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Some of the first stars are expected to have died as extremely energetic pair-instability supernovae
(PISNe). With energies approaching 1053 ergs, these supernovae are expected to be within the
detection limits of the upcoming James Webb Space Telescope (JWST), allowing us to constrain
the properties of these objects for the first time. We estimate the source density of PISNe using
a semi-analytic Press-Schechter based approach informed by cosmological simulations including
feedback from star formation. We find that the main obstacle to detecting PISNe is their scarcity,
not their brightness; exposures longer than a few times 104 s will do little to increase the number
of PISNe found. Given this we suggest a mosaic style search strategy for detecting PISNe from
the first stars. Even fairly high redshift PISNe are sufficiently bright to be found with moderately
deep exposures. However, a large number of pointings will be required to ensure a detection
due to their scarcity. For an observing program totalling 106 s, the probability of a detection is
maximized by dividing the campaign into ∼150 individual fields with a ∼5000 s exposure in
each.
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1. Introduction

Following the launch of the upcoming James Webb Space Telescope (JWST) we will be able
to probe the epoch of the first stars with unprecedented detail [1]. These so-called Population III
(Pop III) stars formed in 105–106 M� dark matter ‘minihalos’ at high redshifts and were predom-
inantly very massive (e.g., [2, 3]). Recent work has revised this picture somewhat. Significant
fragmentation likely occurred in the primordial gas clouds from which the first stars were born,
lowering their characteristic masses from 100M� to nearer 50M�, with a much broader initial mass
function and significant rotation expected as well [4, 5, 6]. While the first stars themselves are un-
likely to be visible [7], it is possible that some of the first stars died as pair-instability supernovae
(PISNe). Non-rotating stars in the range 140–260M� are expected to die as PISNe, undergoing a
pair-production instability following core oxygen burning to explode completely. These extremely
energetic explosions—approaching a total energy of 1053 ergs—will be within the detection lim-
its of the JWST [8, 9]. It has recently been found that the inclusion of rotation can significantly
alter the initial mass required for a star to meet this fate, lowering the minimum mass required to
encounter the pair-production instability to as little as 65M� for the most rapidly rotating models
[10]. While the basic properties of PISNe and the effect they have on their environment has been
well studied, the source density of these events has yet to be well constrained. Our work comple-
ments previous investigations of the PISN rate (e.g., [9, 11, 12, 13, 14]) by including an extended
discussion of the effects of feedback from star formation on the PISN rate, considering Lyman-
Werner (LW) feedback and chemical feedback. We describe here our semi-analytic model for the
PISN rate and assess the ability of the JWST to detect PISNe from the first stars. For further details
see Hummel et al. [15], on which this work is based.

2. The PISN Rate

It is reasonable to assume that at most one PISN will occur per minihalo. PISNe are produced
only by very massive stars. After the first star forms, photoionization quickly suppresses the density
of the remaining gas, effectively halting star formation in the minihalo. The energy released by the
first PISN disperses the gas in the halo, delaying star formation until the gas is able to recondense
into more massive halos. While star formation resumes at this point, the gas in these systems will
likely be enriched beyond the critical metallicity for Pop II star formation. As a result, the stars
that form will no longer be large enough to reliably produce PISNe. Assuming the time required
for the progenitor star to form, live and die is negligible, the formation rate of minihalos serves as
a robust upper limit for the PISN rate. To quantify this, we assume exactly one PISN per minihalo
[15], 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 [16] to calculate the number
density nPS of critical mass minihalos at redshift z, estimating their formation rate ṅ+(z) using the
expression derived by [17]. The resulting rate can be seen in Figure 1b.

Stellar feedback will suppress Pop III star formation in some minihalos and completely halt
it in others, reducing the PISN rate. The feedback mechanisms responsible for this include the
build-up of a background of H2 dissociating LW photons and chemical feedback polluting the gas
with metals, halting Pop III star formation. These feedback mechanisms can be represented by

2



P
o
S
(
B
a
s
h
1
1
)
0
2
7

The First Supernovae Jacob A. Hummel

distinct efficiency factors η(z), such that the true PISN rate, ṅPISN, will be given by ṅPISN(z) =
ηchem(z) ηLW(z) ṅ+(z). To asses the impact of LW feedback we employ a set of two cosmological
simulations. The first simulation we employ is similar to simulation Z4 presented in [7]. This sim-
ulation follows the assembly of a galaxy in a halo reaching a mass of∼109 M� at z = 10, including
star formation but ignoring the associated feedback. The second simulation differs only in the in-
clusion of LW feedback. Determining the critical mass for star formation with and without LW
feedback, the efficiency of LW feedback, ηLW, can then be expressed as the ratio of the formation
rate of minihalos at the critical mass with LW feedback to that without. The resulting efficiency
factor ηLW is shown in Figure 1a, and the LW modulated PISN rate in Figure 1b. Once the criti-
cal mass reaches the atomic cooling threshold at z ∼ 12, LW feedback is no longer efficient. The
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Figure 1: a) Evolution of the feedback efficiency factors η as a function of redshift. ηchem is shown in green and ηLW

in red; ηtot ≡ ηchemηLW is shown in black. The feature at z∼ 12 is due to the critical mass reaching the atomic cooling
threshold. b) 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).

process of chemical enrichment is another crucial factor for determining the PISN rate. Gas that
has been enriched beyond a critical metallicity of Zcrit ∼ 10−4 Z� will no longer form Pop III stars
[18], and hence no PISNe. The effects of chemical feedback can thus be evaluated by computing
the fraction of halos forming from pristine gas at a given redshift. In modeling ηchem, we use the
results of Furlanetto & Loeb [19]. Their semi-analytic treatment of SN winds yields a probability
function Ppristine(z) that the gas in a newly formed halo is pristine. We identify this quantity as the
fraction of newly collapsed halos polluted with metals, ηchem. Given the recent detection of pristine
gas at z = 3 by [20], we choose the weakest feedback scenario presented. The selected ηchem can
be seen in Figure 1a, and the resulting PISN rate in Figure 1b.

3. JWST Observability

To determine the observability of PISNe at high redshifts we consider a representative case,
that of the 250 M� PISN model presented in [21]. Given the large mass ejected, the ejecta will
remain optically thick until late times, so we make the reasonable assumption that the PISN emits
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as a blackbody for the majority of its visible lifetime. The resulting lightcurves as they would
appear at various redshifts are shown in the left panel of Figure 2. For further details see [15].
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Figure 2: Left: Lightcurves for the 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 106 s (dashed line) and 104 s (dotted line) are shown for reference. Right:
The observability of PISNe using the JWST’s NIRcam F444W filter. Shown are the lower and upper limits for the
number of JWST FoVs required to detect 10 sources as a function of exposure time. The blue range denotes the limits
for PISNe from all redshifts, and the red for PISNe from z > 15. The lower limits of the ranges correspond to the
no-feedback upper limit to the PISN rate and the upper limits to the rate derived with feedback. From bottom to top, the
black lines represent the number of pointings possible in a total of 106 s, 107 s and 108 s.

4. Discussion and Conclusions

We conclude that the limiting factor in detecting PISNe will be the scarcity of sources rather
than their faintness, in agreement with the results of [12]. PISNe should be readily detectable out to
z ∼ 20, but beyond a moderate exposure time of a few times 104 s their observability is controlled
almost completely by the source density—approximately one PISN per 5 JWST fields of view
(FoVs) above z = 10, and dropping off quickly beyond z∼ 15. This is clear from the right panel of
Figure 2, where we have shown the number of JWST FoVs required to detect 10 PISNe (in blue) as
a function of exposure time. Even for only high-redshift sources (z > 15, in red) the dependence on
exposure time is minimal, being controlled by the lack of sources. While the detection of a PISN
from a ‘first’ star at very high redshifts would be exciting and is in fact 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. The detection of a PISN at lower redshifts however appears to be within
the realm of possibility. In this case, the strategy with the highest likelihood of detection will be a
mosaic survey consisting of approximately 150 pointings to a depth of ∼5000 s.
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