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Abstract

The origin of the ultra-high-energy cosmic rays (UHECRs) is still unknown. Photonuclear interactions of cosmic rays with astrophysical photons affect their observed spectrum and chemical
composition, and produce other ‘messengers’, such as gamma-ray photons and neutrinos. A multimessenger approach is therefore essential to understand the processes behind the production of the
UHECRs, and insights from nuclear physics are a crucial ingredient in building adequately accurate models to interpret this multimessenger data. This thesis presents models that will contribute
with a cutting-edge approach to three aspects of high-energy astronuclear physics: photomeson
production by cosmic-ray nuclei heavier than protons, gamma-ray emission from unstable nuclei
created by the photodisintegration of cosmic rays, and the simulation of extragalactic propagation
of nuclei heavier than iron (so-called superheavy isotopes). The photomeson model is the first in
the literature to include results from nuclear physics that go beyond the simple principle of nucleon
superposition. It provides a more accurate description of the inelastic cross sections, and the emitted spectrum of secondary particles, including secondary isotopes and neutrinos from pion decays.
The model is implemented in a numerical software and applied to the simulation of two classes of
sources: gamma-ray bursts and tidal disruption events. I show that compared to state-of-the art
methods, the new model has a significant impact on the high-energy neutrino emission from these
sources, and on the chemical composition of the emitted UHECRs. The second model deals with
the emission of photons from decay and de-excitation of unstable nuclei, which are expected to be
produced in photo-disintegration of cosmic rays due to interactions with astrophysical photons. To
show the impact of the new model, it is deployed in a simulation of cosmic-ray interactions in the
galaxy Centaurus A. While current literature proposes that very-high-energy gamma rays observed
from this source can be explained by interactions of iron nuclei accelerated in the source, the spectrum obtained with our more realistic approach is actually too soft to explain observations. This
shows that astrophysical systems involving high-energy nuclear interactions can display nuanced
behavior that must be treated with sufficiently accurate models. Finally, I focus on the modeling of
photodisintegration of superheavy nuclei, a topic that is not addressed in current phenomenological
works on UHECRs. After developing this model, I have implemented it in an existing numerical
code for extragalactic UHECR propagation. I show the first results of this implementation, which
represent the first numerical simulation of superheavy cosmic ray propagation. By combining these
results with analytical calculations, I illustrate some effects in the behavior of the cosmic-ray mass
composition during their cosmological propagation. Finally, I discuss possible future applications
of this technology to test a superheavy component in the observed UHECRs. A more detailed
analysis of this phenomenon is left as an outlook for future developments, since it requires atmospheric air shower models that do not currently exist. The models developed in this work have been
made publicly available as open-source software. The results of this thesis show that more realistic
phenomenological models are essential in a new era of data-driven multimessenger astrophysics.

Kurzzusammenfassung

Der Ursprung der ultrahochenergetischen kosmischen Strahlung (UHECRs) ist noch unbekannt.
Photonukleare Wechselwirkungen der kosmischen Strahlung mit astrophysikalischen Photonen beeinflussen ihr beobachtetes Spektrum und ihre chemische Zusammensetzung und erzeugen andere
"Botenstoffe", wie Gammastrahlenphotonen und Neutrinos. Ein Multi-Messenger-Ansatz ist daher
unerlässlich, um die Prozesse zu verstehen, die hinter der Produktion der UHECRs stehen, und
Erkenntnisse aus der Kernphysik sind ein entscheidender Bestandteil bei der Erstellung angemessen
genauer Modelle zur Interpretation dieser Multi-Messenger-Daten. In dieser Arbeit werden Modelle
vorgestellt, die mit einem bahnbrechenden Ansatz zu drei Aspekten der Hochenergie-Astronuklearphysik beitragen werden: Photomesonenproduktion durch kosmische Strahlenkerne, die schwerer
als Protonen sind, Gammastrahlenemission von instabilen Kernen, die durch die Photodisintegration der kosmischen Strahlung entstehen, und die Simulation der extragalaktischen Ausbreitung
von Kernen, die schwerer als Eisen sind (so genannte superschwere Isotope). Das Photomesonenmodell ist das erste in der Literatur, das Ergebnisse der Kernphysik einbezieht, die über das
einfache Prinzip der Nukleonenüberlagerung hinausgehen. Es liefert eine genauere Beschreibung
der unelastischen Querschnitte und des emittierten Spektrums von Sekundärteilchen, einschließlich
sekundärer Isotope und Neutrinos aus Pionzerfällen. Das Modell ist in einer numerischen Software
implementiert und wird auf die Simulation von zwei Klassen von Quellen angewandt: Gammastrahlenausbrüche und Gezeitenzerstörungsereignisse. Ich zeige, dass das neue Modell im Vergleich
zu den modernsten Methoden einen bedeutenden Einfluss auf die hochenergetische Neutrinoemission
dieser Quellen und auf die chemische Zusammensetzung der emittierten UHECRs hat. Das zweite
Modell befasst sich mit der Emission von Photonen aus Zerfall und Entregung instabiler Kerne, die
bei der Photozertrümmerung der kosmischen Strahlung aufgrund von Wechselwirkungen mit astrophysikalischen Photonen entstehen dürften. Um die Auswirkungen des neuen Modells zu zeigen,
wird es in einer Simulation der Wechselwirkungen der kosmischen Strahlung in der Galaxie Centaurus A verwendet. Während die aktuelle Literatur vorschlägt, dass die von dieser Quelle beobachtete
sehr hochenergetische Gammastrahlung durch Wechselwirkungen von in der Quelle beschleunigten
Eisenkernen erklärt werden kann, ist das mit unserem realistischeren Ansatz erhaltene Spektrum
eigentlich zu weich, um die Beobachtungen zu erklären. Dies zeigt, dass astrophysikalische Systeme
mit hochenergetischen nuklearen Wechselwirkungen ein nuanciertes Verhalten zeigen können, das
mit ausreichend genauen Modellen behandelt werden muss. Schließlich konzentriere ich mich auf die
Modellierung der Photodisintegration superschwerer Kerne, ein Thema, das in aktuellen phänomenologischen Arbeiten über UHECRs nicht behandelt wird. Ich habe dieses Modell in einen bestehenden numerischen Code für extragalaktische UHECR-Ausbreitung implementiert. Ich zeige die ersten
Ergebnisse dieser Implementierung, die die erste numerische Simulation der superschweren kosmischen Strahlungsausbreitung darstellen. Indem ich diese Ergebnisse mit analytischen Berechnungen
kombiniere, illustriere ich einige Effekte im Verhalten der Massenzusammensetzung der kosmischen

Kurzzusammenfassung
Strahlung während ihrer kosmologischen Ausbreitung. Schliesslich bespreche ich mögliche zukünftige Anwendungen dieser Technologie, um eine superschwere Komponente in den beobachteten
UHECRs zu testen. Eine detailliertere Analyse dieses Phänomens wird als Ausblick auf zukünftige Entwicklungen belassen, da es atmosphärische Luftschauer-Modelle erfordert, die derzeit nicht
verfügbar sind. Die in dieser Arbeit entwickelten Modelle sind als Open-Source-Software öffentlich
zugänglich gemacht worden. Die Ergebnisse dieser Arbeit zeigen, dass realistischere phänomenologische Modelle in einer neuen Ära der datengesteuerten Multi-Messenger-Astrophysik unerlässlich
sind.
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Chapter 1
Introduction
Cosmic rays are high-energy atomic nuclei of astrophysical origin. With energies up to some
50 joules1 (Bird et al., 1995), cosmic rays travel almost at the speed of light, and are the most
energetic form of radiation to be found in nature. In fact, their energy surpasses by up to a
million-fold the most energetic gamma rays ever detected from the cosmos (Amenomori et al.,
2019).
The existence of cosmic rays was established in the beginning of the 20th century with the
measurement of radiation at different water depths by Pacini (1912), and at different heights in
the atmosphere by Hess (1912). The observed increase in radiation levels with height pointed
clearly to an extraterrestrial origin. Additionally, their solar origin was ruled out by observing
that the profile of the radiation intensity was unchanged for daily or nightly measurements, as
well as during a solar eclipse (Hess, 1912).
By the time V. Hess was awarded the Nobel Prize in 1936, the term cosmic rays was already in
use, an estimate of their energy flux had been made, and the first evidence of their isotropy had
been found (Regener, 1933). Soon after, Kolhorster et al. (1938) and Auger et al. (1939), among
others, reported on the first observation of secondary particles from cosmic ray interactions in the
atmosphere, now known as Extensive Air Showers (EASs, see e.g. Kampert et al., 2012). The
detection of a cosmic ray event with energy above 109 GeV (Clark et al., 1961) and another one
a few years later with energy 1011 GeV (Linsley, 1963) would lay the observational foundations
to the physics of ultra-high-energy cosmic rays (UHECRs), a term that refers to those cosmic
rays with energies above ∼ 109 GeV.
Below energies of about 100 MeV, the Sun dominates the cosmic ray spectrum, as the solar
winds effectively modulate the flux of cosmic rays arriving from beyond the Solar System (Ihongo
and Wang, 2016). Above 100 MeV, Galactic sources dominate the observed cosmic ray flux over
nearly ten decades in energy. The most plausible candidate source class for these cosmic rays
are supernova remnants (SNRs, Blasi, 2013), which are large structures left after massive stars
go supernova. At energies around 1 GeV, the elemental composition of Galactic cosmic rays
1

As a comparison, 50 joules is about the kinetic energy of a a baseball thrown at 90 km h−1 .
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resembles that of the Solar System, except for an excess of some unstable light elements which
are produced in spallations of heavier nuclei in the interstellar medium. Above 1 GeV, the
flux of CRs decreases steeply, reaching one particle per square meter per day at a few tens of
TeV. Up to TeV energies, the flux is still sufficiently high to allow their direct measurement by
satellite-based experiments, such as the now retired PAMELA mission (Adriani et al., 2011) and
the AMS-02 experiment (Aguilar et al., 2013) on board the International Space Station.
At higher energies the cosmic ray flux continues to decrease as a power law with index between
2 and 3, and in the UHE regime, near the highest energies detected, this flux is reduced to 1-2
particles per day over the entire planet.
Due to this extremely low flux UHECR detection must be made indirectly, by measuring
the properties of the EASs produced by cosmic ray interactions with the atmospheric air. On
average, every UHECR interaction in the atmosphere leads to about 108 secondary particles that
reach the ground (Anchordoqui and Soriano, 2019). As a means of comparison, this means that
only one UHECR per day hitting the entire surface of the atmosphere yields a rate of secondary
particles on ground level that is comparable to the average rate of precipitating raindrops 2 .
As discussed in Chapter 2, these EASs are currently detected with a variety of methods,
including the direct detection of charged secondaries using Cherenkov water tanks or scintillators,
the detection of radio signals produced by the charge distributions created by the shower in the
atmosphere, and the detection of the fluorescence light produced by the nitrogen molecules in
the atmosphere that are excited by the passage of the charged secondaries. These signals are
then used to reconstruct properties of the primary cosmic rays such as their energy, chemical
composition and arrival directions.
The two major ground-based UHECR observatories currently in operation are the Pierre Auger
Observatory (Aab et al., 2015b, Veberic, 2017, Unger, 2018), in Argentina, and the Telescope
Array (Abu-Zayyad et al., 2013, Tokuno et al., 2012, Matthews, 2018), in the USA. In spite
of the low UHECR flux, the large area covered by these experiments and their years of operation constantly provide new data, steadily reducing the uncertainties in the UHECR spectrum.
However, more than a hundred years after their discovery, the precise chemical composition of
the UHECRs is still disputed (Alves Batista et al., 2019c) and the more fundamental question
of their origin remains largely unanswered.
From the theoretical point of view, Galactic sources like SNRs do not have the capability
of accelerating cosmic rays up to the ultra-high energy regime, nor does the Galaxy have the
necessary size or magnetic field strength to retain cosmic ray nuclei with those energies (Hillas,
1984, see also Chapter 2 where the bases of this argument are explained). We therefore expect
that at ultra-high energies the sources of the cosmic rays must transition from Galactic to
2

2

Assuming an annual precipitation in the whole planet of ∼ 105 km3 and a volume of 103 mm3 per rain drop.

extragalactic. This seems to be confirmed by a recent observational result by (Aab et al.,
2017) that shows a dipole anisotropy in the arrival directions of cosmic rays above 8 EeV, or
8 × 109 GeV, pointing away from the Galactic center.
Several classes of extragalactic objects seem to be able to power the UHECRs given their
cosmological abundance and characteristic luminosities (Anchordoqui, 2019, Alves Batista et al.,
2019c), such as gamma-ray bursts (GRBs), active galactic nuclei (AGNs) and starburst galaxies
(see Chapter 2 for a review on these source classes). However, direct evidence in favor of any of
these sources is difficult to obtain because cosmic rays, as charged particles, are susceptible to
deflections by both extragalactic and Galactic magnetic fields, scrambling their arrival directions.
This effect becomes less severe the higher the energy of the cosmic rays since their Larmor radius
increases with energy. In theory, such effect could allow us to eventually pinpoint directly the
sources of the UHECRs (Aab et al., 2018). However, the degree of diffusion depends strongly on
the properties of the intergalactic magnetic field, which are still poorly known, and it remains a
major challenge to this kind of direct detection.
Given the challenges in directly determining the direction of the UHECR sources, we must base
ourselves on other observables, such as the spectrum and chemical composition, as indicators
of the mechanisms behind their origin. This kind of study involves numerically simulating
cosmic ray acceleration and interactions, and comparing the results of these simulations with
observations, potentially constraining the underlying theoretical model.
As a recent example, Biehl et al. (2018b) studied cosmic ray emission by a population of
GRBs and concluded that under certain conditions, the observed UHECRs can be explained
by that class of objects. This kind of study includes a simulation of the interactions between
the UHECRs and the photon fields that they encounter, both inside the sources, and during
propagation in the intergalactic space.
Inside the source, these target photon fields may include thermal emission, for example from
a kilonova (as in the recent GRB 170817A, Cowperthwaite et al., 2017) as well as non-thermal
radiation emitted by high-energy electrons or by the cosmic rays themselves. After escaping
the source, cosmic rays additionally encounter photon background fields that permeate the
intergalactic space, such as the cosmic microwave background (CMB), leading to additional
photointeractions. These interactions, both inside the sources and on the path to Earth, lead to
energy losses of the UHECRs, and to their fragmentation into lighter isotopes. By simulating
these processes, the predicted spectrum and chemical composition of the UHECRs arriving at
Earth can be compared with experimental data in order to test the model.
Additionally, photointeractions can in some cases produce secondary meson particles, such
as pions, which subsequently decay, emitting gamma rays and high-energy neutrinos. These
additional “messengers” can also be used to constrain the source model (Section 2.1.3 provides

3
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an overview of high-energy neutrino detection with the IceCube experiment (Aartsen et al.,
2013), which has now been active for over a decade).
Obviously, this kind of phenomenological study relies heavily on an accurate description of
the physics behind high-energy cosmic ray interactions, which affect their energy distribution,
their composition, and the energy distribution of secondary particles produced. However, the
phenomenology of high-energy photonuclear interactions currently relies on simplified models
that reduce the accuracy of the predictions.
While we have a good understanding of the interactions of protons with photons (Mucke et al.,
2000), current interaction models for nuclei are less accurate and they rely on simplified assumptions (Anchordoqui et al., 2008, Murase et al., 2008, Kalashev and Kido, 2015, Alves Batista
et al., 2016). Moreover, the cross sections of crucial photo-nuclear processes have been poorly
measured and in some cases their uncertainties have been shown to be large enough to impact
astrophysical models (Boncioli et al., 2017).
At the same time, the importance of accurate nuclear interaction models has never been higher
for the field of astrophysics, because we now have an unprecedented amount of data not only
on UHECRs, but other related messengers like neutrinos and multi-wavelength radiation. The
main objective of this thesis is to provide a more accurate description of the interactions of
UHECR nuclei in order to improve UHECR modeling and the more general field of theoretical
multimessenger astrophysics.
In this thesis I discuss the present methods for treating UHECR photo-nuclear interactions,
and explain their limitations. I then present improved models that are beyond the current stateof-the-art, and explain in depth their underlying physics. For each model I also illustrate the
effects of the improved accuracy in relevant astrophysical scenarios. One of these models has
been deployed in a published study (Morejon et al., 2019a) that I have lead in collaboration with
colleagues at DESY. Two other models are also discussed in this thesis, whose respective articles
are currently in preparation (Rodrigues et al., in development, Morejon et al., in development).
The model developed in (Morejon et al., 2019a) is an improved model for photomeson interactions of nuclei, i.e. photointeractions that result in the emission of meson particles. This model
is shown to reproduce experimental data more accurately than the state-of-the-art models, while
preserving the ease of computation and flexibility.
The second project discussed in this thesis relates to the production of unstable isotopes
through photonuclear interactions, and more specifically the photons that are emitted by the
de-excitation of these unstable products. I introduce new models that improve on the current
treatment of these processes, by combining compiled data and insight from nuclear physics. I
show that these secondary photons from nuclear decay may actually play a role in explaining
the high-energy emission from this source (Rodrigues et al., in development).
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I will also discuss the possibility that UHECRs include a component of super-heavy elements,
i.e. nuclei heavier than iron. In order to reconstruct the chemical composition of UHECRs
based on experimental data, hadronic interaction models are required that so far have only
included nuclei with masses up to iron-56 (Abreu et al., 2013, Kampert and Unger, 2012). I
have extended current nuclear cross section tables to include nuclear species with masses up to
lead, and then used those data to expand the software PriNCe (Heinze et al., 2019), a code
for the simulation of extragalactic UHECR propagation. This is the first numerical study of
UHECR propagation to include ultra-heavy elements (Morejon et al., in development).
After developing each model and applying it to an astrophysical case study, I have made them
available to the community in the form of open-source software tools (Morejon, 2019b, currently
available, additional modules in preparation). The purpose is to facilitate the usage of more
accurate models by other astrophysics research groups, as well as to allow the reproducibility of
the results presented here.
This thesis is organized as follows: in Chapter 2 I introduce the phenomenology and experimental detection of UHECRs and other cosmic messengers. A special emphasis is put on
the current interpretation of the spectrum and the composition of UHECRs, which are some
of the observables most directly impacted by the models that are discussed. I also present an
overview of the most relevant astrophysical source classes that are discussed in later chapters in
the deployment of the interaction models.
Chapter 3 introduces the physical interactions of UHECRs, with special emphasis on those
improved by this work. I then briefly introduce some numerical codes that are used to simulate
these interactions in astrophysical environments, and that are employed later on in this work for
testing the interaction models, namely NeuCosmA (Hummer et al., 2010), AM3 (Gao et al.,
2017), PriNCe (Heinze et al., 2019) and CRPropa 3 (Alves Batista et al., 2016).
In Chapter 4 I discuss the novel nuclear photomeson interaction model (Morejon et al., 2019a).
The impact of the model’s improvements is shown in the context of specific astrophysical scenarios, where the simulation results are shown to to be sensitive to this more accurate treatment.
In Chapter 5 I focus on photon emission from unstable products of photodisintegration and I
explain the details of the model I have developed. I then illustrate the impact of these processes
in astrophysics using the case of Centaurus A, an active galaxy that has been widely studied in
the literature. I show that these secondary photons from nuclear decay may actually play a role
in explaining the high-energy emission from this source (Rodrigues et al., in development).
Chapter 6 is dedicated to the topic of UHECR propagation including the new interaction
tables for ultra-heavy nuclei (Morejon et al., in development).
Finally, in Chapter 7 I summarize the main conclusions of this thesis and present an outlook
into future developments of the work presented here.

5

Chapter 2
UHECR observations and origins
This chapter introduces basic experimental and theoretical elements to understand the origin,
propagation and detection of UHECRs. Section 2.1 introduces the the experimentally accessible quantities and detectors related to UHECR and multimessenger astrophysics. Section 2.2
presents the candidate sources and the processes behind the synthesis, acceleration and propagation of UHECRs.

2.1 Phenomenology and detection
Multimessenger astrophysics employs the relations of high energy emissions from astrophysical
objects to infer their properties. The emissions (messengers) include photons, neutrinos, UHECRs and gravitational waves. In Figure 2.1 the general concept of multimessenger astronomy is
illustrated concisely. A source of UHECRs with enough power for acceleration will also radiate
photons and neutrinos. The charged UHECRs, unlike the other messengers, are susceptible
of magnetic deflections in their propagation towards Earth as well as other interactions which
result in associated photons and neutrinos (cosmogenic neutrinos) (see Chapter 3). All these
particles connected by the production mechanisms are referred to as cosmic messengers. Multimessenger astrophysics relies on these connections to provide a consistent framework of study for
the origins of the messengers. Detection of such extremely energetic particles at Earth requires
a multitude of detectors (high-altitude ground-based observatories, under-ground experiments,
satellites, planes, globes, etc. ). This section presents the detection methods of UHECRs (Section 2.1.1) and the other messenger particles (Section 2.1.3).

2.1.1 UHECR detection and observables
Cosmic rays of energy above 106 GeV penetrate the atmosphere and undergo a hadronic interaction with a nucleus of the medium, typically Nitrogen which makes up to 78% of the atmosphere.
This first interaction produces a number of secondaries which in turn interact with other nuclei in
the atmosphere producing more particles. This cascade of particles constitutes the phenomenon
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Figure 2.1: The multimessenger picture in one view. A powerful event (source) may produce
several messengers (photons, neutrinos, UHECRs and gravitational waves) connected
in their origin. Gamma rays, neutrinos and gravitational waves may arrive directly
while UHECRs suffer magnetic deflections. At Earth, the messengers are detected
with a variety of telescopes and other types of detectors. Source: Wagner (2005).

known as Extensive Air Shower (EAS) represented in Figure 2.2. As the number of particles
produced increases, the mean particle energy decreases and the ionization losses dominate, leading to a decrease of particles in the shower. The ionization of the air molecules caused by the
shower‘s particles is employed as a measure of the lateral shape of the shower. Using the features
of the EAS as a proxy, the properties of the initial UHECR can be reconstructed.
The EAS developes with the depth along the direction of propagation defined by the incident
particle (slant depth X). The number of particles vs slant depth N (X) can be described by the
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Gaisser-Hillas distribution,
(

N (X) = Nmax

X − X1
Xmax − X1

) Xmax −X1
ΛD

exp

Xmax − X1
Λ

(2.1)

which is represented in Figure 2.2 on the right. In this relation, X is the atmospheric thickness
traversed by the shower, and it is the product of the distance crossed and the matter density.
At 1011 GeV, a proton has an interaction length Λ of roughly 40 g/cm2 , while for a nucleus it
will be A-times larger (A being the nucleon number (Anchordoqui, 2019)).

Figure 2.2: Extensive Air Shower represented schematically. On the left, an EAS event (dark
lines) observed by PAO (dots and semicircles represent detectors, see text for details).
On the right, the EAS particle number as a function of the slant depth X. The first
interaction is signaled by a red dot, after which the number of particles grows rapidly
with increasing depth reaching a maximum at depth Xmax . Figures reproduced from
(Aab et al., 2015b)(left) and (Ulrich et al., 2009) (right).
The chain of interactions in an EAS is thus a sequence of stochastic events with variable
number of secondaries produced per interaction. Therefore, there is an inherent uncertainty
associated with EAS events, and many events are necessary to relate the EAS quantities to
the properties of UHECRs. The total energy of the EAS is reconstructed from the collected
particles through different methods. ⟨Xmax ⟩ shows a dependence on the CR‘s energy and mass
as ln E/A (Linsley and Watson, 1981) which is a fundamental component in determining the
composition of UHECRs in addition to the shower variance σXmax (see Section 2.1.2).
The most important detectors of cosmic rays at the highest energies are the Pierre Auger
Observatory and the Telescope Array.
The Pierre Auger Observatory (PAO)(Aab et al., 2015b) uses a hybrid detector to study
cosmic rays above 1017 eV. PAO is located in Argentina, at an atmospheric depth of 875 g/cm2
(mean altitude ∼ 1400 m), and it has field-of-view (FOV) covering predominantly the southern
hemisphere. The detectors are spread over an area of ∼ 3000 km2 as shown schematically
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in Figure 2.2 (left). The portion of forward particles of the EAS (darker lines) that arrives
at ground level is detected by the Surface Detector (SD). The SD is an array of water-tanks
Cherenkov detectors represented in Figure 2.2 by lighter dots (passive detectors) and darker dots
(active detectors). The lighter lines emanating from the EAS represent the fluorescence signal
that typically accompanies the EAS, and which is collected by the Fluorescence Detector (FD).
The FD are optical telescopes located at the center of the semicircles in the drawing, where the
semicircles represent their angular coverage.
The Telescope Array (TA)(Abbasi et al., 2018) also uses hybrid detection methods similar
to Auger with a limiting minimal energy of 1017 eV. TA is situated in Utah (USA) at a mean
altitude ∼ 1400 m with a FOV covering predominantly the northern hemisphere, although
there is an overlap with PAO‘s FOV. The surface covered by the SD is ∼ 700 km2 and it
is schematically very similar to the drawing in Figure 2.2 (left). However the SD array is
composed of scintillation surface detectors which are more sophisticated and precise compared
to Cherenkov detectors. The FD are composed of three optical telescopes (PAO employs four)
also located in the periphery of the SD and overlooking the atmosphere above it.

2.1.2 Spectrum and composition of Ultra High Energy Cosmic Rays
The energy distribution of the UHECR flux at Earth has been established in very solid grounds.
Figure 2.3 shows the measurements from a multitude of detectors located in different regions of
the planet. Some important features of the spectrum are the changes of spectral index denoted
as the "knee" (at E ∼ 1015.5 eV) and the "ankle" (at E ∼ 1018.7 eV). At energies below the knee,
the CR flux follows a power law of the energy with index γ ≈ 2.7.
While the knee and ankle point to clear changes in the flux, there is no agreement on their explanation. Some models of the knee relate it to the maximal acceleration achievable in supernova
shocks (Kobayakawa et al., 2002), while others relate it to the limit of magnetic confinement of
the Galaxy (Leaky Box models, Candia et al. (2003)). Interactions have also been used to explain the knee, either with target particles in the Galaxy (e.g. photons (Candia et al., 2002), relic
neutrinos (Dova et al., 2001)) and more hypothetical atmospheric interactions which produce
undetectable products (Kazanas and Nicolaidis, 2001, 2003).
For the ankle, an origin mechanism proposed is the transition of the UHECR flux from a
galactic-dominated to an extragalactic-dominated contribution (Aloisio et al., 2012). There are
alternative explanations (De Marco et al., 2003, Berezinsky et al., 2006a, Aloisio et al., 2007)
attributing the ankle to the strong suppression of the proton component caused by the increase
of losses due to interactions with the Cosmic Microwave Background (CMB) (see Section 3.1.1).
However these seem disfavored because it would imply a violation of upper limits on the cosmo-
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Figure 2.3: The spectrum of cosmic rays as measured by different experiments. The features of
the spectrum where the index changes are indicated. At the highest energies there
are some differences between the data from PAO and TA. Figure reproduced from
(Abbasi et al., 2018).

genic neutrinos derived from measurements Heinze et al. (2016).
The extragalactic origin of UHECRs above certain energy has been argued from theoretical
grounds (Hillas, 1984), pointing that no object in the Galaxy could magnetically confine protons
up to the observed energies. Recent works provide additional elements: Abbasi et al. (2017)
established a 1.5% limit on the galactic contribution to the UHECR flux at EeV energies; Aab
et al. (2017) finds a dipolar anisotropy in the arrival direction of UHECRs, which is consistent
with galactic deflections of a flux from extragalactic origin.
CR composition can be measured directly up to about 1014 eV where the event rate is still
accessible for balloon-borne or satellite-borne spectrometers. For higher energies the composition
must be inferred from EAS measurements from detectors like TA and PAO. The composition
is usually inferred from the EAS using the mean and standard deviations of Xmax (⟨Xmax ⟩ and
σ(Xmax ) , see Section 2.1.1).
Using hadronic models that simulate the interactions of UHECRs in the atmosphere, relations
for the dependence of Xmax and σ(Xmax ) on the UHECR‘s mass and energy are obtained (Aab
et al., 2016). These relations can then be used to infer the primary UHECR‘s mass. Figure 2.4
shows the comparison of the measured values with model calculations assuming the UHECR
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Figure 2.4: Hadronic models expectations of ⟨Xmax ⟩ (left) and σ(Xmax ) (right) versus experimental data (Bellido, 2017b) obtained from hadronic interactions. The colors indicate
the species assumed for single composition UHECRs, and the shaded area cover the
range between the models with minimum and maximum values. Figures reproduced
from Heinze et al. (2019).

is composed of a single mass. The different models show similar behavior with energy but
present different offsets. Nevertheless, the data shows indications that the spectrum of UHECRs
becomes heavier with increasing energies. Xmax and σ(Xmax ) are related to the composition of
the UHECRs employing relations obtained from through simulations of EAS. EAS simulations
rely on interaction models based on LHC data, which reaches only to 1017 eV, hence the cross
sections are extrapolated by several decades. (Aab et al., 2015a, 2016) found that hadronic
interaction models are in disagreement with model-independent experimental observations from
PAO. Additionally, the models have not been run for masses heavier than that of iron nuclei
(A=56) and may produce potentially unphysical behavior for heavier nuclei (see Section 6.2).
New detectors are currently being deployed to improve the measurement of the EM part of the
EAS by improving the separation of muons and electrons, which would reduce the dependency
of measurements on the interaction models.
Different studies attempt to explain the composition of the cosmic rays by making assumptions
on the sources, the distributions, and the spectral index of the outgoing spectrum. Additionally
they need to make assumptions on the interstellar medium mass density and Extra-galactic
Background Light (EBL). For example in Aloisio et al. (2011) a two component model is used to
fit the spectrum, with a rigidity dependent acceleration assumption, leading to a "disappointing"
scenario where no multimessenger connection could be established.
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2.1.3 Other messengers connected with UHECRs
Neutrinos Neutrinos of very high energies (VHE) are produced in interactions of UHECRs
with photons both in the sources and through propagation. They are produced dominantly in
the decay of pions which are the most common direct products of photomeson interactions of
UHECRs (see Section 3.1). Neutrinos can also result from pions produced in hadronic protonproton and proton-nucleus interactions. However, environments where such interactions are
efficient require high matter densities which would limit the acceleration of UHECRs. Therefore,
it is expected that the astrophysical neutrinos are produced in regions of low matter density and
high photon density.
Neutrinos escape the production zones easily and are barely attenuated because of their low
interaction cross sections. This means they directly point back to the sources over large distances. At the same time, their small interaction cross sections make neutrino detection difficult. Neutrino detection at the highest energies requires interaction volumes in the order of
cubic kilometers. Neutrino detectors are commonly made of Digital Optical Modules (DOMs)
that measure the Cherenkov radiation produced by the secondaries from a neutrino interaction with a nucleus in the instrumented transparent medium. Some neutrino telescopes like
ANTARES (Ageron et al., 2011) and KM3NeT (Adrián-Martínez et al., 2016) use water as the
active medium, while IceCube (Aartsen et al., 2017b) employs the continental ice in Antarctica.
IceCube reported the first measurement of high energy neutrinos of extraterrestrial origin
(Aartsen et al., 2013). The flux reported corresponds to a spectrum with spectral index -2,
ranging in energies from 30 TeV to 1.2 PeV. Since they are extremely relativistic, they could
reach the Earth faster than other messengers, which means they can be used as a triggers for
multimessenger events. Recently a 290 TeV neutrino was detected in coincidence with flaring
photons consistent with the direction of the blazar TXS 0506+056 (Aartsen et al., 2018b). This
coincident detection marked the first serious possibility of multimessenger studies of a source
including neutrinos. Models of UHECRs imply predictions of the related neutrino fluxes which
can be used to constrain them. For example, Aartsen et al. (2017a) established constrains on the
production of UHECRs and neutrinos based on the weak correlation between neutrino events
and observed GRBs.

Gamma rays Photomeson interactions of UHECRs also produce photons in addition to neutrinos, as decay products from mesons. These "hadronic" photons often carry a significant fraction
of the energy of the UHECR, typically well beyond TeV. However, the opacity of most astrophysical environments to high energy photons is high, which causes them to cascade down to
lower energies via photon-photon pair production. Additionally, the observed GeV-TeV photons
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from most astrophysical objects can be explained by electron synchrotron and inverse Compton
scattering (leptonic interactions). It is thus difficult to discern the hadronic photons (after cascading) from those produced by leptonic interactions. Dedicated radiation treatment modelling
both the photomeson interactions subsequent cascading of photons are used to estimate the contributions from the leptonic and the hadronic components (Gao et al., 2017). However, in most
cases large degeneracies in the parameter space mean that often the photon spectrum can be
fit using only the leptonic component. When photons around TeV and above are detected, the
purely leptonic models are severely constrained and hadronic components are often necessary,
making such sources strong candidates for producing UHECRs. The search for hadronic signatures in the photon spectrum is part of the methods to identify UHECRs’ source candidates. In
Chapter 5, photons from nuclear decays are employed in explaining the highest energy photons
from an AGN.
The photons from astrophysical sources are observed via a multi-wavelength campaign spanning more than 20 orders of magnitude in energy. Detectors employed include radio telescopes
such as those forming the Very Long Baseline Array, X-ray telescopes such as Chandra, Swift
and FermiLAT (Ackermann et al., 2012) measuring low energy gamma rays, and Cherenkov
telescopes such as VERITAS (Weekes et al., 2002), H.E.S.S. (Hinton, 2004), MAGIC (Baixeras
et al., 2004), and in the future CTA (Vercellone, 2014)) which measure Very High Energy (VHE)
gamma rays.

2.2 UHECR nuclei origins: nucleosynthesis, acceleration and
propagation
The measured composition of UHECRs does not allow for a precise determination of the species
as discussed in Section 2.1.1. There is a considerable amount of studies that achieve a fit of
the UHECRs spectrum by assuming different compositions, several including nuclei up to iron
(e.g. Unger et al. (2015), Heinze et al. (2019)). The recent first-ever multimessenger measurements of a merger of neutron stars GW170817 (Abbott et al., 2017a) brought us first direct
evidence of nucleosynthesis of heavy elements in this type of event. The almost certain possibility of forming a jet (Beniamini et al., 2019), and association to gamma-ray bursts, provides all
the ingredients associated with UHECR acceleration, possibly with heavy nuclides as seeds.
This section presents some of the mechanisms believed to be responsible for the synthesis and
for the acceleration of UHECR nuclei.
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Figure 2.5: The nuclear chart with an overview of the processes proposed for the synthesis and
the resulting nuclides. See the text for a discussion of the most important ones.
Figure reproduced from Arnould and Goriely (2020).

2.2.1 Nucleosynthesis
The mechanisms for nucleosynthesis can be grouped as thermal and non-thermal. Thermal
nucleosynthesis occurs in thermalized plasmas such is the case in the Big Bang (Big Bang
Nucleosynthesis) and in the interiors of stars. Non-thermal nucleosynthesis refers to conditions
non suitable for thermalization (e.g. too low density, too low temperature) as is the case of
nuclei produced in spallations of Galactic CRs by interactions with the interstellar medium. The
disintegration of UHECRs in photonuclear interactions could be considered an instance of such
non-thermal nucleosynthesis, leading to unstable fragments that can only be explained through
this mechanism (for example, unstable nuclides which could not propagate the astronomical
distances from the sources before decaying).
Certain nuclei have been classified into s-, r- and p-nuclides according to the s-, r- and pprocess proposed to explain their synthesis (see Figure 2.5). s-process consists of "slow" capture
of neutrons in which stable seed nuclei incorporate neutrons at a rate comparable to beta decays,
producing nuclei with a balanced neutron to proton ratio. In the r-process, the neutron capture
occurs faster than the beta decays which leads to nuclei enriched with neutrons, located towards
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the neutron drip line. The neutron drip line is a limit line in the Z-N diagram where nuclear
forces cannot prevent nucleons from escaping the nucleus, hence denoting the neutron number
limit for each given proton number. Finally, p-process referred initially to proton captures
leading to proton-rich nuclei near the proton drip-line, but it is currently attributed to the
photodisintegration process of s- and r-nuclides.
Most stars produce nuclei up to certain mass number which is limited by the star‘s total
mass. Young stars’ composition is dominated by hydrogen and helium produced in the Big
Bang Nucleosynthesis, and in the course of their lives nuclear reactions consolidate nuclei into
heavier species (i.e. increasing their metallicity). The stellar nucleosynthesis occurs as nuclei
fuse and decay in thermal conditions, giving rise to different "burning" stages (H-burning, Heburning, C-burning, etc. ). Low to intermediate mass stars (0.8 − 10M⊙ ) are the most abundant
and exhibit a large diversity of nucleosynthesis. The largest changes in composition occur when
they reach a late stage in their evolution, known as asymptotic giant branch (AGB). Many
observations have detected an enrichment of s-process elements in the surfaces of low-mass AGB
stars (M < 3M⊙ ) implying in-situ synthesis (Arnould and Goriely, 2020). Such nuclei include
masses much heavier than iron, (e.g. Zr, Y, Sr, Ba, and even Tc, Karakas and Lattanzio
(2014)). The interstellar medium is enriched with these nuclei as they are carried away by
stellar winds and strong outflows which can produce mass loss rates between 10−7 − 10−4 M⊙ /y.
Additionally, s-process nucleosynthesis could also take place in AGB stars with heavier masses
(3 − 8M⊙ (Shingles et al., 2015)) as well as in massive super-AGB stars (Doherty et al., 2017).
The r-process is credited for the production of most of the stable nuclei and neutron rich nuclei
heavier than iron. The r-process is related to neutron fluxes larger than 1020 cm−3 s−1 which
restrict the possible production sites to a few extreme scenarios such as neutron star (NS) mergers
and neutron star-black hole mergers. Simulations have shown that shock acceleration and tidal
stripping can take away 10−3 − 10−1 M⊙ in a duration comparable to the dynamical timescales.
The subsequent stages of these mergers (a hot transient hypermassive NS (Baumgarte et al.,
2000), followed by a stable supermassive NS, or a black hole-torus system), will further lose
mass through outflows (Perego et al., 2014, Siegel et al., 2014).
Simulations of growing sophistication have confirmed that the ejecta from NS mergers are
viable strong r-process sites up to the third abundance peak and the actinides (Roberts et al.,
2011, Wanajo et al., 2014). During the dynamical phase of the merging scenario, the high
number of free neutrons leads to production of heavy fissioning nuclei (transuranics) (Bauswein
et al., 2013). The ejected mass of r-process material can account for most of r-nuclides in our
Galaxy if the predicted event rate holds (around 10 My−1 , Dominik et al. (2012)). The recent
multimessenger measurements of a NS-NS merger (Abbott et al., 2017a) and associated gamma
ray burst GRB170817A, have confirmed r-nuclide presence (Drout et al., 2017, Pian et al., 2017,
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Watson et al., 2019)
Additionally, models of different types of supernovae (SNe) have been found to produce and
eject neutron-rich nuclei heavier than iron and up to cadmium (Wanajo et al., 2011, 2018). A
special case are collapsars which are highly magnetized stars whose SNe are believed to produce
long gamma ray bursts and jets. r-nuclide production in collapsars is associated to the jets
(Nishimura et al., 2015) and/or to the accretion disk after the black hole is formed (Halevi and
Mösta, 2018, Siegel et al., 2019).
Models of AGB stars of different metallicities have also found efficient production of p-nuclei
in the range A=90-208 (Goriely and Mowlavi, 2000). p-nuclei are also produced in all types
of supernovae Kroupa et al. (1993) which are expected to accelerate cosmic rays. Additionally
p-nuclei are produced in pre-SN stages and they have been found to survive the explosion in
several cases (Rauscher et al., 2002)(Langanke et al., 2019).

2.2.2 Acceleration and candidate sources
The mechanism responsible for the acceleration CRs to ultra-high energies is not known, although theoretical insights are available. The acceleration of cosmic rays may occur rapidly
through extended electrical fields or more slowly via multiple collisions with shocks of magnetized plasmas.
The acceleration via electrical fields generated by varying magnetic fields were first proposed
by Swann (1933) considering electrons acceleration in Sun spots. This mechanism has been
considered in detail in compact magnetized objects such as white dwarfs, neutron stars and black
holes (e.g. for UHECR acceleration in neutron stars see Blasi et al. (2000), Fang et al. (2012)).
This mechanism has the advantage of being fast but the high energy density characteristic of such
environments might lead to energy losses that considerably reduce the acceleration efficiency.
Acceleration by shocks of magnetized plasmas were considered for the first time by Fermi
(Fermi, 1949, 1954). This type of acceleration occurs progressively in consecutive stochastic
encounters, thus the particles need to be confined to the acceleration region via magnetic fields.
The size of the acceleration region along with the magnetic intensity can provide constraints
or plausibility conditions for the acceleration potential (see Figure 2.6). The confinement is
estimated comparing the particle‘s Larmor radius to the size of the acceleration region. The
maximal rigidity RZ (energy to charge ratio) that can be reached in a source class can be
estimated from the characteristic size R and magnetic field B as RZ = E/Z = BR (Hillas,
1984). Lines with negative slope in Figure 2.6 represent constant rigidity values, i.e. the further
from the origin the larger values of maximal rigidity. Astrophysical objects on the same line
can accelerate to comparable rigidities. The yellow lines in Figure 2.6 represent the rigidities
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Figure 2.6: Hillas plot representing plausible sources in terms of acceleration capabilities. The
yellow lines represent constant rigidity values, the knee ankle and GZK correspond
the proton rigidity for those features in the UHECR spectrum. The sources are
represented by colored shapes covering the areas of rigidity where they can exert
acceleration. Figure reproduced from Aartsen et al. (2018a).

corresponding to the landmarks of the UHECR spectrum. Different acceleration regions and
source classes are represented by labeled shapes showing there are plenty of classes that meet
this necessary condition.
The diffusive shock acceleration mechanism proposed by Fermi (Fermi, 1954) is commonly
considered because it naturally obtains the power law behavior observed in cosmic ray spectra. This is known as Fermi First Order Acceleration because the fractional energy gain is
proportional to the first order of the plasma velocity.
In reality, acceleration is likely more complex since it depends on the power law structure
of the magnetic field of shocks. The power law index of the CR spectrum is related to the
acceleration process, and real scenarios might lead to energy dependent indices as different
mechanisms could occur at different energy scales. Magnetohydrodynamics simulations are used
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widely for studying instabilities in plasmas and their effects on the CR spectrum. On the other
hand, the non-linear effect of the energy losses needs to be kept in mind since they are not
native to magnetohydrodynamics simulations. Mastichiadis et al. (2020) shows that extreme
losses can occur in super-critical conditions defined by the magnetic field and radius of the
source. The physical reason is that photon and electron-positron pairs produced in UHECR
losses contribute as target for interactions causing further interaction losses. These feedback
losses effectively limit the maximal energy that can be achieved by the accelerated particles.
Other mechanism proposed is the "Espresso" mechanism (Caprioli, 2015) where particles from
other regions enter the jet and receive a "one-shot" acceleration proportional to the square of
the jet‘s Lorentz boost.
Candidate sources of UHECRs
Although there is currently no consensus on the origin of UHECRs, there is indirect evidence
that certain source classes reunite the conditions for the synthesis and acceleration of UHECRs
nuclei. The main candidate source classes for the origin of UHECRs are the following:
Active Galactic Nuclei

(AGNs) are types of galaxies which have a strong activity in their

central region, as evidenced by the presence of relativistic jets of plasma reaching up to 100 kpc
(Osterbrock, 1989). The massive blackhole in such regions may develope a hot disk of accreting
matter and a surrounding dust torus. The time variability of their electro-magnetic emissions
is known to vary in ranges of days to months. Some of the closest AGNs are Markarian (Mrk)
421 and Mrk 501 which are at distances of 133 Mpc and 140 Mpc respectively. There is a wide
diversity of The electro-magnetic Spectral Energy Density (SEDs) emitted, which may span
several orders of magnitude (from meV to GeV-TeV energies) depending on the relative emissions
from its components. Jetted AGNs have been proposed as possible sources of UHECRs given
their abundance and typical luminosities. This is supported by recent indications of correlation
in arrival directions of UHECRs and extragalactic sources of gamma rays, including AGNs (Aab
et al., 2018). The possibility of a common origin of neutrinos and UHECRs protons had been
studied (Stecker et al., 1991, Murase et al., 2014, 2012, Gao et al., 2017), while the inclusion
of nuclei up to iron in a consistent method has been achieved more recently (Rodrigues et al.,
2018). In Chapter 5 the photons from nuclear disintegrations are considered and examined in
the context of a explaining the very high energy photons from nearby AGN.
Gamma Ray Bursts

(GRBs) are bright bursts of gamma rays whose origin can be associated

to multiple astrophysical events. They are believed to originate in relativistic jets powered by
a black hole or a magnetized rapidly rotating massive star. Long duration GRBs have been
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associated with the collapse of massive stars (Zhang et al., 2003, Mizuta and Ioka, 2013) and
short duration GRBs with NS-NS mergers (Murguia-Berthier et al., 2014, Nagakura et al., 2014).
In the case of the latter, the association was successfully verified in the recent GW170817/GRB
170817A events (Geng et al., 2019). The potential of GRBs as sources of UHECRs has been
investigated in several works (Murase et al., 2006, Waxman and Bahcall, 1997, Boncioli et al.,
2019, Biehl et al., 2018a). A similar treatment as in (Biehl et al., 2018a) was employed in
studying the impact of UHECR interactions in this thesis (see Chapter 4).
Tidal Disruption Events (TDEs) are disruptions of stars by the tidal forces of companion black
holes. Roughly half of the mass from the disrupted star remains in orbit forming an accretion
disk, and it is expected the formation of a jet has for sufficiently large accretion rates (Lacy
et al., 1982, Rees, 1988). The nuclei present in the disrupted star are thus extracted and can be
accelerated by the jet, possibly reaching ultrahigh energies if the acceleration is more efficient
than disintegration and other losses (see Chapter 3). The potential of TDEs as sources of
UHECRs protons has been investigated in several works (Farrar and Piran, 2014, Alves Batista
and Silk, 2017, Zhang et al., 2017) including the corresponding contribution to neutrinos (Wang
and Liu, 2016). Biehl et al. (2018d) developed a TDE model with inclusion of nuclei, employing
a simplified model for the production of neutrinos. In Chapter 4 this framework is employed to
illustrate the impact of an improved model for production of neutrinos developed in this thesis.
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Chapter 3
Interactions of UHECR nuclei: physical background and
numerical implementation
In the previous chapter, the phenomenology and detection of cosmic rays and related messengers
were introduced. The multimessenger connections hold for environments where matter-matter
interactions are subdominant compared to photon-photon and matter-photon interactions. This
chapter introduces the fundamental interactions of CRs in such conditions.
In Section 3.1 the physical processes of relevance for the intergalactic transport and in-source
evolution are mentioned. Following, in Section 3.2, the fundamental equations for the transport
and interactions for CRs in the mentioned environments are introduced. A brief description of
the relevant codes employed is also included, with emphasis on the quantities that are affected
by the new models in this thesis.

3.1 Photo-interactions of nuclei in astrophysics
This section is divided in two parts: Section 3.1.1 discusses processes and photo-interactions of
nuclear and hadronic nature whose improved treatment is the focus of this thesis. Section 3.1.2
introduces electromagnetic interactions, which are not the main topic of this work but which
co-occur in astrophysical contexts, and are therefore crucial to understand the applications of
the models.

3.1.1 Photonuclear interactions and decays
The physical processes relevant for describing CR nuclear transformations in low matter density
environments generally involve (a) interactions with surrounding photons, and (b) spontaneous
nuclear decays. The following discussion addresses all nuclear species up to nucleon number
A = 208 (i.e.

208 Pb).

This includes elements heavier than iron-56 (A > 56), because these will

be the subject of Chapter 6, although state-of-the-art works consider only UHECR nuclei with
mass number up to 56.
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Nuclear decays

Figure 3.1: Dominant nuclear decay channel (indicated by the box color) of nuclides with mass
up to lead-208. The nuclides are identified by their number of protons (atomic
number Z) and neutrons (N ). Stable elements are shown in black. Data as reported
by Audi et al. (2017), Huang et al. (2017), Wang et al. (2017).
When studying photo-interactions of UHECR nuclei, both stable and unstable nuclides need to
be considered. Stable nuclides will only change their species through photonuclear interactions
leading to disintegrations. Instead, unstable nuclei may disintegrate spontaneously without
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Figure 3.2: Cumulative histogram nuclear species and isomers sorted by the their proper decay
times τ0 given in seconds, as reported in the Atomic Mass Data Center data files
(Wang et al., 2017, Huang et al., 2017) (2765 in total). For a given astrophysical
system, the species whose decay time is much lower than other competing processes
can be integrated out rather than treated explicitly in the differential equations.
Thus, for any given lifetime threshold, the histogram shows the number of isotopes
that can be excluded from the explicit simulation.
interacting, also producing secondary particles. In general, these unstable nuclei can be the
products of photonuclear interactions when the incident photon has sufficient energy to either
excite or to break up the target nucleus, which is why photo-interactions and decays are two
connected processes.
Figure 3.1 shows the main form of decay for each nuclide considered in this work. It should
be noted that some nuclides exhibit more than one form of decay with different probability.
The decay products include protons, neutrons, α particles, larger nuclear fragments, photons,
neutrinos, electrons and positrons, all of which make these processes relevant for multimessenger
astrophysics.
Figure 3.2 shows the nuclide cumulative distribution as a function of proper mean lifetime τ0 .
From a total of 2765 nuclides, 132 do not have a reported value (and are excluded here) and
255 are reported as stable. Depending on the dynamical timescale t′dyn 1 of the astrophysical
1

Throughout this thesis, when discussing astrophysical sources, we will follow the convention that primed quan-
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system (which typically gives an order-of-magnitude estimate of the timescale of the relevant
interaction processes), the number of species explicitly considered in a numerical simulation can
be reduced according to their decay time. Namely, the nuclides whose lifetime in the source
rest frame (SRF, see footnote 1) is much shorter than the dynamical timescale of the system
can be excluded from the explicit simulation (γτ0 ≪ t′dyn , where γ is the Lorentz factor of the
nucleus). This reduces computation time because these short lived nuclei are replaced by their
decay products directly instead of computing explicitly their photo-interactions (Boncioli et al.,
2017). Applying such a decay time cut means drawing a vertical line in Figure 3.2 and thus the
number of excluded / included nuclides is obtained. For example, Biehl et al. (2018b) modeled
UHECR interactions in GRB shocks, whose estimated light-crossing time was ∼ 1 s. A cutoff
at τ0 = 10−10 s excludes nuclei whose decay time in the SRF is shorter than the dynamical
timescales of the GRB even at the highest energies γmax ∼ 109 (γmax τ0 < 1 s).
In Figure 3.3 the decays are represented in a Segrè chart, where each nuclide represents a dot,
and its color represents the mean lifetime. This representation is useful to appreciate large scale
regularities. The stability line, is the imaginary line suggested by the arrangement of stable
nuclei in the chart. The longer-lived nuclides are concentrated along the ‘stability valley’, which
is the area closely surrounding the stability line. The pairs of Z and N numbers indicated
along the diagram are the nuclear magic numbers, which correspond to the neutron and proton
numbers associated with maximal stability. Nuclei with such numbers are often stable or longer
lived than their neighbors. This phenomenon is understood in the shell model of nuclei by the
closing of shells Greiner and Maruhn (1996), analogous to the electron shells in atoms. The
mean lifetimes decrease as we move away from the stability valley in the direction of isobars
(lines orthogonal to the stability line).Therefore, applying a cutoff on the minimum lifetime
means narrowing the area in the chart of included nuclei to a region englobing the stability line.
The nuclear decay processes considered can be described as follows:

β-decay

The transformation of one of the nucleons in the nucleus mediated by the weak in-

teraction, leading to the production of charged and a neutral lepton. This includes β − -decay
(Eq. 3.1) and β + -decay (Eq. 3.2). In this process the total nucleon number does not change and
the nuclear mass changes only by an amount corresponding to the released energy, which is in
general a small fraction of the total rest mass.
tities refer to the value given in the source rest frame (SRF), in contexts where it is necessary to explicitly
distinguish it from the observer’s frame. In a particle physics experiment, the SRF would be equivalent to
the lab frame; in the case of an astrophysical outflow, such as an AGN jet or an internal shock in a GRB, the
SRF refers to the rest frame of the outflowing plasma where the interactions take place. In the general case
of an outflow in a source located at redshift z viewed with a Doppler factor δ (cf. Section 2.2.2), the energy
transformation is given by E = E ′ δ/(1 + z).
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Figure 3.3: Mean lifetime for nuclides with known decays. These constitute tha values implemented in the models presented
in this thesis. Data collected from the Atomic Mass Evaluation (AME2016) files (Huang et al., 2017, Wang et al.,
2017) and from the ENSDF files (ENSDF, 2019).
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A
NZ

→

A
N (Z

+ 1) + e− + ν̄e (β − -decay)

(3.1)

A
NZ

→

A
N (Z

− 1) + e+ + νe (β + -decay)

(3.2)

The theoretical energy distribution of the products (as obtained by Fermi) is shown in Eqs. 3.3
dN
and 3.4, where mk , pk , Ek , dE
are respectively the mass, momentum, energy and energy distrik

bution of particle k (either the (anti)electron or the (anti)neutrino), and Qβ is the total energy
released in the decay. The distribution is represented in Figure 3.4 in the nucleus rest frame
(left), and boosted into the lab reference frame. The real form of this distribution can deviate
slightly from the theoretical one depending on the properties of the nuclear state of both the
initial and final nuclei (e.g. energy, parity, angular momentum). However, the extreme relativistic boosts considered in UHECR astrophysics, as well as the angle averaging, reduce the
importance of such deviations. The recoil kinetic energy of the nucleus can also be ignored and
the decay can be considered isotropic in the center-of-mass rest frame.

dN
∝ pe Ee (Qβ − Ee − me c2 )2
dEe
dN
dN
(Qβ − Ee )
(Eν̄e ) =
dEν̄e
dEe

Particle decay (p , n , α-decay)

(3.3)
(3.4)

This is the emission of an alpha particle (nucleus of helium-4),

a proton or a neutron, which may be accompanied by photon emission (Eq. 3.5). There is a loss
of mass corresponding to the number of nucleons in the particle emitted (1 for p and n, 4 for α).
Unlike the beta decay, it is a two-body process where the products have similar mass, and the
kinetic energy released is much lower (Q ≲ 30 MeV, or less than 1% of the total mass). Therefore
the energy distribution can be described as a delta function, the kinetic energy released can be
neglected in the decay of UHECRs, and the assumption of boost conservation applies.

A
NZ

A
NZ
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A−1
N (Z − 1) + p
A−1
A
N Z → N −1 Z + n
→ A−4
N −2 (Z − 2) + α

→

(p - decay)

(3.5)

(n - decay)

(3.6)

(α - decay)

(3.7)
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Figure 3.4: Left: spectral energy distributions in the nucleus rest frame of an electron and an
antineutrino emitted from a relativistic nucleus with A = 40: Monte Carlo result
(solid) and theoretical (dashed). Right: same simulation result boosted into the lab
frame.
Internal transition or photon emission

All the above decays may produce nuclei in excited

states. The subsequent decay of such states occurs with the emission of photons with energies
between hundreds of keV and a few MeV (Eq. 3.8) with a defined energy and a narrow energy
spread. The emission may have anisotropies due to the parity and momentum differences between the initial and final nuclear states; nevertheless, they can be considered isotropic for the
purpose of cosmic-ray astrophysics where the production is angle-averaged and the spectrum is
dominated by relativistic boost effects from the ultra-relativistic speeds of the emitting nuclei.
The photon energy in the nucleus rest frame typically does not exceed a few MeV; however,
due to the ultrarelativistic speeds of cosmic ray nuclei, these photons will emerge as X-rays
or gamma rays in the rest frame of the astrophysical medium. For instance, an MeV photon
emitted in the decay of an UHECR nucleus with γ = 109 is seen as a PeV gamma ray in the
SRF. In theory, these gamma rays could potentially provide observational evidence of cosmic
ray interactions in the source, which is the topic investigated in Chapter 5.
A ∗
NZ

→A
N Z +γ

(3.8)

Photodisintegration and photomeson production
The interactions of photons with nuclei can conduce to multiple phenomena depending on the
center-of-mass energy, the relative angular momentum and the internal energy levels of the
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nucleus involved. The astrophysics scenarios considered here involve nuclei interacting with
photons of a broad energy spectrum. The kinematics is not simulated in detail, instead, only a
few parameters are included like the center-of-mass energy, the multiplicity of the products and
their energy distribution. In the case where either the cosmic rays or the photons are distributed
anisotropically, additional information is necessary regarding the angular distribution of the
interacting particles. However, this thesis will focus specifically on cases where both cosmic rays
and photons can be described as isotropic and homogeneous distributions.
The description of photonuclear interactions that follows is based on the general assumption
that the processes can be described through the dependence of the cross section on the energy
of the incoming photon in the nucleus rest frame, ϵr . The intermediate states undergone by the
nucleus are not modeled in detail, and we assume it is sufficient to know the average number
of products and their energy distributions. The energy ϵr is obtained through the following
transformation from the SRF into the rest frame of the cosmic ray:
ϵr = γε′ (1 − cos θ),

(3.9)

where γ is the Lorentz factor of the cosmic-ray nucleus, and ε′ is the photon energy in the SRF,
and θ is the pitch angle, defined as the angle between the momenta of the photon and the cosmic
ray. This transformation is represented in Figure 3.5. The left panel shows the example of a
thermal field in the SRF, with the color representing the frequency of the photons, assumed to
be isotropic in the SRF (as shown in the middle panel). The photons that have a trajectory
close to head-on relative to the the cosmic ray, will appear boosted in the cosmic-ray rest frame,
due to Eq. 3.9; while the photons that deviate more from a head-on trajectory will appear with
their frequency more and more de-boosted in the cosmic ray rest frame (right-hand-side panel).
Photons excite internal nuclear levels below the average energy per nucleon (8 MeV) corresponding to individual excitation of nucleons analogous to how individual electrons account for
excitations in an atom (Greiner and Maruhn, 1996). These levels range in energy from a few keV
to a few tens of MeV. However, as the photon energies approach the mean energy per nucleon,
collective excitations of the nucleus take place predominantly. The most prominent of these is
known as the Giant Dipole Resonance (GDR) and it manifests as a notable increase of the cross
section with a wide energy range of excitation. The total photo-nuclear cross section for different
nuclei is shown in Figure 3.6, where the GDR appears in the energy range of ϵr = 8 − 40 MeV.
It is shaped usually as one broad peak but in many cases it can exhibit two peaks caused by the
radial asymmetries found in some nuclei.
Given the sufficiently high photon energies ϵr , the emission of particles is energetically possible
and the nucleus will disintegrate. The most common products are neutrons, but protons and
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Figure 3.5: Schematic representation of the relativistic boost of photons into the rest frame
of a cosmic ray. A thermal spectrum of photons (left) is color-coded with a redto-blue scale corresponding to low-to-high energy centered in the mean value. In
the laboratory frame, or more precisely the rest frame of the astrophysical source
(middle) a cosmic-ray particle (black) is moving through an isotropic field of photons
(curved lines, wavelengths inversely proportional to their energies). In the rest frame
of the cosmic ray (right), both the angular and the energy distributions are affected
by the special-relativistic effects. The transformation of the photon energy is given
by Eq. 3.9.

alpha particles can also be emitted. General trends have been found, such as the decrease of
the peak energy and the broadening of the GDR with the mass number. These trends can be
used to model the cross section analytically. For example, an Atlas of GDR parameters has
been published (Plujko et al., 2011) where the values were obtained by fitting a large number
of experimental cross sections for many nuclei to a unique analytical function. The compilation
by Otuka et al. (2014) of several cross section measurements for photodisintegration is currently
one of the most complete databases. However, as noted by (Boncioli et al., 2017) the data is still
sparse and mainly available for stable nuclei. Additionally, there are very few measurements for
isobars (nuclei with the same nuclear mass) where variance is expected, since their mass and
nuclear levels are known to differ. This is an important uncertainty that may affect modeling
in astroparticle physics. Hence, parametrizations and codes based on the limited data may be
biased by incorrectly extrapolating based on stable nuclei phenomenology.
The cross section decreases considerably beyond the GDR and is almost constant in the range
ϵr = 50 − 140 MeV, where quasi-deuteron scattering is the dominant process (Odian et al., 1956,
Fuji, 1962)). The interacting photon is predominantly absorbed by a pair of nucleons which
escape absorbing most of the energy, the rest remaining in the nucleus. The production cross
sections cannot be calculated analytically so it needs to be measured when possible. There are
codes that use nuclear models and other experimental data to estimate these production rates
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Figure 3.6: Left: Photonuclear inelastic cross section for 56 Fe showing the main features common to all nuclei. In the disintegration regime at lower energies the interaction is
dominated by the Giant Dipole Resonance (GDR). In the photomeson regime, at
higher energies, the Delta Resonance (DR) dominates the interaction cross section
(see Section 3.1.1 for further discussion ). Right: The lorentzian model for the GDR
(curves) compared to experimentally determined peaks (see Section 5.2.

for nuclei where experimental data is unavailable, such as FLUKA (Ferrari et al., 2005) and
Talys (Koning et al., 2007, 2005).
The photodisintegration process can be simulated using empirical models, like the PugetStecker-Bredekamp (PSB) model (Puget et al., 1976), or tabulated data based on dedicated codes
that simulated these interactions in detail, such as Talys (Koning et al., 2007) and Peanut
(Fassò et al., 1997, 2005), which is part of Fluka . Talys can only be applied to nuclei with
mass number A ≥ 12, so complete tables tables must additionally include a compilation of cross
sections for lighter elements, as can be found in Kampert et al. (2013).
Boncioli et al. (2017) detailed a comparison of these models to data, as well as their impact on specific astrophysical source simulations. The different models exhibit qualitative and
quantitative differences in the disintegration chain. In the PSB model only one stable nucleus is
considered per mass, and therefore a unique disintegration possibility is available per interaction,
namely the emission of one nucleon. Talys and Peanut, which simulate the dynamics of the
interactions, show helium emission in addition to nucleons. These two models are qualitatively
similar but in most cases exhibit differences on the cross sections and the rates of products. Boncioli et al. (2017) have argued for the need for systematic measurements of the production and
total cross sections for many nuclei due to the disagreements between codes. It was also found
that in general Peanut is better tuned to experimental data, which may be because Talys assumes a unique total absorption cross section for different nuclei in a given isobar. For some

30

3.1 Photo-interactions of nuclei in astrophysics
nuclides where Talys shows significant deviation from data, corrections have been introduced
for applications to astroparticle physics (Alves Batista et al., 2015). The photodisintegration
model used in this thesis is Talys , except when a different one is explicitly specified.
While the regime below 140 MeV is known is astroparticle physics as the photodisintegration
regime, above these energies we enter the photomeson regime. Here, the photon energy ϵr
exceeds the pion production threshold, and the photon interacts with individual nucleons, as
evidenced by the appearance of nucleon resonances in the cross section. The peak known as
the ∆ resonance appears at the same energy of the first nucleon excited state ∆(1232), in the
energy range 140 − 350 MeV in Figure 3.6. As with photon interactions with free nucleons at
these energies, pions are produced, leading to subsequent neutrino and photon emission from
pion decays (Eq. 3.10).

⎧
⎨∆ → p π 0 / n π +
p+γ → ∑
⎩ π ±,0

(∆ resonance)
(Multi-pion production)

π + → µ+ + νµ → (e+ νe ν̄µ ) + νµ ,

(3.10)

π − → µ− + ν̄µ → (e− ν̄e νµ ) + ν̄µ ,
π 0 → γγ
For nucleons, pion production at threshold leads to an energy distribution between the proton
and the pion that follows the mass ratio, which means the pion takes ∼ 20% of the nucleon
energy. At higher energies, multi-pion production dominates the total cross section.
The pions are unstable and decay predominantly as π + → µ+ νµ → e+ + νe + νµ (weak
interaction) and π 0 → γγ (electromagnetic interaction). The neutron produced in the charged
pion channel will decay weakly into a proton, n → p + e− + ν̄e .
The charged pion channel is widely expected to be the main source of high-energy astrophysical
neutrinos. Since this channel has a branching ratio of 2/3 compared to 1/3 for the neutral
pion channel, the average number of positive, neutral and negative pions emitted is equal.
Given the decay reactions shown above, the expected flavor ratio of neutrinos from photo-pion
production is therefore νe : νµ = 1 : 2, while tau neutrinos are not produced directly from this
process (although this flavor can be created through neutrino oscillations in the course of the
propagation of the neutrinos over cosmological distances). This scenario can change, however,
if the secondary muons lose sufficient energy before decaying (through synchrotron radiation
in sources with high enough magnetic fields); in the most extreme case where muons are not
allowed to decay at all, only muon neutrinos (from the direct pion decay) would be emitted by
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the source.
The photomeson regime is widely modeled in the astroparticle physics community using the
code Sophia (Mucke et al., 2000), which is a Monte Carlo event generator developed for interactions of free protons and neutrons with photons. This code is an implementation of earlier
work by Rachen (1996), who compiled the experimental data.
For nuclei, a superposition model is typically assumed (Hummer et al., 2010, Aloisio et al.,
2017, Alves Batista et al., 2016), motivated by the similarity between the cross section for free
nucleons and those inside a nucleus. In these superposition models the interacting nucleon is
then ejected, while the remaining nucleus is kept intact. The discussion of the limitations of
this model and its improvement has been published recently (Morejon et al., 2019a) and is one
of the results of this thesis (see Chapter 4).
Shortly after the detection of the Cosmic Microwave Background (CMB), interactions between
CR protons with the CMB were studied. Greisen (1966) and Zatsepin and Kuzmin (1966)
proposed that photo-pion production of cosmic-ray protons propagating in the intergalactic
space would cause a suppression in the CR spectrum at 1020 eV, a phenomenon that became
known as the GZK effect. The neutrinos produced by these interactions are referred to as GZK
neutrinos, or more generally cosmogenic neutrinos. Additionally to the CMB, the extragalactic
background light (EBL) can also serve as a target photon field for photohadronic interactions
of propagating UHECRs. This background radiation originates in non-thermal emission from
AGNs, as well as in star-forming activity. Subsequently to the work by Greisen, Zatsepin and
Kuzmin, Stecker (1969) addressed the photodisintegration of relativistic nuclei heavier than
protons through interactions with the CMB and the EBL, and found that extensive air showers
could not be interpreted as purely protons.
As can be seen in Figure 3.6, the ∆ resonance can be excited by a photon with approximately
300 MeV in the proton rest frame. This means that a CMB photon will interact through the
∆ resonance with a cosmic-ray proton with energy γ ≈ 1011 (ϵCMB /2 meV)−1 , emitting four
neutrinos (in the case of charged pion production, Eq. 3.10) each with an energy of around
5 × 109 GeV, or 5% of the proton energy, or two gamma rays, each with 10% of the proton
energy (in the case of neutral pion production). The photons will eventually cascade down
to lower energies through successive pair production interactions with the photon backgrounds
(cf. next section), while the neutrinos will travel in a straight trajectory, losing energy only
through the cosmological expansion.
On the other hand, for a nucleus to photodisintegrate through the GDR, the photon must have
an energy of only around 20 MeV in the nucleus rest frame, an order of magnitude lower than the
∆ resonance. Therefore a nucleus with Lorentz factor γ ≈ 1010 will photodisintegrate with the
CMB through the GDR, producing lighter isotopes that will have the same Lorentz factor. For
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a mass number of the order of A ∼ 10, this corresponds to the same kinetic energy E ≈ γAmp as
a proton that interacts through the ∆ resonance. More generally, given a nucleus with a certain
kinetic energy E, the higher its mass number A, the lower its Lorentz factor and therefore
the higher the energy of the target photon that is necessary to meet the photodisintegration
threshold.
An aspect that is not considered in the literature is the propagation of UHECR nuclei heavier
than iron (A > 56), although it is known that such elements are present in astrophysical sources
(such as r-process-driven kilonovae, Tanvir et al., 2013, Cowperthwaite et al., 2017) which can
potentially be accelerated to ultra-high energies. A framework for treating interactions of these
super-heavy UHECR nuclei is presented in Chapter 6.

3.1.2 Electromagnetic interactions
Synchrotron radiation
The emission of photons by a charged particle due to scattering off a magnetic field. For a
nucleus with Lorentz factor γ = E/(Amp ) interacting with a magnetic field of strength B, the
(angle-averaged) energy loss rate is given by

⏐
⏐
⏐ dE ⏐
⏐
⏐
⏐ dt ⏐

synch

c σT
Z4
=
6πme c2

(

me
A mp

)3

B2 γ2

(3.11)

where σT is the Thomson cross section. For the purposes of this work, we will be interested in
the case of highly relativistic particles interacting with a homogeneous and isotropic magnetic
field, which justifies the averaging of the pitch angle dependence that is implicit in this formula
(cf. Blumenthal, 1970). The power loss given by Eq. 3.11 corresponds to the luminosity of the
emitted synchrotron radiation.
The equivalent expression can be obtained for electrons by making Z = 1 and replacing
Amp → me . Synchrotron radiation from a spectrum of accelerated electrons is a common
mechanism behind the emission from non-thermal sources, such as GRBs and their afterglows
(e.g. Wijers and Galama, 1999) and AGNs (see e.g. Section 5.4), as well as from Galactic
sources, in some cases with observed frequencies reaching the X-ray range (e.g. Aharonian
et al., 2005). In AGNs, electron synchrotron emission is typically responsible for the broadband
emission ranging from radio up to infrared/optical/UV, or even up to X-rays in the case of
so-called ‘extreme blazars’ like Markarian 501 (Kataoka et al., 1999). Therefore, these photons
are often the main target for photonuclear interactions of cosmic-ray proton and nuclei coaccelerated in the source, although in some models that role can also be played by thermal
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photons originating outside the AGN jet (e.g. Murase et al., 2014, Rodrigues et al., 2018).
In proton synchrotron models of AGNs (Mucke and Protheroe, 2001), the high-energy broadband emission (X-rays to gamma rays) is explained by synchrotron radiation from accelerated
protons. However, because of the scaling of Eq. 3.11 with the nucleus mass, synchrotron emission is highly suppressed for cosmic rays compared to electrons, by a factor Z 4 ( Ammep )3 , which
is around 10−10 for protons. Furthermore, for a given value of γ, the frequency of the emitted
photons follows a distribution dominated by a ‘characteristic’ photon frequency that scales inversely with the mass of the particle. These two factors imply that proton synchrotron models
usually require either very high deposited power in non-thermal protons and high maximum
proton energies, and/or a very high magnetic field strength in the source.

Inverse Compton scattering
The inelastic scattering of photons by a highly relativistic charged particle through the electromagnetic interaction. In the so-called Thomson regime (when the energy of the photon in the
particle rest frame is small compared to the particle’s rest mass), the energy loss is given by
(Blumenthal, 1970)
⏐
⏐
⏐ dE ⏐
⏐
⏐
⏐ dt ⏐

IC
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γ2,

(3.12)

where like in Eq. 3.11, the equivalent expression for electrons is obtained by replacing Amp → me ,
Z = 1. This energy is transferred to the photon, which receives a frequency boost as a result of
the interaction. As we can see from the expression, this frequency boost is proportional to γ 2 .2
In leptonic phenomenological models of astrophysical sources, gamma-ray emission is often
explained through inverse Compton scattering of photons by accelerated electrons. An example
of such model will be discussed in Chapter 5 with the example of the AGN jet of the galaxy
Centaurus A. In that system, the target photons for the scattering are synchrotron photons
emitted by the same electron population, in which case we talk about a synchrotron self-Compton
(SSC) scenario.
Finally, note that like in the case of synchrotron emission, this process is highly suppressed
for nuclei compared to electrons due to the mass dependence of the rate.
2

For electrons, it is often the case that the energy of the photon in the electron rest frame is comparable to
the εr ≳ me , (Klein-Nishina regime), in which case the recoil energy of the electron becomes important
kinematically, and the frequency boost given to the photon becomes less efficient, scaling with γ instead of
γ 2 . In the case of a nucleus, this regime is is rarely relevant astrophysical scenarios, since the photon energy
in the rest frame of the nucleus would have to surpass the GeV scale.
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3.1 Photo-interactions of nuclei in astrophysics
Photo-pair production

This corresponds to the creation of an electron-positron pair by the interaction of a cosmic ray
with low-energy photons, and is also known as Bethe-Heitler pair production (Bethe and Heitler,
1934):

N + γ → N + e+ + e− .

(3.13)

This process has a threshold of εr = 2me c2 ≈ 1 MeV, which for CMB photons corresponds
to an UHECR nucleus with Lorentz factor γ ∼ 109 . This can in principle cause the ankle in
the observed UHECR spectrum, assuming the flux is dominated by protons (Berezinsky and
Grigor’eva, 1988, Berezinsky et al., 2006b, Aloisio et al., 2007). However, several arguments
have since disfavored this so called dip model such as the heavier composition observed by
Auger (Bellido, 2017a) and the very high cosmogenic neutrino and gamma ray fluxes expected
in this case (Heinze et al., 2016, Supanitsky, 2016).
Although pair production has a higher cross section compared to other cosmic ray photointeractions. However, the energy loss per interaction is low (around 1% per interaction), making
the energy loss rate comparatively small to other processes. This is also the reason why pair
production losses are typically treated assuming a continuous energy loss approximation. This
loss term was derived analytically by Blumenthal (1970) in terms of an integral involving the
target photon density spectrum nγ (εr ):
⏐
⏐
⏐ dE ⏐
⏐
⏐
⏐ dt ⏐

e+ e−

=α0 r02 Z 2 m2e

∫ ∞

(

dεr nγ (εr )
2

εr me
2γ

)

Φ(εr )
,
ε2r

(3.14)

where α0 is the fine-structure constant and r0 is the classical electron radius. The dimensionless
function Φ(εr ) contains the angle-averaged cross section and inelasticity. For nuclei this scales as
Z 2 A−1 , since the cross section increases with Z 2 while the inelasticity scales as A− 1. However,
the threshold also increases proportionally to A (appearing in the above formula implicitly
in the Lorentz factor Γ). Effectively this threshold scaling makes pair production off nuclei
subdominant compared to photodisintegration (see e.g. Biehl et al., 2018b, Rodrigues et al.,
2018, where this is shown for GRBs and AGNs, respectively). However, as we will show in
Chapter 5 in the case of the Centaurus A AGN, this process can still be relevant in astrophysical
contexts.
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Photon-photon annihilation
To conclude this section, it is worth mentioning that in the presence of magnetic fields, two
photons can interact to produce an electron-positron pair. This process has the same threshold
√

energy as Bethe-Heitler pair production ( Eγ1 Eγ2 = 2me ≈ 1 MeV), and it can lead to the
attenuation of astrophysical high-energy gamma rays through interactions with softer target photons. Although this process does not directly involve cosmic rays, it plays an important role both
in high-energy astrophysical sources as well as during the propagation of extragalactic gamma
rays, through interactions with the radiation backgrounds. At threshold, an infrared EBL photon will annihilate and pair-produce with a gamma ray of energy ε = 10 TeV(εEBL /0.1 eV)−1 ,
leading to the attenuation of the gamma-ray spectrum and the creation of an electromagnetic
cascade, redistributing the energy to lower frequencies.

3.2 Numerical implementation
This section starts by introducing some of the fundamental equations used in describing the
interactions and propagation of UHECR spectra. Following, an overview of some numerical
codes for simulating these interactions in astrophysics is presented, which are the codes used
later in this thesis to test the new nuclear models.

3.2.1 Basic mathematical description of radiative processes in astrophysics
Establishing the connections between all messengers in multimessenger astrophysics requires in
general integrating a system of first-order partial differential equations (PDEs). Each equation
in the system corresponds to a particle species and relates the energy distribution of the particle
density to the interaction terms which cause it to change in time. This includes terms for the
cooling (i.e. energy losses) suffered through interactions (see previous section) as well as other
processes that can remove particles from the system, such as decays and the physical escape
from a source, add new particles into the system, such as the injection of freshly accelerated
particles from an adjacent acceleration region, and transform particles into other particles of
different species, such as through photodisintegration, which effectively removes a nucleus from
the system and replaces it with a set of lighter isotopes and nucleons. A general form of these
equations is:

∑
∂
∂
Ni (E, t) =
(b(E)Ni (E, t)) + Qext
Qj→i (Nj (E, t)),
i (E, t) − Γi Ni (E) +
∂t
∂E
j

36

(3.15)

3.2 Numerical implementation
where Ni is the number density of particle species i per unit of energy and volume.
The term

∂
∂E

(b(E)Ni (E, t)) describes the processes that lead to the energy redistribution of

the spectrum Ni (E, t) and can in the most general case contain acceleration (energy gain) and
cooling (energy loss) terms. In the numerical frameworks that will be used in this work, the
acceleration process will not be simulated explicitly, and thus only loss terms are included in
b(E). The cooling terms account for energy losses such as synchrotron, pair production, etc. ,
which were introduced in the previous section. Assuming the the magnetic field and the target
photon field nγ are stationary, this loss term is constant in time. The second term, Qext
i (E, t),
represents the injection rate of particles of species i from external sources, for example an
acceleration region. The remaining two terms are concerned with the removal and re-injection
of particles due to interactions with target photons. The improvements proposed in this thesis
will affect the latter terms and in the following the expression to compute them from the cross
sections are discussed.
The term Γi Ni (E) denotes the reduction of particles from the system due to inelastic interactions. Γi is the total inelastic interaction rate of particle i and it is related to the total inelastic
cross section σi (εr ) by

∫

Γi (Ei ) =

dε

′

∫ +1

d(cos θ)
−1

1 − cos θ
nγ (ε′ , cos θ) σi (ϵr ),
2

(3.16)

where ϵr is given by Eq. 3.9 and nγ (ε′ , cos θ) gives the target photon density spectrum as a
function of the photon energy ε′ and the pitch angle θ. These quantities refer to the source
rest frame (SRF), where the cosmic ray has been accelerated to a relativistic energy. The cross
section is a function of the photon energy in the cosmic ray’s rest frame ϵr .
In the case where unstable nuclides are explicitly included in the simulation (see discussion
on nuclear decays in Section 3.1.1), an additional sink term needs to be included to account for
this process. The corresponding rate for Γdecay
= mi /(Ei τ0i ) where the proper mean lifetime
i
τ0i refers to the nucleus rest frame and the boost into the SRF is accounted for by the Lorentz
factor γi = Ei /mi . Another process that can contribute to this type of term is the escape of
the particles from the source, corresponding to to an additional sink term with rate Γesc . The
form of Γesc depends on the mechanism by which particles are assumed to escape the source
(cf. e.g. Rodrigues et al., 2018, who discuss the effect of different escape assumptions on the
cosmic ray and neutrino emission from AGN jets using the NeuCosmA code, see Section 4.1).
The lat term in Eq. 3.15, Qj→i (Nj (E, t)), reflects the injection of particles that are produced in
certain interaction processes, where the index j indicates the particle species that participated
in the interaction. This includes for example the injection of neutrons and pions from π +
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photoproduction off protons, or the injection of secondary nuclei after photodisintegration of
the mother nucleus. This term depends on the production rate of the given interaction:

∫ ∞

dEj

Qj→i (Nj (Ei )) =
Ei

dΓj→i
(Ej , Ei ) ,
dEi

(3.17)

where the production interaction rate dΓj→i /dEi (Ej , Ei ) is differentiated over the energy of the
produced particle. This differentiation is necessary especially where the production of particles
has a broad spectrum in energy or when the production cross section has a broad dependence
on the emission angle. Expressing the production cross section as a differential function of the
outgoing particle dσi→j /dEi (Ei , Ej ) the production interaction is (similar to Eq. 3.16):
dΓj→i
(Ej , Ei ) =
dEi

∫ +1

∫

d(cos θ)

dε
−1

1 − cos θ
dσj→i
(Ej , Ei , εr ) .
nγ (ε, cos θ)
2
dEi

(3.18)

There are two distinct cases for the energy distribution of outgoing particles in this framework.
The boost conservation case applies to products whose energy distribution in the SRF is
narrow and can be described by a delta function. This is the case when the energy involved
in the interaction is small compared to the mass of the products in the cosmic ray rest frame.
Namely, the mass of nuclear fragments emitted through photodisintegration, ∼ A GeV, is large
compared to the photon energy in the nucleus rest frame, which reaches at most a few GeV. In
such case the energy fraction taken by the products approximates the ratio of their masses, and
the distribution can be described by a delta function:
(

bc
dσj→i
/dEi (Ei , Ej , εr )

)

mi
= σj→i (εr )δ Ei −
Ej .
mj

(3.19)

The broad distribution case applies to products whose distribution in energy cannot be
reduced to a narrow function. This is the case for particles whose mass is much lower or
comparable to the energy involved (photons, neutrinos, electrons, pions, etc. and also protons).
For these particles the energy boost is strongly affected by the emission angle, resulting in a
broad distribution in the SRF.
bd
dσj→i
/dEi (Ei , Ej , εr ) = σj→i (εr )χ(Ei /Ej ),

(3.20)

where χ is the energy distribution function of the products in the SRF. For Lorentz factors
sufficiently high (UHECR energy Ei > 106 GeV), this distribution only depends on the energy
ratio between the original cosmic ray i and the product j.
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3.2 Numerical implementation
Codes and implementation of photonuclear interactions
The equations and relations presented in the previous section represent the most general form.
Different numerical codes exist that solve these equations employing different implementations
in congruence with the physical scenario studied. The numerical codes employed in this work
are introduced in the respective chapters discussing their use and results. The implementations
in general involve producing interaction tables, which are often precomputed to speed up the
computations. The precomputed quantities involve the angle averaged cross sections, which can
be used to compute the interaction rates once the target photon spectrum is known (given the
astrophysical scenario). In the case of extragalactic UHECR propagation, the target photons
are the cosmological radiation backgrounds which depend on the redshift only in the norm of
the spectrum (in the case of the EBL, a model must be assumed, e.g. Dominguez et al., 2011,
Gilmore et al., 2012). Hence the precomputed interaction tables can include the photon spectra
and the scaling with redshift may be applied during simulation time. The interaction models
developed in this thesis have been made available to these codes, including software tools that
allow future implementations additional codes and related numerical computations.
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Chapter 4
A new improved model of nuclear photomeson
interactions
The detection astrophysical neutrinos at very high energies indicates that photomeson interactions occur in the sources of UHECRs. These neutrinos result in decays of mesons which are
produced by UHECRs interactions with surrounding photon fields. While this process is well
understood for UHECR protons, this is not the case for nuclei.
This chapter introduces an improved model for the photomeson production off nuclei and
compares it to the widespread “Single Particle Model”. The improvements involve modifications
relevant for the astrophysical processes: improved cross section descriptions driven by data, and
empirical approaches to describe the fragmentation of the nucleus. The impact of these modifications is illustrated in astrophysical simulations of Gamma-Ray Bursts (GRBs) and Tidal
Disruption Events (TDEs). The paper is organized as follows: Section 4.1 discusses the physical differences between photon interactions with nucleons and with nuclei, and the quantities and
nomenclature related to multimessenger astroparticle physics. Section 4.2 presents the ingredients of the new photomeson model,referred to by Empirical Model (EM). The EM is contrasted
with a different alternative previously proposed, and not implemented before in the literature,
referred to as Residual Decay Model (RDM). The EM is found in better agreement with the
experimental data available. Section 4.3 illustrates the impact of the model in astrophysical
source simulations in which the photomeson model is relevant.
The content of this chapter has been published by Morejon et al. (2019a). The models and the
tools to reproduce the results have been made available to the community by Morejon (2019b).

4.1 Astrophysical photohadronic interactions: pγ vs Aγ
The photomeson interactions of nuclei resemble at first glance interactions of individual nucleons
non-interacting nucleons. Therefore it is instructive to first discuss the photomeson production
in the absence of collective effects, i.e.

in interactions of photons with free nucleons, which

have been extensively studied experimentally and theoretically (Ho ohler et al., 1965, Feynman,
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Figure 4.1: The cross section for inelastic scattering of photons by protons as a function of
photon energy in the proton rest frame ϵr . The curves correspond to the theoretical
estimates of different processes. The measurements of the total cross section are
by Bloom (1969), Caldwell et al. (1970, 1979). Figure taken from Morejon et al.
(2019a).

1972). The proton and neutron cross sections are different below ∼ 140 MeV, since for protons
Thomson scattering and pair-production are possible, whereas only the much weaker magnetic
moment scattering occurs for the neutron (Gould, 1993). However they are very similar above the
photopion production threshold energy 140 MeV. The production of pions at threshold occurs
through the excitation of the lightest baryonic resonance (∆) in resonant (s-channel) scattering.
This process has no counterpart in pp scattering since there are no known di-baryon resonant
states, and hence no s-channel equivalent. Instead, mesons are produced through t-channel
processes at sufficiently large momentum transfer. Above the pion threshold more channels are
available for the production of higher mass resonances and there are small differences between
proton and neutron cross sections (see Figure 4.1). At high energies above a few GeV, the photon
interacts mostly as a virtual vector meson (see for instance (Engel, 1995)) and all phenomena
of hadronic interactions can occur.
In the nuclear rest frame the photon energy ϵr and the cross section are similar to the case of
a nucleon with the same Lorentz boost. Given the energy of the relativistic nucleus E and the
photon energy ε in the observer’s or (cosmological) comoving frame, ϵr = E ε (1 − cos θ)/mj ,
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where the pitch angle θ is the angle between incident photon and nucleus such that cos θ = −1
represents head-on collisions. ϵr is related to the center-of-mass energy by s = m2j + 2mj ϵr
where mj is the mass of the nucleus. The photonuclear interaction rate and the interaction
cross section σ are related as Eq. 3.16 and is expressed in units of inverse length. Depending
on the type of source or environment, the photon spectrum can extend from sub-eV up to TeV
energies, and its shape can contain peaked (thermal) or power-law (non-thermal) components.

Figure 4.2: The total inelastic photonuclear cross section for 56 Fe as a function of photon energy
in the nucleus’ rest frame illustrates the general shape for nuclei. The convention of
distinguishing two regions based on the photon energy is represented with a change
of the color. The photodisintegration portion (in blue) refers to photon energies ϵr
below the photopion production threshold (∼ 14 MeV), and the photomeson portion
(in orange) refers to photon energies above the photopion production threshold.
Figure taken from Morejon et al. (2019a).
The shape of a typical photonuclear cross section is illustrated in Figure 4.2 for

56 Fe.

The

energy range is split in two energy regimes. The photodisintegration regime is characterized
by the absence of hadron production and negligible momentum transfer to recoils compared
to typical cosmic ray energies (boost conservation). A more detailed discussion about the role
of photodisintegration for cosmic ray astrophysics is contained in e.g. (Boncioli et al., 2017,
Alves Batista et al., 2015, 2019b). The photomeson regime leads to the production of predominantly pions, but also other mesons are possible given the photon energy exceeds the production
threshold. Here, the momentum transfer can be significant compared to the mass of the mesons.
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The energy behavior of the cross section is similar, for example the resonance has the same
position, however, the nucleon resonance are in general broader and less resolved in nuclei.
Based on these similarities, the simplest form of photomeson description for nuclei assumes
the individual nucleon interactions with the photon disregarding the remainder of the nucleus.
The final state particles are the products of the γN interaction and one remnant nucleus with
A − 1 nucleons. The inelastic cross section is thus computed scaling with the nuclear mass
A, i.e.

incl /dE = A dσ incl /dE . This model has been used
σAγ = Aσpγ , implying that dσj→i
i
j
i
N →i

commonly in the cosmic ray astrophysics literature (Kampert et al., 2013, Hummer et al., 2010)
and it will be referred here as Single Particle Model (SPM). Section 4.2 discusses the limitations
of the SPM an the context of experimental observations.

Implementation of photomeson interactions in NeuCosmA
The photomeson interactions are included astrophysical simulations by means of cross sections
for the interaction and production of pions. The transport equations Eq. 3.15 contain the reinjection terms that describe the production rate of secondaries of type i by species j at energies
Ei < Ej . These processes remove density from species j corresponding to interactions and/or
decay processes. The re-injection rate (Eq. 3.17) is the product of the parent particle density
Nj and the interaction rate for producing species i. The interaction rate Eq. 3.18 contains
incl for
the dependency on the inclusive cross section (production cross section labeled here σj→i
incl /dE (E , E ) we define the
clarity). By integrating the inclusive differential cross section dσj→i
i
j
i

multiplicity as
Mj→i (Ej ) =

1
σj (Ej )

∫

dEi

incl
dσj→i
(Ej , Ei ) ,
dEi

(4.1)

which has the meaning of the average number of particles of species i produced per interaction.
In the boost conservation scenario, the inclusive cross section takes the simple form
incl
dσj→i
Ai
(Ej , Ei ) ≈ σj (Ej )Mj→i (Ej ) δ Ei −
Ej .
dEi
Aj

(

)

(4.2)

For species i other than the remnant nucleus (such as π ± , π 0 , secondary p, n and higher mass
hadrons), the redistribution function does not have a simple parametrization and needs to be
obtained from simulations with Monte Carlo codes like Sophia .
The code employed here is NeuCosmA (Hummer et al., 2010, Baerwald et al., 2013) which
is a software to calculate the photohadronic interactions of cosmic rays with photon fields in
astrophysical sources. It has been successfully used previously to study different source classes
expected to accelerate UHECRs, such as GRBs (Biehl et al., 2018b) and AGN jets (Rodrigues
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et al., 2018). It solves the system of equations Eq. 3.15 using the time-dependent Crank-Nicolson
solver (Crank and Nicolson, 1996), which calculates the particle density spectra iteratively, which
means that at a given time step tn the calculated densities depend on the state of the system in
the previous time step tn−1 , i.e. Nin = Nin (nγ , Nit=n−1 , Njt=n−1 ), where j represents the indices
of all the species that are coupled to species i through a term like that shown in Eq. 3.17.
In NeuCosmA , the photon density spectrum nγ is not self-consistently generated by the
interactions, but is instead input by the user. For instance, a density spectrum in the source
can be estimated based on multi-wavelength observations of that source.
Nuclear interactions are implemented by providing tabulated response functions which are
read by NeuCosmA during runtime. These response functions encode the cross sections for the
interactions and include the pitch-angle averaging under the assumption of an isotropic target
photon field.
The response function f (y) describes the total inelastic interactions as a function of angleaveraged photon energy y ≡ Ei ε/mi . It results from the angle integration in Eq. 3.16 excluding
the photon density (assuming the photon field has no dependence on the pitch angle):

1
fi (y) =
2y

∫ 2y

dεr εr σi (εr ).

(4.3)

0

The response functions for particle production are computed for the case with boost conservation and for the case of broad distribution differently since the cross sections will be
different. In the first case it is completely analogous to Eq. 4.3 but using the production cross
section in Eq. 3.20:
gj→i (y) =

1
2y

∫ 2y

dεr εr σj→i (εr ).

(4.4)

0

In the second case, the production cross section has a differential form and so does the response
function:
1
hj→i (Ei , Ej , y) =
2y

∫ 2y

dεr εr
0

dσj→i
(Ei , Ej , εr ).
dEi

(4.5)

45

Chapter 4 A new improved model of nuclear photomeson interactions
With these response functions the form of the rates in Eqs. 3.16-3.18 is reduced to
∫

Γi (Ei ) =

dε nγ (ε) fi (y),

(4.6)

dε nγ (ε) gj→i (y),

(4.7)

dε nγ (ε) hj→i (Ej , Ei , y).

(4.8)

∫

Γj→i (Ei ) =
dΓj→i
(Ej , Ei ) =
dEi

∫

For the extreme relativistic energies of UHECRs, distribution of products only depend on the
ratio of energies x = Ei /Ej (Feynman approximation). For the implementation it is therefore
practical to tabulate the inclusive cross section dσi→j /dx(x, εr ) as a function of x. We omit this
substitution here for clarity.
Finally, given the density spectra of hadronic species at a given time step, NeuCosmA can
compute the spectrum of secondaries emitted by that distribution through photo-meson production. This includes pions and kaons, the muons that are produced from their decay, and
finally the spectra of muon- and electron neutrinos emitted through the decay of all these secondaries (Eq. 3.10). Electron (anti)neutrinos from β ± decays are also taken into account, thus
providing an estimate of the total neutrino flux emitted by the source as a consequence of all
the photo-interactions.

4.2 A new model: Empirical photomeson Model (EM)
Extract parameters of the spline interpolations and report them here.

We improve the SPM

in three main aspects:
1. The absorption cross section: A “universal function” better describes the shape of the
cross section per nucleon the near the ∆ resonance energy. At higher energies an energy
dependent mass scaling exponent is introduced to account for nuclear shadowing effects.
Both modifications are motivated and derived from data.
2. The pion production cross section: Pion production is known to be strongly influenced
by nuclear medium effects (Nagl et al., 1991, Bloch et al., 2007). The inclusive pion
production cross section is derived from data (Krusche et al., 2004a) for different nuclei
and parameterized with an additional curve and a mass scaling exponent that differs the
absorption cross section.
3. Nuclear fragmentation: The photonuclear interactions can result in nuclear breakup
through different mechanisms not included in the SPM. We implement two alternatives:
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an Ablation-Abrasion inspired model and an empirical data-driven parametrization. The
latter is found in better agreement with detailed simulations and is chosen as our baseline
model.
In the following sub-sections, each of the aspects is addressed. The implementation of the
model is available to the community (Morejon, 2019b) for reproduction of the following figures
and implementation in other works.
XX
XXX

Features

Models
XXX

XXX

Single Particle
Model (SPM)

Residual Decay
Model (RDM)

Empirical
Model (EM)

Schematics
of
physical process

σAγ

ϵr < 1 GeV

Aα σuniv , α = 1

Sophia
A σpγ

Aα σuniv , α = α(ϵr )

ϵr > 1 GeV

incl
σAγ→X

Fragments
produced

n/p and A − 1

n/p and
disintegration
products at E ∗

Fragment‘s
multiplicity

Always 1 (for any
fragment produced)

Combination of
disintegration model
and Sophia

incl
σAγ→π

incl, Sophia
A σpγ→π

Afr ∈ [1 − 4,
A/2...A − 1]
(see Appendix 4.2.3)
Empirical formulas
and nuclear
thermostatistics
(see Appendix 4.2.3)
Aαπ σπincl
(see Appendix 4.2.2)

Table 4.1: Comparison of photomeson models and schematics of the related physical picture.
The nuclei and nuclear fragments are represented as collections of circles (nucleons)
with color related their role in the interaction (and fraction of the photon energy they
receive): blue, spectator nucleons (no extra energy received, boost conservation); purple, non-active participants (some extra energy received); and orange, active participants (receive most of the energy, direct interaction). Green smaller circles represent
pions. Table and diagrams taken from Morejon et al. (2019a).
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4.2.1 Total photonuclear cross section

Figure 4.3: The inelastic photonuclear cross section divided by A as a function of photon energy
in the nucleus’ rest frame. Data points from a broad range of nuclei with masses
A = 7 − 208 show a universal behavior at low energies and a mass dependence
at higher energies. The red curve is the 56 Fe cross section as implemented in the
EM, and illustrates the typical shape in the model. The gray curve correspond
to the SPM, common to all nuclei and identical to the photo-nucleon cross section
SPM /A = σ
α
σAγ
N γ . The EM cross section has a mass scaling with A energy for ϵr >
1 GeV (see Eq. 4.9). The dependence α(ϵr ) (yellow curve in the insert plot) is a linear
function fitted to data (confidence band shown as gray area). The extrapolation
to lower energies is a sigmoid which takes the low energy value αlow = 1. The
extrapolation to higher energies is a sigmoid which tends to the theoretical limit
αlim = 2/3). The hashed region represents the variation of the cross section per
EM /A = Aα−1 σ
nucleon in EM (σAγ
N γ ) for the mass for the mass range A = 4 − 56.
Figure taken from Morejon et al. (2019a).
As discussed in Section 4.1, the nuclear environment (also referred to as “medium effects”)
changes the physics above the pion threshold energies compared to the free nucleon case. Figure 4.3 shows the inelastic cross section divided by A as a function of energy. The curves
corresponding to protons (SPM curve) and to

56 Fe

(EM curve) are compared to photonuclear

data compiled from experiments with various target nuclei (Bianchi et al., 1996, MacCormick
et al., 1997, Caldwell et al., 1979). At ϵr ≲ 1 GeV, the green circles correspond to light nuclei
(A = 2 − 4) and the blue circles to A = 7 − 208. Within the errors of the data, a scaling with A
appears justified. However, the shape of the curve is different compared to σpγ , with only one
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pronounced resonance peak in place of the P33 (1232) resonance (∆-resonance), being 20% wider
at half height and 30% lower at the peak. The widening has been explained with the Delta-hole
model (Koch et al., 1984), where medium effects are taken into account by including the Fermi
motion of nucleons, the Pauli blocking restricting decay channels and the ∆-N interactions. The
nucleon resonances at energies beyond 500 MeV are not visible even for small masses such as Be
and C (Bianchi et al., 1993, Anghinolfi et al., 1993).
For ϵr ≳ 1 GeV the photonuclear cross section per nucleon is reduced due to the shadowing
effect. This reduction is dependent on the nuclear mass, and has been successfully understood
within the Vector Meson Dominance model (VMD), which describes the photon’s wave function
as a superposition of mesonic states (ρ, ω, φ) (Weise, 1974, Bianchi et al., 1999, Schildknecht,
2006) that interact hadronically with the nucleus. At higher energies, where the photon can
resolve the partons in the nucleus, the parton distribution function is predicted to be high
enough that the nucleus becomes opaque to photons, leading to a theoretical limit similar to
that of hadron-nucleus interactions αlim = 2/3 (Kaidalov, 2002). The mass scaling is typically
parametrized in the literature as a power of the nuclear mass:
σAγ (ϵr ) = Aeff (ϵr ) σpγ (ϵr ) = Aα(ϵr ) σpγ (ϵr ).

(4.9)

In the EM the cross section is parametrized parametrization with the following additional elements:
• For ϵr < 1 GeV a “universal curve” (spline fit of data points in Figure 4.2) scaled by A
(α = 1) is used. This reflects the universal shape of the cross section per nucleon exhibited
by nuclei of a wide range of masses.
• For ϵr ≥ 1 GeV the photo-nucleon cross section is calculated with Sophia , scaled by
an energy dependent exponent Aeff = Aα(ϵr ) . The energy dependence of the exponent is
shown in the insert of Figure 4.2.
The data provided by Caldwell et al. (1979) are provided as fA (ϵr ) = Aeff (ϵr )/A for different
nuclei (C, Cu, and Pb). Considering the parametrization with mass in Eq. 4.9, the exponent
values α are calculated from the data using α(ϵr ) = 1 + ln fA (ϵr )/ ln A (purple points in the
insert of Figure 4.3). A linear fit was performed to find the energy dependence, and extrapolated
towards the shadowing limit αlim = 2/3 for high energies (yellow curve in insert). The shaded
area contains the 95% confidence interval of the fit in the region where data are available, and
has also been extrapolated to higher energies: the upper band with a constant value, the lower
band with a transition towards αlim = 2/3 (Figure 4.3).
The mass scaling dependence with energy introduced in th EM at higher energies results in an
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A-dependence of the cross section per nucleon σAγ /A. The hashed region in Figure 4.3 represents
this mass dependence for the range of masses A = 4 − 56, where the upper line corresponds to
the smaller mass and the lower to the larger mass.

4.2.2 Photoproduction of pions off nuclei

Figure 4.4: The figure shows the inclusive π 0 photoproduction cross section data compared to
different parametrizations. On the left, the cross sections are divided by A2/3 as a
function of the photon energy, and the data points are taken from Fig. 9 by Krusche
et al. (2004a). The overall shape is similar for nuclei with different masses, and
it is represented with a unique curve (solid black, spline interpolation of the data)
which is implemented in the EM. On the right, the data and EM inclusive pion
photoproduction off 40 Ca are shown with other parametrizations. The SPM curve
with A2/3 scaling (dashed blue) is too low, and with A scaling (dot-dashed red) leads
to overproduction. The total cross section per nucleon (universal curve σuniv ) scaled
Sophia is also not suitable to describe the
by the pion multiplicity (dotted orange) Mpγ→π
0
data. Figure taken from Morejon et al. (2019a).
The photoproduction of pions off nuclei is very sensitive to nuclear medium effects near threshold energies (Nagl et al., 1991). The interaction of the photon can occur via a “quasi-free”
process, where one nucleon and the pions produced are ejected while the rest of the nucleus
is unaffected. However, the pion(s) produced inside the nucleus interact with the surrounding
nucleons with a strong dependence on their kinetic energy. Pions interact weakly with nucleons
inside the nucleus for kinetic energies below ∼ 40 MeV, and exhibit a resonance around kinetic
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energies 50 − 100 MeV which depends on the nuclear mass (Lee and Redwine, 2002). This effect
is also evidenced in the photoproduction of pion pairs (Krusche, 2011), where the mass scaling
of the cross section decreases from A to A2/3 as the photon energy becomes large enough to
produce pions with kinetic energies above ∼ 40 MeV. An effective description for the mass scaling (Krusche et al., 2004b) can be achieved by separating “surface” and “volume” contributions,
but such a description is hard to generalize for a broad range of nuclear masses.
Pion photoproduction off nuclei can be calculated with existing codes using Monte Carlo techniques in a cascade scenario (CRISP (Deppman et al., 2004)), or in terms of transport equations
(GiBUU (Buss et al., 2012)). These simulations can be set up to have a good overall agreement
with data. However, a general table for a wide range of nuclear species is computationally expensive and at the same time, the details of pion emission from each species are usually less
important in astrophysical simulations compared to the uncertainties of nuclear composition.
To keep the EM description of the pion photoproduction off nuclei as simple as in the SPM,
the same shape for the inclusive cross section is used for all nuclei with a mass dependence and
scaling coefficient απ (ϵr ).
Figure 4.4 (left) shows the inclusive π 0 photoproduction as a function of incident photon energy
ϵr for energies below ∼ 1 GeV. The data were measured for different nuclei and normalized to
A2/3 (values reproduced from Fig. 9 by Krusche et al. (2004a)). The similarities in the curves
point to a dominating “surface”-like mass scaling (A2/3 ) rather than a ‘volume”-like mass scaling
(A). The systematic differences between the different curves are due to second order processes
which scale with volume like multi-pions produced at low kinetic energies (Krusche et al., 2004b).
The data have been fit with a spline (black solid curve), which represents the inclusive pion
production cross section fit to all nuclear masses assuming a scaling with A2/3 . Figure 4.4
(right) compares the

40 Ca

pion production cross section with different parametrizations. The

SPM curve with A scaling (dot-dashed red line) predicts on average more than twice the number
of pions compared to data (blue squares), whereas when using A2/3 scaling (dashed blue) it leads
to less than half. The total cross section per nucleon (universal curve σuniv ) scaled by the pion
Sophia and a A2/3 mass scaling (dotted orange) underestimates data,
multiplicity per nucleon Mpγ→π
0

as well. The spline fit to all available data in Figure 4.4 (left) scaled by A2/3 describes the pion
production sufficiently well.
At higher energies heavier mesons start playing a role in the final states, affecting the simplified
scaling assumption. For example, studies of photoproduction of η mesons up to 2 GeV (Mertens
et al., 2008) find consistency with a A2/3 scaling when the η is produced with kinetic energies
sufficiently above threshold, demonstrating strong absorption through FSI. These type of effects
are currently studied but the theoretical description is not yet complete (Dieterle et al., 2015, The
A2 Collaboration, 2016). However, as the photon energy increases such effects are less important,
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and have been shown to become irrelevant for photon energies beyond 50 GeV (Bianchi et al.,
1999) where the production of pions is consistent with A scaling.
Our inclusive description with a mass scaling coefficient does not capture the complexity of
the exclusive final states. Hence, our model follows the available data that suggests a A2/3
scaling near threshold with a common curve for all species of nuclei, and is extended to higher
energies by allowing the exponent to increase towards the limit value 1.
The pion photoproduction off nuclei in the EM is, therefore, parametrized as Aαπ(ϵr ) σπincl
where σπincl (ϵr ) is an inclusive cross section for π + , π − and π 0 production, as described below.
Below 1 GeV σπincl (ϵr ) is derived from data: the form of σπincl
is obtained by fitting a spline to
0
the experimental values (black curve in Figure 4.4). For charged pions, their multiplicities are
adjusted proportional to the production ratio off nucleons as taken from Sophia :
σπincl
± (ϵr )

=

Sophia
MN
γ→π ± (ϵr )
Sophia (ϵ )
MN
γ→π 0 r

σπincl
0 (ϵr ) .

(4.10)

Above 1 GeV the EM curve is extended as in the SPM but with a smooth transition from
A2/3

scaling to A scaling with photon energy (see Figure 4.5) at around 50 GeV:

incl
σAγ→π
= Aαπ (ϵr ) σπincl =

⎧
⎨Aαπ (ϵr ) σ Sophia

for 1 GeV < ϵr < 50 GeV

⎩Aσ Sophia

for ϵr > 50 GeV

N γ→π

N γ→π

,

(4.11)

satisfying also the relations in Eq. 4.10.
As demonstrated in Figure 4.5 the energy dependence of the pion scaling exponent απ (ϵr )
is derived from experimental data (Airapetian et al. and The HERMES Collaboration, 2001,
Airapetian et al., 2003, 2007). The data has been obtained in deep inelastic scattering experiments measuring the semi-inclusive hadron production from the interaction of virtual photons
with nuclei. The reported magnitude is the multiplicity ratio, which describes ratio of pion
production per nucleon in a nucleus X to that in Deuterium D (see Eq. 4.12).
π
RM
(ϵr )

=

( incl
σ

AX →π

) ( incl
σ

AX

/

AD →π

AD

)

.

(4.12)

It follows from Eq. 4.11 that the EM the multiplicity ratio is related to the photon energy nucleus
mass and the scaling exponent as:
π
RM
(ϵr ) =
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(

AX
AD

)απ (ϵr )−1

.

(4.13)
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Below 1 GeV, the scaling exponent is fixed to 2/3 as suggested by data in Figure 4.4. The
multiplicity ratio data, from different nuclear species, show a sharp increase of the scaling
exponent in the interval from 1 − 3 GeV. A spline fit to the entire energy range (dash-dotted
gray curve in Figure 4.5) underestimates data from 4 − 10 GeV. For this reason the model joins
the the two energy ranges below 3 and 4 − 22 GeV using a sigmoid function (dashed black line).
This curve applies to all pion species, since they are produced in equal amounts (Airapetian
et al., 2003).
The energy redistribution of pions (differential cross sections, see Eq. 3.20) used are those
sampled from Sophia for free nucleons, which means that any modification to the angular
distributions resulting from the nuclear medium is neglected.

Figure 4.5: Energy dependence of the scaling exponent in the EM parametrization of the pion
production inclusive cross section. The data values have been calculated from hadron
multiplicity ratios reported by Airapetian et al. and The HERMES Collaboration
(2001), Airapetian et al. (2003, 2007). The production of different pion species is
even (Airapetian et al. and The HERMES Collaboration, 2001, Airapetian et al.,
2003), therefore we use data from all of them to derive a unique απ (ϵr ). Figure taken
from Morejon et al. (2019a).
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4.2.3 Nuclear fragmentation
In the SPM a photonuclear interaction of a nucleus with mass A always results in the loss
of one nucleon per interaction. Hence, the final state always includes a remnant nucleus of
mass A − 1 that does not further disintegrate. In the photomeson regime nuclear breakup is
governed by several mechanisms that lead to a more complex final state, including the emission
of multiple nucleons, light fragments and a distribution of remnant nucleus masses. We consider
two physical approaches to model this effect:
Residual Decay Model (RDM): The initial photon-nucleon interaction is modeled in
the same way as in the SPM, assuming a quasi-free target nucleon. The motion of the nucleon
through the nuclear medium results in an average energy loss, proportional to the nuclear radius
(Abrasion-Ablation hypothesis). This energy left in the residual nucleus with mass A − 1 is an
excitation energy which can been estimated as ϵ∗ = 17 MeV(A − 1)1/3 (Rachen, 1996). The
subsequent de-excitation proceeds through a re-scattering, or an equivalent interaction a photon
with the energy ϵr = ϵ∗ with the remnant nucleus (A − 1). The typical energies for the range
of masses are close to the GDR regime, for which the multiplicity distributions for final state
particles have been obtained from a statistical, Hauser-Feshbach based model Talys (Koning
et al., 2005) that uses combinations different nuclear models to describe the disintegration.
These tabulated cross sections have been previously discussed by Boncioli et al. (2017). The
inclusive cross section in the RDM for producing the fragment k from the interacting species
j is calculated by normalizing the multiplicity of the fragments produced in the disintegration
model at ϵ∗ to the total cross section of the interacting species σj where δkN (1 if k is proton
or neutron and zero otherwise) accounts for the additional nucleon emitted in the first photon
interaction.
Empirical Model (EM): The photonuclear interaction is more complex, and often involves
multiple nucleons and intermediate fragments. The production of nuclear fragments is very
dependent on the absorption mechanism and the consequent energy transfer to the rest of
the nucleus (intra-nuclear cascade). The average production of masses can be modeled using
empirical formulas previously obtained by Terranova and Tavares (1994) and reproduced in Appendix A.1.1. The formulas estimate the average cross sections for producing certain fragments
in the energy range 0.2 ≲ ϵr ≲ 1 GeV. Employing those relations and additional considerations
from thermostatistics, the inclusive cross sections for a broad range of nuclear fragments have
been produced (see Appendix A.1.1). Schemes of the physical scenarios and a summary of the
components of these models are shown in the Tab. 4.2 in comparison with the SPM.
In Figure 4.6 a comparison between of the mass distribution of fragments is shown for two
interacting nuclei:
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Figure 4.6: The mass distribution of the daughter fragments for different interacting nuclei 14 N
(left) and 56 Fe (right). The multiplicity is the average number of particles produced
of certain species (see Eq. 4.1). The distribution corresponding to the Residual Decay
Model (green) is peaked as is characteristic of evaporation-dominated disintegration.
The distribution corresponding to the Empirical Model (blue) is more spread its
shape is in better agreement with that obtained in Fluka (Ferrari et al., 2005)
which is a detailed a Monte Carlo code based on data and theory (red outline). In
the SPM masses 1 and A − 1 (orange diamonds) are always produced from species
with mass A. Figure taken from Morejon et al. (2019a).

cross section of the interacting species j and the inclusive cross section for production of species
k:
Mj→k =

incl
σj→k
σj

(4.14)

which is equivalent to Eq. 4.1 and represents the mean number of particles of a certain species
produced per interaction. The species are grouped by mass and the multiplicity of the mass
group is the sum of the multiplicities of all species with the same mass. The EM values are shown
in solid blue, and the RDM in solid green. Additionally, the values obtained with Fluka (Ferrari
et al., 2005) are shown as reference. In Fluka , detailed Monte Carlo simulations are combined
with state of the art theory and nuclear data to obtain the photonuclear interaction and the
subsequent production of secondaries. The shape of the EM is in better overall agreement with
Fluka than the RDM. The implicit assumptions in the RDM are reflected in the narrower mass
distribution which is a typical shape produced in the disintegration at lower energies around the
GDR, where the disintegration model for the residual nucleus is sampled. Experimental results
for the disintegration at energies corresponding to the photomeson regime point to processes
like spallation and fission (di Napoli et al., 1976, 1978) (see Figure A.1) which are explicitly
simulated in Fluka whereas in EM the mass distribution is fixed for all species of the same
mass. Figure 4.7 shows a comparison of EM and Fluka to data by di Napoli and Terranova
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Figure 4.7: Comparison of the cross sections averaged over the range 0.3 − 1 obtained from
Fluka , the EM, and experimental data by di Napoli and Terranova (1974). EM
performs similar to Fluka . Note that both models are have not been specifically
optimized for these particular isotopes. Figure taken from Morejon et al. (2019a).
(1974) where the average production over photon energies 0.3 − 1 GeV is measured for multiple
nuclei. The corresponding values from the EM and Fluka are within a factor 1-3 of the
experimental values. For this case, the EM performs similarly to a more elaborate nuclear code.
The SPM can not be even compared in the same way, since it produces only one A − 1 fragment.
The differential cross sections (energy redistributions) of the fragments from the statistical
fragmentation in the RDM and EM follow the relation in Eq. 4.2 (boost conservation). The
redistribution for secondaries produced directly in the photon-nucleon interaction are sampled
from Sophia (see Eq. 3.20). A fully detailed description of the model’s implementation is located
in Appendix A.1.

4.3 Impact in astrophysical scenarios
The characteristics of our new model impacts the production of UHECRs and neutrinos, depending on the parameters of the sources. We show in the following two representative example
sources where the importance of the photomeson production have been already highlighted:
GRBs (Biehl et al., 2018a) and TDEs (Biehl et al., 2018c). The examples have been chosen such
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that photomeson processes dominate the disintegration at the highest energies.
GRBs are the most energetic electromagnetic outburst class. Shells of plasma emitted by the
central engine can create internal shocks that become acceleration sites for charged particles. The
interactions of those particles with the target photons in the so-called prompt phase can result
in the production of a significant number of neutrinos. As a consequence, GRBs are candidate
sources for UHECRs and neutrinos, although existing analyses already constrain some regions
of the parameter space for GRBs (Aartsen et al., 2017c) multimessenger models.
In this work we use an example by Biehl et al. (2018a), where the interactions in the source
are simulated with NeuCosmA in the context of a one-zone model, meaning that the collisions
of plasma shells cluster at the same collision radius R. Provided that baryons are present in
the source, the density of the radiation triggers a nuclear cascade in which nuclei lighter than
the primary are produced due to photodisintegration and photomeson production, impacting
the mass composition of in-source and ejected cosmic rays. In Biehl et al. (2018a), several
qualitative cases have been distinguished: for a high radiation density in the source, the nuclear
cascade strongly develops (“optically thick case”) and produces a high flux of nucleons, which
dominate the neutrino production. If the radiation density is low (“empty cascade”), the nuclear
cascade does not develop and the neutrino flux is dominated by photomeson production of the
primary nuclei. In the intermediate case (“populated cascade”), the nuclear cascade develops
and neutrinos are efficiently produced off primary and secondary nuclei. The different cases can
be quantitatively distinguished by the optical thickness to photohadronic interactions at the
highest energies.
These different cases relating the degree of disintegration to the multimessenger production as
introduced by Biehl et al. (2018a) for GRBs, can be applied to other source classes (Biehl et al.,
2018c). A special case are jetted Tidal Disruption Events (TDEs), which have been proposed
as possible UHECR sources (Farrar and Piran, 2014). In this scenario, a star is gravitationally
disrupted in the vicinity of a black hole by tidal forces, generating a jet in which a nuclear
cascade similar the GRB can develop.
Tab. 4.2 presents the source parameters for the models considered here. The luminosity L and
collision radius R define the photon energy density in the source, together with the Lorentz factor
of the shells G. The duration T can vary greatly among source classes, with consequences for
the detection capability of different experiments. The baryonic loading ξ is defined as the energy
injected as baryons over the energy injected in photons, and it is fixed to a reference value here.
The efficiency of the acceleration controls the maximum energy of acceleration. The spectrum
of the GRB is typically described by a broken power law with a spectral break at 1 keV in the
observer’s frame and spectral indices α = −2/3 (−1) and β = −2 below and above the break
energy for TDEs (GRBs), respectively. Although the photodisintegration through excitation
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Source

TDE (Biehl et al., 2018c)

GRB (Biehl et al., 2018a)

G = 10

G = 300

Redshift

z = 0.001

z=2

Duration

T = 106 s

T = 10 s

1047

Lγ = 1053 erg/s

Gamma factor

Luminosity

LX =

erg/s

Collision Radius

R = 109.6 km

R = 108.3 km

Injected isotope

14 N

56 Fe

η=1

η=1

Acceleration efficiency
Baryonic loading

ξ = 10
ε′X,br

Target photon spectrum
parameters in the shock
rest frame

ε′X,min
ε′X,max

= 1 keV
=

10−6 eV

= 300 keV

a = −2/3, b = −2

ξ = 10
ε′γ,br
ε′γ,min
ε′γ,max

= 1 keV
= 100 eV
= 300 keV

a = −1, b = −2

Table 4.2: The source parameters shown were taken from the references (Biehl et al., 2018a,c).
In the case of the GRB, the parameters for the Optically Thick scenario are shown;
the ones for the other scenarios (Empty Cascade and Populated Cascade) are identical except for their luminosities Lγ = 1049 erg/s and Lγ = 1051 erg/s, respectively.
Parameters critical for the photomeson processes dominating at the highest energies
are highlighted in boldface. Table taken from Morejon et al. (2019a).
of the GDR is the dominant process for UHECRs with respect to photomeson processes, the
interplay of the spectral index of the photons with the GDR and photomeson regimes may favor
the photomeson production at the highest energies, as for example in TDEs. The minimal cutoff
of the photon spectrum in the source can also drastically reduce the GDR interaction length, as
demonstrated already by Biehl et al. (2018a). The critical parameters influencing photomeson
production at the highest energies are marked in boldface in the table. These parameters are
especially important for the predictions of neutrino production.

4.3.1 TDE scenario
Let us focus on the TDE scenario first, see Figure 4.8. The slope of the photon spectrum at low
energies reduces the photodisintegration rate at high energies (high energy protons interact with
low energy photons), which means that the photomeson regime dominates the photohadronic
interactions at the highest energies – as it is shown in the upper left panel of Figure 4.8. Here
the impact of the cross section systematics is only significant beyond the maximal energy of the
cosmic rays, which can be estimated by balancing the acceleration rate with the sum of the
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Figure 4.8: Comparison of the results using the new Empirical Model (EM) (solid curves) with
the reference Single Particle Model (SPM) (dotted curves) in the TDE scenario from
Biehl et al. (2018c); shaded areas refer to uncertainty in the cross section extrapolation. The different panels show: the leading process rates for the injected 14 N
(upper left panel), the in source densities (upper right panel), the flux of neutrinos
grouped by origin (lower left panel), and the averaged ln A of the in-source spectra,
all as a function of the energy E in the observer’s frame. Figure taken from Morejon
et al. (2019a).
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energy losses (acceleration is possible only when losses are subdominant). In the upper right
panel, the effect of the lower cross section adopted in the EM with respect to the SPM is visible:
the injected primary nuclei (blue) is less depleted in the EM, therefore less energy is injected in
secondaries. On the other hand the the production of secondaries is distributed over a larger
range of masses (see Figure 4.6) and the average mass of the secondaries is smaller than in the
SPM, which implies a more efficient disintegration. The increase in the nucleons densities is the
result of this more efficient disintegration of all the secondaries produced.
The neutrino production (see lower left panel) is mostly affected by the cross section scaling
of the pion production; the heavier the primary, the larger the difference between the models.
It is noteworthy that the SPM changes the qualitative observation that the neutrino production
would be dominated by interactions of nuclei: In the EM, both contributions are similar in
magnitude but nuclei dominate slightly at the highest energies. Overall the neutrino flux is
depleted by a factor of 1.5 if the EM is used with respect to the SPM. The effect of the
disintegration channels is appreciable in the < ln A > where the EM leads to a smaller cascade
mass (lower right panel). This happens mainly at the intermediate energies range because of the
conservation of the Lorentz factor of the nuclei in the photodisintegration process, and because
the secondaries are produced at lower energies in proportion to their mass ratio to progenitor
species (due to boost conservation). At the highest energies, where the primary nuclei density
dominates, the composition is slightly heavier than in SPM due to the reduced interaction.

4.3.2 GRB scenario
For the GRB example, we follow (Biehl et al., 2018a). The luminosity and the collision radius
reported in Tab. 4.2 correspond to a high radiation density, and the neutrinos are mainly given
by the secondary nucleons produced in the nuclear cascade. In particular, we use the assumptions of Appendix B by Biehl et al. (2018a) for the photon spectrum of the source, in which a
higher low-energy cutoff of the photon spectrum is investigated resulting in an suppression of
photodisintegration rate with respect to the photomeson rate. The upper left panel of Figure 4.9
demonstrates how the changes in the cross section affect the interaction rates at energies above
the maximum energy of acceleration, which means that the effects on the energy densities (upper
right panel) are dominated by the redistribution channels of the secondaries. The impact on the
more efficient nuclear disintegration (through a larger number of open channels) is also visible
in the ⟨ln A⟩ behavior (bottom right) which overall exhibits a lighter composition, reaching up
to three times lower value compared to the SPM. The neutrino production (bottom left) is again
dominated by the pion production scaling used in EM (A2/3 ) in contrast with SPM scaling (A),
and the effect is large because of the heavier primary mass compared to the TDE example.
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Figure 4.9: Similar to Figure 4.8, but for the GRB scenario with parameters shown in Tab. 4.2
by Biehl et al. (2018a), for the injected 56 Fe. Figure taken from Morejon et al.
(2019a).

Figure 4.10 shows the impact of the change of the photomeson model in the neutrino fluxes,
corresponding to different GRB luminosities identified with different nuclear cascade regimes.
Note that, compared to the main text of (Biehl et al., 2018a), here the low energy photon cutoff
has been applied to all examples. The largest differences are visible in the low and intermediate
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Figure 4.10: Neutrino production corresponding to different GRB luminosities and to SPM (dotted curves) and EM models (solid curves) for photomeson process. Figure taken
from Morejon et al. (2019a).
luminosities, for which the neutrinos are mainly produced off (primary and secondary) nuclei.
In the populated-cascade scenario (center), the smaller neutrino yields from the intermediate
nuclei in the EM, change the leading production channel of the neutrinos. When using SPM in
this intermediate case, the neutrino emission from secondary nuclei dominates the flux, whereas
for the EM the contribution from nucleons is comparable to that from secondary nuclei.

4.4 Conclusions
A commonly adopted approach in the literature regarding photomeson interactions of UHECR
nuclei (Single Particle Model, SPM) has been revised. Disagreements were found between the
model results and experimentally obtained data. An improved photomeson model was introduced (dubbed Empirical Model, EM) that better models the interactions and has similar ease
of use as the SPM. The impact of the EM was studied in astrophysical scenarios in which the
photomeson processes are known to dominate at the highest energies (certain classes of GRBs
and TDEs).
The SPM treatment views the nucleus as superposition of nucleons. The total inelastic cross
section is assumed to scale with A or A2/3 . The disagreements of this model with available data
have been presented. The EM improves on the SPM by using: a data-driven parametrization for
the total inelastic cross section at low energies and a mass number scaling consistent with data
and theory for high energies; a data-driven parametrization of the pion photoproduction cross
section resulting in a A2/3 scaling at the lower energies that accounts for nuclear medium effects
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and final state interactions; a nuclear breakup model for the remnant nucleus based on existing
empirical formulae for partial photo-emission mechanisms, resulting in a better agreement with
distributions obtained from Monte-Carlo simulations, such as Fluka .
These modifications affect the photomeson interactions off nuclei in astrophysical environments, and we used two examples from the literature in which the photomeson regime is known
to dominate the nuclear interactions at the highest energies. The GRB example resembles an
effect from synchrotron self-absorption in which low energy target photons are suppressed that
would otherwise disintegrate the UHECRs via Giant Dipole Resonance excitation. The TDE
example has a broken power law target photon spectrum with a hard enough (low) power law
index such that the photomeson production dominates at the highest energies. The EM affects
the nuclear cascade in the source resulting in an ejected UHECR composition that is up to three
times lighter, and a reduction of the neutrino flux by up to 50%. This is a result of the additional
production channels included which disintegrate nuclei faster per interaction compared to the
SPM. The EM impact on the neutrino flux stronger (in contrast to SPM) because it depends
on the mass of the isotope(s) due to the different scaling. This implies that neutrino emission
becomes more sensitive to the choice of the injection composition into an internal-shock GRB
model and the degree of the nuclear cascade. For high radiation densities in the optically thick
case, neutrino production is dominated by nucleon interactions, and hence the impact from the
new model is low. Consequently, the strongest effects will occur for the populated and empty
nuclear cascade cases with heavy injection isotopes, which, however, have a smaller neutrino
production efficiency compared to cases in which the cascade develops fully. The impact on the
UHECRs is smaller and only expected in environments where the photomeson regime dominates
the nuclear disintegration. A prominent counter-example is, for instance, cosmic ray transport
in the extragalactic space. In such scenario the main interaction process is the photodisintegration via interactions with the CMB and the photomeson interactions are much reduced. The
corresponding cosmogenic neutrino flux contributions of nucleon and nuclei interactions at the
peak is about the same (Heinze et al., 2019). This means that the neutrino flux may be even
lower (by up to about 25%) in the present photomeson model.
Finally, note that the EM is based on a very small number of parameters and can be easily
implemented for cross comparisons in any of the existing codes and calculation frameworks for
radiation modeling of High Energy Particle Astrophysics. The tools for reproducing the model
are available (Morejon, 2019b) and can be used for implementation in any framework simulating
the interaction of UHECRs.
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Secondary photon emission from nuclear
photointeractions
The interactions of UHECR nuclei with photons can lead to the production of isotopes in
excited states. This can happen in to ways: when the photon energies exceed several keV in the
nucleus rest frame, they can directly excite the nucleus to a higher nuclear energy level; or the
photodisintegration process, discussed in previous chapters, can lead to the production of lighter
secondary nuclei that are in unstable excited states. In either case, the subsequent decay of the
excited nuclear levels produces photons with keV-MeV energies in the nucleus rest frame. As a
result of the ultra-relativistic velocities of the UHECRs, the energy of these photons is highly
boosted in the observer’s rest frame, where it can reach TeV-PeV energies.
In this chapter, I present a framework for treating these secondary photons in UHECR interaction models. I first discuss the available experimental data, and then my implementation of
these processes in existing astrophysical models. Finally, I discuss an astrophysical application
of this model, namely the very-high-energy gamma-ray emission from the galaxy Centaurus A.
While previous studies have claimed that these photons originate in photointeractions of

56 Fe

accelerated in the source (Joshi and Gupta, 2013, Kundu and Gupta, 2014), with this more
realistic model it can be shown that the processes at play are in fact more complex and must be
modeled with a fully numerical approach. The model for photon emission from nuclear decays
is my contribution to a project currently in preparation (Rodrigues et al., in development).

5.1 Photon emission from nuclear de-excitation
The nucleus, as a composite system of strongly interacting fermions, has a complex energy
level structure. At excitation energies much lower than the average energy per nucleon of 8
MeV, the internal levels are distinctly separated and have a very narrow width. In the shell
model of nuclei (Greiner and Maruhn, 1996) these levels correspond to individual excitations of
nucleons analogous to individual electrons jumping to higher energy levels in the atomic model.
De-excitation from these levels is only possible through the emission of a number of photons

Chapter 5 Secondary photon emission from nuclear photointeractions
carrying away a portion or all the excitation energy, which is in the order of hundreds of keV to
a few MeV.
As the excitation energies approach the nucleon binding energy, the separation between nuclear
excitation levels reduces and their widths increase. Eventually the nuclear energy states can be
described by a continuous distribution rather than quantized levels, and the shell model is no
longer applicable. De-excitation from these levels is possible through the emission of one or more
photons, as in the case of lower energy levels, and additionally by the emission of a nucleon,
usually a neutron. This is energetically possible due to the differences in binding energies between
nuclides, which makes the transition between their ground states possible. Nevertheless, photon
emission is the most likely de-excitation process below the binding energy of nucleons.
For excitation energies between 10-30 MeV collective modes like the giant dipole resonance
(GDR) are the dominant excitation feature of the nuclear system. These resonances are broad
features in the photoabsorption cross section described by isoscalar oscillations of the nuclear
system. De-excitation of this state occurs mostly with the emission of nucleons because they can
take away a larger fraction of the excitation energy, but also light fragments such as deuterium,
tritium and helium nuclides. The emission of photons also occurs in this regime, albeit with
lower probability because particle emissions are more effective in removing energy from the
nucleus.
At excitation energies above 50 MeV, the spectrum of photons emitted depends on the process
that populates the excited levels:
• When the excited state is populated through a collision between nuclei, the system thermalizes quickly and high-energy (10-20 MeV) photons are emitted. Immediately after
thermalization, evaporated nucleons and lower-energy photons are also emitted with a
characteristic spectrum (Van Der Woude, 1987). When the incoming projectile is a much
smaller nucleus or a nucleon, the particle’s momentum is absorbed by only a fraction of the
system which is stripped off the remaining nucleus, leaving it with a rather small fraction
of the incoming energy.
• If the excitation is due to the interaction with a photon of energy between 40-100 MeV, it
can be successfully explained by assuming the photon interacts predominantly with a pair
of coupled nucleons Odian et al. (quasi-deuteron model, 1956), Fuji (quasi-deuteron
model, 1962).
• For photons above 140 MeV, the dominant process is that of meson photoproduction off
single nucleons. This is an even more localized interaction, but can lead to nuclear break
up if the photon energy is sufficiently above the pion production threshold. The fragments
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Figure 5.1: Nuclear energy levels (horizontal lines) of eight different isotopes chosen arbitrarily
and given by the proton Z and neutron N numbers. Each level may have a small
energy spread. Isotopes of lower mass (A) have less energy levels, with wider gaps and
concentrated at higher energies, as opposed to lower mass nuclei, i.e. the excitation
threshold of low mass nuclei is higher. Data taken from (Huang et al., 2017, Wang
et al., 2017).
produced could also exhibit low excitation energies leading to de-excitation photons (see
Chapter 4 and Appendix A).
In spite of these general guidelines, nuclear levels are in fact highly dependent on the particular nuclear species and on the properties of the initial and final quantum states involved in the
interactions, such as angular momentum and parity. However, the energy and angular averaging
employed in simulating UHECR interactions allows an effective description such as that presented above. Additionally, the intermediate nuclear states are usually short lived compared to
most UHECR interactions’ timescales, thus it is justified to consider the photons as immediate
secondary products of the photonuclear interaction.
An illustration of the diversity of nuclear energy levels can be seen in Figure 5.1, where these
levels are plotted for eight different nuclides representative of distinct nuclear mass ranges. One
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general trend that can be seen is that for nuclei with lower masses the available excitation levels
tend to be less densely populated, and the first excited level is generally higher compared to
more massive nuclei. This is because as the larger the nucleon number, the larger the number
of degrees of freedom in the nucleus with more available resonant modes in the system.
Nuclear interaction codes like Talys and Fluka combine tables of experimentally determined
nuclear levels and nuclear theory to calculate the probability of de-excitation by photon emission. However, as discussed in Chapter 3, these codes are based on models and can differ from
experimental data on a case-by-case basis.
Previous works in particle astrophysics that have taken into account photons from nuclear
decays (Anchordoqui et al., 2007, Murase and Beacom, 2010, Aharonian and Taylor, 2010,
Kundu and Gupta, 2014) make the following assumptions:
• the emitted photons have a unique energy in the range 1-3 MeV (independently of nuclear
species)
• the photon multiplicity is 1-3 photons (also independently of nuclear species)
• the production cross section follows the same shape as the photonuclear cross section, and
usually only photoabsorption at the GDR is considered
• photons are emitted with a unique boost (no redistribution in energy)
In reality, when a nucleus emits one or several photons through de-excitation, the probability
distribution of the energy of these photons is given by the gamma strength function. Estimates
of the gamma strength functions are tabulated, and can be found for example in the RIPL-2
(2006) handbook, which combines experimental data and nuclear models.
In Section 5.4 the overly simplified approach currently used in the literature will be compared
directly to the one presented here, making the argument for the need of a more realistic photon
emission model in astrophysical simulations.

5.2 A novel model for photon emission from nuclear decays
For the astrophysical treatment of secondary photons the dynamics of the photonuclear interaction can be reduced to averaged quantities, as discussed in Chapter 3. The models used in
other works can be improved in several ways:
1. Improving the total cross sections
2. Including the photon energy distribution
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3. Introducing an energy-dependent photon multiplicity
The first aspect affects the rate of production of photons and therefore the spectrum of photons
produced. The second aspect affects directly the shape of the photon spectrum produced in the
interactions and the range of energies, typically extending it to lower energies. The third aspect
affects the yield at different photon energies in the nucleus rest frame. Therefore it is difficult
to point to a unique aspect as the cause of an effect observed in simulations in the astrophysical
context. However, this is an advantage because the model can make simple assumptions and still
be consistent with a more detailed model. So, although the use of detailed codes like Talys and
Fluka may be more accurate, a parametrized model may produce similar results of the effective
photon production.
The disintegration photoproduction model (DisPhot) presented here will be parametrized in
simple terms, and has the following characteristics:

Lorentzian model for the total cross section

Based on the parameters published by Santonoc-

ito and Blumenfeld (2006) the cross section is simulated using a Lorentzian shape for the GDR

σ(ϵ) =σ0

∆GDR /2
(ϵ − ϵ0 )2 + ∆2GDR /4

(5.1)

1

1

ϵ0 =31.2A− 3 + 20.6A− 6 MeV
(

∆GDR =4.5 + 3

(5.2)

N − Mlow
Z − Mlow
+
Mtop − Mlow Mtop − Mlow

)

MeV

(5.3)

with parameters formulas taken from Santonocito and Blumenfeld (2006). Mtop and Mlow are
respectively the lower and higher nuclear magic numbers in relation to Z or N . The nuclear
magic numbers are {2, 8, 20, 28, 50, 82}. From 50 MeV the quasi-deuteron contribution was
included as in Terranova et al. (1989):

ZN
D
σd (ϵ) exp −
A
ϵ
(

σ(ϵ) =6.1

D =0.72A0.81 MeV
σd (ϵ) =36ϵ−1.37 mb

)

mb

(5.4)
(5.5)
(5.6)

where σd is the cross section for deuterons which was obtained by fitting the model to experimental data (Bernabei et al., 1986).
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Figure 5.2: The Lorentzian model for the GDR region of the cross section. Left: cross section as
a function of the photon energy. The colors of the curves indicate nuclei of different
masses according to the color scale. The experimentally determined GDR peaks,
shown as crosses, were taken from an Atlas of GDR parameters (Plujko et al., 2011).
Right: evolution of the GDR peak of the distributions shown in the left plot with
cosmic-ray mass number A.
The value of σ0 is obtained normalizing to comply with the Thomas-Reiche-Kuhn sum rule,
140
∫MeV

σ(ϵ)dϵ = 60

ZN
(MeV · mb).
A

(5.7)

0

The cross sections and peak energies are shown in Figure 5.2 where comparison with data is
shown. The positions of the peaks are not so different from experimental values for masses
≳ 20 but differ importantly for lower masses. The cross sections in the photomeson regime are
implemented as discussed in Chapter 4.
Photon multiplicity and energy distribution

The photon energy in the nucleus rest frame

and the multiplicities may depend on energy of the incoming photon and the nuclear species,
nevertheless in this model average values are used for all energies. However, the photon energy
is no larger than a few MeV and the number of photons no larger than 3. The reason is that the
total energy emitted in photons should not be higher than the nucleon binding energy of about
≤ 8 MeV, since in that case nucleon emission channels are preferred. Furthermore, although
individual values for each species could be chosen, the distribution function is insensitive to
differences in those parameter within the same order of magnitude. Therefore, the average
energy of the produced photon and multiplicity can be fixed at the same value for all nuclei.
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The values chosen here are ϵm = 2 MeV for the mean energy, and Mγ = 3 for the mean
multiplicity. The photon energy distribution in the SRF is obtained by boosting the photons
with sufficiently large Lorentz factor γ, where it is only a function of the relative energy in the
nucleus rest frame. The photons of unique energy ϵm and isotropic emission in the nucleus rest
frame, are distributed in the boosted frame over energies in the range ϵ ∈ (0, 2γϵm ] with a flat
distribution. This distribution is important in logarithmic scale given the multi-scale nature
of the resulting photon emissions detected in the astrophysical sources. Because of this, the
small variations in ϵm within one order of magnitude, have negligible effect on the distribution,
justifying the choice of a fixed value for ϵm in this model.

Figure 5.3: The computed response functions f , g and h (see Section 4.1). The values shown
refer to a nucleus of 12 C. The photon production includes both photodisintegration
and the photomeson regime.

Implementation of the model The DisPhot was implemented in NeuCosmA by computing
the response functions f, g, h as described in Section 4.1. The functions are presented in Figure 5.3 for the species

12 C.

The values of f (y) are calculated with the total cross section using

Eq. 4.3, and the multiplicity is used to compute g(y) = Mγ f ∗(y). The response function h(x, y) is
a differential form of g in the photon to nucleus energy x = ϵ/E, i.e. g =

∫

h(x, y)dx. In practice

h(x, y) is discretized in values x and the range needs to be limited. The implementation here uses
four discrete values of x equally spaced in logarithmic scale from xmax = ϵm /(Amp ) ≈ 10−3 /A
down to 10−4 xmax ≈ 10−7 /A. The nuclear species modeled include all nuclides represented in
Figure 3.3.
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Nuclear photons models with other methods

Figure 5.4: Comparison of photon models created using Talys and Fluka . The multiplicity
is given by the ratio of the inclusive to inelastic cross section. The models codes
differ considerably in the production rates and multiplicities. Comparisons for other
species are included in Appendix B.
The detailed products of photonuclear interactions can be obtained by running dedicated codes
such as Talys and Fluka . These codes take kinematic variables as input (product type, energy,
spin, etc.) and model the reaction based on nuclear models, taking into account interaction
probability, compound system formation, and the time evolution of the system. Therefore, the
codes should provide a more accurate description. However, the codes do not agree in several
cases as can be seen in Figure 5.4 (see Appendix B). Talys has some limitations: nuclei with
A < 7 are not available and it does not cover energies in the photomeson regime. Fluka also
covers a wider range of masses and energies in the photomeson regime, but only provides averages
of the number and energy of produced photons while Talys returns a distribution. A systematic
study quantifying these differences for all energies and nuclear species is necessary to estimate
the impact in astrophysics, and will be part of future work. Tables for disintegration photons
extracted from Fluka and Talys were created here for NeuCosmA , and implementation
in PriNCe and CRPropa 3 is possible. In CRPropa 3 , the nuclear photons have been
implemented (Heiter et al., 2018) extracting values from Talys , however it includes only photons
produced from disintegrations in the photomeson regime, while the model presented in the
previous section includes photons from disintegration in the photomeson regime (see Chapter 4).
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It should be noted that the models discussed here exclude photons from isomeric states which
may be of importance. An isomeric state is an excited state of a nuclear species which has a
relatively long lifetime before it decays into the ground state with the emission of photons. The
assumption that disintegration photons (from excited products) are emitted immediately after
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Figure 5.5: Data related to the isomeric states compiled in this work. Above, the number of
isomeric states per nuclear species. Nuclei with one isomeric state do not have
isomers with excitation energy, only ground states. On the bottom, the mean lifetime
of the isomeric states. A considerable number of isomers have lifetimes comparable
to the dynamic timescales of certain UHECR sources. Source of the data, (ENSDF,
2019).
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interactions does not hold for isomeric states, which can have lifetimes in the SRF comparable
to the dynamic timescales of some sources. Figure 3.3 illustrates the data from the ENSDF files
(ENSDF, 2019) where the number of isomers and their distribution over all nuclear species are
represented. Most nuclei with more than one isomeric state are located above iron masses, but
there is a large amount also at lower masses. More importantly, the average lifetimes shown in
the bottom figure illustrate there are plenty of nuclides with lifetimes above of seconds and above.
This is relevant for UHECR sources such as GRBs, where such nuclei could be accelerated before
decaying and even escaping the source, emitting the photons during propagation. If we consider
nuclides with a lifetime of seconds in their own rest frame, for Lorentz boosts in the range of
UHECRs 109 − 1011 their propagation before decay could range from 10 pc to 1 Mpc. This data
is available for studies in-source and propagation, but the implementation is deferred to future
works because the structure of the codes is not compatible currently with these species (e.g. the
particle identification number format limits the maximum nuclear mass of nuclear species).

5.3 Implementation of the nuclear model to astrophysical
simulations
Coupled AM3 /NeuCosmA code
AM3 (Astrophysical Multi-Messenger Modeling Gao et al., 2017) is a dedicated radiation modeling code that has been applied to blazar AGNs (Gao et al., 2017, 2019, Rodrigues et al., 2019),
which models the non-linear couplings between different particle species self-consistently.
Like NeuCosmA (cf. Section 4.1), AM3 can simulate the photointeractions undergone by
electrons, protons and neutrons in an astrophysical source. The main differences are that (a)
the code solves a version of Eq. 3.15 where photons are represented as an additional species
in the coupled system of partial (integro-)differential equations, (b) electrons and positrons are
also included in the system, and the photons emitted from their electromagnetic interactions
feed self-consistently into the PDE system; and (c) AM3 cannot treat photonuclear interactions
of isotopes heavier than protons.
In an on-going project (Rodrigues et al., in development), the AM3 and NeuCosmA codes
have been coupled into a new simulation tool. With this new software, written in Python, it is
possible to model self-consistently the photon production from photo-hadronic and electromagnetic emission from electrons, nuclei and nucleons co-accelerated in a blazar AGN (applications
to other sources are work in progress).
A simulation with this new code is performed by iteratively running NeuCosmA and AM3 ,
assuming that in each iteration the PDE system converges to a steady state, i.e. the stage
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when the densities Ni become constant due to the balance between the sink and source terms
contributing to the density evolution. To potentially achieve this state, the simulation must
typically be run up to a few times the dynamical time scale of the system, when the effects of
all the leading terms have been fully captured.

AM3
Accelerated
electrons

Leptonic
interactions

(incl. energy losses)

NEUCOSMA
Electromagnetic interactions

Photon
spectrum

(energy losses only)

Accelerated
cosmic-ray
nuclei
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after convergence of the
steady-state photon spectrum

(incl. nuclear cascade)

Secondary
e+, e-

Overall photon
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pion decay
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pair production
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decay chain
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Figure 5.6: Schematic diagram representing an approximated flow of a new multimessenger simulation code (Rodrigues et al., in development), based on the coupling of the softwares
AM3 (Gao et al., 2017) and NeuCosmA (Baerwald et al., 2013), see also Section 4.1.
In this iterative setup, AM3 is responsible for calculating the radiation from electromagnetic processes, including electron cooling, while NeuCosmA calculates the
photo-pion production and photodisintegration processes undergone by cosmic rays.
This includes the development of nuclear cascades, as well as neutrino production.
Cosmic-ray energy losses from electromagnetic cooling processes like Bethe-Heitler
pair production and synchrotron cooling are also considered in NeuCosmA . The
overall emission from the source is assumed to be dominated by accelerated electrons, with hadronic processes contributing as a perturbation to the purely leptonic
model.
The flow of the software is represented in Figure 5.6. A first run is performed with AM3 by
injecting only electrons in the system (simulating their acceleration to a non-thermal spectrum),
leading to a purely leptonic model. The photons produced by this leptonic simulation are then
used as a static target photon field in NeuCosmA , assuming the same source parameters, such
as the volume of the interacting region and the magnetic field strength (the reader is referred
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to Section 5.4 where the example of a simulation of an AGN jet is discussed). In this second
run, nuclei are included in the simulation, assumed to be co-accelerated with the electrons,
and an estimate is made on the pions emitted through photomeson production, and the photons emitted by unstable isotopes from photodisintegration. In the second AM3 run, the same
accelerated electron spectrum is considered, and additionally the nuclei obtained from NeuCosmA are also injected in order to calculate the spectrum of electron/positron pairs emitted
by the nuclei through Bethe-Heitler production. Note that although AM3 cannot simulate nuclei, Bethe-Heitler pair production is a purely electromagnetic interaction, and can be treated
by converting the nuclei into their proton-equivalent. This implies a re-scaling in energy of
the spectrum of each isotope to account for the scaling of the pair-production rate with Z 2
(Eq. 3.14). Additionally, the photons emitted by unstable isotopes are also injected as an additional photon field contribution, as well as the pions resulting from photomeson production of
nuclei. AM3 then calculates the effects of these contributions: the Bethe-Heitler interaction will
produce electron/positron pairs; the photons from nuclear decay can produce electron-positron
pairs through photon-photon annihilation, and the pions will emit electrons or positrons from
their decay chain. These electrons and positrons will radiate and create an additional contribution to the overall emission, thus changing the purely leptonic model.
Note that in order for this iterative method to converge, the contributions from nuclei described above must be a small perturbation to the overall emission, which is assumed to be largely
dominated by electrons, namely electron synchrotron and inverse Compton (see Section 3.1.2).
My contribution to this new code was the inclusion of photon production from de-excitation
and decay of photodisintegration products in the NeuCosmA software, as detailed in Section 5.2.

5.4 Application to the high-energy emission from Cen A
5.4.1 Multi-wavelength emission from Cen A
Centaurus A (abbreviated as Cen A), also known as NGC 5128, is an elliptical galaxy in the
Centaurus constellation, located in the southern sky (for a review see e.g. Israel, 1998). At
a distance of 3.4 Mpc, it is the nearest active galaxy. From its active galactic nucleus (AGN,
see Section 2.2.2), a radio and X-ray di-jet extends up to 5 kpc, where it broadens into radio
lobes that extend up to 250 kpc. In this section, I will focus on the multi-wavelength emission
from the core of the Cen A jet, which is the more central region extending up to ∼ 1 pc from
the central black hole.
Like the radio lobes of Cen A (Abdo et al., 2010b), the core region has been detected in
gamma rays above 100 MeV by the Fermi-LAT satellite (Abdo et al., 2010a). More recently,
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the H. E. S. S. ground-based gamma-ray telescope system detected gamma-ray emission from
the core with energies above 100 GeV (Aharonian et al., 2009).
The core emission from Cen A has been successfully explained in the range from radio up to
GeV gamma rays as a product of synchrotron self-Compton scattering by an electron population
(e.g. Chiaberge et al., 2001, Abdo et al., 2010a, Kundu and Gupta, 2014). As explained briefly
in Section 3.1.2, this is the emission of synchrotron radiation by electrons in a magnetic field, and
the simultaneous up-scattering of that synchrotron radiation by the same electron population.
In Figure 5.7 we can see the multi-wavelength data from the core of Cen A, from radio to
the recent observation in very-high-energy (VHE) gamma rays. As is the case with AGNs in
general, the emission is primarily characterized by two broad band features. The low-frequency
broad band can be explained by synchrotron emission from a population of accelerated electrons. The broad band peaking at hundreds of MeV is explained in the literature as the result
of the Compton scattering of the low-frequency synchrotron photons by the same electron population (e.g. Chiaberge et al., 2001, Abdo et al., 2010a, Kundu and Gupta, 2014). As explained
briefly in Section 3.1.2, this is known as a synchrotron self-Compton (SSC) model.
In a typical one-zone model, the region where the non-thermal interactions take place is
considered spherical, with a radius R′ which in this case is constrained to 1 pc, because we are
modeling localized emission from the core. We will follow the usual astrophysical convention
to denote quantities in the rest frame of the source with primed variables, whereas unprimed
variables refer to quantities in the observer‘s frame at Earth. As discussed in Section 2.2.2, the
Lorentz factor of an AGN jet is usually of the order of G = 10. However, in the case of Cen A,
the jet is seen at a wide angle, leading to a Doppler factor δD ∼ 1 1 . This implies that relativistic
effects, such as Lorentz contraction (R = R′ /δD = R′ ), photon blueshift or luminosity boost are
not relevant here.
In an SSC scenario, the same electron population is responsible for the synchrotron photons
and for the inverse Compton scattering of those photons, which means that equations Eq. 3.11
and Eq. 3.12 are coupled. By Eq. 3.12, the energy of the synchrotron emission depends on the
energy of the emitting electrons, Ee , and on the strength of the magnetic field, B. At the same
time, the photon density nγ in Eq. 3.12 depends on the luminosity of the accelerated electrons,
Le , their characteristic energy Ee , and on the volume of the region where the interactions take
place, V ∼ R′3 (assuming a spherical zone with radius R). Thus, in an SSC model, the peak
frequencies of the two broad bands and their relative heights can help constrain relationships
between the basic parameters that influence the emission. Additionally, the slopes of the broad
bands can give further information about the detailed shape of the accelerated electron spectrum.
1

The actual value varies slightly among the different SSC models in the literature, but in the one presented here
δD = 1 is assumed.
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The two solid curves in Figure 5.7 represent the results of two SSC models (Abdo et al.,
2010a, Kundu and Gupta, 2014). In both cases the emission region has a radius of R ∼ 1 Mpc.
Other parameters of these two models can be found in the respective references. As we can see,
SSC interactions can only account for the emission up to ∼ 1 GeV, while the fluxes observed at
higher frequencies require other explanations.

Figure 5.7: Multi-wavelength observations of the core of Cen A, with several model predictions
shown as overlayed curves. The sets of multi-wavelength data points, from radio
up to VHE gamma rays, are identified in the caption by the name of the respective
experiment. Figure taken from Kundu and Gupta (2014).
Abdo et al. (2010a) have shown that SSC scattering from an independent population of
electrons interacting in a second independent blob with three times larger radius can explain
the emission up to very high energies. Brown et al. (2017), on the other hand, hypothesize
that the emission can originate in a localized distribution of dark matter particles surrounding
the galaxy core, or in a population of millisecond pulsars. Using a more conventional onezone lepto-hadronic model, Petropoulou et al. (2014) have demonstrated that ultra-high-energy
protons co-accelerated with the electrons can also explain the H.E.S.S. fluxes. In that scenario,
the dominating emission process is synchrotron radiation from electron-position pairs created
through Bethe-Heitler interactions of the ultra-high-energy protons.
In order to apply the nuclear model presented in this chapter, we will focus on the hypothesis
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that

56 Fe

nuclei are accelerated to ultra-high energies in the core of the Cen A jet. These iron

nuclei then interact with the photons emitted by the electrons, undergoing photodisintegration.
This can lead to the emission of secondary photons through the decay of unstable products.
Kundu and Gupta (2014) claim that this process leads to a power-law flux of gamma-rays up
to VHEs, represented in Figure 5.7 as a dashed line, and can therefore explain both Fermi
and H.E.S.S. observations. In the remainder of this chapter, this hypothesis will be tested by
means of numerical modeling, challenging the conclusion previously drawn by Kundu and Gupta
(2014).

5.4.2 Comparison of the method to the state-of-the-art literature
Kundu and Gupta (2014) have modeled the emission from cosmic-ray iron nuclei accelerated in
Cen A. The target photon spectrum in the source is obtained from converting the flux shown
as a solid line in Figure 5.7 to an energy density in the source rest frame:
−4
dNγ (ϵ′γ )
2 δD dFγ (ϵγ )
≈
4πD
,
dϵ′γ
c R′2 dϵγ dtdA

(5.8)

where D is the distance to the source (3.4 Mpc), δD = 0.25 is the assumed Doppler factor of
the jet, R′ is the size of the emission region, and dFγ (ϵγ )/dϵγ dtdA is the observed flux spectrum
shown in Figure 5.7. This observed photon spectrum is obtained as the result of an SSC model,
as discussed previously.
Once the target photon spectrum is calculated, the photodisintegration rate is obtained by
Kundu and Gupta (2014) through a series of steps, which can be summarized as follows:
(a) The photodisintegration cross section has been approximated by a delta function, given
by
σ(ϵ′γ ) = πσ0

∆ ′
δ(ϵγ − ϵ0 ),
2

(5.9)

where σ0 = 1.45A mb, ϵ0 = 42.65A−0.21 MeV is the assumed central value of the GDR, ∆ =
8 MeV is the assumed width of the GDR, and A = 56 for the isotope considered which is

56 Fe.

This approximation is represented by the dashed line in Figure 5.8, compared to the Lorentzian
form used in this work (orange curve).
(b) The photodisintegration rate obtained from that cross section has been used to obtain an
average value, given by Γdisinteg = 2 × 10−8 s−1 .
(c) The photons emitted by secondaries of photodisintegration have a fixed energy in the
cosmic-ray frame.
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Figure 5.8: Comparison between cross sections in the model presented in this chapter (solid
curve) and the approximation used by Kundu and Gupta (2014), who consider a
Delta distribution.

(d) Photons from the photodisintegration of lighter secondary nuclei (which are created from
successive disintegrations) are neglected compared to those from iron photodisintegration.
(e) All photons emitted through nuclear processes are allowed to escape the source.
(f) Iron nuclei do not interact through other processes.
These steps lead to the result that photons from photodisintegration of iron are emitted with
power-law spectrum that can explain the H.E.S.S. fluxes, as shown in Figure 5.7 as a dashed
line. This power-law follows directly the assumed acceleration spectrum of

56 Fe,

which has a

spectral index of approximately 3.
As detailed previously in this chapter, in the new model the assumptions used are more
realistic at several levels, namely (a) the cross section is approximated with a Lorentzian curve as
a function of energy; (b) the photodisintegration rate is computed as a function of the cosmic-ray
energy, which means that nuclei with different energies will give different relative contributions
to the overall photon spectrum; (c) the photons emitted by nuclei are redistributed in x (as
explained previously); (d) all the secondary isotopes created in the nuclear cascade are considered
(e) and the photons produced can re-interact in the source, namely by producing pairs through
annihilation with softer photons (see Figure 5.6); and (f) iron nuclei, as well as the secondary
hadrons, are self-consistently cooled through photo-hadronic and electromagnetic processes, and
can emit electron/positron pairs through Bethe-Heitler interactions. These pairs will create an
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additional contribution to the photon flux emitted by the source, mainly through synchrotron
emission.

5.4.3 Results
In Figure 5.9 we can see the result of a numerical simulation using the AM3 /NeuCosmA code
described above, where the new nuclear photon model was included. The main result is shown as
a solid magenta curve, representing the full multi-wavelength emission from the Cen A core. The
assumption of the model is that electrons and

56 Fe

are co-accelerated in a single spherical zone.

As described in Section 3.2, this numerical treatment accounts for all relevant electromagnetic
and hadronic processes undergone by these accelerated particles.
The dashed magenta curve shows the photon fluxes emitted by the accelerated electrons
alone. Like the solid curves shown in Figure 5.7, this corresponds to a purely leptonic SSC
model. Besides the low-energy synchrotron bump and the SSC bump in the keV-MeV range,
there is also a third bump at 100 MeV, which originates in the Compton scattering of the SSC
peak. This second-order feature is not present in the results by (Abdo et al., 2010a, Kundu and
Gupta, 2014), but it has been captured by Petropoulou et al. (2014).
As explained previously, by fitting the result of the SSC model to the observed fluxes below
GeV, the main source properties were constrained, namely the size of the region R 2 , the magnetic
field strength B, and the Doppler factor of the jet δD as well as the shape and normalization
of the electron spectrum produced by the acceleration process. This allows fixing the leptonic
contributions to the SED in a first stage before finding the parameters of the hadronic injection
that produce the VHE photons. For simplicity, the spectrum of accelerated electrons is assumed
to be a simple power law with an exponential cutoff (cf. Section 2.2.2):
dNeinj
γe
∼ γe−α exp
max
dγe
γe
(

)

, for γe > γemin ,

(5.10)

where γemin and γemax are the minimum and maximum Lorentz factors of the non-thermal
electrons, and α is their spectral index. The normalization of the spectrum is given by the total
2

Besides being used to calculate the volume of the interaction region, and therefore the particle energy densities
(see Eq. 5.10), the parameter R plays a role in the escape of photons and particles from the source. The
differential equations that describe the evolution of the density spectra have an ‘escape’ term that subtracts
the amount of particles present in the system at every step of the integration, and the escape rate is inversely
proportional to the light-crossing time of the region: t−1
esc ∼ c/R. This assumption corresponds to an ‘advective’
escape scenario, also used as an assumption in previous studies of cosmic-ray interactions in AGNs and other
sources (see e.g. Lacki and Thompson, 2010, Senno et al., 2015, Rodrigues et al., 2018). In this thesis,
the focus is placed on aspects of the modeling more directly related to nuclear interactions, rather than the
technical details of the astrophysical simulations.
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Figure 5.9: Main result of the lepto-hadronic simulation of the Cen A core emission, obtained
with the novel AM3 /NeuCosmA code (see Section 3.2.1). This code includes the
treatment of photon emission from nuclear de-excitation and decay presented in
this chapter, which leads to the fluxes shown as an orange curve. The final result
(solid magenta curve) also takes into account other electromagnetic processes, such
as photon-photon annihilation, which leads to the re-distribution of these photons
to lower energies. Figure to be included in Rodrigues et al. (in development).
power deposited in non-thermal electrons, Linj
e :
∫

me

dNeinj
Linj
e
∼ γe dγe =
.
dγe
4π R2 c

(5.11)

The values of the parameters in the final result are listed in Tab. 5.1. The fact that these values
differ from other SSC models in the literature is a consequence of the different characteristics of
the models. For example, the AM3 /NeuCosmA code performs a time-dependent calculation
of the energy losses suffered by the electrons, which leads to a gradual change in the electron
spectrum, usually with a softening at high energies. The system is assumed to eventually
converge to a steady state between the acceleration and cooling processes, after which point the
electron and radiation density spectra become constant. On the contrary, works like Kundu and
Gupta (2014) do not explicitly consider the cooling effects on the electron spectrum, which is
the main reason for the differences between the parameter values obtained in both works.
The electron density spectrum in the source at the end of the simulation (after having suffered
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Parameter
Source Doppler factor, δD
Emission zone radius, R / cm
Magnetic field strength, B / G
Minimum Lorentz factor, γ min
Maximum Lorentz factor, γ max
Spectral index, α
Injection luminosity, Linj / erg s−1

Value
1.0
9.5 × 1014
10.0 G
Electrons

56 Fe

1.3 × 103
7.0 × 105
3.3
1.0 × 1043

1.8 × 101
3.6 × 1011
3.1
1.3 × 1048

Table 5.1: Parameters of the lepto-hadronic model of Cen A using the nuclear interaction model
presented in this chapter (Rodrigues et al., in development). The resulting multiwavelength emission is shown as a magenta curve in Figure 5.9. Table to be included
in Rodrigues et al. (in development).

energy losses from the radiative processes) is shown in Figure 5.9 as a dashed blue curve. Note
that the energy density scale is given in the right hand side axis and is different from the scale
of the observed flux at Earth, given in the left hand side axis. The transformation between the
two is given by Eq. 5.8.
Additionally to the electrons, we assume that nuclei of 56 Fe are also accelerated in the source.
The shape of the accelerated iron spectrum was obtained by scanning the parameter space with
the model, searching for the best fit to the high and very-high-energy data. Like the electrons,
the iron nuclei are assumed to be accelerated to a simple power-law spectrum, described by a
minimum and maximum Lorentz factors, total luminosity (which determines the normalization of
the spectrum) and a spectral index. With the remaining source parameters already constrained
by the leptonic model, only these four parameters were left to vary in order to best explain
the emission above GeV energies. The best values are shown in Tab. 5.1. The iron density
spectrum in the source in the final steady state (after undergoing energy losses as discussed in
detail below) is shown as a solid blue curve.
The leptonic and hadronic luminosities are in a ratio of 105 which is possibly very high.
However, the luminosities of iron are dominated by the minimal injection energy, which was
chosen particularly low here to explore their contributions via Bethe-Heitler processes. However
we have found these contributions to be negligible, and thus there are no indications that the
injection of lower energy nuclei is as large as assumed. Furthermore, the minimal injection energy
can be increased (thus reducing the total luminosity) with no effect on the photoproduction
results. This is because the photoproduction threshold is much higher, at around PeV energies
(see Figure 5.10). Hence, choosing a higher value of the minimal injection energy, e.g. 1000 times
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larger, would still be below the photoproduction threshold while reducing the iron luminosity
to ten times lower than that of electrons. Therefore the needed iron luminosity can be reduced
considerably without changing the photoproduction results discussed here.
The acceleration of iron nuclei up to ultra-high energies leads to a series of processes that
change the multi-wavelength emission obtained with the leptonic SSC model:
• Iron nuclei are assumed to be co-accelerated with electrons, and are therefore injected
in the system with a power-law spectrum like in Eq. 5.10, but with parameter values
independent from the electrons;
• The high-energy iron nuclei encounter the leptonic radiation and photodisintegrate, leading
to the production of a cascade of lighter secondary isotopes;
• Besides interacting with the leptonic radiation through photodisintegration, these isotopes
also undergo Bethe-Heitler pair production, which leads to energy losses of the nuclei and
to the emission of high-energy electron-position pairs;
• The electrons and positrons created through Bethe-Heitler pair production interact with
the magnetic field and emit additional high-energy synchrotron radiation;
• The creation of excited or unstable secondary isotopes leads to gamma-ray emission from
their decay (which was also considered by Kundu and Gupta (2014) with different assumptions);
• High-energy photons produced by Bethe-Heitler pairs and by unstable/excited isotopes
interact with softer photons of leptonic origin and annihilate, producing further electronpositron pairs, creating a synchrotron-supported electromagnetic cascade.
In principle, the additional process of photomeson production can be experienced by the accelerated nuclei. As discussed earlier in this thesis, this can lead to the additional radiation emission
through the production of (a) neutral pions that decay into photon pairs, and (b) charged pions,
which decay into muons and then electrons, which then feed into the cascade. However, in this
source photomeson production of nuclei is sub-dominant compared to photodisintegration and
therefore it will not be included in this discussion.
The photons emitted by unstable and excited secondary nuclei are represented in Figure 5.9
as a solid orange curve. As we can see, the shape of this spectrum is different from the power law
estimated by Kundu and Gupta (2014), represented as a dotted orange line. To understand this
difference, we start by analyzing Figure 5.10. The dotted blue curve shows the photodisintegration rate of

56 Fe

as a function of the energy of the nucleus, as calculated in NeuCosmA (a part
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Figure 5.10: Rate of photodisintegration of 56 Fe (blue dotted), spectral density of 56 Fe in the final
stage of the simulation (red dashed) and product of the two quantities (purple). The
feature in the purple curve at 1017 eV is responsible for the peak in the orange curve
in Figure 5.9, which is shifted to lower frequency due to the energy redistribution
of the emitted photons. Figure to be included in Rodrigues et al. (in development).
of the AM3 /NeuCosmA software). The red dashed curve shows the energy density spectrum
56 Fe,

of

the same as in Figure 5.9. Finally, the product of the two is shown as a solid purple

curve, which exhibits a bump at around 300 PeV, due to the increase in the photodisintegration
rate. In the nuclear model proposed in this chapter, this convolution of rate and spectrum is
taken into account, leading to the feature that can be observed at 10 TeV in the orange curve
in Figure 5.9 (the energy shift of this feature in the photons spectrum comes from the energy
distribution of the photons in the nucleus rest frame, as will become apparent in the discussion
below). In comparison, as detailed in Section 5.4.2, the model by Kundu and Gupta (2014)
considers only an average, energy-independent photodisintegration rate, which cannot capture
these details in the spectral shape of the emitted photons (dotted orange curve).
Another two aspects that are captured by this new model are the re-distribution in energy
of the emitted photons, and the individual contributions from all the secondary nuclei, and not
only from

56 Fe.

These two features can be explained by analyzing Figure 5.11, which shows

the density spectra of four selected isotopes (dashed curves) and the photons (solid curves)
resulting from photodisintegration of each individual species. For reference, the red dashed
curve corresponds to the blue curve in Figure 5.9, and the thin black curve corresponds to the
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Figure 5.11: Energy density spectra in the source of nuclei (dashed curves) and the respective
emitted photons (solid curves) from unstable secondaries created by photodisintegration in the source. Below 1 TeV, the total photon flux (black curve) is dominated
by 56 Fe photodisintegration, while above 1 TeV other lighter secondary isotopes also
contribute, a feature that is not included in the current literature. Figure to be
included in Rodrigues et al. (in development).

total photon spectrum from nuclei, which is the orange curve in Figure 5.9. Additionally, we
can see the injection spectrum of

56 Fe

as a dotted red curve, representing the accelerated iron

spectrum before energy losses.
The injection and final spectrum of
above this energy

56 Fe

56 Fe

are the same below 1017 eV, or 100 PeV, while

suffers efficient energy losses from photodisintegration, and the final iron

spectrum becomes lower and softer than the injected one. Above this energy, the production
of secondary isotopes becomes efficient and their densities spike (see dashed curves of silicon28, nitrogen-14 and lithium-6). This impacts the emission of photons from nuclear decay. We
can see that at energies below ∼ 1 TeV, these photons are dominated by

56 Fe,

while at higher

energies other lighter isotopes also contribute significantly.
The four spikes that can be seen in the low-energy part of the photon spectra are due to the
discretization of the x values of the photons, discussed in Section 5.2. In the current version of
the model, these distributions are centered around four characteristic values for each isotope.
So for

56 Fe,

for example, the spikes in the photon density are produced by interactions of nuclei

with the minimum energy (1 TeV), below which there is a sudden drop in density. Each of
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the four spikes corresponds to photons produced with one of the four quantized characteristic x
values. The same happens to the secondary nuclei in the figure, which all have a ‘peaky’ density
spectrum: for each isotope, the spikes in the photon spectrum are produced by nuclei sitting at
the maximum of the spectrum.
In order to refine this distribution, the number of discretized x-values can be increased by
adding more data to the photon production tables. This aspect will be addressed in future
installments of the model. However, in the case of Cen A it is clear that this discretization does
not affect the result, since below ∼ 1 TeV, where the spectrum from secondary nuclei shows
these artifact peaks,
from

56 Fe

56 Fe

dominates the emission, and below ∼ 10 MeV, where the spectrum

also shows these artifacts, the emission is dominated by electron SSC (cf. Figure 5.9).

Finally, note that as shown previously in Figure 5.10, the bump observed in the final overall
spectrum is a physical result from considering energy-dependent interaction rates, and not a
consequence of these numerical artifacts.
Note that while these four isotopes are used as illustrative examples, in reality the code
explicitly accounts for all the isotopes produced in the interactions whose lifetime in the source
rest frame exceeds a certain threshold (for a more complete discussion, see Section 3.1.1). In
the case of this system, a total of 232 isotopes are explicitly accounted for in the simulation.
The final aspect of this study that is also not addressed in other literature about 56 Fe emission
from Cen A, is the creation of electromagnetic cascades from pair production, both by nuclei
and by high-energy photons. As we can see in Figure 5.9, the photons emitted through nuclear
decay (orange curve) are strongly attenuated at the highest energies in the final result. This is
due to photon annihilation with softer photons in the source. At threshold, a 10 TeV photon
from nuclear interactions will efficiently pair-annihilate with a 0.1 eV infrared photon (cf. Section 2.2.2), which in this source is available from synchrotron emission of accelerated electrons.
These interactions lead to the softening of the spectrum at VHEs, and create electron-positron
pairs that radiate at lower frequencies through synchrotron emission. This is responsible for the
disappearance of the peak above TeV.
Although the TeV emission from nuclei is re-processed in the source, and therefore cannot
explain H.E.S.S. observations, it plays nonetheless a crucial role in explaining Fermi data in
this model. In Figure 5.12, we can see a close-up of the result at high energies. Overlayed as
a dashed curve is the result of a similar simulation where photons from nuclear decays were
excluded. Without this process, the model would be unable to explain Fermi data between 1
and 30 GeV. A crucial aspect to this fit is the soft acceleration spectrum of iron-56 (α = 3.1).
Finally, the dashed curve in Figure 5.12 shows the result without accounting for Bethe-Heitler
pair production by nuclei. We see that the synchrotron emission from these pairs provides the
dominant contribution to the flux above ∼ 30 GeV, and is responsible for a significant hardening
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of the spectrum above GeV. Bethe-Heitler pairs are also responsible for the factor-two increase
in flux at 100 MeV compared to the purely leptonic model (Figure 5.9).
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Figure 5.12: Close-up at high energies of the result of figure Figure 5.9 (magenta). Overlaid
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nuclei (dotted). The former process dominates the emission from 1-30 GeV, and the
latter dominates above 30 GeV, and is responsible for an overall spectral hardening
above GeV. Figure to be included in Rodrigues et al. (in development).

By taking into account nonlinear processes in the source, such as pair-induced electromagnetic
cascades, with a fully numerical approach, and by treating photon emission from nuclear deexcitation and decay with input from nuclear interaction models, this study has shown that
VHE photon emission from Cen A cannot easily be explained with the acceleration of

56 Fe

in the source, as previously proposed by Kundu and Gupta (2014). This again illustrates the
importance of data-driven models and nuclear physics insights in astrophysical studies of cosmicray interactions.
The recent publication H. E. S. S. Collaboration et al. (2020) improved the spatial resolution
of the jet and found that the TeV emissions span an extended region than that considered here.
The consequences of these findings in the context of this thesis were not investigated due to time
constraints, and are left for following publications(Rodrigues et al., in development).
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5.5 Conclusions and outlook
This chapter focused on the emission of photons as a result of the photodisintegration of nuclei. The physical picture was described and contrasted with the treatment in astrophysical
simulations. I have presented a new model for simulating the disintegration photoproduction
(DisPhot), whose methods and assumptions were elaborated. The number of parameters is
reduced and the cross sections are based on analytical expressions derived from experimental
values. The model was also implemented in the NeuCosmA software, and presented examples
of computation results. Alternative photodisintegration models were also presented based on the
Talys and Fluka codes, and the differences in the results were discussed (see also Appendix B).
I have also incorporated DisPhot into a coupled AM3 / NeuCosmA code developed in parallel
by my collaborators (Rodrigues et al., in development). This larger piece of software can be
used to model self-consistently the photo-hadronic and electromagnetic processes undergone by
electrons, nuclei and nucleons co-accelerated in a blazar AGN.
This astrophysical code was applied to the galaxy Centaurus A, in order to estimate the impact
of DisPhot compared to the results of other works. The differences in the approach to treat the
disintegration photoproduction were detailed. The improvements in DisPhot in contrast with
the earlier work are: a more realistic cross section, a photoproduction spectrum with multiple
values of the relative energy, an inclusion of all secondary nuclei and their disintegration photons.
Additionally, the coupled code includes other competing interactions ignored in previous studies,
such as Bethe-Heitler pair-production.
The improvements in the description of disintegration photoproduction by applying this more
sophisticated model show that the mechanism proposed does not explain anymore all the high
energy photons. The realistic interaction rates lead to features in the spectrum that were ignored
previously: namely, the cascading interactions of the high-energy photons attenuate the high
energy photons, failing to explain gamma-ray observations through this mechanism. Finally,
it was shown that the contributions from Bethe-Heitler pair production dominate the photon
fluxes at the highest energies, and therefore need to be considered in a complete treatment.
This study also shows that in order to self-consistently explain the VHE gamma-ray observations from Centaurus A, other assumptions may be necessary. For example, the escape of
accelerated nuclei from the source can lead to photodisintegration with the cosmic photon backgrounds, which would not be so severely attenuated as inside the source itself. Other possibilities
for photon production inside the jet should in principle involve different characteristics of the
emission region, such as a lower optical thickness to photons in the VHE regime. This, however,
has implications for the photon emission at other wavelengths, which must be included in the
analysis. Such considerations are beyond the scope of this thesis and are therefore left for future
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work on this topic.
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Chapter 6
Superheavy UHECR in the context of intergalactic
propagation
The observed increase of mass in the composition of UHECRs at the highest energies (Section 2.1.2) is compelling evidence that nuclei survive acceleration and transport through the
intergalactic medium. This was a prediction since the first estimations were performed (Stecker,
1969), where it was found that iron nuclei of 100 GeV could survive for about 3 Gpc distance
(1010 years). This estimate however did not account for the redshift dependence of the CMB
photon density, which increases the interaction rates (i.e. reduces the survival distance).
There is a considerable amount of studies (Farrar and Piran, 2014, Alves Batista et al., 2019a,
Muzio et al., 2019, Heinze et al., 2019, among others) that achieve a fit of the UHECR spectrum
by assuming different compositions in the source. In all these studies, only the elements up to
iron are considered. The central argument for not including heavier nuclei is that they are much
less abundant, as evidenced by studies of solar system (SoS, Lodders, 2010) and extra-galactic
(Kirby, 2011) composition. However, this evidence relies mostly on star compositions, while
nucleosynthesis sites, like binary neutron star mergers, are characterized by larger fractions of
heavier nuclides (see Chapter 2.2.2).
On the other hand, the methods for estimating the composition of UHECRs do leave room
for the presence of heavier nuclei, since the mass estimates are the result of averaging multiple
air shower events of comparable total energy. As discussed in Section 2.1.2, estimating the
composition of UHECRs is achieved by comparing ⟨Xmax ⟩ and σ(Xmax ) with measured values.
The values of ⟨Xmax ⟩ can be reproduced by a single mass composition or by a mixed composition,
but including also σ(Xmax ) can help break this ambiguity (Abreu et al., 2013).
Additionally, the maximum mass that can be inferred from air showers is limited, since the
hadronic interaction models required have not been explored for masses heavier than iron. It
is therefore currently not clear how these models would extrapolate to higher masses. On
the other hand, including larger masses allows to explore other possible scenarios, like that the
observed UHECRs at the highest energies can be produced by interactions of even heavier nuclei
during their propagation. As it will be discussed in this chapter, there are energy ranges where
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nuclei heavier than iron actually have longer interaction lengths in the intergalactic medium.
Furthermore, the energy loss of a cosmic ray nucleus of a given energy due to interactions with
the cosmological radiation backgrounds is generally lower the higher its mass, because of the
proportional decrease in the nucleus’ Lorentz boost.
This chapter considers the possibility that nuclei heavier than iron are present in the UHECR
spectrum observed. These nuclei will be hereon referred to as superheavy. The interactions of superheavy nuclei are discussed in the context of their extragalactic propagation. The propagation
of superheavy nuclei is performed for the first time and is found in agreement with approximate
relations derived from the interaction rates. These results represent the theoretical groundwork
for a project on this topic, currently in preparation (Morejon et al., in development).

6.1 Methods: Preparing interaction tables for propagation codes
PriNCe (Heinze et al., 2019) is an efficient UHECR propagation code that solves the transport
equations Eq. 3.15 using a vectorized approach to considerably reduce computation time. The
code has been designed with extensibility and modularity in mind, allowing easy variation of
model inputs such as interaction models and photon fields.
The propagation of superheavy nuclei was achieved by constructing interaction models and
collecting experimental data to extend PriNCe simulation capabilities to superheavy nuclei.
The mass range considered here includes all nuclei up to mass number A = 208 (cf. Figure 3.3).
This means an addition of more than 2100 nuclides to the default number of nuclides in PriNCe ,
which originally only covered nuclei with masses up to A = 208 (e.g. iron-56).
The data for spontaneous decays was compiled into an input decay table as required by
PriNCe . The source of the data are the Atomic Mass Evaluation (AME2016) files (Huang
et al., 2017, Wang et al., 2017) and from the ENSDF files (ENSDF, 2019). The presentation of
the main decay types for these nuclei appears in Chapter 3 (see Figure 3.1 and Figure 3.3).
Additionally, cross section tables were produced for photonuclear processes like photodisintegration and photomeson interactions. The photodisintegration cross sections were extracted by
running the code Talys . Software tools were produced for parsing the output (interaction products of each nucleus at each photon energy in the photodisintegration regime, see Figure 3.6).
The cross sections for the photomeson regime were modeled using the newly developed Empirical Model presented in Section 4.2. These cross section tables although discussed here in the
propagation context, are applicable to any astrophysical scenario where superheavy nuclei are
present, including source simulations where superheavy UHECR interactions are of interest.
Although interaction tables and decays were implemented for all 2765 nuclei presented in
Figure 3.3, the simulations discussed in the following sections here employed the highest time
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cut-off possible (i.e. only stable nuclei were transported and the excluded species were assumed
to decay immediately after production). This was necessary due to the large memory required
for the interaction kernel of 2765 species. Therefore, studies of evaluating the impact of the
time cut-off on the propagation are deferred to future works when PriNCe can be fully tested
and optimized to run with a more inclusive nuclear cascade. The stable nuclei propagated are
represented in Figure 3.1 which employed only 255 nuclear species.
PriNCe propagates nuclei in one dimension and it is not suitable for studying the effect of
magnetic fields in the propagation. To facilitate such studies CRPropa 3 can be employed.
CRPropa 3 (Alves Batista et al., 2016) is a versatile simulation tool designed to describe
the propagation of cosmic rays and their secondary products over cosmological distances. It
uses Monte Carlo methods to generate the primary particles and simulate their interactions,
producing the spectra, compositions and arrival directions of secondaries resulting from the effect
of all relevant energy-loss processes and magnetic deflections. The interaction models produced
here are being implemented in CRPropa 3 in collaboration with the CRPropa 3 authors.
Studies of the impact of magnetic fields are deferred to future works until the implementation
is completed.

6.2 Limitations in predicting the UHECR composition
Before the impact of heavy nuclei in the propagation can be studied and compared to measured data, it is necessary to update the existing hadronic interaction codes used for air shower
simulations which are used to estimate the dependence of ⟨Xmax ⟩ and σ(Xmax ) with ln A. Currently, such relations have only been studied for nuclear masses up to A = 56 (Abreu et al.,
2013) which exclude all superheavy nuclei. ⟨Xmax ⟩ is found to be proportional to ln A and it is
expected that this is also the case for superheavy nuclei, but for σ(Xmax ) the situation is less
clear. Figure 6.1 shows σ(Xmax ) as a function of the mass A using the relations published by
(Abreu et al., 2013) for different hadronic interaction codes. σ(Xmax ) dependence on ln A was
expressed by two components: a variance due to the composition and a variance due to the
shower fluctuations. The latter component is a quadratic function fitted to EAS Monte Carlo
simulations and represented by solid lines in Figure 6.1. The gray area has not been explored
with EAS simulations and thus, the extrapolation of the fit is possibly unphysical. The increase
of variance with A is inconsistent with the behavior for light nuclei, where an increase of the
mass leads to a decrease of the variance. The reasoning is that for the first interaction the
cross section is roughly A times larger than for a proton, and the nucleus can be considered as
multiple nucleons moving independently and creating their own showers. In such scenario, the
EAS of the nucleus is roughly the average of A proton showers, and a reduced variance would
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Figure 6.1: The dependence of σ(Xmax ) on the mass as published by Abreu et al. (2013). The
solid lines are quadratic fits to EAS simulations. The superheavy masses (gray
region) have not studied and the validity of the extrapolation questionable. Dashed
lines are linear extrapolations that keep the derivate of the curves constant above
A = 56.
be expected. The linear extrapolations, shown with dashed lines, are obtained by preserving the
slope of the curves for iron mass. These values could be used as a lower limit to the variance
for superheavy nuclei and be employed in future composition studies in the absence of shower
simulations for the needed nuclear masses.

6.3 Photonuclear interactions of superheavy nuclei
Figure 6.2 shows on the left the inelastic interaction cross section for different nuclei (indicated
by the color of the curve), obtained from Talys . The species chosen have been used in the
literature as ‘surrogates’ to represent different mass groups up to A = 56 (Heinze et al., 2019,
Farrar and Piran, 2014). Each mass group includes all nuclei with mass between two consecutive
surrogates (including the heavier one and excluding the lighter one), e.g. 14 N represents all nuclei
with masses in the range 4 < A ≤ 14. The mass groups are chosen to cover approximately equal
ranges of ln A, because the observables ⟨Xmax ⟩ and σ(Xmax ) are mainly sensitive to this quantity.
The surrogates for lighter mass groups {1 H, 4 He,

14 N, 28 Si, 56 Fe}

used in other works (Heinze

et al., 2019, Farrar and Piran, 2014) are extended here by two extra mass groups with surrogates
92 Mo

and 208 Pb, covering the range of superheavy nuclei, while keeping the logarithmic intervals.

As discussed in Chapter 3, the photodisintegration cross section is dominated by the GDR,
and has a scaling remarkably close to proportionality with A. The similarities in the cross
section per nucleon can be appreciated in the left panel of Figure 6.2. The theoretical reasoning
was presented by Levinger and Bethe (1950) who applied the Thomas-Reiche-Kuhn sum rule to
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Figure 6.2: Left: photonuclear inelastic cross section per nucleon as a function of the photon
energy in the nucleus rest frame. The cross sections are sampled from Talys (Koning
et al., 2007). Right: interaction length per nucleon as a function of its Lorentz
factor. The target photon spectrum includes both CMB and EBL photon fields (see
Section 3.1.1) at redshift z = 0. The colors indicate different nuclear species, as
shown in the legend.
nuclear photoabsorption, and found that the energy-integrated cross section

∫

σ(ϵ)dϵ ∝

ZN
A

∝ A.
1

Nevertheless, there are slight differences, e.g. the peak energy decreases approximately with A− 3 .
These relations are reflected also in the interaction rates.
In the right panel of Figure 6.2 we can see the interaction lengths scaled by the nucleon
number as a function of the Lorentz boost. The interaction rates were calculated using Eq. 3.16,
and the interaction lengths are inversely proportional to the rates:
λi (Ei , z) = 1/Γi (Ei , z),

(6.1)

where the dependency on the redshift z comes from the cosmological evolution of the target
photon density spectrum. Figure 6.3 represents the CMB and EBL spectra, which constitute
the main interaction target for UHECRs propagating in the intergalactic medium. The redshift
values considered here are 0 ≤ z ≤ 1, which cover distances up to over 3 Gpc (using the
cosmological parameters given by Hinshaw et al., 2013). Such distances are large enough that
all nuclei with Lorentz factor γ ≈ 1010 disintegrate completely.
The mass-scaled interaction lengths in Figure 6.2 reflect the mass dependence of the cross
section per nucleon because the target photon spectrum looks the same in the cosmic-ray rest
frame for nuclei with the same Lorentz factor. For 208 Pb, for example, the cross section peaks at
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Figure 6.3: Extragalactic target photon spectrum and its dependence on the redshift z (different
shades of red). The EBL model is based on Gilmore et al. (2012).
lower photon energies compared to other nuclei, and this reflects in the mass-scaled interaction
length minimum positioned at a reduced value of the Lorentz factor relative to other nuclei.
Additionally, nuclei with higher peaks in the cross section per nucleon exhibit deeper minima
in the scaled interaction length. The minimum length (maximum interaction rate) occurs for
max
the boost that superposes the CMB peak (ϵmax
CMB ≈ meV) and the GDR peak (ϵGDR ≈ 10 MeV),
max
10
that is ϵmax
GDR /ϵCMB = γ ≈ 10 . The conclusion from this is that the interaction lengths for two

nuclei with the same boost are approximately reciprocal to the ratio of the masses
λA1 (γ)
A2
.
≈
λA2 (γ)
A1

(6.2)

This relation becomes exact for γ ≳ 3 · 1011 because of the onset of photomeson interactions,
where the cross section per nucleon is universal for nuclei (see Chapter 4). In terms of total
energy E = γAmp , the interaction lengths are shifted to higher energies for heavier nuclei, so
for instance

28 Si

has its minimum interaction length at an energy two times larger compared to

14 N.

Taking into account that the main disintegration channel for photodisintegrations of nuclei
through the GDR is the loss of a nucleon, we can estimate the distance related to a certain
mass loss as it propagates through the IGM. Starting with a nucleus of boost γ, mass Ak and
interaction length λAk , it is likely to interact after a distance λAk = λAk (γ) with the loss of
one nucleon (i.e. the mean interaction length). The product (with mass Ak − 1) subsequently
k
would interact after a distance λAk −1 . Given Eq. 6.2 the relation λAk −1 = λAk AAk −1
holds,

given that photodisintegration products preserve the boost of the parent (see Section 4.2.3).
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Subsequently, the product of the second interaction with mass Ak − 2 will interact in average
Ak
k −1
after λAk −2 = λAk −1 A
Ak −2 = λAk Ak −2 . By inference, the total average distance Λ for the loss of

Nk nucleons is:

Λ(Ak , Ak − Nk ) = λA + λAk

Ak
Ak
Ak
+ λ Ak
+ · · · + λAk
Ak − 1
Ak − 2
Ak − Nk

= Ak λAk (HAk − HAk −Nk −1 ),
where Hn =

(6.3)
(6.4)

n
∑
1
m is the nth harmonic number. This relation shows that heavier nuclei travel

m=1

a longer distance until full disintegration. Additionally, if we define ΛA = Λ(A, 1) = AλA HA as
the full disintegration distance, Eq. 6.4 can be written as

Λ(Ak , Ak − Nk ) =Ak λAk (HAk − HAk −Nk −1 ) = ΛAk − ΛAk −Nk ,
ΛAk =ΛAk −Nk + Λ(Ak , Ak − Nk ).

(6.5)
(6.6)

Equation 6.6 leads to the conclusion that the distance for full disintegration is the addition
of the distance required to lose Nk nucleons and the distance to fully disintegrate the remaining
nucleus. Given two nuclei with masses related as Ak > Al , and using the notation ΛA = Λ(A, 1)
for the full disintegration distance of species with mass A, we can write:

ΛAk Ak λAk HAk
=
Λ Al
Al λAl HAl
ΛAk HAk
≈
>1
Λ Al
HAl
ΛAk g + ln Ak
,
≈
Λ Al
g + ln Al

(6.7)
(6.8)
(6.9)

where Eq. 6.2 was employed, as well as the approximation HA = g + ln A, where g=0.5772... is
the Euler-Mascheroni constant. This relation is limited to cases where Eq. 6.2 holds, or where
it is bound to
Ak λAk
HAl
<
.
Al λAl
HA k

(6.10)

The approximation for HA can be used in Eq. 6.6 to obtain a simpler relation for the loss of
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Figure 6.4: Left: Interaction lengths for different nuclides as function of the boost, with the
dependence on redshift given by the darkness of the color (darkest is z = 0, lightest is
z = 1). The redshift dependence preserves the ratios of the rates. Right: Interaction
lengths as a function of the total UHECR energy.

nucleons,
Ak
Λ(Ak , Ak − Nk ) = Ak λAk ln
Ak − Nk
(

)

(6.11)

It should be noted that as the disintegration products lose mass, their energy will scale down
proportionally due to boost conservation since (

EAk −Nk
EAk

=

Ak −Nk
Ak ).

For the distances around

ΛA , the injected nucleus appears as a number A of free nucleons with the same boost, or energy
Ep = EAk /Ak . This means that nuclei of the same boost factor will ultimately disintegrate
and contribute to proton spectra at the same energy, regardless of the starting mass. Further
propagation will lead to additional energy loss.
The redshift dependence of the interaction lengths does not change the relations obtained
above. As Figure 6.3 shows, the shape of the SED is preserved for larger redshifts, with slight
shift to higher energies. Nuclei with the same boost ‘see’ the same target photon spectrum
regardless of the species, and their interaction rates are related in the same manner as for local
redshift z = 0. This is verified in Figure 6.4 (left): increasing redshift decreases the interaction
length for different species in the same degree, preserving roughly the relative ratios.
Figure 6.4 (right) shows a comparison of the interaction rates in terms of the total cosmic-ray
energy. In contrast to the right panel of Figure 6.2, the curves are now shifted in energy by
A (energy-boost relation), while the rates are shifted by 1/A. These effects move the curves
roughly along E −2 ∝ A−2 , as visible in the relative positions of the minima. Such ordering of
the rates would cause a mass-dependent photodisintegration cutoff on the flux spectra of the
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isotopes, similarly to a rigidity-dependent cutoff often assumed for the spectra ejected from the
astrophysical source, due to the limitations of sources to confine magnetically particles above
a certain rigidity (Farrar and Piran, 2014, Muzio et al., 2019, Heinze et al., 2019). Indeed,
assuming constant injection of UHECR nuclei with a power-law spectrum, after propagation the
spectra would show cutoffs at the energies where the interaction lengths show a steep decrease
due to the onset of interactions with the CMB. Such cutoffs would appear at higher energies for
larger mass species, reflecting the A-scaling of the interaction lengths. The rigidity-dependent
cutoff works similarly because the cutoff energy scales as Ecut = RZ Z (RZ being the rigidity),
and the charge in nuclei is proportional to the mass.
In addition, this effect creates regions of energy where light nuclei have shorter interaction
lengths compared to heavier ones. From energy 7 · 109 GeV, iron and molybdenum have the
largest interaction lengths up to around 3 · 1011 GeV. This means that if a mixed composition
is injected by a source at such energies, the average composition will become heavier as the
cosmic rays propagate away from the source. For example, at 1011 GeV helium and nitrogen
have lengths just below 1 Mpc Figure 6.4, while for iron and molybdenum it is ten times larger.
The relative amounts of helium and molybdenum at this energy would then evolve with distance
d as
J4 (d)
J4 (0)
1
1
=
exp −d
−
J92 (d)
J92 (0)
λ4 λ92
(

(

))

J4 (0)
9
≈
exp − d ,
J92 (0)
10
(

)

(6.12)

where Jk (0) is the intensity emitted by the source and Jk (d) is the intensity at distance d
from the source. Therefore, after 10 Mpc the relative intensity would have decreased by a
factor 10−4 (becomes 104 times heavier). If we consider the neutron star merger GW170817,
which occurred in a galaxy at a distance of 40 Mpc (Abbott et al., 2017b), and assume an
4 (0)
9
emitted cosmic-ray composition like that of the SoS light-to-superheavy fraction ( JJ92
(0) ≈ 10 ),

UHECRs of energies 1011 GeV would have a much higher content of heavy nuclei intensity at
4 (40 Mpc)
−7
Earth ( JJ92
(40 Mpc) ≈ 10 ). This illustrates how in the case of superheavy nuclei, propagation

may act as a ‘mass filter’ that can distort considerably the composition leaving the source in
favor of heavier nuclei. This effect may also be studied among other lighter species, e.g. nitrogen
and iron at 1011 GeV. We should point out that these differences in rates originate from different
interaction regimes, i.e. helium at 1011 GeV is interacting with the CMB while iron at 1011 GeV
is interacting with the EBL. It can be foreseen that measuring the composition precisely at
these energies could allow for a verification of EBL models. Admittedly, we would also need
an estimate of the compositions in the sources and it might be difficult to reach the required
precision.
An important point is that at an energy around 2·1011 GeV (near the GZK limit) molybdenum
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has an interaction rate similar to protons, although the latter interacts through photomeson
production. If we compare the typical inelasticities, a proton loses about 20% of its energy per
interaction (see Chapter 3), while a molybdenum nucleus will lose only 1/92 ≈ 1%. This also
implies that in the vicinity of the source, injected protons will lose energy faster than superheavy
nuclei around the molybdenum mass, leading to an increase of average mass at those energies.
However, this effect would disappear further from the source because secondaries injected by
molybdenum have the same boost and are injected at energies where the proton losses are much
smaller in comparison.
Finally, a comment on the interaction rates of superheavy nuclei. At present date, UHECR
energies up to 3·1011 GeV have been measured but the composition has been estimated only up to
about 4 · 1010 GeV. If superheavy nuclei are being injected in the sources, as we hypothesize, the
imprints could appear in the energy ranges where we have not measured the composition (beyond
4 · 1010 GeV). This is because if iron is present in the highest energies (as supported by studies
that fit the spectrum and composition) it could be a product of superheavy disintegrations. If
so, the relations between interaction rates would imply correlations between the composition
at 4 · 1010 GeV and higher energies, which could be predicted using propagation codes such as
PriNCe .

6.4 Propagation of superheavy nuclei using PriNCe
This section presents the full simulations for the transport of superheavy nuclei with PriNCe where
all nuclear interactions and productions channels are included up to superheavy masses. The
cases considered only one species injected from the source and at a unique energy (i.e. the spectrum ‘injected’ in the propagation calculation is a delta function of the energy). These scenarios
are suitable for comparison with the relations found in the previous section, and therefore ease
the interpretation of the results.
As the injected nucleus propagates and interacts, secondary nuclei are produced at the same
boost and will further disintegrate at an equivalent regime (see Figure 6.2). At sufficiently large
distances, full disintegration occurs and only protons would remain. At intermediate distances,
the secondaries are distributed over the injected mass and A = 1. The mass and energy will be
correlated because of the narrow energy distribution of the injection and the boost conservation
of secondaries. Figure 6.5 represents the mass evolution during propagation (up to 10 Mpc)
where each panel corresponds to a different mass group surrogate injected. The injection boost
is γ = 2·1010 , which corresponds to the maximum interaction rate (minimum interaction length)
for all mass group as seen in Figure 6.2. Thus the corresponding injection energies are: 5.6 · 1011
GeV for silicon, 1.12 · 1012 GeV for iron, 1.84 · 1012 GeV for molybdenum and 4.16 · 1012 GeV for
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Figure 6.5: Evolution of the mass composition of cosmic rays with propagation. In each plot, a
single species is emitted by a source art 10 Mpc, whose initial spectrum is assumed
to be a delta function in Lorentz boost, γ = 2·1010 . The injected isotope in each case
is silicon (top left), iron (top right), molybdenum (bottom left), and lead (bottom
right). The stacked plots represent the relative luminosity of each mass group (given
on the y axis on the left hand side), while the black curve represents ⟨ln A⟩ and the
shaded region represents its spread, σln A (given on the y axis on the right hand side).
lead.
The color-shaded regions show stacked plots where the corresponding heights represent the
share of the total luminosity taken by each mass group. The variation of the limits between
regions follow the redistribution of luminosity resulting from the disintegrations of the injected
species and also the decay products. The percentages of luminosity are indicated by the left
y-axis, and the mass-group colors are indicated above each figure. The black curve is quantified
by the right y-axis, and describes the values of ⟨ln A⟩ as a function of the distance. The shadow
surrounding the black curve quantifies the corresponding σln A . It should be noted this ln A is
computed with nuclei at different energies (in the range γmp - γAmp ). In order to be comparable
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to the values reported by PAO, the averaging energy range needs to correspond to the reported
energy bins.
The most striking feature is that groups are populated in sequence of heavier to lighter.
This is notable because the disintegration of nuclei can produce secondaries of multiple masses,
and when all secondaries are disintegrating, it could be possible intermediate nuclei like helium
receive multiple injections. Instead, Figure 6.5 is compatible with a photodisintegration process
that injects with higher probability nuclei in the mass-vicinity of the parent. This is because in
the photodisintegration of nuclei, one nucleon emission is the process with highest probability
for most species, and consequently the remainder A − 1 product as well. Therefore, production
of a given intermediate species is most important when the intensity of its immediate neighbors
of heavier-mass is maximal. We can call this a ‘disciplined disintegration’ (DD) effect, where
heavy nuclei produce predominantly immediate mass neighbors, and the lightest nuclei can only
be produced sizeably once all heavier species have disintegrated.
This is consistent with the relations found in the previous section. Indeed, from Eq. 6.11 and
Eq. 6.6 we obtain
Λ Ak
ln Ak
=
Λ Aj
ln Aj

(6.13)

which reflects the notion that heavier nuclei propagate further than lighter nuclei with the same
Lorentz boost. However, the difference in distance is not very large: for lead is only 1.6 times
that of silicon. The simulation is roughly in agreement with the approximate relations.
The DD effect also occurs for Lorentz boosts corresponding to the photomeson interactions
γ ≳ 3 · 1011 because nucleon emission is also the dominant mechanism. This is the case for
both the SpM and the EM models of photomeson interaction (see Chapter 4). The DD effect is
evidenced also in results found with an analytical approach to propagation (Hooper et al., 2008)
which also assumes only one nucleon emission in the disintegration of nuclei.

6.5 Outlook on future applications of the model
Nuclei heavier than iron (superheavy) are expected to be present in extragalactic UHECR accelerators where compositions heavier than SoS-like could potentially be found (see Section 2.2).
If superheavy nuclei are accelerated in the source into the ultra-high-energy regime, they can in
principle escape and be emitted as superheavy UHECRs, provided that the source is optically
thin to photointeractions up to the highest energies.
In this chapter I have presented the extension of current interaction models of UHECRs to
include superheavy nuclides. This was achieved by collecting decay data, sampling Talys , and
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producing a new photomeson model (see Chapter 4). The extension up to mass A = 208 adds
more than 2100 nuclides to the existing interaction models in PriNCe , and would amount to
a comparable addition in other existing propagation codes, all of which only consider masses
up to A = 56. The interaction tables have been created with reproducibility in mind, and can
be implemented in other propagation codes employed by the community as well as simulations
of UHECR sources. The mass range limitations of current σ(Xmax ) fits, creates difficulties in
performing UHECR spectrum and composition using superheavy nuclei. We would therefore
recommend EAS studies with superheavy nuclei, in order to extend the mass range of σ(Xmax )
relations, to allow evaluation of the impact of superheavy in the UHECR composition.
The interaction lengths for propagation of nuclei (including superheavy) through the intergalactic medium have been calculated by estimating the interaction with the CMB and EBL
photons. Approximate relations were obtained by noting that for nuclei with the same Lorentz
boost, their interaction lengths are in reciprocal relation to their masses. Additionally the full
disintegration was estimated and it was found that for two nuclei with the same Lorentz boost
the total disintegration lengths are in proportional relation to the ratio of the natural logarithm
of their masses. These relations hold not only for superheavy nuclei, but for all nuclear masses.
Finally we have identified UHECR energies where superheavy nuclei have larger interaction
distances than lighter nuclei. This effect is connected to the relative photon densities in the
CMB and the EBL. The composition changes with energy could be used as an indicator for the
relative strength of the CMB and EBL, by comparing the relative disintegration of nuclei with
different masses, given assumptions of injection by the sources. These energies are potential
places where to test the presence of superheavy isotopes in the composition of UHECR because
of the differences in disintegration rate impact directly the composition.
The propagation of superheavy nuclei was performed with PriNCe and compared to propagation of lighter nuclei. The effect of disciplined disintegration (DD) was defined in this work
in order to describe the way in which nuclei disintegrate predominantly into species of nearby
masses. This effect produces a cascade that moves smoothly from the injected mass to the lighter
species. This is not a trivial result, given that many different disintegration channels are present
in the interaction tables, including multiple nucleon losses per interaction. The DD effect is also
expected to occur for UHECR photomeson interactions with the extragalactic medium. The
simulations with PriNCe have been found in agreement with the approximate relations.
These findings, together with the implementation of superheavy elements in a numerical
framework, can potentially lay the groundwork for future studies involving new fits to the
UHECR spectrum and composition, for which softwares like PriNCe and CRPropa 3 can be
used, provided that EAS simulations are available. Another step is the impact of magnetic fields
on the propagation of superheavy nuclei for which CRPropa 3 would be more suitable.
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Conclusion and Outlook
In this thesis I have introduced models that improve the current treatment in three different
fronts of high-energy astronuclear research. The main distinctive aspect of these models compared to others employed in current phenomenological UHECR studies is that they draw from
insights of theoretical and experimental nuclear physics. Such emphasis on the accuracy of astronuclear models is strongly motivated by the ever-increasing amount of astrophysical data on
diverse messengers such as cosmic rays, neutrinos and gamma rays. Photo-nuclear interactions
at high energies are the connecting link between these messengers, and therefore an accurate
modeling of the physics behind these interactions is of crucial importance.
After introducing in Chapter 2 some core concepts relevant for the astrophysical discussion,
Chapter 3 detailed the relevant interactions and the modeling tools. Chapter 4 revisited the
model used conventionally in the literature for photointeractions of Ultra-High Energy Cosmic
Rays leading to meson production (photomeson interactions), and a disagreement was found
compared to experimental data. It was shown that this treatment overestimates the production
of pions and underestimates the disintegration of nuclei in photomeson interactions. I have
introduced a new photomeson model (Empirical Model, EM) that improves on these issues by
using a combination of experimental data, empirical relations and theoretical considerations.
This model is thus better in describing experimental data and provides a more realistic picture
of photomeson production by UHECR nuclei.
I have implemented the EM in the code NeuCosmA and tested its impact in examples
of two extragalactic sources thought to be potential candidates for UHECR sources, namely
Tidal Disruption Events (TDEs) and Gamma-Ray Bursts (GRBs). The impact of the model
showed that neutrino production from photomeson interactions of nuclei is reduced, and the
disintegration of nuclei occurs more efficiently, when compared to the standard photomeson
model used. The EM predictions are sensitive to the mass composition injected in the source,
which is a feature not accounted before. In the TDE example the neutrino flux was reduced
by 50%. In the GRB example, the impact of the model was dependent on the efficiency of the
disintegration, and the maximum impact was found when nuclei did not disintegrate fully, thus
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contributing more to meson production. The EM has been published (Morejon et al., 2019a)
and the software made available (Morejon, 2019b) for facilitating the reproducibility of results
and facilitating its implementation in other existing codes and calculation frameworks in High
Energy Particle Astrophysics.
Chapter 5 focused on photon production from photodisintegration of nuclei. I produced tools
to compile available data related to photoemission and employ a more sophisticated approach
compared to state-of-the-art models. I then integrated this model into a numerical software for
astrophysics, developed in parallel by my collaborators at DESY. This new piece of software was
built from a coupling of two previously existing codes: NeuCosmA (Baerwald et al., 2013), and
AM3 (Gao et al., 2017), with the addition of the present photodisintegration photon model.
In order to test the improvement factor of the model in a specific astrophysical scenario, we
modeled the multi-wavelength emission from the core of the galaxy Centaurus A in a leptohadronic framework including the presence of high-energy cosmic-ray iron nuclei, assumed to be
co-accelerated with electrons in the jet (Rodrigues et al., in development). The improvements
introduced by this new model compared to the current literature can be summarized as follows:
(a)the total cross section is approximated as a energy-dependent curve following known trends
across nuclear isotopes; (b) the rate of photodisintegration is given explicitly as a function of
the energy of the nucleus; (c) the photons emitted by nuclei have a distribution in energy;
(d) the entire nuclear cascade of lighter isotopes is computed (and not only the accelerated
iron); (e) the gamma rays that are emitted by unstable isotopes are allowed to re-interact in
the source, which the study concludes is optically thick to these photon energies; and (f) the
electron-position production from hadronic species is considered, leading to additional electrons
that contribute to the overall photon emission.
Unlike the conclusions of other works that use simpler models, this study has shown that such
a complex set of interactions leads to a final photon spectrum that differs from the observations.
Firstly, this emphasizes the importance in astrophysics of self-consistent numerical modeling of
sources and of nuclear physics insights. Secondly, it shows that the specific case of Centaurus
A cannot be easily explained by a simple power-law acceleration of nuclei. Instead, other more
complex source characteristics must be considered in future works to potentially explain these
observations.
Finally, Chapter 6 introduced for the first time the interactions of UHECR nuclei heavier than
iron (superheavy) in the context of propagation. I have produced tables for the interactions and
implemented them in PriNCe. The additions include the disintegration data for such nuclei.
The contribution amounts to more than 2100 species for which the main decay mode, the
interactions cross sections and the production channels were collected experimentally or derived
from models. The photodisintegration interactions were obtained by sampling interactions in
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Talys , and the photomeson model used was the EM presented in Chapter 4. For reproducibility
of these results and implementation in other propagation frameworks, this model is now available
as a software tool that generates the interaction tables.
The discussion of the interaction rates for propagation of superheavy nuclei through the
intergalactic medium lead to deriving approximate relations for the total disintegration length.
Notably it was determined for nuclei with the same Lorentz boost, that their interaction lengths
are in reciprocal relation to their masses, and that the estimated full disintegration length are
proportional to the ratio of the natural logarithm of their masses. UHECR energy ranges were
identified where superheavy nuclei propagate further than lighter nuclei. The estimation of this
effect was performed using the approximate relations and it was predicted that it would produce
a propagation-induced enhancement of the intensities of superheavy isotopes as they leave the
source.
The concept of disciplined disintegration (DD) is also introduced, whereby nuclei disintegrate
predominantly into species of nearby masses, leading to a smooth transition of the luminosity
from the injected mass to the lighter species, always respecting the mass hierarchy. This effect is
most visible in the propagation of superheavy nuclei, due to the large number of isotopes in the
disintegration chain. I then employed the code PriNCe, which I have extended to superheavy
masses in order to calculate the propagation of superheavy nuclei numerically, which has not
yet been done in other works. The results of the numerical propagation were in agreement with
the analytical formulas derived.
The implementation of the interactions in CRPropa 3 is also planned in the future. This will
allow us to estimate for the first time the role of magnetic fields in the propagation of superheavy
nuclei. Additionally, fits to the UHECR spectrum and composition are left as proposals for future
works, once the EAS models include superheavy masses and predictions on the observables can
be performed.
This thesis focused on improving three aspects of state-of-the-art multimessenger research:
neutrino production through photomeson interactions of cosmic-ray nuclei; photon production
from cosmic-ray photodisintregration; and superheavy UHECR isotopes, for which the first
numerical tool was introduced in this work. The results obtained have demonstrated that more
realistic nuclear models are an essential component of astrophysical studies aiming to constrain
the physics behind the UHECR phenomenon.
At the same time, the new models contain simplifications that allow their usage in the codes
employed here, which means future refinements may be necessary. In the case of the photomeson
model, specific comparison to the yields of nuclear fragments is not overall satisfactory. This
is partly because the model employs expressions for the mean production cross section, which
may deviate from individual cases. As for the photoproduction models, the main shortcoming
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is the common parameters for different nuclei, which does not improve substantially on existing
treatments. Nevertheless, the compiled data can be employed to prepare improved versions
of the model in the future if the simulation codes or the astrophysical scenario would require
it. The propagation of superheavy nuclei suggests interesting results, and several approximate
relations with analytical form were obtained. However, such simulations are computationally
expensive and will require optimizations, possibly reducing the number of species considerably.
This limits currently the practical usage of this model for larger scale studies such as a fit to
the cosmic ray spectrum.
These new models have been published as open-source software, in hope that future phenomenological astrophysics studies will be able to make use of these improved tools.
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Appendix A
Empirical formulas
A.1 Photomeson model based on empirical formulas
To construct the photomeson model it is necessary to obtain for each nuclear species j:
• σj = σj (ϵr ) the absorption photonuclear cross section as function of the photon energy in
the nucleus rest frame ϵr .
incl = σ incl (ϵ ) the inclusive photonuclear cross section for producing each of the k-th
• σj→k
j→k r

possible product particles (pions, nucleons, nuclear fragments).
The form of sigmaj in the EM model is presented in Section 4.2.1 and summarized in Tab. 4.1.
The expressions for the inclusive cross sections are presented in Section 4.2.2 for pions and in
Section 4.2.3 for nucleons and nuclear fragments. The following sections detail the calculation
incl for nuclear fragments. The energy redistribution of the secondaries is calculated using
of σj→k

Eq. 4.2 for the fragments of the nuclear remnant, while for direct interactions of the photon with
a nucleon it is obtained from SOPHIA using Eq. 3.20 (see Appendix A.1.2).

A.1.1 Formulas for the inclusive cross sections
The inclusive cross sections for producing nucleons and nuclear fragments are based on the
formulas discussed in sections below. The following relations are used in our model:
incl
σj→p
= σpdir + σpsp ,
incl
σj→n
= σndir + σnsp +

(A.1)
x∑
max

mul
xσxn
, xmax = ⌊1.4 A0.457 ⌋ ,

(A.2)

x=2

incl
σj→k
=

⎧
⎪
⎪
σpdir
⎪
⎪
⎪
⎪
⎪
⎨σ dir
n

⎪
mul
⎪
σxn
⎪
⎪
⎪
⎪
⎪
⎩σ sp
k

for nucleus k = (Z − 1, A − 1)
for nucleus k = (Z, A − 1)
for nucleus k ∈ (Z, A − x)
for nucleus k ∈ (Zk ∈ [1, ..., Z − 1], Ak ∈ [1, ..., A − 2])

,

(A.3)
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Figure A.1: Cross sections (in milibarn) versus the mass of the interacting nucleus A, for the
relevant processes included in the EM. This is a partial reproduction of Fig. 8 by
Terranova and Tavares (1994).

dir , σ mul , and σ sp are obtained using empirical relations, derived
where the expressions for σpdir , σxn
n
k

from data in the energy range 0.2 − 1 GeV by Terranova and Tavares (1994). Here we adapt
the naming convention and remark that these relations do not correspond to the microscopic
nuclear processes, but instead give a reasonable representation of data.
For simplicity and due to the sparsity of data, we assume they hold constant for all photon
energies in the photomeson regime (see Figure 4.2). Below are the processes and their expressions
reproduced from Terranova and Tavares (1994):

• Direct proton production (σpdir ) Reactions producing only one proton (γ, p) and a
residual nucleus of mass A − 1:
σpdir = 0.078 A0.50 mb .

(A.4)

• Direct neutron production (σndir ) Reactions producing only one proton (γ, n) and a
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residual nucleus of mass A − 1:
σndir = 0.104 A0.81 mb .

(A.5)

mul ) Reactions producing x > 1 neutrons (γ, xn) and the
• Multi-neutron production (σxn

corresponding residual nucleus with mass A − xn:
mul
σntot
=

x∑
max

mul
σxn
mb, where xmax = ⌊1.4 A0.457 ⌋ and

(A.6)

x=2
mul
σxn
= 0.187 A0.684 e−37 A

−0.924

(x − 1)5/4

mb .

(A.7)

sp
• Spallation (σxp,
yn ) Spallation reactions where a nominal loss of x > 1 protons and

y > 1 neutrons occurs (γ, xp + yn) and the corresponding residual nucleus with mass
Ar = A − xp − yn ≥ A/2 is produced:
sp
−1.356 −3.03 E
σxp,
e
yn = 15.7 E

−1.06 (x−1)−0.466 (x − C

α y)2

mb , where

(A.8)

E = 446/A , C = 2.3 α − 1.044 , and α = Z/(A − Z) .
• Pion production (σπprod ) Reactions producing pions (π 0 , π+, π − ) and one nucleon
(γ, π + N ). This contribution is only used in the EM for normalizing the spallation
in Eq. A.10. The relations for pion production in the EM are discussed in Section 4.2.2:
σπprod = 0.027 A0.847 mb .

(A.9)

• Fission It is only important for nuclei with mass above the Iron

56 Fe).

It estimated

from theoretical considerations since there is no exclusive experimental data for this process (Terranova and Tavares, 1994).
These relations are represented graphically in Figure A.1, except for the spallation curve
which is strongly dependent on the mass and nucleons emitted, thus σ sp is represented as the
remainder of the total cross section σ tot = 0.28A mb Terranova and Tavares (see 1994) after
subtracting all contributions
(

mul
σ sp = σ tot − σπprod + σpdir + σndir + σntot

)

.

(A.10)

To obtain the inclusive cross sections used in EM it is necessary to multiply the formulas above
by the number of respective particles produced. For example, in the inclusive contributions
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from direct proton and direct neutron production (σpdir and σndir ) only one nucleon and one large
fragment (Z − 1, A) or (Z, A − 1) are produced. In the case of the multi-neutron process the
mul for the emission of x neutrons contributes to the inclusive cross section for
cross section σxn
mul (see Eq. A.2), i.e. :
neutron emission as xσxn

σnmul =

x∑
max

mul
xσxn
.

(A.11)

x=2

In the case of spallation, only one fragment species k with mass A/2 ≤ Ak ≤ A−2 is produced
sp . We have made additional considerations to group
and the inclusive cross section is just σxpyn

the produced nucleons (x protons and y neutrons) into fragments with masses Ak ∈ [1..4]

σksp =

⎧
⎨σ sp

Ak ∈ [1...4]

⎩σ sp

Ak ∈ [A/2...A − 2]

l

xp, yn

.

(A.12)

Where σlsp stands for any light fragment produced (σnsp , σpsp , etc. ). The method of estimating
σlsp is discussed in the following subsection.

A.1.2 Inclusive cross section of small fragments
In the processes considered in Section A.1.1 no fragments with masses smaller than A/2 are
created. We assume for the EM that nucleons produced in the spallation process can be grouped
into fragments of no more than four nucleons and estimated the number of those fragments with
thermostatistical formulas (Cole, 2010).
For any spallation event i a number of x protons and y neutrons is lost from the interacting
nucleus (Z, A) with an exclusive cross section σxpyn (which in the following will be labeled as
σisp ). We consider that the total energy of left from the interaction is taken by the spalled
nucleons as their kinetic energy (no internal excitation of products). The spalled nucleons can
be configured in a number of small fragments, or a combination r:
{

Cri = Nri,n , Nri,p , ..., Nri,l , ..., Nrtexti,{}alpha

}

l ∈ (Zl , Al ), 1 ≤ Al ≤ 4 ,

(A.13)

where l refers to any of the nuclear species with no more than four nucleons and with a decay
half life longer than the relevant timescale of the astrophysical (only common isotopes remain).
The set of all possible Ci = {Cri } is determined by finding all mixtures of species l in the
quantities Nri,l such that the proton and nucleon number of the combination matches the spalled
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numbers:
x = Zi =

∑

Zl Nri,l ,

(A.14)

Al Nri,l .

(A.15)

Cri

x + y = Ai =

∑
Cri

An appropriate weight for each combination Pi,r allows to find the numbers of particles produced in each spallation event i with
Ni,l =

∑

Nri,l Pi,r .

(A.16)

r

By summing the numbers of particle l over all spallation configurations, the total inclusive cross
section of spallation for particle l is obtained
σlsp =

∑

Ni,l σisp ,

l∈S.

(A.17)

i

The following section details the estimation of the combination weights Pi,r .

A.1.3 Evaluation of the weights of combinations
The simplest assumption is that all combinations are equiprobable, that is they all have the
same weight Pi,r = Pi . Then the number of particles of species l (Eq. A.16) results
Ni,l = Pi

∑

Nri,l ,

(A.18)

r

and the Pi can be found from the nucleon conservation. This means that the number of nucleons
produced in all spallation events is equal to the nucleons present in the interacting nucleus
A

∑ sp

σi =

i

∑

Ak σksp ,

(A.19)

k

where σksp are those in Eq. A.12 and Eq. A.17 with Eq. A.18.
The equiprobability assumption fails to account for the fact that combinations with more stable nuclei are more likely to occur. In the EM we apply statistical mechanics, assuming that the
combinations are possible microstates corresponding to a certain spallation event (macrostates)
within the Grand Canonical distribution. A general form of the partition function in this case

139

Appendix A Empirical formulas
is (Cole, 2010)
Z=

∑

e−β(ϵi −µnr ) ,

(A.20)

i,r

where ϵi is the energy of the macrostate, µ is the chemical potential of the elements (here only
one species is included) and nr the number of elements of a given microstate. The weight of a
microstate can be expressed by the probability of the microstate
Pi,n = e−β(ϵi −µnr ) /Z ,

(A.21)

We are interested in the relative weights of different microstates with the same energy ϵi since
we use the normalization condition Eq. A.19. Hence, the expression for Pi,n can be rewritten
grouping the factors common to a macrostate i into some normalization constant Bi
Pi,nr = Bi eβµnr ,

(A.22)

which allows estimating the weights of the macrostates without calculating the partition function. Considering each nuclear species l as a different constituent of the system, the chemical
potential associated will be its ground state energy µl = ml (rest mass in units of energy) which
can be found in nuclear mass tables. Then the required expression of Pi,r is
∑

β

Pi,r = Bi e

µl Nri,l

l

,

(A.23)

where the normalization constants Bi are found using Eq. A.19. The expression chosen for βi is
commonly used for nuclei (Cole, 2010)
√

β=

A
,
8ϵ¯∗

(A.24)

where the excitation energy ϵ¯∗ was chosen as the average photon energy in the range where the
spallation formula was obtained
ϵ¯∗ =

1∫GeV

σj (ϵr )ϵr dϵr
0.1 GeV
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σj (ϵr )dϵr .
0.1 GeV

(A.25)

Appendix B
Comparing photon models

Figure B.1: Comparison of photon models created using Talys and Fluka : nucleus
low).

14 N

(be-

The models for photoproduction in photonuclear interactions are presented in Chapter 5. Two
of the models are based on nuclear interaction codes: Talys and Fluka . The nuclei available
and the photon interaction ranges differ; however, for the ranges in common the outputs should
be comparable, if not identical. Figures B.1-B.4 illustrate the important differences between
the models with the inelastic and the inclusive cross sections for photoproduction. The ratio of
inclusive to inelastic gives the multiplicity of photons Mγ . The nuclides chosen are all stable, and
expected to be abundant in astrophysical scenarios. The inelastic cross sections differ between
models from just below two up to almost six times in the GDR peak, with very different shapes.
The inclusive cross sections differ in a factor from just below two up to almost thirty in the GDR
peak, also with striking shape differences. The multiplicities of photons also vary considerably
with the range Mγ = 0.3 − 3 for Talys and the range Mγ = 0.1 − 0.3 for Fluka .
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Figure B.2: Comparison of photon models created using Talys and Fluka : nuclei 16 O (above)
and 18 F (below).
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Figure B.3: Comparison of photon models created using Talys and Fluka : nuclei 28 Si (above)
and 36 Ar (below).
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Figure B.4: Comparison of photon models created using Talys and Fluka : nuclei 40 Ca (above)
and 56 Fe (below).
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