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central engine

F. Acero!2*®, A. Acharyya3 , A. Adelfio®, M. Ajello5 , E. Aviano®7®, L. Baldini®?, J. Ballet'®, C. Bartolini'?-!!,

D. Bastieri!?1314) J. Becerra Gonzalez!’, R. Bellazzini’, E. Bissaldi'®!°®, R. Bonino!”-'18®, P. Bruel'?®,

S. Buson??2!, R. A. Cameron?2, P. A. Caraveo®®, F. Casaburo?*2>-26®, F. Casini?’®, E. Cavazzutiz®®,
C.C. Cheung29 , N. Cibrario!”-13®, G. Cozzolongow’31 , P. Cristarella Orestano?’*®, F. Cuna'?, S. Cutini*®,
F. D’Ammando’2®, D. Df:palolo’l6 ,S. W, Digelzz, N. Di Lalla?2, A. Dinesh?3, L. Di Venere'Y, P. Fauverge34 ,

A. Fiori®>®, A. Franckowiak3®, Y. Fukazawa’’, S. Funk®°, P. Fusco!®-10  F. Garganolo, C. Gasbarra?*38®,
D. Gasparrini24’25 ,S. Germani®***®, F. Giacchino*?24®, N. Gigliettolf”10 , M. Giliberti!?!®, F. Giordano!6-10®,
M. Giroletti’?®, 1. A. Grenier*'®, M.-H. Grondin3*®, S. Guiriec*>*®, R. Gupta43 , E. Hays43, J. W. Hewitt*®,
A. Holzmann Airasca!"'®, D. Horan'?®, X. Hou®¥®, T. Kayanoki37 , M. Kerr®®, M. Kuss?, A. Laviron*340®,
M. Lemoine-Goumard3*®, A. Liguorilf”10 ,J. Li*7*8 1. Liodakis*®, P. Loizzo'%11®, E. Long06’7
F. Loparcom’lo, S. Lopez Pérez!°®, L. Lorusso'®19®, M. N. Lovellette’?®, P. Lubrano*®, S. Maldera!’®,
A. Manfreda®, G. Marti-Devesa®’>!-*®, R. Martinelli®’®, M. N. Mazziotta!?, M. Michailidis?2®,
P. F. Michelson?2®, N. Mirabal**-32®, T. Mizuno>>®, P. Monti-Guarnieri®’®, M. E. Monzani?>>*, A. MorselliZ*®,
I. V. Moskalenko?2®, M. Negro55 , N. Omodei?2®, M. Orienti32®, E. Orlando®7-%2, G. Panzarini!®-10
M. Persic’0®, M. Pesce-Rollins’®, R. Pillera'®19®, T. A. Porter??, G. Principe®’-32®, S. Raind'®-1°,
R. Rando'®!*12®, B. Rani**2, M. Razzano®°®, A. Reimer’’®, O. Reimer’’®, M. Sanchez-Conde’8-°
P. M. Saz Parkinson®®, D. Serini'’®, C. Sgro’®, E. J. Siskind®'®, G. Spandre®, P. Spinelli'®-'%, D. J. Suson®®,
H. Tajima®-%* D.J. Thompson*>->®, D. F. Torres®®, Z. Wadiasingh*3-%>, K. Wood®’, G. Zaharijas®®, W. Zhang®’
(Fermi-LAT Collaboration)
E. Chatzopoulos**-3, B. D. Metzger’?’!, P. J. Pessi’>’3®, and I. Vurm’*

(Affiliations can be found after the references)

Received 12 December 2025 / Accepted 7 March 2026

ABSTRACT

Context. Superluminous supernovae (SLSNe) are a rare class of transients with peak luminosities 10—100 times greater than those of standard core-
collapse supernovae (SNe). The mechanisms powering their extreme brightness remain debated, with circumstellar medium (CSM) interaction, or
energy injection from a central engine like a magnetar wind nebula being the most plausible scenarios. While the optical properties of SLSNe are
extensively studied, their y-ray signatures remain poorly constrained.

Aims. To further constrain the underlying mechanism, we carried out a systematic search for giga-electronvolt y-ray emission using the Fermi
Large Area Telescope (LAT) from a sample of nearby hydrogen-poor (Type I) and hydrogen-rich (Type II) SLSNe over the past 16 years. Our
objective is to test predictions from CSM and magnetar models, and to assess the prospects for future detections with the Cherenkov Telescope
Array Observatory (CTAO).

Methods. For the six targets of this sample, we studied the time variability of a putative y-ray signal at the optical position of the SLSN on a six-
month timescale, and in the case of SN 2017egm, we further investigated variability on 15-day intervals and applied a Bayesian block algorithm to
characterize the time variability of the signal. We then compared the temporal evolution and spectral properties to the predictions from a magnetar
and CSM interaction model.

Results. Among the sample, only SN 2017egm shows significant y-ray emission, with likelihood test statistic (TS) values of 26-33 (i.e., >50)
depending on the adopted time window. The signal arises between 50 and 160 days after explosion and is well described by a power-law spectrum
with index I' = 2.17 + 0.23. The emission is consistent both in terms of its light curve and its spectrum, with predictions from magnetar models
requiring either low nebular magnetization or faster spin-down than dipole losses. The CSM shell interaction scenario can reproduce the observed
flux level but not the observed timing of the y-ray signal. In addition, the observed ratio, L, /Ly ~ 1, is inconsistent with theoretical expectations
and not in line with ratio measurements in other interacting CSM-dominated objects (e.g., novae or SNe) where this ratio is less than 1072,
Conclusions. Our study strongly suggests that a central engine like a magnetar plays a key role in this SLSN and could explain the bulk of the
optical and y-ray light curves properties. In order to explain the observed late-time bumps in the optical light curve of SN 2017egm, we require

* Corresponding authors: fabio.acero@cnrs. fr,
gmarti@ice.csic.es

A229, page 1 of 16

Open Access article, published by EDP Sciences, under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0),
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.
This article is published in open access under the Subscribe to Open model. Subscribe to A&A to support open access publication.


https://doi.org/10.1051/0004-6361/202558547
https://www.aanda.org
http://orcid.org/0000-0002-6606-2816
http://orcid.org/0000-0002-2028-9230
http://orcid.org/0000-0002-6584-1703
http://orcid.org/0009-0001-2927-8968
http://orcid.org/0000-0002-8784-2977
http://orcid.org/0000-0001-9935-8106
http://orcid.org/0000-0002-4264-1215
http://orcid.org/0000-0002-9032-7941
http://orcid.org/0000-0003-2478-8018
http://orcid.org/0000-0002-2260-9322
http://orcid.org/0009-0004-6578-1992
http://orcid.org/0000-0001-7150-9638
http://orcid.org/0000-0002-4377-0174
http://orcid.org/0000-0003-3842-4493
http://orcid.org/0009-0001-3324-0292
http://orcid.org/0000-0003-3219-608X
http://orcid.org/0000-0002-1271-2924
http://orcid.org/0000-0001-7618-7527
http://orcid.org/0000-0001-6690-7789
http://orcid.org/0009-0006-1613-6633
http://orcid.org/0000-0003-3174-0688
http://orcid.org/0000-0001-8335-9614
http://orcid.org/0000-0002-5064-9495
http://orcid.org/0000-0002-2233-6811
http://orcid.org/0000-0002-0247-6884
http://orcid.org/0000-0002-9021-2888
http://orcid.org/0000-0002-8651-2394
http://orcid.org/0000-0002-8657-8852
http://orcid.org/0000-0003-3274-674X
http://orcid.org/0000-0002-8383-251X
http://orcid.org/0000-0003-4905-7801
http://orcid.org/0000-0003-4905-7801
http://orcid.org/0000-0002-4064-6346
http://orcid.org/0009-0007-8169-4719
http://orcid.org/0000-0001-5574-2579
http://orcid.org/0000-0003-0933-6101
http://orcid.org/0000-0002-6960-9274
http://orcid.org/0000-0002-0893-4073
http://orcid.org/0000-0003-1521-7950
http://orcid.org/0000-0002-4462-3686
http://orcid.org/0009-0001-4240-6362
http://orcid.org/0000-0001-9200-4006
http://orcid.org/0000-0002-2404-760X
http://orcid.org/0000-0003-2501-2270
http://orcid.org/0000-0002-2887-4776
http://orcid.org/0000-0002-2549-4401
http://orcid.org/0000-0002-0332-5113
http://orcid.org/0000-0003-0221-4806
http://orcid.org/0000-0002-0698-4421
http://orcid.org/0000-0003-0766-6473
http://orcid.org/0009-0004-0133-7227
http://orcid.org/0009-0008-3653-1109
http://orcid.org/0000-0002-1321-5620
http://orcid.org/0000-0002-7021-5838
http://orcid.org/0000-0001-7263-0296
http://orcid.org/0000-0002-1434-1282
http://orcid.org/0000-0002-7704-9553
http://orcid.org/0000-0001-6141-458X
http://orcid.org/0000-0002-6548-5622
http://orcid.org/0000-0002-5448-7577
http://orcid.org/0000-0003-4470-7094
http://orcid.org/0000-0002-2586-1021
http://orcid.org/0000-0003-1853-4900
http://orcid.org/0000-0003-1790-8018
http://orcid.org/0000-0003-3808-963X
http://orcid.org/0000-0003-0406-7387
http://orcid.org/0000-0001-6992-818X
http://orcid.org/0000-0003-4825-1629
http://orcid.org/0000-0001-8604-7077
http://orcid.org/0000-0001-6953-1385
http://orcid.org/0000-0002-3849-9164
http://orcid.org/0000-0001-6566-1246
http://orcid.org/0000-0002-9754-6530
http://orcid.org/0000-0001-5676-6214
http://orcid.org/0000-0002-2872-2553
http://orcid.org/0000-0003-2911-2025
http://orcid.org/0000-0001-5217-9135
http://orcid.org/0000-0003-2839-1325
http://orcid.org/0000-0002-8041-8559
http://orcid.org/0000-0003-1336-4746
mailto: fabio.acero@cnrs.fr
mailto: gmarti@ice.csic.es
https://www.edpsciences.org
https://creativecommons.org/licenses/by/4.0
https://www.aanda.org/subscribe-to-open-faqs
mailto:subscribers@edpsciences.org

Acero, F,, et al.: A&A, 709, A229 (2026)

either: a hybrid picture combining magnetar and multiple CSM shells for the optical bumps or a pure magnetar model with infalling matter on an
accretion disk. Finally, simulations of 50 hours of CTAO observations indicate that a SN 2017egm-like event would be detectable up to ~140 Mpc
in the magnetar model but not in the CSM model due to strong y—y absorption.

Key words: astroparticle physics — shock waves — stars: magnetars — supernovae: general — supernovae: individual: SN 2017egm

1. Introduction

Superluminous supernovae (SLSNe) are a recently recognized
class of astronomical transients whose optical luminosities
exceed those of typical core-collapse supernovae (SNe) by a fac-
tor of 10-100. Reaching peak magnitude typically 40 days after
the explosion, some SLSNe have reached a # band absolute mag-
nitude brighter than —22 mag, which translates to luminosities in
the range of 10%-10% ergs™'. Quimby et al. (2011) noted that
the late-time decay rates of these particular SNe are inconsistent
with a radioactive decay scenario and require a late deposition of
a large amount of energy to explain their light curves. As for the
early classification of SNe, SLSNe are divided into two main cat-
egories based on their spectral properties; namely, the absence or
presence of hydrogen lines, corresponding, respectively, to type
I (hydrogen-poor) and type II SLSNe (hydrogen-rich). Type 1
SLSNe are the most studied class and there are now over 260
SLSNe reported in the catalog of Gomez et al. (2024).

What makes SLSNe so different from regular core-collapse
SNe is still being debated. There are mainly four different energy
sources being considered to explain the high peak luminosity
of SLSNe: ejecta fallback accretion onto a black hole, radioac-
tive decay of 56N, circumstellar interaction, and a magnetar
wind nebula (see, e.g., Moriya et al. 2018b; Gal-Yam 2019;
Inserra 2019; Nicholl 2021; Moriya 2026, for a review). In the
last of these scenarios, a neutron star with extreme properties
(millisecond period and ~10'“~10'> G magnetic field; a mag-
netar) will convert its rotational energy into a wind of elec-
trons and positrons. This magnetar wind nebula will produce
high-energy nonthermal radiation (via inverse Compton (IC) and
synchrotron) that upon interaction with the surrounding ejecta
will be reprocessed into lower-energy photons (optical/UV)
and power the SLSNe. In theoretical models aiming to pre-
dict the optical light curves from engine-powered SLSN (e.g.,
Dessart et al. 2012; Chatzopoulos et al. 2013; Metzger et al.
2015), it is generally assumed that the thermalization efficiency
is 100% (all high-energy radiation is reprocessed by the ejecta).
While this is certainly a viable assumption in the early phase
where the ejecta are opaque, this efficiency will depart from
100% as the ejecta expands and some y-rays start leaking. There-
fore models predicting the light curve of escaping y-rays need
to treat this efficiency carefully in a time-dependent manner,
requiring the computation of the diffusion and escape of the pho-
tons through the ejecta (for more details, see Vurm & Metzger
2021). Note that while the aforementioned model is focused
on a magnetar as central engine, most of the general princi-
ples outlined in the model remain valid for other central engines
capable of injecting a pool of nonthermal radiation. An alter-
native scenario is the circumstellar medium (CSM) interaction,
which could also account for most thermal observables (e.g.,
see Chatzopoulos et al. 2013). It proposes that the extreme lumi-
nosity arises from the conversion of the SN ejecta’s kinetic
energy into radiation. When the fast-moving ejecta collides with
a dense shell of CSM, a strong shock is created that transforms
kinetic energy into thermal energy radiating mostly in the X-
ray band. This high-energy emission is absorbed by the opti-
cally thick CSM and then reemitted as optical/UV light. The
slow diffusion of the photons through the CSM broadens the
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event’s duration, accounting for the observed long-lasting light
curves. Observations of some type I SLSNe such as SN 2017egm
have revealed irregularities in their light curves, including post-
peak bumps, which require more complex multiple CSM shell
scenarios (Lin et al. 2023). Other scenarios such as radioactive
decay or accretion could play a role in some objects but are for
now not thought to be the dominant mechanism. For example,
based on their SLSNe catalog, Gomez et al. (2024) concluded
that only a small fraction of the sample can accommodate a
significant radioactive decay component. For the accretion sce-
nario, Moriya et al. (2018a) studied the required accreted mass
to power the SLSNe light curve and concluded that in most cases
the mass is greater than the ejecta mass.

The search for SLSNe in y-rays is more recent and only
upper limits were reported up to the claimed y-ray detection
of SN 2017egm by Li et al. (2026, see our Sects. 1 and 3.4).
Using Fermi-LAT data, Renault-Tinacci et al. (2018) presented
individual and stacked analysis of a sample of 45 SLSNe and
only upper limits were reported. However their samples ranged
from 2008 to 2015 and the nearest object tested (CSS140222)
was at a distance of 145 Mpc with relatively poor multiwave-
length coverage. All other sources investigated lie at a redshift of
z> 0.1 (d > 400 Mpc). Naturally SN 2017egm was not present
in the sample.

Regarding Type IIn (i.e., with narrow emission hydrogen
lines, conveying strong CSM interaction), individual studies
(e.g., SN 2009ip, Margutti et al. 2014) or systematic searches
have been carried out, as in Ackermann et al. (2015) on 147 SNe
Type IIn evolving in dense CSM in a one year time window.
No significant excess was detected, including the most promis-
ing source SN 2010jl (at 49 Mpc; see also Murase et al. 2019).
Another y-ray study was carried out by Prokhorov et al. (2021),
who did a systematic search with Fermi-LAT from a large sam-
ple of more than 55 000 SNe candidates from the open SN cata-
log (not only SLSNe). Their analysis used a sliding time window
technique in an aperture photometry mode that allowed for the
exploration of a large number of candidates but that is less sen-
sitive than a full forward folding likelihood analysis such as the
one that we present in this work for a small sample of SLSNe. A
few candidate detections were reported, including variable emis-
sion spatially coincident with the SN iPTF 14hls. However, a
detailed study by Yuan et al. (2018) reported that the y-ray emis-
sion lies within 0.045° of a blazar, which offers an alternative
scenario for the high-energy signal.

Acharyya et al. (2023) present a y-ray follow-up with Fermi-
LAT and VERITAS telescopes of the nearby SLSNe SN 2015bn
and SN 2017egm, and only upper limits are reported. We note
that in a 6 month time bin for SN 2017egm with Fermi-LAT data
an interesting hint of a signal (test statistic TS of 10.1) is reported
but not considered further.

SN 2017egm was first reported by the Gaia telescope as
Gaial7biu on May 23, 2017. At a redshift of z = 0.03
(135Mpc'), it was the closest type I SLSNe at the time of

' Throughout the paper, we assume a flat ACDM cosmology with
Hy = 67.66kms'Mpc™!, Q) = 06889 and Qy = 03111
(Planck Collaboration VI 2020).
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Table 1. Sample of nearby (<200 Mpc) SLSNe used in this study based on the curated list from Gomez et al. (2024) and Pessi et al. (2025).

Name Type RA Dec Discovery date Z Distance Peak Mag Peak date Fermi-LAT TS
deg deg Mpc MJD

SN 2017egm I 154.773  46.453 2017-05-23 0.0307 135 -20.9 57926.4 25.7

SN 2018bsz I 242.412  -32.062 2018-05-09 0.0267 111 -20.5 58267.5 0

SN 2019ieh I 250.545  6.984 2019-06-23 0.032 140 -194 58671.6 59

SN 2020wnt I 56.658  43.229 2020-10-11 0.032 140 -20.6 59213.7 0

SN 2021adxl II 177.028 —12.644 2021-11-03 0.018 79 -20.2 59521.0 2.2

SN 2022mma  1I 219.756  15.986 2022-06-10 0.038 167 -20.4 59790.7 0

Notes. The peak absolute magnitude is given in the r band. The TS of a putative y-ray signal was evaluated with a Fermi-LAT analysis at the
SN optical position and integrated over the first year post-SN explosion assuming a spectral photon index of I' = 2. See Sect. 3 for more details.
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Fig. 1. Comparison of the r band absolute magnitude (left) and the pseudo-bolometric (using the gri bands; right) luminosity light curves for the
objects of our samples. The light curves have been aligned to r band peak; see Sect. 2.2 for more details. Fewer time bins appear in the luminosity
panel because of the unfulfilled requirement of simultaneous g — r — i observations in some bins.

detection®. In the spectral analysis, the source revealed no H
emission (Type I SLSN) and He I emission lines classifying
the source as member of the small but growing class of helium-
rich SLSN-Ib (Zhu et al. 2023). The host galaxy of SN 2017egm
(NGC 3191) is a massive, metal-rich spiral galaxy, in contrast
with most Type I SLSNe, which are mostly found in metal-poor
dwarf galaxies (Nicholl et al. 2017). While the early-time light
curve of the first months can be reproduced with only a mag-
netar model in Nicholl et al. (2017), the late-time observations
revealed multiple bumps starting 200 days after the SN that can-
not be explained by either a magnetar model alone or a one-zone
CSM interaction (Zhu et al. 2023; Lin et al. 2023). Although
temporal variation in the properties of the magnetar and in the
opacity could be invoked to modulate the observed flux in a
magnetar-dominated model (see Hosseinzadeh et al. 2022), the
scenario favored by Lin et al. (2023) to explain the bumpy fea-
tures is the multiple CSM shell interaction plus radioactive
decay model. This multiple-shell scenario could result from
pulsational mass ejections from the SN progenitor due to the
electron-positron pair instability mechanism that ejects large

2 Type I SN 2018bsz at a distance of 111 Mpc is only slightly closer
and the Type II SN 2021adxl is at 79 Mpc.

quantities of matter without totally disrupting the progenitor
(Woosley et al. 2007; Chatzopoulos & Wheeler 2012; Woosley
2017; Renzo et al. 2020).

At high radio frequencies (5-34 GHz), non-detections were
reported in the 34-74 day time interval after the explosion
(Coppejans et al. 2018). In the X-ray band, Chandra follow-up
observations obtained throughout the first year post-explosion
were reported in Zhu et al. (2023) and yielded the most strin-
gent upper limits of any SLSN-I to date. At higher energies,
the recently reported detection of giga-electronvolt y-ray emis-
sion from SN 2017egm by Li et al. (2026) with Fermi-LAT adds
another ingredient to the understanding of this complex system.

This triggered our interest to revisit a sample of nearby
(<200 Mpc) sources based on the curated lists of Type I SLSNe
by Gomez et al. (2024) and type II SLSNe by Pessi et al. (2025).
In Sect. 2 we define a list of interesting SLSNe candidates for y-
ray follow-up with Fermi-LAT and present the light curves for
the 16 yrs of data available with Fermi-LAT. In Sect. 3 we carry
out a detailed analysis of the most interesting target SN 2017egm
and compare our results with those of Li et al. (2026), while we
confront the temporal and spectral properties with the models of
Vurm & Metzger (2021) in Sect. 5. Predictions for the detection
of such a target at tera-electronvolt y-rays with the Cherenkov
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telescope CTAO are then explored in Sect. 7 and alternative mul-
tiwavelength counterparts to the y-ray signal are discussed in
Sect. 4.

2. Sample selection and data analysis
2.1. SLSN sample selection

The classification of a transient source as a SLSN is non trivial
and can evolve over months to year timescales after the SN dis-
covery as more data become available. In particular, a critical
parameter to claim the SN to be luminous or super-luminous
is the distance to the source. Depending on the quality of the
spectral data obtained, the association with a host galaxy and the
redshift estimation can evolve with time but not always end up
being updated in online databases such as WISeREP? or TNS*.
In addition, some sources can be later reclassified in another
category such as tidal disruption events or other classes as dis-
cussed in Appendix D of Gomez et al. (2024) and Sect. 6 about
contaminants in Pessi et al. (2025). Therefore, we decided to
base our y-ray follow-up on curated lists of events to ensure
a robust distance estimation and classification. We selected the
Type I SLSNe (H-poor) catalog of Gomez et al. (2024), which
provides a verified sample of 262 SLSNe reported through the
end of 2022. For type II SLSNe (H-rich), we used the catalog
of Pessi et al. (2025), which comprise a sample of 107 objects.
Combining both catalogs with a distance threshold of 200 Mpc,
we end up with the list of 6 targets presented in Table 1. Such
a threshold is motivated by the Fermi-LAT sensitivity: a SLSN
at 200 Mpc with a y-ray luminosity similar to that in the optical
band (~10* ergs™') would produce an energy flux comparable
to the LAT 20 sensitivity level for 1 month of exposure (obtained
by scaling the upper limit derived in the SN 2023ixf Fermi-LAT
study; Marti-Devesa et al. 2024).

2.2. Optical properties of the sample

To compare the optical properties of our sample in a self-
consistent way, we retrieved the publicly available light curves
of each object from the literature and public archives to recon-
struct the r band absolute magnitudes and the pseudo-bolometric
luminosities for each SLSN with a set of common bands. For
this, we used data from various sources: Zhu et al. (2023) for
SN 2017egm; Chen et al. (2021) for SN 2018bsz; Gomez et al.
(2024) for SN 2019ieh; Tinyanont et al. (2023) for SN 2020wtn;
Brennan et al. (2024) and Pessi et al. (2025) for SN 2021adxl;
and Pessi et al. (2025) for SN 2022mma. Data from the ZTF
data release were also used’. SN 2019ieh is technically a lumi-
nous SN I (Gomez et al. 2022) but we include it here as it is part
of the sample of SLSN I of Gomez et al. (2024).

We note that the only photometric bands that are com-
monly available for all objects of our sample are g, r and i.
Thus, we constructed pseudo-bolometric light curves consider-
ing only these bands following the second method presented by
Pessi et al. (2025), which considers the integration of the spec-
tral energy distribution (SED) over the interpolated gri band light
curves with respect to r band peak, considering extrapolations
to both the UV and NIR by fitting a blackbody to consider the
missing flux. In the UV flux, we extrapolate the blackbody fit

3 https://www.wiserep.org/ , also see Yaron & Gal-Yam (2012).
4 https://www.wis-tns.org/

5 https://irsa.ipac.caltech.edu/data/ZTF/docs/
releases/ztf_release_notes_latest
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from 0 A to our g band and in the NIR flux, i band to 25 000 A.
To compare the light curves, we aligned them to their r band
peak epoch as reported in Chen et al. (2021) for SN 2018bsz
(MJD 58267.5), Gomez et al. (2024) for SN 2019ieh (MJD
58671.6), Tinyanont et al. (2023) for SN 2020wnt (59213.75
MIJD), Brennan et al. (2024) for SN 2021adx1® (MJID 59521),
Pessi et al. (2025) for SN 2022mma (MJD 59790.76). For
SN 2017egm the reported peak has been calculated on the g
band by Bose et al. (2018). Using Gaussian process interpola-
tion we obtained the r band peak epoch of SN 2017egm to be
MIJD 57926.4 + 1.

Our pseudo-bolometric light curves differ from those avail-
able in the literature for each object, either because different
cosmology parameters are considered or additional bands are
included. Although the pseudo-bolometric luminosities obtained
in this work only provide lower limits, they allow us to per-
form comparisons in a self-consistent way. We also consider
the r band alone as it is often used as a proxy for bolomet-
ric luminosity. The r band absolute magnitude is calculated as
M, = my—u—A,—Keorr Where p is the distance modulus, A, is the
Milky Way extinction in the corresponding wavelength and Ko
is the K-correction approximation K., = —2.5 X log(1 + z). We
do not consider host extinction for any of the events as they have
been deemed negligible or has not been considered by the dif-
ferent authors analyzing these events. With the aforementioned
procedure, the r band light curve and the pseudo-bolometric
luminosity light curves are presented in Fig. 1 and the peak value
in Table 1. We can see that SN 2017egm is the most luminous
event in the considered sample, closely followed by SN 2020wnt
and SN 2018bsz.

Given the diversity on the different light curves shape and
spectral features, individual analysis conclude that most events
should have at least some degree of CSM interaction. This does
not exclude the possibility of a central engine in some cases.
Gamma-ray emission in the giga-electronvolt to tera-electronvolt
range is predicted for both the CSM interaction powered and
magnetar powered scenarios, although no clear association has
been published (see Renault-Tinacci et al. 2018, and references
therein) until the recent case of SN 2017egm that is discussed in
this work.

2.3. Fermi-LAT data analysis

The Fermi-LAT is a pair conversion y-ray instrument operating
in the 30 MeV to higher than 500 GeV energy range surveying
the full sky since 2008 (Atwood et al. 2009), which makes it the
ideal high-energy SN follow-up telescope. To study our sam-
ple of SLSNe we performed an analysis on a fixed window of
one year after each SN discovery to minimize the number of
trials. Then to characterize the emission we performed two dif-
ferent types of Fermi-LAT light curve analyses in the 100 MeV—
100 GeV energy range. A first one spanning the entire dataset
available (16.5 years; 2008-08-05 to 2025-02-05) with a time
bin of 6 months using Pass8 R3 SOURCE events (Atwood et al.
2013; Bruel et al. 2018). Then a second light curve with finer
15-day time bins over 20 months around the SN (2 months
before and 18 months after) is produced for the interesting candi-
dates. As the LAT point-spread function (PSF) is highly energy-
dependent, varying from several degrees width in the 100 MeV
to 1 GeV band down to ~0.1° for £ > 10 GeV (Abdollahi et al.
2020), this tends to dilute faint signals and reduce the source

® Note that the peak of SN 2021adxl has not been observed and the
peak is considered to be the first available observation.
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Fig. 2. Luminosity light curves in the 100 MeV — 100 GeV energy range over 16 yrs for each SN of our sample from the Fermi launch to August
2024 with a time bin of 6 months. A flux point is shown when the TS >4, otherwise upper limits at the 95% confidence level are reported. In all
time bins, the spectral index of the tested source is fixed to 2. The SN discovery date is also indicated. For a comparison across the sample, the
derived Fermi-LAT flux is transformed to luminosity using the distance indicated in Table 1.

significance in the low-energy band. To mitigate this issue, we
used the summed likelihood method and jointly fit events with
different angular reconstruction quality (the so called PSFO to
PSF3 event types’). We performed a summed likelihood with 4
components: three components (PSF1, PSF2, and PSF3) in the
100 MeV-1 GeV energy range, with a zenith angle cut of <90°
and a single component above 1 GeV with all event types and
a broader maximum zenith angle cut of 105°. We performed a
binned analysis within a region of interest (ROI) of 10° x 10°
centered at the SLSN optical position with 8 energy bins per
decade, and spatial bins of 0.05°. The data reduction was per-
formed using the LAT Fermitools version 2.4.0° and fermipy
(Wood et al. 2017) version 1.4. To take into account the energy
dispersion in the likelihood analysis’, we used the science tools
parameter edisp_bins = —2. This means that two energy bins
above and below the analysis energy range will be added when
evaluating the model. The Galactic diffuse emission was mod-
eled by the standard file g11_iem_vO07.fits (Acero et al. 2016)
and the isotropic diffuse emission were described by the tabu-
lated model in iso_P8R3_SOURCE_V3_v1.txt. The models are
available from the Fermi Science Support Center (FSSC)'”. This
setup is common for all all three analysis presented in this study.

To evaluate the significance of a putative y-ray counterpart
to the SLSN, we added a point source to the sky model at the
optical SN position with a simple power-law spectrum E~" with
a fixed spectral index of I' = 2. The statistical significance of
the signal is estimated using TS = 2(In £; — In £y), where Ly
and £ are the likelihoods of the background (including catalog

7 https://Fermi.gsfc.nasa.gov/ssc/data/analysis/
documentation/Cicerone/Cicerone_Data/LAT_DP.html

8 https://Fermi.gsfc.nasa.gov/ssc/data/analysis/
documentation/

° https://Fermi.gsfc.nasa.gov/ssc/data/analysis/
documentation/Pass8_edisp_usage.html

10 https://Fermi.gsfc.nasa.gov/ssc/data/access/lat/
BackgroundModels.html

sources, null hypothesis) and the hypothesis being tested (source
plus background; see Mattox et al. 1996).

To account for background sources within the ROI our start-
ing point is the latest release of the Fermi-LAT catalog (4FGL-
DR4), which is based on 14 years of data (Abdollahi et al. 2022;
Ballet et al. 2023). We added all sources up to a distance of 15°
from the center of the ROI. We then used the optimize func-
tion of fermipy, which iteratively optimizes the parameters of the
ROI in a multi-step process''. Finally we performed another fit
leaving only the normalization of the nearby sources (<3°) free
to vary, together with the isotropic and diffuse components. To
check for potential new sources, we computed a TS map over the
entire dataset period (16 years). We found no significant excess
(TS > 25) in these residual TS maps.

Once our best ROI model was obtained, we performed our
light curve analysis with the lightcurve'> function of fermipy
with 6-month and 15-day time bins where the Galactic diffuse
background normalization is frozen to the best-fit value of the
full time period. In order to accommodate variable sources in
the ROI over time (other than our target), the normalization
was set free for any source reaching TS > 16 in any time bin.
Because most time bins yield TS ~0, we computed upper lim-
its using a Bayesian method following the approach of (Helene
1983). In particular, we employed the calc_int method of the
IntegralU pperLimit class provided in the Fermi Science Tools.
Hereafter, upper limits at a 95% confidence level are reported for
detections with TS <4 and flux points otherwise.

' https://fermipy.readthedocs.io/en/latest/fermipy.
html#fermipy.gtanalysis.GTAnalysis.optimize

12 https://fermipy.readthedocs.io/en/latest/advanced/
lightcurve.html

13 Note that the bolometric luminosity used here is slightly different
from the one shown in Fig. 1 because it includes more bands. We do this
because here we want to characterize its energy, while in the other case
we want a fair comparison with other events that have fewer observed
bands.
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Fig. 3. Left: comparison of the optical bolometric luminosity'® taken from Lin et al. (2023) and the y-ray 100 MeV-100GeV luminosity (this
work) for SN 2017egm along with the TS in each 15-day time bin and with larger time blocks presented in Sect. 3.2 in black. Middle and right: y-
ray and optical luminosity observations and predictions from the magnetar model tailored to SN 2017egm by Vurm & Metzger (2021) for different
nebula magnetization parameters (see Sect. 5.1). Hereafter the 7y value is taken at the discovery date 23 of March 2017.

3. Results

To minimize the number of trials, we first tested a simple
Fermi-LAT analysis with the aforementioned setup in which we
computed the significance of a y-ray source at the SN optical
position, in a fixed time window (Tsy = Tsn + 12 months), and
with a fixed spectral index of 2.0. The time window is motivated
by the fact that the magnetar model predicts the y-ray emission
to peak in the first 12 months post-explosion (Vurm & Metzger
2021) and that dense CSM shells close to the star are needed
to explain the early part of the superluminous light curve in the
optical (e.g., Lin et al. 2023). The fixed spectral index is moti-
vated by the fact that the standard diffusive shock particle accel-
eration (DSA) mechanism produces a particle population with
an index close to 2 and that in the magnetar model the expected
SED is rather flat (i.e., also with I' ~ 2) in the first months
(Vurm & Metzger 2021). The results of this first analysis are
reported in Table 1. We note that only SN 2017egm shows a
significant y-ray emission within the first year with a TS of 25.7
corresponding to ~5¢0 pretrial for one degree of freedom (the
normalization) and 4.70 post-trial considering that six SLSNe
were tested. When the spectral index is let free (2 degrees of
freedom) for SN 2017egm, the best fitted index is 2.1 + 0.2 for a
TS of 28.1, which also corresponds to ~5¢.

For SN 2019ieh, only a small hint of a signal is observed and
is discussed further in the following section with a 6-month time
bin light curve. To evaluate the impact of the fixed spectral index
hypothesis, we changed it to 1.5 (2.5), which resulted in a TS of
9.6 (4.3) for SN 2019ieh.

3.1. Long-term light curve of the SLSN sample

While the y-ray emission in the magnetar model is expected in the
first year after the SN, we also considered a time range covering
a larger dataset from the Fermi launch in August 2008 to August
2024 and a time binning of 6 months. This provides the historical
light curve of the SN host galaxy. For example, faint signals over
the 16 year period could indicate possible active galactic nucleus
(AGN) activity in the host galaxy. On the other hand, the detection
of gamma-ray flux within the year after the SN was observed opti-
cally, combined with the lack of historical variability of the host
galaxy, would strengthen the possibility that, at least temporally,
the y-ray signal could be related to the SN.

The light curves resulting from our analysis are presented in
Fig. 2. One can see that besides SN 2017egm, no time bin with
TS >4 is observed for other targets, which include SN 2018bsz
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at a distance of 111 Mpc, the nearest SLSN I recorded to date
(Anderson et al. 2018), SN 2020wnt, which shows the second-
most luminous light curve (see Tab. 1), and SN 2021adxl, the
closest event in the SLSN II sample of Pessi et al. (2025). For
SN 2019ieh, the light curve with 6 month time bins confirms
that there is no significant emission. Given the limited statistics
available, the current data cannot definitively determine whether
the observed signal stems from a genuine astrophysical source or
is merely attributable to random statistical fluctuations. In addi-
tion, given the fact that SN 2019ieh is the least luminous of our
sample we do not consider it further in this study. A discussion
of the possible reasons for the lack of y-ray detection for these
targets is presented in Sect. 6.

3.2. Refined light curve of SN 2017egm

Given the light curves presented in the previous section,
SN 2017egm is the only target for which a y-ray signal is
observed and it will be the main focus of the rest of this work.
To get a more detailed understanding of the time evolution of
the y-ray signal, we performed a refined light curve Fermi-LAT
analysis focused around the SN discovery time. The time bin-
ning is refined to 15-day time bins starting 2 months before
the SN explosion and extending to 18 months after. For this
finer-binned analysis, we used the same analysis configuration
(summed likelihood with different PSF types) as presented in
Sect. 2.3. This more finely binned light curve confirms the
detection of a delayed y-ray emission that peaks approximately
120 days after the SN explosion, as is shown in Fig. 3.

In the light curve shown in Fig. 3 (left panel) no signal is
detected within the first ~50 days after the explosion. Then the
y-ray emission rises, reaching a peak significance of TS ~22
at T ~ 130days post-explosion. The flux is consistent with the
upper limits derived by Acharyya et al. (2023), whose analysis
differs in the exact time range employed and the optimization of
the data selection.

To assess the duration of the peak and possible substructure,
we applied the Bayesian block algorithm (Scargle et al. 2013),
following the likelihood formalism developed by Kerr (2019).
Within this framework, the ROI model was employed to com-
pute the probability for each photon in the ROI to be associated
with the new source with gtsreprob'3, and used as a weight to
compute the number of blocks in our light curve (V). The addi-

3 https://raw.githubusercontent.com/fermi-lat/
fermitools-fhelp/master/fhelp_files/gtsrcprob.txt
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Fig. 4. Photon angular distance to SN 2017egm optical position as a
function of time. Using the best-fit model of the ROI, the probabil-
ity that a given photon is associated with the SN is illustrated by col-
ors, while the size indicates the photon energy. The y-ray time interval
defined by the Bayesian block algorithm is illustrated with the shaded
area. Coverage limitations due to the failure of one of the solar array
rotator drives on Fermi resulted in the loss of approximately 18 days of
data in March and April 2018.

tion of further blocks was penalized with a prior «N”, where y
parametrizes the false-positive rate. We computed this rate by
redistributing photons randomly among blocks, and found that
v = 5 approximately corresponds to 20. A total of three blocks
are found: two non-detections and a y-ray signal well repre-
sented by a single block from 57939 MJD (2017-07-05) to 58051
MIJD (2017-10-25) for a total duration of 112 days. No signifi-
cant substructure is found for a variability threshold set at 20
We computed upper limits for the blocks with non-detections.
The first corresponds to a single bin prior to the y-ray emission
(from MJD 57835 to 57939), while the last block is divided in
two bins (MJD 58051 to 58192 and MJD 58239 to 58482) as
per the coverage limitations owing to recovery from the failure
of one of the solar array rotator drives on Fermi'*. The resulting
upper limits are shown in Fig. 3.

For illustrative purposes, the duration of the Bayesian block
is also shown in Fig. 4 on top of the photon distribution as a
function of time and angular distance to the SN optical position.
The probability of being associated with the SN and the recon-
structed energy for each photon is also added. As was expected,
the density of near-target photons with high association prob-
ability is higher within the Bayesian block relative to the full
analysis period.

3.3. Spectral analysis and source localization

Using the time block defined earlier, we carried out a spectral
study using 112 days of data with the same Fermi-LAT analy-
sis configuration (see Sect. 2.3). Over this short period of time,
and at an extragalactic position, the level of Galactic diffuse emis-
sion cannot be well constrained, and its normalization is fixed to
the best-fit value derived from the 20-month analysis (norm =
0.89). The isotropic diffuse emission and the normalization of the
brightest source 4FGL J1015.0+4926 in the ROI was set free.
The parameters of other sources were fixed to the fit obtained
over the 20-month period. Assuming a power-law spectral model,
the likelihood analysis results in a significance of TS =33 for
SN 2017egm when the position is fixed at the SN optical posi-
tion. With two degrees of freedom for the source (normalization
and spectral index), this corresponds to a 5.40 detection.

4 https://fermi.gsfc.nasa.gov/ssc/observations/types/
post_anomaly/

We note that in the Bayesian block time interval, one photon
of high energy (E = 6.8 GeV) has a high association probability
(0.94) as shown in Fig. 4 and Table A.1. To test the robustness of
our detection against a single photon, we performed a likelihood
analysis where this single photon is removed. This resulted in a
TS =25 (instead of 33) indicating that most of the significance
does not depend on a single photon.

When fitting the source localization using the fermipy
localize command, the likelihood improvement is marginal
(Alog L = 0.5). This indicates that the y-ray signal is statis-
tically compatible with the optical position. The best localiza-
tion is at RAjyg00 = 154.81°, Decjrgog = 46.41° (~0.05° from the
optical position; see also Sect. 4) with a 95% error radius of
0.12°. This localization is compatible with the position reported
in Li et al. (2026) with a slightly smaller 95% error compared to
their study (0.18°).

The residual TS map (where only SN 2017egm is excluded
from the model) is presented in Fig. 5 (top panel) and shows no
significant residuals in the 10° x 10° region around the source.
The SN best-fit spectral model parameters are I' = 2.17 + 0.23
and a normalization Ny = (0.82 +0.22) x 1072cm™2 s~ MeV~!
for a reference energy of 1 GeV. We tested for spectral curvature
with an exponential cutoff power-law model, which resulted in
a marginal likelihood improvement of Alog £ ~ 3. The SED
shown in Fig. 5 (bottom panel) was estimated by computing the
photon flux in each energy interval, assuming a power-law shape
with a fixed photon index of I' = 2 for the source. A 95% con-
fidence level upper limit was computed when TS < 1 in a given
energy bin. Spectral data points are given in Table A.2.

3.4. Comparison with past studies

Our detailed study confirms the evidence found by Lietal.
(2026). We note that there are some variations in the analy-
sis setup such as energy range, time range, and spatial bin-
ning size that could explain some of the differences in TS that
are observed. In particular their 1-year analysis (shown in their
Fig. S2) starts on August 4, 2017, and yields a TS =23.8. As
our Bayesian block analysis yields a starting date on July 5,
2017, we can assume that some signal is lost by starting in
August. This difference and the fact that we carry out a joint
likelihood with PSF event type (i.e., a more sensitive analysis)
might explain the slight differences observed. Concerning the
spectral parameters obtained in this study (I' = 2.17 + 0.23),
they indicate a marginally harder spectrum compared to those
reported by Lietal. (2026) of I' = 2.6 + 0.4. This difference
may be attributed to the differing energy ranges employed; 0.5—
500 GeV in the aforementioned study, whereas our analysis was
conducted within the 0.1-100 GeV range. If we reproduce the
same energy range of their analysis, we obtain similar results
(I" = 2.6+0.3). Regarding the analysis by Acharyya et al. (2023),
similar variations could explain the observed differences. In par-
ticular for faint sources, the coarse spatial bin size (0.1°) can
significantly degrade the source significance as illustrated in
Table 2 of Acero et al. (2022) in the case of the faint y-ray sig-
nal of the Kepler supernova remnant. We also note that Li et al.
(2026) investigated the specific setup of Acharyya et al. (2023)
and were able to reproduce a similar TS.

4. Exploring other multiwavelength associations

While the giga-electronvolt association with SN 2017egm is cer-
tainly enticing, the 0.12° uncertainty in the localization (95%
confidence level) requires further evaluation. Most extragalactic
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Fig. 5. Top: residual TS map in the 0.1-100 GeV energy range in the
time interval defined by the Bayesian block algorithm (2017-07-05 to
2017-10-25). The plus symbols represent the sources from the 4FGL-
DR4 catalog and the SN optical position. Bottom: y-ray luminosity
SED of SN 2017egm in the same time interval. The spectral predictions
from the magnetar model are shown for different nebula magnetization
parameter (see Sect. 5.1 for more details).

giga-electronvolt transients are identified as flaring blazars;
therefore, AGN activity could be a suitable interpretation for the
excess. Li et al. (2026) searched for optical flares in the Gaia
archive (Gaia Collaboration 2023) and cross-matched nearby
radio sources with an analysis of Chandra data, finding three
alternative counterparts (see Table II in Lietal. 2026). One
corresponds to a source within the host galaxy NGC 3191
(Radio Source 1, coincident with WR 187; see Brinchmann et al.
2008) and another to the galaxy MCG+08-19-017 (Radio Source
2). None of them show nuclear activity, and the third source
(SDSS J101815.31+462626.6, Radio Source 3) falls outside our
95% containment region.

However, the region contains multiple, relatively faint
X-ray sources reported in the XMM-Newton DRI14 and
Chandra point source catalogs CSC 2.1 (Webb etal. 2020;
Evans et al. 2024) with no known radio counterpart (see
Fig. 6). For example, Lietal. (2026) discuss the opti-
cal emission of two quasars (SDSS J101918.93+462301.4
and SDSS J101858.02+461812.3) that are spatially consis-
tent with detected X-ray sources (4XMM J101918.8+462301
and 4XMM J101858.0+461812, respectively). These sources
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have no reported variability in the XMM-DR14 cata-
log. The brightest among all X-ray sources within our
localization error is the quasar 2CXO J101839.5+462315
(SDSS J101839.484+462315.8, z = 0.941; Albaretietal.
2017), which is only reported to have mild variability in
the CSC 2.1 catalog. Notably, the largest flux is found at
~9.2 x 107 erg/cm?/s (ObsIDs 19034 and 19035; 2017-
09-17 and 2017-11-09, respectively), compared with ~5.6 X
10~ erg/cm?/s derived in the only other existing observation
(ObsID 19036; 2018-05-21). No optical variability is found
in quasi-contemporaneous ATLAS data (Tonry etal. 2018),
although we note that the limiting magnitude of its forced pho-
tometry is close to the brightness of the quasar. Only mild vari-
ability (Am < 1) is found by Gaia, PTF, or ZTF (Rau et al.
2009; Masci et al. 2019; Gaia Collaboration 2023) — consider-
ing observations prior or after the giga-electronvolt excess peak.
Furthermore, it is worth noting that SDSS J101839.48+462315.8
lacks a known radio counterpart in any of the major radio sur-
veys (VLASS, LoTSS, RACS, FIRST, NVSS, and SUMSS;
see Flesch 2024). According to the Fermi-LAT AGN cata-
log by Ajello et al. (2020), the vast majority of y-ray AGNs
exhibit radio fluxes exceeding approximately Smly (refer to
their Fig. 14). Considering that current surveys achieve sensitiv-
ity levels in the millijansky range (and down to sub-millijansky
levels for VLASS, Lacy et al. 2020), the apparent radio-quiet
nature of SDSS J101839.48+462315.8 suggests that it does not
conform to the typical characteristics of a Fermi-LAT blazar.

The last relevant candidate might be the unidentified
VLA source NVSS J101948+462332 (4.9mly at 1.4GHz;
Condon et al. 1998). But the source has no X-ray or optical
counterpart, and no variability was found in radio (Ofek & Frail
2011). Although the radio source lies outside Chandra’s field
of view, XMM observations set a limit at F(0.2-2kev) <
3.9 x 1071 erg/cm?/s (Obs_id: 08437401; Konig et al. 2022) —
for Ny = 10%° cm™2 (HI4PI Collaboration 2016) and assuming
I' = 2. As in the previous case, NVSS J101948+462332 is an
unlikely association given the low X-ray flux compared with the
known population of giga-electronvolt-bright AGN (Ajello et al.
2020).

Overall, although the giga-electronvolt excess is spatially
consistent with the position of several quasars, the existing mul-
tiwavelength monitoring does not strongly support any associa-
tion other than SN 2017egm. At the same time, the poor coverage
during the Bayesian block time interval prevents an unambigu-
ous rejection of the associations discussed.

5. SN 2017egm y-ray emission: CSM interaction
and magnetar nebula scenarios

As the first SLSN to be detected at y-ray energies, SN 2017egm
represents a new window to shed light on the mechanism power-
ing these objects. To understand the nature of the y-ray emission,
the temporal and spectral results from this SN are discussed in
the magnetar and CSM interaction frameworks.

5.1. Magnetar-powered y-ray emission

In the magnetar model, the rotational energy from the millisec-
ond magnetar is converted into a wind of electrons and positrons
that inflates a magnetar wind nebula of highly energetic par-
ticles. High-energy photons from the nebula will be injected
into the ejecta via IC and synchrotron processes, where they
will be partly absorbed and reprocessed into thermal optical/UV
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Fig. 6. Multiwavelength maps of the region around the giga-electronvolt excess: radio (VLA; left) and X-rays (XMM; right). The white marker
represents the best-fit position of the giga-electronvolt excess, and the dotted curve is its localization error ellipse at a 95% confidence level. The
cyan and green markers locate the nearby galaxies NGC 3191 and MCG+08-19-017, while the red and blue correspond to NVSS J101948+462332
and SDSS J101839.48+462315.8, respectively. White circles mark the quasars SDSS J101858.02+461812.3 and SDSS J101918.93+462301.4

discussed by Li et al. (2026).

radiation. The absorption implies mechanisms such as the Bethe-
Heitler process (photon-matter interaction) and y—y pair produc-
tion on thermal (optical/UV) or nonthermal (X-ray) photons that
lead to an attenuation of the y-ray flux. These interactions gov-
ern the energy transfer and the escape of high-energy radiation.
This mechanism, where high-energy photons from the nebula
convey energy to the ejecta, is a fundamental aspect of the mag-
netar model for maintaining the high luminosity of SLSN over
an extended period.

To accurately describe the thermalization process and the
optical depth as a function of both energy and time in a self-
consistent way is a challenging task due to the interplay of all the
interaction processes and the evolving properties of the ejecta.
To tackle this issue, Vurm & Metzger (2021) employed a three-
dimensional Monte Carlo time-dependent numerical radiative
transfer model that tracks the production, transport, and inter-
actions of photons and electron-positron pairs throughout the
nebula and the ejecta. Of particular interest for this study, the
predicted observables from their model are the optical luminos-
ity, the inferred escaping y-ray luminosity and associated spec-
tral distribution.

To adapt their model to the specific case of SN 2017egm,
the system parameters (magnetic field strength of 1 x 10'* G,
pulsar period at birth of 5ms, and ejecta mass of 3 M) have
been fixed from the optical light curve from Nicholl et al. (2017).
Once these parameters are set, the remaining main free param-
eter in their model is the nebula magnetization parameter, £g.
This is the ratio of the magnetic energy over the injected mag-
netar energy (see Eq. (14) in. Vurm & Metzger 2021). In a more
magnetized nebula, a greater fraction of the energy is radiated
via synchrotron emission. This emission can be more readily
absorbed and thermalized by the ejecta than the higher-energy
IC emission, which is more prone to escape without thermaliz-
ing (see Sect. 2.2 and Eq. (17) of Vurm & Metzger 2021). As can
be seen in the models shown in Fig. 3 (middle and right panels),
the direct consequence of this is that for a nebula with high mag-
netization, a greater fraction of the engine power is thermalized
producing greater late-time optical luminosity and lower levels
of y-rays.

From the optical and giga-electronvolt light curves, and the
y-ray spectrum, a magnetar model with low nebular magneti-
zation is plausible with g5 ~ 107 or smaller. This is in par-
ticular required not to largely overshoot the optical light curve
at + > 250days. As is discussed in Vurm & Metzger (2021),
such a low magnetization value (compared to >10~2 for the Crab
nebula but at a very different age) implies the existence of an
extremely efficient magnetic dissipation mechanism in the neb-
ula. An interesting alternative scenario to reduce the late-time
optical luminosity is that the spin-down luminosity decays faster
than the typical magnetic dipole rate ocz~2; for example, due to a
growing magnetic dipole moment or fall-back material accretion
(Metzger et al. 2018).

In the magnetar scenario, given a sufficiently bright source,
the y-ray observations at giga-electronvolt at late-time would
allow one to trace the time evolution of the spin-down lumi-
nosity by measuring the flux decay after the light curve peak.
Unfortunately this is not possible for SN 2017egm, as the upper
limits derived at later times are not sufficiently constraining. The
role of tera-electronvolt observations will be discussed later in
Sect. 7.

5.2. A hadronic CSM interaction scenario

As an alternative to the magnetar scenario, it has been pro-
posed that the optical component and its late time bumps can be
interpreted as ejecta interactions with a multi-component CSM
(Zhu et al. 2023; Lin et al. 2023). In this scenario, hadrons from
the engulfed CSM would be accelerated via diffusive shock
acceleration at the forward shock, interact with the surround-
ing CSM and produce y-rays through hadronic channels — pre-
dominantly 7°-decay. In the following, we do not consider con-
tributions from the reverse shock and will disregard leptonic
contributions — presumed to be subdominant given the high CSM
densities.

Based on the CSM characterization of Lin et al. (2023) in
four distinct shells (Appendix B), we constructed a density
profile, p(#), encountered by the shock assuming an expansion
parameter m = (n — 3)/(n —s) = 075 n = 12, s = 0)
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Fig. 7. Left: energy conversion into cosmic rays as a function of time for different n values (Eq. (1)), and compared with the best fit obtained
from Naima. Vertical lines represent the crossing times of the inner radius of each shell. Scenarios for #; = 1d (green) and #; = #, (black) are
displayed, both assuming E.,o¢ = 1 PeV. Right: y-ray flux expected from the interaction of each shell (7 = 0.05) compared with the Fermi-LAT
flux (100 MeV-100 GeV). The arrow represents the Bayesian block interval of the emission peak, while the TS is shown as shaded green bars.

Both panels display the relevant time interval for the CSM shell model.

and an initial velocity of Vo = 9.8 x 10°km/s (see Eq. (B2)
in Chatzopoulos & Wheeler 2012; Lin et al. 2023). Instead of a
stellar wind profile, a constant density is assumed within each
shell — a scenario also considered by Wheeler et al. (2017) for
the optical peak. Diffusive shock acceleration would occur at the
forward shock, although it may be suppressed if the shock is
radiation dominated (see, e.g., [to et al. 2018; Levinson & Nakar
2020). Here two scenarios are considered: (1) that particle accel-
eration starts at least one day after the explosion (#; = Ty +1d; as
in Tatischeff 2009), or (2) hadrons can only gain energy beyond
Rs(t;)) ~ Ry, after shock breakout (a conservative assumption;
see, e.g., Murase et al. 2011; Katz et al. 2012; Giacinti & Bell
2015). The energy-conversion efficiency of accelerating cosmic
rays can be parametrized as n in the cumulative energy, Ecr (i.e.,
as a fraction of the shock’s kinetic energy), which is estimated
as

t
Ecx =7 f POV AR, )

where Ry (t) is the shock radius and Vi = dRi/dt =

m—1

Vso Tday (see, e.g., Tatischeff 2009; Marti-Devesa et al.
ay

2024). Shock breakout from the first shell occurs when the opti-
cal depth is 7o ~ ¢/Vi(#yr), resulting in a breakout time of
tyy ~ 14d, assuming an opacity of x = 0.2 cmz/g (Lin et al.
2023).

The energy budget, Ecg, should be compared with the total
energy stored in protons required to explain the giga-electronvolt
excess (typically expressed as W,). We assume that during the
time interval defined previously through Bayesian blocks (see
Sect. 3.2) the average proton distribution is well reproduced by
a power law with an exponential cutoff in momentum space, i.e.,

i lz) oo (a)
— =BNo|—| exp-— s
dE ﬂ 0 E() P Ecutoff
where Ny is a normalization factor, Ey the scale energy, Ecyoff
the cutoff energy, p the proton index, and g the particle veloc-

ity, v/c — correcting the spectral shape of a proton popula-
tion below ~1 GeV when described in kinetic energy (Dermer

@)
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2012). At detection time, the maximum energy is not limited by
proton-proton collisions. Given the lack of curvature or simul-
taneous VHE observations (Acharyya et al. 2023), we consider
again two extreme scenarios for Eqyof — at 1 TeV and 1PeV.
We employ the radiative process and fitting package Naima to
perform an MCMC fit of a n°-decay component (Kafexhiu et al.
2014; Zabalza 2015) to the Fermi-LAT spectrum. From the pre-
viously derived p(#) profile, we calculated the average density
encountered by the shock during the Bayesian block time inter-
val, which is 1.5 x 107"*gcm™. The fit results in a proton
distribution with p = 2.5fg:‘3‘, with a total energy content of
Wy(> 0.1GeV) = 3.8"8_ x 10* erg (7 ~ 0.05*0.5%). While ener-
getic considerations are satisfied (Fig. 7, left panel), it is appar-
ent that the y-ray emission should trace the target medium in a
CSM scenario. With the cosmic-ray efficiency and spectral index
derived above ( = 0.05, p = 2.5), we can estimate the y-ray
flux that would be produced by the succession of CSM shell
interactions and produce the corresponding y-ray light curve.
Absorption processes (Bethe-Heitler or pair-production) are not
considered here, but these do not affect our conclusions and
may only impact the flux at earlier times for the LAT energy
range (Vurm & Metzger 2021). The resulting time-evolving y-
ray emission is shown in Fig. 7 (right panel) and we note that
the narrow CSM shell structures provide a y-ray emission time
stamp not matched by observations (a time delay between the
predicted y-ray emission from a given shell and the observed y-
ray signal). As this CSM model was built by Lin et al. (2023)
to reproduce the features of the optical light curve, our observed
mismatch can be interpreted in the CSM model as a temporal
offset between the optical and the y-rays.

We note that in dense CSM shocks, the optical and y-ray
emissions originate from fundamentally different physical pro-
cesses. Optical radiation is produced by the shock-powered
thermal X-rays that are efficiently absorbed and reprocessed,
while y-rays arise from the nonthermal proton—proton interac-
tions at the forward shock. In principle, this difference in emis-
sion sites creates the possibility that the optical and y-ray light
curves may not track each other in time, because the photo-
spheric radius and the forward-shock radius can decouple if the
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diffusion time becomes long enough. However, unless the diffu-
sion time greatly exceeds the dynamical time (an optical depth
of T > ¢/Vy), the reprocessed luminosity still emerges broadly
at the same moment with the nonthermal radiation from the
accelerated particle population. Such conditions would imply
a radiation-mediated shock (7 > 1), which cannot efficiently
accelerate cosmic rays, as was explained earlier. Therefore, the
regime that would allow long optical delays is incompatible with
the one accelerating particle in a collisionless shock and produc-
ing giga-electronvolt photons.

In addition to the timing mismatch argument, one can com-
pare the energy radiated in optical and in y-rays at ~100 days
post-SN explosion, which in our case yields L,/Ly, ~ 1 for
simultaneous observations (see Fig. 3). As the shock converts
>90% of its kinetic energy into thermal energy and <10% into
cosmic rays, and then only a fraction become y-rays, one would
expect at most Ly /Loy ~ 1072-10"", which is one or two orders
of magnitude lower than the measured ratio. In other words, as
the thermal channel is far more efficient than the nonthermal
one, one should expect a higher optical luminosity than the y-ray
one. This ratio can be contextualized with systems in which both
the optical and y-ray outputs are known to be powered by CSM
shock interactions. For the nearby Type II SN, SN 2023ixf—one
of the closest core-collapse events in the past decade—Fermi-
LAT non-detections constrain the y-ray—to—optical luminosity
ratio to (L, /Lop < 1072) at epochs somewhat earlier than those
considered here (see Fig. 9 of Marti-Devesa et al. 2024). Like-
wise, in the recurrent nova RS Oph, where CSM interaction
is firmly established, the Fermi-LAT detections reveal a nearly
constant ratio (L, /Loy = 2 — 3 X 1073) over the first ~50 days
(Cheung et al. 2022). These values are representative of shocks
in dense environments and highlight the strong dominance of
the thermal (optical) channel over the nonthermal (y-ray) in
interaction-powered transients. As a conclusion, the CSM model
faces two fundamental challenges: 1) the time delay cannot be
simply explained by diffusion effects, and 2) the CSM model
should produce much more optical emission than y-rays due to
the higher efficiency of the thermal channel.

6. Discussion
6.1. The specific properties of SN 2017egm

An open question remains regarding why only SN 2017egm is
detected in our sample and not the other sources at similar dis-
tances or closer. Among the SLSN I, SN 2017egm is the only
source in our sample exhibiting “W-shape” O 11 features and He
features (Zhu et al. 2023), while SN 2018bsz and SN 2020wnt
stand out for their C1I features (we do not discuss SN 2109ieh
as it is not as luminous and this could be the sole reason why
vy-rays are not detected). The presence of this O1I feature is
thought to be a consequence of excitation of CNO layers by
nonthermal radiation for example from the magnetar wind neb-
ula (Mazzali et al. 2016). These spectroscopic differences point
toward different progenitor characteristics (ejecta mass, presence
of a central engine, differences in the rotational velocity of the
magnetar, and so on) that might impact the time evolution of the
opacity and the expected y-ray flux. Whether SN 2017egm is
representative of SLSNe in general is not yet clear and a larger
SLSN population would be needed to further investigate this
question.

SN 2020wnt, the second-most luminous event in our sam-
ple, has been associated both with a radioactive nickel scenario
(Gutiérrez et al. 2022) and a magnetar scenario (Tinyanont et al.
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Fig. 8. Top: Comparison of CSM and magnetar (magnetization g5 =
107°) spectral models of SN 2017egm at a distance of 135 Mpc together
with Fermi-LAT (this work) and VERITAS (Acharyyaetal. 2023)
observations. In the CSM model, the predicted flux is shown with or
without y—y absorption (see Appendix C), highlighting the fact that no
emission is expected above 50 GeV. A simulation of 50 hours of CTAO-
North observations between 50 GeV and 10 TeV is also shown for the
magnetar model (see Sect. 7 for more details). For clarity only detec-
tion flux points (where TS >4) are shown and upper limits are omit-
ted. Using the CTAO simulation shown above, below we display the
significance of a SN 2017egm-like source at different distances in the
magnetar model only.

2023), with the latter providing a better fit to the observed light
curve, and thus being preferred. Given the spectral evolution,
Tinyanont et al. (2023) suggests that the magnetar is hidden
inside the optically thick ejecta near peak, and only exhibited
magnetar spectroscopic signatures at later epochs (~1 year after
peak). This could be due to a possibly larger ejecta mass that
might increase the y-ray opacity and delay the time window
when y-rays could leak from the ejecta to a moment when the
spin-down luminosity had already significantly decreased and is
no longer detectable.

6.2. Limitations of the CSM and magnetar models

All the events in our sample show some degree of interac-
tion (light curve bumps and/or narrow spectral lines). While
some levels of y-ray emission can be expected in the CSM-
shock interaction, we note that it is not guaranteed that the
conditions for efficient particle acceleration (requiring a col-
lisionless shock) are reached in the early times. First, the
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shock will be radiation-mediated, and only then, when photons
escape the system, a collisionless shock can form and parti-
cle acceleration becomes possible (Murase et al. 2014). In addi-
tion, in a very dense CSM and photon radiation field, the y—y
absorption process can play an important role and drastically
decrease the expected y-ray radiation at £ > 10 GeV (see, e.g.,
Cristofari et al. 2022).

The models presented in Fig. 3 show good agreement with
the initial light curve decline and the y-ray light curve but fail to
capture the bumpy late-time tail of the optical emission. Thus, a
possible solution consists of a hybrid model in which the early
time light curve is dominated by the magnetar model and the
late time, in particular the bumpy features, by CSM interaction.
This scenario requires a very low magnetization of the nebula
(g < 107%) or a spin-down luminosity decaying faster than a
magnetic dipole rate of =2, which would need to be explored in
more depth theoretically, in a scenario where infalling accreting
material could play a role (Metzger et al. 2018).

Alternatively, it has been recently proposed that the bumps
in the optical light curve could be related to modulation of the
central engine luminosity in particular due to an infalling accre-
tion disk undergoing Lense-Thirring precession as introduced in
Lense (1918)- see also the review by (Mashhoon et al. 1984).
The general concept is that around the newly formed magne-
tar a small, tilted accretion disk from failed ejected matter is
formed. A misalignment between the accretion disk axis and the
magnetar spin axis induces a Lense-Thirring torque that causes
the disk to precess. This modulates the magnetar emission being
injected into the ejecta, and therefore the amount of optical emis-
sion (see Farah et al. 2025). Note that in this model the magnetar
model explains the bulk of the luminosity and the precession
of the accretion disk the small modulation. This mechanism
was successfully applied to model the light curve bump struc-
tures observed in optical in the SLSN 2024afav (Farah et al.
2025). Whether a similar scenario can quantitatively be applied
to SN 2017egm remains to be seen, but such models would have
the benefit of providing a self-consistent picture.

7. Perspectives for tera-electronvolt detection

As the y—y optical depth in the pulsar wind and ejecta decreases
with time, the y-ray window opens to >10 GeV energies within
the first year after the SN and the peak energy of the escap-
ing y-rays shift to higher energies as can be seen in Fig. 8
(top panel). However, the optical depth still remains high above
tera-electronvolt energies (see Fig. 4 of Vurm & Metzger 2021)
meaning that the window for observations by atmospheric
Cherenkov telescopes is mostly restricted to the ~10 GeV-1 TeV
energy band.

An upper limit on the tera-electronvolt emission from
SN 2017egm was reported by the VERITAS collaboration and is
presented alongside the Fermi-LAT flux measurements in Fig. 8
(top panel). The VERITAS observations correspond to a live-
time of 8.7 hours and a lower-energy threshold of 350 GeV.
Regardless of whether the Fermi-LAT emission originates from
a CSM shock interaction or is powered by a magnetar central
engine, the predicted tera-electronvolt fluxes from both models
lie well below the reported VERITAS upper limit. Notably, the
magnetar model exhibits a spectral peak in the 100-200 GeV
range, followed by a sharp decline at higher energies, making
the VERITAS low-energy threshold of 350 GeV insufficient for
detection in this scenario. However, given the better sensitivity
in the sub-tera-electronvolt energy range of the Cherenkov Tele-
scope Array Observatory (CTAO), we explore its sensitivity to
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detect SN 2017egm-like objects in the future in the magnetar
model at different distances.

The CSM model is not simulated as its tera-electronvolt
spectrum is severely hampered by the y—y absorption (see
Appendix C) and no emission is expected above 50 GeV. For the
magnetar case, as its model predicts a curved spectrum peaking
at 100 GeV, we only simulated observations with CTAO North,
which with four large-size telescopes (LSTs) is better optimized
for the low-energy range. For the simulations of the expected sig-
nificance, we used the package Gammapy (Donath et al. 2023)
with version 1.3 (Acero et al. 2025). To simulate the magnetar
wind-powered spectrum, we used the model of Vurm & Metzger
(2021) for the magnetar emission at 7 = 300days (g = 107°)
as at T = 100 days no emission above 50 GeV is expected.

The spectrum is then loaded in Gammapy using the
TemplateSpectralModel class. A 3D (RA, Dec, Energy)
Gammapy dataset was constructed by assigning a point source
with the aforementioned spectral model at the center of a
3° x 3° region of interest with a bin size of 0.02° and 15
logarithmically spaced energy bins from 50GeV to 10TeV.
The instrumental background and responses were derived from
the CTAO-North instrument response functions (IRFs') :
Prod5-North-20deg-AverageAz-4LSTsO9MSTs. 180000s.

Assuming 50 hours of observations, the resulting simulated
flux points are shown in Fig. 8 (top panel) for the magnetar mod-
els, showing that a detection and a reasonable characterization
of the spectral properties can be obtained with CTAO for such
objects. Interestingly, in the CSM model as the y—y absorption
is likely to kill any signal in the 50 GeV to 50 TeV energy range,
a detection at tera-electronvolt energy of a SLSNe would be a
strong argument in favor of the magnetar model. However, it
is important to keep in mind that these predictions are model
dependent and based on the sole case of SN 2017egm, which
may not be representative of the population of Type I SLSNe.

The detection significance was estimated using an Asimov
dataset (a data cube where each bin is set to the predicted value
Npreq; see Cowan et al. 2011, for a formal mathematical descrip-
tion), which provides the expected median significance of detec-
tion without running intensive Monte-Carlo simulations. The
significance is then the likelihood ratio of the 3D Gammapy anal-
ysis with or without the putative point source assuming a power-
law model with a fixed spectral index of 2.5 and leaving only the
normalization of the source free.

For the SN 2017egm magnetar model at a distance of
135Mpc, a significance of TS=30 (~5.50) indicates that
SN 2017egm could have been detected by CTAO with 50h of
observations. To test the horizon of detectability we considered
candidates in a distance range from 70 Mpc to 200 Mpc as shown
in Fig. 8 (bottom panel). Our conclusion is that any SN 2017egm-
like object in the magnetar model within 100 Mpc would yield
a strong detection (>100), while distances greater than 100 Mpc
would exhibit fainter detections and be more subject to the choice
of model parameters. Anyhow, this simulation shows that nearby
SLSNe could represent a new class of source for CTAO. Future
detections in the CTAO energy range could provide constraints
on the central engine powering SLSNe, the magnetar properties,
and, in particular, the magnetization of the nebula.

8. Conclusions

Based on a curated list of nearby Type I (hydrogen poor) and
Type II (hydrogen rich) SLSNe, we performed a systematic

5 https://zenodo.org/record/5499840
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search for y-ray emission within the last 16 years of Fermi-LAT
observations using a summed likelihood analysis employing the
LAT PSF types, optimized to search for faint emission at the
optical positions of the SLSN. Then we characterized the light
curve shape with a refined analysis with time bins of 15 days
and a Bayesian block algorithm for the case of SN 2017egm.
Our main conclusions can be summarized as:

1. From the targets in our sample, only SN 2017egm is
detected, confirming the report by Li et al. (2026). We found
the likelihood TS to be TS =26 in a fixed one-year time
window post-explosion or TS =33 in the Bayesian time
block. Both TS are reported assuming a position fixed to the
SN optical one. The optimal time window starts ~50 days
after the explosion and lasts for 112 days up to late October
of the same year. Within that time frame, the y-ray emission
can be modeled with a power-law of index I' = 2.17 + 0.23
with no evidence of spectral curvature. The localization of
the y-ray source is statistically compatible with the SN opti-
cal position.

2. Our spectral and light curve results are visually compared
against CSM and magnetar models. In the latter model of
Vurm & Metzger (2021), the y-ray emission from the mag-
netar wind nebula matches both the observed flux level and
the light curve shape. In particular, the model predicts y-rays
to be visible only after ~60 days, once the opacity of the
ejecta has decreased, which is compatible with our findings.
However, in order to explain both the optical and the y-ray
light curves, an extremely low magnetization of the nebula is
required (eg < 107°) or alternatively a spin-down luminosity
decaying faster than a magnetic dipole rate.

3. Concerning the CSM model, assuming the multiple CSM
shell model of Lin et al. (2023), we estimated the expected
y-ray flux stemming from each shell in a hadronic scenario.
While the flux level is compatible with energetic considera-
tions, the timing of the observed y-ray signal and the ratio
Ly/Loy ~ 1 are inconsistent with theoretical expectations.
This ratio is also not in line with measurements in other
CSM-dominated objects such as novae and SNe, which yield
Ly/Loy < 1072,

4. Based on the previous models, we conclude that the y-
ray emission is well described by the magnetar model in
order to match both the observed flux and time properties
of the y-ray signal. However, the optical light curve shows
late-time bumpy structures that could either be the signa-
ture of multiple CSM shell interactions or evidence of cen-
tral engine activity (perhaps magnetic reconfiguration, the
Lense-Thirring effect, or other mechanisms). Plausible sce-
narios are therefore either a hybrid (magnetar+CSM) model
or a pure magnetar model whereby both the y-ray and optical
properties are fully explained by a magnetar and an infalling
accretion disk.

5. SN 2017egm stands out both photometrically and spectro-
scopically from the other events in our sample. It exhibits
the steepest rise and reaches the highest peak luminosity.
The presence of W-shaped OTI absorption lines suggests
a higher radiation temperature or excitation by nonthermal
radiation from the inner magnetar wind nebula compared to
the other SLSNe I in our sample, which lack these features.
In contrast, the SLSNe II in the sample show narrow Balmer
emission lines indicative of strong CSM interaction, suggest-
ing a different powering mechanism. These distinctions may
explain why y-ray emission is only observed in SN 2017egm.
In addition, it is worth noting that there can be a large diver-
sity of ejecta masses in SLSNe, which can range from a few

solar masses up to around 40 solar masses (Blanchard et al.
2020; Gomez et al. 2024), leading to large differences in the
y-ray opacities and time evolution. The y-ray visibility is a
competition between increasing transparency and decreasing
pulsar spin-down energy, which implies that a low-ejecta-
mass object would be favored for y-ray detection as the
needed transparency would be reached earlier.

6. As the tera-electronvolt y-ray emission in the CSM model is
strongly suppressed due to y—y absorption, a CTAO detec-
tion of a SLSN would strongly favor the magnetar scenario.
In this regard, we simulated the possible detectability of a
SN 2017egm-like object in the magnetar model and con-
cluded that in 50 hours of CTAO-North observations, a max-
imum horizon of ~140 Mpc for a 5o detection is obtained,
which limits the SLSN samples reachable by CTAO to the
nearby objects. Given the low number of known nearby
SLSNe, a precise rate is hard to estimate but it is likely on
the order of a few per decade within ~140 Mpc.
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Table A.1. Arrival time, energy, and distance from the nominal optical
position of SN 2017egm for the list of events shown in Fig. 4 with an
association probability larger than 50%.

Time Probability  Energy Distance
MET GeV deg
514977340.8 0.72 2.34 0.071
525330848.1 0.57 0.76 0.053
527775943 .4 0.57 3.55 0.213
527900219.8 0.71 1.74 0.142
529193069.7 0.95 6.87 0.056
529535373.0 0.58 1.56 0.045
530258550.6 0.84 2.07 0.016
533858313.2 0.91 6.41 0.054
548673784.0 0.87 3.05 0.087
559162934.5 0.67 2.03 0.151
563875293.0 0.80 2.52 0.121
566353118.7 0.66 1.89 0.180

Notes. Time is provided in mission elapsed time (MET).

Table A.2. Fermi-LAT energy flux data points in the time interval
defined by the Bayesian block algorithm (2017-07-05 to 2017-10-25;
see Fig. 5).

Energy band E?dN/dE TS
GeV 1072 erg cm™2 57!

0.19 (0.10,0.37) 1.07 (-0.99, 1.06) 1.2
0.72 (0.37,1.39) 1.72 (-0.54,0.63)  18.2
2.68 (1.39,5.18) 1.27 (-0.58,0.72)  11.6

10.00 (5.18,19.31)
37.28 (19.31,71.97)

0.76 (-0.59,0.98) 5.5
<38 0.0

Notes. The energy flux errors in parenthesis are statistical and at the 1o
level, while upper limits are provided at 20 level.

Appendix A: Fermi-LAT extended data

The list of events with a likelihood probability of association
with SN 2017egm corresponding to Fig. 4 is provided in Table
A.1. Only events with probabilities larger than 50% according to
the procedure described in Sect. 3.2 are included.

The Fermi-LAT data points of the SED shown in Fig. 5 (bot-
tom panel) are presented in Table A.2. These were estimated
with the analysis configuration described in Sect. 2.3 and in the
Bayesian block time interval.

Appendix B: CSM model: Shock crossing times

The CSM model assumes a shock propagating through a series
m—1

, where the expan-

of shells with Vi = dR/dt = V
|1 day

sion parameter is m = 0.75 and the initial shock velocity
Vo = 9.8 x 10° km/s (Lin et al. 2023). Table B.1 provides aver-
age densities as well as forward shock crossing times for each
shell, derived from Extended Data Table 1 Lin et al. (2023). As
in Sects. 3 and 5.2, T is set to the discovery time (57896 MID).

Appendix C: Estimate of y—y absorption in a CSM
interaction scenario

For a first estimate of the impact that y—y absorption could
have on the CSM model prediction for CTAO, we derived the
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Table B.1. Densities and shock crossing times (in and out) for each
shell.

Shell Pi (10_14 g Cm_3) Tin - TO (d) Toul - TO (d)
1 26.1 1.0 44.8
2 13.7 494 58.5
3 50.5 184.3 184.7
4 6.35 2243 227.2

Notes. Shells are numbered as in Lin et al. (2023).

expected 7,, following Sect. 2.3 in Fang et al. (2020). Assuming
isotropy in the blackbody component, we estimated the photon
density at the shock (nqy) during the relevant evolution using
the results from Table 3 in Zhu et al. (2023). The derived opti-
cal depth (7, ~ ngp0yyRs) for photons of 0.1, 1, and 10 TeV
is represented in Fig. C.1. It is apparent that the medium would
be optically thick at least until the end of the emission inter-
val. To derive the absorption directly applicable to Fig. 8, we
computed the weighted time average 7,, for the Bayesian block
interval (Fig. C.1, bottom). As was expected, y—y absorption is
not relevant for the LAT energy band but would prevent CTAO
detection (i.e., at approximately tera-electronvolt energies). For
the specific case of a SN 2017egm-like object, since no emission
is expected for the CSM model after 250-300 days (see Fig. 7),
a CTAO detection would support a magnetar-powered scenario.

103 4 \

10t 4

— E,=0.1TeV
E,=1.0TeV
—— E,=10.0TeV

Tyy

0 50 100 150 200 250
T—To (days)

10°

103 4

10" 4

Tyy
T
1

10-1 4

1073 4

107°

10! 102 10° 10* 10°
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Fig. C.1. Top: Temporal evolution of 7,, for photons of 0.1, 1, and
10 TeV. Vertical gray lines represent the Bayesian block interval iden-
tifying the LAT emission, while the horizontal dashed line (r,, = 1)
represents the transition to a transparent medium (7,, < 1). Shaded
areas represent the error propagation from temperature and luminosity
measurements in Zhu et al. (2023). Bottom: Absorption above 10 GeV,
averaged over the Bayesian block time interval in Fig. C.1. The overall
shape is a result of the peaked SN blackbody spectrum and the cross
section oy,
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