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The first stars in the universe are thought to be massive jigrin dark matter halos with masses
around 16 solar masses. Recent simulations suggest that these fireetgPopulation 111) stars
may form in binary or multiple systems. Because of their lbgllar masses and small host halos,
their feedback ionizes the surrounding 3 kpc of interg&daniedium and drives the majority of
the gas from the potential well. The next generation of gtees must form in this gas-poor envi-
ronment, creating the first galaxies that produce the ntgjofiionizing radiation during cosmic
reionization. | will review the latest developments in theddiof Population Il star formation and
feedback and its impact on galaxy formation prior to reiatian. In particular, | will focus on
the numerical simulations that have demonstrated thisesegguof events, ultimately leading to
cosmic reionization.
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1. Introduction

The universe was a very dark place in the first tens of millions of yedmsdany luminous
structure had formed. This epoch is sometimes referred to as the “Das, Ageen dark matter
(DM) collapsed into bound objects but hosted no stars whatsoever.e Thdshalos collected a
primordial mix of primarily hydrogen and helium in their potential wells after thegched the
cosmological Jeans mab ~ 5 x 10%[(1+2)/10/%2 [9]. The first DM halos to cool and collapse
produced the first stars in the universe that, in turn, produced theétsts to spark the transition
to galaxy formation. Before reviewing the current status of researctheofirst stars and galaxies,
it is worthwhile to step back, pose three simple but informative questionsreselv historical
pieces of literature that addressed these questions.

The first question we can ask ourselves\ighy do all observed stars contain metals4]
focused on the Milky Way (MW) stellar population and observed (i) that tdest Population
Il stars were metal-poor, (ii) a high frequency of white dwarfs, and (iii¢@ excess in elliptical
galaxies. These points led them to the conclusion that the “original Populhtiontained a large
number of relatively massive stars”.

The next question that naturally follows ig/ithout any metals, how does gas cool and con-
dense to form starsMetal-enriched gas cools mainly through Fbrmation on dust grains and
other fine-structure transitions in heavy elements. [40] recognized theatdslowly form in the
gas phase through the following reactions:

H+e — H +y
H +H — Hy+ e

or less efficiently

H+HT = Hy +y
Hi +H — Ha+H*.

[51] were the first to realize thatHormation in the gas-phase was important in star formation
in the early universe. They used these reactions to determine tltaoing dominates the collapse
of a pre-galactic cloud at number densities 10* cm—3. These high density regions can cool to
~300 K and continue to collapse. [47] suggested that globular clusteestivefirst bound objects
in the universe with masses5 x 10° M. In their calculations, they first compute the properties
of these objects from linear perturbation theory and then follow the initiataotion of the cloud,
including H cooling. They find that molecular hydrogen cooling is indeed efficienughdo
drive a free-fall collapse, in which only a small fraction of the total gassfaisns stars due to the
inside-out nature of the collapse.

The third pertinent question i%Vhen and where do the first stars forlApplying the proper-
ties of cooling primordial gas to the cold dark matter model, [21] determined tbdir#h objects
to cool and collapse due to,Hormation would be hosted in DM halos with masse40® M, at
z=20-30. A decade later, [58] used a detailed chemical model to follow the formatibia in
virialized objects, starting from recombination. They found that the reiddagendent minimum
DM halo mass to host Hcooling, rising from 5< 10° M, atz~ 100 to 16 M, atz ~ 15.
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These early analytical works provided the theoretical basis for duar@hrecent simulations
that focus on the formation of the first stars and galaxies in the unividege. | review the progress
that the field has made in the past decade.

2. Population I11 star formation

Following a cosmological gaseous collapse over many orders of magnituelegin makes
such a simulation technically difficult, but with improvements in algorithms and phlysiodels,
several groups have been able to make substantial progress. In thi8%&te and early 2000'’s,
two independent groups used three-dimensional simulations to study Boplilestar formation.
Using smoothed particle hydrodynamics (SPH) simulations of isolated and \edadiark matter
halos with masses 2 10° M, atz = 30, one group found that the object cooled to 300 K through
H, formation, using the chemical network of [30], and fragmented into a filamestaicture with
a Jeans mass of 1M, [13, 14]. In the second paper, they followed the collapse to higher gas
densities of 1&cm—2 and studied the continued formation of dense clumps with the safd 10
characteristic mass. The other group used cosmological adaptive nfiegment (AMR) simu-
lations to focus on the formation of a molecular cloud hosted byxd @ M., DM halo [1, 3, 4].

In each successive paper, the ¢hemistry model [2, 8] was improved to include more processes,
such as the three-body,Hormation process, to follow the central collapse to gas densities up to
3x 10'3 cm3. Both groups came to the conclusion that further fragmentation was sisegrbe-
cause of a lack of cooling below 300 K and that Population Il stars werngmassivén the range
30— 300 M.

These simulations only represented a limited sample of collapses and couldvidepmuch
insight to the Population 11l initial mass function (IMF). Twelve additional AMRulations were
conducted to look at any variations in primordial gas collapses [45]. Thwey that the collapses
occurred in DM halos with masses in the rangge-17 x 10° M, with the scatter caused by differing
halo formation histories. The mass accretion rate onto the central moleculdrwis higher at
1074 M., yr—t atz~ 30, and it can increase by two orders of magnitude-at20 in some halos,
agreeing with [4].

Following the collapse to densities higher thart®i@n 3 required the inclusion of collision-
ally induced emission, chemical heating from férmation, and gas opacity above#@m3.

[77] found with SPH simulations that the initial collapsing region did not fragraserit condensed

to protostellar densities ~ 10?1 cm 3, forming a protostellar shock in the process. The inner 10
M, had an accretion rate varying between 0.01 and 0,yM?, possibly growing to 10 M within
1000 yr.

In the past few years, multiple groups have been focusing on the sidrgagrowth of these
protostars over several dynamical times, improving upon the earlier \itwekstopped at the first
collapse. This has proved to be challenging because of the eveadegy€ourant factors at higher
densities. One workaround is the creation of “sink particles” that acaeseby gravitationally-
bound gas, allowing the simulation to progress past the first collapsevbhoveme loses all hy-
drodynamical information above some density threshold. In one out ofdalezations in AMR
calculations without sink particles, [65] found that the collapsing corgnfiented at a density of
10 cm~2 into two clumps that are separated by 800 AU with 100 M gas within a sphere with
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radius twice their separation. At the same time, [56] also found that disk ilis¢stcauses frag-
mentation into a binary system with a 40.Mind 10 M, . This was later confirmed by simulations
of a collapse of an isolated Jeans-unstable primordial gas cloud thatdragd into many multiple
systems with some very tightly bound to separations less than an AU [19]. Utiziregv moving
mesh code, [29] studied the collapse in five different primordial DM halpd,they evolved them
for 1000 yr after the first protostar forms. By evolving these protodtatker, they included the
effects of protostellar radiative feedback in the infrared in the opticaltydimit. In all cases,
the molecular cloud fragments into 10 sink particles, some of which later merge to form more
massive protostars. The mass function from these simulations is relativelyeflaa top-heavy
IMF.

After the protostar has reachedl0 M., radiative feedback from ionizing radiation will begin
to suppress further accretion. Only recently has this been incorpdnatedumerical simulations
of Population Il star formation. Starting from initial conditions extractearfrmcosmological sim-
ulation [77], two-dimensional axi-symmetric radiation hydrodynamical simulatsimowed that
an accretion disk forms around a new protostar with the ionizing radiatidarprdially escaping
through the polar regions [32]. The disk itself is slowly photo-evapordtatiing accretion after
70,000 yr. At this point, the final mass of the Population Il star is 43. MVithout any radiative
feedback, the protostar would have continued to growtb00 M,,. In a cosmological setting,
[57] found a binary system still forms in the presence of radiative faekibwithout feedback, the
primary star grows to 28 M over 5,000 yr. With feedback, the primary and secondary stars only
grow to 19 and 10 M, respectively. An extrapolation of the mass accretion history shows that
both stellar masses will asymptote to 3Q,Mcreating an equal-mass binary. Once the stars have
entered the main sequence, they will start to ionize and heat their cosmidasdigbd, which |
will review next.

3. Population |11 radiative feedback

Some of the first calculations of the growth and overlap of cosmologicalregions orig-
inating from quasars concluded that they could not fully account fonization. Other radia-
tion sources must have contributed to the photon budget [55]. Laterawitd galaxy observa-
tions, it was clear that low-luminosity galaxies were the primary source ofifanjzhotons [e.g.
12, 23, 59]. However, Population Il preceded galaxy formation, thiegt were the first sources
of ionizing radiation, starting cosmic reionization. They are thought to haep-heavy IMF, as
discussed in the previous section, and zero-metallicity stellar models westuiad to estimate
their luminosities, lifetimes, and spectra as a function of mass [15, 53, 64¢. kEyfeature is
mass-independent surface temperature 8fKl@bove 40 M,, caused by a lack of opacity from
metal lines. Thus, Population Il are copious producers of ionizing pisototh an average photon
energy~ 30 eV and also bldissociating radiation, which is 13.6 eV where the neutral universe
is optically-thin. Because the formation of Population Il stars is primarily ddpat on H forma-
tion, any H dissociating radiation can suppress Population Il star formation frore igjances
[22, 34, 38, 46, 69].
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Figure1: The formation of a Hi region from a Population Il star, shown with projectiongyaf density
(top) and temperature (bottom) ofa3 proper kpc region, centered on the first stax -at20. From left to
right, the depicted times correspond to 0, 1, 2.7, and 8 Mwr dffie star formed. The insets correspond to
the same times, have the same color scale, and show thel d&tigac. From [6].

3.1 H 11 regionsfrom Population 111 stars

Combining the main sequence properties of Population Il stars and theiatslpf cosmo-
logical simulations, one-dimensional radiation hydrodynamics simulations fetldte growth of
an Hii region from Population Ill stars with masses ranging from 25 to 5Q0[86, 66]. The
ionization front drives a 30 km$ shock wave. Because the escape velocity §fNMQ halos is
only ~ 3 km s™1, approximately 90% of the gas is expelled from the DM halo, leaving behind a
warm (T ~ 3 x 10* K) and diffuse p ~ 0.1 cn3) medium. At the end of the star’s lifetime, a
100 M,, star creates an H region with a radius- 3 kpc.

Shortly afterward, it became feasible to include radiative transfer in dogjcal simulations,
either through moment methods or ray tracing. In three dimensions, it is fogsihvestigate the
ionization of a clumpy and inhomogeneous medium and any ionization fronbilitis [67] that
might arise. [7] found that between 70% and 90% of the ionizing photaregpes into the IGM,
using ionization front tracking and an approximate method to calculate the thgnaimic state be-
hind the front. This calculation also showed that some nearby halos gidlpgthoto-evaporated,
leaving behind a neutral core. Furthermore, nearby filamentary steuiststower to ionize, and
the ionization front grows faster in the voids, creating a “butterfly” shigpe The first three-
dimensional radiation hydrodynamics simulations uncovered multi-fold complexit were not
seen in previous simulations, such as cometary structures and elepin&stsaen in nearby star
forming regions [6]. Figure 1 shows the growth of the lHegion emanating from the host minihalo.
The density structures in the nearby filaments were largely unaffectea bgdration because they
are self-shielded. The 30 kntsshock wave collects M, of gas into a shell over the lifetime
of the star, which is Jeans stable and is dispersed after the star’s death.
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Figure2: The effects of radiative feedback from the first stars, shiowpmojections of gas density (left) and
temperature (right) in a field of view of 8.5 proper kpc in aicegheated and ionized by tens of Population
Il stars atz= 16. Notice how most of the nearby substructures are phapearated. From [70].

As the Hil region grows up to 3 kpc in radius, nearby halos become engulfed irnod ieeézed
gas. Because free electrons are the catalyst §doknation, a boosted electron fraction promotes
more efficient cooling; furthermore, HD cooling becomes relevant in tilegxe of these halos
in relic H 11 regions [41, 44, 75, 76]. Instead being limited to a 300 K temperature flusrgas
cools to~ 50 K, resulting in a Jeans mass a factorob/2 lower. Thus, it is expected that these
Population Il stars will have a lower characteristic mass in the approximageraf 5-60 M,.
After this discovery, it was felt that these two different population ndddebe separated, where
metal-free stars forming in an unaffected region are termed “Populatidf, lind metal-free stars
forming in ionized gas were coined “Population I11.2” [43].

3.2 Contribution to reionization

The H1l regions from metal-free stars are much larger than present-daydgions and can
have a sizable impact on the reionization history. [70] found that PopulHtistars can ionize
up to 25% of the local IGM in a biased region, surrounding a rared3overdensity. Because
Population 1l stars are short lived-(3 Myr), the H1l regions are fully ionized only for a short
time and then quickly recombines over the nex60 Myr. Within a local cosmological region,
there are many relic H regions but only a handful of active iHregions withT > 10* K. Once the
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H 11 regions start to overlap, each star can ionize a larger volume as thel tgulmr@gen column
density decreases. At the end of the simulation, one in ten ionizing photsuissra a sustained
ionization in the intergalactic medium (IGM). In addition to ionizing the IGM, thetpHreating
of the host halo and IGM delays further local star formation by smoothihgasioverdensities in
nearby minihalos and IGM, which is depicted in Figure 2. Reducing the IGkhjglness reduces
the recombination rate, which is measured by the clumping f&terp)?/(p?), by 50% [70].

This simulation only considered a small region (1 comoving Ripmd cannot make predic-
tions for global reionization history. To address cosmic reionization, simakatiath sizes~ 100
Mpc are necessary. Here the small-scale clumpiness cannot be resoidedumping factor plays
a key role in subgrid models. In general,iHregions from Population Ill stars generate more
small-scale power, and at late times, they are quickly overrun by nearbyegions produced by
larger galaxies [33]. In addition, Population Il iHregions start reionization earlier and prolongs
reionization [61].

4. Supernovae from Population I11

Massive metal-free stars can end their lives in a unique type of sumeragair-instability
SN [e.g. 10, 11, 31]. Non-rotating models find that this occurs in a mage fa@tween 140 and
260 M., where nearly all of the helium core with madige ~ 13/24(M, — 20 M,,) is converted
into metals in an explosion of 20— 10°3 erg. The ejecta can be an order of magnitude greater
than typical Type Il SNe [73] and hypernovae [42]! The chemicalnalamce patterns are much
different than those in typical explosions with the carbon, calcium, and esagm yields inde-
pendent of mass. These pair-instability SNe are one possible causathoneenhanced damped
Lya absorbers [e.g. 20, 48].

These very energetic SNe can exceed the binding energy of halos wiglesivhs 10’ M.

[16] investigated two explosion energies,*1@nd 132 erg, in a cosmological halo witM ~

10° M., neglecting any radiative feedback. Nevertheless, they found trata®#6 of the gas
was expelled into the IGM, and metals propagate to distances Iokpc after 3-5 Myr. They
argued that pair-instability SNe could have resulted in a nearly uniform métaflicor in the
IGM of ~ 1074Z., at high redshifts. Subsequent works built upon this idea of a IGM metallicity
floor with various techniques: (i) volume-averaged semi-analytic mode|$SR474], (i) models
using hierarchical merger trees [37, 50, 63], (iii) post-processimmgpsinological simulations with
blastwave models [35, 62], and (iv) direct numerical simulations with stedizalfack [39, 49, 60,
72].

Because blastwaves do not penetrate overdensities as efficiently efiadranedium, the
voids will be preferentially enriched [18]. This raises the following questiVill the first galaxies
have a similar metallicity as the IGM? How much metal mixing occurs in the first galagidsey
accrete material? The complex interplay between radiative and supegeallzeick, cosmological
accretion, and hydrodynamics are best captured by numerical simulafiarwsgroups [27, 71]
showed that the enrichment from pair-instability SNe resulted in a nearlgramimetallicity in a
108 M., halo atz~ 10— 15. These types of halos can efficiently cool through atomic hydrogen
cooling, and the halo will form a substantial amount of stars for the first tiBeth groups find
that the metals are well-mixed in the galaxy because of turbulence geneuaieg drialization
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Figure 3: Evolution of the entire simulation voluméy,x = 1 Mpc) at redshifts 15, 12, 10, 8, and 7 (left
to right) that follows the formation of 38 dwarf galaxies amger 300 Population Il stars. Pictured here are
the density-weighted projections of density (top), terapse (middle), and metallicity (bottom). Note how
the stellar radiative feedback from low-mass galaxiesnie@the majority of the volume. The metallicity
projections are a composite image of metals originatingfRop Il (red) and Il (blue) stars with magenta
indicating a mixture of the two. From [72].

[28, 68] to a metallicityZ/Z., = 10~2— 104, In these simulations, about 60% of the metals from
SNe are reincorporated into the halo, whereas the remaining fractionistidnesIGM. In the end,
Population Il star formation is ultimately halted by the enrichment of the minihatoa frearby

or previously hosted supernovae (SNe), marking the transition to gadaxyation.

5. High-redshift dwarf galaxies

The first galaxies are generally defined as halos that can undergo dioenimooling, are
metal-enriched, and can host sustained star formation [17]. Heredraresme of the highlights
of our latest numerical work on the formation of the first galaxies [72]esSehradiation hydro-
dynamics AMR simulations tracked the formation and feedback of over 3pQl&wn IIl stars
and the buildup of 38 low-mass galaxies in a 1 comoving Mmiume untilz= 7. The cosmic
Population |1l star formation rate (SFR) is nearly constantatil® > M., yr~! Mpc—2 fromz= 15
toz= 7. The largest galaxy has a final total and stellar massiof 10° M, and 21 x 1¢° M., re-
spectively. Galaxies above 4B, generally have a mass-to-light ratio between 5 and 30, whereas
the very low-mass galaxies have mass-to-light ratios between 100 andth80&@0@se of their inabil-
ity to efficiently form stars.

The evolution of the density, temperature, and metallicity of the entire volume vgnshmo
Figure 3. Atz=7, 76% of the volume is ionized, and 6.5% (1.9%) of the mass (volume) is
enriched above 1¢Z.. We focused on the buildup of the largest galaxy and an isolated dwarf
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Figure4: The scatter plots show the metal-enriched (Pop ) star &ion history of a 1M, (left) and

a 1¢ M, (right) halos as a function of total metallicity, i.e. thenswf metal ejecta from both Pop Il and
Pop Il SNe, az= 7. Each circle represents a star cluster, whose area is piepad to its mass. The open
circles in the upper right represent®land 1¢ M, star clusters. The upper histogram shows the SFR. The
right histogram depicts the stellar metallicity distrilout. The larger halo shows a large spread in metallicity
atz > 10 because these stars formed in progenitor halos that werhed by different SN explosions. At
z< 10, the majority of stellar metallicities increase as thi ligself-enriched. The spikes in metallicity at
t =620, 650, and 700 Myr show induced star formation with eskdrmetallicities in SN remnant shells.
The dashed lines in the left panel guide the eye to two stebpulations that were formed in two satellite
halos, merging at= 7.5. The smaller halo evolves in relative isolation and stgadcreases its metallicity

to [Z/H] ~ =2 until there is an equilibrium between-situ star formation and metal-poor inflows from
filaments. From [72].

galaxy with a total mass of $0M,. Figure 4 shows the metallicity of the star formation history
and metallicity distribution functions in both halos. The mass resolution of this simuledigtures
the formation of all star-forming minihalos witd > 10° M.

The smaller galaxy experiences rapid mass accretion zwtil2 and afterward it evolves in
relative isolation. It begins forming metal-enriched stars after a neatibyngsability SN enriches
a nearby halo te- 10°Z.,. This may be a peculiar case at high redshift, where a halo is enriched
from a neighboring halo and does not form any Population Il stars.itddd€gins to form stars in
abursts at a rate of 610 M., yr~* Mpc 23, peaking at 2 103 M., yr-1 Mpc—2 atz= 10. The
galaxy is self-enriched by these stars, gradually increasing fromz0to 102Z., by z = 10.
Afterward there is an equilibrium between metal-rich outflows and metal-pmwetion from the
filaments, illustrated by the plateau in stellar metallicities in Figure 4.

The larger galaxy forms in a biased region of 50 comoving kpc on a sidew2th halos with
M ~ 10° M, atz= 10. About half of these halos form Population IlI stars with a third prauyc
pair-instability SNe, enriching the region to 1% ., the metallicity floor that has been extensively

studied in previous works. However, the metal-rich ejecta does not futlypesfrom the biased
region, and most of it falls back into the galaxies or surrounding IGMifggthe voids pristine.
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After z= 10, thesev 25 halos hierarchically merge to form a®Id ., halo atz= 7 with two major
mergers az= 10 andz= 7.9. At late times, this galaxy grows mainly through mergers with halos
above the filtering mass [25, 26, 70], i.e. gas-rich halos that are nab{gvaporated, and the
gas fraction increases from 0.08 to 0.15 over the last 200 Myr of the sinmulafiee left panel of
Figure 4 shows a large scatter in metallicity at early times, which is caused bypogemeous metal
enrichment of its progenitors. Once it hosts sustained star formationzaftdiO, the metallicity
trends upwards as the stars enriches its host galaxy. In contrast wimtdker halo, the larger
galaxy undergoes a few mergers with halos with an established stellar popul&his creates a
superposition of age-metallicity tracks in the star formation history.

This simulation of the early stages of galaxy formation only covered a hhofifyalaxies
and did not explore the differing galaxy populations. However, it hasrgus a clear picture of
the inner workings of these galaxies and the important physical pracessdved in shaping the
first galaxies and their connections to the first stars. We hope to improthésowork to survey a
larger galaxy population and focus on larger galaxies thaltitgble Space Telescopas already
observed and théames Webb Space Telesceopkobserve atz > 6.

6. Summary

| have provided a brief review of the formation of the first stars and tlagliative, chemical,
and mechanical feedback that affects subsequent structure amg f@imation. Over the past
decade, many groups have used numerical simulations to study thesdgsits@vents in the
first billion years of the universe. Currently, the general conseissilgt Population Il stars are
still very massive with a characteristic mass of tens With an unknown fraction in binaries. The
prospect of Population Il binaries is exciting, and their impact on theaus@/prior to reionization,
such as pre-ionization from X-rays, will be addressed in future stu@iesummarize, the radiation
from Population Il expels most of the gas from the host halos, creaingpgor halos that cannot
form stars for 10-50 Myr. The SNe from the first stars enriches thiegilaxies to a nearly uniform
~1073Z., and ultimately leads to the demise of this unique population of stars. The datiaiep
IGM pre-heating, and chemical enrichment all have a lasting impact on thefon of the first
galaxies. Hopefully we can utilize these imprints to disentangle Population llrspgoperties
from the most distant galaxies in the universe.
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