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ABSTRACT

We propose that neutrons may be generated in high-energy, high-flux photon environments via
photo-induced reactions on pre-existing baryons. These photo-hadronic interactions are expected to
occur in astrophysical jets and surrounding material. Historically, these reactions have been attributed
to the production of high-energy cosmic rays and neutrinos. We estimate the photoproduction off of
protons in the context of gamma-ray bursts, where it is expected there will be sufficient baryonic
material that may be encompassing or entrained in the jet. We show that typical stellar baryonic
material, even material completely devoid of neutrons, can become inundated with neutrons in situ
via hadronic photoproduction. Consequently, this mechanism provides a means for collapsars and
other astrophysical sites containing substantial flux of high-energy photons to be favorable for neutron-

capture nucleosynthesis.

Keywords: Gamma-ray bursts (629), Nuclear astrophysics (1129), Nucleosynthesis (1131), R-process

(1324), Compact objects (288)

1. INTRODUCTION

The formation of the heaviest elements relies on as-
trophysical environments with a copious amount of neu-
trons (Burbidge et al. 1957). Neutrons can be found in
the cosmos bound in atomic nuclei or in medium under
extreme pressure. Free neutrons are rare, owing to a
half-life of less than 15 minutes, see Wietfeldt & Greene
(2011); Serebrov & Fomin (2011) and references therein.

In stellar interiors free neutrons are produced via low
energy nuclear reactions, *C + a — '°0 4+ n, and
2Ne 4+ a — Mg +n (Meyer 1998; Gallino et al. 1998;
Fowler & Hoyle 2002). Neutrons comprise the bulk
of neutron stars, owing to the process of neutroniza-
tion where the Fermi energy of electrons becomes high
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enough to energetically favor capture with protons via
inverse beta decay (Oppenheimer & Volkoff 1939; Bethe
& Brown 1995). An ample supply of neutrons make the
merger of compact objects (neutron star-neutron star
or neutron star-black hole) viable candidate sites for
the rapid neutron capture (r process) nucleosynthesis
(Lattimer & Schramm 1974; Freiburghaus et al. 1999;
Rosswog et al. 2018).

Gamma-ray bursts (GRBs) may also be promising
heavy element factories. As mentioned above, so-called
short GRBs, ‘sGRBs’, (GRBs with the prompt emis-
sion lasting less that about two seconds) are believed
to originate from the merger of two neutron stars (Ab-
bott et al. 2017) or a neutron star-black hole merger;
the extremely neutron-rich material present in these
merger events is conducive to a robust r process. In the
context of so-called long GRBs, ‘1GRBs’, (GRBs with
prompt gamma-ray emission lasting more than about
two seconds), the picture is less clear. These GRBs
are believed to originate from the collapse of a mas-
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sive star (Woosley 1993; MacFadyen & Woosley 1999)
which forms an accretion disk engine around a compact
object that launches a relativistic jet. Here we focus on
a central black hole, in the so-called collapsar model.!
Several studies have suggested the presence of r pro-
cess nucleosynthesis in the disk around the newly born
remnant black hole (Fujimoto et al. 2007; Siegel et al.
2019; Anand et al. 2024), while others have suggested
that the r-process is severely suppressed in these sys-
tems (e.g. Miller et al. 2020; Just et al. 2022; Blanchard
et al. 2024).

The presence of conditions suitable for nucleosynthe-
sis in the GRB jet, cocoon (hot area encompassing the
jet), and stellar envelope region remains relatively unex-
plored. Although the baryon density in GRB jets is nec-
essarily very low in order to accelerate these jets to their
inferred ultra-relativistic velocities, the baryon density
in the stellar material surrounding a IGRB central en-
gine, as well as the cocoon region created as the jet
traverses this stellar envelope, have much higher baryon
density. Additionally, dense shells ejected near the end
of the massive star’s life may provide yet another poten-
tial site for heavy element production, when the y-rays
from the jet interact with these regions.

The interaction between light and matter in and
around these regions can lead to extreme conditions that
may be suitable for nucleosynthesis. High-energy, high-
flux photon interactions with baryonic matter are rel-
evant for nucleosynthesis in two ways. First, high en-
ergy photons have sufficient energy to break apart exist-
ing atomic nuclei via the process of photodisentigration.
Second, for a range of high-energy photons, hadronic
photo-interactions may transmute neutrons to protons
or vice versa.

In this work, we investigate a neutron production
mechanism associated with a high flux of high-energy
photons. We explore this possibility in the context of
IGRBs associated with collapsars. In Section 2 we pro-
vide an overview of the physical picture of IGRBs and
how photohadronic processes can create neutrons rele-
vant for nucleosynthesis. In the remaining sections, we
provide the models and details which support this pic-
ture. Section 3 covers the production of jet photons.
Section 4 covers the photoproduction of neutrons. Sec-
tion 5 covers the dynamical interactions between regions
of interest to the problem. We simulate nucleosynthesis
based on our model parameters in Section 6. In Sec-

1 We note that a so-called magnetar central engine with a magne-
tized neutron star compact object is also a viable model (Usov
1992; Duncan & Thompson 1992), but we consider the black
hole-disk central engine in this paper.

tion 7 we investigate other sites where photo-hadronic
processes may emerge and assess their capacity for nu-
cleosynthesis. We end with a discussion of potential
observational signatures and concluding remarks.

2. PHYSICAL PICTURE

Gamma-ray burst jets are readily launched in black
hole-disk systems (created when a massive star col-
lapses) through the Blandford-Znajek (BZ) process
(Blandford & Znajek 1977; MacDonald & Thorne 1982).
Frame-dragging effects around a rapidly rotating black
hole wind up magnetic fields (present in the disk, near
the black hole horizon) and create a strong Poynting
flux along the spin axis of the black hole (for a brief
discussion of the BZ process in the context of GRBs see
Lloyd-Ronning et al. 2019, and references therein).

As this energetic jet is launched, a “fireball” forms—a
radiation-dominated volume of plasma that is optically
thick to pair production, typically containing a small
amount of baryons. The fireball is accelerated, with
Lorentz factor I" o< r, where r is the distance of the jet
head from the center of the star/central engine. For 107
em < 7 <1019 em, the radiation energy in the fireball
is converted to kinetic energy of the baryons. In the
matter-dominated phase at r > 10'%cm, the jet coasts
with approximately constant ultra-relativistic velocity,
with I' 2 100. It may still be optically thick to pair pro-
duction at this point, up until the opacity drops below
the pair production threshold in the frame of the jet?,
which is expected to be at 7 > 10%cm.

The flow is still optically thick to electron scattering
until about r > 10'2 cm, at which point the photons—
particularly the ~v-rays produced in internal dissipa-
tion processes such as shocks or magnetic reconnection
events—can escape freely from the region. This is the
so-called prompt emission phase of a GRB, at 10'? cm
< 7 < 10% cm, where synchrotron and inverse-Compton
processes produce the initial highly variable “burst” of
~y-rays, lasting tens of seconds and peaking at about 500
keV (in the observer’s frame). Beyond this radius, the
“afterglow” phase begins: this is the point where the
front of the jet has swept up enough of the external
medium such that the rest mass energy of the swept up
material equals the kinetic energy of the jet, and the
jet decelerates. Piran (1999) contains a comprehensive
summary of this general picture, including the relevant
physical states and radii (see their Table 2) of the GRB
jet. For additional reviews, see Piran (2004); Zhang &

2 'We note that the optical depth to pair production is reduced by
a factor of ~ 1/T' in the frame of the jet Lithwick & Sari (2001).
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Mészaros (2004); Mészéros (2006); Gehrels et al. (2009);
Kumar & Zhang (2015); Levan et al. (2016).

The jet has to travel through stellar material sur-
rounding the central engine (material from the progen-
itor star that has not circularized into the disk around
the black hole)—we term this stellar material the “enve-
lope”. As it does so, it forms a cocoon—a hot, relatively
dense (compared to the jet) region around the jet with
a thermal X-ray spectrum (Ramirez-Ruiz et al. 2002;
Nakar & Piran 2017; De Colle et al. 2018; De Colle et al.
2022). In addition to these interactions in the envelope
and cocoon regions, the jet photons can also interact
with dense shells of matter ejected before the end of the
progenitors lifetime.

The regions of interest in a IGRB are shown in Fig-
ure 1. The jet head is the contact interface between the
jet and the stellar envelope. It is in this region that
existing baryonic material is exposed to a large flux of
high-energy photons; the surrounding cocoon is there-
fore the most likely place for nucleosynthesis to develop.

At the interface of light and matter in the jet head re-
gion, a large flux of high-energy photons enables exceed-
ingly fast transmutation reactions between protons and
neutrons while simultaneously producing mesons. These
so-called photo-pion reactions have been traditionally
associated with high-energy cosmic rays and neutrinos
(Berezinskii & Smirnov 1975; Mannheim 1995; Waxman
& Bahcall 1998; Murase et al. 2013).

Relativistic Lorentz contraction results in an effective
compression of the stellar density as light interacts with
matter; this process creates relatively high density (max-
imally: 2v/2T peny) in the jet head region as compared to
the existing stellar density (peny). Here I is the Lorentz
factor of the shock front in the frame of the star. In
order for this higher density material to become active
for nucleosynthesis, it must escape the jet head into the
cocoon. Coincidentally, as the jet head plows through
the star, it moves the transformed material out of the
way at relativistic speeds.

Relatively strong magnetic fields are expected to be
generated in the jet environment (Piran 2005; Zhang &
Yan 2011; Harrison & Kobayashi 2013)% and will con-
fine charged particles (protons and pions) along the axis
of the jet with little chance of escape. Neutrons on
the other hand have no charge, and therefore have a
chance to escape; these particles are expected to escape
at roughly the speed of the fluid velocity of the material
that is being pushed out of the way of the jet. Con-

servation of baryon number reduces the baryon density
in the jet head while the baryon density in the cocoon
increases. The jet acts as its own sieve to filter out neu-
trons into the cocoon.

Finally, the escape of a profusion of neutrons (at high
density) mixing with relatively lower density material
of the stellar envelope enables the cocoon region to be-
come neutron rich. With a plethora of free neutrons,
nucleosynthesis will proceed with haste. The efficiency
with which baryons escape from the jet head plays a cru-
cial role in determining the initial electron fraction (Y,),
which is a key parameter governing nucleosynthesis in
the cocoon. Furthermore, the continuous mixing of ma-
terial within the cocoon affects the temporal evolution
of both temperature and density. Variations in tem-
perature and density can alter the synthesis of different
isotopes thereby influencing the extent of nucleosynthe-
sis.

3. JET PHOTONS

In order to reach the bulk Lorentz factors inferred
from observations®, which lie in the range of 10 ST <
1000, the baryon number density in the jet is expected
to be in the range 107° ecm ™ < ny, <1072 ecm™3 (e.g.
Piran 2004). If baryonic loading of the jet is higher
than this, the jet cannot be effectively accelerated and
efficient production of high-energy photons is unlikely
(Piran 2004). Hence, it is unlikely that there is signifi-
cant hadronic interactions within this jet region.

3.1. Functional form of the jet photon fluzx

We model the photon flux of the jet using a jointly
assembled power law, motivated by the phenomenologi-
cal fit to observed GRB spectra (Band et al. 1993). The
functional form of the piecewise power law is

E @ E
A 0 - for E FEy,
<Epivot> €xXp ( E(]) p or fuy < Lbreak

E B
c ( ~ ) ) for E’y > Ebreak
EinOt (1)

where E,, is the photon energy (keV), A is a normaliza-
tion constant to make the units (photons/cm?®/s/keV),
Epivot is the pivot energy (keV), « is the low-energy
photon index, § is the high-energy photon index and
E) is the break energy (keV). The constant C is not in-
dependent, it is determined from a combination of the
above parameters. The behavior of this power law at
high photon energies depends on .

N(E'v) =

3 We note the very high magnetic field that launched the jet at the
central engine site has decreased significantly at the radii where
we suggest neutron production to emerge.

4 the variability of the prompt gamma-ray emission light curve
combined with its non-thermal (optically thin) spectrum puts a
constraint on the bulk Lorentz factor.
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Shocks

Jet head

Escape region

Radial distance, r

Envelope

Figure 1. Schematic of the upper hemisphere of a GRB that
highlights regions of interest. Each region is associated with
different baryon and photon properties. Initially the jet head
plows through existing stellar material in the envelope form-
ing a cocoon. The jet may also encounter more dense regions
or have bayronic loading which produces additional shocks.
Once beyond the envelope, the jet may interact with ejected
material in the shell region. With high photon flux and pho-
ton energy, the jet head could be a location for hadronic
photoproduction. Subsequent nucleosynthesis could occur
in the cocoon or shell regions; escaping high energy photons
is key for forming heavy elements. Proportions shrunken or
exaggerated for the purpose of visualization.

Figure 2 shows the range of behavior for 8 €
(—3.0,—0.5) with a normalization constant A = 1,
a = —0.1, Epiver = 100.0 (keV) and Ey = 300 (keV).
The region of interest for hadronic photoproduction is
indicated by the grey hatched region and extends in pho-
ton energy approximately between 10° keV to 2 x 10°
keV.

We use the normalization constant, A, to explore the
photon flux in the regions of interest. When A # 1, we
change notation N(E,) — ®(E,).

3.2. (Source) photon flux through the jet head

We would like to estimate the v-ray flux in the re-
gions discussed in the previous section, particularly the
flux impinging on the stellar envelope material at the jet
head.

For distances of » ~ 10'° cm, the fireball is ex-
pected to still be in the optically thick regime. However,
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Figure 2. Schematic showing the range of relative decrease
in photon flux as a function of photon energy depending on
the parameter 3; § = —1.5 shown in black. The grey hatched
region is of interest for hadronic photoproduction.

many studies Pe’er et al. (2006); Beloborodov (2010);
Vurm et al. (2011); Bromberg et al. (2011); Ahlgren
et al. (2019) have shown that the spectrum in the sub-
photospheric region can undergo dissipation processes
that create a pronounced high energy “non-thermal-
like” ~-ray tail. These spectra can in principle be very
hard, with power-law indices much harder than both a
thermal spectrum and the typical 5 ~ —2.5 high energy
index. Additionally, inverse Compton processes in the
sub-photospheric region can lead to a copius number of
even higher energy photons (Ahlgren et al. 2019).

If one assumes that the prompt 7-ray spectrum is
made in this photospheric region (or, alternatively, that
the jet becomes optically thin and creates non-thermal
photons while still in the stellar envelope region), we
can estimate the photon flux at the jet head interac-
tion region. Drawing on Figure 2 of Ahlgren et al.
(2019), the observed photon flux at 105 keV is about
5 x 1073 ph/cm?/s/keV. We can parameterize this -
ray spectrum with a peak at 10 keV at a normalization
of 10 ph/cm?/s/keV with a high energy power-law pho-
ton index of —1.

In order to estimate the photon flux at the source, we
need to multiply by a factor of (d;/r;n)?, where d; is the
luminosity distance and r;p, is the radius where the jet
head is interacting with the envelope. If we assume a
typical GRB distance of d; ~ 10?8cm and the jet inter-
action radius of 7;, ~ 10'° cm, we find the photon flux
at the peak of the spectrum is A = 1037 ph/cm?/s/keV,
whereas the flux at 10 keV (according to our extrapo-
lation above from Ahlgren et al. 2019), is on the order
of ®, ~ 103 ph/cm?/s/keV. We note that jet head
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interacts with this envelope region over a timescale of
10’s to 100’s of seconds (from 10*° cm < 7 < 10'? cm or
even longer for more extended envelopes). The spectrum
has energy injection from the jet so photon production
should be sustained on this timescale.

3.3. Additional high-energy photons from the cocoon

We again note that the cocoon is expected to primarily
emit a thermal spectrum, with a temperature that falls
in the X-ray range Ramirez-Ruiz et al. (2002); Lazzati
et al. (2015); De Colle et al. (2018). However, (De Colle
et al. 2018) pointed out that the thermal X-ray photons
from the cocoon region can stream into the relativistic
jet region and be inverse Compton (IC) scattered, poten-
tially contributing to the high energy photons in the jet
region. They calculate this IC spectrum, shown in their
Figures 11 and 12 for two different scenarios of the jet
initial conditions. If we assume a radius of r;c ~ 10'3
cm where the cocoon photons interact with the ener-
getic electrons in the jet, we estimate an IC photon flux
of ~ 10%2 ph/cm?/s/keV at 10° keV.

3.4. Photon flux through previously ejected shells

As the GRB jet collides with previously ejected shells,
it is expected to be in its optically thin phase, possibly
just at the time of onset of the afterglow, so there is
both the prompt and afterglow high energy ~-ray flux
that will interact with the baryons in this shell.

The photon flux in this region is expected to be
A ~ 10% ph/cm?/s/keV at the peak of the spectrum
(~ 500 keV in the observer’s frame). If we take a
typical prompt emission power-law index of 8 = —2,
the photon flux at 106 keV (where the cross sections
for hadronic photoproduction reaches a maximum) is
roughly @, ~ 4 x 10! ph/cm?/s/keV.

4. CREATING NEUTRONS

High energy photons on the (order of 10°-10% keV)
incident on protons and neutrons produces hadrons
(baryons and mesons). These processes are often re-
ferred to as photo-meson or photo-pion processes due to
the production of pions. Dominant interactions include
both direct and resonant (single pion) production, and
multiple pion production (Miicke et al. 1999). Single

meson production processes include
YHp =Tt 40, )
Y+n—m +p, )
y4+n—=71’4n, )
THp =T p. )

The first process (2) creates neutrons and the second
process (3) destroys neutrons. The latter two processes

are scattering processes that change the spectrum of the

outgoing hadrons. We denote the cross section for neu-

tron creation as o.,, the cross section for neutron scat-

tering as o,,/, the cross section for proton creation as

op and the cross section for proton scattering as o, .
Double meson production processes include

y+p—-a+70+p, (6)
y+p—oat 4+ +p. (7)

These processes may contribute to high energy neutrino
production in astrophysical environments via the decay
of the pions (Mastichiadis & Petropoulou 2021). Sim-
ilarly, other meson production channels involving light
pseudoscalar and vector mesons could contribute to neu-
trino production but are not considered here due to their
short lifetimes. Henceforth we use the terms ‘photo-
hadronic’ or ‘hadronic photoproduction’ to emphasize
focus on the baryonic component of the products of the
interactions that produce a single pion.

4.1. The ANL-Osaka model

The ANL-Osaka model provides a theoretical frame-
work for understanding photoproduction processes in-
volving hadrons (Sato & Lee 1996; Matsuyama et al.
2007; Julid-Diaz et al. 2007; Suzuki et al. 2010; Kamano
et al. 2013, 2019; Nakamura et al. 2018; Lee 2019). De-
veloped collaboratively by researchers at Argonne Na-
tional Laboratory (ANL) and Osaka University, this
model integrates effective field theories with coupled-
channel approaches (Sato et al. 2016). It furnishes a
unified description of the world data (about 50,000 data
points) of TN, yN — M B with the meson-baryon chan-
nels MB = 7wN,nN, KA, KY and 7w N that have unsta-
ble 7A, o N and pN states, where N is a nucleon (proton
or neutron) and A and ¥ are baryons (B), and the other
particles are mesons (M).

The model provides a comprehensive description of
the photoproduction mechanisms by incorporating mul-
tiple reaction channels and resonance contributions
(Shanahan & Liu 2018). It is based on the well-
developed meson-exchange mechanisms and the assump-
tion that the excitations of the nucleon to its excited
states N* can be described by the MB — N* ver-
tex interactions. Within the Hamiltonian formulation
(Sato & Lee 1996; Matsuyama et al. 2007), the unitarity
condition then requires that the scattering amplitudes
Tyvgm e (Pve, Py g W) are defined by the following
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coupled-channel equations:

T5,0(P8, P W) =V3,a(pg, Pa; W)
%-EZ:J/lﬁ,de%;Apﬂ,p;WV)
-
XGy (s W)Ty o(p,pa; W) (8)
with

5(P8)T N+ a(Pa)
W — MY,

.
Vﬁ,a(pﬂupoc§W) :Uﬁ,a(pﬁ>pa) +Z :
N*

(9)

where «, 3,7 = TN, nN, 7A,cN,pN, KA, K¥;
G, (p;W) is the Green’s function of the channel 7;
MR,* is the bare mass of the excited nucleon state N*;
v8,a(Pg, Do) is defined by meson-exchange mechanisms
derived from effective Lagrangians, and the vertex in-
teraction I'y+ o (po) define & — N* transition.

The results from the ANL-Osaka model are final-
ized in Kamano et al. (2013). The predicted reac-
tion amplitudes and the formula for using these am-
plitudes to calculate the cross sections of YN, 7N —
7N, nN, KA, K¥ nr N are given in Kamano et al.
(2019). The robust results are particularly adept at de-
scribing experimental data from photoproduction exper-
iments, such as those conducted at Jefferson Lab and
other high-energy facilities (Garcia-Recio et al. 2019).
Theoretical predictions from the model aid in the inter-
pretation of experimental results and the design of new
experiments aimed at probing the excitation spectrum
of nucleons (Nakamura et al. 2020) and offers insight
into how hadronic properties evolve in different nuclear
environments (Oset & Ramos 2021).

In this work we use the aforementioned information to
compute cross sections of the hadronic photoproduction
processes (2-5) using the methodology outlined in Ka-
mano et al. (2019). The Appendix provides additional
details.

Cross section for the photoproduction processes (2-5)
are shown in Figure 3. Transmutation cross sections be-
tween neutrons and protons are designated by solid lines
with scattering cross sections are indicated by broken
lines. The cross section for process (2) matches well with
experimental data with small uncertainty (not shown).
The cross section for processes (3 and 4) are purely the-
oretical predictions as neutron targets do not exist.

All cross sections peak around E, = 300 MeV ow-
ing to the A(1232) resonance of nucleons (Particle Data
Group et al. 2022). Proton creation from photons inci-
dent on neutrons dominates from threshold to approx-
imately E, ~ 700 MeV. Higher energy photons, those

T T T T T T
== y+n->n’+n

T T
y+p-on+p
—— y+p->nt+n

w

o

o
T

y+n-n +p

N

w
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= =
o w
o o
T T

w
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T
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Figure 3. Hadronic photoproduction cross sections using
the ANL-Osaka model. Solid lines indicate cross sections for
neutron creation or destruction channels and broken lines
indicate scattering cross sections.

with E, 2 700 MeV, favor neutron production. All
cross sections tend towards zero above E, ~ 1800 MeV.
The convolution of these cross sections with the envi-
ronment’s photon flux and baryonic density determine
the reaction rate.

4.2. Photoproduction rates

The creation rate of neutrons depends on the pho-
ton flux (@), proton number density (n,) and the cross
section for process (2). The neutron production rate is
defined by

T = ”p/o (Ey)oyp(Ey)dEy = npTy (10)

where the integral runs over all possible photon energies.
The units for Eq. 10 are given in number of particles
(neutrons) per unit volume per second. It is also conve-
nient to to write this in terms of abundance, by dividing
by the total baryonic density (Y, = —2=—),

Ntotal

Ry = Yp/o (Ey)oqyp(Ey)dEy = YpTy (11)

Hadronic photoproduction of protons from neutrons
(3) follows a similar form,

oo
rp = nn/ Q(Ey)oyn(Ey)dE, = ngry , (12)
0
and in terms of abundance,
R, = Yn/ O(Ey)oyn(Ey)dE, =Y Ty . (13)
0

Depending on the baryonic content of the material under
consideration, one rate may dominate over the other, or
a quasi-equilibrium may arise.
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4.3. Inverse (meson collision) processes

The hadronic processes (2-3) which create or destroy
neutrons also have inverse processes when a neutron or
proton collides with a charged pion,

at+n—y+p, (14)
T +p—=y+n. (15)

The short half-life of charged pions (77,5 ~ 1078 s),
and relatively slow interaction compared to forward pro-
cesses limits these inverse processes. Below we show that
the number of interactions is small compared to the for-
ward rates.

Consider a low energy (E, < 100 MeV) charged pion
incident on a nucleon with kinetic energy E, = 20 MeV.
The cross section for this reaction is on the order of
o ~ 20 (mb) (Longo & Moyer 1962). The mean free
path is

A= — (16)

where n; is the number density of the nucleons. The
mean propagation distance before decay of the pion is

d=vyTy2, (17)

where v is the pion velocity, v is the Lorentz factor, and
Ty /2 the laboratory half-life. To estimate the number of
pion interactions, take the ratio of these two quantities,

Nits = d . (18)

ints 2\

The rest mass of a charged pion is approximately 140
MeV. With K = 20 MeV the Lorentz factor is v ~ 1.143,
which translates into a velocity of v, = 0.484c. The
propagation distance before decay of the pion is then
d ~ 0.484 x 1.143 x 1.8 x 1078¢c ~ 298.7 cm. At low
baryonic mass densities, p, ~ 1 g/cm?, the baryonic
number density is n, = {7~ ~ 6 x 1023. The mean free
path is A ~ m ~ 8.3 x 10% cm. Therefore
the number of interactions is nf  ~ % ~ 3.56.

For higher energy pions the A resonance plays a role,
increasing the cross section. For the sake of argument,
a factor of 1000 increase in cross section is still not suf-
ficient to compete with the forward processes, (2) and
(3). If sufficiently large baryonic densities—for instance,
those near nuclear saturation density—accompany the
regions where hadronic photoproduction processes are
operating, the inverse mesonic reactions will play a more
substantial role. However, given the nature of the jet
and stellar material considered here, we do not suspect
that this type of density will be achievable.

Consult the Appendix (Sec. 9) for particle spectra as-
sociated with the forward reactions.

4.4. Hadronic photoproduction

To follow the population of relativistic particles one
can use the kinetic equation formulated by Ginzburg &
Syrovatskii (1964). The most general form of these cou-
pled equations track the evolution of the particle number
as a function of phase space (position and momentum)
and time. In a single zone network, one may reduce
the equations to a function of energy, and further down
to particle number density by integration over the spec-
trum. This last option takes the simple form,

ony
ot

where n is the number density, the subscript x indicates
a hadron (baryon or meson) or lepton, S, indicates a
source term that creates particle x and L, is a loss term
that destroys particle x. For relativistic particles, an en-
tire suite of appropriate reactions should be considered.

4.5. Interactions in the jet head

Here we simplify the hadronic reaction network by
only considering transmutation reactions between pro-
tons, neutrons, and charged pions in the jet head and
escaped neutrons outside the jet head region. This re-
duced set of possibilities provides an estimation for the
interactions occurring at the jet head. The ordinary
differential equations describing the population of these
species are as follows

ony, _ _
W = NnTp + - — NpTlp + NpNgVrO0nx — NpNgUrOxn
7-dccay
(20)
on, T Ny Mo
P'p T o T o~ 'nin
ot 7—decauy Tesc s (21)
— NMpNgUr0x + NpNgUrOxn
ong Ny nese (22)
~ o n n )
ot Tesc Tdecay
87171 . . Uz
— = NpTp + NMnTpn — NpNgVUsOx — NpNpVUg O — —
ot Tr
(23)

where n,, is the proton number density in the jet head,
Ny, is the neutron number density in the jet head, ny™°
are the neutrons that escape the jet head region corre-
sponding to a timescale 72, Tiecay 18 the neutron decay
lifetime, n, is the pion number density in the jet head,
vy is the relative velocity of pions to nucleons and o is
an estimation of the cross section of pions with nucleons,

and t is time.

4.6. Baryonic escape of the jet head material
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The proton and pions do not escape the collimated
jet due to the magnetic confinement of charged parti-
cles along the direction of the photon flux (72, ~ 775, >
7). To see this, consider a charged particle in a mag-
netic field. One of the faster estimates for the escape
time is Bohmian diffusion (Bohm 1949)

LQ
Tesc =~ 7~

= (2)

where L is the perpendicular distance that must be trav-
eled to exit the jet and D is the diffusion coefficient. The
diffusion coefficient can be approximated by

D = v\, (25)

where v is the particle velocity and A is the mean free
path. For particles spiraling in a magnetic field the mean
free path is related to the gyro or Lamor radius,

AR CT’L s (26)
with the gyroradius,
ymuv
= 27
rL qB ) ( )

where ( describes the turbulence of the magnetic field
(effectively giving an uncertainty in the diffusion coeffi-
cient of a factor of a few (Spitzer 1960)), «y is the Lorentz
factor of the particle, m is the particle mass, ¢ is the par-
ticle charge, and B is the magnetic field strength. As
discussed previously, we expect a significant magnetic
field is generated and sustained in the fireball plasma
with values B ~ 10* — 1019 G (Piran 2005; Zhang &
Yan 2011; Harrison & Kobayashi 2013).
The escape timescale for protons is then

BIL?
Dem 2o (28)
Cympo?
The perpendicular crossing distance is L = r tan(6)

where 6 is the half opening angle of the jet and r is
the radial distance from the compact object, as in Fig-
ure 1. Using fiducial numbers for the above quantities, a
300 MeV proton (y = 1.32) at r = 108 cm with ¢ = 1/3,
g=16x10"1 C, B =10% G, gives an escape time of
TP~ 4.3 x 10% s.

In contrast, the neutron escape timescale is estimated
from calculating the average distance over the velocity
of the fluid, 7. ~ % At a radius of r = 10® cm, this is
around t7_. ~ 107* s. At larger radial distances, there
will be larger perpendicular distances to cross, and the

neutrons will have a longer escape time on average.

4.7. A hadronic reaction network for the jet head

As the jet is accelerated from r ~ 107 cm until about
r ~ 1019 cm, the jet head interacts with the surround-
ing stellar material, “plowing” the material, pushing it
to the side and forming the hot cocoon region around
the jet. Gamma-ray photons from the jet region will
interact with the shocked stellar envelope as this pro-
cess proceeds, requiring a hadronic reaction network at
the jet head. We note that the radius of a massive star
is typically in the range 10'° ecm < R, < 10'? cm, al-
though gas can extend as far out as 10 cm (Woosley
& Heger 2006). The baryon number densities in the en-
velope are highly uncertain and—depending on stellar
structure models—can be as low n, ~ 101 em =2 (Jiang
2023) or as high as n, ~ 10?7 cm™3 (see, e.g., Figures 2
and 3 of De Colle et al. 2022).

We model a time-dependent injection of photons,
modifying the terms with 7, with a factor eXp(—Tfnj ).
Tinj is bounded by either the time it takes for material
to escape the jet head or by the time it takes for the
shocked material behind the jet head to rarify. In both
cases, this can be roughly estimated as the length of
the jet head divided by the speed of light. We formally
estimate the relevant length scale in Section 5.4; it is
approximately 5 x 107 cm, which gives a Tinj Of approx-
imately 7in; = 1.66 X 1073 s.

For parameters of this model we use conservative val-
ues of T, = 886 s, T = 5 X 107% s, 7, = 1078
s, and Tinj = 107 s (larger values of 7j,; are more fa-
vorable, so this smaller value is conservative compared
to our estimate above). The parameters of the photon
flux are A = 1037 ph/cm?/s/keV, a = —0.1, B = —1.5,
Epivot = 100.0 (keV), and Ey = 300 (keV).

Figure 4 shows the temporal evolution of the hadronic
network starting with a population of 100% protons at
t = 0 s with a baryonic number density of 10?4 cm™3 or
mass density of p, ~ 1 g/cm®. The baryon number (sum
of the proton and neutron compositions) is conserved, as
indicated by the solid black line. Given the high photon
flux at B, ~ 10° keV, neutrons and pions are produced
nearly instantaneously from the starting composition of
protons. Let there be neutrons!

The dynamics of hadronic interactions in the jet head
depend on the aforementioned timescales. In this exam-
ple we have assumed that the injection timescale is on
the order of the escape time of the neutrons. If photon
injection is very fast (decaying rapidly) relative to the
escape time of neutrons, not all the baryons will trans-
mute into neutrons and escape the jet head. We do not
anticipate this to be a high probability scenario due to
the continual injection of an extreme flux of photons in




LET THERE BE NEUTRONS! 9

—— Neutrons Protons —— Escaped Neutrons Charged Pions

N
»
]

N
»
=)

N
w
[

/

N
N
w

Logip number density (#/cm3)
N N
!\J w
o o

N
=
5

21.0+ T ™ T T T T v
1071 1071 107° 108 1077 10 10> 10% 1073

Time (s)

Figure 4. A simplified hadronic reaction network start-
ing with 100% protons (yellow). Neutrons (red) and pions
(green) are produced nearly instantaneously. Baryon num-
ber is conserved (solid black line), despite neutrons escaping
to another zone (blue); Meson number is not a conserved
quantity (green).

the jet head for long periods of time (10 to 100 seconds)
as it plows through and escapes the envelope region.

The above conclusions are independent of starting
composition.

If “He, or heavier nuclei (such as 2C), instead com-
prise the initial composition, these nuclei will be pho-
todissociated into free protons and neutrons as their
binding energies are much less than the high-energy -
rays. Under these starting assumptions, the only change
to the dynamics is that the timescale for neutron produc-
tion and transmutation is faster owing to pre-existing
(bound) neutrouns.

The lowest flux at E, ~ 10° keV suitable for consider-
able neutron escape is @, ~ 10?° ph/cm?/s/keV. This is
the minimal flux for an escape timescale of tese ~ 1074 s.
Below this nominal value, the timescale for neutron pro-
duction becomes longer than that of the neutron escape
time limiting the possibility of neutron-rich nucleosyn-
thesis. As the jet widens during its progression through
the stellar material (recall Figure 1) it will lengthen the
neutron escape time. Concurrently, the photon flux ()
is evolving from the interaction of the jet head with stel-
lar material as well as from continual photon injection.
It is therefore prudent for future simulations to study
the balance of these two timescales.

4.8. Quasi-equilibrium

Figure 4 shows a quasi-equilibrium between the neu-
tron production (2) and neutron destruction processes
(3). We expect this to supervene in the jet head re-

gion with the duration dependent on the dynamics of
the interaction between light and matter.

Approximate equality between the rates (Eq. 11 and
Eq. 13) yields the ratio of neutrons to protons,

Ya _ IS ®(E,)o4,(E,)dE,
Yy, fooo Q(Ey)oyn(Ey)dE,

(29)

We estimate this ratio to be approximately between a
range of values 0.5 to 0.85 using a range of steepness of
the high energy v flux power law (8). With this range,
the electron fraction, Y., takes values between 0.52 to
0.66 assuming the material only consists of free protons
and neutrons. Relatively hard fluxes have smaller nega-
tive power laws, 8 2 —1, and support more symmetric
matter. Steeper flux distributions, § < —1, favor more
protons than neutrons.

Nucleosynthesis with electron fractions in this range
would be proton-rich. Assuming the photon flux dissi-
pated, under near symmetric conditions the initial con-
ditions generated from the quasi-equilibrium would re-
sult in elements like Ni (Z = 28). In more extreme con-
ditions, an overabundance of protons could yield some
form of rapid proton capture nucleosynthesis (Schatz
et al. 2001). For neutron-rich nucleosynthesis to hap-
pen, the neutrons must escape the jet head region as
previously discussed.

5. DYNAMICAL INTERACTIONS BETWEEN THE
JET, ENVELOPE, AND COCOON, AND
BETWEEN THE JET AND PREVIOUSLY
EJECTED SHELLS

As the jet traverses the stellar envelope, it pushes ma-
terial out of its way and a hot cocoon forms around the
jet with temperatures falling in the 10’s of keV range
(Ramirez-Ruiz et al. 2002; Morsony et al. 2010; Lazzati
et al. 2015). The interface between the jet and the enve-
lope creates a shock front and region between the jet and
envelope. We have been referring to this region as the jet
head. The shock interface can be described by the rela-
tivistic Rankine-Hugonoit jump conditions (Taub 1948).
In the frame of the star, the post-shock jet head baryonic
density is Lorentz contracted. For an ultra-relativistic
shock, the maximum value it can reach is

P = 2V/2T peny (30)

where T' is the Lorentz factor of the jet (shock) and
Penv 18 the baryonic density of the (pre-shock) envelope
(Blandford & McKee 1976). In actuality, there will be
some efficiency in which relativistic hydrodynamical pro-
cesses increase the density of the jet head. We parame-
terize this efficiency via €, which ranges between 1 and
22T,

Phead = €Penv - (31>
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5.1. Functional form of the jet Lorentz factor

The behavior of I'(r) for a IGRB can be written

e Acceleration Phase: Ry <r < Ry
0

Coasting Phase: R; <71 < Ry

e

Deceleration Phase: r > Ry

(32)

(%)

where Ry is the starting radius of the jet, R, sets the
coasting phase, Ry sets the deceleration phase and 7
represents the maximum of I' for a given burst. For
continuity between the different phases, the coasting ra-
dius is constrained to Ry = nRy.

5.2. Functional form of the stellar density

Standard practice treats the baryonic mass density of
the envelope region as a power law in radius which can
be derived from a polytropic equation of state (Woosley
et al. 2002). It has recently been shown by Halevi et al.
(2023) that the baryonic density of the envelope region
of a collapsing massive star can be written as

Penv(T) = po (1;) B <1 - ];)3 : (33)

where 7 is the radial distance, py is a scaling distance, R,
is the gravitational radius of the compact object, and R,
is the radius of the star. We take values of py = 2 x 10°
g/em?, § = 1.5, R, = 6.3 x 10° cm, and R, = 10'? cm
for these parameters. We are only interested in densities
at 7 > 107 cm once the jet has formed, so values of the
density r < 10”7 cm are not considered.

5.3. Interaction of the jet and envelope

We set the jet parameters to Ry = 108 cm (ten times
launching point), n = 100 (maximum Lorentz factor),
and Rq = 10'3 cm (interaction with previously ejected
shell material).

After the launch of the jet, relevant quantities are
Peny(T) ~ 3 x 107 g/cm?® and T'(r) = 1 at a distance
of r = 10® cm. As the jet accelerates, it interacts with
less dense material. At r = 109 cm, peny(r) ~ 3 x 10%
g/cm? and T'(r) = 10. At r = 10'° cm, pepy (1) ~ 9x 102
g/cm® and I'(r) = 100, entering the coasting phase.

Figure 5 shows the stellar envelope density and jet
Lorentz factor as a function of radial distance. The
product of these quantities yields the effective head den-
sity (recall Egs. 30 and 31). Depending on the dynamics,

10%°
— Penv -=- 2‘/5rpenv — T [ 140
108 4

F120

F 100

I 80

Jet I(r)

I 60

Density peny(

,_.
=3

L 40

-2 ]
10 20

1074

107 108 10° 1010 1011 1012
Radius r (cm)

Figure 5. Density of the stellar envelope and jet Lorentz fac-
tor (I") as a function of radius. The effective density (dashed)
is a product of these quantities.

some of this high-density jet head material will escape
and interact in the cocoon region. As a function of stel-
lar radius, we therefore expect nucleosynthesis with a
high starting baryon density to proceed at smaller radii
and nucleosynthesis with low starting baryon density at
larger radii.

5.4. Size of the escape region

The pressure difference between the jet head and the
surrounding envelope will create a funnel of material
into the cocoon region. Subsequent interactions between
the high density escaped material and cocoon material
will be complex requiring hydrodynamical simulations
to explore. Below we estimate the size of the escape
region.

The cross-sectional area through which the neutron
rich material made in the jet head-envelope interac-
tion region will be on the order of the thickness of the
“plowed” or compressed gas in this region ~ 10% cm.

To arrive at this estimate, consider the following. An
upper limit to the thickness of the “plowed” region is
that its rest-mass energy density does not exceed the
energy in the jet at that time—otherwise, the jet would
decelerate and be choked. In other words, we have the
condition that:

Phead (t)vhcadc2 < Lj At 9 (34)

where L; is the power in the jet, At is the timescale
over which the jet head pushes on the plowed region
and Vheaq is the volume of the plowed region.

The volume can be written as:

Vhead = T2 Az = m(rjptan(0))?Ax | (35)

cone
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where again 7cone is the radius of the conical opening
at the jet head, rj, is the radius of the jet from the
central engine, 6 is the half-opening angle of the jet, and
A(z) is the thickness of the plow region. We note that
our assumption of a conical jet is conservative, and we
expect that nucleosynthesis is even more likely for jets
that are collimated by the surrounding stellar material.

Using phead(t) = 2v/2T peny (t), we find that an upper
limit to the thickness of this plowed region can be ap-
proximated as:

LAt
Az < )
2v/2T peny ()7 (rjntan(0))2c2

(36)

or:

(L;/10%%rgs™1)(At/10s)
(penv (t)/10390m73)(rjh/lolocm)2 ’
(37)
where we have used a I' of 10, and a half opening angle
of 5 degrees.

Az <5 x 107cm

5.5. Setting the initial electron fraction for
nucleosynthesis

The electron fraction of the material is difficult to as-
certain due to its dependence on the dynamics. In the
most extreme case, all baryons in the jet head are con-
verted to neutrons, escape, and this neutron gas in turn
mixes with material in the cocoon. The maximum ra-
tio of the jet head number density (all neutrons) to the
pre-existing stellar envelope density (all protons) is

= (38)

Nhead - 2\/§chnvmp _ 2\/51—,% _ &
m

nenv peHan n 4

Considering only a population of neutrons and protons,
the electron fraction is

Y, 1

}/e: = .
Y.+Y, Y, /Y, +1

(39)

The minimum electron fraction for a dense neutron gas
streaming into a less dense gas of protons is then a func-
tion of T,

min __ 1

= 40
¢ 2V272T + 1 (40)

This value becomes the initial electron fraction of the
cocoon. For I' = 1, Y™ ~ (.26 and a ' = 10 yields
ymin ~ 0.034. If the stellar envelope instead consists
of helium, the extreme case of total neutron conversion
gives a minimum electron fraction of

1
AWV2AmE 4+ 1T +1

}/emln ~

(41)

For I =1, Y™" ~ (.081 and for ' = 10, Y™ ~ 0.0088.
If achieved in nature, these excessively low electron frac-
tions provide a natural explanation for the universality
of the r-process pattern above Z 2 50 (Cowan et al.
1999; Sakari et al. 2018; Farouqi, K. et al. 2022).

For less extreme cases, some smaller fraction of neu-
trons will escape, shifting the electron fraction higher
towards more equilibrium like conditions, Y, ~ 0.5. The
density of the escaped neutrons may also be reduced
via dynamical processes. Therefore, depending on the
complex dynamics that develops between the jet head,
the stellar envelope and the cocoon, a wide range of elec-
tron fractions might be possible as the jet plows through
the star. Using Eq. 31 and starting from free protons,
the initial electron fraction for nucleosynthesis under the
assumption of perfect mixing and full escape of all neu-
trons is then

1
Ye = “m., . a1 - (42)
e +1
5.6. Temporal evolution of the cocoon density for
nucleosynthesis

The evolution of density also plays a key role for nucle-
osynthesis as nuclear reactions depend on the square of
this quantity (Kippenhahn et al. 2012). Expansion into
free space under homologous (r = v x t) assumptions
yields a density evolution that depends on t—3. Expan-
sion of a shell of material depends on t~2. Below we
argue that the density emitted from the jet head first
obeys a t~! evolution followed by a steeper evolution as
the material expands.

Consider a system consisting of two gases where the
first gas is more dense than the second. As the first gas
moves into the second, it picks up mass,

dr P25, (43)

where m; is the mass of the first gas, p, is the density of
the second gas and S is the cross sectional area traversed
over distance dx. As a function of distance, the mass of
the first gas is

mi(x) =mq + p2Sz (44)

where m is the initial mass of gas 1. Let the gases be
mixed once my(z = L) = 2m;. The mixing length is

my

L=—. 45
P (45)
The mixing timescale is
L
mix — T 46
Tinix = (16)
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where the velocity, v of the fluid is a substantial fraction
of the speed of light; here we assume v = 0.8c. The mass
density of gas 1 as a function of time is then

P1 P1
t) = = 47
Pl( ) 1 ? 1 t ( )

Tmix

where pp is the initial density of gas 1.

As the gas continues to mix it opens more degrees of
freedom in spatial directions, on a different timescale
leading to a steeper power law. The density evolution
in time for nucleosynthesis can be modeled as

o(t) = po (1 vy (tf) I

where £ > 1.

As an example, for a py = 4 x 10* g/cm3, m; = 10%°
g, and S = 105 cm?, the first timescale can be estimated
to be around 7, = Tpix ~ 3.5 x 1072 s. In what follows
we treat 71, 7o, and £ as adjustable parameters.

Because the cocoon is hot (relative to the stellar en-
velope), the density of gas in this region is expected
to be smaller than in the jet head-envelope interaction
region. The cocoon density may mix with the stellar
envelope on relatively fast or slow timescales. For the
latter case, simulations of the cocoon have shown an av-
erage mass density of p. ~ 1 g/cm® (or corresponding
baryon number density n; ~ 1024 ¢cm™3) that remains
relatively constant from about reocoon ~ 10° — 10! c¢cm
over timescales on the order of ~ 10’s to 100’s of seconds
(Salafia et al. 2020; Suzuki & Maeda 2022; De Colle et al.
2022; Gottlieb et al. 2022). Beyond this timescale, the
cocoon has expanded and its density drops off steeply
(see, e.g. Suzuki & Maeda 2022). In the Section 6 we
consider the case of moderately and slowly expanding
material using Eq. 48 in the context of nucleosynthesis.

5.7. Jet interaction with previously ejected shells

Near the end of a massive star’s life, the star can un-
dergo episodic eruptions of shells of material (Smith &
Owocki 2006; Mesler et al. 2012; Herwig et al. 2014,
Fuller & Ro 2018; Mauerhan et al. 2018). These shells
can have masses that lie in the range between 0.1Mg
to a few Mg (e.g., Moriya et al. 2017; Morozova et al.
2018). Depending on when in the massive star’s life-
cycle they were ejected and at what velocity, they are
typically located anywhere from r ~ 103 ¢cm - 10%° cm
away from the center of the star. The widths of the
shells typically range from 10'3 cm < Rgpen < 10'° cm.

If we consider a 1 My shell at a distance of r ~ 1015
cm with a width of Rghen ~ 10'3 cm, this leads to a
baryon number density of ny ~ 104 cm™3. While this is
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Figure 6. Hadronic reaction network showing the interac-
tion between the jet and a shell of previously ejected material
outside the start at r = Ry4. Neutron production is less effi-
cient in this region.

too diffuse to produce substantive nucleosynthesis, the
production of free neutrons can still follow from pho-
tohadronic interactions in this region, albeit less effi-
ciently than earlier in the life of the jet. At a distance
of r = Ry = 10'3 cm, the baryon number density is
roughly n;, ~ 10'% cm™3. The photon flux from the jet
is reduced, ®(E, = 105keV) ~ 102! ph/cm?/s/keV, and
the creation time for neutrons balloons to roughly a sec-
ond. Similarly due to the wider opening area of the jet,
the escape time for neutrons extends to 77, ~ 10 s. The
photon injection timescale was set to 7i,; = 0.1 s. Fig-
ure 6 shows the behavior between the jet head and the
previously ejected material. It should be noted that we
do not distinguish between protons in the jet and those
that escape the region in this calculation.

5.8. The case of a choked jet

In the case of a choked jet, the burst does not have
enough power to continually plow through the star to
reach the outer envelope nor to previously ejected shells
of material. It is unclear how much nucleosynthesis
could result, but it is likely to be less than the case when
the jet plows full steam ahead. Consequently, because
of the ‘hidden’ nature of such an event, nucleosynthe-
sis could ensue without producing a measurable y-ray
signal to an outside observer. Instead, neutrinos may
be used as potential messengers (Mészaros & Waxman
2001; Murase & Ioka 2013; Senno et al. 2016; Denton &
Tamborra 2018).

6. NEUTRON-RICH NUCLEOSYNTHESIS
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In this work we focus the discussion of nucleosynthe-
sis to neutron-rich outcomes in the cocoon region where
it is believed the bulk of the nucleosynthesis will tran-
spire. Based off the discussion in previous sections, the
electron fraction in this region can become exceedingly
neutron-rich. A well resolved magnetohydrodynamical
simulation for the distribution of Y. is the subject of
further investigation.

We simulate nucleosynthesis using version 1.6.0 of the
Portable Routines for Integrated nucleoSynthesis Mod-
eling (PRISM) reaction network (Sprouse et al. 2021).
This network includes all relevant low-energy nuclear
reactions (Mumpower et al. 2024), including those nec-
essary to track nuclear fission (Sprouse et al. 2020). It
should also be noted that the timescale for neutrons to
thermalize from their high energy production (E,, 2 300
MeV) is thought to be fast due to the relatively large
density of the spawning material in the jet head region.
Therefore, neutron-induced reactions may be described
by Maxwellian averaged cross sections that are functions
of the local temperature, as is standard practice.

The initial cocoon baryonic density is assumed to be
of the form of Eq. 48. For an adiabatically expanding
gas the temperature is given by

T(t) = T, ("’fft)) , (49)

where 7 is the adiabatic index; here v = % for a radiation
dominated gas.

We model three interesting cases of outflow material
in the cocoon region. For simulation (a) we follow in-
efficiently mixed material that expands like a shell at
late times. The parameters are Ty = 2 GK, £ = 2, and
r = 10° cm, with a pessimistic mixing € = 2.0. The ini-
tial density is pg = 3.2 x 10 g/cm?, and timescales
are set to 71 = 7 = 3.5 x 1072 s with a starting
Y. = 0.334. For simulation (b) we take the same start-
ing radius, except now we use the maximal mixing ep-
silon (¢ = 2v/2 x 10 ~ 28.3). The initial density is then
po = 8.9 x 10° g/cm?® and the starting Y, is 0.034. The
remainder of the parameters are the same. The higher
density neutron region may interact in the cocoon region
for some time. To explore this possibility we consider
a third simulation (c), where we take r = 5.3 x 10!
cm, pg = 6.5 x 10% g/cm? (e = 282.8), T, = 0.1 GK,
71 =107% s, 75 = 107! s with a starting Y, = 0.0035
and £ = 3.5.

The resultant nucleosynthesis for the three cases is
shown in Figure 7. Under scenario (a), weak r-process
conditions are found creating nuclei up to the second
r-process peak (mass number A ~ 130). Compare this
outcome with simulation (b) — the case of efficient mix-
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Figure 7. Resultant neutron-rich nucleosynthesis simulated
with different condition sets (see text for details) at 4 x 10°
seconds. Black dots indicate the solar r-process residuals.

ing with all else equal to simulation (a) — where a robust
r-process is possible that produces a substantial amount
of actinides. This simulation undergoes fission recycling
producing a relatively flat pattern between A = 100 and
A = 170. The second r-process peak at A = 130 arises
due to the N = 82 shell closure.

Under scenario (c¢), neutron capture is not as rapid,
but persists for a longer time as compared to the previ-
ous cases. Photodissociation reactions do not play much
of a role because the temperature starts and remains
relatively low. Instead, there is a quasi-equilibrium be-
tween [-decay and neutron capture, much like a ‘cold’
r-process of Wanajo (2007). Due to the long duration
of neutron capture, the pattern looks markedly differ-
ent from the solar residuals and the peaks are off-set to
higher mass numbers. The behavior of nucleosynthesis
in (c) is more like that of the i-process or intermediate
neutron capture process than an r-process (Coté et al.
2018; Choplin et al. 2021). However, it is not a contem-
porary i-process believed to halt around the lead region.
Instead we find that there is sufficient neutron capture
to produce actinides, and even for nuclear fission to cycle
some material back down to lighter atomic mass num-
bers. Intriguingly, these conditions reproduce with ex-
cellent agreement the lead peak of the solar residuals, as
seen around mass number A ~ 208 in Figure 7. Thisis a
fascinating scenario as lanthanides are produced which,
once ejected, would result in a red kilonova that does
not have solar-like proportions. It is also noteworthy
that despite exceedingly neutron rich conditions, a full
r-process does not occur. Rather, the density evolution
in the cocoon is essential in understanding the resultant
nucleosynthesis.

The integration of all three scenarios generates an
abundance pattern that closely aligns with the full range
of solar r-process residuals, encompassing the first, sec-
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ond, third, and lead peaks. While alternative selections
of low-energy nuclear models may induce localized de-
viations, the overall robustness of the combined pattern
will remain consistent due to the astrophysical condi-
tions regardless of the specific nuclear model employed
(Mumpower et al. 2016). Finally, it is important to
highlight that the nucleosynthesis processes considered
in this study are largely insulated from neutrino inter-
actions that could alter the electron fraction. This in-
sulation is attributable to the lower densities present in
the cocoon environment, which are significantly reduced
compared to those typically encountered in explosive r-
process conditions (e.g. surrounding an accretion disk).

6.1. FEjection of material

It is important to point out that any nucleosynthe-
sis that occurs in the cocoon region is expected to be
“ejected” or eventually gravitationally unbound from
the central engine (Lazzati et al. 2015; Salafia et al.
2020). Therefore the imprint of any nuclear processes
that happens in this region will be present in the sur-
rounding circumstellar region.

When the jet deposits enough energy in the cocoon to
roughly equal the binding energy of the star—fL; At ~
FEhing where f is the fraction of jet energy deposited into
the cocoon, L; is the power in the jet, At is the timescale
for this limit to be reached, and Ep;nqg ~ GM2 /R, is the
binding energy of the star—the cocoon (and surrounding
matter) will be unbound and able to travel into the cir-
cumstellar medium. At this stage, any elements made in
the cocoon will be ejected into the interstellar medium.
We estimate this timescale to be:

(M/20M¢)?
(f/0.01)(R/10%cm)(L;/10%%erg/s) -
(50)
In other words, the cocoon should unbind on the order
of about 2000 seconds for typical values of a GRB pro-
genitor mass M ~ 20M), radius of interaction R ~ 109
cm, and luminosity of the jet L; ~ 10%° erg/s, and if we
assume roughly one percent of the jet energy is trans-
ferred to the cocoon.
To estimate the amount of material ejected from the
cocoon region, consider the conical area plowed by the
jet. The amount of mass is

At ~ 2 x 10%s

R.
M =2r(1- cos(@o))/ Penv(r)ridr . (51)
Ro
Using previous values for these quantities we estimate
that M ~ 0.58 Mgbetween Ry = 10® cm and R, = 10'2
cm. Because the jet emits a bipolar distribution at both
0 and 180 degree angles a factor of two is needed, result-
ing in an estimate of 1.16 Mg . If the jet starts ramping

up at larger radii, less mass will be impacted. A lower
bound for Ry is Ry = 107 cm in which case the total
conical mass is 3.2 M; this value can be considered an
upper bound. Therefore, somewhere between 0.1 to ~
few Mg, will become unbound from the central engine
remnant. This estimate aligns with observational con-
straints on the cocoon ejected mass for the very special
case where spectroscopic evidence of a cocoon was de-
tected (Izzo et al. 2019). Even a small portion of this
ejecta undergoing nucleosynthesis would be impactful
for the chemical enrichment of galaxies.

7. POSSIBLE ASTROPHYSICAL SITES

Table 1 provides a list of other astrophysical phenom-
ena with jets, where we might ask if the hadronic pho-
toproduction processes discussed in this paper are pos-
sible. We provide some fiducial numbers for the density
in the jet regions, the expected high energy gamma-ray
flux, and the relevant mass scale involved. We note that
for objects like X-ray binaries and AGN disks, the re-
gions around the jet—in contrast to GRBs—are gener-
ally very tenuous (the higher density regions are in the
accretion disks themselves).

We have not included in this table the traditional
sites considered for the r process, like double neutron
star (Hotokezaka et al. 2018) or neutron star-black hole
mergers (Curtis et al. 2023) or accretion induced collapse
of white dwarfs (Chi-Kit Cheong et al. 2024).

8. POTENTIAL OBSERVATIONAL SIGNATURES

Here we list and discuss possible observable signatures
of neutron production associated with GRBs.

e If neutron creation is robust, and there is suffi-
cient density in surrounding material, GRBs may
be associated with r-process nucleosynthesis. Sub-
sequent interaction between the radioactively de-
caying material and emitted light can produce
a kilonova (Metzger 2019). An extended dura-
tion of kilonova afterglow, particularly in the red
spectrum, would indicate the presence of actinides
(Zhu et al. 2021; Barnes et al. 2021); such a sce-
nario has not yet been observed.

e Alternatively, v-ray lines stemming from nuclear
transitions can also be used to diagnose the pro-
duction of heavy elements (Korobkin et al. 2020).
A line which would indicate the production of gold
is the E, = 2.6 MeV line associated with the -
decay of 2°°T1. Depending on the observational
timescale of this line, it can be associated with a
complete 7 process that produces actinides (Vassh
et al. 2024). Other characteristic nuclear lines
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Table 1. Astrophysical Sites of Potential Interest for Hadronic Photoproduction

Site np (ecm™3) @, at 10° keV (ph/cm?/s/keV) nucleosynthesis (Y/N) Ejected Mass Mg
GRB jet/stellar envelope 10%° — 10?7 10%° — 1038 Y 01~3
AGN jet/CGM environment 10 — 10° 10 — 1020 N < 0.01
Protostellar jets 10% — 10%° 10° — 10® N < 0.01
Pulsar Wind Nebulae 10 — 10, 107 —10° N <0.01
X-ray Binary Jets 10 — 10* 10° — 1012 N < 0.01
Compact Object Jets in AGN  10'5 — 10'8 77 — < 0.01

Note: Fiducial numbers for baryon number density and photon flux at 10° keV in different astrophysical environments with
jets, where high energy gamma-rays may be produced. The photon flux ®,, is estimated at the source. Note this table does not
include traditionally considered r-process sites like double neutron star mergers Hotokezaka et al. (2018) or accretion induced

collapse of white dwarfs (Chi-Kit Cheong et al. 2024).

exist—for example, neutron capture on protons to
create deuterium, n + p — d + v could lead to
signature y-ray emission with E, = 2.223 MeV.
Observable gamma-ray lines may be challenging
to detect due to broadening effects, which arise
from the Doppler shift caused by the relative ve-
locity of the ejected material with respect to the
observer.

e Robust conditions that produce substantial nu-
clear fission are found to be plausible, in accor-
dance with recent observational hints of fission in
the cosmos (Roederer et al. 2023). As a result,
signatures of fission may also be associated with
GRBs in future observations (Wang et al. 2020).
The production of *>*Cf, or other relatively long-
lived heavy species undergoing fission may also
provide a smoking gun signature of a complete -
process; this signature may be observable with the
James Webb Space Telescope (Zhu et al. 2018).

e If neutron creation is moderate coupled with a
slowly evolving density, GRBs can be associated
with an intermediate (i-process) nucleosynthesis.
A full i-process may reach Pb (or beyond), yielding
a signature of 2°*T1 (Vassh et al. 2024). As shown
here, this process also produces lanthanides, mak-
ing it difficult to distinguish between kilonova with
a red spectral component that has been tradition-
ally associated with the r-process.

o If sufficient neutrons are created and sustained
along the front of the jet head, or if there is suffi-
cient neutron production as the jet interacts with
previously ejected shell material, a neutron precur-
sor event (Metzger et al. 2014) could be associated
with GRBs.

e Neutron-deficient conditions (not explored here),
those in which the proton production channel (3)

is favored or sustained in some way, may yield the
production of elements like “°Ni that have distin-
guishable light curves (Colgate & Petschek 1980).

e A high-energy ‘pion bump’ could be associated
with GRB spectra if relevant photo-hadronic pro-
cesses occur in an optically thin region that es-
capes further processing (Yang et al. 2018).

e High-energy pions will decay to produce high-
energy neutrinos, which are easier to detect than
low-energy neutrinos (Valera et al. 2022). Future
neutrino detections connected with GRBs will pro-
vide a telltale signature of the proposed hadronic
interactions and therefore provide a multimessen-
ger signal for constraining heavy element forma-
tion.

9. CONCLUSION

We have estimated the production of protons and neu-
trons via photo-hadronic interactions from a large flux
of high-energy photons. The production of neutrons via
the process, v+ p — 7 + n, is pertinent to the astro-
physical origin of the heavy elements. Rather relying
on pre-existing neutrons this physical mechanism pro-
duces neutrons rapidly and in situ. For this process to
be relevant for nucleosynthesis, baryonic material must
be present surrounding an astrophysical jet and the jet
must contain charged particles on a longer timescale
than it does neutrons. These two conditions provide
strict limits on viable locations in the universe.

As there is a wide range of GRBs, from short to long,
one can naturally postulate that there will also be a
range of resultant nucleosynthesis processes that can be
associated with these jets. Long GRBs are of particular
interest as they plow through a mass of dense stellar
material for extended durations allowing ample time for
photo-hadronic processes to prevail.
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We have explored a few interesting cases of neutron-
rich nucleosynthesis in this work. Based on the ini-
tial population of protons or He in the stellar envelope,
we believe that the cocoon is a promising region for
neutron-rich nucleosynthesis. We have considered that
nucleosynthesis in this region is capable of creating a
complete rapid neutron capture (r-process) pattern as
well as producing conditions viable for slower neutron

process). The final abundance patterns that arise from
these two cases are drastically different and warrant fur-
ther investigation.

Multi-scale, multi-physics modeling is required to ac-
curately model astrophysical transients. Our work rein-
forces this perspective and provides a new incentive to
add medium / high energy phenomenon to the modeling
of these complex and interesting environments.

capture, akin to the intermediate capture process (i-
APPENDIX: ANL-OSAKA MODEL OF HADRONIC SPECTRA

The ANL-Osaka model generates the differential cross sections in the center of mass (CM) frame of the initial YN
and the final 7N states. In this notation, N represents a nucleon (proton or neutron) and 7 represents a charged or
neutral pion. For the process v(q.) + N(—q.) — 7(k.) + N(—k.), the differential cross section is of the following form
(omitting the spin and isospin indices)

do.
dQ.

T 2
B e (W) ()] < ) Ta e (W00 > P (52)

C

(W, 0)(W) =

where 6, is the scattering angle defined by cosf = l€c - e, the amplitude < k¢|Trxn~n(W,0)|q. > is calculated from
the multiple amplitudes Ep« (W) and M+ (W) listed on the ANL-Osaka Website (Lee 2019), and the invariant mass
W and the phase space factors are

W= |qc‘ + EN(qc) = Ew(kc) + EN(kc) ) (53)
e (W) = e lEr B ) 54
p'yN(W):7T|qC|2|§/N(qC) ) (55)

Here the energy is F,(p) = /p? + m2 for a particle a with mass m, and momentum p.
In the Laboratory (Lab) frame, the initial nucleon has momentum p; and the scattering angles for the outgoing pion
momentum k and the nucleon momentum p are defined by the energy and momentum conservations:
lal + En(p:) = Ex(k) + En(P) , (56)
a+pr=p+k, (57)

The differential cross section in this Laboratory frame can be calculated from the CM differential cross section Eq. (52)
by finding the invariant mass W of the initial YN system

W=[(lal + Ex(pr))* = (a+pr)’]'/?, (58)
and by using the following transformation
doyp, 09, do.

where 0, is the scattering angle of the outgoing pion with respect to the incident photon momentum q. Alternatively,
we can also define the differential cross section in terms of the scattering angle 6, of the outgoing nucleon momentum

p:

(W, 0c) , (59)

09,
00,

do.
dQ.

do,
s,

(VVa 91)) = |

e UADE (60)

In Egs. (59) and (60) the angles 65 and 6, are not independent because of the energy and momentum conservation
conditions Eqs.(56)-(57). They are determined by the Lab momenta k (p) which can be calculated from the CM
momentum k. (—k.) by using the Lorentz Boost transformation:

k=B""(B)[+k , (61)
p=B""(3)-k] (62)
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where E is the velocity of the initial vV system:

3 q+Pr
f=——"" . 63
I+ Bx(pr) o)
By considering the Lorentz invariant condition and assuming that photons are in Z-direction, we then have
(4= k)* = (g — ke)?, (64)
which leads to
4l En (k) — |al[k|cosbk = |qc|En(c) = |qe|[ke|coste (65)
and hence
0 |q|K|
‘ | = ) (66)
0, |aclke|
for calculating the differential cross sections using Eq. (59) Similarly, we have
0%, |dllp|
joocl = R P (67
p 9]kl

for calculating the differential cross sections using Eq. (60).

For a range of photon energies we are interested in, we can use the ANL-Osaka model to generate %(VV, 0r)
(%(W, 6,)) in a range of W. We then can get pion (nucleon) spectrum for each 6y, (6,) as a function of pion (nucleon)
momentum & (p). Another information crucial to this problem is the outgoing particle spectrum in scattering angles
0), or 6, for a given incoming photon momentum q.

It will be complicated to use the spectra generated from the above procedures. As a start, we may just need to see
the spectrum of the total pions (nucleons) with an averaged pion momentum k (p) defined by

dQd.
doc (W, 0.)dQ2e
=2 _ f P2 j?fc (VV, HC)dQc

2= (W, 6.)dR2,

o [k2de(W,0,)dQ.

; (68)

; (69)

where k (p) can be calculated from the CM momentum k. (—k.) by using Eqgs. (61)-(62).

As a start, we perform calculations for the case that the initial nucleon in the Lab frame is at rest with py = 0. The
calculated total cross sections from threshold to about 1500 MeV of the photon momentum ¢ are shown in Fig. 3. The
outgoing spectra corresponding to the averaged momenta are shown for the four cross sections of interest in Figure 8.
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