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We examine the detectability of y-ray emission originating from the radioactive decays of unsta-
ble nuclei that are synthesized in relativistic outflows launched in magnetorotational core-collapse
supernovae. The observed lines have enhanced energies due to the Lorentz boosted nuclei and can
also be seen until later times due to time dilation of the rest-frame half-lives. We find that instru-
ments like e-ASTROGAM and INTEGRAL/SPI are sensitive to these boosted line emissions from
hundreds of keV to tens of MeV at a distance of 10 kpc over timescales of tens of days. For favorable
viewing angles, these decays can be detected to extragalactic distances for rapidly spinning proto-
magnetar models. On the other hand, detection for off-axis jets is challenging, even for a supernova
at the Galactic Center. Measuring multiple decay lines in addition to the integrated luminosity over
~ 10 days postbounce would allow for the ability to distinguish between models and shed light on
central engine properties like magnetic field and spin.

I. INTRODUCTION

The ability to determine the central engines that power
the explosions of core-collapse supernovae (CCSNe) is im-
portant for testing current models and understanding the
variety of astronomical transients discovered. One poten-
tial central engine is a highly magnetized and rapidly ro-
tating protoneutron star, also known as a protomagnetar
(PM) [1, 2|. These magnetorotational energy reservoirs
may power transients like gamma-ray bursts (GRBs),
super-luminous supernovae, hypernovae, and other ex-
treme transients [3-7]. These engines may also drive
signatures of high-energy physics like ultrahigh energy
cosmic rays [8, 9], high-energy neutrinos [10-14], and r-
process nucleosynthesis of nuclei heavier than the iron
group (see recent simulations [15-18]).

The proposed supernova explosions from magnetoro-
tational central engines differ from those of typical CC-
SNe that are thought to be neutrino driven. In par-
ticular, magnetorotational central engines are likely to
give rise to unique features beyond the standard produc-
tion of O(10) MeV CCSN neutrinos. One example is in
the nucleosynthesis that occurs. The optical light curve
that is normally associated with CCSNe is partially pow-
ered by the decay of radioactive nuclei within the ejecta,
primarily of iron-group elements and lighter nuclei [19-
21]. However, with a higher neutron-to-proton ratio and
a lower entropy per baryon, magnetorotational CCSNe
may synthesize heavier elements [15, 16, 18] and shed
light on how heavy nuclei are sourced in our universe. If
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heavy nuclei are synthesized by supernovalike transients,
this can be tested observationally [22-24] and through
galactic chemical evolution models [25-27]. Another fea-
ture is the presence of relativistic jets. In some models,
PMs can power relativistic jets [28, 29|, powered by the
transfer of the rotational energy of the rapidly rotating
and highly magnetized PM. This scenario is employed
to explain the origin of long GRBs from CCSNe (see,
e.g., Refs. [4, 5, 29]). There has been an ongoing effort to
identify the multimessenger signatures of such a jet using,
e.g., neutrinos [13, 14, 30-39], very-high energy photons
[37, 40, 41|, and /or ultrahigh energy cosmic rays [42, 43].

In this work, we consider another signature of PM
driven jets. We examine nuclei that are synthesized
within the jet, including radioactive species that decay
with various half-lives. Since these jets can reach rela-
tivistic bulk velocities, both the energy of any nuclear
decay lines and the half-lives of radioactive nuclei are
boosted by the bulk Lorentz factor of the jet. We ex-
plore a range of PM parameters, and demonstrate that
decay lines may escape and provide detectable v-ray line
features before the jet enters the afterglow phase. Fur-
thermore, some nuclei may also be accelerated to non-
thermal spectra, similar to scenarios where magnetorota-
tional central engines are employed to explain GRBs. In
this case, the decay lines from accelerated nuclei blend to
a power-law spectrum reaching significant energies. We
show that both the decay lines and the power-law contin-
uum are potentially detectable from nearby galaxies for
favorable PM parameters and viewing angles.

The paper is structured as follows. In Sec. II, we de-
scribe our physical models and detail the interactions our
jet will undergo with time. In Sec. III, we discuss the nu-
clei that are synthesized within our jets and how they
may avoid disintegration back into nucleons. In Sec. IV,
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we explore the decays from unstable nuclei that are syn-
thesized and how they result in a y-ray signal. In Sec. V,
we consider the scenario where some nonthermal parti-
cle acceleration occurs and the effect this has on the re-
sultant signal. Finally, we discuss our assumptions in
Sec. VI and summarize in Sec. VII.

II. PROTOMAGNETAR JETS

We describe a toy model for the generation and launch
of a relativistic jet from an initially neutrino-driven out-
flow powered by a PM formed during a stellar core col-
lapse event. We discuss the physical properties of the
jet and their dependencies on the PM. We then discuss
whether nuclei decay lines can escape these jets or not.
Finally, we discuss the timing of an afterglow which is
likely to overwhelm the nuclei decay line signals.

A. Jet mechanism and model

We describe the model used for PM driven outflows.
Throughout this work, we refer to the neutrino-driven
mass loss as a “wind,” the collimated structure as a “jet,”
and a general term “outflow” for mass loss structures. We
model the wind and jet largely following Ref. [44] (see
also Refs. [28, 29, 45]) and consider PMs described by an
initial rotation period P; and dipole field strength Bagjp.
Neutrinos drive a wind with the mass-loss rate given by
[29]
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where there are several Bgi, and P; dependent correction
factors. First, Fimag = fopfeen is a correction factor that
considers the fraction of the PM surface threaded by open
magnetic field lines (f,,) and an increase to the mass loss
rate due to magnetocentrifugal slinging (feent). There is
also a correction factor to account for neutrino-electron
inelastic scatterings (Ces). The other factors depend on
the progenitor and average neutrino properties. We fol-
low Ref. [29] but with neutrino light curves, i.e., the evo-
lution of the neutrino luminosity (L, ) and mean energy
(€y), from Ref. [46]. These assume a PM mass (Myg) of
1.4 Mg, and a radius (Rys) of 10° cm. The entropy and
expansion timescale of the wind can also be described in
relation to these quantities, and are given by
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FIG. 1. Simple schematic of the jet system. The proto-
magnetar (PM) drives the jet. We focus on regions of the
jet between the jet-breakout radius, Ry,, and the radius be-
low which maximum acceleration cannot occur, R max. The
region between these two, shaded in gray, avoids additional
nuclear interactions (with the progenitor material during jet
propagation) and provides a conservative region from where
decay ~-ray emission may occur and escape. The jet head is
located above Ry, and defines the jet region that interacts
with the progenitor until the jet reaches the stellar radius,
R.. Above R, lies the circumstellar material (CSM).
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These quantities are related to the density and temper-
ature of the neutrino-driven wind, which are necessary for
determining the composition as a result of nucleosynthe-
sis. The density and temperature are given by
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where r is the radius of the wind and m,, is the proton
mass.

This neutrino-driven wind becomes magnetized, allow-
ing processes to occur that then collimate into a jet. This
collimation can occur due to oblique shocks formed when
the surrounding cocoon exerts pressure on the jet [13]. As
mass flows along open field lines, it is then able to burrow
through the stellar material [13, 29]. The magnetic en-
ergy stored in the wind then can be converted into bulk
kinetic energy via e.g., magnetic reconnection, allowing
acceleration to relativistic velocities. The jet, once it is
launched and breaks out of the progenitor, will run into
the CSM and begin picking up external mass which can
lead to an afterglow that can outshine the nuclear decay
~v-ray signal. Thus, we consider a simple description of
the radius of the progenitor and its circumstellar material
(CSM). This is explored in Sec. IID.

Finally, these jets may dissipate magnetic energy that
can give rise to a host of nonthermal effects. These may



include the production of nonthermal photons, nuclei ac-
celeration, and GRBs. The consequences of nonthermal
effects are discussed in Sec. V.

B. Jet properties

In this work, we cover a range of dipole magnetic field
strengths from 5 x 10 G < Bgip < 1 x 10'6 G and
spins from 1.5 ms < P; < 3.5 ms. For this range of Bgip
and P;, we consider the abundance of nuclei synthesized
following Ref. [44]. Since magnetized outflows may be
somewhat neutron rich (see, e.g., Ref. [18]), we consider
an electron fraction of Y. = n,/(n, +n,) = 0.45, where
n, is the number density of protons and n,, is the number
density of neutrons. We choose this value since outflows
with Y, > 0.5 will not synthesize much elements heav-
ier than iron, as the unstable, heavy elements that give
rise to y-ray emission in large abundances are of interest.
For the remainder of this paper, we take the following
naming convention for our models: “BABCP YZ” where
“ABC” represents Bqi, = A x 108¢ G and “YZ” repre-
sents P; = Y.Z ms. For example, B514P15 represents the
model with Bgip = 5 x 101 G and P, = 1.5 ms.

The mass being ejected from the PM may continue
for some time. However, we consider only a subset of the
jet, namely in between two epochs or radii. On the upper
end, we consider the region below the breakout radius,
Ryo, which is the radius where the jet breaks out of the
progenitor. This is because the nuclei in the jet in front of
this breakout radius are subject to interactions with the
stellar matter as the jet burrows through the progenitor,
making nuclei survival challenging. On the other hand,
nuclei in the jet below the breakout radius can escape
without interacting with the stellar material on its way
out. On the lower end, we consider the region above
the radius at which particle acceleration can occur to
~ 10% MeV (for a Fe nuclei), Rg max. Below this radius,
nuclei are no longer able to be accelerated to ultrahigh
energies. We adopt this since in Sec. V we consider the
decays of accelerated nuclei. The two radii or epochs
we use, as well as the mass ejected M; within them,
are dependent on By, and P;, whose definitions can be
found in Ref. [44]. Figure 1 shows a schematic of the
region of interest for this work, and numerical values are
displayed in Table I as times rather than radii. Since we
consider only a subset of the jet, we assume that the jet
remains at a constant velocity with a bulk Lorentz factor
of Ppux = 10. The mass ejected during this time (Me;)
is calculated by integrating the mass loss rate from ¢,
to tE,max-

C. Jet optical depth

We now work out the prospects of photons escap-
ing the jet. We quantify this by the optical depth
7 = [ pejr(E,)dl, where pe; is the ejecta density, k(E.)

is the opacity as a function of photon energy, and d¢ is
the path length traveled. In order to simplify the task,
we assume that the jet has uniform density and that the
jet is in the shape of a partial spherical sector in between
Rpo(t) = B(t —tho) and R max(t) = B(t — tE,max), where
B is the velocity of the jet in units of the speed of light,
ie.,
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where 0., ~ 1/Tpyk is the opening angle of the jet.

Although £ (E,) depends on both the isotopic composi-
tion of the jet and the photon energy, we assume k takes
a constant value for simplicity. We choose a value of
0.1cm? g7t from Fig. 6 of Ref. [47], which is motivated
by the slightly neutron-rich “blue kilonovae” in Ref. [48].
Note that the model only extends up to Y, = 0.4, whereas
our jets assume Y. = 0.45. We thus use the value for
Y. = 0.4, but the opacity shows only a slow variation
and we do not believe that this would greatly increase.
With this setup, the optical depth takes the form

T = Pej K (Rbo - RE,maX)' (7)

We carry out the optical depth calculation for the four
different models shown in Table I and plot the different
optical depths as a function of time in Fig. 2. Note that
we only consider the opacity due to the rest of the jet
ejecta.

We see that the largest difference comes from models
with different P; values, which in turn comes from the sig-
nificantly different My;. The models with smaller periods
become optically thin after 2-3 days, whereas the larger
period models become optically thin after 0.1-0.2 days.
The authors of Ref. [47] calculate the opacity at t = 1 day
after nucleosynthesis, which is roughly the timescale at
which the jets become optically thin, so the assumption
that £ = 0.1 cm? g~! seems reasonable.

D. Afterglow timing

In order to determine the impacts of the afterglow,
we determine when the jet should enter the afterglow
phase. The timing of the afterglow phase is represented
by the condition that the jet has swept through a mass
of material equal to the mass of the jet. Therefore, to
find this we must adopt some model for the CSM around
the progenitor.

We consider two cases for the CSM, one in which there
is a flat density profile (case 1) and another in which
there is a dense ejecta shell formed by pre-SN mass-loss
with the profile pcsm(r) = 5 x 1016 gem=2 D, 72 from
the stellar radius, R., out to 106 cm [49], followed by
a flat density profile (case 2). In both cases, we as-
sume that the constant density portion of the CSM has a
mass density of pcsy = 1072° gem ™3 (roughly 0.1 pro-
tons per cm?). This is motivated by simulations of the



TABLE I. Table for jet properties for different Bqip and P; PMs considered. The model names refer to the magnetic field
strength and initial spin period. For example, “B514P15” refers to the model with Bgi, = 5 X 10'* G and P; = 1.5 ms while
“B116P35” refers to the model with Bgi, = 1 X 10'% G and P; = 3.5 ms. Throughout this work, we assume an electron fraction

of Yo = 0.45 for all models (however, see Sec. VI for impacts of varying Ye).

Name Buaip x 10" [G] P; [ms] Mej x 107* [Mg)] tho [s] 1B, max [S] Emax x 10'° [MeV]?
B514P15 0.5 1.5 21 3.8 78.6 1.0
B514P35 0.5 3.5 0.14 8.9 50.4 0.58
B116P15 10 1.5 12 1.4 38.5 4.0
B116P35 10 3.5 0.16 3.3 18.9 2.2
& Enax for an °6Fe nucleus in the jet.

of the CSM that it encounters. The mass of CSM swept
through is then just found by integrating the density pro-
e file over the volume the jet has traveled, i.e.,
—— B514P15
108 B514P35 ()
—— B116P15 0
L5 — B116P35 | Mene(t) = 27 [1 — cos (;’)] / dr’ "% pesm ('),
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104+ i where the prefactor comes from carrying out the angular
portions of the volume integral, r(t) is how far the jet has
L 102t | traveled at time ¢, R, is the stellar radius, and pcsm(r)
is the CSM density profile. We can then solve for ¢ to
T FERURRURRRRRRITR T N _ find the time that the afterglow should occur by setting
Menc(t) = M. Using the values of M, from Table I,
- we find the afterglow timing for cases 1 and 2, which are
1074 J i
shown in Table II.
10-4+ ] We see that there are vast differences between case 1
and the IIn model of case 2 for when the afterglow phase
PP TTTETT begins. However, the afterglow timing for Case 1 and the
10 10 10 Timel[%ays] 10 10 10 Ibc model of Case 2 are the same. This is a result of the

FIG. 2. Optical depth (7) for escaping gamma rays as a func-
tion of time for the different PM models considered in this
work. The primary source of this opacity is from the ejecta
itself. The largest factor on how this opacity evolves is the
amount of mass ejected in each model, so the highly spinning
models with P; = 1.5 ms are optically thick for the longest:
up to ~ 2 days.

CSM around massive stars, e.g., Refs. [50-52]. As this is
highly dependent on the progenitor, we choose a some-
what conservative (i.e., large, which brings about an ear-
lier afterglow phase) value for the constant density. For
the second case, we adopt two models of pre-SN mass-
loss from Ref. [49], specifically the model with maximal
pre-SN mass-loss (IIn) with D, = 1 and R, = 10'3 cm
and the model with minimal pre-SN mass-loss (Ibc) with
D, =10"% and R, = 3 x 10! cm.

With the density profiles of the CSM defined, we can
now calculate the mass picked up by the jet as it prop-
agates through the CSM. For this, we assume that the
jet moves with a constant opening angle and picks up all

large amount of pre-SN mass loss for the IIn progenitors,
while the Ibc progenitors have little pre-SN mass loss. In
the IIn pre-SN mass-loss model, the jet would sweep up
~ 6 x 1073 M, before leaving the pre-SN mass-loss based
CSM shell. This is greater than any of the M; of the jet
models we consider, therefore the jet should enter the af-
terglow phase within the pre-SN mass loss CSM shell. In
the Ibc mass-loss model, the jet will only sweep through
~ 107" Mg of material within the pre-SN mass-loss shell,
which is much smaller than any M,; considered, therefore
mass swept through is dominated by the outer constant
density CSM. Note, we do not expect the afterglow phase
to begin after O(10%) days, as we extend the low density
CSM to infinity, which is not realistic. However, a more
realistic and complex model of the CSM surrounding the
progenitor star is beyond the scope of this work.

III. POPULATION OF UNSTABLE NUCLEI

We discuss the nuclei contents of PM jets. For this, we
first compute nucleosynthesis yields, then discuss nuclei
survival as the wind evolves.



TABLE II. Times at which each jet model enters the afterglow
phase, in days. The different cases refer to different density
profiles of the CSM. Case 1 assumes a flat density profile and
case 2 assumes a dense shell of pre-SN mass out to some radius
with a flat density profile outside of the shell.

Model Case 1 Case 2: IIn Case 2: Ibc
[days]| [days] [days]|

B514P15 6.75 x 10° 1.37 6.75 x 10°

B514P35 1.27 x 103 0.0130 1.27 x 103

B116P15 5.60 x 10° 0.782 5.60 x 10°

B116P35 1.33 x 10° 0.0143 1.33 x 10°

A. r-process nucleosynthesis

To obtain the detailed distributions of the abundance
of nuclei synthesized in winds, we use the results of
Ref. [44], which models the density and temperature evo-
lution of PM winds over the same Byip, FP;, and Y. choices
as in this work. These density and temperature evolu-
tion curves are then input to the nuclear reaction net-
work SkyNet [53] to calculate nuclear abundances as a
function of time. We assume that the system is initially
in nuclear statistical equilibrium (NSE), composed pri-
marily of neutrons and protons and consistent with a
Y. = 0.45. We then use the forward reaction rates from
the REACLIB database [54] and use detailed balance to
calculate inverse rates to be consistent with NSE. This
large network tracks 7836 species up to mass numbers
of A = 337 and the network is evolved until ~ 100s
postbounce, although the nucleosynthesis occurs over a
timescale of ~ 10 ms (e.g., Fig. 2 of Ref. [44]).

Figure 3 shows the abundances (Y) of nuclei synthe-
sized as a function of their mass number (A4). This abun-
dance distribution is shown for a representative time (la-
beled tphoto, based on Ref. [44]), which is between ¢, and
tE max- Although each model has the same Y, = 0.45,
the different Bai, and P; play a role in the distribution
of the abundances. Each model can undergo the “weak”
7 process, i.e., synthesize nuclei above the first r-process
peak. However, the lesser P; models synthesize nuclei
with ~ 100 < A < 130 in greater abundance, while the
greater P; models synthesize heavier mass numbers but in
lesser abundance. Models with shorter P; values increase
the mass loss rate due to centrifugal slinging, but also
suppress the entropy. These increase the nucleon density
and (somewhat) decrease the temperature, respectively,
resulting in the abundance pattern shown. Many of these
heavy nuclei are unstable to decays on timescales much
longer than the nucleosynthesis timescale and are, there-
fore, prime targets for v-ray searches. Also shown in
Fig. 3 is a dashed black line denoting the abundance cut-
off of Y = 1078, below which we assume the abundance
is too low to produce a detectable y-ray signal.

100
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FIG. 3. Abundances for the PM models used in this work.
The black dashed line at Y = 1078 represents our chosen
cutoff for computing decay ~-ray signals. Note that the P; =
1.5 ms models produce elements peaked around the first -
process peak and are larger in abundance than the P; = 3.5ms
models. Although the latter produces nuclei with higher mass
numbers, they are produced in lower abundance compared to
the first peak nuclei.

B. Survival of heavy nuclei

Heavy nuclei are synthesized when the wind falls out
of NSE, but may be exposed to additional destructive
processes on their way out of the star. For example, if
photodisintegration breaks nuclei into protons and neu-
trons on a timescale shorter than the decay half-lives of
unstable nuclei, this could eliminate any potentially de-
tectable decay -ray signal. Therefore, we must assess
whether or not nuclei can survive the wind environment
on their way out of the star.

Nuclei survival depends on the nature of the ambient
photon field, the wind model, and the energy of the nu-
clei. The nature of the photon field depends on the evo-
lution of the Thomson optical depth; if 70 > 1 electrons
are thermalized to the same temperature as the photons
whereas photons are nonthermal if 7p < 1. We assume
many modeling aspects of Ref. [44], where a nonther-
mal photon spectrum is assumed. Analytical estimates
from Ref. [14] suggest, though, that the Thomson optical
depth below the jet head is > 1.

We treat nuclei photodisintegration and survival in the
following way. Thermal nuclei are typically not photo-
disintegrated regardless of whether the ambient photon
field is thermal or nonthermal [Ekanger et al. 2025 (to be
published)]. If nuclei are accelerated to very high ener-
gies however, photodisintegration will occur against the
thermal photon field. We focus on the case where the
jet is relativistic with Lorentz factor I'hyx = 10, but the



nuclei and photons are thermalized in the jet comoving
frame. This motivates that heavy nuclei survive disin-
tegration in the jet frame. In Sec. V we consider the
scenario where some particle acceleration occurs. In this
case, we must assume nuclei survival-—which can occur if
photons are also nonthermal—but we do not investigate
the process in detail in this work.

IV. THERMAL NUCLEI

We generate line signals from the unstable thermal nu-
clei within the PM jet. The v rays originate from A%+ de-
cays inside the jet. Under the assumption that the jet is
pointed towards us, the signal is enhanced via relativistic
beaming. We produce light curves as well as unsmoothed
energy spectra visible at Earth taking into account the
optical depth within the jet.

A. Decays

In order to model the v-ray signal from the decay of
unstable nuclei boosted in the jet, we only model decays
that produce v rays, e.g., . We also only track the ~
rays produced from the decays of the first generation of
unstable nuclei and their daughter nuclei. In order to find
the rate of photon production, we need the radioactive
decay equations for a parent and daughter nucleus, but
only including the terms that result in the respective v
emission for each, i.e.,
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where ¢ is the time of measurement after tg max, A\; are
the time-dilated decay constants (A, = Thuchi, Ai =
In(2) /71 /2,; where 7y /5 ; is the half-life), I, ; are the y-ray
intensities, and N (tg,max) is the initial number of par-
ent nuclei. The nuclear data were taken from the decay
radiation search page of the NUDAT database!, version
3 [55]. Np(tE,max) is found directly from the abundances
and the total ejecta mass, as described in Sec. III.

Note that we exclude ~ rays from metastable states
through isomeric transitions. Because the nuclear net-
work we use does not track how the nuclei spin states
are populated and the NUDAT database does not pro-
vide this information, we do not estimate how these -
ray lines would evolve within our system. These isomeric
transitions, however, could be important signals and we
discuss their potential impact in Sec. VI.

! https://www.nndc.bnl.gov/nudat3/indx_dec.jsp
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FIG. 4. Light curves of decay lines for the four different mod-
els considered in this work. The luminosity is computed by
summing the total instantaneous energy emission rate from
~-ray lines. The luminosity peaks when the jet becomes op-
tically thin, ¢ < 1day for P, = 3.5 ms models and ¢ > 1 days
for P; = 1.5 ms models. This assumes the jet pointed towards
Earth (Oview = 0°) such that relativistic beaming maximally
boosts the luminosity.

B. Measured signal

With the y-ray production rates from in Eq. (9), we
can calculate the predicted v-ray signal for the different
Bgip and P; models we consider in this work. First, we
need to fold in the fact that the photons have to escape
the jet, which is described by the optical depth found
in Sec. ITC. This affects the observed ~-ray rates in the
following way:
observed
ANy = dNiy e 7. (10)

dt dt

As the optical depths, and therefore densities, are small
on timescales longer than a day, we do not consider down-
scattering of the photons due to reprocessing and inter-
actions within the jet. These would be important for
epochs where 7 >> 1, which is not the focus of this work.
Using these observed photon rates and the specific en-
ergy of each 7 from the individual nuclear decays, we
can predict the y-ray light curves for each model. To do
this, we sum the luminosity of the v rays produced from
parent and daughter decays at each time step, i.e.,

observed
dNgP

Li)=6" » —2—

isotopes

Ei,’yv (11)
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FIG. 5. Line emission from the decays of thermal nuclei, for the case of Baip, = 5 X 10 G, P, = 1.5 ms, and I'bux = 10. The
four panels show the spectrum at different times of evolution: ¢t = 1 day (top left), t = 5 days (top right), ¢t = 10 days (bottom
left), and ¢ = 30 days (bottom right). Dashed lines show detector point-source line sensitivities for an observation time of 10° s.
The plot uses the energy resolution of INTEGRAL/SPI, for which we adopt E/AFE ~ 450, therefore there is little blending due
to the fineness of the energy resolution. In red is the line signals for the parent and daughter isotopes that meet the abundance
cutoff criterion (see dashed line in Fig. 3). In black are a sub sample highlighting long-lived isotopes that are visible in both
INTEGRAL/SPI and e-ASTROGAM for ten days (see Table III). Note here also that there is a black line at 1.3 MeV, which
is another line from the 2®Mg isotope which is among the favorable list of isotopes (see Table III).

where § is the Doppler factor [§ = [['(1 — B cos(Oyiew))] !
for Oyiew being the angle between the jet propagation di-
rection and the line of sight| and E; , is the specific y-ray
line energy for the decay of the ith unstable isotope. The
8% term is the result of relativistic beaming; see Appendix
B of Ref. [56] for a derivation. We plot these light curves
for the different cases of Byip and P; in Fig. 4. We see that
the light curves are quite different for the different cases,
where the larger P; cases have much lower luminosities,
by 2-3 orders of magnitude. This comes from the fact
that there is less mass ejected for these higher periods
and that there are less unstable nuclei formed during nu-

cleosynthesis. The magnetic field strength also changes
the luminosity as it also impacts the mass ejected, but as
a second-order effect that can still be quite strong (2 1
order of magnitude).

The time at which the 7-ray light curve reaches its
peak luminosity is determined by the time at which the
jet becomes optically thin, which is shown in Fig. 2. In
turn, the time at which the jet becomes optically thin is
directly proportional to the mass of the jet, which itself
depends mainly on the value of P;.

To explore if these line signals are observable by -
ray detectors that are currently working or are planned
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FIG. 6. Same as Fig. 5 but showing the different Bgi, and P; models used in this work, all at ¢ = 10 days at which point all
models are optically thin and allow ~-ray lines to escape. The columns correspond to matching P; and the rows correspond
to matching Baip. There is a stronger dependence on the period than the magnetic field strength for the relative line signals.
Again, dashed lines show detector point-source line sensitivities for an observation time of 10° s

for the near future, we compute the energy flux, which
is both a function of time and the specific energy bin
considered. As most nuclear decays produce v’s in the
10keV to 1MeV energy range, we focus on detectors
that are sensitive to 200 keV to 20 MeV ~’s as we assume
Thuk = 10 = § ~ 20 for when the jet is pointed to-
wards us. Therefore, we consider INTEGRAL/SPI [57]
for a current detector and e-ASTROGAM [58] for a fu-
ture detector. For illustration, we bin the signal with the
energy resolution of INTEGRAL/SPI (E/AE ~ 450)2,
which is sensitive enough to avoid blending of individual

2 See https://www.cosmos.esa.int/web/integral/
instruments-spi.

lines. e-ASTROGAM will have a worse energy resolution
(~ 3%) [58], which could cause some line blending.
The energy flux that a detector would observe is then

L(E + AE,t)

N
/I

(12)
where L(FE + AFE,t) is the luminosity within the en-
ergy bin considered and D is the distance to the source.
To test the signal from a galactic event, we assume
D = 10 kpc, which is roughly the distance to the Galactic
Center, where it is most probable for a CCSN to occur.
In Fig. 5, we plot the thermal line signal at four differ-
ent times (¢t =1, 5, 10, and 30 days) for the model where
Baip = 5 % 104 G and P, = 1.5ms. We see that for
t < 30 days, there are several lines that are visible with


https://www.cosmos.esa.int/web/integral/instruments-spi
https://www.cosmos.esa.int/web/integral/instruments-spi

TABLE III. Favorable isotopes among the list of all unstable
nuclei that give rise to y-ray signals in our modeling. Here,
“Model” refers to the central engine properties, “Sym.” is the
chemical symbol for the favorable isotope, 71,2 is the rest-
frame half-life of that isotope, and E, is the rest-frame en-
ergy of the decay line. Nuclei are categorized as favorable
if they are within the sensitivity of both INTEGRAL and e-
ASTROGAM at ten days after tg max-

Model Sym. T1/2 [s] E, [MeV]

*Mg 7.53 x 10° 0.031

47 5
BE14P15 . Sc 2.89 x 10 0.159
Zn 1.67 x 10° 0.145
85Kr 1.61 x 10* 0.151
B514P35 47Sc¢ 2.89 x 10° 0.159
473¢ 2.89 x 10° 0.159
B116P15 27n 1.67 x 10° 0.145
85Kr 1.61 x 10* 0.151
B116P35 473c 2.89 x 10° 0.159

INTEGRAL. These long-lasting lines come from 28Mg,
4TS, ™7m, and 8°Kr (see Table I1I). Because of the boost-
ing of the line energies, most of them are only visible to
detectors like e-ASTROGAM, that have sensitivities for
E, 2 10 MeV. We note that there are a few lines which
are visible out to ¢ = 10 days in both detectors, which
are shown in black and are described in Table III.

The line signal at t = 10 days for the different models
is plotted in Fig. 6, where the columns correspond to the
same value for P; and the rows correspond to the same
value for Bgip. The difference between the models where
P; = 1.5 ms is apparent when looking at the right end
of the signal, where the model with Bgi, = 5 x 1014 G
has stronger signals above 1 MeV. The difference is much
more apparent for the models where P; = 3.5ms, as
the overall signal strengths are mostly detectable with
e-ASTROGAM at later times.

Because the jet is beamed and the v-ray signal is sig-
nificantly enhanced, the detection horizon for on-axis
jets (fview = 0°) is extragalactic. We define this de-
tection horizon as the distance at which the last decay
line is visible within INTEGRAL and e-ASTROGAM
sensitivity. Since some lines are particularly strong at
~ 10 MeV, the distance horizon for each model goes as
follows: ~ 35 Mpc for B514P15, ~ 21 Mpc for B116P15,
~ 0.7 Mpc for B514P35, and ~ 3 Mpc for B116P35. Off-
axis jets, however, will be much more difficult to see and
are limited to well within the galaxy. The critical viewing
angle for observation at the galactic center, i.e., the an-
gle at which the signal disappears when placed at 10 kpc,
goes as follows: Oy ~ 70° for B514P15, ~ 25° for
B514P35, ~ 65° for B116P15, and ~ 33° for B116P35.
Given the fairly wide viewing angles, there is still reason-
able possibility for a detectable signal.

V. NONTHERMAL NUCLEI

Magnetized winds may dissipate energy such that nu-
clei are accelerated to, potentially, ultra-high energies.
If nuclei can be accelerated without being disintegrated
into nucleons, the half-lives and decay photon energies
of unstable heavy elements may be boosted considerably.
In this section, we examine how some fraction of accel-
erated nuclei give rise to a long-lived, high-energy ~-ray
tail that could be detectable across many experiments.
The following section assumes that the nuclei survive the
non-thermal acceleration. However, the validity of this
requires further work. The survival of accelerated high-
energy nuclei has been shown to be possible for compact
progenitors like the model considered in this work, but
only at late times approaching ~ 100s [Ekanger et al.
2025, (to be published)]. Furthermore, the investigation
focused on nuclei with energies up to ~ 10 eV, so the
survival of even higher energy nuclei is not clear. Thus,
the continuum signal predicted from this section should
be considered an upper limit to the potential signal. This
is also discussed in models of Refs. [42, 45, 59, 60]. We
also do not consider the overlap with the afterglow, as
this is very progenitor dependent.

A. Continuum signal

If non-thermal acceleration occurs in the jets we model,
there would be a continuumlike signal of v rays from the
distribution of nonthermal nuclei. In order to charac-
terize this, we first assume that a small fraction of the
nuclei undergo nonthermal acceleration. The majority of
the nuclei should therefore remain propagating at I'pyk-
We represent this population dichotomy by

M= {{ﬁi’f)

I' = T'buik,
1—‘bulk <T < Fmaxv
(13)
where f is the fraction that remains thermal, I'y .y is
found from the Ej,.x of the model considered (see Table
I), and dcﬁfi is the energy distribution of the nonthermal
nuclei. These maximum energies are calculated by com-
paring acceleration timescales to energy loss timescales
and are performed in Ref. [44] (see also Ref. [45]). This
calculation assumes that the average nucleus has the
mass of iron (A = 56) and that magnetic reconnection
accelerates nuclei to ultrahigh energies. Throughout the
rest of this work, we assume that f = 0.9, so only 10%
of the nuclei undergo nonthermal acceleration (see also
Refs. [61-63]). The energy distribution for the nonther-
mal nuclei is not clear, but as motivated by Ref. [37], we
adopt a power law with spectral index —2 and include an
exponential cutoff at I'yax, i-€.,

T'max dN;
Tpoue  dl’ dr’,

dN
i T2 Exp(—T /T max)- (14)
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FIG. 7. Same as Fig. 5, but now includes a nonzero fraction (10%) of the total population that undergoes acceleration to
nonthermal energies (yellow). Red shows the thermal nuclei line signal from Fig. 5 (red), but rescaled by 0.9. Dashed (dotted)
lines show detector point-source line (continuum) sensitivities assuming an observation time of 10° s.

Now carrying out the same calculations we did for the
thermal signal, we predict the signal from this scenario.
As the continuum signal from the nonthermal population
will cover a wide range of energies, we keep it unbinned
as the energy resolutions of detectors varies from MeV to
higher energies. We plot this scenario in Figs. 7 and 8.
We see that the signal is quite strong across all energies.
Here, there is an increase in the luminosity due to the
beaming, but this only scales with I'y,,;x and not the in-
dividual I'’s for higher acceleration. The flatness of the
spectrum from ~ 102-10° MeV comes from the specific
isotopic composition of the jet. The nonthermal con-
tinuum slowly dies off only at lower energies over these
timescales as the signals come from the nuclei that are
accelerated just above 'y, so they do not have their
half-lives significantly time dilated. As the signal gets to

higher energies, it is near constant over these timescales
as the half-lives get boosted to values larger than the
observation time after nucleosynthesis.

We see that the nonthermal signal is subdominant to
the lines in the 0.1-20 MeV region. This allows for esti-
mation of the isotopic abundances using the lines as they
are not overwhelmed by the nonthermal signal. Also,
all of the models produce a detectable nonthermal con-
tinuum at CTA-South [64] when placed at 10kpc for
~10 days. The models with faster rotations can be seen
at even higher energy detectors like LHAASO [65, 66] and
HAWC [67, 68] for on-axis beams. As we are uncertain
about the fraction of nuclei that can undergo nonthermal
acceleration, we do not calculate the detection horizon or
critical angle at 10 kpc as we did for the pure bulk motion
signal.
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FIG. 8. Same as Fig. 6, but now includes a nonzero fraction (10%) of the total population that undergoes acceleration to
nonthermal energies (yellow). Red shows the thermal nuclei line signal from Fig. 5 (red), but rescaled by 0.9. The snapshot
is shown at ¢ = 10 days, when all models should be optically thin. Dashed (dotted) lines show detector point-source line

(continuum) sensitivities assuming an observation time of 10° s.

B. Other messengers from nonthermal acceleration

If efficient nonthermal particle acceleration occurs in
the jets we model, then there could be additional ~-
ray signals, e.g., from neutral pion decays. If nu-
clei are accelerated above the pion production thresh-
old [O(100) MeV], depending on the interaction, nuclei
or nucleons in the jet can produce pions through inter-
actions with photons or other nucleon targets. Neutral
pions will then decay into two v rays with half the pion
rest mass, E, = my/2 ~ 70 MeV [69, 70] in the frame of
the pion. This results in a y-ray number spectrum that
is symmetric around £, known as the “pion bump.” Be-
cause the neutral pion decay half-life is incredibly short
(~ 8x 107175 [71]), this pion bump is present for as long

as there is particle acceleration and sufficient interacting
targets.

We estimate the time frame for when there could be
efficient photopion production with nonthermal protons.
In order to calculate this, we need to know the photon
temperature evolution inside the jet. We get the temper-
ature evolution from the kinetic energy density of the jet,
letting it be fully supplied by the radiation, i.e. u oc T%.
We then find the mean-free path for photopion energy
loss using the inverse timescale of Ref. [72]. We find that
initially, the jet is around 10® K, resulting in a minimum
proton Lorentz factor of I' ~ 10* and a mean-free path
of ~ 700 cm. However, the temperature quickly drops to
~ 108 K in a day which increases the minimum Lorentz
factor and mean free path to I' ~ 10° and 7 x 108 cm,



respectively. The jet then slowly cools to several 10° K
over tens of days. This means that early on, photopion
production should occur for above threshold protons any-
where in the jet. At later times, if particle acceleration
occurs near the leading edge of the jet, then protons
should be able to escape before undergoing photopion
production with the thermal photons of the jet. There-
fore, the photopion signal may only last for days if the
particle acceleration occurs near the leading edge of the
jet. If this is not the case, then a photopion signal could
be produced for tens of days.

Particle acceleration can also lead to the production of
charged pions which decay into muon and electron neu-
trinos. This scenario has been investigated in PM-driven
outflows (see, e.g., Refs. [13, 14]) and produces much
higher energy neutrinos than the thermal O(10)MeV
neutrinos from CCSNe. Particle acceleration can also
produce (ultra) high energy cosmic rays. These charged
particles are not coincident in time with these other mes-
sengers, however, because their travel times are delayed
by intervening magnetic fields.

VI. DISCUSSION

The modeling we have carried out in this paper sug-
gests that, with accurate and precise measurements of
the ~-ray light curve and spectrum, it could be possible
to estimate properties of the PM. The difficulty is deal-
ing with the numerous degeneracies. For example, based
only on the line emission light curves, the degeneracy be-
tween the initial spin period and the magnetic dipole field
strength cannot be broken, but combining multiple mea-
surement types can help. Observation of the line signal
in combination with the light curve can open the pos-
sibility to estimate the mass of the jet and the relative
abundances of the unstable nuclei. In this particular ex-
ample, the mass of the jet is directly proportional to the
overall luminosity, and the relative strength of the lines
to each other determines the relative abundances.

If identification of individual lines is made (without
blending), then the favorable isotopes laid out in Table
IIT can help to constrain P;. Then, with P; estimated,
one can work out the allowed values for By, from the
luminosity. There are still other uncertainties with the
luminosity that must also be considered, e.g., distance
to the source, jet opening angle, viewing angle, and bulk
Lorentz factor must be considered as well.

A null detection from a galactic CCSNe would be
harder to interpret, given the large number of different
possible reasons, although combining other observables
could help. For example, a jet may have been formed but
may be off axis (fyiew ~ 90%), so the signal may be oth-
erwise faint as the relativistic beaming decreases signals
that are significantly off axis; or, the y-ray luminosity
may simply be too faint due to low ejecta masses, while
the CCSNe is still detectable with optical telescopes. Ad-
ditionally, the ejecta may be too opaque to v rays. Here,
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there is some uncertainty related to the opacity of ejecta
postnucleosynthesis, which is likely a temperature and
time dependent quantity, and could be higher than the
0.1 g~! cm? assumed here (see Refs. [73-75]). If the opac-
ity is 1 g~! em?, for example, the lines are largely un-
changed at ten days after nucleosynthesis. Finally, in
cases where Y, 2 0.5, only low mass number isotope de-
cay lines would be seen since very few heavy elements are
synthesized above the iron-group elements. Thus, the in-
terpretation would depend on whether optical and other
observables reveal about, e.g., the progenitor, ejecta, and
jets. If nonthermal acceleration occurs in the jet, the ef-
fects of relativistic beaming make it difficult to be able
to determine the isotopic composition, as the nonthermal
continuum signal can be as strong as the line signal in
certain scenarios.

The 3+ decays we use to model the y-ray signal also
produce neutrinos, which are not monochromatic and de-
pend on the @ value of the decay and energy of the 3+
particle emitted in the decay. These neutrinos should
also have their energies boosted due to relativistic effects
by a factor of §. With typical @ values of 0.1-10 MeV,
this means that some of these neutrinos can be detectable
by neutrino experiments. We can perform a simple cal-
culation for the maximum possible neutrino flux at the
source, assuming all nuclei decay at the same time. For
the most massive jet (B514P15), there are ~ 10%! un-
stable atoms (coming from the abundances and the mass
of the jet) which results in ~ 10°' neutrinos from B+
decays. A typical CCSNe releases a burst of ~ 10°8 ther-
mal neutrinos of energy ~ 10 MeV which would result in
O(10*7%) detections at Hyper-Kamiokande [76] if it oc-
curs at 10 kpc. With relativistic beaming on axis, ~ 105!
neutrinos would result in O(10'~2) detections at Hyper-
Kamiokande over a time window of days to tens of days
(assuming the neutrino emission occurs over the same
time frame as the gamma-ray emission). Other CCSN
neutrino experiments, like Super-Kamiokande, JUNO,
IceCube, and DUNE, will also be able to detect this
flux for closer CCSNe. This additional neutrino signal
will likely be differentiable from the typical 10 s neutrino
emission because the jet-based neutrino emission occurs
over much longer time frames, on the scale of days.

Our framework could be applied to other transients
that produce heavy elements like compact object merg-
ers. However, as the velocity of the mass ejected may be
subrelativistic [47, 77] it is unlikely that any ~-ray sig-
nal from decays is boosted and/or beamed significantly.
However, it is interesting to point out that there are some
overlapping nuclei decay lines of interest between these
scenarios. The authors of Ref. [47], for example, iden-
tify an important 7?Zn line for their Y, > 0.3 case—in
common with our B514P15 and B116P15 models (see
also Ref. [78]). Mergers could produce more decay lines
and also eject relatively more mass [79], but they occur
much less frequently than supernovae locally. The volu-
metric occurrence rate for binary neutron star mergers is
~ 102 Gpc—2 yr~! while the rate for magnetorotational



supernovae is ~ 1% ncc ~ 103 Gpe=3yr=! [7, 15, 16, 80]
where ncc ~ 10° Gpe=3yr~! is the volumetric rate of
typical CCSNe [81].

There are various uncertainties in the modeling we
carry out in this work. The nucleosynthesis yields de-
pend sensitively on the choice of Y, and, while we choose
a moderately neutron-rich fraction of Y, = 0.45, it could
be lesser or greater than this in PM outflows. We choose
this in order to guarantee some nonzero population of
unstable nuclei, but it is also motivated by both analyt-
ical and simulation works [16, 18, 80]. There are also
uncertainties in the physical model of the jet, such as
the opening angle of the jet (e.g., for long GRBs the un-
certainty can be tens of degrees [82]), which affects the
optical depth. The surrounding CSM is also uncertain,
and heavily depends on if there is a preferred progenitor
type for PM formation. Additionally, if there is a bi-
nary companion, there may be a dense common envelope
formed between the stars [83, 84|, which itself would be
able to cause the afterglow phase to begin earlier on than
our current CSM treatment.

In our modeling, we only consider the ~« rays from
B* decays, but v rays from isomeric transitions out of
metastable nuclear states may also be important signals.
Although we exclude them in this work, some long-lived
transitions may give rise to a signal comparable to that
seen from B% decays, like '''Pd which is synthesized in
large abundances in our models. Many isomeric transi-
tions have half-lives on the order of O(1)ns, but some
could be detectable in the same energy range considered
here. Including isomeric transitions may change the way
nuclei are synthesized in neutron capture processes, mod-
ify the heating rate related to kilonova time evolution,
and emit detectable v rays [85-90], and the extent to
which these effects are important are actively being stud-
ied. Some recent nuclear reaction networks, like WinNet,
can take into account isomeric transitions of 26Al, for
example [91].

VII. SUMMARY

In this work, we have modeled ~-ray signals that come
from the decays of heavy nuclei within PM jets. During
the core collapse of the progenitor, neutrino-driven out-
flows are collimated and launched as a relativistic jet that
is powered by the rotation and magnetic field of the PM.
Nuclei could be synthesized in these jets, potentially up
to weak r-process elements. As the jet propagates, it ex-
pands and carries the nuclei outside the progenitor, and
eventually becomes optically thin, allowing « rays from
the decays of radioactive isotopes to escape. These y-ray
lines have their energies and luminosities boosted due to
the bulk Lorentz factor of the jet. If nuclei are further
subjected to particle acceleration, a nonthermal tail in v
rays is also possible. The light curves and spectra of the
~-ray emission are sensitive to the mass ejected and the
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isotopic abundances, allowing for dependencies on central
engine parameters P; and Bgip.

Our modeling uses a simple physical model for the jet
and models of the surrounding CSM. The CSM models
allow for an estimation of the time at which the jet enters
the afterglow phase, which is likely the point at which the
signal from the boosted 7 rays will be overwhelmed by
the afterglow signal as the jet decelerates. We primarily
focus on on-axis jets, and the signal should greatly vary
as the viewing angle becomes more off axis.

Detection of this signal should be possible for the mod-
els we consider with current and future y-ray detectors.
The detection horizon is most sensitively dependent on
the ejecta mass and the viewing angle of the jet. Be-
cause of relativistic beaming, in the best case scenario
the signal is detectable out to ~ 35 Mpc for on-axis jets
just for the thermal signal, but is still extragalactic for
the less favorable models. For cases in which nonther-
mal acceleration is possible, the detection horizon should
also be extragalactic, but this also highly depends on
the amount of nuclei that can accelerate to these higher
energies and the population distribution they follow. Off-
axis jets, however, are typically limited to be detectable
within our galaxy or only in the nearest galaxies to the
Milky Way, depending on the viewing angle.

Detection of this signal would help to test the physi-
cal origin and mechanisms of the PM jet model. It would
serve as a way to confirm abundant nucleosynthesis in rel-
ativistic ejecta, motivating the presence of magnetorota-
tional CCSNe. These magnetorotational powered super-
novae are thought to potentially power a range of rarer
supernovae, and boosted line measurements could help
probe their central engine properties.
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