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Abstract

Superluminous supernovae (SLSNe) are massive star explosions that are too luminous to be powered by traditional
energy sources, such as the radioactive decay of *°Ni. Instead, they may be powered by a central engine, such as a
millisecond pulsar or magnetar, whose relativistic wind inflates a nebula of high-energy particles and radiation
behind the expanding supernova ejecta. We present three-dimensional Monte Carlo radiative transfer calculations
of SLSNe that follow the production of high-energy emission in the nebula and its subsequent thermalization into
optical radiation within the surrounding ejecta and, conversely, determine the gamma-ray emission that escapes the
ejecta without thermalizing. We identify a novel mechanism by which +y pair creation in the upstream pulsar wind
regulates the mean energy of particles entering the nebula over the first several years after the explosion, rendering
our results on this timescale insensitive to the (uncertain) intrinsic wind pair multiplicity. To explain the observed
late-time steepening of SLSN optical light curves as being the result of gamma-ray leakage, we find that the
nebular magnetization must be very low, eg < 107°-~10~*. For higher &g, the more efficiently thermalized lower-
energy synchrotron emission would overproduce the late-time (=1 yr) optical radiation, inconsistent with
observations. For magnetars to remain as viable contenders for powering SLSNe, we conclude that either magnetic
dissipation in the wind/ nebula is extremely efficient or the sp1n -down luminosity decays significantly faster than
the canonical dipole rate oz * in a way that coincidentally mimics gamma-ray escape.

Unified Astronomy Thesaurus concepts: Transient sources (1851); High energy astrophysics (739); Gamma-rays
(637); Gamma-ray sources (633); Non-thermal radiation sources (1119); Core-collapse supernovae (304); Gamma-
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Gamma-Ray Thermalization and Leakage from Millisecond Magnetar Nebulae: Toward

ray transient sources (1853); Radiative transfer simulations (1967)

1. Introduction

A growing sample of stellar explosions have been
discovered with luminosities too high to be powered by
traditional energy sources, such as the radioactive decay of *°Ni.

These include the rare class of stellar core-collapse events
known as “superluminous supernovae” (SLSNe; e.g., Quimby
et al. 2011, 2018; Howell et al. 2013; Inserra et al. 2013;
Nicholl et al. 2013; Dong et al. 2016; De Cia et al. 2018;
Lunnan et al. 2018; see Gal-Yam 2019; Inserra 2019 for recent
reviews), as well as the emerging class of luminous transients
with faster-evolving light curves indicative of a lower ejecta
mass, sometimes referred to as “fast blue optical transients”
(FBOTs; e.g., Drout et al. 2014; Arcavi et al. 2016; Tanaka
et al. 2016). The best-studied FBOT is AT 2018cow (Prentice
et al. 2018; Kuin et al. 2019; Perley et al. 2019), which peaked
on a timescale of only a few days and was accompanied by
nonthermal emission across the electromagnetic spectrum,
from radio to gamma rays (Ho et al. 2019; Margutti et al.
2019).

Powering the light curves of SLSNe and FBOTs Requires
prolonged heating of the ejecta by a centrally concentrated
energy source. One such potential source is the shocks
generated by the collision of the ejecta with a dense
circumstellar shell or disk surrounding the progenitor star at
the time of explosion (e.g., Smith & McCray 2007; Chevalier
& Irwin 2011; Moriya et al. 2013). Circumstellar interaction is
most compelling as an explanation for the hydrogen-rich class
of SLSNe (which often show emission lines indicative of
slow-moving gas; e.g., Smith et al. 2007; Benetti et al. 2014;

Fransson et al. 2014; Nicholl et al. 2020), though similar
shock-powered interaction could also account for the light
curves of at least some hydrogen-poor SLSNe-I (e.g., Sorokina
et al. 2016; Kozyreva et al. 2017; Rest et al. 2018).

Another commonly discussed model for SLSNe-I/FBOTSs
invokes energy injection by a young active compact object,
such as an accreting black hole or neutron star (Quataert &
Kasen 2012; Woosley & Heger 2012; Margalit & Metzger
2016; Moriya et al. 2018) or the rotationally powered wind of a
pulsar or magnetar with a millisecond spin period (Maeda et al.
2007; Kasen & Bildsten 2010; Woosley 2010; Dessart et al.
2012; Metzger et al. 2015; Sukhbold & Woosley 2016;
Sukhbold & Thompson 2017). Among the evidence supporting
the presence of a central engine are emission line features in the
nebular spectra of SLSNe (e.g., Nicholl et al. 2019) and
peculiar Type Ib SNe (e.g., Milisavljevic et al. 2018) similar
to those seen in the hyperenergetic supernovae observed in
coincidence with long-duration gamma-ray bursts. A central
engine in AT 2018cow is supported by the rapid time
variability and energy spectrum (particularly the Compton
hump feature) of the X-rays observed in coincidence with the
optical radiation (e.g., Margutti et al. 2019).

Theoretical models for the visual light curves and spectra of
engine-powered supernovae generally assume that the power
output of the central engine is thermalized by the surrounding
ejecta with 100% efficiency (Kasen & Bildsten 2010; Woosley
2010; Dessart et al. 2012; Chatzopoulos et al. 2013; Metzger
et al. 2015). While this assumption is important to the overall
viability of the scenario and quantitative inferences drawn
about the properties of the central engine (e.g., the dipole
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magnetic field strength and birth spin period of the neutron
star), its justification has thus far received little attention in the
literature.

A broad outline for how such a thermalization process might
occur is as follows. A relativistic wind from the neutron star or
black hole engine inflates a nebula of relativistic electron/
positron pairs and radiation behind the expanding supernova
ejecta shell (Kotera et al. 2013; Metzger et al. 2014; Murase
et al. 2015). Pairs heated near the wind termination shock enter
the nebula and quickly radiate their energy via synchrotron and
inverse Compton (IC) processes in a broad spectrum spanning
the X-ray/gamma-ray band, in analogy with ordinary pulsar
wind nebulae like the Crab Nebula (Biihler & Blandford 2014).
Only the portion of this radiation that can escape the nebula
without undergoing ~yy pair creation and is in the appropriate
energy range to be absorbed and thermalized by the ejecta shell
is available to heat the ejecta and power the supernova
emission.

Thermalization of the nebular radiation will be most efficient
at early times after the explosion, when the column density
through the ejecta shell and “compactness” of the system are at
their highest.* However, as the ejecta shell expands and
becomes increasingly transparent, its radiation field dilutes. As
a result, the efficiency of the thermalization process will drop,
and the optical supernova light curve will eventually fall below
the rate of energy injection from the central engine, as the
majority of the engine’s power escapes directly from the nebula
as high-energy radiation.

In support of such a picture, the well-studied SLSN 2015bn
(Nicholl et al. 2016a, 2016b) showed a marked steepening of
its ogtical /UV light curve at ¢ 2 200 days below the predicted
ot “ decay of the magnetar dipole spin-down luminosity,
qualitatively consistent with the expectation of radiation
leakage (Nicholl et al. 2018). Searches for this “missing
energy” by means of X-ray (Bhirombhakdi et al. 2018;
Margutti et al. 2018) and gamma-ray (Renault-Tinacci et al.
2018) observations of SLSNe at late times have thus far only
resulted in upper limits (with one possible exception; see Levan
et al. 2013). However, this is not necessarily surprising because
the ejecta is expected to remain optically thick to soft X-rays
for decades after the explosion (Margalit et al. 2018a), while
most of the existing gamma-ray upper limits are not deep
enough to constrain the expected escaping flux.

In this paper, we present calculations of engine-powered
supernova light curves that, for the first time, account self-
consistently for the thermalization and escape of high-energy
radiation from the central nebula and surrounding ejecta shell.
We accomplish this by means of three-dimensional time-
dependent Monte Carlo simulations that track the coupled
evolution of photons and electron /positron pairs in the nebula
and ejecta through the myriad of physical processes coupling
them. Such a detailed treatment is necessary because the
process of gamma-ray thermalization is complex and nonlinear.

For example, although many processes in the supernova
ejecta shell and its radiation field can absorb gamma-ray
photons, the initial absorption of a photon is no guarantee of its
ultimate thermalization. Several photon destruction processes
result in the creation of high-energy electron/positron pairs.
These pairs, in turn, radiate their received energy as secondary

4 At early times, the nebula can also deposit energy directly by driving a

shock into the inner edge of the ejecta shell (e.g., Metzger et al. 2014; Chen
et al. 2016; Kasen et al. 2016; Suzuki & Maeda 2019, 2021).
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photons, which themselves can either be absorbed or escape
from the ejecta. Furthermore, over the first several years after
the explosion, 7y pair creation also occurs in the upstream
region of the pulsar wind (interior to the termination shock),
augmenting the wind mass loading and regulating the average
energy of the pairs the wind releases into the nebula. Thus,
even the inner boundary condition defined by the engine is
intimately coupled to the properties of the larger-scale nebula/
ejecta during the most accessible observational window.

This paper is organized as follows. We begin in Section 2
with several preliminary considerations that motivate the
details of our model. These include a brief overview of
engine-powered supernovae (Section 2.1), the properties of the
radiation field in the nebula (Section 2.2), an enumeration of
key photon absorption processes (Section 2.3), the process
of thermalization of high-energy photons by the ejecta
(Section 2.4), and regulation of the wind mass loading by
in situ yy pair production (Section 2.5). In Section 3, we
describe and present the results of our numerical radiative
transfer calculations. Further interpretation and implications of
our results are discussed in Section 4. We summarize our
findings and conclude in Section 5. The Appendices provide
several auxiliary calculations that support those in the
main text.

2. Preliminary Considerations

This section introduces the key concepts and physical
processes that enter our calculations and provides several
analytic estimates that are useful later in interpreting our
numerical results. The reader uninterested in these details on
the first pass is encouraged to advance directly to the
description and results of the simulations (Section 3), returning
to this section as needed. Table 1 summarizes several of the key
timescales in the problem. Figure 1 shows a schematic
illustration of the engine-powered supernova model employed
in this paper.

2.1. Overview of Engine-powered Supernovae

The result of the supernova explosion is the creation of a
ballistically’ expanding shell of ejecta of mass M = 10M,,
M, mean velocity ve; = 10%v9 cm s_l, mean radius Rej = Viit,
and thickness ~R.;. The mean electron density in the shell and
its radial Thomson optical depth at time ¢ = 1z, yr following
the explosion are given, respectively, by

3Mer;

nNe ¥ —m—
CT An(vt)’m,

~ 4.6 x 10"Mgvy 1, cm =3, (1

3Mej Res

m ~ 0.95 M]OV;zty;z, (2)
€

Tr X NeOTRej =

where o is the Thomson cross section, kes = Y,o1/m,,, and we
have assumed an electron fraction Y, = 0.5 appropriate for
hydrogen-poor ejecta. The ejecta becomes optically thin to

5> The high pressure of the nebula may drive a shock into the ejecta shell and

lead to its acceleration at early times (e.g., Suzuki & Maeda 2017). However,
this acceleration will subside once radiation begins to escape from the nebula at
the times ¢ 2 . (Equation (7)) of greatest interest in this paper. The ejecta
kinetic energy defined here is thus the sum of the initial energy of the explosion
and that released by the engine at 7 7, (e.g., Metzger et al. 2015;
Soker 2016).
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Table 1
Summary of Key Timescales

Symbol

Description of Event

Typical Value®

t. (Equation (5))
tpk (Equation (7))
tg (Equation (17))
tr (Equation (3))
t,, (Equation (12))
t, (Table 2)

t. (Equation (23))

Engine lifetime (e.g., magnetar dipole spin-down time)
Peak of the supernova optical light curve
Synchrotron dominates IC cooling in nebula (fg =~ 0.1¢y,)

~0.01-0.1 yr
~0.1 yr
~0.1 Eg’lﬁ yr

Ejecta transparent to Thomson scattering (71 ~ 1) ~1yr

Wind/nebula and ejecta transparent to 7y pair creation (7., n ~ 1) ~3yr

Pair loading of pulsar wind no longer regulated by in situ 77y interactions
Nebula transitions from radiative to adiabatic evolution

~3-10 yr (Table 2)
~(10 — 100)ef?, yr

Note.

# For typical values of the ejecta mass Mej ~ 10 M, and mean velocity vej ~ 5000 km s~ .

Vg
M,
TT a tz
ejecta . ﬁ
AV
nebula

optical (supernova)

Figure 1. Schematic illustration of the engine-powered supernova model
discussed in this paper. The pulsar wind of luminosity L. terminates at a shock
or region of reconnection (radius Ry), inflating a nebula of relativistic pairs
(radius R, ~ R,) that radiate gamma rays generated by IC scattering and
synchrotron emission. A fraction of the gamma-ray energy is absorbed and
thermalized by the supernova ejecta (of mass M., mean velocity v, and radius
R > vejt) and ultimately reprocessed into optical/UV light, while the
remainder escapes directly to the outside observer. The thermalized fraction
of the spin-down luminosity decreases in time as the column through the ejecta
shell (Thomson optical dept 7 o< # %) and the background thermal and
nonthermal radiation fields (e.g., thermal compactness £y, o ) decrease.
Within the first few years of the explosion, 7y interactions between gamma rays
and optical/X-ray radiation load the preshock pulsar wind (at radii SR,) with
electron/positron pairs, regulating the flux M. and mean energy L, /Nim,c? of
the pairs that enter the nebula and generate the gamma rays.

Thomson scattering (7t = 1) after a time
tr = 0.97TM}\{*vg ! yr. 3)

A central compact object is assumed to deposit energy into a
hot nebula behind the ejecta at a rate

E. (a—1) E.(a — 1)

e (1+ 1/t 1 1o (1/1)"
where E, is the total energy of the engine and ¢, is the duration
of its peak activity. The power-law decay index o = 2 is the
case of an isolated neutron star or magnetar with a fixed dipole
magnetic field and spin inclination (Spitkovsky 2006) and
without significant gravitational wave losses, a ~ 2.38 for a
fallback accreting neutron star (Metzger et al. 2018b), a = 5/3

Le(r) = “)

1

for fallback accretion following a stellar tidal disruption event
(TDE; e.g., Phinney 1989), and « < 5/3 in supernova fallback
accretion models (e.g., Coughlin et al. 2018) or the case of
accretion fed by a viscously spreading disk (e.g., Cannizzo
et al. 1990).

Because it provides an acceptable fit to early-time SLSN
light curves (e.g., Nicholl et al. 2017b) and the combined
X-ray/optical luminosity of AT 2018cow (e.g., Margutti et al.
2019), we hereafter focus on the case of an isolated magnetar
(o = 2). Following the convention used by Nicholl et al.
(2017b), the engine energy E, ~ 2.6 X 10°2 (Po/1 ms) 2 erg is
the magnetar’s initial rotational energy (for assumed mass
1.4 M, and birth spin period Pg), while the engine lifetime,

2
e~ 13 x 105(%) B s, )

is the magnetic dipole spin-down timescale, where By = B4 X
10'* G. The spin-down power at times ¢ >> t. is thus given by
(Equation (4))

Le = Ecte /1> ~ 3.4 x 102 B 1% erg s™!, (6)

which is notably independent of P,. Fitting the magnetar®
model to SLSN light-curve data yields values Py ~ 1-5 ms and
B4 ~ 0.3-3 (e.g. Kasen & Bildsten 2010; Chatzopoulos et al.
2013; Metzger et al. 2015; Nicholl et al. 2017b).

The key to maximizing the peak luminosity of the optical
transient is to approximately match the engine lifetime z, with
the photon diffusion timescale on which the supernova optical
light curve peaks (Arnett 1982),

172
o ~ 0.1M1'O/2v9_'/2(%) . )
es

The latter is set by the condition 7o ~ c/ Vej, Where 7o =
(Kopt/ Kes)T is the optical depth of the ejecta to thermal optical /
UV photons and ke is the effective continuum opacity of
Doppler-broadened atomic lines (e.g., Pinto & Eastman 2000).
The energy deposition rate L. can also be characterized by the
dimensionless “compactness” parameter (e.g., Guilbert et al. 1983),

6 Much of the inferred parameter space includes dipole magnetic fields

By < 10™ G outside the range of most Galactic magnetars, instead overlapping
those of radio pulsars. Furthermore, while the usual hallmark of Galactic
magnetars is flaring activity driven by the dissipation of magnetic energy, here
we are interested in the comparatively steady extraction of rotational energy,
again more akin to pulsars than magnetars. Nevertheless, we use the term
“magnetar” throughout this manuscript to remain consistent with the SLSN
literature.
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which we define as

_ orL. 4p—2.—1,-3
lnj= —————— ~ 23 x 107*B;"vg t,,". 8
" 41mec*Rej r>1e 4 ©

An analogous quantity for the radiation field permeating the
ejecta can be defined as
U 0T R,

mec

where u., is the energy density of the radiation field in
question.” The above quantities are related such that if all of the
injected energy is converted to radiation in an optically thin
environment (with a photon residence time ~R.;/c), then one
would have ¢ ~ f;;. The main utility of the compactness
parameter lies in its direct relation to important quantities
within the ejecta and nebula, such as the pair-production
opacity and electron cooling rate, allowing for a readily
scalable description of the physical system.

A portion of the injected luminosity L. will be absorbed by
the ejecta and reprocessed to thermal optical/UV wavelength
radiation of a characteristic thermal temperature T ~ 10*-10°
K, which is responsible for powering the observed supernova
emission. It is thus useful to introduce a “thermal compactness”
parameter,

fa = "2 = i fy (1 T, (10)

me

where ug ~ Le(1 + Top)fin / (47TCRezj) is the energy density of
the thermal optical/UV supernova radiation of characteristic
photon energy €op & 3kTeer ~ 1-10€eV, and the factor
(I + 7opy) accounts for the additional residence time of thermal
photons in the ejecta.

The factor f, entering Equation (10) is the efficiency with
which the engine luminosity is thermalized by the ejecta. A
self-consistent determination of fy, is nontrivial and will take up
a significant part of this paper. However, for purposes of an
estimate connecting to the prior literature, we can parameterize
Jin = 1 — exp(—Tiherm) & Tiherm Via @ gamma-ray “thermaliza-
tion” optical depth Tgmerm = (Km/Kes)7r (Chen et al. 2015;
Wang et al. 2015), which does a good job explaining the late-
time decay rate of SLSN light curves for values of the effective
thermalization opacity g, ~ 0.01-0.1 cm® g~ ' (e.g., Nicholl
et al. 2017c). Parameterized thus, one finds that at times
1>ty (fy, < D),

b 2.2 % 107501 + 7op) Mg v > Bﬁ(%)zyf. (11)

One can also define a “nonthermal” compactness parameter ¢y,
of the nebula, which is analogous to £y but with u., replaced by
the density of nonthermal photons and R.; with the nebula
radius R,,.

As we shall discuss in Section 2.3, the optical depth across
the nebula and ejecta to y pair production to photons near the

threshold energy (x0 ~ 1) can be roughly expressed as
Toyan ~ /(15 0) ~ (10%-10%) ¢y, where x = hv/m. ¢,

7 The compactness £ of a radiation field of energy density u., within a region

of size R is numerically equal to the Thomson opacity of the same region that
would be obtained if all of the radiation energy was converted to electron/
positron rest mass.
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2015bn
R017egm

L (erg s7)

t (days)

Figure 2. Top panel: thermal luminosity Ly = Le(1 — e~ Therm) (brown lines)
and inferred “escaping” gamma-ray luminosity Lesc = Lee™™hem (black lines),
calculated using ejecta and magnetar parameters inferred from Bayesian fits of
optical light-curve data to the magnetar model for a sample of 38 SLSNe from
Nicholl et al. (2017b). Here Tyem is the optical depth of “thermalization,”
which we have calculated assuming a fixed thermalization opacity xy, = 0.01
cm? g~ ! motivated by a phenomenological light-curve model fit to SN 2015bn.
The specific cases of SN 2015bn and SN 2017egm, whose properties motivate
the numerical models presented in this paper (Table 3), are shown as red and
blue lines, respectively. Bottom panel: for the same models in the top panel, the
Thomson optical depth 7r (Equation (2); brown lines) and an estimate of the
optical depth of ~TeV photons to yy pair production on the optical supernova
light, 7., ¢ (Equation (30); black lines).

0 = kT /mec? ~ 107°=1075, and T.g ~ 10°-10° K is the
effective temperature of the target radiation field. The ejecta
thus becomes transparent (7, < 1) to photons of energy m,
¢*/0 ~ 10''-10'? eV on the timescale

1/5 —-1/5
35 2/5( K/ Ke Tetr
t’}’/y ~ 1.0 M110/5V9 %/53142/5( : eq) (IOZK) yr,

0.1
(12)

where at these late times, we take 7o, < 1. Photons of ~TeV
energy are thus free to escape to a distant observer starting
years following the explosion.

To connect the above discussion to observations, the top
panel of Figure 2 shows the thermalized luminosity (essentially
equal to the optical luminosity after peak) and inferred
escaping engine luminosity from a sample of 38 SLSNe from
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Table 2
Regimes of vy Pair Creation Regulation of the Pulsar Wind in Approximate Temporal Order of Dominance (see Appendix D for Details)

High-energy ~-ray Target Photon Regulated Pair Energy, vo" End Time of Regulation®

IC IC ~1/@2N0) ~ 102-103 tr1c =~ 0.3 yr (Equation (D8))
IC Synchrotron ~(mec?/40hvp)/* ~ (10%-10%) ty]r/2 t11c—syn = 1 yr (Equation (D19))
IC Thermal ~1/6 ~ 10°-10° ty = min[t,,, 5] ~0.1-3 yr
Synchrotron Synchrotron ~(mec?/hup)'’? ~ (100-107) ty, t1 sy ~ 3 — 10 yr (Equation (D14))
Note.

% Numerical estimates assume fiducial parameters: By ~ 10" G, Vej ~ 5000 km s

Nicholl et al. (2017b), who fit observed multiband optical light-
curve data to a modified version of the Kasen & Bildsten
(2010) magnetar model within a Bayesian framework to
determine the properties of the engine (E., f. or, equivalently,
By, Pp) and the supernova ejecta (Mej, Vej, k). The bottom
panel of Figure 2 shows the time evolution of the Thomson
optical depth, 7y (Equation (2)), and the approximate 7y optical
depth of an ~TeV photon on the supernova optical radiation,
Tyt (Equation (30)).

2.2. Nebular Radiation

This section describes the sources of pairs and radiation in
the nebula. We again focus on the case of a millisecond
magnetar, but many of our conclusions would apply to other
central engines (e.g., an accretion-powered jet) provided that
the mean energy per particle from their relativistic outflows is
similarly high to a pulsar wind.

The characteristic rate of particle injection from a rotation-
ally powered pulsar wind is given by Goldreich & Julian
(1969),

Ni = ,ui(i) ~3 X 1042( )BI4P
e 104

~ 1.3 x 1040( 0 )B 2ty s

>,

13)

where [ = 4mcRE 1 lr,> May ~ QB/2mc is the Goldreich—
Julian charge density evaluated at the light cylinder radius
RL = Pc/2m Py = P/1 ms and p is the pair multiplicity of
the wind (typically, py < 10%; e.g., Timokhin & Harding
2019; however, see Beloborodov 2020, who found a different
expression for N in the case of active magnetars).

The injected pairs inflate the nebula of radius R, ~
vat S Rej, where the expansion velocity of the nebula is
estimated as v, & v,j/2 for values of E, v¢j, M.; characteristic
of SLSNe (Margalit et al. 2019).

We can estimate the strength of the magnetic field in the
nebula B, by assumlng that the magnetic energy (B2 /8m)V,,
where V, ~ 47R3/3 is the nebula volume, is a fraction
eg = 0.0lep,_, of the injected magnetar energy ~L.t over the
expansion time ~f,

172
B, ~ (65BLC’) ~ 1362, B v Y02 G (14)
Magnetization values of eg ~ 1073 — 0.1 are motivated by
modeling the emission of pulsar wind nebulae such as the Crab
Nebula (e.g., Kennel & Coroniti 1984); however, the physical
conditions in the very young pulsar winds considered here may
differ markedly from these older sources (Section 4).

1 T ~ 10°-10° K (0 ~ 107°-1079).

In analogy with Equation (9), one can replace u, with
ug = B /8m and R, with R, to define a “magnetic compact-
ness’ of the nebula according to

oT B2

g = LR, ~82 x 10~
B mec? 81

“epaBi vty (15)

The ratio of the magnetic and thermal compactnesses
(Equation (10)) is

L 38

-1
— ’il.h/’ies 2

2 —— e oM, ‘v9(—) t2. (16)

I (I + 7op0) 0 g

0.1

Once 5 2 (0.1-1)¢y,, synchrotron emission will overtake IC
scattering as the dominant cooling mechanism for relativistic
pairs in the nebula, with implications for the photon energy
spectrum of the latter. This critical transition occurs on a
timescale

172 1/2 172

M |

tp ~ 0.16([—3) - 1/2(““‘/“%) yr. (D)
th €g 2V 0.1

which is a few months after the explosion for g ~ 1072, For
lower g < 107* (which, as we shall find, may be needed to
explain late-time SLSN light curves; Section 4.1), the g ~ £y,
transition occurs only after several years.

Pairs enter the nebula at the wind termination shock, where
in normal pulsar wind nebulae, they are heated. This heating
occurs either at the shock front itself (Kennel & Coroniti 1984)
or by magnetic reconnection in the striped pulsar wind ahead of
the shock (Sironi & Spitkovsky 2009, 2011; Zrake & Arons
2017). Naively, one would expect the freshly injected pairs to
acquire a mean random Lorentz factor,

Ay = i =5~ 3.1 x 108( 04) B't,',  (18)

+MeC
where Equation (13) is used for the pair injection rate N..
However, at early times, A~y will generally be much lower
than this estimate because of two effects. First, the upstream
wind prior to the termination shock is loaded by secondary
pairs generated by ~y processes, increasing the effective value
of N. sharing the pulsar’s luminosity. As we will show in
Section 2.5, at early times after the explosion, this additional
pair loading regulates the mean Lorentz factor of the pairs
entering the nebula to a value of y, ~ 102-10° < =, (see also
Table 2). This enhanced pair loading eventually ceases once the
compactness of the nebula drops sufficiently, typically on a
timescale of several years to a decade.
Another effect can, in principle, also limit the energy of pairs
entering the nebula at late times, though it is not typically
relevant for the choice of model parameters presented in this
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paper. If the particle heating occurs in a region of the wind or
termination shock where the electric field obeys E < B, then
A~ is also limited by synchrotron cooling during the particle
energization process to a value (e.g., Cerutti et al. 2014)

Yead (21:;3 )1/2 ~ 9.7 x 107(%)1/201/4V9]/zBll4/ztyr,
(19)
where r, = 2.82 X 10713 cm, and
= [Mieg]l/z (20)
" (0 + 1)eR?

is the magnetic field strength near the termination of the wind at
radius R,, where o is the wind magnetization (the second
equality in Equation (19) assumes o <1).

In summary, the mean Lorentz factor of pairs entering the
nebula obeys

A~ (1) =~ min[Yin, Yeads Y0l 2n

where Ay =~ 75 ~ 10°-10° at early times while the wind is
experiencing significant 7y pair loading, before increasing to
AY ~ Yiny Yead S 10® after several years.

Upon entering the nebula with energy A+, the pairs cool via
synchrotron radiation and IC scattering on lower-energy target
radiation. In the Thomson regime, IC cooling will dominate
synchrotron cooling for as long as the target photon energy
density exceeds that of the magnetic field (e.g., £y, = g for a
thermal target field). At late times ¢ > tg, synchrotron
dominates IC scattering as the dominant source of pair cooling.
At some point, however, even synchrotron radiation can no
longer efficiently cool the nebula. The synchrotron cooling
time is shorter than the nebula expansion time for pairs above a
Lorentz factor,

__ bmm,.c
O'Tanl

~ —1 2..3.3
~ 1563’72314\/9 tyr.

(22)
Equating this to A~y, we see that the nebula will remain fast-
cooling until a time
A~y 173

te~ 40(%) vo !B ey, yr. (23)
At early times ¢ < f., the injected pairs radiate all the energy
they receive instead of transferring it to the kinetic energy of
the ejecta via adiabatic expansion. The nebula’s luminosity will
therefore match that of the central engine for years to decades
after the explosion, i.e., on the timescales of relevance to
follow-up observations.”

A pair of Lorentz factor v, can produce IC radiation up to
the same scale as its own energy,

hVIC,maX ~ ’Yimecz ~5 X 10”(%)6\] (24)

8 An exception occurs if the nebula magnetization is extremely low
(e S 1079, in which case pairs cool exclusively through IC scattering.
Adiabatic losses then set in on a timescale as short as months; once the IC
gamma rays start to leak out from the nebula, the resulting drop in
thermalization reduces the target optical radiation background, reducing the
IC cooling rate in a runaway process.
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By comparison, the characteristic frequency of synchrotron
radiation from the same pair in the nebula magnetic field
(Equation (14)) is significantly lower,

thyn = min[thyn,O, thyn,maX], (25)

where

2
hgno = hvgys ~ 15(%) ey, Bive 21,  keV,  (26)
vg = eB,/2mm,c is the Larmor frequency, and
hVgyn max /= 160 MeV is the maximum synchrotron frequency
in the radiation reaction limited case (Guilbert et al. 1983;
Cerutti et al. 2014). For the regulated energies of the injected
pairs Ay = yL ~ v < 10° expected for several years after the
explosion, we have hvgy, < 10keV. Such low-energy photons
are readily thermalized by the ejecta (Section 2.4). We shall
find that the flux of escaping high-energy gamma rays is thus
greatly reduced once synchrotron competes with IC cooling (at
t 2 tg; Equation (17)).

2.3. Absorption and Energy Loss of High-energy Photons

Energetic photons deposited into the nebula interact with
both matter and radiation fields as they diffuse outward through
the nebula and ejecta. The relevant processes depend on the
photon energy and involve both scattering and absorption,
which can lead to the generation of secondary electron—
positron pairs and their radiation. The net effect of these
processes is to reprocess the primary photon energy toward
lower frequencies. A fraction of this energy eventually reaches
the thermal pool and emerges as optical radiation; quantifying
this thermalization efficiency or optical depth self-consistently
is one of the goals of our Monte Carlo simulations. This section
summarizes the main radiative mechanisms involved.

The main source of opacity for GeV—TeV photons is pair
production on soft radiation fields and nuclei in the ejecta
(Bethe—Heitler process). The optical depth through the ejecta
due to the latter is given by Zdziarski & Svensson (1989),

21 109
Tph—mat = Zafs[ln(zx) - E]TT’ (27)

where o ~ 1/137, x = hz//mec2 > 1, and we have assumed
oxygen-dominated composition.

Depending on energy, ~yy pair production can take place on
either thermal (e.g., optical/UV) or nonthermal (e.g., X-ray)
radiation fields. For a broad target spectrum of radiation energy
density u., a simple approximation for the vy pair production
opacity is given by Svensson (1987),

1
Tyy.nth A N (Q)x f’y(;), (28)

where n(«) = (7/6) 2 — Q) 'a - a)75/3, and « is defined so

that du., /d Inx oc x**!. We have also defined the differential
compactness of the target radiation field as

or dlfl-y

{, = ———R,, 29

mectd In x 9 @9)

which is a more precise, frequency-dependent version of the

compactness introduced in Equation (9). The above approx-

imation for 7., relies on the availability of target photons near
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the threshold energy 1/x and is accurate to within 0.3%
when —6 < a < 0.

For a thermal target radiation of temperature 6 = kT ¢ /m.c?
and compactness ¢y (Equation (10)), a simple empirical
formula for the pair-production opacity can be written as

b In(1 + x0) exp(_@), 30)

Treth 2x60 x0
which has an error of <15% at x 2> 0.1. Here ¥ ~ 2.70 is the
average thermal photon energy in mec> units.

Photons can also lose energy by Compton downscattering
off electrons in the ejecta. An effective optical depth for a
photon to lose most of its initial energy can be defined as

_ lesc Xc Rej
TC eff = — ~ ——( + 7%N)
Ic X C

In(1 3 8 3D
TTM[l + jln(l + ?x)],

1+ 3x 8x

where the term (1 + 7gy) accounts for the enhanced residence
(diffusion) time of the photon in the opaque medium. Here we
have approximated the particle energy loss rate Xc/x =~
corneIn(l + x) /(1 + 3x), which is accurate to within
<15% at x > kT/me.c? (where T ~ 10°-10° K is the gas
temperature), and 7xn =~ 37rIn(l + 8x/3)/8x (accurate to
within 10%-15% and asymptotically approaching the exact
Tkny at X < 1 and x > 1).

Finally, photons of the lowest energies are absorbed by the
photoelectric (bound-free) process, which for an oxygen-
dominated composition of hydrogen-poor supernovae can be
approximated at £ 2 0.5 keV by Verner et al. (1996),

e A 2.5 x 10% Ey m, (32)

where Ey.y = hv/1keV. Given that 7r 2 1 for roughly a year
after the explosion (Equation (3); Figure 2), photons with
energies <10keV are absorbed for several years after the
explosion (Margalit et al. 2018a).

Figure 3 shows the effective optical depth as a function of
the primary photon energy for different Thomson columns, 7r.
From low to high photon energies, the dominant processes
responsible for photon energy loss are bound-free absorption
(E < 30keV), Compton downscattering (E < 10 MeV),
Bethe—Heitler photon—matter pair production (E < 10 GeV),
pair creation on nonthermal radiation (if present), and pair
creation on thermal supernova radiation (E 2 10-100 GeV).

Dashed and dotted lines in Figure 3 show different
approximate analytical results, which may be compared with
the exact results obtained from Monte Carlo simulations of
photon diffusion (solid lines). In the Compton-dominated range
(0.1 MeV < E < 10 MeV), the simple analytic expression for
Tcefr (Equation (31)) can significantly overestimate the true
effective optical depth when 71 > 1. A more detailed analytical
solution to the radiative diffusion equation (described in
Appendix A) does a better job of reproducing the numerical
results in the Thomson thick case.

The top panels of Figure 4 show the effective optical depth
Ter as a function of photon energy at several snapshots in time
after the explosion for ejecta and magnetar parameters fit to the
optical light-curve data on SN 2015bn and SN 2017egm (see
Table 3). The lowest optical depth occurs in an energy window
surrounding ~1 GeV, which broadens from the MeV to the
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Figure 3. Effective optical depth, 7., as a function of initial photon energy for
diffusion out of a spherical cloud, defined such that exp(—7) is the fraction of
energy that escapes without significant downgrading (i.e., at photon energies
Eou > E/2). Results are shown for different values of the radial Thomson
optical depth (from top to bottom): 7r = 30, 10, 1, and 0.1. Red solid lines
show the results of full Monte Carlo simulations, black dashed lines correspond
to an analytical solution to the radiative diffusion equation (Appendix A), and
black dotted lines sShow 7 cff + Tabs, Where Tups = Tph—mat + Tyy.th + ot is the
sum of the absorption optical depths and 7 . is an estimate of the effective
optical depth due to Compton downscattering (Equation (31)). The thermal
compactness in the Monte Carlo calculations is taken to be £y, = 1072
however, our results only depend on this assumption at the highest photon
energies E > 10' eV (which undergo ~y interactions on the thermal
radiation field).

TeV range as the ejecta expands and the radiation field dilutes
over the course of several years. The bottom panels of Figure 4
show 7. now as a function of time since explosion for
different photon energies. The ejecta becomes transparent
(Terr < 1) at energies of 1—10 GeV accessible to Fermi LAT by
t ~ 100-300 days, while transparency is delayed for years at
~TeV energies because of ~y absorption by the supernova
optical light.

2.4. Gamma-Ray Thermalization

The efficiency of the reprocessing and thermalization of the
nebula energy by the supernova ejecta is crucial to explaining
the optical light curves of engine-powered supernovae.
However, the mechanism of reprocessing is complex and
nonlinear. Even if gamma rays are attenuated during their
escape from the ejecta (Section 2.3), this does not guarantee
that their energy will be thermalized. In particular, the result of
vy and Bethe—Heitler photon—matter processes (which dom-
inate the attenuation of high-energy gamma rays) is the
production of an energetic electron/positron pair. As shown in
Appendix B, this pair will generally experience rapid radiative
cooling, producing a second generation of radiation that itself
may or may not escape the ejecta (potentially producing yet
another generation of pairs, and so on).

Energy is deposited into the thermal radiation field via three
main channels: (1) Compton downscattering of photons on cold
electrons, (2) Coulomb collisions whereby nonthermal pairs
lose their energy to cold plasma, and (3) photoionization.

Below a few tens of keV, the dominant opacity source is
photoionization. At these energies, the photoelectrons are
strongly coupled to thermal electrons; furthermore, the
photoionization cross section generally increases as the
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Figure 4. Top panels: effective optical depth through the supernova ejecta, 7., as a function of photon energy shown at different snapshots in time after the explosion
as marked. The calculations are performed for magnetar and ejecta parameters fit to the optical light curves of SN 2015bn (left) and SN 2017egm (right). We explore
the dependence of the results on two approximations for the optical radiation field at late times, which serve as targets for 7y pair production. The cases shown as solid

lines assume blackbody emission at the equilibrium temperature Toi = (Lope/47 0 R

1/4 where Ly is the optical /UV luminosity. The cases shown as dashed lines

were instead calculated assuming a floor on the blackbody temperature at 7.; = 4000 K as a crude proxy for the supernova nebular spectrum comprised of optical /
near-IR emission lines. We neglect nonthermal X-ray target radiation in calculating the ~+ optical depth, as is generally a good approximation at late times when
T,y S 1. Bottom panel: effective optical depth, now as a function of time after explosion for different photon energies as marked.

Table 3
Magnetar Model Parameters Used in Monte Carlo Simulations

SN By Py M, v

ej ej Ropt Ie
- (106G  (ms) M) (G(ms) (m’g ") (days)
2015bn 0.43 2.6 11.7 5400 0.1 54
2017egm* 1.0 55 3 7000 0.07 46
Note.

 Broadly motivated by Bayesian fits of the Kasen & Bildsten (2010) model to
supernova optical light-curve data (Nicholl et al. 2017a).

radiation energy is reprocessed toward lower frequencies by
repeated photoionizations and recombinations. For these
reasons, it is reasonable to assume that all energy lost to
photoionization is efficiently thermalized, i.e., occurs faster
than any other timescale of interest.

Between tens of keV and ~10 MeV, most of the photon
energy loss is due to Compton downscattering. Above

mec*> ~ 1 MeV, the photon can lose a significant fraction of
its initial energy in a single scattering event; energy conserva-
tion then implies that the energy of the upscattered electron can
reach a similar fraction of the photon energy. Following
Equations (B1)-(B9) in Appendix B, the ~MeV electron
subsequently loses its energy via either IC scattering or
Coulomb interactions with thermal electrons, both of which
typically occur faster than the ejecta expansion time over which
the pairs would experience adiabatic losses (Figure 13). In the
former case, the photon is upscattered from the optical /UV to
~keV energies, where it is thermalized by photoionization,
while in the latter case, the ~keV electron directly shares its
energy with the thermal electron pool.

Photon-matter pair production begins to dominate the
photon energy loss above a few tens of MeV. However, only
a fraction of the energy used for pair creation is eventually
thermalized. The created secondary leptons have, on average,
half the energy of the primary photon. They cool mostly by IC
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and free—free emission, as well as by Coulomb collisions,
which become increasingly dominant as the lepton energy
decreases (Equations (B4) and (BS8)). The thermalization
efficiency of the lepton’s energy depends on (1) the fraction’
of its energy lost to Coulomb collisions and (2) the shape and
characteristic frequency of the pair’s IC and free—free radiation.
The energy emitted in <10keV photons is photoelectrically
absorbed and thermalized, while higher-energy radiation either
escapes, is lost by direct Compton (and thermalized), and/or
generates a subsequent generation of electron—positron pairs.

The issue of thermalization is directly addressed by our
Monte Carlo simulations in Section 3, which follow the
diffusion of photons out of the spherical ejecta cloud and self-
consistently follow the electron—positron pair cascade initiated
by the high-energy radiation. To briefly preface our results here
(see Figure 12 for details), for magnetized nebulae (g > 0),
Compton and photoelectric thermalization are found to
contribute roughly equally to the ejecta heating for the first
few months after explosion while the Thomson optical depth is
high. However, photoelectric absorption comes to dominate the
ejecta heating at late times, once synchrotron emission
contributes a greater fraction of the nebula cooling. Coulomb
heating also contributes appreciably during the transition
period between the early Compton- and late photoelectric-
dominated epochs.

2.5. Pair Loading of the Pulsar Wind and Regulation of the
Mean Energy of Pairs Entering the Nebula

Consider a simple model in which the pulsar luminosity is
dissipated in a localized radial zone near or just prior to the
termination shock (where the radial momentum flux of the
wind matches the nebula pressure) and transferred to the pairs
entering the nebula from the upstream wind region (Figure 1;
Kennel & Coroniti 1984; Sironi & Spitkovsky 2011). The
mean energy gain per particle,

L.

Ay = — , 33
Y Nom. 2 (33)

depends on the ratio of the wind luminosity, L., and the number
of pairs carried into the dissipation radius, N.. The latter is the
sum of pairs injected directly from the engine on small scales
(Equation (13)) and those generated in situ via 77y pair creation.
The high-energy gamma rays that create pairs in the wind can
originate both directly from the nebula (radiation from freshly
heated pairs) and from the supernova ejecta (inward scattering /
diffusion following incomplete reprocessing of gamma rays
from the nebula). This creates a feedback loop between A~y and
the number of generated pairs in the wind; as the energy gain
per particle increases, the resultant higher photon energies
emitted by the nebula increase pair production in the wind,
which in turn reduces the per-particle energy once those pairs
reach the dissipation region.

In a (quasi-)steady state, the number M, of secondary pairs
produced in the wind region per single lepton heated at the
termination shock must be unity, i.e.,

M. ~ 1. (34)

° Roughly given by the ratio of the lepton Lorentz factor below which

Coulomb losses dominate, v, (Equation (BS)), and the Lorentz factor at which
the lepton was created.
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If this was not the case (say, each heated lepton were to instead
generate more than one secondary), then N, would increase,
and A~y would correspondingly decrease. Typically, both the
pair-production opacity and the overall “gain” factor of the
cycle decrease with decreasing A~; hence, the system would
readjust itself to attain a gain factor of ~1.

The source of the high-energy gamma rays and target
radiation on which they produce pairs in the wind can be either
the optical/UV thermal background or higher-energy non-
thermal X-rays. The different regimes are described in detail in
Appendix D, and their key properties are summarized in
Table 2 in the rough time order in which they dominate the
wind pair loading. We also provide an estimate of the
timescale, t, after which each pair-loading channel “breaks”
and A+ increases to the next relevant channel.

At early stages, around and just after optical peak, the value
of N due to vy pair loading of the wind is so high that leptons
entering the nebula do not generate sufficiently energetic
photons to interact with the optical/UV radiation field; the
generation of secondary pairs at this stage is dominated by
interactions of IC gamma rays with other nonthermal photons
(typically, X-rays and soft gamma rays also of IC origin). This
phase generally includes the epochs at which the ejecta
becomes optically thin to photon—-matter pair production
(Figure 3), enabling gamma-ray emission in the Fermi LAT
range to escape. For sufficiently high values of the nebula
magnetization, the interaction of the IC-generated photons with
synchrotron targets can also dominate the wind pair loading for
times up to about a year.

As the nebula expands and the compactness decreases, the
value of A~y increases until the cooling pairs radiate photons of
sufficient energy to also pair-produce on the ~1-10eV thermal
optical photons. We explore this case in some detail here, as it
typically dominates the wind pair loading on timescales of
years after the explosion, when the system is becoming
transparent at the highest gamma-ray energies. A more detailed
exploration of the results described below is provided in
Appendix D.

Figure 5 shows the numerically calculated multiplicity M.
due to -y pair creation in the pulsar wind by a single pair
injected into the nebula. We use exact IC/synchrotron cooling
rates and spectra assuming a target radiation field dominated by
thermal radiation of dimensionless temperature 6 = kT.g/ mec2
and show the results as a function of the initial injected Lorentz
factor vy, of the pair. Different lines show the results for
different values of the vy optical depth 7., 4 through the wind
region and different ratios of the nebula’s magnetic to thermal
compactness, ¢ /¢y, (Equation (16)).

Unsurprisingly, Figure 5 shows that the multiplicity
increases with the initial particle energy ~,, the mean energy
of the target radiation ¢, and the gamma-ray optical depth 7., .
On the other hand, M, decreases with increasing ¢g /¢y, This is
because synchrotron photons (which dominate IC in cooling
the pair for fg/¢y, = 0.1-1) have lower energies that are
insufficient to produce pairs on the optical photons (see
Equation (26) and surrounding discussion).

At early epochs fy1c <t < g (Equation (17)), when the
nebula is still weakly magnetized (¢g/ly, < 0.1), Figure 5
shows that the regulation condition M, ~ 1 (Equation (34)) is
always achieved for particle energy o0 ~ few. The mean
Lorentz factor of particles entering the nebula, as well as the
characteristic energy of the photons they radiate (but not
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Figure 5. Pair multiplicity M. generated in the pulsar wind by 7y interactions
as a function of 4+y0, where ~, is the average Lorentz factor of heated leptons
entering the nebula and 0 = kT g/ m, ¢? is the dimensionless temperature of the
background target radiation field (assumed here to be thermal radiation with
T ~ 10°-10° K, corresponding to § ~ 107°-107°). Separate lines show the
results for different values of 7.4, (the y pair creation optical depth through
the wind region; Equation (30)) and the ratio of magnetic to thermal
compactness g/, in the nebula (Equation (16)). As described in the text, vy
pair loading of the pulsar wind regulates M. ~ 1 and hence 7, ~ 1/6 so long
as Tyym 2 1 and £g/ly, < 0.1, conditions typically satisfied for months to
years following the supernova explosion.

necessarily those that escape), will thus remain close to
A~y = 9 ~ 1/0 as long as the wind is opaque to gamma rays
above this energy (i.e., 7oy, > 1). Rescaling Equation (12)
slightly to represent the optical depth of the nebula'® instead of
the entire ejecta, we see that the condition 7,4 > 1 will
remain satisfied for a few years following the explosion.
Taking 6 = kT.g/(m.c®) ~ 107° for T.q ~ 6000 K, the
regulated particle/photon energy during this epoch is
'yomecz ~ mecz/ 0 ~ 1 TeV just after the source is becoming
transparent to vy pair production at these energies (., ~ yr;
Equation (12)).

On the other hand, Figure 5 also reveals that for high
magnetization fg/ly, 2 0.1 (t 2 tg; Equation (17)), the self-
regulation condition M, ~ 1 cannot be achieved for any value
of 7o. It would then appear that the pair-regulation process
should break down at ¢ ~ tg even if 7.,y > 1 is still satisfied.
In practice, however, we find that if €5 is sufficiently large for
tg < t4, then synchrotron radiation can in fact dominate over
thermal photons as the targets for pair creation (Table 2).

Finally, at late times ¢ > t.,,, once the wind is transparent to
IC radiation, a final stage of regulated pair production can
occur, this time by synchrotron gamma-ray photons on
synchrotron X-ray targets. This regulation phase can last for
a time t4 g, ~ 10yr, after which the mean pair energy Ay
increases to the completely “unregulated” value set by the
intrinsic wind pair loading (v;,; Equation (18)) or the
synchrotron burn-off limit (v,,q; Equation (19)).

10 The thermal compactness of the ejecta £, must be replaced by the somewhat
higher compactness of the wind region, £y, & (Rej/Rq)¢w, arising due to its
smaller radius, R, ~ R.j/2.

10
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3. Monte Carlo Simulations
3.1. Details of the Numerical Model

We perform three-dimensional Monte Carlo simulations that
track the energy evolution of electron/positron pairs and
photons in the magnetar nebula and supernova ejecta, as well as
the outward radial diffusion of both high-energy and optical
photons through the ejecta. We employ a two-zone approach,
which separately considers a homogeneous inner “wind/
nebula” zone and an outer “ejecta” zone (Figure 1). Photons
and electron/positron pairs can occupy both zones, but ions
and their associated electrons are restricted to the ejecta shell.
Conversely, the magnetic field is restricted to the wind/nebula
zone and assumed to be negligible in the ejecta zone.

The ejecta is assumed to extend from R, = Ry; /2 to R and
expand homologously with a density and velocity profile
pocv 't oc r 7% and v/vej = r/R.;, respectively (Chevalier
& Soker 1989). The photon free path for interaction is
computed based on the local instantaneous value of density p.
We do not account for acceleration of the ejecta by the nebula
because throughout most of the evolution of interest, the
nebula/ejecta is radiative (such that most of the engine’s
luminosity is lost to radiation rather than converted into bulk
kinetic energy). The true ejecta distribution will undoubtedly be
more complex than the spherically symmetric homologously
expanding shell we have assumed, for instance, being
compressed into a thin radial shell by the nebula (e.g., Kasen
& Bildsten 2010) or characterized by inhomogeneities and
mixing resulting from Rayleigh-Taylor instabilities at the
nebula—ejecta interface (e.g., Chen et al. 2016; Suzuki &
Maeda 2021). However, we do not expect our qualitative
conclusions to depend on such details.

Primary pairs are injected into the nebula at the radius
Risj = R, corresponding to the termination shock at the rate N,
specified by Equation (13) for an assumed Goldreich—Julian
pair multiplicity ;. = 10*. The multiplicity is uncertain
theoretically, but our key results turn out to be insensitive to
its precise value because the mass loading of the wind over
timescales relevant to optical and gamma-ray observations is
dominated by secondary pairs generated by -y interactions in
the wind zone (Section 2.5). The latter are explicitly tracked
after being generated as they are advected outward in the wind.

Upon reaching the termination shock radius, both the
primary and secondary pairs are energized based on the current
pulsar spin-down luminosity, L. (Equation (4)). Depending
on the total rate at which particles enter the shock, N,
each particle experiences an energy gain of Ay o< L./Ny
(Equation (33)). All pairs entering the shock receive the same
energy gain, regardless of their initial energy, and we do not
account for potential nonthermal particle acceleration at the
shock. At early times, when ~y pair loading dominates the
particle budget of the wind, the two-way feedback between
the number of secondary pairs generated in the wind zone and
the dissipated energy per particle A~y (Section 2.5) introduces
oscillations in A~ causing some “jitter” in our results on top of
that present due to the Monte Carlo sampling.

We assume that pairs radiate their energy in the nebula
isotropically with negligible bulk velocity. In principle, this
assumption might be questioned because at early times of
interest, the yy pair creation—and concomitant mass loading
and heating of the wind—occur over a region of finite radial
thickness ahead of the wind termination shock roughly equal to
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the mean free path of high-energy photons to 7 interactions. If
the hot pairs entrained in the wind were to cool radiatively over
this radial scale faster than being advected into the nebula, then
the engine’s luminosity would instead be radially beamed due
to the relativistic motion of the wind, violating the assumption
of isotropic emission and altering the energy spectrum of the
pairs’ emission.

In Appendix C, we show that IC cooling can be neglected
within the pair-loading region so long as the pulsar wind
remains relativistic all the way to the termination shock. The
condition for negligible synchrotron cooling is somewhat more
stringent and requires either the wind to possess a bulk
r'>f, 172 from a few to ~10 or low magnetization o < fin T2
by the radius of pair loading. These conditions could be
satisfied if the Poynting flux of the wind is largely converted
into heat or bulk kinetic energy by the termination shock (e.g.,
as is inferred to occur in the Crab pulsar wind; Kennel &
Coroniti 1984) or if the process of y pair loading the wind
itself acts to reduce its magnetization. Though beyond the
scope of this paper, we plan to explore the latter possibility in
future work (see Section 4.1 for additional discussion).

As long as the pairs do not cool in the relativistic wind zone,
the precise location at which they are energized is not critical
because the particles radiate most of their energy isotropically
once they reach the nebula. This allows us to forgo treating the
wind zone as a separate region regarding synchrotron and IC
processes.

The magnetic field within the wind/nebula region is given
by Equation (14); i.e., we assume the magnetic energy to be a
fixed fraction eg of the total energy deposited by the engine
over the ejecta expansion time. We generally assume modest
values of the nebula magnetization eg < 1, motivated by the
likelihood of magnetic reconnection within the subrelativisti-
cally expanding nebula (e.g., Begelman 1998; Porth et al.
2013) and the potential reduction in wind magnetization even
prior to the termination shock due to ~y pair loading as
mentioned above.

All of the photon destruction and creation processes
discussed in Section 2.3 are included in both the nebula and
ejecta. In addition to the high-energy (nonthermal) radiation,
we also explicitly follow the creation and transport of optical
(thermal) photons. The optical photons are created by the
thermalization processes described in Section 2.4, namely
Compton downscattering on cold electrons, Coulomb losses by
nonthermal electrons /positrons, and photoionization. While the
detailed spectrum of optical radiation is not considered, the
code follows the frequency-integrated energy of the optical
radiation field represented by Monte Carlo (MC) particles.
Their interactions with the ejecta material as they diffuse
outward are assumed to take place with a constant opacity Kop.
The radial expansion of the ejecta is taken into account in the
interaction events (modeled as coherent scattering in the local
instantaneous rest frame), thereby automatically accounting for
adiabatic losses and hence suppression of the early optical
radiation when 7o, > ¢/vej.

The numerical procedure for Monte Carlo radiative transfer
follows similar principles as employed in earlier works (e.g.,
Kasen et al. 2006; Roth & Kasen 2015). The photon and high-
energy electron/positron distributions are sampled using
packets of energy (MC particles/photons), each of which
represents a certain number of physical particles/photons with
similar properties (e.g., energy, propagation direction). As the
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simulation runs, MC electrons/positrons are advected outward
with the local flow speed. The MC photons propagate freely
until they either escape or interact; the distance to the next
interaction is determined by s = —In(q) /o, Where ayy is
the total opacity (scattering and absorption), and ¢ is drawn
randomly from a uniform distribution between zero and 1.
When an interaction occurs, the probability of a particular
process i taking place is determined by «;/ .

During the run, new MC electron/positron pairs are
introduced into the nebula at each time step in proportion to
the number of primary particles injected by the central engine;
each MC particle is assigned a weight according to how many
physical particles it represents. As the pairs cool and radiate,
new MC photon packets are introduced such that (1) a preset
number of photon packets are created over the entire MC
lepton cooling history (typically a few); (2) for better statistics
at high photon energies, the MC photon weights are adjusted so
that the number of emitted photon packets is biased toward
higher frequencies compared with the physical spectrum; and
(3) the combination of the number and weight of the created
packets at each photon energy represents the physical emission
spectrum of the cooling lepton.

When an MC photon pair produces, the created MC pairs
inherit the weight of the photon packet. Due to the nonlinear
nature of the pair-photon cascades, it is not straightforward to
determine, a priori, the number of MC particles/photons that
will be generated by the simulation. Therefore, if their number
exceeds a preset value at any given stage, we randomly remove
a fraction of MC packets from the simulation; the weights of
the remaining particles are then adjusted by the same fraction,
so that they represent the same physical state as before the
packet removal.

In the simulations presented this paper, the typical number of
MC particles/photons within the simulation at any given time
is 1086—1097, and the total number of escaping photon packets is
~10°-10".

As summarized in Table 3, we adopt parameters for the
ejecta (M, Vej» Kop) and magnetar engine (By, Po) that are
broadly motivated by model fits to the optical light-curve data
on two well-studied SLSNe, 2015bn and 2017egm (Nicholl
et al. 2017a, 2018). Once the basic ejecta and engine
parameters have been specified, the main free parameter is
the nebula magnetization, whose value we vary from g5 = 0 to
10~2 (similar to the Crab Nebula).

3.2. Results

Figures 6-11 summarize our results for SNe 2015bn and
2017egm for different values of the nebula magnetization. For
the illustration of key observables, such as the optical and
gamma-ray light curves, we present results for both super-
novae. However, given that the two models exhibit a
qualitatively similar evolution, for the more interpretation-
focused figures, we present just the SN 2015bn cases. Insofar
as these two supernovae are also fairly representative of the
larger SLSN population (Figure 2), we expect qualitatively
similar results to those presented to hold more broadly.

The optical light curves (Figures 6 and 7) around and just
after peak are largely insensitive to magnetization and, in fact,
more generally to the details of energy deposition and
reprocessing of high-energy radiation within the nebula/ejecta.
This is because reprocessing at this early stage is nearly 100%
efficient; thus, most of the high-energy radiation gets
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Figure 6. Optical and gamma-ray light curves of magnetar-powered supernovae, calculated for different values of the nebula magnetization eg = 0, 10~7, 104, 102
as marked above each plot. The magnetar and ejecta parameters (Table 3) follow model fits to the optical light-curve data for SN 2015bn (shown as black dots; Nicholl
et al. 2016a). A dotted—dashed line shows the engine luminosity L. (Equation (6)).

downgraded into the optical band, where opacity is lower
compared to higher frequencies. Defining a “thermalization”
optical depth,

Ttherm — —111(1 - Lopt/Le)9 (35)
we find Tgperm > 1 at times ¢ < 100 days (Figure 10). The
opacity Kgm = (Therm/TT)Kes that corresponds tO Typerm 1S
equivalent to the gamma-ray thermalization opacity introduced
in previous SLSN modeling (e.g., Chen et al. 2015; Wang et al.
2015), with the important difference that its value is calculated
here self-consistently and is not constant in time.

Our theoretically predicted optical light curves rise some-
what more abruptly than SLSN observations (shown as black
points in Figures 6 and 7) prior to optical maximum. This is
partly a consequence of our assumption of initially cold ejecta
and the sole energy source being the centrally concentrated
nebula. In the physical case, other sources of volumetrically
distributed heating of the ejecta not accounted for in our model
may contribute to the thermal emission at early times and
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flatten the rise. Such additional heating sources include the
shock driven into the ejecta by the nebula at early times (e.g.,
Chen et al. 2016; Kasen et al. 2016; Suzuki & Maeda 2019) or
a relativistic jet from the central engine (e.g., Margalit et al.
2018b).

Starting a few months after the explosion, Tierm falls below
unity, and high-energy radiation begins leaking out of the
ejecta. Most of the gamma rays that escape at early times are
generated by IC scattering in the nebula. The ejecta shell first
becomes transparent in the energy range 0.01-10 GeV, within
the bandpass accessible to Fermi LAT (Section 2.3). The
corresponding ~GeV light curves (red lines in Figures 6 and 7)
rise to a maximum at ¢ ~ 200 and ~100 days, respectively, at
which stage they carry a sizable fraction of the engine
luminosity; any higher-energy gamma-ray emission at this
epoch is also reprocessed down into the ~GeV band.

The emission properties at yet higher energies =100 GeV
rely on both the pulsar wind’s ability to inject sufficiently
energetic pairs to create such photons and the ability of those
photons to escape the nebula and ejecta in the face of ~y
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Figure 7. Same as Figure 7 but for magnetar model parameters fit to SN 2017egm (optical light-curve data from Nicholl et al. 2017a; Bose et al. 2018).

absorption. Regarding the first condition, Figure 11 shows that
at lower magnetizations, the average energy of the injected
pairs has already increased to Ay > 10° (>100GeV) by
~200 days (as set by the regulated ~y pair loading in the wind;
Section 2.5). These energetic pairs mainly cool by IC radiation
on optical targets in the Klein—Nishina regime, depositing most
of their energy into photons with energies comparable to the
cooling lepton (see Equation (24)). The delayed onset of
2100 GeV until # ~ 100-200 days is then mainly controlled by
opacity, which at these energies is dominated by 7y interactions
on the optical radiation field (Figure 4).

Because opacity controls the ability of the highest-energy
gamma rays to escape, the peak timescale and luminosity of the
2100 GeV emission is strongly dependent on the thermaliza-
tion efficiency (Equation (35)) insofar as the latter determines
the fraction of the engine’s luminosity that is reprocessed into
optical target radiation. A steeper (shallower) decay of the
optical light curve hastens (lengthens) the vy optically thin
transition and generally increases (decreases) the peak
luminosity in the 2100 GeV bands.
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On the other hand, a very steeply decaying optical light
curve (e.g., the eg = 0 cases in Figures 6 and 7) also acts to
suppress the late high-energy emission. This is because, absent
synchrotron cooling, a weak target radiation field for IC
cooling hastens the transition of the nebula into an adiabatic
regime, after which the injected pairs are no longer able to cool
efficiently over a dynamical time. This results in a turnover in
the light curves at all energy bands for g ~ 0.

At high magnetizations, the increase of injected pair energy
into the 2100 GeV domain is delayed by more efficient pair
loading within the pulsar wind. The lower engine luminosity at
later times, higher synchrotron losses, and higher vy opacity
due to more efficient thermalization all contribute toward
suppression of the 100 GeV emission in high-eg cases.

Figure 8 shows the cumulative and instantaneous spectra at
different times for SN 2015bn in the eg = 107 and 1072
models. Gamma-ray emission initially appears in the
0.1-10 MeV range around peak optical light. Before ¢ ~ 100
days, the emission is significantly attenuated by Compton
recoil losses. At the low-energy end, the spectrum is truncated
by bound-free absorption, whereas the high-energy turnover
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Figure 8. Cumulative and instantaneous energy spectra of the escaping high-energy radiation from the eg = 107 and 10~2 models for SN 2015bn, corresponding to

the second and last panels of Figure 6.

represents the maximum energy of IC upscattered optical
photons. The latter is limited by the fact that the energies of the
pairs in the nebula responsible for the upscattering at this stage
are regulated to a low value (Figure 11) due to efficient pair
production on nonthermal radiation (Table 2).

As the transparency window expands, the spectrum broadens
and becomes limited by photoelectric absorption and thermal
pair production at the low- and high-energy ends, respectively.
At t ~ 300 days, the spectrum is relatively flat in vF,, space,
softened relative to the classical cooling spectrum vF, V2
by pair-photon cascades. As the overall compactness decreases,
the cascade ceases, and the spectrum correspondingly hardens.
The bulk of the gamma-ray energy at ~1 yr emerges just below
the frequency above which the source is optically thick to pair
production on the exponential tail of the thermal photon
spectrum.
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Starting approximately 2-3 yr after the explosion, the ~y
optical depth drops below unity, and all of the radiated TeV
photons can escape from the source. This also marks the time
when the v pair loading of the wind begins to wane, causing
the energy per lepton to increase (Figure 11; see discussion in
Section 2.5). As a result, the IC scattering evolves even deeper
into the Klein—Nishina regime, which has two significant
consequences: (1) synchrotron emission can become the
dominant cooling mechanism even if & /¢, < 1, and (2) in
case the electron cooling is still dominated by IC radiation
(e.g., in the eg = 1077 model), the transition to the adiabatic
regime takes place earlier than it would for lower A~; both
have a suppressing effect on high-energy gamma-ray emission.
The emergence of an energetically dominant synchrotron
component is seen at t~ 600 and 2000 days in the
eg =102 and 1077 cases, respectively, at 10-100keV
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Figure 9. Time evolution of injection, thermal, and magnetic compactnesses

and Thomson optical depth (Equations (8), (10), (15), and (2)) for the SN
2015bn models shown in Figure 6.

(magenta and green lines, right panels of Figure 8). Prior to this
time, most of the escaping gamma rays were generated by IC
scattering. The time-integrated energy radiated in the synchro-
tron component is seen to be greater for larger values of ep.
Figure 10 shows the time evolution of the thermalization
optical depth of the ejecta (Equation (35)) separately on its own
(left panel) and normalized to the Thomson optical depth 7t
(right panel). The Tyerm/7r ratio is proportional to the
thermalization opacity ry, employed in previous SLSN models
and shown on the right vertical axis. The effective xy, is larger
for higher values of eg due to the greater role of synchrotron
emission compared with IC scattering in higher magnetic
fields; the lower energies of the synchrotron photons result in
them being thermalized with higher efficiency. The rise of
Ttherm/TT at hundreds of days occurs once synchrotron
emission begins to dominate the thermalized luminosity (even
if synchrotron does not necessarily yet dominate the total
nebula cooling because ¢y, > g; Figure 9). The abrupt plunge
N Typerm at £ ~ 2 yr in the unmagnetized case (g = 0) is again
the result of the nebula becoming adiabatic to IC cooling as a
result of the reduced seed field due to energy escaping the
nebula. All models depart at late times from the approximately
constant value of Tyerm/7T & 0.1 expected for thermalization
of radioactive decay products (e.g., Swartz et al. 1995) and
employed in previous SLSN modeling (e.g., Chen et al. 2015).
Figure 12 separates the ejecta heating into the individual
contributing processes: photoelectric absorption, Compton
downscattering, and Coulomb scattering (Section 2.4). For
the first few months after the explosion, the thermalized power
is shared roughly equally by Compton downscattering of MeV
photons and photoelectric absorption. At these early times, vy
pair production in the pulsar wind on IC-generated soft gamma
rays regulates the injected pair energy to a relatively low value
Ay~ 1/ JO ~ 300; see Figure 11, Table 2). The leptons
energized in the wind/nebula cool primarily by upscattering
optical photons into the MeV domain. These photons
subsequently experience Compton recoil losses as they diffuse
through the ejecta (Figure 4, top panels). The portion of the IC
spectrum below a few tens of keV is absorbed by the
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photoelectric process, which also contributes appreciably to
the total heating at early times.

The channel for loading secondary pairs into the pulsar wind
on nonthermal IC target radiation becomes less efficient a few
hundred days after the explosion. The available energy per
lepton then increases until thermal pair production takes control
of the pair loading, enforcing Ay ~ 1/6 (Table 2). The overall
thermalization efficiency decreases, as the bulk of the
dissipated luminosity now escapes as MeV-GeV photons.
Albeit with decreasing efficiency, the low-energy part of the IC
spectrum continues to contribute to thermalization via the
photoelectric and Compton recoil processes (Figure 12),
roughly according to the effective opacity shown in Figure 4.
In addition, the lower-energy (y < A+) electron—positron pairs
generated within the ejecta by photon—matter and photon—
photon pair production contribute to heating/thermalization via
Coulomb losses.

However, after ~100-200 days, synchrotron emission
becomes the dominant contributor to the thermalized luminos-
ity, unless the nebula magnetization is extremely low. At this
stage, the synchrotron spectrum typically peaks in the X-ray
domain (Equation (26)), and a large fraction of its luminosity is
thermalized by photoelectric absorption. In this regime, one can
derive a simple approximate relation between the injected and
thermalized luminosities (i.e., thermalization efficiency).
Assuming that the nebula pairs cool predominantly by
upscattering thermal photons, and that the cooling is still fast
compared with the dynamical time (¢ < 7.; Equation (23)), one
can write

'.Ysyn

Yic

_“Bn (1 — e ™), (36)
KNUth, n

Lopy = Le (1—e™)y=1L,

where ug ,, and uy, ,, are magnetic and thermal radiation energy
densities within the nebula, respectively, and 7 is an
appropriately defined “average” photoelectric opacity of the
synchrotron photons. Using Equation (14), the magnetic energy
density can be expressed as

. B_n2 _ Le 3€BC
87 47rch Vi ’

up (37)

whereas the thermal energy density is ug = Loy / (47rcan).
Substituting ug and uy, into Equation (36), we obtain

Lopt %\/ 3<€BC (1
L

e FKN Vn

— e ), (38)

Ttherm ~

For example, in our SN 2015bn model with g5 = 1077,
synchrotron emission is efficiently absorbed by the bound-free
process for the first ~3 yr,i.e 7y > 1. Between ¢ ~ 1 and 3 yr,
the lepton injection energy is regulated to A~y ~ 1/6, such that
Fxn =~ 0.05 (Section 2.5). This, along with v, & v,j/2 ~ 2700
kms ', yields Therm & Lopi/Le = 0.026. This is a slight
underestimate compared with the numerically computed
Tmerm (Figure 10, left panel), owing to contributions from
Compton and Coulomb thermalization at earlier times, as well
as somewhat higher A~ (and thus lower Fgy) toward the end of
the considered time interval. These are also the reasons for the
slight upward curvature of Tyem, Which would otherwise
remain constant as long as the above assumptions are valid.
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Figure 10. Evolution of the thermalization optical depth Tyerm (Equation (35)) for the SN 2015bn models in Figure 6. In the right panel, we have normalized Tyerm to
the Thomson optical depth 7 o 2 (Equation (2)), which is shown separately with a dashed line in the left panel. The ratio Tiherm/TT = K/ es Can also be interpreted
in terms of the gamma-ray thermalization opacity xy, introduced in previous SLSN modeling (e.g., Wang et al. 2015; Nicholl et al. 2017c; which, however, assumes a
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ordinary hydrogen-poor supernovae (Swartz et al. 1995).
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Figure 11. Energy received per lepton at the wind termination shock for the SN
2015bn models (Figure 6). Shown for comparison are v;, (Equation (18)), the
mean energy that the pairs would acquire upon entering the nebula if ~y
loading was absent; 1/6, an analytic estimate of the self-regulated particle
energy when 7y pair production on thermal radiation regulates the wind pair
loading (see Section 2.5, Figure 5); and ~.q (Equation (19)), the maximum
particle energy corresponding to the synchrotron burn-off limit.

4. Discussion

4.1. Late-time Optical Light Curves as Probes of the Nebula
Magnetization

If SLSNe are powered from within by reprocessing of a
central gamma-ray source, this should manifest indirectly in the
late-time behavior of their optical light curves. Our self-
consistent models of the nebula gamma-ray emission and its
thermalization provide an opportunity to explore this question
on solid theoretical footing and explore its implications for the
magnetar model.

Nicholl et al. (2018) fit SLSN light curves to the magnetar
model, including a suppression factor f; = (I — e~ "hm) on
the engine luminosity to account for incomplete thermalization
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of the engine gamma rays at late times, where Tyqerm X KnTT
x Kyt > and kg is taken to be a constant gamma-ray
thermalization opacity (Chen et al. 2015; Wang et al. 2015).
At late times, when Tyerm << 1, this model predicts a decay of
the supernova luminosity Loy ¢ Lefin X LeTiherm X r for a
magnetar engine with L. oc t 2 (Equation (4)), in reasonable
accord with the best-fit power-law decay Loy o< * measured
for SN 2015bn over the time interval r = 200-1100 days
(Nicholl et al. 2018; Figure 6). A similar late-time steepening
below the putative magnetar spin-down luminosity is seen in
the optical light curve of SN 2017egm (Figure 7).

The best-fit values of g, ~ 0.01-0.1 cm? g71 inferred from
the SLSN light-curve fits (e.g., Nicholl et al. 2017c¢) are similar
to the value kg, ~ 0.02 cm® g~ expected from the thermaliza-
tion of ~keV gamma rays generated by the radioactive decay
of *Ni — °Co — *Fe in ordinary stripped-envelope
supernovae. In the case of radioactive decay, ry, is indeed
expected to be roughly constant over the first ~1000 days after
the explosion (e.g., Swartz et al. 1995). As our results illustrate,
however, for engine-powered supernovae, the spectrum of the
central gamma-ray emission spans a much wider energy range
than the predominantly ~keV spectrum of radioactive decay
products (e.g., Figure 8), and there is no reason a priori to
expect a similar value of x, for ordinary supernovae, much less
one that is constant in time.

On timescales of months after the explosion, our Monte
Carlo simulations do in fact reveal an effective value
Ttherm/ 7T ~ 0.1-1 corresponding to rg ~ 0.01-0.1 cm? g*1
(Figure 10). However, the predicted time evolution strongly
deviates from kg, = const, with ky, initially decreasing before
reaching a minimum and then beginning to rise. At late times,
the reprocessed optical luminosity approaches a fixed fraction
of the engine luminosity (Tiherm/ Tt X K X 2 Equation (38)).
The transition to a rising kg, is driven by synchrotron emission
becoming the dominant mode of thermalization and hence
occurs earlier for larger values of the nebula magnetization, eg.
In particular, to match the steep optical light-curve decay Loy
o % of SN 2015bn out to ¢ > 1000 days, we require
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Figure 12. Thermal luminosity Ly, responsible for powering the optical light curves of SLSNe and its partition into different channels of thermalization (Compton,
Coulomb, and photoelectric), described in Section 2.4, for the models of SN 2015bn shown in Figure 6. Photoelectric absorption of soft synchrotron X-ray photons
dominates the thermalization of the nebula radiation at late times, unless the nebula magnetization is very low (see Equation (38) and surrounding discussion).

eg < 107° (Figure 6). For SN 2017egm, matching the optical
luminosity at ¢ ~ 250 days requires eg < 10~* (Figure 7).

Stated another way, our models with eg 2 10~°-10~*
significantly overpredict the late-time optical light curves of
SN 2015bn and SN 2017egm. If the magnetar scenario for
these SLSNe (as commonly understood) is correct, then our
results show that highly efficient dissipation of the wind’s
magnetic field must occur in the wind or nebula (near the light
cylinder, the energy of the pulsar wind is carried almost entirely
in Poynting flux; Goldreich & Julian 1970). Magnetic
dissipation can take place in the nebula due to nonaxisym-
metric instabilities arising from the dominant toroidal magnetic
field geometry (Begelman 1998); however, the relatively high
residual magnetization observed in ordinary pulsar wind
nebulae such as the Crab Nebula, g > 1072 (e.g., Kennel &
Coroniti 1984; Begelman & Li 1992), suggest that such a
dissipation process alone may not be sufficient to reach the low
values of e required to explain SLSNe.
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One mechanism for converting Poynting flux into kinetic or
thermal energy is magnetic reconnection in the pulsar wind
ahead of the termination shock, as may occur due to
compression of the pulsar’s “striped wind” of radially
alternating magnetic polarity (e.g., Lyubarsky 2003). Support-
ing this possibility, Lander & Jones (2020) showed that soon
after birth, magnetars are likely to evolve to a configuration in
which their rotational and magnetic dipole axes are orthogonal.
This geometry maximizes the efficiency of magnetic dissipa-
tion in the striped wind (Komissarov 2013; Margalit et al.
2018b).

Another potentially important source of magnetic dissipa-
tion, which would not be present in older pulsar wind nebulae
due to their low compactness, is the result of pair loading due
to -y interactions (Section 2.5). Loading of the wind with
relativistically hot pairs may not only act to decelerate the
outflow but also reduce the wind magnetization as a result of
the electric current induced by the deposited pairs prior to their
isotropization in the comoving frame of the wind (D. Giannios
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2021, private communication). Though beyond the scope of the
present study, we plan to explore this possibility in future work.

Absent a viable mechanism for dissipating the nebula’s
magnetic field with extraordinary efficiency, we conclude that
the magnetar model for SLSNe as presently envisioned may be
theoretically challenged. We encourage additional late-time
optical observations of SLSNe to ascertain whether the
steepening seen in SN 2015bn and SN 2017egm is generic
and to search for the predicted late-time flattening arising from
the turnover in Tyerm/7-

4.2. Prospects for Gamma-Ray Detection of SLSNe

Our models predict that high-energy gamma-ray emission
will accompany SLSNe months to years after the explosion,
starting at ~keV energies (+ 2 50 days) and moving up to
~GeV (¢t 2 100 days) and eventually ~TeV energies
(= 1yr).

Unfortunately, the relatively low sensitivity of existing MeV
gamma-ray telescopes renders the predicted fluxes challenging
to detect given the typically large distances of SLSNe. Upper
limits on the 0.6-600GeV luminosities of SLSNe by
Fermi LAT were compiled by Renault-Tinacci et al. (2018).
On an individual basis, these limits on Type I SLSNe,
Liatr S 104104 erg s~ over a 6 month window following
the explosion, are in general not constrainin§ on the
luminosities predicted by our models of §104 erg s !
(Figures 6-8).

Higher-energy gamma rays =100 GeV can be observed by
atmospheric Cerenkov telescopes, such as the future planned
Cerenkov Telescope Array (Cerenkov Telescope Array Con-
sortium et al. 2019), which can perform pointed observations
that achieve deeper vF, sensitivity than obtained by Fermi LAT
in survey mode. However, these advantages are mitigated by
the fact that the ~TeV gamma-ray emission predicted by our
models only rises on a timescale of years, due primarily to the
high 7y opacity of the supernova optical light (Figure 2). Our
low-eg models, which best reproduce the optical light curves of
SLSNe, fortunately also possess the greatest TeV luminosities
(Figures 6 and 7). However, even in these best-case scenarios,
the predicted ~TeV peak luminosities are an order of
magnitude smaller than those in the ~GeV band and a factor
of several below the instantaneous engine luminosity at this late
epoch.

Despite these challenges, observational efforts to observe
nearby and optically bright SLSNe in the gamma-ray bands on
timescales of months to years are strongly encouraged. A
gamma-ray detection would represent a convincing confirma-
tion of engine-powered models (Kotera et al. 2013; Murase
et al. 2015).

4.3. Implications for Late-time Spectral Features

Nicholl et al. (2016b) proposed that the atypical oxygen
emission line features observed in the nebular spectra of SN
2015bn may be formed at the dense inner edge of the ejecta
shell and arise due to excitation by radiation or energetic
particles from the central engine (see also Jerkstrand et al.
2017; Nicholl et al. 2019). Milisavljevic et al. (2018) argued
that similar features in the nebular spectra of the (atypical but
nonsuperluminous) Type Ib SN 2012au result from photo-
ionization of the ejecta shell by a central pulsar wind nebula.
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Our models explicitly identify what physical processes are
responsible for heating the ejecta in engine-powered models.
As shown in Figure 12, at early times ¢ < 200 days, a sizable
fraction of the optical light curve is powered by Compton
thermalization, in which the upscattered electron shares a
portion of its energy directly with the plasma via Coulomb
scattering and another part via photoionization from secondary
photons created by IC scattering off the optical radiation. By
contrast, at late times ¢ 2 200 days, almost all of the
thermalization is due to photoionization by synchrotron
photons. Thus, insofar as “cosmic ray” versus photoionization
energy deposition will affect the ionization state evolution of
the ejecta in distinct ways, our models’ predictions for the
temporal and radial distribution of the heating through these
different channels could serve as important input to future
models of SLSN nebular spectra.

4.4. Late-time Synchrotron Radio Emission

As electrons cool in the nebula via synchrotron radiation,
they will produce emission extending down into the radio
bands <100 GHz (Murase et al. 2016b; Metzger et al. 2017,
Omand et al. 2018). The supernova ejecta typically become
optically thin at gigahertz frequencies on a timescale of several
decades after the explosion (e.g., Margalit et al. 2018a).
Eftekhari et al. (2019) discovered radio emission from the
location of SLSN PTF 10hgi at 7 ~ 7.5yr following the
explosion, which could originate from an engine-powered
nebula (Eftekhari et al. 2021 obtained upper limits on the late-
time radio emission from 43 other SLSNe and long gamma-ray
bursts).

Our models predict that on timescales of decades after the
explosion, when radio emission from the nebula would become
visible, the regulation process due to ~y pair deposition in the
wind has typically ended (¢ 2 t..). Therefore, the mean energy
per pair injected into the nebula at these late times can be very
large, Ay ~ min[Yin, Yeaal ~ 10’=10° (Equations (18) and
(19)), for physical values of the ]Sz)rimary Goldreich—Julian pair
multiplicity of the wind po < 10° (Timokhin & Harding 2019).
Given that these high average energies result in synchrotron
emission peaking in the X-ray or gamma-ray band
(Equation (26)), we expect that pulsar/magnetar wind nebulae
may be challenged to produce the radio luminosity seen in PTF
10hgi, which is a significant fraction of the total magnetar spin-
down power on this timescale.

Other sources of electron injection and heating, such as those
that accompany mildly relativistic ejections of baryon-rich
matter from magnetically powered flares and can shock-heat
electrons entering the nebula to Lorentz factors of ~100 in the
appropriate range for radio emission, are potentially more
promising for producing luminous late-time radio emission
from magnetar engines (Margalit & Metzger 2018).

4.5. Application to Other Engine-powered Transients

Although we have focused on engine and ejecta parameters
appropriate to SLSNe, the general physical setup presented
may apply to other optical transients that have been considered
to be powered by a millisecond pulsar/magnetar or accreting
black hole central engine. The primary requirement to preserve
the qualitative picture is only that the engine must generate a
relativistic pair outflow behind an expanding ejecta shell with a
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sufficiently high per-particle energy to activate the -y
regulation process described in Section 2.5.

As one prominent example, the optical and X-ray/~-ray light
curves of FBOTs such as AT 2018cow may be powered by a
magnetar or black hole formed in a core-collapse explosion
characterized by ejecta significantly less massive (M.j < 1 Me)
and faster (v; 2 0.1c) than in SLSNe (e.g., Prentice et al. 2018;
Margutti et al. 2019; Perley et al. 2019; Quataert et al. 2019).
Likewise, the gravitational wave—driven coalescence of some
neutron star binaries may give rise to a long-lived millisecond
magnetar remnant (e.g., Metzger et al. 2008; Bucciantini et al.
2012; Giacomazzo & Perna 2013) that powers extended X-ray
and optical emission for minutes to days following the merger.
The physical picture of the latter is qualitatively similar to
the SLSN case, arising from the interaction of the magnetar
wind with the merger ejecta (e.g., Yu et al. 2013; Metzger &
Piro 2014; Siegel & Ciolfi 2016), the latter possessing an even
lower mass and higher velocity (M < 0.1 Mg vej 2 0.5¢)
than in the FBOT case. Yet another potential application of our
model is to TDEs of stars by massive black holes (e.g.,
Rees 1988), in which gravitational or rotational energy released
as the stellar debris is accreted by the supermassive black hole
may be “reprocessed” by the unbound debris from the
disruption, playing an important role in powering the optical
light curves of TDEs (e.g., Guillochon et al. 2014; Metzger &
Stone 2016).

Throughout Section 2, we have attempted to couch key
physical quantities in terms of dimensionless parameters such
as compactness, which can be readily scaled to other systems.
The peak time of optical transients is usually given by the
photon diffusion time (Equation (7)), which for fixed optical
opacity scales as f, Melj/ 2 vejfl/ 2, For a magnetar engine
with a spin-down time f, < 7, the peak optical luminosity
from Amett’s law is Ly ~ Le(tp) o< By 57 oc By "My ' v
(Equation (6)), and hence By Mejfl/ 2velj/ ZLI;kl/ 2,

With this information in hand, we can now scale the other
key timescales in the problem (Table 1) to the peak time 7, and
luminosity L. This gives

) ~1/10 ~3/10y 175, IT ~1/2.

P o Mg Vei 1Lk — oV 15 39)
pk pk

1 1 _ _

2 constant; —= o LM ovge. (40)

Tpk Tpk

These ratios reveal that, even scaling to their faster optical rise
times, FBOTs and neutron star merger transients with lower
M,; and higher v; will generally pass through the critical stages
of evolution faster than SLSNe. In particular, their shorter time
spent at high gamma-ray compactness (smaller ¢,,) could lead
to the injected energy of the nebular pairs A~y (and their
resulting gamma-ray emission) rising more rapidly in time.
Given also that the ejecta becomes Thomson thin faster
(smaller #7), the engine’s luminosity may begin to leak out as
gamma rays faster, causing the reprocessed optical emission
after peak light to decrease faster. Furthermore, our implicit
assumption throughout this work has been that the ejecta is
largely neutral and will efficiently absorb soft X-rays; this
assumption may also break down if the nebular radiation
reionizes the ejecta and reduces its bound-free opacity (Metzger
et al. 2014; Metzger & Piro 2014; Margalit et al. 2018a), a task
made easier for lower ejecta densities ocM,; / ve3j.
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The X-ray/gamma-ray emission observed over the first
several weeks to months of AT 2018cow could be attributed to
synchrotron emission from a magnetar or black hole nebula
escaping from a highly ionized aspherical ejecta shell (e.g.,
Margutti et al. 2019). The engine-powered X-ray light curve
furthermore showed a break from Lyx o 2 to ot at
approximately 30 days after the explosion, potentially
consistent with the spectral energy distribution of the nebula
shifting to higher photon energies once yy regulation of the
engine’s wind mass loading ceases. In SLSNe, this transition
occurs roughly on the timescale f.,, ~ 3 yr (Figure 11), so
scaling to the earlier 7y ~ 3 days of AT 2018cow would
indeed predict a transition time of ~1 month.

4.6. Caveats and Uncertainties

The model we have presented is subject to several
uncertainties and simplifying assumptions that require clar-
ification in future work. Some of these assumptions, such as
isotropic emission by the energized pairs after entering the
nebula, were already discussed in Section 3.1 (see also
Appendix C).

Another earlier-mentioned uncertainty is the intrinsic Gold-
reich-Julian pair multiplicity of young pulsar winds, f..
However, unless the multiplicity is orders of magnitude larger
than generally assumed in pulsar wind nebulae, our results are
not dependent on g because the wind mass loading is
dominated by secondary pairs generated by 7 interactions in
the wind just ahead of the termination shock (Figure 11). For
the same reason, the conclusions we have drawn for relativistic
pulsar winds would be similar if the engine were instead the
ultrarelativistic jet of an accreting black hole carrying the same
power and a similarly high initial per-particle energy (though
not necessarily if the engine were a mildly relativistic accretion
disk wind with a comparatively low per-particle energy).

Our calculations neglect any dynamical effects of cooling in
the nebula. Except in the case of an unmagnetized nebula, the
pairs remain radiative for decades to centuries after the
explosion (Equation (23)). Absent additional pressure support
(e.g., turbulence or an ion component of the magnetar ejecta),
the ram pressure of the pulsar wind could compress the nebula
into a thin layer of radial thickness AR,/R, ~ v¢j/c ~ 0.05,
potentially leading to dynamical effects or instabilities not
captured by our model.

More broadly, our calculations assume that the nebula and
ejecta shell are spherically symmetric. Three-dimensional
hydrodynamical simulations of engine-powered supernovae
by Chen et al. (2020) reveal the strong impact that Rayleigh—
Taylor instabilities can have on mixing ejecta material into the
nebula region. As long as the ejecta material penetrating the
nebula does not amount to a substantial scattering column
(relative to the ejecta shell on a larger scale) or remain
sufficiently neutral to provide an important source of bound-
free absorption, we do not expect such features to qualitatively
alter our results. Suzuki & Maeda (2021) present two-
dimensional radiative hydrodynamical simulations that show
that multidimensional mixing of the supernova ejecta with the
nebular material may aid the escape of high-energy radiation.
This could result in the gamma ray escaping earlier than
predicted by our calculations, which assume a homologous ejecta
shell. Polarization studies of hydrogen-poor SLSNe at early times
following the explosion show little evidence for significant
asphericity of the outer ejecta layers (Leloudas et al. 2015;
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Saito et al. 2020); however, higher polarizations have been
measured during the later nebular phase, revealing more aspherical
inner ejecta (Inserra et al. 2016; Saito et al. 2020). Nevertheless,
the implied deviations from spherical symmetry are not likely to
alter our results at the qualitative level.

By contrast, several observations indicate that in AT
2018cow, the ejecta was highly aspherical, warranting more
attention to this issue when expanding the techniques in this
paper to the FBOT case. The optical and X-ray light curves and
spectra of AT 2018cow can be understood by at least two
distinct ejecta components: a fast polar outflow of velocity
20.1c bounded by a slower equatorially concentrated shell of
velocity <5000 km s™' (e.g., Margutti et al. 2019). In
particular, the lower densities and high ionization state of the
fast polar outflow may have enabled soft X-rays to escape from
the polar channel even at early times around optical peak, while
absorption of the same central X-ray source by the dense
slower equatorial ejecta was responsible for the optical
emission (see also Piro & Lu 2020).

5. Conclusions

We have presented the first radiative transfer simulations of
supernova light curves powered by the rotational wind of a
pulsar/magnetar that self-consistently calculate the escape of
high-energy radiation from the nebula and its thermalization by
the ejecta, taking into account a wide range of physical
processes responsible for exchanging energy between the
matter and radiation fields.

Our results can be summarized as follows.

1. While some energy from the central engine may be
transferred directly to the ejecta at early times after the
explosion (e.g., via the mechanical work of a shock
driven into the ejecta by the nebula; Kasen et al. 2016),
the bulk of the optical radiation from SLSNe after peak
light must be powered by reprocessing of nonthermal
radiation from the nebula by the supernova ejecta.

Several processes in the ejecta are capable of
absorbing high-energy photons (Figure 3), but an initial
absorption of energy is no guarantee of its ultimate
thermalization. Thermalization requires reprocessing the
engine’s luminosity into low-energy photons (which
readily share their energy with the thermal pool by
photoelectric absorption or Compton downscattering) or
low-energy particles (which readily share their energy
with the ejecta by Coulomb scattering). This behavior
cannot be captured by a single constant thermalization
opacity for the nonthermal photons.

2. Gamma rays are produced in the nebula by a combination
of IC scattering and synchrotron emission, which
dominate the nebula luminosity at early and late times,
respectively (the crossover time ¢ ~ tg; Equation (17)).
Synchrotron emission tends to produce lower-energy
photons, which are more readily absorbed and therma-
lized by the ejecta, while IC emission produces higher-
energy gamma rays, which more readily escape without
thermalizing. The relative importance of these processes
is sensitive to the nebula magnetization €z, which turns
out to be the most important free variable in the problem
(once the engine and ejecta properties have been chosen
to match the optical light curve near maximum).
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3. Except in the case of very low magnetization, eg < 1079,

the nebula remains radiative for years to decades or
longer following the explosion; i.e., the bolometric output
tracks the spin-down power of the pulsar. However, the
spectral energy distribution of the nebular radiation
depends sensitively on the mean per-particle energy
Ay~ L./(Nym,c?) the pairs gain upon entering the
nebula from the pulsar wind. The latter depends on the
ratio of the wind luminosity to the pair-loading rate, N..

Although the contribution to N that arises directly
from the inner magnetosphere is uncertain, this contrib-
ution is subdominant. Over the first several years after the
explosion, Ny is dominated by pairs generated by 7y
interactions in the upstream wind region. We identify a
new feedback mechanism between the nebula radiation
and vy pair creation in the wind that regulates the mean
energy of the pairs entering the nebula. At very early and
late times, nonthermal photons generally serve as the
targets for pair production, while the targets are thermal at
intermediate times when the ejecta is becoming transpar-
ent to the highest-energy gamma rays (Table 2,
Appendix D). This self-regulation process has the benefit
of rendering our results insensitive to the uncertain
intrinsic pair multiplicity of the wind.

On the other hand, the reduced per-particle energy in
the pulsar wind due to 7y mass loading (occurring over
timescales during which most of the spin-down power is
released) may also negatively impact the efficacy of
baryon cosmic-ray acceleration and associated high-
energy neutrino emission in very young magnetar winds
(e.g., Arons 2003; Murase et al. 2009, 2016a; Kotera
et al. 2015; Fang & Metzger 2017; Fang et al. 2019).
However, a quantitative exploration of the implication of
our results for ion acceleration will require a more
detailed model for the dissipation in the wind.

. For the first several months after the explosion, including

and following optical maximum, the ejecta is opaque
across all photon energies. During this phase, the
engine’s luminosity is efficiently reprocessed into thermal
optical radiation, independent of any assumptions about
the nebula. This provides a rigorous justification for the
assumption of many previous works that calculate the
detailed optical /UV light curves and spectra of magnetar-
powered SLSNe around and following peak light by
depositing 100% of the magnetar’s spin-down luminosity
as thermal energy at the inner edge of the ejecta (e.g.,
Kasen & Bildsten 2010; Dessart et al. 2012; Inserra
et al. 2013; Metzger et al. 2015; Nicholl et al. 2017b).
Furthermore, these models can indeed be used to obtain
accurate constraints on the engine properties, such as the
dipole magnetic field strength and birth spin period,
provided that the engine lifetime 7, (i.e., magnetar dipole
spin-down time) is shorter than a few months.

. Gamma rays leak out of the ejecta starting months after

the explosion, beginning in the ~0.01-100 GeV band
accessible to Fermi LAT and then moving up to the
2100 GeV band accessible to atmospheric Cerenkov
telescopes. The shift in the gamma-ray spectra to higher
energies is driven by (1) the rising of mean particle
energy A~ entering the nebula as the ~y pair-loading of
the pulsar wind subsides and (2) the opacity window
through the nebula and ejecta expanding to higher photon
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energies (both processes being driven by the decreasing
vy optical depth in the pulsar wind and ejecta,
respectively).

The escaping gamma-ray luminosity is most sensi-
tive to the nebula magnetization, with lower g producing
higher peak gamma-ray luminosities and, conversely,
lower late-time optical luminosities. This is due to the
tendency of more magnetized nebulae to radiate a greater
fraction of the engine’s energy in low-frequency
synchrotron radiation, which is more readily absorbed
by the ejecta than the higher-frequency IC emission.

6. Reproducing the steep postmaximum decays in the
optical light curves of SN 2015bn and SN 2017egm
requires weakly magnetized nebulae, g5 < 1070-107%.
These magnetizations are much lower than inferred from
other young pulsar wind nebulae like the Crab Nebula.
However, the physical conditions in the extremely young,
rapidly spinning, and highly magnetized pulsars/magne-
tars considered here may substantially differ from those
of older pulsar nebulae frequently observed in the Milky
Way. The particular impact of ~y pair loading on
potentially reducing the magnetization of the ultrarelati-
vistic pulsar/magnetar wind feeding the nebula merits
further study.

7. Alternatively, if such a low nebula magnetization is
deemed to be unphysical, our results suggest that the
magnetar model as currently envisioned may be an
incorrect or at least incomplete explanation for SLSNe. If
the true luminosity of the central engine were to decrease
faster in time (e.g., L. 38 in SN 2015bn) than the
canonical oct~ 2 magnetic dipole spin-down rate (e.g., due
to a growing magnetic dipole moment or the effects of
fallback accretion on the magnetar wind; Metzger et al.
2018a), then even a sustained high level of thermalization
(as achieved in our high-eg models) would be consistent
with the late-time optical light-curve data. In such a
model, there would also be no heretofore-unobserved
large escaping gamma-ray flux.

Absent such alternatives, other models, such as
shock interaction with circumstellar material or mildly
relativistic accretion disk outflows, could supplant
ultrarelativistic magnetar winds or black hole jets as the
favored engines of SLSNe.

8. Our models predict a late-time flattening in the optical
light curve once synchrotron overtakes IC emission in
the nebula on a timescale of ~fg (Equation (17)) and the
effective thermalization opacity begins to rise (Figure 10).
Hints of such flattening behavior are evident in SN 2015bn
(Figure 6).

9. A definitive confirmation of the central engine model for
SLSNe would come from the detection of the leaking
nebular gamma rays. However, this is an observational
challenge due to the limited sensitivity of gamma-ray
telescopes and the delayed onset of the gamma-ray flux,
which reduce their luminosity relative to the optical peak.
Nevertheless, our models predict the expected gamma-ray
emission given as the output of models that can self-
consistently reproduce the observed optical light curve. A
detection may be possible for a particularly nearby future
SLSN with Fermi LAT at ~GeV energies or present and
future atmospheric Cerenkov telescopes such as the CTA
at ~TeV energies.
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10. Although our models are focused on SLSNe, the general
scenario we have outlined could have broader applic-
ability to other engine-powered transients, such as
FBOTs, TDEs, and postmerger counterparts of neutron
star mergers. All else being equal, the prospects may be
better for detecting the escaping high-energy emission
from these events due to the shorter timescales over
which the ejecta becomes transparent to gamma rays
(Section 4.5). Indeed, the X-ray/gamma-ray emission
from a magnetar or black hole—powered nebula may have
already been detected in AT 2018cow (e.g., Margutti
et al. 2019).
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Appendix A
Radiative Diffusion with Incoherent Scattering

In this Appendix, we provide an approximate analytical
prescription for computing the fraction of the energy injected
into the ejecta by the central engine that emerges without
significant attenuation. Neglecting emission from secondary
pairs generated by the high-energy photons, the main
remaining nontrivial issue in the problem is the characterization
of incoherent (Compton) scattering that degrades the photon
energy without destroying it.

To keep the problem simple while retaining the salient
features, we treat Compton recoil as an energy sink rather than
a frequency redistribution mechanism. All spectral information
is lost in this approach, which, however, is acceptable for the
present purpose. This simplification allows us to consider
radiative transfer independently at each frequency (without
coupling between frequencies). The equation of radiative
diffusion is given by

dl

—=—al+j+ 1A — ke)aJ,

s (A1)

where [ is the specific intensity, « is the absorption coefficient,
Jj is the emissivity, o is the scattering coefficient,
J = @n)! L _ 1d) is the angle-averaged intensity, and kc is
the fraction of the photon energy lost to recoil in a scattering
event. Since we are considering high-energy radiation in an
essentially cold medium, the emissivity j can be neglected
compared with the last term in Equation (Al).

Rewriting the transfer equation in spherical coordinates and
taking the first two angular moments (where p = cos 0) yields

10

ﬁg(rzH) = —EJ, (AZ)
9K Ly sk)=-m. (A3)
or T

where H = (47)"! L IndQ and K = (4m)! j; 12dQ) are
™ T
the first and second moments of the intensity, respectively;
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7= (a+ o) r;and

e = QT fica (Ad)
a+o
is defined such that 1 — ¢ is the effective single-scattering
albedo. In this simplified treatment, € is the average fraction of
the photon energy lost (either by absorption or recoil) in a
single interaction.

Following standard treatments (e.g., Rybicki & Lightman
1979), we use the Eddington approximation K ~ J/3 to close
the system of Equations (A2) and (A3) and obtain a diffusion
equation for the angle-averaged intensity

2 20
87’3 T 0Ty

where 7, = /3¢ 7. Equation (A5) can be solved by standard
methods, yielding

—J=0, (A5)

e T
+ G .
T

J=q<

(A6)

Tx
The integration constants C; and C, can be found by prescribing
the flux at the inner boundary r;, and requiring that no radiation
impinges on the outer boundary from above. The escaping flux
can then be obtained from Equation (A3) (again using using
J=K/3), H= —(1/3)9J/97. The ratio of escaping energy to
that input at the center of the spherical cloud is given by

13 H (ro)
FinH (rin) |0
_ 27’3,0
C[(VE = DTug + ~Ele ™0 + [(VE + DTyg — Jel eTo’

(AT)

where 7, ¢ is the effective optical thickness of the cloud. Using
the appropriate absorption and scattering opacities (see
Section 2.3) in Equation (A7) yields the approximate fraction
of energy that escapes without significant attenuation /repro-
cessing for any given input photon energy. Figure 3 compares
the effective opacity versus photon energy derived from this
result (dashed lines) with the result of a full Monte Carlo
calculation (solid lines), demonstrating reasonable agreement at
high values of 71 > 1.

Appendix B
Pair Cooling Timescales

The photon-absorbing processes described in Section 2.3
result in the generation of energetic electrons or positrons,
which cool and emit secondary radiation over a range of
frequencies. The efficiency of this energy reprocessing depends
on the ability of pairs to cool efficiently, i.e., faster than the
expansion time; the relative importance of the different cooling
mechanisms depends on the radiation and matter field densities
and has an impact on both the high-energy spectral evolution
and the fraction of energy that ultimately gets thermalized. This
Appendix covers the cooling rates of relativistic leptons of
Lorentz factor v due to different processes and compares the
corresponding timescales with each other, as well as the
dynamical time fqy, = Rej/vej over which adiabatic losses
occur due to the expanding ejecta/nebula.
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For relativistic bremsstrahlung emission, the particle cooling
rate is 4, ~ SCO(fSTT")/l'z(Zz/Z + 1)/(6Rej) (Vurm & Metzger
2018). The ratio of the expansion to cooling timescales is

_ wRe Seonmin®(Z2
Y Ve 6Vei Z

0.2 —3,-2
6.293 " Migvg “ty,",

tdyn

Tor (BI)

Q

where in the final step, 73 = 7/10°, and we have assumed
oxygen-rich ejecta, Z = (Z%)!/2 = 8.

For IC cooling in the Thomson regime (y < 10°), for which
the particle cooling rate is 4, = 4cfny?/(3R.;), we obtain
4 ¢ty

= = 0.88 ’Y3M1()V9743112[3;5,
SVej

Tdyn _ ")/ICE

Y Ve

(B2)
fic

where £y, is the thermal compactness (Equation (11)), and in the
final step, we have assumed g/ kes = 0.1 and Top < 1.1

Finally, cooling due to Coulomb scattering, o, =
3¢ InA7r /(2R.)), results in

Tdyn ooul R 31nA ¢ 7 N 3.

9 T = Ly Miovs 1y (B3)

Icoul T Ve 2 Vej Y

where in the final step, we have taken InA = 25 for the
Coulomb logarithm. As long as the sum of Equations (B1)—(B3)
exceeds unity for a given set of parameters, the high-energy
electron/positron is in the fast-cooling regime, and its adiabatic
losses can be neglected in the lowest order.

The relative rates of bremsstrahlung and Coulomb cooling

can be expressed as
. 12
Yor _ (l)
;)/Coul Vx

0.83 7 —\—0.83
~g10| £+ % ~ 230,
27

(BS)

(B4)

where

Vx =

91nA
5a0(2%/Z + 1)

and in the last step, we have again assumed an oxygen-
dominated composition.
Similarly, for bremsstrahlung and IC, one obtains

. 0.8
e :(%) , (B6)
br *x
where
[ sman@Z+ 1|7
Yk Sfth
— —\1.25
_ z’+Z (B7)
~ 8.9 x 10%¢; 1% 7125 L
th, -6 ' T 7

~ 5 p—125 _1.25
~ 5.8 x 10 f[h, 67T

and Zth, _6 — gth/1076.

1 The target radiation for IC cooling should, in fact, include all photons in the
Thomson regime, i.e., with x < 1/ including UV /X-rays. However, as those
photons are efficiently photoelectrically absorbed by the ejecta, the error made
by using just the thermal radiation density is modest.
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Figure 13. Ratio of dynamical timescale to cooling timescale in the supernova ejecta as a function of electron/positron Lorentz factor -y, shown at three epochs after
explosion (# = 0.3, 1, and 3 yr as marked). The dominant cooling process for each range of v is denoted by the line color as marked. We have assumed magnetar and
ejecta parameters corresponding to SN 2017egm (Table 3). The key point of this figure is to illustrate that relativistic electrons/positrons are fast-cooling in the ejecta

across all relevant particle energies for several years after the explosion.

Finally, the ratio of the IC and Coulomb cooling rates is

. 2
e _ (1) (BS)
’VCoul Vi
where
1/2
v = (%) ~ 5.3 x 10372 1,172 (B9)
tl

Figure 13 shows the ratio of the dynamical timescale to the
total cooling timescale in the supernova ejecta as a function of
v at three epochs after explosion (+ = 0.3, 1, and 3 yr) as
calculated from the above estimates for engine/ejecta para-
meters corresponding to SN 2017egm. At all epochs, Coulomb
losses dominate the energy loss of low-vy leptons, while the
high-v electrons cool primarily through IC emission at early
times and via bremsstrahlung at later times. For all electron
energies -, adiabatic losses can be neglected for the first several
years after the explosion (i.e., fyyn/fcool > 1).

Appendix C
Radiative Cooling in the Pulsar Wind

This Appendix addresses whether the relativistically hot
pairs deposited by 7y interactions in the pulsar/magnetar wind
(Section 2.5) are able to cool radiatively before reaching the
termination shock or whether they will enter the nebula with
their thermal energy intact and hence emit the engine
luminosity isotropically as assumed in our Monte Carlo
simulations (Section 3.1).

Consider an electron or positron at the termination shock
with an energy 7, that emits IC photons on thermal target
radiation of temperature 6. Well after the optical peak, the self-
regulation mechanism of pair loading generally ensures that
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40~y > 1 (Section 2.5), so that most of the IC power is radiated
near x &~ o. A fraction of the upscattered photons propagates
back into the unshocked wind and produces pairs via vy
interactions on the thermal radiation. The average energy of the
generated electron—positron pair is v g & x/2 & 7o/2. If the
pulsar wind is relativistic (bulk radial Lorentz factor I' > 1)
and the generated electron/positron has time to isotropize in
the wind frame, its energy in the lab frame after being picked
up by the wind is

Iy

2

where a prime denotes the wind rest frame.
First consider IC cooling. The IC cooling time within the
ambient thermal radiation field is (in the lab frame)

3R[
dely, wyeFrn

, (ChH

T2
Vo R F”y; ~ Fz’Yi,o ~ ~ 7

tic = (C2)

where ¢, ,, is the thermal compactness in the pulsar wind (see
below) and

9 11

Fkn ~ ————|In(46yy) — — C3

RN TETNT [ 40 =5 ] ©

is the approximate Klein—Nishina correction factor
for 40y > 1.

Using Equations (C1) and (C3), one can write
2
fe Ry 2 (4070) (C4)

T el wx  In@0ym) — 11/6°

The cooling time (Equation (C4)) should be compared with
the time it takes for the generated pair to be advected back to
the shock. On average, a high-energy photon will propagate a
distance A = min(R;, R /7,,m) back into the wind zone before
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producing a pair, so the average advection time is A/c. Writing
the pair production opacity as (Equation (30))

B L (e . PO (7@)’ (C5)
’ 5.4 (x6)? Ox
we obtain for the ratio of cooling to advection times
ic o In(1 + Ovp) e */%0 (C6)
tady In(46yy) + In(2/2) — 11/6°
where
A R
fagy = — = — (C7)
c CTyy th

and we have assumed that 7.4, > 1.

As long as 460~y > 1, the last fraction in Equation (C6) is
comparable to unity, so we conclude that in a relativistic wind,
the generated pairs do not have time to cool by IC emission
before being advected back to the shock.

Now consider synchrotron cooling. The lab-frame synchro-
tron cooling time is

3mec 3mecl?
tyn = Dty =T - =
dorUgvy  4orUsso
(C8)
) Y
Ao C

where again, -4 o is the energy of the created pair before being
picked up by the wind. The ratio of cooling and advection
times is

tsyn 3F2 y) ln(l + .Xe) ( 09)
= tth, wX €X _—
Tadv 4[B,W’Yi,0 5.4 (x9)2 Ox (C9)
o Qbn wpoIn(l + yp) e /%0
2 lpw (407p)?

where again, 7.,,,q, > 1 has been assumed.
In analogy with Equation (15), the magnetic compactness in
the pulsar wind is defined as

orUsR _, o Ri (C10)
Mec? "o+ 1R’

[B,w =

where Ug = B2/87, and the magnetic field and injection
compactness are (Equations (20) and (8))

1/2
By, = 2[‘75‘72 (C11)
(o + 1)cR;
and
Zinj = LLE, (C12)
47tme 3R

respectively. The thermal compactness in the wind zone is

orRum, w - oTR; Leﬁh(l + 7-opt)

[th W ~
mec? mec? 47cR?

(C13)
R

= Zinjfth (1 + Topt)_-
Ry
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Using the above definitions, the ratio of the synchrotron
cooling and advection times becomes (again, for 7., > 1)

In(1 4 Ovg) e 2%/%%
(40)> '

Given that pair creation in the wind regulates 6y, ~ few
(Section 2.5), we see that even for a strongly magnetized wind
o > 1, synchrotron cooling can be neglected (foyn > fuav)
provided that the wind is relativistic, ' 2 ftal/ 2 from a few to
~10 by the radii at which substantial pair loading takes place.

At late times, when 7.5, < 1 and t,¢y = R//c, the critical
ratio instead becomes

Isyn o 31?2 . 3% o+ lﬁ
tav  HMpwyeo  2lnvo 0 R

I 20+

fin (1 + Top) T (C14)
fady 2 0o

, (C15)

which is larger than the value given by Equation (C14) in the
domain of its applicability, resulting in a less stringent
constraint on I' for synchrotron cooling to be negligible.

Future work is needed to study the impact of v pair loading
on the radial evolution of the Lorentz factor and magnetization
of the pulsar wind (see Section 4) and to assess the conditions
required for particle cooling as described in this section within
such a self-consistent framework. However, the results derived
here make it plausible that radiative losses in the wind may be
neglected to first order, supporting the assumptions of our
simulations (Section 3.1).

Appendix D
Regulation of the Particle Number and Mean Particle
Energy in the Wind Dissipation Region

Upon entering the nebula, a heated lepton cools rapidly by
both IC scattering on thermal photons and synchrotron
emission (Section 2.2), with a fraction £ = 1/2 of the IC
upscattered photons propagating back into the wind region. The
probability that the IC upscattered photon generates a
secondary pair is 1 — e ™. Putting this together with
Equation (34) yields the following condition:

dNyn
M. = 25fdlnx

(1 —e™)dlnx =1,
lel.

(D1)

where the factor 2 accounts for the two leptons created in a
single pair-production event, and dN,;, /d Inx is the spectrum
emitted by a single electron over its cooling history.

To make further progress, one must specify the spectrum
emitted by the electron as it cools down from its initial
Yo ~ A, as well as the source of =y opacity. It is useful to
discuss separately the cases when the opacity is provided by
nonthermal or thermal target photons, as well as to separate the
cases based to the physical mechanisms giving rise to the high-
energy and target photons. Results for these different cases are
summarized in Table 2.

D.1. Nonthermal Pair Loading

D.1.1. IC Photons + IC Targets

Close to the optical peak, the injection compactness
linj ~ 0.1-1 for typical SLSN parameters (Equation (8));
hence, the radiation compactness generated by the cooling
leptons is also close to unity. The opacity for pair production
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on the nonthermal radiation field (Equation (28)) is therefore
nonnegligible and responsible for pair loading at the early
stages of the event. In this high-compactness phase, efficient
pair loading within the wind keeps the average energy per
lepton sufficiently low so that their IC cooling on the
(energetically dominant) thermal target radiation field takes
place in the Thomson regime. The pair loading is dominated by
interactions between thermal photons upscattered into the MeV
domain and slightly lower-energy (<1 MeV) IC photons.

For the present purpose, it is sufficient to employ a simple
delta function approximation for the IC spectrum of a single
electron of energy v (Vurm & Metzger 2018),

ANy,

e — e 6 — 4072).
TInx dr Y1c 6 (x )

1C,lel.

(D2)

The spectrum emitted by the electron as it cools down from its
initial 79 ~ A~ is obtained by integrating Equation (D2) over

time df = dv/7, yielding
i L x<ad @
dlnx |ic o 2(46x0)'/2

where we have assumed 7§ = 7. The deposited (but not

necessarily escaping) IC luminosity per logarithmic photon

interval is
dL
dInx

ANy,

X X deh
dInx

¢ YodInx fic g

IC, 1 el

where Ny denotes the number of pairs, including secondaries,
that share the dissipated power. The frequency-dependent
compactness (Equation (29)) that enters opacity (Equation (28))
can now be written as

[y du’Y oT dL  tres
f,/ = Rn = n -
mec? dlnx  mec? dlnx V,
_ q.0r _Le x dNm Ires D5
mee® 4Ry Yo dInx |io | fLc (D3)

3 Rej( x )1/2 tres
—lpy—|—| —»

2 7 Ry\uc) nc
where f,c = R,/c is the light-crossing time of the wind/
nebula, x;c = 4603 is the characteristic IC photon energy, and
the injection compactness £ is defined by Equation (8). The
target photon residence time . in the wind /nebula is typically
of the same order as f; ¢, since the nebula is baryon-starved and
both photoionization and Compton recoil losses are negligible.
Using Equations (28), (D3), and (D5) in Equation (D1) and
assuming Ty, ,n < 1 (i.e., that nonthermal photons can

penetrate the entire wind region), one obtains the condition

C] In xic

577( ) inj R 4 9 o 1

A few remarks should be made about Equation (D6). First,
Equation (D6) can only be satisfied if xic = 497(2) > 1; i.e., at
least some IC photons must be above the pair production
threshold Second, near the threshold x;c = 1, the term
@0y, = (40xc)"1/2 = 5000~ x 1;2‘/2 > 1, so that M, >
1 for a range of values v, > (40) as long as £, remains
sufficiently high. Therefore, to satisfy M, = 1, the pair loading
maintains -, sufficiently low so that only a small fraction of IC

(D6)
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photons exceed the pair productlon threshold. In other words,
xic ~ 1 and vy ~ 40)"2, as long as

40)'/* R, R,
> T~ 0.0202 2,

D7
n(a) Rej Rej O

inj

where we have used 7(a) ~ 0.1. Using Equation (8) for £,
this occurs on a timescale

trc =~ 0.28 81}2/3v;1/39:é/6 yr (DY)

Finally, once Equation (D7) is no longer satisfied
>, Ic) the pair regulation rapidly breaks down. Since
M, x 'Yo , the feedback process is unstable away from the

threshold (at x;c >> 1); an infinitesimal decrease in N, produces
a small increase in vy, which leads to a decrease in M, and
hence a further decrease in Ny.. The feedback then switches to
one of the other regulating mechanisms described in this
section, based on whichever can maintain the lowest .

D.1.2. Synchrotron Photons + Synchrotron Targets

Another mode of nonthermal pair loading can occur if at
some stage, synchrotron photons become sufficiently energetic
for pair creation, i.e., if the dimensionless synchrotron
frequency xn = hisyn o / (mec?) = ’YSXB > 1, where xg is
the dimensionless Larmor frequency. The argument is
analogous to the one presented above, except one has to
replace ¢, 40, and x;c with ﬁsyn, xp, and xgy,,, respectively, in
Equations (D2)—(D6). This yields a condition analogous to
Equation (D6), under the assumption that pair cooling is
dominated by synchrotron radiation. One can account for

additional IC losses on thermal radiation by writing
ry = ;Ysyn + ;YIC = ;Ysyn(l + ZthFKN /[B)a Where
1, 40y <« 1
o [ln(49fy) - E], 4y>1  PY
8(407)? 6

is the Klein—Nishina correction to the Thomson IC cooling rate.
Using this in dt = d-y/+ when integrating Equation (D2) (with
the above substitutions) over the electron cooling history, the
synchrotron spectrum emitted by a single electron becomes

deh 1 2
= 1/2 s X < xnyO-
dlInx syn, 1 el. 2()(]3)() (1 + gthFKN/fB)
(D10)
Instead of Equation (D6), one now obtains
lini Rei Inxgn
M. ~ 2 ¢ na) iS4 0w (D1
2 1 + lnFkn/t Ry X870

The threshold condition Avgy, o > mec? requires (Equation (26))

Yo > = 6.0 x 109 B}/ g1 /4 vi/* 1, (D12)

Below, we will show that thermal pair loading regulates the
injected lepton energy to yo ~ 1/60 ~ 10%; hence, the synchro-
tron mechanism is unlikely to operate as long as thermal pair
loading is effective. Once the thermal regulation fails, the
synchrotron loading can operate as long as the “unloaded”
Y+ = Yn (Equation (18)) satisfies the above threshold
condition.
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Neglecting IC cooling, the pair multiplicity (Equation (D11))
can be written approximately as

In x;

Me ~ 01 [inju
Xsyn

¥+ In(y0/%4)

Yo

(D13)

where we have used ﬁxB = 1. Intuitively, the multiplicity M,

is a product of yy/Xsyn ~ 7o photons produced per lepton and a
fraction 7., ~ 0.1 4;;; of them producing secondary pairs. The
second equality in Equation (D13) shows that as long as 0.1
linj v+ > 1 (approximately), the condition M. () = 1 has two
roots, 7, ~ 7 and 7y, > ;. The latter solution is in the unstable

region, where M, 761; i.e., any initial perturbation of ~q is
amplified until another mechanism takes over the pair
regulation. Typically, 7, is a growing function of time, so the
lower-energy (stable) solution -y, ~ 7 is attained first; the
system remains in that state as long as 0.1 £ip;y, > 1.

The pair loading due to synchrotron radiation, if it occurs at
all, will take place at times f; sy, Obeying

2

[¢))
+,syn’ f

ti gyn < mMin(t +syn)- (D14)
The first timescale is the requirement that 0.1 £, 7 > 1, which
is satisfied before a time

10 ~ 116 B Hug /818 yr. (D15)
The second timescale arises from the condition that the
regulated 7y ~ 7+ must be lower than the “unregulated” value

~in (Equation (18)), which yields

U -1/2
2 :7.231;3/4v9*3/85}9{§2(—i) yr. (D16)

£,syn 104

D.1.3. IC Photons + Synchrotron Targets

The mechanisms outlined in the previous two sections
operate in the early (close to the optical peak) and late (years)
stages of the event, respectively. In addition to the thermal
mechanism discussed below, a further mode of pair regulation
is possible in the intermediate stage (# ~ 1 yr) for sufficiently
high nebula magnetizations, in which case, IC upscattered
thermal photons pair-produce on UV and X-ray synchrotron
radiation.

The threshold condition for pair production by this process is
XiCXsyn = 49xB'yg > 1. The multiplicity M. is obtained from
Equation (D1) by using Equation (D3) for the IC spectrum
emitted by a single electron (with an additional factor
(1 + g/l FKNY1 that accounts for synchrotron losses) and
the synchrotron spectrum (Equation (D10)) for computing the
pair production opacity. The result is

[BethFKN ﬁ Yo 1n(xIC-)Csyn) o
(xsyan)l/2

(s + tnFkn)* Ry
(D17)

3
Me ~ E 5 77(04) [inj

Following an argument analogous to the previous two sections,
one concludes that pair loading maintains ~, ~ (46 xg) /4
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(i'e'> Xic -xsyn ~ 1)9

—-1/8 3/8

1/2
€g. /o vyt

Yo~ 5.5 x 10407}/ *Bl{* e (D18)
as long as 0.1 vy by g Zlh/(33+&h)2>1 (assuming
Fxn = 1). The latter condition is satisfied at ¢ < £ jc—gyn

where

(& + tn)?
(D19)

1710 p—7/10 _—1/20 . —1/4
tiic—syn ~ 1 976/ By, / €, /72 Vo / [

D.2. Thermal Pair Loading

In this regime, pair loading is controlled by IC gamma rays
interacting with thermal target photons. To determine the pair
multiplicity, we now need to use the IC spectrum of an electron
cooling on the thermal radiation field in both the Thomson and
Klein—Nishina regimes. In the delta function approximation,
one can write

ANy,
dInx di

e 6(x — 40v%), 40~ < 1 (Thomson)
lel - e 6 = ), 460~ > 1 (Klein—Nishina).
(D20)

The total cooling rate, also including synchrotron emission, can
be written as'”

¥ = A1c+ Joyn = "ch(l + =2 )
{nFkn
, (D21)
4C B
= [hfyzFKN(l + )
R, ' linFn

The spectrum emitted by a cooling electron is obtained by
integrating Equation (D20) over time dt = d~y/7:

1
2(460)12 (1 + g/ t)
= 1
1+ b/ linFin)
O’

x < min(1/46, 40v3)

dNy

dinx | 4

1/40 < x < 7

else.
(D22)

The pair production opacity 7., g that enters Equation (D1)
drops rapidly for 40 x < 1 (Equation (30)), such that
Equation (D1) can only be satisfied if 46y, 2 1; i.e., the
cooling electron initially scatters thermal photons in the Klein—
Nishina regime. On the other hand, the number of emitted IC
photons increases with decreasing photon energy. Therefore,
the main contribution to the integral in Equation (D1) comes
from values of 46x ~ few.

12 We have neglected Coulomb and bremsstrahlung cooling (Appendix B), as
justified by the low Thomson optical depth and low expected baryon content of
the wind and nebula.
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Using the spectrum (Equation (D22)), we can rewrite
Equation (D1) as

M 17460 1
©r 5»[ 400\ /2(1 + b3/ Lin)

(1 — e ™) dInx

Y 1
2 0 o (l _ e*Tﬁq.lh) dlnx = 1.
5»/1‘/40 1+ &/ (lnFkn)

(D23)

Figure 5 shows the numerically computed multiplicity M.,
now using exact IC/synchrotron cooling rates and spectra, as a
function of ~y, for different values of the gamma-ray optical depth
T, through the wind region (evaluated at the peak value xf ~ 2)
and different ratios of the magnetic to thermal compactness, g /¢,
(Equation (16)). As expected, the pair multiplicity increases with
the initial Lorentz factor of the radiating pair ~y,, the temperature of
the background radiation field 0, and the gamma-ray optical depth
Tyt However, to understand the detailed behavior of M. with
increasing ~of, we must rely on the approximate expression
(Equation (D23)). Through Equation (34), this determines the
regulated Lorentz factor of the injected nebular pairs
(Equation (21)) and how it evolves as 7.4, decreases and g/l
increases as time advances after the explosion.

First, consider the limit of low & /f; < 1 and high
Ty > 1, which characterizes the nebula/wind region at early
times of months to years (depending on the value of cg;
Equation (16)). In this limit, the factor | — ¢~ ™ ~ 1 near the
peak but drops rapidly at smaller xf < 1 due to the exponential
dependence of 7., on xfl. As a result, the first term on the
right-hand side of Equation (D23) is typically less than unity
unless the thermal compactness is very high. The second
integral in Equation (D23) is trivial in the domain of interest as
long as 7, ¢, > 1 and {3/l < 1; the condition M, = 1 yields
In(4~00) ~ 1, or 470 ~ a few. Consistent with this, Figure 5
shows that the value -y, that satisfies M., = 1 (Equation (34))
depends only weakly on 7., ¢ for 7., 4 > L.

For larger values of ¢5/ly, the integrands of both terms in
Equation (D23) are smaller, such that a higher value of 7 is
required to attain M, = 1. However, once £g/{y, increases to a
value 20.1, the pair multiplicity drops significantly, and
eventually the thermal regulation condition M, = 1 can no
longer be satisfied for any ~,. Physically, this is because
synchrotron losses (which dominate IC cooling for
{p/ln 2 0.1) suppress the number of emitted IC photons that
can pair-produce on the thermal radiation background.
Similarly, once the wind/nebula becomes transparent to ~y
interactions with optical photons (i.e., 7, < 1 at x0 ~ 2),
one has (I — e ™) = 7,y < 1 in Equation (D23), and
again, the condition M, = 1 cannot be satisfied.

In case synchrotron photons become sufficiently energetic to
pair-produce between themselves (Appendix D.1.2), the
nonthermal mechanism can take over the pair regulation. For
typical parameters, this takes place only when the thermal
mechanism has become inefficient.
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