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Outflows of rapidly rotating protomagnetars have been considered as attractive sites for the synthesis of
nuclei heavier than iron, but the question remains whether these nuclei are able to survive against
photodisintegration as they make their way out of their formation environments. In this work, we present
new analytic fitting formulas for the photodisintegration cross sections applicable to heavy nuclei beyond
iron. We confirm that the results from the TALYS simulations are consistent with the theory of the giant
dipole resonance, and apply the obtained new formulas to investigate whether ultraheavy nuclei entrained
in protomagnetar outflows can be disintegrated by thermal and nonthermal photons before leaving the
stellar envelope. We explore two outflow models: a spherical wind model and a jetted outflow model. For
nuclei accelerated to the bulk speed of these outflows, their survival depends on the model and engine
properties. For spherical winds, nuclei may survive for the first ∼100 s postcore collapse, but as the wind
Lorentz factor increases, the photodisintegration optical depth sharply rises, and nuclei may no longer
survive. For the jetted outflows arising from progenitors surrounded with stellar envelopes, nuclei can only
survive before the jet breakout time in cases where the central engine has high spin-down energy, that is,
with a high magnetic field strength and shorter spin period. In progenitors with more extended envelopes,
the jet breakout time is much longer, allowing for nonthermal photons to readily photodisintegrate nuclei in
high spin-down energy cases. These results also outline some of the necessary, but not yet sufficient,
conditions to source ultrahigh-energy cosmic-ray nuclei.

DOI: 10.1103/p1n3-hc7k

I. INTRODUCTION

Ultrahigh energy cosmic rays (UHECRs), although
observed for decades, are not fully understood (see
Refs. [1–4] for reviews). Most recently, their flux and
energy spectrum have been observed through the Pierre
Auger Observatory (e.g., [5]) and Telescope Array (e.g.,
[6]). The Greisen-Zatsepin-Kuzmin ([7,8]) cutoff arises
from the interaction of ultrahigh-energy protons with the

cosmic microwave background, but the origin of the
observed cutoff [9,10] remains inconclusive.
While the sources of UHECRs still remain unknown,

recent observations have provided important clues. For
instance, at the highest energies, UHECRs are more likely
to be of intermediate-to-heavy nuclei (see, e.g., [11]) and
even ultraheavy nuclei may be present [12,13], although the
data cannot distinguish individual nuclei that are present.
Nevertheless, what has become clear is that the data disfavor
the UHECR being entirely composed of protons or protons
and helium nuclei (see, e.g., [14,15]). Understanding their*Contact author: ekangernj@astr.tohoku.ac.jp
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composition will in turn facilitate a better understanding of
the astrophysical sources that can produce UHECRs.
Proposed candidates of UHECR sources include jets
from active galactic nuclei (AGNs, [16–20]), gamma-ray
bursts including low-luminosity (LL) objects [21–25],
newly born rapidly rotating magnetars arising from core-
collapse supernovae ([26–29]), and binary neutron star
mergers [13,30–33]. An important requirement for any
UHECR source is that the composition at the highest
energies be enriched in nuclei relative to solar abundances
[12]. In AGNs, such an enhancement may be achieved if jets
reaccelerate preexisting galactic cosmic rays, although this
scenario can require tuning and remains uncertain [34–37].
For compact transients such as GRBs and engine-driven
supernovae, as well as tidal disruption events (TDEs), it is
natural that nuclei are supplied directly by their progenitor
stars. If the progenitor is rapidly rotating, the injected
nuclear composition shaped by stellar evolution can repro-
duce the observed UHECR spectrum and composition
[38–40] (see Ref. [41] for TDEs involving white dwarfs).
Moreover, nuclei are not only inherited from stellar nucleo-
synthesis but can also be explosively synthesized during the
first few seconds after core bounce. In this context, proto-
magnetar outflows are especially attractive because they can
synthesize substantial abundances of intermediate-mass and
heavy nuclei [42–46].
Such relativistic outflows launched by rapidly rotating,

highly magnetized protoneutron stars (PNSs) formed in
massive-star collapse are also a leading scenario for long-
duration GRBs [47], making it plausible that the same
engine both synthesizes heavy nuclei and accelerates them
to ultrahigh energies. The resulting composition depends
on the outflow properties (e.g., magnetization and time-
dependent luminosity), which in turn follow from the
spindown evolution of the central PNS (see [44]).
In addition to providing and accelerating nuclei, a viable

UHECR source must allow them to survive, i.e., escape
without disintegration [24,48]. The main processes that can
prevent heavy nuclei from escaping relativistic PNS out-
flows include photodisintegration, photomeson production,
fragmentation, and nuclear spallation. Photodisintegration is
particularly important because it shapes the maximum
energy and the mass composition of nuclei during
propagation through radiation fields [49–51]. These con-
siderations generally favor low-luminosity jets and/or
magnetically dominated outflows [24,38–40,42,43,48].
Low-power jets, including LL GRBs, may arise when
relativistic jets are choked or partially smothered inside
the progenitor envelope. The resulting phenomenology
depends sensitively on the progenitor structure, e.g.,
Wolf–Rayet (WR) stars, blue supergiants (BSGs), and
red supergiants (RSGs) (see Ref. [52] and references
therein). Such events can exhibit properties intermediate
between classical GRBs and transrelativistic supernovae

[53], offering a unified picture of the GRB-SN connection,
e.g., Refs. [54,55].
Nucleus survival also affects multimessenger signatures:

efficient photodisintegration can supply neutrons relevant
for GeV neutrino production [56,57], while stringent
survival requirements can imply low ambient photon
densities, thereby limiting high-energy neutrino production
via photomeson interactions [58], or the escape of very
high-energy gamma rays is guaranteed [24,59,60].
Motivated by this broader context, in this work we

investigate whether nuclei synthesized via the r process in
protomagnetar-driven outflows can survive photodisinte-
gration. Importantly, we focus on the fate of nuclei that are
moving together with the bulk speed of the outflows, i.e.,
without assuming nonthermal components of ultraheavy
nuclei, including UHECRs.
The paper is organized as follows. In Sec. II, we examine

photodisintegration cross sections in the dominant giant
dipole resonance (GDR) channel and provide a new
approximation applicable to heavy nuclei with A ≥ 4. In
Sec. III, we introduce two protomagnetar outflow models
and identify the timescales on which their photon fields
transition from thermal to nonthermal. In Sec. IV, we
compute the resulting photodisintegration optical depth
and determine the conditions under which the nuclei can
escape intact. We summarize the implications and discuss
the remaining uncertainties in Sec. V and Sec. VI.

II. NEW FITTING FORMULAS
OF PHOTODISINTEGRATION CROSS

SECTIONS FOR HEAVY NUCLEI

To assess whether nuclei formed through explosive
nucleosynthesis can avoid disintegration in environments
with a significant number density of high-energy photons,
we first describe how the photodisintegration cross sections
depend on the nuclei mass number and energy. Here, we
introduce an updated parametrization for the GDR cross
section. GDR is the largest (in terms of cross section) and
typically the most important resonance among photodis-
integration processes, although there are additional photo-
disintegration processes that are relevant at higher energies.
We use the TALYS simulation tool (version 1.95, see

[61,62]) to calculate photodisintegration cross sections
over the GDR and quasideuteron energy ranges (roughly
∼1–100 MeV). Previous studies [24,58] approximated the
GDR cross section as σAγ ≈ σGDRδðε̄ − ε̄GDRÞΔεGDR,
where σGDR is the peak value of the GDR approximation,
ε̄GDR ∼ 42.65A−0.21 MeV is the energy at which the res-
onance occurs and A is the nuclei mass number, andΔεGDR
is the resonance width. Previous studies like Ref. [63]
(KT93) base this approximation on nuclear data up to iron
(Z ¼ 26, A ¼ 56). To improve on this existing approxi-
mation by analyzing data from nuclei heavier than iron as
well, we use TALYS to simulate the photonuclear cross
sections for nuclei up to gold (Z ¼ 79, A ¼ 197). We use
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this TALYS data to then determine the approximate height
of the GDR resonance (σGDR), peak energy for resonance
(ε̄GDR), and its width (ΔεGDR), where this width is defined
as the full width at half maximum of the peak. This is a
valid approximation since the majority of the GDR cross
section outputs given by TALYS are roughly symmetric-
Lorentzian functions.
We find that ε̄GDR ≈ 42.65A−0.21 MeV fits the TALYS

data for the central energy of the GDR resonance well, as
shown in the top right panel of Fig. 1. In the same figure,
we also show new fits to σGDR (in the top left panel), ΔεGDR
(in the bottom left panel), and the product of the two since
this is proportional to σAγ (in the bottom right panel). From
the variation of σGDR with mass number A, we find that
σGDR scales with an approximately linear dependence on
the mass number up to iron (A ¼ 56). However, a power
law with σGDR ∝ A4=3 is a better fit for larger mass numbers
up to A ∼ 200. For example, in Ref. [24], a constant
ΔεGDR ≈ 8 MeV is assumed, but here we update this to
a different power law given by ≈21.05A−1=3 MeV.
The best-fit parametrizations are as follows: σGDR ≈

0.43×10−27A1.35 cm2, ε̄GDR ≈ 42.65A−0.21MeV, ΔεGDR ≈
21.05A−0.35 MeV, such that the GDR cross section scales
linearly with mass number,

σAγ ≈ σGDRΔεGDRδðε̄ − ε̄GDRÞ
≈ ð0.43A1.35 × 10−27 cm2Þδðε̄ − 42.65A−0.21 MeVÞ
× ð21.05A−0.35 MeVÞ: ð1Þ

These best-fit scaling parameters are also listed in Table I,
where we compare our results with previous approxima-
tions. Note that in our results, the total cross section is linear
with mass number A, but the prefactor and width have
different A dependencies. Reference [64] finds σGDR ∼
0.48A4=3 × 10−27 cm2 which is very similar to the value
of 0.43A1.35 × 10−27 cm2 obtained in this work, although
different values of ε̄GDR and ΔεGDR are inferred.
In the Goldhaber-Teller picture [65], GDR is the dom-

inant isovector collective mode in which the proton and
neutron fluids oscillate out of phase as two slightly
displaced liquid drops, producing a large electric dipole
(E1) moment. It is known that the E1 strength is largely
concentrated in this collective resonance. The contribution
from the GDR region to the energy-weighted E1 sum is a
large fraction of the total Thomas-Reiche-Kuhn (TRK) sum
rule. Since the TRK sum scales as NZ=A, where N is the
number of neutrons, the integrated photodisintegration cross
section is

R
σAγdε̄ ∝ NZ=A. For heavy nuclei, this gives

FIG. 1. The TALYS data (shown as blue dots in each panel) compared to old fits [orange lines; see [63] (henceforth KT93)] and our
new fits (green lines in each panel, except for the top right panel where our fit is the same as KT93). Top left: the TALYS peak cross
section data [σGDR, see Eq. (1)] for GDR resonance. The best fit can be described by a power law σGDR ≈ 0.43A1.35 × 10−27 cm2. Top
right: the best fit to TALYS data for the central energy (ε̄GDR) of the GDR resonance, in which case the prior fit describes the data well.
The best fit is given by ε̄GDR ≈ 42.65A−0.21 MeV. Bottom left: the full-width at half-maximum (ΔεGDR) of the TALYS data versus A. The
best fit is given by ΔεGDR ≈ 21.05A−0.35, in contrast to a constant value of 8 MeVused in the previous studies. Bottom right: the product
σGDRΔεGDR ≈ 9A × 10−27 cm2 MeV ∝ σAγ , resulting in an approximately linear A dependence.
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NZ=A ∼ A=4 and hence
R
σAγdε̄ ≈ σGDRΔε̄GDR ∝ A. If the

relevant restoring force is governed mainly by bulk nuclear
properties, the corresponding frequency is Γ ∝ R−1 ∝
A−1=3, leading to ε̄GDR ∝ A−1=3. If the dominant damping
is controlled by surface-related decoherence, one expects
Δε̄GDR ¼ Γ ∼ ℏ=τ ∝ R−1 ∝ A−1=3, and therefore σGDR ∝
A4=3 is expected.
Although the best-fit approximation for σGDR and ΔεGDR

agree well with the TALYS data points, there are some
notable outliers—especially in the case ofΔεGDR for smaller
mass numbers. Some nuclei have cross sections that are not
well described by Lorentzian functions and/or have
double peaks, such as carbon-14, oxygen-16, silicon-28,
vanadium-51, and manganese-55. Most nuclei, however, are
well described by a single Lorentzian function.
We do not consider higher-energy photodisintegration

resonances, photomeson production and fragmentation,
because GDR is the predominant photonuclear interaction
in the photon energy range of interest. Further, TALYS does
not simulate resonances beyond the pion production thresh-
old. Tools like the Geant4 toolkit [66] and other analytical
formulas can model these processes, but are not considered
here (see [24,67,68] for the impacts of higher-energy
photodisintegration processes). Spallation is another proc-
ess that can lead to the destruction of nuclei and may have a
minor impact on the results of nucleus survival for some
scenarios (see Sec. V for discussion on this point).

III. APPLICATIONS TO PROTONEUTRON
STAR OUTFLOWS

The cross section formulas we provide can be used for
many astrophysical sources. In this section, we explore two
models of protomagnetar-driven outflows: the spherical
wind and jetted outflow models. Figure 2 shows the
schematic picture of these two models. Below, we deter-
mine the evolution of the (non)thermal nature of the photon
spectra. Then, in Sec. IV, we will discuss the time evolution
of the photodisintegration optical depth.

A. Photon analysis framework

Within the wind, nuclei are exposed to high-energy
photons which may disintegrate them into nucleons. In
order to determine whether the nuclei get destroyed, we
first determine the energy distribution of these photon

fields. To do this, we calculate the Thomson optical depth,
τT , to determine whether photons are thermalized due to
copious electron-positron pairs in the wind. This is given by

τT ≈ y�nxσTRx=Γx; ð2Þ

where the subscript “x” describes either the spherical wind
(w) or jetted outflow (h) model (see subsections below).
Additionally, y� ¼ ðnx þ n�Þ=nx is the pair production
enhancement factor where nx ¼ Ṁx=ð4πR2

xmpcΓxÞ is the
wind baryon number density and n� ¼ Ṁ�=ð4πR2

xmecΓxÞ
is the pair number density, Γx is the Lorentz factor of
the outflow, and Ṁ� ≈ ð2.5 × 10−17M⊙ s−1Þμ�;6Bdip;15

P−2
i;−2R

3
NS;6 is the Goldreich-Julian (GJ) mass-loss rate

[69]. Here, μ� ≈ 106 is the pair multiplicity [70,71], Bdip

is the dipole magnetic field strength, and Pi is the spin
period of the PNS. The Thomson cross section is given by
σT ¼ 6.65 × 10−25 cm2. In this study, we consider outflows
with 1013 G < Bdip < 1015 G and 1 ms < Pi < 30 ms.
The distribution of the photon spectrum will have

quantitative impacts on nuclear survivability. To help
understand the evolution of the photon spectrum, we label
the approximate time when photons transition when the
system is optically thin as tTh; this timescale is defined as
the timewhen τT ¼ 1. This should be understood as a proxy
because the details depend on radiative transfer calculations.
Nevertheless, it will suffice for the outflow models we
consider. In the following sections, we explore a spherical
wind model and a jetted outflow model that are driven by
rapidly rotating, highly magnetized protoneutron stars.
Whether particles can remain as undestroyed nuclei and
escape the system depends, then, on (A) the timescale after
which the outflow transitions from thermal to nonthermal
photon-dominated system (tTh), and (B) the timescale at
which the nuclei are transported outside the progenitor.

B. Spherical wind

The schematic picture of the spherical wind is shown in
the left panel of Fig. 2 with two regions: the neutrino-driven
wind (Region A) and the shocked pulsar wind nebula
(PWN, Region B). In this picture, the relativistic wind
(A) catches up to the nonrelativistic PWN (B) over time. In
this section, we describe how we calculate τT [Eq. (2)] in
both these regions.

TABLE I. Comparison of best-fit scaling parameters for cross section approximations relevant in this work for the disintegration of
nuclei. Here, the GDR approximation is of the form σx ≈ ðPrefactorÞδðε̄ − CenterÞðWidthÞ. A range describes the range of mass
numbers for which the approximation is valid.

σx Prefactor ½10−27 cm2� Center [MeV] Width [MeV] A range

This work σGDR 0.43A1.35 42.65A−0.21 21.05A−0.35 4 ≤ A ≤ 197

Karakula and Tkaczyk [63] σGDR 1.45A 42.65A−0.21 8.0 56 ≥ A > 4

σGDR 1.45A 0.925A−2.433 8.0 A ≤ 4
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In Region A, we calculate the wind radius Rw and ejecta
radius Rej by numerically solving the differential equations
[72,73],

dRw

dt
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
7

6ð3 − δÞ
Etot

Mej

�
Rw

Rej

�
3−δ

s
þ Rw

t
ð3Þ

dRej

dt
≡ Vej ¼

ffiffiffiffiffiffiffiffiffi
2Etot

Mej

s
; ð4Þ

where δ ¼ 1 is used for the density profile of the ejecta.
We assume an ejecta mass of Mej ¼ 3M⊙ and SN
explosion energy of Etot ¼ 1051 erg. We set Rwðt ¼ 0Þ ¼
Rejðt ¼ 0Þ ¼ RLC ¼ cPi=2π as the initial conditions,
where RLC is the radius of the light cylinder.
The mass-loss rate from the PNS surface due to the wind

driven by neutrinos is given by [74]

Ṁw ¼ ð5 × 10−5M⊙s−1Þ
�

Lν

1052 erg s−1

�
εν

10 MeV

�
2
�
5=3

× Fmag

�
Cinel

RNS

106 cm

�
5=3

�
MNS

1.4M⊙

�
−2
: ð5Þ

Several correction factors are accounted for here, including
Fmag ¼ fopfcen which considers the fraction of the PNS
surface threaded by open magnetic field lines (fop) and an
enhanced mass-loss rate due to magnetorotational slinging
(fcen), Cinel for inelastic neutrino-electron scatterings,
and a stretch factor of ηs ¼ 3 to model longer PNS cooling
timescales due to rapid rotation (for these, see Ref. [74]). Lν

is the νe þ ν̄e neutrino luminosity, εν is the mean neutrino
energy, RNS is the PNS radius, and MNS is the PNS mass.
We choose MNS ¼ 1.4M⊙ and RNS ¼ 106 cm based
on Ref. [75]. The PNS mass outflow rate eventually
transitions from being baryon dominated to pair dominated.

This occurs when Ṁx ¼ Ṁ� is attained (hereafter, labeled
with t ¼ tGJ). Thus, if tTh > tGJ, the nuclei are likely to face
thermal photons, while if tTh < tGJ, nuclei can also
encounter nonthermal photons.
The Lorentz factor of the wind, Γðr ¼ RwÞ ¼ Γw, can be

expressed as [76]

Γ ¼
(
σ0ðr=RmagÞ1=3; r ≤ Rmag

σ0; r > Rmag
; ð6Þ

where r is evaluated at Rw and Rmag is the magnetic
dissipation radius given by Rmag ≈ ð5 × 1012 cmÞðσ0=102Þ2
ðP=msÞðϵ=0.01Þ−1. We parametrize the reconnection
velocity with ϵ ∼ 0.01 [74]. Wind magnetization is
σ0 ¼ ϕ2

BΩ2=Ṁwc3, where ϕB ¼ ðfop=4πÞBdipR2
NS is the

magnetic flux from a rotating dipole field (of strength Bdip)
and Ω is the PNS angular velocity.
In Region B, we also calculate the Thomson optical

depth at Rx ¼ Rw, assuming Ṁx ¼ Ṁw, but because
the outflow is nonrelativistic, Γx ¼ 1 and nx ¼ Ṁw=
ð4πR2

wmpVwÞ where Vw ¼ dRw=dt.
The left panel of Fig. 3 shows τT as a function of time

post–core collapse for the spherical wind model in the
shaded blue region (Region A) and in the shaded gray
region (Region B). The width of this shaded region reflects
the values for the Bdip and Pi configurations used in this
work, where the edges stand for the minimum and maxi-
mum values of τT . The horizontal dashed black line denotes
τT ¼ 1 when the photon distribution transitions from
thermal to nonthermal, which generally occurs around
100–300 s. Finally, the shaded gray region shows the range
in times t ¼ tGJ ∼ 300–500 s, corresponding to the range in
Bdip and Pi, at which the outflow mass becomes dominated
by electron-positron pairs instead of baryons. For all
spherical wind models, we find tTh < tGJ, such that nuclei

FIG. 2. Schematic picture of the two models we consider. Left panel: a spherical wind originating from the protomagnetar central
engine. In Region A, a neutrino-driven wind flows from the PNS central engine, which eventually catches up to the nonrelativistic pulsar
wind nebula in Region B. Right panel: a jetted outflow which may also originate from protomagnetar central engines. In Region C, a
precollimated jet expands into Region D, which is a collimated jet region. Region E is the jet head, which may break out of the
surrounding stellar material.
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in the outflow can encounter nonthermal photons before the
mass outflow rate drops considerably to be pair dominated.

C. Jetted outflow

If the outflow propagates through dense stellar material,
it may become collimated. A cocoon forms as the outflow
interacts with the surrounding medium and the subsequent
magnetized outflow can burrow through the star like a jet.
Such different outflow geometries can lead to different
distributions of photons. Such a scenario is shown in the
right panel of Fig. 2. Here, Region C is the precollimated jet
outflow, Region D is the collimated jet, and Region E is the
jet head. In this work, we do not consider the survival of
nuclei in the cocoon region or the jet head, but only in the
precollimated and collimated jets. Typically, the cocoon’s
energy density is low enough for nucleus survival [43].
Because the outflows are jetted, the number density of the
baryons is increased by a factor of ðθ2j=2Þ−1 [52]. We
choose a jet with a fixed opening angle of θj ¼ 10° at the jet
launch site near the PNS.
In Region C, Rx ¼ Rcs, or the radius of the collimation

shock (see Sec. 3.3 in Ref. [52]), Γx ¼ Γj ¼ Γðr ¼ RcsÞ,
and nx ¼ Ṁw=ð4πR2

csmpcΓjÞ=ðθ2j=2Þ. In the collimated jet
of Region D, Rx ¼ minðR�; RhÞ ¼ Rh (until the jet breaks
out of the progenitor), Γx ¼ Γcj ¼ 1=θj, and
nx ¼ Ṁw=ð4πR2

hmpcΓcjÞ=ðθ2j=2Þ. The cocoon that forms
can be approximately modeled as a cylinder, whose head
radius is described as Rh ¼ cξhβht, where ξh ¼ ð5 − αÞ=3
is a coefficient, α ∼ 2–3 is the power-law index of the
density profile, and βh is the velocity of the jet head [see
[52], Eq. (7)]. As the figure shows, we have implicitly

assumed collimation. While jets begin as uncollimated, we
find that all become collimated (when Rh > Rcs) quickly
within tcoll < 10 s. The exact timing depends on both
outflow properties as well as the stellar progenitor. For
the former, we consider outflows with 1013 G < Bdip <
1015 G and 1 ms < Pi < 30 ms. For the latter, we consider
a smaller/denser WR star and an extended/sparser blue and
red supergiants (BSG, RSG).
We estimate the jet breakout time, tbo, for WR progeni-

tors using the analytical expression from the text after
Eq. (1) in [44] [see also, Eq. (12) in [45] ]. This expression
takes into account the Bdip − Pi configuration and signifies
when the magnetized outflow has met the minimum energy
requirement necessary to break out of the stellar surface
(see also [77]). Our WR, BSG, and RSG progenitor stars
have radii of R� ¼ 5.15R⊙, 52R⊙, and 875R⊙, respectively
(see [52], for the details of their density profiles and how
they lead to different jet structures). As a simple estimate,
we calculate the breakout times for BSGs and RSGs using
the ratio of their radii toWR radii, i.e., tbo;BSG ∼ 10 × tbo;WR

and ∼170 × tbo;WR, because the velocity of the jet head
does not change significantly over time. Jets may fail to
break out of the star, if they do not meet the energy
requirements to do so. For WR stars, this tends to occur for
central engines with smaller magnetic fields (for jets with
θj ¼ 20°, this occurs for Bdip ≲ 3 × 1015 G, roughly inde-
pendent of Pi [52]). For BSGs and RSGs, this further
depends on the stellar density structure and, for these
reasons, we do not consider choked jets in this work.
The jet breakout time has an impact on the window over

which the nuclei are exposed to energetic photons within

FIG. 3. Thomson optical depth, τT , for several cases is shown as a function of time. The dashed black line shows τT ¼ 1,
which we consider the transition point at which photon fields are thermal (τT > 1) or nonthermal (τT < 1). The shaded regions
represent the minimum to maximum τT values that are calculated for our range of Bdip and Pi configurations, and the translucent lines
between are the individual results for each configuration. The gray hatched region represents the time when the jets become
collimated (tcoll), and the gray shaded region is the breakout time for WRs (tbo;WR). For all cases, tcoll < tbo. Left panel: τT , for
the spherical wind case for Regions A (blue shaded) and B (gray shaded). The vertical gray shaded region shows the range in tGJ values
for our range of Bdip and Pi configurations. For all configurations of Bdip and Pi, tTh < tGJ, implying that nonthermal photons are
expected by tGJ. Right panel: τT for the jetted outflow case of a WR progenitor in Regions C (green shaded) and D (red shaded). After
tbo;WR, nuclei can freely escape the star. For WRs, tTh > tbo;WR (except for one case), for BSGs, tTh > tbo;BSG for rapidly rotating
engines, and for all RSG cases, tTh < tbo;RSG.
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the jet. If tTh > tbo, the photons are thermalized even after
breakout. Since the jet breaks out of the star before the
surrounding photons become nonthermal, the nuclei only
interact with lower energy thermal photons. On the other
hand, if tTh < tbo, the photons can contain a nonthermal
component before breakout. Timescales, as in the spherical
wind case, are dependent on Bdip and Pi, but also have a
strong dependence on the progenitor’s stellar radius.
Figure 3 (right panel) shows τT as a function of time

post–core collapse for the jetted outflow models of WR
progenitors. In green we show the range of optical depth
values for Region C, and in red we show the range of values
for Region D. The dark gray hatched region at early times is
the time over which the jets become collimated, and, in this
region, our calculations are not valid. The gray shaded
region shows the range of breakout times tbo;WR for various
Bdip − Pi configurations. To check the validity of our
calculations up to breakout time, we confirm that tcoll < tbo
for all jets.
For all outflows in WRs (except the Bdip ¼ 1013 G, Pi ¼

30 ms case), tTh > tbo;WR. This suggests that nuclei only
encounter thermal photons before breaking out and escaping
the stellar envelope. For BSGs, tTh > tbo;BSG for the rapidly
rotating cases we consider. Thus, nuclei in the slowly
rotating progenitors encounter nonthermal photons before
the jet breaks out. For RSGs, tTh < tbo;RSG for all cases, and
the photons can be nonthermal in all jets that we consider.
Further, tTh < tGJ, where tGJ ∼ 300–500 s as in the left
panel of Fig. 3. The high Bdip configurations tend to
transition to nonthermal photons earlier, primarily due to
a lower number density. Thus, progenitors with smaller
envelopes do not typically undergo the transition from
thermal to nonthermal photons prior to breakout. The
survival consequences because of this are explored
in Sec. IV.

IV. EFFECTIVE PHOTODISINTEGRATION
OPTICAL DEPTH

In Sec. III, we evaluated the timescale (tTh) at which
different outflow models transition from a thermal photon
field to potentially hosting also a nonthermal photon field
and the time at which the nuclei may escape their
environment. In this section, we investigate nucleus sur-
vival and the extent to which this depends on the photon
distribution. To do this, we calculate the photodisintegra-
tion optical depth as a function of time.
The effective photodisintegration optical depth is esti-

mated as

fAγ ¼ t−1Aγ tdyn; ð7Þ

where tdyn ¼ Rx=ðΓxcÞ is the dynamical timescale of the
outflow, and the photodisintegration timescale is (e.g.,
Ref. [24])

t−1Aγ ¼
c
2γ2A

Z
∞

ε̄th

dε̄ σAγðε̄ÞκAγðε̄Þε̄
Z

∞

ε̄=2γA

dε ε−2
dn
dε

: ð8Þ

Here, γA ¼ EA=mAc2 is the nucleus Lorentz factor, ε̄th ∼
10 MeV is the photodisintegration threshold energy, σAγ is
the photodisintegration cross section, κAγ ∼ 1=A is the
nucleus inelasticity, dn=dε is the photon energy spectrum
that the nuclei are exposed to, ε is the photon energy in the
comoving frame, and ε̄ denotes the photon energy in the
nucleus rest frame. In this work, we assume that nuclei are
accelerated to the bulk Lorentz factor of each region,
i.e., EA ¼ ΓxmAc2.
Prior to t ¼ tTh, τT is much larger than unity, resulting in

a thermal photon distribution described by

dn
dε

¼ 8π

ðhcÞ3
ε2

eε=kBTγ − 1
; ð9Þ

where Tγ is the photon temperature, related to the gamma-
ray energy density byUγ ¼ aT4

γ. This distribution results in
an analytical expression for fAγ,

fAγ ¼
4πcσGDRΔεGDRε̄GDR

Aγ2AðhcÞ3
kBT ln ð1 − e−yÞ−1tdyn; ð10Þ

where y ¼ ε̄GDR=ð2γAkBTÞ. We suggest that nuclei
undergo significant disintegration when fAγ ≳ 1.
After tTh, τT < 1, and we describe the nonthermal

distribution with a broken power law:

dn
dε

¼N
ð1− e−τγγ Þ

τγγ

�ðε=εbreakÞ−α; εmin < ε< εbreak

ðε=εbreakÞ−β; εbreak ≤ ε;
ð11Þ

where N is the normalization, εmin ∼ εssa ∼ 1 eV is the
minimum photon energy allowed by synchrotron self-
absorption [24], εbreak is the break energy, and τγγ is the
optical depth of eþe− pairs created through photon
annihilation [78]. We choose εbreak ¼ 102.5 keV in the
comoving frame and the low/high photon spectra indices
of α ¼ 1 and β ¼ 2.2 [24]. The normalization of the
photon spectrum, N , is chosen such that the radiation
energy density,Uγ ¼

R
εdn=dεdε, is always conserved. To

finally calculate the photodisintegration optical depth, we
need to define the energy density of the photons and
dynamical timescale in each region.

A. Spherical wind

In Region A, the energy density is related to the baryonic
mass-loss of the neutrino-driven wind: Uγ;A ¼ ϵγΓwðṀw þ
Ṁ�Þc2=ð4πΓ2

wR2
wcÞ, where ϵγ ¼ 0.3 is the fraction of the

energy converted to radiation. The dynamical timescale is
given by texp;A ¼ Rw=ðΓwcÞ. In Region B, however, the
energy density is proportional to the spin-down luminosity
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of the protoneutron star engine: Uγ;B ¼ ϵeLspin=ð4πR2
wcÞ,

where ϵe ∼ 1 is the fraction of energy converted to electrons
and positrons, and Lspin is the electromagnetic spin-down
luminosity [or Eq. (5)] of Ref. [72]. The dynamical time-
scale is given by texp;B ¼ Rw=Vw. Finally, photons leak
from Region B into Region A, with an energy density of
Uγ;BA ¼ fBAUγ;BΓ2

w, where fBA ¼ minð1=τT;B; 1Þ is the
leakage fraction.
In Fig. 4, we show fAγ as a function of time post–core

collapse for our two physical model scenarios. In each
panel, the dashed black line denotes fAγ ¼ 1, a nucleus
mass of A ¼ 56 is assumed, and vertical gray shaded
regions are marked for other relevant timescales. The lines
inside the shaded regions show the results for each
configuration considered in our Bdip and Pi space, while
the boundaries of the shaded regions show the maxima and
minima results across all cases. In the top left panel, we
show the results for the spherical wind model. In Region A,
fAγ < 1 from the internal energy of the photons in that
region. Although nuclei in Region A escape disintegration
for ≲100 s, the photons leaking into the region are able to
disintegrate nuclei efficiently after this point. Around tGJ,
nuclei are efficiently disintegrated, especially for high Bdip

and low Pi protoneutron stars, but fAγ ∼ 10 around this time
for the Bdip ¼ 1013 G and Pi ¼ 30 ms case. In Region B,
similarly, fAγ > 1 only after ≳100 s, after which the nuclei
can survive disintegration in the low Bdip/high Pi cases.
These suggest that PNS with higher energy density—
derived from their higher magnetorotational energy—are
more efficient at disintegrating nuclei. The sharp rise in
photodisintegration optical depth around ∼100 s is because
of the transition of photons from thermal to nonthermal
spectra as well as a large increase in Γw occurring around the
same time.

B. Jetted outflow

In Region C, we consider the photons that are leaked
from Region D: Uγ;C ¼ fDCUγ;DΓ2

DC, where fDC ¼
minð1=τT;D; 1Þ is the leakage fraction from Region D to
C and ΓDC ¼ ΓjΓcjð1 − βjβcjÞ is the relative Lorentz factor
between the precollimated jet and the collimated jet. The
dynamical timescale is given by texp;C ¼ Rcs=ðΓjcÞ. In
Region D, Uγ;D ¼ 4Γ2

DCnjmpc2. This is valid for
τT;D ≫ 1, and is realized for about ∼200–300 s, so evalu-
ation of results for the WR cases is reasonable (since
tbo;WR ≲ 200–300 s), but should be noted in some BSG
cases and the RSG case. Because the jet is collimated, the
dynamical timescale is given by the advection timescale:
tadv;D ∼ Rh=ðΓhcÞ (although, Γh ∼ 1).
In the other three panels, we plot fAγ for WR, BSG, and

RSG progenitors in the top right, bottom left, and bottom
right, respectively. Although the values of fAγ do not change
considerably depending on the progenitor, the breakout

time, tbo, changes dramatically between these systems. This
has implications for nucleus survival, as nuclei can escape
freely after the breakout time. Prior to tbo;WR, fAγ ≫ 1 in
Region D (and negligible in Region C) for high Pi cases,
while fAγ decreases far below unity for low Pi cases. In this
regime, photons are still thermal. For BSG progenitors,
there is only one case where fAγ > 1 before tbo;BSG: Bdip ¼
1015 G and Pi ¼ 10 ms. In this one case, fAγ is only
slightly larger than unity and occurs after tTh, when photons
are nonthermal. Although there are several cases in the
figure where fAγ ≫ 1 after ∼100 s in Regions C and D, this
occurs in the scenarios with high PNS spindown energy. In
such scenarios, the jets break out very quickly, so nuclei are
able to escape before this time. In the RSG case, tbo;RSG ≳
300 s is much later. Thus, nuclei can be exposed to
nonthermal photons at late times and experience efficient
photodisintegration. This disintegration occurs primarily for
the high spindown energy cases (short Pi and higher Bdip).
Note that these calculations are performed only up to
1000 s; however the breakout times of RSGs could be
longer than this.
There are some similarities in the results between the

spherical wind and jetted outflow scenarios. In general, it
seems that at early times, when photons are thermal, the
high spindown energy cases (with high Bdip and low Pi) are
more efficiently photodisintegrated. However, the results at
later times are more nuanced and depend on the details of
nuclei escape in each model.
Based on these results, the distribution of the ambient

photon field can have major consequences on the surviv-
ability of nuclei. Previous works generally found that
nonthermal photon distributions result in photodisinte-
gration timescales that are limited by the dynamical/
expansion timescales of magnetized outflows. The photon
distribution is not well known, which would affect the
outcome of nucleus survival. Synchrotron photons in the
wind would be in the fast cooling regime [56,57], while a
broken power-law spectrum or the Band function can also
be used in the jet [24,44,79]. The choice of minimum and
maximum cutoff energies somewhat affects the energy at
which fAγ decreases.
Because we determine new analytical approximations for

the photodisintegration cross sections of heavy nuclei in
Sec. II, we can estimate the efficiency of disintegration for
heavy nuclei as well. This may be an important process to
consider if outflows of supernovae produce heavy elements.
In Fig. 5, we show how these results depend on mass
number. In this figure, we only show the spherical wind
model and WR jetted outflow models to show how
efficiency scales with mass number. The results in black,
for “Fe” or iron are the same as the results in Fig. 4. We also
show, in blue, orange, and purple, the results for selenium
(“Se,” A ¼ 79), tellurium (“Te,” A ¼ 128), and platinum
(“Pt,” A ¼ 197). As expected, fAγ increases monotonically
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with mass number, due to the mass dependence in the GDR
cross section and because of the increased energy of the
nuclei in the outflows, since they have energies of ΓxmAc2.

V. DISCUSSION

There have been several studies that quantify the survival
of nuclei in outflows from compact objects. Reference [43]
finds that the survival of thermal nuclei in outflows depends
on the luminosity of the source. Generally, lower luminos-
ity sources have lower photon energy densities, and nuclei
are more easily able to survive. The nucleus survival is
regarded as a necessary condition for UHECRs to escape
their environments. This has been studied for GRB

producing systems [24,48,59]. Reference [44] focuses on
magnetar-driven outflows [44] and finds that high spin-
down energy cases efficiently disintegrate nuclei at small
radii. We find, however, that this trend is reversed at larger
radii, where leaking photons in the optically thin regime
efficiently disintegrate nuclei. Because of the modeling of
multiple zones and acceleration to bulk Lorentz factors, not
ultrahigh energies, our results somewhat differ from these
other studies.
Our study isolates the role of GDR photodisintegration

for nuclei that are accelerated primarily by the bulk motion
of the outflow, and it adopts a survival criterion (fAγ ¼ 1).
Several important physical effects were not treated self-
consistently and should be addressed in future work.

FIG. 4. The photodisintegration optical depth, fAγ , is shown as a function of time post core collapse. In each panel, the value of
fAγ ¼ 1 (which we consider as the boundary of “survival” vs “destruction”) is denoted by the horizontal dashed black line assuming a
pure-iron composition (A ¼ 56). The nuclei energy is assumed to be ΓxmAc2, where Γx is the bulk Lorentz factor in each region. The
shaded colored regions show the extent of values when varying the PNS magnetic field and spin period, whose boundaries are given by
the maxima and minima values found. The lines within these regions correspond to the individual Bdip=Pi configurations. The hatched
tcoll region shows the time when the jets become collimated, before which the calculations are unphysical. Finally, the shaded gray
regions show the extent of breakout times for each case. Top left panel: fAγ for the spherical wind case. For the first ∼100 s (tTh for
Region A), fAγ ≪ 1 so nuclei can survive in both regions. Around this time, photons become nonthermal, but the energy density is not
high enough in Region A to cause photodisintegration. However, very quickly, owing to leaked photons in Region A and Region B,
nuclei are efficiently destroyed. Top right panel: fAγ for the jetted outflow case fromWR progenitors. In some high Pi cases, fAγ ≫ 1 in
the regime where thermal photons can destroy nuclei before the breakout time. In all other cases, nuclei can survive photodisintegration
before breaking out of the star. Bottom left panel: fAγ for the jetted outflow case from BSG progenitors. In this scenario, fAγ < 1 for all
cases at tbo;BSG (except the case of Bdip ¼ 1015 G, Pi ¼ 10 ms, where fAγ ∼ 1). Bottom right panel: fAγ for the jetted outflow case from
RSG progenitors. In this case, the breakout time is much longer. In this nonthermal photon regime, nuclei in high spin-down energy
cases are readily photodisintegrated.
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We assumed that nuclei are comoving with the outflow
and thus have characteristic energy ΓxmAc2. However, the
nuclei could be accelerated to even higher energies via
internal shocks, shear, or magnetic reconnections (see, e.g.,
Ref. [44]). Higher-energy nuclei interact with different
parts of the photon spectrum and may enter regimes where
additional channels (e.g., photomeson production) become
dominant. These channels may become important and
compete with GDR when nuclei are accelerated to rela-
tivistic energies and in cases where even higher spin-down
energy magnetars drive outflows, where the bulk Lorentz
factor is larger than what is considered here. In such cases,
the window of survival will likely be further restricted, but
still depends on the competition of timescales like jet
breakout time. A self-consistent treatment coupling accel-
eration, radiation, and nuclear interactions is required to
assess survival in such scenarios.
Our photodisintegration cross section mainly models the

symmetric Lorentzian part of the GDR resonance, but in
reality, the quasideuteron process somewhat increases the
cross section at energies just higher than the GDR peak
energy. Thus, our box approximation slightly underesti-
mates the true photodisintegration optical depth at these
energies by a factor of ≲2. Nuclei like oxygen, silicon, and
some iron-group elements have additional resonances in the
GDR region. When we fit our box approximation to these
nuclei, our estimated width is relatively larger than single
resonance nuclei; thus these atypical nuclei overcome the
slight underestimation of the true optical depth that usual
nuclei show. This effect does not affect our qualitative
results. Another approximation like that of Ref. [80] yields
similar results to our functional form that updates the
commonly used and convenient analytical form. Note that
the assumption of constant widths (see the lower right panel
of Fig. 1) is also sufficient to yield qualitative results, but
mass-dependent widths better reproduce the TALYS sim-
ulation results.

Using fAγ ¼ 1 as a binary survival criterion neglects
intermediate regimes in which only a fraction of nuclei may
disintegrate. For 0.1≲ fAγ ≲ 1, single interactions can
create a mixed composition, while for 1≲ fAγ ≲ 10

repeated interactions can drive nuclei toward intermediate
masses without complete destruction. Tracking the time-
dependent mass and charge distribution (rather than a
survival/no-survival outcome) would be necessary to con-
nect to the observable CR composition, especially if
candidate sources preferentially produce moderately heavy
nuclei. We focused on the GDR channel, but at very high or
ultrahigh energies and/or in nonthermal photon fields,
where accelerated nuclei will interact with considerably
harder photon fields, photomeson production and fragmen-
tation can also become important [24,81–83] and warrant
additional analysis.
In such a parameter-driven study, there are several

uncertainties, whose effect on results should be noted.
In particular, the competition of timescales, like tbo, is
important. This breakout time depends somewhat strongly
on Bdip and P0 [44] and, in practice, the measurements of
these quantities have larger than ≳10% uncertainty [84].
In this sense, model uncertainty represents dominant
systematics that could result in qualitative and quantita-
tive differences. However, we maintain that our models
are useful for illuminating central engine trends and are
commonly discussed in the literature, e.g., Refs.
[44,45,52,56,74,84]. RSG stars are less impacted by this
uncertainty, since tbo is generally much larger than the
dynamical and disintegration timescales. Spectral uncer-
tainties, like the nonthermal peak energy and softness,
have the potential to change the efficiency of disintegration
due to higher-energy resonances, but our choices are
supported by literature. Finally, uncertainties in parameters
like pair multiplicity, reconnection speed, and GDR fitting

FIG. 5. Photodisintegration optical depths, where fAγ ¼ 1 denotes our survival criterion, are shown as a function of time for our
spherical wind model (left panel) and jetted outflow model (WR case, right panel), with varying nuclei composition. In black, we show
the result for iron, which is the same result as the top row of Fig. 4, to compare with other cases. In blue, orange, and purple, we also
show the efficiencies for selenium, tellurium, and platinum. This shows there is a slightly positive correlation of fAγ with mass number,
and heavier nuclei are somewhat less likely to survive in general.
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formulas, are not expected to significantly change the main
conclusions.
Spallation from nucleus-nucleus collisions can compete

with photon-driven destruction when the baryon density is
high and relative energies approach nuclear binding scales.
Although we estimated that the spallation optical depth τsp
can be comparable to fAγ for our benchmark models, we did
not model spallation self-consistently. A detailed composi-
tion study should include both photodisintegration and
spallation, and should assess implications for r-process
nucleosynthesis and for the emergence of intermediate-mass
nuclei (see also Refs. [43,83,85]).
If heavy nuclei are efficiently destroyed, the outflow

becomes neutron rich, and free neutrons may decouple
dynamically from the charged component. Previous works
have explored neutrino production from inelastic collisions
of decoupled neutrons [56,57], typically assuming proton–
neutron-dominated composition. Our results suggest that
this assumption may hold after ∼100 s for spherical winds
but can be strongly parameter dependent in jets, especially
given the interplay among tTh, the decoupling time, and tGJ.
A time-dependent model that tracks composition together
with the radiation field and dynamical evolution is needed
to make robust multimessenger predictions.

VI. SUMMARY

Photodisintegration is one of the central concerns for
modeling the sources of heavy nuclei. Candidate sources
include GRBs, AGNs and TDEs, which are also considered
as potential sources of heavy-nuclei UHECRs. In this work,
based on TALYS simulations, we presented the updated
GDR cross section fits that are applicable to heavy nuclei
up to A ¼ 197.
We applied our formulas to magnetized outflows from

protomagnetars, where the nuclei may be subject to bulk
acceleration, and quantified photodisintegration efficien-
cies in a time-dependent manner. Across a broad range of
central-engine parameters and progenitor structures, we
found that nucleus survival is controlled by the competition
between the system’s transition timescale (set by tGJ in

spherical winds and by tbo in jets) and the epoch of photon
thermalization (modeled by tTh), as well as by jet colli-
mation effects that increase photon densities. These results
delineate which combinations of engine parameters and
progenitor envelopes can plausibly preserve heavy nuclei
prior to their escape into the interstellar medium and
constrain their contribution to the metal population within
galaxies. They also provide a baseline for future, more
complete treatments that couple particle acceleration,
radiation, and full composition evolution. Furthermore,
extending the present framework to different sources with
their distinct radiation fields and dynamical timescales will
be important for establishing whether sources of high-
energy nuclei can preserve heavy or intermediate-mass
composition up to the time of their escape.
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