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We study how the first galaxies were assembled under feedbarkthe accretion onto a cen-
tral black hole (BH) that is left behind by the first generatiof metal-free stars through self-
consistent, cosmological simulations. X-ray radiatiamfrthe accretion of gas onto BH remnants
of Population 11l (Pop IlI) stars, or from high-mass X-raynhries (HMXBs), again involving
Pop Il stars, influences the mode of second generation staration. We track the evolution
of the black hole accretion rate and the associated X-regbi@ek starting with the death of the
Pop Il progenitor star inside a minihalo and following thasequent evolution of the black hole
as the minihalo grows to become an atomically cooling gal&¥g find that X-ray photoioniza-
tion heating from a stellar-mass BH is able to quench fursterformation in the host halo at all
times before the halo enters the atomic cooling phase. Xadiation from a HMXB, assuming
a luminosity close to the Eddington value, exerts an evesnger, and more diverse, feedback
on star formation. It photoheats the gas inside the host, lmibalso promotes the formation
of molecular hydrogen and cooling of gas in the intergatastedium and in nearby minihalos,
leading to a net increase in the number of stars formed ay &amks. Our simulations further
show that the radiative feedback from the first BHs may stiyagppress early BH growth, thus
constraining models for the formation of supermassive BHSs.
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1. Introduction

It has been a longstanding goal to understand the formafitredirst galaxies subject to dif-
ferent accompanying feedback effects from the first stad) as ionizing feedback from individual
Pop Il stars (e.g.,[1]; [2]), chemical feedback producgdalsupernova (SN) explosion (e.g., [3];
[4]), and radiative feedback from accreting black holes $Bté.g., [5]; [6]). The first stars are ex-
pected to form at a redshit> 15 inside dark matter minihalos with masses-of0° M, (e.g., [7];
[8]). For progenitor masses within the range oM <M < 140M, orM = 260M,,, the Pop 1lI
star will become a massive BH via direct gravitational godle. The ensuing merging of miniha-
los, provided they contain cold gas, and the smooth acerefigas from the intergalactic medium
(IGM) will feed the central BH. A fraction of the accreted rsasnergy will then be released as ra-
diative energy, resulting in a miniquasar (e.g., [9]; [1®hich will ionize the surrounding neutral
medium and heat the pre-galactic gas.

We here briefly summarize our recent study ([11]), in which imeestigated the feedback
effects from such accreting stellar-mass BHs by focusintpemuestion: “How does a stellar black
hole, a remnant of a Pop Il star, influence the subsequenfstaation and in turn the assembly
process of the first galaxies?" Miniquasar feedback maylasexpected to have important effects
on BH growth. One outstanding question is how the supermabsack holes (SMBHSs), observed
by the Sloan Digital Sky Surve{SDSS) aiz ~ 6 with masses of 10°M, (e.g., [12]), were able
to grow within such a short period of time after the Big Bang.sécond goal of this study is to
provide an improved understanding of whether a stellar Bl graw to become a SMBH in the
presence of stellar and BH feedback.

2. Simulations

To survey the relevant parameter space, we have carriechg tosmological simulations.
As a reference, simulation “BHN" includes stellar radiatfeedback from Pop Il stars, whereas
the subsequent feedback due to BH accretion is not takeragttount. The simulation “BHS"
includes both the feedback from Pop Il stars and from a siiggllated BH. Finally, in simulation
“BHB" we assume that the Pop Ill BH remnant has a stellar lyicampanion, giving rise to a
HMXB.

For the simulations presented here, we use a customizednefthe combined hydrodynam-
ics and N-body code GADGET2 ([13]). We start running the datians atz~ 30, corresponding
to the redshift just before the first Pop Il star in the congpiginal box is formed, and terminate
them atz~ 10, when the assembly of the first galaxy is expected to be lmmpNe propagate the
ionization front around it to build up a primordial H Il regipusing a well-tested ray-tracing algo-
rithm (for details see [14]). We follow Kuhlen & Madau (200%3]) to model the propagation of
high-energy photons emitted from the accretion onto a BHhittvthe accretion rate is estimated
by the Bondi & Hoyle (1944) model (see [15]).

3. Reaults

In Figure 1, we show the evolution of the virial mass for thestnmassive halo, which will
host the first galaxy a ~ 10, as well as of the total and cold gas masses in the thredations
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Figure 1: Assembly of the first galaxy. Shown is the redshift evoluéiDM virial mass plack solid ling

of the halo which will host the first galaxy at~ 10, as well as of the total gas massd) and the cold gas
mass blue) within the halo for simulations BHNsplid lineg, BHS (dotted line}, and BHB @lot-dashed
line). The black dashed line represents the critical mass redtiar the onset of atomic cooling in the halo
at a given redshift. There is no cold gas within the halo indation BHB owing to the strong heating from
the HMXB.

presented in this work. We find that a8 18, the halo is dominated by hot gas, exceeding the
amount of cold gas by an order of magnitude. As time passether;old gas mass increases,
eventually accounting far, 80% of the total gas mass in simulations BHN and BHS. Thisitoam

be understood by the vulnerability of the halo gas to stedldiative feedback. The corresponding
evacuation of gas from the halo is very strong at high retisfzif> 18, because the halo potential
wells were not yet deep enough to retain photo-heated gas.

While the total amount of gas is not sensitive to the BH feeldipthe reduction in cold gas
mass by a factor of 5 indicates that the additional heating from this feedbaokop of the stellar
feedback, has a significantimpact on the gas in the centbedbtming galaxy. As the halo grows
further via smooth accretion and mergers with minihalosyéner, atz ~ 13, both the total gas
mass and mass of cold gas are no longer sensitive to the Bétikedieedback.

For simulation BHB, the heating from the HMXB is so strongttakhgas particles have tem-
peratured > 0.5 Ty;;(z), over the entire range of simulated redshi{s 15, and the total gas mass
is reduced by nearly an order of magnitude by photo-evajmorzds is evident from Figure 1 (see
the dot-dashed lines). This implies that if an HMXB existeithim a minihalo at high redshifts,
it would take significantly longer for the halo to reassenthie lost gas, and to eventually evolve
into a primordial galaxy.

Figure 2 shows the evolution of the accretion rate onto the B density and temperature
of the neighboring gas, as well as the BH mass for simulatiiis and BHS. The accretion rate
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Figure 2: BH growth with and without feedback. Shown is the redshitilation of the BH accretion rate,
the density and the temperature of the gas in the immediateityi of the BH, as well as the resulting BH
masses for simulations BHMIack) and BHS fed). In the top-left panel, we also indicate the corresponding
Eddington-limited accretion rates for the two casgégshed lines

in the BHN simulation is already comparable to the Eddingtalnie, depicted as dashed lines in
Figure 2 (top-left panel), &~ 15.5, while it is still an order of magnitude lower in the BHS case
Occasionally, star formation takes place very close to tHe 8g.,~ 1kpc away atz ~ 14. The
radiative feedback from this event acts to compound thergpeaffect from the BH accretion, thus
rendering the removal of gas out of the shallow potential melre effective.

The combined stellar and BH radiative feedback results axcanetion rate that is on average 4
orders of magnitude below the Eddington valueg at14— 13. Even 300 Myr after BH formation,
the mass of the BH has increased by only 1.5 % in the BHS siinnlavhereas it has grown by
two orders of magnitude in the BHN case. This indicates thatfeedback from a stellar-mass
BH is sufficiently strong to prevent significant growth, segting a very important constraint on
SMBH formation scenarios. We infer that the radiative femdbfrom an accreting BH might be
partly responsible for the low density of quasars at redshif 6, by suppressing early BH growth.

4. Conclusions

We have studied how the assembly of a primordial galaxy ec#sid by the radiative feedback
from an accreting, isolated stellar-mass BH and an HMXB,clvtdire two possible end products
of Pop Il star formation. To accomplish this, we have catroit three cosmological simulations
which self-consistently account for the radiation fromiinidual Pop Il stars, and from a central
BH X-ray source.



THE FIRST GALAXIES

Myoungwon Jeon

leading to a strong suppression of the early growth of thel &¢. Without such feedback, the
growth rate quickly reaches near-Eddington values. We asigiipat the radiative feedback from

We have shown that locally the feedback from an isolatedietiogg BH is very efficient,

accreting BHs plays a key role in suppressing early BH grothiis constraining models for SMBH
formation.

The feedback from an efficiently radiating HMXB is very stgolocally, and moderately im-

portant globally. Locally, the effect on the surroundingnpordial gas is to heat it to high tem-
peratures of> 10°K, and to fully ionize it. The corresponding strong phot@gerative outflow

suppresses central gas densities, thus preventing angcudrs star formation within the emerg-
ing galaxy. Our results imply that once a halo-ofL0° M., harbors an HMXB, the ensuing strong

radiative feedback will delay the condensation of gas inatoenic cooling halo, possibly leading
to a decrease in the number of first galaxies at a given epoch.
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