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The First Supernovae: Source Density and
Observability of Pair Instability Supernovae

Jacob A. Hummel, Andreas H. Pawlik, Milo§ Milosavljevi¢ and Volker
Bromm

Jjhummel@astro.as.utexas.edu

Abstract. Theoretical models predict that some of the first stars ended their lives as extremely en-
ergetic Pair Instability Supernovae (PISNe). With energies approaching 10 erg, these supernovae
are expected to be within the detection limits of the upcoming James Webb Space Telescope (JWST)
allowing observational constraints to be placed on the properties of the first stars. We estimate the
source density of PISNe using a semi-analytic Press-Schecter based approach informed by cosmo-
logical simulations, with an upper limit of ~0.2 PISNe visible per JWST field of view at any given
time. We find that the main obstacle to observing PISNe is their scarcity rather than their faintness.
Given this we suggest a mosaic style search strategy for detecting PISNe from the first stars.

Keywords: cosmology: theory — dark ages, reionization, first stars — supernovae: general
PACS: 98.80.Es, 97.60.Bw, 97.10.Bt

INTRODUCTION

The launch of the James Webb Space Telescope (JWST) will allow us to probe the epoch
of the first stars in unprecedented detail. These Population III (Pop III) stars, which
formed in 103-10° M, dark matter ‘minihalos’ at high redshifts were initially believed to
be predominantly very massive. More recently, significant fragmentation has been found
to occur in collapsing primordial gas, lowering the characteristic mass of the first stars
to nearer 50 M., and broadening the initial mass function [1]. The most massive of these
stars may have died as pair-instability supernovae (PISNe), which should be within the
detection limits of the JWST [2]. Our work complements previous investigations of the
PISN rate (e.g., [3, 4, 5]) by including an investigation of the effects of stellar feedback
on the PISN rate, considering Lyman-Werner (LW) feedback and chemical feedback.
We describe here our model for the PISN rate and assess the ability of the JWST to
detect PISNe from the first stars. For further details see [6], on which this work is based.

METHODS

After the first massive star forms in a minihalo, the ionizing radiation produced effec-
tively halts further star formation until its death. The energy released by the first PISN
disperses the gas in the halo, delaying subsequent star formation until the gas is able to
recondense into more massive halos, which will likely be enriched beyond the critical
metallicity for Pop II star formation. While it is possible that the first stars formed in
small multiples [1], the number per minihalo is still of order unity, so we assume exactly
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FIGURE 1. Left: The PISN rate in the upper limit of no feedback (blue), with chemical feedback
(green), LW feedback (red) and the final predicted PISN rate (black). Right: Lightcurves for the our PISN
model as it would be observed by JWST’s F444W NIRCam filter at z = 5,10, 15,20,25 and 30. The flux
limits for a 10°s (dashed line) and 10*s (dotted line) are shown for reference.

one PISN per minihalo, forming as soon as the halo exceeds the critical mass required
for star formation. We then use the analytic Press-Schechter (PS) formalism for structure
formation [7] to calculate the number density of critical mass minihalos at redshift z, es-
timating their formation rate 74 (z) using the expression derived by [8]. The resulting
rate can be seen in the left panel of Figure 1 (blue).

Stellar feedback will suppress Pop III star formation in some minihalos and com-
pletely halt it in others, reducing the PISN rate. To asses the impact of Lyman-Werner
(LW) feedback we employ a set of two cosmological simulations. The first simulation we
employ is similar to simulation Z4 presented in [9], and does not include LW feedback.
The second simulation differs only in the inclusion of LW feedback. The LW modulate
PISN rate is shown in left panel of Figure 1 (red); note that once the critical mass reaches
the atomic cooling threshold at z ~ 12, LW feedback is no longer efficient.

Gas that has been enriched beyond a critical metallicity of Z; ~ 10~*Z will no
longer form Pop I1I stars. To estimate the impact of chemical feedback on the PISN rate,
we use the results of [10], who estimate the probability that the gas in a newly formed
halo is pristine. The resulting PISN rate is show in the left panel of Figure 1 (green)
along with the final predicted PISN rate (black).

To estimate the observability of PISNe at high redshifts we consider the 250 M, PISN
model presented in [11]. Given the large mass ejected, the ejecta will remain optically
thick until late times, so we make the reasonable assumption that the PISN emits as a
blackbody for the majority of its visible lifetime. The resulting lightcurves as they would
appear at various redshifts are shown in the right panel of Figure 1.

DISCUSSION AND CONCLUSIONS

The limiting factor in detecting PISNe will be the scarcity of sources rather than their
faintness. PISNe should be readily detectable out to z ~ 20, but beyond a moderate ex-
posure time their observability is controlled almost completely by the source density—
approximately one PISN per 5 JWST fields of view (FoVs) above z = 10. This suggest
that a mosaic style search strategy covering a large area with relatively short exposures
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FIGURE 2. The total number of PISNe observable with a campaign of 10°, 107 and 10%s (from left to
right) as a function of survey area for our PISN model. In each case, the total campaign time is apportioned
equally over the total survey area to determine the exposure time for individual pointings. The blue region
represents all PISNe, the red only PISNe from z > 15. Upper boundaries correspond to the no-feedback
upper limit to the PISN rate and lower boundaries to the combined feedback rate.

will provide the highest likelihood of success. This is clear from Figure 2, where we
have shown the number of PISNe detectable with the JWST as a function of survey
area for campaigns totalling 10, 107, and 10%s. While the detection of a PISN from a
“first’ star at very high redshifts is possible given the detection limits of the JWST, the
scarcity of sources at these redshifts means that such a detection would be contingent on
serendipity. However, the detection of a PISN at lower redshifts appears to be within the
realm of possibility.
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