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ABSTRACT
Young, rapidly spinning magnetars are invoked as central engines behind a diverse
set of transient astrophysical phenomena, including gamma-ray bursts (GRB), super-
luminous supernovae (SLSNe), fast radio bursts (FRB), and binary neutron star (NS)
mergers. However, a barrier to direct confirmation of the magnetar hypothesis is the
challenge of directly observing non-thermal emission from the central engine at early
times (when it is most powerful and thus detectable) due to the dense surrounding
ejecta. We present CLOUDY calculations of the time-dependent evolution of the tem-
perature and ionization structure of expanding supernova or merger ejecta due to
photo-ionization by a magnetar engine, in order to study the escape of X-rays (ab-
sorbed by neutral gas) and radio waves (absorbed by ionized gas), as well as to assess
the evolution of the local dispersion measure due to photo-ionization. We find that
ionization breakout does not occur if the engine’s ionizing luminosity decays rapidly,
and that X-rays typically escape the oxygen-rich ejecta of SLSNe only on ∼ 100 yr
timescales, consistent with current X-ray non-detections. We apply these results to
constrain engine-driven models for the binary NS merger GW170817 and the lumi-
nous transient ASASSN-15lh. In terms of radio transparency and dispersion measure
constraints, the repeating FRB 121102 is consistent with originating from a young,
& 30 − 100 yr, magnetar similar to those inferred to power SLSNe. We further show
that its high rotation measure can be produced within the same nebula that is pro-
posed to power the quiescent radio source observed co-located with FRB 121102. Our
results strengthen previous work suggesting that at least some FRBs may be produced
by young magnetars, and motivate further study of engine powered transients.
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1 INTRODUCTION

Neutron stars with exceptionally strong magnetic fields
(“magnetars”; Duncan & Thompson 1992) are promising en-
gines for astrophysical transients across a range of timescales
and wavelengths. The magnetized relativistic winds from
young magnetars, which are born rapidly spinning follow-
ing core collapse supernovae (SNe) are candidates for pow-
ering long duration gamma-ray bursts (GRB; e.g., Usov
1992; Thompson et al. 2004; Metzger et al. 2011; Beniamini
et al. 2017) and super-luminous supernovae (SLSNe; e.g.,
Kasen & Bildsten 2010; Woosley 2010; Dessart et al. 2012;

? E-mail: btm2134@columbia.edu

Metzger et al. 2014; Nicholl et al. 2017c). Hydrogen-poor
SLSNe are a rare subset of the terminal explosions of mas-
sive stars stripped of their outer hydrogen envelopes which
exhibit peak optical luminosities exceeding those of other
SNe by factors of & 10 − 100 (Quimby et al. 2011; Chomiuk
et al. 2011; Gal-Yam 2012; Inserra et al. 2013; Nicholl et al.
2014; Liu et al. 2017; De Cia et al. 2017; Lunnan et al.
2018; Quimby et al. 2018) and which occur preferentially in
small and irregular low-metallicity host galaxies, with prop-
erties broadly similar to those of long GRB hosts (Lunnan
et al. 2015; Chen et al. 2015; Perley et al. 2016; Japelj et al.
2016; Schulze et al. 2018). The merger of neutron star bina-
ries can also create massive magnetar remnants (e.g. Price
& Rosswog 2006; Metzger et al. 2008; Kiuchi et al. 2015),
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which are temporarily supported against gravitational col-
lapse by their rapid rotation; such meta-stable objects could
help shape the electromagnetic counterparts to these grav-
itational wave sources (e.g. Metzger et al. 2018b). Later in
their evolution, magnetars can evolve to become sources of
high energy radiation powered by dissipation of their enor-
mous reservoirs of magnetic energy, which are observed as
primarily Galactic sources of transient outbursts and giant
flares (Thompson & Duncan 1995; see Kaspi & Beloborodov
2017 for a review).

A new window into magnetized compact objects was
opened by the discovery of fast radio bursts (FRBs) — co-
herent pulses of radio emission lasting a few milliseconds
that occur at an all-sky rate of 103 − 104 per day above 1 Jy
(Lorimer et al. 2007; Keane et al. 2012; Thornton et al. 2013;
Spitler et al. 2014; Ravi et al. 2015; Petroff et al. 2016; Cham-
pion et al. 2016; Lawrence et al. 2017). FRBs are character-
ized by large dispersion measures DM ≈ 300 − 2000 pc cm−3,
well above the contribution from propagation through the
Milky Way or its halo and thus implicating an extragalac-
tic origin. The cosmological distance of at least one FRB
was confirmed by the discovery of a repeating FRB 121102
(Spitler et al. 2014, 2016) and its subsequent localization
(Chatterjee et al. 2017) to a dwarf star-forming galaxy at a
redshift of z = 0.1927 (Tendulkar et al. 2017). The unusual
host galaxy properties are similar to those of long GRBs
and SLSNe (Metzger, Berger, & Margalit 2017), supporting
a possible connection between FRBs and young magnetars
(Popov & Postnov 2013; Lyubarsky 2014; Kulkarni et al.
2014; Katz 2016; Lu & Kumar 2016; Metzger et al. 2017;
Nicholl et al. 2017d; Kumar et al. 2017; Lu & Kumar 2017).

One mechanism by which a young magnetar could
power a burst of coherent radio emission is through the syn-
chrotron maser instability in the plasma behind magnetized
shocks (Gallant et al. 1992; Lyubarsky 2014). Such shocks
could be produced by transient ejections from the magnetar
which collide with the external medium at ultra-relativistic
speeds. This medium could represent the baryon-rich wind of
material accumulated from the succession of previous recent
flares (Beloborodov 2017) or, on larger scales, with the hot
nebula of magnetic fields and particles confined behind the
expanding SN ejecta (Lyubarsky 2014). Other FRB emis-
sion mechanisms have been proposed that occur closer to
the magnetar surface, such as antenna curvature emission
within the magnetosphere (e.g. Kumar et al. 2017; Lu &
Kumar 2017). Radio bursts from FRB 121102 have now
been observed intermittently for over four years, with sep-
arations between bursts as short as seconds (Spitler et al.
2016; Michilli et al. 2018). Any magnetar responsible for
this behavior must be significantly more active than the
Galactic population, which are largely dormant (Kaspi &
Beloborodov 2017).

Radio interferometric localization of FRB 1211012
(Marcote et al. 2017a) revealed a luminous (νLν ≈
1039 erg s−1) steady radio synchrotron source coincident to
within . 0.8 pc of the FRB location (Tendulkar et al. 2017).
This could be interpreted as a nascent “nebula” surround-
ing the magnetar, powered by its rotational (Metzger et al.
2017; Kashiyama & Murase 2017; Omand et al. 2018) or
magnetic energy (Beloborodov 2017). A plasma-dense envi-
ronment surrounding FRB sources is supported also by the
observed scattering tails following some FRB pulses (Thorn-

ton et al. 2013; Ravi et al. 2015; Luan & Goldreich 2014)
and possible evidence for plasma lensing of the bursts by in-
tervening screens of dense ionized material (Pen & Connor
2015; Cordes et al. 2017; though much of the latter could be
the ISM of the host galaxy).

Constraints can be placed on the age, tage, of the pu-
tative compact remnant responsible for FRB 1211012 (Met-
zger et al. 2017). Upper limits on the size of the quiescent
radio source relative to predictions for an expanding nebula
place a rough upper limit of tage . 100 yr. On the other hand,
a lower limit of tage & 20 − 30 yr follows from the require-
ment that the supernova ejecta not attenuate the FRB ra-
diation via free-free absorption or overproduce the observed
DM or its time derivative (Connor et al. 2016; Piro 2016;
Metzger et al. 2017; Bietenholz & Bartel 2017). The young
inferred age may be connected to the repeater’s high activ-
ity as compared to Galactic magnetars (Beloborodov 2017),
which are typically much older, tage ∼ 104 yr. Lu & Ku-
mar (2017), Nicholl et al. (2017b), and Law et al. (2017)
show that if all FRB sources repeat in a manner similar to
FRB 121102, then the birth rate of FRB-producing magne-
tars is consistent with those of SLSNe and long GRBs, and
thus potentially with the subpopulation of magnetars born
with particularly short rotation periods (high rotational en-
ergies).

Also supporting the existence of a dense electron-ion
plasma surrounding FRB 121102 is its large rotation mea-
sure, RM ∼ 105 rad m−2 (Michilli et al. 2018; see also Masui
et al. 2015). This RM value exceeds those of other known
astrophysical sources, with the exception of the flaring mag-
netar SGR J1745-2900 located in the Galactic Center at
a projected offset of only 0.1 pc from Sgr A* (Eatough
et al. 2013). The magnetic field of the medium responsi-
ble for FRB 121102’s RM exceeds1 ∼ 1 mG (Michilli et al.
2018). Though too high for the ISM of the host galaxy, the
large field strength could instead be reasonably attributed to
the same quiescent synchrotron nebula which is co-located
with the bursting source. The RM was furthermore observed
to decline by ∼10% over a 7 month interval (Michilli et al.
2018). This may suggest that a turbulent magnetized en-
vironment surrounds the burst, as in the Galactic Center.
Alternatively, the decline may implicate secular evolution
originating from the source being embedded in an expand-
ing, dilluting magnetized medium, either from the super-
nova shock wave interacting with circumstellar gas (Piro &
Gaensler 2018) or the burst-powered synchrotron nebula (see
§4.1).

Despite the growing circumstantial evidence tying
young magnetars to a range of astrophysical transients
(GRB, SLSNe, FRB, NS mergers), definitive proof for this
connection remains elusive and alternative models remain
viable. Long GRBs can be powered by fall-back accretion
onto a black hole of the ejecta of a massive star following
a failed explosion (Woosley 1993; MacFadyen & Woosley
1999). SLSNe could instead be powered through circum-
stellar interaction (Chevalier & Irwin 2011; Moriya et al.

1 This minimum average magnetic field strength is derived under

the conservative assumption that the RM-producing medium also
contributes all of the DM, once the Milky Way and intergalactic

medium values have been subtracted off.
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2013) or by fall-back accretion from a radially-extended
star (Quataert & Kasen 2012; Dexter & Kasen 2013). The
high RM of FRB 121102 could indicate the bursting source
just happens to be located in a magnetized galactic cen-
ter environment close to an accreting massive black hole
(e.g. Eatough et al. 2013) or that such a location is some-
how essential to the emission process (Zhang 2017, 2018),
rather than originating from the birth nebula of a young
stellar-mass compact object.

One challenge in testing the magnetar model is our in-
ability to directly view the central engine at early times due
to the large absorbing column of the supernova or merger
ejecta. Metzger et al. (2014) propose to search for the emer-
gence of UV or X-ray radiation from the young magne-
tar nebula on timescales of years after explosion, once the
ejecta become transparent to bound-free absorption (see
also Kotera et al. 2013; Murase et al. 2015). Such trans-
parency can occur gradually as the ejecta column density
dilutes, or abruptly due to a sudden drop in opacity when a
photo-ionization front driven by the nebula radiation reaches
the ejecta surface (Metzger et al. 2014). Margutti et al.
(2017c) invoked such an “ionization break-out” to explain
the unusual UV re-brightening of the highly luminous op-
tical transient ASASSN-15lh (Dong et al. 2016) observed a
few months following the explosion; this explanation could
in principle apply regardless of whether the event was a
true SLSN (e.g. ejecta ionization by a central magnetar en-
gine) or a tidal disruption event (stellar debris ionization
by an accreting supermassive black hole; Leloudas et al.
2016; Krühler et al. 2018). While most SLSNe only show
upper limits on their X-ray luminosity LX (Margutti et al.
2017a), SCP06F6 (Barbary et al. 2009) was detected with
LX ∼ 1044 − 1045 erg s−1 roughly 70 days after the explosion
(Levan et al. 2013). The slowly-evolving SLSN PTF12dam
(Nicholl et al. 2013) also showed detectable X-ray emission
with LX ≈ 2 × 1040 erg s−1 (Margutti et al. 2017a), though
this could originate from star formation in the host galaxy.

Kashiyama et al. (2016), Omand et al. (2018) pro-
posed to search for the emergence of late-time radio syn-
chrotron emission from the engine-powered nebula, once the
ejecta becomes transparent to free-free and synchrotron self-
absorption (a similar condition as that needed for FRB emis-
sion to escape). Searches for long-lived radio emission from
magnetars have already been conducted for short GRBs,
leading to non-detections (Metzger & Bower 2014; Horesh
et al. 2016; Fong et al. 2016). Metzger et al. (2017) pro-
posed to search for FRB emission from & decade-old old
SLSNe and long GRBs to directly connect these sources to
the birth of young magnetars. Nicholl et al. (2017b) pro-
posed the same idea for the magnetar remnants of binary
neutron star mergers, a search conducted following the re-
cent LIGO-discovered merger GW170817 (Andreoni et al.
2017) which yielded non-detections.

Given the growing sample of FRBs with detections or
upper limits on local contributions to their DM and RM
(and in the case of repeating sources like FRB 121102, also
of their time derivatives), as well as GRBs, SLSNe, and NS
mergers with late-time X-ray and radio observations, it is
essential to revisit predictions for the time-evolving prop-
erties of the supernova/merger ejecta and the observability
of the flaring magnetar or magnetar-powered nebula inside.
The ionization state of the ejecta, which is controlled by

photo-ionization from the UV/X-ray flux of the central neb-
ula (Metzger et al. 2014, 2017) or by passage of the reverse
shock as the ejecta interacts with the ISM (Piro 2016; Piro &
Gaensler 2018), controls the escape of X-ray/radio emission
from the central sources and determines the local contribu-
tion to DM and dDM/dt. Likewise, the magnetized nebula
fed by the accumulation of past magnetar flares, provides
both a steady synchrotron source and the dominant source
of both RM and dRM/dt.

Despite the importance of the temperature and ion-
ization structure of the ejecta on these observables, previ-
ous studies of the ejecta properties have been semi-analytic
in approach (Metzger et al. 2014, 2017). A more accurate
treatment must account self-consistently for the ionization-
recombination balance for all relevant atomic states for a
realistic ejecta composition, including a self-consistent solu-
tion for the temperature structure of the ejecta. Here, we
perform such a calculation using the photo-ionization code
CLOUDY, applied at snapshots in time after the merger, which
we then use to infer the evolution of DM, as well as the
bound-free and free-free optical depth. Combining the lat-
ter with physically- or observationally-motivated models for
the intrinsic nebula radiation, we are able to predict the
X-ray and radio light curves for individual SLSNe.

This paper is organized as follows. In §2, we discuss
basic properties of the engine and ejecta and describe our
numerical approach. In §3 we present our CLOUDY results
and describe the ejecta ionization state; properties of X-
ray break-out with application to SLSNe, NS mergers and
ASASSN-15lh; and the implied radio absorption and DM
evolution in the context of FRBs. In §4 we discuss the radio
properties of the nebula and origin of the high RM associated
with FRB 121102. We summarize our results in §5.

2 PROPERTIES OF THE ENGINE AND
EJECTA

2.1 Central Engine

A young neutron star possess two reservoirs of energy: rota-
tional and magnetic. Given the short spin-down timescales
of magnetars, rotational energy is most important at early
times following the supernova explosion or merger and is
needed to power an ultra-relativistic jet in GRBs, or to in-
flate the nebula of radiation responsible for powering SLSNe.
However, rotational energy cannot readily explain the large
instantaneous power source of the luminous FRB emission
itself, at least for FRB 121102 and its implied age of &several
decades after magnetar formation (e.g. Lyutikov 2017). Mag-
netic energy, though generally smaller in magnitude than
rotational energy, can emerge from the stellar interior more
gradually over timescales of years to centuries, and thus may
be responsible for powering intermittent magnetic flares re-
sponsible for FRBs, as well as an ion-electron synchrotron
nebula behind the ejecta.

MNRAS 000, 1–21 (2017)
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Figure 1. Schematic diagram illustrating the components of the
model for engine-powered transients considered in this paper. An

expanding cloud of SN (or NS-merger) ejecta material (blue) en-

velopes a magnetar, whose spin-down and/or magnetically-driven
wind shocks the ejecta interior, producing a hot nebula (yellow).

UV and X-ray radiation from this nebula photo-ionizes the ejecta.

An additional column of ionized material is created by the forward
and reverse shocks (green and blue, respectively) generated by

the ejecta’s expansion into the surrounding CSM (dotted green).

FRB- or steady synchrotron radio emission produced within or
interior to the nebula will undergo dispersion and free-free ab-

sorption traveling through the ejecta towards an observer, as well
as scattering and Faraday rotation within the magnetized nebula.

2.1.1 Rotational Energy and Ionizing Radiation

A magnetar born with an initial spin period P0 and mass
Mns = 1.4M� possesses a reservoir of rotational energy

Erot ' 2 × 1052 ergs
(

P0
1 ms

)−2
. (1)

If the magnetic dipole and rotational axes are aligned, this
energy is extracted through a magnetized wind on a charac-
teristic timescale

trot ' 4.7 d
(

B
1014 G

)−2 (
P0

1 ms

)2
, (2)

where B is the surface magnetic dipole field strength. The
spin-down luminosity at time t after the explosion is given
by

Lrot =
Erot/trot

(1 + t/trot)2
≈

t�trot
8×1040 ergs s−1

(
B

1014 G

)−2 (
t

10 yr

)−2
,

(3)

where the last equality applies at times t � trot.
Millisecond magnetars which are invoked to power cos-

mological GRBs must possess large magnetic fields B &
1015 G and short spin-down times tsd . 10−103 s, commensu-
rate with the duration of long GRBs emission (e.g. Thomp-
son et al. 2004) or the temporally-extended X-ray emission
following some short GRBs (e.g. Metzger et al. 2008). By
contrast, magnetars invoked as the power source of SLSNe
must instead possess weaker magnetic fields B . 1014 G and
spin-down times of & days, comparable to the photon dif-
fusion timescale of optical radiation through the expanding

supernova ejecta (e.g. Kasen & Bildsten 2010; Woosley 2010;
Nicholl et al. 2017c).2

The rotationally-powered magnetar wind is ultra-
relativistic with a low baryon-loading. As in pulsar wind
nebulae (PWNe), dissipation of the wind energy is expected
to accelerate a power-law distribution of electrons/positrons,
powering non-thermal radiation extending from radio to
gamma-ray frequencies. The spectral energy distribution
of the PWNe-like emission from a young magnetar engine
is highly uncertain. It depends on poorly understood de-
tails such as the pair multiplicity of the wind and the lo-
cation of particle acceleration (e.g. close to the wind ter-
mination shock, or within regions of magnetic reconnec-
tion in the upstream wind zone; Sironi & Spitkovsky 2011).
Furthermore, while the rotationally-powered wind may be
ultra-relativistic, it may be periodically interrupted or en-
tirely subsumed by transient ejections of mildly-relativistic
baryon-rich material which accompany magnetic flares (see
§2.1.2 below) and may induce significant Faraday rotation.

Given these uncertainties, we make the simplifying as-
sumption in our photo-ionization calculations (§3) that a
fraction εi ≤ 1 of the spin-down power Lrot(t) is placed into
ionizing radiation, Le. We furthermore assume a spectrum,
Le,ν ∝ ν−1 which distributes the energy equally per decade
in frequency between hνmin = 1 eV and hνmax = 100 keV. In
other words, we take

νLe,ν =
εiLrot

log (νmax/νmin)
. (4)

Although this spectrum is somewhat ad hoc, a high value
of εi ∼ 1 is motivated by the likelihood that the nebular
electrons/positrons will be fast cooling at such a young age.

2.1.2 Magnetic Energy and Radio Emission

A magnetar formed with a strong interior magnetic field of
strength B? contains a reservoir of magnetic energy given
approximately by

EB ≈
B2
?R3

ns
6
≈ 2 × 1050ergs

(
B?

5 × 1016 G

)2
, (5)

where Rns = 12 km is the neutron star radius. A field strength
B? ≈ 5×1016 G corresponds to only a few percent of equipar-
tition with the rotational energy (equation 1) for P0 ∼ 1 ms.

If this magnetic energy emerges from the stellar inte-
rior in the form of intermittent flares, this could be respon-
sible for powering FRB emission, for instance through co-
herent emission in magnetized internal shocks (Lyubarsky
2014; Beloborodov 2017; Waxman 2017). The enhanced ac-
tivity of FRB 121102, as compared to older Galactic mag-
netars, could result from more rapid leakage of the mag-
netic field from the neutron star interior driven by ambipo-
lar diffusion in the core over the first tmag . 10 − 100 yrs
following birth (Beloborodov 2017). Beyond youth alone,
the timescale of magnetic field diffusion tmag ∝ B−2

? would

2 However, note that the difference between the magnetar field
strengths capable of powering long GRB jets versus SLSNe can be
reduced if the magnetar experiences fall-back accretion because
the latter enhances the spin-down luminosity of the magnetar

relative to its isolated evolution (Metzger et al. 2018a).
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be shortened in magnetars for larger B? (Beloborodov & Li
2016). Stronger interior fields might be expected if the FRB-
producing sources are born rotating particularly rapidly
(Thompson & Duncan 1993), as required for the central en-
gines of GRBs and SLSNe. The rate of magnetic flux leak-
age, and thus potentially of external flaring activity, would
also be enhanced if the neutron star core cools through di-
rect URCA reactions (Beloborodov & Li 2016). The latter
is activated in the cores of the massive neutron stars formed
from the collapse of particularly massive stars (e.g. Brown
et al. 2018), also implicated as the progenitors of long GRBs
and SLSNe, e.g. given their observed locations in the high-
est star-forming regions of their host galaxies (Lunnan et al.
2016; Blanchard et al. 2016).

In analogy with equation (3) for the rotation-powered
luminosity, we parameterize the time-averaged magnetic lu-
minosity as

Lmag =
Emag
tmag

α − 1
(1 + t/tmag)α

. (6)

However, the precise value of the decay index α — and in-
deed whether a power-law evolution is indeed even appropri-
ate — remains highly uncertain. Determining this evolution
with greater confidence will require future modeling of the
rate of magnetic flux escape from young magnetars.

In addition to powering FRB emission itself, magnetic
energy deposited in a nebula behind the ejecta could be re-
sponsible for the quiescent synchrotron radio emission (Be-
loborodov 2017). The high rotation measure RM ∼ 105

rad m−2 of FRB 121102 implicates an electron-ion environ-
ment surrounding the source (Michilli et al. 2018), favor-
ing the ion-loaded composition expected based on Galactic
giant magnetar flares (e.g. Granot et al. 2006), but disfa-
voring the relatively baryon-clean environment expected for
a rotationally-powered PWN (§2.1.1). We estimate the RM
contributed by the magnetar nebula in §4.1 and use it to
place constraints on the required value of Emag and baryon-
loading of the magnetically-powered ejections.

2.2 Density Profile and Composition of the Ejecta

We model the evolution of the supernova ejecta at radius r
and time t as one of homologous expansion, with a broken
power-law density profile

ρ(r, t) =
3Mej

8
(
vejt

)3

{
1 r ≤ vejt(
r/vejt

)−6 r > vejt,
(7)

such that the mass in material expanding above a given ve-
locity v = r/t obeys M(> v) ∝ v−3. This particular choice
for the high-velocity tail is motivated by recent numerical
multi-dimensional simulations of the early-time interaction
of the magnetar-inflated nebula and the surrounding ejecta
(Suzuki & Maeda 2017; see also Chen et al. 2016; Blondin &
Chevalier 2017). Here Mej is the total ejecta mass and vej the
characteristic ejecta velocity at which the transition from a
flat core to steep envelope occurs,

vej =
√

10Eej/9Mej, (8)

and the ejecta energy Eej = Esn+Erot is the sum of the initial

explosion energy, which we take as Esn = 1051 erg, and the

rotational energy Erot(P0) fed by the magnetar engine (equa-
tion 1). Hence, the parameters Mej and P0 fully determine
the ejecta density distribution at times greater than a few
spin-down timescales (typically days for SLSNe). Although
the coupling efficiency between the magnetar spin-down lu-
minosity and the ejecta is uncertain, the magnetar parame-
ters we use in this study are based on fits to the photomet-
ric light-curves of SLSNe (Nicholl et al. 2017c), which only
probe the energy deposited by the engine into the ejecta.
It is therefore self-consistent to assume that the entirety of
the observationally-inferred rotational energy is deposited
within the ejecta, and eventually converted predominantly
into kinetic energy (the amount of radiated energy is typi-
cally only a small fraction of the total energy).

We consider a few different assumptions about the el-
emental composition of the ejecta. We first consider a spa-
tially homogeneous composition of exclusively hydrogen, in
order to whet our intuition in a simple limit and to explore
ejecta ionization in related events like tidal disruption events
of solar-metallicity stars. For SLSNe and long GRBs we in-
stead assume spatially homogeneous O-rich hydrogen-poor
composition characteristic of energetic broad-lined SNe-Ic
(which show similarities with SLSNe-I; e.g. Liu & Modjaz
2016; Quimby et al. 2018). Specifically, we adopt the compo-
sition resulting from the explosion of a 16M� He core model
for an explosion energy 1052 erg from Nakamura et al. (2001).
The mass fraction of the first several dominant elements are:
O (0.65), He (0.16), Fe (0.05), Ne (0.04), Si (0.04), Mg (0.02),
and C (0.01).

Finally, we explore a few Fe-dominated ejecta models in
order to explore composition approximating the ejecta from
a binary neutron star merger. For instance, in GW170817
a large fraction of the merger ejecta was inferred to possess
exclusively light r-process nuclei (e.g. Nicholl et al. 2017a;
Cowperthwaite et al. 2017; Villar et al. 2017), which are ex-
pected to possess electron shell structures relatively similar
to Fe (Tanaka et al. 2017; Kasen et al. 2017).

2.3 Numerical Method to Calculate the Ejecta
Ionization State

We employ the publicly-available photo-ionization code
CLOUDY3 (version C13.1; Ferland et al. 2013) to calculate the
ionization state of the expanding SN ejecta at different snap-
shots in time. Given an incident radiation field, gas density
profile (equation 7) and composition (§2.2), CLOUDY calcu-
lates the ionization-recombination equilibrium solution and
self-consistent temperature profile within the ejecta. As dis-
cussed in §2.1.1, we adopt as the incident radiation field
from the central engine the flat spectral energy distribu-
tion normalized to a fraction of the spin-down luminosity,
Le,ν ∝ Lrot(t)ν−1 (equation 4). Though at most times of in-
terest t � trot we are in the Lrot ∝ t−2 portion of the decay
(equation 3), in our analytic discussion we generalize the
central ionizing luminosity to an arbitrary power-law decay,
Le ∝ t−α (for instance, if t . trot, or in case the ionizing lumi-
nosity instead tracks the release of magnetic energy; equa-
tion 6).

Since CLOUDY does not treat radiation transfer in

3 http://www.nublado.org/
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regimes where the medium is optically-thick to electron scat-
tering, it cannot be reliably used at very early epochs (. 1 yr
for typical SLSNe ejecta velocities) when the Thomson op-
tical depth through the ejecta exceeds unity. On the other
hand, our implicit assumption of ionization-recombination
equilibrium is itself valid only at sufficiently early times,
when the density is high enough that the recombination
timescale is shorter than the heating/cooling or expan-
sion timescales. Assessing precisely when the equilibrium
assumption breaks down is non-trivial, as it depends on
the self-consistent ionization-state and temperature of the
ejecta. However, using the CLOUDY output, we estimate that
ionization-recombination equilibrium holds for the dominant
species of interest to the latest times of interest (∼several
decades), when the ejecta becomes transparent to free-free
absorption at GHz frequencies (see §3.3).

As CLOUDY is configured to calculate time-independent
equilibrium solutions, we have implicitly also neglected adi-
abatic cooling in the heating balance. This assumption holds
well throughout the bulk of the ejecta initially but be-
comes more difficult to satisfy at late times, and is only
marginally valid for the inner high-temperature ejecta lay-
ers on timescales at which the ejecta becomes transparent
to free-free absorption at GHz frequencies. Comparing the
adiabatic cooling timescale (∼ time since explosion) t to the
radiative cooling timescale within the ejecta, we find that
typically tcool/t . 10 at all radii within the ejecta at the
epoch when the ejecta becomes free-free transparent. By
contrast, tcool/t & 1 only in the very inner parts of the ejecta,
r . 10−2Rej. As this region contains only a small fraction
of the total mass, and contributes little to the ejecta DM,
free-free or bound-free optical depths, we expect that our
neglect of adiabatic cooling is a reasonable approximation.
The effects of adiabatic cooling would be to moderately over-
estimate the temperature of the inner ejecta, and therefore
slightly overestimate the DM and underestimate the free-
free optical depth.

3 PHOTO-IONIZATION RESULTS

3.1 Ionization State

The ionization fraction of the ejecta is defined as

fion(r) ≡
ne(r)∑
i Zini(r)

, (9)

where ne is the electron number density and Zi , ni are the
atomic number and density, respectively, of ion i. The ion-
ization fraction along with the neutral fraction, fn, of the
ejecta, and particularly their density-weighted averages,

〈 fion〉ρ ≡
∫

fionρdr∫
ρdr

; 〈 fn〉ρ ≡ 1 − 〈 fion〉 , (10)

are crucial ingredients in determining the X-ray (§3.2) and
radio (§3.3) opacity of the ejecta, as well as the local DM for
an embedded FRB source. This section describes the time-
dependent evolution of the ionization state determined by
photo-ionization, starting with pure hydrogen composition
(§3.1.1) and building up to the O-rich composition relevant
to GRBs and SLSNe (§3.1.2) and Fe-like composition rele-
vant to NS mergers (§3.1.3). In §3.3.1, we compare the DM

from central photo-ionization to collisional ionization from
the reverse shock traveling back through the ejecta as it be-
gins to interact with the circumstellar medium.

3.1.1 Pure Hydrogen Ejecta (e.g. TDE)

We start with the case of ejecta with a pure hydrogen compo-
sition. This provides an illustrative example of the relevant
physical processes with the added benefit of being analyti-
cally tractable. Though not applicable to stripped-envelope
supernovae, this case is relevant to photo-ionization of the
hydrogen-rich stellar ejecta in a tidal disruption event.

Figure 2 shows time snapshots of the radial profile of
the electron temperature, Te(r), and the ionization fraction
fion(r). The high temperature of the inner ejecta is set by a
balance between Compton heating and Compton cooling, at
an approximately fixed value Te ∼ 107 K which corresponds
to the“Compton temperature”of the nebular radiation field.
At larger radii, where the radiation energy density is weaker,
free-free cooling exceeds Compton, leading to a steep tem-
perature drop, until at sufficiently large radii photo-electric
heating by photo-ionization exceeds the Compton heating.
Most of the ejecta mass is concentrated at large radii, near
the outer edge of the ejecta, around which Te reaches an
approximately constant value ≈ 104 K. The temperature
profile described qualitatively above can be estimated more
precisely analytically, as described in Appendix A, and illus-
trated for comparison by the dashed grey curves in Figure 2.

The inner portions of the ejecta are nearly fully ionized
( fion ' 1), until reaching the ionization front at which fion
declines to values . 1 (there is also an associated drop in
temperature at this location). The bottom panel of Fig. 2
also shows the density-averaged ionization fraction, which
evolves only weakly with time. As follows below, this re-
sult can be understood semi-quantitatively through a simple
Stromgren sphere analysis (Strömgren 1939).

Assuming that a centrally illuminating source fully ion-
izes a homogeneous cloud of hydrogen up to r . Rs, and that
fion ≈ 0 at larger radii. Equating the total production rate
of ionizing photons Q0 =

∫ ∞
ν0
(Le,ν/hν)dν ∝ t−α to the total

recombination rate yields the familiar Stromgren radius,

Rs =

(
3Q0

4πn2 〈αB〉m

)1/3
, (11)

where n is the density (assumed for simplicity here to be
radially-constant) and 〈αB〉m is the mass-averaged type-B
recombination rate coefficient. The density-averaged ioniza-
tion fraction (equation 10) for a spherical, homologously ex-
panding cloud of radius vejt is then

〈 fion〉ρ ∼
Rs(t)
vejt

∝ M−2/3
ej vejt1−α/3. (12)

For pure hydrogen composition, the temperature in the re-
gions of greatest interest is regulated to an approximately
constant value (see Appendix A), and thus 〈αB〉m does not
add significant temporal dependence. Therefore 〈 fion〉ρ ∝
t1/3 for the standard α = 2 case where the ionizing lumi-
nosity is powered by magnetar spin-down at times t � trot.

Equation (12) only applies while Rs < vejt, because
once the ionization front reaches the outer ejecta radius the
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Figure 2. Radial profile of ejecta ionized fraction, fion, and elec-
tron temperature, Te, for pure hydrogen composition, shown at

three successive times after the explosion as marked (black, red
and blue curves, respectively). The total ejecta mass is M = 10 M�
and the magnetar initial spin period P0 = 1 ms and dipole field

strength B = 1014 G correspond to a characteristic ejecta velocity
vej = 1.1 × 104 km s−1. We assume that a fraction εi = 10−3 of

the decaying spin-down luminosity of the magnetar is in ionizing

radiation (equation 4). The vertical dotted lines mark the ejecta
radius, Rej = vejt, at which the density profile transitions from a

flat inner core to a steeply-decaying envelope (equation 7). The

dashed grey curves in the top panel show an analytic approxima-
tion for Te (Appendix A) applicable only within the fully-ionized

region. Grey circles in the lower panel show the density-averaged

ionization fraction 〈 fion 〉ρ at each time. The temporal evolution of

〈 fion 〉ρ ∝ t1/3 follows the theoretical expectation (equation 12) for

the fiducial case in which the engine luminosity decays as Le ∝ t−2.

Stromgren analysis predicts 〈 fion〉ρ = 1. However, when cal-
culating the bound-free X-ray opacity we are more inter-
ested in the small residual neutral fraction. In this regime
fn = 1 − fion � 1 a local version of ionization-recombination
balance yields

fn(r, t) ≈
4παBn(r, t)r2

σpeQ0(t)
, (13)

where σpe is the photo-ionization cross section. Therefore
the density-averaged neutral fraction evolves as

〈 fn〉ρ ≈
fn�1

4παBMej
3σpeµmpvejtQ0(t)

∝ Mejv
−1
ej tα−1. (14)

3.1.2 Oxygen-rich Ejecta (SLSNe)

The case of O-rich ejecta relevant to GRB and Type I-SLSNe
cannot be simply described by the Stromgren sphere anal-
ysis due to the large number of different ionization states.
Figure 3 shows our CLOUDY calculation of the radial profile
of the ionization fraction and electron temperature of the
ejecta at three different epochs. In contrast to the pure hy-
drogen case, the radial profiles show significant structure
representative of the multiple ionization fronts for different
species, consistent with the picture outlined in Metzger et al.
(2014, 2017). Qualitatively, the temperature is still set by
Compton heating near the inner edge of the ejecta and by
photo-electric heating at large radii. However, in the O-rich
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Figure 3. Same as Fig. 2, but for the fiducial O-rich ejecta model
relevant to SLSNe. The temperature and ionization profiles are

significantly more complex than for the pure-hydrogen ejecta due
to multiplicity of ionization fronts. The density averaged ioniza-

tion fraction 〈 fion 〉ρ remains roughly constant in time in this sce-

nario.

case line-cooling instead exceeds free-free cooling through-
out most of the ejecta volume.

Given this analytically-untractable complexity, it is for-
tunate that our main interest is in global properties re-
lated to the average ionization state and temperature of the
ejecta. Empirically, for O-rich ejecta and a Le ∝ t−2 decay-
ing ionizing luminosity (α = 2) we find that the density-
averaged ionization fraction4 remains nearly constant in
time, 〈 fion〉ρ ∝ t0. We also consider the case of a constant

luminosity source, Le ∝ t0 (α = 0), for example, describing
the early plateau phase of spindown evolution at t < trot
(equation 2). In this case we find the density averaged ion-
ization fraction increases as roughly 〈 fion〉ρ ∝ t0.4 before sat-
urating at close to complete ionization. As discussed further
in §3.2, these results indicate that the normally-considered
picture of ionization breakout is only possible for a tempo-
rally constant or slowly-decaying ionizing radiation sources.
Stated another way, if ionization break-out does not occur
by t . trot, it will not occur at later times.

3.1.3 Pure Iron Ejecta (NS Merger)

To explore the photo-ionization of ejecta by a long-lived
central remnant in the case of binary NS mergers, we ap-
ply our methods to ejecta of mass Mej = 0.05M� and ve-
locity vej = 0.2 c, motivated by the inferred properties of
the kilonova emission accompanying GW170817 (e.g. Cow-
perthwaite et al. 2017; Kasen et al. 2017; Villar et al. 2017).
Although the merger ejecta is expected to be composed of
freshly-synthesized r-process material, the atomic data for
these elements is not currently incorporated into CLOUDY.
For this first approach to the problem, we therefore assume
an iron-rich composition, which exhibits the closest degree
of complexity to at least the light r-process nuclei that is
achievable within the current limitations. Also note that the

4 However, note that one can still define an ‘effective’ Stromgren

radius Rs,eff ≡ 〈 fion 〉ρ vejt (see equation 12)
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Figure 4. Same as Fig. 2, but for pure Fe composition, meant
to approximate the properties of the r-process ejecta from binary

NS mergers. As in the O-rich ejecta case, the value of 〈 fion 〉ρ is
approximate constant in time.

implicit assumption within CLOUDY that the Thompson op-
tical depth is small does not always hold for our models at
early times. We are therefore likely underestimating the ion-
ization fraction of the merger ejecta due to the inability of
CLOUDY to treat backscattering. We continue with the cal-
culations despite these two important caveats, leaving more
accurate modeling of merger ejecta photo-ionization to fu-
ture studies.

Figure 4 shows the ionization state for the fiducial
merger-ejecta model, with a magnetar of dipole magnetic
field B = 1016 G and initial spin-period P0 = 0.8 ms (corre-
sponding to the break-up limit for a NS, the relevant sce-
nario given the large orbital angular momentum at merger)
as the ionizing radiation source. The snapshots shown are
earlier than in the SN case, due to the faster evolution of
the merger ejecta given its lower mass and higher velocity.
Models run for lower assumed dipole fields (larger ionizing
fluxes at times t � trot) result in nearly complete ionization
of the NS merger ejecta at all epochs. We also find, similarly
to the O-rich SLSN case, that the density-averaged ioniza-
tion fraction 〈 fion〉ρ is roughly constant in time at times

t > trot, when Le ∝ t−2. Again, ionization breakout appears
not to be effective unless it has already taken place by t ∼ trot
(see §3.2 for further discussion).

3.2 X-ray Light Curves

3.2.1 Oxygen-rich Ejecta (SLSNe)

One potential test of the magnetar model (or more, broadly,
engine-powered models) for SLSNe is the onset of late-
time X-ray emission, produced once ionizing radiation from
the rotationally-powered nebula escapes from the expand-
ing ejecta (Metzger et al. 2014; Kotera et al. 2013). At early
times, X-rays are attenuated by bound-free absorption in the
ejecta. The X-ray optical depth through the ejecta is given
by

τX =

∫
σbfn (1 − fion) dr =

3σbf Mej

8µmpv2
ejt

2
〈 fn〉ρ , (15)
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Figure 5. Unattenuated X-ray luminosity from the magne-
tar nebula (light blue light curves) and transmitted luminosity

through the supernova ejecta (dark blue light curves) from our
CLOUDY calculations, for different engine and ejecta parameters

from the sample of SLSNe modeled by Nicholl et al. (2017b). We

assume an efficiency εi = 1 for converting spin-down luminosity
into broad-band ionizing luminosity (equation 4). The nebular X-

rays are initially attenuated by bound-free absorption, until the

ejecta undergoes sufficient dillution for the the bound-free opti-
cal depth to decrease below unity (equation 16), after which time

the incident and transmitted light-curves converge. The detec-

tion of SCP06F6 (Levan et al. 2013) and PTF12dam (Margutti
et al. 2017a) are shown in yellow/black respectively, while red

circles show current upper limits (Margutti et al. 2017a). The X-

ray light-curve of PTF12dam predicted by our fiducial model is
also highlighted in black. Despite exhibiting the strongest light-

curve among SLSNe in our sample, it seems difficult to inter-
pret the early X-ray flux from PTF12dam as originating from

the central engine. A green curve shows the X-ray light-curve

for an artificial model with temporally-constant ionizing luminos-
ity, Lrot = 1043 erg s−1; this model exhibits an ionization breakout

whereby X-rays escape due to a decrease in the average neutral

fraction 〈 fn 〉ρ (Metzger et al. 2014) as opposed to dillution effects.

where n = ρ/(µmp) and σbf =
∫

Fνσν(ν)dν/
∫

Fνdν is the flux
averaged bound-free cross section within the observed X-ray
frequency band.

There are two ways that τX can decrease below unity,
initiating the X-ray light curve to rise to its peak. First,
τX can decrease abruptly, driven by changes in the ejecta’s
ionization state (i.e. because 〈 fion〉ρ → 1), a so-called ‘ion-
ization breakout’ (Metzger et al. 2014). Alternatively, the
condition τX < 1 can be achieved more gradually, due to the
∝ t−2 decrease in the ejecta column at fixed 〈 fion〉ρ, a process
we refer to as ‘expansion-dilution’.

The previous section showed that 〈 fion〉ρ is approxi-

mately constant for O-rich ejecta if Le ∝ t−2. Thus, in
the t & trot portion of the magnetar spin-down evolution
(equation 3), we conclude that ionization-breakout is ir-
relevant and X-rays can only escape due to expansion-
dilution. Stated another way, if an ionization break-out is
not achieved by t ∼ trot, then it is unlikely to be achieved at
later times t & trot.

This behavior is apparent in Figure 5, which shows the
transmitted X-ray light curves extracted from our CLOUDY re-
sults using parameters relevant to the sample of SLSNe in
Nicholl et al. (2017b) and assuming εi = 1. The peak lu-
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minosities, achieved on timescales of ∼ 3 − 30 years, are in
all cases low, LX . 1039 erg s−1 and consistent with non-
detection upper-limits shown for comparison from Margutti
et al. (2017a).

If ionization-breakout were instead responsible for the
X-ray escape, then the calculated light-curves would rise to
peak more abruptly, when the dominant ionization front
corresponding to the X-ray observing band reaches the
ejecta surface. Instead, for the ejecta-dillution scenario the
light-curves evolve gradually, displaying the expected LX ∝
(t/te)−2 exp

[
−(t/tbf)−2] behavior, where tbf is the time at

which τX = 1. For a temporally-constant 〈 fn〉ρ ≈ 0.5 the
latter can be estimated as (equation 15)

tbf ≈ 130 yr
(

Mej
10M�

)1/2 (
vej

104 km s−1

)−1 (
Z
8

)−3/2 ( 〈 fn〉ρ
0.5

)1/2
,

(16)

where we have taken µ ≈ 2Z and have approximated the
bound-free opacity σbf ≈ 8 × 10−18 cm2 Z−2 by its value near
the ionization threshold frequency for hydrogen-like ion of
atomic number Z.

To explore a particularly optimistic case in which ion-
ization break-out might occur, we calculate models with a
temporally-constant ionizing radiation source. These mod-
els, presented also in §3.1.2, exhibit a temporal increase in
the mean ionization fraction which dominates over the t−2

expansion-dilution of the ejecta, such that ionization break-
out occurs. The transmitted X-ray luminosity of one such
model, with an ionizing luminosity of 1043 erg s−1, is de-
picted by the green curve in Fig. 5. The sharp transition
at t ≈ 2 yr due to the rapid increase in the ejecta’s ionization
state marks the onset of ionization break-out. This behav-
ior differs significantly from the slow-evolving light-curves of
Le ∝ t−2 ionizing radiation sources (blue curves in Fig. 5),
which are characterized instead by ejecta-dilution. The qual-
itative result is not strongly dependent on the value of the
assumed fixed ionizing luminosity source. For example, even
lower luminosities of 1041 erg s−1 induced a rapid increase in
the ejecta’s ionization state and led to an ionization break-
out on timescales of ∼ 5 yr. We expect this behavior as long
as the luminosity is sufficient to drive 〈 fion〉ρ → 1 faster than
the expansion-dilution effect.

Finally, we note that density inhomogeneities in the
ejecta, e.g. due to Rayleigh-Taylor instabilities caused by
the PWN accelerating into this medium (Chen et al. 2016;
Suzuki & Maeda 2017; Blondin & Chevalier 2017), can al-
low X-rays to escape at earlier times than predicted by our
spherical models. Blondin & Chevalier (2017) show that
the column density along certain viewpoints can decrease
by more than an order of magnitude due to such inho-
mogeneities. This would allow radiation leakage reaching
some observers at ∼three times earlier than predicted by
the spherical models. Variability of the column density due
to turbulent motions expected within this inhomogeneous
ejecta may also affect the X-ray light-curves, and we leave
study of such effects to further work.

3.2.2 ASASSN-15lh

As a test case illustrating the strong dependence of the
transmitted X-ray flux on model parameters, we examine

the X-ray and UV emission of the very luminous transient
ASASSN-15lh (Dong et al. 2016). The nature of ASASSN-
15lh has been debated extensively, the two prominent mod-
els interpreting the event as either a SLSN or a tidal dis-
ruption event (e.g. Metzger et al. 2015; Dong et al. 2016;
Leloudas et al. 2016; Sukhbold & Woosley 2016; Margutti
et al. 2017c; Krühler et al. 2018). The ASASSN-15lh optical
light curve peaked at ∼ 35 d with luminosity ∼ 2×1045 erg s−1

(Dong et al. 2016), and later showed a re-brightening in UV,
reaching ∼ 5 × 1044 erg s−1 at t ∼ 200 d (Brown et al. 2016).
Coincidental with the re-brightening, X-rays were first de-
tected from the location of the transient at a luminosity of
∼ 6 × 1041 erg s−1 (Margutti et al. 2017c; there are deeper
non-detections at earlier times).

One suggested interpretation of the UV (and possibly
also X-ray) brightening is ionization break-out of a central-
engine, whether the latter is a millisecond magnetar in the
SLSN case or an accreting supermassive black hole in the
TDE case (Margutti et al. 2017c). Here we asses whether
the detected UV and X-ray luminosities at t ∼ 200 d can
be attributed to an ionizing central radiation source behind
a layer of expanding ejecta. We model the engine’s inci-
dent radiation field by interpolating between the detected
luminosities at UV and X-ray frequencies with a power-law
SED.5 This assumption implies that the model will repro-
duce the observations if the transmitted UV and X-ray lu-
minosities are unattenuated (Ltrans ≈ Lincident). Given the
unknown mass of the ejecta Mej, we explore our results as a
function of Mej.

Figure 6 shows the ratio of transmitted to incident X-
ray (circles) and UV (squares) luminosities, separately for
O-rich (blue) and solar composition (red) ejecta. While the
UV flux escapes nearly unattenuated for any ejecta mass we
explore (unsurprising given the large measured UV luminos-
ity), the X-ray flux show an abrupt step-function transition
between being able to ionize the ejecta at low ejecta mass
and instead undergoing strong absorption at high Mej. The
O-rich ejecta exhibits stronger absorption than the Solar
composition one due to the larger abundance of bound-free
transitions in the X-ray band for this high-metallicity ma-
terial. The most striking feature of this result is the nearly
bimodal nature of X-ray absorption — either the incident
radiation manages to ionize its way out and escapes nearly
unattenuated, or ionization break-out is unsuccessful and
the incident radiation is strongly absorbed within the ejecta.
A change of only ∼ 50% in ejecta mass can result in six or-
ders of magnitude difference in the escaping X-ray flux (see
also Fig. 5).

The dashed vertical curve in Fig. 6 shows the mini-
mum ejecta mass Mej ≈ 3M� which is consistent with the
observed 35 d optical peak of ASASSN-15lh. This is made
under the assumption that the peak time is determined by

the usual photon diffusion timescale tpk ≈
(
3κMej/4πcvej

)1/2

5 We performed a similar calculation but instead modeling the

incident SED as two black-bodies of temperatures 1.5× 104 K and

2 × 106 K, respectively, with luminosities necessary to match the
X-ray and UV detections (Brown et al. 2016; Margutti et al.

2017c). The qualitative results for this spectral model are identi-

cal to the power-law SED case, though quantitatively the value of
Ltrans/Lincident in Fig. 6 at saturation is several orders of magnitude

lower.
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Figure 6. The ratio of transmitted to incident flux in the UV
(squares) and X-ray (circles) as a function of assumed ejecta mass

for O-rich (blue; SLSN case) and solar composition (red; TDE
case). The incident luminosity is set to fit the observed UV and

X-ray data on ASASSN-15lh at ∼ 200 days (Brown et al. 2016;

Margutti et al. 2017c), with a power-law extrapolation of the SED
in between these frequency bands. The incident UV radiation

propagates through the ejecta nearly unattenuated for any ejecta

mass. By contrast, the X-ray attenuation is extremely sensitive
to the assumed ejecta mass, exhibiting a sharp cut-off above a

characteristic ejecta mass, which is ≈ 1M� for the O-rich case

and ≈ 3M� for the solar composition case. The ejecta velocity
in both cases is taken to be v = 104 km s−1, consistent with the

observed spectrum of ASASSN-15lh. A vertical dashed line shows

the approximate ejecta mass inferred from the light curve peak
under the assumption of a supernova origin for the emission for

an assumed opacity κ = 0.2 cm2 g−1.

for an expansion velocity of vej = 104 km s−1 and we take a

conservative upper limit on the opacity of κ = 0.2 cm2 g−1.

Our results confirm in greater quantitative detail the
conclusions of Margutti et al. (2017c), namely that (1) the
observed UV brightening could be the result of an ioniza-
tion break-out from a central engine, regardless of its precise
nature (e.g. a magnetar in the SLSNe case or accreting su-
permassive black hole in the TDE case); (2) if the observed
X-ray emission originates from the same central engine (as
opposed to an unrelated source like a nuclear star cluster
or AGN), then the ejecta is more consistent with being a
TDE than a SLSNe. For the TDE case the ejecta is ex-
pected to be of solar composition and to possess a relatively
low mass . M� (most TDEs are expected to be of solar or
sub-solar mass stars; e.g. Stone & Metzger 2016; Kochanek
2016). By contrast, the large mass & 3M� of oxygen-rich
ejecta required in the SLSN scenario would be challenging
to photo-ionize through on timescales of the observed X-ray
emission. On the other hand, if the X-rays are unrelated to
the transient, as would be the case if they do not fade away
in time, then the interpretation would remain ambiguous.
Late-time X-ray observations of ASASSN-15lh to determine
if the source has faded would help distinguish these scenar-
ios.

3.2.3 Pure Fe Ejecta (Binary NS Merger)

A key question regarding the outcome of binary NS merg-
ers such as GW170817 is whether a central engine, such as
a long-lived magnetar or accreting black hole, might con-
tribute to powering or re-energizing the kilonova or after-
glow emission (Metzger & Piro 2014; Metzger & Bower 2014;
Horesh et al. 2016; Kisaka et al. 2016; Fong et al. 2016;
Matsumoto et al. 2018). If present, such an engine could
reveal itself through its direct X-ray emission. Constraints
on non-afterglow contributsions to the X-ray emission from
GW170817 have been used to argue against the formation
of a long-lived NS remnant (Pooley et al. 2017; Margutti
et al. 2018; see Margalit & Metzger 2017 for alternative ar-
guments against a long-lived NS remnant in GW170817).
However, there have thus far been no detailed calculations
of the photo-ionization of the merger ejecta and its affect on
attenuating a central X-ray source.

Figure 7 shows X-ray light curves resulting from our
CLOUDY calculations of expanding ejecta with pure-Fe compo-
sition. Blue curves in the top panel show the transmitted lu-
minosity for a spin-down powered magnetar ionizing source
with dipole magnetic fields in the range B = 1014−1016 G and
εi = 1 (except for the bottom curve). Light-grey curves (in
some cases overlapping underneath the blue curves) show for
comparison the unattenuated (incident) radiation for each
model. Even high B-field spin-down powered engines suc-
cessfully ionize their way out of the ejecta, such that the
transmitted luminosity is nearly equal to the incident one,
for large εi . A comparison to early-time X-ray upper limits
on GW170817 from NuSTAR, Swift, and Chandra (red sym-
bols in Fig. 7; Evans et al. 2017; Margutti et al. 2017b) rules
out magnetar models for this event.

On the other hand for B = 1016 G and a lower radia-
tive efficiency εi = 0.1, X-ray absorption at early epochs is
significantly stronger and the presence of a magnetar would
be left unconstrained by the X-ray data alone. This again
illustrates the extreme sensitivity of the transmitted flux on
model parameters (see also §3.2.2) — a reduction of the in-
cident flux from εi = 1 to εi = 0.1 results in almost seven
orders of magnitude difference in the early-time transmitted
luminosity.

The bottom panel of Fig. 7 shows the transmitted light
curve (green curves) through NS merger ejecta, this time for
a central engine of luminosity Le = 6 × 1041 erg s−1 (t/1d)−1.3.
Such an engine has the expected temporal power-law re-
sulting from radioactive decay of r-process material to the
valley of stability (Metzger et al. 2010) and roughly tracks
the bolometric luminosity of the kilonova associated with
GW170817 (e.g. Arcavi 2018). This second case was chosen
to constrain models in which the GW170817 kilonova was
powered by a central engine rather than by radioactivity
(Matsumoto et al. 2018; Li et al. 2018).

Different curves show results for different assumed
ejecta masses (labeled for each curve) for fixed ejecta veloc-
ity vej = 0.2c. For the highest mass cases Mej & 10−2M�,
the ejecta provides a sufficient column density to absorb
the X-rays at early times, consistent with GW170817 non-
detections. However, lower mass ejecta, such as Mej ∼
10−3M� advocated by Li et al. (2018), are ruled out. We
stress that for Mej & 10−2M�, the r-process radioactive heat-
ing rate becomes comparable to the assumed engine lumi-
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Figure 7. X-ray emission from a long-lived magnetar remnant

following a binary NS merger. Similar to Fig. 5: unattenuated
(light blue) and transmitted (dark blue/green) X-ray light-curves

for pure-Fe models of binary NS merger ejecta. The blue curves as-

sume a rotationally-powered magnetar ionizing radiation source
of dipole magnetic field strengths B = 1014 − 1016 G, while the

green curves are for a central engine of ionizing luminosity Le ∝
t−1.3 normalized to the approximate bolometric luminosity of the
GW170817 kilonova and different ejecta mass. The red circles,

squares and triangle denote GW170817 upper limits from NuS-

TAR, Swift, and Chandra X-ray Observatory, respectively (Evans
et al. 2017; Margutti et al. 2017b). Clearly, even large B magnetar

remnants are ruled out for GW170817. Meanwhile, a more modest

luminosity ionizing source is not constrained by the observations.

nosity, essentially bypassing the need for invoking such an
engine.

3.3 Radio Transparency and Ejecta DM

Having calculated both the ionization and temperature
structure of the ejecta for an ensemble of properties mo-
tivated by SLSNe, we now determine the local DM contri-
bution to the ejecta and its free-free absorption. The latter
controls both when a putative FRB and associated nebular
emission produced within such SLSNe ejecta become visible.

The DM is naturally expressed in terms of the density-
averaged ejecta ionization fraction

DM =
∫

ne dr =
9Mej

20πµempv2
ejt

2
〈 fion〉ρ (t), (17)
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Figure 8. Time evolution of the ejecta dispersion measure DM(t)
for the SLSNe in our sample (solid grey curves; extrapolated by

dotted extensions). Blue points show the time at which the ejecta
first becomes transparent to free-free absorption at 1 GHz. Obser-

vational constraints for FRB 121102 are shown as dashed black

curves, whose intersection with the DM(t) tracks indicate the min-
imum allowed age of FRB 121102 assuming it originates from each

SLSN (purple points). The bottom panel shows the distribution

of free-free transparency timescales and minimal age (blue and
purple respectively). If FRB 121102 originates from a population

of young magnetars with properties similar to those inferred for

observed SLSNe, then its age is & 30 − 100 yr.

where µe = ρ/(mpne) ' 2 is the mean molecular weight per
electron.

Figure 8 shows the time evolution of the DM for the
population of SLSNe in our sample for εi = 1 (solid grey
curves). Since we found that the ionization fraction is nearly
constant in time (§2.3), the DM evolution closely follows a
simple ∝ t−2 power-law decay due to the decreasing ejecta
column, as shown by the dotted-grey extrapolations to late
times after conclusion of the CLOUDY calculations. Various
tracks are therefore differentiated almost entirely based on
their different normalizations imprinted by the ejecta mass
and ionizing spin-down power.

The free-free optical depth can be approximately ex-
pressed as

τff =

∫
κ0gff(Te, ν)ν−2Z2neniT

−3/2
e dr (18)

≈ κ0g0ν
−2.118Z1.882

∫
T−1.323

e f 2
ionn2dr,

where the gaunt factor is gff ≈ g0(Zν)−0.118T0.177 (Draine
2011), and g0 = 13.907, κ0 = 0.01772 in appropriate cgs units.
Neglecting temperature changes and for a ∼constant 〈 fion〉ρ,

this implies a temporal scaling of τff ∝ t−5. From the numer-
ical CLOUDY calculations, we find d ln τff/d ln t ∼ −4.2 to −4.6
up to the 1 GHz transparency timescale tff ∼ 10 − 100 yr for
the SLSNe in our sample.

3.3.1 Comparison to the Reverse Shock

The SN/merger ejecta will become collisionally-ionized after
being heated by the reverse shock, which propagates back
into the ejecta as the ejecta interacts with the circumstel-
lar medium (Piro 2016). This process occurs on the Sedov-
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Figure 9. Comparison of the DM contribution from the reverse
shock driven into the ejecta by interaction with the circumstellar

medium (black curves) with that of the DM contribution from
photo-ionization due to a central engine (red curve), as presented

previously in Figure 3. The dashed black curve shows the DM

for the idealized case of homogeneous ejecta (Piro 2016), while
the solid black line shows results for the more realistic case of

a steeply-declining outer envelope (equation 7), which exhibits a

much lower DM at early times when the reverse shock is prop-
agating within the low-density envelope. As expected, the two

solutions converge once the shock enters the ejecta core (dotted-

vertical curve marked by tcore) and the dynamics transition to that
of the Sedov-Taylor phase (second dotted-vertical line, tST). In ei-

ther case, the DM contributed by the forward/reverse shocks is

significantly lower than that due to photo-ionization by a central
engine on timescales . 102 yr.

Taylor timescale,

tST ≈ 450 yr
(

E
1052 ergs

)−1/2 (
Mej

10M�

)5/6 (
ncsm

1 cm−3

)−1/3
, (19)

where ncsm is the number density of the external medium.
Here we compare this source of external shock-ionization to
that due to photo-ionization from the central engine.

Piro (2016) assume a constant density ejecta and find,
using the approximate hydrodynamic solutions of McKee
& Truelove (1995), a large ejecta DM contribution at early
times t � tST from the reverse shock. However, more realistic
models for the ejecta structure find steeply-declining outer
envelopes outside of the relatively flat, constant-density core
(e.g. Chevalier & Soker 1989; Suzuki & Maeda 2017; see
equation 7), which exhibit dramatically different behavior
at early times, t . tST. Using the approximate solutions of
Truelove & McKee (1999) we re-evaluate this contribution
to the local DM and ionization-state (see Appendix B).

Figure 9 shows our results for the time-dependent DM
contribution from the reverse shock for a characteristic6

ejecta profile (equation 7; n = 6 in the notation of Truelove
& McKee 1999), and compared to the idealized constant-
density ejecta distribution (n = 0) as well as the fiducial
O-rich photo-ionization model presented previously in Fig-
ure 3. In both models photo-ionization dominates the DM

6 We obtain similar results for other values n & 5, although the
limit of n → ∞ reverts back to the case of homogeneous ejecta

(Piro 2016).

at t . 200 yr, while the reverse shock dominates at later
times. Although the case shown assumes typical SLSNe pa-
rameters (E = 1052 ergs; M = 10M�; and ncsm = 1 cm−3),
the time axis can be scaled trivially with tST (equation 19).
Our DM estimate does not account for details of the post-
shock density distribution due to compression or radiative
cooling, which however will only act to reduce the ionized
column by a factor of . 3 (Appendix B). Furthermore, for
n = 6 the majority contribution to the ionized mass and DM
comes from the shocked circumstellar medium instead of the
shocked ejecta.

The main physical effect leading to the smaller DM
when the ejecta has a steep outer envelope compared to the
constant density ejecta (Piro 2016) is the larger blast-wave
and reverse shock radii at a given time (and thus smaller
column for a fixed ejecta mass) in the envelope case, since
at early times the forward and reverse shocks are located
at velocity coordinates greater than vej (at which the core-
envelope transition occurs).

3.3.2 Application to FRB 121102

Observational constraints on the local contributions of the
DM and its time derivative for FRB 121102, as well as the
system age, are given by (e.g. Spitler et al. 2016; Piro 2016;
Chatterjee et al. 2017)

DMlocal . 140 ± 85 pc cm−3, (20)

|dDM/dt | . 2 pc cm−3 yr−1, (21)

tage & 6 yr, (22)

and are depicted as dashed black curves in Fig. 8. The
ejecta first becomes optically thin to free-free absorption
(blue points) at tff ∼ 10 − 100 yr after explosion (see his-
togram on the bottom panel), while the minimal age of
FRB 121102 (purple points), assuming it originates from
a magnetar with properties characteristic of the SLSN pop-
ulation, is ∼ 30−100 yr. Our detailed numerical result is thus
consistent with previous analytic estimates of the repeater’s
minimal age (Metzger et al. 2017).

Figure 8 illustrates that the constraints on FRB 121102
are consistent with all of the SLSNe in our sample at suf-
ficiently late times. However, this alone says nothing about
the probability we are observing the repeater at such a late
time. To explore this issue, we assume that the probabil-
ity distribution for detecting an FRB at time t is given by
P (t |tff) ∝ t−α, provided that t > tff , the free-free transparency
timescale, and t < ta, the engine activity timescale. While
tff is determined by our CLOUDY calculations, the parameter
values α and ta which control the rate of FRB activity are
uncertain (though ta is expected to be less than a few hun-
dred years if the flares result from the diffusion of magnetic
flux from the magnetar core; §2.1.2). For α we consider two
cases: (i) a ‘flat’ evolution (α = 0), motivated by magnetic
dissipation powered FRB models (equation 6); and (ii) a
rapidly decaying evolution α = 2 model, e.g. motivated by
spin-down powered FRB scenarios (equation 3).

Since the DM undergoes a simple time evolution ∝ t−2,
it is easy to invert the problem to calculate the probability
of observing an FRB from a specific SLSN with some DM.
Summing over the distribution of tff and the DM at this
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time for the population of SLSNe then yields the marginal-
ized probability distribution of observing an FRB with some
given dispersion measure, P (DM) (see Appendix C for fur-
ther details). The same procedure can be repeated for the
DM derivative, allowing comparison with constraints on
FRB 121102.

Figure 10 shows the resulting probability distributions
for α = 0 (solid curves) and α = 2 (dotted curves), and dif-
ferent assumptions regarding the engine active lifetime, ta
(different colors). Shown for comparison are the constraints
on DM and its derivative for FRB 121102. In practice, as in
Fig. 8, the upper limit on dDM/dt provides the tightest con-
straints. In the fiducial, magnetically powered model (α = 0),
even a relatively short engine lifetime of ta = 100 yr results
in a non-negligible probability P(dDM/dt < 2 pc cm−3 yr−1) =
0.34 of observing FRB 121102 at times consistent with the
constraints. A longer assumed engine activity timescale ob-
viously results in a higher probability of detecting the source
at sufficiently late times. The rapidly decaying model (α = 2)
predicts somewhat lower, yet still significant, probabilities of
randomly detecting an FRB with DM and dDM/dt consis-
tent with the repeater. At the low end, for ta = 100 yr, we ob-
tain P(dDM/dt < 2 pc cm−3 yr−1) = 0.15, while even slightly
longer timescales approach the asymptotic ta → ∞ limit of
P(dDM/dt < 2 pc cm−3 yr−1) = 0.47.

In summary, we conclude that, under a wide range of as-
sumptions, the observed DM and dDM/dt of the repeater are
completely “characteristic” of those expected if FRB 121102
originates from an engine embedded within a young SLSN.

4 NEBULA ROTATION MEASURE AND
SYNCHROTRON EMISSION

In the previous section we presented calculations of the time-
dependent ionization state of the SN ejecta, in order to pre-
dict its DM and the X-ray light curves from the central en-
gine. This section extends this connection to the RM and the
radio emission from synchrotron nebulae with relation to the
quiescent radio source associated with FRB 121102 (Chat-
terjee et al. 2017; Marcote et al. 2017b). Given the ejecta’s
free-free optical depth calculated in §3.3, we also estimate
the late-time radio emission from SLSNe and long GRBs,
and from magnetar-powered FRB sources more generally.

4.1 Rotation Measure

The large RM ≈ 105 rad m−2 of FRB 121102 (Michilli et al.
2018), and its observed ∼ 10% decrease over a baseline of 7
months, if related to the dillution of an expanding nebula,
strongly constrain the age and origin of the bursting source.

4.1.1 An Electron-Ion Nebula

Since the RM contributions from positrons and electrons
cancel one another, the observed large RM value requires an
electron-ion plasma rather than the pair-dominated ultra-
relativistic wind from a rotationally-powered pulsar wind
(Michilli et al. 2018). Though young pulsars produced pri-
marily electron-positron winds, a large ion loading is not nec-
essarily surprising in the context of a bursting magnetar. Ob-
servations of the synchrotron radio afterglows of giant flares

from Galactic magnetars indeed find the bulk of the mat-
ter ejected from these events to be expanding at mildly- or
trans-relativistic speeds (e.g. Granot et al. 2006). This sub-
stantial baryon loading is presumably from the neutron star
surface after being heated during the fireball phase (follow-
ing which most electron/positron pairs annihilate; e.g. Be-
loborodov 2017).

A key, but theoretically uncertain, property of the
magnetically-powered outflow is the average ratio, ξ, of the
number of ejected baryons to the released magnetic energy
(Beloborodov 2017)

102 erg−1 . ξ ≡ N
E

. 104 erg−1. (23)

Here the lower limit on ξ follows from an estimate of the
minimum number of radio-emitting electrons responsible for
the afterglow of the giant flare of SGR 1806-20 (Granot et al.
2006), while the upper limit corresponds to the escape speed
of a neutron star,

ξmax ≈
Rns

GMnsmp
≈ 4 × 103 erg−1. (24)

If the kinetic energy of the ejecta flare thermalizes at the
termination shock, transfering a fraction εe of its energy to
the electrons, then the latter enter the nebula with a mean
thermal Lorentz factor

γ̄e ≈
εe
ξ
≈ 150

( εe
0.5

) (
ξ

ξmax

)−1
. (25)

As discussed below, the characteristic value γ̄e ∼ 102 implied
for ξ . ξmax is consistent with that required to power the
quiescent sychrotron source from FRB 121102. The limited
frequency range ν ∼ 1 − 20 GHz over which the quiescent
source is observed, and the potential impact of cooling on
the spectrum, makes it challenging to determine whether
the radiating electron population is a non-thermal power-law
(as assumed in previous works), or whether it might be also
consistent with a relativistic Maxwellian (or superposition
of Maxwellians) with kT ≈ γ̄emec2 (equation 25).

4.1.2 Radio-Emitting Electrons, Injected Recently

We first show that FRB 121102’s high RM cannot orig-
inate from the same relativistic electrons responsible for
powering the quiescent radio emission. Synchrotron emis-
sion from electrons with Lorentz factor γe = 100γ100 em-
bedded in a magnetic field B (in Gauss) peaks at a fre-
quency ν ≈ 5.6Bγ2

100 GHz. The observed spectral luminosity

Lν ≈ 1029ν−0.2
10 erg s−1 Hz−1 of the source at ν < 10 GHz is re-

lated to the number of radiating electrons Nγe ≡ dNγe /dlnγe
with γe(ν) according to (Beloborodov 2017)

Lν ≈ 3
e3B

mec2 Nγe ⇒ Nγe B ≈ 2 × 1050G. (26)

For a homogeneous spherical nebula of radius Rn =

1017R17 cm, and magnetization parameter σ (ratio of mag-
netic to particle energy), one finds individually that (Be-
loborodov 2017)

B ≈ 0.06σ2/7R−6/7
17 G; Nγe ≈ 3 × 1051σ−2/7R6/7

17 , (27)

and thus the Lorentz factor of the emitting particles is

γe ≈ 540ν1/2
10 σ−1/7R3/7

17 , (28)
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Figure 10. Probability distributions of observing an FRB with a given local dispersion measure and DM derivative, assuming FRBs
are produced by a population of magnetars (and their enveloping SN ejecta) similar to the observed SLSN population. The probability

distribution functions are calculated based on the DM and free-free transparency times found using our CLOUDY models, and assuming
an FRB activity lifetime ta (different colored curves) and an FRB activity / detection metric which evolves with time as t−α (see §3.3

and Appendix C for further details). Solid curves show results for α = 0 while dotted curves are for α = 2. The observational constraints

(upper-limits) for FRB 121102 are shown as dashed vertical curves. The probability that the local DM and dDM/dt of FRB 121102 be
consistent with predictions for the population of SLSNe is clearly non-negligible for a wide range of model parameters. The hypothesis

that FRB 121102 arises from a young magnetar with parameters (P0, B, Mej) drawn from the observed SLSN population is therefore

consistent with the observed dispersion measure and its time derivative.

while their average number density in the nebula is

ne ≈
3Nγe
4πR3

n
≈ 0.7 cm−3 σ−2/7R−15/7

17 . (29)

The maximum RM through the nebula, from the same elec-
trons which power the observed synchrotron radiation, is
then given by

RMγe =
e3

2πm2
ec4

∫
ne

γ2
elnγe

B‖ds .
e3

2πm2
ec4

neBRn

γ2
elnγe

,

≈ 6 × 10−4rad m−2σ2/7R−20/7
17 (30)

where the 1/(γ2
elnγe) factor accounts for suppression

of the RM contributed by relativistically-hot electrons
(e.g. Quataert & Gruzinov 2000) and in the second line we
have neglected the parameter dependence of the logarithmic
terms. Clearly, the value of RMγe from the radio-emitting
electrons is many orders of magnitude too low to explain
the observed RM ∼ 105 rad m−2.

4.1.3 Cooled Electrons, Injected in the Distant Past

Recently-injected electrons responsible for the quiescent ra-
dio source of FRB 121102 cannot produce its large RM, in
part because of the ∝ 1/γ2

e suppression for relativistic tem-
peratures. However, prospects are better if a greater number
of electrons were ejected when the source was younger, espe-
cially since they may by now be sub-relativistic (γe . 2) due
to synchrotron and adiabatic cooling. Such cooling is reason-
able if the present source age is & 3 − 10 times greater than
the timescale tmag around when magnetic activity peaked
(equation 6) and presumably when most of the baryons were
deposited in the nebula. Adiabatic expansion alone will re-
duce the energy of relativistic electrons by a factor ∼ t/tmag
from their injected ultra-relativistic values, while the syn-
chrotron loss timescale ∝ 1/B2

n ∝ t2 ÛEmag will also be consid-

erably shorter at early times when the magnetic field inside
the nebula is stronger (see equation 32 below).

To explore this possibility with a rough estimate, con-
sider that the magnetar has up until now released a mag-
netic energy E ∼ EB = 1051E51 erg, comparable to its total
magnetic reservoir EB (equation 5). The total number of
electrons in the nebula is therefore (equation 23)

Ne = ξEB ≈ 4 × 1054(ξ/ξmax)E51 (31)

where a value ξ ∼ ξmax (equation 24) is again motivated by
matching the thermal Lorentz factor of the injected electrons
(equation 25) to those required to explain the frequency of
the quiescent radio emission of FRB 121102 (equation 28).
The average density of electrons in the nebula is then ne ≈
3Ne/(4πR3

n).
If the magnetic energy of the nebula, B2

n R3
n/6, is a frac-

tion εB of the energy ∼ Lmagt injected in relativistic particles
over an expansion time ∼ t, then the magnetic field strength
in the nebula is given by

Bn ≈
(

6εBEB(α − 1)
R3

n

)1/2 (
t

tmag

)(1−α)/2
, (32)

where we have used equation (6) for Lmag(t).
Combining results, the maximum contribution to the

RM (assuming all the electrons are mildly relativistic) is
given by

RM =
e3

2πm2
ec4

∫
neB‖ds ≈ 3e3

8π2m2
ec4

NeBn

R2
n

(
λ

Rn

)1/2

≈ 6 × 107[εB(α − 1)]1/2E3/2
51

(
ξ

ξmax

)
×

R−7/2
17

(
t

tmag

) (1−α)
2

(
λ

Rn

)1/2
rad m−2

(33)
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where λ quantifies the correlation lengthscale of the mag-
netic field in the nebula. Thus, we see it is possible to obtain
RM values ∼ 105 rad m−2 comparable to those measured for
FRB121102 for optimistic parameters, e.g. εB = 0.1, E51 ≈ 1,
t = tage ∼ 10tmag, λ ∼ Rn.

An important prediction of this model is the expected
secular decrease in the RM. Assuming that Rn ∝ t, the time
derivative of the RM is given by

dRM
dt
= −(6 + α)

2
RM

t
(34)

If the observed ∆RM/RM = −0.1 change in FRB 121102’s
RM over the baseline of ∆t = 0.6 yr (Michilli et al. 2018)
is entirely due to this secular decline, then this requires a
source age of

t = tage ≈
α + 6

2

(
RM
∆RM

)
(∆t) ≈ 5(α + 6) yr (35)

Instead treating the observed change as an upper limit on
the change in the RM due to secular expansion (e.g. if the
observed variability is dominated by some stochastic pro-
cess, e.g. internal turbulence, at fixed nebular size), then
equation (35) becomes a lower limit on the source age. This
RM-inferred age estimate is compatible with the ∼ 30−100 yr
age independently estimated based on the DM-derivative.

4.2 Radio Synchrotron Emission

Though X-rays from the engine appear challenging to de-
tect (Fig. 5), prospects may be better at radio frequencies
once the ejecta becomes transparent to free-free absorption
(Kashiyama et al. 2016). Indeed, such a nebula was pro-
posed as the origin of the quiescent radio source associated
with FRB 121102 (Metzger et al. 2017; Kashiyama & Murase
2017). If FRB 121102 is indeed associated with a young mag-
netar, its birth heralded by a SLSN or long GRB, then one
may invert the problem to ask what radio emission we might
expect to detect at late times from other SLSNe or long GRB
remnants (Metzger et al. 2017). In the following, we adopt a
phenomenological approach to estimating the late-time qui-
escent radio flux, using a minimal set of assumptions and
scaling whenever possible to the observed properties of the
repeater’s quiescent source.

We consider two assumptions about the energy spec-
trum of electrons injected into the nebula which radiaion
synchrotron emission. First, we assume that the electrons are
injected with a relativistic Maxwellian of constant tempera-
ture (or, equivalently, mean Lorentz factor) given by equa-
tion (25). We also consider a power-law population of elec-
trons accelerated in the magnetar nebula to Lorentz factors
γ, ∂N/∂γ ∝ γ−p, which emit at frequencies ν = γ2eB/2πmec.
We additionally assume that the nebula is observed at early
times in the fast-cooling regime (νc < ν) such that the radio
luminosity is

νLe,ν ∝ ÛEnγ
2 (∂N/∂γ) , (36)

where ÛEn(t) energy injection rate into the nebula from the en-
gine, and the synchrotron spectrum is Le,ν ∝ ν−p/2. Finally,
we assume that the nebula magnetic field is in equipartition,

such that B ∝
(
En/R3

n

)1/2
.

We can now use equation (36) to rescale the repeater’s

observed quiescent flux density to other sources. We assume
a power-law energy injection rate to the nebula using similar
notation as for the detection-metric defined in the previous
section, ÛEn = L̃t−α, and that the nebula size is set by the
outer ejecta radius so that Rn = vejt. This implies that the
predicted flux at frequency ν and time t is

Fν(t) . Fνr

(
D
Dr

)−2 (
ν

νr

)−p/2 (
L̃
L̃r

)(p+2)/4
(37)

×
(
vejtr

RVLBI

)3(2−p)/4 (
t
tr

)1−p/2−α(p+2)/4

≈
α=0

188 µJy D−2
Gpcν

−1.15
10 v−0.225

ej,9 t−0.15
30 yr t−0.075

r,30 yr ,

where quantities with subscript Xr refer to the as-
sumed/measured properties of the repeater, and the inequal-
ity results from the VLBI constraints on the marginally re-
solved emitting region, vej,rtr . RVLBI ' 0.7 pc (Marcote et al.
2017b) and assuming p > 2 (otherwise the inequality in equa-
tion 37 is reversed). The last equality in equation (37) adopts
an electron power-law index of p = 2.3 consistent with the
FRB 121102 spectrum above 10 GHz assuming this is above
the cooling frequency.

Figure 11 shows the predicted quiescent radio flux in the
VLA and ALMA bands assuming an age (time since SN) of
tr = 30 yr for the repeater (see previous section), and for
two energy injection models — α = 0 (2) heuristically cor-
responding to a magnetic-dissipation (spin-down) powered
models, respectively. As in equation (37), the electron index
p is set by the observed spectral slope of the FRB121102
quiescent source, which can be approximate as Fν ∼ ν−1.15

above ∼ 10 GHz, implying p = 2.3.
A major underlying assumption in this simplified phe-

nomenological model is that we would observe putative
SLSNe quiescent sources within the same spectral region
(in this case — the fast-cooling optically thin regime). This
assumption is motivated by the interpretation of the spec-
tral turn-over at ∼ 10 GHz as the cooling break. If this in-
terpretation is correct, then the fact that FRB 121102 is
likely observed later after SN then current SLSNe (see pre-
vious section) implies that for such SLSNe, the cooling break
should be at even lower frequencies, thus validating the im-
plicit assumption of νc < ν.

Another assumption of this calculation is that the in-
jected electron spectrum is a power-law. As already men-
tioned, if the nebula is powered by the escape of magnetic
energy from the engine in a baryon-loaded wind, then the
electrons are heated at the wind termination shock to a ther-
mal energy kT ∼ γ̄emec2 with a mean Lorentz factor γ̄e ∼ 100
(equation 25) possibly sufficient to explain the observed GHz
radio emission of FRB 121102. In this case, if the baryon
loading of the wind is fixed ξ, then at earlier times when
the magnetic field is higher then the Lorentz factors of elec-
trons contributing in the GHz range will be a part of the
Rayleigh-Jeans tail and we will expect a Fν ∝ ν1/3 spectrum
(e.g. Giannios & Spitkovsky 2009). The luminosity should
scale with magnetic field in this case, Fν ∝ B such that

Fν . Fνr

(
D
Dr

)−2 (
ν

νr

)1/3 (
L̃
L̃r

)1/2 (
vejtr

RVLBI

)−3/2 (
t
tr

)−(2+α)/2
≈
α=0

240 µJy D−2
Gpcν

1/3
10 v

−3/2
ej,9 t−1

30 yrt
−0.5
r,30 yr. (38)
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Figure 11. Quiescent radio emission predicted for the sample of

SLSNe as a function of time at 6 GHz (grey curves) and at the
current observed age of each SLSN (blue circles; purple triangles

illustrate similar predicted radio fluxes at 100GHz). Symbols col-

ored in grey indicate that the SLSN ejecta is not yet transparent
to free-free absorption at the given epoch and frequency band

such that the predicted signal implied by equation 37 will not

escape (grey dots along the predicted light-curves mark the free-
free transparency timescale at 6 GHz). The calculation assumes

a naive scaling of the repeater’s observed properties, following

equation (37). The top panel shows results for a constant neb-
ula energy injection rate (α = 0), while the bottom panel is for a

decaying injection rate proportional to t−2, as appropriate for a

spin-down powered model (α = 2).

5 CONCLUSIONS

We have examined the photo-ionization of homologously ex-
panding ejecta by a central ionizing radiation source, with
application to GRBs, Type I SLSNe, NS mergers (specifi-
cally GW170817), FRBs (focusing on the repeating source
FRB 121102), and the very luminous transient ASASSN-
15lh. These diverse phenomena share a commonality — the
possibility that their driving power source is a newly-born
magnetar, or otherwise similarly-acting central engine like
an accreting black hole.

Our investigation of the time-dependent ionization state
of the expanding ejecta cloud surrounding such a putative
central engine is used to address a multitude of its potential
observable signatures. We additionally address the question
of whether FRB 121102 is consistent with a young ‘SLSN-

type’ magnetar origin, as suggested by e.g. Metzger et al.
(2017), and provide simple analytic models for its observed
DM, RM and quiescent radio emission.

Our main conclusions are summarized as follows:

(i) The (density-averaged) ionization fraction of metal
rich (e.g. O-rich, pure-Fe) ejecta remains roughly constant in
time for an ionizing luminosity source declining as Le ∝ t−2,
as would apply to the late-time magnetar spin-down power.

(ii) X-rays from SLSNe engines are severely attenuated in
the first ∼decades post explosion and escape the ejecta due
to expansion-dilution rather than classical X-ray break-out
(Metzger et al. 2014). This is consistent with X-ray non-
detections for the majority of SLSNe and indicates that, ex-
cept in possible extreme cases, or if density inhomogeneities
play an important role, X-rays may not provide the easiest
means of testing the magnetar hypothesis for SLSNe.

(iii) The observed X-ray flux of ASASSN-15lh can only
be explained as unabsorbed flux from a central engine if the
ejecta mass is assumed to be low (. 1M� or . 3M� for O-
rich or solar composition, respectively). This is in possible
tension with the peak timescale of this event, if this timescale
is attributed to the photon-diffusion timescale through the
ejecta (though in a TDE, the light curve peak could be set
by other effects like the fallback time of the stellar debris).
Alternatively, the X-ray source may be unrelated to the op-
tical/UV transient.

(iv) For canonical parameters, photo-ionization of SLSNe
ejecta can induce significantly larger DM on . 102 yr
timescales than that caused by collisional ionization of
shocked matter due to the ejecta-CSM interaction (as ad-
vocated by Piro 2016; Piro & Gaensler 2018).

(v) A magnetar central engine operational on ∼ 1 − 100 d
timescales is ruled out for the NS merger GW170817 unless
the amount of spin-down power emitted in ionizing radiation
is small (εi � 1). Similarly, the hypothesis that the kilonova
associated with GW170817 was powered by a central engine
(instead of by radioactive decay of freshly synthesized r-
process material) is ruled out by early X-ray non-detections,
unless the ejecta mass is large & 10−2M�. However, for such
a large ejecta mass, radioactive heating would provide a com-
parable luminosity to that of the supposed engine, negating
the need for the latter.

(vi) The age of FRB 121102, assuming it originates from
a flaring magnetar within a typical Type-I SLSN, is & 30 −
100 yr, consistent with previous analytic estimates (Metzger
et al. 2017).

(vii) The observed DM and upper limits on |dDM/dt | of
FRB 121102 are statistically consistent with the assumption
that FRB 121102 originates from a magnetar with prop-
erties

(
B, P0, Mej

)
drawn from the inferred parameters for

magnetar-powered Type-I SLSNe (Nicholl et al. 2017c).

(viii) The high RM of FRB 121102 cannot be caused by
the γ ∼ 100 electrons responsible for the associated quiescent
radio emission. The RM can be explained by a population
of electrons and ions which were injected into the nebula at
early times and have since cooled to non-relativistic veloci-
ties.

(ix) Interpreting the observed change in RM as secular
within the framework mentioned above results in an estimate
for the repeater’s age of 5(α + 6) yr, where ÛEn ∝ t−α is the
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rate of magnetic energy injection to the nebula. This is again
consistent with other age constraints on FRB 121102.

(x) The maximal number of ejected baryons per unit en-
ergy released by a flaring magnetar ξmax (as set by the escape
speed from the NS surface) corresponds to a characteristic
electron Lorentz factor γ̄e ∼ 102. Remarkably, this value
agrees with that required to produce the frequency of the
quiescent radio emission coincident with FRB 121102 (Be-
loborodov 2017), providing additional support for the mag-
netar model.

Future telescopes like UTMOST (Caleb et al. 2017) and
Apertif (Colegate & Clarke 2011), will enable a large expan-
sion in the study of FRB properties, including those with
good localizations, particularly if all FRBs are accompanied
by bright persistent radio sources similar to the quiescent
emission of FRB 121102 (Eftekhari et al. 2018). In the ab-
sence of luminous radio nebulae, robust FRB host galaxy
association requires higher resolution, sub-arcsecond, local-
ization only accessible to facilities such as VLBA, EVN,
VLA, ASKAP, DSA-10 and MeerKAT, which are expensive
for this purpose given the large number of observing hours
likely required to detect an FRB (Eftekhari & Berger 2017).

In addition to expanding the sample size of well-localized
repeating FRBs, further monitoring of FRB 121102 may pro-
vide crucial information for testing the magnetar hypothesis.
In particular, our models predict a secular decline in both
DM and RM of the repeater due to the surrounding SN
ejecta’s expansion. Thus, a falsifiable test of our model, at
least in its simplest form, is if both rotation and dispersion
measures are not found to decrease (averaging over any ran-
dom fluctuations) over a baseline of ∼several decades.

Finally, we point out the importance of further investiga-
tion of X-ray break-out from SLSNe, given that such a signa-
ture would provide a smoking-gun indication of a magnetar
engine. Though our current analysis suggests that X-rays
cannot, for typical ‘SLSN-type’ magnetar and ejecta param-
eters, ionize their way out of the ejecta, our idealized mod-
els assume spherical symmetry and neglect inhomogeneities
expected due to e.g. Rayleigh-Taylor instabilities from the
nebula-ejecta interface (e.g. Blondin & Chevalier 2017). The
‘fractured’ density distribution in this case may allow X-rays
to escape at earlier times (and higher luminosities) than pre-
dicted by our current spherical models, and we leave inves-
tigation of this issue to future work.

We also note that we have focused in this work on SLSNe
rather than long-GRB engines because the latter should emit
significantly lower luminosity at the late times of interest
(t � trot). This is a natural consequence of the shorter en-
gine timescale of long-GRBs, ∼ 100 s, compared to ∼ days
for SLSNe and the fact that L ∝ (t/trot)−2 for magnetar
spin-down (e.g. Margalit et al. 2017). Long-GRB engines
are therefore expected to have little effect on the ionization
state of their surrounding ejecta on timescales of years or
later.
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APPENDIX A: TEMPERATURE PROFILE OF
HYDROGEN-RICH EJECTA

For hydrogen-rich ejecta, the radial profile of the electron
temperature, Te(r, t), can be estimated analytically by con-
sidering what sources of heating Γ and cooling Λ balance on
different radial scales.

Absent internal sources of heating (e.g. radioactivity)
and neglecting the reverse shock (Appendix B), the ejecta
heating is determined by the incident radiation field from
the central engine. Compton heating due to inelastic electron
scattering occurs at a rate (per unit volume) given by

Γcomp = fionn
∫

σTuν
mec

hν dν (A1)

≈ fionn
σT νLe,ν

��
νmin

4πmec2r2 h (νmax − νmin)

where σT the Thomson cross-section and uν(r) is the radi-
ation energy density. We have assumed in the second line
a logarithmically flat ionizing spectrum, uν ∝ ν−1 between
νmin and νmax, and have neglected radial attenuation of the
radiation energy density; the latter is a reasonable approxi-
mation for the pure-hydrogen nebula since only photons near
the ionization threshold hν ∼ 13.6 eV are absorbed.

Photo-ionization (photo-electric) heating occurs at the
rate

Γpe = (1 − fion) n
∫

σpe(ν)cuν
hν

(hν − hν0) dν ≈ αB f 2
ionn2 hν0

3
(A2)

where n is the ejecta number density. In the second equal-
ity we have assumed ionization-recombination equilibrium,
where αB is the case-B recombination coefficient and ≈ hν0/3
is the mean energy per photo-ionization for a typical de-
pendence σpe(ν) ∝ ν−3 of the cross-section for ν ≥ ν0 and

uν ∝ ν−1.
Compton and radiative-recombination cooling can be

expressed similarly to the heating terms above,

Λcomp = fionn
∫

σTuν
mec

4kBTe dν (A3)

≈ fionn
σT νLe,ν

��
νmin

4πmec2r2 4kBTe ln
(
νmax
νmin

)
and

Λrr = αB(Te) f 2
ionn2

[
3
2
+

(
∂ lnαB
∂ ln Te

)]
kBTe, (A4)

where the term in brackets is the average energy loss per
recombination. Finally, free-free cooling occurs at a rate

Λff = f 2
ionn2λff(Te) ≈ f 2

ionn2λff,0T1/2
e , (A5)

where λff(Te) ≈ λff,0T1/2
e for temperatures near Te ∼ 104 K and

λff,0 ' 1.42 × 10−27 in appropriate cgs units. Since we focus
here on pure-hydrogen composition, we do not consider line
cooling by metals, even though the latter dominates free-free
cooling for O-rich ejecta composition.

Balancing various heating and cooling terms (Γ = Λ), we
distinguish three regimes relevant at increasing radii within
the ejecta. At small radii, Compton heating balance Comp-
ton cooling (Γcomp = Λcomp), and the electron temperature
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equals the “Compton Temperature” of the radiation field,

Te =
h (νmax − νmin)

4kB ln (νmax/νmin)
∝ r0t0. (A6)

The radially- and temporally-constant value of Te is just a
consequence of our assumption that the shape of the spectral
energy distribution of the nebula radiation is fixed. However,
the Compton cooling rate decreases with radius as r−2 or
steeper, such that at sufficiently large radii Λff � Λcomp, and
the temperature is instead set by the balance Γcomp = Λff ,
giving

Te ≈
[

h (νmax − νmin)σT νLe,ν
��
νmin

4πλ0mec2 fionnr2

]2

∝ fion(r, t)−2r−4t2. (A7)

The temporal and radial scaling here apply for the case
where Le,ν ∝ t−2 and a radially constant (homologously ex-
panding) density. Note that the temperature in this region
drops dramatically, roughly as r−4, from the ∼ 107 K Comp-
ton temperature down to ∼ 104 K at which photo-electric
heating and both free-free and radiative recombination cool-
ing terms become dominant. Note also that Λcomp ∝ t−7Te(t)
while Λff ∝ t−6Te(t)1/2 at a given radius, so that the tran-
sition between the Compton cooled and free-free cooled re-
gions moves to smaller radii as time progresses.

Finally, in the outer layers of the ejecta, photo-
electric heating is balanced by both free-free and radiative-
recombination cooling, which are comparable to one another
for Te ∼ 104 K. Setting Γpe = Λrr results in

Te ≈
hν0
3kB

[
3
2
+

(
∂ lnαB
∂ ln Te

)]−1
' 8.2 × 104 K ∝ r0t0, (A8)

while equating Γpe = Λff results in

Te ∼
(

hν0/3
λ0/αB,0

) [
1
2−

(
∂ lnαB
∂ lnTe

)]−1

≈ 5.3 × 104 K ∝ r0t0, (A9)

where we have here written αB(Te) = αB,0T (∂ lnαB/∂ lnTe)
e , and

assumed for Hydrogen recombination that αB,0 = 4.68 ×
10−10, and (∂ lnαB/∂ ln Te) = −0.8163 − 0.0208 ln(Te/104K) in
the vicinity of Te ∼ 104 K (Draine 2011; his equation 14.6).

APPENDIX B: CONTRIBUTION OF THE
REVERSE SHOCK TO EJECTA DM

Here we present a detailed analytic estimate of the maxi-
mum DM contributed by the ejecta which has been shock-
heated by its interaction with the ambient circumstellar ma-
terial of assumed density ρcsm. We focus on the early“ejecta-
dominated” phase, relevant at times t � tST ∼ 103 yr (equa-
tion 19). We utilize the solutions described by Truelove &
McKee (1999) and adopt the same notation as in that pa-
per, to which we refer the reader for additional details on
the dynamics of the blast wave and reverse shocks.

The forward shock radius Rb(t), for an ejecta of mass
Mej, total energy E, and a density profile characterized by
a constant density core and an outer power-law envelope
ρ ∝ v−n, is given by the following implicit relationship,

R∗b
t∗
=

(α
2

)−1/2
`ED

[
1 +

n − 3
3

(
φED
`ED fn

)1/2
R∗b

3/2
]−2/(n−3)

.

(B1)

Here the dimensionless physical variables demarcated X∗ ≡
X/Xch are normalized by their characteristic values,

Mch = Mej; Rch = M1/3
ej ρ

−1/3
csm ; tch = E−1/2M5/6

ej ρ
−1/3
csm , (B2)

where α, φED and `ED are constants which depend on the
power-law index n (Truelove & McKee 1999). The reverse
shock radius Rr in this ejecta-dominated phase is simply re-
lated to the blast-wave radius by the lead factor, i.e. Rr =
Rb/`ED.

At times t∗ � t∗CN the first term in brackets in equa-
tion (B1) is the dominant one, and the solution reduces to
free expansion,

R∗b(t � t∗CN) ≈
(α

2

)−1/2
`EDt∗. (B3)

where

t∗CN =

(
n − 3

3

)−2/3 (
φED

fn

)−1/3
`
−2/3
ED

(α
2

)1/2
'
n=6

6.47 × 10−5
(
wcore
10−2

)2
(B4)

is the onset time of the Chevalier (1982), Nadezhin (1985)
solution. Here fn is another constant defined by Truelove
& McKee (1999), wcore ≡ vcore/vej, and vcore is the velocity
at which the density transitions between the flat core and
power-law envelope. Note that the second equality above is
given in the limit wcore � 1.

At late times t∗ & t∗CN, the second term in brackets of
(B1) instead dominates and the blast wave radius instead
evolves as a power-law that depends on the density profile,

R∗b(t
∗
CN . t∗ . t∗core) ≈

(
n − 3

n

)−2/n (α
2

)−(n−3)/2n
`
(n−2)/n
ED (B5)

×
(
φED

fn

)−1/n
t∗(n−3)/n .

This persists until the time t∗core at which the reverse shock
reaches the core-envelope transition, which we estimate from
equation (B5) to be

t∗core ≈
(

n − 3
3

)−2/3
φ
−1/3
ED `

−2/3
ED f 1/3

n

(α
2

)1/2
w
−n/3
core '

n=6
0.647,

(B6)

independent of wcore.
Given these expressions for the shock dynamics, we

now estimate the accumulation of shocked ejecta with time.
Using expressions for the ejecta mass above normalized
velocity coordinate wr = R∗r /v∗ejt

∗ and remembering that

R∗r (t∗) = R∗b(t
∗)/`ED in the ejecta-dominated phase applicable

at t∗ . t∗core, we find

M∗sh,r(t
∗) = 1 − wr(t∗)−(n−3)

1 − (n/3)w−(n−3)
core

. (B7)

Expanding equation (B1) as a Taylor-series in 1 − wr � 1
(as applicable at t∗ � t∗CN), and using the approximate free-
expansion solution, we find

1 − wr(t∗) ≈
2
3

(
φED

fn

)1/2 (α
2

)−3/4
`EDt∗3/2, (B8)
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and thus M∗sh,r(t
∗ � t∗CN) ∝ t∗3/2. At later times, t∗CN . t∗ .

t∗core, it is easy to show that wr ∝ t∗−3/n, and thus M∗sh,r(t
∗
CN .

t∗ . t∗core) ∝ t∗3(n−3)/n.
The ionization fraction of the ejecta, as results from

heating due to the reverse shock, depends on details such
as the ejecta composition and cooling, both radiative and
from subsequent adiabatic expansion. Here we estimate the
largest possible contribution to the ionized ejecta by making
the generous assumption of negligible cooling and complete
ionization of shocked matter at all subequent times. In this
case, the mass-averaged ionization fraction of the ejecta sim-
ply becomes

〈 fion〉m = M∗sh,r(t
∗). (B9)

The density-averaged ionization fraction, relevant to calcu-
lating the DM, depends on the post-shock density profile,
which is not easily described analytically. However, the dis-
tribution of shocked ejecta matter between Rr and the con-
tact discontinuity will introduce at most an order unity cor-
rection to 〈 fion〉ρ. Again taking the most conservative sce-
nario (largest possible 〈 fion〉ρ) in which the entire shocked
mass is concentrated at the reverse shock, ρ ∼ δ (r − Rr), we
find

〈 fion〉ρ .
n − 1

3n

(α
2

)−1
`2
EDw

2
coreM∗sh,r

(
R∗b
t∗

)−2

(B10)

∝
{

t∗−1/2 , t∗ < t∗CN
t∗(n−3)/n , t∗CN < t∗ < t∗core

.

The density-averaged ionization fraction, and thus the DM,
initially decreases with time in the free expansion phase,
before increasing again at t∗ > t∗CN (this result is only appli-
cable to an ejecta with n & 5). Since the n > 5 solution must
converge to the n = 0 solution at t∗ & t∗core, this implies that
the ratio between the DM predicted by the n > 5 ejecta at
early times and the constant density (n = 0) ejecta is limited
to a maximum value,

DMn>5
DMn=0

=
〈 fion〉ρ,n>5
〈 fion〉ρ,n=0

&

(
t∗CN
t∗core

)(n−3)/n

= w
(n−3)/3
core . (B11)

Thus, the maximum DM discrepancy between envelope-less
and n > 5 envelope ejecta models is related only to the ratio
between the core-envelope transition velocity and the outer
(fastest) ejecta velocity. Given the total ejecta mass/energy
budget, wcore can be expressed in terms of the (uncertain)
outer ejecta velocity as

wcore ≈
wcore�1

[
10(n − 5)E

3(n − 3)Mejv2
ej

]1/2

(B12)

'
n=6

2.5 × 10−2
(

E
1052 ergs

)1/2 (
Mej

10M�

)−1/2 ( vej
c

)−1
.

For the reasonable assumption that vej < c, we find wcore ∼
0.1 as a reasonable estimate, in which case the ratio (B11)
is at most a factor of a few for reasonable n.

Finally, note that the swept-up shocked circumstellar
material can also be important in contributing to the ionized
column density. In the n = 0 case, this is only important after
t & tST, and thus on longer timescales than of typical interest

in our scenario. For the case of an n > 5 ejecta, the swept-
up mass exceeds (yet remains comparable to) the shocked-
ejecta mass already following t & tCN; however the swept-up
circumstellar mass only dominates the shocked ejecta Msh,r
by a significant amount at very late times t & tST.

APPENDIX C: DM PROBABILITY
DISTRIBUTIONS

The probability distribution of dispersion measures and
their derivatives can be computed using our CLOUDY pho-
toionization calculations and under the assumption that the
magnetar/ejecta parameters inferred for the adopted sample
of SLSNe is characteristic of the underlying population. Fo-
cusing in particular on the chance of detecting an FRB with
given DM and dDM/dt, we assign an arbitrary probability
metric of FRB detectability as a function of time, adopting
a power-law parameterization, P(t) ∝ t−α with a detectable
activity lifetime ta. We expect α and ta to be related to some
physical measure of burst detectability such as a possible
decay in burst luminosity or repetition frequency with time,
and adopt toy models with α = 0 and α = 2 and various
values for ta.

The probability density function (PDF) of detecting an
FRB with dispersion measure DM, given that the assumed
SLSN progenitor has a free-free transparency time tff at ra-
dio frequencies and dispersion measure DMff at this time, is
then

P (DM|tff,DMff) = P (t [DM; tff,DMff] |tff) ×
���� dDM

dt

����−1
, (C1)

where t(DM) is given by inverting the dispersion measure
temporal behavior. For O-rich ejecta we have shown in § 3.3
that the ionization fraction of the ejecta remains approxi-
mately constant, and therefore DM(t) = DMff (t/tff)−2. Using
this, in conjunction with the detection PDF at time t

P (t |tff) =
1 − α

t1−α
a − t1−α

ff

{
t−α, tff < t < ta
0, else

(C2)

normalized such that the integrated distribution over the
detectable time-slot tff < t < ta is unity.

Combining the above equations we arrive at an expres-
sion for the PDF of measuring an FRB with dispersion mea-
sure DM, for a given set of SLSN parameters tff , DMff . It is

P (DM|tff,DMff) =
1 − α
2DMff

[(
ta
tff

)1−α
− 1

]−1 (
DM

DMff

)(α−3)/2
.

(C3)

To complete the calculation, we use the distribution of
SLSNe parameters tff , DMff as found by our CLOUDY calcula-
tions and apply Bayes’ law to obtain

P (DM) =
∫

dtff dDMff P (DM|tff,DMff) P (tff,DMff) . (C4)

where, for our finite sample of SLSNe parameters

P (tff,DMff) ≈
1
N

N∑
i=1

δ(tff,i)δ(DMff,i), (C5)
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and thus, the final observable FRB DM distribution is

P(DM) ≈ 1
N

N∑
i=1

1 − α
2DMff,i

[(
ta

tff,i

)1−α
− 1

]−1 (
DM

DMff,i

)(α−3)/2

×


1, DM
DMff, i

∈
[
1,

(
ta
tff, i

)−2
]

0, else
(C6)

where the index i enumerates the free-free transparency time
tff,i and the dispersion measure at that time DMff,i for the
ith SLSN in our sample.

Since dDM/dt = −2DM/t, a similar analysis can be per-
formed for the DM derivative, resulting in

P
(

dDM
dt

)
≈ 1

N

N∑
i=1

(1 − α)tff,i
2DMff,i

[(
ta

tff,i

)1−α
− 1

]−1 (
−

tff,i
2DMff,i

dDM
dt

)(α−4)/3

(C7)

×


1,
��� dDM

dt

��� ∈ 2DMff, i
tff, i

[
1,

(
ta
tff, i

)−3
]

0, else
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