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The first stars: our evolving theoretical picture
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Abstract. This brief review will discuss what we have learned about the formation, properties,
evolution and death of the first stars, the so-called Population III (Pop III). It is crucial to embed
the problem into its proper cosmological context, including insights into the particle-physics
nature of dark matter. This is a good time to reflect on where we are, just ahead of the James
Webb Space Telescope (JWST) launch, and of the imminent arrival of a suite of next-generation
observational facilities. How can we test our emerging theoretical picture with observations
both in-situ, at high redshifts, and in our local cosmic neighborhood? This may indeed be
our main challenge for the near future, given that individual Pop III stars cannot be directly
observed, unless we get very lucky, and catch them at the moment of their death as transient
events. We therefore need powerful diagnostics that make use of an increasingly rich data set
of indirect clues.
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1. Introduction

The end of the cosmic dark ages marks the fun-
damental transition in the history of the uni-
verse from the simple initial conditions of the
inflationary fireball to a state of ever increasing
complexity (Loeb & Furlanetto|2013} [Wiklind
et alJ2013). This great cosmic metamorphosis
is specifically brought about by the formation
of the first stars, the so-called Population III
(Pop III), a few hundred million years after
the Big Bang (Barkanal 2016). When they fi-
nally appear on the scene, they crucially im-
pact subsequent cosmic history through their
copious emission of ionizing UV photons, thus
initiating the prolonged process of reioniza-
tion (Robertson et al.l2010), and through the
production and dispersal of the first heavy
chemical elements (Karlsson et al.2013)). The
detailed physics involved is largely governed

by the Pop III initial mass function (IMF).
Although our picture remains incomplete and
uncertain, a theoretical consensus has devel-
oped over the last decade, or so, leading to
the current “standard model” of first star for-
mation, positing that the primordial IMF was
overall top-heavy (Bromm|2013|).

The challenge now is to empirically test
this emerging theoretical framework. This is a
timely endeavor, given the imminent arrival of
a suite of next-generation observational facil-
ities. Immediately ahead is the launch of the
James Webb Space Telescope (JWST), provid-
ing us with unprecedented, sub-nJy imaging
sensitivity in the near- and mid-IR. The adap-
tive optics (AO) enhanced spectroscopic ca-
pabilities of the extremely large ground-based
telescopes, the GMT, the TMT, and the E-ELT,
are ideally complementary to the JWST imag-
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ing. Excitingly, we already now are granted oc-
casional “previews” into the very high-redshift
frontier, such as with the gravitational lensing-
amplified Hubble Frontier Fields, or with
gamma-ray bursts (GRBs) at z > 5, detected
by Swift (Toma_ et al. [2016). Indirectly, the
Advanced-LIGO gravitational wave (GW) ob-
servatory is probing the coalescence of massive
black hole binaries, some of them may be fos-
sils of the first stars (see below). Further ahead,
other frontier missions, such as the planned
Origins Space Telescope, will continue to ex-
pand our horizon.

Francesco Palla has deeply touched many
areas of astronomy. This is very much the
case for the first stars field, as well. Indeed,
he has been one of the initial pioneers of this
exploration, going back to the “Palla-Stahler-
Salpeter trilogy” of the 1980s, where a num-
ber of key ideas were first presented. Among
them are the role of three-body reactions in
converting the primordial gas into fully molec-
ular form (Palla et al.l[1983)), and the protostel-
lar and pre-main sequence evolution of stars
under the peculiar conditions of the early uni-
verse, where temperatures are high and dust
grains are absent (Stahler et al.l1986alb)). All of
these ideas have stood the test of time. As many
of the participants of this conference have re-
called, this “trilogy” has served as the vital
training set that got us started into first stars
research, and we all hold these papers close
to our hearts. Since then, Francesco has con-
tinued to make important contributions to the
field, among them are the papers on primordial
chemistry with Daniele Galli (Galli & Palla
1998, 12013)), and the work with Kazu Omukai
on the build-up process of massive Pop III pro-
tostars (Omukai & Pallal2001), 2003)). The let-
ter sequence in many regards constitutes an up-
date to the original “trilogy”, now taking into
account the more recent advances in the under-
lying cosmological model.

The outline for this brief review is as fol-
lows. We will begin with a discussion of the
Pop III formation physics, first within the con-
text of standard cosmology, and then of non-
standard ideas for the nature of dark matter.
We will follow with some notes on how first
star formation leads to first galaxy formation, a
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process which is governed by Pop III feedback
effects, most crucially due to supernova (SN)
explosions. We conclude with a quick survey
of empirical probes of our theoretical picture.

2. Formation of the first stars

The key challenge here is to understand how
primordial gas behaves when it collapses into
newly virialized dark matter potential wells,
where cooling and fragmentation proceeds in
the absence of the metal coolants that domi-
nate star formation in the interstellar medium
of present-day galaxies. The only available
coolants then are the rather inefficient H,
molecule, and possibly the rare deuterium hy-
dride (HD) one. It was realized a long time
ago that this will result in primordial star form-
ing regions that are significantly hotter than
those in the present-day universe. This realiza-
tion is ultimately behind the zero-order predic-
tion that the first stars were typically more mas-
sive than their present-day counterparts, as the
higher temperatures translate into larger Jeans
masses (Bromm & Larson/2004)).

Beyond that, the detailed physics of pri-
mordial star formation depends on the large-
scale, cosmological initial conditions, includ-
ing any assumptions on the particle physics
nature of dark matter. If the cosmology is the
ACDM model, now calibrated to high preci-
sion by the WMAP and Planck satellites, we
arrive at the “standard model” of Pop III star
formation. Part of ACDM is often the assump-
tion that the dark matter is a WIMP-like par-
ticle, predicted by supersymmetry. Recently,
however, cosmology has begun to explore al-
ternatives to the WIMP dark matter, as di-
rect detection experiments have failed so far to
find any hints of the WIMP. Any non-standard
ideas for the particle nature of dark matter im-
pact the small-scale nature of cosmic structure
formation, such that the initial conditions for
Pop III star formation would also be modified,
possibly greatly affecting the process. We will
briefly discuss these two scenarios, standard
and non-standard cosmology, in turn.
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Fig. 1. Star formation inside the first galaxies (from [Safranek-Shrader et al.|2014alb). This zoom-in se-
quence shows how the initial generation of metal-enriched (Pop II) stars forms inside one of the first galax-
ies. The simulation spans an extreme range of scales, from the cosmological initial conditions at large scales
(top left panel) to the scale of individual protostars (bottom right panel).
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2.1. Standard model

Among the robust predictions of the “standard
model” is that Pop III stars form inside of dark
matter minihalos, with total (virial) masses of
~ 10°M,, at redshifts z ~ 20 — 30. A second,
seemingly robust, element of this model has
emerged more recently, stating that Pop III star
formation is mediated via accretion disks that
are inevitably driven towards gravitational in-
stability (Clark et al.[2011} |Greif et al.|2012).
The first stars, thus, typically form as mem-
bers of small multiple groups, including a high
incidence of binaries (Stacy & Bromml2013).
Such stellar multiplicity in turn has crucial
implications for the evolutionary pathways of
Pop III stars, their modes of nucleosynthesis,
and those of their deaths.

The current frontier of the formation prob-
lem is to determine the “end-game”, the ter-
mination of the protostellar accretion process
due to the radiative feedback exerted by the
protostars once they begin to emit UV ion-
izing photons. This gets us into the regime
of radiation-hydrodynamics, which still pushes
existing computational resources to the limit.
What we have learned so far is that negative ra-
diative feedback is eventually effective in lim-
iting the mass growth of Pop III stars, either by
choking off the accretion disks (McKee & Tan
2008; Stacy et al.2012; [Hosokawa et al.ll2011}
2016 [Hirano et al.|2014)), or by impacting the
mass inflow via radiation pressure (Stacy et al.
2016). However, those processes cannot pre-
vent the stars from becoming quite massive, re-
sulting in typical masses of a few 10M, but
with the possibility that growth might occa-
sionally extend to > 100M,. Those terminal
masses in turn determine the final fate encoun-
tered by a Pop III stars. Based on the current
results, Pop III stars are thus predicted to typ-
ically die in a core-collapse SN, or a massive
black hole (BH) remnant. In rare cases, they
might also explode as pair-instability super-
nova (PISN), for progenitor masses in excess
of ~ 150M, (Heger & Woosley|2002).

The current standard model does not con-
sider any magneto-hydrodynamic (MHD) ef-
fects. During the initial stages of collapse,
where the weak primordial seed fields are not
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yet dynamically significant, this neglect is jus-
tified. However, dynamo action is likely to
amplify magnetic fields at later stages of the
accretion process, so that future simulations
should be carried out in a full MHD context
(Latif & Schleicher|2016).

2.2. Dark matter alternatives

Despite their many theoretically attractive fea-
tures, supersymmetric WIMPs may not exist.
In anticipation of such a possibility, particle
physics is seriously exploring alternative sce-
narios to account for dark matter, including
models that postulate a completely dark sec-
tor, where dark matter only interacts with nor-
mal matter via gravity. If that were the case,
the only way to test such dark sector models
is to figure out the astronomical, macroscopic
consequences.

Recently, increased attention has been fo-
cused on models where the dark matter is con-
stituted by ultra-light axions. Such ultralight
particles would be endowed with quantum de-
Broglie wavelenghts of order a kpc, thus im-
printing quantum effects onto the macroscopic
scale of entire (dwarf) galaxies. In the con-
text of cosmological structure formation, such
models are termed fuzzy dark matter (FDM),
and they are attractive, since they would natu-
rally avoid some of the well-known small-scale
problems of ACDM, by suppressing any sub-
kpc structure in the dark matter distribution.
As Pop III star formation is very sensitive to
the DM small-scale structure, it is instructive
to compare the host regions for Pop III within
FDM and ACDM (Hirano et al.|2017). The re-
sult is that within FDM, first star formation oc-
curs inside the filaments or sheets of the cos-
mic web, and not the roughly spherical halos
of standard ACDM, with a much higher star
formation efficiency.

3. Towards the first galaxies

When do bona fide galaxies, defined as long-
lived stellar systems within the confining po-
tential well of a dark matter halo, first arise,
and what were their properties (Bromm &
Yoshidal2011))? This question is intimately tied
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to the properties of Pop III stars, in particu-
lar their IMF. Since Pop III stars arise in DM
minihalos, the emergence of the first galaxies
is delayed to later times, and to more mas-
sive host halos within hierarchical, bottom-up
structure formation. This delay is determined
by the timescale over which a region can ‘re-
cover’ from the negative feedback from Pop III
star formation (Jeon et al.|2014)). If this feed-
back is severe, such as in the wake of a hyper-
energetic PISN event, second-generation star
formation is delayed for 100 Myr, of order the
local Hubble time, and there is a substantial de-
lay before the first galaxies emerge. If the feed-
back, on the other hand, is less violent, such as
for less energetic core-collapse SNe, recovery
is ‘prompt’, and the first galaxies arise quicker,
in less massive systems (Ritter et al. 2012).
Thus, as it were, the Pop III IMF is mapped
into the luminosity function of the first galax-
ies. And the latter can be measured, even if
the Pop IIT IMF is beyond direct observational
reach.

3.1. Second-generation stars

Once the first SNe disperse heavy chemical el-
ements into the pristine intergalactic medium
(IGM), the physics of star formation funda-
mentally changes. Subsequently, gas cooling
can proceed more efficiently, and down to
lower temperatures, provided that the enrich-
ment exceeds a threshold value, termed the
‘critical metallicity’ (Bromm & Loebl [2003).
Under such conditions, low-mass stars can
form, and indeed the IMF is expected to transi-
tion from top-heavy to the ‘normal’, Salpeter-
like bottom-heavy case. The precise threshold
metallicity depends on the role of dust cooling,
but any suggested values are so low that even
a single Pop III SN event will render the local
IGM ‘super-critical’ (Jiet al.[2014).

It is now possible, with efficient adap-
tive mesh-refinement (AMR) codes, to directly
simulate the formation of Population II (Pop II)
star clusters inside the first galaxies, out of
the material that was previously enriched by
Pop III SNe (see Fig. 1). This requires to cover
a huge dynamical range in spatial scales, from
the large-scale IGM of the cosmic web, to the
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scale of individual protostars, and simulations
still need to impose idealizing simplifications,
such as limits to the time that the protostellar
accretion can be followed. However, the ex-
isting simulations already provide some key
lessons. One lesson is that second-generation
star formation is governed by supersonic turbu-
lence, in difference from the sub- or transonic
conditions in the Pop III minihalo case, but
similar to the standard situation in present-day
galaxies (Mac Low & Klessen|[2004). Related
to this, the IMF of the second-generation stars
is already quite similar to the standard, bottom-
heavy Salpeter-like case. Thus, we have the
peculiar prediction that the stellar IMF is in-
deed near universal, and was already in place
very early in cosmic history. The only excep-
tion would then be the ‘singularity’ of the ini-
tial Pop IIT case. The latter, however, would
be effectively hidden from view, and may only
manifest itself indirectly, in terms of observa-
tional probes (see below).

4. Observational probes

The theoretical framework for Pop III star for-
mation is now being subject to an increasing
number of observational tests. This is a truly
exciting development, and it marks the transi-
tion to a mature field of astrophysics. One strat-
egy is to look for signs of Pop III in situ, that
is at high redshifts, close to their epoch of for-
mation. This will be attempted with the JWST,
in the planned deep field campaigns (Pawlik et
al.l2011,12013). The problem here, however, is
that individual Pop III stars, or even the pre-
dicted small groups thereof, are too faint for
direct detection. The possible exception is to
catch a Pop III star at the moment of its vio-
lent death, as a hyper-energetic SN, or a GRB
(Hummel et al.|2012} [Whalen et al.||2013)). To
go beyond this serendipitous approach, a pow-
erful alternative strategy is to probe for fos-
sil remains of the first stars in the local uni-
verse, where observations can be carried out
with high precision, and at moderate cost. This
approach is sometimes termed ‘stellar archae-
ology’, or more generally, ‘near-field cosmol-
ogy’ (Freeman & Bland-Hawthorn/2002). We
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will here briefly touch on two examples of the
latter, fossil approach.

4.1. Gravitational wave sources

Since the initial discovery of gravitational
waves (Abbott et al. 2016), the Advanced-
LIGO detector has now detected three cases
of massive BH-BH mergers. How can one
account for the surprisingly large masses in-
volved? A number of source origins has been
suggested, including exotic scenarios, such as
primordial BH dark matter. More conventional
explanations invoke stellar pathways, either the
capture of pre-existing BHs in dense stellar
clusters, or the formation of massive binary
progenitor systems that subsequently evolve
into BH binaries. As a subset of the latter class
of sources, it is intriguing to explore whether
LIGO may even have detected fossils of Pop III
stars. The inferred BH mass scale well res-
onates with the predictions for Pop III remnant
masses; and a large fraction of Pop III stars is
predicted to form in binaries (see the discus-
sion above). When modeling the likely merger
rate of such Pop III binary BHs as a func-
tion of cosmic time, however, the likelihood
to account for the existing LIGO detections
is less than 1 per cent (Hartwig et al.|2016;
Belczynski et al.[2017). It would be difficult
to uniquely infer a Pop III origin for any future
LIGO source, unless the inferred masses would
exceed ~ 100M, in which case a Pop III inter-
pretation would be near inescapable.

4.2. Stellar archaeology

One of the most promising ways to test the
Pop II theory is to scrutinize the detailed
pattern of chemical abundances in metal-poor
stars in our immediate cosmic neighborhood
(Beers & Christliebl 2005). Traditionally, the
focus has been on the Milky Way stellar
halo. More recently, a complementary ap-
proach has honed in on the lowest-luminosity
satellite (dwarf) galaxies, the so-called ultra-
faint dwarfs (UFDs). These systems some-
times comprise only a few hundred stars, so
that in principle a census of their entire stel-
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lar content is within reach, in terms of obtain-
ing high-resolution spectra. With the advent of
the extremely-large ground-based telescopes
(GMT, TMT, E-ELT), and their unprecedented
spectroscopic capabilities, such surveys will
become a reality. Such a complete census, im-
possible for the Galactic halo, would then also
give us the complete picture of the chemical
enrichment history of these primitive galaxies.
Indeed, the most primitive of them may pro-
vide a true snapshot of “Pop III SN enrich-
ment only” conditions, or “one-shot” condi-
tions (Frebel & Bromm|2012).

This approach becomes truly exciting, ren-
dering it into a version of high-precision cos-
mology, when coupled with state-of-the-art
cosmological simulations of the assembly his-
tory of such small dwarf galaxies, ‘one star at
a time’ (Jeon et all2017). With the simula-
tions, we can translate any assumptions on the
underlying Pop III IMF into detailed predic-
tions for the stellar chemical content in the lo-
cal dwarf galaxies. These predictions can then
be compared with the rich spectroscopic data
sets of future surveys. In an iterative cycle, we
can thus infer the Pop III IMF in great detail
and robustness. Stellar archaeology is clearly
‘big data’ science, and will thus benefit from
all the developments in this ever accelerating
endeavor.

5. Quo vadis?

Until now, the first star field has largely been
dominated by theory, enabled and enhanced by
supercomputer simulations. With the advent of
the JWST and other next-generation facilities,
the character of this pursuit will fundamen-
tally change. We will soon enter a new phase
of maturity, where observations and theory in-
form and propel each other. This will greatly
accelerate the pace of discovery, and, crucially,
it will provide wonderful opportunities for all
of us to learn important lessons on how star
and galaxy formation got going at the dawn of
time. It will be extremely interesting to see how
much our current theoretical framework has to
change to accommodate this golden age of dis-
covery.
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