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ABSTRACT

Recently discovered supermassive black holes with masses of ~ 10® M, at redshifts z ~ 9—11 in active galactic nuclei (AGNs)
pose severe challenges to our understanding of supermassive black hole formation. One proposed channel are rapidly accreting
supermassive PoplII stars (SMSs) that form in large primordial gas haloes and grow up to < 10° My, They eventually collapse
due to the general relativistic instability and could lead to supernova-like explosions. This releases massive and energetic ejecta
that then interact with the halo medium via an optically thick shock. We develop a semi-analytic model to compute the shock
properties, bolometric luminosity, emission spectrum, and photometry over time. The initial data are informed by stellar evolution
and general relativistic SMS collapse simulations. We find that SMS explosion light curves reach a brightness ~ 104" erg s~!
and last 10-200 yr in the source frame — up to 250-3000 yr with cosmic time dilation. This makes them quasi-persistent
sources which vary indistinguishably to little red dots and AGN within 0.5-9 (1 + z) yr. Bright SMS explosions are observable
in long-wavelength JWST (James Webb Space Telescope) filters up to z < 20 (24-26 mag) and pulsating SMSs up to z < 15.
EUCLID and the Roman Space Telescope (RST) can detect SMS explosions at z < 11-12. Their deep fields could constrain the
SMS rate down to 10~!"Mpc=3yr~!, which is much deeper than JWST bounds. Based on cosmological simulations and observed
star formation rates, we expect to image up to several hundred SMS explosions with EUCLID and dozens with RST deep fields.
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1 INTRODUCTION

The James Webb Space Telescope (JWST) has opened the gate to the
high-redshift universe. During its first years of observations, it has
already uncovered a number of mysteries about the early universe.
One is the presence of a population of a large number of very red and
spatially unresolved sources called little red dots (LRDs, J. Matthee
et al. 2024; H. B. Akins et al. 2025a). LRDs feature unusually high
stellar densities and a v-shaped spectrum. It is suggested that this
could be the result of old stellar populations following a bursty star
formation period (J. F. W. Baggen et al. 2024; B. Wang et al. 2024;
A. Weibel et al. 2025) or obscured/dust-reddened active galactic
nuclei (AGNSs, Z. Li et al. 2025; K. Inayoshi & R. Maiolino 2025)
— or a combination of both (H. B. Akins et al. 2025b; Y. Ma et al.
2025). Another mystery are observed galaxies with disproportionally
massive central supermassive black holes (SMBHs) compared to
their host galaxies (F. Pacucci et al. 2023; M. Mezcua et al. 2024; F.
Pacucci, A. Loeb & 1. Juodzbalis 2024; J. Li et al. 2025). Some of
these SMBHs compose large fractions of their host galaxies’ mass
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(L. Furtak et al. 2024; L. Napolitano et al. 2025), far exceeding the
modern universe’s typical ~ 0.1 per cent SMBH-to-galaxy mass
ratio (F. Pacucci et al. 2023; M. Castellano et al. 2024; M. Mezcua
et al. 2024; J. Jeon et al. 2025). This can have implications on the
co-evolution and formation of SMBHs and their host galaxies (A.
K. Bhowmick et al. 2024; M. Frosst et al. 2025; Y. Harikane et al.
2024; H. Li et al. 2025; J. Silk et al. 2024; F. Husko et al. 2025).
Additionally, SMBHs with inferred masses of over 10’~8 My only
at ~ 500 Myr after the big bang have been observed by JWST (R. L.
Larson et al. 2023; A. Bogdan et al. 2024; O. E. Kovics et al. 2024;
R. Maiolino et al. 2024). The earliest and most massive candidates to
date being GN-z11 with M ~ 1.5 x 10° Mg, at z = 10.6 (460 Myr,
R. Maiolino et al. 2024) and GHZ9 with M ~ 8 x 10’ Mg, at 7 =
10.4 (O. E. Kovacs et al. 2024).

The discovery of those early SMBHs especially poses challenges
to our understanding of SMBH formation. The standard picture of
black hole (BH) growth is that stellar mass BHs are formed after
collapse of massive stars and then accrete surrounding gas. The
first stars in the early universe — population III (Poplll) stars — are
expected to form roughly until 200 Myr after the big bang and have
masses of up to several hundred solar masses (see R. S. Klessen &
S. C. O. Glover 2023 for a review). They collapse to stellar mass
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BHs of ~ 10'~2 M, after their evolution. The resulting BHs would
then need to grow by accretion to the observed SMBH sizes. This
scenario however has come under increased pressure with recent
JWST observations (also see J. Regan & M. Volonteri 2024 for a
review of various seeding and growth scenarios). This is because the
initial seed BHs would need to grow with super-Eddington accretion
rates (see L. Mayer 2019 for a review) over several 100 Myr with
high duty cycles (A. Lupi et al. 2024), which might be difficult to
sustain (M. A. Alvarez, J. H. Wise & T. Abel 2009). Frequent BH
mergers might also be a path to rapid growth (T. Ryu et al. 2016;
H. Tagawa, M. Umemura & N. Gouda 2016). However, for these
scenarios, they need to be located in ideal environments which can
feed sufficient amounts of gas and merger partners for the whole
growth period (J. Jeon et al. 2025). Gas accretion in particular might
also be difficult due to BH feedback (K.-Y. Su, G. L. Bryan & Z.
Haiman 2025).

Another scenario is that SMBHs grow from initial heavy seeds
with masses of a few 10*~> Mg. These seeds could form through
the collapse of large, extremely metal poor primordial clouds in the
early universe. The resulting seeds could then grow at sub-Eddington
accretion rates to reach the observed AGN masses by z = 10. This
scenario is called the direct collapse black hole (DCBH) scenario and
typically involves the formation of rapidly accreting supermassive
PopllI stars. This has attracted a growing amount of attention in
the last years (see T. Hosokawa 2019; T. E. Woods et al.2019;
K. Inayoshi, E. Visbal & Z. Haiman 2020 for reviews). It usually
necessitates that the DCBH forms inside a large (~ 1078 Mg,
~ 1000 pc, see S. J. Patrick et al. 2023) atomically cooled halo
(ACH) of primordial gas. Cooling in these ACHs would be very
inefficient due to the lack of metals and molecular hydrogen. H,
formation in those ACHs would be suppressed in the presence
of a strong dissociating background Lyman—Werner radiation (K.
Omukai 2001; S. P. Oh & Z. Haiman 2002; V. Bromm & A. Loeb
2003), collisional dissociation (R. Fernandez et al. 2014) or large
relative baryon-dark matter streaming velocities (T. L. Tanaka & M.
Li2014; S. Hirano et al. 2017). Significant turbulence (R. Levine et al.
2008; M. Begelman & I. Shlosman 2009; J.-H. Choi, I. Shlosman &
M. C. Begelman 2013) or primordial magnetic fields (V. B. Diaz
et al. 2024; P. Ralegankar, M. Pavicevi¢c & M. Viel 2024) may
additionally support the halo against gravitational fragmentation and
collapse. This would lead to high virial temperatures inside the ACH
of around 8000 K (K. Omukai 2001), because emission lines of
atomic hydrogen become an efficient coolant above this temperature.
The ACH would subsequently collapse nearly isothermally and a
star-forming disc would form in the centre (J. A. Regan & M. G.
Haehnelt 2009; M. Suazo et al. 2019; S. J. Patrick et al. 2023). The
collapse of ACHs would happen at around z = 10 — 20 (J. A. Regan
& M. G. Haehnelt 2009; S. Chon et al. 2016; S. J. Patrick et al.
2023).

This monolithic collapse leads to large infall rates of up to
O(Mg yr~!) on these protostars (T. Hosokawa et al. 2016; K. Kimura
et al. 2023; S. J. Patrick et al. 2023; J. Regan & M. Volonteri 2024).
Stellar evolution calculations by K. Omukai (2001); T. Hosokawa
etal. (2013); and N. P. Herrington, D. J. Whalen & T. E. Woods (2023)
indicate that these stars would then evolve as rapidly accreting red
hypergiants with a large bloated low-density atmosphere and a denser
core region with convective and radiative layers. These supermassive
stars (SMSs) can grow up to 10° My, depending on the accretion rate
and angular momentum of the system (M. Shibata et al. 2025). This
behaviour is also retained in the case of episodic accretion (Y. Sakurai
et al. 2015) if the non-accreting phases are short enough. If accretion
is < 0.02Mg yr~! for longer periods, SMSs evolve as lower mass
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blue hypergiants (N. P. Herrington et al. 2023). An H1I region can
then form and halt further accretion (M. Kiyuna, T. Hosokawa & S.
Chon 2024). But SMSs may also grow from smaller PoplII stars or
slowly accreting SMSs via cold cosmological flows (M. A. Latif et al.
2022), even in haloes with significant stellar feedback (M. Kiyuna
et al. 2024).

If accretion persists, SMSs eventually grow so large that they
collapse due to the general relativistic instability (GRI; S. Chan-
drasekhar 1964, also see references in M. Shibata et al. 2025). The
size when this happens depends on the accretion rate, chemical
composition, and rotation rate, as investigated by M. Shibata, H.
Uchida & Y. Sekiguchi (2016b); T. E. Woods et al. (2017); L.
Haemmerlé (2021); C. Nagele et al. (2022a); K. S. Kehrer & G.
M. Fuller (2024); H. Saio et al. (2024); and M. Shibata et al. (2025).
The GRI collapse is monolithic and is triggered in the compact SMS
core. This is different from core collapses after pressure depletion
triggered by photodisintegration of heavy nuclei, electron capture, or
production of electron—positron pairs (see references in H. Uchida
et al. 2019).

There are multiple evolution channels for collapsing SMSs. In
one, a rotating BH will form after the GRI collapse starts. Most of
the heavier elements in the stellar core will fall into it (S. Fujibayashi
et al. 2025). For rapidly rotating SMS cores, a torus will also form
around the BH (M. Shibata & S. L. Shapiro 2002; Y. T. Liu, S. L.
Shapiro & B. C. Stephens 2007; H. Uchida et al. 2017; S. Fujibayashi
et al. 2025). The outer layers of the SMS core will then fall onto it
and bounce off the torus. This leads to highly energetic and massive
ejecta moving at ~ 20 per cent of the speed of light on average
(H. Uchida et al. 2017; S. Fujibayashi et al. 2025). These ejecta
will subsequently sweep through the SMS atmosphere and become
visible once they break out of the surface.

Another proposed channel for the explosion and ejecta launch
is nuclear burning by the carbon-nitrogen—oxygen (CNO) process
that happens in hot dense regions during the collapse (K. J. Fricke
1973; G. M. Fuller, S. E. Woosley & T. A. Weaver 1986; P. J.
Montero, H.-T. Janka & E. Muller 2012). This could be relevant
for high-metallicity SMSs, in which case no BH remnant is left
behind. However for low-metallicity SMSs, the CNO process was
found to not be strong enough to trigger an explosion by itself in
simulations by S. Fujibayashi et al. (2025). But He-burning might
trigger an explosion (C. Nagele et al. 2022a). The CNO process
might contribute sufficient energy to trigger radial pulsations which
eventually disrupt the star, as found by C. Nagele & H. Umeda
(2024). Massive ejecta are expected to be launched regardless of the
explosion scenario.

The subject of the paper is to study the electromagnetic emissions
of the ejecta that are produced after the SMS collapses via the GRI.
The main source of electromagnetic signatures will be the direct
emission from the hot ejecta itself. From the size of the system
and from simulations, we expect explosion energies on the order
of 10%%erg (P. . Montero et al. 2012; S. Fujibayashi et al.
2025) and ejecta masses of several 1000 Mg (T. Matsumoto et al.
2016; C. Nagele & H. Umeda 2024; S. Fujibayashi et al. 2025).
If the surrounding gas is sufficiently dilute, the resulting emissions
will be dominated by thermal emission from the gradually cooling
expanding ejecta. This scenario has been previously studied by T.
Matsumoto et al. (2016) and H. Uchida et al. (2017). It is physically
similar to a hydrogen-rich Type Ilp supernova (SN) and features a
plateau in the emission (see models by e.g. T. Matsumoto et al. 2016;
T. Matsumoto, B. D. Metzger & J. A. Goldberg 2025). However
the involved ejecta masses and energies are much larger for SMSs.
This picture might be changed if we take into account the dense
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circumstellar medium (CSM) of the ACH around the SMS when it
collapses. Earlier work (M. Surace et al. 2018) has shown that the
presence of a dense cloud might help observability of SMSs during
their stellar evolution phase. However a dense CSM could also have
a significant impact on the post-explosion light curve (D. J. Whalen
et al. 2013). The interaction of the CSM and the ejecta through
shocks can significantly increase the luminosity (A. Suzuki & K.
Maeda 2018; T. Matsumoto & B. D. Metzger 2022). This is similar
to regular shock interaction-powered Type IIn SNe (see D. Hiramatsu
et al. 2024). We therefore take into account the dense CSM when
the SMS explodes and compute the evolution of the ejecta and the
electromagnetic radiation emanating from it. The observability of
SMS explosions also depends on the involved time-scales and on the
used telescopes. We here use JWST, EUCLID (M. Schirmer & others
2022), and the Roman Space Telescope (RST; D. Spergel et al. 2013).

We find that SMS explosions produce light curves that reach a
brightness up to ~ 10*¥~* erg s~! and last 10-200 yr in the source
frame. The emissions are powered by interactions with an optically
thick shock. The strong radiation flux could be sufficient to ionize the
CSM using Balmer-continuum photons. Because SMSs explode at
redshifts above ~ 7-10, the light curve could be visible in JWST for
over 1000 yr in the observer frame. They will then appear as quasi-
persistent sources and they could be confused with LRDs or AGN.
We further find that sky surveys by EUCLID and RST will be able to
detect SMS explosions for redshifts up to 11-14. For example, the
EUCLID deep field (EDF) will be able to constrain SMS explosion
rates up to 107'Mpc =3 yr~!. Based on cosmological simulations
and observationally inferred star formation rates (SFRs), we expect
it to observe a few hundred SMS explosions. The EUCLID wide field
(EWF) could observe several thousand.

This paper is structured as follows. In Section 2, we explain our
light-curve model for SMS explosions. We use a semi-analytic model
that takes into account the interaction between the ejected material
with a surrounding dense CSM. We also describe how to compute
the observed brightness in different telescope filters. In Section 3, we
apply our model to SMS explosions. We first discuss our selection
of models in Section 3.1. We use initial conditions that are informed
by numerical simulations of collapsing SMSs. We then compute the
bolometric properties of the SMS explosion light curve in Section 3.2.
We discuss the photometric properties of the light curve in different
telescope filters of JWST, EUCLID, and RST in Section 3.3. We
discuss in detail the (partial) ionization of the CSM via radiation from
the light-curve emission and possible Balmer attenuation in Section
4.1. In Section 4.3, we discuss photometric and spectral similarities
and differences of SMS explosions and other high-redshift objects
such as AGN and LRDs. In Section 4.2, we estimate the expected
detectability and detection rates in different upcoming telescope
surveys. We close the analysis by discussing future investigation
topics and possible improvements in Section 4.4. We conclude this
paper in Section 5.

Throughout this paper, we use cgs units in our discussion unless
stated otherwise. To indicate brightness, we use the AB magnitude
system. G, ¢, kg, and o denote the gravitational constant, the speed of
light, the Boltzmann constant, and the Stefan—Boltzmann constant,
respectively.

2 LIGHT-CURVE MODEL

We here present our model to study the electromagnetic emissions
produced after the SMS explodes and the ejected material starts to
expand into the surrounding CSM. We adapt a formulation originally
developed by A. Suzuki, K. Maeda & T. Shigeyama (2017) and A.
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Suzuki & K. Maeda (2018), which semi-analytically models mildly
relativistic SN ejecta that interact with a dense CSM. Their model
has also been verified using hydrodynamics simulations. Although
the scales are different, the explosion of SMSs is qualitatively very
similar to that of SN explosions of ordinary massive stars.

The physical picture studied in this paper is described as follows:
the SMS explodes and creates a roughly spherically expanding ejecta.
This is valid since, in our previous work (S. Fujibayashi et al. 2025),
we found that the ejecta will be essentially spherically symmetric,
even in the case of rapidly rotating SMS cores. The expanding
spherical ejecta will then collide with the surrounding CSM and
form shocks. As a consequence, the gas swept up by the forward and
reverse shock fronts then forms a geometrically thin shell. The rough
physical picture is summarized in the pictures in Fig. 1.

At early times, the shell with shocked material is optically thick.
The radiation produced by the shock interaction will be trapped inside
the shock shell and will then gradually diffuse out. Over time, the
optical depth decreases while the shell loses internal energy mainly
due to radiation. Adiabatic cooling will only be relevant at early
times, but has only weak effect on the overall light-curve evolution,
so we neglect it. When the shell eventually becomes optically thin,
thermal emission emanating from the unshocked ejecta will become
visible. Additionally, there will also be emissions from the shock
front. However we found that the luminosity will be much smaller
than that from the optically thick shock phase for the parameter
ranges explored in this work (see a discussion in Section 2.3). This
is why we do not model the second phase in detail.

Different models were used in the past to model very massive star
(VMS)/SMS explosion light curves. Notably, H. Uchida et al. (2019)
and T. Matsumoto et al. (2016) used a model for hydrogen-rich Type
IIp SNe developed by D. Nakauchi et al. (2013) and J. Dexter & D.
Kasen (2013) to model the case where the surrounding CSM density
is negligible. Numerical approaches have also been employed, e.g.
by D. J. Whalen et al. (2013) and T. J. Moriya et al. (2021) for
exploding SMSs, or C. Nagele et al. (2022b) for pulsating SMSs.

2.1 Ejecta and circumstellar medium properties

After the explosion, the SMS ejecta becomes unbound and is freely
expanding. Radiation and gas pressures inside the ejecta are not
strong enough to significantly affect its subsequent movement after
a few dynamical time-scales, which are much shorter than the
light-curve evolution time-scale we are interested in. The velocity
distribution of the ejecta thus corresponds to a homologous expansion
profile. At a time ¢, the normalized velocity at a radius » within the
ejecta is then given by

B =~ M
eje — tc .

Then, the total kinetic energy and mass of the ejecta can be written

as

Ekin,eje = 47705[3 fo i peje(ra Z)F(F - 1)ﬂ2dﬂ ) (2)

Mee = 4738 [P™ pe(r, )T B2AB . ©)

Here, p.jc (7, 1) is the ejecta density distribution, B,y is the maximum

velocity within the ejecta, ' = 1/4/1 — B2 is the Lorentz factor, 8 is
the integration variable and is equivalent to B.;.. We assume peje(r, 1)
to be a power-law distribution with respect to the four-velocity,
given by

3 e
Peie(r, 1) = po <£> (PBeje) "™, 4)
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Phase 1: SMS Phase 2: After
before onset of core collapse and
the GRI explosion

Core has 20-90%
of SMS mass

Bloated atmosphere
of SMS has 10-80%

of mass but 99% of

radius

Energetic ejecta from
core collapse sweep
through the SMS
atmosphere

Phase 4: After
ejecta break out,
light curve is visible

Phase 3: Ejecta
breaks out of
initial SMS radius

SMS atmosphere is
thermalised, becomes
unbound and a part of
freely expanding ejecta

Total ejecta expands
and interacts with the
surrounding CSM via
a shock

Figure 1. Summary of the main phases of an exploding SMS. Phase 1: just before the onset of the GRI, the SMS (with mass Mgyms) has an approximate
two-zone structure consisting of a roughly chemically homogeneous and dense core region with mass M. and of a low-density bloated atmosphere with mass
M yim. The mass fraction of the core and atmosphere depend on the accretion rate and the SMS rotation. The core mass fraction is largest for large rotation and
small accretion rates. It is smallest for slow rotation and large accretion rates. Phase 2: a BH is formed and part of the core mass, Meje ¢, is ejected at mildly
relativistic velocities. This can happen either because infalling matter bounces off an BH accretion torus (see S. Fujibayashi et al. 2025) or from the violent
release of fusion energy (see C. Nagele & H. Umeda 2024). This material then sweeps through the bloated atmosphere. Phase 3: the ejected material shock wave
reaches the initial SMS surface, R, and has picked up the whole atmosphere material, which is now unbound and homologously expanding. Phase 4: the total
ejecta mass, now consisting of the combined core ejecta mass and atmosphere mass (Meje = Meje,c + Mam), starts to interact with the surrounding CSM via a
shock. The shocked material is hot and optically thick end emits thermal radiation. It cools down and picks up additional mass over time. Later, the material
becomes transparent and non-thermal radiation will be released at the shock position.

where py is the scale density, n.. is a positive integer, and 7, is the time
when the interaction between ejecta and CSM starts. In our case, #j is
equivalent to the expansion time-scale of the outermost and highest
velocity component. The case ng. = 0 corresponds to a uniform
density distribution. Since the density distribution of the ejecta is
not well known, we will mostly consider uniform density profiles,
for simplicity. This was also done by T. Matsumoto et al. (2016) and
H. Uchida et al. (2017) for SMS explosions. In Appendix B, we give
an analysis with different values n¢e = 1 and 2, and show that the
solution only weakly depends on it. At the time 7y, the ejecta fill a
region fromr = 0to ctpfmax and the outermost layer is adjacent to the
CSM at Ry = ctyPmax, Where Ry is the radius of the SMS at the time of
explosion.

SMSs are expected to form in ACHs of M ~ 10’8 Mg and
R ~ 1000 pc, which collapse nearly isothermally at virial tempera-
tures of around Tcsy ~ 8000 K (see e.g. K. Inayoshi et al. 2020).
ACHs are expected to be transparent because the gas is not in
chemical equilibrium and the electron fraction is too low to produce
a significant optical depth in the densities of interest (2 < 10'> cm™3,
see fig. 4 in K. Omukai 2001). But photons emitted from the shocked
region could partially ionize the CSM. We discuss this in detail in
Section 4.1. We here assume a primordial composition for the CSM,
which is reasonable since fragmentation induced by dust cooling
would prohibit the monolithic collapse of ACHs at metallicities
zZz 1073 Zs (K. Omukai, R. Schneider & Z. Haiman 2008; T.
Hosokawa et al. 2013, we discuss possible signatures of trace metal
pollution in Section 4.3).

The density and velocity profile of an isothermally collapsing gas
cloud was derived by R. B. Larson (1969). They found that it is
possible to obtain the CSM density and velocity purely in terms of

MNRAS 545, 1-30 (2026)

Tcsm (for more details, we refer to appendix C of R. B. Larson 1969):

RT,
Pcsm = 4ZOG rESM , vesm = —v/ RTcesm o ()

where R = 4.733 x 107 erg g~ ! K~! is the specific gas constant for
primordial gas (75 per cent H and 25 per cent He). o = 8.86 and
& = 3.28 were numerically obtained by Larson using asymptotic
scaling relations for density and velocity (see equation C8 in R.
B. Larson 1969). The accretion rate M. = —pvdmrr?(> 0) is also
easily computed for this model:

Macc = ),}()T%-O(IRITCSM)M2 . (6)
In the case of ACHs (Tcsm =~ 8000 K), the accretion rate is approx-
imately 1.6 Mgyr~'. This is in the order of the expected accretion
rates of O(Mgyr~!) that are necessary to form SMSs (T. Hosokawa
et al. 2013), and is also consistent with results from halo collapse
simulations of ACHs (S. J. Patrick et al. 2023).

2.2 Evolution of the shock shell

Once the ejecta starts to expand into the CSM, the hydrodynamical
interaction between the two media creates two shocks (forward and
reverse), which propagate into the CSM and the ejecta, respectively.
In this study, we assume that the pre-shocked pressures are suffi-
ciently small compared to post-shock pressures. We also assume that
the rest-mass energy dominates over the internal energy (P /p < c?).
In this case, the region between the forward and reverse shocks will
be geometrically thin compared to the radius. We can then model the
system using the thin-shell approximation, as was done in A. Suzuki
et al. (2017) and A. Suzuki & K. Maeda (2018).
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The dynamical evolution of the shell is determined by the follow-
ing competing effects: Deceleration by the increase in mass of the
shock region, by the supply of momentum through ram pressure at
the shocks, by the deceleration due to the difference in the post-shock
pressures Py and Py at the forward and reverse shocks, respectively.
In the following, we refer to the shell of post-shocked medium as the
‘shell’ or ‘shocked matter/region’. S; is the momentum of the shell in
the radial direction, M is the shell mass, R; is the shell position, ¢
is the shell velocity, and Iy is the shell Lorentz factor, respectively.
The positions and velocities of the forward and reverse shocks are
denoted by Ry, ¢Bi and Ry, ¢Bis, respectively.

Then, the evolution of the momentum of the shell is given by the
following equation (A. Suzuki et al. 2017)":
ds; 2 2 2 2
e 4m R, Fys — 4w Ry Fys + 4w R Pry — 4 Ry Py . @)
The first and second terms on the right-hand side represent the
momentum fluxes (ram pressure) of gas flowing into the shocked
region through the forward and reverse shocks. The third and fourth
terms represent the force exerted by the post-shock pressure at the
shock fronts. Because the CSM velocity is negligible compared to
the shell velocity, we neglect the momentum change due to the CSM
and set Fi; = 0. The shell momentum is predominately supplied by
the ejecta crashing into the reverse shock front. The corresponding
flux is given by

Frs = Czpeje,rsr‘gje,mﬂeje,rs (lgeje,rs - ,Brs) ) (8)

where cjers, Deje.rs» and Beje rs are the density, Lorentz factor, and
normalized velocity (8, = v,/c with x an arbitrary index) of the
pre-shocked ejecta at the reverse shock position Ris.

The mass within the shell will continually increase due to the
forward and reverse shock sweeping up mass from the CSM and the
ejecta, respectively. The evolution equation of the shell mass is given
by

dM;
dt

where the mass fluxes flowing through the forward shock, G, and
reverse shock, Gy, are given by

=47 Rstrs — 47 R?sts , ©)

G, = cpesmsTesmits (Besmits — Bis) = —coesmtsBrs »
Grs = Cpeje.rsreje,rs (ﬁeje,rs - ﬂrs) . (10)

Here, pcsm.fs, I'esmuts, and Besmgs are the density, Lorentz factor,
and normalized velocity of the pre-shocked CSM at the position of
the forward shock Ry, respectively. We take Scsm s & 0 because the
CSM velocity is much smaller than the velocity of the shell.

From the shell momentum S, and mass M;, one can compute the
shell velocity c¢fs and Lorentz factor 'y = 1/4/1 — B2 using

S = MT'scfs = V Sr2/02+Mg2 cBs = cBs
= S/7\/S2/c2 + M2 (11

The radius Ry of the shocked matter shell can then be computed
using

aR, B (12)
=cps .
dt

IThere is a typo in equation (15) of A. Suzuki et al. (2017), which was
corrected here.
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The time evolution of the forward and reverse shock radii are given
by

des dRrs
=P A = cPis - (13)

dt d
For SMSs (see models in Section 3.1), we find that typical values
for the shock position Ry, velocity c¢fs, and mass M around the time
of peak luminosity are on the order of (Rs ~ 0.05 pc, ¢fs ~ 0.01c,
and M, ~ 1 x 10* M) for less energetic cases and (Rs ~ 0.15 pc,
cfBs ~ 0.04 ¢, and My ~ 5 x 10* M) for more energetic cases.

In our case, the transient is powered by the conversion of
kinetic energy into radiation. We can roughly estimate the expected
luminosity by assuming that the initial kinetic energy is released
within the deceleration time-scale #4..e;, Which is given by the time
when the mass swept by the shock is equal to the initial ejecta
mass. For our SMS models, this is the case after approximately 10
yr. The kinetic energy is on the order of 1036 erg. This leads to
luminosities Lpoy ~ Exin/taecel ~ 102747 ergs~!, which is consistent
with our findings in Section 3.2.

The normalized shock/shell velocities SBs, Brs, and B and the
hydrodynamical variables of the post-shock gas pr, Prs, prs, and
P, can be obtained using the relativistic shock jump conditions
(see A. Suzuki et al. 2017 for more details). Using these, the shock
velocity can be expressed as a function of the upstream (8,, I'y) and
downstream (B4, ['4) gas velocity and Lorentz factors:

yTul'§ (Bu — Ba) Ba — (y = D(Ty = Ta)
yLulg (B = Bo) — (v = D (Tufu — TaBa) |

Here, y is the adiabatic index of the shocked gas. The shocked
material is radiation dominated, and hence y = 4/3.

Similar shock jump conditions exist for the density p and pressure
P (see A. Suzuki et al. 2017 for details). The final jump conditions
for the forward shock are

Bsn(Bu, Ba) = (14)

pcsmts = Posm(Rss) (15a)

Besmis ~ 0, (15b)

Bis = Ban(0, By) . (15¢)

ﬂfs
= R 15d

o pesm Fs(/sfs - IB%) ( )
:3813'5 Cz

Py = PCSM,fsl_ijgsﬁfs . (15e)

For the reverse shock, the jump conditions are

Peje,rs = peje(Rrss 1, (16a)

ﬂeje,rs = Rrs/Ct s (16b)

,Brs = ,Bsh(,Beje,rs» ﬁ%) B (160)

Fe'e,rs(ﬁe'e,rs - ﬁrs)

Prs = )Oeje,rs% s (16d)
I‘s(,Bs - ,Brs)

Prs — Czpeje,rsl_,z (,Beje,rs - ﬂrs)(ﬁeje,rs - ﬂs) ] (166)

s 1- ﬁsﬁrs
In the above equations, the Lorentz factors are given by I'y =
1/4/1— 2. We also provide an overview of the total density
structure of the ejecta, shock and CSM in Fig. 2.

To summarize, the equations to be integrated are the ordinary
differential equations for: the shock momentum S, (equation 7),
shock region mass M; (equation 9), and the positions of the bulk
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Figure 2. Summary of the radial density distribution of the ejecta (left),
of the shocked shell (middle), and of the CSM (right). The densities and
velocities of the shock shell at the forward and reverse shock positions (R
and Ry) are obtained using the shock jump conditions (equations 15 and 16).

shock R; (equation 12), and forward shock Ry and reverse shock Ry
(equation 13).

The evolution of these quantities are determined from the initial
values of Eyiy eje; Meje, and Ry. We discuss the initial conditions in
detail in Section 2.4.

2.3 Energy evolution and emission from the shock region

In the early stages of the evolution, the shocked region is optically
thick. Due to the shock interactions, kinetic energy from the ejecta
and the shell are converted into internal energy of the shocked region.
This internal energy then gradually diffuses out of the shocked region
and is emitted as electromagnetic radiation. The aim of our model is to
compute the bolometric light curve and spectra of the shocked region
in the optically thick phase. We do not model the radiation which is
expected to become relevant once the region becomes transparent.

As with the shock dynamics, our model is based on the model by
A. Suzuki et al. (2017) and A. Suzuki & K. Maeda (2018). Suzuki’s
model does not manifestly conserve the total energy. This is because
they make the thin-shell approximation, but the shell has actually
finite thickness. We thus modify their model to be manifestly energy-
conserving.

We write the evolution equation of the total energy as

d d
aEml = (T[ (Ekin‘sh + Ekin,eje + Eim,sh + Eim,eje)
= —Luirr , W)

where Eyinsh, Ekincje> Eint,sh» and Ejpcje are the kinetic and internal
energies of the shocked region and of the pre-shocked ejecta. st
is the energy loss due to photon diffusion/radiation. We hereafter
neglect the contributions from the internal energy of the ejecta Ejp cje-
This is allowed since it quickly becomes much smaller than Ey;, cje
after only a few dynamical times #; (see the discussion after equation
31). We also ignore the inflow of internal energy from the CSM,
since it is negligible (also see discussion after equation 31).

The evolution equation for the internal energy of the shock region
therefore becomes:
d

aEim,sh = —Exinsh — Exineje — Laifr - (18)

Here, the kinetic energy of the shell is given by Eins =
(Ty — 1) Myc?, from which the time derivative can be easily com-
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puted (using equation 11):
Ekin,sh = (rs - Fsﬂ3 - 1) MS Cz + C/gssr . (19)

M, and S, are the time derivatives of the shock mass and momentum
given by equations (9) and (7), respectively. The derivative of the pre-
shocked ejecta kinetic energy, Eyin e (€quation 2), with the power-
law density profile (equation 4), is

Ekin,eje = 47‘[65,001‘3 (rmax - 1) Fmaxﬂﬁmx (Fmax,Bn‘Aa\x)ﬂteje Bmax s (20)

where Buax = Ris/ct (With Bax = Ris/ct — Ris/(ct?)) and Ty =
1/4/1 — B2, stand for the velocity and Lorentz factor of the
unshocked ejecta at the position of the reverse shock. Here, we
assume that everything beyond the reverse shock has already flown
into the shock region.

The energy loss due to radiation is given by the diffusion radiation,
Lgigr. 1t depends on the energetics of the shell and is determined
in a more complicated way, as we discuss as follows. During
the evolution, the shocked shell will gradually cool down and the
hydrogen in the shell could partially recombine. This modifies the
evolution of the luminosity and optical depth. Additionally, we found
that in some high-luminosity cases, the ions and photons in the
shell might not be fully thermalized. We address these points in
the following and add corrections to our model. We first discuss
thermalization because it also affects recombination.

We base the following discussion on E. Nakar & R. Sari (2010).
Thermalization depends on the production rate of photons. If it is
smaller than what is needed to maintain a blackbody spectrum, the
radiating region will be out of equilibrium. The radiation energy
will be distributed between fewer photons, which raises the average
photon energy ~ 3kp Ty, and thus the photon temperature Tpp,. Ty
is also called ‘colour temperature’. It can be related to the ion
temperature if some time-scales are met.

We therefore briefly discuss relevant time-scales based on section
4.2.4 in A. Suzuki et al. (2017). For our cases, the Coulomb time-
scale is shorter than the dynamical time-scale. Electrons and ions
therefore have the same temperature, 7. This is important because
this allows for quick distribution of the energy released by the shock-
interaction throughout the shocked matter. The Compton cooling
time-scale is also much shorter than the evolution time of the system.
Electrons thus can exchange energy efficiently with photons and we
have Tp, = T;.. The number of photons is also much larger than the
number of electrons. These conditions are essential for the validity of
taking i raa ~ Einusn/ Vs (with Vi = 2 (RY — R3)) for the radiation
energy density.

According to E. Nakar & R. Sari (2010), the thermal coupling
coefficient, 1, determines whether the radiation is in equilibrium
(n < 1) or out of equilibrium (n > 1). It is given by:

4x10°s Pav 2 (Toppu |
1~ T () () @
min{z, 3} \ 10710 gcm—3 106K
Here, p, = M,/(I'sV;) is the average shell density, Tsp pux =
V/Ug raa/a; (With a, = 40 /c) is the ‘blackbody temperature’ of the
shock bulk, 7 is the time, and t3 = (Rg — Rys)/vair 1S the diffusion
time-scale of the thin shell (with vg as in equation 25). The
blackbody temperature is the temperature that a fully thermalized
radiation field would have.

The physical meaning of 1 is the ratio of the number of photons that
are necessary to maintain thermalization and the number of photons
that are produced within one diffusion time (see E. Nakar & R. Sari
2010, equation 9). Another interpretation is the photon consumption
rate divided by the photon production rate within the radiating region.
The photon consumption depends on the total luminosity, and the
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production rate depends on the production channel (in our case
free—free emission). If photon production is too low to maintain a
blackbody spectrum at a given luminosity, then the radiation is out of
equilibrium and thus > 1. The total energy will then be distributed
over fewer photons and the average energy per photon will increase,
thus leading to a bluer spectrum.

Following E. Nakar & R. Sari (2010), we can use 7 to compute
the bulk electron temperature, T puk, Which is relevant for recombi-
nation. It is given by

wIET, n>1,

1, n<l1. 22)

Teuk = T = TgBbuik {

Here, £(T) = max{l, 1 In[ymax] (1.6 + In[ymax])} and

~2 Pav -l T o (23)
Ymax =2\ 109 g em—3 10°K)

T buik is then found via root-finding.

To assess hydrogen recombination in the shell and determine the
colour temperature of the diffused photons, we need to estimate not
only T, puk but also the electron temperature at the shell surface,
T: surt- For the case of n < 1, we assume that photons at the shell
surface are well-thermalized. T, s can then be estimated by employ-
ing the Stefan—Boltzmann law, T; sus ~ Tgp sut = v/ Laitr/47 R20.
For n > 1, photons at the shell surface are expected to be out
of thermal equilibrium. Since it is not trivial how T .+ can be
given under the one-zone approximation of the shell, for simplicity,
we employ a crude prescription that 7. ¢, can be estimated by
Te,surf ~ (n(Te,bulk)/g(Te.bulk))zTBBA,surf’ USing n and S obtained in the
bulk (equations 21 and 22). This prescription of course introduces
systematic errors, since generally n and & at the shell surface do
not necessarily coincide with that in the bulk. Hence, our spectra
model for emitted photons in non-thermalized cases will suffer in
accuracy. Thus, for n > 1, we focus only on general trends and order
of magnitude of the solutions, while being aware of that the non-
thermalized cases have some (possibly large) errors.

The energy loss due to radiation is given by the diffusion
luminosity emanating from the thin shell:

Laitr = 47 Rt raq Vi » (24)

where it g = Einsn/ Vs (with Vs = 3 (R} — R3)) is the radiation
energy density of the shell. vg is the diffusion velocity, given by
(see A. Suzuki & K. Maeda 2018)

c(1-83)
B+ BT + 28s
Here, 7, is the optical depth of the shock. If the shell is completely
ionized, T, is given by
=10 — KM
PT T 4nR2

(25)

Vdiff =

(26)

Here, as «, we take the Thompson opacity of primordial gas
(X =75 percent H and Y =25 per cent He) and therefore k =
021+ X)em?>g~' ~ 0.35cm? g~!. If vy computed using the
above equation exceeds

Udiff,max = C(l - /3%) s (27)

this would mean that radiation would escape from the shell superlu-
minally. We therefore set vgir = vaisr, max if it €xceeds this value.

If T. qur is higher than the ionization temperature of hydrogen,
Tion, the optical depth is given by equation (26). We take T, =
6000 K as in T. Matsumoto et al. (2016), which is applicable for
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the typical shock region densities of ~ 107!'-107!* gcm™ when
recombination becomes relevant (T. Goldfriend, E. Nakar & R. Sari
2014).

However, if T, ¢ drops below T;,,, before the shock becomes
transparent (rf < 1), a part of the shock region would recombine
(starting from the outside to the inside) and become transparent to
radiation. This happens even though the average electron temperature
of the bulk shock region T pu > Tion.

Recombination in the shell happens once the condition of T, gt <
T.on is satisfied. Then, the ionization front — the surface where
the gas remains ionized in the shell — moves inwards in the shell
surface and the optical depth of the shell 7, decreases until the
electron temperature there (7. ;) becomes sufficiently high. The
condition for t; can be determined as follows: the ionization front
is characterized by T i = Tjon and coincides with the layer where
radiation is released. While the expression of equation (24) still
holds, the diffusion luminosity can also be given using the effective
blackbody temperature at this layer, Tgp if, by

Laitr = 47 R20 Tglg ;¢ - (28)

Here, under the thin shell approximation, we approximate that
the position of the ionization front is the same as R;. Employing
the same prescription as for the surface temperature, T; i = Tion ~
((Tepux)/& (Te’bulk))2 TsB.if, Ts in this phase can be obtained by setting
o TéB.if = U raqVaier and we solve this expression for the optical depth
of the ionized component of the shock region:

Us rad €

o= [(1-8) —28| 3+87)". (29)

o T§B,if
This takes into account the partial ionization of the shock region.
Finally, we take into account the temperature dependence of the
opacity « by setting it zero if T, pux < Tion. This is a good approxi-
mation because « steeply decreases for T < Tio, as o T, see T.
Goldfriend et al. (2014).

We note that, since T, g is dependent on L through Tp s, the
modification in 7y and hence L also changes the condition for the
recombination (7¢ syt < Tion). For simplicity, when computing T sy,
we always use 0 (see equation 26) for 7, and neglect the backreaction
of the recombination to T¢ ¢, to avoid complex numerical root
finding.

The observed colour temperature of the diffused photons, ¢,
will be given by the electron temperature at the shell surface or the
ionization front, that is

T = Te,surfs Te.surf > Tion s
col =

30
Tion [} Te,surf =< Tion [} ( )

with T, sur = max[n(Te pui)/& (Te.puik), 11 Top,sur- The spectrum in
cases of n > 1 will however be different from a blackbody spectrum
and we discuss this in Section 2.5.

To summarize the previous discussion, the optical depth evolves
as:

Te,surf > Tion 5
Te.surf = Tion -

s =

{equation (26), 31

equation (29) ,

Lgigr 1s always given by equation (24). But note that vggs is
a function of t,, which is given by equation (31) and in the
case of Tesuf < Tion, Laifr reduces to equation (28) with Typ i =
max[U(Te,bulk)/g(Te,bulk)v ]]72Tion~

When the system is in the recombination phase and 1 < 1,
equations (28) and (30) imply a constant photosphere temperature
and a luminosity which rises as L o¢ R? o 2. We see this in our final
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models (see Section 3.2). The existence of a recombination front is
at first glance similar to a type IIP SN, where the light curve shows
a plateau phase with approximately constant luminosity. The main
difference, and the reason why the luminosity continues to rise in our
case, is that the photosphere is stuck to the optical thick shock shell
in our case, which increases in radius over time. For type IIP SN, the
photosphere recedes into the ejecta (in mass coordinates), while the
physical photosphere radius stays approximately constant.

After 7, drops below unity, the light curve enters an optically thin
shock phase. But the interactions at the forward and reverse shocks
may keep converting kinetic energy into non-thermal radiation.
The bolometric luminosity of this radiation can be estimated using
Luyoine = —sEkin,eje, where ¢ & 0.1 is a common assumption for the
energy conversion efficiency to photons and is also consistent with
more complete treatments (see e.g. D. Tsuna, K. Kashiyama & T.
Shigeyama 2019, and references therein). We do not model this
radiation here in detail since it is expected to be much smaller
than the emission in the previous optically thick-shock phase for
the parameters that are relevant for SMS explosions. It can become
dominant only if the ejecta rest-mass energy is larger than the ejecta
kinetic energy, see Appendix B. We therefore need to keep in mind
the range of validity of our model. This will be indicated when
relevant.

A similar reasoning can be applied to why we do not model
possible non-thermal emissions in the phase where the shock is only
partially ionized. We would expect that non-thermal radiation is
released at the forward shock front, which is located in an optically
thin region outside the ionization front. However, again, the non-
thermal emissions should be negligible compared to the thermal
emissions because the lower photon conversion efficiency ¢ ~ 0.1
and because most of the kinetic energy/momentum is provided to the
shock through the reverse shock.

Additionally, diffusing radiation from the unshocked ejecta at
r < R, becomes visible after t; < 1. This diffusion radiation part
will be powered by the release of internal energy from the un-shocked
region. We also neglect this radiation contribution in this work. This
is because we expect the internal energy to be much smaller than
the kinetic energy of the ejecta at this time in the evolution. The
internal energy can be estimated using the assumption of homologous
expansion and adiabatic energy loss. The internal energy density
evolves as Uipgeje X (¢ /to)~* for a radiation-dominated gas (see A.
Suzuki & K. Maeda 2018), where o = Ro/cBmax is the dynamical
time-scale. For our models #) ~ 3 — 30 d (see Section 3.1). In
comparison, the kinetic energy density is expected to decrease like
Ukin,cje € (1/ 1o)~3. At the time when the shock becomes transparent
at t ~ O(10yr), t/ty = 100-1000 and the internal energy of the
unshocked ejecta will have decreased so much that any released
thermal radiation will be negligible compared to possible non-
thermal radiation created at the shock fronts.

Likewise, we neglect the inflow of internal energy from the CSM in
equation (17). This is because the internal energy density of the CSM
is much lower than that of the shock region and the energy inflow
rate of internal energy is dwarfed by the forward shock luminosity.
The energy density of the CSM is gas dominated, and for Tegm =
8000 K is 2k Tesmnesm ~ 0.002(0.01 pe/r)* erg cm~>. The shock
is radiation dominated and the internal energy is a, Tc‘f)l > 9ergem 3,
even in the recombination phase with T, = 6000 K (where r ~
0.05 pc, see above). The energy inflow rate of internal energy from
the CSM is approximately kg TesmitcsmcBs X 4w R2 ~ 104 erg s,
and the shock luminosity is on the order of pcsm(cBs)® x 47 Rs2 ~
10% erg s~!. The contribution from the internal energy of the CSM
can thus be neglected.
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2.4 Initial conditions

Attheinitial stage of the evolution, the system can be characterized by
the following quantities: the kinetic energy of the ejecta, Eyiy cje, the
density distribution and total mass of the ejecta, M., and the radius
of the SMS, Ry, at the time of explosion. All initial conditions for the
ordinary differential equations of the shock momentum S;, mass M,
and positions Ry, Ry, and R, can be deduced from these quantities.

Atthe initial time, the SMS radius is related to the initial interaction
time 7, and the initial maximal velocity inside the ejecta, SBmax.0,
through Ry = cfoBmax,0- For a given density distribution (equation
4), the initial kinetic energy (equation 2) and mass of the ejecta
(equation 3) can be written as

Ekin,eje = 47T05f3;00 Ineje(ﬁmax,o) B (32)
Meje = 47TC3f3P0 JnejC (ﬁmax.O) 5 (33)
where the integrals are defined as
~ B
L) = / (M) T(I — HB*dp (34
0
~ 5 2
Ju(B) = / rp)~"Irpdp . (35)
0

These integrals 7, and J, can be solved analytically for some integer
n. We report the analytic expressions in Appendix A.

We use the above relations and the known initial values of Eyjy ¢je,
M, and Ry to compute f, 0o, and Buax,o as follows: we take the
ratio of the initial kinetic energy and the ejecta mass and get

Ekin,eje _ 02 Ineje(ﬁmax,o) (36)
Mej Jneje(ﬁmax,()) '
We can then perform root-finding to obtain Byax.0. From this, we
obtain the initial interaction time through 7o = Ry/(¢fmax,0) and the
scale density pg by simply re-arranging either equation (32) or (33).
For the case with very massive ejecta, it can become non-
relativistic with B0 < 1073. To avoid numerical problems in the
integrals /, and J,, we then instead use the Newtonian expressions
to solve the initial conditions for Bmax.0, Lo, and fy:

Ekin,eje = ﬂMeje(cﬂmaxﬁ)z s (37)
2(5 - neje)
4 R}

Mo = 2 o (39)

3- neje (,Bmax,O)_nsjs

For the initial conditions of the shock quantities, we use the same
prescription as described in A. Suzuki et al. (2017). At the initial
time, the radii Ry, Ry, and R, coincide with the SMS radius: Ry =
Ry = Rgs = Ry. For numerical stability, we found that it is better to
initialize the forward and reverse shock positions as R, = R (1 + €)
and R, = R,(1 — €,), where ¢, is a small number (we used ~ 10~1°).

The initial shock momentum S, and mass M; are obtained using
the fact that initially, the pressure at the forward (P, equation 15)
and reverse shocks (P, equation 16) are balanced. This is because
the shock interfaces coincide at 7. Thus, we solve

Pfs:Prs~ (39)

This equation can be solved analytically by evaluating the pre-
shocked density and velocities of the ejecta and the CSM at r = Ry
and taking cfs = cfs = cfBys (because these velocities are the same
initially). We obtain a quadratic equation for the shell velocity S:

PCSM, fs
{1 — PEME () ﬁ)} B2~ 2Bsers Bt Bl =0, (40)

Ioeje,rs
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where pcsm,fs» Peje,rs> aNd Beje,rs are defined as in equations (15) and
(16). We take the negative root of j; in the quadratic formula because
it could be superluminal otherwise.

Setting the initial shock mass M, to zero might cause numerical
problems. We therefore take one small time step At of equation (9)
to compute the initial mass as M = M At. For this, we also set
ﬂs = ﬂfs = ﬁrs~

With the initial values of Mg and B, now known, we compute
the initial momentum using S; = M I'scB; (equation 11). The initial
internal energy of the shock region is zero: Ejy ¢, = 0. We initialize it
with some very small non-zero number > 0 for the sake of numerical
stability.

With the initial conditions in place, we can integrate the system
equations (7), (9), (12), (13), and (18).

2.5 Computation of radiation flux and apparent magnitude

Explosions of SMSs are expected to occur in the early universe at
redshift z > 13-20 (see e.g. S. J. Patrick et al. 2023). The source
spectrum will therefore be shifted due to cosmological redshift when
observed in the present day. Technical constraints posed by telescope
sensors must also be considered to assess whether a given source is
observable using the available hardware.

In the previous sections, we laid out how to compute the expected
luminosity of an SMS explosion. In the first phase of the light curve,
the shock region is optically thick and the radiation is caused by
diffusion out of the photosphere. The size of the photosphere Ry, (1)
is given approximately by the shock position R,(#) and the observed
surface temperature is the colour temperature T, (equation 30).
When the shock region is thermalized (n < 1), it radiates like a
blackbody emitter. But otherwise the spectrum will change to a
modified blackbody spectrum. For simplicity, we here approximate
this by a shifted and rescaled blackbody spectrum (we comment on
the effect of this approximation below). We define the spectrum as
follows:

2h 3 Topsurt \
= v xmin4 1, ( BB,surt) , (41)
c? exp(hv/kpTeor) — 1 Teol

where h is Planck’s constant. By, is defined in a way that for n < 1
it is equal to a blackbody spectrum. Otherwise, the normalization
by (Tsg sut/Teo))* = (Laitr/4wo R2T:) makes sure that the total
luminosity is always equal to Lgy. Equation (41) is in general
different from a modified blackbody spectrum and will underestimate
the flux in the red part of the spectrum. But this is not too relevant
because (i) the spectrum is even more sensitive to small changes
in n (recall Ty o n?), (ii) our model is anyway not very accurate
when 7 > 1 due to the assumption that n is constant throughout
the shock shell, and (iii) with n > 1 we are only interested in the
overall qualitative features and trends accurate to within one or two
magnitudes.

Using Bpeq, We can compute the expected radiation flux that can
be captured by current telescopes like the JWST and others. The flux
as a function of frequency in the observer frame is given by (see e.g.
D. W. Hogg et al. 2002; R. Kar Chowdhury et al. 2024)

Binod(v, Teol) =

R 2
F‘fobs = 7T(1 + Z) (TW) Bmod ((1 + Z)Vost Tcol) ) (42)
L

where Ry, is the size of the photosphere of the source object and d;.
is the luminosity distance. It is a function of the redshift and depends
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Table 1. Telescope filter transmission functions employed in this work. The
specifications for each filter can be found on the web site (https://jwst-docs.
stsci.edu/jwst-near-infrared-camera/nircam-instrumentation/nircam-filters
[accessed 2024-11-22]) for JWST, in M. Schirmer et al. (2022) for EUCLID,
and in D. Spergel et al. (2013) for the RST Wide Field Instrument (WFI).

Filter name Filter bandwidth (zem)

JWST FOOOW 0.795-1.005
JWST F115W 1.013-1.282
JWST F150W 1.331-1.668
JWST F200W 1.755-2.228
JWST F2TTW 2.422-3.131
JWST F356W 3.136-3.981
JWST F444W 3.881-4.982
EUCLID J band 1.1676-1.5670
EUCLID H band 1.5215-2.0214
RST J band 1.131-1.454
RST H band 1.380-1.774

on the cosmological model chosen (see D. W. Hogg 1999):

c [* dz’
di(z) =1+ z)f/ . (43)
Hy Jo /Qu(1 +2)% + Qa
We assume the standard model of cosmology and adopt the values
from the Planck collaboration for the cosmological parameters
Hy = 67.4kms™' Mpc™!, @, =0.315, Q4 = 0.685, and ;=0
(N. Aghanim & others 2020). We also set the universe radiation
density €2, = 0 because its contribution is negligible at z ~ 10-20.
In this work, we use the AB magnitude system to measure
brightness. The apparent magnitude map of a source at redshift z,
seen by an observer is given by (D. W. Hogg et al. 2002):

o0 1
Iy Foa)t()v dv) . )

map = —2.5log, ( e —
Jo 3631y t(v)yv-'dv

The integral is performed over the observer frequency v = Vgps.
Here, F, is the flux in the observer frame (equation 42), a(v) is
the absorption function (due to, e.g. intergalactic absorption), and
t(v) is the transmission function of a given telescope filter.

Modern telescopes operate different transmission filters, which
only let through specific parts of the spectrum. In this work, we
compute mup as seen through different filters of JWST, EUCLID,
and the RST. We approximate the filters as step functions, which are
zero outside the filter width and equal to the transmittance inside this
range. We here assume a constant transmittance, so it will cancel
out when computing mag. The specifications of the filters used are
summarized in Table 1.

When observing objects in the early universe, the absorption of
light by the intergalactic medium (IGM) needs to be taken into
account. We do this using the absorption function a(v). The present
universe is transparent to electromagnetic radiation over essentially
the whole spectrum. This is because densities are small and the
IGM is fully ionized and thus light can pass through. In the early
universe before redshifts of z ~ 5-6, however, the IGM was not yet
fully ionized. Photons above the excitation (and ionization) energy of
hydrogen will then be absorbed. This leads to an absorption trough
(Gunn—Peterson trough), where essentially all flux at frequencies
Vobs > VLya /(1 + 2) is absorbed (vy is the frequency of the Lyman-
a line of hydrogen). Thus, we take a(v) = 0if v > v, /(1 + 2), and
a(v) = 1 otherwise.

Furthermore, light could be absorbed or attenuated by the CSM
itself. Although it is transparent at first (recall the discussion
above equation 5), the large amount of photons released from the
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shocked region could partially ionize the CSM. There could also be
attenuation of Balmer-continuum photons under certain conditions.
We discuss these points in detail in Section 4.1.

3 RESULTS

3.1 Model selection

Our light-curve model is computed for inputs of the SMS radius Ry,
the kinetic energy of the ejecta from the explosion Ejip cje, and the
ejecta mass Mcj.. Due to this simple parametrization, our model is
quite versatile and we therefore can apply it also to scenarios for
PopllI stars that are surrounded by a dense envelope, e.g. because
they are located inside an ACH where typical densities reach ~
101911 ¢cm~3 near the centre r < 1073 pc (see equation 5). One
example is the explosion of a ‘VMSs’ of several 100-1000 Mg, as
studied, e.g. in H. Uchida et al. (2017) and G. Volpato et al. (2023).

Explosion and mass ejection scenarios for rapidly accreting SMSs
(M > 0.02M, yr~') have some variety. First, there is a class of
explosion scenarios where the GRI is triggered and the SMS
explodes. The first option is that, as density and temperature rise
during the collapse, rapid efficient nuclear fusion of hydrogen or
helium is activated. This will release enough energy to completely
disrupt the star without leaving behind a BH. Numerical simulations
of this scenario have been performed by C. Nagele & H. Umeda
(2024). The other collapse scenario is that the collapsing SMS forms
a BH with a torus around it. Infalling matter will then bounce off
the torus and produce highly energetic ejecta, as simulated in our
previous work (S. Fujibayashi et al. 2025). Secondly, SMSs can also
run into a pulsational instability due to the GRI (C. Nagele et al.
2022b; C. Nagele & H. Umeda 2024). These pulsations will eject a
significant amount of matter from the SMS but without destroying
it (C. Nagele & H. Umeda 2024). Pulsations might therefore be
repeating. This scenario can be studied using our model, which is
why we also investigate this case here.

For these scenarios, we select models in the following way: rapidly
accreting SMSs all feature a bloated atmosphere with large radius. It
depends on the accretion rate but, at collapse onset, the radius will
be in the range of 1-2 x 10* Ry, (see T. Hosokawa et al. 2013; N. P.
Herrington et al. 2023). Since our light-curve model only depends
weakly on the initial radius (see Appendix B), we here opt for Ry =
1 x 10* Ry, for our fiducial accreting SMS radius.

For Ejyjy e and M., we make choices that are informed from
numerical simulations. In a previous work (S. Fujibayashi et al.
2025), we simulated the collapse of rapidly rotating SMS cores. We
take the value of Ey cje as reported in their table 2. For M., we
take the ejecta mass from the core (also from their table 2) and
add to that the mass of the bloated atmosphere. The atmosphere is
neglected in their work. But since the models of S. Fujibayashi et al.
(2025) are rapidly rotating, the core likely makes up a large fraction
(> 90 per cent) of the total SMS mass (see L. Haemmerlé 2021).
We here take a core mass fraction of 90 per cent. The atmosphere
thus makes up the remaining 10 per cent of the SMS mass.

We also use the simulation results from C. Nagele & H. Umeda
(2024). We here take the explosion energy and ejecta mass from
their models with 0.1-1 Mgyr~!. For their pulsating and exploding
models, we take the values as in their table 1. For the collapsing mod-
els, we assume that the relation between the SMS core mass, ejecta
from the core and explosion energy found in S. Fujibayashi et al.
(2025) holds: we take as the ejecta mass 1 per cent of the core mass
(Mgje,c ~ 0.01M;ore) and add to that the mass outside of the core.
For the explosion energy, we use that Eyiy e ~ O.SMeje’c(O.Zc)2 ~
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Table 2. Initial SMS radius Ro, ejecta Kinetic energy Exin,eje, and total
ejecta mass M.je. The parameters are for collapsing/pulsating rapidly ac-
creting SMSs. The values are informed by stellar evolution calculations and
numerical simulations; see the main text.

Model name Ro (Ro) Exin,cje (e1g) Meje Mo)
FujHI 10* 9.5 x 10 23613
FujH2 10* 5.1 x 10% 37255
FujH4 10* 1.9 x 10% 82467
FujDif1 10* 2.8 x 10% 110322
FujHel 10* 1.7 x 103 5611
FujHe2 10* 8.6 x 10°* 8199
FujHe4 10* 4.2 x 10 19378
NagColl 10* 8.49 x 10 29737
NagCol2 10* 1.22 x 10% 96731
NagPull 10* 1.31 x 1033 3051
NagPul2 104 1.73 x 10° 4312
NagExp 10* 1.03 x 10° 298 600

0.5 x 0.01 More X (0.2¢)* (S. Fujibayashi et al. 2025). We collect
the model parameters that we use in our work in Table 2.

The chemical composition of the ejecta should be roughly primor-
dial, even in the cases that the GRI is encountered while the SMS
has a helium core. This is because during the collapse most of the
core region will fall into the newly formed BH (see S. Fujibayashi
et al. 2025). The total ejecta is composed of the ejected material from
the core plus the material from the bloated atmosphere, which has
essentially primordial composition. The bloated envelope will thus
dominate the chemical composition and we assume that all ejecta for
rapidly accreting SMS are hydrogen rich with roughly primordial
composition (75 per cent H, and 25 per cent He).

For slower accreting SMSs (M < 0.02Mgyr™"), the stars grow
to several thousand My and eventually collapse due to the pair
instability (see H. Uchida et al. 2019; M. Shibata et al. 2025). Their
stellar evolution is also different. Slowly accreting SMSs evolve
as blue hypergiants (N. P. Herrington et al. 2023) and the strong
UV radiation might ionize or blow away the surrounding CSM
(M. Kiyuna et al. 2024). This could have significant impact on the
dynamics of the ejecta and the observability to distant observers. In
this work, we focus on the cases where the CSM is dense and mostly
optically thin. We therefore focus on the more rapidly accreting
SMSs, where a dense unionized CSM is more likely to exist at the
time of collapse. During the light-curve evolution, the CSM might
get self-ionized by the radiation, which changes the optical depth.
Balmer absorption could also be relevant. We discuss these points in
detail in Section 4.4.

Whether an explosion happens depends strongly on the rotation
rate. In the above-mentioned simulations, it was assumed that the
SMSs are rapidly rotating. But it should be additionally noted that
SMSs may not rotate at significant rates. This is due to the QI'-
limit (H. Lee & S.-C. Yoon 2016; L. Haemmerlé et al. 2018). It
prevents accretion of angular momentum due to a barrier of the
centrifugal force and radiation pressure. However, there is some
evidence that SMSs might be differentially rotating with a slowly
rotating outer layer and an inner core region which can rotate at
significant fractions of the Keplerian rotation rate (L. Haemmerlé
et al. 2018). Additionally, it was shown by K. Kimura et al. (2023)
in a simulation of an accreting SMS protostar of < 10 Mg that a
high rotation rate can be maintained even while rapidly accreting.
But longer simulations are needed to test whether the rotation rate
can be maintained up until the collapse.
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Figure 3. Bolometric luminosity as a function of time of the SMS models from Table 2 in the source frame. Left panel: models where the radiation is always
fully thermalized (i.e. n < 1). The phase where the shock is optically thick is marked using a continuous line. Dotted lines denote the phase where the shock
is optically thin and we observe non-thermal radiation. The shaded regions mark observed luminosities of two high-redshift AGN; we put them here as a
comparison. Right panel: same as the left panel, but for models where the radiation is not fully thermalized at some point during the evolution (i.e. n > 1).

3.2 Bolometric light-curve properties of supermassive star
explosions

We here discuss the expected light curves of SMS explosions
from our light-curve models. We compute the bolometric light
curve as a function of time for the models in Table 2. The model
parameters were informed by previous numerical simulations and
stellar evolution calculations of rapidly accreting SMSs.

In Fig. 3, we show the bolometric luminosity in the source frame
as a function of time for our selected models. We first focus on the left
panel, where we show all models for which the radiation is always
thermalized, i.e. n < 1 at all times. It is found that the light curves
follow the same general trend. At the beginning at t = ;, there is
a sharp luminosity peak with a duration of around one dynamical
time fy. An initial radiation burst due to a shock breakout may occur
in reality (see e.g. T. J. Moriya et al. 2021). However, the early
emissions cannot be reliably modelled using our assumptions (e.g.
diffusion approximation and simplified ejecta matter profile). Hence,
we neglect this feature in the following discussion.

After the initial peak, the luminosity increases gradually. In this
stage, the shock gains internal energy by conversion of kinetic energy
at the forward and reverse shock fronts. This energy then gradually
diffuses out of the shock region due to radiation loss. Since the optical
depth in this phase is quite high, the energy loss is smaller than the
energy gained. The internal shock energy therefore increases and
the luminosity increases as well. At the same time, the shock radius
expands and the shock over all cools down. This continues until
the effective surface temperature reaches the ionization temperature
of hydrogen (Ti,, =~ 6000 K). The hydrogen in the shock region
then starts to recombine. At this point, the shock effective surface
temperature stays constant at T, and there is a kink in the light curve.
The luminosity then increases o« R? & (cfst)* until all the internal
energy of the shock is released and the shock becomes transparent.

After that, the bolometric luminosity is produced by non-
blackbody radiation from the optically thin shock interacting with
the CSM. For our models, these emissions are much smaller than the
previous emissions from the optically thick phase. Hence, we do not
model them in detail here.

For some cases, the overall peak in the light curve can come before
the recombination phase. We found that this peak happens when
the diffusion time-scale (g & 37,(Rg; — Rys)/c) of photons out of
the shocked shell becomes comparable to the dynamical time-scale,
tayn & Rs/(cfs). Most of the radiation will then be released within
one diffusion time-scale. Additionally, we find that the deceleration
time-scale is often similar to the diffusion time-scale. It is given by
the time when the shock has accreted a similar amount of CSM mass
compared to the initial ejecta mass, M.;j.. The light-curve maximum
can then have increased luminosity because the conversion of kinetic
energy to internal energy is most efficient when there is a large
amount of kinetic energy loss.

Generally, the length of the optically thick shock phase is on
the order of 10 yr and the luminosity can reach 10¥ ergs™' to a
few times 10 ergs™'. The length is maximized if the diffusion
peak coincides with the end of the optically thick phase. The peak
luminosity depends on the initial ejecta kinetic energy and on the
ratio of kinetic energy to ejecta mass. See also Appendix B for more
information on systematic and scaling behaviour of the model.

In the right panel of Fig. 3, we show the cases which have n > 1 at
some point in the evolution. The general trends are the same as in the
n < 1 cases. The early-time short luminosity peak and the luminosity
rise are the same as those found for the other cases. But for the cases
here, the radiation becomes out of equilibrium and 1 goes above unity
during the evolution. This happens around the time of the luminosity
peak for our cases. This leads to an increased electron temperature in
the radiative layer, which prevents recombination and thus tends to
prevent the plateau phase with constant surface temperature. Instead,
the luminosity steadily falls after the peak and eventually the shock
region becomes transparent because it becomes too dilute and 7
drops. The only outlier is the case FujHe2, where the recombination
phase is reached and the internal energy is subsequently rapidly
released, leading to a late-time luminosity peak. However, we note
that this could also be an artefact of our modelling and should not be
taken at face value.

The optically thick phase length and peak luminosity are larger
for the non-thermalized cases (n > 1) and reach up to ~ 200 yr
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Nmax in optically thick shock phase
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Figure 4. Maximum value of 7 that can be achieved during the optically thick
shock phase (excluding the initial sharp peak) as a function of the total ejecta
mass Meje and the Kinetic energy of the ejecta Exin,eje. The symbols mark the
SMS models from Table 2: diamonds denote collapsing H models, squares
denote collapsing He models, the star denotes the full SMS fusion powered
explosion, and circles denote pulsating models. The circled symbols mark
models where n > 1 during their evolution. Black curves indicate contours
of equal values of 7. The solid curve marks n = 1. The grey striped/shaded
region marks configurations where the shock luminosity in the optically thin
phase is larger than the diffusion luminosity from the optically thick phase.
It thus marks the range of validity of our model.

and 10% ergs~!, respectively. This is not surprising because the

higher luminosity cases need more photons to remain thermalized.
In these cases, photon production cannot keep up, which makes full
thermalization less likely. Hence, we would expect very energetic
cases to not thermalize. The lack of thermalization then pushes up
the average photon energy and electron temperature, which then
prevents recombination of the shell, thus lengthening the optically
thick shock phase.

The pulsating models (NagPull and NagPul2) and the ex-
ploding model (NagExp) have peak bolometric luminosities of
~ 10%¥ ergs™!. This is comparable to the luminosity of some AGN
observed by JWST in the early universe at redshift z ~ 10 (e.g. GNz—
11, R. Maiolino et al. 2024). The lower mass variants of the exploding
hydrogen and helium core models (FujH1, FujHel, NagColl, and
NagCol2) reach a peak luminosity on the order of a few 10 ergs~!.
The models with higher mass and explosion energy (FujH2, FujH4,
FujHe2, FujHe4, and FujDif1) have luminosities over 10’ ergs~'.
This is larger than some of the brightest high-redshift AGN. Hence,
those models should be bright enough to be clearly observable even
at very high redshift z > 10.

A point to consider for observational prospects is the possible
self-ionization of the CSM by ionizing photons from the shock
region. We discuss this point, along with possible attenuation of
Balmer-continuum photons, in detail in Section 4.1. In the following,
we therefore focus on discussing the intrinsic light curves of SMS
explosions, while keeping in mind that the ultimate visibility could
be subject to change based on the ionization of the CSM.

Next, we scan the parameter space using our light-curve model to
get a better understanding of the photometric properties of typical
SMS explosions. We first focus on the thermal coupling coefficient 7,
because it indirectly delineates the parameter space where our model
is more reliable (n < 1) or less reliable (n > 1).

MNRAS 545, 1-30 (2026)

Peak Ly in optically thick shock phase

48
1056

47—|'~_'
—_ %]
) _ >
] 46 @
QL 1055 41 —
o w
[ [
£ 45 =
v o
“‘ )
10 a3
>
o

43

1053
10* 10°

Meje [Mo]

Figure 5. Peak bolometric luminosity Lol peak in the optically thick shock
phase (excluding the initial sharp peak) as a function of the total ejecta
mass Meje and the kinetic energy of the ejecta Eineje. The symbols mark
the SMS models from Table 2. They have the same meaning as in Fig. 4.
Dashed curves indicate contours of equal peak bolometric luminosity. The
grey striped/shaded region marks configurations outside the range of validity
of our model (same as Fig. 4).

In Fig. 4, we show the maximum value of 7 that can be achieved
during the optically thick shock phase of the light curve. The symbols
mark the positions of our models from Table 2 in the parameter space.
The symbols with circles around them highlight models where n > 1
during their evolution (see Fig. 3). The grey striped/shaded area
marks the region where the bolometric luminosity in the optically
thin phase dominates that in the optically thick phase. We therefore
exclude this part since our model could incur significant errors in this
parameter range. We note that all of our chosen SMS configurations
lie well within the region where our model is applicable.

As discussed before, models with n > 1 have phases where the
radiation is out of equilibrium and where the spectrum is bluer
compared to a blackbody. In the region where n > 1, our model
is capable of showing trends and rough order of magnitude results,
but it should not be relied upon for precise quantitative results. We
see that the models FujHe2, FujHe4, FujH2, FujH4, and FujDifl
fall in the region where n > 1. Due to the large flux of ionizing
photons, the surrounding CSM could be fully ionized, as discussed in
Section 4.1.

Fig. 5 shows the peak luminosity of SMS explosion light curves
with different initial ejecta masses and kinetic energies. We excluded
the early-time peak, since it is likely unphysical and would not be
visible due to the short time-scale, regardless. The symbols with
circles around them highlight models where the emitting region is out
of equilibrium ( > 1) at some point during the light-curve evolution.
If this is the case at the luminosity peak, the increased ionizing
photon flux could form an ionized bubble, as discussed in detail in
Section 4.1. This could modify the value of the peak luminosity to
be somewhat different from the predicted value.

There is zig-zag-shaped a bump in the peak luminosity on the line
from (2 x 10° Mg, 2 x 10>* erg)- (4 x 10° Mg, 5 x 10 erg). This
pattern comes from two effects that happen close in the parameter
space. The first effect is that the position of the luminosity peak
changes from the diffusion peak (above this line) to the late-time
recombination phase (below this line). The second effect is that for
some models, n rises above unity during the recombination phase.
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This raises the electron temperature above Ti,,. This ultimately
results in a short-lived luminosity bump, which may be larger than
the diffusion peak.

The general trends in the figure are as follows. The peak luminosity
Lpolpeak generally decreases when increasing the ejecta mass but
it increases when increasing the kinetic energy, except for the
aforementioned zig-zag line. But the proportionality is different
for the lower region of the plot, where n < 1 and for the upper
region where 1 > 1 (cf. Fig. 4). When varying the kinetic energy
and the ejecta mass in the region n < 1, the luminosity roughly
scales like Lol peak O Eyjn cje and o Me;el'z, respectively. For the
region 1 > 1, we find a scaling behaviour of Ly peax X Eﬁ{ieje and
o My, 06 Because the scaling relations are not exact, the exponents
can change by £0.2 depending on where we read them off in
the figure. The peak in the n > 1 region can be understood if

it coincides with the diffusion time-scale fg oc M%7 ECO% (H.

€] kin,eje
Uchida et al. 2019, equation 24) where most radiatjion hasJ been
released, thus Lpoi peak ~ Ekin,cje/dift ¢ Me}eo‘ﬁ Eéiﬁije. This analytic
estimate is roughly consistent with our results.

Because of their formation environment in collapsing ACHs,
SMSs are expected to exist only at redshifts larger than z ~ 10—
20 (see e.g. S. J. Patrick et al. 2023). In non-standard scenarios, their
formation might be somewhat delayed, see M. Kiyuna et al. (2024).
But the redshift should always be larger than z > 6-7. Cosmological
time dilation is significant at these redshifts and needs to be
taken into account when assessing observational prospects of SMS
explosions.

The time dilation will increase the time-scale of the observed
SMS explosion light curves by a factor (1 4 z). The time-scale of the
optically thick shock phase —for n < 1 around ~ 10 yrand forn > 1
around ~ 100 yr — will then lead to transient time-scales on the order
of 100 (n < 1) or 1000 (n > 1) yr. The optically thin phase could last
even longer. This has implications on the observed variability of these
transient sources in high-redshift telescope data. If the variability of
the transient is small enough, it might be confused photometrically
with a persistent high-redshift source. This is aggravated by the fact
that telescopes like JWST or EUCLID started their observations quite
recently (since 2020 July and 2023 February, respectively), so that
long-term transients might be classified as persistent sources due to
the lack of elapsed observation time.

Prominent high-redshift sources, such as LRDs, have been ob-
served to show low variability. More specifically, the surveys by,
e.g. W. L. Tee et al. (2025) and Z. Zhang et al. (2025) show a
source variability of LRDs of at most Amag ~ 0.2 over 1-2yr. R.
O’Brien et al. (2024) did a similar study that searched for transients
in combined data from the Hubble Space Telescope and JWST,
extending the time range up to 4 yr for some objects.

In terms of luminosity, a magnitude variability of Am = 0.2
corresponds to Ly, is AL/L = 10¥2™/25 ' e. roughly 20 per cent.
Based on this, we define the luminosity variability time-scale. This
is the time-scale, in the source’s rest frame, where the luminosity
changes by a factor of AL /L. Within this time, the transient source
will show at most a similar variability to LRDs and will therefore
appear to be persistent.

The variability time-scale around any pointin time, p, is calculated
as follows: we start from that point £, and record the luminosity L(z,).
We then start from #, and run along the light curve to later times and
earlier times until the luminosity L(z, + At,) and L(f, — At_) differ
from L(t,) by a factor of 10¥2™/25 The variability time-scale is then
defined as the time difference #,,, 1= Aty + Af_.

In Fig. 6, we show the luminosity variability time-scale around
the light-curve peak, tyar peak,> as a function of ejecta mass and ejecta
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Figure 6. Luminosity variability time-scale #yar,peak around the light-curve
peak (excluding the initial sharp peak), as defined in the main text. The
symbols mark the SMS models from Table 2. They have the same meaning
as in Fig. 4. Dashed curves indicate contours of equal luminosity variability
time-scale. The grey striped/shaded region marks configurations outside the
range of validity of our model (same as Fig. 4). The sharp transition line
marks the point where the light-curve peak changes from the diffusion peak
to the recombination phase. The typical variability time of the sources lies in
the range 0.5-10 yr.

kinetic energy. As before, we excluded the initial sharp light peak
at the beginning to not skew our results, and because fyr, peak around
this peak would be very short regardless. As in the previous Fig.
5, the markers show the cases from Table 2. The stripped/shaded
region marks configurations which lie outside the range of validity
of our light-curve model. The sharp transition line marks the point
where the light-curve peak changes from the diffusion peak to the
recombination phase. The typical variability time of the sources lie
in the range 0.5-10 yr in the source frame. The observed time-scales
would be longer by a factor (1 4 z). When the luminosity peak lies
in the recombination phase, the variability time-scale is around 0.5—
1.5 yr. It is significantly longer (> 2 yr), if the luminosity peak is
located at the diffusion peak.

Even though the figure shows a sharp transition between the
variability time-scale length (because the peak position changes),
it does not mean that the observed changes would be that drastic.
Around the transition line, the diffusion peak and the late-time peak
have a similar brightness. Both peaks could therefore be observed
separately with different luminosities. Both peak phases would then
be separated by a dimmer period. Therefore, a smoking gun detection
for SMS explosions would be a high-z quasi-persistent source that
shines for several years, then vanishes (or dims) for a few years and
then re-appears a few decades later with a different luminosity.

3.3 Photometric observational properties

In the previous section, we discussed the intrinsic bolometric lumi-
nosity and light-curve properties of SMS explosions in the source
frame. When telescopes observe the sky, they only pick up a fraction
of the available light and spectrum. This depends on the telescope
camera hardware and the available spectral filters. We now show
SMS explosion light curves as seen by JWST, EUCLID, and the RST
through different filters. We use the AB magnitude system to denote
brightness.
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Figure 7. AB magnitude as a function of time in the observer frame for three representative models, as observed in different filters of the JWST NIRCam at
different redshifts z. The models NagPul2, FujH1 (both n < 1), and FujH4 (n > 1) represent low, medium, and high mass and explosion energy configurations,
respectively. The coloured bars represent the detection bound for a given filter after 1000s of exposure time. We only show filters where the source would be
visible at some point. Solid curves denote the optically thick phase of the light curve. After that, the AB magnitude drops considerably because the bolometric
luminosity drops at this point as well. Dotted curves denote the optically thin emission phase. The observability is best in long-wavelength filters for the n < 1
cases. The n > 1 case is brighter in short wavelengths due to the blue spectrum. Some signals could be bright enough also for shorter wavelengths filters, but
light with A < (1 + z) X Ay ~ 0.121(1 + z) um is absorbed by the neutral intergalactic hydrogen for z > 5 — 6.

In Fig. 7, we show the AB magnitude as a function of time
in the observer frame as observed in different filters of the JWST
near-infrared camera (NIRCam) at different redshifts. We show the
light curve for three representative configurations (see Fig. 5) at
four different redshifts of z = {7, 10, 15, 20}: NagPul2 and FujH1

MNRAS 545, 1-30 (2026)

represent cases with low and medium masses and explosion energies,
that also have n < 1; FujH4 represents a high mass and explosion
energy case, that also has n > 1.

The coloured bars represent the detection bound for a given filter
after 1000 s of exposure time. We only show filters that have a
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non-zero flux for a given redshift and source. Solid lines denote the
optically thick phase of the light curve. The dotted lines denote
the optically thin emission phase of the light curve. The dotted
line appears vertical because the signal in the optically thin phase
is below the range of the plot. The subsequent evolution of map
can be seen slightly for model FujH1 at z = 7. Since we do not
model the emissions in the optically thin phase in this work, we
crudely estimated the spectrum of these emissions as a blackbody
with radius of the shock position and a luminosity of the bolometric
shock luminosity (see discussion after equation 31). For all cases,
the optically thin shock phase emissions are considerably fainter than
the emissions in the optically thick phase. This explains the sharp
drop in AB magnitude.

Generally, we see that SMS explosions would be visible up to
high redshifts through multiple filters of the JWST NIRCam. The
time frame of visibility extends from a few hundred (cases n < 1)
to a few thousand (cases n > 1) years if the explosion occurs at
redshifts z ~ 15-20, which is typical for SMS formation. But even
at lower redshifts of z ~ 7, which are common for, e.g. LRDs, the
transient would be observable for several decades. The amount of
bands in which the sources are visible decreases with increasing
redshift. This is due to Lyman-alpha absorption by neutral hydrogen
in the IGM. Also see the discussion in Section 4.1 about the CSM
ionization properties and possible absorption of Balmer-continuum
photons by the CSM. Nevertheless, many SMS transients will be
observable in multiple filters. Pulsating SMSs could be visible until
redshifts of ~ 15, according to their intrinsic brightness. Exploding
SMSs in their hydrogen burning phases could easily be visible up
to z ~ 20. Helium-burning SMSs would be visible to similarly high
redshifts as well.

For models with n < 1, the best visibility will be in the long-
wavelength filters because the spectral peak is located at longer
wavelengths of Apea ~ 0.48(6000K/T)(1 4 z) um. This is due to
the high redshift but also due to the cool surface temperature
~ Tion = 6000 K in the recombination phase. For models with
n > 1, the spectrum is much bluer and thus the signal will be
brighter in bluer filters. The observability in blue filters is here
constrained by intergalactic Lyman-alpha absorption (and possible
partial absorption by the CSM, as discussed in Section 4.1), even
though the intrinsic brightness of these objects would be high enough
to be detected in all JWST bands. For example, at z ~ 7, FujH4
can be observed in the FO9OW filter, but at z ~ 15, the source
will be undetected in filters with shorter wavelength than filter
F150W.

The AB magnitude in different filters reveals information about the
colour of the observed objects. This can best be presented in a colour—
magnitude diagram. This is also done with present bulk observation
data from surveys, such as UNCOVER (Ultradeep NIRSpec and
NIRCam ObserVations before the Epoch of Reionization, see S. H.
Price et al. 2025), and other analyses of photometric data, e.g. by Z.
Zhang et al. (2025).

In the left panel of Fig. 8, we show a colour—magnitude diagram
using the JWST filters F277W and F444W. We plot the observed
magnitudes of the different sources with n < 1 at different redshifts
over time as tracks. These cases also correspond to the cases with
moderate explosion energies (< 10> erg). We here neglect the early-
time peak, as done before (see Appendix C for a version including
the early-time peak). The dots on each line show time intervals of
one year in the source frame. A given SMS explosion light curve
will move in the diagram from one point to the next in (1 + z) yr,
depending on the redshift of the transient. The grey region marks the
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region where a source is too faint to be detected with 1000 s exposure
time in both filters.

During the light-curve evolution, a given source will move through
the diagram over time. The evolution starts in the lower part of
the diagram and then moves left and upwards. This corresponds
to a brightening and reddening of the source. The track becomes
horizontal in the end and the evolution then is sidewards to the left.
The horizontal movement corresponds to the recombination phase
of the light curve where the effective surface temperature is constant
at Tio, = 6000 K and the luminosity increases as Lyo o (cfBs X 1)?.
We find that these SMS transients would be visible in JWST until
z ~ 17 in both filters and until z ~ 24 for the longer wavelength
FA444W filter.

In the right panel of Fig. 8, we show selected models with n > 1,
which correspond to cases with high explosion energies (> 105 erg).
We only show two models because the other models have very similar
evolution tracks in this diagram and the plot would look too busy
otherwise. The dots on each line show time intervals of five years
in the source frame. The light curve starts on the right and moves
to the left and upwards. At the kink, n = 1, and after that the signal
becomes bluer and subsequently moves downwards and to the right,
until the shock region becomes optically thin. The evolution in this
second phase is very slow (< 0.2/(1 + z) magyr~!) and significant
variability of the sources could be difficult to detect. Over all, the
models with n > 1 are bright enough to be seen even to higher
redshift. The constraint here is the spectral range of the telescope
filters. Hence, these SMSs could be easily visible for z < 24 in both
filters, and for z < 35 in the F444W filter alone.

We now investigate SMS observability in EUCLID and the RST.
Even though these telescopes are less sensitive than JWST and host
filters with shorter wavelengths, they might still be suitable tools
to observe high-redshift SMS explosion transients. This is mainly
because of the difference in the mission profile. JWST focuses on
single, deep observations with a narrow field of view. EUCLID and
RST on the other hand are designed for large sky surveys, conducted
over several years, which will cover significant areas on the night
sky. The increased sky coverage could thus offset the smaller depth
and lead to meaningful observational opportunities.

InFig. 9, we show colour-magnitude diagrams for EUCLID (upper
panels) and for RST (bottom panels), same as in Fig. 8. The coloured
lines show the tracks that the light curves will move on during their
evolution. The ticks again show time intervals of 1 yr (left) and five
years (right) in the source frame. The grey coloured surface and
dashed line show the observational detection limits based on the
planned surveys for EUCLID and RST.

For EUCLID, we first focus on the upper left panel, which shows
the cases where n < 1. We find that those SMS explosion transients
will be visible until z ~ 5.5 in the EWF survey and up to z ~ 7 for
the EDF. A single-band detection in the H band is possible up to
z ~ 9 in the deep field. Pulsating SMSs would be visible in EUCLID
until z ~ 4 in the deep field survey (but this could be changed due to
absorption of Balmer-continuum photons, see discussion in Section
4.1). For the more energetic cases with n > 1 (see upper right panel),
we find that they would be very bright and clearly visible in the EWF
and EDF surveys — even considering our model uncertainties. Their
visibility is constrained by the redshift range of the filters. Above a
redshift of z = 11.8, SMS explosions would only be visible in the
H band due to Lyman-alpha absorption. Slowly varying sources that
are observed only in this band would be interesting signatures for
high-redshift transients. However, only the brightest cases would be
bright enough to be good candidates at these redshifts.
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Figure 8. Left panel: tracks of different SMS configurations with < 1 in a colour—magnitude diagram for the JWST NIRCam filters F277W and F444W (cf.
fig. 4 in S. H. Price et al. 2025). As the SMS light curve evolves, it moves upwards in the diagram. In the recombination phase, the source moves horizontally to
the left in this diagram because the surface temperature is Tion. Due to the large redshift, the time evolution will be very slow in the observer frame. The circles
mark time intervals of one year in the source frame. The source will thus move from one point to the next in (1 + z) yr. The early luminosity peak has been
cut out in this figure; see the discussion of Fig. 3. Right panel: same as left panel, but for selected models with n > 1. The light curve starts on the right and
moves to the left and upwards. At the kink, n = 1, and after that the signal becomes bluer and subsequently moves downwards and to the right, until the shock
region becomes transparent. The circles mark time intervals of five years in the source frame. The grey region marks the region where a source is too faint to be

detected with 1000 s exposure time.

For RST, the situation is more favourable due to the higher depth of
the planned surveys of up to 29.4 mag. Here, lower energy exploding
SMSs (with n < 1, see lower left panel) will be visible in the SN
medium survey in both filters up to z ~ 7-8 and in the SN deep
survey up to z ~ 9. Some events might also be marginally detectable
in the H band until z ~ 10.5. The brighter n > 1 cases (see bottom
right panel) will be clearly visible in both surveys for z < 10.5.
Due to their brightness, their visibility is constrained by the spectral
range of the filters because of intergalactic Lyman-alpha absorption.
At larger redshifts of z > 10.5-10.8, these transients will only be
visible in the longer wavelength H-band filter until around z = 13.

4 DISCUSSION

4.1 Ionization of the CSM

In the previous section, we found that SMS explosions have high
intrinsic luminosities of 10°#7erg s~!. We therefore expect a
significant flux of ionizing radiation, especially in the cases n > 1.
But it is unclear whether their number is enough to ionize the dense
CSM around the exploding SMS. The possible ionization of the CSM
has strong implications on the light-curve visibility via optical depth
from electron scattering and also Balmer attenuation.

We therefore calculate the amount of ionizing photons. We find
that the CSM can be partially ionized by > 13.6 eV photons only for
cases withn > 1. For all other cases, the number of > 13.6 eV photos
is too low to significantly ionize the CSM. But due to the special
environment of ACHs at Tcsy = 8000 K, we find that ionization via
Balmer-continuum photons > 3.4 eV can be viable. We discuss this
in the following.

Hydrogen can be ionized from the ground state (n = 1) by Lyman-
continuum photons. Hydrogen at the n = 2 level can also be ionized
by Balmer-continuum photons. The CSM will reach the ionization-
recombination equilibrium if a sufficient amount of atoms are in
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the n = 2 excited state and n = 2 atoms are replenished quickly
enough, i.e. the collisional excitation time-scale is similar or smaller
than the dynamical time-scale. This is the case here, at least in
the central region of the halo (cf. fig. 12 in W. H. Soon 1992;
T. T. Scholz et al. 1990), and we assume for simplicity that this
is given in the whole CSM (but see discussion at the end of this
section). Note that, although hydrogen atoms in states with n > 3
may contribute comparably to those in the n = 2 level, we neglect
these in the following discussion for simplicity, as their inclusion
does not essentially change the results.

In equilibrium, the ionization rate is balanced with the recombi-
nation rate to all levels. But any recombination to levels n = 1 and
2 will produce a photon that can ionize another atom in the CSM
because the CSM is (marginally) optically thick for both Lyman- and
Balmer-continuum photons, as we see later. Thus, recombination to
these levels will have no impact on the total degree of ionization
of the CSM. We then assume local balance between recombination
to the n =1 and 2 levels and the corresponding locally emitted
ionizing photons, which is called the on-the-spot approximation
(see D. E. Osterbrock & G. J. Ferland 2006, ch. 2). According to
this approximation, the total rate density of photoionization by the
photons emitted from the shocked shell will be balanced with the
recombination rate density to states n > 3:

My LyN10bf,1C + Ny Bal2O0bf,2C = RN plc . (45)

n, 1y and n, g, are the number densities of photons emitted from
the shocked shell with > 13.6 and > 3.4 eV, respectively. n; and
n, are the number densities of neutral hydrogen in the n =1
and 2 states, respectively. oy and oy, are the bound-free cross-
sections for hydrogen in the » = 1 and 2 states, respectively. n,
and n, are the electron and proton number densities and ac =
2.425 x 1073 em®s™! (at Tesm, interpolated from P. G. Martin
1988, table 1) is the recombination parameter excluding direct
recombination to the ground state and n = 2 level.
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Figure 9. Upper panels: same as Fig. 8, but for filters of the EUCLID telescope’s Near-Infrared Spectrometer and Photometer instrument. For the detection
bounds, we used the design target magnitude for the EWF and EDF. The dots in the left panels again indicate source-frame intervals of 1 yr and points in the
right panels of 5 yr. Bottom panels: same as above but for filters of the RST Wide Field Instrument. For the detection bounds, we used the observational bounds

of the SN medium and deep surveys.

Because the amount of Lyman-continuum photons is quite low,
we find that, n,, ;yn; is much smaller than n,, g,n, in our case, even
though n; > n,. We can therefore neglect the ionization by Lyman-
continuum photons, n,,1,710yf,1¢, in the left-hand side of equation
(45). We employ opga = 1.58 x 10717 cm? (see G. B. Rybicki &
A. P. Lightman 1979, ch. 10.5) as the bound-free cross-section for
atoms in the n = 2 state at the Balmer limit (A = 0.364 «m) in the
following.

For partially ionized hydrogen, n,=n, = fionhor, Where
fion is the ionization fraction and ny = Ap/mur? (Ap =
noRTcsm/4mG =4 x 10" ¢ cm™!, see equation 5) is the total
number density. We assume a pure hydrogen CSM, instead of
a primordial CSM, for simplicity — this will underestimate the
ionization fraction, and overestimate the optical depth of Balmer
photons by around 25 per cent. From equation (45), we then get:

Opf,2C

~ £, (@6)

fyf2

ac

We have defined f, = n, pa/ni and fo = ny/ny as the > 3.4 eV

photon and n = 2 hydrogen fractions relative to the total number
Obf,2C

density. Since fi,n <1 and ~ 1.95 x 10°, we already see

dc
that f> is bounded by the photon fraction f, and is f> < 107°
if f, > 1. Given the number rate of ionizing photons, Q,, the
number density is n, g, = Q, /47 cr? (neglecting attenuation, which
is justified for an order-of-magnitude estimate, as we see later) and
fy = Oymyu/4mcAL. Also, we rewrite f; as
h=2=2 B0 ), (47)

Mot ny Nyot ny

where we approximate that n & 1y + n,. As a first approximation,
the ratio n,/n; can be broadly estimated using the expression from
local thermal equilibrium as

"2 82 p(—10.2eV kg Tesy) = 1.5 x 1076 (48)
ni 81
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(g2 = 8, g1 = 2 are the statistical weights). Employing this value,
we finally find
Obf,2€C 12

fon = e Fr = fion) = 293X fy(1 = o). (49)

ac

For a photon fraction f, = {1, 10, 100}, we find ionization fractions
of fion = {0.79,0.97,0.997}. For our models, we find that n > 1
models (FujH2, FujH4, FujHe2, FujHe4, and FujExp) have f, ~
1500 — 4000 around the light-curve peak. Exploding n < 1 models
(FujH1, FujHel, NagColl, NagCol2, and NagExp) have f, ~ 100 —
500 and the pulsating models (NagPull and NagPul2) have f, ~
10 — 20 around the light-curve peak. We therefore find that the CSM
can be significantly ionized using Balmer-continuum photons.

We note that, however, that the ratio n,/n;, may not be given by
the thermal equilibrium value (equation 48) and might even be higher
due to irradiation of Lyman-« photons (see K. Omukai 2001, footnote
3). We also point out that, while a temperature of Tcgy = 8000 K is
used in equation (48), the actual temperature of the CSM may deviate
from this value after the interaction with photons. If, for example, the
CSM temperature is determined by a cooler colour temperature of the
radiation, such as 6000 K, the ratio n, /n could be reduced by a factor
of 100. Nevertheless, for either case, the ionization fraction is still
likely to remain close to unity for the models with peak luminosities
exceeding 10 erg s~

The size of the ionized region depends on the incoming photon
rate Q, and can be estimated by calculating the Strdmgen sphere
radius Ry, (see D. E. Osterbrock & G. J. Ferland 2006, ch. 2). It can
be derived assuming that Q,, is equal to the recombination rate:

fa Lo (50)
fon Rfs Rstr '

with n, =n, = fionher (With fig, & 1) and a¢ as above. Ry, is
defined in the steady state, which is applicable if the recombination
time-scale t,. ~ 1/n.a¢c (K 100 days for our case) is shorter than
the system evolution time ~yr. Equation (50) can be solved for Ry;:

—1
Ry = Ry (1 - 37)/) . (51)
thr

We find a threshold photon rate Qu = f2,4wacA?/mi Ry ~
10%6s~! ign(O.OS pc/Rgs), above which Ry, diverges and the CSM
will be fully ionized. Excess photons will leave the ACH and could
contribute to reionization of the IGM.

In Fig. 10, we show the Stromgen sphere radius Ry, and forward
shock radius Ry (equivalent to the photosphere radius) as a function
of time for some representative models. We find that all models
except for the pulsating model (NagPul2) produce enough Balmer-
continuum photons to fully ionize the CSM before the light-curve
peak. Due to the form of equation (51), the Stromgen radius sharply
increases once the photon flux Q, gets close to the threshold for full
ionization. The Stromgen sphere would recede for model FujHe4
according to equation (51). But this is not too relevant here because
this would happen at late times when the total luminosity is much
lower than the peak. Also, the recombination rate might be too small
in the outer layers, such that most of the CSM would stay ionized
regardless within the light-curve time-scale.

We discuss the attenuation of Balmer-continuum photons with
> 3.4 eV, which can be absorbed by n = 2 neutral hydrogen. The
optical depth depends on the number density n, (as above) and is
given by

Resie 47T(1@A%
Qrec = nenpaCdV =5
R my

fs

Obf2 AL

TBal =/ n20pg2dr = fa. (52)
R

fs my R

MNRAS 545, 1-30 (2026)

Stréomgen sphere and shock radius

103
FujH4
, | — FuiHe4
107 4 FujH2
FujH1
10! 4 NagColl
NagPul2
o — Rstr
2 1004 ___ g,
- e | Y N e St
< -~ ==
#
o

100 10! 102
tsource [years]

Figure 10. Stromgen sphere radius R, (solid lines) and forward shock radius
Rys (dashed lines) for several representative models. We show the evolution
only for the optically thick shock phase. The Stromgen sphere radius diverges
after some time, indicating full ionization of the halo. The time when this
happens is >~ 5-6 yr for thermalized (n < 1) models. For the non-thermalized
(n > 1) models FujH4, FujHe4, and FujHe2, the ionized bubble forms after
< 0.8 yr. This is before the luminosity peak in all cases. The pulsating models
do not significantly ionize the CSM.

Here, we obtain f, from equation (46). In the case of a non-ionized
CSM (fy < 1, fion =0, and fz = I’lz/nmt ~ I’lz/}’l] =15x 1076)
and for a typical value of Rg ~ 0.05 pc around the light-curve peak,
we find 75, >~ 367 x (0.05 pc/Rg), which leads essentially to total
extinction. But for an ionized CSM with sufficient Balmer photon
flux of f, ~ 100 (e.g. the exploding n < 1 models), fion 2 0.997,
and the optical depth drops to g, ~ 1.25 x (0.05 pc/Ry,); for f, ~
500, fion 2 0.9993, and we get tgy ~ 0.25 x (0.05 pc/Rys). This is
consistent with our previous assumption that the CSM is moderately
optically thick.

Naively taking tp, to compute the Balmer attenuation, we would
expect an attenuation of e~ ™4 &~ (.29 — (.78 around the Balmer
frequency, which would decrease the signal by Amag >~ 0.3 — 1.3.
But the actual strength of Balmer attenuation might be significantly
lower due to the difference in CSM temperature and incoming
photon colour temperature T, . If T,y is similar to, or smaller
than, Tcsm, attenuation will be negligible because the CSM will
intrinsically radiate photons at T¢sy. This will be the case for the
n < 1 cases around and after the luminosity peak, especially during
the recombination phase. If 7.,; > Tcsm, We might expect attenuation
by that logic. But the only cases where this is fulfilled around the
peak are our cases with n > 1 (with T,y > 10° K). But in those
cases, the flux of ionizing photons will be very high f, > 1500,
thus f, is much lower compared to the n < 1 cases, and 7, will be
negligible.

The above discussed points have strong implications on the
visibility of our models. In the early parts of the light curve, before
the CSM is ionized, we expect significant attenuation for frequencies
blueward of the Balmer line. For the pulsating models, where the
CSM cannot be ionized, the Balmer attenuation will likely make
these sources unobservable for z > 2 in the J and H bands (RST and
EUCLID). But for models where the CSM can be fully ionized, we
do not expect magnitudes to be lowered significantly. This will be
true around the luminosity peak and also after, while the CSM stays
ionized. The general visibility of the light curve may therefore not
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be significantly affected by the Balmer attenuation. Therefore, we
do not consider attenuation in the following discussions of the light-
curve visibility. But we note that more comprehensive and detailed
modelling of the CSM will be necessary in the future, to validate our
estimates.

Another point to be discussed regarding ionization of the CSM is
that the fully ionized CSM might be optically thick due to electron
scattering. The SMS explosion might then not be directly visible to
a distant observer. Instead, it might be fainter because photons will
scatter and slowly diffuse out of the ionized bubble over time from a
larger photosphere radius (radius of last scattering). If the diffusion
time-scale out of the ionized CSM t4ifr csm 1 significantly longer than
the variability time-scale of the radiation emission, the variability of
the source is smeared out and the shape of the light curve changes.
We therefore estimate the optical depth and diffusion time-scale of
photons out of the ionized CSM (i.e. the region between the shocked
shell and the outer CSM radius at ~ 100-1000 pc) due to electron
scattering:

o KAL
TCSM,es = kpcsmdr = —— fion * 9.1 (53)
R, Rfs

fs

0.05 pc)
fs '

with ¥ =0.35cm?’g™! and fio,, &# 1 for a fully ionized CSM.
The diffusion time-scale is approximately given by t4ircsm &
3tcsmes(AR)/c, where AR is the distance between the shock radius
and the radius of last scattering ~ 0.45 pc. Atz ~ 10 yr, we find that
TesMes ~ 4 —9 and tgir,csm ~ 24-40 yr. After around r ~ 20yr,
these values have dropped to tcsm ~ 0.5—4 and fgige.csm ~ 1-8 yr,
with the trend continuing to shorter Teswm,es and Zaigr,csm. Note that
Tesmees depends on the column density of hydrogen between the
shock region and the CSM outer radius. It becomes smaller simply
because the shock radius increases and the distance to the CSM
radius decreases.

The diffusion time is therefore comparable to or shorter than the
dynamical time-scale of the system at the time of peak brightness.
This suggests that the ionized bubble, with its moderate optical depth,
allows for the light emitted from the shock region to leak out relatively
quickly, leading only to minor changes in the light-curve shape and
brightness around the peak time.

We further note that the growing H1I region may expel the gas
in the halo. This could reduce the CSM density and decrease the
luminosity (see Appendix B, Fig. BS). However, we find that the
characteristic velocity of ionized gas, broadly estimated from its
internal energy acquired by the irradiation, is lower than the shock
shell expansion velocity by around a factor of 3-5. Hence, the
characteristic time-scale for the CSM to be blown away should be
longer than the light-curve time-scale of 10-100 yr and the effect
on the CSM density should be minor. But we stress that more de-
tailed radiation-hydrodynamics/radiation transport simulations will
be necessary to quantify this effect.

In the above discussion, we assumed that the collisional excitation
time-scale for hydrogen, #., is always shorter than the dynamical
time-scale throughout the whole CSM. But since f.o1 = 1/(0tcol 1),
it implicitly depends on the radius. With excitation parameters of
around oy &~ 10713 cm?s~! (T. T. Scholz et al. 1990; W. H. Soon
1992), we expect our assumption to not hold for radii > 5 pc. Hence,
at large radii, the rate of hydrogen creation in the n = 2 state will
not be sufficient to fully ionize the CSM within the system evolution
time. Lyman-alpha continuum photons might excite hydrogen atoms
but it is not clear whether the flux is high enough to then fully
ionize the CSM at larger radii. Because the photon fraction f,
is large, the system might then be starved of n, atoms. Once all
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n, atoms have been consumed, insufficient amounts of n, will
be created and thus the ionization will be limited to the initial
ny/n-fraction of ~ 1.5 x 107°. Attenuation of Balmer photons
will therefore be smaller because the atoms in the n =2 state
will be exhausted. Also, because of less ionization, the electron
scattering opacity will be smaller as well. These points could
improve overall visibility of the source. But the effect may not be
significantly different from the estimation above because the main
contribution to the optical depth will come from the central part of
CSM.

In the region where the collisional excitation time-scale is short
compared to the system evolution time-scale, the collisional ioniza-
tion time-scale can be short as well. Naively thinking, this could
affect the ionization of the CSM via collisional ionization. However,
the collisional ionization has only a minor effect on determining the
ionization fraction of the CSM, as we explain in the following. We
also note that a short collisional time-scale is merely a necessary con-
dition to achieve local equilibrium, but it does not determine the final
state. For the ionization, we considered only photoionization. But for
completeness, in the following, we briefly consider the case where the
CSM could be ionized by collisions, instead of photoionization. To
estimate the impact of collisional ionization (reaction H + H — H*
+ H + e) we can compare the rate coefficient k3, ~ 3 x 1072* c¢m’®
s~! (table 2 in K. Omukai 2001) with Ob2C X 4.5 X 1077 ecm® s~ 1.
Similarly, we find reaction coefficients < 4.5 x 1077 cm® s™! for
the collisional ionization by electrons (H + € — H* + 2e; ki ;
and k;, in table 2 in K. Omukai 2001). Given that f, > 1, we
can safely argue that the collisional ionization is minor compared to
the photoioniztion. We also find that the collisional recombination,
which is the inverse processes to collisional ionization, is also
subdominant compared to the radiative recombination (H* + e — H)
in the CSM for our setup (K. Omukai 2001). We can formulate a rate
density equation analogous to equation (45) that considers collisional
excitation on the left-hand side. We can solve it and find a negligible
equilibrium ionization fraction fi,, < 10~*. Thus, collisions will
not lead to significant ionization of the CSM and can be safely
neglected. Therefore, the dominant process for ionization, indeed,
is photoionization and the ionization fraction is determined by the
balance of photoionization and recombination, as we assumed in this
section.

We also note that, in this section, we assumed that the main process
to create n, atoms is collisional excitation of neutral hydrogen.
However, this process consumes on average 10.2 eV per atom. By
ionizing the excited atoms, we are therefore scraping off the high-
energy tail of the neutral atoms, which should reduce the total energy
of the neutral CSM component. The average energy of hydrogen
atoms in the CSM at Tcgm = 8000 K is ~ 1 eV, which is not enough
to fully excite all atoms. But the interaction with the ionizing Balmer
photons can provide the missing energy in the CSM gas. A part of
the absorbed photon energy can then be redistributed to the neutral
atoms through recombination and scattering with the remaining
neutral atoms. Once the gas is ionized, electrons (and hence atoms)
can sustain the temperature by gaining energy from photons also
through Compton heating (or cooling). The total energy necessary
to collisionally excite the full CSM is approximately the number of
particles times 10.2 eV, approximately ~ 9 x 10° eV in total within
r < 10 pc. The total photon energy that is involved in ionization
is given by the ionization rate (it is equal to the recombination
rate, see equation 50) times the available time-scale, i.e. the system
evolution time of ~ 5 yr, times the energy per ionizing photon
of > 3.4 eV. This gives approximately > 5 x 10% eV in total —
assuming a forward shock position after 5 yr of ~ 0.05 pc — which
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is larger than the necessary excitation energy. Hence, the photons
interact with the gas with energy sufficient to induce excitation,
although the photon energy is not necessarily fully converted into
excitation. But we stress that detailed numerical simulations of
the full non-thermal environment will likely be necessary to fully
capture the ionization state of the CSM. We leave this for future
works.

4.2 Rate estimation of high-z SMS transients

In this section, we focus on the expected observable rate of SMSs.
Surveys of the high-z universe will be paramount to this and
allow us to constrain a significant range of the SMS formation
and evolution channels through their signatures when they explode.
Based on current and planned telescope hardware, JWST, EUCLID,
and RST will be useful to detect SMS explosions. EUCLID and RST
specifically will be able to put strong constraints on the lower redshift
SMS formation channels at z < 7-10. They are designed to make
long-duration surveys in the infrared band during their missions.
We here focus on EUCLID and RST, mainly due to their large sky
area coverage and thus larger possibility to observe SMS explosions.
Detection bounds for JWST will be taken from other works to serve
as a comparison.

EUCLID will perform two main sky surveys (see R. Scaramella
& others 2022): the EWF covers an area of 14 500 deg” (roughly 1/3
of the sky) in the Y, J, and H bands at a depth of 24.5 mag. The sky
map will be produced over the span of 6 yr, but with limited overlap
between each observed sky patch. After the design mission has been
completed, EUCLID could revisit some of the previously visited
patches. This will lead to enhanced opportunities of detecting slowly
varying transients such as SMS explosions. But even with single-
epoch observations it could be possible to observe SMS transients,
as was already attempted by T. J. Moriya et al. (2023). The other
important survey is the EDF. It will cover an area of 53 deg?® in the Y,
J, and H bands with a depth of 26.5 mag. Each frame will be visited
for 40-50 times over the span of the six-year mission and thus allow
good opportunities to spot variations of high-redshift transients. The
higher magnitude depth will also allow to observe fainter objects that
might be missed in the EWF.

The RST has a specifically designed survey to spot high-z SN
transients. The RST SN survey (see D. Spergel et al. 2013) will be
performed in three variations of wide, medium, and deep. They cover
sky areas of ~ (27.4,9,5) deg2 and observe in the band filters (Y&J,
J&H, and J&H) and at depths of (Y =27.1 & J=27.5,/=27.6 &
H=28.1,and J = 29.3 & H = 29.4) mag, respectively. Each patch
is visited every 5 d distributed over the span of 2 yr.

Early data from some JWST deep fields has also been used to
perform a similar transient search (T. J. Moriya et al. 2023) spanning
88.7 arcmin® ~ 0.025 deg? with a depth of ~ 29 mag.

There will also be some time overlap between the EUCLID, RST,
and JWST missions. There are therefore additional opportunities
to cross-correlate images of overlapping sky patches to extend the
detection range in magnitude and time-scale.

Ideally, a survey to find SMS transients should cover a large sky
area, have a deep magnitude reach and run over a large time-scale
of at least ~ 0.5-1.5(1 + z) yr (for the medium bright cases with
n < 1) to allow for the intrinsic light-curve variability to manifest.
Based on the available surveys, we expect the EDF and the RST SN
medium/deep surveys to provide the best opportunities of detecting
SMSs in the redshift range z < 10. But even the EWF could be useful
if itis possible to reliably identify SMS explosions from single-epoch
observations and/or if it is possible to detect them using data of a
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single spectral filter. This at least sounds plausible due to the high
SMS explosion brightness and extremely red characteristic colour
and redshift. We therefore take these surveys as a starting point and
compute the number rates of SMS explosions that we expect to find
within them.

We use our light-curve calculations to determine the range in
which SMS explosions will be visible within each survey. We then
use this knowledge to constrain SMS explosions at the low-redshift
end and subsequently constrain the intrinsic number density of SMSs.
In a later study, using this, one could also estimate the amount of
expected SMBH seeds and compare this with the actually observed
high-z AGN.

We estimate the visibility range of SMS explosions using the
colour—magnitude diagrams in Fig. 9 for EUCLID and RST as
follows. We look at the individual light curves and read off whether
they are inside of the detectable range of the survey. The signals
become less bright in the filters at higher redshift. We then mark
the maximum redshift z,,x when they become invisible and this
marks the detection range (z < zmax) for SMS explosions of a given
brightness. The maximal redshift ranges should be understood with
an error of Az ~ 0.5 — 1. We here neglect the possible attenuation
by the CSM, as discussed in Section 4.1, because the effect would be
minor A mag,p < 1 mag and a change of this order lies well within
our model uncertainty.

As afirst step, we consider the most optimistic case where we can
see any of the SMS explosion light curves. The brightest models (e.g.
FujH4, FujDif1, and FujHe4?) with luminosities Ly, = 107 ergs™!
(and also n > 1) then become the benchmark for observability. We
find that the observability is limited by the spectral range of the filters
due to the Lyman absorption and not by the intrinsic brightness of
the sources. But if most of the filter range is absorbed, the observed
AB magnitude will at some point become too faint to be detected
in the respective filters. We then find that SMS explosion transients
are visible in the surveys as follows: in EWF for z < 11.5, in EDF
for z < 11.5, in EWF with a detection only in a single-filter (only
H band) for z < 14, and in EDF with single-filter detection (only H
band) for z < 14.

For the RST, we find that SMSs could be visible in the surveys as
follows: in RST SN medium for z < 10.5, in RST SN deep for z <
10.5, in RST SN medium with single-filter-detection (only H band)
for z < 13 and in RST SN deep with single-filter detection (only H
band) for z < 13. We find that the observability is also fundamentally
limited by the filter wavelength range (1.38—1.77 um), rather than by
the observable magnitude depth. The maximum observable redshift
range for them is the same. We therefore can use both RST SN
medium and SN deep surveys together to get a larger effective sky
area of 9 + 5 = 14 deg?.

The above ranges may seem a bit optimistic because we consider
the observability of only the brightest SMS explosions. Also, these
brightest cases were the models with n > 1, where our model is
not too reliable for quantitative statements. We therefore repeat the
same procedure for more moderately bright SMS explosions (they
also correspond to cases with n < 1) of Ly ~ 10% ergs™ (e.g.
FujH1 and FujHel). We find that SMSs are visible in the surveys as
follows: in EWF for z < 5.5, in EDF for z < 7, in EWF with single-
filter detection (only H band) for z < 6.5, in EDF with single-filter
detection (only H band) for z < 9.

For the RST, we find that SMS transients would be visible in the
surveys as follows: in RST SN medium for z < 8, in RST SN deep for

ZNote the caveats regarding ionization of the CSM discussed in Section 4.1
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Table 3. For different surveys of EUCLID and RST (see the main text), we show the covered sky area, the transient time-scale in the source frame, the redshift
range in which SMSs can be observed, the comoving volume covered, and the detectable SMS explosion rate. If the intrinsic SMS explosion rate is above the
detectable rate, we expect at least one detection in a given survey. The numbers are given based on the brightest SMS explosions in our study (up to luminosities
Lol 2> 107 ergs™! and with > 1); the values in round brackets correspond to moderately bright SMS explosions with luminosities Ly ~ 10%® ergs~! and
n < 1. The lower redshift cut-off was chosen as z = 7 because we do not expect many SMS to form by that time. The redshift range was extended for the less
bright cases. For a comparison to theoretical estimates and calculations of the SMS explosion rate, see Fig. 11.

Survey and method Sky area [deg?] Transient time [yr] z-range Comoving volume [Mpc’] Detectable rate [Mpc—3yr—!]
EUCLID EWF survey 14500 100 (10) 7-11.5 (5-5.5) 2.30(0.73) x 10" 0.43(13.7) x 10713
EUCLID EWF+single-filter 14500 100 (10) 7-14 (5-6.5) 6.11(2.06) x 10! 0.16(4.85) x 10~13
EUCLID EDF survey 53 100 (10) 7-11.5 (5-7) 1.59(0.98) x 10° 0.63(10.2) x 10~
EUCLID EDF+single-filter 53 100 (10) 7-14 (7-9) 2.23(0.79) x 10° 0.45(12.6) x 10711
RST SN med-+deep 14 100 7-10.5 3.41 x 108 2.93 x 1071
RST SN med-+deep+-single-filter 14 100 7-13 5.26 x 108 1.90 x 10~
RST SN med 9 (10) (7-8) (7.06 x 107) (1.42 x 107)
RST SN med+single-filter 9 (10) (7-9.5) (1.64 x 10%) (6.08 x 10710)
RST SN deep 5 (10) (7-9) (7.46 x 107) (1.34 x 107)
RST SN deep+single-filter 5 (10) (7-10.5) (1.22 x 10%) (8.20 x 10710y

z < 9, in RST SN medium with single-filter detection (only H band)
for z < 9.5 and in RST SN deep with single-filter detection (only H
band) for z < 10.5. For these cases, the visibility is limited by the
magnitude depth.

Using these redshift ranges, we compute the comoving volume
that lies within the observation range. For the lower redshift cut-
off we choose z = 7 because we expect most SMSs to form at z =
10 — 20 (S. J. Patrick et al. 2023), or until lower redshifts (z > 6-7)
in non-standard formation scenarios (M. Kiyuna et al. 2024). The
redshift range was extended for the less bright cases. Similarly to T.
J. Moriya et al. (2023), we then use the intrinsic time-scale of the
SMS explosion light curves to compute the expected SMS explosion
rate. More precisely, the method proceeds as follows: in this work,
we found that the brightest SMS light curves with n > 1 can last
around 100 yr in the source frame. Moderately bright light curves
have a typical duration of 10 yr in the source frame. We compute
the bound on the intrinsic rate per comoving time and per comoving
volume from these values by considering the marginal rate that would
be necessary for at least one detection within a given survey. A given
source will be visible for the duration of the transient time-scale
in the source frame (10 or 100 yr, respectively). In the marginal
case where no detection is made within the survey, we know that
an explosion could have happened, at least, one transient time-scale
before the start of the survey (in the source frame). We can therefore
assume that the recurrence frequency of SMS explosions is at most
one over the transient time-scale (if explosions happen uniformly
in time, which we assume here for simplicity). We then divide this
frequency with the survey volume and get the total volume rate.

This works if the survey time-scale is shorter than the transient
time-scale, which is well fulfilled here. The rate will therefore give
the observational bound on SMS explosion existence in this redshift
range. If the true intrinsic SMS explosion rate is higher, we would
expect to observe at least one event during the survey time. The
results are summarized in Table 3.

Based on the results from Table 3, we found that the EWF has
the possibility to most strongly constrain the SMS explosion rate
to an order of ~ 10~"*Mpc3yr~! in a redshift range of 7-14
for the brightest cases, or ~ 107> Mpc~ yr~! in 5-6.5 for less
bright SMS explosions. But the wide field has the caveat that it
only allows for single-epoch detections. This might complicate the
identification based on photometric data alone. The EDF does not
have this issue but the constraining potential is smaller by roughly

two orders of magnitude at ~ 10712 Mpc =3 yr~! (bright cases) or
~ 1071 Mpc=3 yr~! (moderately bright cases) due to the smaller
sky coverage. From the RST, we expect to detect rates of above
~ 107 Mpc3 yr~!, even for the less bright SMS explosions.

A similar study to ours has also been done by T. J. Moriya et al.
(2023) for some JWST deep fields. They found an SMS rate bound of
8 x 1077 Mpc~3 yr~! in the redshift range of 10-15. This is signifi-
cantly less constraining compared to our EUCLID and RST bounds.
The smaller detectable rate is because they assumed a transient time-
scale of 2 yrin the source frame and due to the smaller survey volume.
When we use their survey volume of 6.2 x 10° Mpc® with our
transient time-scales, we get 1.6 x 1078 Mpc—2 yr~! (brightest cases)
and 1.6 x 1077 Mpc 3 yr~! (moderately bright cases), respectively.
We therefore stress that the EUCLID and RST surveys should not be
overlooked to observe or constrain SMS explosions.

The intrinsic rate of SMSs based on cosmological simulations
has been predicted by several studies (also see references in T. J.
Moriya et al. 2023) to be around 10~8-10"2Mpc 3 yr~! at z ~ 10-
15. On the lower redshift range, where EUCLID and RST will be
most sensitive, some studies (B. Agarwal et al. 2012; G. Chiaki et al.
2023) predict formation rates of 6 x 107'Mpc 3 yr~! (at z = 6,
B. Agarwal et al. 2012) and 5 x 1073 Mpc 3 yr~! (at z = 10 but
plateauing for smaller z, G. Chiaki et al. 2023), both assuming an
average SMS lifetime of 2 x 10° yr.

We additionally follow a calculation similar to T. J. Moriya
et al. (2023) to estimate the expected SMS rate based on the
observationally determined cosmic SFR (see fig. 18 in Y. Harikane
et al. 2023). Assuming an initial mass function ¥ for SMSs, we can
compute the SMS rate rgys from the star formation density rate pspr
as rsms = Pser forisn Y (¥), with W(yr) defined below in equation
(54). forisn is the fraction of SMSs that explode via a GRI SN
and produce a visible light curve. We here consider an optimistic
scenario where fgrisy &~ 1. But we have to keep in mind that a
successful SMS explosion strongly depends on the mass and rotation
rate, so the fraction should be lower. However, there are currently no
estimates on what value would be appropriate for fgrisn. With our
value, we can therefore get a rough upper estimate for the number
of observable SMS explosions. For simplicity, we also assume the
Salpeter initial mass function ¥ (x = 2.35) oc M2, as was done
by T. J. Moriya et al. (2023). We do this because the true SMS initial
mass function is not known. But we note that the Salpeter initial
mass function is calibrated using local universe stars, so it is not
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necessarily suitable for SMSs, which have vastly different formation
mechanisms. Instead, the function might be more top-heavy (e.g. S.
Chon et al. 2024). We get

10°Mg
m vdM
f low (54)

106 :
fo.lmh? MydM

V() =

To get an estimate for SMS explosions rates, we take mjq, = 10* Mo
for our medium-brightness models (with Ly, ~ 10¥#0 ergs~!) and
Migw = 10° Mg, for our brightest models (with Lyo > 1047 ergs™).
We thus get W = 4.6 x 1077 and 1.8 x 1078 M7', respectively. As
a comparison, for the extreme case of a flat initial mass function, we
get U =1.8x107° M(T)‘ with mi4, = 10° M. Finally, we use the
observational information on psgr as a function of redshift from Y.
Harikane et al. (2023, see their fig. 18) and C. T. Donnan et al. (2023).
We take pspr in specific redshift ranges and compute the SMS rate
rsms from there. For example in the redshift range z ~ 10 — 15, pspr
ranges within 10728 — 10738 My Mpc=3 yr~!, which finally leads
to SMS rates on the order of ~ 107! — 1072 Mpc=3 yr~!. Note
that for z < 7, taking the total SFR could overestimate SMS rates
because the primordial environment required for SMS formation is
more difficult to achieve.

All SMS explosion rates and our calculated constraints are
summarized in Fig. 11. The bounds and redshift ranges obtained for
the various EUCLID and RST surveys from Table 3 are denoted by
the horizontal lines. In panel (a), we show the rates for detecting
only the brightest SMSs with Ly, 2> 10”7 ergs™ and 5 > 1. In
panel (b), we show the rates for moderately bright cases with
Lyor ~ 109 ergs™! and 5 < 1. Additionally we show the rates
for JWST using the results from T. J. Moriya et al. (2023), but using
the transient time-scales from our work (see discussion above). The
intrinsic explosion rates coming from cosmological simulations of
B. Agarwal et al. (2012) and G. Chiaki et al. (2023), assuming
forisn &~ 1, are shown as well. The coloured surfaces mark the SMS
rate obtained from the observed SFR from Y. Harikane et al. (2023)
with a Salpeter initial mass function (see the discussion around
equation 54).

We find that the derived rates can in some cases be significantly
higher than the detectable rate. We therefore expect to find SMS
explosions using EUCLID and RST. More specifically, in panel (a),
we show the rates and detection bounds for the brightest SMS cases,
which correspond to the cases with n > 1. We see that the EWF
bound lies significantly below the expected SMS explosion rates
inferred from the star formation history (coloured surfaces) and from
cosmological simulations (results from B. Agarwal et al. 2012; G.
Chiaki et al. 2023). With this, for the EWF survey with detection
in multiple bands, we expect more than 100 x fgrisn SMS single-
epoch detections based on the SFR. If we take the numerical results
from B. Agarwal et al. (2012) and G. Chiaki et al. (2023) as a
benchmark, then we can expect to detect up to (10*~10°%) x fgrisn
SMS explosions. For the EDF, we would expect to detect on the order
of a few up to a few 100 x fgrisn, based on our rate estimate. Based
on the cosmic SFR of Y. Harikane et al. (2023), the RST SN surveys
on the other hand might detect an order of 10 x fgrisy massive SMS
explosions. But the simulation result from Chiaki is more optimistic
and could lead to hundreds of detections in the RST SN survey. For
JWST, current bounds are too weak to detect SMSs based on the SFR
and simulation by B. Agarwal et al. (2012). But based on the result
from G. Chiaki et al. (2023), we could expect a few detections. But
this is not very clear because the fraction of SMSs that explode via
a GRI SN (fcrisn), and produce visible signatures, is not known.
Also, Chiaki’s results show the total rate for all SMSs, not just the
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Figure 11. SMS explosion rate estimates and constraints as functions of
redshift. The horizontal lines mark the (upper) bounds on the observable
rates from the EUCLID and RST surveys listed in Table 3. Rates above will
be detectable. Panel (a) shows the rates for the brightest SMS cases (with
n > 1) and panel (b) for moderately bright SMS explosions (with n < 1). We
also show the observable rate for JWST obtained by T. J. Moriya, Y. Harikane
& A. K. Inoue (2023) and intrinsic SMS explosion rates from cosmological
simulations by B. Agarwal et al. (2012) and G. Chiaki et al. (2023), assuming
that the fraction of visible exploding SMSs is large (fgrisn ~ 1)). The
coloured boxes mark estimated rates based on cosmic star formation history
(Y. Harikane et al. 2023), assuming a Salpeter initial mass function and
forisN ~ 1. In panel (a), the boxes mark rates for SMSs with M ~ 10°-
10 Mg and in panel (b) for M ~ 10*~10°Mg. The derived rates are for
some cases significantly higher than what can be detected. We therefore
expect to find multiple SMS explosions using EUCLID and RST, but not
JWST.

brightest cases. The value shown here might thus be an overestimate
for the brightest SMS explosion cases and we do not expect SMS
detections in the current data. But with a larger sky area covered, we
conclude that JWST could at least provide moderate upper bounds.
For the less-massive and less-bright SMS cases (with n < 1) one
would naively expect less detections due to the lower sensitivity
in brightness. But this is not necessarily true, because less massive
SMSs are also more likely to form and thus more numerous. We show
this in panel (b). The coloured surfaces again mark the expected rates
based on the SFR. The rates are higher compared to the more massive
stars because less massive SMSs are more likely to form. This is
a consequence of the Salpeter initial mass function. The expected
numbers of detections in EUCLID and RST are thus higher, even
though the redshift detection range is smaller for those stars. For
the EWF, we now expect to find on the order of > 10* X forisn
SMS explosions at redshifts 57 (given they can form at such low
redshifts). For the EDF, we should find around 100 X fgrisx SMS
explosion transients for z = 7-9. The RST SN surveys detection rates
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lie within the star formation induced rates, but around two orders of
magnitude below the numerically simulated rates of G. Chiaki et al.
(2023). Hence, 2, 10 x fgrisn detections in the RST SN surveys may
be possible. For JWST, the picture is similar as with the more massive
SMS cases. But here, the JWST bound lies above the estimates from
G. Chiaki et al. (2023). We therefore do not expect to find SMS
explosions in the currently available data.

Our findings suggest that there is a possibility to detect dozens to
hundreds of SMS explosions with EUCLID and RST. It then appears
likely that we will observe some of them fading and disappearing
during the survey, even though the transient time-scale is long. We
here broadly estimate the number of events that we need to catch a
fading SMS explosion. Assuming that we observe x SMS explosions
at a given time and that we observe them at a random stage of their
light-curve evolution (assuming uniform distribution in time), then
we will observe the light curves at fyangient(1 + z)/x time increments.
If this time is smaller than the survey time-scale, then we would
observe the fading of at least one light curve within the survey
time. We can invert this equation to solve for x. Broadly estimated,
we need to observe 10 yr(1 + z)/6 yr ~ 15 (assuming z ~ 8) events
of moderately bright SMSs, or 100 yr(1 + z)/6 yr ~ 183 (assuming
z ~ 10) events for the brightest events to see the light curve fading
with EUCLID. This is within the numbers that could be observed in
EUCLID, and even RST. Conversely, it should also be possible to
constrain the transient time-scale based on the amount of observed
SMS explosions.

We should note that generally our estimates are to be understood
cautiously as a rough order of magnitude estimate. This is because
there is still significant remaining uncertainty in, e.g. the light-curve
model, properties of the SMS-forming halo, the SMS explosion
fraction fgrisn, and the SMS initial mass function at time of
explosion.

As discussed earlier in Section 4.3, there is also a possibility to
photometrically confuse LRDs with SMS explosion transients. We
briefly assess the risk of miss-classification here. According to the
COSMOS-Web survey of JWST (H. B. Akins et al. 2025a), over
434 LRDs have been observed therein to date and around 500 more
have been found during other surveys as well (see references in
H. B. Akins et al. 2025a). The covered survey area of COSMOS-
Web was 0.54 deg® at z ~ 5-9 and the probed comoving volume
ranges over 1.8 x 10" Mpc? over a timespan of 2.5/(1 +z) yr in
the source frame. This roughly leads to a detection rate of LRDs of
7.7 x 107> Mpc—3 yr~!. The actual rate could be higher because not
the whole observation time was devoted to finding LRDs.

Now, if we consider that LRDs can appear in similar redshift
ranges and brightness as SMS explosions, we can compare the SMS
and LRD rates to estimate the miss-classification risk. Based on the
SMS explosion rates inferred from the star formation history and
from numerical simulations (see Fig. 11), we find that LRDs are,
at least, around 3—4 orders of magnitude more prevalent than SMS
explosions. Therefore, around 0.1 per cent to 0.01 per cent of the
detected LRDs have the risk of being photometrically miss-classified
SMS explosion transients. Given the currently known total number
of LRDs, we find that at most ~ 0.1-0.9 of them could be SMS
explosions that are miss-classified as LRDs. When the number of
known LRDs rises, we should eventually expect that some of them
could be SMS explosions. We therefore conclude that — even through
the miss-classification risk is not too high — it could be worthwhile to
perform follow-up spectral observations of LRD candidates because
valuable scientific opportunities to detect SMS explosions might be
missed otherwise.
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4.3 Distinguishing SMS explosions from alternative sources

In Section 3, we discussed the observability of SMS explosions
and possible typical observational signatures. One of our findings
is that these explosions are slowly varying transients which appear
as quasi-persistent sources during much of their evolution time. The
question is whether some of the previously observed objects in the
early universe might instead be such slowly varying SMS explosions.
Especially in the part around the emission peak, the variability of
these sources can be so small that they could be confused with
persistent sources.

The most prominent high-redshift objects are LRDs and AGN.
LRDs appear as very red unresolved point-like sources (JWST
magpaw ~ 28-23 and magp,;;w — Magpuuw ~ 0-2, see fig. 1 in
Z. Zhang et al. 2025). Due to their position in the colour-magnitude
diagram, they might therefore be confused photometrically with
SMS explosions, if only data from some long-wavelength filters is
available. In fact, it was already speculated that some LRDs might be
high-redshift SNe (H. Yan et al. 2023). A similar reasoning will apply
to SMS explosions as well. In addition, LRDs were found to have
relatively small variability in their brightness of ~ 0.2 mag within
a time period of around 2 yr in the observer frame (see the studies
by R. O’Brien et al. 2024; W. L. Tee et al. 2025; Z. Zhang et al.
2025). We computed the variability of SMS explosion light curves in
Section 3.2 and found that they would have a variability comparable
to LRDs for time-scales of 0.5-9 x (1 + z) yr. Atredshifts of z ~ 7—
10, which are typical for LRDs, this implies that we do not expect
to detect any significant variability of SMS explosions in the time
frame of 5—-100 yr, if we detect the light curve near its emission peak.
Variability can be stronger if the light curve is observed near the
beginning of its evolution or when the shock becomes transparent
and the luminosity drops.

Only having access to photometric data might thus be too little to
identify and/or discriminate an LRD and an SMS explosion transient.
But spectrally, they can be quite different, as we discuss below.
Having access to a spectrum will therefore be of great importance
to distinguish them. But even with a spectrum available, there is the
possibility that the red part of the spectrum might be explained using
a gas-covered SMS explosion and the bluer part by a surrounding
young stellar population. A similar idea was discussed by R. P. Naidu
et al. (2025), where the red part of the spectrum could be an AGN
enshrouded in a dense cloud of hydrogen. Such cloud would produce
similar observations in both cases.

SMS explosions may be regarded as large-scale Type IIn SNe
with large ejecta mass and explosion energy. The ejecta velocities
lie in the range of a few percent of ¢. We therefore expect similar
spectral properties to these Type IIn SNe with some differences:
first, we discuss the number of spectral lines. SMS explosions will
have very metal poor spectra, lacking heavy element spectral lines
and instead showing strong hydrogen and helium lines. This can
be easily understood for the cases where a BH is formed: heavy
elements would form near the centre during the SMS collapse and
promptly fall into the BH (as found in simulations by S. Fujibayashi
et al. 2025). But even for exploding models, where the heavier
elements are released, the final spectrum should be metal poor.
This is because the photospheric features are determined by the
shock region, which mostly consists of the near-primordial CSM
(Z < 107 Zg, K. Omukai et al. 2008) and metal-poor outer layers
of the SMS atmosphere. A primordial composition should therefore
be a good approximation regardless of the explosion mechanism,
while the shock shell is opaque and the CSM consists of primordial
gas.
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After the shock shell becomes optically thin, spectral lines from
heavier elements in the SMS ejecta, which are synthesized during
the SMS hydrostatic evolution and/or during its explosion, may
become visible. If the SMS explosion is triggered by runaway nuclear
burning, we also expect a higher abundance of heavier elements such
as Mg and Si (see C. Nagele et al. 2020) in the spectrum. This is
because then the heavy elements will be ejected since no BH forms
in this case.

Regarding the shape of the spectral lines, we expect some Doppler
broadening of the lines on the order of 3000kms~' (~ 0.01¢) from
the elements within the shock front. Because we only observe the
part of the envelope which travels towards us, this broadening should
be asymmetric and be stronger towards the blue colours. But line
broadening by electron scattering due to an ionized CSM (see Section
4.1), could also be present and smear out the asymmetry. The dense
expanding envelope could also lead to a P-Cygni spectral line shape.
These features have already been observed in LRD candidates by V.
Rusakov et al. (2025), and would also be consistent with exploding
SMSs, according to our findings.

For SMSs to form, a dense isothermal gas halo is needed, with
typical sizes of r ~ 1 kpc (S. J. Patrick et al. 2023). Even if it is
mostly transparent and does not absorb the radiation coming from
inside, we still expect scattering due to gas (R. P. Naidu et al. 2025),
and also some dust attenuation to occur. Trace amounts of dust
could be present due to outflows from blue stars on the outskirts
and outside of the halo. Such stars could be necessary, in some SMS
formation scenarios, to provide the Lyman-alpha background needed
for the isothermally collapsing halo to be realized (see references
in the Introduction). For SMSs to form, an environment of low
metallicity Z < 107 Zg is necessary (K. Omukai et al. 2008). At
these metallicities, the effect of pollutants on the halo opacity will
be minor (see A. N. Cox & J. E. Tabor 1976). But some weak metal
absorption features might appear in the final observed spectrum, as
discussed by D. Kasen, S. E. Woosley & A. Heger (2011). The result
could be a reddened spectrum with some absorption features and
broadened spectral lines not too different from previously observed
reddened AGN or LRDs.

Other spectral features could appear in the recombination phase
of the light curve. There, the shock shell region is only partly ionized
and the radiative region lies below a layer of recombined material.
Due to this, a Balmer break could appear in the spectrum as well (see
fig. 11 in D. Kasen et al. 2011), which may change the detectability.
However, the strength of the Balmer break strongly depends on the
detailed temperature structure and excitation state of the recombined
shell. Therefore, a more sophisticated spectral modelling is required
for quantitative predictions.

As we discussed in the previous Section 4.1, the CSM could
be almost fully ionized, which might lead to a moderate optical
depth to electron scattering. This could lead to a lowered luminosity
because photons trapped in the ionized shell will diffuse out within
the diffusion time-scale out of the ionized region. The CSM might
also be partially opaque to Balmer-continuum photons, which might
create a visible Balmer break in the final spectrum of around one
magnitude. Without ionization of the CSM, the Balmer attenuation
could be so severe that it leads to essentially complete absorption. In
these cases, the strong Balmer break might be photometrically miss-
identified as a Lyman break, leading to a wrong redshift estimate for
those sources.

SMS explosions could also be confused with high-z AGNs. High-
redshift AGNs are often identified photometrically through filter-
dropout. Once an AGN is identified, one usually uses single-epoch
observations of the luminosity to estimate the AGN mass while
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assuming Eddington luminosity. Since SMS explosions would be
similarly affected by filter-dropout, it is possible to miss-classify
them as AGNs. If we then assume an AGN instead of an SMS
explosion transient, the mass estimation of the remnant BH will
be wrong by several orders of magnitude. This can be understood
because the luminosity of an SMS explosion is not limited by the
Eddington luminosity of the remnant BH.

As an example we take an SMS explosion with observed
peak luminosity of 10¥ % ergs~!. If we assume this to come
from an AGN that radiates with Eddington luminosity L. =
1.4 x 108 ergs~! (M /M), we would infer a central BH mass of
10’8 Mg, The corresponding SMS remnant BH however would
only have a mass on the order of 10~ My By confusing an SMS
explosion with an AGN we therefore could overestimate the masses
of some early SMBHSs. Taking this possible bias into account could
thus alleviate the tension for SMBH formation caused by high-z
AGNs with extremely massive SMBHs.

There is also the possibility of confusion with brown dwarfs.
SMS explosions with 1 < 1 appear as blackbodies with 7T ~
6000/(1 4 z) K in the recombination phase. This is similar to the
surface temperature of brown dwarfs. SMS explosions and brown
dwarfs could therefore populate similar regions in the colour—
magnitude and colour—colour diagrams. But this confusion can
be avoided if filter-dropout is considered or if multiband data are
available.

Over all, an analysis pipeline to identify SMS explosions should be
set up to search for the following characteristic features: The sources
would be bright, point-like, and showing very slow to no variability.
They also have a high redshift z > 7, but more likely z ~ 10 — 20.
The redshift can be obtained either photometrically through filter
dropout, or spectroscopically using the strong H lines (e.g. He and
Hp) or using the Lyman break. But one should be careful not to
mistake a possible strong Balmer break, which could be present in
some evolution states of the light curve (see above), with the Lyman
break. A strong Balmer break can be present in the early phase of
the light curve, before the CSM can be ionized, and for the cases
where the radiation is not sufficient to ionize the CSM. A z > 10
object with a strong Balmer break can therefore be an indication of
an SMS explosion. This is also one possible way to distinguish SMS
explosions from LRDs, because LRDs have a characteristic Balmer
break strength, which is similar in strength for all LRDs. According
to our findings in Section 4.1, the ionization of the CSM will proceed
within a short amount of time. This will lead to the Balmer break
becoming weaker and vanishing relatively quickly (within months).
If a spectrum is taken before and after that happens, this can be a
smoking gun signal for an SMS explosion that ionizes the CSM.
Another clear indication of SMS explosions is a near primordial
spectrum. Through the (lack of) metal lines, one can distinguish them
from AGN, which show characteristic metal lines in their spectrum.
Important spectral features of SMS explosions include wide spectral
lines, broadened by Doppler-broadening or electron scattering, of
> 3000 km s~! with a possible P-Cygni line shape. If the light curve
is observed in the recombination phase we expect the luminosity to
rise over time o t?> with constant colour temperature. If we observe
the shock becoming transparent, we would see a sharp luminosity
drop. Both features are clear signs of SMS explosions surrounded by
a dense CSM.

SMS explosions can also leave behind more indirect evidence,
which would be visible long after the explosion happens. One
signature is bursty star formation within a relatively small area of
the host galaxy/halo, for which there is evidence in compact high-z
galaxies (M. Castellano et al. 2024; J. A. Zavala et al. 2025). This
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could happen if an SMS explodes inside a halo and the ejected
material then sweeps through it, forming shocks and compressing
matter. Another way is strong AGN feedback, that is launched when
the halo material accretes on the newly formed BH. These channels
would then lead to enhanced star formation. The abundance of young
blue stars would then lead to a bluer spectrum with a strong Balmer
break. This would be detectable even if the young central BH is
obscured by the host proto-galaxy (see J. Silk et al. 2024). Bursty
star formation also drives chemical enrichment of the AGN and could
explain the observed rapid chemical evolution of early AGN (Y. Shen
& others 2019). Taken together, these indirect signatures would likely
lead to a combined spectrum of a young SMS-remnant AGN with a
young blue stellar population associated with bursty star formation.
This morphology corresponds to a number of previously observed
LRDs, where the red part could come from an accreting AGN and
the blue part from a young stellar population.

We might additionally expect metal-poor and/or super-Eddington
accreting AGNs. Since SMSs have a low metallicity and are sur-
rounded by a roughly primordial halo, an accretion torus would
form out of this material around the remnant BH. This would be
observable as a metal-poor AGN, as observed for example by L.
Furtak et al. (2024). The AGN could also be obscured by the rapidly
infalling matter, as suggested by D. Kido et al. (2025). Since SMSs
form in high-density regions, super-Eddington accretion might occur
temporarily, which might be observed at lower redshift (H. Suh et al.
2025).

Other observational signatures from collapsing SMSs include the
emission of gravitational waves during BH formation itself (M.
Shibata et al. 2016a; H. Uchida et al. 2017); the ringdown signal
could be observed at redshifts z < 5 by the laser interferometry
space antenna (LISA, M. Shibata et al. 2016a). LISA could also
see a clump of gas in the accretion disc around the BH (H. Uchida
et al. 2017). Binary intermediate-mass BHs created from collapsing
SMSs can also easily form in the protostellar disc (M. A. Latif, S.
Khochfar & D. Whalen 2020; S. J. Patrick et al. 2023), which are
also observation targets for LISA (P. Amaro-Seoane et al. 2017).
Accreting pairs could be visible as a binary AGN. Some candidates
have already been observed by JWST (H. Ubler & others 2024).

4.4 Further investigation topics and future model
improvements

Another interesting path of study would be less massive large stars
of around a few 10>-10* My (G. Volpato et al. 2023). They are
sometimes called ‘VMSs’, which would collapse to a BH after the
pair-creation instability (Y. B. Zeldovich & 1. D. Novikov 1971).
These could form in similar environments to SMSs but have evolved
under different circumstances. For example, with smaller sustained
accretion rates (< 0.02 Mg yr~'), or they have been ejected out of
the star-forming disc by N-body interactions during their formation
(see e.g. M. Kiyuna et al. 2024), thus cutting off the mass accretion
and leading to massive stars of ~ 1000 M. Additionally, these stars
might form more frequently due to their smaller mass and because
they do not need such ideal/extreme environments as are needed for
typical SMSs.

VMSs are of interest because they have a different explosion
channel from SMSs. Even though the collapse trigger is different
from that of SMSs, the outcome could be similar and the mass outflow
could be launched by a disc wind if the VMSs are rapidly rotating
(e.g. H. Uchida et al. 2019). Because such VMSs would likely also
be surrounded by a dense CSM, an interaction powered SN could
happen. A main caveat would be however that VMSs evolve as blue
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supergiants and the strong UV radiation might ionize or blow away
the surrounding CSM. This could significantly impact the dynamics
of the ejecta and the observability to distant observers.

We give a rough estimate for the expected brightness and visibility
of these VMSs. Assuming that they did not blow away their dense
CSM, we can apply our light-curve model for this type of SNe. For
the case where the CSM is diluted significantly, the light curve would
look more closely to a Type IIp SN and can be modelled using the
model of T. Matsumoto et al. (2016) for an expanding envelope with
a recombination phase.

We take as an example a VMS with mass of 880 Mg and a core
mass of 800 My, and another one with 6600 My and a core of
6000 M. We now follow the same arguments as in Section 3.1. The
stars will leave behind BHs of ~ 720 and ~ 5400 Mg, respectively.
The remaining mass is ejected or part of an accretion torus. The ejecta
kinetic energy and total ejecta mass will be (2.9 x 10%3 erg, 88 M)
and (2.2 x 10°* erg, 660 Mg). We also assume an initial radius of
1000Rg. Using our light-curve model, we find peak luminosities
of 3 x 10¥ and 2 x 10* ergs™!, respectively. The light-curve time-
scales are around 7 yr in the optically thick shock phase for both cases.
This is not too different from other more massive SMS explosion
cases. But for both VMS cases, the diffusion peak is reached within
less than one year after the explosion starts. This will naturally lead
to a faster and less persistent transient with higher variability. We
find that both VMSs could be visible in the EWF and EDF up
until redshifts of 8-9. With the higher expected abundance of VMSs
compared to SMSs, we expect to find many such explosions in the
EUCLID and RST observations. This highlights the opportunity of
EUCLID as an ideal tool to detect massive star explosions.

As a comparison, the light curve evolves as a Typellp SN if no
dense CSM is present. The light curve can then be modelled in the
same ways as in H. Uchida et al. (2019) or T. Matsumoto et al.
(2016). H. Uchida et al. (2019) find a maximum brightness for ~
320 M, stars (roughly comparable mass to our VMSs) of ~ 10%—
10*% ergs~!. The lower brightness should make it more difficult to
observe such cases. The presence of a dense CSM thus significantly
enhances the visibility of massive exploding stars at high redshift.
Conversely, the more abundant but less massive VMSs could become
less visible due to not having a dense CSM surrounding them. We
therefore expect that the visibility of less massive SMSs and VMSs
could be inhibited both by smaller intrinsic brightness and a more
dilute CSM.

There are many ways in which the study of SMS explosions can be
improved in the future. They can be summarized in three main points:
improving the initial data for SMS collapse simulations, improving
the collapse simulation and inclusion of more effects (e.g. more
detailed nuclear burning networks and SMS atmosphere, see below),
and improving the subsequent light-curve model.

For the first point, realistic initial data can be improved by self-
consistently coupling SMS formation and stellar evolution models
as a standard practice. The collapse of primordial haloes, formation
of SMSs and their evolution need to be evolved in parallel including
backreactions. This is also necessary to get an idea of the distribution
in mass and composition of SMSs when they collapse.

Regarding the second point, the final evolutionary states of the
SMSs then need to be translated accurately as initial conditions
for relativistic collapse simulations. For example, S. Fujibayashi
et al. (2025) approximate the SMS as a polytropic, chemically
homogeneous core and neglects the bloated atmosphere. In the future,
we will need simulations that take into account the whole SMS at
onset of collapse. More complete nuclear burning networks will also
be needed, especially for smaller SMSs and for stars with higher
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metallicity. The full inclusion of the SMS atmosphere will also be
necessary to improve the quality of the ejecta calculation.

For the third point, the light-curve model can be improved by
directly using the simulated profiles of the ejecta and then using
them in radiative transfer hydrodynamic codes and/or semi-analytic
light-curve models. The final light curve can be improved in two
main ways: with better dynamical modelling and by improving
the modelling of the spectrum. Regarding the dynamics, while
we approximated the CSM as a simple power law with p oc r~2
in this paper, the CSM profile has a great impact on the results
as we show in Appendix B. Ideally, one would use the density
profile near the SMS directly from a halo collapse simulation. In
realistic collapse scenarios, we would expect a protostellar disc
close to the SMS (S. J. Patrick et al. 2023), which could lead to
non-spherical shock interactions and radiation emission. We also
modelled the hydrodynamical interaction and radiation transport
in the shock region under the one-zone approximation. Another
key finding is that the CSM can significantly affect the intrinsic
light curve of the shocked shell through ionization, absorption, and
scattering. To quantitatively predict and incorporate the effects of
the CSM, future work will need to more holistically account for the
various radiation and backreaction processes occurring within it. This
could be improved by using full radiation-transfer-hydrodynamics
simulations, taking into account the non-local thermal equilibrium
physics.

Regarding the spectrum, we only discussed it very qualitatively
and only took into account explicitly the Lyman-alpha absorption
by interstellar gas. In the future, it will be necessary to also
model individual emission and absorption lines, including a possible
Balmer break in the optically thick phase (also see Section 4.1),
to quantitatively discuss the detectability and distinguishability of
SMSs and other sources. The effect of the incomplete thermalization
(i.e. n > 1) in the shock region was also modelled only superficially
here. Future models will benefit by including this effect with more
detail. The effects of the halo and environment such as possible dust
attenuation, radiation self-absorption, and scattering by the halo gas,
will need to be taken into account in future works as well. A full
lifetime simulation that includes all these steps is still some time
away and is left for future works.

5 CONCLUSIONS

In this work, we studied the light curves associated with explosions
of SMSs at high redshift with z > 7. We explored the scenario where
a rapidly accreting SMS is initially surrounded by a dense CSM.
Massive and energetic ejecta from the SMS are released during the
explosion, which subsequently interact with the CSM via shocks.

The shock region is optically thick and emits electromagnetic
radiation. We developed a semi-analytic light-curve model that
computes its size, velocity, mass, and internal energy. Using this,
we computed the bolometric luminosity and emission spectrum
as a function of time. We used initial values for the ejecta mass,
ejecta energy, and initial radius that are informed by stellar evolution
calculations and general relativistic SMS collapse simulations. We
found that the luminosity is initially dominated by emissions from
an optically thick shock region. For some high-energy models, the
radiation can fall out of equilibrium and the spectrum can shift to the
blue, compared to a standard blackbody spectrum. This shift happens
if the thermal coupling coefficient 7 satisfies the condition n > 1. At
late phases, the shock becomes optically thin and emits non-thermal
radiation. But it is much smaller than the emission in the optically
thick shock phase for all cases considered here.
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For moderately energetic cases with n < 1, we found that the
thermal emission phase of the light curves lasts 10-15yr in the
source frame and can reach peak luminosities of 10¥-10* ergs~!.
This is similarly bright to previously observed LRDs or AGN at
high redshifts. The observed light curves can last up to ~ 250 yr
due to cosmic time dilation. During the evolution, the effective
surface temperature gradually cools down. This later crosses over
to a constant-temperature recombination phase where the surface
temperature is around 6000 K.

For more energetic cases with n > 1 the evolution is similar, but
the optically thick phase lasts longer (up to 200 yr), due to inhibited
hydrogen recombination. The maximum luminosity is generally
higher, ~ 10*7 erg s~!. The spectrum is also much bluer compared to
the n < 1 cases.

We found that for the n > 1 cases, the bluer spectrum produces
a large amount of ionizing radiation, which could partially ionize
the CSM. But due to the special environment of ACHs, we further
find that the CSM could be instead completely ionized by Balmer-
continuum photons via ionizing hydrogen in the n = 2 excited state.
This leads to a moderate scattering optical depth in the CSMof r ~ 4
around the emission peak. This will smear out details in the light
curve but retain the overall shape. The Balmer-continuum photon
ionization is expected to happen for all cases considered here, except
for the pulsating SMS models.

We also found that all sources show small variability. The time-
scale in which the source varies brightness by similar amounts to
LRDs (20 per cent) is 0.5-9 yr in the source frame. Thus, light-curve
variations of SMS explosions would remain undetected for ~ 0.5—
9(1 + z) yr in the observer frame. This is longer than the current
operational time of JWST for sources at z > 7. We therefore presume
that some suspected persistent sources could be slowly varying SMS
transients instead.

The photometric brightness of SMS explosions in different tele-
scope filters of JWST was computed. SMS explosions can reach 19—
22 mag in brightness in multiple long-wavelength filters of JWST
and can remain visible even up to z ~ 20. Pulsating SMSs can be
visible in JWST up until z ~ 15. We discussed and quantified the
location and movement of SMS explosion transients at large redshift
in colour-magnitude diagrams over time. In JWST NIRCam filters at
z = 10(20), they mostly occupy the range magp, 4y > 19 (21) and
magp,,7w — Magpyuw > — 1 (0). This places them in a similar region
as LRDs. The movement in the diagram ranges over Amag ~ 0.2-1
mag per (1 + z) observer years.

The photometric brightness of SMS explosions in EUCLID and
the RST was computed as well. We especially focused on the
observability of SMSs in different planned and ongoing surveys such
as the EWF and EDF, and the RST SN surveys. For EUCLID, we find
that the brightest SMS explosions will be visible for z < 11.5 in the
wide and deep field surveys. The RST SN surveys can detect SMSs at
z < 10.5 for the brightest cases. For less bright SMS explosions, the
redshift ranges are reduced but a detection generally remains viable
until z < 5-7 for EUCLID and z < 9 for the RST. The redshift ranges
are extended in all cases by Az ~ 1-3 if single-filter detections in
the longest wavelength filter are possible.

The SMS formation and explosion rate is currently not well
constrained. We suggested to probe it using surveys of EUCLID and
RST. We found that they produce surprisingly stringent constraints
that are much stronger than current bounds form JWST deep fields.
The EWF will be able to constrain SMS explosion rates in z ~ 7—
12 down to ~ 4 x 107" Mpc~ yr~!, while the deep field reaches
~ 107" Mpc=3 yr~!. The RST SN surveys could probe rates down to
~ 107" Mpc=3 yr~!. This is much deeper than current JWST bounds

9202 YoJel\ 8| uo sesn AibojoisAyduazuejid ‘|0 Jan4 1nmnsu| youe|d Xe Aq GE89 1 £8/616 L1BIS/Z/StS/3101e/Seluw/wWwod dno-olwapeoe//:sdny woJl papeojumoq



of ~ 1077 — 1078 Mpc~3 yr~!. Based on the cosmic star formation
history, and cosmological simulations, for 7 < z < 12, we expect to
find up to several hundred SMS explosions in the EDF and up to a
few dozen in the RST SN surveys. The EWF survey could image up to
several thousand SMS explosions. But it has the caveat that it cannot
directly detect transients because the survey produces single-epoch
images. We therefore identify the EDF and RST SN survey to be
best suited to detect SMS explosions. Both cover relatively large sky
areas, have sufficient photometric depth to detect SMSs and provide
multi-epoch detections spread over several years. This will make it
possible to identify slowly varying transients.

We discussed spectral properties and the possibility of miss-
classification of SMS explosions as either LRDs or AGN. This
could most easily happen due to the long variability time-scale
of the source and if no spectral information is present. Regarding
spectral lines, we expect a metal-poor spectrum with features of
a type IIn SN explosion. Strong hydrogen and helium lines are to
be expected. Spectral lines would be blueshifted asymmetrically by
~ 3000km s~! due to the shock shell expansion. Absorption and re-
emission of light in the primordial CSM could give rise to P-Cygni
profiles. Dust attenuation is also possible if there was some prior
star formation within the primordial halo. A Balmer break could also
be present, depending on the ionization state of the CSM. Indirect
evidence for SMS explosions include metal-poor AGN and a bursty
star formation history.

Finally, we discussed future topics of study and avenues for
improving the modelling of SMSs. We identified massive stars in
the few 10°~10* M, range as interesting future study targets. These
stars could, e.g. form as ‘failed” SMSs. If immersed in a dense CSM,
they could reach similar luminosities to SMSs of ~ 10* ergs~! and
be visible to relatively high redshifts of 8-9. They could be easier
to detect due to their higher expected number density and faster
transient evolution. We also discussed the need to work towards
complete lifetime simulations that include SMS formation, evolution,
and explosion to get a more holistic understanding of SMSs and their
intrinsic abundance. We leave more detailed studies for future work.
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APPENDIX A: ANALYTIC FORM OF THE
EJECTA ENERGY AND MASS INTEGRALS

The integrals 7,(8) and J,(B) that appear in the kinetic energy and
mass of the ejecta (equations 32 and 38) can be solved analytically
for a range of integers n. n corresponds to the power of the density
distribution of the ejecta, see equation (4). For selected values of n,
the integrals are given by:

() = E\/1— B2 — f — =P 4 arctanh(f) . (A1)
n@ =5 (Vi-p - 1)2 , (A2)
LB =-L8\/1—p +p -z (A3)
() = 1 (aresingh) — fV/T-F7) | (A4)
np =%, (A5)
L) =} (aresin®) + BV/T-F7) . (A6)

We note that the integrals diverge forn > 3. This is the reason that we
only consider the values for n = 0, 1, and 2 in this work. To avoid
this divergence, and model also density distributions with higher
exponents, one could, e.g. use a broken power-law distribution where
the low-velocity part of the ejecta has, e.g. a uniform distribution
and only the high-velocity part follows a power law, as done by,
e.g. A. Suzuki et al. (2017) and A. Suzuki & K. Maeda (2018).
Another option is to assume that there is a lowest velocity in the
ejecta Bmin > 0, instead of using zero as we did in this work.
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Figure B1. Bolometric luminosity Ly of an SMS explosion as a function of
time, computed using our light-curve model (see Section 2). The ejecta mass
Meje and the SMS radius Ry are fixed and the ejecta kinetic energy Ekin,eje iS
varied.

APPENDIX B: LIGHT-CURVE MODEL
VALIDATION

We systematically investigate the general behaviour of our light-
curve model (see Section 2) when changing the model parameters
Ejin,eje (kinetic energy of the ejecta), M. (total ejecta mass), and Ry
(radius of the SMS at the onset of collapse). We also investigate the
impact on our model when changing the ejecta density distribution
and the CSM density distribution. We here suppress the non-
equilibrium radiation and manually set n < 1.

In Fig. B1, we show the bolometric luminosity as a function
of time for fixed values of M. and Ry while varying the kinetic
energy Ey,cie: When it increases, the bolometric luminosity also
increases. At the same time, the length of the optically thick shock
phase (solid lines) increases as well. At larger energy, the position
of the light-curve peak moves to earlier times. For lower energies,
the light-curve peak is in the recombination phase when the surface
temperature of the shock is frozen at the ionization temperature of
hydrogen (T;,, ~ 6000 K). For higher energies, the peak shifts to
earlier times and coincides with the diffusion peak of the material at
tairr o« MG Eggas (H. Uchida et al. 2019, eq. 24).

In Fig. B2, we show the bolometric luminosity as a function of
time for fixed values of Ey;p jc and Ry while varying the ejecta mass.
The general impact of changing M.j. is as follows: Increasing the
ejecta mass leads to a lower bolometric luminosity and a later peak
time of Ly, . Increasing M, therefore has a roughly inverse effect to
increasing the ejecta kinetic energy. The same reasoning regarding
the light-curve peak position also applies here. Increasing the ejecta
mass also leads to a longer optically thick shock phase up until a
point. Increasing the mass further then decreases the optically thick
phase again. The point when the optically thick phase is maximized
is the point where the position of the diffusion peak coincides with
the start of the recombination phase of the light curve. This makes
sense because the diffusion peak is the point after which the internal
energy stored in the shock region is mostly radiated and is thus able
to power the increasing bolometric luminosity in the recombination
phase.

In Fig. B3, we show the bolometric luminosity as a function of time
for fixed values of Eyy cje and M.je, while varying the SMS radius.
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Figure B2. Bolometric luminosity Lpo of an SMS explosion as a function
of time, computed using our light-curve model (see Section 2). The ejecta
kinetic energy Exin,eje and the SMS radius Ry are fixed and the ejecta mass
Meje is varied.
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Figure B3. Bolometric luminosity Lpe of an SMS explosion as a function
of time, computed using our light-curve model (see Section 2). The ejecta
kinetic energy Exin,eje and the ejecta mass M. are fixed and the SMS radius
Ry is varied.

The general impact of changing R, are as follows: changing the
initial radius leads to a different initial time #,, which corresponds
to the dynamical time of the system. This modifies the early-time
evolution of the light curve. The late-time behaviour however is
not modified significantly. The light-curve peak time and magnitude
are not changed significantly. Also the length of the optically thick
shock phase is essentially unaffected by different initial radii. This
can be understood, because a different initial radius does not modify
the absolute ejecta velocity. This also means that the diffusion
time is not affected because it depends only on Ej, ¢je and Meje.
It is therefore justified to simply choose a fiducial value for Ry,
because the behaviour of the light curve at later times will not be
significantly affected, even when varying R, by several orders of
magnitude.
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Figure B4. Bolometric luminosity Ly, of an SMS explosion as a function
of time, computed using our light-curve model (see Section 2). We vary the
density distribution of the ejecta peje oc (BT")"eic.

Rest-frame bolometric luminosity, varying CSM
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Figure B5. Bolometric luminosity Ly, of an SMS explosion as a function
of time, computed using our light-curve model (see Section 2). We vary
the density and the distribution of the CSM matter. pcsm,1 stands for the
density of the Larson solution, see equation (5). We vary the distribution as
PCSM = Py’ "M, where we choose p,cq, SO that the density matches
pcsmL atr = 0.1 pe.

We also investigate the model dependence on the ejecta density
distribution in Fig. B4. We do this by changing the exponent nj. of
the power law for the ejecta, see equation (4). We find that changing
the ejecta density distribution has only a minor effect on the light
curve over all. The maximum brightness changes by at most a factor
of 2 and the time when the shock becomes transparent is essentially
unchanged. The main difference is that for larger n.j. the early-time
emissions are slightly enhanced and the time of the peak is slightly
earlier. This can be understood because for higher n. the outer
layers of the ejecta are less dense but have comparatively higher
kinetic energy. This leads to a less massive but more energetic shock
region with smaller optical depth, which decreases the diffusion time
and thus increases the luminosity.
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Figure B6. Same as Fig. 8, but the early-time luminosity peak is included.

Because the light curve is powered by shock interaction between
the ejecta and the CSM, we also briefly discuss the impact of changing
the CSM properties in Fig. B5. For this, we modify the CSM density
by a constant factor and we also change the slope of the power
law. Changing the slope of the CSM leads to small changes in
the luminosity in the early light-curve evolution. A shallower slope
leads to a shorter optically thick shock phase. But the changes are
well within the physical uncertainty regarding initial conditions and
observability. Changing the CSM density can have significant effect
on the light curve. Changing the density by a factor of 10 changes
the length of the optically thick light-curve phase by a factor of 3—4
and can also change the maximum brightness by a factor of up to
a few. This is to be expected because the shock is powered by the
CSM interaction. The CSM is therefore a main source of uncertainty
in our model. This highlights the importance of taking the CSM into
account self-consistently in future simulations.

APPENDIX C: COLOUR-MAGNITUDE PLOT
INCLUDING EARLY-TIME PEAK

In the main text in Fig. 8, we show SMS explosions in a colour—
magnitude diagram for JWST filters. We here show in Fig. B6 a
version of Fig. 8 that included the early emission peak. The main
difference here is that the initial peak produces a very blue initial
peak of around ME444W = 26 and Mpy77W — MEggaw ~ — 1.

We originally cut out the first initial light-curve peak because of
the following reasons. First, the initial peak will likely be obscured
due to self-ionization of the surrounding CSM by UV radiation from
the shock. Second, because the figures are easier to read. Third,
the initial peak is very short compared to the light-curve evolution
(roughly two times 7o ~ O(3 — 30d)) and would be visible only very
briefly. The probability that an SMS light curve would be observed
in the early phase is therefore quite low.

This paper has been typeset from a TEX/IZTEX file prepared by the author.
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