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Numerical simulations suggest that as single primordabkstonsecutively formed in small dark
matter halos at high redshift, gravitational mergers ceggted the halos into the first primi-
tive galaxies. In this picture, protogalaxies were asserhhl few stars at a time and were only
gradually contaminated by the first heavy elements becaiselial supernovae preferentially
expelled them into low density voids, away from the sites efgers. However, the large com-
putational boxes required to form the halos from cosmollgidtial conditions in these models
prevent them from resolving the true fate of the supernovenents. We present one-dimensional
calculations of Population Il supernovae in both neutbk and primordial H Il regions that
resolve the flows over all relevant spatial scales. Our nwuhelicate that the cycle of stellar
birth, H 1l region formation, and second star formation wita halo may have been punctuated
by prompt star formation in the supernova remnant. If so-fhoass stars may have been swept
up into the first galaxies at earlier times and in much greabenbers than are now supposed.
The chemical signatures and luminosity functions of sudbxges would be very different from
those in the current paradigm, and observationd\WsTand ALMA may soon discriminate be-
tween these two formation pathways. We also find that diffégaémixing of metals in primordial
explosions may account for the skewed C and O to Fe ratiosadxsén extremely metal poor
(EMP) and ultra metal poor (UMP) stars in the galactic halbiclw may be remnants of the first
few generations of stars in the universe.
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1. Introduction

Numerical models suggest that the first stars in the univierseed in small dark matter halos
pe 100 M, atz~ 20 - 30 [1, 2, 3]. These stars formed in isolation, one per,teto had masses
of 100 - 500M,, and surface temperatures and ionizing photon emissivitesdess of 19K and
10°°s71, respectively. They profoundly transformed the halos ¢faae birth to them, creating H ||
regions 2 - 5 kpc in radius and sweeping half of the baryonarhalos into dense shells 100 - 200
pc in radius by the end of the life of the star [4, 5]. One-disienal non-rotating stellar evolution
models predict a variety of fates for these stars dependirigair zero-age main sequence (ZAMS)
masses [6]. Stars from 10 - 3@, die in Type Il supernova (SN) explosions while 140 - 260
stars explode in much more energetic pair-instability supeae (PISN) that completely disperse
the star, leaving no compact remnant. Stars from 30M50nay instead explode as hypernovae,
with energies intermediate to those of Type Il SN and PISN [7]

Calculations of Population 11l SN in lone cosmological niaios and in large scale structure
formation calculations have been performed but are apprate [8, 9]. Usually, the progenitor
is assumed to completely photoevaporate the halo and tHesexps are initialized either with
thermal energy or Sedov-Taylor blast profiles rather thanftbe expansion that actually erupts
through the envelope of the star. The simulations find tha¢swovae in H Il regions completely
unbind the baryons from the halo. Some of the gas can latannrag the halo by accretion inflows
and mergers, but only on timescales of 50 - 100 Myr. In conhtifthe supernova occurs in a neutral
halo, Kitayama & Yoshida find that it 'fizzles’ because thec&geencounters large circumstellar
densities that radiate away the energy of the blast as btethksg x-rays before gas can be
driven outward.

O’Shea et al. and Yoshida et al. have discovered that a halb@st consecutive episodes of
single star formation if the stars do not explode [11, 12].éWkhe progenitor dies its H Il region
cools more quickly than it recombines, reaching relatively temperatures at substantial ionized
fractions that are ideal conditions for the rapid formatidriH, and HD through the H channel.
HD can cool the relic H Il region down to the cosmic microwaaekground (CMB), reducing the
characteristic mass scales on which it fragments. As dcarand mergers return the gas to the
halo it can collapse into a single, smaller star on timescalé&0 - 100 Myr. The cycle continues
as the new star ionizes the halo, leading to later genegatibstars that are smaller than the first.

As single stars formed in succession within a halo, grawital mergers assembled them into
the first small galaxies as illustrated in Figure 1. Numémtgmpts to model this process find that
metals expelled by supernovae are taken up relatively glowd protogalaxies because they are
blown out into low-density voids where star formation does occur [10, Wise & Abel(2008)].
Since they return to the halos on timescales of 100 Myr andléméed by their expulsion into
the IGM, these heavy elements are incorporated into lategrgéions of stars relatively slowly. In
this scenario, new stars form gradually, are contaminayehdtals slowly, and populate the first
galaxies in small numbers.

Unfortunately, these models exclude two key effects thalcdcacompletely alter their out-
comes. First, their large computational boxes, which acessary to form dark matter halos from
cosmological initial conditions, prevent them from prdpeaesolving the early evolution of SN
remnants. Second, they neglect fine structure cooling dumetials which can destabilize the
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Figure 1: The morphology of dark matter halo mergers. Image courtésndrey Kravtsov and the ART
code, KICP, University of Chicago.

shock and fracture it into dense clumps that could later fnecgravitationally unstable to collapse
into new stars. These stars would be less massive than tiaispreceded them because metals,
like HD, also efficiently cool the gas and lower its mass scafdreakup. Furthermore, they would
be more heavily enriched by metals than those in present Imdde to the direct deposition of
SN ejecta onto clumps. If prompt generations of stars formgatimordial supernova remnants,
low-mass stars would have been swept up into the first gal@xi@ar greater numbers and at earlier
times than currently thought. These galaxies would hawe diffierent chemical signatures and lu-
minosity functions than in current models, raising the gty that upcoming measurements by
JWSTand ALMA may distinguish between the two formation paradigms. Funtore, if metals
are not well mixed in the initial free expansion, heaviemedats at the center of the blast will
have lower velocities and may never reach the dynamicalliigtes at larger radii that later lead
to direct star formation. This might explain the low ratidsFe to C and O found in EMP and
UMP stars now being surveyed in the galactic halo, which megelmnants of the first chemically
enriched stars in the universe [14].

To capture the evolution of primordial supernova remnamés all relevant spatial scales, we
have performed one-dimensional calculations of explasiolark matter minihalos that have been
preprocessed by the ionizing UV radiation of the progerstar [13]. We follow the blast from
its earliest stage as a free expansion deep within the halw oadii of 1 - 2 kpc. Our models do
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Figure 2: Left panel: H Il region profiles of stars that fully ionize théalos. Right panel: Truelove &
McKee free-expansion density and velocity (triangulaofibes.

not include the transport of metals or fine-structure caphnt they do solve non-equilibrium H
and He gas chemistry together with hydrodynamics to momitaere gas swept up by the ejecta is
collisionally excited and strongly radiating. Since itlgstluminosity that governs the advance of
the flow, our calculations reproduce the basic energetiteeofemnants. Our aim is to determine
the final fates of the halos and to identify stages in the flowtdath hydrodynamical instabilities
are likely to incite metal mixing and breakup in three dimens.

2. Code Algorithm/Models

We examined the supernovae of 15, 40, and60stars (Type Il SN, hypernovae, and PISN)
in dark matter halos of 5.% 1, 2.1 x 1, and 1.2x 10’ M., which sample the mass range
in which stars are expected to form by Eooling. Each model was implemented in two stages:
first, spherically-averaged halo baryon profiles computethfcosmological initial conditions in
the Enzo AMR code were imported into the ZEUS-MP code [15] phdtoionized by the star,
which is located at the center of the halo. We then initialitee blast in the H 1l region of the star
using the Truelove & McKee free expansion solutions [16]e Titial radius of the free expansion
was less than 0.0012 pc to guarantee that the profile enclese@mbient gas than ejecta mass.
The explosion was then evolved with primordial gas chemiatrd hydrodynamics to follow the
energy losses from the remnant due to line, bremsstrahdmjinverse Compton scattering in gas
swept up by the ejecta. We employed expanding Eulerian gridEUS-MP to model the flow,
recomputing the grid each time the profile approaches ther dadundary. This crucial feature
ensures that the explosion is always resolved by the samberushmesh points regardless of the
scale of the flow, allowing us to bypass much more expensiaptag mesh refinement (AMR)
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Figure 3: Panels a - d: formation of a reverse shock in a RBOPISN. Dashed: 31.7 yr; dotted: 587 yr;
solid: 2380 yr. Panels e - h: collision of the remnant with kthe region shell. Dotted: 19.8 kyr; solid: 420
kyr.

methods and use spherical polar coordinates that are less f introducing artifacts in the blast
front. We show the H Il region and initial blast profiles in &g 2. The 26, star fully ionizes
the first two halos and partially ionizes the most massive;lth and 4M,, stars fail to ionize the
third halo, but either fully or partially ionize the two lesgssive halos. We find that the explosions
evolve along two distinct pathways according to whethey thecur in H Il regions or in neutral
halos.

3. Explosionsin H |1 Regions

We show profiles of density, temperature, ionization fiagtiand velocity for a 268 PISN
in the 5.9x 1P halo at 31.7, 587, and 2380 yr, respectively, in Figure 3 &d31.7 yr a ho-
mologous free expansion is still apparent in the densityilprovhich retains a flat central core
and power-law dropoff. By 2380 yr the remnant has swept ugertttan its own mass in ambient
material, forming a reverse shock that is separated fronidiveard shock by a contact discon-
tinuity. In three dimensions it is at this stage that the aontiscontinuity will break down into
Rayleigh-Taylor instabilities, mixing the surroundingstine gas with metals at radii of less than
15 pc. Mixing will therefore occur well before the remnantlicdes with the shell, which we show
in Figure 2 e-h at 19.8 and 420 kyr. The 400 kmt shock overtakes the 25 kntsH Il region
shell atr = 85 pc at 61.1 kyr. Its impact is so powerful that a second ssvshock forms and
separates from the forward shock at 420 kyr. Both are vigiblke density and velocity profiles of
Figure 3 at 175 and 210 pc. The interaction of the remnanttvélshell in reality is more gradual:
the remnant encounters the tail of the shell at 60 pc at 19,&kwhich time the greatest radiative
losses begin, tapering off by 7 Myr with the formation of dretreverse shock. More than 80% of
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Figure 4: Panels a - d: early flow profiles of a 40, hypernova in a neutral halo. Solid: 7.45 yr; dotted:
17.4 yr. Panels e - h: collapse of the remnant. Dotted: 2.14 8bfid: 6.82 Myr.

the energy of the blast is radiated away upon collision ofréfimenant with the shell formed in the
H 1l region. Hydrogen Lye radiation losses dominate, followed by inverse Comptortteséag,
collisional excitation of H& and bremsstrahlung, but the remnant also collisionalljzesH and
He in the dense shell.

Although dynamical instabilities will already have mixegaa with the relic H 1l region,
the impact of the remnant with the shell will lead to a secopidae of violent metal mixing.
Prior to impact, the shell itself may already have brokennip clumps due to instabilities in the
ionization front (I-front). What remains to be investigatis if in three dimensions the clumps
become enriched with metals, cool, and condense into gteritally-untable cores. If so, the
mixed shell will break up into low mass stars. Because th# skpands at 20 - 30 km's, or ~
10 times the escape velocity from the halo, the stars woul@&gravitationally bound to the halo,
but inflows and mergers would still collect them into primgigalaxies.

4. Supernovaein Neutral Halos

In Figure 4 we show hydrodynamical profiles for a MIQ hypernova remnant in the 12
10" M., halo, which has not been significantly ionized by the progerstar. In panels (a) - (d) the
formation of the reverse shock between 7.45 and 17.4 yr deati This Chevalier phase, in which
a reverse shock backsteps from the forward shock with arverieng contact discontinuity, occurs
at much earlier times when the halo is neutral because @frie Icentral densities. Heavy element
mixing consequently begins at much smaller radii. The rathegpands, halts, and then falls back
into the dark matter potential of the halo, as shown in paels (f) in which profiles are taken
at 2.14 and 6.82 Myr. The hot bubble reaches a final radius 49 pc before recollapsing toward
the center of the halo. Several cycles of expansion, cadrgcand bounce can occur, resulting in
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the multiple episodes of large central accretion rates sahiowhe left panel of Figure 5. As the
remnant expands and falls back, dynamical mixing will émgeveral tens of thousands of solar
masses of baryons with metals to levels above the thresbolavi-mass star formation. The likely
result will be a swarm of stars that are gravitationally cosdi to the the halo.

Three-dimensional cosmological halos exhibit densityatems along lines of sight that might
permit some blowout of ejecta from the halo or result in lessrdinated fallback than that de-
scribed here. Also, UV radiation might break out of the h&lmtigh these channels and enable
the escape of metals even though most of the halo remainshddbwever, minihalos are mostly
spheroidal so it is reasonable to conclude that most of thiatran of the star will be contained and
that the growth of the remnant will still mostly be halted dhdn reversed. Since recent ensemble
calculations extend the lower mass limit of primordial staown to 15 - 3Mg, [17], we must con-
sider that some supernovae may have occured in neutral Halasldition, other studies indicate
that primordial star formation was delayed by the rise of BysWerner UV backgrounds in the
early universe, in effect forcing halos to grow to larger seasbefore they could host the formation
of a star [18, 19, 20]. Consequently, at somewhat lower iiidskexplosions of lower-mass stars
in large halos that they could not ionize may have been common

Since less massive progenitors that fail to ionize theiohdie in Type Il SN, they form black
holes whose growth might be rapidly fed by repeated boutsasfsime fallback. This process will
strongly depend on angular momentum transfer out of theetingrgas and radiation hydrodynam-
ical transport of energy away from the black hole and reguiuether investigation. Nevertheless,
fallback in neutral halos may provide a mechanism for théydarmation of intermediate mass
black holes (IMBH), which are needed at high redshifts tadstee growth of the supermassive
black holes residing in most large galaxies today. FurtieeemMBH in the first galaxies would
have strongly influenced their evolution and has never beasidered in primeval galaxy forma-
tion models.

We note that our explosion models in neutral halos diffemftbhe quenched SN in Kitayama
& Yoshida's work because they were initialized as free exjars rather than thermal pulses. Like
Kitayama & Yoshida, we find that over 90% of the energy of thesbls promptly lost as x-rays
in the high central densities of the halo. However, unlikdhermal 'bomb’, the free expansion
has momentum that cannot be radiated away, and even thoustrofitbe energy is immediately
lost, enough remains for the blast to seriously disruptnterior of the halo and disseminate heavy
elements.

5. Conclusions and Future Work

In the right panel of Figure 5 we show the final outcome of eagitosion model. In summary,
any progenitor star greater than I, will destroy (completely unbind the gas from) any halo
below 10 M., because it first ionizes the halo. Only partial ionizatiomésessary to ensure that
the supernova expels all the baryons from the halo, as indke of the 26, star in the 1.2
x 10’M, halo. Stars below 501., cannot destroy halos greater thar/[¥Q but do mix a large
fraction of their gas with heavy elements, with probable &iemation on timescales of less than
10 Myr that are much shorter than those in current protogdiamation calculations.
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Figure 5: Left panel: Infall rates associated with fallback of the $6li{d) and 40 (dashedl;, remnants

in the most massive of the three halos. Right panel: evefdtmlof a halo given the indicated explosion
energy. The first letter refers to the final state of the halorpo the explosion; E: photoevaporated; P: partly
ionized, defined as the I-front not reaching the virial ragiN: neutral, or a failed H Il region. The second
letter indicates outcome of the explosion; D: destroyedk:dallback.

Dynamical instabilities and metal mixing in the first supmra remnants, although relatively
small scale phenomena, could completely alter the courgamy structure formation on much
larger scales by triggering prompt star formation in miiolsa Three-dimensional multiscale ex-
plosion models that include the transport of metals and fmetsire cooling are needed to discover
if populations of stars formed in the remnants of Populalib8N. The calculations must be imple-
mented in realistic profiles of the H Il region of the progenito ensure that the explosion occurs
in its true circumstellar evironment. The H Il region modelandate multifrequency UV transport
fully coupled to primordial chemistry and hydrodynamicstlinee dimensional halo baryon pro-
files that are computed from cosmological initial condiforMultifrequency photon transport is
key to capturing the formation of Hn the outer layers of the I-front that can lead to its conmlet
destabilization and breakup into clumps, as shown in Figui&l]. Such models are now being
constructed, and will determine if primordial stars exgddn clumpy environments.

In addition to recovering the true morphologies, chemigaiatures, and luminosity functions
of the first galaxies, the next generation of 3D primordigdlegion calculations might account for
the unusual elemental abundance patterns observed in ENMPRME®P stars in the galactic halo.
These dim stars, suspected to be long-lived remnants frerir# stellar populations, exhibit large
C and O ratios to Fe in their atmospheres. If layers of elesnithin the star do not efficiently mix
as the shock breaks through its outer envelope, heavietstig&Fe near the core will have much
lower velocities than lighter elements like C and O at highiBtudes, as can be seen in the velocity
profile of the free expansion. Consequently, very littleiroay ever reach the outer regions of the
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Figure 6: Dynamical instability caused bytformation in a D-type primordial ionization frontin an idea
ized density profile similar to that of a cosmological miriha

remnant where instabilities and clumps develop, or be talpeimto stars that result. Calculations
of early mixing during shock breakout from the star are nodearway to constrain the distribution
of elements within the initial free expansion in future poirdial supernova simulations.
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