o o
sion of the universe. Even the density within the central 100 In Figure[6 we show that there is a significant variation in

pc of these halos changes fron7T8 M., pc3 to 0.34 M, pc3 the potential effect of Pop Il stars on their host galaxies de-
between the same two epochs. pending on the galaxy mass. In halos wWilh < 3 x 10°M,,
Very few Pop IlI stars formed in halos witd, > 1M, Pop lll stars can temporarily evacuate the gas from the galaxy,

because such halos have already been enriched to metallicitiegnd the metals from PISNe are ejected past the virial radius
above log,Z/Z = -3.5, allowing for normal star formation ~ into the intergalactic medium (IGM). On the other hand in ha-
to commence. In many cases, halos V\Wlh > 3x 107M® los with Mp > 3 x 106M@, the metals are confined within the

had earlier formed one or more 10QMPop IIl stars, which  Virial radius, and there is little movement of baryons beyond

shut off star formation temporarily but did not enrich the the virial radius. o _
galactic gas, allowing it to remain pristine and continue form-  This divide can also be seen in Figlifie 7, which shows the

ing Pop IlI stars. Another major exception occurs in run Over- baryon fraction computed within the virial radius for thirteen
Dense_nH1e4 fid in a galaxy that has already formed a sig-halos taken from a variety of runs. Again, a noticeable thresh-
nificant number of Pop Il stars that have in turn enriched the old atMy = 3x 10°M, distinguishes galaxies that have their
ISM terminating further Pop Il star formation. However at gas evacuated by PISNe from those that do not. Galaxies less
a=0.095, this galaxy undergoes a major merger with anothermassive than this threshold typically have their gas content
massive halo, causing low-metallicity gas in the outer part plummet by at least a factor of two within 10-30 Myr after the
of the galaxy to collapse, thereby triggering a burst of Pop PISN, with the least massive ones falling below 10% of the
1l star formation which appears as a cluster of points with universal baryon fraction. In contrast, more massive galax-
My, = 5 x 108 on Figurd. All of these stars form with metal- i€S lose a much smaller percentage of their gas and end up
licities around the critical log Z/Z., =-3.5 value, suggesting ~ With baryon fractions in excess of their pre-explosion values
that their existence is sensitive to the value of this thresholdWithin ~100 Myr. This dividing line between "low-mass” and

and therefore should not be treated as a general result. "high-mass" galaxies is therefore a logical choice for param-
eter that distinguishes different regimes of Pop IIl feedback.
3.1. Effect of Pop Il stars on their host galaxies We examine these two regimes separately below.
The strong ionizing flux of Pop Il stars and enormous en- 3.1.1. Dependence on halo mass

ergy injections from PISNe have been shown in previous work
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halo at a distance of approximately 2 kpc. The mass of this
galaxy has increased by a factor of ~5 between0.0508
when the star first formed arad= 0.0726 at the final snapshot
considered.

While the PISNe do clearly cause baryon depletion and
suppress star formation in galaxies such as the one presented
here, the rate of growth of these galaxies is high enough that
a mixture of ejecta and fresh primordial gas fall in to restore
the baryon fraction to at least 50% of the universal fraction
within ~150 Myr. This replenishment results from a combi-
nation of actual re-accretion of ejected material, accretion of
IMpe fiducial new primordial baryons from filaments, and rapid growth of
HMpc_HiRes galaxy virial radius ("gobbling up" of ejecta).

HMpc The eventual fate of this low-mass galaxy, and of many
HMpe_SL5 such minihalos which were significantly affected by the first
— PISNe, is to merge with a more massive companion prior to
tMpe-SL5 1 the completion of the metal re-accretion process. The resul-
IMpe_SL7 ] tant galaxy will ultimately have a baryon fraction close to the
— o At = 10 Myr | universal value, and will contain enough of the PISN ejecta
L L L from the progenitors to form Pop Il stars. In some cases, we
106 107 108 observed that halos in this mass range sustained more long-
term damage from PISN, and their baryon fraction stayed be-
M (t) (Mg) low 50% by the end of our simulation, as late as 200 Myr
Figure7. The evolution of the baryon fraction vs. the evolving halo mass. after the explosion. This scenario played out in relatively iso-
Each line traces a galaxy from the time of formation of the first star. The lated environments with slow filamentary accretion. Galax-
baryon_ fraction is computed_within the virial_ra_dius, and is normali;ed by ies that underwent such Iong-term disruption by PISNe had
the universal valuef, yni. While supernovae initially cause a depletion of their virial mass increase at an average rate.OﬂM@ yl’_l

baryons in galaxies dflp, < 3 x 108 Mg, this depletion is only temporary. . . d
In galaxies oMy, > 3x 10 M, there is no strong evidence that PISNe are for 100 Myr after the explosmn, while all other gaIaX|es that

able to deplete baryon fractions. Notation is the same as in Figure 6, with thehosted Pop 111 stars grew at rates ranging fro®4M, yr?
addition of triangles to represent SN |l produced by 10§ Mop Ill stars. to 0.8 Mg yr—l_

In run OverDense_HMpc_HiRes, which effectively re-
solved galaxies in the minihalo regime, 21% of PISNe oc-
curred in underdense environments where the metals were
permanently ejected from the host galaxy. Another 25% of

To further understand how halo mass can determine the ef-PISNe happened in galaxies where the host merged with a

fectiveness of Pop Ill stellar feedback, we examine the struc-Separate g%'j‘éy pfr igrléoNthehcompIetg gobb:ing of mﬁtals. Thte

tural evolution of several galaxies in different mass regimes. "5 aning 00 @ nappened In gaiaxies where met-
First we examine a regllatively low-mass galaxy frc?m run als were effectively gobbled up by the end of the simulation.

OverDense HMpc_HiRes, which is shown by the black line These findings suggest that 20-45% of the metals from Pop

g : Il supernova ejecta can be observed in the IGM#&t10.
that extends t/ ~ 10"M, in Figured an&]j. The first star Negt, we stujdy a galaxy from run OverDense_nH1le4_fid
(of 170M,) forms when the mass of the halo ik 1Mo, that was the first to form a Pop IlI star, which also happens
W|:ht|)n 20 'gbir Ef |tsff0rmtaht|on, tlhetPISN ?as(glﬁazte(t:i trrr:.etals to be a PISN progenitor. This galaxy is represented by the
out beyon pc from the galactic center (d®,4 at this ; P :
epoch), and the baryon fraction has dippeds{tf un ~ 0.15. brown lines in Figure§l6 arld 7. The first star forms when

. : : : the mass of the halo is.5x 10°M,. About 30 Myr later
However, soon after this point the baryon fraction begins to on, . L0 '
grow again, and the virial radius increases enough to enclos 80% of the metals generated in the PISN have propagated as

a larger fraction of the expelled gas and metals. far as 420 parsecs from the core. The injection of metals by

_ " : the PISN is enough to bring the gas metallicity in some cells
ALL=139 Myr aftertheflrst_PISN (ths halo mass is now 9 hundreds of parsecs away from the galactic center to be as
10°Mo), the galaxy has regained ~37% of the PISNe metals. g as logyZ/Z- = -1. After another 50 Myr, the effects
The baryon fraction is over half of the universal value. It will - ¢th"o tfiow have subdued. Not only are 80% of generated
still take more time for this galaxy to completely recover from o515"now entirely confined to the innermost 120 parsecs
the explosion, but there is considerable evidence from Figurey ; the metals have diffused. and the maximum metallicity’
Bthat metals and baryons in general are flowing in rather thany, 5 jecreased by 1 dex. This suggests that the inflow of new
out C]Zf the galaﬁ(y. Another S'%n qfh(ec?]very IIS that Pop Il i ordial gas is playing a greater role in the evolution of the
star formation has commenced within the galaxy, as it NOW 415y than the outfiow generated by the PISN. The majority
contains 4 Pop Il stellar particles (which still contribute little  J¢ 1\ ata1s produced by PISN do not escape into intergalactic
to the metal budget). S _ _ space.

Figure[8 follows the radial distribution of metals in this  ™\ye amphasize that some galaxies in this mass range should
galaxy from the time of the first PISN until 139 Myr after 1o hosted Pop IIl stars at earlier times than those resolved
it has exploded. The Pop Il stars have contributed less tha y our simulations. The apparent ineffectiveness of Pop Il

ghlz)ﬂventﬁetrhee arpeetp?rlo?jllj,l((j:?setéfiﬁeeﬁfgtng?gyN agn%f ct)?% rggé?)lr? d:‘1eedback demonstra_lted here shows that simqla’gions which do
PISN which happens 15 Myr after the first in a neighboring ot resolve halos withy < 3x 10°M¢ are missing a por-
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Figure8. The ejecta of PISNe is traced via examining the enclosed mass Figure 9. The ratio of gas metal half-mass radius to stellar half-mass radius
of metals as a function of galactocentric distance. Lines of different color vs halo mass for galaxies which have had at least one PISN; 81075 =
correspond to 1, 27, 59, 91, and 139 Myr after the first PISN. A second PISN 12.3) in runs OverDense_nH1le4 fid (black) and OverDense_HMpc_HiRes
happens 15 Myr after the firstin a nearby galaxy. Approximately 60 Myr after (green). Metals propagate further relative to the stellar cores in galaxies of
the first PISN, more metals are flowing into the galaxy than outwards, as thelower mass.

metal-rich ejecta have mixed with primordial gas accreting onto the galaxy.

Arrows show the direction of metal movement at each epoch. The length of

each arrow corresponds to the distance traversed by the metals in a 20 Myr

interval. The y-axis positions of the arrows show the mass of metals at eachniﬁcam|y depleted. At =0.05 (z= 19), 10 Myr after the

epoch used to compute the rate of propagation. This galaxy is depicted by thePISN losion i 'th first .t f L | fifd=

black line in Figure&16 arid 7. explosion in the first star-forming galaxy, we fifig=
10.3% and 58% in runs OverDense ExtremeSN and Over-

) ) . ) o Dense_ExtremeRad, compared ta5P4 in the fiducial run.

tion of galactic evolution. This omission could mean that Pop | the case of the extremely energetic PISN, this is a rela-
Il stars should self-terminate at earlier times, hence decreastjyely small resulting difference for a 10-fold increase in the
ing their contribution to the cosmic ionizing background. On thermal energy and ionizing radiation output. The mass of
the other hand, the expulsion of baryons from low-mass halose galaxy at this epoch is910° M., which we have shown
leads to suppression of Pop Il star formation, which implies ;, pa large enough to withstand standard Pop IIl feedback.
we may also overestimate the Pop Il rates. The balance 0ion the other hand, the difference is more pronounced in the
these effectshwnl b?] expflored furi[her in Paper I. - | case of extreme ionizing feedback, indicating that the disrup-

_Flgure? S O‘n’s ow far mheta‘l's propagflsltﬁ II? ga aX|esd_r €l tive efficacy of supernovae is significantly increased when it

ative to the stellar cores. The "gas metal half-mass radius’eypiodes in a region where neutral hydrogen has been more
is calculated as the more familiar stellar half-mass radius, bUteffectiver ionized and dispersed by radiative feedback
tracing the total mass of metals in the gas phase instead of stel- 114 effect of both types of extreme feedback on the'prop—
lar mass. In general, the metals are always able to propagatgyation of metals is stronger. Metals tend to be blown out
out beyond the stellar cores, but the extent depends strongly¢ galaxies anisotropically, often extending outwards in di-
on galaxy mass. For a homogeneous comparison, and POections orthogonal to filaments, into lower density regions.
tential future probes by observation, we plot all star-forming The gajactocentric radius that encloses 80% of the metals
galaxies from a single epoca= 0.075 ¢=123). In galax-  formed in the PISN stretches out to7Ryi; 20 Myr after the

ies with M, > 10°M, the metals remain within a factor of  explosion in both run OverDense_ExtremeSN and run Over-
2 of the stellar radius. In less massive galaxies, metals arenense ExtremeRad, compared to ju§ti®,; in the fiducial
able to propagate further, sometimes by as much as a factofyn, These metals do not fully escape the gravitational pull
of 10, owing to the lower potential wells of these galaxies. of the galaxy, however, and 90 Myr after the explosion, the
Nonetheless, considering that the stellar half-mass radii of a”galaxies from both extreme feedback runs contain 80% of the
our galaxies range 5-30 pc, the location of the bulk of metals metals from the first PISN within the virial radius (in the fidu-

is still limited to only the innermost regions of galaxies. cial run, they are contained within justiBR,;;).

3.2 Eff fth S feedback and Though we increased the feedback effects by a factor of
2. Effects of the uncertainty in Pop lll feedback and IMF 1 only modest and temporary differences were observed be-
With our additional runs, we can check if the relatively tween the runs. Such inefficiency of feedback demonstrates

inefficient feedback is due to the specific fiducial parame- the weak coupling of thermal energy from PISNe to the ISM
ters that we adopted. However, even with the extreme Popat the densities and temperatures resolved by our simulations,
Il feedback prescriptions described in Secfion 2.3.6, we find as almost any amount of energy can be quickly radiated away.
that the baryon fraction within the virial radius is never sig- This can be seen when considering typical cooling times in
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the 1ISM, 7co0 = ko T /AN = 3000(T /10* K)(1 cm3/n) yr, for driven well beyond the virial radius of the Pop lll star’'s host
A = 102erg s cm3 (Hopkins et al[ 2011). The cooling galaxy. For more massive galaxiddy(> 10'M), however,
time of the dense, filamentary gas surrounding the supernova single PISN is not effective in evacuating the galactic ISM,
remnant = 10cm?, T = 10°K) is just ~300 yr, which is @S suggested by Wise & Cen (2009). Feedback from Pop Il
comparable to a typical timestep in our simulations (~500 yr). Stars does not typically inject enough energy into the mas-
This dense gas mixes with the shock-heated supernova remsive halos to permanently photo-evaporate the gas, and drive
nant, allowing the entire region to return to the ambient tem- metal-rich outflows past the virial radius. While Pop Il stars
perature of the ISM within a few Myr. can temporarily expel gas and quench star formation, the ISM
The impact of extreme feedback is more pronounced in thebegins to replenish soon after the SN explosion, as accretion
IGM, particularly in run OverDense_ExtremeRad. The mass from filaments at this epoch is very fast. All galaxies consid-
fraction of ionized gas between 1-3 kpc from the galactic cen- ered in our analysis with at least, ~ 3 x 10°M, and some
ter is enhanced by a factor of ~200, compared to the fiducialwhich are even less massive, appear to have more than 50%
run, even 40 Myr after the PISN. Within the same distance Of the universal baryon fraction restored 100 Myr after the
range, the IGM temperature is a factor of ~10 higher at this first Pop Il supernova event. Metals are ejected anisotrop-
epoch. The relatively hot and ionized IGM in turn could affect ically, and can travel relatively longer distances through the
accretion rates onto galaxies at later times. diffuse IGM in directions perpendicular to the dense filaments
The effect of making PISNe ten times more powerful in which feed galactic accretion. This means that it typically
the H Mpc box was more drastic, as this box sampled lower takes more time for the ejected metals to be re-accreted into
mass galaxies. The baryon fraction in the first galaxy droppedthe galaxy, but we have demonstrated that this re-accretion
below 107 after the first PISN, compared to 1.7% in the stan- does frequently occur, even in low-mass galaxies.
dard run OverDense_nH1e4_fid. The radii enclosing 80% of The aforementioned dividing line dfl, ~ 3 x 10°Mg, is
the baryons and metals are twice as large as in the standartmportant for determining whether the energy injection from
run, demonstrating that the added energy in this extreme rurthe supernova at the end of the star’s life can expel gas and
coupled with the ISM more efficiently. Even with the standard metals out to a significant distance. The concept of a divid-
feedback prescription we would expect a strong blowout in aing line between early galaxies that suffer from significant
halo of this mass (Z x 10°M, at this epoch). However, in blowout from those that do not has been considered in prior
the fiducial run this galaxy ultimately gobbled up most of the work (e.g. Clardl et al. 2000; Ricotti et al. 2002b). However,
ejected metals. On the other hand, the extreme PISN energﬁur results point to a considerably Iowe_r thresho.ld than what
(270x 10°Lerg) is able to completely destroy the high-density Nad been expected, as all but the very first galaxies are appar-
gas clouds needed for star formation, prevent re-accumulatiorgntly robust to PISN feedback when continued accretion from
of dense gas from filaments, and cause the metal ejecta tdllaments and the fallback of ejecta into the growing galaxy
travel far enough into the IGM where they may never fall back 'S considered. The strength of this conclusion is bolstered
onto the galaxy. by our use of a very strong feedback model for Pop IlI stars
These tests indicate that given enough energy input, the host€ven in our fiducial runs). In addition, the first stars may have
halos of Pop Il stars can become completely devoid of gas2 lower characteristic mass_(Greif etlal. 2011), which would
for cosmologically-significant intervals of time, particularly Make PISNe less frequent and the feedback effects would be
when they are below the mass threshold«~BPM,,. How- further marginalizec (Ritter etal. 2012).

ever, for the feedback parameters currently considered realis- ﬁln (zrdfer forslmulll?tltzns ]EO captt_ure the flfll_ran%elof relevar(ljt
tic (our fiducial runs), the feedback of the first stars is limited €'¢CtS Tom Fop Iii star formation, resolving halos aroun
as illustrated in Figurds 6 afél 7. 10°M, with a sufficiently large number of particles is criti-

In the run with low masses of Pop Il stars (Over- cal. With insufficient resolution (less than 1000 DM particles

Dense_LowMass), without any PISN, metal transport is ex- for 10°Mg, halos), all galaxies seem to reabh> 10'M¢
tremely ineffective. A= 0.055, 80% of the metals that have Without having yet formed a star. Since these galaxies are
been generated by stars in the first star-forming galaxy arealready beyond th#h ~ 3 x 10°Mg, dividing line, they dis-
confined within 75 pc of the galactic center, compared to 420 play few disruptive effects from Pop Il feedback. Aggressive
pc in the fiducial run. This test demonstrates that if Pop Il super-Lagrangian refinement may help resolve star formation
stars did not have a top-heavy IMF, their contribution to en- in halos of lower mass, but requires a prohibitively large num-
riching the IGM would be further marginalized. These re- ber of computations. A more practical approach is to begin
sults agree qualitatively with the work lof Ritter et al. (2012), simulations with sufficiently high resolution in the initial con-
who argued that filamentary accretion was never significantly ditions.

disrupted if Pop Ill stars had low or moderate characteristic
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