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Abstract. Detection of the radiation emitted from some of the earlgsxies will be made
possible in the next decade, with the launch of the James \Bgiaslze Telescope (JWST). A
significant fraction of these galaxies may host Populatiop] IIl star clusters. The detection of
the recombination radiation emitted by such clusters wauilide an important new constraint
on the initial mass function (IMF) of primordial stars. Hdreeview the expected recombination
line signature of Pop Il stars, and present the results efnmdogical radiation hydrodynamics
simulations of the initial stages of Pop Il starbursts inrstfijalaxy a ~ 12, from which the time-
dependent luminosities and equivalent widths of IMF-garesrecombination lines are calculated.
While it may be unfeasible to detect the emission from Poptdlt slusters in the first galaxies at
> 10, even with next generation telescopes, Pop Il statetssvhich form at lower redshifts (i.e.
atz < 6) may be detectable in deep surveys by the JWST.
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INTRODUCTION

In this contribution, | will address three key questionstaeing to the observational
signatures of the first galaxies, and in particular to thespects for the detection and
identification of Pop Il stars. These questions are thewualhg:

« How can Population (Pop) Il stars be identified observailynand their initial
mass function (IMF) constrained?

« How long did Pop Il star formation continue after the epo€the first stars?

« Will observational facilities in the coming years, and intgaular theJames Webb
Space TelescoddWST), be able to detect and identify Pop Il stellar popateg?

The next three sections are devoted to addressing thesegihestions in the order given
above; in the final section | will briefly summarize the maimclusions.

THE SPECTRAL SIGNATURE OF POP |1l STAR FORMATION

It is well-known that Pop 11l stars are likely to be considagahotter than present-day
stars, for a given stellar mass (e.qg. [3, 6, 9, 10]). The higfase temperatures of Pop Il
stars lead to enhanced emission of ionizing radiation, ihqudar photons with energies
above 54.4 eV which canionize He This, in turn, implies that the photoionized regions
surrounding Pop lll stars should shine brightly in Heecombination lines, principally
in He 11 A1640 [5, 22, 29, 25]. Indeed, a number of observational &ffbave been
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FIGURE 1. The escape fraction of Hionizing photonslgeft pane) and that of Hal-ionizing photons
(right pane), from a Pop Il star cluster formed in a first galaxyzat- 12. Each line corresponds to a
different choice of IMF and total number of stars, as labeWtere is a tight anticorrelation between the
escape fraction of Hionizing photons and the emission in hydrogen recomtondtnes (e.g. Lyt and
Ha; see Figs. 2 and 3). For most cases, however, the negligbbgpe fraction of Ha-ionizing photons
leads to a tight correlation between the luminosity emiitethe Hell A1640 line and the total mass
contained in stars, for a given IMF (see [17]).

geared toward detecting this recombination line as an atdiof Pop Il star formation
[19, 21] (see also [4, 7, 11, 23, 27, 30]), although to dateefmdive detections on Pop
[l star formation have been reported. Nonetheless, the 14640 signature is likely
one of the most reliable indicators of metal-free star faramaand will continue to be
sought using future telescopes (see e.qg. [2]).

Helium recombination lines also afford a means to consttaen IMF of Pop Il
stars, potentially allowing to test different theoretipaédictions for the characteristic
mass of Pop Il stars (e.g. of the order of 10,Mr 100 M,). However, constraining
the IMF using the ratio of the observed fluxes in He\ 1640 and Hr or Lya poses
some challenges, owing to the evolution of the flux emittethise lines. While the
evolution of the massive stars in a cluster will alter itscdps characteristics [25, 26],
the photoheating of the gas surrounding the cluster with &ad to similar evolution
[17]. In particular, as the gas surrounding the cluster stpiheated it expands, thereby
allowing for the escape of ionizing photons into the intéegc medium (IGM); as
more ionizing photons escape, fewer are available to icthmeedense gas from which
recombination lines are emitted, and the luminosity in&lo®es correspondingly drops.

The escape fraction of ionizing photons from Pop 11l stetlaisters forming in a first
galaxy atz ~ 12, as calculated from the simulations presented in [14,séiown in
Figure 1. As this Figure shows, the escape fractions of &hd Hell-ionizing photons
can differ greatly, leading to evolution of the ratio of thuerinosities emitted in Hand
He 11 recombination lines, thus complicating the use of suclosedis indicators of the
IMF. For two simulations presented in [17], the evolutiontloé flux visible in Hx is
shown in Figure 2; as the escape fraction of-ldnizing photons generally increases
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FIGURE 2. The flux in Ha per square arcsecond, emitted from Pop Il stellar clusiers~ 12, as
observed on the sky at= 0, assuming a spectroscopic resolution of R = 1000. Showa dre the two
most massive of the four simulated stellar clusters preskint[17], one containing 25 Mstars pottom
panel3, the other containing 100 Mstars {op panely. From left to right, the clusters are shown aP 10
yr, 1 Myr, and 3 Myr after formation. The highest total fluxescor at the earliest times, before thaiH
region has broken out of the galaxy; hence, the youngesastdlisters are the most readily observed.

with time, the total flux is highest at early times, making yloeingest clusters the most
easily observed.

Figure 3 shows the equivalent width (EW) of three promineavnebination lines for
each of the four simulations presented in [17]. While theorafithe fluxes in Hel and
H | recombination lines can be a problematic indicator of tiedast IMF, this Figure
shows that the EW of He A 1640 may be a more robust indicator, always being larger
for clusters with the more top-heavy IMF regardless of thaltmass in stars.

POP |11 STAR CLUSTERSFORMED AFTER REIONIZATION

It is likely that even surveys to be carried out by the JIWST wailt be deep enough to
detect the first stars or galaxieszat 10[1, 13, 17, 24], although Pop Il supernovae (e.g.
[14, 28, 31, 33]) and perhaps stars powered by dark matter) @iihilation [12, 34]
may still be detected. This provides motivation to considieether Pop 11l star clusters
may form also at lower redshifts, where IMF-sensitive reboration lines may be more
readily detected.

In regions of the universe that undergo reionization at ceffitly early times (i.e.
z ~ 20), thereby quenching star formation in DM minihaloes, Pidgstar clusters
may form in the unenriched descendants of those minihalas<a6. Figure 4 shows
the predicted abundance of such clusters, for various g#gsaums on the reionization
history, the minimum mass of halos which may host star folnaafter reionization,
and the speed of external metal enrichment by neighborilaxigs [16]. As this Figure
shows, although likely to be very rare, such Pop Il clusiteey be abundant enough to
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FIGURE 3. The rest frame EWs of Ly, Ha, and Hell A1640, as a function of time, for the same
clusters as shown in Figs. 1 and 2. Tdatedlines show the observed EWSs of galaxies from two different
surveys carried out &= 4.5 andz > 6 ([18], [20]). The Hell A1640 EW for clusters of 100 M stars

is always higher than that for 25 Mstars, regardless of the total stellar mass in the clustersse, we
conclude that the EW of this line is a robust indicator of a/mep-heavy IMF (see [17]).

be detected in the Deep-Wide Survey (DWS) to be carried outdyWST [13, 32].

PROSPECTSFOR DETECTION IN JWST DEEP SURVEYS

If the number density of Pop 11l stellar clusters at low raéige.g.z < 6) is indeed high
enough for some of them to lie within the area to be surveyeti&yyWST, the question
remains whether these clusters would be bright enough teteetéd. Figure 5 shows
the monochromatic Ly flux predicted for such clusters, for different assumptions
the IMF, the minimum halo mass for star formation, and the ftamation efficiency
[16]. As the Figure shows, for a very top-heavy IMF and/or ghhstar formation effi-
ciency, the JWST NIRCam may detect these clusters in the pldDW&sl Furthermore,
spectroscopic follow-up with NIRSpec may detect the H&1640 flux, thereby allow-
ing both for the confirmation of candidate Pop Il star clust@nd for constraints to be
placed on the stellar IMF [16] (see also [8]).

It should be noted that strong HeAlL640 emission, while a telltale sign of Pop Il
star formation, does not in itself prove the existence of Piggtars. Other observational
signatures of Pop Il star formation should thus be purs#edong the other signs
of Pop Il star formation may be a distinct absence of metaission or absorption
lines. Additionally, unless the mixing of metals with thamordial gas is sufficiently
slow (see e.g. [15]), one would expect Pop Il star clustatsto form in galaxies in
which previous star formation and metal enrichment havewed; instead, as discussed
above, Pop Il star formation may occur only in previouslenoriched DM halos at <
6, and furthermore perhaps only in halos within typicalalises ot~ 1 Mpc comoving
of galaxies which begin reionizing the IGM at- 20 [16].
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FIGURE 4. The number densitgy; of Pop Il star clusters formed in reionized regions of theverse,
taking into account enrichment of the IGM by galactic windisgd normalized to a cluster lifetimguster
=2 Myr. The solid lines correspond to a minimum halo circwelocity for star formation of 20 km'g,
while the dashed lines correspond to a minimum of 30 ki For each series of lines, the toplgck)
line is a model which neglects external metal enrichmentleathe colored lines correspond to different
metal-enriched wind velocities, as labeled. The numbesitieat which one cluster per unit redshift is
expected to be within the planned JWST Deep-Wide Survey argizown by thelottedline (see [16]).

SUMMARY

In closing, | would like to highlight the following conclusns corresponding to the three
key questions addressed in the work presented here:

+ The Pop Il IMF can be constrained with detection of heliumombination emis-
sion (particularly the He 1N 1640 line). This emission varies due to both stellar
evolution and hydrodynamic evolution of photoionized o

« Inrare regions which are reionized at early times, Pop @il &irmation may extend
well beyond the epoch of the first stars and galaxies.

« If this is so, then planned JWST surveys may detect Pop lllastelusters at
redshiftsz < 6 and allow for constraints to be placed on the IMF.
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