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ABSTRACT

There has been considerable theoretical debate over whether photoionization and supernova feedback
from the first Population III stars facilitate or suppress the formation of the next generation of stars.
We present results from an Eulerian adaptive mesh refinement simulation demonstrating the formation
of a primordial star within a region ionized by an earlier nearby star. Despite the higher temperatures
of the ionized gas and its flow out of the dark matter potential wells, this second star formed within 23
million years of its neighbor’s death. The enhanced electron fraction within the HII region catalyzes
rapid molecular hydrogen formation that leads to faster cooling in the subsequent star forming halos
than in the first halos. This “second generation” primordial protostar has a much lower accretion
rate because, unlike the first protostar, it forms in a rotationally supported disk of ~ 10 — 100 M.
In contrast to unpreprocessed regions, such configurations may allow binaries or multiple systems
of lower mass stars to form. These first high resolution calculations offer insight into the impact
of feedback upon subsequent populations of stars and clearly demonstrate how primordial chemistry
promotes the formation of subsequent generations of stars even in the presence of the entropy injected

by the first stars into the IGM.

Subject headings: cosmology: theory — stars: formation — hydrodynamics

1. MOTIVATION

Calculations performed by Abel, Bryan and Norman
(2002; hereafter ABN02) show that rapid accretion rates
driven by molecular hydrogen cooling cause the forma-
tion of solitary massive protostars in the range of 30 to
300 Mg, in minihalos of 10° — 10° Mg, at redshifts > 20.
Simulations indicate that the hard UV spectra of these
10° K zero-metallicity stars will envelop them in large HII
regions several kiloparsecs in diameter (Whalen, Abel &
Norman 2004; Kitayama et al. 2004). Over the main
sequence lifetime of the central star (on the order of 2-6
Myr for the range of 30 — 300 M) half of the baryons
within the minihalo are driven beyond its virial radius
by ionized flows that quickly steepen into shocks. These
shocks exhibit expansion rates of up to ten times the es-
cape velocity of the halo. After the death of the central
star, cooling and recombination are out of equilibrium in
the ionized gas, which results in significant electron frac-
tions even after its temperature has dropped to 1000 -
2000 K after 20 - 50 Myr. One dimensional, nonrotating
calculations (Heger et al. 2003) predict two possible fates
for the primordial stars themselves: complete destruction
by the pair instability (140 Mg < M, < 260 Mg) which
is very energetic and leaves no remnant, or direct collapse
to black holes above and below this mass range, with the
added possibility of SN-like precollapse mass ejections
by pulsational pair instabilities from 100-140 Mg stars
(Heger & Woosley 2002).

An important question is whether later generations of
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stars can efficiently form in the relatively high tempera-
tures and ionization fractions of the relic HII regions left
by the first stars. One analytical study (Oh & Haiman
2003) found that the first stars injected sufficient en-
tropy into the early IGM by photoheating and super-
nova explosions to prevent further local star formation
in their vicinity. Lyman-Werner SUV background radia-
tion is also thought to have contributed negative feedback
by photodissociating primordial Hy and quenching the
molecular hydrogen cooling processes allowing the first
stars to form (Haiman, Abel & Rees 2000; Machacek,
Bryan & Abel 2001). In this Letter we present fully re-
solved simulations that show a second primordial star can
form in the relic HII region of an earlier Pop III star. We
determine its properties, considering the effect of Lyman-
Werner radiation from the resultant black hole assuming
accretion rates consistent with the density fields left by
ionized outflows from the parent minihalo.

2. SIMULATION SETUP

We carried out simulations using Enzo, a
publicly-available Eulerian adaptive mesh refine-
ment (AMR) hydrodynamics + N-body code (Bryan
& Norman 1997; O’Shea et al. 2004; also see
http://cosmos.ucsd.edu/enzo). We initialized a box
of size 300h~* kpc at z = 99 for a cosmology with
(QM, QA, QB, h, ags, n) = (0.3,0.7,0.04,0.7,0.9, 1).
We first ran a simulation with 1283 dark matter particles
in a 1283 root grid with 6 total levels of adaptive mesh,
refining on a dark matter overdensity of 4.0. This model
was run with dark matter alone in order to identify
the most massive halo that evolves in the simulation
volume, which at z ~ 18 had a mass ~ 5 x 10° M.

We then re-initialized the calculation in the original
simulation volume at z = 99 with both baryons and dark
matter using a 1282 root grid and three static nested sub-
grids, each of which was twice as refined as its parent grid
and was centered on the Lagrangian volume of the peak
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that later evolved into the identified halo. The effective
root grid resolution was 10242 in this volume, which cor-
responds to a comoving spatial resolution of ~ 300h~!
pc and a dark matter particle mass of 1.8h~' M, in the
most highly refined region. Every dark matter particle
that later enters into dark matter halos of interest was
within this most highly refined grid at the start of the
simulation.

We started the simulation with this set of initial condi-
tions at z = 99 and followed the collapse of the first star,
which occurred at a redshift of 17.76. As a refinement
criteria we used a baryon overdensity of 4.0 and a dark
matter overdensity of 8.0. In addition, to ensure appro-
priate simulation resolution we mandated that the Jeans
length must be resolved by at least 16 cells at all times,
which exceeds the Truelove criterion by a factor of 4 along
each axis (Truelove et al. 1998). At the collapse red-
shift the three dimensional structure was resolved with
8727 grids on nine levels containing a total of 49,641,744
unique resolution elements.

To compute the extent of the HII region of the 120 Mg,
Pop III star assumed to form in the collapse, we interpo-
lated the density, energy, and velocity fields from the en-
tire Enzo simulation volume at the formation redshift of
this star onto a three dimensional grid of fixed resolution
with 2563 cells for import into a static radiative trans-
fer code. The code utilizes the ionization front tracking
technique of Abel (2000) to calculate the boundary of the
HII region along rays cast outward from the central star
by the adaptive ray tracing technique of Abel & Wandelt
(2002). Within the HII region we set T = 10* K and set
the ionization fraction equal to unity and Hy and H™
fractions to zero.

We approximated the dynamics of the HII region by
imposing the one dimensional velocity, ionization, den-
sity and temperature profiles for a 120 M, star at the end
of its main sequence lifetime from Whalen et al. (2004)
along every line of sight from the central star. We modi-
fied baryon densities and velocities out to ~ 120 pc (cor-
responding to the location of the shock wave in the 1D
calculation) but changed only ionization fractions and
temperatures beyond this radius out to the boundary of
the HII region determined by the ray tracing code. We
then mapped this HII region onto the full hierarchy of
grids in the Enzo calculation, centering it on the location
of the first protostar. This state corresponds to only 2.5
million years after the initial star formed (z ~ 17.4). We
then continued the simulation until the collapse of the
next protostar, which occurs at z = 16.44, 22.8 million
years later. The final time that we analyzed contains
10,710 grid patches on 24 levels with 54,996,560 unique
resolution elements. In this calculation we neglect the
pulsational pair instability that may eject the hydrogen
envelope for this star (Heger & Woosley 2002). The final
result is insensitive to the mass of the star forming the
HII region, however, as all stars in the ~ 100 Mg range
have similar lifetimes and UV fluxes.

As a check on our simulation setup we also ran a simu-
lation where we simply instantaneously ionized the entire
simulation volume by raising the baryon temperature to
~ 10,000 K and setting ionization fractions to one and
Hs fractions to zero. This simulation tests whether the
addition of the one dimensional radial profiles from the
Whalen et al. (2004) calculations changed the properties

of the second protostar appreciably. We find that the
collapse time and accretion rate of the protostar formed
in this simulation are essentially identical to the results
of our full setup, and only discuss results from the full
setup in the rest of this Letter.

3. RESULTS

The second primordial protostar forms in a neighbor-
ing minihalo approximately 265 proper parsecs from the
location of the halo in which the first star formed (and
where the HII region originated). The halo in which this
second protostar forms was completely ionized by the
first star to a temperature of ~ 10* K. Due to its rel-
atively high density, the center of this halo cools very
rapidly and molecular hydrogen formation is catalyzed
by the extremely high electron fraction. After only a few
million years the core of the halo has a molecular hydro-
gen fraction of ~ 5 x 1072, well above what one would
expect for a halo which has not been ionized. This halo is
significantly smaller than the first: ~ 2 x 10> M, rather
than ~ 5 x 10° M.

3.1. Comparison of the First and Second Stars

Figure [l compares the mass accretion times of the ini-
tial and second Population III stars formed in this simu-
lation. In addition, this figure shows the mass accretion
time of the halo in ABN02 and an estimate of the Kelvin-
Helmholz timescale as a function of mass, using values of
luminosity and effective temperature taken from Schaerer
(2002). The upper and lower dotted lines correspond
to an object with constant accretion rates of 1073 and
10~2 M, /year, respectively. Our calculation of accretion
timescales for the initial protostar agrees well with that of
ABNO2. The fact that the two results are in good agree-
ment even though the ABNO02 calculations assumed a
lower baryon fraction supports the analysis of Ripamonti
and Abel (2004) showing that all mass scales in these
calculations are set by molecular physics. Comparison
of the accretion rates to the Kelvin-Helmholz timescale
provides an estimate of ~ 200 M, for the upper bound of
the mass of the star. The accretion timescales suggest a
reasonable lower bound of ~ 80 Mg, since this much gas
will accrete in 10* years, an insufficient time for fusion
to begin. In contrast, the accretion rate of the second
protostar is over an order of magnitude lower. This is be-
cause the second protostar has a much more pronounced
thick disk structure than the first protostar. The disk
is rotationally supported past a radius ~ 0.01 pc (corre-
sponding to an enclosed mass of ~ 10 My), whereas the
disk around the first star in the volume is not. Similar
accretion timescale arguments as before suggest a mass
of ~ 5 —20 Mg for the second star, although accretion
physics will ultimately determine the true mass, partic-
ularly given the presence of this more pronounced disk.

3.2. Black Hole Accretion

Here we consider whether accretion onto a relic black
hole could generate enough photodissociative radiation
to inhibit Hy formation in the second star’s halo. We
assume Bondi-Hoyle accretion (Bondi & Hoyle 1944) for
the 120 Mg black hole that forms after the collapse of
the first star to estimate the Lyman-Werner flux from
its accretion. This rate depends on the mass of the ac-
cretor as well as the local gas temperatures, densities,
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Fic. 1.— Mass accretion time t, = M(r)/M =

M(r)/(4mr?pvy) as a function of enclosed gas mass. This is at
the final output corresponding to z = 16.437. The dashed line is
the corresponding data dump of the initial star which had formed
at z = 17.67. The red dashed line corresponds to the first star
to form in this simulation. The blue dot-dashed line corresponds
to the first star calculated in ABNO0O2. The solid black line cor-
responds to the second star forming in this simulation, and the
green long-dashed line corresponds to the Kelvin-Helmholz time
of a representative star. The upper and lower black dotted lines
correspond to objects with constant mass accretion rates of 102
and 1073 Mg /yr, respectively.

and relative velocities it encounters. To sample the lo-
cal environment the black hole would traverse over the
duration of the simulation, we followed the 40 dark mat-
ter particles closest to the first protostar (within ~ 0.1
proper pc) from the end of its main sequence lifetime
until the collapse of the second protostar. We tallied the
cell quantities they crossed to compile the accretion rate
history each particle would have if it were the black hole.
The histories for the 40 black hole proxies appear in Fig-
ure@ The mass accretion rates grow from 10711 Mg /yr
to 1078° Mg /yr for most of the tracer particles.

To estimate the effect of Lyman-Werner radiation
from the black hole on molecular hydrogen formation
in nearby halos we assume a canonical 10% radiative
efficiency for the accretion. The uppermost accretion
curve yields 2.2 x 1037(M /100 Mg) erg/s (~ 4500 L)
for an upper limit to the total luminosity (which is
much lower than the Eddington luminosity of this ob-
ject, 1.5 x 1040 erg/s, or ~ 4 x 10 Lg). Taking this
to be a blackbody spectrum, the flux in the Lyman-
Werner band (11.1-13.6 eV) reaching the second proto-
star is ~ 1.6 x 10725(M /100 M) erg s=! em~2 Hz ™!,
resulting in photodissociation rates that are significantly
lower than the formation rates of molecular hydrogen
there. The expulsion of gas by ionized flows from the
first halo prevents higher accretion rates and greater
Lyman-Werner fluxes. A star in this mass range may
shed its envelope just prior to collapse, resulting in a
smaller black hole and making the results discussed here
an upper limit.

4. DISCUSSION
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F1G. 2.— Bondi-Hoyle mass accretion rate around the black hole
calculated from the local gas temperature, density and relative
velocity. Integration of these curves lead to estimates of growth
of the black hole (initially 120 M) of that range from 0.009 to
0.032 M@ over 23 Myrs

This first high resolution three dimensional simulation
of the evolution of gas within a primordial HII region
demonstrates the crucial role of Hy chemistry driven by
photoionization in the formation of the next generation
of stars. While this has been addressed in previous work
(Ricotti, Gnedin & Shull 2002) our simulations are the
first with high enough resolution to directly address the
formation of individual stars. Further investigation will
be necessary to determine if the lower accretion rates
leading to the smaller mass of the second star are a
coincidental feature of this calculation or a general trend
of early star formation in halos preprocessed by HII
regions. We note that our HII region enveloped roughly
a dozen minihalos similar to the one that formed the
second star. More calculations will be required to see if
these too form stars. The evolution of the massive disk
also merits examination to ascertain whether it breaks
up into a multiple system or fully accretes to form a
single star. Lower mass second generation stars or the
possibility of binaries or multiple systems of primordial
stars would have strong implications for the observ-
ability of such objects and their impact on subsequent
structure formation. Less massive stars might have
different nucleosynthetic signatures than those of the
pair-instability supernovae that may occur in the first
generation of primordial stars. The immense size of early
HII regions could also make the scenario of primordial
stars forming in a relic HIT region much more common
than extremely massive stars forming in pristine halos.
These two facts taken together may account for the lack
of detection of the characteristic odd-even abundance
pattern from pair-instability supernovae expected in
observations of ultra metal poor halo stars (Umeda &
Nomoto 2005 and references therein). How HII regions
from the first stars may regulate local star formation by
suppressing the collapse of gas in local halos which have
not reached relatively high densities also remains to be
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explored.
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