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ABSTRACT

Superluminous supernovae (SLSNe) are a rare class of stellar explosions with luminosities ∼10–100

times greater than ordinary core-collapse supernovae. One popular model to explain the enhanced
optical output of hydrogen-poor (Type I) SLSNe invokes energy injection from a rapidly spinning

magnetar. A prediction in this case is that high-energy gamma rays, generated in the wind nebula of

the magnetar, could escape through the expanding supernova ejecta at late times (months or more after

optical peak). This paper presents a search for gamma-ray emission in the broad energy band from

100 MeV to 30 TeV from two Type I SLSNe, SN2015bn, and SN2017egm, using observations from

Fermi-LAT and VERITAS. Although no gamma-ray emission was detected from either source, the
derived upper limits approach the putative magnetar’s spin-down luminosity. Prospects are explored

for detecting very-high-energy (VHE; 100 GeV – 100 TeV) emission from SLSNe-I with existing and

planned facilities such as VERITAS and CTA.

Keywords: gamma-rays, superluminous supernovae, SLSN-I, magnetar, pulsar wind, Fermi-LAT, VER-

ITAS

1. INTRODUCTION

The recent growth of sensitive optical time-domain

surveys has revealed and expanded exciting new classes
of stellar explosions. These include superluminous su-

pernovae, which can be up to 10–100 times more lumi-

nous than ordinary massive star explosions (e.g. Quimby

et al. 2011; Howell et al. 2013; Inserra et al. 2013; Nicholl

et al. 2013; De Cia et al. 2018; Lunnan et al. 2018;

Quimby et al. 2018; see Gal-Yam 2019 for a recent re-
view). Conventionally, the optical emission from most

core-collapse supernovae is powered by the radioactive

decay of 56Ni (Type Ib/c) and by thermal energy gener-
ated via shock heating of the stellar envelope (Type IIL,

IIp). However, the peak luminosities of SLSNe greatly

exceed the luminosity expected from those conventional

mechanisms, and the origin of the energy is still debated.
A popular model for powering the time-dependent

emission of SLSNe, particularly the hydrogen-poor Type

I class (SLSN-I), involves energy input from a young

central engine, such as a black hole or neutron star,

formed in the explosion. For example, the accretion

onto the compact object from bound debris of the explo-

sion could power an outflow which heats the supernova

ejecta from within (Woosley & Heger 2012; Quataert &

Kasen 2012; Margalit & Metzger 2016; Moriya et al.

2018). Alternatively, the central engine could be a

strongly magnetized neutron star with a millisecond ro-

tation period, whose rotationally powered wind provides

a source of energetic particles that heat the supernova

ejecta (Kasen & Bildsten 2010; Woosley 2010; Dessart

et al. 2012; Metzger et al. 2015; Sukhbold & Woosley

2016). The magnetar1 model provides a good fit to the

optical light curves of most SLSNe-I (Inserra et al. 2013;

Nicholl et al. 2017b). Furthermore, analyses of the neb-

ular spectra of hydrogen-poor SLSNe (Jerkstrand et al.
2017; Nicholl et al. 2019) and Type Ib SNe (Milisavljevic

et al. 2018) support the presence of a persistent central

energy source, consistent with an energetic neutron star.

The details of how the magnetar would couple its en-

ergy to the ejecta are uncertain. Several models consider
that the rotationally powered wind from a young pulsar

inflates a nebula of relativistic electron/positron pairs
and energetic radiation behind the expanding ejecta
(Kotera et al. 2013; Metzger et al. 2014; Murase et al.

2015). At the wind-termination shock, the pairs are

heated and radiate X-rays and gamma rays with high ef-
ficiency via synchrotron and inverse-Compton processes.

Photons that evade absorption via γ-γ pair creation
in the nebula can be “absorbed” by the ejecta further

out, thermalizing their energy and directly powering the

1 To remain consistent with the SLSNe literature, the term mag-
netar is used throughout this paper. Magnetars generally have
large dipole magnetic fields B ≃ 1013 G to 1015 G with a rotation
period of a few seconds. In the case of the SLSN magnetar model,
the radiation is extracted from the rotational energy of the young
millisecond pulsars, but with large magnetic fields characteristic
of magnetars.
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Margutti et al. (2018) present a similar search for late-
time X-ray emission from a larger sample of SLSNe-I,

mostly resulting in upper limits; however, see Levan

et al. (2013) for an X-ray detection of the SLSN-I SCP

06F6 that could still support the magnetar hypothe-
sis. X-ray nondetections are not surprising, because the

ejecta are likely to still be opaque in the . 10 keV band
due to photoelectric absorption in the hydrogen-poor

ejecta (Margalit et al. 2018a). Intriguingly, Eftekhari

et al. (2019) detected radio emission from the location

of the SLSN PTF10hgi at 7.5 yr after the explosion and

argued that the emission could be synchrotron emission

from an engine-powered nebula.

Some effort has been underway to search for nebu-
lar leakage in the gamma-ray band. Renault-Tinacci

et al. (2018) obtained upper limits on the 0.6 − 600

GeV luminosities from SLSNe by a stacked analysis of

45 SLSNe with Fermi-LAT. The majority of their sam-

ple were SLSNe-I, the most likely class to be powered

by a central engine; however the results were dominated

by a single, extremely close Type II event (SLSN-II),

CSS140222. Hydrogen-rich SLSNe make up the Type

II class (SLSN-II), which are suggested to be powered

by the interaction of the circumstellar medium with the
supernova ejecta. Nevertheless, even with CSS140222
included, the upper limits are at best marginally con-

straining on the inferred missing luminosity.
In this paper, the search is expanded to gamma-ray

emission from SLSNe-I in the HE to VHE bands using

the Fermi Gamma-Ray Space Telescope and the ground-

based VERITAS observatory. In particular, observa-

tions of SN2015bn and SN2017egm are presented here.

SN2017egm is the closest SLSN-I to date in the North-

ern Hemisphere at z=0.0310 (Bose et al. 2017; Nicholl
et al. 2017a). Observations of young supernovae with

gamma-ray telescopes have been few, with no detec-

tions so far. Some tantalizing candidates like iPTF14hls

and SN 2004dj have been explored with Fermi-LAT but

are unconfirmed due to large localization regions over-

lapping with other gamma-ray candidates (Yuan et al.

2018; Xi et al. 2020). MAGIC carried out observations

of a Type I SN (Ahnen et al. 2017). HESS observed a

sample of core-collapse SNe (Abdalla et al. 2019), and

later obtained upper limits on SN 1987A (The H.E.S.S.

Collaboration 2015). Our observations are the first of
superluminous supernovae.

Throughout this paper, a flat ΛCDM cosmology is
used, with H0 = 67.7 km s−1 Mpc−1, ΩM = 0.307, and

ΩΛ = 0.6911 (Planck Collaboration et al. 2016). The

corresponding luminosity distances to SN2015bn and

SN2017egm are 545.37Mpc (z=0.1136) (Nicholl et al.

2016a) and 139.29Mpc (z=0.0310) (Bose et al. 2017).

2. OBSERVATIONS AND METHODS

The superluminous supernovae SN2015bn and
SN2017egm were observed with Fermi-LAT and VER-

ITAS during 2015–2016 and 2017–2020, respectively.
SN2015bn is a SLSN-I explosion from 23 Dec 2014
(MJD 57014) and it peaked optically on 19 Mar 2015

(MJD 57100) Nicholl et al. (2016b). SN2017egm is a

SLSN-I explosion from 23 May 2017 (MJD 57896) and

it peaked optically on 18 Jun 2017 (MJD 57922) Bose
et al. (2017). Some properties of the SLSNe are given in

Table 1. Details regarding the optical, Fermi-LAT and
VERITAS observations and the data-analysis methods

are below.

Table 1. Properties of the SLSNe considered in this paper.

Parameter (Unit) SN2015bn SN2017egm

R.A. ◦ 173.4232 154.7734

decl ◦ 0.725 46.454

z - 0.1136 0.0310

t
(a)
0 MJD 57014 57896

t
(b)
pk MJD 57100 57922

P
(c)
0 ms 2.50+0.29

−0.17 5.83+0.73
−0.70

B
(d) 1014 G 0.26+0.07

−0.05 0.94+0.13
−0.16

M
(e)
ej M⊙ 10.8+0.83

−1.34 2.99+0.30
−0.23

κ
(f) cm2 g−1 0.18+0.01

−0.02 0.12+0.04
−0.06

v
(h)
ej 108 cm s−1 5.68+0.16

−0.14 10.3+0.35
−0.27

κ
(i)
γ cm2 g−1 0.008+0.01

−0.01 0.080+0.15
−0.06

M
(j)
NS M⊙ 1.84+0.28

−0.23 1.57+0.25
−0.29

Notes. The quantities P0, B, Mej, κ, ESN, vej, κγ and
MNS were obtained from a best-fit to the UVOIR supernova
light curves, with errors found in Nicholl et al. (2017a,b).
(a)Epoch of explosion; (b)Epoch of optical flux peak; (c)Initial
spin-period; (d)Magnetic field strength of magnetar; (e)Total
mass, (f)Effective opacity; (g)Kinetic energy; (h)Mean veloc-
ity of supernova ejecta; (i)Gamma-ray effective opacity and
(j)Neutron star mass.

2.1. Fermi-LAT

The Large Area Telescope (LAT) on board the Fermi

satellite has operated since 2008 (Atwood et al. 2009). It

is sensitive to photons between ∼20MeV and ∼300GeV
and has an ∼60° field of view, enabling it to survey the

entire sky in about 3 hours.

The data were analyzed using the publicly available

Fermi-LAT data with the Fermitools suite of tools pro-

vided by the Fermi Science Support Center (FSSC). Us-
ing the Fermipy analysis package (Wood et al. 2017) 2,

2 https://fermipy.readthedocs.io/en/latest/ ; v0.19.0
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the data were prepared for a binned likelihood analysis
in which a spatial spectral model is fit over the energy

bins. The data were selected using the SOURCE class

of events, which are optimized for point-source analysis,

within a region of 15° radius from the analysis target
position. Due to the effect of the Earth, a 90° zenith an-

gle cut was applied to remove any external background

events. The standard background models were applied

to the test model, incorporating an isotropic background

and a galactic diffuse emission model without any mod-

ifications. The standard 4FGL catalog was then queried

for sources within the field of view and their default

model parameters Abdollahi et al. (2020).

Additional putative point sources were added to each
field of view as needed to support convergence of the

fit. These sources were added for all analysis time

scales. This process continued until the distribution of

test statistics for the field of view was Gaussian with

standard deviation near 1 and mean centered at 0, and

the residual maps were near uniformly 0 without strong

features. These conditions indicate the appropriate cov-

erage of spectral sources within the analysis was reached

and no putative sources are missing. The fitting process

is performed in discrete energy bins while optimizing

the spectral shape, but the distribution of test statis-

tics is evaluated with the stacked data spanning the full

energy range. With the improvements to Fermi-LAT
low-energy sensitivity in PASS8 reconstruction, the low-

energy bin covering 100− 612 MeV was also added.

In the case of both SN2015bn and SN2017egm, the
data were fitted with a power-law spectral model,

N(E) = N0E
Γ, with a free prefactor and a fixed photon

index Γ of -2.0. From the fit, the reported flux upper

limit was found using a 95% confidence level with the
bounded Rolke method (Rolke et al. 2005). In all cases

reported here, the upper limit reported is the integral

energy flux, integrated over the energy ranges described

for each case, which has units of MeVcm−2 s−1. This

flux is converted to luminosity with the adopted dis-

tance for each event.

SN2015bn was observed from 2014 December 23 to

2018 Mar 23. This observation period begins after the

explosion, and is binned in a few windows to account for

the absorption of low-energy gamma rays by the ejecta

at early times (Figure 1). The first ∼ 90 days is observed
to make sure there are no early emission during the

expected absorption period. The data were thereafter
binned in time intervals of six months to maximize ob-
servation depth and sensitivity to time-dependent vari-
ation. SN2017egm was observed 2017 May 23 to 2020

Aug 21. Again, this period covers the 3.5 yr from the

discovery date, starting with ∼ 90 days after the explo-

sion and split into six 6 month bins thereafter. The 3.5

yr observation period is selected to cover approximately

1000 days after the explosion. After this period, it is ex-

pected that the predicted luminosity will have decreased

below the Fermi-LAT detectable limit.
SN2015bn is within 5° of the Sun each year in August,

so a one-month time cut is applied to each relevant time

bin (to cover an ∼ 15° radius field of view). SN2017egm

is not near the the path of the Sun, so this cut was not

applied.

2.2. VERITAS

The Very Energetic Radiation Imaging Telescope Ar-

ray System (VERITAS) is an imaging atmospheric

cherenkov telescope (IACT) array at the Fred Lawrence

Whipple Observatory (FLWO) in southern Arizona,

USA (Weekes et al. 2002; Holder et al. 2006). It consists

of four 12 m telescopes separated by approximately 100

m, and the observatory is sensitive to photons within

the energy range ∽100GeV to ∽30TeV. The instru-
ment has an angular resolution (68% containment) of

∽0.1◦ at 1TeV, an energy resolution of ∽15% at 1TeV,

and 3.5◦ field of view.

VERITAS serendipitously observed SN2015bn for a

total of 1.01 hr between 2015 May 7 and 2015 May 22,

approximately 135 days from explosion (49 days from

the date of peak magnitude), as a part of an unrelated

campaign. Another 1.7 hr were taken between 2016

May 25 and 30. Data were taken in good weather and
dark sky conditions. Since SN2015bn was not the target
source, its sky position averages 1.4° from the center of

the camera.

VERITAS directly observed SN2017egm for 8.7 hr be-

tween 2019 Mar 24 and 2019 Apr 5, under dark sky
conditions, as part of a Directors Discretionary Time

(DDT) campaign, approximately 670 days from explo-
sion. This target was triggered based on the predicted
gamma-ray luminosity (see section 4.1 and appendix A

for a description) derived from the optical observation.

Although it was almost two years after the explosion,
the nearby distance yielded a gamma-ray luminosity pre-
diction still within reach of VERITAS, making this an

enticing target to follow up.

The SN2017egm data in this paper were taken using

“wobble” pointing mode, where the source is offset from

the center of the camera by 0.5°. This mode creates

space for a radially symmetric off region to be used for
background estimation in the same field of view, saving
time from targeted background observations that con-

tain the same data observing conditions. The data were

processed with standard VERITAS calibration and re-

construction pipelines, and then cross-checked with a
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separate analysis chain (Cogan 2008; Maier & Holder
2017).

Using an Image Template Method (ITM) to improve

event angular and energy reconstruction (Christiansen

2017), analysis cuts are determined with a set of a priori
data-selection cuts optimized on sources with a moder-

ate power-law index (from -2.5 to -3).
Unfortunately, the large offset on SN2015bn due to

the serendipitous observation precludes us from using

ITM in the analysis, so in that case SN2015bn is ana-

lyzed without templates by calculating image moments

directly from candidate images triggered by the camera

(Cogan 2008; Maier & Holder 2017). In both cases, the

signal and background counts are determined using the
reflected region method.

The upper limit is calculated for both SN2015bn and

SN2017egm. The bounded Rolke method for upper limit
calculation is used, assuming a power law spectrum with
index of -2.0 and 95% confidence level (Rolke et al.

2005). Since the calculation of the upper limit depends

on the underlying spectral model, a range of power-law
spectral indices from -2 to -3 was computed to estimate
impact of the model dependence. In all cases reported

here, the upper limit reported is the integral photon
flux, integrated over the energy ranges described for each
case, which has units of cm−2 s−1. This flux is converted

to integral energy flux using the same spectral model so
that the luminosity can be computed with the adopted
distance.

3. RESULTS

No statistically significant detections were made of ei-

ther SN2015bn or SN2017egm across the energy range
100 MeV to 30 TeV. Integral energy upper limits are re-

ported for the energy ranges given for each instrument.
Figure 2 and 3 show the Fermi-LAT and VERITAS up-

per limits in comparison to the supernova optical light

curves and the theoretically predicted escaping luminos-

ity from the magnetar model.

3.1. Optical

The SN2015bn integrated ultraviolet-optical-infrared

(UVOIR) light-curve data are reproduced here from pre-

vious analyses (Nicholl et al. 2016a,b, 2018). To produce

these bolometric light curves, the multiband optical data

were interpolated and integrated at each epoch using the

code superbol (Nicholl 2018).

Similarly, the SN2017egm UVOIR data are also re-
produced here with superbol (Bose et al. 2017; Nicholl

et al. 2017a).

3.2. Fermi-LAT

Both SN2015bn and SN2017egm are not statistically
significant sources in the first ∼ 90 days or the subse-

quent 6 month bin starting 90 days after the explosion.

These sources also remain undetected in any of the fol-

lowing 6 month bins, and in the multiyear data sets.
The evaluation of the integral energy flux upper limit

for the Fermi-LAT observations within each time bin
was performed assuming a power-law spectral model

with an index of -2. The model dependence of this cal-

culation naturally impacts the interpretations in section

4, so the the fit was performed with indices 2, 2.5 and

3 to find the impact of the model on the final upper
limit. An uncertainty of about 10% was found based on

varying the index.
SN2015bn is found to have test statistic (TS) of

0.06, with 12 predicted events above the isotropic dif-

fuse background ≃ 4.8× 104 events over the entire pe-

riod. The flux upper limit is 1.6× 10−6 MeV cm−2 s−1

over the energy range 100MeV to 500GeV. In

the first ∼ 90 days after the explosion, where the

gamma ray emission is not expected due to the high

gamma-ray absorption (see Figure 1), the flux upper

limit is 3.5× 10−6 MeV cm−2 s−1 over the energy range

100MeV to 500GeV, with a TS of 0. For the first 6-

month period, when the signal is most likely, the flux

upper limit is 1.9× 10−6 MeV cm−2 s−1 for TS ≃ 0, con-

sistent with a nondetection. All of the following 6 month

bins reported nondetections with TS < 2.

SN2017egm is found to have TS = 4.4, with

43 predicted events above the isotropic diffuse back-

ground ≃ 5.9× 104 events. The flux upper limit

is 1.2× 10−6 MeV cm−2 s−1 over the energy range
100MeV to 500GeV. In the first ∼ 90 days after the ex-

plosion, where the gamma ray emission is not expected
due to the high gamma-ray absorption (see Figure 1),

the flux upper limit is 3.2× 10−6 MeV cm−2 s−1 over

the energy range 100MeV to 500GeV, with a TS of

0. For the first 6-month period, when the signal is most

likely, the flux upper limit is 4.9× 10−6 MeV cm−2 s−1

for TS = 10.1, consistent with a non-detection. All of

the following 6-month bins reported non-detections with

TS < 1.

3.3. VERITAS

Table 2 reports the results from VERITAS observa-

tions of SN2015bn and SN2017egm. Each observation
is consistent with a nondetection. The significance of

each excess of observed events above background is be-
low 2 standard deviations (σ). The flux upper limits are

also given, calculated by integrating above the threshold
energy of the instrument.
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Table 2. Results from VERITAS observations for both epochs of SN2015bn, and SN2017egm.

Parameter (Unit) SN2015bn1 SN2015bn2 SN2017egm

Start (MJD) [day] 57149 57533 58566

End (MJD) [day] 57164 57538 58578

Live time [hr] 1.0 1.8 8.7

On [event] 4 10 49

Off [event] 179 188 596

α
(a) - 0.0286 0.0299 0.0634

Excess [event] -1.1 4.4 11.2

Significance [σ] -0.5 1.7 1.6

Flux UL [10−13 cm−2 s−1] 28.5 27.8 10.2

Ethreshold [GeV] > 320 > 420 > 350

Notes. Shown are the quality selected livetime, number of gamma-ray-like events in the on and off-source regions, the normal-
ization, the observed excess of the gamma-rays and the statistical significance. The integral flux upper limit is shown for the
given energy threshold, without EBL absorption correction, integrated up to 30TeV. (a) Ratio of relative exposure for on and
off regions.

was convolved with the upper limit calculation, assum-

ing the same spectral shape (a power law with the pho-

ton index of -2.0). The deabsorbed integral photon up-

per limit for SN2015bn within the energy range 0.32TeV
to 30TeV, is 3.36× 10−12 cm−2 s−1, which corresponds

to a luminosity upper limit of 1.49× 1044 erg s−1.

For the second observation, the deabsorbed integral

photon upper limit for SN2015bn within the energy

range 0.42TeV to 30TeV, is 3.30× 10−12 cm−2 s−1,
which corresponds to a luminosity upper limit of

1.91× 1044 erg s−1. For SN2017egm, with a slightly

smaller energy range 0.350TeV to 30TeV, the deab-

sorbed integral photon flux is 1.07× 10−12 cm−2 s−1,

which corresponds to a luminosity upper limit of

3.70× 1042 erg s−1. These EBL-corrected values are

plotted in Figure 2 and Figure 3.

4. DISCUSSION

The source of the extra luminosity powering SLSNe-I
may be found in the signature of its late-time gamma-ray

emission. This section explores the HE to VHE emis-

sion hundreds of days after the explosion. The following

models with a gamma-ray emission component for the

powering mechanism are discussed: (1) magnetar cen-

tral engine (see section 4.1), (2) black hole central engine

(see section 4.2), and (3) circumstellar interaction (see
section 4.3).

4.1. Magnetar Central Engine

The most promising mechanism for powering SLSNe-
I is the rotational energy input from a central magne-

tar. In this scenario, a young pulsar or magnetar in-
flates a nebula of relativistic particles, which radiate
high-energy gamma rays and X-rays. This section ini-

tially explores a simple implementation of the magnetar

model (see Appendix A for full description), followed

by a more complete model described in detail in Vurm

& Metzger (2021) for both SN2015bn and SN2017egm.

The application of this so-called self-consistent model is

necessary to directly predict the energy-dependent lu-

minosities within the energy ranges of the Fermi-LAT

and VERITAS observations, a major contribution that

is not possible with simpler implementation described in

the appendix.

At early times after the explosion (around and im-

mediately after the maximum in the optical emission)

the gamma rays are absorbed and thermalized by the

expanding supernova ejecta. At these times, the lumi-

nosity and shape of the optical light curve can be used

to constrain the parameters of the magnetar. In this

model, the radiation of an input energy reservoir (the

spin-down luminosity of a rotating magnetar) diffuses

through the ejecta following the analytical solution by
Arnett (1982) (equation A3).

The time evolution of the magnetar’s spin-down lu-
minosity can be modeled by assuming a rotating dipole

magnetic field whose energy loss is dominated by emis-

sion of radiation in the gamma-ray and X-ray bands (see

Appendix A for details).

This luminosity depends on the magnetar initial spin
period, surface dipole magnetic field strength, and neu-

tron star mass, Lmag(t, P0, B,MNS) (equation A1). The
emitted radiation thermalizes as it diffuses through the
ejecta. The conditions of the ejecta determine the opti-

cal and gamma-ray outputs, dominated by the values of

the ejecta mass, ejecta velocity, and optical and gamma-

ray opacities to form Lopt(t,Mej, vej, κ, κγ) (equation

A4) and Lγ(t,Mej, vej, κ, κγ) (equation A5).
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For SN2015bn and SN2017egm, the parameters for
the magnetar and the supernova ejecta properties were

found by fitting their integrated ultraviolet-optical-

infrared (UVOIR) light curves, shown with red points in

Figures 2 and 3. All fits were conducted using nonlin-
ear least squares minimization3. The best-fit parameters

with errors for the magnetar model are given in Table
1. The redshifts and time of peak optical magnitude

are shown in the table as listed in The Open Supernova

Catalog (Guillochon et al. 2016)4.

These parameters are consistent with the results of

previous fits (Nicholl et al. 2018, 2017a) that took into
account both the optical spectral energy distribution

and light curve using the open-source code MOSFiT 5.
The relative statistical errors on these fit parameters

may be optimistic at ∼ 10%, and the systematic errors

will still need to be incorporated for a better under-

standing the magnetar parameter space. The largest

contributor to the magnetar power are the period and

magnetic field values, which determine the overall mag-

nitude of the luminosity. The ejecta mass and velocity

determine the time to optical peak by the diffusion of

the emission through the ejecta.

A particularly important shortfall of this model is the

constant effective opacity to both optical and gamma-

ray photons, rather than a time-dependent treatment

of the opacity. TeV gamma rays interact preferentially
with optical photons, so at the time of the peak opti-
cal emission, γγ absorption by optical photons will be

high, reducing any predicted gamma-ray emission by

this model. Equation A4 is a bolometric luminosity,

so it does not take into account the energy and time-
dependent opacity, instead fitting a constant effective κ

and κγ to generate the time-dependent optical depth.
Therefore, Figure 1 is used as a guide for when to

expect Lγ to provide an appropriate estimate for the

gamma-ray emission. The shaded regions in Figures 2

and 3 estimate the time periods when photons of the

given energies can escape. It is important to reiter-
ate that this model is energy independent, represent-

ing the bolometric luminosity not thermalized by the

ejecta. This model cannot distinguish the emission be-

tween LAT and VERITAS energy bands since it does

not consider the physical model of the nebula; the self-
consistent model described by Vurm & Metzger (2021)
and discussed below will be an attempt to do so explic-

itly.

3 scipy.optimize.curve fit

4 https://sne.space
5 https://mosfit.readthedocs.io/en/latest/

Following the methodology in Appendix A with the
magnetar parameters for each SLSN, Lmag(t), Lopt(t),

and Lγ(t) were calculated and are shown in comparison

to the gamma-ray limits in Figures 2 and 3.

For SN2015bn (Figure 2), neither the Fermi-LAT up-
per limits nor the VERITAS upper limit constrain the

predicted escaping luminosity. Similarly, for SN2017egm
(Figure 3), both the VERITAS and Fermi-LAT upper

limits are not deep enough to constrain the predicted es-

caping luminosity. An important caveat to these upper

limits is that the escaping luminosity may also be emit-

ted at energies not explored here, such as hard X-rays

or gamma-rays greater than 30TeV.

The optimal time to observe with a pointed instru-
ment sensitive at a particular photon energy results from

a trade-off between the dropping (∝ t−2) magnetar lu-

minosity and the rising transparency of the ejecta; pre-

dicting the optimal time post-peak to observe requires

knowledge of the evolution of the optical spectrum. It is

possible to accumulate enough optical data within a few

weeks after the optical peak to fit the magnetar model

for a reliable prediction of the gamma-ray luminosity.

In the case of SN2017egm, the gamma-ray luminosity

prediction was anchored by the late optical data points

about 1 yr after the explosion. This means that had the

VERITAS observations been taken at that point (more

than a year earlier than the original observation), they
would have been deeply constraining to the magnetar
model.
Going beyond these relatively model-independent

statements to compare to a more specific spectral energy
distribution for the escaping magnetar nebula requires a
detailed model for the nebula emission and its transport

through the expanding supernova ejecta. Such a model
offers preliminary support that a significant fraction of
Lγ may come out in the VHE band (Vurm & Metzger

2021). In this case, the VHE limits on SN2015bn and

SN2017egm do not strongly constrain the parameters of

the magnetar model, such as the nebular magnetization.
The model of Vurm & Metzger (2021) self-consistently

follows the evolution of high-energy electron/positron

pairs injected into the nebula by the magnetar wind

and their interaction with the broadband radiation and

magnetic fields. They found that the thermalization ef-

ficiency and the amount of gamma-ray leakage depends

strongly on the nebular magnetization, εB , i.e. the frac-

tion of residual magnetic energy in the nebula relative

to that injected by the magnetar.

The model is simulated for dimensionless εB values

set between 10−6 and 10−2; the higher magnetizations

lead to greater synchrotron efficiencies, which dominate

within a few hundred days, and lead to the optical emis-
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LBH =
25/3Lpk

opt
(

1 + t
tpk

)5/3
, (1)

where Lpk
opt is the peak optical luminosity, scaled so

that LBH = Lopt around the optical peak.

On the other hand, while gamma rays are naturally

expected from the ultra-relativistic spin-down-powered
nebula of a magnetar, it is less clear that this would

be the case for a black hole engine. For instance, the
majority of the power from a black hole engine could
emerge in a mildly relativistic wind from the black hole

accretion disk instead of an ultra-relativistic spin-down-

powered pulsar wind.

As seen in both Figure 2 (SN2015bn) and Figure 3

(SN2017egm), the gamma-ray emission in the black hole

scenario is not constrained in the Fermi-LAT and VER-

ITAS energy bands.

4.3. Circumstellar Interaction

An alternative model for powering the light curve of
SLSNe is to invoke the collision of the supernova ejecta

with a slower expanding circumstellar shell or disk sur-

rounding the progenitor at the time of the explosion

(e.g. Smith & Owocki 2006; Chevalier & Irwin 2011;

Moriya et al. 2013). Features of this circumstellar model
(CSM), such as the narrow hydrogen emission lines that

indicate the interaction of a slow-moving gas, provide
compelling evidence for this being a powering mecha-
nism for many but not all of the hydrogen-rich class of

SLSNe (SLSNe-II; e.g. Smith et al. 2007; Nicholl et al.

2020).

Shock interaction could in principle also power some

hydrogen-poor SLSNe (SLSNe-I), particularly in cases

where the circumstellar interaction is more deeply em-

bedded and less directly visible (e.g. Sorokina et al. 2016;
Kozyreva et al. 2017). There is growing evidence for

hydrogen-poor supernovae showing hydrogen features

from the interaction in their late-time spectra (Milisavl-
jevic et al. 2015; Yan et al. 2015, 2017; Chen et al.

2018; Kuncarayakti et al. 2018; Mauerhan et al. 2018).
The light echo from iPTF16eh (Lunnan et al. 2018) im-

plies a significant amount of hydrogen-poor circumstel-

lar medium in a SLSN-I at ∼1017 cm. However, this

material is too distant for the ejecta to reach by the

time of maximum optical light and hence cannot be re-

sponsible for boosting the peak luminosity.

In principle, the gamma-ray observations of SLSNe
can constrain shock models. In many cases, this may not

work out since most of the emission from shock-heated

plasma is expected to either (1) come out in the X-ray

band, as is well studied in other CSM-powered super-
novae such as SNe IIn like SN 1998S (Pooley et al. 2002),

SN 2006jd (Chandra et al. 2012), SN 2010jl (Chandra

et al. 2015), and SNe Ib/c (Chevalier & Fransson 2006)

or (2) be absorbed by the surrounding ejecta and repro-
cessed into the optical band. Thus, these VHE limits on
SLSNe do not constrain the bulk of the shock power.

Higher-energy radiation can be produced if the shocks

accelerate a population of nonthermal relativistic parti-
cles that interact with ambient ions or the supernova

optical emission to generate gamma rays (e.g. via the

decay of π0 generated via hadronic interactions with
matter and radiation; e.g., Murase et al. 2011). How-

ever, because shocks typically place a fraction ǫrel . 0.1
of their total power into relativistic particles (or even

less; Steinberg & Metzger 2018; Fang et al. 2019), the

predicted gamma-ray luminosities (matching the same

level of optical emission as magnetar models) would

be at least 10 times lower than Lγ predicted by the
magnetar nebula scenario, thus rendering our VHE up-

per limits unconstraining on non-thermal emission from
shocks on SN2015bn and SN2017egm. This is consis-
tent with upper limits from the Type IIn SN 2010j from

Fermi-LAT, which Murase et al. (2019) used to con-

strain ǫrel . 0.05− 0.1.

5. FUTURE PROSPECTS

These results demonstrate that high-energy gamma-

ray observations of SLSN-I are on the brink of enabling
constraints on the light curves and even spectral energy
distribution of magnetar models. Given the rarity of
bright, nearby SLSN-I, and the need to take observations

in the optimal window (when Lγ is near maximum),

careful planning will be required to make progress going
ahead (Quimby et al. 2011; McCrum et al. 2015; Prajs

et al. 2017). The strategy outlined below will focus only
on SLSN-I, as type II SLSN are likely to be powered by

a mechanism that requires a different consideration of

the temporal and spectral evolution of the gamma-ray

emission.
Standard arrays of IACTs provide an improved instan-

taneous sensitivity to gamma-ray emission over Fermi-

LAT due to 104 to 105 larger effective area, counter-

balanced in part by the pointed nature of their obser-

vations. To propose a strategy, we firstly revisited the

characteristics of a large sample of observed SLSNe and

performed a systematic study.

Nicholl et al. (2017b) fit a sample of 38 SLSNe light

curves using MOSFiT to obtain a distribution of mag-

netar model parameters. This sample is a selection of

SLSNe with well-observed events classified as Type I

with published data near the optical peak, forming a
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ilarly rates of 8 and 80 events per year can be expected
by CTA.

ACKNOWLEDGMENTS

This research is supported by grants from the U.S.

National Science Foundation and the Smithsonian In-
stitution, by NSERC in Canada, and by the Helmholtz
Association in Germany. M.N. is supported by the Eu-

ropean Research Council (ERC) under the European

Union’s Horizon 2020 research and innovation program

(grant agreement No. 948381) and by a Fellowship from

the Alan Turing Institute. I.V. acknowledges support by

the ETAg grant PRG1006 and by EU through the ERDF

CoE grant TK133. V.V.D.’s work is supported by NSF

grant 1911061 awarded to the University of Chicago

(PI: Vikram Dwarkadas). We acknowledge the excellent

work of the technical support staff at the Fred Lawrence

Whipple Observatory and at the collaborating institu-

tions in the construction and operation of the instru-

ment. This research has made use of the CTA instru-

ment response functions provided by the CTA Consor-

tium and Observatory, see http://www.cta-observatory.

org/science/cta-performance/ (version prod3b-v2) for

more details.

Software: fermipy (v0.19), (Wood et al. 2017), as-

tropy (Robitaille et al. 2013; Price-Whelan et al. 2018),

CTOOLs, (Knödlseder et al. 2016b), superbol (Nicholl

2018) , EventDisplay (Maier & Holder 2017) , VEGAS

(Cogan 2008)

Facilities: VERITAS, Fermi-LAT



Gamma-Ray Upper Limits on SLSNe-I 17

APPENDIX

A. MAGNETAR LIGHT CURVE MODEL

Following Woosley (2010) and Kasen & Bildsten (2010), the spin-down power of a strongly magnetized, young

neutron star (“magnetar”) at a time t after its birth is given by the magnetic dipole luminosity,

Lmag(t) =
Erot

τp

2

(1 + 2t/τp)2
. (A1)

Here, Erot = (1/2)INSΩ
2
i ≈ 2.6× 1052(MNS/1.4M⊙)

3/2P−2 erg is the magnetar rotational energy, INS is its moment
of inertia, and MNS is the neutron star mass. The spin-down time is given by τp = (6INSc

3/B2R6
NSΩ

2
i ) ≈ 1.3 ×

105B−2
14 P 2 (MNS/1.4M⊙)

3/2
sin−2 (θB⊥

= 90°) s, where B = 1014B14 G is the dipole magnetic field strength, P (ms) is

the birth spin period (Ω = 2π/P is the birth angular velocity), and θB⊥
is the inclination angle of the magnetic dipole

axis relative to the rotation axis.

Magnetar energy deposited behind the ejecta shell is assumed to thermalize and then diffuse outward through the

ejecta as electromagnetic radiation. This occurs over a characteristic diffusion time (Arnett 1982)

τm =

(

2κMej

βcv

)1/2

, (A2)

where Mej, v, and κ are the total mass, mean velocity, and (optical wavelength) opacity of the supernova ejecta,

respectively, and β ≈ 13.7 is a constant. In most cases, τm sets the peak timescale of the supernova light curve.

To allow for the possibility that high-energy photons from the central magnetar nebula can escape instead of

thermalizing, one can apply a trapping coefficient (1 − e−τγ ) where the optical depth of the ejecta to gamma-rays
can be written as τγ = At−2, where A ≡ (3κγMej/4πv

2
ej) and κγ is an effective gamma-ray opacity (Clocchiatti &

Wheeler 1997; Chatzopoulos et al. 2012). For large τγ ≫ 1 (early times), the effects of gamma-ray leakage are small and

the optical light curve (after the optical peak, at times & τm) will follow the spin-down luminosity, i.e. Lopt ≈ Lmag.

However, at late times when τγ ≪ 1, one has Lopt ≪ Lmag, with the remaining luminosity Lγ = Ltot − Lopt escaping

as gamma rays.
More precisely, the luminosity of the magnetar (eq. A1) that escapes the ejecta via photon diffusion by time t is

calculated by (Arnett 1982; Inserra et al. 2013)

Ltot(t) =
2

τm
e−(

t
τm

)
2

×

∫ t

0

dt′Lmag(t
′)e

(

t′

τm

)2 t′

τm
(A3)

Of this total luminosity, only a fraction is able to thermalize and hence power the optical supernova light curve,

Lopt(t) = (1− e−At−2

)Ltot(t), (A4)

with the remainder instead escaping as gamma-rays,

Lγ = Ltot − Lopt = e−At−2 2Ep

τpτ2m
e−( t

τm
)2
∫ t

0

dt′
2

(1 + 2t′/τp)2
e

(

t′

τm

)2

t′ (A5)
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