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ABSTRACT

SPECTROTEMPORAL STUDIES OF MAGNETAR BURSTS AND THEIR
ORIGIN THROUGH CRUSTAL YIELDING

OZGE KESKIN

PHYSICS Ph.D DISSERTATION, JUNE 2025

Dissertation Advisor: Prof. ERSIN GOGUS
Dissertation Co-Advisor: Assoc. Prof. YUKI KANEKO
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One of the most distinctive features of magnetars — the highly magnetized neutron
stars — is their recurring emission of brief yet highly luminous bursts in hard X-
rays/soft v-rays. Once an active episode begins, a few to thousands of such bursts
can occur over timescales from days to months. The temporal clustering of these re-
current bursts suggests an underlying mechanism triggering multiple bursts in rapid
succession, which is likely crucial for understanding the processes driving magnetar
activity. In this thesis, we investigate the “triggering” mechanism of short magnetar
bursts by modeling repetitive burst behavior through crustal interactions and em-
ploying a cellular automaton model for the magnetar crust. Our simulations, based
on physically motivated criteria, successfully reproduce burst clustering. Addition-
ally, the durations and energetics of active episodes in our simulations agree well
with observational data. Based on our results, we discuss the potential physical
mechanisms underlying burst clusters observed in numerous magnetars, as well as
the reactivations of an individual magnetar.

We also investigate how the “triggered” system generates radiation (bursts) and how
this radiation evolves within the magnetosphere via time-resolved spectral analysis
of 51 bright bursts from the magnetar SGR J19354-2154. Unlike conventional studies
in the literature, we follow a two-step approach to probe true spectral evolution. For
each burst, we first extract spectral information from overlapping time segments, fit
them with three continuum models, and employ a machine-learning-based cluster-
ing algorithm to identify time segments that provide the largest spectral variations
during each burst. We then extract spectra from those non-overlapping (clustered)
time segments and fit them again with the three models: the exponential cutoff
power-law model, the sum of two blackbody functions, and the model considering
the emission of a modified black body undergoing resonant cyclotron scattering,
which is applied systematically at this scale for the first time. Our novel technique
allowed us to establish the genuine spectral evolution of magnetar bursts. We dis-
cuss the implications of our results and compare their collective behavior with the
average burst properties of other magnetars.
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OZET

MAGNETAR PATLAMALARININ TAYFSAL-ZAMANSAL CALISMALARI VE
KABUK KIRILIMI ARACILIGIYLA KOKENLERI

OZGE KESKIN

FiZiIKk DOKTORA TEZI, HAZIRAN 2025

Tez Damigmani: Prof. Dr. ERSIN GOGUS
Es Tez Danigmani: Do¢. Dr. YUKI KANEKO

Anahtar Kelimeler: Magnetarlar, Notron Yildizlar:, Yiiksek Enerji Astrofizigi,

X-151m1 Patlamalar

Yiiksek manyetizmaya sahip notron yildizlar: olan magnetarlarin en belirgin 6zellik-
lerinden biri, kisa stireli ancak sert X-igimi1/yumusgak ~y-1g1mm1 enerjilerinde son derece
parlak patlamalar: tekrar eden gekilde yaymalaridir. Birkag giinden birkag aya kadar
siirebilen bir aktif evre bagladiginda, sayica birkag adetten binlercesine kadar mag-
netar patlamasi meydana gelebilir. Patlamalarin zamansal olarak kiimelenmesi, ¢ok
saylida patlamanin kisa bir stire igerisinde tetiklenmesini saglayan bir mekanizmaya
isaret eder, bu nedenle magnetar aktivitesini tetikleyen siireclerin anlagilmasi agisin-
dan biiyiikk 6nem tasimaktadir. Bu tez caligmasinda, magnetar kabugunu temsil
eden bir hiicresel otomasyon modeli ile tekrarlayan patlama davranigim kabuk etk-
ilesimleri yoluyla modelleyerek kisa magnetar patlamalarinin “tetiklenme” mekaniz-
masini aragtiriyoruz. Fiziksel olarak gerekcelendirilmis kriterlere dayanan simiilasy-
onlarimiz, patlama kiimelerini basariyla yeniden iiretmektedir. Ayrica, simiilasyon-
larimizdan elde edilen aktif evrelerin siire ve enerji dagilimlar1 gozlemsel verilerle
uyusmaktadir. Bu kapsamda, bircok magnetarda goézlemlenen patlama kiimelerinin
altinda yatan olasi fiziksel mekanizmalari ve tek bir magnetarin yineleyen aktiflesme
surecini tartigiyoruz.

Ek olarak, “tetiklenen” sistemin radyasyonu (patlamalari) nasil irettigini
ve manyetosfer icinde bu radyasyonun nasil evrimlestigini, magnetar SGR
J19354-2154’ten gozlemlenen 51 parlak patlamanin zaman ¢ozintrlikli X-15m tayf
analizleriyle inceliyoruz. Literatiirdeki geleneksel caligmalardan farkli olarak, gercek
tayfsal evrimi ortaya ¢ikarmak amaciyla iki asamali bir yaklagim izliyoruz. Her bir
patlama icin, oncelikle ortiigen zaman dilimlerinden tayfsal veri ¢ikariyoruz ve bu
verilerin ¢ farkli foton modeli ile uyumlarini siniyoruz. Buradan elde ettigimiz
sonuglara, her patlama sirasinda en biiyiik tayfsal degisimleri saglayan zaman dil-
imlerini belirlemek amaciyla, makine 6grenmesi tabanli bir kiimeleme algoritmasi
uyguluyoruz. Ardindan, bu kiimelenmis ve ortiismeyen zaman dilimlerinden elde
edilen tayflarin ayni ii¢ foton modeli ile uyumlarini analiz ediyoruz: yiiksek enerjil-
erde eksponansiyel olarak azalan kuvvet kanunu, iki karacisim 1gimasinin toplami ve
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ilk kez bu oOlgekte sistematik olarak uygulanan, rezonant siklotron sacgilmasi gegiren
degistirilmis karacisim 1gimasina dayali model. Geligtirdigimiz bu yeni teknik ile,
magnetar patlamalarinin gercek tayfsal evrimini ortaya koymay: basardik. Bu kap-
samda elde ettigimiz sonuglarin fiziksel ¢ikarimlarini tartisiyoruz ve bunlari diger
magnetarlarin ortalama patlama 6zellikleriyle kargilagtiriyoruz.
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1. INTRODUCTION

Stars with masses around eight times or more than that of the Sun undergo core
collapse during their final evolutionary stages, forming extremely compact remnants
at their centers while ejecting material from their outer layers into the surrounding
space in the form of supernova explosions (S. Woosley & Janka, 2005). The remnant
structure at the core may become either a neutron star (T. A. Thompson, Chang,
& Quataert, 2004), which is supported by neutron degeneracy pressure, or a black
hole (MacFadyen, Woosley, & Heger, 2001; S. E. Woosley, 1993), in which matter
is compressed to such an extent that even light cannot escape its gravitational
field. If the central compact object remains as a neutron star, it provides a unique
environment in which the behavior of the radiating matter can be investigated under

extreme density and the influence of the intense magnetic fields.

The vast majority of neutron stars manifest as isolated radio pulsars (RPs), which
emit radiation powered by their rotational energy and exhibit pulses at radio wave-
lengths through synchrotron emission of electron-positron plasma (Chen & Ruder-
man, 1993). As they lose rotational energy, these isolated neutron stars gradually
slow down. This deceleration continues until the voltage generated by the rotating
dipolar magnetic field falls below the critical threshold required to produce electron-
positron pairs; at this point, the radio pulsations cease. Figure 1.1 presents the spin
periods (P) and their rate of change (period derivative; P) for neutron stars !. In

this figure, RPs form the densely populated group indicated by gray plus signs.

A small subset stands out among the isolated neutron stars that slow down by
emitting radiation as described above. These systems, indicated by red squares
in Figure 1.1, possess high periods and high period derivatives, and emit X-rays
with energies far exceeding their rotational energy. It can also be inferred that
they possess extremely strong surface magnetic field strengths from the relation of
B oc VPP, These sources, known as Soft Gamma Repeaters (SGRs) and Anomalous

IThe data is taken from the ATFN Pulsar Catalog (https://heasarc.gsfc.nasa.gov/w3browse/all/
atnfpulsar.html) (Manchester, Hobbs, Teoh, & Hobbs, 2005) and the McGill Magnetar Catalog (https://
www.physics.mcgill.ca/~pulsar/magnetar/main.html) (Olausen & Kaspi, 2014).
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X-ray Pulsars (AXPs), form what are referred to as magnetars — young (~ 103 yr)
neutron stars that radiate energy due to their intense magnetic fields (Kaspi &
Beloborodov, 2017). The inferred surface magnetic fields of these systems are of the
order of 104 —10'® Gauss (Duncan & Thompson, 1992; Kouveliotou et al., 1998,
1999). Their extremely strong magnetic fields are thought to play a pivotal role in
their emission of highly luminous transient events in hard X-rays/soft y-rays, such
as short bursts, outbursts, burst storms/forests, and intermediate and giant flares,

as well as their persistent emission.

10°

10°H

+RP
m AXP/SGR
A HE

1012
104

106

Period Derivative (5/s)

10 18

107

102170

Period (s)

Figure 1.1 Period vs. period derivative diagram of neutron stars. Gray plus signs
represent isolated radio pulsars, blue triangles indicate gamma-ray emitting isolated
neutron stars, and red squares denote magnetar sources. The dotted lines represent
lines of constant characteristic age, while the long dashed lines represent the lines
of constant surface magnetic field strength.

The most frequently observed high-energy events are short bursts (see Figure 1.2
for example light curves), with durations ranging from a few milliseconds to a few
seconds, peaking at ~ 0.1 s; their energies approach 10*! erg (Gégiis et al., 2001).
The rarely observed giant flares cover the other end of the magnetar burst proper-
ties, with much harder spectra and longer durations. These are the most energetic
events, releasing over 10** erg in several minutes (Hurley et al., 1999; Palmer et al.,
2005). Apart from their longer durations, they also exhibit a unique morphology:
a spectrally hard initial short spike, followed by a longer tail that oscillates at the

spin frequency of the parent neutron star.
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Figure 1.2 Light curves of four example short bursts from the magnetar SGR
J0501+4516 recorded by Fermi-GBM with 4 ms time resolution in the energy range
of 8—200 keV in 2008 August (Lin et al., 2011, used with permission)
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Figure 1.3 Light curve of the burst storm from the magnetar SGR J1550—5418,
recorded by Fermi-GBM in the 12—293 keV energy range on 2009 January 22. The
inset zooms in on the time interval during which an enhanced persistent emission
lasting approximately 150 seconds was observed. The dashed line represents the
background level. (Kaneko et al., 2010, used with permission)
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Being between these two types of high-energy transients in terms of duration and
energy, intermediate flares last from a few seconds to tens of seconds, with energies
extending up to ~ 10%2 erg (Ibrahim et al., 2001; Kouveliotou et al., 2001). Ad-
ditionally, magnetars such as SGR 1900+14 (Israel et al., 2008), SGR 1550-5418
(Kaneko et al., 2010; van der Horst et al., 2012), and SGR 193542154 (Kaneko et
al., 2021) have shown intense high-energy burst storms/forests (see Figure 1.3 as
an example). In some magnetars, the emission of energetic burst(s) accompanies
the onset of “magnetar outbursts,” which are long-lasting (weeks to many months)
enhancements in persistent X-ray emission (Coti Zelati, Rea, Pons, Campana, &
Esposito, 2018).

Typical high-energy magnetar events are generally considered to be associated with
local or global yielding of the solid neutron star crust through the release of the built-
up elastic stress in the crust due to the internal magnetic field evolution (C. Thomp-
son & Duncan, 1995, 2001). In this model, intense magnetic fields induce extreme
elastic stress accumulation in the solid neutron star crust. The crust can main-
tain its structural integrity under the accumulated stress up to a certain threshold.
When this critical limit is exceeded, the crust fractures, leading to an event known
as a starquake. The resulting crustal failure leads to a sudden displacement of the
footpoints of the external magnetic field lines, which injects magnetohydrodynamic
(Alfven) waves into the magnetosphere (see Fig. 1(a) of C. Thompson and Duncan
1995). This facilitates the transfer of energy to a fireball made from the plasma of
trapped e~ —e* pairs and photons within the closed magnetic field lines (see Fig.
1(b) of C. Thompson and Duncan 1995). Cooling of such plasma provides a poten-
tial mechanism for magnetar bursts. The statistical properties of magnetar bursts
showing similarities to those of earthquakes on Earth lend further support to the
starquake model (Cheng, Epstein, Guyer, & Young, 1996; Gogiis et al., 1999; Gogiig
et al., 2000).

Another possible mechanism to generate magnetar bursts is the magnetic reconnec-
tion, i.e., rapid untwisting of the twisted external magnetic field lines (see Figure 1.6
for examples of twisted and untwisted magnetic field lines). The reconnection model,
originally proposed to explain the flaring activities of the Sun, was adapted by Lyu-
tikov (2003) to account for magnetar bursts. According to this model, oppositely
oriented magnetic flux tubes break apart as they approach each other and subse-
quently reconnect, forming a new flux tube with a lower energy state. The difference
in energy between the pre-break and post-reconnection states is released as radiation
(bursts).

Considering the broad variety of magnetar activities, it is possible that different



types of events may have distinct physical origins. These make understanding the
underlying physics challenging and hinder the construction of a unified physical
model to explain the diverse range of activities. Motivated by this issue, Lander
(2023) recently presented a cellular automaton model that aims to explain the wide
range of energies released in various magnetar activities through the yielding of
the star’s crust. In this model, the buildup and release of elastic stress from the
crust leads to the braiding of coronal loops, which ultimately induce reconnection
events and produce the energy releases we observe. While the local nature of coronal
loops allows for the possibility of high-energy short bursts, the model also includes
a criterion that causes more widespread yielding — leading to giant flares — and

quiescent periods, which are typically decades long.

Our understanding of magnetar activities is still fragmented and incomplete; both
the “triggering” mechanism of a magnetar event and how the triggered system gener-
ates outgoing and evolving radiation within the magnetosphere are unclear. In this
thesis, we aim to better understand the underlying physical mechanisms responsible

for the emission of high-energy short magnetar bursts from two aspects:

e The first part of this thesis focuses on the “triggering” mechanism of short
magnetar bursts (Chapter 2). One notable feature of these bursts is that they
often do not come in isolation: In many cases, we observe clusters of bursts,
often separated in time by a second or less (see e.g., Lin, Gogiis, et al., 2020;
van der Horst et al., 2012). These burst clusters may be a key to understanding
the underlying processes driving magnetar activity, since such temporal con-
centrations of bursts are highly unlikely to be coincidental, but rather indicate
a mechanism that causes the triggering of several bursts in quick succession.
Here, we investigate the recursive short X-ray burst behavior of magnetars
through crustal interactions by utilizing the magnetar simulation of Lander
(2023) and discuss the possible underlying physical scenarios responsible for

magnetar burst clusters as seen in many magnetar observations.

o The second part of this thesis focuses on how the “triggered” system generates
outgoing and evolving radiation (bursts) within the magnetosphere, explored
via time-resolved spectral investigations of magnetar SGR J1935+42154 bursts
(Chapter 3). Hard X-ray spectral analyses of magnetar bursts are also crucial
steps toward a better understanding of the physical mechanisms responsible
for these intriguing phenomena. Studies so far have shown that magnetar
bursts can be modeled almost equally well with a thermal model as with the
sum of two blackbodies, or a nonthermal model, such as a power law with a

high-energy exponential cutoff (Lin et al., 2012; van der Horst et al., 2012).



This poses a puzzle in the understanding of the underlying mechanism of
the observed bursts, as follows. According to the crustal fracturing scenario
(C. Thompson & Duncan, 1995), a fireball made from the plasma of trapped
e~ —e™" pairs and photons forms in the closed magnetic field lines via Alfven
waves released from the crust following the cracking. Therefore, thermal radi-
ation could be expected from such regions in quasi-equilibrium. On the other
hand, the observed magnetar synchrotron-like nonthermal radiation spectra
might be an indication of particle interactions via magnetic reconnection. Re-
cently, Yamasaki, Lyubarsky, Granot, and Gogiig (2020) studied the spectral
modification of extremely energetic magnetar flares by resonant cyclotron scat-
tering, and they showed that the scattering process may alter the emerging
radiation from these events. In this model, photons emitted via a mecha-
nism that depends only on the temperature of the fireball near the neutron
star surface interact with magnetospheric particles, which results in significant

changes in the emission spectrum.

o Finally, we close with concluding remarks and expand future prospects in
Chapter 4.

Let us first summarize the relevant studies that have been done so far and introduce
the problems and missing points in the literature. In Section 1.1, we summarize
crustal magnetic field evolution; in Section 1.2, we provide a brief summary of the
relevant details of the cellular automaton model; and in Section 1.3, we provide a
physical picture of magnetar burst clusters. Finally, in Section 1.4, we summarize the
findings of comprehensive time-integrated and time-resolved spectral studies in the
literature, explain the problem in the conventional method of time-resolved analysis,
and introduce our novel two-step approach to probe the true spectral evolution of

the short magnetar bursts.

1.1 Crustal Magnetic Field Evolution

Much work modeling magnetars has focused on the evolution of the magnetic field
within the star’s crust. In particular, by assuming the crust is rigid — so that
ions are static, and the electrons are the only mobile charged particle — electron

magnetohydrodynamics (MHD) may be derived. The crustal magnetic field (B)



then evolves according to the equation (Goldreich & Reisenegger, 1992)
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where c is the speed of light, p. is the charge density and o is the electrical conduc-
tivity. Equation (1.1) represents an interplay between Hall drift (the first term on
the right), causing the field to evolve toward more intense high-multipole structures,

and ohmic decay (the second term on the right), which dissipates magnetic flux.

The Hall drift refers to the advection of magnetic field lines within the solid crust
by free electrons (Cumming et al., 2004). Let us first define a very basic system
to observe the Hall effect: A current-carrying conductor is placed in an external
magnetic field perpendicular to the current (see panel (a) of Figure 1.4). In this
configuration, the conducting electrons, whose velocity is v, = —J/pe, are deflected
laterally due to the Lorentz force from the magnetic field. This deflection induces
a transverse electric field, known as the Hall electric field, given by Eg = v, x B/c,
which counteracts the magnetic force and leads to equilibrium. Now consider a sce-
nario in which the conductivity varies with height (see panel (b) of Figure 1.4). In
this case, the current density J, and consequently the electron velocity v, and Hall
electric field Ex, become height-dependent. This variation generates an electromo-
tive force (EMF), expressed as [Ep -dl, which induces a magnetic field component
aligned with the current. As a result, the electron flow shears the magnetic field
lines. In case of a magnetar, this shear is driven by spatial gradients in B, J, and
pe- The Hall timescale, tp,; = L/ve, characterizes the timescale over which this

shearing occurs, where L is the characteristic lengthscale.

Ohmic decay is the process by which magnetic fields dissipate in a neutron star’s
crust due to its finite electrical conductivity. It results from electrons scattering off
the ion lattice of the solid crust, which reduces the electric current and converts
magnetic energy into heat (Gourgouliatos, De Grandis, & Igoshev, 2022; Lander,
Andersson, Antonopoulou, & Watts, 2015). The rate of ohmic decay is inversely
proportional to the electrical conductivity and independent of the magnetic field
strength (Goldreich & Reisenegger, 1992). Although it is the most familiar mecha-
nism of magnetic field dissipation, ohmic decay is generally too slow to significantly

alter magnetic fields of stellar scale by itself.

Unlike Ohmic decay, which dissipates magnetic energy, Hall drift is a non-
dissipative process that conserves magnetic energy while redistributing it (Goldreich
& Reisenegger, 1992; Lander et al., 2015). It acts through the advection of magnetic

flux by free electrons, leading to the formation of strong, small-scale magnetic struc-
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Figure 1.4 Basic illustration of the Hall effect (Cumming et al., 2004, used with
permission). (a) Standard laboratory configuration where the Hall electric field
counteracts the magnetic force acting on electrons in a conductor. (b) When elec-
trical conductivity changes with height, the resulting variation in electron velocity
creates a shear in the magnetic field over a characteristic timescale g;.

tures (Gourgouliatos, Wood, & Hollerbach, 2016). Such localized intensification of
the magnetic field can produce regions where the field strength exceeds 10" G.
Magnetic fields of this magnitude are sufficient to reach the crust’s breaking stress

and potentially trigger magnetar bursts.

Although Hall drift does not directly reduce magnetic energy, it plays a crucial role in
enhancing Ohmic dissipation. It achieves this by transferring magnetic energy from
large-scale structures — where Ohmic decay is inefficient — to progressively smaller
scales, where the dissipation rate is much higher (Goldreich & Reisenegger, 1992;
Lander et al., 2015; Pons & Vigano, 2019). Gourgouliatos et al. (2016) showed these
magnetic instabilities in their simulations and argued that enhanced ohmic heating
powers the star’s persistent emission. The persistent emission may also arise from
magnetospheric processes, such as bombardment of the star’s surface by accelerated
charged particles (Beloborodov, 2009).

Beginning from the early axisymmetric simulations, the study of electron MHD has
advanced greatly, including full three-dimensional (3D) nonaxisymmetric simula-
tions and better handling of the numerically challenging Hall term (Ascenzi et al.,
2024; De Grandis et al., 2020; Dehman, Vigano, Ascenzi, Pons, & Rea, 2023; Gour-
gouliatos et al., 2016; Igoshev, Gourgouliatos, Hollerbach, & Wood, 2021; Wood



& Hollerbach, 2015). Furthermore, because ohmic decay causes heating, and the
conductivity is temperature dependent, the full electron-MHD system becomes a
coupled magnetothermal evolution; see Pons and Vigano (2019) for a review of this
progress. The attractive feature of these simulations is that, while numerically chal-
lenging, they involve only a small number of well-understood transport properties

of the crust.

For a subset of the possible initial conditions and boundary conditions, magne-
tothermal evolutions lead to the development of intense patches of magnetic field
on kiloyear timescales, with Maxwell stress components that are comparable to the
crust’s elastic yield stress 7.; (Chugunov & Horowitz, 2010). This provides persua-
sive evidence that crustal field evolution drives crustal failure, and so the observed
magnetar bursting activity. By resetting the local magnetic field when stresses build
beyond some critical value, Perna and Pons (2011) arrived at simulated event rates
and waiting times between bursts (see also Dehman et al. 2020), and identified

factors that likely result in various occurrence rates of bursts from magnetars.

However, one should be cautious in simulating crustal failure with electron MHD,
which itself is built on the assumption that the crust does not fail. To be self-
consistent, the evolution beyond the failure point should also include a mechanism
that describes the motion of the crust, with some velocity v, under supra-yield
stresses. This in turn causes advection of the field of the form V x (v X B), which
should be added to the right-hand side of Equation (1.1). Due to the intense pres-
sure, voids are unable to form or propagate within the crustal lattice. Instead, the

crust may flow plastically (Jones, 2003), allowing the release of stored elastic energy.

Here, we are interested in the case when high stresses can develop and be released
through plastic flow, and this process requires ohmic decay to be subdominant.
Given the high temperatures of typical young magnetars, this corresponds to field
strengths of the order 104G (Cumming et al., 2004). Generally speaking, ohmic
decay dominates for weaker fields (< 10'2 G, see Figure 1.5). Neglecting the ohmic
decay for simplicity, the resulting field evolution takes the form (Lander, 2016):

0B 1 c

where v = 0 below the yield stress. Unlike electron MHD), this is no longer a system
with a limited set of well-constrained parameters. The main line of work studying
the evolution of Equation (1.2) to date (Gourgouliatos & Lander, 2021; Kojima,
Kisaka, & Fujisawa, 2021; Lander & Gourgouliatos, 2019) has calculated a velocity

v under some simplifying but plausible assumptions that reduce it to the dynamics



of a viscous and incompressible fluid (Lander, 2016). Even this simplified system,
however, has uncertainties relating to the unknown material properties of the crust
at high stress and the fact that there is no universal theory of viscoplasticity that

can be readily applied.
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Figure 1.5 Dominance of plastic flow, Hall effect, and ohmic decay as functions
of magnetic field strength and radial distance from the center (Gourgouliatos &
Lander, 2021, used with permission). The left edge of the x-axis corresponds to the
crust-core boundary, while the right edge marks the neutron drip point.

1.2 Cellular Automaton Magnetar Simulation

As discussed above, electron-MHD simulations show that stresses can quickly grow
beyond the yield stress (Dehman et al., 2020; Gourgouliatos, 2023; Lander & Gour-
gouliatos, 2019; Perna & Pons, 2011), after which the simulations become physically
unreliable as their inbuilt assumption of a static crust is violated. Furthermore, the
standard paradigm for magnetar activity links their sudden bursts with failures of
the crust. Crustal failure presents one particular conceptual challenge: While first-
principles simulations indicate that the ion lattice fails collectively on a microscopic
scale, this cannot extend to the global scale (otherwise, a very localized supra-yield
stress could cause the entire crust to fail). With quantitative modeling very far
away from being able to attack this problem, one alternative is to take a qualitative

description of the evolution of crustal stress locally, and formulate a system where
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local regions can communicate with one another to produce larger-scale and non-
deterministic behavior. This was the goal of an earlier cellular automaton model
of the crust (Lander, 2023), whose main features we review next, including where

specific choices may reduce the generality of the model.

To simulate the abovementioned approach, Lander (2023) divided the crust into an
array of semiautonomous cells. Within each cell, the physical quantities are assumed
constant and fixed to their value at the base of the cell. In both the original paper
and this thesis, the stellar structure is calculated from the TOV equation using
the SLy4 equation of state, the yield stress from the formula of Chugunov and
Horowitz (2010), and the viscosity of the crustal matter in its plastic phase v with
the same profile as that of 7,;, together with the temperature-dependent prefactor
suggested by Lander (2023). Guided by the results of 3D electron-MHD simulations
(Gourgouliatos et al., 2016), which show the development of locally intense patches
of magnetic field for young magnetars whose angular extent has a characteristic
diameter ~ 0.5 —2km, Lander (2023) fixes the surface area of each cell to 1 km?.

Because the outer crust cannot sustain high stress and has a lower melting tempera-
ture, only the inner crust is modeled. Equally, however, across the whole inner crust
of thickness ~ 0.5km the yield stress changes by a factor of a thousand, meaning it
is physically unlikely that any small failure would extend down to the crust—core
boundary. For this reason, the cell depth is chosen to be smaller than this, 0.2 km,
such that the yield stress variation is less than an order of magnitude. The density

3 at

within a cell ranges from 4.0 x 101 gem™3 at the top, down to 1.5 x 1013 gem™
the base. While the precise choice of depth is arbitrary, it is a plausible value over
which collective failure of an entire cell could be expected (as required for a cellular

automaton model).

The magnetoplastic evolution in Equation (1.2) may be reduced, in an approximate
way, to an equation for a scalar stress 7 = B2 /8n that is assumed to be sourced by

the magnetic field alone (see Lander 2023 for derivation):

or cr3/? 27 (T —7¢)
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(1.3)

where the first term on the right-hand side represents the increase of elastic stress
due to the Hall drift, while the second term reflects the stress release due to the
plastic flow. Because plastic flow is inactive below the yield stress but dominant
over Hall drift above the yield stress, we can approximate the evolution as being
due to only one of the two effects at any given time. With this prescription, a

cell behaves elastically (see Figure 1.6) and its elastic stress accumulates under the
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dominant Hall effect if 7 < 1.17,;, the first term on the right side of Equation (1.3).
When the cell reaches a critical value of 7 = 1.17,, it fails and behaves plastically
(see Figure 1.6). During its plastic phase, it releases the accumulated stress (the
second term on the right side of Equation (1.3)); the amount of release is fixed
at 10% of 7. In the end, 7 reduces down to 17, corresponding to an energy
release of ~ 1040 erg — similar to an energetic short X-ray burst. The characteristic
timescales (¢4 and tp;) for 7 evolution under Hall drift and plastic flow then can be
estimated as 800 and 9 yr, respectively, using pe = 1.4 x 1026 esu em ™3, L = 200m,
7= 1.17.;, and v = 1030 poise. However, typical durations for the Hall and plastic
phases in the simulation are ~75 yr and 1 yr, respectively. Since the reduction of
7 is only 10% of 7. in the model, phase durations are shorter than the estimated
characteristic timescales. Note that although the magnetic field strength does not
appear explicitly in the formulation, our ansatz that the Hall phase builds stress
in patterns that resemble the cellular lattice, and that ohmic decay is subdominant
and may be neglected, both mean that we are implicitly assuming a typical crustal

magnetic field strength in the approximate range of 1014 —101° G.

Figure 1.6 The magnetar crust as an array of cells (Lander, 2023, used with permis-
sion). The magnetic field lines shown on the left are untwisted and embedded in a
static cell in its elastic phase, while the lines shown on the right are twisted due to
the plastic flow vy circulating around a cell in its plastic phase.

Previous studies (Gourgouliatos & Lander, 2021; Lander & Gourgouliatos, 2019)
have shown that the elastic stress of a cell may exceed the yield stress by some
tens of percent before any significant effect of the plastic failure. Note that this is
also required in order to produce a sudden release of energy — otherwise, a cell’s
evolution would saturate, with the plastic flow and Hall drift counteracting one
another, to leave the stress at a constant value equal to the yield stress. Therefore,

Lander (2023) model assumes an abovementioned critical value of 7 = 1.17,; for the
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failure of an individual cell. During its failure (plastic phase), its neighboring cells
will be affected due to the exerted shearing force created by this plastic cell. To
mimic this effect, the model includes a cell rule that allows varying yield stress
between 1 and 1.17,.;: A cell’s yield stress is lowered by 0.0257,; from 1.17,; for every
plastic neighbor, assuming its behavior is only affected by its four neighbors. With
this choice, if a cell has the maximum number of neighbors in the plastic phase,
i.e., four, it enters the plastic phase as soon as its own stress reaches 17,;. Clearly,
changing the precise values involved in the yielding process will result in quantitative
differences in typical burst sizes. However, the main feature of the cell rule is robust:
That nearby plastic flow expedites a cell’s failure, and the simultaneous plastic phase
of adjacent cells enables the model to produce high-energy magnetar activities like

flares.

A cluster of adjacent plastic cells is considered a single but larger cell with a plastic
flow through the entire cluster at an average velocity, Ty, oc (7 —7;)/v. This plastic
flow within a plastic cluster causes a braiding of external magnetic field lines due
to their footpoints embedded in the cells, increasing the average twist (¢)) of the
associated coronal loop, di/dt =T,. It also represents the rate of energy transfer
from the crust to the corona, F.,s = ¥ Emaz, where E,,q, is the maximum expected
energy considering all plastic cells in a cluster. The model simply assumes that
when a plastic cluster ceases to exist, its associated energy is emitted as a single
burst. Here, it is important to note that the transfer of elastic energy to burst
energy released in high-energy photons is a highly complex process that may not be
efficient (see, e.g., Beloborodov 2013). Given that Lander (2023) does not touch on
this at all, his model is effectively degenerate in how much stress is relieved from
the crust in a failure event, and the radiative efficiency of the emission process: An
observed burst of energy 100 erg could represent a 100% efficient transfer of 10%°
erg of elastic energy, or a 10% efficient process following an initial crustal energy

release of 10 erg.

At the start of each simulation, the temperature (77) of all cells is set to a minimum
“ambient” value of 5 x 10® K. During the plastic phase of a cell T increases due to
plastic flow, and then returns to the ambient temperature linearly over 13 yr starting
from the end of the plastic phase. At the end of the plastic phase, T reaches a broad
peak (for roughly a year) around its peak value, which is at most 2.5 x 10° K. Note
that temperatures much higher than this could not be maintained, anyway, since
the crust is cooled efficiently by neutrino emission from plasmon decay (see, e.g.,
Figure 1 of Yakovlev, Kaminker, Gnedin, and Haensel 2001). The viscosity (v) of
the crustal matter is inversely proportional to 7', and its possible range during a

simulation is between 103* and 1036 poise.
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Since the newborn magnetar crust is unstressed and hence has no seismic activity,
the time ¢t = 0 yr represents a highly stressed young magnetar crust at age ~1000
yr in this study. Therefore, the stress levels of the crust cells are assigned randomly
between 0.9 and 1.17,; at the start of each simulation, and hence they are all in
the Hall phase at ¢t = 0. Finally, we note that there are 56 x 14 = 784 crustal cells
covering the active northern hemisphere of the magnetar, where crustal motion
drives the increase in coronal twist; modelling half of the surface avoids conceptual
issues related to whether an opposing crustal motion in the other hemisphere might

annul coronal twist.

1.3 What Causes Clustering of Short Magnetar Bursts?

The basic picture of neutron star crustal energy release is that elastic stresses build
up unobserved over the star’s lifetime, until the crust’s yield stress is reached, at
which point stress is relieved through a failure of the crust, probably taking the
form of a plastic flow. This flow will cause some localized heating, which could
potentially be seen as an outburst: an additional thermal component of the X-
ray spectrum that cools over some months. It does not, however, directly power
the hard X-ray bursts that are our main focus here. Instead, the flow advects the
footpoints of the magnetosphere, which twists up coronal loops. The presence of
coronal loops may be seen indirectly by affecting the star’s spin-down, or directly
when these loops undergo magnetic reconnection, which returns them to a lower-
energy and less twisted state; the excess energy is converted to an abrupt emission
of high-energy photons together with, in some cases, a localized “trapped fireball”
that decays more slowly, as seen most notably following giant flares (C. Thompson
& Duncan, 2001).

A one-off burst does not itself provide stringent constraints on this sketch of how the
magnetar’s crustal energy becomes a photon count we can detect, but interpreting a
cluster of bursts reduces the freedom in our modeling. As an example, let us consider
the spectacular burst forest of SGR 1900414 on 2006 March 29, first analysed by
Israel et al. (2008). Figure 1.7 shows that over half a minute the magnetar emits
several protracted bright bursts with long tails, as well as a number of shorter and
less energetic bursts. Israel et al. (2008) refer to the former events, with higher
energy and longer duration, as “intermediate flares,” but conclude that there is

no firm distinction between those and short bursts; we will simply refer to all as
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“short bursts.” This earlier study only reports the total energy of the burst storm,
~(2-3)x 10*2erg, but for a physical interpretation of the burst mechanism it is
helpful to have individual energies. We estimate that the brightest bursts have

energies of ~ (0.5 —1.5) x 104

erg in 10-100 keV by assuming a distance to the
source of 10 kpc. The initial rise of a burst — when it can be discerned — is quasi-
exponential over ~ 25— 50 ms, and the longer bursts feature a pseudo-linear decaying

tail of duration ~ 1 s. The brightest bursts typically come ~ 2 —4 s apart.
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Figure 1.7 Light curve of the burst forest from the magnetar SGR 1900414 recorded
by Swift-BAT with 1 ms time resolution in the energy range of 15—100 keV on 2006
March 29 (Israel et al., 2008, used with permission)

We can now interpret the features of the burst forest of SGR 1900+14. The onset
of each burst is likely to be the result of magnetic reconnection of a twisted coronal
loop, with the protracted nature of the brighter bursts representing a small trapped
fireball attached to the star. Each burst represents a local failure, since a large-
scale event would both be more energetic and protracted enough in time to show
rotational modulation (as seen in the decaying X-ray tails following the giant flares
of SGRs 1900+14 and 1806—20). Furthermore, the energy release from the larger
bursts ~ 104 erg is comparable to the maximum expected from the failure of a single
1km? crustal cell, so it is not possible to explain the whole ~ 30 s period of activity
as a single twisted coronal loop undergoing repeated reconnection events, nor would

persistent plastic flow in a single cell be fast enough to “recharge” the coronal loop
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with energy for a new burst, since the timescale for this process is likely around a
month (Younes et al., 2022).

This leaves us with a scenario where several highly stressed local regions of the crust
contribute to the burst storm. The first of these localized failures exerts a torque
that increases the stress in the surrounding region, and will also send shear waves
with speed \/T/p (where p, p are the shear modulus and mass density, respectively)
across the star’s crust. The latter mechanism could, in principle, trigger distant
crustal failures at any highly stressed point in the crust, but these would lead to
subsequent events being separated by at most the shear-wave crossing timescale for
the crust, ~ 27R,/ m ~ 1 s (where R, is the stellar radius, which we take as
12 km). Instead, we see somewhat longer and nonregular waiting times between
bursts, suggesting that the interaction between plastically failing cells and their
surroundings may be driving the clustering. We wish to investigate whether Lander
(2023)’s cellular automaton model, which aims to encapsulate magnetar activity

with minimal assumptions, is able to explain this burst clustering.

1.4 Time-integrated and Time-resolved Spectroscopy

Hard X-ray spectral analyses of magnetar bursts play a crucial role in elucidating the
underlying physical mechanisms driving these energetic events. The X-ray spectra
of magnetar bursts are predominantly described using two continuum models: The
first one is the sum of two blackbodies (BB+BB), while the second is a power law
with a high-energy exponential cutoff (COMPT). These two emission models are
fundamentally distinct in their physical characteristics. Blackbody radiation arises
from a region in thermodynamic equilibrium and depends on the temperature of the
emitting surface, whereas emission described by the exponential cutoff power-law
model is typically attributed to synchrotron-like nonthermal processes. Compre-
hensive time-integrated spectral studies of magnetar bursts conducted to date (Lin
et al., 2012, 2011; van der Horst et al., 2012) have demonstrated that both models

provide statistically acceptable fits to the observed spectra.

Although studies on the spectral properties of magnetar bursts have been done since
the late 1990s, they gained significant momentum with the observations enabled by
the Fermi Gamma-ray Space Telescope (hereafter Fermi), which became operational

in July 2008. These observations have enabled comprehensive spectral analyses. As
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an example, 29 bursts from SGR J0501+4516 during 13 days of activity in 2008
(August 22—September 3) have been observed with Fermi. Lin et al. (2011) found
that spectra of all bursts can be modeled with the COMPT model, while the BB+BB

model fits a significant portion of the spectra.
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Figure 1.8 Spectrum of an example SGR J1550—5418 burst (Lin et al., 2012, used
with permission). The top panels present the joint spectral fits using data from
both XRT and GBM, while the bottom panels display the spectra extracted from
GBM data alone. Spectral fits using the COMPT model are shown in the left
column, and those using the BB4+BB model are shown in the right column. Residuals
corresponding to each fit are displayed in the lower sections of the respective panels.

van der Horst et al. (2012) conducted a spectral analysis of 286 bursts observed from
yet another magnetar, SGR J1550—5418, during the January-February 2009 period
using the Gamma-ray Burst Monitor (GBM) on board Fermi. Their study, based on
spectra obtained in the 8 —200 keV energy range, showed that the magnetar bursts
could be equally well described by either the BB+BB or the COMPT model. Some
of the bursts from the same magnetar observed with Fermi-GBM were also simul-
taneously detected by the X-ray Telescope (XRT) on board the Neil Gehrels Swift
Observatory (hereafter Swift). Lin et al. (2012) analyzed the spectral properties of
42 bursts from the same magnetar observed simultaneously with both instruments
over a broader energy range (0.5—200 keV) and concluded that the BB4+BB model
provided a relatively better fit to the data. However, as shown in Figure 1.8, the
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spectrum of an example burst from SGR J1550—5418 is comparably well fit by both
the COMPT and BB+BB models.
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Figure 1.9 The distributions of Epeax (left-top) and photon index (left-bottom) pa-
rameters of the COMPT model, and kTioy (right-top) and kTHien (right-bottom)
parameters of the BB+BB model for all bursts in the magnetar catalog of Collazzi
et al. (2015, used with permission)

Collazzi et al. (2015) compiled a magnetar burst catalog based on the first five years
of observations with Fermi-GBM, presenting detailed temporal and spectral analyses
of 440 bursts from various magnetars with high temporal and spectral resolution.
We note that this dataset mainly consists of the abovementioned activities of the
sources SGR J0501+4516 and SGR J1550—5418. In terms of spectral characteristics,
considering all events of the catalog, the Eje parameter of the COMPT model
has a distribution clustered around ~ 40 keV (see the left-top panel of Figure 1.9).
Photon index (I'), the second parameter of the COMPT model, spans a range from
18



—2 to 2, peaking approximately at —1 (see the left-bottom panel of Figure 1.9).
For the BB+BB model, the temperatures of two blackbody components (k71 and
KThign) are centered at ~ 4.5 keV and 15 keV, respectively (see the right panels of
Figure 1.9).

Time-resolved X-ray spectroscopy of magnetar bursts is an important probe to re-
veal spectral evolution throughout their highly complex emission episodes and helps
uncover more dominant underlying physical mechanisms. One of the most compre-
hensive time-resolved burst spectral studies was performed by Israel et al. (2008) on
the SGR 1900414 bursts observed with the Burst Alert Telescope (BAT) and X-ray
Telescope (XRT) on board Swift in 2006 March. Although the BB4+BB model was at
the forefront of this study including over 700 extracted spectra, a significant number
of the spectra were also fitted with nonthermal models. Detailed analyses based on
the BB+BB model revealed significant spectral evolution, even during short mag-
netar bursts. Younes et al. (2014) also performed time-resolved spectral analysis
of the 63 brightest bursts from SGR J1550—5418 observed with Fermi-GBM and
demonstrated flux-dependent variations between temperature (k7") obtained with
the BB+BB model and the area (R?) of the emitting region (see Figure 1.10). The
flux-dependent variations of burst spectral properties have the potential to pro-
vide insight into the dominant underlying physical mechanism. If phases in which
blackbody-like thermal emission is statistically dominant can be identified, flux-

dependent variations could become even more pronounced.
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Figure 1.10 Flux-dependent variations between R? and kT observed in the spectra
of SGR J1550—5418 bursts (Younes et al., 2014, used with permission). [Left] Flux
color-coded plot of R? vs. kT [Right] Grouped R? and kT data based on flux
intervals, from top to bottom as indicated by the legend. Solid lines show the best
fits to the data.

In general, time binning for the extraction of spectra in time-resolved spectroscopy
of bursts, however, is quite arbitrary. In earlier studies, the subsequent spectra
were usually obtained from time intervals determined based upon the signal-to-

noise ratio of its light curve. In other words, the time segments are not determined
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by taking into account the spectral changes in advance; instead, the burst is divided
arbitrarily into time segments that contain a certain number of photons in order to
ensure acceptable statistics for the spectral analysis. Under such circumstances, it
would not be possible to elucidate the true spectral evolution of the observed burst

emission.

One possible way to overcome the problem of arbitrariness in time-resolved spec-
troscopy is to employ sequential spectra extracted from the shortest possible time
intervals (in terms of counts) and allow these segments to overlap subsequently. This
way, it would naturally be possible to reveal more realistic spectral evolution, which
in turn could help uncover more dominant underlying mechanisms. This sliding
time window approach is a methodology often used in timing analysis, e.g., search-
ing for time-dependent burst oscillation behaviors (see e.g., Strohmayer, Zhang,
Swank, White, & Lapidus, 1998). In the study presented in Chapter 3, we ap-
ply a similar approach for the first time in the spectral analysis of SGR bursts;

7

namely, “overlapping time-resolved spectroscopy,” using the brightest bursts from
SGR J1935+2154. We subsequently apply a machine-learning-based clustering algo-
rithm to form nonoverlapping time intervals with significant spectral variations and
perform “clustering-based” time-resolved spectral analysis of these bursts. Hence,
the resulting time segments are expected to precisely reveal the burst spectral evo-

lution.

To perform spectral modeling of SGR J1935+4-2154 bursts, we employ commonly-
used BB4+BB and COMPT models. In addition, we also employ the model of a
modified black body (MBB) spectrum (Lyubarsky, 2002) that undergoes resonant
cyclotron scattering (RCS), the combination of which is applied systematically to
the SGR burst spectral analysis at this scale for the first time. The MBB-RCS
model was developed by Yamasaki et al. (2020) to account for the magnetospheric
effects on thermal emission in the context of magnetar flares. Lyubarsky (2002)
had previously suggested extreme magnetic fields of magnetars could modify the
emerging radiation from its surface, incurring significant deviations from a Planckian
that result in a flat photon spectrum at low energies. However, the pure MBB model
can underestimate the spectra at high energies by not taking the magnetospheric
scatterings into account. The MBB-RCS model (Yamasaki et al., 2020) assumes
that the photons emitted from the active burst region escape to infinity after just
one resonant scattering by magnetospheric charges, thereby accounting for tails in
the observed spectra at high energies. Testing the model with energetic flares of
SGR 1900+14 resulted in a good agreement with the spectra of intermediate flares,
but not with the giant flare observed in 1998.
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SGR J1935+2154 was discovered on 2014 July 5, when a short burst triggered
Swift/BAT. Follow-up observations with Chandra and XMM-Newton revealed its
spin period (P ~ 3.24 s) and spin-down rate (P =1.43 x 10~ ss™1), corresponding
to a magnetic field strength of B ~ 2.2 x 104 G, and thus confirming the magnetar
nature of the source (Israel et al., 2016). Since its discovery, SGR J19354-2154 has
been the most prolific transient magnetar ever observed: it is burst-active almost
annually, including multiple (in the range of thousand) short bursts (Lin, Gogiis, et
al., 2020; Lin, Gogiis, et al., 2020), an intermediate flare on 2015 April 12 (Kozlova et
al., 2016), and a burst forest on 2020 April 27 (Kaneko et al., 2021). Just hours after
the burst forest, SGR J193542154 emitted an X-ray burst (e.g., Mereghetti et al.,
2020) coincident with a Fast Radio Burst (FRB; Bochenek et al., 2020; CHIME/FRB
Collaboration et al., 2020), which was the first Galactic detection of these events.
This coincidence is the first indicator that magnetars residing in distant galaxies
may also be the origin of FRBs (Petroff, Hessels, & Lorimer, 2019, 2021).
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2. INVESTIGATING THE RECURSIVE SHORT X-RAY BURSTS

OF MAGNETARS THROUGH CRUSTAL INTERACTIONS

This chapter was published in Keskin, Lander, and Gogiig (2025). Some parts
were modified to ensure the continuity of this text. In Section 2.1, we explain the
improvements and tests that we accomplished to the Lander (2023) model to study

burst clusters. The results are presented in Section 2.2 and discussed in Section 2.3.

2.1 Model and Simulation

The model outlined in Lander (2023) allows for magnetar activity across a full range
of energies, corresponding to those of short bursts and intermediate and giant flares,
all of which are powered by the release of stress from a crust that behaves as a cellu-
lar automaton and drives coronal and then bursting activity. The motivation for the
original code was to model the energy output from a magnetar on long timescales
rather than to resolve short-timescale phenomena specific to any particular magne-
tar, but the model can readily be extended and adapted to study many magnetar
activities. Our study aims to understand the nature of short magnetar bursts by
focusing the simulation on high-energy short bursts of magnetars. To do that, we
aimed to match the model results with short magnetar burst observations. While
doing so, we ensured that all new implementations to the code were physically moti-
vated and meaningful. In the following, we describe the four differences between the

present implementation and that of Lander (2023), each detailed in one paragraph.

To study short bursts, we focus on shallow failures of the cells with a depth of 0.2 km
(a density range 4.0 x 101 gem ™ < p < 1.5 x 10'3gem™3). This means that a cell
does not fail deeply, down to the crust—core boundary. The original version of the
simulation also allowed these deeper failures to explain the larger energy activities,

such as intermediate and giant flares. This was intended as a way to model whatever
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additional physics might — in rare instances — cause a larger spreading failure across
the crust, in whose wake the magnetar would become significantly less active (as
seen in the aftermath of the three giant flares observed locally to date). Clearly,
however, the rarity of giant flares indicates that their trigger may only occur once
in several decades or more, whereas here we are interested in the far more common
small bursts, and their clustering over short timescales. It does not make sense,

therefore, to implement the previous deep-failure criterion in this case.

We also changed our assumption about how energy is released from a group of
neighboring cells. In Lander (2023), it was assumed that contiguous regions of plastic
cells all contributed their energy to a single large-scale coronal loop. This approach
was also needed to explain higher-energy flares, since even the deep failure of a single
cell does not reach the > 10* erg energy range needed to explain a giant flare. Here,
we therefore assume that each cell releases energy to the corona individually, which
allows the possibility of several successive, distinct bursts occurring in a local region

due to cell interactions.

As mentioned in Section 1.2, crustal magnetic field lines that are dragged around
in a cell due to its circulating plastic flow exert a shearing force on its neighboring
cells, therefore nearby plastic failure quickens a cell failure. While encoding this
effect, the motivation for the cell rule in Lander (2023) is to allow simultaneous
plastic phases of many adjacent cells in order to model the rarely-observed giant
flares. Here, we focus on the far more frequently observed short bursts, and from
magnetar observations we know that these do not usually occur in isolation but
rather successively. To mimic this behavior of magnetar bursts, we need to make
a cell more sensitive to its neighbors’ behavior. To achieve this in our simulation,
we modified the cell rule: If a cell has one or more (two, three, or four) plastic
neighbors, it fails for any stress above 7,;; otherwise, it fails at 7 = 1.17,;. With the
modified cell rule, we increase both the number of cell interactions and the number
of successive failures of a cell compared to the original version. In general, when
a cell fails and enters a plastic phase, it has at least one plastic neighbor and fails

successively usually twice, and at most ~5-6 times.

When a cell fails, we do not expect it to release all its stress, but rather a portion
of it. In the original model, this portion was a fixed value, namely a 10% reduction.
However, an arbitrary amount of stress loss is more likely and physically expected.
Note that the amount of stress reduction is directly related to the amount of energy
transferred to the corona via braiding of the magnetic field lines due to plastic
flow during failure. From the observational point of view, less energetic bursts are

more frequently observed, and so are more abundant than the higher-energy ones.
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Therefore, when a cell fails, instead of a fixed stress loss (7j,s5), We assumed a
random 7y,¢s between 0.017,; and 0.67,; drawn from a power law (PL) distribution
with an index of 1.6. This allows us to cover an energy range of 1039 — 104! erg,
which is the typical energy range of recursive short bursts. More importantly, this
approach enables us to obtain a burst energy distribution that follows a PL trend
whose index is 1.6, consistent with the burst energy distribution of real magnetar
burst observations (Gogis et al., 1999; Gogiis et al., 2000). Figure 2.1 shows the
burst energy distribution of the model star through the 1000 yr evolution of all crust
cells. We found that the distribution follows a PL trend whose index is 1.60 £0.01

with its 1o uncertainty.
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Figure 2.1 The distribution of burst energies obtained by averaging 100 simulations
(solid black lines). The red dashed line shows a PL fit to the average distribution.
The gray lines display the distributions of individual simulations.

2.2 Results

Including the abovementioned implementations, we simulate short magnetar burst
activities for a fiducial simulation duration of 1000 yr. As a reminder, t=0 yr rep-
resents a highly stressed young magnetar whose age is ~1000 yr in our simulation.
This is enough time to collect reliable statistics for burst clustering that vary little
from simulation to simulation. Having experimented with longer simulations, we
found these give no additional information, as the cellular automaton behavior sat-
urates in well under 1000 yr, and because there is no additional secular evolution
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of the system on long timescales. Besides, observationally, burst-prolific magne-
tars have low characteristic ages, at most a few kiloyears, and our motivation is to

investigate these highly stressed young magnetars in their burst-active states.

Figure 2.2 presents the duration distribution of the Hall (left panel) and plastic
(right panel) phases of cells. Both Hall and plastic phase durations vary in our
simulations due to a random amount of stress release rather than a fixed one (e.g.,
10%) during a cell’s failure. A Hall phase generally lasts between ~1 and 1000 yr,
with an average of 50 yr. It occasionally lasts less than a year; these cases are due to
cells that have lost a small amount of stress, down to just below their yield values.
Therefore, their stress levels again reach their yielding values more quickly. The
relation between the amount of 7 increase during a Hall phase and its duration is
simple: The higher the stress increase, the longer the phase duration. On the other
hand, there is a rather complex relation between the plastic phase duration and
Tioss during a plastic phase. The plastic phase duration depends on the 7 values
at which the plastic phase begins and ends, and viscosity (hence the temperature
of the failing cell). Yet, we have a well-constrained plastic phase duration between
one-third of a year and one year (0.3 - 1 yr), with an average of 0.7 yr. Therefore, a
second burst from the same cell cannot be observed on shorter timescales than the

plastic phase durations, even in the case of successive cell failures.
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Figure 2.2 The distribution of Hall (left panel) and plastic (right panel) phase du-
rations. Both trends shown with solid black lines were obtained by averaging the
results of 100 iterations. The gray histograms display the distributions of individual
simulations.
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Figure 2.3 shows the distribution of the number of bursts per cell. We find that
a cell yields, on average, around 16 events. This is understandable given that the
Hall phase lasts about 50 yr on average, therefore, each cell releases energy to the
corona ~20 times over the course of 1000 yr. We also calculated waiting times
between successive bursts from the same cell, considering all cells throughout the
entire crust. We present this distribution of waiting times in Figure 2.4. The cells
fail repetitively due to the cell rule (successive plastic phases of the cells), and since
the plastic phase takes ~ 0.3 - 1 yr, these cases create the data points around
the first peak we observe in the figure. Nonsuccessive cell failures create the large
region around the second peak in the figure since these cases include a Hall phase
in addition to a plastic phase between the two bursts, therefore it requires a longer
time for a cell to reburst since a Hall phase is generally much longer than a plastic
phase (see Figure 2.2). The small additional overabundance of bursts jutting out
from this broad peak at ~ 70 — 80 yr corresponds to the numerous cases where a
single cell with no plastic neighbors fails on its own at 1.17.; and loses an average
amount of stress from the PL distribution and so drops back to ~ 1.07;, similar to
the generic single-cell failure from (Lander, 2023). In the most extreme cases, large
stress reductions in the plastic phase mean that the subsequent Hall phase takes
hundreds of years to bring that particular cell back to the point of failure and, if
this is followed by another large plastic failure, it may only produce (say) two bursts

over the 1000 yr run of the code.
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Figure 2.3 The distribution of the number of bursts per cell in 1000 yr, obtained
as an average of 100 simulations, is shown in black. The gray histograms show the
distributions of individual simulations.
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Figure 2.4 The distribution of waiting times between successive bursts from the
same cell, considering all crustal cells. The solid dark line is the average of 100
simulations, and the gray lines are the distributions of individual simulations.

As an important outcome of our new approach, we obtain clustered bursting episodes
in time and present them in the top panel of Figure 2.5. The bottom panel of Figure
2.5 shows the bursts obtained with the original cell rule to compare the two distinct
bursting behaviors. To enable direct comparison between the evolution shown in
the top panel of Figure 2.5 and Figures 2 and 3 of Lander (2023), we next look at
details of the coronal energy and crustal stress evolution for our modified cellular
automaton simulation. In the left-hand panel of Figure 2.6, we plot the total coronal
energy as a function of time over 1000 yr for our modified cellular automaton model;
the main differences compared with the original approach are the lack of very bright
(> 103 erg) events, and the more frequent drops to zero coronal energy, leading to
a more jagged-shaped line. In the right-hand panel of Figure 2.6, we show three
snapshots of 7/7: directly before and after the large burst cluster at time ~ 38yr,
and the final state after 1000 yr. As one of the cells in a highly stressed crustal
region (blue window in the top panel) fails, it quickens the failure of its neighbors,
shown in the window, and they all fail together and start to affect other neighboring
cells. The burst cluster can be seen to result in a large region of relatively low
stress (large red patches in the middle panel), but — unlike the original model’s
deep-failure criterion — this is not permanent, and no trace of it can be seen in the

1000 yr snapshot (bottom panel).
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Figure 2.5 Energy of bursts over 1000 yr obtained with the modified cell rule (top
panel) and with the original cell rule (bottom panel). Clustering is clearly more
pronounced with the modified rule.
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Figure 2.6 [Left] The total twist energy of all coronal loops vs. time during the
1000 yr evolution with our modified cellular automaton. [Right] Snapshots of stress
evolution in units of 7/7.; (colorscale) across the northern hemisphere, just before
(top) and after (middle) the emission of a burst cluster with energy 2x10%? erg,
and at the end of 1000 yr of evolution (bottom), for the same simulation as in the
left-hand panel of this figure and the top panel of Figure 2.5. The blue window
shown in the top panel represents the highly stressed crustal region that triggered
the successive failures.
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The clustering of bursts in time is a direct indicator of burst-active episodes of
magnetars. However, defining the interval of burst clusters within a simulation is not
straightforward. In our set of simulation runs, the number of bursts varied between
around 12,000 and 13,000, with an average of ~12,500 bursts, of which ~10,000 are
single bursts in the days they occurred. The rest of the bursts (~2000) accumulated
such that there are 2-10 bursts in a single day. In other words, there was no activity
during ~355,000 (97%) days in 1000 yr. To define a burst cluster, we grouped the
burst-populated days based on having two or more bursts. Time intervals with at
least 100 subsequent days of no activity (two or more bursts) are considered burst-
quiescent episodes. Therefore, the duration of a burst cluster is then determined as
the time from the activity onset to the beginning of the following burst-quiescent
interval. In Figure 2.7, we present the duration of burst clusters versus the total
energy of bursts within corresponding clusters. We note that the durations of burst
clusters lie on the integer values in the figure since we used a time resolution of 1

day while binning the data.
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Figure 2.7 Plot of the total burst energy vs. duration of each cluster from 100
simulations (gray dots). The black circles show the results of a single simulation
(the one shown in the top panel of Figure 2.5). Colored data points represent the
same relation for the actual observations of magnetars: SGR 0501+ 4516 (green
cross), SGR 1550 — 5418 (orange square), SGR 1900+ 14 (blue diamond), and SGR
1935+ 2154 (red stars).
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To compare the duration and energetics of burst clusters with actual magnetar
bursting activities, we utilized time-integrated spectral studies of recursive short
magnetar bursts in the literature. Using the abovementioned burst cluster defini-
tion, we could identify burst clusters for four magnetars (see Table 2.1). For SGR
0501+4516, SGR 1550-5418, and SGR 193542154, we used the burst energy fluence
values in 8—200 keV observed with Fermi-GBM and calculated the isotropic burst
energies assuming distances to the sources provided in the table. Similarly, we ob-
tained the total energy released from the short bursts of SGR 1900+14 by using the
burst fluence values in > 25 keV observed with CGRO-BATSE and the distance to
the source given in the table. Overplotting the durations and energetics of burst
clusters from the observed magnetar activities in Figure 2.7 reveals a convincing
agreement with our simulation results. To quantify this consistency, we obtained
log-normal distributions of the total burst energies from 100 simulations (gray dots),
corresponding to the burst cluster durations of actual magnetar bursting activities.
We found that most observational data shown in Figure 2.7 remained within about
a 20 level of the associated energetics distributions. We note that only one burst
cluster of SGR 1935+2154 (which occurred in April—May 2020) corresponds to the

observed energetics that is slightly exceeding the 30 level.

Finally, we note that we performed more simulations with different initial stress
levels and different cell rules, to check whether our results were generic outcomes
of the simulation or instead had some strong dependence on the specific choices
we made. We still obtained a similar clustered bursting behavior of short bursts,

confirming the robustness of our results (see Appendix A.1).

Table 2.1 A Sample of Magnetars with Extensive Burst-active Phases

Source Name Activity Period Distance Total Energy of Bursts References
(kpc) (10% erg)

SGR 050144516 2008 Aug—Sep 2 8 (1), (2)

SGR J1550—5418 2009 Jan—Apr 5 370 (1), (3)

SGR J1900+14 1998 May—1999 Feb 10 703 (4), (5)
2015 Feb—Mar 39 (6)
2016 May—Aug 557 (6)

SGR J1935+2154 2019 Nov 9 123 (7)
2020 Apr—May 810 (7)
2021 Jan—Feb 53 (8)

Notes.

References: (1) Collazzi et al. (2015); (2) Xu, Reid, Zheng, and Menten (2006); (3) Tiengo et
al. (2010); (4) Gogiig et al. (1999); (5) Israel et al. (2008); (6) Lin, Gogiis, et al. (2020); (7)
Lin, Gogiis, et al. (2020); (8) L. Lin et al. 2025, in preparation
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2.3 Discussion

Burst clusters are among the most spectacular activities of magnetars, and — unlike
the ultrarare giant flares — are relatively common. Despite this, to our knowl-
edge, there has been little attempt to provide a theoretical interpretation of this
phenomenon. Li, Levin, and Beloborodov (2016) studied the Hall waves that are
emitted during each crustal failure with a 1D model. These waves propagate and
trigger the failures of other regions as a potential source for magnetar outbursts,
which are long-lasting (weeks to many months) persistent X-ray flux enhancements
(Coti Zelati et al., 2018). The bursts in the focus of this study, on the other hand,
are of short-duration hard X-ray events. While our model does also include a plastic
heating term coinciding with the short bursts which broadly resembles the physics of

an outburst, we have not attempted any detailed modeling of this process in detail.

Having experimented with some minor modifications to a previous cellular automa-
ton model for the magnetar crust (Lander, 2023), we have found that we can re-
produce the basic features of real magnetar burst clusters. We stress, however, that
our success in matching observations is not a result of fine-tuning of many variables;
there are only a limited number of adjustable parameters or prescriptions in this
model, and the results we obtain are robust to quantitative changes in these param-
eters (see Appendix A.1 for some tests of this). With the agreement between our
model results and real magnetar observations, we can now invert the reasoning to
infer details of the physics of the magnetar crust and to consider when our model is

applicable.

One change implemented here was to allow the reduction in stress in a cell’s plas-
tic phase to be taken randomly from a PL distribution rather than a value fixed
by the number of plastic neighbors the cell has. Because cell stress relief directly
corresponds to burst energy in our model, this allowed us to produce short bursts
over a realistic energy range corresponding to magnetar observations. However, it
also provides a very plausible physical picture of the crustal failure process: Local
anisotropies due to, for example, seismic history and failure dynamics are indeed

likely to lead to variable stress relief in a plastic phase (see also Li et al. 2016).

Within our model, a burst cluster can arise as a result of successive short plastic
phases of the same cell or different cells triggering one another. Our model simply
assumes that all energy transferred to the corona is emitted at once at the end of a
plastic phase, since it does not include emission physics, and so both kinds of “burst”

look similar in our simulations. More realistically, this energy would be temporarily
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stored in twisted coronal loops and then released due to magnetic reconnection
in one or more events. Following the reconnection, synchrotron-like nonthermal
radiation spectra are expected from these events due to particle interactions in the
magnetosphere. Here, it is unknown whether the energy transferred to the corona
from a single cell will create a single burst or multiple bursts. However, from the
arguments at the start, we do not expect repeated large bursts, since each cell can

041

release a total energy no greater than ~ 10*" erg.

As can be seen in Figure 2.7, the duration of a burst cluster from our simulations
is mostly in the range of 10—100 days. We know that the minimum amount of
time required to obtain a second burst from the same cell is given by the minimum
duration of the plastic phase, which is one-third of a year (~ 120 days; Figures 2.2
and 2.4). Therefore, bursts in a cluster are mostly due to the failures of different
active cells. This can be seen visibly in maps of the crust’s stress: Directly after any
large burst cluster, a substantial contiguous low-stress region can be discerned (see
the right-hand middle panel of Fig. 2.6). We can interpret this as any highly stressed
region being able to affect its neighbors quickly, and hence make the magnetar burst-
active. Although a single active coronal loop is theoretically possible, we generally
do not observe any coronal loop that twists repeatedly within the duration of a burst
cluster in our simulations, considering the required time interval for a plastic flow
to recreate enough twists for a second reconnection, unless a burst-active episode
lasts long enough to create multiple bursts from the same cell (assuming successive
and small failures). Therefore, most of the successive events we identify here as
“burst clusters” are due to active neighboring cells from an active region(s). Then,
successive small failures of a single cell may lead to consecutive clusters of bursts
with short quiescent periods. This can be interpreted as the behavior of magnetars
that become almost annually active, such as SGR J1935+4-2154. Since the remaining
stress of the cells is still high enough, they can reach their yielding stress quickly
and become active repeatedly until they release enough elastic stress to be silent for

a longer period.

There is a compelling similarity between our model and observations of burst-energy
output. In Figure 2.7, we plotted total burst cluster energy output as a function of
duration, finding that both simulated and real data exhibit the same strong corre-
lation. This suggests that although burst clusters represent episodes of significant
seismic activity, the luminosity during a cluster is relatively constant (however long
it lasts), showing that short-burst events often trigger other short-burst events, but
do not cause a runaway effect leading to more violent phenomena. In particular,
given that the total elastic energy reservoir in a fully stressed magnetar crust is
over ~ 10% erg (Lander, 2023; Lander et al., 2015), even the most protracted burst
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clusters are unlikely to release more than one-thousandth of the total crustal energy
reservoir. This strongly suggests that producing a giant flare requires one distinct
additional physical ingredient, beyond those in the model discussed here. Lander
(2023) tried to encapsulate this additional physics in a “deep failure” cell rule, but
without pinpointing what exactly that would mean physically.

The original model (Lander, 2023) regarded collections of plastic cells neighboring
one another as a single entity: a region where the plastic flow circulated around the
entire domain, twisting up a geographically large-scale coronal loop whose energy
was considerably larger than that associated with the coronal loop of a single cell.
This characterization was useful for producing highly energetic “events” in the ap-
proximate energy range 104 — 10%° erg. However, it also prevents clusters of bursts
from occurring due to neighboring cells interacting, since those neighbors would
simply join to make a single larger burst — and so we ceased to use that rule here.
Instead, the physical picture we have is of a more complex corona, with potentially
large numbers of physically distinct, thin coronal loops of a diameter similar to that

of the cell they emerged from, ~ 1km.

With the rarity of giant flares, and our present focus on more typical events on
shorter timescales, there was no reason to enable the additional, complicating feature
of deep failures from the original model (which were assumed to occur when a critical
number of neighboring cells were plastic). Instead, however, we have a greater
sensitivity to failure if a cell has just one plastic neighbor. This suggests that even
if a magnetar has suffered a giant flare that reduces stress across large patches of
its crust, it would still be able to power burst storms even from the small, isolated
active regions that remain; this provides a physical picture for the 2006 burst storm

of SGR 1900+ 14, 7.5 yr after its giant flare (Israel et al., 2008).
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3. CONCISE SPECTROTEMPORAL STUDIES OF MAGNETAR

SGR J1935+2154 BURSTS

This chapter was published in Keskin et al. (2024). Some parts were modified to
ensure the continuity of this text. In Section 3.1, we introduce the instrument, the
data, the SGR J1935+42154 bursts that we studied, and their spectral data extraction
process. In Section 3.2, we explain the steps in the spectral analysis: first overlapping
(3.2.1) and then clustering-based (3.2.2) time-resolved spectroscopy. The results are

presented and discussed in Section 3.3.

3.1 Spectral Data Extraction Process

Fermi has been providing an enormous amount of data that allow for studying a
wide range of gamma-ray transient events over the last 15 yr. It carries two instru-
ments: the Gamma-ray Burst Monitor (GBM; ~ 8keV—40MeV) and the Large
Area Telescope (LAT; ~ 20MeV—300GeV). GBM consists of 12 sodium iodide
(Nal) detectors (~ 8keV—1MeV) and two bismuth germanate (BGO) detectors
(~ 200keV—40MeV) (Meegan et al., 2009). Since the bulk of emission from mag-
netar bursts is typically seen in < 200keV, we only used the data of Nal detectors
for this study. We employed Continuous Time-Tagged Event (CTTE) data from
GBM, which provides the finest time (2 us) and energy (128 channels) resolutions.
Our investigations were performed in the 8—200keV energy band with 4 ms min-
imum time resolution. For each burst, we included data collected with the three
brightest Nal detectors' with the detector-to-source angle being less than 60°. Ad-
ditionally, we excluded detectors if they are partially or fully blocked by other parts
of the spacecraft as obtained using the GBMBLOCK software provided by the GBM

team.

I Detectors with the lowest detector-to-source angle at the time of the event.
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We selected 51 SGR J1935+2154 bursts observed with Fermi-GBM between 2014
and 2022 for our time-resolved spectral investigations, based on the results of time-
integrated analyses (Lin, Gogiig, et al., 2020; Lin, Gogus, et al., 2020, L. Lin et
al. 2025, in preparation). In particular, we chose the bursts that contain at least
2400 background-subtracted counts, to ensure that they have enough statistics for
time-resolved spectral analysis (See Appendix B.1). Our investigations are done in
two stages for each burst: First, we define the overlapping time segments with which
we obtain spectral parameters and use a machine-learning clustering algorithm to
obtain “change point” for the parameter evolution. Then, we analyze spectral data
extracted from the (non-overlapping) time intervals between these change points to

better characterize spectral evolution.
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Figure 3.1 Light curve of an SGR J1935+4-2154 burst detected at 2021 January 29
10:35:39.918 UTC as seen with the brightest detector (n5). The vertical dashed
lines show the Bayesian Block duration start and end times, respectively. The red
horizontal lines represent the 22 overlapping time segments, with each subsequent
segment having an overlap of 80%. We note that the vertical values corresponding
to the red lines are arbitrary, and they have been chosen only for display purposes.

In the first stage of our time-resolved spectral studies, we required each time segment
to overlap with the previous time segment by 80%. In other words, the subsequent
time segment does not start from the end of the previous one, but from the time
that is one-fifth of the previous segment (see Figure 3.1 for an example). We also
required a minimum of 1200 background-subtracted counts in each time segment
(See Appendix B.1). This way, burst spectral parameters are expected to be well-
constrained and statistically reliable throughout each burst. We note that, for each

burst, we calculated duration? via the Bayesian Block method optimized for photon-

2The details of duration calculation as well as background estimation can be found in Appendix B.1.
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counting time series (Scargle, Norris, Jackson, & Chiang, 2013), and we started the

first time segment from the beginning of the Bayesian Block duration.

Time segments starting before the peak of a burst are prone to end at the peak —
although they are shifted by 20% of the time length of their previous ones, due to
the fact that the flux rise timescale in short magnetar bursts is usually shorter than
that of decay (Gogus et al., 2001). This yields an accumulation of time segments
at the beginning of the bursts. In those cases, we avoided the accumulation of time
segments by reducing the overlap by 5% (75%, 70%, etc.) until the endpoint of the
subsequent time segment ends later than the end of the previous one. In the end,
we obtained in total 1343 overlapping time segments, hence spectra, from the 51

bursts for the first stage of our spectroscopy investigation.

3.2 Spectral Analyses & Results

We performed our spectral analysis with XSPEC (version 12.12.1) using Castor
Statistics (C-stat; Cash, 1979). We also generated Detector Response Matrices
(DRM) with the GBM Response Generator? released by Fermi-GBM team. As
mentioned above, we fit the spectrum of each time segment (in 8—200keV) with
three different photon models: an exponential cutoff power law model (COMPT?),
the sum of two blackbody functions (BB4+BB), and a modified blackbody with
resonant cyclotron scattering (MBB-RCS?).

Based on the C-stat value obtained with each model fit, we employed the Bayesian
Information Criterion (BIC; Liddle 2007; Schwarz 1978) to evaluate the improvement

of one model compared to the others, as follows:
BIC = C-stat + mIn N

where m is the number of parameters in the photon model and N is the number
of data points. By comparing the BIC values of each of the three photon model

fits in pairs, we determined a statistically preferred model that has a significantly

3ht'cps://fermi .gsfc.nasa.gov/ssc/data/analysis/rmfit/DOCUMENTATION. html
L(B) = Aexp |~ E(2+T)/Epear (E/50keV)"
SWe generated a table model to be used in XSPEC by following the prescription of Yamasaki et al. (2020).

The table model covers the energy range from 5 to 300 keV, and the parameter grid of Teg consists of 79
values between 1 and 40 keV with increments of 0.5 keV (Yamasaki & Gogus, 2024).

36


https://fermi.gsfc.nasa.gov/ssc/data/analysis/rmfit/DOCUMENTATION.html

lower BIC (ABIC > 10, which corresponds to a Bayes factor of ~150, indicating
a confidence level >99% for the likelihood ratio; Kass and Raftery 1995). If the
difference in BIC values is small, i.e., ABIC < 10, then both models are equally

preferred.

Following the fits, we also calculated the photon and energy flux of each time segment
in the energy range of 8—200 keV based on the fit parameters of each photon model.
Note that all errors reported throughout this chapter are at the confidence level of
lo. We also require model parameters to be well-constrained with their 1o errors
(i.e., model parameter £ 1o errors must be viable values) for the fits to be considered

acceptable.

3.2.1 Overlapping Time-Resolved Spectroscopy

Out of the 1343 spectra modeled, we found that 1322 of them (i.e., 98.4% of the
sample) are described well with COMPT, meaning that they were deemed preferred
based on the BIC values. The thermal models, on the other hand, perform nearly
equally in fitting: BB+BB and MBB-RCS models are statistically preferred for 542
(40.4%) and 551 (41%) out of the 1343 time segments, respectively. Here, “preferred”
means that the BIC value of a model is either significantly lower than the other two
models (ABIC > 10, hence the model is the only preferred model) or comparable
to the other model(s) (ABIC < 10, hence two or all three models are comparably
preferred).

As stated before, our aim is to perform a clustering-based time-resolved spectral
analysis to clearly reveal spectral evolution throughout short magnetar bursts.
Therefore, we identified the significant spectral change points of the bursts using
a machine-learning-based clustering algorithm with the results of spectral analysis
of overlapping time segments. To do that, we chose the Ejc parameter as our ref-
erence to determine the spectral change points, since the COMPT model fits more
than 98% of the spectra and another parameter in the model (i.e., the power-law

index) does not vary significantly within individual events.

For obtaining significant change points in the sequential E}¢,x domain, we employed
the k-means clustering method (Pedregosa et al., 2011) using the midpoints of the
overlapping time segments and their corresponding Ejeax values. With the clus-
tering, we were able to combine the consecutive time segments that yielded similar

Epeax values, considering their errors. Thus, we increased the statistical reliability
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of the spectral parameters in the second stage of spectroscopy and emphasized the
Epear evolution of the burst explicitly by bringing the spectral change points to
the fore. In Figure 3.2, we present an example of how overlapping time segments
are grouped with k-means clustering for the clustering-based time-resolved spectral
analysis, which reveals the spectral evolution throughout the burst, independent of
initial time binning. The details of how we applied the k-means clustering to our

data can be found in Appendix B.2.
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Figure 3.2 Light curve of an SGR J1935+2154 burst detected on 2021 September 10
at 00:45:46.875 UTC as seen with the brightest detector (n8) is shown with gray
dotted lines (right axis). Via k-means clustering, 160 overlapping time segments and
their corresponding Ei,cqk values (the colored data points with asymmetric Epeqi er-
ror bars) yielded 13 spectrally distinctive clusters, each of which is shown with a
different color. The black data points show the Epeqi values with asymmetric error
bars that are obtained from the COMPT fit of the data extracted from the time
spanned by these 13 clusters in the second stage of spectral analysis.

After the k-means clustering, the grouped time segments still overlap because they
are clusters of overlapping time segments (see how the last colored time segment
of a cluster overlaps with the first colored time segment of the following cluster in
Figure 3.2). Therefore, we defined the end of the cluster time interval to be the
time at which half of the counts within the overlapping interval were accumulated
(the black data points in Figure 3.2 show the non-overlapping time intervals). After
finalizing the cluster time intervals, we checked the total photon counts in each time
interval before subjecting them to the second-stage analysis; We found that when
there are sharp changes in the spectral parameters, a non-overlapping cluster can
only contain 900 (or even less in a few cases) counts. Since we confirmed that this
was still statistically sufficient for the second stage of our spectral investigations, we
included all spectra of non-overlapping time segments with at least 900 counts in
our study. In the few cases where the burst counts remained below this level, we
38



Table 3.1 List of 51 SGR J1935+2154 Bursts Included in Our Sample

Event Time (UTC)® Time (Fermi MET) Detectors’ Duration® Number of Time Segments
(YYMMDD hh:mm:ss) (s) (s) Overlapping Nonoverlapping

160518 09:09:23.800 485255367.890 1,9,10 0.161 13 3
160520 05:21:33.483 485414497.487 6,7,8 0.108 9 3
160520 21:42:29.322 485473353.323 9,10 0.268 7 3
160620 15:16:34.838 488128598.842 6,7,8 0.224 21 6
160623 21:20:46.404 488409650.404 6,7,9 0.488 32 8
160626 13:54:30.722 488642074.718 6,79 0.840 90 15
160721 09:36:13.665 490786577.665 6,7,8 0.176 17 5
191104 10:44:26.230 594557071.231 0,1,2 0.188 9 3
191105 06:11:08.595 594627073.579 3,48 0.808 29 9
200410 09:43:54.273 608204639.277 4 0.168 13 4
200427 18:34:05.700 609705250.708 0,1,9 0.404 12 3
200427 18:36:46.007 609705411.006 0,1,9 0.363 7 3
200427 19:43:44.537 609709429.537 3,7,8 0.436 18 5
200427 20:15:20.582 609711325.581 1,9,10 1.287 94 16
200427 21:59:22.527 609717567.528 2,10 0.212 7 2
200428 00:24:30.311 609726275.311 4,78 0.236 13 5
200428 00:41:32.148 609727297.148 3,6,7 0.436 5 2
200428 00:44:08.209 609727453.210 3,6,7 1.276 28 7
200428 00:46:20.179 609727585.179 6,7,9 0.852 19 5
200429 20:47:27.860 609886052.860 4,78 0.420 17 5
200503 23:25:13.437 610241118.417 3,6,7 0.212 [ 2
200510 21:51:16.278 610840281.278 10,11 0.424 15 4
210129 07:00:00.973 633596405.966 1,2,5 0.208 19 6
210129 10:35:39.918 633609344.918 4,5 0.308 21 6
210130 17:40:54.743 633721259.652 1,2,5 0.256 10 4
210216 22:20:39.572 635206844.573 0,1,3 0.344 12 4
210707 00:33:31.632 647310816.633 9,10,11 0.144 10 4
210710 20:26:04.407 647641569.407 9,10,11 0.220 16 4
210805 00:08:56.006 649814941.006 7,8,11 0.448 12 3
210910 00:45:46.874 652927551.875 7,8,11 1.396 160 13
210911 05:32:38.611 653031163.611 6,7,8 0.308 6 2
210911 13:28:54.950 653059739.951 6,7,8 0.180 13 4
210911 15:06:43.187 653065608.188 6,7,9 0.404 38 11
210911 15:15:25.373 653066130.373 6,9,10 1.176 91 16
210911 15:17:45.288 653066270.288 6,9,10 0.944 31 7
210911 17:01:09.675 653072474.675 9,10 1.560 84 14
210911 20:22:58.772 653084583.772 9,10 1.404 7 2
210912 12:19:20.431 653141965.431 9,10 0.492 ) 2
210912 20:16:10.382 653170575.381 9,10 0.983 26 6
210912 23:19:32.042 653181577.043 9,10 0.296 6 2
211008 15:57:46.393 655401471.394 6,7,9 0.360 17 5
211224 03:42:34.341 662010159.341 1,3,5 1.300 132 16
211229 16:41:26.190 662488891.191 0,1,3 0.308 9 3
220111 17:05:55.630 663613560.638 0,1,3 0.352 19 5
220112 08:39:25.279 663669570.275 0,1,2 1.036 50 10
220112 19:58:04.026 663710289.027 0,1,3 0.744 12 3
220114 16:08:43.298 663869328.298 0,1,2 0.568 11 3
220115 07:05:44.753 663923149.801 3,45 0.688 9 2
220115 08:25:56.217 663927961.173 0,3,4 0.684 5 2
220115 17:21:59.282 663960124.227 1,2,5 0.348 13 4
220116 14:09:38.568 664034983.565 0,1,5 0.698 18 6

Notes.

% The bursts in 2016, in 2019—2020, and in 2021—2022 are taken from Lin, Go6giis, et al.

(2020); Lin, Gogiis, et al. (2020) and L. Lin et al. (2025, in preparation), respectively.

b Unblocked Nal detectors used in spectral analysis. The brightest detectors shown in bold
are used to determine the start and stop times of time segments for the extraction of spectra.
¢ Bayesian Block Duration. Event times (both UTC and MET) represent the Bayesian Block
duration start times of the bursts.
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combined the time segments if they were adjacent, and if they were isolated single

segments, we combined them with an adjacent segment with a closer Epe,x value.

In the end, we obtained 287 spectrally distinctive time segments for the clustering-
based time-resolved spectral investigations of 51 bursts. In Table 3.1, we list the
times of these 51 bursts, along with the detectors used in spectral analysis and event

duration, as well as the number of overlapping and non-overlapping time segments.

3.2.2 Clustering-Based Time-Resolved Spectroscopy

We performed a detailed analysis of the 287 spectra accumulated from distinct time
segments with the three continuum models (COMPT, BB+BB, and MBB-RCS).
Based on these results, we determined the preferred model(s) for each segment
using their BIC values. We found that COMPT is a preferred model for 279 spectra
(See Table 3.2), out of which COMPT is the only preferred model for 83 spectra,
COMPT & BB+BB are equally preferred for 98 spectra, and COMPT & MBB-RCS
are equally preferred for 58 spectra. As for the thermal models, the BB+BB model
is statistically preferred for 145 (51%) and MBB-RCS model for 98 (34%) out of
286 spectra (one spectrum is excluded due to unacceptable fit statistics; see below
for details regarding the goodness-of-fit test). Finally, all three models are equally
preferred for 40 spectra (14%). To demonstrate the spectral shapes of these three
continuum models, we present an exemplary count spectrum that fits almost equally
well with all three models in Appendix B.3 (Figure B.1).

Table 3.2 Number of Nonoverlapping Time Segments per Preferred Photon Model

Preferred Models® | COMPT | BB4+BB | MBB-RCS | All | Total Number (%)
COMPT (3) 83 98 58 279 (97.6%)
BB+BB (4) 03 7 0 40 145 (50.7%)

MBB-RCS (2) 53 0 0 93 (31.3%)
Note.

@ Number of model parameters is indicated in parentheses.

Out of the seven spectra that favor only BB+BB, we found ABIC ~ 30 — 40 for
four of them (two segments each from two bursts), meaning that the BB+BB model
is definitely preferred over the other two models. Interestingly, the remaining time
segments of these two bursts also favor thermal models (i.e., BB4+BB and/or MBB-
RCS), besides COMPT. In Figure 3.3, we present the spectral evolution of thermal

model parameters from one of these two bursts. We also present the time evolution
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of photon flux distribution for the first seven segments of this event in Appendix
B.3 (Figure B.2).
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Figure 3.3 Blackbody temperature evolution for a burst, throughout which a thermal
model is preferred. The light curve is shown with gray dotted lines (right axis; the
same event as Figure 3.2). Thick data points show the k77,q, and kTHig parameters
of BB+BB, while thin data points with circles show the kT of MBB-RCS. The color
code represents the preferred model(s) for each time segment based on the ABIC.
The ABIC between BB4+BB and the other two models is only slightly above 10 for
the first time segment, which is shown with blue color.

To ensure that these preferred models provide statistically acceptable fits to the
spectra, we also evaluated the goodness of fits for the preferred models using C-
stat, following Kaastra (2017). In doing so, we used the C-stat values excluding
30—40 keV to avoid the contribution from the iodine K-edge, which could affect the
statistics for bright events®. To this end, we computed the expected C-stat (C;) and
its variance (Cy)7 based on model predictions and determined whether each model
fit remained within the 30 level® of its expected C-stat distribution. We found that
for only one spectrum (the second time segment of the burst at 608204639.277 MET)
did all three models yield C-stat values with > 30 deviation; this is due to the counts
in < 10keV being lower than what is expected from these three models. Therefore,
we excluded this time segment from our analysis and evaluated 286 out of 287 time
segments from the 51 bursts in what follows below. Note that the numbers given in

Table 3.2 exclude this time segment.

In Figure 3.4 panel (a), we present the scatter plot of the 279 pairs of photon

6https ://fermi.gsfc.nasa.gov/ssc/data/analysis/GBM_caveats.html

7Using the Python package https://github.com/abmantz/cstat/blob/python/cashstatistic/
cashstatistic.py

8¢ = (C-stat — Ce) /v/Cy
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index (I') and Epeax values of the COMPT model. Note that the plot is color-
coded based on the energy flux in 8—200keV. We find that the distribution of I' is
asymmetric, described best by a Gaussian with an underlying first-order polynomial
(see panel (b) of Figure 3.4). I' values above 0.25 follow a Gaussian with a mean
value of 0.65+0.02 and ¢ = 0.18+£0.02. However, I'" values below 0.25 form an
excess above the Gaussian tail, which can be described with a first-order polynomial
of (7.08£1.95)' + (10.13+1.76). It is clear from Figure 3.4 that those I' values
forming the excess are obtained from time segments with the lowest flux in our
sample (below 1x 107 erg cm~2 s71). These time segments with low flux values
generally correspond to the first or last time segments of the bursts, as expected.
On the other hand, time segments with higher flux values yield I' values mostly
larger than 0.25, and those are the values whose distribution is consistent with a
Gaussian. It is also important to note that the time segments with the highest flux
values (above 4 x 107> erg cm~2 s~ !) yield I" values in a very narrow range from
0.2 to 0.55.
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Figure 3.4 (a) The scatter plot of Epeax vs. I parameters of 279 spectra that can be
described well with COMPT. The colors indicate the energy flux values (8—200keV).
(b) The distribution of T" values with the best-fit model (Linear + Gaussian) curve
is shown in red. (c) The distribution of Epe.k values with the best-fit Gaussian
function overlaid in red.
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As for the corresponding e,k values, they range from ~20 to ~52keV, and their
distribution follows a Gaussian shape with a mean of 34.39+0.26 keV and a width o
= 4.21+£0.20 (see panel (c) of Figure 3.4). Moreover, there appears to be a positive
correlation between Ejeqx and flux. To quantify the correlation, we computed Spear-
man’s rank-order correlation coefficients (p and chance probability, P) for Epeax and
flux using a bootstrap method; we generated 10,000 data sets by taking into account
the uncertainties of Fpeqr and flux, and calculated the correlation coefficients for
each data set. From the distribution of these coefficients, we obtained the mean
and 1o confidence interval of p and P. We found p = 0.8140.01 and P < 10793 for

Fpeax and flux, which lends support to the observed positive correlation.
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Figure 3.5 (a) The scatter plot of kT1,oy Vs. kTyign parameters of 145 spectra that
can be described well with BB4+BB. The colors indicate the energy flux values.
(b) The distribution of kThjgn with the best-fit model (two-sided Gaussian) curve
is shown in red. (c) The distribution of k71 values with the best-fit Gaussian
function overlaid in red.

For the 145 BB+BB-preferred spectra, we present the scatter plot of low BB (kTLow)

and high BB (AThign) temperatures in Figure 3.5. It is again color-coded based on

the energy flux in the 8200 keV. We find a positive correlation between the two pa-

rameters (p=0.67+0.04 and P < 10~!7). Overall, lower temperatures are associated
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with low flux levels (purple and blue data points in panel (a) of Figure 3.5), while
higher temperatures correspond to high flux values (red and yellow data points).
The intermediate flux values, however, have a much wider BB+BB temperature
range. In terms of parameter distributions, we find that a best Gaussian fit to the
distribution of k77,4 yields a mean of 6.30+0.17keV with a sigma of 1.8040.15 (see
panel (c) of Figure 3.5). On the other hand, our criterion that the ATfjen parameter
must be larger than the ATyqy parameter forces the distribution of kThien to be
asymmetrical (see panel (b) of Figure 3.5). Therefore, the best fit to the distribu-
tion of kThign results in a two-sided Gaussian fit. The distribution has a mean of
8.8142.74keV with oje = 0.2+1.8 and oygn; = 4.83+1.4.
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Figure 3.6 The distribution of kTy; parameter of 98 spectra that favor MBB-RCS,
with the best-fit Gaussian function overlaid in red (left axis). The scatter plot of
energy flux vs. kTy is also shown (right axis). The colors indicate the energy flux
values.
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Finally, for the 98 MBB-RCS-preferred spectra, the distribution of temperature
(kThp) lies between 5 and 13 keV, which remains in between the kT7,ow and kTfign dis-
tributions of the BB4+BB model. In Figure 3.6, we present the kT parameter distri-
bution of the MBB-RCS model. The distribution is described well with the normal
distribution, which peaks at 7.8440.12keV with ¢ = 1.124+0.1. As in the BB+BB
model, we also observe a positive correlation between energy flux and temperature

in this model (p =0.62+0.02 and P < 10~!1); on average, higher kTy; values corre-
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spond to higher flux values.

3.3 Discussion

In this study, we applied a novel approach for the first time in magnetar bursts
research: a clustering-based time-resolved spectroscopy. We performed highly time-
resolved spectral analysis of the brightest SGR J1935+2154 bursts by first dividing
them into the sequentially overlapping shortest time intervals to clearly reveal the
spectral evolution during the short magnetar bursts. We then identified the signifi-
cant spectral change points throughout the bursts using the spectral analysis results
of these overlapping time segments through a machine-learning-based clustering ap-
proach and completed the second round of spectroscopy with the data extracted
from the time intervals between these change points. In the end, we obtained 287
nonoverlapping sequential time segments from 51 bursts. Out of 287 spectrally dis-
tinguishing time intervals, 207 arise from the brightest half of our burst sample,
indicating the existence of a quite significant spectral evolution in the brightest

magnetar bursts.

Lin, Gogus, et al. (2020); Lin, Gogiis, et al. (2020) studied time-integrated spectral
properties of 275 SGR J1935+2154 bursts between 2014 and 2020 observed with
Fermi-GBM. They found that ~62% and ~38% could be described well with the
BB+BB and COMPT models, respectively. In contrast, our clustering-based time-
resolved spectral analysis revealed that only ~51% can be fit with BB4+BB, while
nearly all time segments (~98%) of the brightest bursts could be represented with
COMPT. Note the fact that our burst sample selected from these 275 bursts is
comprised of the brightest ones, based on our criterion as explained in Section 3.1;
therefore, it would be a fairer comparison with our results if we exclude dim bursts
from their statistics. In that case, the accepted fit percentages for their samples
(178 bursts) increase to ~96% and ~58% with the BB+BB and COMPT models,
respectively, which still are quite different from our results found here. Besides the
difference between time-integrated and time-resolved analysis, such a difference in
model preferences of the two studies might arise from the fact that our sample also
includes SGR J1935+2154 bursts from the 2021 to 2022 active episodes. However,
our statistics remained nearly the same when we excluded these bursts and evaluated
only the bursts before 2021, and even when we look at the percentages of statistically
acceptable fits (instead of BIC-based preferences), the COMPT model describes
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them better than BB+BB does. We thus conclude that the time-resolved spectral
results are different from those of time-integrated spectral investigations. This is
not surprising, given that we observe significant spectral variation throughout each
burst, and superposition of spectra with varying ek values in COMPT could
mimic the spectral energy distribution of BB4BB or results in the distribution that
deviates from a single-component COMPT model. Besides, the time-integrated
spectra naturally have more counts even at higher energies, with which the two-

component model parameters are better determined.

3.3.1 Spectral Parameters-Flux-Area Correlations

As for the model parameters of the time-integrated spectroscopy of
SGR J1935+2154 bursts between 2014—2016, those that fit well with the COMPT
model have Epeqk values ranging between ~25 and 40 keV with a Gaussian mean of
30.440.2keV (Lin, Gogis, et al., 2020). The later 2019—2020 bursts have a wider
range of Epeak (~10—40keV) with a slightly lower mean of 26.440.6keV (Lin,
Gogts, et al., 2020). In comparison, our clustering-based time-resolved spectroscopy
yields a slightly higher energy range of ~20—52keV and a higher mean Epc. of
34.4+0.3keV. We again note here that our burst sample includes bursts that were
detected in the 2021 and 2022 active episodes and met our brightness criterion;
when we compare only the bright events between 2016 and 2020, the time-resolved

Epeax in our sample is still harder.

Previously, time-integrated spectral analysis of SGR J1935+2154 bursts and other
prolific magnetar bursts (SGR J1550—5418) showed that Epe.x is correlated with
the energy flux or fluence described by a power law or a broken power law (Lin,
Gogiig, et al., 2020; Lin, Gogiis, et al., 2020; van der Horst et al., 2012). We present
in Figure 3.7 (left panel), the Epeqr versus flux plot for our time-resolved results; the
correlation was revealed more clearly as a result of our time-resolved spectroscopy
(Spearman’s rank correlation coefficient, p = 0.8140.01, P < 10753). To better
quantify the relation between Epeac and flux, we fit the trend as follows: Since
flux errors were small (AF/F < 0.015), we grouped the data in the flux domain
such that each group would include 20 data points. For each group, we computed
the weighted mean flux and Epeqk, as well as 1o uncertainty of Epear. Modeling
the grouped trend with a single power law model (PL) yields an unacceptable fit
(x?/dof = 117.4/12). A fit with a broken power law model (BPL), on the other
hand, results in statistically acceptable representation (x?/dof = 15.7/10), yielding
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a break at the flux of (2.0040.05) x107° erg cm~2 s~!, and positive indices of
0.0840.01 and 0.37+0.03 before and after the break, respectively (see Figure 3.7,
left panel).
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Figure 3.7 The scatter plot of Epeax vs. flux (left panel) and photon index vs.
flux (right panel) of the COMPT model fits. The color code shows the preferred
photon model(s) based on BIC values. The black dots represent the weighted means
of consecutive groups, each with 20 data points. The black dashed lines show the
BPL fits to the relation between the weighted means of Ejeqr and flux, and between
the weighted means of photon index and flux, respectively. The vertical dotted lines
in both panels show the flux breaks, which are consistent with each other within
their errors.

On the other hand, we found that the range of the COMPT photon index (I')
parameter of our time-resolved investigation is consistent with the time-integrated
spectroscopy although their distributions are quite different. The I' distribution of
time-integrated spectral analysis runs from —1.5 to 1 and follows a Gaussian with
a mean of ~0 (Lin, Gogiis, et al., 2020; Lin, Gogiis, et al., 2020). In the case of
our time-resolved spectroscopy, the distribution has a tail, best described with a
Gaussian with an underlying first-order polynomial. The positive I' values above
0.25 are distributed like a Gaussian with a mean at 0.6540.02, while I" values below
0.25 form an excess above the Gaussian tail. We found that these indices (I' < 0.25)
were obtained from the spectra with the lowest flux values in our sample (< 1 x 107°
erg cm~2 s71). Moreover, the spectra with the highest flux values in our sample
(>4x107° erg cm™2 s71) yield ' values in a very narrow range with a weighted
mean of 0.4740.03. There exists a positive correlation between I'" and flux up to a

certain flux level that coincides with the flux break of Epeax versus flux (see the right
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panel of Figure 3.7). The index and flux are anti-correlated after that point. The
change in trend between index and flux is also indicated in Figure 3.4: the photon
index increases with increasing flux up to about 2 x 107 erg em™2 s~! (blue and
purple data points in the panel (a) of Figure 3.4). Then, the index starts to decrease
with increasing flux. In modeling this trend, we followed a similar approach as in
the case of Fpeak versus flux: We obtained weighted mean I' values and their 1o
uncertainties for the groups of 20 flux values and used a broken log-linear function to
fit, yielding x?/dof = 10.1/10. We found the break at the flux of (2.044:0.09)x 107>
erg ecm~2 s~1, which is consistent with the Epear versus flux case. The slope of
0.97£0.09 before the break changes to —0.86+0.17 afterward (see the right panel of

Figure 3.7).

Younes et al. (2014) performed time-resolved spectral investigations of bursts from
another prolific magnetar, SGR J1550—5418, also observed with Fermi-GBM. They
also found that the E,c.x versus flux relation is described better with a BPL rather
than a single PL. This break point is at the flux of ~ 1 x 107 erg cm™2 s~!, which
is about half the break value in flux that we found for SGR J1935+2154. Unlike
our findings, the Epeqk versus flux correlation of SGR J1550—5418 is negative at low
flux values, while it is positive after the flux break. Moreover, I" remains constant at
~ —0.8 up to the flux break, then follows the same positive trend as seen between
FEpeax and flux. Similar dual relation between the Fpea and flux with a break at the
flux of ~ 1 x 107° erg cm ™2 s~! was also reported in the time-resolved spectroscopy
of five bright bursts from yet another magnetar, SGR J0501+4516 (Lin et al., 2011).

For the BB+4+BB model, earlier time-integrated spectral studies of
SGR J1935+-2154 bursts yielded parameters of ~2—8keV for kTi., with a
mean of 4.5keV, and ~8—-20keV for kTHign with a mean of 11keV (Lin, Gogis, et
al., 2020; Lin, Gogis, et al., 2020). Our clustering-based time-resolved spectroscopy
using the BB4+BB model results in similar parameter range and distribution for
ETwign. However, our KTy, parameter reaches up to 10keV with a larger mean
of 6.3+£0.2keV. Moreover, unlike the time-integrated spectral analysis, our study
reveals a positive correlation between k717, and kTHign (p = 0.67+£0.04, P < 10717,
see panel (a) of Figure 3.5).

Based on the BB4BB parameters, we also calculated the size of blackbody emitting
areas as R? = (F'd?)/(oT*) in km? where F is the flux, d is the distance to the source
(here we use a distance of 9 kpc, consistent with Lin, Gogiig, et al. 2020; Lin, Gogis,
et al. 2020), o is the Stefan-Boltzmann constant, and 7" is the temperature in Kelvin.
Our study revealed that the relation between T and R? varies with the burst flux,

similar to the findings of time-resolved spectral analysis of SGR J1550—5418 bursts
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(Younes et al., 2014). Therefore, following Younes et al. (2014), we divided our 145
spectra that favors BB4+BB model into four groups based on energy flux (in erg cm=?2
sTH: F <1075, 10779 < F <1070, 1070 < F < 107%%, and F > 10%5. In the
left panel of Figure 3.8, we present the plot of R? versus kT for the abovementioned
flux ranges. We found that the best fit for the R? versus kT relation of the three
highest-flux data groups is the BPL model. However, for the lowest-flux group, both
PL and BPL provide statistically acceptable fits. Despite the difference, we observe
that the overall trends in all four groups are the same: The negative correlation
(slope) between R? and kT becomes steeper after the break of the BPLs. We
summarize our flux-dependent R? versus k7 fit results in Table 3.3. Note that these
fit results are obtained with the data from all of the spectra that favor BB4-BB, not

with the weighted means of the data (which we show in Figure 3.8 only for display

purposes).
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Figure 3.8 [Left] Flux color-coded plot of R? vs. kT for 145 BB+BB spectra. Each
data point represents the weighted means of R? and kT of three time segments for
display purposes only. Solid lines show BPL fits. The dark blue dashed-dotted line
indicates PL fit to the lowest-flux group. The lowest-flux group is fitted almost
equally well with either a single PL or BPL. The black dashed line indicates R? o
ET—*. [Right] Flux color-coded scatter plot of R? vs. kT for 98 spectra favoring
MBB-RCS. Solid lines represent PL fits. The dashed line indicates R? o< kT4
Note that we combined the data points of the two highest-flux groups for MBB-
RCS, since only three spectra in the highest-flux group (F > 1074? erg cm™2 s71)
favor the MBB-RCS model; these three are shown with red diamonds.

We observe that the kT ranges of SGR J1935+2154 and SGR J1550—5418 bursts

are similar while the values of R? for SGR J1935+2154 bursts do not go down be-

low 1 km? unlike those of the SGR J1550—5418 bursts. Still, the relation between
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R? and kT has the same trend for both sources: R? decreases more slowly for
ET1ow compared to kTyjen across all flux ranges. We found that the slope between
R? and kT}ow (a-kTiow) and the slope between R? and FTwigh (a-kTHign) for all
flux groups in both studies are consistent with one another within at most 3o er-
rors. Also, kTieak values are consistent with one another within errors (~7—9 keV
for SGR J1550—5418; Younes et al. 2014). Moreover, we observed a similar relation
between R? and kTiow : a-kTiow becomes steeper as flux decreases. However, our
investigations do not yield a decreasing trend in a-kTjg, with decreasing flux. Fur-
thermore, similar to SGR J1550—5418 bursts, a single PL. model yields a statistically
acceptable R? and kT fit in the lowest-flux group.

Table 3.3 R? vs. kT Fit Parameters (PL Index o and Break Energy) for Various
Flux Ranges of BB+BB and MBB-RCS Models as Shown in Figure 3.8

\ BB+BB \ MBB-RCS
Flux Range a-kTT 0w a-kTign kT reak a-kTy
(erg cm—2 s~ 1) (keV)
F>10"1%° —1.02+1.64 —4.884+0.79 10.08+1.12 | —2.01+0.10¢

10°9<F<107%° | —1.14+0.35 —5.62+0.24 898+1.02 | —2.01+£0.10%
107°°<F<107°Y | —1.36+0.81 —4.994+0.47 6.96+1.09 | —3.83+0.15

F<107°° —3.01+£0.64 —5.05+0.88 8.79+1.24 | —3.43+0.16
—3.47+0.23b

Notes.

@ Slopes of the data points from the highest two flux groups for the MBB-RCS model are the
same since they are combined due to the deficiency of time segments (only three) that favor
MBB-RCS in the highest flux regime.

b A single PL fit to the data.

Finally, for the other thermal model, namely the modified blackbody whose emis-
sion undergoes resonant cyclotron scattering (MBB-RCS), we observe a correlation
between temperature and flux (see Figure 3.6, p = 0.6240.02 and P < 10~ 1), Also,
for the 98 MBB-RCS-preferred spectra, we calculated the corresponding emitting
region (R?) based on their temperature (kTy;). In the right panel of Figure 3.8, we
present the scatter plot of R? versus kTy with color coding based on the same flux
ranges used for BB4+BB — except that we combined the highest two flux groups
for the MBB-RCS model, due to the deficiency of time segments (only three) in
the highest-flux regime described well by MBB-RCS. We find that, for R? versus
k'Tyr, the best fit across all flux ranges is a PL, which is also presented in Table 3.3.
We also find that PL indices (a-kTyp) for the lowest two flux regimes are consistent
with —4 (i.e., as expected from F 0T4). More importantly, the a-kTy; obtained
from the highest-flux spectra (F > 107° erg cm~2 s~ !, corresponding to an isotropic
luminosity of 104! erg s1) is significantly different, —2.01 & 0.10, than that of the

lower-flux spectra.
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3.3.2 Interpretative Elements

We now elaborate on the interpretation of some of our results. Large Thomson
opacities are expected for magnetars in outburst, quickly discernible using nonmag-
netic estimates that were identified by Baring and Harding (2007). Let us first
set & 2 L. /(4mR?c) as the representative kinetic energy density in radiating elec-
trons. Then, if they possess a typical Lorentz factor (vye) ~ 1, one quickly arrives at
an electron number density n, ~ &./(mec?), such that the nonmagnetic Thomson
optical depth is 7 = neorR 2 Ly o1/ (47TRm€CB); this is the familiar compactness
parameter. For R ~ 107cm, this yields 7; ~ 10% (i.e., ne > 10*'em™3) for SGR bursts

1 indicating optically thick, super-

of typical isotropic luminosities L. ~ 10%erg s~
Eddington conditions (e.g. C. Thompson & Duncan, 1996) that drive plasma flow

along the field lines.

In Figure 3.8 (left), we observe a significant deviation from the Stefan-Boltzmann
(S-B) law for an isotropic radiation field (R? oc kT~*): We find R? oc kT~ where
a~1—1.4 for kT < 7—10 keV above the flux level of ~ 107%% erg cm™2 s~!. Note
that this flux corresponds to an isotropic luminosity of 3 x 100 erg s~! at a source
distance of 9 kpc. The resulting broken power-law R? — kT correlations can be inter-
preted as a signature of the spatial extension of the active emission region, which can
be presumed to be a broad, flaring flux tube. If this tube has a transverse dimension
of R; ~2—10km for its cross section at the highest altitudes, one can infer a tube
length of R; ~ 4R?/Ry ~ 100 —500km for the largest R? values. The highly opti-
cally thick gas in the emission region will naturally cool adiabatically when moving
between smaller, hotter regions near the flux tube footpoints at the stellar surface
and the high-altitude, large-area regions near the equatorial tube apex. This yields
the spectral extension we see. If the radiating gas is locally quasi-thermal, then near
the footpoints the magnetic field is high, and photospheric/atmospheric simulations
(see Fig. 2 of Hu, Baring, Barchas, & Younes, 2022) of radiative transfer in this
sub-cyclotronic frequency domain (w < wp = eB/hc) indicate that the radiation is
quasi-isotropic. In contrast, since the magnetic field is much lower (likely 3-4 orders
of magnitude) near the tube apex, the Compton scattering radiative transfer in the
local region samples the cyclotronic domain where w ~ wp. This domain evinces
significantly anisotropic emergent radiation fields (see the right column of Fig. 2 of
Hu et al., 2022), with a decrement of intensity over a wide range of directions that
are oriented closer to the outer surface of the magnetic flux tube/photosphere; this
tube surface is aligned with the local field direction that guides plasma motion and
associated adiabatic cooling. Such a decrement alters the S-B law from its isotropic

“R%(kT)* = constant” form, and lowers the perceived area in lower-kT regions at
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higher altitudes®. The reduced values of R%(kT)* naturally generate the breaks
apparent in Figure 3.8. In particular, the actual flux tube areas would rise above
those the S-B estimate obtains. Concomitantly, this decrement yields the break in

the flux-Ecqk correlation depicted in Figure 3.7 (left).

The extended spatial emission zone scenario suggests that a multi-blackbody fit
would be preferable to just a BB4+BB one. This may be the reason why the MBB-
RCS model provides a good spectral fit for a significant portion of the sample studied
here, in which for the first time the MBB-RCS model has been applied to a substan-
tial sample size. Clearly, the scattering component of the MBB-RCS picture applies
outside the highly optically thick primary burst emission zone. If the plasma density
becomes high enough, as may be more likely for the highly energetic events (L > 104!
erg s_l), multiple scatterings of photons by the magnetospheric charges would arise,
and this likely would harden the emerging spectrum. The required plasma densities
would be considerably higher than those needed in resonant inverse Compton emis-
sion models (Baring & Harding, 2007; Ferndndez & Thompson, 2007; Wadiasingh,
Baring, Gonthier, & Harding, 2018) of the persistent hard X-ray tail emission of
luminosities L ~ 103%erg s~! (den Hartog et al., 2008; G6tz, Mereghetti, Tiengo, &
Esposito, 2006; Kuiper, Hermsen, & Mendez, 2004) from various magnetars. In such
domains, the MBB-RCS model would need to be expanded (Yamasaki et al., 2020).

9As a side effect, depending on the magnetar’s spin phase, the star itself may obscure a segment of the
plasma tube (in particular, the footpoint where radiation becomes isotropic) even during the burst. This
could introduce additional anisotropy to the emerging radiation and perceived surface area.
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4. CONCLUDING REMARKS & FUTURE PROSPECTS

In this study, we aimed to gain a deeper understanding of the underlying physical
mechanisms responsible for the emission of high-energy short magnetar bursts. First,
we focused on the triggering mechanism of short magnetar burst clusters as seen
in many magnetar observations. We took a step toward a firmer model of the
mechanism driving magnetar activity, focusing on how different regions of a highly
stressed crust may communicate with one another to produce clusters of failure
events. The model remains qualitative in nature, with some details of the physics
necessarily glossed over in the use of cells and interactions between them. However,
regardless of the specifics of our model, our study suggests that any viable mechanism
for producing both single bursts and burst clusters must allow for local regions of
the crust to be semiautonomous most of the time — resulting in localized failures
and single bursts — but to interact with other parts of the crust under certain
conditions, thus driving the more energetic burst cluster events. Here, we modeled
clustering as being related to direct communication between nearby parts of the
crust. Other, potentially more complicated, possibilities might be interaction via
the corona (Younes et al., 2022) or the core (C. Thompson, Yang, & Ortiz, 2017).
Some logical next steps for our work would be to try to put the cell interactions on
a sounder theoretical footing through first-principles simulations of crustal failure in
a strong magnetic field, as well as detailed consideration of the coronal dynamics,
including reconnection. Nonetheless, the broad agreement between the model and

observations so far suggests that this is a good foundation on which to build.

In some magnetars, the emission of energetic burst(s) also marks the onset of mag-
netar outbursts, which are the enhanced persistent X-ray emission episodes lasting
from weeks to years. Coti Zelati et al. (2018) reported that young magnetars are
more likely to exhibit energetic outbursts than older ones. They attributed this
behavior to magnetic field decay, which limits the available energy budget as a mag-
netar ages. Similarly, when looking at typical short-burst emission, magnetars with
low characteristic ages are burst prolific (see e.g., Lin, Gogus, et al., 2020; van der

Horst et al., 2012) and often exhibit clusters of bursts with high energies (Kaneko et

23



al., 2021, 2010). In contrast, older magnetars emit few bursts with lower energies.
This relation can help us understand the evolving stress pattern in a magnetar’s
crust. It may be interpreted as a result of reducing high-stress volume of the crust
in an aging magnetar; previous giant flares cause relaxation of large regions of its
crust and inhibit burst clustering, while the reducing burst energy reflects the pro-
gressively shallower region of the crust where Hall drift can build stresses effectively
as the field decays through the range ~ 102 — 103 G.

The motivation of our study was to investigate highly stressed young magnetars
(whose ages are at most a few kiloyears) in their burst-active states. Therefore, we
were interested in the case when high stresses can develop and be released through
plastic flow, and this process requires ohmic decay to be subdominant. Given the
high temperatures of typical young magnetars, this corresponds to field strengths
of the order 101G (Cumming et al., 2004), but ohmic decay dominates for weaker
fields. Therefore, we neglected the effect of ohmic decay in our model for simplicity.
For a more complete long-term evolution of short magnetar bursts, we plan to explore
the implications of the interplay of Hall drift and ohmic decay for our burst model

in a follow-up study (Keskin et al., in preparation).

In this study, we also examined how the “triggered” system generates bursts and
their evolution in the magnetosphere via time-resolved spectroscopic studies. We
found a quite significant spectral evolution in the brightest short bursts of magnetar
SGR J1935+2154, and our two-step approach in spectroscopy enabled us to bet-
ter determine the evolution. Thanks to this innovative approach, we were able to
perform a detailed analysis of the spectra accumulated from spectrally distinctive
time segments of bursts with the three continuum models (COMPT, BB+BB, and
MBB-RCS) and uncover more dominant underlying physical mechanisms. In this

context, we discussed the physical implications of our results in Section 3.3.2.

Accordingly, strong motivations exist for a future detailed study accounting for the
altitudinal dependence of the anisotropy of the flux tube radiation field, in combina-
tion with RCS modeling in neighboring magnetospheric regions. The RCS process
would have to address both single and multiple scattering domains. This level of
sophistication is desirable for more precisely interpreting area-color (R? — kT') cor-
relations at different luminosity levels. In particular, if the energies kT ~ 7 —10keV
of the breaks (obtained from the results of BB+BB model, see Figure 3.8) are
interpreted as a loose measure of the hwp value (when the anisotropy becomes sub-
stantial) somewhat near the tube apex, it may prove possible to constrain the active
flux tube dimensions and magnetospheric locale using the area-color correlations.

Thus, our results not only encourage further employment of the MBB-RCS physical
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model in diverse burst samples from various sources but also highlight the need for
more comprehensive modeling approaches in understanding the behavior of highly

energetic magnetar flares.
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APPENDIX A

A.1 Robustness Tests of the Simulation Results

We performed more simulations with different initial stress levels and cell rules
to test whether we would always obtain a similar clustered bursting behavior of
short bursts. During the 1000 yr evolution of a magnetar, our simulations recorded
~12,500 bursts; in only 1000 of them did cells fail and enter a plastic phase alone
(no plastic neighbor), while most have at least one plastic neighbor (simultaneous
plastic phases). Therefore bursts are prone to occur successively. This accumulation
of bursts seems clearer (with a narrower time window around the years 40, 80, and
150; see Figure 2.5) when the magnetar is young. This is due to a highly stressed
crust at the beginning of the simulation: the 7 values of the cells are between 0.97,;
and 1.17,;. If we randomly set the initial stress level between 0.77, and 1.17,,
the simulation results in a similar total number of bursts, cell interactions, and
the number of successive failures compared to the original case. The difference is
that we do not observe excessive burst accumulation when the magnetar is young
(see the top panel of Figure A.1). As can be seen in the figure, we still observe
burst clustering behavior; the only difference is that the number of bursts in a burst
cluster when the magnetar is young (t < 200 yr) is similar to the burst clusters
observed in later years. Therefore, burst clusters do not have energies above 1042
erg in the corresponding burst cluster energy versus duration relation in the left
panel of Figure A.2. If we randomly set the initial 7 values within an even larger
range between 0.57,; and 1.17,;, then the number of bursts decreases to ~10,000,
with fewer bursts observed when the magnetar is young compared to older age due
to cells trying to reach their yield stress during their long Hall phases. Yet we still
observe burst clusters (see the middle panels of Figures A.1 and A.2).

We also tried another cell rule as follows: If a cell has two or more (three or four)
plastic neighbors, it fails above 7;; if it has one plastic neighbor, it fails at a 7 value
of 1.057,;; otherwise, it fails at 7 = 1.17,;. This is effectively a slightly less nuanced
version of the rule from Lander (2023). In this case, the number of bursts is still
~12,500, but the number of interactions is decreased; the number of cells entering a
plastic phase alone (without a plastic neighbor) is doubled. Again, we still observe
burst clustering behavior, albeit less obvious in this case (see the bottom panel of
Figure A.1). The right panel of Figure A.2 represents the corresponding cluster

energy versus duration obtained with this cell rule.
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Figure A.1 The burst energies over a 1000 yr obtained with [Top] random initial
stress values between 0.77,; and 1.17,;. [Middle] random initial stress values be-
tween 0.57,; and 1.17,;. [Bottom] another cell rule (see text for details).
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Figure A.2 The total burst energy vs. duration of each burst cluster from 100
simulations through 1000 yr evolution (gray dots). The black circles show the results
of a single simulation (the ones shown in Figure A.1). Colored data points represent
the same relation for the actual observations of magnetars. [Left] Initial stress level:
0.77¢ - 1.17,;. [Middle] Initial stress level: 0.57; - 1.17;. [Right] Another cell rule
(see text for details).
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APPENDIX B

B.1 Spectral Data Extraction

For each event, we calculated the burst duration (i.e., the duration over which burst
spectral extraction is to be performed) using the data collected with the brightest
Nal detector, which is the detector with the smallest zenith angle to the sky position
of the source. In particular, we first constructed a light curve with 4 ms time
resolution for the time interval of —10 s to 10 s with respect to the burst start
time published in Lin, Gogiig, et al. (2020); Lin, Gogus, et al. (2020), using time-
tagged photon data in the 8—200 keV energy band. We then generated the Bayesian
Block representation of the light curve. Blocks longer than 4 s were considered
background blocks, and the background level was calculated by averaging the count
rates of these background blocks. The blocks shorter than 4 s and with higher rates
than the background level are taken as burst blocks, and the duration is calculated
as the time interval from the start of the first burst block to the end of the last one
(Lin, Gogiig, Kaneko, & Kouveliotou, 2013).

To define the sequentially overlapping time segments of each burst, we first deter-
mined the background level as the average of the pre-burst time interval between
—50 s and —1 s by taking the start time of Bayesian Block duration as the refer-
ence point. Then, we obtained a background-subtracted light curve with 4 ms time
resolution in the energy range of 8—200keV and determined the beginning and end
points of time segments for the spectral data extraction, each of which contains at
least 1200 background-subtracted counts and overlaps 80% in time with the previous
one. As stated in Section 3.1, in the case of accumulation of time segments at the
peak of a burst, we reduced the overlap by increments of 5%, until the endpoint of

the subsequent time segment ended later than the end of the previous one.

We aim to investigate each burst by dividing it into as many short time intervals as
possible. At the same time, we also aim for these intervals to have sufficient statis-
tics (i.e., burst counts) for reliable spectral analysis. Therefore, setting a threshold
background-subtracted counts to be included in each time segment is required. To
this end, we selected a small set of bursts and extracted spectra of the time seg-
ments for each of these bursts, again with 80% overlap, but with a set of different
numbers of background-subtracted counts, namely 600, 800, 1000, 1200, 1500, 1800,
and 2000. We then fit these spectra with the three models that we used in this
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study and checked whether the resulting model parameters are constrained within
at least a 20 level. Based on this analysis, we concluded that a threshold of 1200
background-subtracted counts was needed to ensure reliable spectral analysis results
with constrained model parameters for each time segment. With this requirement of
1200 burst counts in each time segment, the minimum number of counts throughout
a burst should be larger than about 2400 in order for a burst to consist of at least

two non-overlapping time segments, therefore, spectral evolution could be defined.

We also checked the potential count saturation in the data, from which very bright
bursts may suffer. The GBM TTE data are affected by 2.6 us deadtime as a result
of the fixed data-packet processing speed of 375 kHz on the spacecraft (Meegan et
al., 2009). Therefore, when the combined count rates of all GBM detectors surpass
this limit, data saturation occurs. We did not find saturation in the data during

any of the 51 bursts in our chosen sample.
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B.2 Machine-learning Approach for Spectral Clustering

K-means clustering is a commonly used algorithm in data analysis that groups
data points based on specific features, which in our case are the midpoints of time
segments and corresponding Fpeqx values for each burst. Its primary objective is
to cluster data points in a way that maximizes the similarity within clusters and

minimizes the similarity between different clusters (Lloyd, 1982).

In this study, Python programming language (version 3.6.9) and Scikit-learn (ver-
sion 1.2.1) were used for k-means clustering. The algorithm requires a predeter-
mined number of clusters (k). Firstly, it initializes centroids by randomly selecting
k samples from the data set. After initialization, the algorithm iterates between
the remaining two steps: It first assigns each sample to the nearest centroid, then
it creates new centroids by computing the mean value of all the samples assigned
to each of the previous centroids. The algorithm repeats these last two steps until
the squared difference between the old and new centroids is less than a predefined
threshold, indicating that the centroids have become stable, and the clustering is

complete.

For each burst, first, the data was scaled to prevent the effect of one variable from
overriding the other because the ranges of time and Epe,x axes vary significantly.
Next, the k-means algorithm was implemented for all possible k values, ranging from
one to (N —1), where N is the number of time segments, and the corresponding
inertia (i.e., the sum of the squared distances of the samples to their closest cluster
center) for each k was recorded. Note that the reciprocal of Ej,c,k errors was given as
a weight for the inertia calculation. By the definition of inertia, its value decreases
as the number of clusters (k) increases. However, increasing k does not significantly
reduce inertia after a certain number of k£, and the inertia versus k graph becomes flat
after this point, encompassing a minimum of about 20—25% of the high-£ values in
our sample. After studying a sample of events, we found that this point corresponds
to the optimal number of clusters for finding the largest spectral variations during
each burst. Therefore, instead of heuristic techniques that are commonly used to
find the optimal k£ in k-means clustering, e.g., the “elbow” method, we developed our
method as follows: First, we calculated the average of inertia values that corresponds
to the highest 25% of the k values in the inertia versus k graph. We then added
1% of the maximum inertia value to the average inertia of the highest 25% of the
k values. The nearest integer k value corresponding to the resulting inertia is then

used for the optimal number of clusters.
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Finally, we note that, in addition to k-means clustering, we also tested other
machine-learning-based clustering algorithms; namely, density-based spatial clus-
tering, agglomerative clustering, and Gaussian mixture model. They all require a
number of clusters to be specified, and their results are consistent with those of

k-means. Therefore, we consider k-means a robust method for our purpose.
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B.3 Continuum Model Comparisons

To demonstrate how different photon models represent observed burst spectra, we
present in Figure B.1 the spectrum extracted from a time segment of the burst that
occurred at 488642074.718 (Fermi MET; 160626 13:54:30.722 UTC). All three mod-
els employed in this investigation yield equally good fits to this particular segment
of burst data in our energy passband: MBB-RCS with kT of 9.46keV (red curve
in Figure B.1), COMPT with I' = 0.56 and Ejeax = 39.07keV (blue curve), and
BB+BB with k710w = 7.4 and kTHign = 15.31keV (green curve). Slight differences
among the models are observed at the low-energy end and at the high-energy end,

which are statistically indistinguishable.
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Figure B.1 Observed count spectrum of a time segment from the burst detected at
488642074.718 (Fermi MET), represented by black crosses. The three solid lines are
the best-fitting model curves: MBB-RCS in red, COMPT in blue, and BB4+BB in
green, all of which fit the spectrum equally well.

We also present the evolution of spectral parameters of another example burst de-
tected at 652927551.870 (Fermi MET; the same event also shown in Figures 3.2
and 3.3) in Figure B.2. This is an example event, throughout which a thermal
model is preferred. In the left panel, we present the kT parameters of the thermal
models (i.e., BB+BB and MBB-RCS) for the first 7 time segments. In the right
panel, we present the evolution of photon flux distribution with time (from yellow
to red) using the BB+BB model for segments 2 through 7. Note that both COMPT
and MBB-RCS model curves are displayed for the first time segment. Since photon
flux distributions of segments 2—7 are similar at high energies (above 60keV), we
zoomed in on the energy range of 8 —60keV to clearly exhibit model differences at
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low energies.
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Figure B.2 [Left] Blackbody temperature evolution of the burst detected at
652927551.870 (Fermi MET; same event as Figures 3.2 and 3.3); this is the same
plot as Figure 3.3 but zoomed in on the first 0.6 s. The first seven time segments
are numbered on top, and thick crosses show the kT and ETye, parameters of
BB+BB, while thin data points with circles show kTy; of MBB-RCS. The color
code represents the preferred model(s). [Right] The photon flux distribution for
each time segment is shown. The color code represents the time segments. For the
first time segment, the photon flux distributions shown with the yellow dashed line
and yellow solid line were obtained with COMPT (Epeax = 37.85keV and I' = 0.54)
and MBB-RCS, respectively. For the rest of the time segments, photon flux was
obtained with BB+BB.
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