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Abstract

Pulsars and their surrounding pulsar wind nebulae (PWNe) serve as natural laboratories
where extreme magnetic fields, relativistic particles, and shock dynamics converge. Un-
derstanding their high-energy emission is essential not only for tracing their evolutionary
pathways but also for probing the origins of Galactic cosmic rays and the structure of the
interstellar medium.

This dissertation presents a comprehensive investigation of the gamma-ray properties
of pulsars and PWNe, integrating observational analysis with numerical modeling. A
physically motivated, time-dependent leptonic model (TIDE) was used to simulate the
spectral energy distribution (SED) evolution of PWNe. Validation against three represen-
tative sources — Crab Nebula, 3C 58, and G11.2-0.3 — demonstrated strong conver-
gence and robust parameter recovery, even under limited data, by employing a multi-start
fitting strategy.

Building on this framework, a systematic search for MeV-GeV PWNe was performed
using over 11 years of Fermi-LAT data. Focusing on PWNe without known gamma-
ray pulsars, the search identified several new candidates and enabled a population-wide
characterization. Five sources were modeled in detail, with extensive consistency checks
— such as epoch comparisons and likelihood weighting — confirming the reliability of
the results.

The model was further applied to four potential TeV-emitting PWNe, selected via a
pulsar clustering technique (“pulsar tree”). Their SEDs were predicted and compared
with current and upcoming TeV instrument sensitivities. Additionally, several ultra-high-
energy (UHE) gamma-ray sources (e.g., eHWC J2019+368, HESS J1427-608, LHAASO
J2226+6057) were critically assessed within the PWN framework, revealing substantial
challenges for standard leptonic interpretations.

Beyond PWNe, this work also explores other pulsar-related systems. A deep gamma-
ray search for the high-mass X-ray binary pulsar 1A 05354262 yielded the most stringent
Fermi-LAT upper limits to date. A separate study of the globular cluster M5 uncovered
steady gamma-ray emission consistent with the cumulative output of internal millisecond
pulsars.

These results deepen our understanding of the gamma-ray behavior of pulsar environ-
ments and underscore the utility of unified modeling frameworks in uncovering hidden
source populations and constraining high-energy emission processes. Looking ahead,
the methodologies and findings presented in this work provide a foundation for future
multi-wavelength investigations and studies with the next-generation of gamma-ray ob-
servatories.
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Chapter 1

Introduction

1.1 Pulsars

Within stellar interiors, thermal pressure generated by ongoing thermonuclear fusion ef-
fectively counterbalances gravitational contraction. However, in the terminal phases of
stellar evolution, the depletion of nuclear fuel leads to a decrease in thermal pressure,
rendering it insufficient to counteract gravity. In low- to intermediate-mass stars, this
yields a white dwarf stabilized by electron degeneracy pressure, with outer layers ejected
as a planetary nebula (Gomez de la Gandara Pérez, 2020). For progenitor stars with
more initial masses (2 10M,), nuclear fusion progresses to the formation of an iron core.
Subsequently, the iron core undergoes a catastrophic collapse, triggering a supernova ex-
plosion. The explosion expels the stellar envelope, forming a supernova remnant (SNR),
while the core contracts into either a neutron star (for progenitor masses < 30 M®) or a
black hole (for masses > 30 M). Figure 1.1 intuitively presents the evolutionary paths
of stars with different initial masses. Unlike white dwarfs, neutron stars are supported
by neutron degeneracy pressure, a consequence of the Pauli exclusion principle acting on
closely packed neutrons (Xiang, 2008).

During the formation of a neutron star, most of the angular momentum of the pro-
genitor is conserved, where the angular momentum is given by L = lw, and the moment
of inertia scales as I < MR?, with M and R representing the stellar mass and radius, re-
spectively. The core collapse leads to a drastic reduction in radius (typically to about 10
km) and partial mass ejection during the supernova explosion, resulting in a significant
decrease in the moment of inertia and, consequently, a rapid increase in rotational fre-
quency. As a result, neutron stars usually have quite short spin periods ranging from a
few milliseconds to tens of seconds.

Similarly, the conservation of most magnetic flux generates intense surface magnetic
fields, often reaching 10'>~10" G. Electrons and protons accelerated in such strong, var-
ing fields emit high-energy radiation via synchrotron or curvature processes along mag-
netic poles. Due to the misalignment of the magnetic and rotational axes, the radiation
beam sweeps the sky like a lighthouse (Figure 1.2). If Earth lies within the beam path, pe-
riodic pulses are observed. Such neutron stars are known as pulsars (Lorimer & Kramer,
2005; Xiang, 2008).
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1.1.0.1 Categories

Pulsars are usually classified into three different categories, depending on the main source
of electromagnetic radiation (Kohler, 2020):

1. rotation-powered pulsars that is mainly powered by the loss of rotational energy;

2. accretion-powered pulsars (including most X-ray pulsars, and usually with a com-
panion star) that is mainly powered by the gravitational potential energy of the
accreted matter from the companion stars;

3. magnetars are a subset of pulsars characterized by the presence of an exceedingly
robust magnetic field, with the decay of this field serving as the primary source of
their energy.

Accretion-powered pulsars gain angular momentum from their companion stars, po-
tentially shortening their spin periods to millisecond scales (called millisecond pulsars).
These pulsars have magnetic fields much weaker than ordinary ones, likely because of
field weakening during the accretion process. Millisecond pulsars are notable for their
exceptional pulse period stability, comparable to that of atomic clocks, making them valu-
able as natural cosmic timekeepers for precise temporal measurements.

1.1.0.2 Radiation and Theoretical Models

In general, rotational energy is an important source of electromagnetic radiation for all
types of pulsars. According to the magnetic dipole model, the radiation power is given by
E o« —B*R°w*, where R is the radius of the pulsar, B is the surface magnetic field, and w is
the angular velocity. Assuming that the electromagnetic radiation originates solely from
the loss of rotational energy, the radiation power can also be expressed as (Xiang, 2008):

E = —(=1u? = lwo. (1.1)

So we can obtain
. E -BR°w* -B’R%.°
w=—« = .
lw lw 1
The negative w indicates an increasing spin period P, which is commonly observed in
most pulsars with a small and stable P.

Pulsars emit electromagnetic radiation across the spectrum, from radio to gamma rays.
Understanding the electrodynamics of pulsar magnetospheres — the plasma-filled regions
surrounding these stars — is critical to unraveling their emission mechanisms and evo-
lutionary behavior. The modeling of pulsar magnetosphere and radiation has undergone
a profound transformation over the past several decades, evolving from idealized vac-
uum approximations to sophisticated, plasma-filled, kinetic simulations (see, e.g. Cao
et al., 2024; Philippov & Kramer, 2022; Cerutti et al., 2025). These models attempt to
reproduce the complex interplay between electromagnetic fields, plasma dynamics, and
observed multi-wavelength emission.

To describe pulsar magnetospheres, a hierarchy of models has been developed, differ-
ing in physical assumptions and computational complexity:

(1.2)
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e The Vacuum Dipole Model treats the pulsar as a rotating magnetic dipole in vac-
uum (Deutsch, 1955), forming the basis of early gap models (e.g., Polar Cap (PC,
see e.g., Ruderman & Sutherland, 1975; Daugherty & Harding, 1982)), Slot Gap /
Two-Pole caustic (SG / TPC, see e.g., Dyks & Rudak, 2003; Muslimov & Harding,
2004)), and Outer Gap (OG, see e.g., Cheng et al., 1986; Zhang & Cheng, 1997;
Cheng et al., 2000)). While analytically tractable, it lacks plasma and current feed-
back, limiting its ability to reproduce the observed gamma-ray light curves seen
by Fermi-LAT . The interlay of assumptions underlying the gap models have been
studied in (Vigano et al., 2015a,b)

e The Force-Free Electrodynamics (FFE) Model assumes a dense plasma that fully
screens parallel electric fields (E - B = 0), yielding realistic large-scale field struc-
tures and equatorial current sheets. FFE solutions support light curve and polar-
ization modeling (see e.g., Benli et al.,, 2021; Pétri & Mitra, 2021; Harding &
Kalapotharakos, 2017), but cannot account for particle acceleration due to the ab-
sence of Ej.

o The Resistive Magnetosphere Model introduces finite conductivity to allow non-
zero E), enabling self-consistent acceleration regions and emission modeling (see
e.g., Kalapotharakos et al., 2012). However, they remain incomplete due to the lack
of kinetic microphysics, such as pair production or plasma feedback.

¢ Particle-in-Cell (PIC) Magnetosphere Model solves for particle dynamics and
electromagnetic fields self-consistently, capturing kinetic-scale physics and feed-
back processes, (see e.g., Philippov & Kramer, 2022; Cerutti et al., 2025). However,
they are computationally intensive and not yet feasible for realistic pulsar parame-
ters.

Regarding radiation/magnetospheric models, a remark goes to the Effective Synchro-
curvature Model, which follows the dynamics of charged particles accelerated in the mag-
netosphere of a pulsar and computes their emission via synchro-curvature radiation (Vi-
gano et al., 2015¢). The model has succeeded in fitting the gamma-ray spectra of the
whole population of gamma-ray pulsars Vigano et al. (2015d) and reproduces as well
those pulsars that also have detected non-thermal X-ray pulsations (Torres, 2018; Torres
et al., 2019), all with only three free effective parameters involved. Both general agree-
ment on the global properties of the predicted spectra and light curves and specific fitting
to all Fermi-LAT pulsars have been presented Ifiiguez-Pascual et al. (2024, 2025).

1.1.0.3 Remarks

Almost six decades after the discovery of the first pulsar by Hewish and Bell in 1967
(Hewish et al., 1969), more than 4,000 pulsars have been identified. However, many key
questions remain unresolved, including the origins of anomalous X-ray pulsars, nulling
and giant pulses, glitches (Wu et al., 2021), and, more broadly, the lack of a comprehen-
sive framework capable of describing the complex, multi-scale behavior of pulsar sys-
tems. With ultra-strong gravity, magnetic fields, and extreme densities, pulsars serve as
natural laboratories where all four fundamental forces intersect under extreme conditions.
Investigating their behavior is essential to deepening our understanding of fundamental
physics and the universe itself.
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1.2 Pulsar Wind Nebulae

Vpsr

(A) (B) (C)

Figure 1.3: The evolution of PWNe (Olmi, 2024).

A pulsar is born in a supernova explosion, typically acquiring a natal kick velocity of the
order of 100-500 km/s (Faucher-Giguere & Kaspi, 2006). During the explosion, the cold
ejecta from the explosion (the unshocked ejecta) expand into the surrounding interstel-
lar medium (ISM) at speeds ranging from 300 to 5000 km/s (Chevalier, 1976), driving
a forward shock (FS) that compresses and heats the ambient gas. In the early stages of
the supernova remnant (SNR) evolution, the pulsar remains near the explosion center be-
cause of its relatively modest velocity compared to the rapidly expanding ejecta. As the
FS propagates through the ISM, enhanced compression occurs in denser regions, giving
rise to a reverse shock (RS). Initially moving outward behind the FS, the RS eventually
reverses direction and propagates inward. Unlike the FS, the RS will decelerate the un-
shocked ejecta, also called the shocked ejecta.

Meanwhile, the pulsar continuously emits a cold plasma outflow (the pulsar wind),
composed of charged particles accelerated to relativistic speeds within its magnetic field.
This high-pressure pulsar wind drives a FS into the surrounding medium, which, during
the early evolution (typically within the first few thousand years), is the unshocked ejecta.
The PSR’s FS defines the outer boundary of the pulsar wind nebula (PWN), compress-
ing and heating the surrounding medium, potentially generating X-rays or lower-energy
emissions. Consequently, the region dominated by the influence of a pulsar is also used
to define its PWN (see, e.g., Giacinti et al. (2020)).

As the relativistic pulsar wind propagates through the expanding SNR shell, it gradu-
ally decelerates due to interaction with the ambient medium. This deceleration continues
until a balance is achieved between the wind’s ram pressure and the internal pressure,
resulting in the formation of a termination shock (TS). In the TS, relativistic particles can
be heated and re-accelerated, producing synchrotron radiation (Gaensler & Slane, 2006).

PWNe exhibit three primary evolutionary stages, as illustrated in Figure 1.3 (Olmi,
2024):

e Free-expansion phase;

e Reverberation phase;
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Figure 1.4: Several PWN examples during the different evolution phases.

Crab Nebula“’: The composite X-ray (blue, white, and purple) and optical (red, green,
and blue) image of the Crab Nebula. The rings around the pulsar and the jets blasting into
space are clearly visible.

Vela X?: The composite X-ray (purple and light blue) and optical (yellow) image of PWN
Vela X.

SNR G327.1-1.1°: The composite X-ray (blue), radio (red and yellow), and infrared
(RGB) image of SNR G327.1-1.1, encompassing a PWN, Snail.

Mouse“: The composite X-ray (gold) and radio (blue) image of Mouse PWN. A close-up
of the head of the Mouse is inserted where a bow shock wave has formed as a pulsar plows
through interstellar space.

“Credit: X-ray: (Chandra) NASA/CXC/SAO, (IXPE) NASA/MSFC; Optical: NASA/ESA/STScI; Image
Processing: NASA/CXC/SAO/J. Schmidt, K. Arcand, and L. Frattare.

bCredit: X-ray: NASA/CXC/SAQO; Optical: NASA/ESA/STScI; Image processing: NASA/CXC/SAO/].
Schmidt, K. Arcand.

¢Credit: X-ray: NASA/CXC/SAO/T.Temim et al. and ESA/XMM-Newton; Radio: SIFA/MOST and
CSIRO/ATNF/ATCA; Infrared: UMass/IPAC-Caltech/NASA/NSF/2MASS.

4Credit: X-ray: NASA/CXC/SAO/B.Gaensler et al.; Radio: NRAO/AUI/NSFE.
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e Late phase, e.g., the bow-shock phase shown in panel C of Figure 1.3.

1.2.1 Free-expansion Phase

During the free-expansion phase, a young PWN expands with a mild acceleration into
the unshocked ejecta. The pulsar’s kick velocity is much smaller than the expansion
speeds of the PWN and SNR, allowing it to remain near the system’s center and maintain
the observed symmetry (Figure 1.3, panel A). A prime example at this stage is the Crab
Nebula shown in Figure 1.4. Its emission has been observed ranging from radio to TeV
gamma rays, and the detection of PeV photons suggests the presence of a PeVatron within
the nebula (Lhaaso Collaboration et al., 2021b).

In leptonic models, synchrotron radiation from relativistic electrons and positrons
dominates the radio to X-ray band. Higher-energy gamma rays are primarily produced
via inverse Compton scattering (ICS) of soft background photons, including synchrotron,
infrared (NIR and FIR), and cosmic microwave background (CMB) photons (Martin &
Torres, 2022; Olmi & Bucciantini, 2023a).

This phase typically lasts several thousand years, depending on the spin-down power
of the pulsar and ambient density (van der Swaluw et al., 2001). When the RS reaches the
outer edge of the PWN, the PWN moves to the reverberation phase.

1.2.2 Reverberation Phase

Following the collision between the SNR’s RS and the PWN’s FS, the expansion of the
PWN is decelerated and subsequently undergoes compression unless the PWN is suffi-
ciently energetic to resist it. This compression leads to an increase in the internal magnetic
field, pressure, and energy of the PWN. Once the internal pressure becomes higher than
the external pressure, the PWN re-expands. This cycle of compression and expansion can
repeat, resulting in an oscillatory behavior that typically persists on timescales of a few
thousand years, e.g., Gaensler & Slane (2006); Bandiera et al. (2023b); Olmi (2024).

As shown in panel B of Figure 1.3, a simplified case is presented in which proper
pulsar motion is neglected, and it is assumed that both the SNR ejecta and the ISM
are isotropically distributed. Under these idealized conditions, the SNR+PWN system
is highly symmetric.

However, in a more realistic scenario, the pulsar is typically offset from the SNR cen-
ter due to its proper motion. Furthermore, anisotropies in the ambient medium contribute
to the non-uniform expansion of the SNR, causing the RS to interact with the PWN at
different times along different directions. As a result, the SNR+PWN system exhibits
significant asymmetry during this stage. A well-known example of this asymmetry is
observed in Vela X (see Figure 1.4) (Blondin et al., 2001).

Capturing such complex, anisotropic evolution necessitates multidimensional simula-
tions. These are significantly more computationally demanding than simplified one-zone
or 1D models and remain a major challenge in modeling the evolution of PWN during the
reverberation phase (see e.g., Olmi & Torres (2020) for an example of a hybrid approach
that can perhaps alleviate such problematic). For a full discussion of the reveberation
phase see the recent works by Bandiera et al. (2021, 2020, 2023a,b).
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1.2.3 Late Phase

Once the reverberations subside—typically after tens of thousands of years—the PWN
resumes steady expansion within the hot, shocked ejecta. By this stage, the pulsar has
often migrated far from its birthplace. If this distance exceeds the size of the original
wind bubble, the pulsar escapes and forms a new PWN, leaving a relic nebula behind.
Such systems commonly exhibit a radio and X-ray bridge linking the old and new PWNe
(Gaensler & Slane, 20006), as exemplified by the composite SNR G327.1-1.1 (the ”’Snail”
PWN; see Figure 1.4).

At later times (typically > 40 kyr), the pulsar may exit the SNR shell and enter the ISM
(Gaensler & Slane, 2006). In contrast to young PWNe, where X-ray and TeV emissions
are similar in extent, older systems usually feature a compact X-ray core embedded within
a much larger TeV halo (Gomez de la Gandara Pérez, 2020), such as the Mouse PWN
(also in Figure 1.4).

Because of the reduced sound speed at the SNR edge or in the ISM, many pulsars
move with supersonic velocities in this phase, generating bow shocks. The equilibrium
between the pulsar wind and its surroundings along with the ram pressure constraints
limits the spatial extent of the PWN and eventually halts its steady expansion. Observa-
tionally, if the pulsar’s spin-down luminosity remains sufficiently high, the system may
manifest itself as a compact, bright head at the leading edge of an elongated tail, as ex-
emplified by the Mouse PWN (Olmi, 2024).

In the late phase, the asymmetry of a PWN becomes more pronounced. It is evident
that modelling this phase (likely in 3D) should be able to replicate the PWN’s earlier
evolutionary stages. The construction of such a model remains a key challenge in the
field.

1.3 Fermi-LAT and Data Analysis

1.3.1 Instrument and Performance

The Fermi Gamma-ray Space Telescope is equipped with two primary instruments: the
Large Area Telescope (LAT) and the Gamma-ray Burst Monitor (GBM). The GBM is
primarily designed to detect gamma-ray bursts (GRBs) in the energy range of approxi-
mately 8 keV to 40 MeV (Meegan et al., 2009), while the LAT is optimized to measure
the direction, arrival time and energy of high-energy photons in the range from 20 MeV
to 2 TeV (Atwood et al., 2009).

For photons with energies exceeding 5 MeV, pair production becomes the dominant
interaction mechanism, resulting in the generation of electron—positron pairs. Therefore,
the LAT functions as a pair-conversion detector. Its architecture comprises four main
components: 16 high-resolution converter-tracker (TKR) modules, 16 calorimeter (CAL)
modules, an anti-coincidence detector (ACD), and a data acquisition system (DAQ), as
illustrated in Figure 1.5.

Compared to its predecessor, the Energetic Gamma Ray Experiment Telescope (EGRET)
aboard the Compton Gamma Ray Observatory (CGRO), Fermi-LAT exhibits significant
improvements in key performance metrics, including energy range, energy resolution, ef-
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Figure 1.5: Structure of the Fermi-LAT . Taken from (Atwood et al., 2009; Renault-
Tinacci, 2014).

fective area, field of view, source localization determination, and point source sensitivityl.

1.3.2 Fermi-LAT Analysis

Since its launch in 2008, the Fermi-LAT has continuously accumulated over 16 years of
observational data. The latest data release, Pass 8, and the source catalog, 4FGL-DR4
(Abdollahi et al., 2022; Ballet et al., 2023), provide the most up-to-date resources for
analysis. The corresponding data processing tools, Fermitools package’ and Fermipy
(Wood et al., 2017) are publicly available on the Fermi website.

The Pass 8 data selections recommended? for standard Fermi-LAT analyses include:

1. Event class P8 SOURCE (evclass=128) and event type FRONT+BACK (evtype=3);
2. Energy threshold above 100 MeV to mitigate low-energy IRF uncertainties;
3. Zenith angle cut of < 90° to suppress Earth limb contamination;

4. Good time intervals selected with “(DATA_QUAL>0) && (LAT_CONFIG==1)".

1https://fermi.gsfc.nasa.gov/ssc/data/analysis/documentation/Cicerone/
Cicerone_Introduction/LAT_overview.html.

’https://fermi.gsfc.nasa.gov/ssc/data/analysis/software/

Shttps://fermi.gsfc.nasa.gov/ssc/data/analysis/documentation/Pass8_usage.html;
https://fermi.gsfc.nasa.gov/ssc/data/analysis/documentation/Cicerone/Cicerone_
Data_Exploration/Data_preparation.html
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The Test Statistic (TS) is used to quantify the detection significance of gamma-ray
emission from a target source. It is defined as TS = 2(log £, —log L), where log £; and
log L are the logarithms of the maximum likelihoods for models with and without the
source (the “null hypothesis™), respectively (Mattox et al., 1996). The TS approximately
follows a y? distribution with degrees of freedom (DOF) equal to the number of free
parameters. In the simplest case, when only flux normalization is free (that is, DOF
= 1), the detection significance can be approximated by V7'S. However, when DOF
> 1, the significance should instead be derived from the p-value of the y; distribution
ofp=1-F ¥ (TS), where F ¥ denotes the cumulative distribution function of the y? d
distribution with DOF = k. In practice, a threshold of TS > 25 is typically used to indicate
a significant detectiony? in the Fermi source catalogs. This threshold roughly corresponds
to the significance of 40 in a four-parameter model (e.g. coordinates, flux, and spectral
index) (Mattox et al., 1996).

Acero et al. (2015) found that adjustment of normalization in each energy band of-
ten improved the consistency of the spectral model, particularly at low energies. Thus,
they introduced a novel approach to address systematics in the diffuse emission model by
unweighting the likelihood when the statistical precision of the galactic diffuse emission
exceeds the systematic variations in normalization between regions of interest (ROIs),
typically at the level of 2-3%. Building on this, Jean Ballet et al. further proposed a
likelihood weighting method*. This method can effectively mitigate the risk of overfitting
faint sources and reduces the TS overestimation caused by background mismodeling, and
it was employed by Abdollahi et al. (2022).

1.4 Structure of the Thesis

This thesis is organized to reflect a logical progression from its central focus — the search-
ing, modeling and characterization of PWNe — toward a broader understanding of other
pulsar-related gamma-ray systems. Accordingly, the chapters are arranged to follow a co-
herent thematic structure, beginning with foundational background, followed by detailed
PWN modeling, population searches, and high-energy implications, and then expanding
to studies of two additional pulsar-associated systems.

Chapter 1 provides an introduction to pulsars and PWNe, outlining their physical
origin, radiation mechanisms, and evolutionary phases. It also introduces the Fermi-LAT ,
outlining the gamma-ray data analysis techniques used throughout this work. The chapter
concludes with the motivation and structure of the dissertation.

Chapter 2 presents a time-dependent leptonic radiative model for PWNe, imple-
mented in the TIDE simulation code. The model incorporates particle transport, magnetic
field evolution, and nebular expansion, and is validated using benchmark sources such as
the Crab Nebula, 3C 58, and G11.2-0.35.

Chapter 3 presents a systematic search for MeV-GeV PWNe using Fermi-LAT data,
focusing on sources not associated with known gamma-ray pulsars. The results have been
accepted for publication in ApJ (corresponding author, Eagle et al., 2025). A complemen-
tary study targeting sources with associated gamma-ray pulsars, based on off-pulse data,
is planned as a follow-up to this work. The chapter details sample selection, data process-
ing, spatial and spectral analysis, PWN radiation modeling, and includes population-wide

4See https://fermi.gsfc.nasa.gov/ssc/data/analysis/scitools/weighted_like.pdf

2025-06-25 WEI ZHANG - DOCTORAL THESIS 10


https://fermi.gsfc.nasa.gov/ssc/data/analysis/scitools/weighted_like.pdf

comparisons.

Chapter 4 investigates four individual pulsars (J1208—6238, J1341-6220, J1838-0537,
and J1844-0346) as potential TeV PWN systems. A “pulsar tree” clustering method is
introduced for source selection, and each system is modeled in detail. This work has been
published in A&A (Zhang et al., 2024).

Chapter 5 critically evaluates whether PWNe can account for the multiwavelength
emission observed from several ultra-high-energy (UHE) gamma-ray sources detected by
LHAASO, HAWC, and HESS. Their potential role as Galactic PeVatrons is also exam-
ined. Part of this work has been published in A&A (second author; De Sarkar et al.,
2022).

Chapters 6 and 7 extend the scope beyond PWNe to explore gamma-ray emission
from other pulsar-related systems: the high-mass X-ray binary pulsar 1A 0535+262 and
the globular cluster M5. We conducted deep gamma-ray spatial, spectral, and temporal
analysis with the Fermi-LAT data for each of them. Both of them have been published in
ApJ (as second author; Hou et al., 2023, 2024).

Chapter 8 concludes the dissertation with a synthesis of the results and a discussion
of future research directions.

Appendix A includes the code scripts and technical documentation supporting the
modeling and analysis described in the main chapters.

Additional work not included in this thesis includes a PWN-related study published
in MNRAS (co-author; Kundu et al., 2024), in which I contributed modeling results for
Kes 75 and G21.5-0.9 using our PWN model to independently cross-check their findings.
I’m also leading an ongoing study to establish the most plausible source model for the
MeV-GeV emission from the region surrounding the magnetar Swift J1818.0—1607.
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Chapter 2

PWN Model and Code Performance

Contents of This Chapter

In this chapter, we present the time-dependent leptonic radiative model for PWNe im-
plemented in the numerical simulation code TIDE. References are provided below. The
model self-consistently tracks the evolution of the particle energy distribution, magnetic
field strength, and nebular size, allowing for robust predictions of multi-wavelength spec-
tral energy distributions over the early stage of a PWN. The physical model incorporates
a broken power-law injection spectrum, synchrotron and inverse Compton cooling, and
magnetic field decay. Particle escape is treated with a simplified Bohm-like approxima-
tion.

In Section 2.2, the model is applied to three representative PWNe — Crab Nebula,
3C 58, and G11.2—-0.3 —to evaluate the performance of TIDE. The script used for this
analysis, developed by the author, is provided in Appendix A.2. These examples demon-
strate that TIDE successfully reproduces the observed emission from PWNe. The con-
sistency and flexibility of the results validate the theoretical formulation and the com-
putational implementation, further establishing TIDE as a reliable tool for population-
wide studies and future model extensions. In addition, this comparative analysis also
demonstrates that the probability of reaching the global optimum strongly depends on the
richness of the observational data. In particular, well-sampled sources such as the Crab
Nebula exhibit a high success rate, while sparsely observed sources like G11.2-0.35 are
more prone to local minima. These results highlight the importance of extensive data
coverage and support the implementation of multi-start fitting strategies when modeling
poorly constrained systems.
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2.1 Model Description

TIDE is a numerical simulation tool based on a time-dependent leptonic PWN model, the
details of which can be found in Martin et al. (2012); Torres et al. (2014); Martin et al.
(2016), and Martin & Torres (2022).

2.1.1 The Diffusion Equation

The model describes the temporal evolution of the lepton distribution N(y,t) under the
combined effects of particle injection, escape, and energy loss, governed by the following
diffusion equation:

ON(y,) 0 NG,
e ay[y(% DN(y,1)] P

The first term on the right-hand side accounts for energy losses from different radiation
mechanisms, including synchrotron, bremsstrahlung, inverse Compton (IC), and adiabatic
processes here. The second term describes particle escape (assuming via Bohm diffusion
in our model), with 7(y, f) denoting the energy- and time-dependent escape timescale. The
third term, Q(y, t), represents the injection rate per unit of energy and volume.

In principle, we adopt a broken power-law injection spectrum:

+ 0(y,1). 2.1

(%)_al for v <,
Ea

() or 7o -

o(y,n = Qo(t){

where v, is the break energy and «,, @, are the low- and high-energy spectral indices,
respectively. The normalization Qy(¢) is determined by the injected particle luminosity
L(1):

wi = [ ymcow.ndy. 23)
y min

The spin-down power is partitioned into contributions from particles, magnetic energy,

and other forms: 7,,, g, and 7,45 (€.g., the multiband pulsar emission), respectively. For

example, the magnetic fraction is defined as g = Lp(#)/L(#). The spin-down luminosity

of a pulsar evolves as:

L(t) = Ly (1 + i) , (2.4)
To

where L is the initial spin-down luminosity, 7 is the braking index (typically 3), and 7 is

the initial spin-down timescale:

_ P 0 _ 2Tc
(n—1DpPy n-

Ty T tage- (2.5)
Py and Py refer to the initial period and the first period derivative of the pulsar, respec-
tively. The parameter 7,,, represents the pulsar’s true age , and 7. is the characteristic age,
satisfying

P

= E, (26)

Tc
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where P and P are the current period and the first period derivative, respectively.
The upper limit yy,, is restricted by synchrotron cooling and spatial confinement. The
synchrotron-limited value is (de Jager & Djannati-Atai, 2009a; Martin & Torres, 2022):

3m,c? [——

Yimax (1) = 20 VeBO). 2.7

The gyro-radius constraint requires the Larmor radius R; smaller than the termination
shock radius Ry (i.e. R; = €Rg, and containment factor € < 1), giving:

o gex L(t)
Vinax (1) = o2 \/777, (2.8)

where the magnetic compression ratio « = 3 for strong shocks (Becker & Huang, 2007;
Holler et al., 2012). The minimum of these two constraints is used in TIDE.

2.1.2 Radius and Magnetic field evolution

Before the interaction with the supernova reverse shock, the PWN expands freely. The
radius evolution follows:

Lot 1/5
Rpw(t) = C(E—“) Vejt, (2.9)
0

where C is a constant with a value of about 0.839 for a PWN made up of relativistic hot
gases. V,; = y/10E,/3M,; is the velocity of the ejecta, and E, and M, ; denote the energy
of the supernova explosion and the mass of the ejecta, respectively.

2 p3
The magnetic energy, defined as Wy = %, evolves under adiabatic losses as (e.g.,
Gelfand et al., 2009; Martin et al., 2016; Martin & Torres, 2022):

dWp(1) Wg(#) dRpwn(7)
= nelL(t) - 2.1
dt L) - @ dr (=-10)
The resulting magnetic field is:
1 t
B(t) = — 678 f L(t")Rpwn(?') dr'. (2.11)
RPWN(l) 0

2.2 Performance of TIDE

The core of TIDE is a numerical solution to the diffusion equation, optimized using the
Nelder-Mead simplex algorithm (Press et al., 1992). This derivative-free method itera-
tively updates a simplex of N+1 vertices in an N-dimensional parameter space to approach
the best-fit solution. Despite reduced efficiency in higher dimensions (Gao & Han, 2012),
an enhanced version integrated in scipy.optimize.minimize improves convergence.
For typical cases with 68 free parameters and a reasonable initial guess, convergence is
usually achieved within ~1000 iterations (Martin & Torres, 2022).

A systematic performance evaluation by Martin & Torres (2022) tested TIDE on the
Crab Nebula and 3C 58, using 150 randomized initializations per source. Their results
demonstrate:
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e stable convergence in over 70% of trials for both PWNe, validating robustness
against varied initial guesses;

e strong constraints on physical parameters when multi-wavelength data are avail-
able, indicating uniqueness in model solutions;

e incorporation of an additional systematic uncertainty parameter to account for cal-
ibration differences across multi-instrument datasets, enhancing the robustness of
statistical fitting;

o first-time estimation of PWN age purely from spectral fitting, achieving high preci-
sion (e.g., < 50 yr error for the Crab Nebula).

These results illustrate that TIDE is an advanced tool for modeling PWNe, offering both
improved computational efficiency and scientifically rigorous fitting capabilities. The
model represents a significant step forward in constraining physical parameters of PWNe
and in understanding their complex evolution across the electromagnetic spectrum.

To further assess the sensitivity of the fitting performance of TIDE to the quality and
quantity of multiwavelength data, we applied it to three representative PWNe with vary-
ing degrees of observational coverage: the Crab Nebula (extensively observed across all
wavelengths), 3C 58 (moderately observed), and G11.2-0.35 (sparsely observed). Al-
though 3C 58 was considered as a less-observed case in Martin & Torres (2022), its data
coverage still exceeds that of most-usually observed PWNe. The inclusion of G11.2—-0.35
thus enables a more representative evaluation of TIDE’s performance under typical obser-
vational conditions.

For each source, we conducted 200 independent fitting trials using randomly selected
initial values for the free parameters, following the strategy of Mandal & Pal (2022). Fixed
parameters include the far-infrared (FIR) and near-infrared (NIR) temperatures (7 ¢y, T i),
ambient medium density (n;,), braking index (n), containment factor (€), and explosion
energy (Ey,), with their values listed in the corresponding summary tables. The free
parameters, namely the break energy (y;), spectral indices (), @), ejecta mass (M,;),
magnetic energy fraction (17), FIR and NIR energy densities (U ;», Uy;»), and the systematic
uncertainty (o), were allowed to vary within specified ranges.

Instead of only testing for convergence in Martin & Torres (2022), we classified solu-
tions into distinct model families by clustering both parameter values and their associated
spectral energy distributions (SEDs). For each PWN, we identified the global best-fit
model and compared it to local minima. We evaluated fits using statistical criteria such as
the reduced y?, parameter distributions, and SED quality.
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2.2.1 The Crab Nebula

Table 2.1: Summary of the physical magnitudes of the Crab Nebula

Parameters Symbol Values Fitting Range

Measured or assumed parameters:

Age (kyr) tage 0.968

Period (ms) P 334

Period derivative (s s™!) P 42 %1071

Characteristic age (kyr) T, 1296

Spin-down luminosity now (erg s™') L 4.5 % 103

Braking index n 2.509

Initial spin-down luminosity (erg s™') L, 3.1 x10%

Initial spin-down age (kyr) 70 0.75

Distance (kpc) d 2

SN explosion energy (erg) Eg, 10!

ISM density (cm™) ism 0.5

Minimum energy at injection Vimin 1

Containment factor € 0.3

CMB temperature (K) T i 2.73

CMB energy density (eV cm™) U 0.25

FIR temperature (K) Ty, 70

NIR temperature (K) Thir 5000

Fitted parameters:

Break energy (10°) Y 6.08 (5.78, 7.40) 0.1-100
Low energy index a 1.51 (1.47,1.53) 1-4
High energy index a; 249 (2.46,2.49) 1-4
Ejected mass (M,,) M,; 7.01 (7,7.56) 7-12
Magnetic energy fraction (1072) n 2.042 (2.022,2.435) 0.01-50
FIR energy density (eV cm™) Uyir 0.16 (0.1, 0.26) 0.1-5
NIR energy density (eV cm™) U,ir 2.64 (0.1, 4.65) 0.1-5
PWN radius now (pc) Rpyn 1.86

Magnetic field now (uG) B 83.90

Reduced y? x*/D.O.F. 274.30/287 (0.96)

Systematic uncertainty o 0.19 0.01-0.5
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Figure 2.1: From left to right: Representative SEDs for Model 1, Model 2 and Model
3, respectively. The multi-band data in the SED are taken from Baldwin (1971); Macias-
Pérez et al. (2010) (radio), Buehler & Blandford (2013) (from IR to TeV bands) and
[Lhaaso Collaboration et al. (2021a) (LHAASO).

The Crab Nebula is undoubtedly the most prominent member of the PWN family. Since
its discovery by John Bevis in 1731, it has been extensively studied from radio to PeV
energies. Because of the wealth of observational data available, it has become the bench-
mark for testing nearly all PWN models.

The nebula is powered by PSR J0534+2200, a young and energetic pulsar discovered
in 1968. With a true age of 968 years and a spin-down luminosity of 4.5 x 10*® erg s7!,
it serves as a key energy source for this bright extended emission. Detailed parameters
for both the pulsar and the nebula are listed in Table 2.1, and are adopted in this study.
The fitting ranges and the best-fit values for the free parameters,y;, a;, a,, Mj, magnetic
fraction n, Uy, Uy, and the systematic uncertainty o are also provided in the same table.
The corresponding best-fit SED is shown in Figure 2.1 (Model 1).

In general, these fits can be roughly categorized into the following models:

e Model 1: 135 fits (67.5%), global optimum. The representative values of the
free parameters - vy, @, @, M, magnetic fraction 1, U, Ui, and systematic
uncertainty o - are approximately 5 x 10°, 1.49, 2.48, 7.0 M, 0.020, 0.1 cm~3,
0.1 cm™, and 0.16, respectively. The corresponding reduced y?, magnetic field B,
and PWN radius Ry, are about 1.05, 84 uG, and 1.86 pc. A representative SED is
shown in the left panel of Figure 2.1.

e Model 2: 58 fits (29%), local optimum. The representative values of the free
parameters are approximately 2.7 x 10°, 1.42,2.58, 7.0 M, 0.43, 5 cm™>, 0.1 cm >,
and 0.39. The corresponding reduced y?, magnetic field B, and radius Ry, are
about 1.18, 284 uG, and 2.31 pc. A representative SED is shown in the middle
panel of Figure 2.1.

e Model 3: S5 fits (2.5%), local optimum. The representative values of the free pa-
rameters are approximately 1x107, 1.73,2.76, 7.0 M, 0.021,0.10cm™, 0.11 cm~3,
and 0.36. The corresponding reduced y?, magnetic field B, and radius Ry, are
about 1.02, 91 uG, and 1.80 pc. A representative SED is shown in the right panel
of Figure 2.1.

e Others: 2 fits (1%). These include a failed fit and a local solution that does not
belong to any of the above categories.

Among the 200 fits, only Model 1 corresponds to the global optimum, accounting for
67.5% of the total. Model 2, while comprising a considerable fraction (29%), clearly does
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not represent the best-fit solution. Model 3 and the remaining unclassified fits account
for only 5 and 2 cases, respectively, and thus carry negligible statistical significance. In
summary, more than 65% of the trials converge to good fits, indicating that TIDE yields
highly reliable results when applied to sources with rich multi-wavelength data. The
likelihood of becoming trapped in a local optimum is low and can be further minimized by
performing multiple fits with different initial values for the free parameters and selecting
the best among them.

Furthermore, the non-global-optimal fits can be readily identified as suboptimal. They
are often associated with excessively large systematic uncertainties (as in Models 2 and
3), parameter values approaching boundary limits (e.g. vy, in Model 3), and poor SED
matches.
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2.2.2 3CS58

Table 2.2: Summary of the physical magnitudes of 3C58

Parameters Symbol Values Fitting Range

Measured or assumed parameters:

Age (kyr) tage 2.5

Period (ms) P 65.7

Period derivative (s s™!) P 1.93 x 10713

Characteristic age (kyr) T, 1296

Spin-down luminosity now (erg s™') L 2.7 x 10%7

Braking index n 3

Initial spin-down luminosity (erg s™') L, 9.3 x 10*7

Initial spin-down age (kyr) 70 2.878

Distance (kpc) d 2

SN explosion energy (erg) Eg, 10!

ISM density (cm™) ism 0.1

Minimum energy at injection Vimin 1

Containment factor € 0.5

CMB temperature (K) T 2.73

CMB energy density (eV cm™) Ui 0.25

FIR temperature (K) Ty, 25

NIR temperature (K) Thir 2900

Fitted parameters:

Break energy (10°) Vb 0.88 (0.85,0.91) 0.1-100
Low energy index a 1.04 (1, 1.07) 1-4
High energy index 10723 3.01 (3.005,3.011) 1-4
Ejected mass (M) M,; 12.82 (12.52,13.30) 7-25
Magnetic energy fraction (1072) n 1.420 (1.252, 1.330) 0.01-50
FIR energy density (eV cm™) Ui 0.22 (0.1,0.42) 0.1-5
NIR energy density (eV cm™) U,ir 0.45 (0.1, 1.05) 0.1-5
PWN radius now (pc) Rpyn 2.57

Magnetic field now (uG) B 15.33

Reduced y? x?/D.O.F. 234.43/225 (1.04)

Systematic uncertainty o 0.07 0.01-0.5

2025-06-25 WEI ZHANG - DOCTORAL THESIS 19



Frequency (Hz)

Frequency (Hz)
105 1010 1015 020 1025 1030

Frequency (Hz)
105 1010 1015 020 1025 1030

105 101° 10 10%° " 10 10%

2.0 kpc)
2.0 kpc)
2.0 kpc)

T i 110710 10710 I
5 w0%° § w0%s § : 10% 0
n T 10-12l 75 T 1012|775 ) "
< 32 O o 32 O o 32 O
T s s s s 17 s
£ . 2 X510 2 51074 z
= 5\ {10% g o 10%° g = 103 g
2 i £ 2 £ 2 £
. 1 Iggtd 41
n_g ;Br bt ﬂ! L[ it § o_g § °_8 E
L I
410 T 10 100 10 -4 401" 1675 100 10°
Energy (GeV) Energy (GeV) Energy (GeV)
o] g g
10°  10'° Frfglusenc o(g’z) 107 10%° S 10° 10 Frfgﬁenc 0(2'-"’2) 10 10% S 105 10%° Frfg%enc 0(2'—‘"2) 107 10% g
& e PN . PN . ~
107t 10710 I
£ w0%° § = 0%s § = 10% 0
' 10-12 DA 10-12 o 10-12) % 5 T
< 32 O o 32 O o 32 O
e s s s & %5
E 10~ 14 ? E 10~ 14 ? _g 10— 14 ,, \‘ A ‘?
o 1008 © — 34 10038 © A7 24100 3
[=4 T 1 c f=4
2 £ 2 N iy £ 2 W i £
°5 5 °3 A ] % ° 9 %H Tﬁy i ll itk 5
41T T0TO 105 160 10° 415751070 165 10° 10 —4 1ot 10 07075100 105
Energy (GeV) Energy (GeV) Energy (GeV)

Frequency (Hz)
10° 10 10® 10%° 10 10%

2.0 kpc)

-
e

1034

-1 ¢m-2)

1032

Flux (erg s

1030

,_.
o
),
g
Luminosity (erg s, d

Energy (GeV)
Figure 2.2: From top to bottom, left to right: Representative SEDs for Model 1, Model
2 Model 3, Model 4, Model 5, Model 6 and Model 7, respectively. The multi-band data
in the SED are taken from Green (1986); Morsi & Reich (1987); Salter et al. (1989)
(radio), Torii et al. (1999) (infrared), Green (1994); Slane et al. (2008) (X-rays), Abdo
et al. (2013a); Ackermann et al. (2013a); Li et al. (2018) (GeV) and Aleksic et al. (2014)
(TeV).

3C 58 is another well-known PWN, powered by the pulsar PSR J0205+6449. Initially dis-
covered in radio and classified as a supernova remnant (SNR) in 1971, it was later reclas-
sified as a Crab-like PWN based on its flat radio spectrum and centrally filled morphology
(Weiler & Panagia, 1978). The powering pulsar, PSR J0205+6449, was discovered much
later, in 2002 Murray et al. (2002).

To date, 3C 58 has been detected across a broad range of wavelengths, including radio,
infrared, X-ray, GeV, and TeV bands, providing relatively rich multi-wavelength obser-
vations for modeling. Of particular note is the ongoing debate on the age and distance
of this source. Following Martin & Torres (2022), we adopt a dynamical age of 2.5 kyr
Chevalier (2004, 2005) and the latest distance measurement of 2 kpc Kothes (2010) in
this work.

Detailed information on PSR J0205+6449 and 3C 58 is provided in Table 2.2. This
table also includes the best-fit parameters, and the corresponding SED is shown in Fig-
ure 2.2 (Model 2). As in the Crab Nebula, 200 fits were performed using randomly se-
lected initial values for the free parameters.

All of these fits can be roughly grouped into eight types:

e Model 1: 58 fits (29%), local optimum. The representative values of the free
parameters - y;, @y, @, M, n, Ug;, Uy, and systematic uncertainty o~ - are ap-
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proximately 1.08 x 10°, 1.95, 2.88, 7.0 M,, 0.5, 3.6 cm™3, 2.6 cm™3, and 0.22,
respectively. The corresponding reduced x?, magnetic field B, and radius Ry, are
about 0.93, 47 uG, and 0.93 pc. A representative SED is shown in the top left panel
of Figure 2.2.

e Model 2: 78 fits (39%), global optimum. The representative values are approxi-
mately 0.88 x 10°, 1, 3, 13 My, 0.014, 0.22 cm™3, 0.45 cm™, and 0.07. The corre-
sponding reduced Y% magnetic field B, and radius Ry, are about 1.05, 16 uG, and
2.57 pc. A representative SED is shown in the upper middle panel of Figure 2.2.

e Model 3: 11 fits (5.5%), local optimum. The representative values are approxi-
mately 1.9 x 10°, 1, 3.22, 7.0 M, 0.5, 0.67 cm™>, 0.3 cm~>, and 0.21. The corre-
sponding reduced x?, magnetic field B, and radius Ry, are about 0.99, 48 uG, and
3.95 pc. A representative SED is shown in the top right panel of Figure 2.2.

e Model 4: 7 fits (3.5%), local optimum. The representative values are approxi-
mately 1x107,2.27, 3.59, 25 M, 0.19,5 cm™, 5 cm™>, and 0.5. The corresponding
reduced y?, magnetic field B, and radius Rywn are about 0.7, 90 uG, and 2 pc. A
representative SED is shown in the middle-row left panel of Figure 2.2.

e Model 5: 4 fits (2%), local optimum. The representative values are approximately
1 x 107, 2.74, 1, 8 Mg, 0.5, 0.1 cm™, 0.2 cm™3, and 0.36. The corresponding
reduced )(2, magnetic field B, and radius R, are about 14, 49 uG, and 3.90 pc. A
representative SED is shown in the middle-row middle panel of Figure 2.2.

e Model 6: 12 fits (6%), local optimum. The representative values are approxi-
mately 0.86 x 10°, 1, 3, 7.0 M, 0.038, 0.1 cm~3, 5 cm™>, and 0.1. The correspond-
ing reduced Y% magnetic field B, and radius R, are about 0.97, 16 uG, and 3.4 pc.
A representative SED is shown in the right panel of the middle row of Figure 2.2.

e Model 7: 10 fits (5%), local optimum. The representative values are approxi-
mately 0.86 x 10°, 1, 3, 25 M, 0.005, 0.2 cm™, 0.5 cm™>, and 0.07. The corre-
sponding reduced y?, magnetic field B, and radius R, are about 1.05, 16 4G, and
1.83 pc. A representative SED is shown in the bottom panel of Figure 2.2.

e Others: 10 fits (5%). This category includes several different local optimum mod-
els that do not belong to any of the above categories.

Among the 200 fits, only Model 2 represents the global optimum, accounting for
39% of all trials. Although this is the largest share, it is significantly lower than the
67.5% observed for the Crab Nebula, reflecting the impact of sparse data coverage. This
highlights the need for multiple trials with carefully chosen initial values to avoid local
minima. Model 1, which comprises 29% of the fits, clearly cannot reproduce the radio
observations, as is evident from its SED.

Moreover, non-global-optimal fits (e.g., Model 1, Model 3, Model 4, and Model 5) are
often characterized by large systematic uncertainties, parameters close to their boundaries
(e.g., v, for Model 4 and Model 5, n for Model 1, Model 3, and Model 5), and poor SED
performance.
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2.2.3 PWN G11.2-0.35

Table 2.3: Summary of the physical magnitudes of PWN G11.2-0.35

Symbol

Parameters Values Fitting Range
Measured or assumed parameters:

Age (kyr) tage 1.6

Period (ms) P 64.698

Period derivative (s s™!) P 3.432x 10714

Characteristic age (kyr) T, 29.885

Spin-down luminosity now (erg s™') L 6.4 x 10%

Braking index n 3

Initial spin-down luminosity (erg s™') L, 7.14 x 10

Initial spin-down age (kyr) 70 28.285

Distance (kpc) d 3.7

SN explosion energy (erg) Eg, 10!

ISM density (cm™) Pism 1.7

Minimum energy at injection Vimin 1

Containment factor € 0.5

CMB temperature (K) T 2.73

CMB energy density (eV cm™) Ui 0.25

FIR temperature (K) T, 36

NIR temperature (K) Thir 3300

Fitted parameters:

Break energy (10°) Y 6.08 (5.78, 7.40) 0.1-100
Low energy index a 1.51 (1.47,1.53) 1-4
High energy index a; 249 (2.46,2.49) 1-4
Ejected mass (M,,) M,; 7.01 (7,7.56) 8-20
Magnetic energy fraction (1072) n 2.042 (2.022,2.435) 0.1-50
FIR energy density (eV cm™) Uyir 7.65 (1.46, 10) 0.01-10
NIR energy density (eV cm™) U,ir 0.08 (0.01, 5) 0.01-5
PWN radius now (pc) Rpyn 0.80

Magnetic field now (uG) B 17.35

Reduced y? x*/D.O.F. 6.39/2(3.19)

Systematic uncertainty o 0.28 0.01-0.5
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Figure 2.3: From left to right: SED from our model for PWN G11.2-0.35, and the re-
sulting joint SED for PWN G11.2-0.35 and HESS J1809-193. The radio, X-ray and y-ray
data (including the upper limits indicated by the short blue horizontal line) for G11.2-0.35
are from Tam et al. (2002), Roberts et al. (2003) and Eagle (2022) respectively. TeV data
are from HESS J1809-193 (Aharonian et al., 2007).
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Figure 2.4: From top to bottom, left to right: Representative SEDs for Model 1, Model 2
Model 3, Model 4 and Model 5, respectively. The radio, X-ray and y-ray data in the SED
are from Tam et al. (2002), Roberts et al. (2003) and Eagle (2022) respectively.

SNR G11.2-0.3 is a young composite SNR with a central PWN (PWN G11.2-0.35) likely
associated with a supernova explosion recorded in 386 A.D. by Chinese astronomers
(Clark et al., 1977). It hosts a ~ 65 ms X-ray pulsar, PSR J1811-1925, with a spin-
down luminosity of E = 6.4 x 103 erg s™! (Torii et al., 1997, 1999). Distance estimates
for this system vary significantly, ranging from 10 kpc (Pavlovic et al., 2014) to as close as
4.4 kpc (Kilpatrick et al., 2016; Green, 2004). Roberts et al. (2003) performed a detailed
X-ray study of the shell and PWN, suggesting an SNR age of ~2 kyr, while the supernova
explosion association implies an age of 1.6 kyr, which we adopt here.

A nearby TeV vy-ray source, HESS J1809-193, was reported by Aharonian et al.
(2007), but its association with G11.2-0.3 remains uncertain. The angular separation
(about 0.4° between PSR J1811-1925 and the center of HESS J1809-1903) and generally
smaller distance estimates for HESS J1809-193 (ranging from 3.3 to 3.7 kpc, Yao et al.
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(2017); Cordes & Lazio (2002); Morris et al. (2002)) argue against a connection. This
view is also supported by several studies (Kargaltsev & Pavlov, 2007; Dean et al., 2008;
Tanaka & Takahara, 2013) that favor alternative associations with this TeV source, such
as with PSR J1809-1917, SNR G11.0-0.0, and G11.18+0.01.

However, the recent estimate of the kinematic distance of 3.7 + 0.2 kpc by Ranas-
inghe & Leahy (2022), which incorporates both the measurements of HI and the velocity-
broadened molecular line data (Kilpatrick et al., 2016), brings the distance of G11.2-0.3
to 3.7 + 0.2 kpc.

Eagle (2022) searched for y-ray emission from various PWNe, including PWN G11.2-
0.35, using Fermi-LAT data. Earlier, Tanaka & Takahara (2013) analyzed the radio and X-
ray emission from PWN G11.2-0.35 using their spectral evolution model for young TeV
PWNe. Their model uses the distance, size, pulsar period, spin-down rate and braking
index n as input, and fits parameters such as age (f,,.), magnetization fraction () and
particle distribution (V,uax, Yimin> Vo> P1, P2).- These parameters allow calculation of the
expansion velocity (v,,), current magnetic field (B,,,), initial spin-down timescale (7o),
and initial rotational energy (Lo7o). Assuming a distance of 5 kpc, they obtained 7., =
2.0kyr, v, = 1.0x 10°, p; = 1.5, p, = 2.6, and B,,,, = 17 uG.

Incorporating the Fermi-LAT data from Eagle (2022), we performed a detailed multi-
band spectral fit for PWN G11.2-0.35. The parameters used for our model of PWN G11.2-
0.35 are summarized in Tab. 2.3. Based on its possible association with the supernova
explosion in 386 A.D., we adopt an age #,,, = 1.6 kyr. The ISM density is set to n;,, = 1.7
as in Priestley et al. (2022), and the distance is fixed at the latest 3.7 kpc (Ranasinghe &
Leahy, 2022). The y-ray data used in the fit are from Eagle (2022), with flux errors
representing 1o statistical uncertainties.

The SED on the left panel of Figure 2.3 shows that our fit yields a y?/D.O.F. = 6.39/2,
largely due to the limited available data. Despite this, the model captures the overall
spectral shape well, with the dominant high-energy component arising from IC scattering
off FIR photons. The fitted FIR energy density is relatively high at 7.65 eV cm™. The
current PWN radius is estimated at 0.80 pc, consistent with the observed size of 0.97
pc, and the present magnetic field is 17.35 uG, aligning well with the 17 uG reported in
Tanaka & Takahara (2013), typical for young PWNe. The model also predicts a maximum
photon energy of ~ 0.4 PeV.

We also attempted a joint fit using radio, X-ray, and GeV y-ray data from PWN G11.2-
0.35 and the TeV data of HESS J1809-193. The resulting energy spectrum is also shown
in Figure 2.3. Although the overall fit appears reasonable, several issues exist. First,
achieving a good fit required an unusually high FIR density of 20 cm™>. Second, the
angular offset between PWN G11.2-0.35 and the center of HESS J1809-193 is ~ 0.4°,
significantly greater than the ~ 0.1° offset for PSR J1809-1917, which is considered to be
a more likely counterpart. Lastly, replacing the Fermi data for PWN G11.2-0.35 with that
for the entire HESS J1809-193 region leads to a pretty poor multi-band fit.

Given the complexity of this region, it is more plausible that HESS J1809-193 origi-
nates from a combination of multiple sources, including SNR G11.2-0.3 (possibly includ-
ing PWN G11.2-0.35), G11.18+0.01 (likely powered by PSR J1809-1917) and G11.0-0.0
(near the peak of the TeV emission). This probably explains why the GeV data from the
extended TeV source cannot be matched solely with the radio and X-ray emission from
PWN G11.2-0.35.

Similarly, a performance evaluation was performed based on 200 fits.
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e Model 1: 112 fits (56%), local optimum. The representative values of the free
parameters - vy, i, &2, Mej, 0, Ugr, Uyir, and systematic uncertainty o~ - are approx-
imately 1 x 107, 2.46, 1.58, 20 M, 0.032, 10 cm~3, 5 cm~3, and 0.22, respectively.
The corresponding reduced Xz’ magnetic field B, and radius R, are about 12.5,
45 uG, and 0.77 pc. A representative SED is shown in the top left panel of Fig-
ure 2.4.

e Model 2: 33 fits (16.5%), global optimum. The representative values of the free
parameters are approximately 1.5x 10°, 1.0, 2.52, 10 M, 0.03,9 cm™, 0.01-5, and
0.26, respectively. The corresponding reduced y?, magnetic field B, and radius Ry,
are about 3.2, 15 uG, and 0.76-1.1 pc. A representative SED is shown in the upper
middle panel of Figure 2.4.

e Model 3: 7 fits (3.5%), local optimum. The representative values of the free
parameters are approximately 0.1 x 10°, 1.97, 1.0, 20 M, 0.5, 10 cm™, 5 cm~3,
and 0.5, respectively. The corresponding reduced y*, magnetic field B, and radius
Rpwn are about 17.06, 163 uG, and 0.84 pc. A representative SED is shown in the
top right panel of Figure 2.4.

e Model 4: 10 fits (5%), local optimum. The representative values of the free pa-
rameters are approximately 7.5 x 10°, 1.0, 3.22, 8 M, 0.5, 10 cm™3, 5 cm™3, and
0.42, respectively. The corresponding reduced y?, magnetic field B, and radius Ry,
are about 3.65, 85 uG, and 1.3 pc. A representative SED is shown in the bottom left
panel of Figure 2.4.

e Model 5: 21 fits (10.5%), local optimum. The representative values of the free
parameters are approximately 1 x 10%, 3.4, 1-1.45, 20 M, 0.01, 10 cm™, 5 cm™3,
and 0.01, respectively. The corresponding reduced y?, magnetic field B, and radius
Rpwn are about 15, 10 — 40 uG, and 0.72 pc. A representative SED is shown in the
bottom right panel of Figure 2.4.

e Others: 17 fits (8.5%). This includes a failed fit and several different local optimal
models that do not belong to any of the above models.

Of the 200 fits, only Model 2 corresponds to the global optimal solution, accounting
for only 16.5%, which is significantly lower than that for the Crab Nebula and 3C 58. The
majority of the fits (Model 1) and all remaining models (Models 3 to 5) are trapped in
local minima and thus fail to capture the best-fit results. As with the Crab Nebula and 3C
58, these non-global-optimal solutions can be readily identified by their unusually large
reduced y? values (e. g., Model 1, Model 3, and Model 5), systematic uncertainties pinned
to their lower (0.01) or upper (0.5) limits (e.g., Model 1, Model 3, and Model 5), and
overall poor SED fits.

2.2.4 Conclusions

In conclusion, the risk of falling to a local minimum increases when the available observa-
tional data are sparse. Thus, it is particularly important to perform multiple fits with varied
initial parameter values in such cases to ensure a more reliable global optimal solution.
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Chapter 3

A Systematic Search for MeV-GeV Pul-
sar Wind Nebulae without Gamma-ray
Detected Pulsars

Contents of This Chapter

This chapter presents the results of a collaborative project accepted for publication in
Apl(in press, Eagle et al., 2025), in which I served as one of the corresponding authors,
focusing on the identification and modeling of MeV-GeV PWNe using Fermi-LAT obser-
vations. After a brief overview of the source selection criteria and data analysis pipeline,
two sections are emphasized:

e Comprehensive system checks to validate the spectral analysis results, based on
extended Fermi-LAT datasets and alternative analysis assumptions (e.g., with and
without weighting).

e Detailed radiative modeling of five representative PWN candidates using a time-
dependent leptonic emission model. The corresponding script, developed by the
author, is provided in Appendix A.1.

These two components constitute my primary contributions to this work and are pre-
sented in Sections 3.3 and 3.2.4.
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3.1 Introduction

To date, approximately 125 PWNe and candidates have been identified from radio to TeV
energies, with PWNe constituting the dominant TeV source class in the Galaxy (H. E. S. S.
Collaboration et al., 2018b). In contrast, only 21 of them are associated with Fermi-LAT
sources in the 4FGL-DR4 catalog (Ballet et al., 2023), reflecting challenges in the GeV
band due to the strong diffuse Galactic background and potential confusion with pulsar
magnetospheric emission.

This study presents a systematic search for y-ray emitting PWNe using 11.5 years
of Fermi-LAT Pass 8 data in the 300 MeV to 2 TeV range. We focus on 58 regions of
interest (ROIs) associated with previously known PWN candidates that lack MeV-GeV -
ray-detected pulsars, thereby minimizing pulsar contamination and improving sensitivity
to nebular emission. Each ROI is analyzed using standard FermiPy tools, and sources
are classified based on spectral and spatial characteristics. The resulting catalog includes
36 GeV-detected sources, of which many are newly reported PWNe or strong candidates.
A significant portion of this work includes the broadband spectral modeling and cross-
validation of these detections, which are the focus of Sections 3.3 and 3.2.4, where 1
contributed the most.

3.2 Analysis Workflow

3.2.1 Sample Selection and Fermi-LAT Data Reduction

The initial step in this study involved building a comprehensive list of PWNe or PWN
candidates previously identified in radio, X-ray, and TeV observations. From this list, we
selected [125 — 63 —4 =] 58 ROIs (for the full list, see Table 1 in Eagle et al., 2025) based
on the following criteria:

e Exclusion of systems with Fermi-LAT detected pulsars to reduce contamination
from pulsed emission (63 PWNe / PWN candidates).

e Removal of sources within 1° of the Galactic Center due to complex background
modeling (4 PWNe / PWN candidates).

e Selection of PWNe from well-established TeV catalogs (e.g., H.E.S.S. , MAGIC,
VERITAS) and X-ray/radio SNR/PWN catalogs (see e.g., Ferrand & Safi-Harb,
2012).

We analyzed each ROI using Pass 8 SOURCE class data (zenith angle < 90°) collected
from August 2008 to January 2020, and performed spectral and spatial modeling with
the FermiPy package (Wood et al., 2017). Spatial and energy bin sizes were settled to
0.1° and 10 bins per decade, respectively. For each ROI, an initial global binned likeli-
hood analysis was performed by combining four binned likelihood analyses on the four
PSF event types (PSFO-PSF3)!, respectively. To refine spatial characterization, we sub-
sequently repeated the likelihood analysis using only PSF3 events, which offer the best

'PSFO-PSF3 correspond to increasing levels of angular reconstruction quality, with PSF3 provid-
ing the best resolution. See https://www.slac.stanford.edu/exp/glast/groups/canda/lat_
Performance.htm for details.
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angular resolution. For ROIs with faint (TS < 25 using PSF3 events only) and point-like
residuals, we included all PSF types to enhance photon statistics. This applies to four
ROIs: G54.10+0.27, B0453-685, G327.15-1.04, and G318.904+0.40. The remaining 54
ROIs, which show significant or extended residual emission, were analyzed using PSF3
events exclusively.

3.2.2 Spatial and Spectral Analyses

Each ROI was modeled following this procedure:

Definition of ROI size: A 10° x 10° region is used for most ROIs, with a 15° ra-

dius for the source model. For two ROIs overlapping large SNRs, we adopt larger
regions: 15° [20° model radius] for G74.00-8.50, and 20° [25°] for G179.72-1.69.

Load background components:

— Galactic diffuse model: gll_iem v07.fits;

— Isotropic component: iso_ P8R3_SOURCE V3 _v1.txt (for the four ROIs using
all events) or iso_P8R3_SOURCE_V3_PSF3_v1.txt (for others);

— Known sources from 4FGL-DR2 (or DR4 when necessary).

— Allow all sources with TS > 25 and within 3° of the ROI center, to vary in
both normalization and spectral index (and the normalization for isotropic and
Galactic diffuse components) during the fit. Faint sources (TS < 25) are re-
moved.

Source detection: Use TS and count maps in multiple energy bands (300 MeV-2 TeV,
1-10GeV, 10-100 GeV and 100 GeV-2 TeV) to identify y-ray residuals. For each
ROI with significant residual (TS > 25, ), add or select (from 4FGL sources) only
one source as the corresponding PWN counterpart candidate.

Morphology fitting: Test both point-like and extended templates (RadialDisk and
RadualGaussian) for these selected candidates. The resulting extended model with
TSexe > 16 would be adopted. The results of the spatial analyses for these candidates
are listed in Table 2, 3, and 4 of Eagle et al. (2025).

Spectral modeling: Fit with power-law or log-parabola (when TS;q.p = 210g (%f;)

> 4) functions. The results of the spatial analyses for these candidates are listed in
Table 5 of Eagle et al. (2025).

SED: For detected candidates, i.e. TS > 25, generate the SED in energy range
of 300 MeV-1 TeV with seven energy bins, and measure the systematic errors for
each energy bin (see the full results in Table 6 and C1 of Eagle et al., 2025). For
non-detections, calculate their 95% confidence level (C.L.) upper limit fluxes for
the energy range of 300 MeV-2TeV (see Figure 6 in Eagle et al., 2025).
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Table 3.1: Summary of likely PWNe and PWN candidates. Adapted from Eagle et al.

(2025).
Galactic PWN Name 4FGL Name R.A. (deg) Dec. (deg) TS TSext r(°) 95% U.L. r (°)
Likely Point-like PWNe
G29.70-0.30 J1846.4—-0258 (DR4) 281.60 -2.96  20.7 none none 0.09
G54.10+0.27 J1930.5+1853 (DR3) 292.65 18.90  31.1 none none 0.10
G279.60-31.70 J0537.8—6909 84.40 -69.18 168.3 none none 0.04
G279.80-35.80 * 73.46 -68.47 18.4 none none 0.15
G315.78-0.23 J1435.8—6018 219.36 -60.11  37.4 none none 0.14
G327.15-1.04 J1554.4-5506 (DR3) 238.59 -55.11 34.1 none none 0.08
Point-like PWN Candidates
G11.18-0.35 J1811.5-1925 272.88 -19.44  53.9 none none 0.05
G16.73+0.08 J1821.1-1422 275.29 -14.35 142.5 none none 0.05
G18.90-1.10 J1829.4-1256 277.34 -12.88 101.8 none none 0.06
G20.20-0.20 J1828.0-1133 277.02 -11.57 153.9 none none 0.06
G27.80+0.60 J1840.0-0411 279.97 -4.27 131 none none 0.04
G39.22-0.32 J1903.8+0531 285.97 +5.50  129.7 none none 0.05
G49.20-0.30 J1922.7+1428¢ 290.70 14.27  157.2 none none -
G49.20-0.70 * 290.74 14.09  28.0 none none 0.03
G63.70+1.10 J1947.742744 296.96 27.73 939 none none 0.07
G65.73+1.18 J1952.84+2924 298.13 29.46  123.3 none none 0.05
G74.94+1.11 J2016.2+3712 304.04 37.20  66.3 none none 0.04
G318.90+0.40 J1459.0-5819 224.69 -58.38 55.6 none none 0.10
G337.20+0.10 * 248.88 -47.19  18.4 none none 0.06
G337.50-0.10 J1638.4—4715¢ (DR3) 249.67 -47.28 42.7 none none 0.09
G338.20-0.00 J1640.6-4632 (DR1) J1640.7-4631e (DR3) 250.19 -46.57 168.3 none none 0.19
Likely Extended PWNe
G8.40+0.15 J1804.7-2144e 271.11 -21.74 104.859.650.29 +£0.02 + 0.11 0.34
G25.10+0.02 J1836.5-0651¢ 279.24 -6.91 1174 616.2 0.53 £ 0.02 + 0.06 0.56
G25.24-0.19 J1836.5-0651¢e - - - - - -
Extended PWN Candidates
G332.50-0.28 J1616.2—5054¢ 24420  -50.99 485.1187.30.31 +£0.02+0.03 0.35
G332.50-0.30 J1616.2—-5054¢ - - - - - -
G336.40+0.10 J1631.6—4756¢ 248.14  —4791 94.5 24.560.19 +£0.03 £ 0.83 0.23
G11.03-0.05 J1810.3—-1925¢ 27239  -19.42 84.0 25.88 0.41 +0.05 +0.05 0.49
G11.09+0.08 J1810.3—1925¢ - - - - - -
G12.82-0.02 J1813.1-1737¢ 273.47  —-17.65 854.6195.60.41 +£0.02 +0.03 0.45
G15.40+0.10 J1818.6—1533 274.60  —15.10 394.520.600.19 £ 0.03 +0.10 0.24
G24.70+0.60 J1834.1-0706e 278.53 -7.32 290.972.570.19 £ 0.02 £ 0.02 0.22
G29.40+0.10 J1844.4-0306 281.15 -3.10 195.771.050.27 £ 0.04 + 0.03 0.34
G328.40+0.20 J1553.8—-5325¢ 238.61 —53.38 1070 436.50.43 £0.02 £ 0.03 0.46

Note. Columns include the PWN name, its associated 4FGL source (entries marked with ‘*’ indicate no association; sources
J1836.5-0651e, J1616.2—5054e, and J1810.3—-1925¢ each correspond to two PWNe), J2000 coordinates, TS values, and the 95%
upper limit on r. For extended sources, the table also lists TSex¢ values for sources modeled with a radial Gaussian model, and the
best-fit extension radius r along with its 1o statistical and systematic uncertainties.

Table 3.2: Summary of PWN Classification Criteria.

Classification Criteria

Likely PWNe (Total = 9)

Candidate PWNe (Total = 21)

TeV counterpart present

TeV source identified as PWN

Multiwavelength study supports PWN origin
Confirmed Multiwavelength PWN counterpart

Location in LAT sky

7
6
9
9

Generally in non-complex regions

8

2
~3

8

Some in complex or uncertain regions

Note. The numbers indicate how many sources in each group satisfy the respective criterion. Reproduced from Table 7 of Eagle

et al. (2025).
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Figure 3.1: Top: Left: TS map of the likely point-like PWN G54.1+0.30 (J2000 coor-
dinates). The green circle denotes the 95% localization of 4FGL J1930.5+1853; black
and blue circles indicate the X-ray PWN and the 68% extension of HESS J1930+188,
respectively. Unrelated 4FGL sources are shown in cyan. Maximum TS ~ 32. Right:
Fermi-LAT spectrum of 4FGL J1930.5+1853 (blue band, yellow points), overlaid with
the HESS spectrum (green points and grey band; H. E. S. S. Collaboration et al. (2018a)).
The blue upper limit below 1 GeV indicates additional systematic error, as discussed in
Section 3.6 of Eagle et al. (2025).

Bottom: Left: TS map of the likely extended PWN G8.40+0.15. HESSJ1804-216
is shown in black; PSRJ1803-2137 and its X-ray nebula in white. Radio contours
of SNR G8.7—-1.4 are overlaid in blue. The dashed white circle marks the unmodeled
4FGLJ1804.7-2144e. The best-fit LAT extension is shown in yellow. Maximum TS
~ 122. All 4FGL sources are labeled in cyan. Right: Fermi-LAT SED (yellow points
with blue band) and best-fit model compared with the HESS data (grey band and points;
H. E. S. S. Collaboration et al. (2018a)). The Log-Parabola model from Liu et al. (2019)
is shown in pink. Additional systematic error below 1GeV is indicated as a blue flux
erTor.

Reproduced from Figure 3 and 6 of Eagle et al. (2025).
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3.2.3 Source Classification

To identify a GeV detection as a likely PWN counterpart, we applied the following crite-
ria:

e spatial coincidence with a known PWN detected at radio, X-ray, or TeV wave-
lengths;

e consistent spatial extension between the Fermi-LAT detection and that observed in
other wavebands;

o the energetics of the associated pulsar, PWN, and the host SNR.

While positional overlap provides an initial clue, it is insufficient on its own due to
source confusion and the limited angular resolution of Fermi-LAT . The extent of an
evolved PWN, often comparable in radio and GeV but smaller in X-ray/TeV, can vary
significantly with evolutionary phase. In particular, PWNe in the reverberation phase may
develop distinct high- and low-energy components with different morphologies, compli-
cating interpretation (see e.g., Bandiera et al., 2023a,b; Torres et al., 2017). Energetic
diagnostics offer additional insight but rely on detecting the associated pulsar and SNR
shell, which often absent or uncertain. Pulsars are the most numerous Galactic y-ray
sources (Smith et al., 2023; Ballet et al., 2023), and SNRs outnumber confirmed PWNe
by a factor of two, making contamination likely. At E < 10 GeV, several sources show
spectral signatures suggestive of pulsar emission, further blurring classification.

With these considerations, among the 58 ROIs analyzed, we identified 36 y-ray sources,
including 9 likely PWNe (6 point-like and 3 extended) and 21 PWN candidates (15 point-
like and 6 extended). The full list is provided in Table 3.1, with classification criteria
summarized in Table 3.2. Most of these sources are also discussed in detail in Section 4.3
of Eagle et al. (2025).

The nine likely PWNe exhibit significant emission above 10 GeV, suggestive of a
PWN origin. Figure 3.1 shows the TS maps and best-fit SEDs for G54.1+0.30 and
G8.4+0.15, representative of point-like and extended likely PWNe, respectively. How-
ever, multiwavelength follow-up observations are necessary to confirm their classifica-
tion and to clarify the origin of the observed y-ray emission. Notably, three extended
sources among them would increase the number of Fermi-detected extended PWNe with-
out known y-ray pulsars from six to nine, and expand the total extended LAT-detected
PWNe from 12 to 15. No point-like PWNe are currently identified in the 4FGL-DR4
catalog (Ballet et al., 2023).

An additional 21 sources are classified as PWN candidates. These lack firm TeV
associations or reside in complex PSR/PWN/SNR environments where multiple high-
energy emission mechanisms may contribute. Our results (see Section 4.2 of Eagle et al.
(2025)) indicate that pulsars may contribute in 11 cases. Disentangling these contributions
requires further multiwavelength observational constraints.

In general, reliable PWN identification demands either morphological consistency
with known PWNe (e.g., Li et al. 2018) or correlated variability, the latter so far observed
only in the flaring Crab Nebula.
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Table 3.3: Data configuration details for the 11.5-year and 14-year Fermi-LAT analyses
used in system checks. Reproduced from Table A1 of Eagle et al. (2025).

Fermi-LAT Data Configuration

14 years (Weighted) 11.5 years (Weighted) 11.5 years (Unweighted)

Time range
Energy range
Catalog

Event Type

Zmax

Extended Source Template

Weighted (Y/N)
Fermitools version

4 Aug. 2008-15 Aug. 20234 Aug. 2008-1 Jan. 20204 Aug. 2008-1 Jan. 2020

300 MeV-1 TeV 300 MeV-1 TeV 300 MeV-2 TeV
4FGL-DR4 4FGL-DR2 4FGL-DR2
8/16/32 (0.3-1 GeV) 8/16/32 (0.3-1 GeV) 3
4/8/16/32 (1-1000 GeV) 4/8/16/32 (1-1000 GeV)
100° (0.3-1 GeV) 100° (0.3-1 GeV) 100°
105° (1-1000 GeV) 105° (1-1000 GeV)
Extended_14years Extended_8years Extended_8years
Y Y N
2.2.0 2.2.0 2.0.8

SED of G11.18 (4FGL J1811.5-1925)

SED of G12.82 (4FGL J1813.1-1737e)
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Figure 3.2: Comparison of SEDs derived from the original (11.5 yr) and updated (14 yr)
Fermi-LAT data for five selected sources.
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3.2.4 Systematic Checks and Validation

To evaluate the robustness of the primary results, we conducted a systematic validation
using updated Fermi-LAT data (14 years) and the latest 4FGL-DR4 catalog. The im-
pact of incorporating the likelihood weighting method described in Section 1.3.2 was also
assessed. Configuration details are summarized in Table 3.3, and the same five represen-
tative sources from Section 3.3 were re-analyzed.

The best-fit spectral parameters and SEDs remained consistent across all test cases.
Figure 3.2 compares the resulting SEDs, confirming that the main conclusions are robust
against changes in data volume, catalog version, and analysis method. These results sup-
port the internal consistency of the methodology and reinforce the persistent nature of the
identified PWN candidates.

3.3 Radiative Modeling of PWNe

Table 3.4: Parameters used in radiative modeling of five PWN candidates. Adapted from
Table 8 of Eagle et al. (2025).

PWN E (erg s 1. (kyr) d(kpc) PWN Radius (deg) Reference

GI1.18-035 | 6.4x10%  29.88 3.7 0.011 Madsen et al. (2020); Ranasinghe & Leahy (2022)
G12.82-0.02 | 5.6 x 10%7 5.6 6.2 0.05 H. E. S. S. Collaboration et al. (2018a); Joshi et al. (2023)
G15.40+0.10 | 7.0 x 103¢ 17 9.3 0.14 Suetal. (2017); H. E. S. S. Collaboration et al. (2014)
G29.70-0.30 | 8.1x10% 0723 5.8 0.0083 Straal et al. (2023)

G327.15-1.04 | 3.1x10% 174 9.0 0.02 Temim et al. (2015)

Note. For G11.18-0.35, we adopt an age of 1.6 kyr based on its historical association (Clark et al., 1977).
For G327.15-1.04 and G15.40+0.10, with no identified pulsars, E, 7., and distance follow estimates from
the listed references. G15.40+0.10 is assigned a typical E for pulsars powering PWNe.

To assess the physical plausibility of the y-ray emission in selected cases, we ap-
plied a one-zone, time-dependent PWN evolutionary model (Torres et al., 2014; Martin
& Torres, 2022). Five representative sources were modeled, including three PWN candi-
dates (G11.18-0.35, G12.82—-0.02, G15.40+0.10) and two likely PWNe (G29.70-0.30,
G327.15-1.04), whose adopted pulsar and nebular properties are listed in Table 3.4.

We varied nine physical parameters over conservative ranges:

o M € [8,15] Mo;

o oy €[1.0,1.6], a; € [2.2,2.8];

* v, € [10°,10°];

e n=20,2.5,3.0(2.16 for G29.70-0.30 post-burst; Livingstone et al. 2011);
e 7175 €[0.02,0.04];

e nism € [0.1,1.0]cm™3;

e Upr)nir € [1,3] X Ugarpror;

o fe €[0.7,1.3] 7. (fixed at 1.6 kyr for G11.2-0.35; Clark et al. (1977)).
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Figure 3.3: Example predicted SEDs (gray) compared with Fermi-LAT data (blue data
points) for five selected sources. Adapted from Figure 21 of Eagle et al. (2025).
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For each target, we generated 712 models sampling the parameter space: 512 from
binary combinations of extrema (2°; or 28 = 256 for G11.2—0.35 due to fixed age), plus
200 randomly sampled models. The resulting SEDs were compared with Fermi-LAT
spectra derived in this work (Figure 3.3). While the modeled flux levels generally match
the Fermi-LAT data, the spectral shapes often diverge, suggesting possible contamination
from nearby sources (e.g., pulsars or SNRs), environmental variations, or unaccounted
physical processes beyond the assumed parameter space.

3.4 The Fermi-LAT Population
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Figure 3.4: Left: GeV luminosity (300 MeV-2 TeV) versus pulsar spin-down power
E. Right: GeV luminosity versus pulsar characteristic age 7.. Both panels include 30%
uncertainties to account for flux and distance uncertainties. No significant correlation is
observed in either relation.

Figure 3.4 explores the relationship between GeV luminosity and pulsar properties
for firmly associated sources (see Table 3.5). The left panel shows the 300 MeV-2 TeV
luminosity as a function of the pulsar spin-down power E, while the right panel plots
luminosity versus characteristic age 7.. Luminosities were computed using flux uncer-
tainties and a 20% distance error, following the method of Acero et al. (2013). Pulsar
distances and characteristic ages are taken from the Australia Telescope National Facility
(ATNF) pulsar catalog? based on dispersion measures.

Consistent with earlier studies (e.g., Acero et al., 2013), no significant correlation is
found between GeV luminosity and either E or 7. This suggests that gamma-ray output
in this energy range does not scale simply with these basic pulsar parameters.

https://www.atnf.csiro.au/research/pulsar/psrcat
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Table 3.5: Key properties of pulsars associated with the analyzed PWNe. The upper
portion lists firmly associated pulsars for which Fermi counterparts were detected, while
the lower portion includes sources without Fermi detections. Reproduced from Table B1

of Eagle et al. (2025).

ROI  Galactic PWN Name

4FGL ID

Associated Pulsar d (kpc) 7. (kyr) E (103 erg s~

1 G8.40+0.15 J1804.7-2144e J1803-2137 3.42 15.8 22
2 G11.09+0.08 J1810.3-1925¢ J1809-1917 327 514 1.8
3 G11.18-0.35 J1811-1925¢e J1811-1925 500 233 6.4
4 G12.82-0.02 J1813.1-1737e J1813-1749 6.15 5.6 56
5 G18.00-0.69 J1824.5-1351e J1826-1334 3.61 214 2.8
6 G25.24-0.19 J1836.5-0651e J1838-0655 6.60 227 5.5
7 G26.60-0.09 J1839.0-0532¢ J1838-0537 1.3 4.89 6.0
8 G29.70-0.30 J1846.4—0258 (DR4) J1846-0258 58  0.728 8.1
9 G36.01+0.10 J1857.7+0246e J1856+0245 632 206 5.0
10 G54.10+0.27 J1930.5+1853 (DR3) J1930+1852 6.17 289 12
11 G279.60-31.70 (N 157B) J0537.3-6909 J0537-6910 49.7 493 490
12 G304.10-0.24 J1303.0-6312¢ J1301-6305 10.7 11 1.7
13 G315.78-0.23 J1435.8-6018 J1437-5959 8.54 114 1.4
14 G322.50-0.28 J1616.2-5054¢ J1617-5055 474  8.13 16
15 G338.20-0.00 J1640.6—4632 (DR1), J1640.7-4631e (DR3)  J1640-4631 127 3.35 44
1 G0.87+0.08 - J1747-2809 8.1 53 43.0
2 G23.50+0.10 - J1833-0827 4.4 147 0.58
3 G32.64+0.53 - J1849-0001 7.0 43.1 9.8
4 G34.56-0.50 - J1856+0113 2.81 20.3 0.43
5 G47.38-3.88 - J1932+1059 0.2 3100 0.004
6 G108.60+6.80 - J2225+6535 1.9 1120 0.001
7 G179.72-1.69 - J0538+2817 0.95 618 0.05
8 G266.97-1.00 - J0855-4644 5.6 141 1.1
9 G290.00-0.93 - J1101-6101 8f 116 1.4
10 G310.60-1.60 - J1400-6325 9.1 12.7 51
11 G341.20+0.90 - J1646-4346 6.2 325 0.36
12 G358.29+0.24 - J1740-3015 2.9 20.6 0.008

Note. Pulsar distances, characteristic ages, and spin-down powers are taken from the ATNF pulsar catalog (Manchester et al.,

2005).

T The distance for PSR J1101-6101 is adopted from Halpern et al. (2014).
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3.5 Discussion and Concluding Remarks

In this work, we presented a part of a large systematic study of y-ray emission from known
and candidate PWNe that lack of detected Fermi pulsars using 11.5 years of Fermi-LAT
data. Through a targeted search across 58 ROIs, we identified 36 significant sources,
including 9 likely PWNe and 21 PWN candidates, classified based on morphological and
spectral characteristics, as well as energetic consistency.

These results significantly expand the sample of potential y-ray PWNe, suggesting
that the Galactic PWN population detected by Fermi-LAT is likely underrepresented in
current catalog. We demonstrate that radial Gaussian models effectively describe the
morphology of most extended sources, including those with ambiguous associations.
Multiwavelength evidence remains critical for classifying and understanding many of
the sources, particularly in complex regions where confusion with SNRs or pulsars is
possible. Radiative modeling for five representative sources reinforces this conclusion.
While model fluxes generally align with Fermi-LAT measurements, mismatches in spec-
tral shape point to possible contamination from nearby objects, environmental inhomo-
geneities, or unmodeled physical processes.

The expanded sample serves as a valuable reference for future studies and presents a
prime target list for multiwavelength follow-up observations. A forthcoming study will
examine the off-pulse emission from LAT-detected pulsars to uncover additional PWNe
hidden beneath bright magnetospheric emission.
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Chapter 4

Analysis of the possible detection of the
pulsar wind nebulae of PSR J1208-6238,
J1341-6220, J1838-0537, and J1844-0346

Contents of This Chapter

In this chapter, we investigate the detectability of PWNe using the pulsar tree - a
graph-theoretical framework recently developed in my research group to classify pulsars
based on their intrinsic properties. By applying this method, we identified promising TeV
PWNe candidates and assess their potential for detection by current and future gamma-ray
observatories.

Specifically, we selected four candidate pulsars - PSR J1208-6238, J1341-6220,
J1838—-0537, and J1844—-0346 - based on their positions in the pulsar tree. Using our
time-dependent leptonic model and the script described in Appendix A.1, we simulate
the SEDs for these candidates. We then evaluate their detectability by comparing model
predictions with the sensitivities of major TeV observatories.

This study provides insight into the effectiveness and limitations of using pulsar tree
topology as a predictive tool, revealing its utility in isolating pulsars that may host Te V-
emitting nebulae, even when only intrinsic pulsar parameters are considered.

This work has been published in Astronomy & Astrophysics (A&A) (Zhang et al.,
2024).
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4.1 Introduction

Most of the radiative models used to describe pulsar wind nebulae (PWNe) are appli-
cable only to relatively young PWNe (where PWNe are not yet in contact with the re-
verse shock, so reverberation does not need to be considered in detail; see Bandiera et al.
(2023a,b) and references therein for discussion). According to existing models found to
be in agreement with observations, the low-energy radiation of a PWN is mainly from
synchrotron radiation generated by relativistic charges moving in a magnetic field, while
the high-energy radiation is due to inverse Compton (IC) scattering from environmental
photons — mainly far infrared (FIR) photons (see, e.g., Atoyan & Aharonian (1996); Aha-
ronian et al. (1997); Zhang et al. (2008); Gelfand et al. (2009); de Jager & Djannati-Atai
(2009b); Tanaka & Takahara (2011); Martin et al. (2012); Bucciantini et al. (2011); Torres
et al. (2014); Vorster et al. (2013); Torres & Lin (2018); Zhu et al. (2021). Only Crab is
known to be a self-synchrotron Compton (SSC) source. The SSC becomes relevant only
for highly energetic (around 70% of Crab) particle-dominated nebulae at low ages (of
less than a few thousand years) located in a FIR background with a relatively low energy
density (Torres et al., 2013).

The model used in this work to describe the evolution of PWNe is based on TIDE, a
one-zone leptonic time-dependent code capable of calculating both the energy spectrum
and the dynamical evolution of young and middle-aged PWNe. Here, a simple thin-shell
model is taken into account for the evolution of a PWN during the reverberation phase
(see the incorporation of model details with time in Torres et al. 2014; Martin et al. 2016;
Martin & Torres 2022). At the core of this model is seeking the solution of the equation
(Ginzburg & Syrovatskii, 1964)

ON(y,t)

0 . N(y,1)
rra —a—y[y(% HN(y,D] -

7(y,1)

The left side of this equation shows the evolution of the lepton distribution with time.
The right side represents the variation of the particle energy with time due to the energy
losses of different processes, including synchrotron, bremsstrahlung, IC, and adiabatic
losses. Additionally, it accounts for the effect of particle escape on the lepton distribution,
where 7(y, t) is the escape time (assuming through Bohm diffusion) with Q(y, t) being the
particle injection per unit energy per unit volume at a certain time ¢ and energy .

The pulsar tree (see Garcia et al. (2022); Garcia & Torres (2023); Garcia et al. (2024b,2)
for full details) is a new way of visualizing the pulsar population. In this paper, we search
for potential TeV PWNe based on their locations in the pulsar tree and use our one-zone
PWN leptonic model to predict their possible energy spectrum characteristics. In Sect.
4.2, we introduce an analysis of MST where most known TeV PWNe are located in the
lower-left region and choose candidates for further study, and subsequent sections show
our results for the four objects chosen. Conclusions are given in Sect. 4.4.

+ O(y, 1). 4.1

4.2 Methodology

4.2.1 Global properties and candidate selection
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. G1 *TeV PWNe Yet undetected at any freq.
G2 Detected at other freq. * Candidate PWNe

. G3 *Candidate PWNe analyzed in this work

. G4 -

* G5

+Pulsars with TeV PWNe

Figure 4.1: The pulsar tree and the positions of the selected pulsars in the pulsar tree.
Left panel: Pulsars with detected TeV PWNe (gray dots) noted in the pulsar tree, the
minimal spanning tree of the pulsar population. Middle panel: Grouping of pulsars. The
pulsars have been grouped in a way that allows us to comment on their different features
(see text). This is a zoom-in of the bottom-leftmost part of the MST (the area enclosed by
the red ellipse), which is where most of the TeV PWNe are located. Right panel: Same
zoom-in as in the middle panel, but we note the 29 pulsars with confirmed TeV PWNe, the
13 pulsars with confirmed PWNe at other frequencies, the nine pulsars without a PWN
detected at any frequencies yet, and the ten remaining pulsars for which there are only
unconfirmed candidate PWNe claimed. Four selected candidates analyzed in this work
are noted in red, and these also belong to the group of ten pulsars. From top to bottom,
the red points represent PSR J1844-0346, PSR J1341-6220, PSR J1838-0537, and PSR
J1208-6238, respectively.

4.2.2 Computing the pulsar tree

The first panel of Fig. 4.1 shows the pulsar tree (Garcia et al., 2022). Online access
to this figure (and tools to zoom and label each node) is also available.! The pulsar
tree uses a graph theory tool known as a minimum spanning tree (MST) to represent the
PP diagram. The MST is a graph that connects points in a multi-dimensional space.
Each point (pulsar) is linked to at least another by an edge whose length is associated
with a given distance. The latter is taken to be the Euclidean distance over the principal
components of magnitudes representing the intrinsic characteristics of pulsars. The pulsar
properties considered are the spin period (P), spin period derivative (P), characteristic age
(7.), spin-down luminosity (E), surface magnetic field (B,), light cylinder magnetic field
(By.), Goldreich-Julian charge density (75;), and surface electric voltage (®,). The edges
of an MST are chosen so that the sum of their lengths (equivalently, the sum of the total
distance) when all nodes are linked and the whole population is connected is minimal.
Graph theory shows that as long as distances are distinct, the MST is unique. Its definition
intuitively implies that the MST is a classification technique.

4.2.3 The pulsar tree and the PWNe

As can be seen in the first panel of Fig. 4.1, most of the pulsars with detected TeV PWNe
(H. E. S. S. Collaboration et al., 2018a) are clustered in the lower-left region of the pulsar
tree. There are 61 pulsars in this region, shown in the second panel of Fig. 4.1. Twenty-
nine of them have confirmed TeV PWNe, 13 pulsars have confirmed PWNe detected in

"http://www.pulsartree.ice.csic.es/pulsartree
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other bands, and another ten pulsars have been noted to have possible PWN counterparts
at some frequencies that have not yet been confirmed. We did not find any reports re-
garding possible PWNe in any bands for the remaining nine pulsars. The overdensity of
TeV-detected PWNe in a small part of the MST is quite notorious. If TeV PWNe were
placed randomly in the MST, the probability that this overdensity existed would be negli-
gible. The MST is joining similarly energetic and relatively young sources that are prone
to have TeV PWN behavior. However, we recall that no connection with the environment
or with the progenitor is part of the distances underlying the MST.

Table 4.1 lists the (61-29=) 32 pulsars without confirmed TeV PWNe. We used the
visually obvious branches appearing in the pulsar tree in this region to divide the pulsars
into five groups for further study (see the middle panel of Fig. 4.1). The sources located
at the junctions of these branches are included in the group to which they are the most
similar. For example, PSR J1826-1256, which is at the junction of G1, G3, and G4, has
six (five) [three] of the eight magnitudes considered that are larger or smaller than the
corresponding values of the sources in G1 (G3) [G4]. So we include it in G4. None
of the sources in G5 have a detected TeV PWNe. Also, we observed that the values of
E and @, (proportional to P/P?) in G5 are smaller than those in any other group. Of
the six pulsars in G1 with the smallest values in E and @, only PSR J1809-1917 has a
detected TeV PWN. Similarly, the G4 pulsars PSR J1341-6220, PSR J2111+4606, and
PSR J1208-6238, which have the smallest £ and ®, (PSR J2111+4606 does not have a
PWN detected in any band so far), and the other two sources have only a possible PWN
in X-ray and radio, respectively. The tree seems to group together pulsars that are less
likely to have detectable PWNe.

From the sources that do not have a confirmed TeV PWN already, we selected can-
didates for further study from possibly young sources with 7. < 15 kyr, which still lack
a detailed radiative analysis from which predictions can already be derived. We chose
PSR J1838-0537, PSR J1208-6238, PSR J1844-0346, and PSR J1341-6220 under these
conditions. The positions in the pulsar tree of these four sources are also shown in Fig.
4.1. Our subsequent investigation sought to determine whether these four pulsars could
be producing plausibly observable PWNe, or if models similar to those used to describe
other well-known PWNe predict that they should be undetectable.
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4.2.4 Prior TeV observations and PWN models

The positions of all four candidates are covered in the H.E.S.S. Galactic Plane Survey
(HGPS; H. E. S. S. Collaboration et al. (2018b)), and no PWNe was claimed at its sen-
sitivity for the regions of PSR J1208-6238 and PSR J1341-6220. HESS J1841-055 and
HESS J1843-033 are reported near PSR J1838-0537 and PSR J1844-0346, respectively,
and both of them are regarded as one of a few plausible counterparts, based on being spa-
tially coincident with the very high energy (VHE) source, albeit without certainty. Thus,
we note the sensitivity of the HGPS at the position of the pulsars as an upper limit in their
corresponding spectral energy distributions (SEDs) below, when appropriate.

We simulated the possible SEDs of the putative PWNe of all four candidates using
our one-zone leptonic model. The relevant physical parameters involved are shown in
Table 4.2. The true age, t,4, of the pulsar was assumed to range from either 0.7 to 1.3
times 7. or as wide a range as possible in order to secure a positive initial spin-down age
7o given the adopted braking index. The base energy densities of soft photon fields, FIR
and near infrared (NIR) photons, were adopted from the GALPROP code according to
the coordinates and distances of these sources (Porter et al., 2022). However, considering
that the GALPROP model estimates could underpredict the densities at the scale relevant
for PWNe (see the discussion in Torres et al. (2014) and references therein), the energy
densities were assumed to range from one to three times these values.

We constructed models that range over nine parameters, as described in Table 4.2.
We combined the minimum and maximum values of each of the nine parameters, which
gave us 2°=512 models, and then we added a group of 1000 model realizations by taking
random values within all of these intervals, yielding a total of 1512 possible models for
each source. These models span the range of possible SEDs given the uncertainties, and
we used them to assess how likely it is to detect these PWNe in case they behave in a
manner similar to the ones that are already known. We note that we considered a wide
span of ejecta masses. A lower M,; would result from a zero-age main sequence eight
solar mass progenitor and could also be possible for windy progenitors such as luminous
blue variables and Wolf-Rayet stars but would not be the usual case. Variations in the
explosion energy are expected to be mild for such young pulsars, where approximately,

for instance, R,,,,() o NLot/E,,V, it,and V,; = y/10E,/(3M,;) while in free expansion.

4.3 Results
4.3.1 PSR J1208-6238

A very young, energetic, and highly magnetized radio-quiet y-ray pulsar, PSR J1208-
6238 has a spin-down luminosity of 1.51 x 10°® erg s~!. Its spin frequency and its first-
order derivative are 2.2697 Hz and —16.8427 x 1072 Hz/s, respectively, resulting in a
characteristic age 7. of 2672 years, and its braking index is n = 2.598, based on five years
of Fermi-LAT observations (Clark et al., 2016). The inferred dipolar magnetic field is
relatively high, 3.8 x 10'® G. The distance (D) to this pulsar is unknown, and we adopted
3,6, and 10 kpc as different assumed values. Since the discovery of the pulsar, no evidence
of a PWN has been observed at any wavelength until Bamba et al. (2020) reported X-ray
emission from a possible PWN. The confidence level of this detection is 4.4 o, but the

2025-06-25 WEI ZHANG - DOCTORAL THESIS 44



PRI YO 10 100

103t

PRI YR 1025 10

—
o
T

Frequency (Hz)
1815 XO(ZU 102 10% 10°

1035
\ 1033

— Ny/
/ ) N
\/ % 53
% 10 o
PSR J1208-6238 PSR J1208-6238 PSR J1208-6238

107 10 107> 10° 10° 10 107 1075 10° 10-% 107 107> 10° 10
Energy (GeV) Energy (GeV) Energy (GeV)

10 kpc)

3.0 kpc)

6.0 kpc)

-
o

10%

cm—2

s71,d

-
n 10-13} " ™

._.
2

+

Flux (erg s~ cm™2)

Flux (erg

-

o
i
=

1031 10-15

,_.
o
o
W
Luminosity (e

,_.
o

2
Luminosity (erg s, d

Luminosity (erg s%, d

Frequency (Hz) Frequency (Hz) Frequency (Hz) —

105 10° 100 on 102> 10%° g 105 10 100 0% 102> 103 g 105 10° 100 o% 102° 10%° ¥

— ’ X I " ~ >

= \ \/ o \ \/ / l10% o \ & / e
~10712|= W/ 1103w o~ Vi © o~ 10712 v {10 32
! [ [[— i
§ % © § © § % ©
- PR 2" - -~
' 10-14 X 10310 1p-14 * 0%, g H 1092
2 o 2 o 2 o
<L L L [N g
3 2 3 1002 3 >
T 1071 1023 1071 2 T 107 10%° g
PSR J1208-6238 E PSR J1208-6238 E PSR J1208-6238 £

1075 1071 10> 107 10° 3 1075 1071 10~ 100 10 3 10°% 107 10> 107 10° §

Energy (GeV) Energy (GeV) Energy (GeV) -

Figure 4.2: Predicted set of SEDs for the PWNe of PSR J1208-6238. First three panels:
Predicted SEDs for the PWN of PSR J1208-6238 with distances assumed to be 3 kpc, 6
kpc, and 10 kpc, respectively. The sensitivities of several instruments are from the CTA
public website?. Last three panels: Fifty predicted SEDs for the PWN of PSR J1208-
6238. These predictions were obtained by fixing 7 to 0.003 (for 3 kpc) or 0.004 (for 6 and
10 kpc) and randomly selecting the other eight parameters in the ranges shown in Table
4.2.

association with a PWN is unclear (see the discussion of these authors). Their results
would imply a conversion factor of E to the X-ray luminosity, which is unusually small
(< 107* D2, where Ds represents the distance of the pulsar in units of 3 kpc).

Figure 4.2 shows the model realizations under different distance assumptions. At 3
kpc (this distance is also adopted in Clark et al. 2016 and Bamba et al. 2020), most of
the model realizations would lead to a detectable PWN surrounding PSR J1208-6238,
despite all of the models concluding that it would be undetectable in the HGPS. However,
the realizations would all conflict with the X-ray observations of the region unless the size
of the PWN is different from the X-ray region that is covered. Indeed, in the analysis of
Bamba et al. (2020), the authors used a ring centered on the pulsar as the possible PWN
region, which had an inner radius of ~ 5" and an outer radius of ~ 9” (i.e., 0.13 pc outer
radius at an assumed distance of 3 kpc). However, in our models, R, ranges from 0.3 to
4 pc at the same distance. If the X-ray size of this PWN is underestimated, the X-ray flux
may also be underrated.

In the case of 6 kpc, only eight models do not exceed the X-ray upper limit, but all
of them would be below the sensitivity of any available TeV observational equipment,
rendering the PWN undetectable. Even at 10 kpc (which is still within the maximum
distance of 18.9 kpc reported in Clark et al. (2016) by assuming that this pulsar is at the
Galaxy edge for the given line of sight), this number rises to 41, representing 2.71% of the
total 1512 models, all of which are also undetectable in the TeV band. This result would
be consistent with the fact that no TeV sources have been observed in this region so far. If
this PWN behaved similarly to others in the known sample, we would likely find no TeV
counterpart from it.

https://www.ctao.org/for-scientists/performance/
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If the X-ray flux is indeed to be taken as an upper limit of the PWN, we also considered
whether such a low flux could be just the result of a more extreme value of the magnetic
fraction. Such low values were also needed in the modeling of some other PWNe (see the
compilation provided by Abdelmaguid et al. (2023)). Here, the value of 17 needs to be less
than 0.004 for 3 kpc and less than 0.005 for 6 and 10 kpc (as shown in the bottom panels
of Fig. 4.2) to respect the X-ray upper limit and make the TeV fluxes reach the sensitivity
of the southern array of the Cherenkov Telescope Array (CTA) (which we refer to as S-
CTA). These values of n are much lower than the typical value found in other nebulae,
which is typically around a few percent. This does not seem to offer a solution to the
fact that it seems unlikely that PSR J1208-6238 would produce a detectable TeV PWN.
Only the S-CTA, or H.E.S.S., can make a dedicated observation of this source, which we
nevertheless promote as a way of testing these conclusions.

Finally, if we consider the PWN to be a diffuse source of uncertain size and the X-ray
data for a smaller PWN in Bamba et al. (2020) to provide an upper limit on its surface
brightness, our models produce a surface brightness consistent with the X-ray constraint
in about 45% of all 1512 trials, and most of them are visible with S-CTA. However, we
note the caveat that this assumes that the source is extended, dim, and uniformly diffuse,
which indeed promotes fewer constraints onto the models and does not appear to be the
case in X-ray observations of younger PWNe, where the X-ray emission is rather peaked.

4.3.2 PSR J1341-6220

PSR J1341-6230 is a Vela-like radio pulsar discovered by the Parkes radio telescope with
a spin period of 0.19 s, a characteristic age of 7. = 12.1 kyr, and a spin-down luminosity
of E = 1.38 x 10°® erg s™! (Manchester et al., 19852, 2005). Its distance is taken as 12.6
kpc from the ATNF catalog, based on the YMW 16 electron density model. The weak
X-ray counterpart of this pulsar was also detected in X-rays (Kuiper & Hermsen, 2015).
Frequent glitch phenomena were detected for this source; for instance, Lower et al. (2021)
reported 15 glitches.

Wilson (1986) gave an upper limit for the X-ray flux of PSR J1341-6220 on the order
of 2.5 x 10713 erg s7! ecm™ (0.2 — 3.5 keV). This pulsar is also listed as a radio pulsar
with an X-ray counterpart in table 3 of Kaplan et al. (2004) with an about one order of
magnitude smaller flux than quoted by Wilson (1986); however, it is unclear where this
limit comes from, as they provide no analysis and quote an unpublished reference. Prinz
& Becker (2015) reported that the pulsar was in the field of view of the XMM-Newton
telescope for about 42 ksec during two different epochs with different off-axis angles.
Their analysis revealed two close sources (barely distinguishable and just above 2 keV;
see their Fig. 1). They provided an upper limit for the harder of these two sources only.
Although it is clear that there is no bright X-ray PWN around this pulsar, assigning a
specific upper limit in order to discard models with it is, at this time, risky. We promote
the undertaking of a dedicated X-ray observation of this pulsar with Chandra to finally
determine its nebular characteristics, if any.

The 1512 modeled SEDs for the putative PWN of PSR J1341-6220 are presented in
Fig. 4.3, and the relevant physical parameters involved are also shown in Table 4.2. This
pulsar has the largest characteristic age among the four candidates, and from its SEDs, we
observed that the PWN of PSR J1341-6220 might have already entered the reverberation
phase in some model realizations. The TeV fluxes of the potential PWN in most models
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Figure 4.3: Predicted set of SEDs for the PWNe of PSR J1341-6220.

cannot be detected except by CTA. In addition, because of the location of this source,
only S-CTA is suitable for a dedicated observation. We find that none of the 1512 model
realizations would lead to a detectable TeV PWN in the HGPS, in agreement with the
absence of detection.

We classified all the models into three categories according to their visibility on dif-
ferent TeV telescopes:

1. [< S-CTA]: Lower than the sensitivity of the CTA Southern Array.

2. [< HE.S.S.] & [> S-CTA]: Between H.E.S.S. and the CTA Southern Array sensi-
tivities.

3. [> H.E.S.S.]: Higher than the H.E.S.S. sensitivity.

The number of models in different categories is listed in Table 4.3. One can see that in
the majority of the models (close to 83% of all those studied), the TeV emission from the
PWN is undetectable. The TeV fluxes predicted for the remaining 17% can be detected
by S-CTA, and 6.55% yield a TeV flux that could be discovered in a 50-hour dedicated
observation by H.E.S.S..

To understand which model parameters lead the separation in the different TeV visi-
bility categories, we plotted the distributions of the nine parameters mentioned above and
the radius R,,,, and magnetic field B,,,, for the 1000 random models under the detectable
([> S-CTA]) and undetectable ([< S-CTA]) categories. A Kolmogorov-Smirnov test (KS
test) was also done to compare these two categories. Since the parameter values are ran-
domly selected from their assumed ranges, their distributions are uniform. In contrast, a
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Table 4.3: Tera-electron volt visibility of the models for potential PWNe of selected
pulsars that respect the X-ray upper limits when available.

PSR [< S-CTA] [<HESS.]&[>SCTA] [>HESS]
J13416220 G kpo) 1132 (74.87%) 102 (6.75%) 191 (12.63%)
J1341-6220 (6 kpe) 1206 (79.76%) 99 (6.55%) 203 (13.43%)
J1341-6220 (12.6 kpe) 1254 (82.94%) 159 (10.51%) 99 (6.55%)
718380537 (2kpc) O 16 (1.06%) 73 (4.83%)
J1838-0537 (4kpe) O 93 (6.15%) 200 (13.23%)
J1838-0537 (6 kpe) 34 (2.25%) 229 (15.15%) 202 (13.36%)
J71844-0346 (2.4 kpc) O 0 0

J1844-0346 (4.3 kpe) O 0 0
J1844-0346 (10 kpe) 8 (0.53%) 17 (1.12%) 0
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Figure 4.4: Parameter distributions for the models analyzed for PSR J1341-6220 grouped
into different categories.

nonuniform distribution of a parameter in a particular category would show its influence
over the PWNe TeV emission.

As shown in Fig. 4.4 and Table 4.4, for the 897 models with a relatively low TeV
emission ([< S-CTA]), their #,,, and n;, are concentrated in the high end of the selected
range, while M,; mostly appears in the lower end. The distributions of R, and B,,,
are also different from models in the detectable category ([> S-CTA]), with more models
having smaller radii and bigger magnetic fields. The distributions of the other parameters
appear to be uniformly distributed, implying that their values have a secondary effect on
the TeV radiation of this potential PWN. Most of the values of R, and B,,,, are less than
4 pc and between 40 and 300 uG, respectively. Models with a high TeV emission ([>
S-CTA] ) show the opposite of these distribution concentrations.

Table 4.4 shows that the results of the KS test for the distributions of each parameter
support that the distributions of #.gc, Nism, Mej, Rpyn, and B, for the different TeV visibil-
ity categories are not consistent with them being born from the same parent population,
ruling out the null hypothesis with a p-value of smaller than 10~'°. The [< S-CTA] cate-
gory has older realizations than [> S-CTA], and if only free expansion is considered, then
the PWN should have a larger radius and a weaker magnetic field. Figure 4.4 shows that
it is the other way around, which means that the PWN has indeed entered a compression

Table 4.4: Kolmogorov-Smirnov test for the distributions of 11 parameters in different
categories. In the table, Cat. O relates to random models with a flux [< S-CTA], and
Cat. 1 relates to random models with a flux [> S-CTA], and we refer to the p-value for a
common parent population of the two quoted distributions.

Parameters lage Yb 43 2 M,; Nism n Usir  Unir Rpwn Bpwn
PSR J1341-6220
p-value Cat. O and Cat. 1: <1079 043 0.06 031 <1079 <107 054 041 090 <1070 <1070
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process in the framework of these models. Moreover, M,; and n;y, will affect the age
of the PWN from the free expansion phase to the reverberation phase, and the magnetic
field grows enough to burn off energetic electrons when the PWN is compressed, which
in turn affects the IC radiation and reduces the TeV radiation. All of this promotes further
theoretical studies with models capable of coping better with the reverberation processes
(see Bandiera et al. (2023b)) as well as a dedicated observation using S-CTA, which will
help further constrain our models and test the above conclusions.

We also investigated scenarios with varying distance assumptions, similar to our ap-
proach for PSR J1208-6238. In cases of 3 and 6 kpc, nearly all models predict a PWN
that remains undetectable in the HGPS. After excluding models with fluxes exceeding
the HGPS sensitivity (only four models at 6 kpc and 87 models at 3 kpc), we obtained
the number of models in the various categories specified in Table 4.3. Despite the larger
flux with decreasing distance, the majority of the models indicate that this PWN remains
undetectable by currently observing facilities (>74%) even in the case that the uncertainty
results in being in favor of increasing the flux on Earth. Thus, the level of distance uncer-
tainty will have a minimal effect on the generic conclusions obtained.

4.3.3 PSR J1838-0537

PSR J1838-0537 is also a young and energetic radio-quiet y-ray pulsar with a character-
istic age of 4.89 kyr and a spin-down luminosity of 6.02 x 10°® erg/s (Manchester et al.,
2005). The distance to this pulsar is also uncertain, and as in Pletsch et al. (2012); Albert
et al. (2021), we chose 2.0 kpc. This value is based on the observed correlation between
the y-ray luminosity and E of a pulsar, and its uncertainty brings an obvious caveat, too.

In the region where this pulsar is located, there is a TeV source, HESS J1841-055,
that was also observed by HAWC as eHWC J1839-057 (Abeysekara et al., 2020). The
potential PWNe of PSR J1838-0537 and PSR J1841-0456, as well as the supernova rem-
nant (SNR) Kes 73, are suspected to be contributors to this VHE source (Gomez de la
Gandara Pérez, 2020). The MAGIC Collaboration et al. (2020) tentatively investigated
the physical nature and origin of the y-ray emission from HESS J1841-055 and proposed
leptonic and hadronic multi-source models. In their leptonic scenario, rather than IC ra-
diation, bremsstrahlung is dominant, which is inconsistent with the usual results of PWN
models. In their model, the TeV source is powered by one or several PWNe relics, so the
IC emission efficiency is considered to be significantly higher than synchrotron emission,
which can explain why there is no bright synchrotron nebula.

However, PSR J1838-0537 is unlikely to leave such a PWN relic at such a young
characteristic age. In addition, MAGIC Collaboration et al. (2020) considered the X-
ray emission of the possible contributors (including nonpulsation X-ray flux from PSR
J1838-0537) to HESS J1841-055 and used their total X-ray flux as the X-ray upper limit
of this VHE extended source. We adopted this X-ray upper limit for the potential PWN
of PSR J1838-0537 in this work as well. Possible SEDs and related physical parameters
are shown in Table 4.2 and Fig. 4.5.

The TeV radiation in the majority of the 1512 different models can be detected by
H.E.S.S. (it might even have been detected already in HGPS as HESS J1841-055), and
almost all of them are detectable with CTA. However, only in a small percentage of mod-
els does the X-ray emission respect the corresponding upper limit. In addition, in a small
portion of models, this PWN has also entered the reverberation phase according to their
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Figure 4.5: Predicted set of SEDs for the PWN of PSR J1838-0537.
SEDs.

After excluding all the models that exceeded the X-ray upper limit, we divided the re-
maining 89 of them into the same three categories according to their detectability by dif-
ferent facilities, as described above. We found that most of them belong to [> H.E.S.S.],
as displayed in Table 4.3. Only 17 of these 89 models respecting the X-ray upper limit
come from the 1000 random model realizations, and all of them belong to the very lumi-
nous class [> H.E.S.S.], although none exceed the HGPS sensitivity. A dedicated deep
observation of this source using CTA will be necessary in order to try to disentangle the
different contributors in the region.

Similar to our previous analyses, we also examined the impact of the distance uncer-
tainty. For distances of 4 kpc and 6 kpc, many of the 1512 models studied (293 models
for 4 kpc and 431 models for 6 kpc) comply with the X-ray upper limit. Table 4.3 refers
to their distributions in the various categories considered according to their detectability
in the different observing facilities. Out of the 293 (431) models, none (only a small
number) resulted in an undetectable PWN for S-CTA. However, there are still no models
that can predict a detectable PWN in the HGPS as the assumed distance increases. In
conclusion, the putative PWN powered by PSR J1838-0537 can likely be identified by
S-CTA (and even possibly by H.E.S.S.) despite the considerable uncertainty regarding its
distance. If the real distance exceeds 2 kpc, it is highly unlikely that HESS J1841-055
is the TeV counterpart of the putative PWN; instead, this PWN may at most be one of
several contributors to this VHE source.

2025-06-25 WEI ZHANG - DOCTORAL THESIS 50



Frequency (Hz)
SO 1025 g0

1038

PRI YO 10 100 105 100 "TOETYGH 1gm

10°

) 1078

-
o
1
®

1038

2.4 kpc)
4.3 kpc)
10.0 kpc)

1037

10| psRj1844-0346 1031 |

d

1036

e
10-11 103
W/
- = \ 32
107%3| psR j1844-0346 % 10
10°

107 107 107 107 10 107 10> 109 10° 10- 107 107> 10° 10
Energy (GeV) Energy (GeV) Energy (GeV)

—
o
|

S

g

107} psR j1844-0346 1032

1

,_.

b
L
5

=19

Flux (erg s™! cm™2)
Flux (erg s~1 cm~2)
Flux (erg s™* cm™2)

= -

o o

S

ty (erg s

inosif

Luminosity (erg s™%, d
Luminosity (erg s, d

Lum

Figure 4.6: Predicted set of SEDs for the PWN of PSR J1844-0346 located at 2.4, 4.3,
and 10 kpc, respectively.

4.3.4 PSR J1844-0346

PSR J1844-0346 is also a y-ray pulsar. It was found in the Fermi-LAT blind search survey
and has a characteristic age of 11.6 kyr and a spin-down luminosity of 4.25x10% erg s!
(Clark et al., 2017). Its distance is also unknown.

HESS J1843-033, eHWC J1842-035, LHAASO J1843-0388, and TASG J1844-038
are VHE sources detected in this region. Amenomori et al. (2022) found that the energy
spectrum of these VHE sources can be well fitted with a power-law function with an
exponential cutoff. In the HGPS, H. E. S. S. Collaboration et al. (2018b) found that HESS
J1843-033 consists of two merged offset components (HGPSC 83 and HGPSC 84), which
seems to imply that this TeV source may have multiple origins. Because of their spatial
proximity, PSR J1844-0346 and the radio SNR G28.6-0.1 were suspected of being the
origin of the VHE emission. However, the association between PSR J1844-0346 and
SNR G28.6-0.1 is unlikely. The estimated distance of SNR G28.6-0.1 is 6 — 8 kpc (Devin
etal., 2021), and for it, the resulting transverse velocity of the pulsar needed to reach from
the center of the SNR to its current position would be over 1400 km/s, which is much
larger than the typical value of a few hundred kilometers per second (e.g., Devin et al.
(2021)). The same transverse velocity argument was made for a more likely association
of PSR J1844-0346 with the star-forming region N49 at 5.1 kpc. Alternative empirical
estimates of the distance of PSR J1844-0346 are 2.4 kpc (Wu et al., 2018), obtained by
assuming that the y-ray luminosity scales as VE, and 4.3 kpc, based on the empirical
relation obtained for y-ray pulsars (Saz Parkinson et al., 2010). None of these are certain,
however, and they are herein considered to span the possible results.

Zyuzin et al. (2018) used nearly 100 ks exposure data from the Swift X-Ray Telescope
(XRT) to discover an X-ray counterpart candidate of this y-ray pulsar. The candidate
has an estimated unabsorbed flux of 2.2*33 x 107" erg ecm™ s7! (0.3 - 10 keV). Devin
et al. (2021) searched for radio or X-ray counterparts around PSR J1844-0346 that could
indicate a possible PWN but did not find any, and they do not provide any diffuse upper
limit to compare our results with. We took the X-ray flux of Zyuzin et al. (2018) as an
X-ray upper limit for this pulsar’s potential PWN in case the latter can be regarded as
point-like. Although if the latter is more extended and diluted, which is not expected at
this age, the flux can be larger.

Similar to the other three candidates, the 1512 different model realizations with dis-
tances assumed to be 2.4 kpc can also be seen in Table 4.2 and in the top panel of Fig.
4.6. The characteristic age of 11.6 kyr allowed us to see that many of the possible PWNe
have entered the reverberation phase. Due to the closer distance and the more energetic
E, the overall energy flux of PSR J1844-0346’s PWN is higher compared to PSR J1341-
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6220’s PWN, and this leads to the TeV emission being detectable by CTA in the most (>
85%) models and by H.E.S.S. in close to 30%. However, if we are to assume the pulsar’s
X-ray flux as an upper limit for the PWN (which would only make sense for small PWN),
none of the SEDs predicted by our models lead to detectable TeV emission except with
an assumed distance of > 10 kpc (see Fig. 4.6 and Table 4.3).

Ultimately, this PWN would not be an obvious candidate for S-CTA or H.E.S.S..
However, this conclusion is weakened when the true distance of this PWN is much larger
than 2.4 kpc or its X-ray diffuse emission is much larger than the X-ray flux of the pulsar
that we adopt here.

4.4 Conclusions

In this work, we aimed to assess the detectability of PWNe when interested candidates are
identified in the PWNe. With this in mind, we selected four pulsars and studied them as
candidates to produce a detectable TeV PWN based on their locations on the pulsar tree,
the MST of the pulsar population, as we have noted that the majority of the known TeV
PWNe are closely grouped together.

Using the observational results of the four candidates and assuming within reasonable
ranges some model parameters when unknown, we used our leptonic model to predict
a large set of SEDs for the putative PWNe of each of these four pulsars. We then pro-
ceeded to analyze the set, and by comparing the TeV fluxes predicted by the models that
respect the X-ray observations when existing with the sensitivities of current and future
instruments, we concluded how likely it is for each of the PWNe to be detectable.

We find that the TeV emission of the potential PWNe of PSR J1208-6238 and PSR
J1341-6220 is expected to be relatively low, which is consistent with the fact that we have
not detected their TeV counterparts yet. This is also the case if the pulsars are located at
larger distances than assumed, which can happen within the associated uncertainty of this
parameter. The TeV emission predicted by the models for PSR J1208-6238 at different
distances is even lower than the sensitivity of S-CTA. The other two pulsars, PSR J1838-
0537 and PSR J1844-0346, have a relatively higher TeV emission from their putative
PWNe, and our results tend to suggest that they could be detectable by S-CTA or even by
H.E.S.S. in sufficiently long dedicated observations. However, only a reduced number of
model instances could lead to detectable TeV emission without violating X-ray constraints
if they are used as PWN upper limits.

The above results also allowed us to understand the convenience and caveats of the
pulsar tree in pulsar population analysis and pinpointing detectable PWNe. The pulsar
tree that we used to select candidates only contains intrinsic information about the pulsars
themselves, with no reference to the environment or the distance to them. Even with just
this kind of information, the grouping of all PWNe is impressive (see Fig. 4.1). However,
we find that the location of a yet nondetected (and in principle likely undetectable) PWN,
among others that are observed, does not necessarily imply a different behavior for the
system. Finally, we note that most of the nondetected PWNe pertain to the same branch
within the region of the pulsar tree where most of the PWNe are located, which is formed
by the less energetic pulsars of the set.

Given that we had a thousand models for each PWN, we could also test the general
correlations without imposing any constraints. We used Pearson’s and Spearman’s tests
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to analyze whether Lr.y is correlated with any of the model parameters. The largest cor-
relation coeflicients were obtained in the case of J1208-6238 for the pairs (a@,, Lz.v), with
r = —0.61 (Pearson) and r = —0.69 (Spearman). This represents a moderate to strong
correlation. All other model parameters present milder correlation coefficients (typically
well below 0.3). We encountered a number of factors when searching for larger correla-
tion coeflicients. On the one hand, the cross-influence of all parameters is a well-known
effect. For instance, if we keep the electron spectrum fixed, the higher the energy density
is, the higher the TeV luminosity will be. However, if at the same time the magnetization
is increased (so that the synchrotron losses are higher, affecting the electron population) or
the age is increased, the electrons are more or less cooled as a result, and even for a higher
photon density, there could be a lower TeV luminosity. As we have several parameters and
all vary at once, correlations are correspondingly less clear. This is a widely known effect.
On the other hand, the appearance of models entering into reverberation also affects cor-
relations, as this phase gives rise to new phenomenology when the medium compresses
the PWN shell. Our models have also been tested by comparing the parameters of those
models that generate a large L.y (in regard to the observational sensitivities) with those
models that do not. We did this by testing via a KS test the null hypothesis that states
that the distribution of parameters of both TeV luminous and dim PWNe are consistent
with having the same parent population. The case of PSR J1341-6220 can be considered
an example of this investigation. As for the distribution of M, ;, most models predicting a
high TeV emission have a relatively larger M. ; (and a smaller n;,), which means a larger
Sedov time (tg,4 Mf ]/.6 . nl._s}f’ ). This is not obvious in the Pearson’s and Spearman’s tests
(which in this case have a Pearson coeflicient of 0.24 and a Spearman coefficient of 0.11),
but it is captured by the KS test (see, e.g., Fig. 4.4 and Table 4.4).

In conclusion, this study provides a case study of pulsar population analysis using the
pulsar tree, as well as two promising PWNe that could be detected with CTA and even
H.E.S.S.. Therefore, they are also worthy of further observation in the TeV and other
energy bands. Furthermore, we examined the impact of varying intrinsic pulsar param-
eters on the TeV radiation of their young PWNe. This work underscores the potential
for advancing our understanding of pulsar characteristics and PWN evolution through
high-energy observations.
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Chapter 5

Caveats of considering normal PWNe as
Potential PeVatrons

Contents of This Chapter

In this chapter, we explore the possibility that PWNe are the origin of several ultra-
high energy (UHE) sources and their potential as PeVatrons. Three representative UHE
sources - LHAASO J2226+6057, eHWC J2019+368, and HESS J1427-608 - are system-
atically analyzed using our time-dependent leptonic model to interpret their broadband
spectra and constrain their physical parameters. Key results include magnetic field esti-
mates, PWN sizes, and implications for their evolutionary stages and gamma-ray produc-
tion mechanisms.

The first section presents a detailed modeling of LHAASO J2226+6057. This work
has been published in De Sarkar et al. (2022), where I am listed as the second author. My
main contributions include participating in the multi-wavelength spectral modeling, the
scientific discussion, and assisting with manuscript review and revision.

Subsequent sections focus on two other UHE sources - eHWC J2019+368 and HESS
J1427-608 - applying similar modeling frameworks, which we decided to left unpub-
lished since conclusionrs are similar as in the former case, in general terms. The script
described in Appendix A.2 is employed in these analyses. We evaluate the plausibility of
a PWN origin, assess their ability to accelerate particles to PeV energies, and highlight
the challenges arising from our resulting models.
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5.1 LHAASO J2226+6057

5.1.1 Introduction

Recent advances in ultra-high energy (UHE, E, > 100 TeV) gamma-ray astronomy have
revealed numerous Galactic sources, driven by observatories like LHAASO, Tibet ASvy,
and HAWC (Abeysekara et al., 2020; Amenomori et al., 2019; Amenomori et al., 2021;
[Lhaaso Collaboration et al., 2021b). Future facilities like the Cherenkov Telescope Array
(CTA) and the Southern Wide-field Gamma-ray Observatory (SWGO) will further en-
hance our understanding of these extreme accelerators, known as PeVatrons, capable of
reaching particle energies up to PeV scales.

LHAASO, a cutting-edge facility in China at 4410 m altitude, has recently reported 12
sources with significant (> 70) UHE gamma-ray emission, extending up to ~1° (Lhaaso
Collaboration et al., 2021b). Some very high energy ((VHE, 100GeV < E, < 100 TeV))
counterparts of these UHE sources have been linked to pulsar wind nebulae (PWNe) based
on spatial alignment with powerful pulsars and their extended morphologies (H. E. S. S.
Collaboration et al., 2018b). For instance, the Crab nebula, powered by PSR B0531+21,
is a confirmed PeVatron (LLhaaso Collaboration et al., 2021b), supporting the notion that
PWNe associated with high spin-down luminosity pulsars (£ > 10*® erg s™') may be a
common source of UHE gamma rays (Albert et al., 2021).

PWNe are among the most efficient lepton accelerators in the Galaxy, powered by
the rapid rotational energy loss of young, highly energetic pulsars. These systems re-
lease ultra-relativistic electron-positron pairs, forming a wind that generates a termination
shock where particles can be further accelerated. The resulting high-energy leptons then
produce broadband emission via synchrotron radiation, IC scattering, and Bremsstrahlung,
creating spectra that span from radio to gamma-ray energies.

LHAASO J2226+6057, detected at RA = 336.75° and Decl. = 60.95° with a signif-
icance of 13.60- above 100 TeV and a spectrum with maximum energy of around 0.57
+ 0.19 PeV (LLhaaso Collaboration et al., 2021b). This area is quite crowded and com-
plex. The head region, containing PSR J2229+6114, and its wind nebula, the Boomerang
PWN, likely emits via leptonic processes, while the tail region, potentially powered by
SNR G106.3+2.7 and molecular clouds (MCs), may have a significant hadronic compo-
nent.

PSR J2229+6114 is a bright gamma-ray pulsar with a spin period of 51.6 ms, charac-
teristic age of 10.5 kyr, and a high spin-down luminosity of 2.2 X 10°” erg s™! (Halpern
et al., 2001). The region has also been detected in GeV gamma rays (Abdo et al., 2009¢;
Xin et al., 2019), diffuse non-thermal X-rays (Fujita et al.,, 2021), and radio emission
(Pineault & Joncas, 2000). However, its distance remains uncertain, with estimates rang-
ing from 0.8 kpc (based on HI and molecular line measurements; Kothes et al. (2001)) to
3 kpc (based on X-ray absorption; Halpern et al. (2001)) and 7.5 kpc (from pulsar disper-
sion measure; Abdo et al. (2009¢)). In this work, we adopt a distance of 3 kpc, consistent
with recent studies (Joshi et al., 2022; Yu et al., 2022).

The physical connection between LHAASO J2226+6057 and PSR J2229+6114 has
been explored in several works. Breuhaus et al. (2022) considered a steady-state, one-
zone leptonic model but neglected both the multi-wavelength (MWL) data and the evolu-
tionary history of the PWN, focusing only on explaining the highest energy gamma-ray
observations. Joshi et al. (2022) adopted a time-dependent, one-zone scenario, but did not

2025-06-25 WEI ZHANG - DOCTORAL THESIS 55



account for the effects of particle escape, the evolution of the injected leptonic population,
or the potential influence of the SNR reverse shock on the PWN’s expansion, which may
be important for a PWN with a age of older than 10 kyr(see e.g., Martin et al., 2016).
Yu et al. (2022) used a similar approach, suggesting that a distorted PWN created by the
reverse shock could explain the observed GeV gamma-ray emission (Xin et al., 2019).

A possible hadronic scenario has also been proposed by Tibet ASy Collaboration et al.
(2021), linking the observed UHE emission to interactions between the SNR and nearby
MCs. However, this model faces challenges, as the associated SNR appears too old to
produce the hard gamma-ray spectrum seen at PeV energies, potentially requiring a more
complex or hybrid model to fully capture the observed spectrum (Breuhaus et al., 2022;
De Sarkar & Gupta, 2022).

In this work, we build on these previous studies, incorporating a more comprehensive
treatment of PWN evolution and particle escape, and examining the potential impacts of
SNR reverse shocks. We aim to reassess the nature of LHAASO J2226+6057 by relaxing
some of the simplifying assumptions made in earlier models, providing a more complete
picture of this intriguing UHE source.

5.1.2 Results
5.1.2.1 Braking Index and True Age Estimation

The accurate determination of the true age (7,,.) and braking index (n) of a pulsar is critical
for modeling the long-term evolution of PWNe. In previous studies, #,, and n were
subjectively assumed to be 7 kyr and 3, respectively (Joshi et al., 2022; Yu et al., 2022).
However, such choices can significantly influence the derived physical properties of the
PWN, and thus, a more comprehensive exploration of these parameters is warranted.

For an isolated pulsar, the braking index is defined by the nature of its spin-down
process. Under the assumption of pure magnetic dipole radiation (MDR) in vacuum, the
braking index is exactly 3 (Manchester & Taylor, 1977). However, if the pulsar’s spin-
down is dominated by a particle wind, the index approaches 1 (Michel, 1969; Manchester
et al., 1985b). In practice, the braking index often falls between these limits due to a
combination of MDR and particle wind braking, typically yielding values between 1 and
3, as observed for most of pulsars (Archibald et al., 2016; Espinoza et al., 2011; Pons
et al.,, 2012). Despite the existence of a few exceptions, such as PSR J1640-4631, with a
measured braking index of n = 3.15+0.03 (Archibald et al., 2016), and PSR J1734-3333,
with a lower index of n = 0.9 £ 0.2 (Espinoza et al., 2011), the overall pattern remains
consistent. Thus, we restrict our analysis to 1 < n < 3.

To investigate the impact of n and #,, on the observed MWL SED of LHAASO
J2226+6057, we considered 1,,, = 1000,4000, and 7000 years, and n = 1.5,2.0,2.5
and 3.0. The initial spin-down luminosity (Ly) and initial spin-down age (1) for each
case were derived from the characteristic age (7. = 10.5 kyr) and present-day spin-down
luminosity (L(f,g.) ~ 2.25 X 10°7 erg/s) using equations 2.4 and 2.5.

The other physical parameters were held constant across the models to isolate the
effects of n and 7,,,. These include the minimum Lorentz factor of the injected parti-
cles (Yun = 1), supernova explosion energy (Esy = 10°! erg), ambient ISM density
(oism = 0.1 cm™), and SNR ejecta mass (M, i = 8My). The soft photon fields for IC
scattering were fixed based on Porter et al. (2006), assuming CMB, FIR, and NIR compo-

2025-06-25 WEI ZHANG - DOCTORAL THESIS 56



Frequency (Hz) Frequency (Hz) Frequency (Hz)
1on 1080 GE s 107 10m 1080 165 102 107 108 6B P10 1077

. :E . e . g B . g
1034 S 10 s 103 S 10 1034 S
& Mmoo mos ul
P [ - [
£ € €
,‘U 103 = ,‘_u 10-12 1033:’» TU 10-12 103 =
n 1 o [N A
o g o o o o o
2 . g g L L <
E o\ o2z X107 / 1022 %100 o2 2
@ *3 g DEANaiN . P 2
£ v £ £
10-1 SN VL SAL Vim0 Sy L g 5
107 1072 10® 10¢ 10°  10° 107% 1072 10® 10~* 10° 10% 107% 10712 10® 10* 10°  10°
Energy (GeV) Energy (GeV) Energy (GeV)
Energy (TeV. Energy (TeV] Energy (TeV,
105 10 10 101 0% 10° 105 107 107 10} 0% 10° 10 102 107 102 10®  10°
10% 10% 10%
° ° °
g 10% B 10% g 10%
=z = =
=4 101111 = 1044 = 1044
Nu Nu Nu
£ 3 £
< 1042 < 1042 < 104
10%0 10% 1040
10° 10?2 104 10° 108 10 10%? 100 102 10* 106 108 10 10%? 10° 10? 104 108 108 10 10%?
Lorentz Factor (y) Lorentz Factor (y) Lorentz Factor (y)
103 103 103
o) o) [}
2102 2102 2102
h=l h=l z
2 2 2
2 2 2
=1 =1 F=1
[ Q o
510! 510! 510!
o o o
= = =
10° 10° 10°
0 200 400 600 800 1000 1000 2000 3000 4000 0 1000 2000 3000 4000 5000 6000 7000
Age (yrs) Age (yrs) Age (yrs)

Figure 5.1: Modeled MWL SEDs (top row), present-day lepton spectra (middle row), and
magnetic field evolution (bottom row) for #,,, = 1000, 4000, and 7000 years, each with
n = 2.5. The data sources are: radio (green, Pineault & Joncas (2000)), X-ray (royalblue,
Fujita et al. (2021)), Fermi-LAT (brown, Xin et al. (2019)), VERITAS (teal, Acciari et al.
(2009)), Tibet ASy (turquoise, Tibet ASy Collaboration et al. (2021)), MILAGRO (or-
ange, Abdo et al. (20092a)), and LHAASO (crimson, L.haaso Collaboration et al. (2021b)).
Copy from Figure 1 in De Sarkar et al. (2022).
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Figure 5.2: Modeled MWL SEDs for different braking indices (n = 1.5,2.0,2.5,3.0) at
fixed #,4, = 7000 years. The color scheme follows Figure 5.1. Copy from Figure 2 in De
Sarkar et al. (2022).

nents with respective temperatures and energy densities of Tcyp = 2.73 K, weyp = 0.25
eV em™, Trr = 25 K, wpig = 0.29 eV em™, Tyr = 5000 K, and wy;r = 0.45 eV
cm™>. The parameters describing the injection function (i.e. low energy index a;, high
energy index a,, energy break y,) and the magnetic fraction n are adjusted to align with
the MWL observations. These choices minimize the influence of uncertain environmental
parameters, allowing a focused assessment of n and 7.

Fixing n to 2.5 and assuming three different values for 7,,., we generated the MWL
SEDs with our model, shown in Figure 5.1. For #,,, = 1000 years, the IC emission is
insufficient to account for the high-energy data, while for #,,, = 4000 years, the model
still underestimates the observed gamma-ray flux. In contrast, the model with #,,, = 7000
years provides a significantly better fit across the entire MWL range, consistent with the
results in Joshi et al. (2022) and Yu et al. (2022).

Next, the influence of varying n on the SED was examined (Figure 5.2), fixing 7, at
7000 years. The resulting spectra indicate that within the considered range, changes in
n have a relatively modest impact on the overall SED shape. Consequently, we adopted
tage = 7000 years and n = 2.5 for further modeling.

5.1.2.2 MWL SED Fitting

We modeled the MWL SED of the PWN using our TIDE code (Martin & Torres, 2022),
fitting the observed data by varying key physical parameters. L, and 7, were calculated
using equations 2.4 and 2.5, while the pulsar age (t,,c = 7000 years) and braking index
(n = 2.5) were chosen based on the estimates in Section 5.1.2.1. The parameters like
the ejected mass (M) and the FIR/NIR energy densities were left free within the typical
value ranges. Table 5.1 summarizes all these parameters.

Figure 5.3 presents the resulting MWL spectrum along with the 10~ confidence inter-
val. The model accurately captures the observed MWL data, as indicated by the small
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Table 5.1: Physical parameters used by and resulting from the fit. The bracketed terms in
the fitted parameters section signify the lower and upper bounds of 10 confidence interval
respectively.

Definition Parameter Value

Measured or assumed parameters:

Age tage [Kyr] 7

Characteristic age 7. [kyr] 10.5

Braking index n 2.5

Present day spin down luminosity  L(z,,) [erg s™']  2.25 x 10%7

Distance D [kpc] 3

Minimum energy at injection Vomin 1

SN explosion energy Egn [erg] 10°!

ISM density prsy [em™] 0.1

SNR core density index Weore 0

SNR envelope density index Woeny 9

PWN adiabatic index YPWN 1.333

SNR adiabatic index YSNR 1.667

Containment factor € 0.5

Magnetic compression ratio K 3

CMB temperature Teup [K] 2.73

CMB energy density weyp [6V em™]  0.25

FIR temperature Trir [K] 25

NIR temperature Tnr [K] 5000

Derived parameters:

Initial spin down luminosity Lo [erg s™!] 1.13 x 10°8

Initial spin down age 70 [kyr] 7

Fitted parameters:

Energy break at injection Vb 3338.00 (2082.91, 10597.30)
Low energy index at injection ) 1.4522 (1.0000, 1.6432)
High energy index at injection 1o 2.3727 (2.3316, 2.3890)
Ejected mass M,; [Ms] 8.8927 (8.1735, 9.3202)
Magnetic fraction n 0.0033 (0.0026, 0.0060)

FIR energy density wrr [eVem™]  0.0100 (0.0100, 0.4611)
NIR energy density wyir [V ecm™]  0.0100 (0.0100, 5.0000)
Resulting features:
PWN radius Rpwn (tage) [pc]  9.33
SNR forward shock radius Rrs (tgee) [pcl 16.23
SNR reverse shock radius Rgs (tage) [pcl 8.98
PWN magnetic field Bpwn (tage) [uG]  1.91
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Figure 5.3: Best-fit SED of LHAASO J2226+6057, using the same color scheme as in
Figure 5.1. Adopted from Figure 3 in De Sarkar et al. (2022).

residuals and the reduced y?/D.O.F. of 35.65/30. Notably, the model suggests that the IC
scattering responsible for the VHE-UHE gamma rays primarily involves CMB photons,
while the contributions from FIR and NIR fields are negligible. Although this result dif-
fers from that of the photon fields, which range from 1.5 to 3.0 times the CMB, in Joshi
et al. (2022), it aligns with recent findings by de Ona Wilhelmi et al. (2022), which also
highlight the dominance of CMB photons for IC scattering.

However, the best-fit model predicts a highly extended PWN with a radius of 9.33
pc and a relatively weak magnetic field of 1.91 uG. This size is consistent with the large
extension observed by LHAASO but conflicts with the smaller radio and X-ray sizes
reported for the Boomerang PWN (Halpern et al., 2001; Halpern et al., 2001). The low
magnetic field also raises questions about the confinement of high-energy particles within
such a dilute medium, a challenge we discuss further in Section 5.1.3.

Overall, the current model effectively reproduces the MWL spectrum although points
to a physically large and weakly magnetized PWN.

5.1.2.3 Impact of Reverberation

As shown in Table 5.1, the radius of the SNR reverse shock is currently smaller than
the PWN radius, indicating the onset of the reverberation phase, where the reverse shock
begins to interact with the PWN shell. At the assumed age of 7000 years, this interaction
is just beginning, implying only minor distortions to the PWN structure.

To assess the influence of reverberation on the MWL spectrum, we explored four
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Figure 5.4: Left: Impact of reverberation on the PWN SED for different ages. Right:
Evolution of PWN magnetic field (red) and radius (blue) as a function of age, with 7.,
= 6500 years (dashed), 6800 years (dotted), 7000 years (solid), 7200 years (dot-dashed),
and 7500 years (long-dashed). Copy from Figure 5 in De Sarkar et al. (2022).

possible ages: 7000, 8000, 9000, and 10500 years. For each case, the braking index was
set to 2.5. We adopted the FIR/NIR energy densities from Porter et al. (2006) and varied
the parameters a;, a,, ¥, and 1 to obtain the best fits for the observational data. The
resulting SED are shown in the left panel of Figure 5.4.

As the age increases, the reverberation phase compresses the PWN, increasing its
magnetic field strength. To account for this, the magnetic fraction n was progressively
reduced to limit the fraction of the spin-down luminosity that powers the magnetic field.
Despite this adjustment, the high-energy component of the MWL spectrum softens signif-
icantly with age, reflecting increased synchrotron cooling of high-energy electrons, and
the overall fit to the observed data deteriorates, particularly in the X-ray and VHE-UHE
bands.

In addition, we also considered a narrower age range of 6500, 6800, 7200, and 7500
years, examining the corresponding changes in magnetic field and PWN radius. The
results, presented in the right panel of Figure 5.4, confirm that the PWN is in the early
stages of reverberation phase in all cases, with the radius commencing to decrease and the
magnetic field remaining close to or below the Galactic average.

5.1.2.4 Exploring #,,. as a Free Parameter

Given the constraints discussed in Sections 5.1.2.1 and 5.1.2.2, the true age of the PWN is
not likely lower than 4000 years or much greater than 7000 years. To further explore this
parameter, we performed a fit using TIDE with ... left free, alongside the same set of free
parameters described in Section 5.1.2.2. The resulting best-fit age is 4880.3"] 500 years,
consistent with the previously inferred range. The model SED closely matches the one
shown in Figure 5.3, and the best-fit parameter values, aside from #,,., show significant
overlap within their 1o~ confidence intervals compared to the fixed 7,,. = 7000 years case
(see Table 5.1 and Section 5.1.2.2). This indicates that the two solutions are statistically
equivalent within the current model precision.

Additionally, this fit yields a relatively large PWN radius of Rpwn = 8.26 pc and a
lower magnetic field of Bpwn = 1.87 uG, similar to the results obtained with the fixed
tage = 7000 years case. These implications are discussed further in the following section.
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5.1.3 Discussion and Concluding Remarks

Let us summarize the main findings and discuss their implications.

1.

True age and braking index effects: Previous studies of this source typically fixed
the age and braking index of the pulsar. In contrast, our analysis explored a range
of true age (74,.) between 4000 and 7000 years, finding this range most compatible
with the observed MWL SED. We found that varying the braking index within
plausible ranges had a minimal impact on the overall SED.

MWL SED fitting: We obtained a best-fit model which can describe the MWL
observations well. However, this model requires a very low magnetic field (~ 2 uG)
to reproduce the observed SED, comparable to the average Galactic magnetic field.
This is consistent with earlier studies (Joshi et al., 2022; Yu et al., 2022) and other
LHAASO-detected PeVatron candidates (De Sarkar & Gupta, 2022; Crestan et al.,
2021; Lietal., 2021; Burgess et al., 2022). Additionally, the current PWN radius
was found to be quite large (~ 10 pc), matching the extended source regions ob-
served by VERITAS (~ 14 pc) and LHAASO (~ 25.6 pc). This is significantly
larger than the compact X-ray emission region, a known limitation of single-zone
models.

Impact of reverberation: We included the effects of reverberation, where the PWN
interacts with the reverse shock from the SNR. Our results indicate that this PWN
is likely just entering the reverberation phase. The fit quality declined as the as-
sumed true age approached the characteristic age, suggesting that much older ages
are unlikely if the gamma-ray emission originates from the PWN. Consequently,
including reverberation effect cannot resolve the large radius / low magnetic field
problem.

Distance uncertainty: The source distance remains a significant source of uncer-
tainty. We tested two extreme cases: a nearby distance of 800 pc and a more distant
7.5 kpc. We obtained a worse fit under the case of 7.5 kpc, while the closer distance
yielded a comparable fit. But the overall large radius / low magnetic field problem
persisted in both cases. This suggests that the fundamental challenge lies in the
physical interpretation of the PWN, rather than in distance uncertainties alone.

Magnetic field constraints: The derived PWN magnetic field is close to the lower
end of typical Galactic magnetic field estimates, which range from 2 to 11 uG (Di
Bernardo et al., 2013; De Sarkar et al., 2021). This raises the question of whether
the local environment around the PWN might have unusually low magnetic field
strength, perhaps due to prior supernova explosions or other clearing effects. Alter-
natively, this may point to a more complex PWN evolution than currently modeled,
where the standard reverberation treatment (e.g., assuming constant ejecta pressure)
is insufficient (Bandiera et al., 2020, 2023a).

Future work and alternative scenarios: Given the unresolved large radius / low
magnetic field problem, more sophisticated models, possibly including multi-zone
or hybrid leptonic-hadronic components, may be necessary. Further observational
constraints, including better distance measurements and higher resolution imaging,
will be critical in resolving this puzzle.
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In conclusion, while the one-zone PWN model presented here represents a significant
step forward in understanding LHAASO J2226+6057, the magnetic field issue, which
couldn’t be solved by age, braking index, and the effect of reverberation in present PWN
models, cannot be removed and is a strong caveat of the interpretation; as it would need to
be of the same order or lower than that of the ISM in order for the model to work, casting
doubts on the scenario.

5.2 eHWC J2019+368

5.2.1 Introduction

The HAWC source eHWC J2019+368 is an extended very high energy (VHE) gamma-
ray emitter (> 100 TeV) with an integrated flux above 56 TeV of approximately 1.6 X
107" phem™2 s7! (Abeysekara et al., 2020). Located in the Cygnus region, it was first
detected by the Very Energetic Radiation Imaging Telescope Array System (VERITAS) in
2014 and named VER J2019+368 (Aliu et al., 2014). It lies within the extended MGRO
J2019437 region, which also hosts the star formation region Sh 2-104, the hard X-ray
transient IGR J20188+3657, and the pulsar PSR J2021+3651 with its associated PWN
G75.2+0.1 (Aliu et al.,, 2014).

PSR J2021+3651 is estimated to be at a distance of 1.8ﬂ:1 kpc (Kirichenko et al.,
2015), with a rotational period of P = 0.104 ms, a period derivative of P = 957 x
107 s 57! (Roberts et al., 2002), a characteristic age of 17.23 kyr, and a spin-down lumi-
nosity of 3.4 x 10°® erg s=!. The true age is uncertain but likely below 10 kyr. Given its
young and energetic nature, the PWN is considered a likely source of the VHE gamma-ray
emission.

Hard X-ray observations of the Sh 2-104 region by NuSTAR revealed that the X-
ray emission coincides with the TeV emission detected by VERITAS (Gotthelf et al,,
2016). Further observations using Suzaku detected extended X-ray emission only around
PSR J2021+3651 and its PWN (Mizuno et al., 2017). Combining these X-ray data with
multi-band observations from the Very Large Array (VLA), Fermi , and VERITAS, they
proposed a synchrotron plus IC) model, which accounts for about 80% of the observed
TeV flux, suggesting that the X-ray PWN is the primary source of VER J2019+368.

Fang et al. (2020) modeled the source using a time-dependent leptonic framework to
evaluate whether PWN G75.2+0.1 could account for the observed TeV emission. Assum-
ing a broken PL injection particles (a; = 1.5, a» = 2.5, v, = 2.0 x 10°, € = 1/3), they
examined ages of 8, 10, and 12 kyr, identifying the best fit at 10 kyr with a magnetic field
of 2.7 uG.

To interpret the X-ray and TeV emission, Albert et al. (2021) applied both one-zone
and two-zone models, considering synchrotron and IC processes. In the one-zone model,
the cut-off energy, birth period, and conversion efficiency were free parameters, yielding
values of 300 TeV, 80 ms (corresponding to an age of =~ 7 kyr), and 5%, respectively.
The derived magnetic field was 2 uG, but the model predicted identical X-ray and TeV
sizes, inconsistent with observations. To resolve this, they developed a two-zone model
in which X-ray-emitting electrons form a subset of the y-ray-emitting population. This
model yielded a magnetic field of 3.5 uG and an age of 2 kyr for the X-ray-emitting
population after adjusting the SED to match observed X-ray fluxes.
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5.2.2 Results

Table 5.2: Summary of the physical magnitudes of eHWC J2019+368

Parameters Symbol Values Fitting Range
Measured or assumed parameters:
Age (kyr) tage 6
Period (ms) P 104
Period derivative (s s~') P 9.57 x 1071
Characteristic age (kyr) T, 17.23
Spin-down luminosity now (erg s™') L 3.4 x10%
Braking index n 3
Initial spin-down luminosity (erg s7') Ly 8.004 x 10%¢
Initial spin-down age (kyr) 70 11.23
Distance (kpc) d 1.8
SN explosion energy (erg) E,, 10°!
ISM density (cm™>) Rism 0.1
Minimum energy at injection Vomin 1
Containment factor € 0.5
. CMB temperature (K) T 2.73
CMB energy density (eV cm™) U 0.25
FIR temperature (K) Ty, 30
NIR temperature (K) Tir 2900
Fitted parameters:
Break energy (10%) Yo 0.67 (0.19, 1.32) 0.1 - 1000
Low energy index a; 1.48 (1, 1.75) 1-4
High energy index a; 2.11(2.03,2.13) 1-4
Ejected mass (M) M,; 8.00 (8, 13.88) 8-15
Magnetic energy fraction (1072) n 1.16 (0.91,3.47) 0.01-50
FIR energy density (eV cm™) Uir 0.01 (0.01,0.69) 0.01-5
NIR energy density (eV cm™) U,ir 0.01 (0.01, 5) 0.01-5
PWN radius now (pc) Rpyun 5.83
Magnetic field now (uG) B 2.14
Reduced y? x*/D.O.F. 23.18/18 (1.29)
Systematic uncertainty o 0.36 0.01-0.5
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Figure 5.5: The resulting SED from our model for eHWC J2019+368.The multi-band
data are detected by VLA (Paredes et al., 2009), Suzaku and XMM-Newton (Mizuno
etal., 2017), VERITAS (Aliu et al., 2014), HAWC (Abeysekara et al., 2020), MILAGRO
(Abdo et al., 2007a,b, 2009b) and LHAASO (ILhaaso Collaboration et al., 2021b).

Unlike the models presented in Albert et al. (2021) and Fang et al. (2020), our approach
incorporates a more comprehensive set of radiation processes, including bremsstrahlung
and synchrotron self-Compton (SSC) emission. However, these additions primarily en-
hance the physical completeness of the model, as both processes typically contribute neg-
ligibly to the overall emission in most PWNe (with the notable exception of the SSC
component in the Crab Nebula). Moreover, our model explicitly includes the PWN radius
as a constraint, allowing for a more consistent match to both the multi-band spectrum and
the observed morphology. In the one-zone scenario, we achieved a reduced y? of 1.288
and a systematic uncertainty of 0.36, indicating a significantly improved fit.

The physical parameters used in our model are detailed in Table 5.2. The characteristic
age 7. of PSR J2021+3651 is estimated to be approximately 17.2 kyr, based on its known
period P and period derivative P. Assuming a typical braking index n = 3 and a true age
tiee = 6 Kyr, the initial spin-down time 7, can be obtained as 7o = % — lye ~ 11.23 kyr,
following Gaensler & Slane (2006). Given the current spin-down luminosity L = 3.4 X
10%¢ erg s7!, the initial spin-down luminosity L is then calculated as approximately 8.0 x
10% erg s7!. For the supernova explosion energy, ISM density, and containment factor,
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we adopt typical values of 1 x 10! erg, 0.1 cm™3, and 0.5, respectively. The temperatures
of the three background photon fields — CMB, FIR, and NIR — are derived from the
phfields tool within the TIDE code.

Our model provides a consistent fit to the observed SED of eHWC J2019+368, span-
ning from radio to TeV bands, as illustrated in Figure 5.5. Synchrotron radiation domi-
nates from radio to X-ray bands, with a cutoff at several keV due to synchrotron cooling,
while the TeV emission primarily arises from IC scattering off three ambient photon fields
— CMB, FIR, and NIR — with the CMB being the most significant contributor. And our
model suggests that eHWC J2019+368 is a potential PeVatron, predicting a maximum
particle energy of approximately 0.4 PeV.

The derived physical parameters include a PWN radius R, = 5.83 pc and a magnetic
field B = 2.14 uG at an assumed age of 6 kyr. Furthermore, using the updated version of
TIDE (Martin & Torres, 2022), which now allows the age to be treated as a free parameter,
we performed an additional fit with age unconstrained while keeping other parameters
fixed. This resulted in a fitted age range of 5120 to 7719 years, in good agreement with
the assumed 6 kyr.

As in the case of LHAASO J2226+6057, the leptonic modeling of eHWC J2019+368
also yields a low magnetic field, consistent with previous results by Fang et al. (2020)
and Albert et al. (2021). This again casts doubt on a purely PWN origin for the UHE
source. However, unlike LHAASO J2226+6057, the predicted radius (5.83 pc) agrees
well with the observed value (5.652 pc), within the uncertainties of the distance estimate.
This suggests that the problem of accommodating both a large radius and a low magnetic
field may be alleviated if having a distinct physical origins, at least in certain cases.

5.3 HESS J1427-608

5.3.1 Introduction

HESS J1427-608 is an unidentified, slightly extended TeV source located at [ = 314.409°,
b = 0.145°, first reported by Aharonian et al. (2008). They measured an angular extension
of 0.063 + 0.01°, with a 1-10 TeV energy flux of Fr.y = 4.0 x 1072 ergcm™2 s~ and a
spectral index of 2.16. However, subsequent observations by H. E. S. S. Collaboration
et al. (2018b) revised the extension to 0.048 + 0.009°, which meets their criterion for a
point-like source, leading them to model it as a Gaussian point source. Tibolla (2011)
proposed that HESS J1427-608 might be an ancient PWN, although no associated pulsar
or supernova remnant (SNR) has been detected to date. Its potential X-ray counterpart,
Suzaku J1427-051, was identified by Fujinaga et al. (2013), but the diffuse nature of this
X-ray source does not allow us to certify whether HESS J1427-608 originated from a
PWN or a non-thermal SNR.

Vorster et al. (2013) employed a spatially independent model to support the hypothesis
that HESS J1427-608 originates from an evolved PWN. Given the absence of a detected
pulsar, they assumed a distance of 11 kpc and adopted an initial spin-down luminosity
of Ly = 5.5 x 10°® erg s7!, a characteristic age of 3 kyr, and a true age of 10 kyr. These
parameters yield a present spin-down luminosity of L = 2.9 x 10*7 erg s~!, along with
a very weak present-day magnetic field of 0.4 uG, consistent with an old PWN scenario
characterized by low synchrotron luminosity. However, their model significantly under-
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predicts the observed X-ray flux, prompting them to test a younger scenario with an age
of 6.4 kyr and a stronger magnetic field of 4 uG. While this configuration could better
reproduce the X-ray data, it failed to match the radio observations, possibly indicating
that some of the data used may not be directly associated with HESS J1427-608.

Separately, Guo et al. (2017) identified a possible GeV counterpart to HESS J1427-
608 using Fermi-LAT data, revealing a power-law spectrum with an index of 2.0 and no
significant high-energy cutoff, consistent with a potential PeVatron. Assuming a distance
of 8 kpc (Fujinaga et al., 2013), they estimated a characteristic age of 11 kyr and a present
spin-down power of 6.5X 1036 erg s~! based on empirical flux ratios (Mattana et al., 2009;
Acero et al., 2013). They explored both a PL and a broken PL (BPL) injection models,
finding better agreement with the latter, yielding magnetic fields around 5 uG (PL) and
3.5 uG. While the low field strengths and lack of shell-like X-ray morphology support a
PWN origin, the flat y-ray spectrum still allows for an SNR interpretation.

Devin et al. (2021) conducted a multi-band analysis of HESS J1427-608 using a
generic code to constrain the origin of the TeV emission. Their model, which incor-
porates radio spectral index measurements and mean magnetic field estimates under the
leptonic scenario, successfully reproduces the broadband non-thermal spectrum, suggest-
ing a magnetic field below 10 uG. The Fermi-LAT data further reveals a pulsar-like spec-
trum, with the estimated spin-down power and characteristic age consistent with typical
TeV PWNe, supporting the evolved PWN origin for HESS J1427-608.

2025-06-25 WEI ZHANG - DOCTORAL THESIS 67



5.3.2 Results

Table 5.3: Summary of the physical magnitudes of HESS J1427-608

Parameters Symbol Values Fitting Range
Measured or assumed parameters:
Age (kyr) Lage 8
Characteristic age (kyr) T, 11
Spin-down luminosity now (erg s7!) L 1.0 x 10%7
Braking index n 3
Initial spin-down luminosity (erg s7') Ly 1.344 x 10°8
Initial spin-down age (kyr) 70 3
Distance (kpc) d 8.0
SN explosion energy (erg) E,, 10°!
ISM density (cm™>) ism 0.1
Minimum energy at injection Ymin 1
Containment factor € 0.5
CMB temperature (K) Temb 2.73
. CMB energy density (eV cm™) Uemp 0.25
FIR temperature (K) Ty, 31
NIR temperature (K) Thir 2800
Fitted parameters:
Break energy (10°) Yo 4.83 (3.69, 6.40) 0.1 - 100
Low energy index ) 1.21 (1, 1.25) 1-4
High energy index o) 2.64(257,272) 1-4
Ejected mass (M,,) M,; 8.29 (8.14,8.46) 8-15
Magnetic energy fraction (1072) n 0.24 (0.19,0.29) 0.01-50
FIR energy density (eV cm™) Uyir 0.01 (0.01,0.23) 0.01-5
NIR energy density (eV cm™) U,ir 0.01 (0.01,4.37) 0.01-5
PWN radius now (pc) Ryun 6.71
Magnetic field now (uG) B 2.66
Reduced y? x*/D.O.F. 17.56/10 (0.76)
Systematic uncertainty o 0.001 0.001-0.5
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Figure 5.6: From left to right: the evolution of the radius and the resulting SED from
our model for HESS J1427-608. The radio, X-ray (Suzaku), GeV (Fermi-LAT ) and TeV
(HESS) data in the SED are from Devin et al. (2021), Fujinaga et al. (2013), Guo et al.
(2017) and Aharonian et al. (2008), respectively.

Similar to eHWC J2019+368, we applied our model to HESS J1427-608 using the pa-
rameters listed in Table 5.3. Given the absence of an identified pulsar, we adopted a
characteristic age of 11 kyr as in Guo et al. (2017), with the age, spin-down luminosity,
braking index, and distance set to 8 kyr, 10’ erg s7!, 3, and 8 kpc, respectively, following
Devin et al. (2021).

As shown in Figure 5.6, the resulting SED achieves a good fit across a wide range
from radio to TeV bands, with a xy*/D.O.F of 7.56/10. Similar to LHAASO J2226+6057
and eHWC J2019+368, the synchrotron radiation dominates from radio to X-ray bands,
while the TeV emission primarily arises from IC scattering of CMB photons. The model
predicts a present-day PWN radius of 6.71 pc, consistent with the observed angular size
of 0.048° (corresponding to ~6.70 pc at 8 kpc). The magnetic field is estimated to be
2.66 uG, in agreement with previous low-field estimates. As shown in the left panel of
Figure 5.6, the PWN exceeds the SNR reverse shock radius at ~6 kyr, marking the onset
of the reverberation phase.

In conclusion, a PWN scenario provides a good description of the multiwavelength
emission and supports its classification as a potential PeVatron, similar to other UHE
sources. And the pulsar-related parameters used in our model may provide useful guid-
ance for the potential identification of the as-yet undetected pulsar associated with HESS
J1427-608. However, the model again requires a low magnetic field, posing a persis-
tent challenge to the leptonic interpretation. Interestingly, this case shares different fea-
tures with eHWC J2019+368 (low magnetic field but without a radius discrepancy) and
LHAASO J2226+6057 (entry into the reverberation phase).

5.4 Conclusions

This chapter investigated the plausibility of a PWN origin for three UHE sources (LHAASO
J2226+6057, eHWC J2019+368, and HESS J1427-608) and evaluated their potential as
PeVatrons. While the leptonic model reproduces the multiwavelength emission of all
three UHE sources, it consistently requires unexpected low magnetic fields - consistent
with previous studies - which cannot be solved within reasonable parameter ranges. For
LHAASO J2226+6057, an additional discrepancy arises from the overestimated PWN
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radius. These results challenge a purely leptonic PWN origin for these sources. Given
the agreement between the predicted and observed PWN radii for eHWC J2019+368 and
HESS J1427-608, the low-B,,,, and large-R,,,, issues may have distinct physical origins.
Possible explanations include a hybrid leptonic—hadronic scenario in which part of the
y-ray emission arises from hadronic processes, or improvements related to the limitations
of current IC treatments in modeling VHE/UHE radiation (see e.g., Xia et al., 2025).
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Chapter 6

Deep Search for Gamma-Ray Emission
from the Accreting X-Ray Pulsar
1A 05354262

Contents of This Chapter

This chapter presents a comprehensive investigation of gamma-ray emission from the
high-mass X-ray binary pulsar 1A 0535+262, a candidate gamma-ray source that has been
extensively studied but not yet confirmed. Building on previous efforts, we performed a
binned likelihood analysis to the full dataset and X-ray outburst intervals, and used the
weighted H-test to probe pulsations. Long-term flux variability and orbital phase-resolved
analyses were also performed.

No significant steady or pulsed gamma-ray emission was detected. We obtained the
most stringent 95% confidence upper limits on the gamma-ray luminosity, (2.3-4.7)x10
ergs™!, implying a gamma-to-X-ray luminosity ratio L,/Lx (2-150 keV) of (1.9-3.9)x107°.
These results provide important constraints on gamma-ray production in 1A 0535+262
and serve as a reference for future studies of high-mass X-ray binaries.

This work was published in the ApJ (Hou et al., 2023). As the second author, I actively
participated in the data analysis, cross-checking of results, and manuscript editing.
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6.1 Introduction

Binary systems are an important, albeit rare, class of gamma-ray emitters. Despite their
small numbers, these systems display a remarkable diversity in emission mechanisms and
physical configurations (Dubus, 2015). They include:

e Gamma-ray Binaries: These are typically high-mass X-ray binaries (HMXBs)
with massive O or B companions. Their gamma-ray spectra often peak above 1
MeV and exhibit orbital modulation across a wide range of wavelengths, usually
thought to be from the pulsar/stellar wind interaction. Known examples include
PSR B1259-63/LS 2883 (Abdalla et al., 2020; Chernyakova et al., 2020; Abdo et al.,
2011; Caliandro et al., 2015; Chernyakova et al., 2015), PSR J2032+4127/MT91 213
(Coe et al,, 2019), and LS T +61 303 (Weng et al., 2022; Abdo et al., 2009d; Pa-
pitto et al., 2012; Ackermann et al., 2013b), where the compact object has been
confirmed as a pulsar.

e Redbacks and Black Widows: These are low-mass (< 0.1My,), tight-orbit (P, <
1day) systems containing recycled MSPs and main sequence degenerate compan-
ions. The pulsar wind ablates the companion, leading to radio eclipses, X-ray/radio
anti-correlations, and pulsar nulling (Bogdanov et al., 2018). Specially, the pulsars
in these systems might switch between accretion-powered and rotation-powered
states within weeks (could persist for years), known as transitional pulsars (Archibald
et al., 2009; Papitto et al., 2013; de Martino et al., 2015; Papitto et al., 2019). And
this transition is usually accompanied by gamma-ray variability (Stappers et al.,
2014; Torres et al., 2017; Manca et al., 2025).

e Microquasars: Systems like Cyg X-1 and Cyg X-3 contain neutron stars or black
holes with relativistic jets. Their gamma-ray emission is thought to originate from
these jets (Albert et al., 2007; Zanin et al., 2016; Abdo et al., 2009¢; Tavani et al.,
2009). SS 433 is another notable example, as its jets produce gamma rays far from
its jet (Abeysekara et al., 2018a; Rasul et al., 2019; Xing et al., 2019; Fang et al.,
2020; Li et al., 2020).

e Accreting Millisecond Pulsars: Accreting millisecond pulsar SAX J1808.4-3658
is the only one candidate of such system detected in gamma rays, though current
detection is not yet significant (de Ofia Wilhelmi et al., 2016).

1A 0535+262 is one of the best-studied HMXB accreting pulsars, discovered in 1975
with a 104 s pulsation period (Rosenberg et al., 1975) and an orbital period of ~ 111 days
(Coeetal., 20006). It is a highly magnetized pulsar accreting from the 09.71I1le companion
star (Steele et al., 1998), located at a distance of 1.8+0.1 kpc (Bailer-Jones et al., 2018).
Its orbit is moderately eccentric (e = 0.47 + 0.02) (Finger et al., 1996).

Since its discovery, 1A 0535+262 has exhibited several X-ray outbursts with peak
fluxes ranging from 0.1 to 12.5 Crab. After the launch of Fermi satellite, three giant
X-ray outbursts have been detected in 2009 (Acciari et al., 2011), 2011 (Sartore et al.,
2015), and 2020 (Kong et al., 2022; Mandal & Pal, 2022), accompanied by non-thermal
radio emission during the latest one (van den Eijnden et al., 2020). These episodes have
motivated searches for correlated gamma-ray emission.
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Past studies include a search for gamma rays during the 2009 outburst using Fermi-
LAT , which set a 99% confidence upper limit of F(> 0.2GeV) < 1.9 x 10~® photons
cm™2 s~ (Acciari et al., 2011). More recently, a marginal 3.50 persistent gamma-ray
signal was reported, possibly originating from this HMXB (Harvey et al., 2022).

In this work, we present a comprehensive search for gamma-ray emission from 1A 05354262
using over 13 years of Fermi-LAT data, including the three giant outbursts and a earlier
double-peaked outburst. Our analysis includes a detailed search for both steady and tran-

sient gamma-ray signals, as well as a pulsation search.
6.2 Analysis and Results
6.2.1 Timing Solutions

Table 6.1: Timing solutions for 1A 0535+262 during different outbursts. Reproduced
from Hou et al. (2023).

Parameters 2009 double outburst® | 2009 outburst® | 2011 outburst” | 2020 outburst*
Epoch (MJD) 55040 55166.99 55616.202 59170
Tarr MID) 55040 55166.99 55608 59159.15
Top (MID) 55070 55201 55637 59207.92
vo(1073 Hz) 9.66041(4) 9.6618(1) 9.6793(1) 9.66045(2)
v1(10712Hzs™h) 0.67(3) -4.6(6) 6.43(5) 19.27(4)
v2(107'7 Hz s72) 3.3(0.3) 0.121(7) 1.17(4)
v3(1073 Hz s73) -4.8(6) -1.43(9) -5.8(2)
v4(100® Hz s™) 3(1) 1.67(5) -2.8(9)
vs(1073 Hz s7) -8(6) 737(7)
v6(1073° Hz s7%) -1.6(2)
v7(107% Hz s7%) -5(2)
vs(10° Hz s7%) 3(1)
vo(10™% Hz 57%) -8(2)
v10(107%2 Hz s7%) 7(1)

¢: Derived form the Fermi /GBM monitoring.
b, Adopted from Sartore et al. (2015).
¢: Derived from Insight-HXMT observations (Wang et al., 2022, see text).

To account for the spin and orbital evolution of 1A 05354262 during different out-
bursts, we adopted the following timing solutions:

e For the 2009 double-peaked and giant outbursts, we used the spin and orbital ephemerides
from the Fermi /GBM monitoring'.

e For the 2011 outburst, we employed the INTEGRAL timing solution reported by
Sartore et al. (2015).

1https ://gammaray.nsstc.nasa.gov/gbhm/science/pulsars/lightcurves/a0535.html
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e For the 2020 outburst, we derived a high-precision spin evolution using the In-
sight-HXMT data (Wang et al., 2022) and a phase-connection technique (Deeter
et al.,, 1981). Practically, we extracted time-of-arrival (TOA) data by folding 1000
s background-subtracted light curves in the 25-80 keV range, where the pulse pro-
file is relatively stable. This interval matches the typical good time duration for
Insight-HXMT . Each TOA was estimated by cross-correlating individual pulse
profiles with an average template, and the resulting spin parameters were obtained
using the software Tempo2 (Hobbs et al., 2006).

The final timing solutions for the further analysis are summarized in Table 6.1.

6.2.2 Data Set and Spectral Analysis

We analyzed approximate 14-years (from 2008 August 4 to 2022 June 9) of Fermi-LAT
Pass 8 data (Atwood et al., 2013) in the 0.1-300 GeV energy range. The data were selected
using the SOURCE event class with a zenith angle cut of < 90° to reduce Earth limb
contamination. The GTIs were defined by the standard filtering criteria ‘ ‘DATA_QUAL>0
&& LAT_CONFIG==1" to ensure data quality.

The ROI was a 10° circle centered on 1A 0535+262: a = 84.7274°, 6 = 26.3158°)
(J2000 coordinates from SIMBAD?. The analysis was performed using the PSR3_SOURCE_V3
IRFs and the Fermitools (v2.2.0).

To construct the source model, we included all 4FGL-DR3 sources within a 20° radius
of 1A 0535+262 (Fermi-LLAT collaboration, 2022), along with the latest Galactic diffuse
model (“gll-iem_v07.fits”) and isotropic background (“iso_.PSR3_SOURCE_V3_v1.txt”).
Sources within 5° of 1A 05354262 had their normalizations and spectral indices set free,
except for 4FGL J0534.5+2201i, which was fixed to account for the inverse Compton
component of the Crab Nebula. 1A 0535+262 was manually added as a point source with
a PL spectrum.

We performed a binned likelihood fit in a 14° x 14° ROI, using a 0.1° X 0.1° spatial
grid and 30 logarithmically spaced energy bins. The significance of 1A 0535+262 was
assessed using the TS. Initial global binned likelihood fits were performed with fixed
spectral indices (2.0, 2.3, 3.0) to evaluate potential emission scenarios. A harder spectrum
would improve detection prospects at higher energies. We then repeated the fitting for
individual X-ray outbursts and a combined stack of all outbursts to enhance the detection
possibility and statistics.

No significant gamma-ray signal from 1A 0535+262 was found in any of these cases.
Accordingly, we computed 95% confidence level flux upper limits, as summarized in
Table 6.2.

6.2.3 Long-term and Orbital Variability

To assess long-term variability, we generated 180-day binned light curves (Figure 6.1) in
the 0.1-300 GeV energy range. In each time bin, the full model from the global fit was
used, with normalizations free for sources within 3° of 1A 0535+262. Bins with TS<4
were assigned 95% confidence upper limits.

http://simbad.u-strasbg. fr/simbad/
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Table 6.2: Fermi-LAT spectral analysis results for 1A 0535+262.

Reproduced from Hou et al. (2023).

Period? Time Range (MJD)  Spectral Index TS  Energy Flux Upper Limit?
(1072 ergem™2s71)
Whole Dataset
Full 54682-59739 2.0 0.0 0.6
Full 54682-59739 23 0.0 0.7
Full 54682-59739 3.0 0.0 1.2
Stacked Outbursts
Rising+Falling 55040-59207 2.0 0.0 11.9
Rising+Falling 55040-59207 2.3 0.0 9.3
Rising+Falling 55040-59207 3.0 0.0 20.9
2009 Double-Peaked Outburst
Rising+Falling 55040-55070 2.0 0.4 349
Rising+Falling 55040-55070 2.3 0.4 273
Rising+Falling 55040-55070 3.0 0.0 21.9
2009 Giant Outburst
ALL 55165.9-55249.6 2.0 0.0 9.9
ALL 55165.9-55249.6 23 0.0 10.5
ALL 55165.9-55249.6 3.0 0.0 16.5
Rising+Falling 55165.9-55193.6 2.0 0.0 279
Rising+Falling 55165.9-55193.6 2.3 0.0 24.7
Rising+Falling 55165.9-55193.6 3.0 0.0 28.4
Rising 55165.9-55177.6 2.0 0.0 49.3
Rising 55165.9-55177.6 2.3 0.0 45.8
Rising 55165.9-55177.6 3.0 0.0 45.4
Falling 55178.4-55193.6 2.0 0.0 39.4
Falling 55178.4-55193.6 2.3 0.0 31.7
Falling 55178.4-55193.6 3.0 0.0 29.5
Apastron 55199.4-55216.6 2.0 0.0 23.6
Apastron 55199.4-55216.6 2.3 0.0 18.1
Apastron 55199.4-55216.6 3.0 0.0 18.6
Periastron 55230.4-55249.6 2.0 0.0 44.9
Periastron 55230.4-55249.6 2.3 0.0 39.3
Periastron 55230.4-55249.6 3.0 0.0 345
2011 Giant Outburst
Rising+Falling 55600-55645 2.0 0.0 14.6
Rising+Falling 55600-55645 23 0.0 13.4
Rising+Falling 55600-55645 3.0 0.0 19.6
Rising 55600-55617 2.0 0.0 33.0
Rising 55600-55617 2.3 0.0 30.7
Rising 55600-55617 3.0 0.0 40.0
Falling 55618-55645 2.0 0.0 30.9
Falling 55618-55645 2.3 0.0 30.6
Falling 55618-55645 3.0 0.0 20.0
2020 Giant Outburst
Rising+Falling 59159-59207 2.0 0.0 334
Rising+Falling 59159-59207 2.3 0.0 272
Rising+Falling 59159-59207 3.0 0.0 314
Rising 59159-59172.5 2.0 4.2 131.5
Rising 59159-59172.5 23 32 91.8
Rising 59159-59172.5 3.0 0.5 90.0
Falling 59173-59207 2.0 0.0 242
Falling 59173-59207 2.3 0.0 22.0
Falling 59173-59207 3.0 0.0 30.5

¢ Full: entire dataset; ALL: includes rising, falling, apastron, and periastron phases.

b'95% confidence level upper limits in the 0.1-300 GeV range.
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No significant variability was detected for PL indices of 2.0 and 2.3. For the index-3.0
case, two bins showed TS values of ~10 and ~20 (corresponding to about 30~ and 40), but
these periods did not coincide with major X-ray activities, indicating no clear correlation
between its gamma and X rays. The overall TS,,; for the light curve with a fixed index of
3 was only 1.70 (27 DOF), insufficient for a statistically significant detection.

Orbital variability was also examined by folding the Fermi-LAT data into 10 orbital
bins, following the same fitting setup as for the long-term variability analysis. Again, no
significant modulation was found, as shown in Figure 6.2.
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Figure 6.1: Long-term gamma-ray light curves for 1A 0535+262 with different fixed
spectral indices. Arrows indicate 95% C.L. upper limits for bins with TS < 4. Taken from
Hou et al. (2023).
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Figure 6.2: Orbital light curves for 1A 05354262 with different fixed spectral indices.
Arrows indicate 95% C.L. upper limits for bins with TS < 4. Taken from Hou et al.
(2023).

6.2.4 Pulsation Search

We also searched for gamma-ray pulsations from 1A 0535+262 using Fermi-LAT data
within 1° of the source in the 0.1-300 GeV range. Pulsation significance was assessed
using the weighted H-test (Kerr, 2011), which extends the original test by de Jager et al.
(1989) to include photon weights. The H-test statistic is defined as

H,, =max|Z},—cx(i-1], 1<i<m, (6.1)

where .
= ad+B)- (6.2)

Z]'il wy kzz;
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and

N N
= ) wicosQrkg)), P = Y wisin(2rkg;). (6.3)
i=1 i=1

N i1s the number of photons, ¢; is the spin phase, w; is the weight, and m is the maximum
number of harmonics considered. For the offset for a harmonic (c), we adopted the stan-
dard offset ¢ = 4 and verified that varying the maximum harmonic up to m = 20 did not
change the results.

Photon weights, w(E, Af) (function of photon energy E and angular distance A6 to
the target), were computed using the Simple Weights method (Bruel, 2019; Smith et al.,
2019), which provides a rough estimate of the probability that a given photon originates
from the target source. Assuming a faint target compared to the background, the weights
are given by

w(E,A0) = f(E) X g(E, A9), (6.4)
where
f(E) = exp (—2 log}, (Eif)) (6.5)

is the weight at the target position, depending on the spectra of the target and background
and also on the PSF of the Fermi-LAT .

o
¢(E, AG) = [1 " ﬂ) 66)

40'§Sf(E )

is the geometrical factor, with the PSF 68% containment angle as

Tpi(E) = A[p(E/100)27 + p2, (6.7)

where py = 5.445, p; = 0.848, and p, = 0.084 for LAT P305 Pass 8 data (Atwood et al.,
2013). The reference energy is defined as E..; = 10 (Bruel, 2019). Therefore, searching
for pulsations is to identify the maximum H-test by scanning over y,,. Following Smith
etal. (2019), we used u,, = 3.6 as a reasonable choice, but also verified that scanning over
arange of u,, values did not significantly alter the results.

We folded Fermi-LAT photons using the ephemerides listed in Table 6.1 and restricted
the search to intervals where the ephemerides were valid. Despite this, no significant
pulsations were detected in any of the observed outbursts.

To optimize the H-test further, we experimented with different energy, radius cuts and
weighting methods (i.e. adding or not adding). While this approach produced signals
approaching 40" in some cases, the large number of trials significantly reduced their sig-
nificance, whore corrected value would decrease to O (Hou et al., 2023). In summary, no
statistically significant pulsations were detected for 1A 0535+262.

6.3 Discussion and Conclusions

6.3.1 Comparison with Previous Studies

Our analysis yields significantly different results from those of Harvey et al. (2022), where
they reported correlated gamma-ray and X-ray outbursts from 1A 0535+262. In contrast,
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we did not find any significant persistent, transient, or pulsed gamma-ray emission from
this source, despite analyzing over 13 years of Fermi-LAT data. The two weak TS peaks
(~20 and ~10) in our long-term light curves do not align with known X-ray outburst
periods, challenging their claim of a direct correlation.

Several methodological differences may explain this discrepancy. For instance, we
utilized the newer 4FGL-DR3 catalog, PSR4 SOURCE_V3 IRFs, and updated diffuse
and extended source templates, while they based their analysis on the older 4FGL-DR2
catalog, PSR3_SOURCE_V2 IRFs, and 8-year templates (see their Table 1). Our ROI was
also larger, extending to 5° for spectral fitting and orbital variability, and to 3° for long-
term variability studies, compared to their 1°. Additionally, we fixed the spectral index in
certain cases to account for potential emission mechanisms, while they allowed it to vary
freely. Finally, they did not account for energy dispersion, whereas we did.

6.3.2 Implications for Gamma-ray Emission Mechanisms

Our non-detection places stringent constraints on gamma-ray production in this system.
Gamma-ray binaries like LS I +61 303 are known to emit non-thermal radiation across
multi-wavelengths, including radio and X-rays, often linked to particle acceleration in
shocks or magnetospheric gaps. However, 1A 0535+262 lacks significant quiescent
radio emission, suggesting a different physical emission mechanism. For instance, a
hadronic model proposed by Cheng & Ruderman (1991), where protons accelerated in
the magnetosphere impact a transient accretion disk, predict much higher gamma-ray
fluxes than our upper limits. For 1A 0535+262, Orellana et al. (2007) estimated a flux
of 3.8 x 107 phcm™2s~! with this model, translating to a gamma-ray luminosity of ~
10*} ergs~! at 0.3 TeV , which should have been easily detected by the Fermi-LAT . How-
ever, our limits, ranging from (2.3-4.7)x10*? erg s™! depending on the assumed spectral
index, are an order of magnitude lower.

Additionally, using the X-ray luminosity in the 2-150 keV range reported for the
largest 2020 outburst (Kong et al., 2021), estimated at 1.2 x 10*8 ergs™!, the gamma-
to-X-ray luminosity ratio, L, /Ly, is approximately (1.9-3.9)x107°.

6.3.3 Alternative Explanations for the Non-Detection

Several other factors might explain the lack of detectable gamma-ray emission. First,
the shocks in this system may simply be too weak to accelerate particles to the required
energies. Alternatively, the gamma rays might be significantly adsorbed by the dense sur-
rounding material (see e.g., Orellana et al., 2007). Such absorption could vary over time,
potentially masking even strong emission during certain phases. However, this would
likely result in detectable flux variations, which we do not observe. Moreover, secondary
electrons and positrons from pair production should also contribute to the MeV-GeV
band, which remains undetected in our analysis.

Giant (Type II) outbursts, though rare and typically independent of the orbital period,
can reach X-ray luminosities close to the Eddington limit, likely due to the formation of
transient accretion disks. van den Eijnden et al. (2020) reported a radio counterpart of
1A 0535+262 during its 2020 outburst, marking the first observed coupling of increased
X-ray and radio flux for this source. This indicates that the radio emission might relate
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to the accretion state, similar to the behaviour observed from transient Be X-ray binary
Swift J0243.6+6124 (van den Eijnden et al., 2018).

Theoretical studies have proposed that HMXBs can emit gamma rays during accretion
periods (Bednarek, 2009a,b). Observational hints include gamma-ray signals from the
accreting millisecond pulsar SAX J1808.4-3658 (de Ona Wilhelmi et al., 2016), emissions
during the sub-luminous states of transitional pulsars, potentially linked to propeller-mode
outflows or mini pulsar wind nebulae (Papitto et al., 2014; Papitto & Torres, 2015; Papitto
etal., 2019; Veledina et al., 2019), and pulsed optical and ultraviolet radiation from SAX
J1808.4-3658 (Ambrosino et al., 2021), all suggesting possible particle acceleration in
accreting systems.

In our case, the neutron star Eddington luminosity (Lggq ~ 1.8 x 10 erg s7!) far ex-
ceeds the observed gamma-ray flux, suggesting that if such emission exists, it is highly
inefficient. Alternatively, gamma-ray emission might be confined to lower energies, such
as below 100 MeV, as proposed for transients like the Be X-ray binary 4U 1036-56 (RX
J1037.5-5647), potentially linked to AGILE detections (L1 et al., 2012). Possible MeV
missions like AMEGO (McEnery et al., 2019), e-ASTROGAM (de Angelis et al., 2018),
or the forthcoming COSI (Beechert et al., 2022) can be critical for exploring this possi-
bility.

6.3.4 Conclusions

In summary, we analyzed over 13 years of Fermi-LAT data for 1A 0535+262 and found
no significant persistent, transient, or pulsed gamma-ray emission, either over the entire
dataset or during X-ray outbursts. The 95% C.L. upper limits on the gamma-ray lumi-
nosity, assuming different spectral indices, range from (2.3—4.7)x10*? ergs™!, the most
stringent constraints to date. Two time bins in the long-term light curve show excesses
at roughly 3 and 40, but both occurred when the source was X-ray faint, suggesting no
correlation between gamma-ray and X-ray activity. No significant orbital modulation
was found, indicating that 1A 0535+262 is not a detectable gamma-ray emitter at current
Fermi-LAT sensitivity.

2025-06-25 WEI ZHANG - DOCTORAL THESIS 79



Chapter 7

Characterizing the Gamma-ray Emission
Properties of the Globular Cluster M5
with the Fermi-LAT

Contents of This Chapter

This chapter presents the gamma-ray study of the globular cluster M5 (NGC 5904)
using 15 years of Fermi-LAT data, as published in Hou et al. (2024), where I contributed
as the second author, primarily responsible for part of the Fermi analysis and cross-checks.

We first searched for gamma-ray pulsations from the seven known MSPs in M5 using
precise radio ephemerides from Arecibo and FAST but found no significant signals. We
then investigated possible orbital modulation from the six binary MSPs, again with no
significant detections.

The overall gamma-ray emission from M5 is well described by an exponentially cutoft
power-law model and appears steady on monthly time scales. Using the observed lumi-
nosity and gamma-ray efficiencies of known MSPs, we estimate that M5 hosts 1 to 10
MSPs, consistent with the currently known sample, though a diffuse component cannot
be excluded.
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7.1 Introduction

Globular clusters (GCs) are among the oldest and most dense stellar systems, character-
ized by high stellar densities (> 1000 pc~3, Sollima & Baumgardt, 2017) and frequent
dynamical interactions. These conditions significantly enhance the formation rates of
low-mass X-ray binaries (LMXBs) within GCs, making them orders of magnitude more
common per unit mass than in the Galactic field (Katz, 1975; Clark, 1975). As a result,
a robust correlation between the number of LMXBs in GCs and the stellar encounter rate
(I'c) has been established through numerous studies (Pooley et al., 2003; Gendre et al.,
2003; de Menezes et al., 2023).

Millisecond pulsars (MSPs) — defined as neutron stars with spin periods typically
less than 30 ms — are widely believed to evolve from LMXBs via accretion-driven spin-
up processes (Alpar et al., 1982; Bhattacharya & van den Heuvel, 1991). Currently, about
345 pulsars have been identified in 45 GCs within the Milky Way, with approximately
80% classified as MSPs'. In contrast, only 10% of known Galactic pulsars outside GCs
are MSPs?. This stark difference underscores the unique dynamical environments within
GCs that favor the formation of these compact objects. Indeed, a positive correlation be-
tween the MSP population in GCs and I'. has been observed (Hui et al., 2010; Bahramian
et al., 2013), reinforcing the connection between LMXB formation and subsequent MSP
evolution in dense stellar systems.

GCs have also emerged as a distinct class of gamma-ray sources, primarily through
observations by the Fermi-LAT . To date, high-confidence gamma-ray counterparts have
been identified for approximately 39 GCs, all of which are listed in the widely used Harris
(1996) catalog®. The prevailing interpretation is that the observed gamma-ray emission
from GCs arises from their MSP populations, as first proposed by Chen (1991) and also
supported by spectral similarities between MSPs and GCs. Several studies have estab-
lished a relationship between the gamma-ray luminosity (L,) of GCs and their encounter
rates, further supporting the MSP origin of these y-ray emissions (see e.g., Abdo et al.,
2010; Bahramian et al., 2013; de Menezes et al., 2023; Feng et al., 2023).

Exceptionally, gamma-ray pulsations have been detected for several individual MSPs
in GCs, including PSR J1823-3021A in NGC 6624 (Freire et al., 2011), PSR B1821-24
in NGC 6626 (M28) (Wu et al., 2013; Johnson et al., 2013), and PSR J1835-3259B in
NGC 6652 (Zhang et al., 2022). These energetic MSPs, characterized by high spin-down
power, likely dominate the overall gamma-ray output of their respective host clusters.

M5 (NGC 5904) is a relatively bright GC, located at a distance of approximately 7.5
kpc. It has a half-mass radius of 5.6 pc, corresponding to an angular diameter of about
2.11’ on the sky4. MS hosts at least seven MSPs, identified through radio observations
using the Arecibo and FAST telescopes (Anderson et al., 1997; Mott & Freire, 2003;
Hessels et al., 2007; Pan et al., 2021; Zhang et al., 2023). The basic parameters of these
seven MSPs are summarized in Table 7.1. Their spin periods range from 2.48 to 7.95 ms.
MS5A is an isolated MSP, while the others form binary systems with orbital periods rang-
ing from 0.114 to 6.858 days. The companions include low-mass helium white dwarfs
(He WDs) and black widow (BW) systems. The inferred spin-down powers (E) of these

Thttps://www3.mpifr-bonn.mpg.de/staff/pfreire/GCpsr.html
thtp ://astro.phys.wvu.edu/GalacticMSPs/GalacticMSPs. txt
32010 edition: https://physics.mcmaster.ca/~harris/mwgc.dat
“http://www.messier.seds.org/m/m005.html
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Table 7.1: Basic properties of the seven MSPs in M5

MSP RA (deg) Dec (deg) P (ms) Py, (day) e E (10%* erg s~') X-ray counterpart Optical counterpart Notes

MS5A 229.6388 2.0910 5.55 < 1.56 No No isolated

M5B 229.6311 2.0876 795 6.858 0.138 <0.25 No No likely heavy, not edge-on
MS5C 229.6366 2.0799 248 0.687 0 < 12.36 Yes Yes eclipsing BW

M5D 229.6268 2.0833 299 1222 lower than M5B 0.28-4.98 Yes Yes He WD companion
MSE 229.6388 2.0772 3.18 1.097 lower than M5B <527 Yes Yes He WD companion
MSF 229.6350 2.0867 2.65 1.610 lower than M5B < 8.30 No Yes He WD companion
M5G 229.6197 2.0875 275 0.114 0 0.04-3.34 Yes No non-eclipsing BW

“ The eccentricities of M5C and M5G are assumed to be zero due to tidal circularization typical in BW systems (cf. Table 1 in Zhang et al., 2023).

b Spin-down powers E are estimated based on the intrinsic spin-down rates corrected for gravitational acceleration within the cluster (cf. Table 2 in
Zhang et al., 2023).

MSPs also vary significantly, from as low as 4 x 10°% erg s™! to as high as 1.2 x 10* erg
s~!, indicating a broad spectrum of potential gamma-ray contributions.

MS was first suggested as a gamma-ray emitter by Zhou et al. (2015) based on a ten-
tative detection using six years of Fermi-LAT data, and this association was subsequently
confirmed by Zhang et al. (2016) with a more significant detection using seven years of
Pass 8 data. The cluster is now included as a gamma-ray source (4FGL J1518.8+0203)
in the Fermi-LAT Fourth Source Catalog (4FGL) (Abdollahi et al., 2020). Given the
small angular separations (typically 0.01° — 0.02°) between the known MSPs in M5, the
Fermi-LAT ’s angular resolution (~ 0.1°) is insufficient to resolve individual MSPs, mak-
ing it challenging to distinguish their individual contributions to the overall gamma-ray
emission.

In this work, we present a comprehensive Fermi-LAT analysis of M35, using the latest
data and refined timing solutions for its known MSPs. Our primary objectives are to
characterize the collective gamma-ray emission from this cluster, assess the contributions
from individual MSPs, and evaluate the implications for MSP formation and evolution in
dense stellar systems.

7.2 Data Set

We performed a detailed gamma-ray analysis of M5 using 15 years of Pass 8 Fermi-
LAT data (2008 August 4 — 2023 August 4) within a 10° region centered on M5. The
data selection included SOURCE class events in the energy range of 0.1-500 GeV with
standard quality filters applied to remove contamination from Solar flares and Gamma-
ray bursts (GRBs). To further reduce the Earth limb background, we adopted the energy-
dependent zenith angle and point spread function (PSF) cuts similar to those in the LAT
4FGL catalog (Abdollahi et al., 2020), limiting the zenith angles to < 90°, < 100° and
< 105° for the 0.1-0.3 GeV, 0.3—1 GeV, and 1-500 GeV bands, respectively.

A spatial-spectral model was constructed for the ROI by including all 4FGL-DR4
sources within 20° around MS5, as well as the latest Galactic diffuse emission model
(gll_iem_v07.fits) and the isotropic component (iso_PSR3_SOURCE_V3_vl.txt) to account
for extragalactic contributions and residual instrumental backgrounds. Energy dispersion
corrections were also applied, excluding the isotropic component.

We performed a summed likelihood analysis within a 14°x14° ROI using the fermipy
package (v1.2.0) with Fermitools (v2.2.0).
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7.3 Analyses and Results

7.3.1 Spatial Analysis

Table 7.2: Optimized positions with different spectral assumptions for M5 based on high-
energy data (1-500 GeV).

Model R.A.(J2000) Dec. (J2000) 95% containment radius TS

LP 229.6607° 2.0517° 0.07° 73.3
PL 229.6592° 2.0485° 0.07° 71.1
PLEC4  229.6593° 2.0524° 0.07° 73.8

50° 4

GLAT
o
Significance [o]
Significance [o]

45°

L wapsmonds + ;
* JTRBEIS0 oo #ma%m@@
P PSEHEEE .t .
L + prep— —4

10° 5° 0° 355°
GLON GLON

40°

Figure 7.1: Left: Residual map in the 1-500 GeV band for the source localization of M5.
Right: Residual map in the 0.1-500 GeV band for the spectral fit of M5. Reproduced
from Hou et al. (2024).

To achieve a precise gamma-ray position for M5, a high-energy analysis (1-500 GeV)
was conducted, exploiting the improved angular resolution in this energy band. The data
were processed using a spatial binning of 0.05° x 0.05° and ten logarithmic energy bins
per decade. Maximum likelihood fitting was applied to assess the source location, with
three common spectral models considered:

e [ogParabola (LP, default model in 4FGL-DR4):
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e PL.: .
dN E\
oN(=) . 7.2
o (E) 12)

e PLSuperExpCutoff4 (PLEC4):

dN E\ ot d E\
i A ) | "
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Figure 7.2: Left: TS excess map for M5 in the 1-500 GeV band, covering a 1° X 1° region
with 0.05° bins. Shown are the best-fit position and 95% containment radius derived from
the source localization (red plus and circle), 4FGL-DR4 position and 95% containment
ellipse (green cross and ellipse), and the M5 center (blue cross). Right: TS excess map
in the 0.1-500 GeV band, covering a 2.5° X 2.5° region with 0.1° bins. The green plus
and circle indicate the best-fit position and 95% containment radius for the excess in the
90-day light curve bin 21 (see Section 7.3.3.2 and Figure 7.4). Reproduced from Hou
et al. (2024).

In which, Nj is the normalization factor at the reference energy E\, and the remaining
parameters define the spectral curvature, particularly suited for pulsar-like spectra (Smith
et al., 2023). The reference energy E| is fixed to the catalog value for the LP model and
to 1 GeV for the PL and PLEC4 models, and index b is fixed to 2/3 for PLEC4 model.

The localization results for these models are summarized in Table 7.2, revealing con-
sistent source positions with minor differences. The results in the case of the PLEC4
model was ultimately selected for further analysis because it has a slightly higher TS
value and PLEC4 is physically motivated as a superposition of curvature radiation spectra
for a range of electron energies. The TS excess map (Figure 7.2, left panel) also presents
the results within a 1° X 1° region centered on MS5. The resulting residual TS map, dis-
played in the left panel of Figure 7.1, indicates a well-fitted source model for the ROI, as
no significant residuals (> 407) are observed.

7.3.2 Spectral Analysis

Table 7.3: Best-fit spectral parameters for M5 (0.1-500 GeV) using the PLEC4 model.

TS @ B I To) d Photon Flux Energy Flux
(10°ecm™2s7h) (1072 ergem™2s7")

LP 90.9 2.11+0.20 0.44 +0.18 1.41 +0.60 1.75+0.32

PL 74.7 2.24 +0.09 4.02 +£0.89 2.90 +0.41

PLEC4 91.2 1.70 £ 0.25 0.63 +0.24  1.65+0.67 1.78 £ 0.32

Following localization, a broadband spectral analysis over the 0.1-500 GeV range was
performed with three aforementioned spectral models. The parameters of sources within
5° were allowed to vary freely, while those between 5° and 8° had their normalizations left
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Figure 7.3: SED of M5. The measured flux points are shown as red dots, with 95%
confidence level upper limits (TS < 4) indicated by red arrows. The best-fit models are
overlaid: PLEC4 (black line and shaded region), LP (blue line and shaded region), and
PL (green line and shaded region), with their respective uncertainties. Reproduced from
Hou et al. (2024).

free to accommodate potential variability. The resulting best-fit parameters are provided
in Table 7.3. The PLEC4 and LP models show comparable performance, while the PL
model fits poorly. Given its stronger physical foundation, PLEC4 was selected as the
preferred model.

We computed the SED of M5 using the best-fit PLEC4 model over the 0.1-500 GeV
range, dividing the data into 10 logarithmic bins. Background sources were treated as
in the broad-band fit. For each bin, we fit the flux normalization with a PL model. The
index was set to the local slope of the PLEC4 model for the first six bins and fixed at
4 for the higher energy bins to account for the steep spectrum and low normalization at
those energies. For bins with TS<4, we calculated upper limits on the flux at the 95%
confidence level. Figure 7.3 presents the resulting SED along with the PLEC4, LP, and
PL models.

7.3.3 Temporal Analysis
7.3.3.1 Pulsation Search

We searched for gamma-ray pulsations from each pulsar within a 2° radius. Spin phases
were computed using the Fermi plugin (Ray et al., 201 1) for TEMPO2, with radio ephemerides
from (Zhang et al., 2023). Ephemerides for M5SA, B, C, D, and E are valid from before
Fermi ’s launch to November 2022, while those for M5SF and G cover November 2020 to
December 2022, as these MSPs were detected only by FAST. The weighted H-test (Kerr,
2011) was applied, for both the full Fermi-LAT dataset and the relevant time range of
ephemerides validity.

No significant pulsations were detected for any of the seven MSPs. The highest H-
test value, 13.8 (corresponding to 2.907), was for M5SA, which slightly decreased after
accounting for the six trials.
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7.3.3.2 Long-term Light Curves
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Figure 7.4: The long-term light curve and TS evolution of M5 (0.1-500 GeV). Left: 90-
day binning. Arrows indicate flux upper limits (95% C.L.) for TS<4. The blue dashed line
shows the average flux, with red dashed lines marking the 1o~ uncertainty. The magenta
marker indicates the flux and TS in bin 21 after adjusting for the excess near M5. Right:
Zoom around bin 21 (from MJD 56572 to 56662) with 10-day bins. Reproduced from
Hou et al. (2024).

We analyzed the long-term gamma-ray flux variability of M5 by constructing a 90-day
binned light curve over the energy range 0.1-500 GeV (Figure 7.4, left panel). We used
the PLEC4 model fitted to the broad-band data as a baseline for each bin, with only the
normalizations allowed to vary. The variability was quantified using TS, (Acero et al.,
2015), which yielded a value of 62.97. Considerably lower than the 99% confidence
threshold of 88.38 (y? distribution with 60 D.O.F.) indicated no significant variability on
seasonally time scales.

However, a prominent TS peak of ~ 28 appeared in bin 21 (MJD 56572-56662, 2013
Oct 7 — 2014 Jan 5). A TS map of this bin (Figure 7.2, right panel) revealed an excess
near M5, which we localized to (@, 9) = (228.97°,2.49°) with a 95% containment radius
of 0.29°. Despite this proximity, the excess was not associated with M5 (0.78° offset). A
likelihood fit including the excess gave a TS of about 20 for the excess and 10 for M5.
Additionally, we didn’t detect the excess before and after bin 21.

We searched multiple catalogs for counterparts within the 95% containment radius of
the excess, including the Fermi-LAT Long-Term Transient Source Catalog (1FLT, Bal-
dini et al., 2021)°, and blazar catalogs (FERMILBLAZ (Kovacevic et al., 2019), BZCat
(Massaro et al., 2015), CGRaBS (Healey et al., 2008), CRATES (Healey et al., 2007),
WIBRals2 and KDEBLLACs (D’ Abrusco et al., 2019; de Menezes et al., 2019)) through
HEASARCS. No matches were found, and given M5’s high Galactic latitude, we found
no nova candidates reported during this period’.

After incorporating the excess, the TS,,, for the 90-day light curve decreased to 57.9,
but the TS in bin 21 remained an outlier. To assess the significance of this peak, we
compared the likelihood of the best-fit model with the fit when fixing the flux of M5 to the

5https ://heasarc.gsfc.nasa.gov/W3Browse/all/fermiltrns.html
6https ://heasarc.gsfc.nasa.gov/W3Browse/all/
"https://asd.gsfc.nasa.gov/Koji.Mukai/novae/novae.html

2025-06-25 WEI ZHANG - DOCTORAL THESIS 86


https://heasarc.gsfc.nasa.gov/W3Browse/all/fermiltrns.html
https://heasarc.gsfc.nasa.gov/W3Browse/all/
https://asd.gsfc.nasa.gov/Koji.Mukai/novae/novae.html

Table 7.4: Orbital-Phase Resolved Spectral Fits for M5B (copy from Table 3 in Hou et al.

(2024)).
Bin TS To d Photon Flux Energy Flux
10 cm2s7!) (10712 erg cm 257!
0.5-06 42 2.08+0.33 0.61+0.38 7.70 + 4.67 5.70 £ 1.70
0.6-0.5 61 1.72+033 0.56+0.28 1.50 £ 0.84 1.58 £ 0.39

average (the excess was included for both), resulting in a 4/2Alog L of 2.80, suggesting
the peak is likely a statistical fluctuation.

Further analysis of bin 21 with a 10-day binned light curve (Figure 7.4, right panel)
yielded TSy, = 15.2, below the 99% confidence threshold of 20.1 for 8 DOF, confirming
that the emission is consistent with steady flux and that the apparent peak is likely due to
statistical noise.

7.3.3.3 Orbital Modulation

Binary MSPs can exhibit orbitally modulated emission across multiple wavelengths, pro-
viding insights into their binary properties and emission mechanisms. We examined the
orbital modulation of the six binary MSPs in M5 using two methods, following the ap-
proach in Johnson et al. (2015).

We folded the gamma-ray events within 5° of the M5 center using the orbital periods
of each MSP, with orbital phases assigned via TEMPO2 and radio ephemerides in Zhang
et al. (2023). The time bin was set to 30 s. In the first method, to account for possible
exposure variations, we generated a null distribution by binning the exposure into 1000
time bins and normalizing (Ackermann et al., 2012). We then corrected the exposure for
each event within 2° of M5, and applied the weighted H-test (Kerr, 2011) to evaluate
modulation significance. No significant orbital signals were detected, with the largest
H-test value being 10.3 (2.40).

The second method involved calculating phase-resolved orbital fluxes using 10 bins
per orbit. We corrected for exposure variations by creating orbital phase-selected good
time intervals (GTIs) from the 30 s counts light curve as done in the first method. Vari-
ability was quantified via TS,,;, similar to the long-term light curve analysis. As shown
in Figure 7.5, none of the MSPs exhibited significant orbital variability, with the highest
TS,ar of 14.7 for M5B, below the 99% confidence threshold of 21.7 for the y? distribution
with 9 DOF.

M5B showed a moderately high TS and flux in the 0.5-0.6 orbital bin, suggesting
possible phase-dependent variability. We quantified this by comparing the +/2Alog £
relative to the phase-averaged flux (Table 7.2), obtaining a significance of 3.40-. To test
for spectral shape changes, we re-fitted the 0.5-0.6 and 0.6—0.5 orbital bins with all spec-
tral parameters free, as listed in Table 7.4. The spectral parameters remained consistent,
indicating that the observed modulation is likely dominated by flux variation rather than
shape changes.
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Figure 7.5: Orbital flux variations for the six binary MSPs in M5. Arrows indicate 95%
C.L. upper limits for bins with TS<4. The blue dotted line marks the average flux from the
broad-band PLEC4 fit, with red dotted lines showing the corresponding 10~ uncertainties.
Reproduced from Hou et al. (2024).
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7.4 Discussion and Concluding Remarks

7.4.1 Spectral Characteristics of M5

From the best-fit parameters, the SED peak energy, E,,, and curvature, d,, can be estimated
using the relations from 3PC (Smith et al., 2023):

b

E, = E [1 + 2(2 - Fo)] , (7.4)

dy=d+b2-Ty). (7.5)

Here, the maximum theoretical d, = 4/3 corresponds to monoenergetic synchrotron or
curvature radiation, while smaller values indicate a broader electron energy distribution.
For M5, we obtained E, = 1.5 GeV and d, = 0.83, consistent with the dependence of the
spectral curvature on the peak energy (Figure 20 in Smith et al. (2023)).

7.4.2 Non-detection of Individual Pulsars

Despite M5 hosting multiple MSPs, none were detected as individual gamma-ray pulsars.
This is not unexpected, as gamma-ray detections generally require both high spin-down
power (E) and precise ephemerides, which many GC MSPs lack.

From Table 7.1, several M5 MSPs have E upper limits comparable to known gamma-
ray MSPs, such as M5C with E < 1.2 x 10* erg s~!, which approaches the estimated
E = 1.8x10% erg s~! for the gamma-ray MSP J1835-3259B. However, the non-detections
likely indicate that the true E values are significantly lower than the upper limit, consistent
with the generally low magnetic fields expected for recycled pulsars in low-density GCs
like MS.

This pattern aligns with previous findings that gamma-ray MSPs are more commonly
found in GCs with a very high encounter rate per formed binary (yp), such as core-
collapsed GCs, NGC 6624 and NGC 6652 (Verbunt & Freire, 2014). These clusters may
host a larger fraction of isolated, slow pulsars due to frequent binary disruptions, leading
to higher magnetic field strengths and, consequently, higher E values.

In contrast, in low-y, GCs like M5, LMXBs are unlikely to be disrupted, allowing
their NSs to fully recycle into fast-spin, low-B MSPs. This is supported by observations of
47 Tuc, where all MSPs in binaries exhibit small P values, consistent with typical Galactic
MSPs (Freire et al., 2017). The absence of individually detectable gamma-ray MSPs in 47
Tuc and w Centauri further supports this view (Dai et al., 2023). Our endeavor to identify
a high-significance gamma-ray MSP in M5 functions as a corroborating evaluation of this
hypothesis.

7.4.3 Gamma-ray Emission of M5 as a Whole

Given the lack of individual detections, the observed gamma-ray emission from M35 likely
arises from the collective contribution of its MSP population. Following the approach of
Johnson et al. (2013), the total number of MSPs can be estimated as

= (7.6)
(EX(ny) '
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where L, = (1.2 £ 0.2 + 0.2) x 10* erg s™' is the gamma-ray luminosity from the fit
(Table 7.2), (E) = (1.8 £ 0.7) x 10** erg s~! is the average spin-down power for MSPs in
GCs (Abdo et al., 2009b), and the gamma-ray efficiency 7, is estimated to lie in the range
0.07 — 0.4 as Figure 24 in (Smith et al., 2023). This yields Nysp ~ 1.7 — 9.5, consistent
with the seven detected MSPs in M5. However, these estimates should be taken with
caution, as Smith et al. (2023) assumes a beaming factor of f, = 1, while recent studies
suggest that in general fo < 1 (Kalapotharakos et al., 2022).

7.4.4 Emission Mechanisms and Future Prospects

Two main models have been proposed for the gamma-ray emission from GCs: direct mag-
netospheric emission and IC scattering. The former attributes the observed gamma-ray
emission to curvature radiation within the magnetospheres of individual MSPs (e.g., Ven-
ter & de Jager, 2008; Venter et al., 2009), while the latter involves IC scattering between
ambient photon fields and relativistic electrons accelerated in the MSP wind (Bednarek &
Sitarek, 2007; Cheng et al., 2010).

Both models can reproduce the GeV spectra observed from GCs (e.g., Abdo et al.,
2010), though the IC model also predicts TeV emission, which remains largely unde-
tected despite extensive searches with CANGAROO, VERITAS, H.E.S.S., and MAGIC
(see e.g., Kabuki et al., 2007; McCutcheon, 2009; Aharonian et al., 2009; Anderhub et al.,
2009; H. E. S. S. Collaboration, 2013; MAGIC Collaboration, 2019), with Terzan 5 be-
ing a possible exception (H. E. S. S. Collaboration, 2011). However, IC model is also
supported by diffuse radio and X-ray emissions observed in Terzan 5 and 47 Tuc (Eger
et al., 2010; Clapson et al., 2011; Wu et al., 2014), potentially indicating non-thermal IC
processes.

Future observations with more sensitive instruments like CTA, LHAASO, and SKA
are expected to clarify the nature of GC gamma-ray emission and potentially confirm the
existence of IC components, providing deeper insights into MSP populations and their
environments.
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Chapter 8

Conclusion and Outlook

This thesis presents an in-depth study of pulsar-powered systems, centered on the model-
ing and gamma-ray characterization of pulsar wind nebulae (PWNe). With the dedicated
numerical framework of TIDE, the systematic analysis of Fermi-LAT data, and the appli-
cation of multi-wavelength constraints, this work deepen our understanding to gamma-ray
features of pulsars and their environments.

8.1 TIDE Model Development and Application

A time-dependent, leptonic emission model (TIDE) was used to simulate the dynamic and
spectral evolution of PWNe. The model includes synchrotron and inverse Compton cool-
ing, magnetic field evolution, particle escape, and injection from pulsar spin-down. Its
performance was validated on three representative sources: the Crab Nebula, 3C 58, and
G11.2-0.3. These applications demonstrate the code’s capability to converge robustly,
distinguish global versus local minima in multi-dimensional parameter space, and extract
physically meaningful parameters even for sparsely observed systems.

Two Python3 scripts, pwn_sed prediction.py and tide_cycle.py, were devel-
oped by the author to streamline and improve modeling with the TIDE framework (v4.0).
pwn_sed prediction.py provides an automated interface for SED modeling by vary-
ing physical parameters over predefined ranges and systematically organizing the outputs.
This facilitates efficient parameter space exploration and sensitivity analysis. Implementa-
tion details are presented in Appendix A.1. To address convergence issues due to local op-
tima - particularly in cases with sparse multiwavelength data - tide_cycle.py performs
repeated fits with randomized initial conditions. It automates the fitting cycle by invoking
tidefit.py iteratively, sampling initial values of selected free parameters within speci-
fied bounds, and storing key physical and statistical results from each run. This approach
ensures more robust parameter inference and enables statistical characterization of fitting
outcomes (see Appendix A.2).

8.2 Systematic Search for MeV-GeV PWNe

Building upon the modeling capability, a systematic search for GeV-bright PWNe without
detected gamma-ray pulsars was conducted using Fermi-LAT data. Among the 58 tar-
geted ROIs, several new gamma-ray PWN candidates were identified. Five of them were
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modeled in detail using TIDE, and extended system checks were performed to ensure re-
liability. This work considerably expands the Fermi PWN catalog, provides a valuable
reference for future investigations, and highlights promising targets for multiwavelength
follow-up observations.

8.3 TeV and UHE Studies: Detectability and
Constraints

To evaluate the detectability of possible TeV PWNe, four candidate systems were selected
via a pulsar population clustering tool (the “pulsar tree””) and modeled with TIDE. By com-
paring the predicted SEDs with the sensitivity curves of CTAO and LHAASO, this study
evaluated their TeV detection prospects and demonstrated how intrinsic pulsar parameters
influence the TeV emission from young PWNe. By comparing predicted SEDs against
the sensitivity of CTAO and LHAASO, the study evaluated their TeV detection prospects
and demonstrated how intrinsic pulsar parameters influence the TeV emission from young
PWNe.

For UHE sources such as eHWC J2019+368, HESS J1427-608, and LHAASO J2226
+6057, standard leptonic models require unrealistically low magnetic fields, comparable
to the ISM background, to match the observed multiwavelength fluxes. This highlights
the limitations of purely leptonic scenarios and points to the need for hybrid models or
alternative interpretations.

8.4 Additional Investigations: HMXB and GC
Systems

Beyond PWNe, two additional gamma-ray studies were performed. For the accreting X-
ray pulsar 1A 05354262, deep Fermi-LAT analysis yielded the most stringent gamma-ray
upper limits to date, placing tight constraints on potential emission mechanisms. In the
case of the GC M5, a significant gamma-ray signal was detected and characterized, likely
originating from the cumulative emission of its MSP population.

8.5 Outlook

Several natural extensions of this work are anticipated:

e Model Development: Future development of TIDE will incorporate reverberation-
phase dynamics, anisotropic expansion, and multidimensional geometries to en-
hance the physical fidelity of evolved and distorted PWNe. Inclusion of hadronic
processes may also be necessary to account for sources exhibiting unusually low
magnetic fields in purely leptonic scenario.

e Population Studies: As the number of detected PWNe / PWN candidates in-
creases, statistical analyses of their morphology, spectra, and evolutionary prop-
erties will become feasible. These studies will support classification efforts and en-
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able automated identification strategies, potentially integrated with machine learn-
ing frameworks, in the surveys such as Fermi-LAT , CTAO, and LHAASO.

e Multi-wavelength Cross-validation: Joint modeling across radio, X-ray, gamma-
ray bands will be essential for breaking parameter degeneracies and refining esti-
mates of key physical quantities, including magnetic field strength, particle injec-
tion spectra, and nebular age.

This thesis establishes a comprehensive framework for studying pulsar environments,
with a particular focus on PWNe, across multiple wavelengths, and offers critical insights
into the mechanisms driving cosmic particle acceleration in our Galaxy.
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Appendix A

Script and Description

This appendix presents a set of analysis and modeling scripts, all written by the author,
which were used in support of the work described in some chapters of this thesis.

A.1 Script 1: pwn_sed prediction.py

The pwn_sed _prediction.py script, written in Python 3, serves as an automated inter-
face to perform SED modeling using the TIDE framework (v4.0). By varying the model
parameters over predefined ranges, it executes simulations and organizes the outputs of
each iteration in a structured manner. This approach facilitates a systematic exploration
of the SED morphology in parameter space, as well as sensitivity studies of individual
parameter effects.

A.1.1 Workflow

The overall workflow proceeds as follows:

1. Inmitialization: The user specifies the parameters to be explored, defines their vari-
ation ranges in fitting_par.txt, and configures the output directory.

2. Parameter Configuration: Parameter sets are generated deterministically (by it-
erating through all user-defined values) or stochastically (by randomly sampling
within the specified ranges).

3. Parameter Injection: The script updates fitting par.txt with the current pa-
rameter set.

4. Model Execution: The modified parameter file is passed to tidefit.py for sim-
ulation.

5. Output Archival: Key outputs, including the resulting fit results.txt and
total.txt, along with any additional user-specified files are saved with an iter-
ation index.

6. Looping: The process is repeated for each parameter combination or random sam-
ple.
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A.1.2 How to Use

1. Place pwn_sed_prediction.py, fitting_par.txt, and parameters.txt in the
working directory.

2. Ensure the following configuration:

e Except for Systematic uncertainty correction factor, all other free
parameters in a standard TIDE-fit must be fixed in fitting par.txt to
prevent an actual fit. Their values can be arbitrary, as they are later configured
via tide_specify() or tide_random().

e The Spectrum fileentryin fitting par.txt should be set to O to indicate
that no actual fit will be performed.

3. Import the script and call the appropriate function for the fitting task:

e Use tide_specify() for user-defined parameter combinations.

e Use tide_random() for random sampling within the specified parameter ranges.

4. Anexample usage is provided at the end of the full source code listing (see Sec. A.1.3)
for reference.

A.1.3 Full Source Code

The full source code of pwn_sed prediction.py is provided below, where ‘LI’ repre-
sents a space character:

Listing A.1: Full code: pwn_sed_prediction.py

import numpy as np

import os

import shutil

import random

import matplotlib.pyplot as plt
import matplotlib.colors as colors

# List of physical constants
ElectronMass = 9.10938188e-28
ErgToGeV = 624.150934

ErgToTeV = 0.624150934

KpcToCm = 3.08568025e21
PlanckConstant = 6.62606876e-27
SpeedOfLight = 2.99792458e10

# Function to modify parameters specified by the user
def modifypar_specify(parameters, values):
## Open the fitting parameter file
with open("fitting_par.txt", ’r’) as fittingPar:
file_data = "’
lineIndex = 0

## Iterate through each line in the file
for line in fittingPar:
## Check if the line starts with a comment character
if line.startswith(’#’) or line.startswith(’!’):
## If it does, keep the line unchanged and continue to the next line
file_data += line
continue
else:
## If it doesn’t, check if the line index matches any of the parameters to be modified
if lineIndex in parameters:
newline = line.split()

## Modify the parameter value according to the specified index
if lineIndex == 4:

index = np.where(parameters == lineIndex) [0][0]

newline[1] = str(values[index])
elif 5 <= lineIndex <= 6:

index = np.where(parameters == lineIndex) [0][0]

newline[2] = str(values[index])
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else:
index = np.w!
newline[1l] =

## Replace the o

line = line.repl
## Increment the lin
lineIndex += 1

## Append the modified o
file_data += line

## Write the modified file data
with open("fitting_par.txt", ’w’
f.write(file_data)

# Function to randomly modify parame

def modifypar_random(pars, parameter

with open("fitting_par.txt", ’'r’
file_data = "’
lineIndexl = @

for line in fittingPar:
if line.startswith('#’)
file_data += line
continue
else:
if lineIndexl in par
newline = line.s

if lineIndex1
index = np.w!
min_val = np
max_val = np
true_age = r
newline[1] =

z = -1
braking_inde
tau_® = 2 *
while tau_0
braking_
tau_0 =
L® = pars[1]
elif lineIndexl1
newline[1l] =

elif lineIndexl1
newline[1l] =

elif lineIndexl
newline[1] =

else:
index = np.w!
min_val = np
max_val = np
newline[1] =
line = line.repl
lineIndexl += 1
file_data += line

with open("fitting_par.txt", ’w’

f.write(file_data)

# Function to specify parameter comb

def tide_specify(fix_pars, free_pars
parameters = np.array([4, 5, 6,
values = np.zeros((20))
values[0] = fix_pars[0]
values[1] = fix_pars[1]
values[7] = fix_pars[2]
values[11] = fix_pars[3]
values[12] = fix_pars[4]
values[16] = fix_pars[5]
values[18] = fix_pars[6]
values[2] = fix_pars[7]
fit_number = initial_index

for a in range(len(free_pars[0])
t_age = free_pars[0][a] * fi
values[3] = t_age
z = -1
braking_index = n[z]
tau_® = ((2 / (braking_index
while tau_0 <= 0:

braking_index =
tau_0 =

L® = fix_pars[1] *
values[4] =
values[6] =
values[5] =

nfz - 1]

(1 + t_ag
braking_index
tau_0

Lo

for b in range(len(free_pars

((2 / (braking_index -

here(parameters == lineIndex) [0][0]
str(values[index])

riginal line with the modified line
ace(line, 'socuooe’ + 'cowoo’.join(newline) +
e index counter

"\n’)
r unchanged line to the file data

back to the fitting parameter file
, encoding="utf-8") as f:

ters within specified limits
s, limits):
) as fittingPar:

or line.startswith(’!’):

ameters:
plit O

here(parameters == lineIndex1) [0][0]
.float64(limits[index][0] * pars[0])
.float64(limits[index][-1] * pars[0])
andom.uniform(min_val, max_val)
’{:e}’.format(np.float64(true_age))

x = pars[2][z]

pars[0] / (braking_index - 1) - true_age
<= 0:

index = pars[2][z - 1]

2 * pars[0] / (braking_index - 1)
* (1 + true_age / tau_0)

- true_age

11:
str(braking_index)

12:
str(LO)

13:
str(tau_0)

here(parameters lineIndex1) [0][0]
.float64(limits[index][0])

.float64(limits[index][-1])

’{:e}’.format(np.float64 (random.uniform(min_val, max_val)))
’iowoo ' . join(newline) + '\n’)

T

ace(line,

, encoding="utf-8") as f:

inations and run model fits
, n, save_dir, initial_index):

9, 11, 12, 13, 14, 18, 19, 20, 21, 22, 23, 24, 29, 34, 35, 36,

):
x_pars[0]

- 1)) - free_pars[0])[a] * fix_pars[0]

1))
e / tau_@)

- free_pars[0])[a] * fix_pars[0]

** ((braking_index + 1) / (braking_index - 1))

[11)):

((braking_index + 1) / (braking_index -

37D

1)
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values[8] = free_pars[1][b]
for c in range(len(free_pars[2])):
values[9] = free_pars[2][c]
for d in range(len(free_pars[3])):
values[10] = free_pars[3][d]
for g in range(len(free_pars[4])):
values[13] = free_pars[4][g]
for i in range(len(free_pars[5])):
values[15] = free_pars[5][i]
for j in range(len(free_pars[6])):
values[17] = free_pars[6][j]
for k in range(len(free_pars[7])):
values[19] = free_pars[7][k]
for f in range(len(free_pars[8])):
values[14] = free_pars[8][f]

modifypar_specify(parameters, values)
os.system(’python3_ $TIDE_HOME/tidefit.py’)

filel = ’fitting_par.txt’
file4 = ’total.txt’
newname = '_’ + str(fit_number) + ’.txt’

newfilel = filel.replace(’.txt’, newname)

newfile4 = filed4.replace(’.txt’, newname)
shutil.copyfile(os.path.join(filel), os.path.join(save_dir + newfilel))
shutil.copyfile(os.path.join(file4), os.path.join(save_dir + newfile4))
fit_number += 1

# Function to randomly generate parameter combinations and run model fits

def tide_random(pars, pars_limits, save_dir, cycle_index, initial_index):
parameters = np.array([9, 18, 19, 20, 23, 24, 29, 35, 37, 11, 12, 13])
limits = np.array(pars_limits)

for i in range(initial_index, cycle_index + initial_index):
modifypar_random(pars, parameters, limits)
os.system(’python3_ $TIDE_HOME/tidefit.py’)

filel = ’fitting_par.txt’
file4 = ’total.txt’
newname = '_’ + str(i) + ’.txt’

newfilel = filel.replace(’.txt’, newname)
newfile4 = file4.replace(’.txt’, newname)
shutil.copyfile(os.path.join(filel), os.path.join(save_dir + newfilel))
shutil.copyfile(os.path.join(file4), os.path.join(save_dir + newfile4))

# An example usage

import numpy as np

import sys

sys.path.append(’./’) # the path to the pwn_sed_prediction.py script
import pwn_sed_prediction

# Define the parameters and their values

## Fixed parameters

distance = 6.2 # kpc

tau_c = 5600 # characteristic age, yr

L = 5.6E+37 # spin-down luminosity, erg/s
E_sn = 1.0E+51 # erg

containment_factor = 0.5

T_fir = 70 # Temperature of FIR, K

T_nir = 3000 # Temperature of NIR, K

R_pwn = np.array([6.06]) # radius of the PWN, pc

## Free parameters:

# format: [min, max] for use with tide_random(); [vall, val2, ...] for use with tide_specify()
U_nir = np.array([1.36, 4.08]) # energy density of NIR

U_fir = np.array([6.94, 20.82]) # energy density of FIR

n_ism = np.array([0.1, 1.0]) # ISM density in cm$"{-3}$

alphal = np.array([1.0, 1.6]) # Low-energy spectral index

alpha2 = np.array([2.2, 2.8]) # High-energy spectral index

energy_break = np.array([1.0E+5, 1.0E+6]) # Break energy in MeV

M_ej = np.array([8, 15]) # Ejecta mass in $M_\odot$

eta_B = np.array([0.02, 0.04]) # Magnetic energy fraction

k_age = np.array([0.7, 1.3]) # Age scaling factor

## Brake index
n = np.array([2, 3])

# Output folder
output_folder = ’./’

# Specify parameter combinations and run model fits,

#Please do not change the order in which these parameters appear in the list

##initial_index: Which number does the fitting number start with

pwn_sed_prediction. tide_specify([tau_c, L, distance, containment_factor, E_sn, T_fir, T_nir, R_pwn], [k_age,
energy_break, alphal, alpha2, M_ej, eta_B, U_fir, U_nir, n_ism], n, output_folder, initial_index=1)

# Randomly generate parameter combinations and run model fits
#Please do not change the order in which these parameters appear in the list
##cycle_index: how many fits you want to run

pwn_sed_prediction. tide_random([tau_c, L, n], [k_age, energy_break, alphal, alpha2, M_ej, n_ism, eta_B, U_fir, U_nir],
output_folder, cycle_index=200, initial_index=1)
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A.2 Script 2: tide cycle.py

As demonstrated in Section 2, a single run of TIDE may converge to a local optimum,
particularly when the MWL data are sparse. This issue can be effectively mitigated by
performing multiple fits with randomized initial conditions for the free parameters.

The tide_cycle.py script, written in Python 3, automates this process. It conducts
repeated fitting cycles with randomized parameter initialization, invoking tidefit.py
at each iteration. For each run, the script samples the initial values of user-specified
free parameters within predefined bounds, executes the fit, and records key physical and
statistical outputs. This enables robust exploration of the parameter space and supports
subsequent statistical or visual analysis of the fit distribution.

A.2.1 Structure and Workflow

The script consists of three major components:

1. Parameter Initialization: The function modifypar () randomly initializes the free
parameters within the ranges specified in fitting_par.txt, optionally adjusting
age-dependent quantities (e.g., initial spin-down luminosity L, and time scale #;) if
age is treated as a free parameter.

2. Model Execution: For each iteration, the script calls tidefit.py via the com-
mand line, executing the PWN radiation model fit based on the modified parameter
file.

3. Result Recording and Archival: The saveresults() function extracts key fit-
ting results from fit results.txt and pwn_data.txt, appending a summary to
cycle results. txt. In parallel, a predefined set of output files is restored with a
suffix denoting the iteration index.

The entire loop is repeated a user-defined number of times (default: 10, configurable).

A.2.2 How to Use

To run the script:

1. Place the script in the working directory containing the files fitting par.txt,
parameters.txt, and any required input data for TIDE.

2. Specify the number of loop iterations (default: 10) and the parameter line indices
in the modifypar () function as needed for the intended use case.

3. Execute the script using:

python3 tide_cycle.py
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A.2.3 Full Source Code

The complete source code of tide_cycle.py is provided below:

Listing A.2: Full code: tide cycle.py

import numpy as np
import os, shutil, random

# Randomly selects initial values within fitting ranges for free parameters.
# Arguments pl-p7 correspond to line indices of free parameters in fitting_par.txt.

# Modify this function to change number of free parameters, value ranges, or other parameter adjustments.

def modifypar(pl, p2, p3, p4, p5, p6, p7, ageFree, brakingIndex):

lineIndex = 0

file_data = '’

with open("fitting_par.txt", ’r’) as fittingPar:

for line in fittingPar:
if line.startswith(’#’) or line.startswith(’!’):

file_data += line
continue

if lineIndex in {pl, p2, p3, p4, pS5, p6, p7, 4, 5, 9, 12, 13}:
parts = line.split()
if lineIndex == 4:
tauc = np.float64(parts[1])
elif lineIndex == 5:
Edot = np.float64(parts[2])
elif lineIndex == 9:
if ageFree:
min_val, max_val = float(parts[2]), float(parts[3])
parts[1] = ’{:e}’.format(random.uniform(min_val, max_val))
tage = float(parts[1])
t_initial = 2 * tauc / (brakingIndex - 1) - tage
while t_initial <= 0:
parts[1] = ’{:e}’.format(random.uniform(min_val, max_val))
tage = float(parts[1])
t_initial = 2 * tauc / (brakingIndex - 1) - tage
L_initial = Edot * (1 + tage / t_initial) ** ((brakingIndex + 1) / (brakingIndex

line = "Looooo’ + ’loowo’.join(parts) + '\n’
elif lineIndex == 12:
parts[1] = ’{:e}’.format(L_initial)
line = "Lioooo’ + aooon’.join(parts) + '\n’
elif lineIndex == 13:
parts[1] = ’{:e}’.format(t_initial)
line = ’"Loooon’ + Toooes . join(parts) + '\n’
else:
min_val, max_val = float(parts[2]), float(parts[3])
parts[1] = ’{:e}’.format(random.uniform(min_val, max_val))
line = 'Looooo’ + 'woowo’.join(parts) + '\n’

file_data += line
lineIndex += 1

with open("fitting_par.txt", ’w’, encoding="utf-8") as f:
f.write(file_data)

# Records the results of each fitting cycle to cycle_results.txt.

# Parameters:

# 1 - cycle index

# ageFree - boolean flag indicating if age parameter is free (True) or fixed (False)

def saveresults(i, ageFree):

if ageFree:
header = (
'#.Cycle_results:_each_line.corresponds.to.a.cycle.\n’
'#.Columns:._ cycle_no,.success_flag,.dof,_ systematic_uncertainty,.reduced_chi_sq,.’
’age_value,._ age_low_limit,.age_upper_limit,._energy_break_value,_energy_break_low_limit,.
energy_break_upper_limit,.’

'low_energy_index_value,._.low_energy_index_low_limit,._.low_energy_index_upper_limit,.’
'high_energy_index_value,_high_energy_index_low_limit,_high_energy_index_upper_limit,.’
'ejected_mass_value,.ejected_mass_low_limit,_.ejected_mass_upper_limit,.’
'magnetic_fraction_value,._.magnetic_fraction_low_limit,._magnetic_fraction_upper_limit,.’
'FIR_density_value, FIR_density_low_limit,_ .FIR_density_upper_limit,.’
’NIR_density_value, NIR_density_low_limit,_ .NIR_density_upper_limit,.’
’PWN_radius_pc, . PWN_magnetic_field_uG\n’

)

record_len = 31
else:

header = (

'#.Cycle_results:_each.line.corresponds.to.a.cycle.\n’

'#.Columns: . cycle_no,.success_flag,.dof,_ systematic_uncertainty,.reduced_chi_sq,.’
’energy_break_value,.energy_break_low_limit,_energy_break_upper_limit,.’
’low_energy_index_value,.low_energy_index_low_limit,_.low_energy_index_upper_limit,.’
'high_energy_index_value,_high_energy_index_low_limit,_ high_energy_index_upper_limit,.’
’ejected_mass_value,._.ejected_mass_low_limit,_ejected_mass_upper_limit,.’
'magnetic_fraction_value,_magnetic_fraction_low_limit,.magnetic_fraction_upper_limit,.’
'FIR_density_value, FIR_density_low_limit,_ FIR_density_upper_limit,.’
'NIR_density_value, NIR_density_low_limit,_ NIR_density_upper_limit,.’
’PWN_radius_pc, . PWN_magnetic_field_uG\n’

1)
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)

record_len = 28

## Create results file with header if it doesn’t exist
if not os.path.exists(’cycle_results.txt’):

with open(’cycle_results.txt’, ’w’, encoding="utf-8’) as f:
f.write(header)

## Read fitting results

with open("fit_results.txt", ’'r’) as fitResults:
lines = fitResults.readlines()

record = [’’] * record_len

record[0] = str(i)

record[1] = lines[9].split()[2]

record[2] = lines[5].split()[-1]

record[3] = lines[6].split()[-1]

record[4] = lines[7].split()[-1]

success flag

degrees of freedom
systematic uncertainty
reduced chi-squared

O W W

if ageFree:
## age and other parameters (columns 6-30)
for idx, line_idx in enumerate(range(ll, 19)):
record[5 + idx * 3] = lines[line_idx].split()[-3]
record[6 + idx * 3] = lines[line_idx].split()[-2]
record[7 + idx * 3] = lines[line_idx].split()[-1]
## Read PWN radius and magnetic field from pwn_data.txt
with open("pwn_data.txt", 'r’) as pwndata:
pwn_lines = pwndata.readlines()
record[-2] = pwn_lines[-1].split()[2] # PWN radius
record[-1] = pwn_lines[-1].split()[3] # PWN magnetic field
else:
## parameters (columns 6-27)
for idx, line_idx in enumerate(range(ll, 18)):
record[5 + idx * 3] = lines[line_idx].split()[-3]
record[6 + idx * 3] = lines[line_idx].split()[-2]
record[7 + idx * 3] = lines[line_idx].split()[-1]
## Read PWN radius and magnetic field from pwn_data.txt
with open("pwn_data.txt", ’r’) as pwndata:
pwn_lines = pwndata.readlines()
record[-2] = pwn_lines[-1].split([2]
record[-1] = pwn_lines[-1].split([3]

## Format record and append to file
formatted_record = ’'_..’'.join(record) + ’\n’

with open("cycle_results.txt", 'a’, encoding="utf-8") as writeRecord:
writeRecord.write(formatted_record)

# Main loop: perform fitting for a specified number of cycles.
# Modify ’range(10)’ to change total fitting iterations.
for i in range(10):
ageFree = 1 ## 1: age free; 0: age fixed
braking_index = 2.16
## Indices of parameters (Eb, alphal, alpha2, Mej, eta, Ufir, Unir) in fitting_par.txt to modify
modifypar (18, 19, 20, 23, 29, 35, 37, ageFree, braking_index)
os.system(’python3_ $TIDE_HOME/tidefit.py’') # Execute fitting script
saveresults(i + 1, ageFree)

## Files to save per iteration
filel, file2, file3, file4, file5 = ’fitting_par.txt’, ’fit_results.txt’, ’pwn_data.txt’, ’sed.eps’, ’total.txt’

## Rename and copy output files to preserve results for each cycle
newname_txt = f’_{i+1}.txt’

newname_eps = f’_{i+1}.eps’

shutil.copyfile(filel, filel.replace(’.txt’', newname_txt))
shutil.copyfile(file2, file2.replace(’.txt’', newname_txt))
shutil.copyfile(file3, file3.replace(’.txt’, newname_txt))
shutil.copyfile(file5, fileS5.replace(’.txt’, newname_txt))

## sed.eps may not be generated if fitting fails; check existence before copying
if os.path.exists(file4):

shutil.copyfile(file4, filed4.replace(’.eps’, newname_eps))

os.remove (file4)
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