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A B S T R A C T 

Recently discovered supermassive black holes with masses of ∼ 108 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 PopIII stars (SMSs) that form in large primordial gas haloes and grow up to < 106 M�. 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 ∼ 1045−47 erg s−1 

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 10−11 Mpc−3 yr−1 , 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. 

Key words: radiation: dynamics – stars: Population III – quasars: supermassive black holes – dark ages, reionization, first stars –
early Universe – transients: supernovae. 
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 I N T RO D U C T I O N  

he James Webb Space Telescope ( JWST ) has opened the gate to the
igh-redshift universe. During its first years of observations, it has 
lready uncovered a number of mysteries about the early universe. 
ne is the presence of a population of a large number of very red and

patially unresolved sources called little red dots (LRDs, J. Matthee 
t al. 2024 ; H. B. Akins et al. 2025a ). LRDs feature unusually high
tellar densities and a v-shaped spectrum. It is suggested that this
ould be the result of old stellar populations following a bursty star
ormation period (J. F. W. Baggen et al. 2024 ; B. Wang et al. 2024 ;
. Weibel et al. 2025 ) or obscured/dust-reddened active galactic 
uclei (AGNs, 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.

025 ). Another mystery are observed galaxies with disproportionally 
assive central supermassive black holes (SMBHs) compared to 

heir host galaxies (F. Pacucci et al. 2023 ; M. Mezcua et al. 2024 ; F.
acucci, A. Loeb & I. Juodžbalis 2024 ; J. Li et al. 2025 ). Some of

hese 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
odern universe’s typical ∼ 0 . 1 per cent SMBH-to-galaxy mass 

atio (F. Pacucci et al. 2023 ; M. Castellano et al. 2024 ; M. Mezcua
t al. 2024 ; J. Jeon et al. 2025 ). This can have implications on the
o-evolution and formation of SMBHs and their host galaxies (A. 
. Bhowmick et al. 2024 ; M. Frosst et al. 2025 ; Y. Harikane et al.
024 ; H. Li et al. 2025 ; J. Silk et al. 2024 ; F. Huško et al. 2025 ).
dditionally, SMBHs with inferred masses of over 107 −8 M� only 

t ∼ 500 Myr after the big bang have been observed by JWST (R. L.
arson et al. 2023 ; A. Bogdan et al. 2024 ; O. E. Kovács et al. 2024 ;
. Maiolino et al. 2024 ). The earliest and most massive candidates to
ate being GN-z11 with M ∼ 1 . 5 × 106 M� at z = 10 . 6 (460 Myr,
. Maiolino et al. 2024 ) and GHZ9 with M ∼ 8 × 107 M� at z =
0 . 4 (O. E. Kovács et al. 2024 ). 
The discovery of those early SMBHs especially poses challenges 

o our understanding of SMBH formation. The standard picture of 
lack hole (BH) growth is that stellar mass BHs are formed after
ollapse of massive stars and then accrete surrounding gas. The 
rst stars in the early universe – population III (PopIII) stars – are
xpected to form roughly until 200 Myr after the big bang and have
asses of up to several hundred solar masses (see R. S. Klessen &
. C. O. Glover 2023 for a review). They collapse to stellar mass
is is an Open Access article distributed under the terms of the Creative
h permits unrestricted reuse, distribution, and reproduction in any medium,
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Hs of ∼ 101−2 M� after their evolution. The resulting BHs would
hen need to grow by accretion to the observed SMBH sizes. This
cenario however has come under increased pressure with recent
WST observations (also see J. Regan & M. Volonteri 2024 for a
eview of various seeding and growth scenarios). This is because the
nitial seed BHs would need to grow with super-Eddington accretion
ates (see L. Mayer 2019 for a review) over several 100 Myr with
igh duty cycles (A. Lupi et al. 2024 ), which might be difficult to
ustain (M. A. Alvarez, J. H. Wise & T. Abel 2009 ). Frequent BH
ergers might also be a path to rapid growth (T. Ryu et al. 2016 ;
. Tagawa, M. Umemura & N. Gouda 2016 ). However, for these

cenarios, they need to be located in ideal environments which can
eed sufficient amounts of gas and merger partners for the whole
rowth period (J. Jeon et al. 2025 ). Gas accretion in particular might
lso be difficult due to BH feedback (K.-Y. Su, G. L. Bryan & Z.
aiman 2025 ). 
Another scenario is that SMBHs grow from initial heavy seeds

ith masses of a few 104−5 M�. These seeds could form through
he collapse of large, extremely metal poor primordial clouds in the
arly universe. The resulting seeds could then grow at sub-Eddington
ccretion rates to reach the observed AGN masses by z = 10. This
cenario is called the direct collapse black hole (DCBH) scenario and
ypically involves the formation of rapidly accreting supermassive
opIII stars. This has attracted a growing amount of attention in

he last years (see T. Hosokawa 2019 ; T. E. Woods et al. 2019 ;
. Inayoshi, E. Visbal & Z. Haiman 2020 for reviews). It usually
ecessitates that the DCBH forms inside a large ( ∼ 107 −8 M�,

1000 pc, see S. J. Patrick et al. 2023 ) atomically cooled halo
ACH) of primordial gas. Cooling in these ACHs would be very
nefficient due to the lack of metals and molecular hydrogen. H2 

ormation in those ACHs would be suppressed in the presence
f a strong dissociating background Lyman–Werner radiation (K.
mukai 2001 ; S. P. Oh & Z. Haiman 2002 ; V. Bromm & A. Loeb
003 ), collisional dissociation (R. Fernandez et al. 2014 ) or large
elative baryon-dark matter streaming velocities (T. L. Tanaka & M.
i 2014 ; S. Hirano et al. 2017 ). Significant turbulence (R. Levine et al.
008 ; M. Begelman & I. Shlosman 2009 ; J.-H. Choi, I. Shlosman &
. C. Begelman 2013 ) or primordial magnetic fields (V. B. Dı́az

t al. 2024 ; P. Ralegankar, M. Pavičević & M. Viel 2024 ) may
dditionally support the halo against gravitational fragmentation and
ollapse. This would lead to high virial temperatures inside the ACH
f around 8000 K (K. Omukai 2001 ), because emission lines of
tomic hydrogen become an efficient coolant above this temperature.
he ACH would subsequently collapse nearly isothermally and a
tar-forming disc would form in the centre (J. A. Regan & M. G.
aehnelt 2009 ; M. Suazo et al. 2019 ; S. J. Patrick et al. 2023 ). The

ollapse 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.

023 ). 
This monolithic collapse leads to large infall rates of up to
( M� yr −1 ) on these protostars (T. Hosokawa et al. 2016 ; K. Kimura

t al. 2023 ; S. J. Patrick et al. 2023 ; J. Regan & M. Volonteri 2024 ).
tellar evolution calculations by K. Omukai ( 2001 ); T. Hosokawa
t al. ( 2013 ); and N. P. Herrington, D. J. Whalen & T. E. Woods ( 2023 )
ndicate that these stars would then evolve as rapidly accreting red
ypergiants with a large bloated low-density atmosphere and a denser
ore region with convective and radiative layers. These supermassive
tars (SMSs) can grow up to 106 M� depending on the accretion rate
nd angular momentum of the system (M. Shibata et al. 2025 ). This
ehaviour is also retained in the case of episodic accretion (Y. Sakurai
t al. 2015 ) if the non-accreting phases are short enough. If accretion
s � 0 . 02 M� yr −1 for longer periods, SMSs evolve as lower mass
NRAS 545, 1–30 (2026)
lue hypergiants (N. P. Herrington et al. 2023 ). An H II region can
hen form and halt further accretion (M. Kiyuna, T. Hosokawa & S.
hon 2024 ). But SMSs may also grow from smaller PopIII stars or

lowly accreting SMSs via cold cosmological flows (M. A. Latif et al.
022 ), even in haloes with significant stellar feedback (M. Kiyuna
t al. 2024 ). 

If accretion persists, SMSs eventually grow so large that they
ollapse due to the general relativistic instability (GRI; S. Chan-
rasekhar 1964 , also see references in M. Shibata et al. 2025 ). The
ize when this happens depends on the accretion rate, chemical
omposition, and rotation rate, as investigated by M. Shibata, H.
chida & Y. Sekiguchi ( 2016b ); T. E. Woods et al. ( 2017 ); L.
aemmerlé ( 2021 ); C. Nagele et al. ( 2022a ); K. S. Kehrer & G.
. Fuller ( 2024 ); H. Saio et al. ( 2024 ); and M. Shibata et al. ( 2025 ).

he GRI collapse is monolithic and is triggered in the compact SMS
ore. This is different from core collapses after pressure depletion
riggered by photodisintegration of heavy nuclei, electron capture, or
roduction of electron–positron pairs (see references in H. Uchida
t al. 2019 ). 

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

s nuclear burning by the carbon–nitrogen–oxygen (CNO) process
hat happens in hot dense regions during the collapse (K. J. Fricke
973 ; G. M. Fuller, S. E. Woosley & T. A. Weaver 1986 ; P. J.
ontero, H.-T. Janka & E. Muller 2012 ). This could be relevant

or high-metallicity SMSs, in which case no BH remnant is left
ehind. However for low-metallicity SMSs, the CNO process was
ound to not be strong enough to trigger an explosion by itself in
imulations by S. Fujibayashi et al. ( 2025 ). But He-burning might
rigger an explosion (C. Nagele et al. 2022a ). The CNO process

ight contribute sufficient energy to trigger radial pulsations which
ventually disrupt the star, as found by C. Nagele & H. Umeda
 2024 ). Massive ejecta are expected to be launched regardless of the
xplosion scenario. 

The subject of the paper is to study the electromagnetic emissions
f the ejecta that are produced after the SMS collapses via the GRI.
he main source of electromagnetic signatures will be the direct
mission from the hot ejecta itself. From the size of the system
nd from simulations, we expect explosion energies on the order
f 1055−56 erg (P. J. Montero et al. 2012 ; S. Fujibayashi et al.
025 ) and ejecta masses of several 1000 M� (T. Matsumoto et al.
016 ; C. Nagele & H. Umeda 2024 ; S. Fujibayashi et al. 2025 ).
f the surrounding gas is sufficiently dilute, the resulting emissions
ill be dominated by thermal emission from the gradually cooling

xpanding ejecta. This scenario has been previously studied by T.
atsumoto et al. ( 2016 ) and H. Uchida et al. ( 2017 ). It is physically

imilar to a hydrogen-rich Type IIp supernova (SN) and features a
lateau in the emission (see models by e.g. T. Matsumoto et al. 2016 ;
. Matsumoto, B. D. Metzger & J. A. Goldberg 2025 ). However

he involved ejecta masses and energies are much larger for SMSs.
his picture might be changed if we take into account the dense
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ircumstellar medium (CSM) of the ACH around the SMS when it
ollapses. Earlier work (M. Surace et al. 2018 ) has shown that the
resence of a dense cloud might help observability of SMSs during 
heir stellar evolution phase. However a dense CSM could also have 
 significant impact on the post-explosion light curve (D. J. Whalen 
t al. 2013 ). The interaction of the CSM and the ejecta through
hocks can significantly increase the luminosity (A. Suzuki & K. 

aeda 2018 ; T. Matsumoto & B. D. Metzger 2022 ). This is similar
o regular shock interaction-powered Type IIn SNe (see D. Hiramatsu 
t al. 2024 ). We therefore take into account the dense CSM when
he SMS explodes and compute the evolution of the ejecta and the
lectromagnetic radiation emanating from it. The observability of 
MS explosions also depends on the involved time-scales and on the 
sed telescopes. We here use JWST , EUCLID (M. Schirmer & others
022 ), and the Roman Space Telescope ( RST ; D. Spergel et al. 2013 ).
We find that SMS explosions produce light curves that reach a 

rightness up to ∼ 1045 −47 erg s−1 and last 10–200 yr in the source 
rame. The emissions are powered by interactions with an optically 
hick shock. The strong radiation flux could be sufficient to ionize the
SM using Balmer-continuum photons. Because SMSs explode at 

edshifts above ∼ 7–10, the light curve could be visible in JWST for
ver 1000 yr in the observer frame. They will then appear as quasi-
ersistent sources and they could be confused with LRDs or AGN. 
e further find that sky surveys by EUCLID and RST will be able to

etect SMS explosions for redshifts up to 11–14. For example, the 
UCLID deep field (EDF) will be able to constrain SMS explosion 

ates up to 10−10 Mpc−3 yr−1 . Based on cosmological simulations 
nd observationally inferred star formation rates (SFRs), we expect 
t 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
ight-curve model for SMS explosions. We use a semi-analytic model 
hat takes into account the interaction between the ejected material 
ith a surrounding dense CSM. We also describe how to compute 

he observed brightness in different telescope filters. In Section 3 , we
pply our model to SMS explosions. We first discuss our selection 
f models in Section 3.1 . We use initial conditions that are informed
y numerical simulations of collapsing SMSs. We then compute the 
olometric properties of the SMS explosion light curve in Section 3.2 .
e discuss the photometric properties of the light curve in different 

elescope filters of JWST , EUCLID , and RST in Section 3.3 . We
iscuss in detail the (partial) ionization of the CSM via radiation from
he light-curve emission and possible Balmer attenuation in Section 
.1 . In Section 4.3 , we discuss photometric and spectral similarities
nd differences of SMS explosions and other high-redshift objects 
uch as AGN and LRDs. In Section 4.2 , we estimate the expected
etectability and detection rates in different upcoming telescope 
urveys. We close the analysis by discussing future investigation 
opics and possible improvements in Section 4.4 . We conclude this
aper in Section 5 . 

Throughout this paper, we use cgs units in our discussion unless
tated otherwise. To indicate brightness, we use the AB magnitude 
ystem. G , c, kB , and σ denote the gravitational constant, the speed of
ight, the Boltzmann constant, and the Stefan–Boltzmann constant, 
espectively. 

 L I G H T- C U RV E  M O D E L  

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

The physical picture studied in this paper is described as follows:
he SMS explodes and creates a roughly spherically expanding ejecta. 
his is valid since, in our previous work (S. Fujibayashi et al. 2025 ),
e found that the ejecta will be essentially spherically symmetric, 

ven in the case of rapidly rotating SMS cores. The expanding
pherical ejecta will then collide with the surrounding CSM and 
orm shocks. As a consequence, the gas swept up by the forward and
everse shock fronts then forms a geometrically thin shell. The rough
hysical picture is summarized in the pictures in Fig. 1 . 
At early times, the shell with shocked material is optically thick.

he radiation produced by the shock interaction will be trapped inside 
he shock shell and will then gradually diffuse out. Over time, the
ptical depth decreases while the shell loses internal energy mainly 
ue to radiation. Adiabatic cooling will only be relevant at early
imes, but has only weak effect on the overall light-curve evolution,
o we neglect it. When the shell eventually becomes optically thin,
hermal emission emanating from the unshocked ejecta will become 
isible. Additionally, there will also be emissions from the shock 
ront. However we found that the luminosity will be much smaller
han that from the optically thick shock phase for the parameter
anges explored in this work (see a discussion in Section 2.3 ). This
s 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 )
nd T. Matsumoto et al. ( 2016 ) used a model for hydrogen-rich Type
Ip SNe developed by D. Nakauchi et al. ( 2013 ) and J. Dexter & D.
asen ( 2013 ) to model the case where the surrounding CSM density

s negligible. Numerical approaches have also been employed, e.g. 
y D. J. Whalen et al. ( 2013 ) and T. J. Moriya et al. ( 2021 ) for
xploding SMSs, or C. Nagele et al. ( 2022b ) for pulsating SMSs. 

.1 Ejecta and circumstellar medium properties 

fter the explosion, the SMS ejecta becomes unbound and is freely
xpanding. Radiation and gas pressures inside the ejecta are not 
trong enough to significantly affect its subsequent movement after 
 few dynamical time-scales, which are much shorter than the 
ight-curve evolution time-scale we are interested in. The velocity 
istribution of the ejecta thus corresponds to a homologous expansion 
rofile. At a time t , the normalized velocity at a radius r within the
jecta is then given by 

eje = r 

tc 
. (1) 

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

kin , eje = 4 πc5 t3 
∫ βmax 

0 ρeje ( r, t) �( � − 1) β2 d β , (2) 

eje = 4 πc3 t3 
∫ βmax 

0 ρeje ( r, t) �β2 d β . (3) 

ere, ρeje ( r, t) is the ejecta density distribution, βmax is the maximum
elocity within the ejecta, � = 1 /

√ 

1 − β2 is the Lorentz factor, β is
he integration variable and is equivalent to βeje . We assume ρeje ( r, t)
o be a power-law distribution with respect to the four-velocity, 
iven by 

eje ( r, t) = ρ0 

(
t 

t0 

)−3 (
�βeje 

)−neje 
, (4) 
MNRAS 545, 1–30 (2026)
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M

Figure 1. Summary of the main phases of an exploding SMS. Phase 1: just before the onset of the GRI, the SMS (with mass MSMS ) has an approximate 
two-zone structure consisting of a roughly chemically homogeneous and dense core region with mass Mc and of a low-density bloated atmosphere with mass 
Matm 

. 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 , c , 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, R0 , 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 + Matm 

), 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. 
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here ρ0 is the scale density, neje is a positive integer, and t0 is the time
hen the interaction between ejecta and CSM starts. In our case, t0 is

quivalent to the expansion time-scale of the outermost and highest
elocity component. The case neje = 0 corresponds to a uniform
ensity distribution. Since the density distribution of the ejecta is
ot well known, we will mostly consider uniform density profiles,
or simplicity. This was also done by T. Matsumoto et al. ( 2016 ) and
. Uchida et al. ( 2017 ) for SMS explosions. In Appendix B , we give

n analysis with different values neje = 1 and 2, and show that the
olution only weakly depends on it. At the time t0 , the ejecta fill a
egion from r = 0 to ct0 βmax and the outermost layer is adjacent to the
SM at R0 = ct0 βmax , where R0 is the radius of the SMS at the time of
xplosion. 

SMSs are expected to form in ACHs of M ∼ 107 −8 M� and
 ∼ 1000 pc, which collapse nearly isothermally at virial tempera-

ures of around TCSM 

≈ 8000 K (see e.g. K. Inayoshi et al. 2020 ).
CHs are expected to be transparent because the gas is not in
hemical equilibrium and the electron fraction is too low to produce
 significant optical depth in the densities of interest ( n < 1012 cm 

−3 ,
ee fig. 4 in K. Omukai 2001 ). But photons emitted from the shocked
egion could partially ionize the CSM. We discuss this in detail in
ection 4.1 . We here assume a primordial composition for the CSM,
hich is reasonable since fragmentation induced by dust cooling
ould prohibit the monolithic collapse of ACHs at metallicities
 � 10−5 Z� (K. Omukai, R. Schneider & Z. Haiman 2008 ; T.
osokawa et al. 2013 , we discuss possible signatures of trace metal
ollution in Section 4.3 ). 
The density and velocity profile of an isothermally collapsing gas

loud was derived by R. B. Larson ( 1969 ). They found that it is
ossible to obtain the CSM density and velocity purely in terms of
NRAS 545, 1–30 (2026)
CSM 

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

CSM 

= η0 

4 πG 

R TCSM 

r2 
, vCSM 

= −
√ 

R TCSM 

ξ0 , (5) 

here R = 4 . 733 × 107 erg g−1 K−1 is the specific gas constant for
rimordial gas (75 per cent H and 25 per cent He). η0 = 8 . 86 and
0 = 3 . 28 were numerically obtained by Larson using asymptotic
caling relations for density and velocity (see equation C8 in R.
. Larson 1969 ). The accretion rate Ṁacc = −ρv4 πr2 ( > 0) is also
asily computed for this model: 

˙ acc = η0 ξ0 

G 

( R TCSM 

)3 / 2 . (6) 

n the case of ACHs ( TCSM 

≈ 8000 K), the accretion rate is approx-
mately 1 . 6 M�yr −1 . This is in the order of the expected accretion
ates of O(M�yr −1 ) that are necessary to form SMSs (T. Hosokawa
t al. 2013 ), and is also consistent with results from halo collapse
imulations of ACHs (S. J. Patrick et al. 2023 ). 

.2 Evolution of the shock shell 

nce the ejecta starts to expand into the CSM, the hydrodynamical
nteraction between the two media creates two shocks (forward and
everse), which propagate into the CSM and the ejecta, respectively.
n this study, we assume that the pre-shocked pressures are suffi-
iently small compared to post-shock pressures. We also assume that
he rest-mass energy dominates over the internal energy ( P /ρ � c2 ).
n this case, the region between the forward and reverse shocks will
e geometrically thin compared to the radius. We can then model the
ystem using the thin-shell approximation, as was done in A. Suzuki
t al. ( 2017 ) and A. Suzuki & K. Maeda ( 2018 ). 
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The dynamical evolution of the shell is determined by the follow- 
ng competing effects: Deceleration by the increase in mass of the 
hock region, by the supply of momentum through ram pressure at 
he shocks, by the deceleration due to the difference in the post-shock
ressures Pfs and Prs at the forward and reverse shocks, respectively. 
n the following, we refer to the shell of post-shocked medium as the
shell’ or ‘shocked matter/region’. Sr is the momentum of the shell in 
he radial direction, Ms is the shell mass, Rs is the shell position, cβs 

s the shell velocity, and �s is the shell Lorentz factor, respectively. 
he positions and velocities of the forward and reverse shocks are 
enoted by Rfs , cβfs and Rrs , cβrs , respectively. 
Then, the evolution of the momentum of the shell is given by the

ollowing equation (A. Suzuki et al. 2017 ) 1 : 

d Sr 

d t 
= 4 πR2 

rs Frs − 4 πR2 
fs Ffs + 4 πR2 

rs Prs − 4 πR2 
fs Pfs . (7) 

he first and second terms on the right-hand side represent the 
omentum fluxes (ram pressure) of gas flowing into the shocked 

egion through the forward and reverse shocks. The third and fourth
erms represent the force exerted by the post-shock pressure at the 
hock fronts. Because the CSM velocity is negligible compared to 
he shell velocity, we neglect the momentum change due to the CSM
nd set Ffs = 0. The shell momentum is predominately supplied by 
he ejecta crashing into the reverse shock front. The corresponding 
ux is given by 

rs = c2 ρeje , rs �
2 
eje , rs βeje , rs 

(
βeje , rs − βrs 

)
, (8) 

here ρeje , rs , �eje , rs , and βeje , rs are the density, Lorentz factor, and 
ormalized velocity ( βx = vx /c with x an arbitrary index) of the
re-shocked ejecta at the reverse shock position Rrs . 
The mass within the shell will continually increase due to the 

orward and reverse shock sweeping up mass from the CSM and the
jecta, respectively. The evolution equation of the shell mass is given 
y 

d Ms 

d t 
= 4 πR2 

rs Grs − 4 πR2 
fs Gfs , (9) 

here the mass fluxes flowing through the forward shock, Gfs , and 
everse shock, Grs , are given by 

fs = c ρCSM , fs �CSM , fs 

(
βCSM , fs − βfs 

) = −c ρCSM , fs βfs , 

rs = cρeje , rs �eje , rs 

(
βeje , rs − βrs 

)
. (10) 

ere, ρCSM , fs , �CSM , fs , and βCSM , fs are the density, Lorentz factor, 
nd normalized velocity of the pre-shocked CSM at the position of
he forward shock Rfs , respectively. We take βCSM , fs ≈ 0 because the 
SM velocity is much smaller than the velocity of the shell. 
From the shell momentum Sr and mass Ms , one can compute the 

hell velocity cβs and Lorentz factor �s = 1 /
√ 

1 − β2 
s using 

r = Ms �s c βs =
√ 

S2 
r /c

2 + M2 
s c βs ⇒ c βs 

= Sr /

√ 

S2 
r /c

2 + M2 
s . (11) 

he radius Rs of the shocked matter shell can then be computed 
sing 

d Rs 

d t 
= cβs . (12) 
 There is a typo in equation (15) of A. Suzuki et al. ( 2017 ), which was 
orrected here. 

1  

s

d
s  
he time evolution of the forward and reverse shock radii are given
y 

d Rfs 

d t 
= cβfs ,

d Rrs 

d t 
= cβrs . (13) 

or SMSs (see models in Section 3.1 ), we find that typical values
or the shock position Rs , velocity cβs , and mass Ms around the time
f peak luminosity are on the order of ( Rs ∼ 0 . 05 pc, c βs ∼ 0 . 01 c ,
nd Ms ∼ 1 × 104 M�) for less energetic cases and ( Rs ∼ 0 . 15 pc,
 βs ∼ 0 . 04 c , and Ms ∼ 5 × 104 M�) for more energetic cases. 

In our case, the transient is powered by the conversion of
inetic energy into radiation. We can roughly estimate the expected 
uminosity by assuming that the initial kinetic energy is released 
ithin the deceleration time-scale tdecel , which is given by the time
hen the mass swept by the shock is equal to the initial ejecta
ass. For our SMS models, this is the case after approximately 10

r. The kinetic energy is on the order of 1054 −56 erg. This leads to
uminosities Lbol ∼ Ekin /tdecel ∼ 1045 −47 erg s−1 , which is consistent 
ith our findings in Section 3.2 . 
The normalized shock/shell velocities βs , βfs , and βrs and the 

ydrodynamical variables of the post-shock gas ρfs , Pfs , ρrs , and 
rs can be obtained using the relativistic shock jump conditions 

see A. Suzuki et al. 2017 for more details). Using these, the shock
elocity can be expressed as a function of the upstream ( βu , �u ) and
ownstream ( βd , �d ) gas velocity and Lorentz factors: 

sh ( βu , βd ) = γ�u �
2 
d ( βu − βd ) βd − ( γ − 1) ( �u − �d ) 

γ�u �
2 
d ( βu − βd ) − ( γ − 1) ( �u βu − �d βd ) 

. (14) 

ere, γ is the adiabatic index of the shocked gas. The shocked
aterial is radiation dominated, and hence γ = 4 / 3. 
Similar shock jump conditions exist for the density ρ and pressure 
 (see A. Suzuki et al. 2017 for details). The final jump conditions

or the forward shock are 

CSM , fs = ρCSM 

( Rfs ) , (15a) 

CSM , fs ≈ 0 , (15b) 

fs = βsh (0 , βs ) , (15c) 

fs = ρCSM , fs 
βfs 

�s ( βfs − βs ) 
, (15d) 

fs = ρCSM , fs 
βs βfs c

2 

1 − βs βfs 
. (15e) 

or the reverse shock, the jump conditions are 

eje , rs = ρeje ( Rrs , t) , (16a) 

eje , rs = Rrs /ct , (16b) 

rs = βsh ( βeje , rs , βs ) , (16c) 

rs = ρeje , rs 
�eje , rs ( βeje , rs − βrs ) 

�s ( βs − βrs ) 
, (16d) 

rs = c2 ρeje , rs �
2 
eje , rs 

( βeje , rs − βrs )( βeje , rs − βs ) 

1 − βs βrs 
. (16e) 

n the above equations, the Lorentz factors are given by �x =
 /
√ 

1 − β2 
x . We also provide an overview of the total density

tructure of the ejecta, shock and CSM in Fig. 2 . 
To summarize, the equations to be integrated are the ordinary 

ifferential equations for: the shock momentum Sr (equation 7 ), 
hock region mass Ms (equation 9 ), and the positions of the bulk
MNRAS 545, 1–30 (2026)



6 C. Jockel et al.

M

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 ( Rfs 

and Rrs ) are obtained using the shock jump conditions (equations 15 and 16). 
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hock Rs (equation 12 ), and forward shock Rfs and reverse shock Rrs 

equation 13 ). 
The evolution of these quantities are determined from the initial

alues of Ekin , eje , Meje , and R0 . We discuss the initial conditions in
etail in Section 2.4 . 

.3 Energy evolution and emission from the shock region 

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

As with the shock dynamics, our model is based on the model by
. Suzuki et al. ( 2017 ) and A. Suzuki & K. Maeda ( 2018 ). Suzuki’s
odel does not manifestly conserve the total energy. This is because

hey make the thin-shell approximation, but the shell has actually
nite thickness. We thus modify their model to be manifestly energy-
onserving. 

We write the evolution equation of the total energy as 

d 

d t 
Etot = 

d 

d t 

(
Ekin , sh + Ekin , eje + Eint, sh + Eint, eje 

)
= −Ldiff , (17) 

here Ekin , sh , Ekin , eje , Eint, sh , and Eint, eje are the kinetic and internal
nergies of the shocked region and of the pre-shocked ejecta. Ldiff 

s the energy loss due to photon diffusion/radiation. We hereafter
eglect the contributions from the internal energy of the ejecta Eint, eje .
his is allowed since it quickly becomes much smaller than Ekin , eje 

fter only a few dynamical times t0 (see the discussion after equation
1 ). We also ignore the inflow of internal energy from the CSM,
ince it is negligible (also see discussion after equation 31 ). 

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

d 

d t 
Eint, sh = −Ėkin , sh − Ėkin , eje − Ldiff . (18) 

ere, the kinetic energy of the shell is given by Ekin , sh =
 �s − 1) Ms c

2 , from which the time derivative can be easily com-
NRAS 545, 1–30 (2026)
uted (using equation 11 ): 

˙kin , sh =
(
�s − �s β

2 
s − 1

)
Ṁs c

2 + cβs ̇Sr . (19) 

˙ s and Ṡr are the time derivatives of the shock mass and momentum
iven by equations ( 9 ) and ( 7 ), respectively. The derivative of the pre-
hocked ejecta kinetic energy, Ekin , eje (equation 2 ), with the power-
aw density profile (equation 4 ), is 

˙kin , eje = 4 πc5 ρ0 t
3 
0 ( �max − 1) �max β

2 
max ( �max βmax ) 

−neje β̇max , (20) 

here βmax = Rrs /ct (with β̇max = Ṙrs /ct − Rrs / ( c t2 )) and �max =
 /
√ 

1 − β2 
max stand for the velocity and Lorentz factor of the

nshocked ejecta at the position of the reverse shock. Here, we
ssume that everything beyond the reverse shock has already flown
nto the shock region. 

The energy loss due to radiation is given by the diffusion radiation,
diff . It depends on the energetics of the shell and is determined

n a more complicated way, as we discuss as follows. During
he evolution, the shocked shell will gradually cool down and the
ydrogen in the shell could partially recombine. This modifies the
volution of the luminosity and optical depth. Additionally, we found
hat in some high-luminosity cases, the ions and photons in the
hell might not be fully thermalized. We address these points in
he following and add corrections to our model. We first discuss
hermalization because it also affects recombination. 

We base the following discussion on E. Nakar & R. Sari ( 2010 ).
hermalization depends on the production rate of photons. If it is
maller than what is needed to maintain a blackbody spectrum, the
adiating region will be out of equilibrium. The radiation energy
ill be distributed between fewer photons, which raises the average
hoton energy ∼ 3 kB Tph , and thus the photon temperature Tph . Tph 

s also called ‘colour temperature’. It can be related to the ion
emperature if some time-scales are met. 

We therefore briefly discuss relevant time-scales based on section
.2.4 in A. Suzuki et al. ( 2017 ). For our cases, the Coulomb time-
cale is shorter than the dynamical time-scale. Electrons and ions
herefore have the same temperature, Te . This is important because
his allows for quick distribution of the energy released by the shock-
nteraction throughout the shocked matter. The Compton cooling
ime-scale is also much shorter than the evolution time of the system.
lectrons thus can exchange energy efficiently with photons and we
ave Tph = Te . The number of photons is also much larger than the
umber of electrons. These conditions are essential for the validity of
aking us , rad ≈ Eint, sh /Vs (with Vs = 4 

3 π ( R3 
fs − R3 

rs )) for the radiation
nergy density. 

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

≈ 4 × 105 s 

min { t, td } 
(

ρav 

10−10 g cm 

−3 

)−2 (
TBB , bulk 

106 K 

)7 / 2 

. (21) 

ere, ρav = Ms / ( �s Vs ) is the average shell density, TBB , bulk =
4 

 

us , rad /ar (with ar = 4 σ/c) is the ‘blackbody temperature’ of the
hock bulk, t is the time, and td = ( Rfs − Rrs ) /vdiff is the diffusion
ime-scale of the thin shell (with vdiff as in equation 25 ). The
lackbody temperature is the temperature that a fully thermalized
adiation field would have. 

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

Following E. Nakar & R. Sari ( 2010 ), we can use η to compute
he bulk electron temperature, Te , bulk , which is relevant for recombi- 
ation. It is given by 

e , bulk = T = TBB , bulk 

{
η2 /ξ ( T )2 , η > 1 , 
1 , η < 1 . 

(22) 

ere, ξ ( T ) = max { 1 , 1 
2 ln [ ymax ] ( 1 . 6 + ln [ ymax ]) } and 

max ≈ 2

(
ρav 

10−9 g cm 

−3 

)−1 / 2 (
T 

106 K 

)9 / 4 

. (23) 

e , bulk is then found via root-finding. 
To assess hydrogen recombination in the shell and determine the 

olour temperature of the diffused photons, we need to estimate not 
nly Te , bulk but also the electron temperature at the shell surface, 
e , surf . For the case of η < 1, we assume that photons at the shell
urface are well-thermalized. Te , surf can then be estimated by employ- 
ng the Stefan–Boltzmann law, Te , surf ≈ TBB , surf ≡ 4 

√ 

Ldiff / 4 πR2 
s σ . 

or η > 1, photons at the shell surface are expected to be out
f thermal equilibrium. Since it is not trivial how Te , surf can be 
iven under the one-zone approximation of the shell, for simplicity, 
e employ a crude prescription that Te , surf can be estimated by 

e , surf ≈ ( η( Te , bulk ) /ξ ( Te , bulk ))2 TBB , surf , using η and ξ obtained in the 
ulk (equations 21 and 22 ). This prescription of course introduces 
ystematic errors, since generally η and ξ at the shell surface do 
ot necessarily coincide with that in the bulk. Hence, our spectra 
odel for emitted photons in non-thermalized cases will suffer in 

ccuracy. Thus, for η > 1, we focus only on general trends and order
f magnitude of the solutions, while being aware of that the non-
hermalized cases have some (possibly large) errors. 

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

diff = 4 πR2 
s us , rad vdiff , (24) 

here us , rad = Eint, sh /Vs (with Vs = 4 
3 π ( R3 

fs − R3 
rs )) is the radiation 

nergy density of the shell. vdiff is the diffusion velocity, given by 
see A. Suzuki & K. Maeda 2018 ) 

diff = c(1 − β2 
s ) 

(3 + β2 
s ) τs + 2 βs 

. (25) 

ere, τs is the optical depth of the shock. If the shell is completely
onized, τs is given by 

s = τ 0 
s = κMs 

4 πR2 
s 

. (26) 

ere, as κ , we take the Thompson opacity of primordial gas 
 X = 75 per cent H and Y = 25 per cent He) and therefore κ = 

 . 2 (1 + X) cm2 g−1 ≈ 0 . 35 cm2 g−1 . If vdiff computed using the
bove equation exceeds 

diff, max = c(1 − βs ) , (27) 

his would mean that radiation would escape from the shell superlu-
inally. We therefore set vdiff = vdiff, max if it exceeds this value. 
If Te , surf is higher than the ionization temperature of hydrogen, 

ion , the optical depth is given by equation ( 26 ). We take Tion =
000 K as in T. Matsumoto et al. ( 2016 ), which is applicable for
he typical shock region densities of ∼ 10−11 –10−13 g cm−3 when 
ecombination becomes relevant (T. Goldfriend, E. Nakar & R. Sari 
014 ). 
However, if Te , surf drops below Tion , before the shock becomes 

ransparent ( τ 0 
s < 1), a part of the shock region would recombine

starting from the outside to the inside) and become transparent to
adiation. This happens even though the average electron temperature 
f the bulk shock region Te , bulk > Tion . 
Recombination in the shell happens once the condition of Te , surf ≤

ion is satisfied. Then, the ionization front – the surface where 
he gas remains ionized in the shell – moves inwards in the shell
urface and the optical depth of the shell τs decreases until the
lectron temperature there ( Te , if ) becomes sufficiently high. The 
ondition for τs can be determined as follows: the ionization front 
s characterized by Te , if = Tion and coincides with the layer where 
adiation is released. While the expression of equation ( 24 ) still
olds, the diffusion luminosity can also be given using the effective
lackbody temperature at this layer, TBB , if , by 

diff = 4 πR2 
s σT 4 

BB , if . (28) 

ere, under the thin shell approximation, we approximate that 
he position of the ionization front is the same as Rs . Employing
he same prescription as for the surface temperature, Te , if = Tion ≈
 η( Te , bulk ) /ξ ( Te , bulk ))2 TBB , if , τs in this phase can be obtained by setting
T 4 

BB , if : = us , rad vdiff and we solve this expression for the optical depth 
f the ionized component of the shock region: 

s =
[ (

1 − β2 
s 

) us , rad c 

σT 4 
BB , if 

− 2 βs 

] (
3 + β2 

s 

)−1 
. (29) 

his takes into account the partial ionization of the shock region.
inally, we take into account the temperature dependence of the 
pacity κ by setting it zero if Te , bulk < Tion . This is a good approxi-
ation because κ steeply decreases for T < Tion as ∝ T −11 , see T.
oldfriend et al. ( 2014 ). 
We note that, since Te , surf is dependent on Ldiff through TBB , surf , the 
odification in τs and hence Ldiff also changes the condition for the 

ecombination ( Te , surf ≤ Tion ). For simplicity, when computing Te , surf , 
e always use τ 0 

s (see equation 26 ) for τs and neglect the backreaction
f the recombination to Te , surf to avoid complex numerical root 
nding. 
The observed colour temperature of the diffused photons, Tcol , 

ill be given by the electron temperature at the shell surface or the
onization front, that is 

col =
{

Te , surf , Te , surf > Tion , 

Tion , Te , surf ≤ Tion , 
(30) 

ith Te , surf = max [ η( Te , bulk ) /ξ ( Te , bulk ) , 1]2 TBB , surf . The spectrum in
ases of η > 1 will however be different from a blackbody spectrum
nd we discuss this in Section 2.5 . 

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

s =
{

equation (26) , Te , surf > Tion , 

equation (29) , Te , surf ≤ Tion . 
(31) 

diff is always given by equation ( 24 ). But note that vdiff is
 function of τs , which is given by equation ( 31 ) and in the
ase of Te , surf < Tion , Ldiff reduces to equation ( 28 ) with TBB , if =
ax [ η( Te , bulk ) /ξ ( Te , bulk ) , 1]−2 Tion . 
When the system is in the recombination phase and η < 1,

quations ( 28 ) and ( 30 ) imply a constant photosphere temperature
nd a luminosity which rises as L ∝ R2 

s ∝ t2 . We see this in our final
MNRAS 545, 1–30 (2026)
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odels (see Section 3.2 ). The existence of a recombination front is
t first glance similar to a type IIP SN, where the light curve shows
 plateau phase with approximately constant luminosity. The main
ifference, and the reason why the luminosity continues to rise in our
ase, is that the photosphere is stuck to the optical thick shock shell
n our case, which increases in radius over time. For type IIP SN, the
hotosphere recedes into the ejecta (in mass coordinates), while the
hysical photosphere radius stays approximately constant. 
After τs drops below unity, the light curve enters an optically thin

hock phase. But the interactions at the forward and reverse shocks
ay keep converting kinetic energy into non-thermal radiation.
he bolometric luminosity of this radiation can be estimated using
bol , nt = −εĖkin , eje , where ε ≈ 0 . 1 is a common assumption for the
nergy conversion efficiency to photons and is also consistent with
ore complete treatments (see e.g. D. Tsuna, K. Kashiyama & T.
higeyama 2019 , and references therein). We do not model this
adiation here in detail since it is expected to be much smaller
han the emission in the previous optically thick-shock phase for
he parameters that are relevant for SMS explosions. It can become
ominant only if the ejecta rest-mass energy is larger than the ejecta
inetic energy, see Appendix B . We therefore need to keep in mind
he range of validity of our model. This will be indicated when
elevant. 

A similar reasoning can be applied to why we do not model
ossible non-thermal emissions in the phase where the shock is only
artially ionized. We would expect that non-thermal radiation is
eleased at the forward shock front, which is located in an optically
hin region outside the ionization front. However, again, the non-
hermal emissions should be negligible compared to the thermal
missions because the lower photon conversion efficiency ε ∼ 0 . 1
nd because most of the kinetic energy/momentum is provided to the
hock through the reverse shock. 

Additionally, diffusing radiation from the unshocked ejecta at
 < Rrs becomes visible after τs < 1. This diffusion radiation part
ill be powered by the release of internal energy from the un-shocked

egion. We also neglect this radiation contribution in this work. This
s because we expect the internal energy to be much smaller than
he kinetic energy of the ejecta at this time in the evolution. The
nternal energy can be estimated using the assumption of homologous
xpansion and adiabatic energy loss. The internal energy density
volves as uint, eje ∝ ( t/t0 )−4 for a radiation-dominated gas (see A.
uzuki & K. Maeda 2018 ), where t0 = R0 /cβmax is the dynamical

ime-scale. For our models t0 ≈ 3 − 30 d (see Section 3.1 ). In
omparison, the kinetic energy density is expected to decrease like
kin , eje ∝ ( t/t0 )−3 . At the time when the shock becomes transparent
t t ∼ O(10 yr ), t/t0 � 100–1000 and the internal energy of the
nshocked ejecta will have decreased so much that any released
hermal radiation will be negligible compared to possible non-
hermal radiation created at the shock fronts. 

Likewise, we neglect the inflow of internal energy from the CSM in
quation ( 17 ). This is because the internal energy density of the CSM
s much lower than that of the shock region and the energy inflow
ate of internal energy is dwarfed by the forward shock luminosity.
he energy density of the CSM is gas dominated, and for TCSM 

=
000 K is 3 

2 kB TCSM 

nCSM 

≈ 0 . 002 ( 0 . 01 pc /r) 2 erg cm−3 . The shock
s radiation dominated and the internal energy is ar T

4 
col � 9 erg cm−3 ,

ven in the recombination phase with Tcol = 6000 K (where r ∼
 . 05 pc, see above). The energy inflow rate of internal energy from
he CSM is approximately kB TCSM 

nCSM 

cβs × 4 πR2 
s ≈ 1040 erg s−1 ,

nd the shock luminosity is on the order of ρCSM 

( cβs )3 × 4 πR2 
s ≈

045 erg s−1 . The contribution from the internal energy of the CSM
an thus be neglected. 
NRAS 545, 1–30 (2026)
.4 Initial conditions 

t the initial stage of the evolution, the system can be characterized by
he following quantities: the kinetic energy of the ejecta, Ekin , eje , the
ensity distribution and total mass of the ejecta, Meje , and the radius
f the SMS, R0 , at the time of explosion. All initial conditions for the
rdinary differential equations of the shock momentum Sr , mass Ms 

nd positions Rs , Rfs , and Rrs can be deduced from these quantities. 
At the initial time, the SMS radius is related to the initial interaction

ime t0 and the initial maximal velocity inside the ejecta, βmax , 0 ,
hrough R0 = ct0 βmax , 0 . For a given density distribution (equation
 ), the initial kinetic energy (equation 2 ) and mass of the ejecta
equation 3 ) can be written as 

kin , eje = 4 πc5 t3 
0 ρ0 Ineje ( βmax , 0 ) , (32) 

eje = 4 πc3 t3 
0 ρ0 Jneje ( βmax , 0 ) , (33) 

here the integrals are defined as 

n ( ˜ β) =
∫ ˜ β

0 
( �β) −n �( � − 1) β2 d β , (34) 

n ( ˜ β) =
∫ ˜ β

0 
( �β) −n �β2 d β . (35) 

hese integrals In and Jn can be solved analytically for some integer
 . We report the analytic expressions in Appendix A . 
We use the above relations and the known initial values of Ekin , eje ,
eje , and R0 to compute t0 , ρ0 , and βmax , 0 as follows: we take the

atio of the initial kinetic energy and the ejecta mass and get 

Ekin , eje 

Meje 
= c2 Ineje ( βmax , 0 ) 

Jneje ( βmax , 0 ) 
. (36) 

e can then perform root-finding to obtain βmax , 0 . From this, we
btain the initial interaction time through t0 = R0 / ( cβmax , 0 ) and the
cale density ρ0 by simply re-arranging either equation ( 32 ) or ( 33 ).

For the case with very massive ejecta, it can become non-
elativistic with βmax , 0 < 10−3 . To avoid numerical problems in the
ntegrals In and Jn , we then instead use the Newtonian expressions
o solve the initial conditions for βmax , 0 , ρ0 , and t0 : 

kin , eje = 3 − neje 

2(5 − neje ) 
Meje ( cβmax , 0 )

2 , (37) 

eje = 4 πρ0 

3 − neje 

R3 
0 

( βmax , 0 )−neje 
. (38) 

For the initial conditions of the shock quantities, we use the same
rescription as described in A. Suzuki et al. ( 2017 ). At the initial
ime, the radii Rs , Rfs , and Rrs coincide with the SMS radius: R0 =

s = Rfs = Rrs . For numerical stability, we found that it is better to
nitialize the forward and reverse shock positions as Rfs = Rs (1 + εs )
nd Rrs = Rs (1 − εs ), where εs is a small number (we used ∼ 10−10 ).

The initial shock momentum Sr and mass Ms are obtained using
he fact that initially, the pressure at the forward ( Pfs , equation 15 )
nd reverse shocks ( Prs , equation 16) are balanced. This is because
he shock interfaces coincide at t0 . Thus, we solve 

fs = Prs . (39) 

his equation can be solved analytically by evaluating the pre-
hocked density and velocities of the ejecta and the CSM at r = R0 

nd taking c βs = c βfs = c βrs (because these velocities are the same
nitially). We obtain a quadratic equation for the shell velocity βs : [
1 − ρCSM , fs 

ρeje , rs 

(
1 − β2 

eje , rs 

)]
β2 

s − 2 βeje , rs βs + β2 
eje , rs = 0 , (40) 
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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 ( μm) 

JWST F 090 W 0.795–1.005 
JWST F 115 W 1.013–1.282 
JWST F 150 W 1.331–1.668 
JWST F 200 W 1.755–2.228 
JWST F 277 W 2.422–3.131 
JWST F 356 W 3.136–3.981 
JWST F 444 W 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 
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here ρCSM , fs , ρeje , rs , and βeje , rs are defined as in equations (15) and 
16). We take the negative root of βs in the quadratic formula because
t could be superluminal otherwise. 

Setting the initial shock mass Ms to zero might cause numerical 
roblems. We therefore take one small time step �t of equation ( 9 )
o compute the initial mass as Ms = Ṁs �t . For this, we also set
s = βfs = βrs . 
With the initial values of Ms and βs now known, we compute 

he initial momentum using Sr = Ms �s cβs (equation 11 ). The initial 
nternal energy of the shock region is zero: Eint, sh = 0. We initialize it
ith some very small non-zero number > 0 for the sake of numerical

tability. 
With the initial conditions in place, we can integrate the system

quations ( 7 ), ( 9 ), ( 12 ), ( 13 ), and ( 18 ). 

.5 Computation of radiation flux and apparent magnitude 

xplosions of SMSs are expected to occur in the early universe at
edshift z > 13–20 (see e.g. S. J. Patrick et al. 2023 ). The source
pectrum will therefore be shifted due to cosmological redshift when 
bserved in the present day. Technical constraints posed by telescope 
ensors must also be considered to assess whether a given source is
bservable using the available hardware. 
In the previous sections, we laid out how to compute the expected

uminosity of an SMS explosion. In the first phase of the light curve,
he shock region is optically thick and the radiation is caused by
iffusion out of the photosphere. The size of the photosphere Rph ( t)
s given approximately by the shock position Rs ( t) and the observed
urface temperature is the colour temperature Tcol (equation 30 ). 

hen the shock region is thermalized ( η < 1), it radiates like a
lackbody emitter. But otherwise the spectrum will change to a 
odified blackbody spectrum. For simplicity, we here approximate 

his by a shifted and rescaled blackbody spectrum (we comment on 
he effect of this approximation below). We define the spectrum as
ollows: 

mod ( ν, Tcol ) = 2 h 

c2 

ν3 

exp ( hν/kB Tcol ) − 1 
× min 

{ 

1 , 

(
TBB , surf 

Tcol 

)4 
} 

, (41) 

here h is Planck ’s constant. Bmod is defined in a way that for η < 1
t is equal to a blackbody spectrum. Otherwise, the normalization 
y ( TBB , surf /Tcol )4 = ( Ldiff / 4 πσR2 

s T
4 

col ) makes sure that the total
uminosity is always equal to Ldiff . Equation ( 41 ) is in general
ifferent from a modified blackbody spectrum and will underestimate 
he flux in the red part of the spectrum. But this is not too relevant
ecause (i) the spectrum is even more sensitive to small changes 
n η (recall Tcol ∝ η2 ), (ii) our model is anyway not very accurate
hen η > 1 due to the assumption that η is constant throughout 

he shock shell, and (iii) with η > 1 we are only interested in the
verall qualitative features and trends accurate to within one or two 
agnitudes. 
Using Bmod , we can compute the expected radiation flux that can 

e captured by current telescopes like the JWST and others. The flux
s a function of frequency in the observer frame is given by (see e.g.
. W. Hogg et al. 2002 ; R. Kar Chowdhury et al. 2024 ) 

νobs = π (1 + z)

(
Rph 

dL 

)2 

Bmod ( (1 + z) νobs , Tcol ) , (42) 

here Rph is the size of the photosphere of the source object and dL 

s the luminosity distance. It is a function of the redshift and depends
n the cosmological model chosen (see D. W. Hogg 1999 ): 

L ( z) = (1 + z)
c 

H0 

∫ z 

0 

d z′ √ 

�m 

(1 + z′ )3 + �� 

. (43) 

e assume the standard model of cosmology and adopt the values
rom the Planck collaboration for the cosmological parameters 

0 = 67 . 4 km s−1 Mpc−1 , �m 

= 0 . 315, �� 

= 0 . 685, and �k = 0
N. Aghanim & others 2020 ). We also set the universe radiation
ensity �r = 0 because its contribution is negligible at z ∼ 10–20. 
In this work, we use the AB magnitude system to measure

rightness. The apparent magnitude mAB of a source at redshift z, 
een by an observer is given by (D. W. Hogg et al. 2002 ): 

AB : = −2 . 5 log 10 

( ∫ ∞ 

0 Fν a( ν) t( ν) ν−1 d ν∫ ∞ 

0 3631 Jy t( ν) ν−1 d ν

) 

. (44) 

he integral is performed over the observer frequency ν = νobs . 
ere, Fν is the flux in the observer frame (equation 42 ), a( ν) is

he absorption function (due to, e.g. intergalactic absorption), and 
( ν) is the transmission function of a given telescope filter. 

Modern telescopes operate different transmission filters, which 
nly let through specific parts of the spectrum. In this work, we
ompute mAB as seen through different filters of JWST , EUCLID ,
nd the RST . We approximate the filters as step functions, which are
ero outside the filter width and equal to the transmittance inside this
ange. We here assume a constant transmittance, so it will cancel
ut when computing mAB . The specifications of the filters used are
ummarized in Table 1 . 

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

( ν) = 1 otherwise. 
Furthermore, light could be absorbed or attenuated by the CSM 

tself. Although it is transparent at first (recall the discussion 
bove equation 5 ), the large amount of photons released from the
MNRAS 545, 1–30 (2026)

https://jwst-docs.stsci.edu/jwst-near-infrared-camera/nircam-instrumentation/nircam-filters
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Table 2. Initial SMS radius R0 , ejecta kinetic energy Ekin , eje , and total 
ejecta mass Meje . 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 R0 ( R�) Ekin , eje (erg ) Meje (M�) 

FujH1 104 9 . 5 × 1054 23 613 
FujH2 104 5 . 1 × 1055 37 255 
FujH4 104 1 . 9 × 1056 82 467 
FujDif1 104 2 . 8 × 1056 110 322 
FujHe1 104 1 . 7 × 1054 5611 
FujHe2 104 8 . 6 × 1054 8199 
FujHe4 104 4 . 2 × 1055 19 378 
NagCol1 104 8 . 49 × 1054 29 737 
NagCol2 104 1 . 22 × 1055 96 731 
NagPul1 104 1 . 31 × 1053 3051 
NagPul2 104 1 . 73 × 1053 4312 
NagExp 104 1 . 03 × 1055 298 600 
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hocked region could partially ionize the CSM. There could also be
ttenuation of Balmer-continuum photons under certain conditions.
e discuss these points in detail in Section 4.1 . 

 RESU LTS  

.1 Model selection 

ur light-curve model is computed for inputs of the SMS radius R0 ,
he kinetic energy of the ejecta from the explosion Ekin , eje , and the
jecta mass Meje . Due to this simple parametrization, our model is
uite versatile and we therefore can apply it also to scenarios for
opIII stars that are surrounded by a dense envelope, e.g. because

hey are located inside an ACH where typical densities reach ∼
010 −11 cm−3 near the centre r < 10−3 pc (see equation 5 ). One
xample is the explosion of a ‘VMSs’ of several 100–1000 M� as
tudied, e.g. in H. Uchida et al. ( 2017 ) and G. Volpato et al. ( 2023 ). 

Explosion and mass ejection scenarios for rapidly accreting SMSs
Ṁ > 0 . 02 M� yr−1 ) have some variety. First, there is a class of
xplosion scenarios where the GRI is triggered and the SMS
xplodes. The first option is that, as density and temperature rise
uring the collapse, rapid efficient nuclear fusion of hydrogen or
elium is activated. This will release enough energy to completely
isrupt the star without leaving behind a BH. Numerical simulations
f this scenario have been performed by C. Nagele & H. Umeda
 2024 ). The other collapse scenario is that the collapsing SMS forms
 BH with a torus around it. Infalling matter will then bounce off
he torus and produce highly energetic ejecta, as simulated in our
revious work (S. Fujibayashi et al. 2025 ). Secondly, SMSs can also
un into a pulsational instability due to the GRI (C. Nagele et al.
022b ; C. Nagele & H. Umeda 2024 ). These pulsations will eject a
ignificant amount of matter from the SMS but without destroying
t (C. Nagele & H. Umeda 2024 ). Pulsations might therefore be
epeating. This scenario can be studied using our model, which is
hy we also investigate this case here. 
For these scenarios, we select models in the following way: rapidly

ccreting SMSs all feature a bloated atmosphere with large radius. It
epends on the accretion rate but, at collapse onset, the radius will
e in the range of 1–2 × 104 R� (see T. Hosokawa et al. 2013 ; N. P.
errington et al. 2023 ). Since our light-curve model only depends
eakly on the initial radius (see Appendix B ), we here opt for R0 =
 × 104 R� for our fiducial accreting SMS radius. 
For Ekin , eje and Meje , we make choices that are informed from

umerical simulations. In a previous work (S. Fujibayashi et al.
025 ), we simulated the collapse of rapidly rotating SMS cores. We
ake the value of Ekin , eje as reported in their table 2. For Meje , we
ake the ejecta mass from the core (also from their table 2) and
dd to that the mass of the bloated atmosphere. The atmosphere is
eglected 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 ).

e here take a core mass fraction of 90 per cent . The atmosphere
hus 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
heir models with 0.1–1 M�yr−1 . For their pulsating and exploding

odels, we take the values as in their table 1. For the collapsing mod-
ls, we assume that the relation between the SMS core mass, ejecta
rom 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
 Meje , c ∼ 0 . 01 Mcore ) and add to that the mass outside of the core.
or the explosion energy, we use that Ekin , eje ∼ 0 . 5 Meje , c (0 . 2 c)2 ∼
NRAS 545, 1–30 (2026)
 . 5 × 0 . 01 Mcore × (0 . 2 c)2 (S. Fujibayashi et al. 2025 ). We collect
he model parameters that we use in our work in Table 2 . 

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

For slower accreting SMSs (Ṁ < 0 . 02 M�yr−1 ), the stars grow
o several thousand M� and eventually collapse due to the pair
nstability (see H. Uchida et al. 2019 ; M. Shibata et al. 2025 ). Their
tellar evolution is also different. Slowly accreting SMSs evolve
s blue hypergiants (N. P. Herrington et al. 2023 ) and the strong
V radiation might ionize or blow away the surrounding CSM

M. Kiyuna et al. 2024 ). This could have significant impact on the
ynamics of the ejecta and the observability to distant observers. In
his work, we focus on the cases where the CSM is dense and mostly
ptically thin. We therefore focus on the more rapidly accreting
MSs, where a dense unionized CSM is more likely to exist at the

ime of collapse. During the light-curve evolution, the CSM might
et self-ionized by the radiation, which changes the optical depth.
almer absorption could also be relevant. We discuss these points in
etail in Section 4.4 . 
Whether an explosion happens depends strongly on the rotation

ate. In the above-mentioned simulations, it was assumed that the
MSs are rapidly rotating. But it should be additionally noted that
MSs may not rotate at significant rates. This is due to the ��-

imit (H. Lee & S.-C. Yoon 2016 ; L. Haemmerlé et al. 2018 ). It
revents accretion of angular momentum due to a barrier of the
entrifugal force and radiation pressure. However, there is some
vidence that SMSs might be differentially rotating with a slowly
otating outer layer and an inner core region which can rotate at
ignificant fractions of the Keplerian rotation rate (L. Haemmerlé
t al. 2018 ). Additionally, it was shown by K. Kimura et al. ( 2023 )
n a simulation of an accreting SMS protostar of < 10 M� that a
igh rotation rate can be maintained even while rapidly accreting.
ut longer simulations are needed to test whether the rotation rate
an 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. η < 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. η > 1). 
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.2 Bolometric light-curve properties of supermassive star 
xplosions 

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

In Fig. 3 , we show the bolometric luminosity in the source frame
s a function of time for our selected models. We first focus on the left
anel, where we show all models for which the radiation is always
hermalized, i.e. η < 1 at all times. It is found that the light curves
ollow the same general trend. At the beginning at t = t0 , there is
 sharp luminosity peak with a duration of around one dynamical 
ime t0 . An initial radiation burst due to a shock breakout may occur
n reality (see e.g. T. J. Moriya et al. 2021 ). However, the early
missions cannot be reliably modelled using our assumptions (e.g. 
iffusion approximation and simplified ejecta matter profile). Hence, 
e neglect this feature in the following discussion. 
After the initial peak, the luminosity increases gradually. In this 

tage, the shock gains internal energy by conversion of kinetic energy 
t the forward and reverse shock fronts. This energy then gradually 
iffuses out of the shock region due to radiation loss. Since the optical
epth in this phase is quite high, the energy loss is smaller than the
nergy gained. The internal shock energy therefore increases and 
he luminosity increases as well. At the same time, the shock radius
xpands and the shock over all cools down. This continues until 
he effective surface temperature reaches the ionization temperature 
f hydrogen ( Tion ≈ 6000 K). The hydrogen in the shock region 
hen starts to recombine. At this point, the shock effective surface 
emperature stays constant at Tion and there is a kink in the light curve.
he luminosity then increases ∝ R2 

s ≈ ( cβs t)2 until all the internal 
nergy of the shock is released and the shock becomes transparent. 

After that, the bolometric luminosity is produced by non- 
lackbody radiation from the optically thin shock interacting with 
he CSM. For our models, these emissions are much smaller than the
revious emissions from the optically thick phase. Hence, we do not 

odel them in detail here. 
For some cases, the overall peak in the light curve can come before
he recombination phase. We found that this peak happens when 
he diffusion time-scale ( td ≈ 3 τs ( Rfs − Rrs ) /c) of photons out of
he shocked shell becomes comparable to the dynamical time-scale, 
dyn ≈ Rs / ( cβs ). Most of the radiation will then be released within
ne diffusion time-scale. Additionally, we find that the deceleration 
ime-scale is often similar to the diffusion time-scale. It is given by
he time when the shock has accreted a similar amount of CSM mass
ompared to the initial ejecta mass, Meje . The light-curve maximum 

an then have increased luminosity because the conversion of kinetic 
nergy to internal energy is most efficient when there is a large
mount of kinetic energy loss. 

Generally, the length of the optically thick shock phase is on
he order of 10 yr and the luminosity can reach 1045 erg s−1 to a
ew times 1046 erg s−1 . The length is maximized if the diffusion 
eak coincides with the end of the optically thick phase. The peak
uminosity depends on the initial ejecta kinetic energy and on the
atio of kinetic energy to ejecta mass. See also Appendix B for more
nformation on systematic and scaling behaviour of the model. 

In the right panel of Fig. 3 , we show the cases which have η > 1 at
ome point in the evolution. The general trends are the same as in the
< 1 cases. The early-time short luminosity peak and the luminosity

ise are the same as those found for the other cases. But for the cases
ere, the radiation becomes out of equilibrium and η goes above unity
uring the evolution. This happens around the time of the luminosity
eak for our cases. This leads to an increased electron temperature in
he radiative layer, which prevents recombination and thus tends to 
revent the plateau phase with constant surface temperature. Instead, 
he luminosity steadily falls after the peak and eventually the shock
egion becomes transparent because it becomes too dilute and τs 

rops. The only outlier is the case FujHe2, where the recombination
hase is reached and the internal energy is subsequently rapidly 
eleased, leading to a late-time luminosity peak. However, we note 
hat this could also be an artefact of our modelling and should not be
aken at face value. 

The optically thick phase length and peak luminosity are larger 
or the non-thermalized cases ( η > 1) and reach up to ∼ 200 yr
MNRAS 545, 1–30 (2026)
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Figure 4. Maximum value of η 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 Ekin , 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 η > 1 during their evolution. Black curves indicate contours 
of equal values of η. The solid curve marks η = 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. 
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nd 1047 erg s−1 , respectively. This is not surprising because the
igher luminosity cases need more photons to remain thermalized.
n these cases, photon production cannot keep up, which makes full
hermalization less likely. Hence, we would expect very energetic
ases to not thermalize. The lack of thermalization then pushes up
he average photon energy and electron temperature, which then
revents recombination of the shell, thus lengthening the optically
hick shock phase. 

The pulsating models (NagPul1 and NagPul2) and the ex-
loding model (NagExp) have peak bolometric luminosities of

1045 erg s−1 . This is comparable to the luminosity of some AGN
bserved by JWST in the early universe at redshift z ∼ 10 (e.g. GNz–
1, R. Maiolino et al. 2024 ). The lower mass variants of the exploding
ydrogen and helium core models (FujH1, FujHe1, NagCol1, and
agCol2) reach a peak luminosity on the order of a few 1046 erg s−1 .
he models with higher mass and explosion energy (FujH2, FujH4,
ujHe2, FujHe4, and FujDif1) have luminosities over 1047 erg s−1 .
his is larger than some of the brightest high-redshift AGN. Hence,

hose models should be bright enough to be clearly observable even
t very high redshift z > 10. 

A point to consider for observational prospects is the possible
elf-ionization of the CSM by ionizing photons from the shock
egion. We discuss this point, along with possible attenuation of
almer-continuum photons, in detail in Section 4.1 . In the following,
e therefore focus on discussing the intrinsic light curves of SMS

xplosions, while keeping in mind that the ultimate visibility could
e subject to change based on the ionization of the CSM. 
Next, we scan the parameter space using our light-curve model to

et a better understanding of the photometric properties of typical
MS explosions. We first focus on the thermal coupling coefficient η,
ecause it indirectly delineates the parameter space where our model
s more reliable ( η < 1) or less reliable ( η > 1). 
NRAS 545, 1–30 (2026)
In Fig. 4 , we show the maximum value of η that can be achieved
uring the optically thick shock phase of the light curve. The symbols
ark the positions of our models from Table 2 in the parameter space.
he symbols with circles around them highlight models where η > 1
uring their evolution (see Fig. 3 ). The grey striped/shaded area
arks the region where the bolometric luminosity in the optically

hin phase dominates that in the optically thick phase. We therefore
xclude this part since our model could incur significant errors in this
arameter range. We note that all of our chosen SMS configurations
ie well within the region where our model is applicable. 

As discussed before, models with η > 1 have phases where the
adiation is out of equilibrium and where the spectrum is bluer
ompared to a blackbody. In the region where η > 1, our model
s capable of showing trends and rough order of magnitude results,
ut it should not be relied upon for precise quantitative results. We
ee that the models FujHe2, FujHe4, FujH2, FujH4, and FujDif1
all in the region where η > 1. Due to the large flux of ionizing
hotons, the surrounding CSM could be fully ionized, as discussed in
ection 4.1 . 
Fig. 5 shows the peak luminosity of SMS explosion light curves

ith different initial ejecta masses and kinetic energies. We excluded
he early-time peak, since it is likely unphysical and would not be
isible due to the short time-scale, regardless. The symbols with
ircles around them highlight models where the emitting region is out
f equilibrium ( η > 1) at some point during the light-curve evolution.
f this is the case at the luminosity peak, the increased ionizing
hoton flux could form an ionized bubble, as discussed in detail in
ection 4.1 . This could modify the value of the peak luminosity to
e somewhat different from the predicted value. 
There is zig-zag-shaped a bump in the peak luminosity on the line

rom (2 × 103 M�, 2 × 1054 erg )– (4 × 105 M�, 5 × 1056 erg ). This
attern comes from two effects that happen close in the parameter
pace. The first effect is that the position of the luminosity peak
hanges from the diffusion peak (above this line) to the late-time
ecombination phase (below this line). The second effect is that for
ome models, η rises above unity during the recombination phase.
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his raises the electron temperature above Tion . This ultimately 
esults in a short-lived luminosity bump, which may be larger than 
he diffusion peak. 

The general trends in the figure are as follows. The peak luminosity
bol , peak generally decreases when increasing the ejecta mass but 

t increases when increasing the kinetic energy, except for the 
forementioned zig-zag line. But the proportionality is different 
or the lower region of the plot, where η < 1 and for the upper
egion where η > 1 (cf. Fig. 4 ). When varying the kinetic energy
nd the ejecta mass in the region η < 1, the luminosity roughly
cales like Lbol , peak ∝ E1 . 4 

kin , eje and ∝ M−1 . 2 
eje , respectively. For the 

egion η > 1, we find a scaling behaviour of Lbol , peak ∝ E1 . 2 
kin , eje and 

 M−0 . 6 
eje . Because the scaling relations are not exact, the exponents 

an change by ±0 . 2 depending on where we read them off in
he figure. The peak in the η > 1 region can be understood if
t coincides with the diffusion time-scale tdiff ∝ M0 . 75 

eje E−0 . 25 
kin , eje (H. 

chida et al. 2019 , equation 24) where most radiation has been
eleased, thus Lbol , peak ∼ Ekin , eje /tdiff ∝ M−0 . 75 

eje E1 . 25 
kin , eje . This analytic 

stimate is roughly consistent with our results. 
Because of their formation environment in collapsing ACHs, 

MSs are expected to exist only at redshifts larger than z ∼ 10–
0 (see e.g. S. J. Patrick et al. 2023 ). In non-standard scenarios, their
ormation might be somewhat delayed, see M. Kiyuna et al. ( 2024 ).
ut the redshift should always be larger than z > 6–7. Cosmological

ime dilation is significant at these redshifts and needs to be 
aken into account when assessing observational prospects of SMS 

xplosions. 
The time dilation will increase the time-scale of the observed 

MS explosion light curves by a factor (1 + z). The time-scale of the
ptically thick shock phase – for η < 1 around ∼ 10 yr and for η > 1
round ∼ 100 yr – will then lead to transient time-scales on the order
f 100 ( η < 1) or 1000 ( η > 1) yr. The optically thin phase could last
ven longer. This has implications on the observed variability of these 
ransient sources in high-redshift telescope data. If the variability of 
he transient is small enough, it might be confused photometrically 
ith a persistent high-redshift source. This is aggravated by the fact 

hat telescopes like JWST or EUCLID started their observations quite 
ecently (since 2020 July and 2023 February, respectively), so that 
ong-term transients might be classified as persistent sources due to 
he lack of elapsed observation time. 

Prominent high-redshift sources, such as LRDs, have been ob- 
erved to show low variability. More specifically, the surveys by, 
.g. W. L. Tee et al. ( 2025 ) and Z. Zhang et al. ( 2025 ) show a
ource variability of LRDs of at most �mAB ∼ 0 . 2 over 1–2 yr. R.
’Brien et al. ( 2024 ) did a similar study that searched for transients

n combined data from the Hubble Space Telescope and JWST , 
xtending the time range up to 4 yr for some objects. 

In terms of luminosity, a magnitude variability of �m = 0 . 2
orresponds to Lbol is �L/L = 10±�m/ 2 . 5 , i.e. roughly 20 per cent . 
ased on this, we define the luminosity variability time-scale. This 

s the time-scale, in the source’s rest frame, where the luminosity 
hanges by a factor of �L/L . Within this time, the transient source
ill show at most a similar variability to LRDs and will therefore

ppear to be persistent. 
The variability time-scale around any point in time, tp , is calculated 

s follows: we start from that point tp and record the luminosity L ( tp ).
e then start from tp and run along the light curve to later times and

arlier times until the luminosity L ( tp + �t+ 

) and L ( tp − �t−) differ
rom L ( tp ) by a factor of 10±�m/ 2 . 5 . The variability time-scale is then
efined as the time difference tvar, p : = �t+ 

+ �t−. 
In Fig. 6 , we show the luminosity variability time-scale around 

he light-curve peak, tvar, peak , as a function of ejecta mass and ejecta
inetic energy. As before, we excluded the initial sharp light peak
t the beginning to not skew our results, and because tvar, peak around
his peak would be very short regardless. As in the previous Fig.
 , the markers show the cases from Table 2 . The stripped/shaded
egion marks configurations which lie outside the range of validity 
f our light-curve model. The sharp transition line marks the point
here the light-curve peak changes from the diffusion peak to the

ecombination phase. The typical variability time of the sources lie 
n the range 0.5–10 yr in the source frame. The observed time-scales
ould be longer by a factor (1 + z). When the luminosity peak lies

n the recombination phase, the variability time-scale is around 0.5–
.5 yr. It is significantly longer ( > 2 yr), if the luminosity peak is
ocated at the diffusion peak. 

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

.3 Photometric observational properties 

n the previous section, we discussed the intrinsic bolometric lumi- 
osity and light-curve properties of SMS explosions in the source 
rame. When telescopes observe the sky, they only pick up a fraction
f the available light and spectrum. This depends on the telescope
amera hardware and the available spectral filters. We now show 

MS explosion light curves as seen by JWST , EUCLID , and the RST
hrough different filters. We use the AB magnitude system to denote
rightness. 
MNRAS 545, 1–30 (2026)
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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 η < 1), and FujH4 ( η > 1) represent low, medium, and high mass and explosion energy configurations, 
respectively. The coloured bars represent the detection bound for a given filter after 1000 s 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 η < 1 
cases. The η > 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 λ < (1 + z) × λLy α ∼ 0 . 121(1 + z) μm is absorbed by the neutral intergalactic hydrogen for z > 5 − 6. 
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In Fig. 7 , we show the AB magnitude as a function of time
n the observer frame as observed in different filters of the JWST
ear-infrared camera (NIRCam) at different redshifts. We show the
ight curve for three representative configurations (see Fig. 5 ) at
our different redshifts of z = { 7 , 10 , 15 , 20 } : NagPul2 and FujH1
NRAS 545, 1–30 (2026)
epresent cases with low and medium masses and explosion energies,
hat also have η < 1; FujH4 represents a high mass and explosion
nergy case, that also has η > 1. 

The coloured bars represent the detection bound for a given filter
fter 1000 s of exposure time. We only show filters that have a
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on-zero flux for a given redshift and source. Solid lines denote the
ptically thick phase of the light curve. The dotted lines denote 
he optically thin emission phase of the light curve. The dotted 
ine appears vertical because the signal in the optically thin phase 
s below the range of the plot. The subsequent evolution of mAB 

an be seen slightly for model FujH1 at z = 7. Since we do not
odel the emissions in the optically thin phase in this work, we

rudely estimated the spectrum of these emissions as a blackbody 
ith radius of the shock position and a luminosity of the bolometric

hock luminosity (see discussion after equation 31). For all cases, 
he optically thin shock phase emissions are considerably fainter than 
he emissions in the optically thick phase. This explains the sharp
rop in AB magnitude. 
Generally, we see that SMS explosions would be visible up to 

igh redshifts through multiple filters of the JWST NIRCam. The 
ime frame of visibility extends from a few hundred (cases η < 1)
o a few thousand (cases η > 1) years if the explosion occurs at
edshifts z ∼ 15–20, which is typical for SMS formation. But even 
t lower redshifts of z ∼ 7, which are common for, e.g. LRDs, the
ransient would be observable for several decades. The amount of 
ands in which the sources are visible decreases with increasing 
edshift. This is due to Lyman-alpha absorption by neutral hydrogen 
n the IGM. Also see the discussion in Section 4.1 about the CSM
onization properties and possible absorption of Balmer-continuum 

hotons by the CSM. Nevertheless, many SMS transients will be 
bservable in multiple filters. Pulsating SMSs could be visible until 
edshifts of ∼ 15, according to their intrinsic brightness. Exploding 
MSs in their hydrogen burning phases could easily be visible up 

o z ∼ 20. Helium-burning SMSs would be visible to similarly high 
edshifts as well. 

For models with η < 1, the best visibility will be in the long-
avelength filters because the spectral peak is located at longer 
avelengths of λpeak ∼ 0 . 48(6000 K/T )(1 + z) μm. This is due to

he high redshift but also due to the cool surface temperature 
Tion = 6000 K in the recombination phase. For models with 
> 1, the spectrum is much bluer and thus the signal will be

righter in bluer filters. The observability in blue filters is here 
onstrained by intergalactic Lyman-alpha absorption (and possible 
artial absorption by the CSM, as discussed in Section 4.1 ), even
hough the intrinsic brightness of these objects would be high enough 
o be detected in all JWST bands. For example, at z ∼ 7, FujH4
an be observed in the F 090 W filter, but at z ∼ 15, the source
ill be undetected in filters with shorter wavelength than filter 
 150 W . 
The AB magnitude in different filters reveals information about the 

olour of the observed objects. This can best be presented in a colour–
agnitude diagram. This is also done with present bulk observation 

ata from surveys, such as UNCOVER (Ultradeep NIRSpec and 
IRCam ObserVations before the Epoch of Reionization, see S. H. 
rice et al. 2025 ), and other analyses of photometric data, e.g. by Z.
hang et al. ( 2025 ). 
In the left panel of Fig. 8 , we show a colour–magnitude diagram

sing the JWST filters F 277 W and F 444 W . We plot the observed
agnitudes of the different sources with η < 1 at different redshifts

ver time as tracks. These cases also correspond to the cases with
oderate explosion energies ( < 1055 erg). We here neglect the early- 

ime peak, as done before (see Appendix C for a version including
he early-time peak). The dots on each line show time intervals of
ne year in the source frame. A given SMS explosion light curve
ill move in the diagram from one point to the next in (1 + z) yr,
epending on the redshift of the transient. The grey region marks the
egion where a source is too faint to be detected with 1000 s exposure
ime in both filters. 

During the light-curve evolution, a given source will move through 
he diagram over time. The evolution starts in the lower part of
he diagram and then moves left and upwards. This corresponds 
o a brightening and reddening of the source. The track becomes
orizontal in the end and the evolution then is sidewards to the left.
he horizontal movement corresponds to the recombination phase 
f the light curve where the effective surface temperature is constant
t Tion = 6000 K and the luminosity increases as Lbol ∝ ( cβs × t)2 .
e find that these SMS transients would be visible in JWST until

 ∼ 17 in both filters and until z ∼ 24 for the longer wavelength
 444 W filter. 
In the right panel of Fig. 8 , we show selected models with η > 1,

hich correspond to cases with high explosion energies ( > 1055 erg).
e only show two models because the other models have very similar

volution tracks in this diagram and the plot would look too busy
therwise. The dots on each line show time intervals of five years
n the source frame. The light curve starts on the right and moves
o the left and upwards. At the kink, η = 1, and after that the signal
ecomes bluer and subsequently moves downwards and to the right, 
ntil the shock region becomes optically thin. The evolution in this
econd phase is very slow ( < 0 . 2 / (1 + z) mag yr −1 ) and significant
ariability of the sources could be difficult to detect. Over all, the
odels with η > 1 are bright enough to be seen even to higher

edshift. The constraint here is the spectral range of the telescope
lters. Hence, these SMSs could be easily visible for z < 24 in both
lters, and for z < 35 in the F 444 W filter alone. 
We now investigate SMS observability in EUCLID and the RST .

ven though these telescopes are less sensitive than JWST and host
lters with shorter wavelengths, they might still be suitable tools 

o observe high-redshift SMS explosion transients. This is mainly 
ecause of the difference in the mission profile. JWST focuses on
ingle, deep observations with a narrow field of view. EUCLID and
ST on the other hand are designed for large sky surveys, conducted
ver several years, which will cover significant areas on the night
ky. The increased sky coverage could thus offset the smaller depth
nd lead to meaningful observational opportunities. 

In Fig. 9 , we show colour–magnitude diagrams for EUCLID (upper
anels) and for RST (bottom panels), same as in Fig. 8 . The coloured
ines show the tracks that the light curves will move on during their
volution. The ticks again show time intervals of 1 yr (left) and five
ears (right) in the source frame. The grey coloured surface and
ashed line show the observational detection limits based on the 
lanned surveys for EUCLID and RST . 
For EUCLID , we first focus on the upper left panel, which shows

he cases where η < 1. We find that those SMS explosion transients
ill be visible until z ∼ 5 . 5 in the EWF survey and up to z ∼ 7 for

he EDF. A single-band detection in the H band is possible up to
 ∼ 9 in the deep field. Pulsating SMSs would be visible in EUCLID
ntil z ∼ 4 in the deep field survey (but this could be changed due to
bsorption of Balmer-continuum photons, see discussion in Section 
.1 ). For the more energetic cases with η > 1 (see upper right panel),
e find that they would be very bright and clearly visible in the EWF

nd EDF surveys – even considering our model uncertainties. Their 
isibility is constrained by the redshift range of the filters. Above a
edshift of z = 11 . 8, SMS explosions would only be visible in the
 band due to Lyman-alpha absorption. Slowly varying sources that 

re observed only in this band would be interesting signatures for
igh-redshift transients. However, only the brightest cases would be 
right enough to be good candidates at these redshifts. 
MNRAS 545, 1–30 (2026)
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Figure 8. Left panel: tracks of different SMS configurations with η < 1 in a colour–magnitude diagram for the JWST NIRCam filters F 277 W and F 444 W (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 η > 1. The light curve starts on the right and 
moves to the left and upwards. At the kink, η = 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. 
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For RST , the situation is more favourable due to the higher depth of
he planned surveys of up to 29 . 4 mag . Here, lower energy exploding
MSs (with η < 1, see lower left panel) will be visible in the SN
edium survey in both filters up to z ∼ 7–8 and in the SN deep

urvey up to z ∼ 9. Some events might also be marginally detectable
n the H band until z ∼ 10 . 5. The brighter η > 1 cases (see bottom
ight panel) will be clearly visible in both surveys for z < 10 . 5.
ue to their brightness, their visibility is constrained by the spectral

ange of the filters because of intergalactic Lyman-alpha absorption.
t larger redshifts of z > 10 . 5–10.8, these transients will only be
isible in the longer wavelength H -band filter until around z = 13. 

 DISCUSSION  

.1 Ionization of the CSM 

n the previous section, we found that SMS explosions have high
ntrinsic luminosities of 1045 −47 erg s−1 . We therefore expect a
ignificant flux of ionizing radiation, especially in the cases η > 1.
ut it is unclear whether their number is enough to ionize the dense
SM around the exploding SMS. The possible ionization of the CSM
as strong implications on the light-curve visibility via optical depth
rom electron scattering and also Balmer attenuation. 

We therefore calculate the amount of ionizing photons. We find
hat the CSM can be partially ionized by > 13 . 6 eV photons only for
ases with η > 1. For all other cases, the number of > 13 . 6 eV photos
s too low to significantly ionize the CSM. But due to the special
nvironment of ACHs at TCSM 

= 8000 K, we find that ionization via
almer-continuum photons > 3 . 4 eV can be viable. We discuss this

n the following. 
Hydrogen can be ionized from the ground state ( n = 1) by Lyman-

ontinuum photons. Hydrogen at the n = 2 level can also be ionized
y Balmer-continuum photons. The CSM will reach the ionization-
ecombination equilibrium if a sufficient amount of atoms are in
NRAS 545, 1–30 (2026)
he n = 2 excited state and n = 2 atoms are replenished quickly
nough, i.e. the collisional excitation time-scale is similar or smaller
han the dynamical time-scale. This is the case here, at least in
he central region of the halo (cf. fig. 12 in W. H. Soon 1992 ;
. T. Scholz et al. 1990 ), and we assume for simplicity that this

s given in the whole CSM (but see discussion at the end of this
ection). Note that, although hydrogen atoms in states with n ≥ 3
ay contribute comparably to those in the n = 2 level, we neglect

hese in the following discussion for simplicity, as their inclusion
oes not essentially change the results. 
In equilibrium, the ionization rate is balanced with the recombi-

ation rate to all levels. But any recombination to levels n = 1 and
 will produce a photon that can ionize another atom in the CSM
ecause the CSM is (marginally) optically thick for both Lyman- and
almer-continuum photons, as we see later. Thus, recombination to

hese levels will have no impact on the total degree of ionization
f the CSM. We then assume local balance between recombination
o the n = 1 and 2 levels and the corresponding locally emitted
onizing photons, which is called the on-the-spot approximation
see D. E. Osterbrock & G. J. Ferland 2006 , ch. 2). According to
his approximation, the total rate density of photoionization by the
hotons emitted from the shocked shell will be balanced with the
ecombination rate density to states n ≥ 3: 

γ,Ly n1 σbf, 1 c + nγ,Ba n2 σbf, 2 c = ne np αC . (45) 

γ,Ly and nγ,Ba are the number densities of photons emitted from
he shocked shell with > 13 . 6 and > 3 . 4 eV, respectively. n1 and
2 are the number densities of neutral hydrogen in the n = 1
nd 2 states, respectively. σbf, 1 and σbf, 2 are the bound-free cross-
ections for hydrogen in the n = 1 and 2 states, respectively. ne 

nd np are the electron and proton number densities and αC =
 . 425 × 10−13 cm3 s−1 (at TCSM 

, interpolated from P. G. Martin
988 , table 1) is the recombination parameter excluding direct
ecombination 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. 
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Because the amount of Lyman-continuum photons is quite low, 
e find that, nγ,Ly n1 is much smaller than nγ,Ba n2 in our case, even 

hough n1 
 n2 . We can therefore neglect the ionization by Lyman- 
ontinuum photons, nγ,Ly n1 σbf, 1 c, in the left-hand side of equation 
 45 ). We employ σbf, 2 = 1 . 58 × 10−17 cm2 (see G. B. Rybicki &
. P. Lightman 1979 , ch. 10.5) as the bound-free cross-section for

toms in the n = 2 state at the Balmer limit ( λ = 0 . 364 μm) in the
ollowing. 

For partially ionized hydrogen, ne = np = fion ntot , where 
ion is the ionization fraction and ntot = AL /mH r

2 ( AL = 

0 R TCSM 

/ 4 πG = 4 × 1018 g cm−1 , see equation 5 ) is the total
umber density. We assume a pure hydrogen CSM, instead of 
 primordial CSM, for simplicity – this will underestimate the 
onization fraction, and overestimate the optical depth of Balmer 
hotons by around 25 per cent . From equation ( 45 ), we then get: 

γ f2 
σbf, 2 c 

α
= f 2 

ion . (46) 

C 
e have defined fγ = nγ,Ba /ntot and f2 = n2 /ntot as the > 3 . 4 eV
hoton and n = 2 hydrogen fractions relative to the total number

ensity. Since fion ≤ 1 and
σbf, 2 c 

αC 

≈ 1 . 95 × 106 , we already see 

hat f2 is bounded by the photon fraction fγ and is f2 < 10−6 

f fγ > 1. Given the number rate of ionizing photons, Qγ , the
umber density is nγ,Ba = Qγ / 4 πcr2 (neglecting attenuation, which 
s justified for an order-of-magnitude estimate, as we see later) and
γ = Qγ mH / 4 πcAL . Also, we rewrite f2 as 

2 = n2 

ntot 
= n2 

n1 

n1 

ntot 
= n2 

n1 
(1 − fion ) , (47) 

here we approximate that ntot ≈ n1 + np . As a first approximation, 
he ratio n2 /n1 can be broadly estimated using the expression from 

ocal thermal equilibrium as 

n2 

n1 
= g2 

g1 
exp ( −10 . 2 eV /kB TCSM 

) = 1 . 5 × 10−6 (48) 
MNRAS 545, 1–30 (2026)
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Figure 10. Strömgen sphere radius Rstr (solid lines) and forward shock radius 
Rfs (dashed lines) for several representative models. We show the evolution 
only for the optically thick shock phase. The Strömgen sphere radius diverges 
after some time, indicating full ionization of the halo. The time when this 
happens is � 5–6 yr for thermalized ( η < 1) models. For the non-thermalized 
( η > 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. 
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 g2 = 8, g1 = 2 are the statistical weights). Employing this value,
e finally find 

2 
ion =

σbf, 2 c 

αC 

n2 

n1 
fγ (1 − fion ) = 2 . 93 × fγ (1 − fion ) . (49) 

or a photon fraction fγ = { 1 , 10 , 100 } , we find ionization fractions
f fion ≈ { 0 . 79 , 0 . 97 , 0 . 997 } . For our models, we find that η > 1
odels (FujH2, FujH4, FujHe2, FujHe4, and FujExp) have fγ ∼

500 − 4000 around the light-curve peak. Exploding η < 1 models
FujH1, FujHe1, NagCol1, NagCol2, and NagExp) have fγ ∼ 100 −
00 and the pulsating models (NagPul1 and NagPul2) have fγ ∼
0 − 20 around the light-curve peak. We therefore find that the CSM
an be significantly ionized using Balmer-continuum photons. 

We note that, however, that the ratio n2 /n1 , may not be given by
he thermal equilibrium value (equation 48 ) and might even be higher
ue to irradiation of Lyman- α photons (see K. Omukai 2001 , footnote
). We also point out that, while a temperature of TCSM 

= 8000 K is
sed in equation ( 48 ), the actual temperature of the CSM may deviate
rom this value after the interaction with photons. If, for example, the
SM temperature is determined by a cooler colour temperature of the

adiation, such as 6000 K, the ratio n2 /n1 could be reduced by a factor
f 100. Nevertheless, for either case, the ionization fraction is still
ikely to remain close to unity for the models with peak luminosities
xceeding 1046 erg s−1 . 

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

rec =
∫ Rstr 

Rfs 

ne np αC d V = 4 παC A
2 
L 

m2 
H 

f 2 
ion 

(
1 

Rfs 
− 1 

Rstr 

)
, (50) 

ith ne = np = fion ntot (with fion ≈ 1) and αC as above. Rstr is
efined in the steady state, which is applicable if the recombination
ime-scale trec ∼ 1 /ne αC ( � 100 days for our case) is shorter than
he system evolution time ∼yr. Equation ( 50 ) can be solved for Rstr : 

str = Rfs 

(
1 − Qγ

Qthr 

)−1 

. (51) 

e find a threshold photon rate Qthr = f 2 
ion 4 παC A

2 
L /m

2 
H Rfs ≈

056 s−1 f 2 
ion (0 . 05 pc /Rfs ), above which Rstr diverges and the CSM

ill be fully ionized. Excess photons will leave the ACH and could
ontribute to reionization of the IGM. 

In Fig. 10 , we show the Strömgen sphere radius Rstr and forward
hock radius Rfs (equivalent to the photosphere radius) as a function
f time for some representative models. We find that all models
xcept for the pulsating model (NagPul2) produce enough Balmer-
ontinuum photons to fully ionize the CSM before the light-curve
eak. Due to the form of equation ( 51 ), the Strömgen radius sharply
ncreases once the photon flux Qγ gets close to the threshold for full
onization. The Strömgen sphere would recede for model FujHe4
ccording to equation ( 51 ). But this is not too relevant here because
his would happen at late times when the total luminosity is much
ower than the peak. Also, the recombination rate might be too small
n the outer layers, such that most of the CSM would stay ionized
egardless 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

ptical depth depends on the number density n2 (as above) and is
iven by 

Bal =
∫ ∞ 

Rfs 

n2 σbf, 2 d r = σbf, 2 AL 

mH Rfs 
f2 . (52) 
NRAS 545, 1–30 (2026)
ere, we obtain f2 from equation ( 46 ). In the case of a non-ionized
SM ( fγ � 1, fion = 0, and f2 = n2 /ntot ≈ n2 /n1 = 1 . 5 × 10−6 )
nd for a typical value of Rfs ∼ 0 . 05 pc around the light-curve peak,
e find τBal � 367 × (0 . 05 pc /Rfs ), which leads essentially to total

xtinction. But for an ionized CSM with sufficient Balmer photon
ux of fγ ∼ 100 (e.g. the exploding η < 1 models), fion � 0 . 997,
nd the optical depth drops to τBal ∼ 1 . 25 × (0 . 05 pc /Rfs ); for fγ ∼
00, fion � 0 . 9993, and we get τBal ∼ 0 . 25 × (0 . 05 pc /Rfs ). This is
onsistent with our previous assumption that the CSM is moderately
ptically thick. 
Naively taking τBal to compute the Balmer attenuation, we would

xpect an attenuation of e−τBal ≈ 0 . 29 − 0 . 78 around the Balmer
requency, which would decrease the signal by �mAB � 0 . 3 − 1 . 3.
ut the actual strength of Balmer attenuation might be significantly

ower due to the difference in CSM temperature and incoming
hoton colour temperature Tcol . If Tcol is similar to, or smaller
han, TCSM 

, attenuation will be negligible because the CSM will
ntrinsically radiate photons at TCSM 

. This will be the case for the
< 1 cases around and after the luminosity peak, especially during

he recombination phase. If Tcol > TCSM 

, we might expect attenuation
y that logic. But the only cases where this is fulfilled around the
eak are our cases with η > 1 (with Tcol � 105 K). But in those
ases, the flux of ionizing photons will be very high fγ 
 1500,
hus f2 is much lower compared to the η < 1 cases, and τBal will be
egligible. 
The above discussed points have strong implications on the

isibility of our models. In the early parts of the light curve, before
he CSM is ionized, we expect significant attenuation for frequencies
lueward of the Balmer line. For the pulsating models, where the
SM cannot be ionized, the Balmer attenuation will likely make

hese sources unobservable for z > 2 in the J and H bands ( RST and
UCLID ). But for models where the CSM can be fully ionized, we
o not expect magnitudes to be lowered significantly. This will be
rue around the luminosity peak and also after, while the CSM stays
onized. The general visibility of the light curve may therefore not
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e significantly affected by the Balmer attenuation. Therefore, we 
o not consider attenuation in the following discussions of the light-
urve visibility. But we note that more comprehensive and detailed 
odelling of the CSM will be necessary in the future, to validate our

stimates. 
Another point to be discussed regarding ionization of the CSM is

hat the fully ionized CSM might be optically thick due to electron
cattering. The SMS explosion might then not be directly visible to 
 distant observer. Instead, it might be fainter because photons will 
catter and slowly diffuse out of the ionized bubble over time from a
arger photosphere radius (radius of last scattering). If the diffusion 
ime-scale out of the ionized CSM tdiff, CSM 

is significantly longer than 
he variability time-scale of the radiation emission, the variability of 
he source is smeared out and the shape of the light curve changes.

e therefore estimate the optical depth and diffusion time-scale of 
hotons out of the ionized CSM (i.e. the region between the shocked
hell and the outer CSM radius at ∼ 100–1000 pc) due to electron
cattering: 

CSM , es =
∫ ∞ 

Rfs 

κρCSM 

d r = κAL 

Rfs 
fion ≈ 9 . 1

(
0 . 05 pc 

Rfs 

)
, (53) 

ith κ = 0 . 35 cm2 g−1 and fion ≈ 1 for a fully ionized CSM.
he diffusion time-scale is approximately given by tdiff, CSM 

≈
 τCSM , es ( �R) /c, where �R is the distance between the shock radius
nd the radius of last scattering ∼ 0 . 45 pc. At t ∼ 10 yr, we find that
CSM , es ∼ 4 − 9 and tdiff, CSM 

∼ 24–40 yr. After around t ∼ 20 yr, 
hese values have dropped to τCSM 

∼ 0 . 5–4 and tdiff, CSM 

∼ 1–8 yr, 
ith the trend continuing to shorter τCSM , es and tdiff, CSM 

. Note that 
CSM , es depends on the column density of hydrogen between the 
hock region and the CSM outer radius. It becomes smaller simply
ecause the shock radius increases and the distance to the CSM
adius decreases. 

The diffusion time is therefore comparable to or shorter than the 
ynamical time-scale of the system at the time of peak brightness.
his suggests that the ionized bubble, with its moderate optical depth, 
llows for the light emitted from the shock region to leak out relatively
uickly, leading only to minor changes in the light-curve shape and 
rightness around the peak time. 
We further note that the growing H II region may expel the gas

n the halo. This could reduce the CSM density and decrease the
uminosity (see Appendix B, Fig. B5 ). However, we find that the
haracteristic velocity of ionized gas, broadly estimated from its 
nternal energy acquired by the irradiation, is lower than the shock 
hell expansion velocity by around a factor of 3–5. Hence, the 
haracteristic time-scale for the CSM to be blown away should be 
onger than the light-curve time-scale of 10–100 yr and the effect 
n the CSM density should be minor. But we stress that more de-
ailed radiation-hydrodynamics/radiation transport simulations will 
e necessary to quantify this effect. 
In the above discussion, we assumed that the collisional excitation 

ime-scale for hydrogen, tcol , is always shorter than the dynamical 
ime-scale throughout the whole CSM. But since tcol ≈ 1 / ( αcol n ),
t implicitly depends on the radius. With excitation parameters of 
round αcol ≈ 10−13 cm3 s−1 (T. T. Scholz et al. 1990 ; W. H. Soon 
992 ), we expect our assumption to not hold for radii � 5 pc. Hence,
t large radii, the rate of hydrogen creation in the n = 2 state will
ot be sufficient to fully ionize the CSM within the system evolution
ime. Lyman-alpha continuum photons might excite hydrogen atoms 
ut it is not clear whether the flux is high enough to then fully
onize the CSM at larger radii. Because the photon fraction fγ

s large, the system might then be starved of n2 atoms. Once all
2 atoms have been consumed, insufficient amounts of n2 will 
e created and thus the ionization will be limited to the initial
2 /ntot -fraction of ≈ 1 . 5 × 10−6 . Attenuation of Balmer photons 
ill therefore be smaller because the atoms in the n = 2 state
ill be exhausted. Also, because of less ionization, the electron 

cattering opacity will be smaller as well. These points could 
mprove overall visibility of the source. But the effect may not be
ignificantly different from the estimation above because the main 
ontribution to the optical depth will come from the central part of
SM. 
In the region where the collisional excitation time-scale is short 

ompared to the system evolution time-scale, the collisional ioniza- 
ion time-scale can be short as well. Naively thinking, this could
ffect the ionization of the CSM via collisional ionization. However, 
he collisional ionization has only a minor effect on determining the
onization fraction of the CSM, as we explain in the following. We
lso note that a short collisional time-scale is merely a necessary con-
ition to achieve local equilibrium, but it does not determine the final
tate. For the ionization, we considered only photoionization. But for 
ompleteness, in the following, we briefly consider the case where the 
SM could be ionized by collisions, instead of photoionization. To 
stimate the impact of collisional ionization (reaction H + H → H+ 

 H + e) we can compare the rate coefficient k3 , 1 ≈ 3 × 10−24 cm3 

−1 (table 2 in K. Omukai 2001 ) with σbf, 2 c ≈ 4 . 5 × 10−7 cm3 s−1 .
imilarly, we find reaction coefficients � 4 . 5 × 10−7 cm3 s−1 for 

he collisional ionization by electrons (H + e → H+ + 2e; k1 , 1 

nd k1 , 2 in table 2 in K. Omukai 2001 ). Given that fγ 
 1, we
an safely argue that the collisional ionization is minor compared to
he photoioniztion. We also find that the collisional recombination, 
hich is the inverse processes to collisional ionization, is also 

ubdominant compared to the radiative recombination (H+ + e → H) 
n the CSM for our setup (K. Omukai 2001 ). We can formulate a rate
ensity equation analogous to equation ( 45 ) that considers collisional
xcitation on the left-hand side. We can solve it and find a negligible
quilibrium ionization fraction fion � 10−4 . Thus, collisions will 
ot lead to significant ionization of the CSM and can be safely
eglected. Therefore, the dominant process for ionization, indeed, 
s photoionization and the ionization fraction is determined by the 
alance of photoionization and recombination, as we assumed in this 
ection. 

We also note that, in this section, we assumed that the main process
o create n2 atoms is collisional excitation of neutral hydrogen. 
owever, this process consumes on average 10.2 eV per atom. By

onizing the excited atoms, we are therefore scraping off the high-
nergy tail of the neutral atoms, which should reduce the total energy
f the neutral CSM component. The average energy of hydrogen 
toms in the CSM at TCSM 

= 8000 K is ∼ 1 eV, which is not enough
o fully excite all atoms. But the interaction with the ionizing Balmer
hotons can provide the missing energy in the CSM gas. A part of
he absorbed photon energy can then be redistributed to the neutral
toms through recombination and scattering with the remaining 
eutral atoms. Once the gas is ionized, electrons (and hence atoms)
an sustain the temperature by gaining energy from photons also 
hrough Compton heating (or cooling). The total energy necessary 
o collisionally excite the full CSM is approximately the number of
articles times 10.2 eV, approximately ∼ 9 × 1063 eV in total within 
 < 10 pc. The total photon energy that is involved in ionization
s given by the ionization rate (it is equal to the recombination
ate, see equation 50 ) times the available time-scale, i.e. the system
volution time of ∼ 5 yr, times the energy per ionizing photon
f > 3 . 4 eV. This gives approximately � 5 × 1064 eV in total –
ssuming a forward shock position after 5 yr of ∼ 0 . 05 pc – which
MNRAS 545, 1–30 (2026)



20 C. Jockel et al.

M

i  

i  

a  

e  

t  

c  

w

4

I  

S  

a  

a  

B  

a  

s  

S  

l  

W  

a  

D  

a
 

&  

o  

m  

b  

c  

p  

v  

e  

a  

i  

J  

f  

g  

h  

m
 

t  

p  

s  

J  

H  

i
 

p  

8
 

a  

t  

d
 

a  

o  

η  

B  

m  

S  

i  

o  

s  

S  

a  

c  

w
 

w  

u  

e  

I  

e  

h
 

c  

f  

t  

b  

t  

m  

b  

a  

b  

m  

o
 

s  

F
(  

fi  

d  

t  

A  

i  

a  

f  

H  

b
 

f  

1  

f  

b  

l  

t  

r  

m  

a
 

t  

b  

n  

s  

a  

F  

f  

fi  

d
 

s  

2 Note the caveats regarding ionization of the CSM discussed in Section 4.1 

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/545/2/staf1949/8316835 by M
ax Planck Institut Fuer M

ol. Pflanzenphysiologiy user on 18 M
arch 2026
s larger than the necessary excitation energy. Hence, the photons
nteract with the gas with energy sufficient to induce excitation,
lthough the photon energy is not necessarily fully converted into
xcitation. But we stress that detailed numerical simulations of
he full non-thermal environment will likely be necessary to fully
apture the ionization state of the CSM. We leave this for future
orks. 

.2 Rate estimation of high- z SMS transients 

n this section, we focus on the expected observable rate of SMSs.
urveys of the high- z universe will be paramount to this and
llow us to constrain a significant range of the SMS formation
nd evolution channels through their signatures when they explode.
ased on current and planned telescope hardware, JWST , EUCLID ,
nd RST will be useful to detect SMS explosions. EUCLID and RST
pecifically will be able to put strong constraints on the lower redshift
MS formation channels at z < 7–10. They are designed to make

ong-duration surveys in the infrared band during their missions.
e here focus on EUCLID and RST , mainly due to their large sky

rea coverage and thus larger possibility to observe SMS explosions.
etection bounds for JWST will be taken from other works to serve

s a comparison. 
EUCLID will perform two main sky surveys (see R. Scaramella
 others 2022 ): the EWF covers an area of 14 500 deg 2 (roughly 1 / 3

f the sky) in the Y , J , and H bands at a depth of 24 . 5 mag . The sky
ap will be produced over the span of 6 yr, but with limited overlap

etween each observed sky patch. After the design mission has been
ompleted, EUCLID could revisit some of the previously visited
atches. This will lead to enhanced opportunities of detecting slowly
arying transients such as SMS explosions. But even with single-
poch observations it could be possible to observe SMS transients,
s was already attempted by T. J. Moriya et al. ( 2023 ). The other
mportant survey is the EDF. It will cover an area of 53 deg 2 in the Y ,
 , and H bands with a depth of 26 . 5 mag . Each frame will be visited
or 40–50 times over the span of the six-year mission and thus allow
ood opportunities to spot variations of high-redshift transients. The
igher magnitude depth will also allow to observe fainter objects that
ight be missed in the EWF. 
The RST has a specifically designed survey to spot high- z SN

ransients. The RST SN survey (see D. Spergel et al. 2013 ) will be
erformed in three variations of wide, medium, and deep. They cover
ky areas of ∼ (27 . 4 , 9 , 5) deg 2 and observe in the band filters ( Y & J ,
 & H , and J & H ) and at depths of ( Y = 27.1 & J = 27.5, J = 27.6 &
 = 28.1, and J = 29.3 & H = 29.4) mag , respectively. Each patch

s visited every 5 d distributed over the span of 2 yr . 
Early data from some JWST deep fields has also been used to

erform a similar transient search (T. J. Moriya et al. 2023 ) spanning
8 . 7 arcmin 2 ∼ 0 . 025 deg 2 with a depth of ∼ 29 mag . 
There will also be some time overlap between the EUCLID , RST ,

nd JWST missions. There are therefore additional opportunities
o cross-correlate images of overlapping sky patches to extend the
etection range in magnitude and time-scale. 
Ideally, a survey to find SMS transients should cover a large sky

rea, have a deep magnitude reach and run over a large time-scale
f at least ∼ 0 . 5–1 . 5 (1 + z) yr (for the medium bright cases with
< 1) to allow for the intrinsic light-curve variability to manifest.
ased on the available surveys, we expect the EDF and the RST SN
edium/deep surveys to provide the best opportunities of detecting
MSs in the redshift range z < 10. But even the EWF could be useful

f it is possible to reliably identify SMS explosions from single-epoch
bservations and/or if it is possible to detect them using data of a
NRAS 545, 1–30 (2026)
ingle spectral filter. This at least sounds plausible due to the high
MS explosion brightness and extremely red characteristic colour
nd redshift. We therefore take these surveys as a starting point and
ompute the number rates of SMS explosions that we expect to find
ithin them. 
We use our light-curve calculations to determine the range in

hich SMS explosions will be visible within each survey. We then
se this knowledge to constrain SMS explosions at the low-redshift
nd and subsequently constrain the intrinsic number density of SMSs.
n a later study, using this, one could also estimate the amount of
xpected SMBH seeds and compare this with the actually observed
igh- z AGN. 
We estimate the visibility range of SMS explosions using the

olour–magnitude diagrams in Fig. 9 for EUCLID and RST as
ollows. We look at the individual light curves and read off whether
hey are inside of the detectable range of the survey. The signals
ecome less bright in the filters at higher redshift. We then mark
he maximum redshift zmax when they become invisible and this

arks the detection range ( z < zmax ) for SMS explosions of a given
rightness. The maximal redshift ranges should be understood with
n error of �z ∼ 0 . 5 − 1. We here neglect the possible attenuation
y the CSM, as discussed in Section 4.1 , because the effect would be
inor � mag AB � 1 mag and a change of this order lies well within

ur model uncertainty. 
As a first step, we consider the most optimistic case where we can

ee any of the SMS explosion light curves. The brightest models (e.g.
ujH4, FujDif1, and FujHe4 2 ) with luminosities Lbol � 1047 erg s−1 

and also η > 1) then become the benchmark for observability. We
nd that the observability is limited by the spectral range of the filters
ue to the Lyman absorption and not by the intrinsic brightness of
he sources. But if most of the filter range is absorbed, the observed
B magnitude will at some point become too faint to be detected

n the respective filters. We then find that SMS explosion transients
re visible in the surveys as follows: in EWF for z < 11 . 5, in EDF
or z < 11 . 5, in EWF with a detection only in a single-filter (only
 band) for z < 14, and in EDF with single-filter detection (only H
and) for z < 14. 
For the RST , we find that SMSs could be visible in the surveys as

ollows: in RST SN medium for z < 10 . 5, in RST SN deep for z <
0 . 5, in RST SN medium with single-filter-detection (only H band)
or z < 13 and in RST SN deep with single-filter detection (only H
and) for z < 13. We find that the observability is also fundamentally
imited by the filter wavelength range (1.38–1 . 77 μm), rather than by
he observable magnitude depth. The maximum observable redshift
ange for them is the same. We therefore can use both RST SN
edium and SN deep surveys together to get a larger effective sky

rea of 9 + 5 = 14 deg 2 . 
The above ranges may seem a bit optimistic because we consider

he observability of only the brightest SMS explosions. Also, these
rightest cases were the models with η > 1, where our model is
ot too reliable for quantitative statements. We therefore repeat the
ame procedure for more moderately bright SMS explosions (they
lso correspond to cases with η < 1) of Lbol ∼ 1046 erg s−1 (e.g.
ujH1 and FujHe1). We find that SMSs are visible in the surveys as
ollows: in EWF for z < 5 . 5, in EDF for z < 7, in EWF with single-
lter detection (only H band) for z < 6 . 5, in EDF with single-filter
etection (only H band) for z < 9. 
For the RST , we find that SMS transients would be visible in the

urveys as follows: in RST SN medium for z < 8, in RST SN deep for
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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 
Lbol � 1047 erg s−1 and with η > 1); the values in round brackets correspond to moderately bright SMS explosions with luminosities Lbol ∼ 1046 erg s−1 and 
η < 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 [deg2 ] Transient time [yr] z-range Comoving volume [Mpc3 ] Detectable rate [Mpc−3 yr−1 ] 

EUCLID EWF survey 14 500 100 (10) 7–11 . 5 (5–5.5) 2 . 30(0 . 73) × 1011 0 . 43(13 . 7) × 10−13 

EUCLID EWF + single-filter 14 500 100 (10) 7–14 (5–6.5) 6 . 11(2 . 06) × 1011 0 . 16(4 . 85) × 10−13 

EUCLID EDF survey 53 100 (10) 7–11 . 5 (5–7) 1 . 59(0 . 98) × 109 0 . 63(10 . 2) × 10−11 

EUCLID EDF + single-filter 53 100 (10) 7–14 (7–9) 2 . 23(0 . 79) × 109 0 . 45(12 . 6) × 10−11 

RST SN med + deep 14 100 7–10.5 3 . 41 × 108 2 . 93 × 10−11 

RST SN med + deep + single-filter 14 100 7–13 5 . 26 × 108 1 . 90 × 10−11 

RST SN med 9 (10) (7–8) (7 . 06 × 107 ) (1 . 42 × 10−9 ) 
RST SN med + single-filter 9 (10) (7–9.5) (1 . 64 × 108 ) (6 . 08 × 10−10 ) 
RST SN deep 5 (10) (7–9) (7 . 46 × 107 ) (1 . 34 × 10−9 ) 
RST SN deep + single-filter 5 (10) (7–10.5) (1 . 22 × 108 ) (8 . 20 × 10−10 ) 
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 < 9, in RST SN medium with single-filter detection (only H band)
or z < 9 . 5 and in RST SN deep with single-filter detection (only H
and) for z < 10 . 5. For these cases, the visibility is limited by the
agnitude depth. 
Using these redshift ranges, we compute the comoving volume 

hat lies within the observation range. For the lower redshift cut- 
ff we choose z = 7 because we expect most SMSs to form at z =
0 − 20 (S. J. Patrick et al. 2023 ), or until lower redshifts ( z > 6–7)
n non-standard formation scenarios (M. Kiyuna et al. 2024 ). The 
edshift range was extended for the less bright cases. Similarly to T.
. Moriya et al. ( 2023 ), we then use the intrinsic time-scale of the
MS explosion light curves to compute the expected SMS explosion 
ate. More precisely, the method proceeds as follows: in this work, 
e found that the brightest SMS light curves with η > 1 can last

round 100 yr in the source frame. Moderately bright light curves 
ave a typical duration of 10 yr in the source frame. We compute
he bound on the intrinsic rate per comoving time and per comoving
olume from these values by considering the marginal rate that would 
e necessary for at least one detection within a given survey. A given
ource will be visible for the duration of the transient time-scale 
n the source frame (10 or 100 yr, respectively). In the marginal
ase where no detection is made within the survey, we know that
n explosion could have happened, at least, one transient time-scale 
efore the start of the survey (in the source frame). We can therefore
ssume that the recurrence frequency of SMS explosions is at most
ne over the transient time-scale (if explosions happen uniformly 
n time, which we assume here for simplicity). We then divide this
requency with the survey volume and get the total volume rate. 

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

Based on the results from Table 3 , we found that the EWF has
he possibility to most strongly constrain the SMS explosion rate 
o an order of ∼ 10−14 Mpc−3 yr−1 in a redshift range of 7–14 
or the brightest cases, or ∼ 10−12 Mpc−3 yr−1 in 5–6.5 for less 
right SMS explosions. But the wide field has the caveat that it
nly allows for single-epoch detections. This might complicate the 
dentification based on photometric data alone. The EDF does not 
ave this issue but the constraining potential is smaller by roughly 
wo orders of magnitude at ∼ 10−12 Mpc−3 yr−1 (bright cases) or 
10−10 Mpc−3 yr−1 (moderately bright cases) due to the smaller 

ky coverage. From the RST , we expect to detect rates of above
10−9 Mpc−3 yr−1 , 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
 × 10−7 Mpc−3 yr−1 in the redshift range of 10–15. This is signifi- 
antly less constraining compared to our EUCLID and RST bounds. 
he smaller detectable rate is because they assumed a transient time-
cale of 2 yr in the source frame and due to the smaller survey volume.

hen we use their survey volume of 6 . 2 × 105 Mpc3 with our
ransient time-scales, we get 1 . 6 × 10−8 Mpc−3 yr−1 (brightest cases) 
nd 1 . 6 × 10−7 Mpc−3 yr−1 (moderately bright cases), respectively. 
e therefore stress that the EUCLID and RST surveys should not be

verlooked to observe or constrain SMS explosions. 
The intrinsic rate of SMSs based on cosmological simulations 

as been predicted by several studies (also see references in T. J.
oriya et al. 2023 ) to be around 10−8 –10−12 Mpc−3 yr−1 at z ∼ 10–

5. On the lower redshift range, where EUCLID and RST will be
ost sensitive, some studies (B. Agarwal et al. 2012 ; G. Chiaki et al.

023 ) predict formation rates of 6 × 10−10 Mpc−3 yr−1 (at z = 6,
. Agarwal et al. 2012 ) and 5 × 10−8 Mpc−3 yr−1 (at z = 10 but
lateauing for smaller z, G. Chiaki et al. 2023 ), both assuming an
verage SMS lifetime of 2 × 106 yr . 

We additionally follow a calculation similar to T. J. Moriya 
t al. ( 2023 ) to estimate the expected SMS rate based on the
bservationally determined cosmic SFR (see fig. 18 in Y. Harikane 
t al. 2023 ). Assuming an initial mass function ψ for SMSs, we can
ompute the SMS rate rSMS from the star formation density rate ρSFR 

s rSMS = ρSFR fGRISN �( ψ), with �( ψ) defined below in equation
 54 ). fGRISN is the fraction of SMSs that explode via a GRI SN
nd produce a visible light curve. We here consider an optimistic
cenario where fGRISN ≈ 1. But we have to keep in mind that a
uccessful SMS explosion strongly depends on the mass and rotation 
ate, so the fraction should be lower. However, there are currently no
stimates on what value would be appropriate for fGRISN . With our
alue, we can therefore get a rough upper estimate for the number
f observable SMS explosions. For simplicity, we also assume the 
alpeter initial mass function ψ( x = 2 . 35) ∝ M−2 . 35 , as was done
y T. J. Moriya et al. ( 2023 ). We do this because the true SMS initial
ass function is not known. But we note that the Salpeter initial
ass function is calibrated using local universe stars, so it is not
MNRAS 545, 1–30 (2026)
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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 
η > 1) and panel (b) for moderately bright SMS explosions (with η < 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 
fGRISN ≈ 1. In panel (a), the boxes mark rates for SMSs with M ∼ 105 –
106 M� and in panel (b) for M ∼ 104 –106 M�. 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 . 
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ecessarily suitable for SMSs, which have vastly different formation
echanisms. Instead, the function might be more top-heavy (e.g. S.
hon et al. 2024 ). We get 

( ψ ) =
∫ 106 M�

mlow 
ψ d M ∫ 106 M�

0 . 1M� Mψ d M 

. (54) 

o get an estimate for SMS explosions rates, we take mlow = 104 M�
or our medium-brightness models (with Lbol ∼ 1045 −46 erg s−1 ) and

low = 105 M� for our brightest models (with Lbol � 1047 erg s−1 ).
e thus get � = 4 . 6 × 10−7 and 1 . 8 × 10−8 M−1 

� , respectively. As
 comparison, for the extreme case of a flat initial mass function, we
et � = 1 . 8 × 10−6 M−1 

� with mlow = 105 M�. Finally, we use the
bservational information on ρSFR as a function of redshift from Y.
arikane et al. ( 2023 , see their fig. 18) and C. T. Donnan et al. ( 2023 ).
e take ρSFR in specific redshift ranges and compute the SMS rate

SMS from there. For example in the redshift range z ∼ 10 − 15, ρSFR 

anges within 10−2 . 8 − 10−3 . 8 M� Mpc−3 yr−1 , which finally leads
o SMS rates on the order of ∼ 10−11 − 10−12 Mpc−3 yr−1 . Note
hat for z � 7, taking the total SFR could overestimate SMS rates
ecause the primordial environment required for SMS formation is
ore difficult to achieve. 
All SMS explosion rates and our calculated constraints are

ummarized in Fig. 11 . The bounds and redshift ranges obtained for
he various EUCLID and RST surveys from Table 3 are denoted by
he horizontal lines. In panel (a), we show the rates for detecting
nly the brightest SMSs with Lbol � 1047 erg s−1 and η > 1. In
anel (b), we show the rates for moderately bright cases with
bol ∼ 1045 −46 erg s−1 and η < 1. Additionally we show the rates

or JWST using the results from T. J. Moriya et al. ( 2023 ), but using
he transient time-scales from our work (see discussion above). The
ntrinsic explosion rates coming from cosmological simulations of
. Agarwal et al. ( 2012 ) and G. Chiaki et al. ( 2023 ), assuming
GRISN ≈ 1, are shown as well. The coloured surfaces mark the SMS
ate obtained from the observed SFR from Y. Harikane et al. ( 2023 )
ith a Salpeter initial mass function (see the discussion around

quation 54 ). 
We find that the derived rates can in some cases be significantly

igher than the detectable rate. We therefore expect to find SMS
xplosions using EUCLID and RST . More specifically, in panel (a),
e show the rates and detection bounds for the brightest SMS cases,
hich correspond to the cases with η > 1. We see that the EWF
ound lies significantly below the expected SMS explosion rates
nferred from the star formation history (coloured surfaces) and from
osmological simulations (results from B. Agarwal et al. 2012 ; G.
hiaki et al. 2023 ). With this, for the EWF survey with detection

n multiple bands, we expect more than 100 × fGRISN SMS single-
poch detections based on the SFR. If we take the numerical results
rom B. Agarwal et al. ( 2012 ) and G. Chiaki et al. ( 2023 ) as a
enchmark, then we can expect to detect up to (104 –106 ) × fGRISN 

MS explosions. For the EDF, we would expect to detect on the order
f a few up to a few 100 × fGRISN , based on our rate estimate. Based
n the cosmic SFR of Y. Harikane et al. ( 2023 ), the RST SN surveys
n the other hand might detect an order of 10 × fGRISN massive SMS
xplosions. But the simulation result from Chiaki is more optimistic
nd could lead to hundreds of detections in the RST SN survey. For
WST , current bounds are too weak to detect SMSs based on the SFR
nd simulation by B. Agarwal et al. ( 2012 ). But based on the result
rom G. Chiaki et al. ( 2023 ), we could expect a few detections. But
his is not very clear because the fraction of SMSs that explode via
 GRI SN ( fGRISN ), and produce visible signatures, is not known.
lso, Chiaki’s results show the total rate for all SMSs, not just the
NRAS 545, 1–30 (2026)
rightest cases. The value shown here might thus be an overestimate
or the brightest SMS explosion cases and we do not expect SMS
etections in the current data. But with a larger sky area covered, we
onclude that JWST could at least provide moderate upper bounds. 

For the less-massive and less-bright SMS cases (with η < 1) one
ould naively expect less detections due to the lower sensitivity

n brightness. But this is not necessarily true, because less massive
MSs are also more likely to form and thus more numerous. We show

his in panel (b). The coloured surfaces again mark the expected rates
ased on the SFR. The rates are higher compared to the more massive
tars because less massive SMSs are more likely to form. This is
 consequence of the Salpeter initial mass function. The expected
umbers of detections in EUCLID and RST are thus higher, even
hough the redshift detection range is smaller for those stars. For
he EWF, we now expect to find on the order of > 104 × fGRISN 

MS explosions at redshifts 5–7 (given they can form at such low
edshifts). For the EDF, we should find around 100 × fGRISN SMS
xplosion transients for z = 7–9. The RST SN surveys detection rates
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ie within the star formation induced rates, but around two orders of
agnitude below the numerically simulated rates of G. Chiaki et al. 

 2023 ). Hence, � 10 × fGRISN detections in the RST SN surveys may
e possible. For JWST , the picture is similar as with the more massive
MS cases. But here, the JWST bound lies above the estimates from
. Chiaki et al. ( 2023 ). We therefore do not expect to find SMS

xplosions in the currently available data. 
Our findings suggest that there is a possibility to detect dozens to

undreds of SMS explosions with EUCLID and RST . It then appears
ikely that we will observe some of them fading and disappearing 
uring the survey, even though the transient time-scale is long. We 
ere broadly estimate the number of events that we need to catch a
ading SMS explosion. Assuming that we observe x SMS explosions 
t a given time and that we observe them at a random stage of their
ight-curve evolution (assuming uniform distribution in time), then 
e will observe the light curves at ttransient (1 + z) /x time increments.

f this time is smaller than the survey time-scale, then we would
bserve the fading of at least one light curve within the survey
ime. We can invert this equation to solve for x. Broadly estimated,
e need to observe 10 yr (1 + z) / 6 yr ≈ 15 (assuming z ∼ 8) events
f moderately bright SMSs, or 100 yr (1 + z) / 6 yr ≈ 183 (assuming
 ∼ 10) events for the brightest events to see the light curve fading
ith EUCLID . This is within the numbers that could be observed in
UCLID , and even RST . Conversely, it should also be possible to
onstrain the transient time-scale based on the amount of observed 
MS explosions. 
We should note that generally our estimates are to be understood 

autiously as a rough order of magnitude estimate. This is because 
here is still significant remaining uncertainty in, e.g. the light-curve 

odel, properties of the SMS-forming halo, the SMS explosion 
raction fGRISN , and the SMS initial mass function at time of
xplosion. 

As discussed earlier in Section 4.3 , there is also a possibility to
hotometrically confuse LRDs with SMS explosion transients. We 
riefly assess the risk of miss-classification here. According to the 
OSMOS-Web survey of JWST (H. B. Akins et al. 2025a ), over
34 LRDs have been observed therein to date and around 500 more
ave been found during other surveys as well (see references in 
. B. Akins et al. 2025a ). The covered survey area of COSMOS-
eb was 0 . 54 deg 2 at z ∼ 5–9 and the probed comoving volume

anges over 1 . 8 × 107 Mpc3 over a timespan of 2 . 5 / (1 + z) yr in
he source frame. This roughly leads to a detection rate of LRDs of
 . 7 × 10−5 Mpc−3 yr−1 . The actual rate could be higher because not
he whole observation time was devoted to finding LRDs. 

Now, if we consider that LRDs can appear in similar redshift
anges and brightness as SMS explosions, we can compare the SMS
nd LRD rates to estimate the miss-classification risk. Based on the 
MS explosion rates inferred from the star formation history and 
rom numerical simulations (see Fig. 11 ), we find that LRDs are,
t least, around 3–4 orders of magnitude more prevalent than SMS
xplosions. Therefore, around 0 . 1 per cent to 0 . 01 per cent of the 
etected LRDs have the risk of being photometrically miss-classified 
MS explosion transients. Given the currently known total number 
f LRDs, we find that at most ∼ 0 . 1–0.9 of them could be SMS
xplosions that are miss-classified as LRDs. When the number of 
nown LRDs rises, we should eventually expect that some of them 

ould be SMS explosions. We therefore conclude that – even through 
he miss-classification risk is not too high – it could be worthwhile to
erform follow-up spectral observations of LRD candidates because 
aluable scientific opportunities to detect SMS explosions might be 
issed otherwise. 
g

.3 Distinguishing SMS explosions from alternative sources 

n Section 3 , we discussed the observability of SMS explosions
nd possible typical observational signatures. One of our findings 
s that these explosions are slowly varying transients which appear 
s quasi-persistent sources during much of their evolution time. The 
uestion is whether some of the previously observed objects in the
arly universe might instead be such slowly varying SMS explosions. 
specially in the part around the emission peak, the variability of

hese sources can be so small that they could be confused with
ersistent sources. 
The most prominent high-redshift objects are LRDs and AGN. 

RDs appear as very red unresolved point-like sources ( JWST 

ag F444W 

∼ 28–23 and mag F277W 

− mag F444W 

∼ 0–2, see fig. 1 in 
. Zhang et al. 2025 ). Due to their position in the colour–magnitude
iagram, they might therefore be confused photometrically with 
MS explosions, if only data from some long-wavelength filters is 
vailable. In fact, it was already speculated that some LRDs might be
igh-redshift SNe (H. Yan et al. 2023 ). A similar reasoning will apply
o SMS explosions as well. In addition, LRDs were found to have
elatively small variability in their brightness of ∼ 0 . 2 mag within 
 time period of around 2 yr in the observer frame (see the studies
y R. O’Brien et al. 2024 ; W. L. Tee et al. 2025 ; Z. Zhang et al.
025 ). We computed the variability of SMS explosion light curves in
ection 3.2 and found that they would have a variability comparable

o LRDs for time-scales of 0.5–9 × (1 + z) yr. At redshifts of z ∼ 7–
0, which are typical for LRDs, this implies that we do not expect
o detect any significant variability of SMS explosions in the time
rame of 5–100 yr, if we detect the light curve near its emission peak.
ariability can be stronger if the light curve is observed near the
eginning of its evolution or when the shock becomes transparent 
nd the luminosity drops. 

Only having access to photometric data might thus be too little to
dentify and/or discriminate an LRD and an SMS explosion transient. 
ut spectrally, they can be quite different, as we discuss below.
aving access to a spectrum will therefore be of great importance

o distinguish them. But even with a spectrum available, there is the
ossibility that the red part of the spectrum might be explained using
 gas-covered SMS explosion and the bluer part by a surrounding
oung stellar population. A similar idea was discussed by R. P. Naidu
t al. ( 2025 ), where the red part of the spectrum could be an AGN
nshrouded in a dense cloud of hydrogen. Such cloud would produce
imilar observations in both cases. 

SMS explosions may be regarded as large-scale Type IIn SNe 
ith large ejecta mass and explosion energy. The ejecta velocities 

ie in the range of a few percent of c. We therefore expect similar
pectral properties to these Type IIn SNe with some differences: 
rst, we discuss the number of spectral lines. SMS explosions will
ave very metal poor spectra, lacking heavy element spectral lines 
nd instead showing strong hydrogen and helium lines. This can 
e easily understood for the cases where a BH is formed: heavy
lements would form near the centre during the SMS collapse and
romptly fall into the BH (as found in simulations by S. Fujibayashi
t al. 2025 ). But even for exploding models, where the heavier
lements are released, the final spectrum should be metal poor. 
his is because the photospheric features are determined by the 
hock region, which mostly consists of the near-primordial CSM 

 Z < 10−5 Z�, K. Omukai et al. 2008 ) and metal-poor outer layers
f the SMS atmosphere. A primordial composition should therefore 
e a good approximation regardless of the explosion mechanism, 
hile the shock shell is opaque and the CSM consists of primordial
as. 
MNRAS 545, 1–30 (2026)
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After the shock shell becomes optically thin, spectral lines from
eavier elements in the SMS ejecta, which are synthesized during
he SMS hydrostatic evolution and/or during its explosion, may
ecome visible. If the SMS explosion is triggered by runaway nuclear
urning, we also expect a higher abundance of heavier elements such
s Mg and Si (see C. Nagele et al. 2020 ) in the spectrum. This is
ecause then the heavy elements will be ejected since no BH forms
n this case. 

Regarding the shape of the spectral lines, we expect some Doppler
roadening of the lines on the order of 3000 km s−1 ( ∼ 0 . 01 c) from
he elements within the shock front. Because we only observe the
art of the envelope which travels towards us, this broadening should
e asymmetric and be stronger towards the blue colours. But line
roadening by electron scattering due to an ionized CSM (see Section
.1 ), could also be present and smear out the asymmetry. The dense
xpanding envelope could also lead to a P-Cygni spectral line shape.
hese features have already been observed in LRD candidates by V.
usakov et al. ( 2025 ), and would also be consistent with exploding
MSs, according to our findings. 
For SMSs to form, a dense isothermal gas halo is needed, with

ypical sizes of r ∼ 1 kpc (S. J. Patrick et al. 2023 ). Even if it is
ostly transparent and does not absorb the radiation coming from

nside, we still expect scattering due to gas (R. P. Naidu et al. 2025 ),
nd also some dust attenuation to occur. Trace amounts of dust
ould be present due to outflows from blue stars on the outskirts
nd outside of the halo. Such stars could be necessary, in some SMS
ormation scenarios, to provide the Lyman-alpha background needed
or the isothermally collapsing halo to be realized (see references
n the Introduction). For SMSs to form, an environment of low
etallicity Z < 10−5 Z� is necessary (K. Omukai et al. 2008 ). At

hese metallicities, the effect of pollutants on the halo opacity will
e minor (see A. N. Cox & J. E. Tabor 1976 ). But some weak metal
bsorption features might appear in the final observed spectrum, as
iscussed by D. Kasen, S. E. Woosley & A. Heger ( 2011 ). The result
ould be a reddened spectrum with some absorption features and
roadened spectral lines not too different from previously observed
eddened AGN or LRDs. 

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

As we discussed in the previous Section 4.1 , the CSM could
e almost fully ionized, which might lead to a moderate optical
epth to electron scattering. This could lead to a lowered luminosity
ecause photons trapped in the ionized shell will diffuse out within
he diffusion time-scale out of the ionized region. The CSM might
lso be partially opaque to Balmer-continuum photons, which might
reate a visible Balmer break in the final spectrum of around one
agnitude. Without ionization of the CSM, the Balmer attenuation

ould be so severe that it leads to essentially complete absorption. In
hese cases, the strong Balmer break might be photometrically miss-
dentified as a Lyman break, leading to a wrong redshift estimate for
hose sources. 

SMS explosions could also be confused with high- z AGNs. High-
edshift AGNs are often identified photometrically through filter-
ropout. Once an AGN is identified, one usually uses single-epoch
bservations of the luminosity to estimate the AGN mass while
NRAS 545, 1–30 (2026)
ssuming Eddington luminosity. Since SMS explosions would be
imilarly affected by filter-dropout, it is possible to miss-classify
hem as AGNs. If we then assume an AGN instead of an SMS
xplosion transient, the mass estimation of the remnant BH will
e wrong by several orders of magnitude. This can be understood
ecause the luminosity of an SMS explosion is not limited by the
ddington luminosity of the remnant BH. 
As an example we take an SMS explosion with observed

eak luminosity of 1045 −46 erg s−1 . If we assume this to come
rom an AGN that radiates with Eddington luminosity Ledd =
 . 4 × 1038 erg s−1 ( M/ M�), we would infer a central BH mass of
07 −8 M�. The corresponding SMS remnant BH however would
nly have a mass on the order of 105 −6 M�. By confusing an SMS
xplosion with an AGN we therefore could overestimate the masses
f some early SMBHs. Taking this possible bias into account could
hus alleviate the tension for SMBH formation caused by high- z
GNs with extremely massive SMBHs. 
There is also the possibility of confusion with brown dwarfs.

MS explosions with η < 1 appear as blackbodies with T ∼
000 / (1 + z) K in the recombination phase. This is similar to the
urface temperature of brown dwarfs. SMS explosions and brown
warfs could therefore populate similar regions in the colour–
agnitude and colour–colour diagrams. But this confusion can

e avoided if filter-dropout is considered or if multiband data are
vailable. 

Over all, an analysis pipeline to identify SMS explosions should be
et up to search for the following characteristic features: The sources
ould be bright, point-like, and showing very slow to no variability.
hey also have a high redshift z > 7, but more likely z ∼ 10 − 20.
he redshift can be obtained either photometrically through filter
ropout, or spectroscopically using the strong H lines (e.g. H α and
 β) or using the Lyman break. But one should be careful not to
istake a possible strong Balmer break, which could be present in

ome evolution states of the light curve (see above), with the Lyman
reak. A strong Balmer break can be present in the early phase of
he light curve, before the CSM can be ionized, and for the cases
here the radiation is not sufficient to ionize the CSM. A z > 10
bject with a strong Balmer break can therefore be an indication of
n SMS explosion. This is also one possible way to distinguish SMS
xplosions from LRDs, because LRDs have a characteristic Balmer
reak strength, which is similar in strength for all LRDs. According
o our findings in Section 4.1 , the ionization of the CSM will proceed
ithin a short amount of time. This will lead to the Balmer break
ecoming weaker and vanishing relatively quickly (within months).
f a spectrum is taken before and after that happens, this can be a
moking gun signal for an SMS explosion that ionizes the CSM.
nother clear indication of SMS explosions is a near primordial

pectrum. Through the (lack of) metal lines, one can distinguish them
rom AGN, which show characteristic metal lines in their spectrum.
mportant spectral features of SMS explosions include wide spectral
ines, broadened by Doppler-broadening or electron scattering, of
 3000 km s−1 with a possible P-Cygni line shape. If the light curve

s observed in the recombination phase we expect the luminosity to
ise over time ∝ t2 with constant colour temperature. If we observe
he shock becoming transparent, we would see a sharp luminosity
rop. Both features are clear signs of SMS explosions surrounded by
 dense CSM. 

SMS explosions can also leave behind more indirect evidence,
hich would be visible long after the explosion happens. One

ignature is bursty star formation within a relatively small area of
he host galaxy/halo, for which there is evidence in compact high- z
alaxies (M. Castellano et al. 2024 ; J. A. Zavala et al. 2025 ). This
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ould happen if an SMS explodes inside a halo and the ejected
aterial then sweeps through it, forming shocks and compressing 
atter. Another way is strong AGN feedback, that is launched when 

he halo material accretes on the newly formed BH. These channels 
ould then lead to enhanced star formation. The abundance of young 
lue stars would then lead to a bluer spectrum with a strong Balmer
reak. This would be detectable even if the young central BH is
bscured by the host proto-galaxy (see J. Silk et al. 2024 ). Bursty
tar formation also drives chemical enrichment of the AGN and could 
xplain the observed rapid chemical evolution of early AGN (Y. Shen 
 others 2019 ). Taken together, these indirect signatures would likely 

ead to a combined spectrum of a young SMS-remnant AGN with a
oung blue stellar population associated with bursty star formation. 
his morphology corresponds to a number of previously observed 
RDs, where the red part could come from an accreting AGN and

he blue part from a young stellar population. 
We might additionally expect metal-poor and/or super-Eddington 

ccreting AGNs. Since SMSs have a low metallicity and are sur-
ounded by a roughly primordial halo, an accretion torus would 
orm out of this material around the remnant BH. This would be
bservable as a metal-poor AGN, as observed for example by L.
urtak et al. ( 2024 ). The AGN could also be obscured by the rapidly

nfalling matter, as suggested by D. Kido et al. ( 2025 ). Since SMSs
orm in high-density regions, super-Eddington accretion might occur 
emporarily, which might be observed at lower redshift (H. Suh et al.
025 ). 
Other observational signatures from collapsing SMSs include the 

mission of gravitational waves during BH formation itself (M. 
hibata et al. 2016a ; H. Uchida et al. 2017 ); the ringdown signal
ould be observed at redshifts z < 5 by the laser interferometry
pace antenna (LISA, M. Shibata et al. 2016a ). LISA could also
ee a clump of gas in the accretion disc around the BH (H. Uchida
t al. 2017 ). Binary intermediate-mass BHs created from collapsing 
MSs can also easily form in the protostellar disc (M. A. Latif, S.
hochfar & D. Whalen 2020 ; S. J. Patrick et al. 2023 ), which are

lso observation targets for LISA (P. Amaro-Seoane et al. 2017 ). 
ccreting pairs could be visible as a binary AGN. Some candidates 
ave already been observed by JWST (H. Übler & others 2024 ). 

.4 Further investigation topics and future model 
mprovements 

nother interesting path of study would be less massive large stars
f around a few 102 –104 M� (G. Volpato et al. 2023 ). They are
ometimes called ‘VMSs’, which would collapse to a BH after the 
air-creation instability (Y. B. Zeldovich & I. D. Novikov 1971 ). 
hese could form in similar environments to SMSs but have evolved 
nder different circumstances. For example, with smaller sustained 
ccretion rates ( < 0 . 02 M� yr −1 ), or they have been ejected out of
he star-forming disc by N -body interactions during their formation 
see e.g. M. Kiyuna et al. 2024 ), thus cutting off the mass accretion
nd leading to massive stars of ∼ 1000 M�. Additionally, these stars
ight form more frequently due to their smaller mass and because 

hey do not need such ideal/extreme environments as are needed for
ypical SMSs. 

VMSs are of interest because they have a different explosion 
hannel from SMSs. Even though the collapse trigger is different 
rom that of SMSs, the outcome could be similar and the mass outflow
ould 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
e surrounded by a dense CSM, an interaction powered SN could 
appen. A main caveat would be however that VMSs evolve as blue
upergiants and the strong UV radiation might ionize or blow away
he surrounding CSM. This could significantly impact the dynamics 
f the ejecta and the observability to distant observers. 
We give a rough estimate for the expected brightness and visibility

f these VMSs. Assuming that they did not blow away their dense
SM, we can apply our light-curve model for this type of SNe. For

he case where the CSM is diluted significantly, the light curve would
ook more closely to a Type IIp SN and can be modelled using the
odel of T. Matsumoto et al. ( 2016) for an expanding envelope with
 recombination phase. 

We take as an example a VMS with mass of 880 M� and a core
ass of 800 M�, and another one with 6600 M� and a core of

000 M�. We now follow the same arguments as in Section 3.1 . The
tars will leave behind BHs of ∼ 720 and ∼ 5400 M�, respectively.
he remaining mass is ejected or part of an accretion torus. The ejecta
inetic energy and total ejecta mass will be (2 . 9 × 1053 erg , 88 M�)
nd (2 . 2 × 1054 erg , 660 M�). We also assume an initial radius of
000 R�. Using our light-curve model, we find peak luminosities 
f 3 × 1045 and 2 × 1046 erg s−1 , respectively. The light-curve time- 
cales are around 7 yr in the optically thick shock phase for both cases.
his is not too different from other more massive SMS explosion
ases. But for both VMS cases, the diffusion peak is reached within
ess than one year after the explosion starts. This will naturally lead
o a faster and less persistent transient with higher variability. We
nd that both VMSs could be visible in the EWF and EDF up
ntil redshifts of 8–9. With the higher expected abundance of VMSs
ompared to SMSs, we expect to find many such explosions in the
UCLID and RST observations. This highlights the opportunity of 
UCLID as an ideal tool to detect massive star explosions. 
As a comparison, the light curve evolves as a TypeIIp SN if no

ense CSM is present. The light curve can then be modelled in the
ame ways as in H. Uchida et al. ( 2019 ) or T. Matsumoto et al.
 2016 ). H. Uchida et al. ( 2019 ) find a maximum brightness for ∼
20 M� stars (roughly comparable mass to our VMSs) of ∼ 1043 –
044 erg s−1 . The lower brightness should make it more difficult to 
bserve such cases. The presence of a dense CSM thus significantly
nhances the visibility of massive exploding stars at high redshift. 
onversely, the more abundant but less massive VMSs could become 

ess visible due to not having a dense CSM surrounding them. We
herefore expect that the visibility of less massive SMSs and VMSs
ould be inhibited both by smaller intrinsic brightness and a more
ilute CSM. 
There are many ways in which the study of SMS explosions can be

mproved in the future. They can be summarized in three main points:
mproving the initial data for SMS collapse simulations, improving 
he collapse simulation and inclusion of more effects (e.g. more 
etailed nuclear burning networks and SMS atmosphere, see below), 
nd improving the subsequent light-curve model. 

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

Regarding the second point, the final evolutionary states of the 
MSs then need to be translated accurately as initial conditions 
or relativistic collapse simulations. For example, S. Fujibayashi 
t al. ( 2025 ) approximate the SMS as a polytropic, chemically
omogeneous core and neglects the bloated atmosphere. In the future, 
e will need simulations that take into account the whole SMS at
nset of collapse. More complete nuclear burning networks will also 
e needed, especially for smaller SMSs and for stars with higher
MNRAS 545, 1–30 (2026)
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etallicity. The full inclusion of the SMS atmosphere will also be
ecessary to improve the quality of the ejecta calculation. 
For the third point, the light-curve model can be improved by

irectly using the simulated profiles of the ejecta and then using
hem in radiative transfer hydrodynamic codes and/or semi-analytic
ight-curve models. The final light curve can be improved in two
ain ways: with better dynamical modelling and by improving

he modelling of the spectrum. Regarding the dynamics, while
e approximated the CSM as a simple power law with ρ ∝ r−2 

n this paper, the CSM profile has a great impact on the results
s we show in Appendix B . Ideally, one would use the density
rofile near the SMS directly from a halo collapse simulation. In
ealistic collapse scenarios, we would expect a protostellar disc
lose to the SMS (S. J. Patrick et al. 2023 ), which could lead to
on-spherical shock interactions and radiation emission. We also
odelled the hydrodynamical interaction and radiation transport

n the shock region under the one-zone approximation. Another
ey finding is that the CSM can significantly affect the intrinsic
ight curve of the shocked shell through ionization, absorption, and
cattering. To quantitatively predict and incorporate the effects of
he CSM, future work will need to more holistically account for the
arious radiation and backreaction processes occurring within it. This
ould be improved by using full radiation-transfer-hydrodynamics
imulations, taking into account the non-local thermal equilibrium
hysics. 
Regarding the spectrum, we only discussed it very qualitatively

nd only took into account explicitly the Lyman-alpha absorption
y interstellar gas. In the future, it will be necessary to also
odel individual emission and absorption lines, including a possible
almer break in the optically thick phase (also see Section 4.1 ),

o quantitatively discuss the detectability and distinguishability of
MSs and other sources. The effect of the incomplete thermalization
i.e. η > 1) in the shock region was also modelled only superficially
ere. Future models will benefit by including this effect with more
etail. The effects of the halo and environment such as possible dust
ttenuation, radiation self-absorption, and scattering by the halo gas,
ill need to be taken into account in future works as well. A full

ifetime simulation that includes all these steps is still some time
way and is left for future works. 

 C O N C L U S I O N S  

n this work, we studied the light curves associated with explosions
f SMSs at high redshift with z > 7. We explored the scenario where
 rapidly accreting SMS is initially surrounded by a dense CSM.
assive and energetic ejecta from the SMS are released during the

xplosion, which subsequently interact with the CSM via shocks. 
The shock region is optically thick and emits electromagnetic

adiation. We developed a semi-analytic light-curve model that
omputes its size, velocity, mass, and internal energy. Using this,
e computed the bolometric luminosity and emission spectrum

s a function of time. We used initial values for the ejecta mass,
jecta energy, and initial radius that are informed by stellar evolution
alculations and general relativistic SMS collapse simulations. We
ound that the luminosity is initially dominated by emissions from
n optically thick shock region. For some high-energy models, the
adiation can fall out of equilibrium and the spectrum can shift to the
lue, compared to a standard blackbody spectrum. This shift happens
f the thermal coupling coefficient η satisfies the condition η > 1. At
ate phases, the shock becomes optically thin and emits non-thermal
adiation. But it is much smaller than the emission in the optically
hick shock phase for all cases considered here. 
NRAS 545, 1–30 (2026)
For moderately energetic cases with η < 1, we found that the
hermal emission phase of the light curves lasts 10–15 yr in the
ource frame and can reach peak luminosities of 1045 –1046 erg s−1 .
his is similarly bright to previously observed LRDs or AGN at
igh redshifts. The observed light curves can last up to ∼ 250 yr
ue to cosmic time dilation. During the evolution, the effective
urface temperature gradually cools down. This later crosses over
o a constant-temperature recombination phase where the surface
emperature is around 6000 K. 

For more energetic cases with η > 1 the evolution is similar, but
he optically thick phase lasts longer (up to 200 yr), due to inhibited
ydrogen recombination. The maximum luminosity is generally
igher, ∼ 1047 erg s−1 . The spectrum is also much bluer compared to
he η < 1 cases. 

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

We also found that all sources show small variability. The time-
cale in which the source varies brightness by similar amounts to
RDs (20 per cent) is 0.5–9 yr in the source frame. Thus, light-curve
ariations of SMS explosions would remain undetected for ∼ 0 . 5–
 (1 + z) yr in the observer frame. This is longer than the current
perational time of JWST for sources at z > 7. We therefore presume
hat some suspected persistent sources could be slowly varying SMS
ransients instead. 

The photometric brightness of SMS explosions in different tele-
cope filters of JWST was computed. SMS explosions can reach 19–
2 mag in brightness in multiple long-wavelength filters of JWST
nd can remain visible even up to z ∼ 20. Pulsating SMSs can be
isible in JWST up until z ∼ 15. We discussed and quantified the
ocation and movement of SMS explosion transients at large redshift
n colour–magnitude diagrams over time. In JWST NIRCam filters at
 = 10 (20), they mostly occupy the range mag F444W 

> 19 (21) and
ag F277W 

− mag F444W 

> −1 (0). This places them in a similar region
s LRDs. The movement in the diagram ranges over �mAB ∼ 0 . 2–1
ag per (1 + z) observer years. 
The photometric brightness of SMS explosions in EUCLID and

he RST was computed as well. We especially focused on the
bservability of SMSs in different planned and ongoing surveys such
s the EWF and EDF, and the RST SN surveys. For EUCLID , we find
hat the brightest SMS explosions will be visible for z < 11 . 5 in the
ide and deep field surveys. The RST SN surveys can detect SMSs at
 < 10 . 5 for the brightest cases. For less bright SMS explosions, the
edshift ranges are reduced but a detection generally remains viable
ntil z < 5–7 for EUCLID and z < 9 for the RST . The redshift ranges
re extended in all cases by �z ∼ 1–3 if single-filter detections in
he longest wavelength filter are possible. 

The SMS formation and explosion rate is currently not well
onstrained. We suggested to probe it using surveys of EUCLID and
ST . We found that they produce surprisingly stringent constraints

hat are much stronger than current bounds form JWST deep fields.
he EWF will be able to constrain SMS explosion rates in z ∼ 7–
2 down to ∼ 4 × 10−14 Mpc−3 yr−1 , while the deep field reaches

10−11 Mpc−3 yr−1 . The RST SN surveys could probe rates down to
10−11 Mpc−3 yr−1 . This is much deeper than current JWST bounds
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f ∼ 10−7 − 10−8 Mpc−3 yr−1 . Based on the cosmic star formation 
istory, and cosmological simulations, for 7 < z < 12, we expect to
nd up to several hundred SMS explosions in the EDF and up to a
ew dozen in the RST SN surveys. The EWF survey could image up to
everal thousand SMS explosions. But it has the caveat that it cannot
irectly detect transients because the survey produces single-epoch 
mages. We therefore identify the EDF and RST SN survey to be
est suited to detect SMS explosions. Both cover relatively large sky
reas, have sufficient photometric depth to detect SMSs and provide 
ulti-epoch detections spread over several years. This will make it 

ossible to identify slowly varying transients. 
We discussed spectral properties and the possibility of miss- 

lassification of SMS explosions as either LRDs or AGN. This 
ould most easily happen due to the long variability time-scale 
f the source and if no spectral information is present. Regarding 
pectral lines, we expect a metal-poor spectrum with features of 
 type IIn SN explosion. Strong hydrogen and helium lines are to
e expected. Spectral lines would be blueshifted asymmetrically by 

3000 km s−1 due to the shock shell expansion. Absorption and re- 
mission of light in the primordial CSM could give rise to P-Cygni
rofiles. Dust attenuation is also possible if there was some prior
tar formation within the primordial halo. A Balmer break could also 
e present, depending on the ionization state of the CSM. Indirect 
vidence for SMS explosions include metal-poor AGN and a bursty 
tar formation history. 

Finally, we discussed future topics of study and avenues for 
mproving the modelling of SMSs. We identified massive stars in 
he few 102 –104 M� range as interesting future study targets. These 
tars could, e.g. form as ‘failed’ SMSs. If immersed in a dense CSM,
hey could reach similar luminosities to SMSs of ∼ 1045 erg s−1 and 
e visible to relatively high redshifts of 8–9. They could be easier
o detect due to their higher expected number density and faster
ransient evolution. We also discussed the need to work towards 
omplete lifetime simulations that include SMS formation, evolution, 
nd explosion to get a more holistic understanding of SMSs and their
ntrinsic abundance. We leave more detailed studies for future work. 
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uško F. , Lacey C. G., Roper W. J., Schaye J., Briggs J. M., Schaller M.,

2025, MNRAS , 537, 2559 
nayoshi K. , Maiolino R., 2025, ApJ , 980, L27 
nayoshi K. , Visbal E., Haiman Z., 2020, ARA&A , 58, 27 
eon J. , Bromm V., Liu B., Finkelstein S. L., 2025, ApJ , 979, 127 
ar Chowdhury R. , Chang J. N. Y., Dai L., Natarajan P., 2024, ApJ , 966,

L33 
asen D. , Woosley S. E., Heger A., 2011, ApJ , 734, 102 
ehrer K. S. , Fuller G. M., 2024, Phys. Rev. D , 110, 083035 
ido D. , Ioka K., Hotokezaka K., Inayoshi K., Irwin C. M., 2025, preprint

( arXiv:2505.06965 ) 
imura K. , Hosokawa T., Sugimura K., Fukushima H., 2023, ApJ , 950, 184 
iyuna M. , Hosokawa T., Chon S., 2024, MNRAS, 534, 3916 
lessen R. S. , Glover S. C. O., 2023, ARA&A , 61, 65 
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PPENDI X  A :  A NA LY T I C  F O R M  O F  T H E  

J E C TA  E N E R G Y  A N D  MASS  I N T E G R A L S  

he integrals In ( ˜ β) and Jn ( ˜ β) that appear in the kinetic energy and
ass of the ejecta (equations 32 and 38 ) can be solved analytically

or a range of integers n . n corresponds to the power of the density
istribution of the ejecta, see equation ( 4 ). For selected values of n ,
he integrals are given by: 

0 ( ˜ β) = ˜ β

2 

√ 

1 − ˜ β2 − ˜ β − arcsin ( ˜ β) 
2 + arctanh ( ˜ β) , (A1) 

1 ( ˜ β) = 1 
2 

(√ 

1 − ˜ β2 − 1
)2 

, (A2) 

2 ( ˜ β) = − ˜ β

2 

√ 

1 − ˜ β2 + ˜ β − arcsin ( ˜ β) 
2 , (A3) 

0 ( ˜ β) = 1 
2 

(
arcsin ( ˜ β) − ˜ β

√ 

1 − ˜ β2 
)

, (A4) 

1 ( ˜ β) = ˜ β2 

2 , (A5) 

2 ( ˜ β) = 1 
2 

(
arcsin ( ˜ β) + ˜ β

√ 

1 − ˜ β2 
)

. (A6) 

e note that the integrals diverge for n ≥ 3. This is the reason that we
nly consider the values for n = 0 , 1 , and 2 in this work. To avoid
his divergence, and model also density distributions with higher
xponents, one could, e.g. use a broken power-law distribution where
he low-velocity part of the ejecta has, e.g. a uniform distribution
nd only the high-velocity part follows a power law, as done by,
.g. A. Suzuki et al. ( 2017 ) and A. Suzuki & K. Maeda ( 2018 ).
nother option is to assume that there is a lowest velocity in the

jecta βmin > 0, instead of using zero as we did in this work. 
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Figure B1. Bolometric luminosity Lbol 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 R0 are fixed and the ejecta kinetic energy Ekin , eje is 
varied. 
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Figure B2. Bolometric luminosity Lbol of an SMS explosion as a function 
of time, computed using our light-curve model (see Section 2 ). The ejecta 
kinetic energy Ekin , eje and the SMS radius R0 are fixed and the ejecta mass 
Meje is varied. 

Figure B3. Bolometric luminosity Lbol of an SMS explosion as a function 
of time, computed using our light-curve model (see Section 2 ). The ejecta 
kinetic energy Ekin , eje and the ejecta mass Meje are fixed and the SMS radius 
R0 is varied. 
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PPEN D IX  B:  L I G H T- C U RV E  M O D E L  

A LIDATION  

e systematically investigate the general behaviour of our light- 
urve model (see Section 2 ) when changing the model parameters 
kin , eje (kinetic energy of the ejecta), Meje (total ejecta mass), and R0 

radius of the SMS at the onset of collapse). We also investigate the
mpact on our model when changing the ejecta density distribution 
nd the CSM density distribution. We here suppress the non- 
quilibrium radiation and manually set η < 1. 

In Fig. B1 , we show the bolometric luminosity as a function
f time for fixed values of Meje and R0 while varying the kinetic 
nergy Ekin , eje : When it increases, the bolometric luminosity also 
ncreases. At the same time, the length of the optically thick shock
hase (solid lines) increases as well. At larger energy, the position 
f the light-curve peak moves to earlier times. For lower energies, 
he light-curve peak is in the recombination phase when the surface 
emperature of the shock is frozen at the ionization temperature of
ydrogen ( Tion ∼ 6000 K). For higher energies, the peak shifts to 
arlier times and coincides with the diffusion peak of the material at
diff ∝ M0 . 75 

eje E−0 . 25 
kin , eje (H. Uchida et al. 2019 , eq. 24). 

In Fig. B2 , we show the bolometric luminosity as a function of
ime for fixed values of Ekin , eje and R0 while varying the ejecta mass.
he general impact of changing Meje is as follows: Increasing the 
jecta mass leads to a lower bolometric luminosity and a later peak
ime of Lbol . Increasing Meje therefore has a roughly inverse effect to 
ncreasing the ejecta kinetic energy. The same reasoning regarding 
he light-curve peak position also applies here. Increasing the ejecta 

ass also leads to a longer optically thick shock phase up until a
oint. Increasing the mass further then decreases the optically thick 
hase again. The point when the optically thick phase is maximized 
s the point where the position of the diffusion peak coincides with
he start of the recombination phase of the light curve. This makes
ense because the diffusion peak is the point after which the internal
nergy stored in the shock region is mostly radiated and is thus able
o power the increasing bolometric luminosity in the recombination 
hase. 
In Fig. B3 , we show the bolometric luminosity as a function of time

or fixed values of Ekin , eje and Meje , while varying the SMS radius.
he general impact of changing R0 are as follows: changing the 
nitial radius leads to a different initial time t0 , which corresponds
o the dynamical time of the system. This modifies the early-time
volution of the light curve. The late-time behaviour however is 
ot modified significantly. The light-curve peak time and magnitude 
re not changed significantly. Also the length of the optically thick
hock phase is essentially unaffected by different initial radii. This 
an be understood, because a different initial radius does not modify
he absolute ejecta velocity. This also means that the diffusion 
ime is not affected because it depends only on Ekin , eje and Meje .
t is therefore justified to simply choose a fiducial value for R0 ,
ecause the behaviour of the light curve at later times will not be
ignificantly affected, even when varying R0 by several orders of 
agnitude. 
MNRAS 545, 1–30 (2026)
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igure B4. Bolometric luminosity Lbol of an SMS explosion as a function
f time, computed using our light-curve model (see Section 2 ). We vary the
ensity distribution of the ejecta ρeje ∝ ( β�)−neje . 

igure B5. Bolometric luminosity Lbol of an SMS explosion as a function
f time, computed using our light-curve model (see Section 2 ). We vary
he density and the distribution of the CSM matter. ρCSM , L stands for the
ensity of the Larson solution, see equation ( 5 ). We vary the distribution as

CSM 

= ρnCSM r
−nCSM , where we choose ρnCSM so that the density matches

CSM , L at r = 0 . 1 pc. 

We also investigate the model dependence on the ejecta density
istribution in Fig. B4 . We do this by changing the exponent neje of
he power law for the ejecta, see equation ( 4 ). We find that changing
he ejecta density distribution has only a minor effect on the light
urve over all. The maximum brightness changes by at most a factor
f 2 and the time when the shock becomes transparent is essentially
nchanged. The main difference is that for larger neje the early-time
missions are slightly enhanced and the time of the peak is slightly
arlier. This can be understood because for higher neje the outer
ayers of the ejecta are less dense but have comparatively higher
inetic energy. This leads to a less massive but more energetic shock
egion with smaller optical depth, which decreases the diffusion time
NRAS 545, 1–30 (2026)

nd thus increases the luminosity. 

Published by Oxford University Press on behalf of Royal Astronomical Society. This is an 
( https://creativecommons.org/licenses/by/4.0/), which permits unrestricted reus
igure B6. Same as Fig. 8 , but the early-time luminosity peak is included. 

Because the light curve is powered by shock interaction between
he ejecta and the CSM, we also briefly discuss the impact of changing
he CSM properties in Fig. B5 . For this, we modify the CSM density
y a constant factor and we also change the slope of the power
aw. Changing the slope of the CSM leads to small changes in
he luminosity in the early light-curve evolution. A shallower slope
eads to a shorter optically thick shock phase. But the changes are
ell within the physical uncertainty regarding initial conditions and
bservability. Changing the CSM density can have significant effect
n the light curve. Changing the density by a factor of 10 changes
he length of the optically thick light-curve phase by a factor of 3–4
nd can also change the maximum brightness by a factor of up to
 few. This is to be expected because the shock is powered by the
SM interaction. The CSM is therefore a main source of uncertainty

n our model. This highlights the importance of taking the CSM into
ccount self-consistently in future simulations. 

PPENDI X  C :  C O L O U R – M AG N I T U D E  PLOT  

N C L U D I N G  EARLY-TI ME  PEAK  

n the main text in Fig. 8 , we show SMS explosions in a colour–
agnitude diagram for JWST filters. We here show in Fig. B6 a

ersion of Fig. 8 that included the early emission peak. The main
ifference here is that the initial peak produces a very blue initial
eak of around mF444W 

≥ 26 and mF277W 

− mF444W 

≈ −1. 
We originally cut out the first initial light-curve peak because of

he following reasons. First, the initial peak will likely be obscured
ue to self-ionization of the surrounding CSM by UV radiation from
he shock. Second, because the figures are easier to read. Third,
he initial peak is very short compared to the light-curve evolution
roughly two times t0 ∼ O(3 − 30 d)) and would be visible only very
riefly. The probability that an SMS light curve would be observed
n the early phase is therefore quite low. 
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