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Synopsis

Introduction

Energetic particles, traditionally called cosmic rays (CRs), were discovered nearly a

hundred years ago by V. Hess and W. Kohlhörster in the beginning of the twentieth

century. Cosmic rays are mainly charged particles that contribute an energy density

in the Galaxy of about 1 eV cm
−3
. Their constituents are mainly protons (Hydrogen

nuclei), with about 10% fraction of Helium nuclei, and smaller abundances of heavier

elements. There are also electrons, positrons and antiprotons. The flux of all nuclear

components present in the cosmic rays (all-particle spectrum) extends over energies from

a few hundred MeV up to about 300 EeV. The spectral slope of differential spectrum is

about ∼ -2.7, but there is a prominent steepening at around energy 3 PeV, which is called

the Knee region, where the spectral slope changes from ∼ -2.7 to ∼ -3.1. Below the Knee

region, it is conventionally assumed that the cosmic rays are produced by highly energetic

Galactic sources, whereas beyond 3 EeV energy, the CR particles have to be extragalactic

in origin. CRs with energy in between this range are considered to be a mixture of both

Galactic and extragalactic origins.

In this thesis, we focus on the study of highly energetic Galactic sources, capable

of accelerating CR particles to PeV energies. Various astrophysical objects observed in

the Milky Way Galaxy, like Supernova Remnants (SNRs), Pulsar Wind Nebulae (PWNe),

gamma-ray binaries, Giant Molecular Clouds (GMCs) are considered to be potential can-

didates for high energy CR acceleration. We study the origin, nature, spatial morphology

and acceleration mechanism of these CR sources situated in our Galaxy. We also use vari-

ous signatures of gamma-rays andneutrinos, as they can be important probes for studying

the nature and emission of these Galactic CR sources. We carry out analytical and compu-

tational studies to understand the mechanism of high energy CR production in Galactic

sources and subsequent propagation of CRs in the Galaxy. We also perform analysis of

multi-wavelength (gamma-ray, X-ray) data observed from the sources, accumulated by

different observatories (Fermi-Large Area Telescope (LAT), NuSTAR) to understand their

spatial and spectral features.

Positron excess explained by Galactic Molecular Clouds

“Positron excess” is a spectral feature of the positron flux observed at Earth by Al-

pha Magnetic Spectrometer (AMS-02), in which the positron flux rises with energy,

shows a peak near a few hundred GeV, and then subsequently falls off. We have

explored the possibility of explaining the excess using the secondary positrons pro-

duced in nearby Galactic Molecular Clouds (GMCs). Apart from considering the cat-

alogued GMCs observed in our Galaxy through large scale CO survey, we have also

xiii
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Figure 1 The model positron flux plot-

ted against the observational data re-

ported by AMS-02 and PAMELA (De

Sarkar, A. et al. 2021, JHEAp).

considered 7 nearby (< 1 kpc) GMCs detected in op-

tical/IR dust extinction measurements separately,

and assumed that reacceleration due to magnetic

turbulence is occuring inside these nearby GMCs.

These GMCs are yet to be detected by Fermi-LAT
due to their particular M5/d

2

kpc < 0.2 value. We

have shown that even if a small portion of cosmic

ray protons injected in these GMCs are reacceler-

ated, then the resulting secondary positron fluxwill

be able to explain the observed positron excess. Our

self-consistent model also reproduces the observed

proton, electron, antiproton spectra, as well as B/C,

10
Be/

9
Be and e

+
/(e

+
+ e
−
) ratios. We also show

that the (e
+
+ e
−
) anisotropy of these nearby GMCs does not violate the Fermi-LAT upper

limits.

Discovery of an accreting High Mass Gamma-Ray binary HESS J1828-099

HESS J1828-099 is a point-like, unidentified Galactic source, with no apparent as-

sociation with any object detected at other wavelengths. We have investigated the

nature and association of HESS J1828-099 with multi-wavelength observational data.

Figure 2 HESS J1828-099 source mor-

phology (De Sarkar, A. et al. 2022,

ApJL).

A high mass X-Ray binary (HMXB), comprising of

pulsar XTE J1829-098 and a companion star, has

been observed earlier in the X-ray and infrared

bands, which shows frequent outbursts and is pri-

marily accreting. Through X-ray data analysis,

we found a sub-dominant power law component

depicting shock, the presence of which is typi-

cal in gamma-ray binaries. By analyzing 12 years

of Fermi-LAT gamma-ray data, a GeV counterpart

4FGL J1830.2-1005 was also detected. Existing ra-

dio frequency surveys revealed a steep spectrum

plausible radio counterpart. By fitting the multi-

wavelength spectrum, we showed that HESS J1828-099, 4FGL J1830.2-1005 and theHMXB

systemhave a commonorigin andHESS J1828-099might be a first ever detected, accreting,

high mass gamma-ray binary source.

Hadronic origin of ultra high energy gamma-ray source LHAASO J1908+0621

We have studied Galactic ultra high energy gamma-ray source LHAASO J1908+0621,

and explored the origin of gamma-ray emission from this source. We have explained the

multi-TeV, very high energy gamma-ray emission observed from the direction of LHAASO

https://doi.org/10.1016/j.jheap.2020.11.001
https://doi.org/10.1016/j.jheap.2020.11.001
https://iopscience.iop.org/article/10.3847/2041-8213/ac5aba
https://iopscience.iop.org/article/10.3847/2041-8213/ac5aba
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Figure 3 Multi-wavelength Spec-

tral Energy Distribution of LHAASO

J1908+0621 (De Sarkar, A. et al. 2022,

ApJ).

J1908+0621, by the hadronic interaction between ac-

celerated protons that escaped from the middle-

aged radio SNR G40.5-0.5 shock front and cold

protons present inside the dense molecular clouds,

as well as the leptonic emission from the pulsar

wind nebula (PWN) associated with the pulsar

J1907+0602. Moreover, we have explained compar-

atively lower energy gamma-ray emission by con-

sidering the radiative cooling of the electrons that

escaped from SNR G40.5-0.5. An IceCube hotspot

of neutrino emission was found to be spatially as-

sociated with LHAASO J1908+0621. We have also showed that the second generation

IceCube observatory will be able to detect neutrinos from this source, thus confirming

the hadronic origin of sub-PeV gamma-ray emission observed fromLHAASO J1908+0621.

Pulsar Wind Nebula interpretation of ultra high energy gamma-ray source LHAASO
J2226+6057

We have explored the pulsar wind nebula interpretation of Galactic ultra high energy

gamma-ray source LHAASO J2226+6057. By solving a time-energy-dependent diffusion-

loss equation, we have performed a leptonic, time-dependent modeling of the pulsar

wind nebula (PWN) associated with PSR J2229+6114. Particle injection, energy losses,

and escape of particles were considered to balance the time-dependent lepton population.

We have also included the dynamics of the PWN and the associated supernova remnant

and their interaction via the reverse shock to study the reverberation phase of the system.

We have explored the effects of considering different values of braking index and true
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Figure 4 Multi-wavelength Spec-

tral Energy Distribution of LHAASO

J2226+6057 (De Sarkar, A. et al. 2022,

A&A).

age on the multi-wavelength (MWL) spectral en-

ergy distribution (SED) of LHAASO J2226+6057.

We have χ2
-fitted the MWL SED of the LHAASO

source and provided the best-fit PWN model pa-

rameters and their 1σ confidence intervals. We

have also demonstrated the impact of reverbera-

tion on the MWL SED with increasing time. Ad-

ditionally, we have discussed the resultant large

radius and low magnetic field associated with the

PWN as caveats of considering PWN as the pri-

mary source behind the observed emission from

LHAASO J2226+6057.

Summary & Outlook

In this thesis, we emphasize on the currently ongoing research topics in the field of

https://iopscience.iop.org/article/10.3847/1538-4357/ac6ce5
https://iopscience.iop.org/article/10.3847/1538-4357/ac6ce5
https://www.aanda.org/articles/aa/full_html/2022/12/aa44841-22/aa44841-22.html
https://www.aanda.org/articles/aa/full_html/2022/12/aa44841-22/aa44841-22.html
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high energy cosmic ray and gamma-ray astrophysics in the Galaxy, from both theoreti-

cal and observational perspectives. Although it has long been known that the Galactic

sources can accelerate particles up to very high energies and subsequently contribute to

the “Galactic CR sea”, the exact nature and emission of these sources are yet to be properly

understood. Since gamma-rays are not charged particles, they do not get deflected by

the large scale Galactic magnetic field. Consequently, gamma-rays are excellent probes

for CR acceleration and emission from Galactic sources. To that end, data obtained by

current generation Imaging Atmospheric Cherenkov Telescopes such as MAGIC, H.E.S.S.

etc., have proven to be of utmost importance to decipher the nature, acceleration and

emission mechanism of various Galactic sources. Moreover, Large High Altitude Air

Shower Observatory (LHAASO) has recently provided conclusive proof of the existence

of sources that accelerate particles up to PeV energies, thus opening a new era of ultra high

energy gamma-ray astronomy. The existence of PeVatrons indicates that particle acceler-

ation in Galactic sources are far more complicated than previously perceived, and further

observations and subsequent theoretical modeling are needed to properly understand the

Galactic sources. Furthermore, more sensitive next generation gamma-ray observatories

such as Cherenkov Telescope Array (CTA) and Southern Wide-field Gamma-ray Obser-

vatory (SWGO) will be able to accurately detect various Galactic sources, which will help

us understand the nature and emission of Galactic sources with unprecedented detail.

Similarly, next generation neutrino observatories such as IceCube-Gen2 and KM3NeT

will also help understand the emission mechanism at play in a diverse class of Galactic

sources.
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1

Introduction

Ever since the discovery of radioactivity at the beginning of the twentieth century, the

ionization of air-producing atmospheric current was attributed to the radiation from the

decay of radioactive elements near the surface of the Earth. However, during the early

1900s, further measurements with the electroscope, a device that measures ionization

produced by the radiation at different heights, indicated that ionizing current dropped at

low altitudes while it kept on increasing as the electroscope was taken vertically upwards

and away from the surface of the Earth. This increment of ionization with height was

first established by Victor Hess in 1912 when he carried three electroscopes at an altitude

of 5300 meters in his famous free balloon flight. The flight was taken during a near-total

eclipse, thus effectively ruling out the Sun as the radiation source. The rising radiation

with increasing altitude made Hess believe that this increasing ionization must be due to

a source of radiation of highly penetrative power entering our atmosphere and not the

radioactivity caused by the Earth. In 1913-1914, Hess’s initial finding was confirmed by

Werner Kolhörster bymeasuring the increasing ionization at an altitude of 9 km. Initially,

it was believed to be a radiation of electromagnetic nature, specifically a highly penetrative

form of gamma-rays [1, 2]; hence Robert Millikan first coined the term ‘Cosmic rays.’ But

it was confirmed to be a flux of electrically charged particles from their deflection in the

Earth’s magnetic field. Victor Hess received the Nobel Prize in Physics in 1936 for his

discovery. One can find more information on the history of cosmic rays in many books

and reviews; for example, see [3–9].

Since the discovery of cosmic rays, this phenomenon has been studied extensively, and

some characteristic properties of these highly energetic charged particles were assembled.

Especially the energy spectrum, composition, and abundances of cosmic rays provide us

withmore clues regarding their origin. After getting accelerated from astrophysical accel-

erators, primary cosmic ray particles, which are composed of protons, alpha particles (∼
9 %), heavier nuclei (< 1 %), leptons (< 1 %), gamma rays and antimatter particles as well,

propagate throughout the Galaxy, and reach us homogenously due to having undergone

many interactions during their propagation. These charged cosmic ray particles also in-

terfere with the Sun and the Earth’s magnetic fields, modifying their spectra. Detecting

these cosmic rays on the Earth’s surface is of great interest, as they can tell a lot about our

Galaxy, e.g., the structure and composition of matter, radiation, and magnetic field of our

Galaxy, which can be inferred from the observed secondary-to-primary ratio. We can also

study the interactions that occur while cosmic rays particles propagate in our Galaxy.

1
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The primary cosmic ray all-particle spectrum is remarkably featureless, with little

deviations from a constant power law,

dN(E)
dE

∝ E
−γ , (1.1)

across a large energy range. The observed flux of cosmic ray particles falls off rapidly

as the energy increases. Particles with energy below 10
6
electronvolt (eV)mainly originate

in the solar wind. The solar modulation dominates the observed cosmic ray spectrum

until the energy range of 10 Giga-electronvolt (1 GeV ≈ 10
9
eV). The rate of particles

arriving with energy ≥ 10
6
eV is about 10

4
per square meter per second. In the energy

range above 1 Tera-electronvolt (1 TeV ≈ 10
12

eV), the rate comes down to 1 particle per

square meter per second. There is a small change in slope at 3 × 10
15

eV, from E
−2.7

to

E
−3.1

, which is also known as the “knee” of the cosmic ray spectrum. Beyond the knee, the

rate decreases to 1 particle per square meter per year. The origin of the knee is not quite

understood as to why the spectrum experiences an abrupt change in slope at that point.

There is also another spectral change at a point called “ankle” of the spectrum around 10
19

eV, where the slope changes to -2.8. The rate of arrival of particles decreases even further

to 1 particle per square kilometer per year. At a threshold energy of 5 × 1019
eV, a cutoff in

the energy spectrum is expected due to a theoretical upper limit, known as the GZK limit,

of the cosmic rays from distant sources [10, 11]. This indicates that extragalactic cosmic

rays with energies greater than this threshold should never be observed on Earth. Finally,

due to the featureless nature of the cosmic ray energy spectrum, the same mechanism

below the knee is expected to govern cosmic ray acceleration and propagation, and the

same or another one works above the knee. The differential cosmic ray flux is shown in

the left panel of Figure 1.1.

The chemical abundances of cosmic rays also provide important clues to their origin

andpropagationprocesses from their sources to theEarth. Figure 1.1 right panel compares

the relative abundances of cosmic rays with that of the elements in the solar system. Both

cosmic rays and the solar system shows similarities in terms of the odd-even effect, with

the more tightly bound, even Z nuclei being more abundant, which could be explained

by the fact that cosmic ray particles must have been accelerated from the material of quiet

similar chemical composition to the Solar System abundances. Nevertheless, the two

compositions show two differences. First, nuclei with Z > 1 are much more abundant

relative to protons in the cosmic rays compared to that found in the solar system. This

can be chalked up due to the fact that hydrogen is relatively hard to ionize for injection

into the acceleration process, or it could reflect a genuine difference in composition at the

source. The second difference is that two groups of elements Li, Be, B, and Sc, Ti, V, Cr,

and Mn, are many orders of magnitude more abundant in the cosmic ray than that found

in the solar system, which can be a result of spallation of the more abundant primary

cosmic ray nuclei, especially carbon and oxygen, and of iron. Hence from a knowledge
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Figure 1.1 Left Panel: Spectra of various cosmic ray components [12], Right Panel: Relative
chemical abundances of cosmic rays and of the solar system, normalized to Carbon [13].

of cross-sections for spallation, the amount of matter traversed by cosmic rays between

production and observation can be estimated.

In order to reproduce the observed abundances of stable nuclei, the cosmic rays should

have traversed 10 g cm
−2

amount of material, also known as grammage [14]. Assuming

the number density of interstellarmedium to be nISM ∼ 1 cm−3
, the total distance traversed

by cosmic rays particles would be,

L �
grammage

nISMmp

≈ 10
4

kpc, (1.2)

which is larger than the size of the Galaxy. This indicates the cosmic ray particlesmust

circulate within the Galaxy for a long time (∼ 10
7
years) before escaping the Galaxy. This

can be explained by the fact the cosmic rays, being charged particles, diffuse through the

Galaxy due to the turbulent magnetic field that threads through the entire Galaxy, which

has a value in µG, as obtained from the secondary-to-primary ratio. So in the Galaxy, the

Larmor radius of the cosmic ray particles (rL) in the magnetic field can be given by,

rL �
E

ZeB

∼ 110 kpc Z
−1

(
E

10
5

PeV

) (
B

µG

)−1

. (1.3)

Now, the Larmor radius must be smaller than the Galactic size for the cosmic rays

particles to be confined within the Galaxy. The value of rL in Galactic magnetic fields

is comparable to the Galactic disk thickness only if the maximum energy of the cosmic

ray particles is almost equal to 10
15

eV, which also coincides with the energy at which

the “knee” of the cosmic ray spectrum is observed. This is why it is generally believed

that Galactic sources might be responsible for the observed spectrum below the “knee”,
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whereas extragalactic sources might be responsible for the spectrum above the “knee”.

In this thesis, we have addressed different theoretical and observational aspects of the

Galactic sources situated within the Milky Way Galaxy.

In 1934, Fritz Zwicky showed that stars with enough mass collapse at the end of their

lives, producing an explosion of cosmic rays while leaving behind compact objects such

as neutron stars, white dwarfs, or even black holes. It has been argued that the energy

released by the supernovae explosion (∼ 10
51

ergs, assuming a rate of explosions of 1/30

years
−1
) is about ten times larger than the energy measured for cosmic rays, which is

consistent with the efficiency we expect for cosmic ray acceleration. Later in the 1950s,

synchrotron emission was also detected from cosmic ray electrons, consequently shifting

the paradigm from supernovae (SNe) to supernova remnants (SNRs) [15, 16]. Currently,

SNRs are widely accepted to be the acceleration sites of cosmic rays, and this is also

supported by recent gamma-ray observations [17], produced from cosmic ray interaction

fromSNRs associatedwithmolecular clouds [15, 16], e.g., the case of gamma-raydetection

from Tycho SNR [18–23]. Nevertheless, no decisive proof has been confirmed yet.

Pulsars are also a probable source of cosmic ray acceleration [24, 25]. They are ex-

treme, compact objects which show high spin down and large magnetic fields associated

with them. Their spin-down is caused by dipolar emission. As an effect, a fraction of

this rotational energy loss can be transferred into energy required to accelerate particles.

Consequently, pulsars and their nebulae are able to accelerate particles up to energy corre-

sponding to the “knee”, although they are unable to considerably accelerate heavy nuclei

to very high energies. So these objects essentially play an important role in explaining

the observed lepton flux [26–29]. Additionally, there are convincing pieces of evidence

in which young massive stellar clusters (OB associations, and generally SN occuring in

superbubbles) [30, 31], X-ray binaries that can accelerate particles up to very high ener-

gies, producing gamma rays (also known as gamma-ray binaries) [32], are also found to

be efficient particle accelerators observed in the Galaxy.

After being accelerated in Galactic sources, the cosmic rays propagate in the Galaxy

before reaching uswhile also producing secondary particles through various interactions.

The propagation and interaction of primary cosmic rays can be realized by the diffusion-

transport equation (discussed in later sections). The Galactic magnetic field plays an

important role in cosmic ray propagation. There are many ways of constraining the in-

tensity and orientation of the magnetic field, e.g., Zeeman splitting observations [33],

starlight polarisation studies [34–36], and most importantly, Faraday rotation measure-

ments [37, 38]. The Galactic magnetic field can be divided into two different components:

large-scale, regular magnetic field and small-scale, turbulent magnetic field. The acceler-

ated charged cosmic ray particles diffuse owing to the turbulent magnetic field threading

the Galaxy. Apart from this, the material of ISM also plays a crucial role in the interac-

tion and subsequent production of secondary cosmic ray particles. During propagation,
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primary cosmic ray particles interact with different components of ISM gas, which are 1)

atomic Hydrogen (HI), 2) ionized hydrogen (HII), and 3) molecular hydrogen (H2). HI

can be detected by the observation of Lyman α and 21-cm line [39–42]. Information about

HII can be obtained by radio signals from pulsars and other Galactic and extragalactic

compact objects [43–46]. Finally, the H2 distribution can be indirectly studied from the

radio observations of CO molecules as CO molecules show a rotational transition from J

= 1 to J = 0 at 2.6 mm radio wavelength [43, 47–51]. Primary cosmic rays interact with

ISM gas distribution, producing secondary particles, as well as gamma-rays and neutri-

nos through various interaction mechanisms (discussed in later sections). Due to this

interlink, the study of gamma-ray gives us an indirect glimpse at the large and small-scale

features and distribution of Galactic cosmic rays, in general, in the Galaxy. Not only that,

the study of Galactic sources at different wavelengths, such as gamma-ray, X-ray, radio,

etc., provides us with great insight regarding the nature and emission of the said sources.

Apart from the study of cosmic rays and photons, astrophysical messengers such as neu-

trinos can also indicate the signature of the emission occuring in certain Galactic cosmic

ray accelerators. This fact clearly indicates that a multi-messenger and multi-wavelength

study of different Galactic sources is important to unravel the exact properties, structure,

and radiation of the sources, as well as the study of Galactic cosmic ray distribution or

“Galactic Cosmic Ray Sea” in general. To that end, in this thesis, we have provided a

study of the nature and emission of the Galactic sources, as well as the study of differ-

ent features of the large-scale Galactic cosmic ray distribution in a multi-messenger and

multi-wavelength context.

In the following sections of this chapter, we discuss multiple facets of high energy

Galactic cosmic ray astrophysics, in general, aswell as different aspects ofmulti-messenger

andmulti-wavelength study associatedwith it. In section 1.1, we provide a brief overview

of cosmic ray acceleration, propagation, and subsequent interaction processes. In section

1.2, we account for the ongoing multi-messenger and multi-wavelength experiments and

briefly discuss the observatories responsible for detecting these astrophysicalmessengers.

In this section, we also focus on the observatories responsible for the detection of photons

in multiple wavelengths and briefly discuss the detection techniques employed in those

cases. In section 1.3, we provide a discussion regarding various Galactic sources that have

been particularly studied in this thesis. Finally, in section 1.4, we illustrate the motivation

and the structure of this thesis.

1.1 Acceleration, propagation and interaction

In this section, we discuss the processes typically used to explain the acceleration of

primary cosmic ray particles in variousGalactic sources. After the acceleration, the cosmic

ray particles escape from the acceleration site and interact with different components, e.g.,

interstellar gas,magnetic field, etc, while propagating. So,wealsodiscuss thepropagation
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and subsequent interactionmechanisms required to produce the radiation of gamma-rays,

neutrinos, etc., that have been employed in studies reported in this thesis.

1.1.1 Acceleration of cosmic rays

In the 1950s, Enrico Fermi put out the idea of an acceleration process that explains

the power law spectrum via the interaction of moving clouds [52, 53]. These randomly

moving clouds have magnetic fields embedded in them. As cosmic rays scatter in the

clouds, they can exchange energy and momentum. Since the cosmic ray particle scatters

via the Lorentz force associatedwith themagnetic field inside the cloud, the energy of the

said particle does not change in the cloud’s reference frame. Assuming E0 to be the initial

energy of the particle in the laboratory frame, µ1 to be the cosine of the angle θ1 between

the particle and direction of motion of the cloud at the point of approach, and β (= v/c)

to be the speed of the cloud in units of speed of light, then the energy of the particle in

cloud’s frame before the scattering, can be calculated with a Lorentz transformation as E’

= γ E0(1 - β µ1).

After the scattering, the particle energy still remains the same in the cloud’s frame,

and the final energy in the laboratory frame can be given by E” = γE’(1 + βµ2’), where µ2’

is the cosine of the exit angle θ2. So, the fraction of the change in energy can be calculated

by,

E′′ − E0

E0

�
1 − βµ1 + βµ′

2
− β2µ1µ′

2

1 − β2

− 1. (1.4)

For non-relativistic clouds (β « 1), and assuming the exit angle θ2 is random (<µ′
2
> =

0), then equation 1.4 reduces to,〈
E′′ − E0

E0

〉
≈

1 − β
〈
µ1

〉
1 − β2

− 1. (1.5)

Since head-on collisions are more frequent than tail-in ones,i.e., -1 <

〈
µ1

〉
< 0, this

results in an energy gain. After calculating <µ1>, by averaging over the scattering angle,

assuming the probability distribution of the angles is proportional to the relative speed,

the previous equation yields,

Ξ ≡
〈

E′′ − E0

E0

〉
µ1

∼ 4

3

β2. (1.6)

After repeated encounters, the average particle energy after the n-th collision is given

by En = En−1 + ΞEn−1, where En−1 is the average energy after the (n-1)-th collision. If E0

is the initial particle energy, then the energy after the n-th collision will be,

En � (1 + Ξ)nE0. (1.7)

Hence, the number of encounters needed for the particle to reach an energy E is given

by,
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Figure 1.2 Left Panel: Magnetic clouds accelerating charged particles, according to Fermi

2-nd ordermechanism [58], Right Panel: Particle acceleration in the shockwave, according

to Fermi 1-st order mechanism, taken from [59].

n �

lo g
(

E
E0

)
lo g(1 + Ξ) . (1.8)

If Pesc is the probability for the particle to leave the acceleration site after each scatter-

ing, then the integral energy spectrum, i.e., the fraction of particles with energy E > En , is

given by,

f (E > En) ∝
∞∑

m�n

(1 − Pesc)m �
(1 − Pesc)n

Pesc
. (1.9)

Then, using equation 1.8, we get that,

(1 − Pesc)n �

(
En

E0

)−γ
, (1.10)

with γ = -

lo g(1−Pesc)
lo g(1+Ξ) ≈

Pesc
Ξ

, in the limit of Pesc , Ξ « 1.

Although this mechanism, also known as “Fermi 2-nd order acceleration”, explains the
power law in the energy spectrum, the assumption of the clouds being non-relativistic (β

« 1) and small in dimensions (∼ 1 pc) leads to an inefficient acceleration mechanism to

explain the observed cosmic ray spectrum [54–57].

Next, another iterative method was pointed out by Fermi, which is effective in the

case of SNRs since it is based on the idea of a shock wave traversing in a hydromagnetic

mediumsuch as the oneproducedby the SNRs. A shockwave is defined as adiscontinuity

in the ambient medium that is propagating out in the smooth medium. A sketch of this
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phenomenon has been shown in the right panel of Figure 1.2. See [60] for an extensive

review.

From an external viewpoint, a shock would be seen to be moving with a speed vsh

towards the undisturbed upstream region. Due to the shock, the downstream region

would have a density ρd , and the upstream region would have a density ρu . This

essentially implies a misalliance in the velocity of the two regions, vd and vu . Now, since

the continuity equation,

∂ρ
∂t +
®∇(ρ®v) = 0, holds true across the shock front, integrating this

equation from one side of the shock to the other, we get,

vdρd � vuρu , (1.11)

which leads to a compression ratio of,

R �
ρd

ρu
�

vu

vd
�
(γ̃ + 1)M2

u

(γ̃ − 1)M2

u + 2

, (1.12)

where γ̃ (= 5/3 formonoatomic gases) is the adiabatic index, andMu (= vu/cs) isMach

number of the upstream region, and cs is the velocity of the sound in the medium. In the

strong shock limit (M » 1), and considering monoatomic gas in the shock environment,

the compression ratio becomes R = 4.

In the frame of the shock, the charged particles oscillate back and forth from down-

stream to upstream regions due to magnetic interactions with plasma instabilities gen-

erated due to the movement of the shock through the ambient hydromagnetic medium,

acting as a “magnetic mirror”. Also, in this frame, vu = - vsh , and vd = vu/R. So, in this

frame, the energy of the particle propagating towards the downstream region will be E’ =

γE(1 + βµ), where µ is defined as the cosine of the pitch angle (angle between incidence

direction and shock front direction), and β = vu−vd
c , where c is the speed of light.

When a particle bounces back to the upstream region from the downstream region,

the energy remains conserved in the downstream reference frame, as particle energy does

not get changed bymagnetic interactions. But to an external observer, it will come back to

the upstream regionwith an energy E” = E’γ(1 - β µ’), as E’ is conserved in the interaction.

So, the fractional energy is given by,

∆E
E

� γ2(1 + µβ)(1 − µ′β) − 1. (1.13)

Averaging equation 1.13 over µ and µ’, taking into account that the probability of a

particle entering (or exiting) with a given direction is the probability of crossing a wall,

Ξ �

〈
∆E
E

〉
µ,µ′

�
4β

3

, f or β << 1. (1.14)

Next, we calculate the flux of cosmic ray particles moving upstream from the down-

stream of the shock as F− =

∫
down→up dΩ nc

4πµ =

∫
2π

0

dφ
∫

1

0

dµ nc
4πµ �

nc
4
, where n is the
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particle number density near the shock, and considering particles to be relativistic, in

order to be able to cross the shock front. Since no particles escape from the upstream

shock, the shock conservation of cosmic ray flux dictates that cosmic ray particles entering

the shock from downstream (F+) = particle flux escaping into the far downstream and

not returning (F∞) + particle flux returning to the upstream shock (F−). Then, the escape

probability can be given by Pesc =
F−
F+

�
F−

F∞+F− � 1− Pc ycle . The escaping flux can be given

by F∞ ∼ nvd , assuming cosmic ray distribution downstream of the shock to be isotropic.

So, the probability of completing a cycle of acceleration is given by,

Pc ycle � 1 − Pesc � 4

vd

c
. (1.15)

Essentially, a particle will gain a fraction of energy Ξ in each cycle, transferred from

the energy of the shock with a probability Pc ycle of repeating the cycle. So after n number

of cycles, a particle having an initial energy of E0 will gain an energy of En = (1 + Ξ)n
E0.

From equation 1.8, we obtain,

(Pc ycle)n � (1 − Pesc)
lo g( En

E
0

)
lo g(1+Ξ) �

(
En

E0

)−γ
, (1.16)

with γ = -

lo g(1−Pesc)
lo g(1+Ξ) ≈

Pesc
Ξ

in the limit of Pesc , Ξ « 1.

This indicates that the differential flux with respect to the energy (

d f (E>En)
dE ) of ac-

celerated particles according to this process, has the form of Q(E) ∝ E
−γ−1

= E
α
, which

reproduces power law behavior of the observed cosmic ray spectrum. The exponent can

be calculated to be α =
Pesc
Ξ

+1 =

4vd
c

4(vu−vd )
3c

+ 1 =
3

R−1
+ 1 = 2, in the strong shock limit (R

= 4). α can be larger, not considering the strong shock limit, as observed in the cases of

old SNRs or cosmic ray reacceleration during propagation [61]. This acceleration process,

also known as “Fermi 1-st order acceleration”, is roughly able to reproduce the shape of

the observed spectra. However, this process faces problems in explaining the maximum

energy achievable during the expansion of SNRs in its Sedov-Taylor phase [62–64].

Finally, we calculate the efficiency of this process in accelerating particles. The accel-

eration rate can be calculated as,

dE
dt

�
∆E
τc ycle

, (1.17)

where τc ycle is the time required to complete a cycle of acceleration. We assume that

a particle needs a time td to meet back the shock front while traveling a distance ld using

a diffusive motion, with a diffusion coefficient D, from the downstream region to the

upstream region. This can be related by the equation ld ∼
√

Dtd . At the same time, the

shock has also traveled the same distance of ld = vshtd . So, the diffusion time can be taken

as an order of magnitude estimate of τc ycle and can be written as τc ycle ∼ td ∼ D / v
2

sh .

This means that the more energetic the particle, the more time it will take to complete
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an acceleration cycle. Also, taking the diffusion length ld to be the order of the particle’s

gyroradius rg , the diffusion coefficient must be D ∼ rg c
3
. The gyroradius can be written as

rg =

p
ZeB ≈ E

ZeBc , with p being the momentum perpendicular to the magnetic field B, and

Ze being the particle charge. From here, we get,

dE
dt
∼
ΞEv2

sh
rg c
3

�
3ΞEv2

sh
E

ZeB

� 4βv2

shZeB. (1.18)

Assuming the maximum timescale for a cycle to be the same as that of the typical

timescale for the SNR Sedov-Taylor phase, maximum energy is calculated as Emax =
dE
dt tST .

We find that Emax ∼ Z
(

B
3µG

)
6×10

13
eV, assuming vsh ∼ 3 × 1019

cm/s, tST ∼ 103
years, and

β ∼ 10
−2
. Using the same relation, the maximum energy achieved by the iron nuclei (Z =

26) will be Emax ∼ 1.6 × 10
15

eV, which is close to the energy corresponding to the “knee”.

This means that this acceleration process is able to explain the cosmic ray spectra below

“knee” energy, although this estimation is pretty optimistic [65], and further sophisticated

investigations found this estimate to be one order lower [66–68]. This also indicates the

break at the “knee” is due to a change in acceleration mechanism, corresponding to

different sources. However, the modern theory of Diffusive Shock Acceleration [69–72]

suggests that acceleration efficiency of SNRs can change depending on the magnetic field

orientation [73, 74], and the magnetic field, which experiences amplification [75–77]. [78]

provides a review on this topic.

1.1.2 Propagation of cosmic rays

The cosmic ray propagation in Galaxy can be considered a diffusive transport pro-

cess as a result of collisionless interactions with plasma waves generated in the Galactic

medium. A complete picture of this propagation and interaction requires the knowl-

edge of source distribution, interstellar radiation field, gas density distribution, regular

and turbulent magnetic field, spallation and inelastic cross sections, as well as boundary

conditions for all of the cosmic ray species considered. A coupled diffusive-transport

equation involving all of the cosmic ray species is used to describe this propagation,

which should also explain diffusion, and convection by the Galactic wind, energy losses

and reacceleration process, as well as collisions with interstellar gas, and the decay of

radioactive isotopes.

From the description stated above, the full diffusion-transport equation for any given

cosmic ray species i, can be written as,

∂Ni

∂t
+ ®∇.(®Ji − ®vωNi) +

∂
∂p

[
p2Dpp

∂
∂p

(
Ni

p2

)]
� Qi +

∂
∂p

[
ÛpNi −

p
3

(
®∇.®vωNi

)]
− Ni

τ
f
i

+

∑
j

Γs
j→i(N j) −

Ni

τr
i
+

∑
j

N j

τr
j→i

,

(1.19)
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where the first term of the L.H.S. represents the time evolution of Ni , the number

density of particles per unit momentum. In the second term of the L.H.S., flux
®Ji contains

the information of the spatial diffusion obtained from Fick’s law, i.e.,
®Ji = -Dke ®∇Ni ,

where k and e correspond to the spatial components of the diffusion tensor, and ®vω is

the advection speed accounting for convection, which is important in lower energies, and

also comparable with the kinetic energy of the Galactic wind. The third term of the

L.H.S. corresponds to the diffusion in the momentum space (also important in the lower

energies). The first term of the R.H.S. Qi ≡ Q(E, ®x, t) represents the energy spectrum

and spatial distribution of cosmic ray sources as a function of energy, position, and time.

The second term of the R.H.S. corresponds to the momentum or energy losses. The final

four terms in R.H.S. of the equation represent the spallation and decay of the cosmic ray

particles during propagation. The subscript i indicates the primary cosmic ray species,

whereas the subscript j represents other cosmic ray species produced as a result of these

processes. Γs
can be written for any species j and i using the relation Γs

j→i = β jcnHσ j→i N j ,

where nH is the ISM density, β jc is the velocity of species j, and finally, σ j→i represents

the interaction cross-section for the production of species i from species j. As the exact

solution of the equation 1.19 is difficult to calculate analytically, approximate solutions

can only be calculated under certain assumptions. Leaky boxmodel [79–82], nested leaky

box model [83], and weighted slab model [84–87] are some of the analytical frameworks

explored in solving the simplified version of equation 1.19. However, we employ more

elaborative numerical methods to solve the full diffusion-transport equation for the study

reported in this thesis.

1.1.3 Interaction of cosmic rays

The hadrons accelerated in Galactic accelerators interact with the ambient matter

and produce gamma-ray and neutrinos through the decay of neutral and charged pions.

The accelerated leptons can also produce gamma-ray in GeV energies or above by inverse

Compton andBremsstrahlungprocesses. These high-energy leptons can also interactwith

the ambient magnetic field and produce photons having a wavelength corresponding to

radio to X-ray. The newly produced photons may play an important role in the inverse

Compton process. In this subsection, we provide a brief discussion of these radiation

mechanisms.

Pion decay process

Inelastic p-p interactions between high energy protons and cold protons in the am-

bient matter lead to the production of π0
and η mesons, which subsequently decay and

produce high energy gamma-rays, see [88] for discussion and further references. [89]

gives parametrized equations of the final gamma-ray/neutrino spectrum based on the

Monte Carlo simulations of inelastic p-p interaction. For a proton spectrum

dNp
dEp

, the

gamma-ray/neutrino produced per unit time

dNγ/ν
dEγ/νdt can be calculated using,
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dNγ/ν

dEγ/νdt
� cnH

∫ ∞

Eγ/Eν
σinel(Ep)

dNp

dEp
Fγ/ν

(Eγ/ν
Ep

, Ep

)
dEp

Ep
, (1.20)

where c is the speedof light, nH is the ambientmatter numberdensity (dominantlypro-

ton), σinel(Ep) is the inelastic p-p interaction cross-section, and Fγ/ν
(

Eγ/ν
Ep
, Ep

)
corresponds

to the gamma-ray/neutrino number produced per unit interval of

Eγ/ν
Ep

per interaction of

a proton of energy Ep with the ambient matter. For gamma-ray energies Eγ ≥ 1 GeV,

the parametrized form of Fγ(x, Ep) (where, x =

Eγ
Ep
) is given by equations (58) to (61) of

[89], whereas the inelastic cross section is given by equation (73) of [89]. In even lower

energies, the “δ-functional approximation” for the pion production is considered [89],

whereas an appropriate form of σinel(Ep), given by equation (79) of [89], is taken into

account. In case of neutrinos, the function Fν(x, Ep) (where, x =
Eν
Ep
) explains the spectra

of muonic neutrinos, ν(1)µ and ν(2)µ , which get produced from the decays of charged pions

(π→ µνµ) andmuons (µ→ eνµνe) respectively, and its parametrized form is given by the

equation 62 - 69 of [89]. Equation 1.20 is used to calculate the total muonic neutrino flux,

similar to gamma rays. [90] also reports updated parametrized equations for inelastic p-p
interaction, which also have been used in work reported in this thesis.

Synchrotron process

An electron of energy γme c2
with pitch angle θ in a magnetic field B produces syn-

chrotron photons with energy spectrum [91],

Ls ync
ν �

(
dE

dνdt

)
s ync

�

√
3e3Bsinθ

me c2

ν
νc

∫ ∞

ν
νc

K
5/3(x)dx , (1.21)

where e is the charge of the electron, and νc =

3eγ2

4πme c B sinθ is the characteristic fre-

quency of synchrotron radiation, and K
5/3(x) is the modified Bessel function of order 5/3.

Averaging over the pitch angle (<sinθ> =

√
2/3), we find synchrotron energy spectrum

produced by electrons with an energy spectrum
dNe
dγ to be,

(Ls ync
ν )total �

∫ ∞

1

dγ
dNe

dγe
Ls ync
ν . (1.22)

The magnetic field of the considered sources dictates the total observed synchrotron

radiation produced in the source region, which can be observed in radio to X-ray wave-

lengths.

Inverse Compton Process

High-energyelectrons transfer their energy tobackground low-energyphotons through

scattering, thus producing high-energy photons. If an electron of energy γme c2
takes part

in this inverse Compton (IC) scattering, then high energy photons get produced with en-

ergy spectrum [91],
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LIC
ν �

(
dE

dνdt

)
IC

�
3

4

σT c
γ2

h2ν

∫ hν

hν
4γ2

dε
nb(ε)
ε

fIC(ε, ν, γ), (1.23)

where σT is the Thomson scattering cross section, hν is the energy of photon post

scattering, dε nb (ε) is the number density of soft photons in the energy interval ε and dε,

and

fIC(ε, ν, γ) � 2qlnq + (1 + 2q)(1 − q) + 1

2

[
4εγq/me c2

]
2

1 + 4εγq/me c2

(1 − q), (1.24)

where, q =
hν

4εγ2[1−hν/γme c2] .

The IC energy spectrum produced by electrons with an energy spectrum
dNe
dγ can be

given by,

(LIC
ν )total �

∫ ∞

1

dγ
dNe

dγe
LIC
ν . (1.25)

The low energy photons considered here can be a summation of different components,

e.g., cosmic microwave background (CMB), interstellar radiation field (ISRF), emission

from thermal dust, low energy synchrotron photons produced by electron population

responsible for IC emission (synchrotron self-Compton process), etc. Apart from CMB

(which is constant), other components may vary depending on the sources considered.

Bremsstrahlung process

This process can be visualized as the Compton scattering of electrons with virtual

photons corresponding to the Coulomb field of a scattering point. When an electron

traverses through a plasma of number density ns , comprising of different species, i.e.,

atoms, ions, and electrons, then the corresponding produced bremsstrahlung radiation

spectrum per electron can be given as [91],

dNγ

dtdK
� c

∑
s

ns
dσ
dK

, (1.26)

where dNγ is the number of photons in the momentum interval between K and K +

dK, emitted due to an electron in time dt. The differential bremsstrahlung cross section

for an electron from a charge Ze is given by,

dσ � 4Z2αr2

0
(dK/K)(E2

i )
−1

[
(E2

i + E2

f ) −
2

3

EiE f

] [
ln(2EiE f /K) −

1

2

]
, (1.27)

where, Ei and E f are initial and final energies of the electrons, K (= Ei - E f ) is the

energy of photon radiated, α is the fine structure constant, and r0 is the classical radius of

the electron.

So, the total bremsstrahlung radiation spectrum resulting from high energy electron

distribution
dNe
dE is given by,
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(
dNγ

dtdK

)
total

�

∫
dE

dNe

dE
dNγ

dtdK
. (1.28)

Non-thermal bremsstrahlung is produced by relativistic electrons, which typically

follow power law distribution. On the contrary, thermal bremsstrahlung is produced by

electrons obeying Maxwell-Boltzmann distribution at thermal equilibrium. Non-thermal

bremsstrahlung produces gamma-ray photons, whereas photons in X-ray energies are

produced by thermal bremsstrahlung.

1.2 Multi-messenger & Multi-wavelength astrophysics

Here, we briefly discuss various detectors that are capable of observing astrophysical

messengers, such as cosmic rays and photons across multiple wavelengths, arriving from

different Galactic sources. In this thesis, we have focused on the observed photons having

wavelengths corresponding to gamma-ray, X-ray, and radio energies in particular. We

have also discussed thedetection technique employedbyone of the neutrino observatories

dedicated to detecting astrophysical neutrinos from Galactic sources.

1.2.1 Cosmic rays

Cosmic rays are one of the primary astrophysical messengers studied in this thesis.

In order to understand the features related to the acceleration and propagation of cosmic

rays, it is essential that thesemessengers are detected inprecise detail. To that end, herewe

provide a brief summary of two of the principle detectors currently operational to detect

cosmic rays coming from Galactic sources. See corresponding references for other oper-

ational detectors such as balloon experiments [92], Voyager program [93–95], CAPRICE

[96], HEAT [97], Balloon Experiment with Superconducting Spectrometer (BESS) [98], the

cosmic ray energetic and mass (CREAM) [99], high-altitude balloon and Advanced Thin

Ionization Calorimeter (ATIC) [100], and KASKADE-Grande [101], among others.

AMS-02

TheAlphaMagnetic Spectrometer (AMS-02) is a general purpose, high energy particle

detector operating aboard International Space Station (ISS) from 19thMay 2011 [102]. Due

to its large acceptance, long exposure time, and particle identification capabilities, this

detector is fully capable ofdetecting cosmic raynuclei, fromhydrogenup toheavier cosmic

ray nuclei such as iron, as well as cosmic ray leptons from MeV energies, up to multi-TeV

energies. The detector consists of nine plates of precision Silicon tracker, a Transition

Radiation Detector (TRD), four planes of Time of Flight (TOF) counters, a permanent

magnet, an array of Anticoincidence Counters (ACC), a Ring Imaging Cherenkov detector

(RICH), and Electromagnetic Calorimeter (ECAL) (see the left panel of Figure 1.3 for the

structure of AMS-02). Some of the scientific goals of the AMS-02mission are a)measuring

cosmic ray spectra from proton to iron in GeV/n to TeV/n energy range to constrain

the acceleration and propagation models, b) indirect search of dark matter through the
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Figure 1.3 Left Panel: Structure ofAMS-02 (https://ams02.space/),Right Panel: Structure
of PAMELA (https://pamela.roma2.infn.it/).

detection of positrons, antiprotons, anti-deuterons, gamma-rays, etc., c) direct search of

primordial antimatter and new forms of matter through the detection of anti-helium,

anti-carbon, strangelets, etc., d) solar activity and modulation through the observation of

cosmic ray spectra over 11 years of the solar cycle, and finally, e) contribute to the total

space radiation [103–120]. AMS-02 generally collects about 1.5 billion cosmic rays during

each month of operation. As one of the first significant results of AMS-02 obtained from

the ∼ 15 % of the total AMS sample, the positron fraction, i.e., the fraction of positron flux

to the total electron plus positron fluxes, as well as individual electron and positron fluxes

were measured. Apart from this, proton flux, secondary-to-primary ratios such as boron-

to-carbon ratio, Beryllium isotope ratio, as well as antiproton to proton ratio, and lighter

nuclei fluxes were also measured. An excess of positrons having energy greater than

10 GeV with respect to that theoretically expected from secondary production was the

remarkable anomaly thatwas confirmedbyAMS-02. This phenomenonhas been typically

explained by leptonic contribution from nearby pulsars and dark matter annihilation.

AMS-02 also provided upper limits on the amplitude of dipole anisotropy for all cosmic

ray species.

PAMELA

ThePayload forAntimatterMatterExplorationandLight-nucleiAstrophysics (PAMELA)

is a satellite experiment [121, 122] dedicated to the study of acceleration and propagation

mechanisms of the cosmic rays in the Galaxy, the search of primordial antimatter and

dark matter annihilation signals, long term study of solar modulation of Galactic cos-

mic rays, measurements of energetic particles from the Sun inside the heliosphere, and

https://ams02.space/
https://pamela.roma2.infn.it/
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the radiation environment around the Earth [123–131]. PAMELA was launched with a

Soyuz-U rocket on 15th June 2006, and it is hosted on Russian Resurs-DK1 satellite. The

main scientific goals of PAMELA were measurements of a) antiproton spectrum up to

200 GeV, b) positron spectrum up to 200 GeV, c) electron spectrum up to 600 GeV, d) the

proton and helium nuclei spectra up to 1.2 and 0.6 TeV/n, respectively, and e) the lighter

nuclei spectra (from Li to O) up to 100 GeV/n. Apart from this, PAMELA also searches for

antinuclei (with a He/He sensitivity of 10
7
), possible features in cosmic ray spectra as a

result of indirect evidence of dark matter or new astrophysical sources, and finally, some

new forms ofmatter like strangelets. The detector itself is composed of a TOF systemwith

segmented scintillators divided into three groups of planes, a magnetic spectrometer, an

anticoincidence system with solid scintillators, an electromagnetic sampling calorimeter,

a shower tail-catcher scintillator, and finally, a neutron detector as well (see the right

panel of Figure 1.3 for the structure of PAMELA). High-precision measurements from

PAMELA have revealed significant spectral features in cosmic ray spectra. Fluxes of H

and He, which constitutes 98 % of the observed cosmic rays, shows gradual softening in

the rigidity range 30-230 GV, whereas the same spectra also show spectral hardening at

232
+35

−30
GV for H and 243

+27

−31
GV for He. PAMELA has also provided flux measurements

of boron, carbon nuclei, leptons, and that for the isotopes of hydrogen, helium, lithium,

and beryllium. PAMELA measurements of positron flux also indicate the presence of an

excess similar to that observed by AMS-02, thus further confirming the positron excess

phenomena, which continues to remain a pertinent antiparticle puzzle.

1.2.2 Photons

Photons, produced from various interaction mechanisms occuring between high en-

ergy cosmic ray particles and the ambient medium, can also act as messengers of various

Galactic astrophysical sources. As discussed earlier, cosmic rays are charged particles.

Consequently, they get scattered and deflected in the large-scale Galactic magnetic field

threaded throughout the Galaxy. But since photons are devoid of charge, they do not

get deflected in the magnetic field. As a result, photons are very useful and efficient

messengers to convey indirect pieces of evidence of various high-energy astrophysical

phenomena associated with the acceleration of cosmic rays in the Galactic sources and

their subsequent propagation. Photons with energy extending from low energy radio

range to a very high-energy gamma-ray range can provide us with a detailed picture of

the Galactic sources studied in this particular thesis. So, the multi-wavelength study is a

fantastic way to study the structure and emission mechanisms at play, thus unveiling the

nature of these sources. Here, we briefly discuss the detection mechanism of different

observatories across multiple wavelengths, which have been particularly used in different

studies reported in this thesis.
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Gamma-ray

In this subsection, we discuss various space-based and ground-based detectors that

observe high energy (HE) (Eγ ≤ 100 GeV), very high energy (VHE) (100 GeV < Eγ ≤
100 TeV) and ultra-high energy (UHE) (Eγ > 100 TeV) gamma-rays from Galactic and

extragalactic objects. Space-based detectors are used to detect MeV-GeV gamma rays as

they are comparatively abundant in number. On the other hand, gamma rays with higher

energies are lesser in number, so ground-based observatories are needed to observe them,

as they have a higher observational effective area to detect these VHE-UHE gamma rays.

Fermi-LAT The Fermi Gamma-ray Space Telescope was launched on a Delta II Heavy

launch vehicle on 11th June 2008 byNASA into an orbit at an altitude of about 550 km and

with an orbital period of about 96 minutes. This telescope has the Large Area Telescope

(LAT) as the primary instrument and Gamma-ray Burst Monitor (GBM) as the secondary

instrument on board to observe variousGalactic and extragalactic sources. LAT is used for

long-term observation of astrophysical sources by operating in sky surveymode, whereas

GBM is used for observing transient events such as gamma-ray bursts and solar flares.

LAT, being a pair conversion gamma-ray detector, tracks electron-positron pairs pro-

duced by an incident gamma-ray photon tomeasure the direction of the incident photons.

CsI(T1) crystal calorimeter of LATmeasures the energy of the same incident photons. The

direction of the incident gamma-ray is constructed by an array of a total of sixteen track-

ers, and the energy of the incident photons is measured and stored by the calorimeter.

The background rejection is done by a thin anticoincidence detector. Gamma-ray passes

through this anticoincidence detector (ACD) and further interacts with the tungsten foils

inside the detector to produce the electron-positron pairs. Silicon strip detectors (SSD) are

used to track these pairs, which produce ions at the base of the detector. A cesium iodide

calorimeter situated at the base of the detector is used to stop the charged particles and

to measure the total deposited energy. Information from ACD, SSD, and CsI calorimeter

are put together to measure the direction and energy of the incident gamma-ray. The

effective energy range for observation by LAT is between 20 MeV to 300 GeV. LAT has a

field of view of 2.4 sr and covers about 20% of the sky at a given point in time. LAT covers

the entire sky every 3 hours, given LAT has an orbital period of 96 minutes. The point

spread function (PSF), effective area, and angular resolution of LAT are functions of the

energy of the incident gamma-ray, its incidence angle, and the event class. The PSF for

an on-axis incident gamma-ray photon has a 68% containment radius of about 3 degrees

at 100 MeV and about 0.04 degrees at 100 GeV. The photon count rate observed can be

calculated as the product of the effective area of the LAT and the incident gamma-ray

flux with livetime fraction. Essentially, the systematics associated with the measured

gamma-ray flux is governed by the uncertainty in the effective area and the energy. The

uncertainty of measured flux is 10% below 100 MeV, 5% between 316 MeV and 10 GeV,

and 10% above 100 GeV. The schematic diagram of Fermi-LAT is given in Figure 1.4. The
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Figure 1.4 Schematic diagram of Fermi-LAT instrumentation (https://www-glast.

stanford.edu/instrument.html).

details about the LAT instrumentation and performance can be found in [132].

H.E.S.S. HighEnergy Stereoscopic System (H.E.S.S.) is a systemof imaging atmospheric

Cherenkov telescopes (IACTs) dedicated to the study of VHE gamma-rays having an

energy between 0.03 to 100 TeV [133, 134]. The observatory is situated in the Khomas

region, Namibia, at an altitude of 1800 m. The name of the observatory was chosen in

honor of Victor Hess. H.E.S.S., being a stereoscopic system, consists of five telescopes,

four of which are made of mirrors with 12 m diameter arranged as a square with 120

m sides, and the fifth one with a mirror of 28 m located at the center of the array. Four

12 m telescopes have been operating since 2004, and the 28 m telescope (H.E.S.S. II)

started its operation in 2012. H.E.S.S. has provided evidence of gamma-ray production

in supernova remnants, pulsar wind nebulae, and active galactic nuclei. It is also looking

for dark matter annihilation signals and testing the Lorentz invariance.

MAGIC Major Atmospheric Gamma Imaging Cherenkov Telescopes (MAGIC) is a sys-

tem of two IACTs, situated at the Roque de los Muchachos Observatory on La Palma,

Canary Islands, at an altitude of 2200 m [135, 136]. Each of the two telescopes has a

reflecting mirror of 17 m in diameter, the first of which was built in 2004. The second

MAGIC telescope started operating in 2009 at a distance of 85 m from the first telescope.

Together they form the MAGIC stereoscopic system. MAGIC is sensitive to the gamma-

rays with energy between 25 GeV to 30 TeV due to its large mirror. MAGIC observes

gamma rays from different astrophysical sources, such as supernova remnants, pulsar

wind nebulae, active galactic nuclei, and gamma-ray bursts, as well as an indirect study

of dark matter annihilation.

VERITAS Very Energetic Radiation Imaging Telescope Array System (VERITAS) is a

ground-based observatory consisting of an array of four 12-meter optical reflectors at

https://www-glast.stanford.edu/instrument.html
https://www-glast.stanford.edu/instrument.html
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an approximate separation of 100 m of each adjacent telescope, observing gamma-rays

with energy from 50 GeV up to 50 TeV [137, 138]. VERITAS is located at the Fred

LawrenceWhipple Observatory in southern Arizona, United States, at an altitude of 1268

m. VERITAS uses the IACT technique to observe gamma rays from astrophysical sources,

and it started its operation in 2007. Each of the telescopes has a 3.5-degree field of view.

VERITAS effectively complements LAT due to its large effective area, as well as coverage

in a large energy band. Similar to H.E.S.S. and MAGIC, VERITAS observes gamma rays

from supernova remnants, pulsar wind nebulae, active galactic nuclei, etc.

HAWC High Altitude Water Cherenkov (HAWC) observatory is a gamma-ray and cos-

mic ray observatory located in Mexico, at an altitude of 4100 m [139, 140]. HAWC

observatory is based on the principle of indirectly detecting gamma rays using the water

Cherenkov method. HAWC started its operation in 2015, and it consists of an array of 300

water Cherenkov detectors. It detects electromagnetic radiation from air showers pro-

duced by high energy cosmic rays and gamma rays hitting the atmosphere of the Earth.

Furthermore, HAWC is sensitive to air showers produced by high-energy particles having

energies between 100 GeV and 50 TeV. HAWC is dedicated to studying Galactic sources at

high energies, Galactic diffuse emission, transient phenomena such as GRB, cosmic rays

at TeV energies, and also to testing out the predictions of fundamental physics.

LHAASO Large High Altitude Air Shower Observatory (LHAASO) is a cosmic ray and

gamma-ray observatory situated at Daocheng, Sichuan Province in China, at an altitude

of 4410 m above sea level [141, 142]. The observatory is designed to detect air showers

produced in the Earth’s atmosphere by high energy gamma rays and cosmic rays using

the water Cherenkov method. The observatory is expanded across an area of 360 acres,

with three underground observing pools, each containing 100,000 tonnes of water. The

pools also contain 12 telescopes to observe very high-energy gamma rays through the

Cherenkov radiation technique. Recently in 2021, LHAASO discovered more than a

dozen PeVatrons, by observing photons having sub-PeV energies, including one case in

which the photon energy went up to 1.4 PeV.

Tibet-ASγ The Tibet-ASγ observatory is located in Tibet, China, at an altitude of 4300

m above sea level [143, 144]. This experiment consists of a 65,700 square meter surface air

shower array and 3400 square meters of underground water Cherenkov muon detectors.

The primary particle energy and direction are reconstructed by the surface air shower

array, whereas the underground muon detectors are used to discriminate gamma-ray-

induced muon-poor air showers from cosmic ray-induced muon-rich air showers. Tibet-

ASγ has successfully observed gamma-rays in 100 TeV energies from some pointed and

extended sources, as well as sub-PeV diffuse gamma-ray emission along the Galactic disk.
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X-ray

Similar to gamma rays, X-ray photons also get emitted from astrophysical sources,

albeit at lower energies. Typically X-ray photons have energies in the keV range. Nev-

ertheless, X-ray photons reveal emission properties of different point-like, as well as

extended astrophysical sources, as they can get produced from synchrotron cooling of

accelerated leptons. To observe these X-ray photons, multiple space-based satellites have

been employed throughout the years. Here, we briefly discuss one of those satellites

pertinent to the study reported in this thesis.

NuSTAR TheNuclear Spectroscopic TelescopeArray (NuSTAR) Small Explorermission

is the first astronomical space-based, direct-imaging X-ray telescope in an orbit thatmakes

use of the new generation hard X-ray optics and solid state detector technologies to

perform highly sensitive X-ray observations at energies significantly greater than ten

keV, which is beyond the energies typically observed by Chandra X-ray observatory and

XMM-Newton [145, 146]. NuSTAR focuses on the X-ray having energy in the range of 3

to 79 keV. NuSTAR started its detailed design phase in 2008 and was launched in low-

Earth, near-equatorial orbit in 2012. The NuSTAR observatory consists of two co-aligned,

hard X-ray telescopes pointed at astrophysical targets by a three-axis stabilized spacecraft.

The NuSTAR science instrument consists of two depth-graded multilayer-coatedWolter-I

conical approximation X-ray optics, which focus on two independent solid-state focal

plane detectors separated from the optics by a focal length of approximately 10 m. The

focal plane images are added together to gain sensitivity by designing the optics and

the detector to be identical. NuSTAR was deployed to focus on measuring X-rays from

astrophysical sources, especially for nuclear spectroscopy. The primary scientific goals

of NuSTAR involve studying binary systems, compact objects, active galactic nuclei, etc.,

distributed across the Galaxy and beyond. The schematic diagram of NuSTAR is given in

Figure 1.5.

Radio

Apart from observing astrophysical sources in gamma-ray and X-ray wavelengths,

the properties of these sources can also be unveiled from radio observations. Low-

energy radio observations can reveal the nature of emission occuring from the source,

thermal or non-thermal, which, in turn, can confirm particle acceleration occuring in the

source region, as non-thermal radio emission can occur due to the synchrotron cooling of

accelerated leptons. We discuss two of many radio observatories currently operational,

data of which have been used in the study reported in this thesis.

THOR The HI/OH/Recombination (THOR) line survey is a project that focuses on

surveying the northern Galactic plane (15
◦ < l < 67

◦
and |b| < ±1

◦
). The observatory

surveys in HI, four OH and 19 Hα recombination lines, as well as the L band continuum

from 1 to 2 GHz [147, 148]. THOR is able to provide a radio continuum image of ∼
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Figure 1.5 Schematic diagram showing the instrumentation of NuSTAR (https://

heasarc.gsfc.nasa.gov/docs/nustar/nustar_about.html).

132 square degrees of the Galactic plane observed with the Karl G. Jansky Very Large

Array (VLA) in C array configuration [149], where the spatial resolution of VLA in C

array is about 20", which is essential for comparing the results with other Galactic plane

surveys. This large multi-line and continuum Galactic plane survey addresses multiple

topics, such as dynamics of the ISM, and cloud formation from the atomic to molecular

phase, thus is useful for comparing with the theoretical cloud formation models. A

study of HI and OH absorption/emission lines reveals the cold phases of the ISM. The

nature of photodissociation regions can be unveiled by the combined study of THOR

and Herschel/SOFIA C+ observations. The HII region recombination lines are used

to study the dynamics of triggered star formation and to derive the kinematic distances.

Additionally, unexpected and important results can also emerge from such a novel project.

GLOSTAR The Global View on Star Formation in the Milky Way (GLOSTAR) survey

makes use of wide-band 4-8 GHz C-band receivers of the VLA and the Effelsberg 100-

m telescope [149] to survey and characterize the star formation region in the Galaxy

[150, 151]. GLOSTAR covers ∼ 145 square degrees of the Galactic plane with the VLA

B and D configuration along with the Effelsberg 100-m data to study the large-scale

structure. The survey of theGalactic plane also reveals information about the early phases

of high-mass star formation, compact, ultra-compact, and hyper-compactHII regions, and

traces of 6.7 GHz methanol (CH3OH) masers used to study the early evolutionary stages

of high mass star formation and to study the location of young stellar objects (YSOs).

https://heasarc.gsfc.nasa.gov/docs/nustar/nustar_about.html
https://heasarc.gsfc.nasa.gov/docs/nustar/nustar_about.html
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The experiment also studies emission at 5.8 GHz, 4.8 GHz formaldehyde (H2CO), and

multiple radio recombination lines (RRLs).

1.2.3 Neutrinos

Another complementary messenger to cosmic rays and gamma rays is the neutrino.

Having nomass and no electric charge, the neutrino is similar to photons, as the neutrinos

do not get deflected by theGalacticmagnetic field. However, there is one important differ-

ence in their attributes, i.e., unlike gamma rays, the interaction of neutrinos with matter is

extremely feeble. As a result, neutrinos travel unscathed across large distances, thus con-

veying accurate information about their production site as an astrophysical messenger.

Nevertheless, their weak interactions make them extremely difficult to detect. Here, we

discuss one of the neutrino observatories dedicated to detecting astrophysical neutrinos

fromGalactic and extragalactic sources alongside the diffuse neutrino background spread

all over the Galaxy.

IceCube

The IceCubeneutrinoobservatory is situatedat theSouthPole andhasbeen completely

operational since 2011. In this observatory, a cubic kilometer of the Antarctic ice sheet at a

depth between 1450 m and 2450 m has been instrumented, and it consists of 5160 Digital

Optical Modules (DOMs) attached to 86 strings in a 3D hexagonal array. Cherenkov

photons emitted by charged particles traveling at a speed greater than that of light are

detected by these DOMs. These DOMs have a vertical separation of 17 m, and the

strings are placed 125 m apart [152]. Following this configuration, IceCube is able to

detect neutrinos with energies above 100 GeVs. Additionally, the IceTop surface array,

consisting of 162 water tanks filled with clear and pure ice, is used to identify cosmic

ray air shower that develops in the atmosphere. IceCube is also capable of measuring

anisotropy in the cosmic ray arrival directions at TeV to PeV energies. IceCube DeepCore,

a more densely instrumented volume at the deeper and the central part of the IceCube

array, brings the operational threshold down to 10 GeV. DeepCore enables IceCube to

probe neutrino oscillation properties and dark matter searches. IceCube is proving to

be instrumental in detecting neutrinos from various astrophysical sources. A diagram of

the IceCube observatory is given in Figure 1.6. Neutrinos are expected to be produced

from the decay of charged pions, which are created from inelastic p-p interaction. As a

result, high energy particles accelerated in supernova shocks can produce neutrinos over a

much longer period when they diffuse through ISM to interact with the nearbymolecular

clouds. Star-forming regions provide all of the necessary ingredients for the efficient

production of astrophysical neutrinos. Additionally, IceCube has also been responsible

for establishing the existence of an astrophysical diffuse neutrino component above 100

TeV, which was first observed in 2013.
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Figure 1.6 Schematic diagram showing the surface array IceTop, the IceCube array, and

the low-energy sub-array DeepCore, i.e., components of IceCube Neutrino Observatory

at South Pole ice (https://icecube.wisc.edu/science/icecube/).

1.3 Galactic sources

In this section, we discuss the Galactic sources that have been a direct or indirect

part of the study reported in this particular thesis. The most ubiquitous sources found

in the Galaxy that produce gamma rays are SNRs. Additionally, pulsar wind nebulae

(PWNe) and high-mass X-ray binaries are also able to radiate gamma rays. Passive

Galactic Molecular Clouds (GMCs), which are not associated with any SNRs, have also

been observed to shine in gamma rays, contributing to the total cosmic ray sea. We briefly

discuss these sources here.

1.3.1 Supernova remnants

SNR is the most credible source class for Galactic cosmic ray acceleration, and they

have been observed to radiate in radio, X-rays, and gamma rays. The charged particles

are accelerated in SNR shocks through Diffusive Shock Acceleration (DSA), and these

accelerated cosmic rays are able to plausibly explain the observed cosmic ray spectra, up to

“knee” energies [153, 154]. Typical kinetic energy of ∼ 1051
ergs is released in a supernova

explosion. It has been found that if even ∼ 10 % of this kinetic energy released goes into

accelerating protons, heavier nuclei, as well as electrons, then SN explosion can power

the cosmic rays that we observe. For the acceleration mechanism typically considered

in SNRs to accelerate cosmic rays, please see subsection 1.1.1. For young, shell-type

SNRs containing multiple numbers of shells, the outer shells of the SNRs are the most

plausible place for accelerating high-energy leptons through DSA [155]. Detection of

X-rays from shell-type SNRs confirmed the acceleration of high energy leptons in SNRs to

https://icecube.wisc.edu/science/icecube/
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TeV energies [156, 157]. Non-thermal radio, X-rays, and even gamma-rays are produced in

shell-type SNRs by high energy leptons via synchrotron, bremsstrahlung, and IC process

(see subsection 1.1.3). On the other hand, direct evidence of proton acceleration are yet

to be confirmed. Indirect proof of proton acceleration can be found by unambiguous

gamma-ray detection from the SNRs resulting from neutral pion decay produced by the

interaction between accelerated protons and protons present in the ambient matter.

1.3.2 Pulsar wind nebulae

Pulsars are rapidly rotating highly magnetized astrophysical objects. A pulsar is sur-

rounded by wind nebulae and the associated SNR in the case of a pulsar wind nebulae

(PWNe) system. Multiple PWNehave been detected in radio, X-ray, and gamma rays. Pul-

sars lose their rotational energy as they spin down, and the rotational energy lost converts

into wind energy, which consists of leptons and ions. The expanding wind gets termi-

nated by the matter in the surrounding nebula, creating the so-called wind termination

shock. The radius of the shock can be determined by a balance between the pressure in the

wind and the pressure of the nebula, which is created by the cumulative accumulation of

energy that got injected over the duration of the age of the pulsar [158]. Leptons present

in the pulsar wind get accelerated up to GeV energies through magnetohydrodynamic

processes before they are stopped at the position of the termination shock. Thereafter,

these accelerated leptons get randomized at the downstream region of the shock and

further get accelerated even up to PeV energies through DSA at the termination shock.

After that, these accelerated particles get injected into the surrounding medium, where

they interact with the magnetic field, low energy photon field including the CMB, and

ambient matter, and further emit from radio to ultra-high energy gamma-rays through

synchrotron, bremsstrahlung, and IC processes. Reviews of the various theories of PWN,

including the latest observation results, can be found, for example, in Ref. [159–161].

1.3.3 High mass X-ray binaries

Another type of Galactic object, known as high mass X-ray binaries, can also be

potential gamma-ray emitters, typically known as gamma-ray binaries. The high-mass

X-ray binaries consist of a compact object and a companion star. Depending on the nature

of the compact object, there can be two types of X-ray binaries, namely binary pulsars,

and microquasars. Binary pulsars comprise a pulsar orbiting around a main-sequence

star with a circumstellar disc, e.g., a Be star. When the pulsar passes through the disc

of the Be star, high energy emission results from the interaction between the wind of the

pulsar and the material in the dense circumstellar disc of the Be star. On the contrary,

microquasars have a stellar-mass black hole as their compact objects and a companion

star that losses its mass by forming an accretion disc around the central black hole. High

energy emissions are seen from the microquasars in the form of collimated jet outflows

from the close region of the central compact objects of the binary system. Emissions can be
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produced when leptons accelerate to high energies at the jet and interact with the stellar

UV photons through the IC process. LS I +61
◦
303 is one of the few gamma-ray binaries

observed, which not only emit gamma-rays but also show variability in their emission.

Orbital modulation or varying absorption processes can be used to explain this variability

[162].

1.3.4 Galactic Molecular Clouds

A significant fraction of interstellar gas in our Milky Way Galaxy, which is a spiral

Galaxy, is molecular hydrogen (H2) [163]. Most of the molecular hydrogen material is

concentrated as large reservoirs in the Galaxy, also known as Giant Molecular Clouds

(GMCs), which are objects with masses 10
4
- 10

6
M� and radii of 50 - 200 pc [164].

Although H2 molecules have a permanent electric dipole moment, it is very difficult to

observe them in cold and obscured interstellar regions, as optical and UV observations

suffer from interstellar extinction. This is why a stable, diatomic model such as Carbon

Monoxide (CO) is very important in detecting H2 distribution in the Galaxy. CO acts as

a tracer of H2 molecules, as CO molecules have J = 1→ 0 rotational transitions at a radio

wavelength of 2.6 mm, which can be easily observed in very tenuous molecular gas, and

CO-to-H2 conversion factor (XCO) is found to be a constant (∼ 2 × 10
20

cm
−2

(K km s
−1
)
−1

with ± 30% uncertainty). It has been found from radio continuum, optical and infrared

observations, OB associations, and population I objects that essentially all star formation

occurs in GMCs. GMCs can also be detected in other wavelengths. Gamma rays detected

from GMCs carry direct evidence of spatial and energy distribution of cosmic rays in the

Galaxy. The galactocentric radial distribution of GMCs points towards a homogenous sea

of cosmic rays with a constant density and spectral shape of the locally measured flux of

cosmic rays [165]. Despite that, a cosmic ray fluxwith a harder spectral index compared to

that of the cosmic ray sea has been posited as a result of the reacceleration process due to

magnetized turbulence inside some of the GMCs [166–168]. Although reacceleration has

not been objectively confirmed by observations, evidence of cosmic ray excess inside local

GMCs has been unveiled by Fermi-LAT data analysis [169], which essentially indicates

that reacceleration might be a possibility in some of the GMCs yet to be observed.

1.4 Thesis Objectives

In previous sections, we have discussed how cosmic rays are accelerated at Galactic

acceleration sites and their subsequent propagation throughout the Galaxy, effectively

creating a cosmic ray sea. While propagating, cosmic rays perform random diffusion

owing to the large-scale turbulent magnetic field while producing secondary cosmic

ray particles through different interaction mechanisms. Not only that, but cosmic rays

can also produce various important astrophysical messengers like photons across multi-

wavelength and non-interacting particles such as neutrinos. These messengers provide

us with evidence of various high-energy astrophysical phenomena occuring in Galactic
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sources, thereby unveiling the proper nature, acceleration, and emission mechanism at

work, and also the information about the ambient medium surrounding the sources.

Below, we discuss the motivation behind the research reported in this thesis, as well as

the structure of the thesis.

1.4.1 Motivation

We summarize below the motivation for surveying the Galactic sources in a multi-

messenger and a multi-wavelength context. Thus, the foundations are laid that guide the

research work undertaken.

• Sincemultiple successfulmissionswere completed byvarious space-based satellites,

such as PAMELA and later AMS-02, dedicated to observing high energy cosmic

rays arriving on the Earth, many exciting results have been unveiled for scientists

to decipher. Interesting features in the spectrum of the cosmic ray species give us

a hint about the acceleration mechanism of the cosmic rays and further put forth

certain constraints on the propagation of the accelerated cosmic rays. Moreover, the

large-scale structure of the Galactic magnetic field, distribution of the accelerating

sources, and interstellar gas can also be studied from the data observed by these

satellites. One such enigmatic feature observed is the excess in the positron flux,

where the positron flux increases with energy from ∼ 20 GeV, finally reaching a

peak around ∼ 200-300 GeV and then showing a subsequent cutoff in the spectrum.

This feature in positron flux, in turn, affects the positron fraction measurements

observed by both PAMELA and AMS-02. The positron excess poses a conflict with

the theoretical understanding of secondary production by the primary cosmic rays

diffusing through the Galaxy. Consequently, it has been obvious for a very long

time that a nearby, additional class of astrophysical source(s) must be responsible

for the excess observed in the positron flux. Pulsars and dark matter have been

conventionally considered to be the leading candidates in explaining the positron

excess. However, recent observations and theoretical arguments have rendered the

pulsar or dark matter origin of the positron excess questionable. Geminga and

Monogem are typically considered to be two nearby sub-kpc pulsars responsible for

the observed positron excess. However, a slowdiffusion region, known as the pulsar

halo, was discovered around bothMonogem andGeminga, which indicates that the

lepton contributions from these pulsars would not be significant enough to explain

the positron excess [170]. Moreover, recently AMS-02 discovered that the observed

positron flux is isotropic in nature, whereas explaining the excess with Geminga

and/or Monogem would introduce a certain anisotropy in the excess positron flux

[171, 172]. Furthermore, AMS-02 has found that the additional source(s) responsible

for producing positrons relevant for explaining the excess should also produce

antiprotons at a constant fraction (∼ 2) compared to the produced positrons in
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60 - 525 GeV range [172]. But pulsars are unable to produce antiprotons. So

the pulsar interpretation of positron excess still remains debatable. On the other

hand, if dark matter is responsible for the positron excess, the isotropic condition

would be satisfied. Nevertheless, it has been argued that apart from producing

leptons, dark matter annihilation would also produce gamma rays, which would

indirectly prove the existence of the darkmatter [173]. Nevertheless, no nearby dark

matter clumps, shining in gamma rays, were discovered by Fermi-LAT or any other

gamma-ray observatories. So, the dark matter interpretation continues to remain

an exotic possibility that will explain the positron excess. As a result, new and

alternative routes in terms of probable sources responsible for the positron excess

must be explored to properly explain it, all the while being consistent with other

observables measured by AMS-02 or PAMELA.

• As discussed earlier, photons observed across multiple wavelengths help unveil the

nature of unidentified Galactic sources. One such enigmatic Galactic source class

is the gamma-ray binaries. There are very few confirmed gamma-ray binaries ob-

served in the Galaxy, e.g., LS 5039, LS I +61
◦
303, PSR B1259-63, HESS J0632-057,

HESS J1832-093, PSR J2032+4127, etc, [174–182]. As discussed in section 1.3, it can

be further divided into two categories, microquasars (black holes as compact ob-

jects) and high-mass gamma-ray binaries (pulsars as compact objects). In high-mass

gamma-ray binaries (HMGBs), there are two ways by which gamma-ray emission

can occur, 1) disk-fed emission or 2) wind-fed emission. Most of the HMGBs

show disk-fed emission, where gamma-ray emission occurs when the pulsar passes

through the Be disk of the companion star. On the other hand, wind-fed emission

happenswhen thewind generated by the companion star interacts with the rotating

magnetosphere of the pulsar. The question remains, is this it, or is there any other

way by which gamma-ray emission can happen? Since gamma-ray binaries are low

in number, the possible emission mechanism occuring in them is poorly under-

stood. So, further investigation is needed to unearth whether any other interaction

mechanism can also produce gamma-ray in HMGBs, depending on the geometry of

the binary system. Simultaneous long-term observations in multiple wavelengths

are necessary to properly study interesting possibilities regarding these types of

sources.

• Since the air shower array such as LHAASO has been operational, it has discovered

dozens of sources that emit ultra-high-energy gamma-rays, with maximum energy

exceeding ∼ 1 PeV [142]. The presence of ultra-high energy gamma-ray sources in

the Galaxy indicates that there are sources in the Galaxy that can accelerate particles

up to PeV energies, which are also known as “PeVatrons”. Crab pulsar wind nebula

is the only source that has been confirmed to be a PeVatron [183], which is why it is
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understandable to think that every pulsar wind nebula can potentially be a PeVatron

accelerator. It has already been posited that the presence of a powerful pulsar in the

near vicinity of ultra-high energy gamma-ray sources might be a universal feature

[184]. On top of that, it is believed that the spectral index of protons accelerated at

supernova shocks will tend to become softer with age, so SNRs will not be able to

accelerate particles up to PeV energies. At first glance, this would make it seem that

no other Galactic sources can be of PeVatron type other than pulsar wind nebulae.

However, with closer inspection, evidence has been found that this might not be

the case, making the origin of PeVatrons to be mysterious. Detailed theoretical

modeling of acceleration and interaction occuring at SNRs, or PWNe, considering

proper conditions, can help alleviate themystery of PeVatrons. Additionally, further

observations in multiple wavelengths, with a closer look at the morphology of the

sources, as well as the spectral features, will prove to be beneficial in solving the

acceleration and interaction at play, thus revealing the exact nature of these PeVatron

sources found in the Galaxy. Detection of additional messengers, such as neutrinos,

can also be used to distinguish different interactions occuring at these sources, thus

effectively ruling out possibilities that might not have been ruled out otherwise.

1.4.2 Structure of the thesis

The above-mentioned issues in the multi-messenger and multi-wavelength study of

Galactic sources have paved the way for further research in this field. We try to establish

a framework, following which the thesis has been structured.

• Chapter 2: In this chapter, we have provided a model that explains the observed

positron excess using the secondary positrons produced inside the nearby Galactic

MolecularClouds. Wehave shown that if cosmic rayprotons are reaccelerateddue to

magnetized turbulence inside nearbyGMCs, then the resulting secondary positrons

will be able to explain the observed excess. Our self-consistent model is also able

to explain other cosmic ray observables observed by AMS-02, and PAMELA, such

as the proton, antiproton, electron spectra, as well as secondary-to-primary ratios

such as B/C ratio, and
10
Be/

9
Be ratio. This chapter is based on the paper [185].

• Chapter 3: In this chapter, we have studied an unidentified VHE Galactic source,

observed by H.E.S.S., dubbed as HESS J1828-099. A high mass X-ray binary XTE

J1829-098 has already beendetected near the vicinity of theHESS source, as reported

in previous studies. We have analyzed Fermi-LAT, THOR, and GLOSTAR data

and reported possible HE gamma-ray and radio counterparts of this source. By

performing NuSTAR X-ray data analysis, we have proved the presence of shock-

accelerated electrons in the source region, which interact with the ambient medium

to produce the emission observed from this source. Further, we have analyzed the

MWL SED of this source with a typical gamma-ray binary model and have shown
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that HESS J2818-099 can be a possible accreting, high-mass gamma-ray binary, the

first of its kind. This chapter is based on the paper [186].

• Chapter 4: In this chapter, we have provided a theoretical model to explain the

MWL SED of a recently detected UHE gamma-ray source, LHAASO J1908+0621.

The source is coincident with SNR G40.5-0.5 and associated molecular clouds, as

well as PWN J1907+0602. We have shown that emissions from both SNR and PWN

are necessary to explain the MWL SED of the source. Moreover, we have shown

hadronic interaction occuring in SNR, and molecular cloud might be responsible

for the UHE gamma-ray detected by LHAASO, which indicates that SNR can be a

possible PeVatron candidate. This chapter is based on the paper [187].

• Chapter 5: In this chapter, we have assumed that emission from the UHE gamma-

ray source, LHAASO J2226+6057, to be entirely originating from nearby PWN

J2229+6114. Under this assumption, we have provided a detailed PWN model

to explain the MWL SED of the UHE gamma-ray source. We have found that in

order to explain the SED with emission from the PWN, the corresponding radius

and magnetic field of the PWNmust be very high and very low, respectively, which

contradicts observations. This result indicates that some additional component,

other than that from PWN, might be needed to explain the emission observed from

LHAASO J2226+6057. This chapter is based on the paper [188].

We use the DRAGON1 code, which uses a Crank-Nicholson scheme, to solve the

diffusion-transport equation as given in equation 1.19, for the Galactic propagation of

cosmic ray from their sources to the Earth. The solver allows us to mimic suitable astro-

physical environments by including plausible source classes in the Galaxy with intended

injection parameters, templates of the Galactic magnetic field and interstellar material,

and various energy loss processes of cosmic rays, among others. It also takes into account

modulation due to solar activity using a force-field approximation. Finally, the cosmic

ray fluxes of different species expected to be observed on the Earth are given as output,

which can then be plotted to explain the observed data from different observatories. We

have also used Fermipy2 package, associatedwith Fermi-tools3 to analyzeHE gamma-ray

data observed by Fermi-LAT. SED, lightcurve, extension, and location of a GeV gamma-

ray source can be estimated from the output of Fermipy. We have also analyzed the

X-ray spectrum constructed by the data obtained by NuSTAR, using XSPEC 12.11.14 tool

included in the HEASOFT 6.285 package. GAMERA6 code was used for modeling of

1https://github.com/cosmicrays/DRAGON

2https://fermipy.readthedocs.io/en/latest/

3https://fermi.gsfc.nasa.gov/ssc/data/

4https://heasarc.gsfc.nasa.gov/xanadu/xspec/

5https://heasarc.gsfc.nasa.gov/docs/software/heasoft/

6http://libgamera.github.io/GAMERA/docs/main_page.html

https://github.com/cosmicrays/DRAGON
https://fermipy.readthedocs.io/en/latest/
https://fermi.gsfc.nasa.gov/ssc/data/
https://heasarc.gsfc.nasa.gov/xanadu/xspec/
https://heasarc.gsfc.nasa.gov/docs/software/heasoft/
http://libgamera.github.io/GAMERA/docs/main_page.html
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non-thermal radiation spectrum from gamma-ray sources. We have also used a novel

code titled TIDE-PWN7 to perform leptonic, time-dependent modeling of PWN systems.

The code seeks a solution for the lepton distribution function considering the full-time-

energy-dependent diffusion-loss equation. The code further includes injection, energy

losses, and escape for realistic modeling of PWNe. Appropriate reference of data files,

wherever used for analysis purposes, are duly mentioned. We discuss the impact of our

results and draw our conclusions in Chapter 6.

7Private code



2
Positron excess explained by Galactic Molecular

Clouds

The observed data by Alpha Magnetic Spectrometer (AMS-02) confirms that cosmic

ray positron flux rises with energy and shows a peak near a few hundred GeV. This

rising positron flux cannot be explained by interactions of cosmic rays with interstellar

hydrogen gas. Pulsars, dark matter, and many other innovative physical scenarios have

been studied to explain this rising of the positron flux, also known as positron excess.

We have studied whether secondary production due to cosmic ray interactions in nearby

Galactic Molecular Clouds (GMCs) can contribute significantly to the observed positron

spectrum on Earth. Using a large-scale CO survey, 1064 GMCs were detected in the

Galaxy, which reside in the Galactic plane. Alongside that, a survey implemented the

optical/IR dust extinction measurements to trace 567 GMCs within 4 kpc of Earth, also

residing in the Galactic plane. Moreover, new GMCs have been discovered by Fermi-LAT
near the Galactic plane, which we have also included in our study. It has been speculated

earlier that cosmic rays may be reaccelerated in some GMCs. We select 7 GMCs out of 567

GMCs recently reported, within 4 kpc of Earth, where reacceleration due to magnetized

turbulence is assumed. We have included a small hardened component of secondary

positrons produced from the interaction of reaccelerated CRs in those 7 GMCs. Finally,

we use DRAGON code for our simulation setup to study CR propagation in the Galaxy

and show that the observedpositron spectrumcan bewell explained by our self-consistent

model.

2.1 Background

Galactic cosmic rays (CRs) are generally considered to be accelerated in shocks near

the supernova remnants (SNRs) [15, 70, 189–191] and propagated throughout the Galaxy.

During their propagation, they are deflected by the Galactic magnetic field (GMF), and

they also interact with interstellar hydrogen gas. The secondary CRs, produced in sub-

sequent interactions of primary CRs with interstellar hydrogen gas [192], are important

probes of CR acceleration. Other than the interaction with the distribution of interstellar

matter, there is also diffusion of CRs in the Galaxy, which depends on the magnetic field

structure. Even after more than a hundred years of discovery of CRs, new observational

data brings in new challenges for theoretical interpretations [17]; due to this reason, this

field has remained an active area of research.

Electrons are injected by CR sources; also, they are produced in interactions of CR

31
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protons and nuclei with interstellar matter during their propagation in the Galaxy. While

CR protons and nuclei can propagate long distances without losing energy significantly,

electrons lose energy within a much shorter distance due to radiative losses. Positrons

and antiprotons are secondary particles produced in interactions of CRprotons and nuclei

with interstellar matter. Being antiparticles, they are useful probes of new physics.

Payload for Antimatter Matter Exploration and Light-nuclei Astrophysics (PAMELA) is a

satellite-borne apparatus for recording charged CRs. The positron fraction measured

by PAMELA between 1.5 and 100 GeV was the first result showing deviation from the

conventional secondary productionmodel [123, 124]. More recent PAMELA observations

confirm that additional sources, either astrophysical or exotic, may be required to explain

the CR positron spectra [125].

Fermi-LAT collaboration reported the CR electron and positron spectrum separately

and also the positron fraction in the energy range of 20-200 GeV [193]. They confirmed

that the positron fraction rises with the energy in the 20-100 GeV energy range, and the

three spectral points in that spectrum between 100 and 200 GeV are also consistent with

the same feature.

The Alpha Magnetic Spectrometer (AMS) on the International Space Station has mea-

sured CR fluxes with high precision over a wide energy range. The AMS collaboration

published their results on high precision measurements of fluxes of CR protons (p) [107],

helium (He)[108], Boron (B) to Carbon (C) flux ratio [109], and also antiprotons (p̄) [110].

Their first results on precise measurements of positron fraction in primary CRs in the

energy range of 0.5-350 GeV showed that the positron fraction steadily increases in the

energy range of 10 to 250 GeV, however beyond 20 GeV, the slope decreases by order of

magnitude [104]. Their subsequent results gave better statistics over an extended energy

range [103, 105, 106]. Their recent results of CR electron [117] and positron spectra [118]

provide high-quality measurements of fluxes up to TeV energy. The positron flux shows

significant excess starting from 25.2±1.8 GeV and a sharp decrease above 284
+91

−64
GeV. The

flux has a cutoff at 810
+310

−180
GeV. The data shows that at high energy, the positrons may be

originated either from darkmatter (DM) annihilation or from other astrophysical sources.

The DM origin of positron excess was studied in many earlier papers [194–199]. Both

DM and pulsar scenarios could be the possible origin of the positron excess. Anisotropy

could be another useful probe to discriminate these two scenarios [200]. Geminga pulsar

has long been identified as a nearby gamma-ray source. The possibility of explaining the

GeV positron excess with the TeV gamma-ray source Geminga was explored by Yüksel et
al. [201]. Hooper et al. [202] suggested that a significant contribution to the positron flux

between 10 to 100 GeV might be originated from mature pulsars such as Geminga and

B0656+14. The Advanced Thin Ionization Calorimeter (ATIC) reported a “bump" in the high

energy flux of electrons and positrons [203]. Several candidate pulsars were listed in [204]

that could individually or coherently contribute to explaining the PAMELA and ATIC
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data. After more precise observation by AMS-02, the role of nearby pulsars was further

explored, and they were identified as a possible origin of the positron excess [205–207].

Previously, very high energy gamma-ray data from High Altitude Water Cherenkov
(HAWC) [208] detector also indicated that significant high energy positron flux from

nearby pulsars such as Monogem and Geminga could explain the positron excess at 10-

100 GeV energy range [209]. However, the recent measurement of the surface brightness

profile of TeV nebulae surrounding Geminga and PSR B0656+14 by HAWC [210] suggests

inefficient diffusion of particles from these sources. When theHAWC and Fermi-LAT data

are combined, Geminga and PSR B0656+14 are disfavoured as major sources of positron

excess in the energy range of 50-500 GeV [170] for Kolmogorov type diffusion. In a more

recent work, the pulsar PSR B1055-52 is found to be a promising source for explaining

positron excess [211]. In the future, gamma-ray astronomy can shed more light on the

origin of positron excess.

Micro-quasars were also considered to be viable sources for explaining the positron

excess. It was shown that photo-hadronic interactions in the jets of micro-quasars could

produce the excess positron flux, which can explain the rise above 10 GeV [212].

Galactic molecular clouds (GMCs) are dense reservoirs of cold protons distributed

throughout the Galactic plane. Such concentrated clumps of protons can be an ideal

laboratory for different particle interactions. We have tried to construct a self-consistent

model in which we show that the secondary positrons produced from interactions of CRs

in nearby GMCs can explain the rise of positron flux above 10 GeV. Our self-consistent

model of CR propagation also fits the data of CR electrons, positron fraction, protons,

antiprotons, B/C, and
10
Be/

9
Be ratio as measured by AMS-02 and PAMELA.

We consider Galactic SNRs as the primary sources of CRs. During their random

movement in the interstellar medium (ISM), CRs interact with ambient gas and also

inside the GMCs. We represent our analysis by dividing it into three parts, namely CASE

1, CASE 2, and CASE 3. CASE 1 considers interactions of primary CRs with interstellar

hydrogen gas. CASE 2, then, takes into account the interactions inside GMCs residing on

the Galactic plane and listed by Rice et al. [213], Chen et al. [214] and Aharonian et al.
[165]. Nearby GMCs in the Gould Belt complex, Taurus, Lupus, and Orion A have not

been included in CASE 2. Since these three GMCs are nearby and have been extensively

studied with gamma-ray data from Fermi-LAT experiment [165], the effect of these GMCs

needs separate modeling. Also, in earlier works [97, 166–168, 215], it has been discussed

that CRs can get reaccelerated insideGMCsdue tomagnetized turbulence. As a result, the

CR spectrumwill be hardened. The secondary particles produced from the interaction of

these CRs will also have a hardened spectrum. Based on the following three conditions,

(1) detection incapability of Fermi-LAT (2) radius ≥ 10 pc, and (3) distance from the Earth

≤ 1 kpc, we select 7 GMCs from [214], inside which we assume CRs are reaccelerated. We

omit these 7 GMCs from CASE 2 too. We find that the total flux of positrons from CASE 1
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and CASE 2 is not sufficient to explain the positron excess above 10 GeV. Subsequently, we

incorporate the contributions of secondary CRs from three nearby GMCs Taurus, Lupus,

Orion A, and also 7 selected GMCs from [214]. The lepton flux from these GMCs has been

calculated analytically, which is our CASE 3. We show that the total flux from CASE 1,

CASE 2, and CASE 3 can explain the positron excess observed by AMS-02 and PAMELA

data. Also, our model fits the data of proton, antiproton, electron spectra, and also B/C

and
10
Be/

9
Be ratio quite well. The possibility of GMCs being important contributors to

the observed CR spectra can facilitate future observations and analysis that will expand

the landscape of cosmic ray theory and experiments in a new direction.

2.2 Modeling of cosmic ray propagation

2.2.1 Model setup

The propagation of CRs can be studied, for a given source distribution, the den-

sity distribution of interstellar medium (ISM), GMF, and injection spectrum of primary

cosmic rays from their sources, by solving the CR transport equation [15, 191]. Here,

we study high energy CR propagation in our Galaxy by solving the transport equa-

tion numerically, using DRAGON1 (Diffusion of cosmic RAys in Galaxy modelizatiON)

[216–218]. DRAGON incorporates various physical processes such as propagation and

scattering of CRs in regular and turbulent magnetic fields, CRs interacting with ISM and

GMCs, energy losses due to radioactive decay of the nuclei, ionization loss, Coulomb

loss, Bremsstrahlung loss, synchrotron and IC loss, reacceleration and convection in the

Galactic medium, to obtain the solution of the transport equation for the CR propagation

in the Galaxy. In this subsection, we give an overview of the source distribution model,

GMF model, ISM gas density distribution, and diffusion coefficient we have chosen.

DRAGON solves the transport equation in 3D geometry, where theGalaxy is assumed

to be cylindrical in shape. The outermost radial boundary is denoted as Rmax , the vertical

boundary as L, and the halo height as zt , where L � 3zt [219]. The location of the observer

is specified at Sun’s position with respect to the Galactic center (GC), with x = 8.3 kpc, y

= 0, and z = 0. We are propagating CRs with atomic numbers ranging from Z = 1 to Z

= 14, considering the propagation of particles with higher mass numbers does not affect

our results. Primary CRs in our work are assumed to be produced from SNRs in our

Galaxy. Assuming SNRs as the major sources of CRs with a universal injection spectrum,

the source term is used from the paper by K. Ferriere [47].

Interstellar gas plays an important role in the process of CR interactions and sec-

ondary production. During propagation, CRs interact with different gas components of

the ISM. The gaseous components are mainly atomic hydrogen (HI), ionized hydrogen

(HII), and molecular hydrogen (H2). As discussed earlier, we divide the contribution

1The 3D version of the DRAGON code is available at https://github.com/cosmicrays/DRAGON for

download.
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from the interaction of primary CRs with these components into three cases, CASE 1

for contribution from ISM gas density distribution, and CASE 2 for contribution from

interactions in GMCs listed in Rice et al. [213],Chen et al. [214] and Aharonian et al. [165],
apart from Taurus, Lupus, Orion A, and 7 GMCs selected from [214]. These 10 GMCs are

modeled separately as our CASE 3.

HI density distribution: Neutral or atomic hydrogen cannot be detected in optical

wavelengths. Generally, HI can be detected by the observation of Lyman α [39, 40] and 21-

cm line [41, 42]. Previously, many models have been given to describe HI gas distribution

[43, 48, 220]. In our calculation, the radial dependence ofHInumberdensity in theGalactic

plane is defined by a Table in ref. [221], which is renormalized to make it consistent with

the data of ref. [41]. The z-dependence is calculated using the approximation by [41] for

R < 8 kpc, by [42] for R > 10 kpc, and interpolated in between.

HII density distribution: Radio signals from pulsars and other Galactic and extra-

galactic compact objects give us information about the ionized component of hydrogen

gas. Some of the models for the distribution of ionized hydrogen components are [43–

45]. Cordes et al. [46] provided the space averaged free electron density depending on

dispersion, distance, and scattering measurements of pulsars. The distribution of ionized

componentHII is calculated using the cylindrically symmetricalmodel for space averaged

free electron density [46].

H2 density distribution: Molecular hydrogen (H2) is the most abundant molecule in

our Galaxy. The second most abundant molecule is CO. Study of H2 cannot be done

reliably from UV and optical observations because UV and optical observations suffer

from interstellar extinction. H2 is studied indirectly by radio observation of COmolecules

as CO molecule has (J = 1→ 0) rotational transition at the radio wavelength of 2.6 mm

[47]. Such transition of CO acts as a tracer of H2, where CO-to-H2 conversion factor, XCO

is used to obtain information of H2 distribution in Galaxy [43, 48–51]. Most of the H2

contribution in our Galaxy comes from GMCs.

The Galactic magnetic field (GMF) plays a crucial role in CR propagation. CR leptons

lose energy by synchrotron emission in GMF. There are several methods to constrain

the intensity and the orientation of GMF: Zeeman splitting observations [222], infrared,

synchrotron and starlight polarisation studies [34–36], and Faraday rotation measures of

the Galactic and extragalactic sources [37, 38]. The Galactic magnetic field
®B is usually

described as a sum of two components: a large-scale regular and a small-scale turbulent,

both having a strength of the order of µG in the Galaxy [223].

In this work, we use the GMF model as given by [38]. The GMF has three compo-

nents, namely disc, halo, and turbulent. The normalizations of the three components are

denoted as Bdisc

0
, Bhalo

0
and Bturbulent

0
respectively. Bdisc

0
and Bhalo

0
lie in the range of 2-11

µG but their role in CR propagation is insignificant [219]. Among these components,

the turbulent component of the GMF plays an important role in CR propagation. Ob-
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servationally, the most relevant information on the turbulent component of GMF comes

from Faraday Rotation measurements. A functional relation between the magnitude of

the turbulent magnetic field and halo height (zt) is given in [219] by theoretical modeling

of the propagation of the Galactic CR electrons and positrons to fit their observed fluxes

their synchrotron emission and its angular distribution. This expression from [219],(
Bturbulent

0

1 µG

)
2

� 148.06

(
1 kpc

zt

)
+ 19.12 , (2.1)

has been used to calculate the intensity of the random magnetic field. The shape of the

vertical profile is poorly constrained. We have used the exponential profile of the random

component of the magnetic field, which is compatible with presently available data.

We have used the following form of diffusion coefficient to study the CR propagation

in the Milky Way Galaxy.

D(ρ, z) � βηD0

(
ρ

ρ0

)δ
exp

(
z
zt

)
, (2.2)

where, ρ being the rigidity, z is the vertical height above the Galactic plane and δ denotes

the power law index. zt and β are Galactic halo height and dimensionless particle

velocity, respectively. The power η of β accounts for the uncertainties that arise due to

the propagation of CRs at low energies [224]. D0 denotes the normalisation of diffusion

coefficient and ρ0 is the reference rigidity. Also note that to avoid the boundary effects,

we set L = 3zt in our work [219]. The z-component of the diffusion coefficient and the

turbulent magnetic field are related by

D(z)−1 ∝ Bturbulent(z) ∝ exp(−z/zt). (2.3)

In our study, we have used injection spectra of protons and heavy nuclei in the follow-

ing form [225]:

dN k

dρ
∝


(ρ/ρk

br,1)
−αk

1 ρ < ρk
br,1 ,

(ρ/ρk
br,1)

−αk
2 ρk

br,1 ≤ ρ.
(2.4)

In DRAGON, αk
1
, αk

2
, ρk

br,1 are free parameters, which have been tuned to fit the

observed CR spectra. In the above relation, k denotes protons and heavy nuclei (k �

1, 2, .., 14), whose spectra we assumed to be similar in our case. Similarly, for electron

injection spectra, we use a similar form:

dN e

dρ
∝


(ρ/ρe

br,1)
−αe

1 ρ ≤ ρe
br,1 ,

(ρ/ρe
br,1)

−αe
2 ρe

br,1 < ρ < ρe
br,2 ,

(ρ/ρe
br,2)

−αe
3(ρe

br,2/ρ
e
br,1)

−αe
2 ρe

br,2 ≤ ρ.

(2.5)
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Figure 2.1 All-sky map of the GMCs taken for this work from Rice et al [213], Chen et al
[214] and Aharonian et al [165].

We also need to take into account the solar modulation effect, which is dominant below

10 GeV. In accordance with the force-field approximation, we have implemented the solar

modulation with a potential (φ) such that the observed spectrum can be written as [226],

Jk(Tk , φ) � JLIS,k(Tk +Φ)
(Tk) (Tk + 2Tp)

(Tk +Φ)(Tk +Φ + 2Tp)
, (2.6)

where φ is the solar modulation potential, Jk is the differential intensity of the CR nuclei,

Tk is the kinetic energy of CR nuclei with charge number Z and mass number A and

Φ � (Ze/A)φ. Tp is the proton rest mass energy and JLIS,k is local interstellar spectrum of

CR nuclei type k. Similarly, for electrons and positrons, the equation will take the form,

Je(Te , φ) � JLIS,e(Te + φ)
(Te) (Te + 2Tq)

(Te + φ)(Te + φ + 2Tq)
, (2.7)

where φ is the solar modulation potential, Je is the differential intensity of the electron-

positron, Te is the kinetic energy of electron-positron, Tq is the electron rest mass energy

and JLIS,e is local interstellar spectrum of electron-positron.

2.2.2 Distribution of Galactic Molecular clouds

GMCs are the main sources of molecular hydrogen in our Galaxy. Secondary CRs are

produced in interactions with primary CRs in the molecular cloud environment, which

contribute to the observed CR spectrum. In this work, we consider all the GMCs recently

reported in Rice et al. [213], Chen et al. [214] and Aharonian et al. [165]. First, we use the

catalog of GMCs fromRice et al. [213], where they presented a list of 1064 GMCs, by using

a dendrogram-based decomposition of a previous most uniform, large-scale all-Galaxy

CO survey [164]. The objects are distributed in the Galactic disk between 180
◦ > l > 13

◦

and 348
◦ > l > 180

◦
within −5

◦ < b < 5
◦
, widely spread in the Galaxy covering distances

from ∼ 1 to ∼ 16 kpc. Next, we take GMCs closer to Earth, which are reported by Chen

et al. [214]. These GMCs have been traced by optical/near-infrared (IR) dust extinction
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Figure 2.2 Positional distribution of the GMCs in a 2D X-Y plane. The GMCs shown here

are taken from Rice et al [213], Chen et al [214] and Aharonian et al [165], similar to Figure

2.1.

measurements. The distances to these GMCs have been accurately measured by 3D

dust extinction mapping methods. These GMCs have been identified based on 3D dust

reddeningmaps of the Galactic plane and estimates of color excess, although these GMCs

have not been analyzed by Fermi-LAT. In work by Chen et al. [214], 567 GMCs have been

detected within 4 kpc from the Earth. The GMCs are distributed in the Galactic disk, in

the range of Galactic longitude 0
◦ < l < 360

◦
and Galactic latitude −10

◦ < b < 10
◦
. In

addition to this, we also take into account the GMCs from the recent work by Aharonian

et al. [165], where they have analyzed the Fermi-LAT gamma-ray data from nearby GMCs.

Using the information of the Galactic latitude (b) and longitude (l) from these catalogs,

we can calculate the positions of the GMCs in the Galaxy in a galactocentric coordinate

system. We use the equations from [213, 227, 228], taking into account that the Sun is at

z0 ∼ 25 pc above the Galactic plane. The equations are

xgal � R0 cos θ − d�(cos l cos b cos θ + sin b sin θ) ,

ygal � −d� sin l cos b ,

zgal � R0 sin θ − d�(cos l cos b sin θ − sin b cos θ) ,

(2.8)

where, θ = sin−1 z0

R0

, R0 � 8.34 kpc is the distance of the Sun from the GC, d� is the

kinematic distance of the individual GMCs from the Sun. The positional distribution of

these GMCs is given in Figure 2.1 and Figure 2.2.

Generally, by tracing theCO emission in theGalaxy andmultiplying theCO emissivity

with the CO-to-H2 conversion factor, the gas density of molecular hydrogen is modeled
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Figure 2.3 Radial number profile of GMCs in Galaxy. Upper Panel: Histogram 1 : All of

the GMCs from [213], [214] and [165] have been taken into account in this case. Lower
Panel: Histogram 2 : All of the GMCs from [213], [214] and [165], other than 10 GMCs

considered for CASE 3, have been taken into account in this case. In both cases, the black

line denotes the linear combination of Gaussian and Lorentzian distribution functions.

This black line depicts the functional fit of the histogram in the entire spatial range.
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Table 2.1 Best fit parameters for the linear combination of Gaussian and Lorentzian dis-

tributions.

Histogram a1 σ µ a2 r0 γ

Histogram 1 33.5319 0.301458 8.45895 23.7586 8.8329 2.19179

Histogram 2 32.9649 0.29976 8.45858 23.5482 8.8312 2.20913

[43, 48–51]. In this work, it can be seen that the GMCs taken from Rice et al [213], Chen et
al [214], and Aharonian et al [165], predominantly reside in or very close to the Galactic

plane. We consider only the radial distribution of the GMCs. We assume concentric

circles of constant bin size of 100 pc, centered at the GC, and build histograms for the

number of GMCs residing in each bin in the Galactic plane, covering the radial distance

from the GC to the outer region of the Galaxy. The region adjacent to the GC (within 12
◦
)

is excluded in the catalog [213]; hence there is a large wedge-shaped gap between the first

and fourth quadrant, whereas GMCs reported in Chen et al [214] span the entire Galactic

longitude, hence there is no gap. First, we consider all of the GMCs from Aharonian et
al [165], Rice et al [213] and Chen et al [214], and build number histogram with them,

i.e., we consider CASE 2 and CASE 3 GMCs in one histogram. The histogram gives

us the variation of the number of GMCs with radial distance. We name this number

histogram, where we have included all of the GMCs considered in our work, Histogram

1. Due to the inclusion of many GMCs in the near-Earth region, a peak can be observed

near r = 8 kpc. We have fitted the number histogram with a linear combination of the

Gaussian distribution function and Lorentzian distribution function, which extends from

the center of theGalaxy to the outer region of theGalaxy. TheGaussian radial distribution

function has the general form N1(r) � a1

σ
√

2π
e−(r−µ)

2

/
2σ2

, where σ is the variance, µ is the

mean, ‘a1’ is the normalization factor and the Lorentzian radial distribution is given by

N2(r) � a2 γ2

(r−r0)2+γ2
, where ‘a2’ is the normalization factor, r0 is the location of the peak of the

distribution, and γ denotes half width of the distribution at half of the maximum height.

The cumulative distribution function is written by N(r) = N1(r) + N2(r). This distribution

function is fitted on the number histogram titledHistogram 1, and the corresponding plot

is shown in the Figure 2.3 upper panel. The fit parameters for 100 pc bin size are given in

the following Table 2.1. Integrating this number profile N(r) per unit bin width over the

entire spatial region, we get back very closely the total number of GMCs considered. The

functional fit of Histogram 1 will be used in determining proton, antiproton fluxes, and

B/C,
10
Be/

9
Be ratios.

Next, we consider another scenario in which we omit nearby GMCs, Taurus, Lupus,

andOrionA.Moreover, we omit the 7GMCs out of the 567GMCs reported in [214], where

we have assumed reacceleration due to magnetized turbulence is occuring. Apart from

these 10 GMCs, we take all of the other GMCs considered in this work and, following the

previous method, build a number histogram, taking 100 pc as bin width, which is our
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CASE 2. As we can see, the nature of the number histogram in the second scenario does

not changemuch from that of the first scenario, as the omission of 10 GMCs does not alter

much of the content of the molecular hydrogen component. We label this second number

histogram as Histogram 2. As the nature of the Histogram 2 is very similar to that of

Histogram 1, we fit this number histogram with the linear combination of Gaussian and

Lorentzian distribution functions, the same as before. The fit parameters are given in

Table 2.1, considering 100 pc bin width, and the fit of the histogram has been shown in

Figure 2.3 lower panel. As can be seen, there is a very slight change in the fit parameters,

which is expected. This functional fit of the Histogram 2 will be used in determining

electron and positron spectra and positron fraction in the later sections.

In order to obtain the radial, average nH2
gas density profile in our Galaxy, we have

used the following expression,

nH2
(r) �< nH2

> ×
(

N(r)
Ntotal

)
, (2.9)

whereN(r) represents the linear combinationofGaussiandistributionfits andLorentzian

distribution fits for the number of GMCs in the Galaxy considered in our work, Ntotal

is the total number of GMCs considered, and < nH2
> is the average number density.

The number density generally considered for GMCs is ∼ 100 cm−3
[163]. Since we have

essentially smoothed out each discrete clump of GMCs into a radially continuous distri-

bution of molecular hydrogen, ranging from ∼ 0 kpc to ∼ 16 kpc, the average density of

the distribution is taken as < nH2
> ∼ 10 cm−3

.

The inclusion of vertical distribution of GMCs does not affect the density distribution

used in our study since all the GMCs considered in this work reside near the Galactic

plane, as previously stated. While buildingHistogram 1, all of the GMCs (CASE 2 +CASE

3) were taken into account. But for the second scenario, 10 GMCs were omitted while

building Histogram 2; hence only CASE 2 GMCs were considered. Secondary lepton

production in the 10 nearby GMCs omitted from CASE 2 is modeled individually, which

is our CASE 3 and has been discussed in more detail in the next section.

2.3 Contributions from nearby, sub-kpc GMCs

After combining CASE 1 and CASE 2, we find that the total positron flux is insuffi-

cient to fit the observed data. Hence, in order to fit the observed flux, we consider the

contributions from nearby GMCs (d ≤ 1 kpc), which was defined as CASE 3 previously.

CASE 3 includes Taurus, Lupus, and Orion A, which are members of the Gould Belt

complex, and the 7 GMCs selected from the catalog given by Chen et al. [214]. GMCs

are dense, concentrated clumps of cold protons in the Galaxy. When primary CR protons

injected from the SNRs propagate through these clumps of cold protons, gamma-rays,

and leptons are produced by hadronic interactions (pp). Cosmic ray reacceleration is also
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a proposed mechanism that can occur inside GMCs due to magnetized turbulence [166].

We include the contribution of individual nearby GMCs to the total lepton spectra and

positron fraction.

First, we include three of the nearby GMCs, Taurus, Lupus, and Orion A, which act as

local sources of secondary CRs, and contribute to the total fluxes of leptons and gamma-

rays. We note that these GMCs are not included in the catalog of Rice et al. [213] or Chen
et al [214], hence there has been no double counting in our work. These three GMCs

are members of the Gould Belt complex, and being our nearest GMCs, they contribute

significantly to the positron and electron flux. The gamma-ray analysis of these GMCs

was done in detail in [165]. Previously, Taurus and Orion A were studied in [229, 230],

while Lupuswas studied for the first time in [165]. Following the definition given in [165],

B ≡ M5

d2

kpc
, where M5 �

M
10

5 M�
and dkpc �

d
1kpc , M is the mass of the GMCs, d is the distance

of these three GMCs from the Earth and M� is the solar mass, these three GMCs from

the Gould Belt complex has ‘B’ parameter sufficiently higher than 1, which makes them

detectable by Fermi-LAT. The position coordinates, masses, distances from the Earth, and

GC, values of the parameter ‘B’ of these three GMCs are given in Table 2.2.

Table 2.2 GMCparameters: Galactic coordinates (l, b), massesM, distances from the Earth

(d), Galactocentric distance (RGC) and the B parameter from [165] and references therein.

Cloud l b Mass d RGC B

(deg) (deg) (10
5M�) (kpc) (kpc)

Taurus 171.6 -15.8 0.11 0.141±0.007 8.4 5.6

Lupus 338.9 16.5 0.04 0.189±0.009 8.2 1.0

Orion A 209.1 -19.9 0.55 0.43±0.02 8.4 3.0

The gamma-ray fluxes produced in these GMCs in pp interactions through the pro-

duction of neutral pions and their subsequent decay have been calculated in [165] and

fitted to Fermi-LAT data. They have calculated the parent CR proton density spectrum

Jp(Ep) for each of these GMCs by fitting the observed gamma-ray spectrum,

Jp(Ep) � ρ0,CR

(
Ep

E0

)−α
, (2.10)

where ρ0,CR is the normalisation constant, E0 � 10 GeV is the reference energy, and α is

the spectral index. The values for CR proton density ρ0,CR at 10 GeV and spectral index

α for the three GMCs used in our work are given in Table 2.3.

In pp interactions, charged pions are produced along with neutral pions, which sub-

sequently decay to charged muons. Electrons and positrons are produced from the decay

of these chargedmuons. We have calculated the electron and positron fluxes produced in

these three GMCs from pp interactions following the formalism given in [231] and using

the proton density spectrumgiven in [165]. The cross section for the production of leptons



2. POSITRON EXCESS EXPLAINED BY GALACTIC MOLECULAR CLOUDS 43

Table 2.3 The spectral indices and CR proton densities at 10 GeV derived from the gamma-

ray and COdata at the location of the GMCs [165], errors on the normalization result from

the sum in quadrature of the statistical error deriving from the fit and the 30% uncertainty

on the B parameter (see Table III of [165]).

Cloud ρ0,CR α

[10
−12GeV−1cm−3

]

Taurus 1.43 ± 0.5 2.89 ± 0.05
Lupus 1.09 ± 0.4 2.74 ± 0.1
Orion A 1.55 ± 0.5 2.83 ± 0.05

was taken from [231], which can be written as,

σinel(Ep) � 34.3 + 1.88 L + 0.25 L2

mb,

for E ≥ 100 GeV

� (34.3 + 1.88 L + 0.25 L2)

×
[
1 −

(
Eth

Ep

)
4

]
2

mb,

for E ≤ 100 GeV

(2.11)

where L = ln(Ep/1 TeV), and Eth = mp + 2mπ + m2

π/2mp � 1.22× 10
−3

TeV, which is the

threshold energy of production of π mesons. [231] obtained this approximation with the

fit of the numerical data included in the SIBYLL code. We note that if we include more

GMCs that are further away from the Earth and away from the Galactic plane, our result

does not change significantly, as the effect of the nearest GMCs is most dominant on the

electron and positron fluxes.

GMCs are highly magnetized dense astrophysical objects with complex inhomoge-

neous structures. Parent CRs injected inside GMCs, traverse through weakly ionized

turbulent plasma, which also contains a high magnetic field. As a result, particle ener-

gies may increase, or reacceleration may happen due to fluctuating electromagnetic fields

inside the GMCs. Although gamma-ray data analysis has not shown the effects of such

reacceleration happening inside GMCs till now, [166] argued that it is physically possible.

The gravitational energy of the GMCs is very high (ranging in ∼ 10
50

- 10
51

erg). If at

least a very small part of this gravitational energy can be transformed into the energy

of the accelerated particles, then the GMCs can effectively act as particle accelerators. It

is necessary for the GMCs to be strongly turbulent in nature in order to accelerate the

particles effectively. Such turbulence may occur with the cloud collapse phenomena.

Since the energy of the turbulence is comparable to cloud gravitational energy, it may

significantly slow down the cloud collapse. Hence part of the gravitational energy may

get transformed into turbulent energy of the GMCs. [166] argued that if there existed
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a mechanism by which this turbulent energy was transformed into particle energy, then

there would be an effective acceleration inside the GMCs. Although this mechanism is

theoretically possible, as suggested by [166], it has not been observed yet. We assume that

the conditions for the reacceleration of CRs are satisfied in a small number of GMCs.

In order to apply this mechanism in our work, we have selected the GMCs carefully.

In general, we applied three necessary conditions to select 7 GMCs from [214], in which

we assumed reacceleration of the particles is happening. We will show that a small

contribution from these GMCs is enough to explain the positron excess adequately. The

conditions for selection are the following,

1) The B parameter, defined above, must be less than 0.2. It has been mentioned in

[165] that in the cases of sources of angular extensions smaller than 1
◦
, Fermi-LAT is able

to detect the GMCs with B ≥ 0.4. In the case where the compact GMCs are located in

uncrowded regions, Fermi-LAT detection threshold can be as small as B ≈ 0.2. Again for

very close GMCs (d << 1 kpc), the detection threshold can exceed B ≈ 1 to compensate

for the loss of the sensitivity of Fermi-LAT due to large extensions of the GMCs. Just to

ensure the fact that these GMCs are always outside the detection threshold of Fermi-LAT
as of now, we select only the GMCs for which B < 0.2. Thus this condition takes into

account the fact that there may be GMCs in which reacceleration is happening, but they

are not detected by Fermi-LAT.

2) Next, we select only the GMCs within 1 kpc of the Earth. Since leptons lose energy

very efficiently by radiative losses, it is necessary to select nearby GMCs, so that they

contribute significantly to the observed lepton spectrum. Reacceleration can happen in

far away GMCs too, but their contribution will not be significant.

3) As mentioned in [166], the turbulence occuring in the GMCs has a scale length. If

the size of the GMCs is less than themaximum scale length of the plasma turbulence, then

the particles will escape the GMCs, before getting reaccelerated properly. The maximum

scale length of plasma turbulence inside GMCs is of the order of ∼ 10 pc [166]. That is

why we selected only the GMCs which have a radius greater than 10 pc. In this way, we

take into account the fact that the particles are getting reaccelerated before escaping from

the GMCs.

Based on these three conditions, we have selected 7 GMCs, in which we assume

reacceleration is happening. The physical description of these GMCs is listed in Table 2.4.

There is no other GMC that passes through these selection criteria in our set of GMCs.

It has been shown in [166] that due to the effect of reacceleration, the spectrum of

injected particles gets harder. It has been calculated that the spectral index of the injected

positron is -1.7, which is indicative of a hard spectrum. We use these hardened spectra

from 7 selected GMCs and show that even if a very small flux of positrons is injected with

this hardened spectrum, then taking their contribution into account, the positron excess

can be explained. Next, we give the equations needed to calculate the flux of leptons after
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Table 2.4 7 selected GMCs parameters: Galactic coordinates (l, b), radius, distances from

the Earth (d), mass, and the B parameter from [214].

GMC ID l b Radius d Mass B

(deg) (deg) (pc) (pc) (M�)

27 121.498 -7.378 15.027 983.0±23.2 12313.7 0.12

233 -147.177 -9.806 10.750 866.7±20.5 8483.8 0.11

286 174.871 5.824 11.969 982.0±23.2 14307.2 0.14

288 -75.048 7.070 12.095 911.5±21.5 8152.1 0.098

295 47.013 -5.399 11.434 914.5±21.6 9601.4 0.11

342 -96.318 4.705 11.041 952.7±22.5 14479.9 0.15

385 142.282 1.032 11.859 967.4±39.6 12580.0 0.13

traversing the distance from the nearby GMCs to the Earth.

The magnetic field inside the GMCs is higher compared to the mean interstellar

magnetic field [232]. The secondary electrons and positrons produced in nearby GMCs

are expected to lose energy before they are injected into the ISM. The radiative loss

of higher energy leptons is more than the lower energy ones; as a result, we expect

an exponential cutoff in their spectrum at high energy. Also, strong gradients may be

present in the CR distribution inside the GMCs, which may enhance the generation of

plasma waves and, thus, suppress the diffusion coefficient ([233], [234]). This suppressed

diffusion coefficient inside the GMCs will lead to suppression of secondary leptons that

will actually get injected into ISM because not all of the secondary leptons produced will

be able to escape the GMC environment due to diffusive confinement and get injected in

the ISM. So, in order to take this realistic situation into account, we have assumed that not

all but a majority fraction (∼ 90 %) of the total secondary lepton spectra produced will be

injected from the GMCs into the ISM. This suppression of secondary leptons will reflect

in the normalization of injected lepton spectra considered below.

The injection spectra are expressed as a power law in Lorentz factor of the injected

electrons and positrons γe � Ee/me c2
,

Q(γe , d) � Q0γ
−βe
e exp

(
−
γe

γe ,c

)
δ(d), (2.12)

where the cutoff Lorentz factor γe ,c � Ee ,c/me c2
, a unit of Q0 is GeV

−1

s
−1
, d is the distance

of each cloud from the observer and the Dirac delta function, in this case, signifies that we

are considering point sources. During propagation in the ISM for time scales (t) less than

10
7
years, the dominant radiative loss processes of relativistic electrons and positrons

are synchrotron and inverse Compton (IC) scattering. The formalism for including the

propagation effects by solving the transport equation, including radiative losses and

diffusion, has been discussed in [235]. The expression for IC and synchrotron energy loss
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term p2 has been used from [235],

p2 � 5.2 × 10
−20

w0

1
eV
cm3

s−1 ,
(2.13)

where w0 � wB + wMBR + wopt , wB is the energy density of the magnetic field, wMBR

is microwave background radiation energy density, wopt is energy density of optical-IR

radiation in interstellar space. For our study, we assume w0 ≈ 1
eV
cm3

.

The diffusion term has been included following [235],

D(γe) � D0

(
1 +

(
γe

γe ,∗

))δ
. (2.14)

Thus D is constant for γe << γe ,∗, and energy dependent for γe ≥ γe ,∗, where γe ,∗ �

Ee ,∗/me c2
.

For point sources emitting continuouslywith a constant rate during the time 0 ≤ t′ ≤ t,

we get the following energy spectrum,

fst(d , t , γe) �
Q0γ

−βe
e

4π D(γe) d
erfc

(
d

2

√
D(γe)tγe

)
× exp

(
−
γe

γe,c

)
,

(2.15)

where tγe � min(t , a
p2γe
) and a = 0.75 [235], in our case t >> a

p2γe
.

The electron andpositron flux fromnearbyGMCswithout including solarmodulation

effect is,

J e±
obs(γe) �

( c
4π

)
fst(d , t , γe). (2.16)

While calculating the total observed spectrum from these nearby GMCs on Earth, we also

take into account the solar modulation effect, described by equation (2.7). The values of

the relevant parameters used to calculate the secondary electron and positron fluxes from

nearby GMCs Taurus, Lupus, Orion A and 7 selected GMCs are listed in Table 2.6. Using

equation (2.16), we calculate the total e± fluxes from these 10 nearby GMCs, which is our

CASE 3.

Finally, we add the lepton fluxes from CASE 1, CASE 2, and CASE 3 in order to fit the

observational data. It must be noted that secondary particles, such as antiprotons, are also

produced in these nearby GMCs. But we have checked using the formalism used in [236],

that the antiproton flux contribution from Taurus, Lupus, Orion A, and the 7 selected

GMCs, is very less. So we take into account these 10 GMCs in Histogram 1, as previously

mentioned while calculating different hadronic spectra/ratios as well as antiproton flux

so that however negligible their contribution might be, they get consistently included in

the process of producing secondary CRs. Secondary Borons produced in these GMCs

are taken into account in the same way. Leptons lose energy radiatively very fast; thus,
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Figure 2.4
10
Be/

9
Be ratio calculated using DRAGON code, and plotted with the observa-

tional data given by ACE data [237], several Balloon data, and ISOMAX [238] data. The

black line signifies the simulated value of the ratio. The solar modulation potential was

considered to be φ = 0.2 GV.

nearby GMCs contribute more significantly compared to the GMCs, which are far away

from the Earth. Thus these nearby GMCs are modeled individually. Taurus, Lupus,

and Orion A are the nearest GMCs analyzed in detail in work by [165]. Also, since we

are considering 7 GMCs from [214] as possible reacceleration sites, those GMCs are also

modeled separately. In the next section, we discuss the results we have got from our

simulated model.

2.4 Results

In this section, we discuss the results that we have got from our model. We have

divided our results into four subsections. In the first subsection, we discuss the simulated

proton, antiproton fluxes, and B/C,
10
Be/

9
Be ratios. In the second subsection, we discuss

the leptonfluxes andpositron fraction and showhowourmodelfits thepositron spectrum.

In the third subsection, we discuss lepton dipole anisotropy from the nearby GMCs. In

the last subsection, we discuss the uncertainties in CR propagationmodel parameters and

expected fluxes from the nearby GMCs. We have used the plain diffusion (PD) model

to study CR propagation with the DRAGON code assuming the sources follow SNR

distribution [47]. This model includes diffusion and interactions of CRs but the effect of

reacceleration or convection was not considered.

2.4.1 Protons / Cosmic ray nuclei / Antiprotons

In our analysis, we have fitted the observed CR nuclei data in the following way. We

have used the standard model given by [41, 42, 221] for neutral and atomic hydrogen and

the model given by [46] for the ionized hydrogen. Using these models, we have modeled

the ISM hydrogen gas distribution (CASE 1). For molecular hydrogen gas distribution,

we have included all the GMCs considered in our work (CASE 2 + CASE 3). We have
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Table 2.5Models andparameter values selected in the PDmodel to fit the various observed

CRnuclei spectra and ratio, usingDRAGON, are listed in this Table. The parameters used

here have been discussed before. D0, in this case, is the normalization of the diffusion

coefficient used for (CASE 1 + CASE 2 + CASE 3). vA is the Alfven velocity, vw is the wind

or convection velocity, dvw/dz is vertical gradient of convection velocity.

Model/Parameter Option/Value

Rmax 25.0 kpc

zt 8.0 kpc

L 24.0 kpc

HI gas density type [41, 42, 221]

HII gas density type [46]

H2 gas density type Equation (2.9)

Source distribution Ferriere [47]

Diffusion type Exponential (see equation (2.2))

D0 2.4 ×10
29 cm2/s

ρ0 4.0 GV

δ 0.53

η - 0.40

vA 0

vw 0

dvw
dz 0

Magnetic field type Pshirkov [38]

Bdisk
0

2×10
−6

Gauss

Bhalo
0

4×10
−6

Gauss

Bturbulent
0

6.1×10
−6

Gauss (see equation (2.1))

αk
1
/αk

2
1.95/2.33

ρk
br,1 7 GV
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Figure 2.5 Left panel: B/C ratio plotted against the observational data reported by AMS-02

[109] and PAMELA [127]. The solid black line is the simulated ratio. The solarmodulation

potential was considered to be φ = 0.0 GV. The gray-shaded region signifies uncertainties

due to variations in CR propagation parameters. Right panel: Corresponding residual

plot for the fit of simulated B/C ratio to the observed data. The solid blue line signifies a

3σ confidence level. The χ2/D.O.F. for this fit of B/C ratio is ≈ 0.84.

used the fit parameters of Histogram 1, discussed previously, to take into account the

molecular hydrogen content of all of the GMCs. Then we implemented equation (2.9) to

model the molecular hydrogen gas density distribution in our simulation.

We have fixed the halo height zt to a value for which the
10
Be/

9
Be data is well fitted.

Such ratios of unstable to a stable isotope of secondary particles is a major constraint for

CR propagation.
10
Be is the unstable isotope of beryllium, which is unstable to β decay.

Since being unstable,
10
Be decays faster than its stable counterpart after getting produced

from CR interactions inside the Galaxy. The decay time of
10
Be becomes longer than the

escape time from the Galactic halo for rigidity above 10-100 GV, depending on the size of

the halo zt . This is why the measurement of
10
Be/

9
Be ratio is sensitive to the parameter

zt . Recently [239] has shown that optimum halo height must be around ≈ 7 kpc. That is

why we take the halo height considered in our work around that value. We take 8 kpc as

our halo height and fit the observed
10
Be/

9
Be ratio. The fit for

10
Be/

9
Be ratio is shown in

Figure 2.4, and from there, it can be seen that the choice of our halo height is a good fit

for the observed ratio.

We have then subsequently set Bturbulent
0

using equation (2.1). Next, we have estimated

the average diffusion coefficient in the Galaxy by fitting the B/C observed data. Boron is

secondarily produced from the spallation of Carbon, which is primary in nature. If the

halo height is larger, then the secondary borons are produced more, and also, they spend

a long time in the Galaxy, making the secondary-to-primary ratio larger. On the other

hand, if the diffusion in the Galaxy is high, then Borons escape the Galaxy faster, and the

ratio becomes smaller. Hence it can be seen that the B/C ratio scales with halo height (zt)
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Figure 2.6 Left panel: Proton flux calculated using DRAGON code, and plotted with the

observational data given by AMS-02 [107] and PAMELA [126]. The solar modulation

potential considered is φ = 0.564 GV. The solid (dashed) black line corresponds to the

solar modulated (unmodulated) proton spectrum. The gray-shaded region signifies un-

certainties due to variations in CR propagation parameters. Right panel: Corresponding
residual plot for the fit of simulated proton spectrum to the observed data. The solid blue

line signifies a 3σ confidence level. The χ2/D.O.F. for this fit of proton spectrum ≈ 2.9.

and diffusion coefficient D as zt/D. We have fixed the value of the reference rigidity (ρ0)

and adjusted the normalisation (D0), δ and η to get a good fit to the observed data of B/C

ratio. The ratio and its corresponding residual are plotted in Figure 2.5. From the Figure

and the residual plot, it can be seen that our estimation of the average diffusion coefficient

is accurate.

Then the spectral indices and breaks of the injected CR spectra are adjusted to get a

good fit to the observed proton data given byAMS-02 and PAMELA.We use a low-energy

break at around 7 GV. No other high-energy break is used to fit the proton spectrum. The

plot for the proton spectrum and its corresponding residual plot are shown in Figure

2.6. Although the residuals show undulation due to small experimental error values

associated with proton spectrum data points, it can be seen that the residual calculated

for each data point is confined within 3σ confidence level.

We also calculate secondary antiprotons produced in our model. We use CASE 1 +

CASE 2 + CASE 3 together to estimate the total flux of antiprotons as a secondary product.

Primary CRs interact with ISM gas and molecular hydrogen clumped inside GMCs and

produce antiprotons. By taking into account all of the cases together, we get the estimate

of antiprotons produced in our model setup. The antiproton spectrum is shown in Figure

2.7 against the data obtained by AMS-02 and PAMELA. The same parameters in Table 2.5

were used to find the total antiproton spectrum.



2. POSITRON EXCESS EXPLAINED BY GALACTIC MOLECULAR CLOUDS 51

10−1 100 101 102 103

Ek [GeV/nuc]

10−7

10−5

10−3

10−1

101

E
2.

7
k

J(
E

)[
(G

eV
/n

u
c)

1.
7

m
−

2
s−

1
sr
−

1
]

PAMELA 2013

AMS02 2016

Figure 2.7 Antiproton flux calculated using DRAGON code, and plotted with the obser-

vational data given by AMS-02 [110] and PAMELA [131]. The solar modulation potential

considered is φ = 0.564 GV. The solid black line corresponds to the solar-modulated an-

tiproton spectrum. The gray-shaded region signifies uncertainties due to variations in CR

propagation parameters.

2.4.2 Leptons

We have adjusted the injection spectrum of primary electrons in our model, given by

the broken power law, to get a good fit for the observed data by AMS-02 and PAMELA.

The conventional primary electron sources follow the Ferriere distribution [47]. The CR

protons and heavy nuclei injected also interact with neutral and ionized hydrogen gas in

ISM (CASE 1) andmolecular hydrogen inGMCs in theGalactic plane (CASE 2), producing

secondary electrons and positrons.

We have used the catalog of GMCs near the Galactic plane from [213], [214], and [165].

We omit 7 GMCs from [214] based on the selection criteria mentioned in the previous

section. Also, we omit Taurus, Lupus, and Orion A from [165] and take the contribution

of other GMCs into account in CASE 2. We have taken a bin size of 100 pc in radial

distance to build the histograms for the number of GMCs in each bin. We have taken

all the GMCs of CASE 2 to build the number histogram, which can be fitted by a linear

combination of the Gaussian distribution function and Lorentzian distribution function.

These distributions are used with the average number density of hydrogen molecules

< nH2
> ∼ 10 cm−3

to get the molecular hydrogen density distribution in the Galaxy

considered in CASE 2. Instead of discrete clumps of GMCs, we have assumed continuous

distribution of matter along the Galactic plane, due to this reason, the number density

of hydrogen molecules is lower than the typical density of hydrogen molecules in GMCs

[163].

The electron spectrum is dominated by primary CR electrons, which are produced in

SNRs that follow the Ferriere distribution. Contribution from primary electron sources,

along with the contribution of secondary electrons produced in interactions of CRs with
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Figure 2.8 Left panel: Electron flux calculated using DRAGON code, and plotted with the

observational data given by AMS-02 [117] and PAMELA [128]. The solid (dashed) gray

line is the solar modulated (unmodulated) total flux for (CASE 1 + CASE 2). TheMagenta

line shows the total flux from nearby GMCs (CASE 3). The black line corresponds to

the total flux calculated from our work. The solar modulation potential considered is

φ = 0.564 GV. The gray-shaded region signifies uncertainties due to variations of CR

propagation parameters and uncertainties in the normalization of nearby GMC fluxes.

Right panel: Corresponding residual plot for the fit of simulated electron spectrum to the

observed data from 10GeV energy and above. The solid blue line signifies a 3σ confidence

level. The χ2/D.O.F. for this fit of electron spectrum above 10 GeV is ≈ 1.22.
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Figure 2.9 Left panel: Positron flux using DRAGON code, and plotted against the obser-

vational data reported by AMS-02 [118] and PAMELA [129]. The solid (dashed) gray line

is the solar modulated (unmodulated) total flux for (CASE 1 + CASE 2). TheMagenta line

shows the total flux from nearby GMCs (CASE 3). The black line corresponds to the total

flux calculated from our work. The solar modulation potential considered is φ = 0.564

GV. The gray-shaded region signifies uncertainties due to variations of CR propagation

parameters and uncertainties in the normalization of nearby GMC fluxes. Right panel:
Corresponding residual plot for the fit of simulated positron spectrum to the observed

data from 10 GeV energy and above. The solid blue line signifies a 3σ confidence level.

The χ2/D.O.F. for this fit of positron spectrum above 10 GeV is ≈ 0.96.
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Table 2.6 Table for the parameters used to calculate total e± flux observed on Earth from

Taurus, Lupus, Orion A and 7 selected GMCs. Parameters: Q0 is injection normalization,

βe is the spectral index for e± injection from the GMCs, D0 is the diffusion coefficient

normalization, δ is the diffusion index, Ee ,∗ is reference energy for the diffusion coefficient,

Ee ,c is the cutoff energy, φ is the solarmodulationpotential. D0, in this case, is the diffusion

coefficient normalization used for CASE 3.

Cloud Q0 βe D0 δ Ee ,∗ Ee ,c φ

(GeV
−1s−1

) (cm
2/s) (GeV) (GeV) (GeV)

Taurus 8.5×10
43

2.83 2.4×10
29

0.53 5×10
3

5×10
3

0.564

Lupus 1×10
43

2.72 2.4×10
29

0.53 5×10
3

5×10
3

0.564

Orion A 3.6×10
44

2.81 2.4×10
29

0.53 5×10
3

5×10
3

0.564

GMC ID 27 2.8×10
38

1.7 2.4×10
29

0.53 5×10
3

6.5×10
2

0.564

GMC ID 233 2.8×10
38

1.7 2.4×10
29

0.53 5×10
3

6.5×10
2

0.564

GMC ID 286 2.8×10
38

1.7 2.4×10
29

0.53 5×10
3

6.5×10
2

0.564

GMC ID 288 2.8×10
38

1.7 2.4×10
29

0.53 5×10
3

6.5×10
2

0.564

GMC ID 295 2.8×10
38

1.7 2.4×10
29

0.53 5×10
3

6.5×10
2

0.564

GMC ID 342 2.8×10
38

1.7 2.4×10
29

0.53 5×10
3

6.5×10
2

0.564

GMC ID 385 2.8×10
38

1.7 2.4×10
29

0.53 5×10
3

6.5×10
2

0.564

ISM gas, are included in our CASE 1. The contribution of secondary electrons produced

from primary CRs interacting with GMCs considered in Histogram 2 are included in

our CASE 2. Positrons are also produced as secondaries in interactions between primary

CR nuclei and atomic, ionized components of hydrogen in the ISM (CASE 1) and also

molecular hydrogen components distributed in the Galaxy (CASE 2). We add up the

contributions from CASE 1 and CASE 2 to fit the electron and positron spectra. The

combined contribution of CASE 1 + CASE 2 is shown with the gray line in the plots of

electron and positron spectra. The parameters used for simulating CASE 1 + CASE 2 for

electron and positron spectra are presented in tables 2.5 and 2.7.

It is obvious that CR positrons require more nearby sources to explain the observed

data. Hence, we consider the contribution of CR interactions in GMCs close to the Earth,

which have been analyzed with Fermi-LAT data in the work by [165]. We have considered

three GMCs, Taurus, Lupus, and Orion A, which are closest to the Earth, for which

gamma-ray data have been analyzed. Other GMCs which have been studied with Fermi-
LAT data in work by [165], are too far from the Earth to be able to contribute significantly.

Due to this reason, we have included them in Histogram 2 of CASE 2 and did not model

them individually in CASE 3. Further, we assume there is a reacceleration of CRs due to

magnetized turbulence in a few nearby GMCs. Due to this process, the CR spectrum gets

hardened inside these GMCs. The secondary leptons produced in CR interactions inside

these GMCs also have a hard spectrum. The spectral index of this hardened spectrum
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Table 2.7 Models and parameter values selected in the PD model to fit the observed

lepton spectra and positron fraction, using DRAGON, are listed in this Table. The

parameters used here have been discussed before. D0, in this case, is the diffusion

coefficient normalization used for (CASE 1 + CASE 2). vA is the Alfven velocity, vw is the

wind or convection velocity, dvw/dz is vertical gradient of convection velocity.

Model/Parameter Option/Value

Rmax 25.0 kpc

zt 8.0 kpc

L 24.0 kpc

HI gas density type [41, 42, 221]

HII gas density type [46]

H2 gas density type Equation (2.9)

Source distribution Ferriere [47]

Diffusion type Exponential (see equation (2.2))

D0 2.4 ×10
29 cm2/s

ρ0 4.0 GV

δ 0.53

η - 0.40

vA 0

vw 0

dvw
dz 0

Magnetic field type Pshirkov [38]

Bdisk
0

2×10
−6

Gauss

Bhalo
0

4×10
−6

Gauss

Bturbulent
0

6.1×10
−6

Gauss (see equation (2.1))

αe
1
/αe

2
/αe

3
2.0/2.7/2.4

ρe
br,1/ρ

e
br,2 8/65 GV

ρe
c 10 TeV
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Figure 2.10 Left panel: Positron fraction calculated usingDRAGON code, and plottedwith

the observational data givenbyAMS-02 [118] andPAMELA [129]. Thegray-shaded region

signifies uncertainties due to variations of CR propagation parameters and uncertainties

in the normalization of nearby GMC fluxes. Right panel: Corresponding residual plot for

the fit of simulated positron fraction to the observed data from 10 GeV energy and above.

The solid blue line signifies 3σ confidence level.

comes out to be -1.7, which has been calculated in work by [166]. We consider such

hardened injection spectrum from 7 GMCs selected from [214], based on three criteria,

which have been discussed in the previous section. The total contribution from Taurus,

Lupus, Orion A, and a small contribution from these 7 GMCs, due to reacceleration, is

considered as CASE 3 in our model. The values of the necessary parameters of these

GMCs required to fit the data are given in Table 2.6.

In the figures 2.8 and 2.9, the electron flux and positron flux are shown against the data

given byAMS-02 and PAMELA. In Figure 2.10, the corresponding positron fraction is also

shown. The residuals for these plots are also shown. Since below 10 GeV, heliospheric

modulation plays an important role, and the positron spectrum effectively starts to rise

from 10 GeV, we show the residuals from 10 GeV and above. Data points below 10 GeV

were not used while plotting the residuals for electron, positron spectra, and positron

fraction. Please note the differences between the spectral shapes of Taurus, Lupus, Orion

A, and 7 selected GMCs. These differences arise due to the differences between the

parameters for the source term of nearby GMCs. For Taurus, Lupus, and Orion A,

the injected secondary lepton spectra are soft in nature [165], whereas, for 7 selected

GMCs, we get harder injected secondary lepton spectra [166], because of the assumption

of reacceleration happening inside these GMCs due to magnetized turbulence. Hence,

there are differences in the spectral indices of injected lepton spectra βe . The cutoff energy

Ee ,c is also different for these 7 GMCs. In 7 GMCswhere reacceleration due tomagnetized

turbulence is assumed, it can be expected that the magnetic field is higher than that of

averageGMCs; otherwise, every other GMCswould have shown signs of reacceleration in

their respective gamma-ray analysis. Since the average magnetic field is higher in these 7
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GMCs, compared to that of Taurus, Lupus, and Orion A, radiative losses are more due to

the synchrotron process, and thus, the cutoff in the spectrum is expected at comparatively

lower energy. This makes the cutoff energy (Ee ,c) of the 7 selected GMCs lower compared

to that of Taurus, Lupus, andOrionA. See Table 2.6 for the distinction between the injected

spectral indices βe and cutoff energy Ee ,c of these GMCs.

2.4.3 Anisotropy due to nearby GMCs

Nearby electron-positron sources can induce anisotropy that can be observed onEarth.

This anisotropy is mainly determined by the structure of the magnetic field in the solar

neighborhood, which can be calculated by the formalism given in [191], as
3D
v
∆N
N . Here v

is the relativistic speed of the CRs, and D is the diffusion coefficient for effective collision

frequency V2/D of CRs. For nearby GMCs, the anisotropy can be calculated by [191, 207,

240]

Anisotrop y (δ) � 3 d
2 c tγe

NGMC
e−+e+

N total
e−+e+

. (2.17)

Here d is the distance of nearby GMCs from the Earth, tγe is the energy loss timescale

due to IC and synchrotron processes. The e± pair emission ratio N
GMC
e−+e+/N

total
e−+e+ from all

sources observed on Earth, determine the nearby discrete source anisotropy. In Figure

2.11, we show the anisotropy calculated for the nearby GMCs considered in our work,

against the upper limits by Fermi-LAT ([241], [242]). Note that the anisotropy in lepton

spectra from Taurus, Lupus, and Orion A increases with energy because of their soft

secondary lepton spectra, while due to the hard secondary lepton spectra from the 7

GMCs of [214], the anisotropy decreases sharply with energy.

2.4.4 Uncertainties in Propagation Model Parameters and Fluxes from
GMCs

We discuss the uncertainties that were considered in our work in model parameters of

CR propagation and expected fluxes from nearby GMCs (Taurus, Lupus, and Orion A).

First, we have performed a systematic χ2
analysis around the best-fit values for the fit

of the B/C ratio. The standard χ2
analysis is given by,

χ2

�

n∑
i�1

[
yobs

i (E) − ymod
i (E, aM)
σi

]
2

, (2.18)
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Figure 2.11 Cosmic ray electron + positron anisotropy for nearby GMCs (CASE 3) in

comparison with Fermi-LAT upper limits. The upper limits are taken from [241] and

[242]. We also show electron + positron anisotropy generated from other candidates

for positron excess, pulsars, and dark matter. The black dashed line is the anisotropy

calculated for the dark matter distributed in Milky Way Galaxy [241]. The dot-dashed

lines are for astrophysical objects such as pulsars, Monogem (red), Geminga (cyan), and

B1055-52 (pink) [207]. The dotted lines are also for pulsars but taken from the work of

[202](see Figure 5 from [202]). The red dotted line is forMonogem (B0656+14) like source,

and the cyan dotted line is for the Geminga-like source. The yellow filled region signifies

the δ threshold at the 2σ level, for
ÛNev = 3 × 10

7
electrons and positrons per year above

10 GeV, and tobs = 7 years. Above this region, the Fermi gamma-ray telescope should be

able to detect dipole anisotropies at 2σ confidence level [202].

where yobs
i (E) is the B/C ratio data observed by AMS-02, ymod

i (E, aM) is the simulated

values of ourmodel at specific energies respectively, and aM are thevalues ofMparameters

in the simulation. The standard error of each observed value is given by σi .

As mentioned earlier, the fit for the B/C ratio depends on halo height (zt) and param-

eters of diffusion (D0, δ). We have varied the CR propagation parameters zt , D0, and δ

around their best-fit values. In order to find the allowed range of these parameters, we

have restricted the value of the reduced χ2
to be less than 3 for the B/C data, similar to

the treatment that has been done in [243]. Note that this value of the reduced χ2
has

only been selected to constrain the allowed values of CR propagation parameters within

a reasonable limit and is purely by choice. The minimum and maximum values for these

three parameters, for which the reduced χ2
values are within 3, are given in Table 2.8.

The effect of the uncertainties in these CR propagation parameters is shown with a gray

region in the B/C ratio plot in Figure 2.5. Also, the effect of this variation of CR propa-

gation parameters on the proton spectrum and antiproton spectrum are shown with gray
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regions in figures 2.6 and 2.7, respectively.

We consider the uncertainties in these propagation parameters while calculating the

Lepton spectra and the positron fraction. We also consider the uncertainties in the

normalization of the parent proton flux inside the nearbyGMCsTaurus, Lupus, andOrion

A. The uncertainties in the parent proton spectra inside these three GMCs are given in

Table 2.3 of [165] from Fermi-LAT observations of gamma-ray spectra. The uncertainties

in these parent proton spectra lead to uncertainties in the injected secondary lepton

spectra from these three GMCs. We have considered a significant fraction (∼ 90 %) of

the allowed maximum and minimum values corresponding to the normalization of the

injected lepton spectra from Taurus, Lupus, and Orion A, along with the uncertainties in

the CR propagation parameters to estimate the total uncertainties in the electron, positron

spectra and the positron fraction. The total uncertainty in the electron spectrum, positron

spectrum, and positron fraction are shown with gray regions in figures 2.8, 2.9, and 2.10,

respectively. The maximum and minimum values of the normalization of the injected

lepton spectra (considering the suppression) from Taurus, Lupus, and Orion A, due to

uncertainty in the parent proton spectra are given in Table 2.8.

The only free parameter in our model is the normalization of the injected lepton

spectra from the 7 selected GMCs, taken from the catalog of [214]. As mentioned before,

we have assumed reacceleration due to magnetized turbulence inside these GMCs. Since

the phenomena of reacceleration occuring inside the GMCs is yet to be observed by Fermi-
LAT, we can not constrain this normalization parameter from the observed gamma-ray

data. But we can get an idea about this parameter if we assume that the luminosity of

each of the 7 selected GMCs is comparable to the luminosity of Taurus or Lupus or Orion

A. The lepton luminosity of the GMCs is related to the normalization constant Q0 in

GeV
−1s−1

through the relation,

Le ,GMC �

∫
10

4
GeV

1 GeV

Ee Q(γe , d) dEe , (2.19)

in unit of GeV s
−1
. The order of magnitude of the luminosity in leptons of each of the 7

GMCs in ourwork is the same as that of Taurus or Lupus, and it is one order ofmagnitude

lower than that of Orion A. Hence the value of normalization Q0 used in our work (see

Table 2.6) for the 7 selectedGMCs is not unphysical, and it gives the best fit to the observed

positron data. This is why while calculating uncertainties, this normalization was fixed

at the best-fit value. Future observations and possible detection of reacceleration inside

GMCs may give stronger constraints on the injection parameters of such GMCs.
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Table 2.8 Allowed values for the CR propagation parameters and normalization of nearby

GMCs for our model.

Par./Val. zt D0 δ QTaurus
0

QLupus
0

QOrionA
0

(kpc) (cm
2/s) (GeV

−1s−1
) (GeV

−1s−1
) (GeV

−1s−1
)

Minimum Value 7 2.2 × 10
29

0.51 8.5×10
43

1×10
43

3.6×10
44

Best-fit Value 8 2.4 × 10
29

0.53 8.5×10
43

1×10
43

3.6×10
44

Maximum Value 9 2.6 × 10
29

0.55 1.7×10
44

2.1×10
43

7×10
44

2.5 Discussion and conclusion

2.5.1 Summary

In this work, we have comprehensively discussed the origin of the most prominent

feature in the electron and positron spectra, as seen by AMS-02 and PAMELA data in a

different light compared to the existing literature. Supernova remnants in theGalaxywere

considered to be the sites for the acceleration of primary CRs. Primary CRs accelerated in

SNRs are injected into the ISM, and then these primary CRs interact with ISM hydrogen

gas to produce secondary CRs. GMCs scattered in the Galactic plane were considered

to be major sites for secondary particle production from CR interactions. Primary CRs

interact with cold protons inside GMCs and produce secondary CRs such as leptons,

antiprotons, and gamma rays. In this chapter, we show that the total contribution from

nearby GMCs (CASE 3), along with contributions from ISM (CASE 1) and all the other

reported GMCs (CASE 2), can explain the positron flux very well.

First, we build a CR transport scenario using publicly available code DRAGON while

considering CASE 1, CASE 2, and CASE 3. Using that CR transport setup, we reproduce

10
Be/

9
Be ratio, B/C ratio and proton spectrum. We show our simulated spectra and

ratio against the data points provided by AMS-02 and PAMELA. We also show the corre-

sponding residuals in our model with respect to the observed data for each fit. Residual

is defined by the “distance" between simulated value and observed data, divided by total

experimental error. As it can be seen from the residual plots, residuals are always con-

fined within 3σ, confirming a good accuracy of the fitting [239]. We also compare the

secondary antiproton spectrum produced from the interactions of primary CRs with the

intervening medium (CASE 1 + CASE 2 + CASE 3) in our model with the recent data by

AMS-02 and PAMELA.

Next, we consider the electron and positron data observed by AMS-02 and PAMELA.

Positron data shows a rise above 10 GeV and then a fall at around 200 to 300 GeV. We

simulate CASE 1 and CASE 2 with DRAGON and model CASE 3 analytically. We

consider that primary electrons are injected from SNRswith a broken power law injection

spectrum. Also, secondary electrons and positrons are produced from interactions of

primary CRs with ISM gas (CASE 1) and GMCs considered in CASE 2. Next, we calculate
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the contribution from nearby GMCs separately using the formalism given by [235]. We

take 3 nearest GMCs, for which Fermi-LAT analysis was performed by [165]. Leptons

are produced inside these GMCs through pp interactions. Apart from this, we select

7 GMCs from work by [214], in which reacceleration due to magnetized turbulence was

considered. We refer to thework done by [166] and consider a small hardened component

from these GMCs, which is due to reacceleration. Finally, combining all of the above

contributions, we show that the electron spectrum, positron spectrum, and positron

fraction can be well-fitted by our model. The rise of the observed positron spectrum and

subsequent fall can be well explained by the positron spectrum simulated in our model.

Also, the corresponding residuals are shown in the figures. Since we are concerned

with the positron excess phenomena, which is dominant from 10 GeV and above, and

moreover, below 10 GeV, heliospheric modulation can alter the spectrum, we show the

residuals of lepton fluxes and positron fraction, from 10 GeV and above, and neglect the

residuals calculated below 10 GeV. Finally, we show the electron and positron anisotropy

induced by nearby GMCs considered in our work. We have calculated the electron

and positron anisotropy following the formalism given by [207, 240] and plotted the

calculated anisotropy against the upper limits obtained by Fermi-LAT. It can be seen that

the anisotropy induced by the nearby GMCs considered in our work is lower than the

upper limits provided by Fermi-LAT; hence our model is very much plausible in terms

of anisotropy signal. The positions of these nearby GMCs considered in our model have

been shown in Figure 2.12.

2.5.2 Distinguishing between different models in terms of anisotropy

As pointed out by [202], fitting of the positron spectrum and positron fraction pre-

sented byAMS-02 andPAMELAalonemaybe insufficient to distinguish betweendifferent

scenarios considered for explaining this interesting phenomenon. As we have discussed

earlier, dark matter distributed in the Galaxy and astrophysical objects such as pulsars

are two conventional candidates for explaining the observed positron excess. However,

in this work, we have presented an alternative model, which explains the positron excess

using the secondary positrons produced from nearby and faraway GMCs distributed in

the Milky Way Galaxy. Since explaining the positron excess through fitting the positron

spectrum and positron fraction using contribution from nearby GMCs is inadequate, we

will discuss anisotropy signals as an additional measurement for solving this problem.

Asdiscussed earlier, contrary tohadronicCRs, high-energyCRelectrons andpositrons

propagating through GMF lose energy rapidly through synchrotron radiation and IC col-

lision with low-energy photons of interstellar radiation field (ISRF). Thus, in order to con-

tribute significantly to the positron spectrum, the contributing sources must be nearby,

which will, in turn, induce anisotropy signals. Therefore, depending on the propaga-

tion properties in the GMF, detection of excess CR leptons, with energy sufficiently high

enough to minimize the geomagnetic field and heliospheric modulation effects, will un-
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cover the nature and the presence of such nearby CR sources [241]. In other words, even

after taking into account diffusion in the ISM, a dipole anisotropy should be present in the

direction of dominant nearby sources at sufficiently high energies. Although anisotropy

signal, which is not associated with nearby sources, can also be expected to result from

the Compton-Getting effect [244], where the relative motion of the observer with respect

to CR plasma changes the intensity of the CR fluxes, with larger intensity arriving from

the direction of motion and lower intensity arriving from the opposite direction. But

in general, an anisotropy signal should be a useful probe to distinguish between several

distinct models that are being used to explain the positron excess from nearby sources. In

particular, as [202] pointed out, that anisotropy at 2σ level can be detected if one fulfills

the condition δ & 2

√
2 ( ÛNev .tobs)−1/2

, where
ÛNev is the rate of events detected per unit

time above a given threshold and tobs is the observation time. In accordance with [202],

we have taken a rate of approximately 3×10
7
electrons per year above 10 GeV, and an

observation time of 7 years [242]. This implies that dipole anisotropy should get detected

at the 2σ confidence level in the electron-positron flux above 10 GeV if δ & 0.02 %. We

show this threshold with a yellow region in Figure 2.11. If anisotropies calculated from

any candidates cross this threshold at sufficiently high energies, then it can be predicted

that dipole anisotropies from those directions can be detected at a 2σ level. Otherwise,

anisotropies from the sources will not be significant enough to be detected and will be

mixed with background isotropy due to diffusion. It can be readily seen from Figure

2.11 that anisotropies calculated from all the nearby GMCs considered in this work are

well above this threshold. Hence our model predicts that in the GMC scenario proposed

in this work, dipole anisotropy may be observed in the directions of the nearby GMCs

considered.

As shown by previous works, pulsars can be possible candidates for explaining

positron excess. These nearby pulsars, specifically Monogem and Geminga, can explain

the positron spectrum, also their anisotropy signals are below the upper anisotropy limit

given Fermi-LAT ([241] and [242]). [207] has also shown that the pulsar B1055-52 can also

be a nearby source that can contribute to the explanation of the positron spectrum. It

is shown in [202] that a small dipole anisotropy may be observed by Fermi-LAT at suffi-

ciently high energies in the direction of Monogem and Geminga. [207] has calculated the

anisotropy of Monogem, Geminga, and B1055-52 pulsars in their respective directions for

an injection time of 85 kyr. Also, since Monogem and Geminga lie in similar directions

in the sky, they are expected to contribute the same overall anisotropy. The anisotropy

calculated from the works by [202] and [207] have been shown in Figure 2.11. The posi-

tions of these pulsars are shown in Figure 2.12. From Figure 2.11, it can also be seen that

Monogem and Geminga do induce a small dipole anisotropy in their respective direction

at high energies. But the anisotropy signal from pulsar B1055-52 can not be detected at

2σ level, as it is below the anisotropy threshold.
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Alternatively, also annihilations or decay by Galactic dark matter distributed all over

the Milky Way halo can also be primarily responsible for the positron excess observed.

If this is to be the case, a dipole anisotropy must be generated towards the direction of

the Galactic center since the dark matter is denser in that direction. A model anisotropy

calculated from the dark matter distributed in the Galaxy [241] is shown in Figure 2.11,

which also is above the anisotropy threshold. Since, as seen from Figure 2.12, apart from

Taurus, every other GMCs considered in this work, and all the nearby candidate pulsars

are in different directions compared to the direction of Galactic Center, a distinction can

be made in terms of anisotropy between dark matter and GMCs and/or pulsars. Also,

by considering the difference in proximity and anisotropy signal between Taurus and

dark matter residing in the Galactic center, it is possible to distinguish both of them.

However, if there are any nearby subhalo of dark matter in the direction of posited GMCs

and/or pulsars, then it would be hard to make any distinction among them in terms of

anisotropy. Fortunately, the chance of nearby and luminous dark matter clumps that can

explain the positron excess is very small for ordinary pair-annihilation cross section [245].

For larger annihilation cross sections, the predicted associated gamma-ray flux from dark

matter annihilation will exceed the point source sensitivity of Fermi-LAT, i.e., it would

have very likely been observed shining in gamma-rays. In particular, [173] has shown

that if an anisotropy from such a clump were detected, and if such anisotropy did not

generate from anisotropic diffusion effects, then the clump would be clearly detectable as

an anomalous, bright gamma-ray source with the Fermi-LAT. So it is very much possible

to distinguish between the dark matter origination of positrons and that from nearby

GMCs considered in this work and/or pulsars considered in the literature.

The only other two candidates remaining for explaining the positron excess are pul-

sars considered in previous literature and GMCs considered in this work. Both of the

models where pulsars are considered and the model given in this work, where GMCs are

considered, have successfully produced positron spectrum and positron fraction. Nearby

pulsars and GMCs can both induce anisotropy and as seen from Figure 2.11, anisotropy

from both of these models are below the Fermi-LAT upper limits. Also, anisotropies

calculated from both of these models supersede the anisotropy threshold for detection at

2σ level. So, none of these models can be excluded in terms of anisotropy yet. However,

with the development of better instrumentation, future observatories should be able to

constrain these upper limits to a point where any anisotropy in the sky can be clearly

discerned from the isotropic background due to diffusion. Already [246] has shown that

a next-generation CR observatory, high-energy cosmic-radiation detection (HERD) facil-

ity is expected to be better capable of detecting anisotropy than Fermi-LAT. Since, from
Figure 2.12, it can be seen that nearby GMCs considered in this work and the pulsars are

positioned at different RA and dec in the sky; it will be possible to distinguish anisotropy

signals coming from those directions. So in the future, using updated, next-generation
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instruments based on anisotropies in different positions of the sky, it will be possible to

unambiguously discern predictions from the model introduced in this work from that of

the pulsar scenario.

The CR positron flux measured in GeV
2
m
−2

sec
−1

sr
−1

rises with energy and peaks

near 200 to 300 GeV. CR positrons are secondary particles produced in interactions of CR

protons and heavy nuclei with hydrogen gas in ISM, and also in GMCs. It is difficult to

explain the rise in CR positron flux unless there are sources close to the Earth. Earlier,

pulsars and DM have been suggested as the origin of the rising positron flux or excess. In

fact, recently, [248] has shown a complete solution in terms of the Pulsar scenario. In this

work, we discuss an alternative, self-consistent scenario of CR propagation, where CR

positrons are produced in nearby GMCs in CR interactions and contribute significantly to

the observed positron excess. CR proton and antiproton fluxes, B/C ratio,
10
Be/

9
Be ratio,

electron, positron fluxes, and positron fraction calculated using our model fit well to the

observed data from different observations considered in this work. Thus we conclude

that nearby GMCs may play an important role in explaining the positron spectrum over

the entire energy range of 1 to 1000 GeV.
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Figure 2.12 (a) GMCs considered in this work are plotted on the background of the Milky

WayGalaxy, alongwith the candidate pulsars, which are conventionally consideredwhile

explaining the positron excess. Background illustration [247] produced by Robert Hurt

of the Spitzer Science Center, reflecting the current understanding of Galactic structure.

The color scheme is the same as Figure 2.11, other than 7 selected GMCs, where the color

scheme is GMC ID 27 (linen), GMC ID 233 (antique white), GMC ID 286 (papaya whip),

GMC ID 288 (old lace), GMC ID 295 (cornsilk), GMC ID 342 (light yellow) and GMC ID

385 (seashell). The filled circles signify nearby GMCs, where pp interaction is consid-

ered (Taurus, Lupus, and Orion A), cross marks signify 7 selected nearby GMCs where

reacceleration is considered, and filled triangles signify the nearby pulsars (Monogem,

Geminga, and B1055-52). The yellow plus mark is the position of the Sun. (b) Zoomed

view of the region (radius of 1 kpc) around the Sun.





3
Discovery of an accreting high mass gamma-ray

binary HESS J1828-099

TheHigh Energy Stereoscopic System (H.E.S.S.) observatory has carried a deep survey

of the Galactic plane, in the course of which the existence of a significant number of (∼
78) TeV gamma-ray sources was confirmed, many of which remain unidentified. HESS

J1828-099 is a point-like (Gaussian stand. dev. < 0.07
◦
) unidentified source among the 17

confirmed point-like sources in the H.E.S.S. Galactic Plane Survey (HGPS) catalog. This

source is also unique because it does not seem to have any apparent association with

any object detected at other wavelengths. We investigate the nature and association of

HESS J1828-099 with multi-wavelength observational data. A high mass X-Ray binary

(HMXB), comprising of pulsar XTE J1829-098 and a companion O or Be star, has been

observed earlier in the X-ray and infrared bands, 14
′
away from HESS J1828-099. With

12 years of Fermi-LAT gamma-ray data, we explore the possibility of 4FGL J1830.2-1005

being theGeV counterpart ofHESS J1828-099. Within the RXTE confidence region, a steep

spectrum (αradio = - 0.746 ± 0.284) plausible counterpart is detected in data from existing

radio frequency surveys. We have probed, for the first time using multi-wavelength data,

whether HESS J1828-099, 4FGL J1830.2-1005, and the HMXB system have a common

origin. Our study indicates that HESS J1828-099 might be a TeV high-mass gamma-ray

binary source.

3.1 Background

High mass gamma-ray binaries (HMGBs) belong to a special class of HMXBs, which

mainly emit in gamma-ray energies [32]. Such objects comprise of compact objects such

as a neutron star or a black hole and an O or Be-type star as the companion. The gamma-

ray emission in such binaries is usually assumed to be powered by wind-driven shocks

[32]. The compact object in the HMGBs, usually a rotation-powered pulsar, dissipates

its rotational energy by energizing pair plasma, which interacts with wind from the

companion star [249–251]. In a close orbit system, a wind collision region is created

due to this interaction, which in turn terminates the pulsar and stellar winds by a shock

[251–253]. Particles can be accelerated to ultra-relativistic energies at these shock sites

due to diffusive shock acceleration, later producing observed emission through various

radiative processes [251, 254]. Another favored emission scenario can occur if themassive

companion star is Be star with a disk. In this scenario, the primary interaction happens

as the pulsar crosses the circumstellar disk of the Be star, as in the cases of PSR B1259-63

67
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[255] and PSR J2032+4127 [176]. The multi-wavelength emission for these two sources

differs from other HMGBs, perhaps due to the geometry of the circumstellar decretion

disk. For example, in the case of PSR B1259-63, the light curve in the radio, X-ray, and TeV

regimes is typically double-peaked anddriven by synchrotron (radio andX-ray emissions)

and Inverse Compton (TeV emission) cooling [256]. The emission in the GeV range is

peculiar given that flares that exceed the pulsar spindown luminosity have been observed

with Fermi-LAT [257–260]. Alternatively, the microquasar model, in which interaction

primarily occurs in the jets produced by accretion onto a black hole, also cannot be ruled

out [261, 262]. Only a handful of objects, which have been detected above 100 MeV, are

firmly established as HMGBs. Some of the observed HMGBs are: HESS J0632-057, 1FGL

J1018-5658, PSR B1259-63, LS I +61
◦
303, LS 5039 [174, 175], PSR J2032+4127 [176–178], a

point source in the Large Magellanic Cloud [179, 263], 4FGL J1405.1-6119 [180] and HESS

J1832-093 [181, 182, 264]. All of these sources have soft spectra in TeV energies and hard,

absorbed spectra in X-ray energies.

HESS J1828-099 is a newVeryHighEnergy (VHE) TeVgamma-ray source that has been

detected in the HGPS [265] at the position of R.A. = 18
h
28

m
58.72

s
and Decl. = -09

◦
59
′
33.8

′′

(J2000). This H.E.S.S. source is detected at a confidence level of 8.9σ, and the size of the

source is 0.05
◦ ± 0.01

◦
, making it one of the 17 point-like VHE gamma-ray sources found

in HGPS catalog. The flux from this TeV source was recorded for a livetime of 46.3 hours,

and its 0.20 - 61.90 TeV spectrum is well fitted by a power law (∝ E
−ΓTeV

) having a photon

index of ΓTeV = 2.25 ± 0.12. Its flux is 1.9 ± 0.3 % that of the Crab Nebula above 1 TeV,

and a 1-dimensional Gaussian model was used as a spatial template to fit the extent of

this VHE source. This H.E.S.S. source is still unidentified as it does not seem to have any

apparent association with any other source at lower energies. Earlier, [266] claimed that

1FGL J1829.6-1006 (slightly more than 0.25
◦
away from the H.E.S.S. source) could be the

GeV counterpart of the TeV source. They also found that the pulsar J1828-1007 is located

at 0.1
◦
from the H.E.S.S. source. Moreover, they claimed the spatial separation between

the low and high energy emission regions indicates that this source is possibly a pulsar

wind nebula (PWN). However, this was not confirmed by the version of the Fermi-LAT
catalog available at that time, i.e., 3FGL catalog [267] or 2FHL catalog [268]. This pulsar

is also absent in the latest 4FGL catalog [269].

In this work, we report our investigations on the origin of the VHE source HESS

J1828-099. Analysis of the Fermi-LAT data revealed a possible GeV counterpart, 4FGL

J1830.2-1005, spatially coincident with the H.E.S.S. source. A Galactic X-ray source XTE

J1829-098 was also observed by Chandra X-ray observatory, within the 68% containment

radius of 4FGL J1830.2-1005 and 14
′
away from the centroid of HESS J1828-099 [270],

making it a very likely lower energy counterpart of both the 4FGL and H.E.S.S. sources,

based on its position. Pulsar XTE J1829-098was observed as a transient source by theRossi

X-ray Timing Explorer (RXTE) observatory during the scan of the Galactic plane in 2003
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July - 2003 August [271]. The best-fit pulsar position was found to be R.A. = 18
h
29

m
35

s

and Decl. = -09
◦
51
′
0.00

′′
(J2000), with a 99% confidence region of approximately elliptical

shape, with semimajor axes of 3.8
′
(RA) and 3

′
(Decl.) [271]. Subsequent X-ray Multi-

Mirror Mission (XMM-Newton) observations found the position of this source to be R.A.

= 18
h
29

m
44.1

s
and Decl. = -09

◦
51
′
24.1

′′
(J2000), with a 90% uncertainty radius of 3.2

′′

[270]. It was discovered in the RXTE data that this pulsar has a rotation period of ∼ 7.8

s [271], which was later confirmed by various other observations [270, 272]. Analyzing

XMM-Newton data, a hard power-law photon index, ΓXMM
X , of 0.76± 0.13 and a hydrogen

column density NH , of (6.0 ± 0.6) × 10
22

cm
−2

were estimated in the soft X-ray range (2

- 10 keV), both given with their 1σ uncertainties [270]. This suggests that this pulsar

is part of an HMXB, as the best-fit value of NH exceeds the measured Galactic 21 cm

HI column density, in the pulsar’s direction, of ∼ 1.81 × 10
22

cm
−2

[273], ∼ 1.43 × 10
22

cm
−2

[Leiden/Argentine/Bonn (LAB) survey; 274], ∼ 1.79 × 10
22

cm
−2

[HI4PI survey;

275], indicating that some absorption is intrinsic to the binary, either from the wind or

circumstellar disk of the companion star. A candidate source, 2.1
′′
away from the XMM-

Newton location of the XTE pulsar, was detected in the analysis of the data obtained by

Chandra [270]. The Chandra location of this source was found to be R.A. = 18
h
29

m
43.97

s

and Decl. = -09
◦
51
′
23.2

′′
(J2000), with a 90% positional uncertainty of 0.6

′′
. Assuming

the same best-fit XMM-Newton parameters, the average flux of the source, detected by

Chandra in the soft X-Ray range, was found to be consistent with that from the XMM-

Newton observations [270]. A hard, absorbed spectrum estimated from the analysis of

archival data obtained by Swift-X-Ray Telescope (XRT) (Γ
Swi f t
X = 1.1

+0.9
−0.8, NH = 10

+6

−4
× 10

22

cm
−2
) reinforces this source’s identification as an HMXB [276]. This source has shown

frequent outbursts over the years, observed by different observatories. The MAXI gas slit

camera (GSC) detected 4 outbursts from this source in 11 years of observation, including

one on 2021April 12 [277]. The time intervals between these outburstsmatch theproposed

orbital period (≈ 246 days) of the binary system [271, 277]. [276] had checked the 15 -

50 keV XTE source light curve on a daily timescale from Swift-Burst Alert Telescope

(BAT) archive and found that the duration of the outburst was very likely of the order

of 3 - 4 days, which is almost the same order of duration estimated by [278] (∼ 7 days).

In August 2018, an X-ray outburst from this source triggered a ToO observation with

the Nuclear Spectroscopic Telescope Array (NuSTAR), which showed the existence of a

cyclotron absorption line at Ec yc = 15.05 ± 0.06 keV, which implies that the magnetic field

on the neutron star surface is B ' 1.7 × 10
12

Gauss [272]. The detection of the cyclotron

absorption line in the X-Ray spectrum of the pulsar confirmed that this pulsar is part of

an HMXB.

Astarwas found in infrared (IR) analysiswithin 0.2
′′
of theChandra localizationofXTE

J1829-098 [270]. This bright, infrared counterpart was detected in the TwoMicron All Sky

Survey (2MASS), but it is not visible in the optical range. The measured IR magnitudes of
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this companion star are K = 12.7, H = 13.9, I > 21.9 and R > 23.2 [270]. From the measured

magnitude in the H and K bands, the distance of this companion was estimated to be

approximately 10 kpc. Assuming this distance, the maximum observed X-Ray luminosity

in the 2 - 10 keV rangewas found to be 2× 1036
erg s

−1
andminimum luminosity as 3× 1032

erg s
−1
, similar to a wind-driven system or a Be binary transient [270]. Later observations

by [276] found that reddening free near-infrared (NIR) diagnostic color criterion Q has a

value of -0.7, which is very typical of an early-type OB star, although it can also be a Be

star. According to the Corbet diagram [279–281], for a possible orbital period of ≈ 246

days, there is a greater likelihood that the donor star is a Be star. Moreover, the absence

of an Hα emission line in the NIR spectra of the 2MASS counterpart is indicative of the

NIR counterpart being a Be star.

Data analysis and the corresponding results are discussed in section 3.2. In subsection

3.2.1, we present the results of the analysis of NuSTAR data and report the detection of

a sub-dominant, intrabinary shock emission component. Based on this detection and

spatial association, we suggest that this HMXB has a common origin with both the 4FGL

and H.E.S.S. sources. In subsection 3.2.2, we present the results of the analysis of ∼ 12

years of Fermi-LAT data. We have also used multi-wavelength radio continuum data to

identify any radio counterpart of the H.E.S.S. source. In subsection 3.2.3, we discuss the

detection of a nearby source in multi-radio frequency surveys and investigate this as the

likely radio counterpart of the H.E.S.S. source based on its position. In section 3.3, we

present the results of one-zone leptonic modeling to fit the multi-wavelength spectral

energy distribution (SED) and show that the required values of parameters are consistent

with those of other established HMGBs [282]. Finally, in section 3.4, we discuss the

results and the caveats of our model. We also suggest the additional observations that

are required to completely explain the multi-wavelength SED of the system. Finally, we

conclude that HESS J1828-099 is possibly a TeV HMGB based on spatial coincidence and

spectral properties.

3.2 Data analysis and results

3.2.1 X-Ray data analysis

Although the XTE J1829-098 was confirmed to be an HMXB, the presence of an iron

Kα emission line, the cyclotron absorption line, and the exponential cutoff, as reported in

[272], point towards the fact that the pulsar is accreting and the dominant X-ray flux seen

from this source is due to the accretion. However, in previous analyses of established TeV

HMGBs [283–285], no spectral lines and/or cutoff or spectral turnover at higher energies

were found, indicating, as in general for TeV HMGBs, that the pulsar usually is not

accreting. Also, the best-fit cutoff power law spectral index obtained from NuSTAR data

analysis is notably different compared towhat is predicted if we assume that the observed

X-rays represent synchrotron emission. These factors put the TeV HMGB interpretation
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of HESS J1828-099 into question.

To resolve this discrepancy, we tried to find whether or not the pulsar, in this case, is

actively accreting by comparing the Alfven radius (RAl f ) with the corotation radius (Rco).

If RAl f < Rco , thenmaterial from the companion star accretes on the pulsar surface; if RAl f

>> Rco , then the stellar material directly interacts with pulsar’s rotating magnetosphere

and subsequently gets ejected; known as the propeller phase. Finally, if RAl f ' Rco , then

these two effects happen simultaneously, and intermittent accretion occurs, which is the

intermediate stage of the accretor and propeller phases.

The corotation radius (Rco) is defined as the radius at which the spin angular velocity

(Ωs = 2π/Ps) of the pulsar is equal to the Keplerian angular velocity (Ωk =

√
GM∗/r3

) of

the material being accreted. Assuming a standard pulsar mass of 1.5M� and using the

observed XTE J1829-098 rotation period (Ps) of 7.8 s, we get,

Rco �

(
GM∗
4π2

× P2

s

) 1

3

' 6 × 10
8

cm. (3.1)

The Alfven radius (RAl f ) is defined as the radius where the ram pressure of the

infalling material from the companion star (ρv2
) balances with the magnetic pressure of

the pulsar magnetosphere (B2/8π). Assuming typical values for a pulsar, mass of 1.5M�
and radius R∗ = 10

6
cm, the observed magnetic field of B ' 1.7 × 10

12
G, resulting in a

magnetic moment, µ, of B R
3

∗ ' 1.7 × 10
30

G cm
3
and observed X-ray luminosity LX ' 4.3

× 10
36

erg/s [272], we get the Alfven radius as [286, 287],

RAl f � 2.6 × 10
8

(
Λ

1

) (
M∗
M�

) 1

7

(
R∗

10
6

cm

)− 2

7

(
LX

10
37

erg/s

)− 2

7
( µ

10
30

G cm
3

) 4

7

cm ' 5 × 10
8

cm,

(3.2)

where the constant Λ signifies the geometry of the accretion flow. Following [287],

there is an uncertainty on the value of Λ, which is Λ = 1 for spherical accretion, and Λ <

1 for disk accretion. Since very distinct accretion disks usually do not form in the case of

HMXBs [288, 289], we assume a wind-fed spherical accretion (Λ = 1) for simplicity. RAl f

for spherical accretion, as given in equation 3.2, is very close to Rco , making this a case for

intermittent accretion. In this regime, a turbulent and magnetized transition zone can be

formed close to RAl f due to the balance between the magnetic pressure and the pressure

insertedby accretingmatter. Part of the infallingmatter accumulated at the transition zone

can further accrete onto the pulsar surface (accretor phase). However, the rotating pulsar

magnetosphere can also strongly shock the infalling material at the transition region,

ejecting some of it beyond the accretion radius (propeller phase). Electrons can get shock-

accelerated to very high energies at this transition region and can further produce X-rays

via the synchrotron mechanism [290–293]. Although X-rays produced from accretion

are the dominant component observed during the outburst phase, a sub-dominant X-ray
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Figure 3.1Left Panel: Data andmodel spectrumfit, the residual, and the ratio (data/model)

for the best-fit values given in the upper panel of Table 3.1. The model used in this case is

constant*tbabs*(cutoffpl*gabs + gauss). FPMA and FPMB data points and best fits

are shown in black and red, respectively. Right Panel: Data and model spectrum fit, the

residual and the ratio (data/model), after the addition of a power law componentwith the

best-fit model used in (a). Model used in this case is constant*tbabs*(cutoffpl*gabs

+ gauss + pow). The color scheme is the same as in (a).

component at higher energies, produced from shocked electrons, should also be present

in the data observed by NuSTAR during the same outburst phase.

To confirm this observationally, we have analyzed the data obtained by NuSTAR on

2018 August 16 (ObsID 90401332002), with an on-source exposure time of ∼ 27.8 ks and

an average count rate of ∼ 8 cts s
−1

per module [272]. To extract the spectra, we have

used the NuSTAR-DAS 2.0.0 software as distributed with the HEASOFT 6.28 package, with

the CALDB version 20210315. The source data was extracted from a circular region of

radius 50 arcsec, centered on the source position. The background data was extracted

similarly from a circular region of radius 70 arcsec, away from the source position. The

NuSTAR observations are not affected by stray light. The obtained spectra were grouped

to have 25 counts per bin using grppha tool. The spectral analysis was done using the

XSPEC 12.11.1 tool included in the HEASOFT 6.28 package. Since the background starts

to dominate the source counts above 50 keV, we have considered the 3 - 45 keV energy

range for spectral analysis.

According to [272], the spectrum of XTE J1829-098 can be explained by a power law

with an exponential cutoff (cutoffpl model), modified by the fluorescent iron emission

line (Gaussian line profile model gauss) and an absorption line (Gaussian absorption line

model gabs), which is interpreted as a Cyclotron Resonant Scattering Feature (CRSF).

So we have analyzed the phase-averaged NuSTAR data and tried to fit the spectrum

with the model constant*tbabs*(cutoffpl*gabs + gauss), representing the accretion

component. We have used the tbabs model to take into account the X-ray absorption by

the interstellar medium (ISM). To keep the best-fit values of the model consistent with
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Table 3.1Upper Panel : Best-fit parameters of themodel constant*tbabs*(cutoffpl*gabs

+ gauss), along with their 1σ uncertainties. Lower Panel: Best-fit photon spectral index

of the additional power-law component, along with its 1σ uncertainty.

Parameter Value

Hydrogen column density, NH (cm
−2
) 1.43 × 10

22

Photon index of the cutoff power law, Γ
cuto f f pl
X -0.75

+0.03

−0.03

Folding energy of exponential rolloff, E f old (keV) 4.49
+0.06

−0.06

Cyclotron line energy, Ec yc (keV) 15.20
+0.10

−0.10

Cyclotron line width, Wc yc (keV) 2.37
+0.10

−0.10

Optical depth at Cyclotron line center, τc yc 0.55
+0.05

−0.05

Fe Kα line energy, EFe (keV) 6.52
+0.04

−0.04

Fe Kα line width, σFe (keV) 0.22
+0.04

−0.04

Photon index of the power law, Γ
pl
X 1.50

+0.15

−0.10

the best-fit results obtained by [272], we have kept the value of the hydrogen column

density NH in the direction of XTE J1829-098, fixed at 1.43 × 10
22

cm
−2

[LAB survey; 274].

We have used atomic cross-sections from [294] and elemental abundances from [295].

The best-fit values, along with their 1σ uncertainties (χ2
/D.O.F. = 1196.19/1071 ≈ 1.12),

are shown in the upper panel of Table 3.1. Considering the uncertainties, the measured

values of the model are consistent with those given in [272]. The flux obtained from the

model in the 3 - 79 keV energy range was found to be F
acc
X ' (3.66 ± 0.02) × 10

−10
erg cm

−2

s
−1
. The spectrum fit, along with residual and data/model ratio, are shown in Figure

3.1. Although the best-fit values give a very good fit at low and intermediate energies,

the best-fit model deviates from the data at higher energies, which is evident from the

residual and ratio plots. This discrepancy hints towards a second emission component

from the same source region.

Next, we have added an additional power law spectrum, in the form of the model

pow, with the above model signifying accretion to fit the data. We have let the parameters

of the power law component to freely vary while keeping the best-fit values given in the

upper panel of Table 3.1 fixed. The best-fit photon spectral index value of the additional

power law is given in the lower panel of Table 3.1. As found in other established HMGBs,

the spectral index of the power law can vary between 1.4 and 1.6 [284]. It can be readily

seen that the best-fit value, along with the uncertainty of the additional power-law com-

ponent spectral index agrees well with previous observations. The obtained data and

the corresponding best-fit model, along with the residual and the ratio, after fitting the

data with the model constant*tbabs*(cutoffpl*gabs + gauss + pow), are shown in

Figure 3.1. From the Figure, it can be seen that the data is fitted comparatively well at

higher energies after the addition of the power law model (χ2
/D.O.F. = 1187.15/1076 ≈

1.10). The absorbed flux of the sub-dominant power-law component in the energy range
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of 3 - 79 keV was found to be F

pl
X ' (9.6 ± 0.8) × 10

−12
erg cm

−2
s
−1
, and the corresponding

luminosity is L

pl
X ' (1.1 ± 0.1) × 10

35
(d/10 kpc)

2
erg s

−1
.

It was found that the improvement in the χ2
statistic after the addition of the sub-

dominant power law component with the accretion component is small. We have also

calculated the F-statistic probability using ftest tool present in XSPEC. We have used

appropriate χ2
and D.O.F. values for the calculation and found that the F-statistic prob-

ability (≈ 1 × 10
−2
), although << 1, is comparatively high. These results suggest that

the addition of the sub-dominant power law component with the accretion component is,

although reasonable, of low statistical significance. This is not surprising as the additional

power-law component is sub-dominant compared to the dominant accretion component

in the outburst phase of the XTE source. Moreover, the marginal improvement in the fit

statistics can be attributed to a low number of data points available to constrain the addi-

tional power-law component in the hard X-ray range. Nevertheless, the improvement in

the residual and the ratio associated with the data and model X-ray spectrum (see Figure

3.1) justify the addition of the sub-dominant power-law component. Observational de-

tection of this power law component, in conjunction with the argument presented above

in terms of different characteristic radii, suggests that X-rays produced from shocked

electrons through synchrotron cooling are also present in the source region. We also

present the significance of the sub-dominant power-law component, obtained using the

Monte Carlo simulation method. We note that calculating RAl f with Λ = 0.5, as what

may be expected from disk-fed accretion, yields an Alfven radius of RAl f ' 2 × 10
8
cm,

which is, although of the same order, somewhat less than Rco . This may imply that the

infalling material from the companion star accretes on the pulsar surface without being

propelled at the transition region. Consequently, no shock is created at the transition

region in case of disk-fed accretion. However, the signature of the shock component is

observed in the NuSTAR data, represented by the sub-dominant power-law component,

indicating that our assumption of a wind-fed spherical accretion is valid. The presence

of the sub-dominant, non-thermal power-law emission indicates that this source indeed

shows typical characteristics of anHMGB [283–285]. Wehave also performedpulse phase-

resolved spectroscopy of the observed NuSTAR data in four different phase bins of equal

sizes, spanning the entire phase range of 0 - 1, using the same model described above.

But due to relatively low source photon counts, as well as large uncertainties associated

with the data points, the phase dependence of the sub-dominant power law component

could not be unambiguously established. Multiple simultaneous X-ray observations can

help elucidate the phase dependence of the shock component.

Monte Carlo Simulations

As pointed out in [296], the F-test in some cases does not (even asymptotically) adhere

to their nominal χ2
and F-distributions in many statistical tests common in astrophysics.

Thus, in this case, the significance of the additional, sub-dominant power law component
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Figure 3.2 Results of 1000 Monte Carlo simulations to test the significance of the sub-

dominant power law component depicting shock. The blue solid histogram shows the

frequency (y-axis) of ∆χ2
values (x-axis) obtained in the simulations. The red dashed line

shows the observed ∆χ2

obs = 9.04.

depicting shock has been assessed through the Monte Carlo simulation method. XSPEC

tool simftest was used to perform this task. We used the model depicting the accretion

component as our null hypothesis. The model, which includes the additional power-

law component with the accretion component, was used as the alternate hypothesis. We

simulated 1000 trials using simftest and calculated the change in χ2
values for the null

hypothesis and alternate hypothesis models. The maximum change in χ2
(∆χ2

) obtained

from our simulations is 12.89. The probability of finding the observed change in χ2

(∆χ2

obs = 9.04) by chance is 6 × 10
−3
, which corresponds to 4σ significance. These results

justify the addition of a sub-dominant power-law component, which in turn hints towards

the presence of shock in the source region of XTE J1829-098.

3.2.2 GeV counterpart of HESS J1828-099

Despite being very prominent in TeV energies, HESS J1828-099 has not been prop-

erly identified in GeV energies. For a deeper search of its GeV counterpart, we have

analyzed ∼ 12 years of Fermi-LAT data, observed between 2008 August 4 (MJD 54682)

and 2020 October 2 (MJD 59124) in the 0.3 - 500 GeV band. We have used Fermipy
version 0.20.01 [297] to reduce and analyze ∼ 12 years of PASS 8 LAT data in the energy

range of 0.3-500 GeV. Events with zenith angles greater than 90
◦
were excluded from

the analysis to avoid contamination from Earth’s albedo gamma rays. The instrument

response function, Galactic diffuse emission template (galdiff) and isotropic diffuse emis-

1https://fermipy.readthedocs.io/en/latest/

https://fermipy.readthedocs.io/en/latest/
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sion template (isodiff) used in this work were “P8R3_SOURCE_V2", “gll_iem_v07.fits"

and “iso_P8R3_SOURCE_V2_v1.txt", respectively. We have used the latest 4FGL catalog

[269] to search for the possible GeV counterpart of HESS J1828-099.

We have extracted the data from the Fermi-LATwebsite2, considering a circular region

of interest (ROI), having a radius of 10
◦
, with the center of the ROI placed at the position of

the H.E.S.S. source. Galdiff, isodiff, as well as all of the 4FGL sources within a rectangular

region of 10
◦ × 10

◦
, centered on HESS J1828-099, were included in the analysis. Pulsar

J1828-1007 is within 1
◦
of the H.E.S.S. source, but it being a radio pulsar [298] does not

affect our analysis. While analyzing the data, we have kept the parameters of all the 4FGL

sources within 4
◦
of the H.E.S.S. source free, including that of galdiff and isodiff. Using

the source finding algorithm of Fermipy, we also tried to find point sources around the

H.E.S.S. source that are not included in the 4FGL catalog, having a minimum TS value

of 25 and minimum separation of 0.3
◦
between any two point sources. However, no

plausible point sources in the GeV range were found in the vicinity of the H.E.S.S. source.

All the best-fit values of the spatial and spectral parameters of the 4FGL sources, as well as

galdiff and isodiff, were determined usingmaximum-likelihood analysis. The closest GeV

source is 4FGL J1830.2-1005, which was detected at a best-fit position of R.A. = 277.5300
◦

± 0.0342
◦
, and Decl. = -10.0730

◦ ± 0.0262
◦
, only 0.292

◦
away from the centroid of the

H.E.S.S. source. Apart from the possible GeV counterpart 4FGL J1830.2-1005, the rest

of the 4FGL sources, including galdiff and isodiff, were considered as background and

subsequently subtracted during the analysis. 4FGL J1830.2-1005 was detected with a TS

value of 458.53, and its spectral shape is log parabolic, expressed by the form,

dN

dE

� N0

(
E

Eb

)−(αGeV+βGeVlog

(
E

E
b

)
)
. (3.3)

The best-fit parameters are αGeV = 3.491 ± 0.011, βGeV = 0.7651 ± 0.0059, Eb = 1.396

GeV. The average energy flux of this source is F
GeV
γ = (1.88 ± 0.02) × 10

−5
MeVcm

−2
s
−1
.

This flux is included in the spectral energy distribution shown in Figure 3.4.

We have analyzed the extension of the 4FGL J1830.2-1005 using RadialDisk and Radi-

alGaussianmodels as templates. Fitting the extensionwith the RadialDisk template gives

a maximum TSext value of 32.41 (∼ 5.692σ), with the best-fit 68% containment radius of

the disk being 0.325
◦ ± 0.037

◦
. We have considered radial disks of radius varying from 0

◦

to 0.5
◦
to show how the delta log-likelihood varies with increasing radius (see Figure 3.3

(b)). We have also studied the energy-dependent morphology of the source by estimating

the extent in two different energy ranges, 0.3 - 1 GeV and 1 - 500 GeV. We found that the

spatial extent in both cases remains almost the same, 0.3063
+0.0630

−0.0692
degree in 0.3 - 1 GeV

range and 0.2875
+0.0517

−0.0463
degree in 1 - 500 GeV range. It was found that the offset in the

spatial position of the 4FGL source at different energy ranges varies significantly from

the original 4FGL source position (offset ≈ 0.1068
◦
in the energy range 1 - 500 GeV and

2https://fermi.gsfc.nasa.gov/ssc/data/access/lat/

https://fermi.gsfc.nasa.gov/ssc/data/access/lat/
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offset ≈ 0.0198
◦
in the energy range 0.3 - 1 GeV). The energy-dependent morphology of

the sources is shown in Figure 3.3 (a). From the Figure, it can be seen that the 4FGL source

and the H.E.S.S. source overlap with each other. Also, with increasing energy (in the 1 -

500 GeV range), we observe an increment in spatial proximity between the 4FGL and the

H.E.S.S. sources. Based on the positional coincidence between these two sources, it can be

inferred that 4FGL J1830.2-1005 can possibly be the GeV counterpart of HESS J1828-099.

Periodicity search

Since orbital periodicity is a distinguishable feature of HMGBs, in this work, we

searched for periodicity in the ∼ 12 years of Fermi-LAT gamma-ray data observed from

the source 4FGL J1830.2-1005. XTE J1829-098 has a possible orbital period of 246 days,

as determined by the interval between consecutive outbursts. Since the 4FGL source

is the possible GeV counterpart of the HMXB XTE J1829-098, we tried to find a similar

periodic variation in the light curve of the 4FGL source. To that end, we have produced

light curves using the likelihood analysis for time bins of sizes ≈ 127 days, balancing low

photon statistics and the idea to probe the periodicity of 246 days observed for the XTE

source. No significant changes in the flux or spectral index were seen in different time

bins. 82.3 days and 177.7 days binned light curves were also produced, and again, no

strong variability was found in either of the light curves, similar to the previous case.

Next, we searched for periodicity in the 127 days binned light curve, using a general-

ized Lomb-Scargle algorithm [299, 300]. AstroML package [301, 302] was used to search

for periodicity in the light curve between 1 to 300 days. We applied the statistical boot-

strapping method to calculate the significance levels. 1% and 5% significance levels for

the highest peak were calculated, determined by 10
5
bootstrap resamplings. No signifi-

cant peak confirming any hint of periodicity was found in the generated power spectra.

Bootstrapping indicates that no periodic signalwas detected at 1% or 5% significance. The

same method was reapplied for 82.3 days and 177.7 days binned light curves, but even

in those cases, no significant periodicity was detected. The non-detection of periodicity

could be either due to inadequate statistics or due to a specific geometrical shape of the

binary system that would not produce modulated emission in gamma-rays [303]. This is

similar to the case of HMGB candidate HESS J1832-093, in which significant periodicity

was also not confirmed [264]. However, a detailed epoch-folding method [182] can prove

beneficial for finding any periodicity associated with 4FGL J1830.2-1005.

3.2.3 Radio counterpart of HESS J1828-099

We have used multi-wavelength radio data from different surveys to look for possi-

ble counterparts of HESS J1828-099. The field is observed as a part of the recent high

sensitivity Galactic plane surveys like THOR survey [the HI/OH/Recombination line

survey; 147, 148] covering 1− 2 GHz and the GLOSTAR Galactic Plane survey [A GLObal

view of STAR formation 150] covering 4 − 8 GHz. Due to the proximity of the source to
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the Galactic plane, the field is crowded with multiple resolved and unresolved sources,

including Galactic (H ii regions, supernova remnants, planetary nebulae) as well as many

unclassified Galactic as well as extragalactic sources [304]. Near the position of XTE

J1829-098, we detect a radio source within 99% RXTE confidence region in both THOR

and the GLOSTAR images and investigate this as a plausible radio counterpart of the

HMXB based on its proximity.

THOR provides the radio continuum image of ∼ 132 square degree of the Galactic

plane observed with the Karl G. Jansky Very Large Array (VLA) in C array configuration.

Out of the eight SPWs covering 1 − 2 GHz, two are discarded due to excessive RFI. The

other six SPWs (with 128 MHz bandwidth, centered at 1.06, 1.31, 1.44, 1.69, 1.82, and 1.95

GHz) are used to make the continuum images. Wang et al. [148] used BLOBCAT [305]

to identify sources and extract flux densities, as well as to estimate spectral index values

from images at a common resolution of 25
′
. The RMS noise values for individual SPW

images are in the range of 0.3 − 1.0 mJy/beam. All the images, the flux density, and the

spectral index values are available publicly through the latest data release [148]; we have

used THOR individual SPW images and the combined THOR (VLA C array) and VGPS

[VLAGalactic Plane Survey which are VLAD array and Effelsberg 100-m single dish data

combined; 149] image to identify the potential counterpart and adopt the flux density

values from THOR catalog.

The C band GLOSTAR survey, similarly, covers ∼ 145 square degree of the Galactic

plane observed with the VLA B and D configuration along with the Effelsberg 100-m

data to provide zero-spacing information. We use the GLOSTAR survey images from

the VLA D configuration, with 18
′
angular resolution and at an effective frequency of 5.8

GHz (shown in Figure 3.3). The continuum observations with the VLA were carried out

using 16 SPWs with 128 MHz bandwidth each. The data are used to make 8 continuum

sub-images covering 4.2 - 5.2 GHz and 6.4 - 7.4 GHz. We note that four radio sources are

detected within the H.E.S.S. positional error in both THOR and the GLOSTAR survey,

but no X-ray counterparts are detected for any of these sources, so it is unlikely that these

sources are associated with the H.E.S.S. source.

Figure 3.3 (c) shows the 1.4 GHz THOR+VGPS image of the field at 25
′
resolution.

There is no radio emission at the Chandra position of XTE J1829-098. However, within

the RXTE error region, marked by the ellipse with a crosshair at the center, there is a

prominent radio source detected in THOR. The source is marginally resolved, and the

L-band peak flux density of this source at an effective frequency of 1.63 GHz is 4.15± 0.25

mJy/beam.

The source identified from THOR as the possible counterpart of the binary system,

marked by a small white circle in Figure 3.3 (c), is also detected in the GLOSTAR survey

and has a peak flux density of 2.30 ± 0.21 mJy/beam (Figure 3.3 (d)). The flux density

values from the GLOSTAR sub-images are consistent with the in-band spectral index
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Figure 3.3 (a) H.E.S.S. significance map centered on HESS J1828-099. The color bar

denotes the

√
TS value of the region. The grey circle represents the extent up to which a

1D Gaussian template was fitted, and the white circle signifies the region within which

spectral points for HESS J1828-099 were extracted. Morphologies of 4FGL J1830.2-1005

at different energy ranges are shown with a green dotted line (0.3 - 1 GeV) and a cyan

dashed line (1 - 500 GeV). The blue dot-dashed line signifies a spatial extension of the

4FGL in the entire considered energy range (0.3 - 500 GeV). RXTE position of pulsar XTE

J1829-098 [270], along with 99% confidence region [271] are also shown in yellow. The

Chandra position of the pulsar is shown with a light-blue star, (b) Variation of the delta

log-likelihood value of 4FGL J1830.2-1005 modeled with radial disks of different radii.

The blue-shaded region indicates the uncertainty estimate of the best-fit extension of 4FGL

J1830.2-1005. (c) The combined THOR andVGPS 1.4 GHz image and (d) theGLOSTAR 5.8

GHz image showing the radio continuum emission from the field containing HESS J1828-

099, 4FGL J1830.2-1005, and the pulsar XTE J1829-098. The Chandra position of the pulsar

is markedwith a star, and the RXTE error region is shownwith a black ellipse. The spatial

extents marked for the H.E.S.S. and the 4FGL sources (0.3 - 500 GeV) are the same as in

(a). The plausible radio counterpart of the binary system is marked by a white circle.
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(αradio where Sν ∝ ναradio
) of −0.746 ± 0.284 estimated from the flux values in different

THOR spectral windows (SPWs). The observed radio spectrum is indicative of particle

acceleration due to the collision of an ultrarelativistic pulsar wind and the wind/disk of

the normal star. The extended nature of the source indicates its possible Galactic origin.

In the complete catalog of the D configuration continuum sources (Medina et al., in prep.),

it is classified as a candidate planetary nebula based on its Mid-IR properties. However,

the non-detection of this source in the earlier 1.4 GHz NVSS image [the NRAO VLA Sky

Survey; 306] at 45
′
resolution also indicates the variability of this source. We note that

the putative radio source is also detected at 147.5 MHz in the TIFR GMRT Sky Survey

[TGSS; 307] with a flux density of 51.14 ± 8.45 mJy. The SED in Figure 3.4 includes the

multi-wavelength radio data from the TGSS, THOR SPWs, as well as from the GLOSTAR

sub-images. Considering the spectral index, possible variability, and the position of the

source (within the RXTE error region but not coinciding with the Chandra position of

XTE J1829-098), in the subsequent analysis, we consider both the possibilities that this

radio source may or may not be a counterpart of HESS J1828-099. For the scenario that it

is not associated, we have used the 3σ limits from the GLOSTAR, THOR, and the TGSS to

construct (and model) the SED.

3.3 Multi-wavelength SED modeling

Wehave accumulated thedata obtained fromdifferentmulti-wavelength observations,

shown in Figure 3.4 (a) and (b), to perform multi-wavelength SED modeling. We have

considered a leptonic, Inverse Compton (IC) dominated, one-zonemodel, similar to [282],

to explain the emission fromHESS J1828-099. Since there is an offset between the Chandra

position of XTE J1829-098 and the putative radio source found in the RXTE error region,

we have explored two different cases to explain the multi-wavelength SEDs. In Model 1,

we consider 3σ upper limits for radio flux density at the exact Chandra position of XTE

J1829-098 and use these upper limits to construct the SED at radio frequencies, whereas,

in Model 2, the radio source within the RXTE error region is assumed to be the radio

counterpart of the HMXB and the GLOSTAR/THOR/TGSS data are used to extend the

SED to radio wavelengths.

The HMXB XTE J1829-098 is located at a distance of 10 kpc from Earth [270]. Since

the companion star of the HMXB probably is a Be star, we assume its age is ta ge ≤ 10
7

years and the stellar photon temperature T∗ is ≈ 30000 K [308]. We have considered

a population of accelerated electrons having a cutoff power-law spectrum, dN/dEe ∝
E
−αe
e exp(-Ee/Emax) in the shock region between the pulsar and the companion star. A

small distance between the companion star and the pulsar (∼ 0.2′′) indicates that a photon
field with high radiation density is present in the region. The ultra-relativistic electrons

are cooling down by synchrotron and IC emission. Radio to X-ray emission is produced

due to synchrotron emission, and γ rays are produced by IC emission. As discussed in
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Figure 3.4 Multi-wavelength SED of the source HESS J1828-099 and corresponding IC

dominated (a) model 1 and (b) model 2, obtained using GAMERA. The unabsorbed

power-law X-ray SED obtained from NuSTAR data analysis in the outburst phase of XTE

J1829-098 is shownwith greydata points. The sameunabsorbedX-ray SED, time-averaged

over the orbital period of XTE J1829-098 [270], is shownwith teal datapoints. The H.E.S.S.

data, shown in blue, was taken from [265]. We have analyzed the Fermi-LAT data, and

the corresponding SED from 4FGL J1830.2-1005 is shown in red. 3σ upper limits at radio

range, obtained at the Chandra position of XTE J1829-098, observed by THOR (black),

GLOSTAR (maroon), and TGSS (green), are shown in (a) with downward arrows. In (b),

flux values of the putative radio source from these surveys are shownwith the same color

scheme. In (c) and (d), we present the cooling timescale and energy loss rate of model 1,

at time t = ta ge ≈ 10
7
years. In (e) and (f), we plot the same as (c) and (d) for model 2.
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Table 3.2 Parameters used for two models.

Parameter Model 1 Model 2

Emin (GeV) 0.12 0.08

Emax (GeV) 5×104
5×104

αe 2.2 2.2

B (mG) 25 60

T∗ (K) 30000 30000

Urad (erg cm
−3
) 1 1

Age (years) 10
7

10
7

Distance (kpc) 10 10

subsection 3.2.1, we detected a sub-dominant, power lawX-ray component with a spectral

index of 1.50
+0.15

−0.10
, which implies that the energy spectrum of parent electrons should have

a power law spectral index αe = 2Γ
pl
X -1 = 2.0

+0.3
−0.2. Wehave searchedwithin this range to find

the best-fit spectral index for the parent electron spectrum for both model 1 and model

2. Moreover, we have also used an exponential cutoff in the parent electron spectrum, as

electrons being leptons, lose energy very efficiently. We have assumed Emax = 50 TeV, the

maximum energy up to which the parent electrons can be accelerated in the shock site.

By analyzing the NuSTAR data, the fluxes of the accretion component (F
acc
X ' (3.66 ±

0.02) × 10
−10

erg cm
−2

s
−1
) and the shock component (F

pl
X ' (9.6 ± 0.8) × 10

−12
erg cm

−2

s
−1
) in 3 - 79 keV range, during the outburst phase, were determined, as discussed in

subsection 3.2.1. But XTE J1829-098, being a transient source, shows a very high observed

dynamic range (∼ 6800) [270], which indicates that the value of F
acc
X can decrease down to

∼ 10−14
erg cm

−2
s
−1

in its most quiescent phase. The flux of the shock component F

pl
X will

also decrease when the XTE source is not in the outburst phase. Due to the lack of long-

term observational data, we assume that the time-averaged flux of the shock component

over the entire orbital periodic revolution is (1 - 5) × 10
−2

times the flux measured in

the outburst phase. This assumption is not unreasonable since the XTE source spends

comparatively less time in the outburst phase during its orbital motion, making the time-

averaged flux lower than that in the outburst phase. Moreover, other datasets in the radio,

GeV, and TeV ranges considered in this chapter for multi-wavelength SED construction

are collected from long-term observations, whereas the NuSTAR data for the XTE source

is only observed during the outburst phase. Hence, to keep the multi-wavelength SED

modeling consistent, we have assumed time-averaged X-ray fluxes from the XTE source.

The assumed time-averaged X-ray fluxes used for model 1 and model 2 in the 3 - 79 keV

range are, F

pl ,1
X ' (1.5 ± 0.1) × 10

−13
erg cm

−2
s
−1

and F

pl ,2
X ' (4.4 ± 0.3) × 10

−13
erg cm

−2

s
−1

respectively. Although some uncertainties might be associated with the assumed

X-ray flux values, the data is within the dynamic range of the XTE source, which future

observations can verify.
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Previously, [282]modeled themulti-wavelengthdataof theTeVHMGBHESS J0632+057

using a one-zone leptonic model. We adopt the same value of the suppression factor due

to KN effect from [282], i.e., fKN (Ee) ∼ 10
−3

for kT∗ ∼ 3 eV and Ee = 1 TeV. For this value of

fKN , themagnetic fieldwas calculated from the relation B≈ 5(fKNFX/F
TeV
γ )

0.5
G,where FX

and F
TeV
γ are fluxes of X-rays and TeV gamma-rays [265] respectively. We have considered

a photon radiation density similar to that of [282], i.e., Urad ∼ 1 erg cm−3
. The IC emission

of ultra-relativistic electrons is happening in the deepKlein-Nishina (KN) regime [282]; as

a result, the TeV gamma-ray spectrum is softer compared to the X-ray spectrum produced

by synchrotron emission. Such spectral variation was seen in X-Ray and TeV ranges for

our source [265, 270], which is a characteristic feature of HMGBs.

We have studied the radiation from synchrotron and IC cooling of ultra-relativistic

electrons by solving the particle transport equation using publicly available code GAM-
ERA3 [309]. We vary the total injected power in electrons to fit the multi-wavelength data

of HESS J1828-099. The parameters required to explain themulti-wavelength data in both

cases are given in Table 3.2. Both model 1 and model 2, depicted in Figure 3.4 (a) and (b)

respectively, require a power of ∼ (4 - 5) × 10
35

erg s
−1
. Although the multi-wavelength

one-zone models fail to reproduce the spectrum in the GeV range in both cases, the re-

quired luminosity in electrons of the models and the required parameters shown in Table

3.2 are consistent with those of the firmly established TeV HMGBs, thus indicating that

HESS J1828-099 is possibly a TeVHMGB [308]. We also present the cooling time scale and

energy loss rate of IC and synchrotron mechanisms considered in our models, in Figure

3.4 (c) and (d) respectively for model 1, and in Figure 3.4 (e) and (f) respectively for model

2.

3.4 Discussion and conclusion

The multi-wavelength SED of HESS J1828-099 shown in Figure 3.4 closely resembles

that of other known TeV HMGBs, as all of the firmly established HMGBs have hard X-ray

spectra and significantly softer spectra in TeV energies. Through a detailed Fermi-LAT
data analysis, the SED in the GeV energy range was also obtained. This type of spectral

shape was seen previously in [264], who assumed that GeV emission is due to some

unrelated source such as SNR G22.7-0.2, which is co-spatial with HESS J1832-093 and

4FGL J1832.9-0913.

Since the resultant radiation from the hadronic p-p interaction between protons ac-

celerated in the SNR shocks and cold protons clumped in nearby clouds can explain the

analyzedGeVdata, wehave searched SNRs in the vicinity ofHESS J1828-099. SNRG021.5-

00.1, which has been detected in radio observations, was thought to be spatially coincident

with 4FGL J1830.2-1005 [310–312]. Similarly, SNRG20.4+0.1, which is 1
◦
away fromHESS

J1828-099, was assumed to be associated with the H.E.S.S. source [313]. However, it was

3https://github.com/libgamera/GAMERA

https://github.com/libgamera/GAMERA
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found from THOR + VGPS data, as well as in GLIMPSE and WISE data, that these are

clumpedHII regions and not SNRs [314]. Recently, in theGLOSTARGalactic plane survey

data, 4 SNR candidates were identified: G021.492-0.010, G021.596-0.179, G021.684+0.129,

and G021.861+0.169, which fall within the positional uncertainty of 4FGL J1830.2-1005

[315], however further observations are needed to establish a molecular cloud association

with these SNRs. Alternatively, since 4FGL J1830.2-1005 is in a crowded region of the

Galactic plane, contamination from nearby pulsars can be significant. We tried to find any

bright GeV gamma-ray emitting pulsar in the 4FGL catalog in the nearby region of 4FGL

J1830.2-1005 but did not find any. If future observations detect a pulsar in the vicinity

of the 4FGL source that is contaminating the GeV emission, then it might be possible to

explain the GeV data by gating off the pulsar contribution using up-to-date ephemeris.

At present, studying these scenarios is beyond the scope of this work. Our model 2 also

fails to explain the TGSS data at 147.5 MHz (see Figure 3.4 (b)). Since the HMXBs show

strong variability in the X-ray range and the TGSS radio measurements were performed

at a different epoch than the X-ray observations, radio variability can be a possible reason

behind this discrepancy. Alternatively, a completely different non-thermal low-energy

radio component can also explain the TGSS data. Simultaneous observations in the X-ray

and radio ranges can help to address this discrepancy. While usually, pulsars are the

compact objects in HMGBs such as PSR B1259-63 and PSR J2032+4127; there is a recent

debate on the nature of the compact object in LS 5039, which may actually be a magne-

tar with a spin period of 9 s [283, 316, 317]. Although the spin period of the proposed

magnetar is very close to the spin period of XTE J1829-098, the surface magnetic field of

the magnetars is typically around 10
13

- 10
15

G, whereas for the compact object in this

binary source, the magnetic field is lower compared to that (≈ 10
12

G), confirming that

the compact object in this HMXB system, is indeed a pulsar and not a magnetar.

Based on the definition of HMGBs [32, 174, 250, 318], the emission typically dominates

above 1 MeV. In the case of HESS J1828-099, the average GeV flux observed by Fermi-LAT,
F

GeV
γ (' (3.01 ± 0.03) × 10

−11
erg cm

−2
s
−1
), is higher than the time-averaged X-ray flux

values used both for model 1 and model 2, F

pl ,1
X and F

pl ,2
X respectively. Also, from Figure

3.4 (a) and (b), it can be seen that themulti-wavelength SEDpeaks above 1MeV.This nature

of emission indicates that HESS J1828-099 can be classified as anHMGB. Furthermore, the

requiredvalues of parameters presented inTable 3.2 resemble those of knownTeVHMGBs

[282, 319]. We have kept the distance of the HMXB source (∼ 10 kpc) fixed [270]. The

environmental parameters such as magnetic field (B) and radiation density (Urad) were

assumed according to [282], and they were also kept fixed. Age (ta ge) and stellar photon

temperature (T∗) were consistent with the Be companion star [308]. The best-fit electron

spectral index (αe) was calculated considering the uncertainty in the power law spectral

index of the newly detected, sub-dominant, additional X-ray component produced in the

shock region between the rotating pulsar magnetosphere and infalling stellar material.



3. DISCOVERY OF AN ACCRETING HIGHMASS GAMMA-RAY BINARY HESS

J1828-099 85

The magnetic fields used both for model 1 and model 2 are of the same order as in other

established HMGBs [282], indicating that our assumption of the time-averaged X-ray flux

is reasonable. The electron injection luminosity is the only free parameter that was varied

to fit the data. The minimum energy of the parent electron population Emin in model

1 is an upper limit, as the radio upper limits do not represent a detection themselves.

Considering the offset between the Chandra position of XTE J1829-098 and the putative

radio source, model 1 seems to be the favorable interpretation of the source, although

model 2 is also plausible. Taking into account the fact that this HMGB is at a larger

distance compared to other known binaries, the required electron injection luminosity is

consistent with that reported for other established HMGBs [181, 308, 319].

In this work, we have performed GeV, X-ray, and radio data analyses and used results

from previous infrared data analyses. From the X-ray data analysis, we have detected a

sub-dominant, hard X-ray tail in the NuSTAR source spectrum of XTE J1829-098, which

suggests that the X-rays are produced via synchrotron cooling of shocked electrons.

However, alternate interpretations for the hard X-ray tail include a compact jet, a hot

corona, and an accretion disc, all ofwhich have been observed inHMXBs [320, 321]. Long-

termX-ray observations are necessary to confirm the origin of the hardX-ray emission. We

have also performed one-zone modeling of the multi-wavelength data of HESS J1828-099,

and we have successfully reconciled radio, X-ray, and TeV data. Although our one-zone

model strongly suggests that HESS J1828-099 is a TeV HMGB, the GeV data could not

be explained by IC emission using this model. Emissions from SNRs associated with

molecular clouds and contamination from hitherto undetected nearby pulsars are some

of the other possible scenarios that can explain the GeV emission. Nevertheless, based

on positional coincidence and spectral information, as well as the agreeable fit of our

one-zone model to the observedmulti-wavelength data and the consistency of the best-fit

model parameters to that of previously studied HMGBs, we conclude that HESS J1828-

099 is the TeV counterpart of the HMXB, thus contributing to the increasing number of

TeV HMGBs detected. Further deep observations in different wavelengths and detailed

modeling of the source are needed to confirm the nature of HESS J1828-099.





4
Hadronic origin of ultra high energy gamma-ray

source LHAASO J1908+0621

Recent observations by the Large High Altitude Air Shower Observatory (LHAASO)

have paved the way for the observational detection of PeVatrons in theMilkyWay Galaxy,

thus revolutionizing the field of gamma-ray astrophysics. We study one such detected

source, LHAASO J1908+0621, and explore the origin of multi-TeV gamma-ray emission

from this source. A middle-aged radio supernova remnant SNR G40.5-0.5 and a GeV

pulsar PSR J1907+0602 are co-spatial with LHAASO J1908+0621. Densemolecular clouds

are also found to be associated with SNR G40.5-0.5. We explain the multi-TeV gamma-ray

emission observed from the direction of LHAASO J1908+0621 by the hadronic interac-

tion between accelerated protons that escaped from the SNR shock front and cold protons

present inside the dense molecular clouds and the leptonic emission from the pulsar

wind nebula (PWN) associated with the pulsar J1907+0602. Moreover, we explain lower

energy gamma-ray emission by considering the radiative cooling of the electrons that

escaped from SNR G40.5-0.5. Finally, the combined lepto-hadronic scenario was used to

explain themulti-wavelength spectral energy distribution (SED) of LHAASO J1908+0621.

Although not yet significant, an IceCube hotspot of neutrino emission is spatially asso-

ciated with LHAASO J1908+0621, indicating a possible hadronic contribution. In this

study, we show that if a hadronic component is present in LHAASO J1908+0621, then the

second-generation IceCube observatory will detect neutrino from this source.

4.1 Background

Cosmic rays (CR) are charged atomic nuclei traversing through space with relativistic

speed. The CRs consist of 90 % protons, about 8-9 % Helium nuclei, and smaller abun-

dances of heavier elements. The observed local proton spectrumcanbewell describedby a

single power lawwith an index of -2.7, up to around 1 PeV (= 10
15
eV) energy, which is also

known as the “knee” of the CR spectrum. This hints towards the presence of powerful as-

trophysical proton accelerators in our Galaxy, which can accelerate the CR protons to PeV

energies, the so-called “PeVatrons”. Despite having been theoretically studied very thor-

oughly, no Galactic source has been unambiguously confirmed to be a PeVatron, except

the possible case of the Galactic center [322–324]. Since CRs, which can accelerate up to

PeV energies, can interact with the ambientmedium to producemulti-TeV energy gamma-

rays, the PeVatrons can be identified by studying the association of gamma-ray sources

with them. To that end, successful operations by ground-based observatories such as

87
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H.E.S.S. (High Energy Stereoscopic System), MAGIC (Major Atmospheric Gamma Imag-

ing Cherenkov), Tibet ASγ, HAWC (High-Altitude Water Cherenkov), LHAASO (Large

High Altitude Air Shower Observatory) over the past ten years have made the ultra-high

energy (UHE) gamma-ray astronomy an active area of research. Since the ultra-high

energy gamma rays produced outside our Galaxy get heavily attenuated by the Cosmic

Microwave Background (CMB) and Infrared Background (IRB), it is difficult to detect

UHE gamma-ray sources outside our Galaxy. However, the recent detections of many

gamma-ray sources, emitting gamma-rays with energies ranging from several hundreds

of TeV to PeV, have increased the possibilities to unambiguously confirm the presence of

PeVatrons residing in our Galaxy.

LHAASO is a state-of-the-art dual-task facility designed for CRs and gamma-ray

studies at a few hundred GeV to few PeV, located at 4410 m above sea level in China

[141]. Since starting its operation in April 2020, LHAASO has detected more than a

dozen of UHE gamma-ray sources in our Galaxy. Many of these sources are associated

with PWNe or SNRs. Since the LHAASO observatory is sensitive enough to detect UHE

gamma rays coming from a source, the chances of establishing astrophysical sources such

as PWN or SNR as possible PeVatrons are very strong. For this work, we study one of

such UHE gamma-ray sources observed by LHAASO, which has a strong possibility of

being a Galactic PeVatron [142].

LHAASO J1908+0621 is a UHE gamma-ray source, detected in a serendipitous search

for gamma-ray sources by LHAASO observatory [142]. This source was detected with

12 other sources with energies ≥ 100 TeV and statistical significance ≥ 7σ. The LHAASO

source is located at RA = 287.05
◦
and Decl. = 6.35

◦
, with a significance above 100 TeV

to be 17.2σ, making it one of the brightest UHE gamma-ray sources in our Galaxy. The

gamma-ray spectrum of this source reaches up to a maximum energy of 0.44 ± 0.05 PeV,

and the differential photon flux of this source at 100 TeV was found to be 1.36 ± 0.18 Crab

Unit (Crab Unit = flux of the Crab nebula at 100 TeV, 1 Crab Unit = 6.1 × 10
−17

photons

TeV
−1

cm
−2

s
−1
). Since themaximumenergy theUHEgamma rays emitted fromLHAASO

J1908+0621 can attain is greater than 100 TeV, this source shows a strong possibility of

being associated with a Galactic PeVatron.

[142] has obtained and fitted the gamma-ray spectrum of LHAASO J1908+0621 with

a simple power law model and a log parabola model. The log parabola model gives

a better fit compared to a simple power law model due to a gradual steepening of the

gamma-ray spectrum between 10 TeV and 500 TeV. Although this steepening can be due

to gamma-ray absorption from background photons, the effect of absorption was found

to be small, even at very high energies. The best-fit parameters for the log-parabola

gamma-ray spectral fit of LHAASO J1908+0621 are a = 2.27 and b = 0.46, where the log

parabola model is defined by (E/10 TeV)
−a−b lo g(E/10TeV)

. The 68% contamination angle

for LHAASO J1908+0621 was found to be 0.45
◦
, obtained for gamma-rays over 25 TeV.

https://www.mpi-hd.mpg.de/hfm/HESS/
https://magic.mpp.mpg.de/
https://www.icrr.u-tokyo.ac.jp/em/index.html
https://www.hawc-observatory.org/
http://english.ihep.cas.cn/lhaaso/
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HAWC observatory has observed the LHAASO source to have a hard spectrum reaching

energies above 100 TeVwithout any hint of an exponential cutoff, making it a best case for

Galactic PeVatrons [325]. This source was first observed by MILAGRO observatory [326]

and was later confirmed by H.E.S.S. observatory [327], which detected the source with

large angular size (σ = 0.34
◦
) and a hard spectral index of 2.1, above 300 GeV. ARGO-YBJ

observatory [Astrophysical Radiation with Ground-based Observatory at YangBaJing;

328] has found that the TeV luminosity of this source is comparable to Crab Nebula,

which makes it one of the most luminous Galactic gamma-ray sources in the TeV regime.

The observation by VERITAS [Very Energetic Radiation Imaging Telescope Array System;

329] observatory has also revealed an extended source system (σ = 0.44
◦
), with three

peaks of emission and also, a photon index of 2.2. Additionally, the LHAASO source is

associated with an IceCube neutrino hotspot, although the significance is low [330, 331].

The extended nature of the LHAASO source indicates that an SNR and/or PWN should

be associatedwith this source. To that end, the study of possible counterparts of LHAASO

J1908+0621 is necessary to establish both the gamma-ray production region and nearby

particle accelerators.

LHAASO J1908+0621 is spatially associatedwith amiddle-aged, shell-type supernova

remnant SNR G40.5-0.5 [20-40 kyr; 332], which is brighter in the northern region of the

TeV source, as observed in the radio data obtained by VLA Galactic Plane Survey [VGPS;

333]. The distance estimation places the SNR at a distance of 3.5 kpc, by CO observations

[334] or a more distant position of 5.5-8.5 kpc, using Σ-D relation [332] and 6.1 kpc

[335]. The recently discovered relatively young and energetic radio pulsar PSR J1907+0631

(characteristic age τ = 11 kyr, spin-down luminosity ∼ 5 × 10
35

erg s
−1
) lies close to the

projected center of the SNR [336]. The estimated distance of this pulsar obtained from

dispersion measure (DM) is 7.9 kpc, which is compatible with the estimated distance

of G40.5-0.5 and hints towards an association between these two objects. Although, in

principle, PSR J1907+0631 can power the entire TeV source [337], the considerable offset

between the pulsar and the position of the gamma-ray emission disfavors that scenario.

Additionally, the distribution ofmolecular clouds (MCs) has been confirmed from studies

involving the distribution of CO gas in the vicinity of SNR G40.5-0.5. [338] have searched

for MCs with
12
CO (J=1-0),

13
CO (J=1-0) and C

18
O (J=1-0) emission lines, and discovered

the MCs to be spatially associated with SNR G40.5-0.5 in the
12
CO (J=1-0) and

13
CO (J=1-

0) maps between the integrated velocity range of 46 and 66 km s
−1
. A shell-like cavity

around the radio morphology of SNR G40.5-0.5 was also observed in the
12
CO (J=1-0)

and
13
CO (J=1-0) maps, indicating a possible SNR swept-up shell [338]. The presence of

MCs is also confirmed by [339], in which the MCs were discovered in the
12
CO (J=1-0)

and
13
CO (J=1-0) maps in the velocity range of 58-62 km s

−1
. This discovery places the

SNR+MC association at a near distance of ∼ 3-3.5 kpc and far distance of ∼ 8-9.5 kpc, and

the corresponding mean number density of the MCs was estimated to be 110-180 cm
−3



4. HADRONIC ORIGIN OF ULTRA HIGH ENERGY GAMMA-RAY SOURCE

LHAASO J1908+0621 90

assuming near distance and 45-60 cm
−3

assuming far distance [338, 339].

Apart from the SNR G40.5-0.5 and PSR J1907+0631, a gamma-ray loud pulsar, PSR

J1907+0602, was also found to be spatially associated with LHAASO J1908+0621, located

in the southern part of the source [339]. The pulsar has a characteristic age of 19.5 kyr

and a spin-down luminosity of 2.8 × 10
36

erg s
−1

[340]. The distance of the pulsar, es-

timated from DM, was found to be 3.2 ± 0.6 kpc [340]. [338] performed an off-pulse

analysis of the Fermi-LAT data of the GeV pulsar PSR J1907+0602 and discovered a previ-

ously undetected, extended source spatially associated with the Milagro counterpart of

LHAASO J1908+0621, labeled as Fermi J1906+0626. Additionally, another unidentified

GeV source 4FGL J1906.2+0631, distance unknown, was located within the positional

error of LHAASO J1908+0621 [341].

Due to its complex spatial morphology, the origin of the gamma-ray emission from

LHAASO J1908+0621 is uncertain. Leptonic emission from PWN associated with PSR

J1907+0602 can be a possible origin of the multi-TeV gamma-ray detected by LHAASO.

The electrons can be accelerated up to 1 PeV at the wind termination shock of the PWN.

However, electrons being leptons, lose energy radiatively very fast. Thus escape from

the acceleration site and then further propagation can pose a real challenge to the sce-

nario [142]. Furthermore, if electrons are the progenitor of the gamma-ray emission,

no neutrinos should be detected by IceCube from the source region, and the neutrino

hotspot could not be explained. Alternatively, escaped protons from the shock of the SNR

G40.5-0.5 can penetrate the associated MCs and, through hadronic interaction, produce

multi-TeV gamma rays. Although the SNR itself is too old to produce multi-TeV gamma-

rays, protons accelerated at earlier epochs can initiate high energy gamma-ray emission

from the MC region [142]. Moreover, in the hadronic scenario, one can also explain the

neutrino hotspot near the source region. Intrigued by this fact, in this work, we explore

the hadronic origin of LHAASO J1908+0621. We try to see the conditions in which the

emission from the LHAASO source can be explained by gamma-rays originating fromp-p

interaction between accelerated protons from the SNR and cold protons inside the MCs,

as well as calculate the corresponding neutrino emission from the hadronic interaction

and compare it to the sensitivity of the IceCube Gen-2 observatory [342]. Additionally, we

also consider leptonic emission from the PWN associated with PSR J1907+0602, as well as

the leptonic emission from the SNR+MC system, alongwith the hadronic contribution, to

understand the radiation mechanism implied by the observed multi-wavelength (MWL)

SED.

In section 4.2, we discuss the morphology of the complicated region surrounding

LHAASO J1908+0621. In section 4.3, we calculate the multi-TeV gamma-ray emission

through hadronic interaction between accelerated protons from SNR and cold protons

residing in theMCs. In section 4.4, we calculate the leptonic contributions from both SNR

G40.5-0.5 and PWN associated with PSR J1907+0602. In section 4.5, we calculate the cor-
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responding neutrino SED from the hadronic interaction and compare the calculationwith

the sensitivity of the IceCube observatory. In section 4.6, we discuss and subsequently

conclude the obtained results reported in this work.

4.2 Morphology

Detailed morphological study of the region surrounding LHAASO J1908+0621 has

been reported in [338], [339], and [142], using various observations by space-based and

ground-based observatories. Through detailed Fermi-LAT data analysis, [338] has re-

ported the position of the PWN associated with PSR J1907+0602. The position of SNR

G40.5-0.5 and the surrounding MCs were also confirmed by radio observations and CO

mapping, respectively [338, 339]. In general, a clear separation of high energy radia-

tion from the low energy emission, attributed to their different original objects, must be

strongly supported by the morphological observation of the extended source, in which

the objects are spatially well separated. However, due to the complex juxtaposition of

potential counterparts along the line-of-sight of LHAASO J1908+0621, it is difficult to

distinguish among the sources responsible for high energy and low energy emissions

from the region. In this section, we discuss the emission mechanisms considered in this

chapter to explain theMWL SED of LHAASO J1908+0621 while being consistent with the

observed energy morphology of the source region.

Ground-based observatories, such as H.E.S.S. and VERITAS, have good enough an-

gular resolutions (∼ 0.06
◦
) to extract a high energy emission region in the direction of

the LHAASO source. Although the significance is not very high, the significance map

derived from the VERITAS observation indicates that the PWN associated with PSR

J1907+0602 could be an important source for the VHE (E > 100 GeV) gamma-ray emission

[329, 338, 339]. However, as given in [339], although the VERITAS emission lobe obtained

from the significance map (significance levels ranging from 3σ to 5.2σ) matches well with

the proposed PWN position, there is another VERITAS emission lobe, which is spatially

coincident with the contact point between SNR G40.5-0.5 and the surrounding MCs (see

figures 1 and 3 of [339]). This indicates that VHE gamma-rays obtained from both PWN

J1907+0602 and the SNR+MC system should contribute to the SED obtained by VERITAS.

Similar to VERITAS, in the H.E.S.S. significance map obtained by H.E.S.S. Galactic Plane

Survey [HGPS; 343], emission lobes were found to be coincident with the position of

PWN J1907+0602, as well as the contact region of the SNR+MC system. Moreover, the

68% containment region of the Gaussian morphology measured by H.E.S.S. comfortably

overlaps with the SNR+MC system, as well as the PWN. The fact that the H.E.S.S. en-

ergymorphology contains two emission lobes spatially attributed to the VHE gamma-ray

radiation from both the PWN and the SNR+MC system suggests that emissions from

both the PWN and the SNR+MC system should be responsible for the VHE gamma-ray

data observed by H.E.S.S [327, 343]. This is why we have considered the contributions



4. HADRONIC ORIGIN OF ULTRA HIGH ENERGY GAMMA-RAY SOURCE

LHAASO J1908+0621 92

from both PWN J1907+0602 and the SNR+MC system to satisfy the VHE SEDs obtained

from VERITAS and H.E.S.S. observations. We note that since the Field of View (FoV) of

VERITAS observatory [FoV ∼ 3.5
◦
; 344] is smaller than that of H.E.S.S. observatory [FoV

∼ 5
◦
; 133], VERITAS underestimates the total flux observed from the source region, as

compared to that measured byH.E.S.S. observatory. We have taken the values of the FoVs

into account while constructing the MWL SED of the source, and we have crudely scaled

the VERITAS SED to visually match that measured by the H.E.S.S. observatory.

For other ground-based observatories such as LHAASO andHAWC, the angular reso-

lution may not be enough to draw a detailed morphological map of the source region, but

it should be enough to establish the extent of high energy emission from the source region.

[142] has provided a KM2A significance map, which shows the potential counterparts of

the UHE ( > 100 TeV) gamma-ray source. From the inset of the Extended data, Figure 5

of [142], it can be seen that similar to H.E.S.S., the reported PWN position given by [338]

is within the extent of the UHE emission observed by LHAASO, although an offset of

0.18
◦
, or 10 pc (at 3.2 kpc), is also present between the centroid of the LHAASO emission

morphology and the best-fit position of the disk morphology used to explain the PWN in

[338]. On the other hand, the overlapping region of SNR G40.5-0.5 and the surrounding

MCs is also situatedwell within themaximum significance region observed by LHAASO;

however, the centroid of the UHE emissionmorphology observed by LHAASO is also not

coincident with the contact region between SNR G40.5-0.5 and the associated MCs. No

distinct lobes of emission, like in the cases of H.E.S.S. and VERITAS, were found in the

source morphology observed by LHAASO, making it difficult to ascertain which source,

the PWN or the SNR+MC system, is actually contributing to the UHE regime. [345] has

tried to explain the UHE gamma-ray data observed by LHAASOusing one-zone and two-

zone, purely leptonic scenarios originating fromPWN J1907+0602. However, it was found

that the corresponding synchrotron fluxes obtained from the proposedmodels exceed the

X-ray upper limits measured by XMM-Newton observatory [345]. Consequently, in this

work, we explore the contribution of the SNR+MC system, which is another possible

candidate overlapped with the image of LHAASO J1908+0621 [142], and determine the

conditions for which the SNR+MC system would be responsible for the UHE gamma-ray

emission observed by LHAASO. The phenomenological model explored in this chapter

does not violate the observed X-ray upper limits.

As stated earlier, [338] had discovered an extended source by performing Fermi-LAT
data analysis during the off-peak phases of the PSR J1907+0602. They have shown that

this extended source, Fermi J1906+0626, shows a significant peak coincident with the

molecular material distribution obtained from the COmapping. This clearly implies that

Fermi J1906+0626 is a result of interaction between accelerated particles from SNR G40.5-

0.5 and the associatedMCs. Moreover, as seen fromFigure 2 of [338], the significance peak

of Fermi J1906+0626 in 0.1 - 2 GeV energy range is outside of the TeV significance contours
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presented by VERITAS, as well as UHE emission morphology of LHAASO. So in this

work, we explain the lower energy emission from the direction of LHAASO J1908+0621

by the leptonic interaction between escaped electrons from the SNR shock front and the

molecularmaterial. Since insideMCs, bremsstrahlung radiationwill dominate IC cooling

due to enhancedmaterial numberdensity, wehave explained the lower energygamma-ray

SED (0.1 - 10 GeV) using bremsstrahlung emission in the present work. Below, we discuss

the theoretical framework of our model, used to explain the MWL SED of LHAASO

J1908+0621.

4.3 Hadronic modeling

Figure 4.1 Schematic diagram showing the interaction between the SNR and associated

MCs, following [346].

In this section, we calculate the hadronic contribution to the total gamma-ray flux

observed by LHAASO from LHAASO J1908+0621. The hadronic component comprises

the gamma-ray produced from the interaction between escaped protons from SNRG40.5-

0.5 and cold protons residing inside the associated MCs. We assume that the SNR and

MCs are at a distance of 8 kpc from the Earth, similar to [338]. For that distance, the

number density of the associated MCs was assumed to be 45 cm
−3

[338]. As evident by

the radio observations, the SNR shows a shell-like structure, outside of which the MCs

are present. Due to this fact, we assumed that the supernova exploded at the center of the

cavity of the shell, which is surrounded by MCs, similar to [347]. After the explosion, the

shock expands inside the cavity and finally hits the surroundingMCs, which are assumed

to be ∼ 22 pc from the cavity center.

After the explosion, the supernova is in the free expansion phase, in which the ejecta

from the explosion expands freely without any deceleration. After time tSedov , the super-
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nova enters the adiabatic Sedov phase, in which themass of the swept-up ISMmaterial by

the shock wave increases and reaches densities that impede the free expansion. Rayleigh-

Taylor instabilities arise once the mass of the swept-up ISM approaches that of the ejected

material. In this phase, the cooling timescales are essentially much longer than the dy-

namical timescales, which makes this phase adiabatic in nature. This phase lasts until

tRad , after which the supernova enters the radiative phase. When the shock expands

through various phases of supernova evolution, its radius and velocity change with time.

The time dependence of shock velocity is given by [347, 348],

vsh(t) �


vi (t < tSedov),

vi(t/tSedov)−3/5 (tSedov < t),
(4.1)

where vsh is the velocity of the shock and vi denotes the initial velocity of the ejecta.

We assume vi = 10
9
cm s

−1
[347]. We can obtain the time dependence of the shock radius

by integrating equation 4.1.

Rsh(t) ∝

(t/tSedov) (t < tSedov),

(t/tSedov)2/5 (tSedov < t).
(4.2)

For this work, we assume the radius of the shock and time at the beginning of the

Sedov phase, RSedov and tSedov , to be 2.1 pc and 210 yr following [346, 349].

The CR protons are accelerated through Diffusive Shock Acceleration (DSA) mecha-

nism when the supernova is in the Sedov phase. The CRs are scattered back and forth

across the shock front by magnetic turbulence during the acceleration as the shock front

expands towards the surrounding MCs. Following [346, 348], we assume CR protons

need to cross an escape boundary outside the shock front to escape from the SNR. To

that end, we assume a geometrical confinement condition lesc = κRsh and adopt κ = 0.04

[346], where lesc is the distance of the escape boundary from the shock front. Using this

definition and equation 4.2, we can write the escaping radius,

Resc(t) � (1 + κ)Rsh(t). (4.3)

We assume that the accelerated CR protons need to cross this escaping radius to

contribute to further astrophysical processes.

After traversing through the cavity, the SNR shock eventually hits the surrounding

MCs. The shock has to travel a distance of ∼ 22 pc (= rMC, distance of the MCs from the

cavity center) to collide with the MCs. Setting Resc = rMC, from equation 4.2 and 4.3, the

time of the collision can be found to be tcoll ∼ 7.5 × 10
3
yrs. Using tcoll in equation 4.1, the

velocity of the shock at the point of collision can be calculated to be vsh(tcoll) ∼ 1.2 × 10
8

cm/s. Following [347], we assume the SNR is at the end of the Sedov phase at t = tcoll , so
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the particle acceleration stops at t ∼ tcoll . Hence the protons accelerated at t ≤ tcoll (∼ trad)

will illuminate the MCs. However, in order to interact with the cold protons inside MCs,

the accelerated CR protons have to escape from the SNR shock first. The protons which

have higher energies will have more probability to escape the confinement region and

take part in the hadronic interaction. Protons with lower energies will not be energetic

enough to escape the confinement region. Since we are considering the interaction at a

time when the outermost boundary of the confinement region (Resc) collides with the

MC surface (rMC), i.e., tcoll , only the higher energy protons will take part in the hadronic

interaction at tcoll , and the lower energy protons will still be confined around the SNR.

Consequently, a dominant hadronic contribution, primarily in the highest energy, while

a suppression in the escaped proton population in the lower energies, is expected from

this scenario. This condition not only puts a constraint on the lower energy limit of the

escaped proton population from the SNR shock but also on the spectral shape of the

escaped protons. The CRs with higher energies escape the confinement region and start

seeping into the MC when the escaping boundary (Resc) contacts the surface of the MC

(rMC) [346]. The schematic diagram explaining the collision, as well as the escape of the

accelerated proton population, is shown in Figure 4.1.

To estimate the minimum energy needed to escape the SNR shock, we use a phe-

nomenological model, where the escape energy is expected to be a decreasing function of

the shock radius [346]. This approach is based on the assumption that SNRs are respon-

sible for observed CRs below the knee [234, 348]. The maximum energy of CR protons

Emax is expected to increase up to the knee energy (= 10
15.5

eV) until the beginning of the

Sedov phase, and then it decreases from that epoch. The escape energy can be given by a

phenomenological power-law relation,

Eesc � Emax

(
Rsh

RSedov

)−α
, (4.4)

where α is a parameter describing the evolution of the maximum energy during the

Sedov phase [346, 348]. In this chapter, we assume that α = 2, which also dictates the

suppression of the escaped proton population at lower energies. Hence, assuming Emax =

10
15.5

eV, Rsh = Resc = rMC and RSedov = 2.1 pc, we get the minimum energy needed by the

CR protons to escape from the confinement region formed around the SNR shock front,

when the escape boundary contacts the surrounding MC surface, i.e., Eesc ≈ 30 TeV. We

assume Eesc = Emin while calculating the total hadronic contribution from the escaped

CR proton population. We can also calculate the spectral index of the escaped CR proton

population to ascertain its spectral shape. Since the protons are accelerated by the DSA

mechanism, we assume that the CR proton spectrum at the shock front is represented by

a power-law ∝ E
−s
. Then the spectrum of the escaped protons, i.e., the protons having

the energy greater than Eesc is given by [346, 348],
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Nesc(E) ∝ E−[s+(β/α)] , (4.5)

where β represents a thermal leakage model of CR injection and is given by β = 3(3

- s)/2. For s = 2, we get β = 1.5. Plugging in the value of s, α, and β in equation 4.5,

we get the spectral index of the escaped CR protons to be ≈ 2.75. Note that the spectral

shape and the minimum energy of the escaped protons are calculated when the escape

boundary hits the surface of the surrounding MCs (t = tcoll).

After the collision at tcoll , the shock enters the momentum-conserving, radiative

pressure-driven “snowplow” phase of evolution at t > tcoll . Similar to [347], we can

express the shock in the cloud as a shell centered on r = |−→r | = 0, where
−→r represents

the radially outward direction from the cavity center. Furthermore, from the momentum

conservation, the radius of the shocked shell Rshell(t) inside the MCs can be written as

[347],

4π
3

[
nMC(Rshell(t)3 − Rsh(tcoll)3) + ncavRsh(tcoll)3

] ÛRshell(t)

�
4π
3

ncavRsh(tcoll)3vsh(tcoll),
(4.6)

with Rshell = rMC at t = tcoll . nMC = 45 cm
−3
, is the number density of the associated

MCs, and ncav = 1 cm
−3

represents the number density inside the cavity, which we choose

to be same as that of the interstellar medium (ISM). We solve the equation 4.6 numerically

at t > tcoll . We found that it takes the time tstop ∼ 3.3 × 104
kyr for the shell radius to reach

the radius of the observed shocked shell radius of ∼ 25 pc [334], and the calculated shell

velocity of the shocked shell inside the MCs was found to be ∼ 55 km s
−1
, which is very

close to the observed internal gas velocity of the clouds of 10 km s
−1

[334]. tstop , which

essentially indicates the age of the SNR+MC system, agrees well with the current age of

the SNR G40.5-0.5 (20 - 40 kyr), and also, the shocked shell velocity agrees well with the

observation. If the velocity of the shocked shell was equal to the internal gas velocity

of the clouds, then no shell would have been observed. But since a shocked shell inside

the surrounding MCs has been observed, it is expected for the velocity of the shell to be

somewhat higher. This shows that the model is consistent with present-day observations

of SNR G40.5-0.5. The variation of the shocked shell with time has been given in Figure

4.2 (b).

Now in this work, we have assumed that escaped CR protons that have entered clouds

do not escape from the clouds before they lose energy through rapid radiative cooling

[346, 347]. For that, the diffusion coefficient inside the MCs has to be very low compared

to that observed in the ISM. Alternatively, it can be represented by the condition tdi f f

≥ tstop , where tdi f f is the diffusion time of CRs inside a cloud, and it is given by tdi f f

∼ L
2

MC/6D(E). LMC is the size of the MCs, and D(E) is the energy-dependent diffusion

coefficient [347].
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(a)

(b)

Figure 4.2 (a) Model gamma-ray SED obtained from hadronic p-p interaction inside the

MCs surrounding the SNRG40.5-0.5. Alongwith the calculated SED, datapoints obtained

fromFermi-LAT (red) [142], VERITAS (cyan) [329], H.E.S.S. (blue) [327],MILAGRO (green)

[326], HAWC (purple) [325] and LHAASO (teal) [142] are also shown. The VERITAS data

points have been scaled to visually match with that measured by the H.E.S.S. observatory.

(b) The time evolution of the shocked shell associated with the SNR G40.5-0.5 inside the

surrounding MCs is shown.



4. HADRONIC ORIGIN OF ULTRA HIGH ENERGY GAMMA-RAY SOURCE

LHAASO J1908+0621 98

From the observed secondary-to-primary ratio of CR in the Galaxy, the energy-

dependent diffusion coefficient in the Galaxy has been found to be D(E) ≈ 10
28χ(E/10

GeV)
δ
cm

2
s
−1
, where δ can be between 0.3-0.6 and χ is a multiplicative factor [185]. It

has been estimated before that although the value of χ is 1 in the Galaxy, inside dense

MCs, the value is χ < 1 [234]. The small value of χ can be attributed to the reduction

of diffusion coefficient by the plasma waves generated by a stream of escaping CRs near

the vicinity of the SNR [347, 350]. In order to fulfill the condition tdi f f ≥ tstop , we found

that the value of χ must follow the condition χ ≤ 0.01 [347]. This suppression of dif-

fusion coefficient can be easily realized inside a dense molecular cloud environment, as

the value of the diffusion coefficient inside MCs is estimated to be of the order of 10
25

-

10
26

cm
2
s
−1

[234]. If this is the case, then we can comfortably state that the injected CR

protons inside the MCs lose their energy before escaping from the MCs. Moreover, since

there is no effect of diffusion on the injected CR proton population, the spectral shape of

the proton population does not change before they lose their energy radiatively. So we

can assume the injected CR proton population attains a steady state before losing energy

through hadronic p-p interaction. Thus, we calculate the total gamma-ray produced from

this proton population through hadronic p-p interaction while keeping in mind that the

gamma-ray spectrum calculated at the present age will be the same as that calculated at t

∼ tcoll .

We have used GAMERA [351] to calculate the steady-state gamma-ray spectra from

the population of injected CR protons inside the MCs that surround the SNR G40.5-0.5.

We have used a CR proton population having power-law spectrum in the form of Np

∝ E
−αp

, with a spectral index of αp ≈ 2.75, the minimum energy of Emin ≈ 30 TeV and

maximum energy of Emax ≈ 10
15.5

eV, i.e., the knee energy. We have considered the semi-

analytical method developed by [90] to perform the hadronic interaction calculation. The

magnetic field inside the cloud was assumed to be BMC ∼ 60 µG [347] and the number

density used was nMC = 45 cm
−3

[338]. The total energy of the injected protons needed to

fit the data observed by various observatories is Wp ∼ 2.5 × 10
49

erg, which is consistent

with the usual 1 - 10 % of the kinetic energy released in SNRs (ESN = 10
51

erg) [352]. The

calculated spectrum, along with the observed data points, are given in Figure 4.2 (a).

From the Figure, it can be seen that the gamma-ray data observed by LHAASO,

HAWC, H.E.S.S., and VERITAS were partially explained by the hadronic model due to

the suppression of the parent proton population at sub-TeV energies. It is also evident

from the Figure that an additional emission component is required for explaining the GeV

- TeV part of the SED observed by Fermi-LAT, H.E.S.S., and VERITAS. Moreover, lower

energy gamma-ray data points (not shown in Figure 4.2 (a)) obtained by [338] could not

be explained by the same hadronic model, further indicating the necessity of additional

emission components. In the next section, we aim to explain the sub-TeV, as well as lower

energy (0.1 - 10 GeV) gamma-ray datapoints using leptonic contributions from both SNR
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G40.5-0.5 and the PWN associated with PSR 1907+0602.

4.4 Leptonic modeling

4.4.1 PWN J1907+0602

Along with the hadronic contribution discussed in section 4.3, we also take into

account the contribution from the leptonic emission of relativistic electron population

from the PWN powered by the rotation-powered GeV pulsar PSR J1907+0602. The offset

between the centroid of this extended source and PSR J1907+0602 indicates that this is a

relic PWN [338]. We have considered a steady-state relativistic electron population from

this PWN and calculated the total leptonic contribution from this source.

We have considered different leptonic cooling mechanisms, such as IC, synchrotron,

and bremsstrahlung [91, 354, 355], and obtained the total gamma-ray SED from the

electron population associated with the PWN using GAMERA [351]. The distance and

the age of the PWN were set at 3.2 kpc and 19.5 kyr, respectively [340], same as that of

PSR J1907+0602. The value of the magnetic field associated with a PWN, in general, is

low (∼ µG) due to the adiabatic expansion of the PWN with time [356]. The magnetic

field associated with PWN J1907+0602 was assumed to be BPWN ≈ 3 µG, in order to

be consistent with previous works by [338] and [339]. The number density inside the

PWN was assumed to be nPWN = 0.1 cm
−3
. To calculate the IC contribution from the

PWN, we have considered the ISRF model from [357]. We have also considered the

contribution from Cosmic Microwave Background (CMB), having the temperature TCMB

= 2.7 K and energy density of UCMB = 0.25 eV cm
−3
. The spectrum of the electron

population was assumed to be a simple power law with an exponential cutoff in the form

of Ne ∝ E
−αPWN

e exp(-E/E
e ,PWN
max ). The spectral index of the spectrum was taken as αPWN

e

≈ 1.5, and the maximum energy of the population was considered to be E
e ,PWN
max ≈ 10 TeV,

which is constrained by the observed X-ray upper limits. The minimum energy of the

electron population E
e ,PWN
min was given by the rest-mass energy. The energy budget of this

relativistic electron population needed to satisfy the observed VHE data was found to be

W
PWN
e ∼ 7.5 × 10

47
erg.

4.4.2 SNR G40.5-0.5

An extended object, labeled Fermi J1906+0626, illuminated in the GeV gamma-ray

range, was reported from the off-pulse phase-resolved analysis done by [338]. In their

work, the spectrum of this extended object, bright in the lower energy, was described

by hadronic interaction between the SNR+MC system, modified by the diffusion inside

the clouds. However, in this work, we consider that the lower energy spectrum is due

to the contribution of the electrons escaping from the shock front of SNR G40.5-0.5, a

scenario that has not been explored in previous works. Escaped electron population from

the confinement region around the shock gets injected inside the surrounding MCs and
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Figure 4.3Upper Panel: MWLSEDof LHAASO J1908+0621. Datapoints obtained fromdif-

ferent observations by Fermi-LAT (red [338], yellow [142]), HAWC (purple) [325], H.E.S.S.

(blue) [327], MILAGRO (green) [326], VERITAS (cyan) [329] and LHAASO (teal) [142]

are shown in the Figure. The VERITAS data points have been scaled to visually match

with that measured by the H.E.S.S. observatory. The XMM-Newton upper limit ob-

tained from [338] is shown in dark slate grey. XMM-Newton upper limits obtained from

[339] and [353] are shown in lime and magenta respectively. The solid blue line corre-

sponds to the hadronic component from SNR G40.5-0.5. The synchrotron (grey dashed),

bremsstrahlung (orange dotted), and IC (light green dot-dashed) components from SNR

G40.5-0.5 are shown. Also, synchrotron (red dashed), bremsstrahlung (violet dotted),

and IC (brown dot-dashed) components from PWN J1907+0602 are shown. The total

combination of all of these components is shown with a solid black line. Lower Panel: The
corresponding residual plot for the fit of the total model SED to the observed data from

different observatories. The color scheme of the data points is the same as that described

in the Upper Panel.
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Table 4.1 Parameters used in the model, corresponding to the hadronic and the leptonic

components from the SNR+MCassociation and the PWN, are provided in the Table below.

Source Component Parameter Value

SNR G40.5-0.5 + MCs Hadronic Injection spectral index (αp) 2.75

Minimum energy (Emin) 30 TeV

Maximum energy (Emax) 3.2 PeV

Energy budget (Wp) 2.5 × 10
49

erg

Magnetic field (BMC) 60 µG

Number density (nMC) 45 cm
−3

Leptonic Injection spectral index (αSNR
e ) 2.75

Minimum energy (E
e ,SNR
min ) 500 MeV

Maximum energy (E
e ,SNR
max ) 6.9 TeV (Equation 4.7)

Energy budget (W
SNR
e ) 1 × 10

49
erg

Magnetic field (BMC) 60 µG

Number density (nMC) 45 cm
−3

PWN J1907+0602 Leptonic Injection spectral index (αPWN
e ) 1.5

Minimum energy (E
e ,PWN
min ) 0.511 MeV

Maximum energy (E
e ,PWN
max ) 10 TeV

Energy budget (W
PWN
e ) 7.5 × 10

47
erg

Magnetic field (BPWN ) 3 µG

Number density (nPWN ) 0.1 cm
−3

then interacts with the ambient medium of the sameMCs. Emission is produced through

synchrotron [91, 354] and IC [91] cooling of the injected electron population. Since the

number density of the MCs is much higher compared to that of ISM, bremsstrahlung

emission [355] dominates the lower energy gamma-ray SED. We have used GAMERA
[351] as before to calculate the leptonic emissions.

Since the electrons go through the same evolution process as the protons before

escaping from the SNR shock front, we assume that the spectral index of escaped CR

electrons is the same as that of the protons [348], i.e., αSNR
e ≈ 2.75. However, since

the electrons, being leptons, lose energy radiatively very fast compared to protons, we

have considered a simple power law with the exponential cutoff as the spectrum of the

runaway electron population in the form of Ne ∝ E
−αSNR

e exp(-E/E
e ,SNR
max ). The maximum

energy associatedwith the runaway electron population spectrum is given by the relation

[347, 358],

Ee ,SNR
max � 14h−1/2

(
vsh

10
8

cm/s

) (
B

10 µG

)−1/2
TeV, (4.7)

where h(∼ 1) is determined by the shock angle and the gyro-factor, vsh is the velocity of
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the shock front, and B is the downstreammagnetic field. Since we calculate themaximum

energy of the lepton population at the collision time, we considered vsh(tcoll) as velocity

in the above relation. We consider the magnetic field (BMC) and number density (nMC)

inside the MCs same as that considered in section 4.3, so we use B = BMC in the above

relation. The minimum energy of the electron population was assumed to be E
e ,SNR
min =

500 MeV. For the IC contribution, we have adopted the interstellar radiation field (ISRF)

modeled in [357] at the position of SNR G40.5-0.5. The CMB contribution was also taken

into account. The necessary energy budget of the runaway electron population to explain

the lower energy gamma-ray SED was found to be W
SNR
e ∼ 1 × 10

49
erg.

After considering synchrotron, IC, and bremsstrahlung contributions from the run-

away electron population from SNRG40.5-0.5, the lower energy (0.1 - 10 GeV) gamma-ray

SED obtained by [338] could be explained adequately. The dominant contribution in

explaining the SED in the 0.1 - 10 GeV range came from the bremsstrahlung compo-

nent, which is expected, as the morphology associated with this lower energy gamma-ray

emission was found to be spatially coincident with the molecular material enhancement

observed inside the dense clumps surrounding SNR G40.5-0.5. The IC contribution was

rather negligible in this case. The necessary model parameters used in this work have

been summarized in Table 4.1.

The MWL SED of the source LHAASO J1908+0621 is shown in Figure 4.3, along with

calculated SEDs from various leptonic and hadronic contributions from SNR G40.5-0.5

and PWN J1907+0602. From the Figure, it can be seen that the total model flux satisfies

the observed gamma-ray SED data points from lower energies to the VHE-UHE regime.

Most notably, the UHE gamma-ray spectrum observed by LHAASO can be explained

by the hadronic component from the SNR+MC system. Fermi-LAT data points above 30

GeV, as obtained by [338], as well as [142], were explained by the leptonic contribution

from the PWN, which also conforms with the Fermi-LAT morphology map obtained by

[338] (see Figure 2 of that paper). Moreover, both PWN J1907+0602 and the SNR+MC

system contribute to explaining the gamma-ray SED observed by VERITAS and H.E.S.S.

The bremsstrahlung emission from the escaped electron population associated with SNR

G40.5-0.5 also satisfies the lower energy gamma-ray SED. Very crucially, the combined

synchrotron emission obtained from our model satisfies all of the upper limits obtained

from various XMM-Newton data analysis [338, 339, 353], further confirming the validity

of our model.

As canbe seen from theupper panel of Figure 4.3, there remains adiscrepancybetween

the data obtained by the Imaging Atmospheric Cherenkov Telescope (IACT) experiments

and HAWC in the energy band of 1 to 10 TeV. Since HAWC has observed a larger source

extent [359], the data observed by both H.E.S.S. and VERITAS are inconsistent with that

observed by HAWC [339]. Consequently, in this particular work, we have tried to fit the

data in this important band of 1-10 TeV by favoring more the HAWC data than the IACT
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Figure 4.4 The estimated total muonic neutrino flux reaching the Earth from SNR G40.5-

0.5. The continuous red line represents the total muonic neutrino flux produced due to

the interactions of the escaped CR protons from SNR G40.5-0.5 with the cold protons in

the associated molecular clouds. The blue solid, dashed line indicates the sensitivity of

IceCube-Gen2 to detect the neutrino flux from a point source at the celestial equator with

an average significance of 5σ after 10 years of observations.

data. The corresponding residual, i.e. (data-model)/error, the plot is given in the lower

panel of Figure 4.3. From the Figure, it can be clearly seen that the total model SED is

more consistent with the HAWC data, as compared to the data observed by H.E.S.S. and

VERITAS in the 1-10 TeV range.

4.5 Neutrino flux

Neutrinos are also produced in hadronic p-p interactions, along with gamma rays.

Consequently, if there are gamma-ray sources that are powered by hadronic interactions,

neutrino emission from the same source region is also expected. MGRO J1908+06, the

MILAGRO counterpart of LHAASO J1908+0621, maybe a neutrino source due to its ex-

tended nature and hard TeV gamma-ray spectrum [360, 361]. IceCube neutrino telescope

searched for point-like source emission in the vicinity of this source. The astrophysi-

cal muon neutrino flux observed from this source region has been found to have the

second-best p-value, being a Galactic source [330]. However, the emission is still consis-

tent with the background. Although not quite significant yet, the presence of a neutrino

hotspot associated with the source indicates hadronic emission in the highest energy

range. The hadronic p-p interaction considered in the SNR+MC system to explain the

UHE gamma-rays observed by LHAASO also produces neutrinos in the source region. In

this section, we calculate the total muonic neutrino flux produced from the interactions

between the escaped CR parent proton population from the SNR G40.5-0.5 and the cold

protons residing inside the surrounding MCs.

To calculate the flux of the muonic neutrinos νµ + ν̃µ, we use the semi-analytical

formulation developed in [89]. Following [89], we have included the muonic neutrinos
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produced from direct decay of charged pions (π → µ νµ) labeled as ν(1)µ and from the

decay of muons (µ→ e νµ νe) labeled as ν(2)µ . Ep and Eν denote the energies of the proton

population and produced neutrinos, respectively. The total neutrino production rate from

inelastic hadronic p-p interaction can be calculated using the equation [89],

Φν(Eν) �
cnMC

4πd2

∫
σinel(Eν/x)Jp(Eν/x)Fν(x , Eν/x)

dx
x
, (4.8)

where the variable x = Eν/Ep , c is the velocity of light, nMC is the density of the

molecular clouds, d(= 8 kpc) is the distance of the SNR+MC system, σinel(Ep) is the

inelastic cross-section of p-p interaction, which is given by,

σinel(Ep) � 34.3 + 1.88L + 0.25L2

mb, (4.9)

where L = ln(Ep/1 TeV). Jp(Ep) signifies the spectrum of the parent proton population, and

it is given by Jp(Ep) = A(Ep/1 TeV)
−αp

. The normalization A (in the unit of erg
−1
) can be

calculated by performing the integration Wp = A

∫ Emax

Emin
Ep (Ep/1 TeV)

−αp
dEp , where the

integration parameters are the same as that discussed in section 4.3. The condition that

the maximum energy of the parent proton population can reach up to Emax ≈ 10
15.5

eV is

taken into accountwhile considering the proton spectrum. Fν represents the function that

explains the spectra of ν(1)µ and ν(2)µ , which get produced from the decays of charged pions

and muons respectively [89]. Note that while for ν(2)µ , the lower and upper integration

limits for equation 4.8 are 0 and 1 respectively, for ν(1)µ , the upper limit is 0.427. This is

because the spectrum of F
ν(1)µ

sharply cuts off at x = 0.427 [89]. By integrating equation

4.8 with appropriate limits, we get the total muonic neutrino flux νµ + ν̃µ, obtained from

both channels of decays, and it is given by Φνµ+ν̃µ = Φ
ν(1)µ +ν̃(1)µ

+ Φ
ν(2)µ +ν̃(2)µ

. Our estimated

muon neutrino flux is shown in Figure 4.4 along with the IceCube-Gen2 sensitivity limit

[342].

FromFigure 4.4, it can be seen that themodel neutrino flux exceeds the sensitivity limit

of IceCube-Gen2. This implies that if the hadronic component from the SNR+MC system

contributes to the total observed emission from the direction of LHAASO J1908+0621 in

the TeV - PeV range, then the corresponding neutrino flux will be detectable by IceCube

below PeV energies. This is an important differentiator between the leptonic and hadronic

scenarios in the UHE range, as no neutrinos would get produced if the UHE gamma-ray

emission from the LHAASO source is due to the IC cooling of one-zone or two-zone

leptonic population [345]. Future observations by IceCube will help to confirm the exact

nature of LHAASO J1908+0621.

4.6 Discussion and conclusion

In earlier literature [338, 340], it has beenposited that themulti-TeV,VHE-UHEgamma-

ray data points are most likely represented entirely by the leptonic emission from a

population of relativistic electrons associated with the PWN of PSR J1907+0602. [338]
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have explained the VHE-UHE gamma-ray data points with a leptonic component from

the PWN since the spectrummeasured by Cherenkov instruments resembles the spectral

signature associated with IC emission from GeV/TeV PWNe. This approach was also

considered in [339], as well as in [345]. However, [339] disfavored a one-zone leptonic

scenario to explain the VHE-UHE gamma-ray spectra by the spatial morphology of the

multi-TeV emission. The multi-TeV emission region associated with the PWN extends far

from the pulsar position, but emission itself does not show any signs of spectral softening

with the distance from the pulsar, as is expected from the cooling of electrons [339].

Moreover, due to the Klein-Nishina suppression of the IC cross-section at higher energies,

the maximum energy of the electron population will attain a large value in order to fit

the observed VHE-UHE gamma-ray data entirely by a one-zone electron population from

PWN J1907+0602. Furthermore, if the multi-TeV, VHE-UHE gamma-ray datapoints were

explainedwith a one-zone leptonicmodel fromPWN J1907+0602, then the corresponding

synchrotron fluxwould be incompatiblewith the X-ray upper limits obtained by [339, 353]

in the keV energy range. These issues were echoed in [345], in which the authors also

favored a two-population scenario to explain the VHE-UHE gamma-ray emission. Note

that [339] also explored a one-zone hadronicmodel to explain the VHE-UHE gamma-rays

and found that a very hard photon index is needed in their model, which was not seen

in other TeV sources associated with SNRs. Hence, they concluded that a fully hadronic

model is also disfavoured. [345] also stated that a one-zone hadronic model to explain the

UHE gamma-rays observed by HAWC is not favored due to a lack of sufficient energy to

power the hadronic emission and fit the observed data. It is clear that in order to explain

the VHE-UHE gamma-ray emission, a two-population model is required. Any one-zone

leptonic, as well as the hadronic scenario, is not sufficient for explaining the MWL SED

of LHAASO J1908+0621 consistently.

In this study, we explore a lepto-hadronic scenario of CR interaction to produce

VHE-UHE gamma-rays observed from the direction of LHAASO J1908+0621, with a

particular focus on proper hadronic modeling required to explain both UHE gamma-

rays observed by LHAASO, as well as the neutrino hotspot coincident with the source

position, detected by IceCube. We have considered that the emission in the 10 GeV -

10 TeV energy range has originated due to the leptonic emission from PWN J1907+0602,

whereas above 10 TeV, the emission has a hadronic origin. We use a physically viable and

detailedmodel of CR interaction inside an SNR+MC system [346–348] to partially explain

the observed UHE gamma-ray data points. The choice of the free parameter α constrains

the minimum energy and the spectrum of the escaped CR proton population, which

consistently reproduces the gamma-ray SED in the multi-TeV energy range. Moreover,

the model matches the present-day observation of the state of the shocked shell inside

the MCs. In addition, we have also included emissions due to leptonic cooling from

PWN J1907+0602. Finally, we have shown that by considering these two scenarios, the
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gamma-ray data points extending from 10 GeV to 1 PeV can be explained well.

[338] had shown previously that in the 0.1 - 10 GeV range, an extended source, Fermi

J1906+0626, is present overlapping the source region of MGRO J1908+06. The authors

described SED from this source by a soft spectrum,which is similar to the ones observed in

evolved SNRs. Moreover, they reported that from the Fermi-LAT analysis of this extended

source, a significant peak was found coinciding with an enhancement of molecular cloud

material, thus justifying the tentative hadronic origin of this low energy component.

They further fitted the SED with a steep power law proton spectrum, which is modified

by diffusion. The same model was considered in [345], where lower energy data points

were fitted by a hadronic component from the SNR+MC system. However, in this work,

we explain the gamma-ray SED in the 0.1 - 10 GeV range, with leptonic contribution from

the SNRG40.5-0.5 and its surroundingMC system. We considered a power law spectrum

with an exponential cutoff to explain the relativistic electron population associated with

the SNR+MC system. We considered that, like protons, electrons could also escape from

the confinement region around the shock front of the SNR and get injected into the MCs.

After considering various leptonic cooling mechanisms inside the MCs, we found that

the leptonic component from SNR G40.5-0.5 is adequate to explain the lower energy

gamma-ray emission. Since bremsstrahlung emission dominates the IC cooling inside a

dense molecular medium, it was primarily used to explain the lower energy gamma-ray

SED. Moreover, this emission scenario was also corroborated by the spatial morphology

observed by Fermi-LAT [338]. The combined lepto-hadronic scenario explored in our

model not only satisfactorily explains the observed gamma-ray SED from low to ultra-

high energy, but the synchrotron emission obtained from our model is also consistent

with the observed X-ray upper limits.

Since there is a possibility of an IceCube neutrino hotspot present in the source region,

we also calculated the totalmuonic neutrino flux from the hadronic interaction considered

in this study. If the UHE emission is due to leptonic emission, then no neutrino would

be seen from the source region. Although the hotspot is not significant yet, as observed

by previous generation IceCube, the IceCube-Gen2 has a better sensitivity for detecting

neutrino from a Galactic source. From our calculation, we found that the total neutrino

flux exceeds the sensitivity limit of IceCube-Gen2, which implies that if the emission from

LHAASO J1908+0621 is partially hadronic in origin, then IceCube-Gen2 will be able to

detect neutrino from the source region. Future observation by IceCube will be crucial to

divide the two emission contributions from the SNR+MC system and the PWN currently

considered.

Although the model explored in this work satisfies the observed gamma-ray data

points, as well as the X-ray upper limits, a lot of issues are still needed to be clarified by

future experiments in the MWL bands. Since the source region is very complex, with the

PWN and the SNR+MC system juxtaposed within the 68% containment region of many
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observatories, further morphological observations are very crucial to better constrain the

model. More detailed morphological observations in UHE gamma-ray regime, which

we expect that Cherenkov Telescope Array (CTA) will provide in the near future, will be

important in discerning the source localizations, as well as their contributions. Moreover,

long-term X-ray and radio observations are very crucial to constrain the modeling of

this source. X-ray and radio observations will not only constrain the magnetic field but

will also affect the minimum energy, the injection spectral index, and the energy budget

of the parent lepton population of both the PWN and SNR+MC systems. Furthermore,

astrophysical neutrinodetection at the source regionwill, in turn, confirm the contribution

of the hadronic component from the SNR+MC system at the UHE regime.

In conclusion, in this work, we have studied the underlying emission mechanism of

LHAASOJ1908+0621 suggestedby theobserveddata and subsequently exploreda simple,

analytical, phenomenologicalmodel that is compatiblewith theMWLdata points hitherto

observed. In our model, the leptonic component from PWN J1907+0602 is dominant in

the 10 GeV to 10 TeV range, whereas the hadronic component is used to explain the

observed UHE SED above 10 TeV to 1 PeV energy range. The leptonic contribution from

the SNR+MC system explains the lower energy part (0.1 - 10 GeV) of the gamma-ray

SED. Our model also satisfies the observed X-ray upper limits. However, as discussed

earlier, more detailed observations about the gamma-ray emitters in energy ranges from

0.5 TeV to 1 PeV will reveal more insight into the complex source region in the near

future. Additionally, the crucial observations in X-ray and radio bands will play a huge

role in unveiling the radiation mechanism of this source region through detailed MWL

analyses. Future observations by the CTA observatory, as well as neutrino observation

by IceCube-Gen2 at the source position, will be important to untangle the exact nature of

this enigmatic source in both low and high energies.





5
Pulsar Wind Nebula interpretation of ultra high

energy gamma-ray source LHAASO J2226+6057

TheLargeHighAltitudeAir ShowerObservatoryhas reported thedetection of cosmic-

ray sources in the Milky Way that can accelerate particles up to PeV (= 10
15

eV) energies.

These sources, so-called “PeVatrons”, are mostly unidentified. Several classes of sources,

such as supernova remnants, pulsarwind nebula, or young stellar clusters, can potentially

be the counterparts of these PeVatrons. The aim of this work is to study a pulsarwind neb-

ula interpretation of one of these PeVatrons, LHAASO J2226+6057, which has a relatively

well-covered multifrequency spectrum. We have performed leptonic, time-dependent

modeling of the pulsar wind nebula (PWN) associated with PSR J2229+6114 considering

a time-energy-dependent diffusion-loss equation. Injection, energy losses, as well as the

escape of particles were considered to balance the time-dependent lepton population.

We have also included the dynamics of the PWN and the associated supernova remnant

(SNR) and their interaction via the reverse shock to study the reverberation phase of

the system. We have considered different values of the braking index (n) and true age

(ta ge) for the fitting of the Multi-wavelength (MWL) spectral energy distribution (SED)

of LHAASO J2226+6057. The best-fit PWN model parameters and their 1σ confidence

intervals have been evaluated. We have also demonstrated the impact of reverberation on

the MWL SED with increasing time. Additionally, we have discussed the resultant large

radius and the low magnetic field associated with the PWN in question as caveats for the

possible physical connection of the pulsar as the origin of this high energy source.

5.1 Background

Recent observations by state-of-the-art observatories, such as the Large High Altitude

Air Shower Observatory (LHAASO), Tibet ASγ, the High Altitude Water Cherenkov

(HAWC), among others, have paved the way for the detection of multiple Galactic ultra-

high energy (UHE; Eγ ≥ 100 TeV) gamma-ray sources [142, 362–364]. Upcoming obser-

vatories such as the Cherenkov Telescope Array [CTA; 365] and the Southern Wide-field

Gamma-ray Observatory [SWGO; 366] will be of importance to identify and characterize

these PeVatrons: Galactic CR sources that accelerate particles up to PeV energies.

As discussed earlier, LHAASO is a state-of-the-art dual-task facility designed for CRs

andgamma-ray studies at a fewhundredGeV toa fewPeV, locatedat 4410mabove sea level

in China [367]. The recent data reported by the LHAASO observatory show the existence

of 12 significantly detected sources (> 7σ) that emit gamma rays with energies above

109



5. PULSARWIND NEBULA INTERPRETATION OF ULTRA HIGH ENERGY

GAMMA-RAY SOURCE LHAASO J2226+6057 110

several hundred TeVs [142]. Most of the sources reported by LHAASO have significantly

extended gamma-ray emission regions up to ∼ 1
◦
. The very high energy (VHE; 100 GeV

≤ Eγ ≤ 100 TeV) counterparts of these sources residing in the Galactic plane have been

associated with pulsar wind nebulae (PWNe), based on the spatial proximity with highly

energetic pulsars and typically extendedmorphological features [322]. It has already been

posited that UHE gamma-ray emission spatially coincident or in very close proximity of

energetic pulsars with a high spin-down luminosity (
ÛE > 10

36
erg s

−1
) may be a universal

feature; for more details, readers can refer to [184], for example. Moreover, the Crab

nebula, associated with pulsar PSR B0531+21, was confirmed to be a PeVatron by recent

LHAASO observations [142]. Bearing all of this in mind, it is natural to consider PWNe

as possible Galactic PeVatrons, from which UHE gamma rays are detected.

PWNe, considered to be one of the most efficient lepton accelerators in the Galaxy, are

powered by highly energetic pulsars. Pulsars dissipate most of their rotational energy via

the injection of ultrarelativistic electron-positron pairs, which form a cold, ultrarelativistic

wind of particles. Since the bulk velocity of this ultrarelativistic wind is supersonic with

respect to the ambient medium, this wind creates a termination shock. Injected particles

can be accelerated to very high energies at this termination shock. The accelerated

leptons can then interact with the ambient matter, photon fields, and the magnetic field

through Bremsstrahlung, inverse-Compton (IC), and synchrotron processes. The cooling

of the accelerated leptons results in an MWL spectrum ranging from radio to gamma-ray

energies. Here, we consider LHAASO J2226+6057 as our source of interest, as this is the

only UHE gamma-ray source for which data have been observed across radio, X-ray, and

gamma-ray energy ranges. It has been observed that LHAASO J2226+6057 is situated in

a complex morphological region. Due to the close spatial proximity of Boomerang PWN,

as well as supernova remnant (SNR) G106.3+2.7 and associated molecular clouds (MCs),

it is hard to confirm the exact source responsible for the UHE gamma-ray emission

observed. From the observations of Imaging Air Cherenkov Telescopes (IACTs), such

as MAGIC and VERITAS, it was found that the emission region was divided into two

morphological regions: the head and the tail. The head region contains Boomerang PWN

and PSR J2229+6114, and the tail region contains VER J2227+608, which is likely to be

associated with SNR G106.3+2.7 and the MCs in the region. Faint and diffuse radio and

X-ray emissions were also observed from the tail region. It is possible that the emission

from Boomerang PWN illuminates the head region, whereas the hadronic interaction

occurring between the SNR and the MCs are responsible for the gamma-ray emission in

the tail. Although it is difficult to confirm which source is actually responsible for the

UHE gamma-ray emission, comprehensive studies are needed to explore both scenarios.

New data from upcoming observations with a high angular resolution by MAGIC and

VERITAS will be crucial to shed new light on this source. We discuss the features of

LHAASO J2226+6057, as well as the previous works done for this source in Sec. 5.2. Then
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we comment on the PWN model used in this work in Sec. 5.3 and present the results in

Sec. 5.4. We finally discuss and conclude in Sec. 5.5.

5.2 LHAASO J2226+6057 features

LHAASO J2226+6057 was detected at RA = 336.75
◦
and Decl. = 60.95

◦
with a signifi-

cance of 13.6σ above 100 TeV. Its gamma-ray spectrum reaches up to a maximum energy

of 0.57 ± 0.19 PeV [142]. This source is spatially associated with SNR G106.3+2.7, as well

as the pulsar J2229+6114 and its wind nebula, known as the “Boomerang” nebula [368].

PSR J2229+6114 is a bright gamma-ray pulsar with a spin period of 51.6 ms, a character-

istic age of 10460 yr, and a spin-down luminosity of 2.2 × 10
37

erg s
−1

[369]. Pulsed GeV

gamma-ray emission from this pulsarwas detected by Fermi-LAT [370]. In the VHE range,

SNR G106.3+2.7 was observed by VERITAS as VER J2227+608, located 0.4
◦
away from

PSR J2229+6114 [371]. Gamma rays with GeV energies [372], diffuse non-thermal X-rays

[373], as well as radio data [374] have also been observed from the source region. The

distance of the source suffers from great uncertainty. It was estimated to be 7.5 kpc [based

on the pulsar dispersion measure; 370], 3 kpc [based on X-ray absorption measurements;

369], and 0.8 kpc [based on measurements of radial velocities of atomic hydrogen and

molecular material; 368]. In this work, we consider the distance to be 3 kpc, similar to

[375] and [376].

The possible connection between LHAASO J2226+6057 and PSR J2229+6114 has pre-

viously been studied by [377], [375], and [376]. [377] performed a time-independent

one-zone treatment, which is a steady-state leptonic scenario from the PWN, to explain

only the highest energy gamma-ray data. The evolution of the source was neglected, and

also MWL data were not used. [375] used a time-dependent one-zone leptonic scenario

from the PWN. However, the authors did not consider the effect of escape for LHAASO

J2226+6057, which they only accounted for LHAASO J1908+0621, nor did they explore

the effect of age and the braking index on the evolution of the injected leptonic population.

The impact of the SNR reverse shock and its effects on the PWN radius evolution were

not taken into account, assuming that such effects are important only if the age of the

PWN is greater than 10 kyr, which is not necessarily the case; for more details, readers

can refer to [378], for example. [376] also performed a similar study. The authors argue

that a distorted nebula, which was created due to the impact of an SNR reverse shock, is

responsible for the GeV gamma-ray emission observed from the source region by [372].

Their results are similar to those of [375]. Our PWN model here intends to test their

conclusions after relaxing assumptions or adding additional physical details.

A recent paper by [143] has proposed a hadronic origin of the LHAASO source based

on the spatial proximity of a molecular cloud (MC) with the gamma-ray centroid of the

source. However, as pointed out by [377], the associated SNR is quite old to produce the

observed hard gamma-ray spectrum at the highest energies. Consequently, a hadronic
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scenario from an SNR+MC associationwould need peculiar modeling to explain the UHE

gamma-ray spectrum observed from the source. A novel approach was explored in [187]

to explain the hadronic origin of LHAASO J1908+0621, and perhaps, a similar approach

may participate here as well.

5.3 Brief description of the model

For this work, we have used the code TIDE, for which earlier applications can be found

in [379], [378], and [380], for example. The numerical code solves the evolution of leptonic

pair distribution in the PWN as a function of Lorentz factor γ at time t described by the

following equation:

∂N(γ, t)
∂t

� Q(γ, t) − ∂
∂γ
[ Ûγ(γ, t)N(γ, t)] −

N(γ, t)
τ(γ, t) . (5.1)

The left-hand side of equation 5.1 describes the variation of lepton distribution in time.

The first term on the right-hand side is the Lepton injection function Q(γ, t), which is

usually assumed as a broken power law:

Q(γ, t) � Q0(t)

(γ/γb)−α1 γ ≤ γb ,

(γ/γb)−α2 γ > γb .
(5.2)

The second and third terms on the right-hand side take radiative losses into account – such

as synchrotron, IC, Bremsstrahlung, adiabatic losses, or heating – as well as the escape

of the particles (we assume Bohm diffusion), respectively (see [356] for the incorporated

formulae). The normalization factor Q0(t) is calculated using the spin-down luminosity

L(t) of the pulsar through the equation, (1 − η)L(t) �
∫ γmax

γmin γme c2Q(γ, t)dγ, where η is

the fraction of spin-down power that goes on to power the magnetic field of the PWN.

The magnetic field varies in time as a result of the balance between the magnetic field

power and adiabatic gains or losses of the field due to the contraction or the expansion

of the PWN [381]. The reverberation phase of the PWN included in the model has been

considered to be the same as that in [382]. The variation of the PWNradius is calculated by

taking into account the age, SNR explosion energy, ambient medium density, expansion

velocity of the nebula, and pressure profiles of the SNR at the position of the PWN. The

model takes into account the change in pressure profiles depending onwhether the PWN

shell is surrounded by unshocked ejecta (i.e., R < RRS) or the shocked ejecta (i.e., RRS <

R < RSNR), where RRS and RSNR are the radii of the SNR reverse shock and the SNR,

respectively. After reverberation, an assumed Sedov expansion follows when the PWN

reaches the pressure of the SNR. For more details, readers can refer to [378], [382], and

[380], for example. For a more thorough description of the reverberation period, we need

to account for the fact that the ejecta pressure is not constant [383, 384]. This is beyond

the scope of this work since, at the moment, a prescription to deal with this fact in the

context of radiative PWN is unavailable. Given the likely young age of the source, a PWN
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would be before the time of the largest compression (see below), and thus we expect the

current approach to be acceptable.

5.4 Results

5.4.1 Braking index and true age exploration

In the works of [375] and [376], the true age and the braking index were chosen to

be 7000 years and 3, respectively. Since the choice of the true age is essential for a time

evolutionary model of PWNe, we explore other values here as well. On the other hand,

if the pulsar is assumed to be a dipole in a vacuum, and considered to be spinning down

by emitting only magnetic dipole radiation (MDR), then the corresponding braking index

associated with the spin down is calculated to be 3 [385]. Alternatively, the spin-down of

a pulsar driven entirely by a particle wind would result in a braking index of 1 [386, 387].

A combination of magnetic dipole radiation and wind braking would result in a braking

index with a value between 1 and 3 [388]. Most of the observed pulsar braking indices

fall within this range ([389, 390], and references therein). Although, there are exceptions:

for example, PSR J1640–4631, which has a braking index of n = 3.15 ± 0.03 [388], and

PSR J1734–3333, which has a braking index of n = 0.9 ± 0.2 [391]. For this work, we only

consider the braking index range 1 < n < 3. Since the choice of the braking index affects

the characteristics of the pulsar spin down, it is also important to explore whether the

variation of n affects the SED.

To explore the effect of n and ta ge on the MWL SED, we have chosen ta ge = 1000, 4000,

and 7000 years, and n � 1.5, 2.0, 2.5, and 3.0. Given the characteristic age τc ≈ 10.5 kyr and
the present-day spin-down luminosity L(ta ge) ≈ 2.25 × 10

37
erg/s, the initial spin-down

age (τ0) and initial spin-down luminosity (L0) were calculated using the relations,

L(t) � L0

(
1 +

t
τ0

)− n+1

n−1

, (5.3)

and,

τ0 �
2τc

n − 1

− t , (5.4)

for a specific choice of n and ta ge . We also assume the values of the following parameters

are the same throughout the work: minimum Lorentz factor γmin = 1; SN explosion

energy ESN = 10
51

erg; interstellar medium (ISM) ambient density ρISM = 0.1 cm
−3
; SNR

core density index = 0; SNR envelope density index = 9 (we assume a type II SN as the

progenitor, as in [393–395]); PWN adiabatic index = 1.333 and SNR adiabatic index =

1.667; containment factor ε (ratio of the Larmor radius of particles to the radius of the

termination shock) = 0.5: and magnetic compression ratio κ = 3 (strong shock condition).

The ejected mass of the progenitor SNR was also fixed at Me j = 8M� for the n − ta ge

exploration. For the target radiation fields for the IC interaction, we considered the cosmic

microwave background, far-infrared (FIR) and near-infrared (NIR) radiation fields at the
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Figure 5.1 LHAASO J2226+6057 MWL SEDs along with the calculated model flux (top

row), present lepton spectrum (middle row), and magnetic field evolution with time

(bottom row) are given for ta ge = 1000 years (left column), 4000 years (middle column)

and 7000 years (right column), for a fixed braking index n = 2.5. The radio data (green) and

X-ray data (royal blue) are taken from [374] and [373], respectively. Fermi-LAT (brown),

VERITAS (teal), Tibet ASγ (turquoise), MILAGRO (orange), and LHAASO (crimson) data

are taken from [372], [371], [143], [392] and [142], respectively.
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Figure 5.2 MWL SEDs of LHAASO J2226+6057 for n � 1.5, 2.0, 2.5, and 3.0. The color

scheme of the data points is the same as given in Figure 5.1.
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source position with temperatures of TFIR = 25 K and TNIR = 5000 K, respectively. The

energy densities associated with the FIR and NIR field were taken from [396] and fixed at

those values for n − ta ge exploration. It has almost always been observed (see [379]) that

the energy densities of the FIR and NIR fields required to explain the IC emission from

PWNe, differ from the interstellar radiation fields reported by [396]. [397] also argue that

an enhancement of the radiation field is needed to explain the hard gamma-ray spectrum

observed at the highest energies. However, since the aim of this subsection is to compare

the effect of n and ta ge on the computed SED,we have fixed the energy densities of FIR and

NIRfields at the values given by [396], that isωFIR = 0.29 eV cm
−3

andωNIR = 0.45 eV cm
−3
,

so there are fewer free parameters left for varying. The maximum Lorentz factor of the

lepton distribution was fixed by the most restrictive condition between the synchrotron

limit [398] or gyroradius limit [399] during the evolution. For a specific choice of n and

ta ge , we varied the injection function parameters, that is to say, low energy index α1, high

energy index α2, energy break γb , as well as magnetic fraction η, to describe the MWL

SED of the source.

First, we fixed the braking index at the value of n � 2.5 and considered three different

cases of ta ge . The MWL SED, along with the computed model flux, injected lepton

spectrum, and magnetic field at the considered ta ge , are shown in Figure 5.1. From the

Figure, it can be seen that the fit corresponding to ta ge = 7000 years is the best out of the

three ages considered. For ta ge = 1000 years and ta ge = 4000 years, the X-ray and radio

data can be adequately explained. However, for ta ge = 1000 years, the IC emission is not

significant enough to explain the high-energy data. Also, for ta ge = 4000 years, the IC

emission only partially explains it. From this exploration, it is apparent that the age of the

PWN lies between 4000 and 7000 years. In this particular work, we consider ta ge = 7000

years to compare our results with those obtained by [375] and [376], albeit these authors

did not explore other options. We also discuss the results of considering the true age as a

free parameter in a later subsection.

After limiting the age of the system, we subsequently explored the effect of the braking

index on the evolution of the source. Assuming a fixed ta ge = 7000 years, we changed

the braking index and tried to describe the MWL SED. We calculated L0 and τ0 using

equations 5.3 and 5.4. We again changed α1, α2, γb , and η, similarly to the previous case.

The calculated spectra for n � 1.5, 2.0, 2.5, and 3.0 are given in Figure 5.2. We note that n

does not significantly affect the computed SEDs, and we have selected n � 2.5 for further

study.

5.4.2 χ2 fitting of the MWL SED

We have considered typical PWN parameters as initial input, and, using the TIDEFIT

code [400], subsequently varied them to solve equation 5.1 and computed the best χ2
-

fitted model spectrum. To find the best-fit spectra, we used ta ge = 7000 years and n � 2.5.

Similar to the previous discussion, L0 and τ0 have been fixed at the value calculated
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by equation 5.3 and 5.4. The PWN parameters that had already been fixed in the above

discussion have also been fixed in this calculation aswell, except for the cases of the ejected

mass and FIR and NIR energy densities (between 0.01 eV cm
−3

to 5 eV cm
−3
). Since the

ejected mass of the progenitor SNR directly affects the size, as well as the magnetic field

of the PWN, it was left free within the typical ejected mass range of 7M� to 15M�. Apart

from these changes and similarly to the previous discussion, α1, α2, γb , and η were left

free to vary so as to find the best-fit MWL spectrum. The parameters used in the model

are reported in Table 5.1, in which we have divided the parameters among measured or

assumed, derived, and fitted values. The resulting plots are given in Figure 5.3. The time

evolutions of the calculated MWL spectrum and injection spectrum are given in Figure

5.4.

From the top row of Figure 5.3, it can be seen that the computed MWL spectrum

using the model, along with the 1σ confidence interval, matches with the observedMWL

data well. The goodness of fit can also be seen from the bottom residual plot. The

systematic uncertainty associated with the model is 0.32, and the χ2
/D.O.F. for the given

fit is 35.65/30. Also, from the Figure, as well as from Table 5.1, it can be seen that FIR and

NIR radiation fields do not contribute to the IC emission needed to explain the VHE-UHE

data, rather it was found that the CMB is most likely solely responsible as the target

photon field required. Recent work by [401] has also considered CMB photons as the

most relevant target for IC scattering. However, such a result is somewhat different from

what was assumed by [375], who considered radiation fields 1.5-3.0 times that of CMB to

fit the data.

From the bottom row of Figure 5.3 and Table 5.1, it can be seen that the PWNwould be

very extended at the present age according to the model, and concurrently the associated

magnetic fieldwould be very low and close to the average Galactic value. The large radius

of the PWNmay agree with the large extension measured by LHAASO, but it contradicts

the radio and X-ray sizes observed for the Boomerang PWN [369, 402], as these sizes are

much smaller compared to the calculated PWN radius. The required magnetic field to fit

the data is also uncomfortably low (we discuss this below) and begs the question of how

the particles are confined in such a diluted PWN.

5.4.3 Possible impact of reverberation

From Figure 5.3, and from the resulting values given in Table 5.1, it can be seen that

the radius of the SNR reverse shock is smaller than the PWN radius, which means that

the reverse shock has just reached the position of the PWN shell at the onset of the

reverberation phase of the PWN. If the age of the system is increased further from the

considered age, the effect of reverberation will be apparent on the MWL spectrum. Since

the PWN has just started to contract at the considered age of 7000 years, it is unlikely that

it is heavily distorted.

We considered ta ge = 7000, 8000, 9000, and 10500 years to study the effect of rever-
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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 a 1σ confidence

interval.

Definition Parameter Value

Measured or assumed parameters:

Age ta ge [kyr] 7

Characteristic age τc [kyr] 10.5

Braking index n 2.5

Present day spin-down luminosity L(ta ge) [erg s
−1
] 2.25 × 10

37

Distance D [kpc] 3

Minimum energy at injection γmin 1

SN explosion energy ESN [erg] 10
51

ISM density ρISM [cm
−3
] 0.1

SNR core density index wcore 0

SNR envelope density index wenv 9

PWN adiabatic index γPWN 1.333

SNR adiabatic index γSNR 1.667

Containment factor ε 0.5

Magnetic compression ratio κ 3

CMB temperature TCMB [K] 2.73

CMB energy density ωCMB [eV cm
−3
] 0.25

FIR temperature TFIR [K] 25

NIR temperature TNIR [K] 5000

Derived parameters:

Initial spin-down luminosity L0 [erg s
−1
] 1.13 × 10

38

Initial spin-down age τ0 [kyr] 7

Fitted parameters:

Energy break at injection γb 3338.00 (2082.91, 10597.30)

Low energy index at injection α1 1.4522 (1.0000, 1.6432)

High energy index at injection α2 2.3727 (2.3316, 2.3890)

Ejected mass Me j [M�] 8.8927 (8.1735, 9.3202)

Magnetic fraction η 0.0033 (0.0026, 0.0060)

FIR energy density ωFIR [eV cm
−3
] 0.0100 (0.0100, 0.4611)

NIR energy density ωNIR [eV cm
−3
] 0.0100 (0.0100, 5.0000)

Resulting features:

PWN radius RPWN (ta ge) [pc] 9.33

SNR forward shock radius RFS (ta ge) [pc] 16.23

SNR reverse shock radius RRS (ta ge) [pc] 8.98

PWNmagnetic field BPWN (ta ge) [µG] 1.91
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beration on the MWL spectrum. The braking index was chosen to be 2.5, and L0 and

τ0 were calculated using equation 5.3 and 5.4 for a specific choice of ta ge . Since we are

only interested in comparing the effect of reverberation on the MWL spectrum based on

the assumption of different ages of the PWN, we assumed the values of [396] for the FIR

and NIR energy densities. Similarly to subsection 5.4.1, α1, α2, γb , and η were varied to

find the most adequately fitted MWL spectrum for each case of ta ge . The resulting plot is

given in the left panel of Figure 5.5. TheMWL spectrumgradually deviates away from the

observedMWL SED, and consequently, the fit worsens. Since themagnetic field increases

due to the compression of the PWN during the reverberation phase, the chosen input of

the magnetic fraction η was decreased with an increasing considered age so as to control

the fraction of spin-down luminosity that goes on to power the magnetic field of the neb-

ula. Nevertheless, due to the compression of the nebula and high synchrotron burning,

the power law index at high energy gradually softens with age, indicating the efficient

cooling of the injected high-energy electrons to lower energies during reverberation. This,

in turn, affects the spectrum of the resultant synchrotron and IC photons produced. This

fact is apparent from the Figure, as the calculatedMWL spectrum is unable to explain the

observed X-ray and the VHE-UHE data present in the SED.

We have also considered ta ge = 6500, 6800, 7200, and 7500 years and fitted the SED

to study how the magnetic field and radius change. The corresponding plot is given in

the right panel of Figure 5.5. The final PWN radius increases with increasing age, and

it also corresponds to the onset of the PWN contraction due to reverberation in all cases.

The PWN must be at the beginning stage of the contraction if the observed SED is to

be explained. In all cases, the magnetic field is still low and close to, or lower than, the

Galactic average value.

5.4.4 ta ge as a free parameter

From the above discussion, it is apparent that the true age of the PWN cannot be

much greater than 7000 years due to reverberation beginning afterward. As discussed

in subsection 5.4.1, the true age cannot also be lower than 4000 years. Thus, we have

used TIDEFIT, leaving the true age parameter free. Apart from ta ge , the free parameters

considered in this case are the same as that discussed in subsection 5.4.2. The best-fit ta ge

from the fitting of the MWL SED is 4880.3 (3871.4, 6060.4) years. This value is consistent

with the range of the said parameter discussed above. The best-fitted model spectrum is

similar to that shown in Figure 5.3. Although, the best-fit values of the free parameters

obtained from the χ2
-fitting of the MWL SED, in this case, are not exactly the same as

those obtained assuming ta ge = 7000 years (see subsection 5.4.2 and Table 5.1), the 1σ

confidence intervals of these free parameters for the two cases overlap with each other.

Both solutions are essentially the same within uncertainties. So we decided not to report

the best-fit results obtained in this case. We have also obtained a comparatively large

PWN radius (RPWN = 8.26 pc) and low magnetic field (BPWN = 1.87 µG) associated with
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the PWN at the best fitted ta ge , similar to the case discussed in subsection 5.4.2 for ta ge =

7000 years, which we discuss next.

5.5 Discussion and conclusion

In this chapter, we have provided a detailed, time-dependent, one-zone model to ex-

plain the UHE gamma-ray emission observed from the direction of LHAASO J2226+6057

using the emission from PWN associated with PSR J2229+6114. We summarize the main

points obtained in this work and compare them with previous studies.

1. The effects due to the variation of the true age and braking index were not explored

in previous studies performed for this source. From our study, we found that a true

age between 4000 and 7000 years is most suitable for the fitting of the SED of the

source. Considering ta ge as a free parameter during the fitting of the MWL SED

also revealed a compatible result. Our study found that no significant effects can be

seen on the MWL spectrum if we consider different braking indices.

2. We used the TIDEFIT code to fit the observed MWL SED by computing the best

χ2
fit model spectrum. From the fit, we found that CMB is the target photon field

responsible for the IC cooling of the injected leptons from the PWN, whereas the

effects of FIR and NIR radiation fields are negligible in this case. Additionally, we

have found that the PWN at its current age must be extended (RPWN ∼ 10 pc),

as are the extended source regions observed by VERITAS (∼ 14 pc (0.27
◦
)) [371]

and LHAASO (∼ 25.6 pc (0.49
◦
)) [142]. The obtained PWN radius is larger when

compared to, for example, X-ray radii observed for the Boomerang PWN, which is

normal in one-zone models.

3. We have taken the effect of reverberation into account in ourmodeling. It was found

that the PWN is at the onset of compression due to the impact of a reverse shock

hitting the shell of the PWN. The effect of reverberation on the MWL spectrum was

also explored by gradually increasing the true age of the PWN to the characteristic

age. The MWL description worsened with increasing age. The true age cannot be

much larger than the considered age of 7000 years if a PWN is responsible for the

gamma-ray emission detected. Since reverberation does not provide a better fit, its

inclusion does not solve the large radius and low magnetic field issue.

4. We have also found that a very low magnetic field (∼ 2 µG) is needed to explain the

MWL SED of the source, which is comparable with the Galactic average magnetic

field value. A similarly low magnetic field (a few µG) was found in previous

studies as the one needed to describe this source [375, 376]. Moreover, a low

magnetic field was found for other LHAASO-detected PeVatron candidates as well

[187, 338, 339, 375], which is an a priori obvious outcome of requesting a leptonically
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generated high energy emission. Further complications of the model, as we have

discussed, do not significantly alleviate this.

As discussed earlier, uncertainty regarding the distance of the source remains. We

have explored this uncertainty by considering two very different values, D � 800 pc and

D � 7.5 kpc. For D � 7.5 kpc, we have found the fit is comparatively worse compared to

that discussed in subsection 5.4.2, with χ2
/D.O.F. = 36.78/30 and a systematic uncertainty

of 0.41. On the other hand, the fit in the case of D � 800 pc is comparable to that discussed

in subsection 5.4.2, with χ2
/D.O.F. = 35.88/30 and a systematic uncertainty of 0.32. There

is no clear evidence to overrule one distance over the other, so we only report the case of

D � 3 kpc in detail to directly compare our results with those of [375] and [376]. It is to be

noted that the power law lepton injection spectrum is more favored in the case of D � 800

pc rather than a broken power law spectrum. However, the issue of a large radius and

low magnetic field remains in this case as well.

The large estimated PWN size appears to be a caveat of the PWN interpretation

of the LHAASO source. It is likely that both the head and the tail regions contribute

to the total observed emission from the source. In light of such a complicated source

morphology, a one-zone treatment of the source region considered in the model proves

to be a simplistic take on the same. The large PWN radius obtained from the calculation

could be a consequence of such a simplistic assumption. Nevertheless, ourmodel tends to

be the most definitive PWN approach considered thus far to explain the MWL emission

from the LHAASO source, complete with a reverberation consideration and PWN true

age estimation. It is to be noted that the PWN radius obtained by [375] (∼ 3.1 pc) is

different from that obtained in this work. Although one zone model has been considered

in both cases, the differences in the formalism adopted to compute the radius evolution

in the presence of the background SNR may be the reason behind this. In any case,

further investigation will be important to properly address the complexity of the source

morphology.

The Galactic magnetic field (GMF) plays an important role in the cosmic ray propa-

gation. The intensity and orientation of GMF are constrained by several methods such

as Zeeman-splitting observations [33]; infrared, synchrotron, and starlight polarization

studies [34–36]; and Faraday rotation measures [37, 38]. The GMF model typically has

three components, namely the disc (BDisc), halo (BHalo), and turbulent (BTurb) contri-

butions. Typical values for BDisc and BHalo lie within the range of 2-11 µG [185, 219];

although, the value of the turbulent component depends on the halo height of the Galaxy

[219], for example, for a typical halo height of 8 kpc, the value of BTurb comes out to be ≈ 6
µG [185]. Although the exact structure of the small-scale GMF is not known yet, from the

models given by [38] and [403], and also from the observed secondary-to-primary ratio

([185], and references therein), the large-scale, average GMF can be estimated to be in the

range 2-6 µG. The PWN magnetic field (∼ 2 µG) would be marginally close to, or even
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lower than, any of the estimates of the average GMF value.

We see two possible ways out of this. On the one side, the local environment of the

PWN could have been evacuated by the explosion of the supernova and/or by earlier

explosions so that the local field in the vicinity is actually much lower than a few µG,

allowing for amagnetic field contrast to appear between thePWNand its environment. On

the other hand, there is still a chance that the approximate representation of reverberation

that we have adopted here is still misleading. We know that assuming the ejecta pressure

as constant (as all models of PWNe have so far done) is, in fact, an oversimplification [383,

384]. A better treatment of the ejecta pressure could plausibly change the reverberation

results, and we shall explore this in the future. Of course, it is also possible that the PWN

explanation of the source is not realized at all, and an additional hadronic component

provides the dominant contribution. For themoment, a conflicting lowvalue for the PWN

magnetic field (not solved by age, braking indices, or the currently assumed behavior of

the reverberation process) leaves the PWN origin of LHASSO J2226+6057, and other

similar sources, in search of further observational tests.
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Figure 5.3 Calculated best-fit MWL spectrum is shown at the top row, along with the

MWL data points. The color scheme of the data points is the same as that in Figure 5.1.

In the bottom panel of the figure, the residuals are also plotted. The color scheme of

the residuals is the same as the data points. The middle row shows the timescales of

radiative losses, adiabatic losses, and the escape of particles considered in themodel (left)

and the injected lepton spectrum at the present age (right). Also, the time evolution of

the magnetic field (left), as well as the SNR forward shock, SNR reverse shock, and PWN

radius (right), are given in the bottom row.
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Figure 5.4 Time evolution of calculatedMWL spectrum (left), as well as the injected lepton

spectrum (right), are shown in the figure, assuming the parameters given in Table 5.1.
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Figure 5.5 Impact of reverberation on the PWN MWL spectrum with increasing age is

shown (left). The time evolution of the PWN magnetic field (red) and radius (blue) is

shown (right) for ta ge = 6500 years (dashed), 6800 years (dotted), 7000 years (solid), 7200

years (dot-dashed), and 7500 years (long-dashed).





6
Summary & Outlook

In this thesis, we have studied acceleration, propagation, and interaction mechanisms

associated with various Galactic astrophysical sources in multi-messenger (cosmic rays,

photons, neutrinos) andmulti-wavelength (gamma-ray, X-ray, radio) contexts. The results

presented in this thesis are divided into four chapters. In the first part, we presented a self-

consistent model, where the positron excess phenomenon was explained by secondary

positrons produced by interaction inside the nearby GMCs. Different cosmic ray observ-

ables were also consistently explained by the model. In the second part, we have reported

a discovery of a new gamma-ray binary through detailed multi-wavelength modeling.

Our work shows that the selected source, HESS J1828-099, maybe the first ever detected,

accreting high-mass gamma-ray binary. In the third and fourth parts, we have tackled

the issue of PeVatrons in the Galaxy. We have studied an ultra-high energy gamma-

ray source LHAASO J1908+0621, and we have found that a combined combination of

emission from SNR G40.5-0.5 and the associated molecular clouds and PWN associated

with PSR J1907+0602 is responsible for the observed MWL SED. Further, we showed that

neutrino flux would be observed by the next generation of IceCube, further confirming

the SNR origin of emission from LHAASO J1908+0621. We have also studied another

UHE gamma-ray source LHAASO J2226+6057 by assuming that PWN associated with

PSR J2229+6114 is responsible for the emission. We have found that if that is the case,

then the PWNmust have a large radius and a lowmagnetic field, which is contrary to the

observations. Our work shows that SNRs, along with PWNe, should also be a leading

candidate source class for being a PeVatron observed in the Galaxy.

6.1 Impact & Novelty of Research

C In Chapter 2, we provide an alternative model to explain the observed positron

excess. We have considered contributions from all of the GMCs observed from large-

scale CO surveys reported in multiple catalogs to the cosmic ray observables such as

the proton, antiproton fluxes, and B/C,
10
Be/

9
Be ratios. Lepton fluxes produced from pp

interactions inside theGMCshas also been considered to explain the electron andpositron

spectra. Nearby GMCs to the Earth that have been observed in gamma rays have been

treated with special attention due to their close proximity. Additionally, reacceleration

due to magnetic turbulence has been considered in 7 nearby GMCs that are yet to be

detected by Fermi-LAT due to their particular M5/d
2

kpc < 0.2 value. We have shown that

even if a small portion of protons injected into these GMCs are reaccelerated, then the

resulting secondary positron fluxwill be able to explain the observed positron excess. We

125
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have also shown that the (e
+
+ e
−
) anisotropy of these nearby GMCs does not violate the

Fermi-LAT upper limits.

C In Chapter 3, we report our investigation regarding the nature and association of

HESS J1828-099 with multi-wavelength observational data. We located a high mass X-ray

binary (HMXB), consisting of pulsar XTE J1829-098 and a companion star, in close spatial

proximity to HESS J1828-099. This HMXB has shown frequent outbursts and is primarily

accreting. WedetectedGeVgamma-ray and radio counterparts consistentwith theHMXB

andHESS J1828-099 by analyzing∼ 12 years of Fermi-LAT data and radio data fromTHOR

and GLOSTAR observatories, respectively. By explaining the multi-wavelength spectral

energy distribution of the source, we were able to posit that all of these counterparts have

a common origin. We concluded that HESS J1828-099 might be the first ever detected,

accreting HMGB.

C In Chapter 4, we have reported our exploration regarding the ultra high energy

gamma-ray emission from a LHAASO detected source, LHAASO J1908+0621. The multi-

TeV VHE-UHE gamma-ray emission was explained by the combination of the hadronic

interaction occuring in SNR G40.5-0.5 and the associated molecular clouds system, as

well as the leptonic contribution from the PWN associated with the pulsar J1907+0602.

The lower energy, GeV gamma-ray data was explained by the bremsstrahlung cooling

of electrons accelerated at supernova shock. Our theoretical model is consistent with

observed X-ray upper limits. Our model is also consistent with the IceCube neutrino

hotspot coincident with the source. The study shows that an escape-limited scenario of

cosmic ray acceleration at the SNR shocks can explain the observed UHE gamma-ray

emission, thus indicating that besides PWNe, SNRs can also be a viable candidate for

being PeVatrons.

C In Chapter 5, we have explored the pulsar wind nebula interpretation of yet an-

other ultra high energy gamma-ray source LHAASO J2226+6057. By solving a time-

energy-dependent diffusion-loss equation, we have performed leptonic, time-dependent

modeling of the PWN associated with PSR J2229+6114. Particle injection, energy losses,

and escape of particles were considered to balance the time-dependent lepton popula-

tion. We have also included the dynamics of the PWN and the associated SNR and their

interaction via the reverse shock to study the reverberation phase of the system. After

detailed theoretical modeling, we have found that if the multi-wavelength emission from

LHAASO J2226+6057 is indeed due to the PWN associated with PSR J2229+6114, then

the PWN must have an associated magnetic field of very small magnitude (potentially

lower than the average Galactic magnetic field), and a very high radius, which defies the

radio and X-ray observations. So, we concluded that it is unlikely that the PWN is the Pe-

Vatron source responsible for the UHE gamma-ray emission observed from the direction

of LHAASO J2226+6057.
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6.2 Future directions

Even after putting forth efforts behind the projects presented in this thesis, there con-

tinue to remain many open questions regarding multi-messenger and multi-wavelength

research in the field of high-energy astrophysics.

The origin of cosmic rays has been a longstanding problem in the field of high-energy

astrophysics. SNRs are thought to be responsible for accelerating particles up to PeV

energies, which would also explain the break in the all-particle cosmic ray spectra, i.e.,

the “knee”. Although this idea is theoretically possible, further experiments are needed

to confirm its overall plausibility. These updated experiments should also be able to

check whether there are any other source classes (i.e., PWNe, massive stellar clusters)

that can be legitimate contenders for being Galactic accelerators, which produce cosmic

rays that can contribute significantly to the Galactic cosmic ray sea. Moreover, several

high-energy astrophysical sources, such as blazars [404, 405], starburst galaxies [406–409],

tidal disruption events [410–413], gamma-ray bursts [414–418], etc., can accelerate ultra

high energy cosmic rays, which contribute to the all-particle cosmic ray spectra above the

“ankle” (∼ 3 × 10
18

eV). This begs the question, which source(s) is responsible for the

cosmic rays above the “knee”, and below the “ankle”? Are there any hidden Galactic

sources that can accelerate particles even beyond the “knee” energy, thus contributing

to this energy range? How does the cosmic ray composition change from the “knee”

to the highest energies? New detectors in the near future, such as KASCADE-Grande,

IceTop/IceCube, extensions of Auger-South, and extension of the Telescope Array, will

be able to elucidate these topics and provide additional information on the transition of

cosmic rays from Galactic to the extragalactic regime. Not only the origin but also the

propagation of cosmic rays in the Galaxy contains many problems that are needed to

be addressed. As discussed earlier, cosmic rays interact with the materials of the ISM

while getting diffused by the large-scale magnetic field of the Galaxy. Proper modeling of

interstellar gas and the turbulent magnetic field in the Galaxy will help in understanding

the cosmic ray propagation, as well as help in estimating secondary production in the

Galaxy. Recent observations suggest that some cosmic rays may also be accelerated in the

Galactic halo. The origin of these cosmic rays and their acceleration mechanism in the

halo is still unclear and thus in need of further investigation.

Apart from cosmic ray observations, the detection of photons inmultiplewavelengths,

as well as neutrinos, is necessary to study various Galactic sources. The recent revolu-

tion in gamma-ray astronomy due to observations by different IACTs and air shower

arrays has proven to be fundamental in detecting new sources in the Galaxy and beyond.

Many point-like and extended sources have been revealed by these observations, most of

which are unidentified. Observing these unknown sources in multiple wavelengths will

be crucial in understanding their association with known astronomical sources, energy

morphologies, and spectra. Further, modeling these sources using detailed theoretical
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models will be useful to study the interaction mechanisms at play in these sources, thus

further confirming their nature and emission. By explaining the multi-wavelength data

observed from these sources, novel interaction mechanisms can also be revealed in the

future. Gamma-ray observations will be especially important to ascertain new emission

mechanisms in Galactic sources. For example, the emission mechanism that produces

gamma rays in novae outbursts, which are explosive events that occur on the surface of a

white dwarf star in a binary system [419] or in rotating pulsars observed in gamma-ray

[420], are yet to be fully understood. Other than specific Galactic sources, the origin of

diffuse, extended gamma-ray emission that is observed in the Galactic plane is not well

understood, but it is believed to be produced by cosmic ray interactions with interstellar

gas and radiation fields. The Galactic center region is a bright source of gamma-ray

emission, and recent observations have revealed an excess of gamma rays that cannot

be explained by known astrophysical sources. The origin of this excess emission is still

a subject of debate among researchers. Neutrino emission is a smoking gun evidence

for hadronic interaction in astrophysical sources. Consequently, new generation obser-

vatories such as IceCube-Gen2 [342], KM3Net [421], etc., will be essential in determining

proper emission occuring in sources observed in Galaxy.

The presence of PeVatrons in the Galaxy is a hot topic in the current state of research in

high-energy astrophysics. As discussed earlier, the CrabNebula is the only known source

that has been confirmed to be a PeVatron candidate, following the successful detection

of a UHE gamma-ray source associated with it. Consequently, PWNe has been naturally

assumed to be the leading candidate for being PeVatron class of sources. However, we

have shown that the association of SNR and molecular clouds can be a viable candidate

for being a PeVatron source [420, 422]. We have further shown that it is not necessary that

PWNe always have to be PeVatrons, as there can be cases whereMWLdata observed from

a UHE gamma-ray source can not be explained by PWN emission. Although we have

provided theoretical efforts on the subject, further observational confirmation is needed to

properly identify the nature and the emission of the PeVatrons. To that end, observations

by next-generation observatories such as CTA [365] and SWGO [366] will be beneficial in

understanding the acceleration and emission process occuring in PeVatron sources in the

Galaxy. If confirmed, then the idea, that Galactic sources explain cosmic ray spectrum

observed until the “knee” energy, can also be understood. Further analytical and nu-

merical studies of particle acceleration and emission processes of cosmic rays, neutrinos,

and gamma rays at even higher energies in feasible astrophysical environments, and si-

multaneous observation of cosmic rays, neutrinos, gamma rays, and gravitational waves,

from cosmic events, will be of utmost importance in deciphering the mysteries currently

lurking in the field high energy, multi-messenger, and multi-wavelength astrophysics.

———
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