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Abstract of Dissertation

From Data to Detection: Advancing Gamma-ray Burst and MeV Science with Fermi and
the Path Forward with AMEGO

Relativistic astrophysical jets are believed to host physical processes in some of the
most extreme conditions, such as intense magnetic fields and high velocities. They are
understood to accelerate particles close to the speed of light, generating highly energetic
cosmic rays. These conditions are unobtainable on Earth, so we can use these jets as natural
laboratories, allowing us to study physics at its limits.

Gamma-ray bursts (GRBs) emit such relativistic jets. GRBs are the most energetic
events in the universe. They are highly luminous explosions that occur in distant galax-
ies. These bursts either come from a binary compact object merger, or the death of a
massive star. In both scenarios, a black hole central engine is formed, emitting a jet of col-
limated particles. The early flash of gamma-rays produced from these jets is called GRB
prompt emission, which is mostly non-thermal and thought to be of synchrotron origin.
The spectrum of this prompt emission has been historically hard to model, making the
physics difficult to interpret. While the Band function, a type of smoothly-broken power
law, has traditionally been used to fit the prompt emission spectrum, recent analysis found
a discrepancy when fitting it to Fermi Gamma-ray Burst Monitor (GBM) data and Fermi
Large Area Telescope (LAT) data. Recent studies, however, show the possible existence
of multiple emission components in the keV regime, which could be key in resolving said
discrepancy. These results can then be used to constrain the spectral energy distribution of
electrons within GRB jets, offering another piece of information on the underlying accel-
eration mechanisms and physical conditions of the outflow. Therefore, the first objective
of this thesis will focus on studying the curvature of the MeV spectra of GRBs, and the
implications of the multi-component model.

However, the spectrum of GRB prompt emission breaks in the MeV regime, where nei-

ther GBM nor LAT is sensitive. This necessitates the need for a mission in the medium en-
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ergy gamma-ray range. The All-sky Medium Energy Gamma-ray Observatory (AMEGO)
and AMEGO explorer (AMEGO-X), will have capabilities to collect data in this complex
region, with over 10 times the sensitivity of previous instruments. The ComPair balloon in-
strument, which flew in August 2023, is the prototype for AMEGO, and served as a technol-
ogy demonstration in a space-like environment. ComPair is composed of four subsystems:
a double-sided silicon strip detector (DSSD) Tracker, a virtual Frisch CZT Low Energy
Calorimeter, a CsI High Energy Calorimeter, and an anti-coincidence detector (ACD) to
reject charged particle backgrounds. The second focus of this thesis will be on the devel-
opment, calibration, and performance of the DSSD Tracker as well as the entire ComPair

instrument.
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Chapter 1 Introduction

In 1912, Austrian physicist Victor Hess showed that atmospheric radiation, which orig-
inally was thought to have come from the crust of the Earth, may have an extraterrestrial
origin [1]. These now-called cosmic rays (CRs) are signatures of high-energy processes
in the universe that, even after over 100 years of research, are still not well understood.
Around World War II, CRs started to be studied in new energy bands, with observations in
ultraviolet, X-ray, and even gamma-ray wavelengths [2]. This allowed scientists to probe
the edges of the known universe, and to study some of the most energetic astrophysical
objects, including supernovae, active galactic nuclei (AGN), black holes, and gamma-ray
bursts (GRBs).

The rest of the 20th century saw significant development in multimessenger astro-
physics. With the discovery of more supernovae (such as the famous SN1987A in the Large
Magellanic Cloud [3]) and GRBs (see Chapter. 2), the need for ground-based and space-
based gamma-ray instrumentation was at an all time high. From the 1960s onward, dozens
of gamma-ray instruments were developed. For recent ground-based instruments, this in-
cluded the High Energy Stereoscopic System (HESS) [4], the Very Energetic Radiation
Imaging Telescope Array System (VERITAS) (5], and the High-Altitude Water Cherenkov
(HAWC) Observatory [6], all of which utilize Cherenkov radiation to study gamma-rays.
For space-based instruments, this most notably included the Compton Gamma Ray Obser-
vatory [7], Konus-Wind [8], the International Gamma-Ray Astrophysics Laboratory [9], the
Swift Observatory [10], and Fermi Gamma-ray Space Telescope [11]. These instruments
and many others covered a large energy range and allowed for broadband observations of
the universe. However, due to competing photon interaction processes in conventional de-

tectors, the sensitivity from around 1 to 100 MeV is poor compared to other energy ranges

(Fig. 1).
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Figure 1: Continuum sensitivity of various X-ray and gamma-ray instruments. Decommis-
sioned instruments are denoted by dotted lines. Highlighted in gray is the infamous “MeV
gap”, where instrument sensitivity is low compared to other energy ranges. [12]

This lack of coverage, hereby referred to as the MeV gap, spans energies that are cru-
cial for understanding astrophysical phenomena. Without adequate coverage in the MeV
regime, plenty of questions remain unanswered.

For example, while the the diffuse MeV background is believed to be composed of
MeV photons from CRs, AGN, supernovae, and other various sources, MeV data is still
needed to better constrain these models [13]. In the case of GRBs, recent models account
for multiple emission components within the jet, but MeV data is crucial for separating and
identifying them.

It is within this context that I have contributed in two ways. First, by testing various
models on GRB data from Fermi, I have validated the use of a multi-component model,
an alternative to the traditionally used Band function, to better constrain the underlying
particle distribution within GRB jets. However, even with the use both GBM and LAT
data, the spectral components in the prompt emission were difficult to constrain, leaving
large uncertainties in my results. Therefore, an instrument that is sensitive at MeV energies
is critical in our understanding of GRBs. This leads to my second contribution effort, where

I have contributed to the development of ComPair, the balloon instrument prototype of a
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gamma-ray mission concept called the All-sky Medium Energy Gamma-ray Observatory
(AMEGO) which aims to bridge the MeV gap.

In Chapter 2, I will discuss the GRB phenomenon and highlight previous observations
and analysis. In Chapter 3, I will discuss, in greater detail, previous gamma-ray instrumen-
tation and the MeV gap. In Chapter 4, I will discuss the AMEGO mission concept, and the
ComPair instrument. In Chapter 5, I will cover my work calibrating and testing the Sili-
con Tracker, one of ComPair’s subsystems. In Chapter 6, I will detail the full instrument
performance, focusing on the calibration campaign that I led. In Chapter 7, I will discuss
my analysis work on GRB prompt emission, where I tested various models to better under-
stand the spectral curvature. Finally, in Chapter 8, I will share my concluding remarks and

highlight some of the future gamma-ray missions.



Chapter 2 Gamma-Ray Bursts

2.1 The GRB Phenomenon

GRBs were first discovered accidentally in 1967 by the Vela satellites [14]. These satel-
lites, operated by the United States, were looking to detect gamma radiation from nuclear

detonations, but instead introduced the world to the most luminous explosions in the Uni-
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Figure 2: Examples of light curves observed by BATSE, demonstrating the diversity of
GRBs [15].

GRBs are highly energetic explosions that begin with a short flash of light followed by
extended emission. The initial flash of light is called GRB prompt emission and is observed

mostly at keV to MeV gamma-ray wavelengths. The light curves of this prompt emission



are very diverse and exhibit high variability, as seen in Fig. 2. The extended emission
observed after the prompt phase is called afterglow emission and can be observed across
many wavelengths, as seen in the afterglow light curve in Fig. 3. These two phases can be

explained by the Fireball Model, which will be discussed in Section 2.3.
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Figure 3: Light curves of GRB 190114C as seen by various instruments. The afterglow
phase of the GRB (occurring to the right of the grey dotted line), can be observed across
many wavelengths. Reproduced from [16].

GRBs are very short in duration, and occur randomly in space and time, making them
very challenging to observe. A major breakthrough in GRB science came from the Burst
and Transient Source Experiment (BATSE) instrument on board the Compton Gamma-Ray
Observatory (CGRO). BATSE detected 2,704 GRBs in its 9-year lifetime [17], and with a
large sample size of bursts, scientists were able to recognize that the angular distribution
of GRBs was isotropic, and did not align with any known population of galactic sources
(Fig. 4). This led to the conclusion that GRBs may occur at cosmological distances [18,19].
This theory was later confirmed by the Italian-Dutch satellite BeppoSAX [20]. BeppoSAX
provided localization for GRB 970228, which allowed for multi-wavelength follow-up,
where X-ray afterglow emission was discovered [21]. Fading optical afterglow emission

was then observed 9 days later, which led to the association of the source with its host
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galaxy [19]. The next key event occurred a couple months later, when the optical afterglow
of GRB 970508 was localized and observed [22]. Using the Keck Il 10-m telescope [23],
scientists were able to obtain the optical afterglow spectra, where they observed absorption
lines consistent with an absorption system at redshift ~ 0.835. This provided the first limit

on the distance to GRBs, confirming their cosmological origin.

10 107 10° 10°® 10"
Fluence, 50-300 keV (ergs cm™®)

Figure 4: Distribution of GRBs detected by BATSE during its 9-year mission. Bursts are
color-coded based on fluence (energy flux integrated over duration), with grey points repre-
senting bursts in which the fluence could not be calculated due to incomplete data. Credit:
NASA/BATSE Team.

Furthermore, BATSE also showed a bimodal distribution in the duration of GRBs. This
allowed GRBs to be divided into two categories based on their Tog: short and long, rep-
resenting a duration of shorter and longer than 2 seconds respectively (Fig. 5, left) [24].
This duration is measured from when 5 percent to 95 percent of the gamma-ray photon
fluence is observed in the 50 to 300 keV band [25]. A further distinction between short
GRBs (SGRBs) and long GRBs (LGRBs) was made by plotting their Tog vs. their hard-
ness ratio (HR) which is the ratio of counts in the 50-300 keV and 10-50 keV energy bands.
This showed two distinct clusters with LGRBs typically being softer than SGRBs (Fig. 5,
right) [26].
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Figure 5: (Left) This shows the bimodal distribution of the Toy values in the 50-300 keV
energy range. Additionally, the Gaussian fits of the SGRBs and LGRBs is shown in dashed
lines. (Right) This shows the classification of SGRBs and LGRBs based on their HR as a
function of Tgy. SGRBs, typically harder, are plotted in red while LGRBs, typically softer,
are plotted in blue [26].

Finally, BATSE provided GRB light curves, revealing how their flux evolves over time.
The fast variability in these light curves suggests that a compact central engine drives the
burst [27]. This is known as the compactness problem. The core collapse of a massive
star and a binary compact merger are believed to produce such engines, and are widely

considered to be progenitors of GRBs.

2.2 Progenitors of GRBs

The discovery of supernova SN1998bw associated with GRB 980425 [28] provided evi-
dence that massive stars were progenitors of at least some LGRBs. Furthermore, obser-
vations show that LGRBs typically occur in centers of galaxies with high star formation
rate, which also suggests that they originate from the death of massive stars [29]. In con-
trast, SGRBs appear to originate from a distinct population of progenitors, not linked to
the deaths of massive stars [30]. SGRBs are found in a variety of host galaxies, including
both star-forming and elliptical types, often located in the outskirts of these galaxies [31].
Thus, the leading model of SGRBs suggests a binary compact merger origin: either of two

neutron stars (NS-NS), or one neutron star and one black hole (NS-BH).



Gravitational Waves (GWs) helped confirm this theory. GW's were predicted by Albert
Einstein in 1915 as part of his General Theory of Relativity. In it, he describes gravity as
the curvature of spacetime which is influenced by mass and energy. GWs are ripples in
the spacetime fabric, that propagate outward from massive, accelerated objects. This leads
to the expectation that binary objects such as NS-NS, NS-BH, and BH-BH mergers would
emit such GWs.

In 2015, GWs were confirmed with a direct observation of a GW event by the Laser In-
terferometer Gravitational-wave Observatory (LIGO) [32]. This event, named GW 150914,
was the result of a binary BH merger, allowing scientists to observe cosmic phenomena
through GWs in addition to electromagnetic waves. Then, 2 years later, LIGO made an-
other groundbreaking observation, alongside the Virgo interferometer [33]. Specifically,
on August 17, 2017, the LIGO-Virgo network detected GW 170817A from a NS-NS
merger, followed 1.7s later by the detection of GRB 170817A by Fermi and INTEGRAL
(Fig. 6) [34]. This provided proof that binary compact mergers were indeed progenitors
of some SGRBs, consistent with predictions. Additionally, this also was the first direct
detection of a kilonova [35]. With this coincident detection, a new era of multi-messenger

astrophysics was born.
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Figure 6: The joint detection of GW 170817A and GRB 170817A. The probability of a
near simultaneous spatial and temporal observation of the two by chance is 5:0 10 8,
providing overwhelming evidence that binary compact mergers are progenitors of SGRBs.
The top two figures show the GBM lightcurves in two different energy bands. The third
figure shows the lightcurve from INTEGRAL. The last figure shows the time-frequency
map of GW 170817A obtained from L/IGO. Reproduced from [34].

2.3 The Fireball Model

As previously mentioned, LGRBs have been traditionally associated with the collapse of a
super massive star called a collapsar [36,37] and SGRBs have been traditionally associated
with binary compact mergers [38,39]. In both scenarios, a central engine (either a black
hole or magnetar) is formed together with a transient accretion disc. The Fireball model,
proposed in 1978 [40], is the most popular scenario to explain this phenomenon. Taking

into account the enormous energy released in a small volume, an early idea of the model



suggested an opaque fireball of mostly photons, electrons, and positrons [41]. The model
was initially thought to convert most of its energy into thermal photons, which contra-
dicted observations of non-thermal spectra. Additionally, producing the observed emission
isotropically would require an unreasonably large energy budget. A collimated jet, how-
ever, addresses this issue by concentrating and beaming the emission. The Fireball model
evolved over the years to account for current GRB observations, and now has a thermal
and non-thermal component (Fig. 7). According to the model, when the accretion disc col-
lapses onto the central engine, an inhomogeneous jet of particles composed of electrons,
positrons, photons, and a small amount of baryons is ejected [42]. The jet initially forms as
a dense, optically thick outflow in which radiation cannot escape. However, as it expands,
it becomes optically thin, allowing thermal-like emission to escape, pinpointing the jet
photosphere. The signature of the photospheric emission has been detected from the very
beginning of the GRB prompt emission phase [43]. As the jet continues to propagate, par-
ticles inside the collimated outflow are accelerated to relativistic speeds via internal shocks
or magnetic reconnection (discussed in Section 2.4.2). This relativistic motion is important
as it solves the problem of gamma-ray photons being detected at energies that exceed the
rest mass energy of electrons. The particles within the outflow then radiate non-thermal
emission. This emission, associated with the prompt emission, is typically attributed to the

early and short flash of g-rays mainly observed in the keV to MeV regime [14,44].
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Figure 7: Fireball model of a GRB. A relativistic, inhomogeneous jet of particles is emitted
from the GRB central engine (stellar mass black hole or magnetar). Dense regions of
particles within the jet can be approximated as shells, and when faster shells catch up with
slower-moving shells, particles are accelerated via internal shocks, associated with GRB
prompt emission. As the jet continues to propagate, particles are accelerated when the
outflow interacts with the interstellar medium, producing GRB afterglow emission. [45]

As the GRB jet continues to propagate, it starts to slow down from relativistic colli-
sionless shocks with the surrounding medium. The charged particles interacting with this
shock are accelerated and radiate non-thermal synchrotron emission. This radiation field is
traditionally associated to the afterglow emission visible at all wavelengths observed in the
days, months and even years after the initial g-ray flash [46,47]. In my thesis, I focus only

on the prompt emission phase of GRBs.

2.4 Acceleration Processes and Emission Mechanisms within the GRB
jet

As mentioned above, photospheric emission is initially expected, followed by non-thermal
emission. The non-thermal emission is believed to come from particles that are accelerated
within the GRB jet, an inhomogeneous outflow of varying density. There are two main

scenarios that explain the acceleration processes: internal shocks and/or magnetic recon-

nection. Both scenarios have their merits, and it is likely that the two mechanisms could
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coexist and simultaneously explain prompt emission [44]. The following sections detail

photospheric emission and discuss the possible scenarios for the non-thermal emission.

2.4.1 Photospheric Emission

GRB jets that are launched from the central engine are initially optically thick, therefore
trapping the produced radiation. As the jet expands and cools, it becomes optically thin,
allowing radiation to escape. This boundary is denoted as the GRB jet photosphere. Due to
the curvature of the jet, as well as sub-photospheric dissipation processes [48], the radiation
emitted from the photosphere is not a pure black-body, and can be described by a modified

black-body spectrum:

n=1keVv)!*2 |
ehn:kT 1 ( )

P = 2(%)2 v

where n is the frequency, c is the speed of light in the medium, /% is the Planck constant, k is
the Boltzmann constant, 7 is the temperature of the black-body, and a controls the broad-
ness of the black-body [49]. In practice, the photospheric component is typically fit with
a black-body function or a cut-off power law with a photon spectrum index of  +0.6 (

+1 for a pure blackbody), which matches theoretical predictions [50]. Additionally, some
studies suggest that GRB prompt emission is solely from thermal processes, but appears
non-thermal in spectral shape due to reprocessing effects [43,51]. However, others argue
for the existence of non-thermal emission from internal shocks or magnetic reconnection

happening in the GRB jet, as discussed in the following section.

2.4.2 Internal Shocks and Magnetic Reconnection

In the internal shock scenario [52—-54], the initial thermal energy is converted into kinetic
energy in the form of a jetted outflow. The dense regions of the outflow can be approxi-
mated as solid layers or shells, propagating with varying velocities. Faster moving shells

catch up with slower ones, resulting in mildly-relativistic collisionless shocks. Charged par-
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ticles contained in the shocked front are then accelerated via the first-order Fermi process
(described in Section 2.4.3), resulting in a power law energy distribution. In the magnetic
reconnection scenario [55], the GRB jet is highly magnetized, with the outflow energy pre-
dominantly stored as electromagnetic energy [56]. As the jet expands, opposing magnetic
fields interact and the magnetic field lines break and recombine. The energy stored in the
outflow magnetic field is then converted into thermal or plasma kinetic energy. Charged
particles are then accelerated via the induction of an electric field perpendicular to the
reconnection magnetic field or via first-order Fermi acceleration. This also results in an
energy spectra consistent with a power law [57].

It is still unclear if these acceleration processes can fully explain the observed GRB
prompt emission. On the one hand, internal shocks are considered to be inefficient pro-
cesses, therefore the jet would need to have a lot of energy in order to radiate the observed
prompt emission. On the other hand the physics of magnetic reconnection is not as well
understood as internal shocks and it is unclear if it can explain the observed fast variability
of the gamma-ray prompt emission. However, magnetic reconnection may solve the energy

budget issue of the internal shocks.

2.4.3 Fermi Acceleration

The two types of Fermi acceleration are first-order and second-order, the latter of which
was first proposed by Fermi in 1949 [58]. For second-order Fermi acceleration, a parti-
cle interacts with a randomly moving magnetic cloud either through a head-on collision
or through a catch-up event, resulting in an increase of energy or a decrease in energy
respectively (Fig. 8, Left). Since head-on collisions are more probabilistically preferred
compared to catch-up collisions, the particles will be accelerated on average, with a net
change in energy per collision proportional to (%)2, where V is the average speed of the
magnetic cloud. This process is slow and inefficient, therefore it is not compatible with the

energy budget we measure in gamma-ray prompt emission. First-order Fermi acceleration,

13



however, is a much more efficient process [59, 60].
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Figure 8: (Left) [llustration of 2nd order Fermi-acceleration. In this case, particles are
accelerated by interacting with magnetic clouds. (Right) Illustration of 1st order Fermi-
acceleration. Here, particles are accelerated by repeatedly crossing a shock-front (as shown
by the red line). Adapted from [61].
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First-order Fermi acceleration describes particles being accelerated through a shock
front. In this scenario, high energy particles in front of the shock cross the shock front,
and gain energy (Fig. 8, Right). They then interact with magnetic inhomogeneities behind
the shock, and can scatter back in front of the shock. These particles can then repeat
this process of crossing the shock-front and accelerating back in front, each time gaining
energy proportional to (%) (hence first-order). The consequent energy distribution can be
described by a power law [59]:

N(E) E? 2)

where p is the electron spectral index that determines the shape of the GRB lightcurve and

spectra.

2.4.4 Non-thermal Radiation

Independent of the internal shocks or magnetic reconnection scenarios, the accelerated
charged particles in GRB jets propagate through intense magnetic fields, emitting non-
thermal radiation including synchrotron, inverse Compton, and synchrotron self-Compton
emission. Inverse Compton scattering occurs when a relativistic electron upscatters a pho-

ton to higher energies. Synchrotron self-Compton scattering occurs when an electron emits
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synchrotron radiation (discussed below) and then the same electron population upscatters
the synchrotron photons. In the case of GRBs, inverse Compton emission has been ob-
served at TeV energies by MAGIC and H.E.S.S. during the afterglow phase [16, 62, 63].
However, there is no compelling observational evidence of inverse Compton processes
occurring in the MeV range of prompt emission. Furthermore, while there are models
that account for synchrotron self-Compton scattering in GRB prompt emission [64, 65],
its contribution typically lies at higher energies (GeV - TeV). Consequently, I interpret the
non-thermal spectra observed in the keV - MeV range during the prompt emission phase as
being primarily synchrotron radiation.

Synchrotron radiation occurs when a charged particle passes through a magnetic field,
thus losing energy in the form of emitted photons (Fig. 9). The associated synchrotron
spectrum therefore is the summation of synchrotron spectra for each individual charged
particle. For GRBs, the accelerated charged particle population takes on a power law en-

ergy distribution (eq. 2).

synchrotron
photons

electron, e
(spiralling around
magnetic field lines)

Figure 9: As a charged particle passes through a magnetic field, it undergoes constant
acceleration, and loses energy via emitted photons in a process called synchrotron radiation.
(Credit: NASA’s Imagine the Universe)

The energy of each electron (E) can then be rewritten in terms of its Lorentz factor (g,)

as E = gemecz, where m, is the rest mass of the electron. Substituting this into equation 2
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gives us:

N(9.) 0 P for Je = Um 3)

where ¢, is the minimum Lorentz factor of the electrons. The critical synchrotron cooling
Lorentz factor (g.) is defined as the Lorentz factor at which an electron loses most of its
energy to synchrotron radiation over the dynamical timescale of the system (i.e., the time
over which a system cools adiabatically). When the minimum Lorentz factor of the elec-
tron population is greater than the critical synchrotron cooling Lorentz factor (g, = ¢.),
the population will cool efficiently, denoted as fast-cooling [66]. When ¢,, < ¢, the elec-
tron population cools in an inefficient process called slow-cooling. However, in the slow-
cooling regime, electrons with Lorenz factors above ¢, will still undergo efficient cooling.
The ratio, then, of the cooling time of the electron to the dynamical time is (%), thus the
electron distribution above ¢, steepens by a power of one. Therefore, the resulting electron
energy distribution can be described as the following:

8
E9 b if g <9 <Qc;
N(9) )
=g 7! ifge<g
For the fast cooling regime, most of the electrons are able to cool efficiently within the
dynamical timescale. This results in a population of electrons with Lorentz factors below

Um, resulting in an electron distribution described by:

8

Eg 2 ifg.<g<Quw

N(9) )
Zg 01 ifga<g

The resulting synchrotron spectrum can then be characterized by three frequencies: n,,,

the frequency associated with g,,, N, the frequency associated with electrons that cool in the

dynamical timescale of the system (g.), and n,, the synchrotron self-absorption frequency
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- the frequency at which the sychrotron radiation emitted by the electrons is absorbed by

the same population of electrons (Fig. 10).
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Figure 10: Synchrotron spectra from a population of electrons with a power-law energy
distribution [67]. The spectra can be described by three characteristic break frequencies:
n,,, associated with the minimum electron Lorentz factor, n., associated with the critical
synchrotron cooling time scale, and n, associated with synchrotron self-absorption. When
n. < n,,, the electron population can efficiently cool within the dynamical timescale of the
system, known as fast cooling (Top). When n,, < n., the majority of electrons are unable
to efficiently cool within the dynamical timescale of the system, resulting in slow cooling
(Bottom).

Overall, GRB prompt emission has been widely believed to be attributed to fast-cooling
synchrotron radiation since it could naturally account for the steep spectral slopes typ-
ically observed in GRBs [68]. However, some GRB spectra are incompatible with the
fast-cooling synchrotron model. For example, some spectra have been observed to have

flatter low-energy slopes that fast-cooling models struggle to explain. The slow-cooling
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synchrotron model can account for this softer spectral behavior because electrons in this
regime lose energy more gradually [69]. This leads to the idea that a hybrid model with a
marginally fast-cooling regime could be the appropriate solution, where N, N,,. In this
scenario, electrons still lose energy quickly, but not so rapidly that the spectrum is com-
pletely shaped by fast-cooling synchrotron. This could help reconcile the discrepancies

between observations and better aligns with observed spectra [70].

2.5 GRB Prompt Emission
2.5.1 Time properties of GRB Prompt Emission

As previously discussed, GRB prompt emission accounts for the short, initial flash of
gamma-rays emitted from the burst. The high variability in the prompt emission light
curve (seen in Fig. 11) suggests the occurrence of internal dissipation processes, such as
internal shocks and magnetic reconnection, while also providing constraints on the size of
the emission region, as discussed above. LGRBs also exhibit spectral lags, not usually ob-
served in SGRBs [71]. Spectral lags refer to the arrival time difference between high- and
low-energy photons. This difference results in the light curves in various energy bands to
have shifted peaks with respect to each other (Fig. 12).

These lags have been interpreted as a signature of synchrotron emission [72], or due to
the curvature of the GRB jet [73], however, recent studies discovered that multiple emission
components could amplify these lags in some bursts [74]. Before we get into the current
models that account for these multiple components, we first must understand the previous

analysis that led to this point.
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Figure 11: Light curves of GRB 120323A in 4 different energy bands. Not only is the
prompt emission highly variable, but this variability can change depending on the energy

band. Reproduced from [75].
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Figure 12: Illustration of a spectral lag as seen between the light curves of a GRB at two
different energies. The black dotted lines highlight the peak of the light curve. Reproduced

from [73].

2.5.2 GRB Spectral Analysis in the BATSE and Fermi Eras

Along with the launch of BATSE came GRB spectral analysis. Early attempts to fit GRB

prompt emission spectra were made using a blackbody (BB) function, based on theoretical
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expectations of photospheric emission. The BB function is written as:

E2
exp(E=kT) 1

Npp(E)=A (6)

where A is the normalization factor at 1 keV and kT is the blackbody temperature in keV.
However, these fits were often poor due to the fact that they did not properly capture
the high-energy spectral shape. To account for this, scientists then tested models such as a
blackbody + power law [76,77]. However, this model still failed to capture the full spectra
of most GRBs. The most successful fit of GRB prompt emission in the BATSE era came
in 1993 with the introduction of the Band function (eq. 7), a smoothly broken power law
(SBPL) with a curvature defined by four parameters [78]: the low and high energy power
law indices, a and b, the spectral break energy defined as the energy at the maximum of

the nFy, spectrum, E .4, and a normalization factor (Fig. 13).
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Although the Band function is empirical, it has been traditionally interpreted as syn-
chrotron emission. It quickly became the standard model for fitting GRB prompt emission,
despite its inability to adequately capture most spectra observed by BATSE. In one GRB
detected by both BASTE and EGRET, [79] reported a significant deviation from the Band
function in the high-energy EGRET data; this excess was modeled with a PL at high-energy

in addition to a Band function at lower energy.
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Figure 13: The Band function (a smoothly broken power law) illustrated by the spectrum
of GRB 990123 [80].

In 2008, Fermi Gamma-ray Space Telescope launched and revolutionized the world of
high-energy astrophysics. Onboard Fermi sits two instruments: the Large Area Telescope
(LAT) and the Gamma-ray Burst Monitor (GBM) which span energy ranges of 20 MeV -
300 GeV and 8 keV - 40 MeV, respectively. These instruments allow for broadband study
of GRB prompt emission, which typically peaks in the keV-MeV regime. Using Fermi
data, observations confirmed that a single Band function often failed to fit the spectra of
GRBs. Furthermore, the values of the Band function parameters are often incompatible
with the synchrotron emission theoretical limits; indeed, the values of a are too high to be
consistent with the limit for synchrotron emission from electrons in the fast cooling regime
in >90% of the cases (a <-3/2) and in the slow cooling regime in >50% of the cases
(a <-2/3) [81,82]. Conversely, the values of a are typically too low to be compatible with
thermal emission from the jet photosphere (a > 0) [83]. In addition, the curvature of
the Band function is too narrow to be compatible with synchrotron emission models [84].
However, using Fermi data, [85] and [86] also observed in some GRBs an additional PL

component crossing the entire spectrum of prompt emission and capturing the high-energy
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features, thus confirming observations by [79].

2.5.3 Time Resolved Spectroscopy

It is important to note that the majority of the models previously discussed were fit to the
time integrated spectra of GRB prompt emission, with the exception of [85] and [86]. Time-
resolved analysis using BATSE data, however, showed GRB spectra evolve dramatically
over time [87]. Additionally, [87] identified two behaviors in the evolution of the GRB
spectrum: high to low evolution of E . and E ., tracking of the lightcurve flux. Hence,
to properly capture the physics behind GRB prompt emission, fine time-resolved spectral
analysis is needed.

Along with Fermi came much finer time-resolved spectroscopy, down to millisecond
timescale, which BATSE could not offer. This fine time-resolved spectroscopy further

demonstrated the E ., tracking of the lightcurve flux, as seen in Fig. 14.
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Figure 14: Light curves of GRB 090227B in 2 energy bands with variable time resolution.
The E,eq of the Band function is overlaid on top (in black), to demonstrate the E,qq
tracking behavior with the flux. Adapted from [85].

[88] and [89] used time-resolved spectral analysis to test physical models fit to prompt

emission spectra. It was found that the physical models (see below) resulted in significantly
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better fits than those obtained with the Band function. As seen in Fig. 15, these models often
contained multiple components that account for the thermal and non-thermal emission.
However, fitting physical models imposes a fixed spectral shape on the data, which may
limit flexibility. Using a physically motivated empirical model offers a balanced approach,
allowing one to extract meaningful parameters while retaining sensitivity to the underlying

physics.
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Figure 15: Physical model fit to the spectrum of GRB 090820A from Ty+30.720s -
To+31.744s. The model consists of a BB component (dotted line) and a PL synchrotron
component (solid lines). The residuals from the fit indicate that the model fits the data well.
Reproduced from [88].

2.5.4 The Multi-component Model: A Physically Motivated Model

When fitting the Band function to GRB prompt emission, [90] also found excess photons
at low energy that were fit well with an additional BB model. This component is consistent
with emission from the GRB jet’s photosphere, that is detected prior to, or simultaneously
with non-thermal emission from particle acceleration in the jet [91]. A new model, con-
sisting of a Band function + BB function was tested on GRB 100724B, a LGRB, using

data from Fermi GBM. It was found that the Band function fit to the data had a high-energy
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slope (b) that overestimated the data in the several hundred keV regime, suggesting the
Band function did not provide an adequate fit of the spectrum (Fig. 16). The Band+BB
model resolved this discrepancy, and was statistically preferred, showing that the prompt

emission N Fy spectrum was better described by two bumps.
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Figure 16: (Left) The nF, spectrum of GRB 100724B fit by the Band function. One can
see by the residuals that this model overestimates the higher energy data (pink). (Right)
The nF,, spectrum of GRB 100724B fit with the Band + BB model. From this, one can see
that the model is in better agreement with the higher energy data. Reproduced from [90].

Additionally, for the Band+BB model, the parameters of the Band function were com-
patible with synchrotron emission from particles accelerated within the jet, and the BB
component was more consistent with the jet’s photospheric emission, just as the Fireball
model predicted.

[75] looked at GRB 120323A, a SGRB, also using GBM data. Once again it was found
that the Band+BB model was statistically preferred over the Band function alone, with
the parameters for the Band function in the multi-component model consistent with fast-
cooling synchrotron emission, demonstrating that the physics behind SGRBs and LGRBs
is similar. This model was further supported with the comparison of the spectral results
obtained with GBM to the Konus-WIND spectra. It was found that the results were consis-
tent between the two instruments, only for the double-hump spectra [92]. Furthermore, the
parameter evolution over time for the non-thermal component showed discontinuities for

the Band-only model (Fig. 17). Indeed, in the Band-only model, the a and b parameters
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had an abrupt break at around T¢+0.094s which did not exist in the non-thermal component

for the Band+BB fits.
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Figure 17: These plots show the discontinuities found in the evolutions of the a (left) and
b (right) parameters when fitting GRB 120323A with the Band (blue) function. These
discontinuities did not exist in the Band+BB (red) fits. Reproduced from [75].

This discontinuity can be explained if the multi-component model was the true under-
lying model of this burst. In Fig. 18, the Band fit was plotted for an interval before and
after the discontinuity, and the corresponding multi-component fit was overlayed. Before
To+0.094s, it is observed that the thermal component of the multi-component model is the
dominant component. Therefore, when the Band-only model was used, it fit onto that com-
ponent. In this case, the high-energy slope of the Band function was simply the average
of the non-thermal emission of the multi-component model. After To+0.094s, the thermal
component becomes subdominant, therefore the Band-only function jumps to fit onto the
dominant non-thermal component of the multi-component model. This would explain the

discontinuity observed in the parameter evolution.
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Figure 18: Band (dark blue) and multi-component model (teal) fits on two time intervals of
GRB 120323A. (Left) Before To+0.094s, the thermal component of the multi-component
model is dominant, therefore the Band-only model fits to that component. (Right) Af-
ter Tp+0.094s, the non-thermal component becomes dominant, resulting in the Band-only
model jumping up to fit on that component. Adapted from [75].

[50] continued exploring GRBs seen by GBM, and yet again found evidence of a ther-
mal component in the prompt emission spectrum of GRB 131014 A. This burst in particular
revealed thermal emission beginning before the non-thermal component, which is consis-
tent with the Fireball model. Indeed, the first 0.16s of observation showed a pure thermal-
like shape, allowing the spectral shape of the thermal component to be studied. In doing
so it was found that the shape had a broader curvature than that of a pure BB spectrum.
This is consistent with the GRB jet photospheric emission model, which accounts for the
jet curvature as well as subphotospheric dissipation processes [93].

Apart from the thermal and non-thermal components observed in the above bursts, an
additional component, which sometimes extends to high gamma-ray energies, has been
observed in several GRBs [86, 94,95]. As a result, a model was developed to account
for the three components C, 71 + Crj, + Curio: (1) Curit, the first non-thermal component
with a7 0:7 or 1:2 consistent with slow cooling and fast cooling synchrotron
respectively, (ii) Crj, the thermal component with a7,  +0:6 consistent with photospheric

emission, and (iii) C,;7p2, a second non-thermal component with a7 1:2 compatible
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with synchrotron emission, the same one that [79] observed (Fig. 19). While C,7,, is only
observed in a small fraction of GRBs, it is theorized that it could be related to synchrotron

emission from magnetic reconnection happening further down the GRB jet [42].
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Figure 19: The Band function and three component model fits from GRB 090926A. The
three component model (black) is composed of a thermal blackbody component (red),
a non-thermal cutoff power law (blue), and an additional non-thermal cutoff power law
(green). The Band function (yellow) shares a similar low-energy slope, but the high energy
slope is simply the average of the two non-thermal components, and cannot capture the
underlying physics. Reproduced from [42].

GRBs 080916C and 090926A allowed for this high-energy emission to be studied, since
they were seen by both GBM and LAT [42]. By performing fine-time-resolved analysis on
the joint spectra from both of Fermi’s instruments, [42] found that the three component

model was preferred.

2.5.5 GRBs as Standard Candles

Finally, there is an expectation that GRBs can serve as standard candles. In 2002, [96]

discovered a correlation between the total isotropic energy of a burst in the 1 - 10,000 keV
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energy range (E,,;) and the redshift of the burst. Additionally, a correlation was found
between E,,; and the peak energy of the burst in the nFn spectrum, E,., deemed the
Amati relation (Fig. 20, top left). However, this relation only seems to hold for LGRBs
[97,98]. In 2004, [99] found a correlation between the E)., and isotropic luminosity (Lis,),
deemed the Yonetoku relation (Fig. 20, top right). Once again, this relation only held for
LGRBs. Later in 2004, [100] found a correlation between the E . and the collimation-
corrected energy of the burst, Eq, deemed the Ghirlanda relation (Fig. 20, bottom). By
correcting for the beaming geometry of the GRB jet, this relation more accurately reflected
the true energetics of the burst.

In 2013, [75] also found a relation between the evolution of £ ;'7 .qx and the evolution
of the flux of the non-thermal component (Fi"Th) which held true for SGRBs and LGRBs
when using the multi-component model. Indeed, with the time resolved spectral fits of
GRBs 120323A (a SGRB) and 110721A (a LGRB), no relation was observed between
E ; oqr and Fl-”Th when using solely the Band function, however a strong correlation emerged
when using the E,¢, and Fl-”Th from the Band + BB fit (Fig. 21, left). Then, once cor-
rected for redshift, this correlation became a time-resolved luminosity-hardness relation
(Fig. 21, right). This relation not only supports a physically motivated origin for the multi-
component model, but further supported the idea that GRBs could be used as standard

candles for probing the universe at high redshift [42].
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Figure 20: (Top Left) The Amati relation with the line of best fit, derived from 12 GRBs
detected by BeppoSAX [96]. (Top Right) The Yonetoku relation shown by the open squares
with the best-fit power-law model of the BATSE data [99]. The results from [96] are shown
in the filled squares and crossed points. (Bottom) The Ghirlanda relation, obtained from
various instruments. The filled symbols show the E 4 versus collimation corrected energy
relation for 24 GRBs with known redshift. The solid line represents the best fit to the

correlation. Adapted from [100].
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Figure 21: (Left) E,eq and flux of the Band only fit (thin error bars) vs Band from the
multi-component model fit (thick error bars) for GRB 120323A (blue) and GRB 110721A
(red). A clear correlation between E).q and flux is observed for the multi-component fits
that is not seen in the Band only fits. (Right) E )., and luminosity relation using the multi-
component model fit to the time-resolved spectrum of GRB 120323A (blue) and GRB
110721A (red). The dashed blue and red lines correspond to a power law fit to the data of
GRB 120323A and GRB 110721A, respectively. The black line corresponds to the power
law fit of all the data. Reproduced from [75].

This result was further confirmed by [101], where the luminosity-hardness relation was
used to estimate the redshift of a Swift/Suzaku GRB using BATSE data. The estimation of
z=25 0.2 was in good agreement with the measured redshift of z = 2.22. However,
to confidently use GRBs as standard candles, the underlying physics of the burst must be
completely understood, and current instrumentation is not sensitive enough to do so. In-
deed, although GBM data is appropriate in capturing the spectral shape of these components
below several 100 keV, the sensitivity of this instrument is not sufficient to adequately con-
strain the spectral components above 800 keV. Additionally, combining GBM data with
LAT data allows for a broad band analysis of the spectrum, however, neither instrument is
very sensitive at 10 MeV. This results in a lack of data in the MeV regime (also known
as the “MeV gap”), making spectral fitting difficult in this energy range and causing large

uncertainties in the fits (Fig. 22).
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Figure 22: The three component model fit to GRB 180720B. As seen in the residuals, there
is low statistics at a couple tens of MeV. This in turn can cause large uncertainties and
makes untangling the spectral components of the burst difficult.

Specifically, the high-energy slope of the non-thermal component typically occurs in
this regime and therefore is difficult to constrain. If the non-thermal component is indeed
synchrotron emission, this high-energy slope is then needed to constrain the electron energy
distribution within GRB jets. Therefore, a next-generation MeV instrument is essential for
advancing our understanding of the underlying emission mechanisms within GRB jets.
Such an instrument must feature a broad energy range to fully capture the prompt emission
spectra from keV to GeV, high sensitivity in the MeV regime to adequately constrain the
spectral components and detect many bursts, and a wide FOV to maximize the chances of
detecting GRBs, given that they are transients. The following chapter discusses the various
ways of detecting MeV photons, as well as previous missions. Then, Chapter 4 presents a

specific mission that could meet these requirements in the future.
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Chapter 3 The MeV Regime

To understand the current limitations of gamma-ray instruments, we rst must understand
the different ways photons interact within the detectors. It is important to note that gamma-
rays in the MeV regime get absorbed by the Earth's atmosphere, therefore space-based
instrumentation is needed to study them. On the other hand, higher-energy gamma rays
(GeV/TeV) can be studied indirectly with ground-based gamma ray instruments. In the
following sections, however, we focus on the MeV gap. Section 3.1 details how keV -
MeV photons interact in detectors. Section 3.2 describes the various technologies used
to detect these photons. Finally, section 3.3 covers some notable gamma-ray missions that
utilized these technologies and highlights some of their contributions to gamma-ray science

(with a focus on GRBS).

3.1 Photon Interaction and Reconstruction Processes in Space-Based

Detectors

As detailed in Fig. 23, for our energy range of interest (keV - MeV), there are 3 main ways
that photons interact with the detectors.

Below 50 keV, the photoelectric effect is the dominate interaction process (Section
3.1.1.). Then, above that, at a couple hundred keV, Compton scattering dominates (Section
3.1.2), until pair production becomes more statistically likely in the high MeV energy range
(Section 3.1.3). The next sections detail how these interactions take place and how we can

use this knowledge to gain insight on the incident photons.

3.1.1 Photoelectric Effect

During photoelectric absorption, an incident gamma-ray photon collides with an atom in
the detector material, transferring all of its energy to a bound electron of the atom. The

excited electron is ejected from its inner-shell in this process, creating an electron hole in
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Figure 23: Below 50 keV, photoelectric absorption is the dominant photon interaction
process. At a couple hundred keV, Compton scattering takes over as the dominant process,
followed by pair production at several tens of MeV. Adapted from [102].

the shell. Through the conservation of energy, the kinetic enEBrgpf the excited electron

can be found by:

Ee= Eg Ep; (8)

wherek, is the energy of the incident gamma-ray photon Epds the binding energy of

the electron. After the excited electron, called a photoelectron, is ejected, the atom is left
with an excess of energy equallg (Fig. 24, left). This excess energy is then distributed
amongst the other electrons in the atom, which can cause them to eject as well. These
ejected electrons are called Auger electrons and will leave the atom with only a fraction
of the original energy of the incident gamma-ray. Alternatively, when the photoelectron is
ejected, an electron from an outer shell can fall into the hole created by it, which in turn
emits a photon. This emitted photon is known as a characteristic X-ray (Fig. 24, right).
This X-ray photon can then get absorbed via the photoelectric effect, allowing for the total

energy of the incident gamma-ray photon to be absorbed by the detector.
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Figure 24: (Left) A gamma-ray interacting with an atom via the photoelectric effect, de-
positing all of its energy into an electron, thus ejected the electron. The ejected electron,
called a photoelectron, has an energy equal to the initial gamma-ray photon energy minus
the binding energy. (Right) During characteristic X-ray emission, an electron from an outer
shell of the atom falls into the hole created by the ejected photoelectron, which in turn re-
leases an X-ray. Adapted from [103].

3.1.2 Compton Scattering

The Compton effect is when an incident gamma-ray collides with an electron, depositing
some of its energy and momentum into the electron (Fig. 25). The energy of the scattered

electron can then by found by:

Ee = Eg EgO, (9)

wherekyg is the energy of the incident photon aBghis the energy of the scattered photon.

The energy of the scattered photon can be calculated via the Compton equation:

Eq .
1+ %(1 cosq)’

Eq= (10)

whereq is the scattering angle between the scattered photon and elecy@mthe rest

mass of an electron, ards the speed of light.
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Figure 25: During the Compton effect, an incident photon scatters off an electron, transfer-
ring some of its energy and momentum to the electron. Adapted from [104].

3.1.3 Electron-Positron Pair Production

During pair production, a photon interacts with the detector material which results in the
creation of an electron-positron pair. This process can only occur if the incident photon's
energy is greater than the rest mass energy of the particles being produced, ie. greater than

1.022 MeV. The electron-positron pair's net energy can then be found by:

Ee= E; 1:022MeV: (11)

The pair can then continue to interact within the material through processes such as
additional pair production, Compton scattering, or the photoelectric effect, gradually losing
energy and slowing down until coming to rest. When this happens, the positron annihilates
with an electron, and their masses are converted entirely into energy in the form of two
gamma-ray photons, each with an energy of 511 keV. These gamma-ray photons can then

go through photoelectric absorption (see Section 3.1.1), resulting in a 511 keV photopeak.
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Figure 26: During electron-positron pair production, an incident photon interacts with an
atomic nucleus, resulting in the creation of an electron and a positron. As the two charged
particles continue to interact in the material, they slow down until the positron comes to
rest. When this occurs, the positron annihilates with an electron, producing two 511 keV
photons. Adapted from [105].

3.2 Gamma-ray Instrumentation

As mentioned in Chapter 2, GRBs are notoriously hard to observe due to their eeting na-
ture and unpredictability. In addition, the competing photon interaction regime at a couple
of MeV has posed a challenge in the development of gamma-ray instrumentation. Be-
low, we go through the various methods used to study gamma rays, and the progress made

developing gamma-ray telescopes over the years.

3.2.1 Scintillation Detectors

Scintillation detectors were among the earliest instruments to be developed for gamma-
rays. Early space missions, such as the Vela satellites in the 1960s, used scintillation detec-
tors to monitor nuclear explosions (and accidentally, GRBs). Scintillation detectors work
by converting gamma rays into visible light which can then be measured by photodetec-
tors. This process can be broken into three key stages. First, when gamma rays interact
with the scintillation material, either by photoelectric absorption or Compton scattering,

they produce energetic electrons. These electrons excite the atoms in the scintillation ma-
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terial, which in turn de-excite via emission of visible or ultraviolet light. Some of the most
common scintillators are thallium doped sodium iodide (Nal(Tl)), thallium doped cesium
iodide (CslI(TIl)) and bismuth germanate (BGO) [106, 107]. Next, the emitted light is col-
lected by a photodetector, such as a photomultiplier tube (PMT) or a silicon photomultiplier
(SiPM). The number of photons collected by said photodetector is directly related to the
initial energy of the incident gamma ray [108]. Finally, the photodetector then converts
the light pulse into an electrical signal. The amplitude of the signal is proportional to the
number of photons collected (and by extension, the energy of the incident gamma ray).
Scintillation detectors have had many applications over the years ranging from medical
imaging (ex. PET scans) to astrophysics and even nuclear physics instrumentation. Table
1 highlights some of the pros and cons of these detectors. These detectors offer several
advantages: they are relatively inexpensive, provide good energy resolution, bene t from a
long history of use (making the technology well-understood), and can support a large eld
of view (FOV). However, they also have limitations: a single scintillator does not provide
localization information, has a restricted energy range, and tends to have a high background
relative to the signal, making it only effective for detecting short, transient sources with
strong variability. However, they continue to remain valuable to gamma-ray astronomy,
and missions such as tligurst and Transient Source Experiment (BAT8R{l theOri-
ented Scintillation Spectrometer Experiment (OS&m)oard theCompton Gamma-Ray
Observatory (CGROas well asFermi/GBM the Strontium lodide Radiation Instrument
(SIRI)[109], the CALorimetric Electron Telescope (CALHINO0], andBurstCube[111]

utilized this technology.

3.2.2 Coded Aperture Mask Telescopes

Mirrors and lenses, which are used in lower wavelength telescopes (up to X-ray), cannot fo-
cus gamma-rays. Instead, coded aperture masks can be used to enable localization capabil-

ities for low-energy gamma rays. The coded aperture mask consists of a high-density plate
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