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Mg were produced.

Early Universe

Over the last decade the picture of star formation in the pri-
mordial universe was that of single massive stars that wese t
sole inhabitants of the first dark matter minihalos formed af
ter the big bang. This was the inference made from the numer-
ical models of_Abel etal.| (2000, 2002) which was later rein-
forced by the findings of Yoshida etlal. (2008). In these works
the star formation process was followed from cosmologio#l i
tial conditions, right up to the densities where the firsttpro
star formed. This required the combination of cutting-ethge
drodynamic simulations with a detailed treatment of thenthe
istry and thermodynamics of the gas, as this controls wheg f
mentation occurs (e.g. Dalgarno & Lepp 1987; Abel ¢t al. 1997
Galli & Palla 11993;| Glover & Brand 2001; Omukai et al. 2005).
From this_.Omukai & Palla (2003) used detailed stellar maagll

to estimate a final mass of the primordial star and found thavex

an accretion rate of % 103M yr masses in excess of 100

Rowan J. Smith«, Simon C. O. Gloveér, Paul C. Clark
Thomas Greff, Ralf S. Klesseh

1 Zentrum fiir Astronomie der Universitat Heidelberg, Ingtfir Theoretische Astrophysik, Albert-Ueberle-8r69120 Heidelberg, Germany
2 Max-Planck-Institut fur Astrophysik, Karl-SchwarzddHBtrae 1, 85740 Garching bei Miinchen, Germany

ABSTRACT

We introduce a prescription for the luminosity from acargtprotostars into smoothed parti-
cle hydrodynamics simulation, and apply the method to sitnoris of five primordial mini-
halos generated from cosmological initial conditions. W fhat accretion luminosity delays
fragmentation within the halos, but does not prevent it.dtoh that slowly form a low num-
ber of protostars, the accretion luminosity can reduce timeber of fragments that are formed
before the protostars start ionising their surroundingsvéler, halos that rapidly form many
protostars become dominated by dynamical processes, argffdtt of accretion luminos-
ity becomes negligible. Generally the fragmentation foimthe halos is highly dependent
on the initial conditions. Accretion luminosity does nobstantially affect the accretion rates
experienced by the protostars, and is far less importantdizaamical interactions, which can
lead to ejections that effectively terminate the accretibla find that the accretion rates onto
the inner regions of the disks (20 AU) around the protosteehaghly variable, in contrast to
the constant or smoothly decreasing accretion rates diytesed in models of the pre-main
sequence evolution of Population Il stars.
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merical time step becomes prohibitively small. More receoik,
which follows the collapse beyond the formation of the firsi-p
tostellar core, has cast doubt on the isolated picture otiR&pn
Il star formation, suggesting that they may have been mesniife
binaries, multiples, or even small-N clusters. Using araiided
Bonnor-Ebert model,_Machida etlal. (2008) showed that kinar
stars were the likely outcome of a rotating minihalo. Clarkle
(2008) showed that in idealised conditions, gas with a bapat
equation of state approximating the behaviour of primdrdas
could fragment vigorously to form a small cluster. This wtokk
advantage of the ‘sink’ particle technique used in presagtsiar
formation (Bate et al. 1995) to follow the evolution past thena-
tion of the first object by replacing high density collapsgas with
anon-gaseous particle that can accrete additional bowglogghat
only interacts with its surroundings via gravity. A follovp study
to this work (Clark et al. 2011, a) found that the fragmenotaper-
sisted when the detailed chemical and thermodynamic egalof
the gas was followed.

However the above mentioned simulations were unable to pro- Although these simulations make use of idealised initia-co
ceed beyond the first stage of collapse due to the numeriffal di  ditions, other work has addressed this issue with cosmoabii-
culty of following the evolution of high density gas, whehetnu- tial conditions and full chemical networks. Turk et al. (20Qs-

ing the AMR (adaptive mesh refinement) method showed that a
wide binary with a separation of 800 AU formed in one out of

* Email: rowan@ita.uni-heidelberg.de the five minihalos that they simulated. Stacy et al. (201®dus


http://arxiv.org/abs/1103.1231v1

2 Smith et al.

smoothed particle hydrodynamics (SPH) combined with th& si
particle technique to show that there is further fragmémaafter
the first object forms in a minihalo and that a small multipys-s
tem can be formed. Clark etlal. (2011, b) found that the inidizl
disks around Population Il stars are prone to fragmentatitd are
likely to fragment into higher-order multiples. This retswhs con-
firmed more recently by Greif et ial. (2011) using the novel mgv
mesh AREPO code (Springel 2010).

change the disk evolution, but that it cannot ultimatelypre the
disk from fragmenting. The feedback is able to support theiir20
AU of the disk, which was previously unstable, against fragta-
tion, but the outer regions still fragment, albeit after ader time
period. A more detailed description of how fragmentatiorthia
disk proceeds can be found.in Clark et al. (2011, b).
In this work we seek to address a different question. The opti

mal time for fragmentation within a minihalo is the first felou-

The case for fragmentation therefore seems robust, as it hassand years before the first protostar approaches the maierseg

been found by multiple authors using complementary nurakric
techniques. If this result withstands further investigatithen it
will have important implications for our understanding okmol-
ogy and the early universe. For instance, the first starshatgght
to be an important source of ionizing photons in the early uni
verse, and hence an important contributor to the reiowisatf the
intergalactic medium_(Kitayama etlal. 2004; Sokasian €2@04;
Whalen et al. 2004 Alvarez etlal. 2006; Johnson &t al.|l200He
mass available for accretion is split into multiple staeréhmay be
fewer truly massive stars, which would reduce the numbeorufi
ing photons produced. Likewise, the eventual fate of a Rudjmun
Il star, and consequently its enrichment of the surrougdjas, is
determined by its mass (Fryer & Kalogéra 2001; Heger et 1320
Yoshida et al. 2004). Additionally, while the traditiondatpure of
extremely massive single stars meant there would be fewnadse
tional signatures that would be observable today, the netung of
a few multiple stars leads to some new observational pdisiibi
In the simulations of Greif et al. (2011) there are many dyicam
interactions between the protostars that lead to the ejeofisome
of the low-mass protostars. There is therefore the exciogsibil-
ity that these stars could still be shining today, providindirect
insight into the physical conditions in the high-redshiftiverse.
Moreover the possibility of tight binary systems resultirgm disk
fragmentation/(Clark et al. 2011, b) would allow primordiaray
binaries, cataclysmic variables, or even gamma ray bursts.

Given the potential implications of these results, it isabit
to consider whether there are any mechanisms that could sup-
press fragmentation within primordial minihalos. lonieatfrom
the protostar is the most likely mechanism to stop furthag4r
mentation. Omukai & Inutsuka (2002) showed that above & crit
cal ionising flux an HIl region from a primordial star can umdbi
the surrounding gas, while ionising fluxes below this valugym
nevertheless suppress fragmentation. Tan & McKee (2004 )aus
semi-analytic model to describe the evolution of feedbaoknfa
steadily growing protostar and find that once the star israluzn
its Kelvin-Helmholtz time, and is contracting towards thaimse-
guence, there is a rapid increase in the amount of ionisisigtian
it emits. One could speculate that this transition may floeeemark
the point at which fragmentation is halted. In simulatiof$ocal
star formation, ionisation has been found to be unable teepte
fragmentation|(Peters etlal. 2010, a,b,c). However, itkislyi that
the effect of ionising radiation was more significant in theguni-
verse, since it would have been accompanied by the disEntiait
H> by Lyman-Werner photons, thereby removing the primary gas
coolant (Omukai & Nishi 1999; Glover & Brand 2001).

The early period of protostellar growth before the ionisiag
diation becomes important therefore represents the masfifable
window of opportunity in which fragmentation can occur. Qofe
the few processes that would act against fragmentationseffoch
is accretion luminosity feedback from the forming protostaVe
first introduced this in the simulations reported on_in_Clerlal.
(2011, b) in order to study its effects on the stability of Ptp
accretion disks. We found that accretion luminosity doetead

at which point ionisation feedback will become significamd avill
act against further fragmentation. In this work we aim totuep
the full evolution of the halo during this regime to determimow
much fragmentation can occur in this time interval, and t@tvh
extent radiation affects the fragmentation.

2 THEMETHOD

We perform the calculations for this paper using the SPH code
GADGET 2 (Springel 2005). We have substantially modified thi
code to include a fully time-dependent chemical networkaitkeof
which can be found in the appendix|of Clark et al. (2011, a). Ou
treatment includes: cooling (Glover & Abell 2008); optically
thick H, cooling using the Sobolov approximatian (Yoshida et al.
2006); collisionally induced B emission |[(Ripamonti & Abel
2004); ionisation and recombination (Glover & Mac Llow 2008
well as heating and cooling from changes in the chemical oyake
of the gas, and heating and cooling from shocks, compressidn
expansion of the gas. Turk et al. (2011) showed that the ehafic
H, three-body formation rate coefficient influences the raswlt
dynamics of the gas within the halo. In this work we use thedhr
body H, formation rate of Glover| (2008) which is intermediate
within the range of the published rates and is based on applyi
the principle of detailed balance to a relatively recentaiation of
the collisional dissociation of

We include heating from the accretion luminosity as an ad-
ditional heating term when solving the ordinary differah&qua-
tions that govern the chemical and thermal evolution of ths. g
While the protostar will also have an interior luminositgy the
majority of the early protostellar evolution this is an ardé mag-
nitude lower than the accretion luminosity (Hosokawa & Omiuk
2009), and so we focus here on only the accretion luminoBitg.
accretion luminosity will also transfer some momentum ®dhs.
However, the resulting outward force is many orders of ntaglei
smaller than that of the gravitational force on the gas, and is
safe to neglect it.

The accretion luminosity is calculated from the standargheq
tion,

GM.M
Ry«

whereM is the accretion rate of the protostar aRdis the stellar
radius. We make the assumption that the gas is opticallytthin
the emitted radiation which ensures that we are overestiqtte
effects of the accretion luminosity to obtain an upper liotitthe
feedback effects. The heating rate per unit mass for the gas w
then become

@

Lacc =

Lacc
4mr2

@)

where pg is the gas densityp is the Plank mean opacity and
r is the distance of the gas from the source. We calculate the
Planck mean opacity of the gas by interpolating from theesmbl

racc:pgKP< ) erggts?t
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of Mayer & Duschl [(2005) which include contributions fromude
terium and lithium in the gas in addition to hydrogen andumeli

To accurately calculate the accretion luminosity, bothabe
cretion rate and the stellar radius need to be known. We eeltiés
by using sink particles (Bate etlal. 1995) to model the ptatss
and record their growth in mass throughout the simulatidresg
were first implemented into Gadget by Jappsen let al. (2008k. S
particles are non-gaseous particles that replace extyateake gas
if it is found to be both gravitationally bound and collagsifThis
allows us to evolve of the simulation beyond the point at Wwhic
the first object forms. For a recent discussion of the pros@ms
of sink particles see Federrath et al. (2010). We form simkiglas
above densities of 8 cm3, after which there are no more chem-
ical heating terms that can prevent the gas collapsing to fopro-
tostar. The sinks have accretion radii of 20 AU and consettyutre
inner accretion disk is not resolved (although any diskidetthis
distance is resolved). Clark et al. (2011, b) and Greif e{24111)
consider fragmentation within this regime and the effecaadre-
tion luminosity upon it. In this work, we use larger sink riai
allow us to study the cluster as a whole.

The accretion rate of the sinks can be found from simply look-
ing at how their mass grows in time. However, as SPH is a pextic
based method, accretion occurs in discrete units and canibg n
In order to account for this, we calculate the accretion bagtéak-
ing a smoothed average over the last 100 years, updated aat0 y
intervals. For the typical accretion rates of the sinks insmula-
tion this equates to between 0.1 and & bf accreted material. This
is equivalent to the accretion rate being smoothed ovér1100*
particles (and updated only after at least 100 new particta®
been added) and therefore we can be sure that any variabiti
accretion rates is not due to particle noise.

In reality, material will flow on to the protostar through the
inner disk, which will delay it from reaching the protostinwards
mass transport typically takes place over the viscous tiales
which for a thin disk is typically much larger than the dynaadi
timescale [(Pringle_1931). However in the primordial preetar
disk study of Clark et all (2011, b), the disk had a scale heifh
approximately 5 AU which, given that we are considering arein
disk of 20 AU, means that the thin disk approximation is ndidva
Furthermore, the disk was self-gravitating and was rapidins-
ferring its angular momentum through gravitational togjudnich
lead to high accretion rates. Given these findings, as we tieeno
solve this region, we simply update the accretion rate imately
after it is calculated. However, the procedure of averagigac-
cretion rates which we adopt for numerical reasons will tmso
extent mimic the effect of accreted material being buffdrgdhe
inner disk.

Accurately finding the stellar radii is a complex problem
that would require the implementation of detailed stellenle-
tion models within our hydrodynamic simulation which is bay
current computational resources. Instead we used the madel
Omukai & Palla (2003) to derive a simple power law approxima-
tion of the stellar radius. In the early stages of the preftstevo-
lution the cooling time of the interior is very long and thetmstar
evolves adiabatically. Stahler et al. (1986) showed thatstiellar
radius during this phase grows according to

M 0.41
ﬁ) Re

whereR, is the stellar radius in &, M, is the current stellar mass
in Mo andM is the accretion rate in Myr—1. After some time,
the internal heat becomes sufficient to drive an outwardrosity

R, = 26M%27 ( (3)
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Figure 1. The stellar radius as a function of mass found in the stellar e
lution models of Omukai & Palla (2003) for three differenteation rates.
The dotted black lines show the stellar radius given by ouamismalytic
model for these accretion rates.

wave, which results in the rapid swelling of the stellar tadiOnce
the luminosity wave reaches the stellar surface, the mtadhieves
a relaxed state and undergoes Kelvin-Helmholtz contraaiiil
the radius shrinks to its main sequence value.

Figurel shows the variation of stellar radius with masstealc
lated by Omukai & Palla (2003). Using the model with an adoret
rate of 103 M, yr—as our fiducial case, we found that the stellar
radius for this accretion rate could be described by,

26M927(M/1(r,3)0,41 M., < P
R.O¢ AM3 PL <M <2 (4)
AoM;2 P2 < My & R< Rms

wherep; = 5 Mg is the transition between the adiabatic phase and
the luminosity wave, ang, = 7 M, is the transition between the
luminosity wave phase and the Kelvin-Helmholtz stage. T c
stantsA; andA; are determined at these transition zones to give a
continuous function. ARms the radius has shrunk to its main se-
guence value and the feedback will be totally dominated hisio

ing radiation. The main sequence radius ig f&r these stars from
Omukai & Pallai(2003) is

Rms= 0.28M26! R, (5)

To generalize this prescription to the case whéte 103
Mo yr—1, one must account for the fact that the transition points
p1 andp, between the phases scale with the accretion rate as

p1="5M%2" M,
P2 =7M%?" M .

The constantd; andA, must be correspondingly adjusted to main-
tain a smooth function. The resulting model is over-plottedo
Figure[l and can be seen to qualitatively capture the charsggelr

lar radius with mass. An important caveat here is that theeisod
oflOmukai & Pallal(2003) are calculated using a constantegicer
rate, which we shall later to show to be a poor assumption.-How
ever, the current model is a first step that couples the aoonettes,
masses and stellar radii in real time with both the dynamickthe
effects of the protostar’'s own radiation.

(6)
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Figure 2. Column density projection of the centre of Halo 1 just after first burst of fragmentation simulated at our standardluéien and at ten times
higher resolution. Feedback is present in both cases. The samber of fragments form in each case and in similar places

3 INITIAL CONDITIONS

In order to accurately capture the true properties of thé riisi-
halos within which primordial stars form, we use the cosrgial
simulations of Greif et all (2011) as initial conditions.eBret al.

) presented simulations of primordial minihalos stadngly
fragmented. These simulations made use of the novel movasim
code AREPOL(Sprindél 2010) to fully resolve the formatiorfivé
minihalos from truly cosmological simulations. Cells weeéined
during the evolution to ensure that the Jeans length wasyalvea
solved by at least 128 mesh points. The refinement was datettiv
at densities greater thap = 10° cm~3 by which point the mass of
each element was around TOM, . All of the halos modelled by
(Greif et al. (20111) form multiple protostars with a range afgses.
Some protostars are even ejected and stop accreting gniinglse
minihalos, therefore, represent the perfect sample inhwtddest
the effect of accretion luminosity upon fragmentation amddm-
pare the magnitude of any effects to those of cosmic variande
dynamical interactions.

For this work we cut out the central two parsecs of the
(Greif et al. simulations and continue their evolution usig mod-
ified version of Gadget 2 with feedback as discussed in thequre
section. Each mesh pointin AREPO is converted to an SPH:jrti
with the same properties as the original element. As the @am
network that is implemented in AREPO is based on the netwark w
use herell, b) the chemical abundances san al
be transferred from the original cosmological simulatiéii.the
fragmentation and accretion takes place in the centrabnegfi the
halos where the SPH particle masses are*1®l ., which gives us

a mass resolution of at least 7 M, (Bate & Burkefi{ 1997).

Table[1 shows the initial conditions of the five halos at the
point where our simulations commenced. Each halo is siredlat
twice, once with and once without feedback as a reference. cas
The halos typically contain a few thousand solar masses, tivé
largest having 3000 M. The mean densities are over’16m—3
and the mean temperature are around-3@00 K. The gas is pri-
marily atomic with most of the molecular hydrogen being con-
tained within a disk-like region at the centre of the halosnére

Table 1. The initial state of the inner 2 pc of the five minihalos. Froacte
minihalo two simulations were run, one with feedback, anamatrol run
with no feedback. s@@m for a more detailestdption of
the halos.

Name M[M.] f[em3] T[K]
mh1l 1810 462x10° 409
mh2 1240 P9x 107 329
mh3 1030 B1x 10" 292
mh4 2000 72x10° 458
mh5 3340 $0x 10" 494

detailed discussion of the physical properties of the a@rsd ha-
los is given i 11(2011).

As a resolution study we also increased the resolution of mh1l
by a factor of ten using particle splitting (Kitsionas & Wiitrth
@). FiguréP shows a column density projection of thereewtt
halo 1 with feedback in our standard run and in the increased r
olution run. In the higher resolution run smaller scale gtite is
resolved, but the same number of sinks are formed in botlscase
The increased resolution decreases the numerical vigaafsihe
simulation which allows the disk to form earlier in the sitibn
as it drains more slowly due to the reduced angular momentum
transport. Consequently the high resolution image of Fiffiis
shown at an earlier snapshot in the simulation than the l@e-re
lution case. However the fragmentation of the disk is qatliely
the same once it forms in both cases. The relatively largesacc
tion radius of our sink particles<( 20AU) means that all structure
smaller than this scale is swallowed by the sink and thistéirtiie
differences between the high and low resolution runs.

4 RESULTS
4.1 Fragmentation

Figure[3 shows a column density projection of the centrabreg
of halos 1 and 4 which are good examples of the fragmentation
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Figure 3. Column density projection of fragmentation seen in there¢d300AU in the first few thousand years for halos mh1l (to@) mh4 (bottom). Sink
particles are denoted by yellow squares. Despite the presgraccretion luminosity heating there is still fragméiota

seen in all of the halos. In each case, a disk-like strucafermed
due to the inability of the halo to transfer angular momentur:
wards quickly enough during collapse. While the centralareds
disk-like, it is more extended and irregular than a claggitsk.
In every case this region fragments. Generally severahfeags
form almost simultaneously as the conditions for fragnigomeare
reached at multiple locations within the disk. Halos 1 andagf
ment vigorously, whereas halos 2 and 3 fragment more slévellp
4 is the case that is most affected by accretion luminosityteas a
rate of fragmentation intermediate between the other cases

and has a vertical extent of 150 AU measured from the mid plane

The thin disk approximation requires that the vertical pkt# the
disk, H, is much smaller than the radial extent of the dRkand
is only appropriate for disks whetd /R ~ 0.1 or lower (Lodato
2008).| Nelsan|(2006) propose that to avoid artificial fragtae
tion in disks the scale height must be resolved by 4 SPH artic

smoothing lengths per scale height. In the inner 100 AU of the

disk in halo 4, the average particle smoothing length is 23
However, it is unclear how best to define a scale height farithi
regular puffy disk. Given that even our best-case scenamnmat
be considered a classical disk, and that as the simulatimteed

Let us now consider whether the fragmentation seen here is fragmentation increasingly takes place in large spiral Exatures

resolved. While the central regions of our halos are dik#;lihey
are strongly self gravitating and have a large vertical@xt&s an
example let us consider the central regions of halo 4 whiclisbe
the greatest resemblance to a classical disk out of the se@hafa-
tions. Taking a density cut of material greater thah®16m 2 the
disk-like region had a radius which varies between 200 toA00

or filaments (as seen in the later panels of Fiflire 3), a betser
lution criteria to use is the Jeans mass. At our sink creaténrsity
of 10'® cm3, the Jeans mass is2102 M, , at least two times
more massive than our resolution limit. Further to this, lae
in Figure[2, even when our resolution was increased by arfatto
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Figure4. The time of formation of sink particles and their growth insaas
measured in halo 4 without feedback. Each line represeatgriwth of an
individual sink. The lower panel shows the standard Gadguetlation used
here and the upper panel shows a comparison simulation A&E&gPO with
the same sink properties. The method of simulation makesgmifisant
difference to the number of fragments formed and their gnawtmass in
the overlapping time period.

ten, the same number of fragments were formed. In truth, rbetg
est limitation in our treatment of the disks is that the lasge of
our sinks means that we do not fully capture the behaviouhef t
inner regions of the disk. As such, there would probably beemo
fragmentation in the disks in reality than we find in our siatidn.
For a fuller discussion of the physics of disk fragmentatioound
population Il protostars see (Clark eflal. 2011, b) wheig igsue
is considered in great detail.

The fragmentation here differs slightly from that shown in
Greif et al. (2011), as in that case the sink radius was sinmla
the stellar radius, whereas here it is 20 AU. The simulatiohs
Greif et al. (2011) used the AREPO method which has lesscatifi
viscosity than Gadget. In order to test whether the reseits tvere
reproducible with AREPO, we re-simulated halo 4 (which sbdw

However, at this radius we are avoiding many of the uncertain
ties associated with protostellar mergers. As our youngpoptars
would actually be puffy extended objects with radii aboud 1R,
(Stahler et al. 1986), there will be strong tidal forces exbkuring
close interactions, leading to the possibility that fragtsdormed
close to each other will merge when they interact. It is stiit
clear how best to treat this possibility. By not forming lomass ob-
jects in close proximity to existing sinks, encounters tratclose
enough for the stellar radii to touch occur rarely compargethe
original simulations (typically between 0-2 times in eaethdh and
we generally avoid this issue. However, despite these iiftat-
ences, qualitatively the evolution of the halos is simitathat in
Greif et al. (2011), with the main difference being that wldie
the evolution for ten thousand years compared to the oflighoa-
sand.

4.2 Theeffect of accretion luminosity

Figurel® shows the combined mass function of all the sinkséak
in minihalos 1-5, one and two thousand years after the firdt si
formed. At 2000 yr in the non-feedback case ionisation &fface
becoming important within Halo 5. However, for the sake af th
mass function only, we run Halo 5 until this point despite dek
of ionisation in our model. This is due to the difficulty in aeVing

a statistically significant number of sinks for the mass fiomc At
these early stages the sinks represent protostars ragtmefitished
stars, and so these masses will not be those of the final gimpula
Il stars. Nonetheless it can already be seen that the iegulitass
function will contain a range of masses rather than justdeime
characteristic mass. The mass functions show no system- va
tion between the case with feedback and the reference acade, a
both cases contain a similar total amount of mass in staract e
time. Hence the feedback has not significantly altered tmgnfien-
tation and mass growth when considering the five minihal@s-co
bined. This suggests that the results of previous studiéshwie-
glected this effect (e.q. Stacy et lal. 2010) will still be dlty cor-
rect. The mass functions appear to be flatter than the IMIEs Be
the present day universe (Kroupa 2002; Chabrier [2003)oadfin
as yet we have only of ordey 50 sinks, so this remains statistically
uncertain.

Tabled2 anfll3 show the number of fragments formed in each
halo when the mass of the most massive protostar first reaches
10 or 15 solar masses, respectively. Tan & McKee (2004) find
that ionising feedback does not become effective until tae is
older than its Kelvin-Helmholtz time and is contracting tods
the main sequence. For their fiducial model this equates to a

the maximum difference between the feedback and no feedbackmass of around 30 Mfor a rotating protostar. However the ac-
cases) using AREPO with no feedback and the same sink sizescretion rate for the most massive object is typically onlyea f

used in this study. Figufd 4 shows the growth of fragmentsiéal
in both simulations at the overlapping times. There is alsini-
terval in both cases between the first sink forming and thelfinst
of fragmentation. In both cases the same number of sinks, faFm
though there are slight differences in the mass growth dieso
the different N-body dynamics which occur in each simulatias
our results are reproduced by two highly complementary mioale
schemes, we are confident that we capture the true physicial-ev
tion and are not strongly influenced by numerical artefacts.

103 M, yr—lwhen the protostar has reached 19 M our miniha-
los, whereas in the fiducial Tan & McKee (2004) models theeccr
tion rate is 102 M, yr—1 for a 10 M, protostar. Since the Kelvin-
Helmholtz contraction stage commences earlier with a l@gere-
tion rate, as shown in Figuré 1, we estimate that ionisagedtback
will become important for our minihalos when the most maessiv
star is between 16 15 M, . Hy photodissociation will also be-
come important at this time. Beyond this point, the assuongti
that we make for the luminosity heating model break down, so w

The fact that larger sinks are used here compared to the orig- chose to terminate the simulations here.

inallGreif et al. (201/1) simulations mean that we are notlv&sg
tight binaries and missing some young low-mass objects édrm
within this radius that may have been ejected. Therefore26ur
AU sinks are a conservative estimate of the level of fragatént.

Perhaps the most striking feature of our calculations is the
amount of variability between the outcomes of the diffeteaibs,
as shown in Tables] 2 ad 3. Halo 5 forms a star greater than 10
Mg after only 600 yr without feedback, whereas Halo 3 takes over
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Figure 5. The combined mass function of the sink particles formed @nfive minihalos one and two thousand years after the firstggamticle forms. The
solid red lines shows the mass function of the halos withbaek, and the dotted black line the halos in the reference without. In both cases the mass

function is flatter than the slope of the Salpeter IMF showlsplid black line.

Table 2. The number of stars and time when the most massive star in
the minihalo had a mass of 10M The plus sign next to the number of
fragments for the halo 3 reference run indicates that norstched 10
M before the simulation was ended, meaning that the numbeagifents
in this case is a lower limit. The effects of ionising radvatiare expected to
become important once at least one star has reached a méiss th M, or
greater, and are likely to suppress further fragmentafidrere is signifi-
cant inter-halo variation both in the number of fragmentd #e duration
over which accretion luminosity is the dominant feedbackina@ism. For
equivalent halos, the one which forms the massive star nuistly has the
least fragmentation.

Halo Ref. Feedback
No.of stars Time[yr] No.ofstars Time [yr]
1 10 1,520 10 2,520
2 10 7,640 7 4,490
3 5+ 9,430 5 5,140
4 17 7,320 5 1,010
5 7 604 18 1,440

Table 3. The number of stars and time when the most massive star in the
minihalo had a mass of 15 M. A plus sign next to the number of frag-
ments denotes where a mass of 15, Mas not achieved before the end of
the simulation and as such the number of fragments is a lawér The
results are similar to Tab[g 2 but the times are longer ancktieemore
fragmentation.

Halo Ref. Feedback
No.of stars Time[yr] No.ofstars Time [yr]
1 11 2,910 16 6,040
2 13 15,020 8+ 10,000
3 5+ 9,430 6 11,270
4 20+ 22,360 6 3,700
5 17 1,060 23 3,900

10,000 yr to do so. In the time to taken to form a 10, brotostar,

the number of fragments varied between 5 and 17 between the ha
los. Therefore inter-halo variability is at least as impattan effect

as accretion luminosity feedback. The variability of théokacan

be traced back to their chemical evolution during their aymdie.
Greif et al. (2011) found that in two of the halos consideredeh
(halos 2 and 3) there was significant HD cooling which allowed
the gas to cool to temperatures as low as 100K (Ripamonti;2007
McGreer & Bryal 2008). When the gas was reheated by compres-
sion in the final stages of the collapse this smoothed out sdiine
small scale structure, resulting in less fragmentatiothéremain-

ing three halos, HD cooling was not activated and so temperst
only as low as 200K were obtained via dooling. In this case, the
subsequent reheating was less violent and more small scate s
ture was retained. A similar reduction in fragmentation hasn
seen in simulations of Pop Ill.2 star formation due to reingat
(Clark et al 2011, a).

The first panel of Figurgl6 shows the evolution of fragmenta-
tion within the halos. Halos 1 and 5 fragment rapidly, megrifrey
quickly become dominated by chaotic dynamical interactiand
the reference and feedback cases are no longer equivalaran
ical interactions are therefore as important as accretianifos-
ity effects in halos that fragment rapidly. For example,he tun
of Halo 1 with feedback, there was a dynamical interactiofictvh
ejected the most massive star before it could reach 10-25 and
consequently there was more time for fragmentation un& oh
the originally lower mass objects reached this mass. Suelthar
numbers of sinks formed within Halo 5 that chaotic N-bodernt
actions cause the feedback and reference cases to swiftlygei
Consequently no clear conclusions can be made about tlu effe
feedback in Halo 5 and its evolution is not shown in Fidgdre 6.

Halos 2 and 3 are more straightforward as these halos frag-
ment and accrete material less vigorously. As fewer fragmare
formed, there is less competition to accrete the gas, wHiotva
the first fragments to grow in mass and substantially heat she-
roundings. This delays when the fragmentation occurs iriebd-
back case compared to the reference case. In Figure 6, fragme
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Figure 6. The combined properties of the sinks formed in each haldgulaigainst the time after the first fragment forms. The seltline shows the case
with feedback and the black dotted line the case without.vEntcal solid red and black lines in panel one show the painthich a star reaches 15 Mnd
the dotted vertical lines in panel two show when 1Q, Nas been reached.

tion in the feedback case generally lags behind that in tieeeece after the disk first became gravitationally unstable, that $inks
case, and in some cases the delay can be as great as a thousandere massive enough to produce a large amount of lumindsity.
years. This was also true in Halo 1 until the chaotic dynamiade effect was enhanced by the geometry of the resulting syséasm (
the runs diverge after a thousand years or so. The delayifiggf seen in Figur&]3) with all the sink particles remaining wittine

mentation seems to be the major consequence of accretiamdsim central disk-like region where they could heat the dense gas
ity feedback. This was also the conclusion reached in thiogiel-
lar disk study of Clark et all (2011, b). Although feedbaclkslaot
prevent fragmentation, the delay means that there are firagr
ments when ionising feedback becomes effective, so in,tatal
cretion feedback has reduced the number of protostars tbrme

Panel two of FigurEl6 shows that the total mass that goes into
sink particles shows no clear correlation with feedbackePthree
of Figure[® shows that the total accretion rates have coraitke
temporal variation. This is firstly due to the fact that evénge a
new sink is formed it rapidly swallows up the gas that is botod

Halo 4 is the case in which the maximal effect of the feed- it, adding a large contribution to the total accretion r@ece this
back was seen. As in Halos 1 and 5, HD cooling was not activated gas has been accreted there is less available for the otikarasid
and 17 protostars were formed in the reference case. Hoywettler the accretion rate can fall, a process which we term fragatient
feedback the number of fragments formed before one of thepro  induced starvation (Peters eflal. 2010, ¢). Another cautir fac-
stars reached 10 Mwas reduced from 17 fragments to 7. In Halo tor to the total accretion rate variability is the effect pflsinterac-
4 there was enough delay before the second bout of fragrimmtat  tions, which we will discuss more fully in sectifn 4.3. In bahe
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Figure 7. The gas heating rates in Halo 1 at a typical snapshot. Redsshow
compressive heating, green shows heating duestéoHnation, and blue
shows the heating due to accretion. The heating rate fronetme is of the
same order as that frompyHormation, and about two orders of magnitude
lower than that from compression during the collapse.

feedback and reference cases the total accretion ratescaelyo
similar and have a value in the vicinity of 1M yr—1 initially,
decreasing thereafter. The fourth panel of Figure 6 shoasatal
luminosity of the sinks as a function of time. The total luosity
output of the stars has a value of ovef 10, for the vast majority
of the time. Fragmentation was suppressed most effeciinéhalo

4 and the luminosity shown in Figuré 6 shows that this wasddde
the case in which the feedback was most significant.

To understand why the accretion luminosity was unable to pre
vent fragmentation entirely, we need to consider the chieyrésmd
thermodynamics of the gas more fully. Figlile 7 shows theitgat
rates experienced by the gas from the various heat souré¢¢san
1 in which feedback was largely ineffective. The heating fadm
accretion luminosity is two orders of magnitude less tha fitom
compression, and about equal to that fromfermation. We cal-
culate the heating rate from compressional heating usimgéfow
formula that can be derived from energy conservation

de

gt = —eyll-v

™
wheree is the thermal energy per unit volumgs the adiabatic in-
dex of the gas and v is the velocity. The heating from compoass
and H, formation was already being balanced by cooling frogn H
line emission, and re-expansion of the gas, as shown in &igur
Therefore, the addition of accretion luminosity feedbaghresents
only a small change in the thermodynamic equilibrium of thih
However, an important qualification is that luminosity fbadk is
an effect that varies with position, i.e. it is most effeetislose to
the sinks where the gas is densest and fragmentation oéalds.
tionally, the extra heating increases the collisional atiation rate
of Hy, making it harder for the dense gas to cool. Consequendy, th
accretion luminosity heating is more dynamically significthan a
first glance at Figurgl7 would suggest, which is why it was able
delay fragmentation in the minihalos.

10‘5 [ T T | ]
10710}
10715}

10—20

Cooling [erg cm™®s™!]

10—25
108

1010 1012

10°
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Figure 8. The gas cooling rates in Halo 1 at the same time as Figure @. Blu
shows H line cooling, green shows cooling due to collisionaly inedic
emission, red shows cooling from re-expansion of previoesimpressed
gas, and pink shows the cooling due tg ¢issociation.

4.3 Accretion and Dynamics

The previous section demonstrates that accretion luntinesin
affect the fragmentation seen in the minihalos. Howeveas élso
shown that these effects can be completely masked by therdgsa
of the gas. A similar conclusion is derived from massive f&ama-
tion calculations in the present day, where dynamical &ffdom-
inate over radiative feedback (Krumholz etlal. 2009; Peseed.
2010, a,b). To explore this more fully, in this section we tcast
dynamical effects with those of accretion luminosity upba in-
dividual protostars, and consider how this will affect oeedlback
model.

Figure[® shows the evolution of the sinks formed in halos 1-
4. The first sink forms at the centre of the disk and quicklygro
in mass with a smoothly decreasing accretion fate. YosHidh e
(2006) showed that the expected accretion rates should higlas
as 101 M, yr~1 after the first half solar mass has collapsed, and
then smoothly decrease to a value of of M yr—1 when 100
Ma has collapsed. Our accretion rate for the initial sink agree
withYoshida et al.|(2006) until fragmentation sets in. Asthoint
the accretion rate may briefly rise as the portion of the détkwben
the original sink and the new sinks is strongly torqued, ltggyin
a large outward transfer of angular momentum and inflow of gas
onto the central sink. After this short transient, the ationerate
decreases as the mass available for accretion is now shetveedn
multiple sinks.

Once multiple sinks are formed, the accretion rates of thie si
particles become highly variable. Due to the high densdfesac-
teristic of primordial star formation, the Jeans lengthxsemely
short, and therefore fragments are formed close to each &thd-
ing to interactions on timescales comparable to the loea-fall
time. Figurd ® also shows the paths of the stars in the ceti0
AU during the period studied here. The sinks that remainerhtdo
centre orbit each other, leading to a periodically varyingration
rate as they move around in the gas bound to them. Moreoeer, ej
tions are common and occur in every halo, as shown by Grelf et a
(2011). Surprisingly, even the originally central star tenejected
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if it has a close three-body interaction as shown in Halo it ¢hly
occurred in the case with feedback, which is why it was hard to
compare Halo 1 with and without feedback). Indeed, while wé fi
that feedback from accretion luminosity has no significdfieiot on

the accretion rates of the protostars, dynamical intevastare ex-
tremely effective at halting an ejected protostar's adonegntirely
(Reipurth & Clarke 2001; Bate etlal. 2002).

The accretion rates for the sink particles are variablefhyet
stellar radius model used to calculate the accretion lusifypavas
developed from simulations with a constant accretion I@igure
[I0 shows the stellar radius that results from the measunédas-
cretion rates using the stellar radius model shown in FidLiene
expected trend of an increasing radius which reaches a peaip
and then rapidly decreases is still found. However, vanatiue to
the dependency upon accretion rate is now superimposecaf to
this trend. Our model is semi-analytic, not a real stellay@ion
model, and therefore the sharpness in the variation is niady |
artificial. In reality, the protostar would only be able tspend
to changes in the accretion rate according to its Kelvinattelltz
time. However, allowing the radius to vary along with theration
rate decreases the variation in the luminosity, which ipprtonal

large number of encounters that can produce ejectionseétig
encounters we use a simple sink particle prescription thasid-
ers the stars as point masses, whereas in reality the mtase
extended gaseous objects with radii of typically around FQ

Tidal forces will be strong during such an encounter raigimg
possibility the protostars might merge. The two approatisare
typically used for close encounters with sink particleseitier to
model the interaction as if it were occurring between poiasses
(as done here) or to combine the particles together as ystiek-

ticles. Both approaches are probably oversimplificatidribetrue
picture, and given that we have found that encounters are mmor
portant than feedback in determining the early history gigation

Il protostars, it would be useful if this issue were addessis the
future.

Another consequence of this work is the implications forpro
ducing ‘dark stars’. It has been proposed that dark matteihda-
tions at the centre of a minihalo, where the dark matter dersi
at a maximum, could be a significant source of energy thatdcoul
support primordial stars with radii of up to 10 AU (Spolyarét
2008/ 2009; Freese etlal. 2008). However in the minihalodiestu
here, the protostars never precisely remain at the centtbeaf

to I\'/I/R*, and hence this represents a conservative choice for our dark matter halos throughout this early stage of their diaiu It

purposes. Figure_10 also shows the accretion luminosity fitwe
sink over the same period. Initially the variation in the ration
rate dominates both the stellar radius and the luminosibyéver,
over time the variation in the stellar radius becomes smalehe
star leaves the adiabatic phase and starts steadily ctingrabur-
ing this later phase the actual mass of the star is no longergihg
so rapidly and there is a clear trend in the radius. Conséelyuas
Lacc= GM*I\'/I/R*, the luminosity is no longer so noisy.

5 DISCUSSION

The effect of accretion luminosity feedback is a modifyiagtbr
affecting fragmentation in minihalos, rather than a dominane.
Inter-halo variability produces a greater variation in thenber of
fragments formed than feedback effects, and the numberagf fr
ments chiefly depended on the initial conditions of the hahicty
was being considered. In halos in which a large number of frag
ments formed, N-body interactions and ejections are at &saisn-
portant as accretion luminosity and play an important nokhé ac-
cretion histories of the protostars. It was only for morevjydfrag-
menting halos in which only a few fragments were initiallyrfeed,
that the accretion feedback became important. At this paoiret
chief role of the accretion feedback was to delay fragmentat
This limits the number of fragments that can form before &éngest
sink particle becomes massive enough to start emittingfeignt
guantities of ionising radiation. Even with the inclusiohfeed-
back, a small cluster of sink particles was formed in all theina-
los studied here.

is, however, too early to say whether these findings excladk d
stars as the predicted dark matter annihilation luminasigt least
an order of magnitude greater than that found here from ticore
feedback. Ripamonti et al. (2010) found that when full gasnch
istry was include in a 1D calculation, annihilation feedba@s not
sufficient to halt collapse and a normal population Il petés was
formed. However, the contribution from annihilation feadk may
be enough to prevent fragmentation, in which case the peotos
would have no interactions and remain in the centre of tredivh
This is a question that we are currently addressing.

6 CONCLUSIONS

We have introduced a prescription for heating from accretio
luminosity into a re-simulation of five minihalos from coslog-
ical initial conditions. We followed the evolution of thebalos
with and without feedback up until the point at which ionisat
feedback would become significant. Our findings are:

(i) Accretion luminosity delays fragmentation but canno¢p
vent it.

(ii) The intrinsic variation in halo properties due to diaces
in their formation history generally has a larger effect ba tum-
ber of fragments formed than the accretion luminosity does.

However the analysis of the accretion rates and dynamics has (iii) Halos in which a large number of fragments form rapidly

raised some interesting questions in its own right. The edior
rates onto the sink particles were highly variable, everogarally

are dominated by dynamical effects. It is only in more slofvg-
menting cases that form fewer fragments that accretionasity

so in some cases. The accretion rates were recorded at the sin becomes effective.

accretion radius of 20 AU instead of directly onto a protostad so
some of this variation may be smoothed by an inner disk. Hewev
it is unlikely this effect could be removed entirely. Pogida IlI
stellar modeling (e.g. Omukai & Pélla 2003) typically asssna
constant accretion rate, and it is unclear how a variablestion
rate would affect the stellar evolution of Population Ilbprstars.
Moreover, as highlighted by Greif etlal. (2011), there are a

(iv) Accretion luminosity has little to no effect on the aetion
rates of the protostars. On the other hand, dynamical ejestire
an effective means of halting further accretion.

(v) The accretion rates measured for the sink particlesigrdyh
variable and are quite different from the constant or slovéyy-
ing accretion rates assumed in most pre-main sequence srfodel
Population Il stars.
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ACKNOWLEDGEMENTS by the German Excellence Initiative; NSF grants AST-07@3d
AST-1009928; and NASA through Astrophysics Theory and Fun-
damental Physics Program grants NNX 08-AL43G and 09-AJ33G
(V.B.). In addition, we are grateful for subsidies from therG
man Bundesministerium fur Bildung und Forschung via the AS
TRONET project STAR FORMAT (grant 05A09VHA) as well as
from the Deutsche Forschungsgemeinschaft (DFG) undertggran
no. KL 1358/1, KL 1358/4, KL 1359/5, KL 1358/10, and KL
1358/11.

We would like to particularly thank Takashi Hosokawa and
Kazuyuki Omukai for sharing the data used to develop our stel
lar radius model and for all the useful feedback they pravide
We would also like to thank Dominik Schleicher, Volker Bromm
Naoki Yoshida, Tom Abel, Matt Turk, and Volker Springel faras

ful discussions which added to this paper. We acknowledgm{fin
cial support from a number of sources: the Baden-Wurttegbe
Stiftung via their program International Collaboration(dgrant P-
LS-SPII/18); a Frontier grant of Heidelberg University spored



12 Smith et al.

T T T T T T T :105
3, g
o 00 -
4 e
'
S £

]

: s
—]

10 . . . . . . . J10°

0 2 4 6 8 10 12 14

Mass [M,,]

Figure 10. Estimated stellar radius (solid line) and luminosity (edttine)
during the evolution of a typical massive sink.

REFERENCES

Abel T., Anninos P., Zhang Y., Norman M. L., 1997, New Astron-
omy, 2, 181

Abel T., Bryan G. L., Norman M. L., 2000, ApJ, 540, 39

Abel T., Bryan G. L., Norman M. L., 2002, Science, 295, 93

Alvarez M. A., Bromm V., Shapiro P. R., 2006, ApJ, 639, 621

Bate M. R., Bonnell I. A., Bromm V., 2002, MNRAS, 332, L65

Bate M. R., Bonnell I. A., Price N. M., 1995, MNRAS, 277, 362

Bate M. R., Burkert A., 1997, MNRAS, 288, 1060

Chabrier G., 2003, PASP, 115, 763

Clark P. C., Glover S. C. O., Klessen R. S., 2008, ApJ, 672, 757

Clark P. C., Glover S. C. O, Klessen R. S., Bromm V., 2011, (a)
ApJ, 727, 110

Clark P. C., Glover S. C. O., Smith R. J., Greif T. H.,
Klessen R. S., Bromm V., 2011, (b), Science, online early
http://www.sciencemag.org/
content/early/2011/02/02/science.1198027

Dalgarno A., Lepp S., 1987, in M. S. Vardya & S. P. Tarafdar ed.
Astrochemistry Vol. 120 of IAU Symposium, Chemistry in the
early universe. pp 109-118

Federrath C., Banerjee R., Clark P. C., Klessen R. S., 200, A
713, 269

Freese K., Bodenheimer P., Spolyar D., Gondolo P., 2008|_ApJ
685, L101

Fryer C. L., Kalogera V., 2001, ApJ, 554, 548

GalliD., Palla F., 1998, A&A, 335, 403

Glover S., 2008, in B. W. O’'Shea & A. Heger ed., First Stars llI
Vol. 990 of American Institute of Physics Conference Series
Chemistry and Cooling in Metal-Free and Metal-Poor Gas. pp
25-29

Glover S. C. O., Abel T., 2008, MNRAS, 388, 1627

Glover S. C. O., Brand P. W. J. L., 2001, MNRAS, 321, 385

Glover S. C. O., Mac Low M., 2007, ApJS, 169, 239

Greif T., Springel V., White S., Glover S., Clark P., Smith, R.
Klessen R., Bromm V., 2011, ArXiv e-prints, 1101.5491

Heger A., Fryer C. L., Woosley S. E., Langer N., Hartmann Q. H.
2003, ApJ, 591, 288

Hosokawa T., Omukai K., 2009, ApJ, 691, 823

Jappsen A.-K., Klessen R. S., Larson R. B., Li Y., Mac Low M.-
M., 2005, A&A, 435, 611

Johnson J. L., Greif T. H., Bromm V., 2007, ApJ, 665, 85

Kitayama T., Yoshida N., Susa H., Umemura M., 2004, ApJ, 613,
631

Kitsionas S., Whitworth A. P., 2002, MNRAS, 330, 129

Kroupa P., 2002, Science, 295, 82

Krumholz M. R., Klein R. I., McKee C. F., Offner S. S. R., Cun-
ningham A. J., 2009, Science, 323, 754

Lodato G., 2008, New Astronomy Reviews, 52, 21

Machida M. N., Omukai K., Matsumoto T., Inutsuka S., 2008,
ApJ, 677, 813

Mayer M., Duschl W. J., 2005, MNRAS, 358, 614

McGreer I. D., Bryan G. L., 2008, ApJ, 685, 8

Nelson A. F., 2006, MNRAS, 373, 1039

Omukai K., Inutsuka S., 2002, MNRAS, 332, 59

Omukai K., Nishi R., 1999, ApJ, 518, 64

Omukai K., Palla F., 2003, ApJ, 589, 677

Omukai K., Tsuribe T., Schneider R., Ferrara A., 2005, A&, 6
627

Peters T., Banerjee R., Klessen R. S., Mac Low M., Galvan-
Madrid R., Keto E. R., 2010, (a), ApJ, 711, 1017

Peters T., KlessenR. S., Mac Low M., Banerjee R., 2010, (o), A
725,134

Peters T., Mac Low M., Banerjee R., Klessen R. S., Dullemond
C. P., 2010, (b), ApJ, 719, 831

Pringle J. E., 1981, ARA&A, 19, 137

Reipurth B., Clarke C., 2001, AJ, 122, 432

Ripamonti E., 2007, MNRAS, 376, 709

Ripamonti E., Abel T., 2004, MNRAS, 348, 1019

Ripamonti E., locco F., Ferrara A., Schneider R., Bressan A.
Marigo P., 2010, MNRAS, 406, 2605

Sokasian A., Yoshida N., Abel T., Hernquist L., Springel2004,
MNRAS, 350, 47

Spolyar D., Bodenheimer P., Freese K., Gondolo P., 2009, ApJ
705, 1031

Spolyar D., Freese K., Gondolo P., 2008, Physical Reviewekst
100, 051101

Springel V., 2005, MNRAS, 364, 1105

Springel V., 2010, MNRAS, 401, 791

Stacy A., Greif T. H., Bromm V., 2010, MNRAS, 403, 45

Stahler S. W., Palla F., Salpeter E. E., 1986, ApJ, 302, 590

Tan J. C., McKee C. F., 2004, ApJ, 603, 383

Turk M. J., Abel T., O’'Shea B., 2009, Science, 325, 601

Turk M. J., Clark P., Glover S. C. O., Greif T. H., Abel T., Ké&n
R., Bromm V., 2011, ApJ, 726, 55

Whalen D., Abel T., Norman M. L., 2004, ApJ, 610, 14

Yoshida N., Bromm V., Hernquist L., 2004, ApJ, 605, 579

Yoshida N., Omukai K., Hernquist L., 2008, Science, 321, 669

Yoshida N., Omukai K., Hernquist L., Abel T., 2006, ApJ, 6562,



	1 Introduction
	2 The Method
	3 Initial conditions
	4 Results
	4.1 Fragmentation
	4.2 The effect of accretion luminosity
	4.3 Accretion and Dynamics

	5 Discussion
	6 Conclusions

