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Abstract
From photons to cosmic rays: a multiwavelength pursuit of Galactic PeVatrons

Jooyun Woo

The origin of cosmic rays has been a century-long outstanding question. In particular, the
accelerators of the most energetic cosmic rays in our galaxy, “Galactic PeVatrons”, have drawn
great attention in the community for understanding an extreme cosmic-ray acceleration
mechanism and other closely related processes such as diffusion and cooling. The most energetic
cosmic rays emit TeV gamma rays and hard X-rays, whose spatial and energy distribution deliver
crucial information about the cosmic rays and the astrophysical environment in which the cosmic
rays are accelerated. Since different information is delivered in different energies of photons, one
needs to observe a cosmic-ray source with multiwavelength instruments to obtain a complete
view of physical processes in the cosmic-ray source. This work presents X-ray and gamma-ray
observations of three Galactic PeVatron candidates — a young supernova remnant Cassiopeia A, a
middle-aged pulsar wind nebula Dragonfly, and a halo around an old pulsar LHAASO
J0621+3755. Each candidate is examined for its capability of cosmic-ray acceleration, and
investigated for its unique insight into different cosmic-ray processes. Prospects for identifying

Galactic PeVatrons are discussed.
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of PSR J20214+3651. The background is dominant outside of 0.5 — 7 keV. The
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Top left: The SED model for the Dragonfly from the dynamical model. The model
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line), SNR reverse shock radius (Rgg, orange dashed line), and magnetic field in-
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Left: A significance map (3.5° X 3.5°) of the region around LHAASO J0621+3755

in 0.3-10 TeV. The source region (86% containment region of ILHAASO J0622+3754,
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is overlaid with a black solid line. The pixel size is 0.05° x 0.05°, and the image
was smoothed using a Gaussian kernel (oo = 1 pixel). Right: TeV gamma-ray
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Chapter 1: Introduction and Background

Cosmic rays (CRs) are relativistic charged particles traveling the universe. Since Viktor Hess
discovered CRs in 1912 [1], numerous CR experiments led to the discovery of new subatomic par-
ticle species such as the positron, muon, pion, and kaon. This aspect of the CR experiment evolved
into collider experiments that control particles with up to TeV energies, eventually becoming a
foundation of the empire of particle physics. On the other hand, spectral measurements of local
CRs show the ample presence of CRs with energies much greater than that achievable in colliders.
Given that it was already highly challenging to accelerate particles to TeV energies in colliders, the
evidence of much more powerful particle accelerators in the universe directed scientists’ attention
to outer space for physics that cannot be studied on Earth. Where are CRs coming from? What
is the mechanism behind the particle acceleration to such high energies? How do such energetic
particles behave in extreme cosmic environments? Does it change our knowledge of fundamental
physics? While the field of astroparticle physics has grown to answer those questions using the
CRs detected on or near Earth, high-energy (X-ray and gamma-ray) astrophysics emerged as a
unique window to the CR sources inside and outside of our galaxy, bringing the findings from the
local and farther side of the universe.

Many experiments have measured the CR composition and spectrum with unprecedented pre-
cision (see Figure 1.1). CRs consist of 90% protons, 9% helium nuclei, 1% electrons, and even
smaller amounts of heavier nuclei, antiprotons, and positrons. The all-particle CR energy spec-
trum is well described as a smooth power-law of energy (dN/dE « E~T) with features where the
spectral index I" changes. Up to the “knee” at ~ 3 PeV, I' ~ 2.7. CRs with energies below the knee
are believed to originate in our galaxy. Above the “ankle” at ~ 1 EeV, I' ~ 2.7. CRs with energies
above the ankle are believed to originate outside our galaxy. The spectrum is steeper between the

knee and ankle with I' ~ 3-3.3. CRs with energies in this range are believed to be a mixture of
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Figure 1.1: The CR spectrum measured by different experiments [2].

Galactic and extragalactic origin.

One can write down a simplified transport equation for CRs [3, 4, 5]:

U _$vp+o--L- (1.1)

ot Tloss

where f = f(p,X,1) is the CR density in phase space, and each term on the right-hand side
represents the three essential CR processes: diffusion, acceleration (§1.2), and cooling (§1.3).

CRs are deflected by diffusion, i.e., scattering with universal magnetic irregularities. The
strength of diffusion is characterized by the diffusion coefficient D. Diffusion plays a crucial role
in CR acceleration, among the most famous mechanisms of which is diffusive shock acceleration

(DSA). Accelerated CRs have power-law spectra in energy Q o« E~T whose index I" depends on
|y P gy p
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Figure 1.2: Top: Galactic UHE sources detected by LHAASO [6]. Bottom: TeV-PeV eutrino
emission along the Galactic Plane detected by IceCube [7].

the acceleration mechanism and environment. CRs not only gain but also lose energy by interact-
ing with their surroundings. The energy loss is often characterized by 7,5, the time it takes for a
CR to lose a significant part of its energy. Part of the lost energy is converted into neutral particles
such as photons and neutrinos. Since diffusion erases the directional information of CRs, these
neutral byproducts that travel along the straight line are the only way to locate the CR accelerators.
In addition, the spectra of these neutral particles bear information about their parent CR spectra
and the surroundings in which they were produced.

The most energetic Galactic CR protons and electrons with PeV energies emit ultra-high-
energy (UHE, > 100 TeV) gamma rays by pion decay and inverse Compton scattering, respectively.
The same pion decay process also produces neutrinos with energies about half the gamma-ray en-
ergies. Large High-Altitude Air Shower Observatory (LHAASO [8]), a UHE observatory with
unprecedented sensitivity up to PeV energies, recently reported the detection of 43 UHE sources
in our galaxy [6] (fop panel of Figure 1.2). A recent detection of TeV-PeV neutrino emission
from the Galactic Plane by a neutrino observatory IceCube [7] (bottom panel of Figure 1.2) further
confirms the presence of the most energetic accelerators of PeV CRs in our galaxy, the Galactic

PeVatrons. Very-high-energy (VHE, > 100 GeV) observatories, such as Very Energetic Radiation
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Imaging Telescope Array System (VERITAS [9]), complement UHE observatories in measuring
broadband gamma-ray spectra of Galactic PeVatrons as well as resolve their morphology with
superior angular resolution. However, one cannot disentangle the information about CR species
(electron or proton), CR spectra, and environmental parameters such as ambient photon and matter
density from gamma-ray spectra alone. To do so requires a multiwavelength approach. In partic-
ular, the CR electrons probed by the VHE and UHE observatories emit synchrotron radiation in
the hard X-ray band above ~ 10 keV. As the only focusing broadband hard X-ray telescope, the
Nuclear Spectroscopic Telescope Array (NuSTAR [10]) provides the missing puzzle piece for a
complete picture of Galactic PeVatrons.

Nearly a hundred galactic gamma-ray sources have been detected in the TeV range (Figure 1.3).
The only identified Galactic PeVatron is the Crab nebula, a pulsar wind nebula (PWN) around a
young pulsar. About half of the TeV sources are likely associated with energetic pulsars and
their PWNe, the most promising Galactic leptonic (CR electron) PeVatrons. Supernova remnants
(SNRs) are historically and theoretically believed to be the Galactic hadronic (CR proton) PeVa-
trons; yet SNRs have not been observed in the UHE range.

In this dissertation, I aim to find the origin of the most energetic Galactic CRs by observing

Galactic PeVatron candidates with X-ray and gamma-ray instruments. The dissertation is struc-
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tured as follows. In the rest of this chapter, the theoretical background of CR diffusion (§1.1),
acceleration (§1.2), and cooling (§1.3) as well as the Galactic PeVatron candidates (§1.4) is laid
out. In Chapter 2, the instruments used for this work are introduced. Chapters 3-5 present the
observation and interpretation of the Galactic PeVatron candidates in three different evolution-
ary stages: a young SNR (Cassiopeia A; Chapter 3), a middle-aged PWN (the Dragonfly PWN;
Chapter 4), and a halo around an old pulsar (LHAASO J0621+43755; Chapter 5). The dissertation

concludes in Chapter 6 with remarks on the future prospects of the Galactic PeVatron search.

1.1 Cosmic ray diffusion

Our galaxy is filled with irregular magnetic fields. The electromagnetic interaction between
these magnetic irregularities and CRs causes diffusion, i.e., deviation from the initial CR momen-
tum. Such deviation averages to zero, but its mean square is nonzero, having a macroscopic impact
on CR transport.

In an ordered magnetic field, a charged particle simply gyrates along the magnetic field line.
For a magnetic field B= (0,0, Bp) and a charged particle with the charge ¢, mass m and velocity

V = (Vy, vy, V), Lorentz’s force law dp/dt = qv X B gives

d
% :0:>V2(t) :VZ(O) :v” :VCOSQZV/J
3 == (L] vy = -0, = ) = v cos (6 - ), (12)

vy(t) = v sin (¢ — Q1),

where 6 is the “pitch angle”, the angle between Band ¥, Q = qBo/ym is the gyrofrequency,
v, =vsinf = vm is the particle velocity perpendicular to the magnetic field, and ¢ defines
the initial condition such that v,(0) = v, cos ¢ and v,(0) = v, sin ¢. Note that the pitch angle, as
well as the particle’s motion parallel to the magnetic field, do not change. Diffusion does not occur
in an ordered magnetic field.

Let us consider a small perturbation in the magnetic field perpendicular to the ordered magnetic



field: B = Eo + 6§, where Eo = (0,0, By), 6B = (6B, 0B,,0), and By > 0B, as in Alfvén waves.

In the wave frame, where there are no electric fields, Lorentz’s force law reads

dv

’)’md—tx = Q(VyBO - Vz(sBy)’
dvy

ymg =q(v,0By; — vyBy),
dv

ymd—tz =q(vx0By —Vv,0By).

(1.3)

Vy,y is weakly perturbed ~ O(6B). Now, dv,/dt is nonzero, while y is conserved, so du/dt

should be nonzero. Keeping only the terms ~ O(§B) for dv_/dt, i.e., taking the unperturbed

solutions for vy y,

d d
)’m% = ymvd—’l: =qv.[0Bycos (¢ —Qt) — 6B, sin (¢ — Qt)].

Assuming a circularly polarized wave,

0By = 6Bcos (kz+y), OBy ==+6Bsin(kz+y)
d
= 7mvd—/; =qv,0B[cos (kz+ ) cos (¢ — Qt) + sin (kz + ) sin (¢ — Qr)]
=qv,0Bcos (¢ —Qt + kz ).

Approximating z ~ vt = vut for the unperturbed travel distance,

d By 6B
G _ 42008 1 —p2cos ¢y + (kvu ¥ Q)t].
dt  ym By

(1.4)

(1.5)

(1.6)

As anticipated, the pitch angle diffusion averages to zero: (Au) = limy_,« /OT (du/dt)dt = 0.

However, the mean square of the pitch angle does not vanish:



2 2 T
6B d
(AuAp)y =2 [—| (1 -2 lim/ —¢/ dt x

T
/ dt'cos [¢p £ + (kvu F Q)t] cos [¢p =¥ + (kvu F Q)t']
0

- - (1.7)
2 5B 2 1. ’ - ’

=Q (1 —u”) = lim dt dt’ cos [(kvu 7 Q)(t - 1')]

0B
—NQZ(B) (1-p) T (kv 7 Q).

Finally, the pitch angle diffusion coefficient is defined as [4]
l AuA 0B
S5 =3 (B ) (1= 12) Qlkres| 8(k = Kyeg). (1.8)

The pitch angle diffusion is resonant for the perturbation wavenumber k., = + Q/vu due to
the Dirac delta function. For u = 1, this resonance condition becomes kreY = ry, where ry, is the
Larmor radius of the charged particle. If the perturbation has a much smaller length scale than the
particle Larmor radius, k~! < ry, the perturbation will average to zero over a gyration cycle, and
so will the pitch angle diffusion. If the perturbation has a much larger length scale than the particle
Larmor radius, k~! > r;, the particle will glide along the perturbation without a significant change
in the pitch angle.

Intuitively, efficient pitch angle diffusion indicates inhibited propagation and, hence, sup-
pressed spatial diffusion. For a spectrum of perturbation, and noting that Ay = A(cosf) =

sin @ A@ = /1 — u? A@, the diffusion coefficient for 6 is

1 AOA0. D 5B(k)\*
Dgg = _< > ““2 = EQ/ dk (L) |kres| 6(k - kres) = EQ 7:(kres), (19)
) Bo 2

where F (k,.s) is a dimensionless power spectrum evaluated at k = k,.y, which represents the
power of pitch angle diffusion. One can approximate the time it takes for the particle pitch angle

to change by one radian 7., ~ Dggl. Then spatial diffusion can be defined in terms of the distance



traveled during 7.y, assuming isotropy such that 3D, 7., = (VTrev)z (4],

2 v2 _ 2 vri(p)
3r Q(p) T(kres) - 3n 7:(kre‘s) .

1
D (p) = §V2Trev = (1.10)

As expected, spatial diffusion is inversely proportional to the power of pitch angle diffusion.
Phenomenologically, a power-law form of the particle momentum p is adopted for #. This results
in the particle energy dependence of spatial diffusion coefficient, D o E?, where some of the
widely used values for ¢ are 6 = 1 (Bohm regime), 1/3 (Kolmogorov regime), 1/2 (Kraichnan
regime).

Clear evidence of CR diffusion in our galaxy is the ratio of secondary to primary CRs. Light
elements such as Li, Be, and B (“secondary” CRs) can be formed only through the spallation of
heavier elements such as C and O (“primary” CRs). The production rate of secondary CRs is
qs(E) ~ n,(E)nisyoc, where n,(E) and njgy ~ 1 cm™> are the primary CR and ISM number
density, respectively, o is the spallation cross-section, and c is the speed of light. Then the number
density of secondary CRs is ny(E) = gs(E)T,.s Where 7,5 is the CR residence time in the Galactic
disc. The secondary-to-primary ratio ns/n, ~ T..snjspmoc, when compared with the measurements
such as the B/C ratio, yields 7,.; ~ a few Myr [11]. The distance traveled by CRs during this time,
TresC ~ a few Mpc, far exceeds the size of our galaxy of a few tens kpc, indicating that the motion
of CRs is diffusive rather than ballistic.

Let us consider the conventional picture of CRs in our galaxy. Figure 1.4 shows a schematic
diagram of our galaxy comprising a thin galactic disc and a galactic halo above and beneath the
disc. It is a cylinder where the disc lies at z = 0, and the halo extends out to z = +H. The disc
has a surface area 271R§l over which CR sources are uniformly distributed. CRs diffuse uniformly
within the halo. For the steady state, Equation 1.1 becomes

_9 . 0f(p2) _

f(p,2)
8ZD(p) 0z -

. 1.11
Tloss(p) ( )

Q(p,z2)

Let us assume the CR sources are impulsive events, each of which produces a CR spectrum



Figure 1.4: Schematic diagram of our galaxy [4]

N(p) and occurs at a rate R, such that Q(p, z) = N(p)R5(z)/ 27rR‘21. CRs are allowed to escape at

the edge of the halo freely, i.e., f(p,z = |H|) = 0. For z > 0,

?f(p.2) _ f(p,2)

92 D)

Z . (1.12)
(p,2) = f+(p,0) -(p,0) .
Hpa=hir exp( D(p)rloss(p>)+f ’ exp( D<p>floss(P>)

Imposing the free-escape boundary condition,

f(p,H)=0 = f.(p,0)=-f(p,0)exp

—2H ) . (1.13)

V D(p)Tioss(P)

Integrating Equation 1.11 over a narrow region around z = 0 and utilizing the symmetry along

the z axis,



af(p,z) 2D(p) -2H ] N(p)R
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P70 e Dommy ¢ N\ Do) |~ 2R

T (1.14)

N(p)R Tloss(p) [
“(p,0) = 1
AT N Ty eyt R

—2H ]‘1
b VD(p)Tloss(p)) .

Then, the CR density on the disc is

~2H )]:N@)R Tloss (P)

VD (P)T10ss(P) 27TR§ 2 D(p)Tloss(p),

(1.15)

f(p,0) = fi(p,0) + f~(p.,0) = f—(P,O)[l - eXP(

where, in the last step, H/vVD1j,55 = m > 1 was assumed to account for the case
where CRs experience significant energy loss before escaping our galaxy (energy loss timescale
Tioss << escape timescale 7,,.). Replacing momentum p with energy E for ultrarelativistic CRs
(p ~ E), and adopting D(E) « E° N(E) « E7T (see §1.2), and 7j,5; < E~¢ (see §1.3), f(E) «

E~T-(6+9)/2 Therefore, the observed CR spectrum is softer than the injected CR spectrum.

1.2 Cosmic ray acceleration

1.2.1 Second-order Fermi acceleration

Diffusion of charged particles due to magnetic irregularities, or equivalently, scattering of
charged particles with a perturbative electromagnetic wave, was introduced by Hannes Alfvén
in the context of Alfvén waves. Based on this concept, Enrico Fermi proposed a CR acceleration
mechanism [12], now known as the (second-order) Fermi acceleration. This simple but powerful
idea is the first and, after 75 years, still the only well-established CR acceleration mechanism, along
with numerous variations of its original format that account for more realistic physical conditions
and adopt the findings from numerical simulations.

Magnetic fields do not do work, and hence, particle energy is preserved. To increase the energy

10
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Figure 1.5: Schematic diagrams of the (second-order) Fermi acceleration (left, image credit: Juan
A. Aguilar) and the DSA (or the first-order Fermi acceleration) (right, [13]).

of a particle requires the presence of electric fields. The astrophysical environment is mostly
plasma, which does not sustain large-scale electric fields. However, moving magnetic irregularities
can induce small-scale electric fields. While, in §1.1, we resided in the wave frame where electric
fields vanish, moving back to the lab frame brings electric fields into the picture. This is the
ground of the Fermi acceleration mechanism. In the case of Alfvén waves, this induced electric
field changes the particle momentum by Ap/p ~ va/c, where v4 = Bo/+/puo is the Alfvén
velocity in a medium with the density p. If we define a diffusion coefficient for momentum change
as D, = (ApAp/T) ~ p*(va/c)?/T, then the time scale for momentum change T,¢c ~ pz/Dpp ~
T(va/c) =2 (> T in most cases since v4 < ¢) indicates that it is a second-order process [4].

As shown in §1.1, changes in the pitch angle could eventually turn the particle around, in
which case the magnetic irregularity responsible for such changes is working as a “mirror”. A
particle hitting this moving mirror head-on will gain energy, whereas it will lose energy by a tail-
on scattering. Let us consider such a magnetic mirror moving at the velocity V=V3 (V< c)and a
particle moving at the velocity v = — vu £— v4/1 — u? $, where u = cos 6 and 0 is the angle between
V and ¥. The initial particle energy E; and momentum p; = E;v/c? in the lab frame are transformed
into the mirror frame as E; = y(E;+Vp;u) and p; = y(pip+E;V/c?), wherey = 1/4/1 = (V/c)2.
Assuming an elastic scattering with a very massive magnetic mirror compared with the particle,
the particle energy and momentum in the mirror frame after the scattering are simply E’, = E7 and

f
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p} . = — P;,- Back in the lab frame after the scattering,

2

4 V2 2Vvu
Ep= V(E} - VP},X) = y? (Ei +2Vpiu + EIZ) =y’E; (1 + = + > )

1.16
AE Ey-E; V(V vu (1.16)
— = ~2——+—] (y—1).
E E; c\c c
The probability for the pitch angle P(u) is proportional to the relative velocity [14]:
Vu+v
P(u) =A —— = A(Vu+c) (V<c,v—ooc)
1+vVu/c?
1
1
/ Pludu=1 = A=— (1.17)
-1 2c
AE ! AE "Vu+c2V (Vv 8 (V\*
—) = P(u)— du = —|=+——|du==1|—| .
<E> ‘[1 (M)E'ull 2c c(c c)'u 3(c)

As found for 7,.., the average energy gain is in the second order of V/c, so the name “second-
order” Fermi acceleration. As mentioned for 7,.., v4 < c¢ in most cases, such as interstellar
magnetic turbulence. Therefore, energy gain by the second-order Fermi acceleration is very inef-
ficient. This is because the scattering is not always head-on. If all scatterings are head-on, energy

gain will be much more efficient.

1.2.2 Diffusive shock acceleration (First-order Fermi acceleration)

Purely head-on scattering is made possible across a shock, an extreme phenomenon yet com-
monly found in the universe. The Fermi acceleration mechanism applied to astrophysical shocks,
such as those in SNRs, is referred to as DSA [15, 16, 17, 18, 19]. A shock is a discontinuity in
physical properties due to the supersonic motion of a fluid in a medium. In the frame of a 1D
shock, one can write down the continuity equations for mass, momentum, and energy that hold in

the shock’s upstream (unshocked) and downstream (shocked) separately:

i(pu) =0, i(pu2 +P)=0, — (—pu3 + 7 Pu) , (1.18)
Ox Ox Yy
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where p, u, P, and vy are the mass density, velocity, pressure, and the adiabatic index of the
fluid. With the upstream and downstream quantities denoted by the subscripts 1 and 2, respectively,
the discontinuity of these quantities at the shock is described by the Rankine-Hugoniot jump con-

ditions:

R P2 _ 1 _ (y + DM3 L, oy+l
pr uz (y—-DOM?+2 y-1
2y M? — 2y M?
P _2My _y-t M (1.19)
P, v+1 v+ 1 v+1
n [2yMi-(y - DIy - DM} +2] . 2yMi(y - 1)
T (v + D2M; (v +1)2

where M = u/c; is the sonic Mach number, ¢ = J}T/p is the sound speed, T is the tem-
perature, and the equations on the right-hand side of the arrows are for the case of a strong shock
(M > 1) such as SNR forward shocks. For a monoatomic ideal gas (y = 5/3), the compression
ratio R — 4.

Let us consider a 1D shock at x = 0 with the upstream (downstream) at x < 0 (x > 0). In
the shock frame, the upstream (downstream) plasma moves at the velocity u; (u7) in the positive
x direction. A particle with the velocity v; > uj, energy E;, and the pitch angle u; = cos 6; is in
the downstream of this shock. If the particle crosses the shock (-1 < w; < 0) to the upstream,
its energy in the upstream frame is E; = yE;(1 — Vv;y; /c?), where V = u; — u» is the relative
velocity between the upstream and downstream plasma, and y = 1/4/1 — (V/c)2. The particle
may be scattered back to the downstream with the velocity v} and pitch angle 0 < u} < 1by
magnetic irregularities in the upstream. Then, a DSA cycle is completed, and the particle energy

in the downstream is

/

Vi Vi
zyzE,-(l— f’)(1+ cf) (vi, vi = ¢). (1.20)

Ef:yin(l—— 02

VVi/Ji) (1 Vv,f/,l,f
+
C2

Assuming both the upstream and downstream plasma are isopropized, the probabilities for the

pitch angles P(u;) and P(,u}) are proportional to the particle flux Nvu [14]:
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Since the energy gain of the DSA is of the first order of V/c, the DSA is also known as the
first-order Fermi acceleration. It is an efficient particle acceleration mechanism for nonrelativistic
shocks; for relativistic shocks, particles downstream would have difficulties returning to the shock
upstream.

To derive the resultant particle spectrum, let Ny be the initial number of particles with the
energy Ep. In each cycle of the DSA, the particles gain energy by G = 1 + AE/E. Some particles
may leave the accelerator after each cycle, and the fraction P of the particles will move on to the
next cycle. After k cycles, the number of particles Ny = P¥ Ny, and the particle energy E; = G¥Ej.
G is given in Equation 1.21. To estimate P, let n be the isotropized particle number density. The
particle flux that crosses the shock from downstream and comes back from upstream is nv/4, where
v is the particle velocity. Once back in the downstream, the flux that advects downstream without
going on to the next DSA cycle is nup. Then P = 1 — nuy/(nv/4) ~ 1 — 4uy/c for v — ¢ Using

=1In (Nk/N())/lIlP =1In (Ek/Eo)/hlG [18],

Ny In P Ey Ey
In—=——In—=-0ln— = Ny=N
nN() InG Ey Q Il Ey ¢ O(EO)
In(1-4 3 3
g=-_ nU-dw/o _ Su _ (. 12 < ) (1.22)
In[1+4(u; —uz)/3c] wuy—up; R-1
— d_NOC E-(@+D) — p-T F:R+2_
dE ’ R-1
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Figure 1.6: Left: schematic diagram of the formation of a precursor (image credit: Stefano Gabici).
Right: Comparison between the NLDSA (precursor (region 1) only) and mNLDSA (precursor and
postcursor (region 2))) [21]

Therefore, the DSA produces a power-law spectrum of relativistic particles with an index that
depends on nothing but the shock compression ratio R. For a strong shock with R — 4, the
universal particle spectrum is a power law with index 2.

Since the total particle energy calculated from this spectrum is divergent ( fE(Z E(dN/dE)dE
where E;j, is the threshold particle energy for injection into the DSA cycle), the maximum particle
energy is required to keep the total particle energy finite. The maximum energy can be estimated
as the energy a particle can achieve within the time 7 = min (¢4g¢, t1055), Where t4g, is the age of
the accelerator and ¢, is the particle cooling time scale (see §1.3). For protons whose #;,4 1s in
general much longer than 7,4, the maximum energy E,,, is found by equating the acceleration
time t,cc ~ D(E)/vs, and t4q., where D(E) is the energy-dependent spatial diffusion coeffi-
cient, and vy, is the shock velocity. The Galactic average diffusion coefficient estimated from the
primary-to-secondary CR ratio measurement is D ~ 7x 1023 (E /4 GeV)%* cm? s~! [20]. Adopting
this value and the typical age of an SNR ~ a kyr with a strong shock vy, ~ a few 1000 km s,
tacc(Emax) = tage gives Eq, ~ GeV, far from the knee of the CR spectrum ~ PeV. To explain
the CRs with energies much higher than GeV, the diffusion coefficient at the accelerator should be
much smaller than that of the Galactic average so that particles can spend a longer time around the

shock and gain more energy.
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1.2.3 Nonlinear diffusive shock acceleration

Suppressed diffusion can be achieved by strong magnetic instabilities driven by the particles
themselves. The enhanced magnetic turbulence will increase the total magnetic field at the accel-
erator by 10-100 times the ISM magnetic field. Such amplified magnetic fields are often observed
in young SNRs (see §1.4). Treating CRs as active participants of an accelerator system, instead of
passive test particles, causes highly nonlinear effects on the accelerator. Understanding these non-
linearities requires numerical simulations, the first of which adopted the two-fluid approach where
CR ions and electrons are treated as two fluids of relativistic particles. Such simulations provided
the foundation of the revised DSA theory, so-called nonlinear DSA (NLDSA; e.g., [22, 23] for re-
view). The key difference between the DSA and NLDSA lies in the compression ratio. Firstly, the
contribution of relativistic particles is taken into account as the relativistic adiabatic index y = 4/3,
and hence, R — 7 for a strong shock. Secondly, CR pressure slows down the upstream plasma,
forming a region called “precursor” (Figure 1.6 left). Low-energy (~ GeV) CRs confined in the
vicinity of the shock experience a decrease in the upstream velocity u; within the precursor, and
hence, a reduced compression ratio Ry, = u;/u; < 4. High-energy CRs still experience the total
compression ratio R;,; = ug/up — 7, where ug is the plasma velocity in the far upstream (region
0 in Figure 1.6 right). Then, the resulting particle spectrum is such that the low-energy spectrum
is softer than the DSA spectrum (I" > 2), and the high-energy spectrum is harder than the DSA
spectrum (I' < 2). Such a concave CR spectrum, however, does not agree with observation. As
demonstrated at the end of §1.1, the measured CR spectral index ~ 2.7 and the Galactic diffusion
spectral index ~ 0.4 require a much softer spectrum with I' = 2.7 — 0.4 = 2.3 up to the knee
for protons whose energy loss is negligible. Gamma-ray observations of SNRs also indicate CR

spectra softer than the DSA spectrum (see §1.3).

1.2.4 Modified nonlinear diffusive shock acceleration

The two-fluid simulations provide insight into the shock dynamics modified by the fluid of

relativistic CRs. However, treating the CRs as a fluid inherently prohibits the knowledge of the en-
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ergetics of CRs modified by the shock-CR interaction, which in turn modifies the shock dynamics,
which affects the CR energetics, and so on. To self-consistently model the CR-shock interactions
and extract the resulting CR spectra requires the kinetic approach that treats CRs as particles.
Recent hybrid simulations of kinetic ions and fluid electrons [24, 25] found the formation of a
“postcursor” downstream a shock, an equivalent of a “precursor” in the upstream, that changes the
shock dynamics and CR spectrum to an even greater extent than the precursor does. This so-called
modified NLDSA (mNLDSA) made an important step toward a better understanding of CR accel-
eration at shocks. In a precursor (region 1 in Figure 1.6), CRs are drifted away from the shock front
relative to the background fluid by CR-driven magnetic turbulence at the local Alfvén speed —v4 ;.
In a postcursor (region 2 in Figure 1.6), the same drift happens at speed v4>. For high-energy
CRs that probe the upstream infinity and the downstream, the compression ratio experienced by
the CRs is [25]
uo Rio: VA2

Rior = = 5 ) = ——, (1.23)
Uy +vao 1 +ay uz

where v is the fluid velocity in the far upstream, and R;,, is the compression ratio experienced by
the background fluid, that of the NLDSA. The parameter @, characterizes the postcursor effect on
the CR spectrum. Since a; > 0, R0 is always smaller than R;,;. For low-energy CRs that probe

both the precursor and postcursor, the compression ratio experienced by the CRs is [25]

. Uiy — Va1 1-a VALl
Rsub = = Kgybp ; al = . (124)
Uy +va2 l+ap uj

If magnetic fields are compressed at the shock such that By ~ Ry, B,

B; RsupB1 _ R32 B, 3/2

ay = ~ = =R a; S 8&’1, (125)
Uz Hop2 (ul/Rsub) V,UORsub,Ol subul VHOP1 sub

therefore, the postcursor effect dominates over the precursor effect. For the majority of the CR

17



population > GeV, the mNLDSA prediction for the particle spectrum is (see Equation 1.22)

Rtat + 2 _ (RIOI + 2) + 2&2

[=— =
RlOl - 1 (Rtot - 1) -

(1.26)

is softer than the DSA spectrum. One can view the same result with respect to the balance between

energy gain and particle escape as in Equation 1.22:

. P-1 3iip 3ur +3vap
~ 14+ = — =1+ .
G-1 iy — il Ul — U2 — VA1 — VA2

(1.27)

This is a demonstration that the postcursor effect softens the CR spectrum by increasing the particle
escape probability (numerator) more than it decreases the energy gain (denominator) by a factor of
3. Overall, the CR current weakens the shock, then the DSA becomes less efficient, which in turn
decreases the CR current, self-regulating the CR spectrum [25].

While the hybrid approach provided significant findings on CR spectra at shocks, it still treats
electrons as a fluid and hence fails to dissect their kinematics. A full kinematic approach, realized
by particle-in-cell simulations, will be the ultimate resolution, yet it is computationally exception-
ally expensive given the current technology.

An important caveat is that all the shock acceleration theories assume that CRs are already
ultrarelativistic. In reality, it is not a trivial question as to how a fraction of CRs in a thermal
pool downstream of the shock gains enough energy to travel against the fluid and cross the shock.
One of the proposed solutions to this “injection problem” is the “thermal leakage” model (e.g.,
[26, 27, 28, 29]). Most astrophysical shocks are collisionless, i.e., the mean free path of binary
Coulomb collision is far greater than the size of the shock. The isotropization occurs via waves
such as scattering off moving magnetic turbulence. Unlike collisional shocks, where particles
quickly establish the Maxellian distribution by collisions, it takes a longer time for collisionless
shocks to thermalize particles and may leave some suprathermal particles in the high-energy tail
of the Maxwellian. These particles, whose gyroradius may be large enough to make a DSA cycle

across the shock in a single orbit, could become the seeds of CRs.
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1.3 CR cooling

CRs constantly interact with the surroundings, i.e., the interstellar medium (ISM) and the in-
terstellar electromagnetic fields. Such interactions directly or indirectly produce photons over a
broad energy range. The spectrum of this continuum emission contains information about the pri-
mary CR spectrum and the surroundings with which the CRs interact. These photons also preserve
directional information, guiding us to CR acceleration sites. This chapter has been adapted from

[30, 31, 32, 33, 34, 35].

1.3.1 Pion deccay

The dominant energy loss mechanism of CR protons is pion production from inelastic scat-
tering with the ISM (mainly hydrogen). Above the threshold kinetic energy of CR proton ~ 290

MeV, neutral pions are produced, which in turn decay into gamma rays after only 8.4 x 10717 s.

pp — ppn’
(1.28)

7’ — 2y.
A CR proton loses 50% of its energy after one interaction. Well above the threshold energy, the

cross-section of this interaction, 0, ~ 40 mb, is only very mildly energy-dependent. The lifetime

of a CR proton then can be approximated to

E, Ep 7( M \7!
t,, = ~ ~53x10' |—— ; 1.29
PP —dE,/dt = 0.5E,co,,n, (cm‘3) v (1.29)

where E, is the CR proton energy, c is the speed of light, and n, is the hydrogen number
density. Since the lifetime of CR protons is nearly energy-independent, this interaction preserves
the initial spectral shape of the CR protons.

The photons are emitted back-to-back in the pion rest frame, each with an equal share of the

pion energy E, = myc?/2 ~ 67.5 MeV, where m, is the pion mass and c is the speed of light.
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In the lab frame, where the pion energy is E; = ymzc> = myc?/+/1 — B2, the photon energy is
E, = yz(1 + Brcos 0)mc*/2, where vy, is the pion Lorentz factor, B, is the ratio of the pion
velocity and ¢, and 6 is the angle between the pion and photon tragectories. Since the photons are

emitted isotropically (dN, /dQ2 = 1/4n = dN, = 1/2 d cos 6), the photon energy distribution is

dNy 1/2 dcos8 3 1 L 1
dEy  YuBampc?/2dcos  yuBempc?  ExBr E2 - m,2,c4.

(1.30)

Therefore, for a single pion, the photon energy distribution is constant within the range [Efy”"”,
ET*] = [ya(1 - Br)mzc?/2, ¥z (1 + Br)myc?/2]. In particular, in log-energy space, this range is

centered at

1 ) : 2
~ (log E™™ 4 log EM®) = log | EM"Eme* = 1og "2 ~ 109 67.5 MeV. (1.31)
2 Y Y Y Y 2

Then the photon energy distribution for a distribution of pions is a superposition of the constant
distributions within different photon energy ranges, depending on the pion energy, but all centered
at 67.5 MeV in log-energy space. This means the photon log-energy distribution peaks at 67.5
MeV, the so-called “pion bump”. The pion bump is considered the signature of the CR protons.
Multiple works have reported a hint of the pion bump in the gamma-ray spectra of SNRs (e.g., [36,
37D

The photon emissivity,

E,)=—2>(E
Qy( y) dEydt( 7) (1.32)
© 4N °° qr(Ex) '
:2/ —yq (Er)dE :2/ ———dE,,
Epincey) dEy T Eytmict/4E, \[EF — myc? "

has a similar spectral shape to the CR proton energy distribution but with a more gradual

cutoff in the highest-energy regime. Here, ¢ is the pion emissivity, and Ej"™" — EJ'® = EI'™ =

Tn fact, the pion bump is outside of the sensitivity limit of the current-generation gamma-ray instruments, and
hence this spectral feature cannot be directly observed. For more discussion on the detection of the pion bump, see
[38, 11].
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mict/ 4E7 = E?i”(Ey) =E, + m2c* /AE,. The gamma-ray spectrum of a monoenergetic CR
proton with energy E, peaks at E,, = 0.1E,.

Above ~ 100 GeV, charged pions are produced with a nearly equal probability to that of neutral
pions. ~ 50% of the CR proton energy is nearly equally shared by 7, 7% and n~, and hence
Eqyx+ = (1/6)E,. Charged pions decay into a muon or antimuon. The timescale of the decay,

~ 2.6 x 1073 s, is much longer than that of a neutral pion.

pp — ppn’
nt— utvy, (1.33)
w—etvev,
pp — ppm
T - ,U_V,u (134)

U — e vevy

Since these interactions uniquely produce neutrinos>

, neutrinos are considered another signa-
ture of CR protons. The secondary neutrinos, electrons, and positrons have similar spectral shapes
to that of gamma rays from neutron pions. The energy of a pion, Ez+ ~ 1/6E,, is shared between

three neutrinos and one electron (positron) such that E, .« =~ (1/24)E,, whereas for two gamma

rays from a neutral pion, E,, = (1/12)E,. Due to a longer lifetime of charged pions than neutral

2 An interaction between a CR proton and a photon can also produce pions,
py = At = n*n or 7%, (1.35)

that decay into gamma rays and neutrinos as shown in Equation 1.28 and 1.33. The cross-section of this interaction is
two orders of magnitude smaller than the proton-proton interaction. However, the proton-photon interaction becomes
important in an environment with extremely dense radiation, such as the jet of an active galactic nucleus, or for any
extragalactic cosmic rays traveling a Mpc to Gpc distance in the cosmic microwave background (CMB) field. The
threshold proton energy for this interaction with a CMB photon, E,, ~ 10%° eV, is known as the Greisen-Zatsepin-
Kuzmin (GZK) limit [39, 40] above which the measured local CR proton flux is highly suppressed.
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pions, the energy loss of charged pions through different interactions prior to the decay can result
in smaller fluxes of secondary neutrinos, electrons, and positrons at very high energies.
Interaction between an energetic CR proton and a hydrogen in the ISM may also produce

antimatter:

pp — pp pp nn, (1.36)

where p and 7 are antiproton and antineutron, respectively. Then, the antiproton and antineutron
can fuse to form an antideuteron d. Given a much higher proton energy threshold for this process
(17m pcz) than pion production, antideuteron production by CR protons is extremely rare, espe-
cially in low energies (below a few GeV where the flux ratio of d/p < 107'0) [41]. On the other
hand, multiple theories predict antideuteron production from dark matter annihilation or decay
(e.g., [42]), making low-energy antideuterons great targets for indirect dark matter search such as

the General AntiParticle Spectrometer (GAPS) experiment [43].

1.3.2 Nonthermal Bremsstrahlung

CR electrons (and secondary electrons produced by CR protons) also undergo inelastic scatter-
ing with the ISM. When the electron energy exceeds the critical energy (344.8 MeV for hydrogen),
the main energy loss mechanism of the electron switches from ionization to bremsstrahlung — brak-
ing radiation of electrons in the electric fields of nuclei. Bremsstrahlung photons with sufficiently
high energies (E, > 2m,c?, where m, is the electron mass) subsequently undergo pair produc-
tion, initiating an electromagnetic cascade (see §2.3). The radiation length X is a characteristic
length scale of these interactions over which an electron has traveled before losing all but 1/e of
its energy:

N4 1n(18327173)

1
— =4ar’zZ(Z+1)—= , 1.37
X, =t 2+ Do ) (1.37)

where « is the fine-structure constant, r, is the classical electron radius, Z is the atomic number,

Ny is the Avogadro’s number, and A is the atomic molar mass. The radiation length of hydrogen
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is 63.04 g cm~2. Then, the lifetime of a CR electron can be approximated to

E, E,
~dE,/dt ~ (cmpn,[Xo)E,

tor ~ 4% 107( P )_1 yI. (1.38)

As was the case for pion decay, the lifetime of CR electrons is energy-independent, and hence,
bremsstrahlung preserves the initial spectral shape of the CR electrons. The bremsstrahlung photon
energy distribution from a power-law CR electron energy distribution (dN,/dE, « E!) has the

same spectral shape as that of the CR electrons (dN, /dE,, « Eg ).

1.3.3 Inverse Compton radiation

Electromagnetic fields are ubiquitous in the universe. Interactions of CRs with interstellar
electromagnetic fields provide another important energy loss mechanism. Since the cross-sections
of electromagnetic interactions are inversely proportional to the quartic mass, such interactions are
important for CR electrons to a far greater extent than for CR protons. Therefore, the discussion
in this and the next section focuses on the electromagnetic energy loss of CR electrons.

Our galaxy is filled with homogeneous and isotropic cosmic microwave background (CMB)
photons as well as localized dust and stellar lights in the infrared (IR) to ultraviolet (UV) band. CR
electrons interact with those photons by inverse Compton scattering in which the electron energy
greatly exceeds the target photon’s energy. This interaction (ey — e’y’) can be described using

four-momenta of the photon (k, k”) and the electron (p, p’).

ku+pu =k, +p, mict = p? = p?, 0=k%=k?

mict = (p+k—k)(p+k -k =mic*+2p - (k—k') -2k -k = p-(k-k) =k k.
(1.39)

In the electron rest, p = (m.c2,0,0,0), k = (E,, E,,0,0), and k' = (E!, E~; cos 6, E; sin 6, 0),
where 6 is the angle between the incoming and outgoing directions of the photon in the electron

rest frame. Then Equation 1.39 becomes
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Ey

207 al 2l Al ) =/
mec“(E, —E)=FE,E_ (1 —cosf) = E_ = = —. 1.40
(By = Ey) = ByEy( ) Y1+ (Eyfmec) (1 - cosf) (140)
In the lab frame where the electron is moving with the velocity S (Lorentz factor y),
E, =E,y(1-Bcos¥), E, =vy(l+Bcos (ﬂ—é))E;
~ E 1- )(1 - 0
s B = (1 - Boos )1 g (-peshi-peost)
1+ (Ey/m.c?)(1 - cos ) 1+ (EyE./m2c*) (1 — Bcos 0)(1 — cos §)
(1.41)

In the non-relativistic (Thomson) regime (E,E, < m2c*), using cos@ = (cosf — B)/(1 -

B cos 6) and the isotropic photon distribution in the electron rest frame,

. 4 E,( E, \*
r_ N2 2 r\ _ 2 ~ Y e
By =7 Ey(1 - Beosf) = (E}) = 29 Ey =57 (GeV) MeV. (1.42)

In the ultra-relativistic (Klein-Nishina) regime (E, E, > mgc“),

E!, ~ym.c* ~ E,. (1.43)

The angle-averaged total cross-section of inverse Compton scattering can be approximated to

307 2 2 1 4 1
= — l-——=——=1]In(1+2 +-+——-—1, 1.44
aic 8K0 [( Ko K(%) n( KO) 2 Ko 2(1 +2K())2 ( )

where o7 is the Thomson cross-section, and kg = E,E,/ mzc4 is the only parameter of o7yc.
In the non-relativistic (Thomson) regime with kg < 1, oj¢ = or(1 — 2k¢), while in the ultra-
relativistic (Klein-Nishina) regime with ko > 1, ¢ = (3/8)ork;, "1n (2k¢). Then, the energy loss

rate of CR electrons by these monoenergetic photons is (8 — 1)

2
4 E,
dE./dt = zorcEyn, | — in the Thomson regime,
3 mec?
(1.45)
3 orcny 11\ . N )
dE./dt = ————— [In4kg — — | in the Klein-Nishina regime,
8 E,/m,.c? 6
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where n, is the photon number density.

Therefore, in the Thomson regime, photons get frequently upscaattered to energies proportional
to E2 while electrons lose only a fraction of their energy (E%,/E. < 1) every time. Consequently,
for a power-law CR electron distribution (dN,/dE, < E Z ¢), the upscattered photons form a harder
power-law distribution dN),/E’, o E;Fy with I, = (I', + 1)/2. On the other hand, in the Klein-
Nishina regime, the interaction is suppressed, the upscattered photon energy is nearly independent
of the electron energy, and electrons lose a significant amount of energy after only a single interac-
tion. This leads to a very sharp cutoff in the upscattered photon energy distribution with I", = I', +1
for a power-law CR electron distribution.

When photons are distributed over an energy range, the electron energy loss rate integrated over
the photon energy distribution depends only on the total photon energy density U,.. As a result, the

lifetime of a CR electron #;¢ is

tic =3 x 10%(U, /eV/cm®) 1 (E,/GeV) ! yr. (1.46)

Since t;¢ is inversely proportional to the electron energy, inverse Compton scattering makes

the CR electron spectrum softer.

1.3.4 Synchrotron radiation

Interstellar magnetic fields® of B = 1-10 uG as well as locally enhanced magnetic fields of 10s
uG to over 10'? G at astrophysical sources are universal in our galaxy. Similar to the parameter
ko =E,E,./ mZ2c* in inverse Compton scattering, interactions of CR electrons with magnetic fields
can be treated classically as long as BE,./B;m.c? < 1, where B, = m%c3/eh ~ 4.4 x 1083 G
is the Schwinger limit of a magnetic field over which electron-positron pairs can be produced by
vacuum polarization. Such high magnetic fields are achieved, for example, at the magnetic pole of
a pulsar and, hence, pulsar winds of electrons and positrons (see §1.4.2). Other than these extreme

cases, magnetic field strengths in most astrophysical environments are well below B,,.

3 Assuming equipartition with the CMB photons, U, = 0.26 eV cm™ = Up = B*/2u9, B ~ 3 uG.
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Figure 1.7: Schematic diagram of synchrotron radiation and relativistic abberation [31].
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Figure 1.8: Synchrotron radiation pulses and its power spectrum [35].
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Similar to bremsstrahlung radiation in a nuclear electric field, an electron accelerated in a mag-
netic field produces synchrotron radiation, also known as magneto-bremsstrahlung. An electron
moving with the velocity 5 (Lorentz factor ) in a magnetic field B experiences acceleration in
the direction perpendicular to its velocity, a; = evBsinf/ym,, where 6 is the angle between the
electron velocity and the magnetic field. The relativistic Larmor formula states that the (Lorentz-
invariant) power radiated by this electron is

2y*e?a> 2 y2e*v2B? sin’ 6

2

dE./dt = =
e/ 34rnepc® 3 dmeom2c3

= ZO'T,BZ)/ZCUB sin” 6, (1.47)

where ¢ is the vacuum permittivity, and Uz = B?/2uq is the magnetic field energy density. The

angle-averaged power,

4 E. \
(dE[dt) = orcUg (m 62) ; (1.48)

is in the exact same form as Equation 1.45 with the photon energy density U, = E,n, replaced
with the magnetic energy density Up. Therefore, the ratio of synchrotron and inverse Compton
flux provides an estimate of the ratio of magnetic and photon energy density. The lifetime of a
CR electron tg,, depends on the electron energy, and hence, synchrotron radiation softens the CR

electron spectrum.

toyn = 1 x 10'°(B/uG) *(E,/GeV) ™! yr. (1.49)

Due to the relativistic aberration, in the lab frame, synchrotron radiation of a CR electron
(Lorentz factor y) becomes a narrow beam along the electron’s velocity with a width of 2/y. There-
fore, a CR electron gyrating along a magnetic field line with the Larmor radius r;, = ym,v,/eB

creates light pulses observable only during a very short time period (see Figure 1.7

1.50
5 (1.50)

Atobs:___—_
vV, C YVi

ﬁﬁ_zul 1 2, 1 1
T yvi2y2 T wgy3sind

out of the period 27 /wy, where wp is the larmor frequency. The synchrotron radiation spectrum
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of this electron is a superposition of harmonics of wp that peaks around the critical frequency
we = (3/2)y wp sin @ (see Figure 1.8). The synchrotron spectrum of distribution of electrons is a
superposition of the synchrotron spectra of individual electrons — a power-law distribution of CR
electrons (dN,/dE, «< E Z ¢) produces a power-law distribution of synchrotron photons (dN, /dE, o«
E.l;y) where I, = (I' + 1) /2, same as that of inverse Compton scattering.

Figure 1.9 [33] shows the spectral energy distributions (SEDs) of the radiative processes intro-
duced in this chapter. Panels (a) and (b) are monoenergetic electrons and protons, respectively, with
energies of 1 TeV (red) and 100 TeV (blue). Panels (c) and (d) are a distribution of electrons and
protons, respectively, with an exponential cutoff power-law spectrum dN /dE « E~2exp (-E/E.),
where E, = 1 (red), 100 (blue) TeV is the cutoff energy. Therefore, the panels (c) and (d) are a
superposition of the SEDs in (a) and (b) for a spectrum of energy, respectively. As a result, panels
(c) and (d) show the typical SEDs of CR sources consisting of two humps, one in the radio to
X-ray band and the other in the gamma-ray band. For electrons, the solid lines are synchrotron
(the humps in the lower energies, B = 3 uG) and inverse Compton (the humps in the higher en-
ergies) spectra. Different inverse Compton humps are for different seed photon fields (CMB, far
IR dust emission, starlight). The dashed lines are bremsstrahlung spectra. For protons, the solid
lines are secondary electrons’ synchrotron emission (the humps in the lower energies, B = 30 uG)
and primary protons’ pionic gamma-ray spectra (the humps in the higher energies). Continuous
injection and cooling of secondary electrons for 10* yr (solid lines) and 10° yr (dashed lines) were
assumed. It is clear that the most energetic CRs with energies above 100 TeV are best probed in
the hard X-ray (> 10 keV) and VHE-UHE band. While CR protons and electrons can have similar
gamma-ray spectra in the VHE-UHE band, they exhibit very different hard X-ray spectra. GeV
gamma-ray observation can provide further information on the CR species and spectra. Therefore,
multiwavelength observation in the X-ray to gamma-ray band is a powerful tool for studying the

most energetic galactic CRs.
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Figure 1.9: The SEDs of various radiative processes for protons and electrons [33].
details.
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Figure 1.10: Schematic diagram of the evolution of an SNR and PWN system [44].

1.4 Cosmic ray source candidates

In their seminal paper in 1934 [45], Walter Baade and Fritz Zwicky proposed two of the most
important things in the history of astroparticle physics and high-energy astrophysics: (1) super-
novae as the origin of CRs, and (2) formation of neutron stars from supernovae. For supernovae,
even though the initial proposal was made for extragalactic CRs, Galactic supernovae, and their
remnants (SNRs) have been considered the most promising candidates for Galactic CR accelera-
tors. For neutron stars, discovered as a pulsar (pulsating radio source; [46]), the nebulae powered
by pulsar wind (PWNe) were found to be the most common origin of gamma rays, and hence,
another promising Galactic CR accelerator candidate. While an SNR and PWN are born together,
they involve different physical processes and are responsible for different CR populations. Figure
1.10 summarizes the three evolutionary stages of a system of an SNR and PWN. The details of

their evolution, relevant CR processes and properties, and observational findings are summarized
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below.

1.4.1 Supernova remnants

The steady-state CR luminosity estimated from the proton flux measurement is ~ 10% erg
s~! [5]. Considering the Galactic core-collapse supernova rate ~ 2 per century and the typical
supernova explosion energy ~ 107! erg s~!, the necessary CR luminosity is fulfilled by supernovae
if only a few percent of their explosion energy is converted into CRs. Combined with the DSA
theories, SNRs make ideal Galactic CR accelerators for protons (the main constituents of the ISM
being shocked).

When a massive (2 8 M) star explodes, M,; = 110 M, of the ejecta is released into the cold
ISM with the kinetic energy of Egy = 10°! erg. This explosion forms a strong shock (“forward
shock™, FS in the first diagram of Figure 1.10) propagating into the ISM with tens thousands of km
s~! and sweeping up the ISM. When the swept-up ISM mass Mj,, is much smaller than the ejecta
mass, the swept-up mass has negligible impact on the SNR evolution. The ejecta freely expands
with a constant velocity vy = m = 10*(Egn/10°! erg)l/z(Mej/M@)l/2 km s~!. This
“free-expansion phase” lasts until M,; ~ M, = (4ﬂ/3)R§p15M, where prsy = 1.7 X 1072 g
cm™ is the average ISM mass density, and Ry = vty = 2(M6,J~/M@)1/3 pc is the SNR radius at the
end of the free-expansion phase. The age of the SNR 7, at that moment is #; =~ 200(M,;/ M)'/6
yI.

At this point, the shock starts slowing down, and the SNR parameters are described by the
well-known Sedov-Taylor self-similar solution [47], thereby the name “Sedov-Taylor phase”. The
shock-heated swept-up mass reaches the temperature k7, = (3/16)m pv% > 1 keV and radiates
thermal X-rays. The radiative cooling time scale 7. o T21 /2 > 10° yr is much greater than 7,4,

and hence, the radiative loss is negligible, and the energy is conserved (therefore, another name
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“adiabatic phase”). The shock radius R, and velocity v, are [48]

R = ( Esy )1/5 2 ~ 4.5 ( Esy )1/5 ( ! )2/5 pc
pPIsM 103! erg 1000 yr ’ st
dR, 2 (Esy\"’ Esw \'°( ¢ 2P (>0
Vg = — %—( SN) 173 ~ 1800( SN ) ( ) kms™ !
dt 5\ pisu 1051 erg 1000 yr

The Sedov-Taylor phase lasts until 7,4, ~ 7. Since 7. o vy o 173/5, the “radiative phase” starts
when 7,6, ~ 50 kyr. The shock radius and velocity at this point are Ry ~ 20 pc and vy ~ 200 km
s~!, respectively.

CR acceleration in SNRs is most active during the free-expansion and adiabatic phase when

the shock and magnetic field are strong. Considering the CR luminosity Lcg as a fraction n (ac-

celeration efficiency) of the swept-up mass energy flux,

2
1%
LCR =n 47TR3 p[SM?SVS oC R?V?
(1.52)

= Lcg o 1* (Free-expansion phase), ! (Sedov-Taylor phase),

assuming a constant acceleration efficiency. Therefore, the CR luminosity should peak at the
transition between the free-expansion and Sedov-Taylor phase.

The maximum CR energy of each phase can be estimated in a similar way to thatin §1.1 (¢4.c =
D(Eax)/ v? = t4g.) but with an added constraint from the diffusion length Ap = D(E,4x)/vs =
R;. Assuming the Bohm regime where diffusion is highly effective such that CRs suffer scattering
every Larmor radius r;, the diffusion coefficient D(E) = ry;c/3 = ¢*>E/3eB « E/B. For the

free-expansion phase, the two constraints are equal:
2
D(Epax) = tageVs = Ryvy =  Epax Btage- (1.53)

For the Sedov-Taylor phase, the diffusion length constraint Ap = R t%,i is met sooner than the
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acceleration time constraint ;¢ = f4ge:

-1/5

D(Enax) = Rsvs = Epax Btagc{ . (1.54)
Therefore, E,,,, continues increasing in the free-expansion phase, then starts decreasing as the
Sedov-Taylor phase starts. Here, B is not constant; as the CR flux increases and decreases, the
CR-driven magnetic instabilities and the total magnetic field will also increase and decrease. The
maximum CR energy throughout the lifetime of an SNR will then be achieved at the transition

between the free-expansion and Sedov-Taylor phase:

B Vfree Ist
D(Epay) = tspv> =  Epu ~20 PeV. 1.55
( ) =TV free (100 yG) (104 = s_l) (200 yr) e (1.55)

Indeed, SNRs are capable of accelerating CRs up to the “knee” ~ 3 PeV, but such an energetic
phase will last only for a very short time. Once the maximum energy is achieved and the shock
starts slowing down, the highest-energy CRs whose Larmor radii are larger than the shock radius
will escape the SNR, as we imposed the diffusion length constraints when calculating the maxi-
mum energy.

The first observational evidence of CR acceleration in SNRs was found in the radio band.
Nonthermal radio spectra of SNRs were attributed to synchrotron emission from CR electrons [49].
High-resolution X-ray imaging resolved bright nonthermal filaments and knots in SNRs where CR
electrons are actively accelerated and cooled in a highly amplified (> 100 uG) magnetic field (e.g.,
[50]). Even though SNRs are believed to be the source of CR protons, observational confirmation
of proton acceleration is nontrivial. Since the pion decay rate depends on the number of target
nuclei, detecting pionic gamma rays from an SNR requires the presence of dense material nearby,
such as molecular clouds (e.g., [51, 52]). In the TeV band, pionic gamma rays and leptonic gamma
rays (from inverse Compton scattering) are indistinguishable. Currently, observations indicate
proton acceleration in SNRs up to only a few TeV (e.g., [53]), challenging the status of SNRs as

Galactic PeVatrons.

33



Magnelic
Axis .‘
} ' Unshocked Pulsar Wind Shocked Pulsar Wind
P u!sar External
Wind Medium
Nebula
Neulron
Star !
Spin ' '
Axis | |
Light Termination

Cylinder Shock

Figure 1.11: Schematic diagram of a PWN [54].

1.4.2 Pulsars and pulsar wind nebulae

The Crab nebula, a PWN of a young (#,4. = 970 yr) pulsar PSR B0531+21, is the first and
only astrophysical source identified as a Galactic PeVatron where CR electrons are accelerated to
energies above 1 PeV. While the Crab is an exceptionally powerful accelerator, two decades of
VHE gamma-ray observation revealed nearly half of the bright Galactic TeV sources are spatially
coincident with energetic pulsars and their PWNe (e.g., [55]).

A neutron star is born from the same supernova explosion that creates an SNR — a compact
object supported by neutron degeneracy. The angular momentum and magnetic flux of a giant
progenitor star are inherited by a neutron star with a typical radius R, ~ 10 km and mass M, ~
2 —3Mg [56, 57]. Therefore, a neutron star is spinning very fast (period P ~10s to 100s of ms)
and highly magnetized (surface magnetic field B ~ 10'> G). Just like a Faraday disk, induced
electric fields strip off electrons and nuclei from the neutron star’s surface, which fill the neutron
star magnetosphere. These charged particles are supposed to screen the electric fields and bring the
magnetosphere to a steady state. However, there can be some regions where the available charge
density is below that required to screen the electric fields completely (“Goldreich and Julian charge

density” pgy = QB / 2nc [58], where Q = 27/ P). In these regions (polar cap, slot gap, and outer
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Figure 1.12: Schematic diagram of the striped pulsar wind [61].

gap; marked as blue-shaded regions inside the light cylinder in Figure 1.11), the stripped electrons
and nuclei are accelerated to a Lorentz factor yg ~ 107 [59] by the electric field parallel to the
magnetic field. In particular, relativistic electrons emit gamma rays by synchrotron or curvature
radiation, and these gamma rays are converted into a pair of an electron and positron in a strong
magnetic field (see §1.3.4). This cascade produces electrons and positrons x = 103 — 10° times
the number of primary electrons stripped from the neutron star surface [60]. This pair production
reduces the particle energy to y,, = yo/« ~ 103. Since nuclei do not initiate such a cascade, pulsar
winds are predominantly leptonic.

Magnetic field lines can corotate with the neutron star and remain closed if their velocity does
not exceed the speed of light. This condition is met up to the “light cylinder” where the tangential
velocity equals the speed of light: 27R; /P = R;Q = ¢ — Ry = ¢/Q. Beyond this point

are open field lines from the polar cap region on the neutron star surface — a region around the
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magnetic pole out to 6,. = arcsin \/m The open field lines are in opposite directions in
each hemisphere, forming the striped pulsar wind (Figure 1.12). The accelerated particles travel
along these open field lines as an ultrarelativistic (bulk Lorentz factor ', = 10* — 107) wind. The
absence of synchrotron radiation from this wind indicates that the wind is cold. When this wind
encounters the external medium, that is, supernova ejecta, an ultrarelativistic shock (‘“termination
shock™) is formed. Pulsar wind particles are (re)accelerated at the termination shock to even higher
energies and create a PWN. The location of the termination shock Rrg is where the pulsar wind ram
pressure equals the nebular pressure. The particle acceleration mechanism at the termination shock
is unknown; as mentioned in §1.2, DSA may be difficult at relativistic shocks. Toroidal magnetic
fields also make diffusion across the shock difficult. Another possibility is magnetic reconnection
driven by the compressed striped alternating magnetic fields at the termination shock [61].

When a neutron star is approximated as an inclined rotating magnetic dipole, the electromag-
netic power can be calculated using the Larmor formula [62]:

. BXROQ*sin® y B V(P \*. _
E = *67 =10% (1012 G) (1 ms) sin? y ergs™!, (1.56)

where y is the inclination angle. This power is converted into particle (relativistic electron and

ion) and magnetic energies:

E = kNgym,T,,c* (1 + i + a‘) , (1.57)
Km,

where « is the multiplicity of pair production, Ng; = BQ?R3/2ec is the primary particle flux
(cpgy/e) integrated over the polar cap, m, ; are electron and ion mass, and o = B?/4nkNgym.Iyc?
is the wind magnetization. The wind is Poynting-flux-dominated at the light cylinder (- ~ 10%).
However, it becomes kinetic-energy-dominated at the termination shock (oo < 1). This drastic
change of o is not understood and is known as the “o problem” [32].

The maximum energy achievable at the termination shock due to the potential drop can be

estimated as E,,x = ZengBrsRrs, where Z is the atomic number of a pulsar wind particle, ng =
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Figure 1.13: Left: plasma velocity and number density profile in a young SNR Cassiopeia A [63].
Right: A simulated evolution of the radii of an SNR forward shock (blast wave), reverse shock,
and a PWN [64].

E/B is the ratio of the electric field to the magnetic field, and Bryg is the magnetic field at the

termination shock. Taking a fraction g of the pulsar wind ram pressure as the magnetic pressure,

2 .
Brg _ ngE
4 47rcR% S

. 1/2
. E
Emax = Ze?]Enllg/zEl/ZC_l/z = 2Z7]E7];/2 (Wrgs_l) PeV, (158)

where ng ~ vy, /c = 1 with the wind particle velocity v,, ~ ¢, and np < 1. Therefore, only the
pulsars with £ > 1036 erg s~! have a chance to be leptonic PeVatrons.

As a PWN evolves from stage 1 to stage 2, the PWN encounters the reverse shock of its host
SNR. A reverse shock is a shock developed behind the forward shock of an SNR by the high-
pressure swept-up material (/eft panel of Figure 1.13). A reverse shock travels backward, i.e.,
toward the neutron star in the frame of the forward shock, sweeping up the supernova ejecta. In
the lab frame, it initially travels forward, then slows down and starts traveling backward (right
panel of Figure 1.13). The reverse shock can compress the PWN and raise the pressure inside
the PWN. Once the PWN pressure exceeds the reverse shock pressure, the PWN can re-expand.

While compression and re-expansion continue, the pulsar with a kick velocity v, may escape the
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PWN. The relic PWN left behind the pulsar keeps radiating by synchrotron and inverse Compton
emission and loses energy without any further injection, while the pulsar forms a new PWN around
it with freshly accelerated energetic particles. As the largest group of VHE sources, PWNe in this
stage often exhibit extended and irregular morphology [55].

The pulsar will eventually escape the host SNR and supersonically travel in the ISM, forming
a bow-shock PWN. The time of the pulsar’s escape 7.5 can be estimated by equating the pulsar’s

travel distance and the SNR forward shock radius during the Sedov-Taylor phase [62]:

1/3 _ -5/3

E 3 vy

fese % 30 (0 | (M) ) gy (1.59)
10°! erg I cm 400 km s

Pulsar wind particles can escape the bow-shock PWN and form a large (10s of pc) halo around the
still-energetic (> 10%* erg s™!) pulsar, emitting VHE gamma rays by inverse Compton scattering
(e.g., [65]). Such halos serve as ideal astrophysical sources for studying suppressed diffusion

around CR accelerators as well as positron excess in the case of nearby pulsars.

38



Chapter 2: Instruments

Since Earth’s atmosphere is opaque to gamma rays and X-rays, observing in this energy band,
in principle, must be performed above the Earth’s upper atmosphere. Such high-energy photons
are most likely to interact with matter inelastically; therefore, a traditional way of focusing photons
using mirrors and lenses onto a focal plane is not applicable. Moreover, a power-law spectrum of
CRs means exponentially fewer photons in higher energies and, hence, a larger collection area,
which is highly limited for space instruments. In this chapter, I introduce X-ray and gamma-ray

telescopes designed to tackle those challenges and provide a high-energy view of our universe.

>
>
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Figure 2.1: X-ray and gamma-ray instruments placed on the corresponding energy bands with
different colors. A typical two-hump SED of a CR source is overlaid (black solid line). Ground-
based gamma-ray observatories are labeled with the hemisphere of their location.
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Figure 2.2: NuSTAR instrument [10]

2.1 NuSTAR: first focusing hard X-ray telescope

NuSTAR is a space-based X-ray telescope operating in the 3—-78.4 keV range. Focusing hard
X-ray photons requires a near-90° incidence angle (“grazing incidence”) to a smooth and highly
reflective surface. Grazing incidence poses another challenge of a highly limited collection area.
NuSTAR'’s optics module comprises 133 concentric shells of conical-approximation Wolter type
I mirrors coated with 200 alternating pairs of a low and high-density material layer (W/Si and
Pt/SiC) [66]. Such an innovative optics design allows the focusing of hard X-ray photons with
increased collection area, enabling imaging above 15 keV for the first time. An optics module is
paired with a detector module carrying a 2 X 2 array of state-of-the-art room-temperature CdZnTe
photon counting detectors that provide a 12’ field of view (FOV). The detectors are surrounded
by an anti-coincidence Csl shield that vetos signals from CRs or gamma rays [67]. NuSTAR
carries two co-aligned hard X-ray telescopes, each consisting of an optics module and a focal

plane module separated by a 10.14m (focal length) mast. NuSTAR’s angular resolution is 14” in
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full width half maximum (FWHM) (58" in half power diameter (HPD)), timing resolution is 2 us,
and energy resolution is 400 eV at 10 keV (900 eV at 68 keV) [10].

NuSTAR’s open geometry introduces unfocused X-rays from the cosmic X-ray background
(CXB) and nearby astrophysical X-ray sources within 1°—4° as the dominant background com-
ponents below ~ 20 keV [68]. The background above ~ 20 keV is mainly of instrumental origin
(Compton-scattered gamma-rays, activation, and fluorescence lines). In particular, NuSTAR’s low-
inclination orbit keeps its CR-induced background level low [69]. Other background components
include reflected solar X-rays, focused CXB, and partially focused X-rays (zero, one, or back
bounce photons, also called ghost rays, in contrast to completely focused double front bounce pho-
tons). The NuSTAR background components are spatially and spectrally well characterized and

can be modeled especially for extended source analysis [70].

2.1.1 Chandra and XMM-Newton: soft X-ray telescopes

Even though the soft X-ray (< 10 keV) band is often dominated by thermal continuum and
line emission, it can still complement hard X-ray observation of nonthermal CR sources. For
example, choosing the narrow band (i.e., 4-6 keV) without strong line emission can extend the X-
ray spectrum of CR sources to lower energies with a possible contribution of a thermal continuum.
Soft X-ray telescopes also utilize grazing incidence but do not adopt multilayer coating. Chandra
[71] is sensitive in 0.1-10 keV. With an unbeatable subarcsecond angular resolution, Chandra
provides a detailed view of the central engines of CR sources and substructures around them.
XMM-Newton [72] carries three coaligned X-ray telescopes and the European Photon Imaging
Camera (EPIC) sensitive in 0.1-15 keV. The EPIC consists of three CCD cameras (MOS1, MOS2,
PN). With a moderate angular resolution (FWHM 6”) and outstanding FOV (0.5° in diameter),

XMM-Newton provides a comprehensive view of diffuse extended CR sources.
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2.2 Fermi-LAT: space-based gamma-ray telescope

Gamma rays with energies above 10 MeV interact with matter mainly through pair production.
The Large Area Telescope (LAT) onboard the Fermi gamma-ray space telescope (Fermi-LAT; [73])
is a pair conversion detector that observes gamma-rays in the energy range of 50 MeV to 1 TeV.
The LAT carries 16 tracker modules and 16 calorimeter modules. Each tracker module consists
of multiple layers of tungsten foils and silicon-strip tracking detectors. Gamma rays entering a
tracker module are converted into electron-positron pairs in one of the tungsten foils. The following
detectors track the paths of the pairs to reconstruct the direction of the incident gamma rays until
the pairs are deposited into a calorimeter module for energy reconstruction of the incident gamma
rays. Scattering of the pairs in the conversion foils limits LAT’s angular resolution. Therefore,
LAT’s angular resolution is highly energy-dependent; 68% containment angle is ~ 3.5° at 100
MeV and ~ 0.1° above 10 GeV. CRs incident on the LAT outnumbers gamma rays by a factor of
10 to 10°. While minimal CR rejection is provided by the anti-coincident detectors surrounding
the LAT, the data acquisition system onboard the LAT filters out remaining CR events according
to the energy deposited in the calorimeters, signal registered by the anti-coincidence detector, and
the track detected by the trackers [74].

The gamma-ray background of the LAT consists of the Galactic and isotropic (extragalactic)
diffuse emissions. The Galactic gamma rays mainly originate from decays of pions produced by
interactions between hadronic CRs, nonthermal Bremsstrahlung emission from leptonic-hadronic
CR interactions, and ICS of interstellar photons off of leptonic CRs. These Galactic background
components can be modeled using the matter and photon distributions derived from observations
in other wavelengths and relevant theoretical models. The residual Galactic background and all
of the isotropic background are attributed to unresolved Galactic and extragalactic astrophysical
gamma-ray sources, respectively [75].

With its large FOV of 2.4 sr (19% of the sky), the LAT has been operating as a survey tele-

scope since its launch in June 2008. The LAT’s sensitivity has been ever-increasing thanks to the
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Figure 2.3: Fermi-LAT instrument [73]

cumulated photon statistics and improvement in the event filtering and reconstruction software.
The latest LAT source catalog (4FGL-DR4 based on the first 14 years of data; [76, 77]) includes

7194 gamma-ray sources.

2.3 VERITAS: imaging atmospheric Cherenkov telescope

Detecting gamma rays with even higher energies requires more conversion material and a larger
collection area. Due to the mass limit of a satellite, space-based pair conversion detectors are
unsuitable for gamma-ray observation above the LAT’s energy range. On the other hand, Earth’s
atmosphere can practically work as a giant conversion material for higher-energy gamma rays;
the vertical atmospheric depth at the sea level, 1030 g cm™2, is roughly 28 radiation lengths (one
radiation length is 37.1 g cm™2). Moreover, the atmosphere acts as an amplifier in which the pairs
created by a gamma ray radiate bremsstrahlung gamma rays, which create more pairs, and so on.
These pairs travel along nearly the same trajectory as the original gamma ray. This chain reaction
of pair conversion and bremsstrahlung emission, so-called electromagnetic shower, continues until

the shower particle (electrons and positrons) energies reach the critical energy ~ 87 MeV at which
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the main energy loss mechanism of the shower particles changes from bremsstrahlung radiation
to ionization. The shower starts after one radiation length at an altitude of ~ 20 km, reaches
its maximum (i.e., the maximum number of shower particles) when the shower particle energy
equals the critical energy, then slowly dies out. The number of shower particles at the shower
maximum (N,,,,) and the altitude of the shower maximum (h,,,,) depend on the gamma-ray
energy — (Nyax = 1.3 X 102, hypgx = 10.3 km) for 100 GeV gamma rays, and (N, = 9.3 X 104,
hmax = 5.5 km) for 100 TeV gamma rays. [78]

The atmosphere also serves as a calorimeter for the pairs from the shower. All shower particles
move faster than the speed of light in the atmosphere for the wavelengths to which the atmosphere
is transparent; that is, the velocity v of electrons and positrons in a cascade at any altitude £ is
always greater than the speed of light in the atmosphere ¢(w, /) for all frequencies w within the
visible window on Earth. Such motion of electrons and positrons produces Cherenkov radiation
with an intensity proportional to photon frequency, and hence, brightest in the blue to near-UV
band for the visible window on Earth. Since all shower particles emit Cherenkov photons, the
energy and other properties of an initial gamma ray can be deduced from those photons.

A Cherenkov photon is emitted at an angle 6 = cos™! [¢(w, ) /v] = cos™![1/Bn(w, h)] with re-
spect to the direction of motion for the electron, where 8 = cy/v, cq is the speed of light in vacuum,
and n(w, h) = c¢/c(w, h) is the refraction index of the atmosphere as a function of photon frequency
and altitude. Due to the altitude dependency of c¢(w, k) and 6, Cherenkov photons, mainly from
around the shower maximum, reach the ground within only a few nanosecond windows and form
a ring at ~ 130-170 m centered at the gamma-ray impact position. This means that a telescope
equipped with an optical reflector and a camera with a ~ 10 nanoseconds integration time can
capture the image of the Cherenkov photons from anywhere within the ring. This image (“shower
image”; in particular, the shape and intensity of the image), combined with highly convoluted
simulations of particle interactions and atmospheric effects, can be reconstructed into a gamma
ray with energy and sky coordinates, enabling imaging of astrophysical gamma-ray sources. Such

telescopes, called imaging atmospheric Cherenkov telescopes (IACTs), opened the era of VHE
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Figure 2.4: Comparison of a gamma-ray-induced electromagnetic shower (left) and CR-induced
hadronic shower (right): schematic diagrams of the showers (top row, [78]), shower particle tra-
jectories (middle row) and Cherenkov photon distributions on the ground (bottom row). The
images in the middle and bottom rows are from simulations ([79]).
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Figure 2.5: An illustration of the stereoscopic imaging technique of IACTs [80].

gamma-ray astronomy. Multiple IACTs can be configured into an array to capture images of the
same shower at different locations (‘“stereoscopic imaging technique”), enhancing the geometrical
shower reconstructions.

Unfortunately, gamma-ray-induced electromagnetic shower particles are not the only sources
of Cherenkov photons in the atmosphere. As shown in §1.3.1, CR protons interact with atmo-
spheric nuclei to produce pions, which decay into gamma rays and muons. The secondary gamma
rays produce the same electromagnetic showers as those induced by gamma rays, while the sec-
ondary muons may survive until near the ground (“local muons”), producing Cherenkov photons or
decay into electrons and positrons, which also produce Cherenkov photons. These hadronic show-
ers overwhelm gamma-ray-induced showers in numbers by a factor of 10° to 10*, making them
the major background component of gamma-ray observation. However, hadronic shower particles
inherit only ~ 1/3 of the primary proton energy and have larger transverse momenta than gamma-

ray-induced shower particles. This results in the weaker and more irregular Cherenkov radiation
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Figure 2.6: VERITAS (photo credit: Center for Astrophysics | Harvard & Smithsonian)

of a CR-induced hadronic shower compared with well-defined bright Cherenkov rings of a shower
induced by a gamma ray with the same energy as the CR. Such differences in the shower images
allow one way to discriminate between CR and gamma-ray events. High-energy local muons may
still produce Cherenkov rings, similar to that seen in gamma-ray showers, but near the ground. In
the case of an array of IACTs, these local events will be detected only by a single IACT, while
Chrenkov rings of gamma-ray showers at a much higher altitude will be detected by more than one
IACT. This different multiplicity of telescopes for different events provides another discrimination
power.

VERITAS, located in Amado, Arizona, is an array of four IACTs sensitive in 85 GeV to >30

TeV. Each telescope is equipped with a 12m optical reflector and 499-pixel photomultiplier tube
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(PMT) cameras, providing a FOV of 3.5° in diameter and angular resolution of 0.08° (68% con-
tainment radius) at 1 TeV [9]. Other operating IACTs are Major Atmospheric Gamma Imag-
ing Cherenkov Telescopes (MAGIC) in La Palma [81] and High Energy Stereoscopic System
(H.E.S.S.) in Namibia [82]. Unlike space-based observatories, observing time of IACTs on the

ground is limited to dark times, i.e., nighttime without a bright Moon (10-20% duty cycle).

2.4 LHAASO: extensive air shower arrays

Gamma rays with energies even greater than the IACT energy range produce showers that
reach the ground level. One can use scintillators to directly detect the shower particles or use giant
water tanks to induce water Cherenkov radiation that PMT cameras can detect. Arrays of those
scintillators or water Cherenkov detectors, called extensive air shower arrays (EASAs), are located
on the mountains to be as close to the shower maximum of TeV-PeV gamma rays as possible.
EASAs offer large FOVs (~ 2 sr) and ~ 100% duty cyle [83]. LHAASO [8] is an EASA in
China comprising three sub-arrays: Water Cherenkov Detector Array (WCDA, sensitive in 1-25
TeV), Kilometer Square Array (KM2A, a scintillation detector array sensitive in 10 TeV - 1.6
PeV), and Wide Field of View Cherenkov Telescope Array (WFCTA, an IACT array). While
the WCDA discriminates CR background events using the shower image properties, similar to
IACTs, the KM2A utilizes the penetrating capability of muons to detect them with underground
water Cherenkov detectors and provide an accurate measurement of the background. Moreover,
the KM2A is the first gamma-ray observatory sensitive above 1 PeV, pioneering UHE gamma-ray
astronomy and bringing us closer to the mystery of PeVatrons. Other operating EASAs include
High-Altitude Water Cherenkov (HAWC) in Mexico [84] and Tibet AS-Gamma in Tibet, China

[85]. LHAASO was not used for this work.
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Figure 2.7: Top: the LHAASO site (photo credit: Chinese Academy of Sciences.) Bottom: a
schematic diagram of different detector types [86].
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Chapter 3: Cassiopeia A — young supernova remnant

The contents of this chapter have been peer-reviewed and published [87]. The summary and

key findings of this chapter are as follows.

* We observe the synchrotron radiation (§1.3.4) of Cassiopeia A in the hard X-ray band using
NuSTAR (§2.1) to deduce the spectrum and location of ongoing CR electron acceleration.
The spectrum and location of CR acceleration are used to elucidate the CR acceleration

mechanism in this young SNR (§1.4.1, “Stage 1” in Figure 1.10).

* The deduced CR electron spectrum indicates Cas A is not a leptonic PeVatron. VHE ob-
servations of Cas A indicate CR protons are accelerated and produce gamma rays by pion

decay (§1.3.1), but Cas A is not a hadronic PeVatron (e.g., [53]).

» While the forward shock of a young SNR is often considered the main CR acceleration site
(§1.4.1), the reverse shock appears to be powering the most energetic CR acceleration in

Cas A.

* The spectral index of CR electrons from this work matches the prediction of mNLDSA
(§1.2.4). It also agrees with the CR proton spectral index deduced from VHE observations
[53], indicating the same acceleration mechanism and location for CR electrons and protons,

namely mNLDSA and the reverse shock, respectively.

3.1 Introduction

SNRs have been considered excellent candidates for Galactic CR accelerators due to the large
energy of supernova explosions (Egy 2 10°! erg) and formation of a strong shock (Mach number

M > 1). In particular, at the early stage of their evolution (< 1 kyr), their fast shock velocities

50



(vsn ~ several thousand km s~ ') and amplified magnetic fields (B ~ a few hundred pG) make
SNRs ideal CR accelerators. The resultant CR spectrum bears crucial information about the shock
acceleration mechanism operating in SNRs and about their acceleration environments, such as
shock velocity, magnetic field, and ambient matter density. The spectrum of the most energetic
CR electrons with teraelectronvolt (TeV, 10'? V) energies can be probed via the X-rays they emit
by gyrating around magnetic fields (synchrotron radiation). Long-term monitoring with Chandra
revealed that some young SNRs exhibited localized year-scale increases and decreases of soft X-
ray flux in the 4-6 kiloelectronvolt (keV, 10? eV) band by ~ 50%. This rapid and extreme variability
was attributed to fast electron acceleration and synchrotron cooling in a high magnetic field, B >
100 uG [88, 89, 90]. However, the energetics and spectrum of CR electrons cannot be inferred
from such narrow-band observations. A further complication arises due to the contamination of
their soft X-ray spectrum by significant bremsstrahlung radiation of thermal electrons (kT ~ a few
keV).

A direct measurement of CR electrons comes from hard X-ray observations above ~ 15 keV
where the contamination by thermal electrons is minimal. The spatial distribution of the most
energetic CR electrons in Cas A, a young (~ 350 years old [91]) nearby (3.4 kpc away [92]) SNR,
was first resolved by NuSTAR. Cas A is a bright X-ray source whose synchrotron emission from
ultra-relativistic CR electrons extends up to ~ 50 keV. The 2.4 Ms of data collected in 2012-2013
showed that X-rays above 15 keV are predominantly emitted from knots [93] coincident with the
regions that showed fast variability in the soft X-ray observations with Chandra [89, 94, 95]. In
addition, these regions are located at the reverse shock rather than the forward shock, where the
strongest particle acceleration is expected (Figure 3.2 (a)).

NuSTAR observed Cas A again in 2023 for 188 ks. Combined with archival observations
(Table 3.1), the multi-epoch NuSTAR data above 15 keV obtained over a 10-yr baseline allowed us
a unique opportunity to track the most extreme particle acceleration and cooling process operating

in Cas A.
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Table 3.1: List of archival and new observations

Observation ID Date Position angle (deg) Offset’ (arcmin) Exposure (ks)
40001019002  2012-08-18 84 0.9 291
40021001002  2012-08-27 76 2.0 170
40021001005  2012-10-07 33 1.5 183
40021002002  2012-11-23 338 0.3 271
40021002006*  2013-03-02 249 3.9 136
40021002008  2013-03-05 249 4.0 189
40021003003  2013-05-28 151 3.5 198
40021011002  2013-10-30 7 1.8 236
40021012002  2013-11-27 335 1.1 206
40021015003  2013-12-23 312 1.6 137
Total exposure (archival data) 2,017
40801003002  2023-03-24 229 2.2 92
40801013002  2023-04-04 217 2.5 95
Total exposure (new data) 188

The exposure has been corrected for deadtime and SAA passages. For the archival data, only the
observations with exposures over 100 ks are listed.

*Only these two observations (total exposure 325 ks) were used in this work to represent the
archival data to minimize the systematic uncertainties.

TOffsets were calculated as an angular separation between the pointing coordinates and the center
of a circular region with a radius of 30” encompassing the two bright konts on the west (see Figure
3.2).

3.2 Multi-epoch X-ray analysis

3.2.1 Observations and data reduction

Cas A was observed by NuSTAR in August 2012 - December 2013 for a net exposure of 2.2 Ms
in total, and in March - April 2023 for a net exposure of 188 ks in total (Table 3.1). We reduced the
data using NuSTAR Data Analysis Software (NuSTARDAS) version 2.1.2 and CALDB version
20240325. The NuSTARDAS pipeline produces cleaned event files with good time intervals after
screening the South Atlantic Anomaly (SAA) passages and applying data quality cuts. We applied
the most conservative criteria for filtering the SAA passages to ensure the most stable and accurate

flux measurement.
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3.2.2 Background estimation

Since Cas A is a bright extended (~ 6’ across) source, no region in the NuSTAR field of view
(13’ x 13’) is truly source-free to be used for background estimation. Instead, we modeled the
background of each observation using nuskybgd, a code for simulating NuSTAR’s background
[70]. NuSTAR’s background is comprised of three components: (1) focused cosmic X-ray back-
ground (CXB), (2) non-focused (“stray light”) CXB, and (3) internal background composed of a
continuum and multiple lines. (3) is predominant above 10 keV, while (2) is strongest below 10
keV [93]. nuskybgd generates a model for each component and normalizes it utilizing regions
outside of the source where no additional emission to the background components is expected. To
account for the smearing of Cas A’s emission into the regions outside of the remnant due to the
finite size of the PSF (14” FWHM), we added a phenomenological source model to the nuskybgd
background model. After normalizing, the source model was removed, and the background model
was used to simulate the background spectrum in the source region (radius 3’ circle) with the
fakeit command in Xspec for an exposure of 10 Ms. Background images were also generated

using the normalized background-only model.

3.2.3 Spectral analysis

We analyzed the data in the 15-50 keV band. This choice of energy range ensures negligi-
ble contribution of thermal X-rays (k7 < 4 keV [101, 102, 103, 104, 105]) and source emission
above the background level. In addition, the uncertainty of background estimation is minimized
in this energy range since the predominant background component (internal background) is well
understood, and the smearing of the source counts is minimal. While combining multiple archival
observations may reduce statistical uncertainty in spectral shape and flux measurement, it can in-
troduce even greater systematic uncertainties caused by instrumental (different telescope pointing)
and physical (source variability) effects. To minimize these systematic uncertainties, we selected
two representative archival observations (observation ID 40021002006 and 40021002008, total

exposure 324 ks) to compare with the new observations, given their similar position angles to the
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Figure 3.1: Historical X-ray flux of Cas A in the 15-50 keV band. The flux was calculated from
the best-fit spectral model for each telescope data. The errors for the spectral model parameters
were propagated to calculate the error for the flux. For HEAO 1 A-2, a power law model was fitted
to the spectral data reported in [96]. Previously reported best-fit spectral parameters were used
for CGRO [97], RXTE [98], BeppoSAX [99], and Suzaku [100]. For NuSTAR, the error bars are
smaller than the markers. The dashed black line shows the flux decrease rate (1.6 + 0.1)% yr‘1
found from a linear regression of all the data points accounting for the error bars.

new observations and the minimal time gap (3 days) between them. The two selected archival
observations are referred to as the archival observations hereafter.

We extracted the source spectra for the entire remnant (redius 6’ circle). We modeled the spectra
with an absorbed power law where the hydrogen column density was fixed to Ny = 2.14 x 102
cm™2 [106]. The abundance table from [107] was used. The spectral parameters were linked
among the observations within each epoch. A cross-normalization term was multiplied to each
spectra with respect to the FPMA spectra of the earliest observations in each epoch. The average
cross-normalizations are 1.019 + 0.005 for the archival data, and 1.011 + 0.007 for the new data.

The model fits the data well (reduced y? ~ 1). The best-fit power-law photon index for the archival

observations is 3.42 + 0.02, and the 15-50 keV flux is (4.73 + 0.04) x 107" erg s™' cm™. The
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new observations after 10 years show that the spectral shape remains unchanged within statistical
uncertainties (power-law index 3.37 +0.02), and the 15-50 keV flux ((4.02+0.04) x 10~ erg s7!
cm~2) decreased by (15 + 1)% (Figure 3.1). If the flux decreased simply by electrons’ synchrotron
cooling, the spectrum should have become softer due to the inverse relation between synchrotron
loss and electron energy. The null-detection of X-ray spectral softening, therefore, indicates that

additional physical processes are operating in addition to synchrotron cooling.

3.2.4 TImage production

We produced a counts map, background image, and exposure map for each observation and
focal plane module in the 15-50 keV range. Vignetting was corrected in the exposure maps for the
mean energy (32.5 keV). Flux maps were calculated by subtracting a background image from a
count map and dividing it by an exposure map. Individual flux maps were combined within each
epoch to generate a flux map for 2013 and 2023. We applied the Lucy-Richardson deconvolution
algorithm [108, 109] to the flux maps for 50 iterations using the on-axis NuSTAR PSF for the
20-79 keV range (Figure 3.2 (a) and (b)).

3.3 Temporal synchrotron spectral energy distribution modeling

For the sub-petaelectronvolt (PeV, 10!° eV) electrons emitting synchrotron X-rays with photon
energy E, in a highly amplified magnetic field B (0.1-1 mG), [111, 112, 113, 50, 114, 89, 94], the
synchrotron cooling time [115]

E -1/2 B -3/2
=12 y 3.1
172 (10 keV) (100 ,uG) 7 ©-1)

is much shorter than the length of our baseline. Without ongoing electron acceleration, the hard
X-ray flux of Cas A would have decreased by more than 90%. Instead, we observe a (15 + 1)%
decrease in the 15-50 keV flux from the whole remnant over the past 10 years (Figure 3.1, uncer-

tainties are 1-o- hereafter). The largest flux decrease is observed at the bright knots on the western
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rim of the reverse shock (Figure 3.2 (c)). Moreover, the synchrotron cooling mechanism natu-
rally softens the radiation spectrum (producing a larger photon index I" when dN,, /dE, « E;r),
whereas our spectral analysis does not find a statistically significant spectral softening in the 15-50
keV band (I' = 3.42 + 0.02 in 2013 and I"' = 3.37 = 0.02 in 2023). Extreme electron acceler-
ation must be operative in Cas A injecting freshly accelerated electrons. The X-ray spectrum of
the injected electrons, when combined with the X-ray spectrum of the rapidly cooling preexisting
electrons, leads to an essentially constant photon index with time.

To constrain the spectrum of ongoing electron acceleration in Cas A, we modeled a multi-
wavelength SED of Cas A. We first constructed the multiwavelength SED of the whole remnant
using the NuSTAR spectrum from this work and the radio spectrum from [116] for each epoch.
The radio spectrum was calculated for each epoch in the L (1395 MHz) and X (9000 MHz) band
using the temporal spectral model in [116] (eq. 14, Table 5). This radio spectral model provides
the best fit to the 20-yr (1995-2014) Green Bank Observatory (GBO) 40-foot L-band data and the
3-yr (2014-2017) GBO 20-m L-band and X-band data. A Gaussian quadrature sum of the 1-o
uncertainty of each model parameter was used as a 1-o- uncertainty of the radio spectrum (eq. 15,
Table 5). The radio flux variability calculated from this model is 8% and 6% decrease in the L and

X bands, respectively.

3.3.1 SED model description

The SED was modeled with a synchrotron radiation spectrum in a Gaussian turbulent magnetic
field [117]. A recent X-ray polarization measurement by the Imaging X-ray Polarimetry Explorer
(IXPE) [118] suggests magnetic turbulence in Cas A on a scale smaller than ~ 0.4 pc (IXPE
angular resolution 24” at the source distance 3.4 kpc). A Gaussian distribution of the magnetic
field strength in an SNR is theoretically motivated (e.g., [119]). The magnetic field distribution is

assumed unchanged between 2013 and 2023. Nonthermal electrons present in 2013 (“preexisting
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electrons”) are modeled with an exponential cutoff power law distribution:

dN (
0

E \™ E \°
= = - ) 2
ag =N 1TeV) eXp( Ecm) 3-2)

The minimum and maximum energy bound for the electron distribution were set to E,;; = 100
MeV and E,,x = 3 PeV, respectively. The electrons lose energy by adiabatic and synchrotron
cooling every time step.

An injected electron spectrum follows an exponential cutoff power law distribution with a dis-
tinct set of parameters from preexisting electrons. N is determined by normalizing the distribution
to (constant injection rate) X (time step) between the same E,,;;,, and E,,,, as preexisting electrons.
B = 2 is held fixed to reflect the synchrotron-loss-limited electron acceleration at the Bohm limit
[120]. These electrons are injected and lose energy every time step by adiabatic and synchrotron
cooling.

The same adiabatic and synchrotron loss formulae are used for both preexisting and injected

electrons. Adiabatic energy loss is
_ <Rsh>

E d — )
¢ <Rsh>

(3.3)

where E is an electron energy, (Ry;)/{R;p) is an average expansion rate of all electrons. Pitch-

angle-averaged synchrotron energy loss is [117]
. 4 1\ , Bj
(Esyn> = gO_T (1 - ?) Y C_ﬂ_’ (3.4)

where o is the Thomson cross-section, y is an electron Lorentz factor, and By is a standard
deviation of a Gaussian distribution of magnetic field strength. Synchrotron loss of radio-emitting
electrons is negligible (<« 1%) over the 10-year period of our consideration for any reasonable
magnetic field strength < a few mG. The adiabatic loss rate ~ 0.3% yr~! is necessary to reproduce
the observed radio spectral variability. This rate is comparable to the average expansion rate of Cas

A’s forward shock (0.218 + 0.029)% yr‘1 measured with multi-epoch Chandra observation [121].
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On the other hand, for X-ray-emitting electrons, synchrotron loss (>> 50%) overpowers adiabatic
loss in any reasonable magnetic field strength > a few tens of uG.

We first find a preexisting electron spectrum that reproduces the NuSTAR and radio spectrum
in 2013. Then an injected electron spectrum is added every time step on top of the best-fit preex-
isting electron spectrum, and both electron populations are cooled every time step to reproduce the

NuSTAR and radio spectrum in 2023. The size of the time step is min(0.1 yr, E 4/ E syn)-

3.3.2  SED modeling results

Setting the injection rate to zero, magnetic field By ~ 6 uG is required for the observed 15%
flux decrease in the 15-50 keV band (Figure 3.3 rop left). This magnetic field is at least an order
of magnitude smaller than the previous estimations [111, 112, 113, 50, 114, 89, 94]. Inverse
Compton scattering [122] of the cosmic microwave background and infrared (temperature ~ 100
K, energy density 2 eV cm™ [123]) photons off the electron distribution found with this magnetic
field produces significantly more gamma rays than those observed by VERITAS [53] and Fermi-
LAT [76, 77] (Figure 3.3 top right), or MAGIC [124].

Assuming that the observed TeV gamma rays are produced entirely by inverse Compton Scat-
tering of electrons, the lower limit on the magnetic field is found to be By = 123 + 8 uG (Figure
3.3 bottom left). This is comparable to the lower limit placed by [53] (~ 150 uG) using a similar
approach. The best-fit electron distribution found with this magnetic field, however, reproduces
the radio and X-ray spectrum only in 2013. Due to a much faster synchrotron cooling than when
By = 6 uG, the predicted X-ray flux in 2023 is ~ 10 times lower, and the spectrum is much softer
than the observed X-ray flux. This discrepancy between the prediction and observation leaves no
possibility other than electron injection into Cas A compensating extremely rapid energy loss of
preexisting electrons.

We constrain the characteristics of the preexisting and injected electron spectra using the lower-
limit magnetic field found in this work (123 + 8 4G) and the upper-limit magnetic field established

in the previous works (B ~ 1 mG, [111, 112, 113, 50, 114, 89, 94]). The best-fit model parameters

59



Table 3.2: Best-fit parameters for the synchrotron cooling and injection model

Electron population Preexisting electrons’ Injected electrons
By (uG) 123 +8 123 +8 4007 1000*
q 2.44 +0.03 2.2 2.0 1.9
Eqy (TeV) 4+1 36 19 12
B 0.74 £ 0.05 2" 2" 2*
Total electron energy (fraction)* | (1.09 +0.02) x 10¥ erg | 0.4%  0.9% 2.1%
Injection rate (1037 erg s™1) -~ 14 4 2

“Parameters were held fixed.

"The parameters for preexisting electrons are given only for the lower-limit magnetic field By
= 123 + 8 uG. For higher magnetic fields, g and 5 do not change, while E.,; and total electron
energy decrease.

Total electron energy is reported for preexisting electrons. The fraction of the total energy of the
preexisting electrons that were injected between 2012-2013 is reported for injected electrons.

for preexisting and injected electrons for magnetic fields By = (123,400, 1000) uG are listed in

Table 3.2.

3.4 Discussion

3.4.1 Hard injection spectrum

For the lower-limit magnetic field of B = 123 uG, 0.4% of the total energy of the preexisting
electrons needs to be injected over 10 years. The corresponding electron spectrum (dN/dE o
E~9exp[(—=E/E.:)P]) is significantly harder for the injected electrons (g = 2.15) than that of the
preexisting electrons (¢ = 2.44 + 0.03). The cutoff energy of the spectrum is much higher for the
injected electrons (E.,; = 36 TeV) than the preexisting electrons (E.,; = 4 + 1 TeV) (Figure 3.4).

For the upper-limit magnetic field of B ~ 1 mG, 2.1% of the preexisting electron energy
needs to be injected with an even harder electron spectrum (¢ = 1.86), and cutoff energy is still
higher than the preexisting electrons (E.,; = 12 TeV). The higher magnetic field produces faster
synchrotron cooling, and that requires more electron injection, while the electron spectral index g
and the cutoff energy E,; are self-consistently regulated by the radio and NuSTAR data in 2023,

respectively.
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Figure 3.3: Top: Synchrotron (left) and inverse Compton (right) spectrum from the best-fit
electron distribution for By = 6 pG. With this magnetic field, the predicted gamma-ray flux
significantly exceeds the observed gamma-ray flux. Bottom: Synchrotron and inverse Compton
spectrum in 2013 (/eft), and the synchrotron spectrum in 2013 and 2023 (right) from the best-
fit electron distribution for the lower-limit magnetic field By = 123 + 3 uG. The lower-limit
magnetic field predicts over 50% decrease in the 15-50 keV flux, much faster than the observed
decrease (15 = 1%). The Fermi-LAT and VERITAS spectra were taken from 4FGL-DR4 [76, 77]
and [53], respectively.

Further evidence that such hard-spectrum injection has been operating in Cas A comes from
radio and infrared observations. Spectral hardening in the radio band has been observed since 1949
[125, 126, 116, 127]. Spectral hardening continues in the infrared band as the infrared synchrotron

flux was measured to exceed the power-law extrapolation of the radio flux [128, 129]. The radio-

infrared spectral hardening is most significant at the bright X-ray knots where the hard-spectrum
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Figure 3.4: Synchrotron spectrum in 2013 and 2023 calculated with the temporal synchrotron
cooling and injection model. The black (red) solid line is the synchrotron spectrum calculated
using the best-fit parameters in Table 3.2 for 2013 (2023). The red dashed line is the synchrotron
spectrum of the preexisting electrons in 2023, and the red dotted line shows the contribution of
the injected electrons to the synchrotron spectrum in 2023. The NuSTAR spectrum from this
work and the radio spectrum from [116] are overlaid. The error bars of the data points are for 1o
uncertainties in this figure and all the figures hereafter.

injection is expected to operate [110].

The preexisting electron spectrum reflects the entire history of electron acceleration in Cas A
up to 2013. Since low-energy electrons have a cooling time scale much longer than the age of Cas
A, the spectral index of the preexisting electrons is governed by the synchrotron radio spectrum of
low-energy electrons. On the other hand, the injected electron spectrum reflects only the electron
acceleration operating in Cas A at the current time. This is mainly determined by the fast-cooling
high-energy electrons and their synchrotron hard X-ray variability.

Equivalently, the hard X-ray morphology locates only the current CR acceleration site (injected
electrons), whereas the radio morphology also reveals the location of CRs accelerated in the past
(preexisting electrons). The hard X-ray morphology of Cas A shows a high concentration of emis-

sion on the knots. On the other hand, the radio morphology is more isotropic with enhancement at
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the same knots and along the reverse shock (e.g. [110]). The brightening in both wavelengths lo-
cates the knots as the current most active particle acceleration sites (e.g. [130]), while the globally
isotropic radio emission traces the electrons that were accelerated at an earlier time, most likely at
the forward shock, and diffused out.

The soft-spectrum electrons that were accelerated earlier dominate the radio-emitting elec-
tron population, whereas the hard-spectrum electrons that were accelerated recently dominate the
X-ray-emitting electron population. The combination of these two distinct electron populations
creates a slower cutoff in the overall electron spectrum (best-fit cutoff index § = 0.74 + 0.05),
compared with analytic solutions for synchrotron-loss-limited diffusive shock acceleration in the
case of Bohm diffusion (8 = 2 [120]). This slow cutoff in the electron spectrum propagates to
the synchrotron spectrum creating a harder X-ray spectrum than the aforementioned synchrotron-
loss-limited case. There were efforts to explain this spectral behavior of Cas A by hard-spectrum
(g = 2.1) electrons accelerated at the fast-moving jet-like structure [131] or the jitter radiation
(magnetobremsstrahlung emission of electrons in magnetic turbulence with a scale much smaller
than the electron gyroradii) [132, 133, 134, 135]. The former overpredicts the upper limits placed
by LHAASO in 10 TeV - 1 PeV [136], and the latter requires a magnetic turbulence scale < 100
km, much smaller than an observable scale (e.g., IXPE angular resolution 24" is equivalent to 0.4
pc = 3 x 103 km at the distance 3.4 kpc). Our work provides the most natural explanation for the

observed spatial-dependent spectral behavior of Cas A.

3.4.2 Modified nonlinear diffusive shock acceleration

One can examine if the derived CR spectra are consistent with recent theoretical expectations.
NLDSA theories address CR-driven modification to the standard DSA by introducing a region
upstream of a shock with an enhanced density due to CR pressure (“precursor”, e.g. [137, 138, 22,
23]) that leads to an increased shock compression ratio (R > 4). Recent hybrid (kinetic ion-fluid
electron) simulations [24, 25] discovered that the equivalent of a precursor is formed downstream

of a shock (“postcursor’”) whose contribution to the increased compression ratio dominates that
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of a precursor. On the other hand, the compression ratio experienced by CRs is decreased since
magnetic fluctuations and CRs drift away from the shock in a postcursor. This postcursor effect on
the “effective” compression ratio is parameterized by a factor a, which depends on shock velocity,
upstream density, and downstream magnetic field. In mNLDSA, the correction factor @ for shock

compression ratio can be deduced from observables as [25]

(3.5)

B 1000 km s~ (R cm—3)”2
a=5 — ,

1 mG Vh 5 n

where B is a post-shock magnetic field, vy is a shock speed, R is a shock compression ratio, and n
is a pre-shock plasma number density. Measuring R is nontrivial. Adopting a nominal R = 5 (e.g.
R ~ 4 -7, [139]) and observed vy, ~ 6000 km s™! [95, 121], n ~ 1 cm™ [140], and B = 0.7 mG
(0.1 mG < B 51 mQG), eq. 3.5 gives @ ~ 0.6.

Within this framework (mNLDSA), the CR spectral index is given by ¢ = 3R/(R—1 - a) - 2.
Typical values of R ~ 5 and a ~ 0.6 [25] predict g ~ 2.4 as we found for the preexisting electron
population. At the reverse shock, our inferred spectrum of ¢ ~ 2.2 is consistent with the theoretical
prediction if the postcursor is not present (in which case @« — 0 and R — 4). This is plausible
since, at the reverse shock, the postcursor may not form due to the presence of contact discontinuity

in the downstream region.

3.4.3 Proton acceleration at the hard X-ray knots?

The injected electron spectrum (g ~ 2.2) agrees with the proton spectrum found from gamma-
ray observations (g ~ 2.2, [53]), indicating that the same acceleration mechanism is operating for
both electrons and protons at the same acceleration site. The hard X-ray knots at the reverse shock
are observed to move inward at a much higher speed than the forward shock (vy;, ~ 8000 km s!
in the ejecta frame, [95, 121]) while the rest of the reverse shock is still moving outward. As it has
been proposed, this requires the presence of an overdense region on the western rim of the reverse

shock, such as molecular clouds [141, 142] or an asymmetric circumstellar shell [143]. CR protons
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accelerated at the reverse shock can inelastically scatter with the overdensity and produce copious

gamma rays by pion production and decay.

3.5 Summary and conclusion

Our multi-epoch hard X-ray observations enabled the isolation of a pure synchrotron radia-
tion component of Cas A. Such radiation is associated with energetic, nonthermal CR electrons.
By temporal modeling of this emission, we were able to establish the existence of two distinct
populations of CR electrons. One population is more energetic and associated with a powerful,
active accelerator, and the second population is less energetic and associated with an accelerator
that was more active in the past. The X-ray morphology of Cas A allowed us to identify the sites
of both accelerators. These observations and associated modeling provide the first self-consistent
analysis of a young SNR that connects the CR spectrum and acceleration location to the broadband
multiwavelength spectrum from radio to gamma-ray energies with interpretation through the most
recent work on the mNLDSA theory. Our observational and theoretical approach can be applied
to other young SNRs to elucidate the acceleration mechanism and environment of CRs below the

“knee” of their spectrum at ~ 3 PeV.
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Chapter 4: Dragonfly — middle-aged pulsar wind nebula

The contents of this chapter have been peer-reviewed and published [144]. The summary and

key findings of this chapter are as follows.

* We observe the synchrotron radiation (§1.3.4) of the Dragonfly PWN in the hard X-ray band
using NuSTAR (§2.1) and soft X-ray band using Chandra and XMM-Newton (§2.1.1). We
also observe the gamma rays from inverse Compton scattering (§1.3.3) in the GeV band

using Fermi-LAT (§2.2).

* We construct a multiwavelength SED utilizing the X-ray and GeV spectra from this work
as well as the published radio and VHE spectra. We model this SED as the synchrotron
and inverse Compton radiation of CR electrons accelerated by a middle-aged pulsar PSR

J2021+3651 from its birth to now (§1.4.2, “Stage 2” in Figure 1.10).

* The CR electron spectrum that produces the multiwavelength SED has a maximum energy

greater than 1 PeV, that is, the Dragonfly PWN is a leptonic PeVatron.

4.1 Introduction

PWNe of energetic (spin-down luminosity £ > 10°% erg/s) middle-aged (characteristic age
7 = 10 — 100 kyr) pulsars are often associated with VHE sources (e.g., [55]). Many of them
are luminous above a hundred TeV without a hint of a spectral cutoff (e.g., [145] and [146]).
Recently, the higher energy regime of their spectra was unveiled by LHAASO, the first gamma-ray
observatory sensitive to PeV-energy gamma rays, and their detection of 14 Galactic UHE sources
[147], [148], and [149]. The highest photon energies detected from these sources range from

several hundred TeV to above 1 PeV: irrefutable evidence of particle acceleration above 1 PeV in
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both hadronic (neutral pion decay) and leptonic (inverse Compton scattering) cases. Identifying
these Galactic “PeVatrons™ is the key to the origin of the highest-energy Galactic CRs observed on
the Earth (in hadronic case) as well as a better understanding of the particle acceleration, radiation,
and transportation mechanism (in both hadronic and leptonic case).

The majority of the LHAASO sources are spatially coincident with middle-aged energetic
PWNe, well-known leptonic particle accelerators. Our NuSTAR observational campaign of en-
ergetic PWNe aims to explore the extreme nature of such PWNe [150]. Broadband hard X-ray
observations with NuSTAR provide a unique window to the highest end of their parent parti-
cle spectra by resolving their synchrotron radiation without contamination from thermal radiation.
Combined with modeling the multiwavelength SED of the PWNe over 20 decades of energy range,
it allows deducing the key physical parameters that define the systems, such as the maximum par-
ticle energy and magnetic field. Our NuSTAR observation and multiwavelength SED modeling
have functioned as powerful probes of PWNe as energetic leptonic CR accelerators in our Galaxy
(e.g., [151], [152], and [153]).

G75.240.1 (“Dragonfly”) is one of the eight target PWNe of our NuSTAR observational cam-
paign and is likely associated with LHAASO J2018+3651. The Dragonfly is powered by PSR
J20214+3651 (RA =20:21:05.40, Dec = +36:51:04.5) first discovered by [154] as a radio pulsar with
a rotation period P = 104 ms. The radio observation of the pulsar was motivated by the detection
of an unidentified X-ray source AX J2021.14+3651 [155], which was a follow-up observation of an
unidentified gamma-ray source GeV J2020+3658 [156]. As a middle-aged pulsar whose character-
istic age T = P/2P ~ 17 kyr, PSR J202143651 is still energetic, with E ~ 3.4 x 10 erg s~'. PSR
J202143651 is detected in X-ray as a soft (mostly) thermal (kTpp = 0.16 £ 0.02 keV) point source
by Chandra [157] and [158]. The authors of both works reported the detection of X-ray pulsations
to be insignificant. The PWN G75.2+0.1 of PSR J2021+3651 was first observed in X-ray by [157]
and was named the “Dragonfly” by [158] for its double-torus structure. Fermi-LAT observation by
[159] detected GeV pulsations from PSR J2021+3651, yet its spectrum sharply cuts off below 10

GeV with no evidence of higher energy emission from the PWN.
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PSR J2021+3651 and the Dragonfly are located in the Cygnus region, an active star-forming
region. The first TeV gamma-ray source detected in spatial coincidence with PSR J2021+3651 and
the Dragonfly was MGRO J2019+37 [160]. MGRO J2019+437 is the second brightest TeV source
in the northern hemisphere after the Crab Nebula and largely extended (circular 2D Gaussian with
o = 0.32° £ 0.12°). Since its detection, numerous observations in different wavebands have
been carried out as attempts to identify the origin of such high energy emissions. [161] observed
the region with the VLA in radio (20 cm) and the XMM-Newton (XMM) in soft X-rays. Both
observations revealed a more comprehensive picture of G75.2+0.1 beyond the substructures seen
by Chandra — a conical diffuse nebula pivoted at PSR J2021+3651 that extends out to ~ 20’
(radio) and ~ 10’ (soft X-ray) on the west with decreasing surface brightness. In this work, the
entire structure of the PWN is referred to as the Dragonfly.

VERITAS resolved MGRO J2019+37 into two separate sources [162]: VER J2019+368 and
VER J2016+371. While VER J2016+371 is dominated by low-energy (below 1 TeV) emission
near an SNR CTB 87, VER J2019+368 (RA = 20:19:25, Dec = 36:48:14, elliptical 2D Gaussian
with major-axis 0,4; = 0.34° £ 0.03° and minor-axis 0, = 0.13° + 0.02°) is bright above 1
TeV. With additional 120 hours of data, [163] reported that VER J2019+368 may be resolved into
two source candidates, VER J2020+368" and VER J2018+367*. HAWC found the high-energy
emission from VER J2019+368 to be significant even above 56 TeV and named the source eHWC
J2019+368 [145]. Its significant detection above 100 TeV by LHAASO with the maximum photon
energy 0.27+0.02 PeV [147] confirms that one or more PeVatrons of Galactic origin are present in
this region. This extreme Galactic source, namely LHAASO J2018+3651, is spatially coincident
with multiple possible CR accelerators, including a Wolf-Rayet (WR) star WR 141, H Il region Sh
2-104, PSR J2021+3651 and the Dragonfly.

In this work, we aim to evaluate the Dragonfly’s potential as a leptonic PeVatron. We report
the first hard X-ray observation of the Dragonfly using NuSTAR. We analyze the archival Chandra
and XMM data and 13 years of Fermi-LAT data on the Dragonfly. We combine the spectra of the

Dragonfly extracted from our analyses with the radio and TeV spectra from the previous works to
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model the multiwavelength SED of the Dragonfly. We discuss the common features of PeVatron

PWNe, source distance, and magnetic field.

4.2 X-ray data analysis

We analyzed two sets of archival Chandra data (observation ID 8502, 34 ks, 2006 Dec 25,
and observation ID 7603, 60 ks, 2006 Dec 29), one set of archival XMM data (observation 1D
0674050101, 135 ks, 2012 Apr 17), one set of new NuSTAR data (observation ID 40660004002,
61 ks, 2021 May 19). We processed the Chandra data using the chandra_repro task in CIAO
4 .13 [164] and the calibration database CALDB 4.9.5. We processed NuSTAR data using the
nuproducts task in NuSTARDAS v2.0.0 contained within HEASOFT 6.28 and the NuSTAR
calibration database (CALDB version 20210315). We processed the XMM EPIC MOS data
using the emchain and emfilter tasks in the XMM-Newton Extended Source Analysis Soft-
ware (XMM-ESAS) package contained within the XMM-Newton Science Analysis System (SAS
v20.0.0). The net exposure after removing soft proton (SP) flares is 85 ks. The XMM EPIC pn
data was not used since it was obtained in small window mode (one single CCD) and, hence, is

inappropriate for observing a large diffuse nebula that extends over multiple CCDs.

4.2.1 Timing analysis

A marginal (3.70°) detection of X-ray pulsations in 0.5 — 3 keV from PSR J20214+3651 was
reported in [157] using Chandra data in continuous-clocking mode and contemporaneous radio
ephemeris. The same authors reported significant timing noise and a possibility of large glitches in
PSR J202143651. We attempted to search for hard X-ray pulsations from PSR J20214+3651 using
the NuSTAR data. We applied an astrometric correction on the pulsar position to the cleaned event
files using the Chandra data analyzed in this work. We applied a barycentric correction to these
event files for the corrected pulsar position using the barycorr task in NuSTARDAS. We used
extractor to select position- and timing-corrected events within the r = 30" circular region

around PSR J2021+3651 corresponding to the HPD of NuSTAR. We generated binned light curves
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Figure 4.1: Merged (observation IDs 8502 and 7603) and exposure-corrected Chandra images of
the Dragonfly in 2 — 6 keV. The scales were adjusted for better legibility. PSR J2021+3651 is
marked as a cross (X) in both images. Left: 1’ X 1’ image after Gaussian smoothing with oo = 1.5
pixel = 0.7”. The 20” x 10” inner nebula and the pulsar jet stretching out to ~ 30” from the pulsar
are marked with dashed lines. Right: 21’ x 11’ image after Gaussian smoothing with o = 3 pixel
= 3.0”. The arc in length ~ 7.7’ is traced with a dotted line. The extent of the outer nebula seen by
XMM is marked as a dashed line.

from the selected events in 3 — 6, 6 — 20, and 3 — 20 keV bands (bin size = 1 ms) using the timing
analysis software HENDRICS 7.0 [165]. We used the light curves to create power spectra with
the timing analysis software Stingray v1.1 [166]. No significant frequency features were
found. Given the lack of contemporaneous pulsar ephemeris, we performed Z2 (n = 2) searches
around the radio pulsar frequency and frequency derivative found by [154]. This search did not

yield a significant detection of pulsations.

4.2.2 Imaging analysis

Chandra resolved the substructures of the PSR J2021+3651 and the Dragonfly [158]. Such
substructures include pulsar jets, 20” x 10” double-torus inner nebula, a bow shock standoff, and
a peculiar “arc” stretching toward the east of the pulsar (dotted line in the bottom figure of Figure
4.1). An outer nebula with a size much larger than the inner nebula seen by Chandra was discovered
by [161] using XMM. [167] used XMM observations covering the region further west to that of
[161] and constrained the size of the outer nebula to 10 — 15’ to the west of PSR J2021+3651.

[168] not only confirmed the western extent of the outer nebula measured by [167] using Suzaku
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but also claimed the emission seen by XMM on the east of PSR J202143651 including the “arc”
is part of the outer nebula.

In this section, we discuss the X-ray morphology of the Dragonfly seen by Chandra, XMM,
and NuSTAR. We investigate a change in the morphology of the hard X-ray nebula in two different
energy ranges: soft band (3 — 6 keV) and hard band (6 — 20 keV). We present the XMM image
of the Dragonfly to study the morphology of the outer nebula and briefly discuss the nature of the
“arc.” Chandra images in 2 — 6 keV are compared to the NuSTAR and XMM images in similar
energy ranges (3 —6 keV and 2 — 6 keV, respectively). A detailed description of the Chandra image
can be found in [158].

Chandra image

We merged the two Chandra observations (observation IDs 8502 and 7603) using the merge_obs
task in CIAO to create an exposure-corrected image in 2 — 6 keV.

Figure 4.1 shows smaller (inner nebula and jet) and larger (outer nebula and arc) structures of
the Dragonfly. The inner nebula is centered at PSR J2021+3651 and axis-symmetric along the jet.
Its size is 20” along the major axis and 10” along the minor axis in diameter. The jet is measured
to extend out to 30” from the pulsar. The observations covered only part of the outer nebula seen
by XMM (dashed line in the bottom panel of Figure 4.1), yet it is clearly visible. The arc continues

to the edge of the FOV, measuring 7.7 in length.

NuSTAR image

We created images for both focal plane modules (FPMA and FPMB) in the soft band (3 — 6
keV) and the hard band (6 — 20 keV) using ext ractor. The corresponding exposure maps after
vignetting correction were created using nuexpomap task in NuSTARDAS. We combined the
FPMA and FPMB images and corrected the exposure using XIMAGE to create Figure 4.2.

A bright emission is detected in both energy bands at the location of PSR J2021+3651 (marked

with a cross (X) in the figure) and the surrounding region (inner nebula). The west of PSR
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Figure 4.2: Merged (FPMA and FPMB), exposure- and vignetting-corrected, and smoothed (Gaus-
sian kernel with o = 1.5 pixels = 4.7”) NuSTAR images. The scales were adjusted for better
legibility. Left: 21’ x 11’ image containing PSR J2021+3651 and WR 141 marked with a cross (X)
and a plus (+), respectively. The extent of the outer nebula seen by XMM is marked with a dashed
line. Right: 4’ x 4 image of the inner nebula. PSR J2021+3651 is marked with a cross (X). A
dashed circle of radius 1’ is shown as a reference.

J202143651 is contaminated by a stray light background, so it is difficult to estimate the emis-
sion from the faint outer nebula. WR 141 (marked with a plus sign (+) in the figure) becomes
significantly dimmer in the hard band. To examine the detailed morphology of the inner nebula,
we created zoomed-in images (Figure 4.2 right panel). The emission is roughly symmetric about
the pulsar in both energy bands. The nebula fits well in a radius 1’ circle, while it shows an appar-
ent decrease in size in the hard band (6 — 20 keV). We fitted PSF-convolved models to the images
using Sherpa [169], a fitting and modeling application in CIAO. Both images are fitted with a

constant background and a single 2D Gaussian. The FWHM of the Gaussian is 26.5” + 3.2” for
the soft band and 15.2” + 2.0” for the hard band.

XMM image

XMM is the only instrument whose image captures the entirety of the outer nebula in the X-ray
band. To study this large diffuse emission, we first removed the contamination of the outer nebula
by bright point sources in the FOV, such as PSR J20214+3651, WR 141, and a star USNO-B1.0
1268-0448692. We created Swiss cheese masks for MOS1 and MOS2 images that reduce the

surface brightness of point sources to 20% of the surrounding background using the cheese task.
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These masks were applied to the cleaned event files using the mos-spect ra task to create MOS1
and MOS?2 images of the entire FOV in 2 — 6 keV. The quiescent particle background (QPB) image
was generated for the entire FOV in the same energy range using the mos_back task. Residual
SP contamination was found to be negligible (see §4.2.3). No significant instrumental or solar
wind charge exchange (SWCX) background is present in the energy range of our analysis, and
no significant stray light background was observed in the image. Therefore, after combining the
MOSI1 and MOS2 images (comb task), we subtracted only the QPB image, corrected the exposure,
and adaptively smoothed it using the adapt task to create the Figure 4.3 left panel.

Significant emissions are present on the east and west of PSR J2021+3651 (marked with X).
The emission on the east of PSR J2021+3651 (“ring”-like structure, marked with dotted line)
shows no low-energy counterpart in the radio (VLA L band) observation by [161]. [168] claimed
this ring-like structure to be part of the Dragonfly. On the other hand, [158] and [170] detected
a bow-shock structure from the inner nebula of the Dragonfly in the X-ray (Chandra) and radio
(VLA C and L band) observations, respectively. Such detections indicate a supersonic motion of
PSR J2021+3651 toward the east, in which case it is unlikely to expect PWN emission ahead of
the bow shock formed by the pulsar. Possible origins of the emission on the west of the pulsar are
discussed in the last paragraph of this section.

The emission on the west of PSR J2021+3651 (“outer nebula”, marked with dashed line) ex-
tends out to ~ 10" with decreasing surface brightness. This X-ray nebula is spatially coincident
with the first half of the radio nebula, as shown in the Figure 4.3 right panel. The radio nebula
extends further out to > 20’ [161], whose flux was used for modeling the SED of the Dragonfly
(see §4.4). For consistency, we analyze the X-ray counterpart of the radio nebula, namely the outer
nebula, and use its spectrum for SED modeling.

A ring-like structure is centered at WR 141 and has radius ~ 5’. The “arc” seen by Chandra
comprises the lower part of this ring. [168] claimed that the “ring” is part of the PWN based on
the similar spectral index between the “ring” and the “outer nebula.” [171] explained the “arc”

as a “kinetic jet”: pulsar wind particles that escaped into the ISM due to magnetic reconnection
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Figure 4.3: Left: Merged (MOS1 and MOS2), QPB-subtracted, exposure-corrected, and smoothed
XMM image in 2 — 6 keV. PSR J2021+3651 and WR 141 are marked with a cross (X) and a plus
(+) sign, respectively. The extent of the outer nebula ~ 10" is marked with dashed lines. A “ring”
is marked with a dotted line. Right: VLA 20cm image from [161]. The radio nebula extends out
to > 20’ from PSR J2021+3651. The XMM contours are overlaid in blue. The permission for the
use of the image was acquired from AIP Publishing via RightsLink®.

between the PWN and the ISM and became visible in a high > 10 uG ISM magnetic field. A
similar filamentary emission ahead of the main body of the PWN (“outer nebula”) was observed in
the “Snail” PWN, whose “prongs” may be the result of the interaction between the PWN and the
reverse shock of its host SNR [172]. We propose that the “ring” in our XMM image is possibly
associated with WR 141. WR stars are known to have strong stellar winds that can create a bubble
of several parsecs in radius [173]. This bubble is often observed as a ring-shaped nebula and can
be visible in X-ray (e.g., [174]). The parallax of 0.5024 mas in Gaia DR3 [175] implies a 2.0 kpc
distance to WR 141. This yields the radius of the bubble = 2.9 pc. Part of the “ring” was also seen

in Ha photometry by [176], which the authors postulated to be part of the ring nebula photoionized

by WR 141.
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4.2.3 Spectral analysis

We present a spectral analysis of PSR J2021+3651 and its PWN using Chandra, XMM, and
NuSTAR data. We first characterize the pulsar spectrum with Chandra taking advantage of its fine
angular resolution (HPD < 0.5”). We analyze the spectrum of the inner nebula taking into account
the contribution of the pulsar by individually and jointly fitting the Chandra, XMM, and NuSTAR
spectra. We use the XMM data to study the spectrum of the outer nebula. All the spectral models
for X-ray analysis presented in this work were multiplied by a cross-normalization factor (const)

to adjust relative normalization between different detectors and instruments.

Pulsar spectrum

We used Chandra data to analyze the spectrum of PSR J2021+3651. We extracted the source
spectra from a circular region with radius 2” centered at PSR J2021+3651, and the background
spectra from an annulus around PSR J2021+3651 with radii 2 — 4” using the specextract
command in CTIAO. The source spectra were binned to have at least 30 significance over the
background in each bin. We began by fitting an absorbed power law (const xtbabs«pow) to the
spectra in 0.5 — 7 keV where the source emission dominates over the background. The abundance
table was set to wilm [107] for all the X-ray spectral analyses presented in this work. This model
gives a reasonable fit (y?/d.o.f = 130/152) with the best-fit I' = 1.73*0-13 and Ny = (0.26 +
0.05) % 1022 cm~2. However, this best-fit N is 3 times smaller than the Ny found from the Chandra
spectra of the inner nebula. When the Ny was fixed to the best-fit value found from the Chandra
inner nebula spectra (0.76 x 10> cm™2, see §4.2.3), the fit quality became worse (y2/d.o.f =
190/152) with much softer I' = 2.87 + 0.15. This is because the pulsar has significant emission
in both below and above 3 keV. Initially, a small Ny was favored to explain the emission below 3
keV. Later, the I" was significantly softened to compensate for the larger Ny, leaving the emission
above 3 keV poorly fitted. We added a black body component to fit the emission below 3 keV while

the power law component explains the emission above 3 keV (const xtbabs* (bbod+pow) ).

Ny is highly degenerate with the black body temperature and the power law index, so we fixed
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Figure 4.4: Left: Chandra ObsID 8502 and 7603 (black and red crosses, respectively) spectra of
PSR J2021+3651. The background is dominant outside of 0.5 — 7 keV. The source spectra were
extracted from a circular region with radius 2” centered at the pulsar. The background spectra were
extracted from an annulus region with radii 2 — 4” centered at the pulsar. Middle: Chandra ObsID
8502 (black) and 7603 (red), XMM MOSI1 (green) and MOS2 (blue), NuSTAR FPMA (magenta)
and FPMB (cyan) spectra of the inner nebula. The background is dominant outside of 0.5 — 7
keV for Chandra, 0.5 — 8 keV for XMM, and 3 — 20 keV for NuSTAR. The source spectra were
extracted from an annulus region with radii 2 — 20” for Chandra, a circular region with radius
40" for XMM, and a circular region with radius 1’ for NuSTAR, all centered at PSR J2021+3651.
The background spectra were extracted from a 2’ X 2’ box in a source-free region. For XMM and
NuSTAR, the pulsar spectra were subtracted. The best-fit models are displayed as solid lines in
both plots. Right: XMM MOS1 and MOS2 (green and blue, respectively) spectra of the outer
nebula. The source spectra were extracted from the dashed polygon in the Figure 4.3 left panel.
The Line and continuum backgrounds are dominant below 2 keV and above 6 keV, respectively.
The best-fit models are displayed as solid lines.

Np to the Chandra value of the inner nebula. This gives the best-fit kT = 0.13 + 0.01 keV and
I' = 1.63 + 0.17 with y?/d.o.f = 123/151. We used this model as the initial pulsar component
when jointly fitting the Chandra spectra of the inner nebula and the XMM and NuSTAR spectra
of the pulsar and the inner nebula (see §4.2.3). We iteratively fit the Chandra pulsar spectra by
changing the Ny to the best-fit value found from the joint fit of the Chandra, XMM, and NuSTAR
spectra. The pulsar model converged to kT = 0.11+0.01 keV and " = 1.77+0.17 with y*/d.o.f =
123/151. The best-fit parameters are comparable to [158] (I' = 1.73*}-1%), kT = 0.16 £ 0.02 keV,

and Ny = 0.67 x 10> cm™?) considering the degeneracy between kT and Ny. The unabsorbed

flux of PSR J2021+3651 in 3 — 10 keV is F3_19 = (1.20*918) x 1071 erg/s/cm?.
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Inner nebula spectrum

We individually and jointly fitted the Chandra, XMM, and NuSTAR spectra of the inner neb-
ula. The Chandra spectra were extracted from an annulus region with radii 2 — 20” centered at
PSR J2021+3651. The XMM spectra were extracted from circular regions with radius 40” using
the xmmselect task in SAS. Response files were generated using rmfgen and arfgen tasks.
NuSTAR spectra were extracted from circular regions with radius 1’ using nuproducts task in
NuSTARDAS. The sizes of the source region for different instruments were determined consider-
ing the PSF sizes of the instruments (HPD 1” for Chandra, 34” for XMM, and 58” for NuSTAR)
and the cross-normalization term between the source spectra. The background spectra for all three
instruments were taken from a 2’ X 2’ box in a nearby source-free region. Fitting was performed
in the energy range where the source emission dominates over the background (0.5 — 7 keV for
Chandra, 0.5 — 8 keV for XMM, 3 — 20 keV for NuSTAR). All spectra were binned such that the
source counts have at least 30~ significance above the background counts in each bin.

We first modeled the Chandra spectra of the inner nebula using an absorbed power law (const *
tbabs+pow) to find the best-fit Ny = (0.76+0.06) x 10?2 cm~2. Using this Ny, the best-fit model
for the pulsar was found (k7" = 0.13+0.01 keV,I" = 1.63+0.17, see §4.2.3). This pulsar component
was included and held fixed in the model for the XMM and NuSTAR spectra of the inner nebula.
The Ny for both instruments were held fixed to the value found from the Chandra-only fit. The
best-fit I" for Chandra and XMM are in good agreement (1.25+0.06 and 1.35+0.03, respectively),
while the NuSTAR spectra give much softer I' = 1.73 +£0.07. We jointly fitted the Chandra, XMM,
and NuSTAR spectra to constrain the model for the inner nebula more tightly and to test the pres-
ence of a spectral break. The iterative fitting of the pulsar spectrum was performed in parallel (see
§4.2.3). An absorbed power law model with Ny = (0.96 + 0.04) x 10?2 cm™2 and I" = 1.49 + 0.03
explains the spectra well (y?/d.o.f = 710/705). Adding a break to the power law does improve
the fit (F test probability = 0.002); however, the break energy Ep,eqr = 6.02J:(1)'.713 keV near the bor-
derline between the Chandra and XMM vs. NuSTAR energy ranges is suspect. We concluded that

the hint of spectral break might originate from the imperfect cross-calibration between the different

77



Table 4.1: Summary of X-ray spectral analysis results

Region Instrument’  Energy Ny kT r F3_10 y*/d.o.f
(keV) (10?2 cm™?) (keV) (10713 erg/s/cm?)

Pulsar C 0.5-7 0.96  0.11+0.01 1.77+0.17 1207018 128/151

C 05-7 0.76+£0.06 - 1.26 +0.06 6.807037 345/349

Inner X 0.5-8 0.76* - 1.35+0.03 5.58t§~'1}; 246/240
nebula N 3-20 0.76* -~ 1.73 +0.07 5.50 +0.22 106/114
C+X+N  0.5-20 0.96+0.04 -~ 1.49 +0.03 5.31+0.21 710/705

Outer nebula X 2-6 0.96* - 1.82+0.03  32.53+0.69 509/541

1 C = Chandra, X = XMM, N = NuSTAR. i held fixed.

instruments. The unabsorbed flux of the inner nebula is F3_jo = (5.31 + 0.21) x 10713 erg/s/cm?.

The best-fit I" for the inner nebula from the joint fit is comparable with [158] (1.45 + 0.09).

Outer nebula spectrum

We used the XMM data to analyze the outer nebula spectrum. The cleaned event files and
the Swiss cheese masks (see §4.2.2) were processed with the mos—spectra task to extract the
source spectra from the dashed polygon in the Figure 4.3 left panel. We followed the proce-
dures described in the manual for the use of XMM-ESAS! to carefully estimate the background
in such a large source region (~ 10"). First, the QPB spectra were generated for the same region
using the mos_back task. Second, the background spectrum below 2 keV contains multiple in-
strumental and SWCX lines. We chose 2 — 6 keV for the energy range of our analysis to avoid
modeling too many background components. The continuum background dominates over 6 keV.
Third, we attempted to model the remaining background components on Xspec: SP residuals
and the CXB. The QPB spectra were loaded as background spectra. The source spectra were
binned to have at least 30~ significance over the QPB spectra in each bin. The background from SP
residuals was modeled with a power law using unitary response matrices, but none of the model
parameters were constrained. Therefore we assumed that the contribution from residual SP is in-
significant and excluded it from the model. The CXB was modeled with an absorbed power law

(const+tbabsxpow). All of its model parameters were fixed to the canonical values (I' = 1.41,

'Mttps://heasarc.gsfc.nasa.gov/FTP/xmm/software/xmm-esas/xmm-esas-v13.pdf
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normalization=11.6 photons/keV/s/cm?/sr at 1 keV, [177]) to circumvent the degeneracy between
the two power-law components (CXB and the outer nebula). We used the Galactic hydrogen col-
umn density2 at the center of the source extraction region (1.13 cm™2) as the Ny for the CXB.
The outer nebula was modeled with an absorbed power law (const«tbabs*pow). The Ny
is not constrained in the energy range of this analysis (2 — 6 keV). We fixed the Ny to the best-
fit value found from the Chandra, XMM, and NuSTAR joint fit of the inner nebula (0.96 x 1022
cm™2). The best-fit model with I" = 1.82 + 0.03 yields a reasonable fit (y>/d.o.f = 509/541).
The unabsorbed flux of the outer nebula in 2 — 10 keV is Fo_jo = (4.20 £ 0.07) x 10712 erg/s/cmz.
The best-fit I' is clearly harder than [168] (I' = 2.10 + 0.12), yet the flux value is comparable

(Fa—19 ~ 4.1 x 10712 erg/s/cm? for the PWN-west).

4.3 Fermi-LAT analysis

The gamma-ray pulsations of PSR J2021+3651 was first detected by AGILE [178] and later
confirmed by Fermi-LAT [159]. The pulsar is registered in the most recent Fermi-LAT source cat-
alog (4FGL-DR3, [179]) as 4FGL J2021.1+3651. We analyzed 13-year Fermi-LAT data (August
2008 — October 2021, MET 239557417 — 656813666) to detect the GeV emission from the Drag-
onfly. We selected SOURCE class and FRONT+BACK type events (evclass=128, evtype=3) and
used the instrument response functions (IRFs) PSR3_SOURCE_V3. The 90° zenith angle cut and
the filter expression DATA_QUAL>0 && LAT_CONFIG==1 were applied. The region of interest
(ROI) is a 10° x 10° box region centered at 4FGL J2021.1+3651.

We performed a binned likelihood analysis (spatial bin = 0.1°, energy bin = 8 bins per decade)
using Fermipy v1.0.1 [180]. The ROI model includes the 4FGL-DR2 sources (g11_psc_
v27.fit, [181]) within a 30 X 30 box region centered on 4FGL J2021.1+3651, the Galactic dif-
fuse emission model (g11_iem_v07.fits), and the isotropic emission model (iso_P8R3_
SOURCE_V3_v1.txt)}. We used the optimize () and fit () methods in Fermipy to op-

timize the model in 100 MeV—-300 GeV. For the £it () method, the parameters of bright nearby

https://www.swift.ac.uk/analysis/nhtot/
Shttps://fermi.gsfc.nasa.gov/ssc/data/access/lat/BackgroundModels.html
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sources (within 5° of 4FGL J2021.1+3651 and TS (test statistics) > 25) were left free. After fit-
ting, the residual map was visually inspected, and a standard normal distribution was fitted to the
residual significance histogram to ensure that the residuals are statistical fluctuations.

4FGL J2021.1+3651 is modeled with PLSuperExp— Cutoff2*. The best-fit parameters of
4FGL J2021.1+3651 agreed with those of 4FGL-DR2 within 1o error. Since the emission from
4FGL J2021.14+3651 cuts off in the 10-30 GeV range, we created a VTS map of the ROI above
30 GeV to avoid contamination by the pulsar and investigate any possible diffuse emission from
the PWN. We did not find any excess in the vicinity of 4FGL J2021.143651 that can be attributed
to the emission from the PWN. This result confirms the non-detection of the GeV PWN in the
vicinity of PSR J2021+3651 from the previous studies of the off-pulse data [159].

GeV gamma rays are IC upscattered photons off the low energy electrons that emit synchrotron
radiation in radio — infrared. Given the large (> 20’) size of the radio nebula, a putative GeV
nebula may be largely extended and too faint to be significantly detected over the background. The
large (~ 1°) size of the IC nebula in the VHE range (eHWC J20194368) may also indicate a largely
extended GeV nebula. [182] calculated upper limits for a GeV PWN of PSR J2021+3651 assuming
a size of MGRO J2019+37. [183] used an ICS template with the best-fit diffusion coefficient for
eHWC J2019+368 to place GeV upper limits of the PWN. Both works resulted in GeV upper limits

similar to the flux of eEHWC J2019+368.

4.4 Multiwavelength SED modeling

Figure 4.5 shows the multiwavelength counterparts of the Dragonfly overlaid on the HAWC
significance map. PSR J2021+3651 is located at the Eastern edge of the extended TeV source
eHWC J2019+368. Its PWN, the Dragonfly, extends toward the centroid of eHWC J2019+368.
We model the SED of the Dragonfly using these multiwavelength data to investigate the Dragonfly
as a leptonic PeVatron.

While our NuSTAR observation allowed an in-depth study of the inner nebula, the faint emis-

‘https://fermi.gsfc.nasa.gov/ssc/data/analysis/scitools/source_models.html
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Figure 4.5: HAWC significance map (2° X 2°) centered at the centroid of eHWC J2019+368.
The eHWC J2019+368 flux extraction region is marked with a dashed circle (radius 0.5°). PSR
J2021+3651 and Sh 2-104 are marked with a star and a triangle, respectively. The shaded region
is the XMM spectrum extraction region of the outer nebula. The dotted line shows the extent of
the outer nebula seen by VLA. The angular resolution of HAWC varies depending on the energy
and zenith angle. The approximate size of the 68% containment region at 56 TeV (radius 0.2°)
is marked with a solid white circle at the top left corner. The HAWC image was obtained from
the 3BHWC survey public data (https://data.hawc-observatory.org/datasets/
3hwc—-survey/fitsmaps.php), and the VLA nebular extent was estimated from [161].

sion from the outer nebula was not detected due to the limited sensitivity. Instead, we used our
XMM analysis result of the outer nebula presented in §4.2.3. The radio spectrum and the GeV
upper limits were taken from [161] and [183] (“IEM-4FGL”), respectively. In the TeV band, three
independent flux measurements by VERITAS (VER J2019+368), HAWC (eHWC J2019+368), and
LHAASO (LHAASO J2018+43651) are available. [147] did not provide detailed spectral informa-
tion of LHAASO J2018+3651 except for its flux at 100 TeV. [163] and [145] provide the spectrum
of VER J2019+368 and eHWC J2019+368, respectively, over three decades of energy. While VER
J2019+368 and eHWC J2019+368 exhibit similar source size, the flux of VER J2019+368 reported

in [163] was extracted from a region smaller than the source size, yielding a 2 — 3 times lower flux

than that of eHWC J2019+368 in the overlapping energy range (see also [184]). Therefore, we
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used the spectrum of eHWC J2019+368 from [145] for SED modeling in this work.

The distance estimates of PSR J2021+3651 vary widely depending on different distance mea-
sures. [154] used the dispersion measure (DM) ~ 371 pc cm™ to put the pulsar at > 10 kpc on the
outer edge of the Galaxy, although they left a possibility of a nearer distance in case of a contribu-
tion from excess gas in the Cygnus region. [158] suggested 3—4 kpc based on various arguments,
such as the X-ray spectral fit to a neutron star atmosphere model and the gamma-ray efficiency of
the pulsar. [159] estimated a distance > 4 kpc based on the pulsar rotation measure (RM). [185]

1.7
suggested 1.8%,

', kpc using the interstellar extinction and distance relation. The 1.8 kpc distance

was adopted by [168], [186], and [184] for their multiwavelength SED modeling.

We start with preliminary modeling of the multiwavelength SED using Namia [187], a generic
model for non-thermal radiation from relativistic particles. We do not make assumptions about
the distance or evolutionary history of the PWN at this stage. Our purpose for this preliminary
modeling is to provide a basic understanding of the current status of the PWN and initial estimation
of the input parameters for a more sophisticated model, namely the dynamical model [188]. Then
we move on to multiwavelength SED modeling using the dynamical model to acquire insight into
the dynamical evolution of the Dragonfly over its lifetime while the interactions between the PWN,

SNR, and ISM are accounted for.

4.4.1 Naima

Naima allows us to characterize the current particle population using a minimal number of
parameters without introducing any physical assumptions on the evolutionary history of the system.

For a leptonic particle accelerator, synchrotron (SC) emission and emission via inverse Comp-
ton (IC) scattering off the input seed photon fields (CMB and interstellar dust emission (IR)) are
calculated based on a particle distribution model. We vary the model parameters of a single particle
distribution so that the SC and IC spectra are consistent with the observed flux in radio, X-ray, and
TeV gamma-ray bands. The minimum particle energy (E,,;,) and the reference energy (Ep) were

fixed to 1 MeV and 1 TeV, respectively. The best-fit parameters are summarized in Table 2, and
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Table 2: Best-fit SED model parameters using Naima

a 2.4
E..; 0.9 PeV
Magnetic field 1.6 uG
IR temperature 26 K
IR energy density 1.0 eV/em®
Total particle energy’ 6.1d§ 5 X 10% erg

T d3.5 1s the distance to the Dragonfly scaled to the
nominal distance of 3.5 kpc.

the best-fit SED model is plotted with the multiwavelength data and residuals in Figure 4.6.
The TeV spectrum exhibits a smooth cutoff after 20 TeV. This cutoff is better explained by

~E/E,
[Ecut | than a

an exponential cutoff power law distribution of particles, dN/dE = A(E/Ey) %e
simple power law with a sharp cutoff at E,,,,. The best-fit particle index is @ = 2.4. Adding an
IR field gives a better fit than the CMB-only model, although the IR field energy density tends
to grow indefinitely to an unphysical value. Therefore, we fixed the IR field energy density to
the average CR energy density (1 eV/cm?, [189]). This yields the best-fit IR field temperature T
= 26 K, magnetic field B = 1.6 uG, and cutoff energy E.,; = 0.9 PeV. This SED model shows
a good fit to the multiwavelength data as seen in the residuals plotted in Figure 4.6; however,
the narrow IC peak resolved by HAWC is difficult to explain with physically reasonable model
parameters. Such a narrow peak originates from the flux point in the lowest energy bin, the range in
which air imaging Cherenkov telescopes (IACTs), such as VERITAS, are more sensitive. A deeper
VERITAS observation and more accurate flux measurement of the region have been proposed for
our future work to resolve the IC spectrum of the Dragonfly better.

The best-fit cutoff energy E.,; = 0.9 PeV strongly suggests that the Dragonfly is likely a
PeVatorn. The cutoff energy is greater than 0.3 PeV by [184] and 0.4 PeV by [186] mainly due
to the difference in the X-ray spectra used in each work (see §4.4). The magnetic field inside the
PWN is at the level of interstellar magnetic field (~ 3 uG, [190], as one may infer from the low
X-ray to gamma-ray luminosity ratio.

The IR field temperature is higher than the IR emission from cold dust grains (~ 15 K). A pos-
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Figure 4.6: The best-fit SED model from Naima. The model parameters are given in Table 2.
Synchrotron flux (Sync), inverse Compton flux from the CMB (CMB), infrared emission from
the interstellar dust grains (IR), synchrotron self-Compton component (SSC), and total flux are
plotted. The SSC flux level is very low and located below the lower bound of the y-axis. Radio,
X-ray, and TeV flux data points, and GeV upper limits are overlaid. The residuals are plotted in
terms of significance ((data—model) / (10~ uncertainty of data)).

sible source of this warm dust emission is an H II region Sh2-104 (marked with an inverted triangle
in Figure 4.5). Located at 4 + 0.5 kpc from the Earth, Sh2-104 is visible in radio through X-ray
[191], [192], [193], and [194]. Sh 2-104 hosts an ultra-compact H II (UCHII) region on the eastern
periphery of its dense molecular shell. As strong candidates for active star formation [191] and
[193], Sh2-104 and the UCHII region each contain a stellar cluster, MASS J20174184+3645264
and IRAS 20160+3636, respectively, ionizing the regions [191] and [195]. [192] used Herschel
observations to estimate the dust temperature in Sh2-104 to be 20 — 30 K on the exterior. Our
best-fit IR field temperature (26 K) lies in this temperature range. Since the lower bound of the
distance to Sh2-104 [191] and the upper bound of the distance to PSR J2021+3651 [185] coincide

(3.5 kpc), we adopt 3.5 kpc as a nominal distance to the Dragonfly hereafter and scale relevant

parameters to this distance whenever possible.
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Table 3: SED model parameters using the dynamical model

Source distance 3.5 kpc
Esn 1.0 x 10°! erg
M. 7.2M¢
nism 0.03 cm™3
Braking index p 2.5
Input Agge 16 kyr
nB 0.008
Enax 1.4 PeV
Particle index 2.4
IR field temperature 99K
IR field energy density 1.4 eV cm™
IRs 12 kyr
R PWN 9.5 pc
Output ) fagnetic field 2.7 uG

Total particle energy 3.9 x 10® erg

4.4.2 Dynamical model

Taking the result from Naima as a starting point, we fit the dynamical model to the multiwave-
length data of the Dragonfly. The dynamical model is a time-evolutionary model for a composite
system of a PWN and its host SNR. The model assumes a spherical single-zone system whose SNR
is in a free-expansion or Sedov-Taylor phase. The model evolves a PWN and its SNR from their
birth to the true age of the system, calculating the interaction between them and with the surround-
ing ISM. The model output includes a pulsar wind particle distribution, its synchrotron and inverse
Compton emission spectrum, and the dynamics of a system (e.g., a radius of a PWN, a radius of an
SNR forward and reverse shock, and a magnetic field inside a PWN) at each evolutionary phase.

The dynamical model evolves the particle distribution inside a PWN via three mechanisms:
continuous particle injection of a fraction of the pulsar spin-down luminosity, adiabatic energy
loss due to the expansion of the PWN, and radiative energy loss due to synchrotron and inverse
Compton emission. The spin-down luminosity E of a PWN at its age 7 is formulated as

_pHL

E0) :E‘O(HL) @.1)

Tsd
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where Ej is the initial spin-down luminosity, p is the pulsar braking index, and 7y, is the charac-
teristic pulsar spin-down timescale. 74 is related to a pulsar’s characteristic age T and true age #,¢¢

as

2T
tage = - Tsd- 4.2
age b1 Tsd 4.2)

A fraction of the spin-down luminosity ngE is injected into the PWN as magnetic fields, while
the rest of the spin-down luminosity, (1 — ng)E, is injected as particles (electrons and positrons).
The particle injection spectrum is defined within the energy range between E,;;, (minimum en-
ergy of the injected particle, fixed to 0.1 GeV in this work) and E,,,, (maximum energy of the
injected particle). The magnetic field is assumed to be homogeneous throughout the volume of
the PWN, and thus it decreases as the PWN expands and increases as the PWN is crushed by the
collision with the SNR reverse shock. The radiative loss changes accordingly — synchrotron emis-
sion is much stronger than inverse Compton emission in the early stage or post-collision era of
the PWN, whereas inverse Compton flux becomes comparable with synchrotron flux as the PWN
ages. Adiabatic loss is most severe when a PWN freely expands against only ram pressure from
the unshocked supernova ejecta in the free-expansion phase. Once the PWN collides with the SNR
reverse shock and starts encountering the pressure from shocked ejecta, the expansion of the PWN
slows down until the compression starts, during which the PWN undergoes adiabatic heating.

The dynamical evolution of a system is calculated based on input parameters related to a su-
pernova , SNR, and surroundings, such as supernova explosion energy (Esy), €jecta mass inside
an SNR (M,;), and ISM density just outside an SNR forward shock (n;5p). These parameters
determine the pressure just outside a PWN and at the location of a reverse shock. A PWN size
changes such that the pressure from the ejecta is in balance with the pressure inside a PWN, which
comprises magnetic pressure and pressure from particles as a relativistic ideal gas. When a reverse
shock reaches a PWN, the pressure experienced by a PWN increases dramatically. This leads to
a rapid decrease in the size of a PWN and, consequently, a sharp increase in the magnetic field
inside a PWN. Synchrotron loss is extreme at this point. Once a PWN is highly compressed, and

its pressure exceeds the ejecta pressure, the PWN starts re-expanding, and hence the magnetic field
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Figure 4.7: Top left: The SED model for the Dragonfly from the dynamical model. The model
parameters are given in Table 3. Radio, X-ray, and TeV flux data points are overlaid. The residuals
are plotted in terms of significance ((data—model)/(10- uncertainty of data)). Top right: Time
evolution of the PWN radius (R, blue solid line), SNR reverse shock radius (Rgg, orange dashed
line), and magnetic field inside the PWN (B field, green dotted line) over the true age from our
model (16 kyr). The PWN collided with the SNR reverse shock at 7gs = 12 kyr. Bottfom: Time
evolution of the radiation (left) and particle (right) spectrum of the Dragonfly.
inside the PWN starts decreasing. As a PWN ages, its size grows as large as several parsecs or
more, and its magnetic field becomes as low as a few uG. The resulting spectrum yields a similar
level of SC and IC flux, a typical spectrum observed in middle-aged PWNe.

We aimed to find a set of model parameters that reproduces not only the multiwavelength
spectrum but also the observed size of the Dragonfly. The Dragonfly displays a highly asymmetric
morphology, although the dynamical model assumes a spherical system. Given this limitation of

the model, we focus on characterizing the evolution of the PWN properties averaged over the entire

system rather than their spatial dependency. We approximated a nominal radius of the PWN to be
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Table 4.4: Comparison between PeVatron pulsar wind nebulae

G75.23+0.12 (“Dragonfly”)  G18.5-0.4 (“Eel”)*  G106.65+2.96 (“Boomerang”)”

TeV counterpart eHWC J2019+368 HAWC J1826-128 HAWC J2227+610
P LHAASO J2018+3651 LHAASO J1825-1326 LHAASO J2226+6057

Name PSR J2021+3651 PSR J1825-1256 PSR J2220+6114
7 (kyr) 17 14 10
Pulsar 1036 ergss) 3.4 3.6 22

Distance® (kpc) 04-12(@3.5) 3.5 0.8 -7.5(7.5)

Epmax (PeV) 1.4 4.6 33
Magnetic field (uG) 2.7 0.6 2.2
PWN True age (kyr) 16 4.6 3.3
Igs (kyr) 12 — 1.5

4[151] and references therein. ?[196] and references therein.
“For the sources with a wide range of distance estimates, the distance used for SED modeling is given in parentheses.

10’ so that its spherical volume roughly matches the physical volume of the outer nebula. The radio
nebula size ~ 20" was used for this calculation — the lowest energy particles seen in the radio band
would have a much longer lifetime than its synchrotron cooling time and thus best reflect the true
extent of the PWN. The angular size of 10’ is equivalent to Rpyy = 10 pc at the nominal distance
d = 3.5 kpc.

The input and output parameters of the dynamical model are listed in Table 3. Figure 4.7
shows the SED model plotted with the multiwavelength data and residuals, the time evolution of
the dynamical parameters (magnetic field, PWN radius Rpwy, and SNR reverse shock radius Rgy),
radiation and particle spectra.

The maximum particle energy E,,,x = 1.4 PeV provides strong evidence that the Dragonfly is
a PeVatron PWN. The true age of 16 kyr was found to be slightly younger than its characteristic
age 7 = 17 kyr. The true age found by our model is much older than 7 kyr found by [184]. This
difference can be attributed most likely to the assumed source distance (3.5 kpc in this work, 1.8
kpc in [184]), as well as to the SED models and the X-ray spectra (see §4.4). The low magnetic
field (2.7 uG) is consistent with that from Naima, [168], [186], and [184]. The low magnetic
fraction np = 0.008 contributes to this low magnetic field.

Our model predicts that the PWN expanded to ~ 20 pc, collided with the supernova reverse
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shock 4 kyrs ago (tgs = 12 kyr), and has been shrinking since then to reach the current size ~ 10
pc (Figure 4.7 (b)). Relatively low ISM density n;sy = 0.03 cm™ drove a slow reverse shock,
allowing the PWN to grow large enough to reach the reverse shock even before it started heading
back toward the PWN. Combined with the substantial ejecta mass M,; = 7.2M, this low ISM
density may indicate that the host SNR of the Dragonfly evolved into the wind-blown bubble of
a massive progenitor star with an extremely low density (below 0.001 cm~>) during the first few
kyrs of its lifetime [197].

The particle index @ = 2.4 is consistent with Naima. The IR field temperature (9.9 K) falls
below the range of the dust temperature in Sh2-104 (see §4.4.1). Using the braking index p = 2.5
and 1,4 = 6.8 kyr of our model, the total particle energy (3.9 x 10 erg) is 50% of the total injected

energy over the true age (16 kyr) of the Dragonfly.

4.5 Discussion

4.5.1 PeVatron pulsar wind nebulae

We compare three PeVatron PWNe studied in our NuSTAR observational program of ener-
getic PWNe: G75.23+0.12 (“Dragonfly”, this work), G18.5-0.4 (“Eel”, [151]), and G106.65+2.96
(“Boomerang”, [196]). All three PWNe were modeled with the dynamical model. Key facts and
the model parameters of the three PWNe are summarized in Table 4.4. The common features of

the three PeVatron PWNe are the following:
1. The maximum particle energy is greater than 1 PeV.

2. The source morphology is highly asymmetric and energy-dependent. The pulsar is located
on the edge of the extended radio and soft X-ray nebulae and is offset from the centroid of

its TeV counterparts.
3. The magnetic field strength inside the PWNe is low < 3 uG.

4. Compact hard X-ray nebula was detected up to 20 keV by NuSTAR. The nebular size is
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much smaller than the lower-energy nebula (radio and soft X-ray).

5. The compact hard X-ray nebular spectrum does not exhibit a spectral break or cutoff. A

synchrotron burnoff is observed from the shrinkage of its size at higher energies.

6. The dynamical model predicts that the PWN collided with the reverse shock of the host SNR

“recently” (the Dragonfly and Boomerang), or such a collision is about to happen (the Eel).

Features 2 and 3 are known properties of bright TeV PWNe (e.g., [198] and [64]). While asym-
metric morphology bears a few different possibilities (fast pulsar velocity, asymmetric SNR reverse
shock — PWN interaction, or a combination of both effects — see §4.5.2), energy dependency of
morphology can be attributed to particle transport and cooling. Particles that emit synchrotron ra-
diation in the radio band (particle energy E ~ 1 GeV in the interstellar magnetic field ~ 3 ¢G) have
cooling times much longer than the age of the PWN and hence transport to large distances away
from the pulsar without losing much of their energies. Particles that radiate in the hard X-ray band
(E ~ 100 TeV), on the other hand, have much shorter cooling times than the PWN age. Such par-
ticles can travel only to short distances before cooling down to lower energies, resulting in feature
4 (see §4.5.3). Therefore, only freshly injected highly energetic particles contribute to the compact
hard X-ray nebula. Relic particles, after cooling, exhibit larger extents in lower energies.

Looking at an IC spectrum, relic particles with energies E ~ 10 TeV upscatter the CMB photons
to TeV energies. Such particles can be dim in the synchrotron spectrum due to a lower magnetic
field farther away from the pulsar, explaining the offset of the TeV emission from the pulsar.
Feature 3 is necessary for this reason and manifests as the observed low X-ray to gamma-ray
luminosity ratios. GeV-emitting particles (E ~ 10 GeV) are expected to form even fainter SC
and IC nebulae due to their lower energies and larger distances traveled. No GeV nebulae were
detected for the PeVatron PWNe except for the “tail” region of the Boomerang whose emission is
attributed to its parent SNR (e.g., [199]).

Feature 6 provides a hint as to how particles are accelerated in PeVatorn PWNe. [200] proposed

using a Monte Carlo simulation that particles may be accelerated to 1 PeV during the compression
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of a PWN by the collision with the reverse shock of its host SNR.

Some of the above properties are in contrast to those of other TeV PWNe in our NuSTAR
observational campaign, such as G313.54+0.23 (“K3” or “Kookaburra”, [153]) and G313.3+0.1
(“Rabbit”, [152]). These southern sources are invisible to HAWC and LHAASO, the telescopes
that operate in the highest energy regime (> 100 TeV). Their NuSTAR hard X-ray nebulae are
extended (radius ~ 3’ at the source distance ~ 5.6 kpc for both PWNe), and the nebular sizes do not
change significantly with energy. Multi-zone SED modeling using the spatially resolved NuSTAR
spectra along with multiwavelength flux data yielded the maximum particle energies below 1 PeV
for both PWNe. The PWNe have bright GeV counterparts whose spectra connect smoothly to the
spectra of their TeV counterparts. Future gamma-ray observatories in the southern hemisphere,
the Southern Wide-field Gamma-ray Observatory (SWGO) and Cherenkov Telescope Observatory
(CTAO) — South, will play a crucial role in studying the true energetics of these PWNe and their

relation to the multiwavelength observations.

4.5.2 Distance and proper motion

The distance of the Dragonfly is relevant to not only its brightness but also its physical size,
and hence the proper motion of PSR J20214+3651. Like many other TeV PWNe (e.g., [55]), the
Dragonfly is offset from the center of the nebula and its TeV counterparts. Such highly asymmetric
morphology is often attributed to a fast proper motion of the pulsar. [162] estimated the transverse
velocity of PSR J2021+3651 to be 840a’5t1_71 km/s, where ds is the distance of the Dragonfly scaled
to 5 kpc and ¢#7 is the age of PSR J2021+3651 scaled to its characteristic age of 17 kyr, in case
it was born at the end of the radio nebula. [184] estimated it to be ~ 1,300 km/s in case PSR
J2021+3651 1s located at 1.8 kpc and was born 7 kyrs ago at the location of HAWC J2019+368.
[158] and [170] claimed the detection of a bow shock structure on the East side of the Dragonfly,
yet noted a possibility of at most a mildly supersonic motion of PSR J202143651 considering the
well-preserved substructures of the inner nebula.

Given the true age of 16 kyr from our model, the Dragonfly may be too young to have escaped
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its host SNR and form a bow shock in the ISM (e.g., [201]). Instead, the bow shock structure with
the well-defined inner nebula and the asymmetric PWN morphology could be explained by an
asymmetric interaction between the PWN and the reverse shock of its host SNR due to an ambient
density gradient (e.g., [202] and [172]). In this case, the orientation of the bow shock does not
necessarily align with the direction of the pulsar’s proper motion [203]. There is no known dense
object on the East of PSR J202143651, and the host SNR has not been detected. This mystery could
be solved by a deep and expansive radio observation that covers a large (~ 1°) region to search for
the faint host SNR of PSR J2021+3651. Here, we focus on discussing the proper motion of PSR
J202143651 that may have caused the asymmetric morphology of the Dragonfly.

The angular separation between PSR J2021+3651 and the centroid of eHWC J2019+368 is
~ 16’. If PSR J2021+3651 was born near the centroid of eHWC J2019+368 and traveled to
the current location at a constant speed, the corresponding transverse velocity of the pulsar is
Vpsr = 996(1’3.51‘]‘61 km/s, where t1¢ is the true age scaled to 16 kyr. This is above the average pulsar
velocity (540 km/s, [204]), but not exceptionally high [205]. In this case, measuring the pulsar
proper motion of ~ O.O6”al3.5t1‘6l /yr may not be feasible unless PSR J2021+3651 is significantly
closer than 3.5 kpc or significantly younger than 16 kyr. Another Chandra observation of PSR
J202143651, nearly 20 years after the last observation, to detect the pulsar motion could provide
insight into the source distance and age; however, their degeneracy will still need to be disentan-
gled. Our future work will combine new radio (VLA) and X-ray (Chandra) observation with an
energy-dependent morphology study using VERITAS and Fermi-LAT to place tight constraints on

the source distance and evolutionary history of the Dragonfly.

4.5.3 Magnetic field

For particles with a synchrotron lifetime shorter than the age of the system, the distance that
a particle can travel is determined by its synchrotron lifetime rather than the system age. In the
vicinity of the pulsar where the magnetic field is strong, and the particles are transported mainly by

energy-independent advection, the PWN size in different energy bands should be proportional to

92



the synchrotron lifetime of the electrons (e.g., [206]). This is demonstrated by the changing nebula
size in energy observed with NuSTAR. A synchrotron lifetime #,,,. can be defined as a time scale
that an electron with Lorentz factor y loses all of its energy E via synchrotron radiation in magnetic
field strength B. A synchrotron spectrum of a single electron is highly peaked around its critical
frequency vi; (E) o< BE%. A rough estimation of a synchrotron lifetime using this information
yields

E 2 1
Lsync = ~ e ~ 4.3)

PsYnch 72B2 B3Vcril(7) .

Assuming a constant average magnetic field and advection velocity in the region, the ratio of a

synchrotron lifetime between particles emitting 3 keV photons and those emitting 6 keV photons
is calculated as /6 keV/3 keV = 1.4. This ratio is indeed comparable to the ratio of the nebula
size in two different energy bands: FWHM(3-6 keV)/FWHM(6-20 keV)= 26.5"/15.2" = 1.3.
Comparing the nebula sizes in the two energy bands also allows placing an upper limit of the
magnetic field inside the compact nebula. The inner nebula detected by NuSTAR is located well
outside the termination shock (2—3 smaller than the torii ~ 10” [158]), where the advection velocity
can be approximated to the overall PWN expansion velocity (e.g., [207]). The expansion velocity
of the Dragonfly has not been measured, yet some other PWNe were estimated to expand at ~1,000
km/s (e.g., [207], [208], and [209]). Eq. (6) in [208] gives the time it takes for an electron to lose
half its energy via synchrotron radiation (¢ ,). For example, an electron that was emitting 12 keV
photons 71/, years ago has cooled down by now to emit 3 keV photons (v¢,; < E 2). Assuming
that this electron traveled from the edge of the hard-band nebula (FWHM = 15.2”) to the edge of
the soft-band nebula (FWHM = 26.5") at velocity v,4 =1,000 km/s, the constant average magnetic

field inside the compact nebula yields B = 24d; 3 z,uG. Compared with the 2.7 uG in the outer

5
nebula, the much stronger magnetic field for the outer nebula was anticipated from the compact
size of the hard X-ray inner nebula. This magnetic field estimate is consistent with the inner nebula

magnetic field estimated by [158] (~ 20 uG assuming a dipolar field) and [170] (~ 22 uG assuming

equipartition between the magnetic field and particle energy).
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4.6 Summary

As part of our NuSTAR observational campaign of energetic PWNe, we studied the X-ray
properties of the Dragonfly PWN and its viability as a leptonic PeVatron. Our NuSTAR observation
detected a compact (r = 1”) inner nebula of the Dragonfly in 3 — 20 keV. The size of this nebula
decreases at higher energies, indicating synchrotron burnoff in a strong (~ 24 uG) magnetic field
near its pulsar PSR J2021+3651. The large diffuse outer nebula of the Dragonfly is observed in soft
X-ray (~ 10") and radio (~ 2’). We used these outer nebula spectra along with the TeV spectrum
of eHWC J2019+368 to model the multiwavelength SED of the Dragonfly. The dynamical model
yields the maximum particle energy of 1.4 PeV, and a low magnetic field (2.7 uG) averaged over
the outer nebula in contrast to the high magnetic field in the inner nebula. At a nominal distance of
3.5 kpc, this 16-kyr-old PWN was found to have collided with the SNR reverse shock 4 kyrs ago.
The highly asymmetric and energy-dependent morphology of the Dragonfly implies a fast proper
motion of its pulsar (~ 1,000 km/s) and/or inhomogeneity in the ISM that initiated an asymmetric
SNR — PWN interaction. Our future work will investigate these scenarios and provide a deeper
understanding of particle transport in such an evolved system using radio, X-ray, and gamma-ray
observations.

The Dragonfly shares common features with other PWNe in our NuSTAR observational cam-
paigns with the maximum particle energies above 1 PeV — the Eel [151] and Boomerang [196].
These features include a compact hard X-ray inner nebula undergoing synchrotron burnoff, a large
diffuse outer nebula in lower energy, and an absence of a GeV nebula. Opposite patterns are ob-
served in two of our target PWNe, the K3 [153], and Rabbit [152]. These PWNe exhibit extended
hard X-ray nebulae without a sign of synchrotron burnoff, energy-insensitive morphologies, and
bright GeV nebulae. The best-fit multi-zone models of the two PWNe yield the maximum particle
energies below 1 PeV, while the PWNe are invisible to the current UHE observatories. The next-
generation UHE observatories in the southern hemisphere (SWGO and CTAO-South) will enable

us to study the true energetics of the PWNe and its relation to the multiwavelength observations.
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Chapter 5: LHAASO J0621+3755 — pulsar halo?

The contents of this chapter have been peer-reviewed and accepted for publication [210]. The
result of SED modeling, performed by Silvia Manconi, is cited from [210]. The summary and key

findings of this chapter are as follows.

* We observe the inverse Compton radiation (§1.3.3) of a candidate pulsar halo (§1.4.2, “Stage
3” in Figure 1.10) LHAASO J0621+3755 in the VHE band using VERITAS (§2.3). A so-
phisticated background estimation technique is developed to address challenges in extended

source analysis.

* We observe the synchrotron radiation (§1.3.4) of LHAASO J0621+3755 in the soft X-ray
band using XMM-Newton (§2.1.1).

* Neither the inverse Compton or synchrotron emission of the pulsar halo is detected. On
the other hand, the spectrum and spatial profile of the inverse Compton gamma rays are
measured by LHAASO (§2.4, [148]). We model this spatial profile as well as the multi-
wavelength SED as synchrotron and inverse Compton emission of CR electrons accelerated
by an old pulsar PSR J0622+3749. The injected CR electron spectrum and the diffusion

coefficient and magnetic field within the halo are deduced.

* The CR electron spectrum cuts off at 200 TeV, indicating LHAASO J0621+3755 is not a

leptonic PeVatron.

* Diffusion around the pulsar is suppressed by two orders of magnitude compared with the
galactic average value, possibly due to the magnetic turbulence generated by the CR elec-

trons (§1.1).
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5.1 Introduction

Pulsar halos [44] are regions around middle-aged (characteristic age T > 100 kyr) pulsars ex-
tending out to a few tens of parsecs, typically found as very-high-energy (VHE, E > 100 GeV)
gamma-ray sources. These halos are believed to be the last evolutionary stage of pulsar wind
nebulae (PWNe), when relativistic electrons and positrons (collectively referred to as electrons
hereafter) escape from the central PWN, diffuse in the interstellar medium and scatter interstellar
photons up to TeV energies through inverse Compton (IC) scattering. Since the first pulsar ha-
los around the nearby pulsars Geminga and Monogem were discovered by Milagro Gamma-Ray
Observatory [211] and studied in detail by the High-Altitude Water Cherenkov (HAWC) observa-
tory [65], more than a dozen other VHE sources have been categorized as candidate pulsar halos
([212], [148], [213], [214]). The majority of these sources are spatially coincident with middle-
aged pulsars with spin-down luminosities of the order of 103* erg s~!. Detecting the lower-energy
IC emission of these candidate pulsar halos in the Fermi Large Area Telescope (Fermi-LAT) data
has been unsuccessful except for the case of Geminga [215]. While the electrons within the halos
are expected to produce extended, low-surface-brightness synchrotron emission in the interstellar
magnetic field, no such emission has been found from radio to X-ray energies (e.g., [216]).

Pulsar halos have been studied extensively as an ideal probe for the cosmic-ray (CR) trans-
port mechanism near energetic CR accelerators. Numerous theoretical CR diffusion models have
successfully reproduced the gamma-ray spectra and morphologies of different halos (e.g., [217,
218, 219, 220]). Such models! consistently suggest diffusion coefficients within pulsar halos 2-3
orders of magnitude lower than the Galactic average inferred from the secondary-to-primary CR
ratio [20]. The origin of diffusion inhibition within pulsar halos is unknown. Among the proposed
origins are the parent supernova remnant’s shocks or magnetohydrodynamic turbulence generated
by the CRs themselves. Further details on the recent developments in observation and theory of

pulsar halos can be found in [62, 222, 223].

'An exception is the ballistic diffusion model [221], which explains the observed gamma-ray emission from
Geminga, Monogem, and LHAASO J0621+3755 without invoking suppressed diffusion.
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LHAASO J0621+3755 is a candidate pulsar halo detected by the Large High Altitude Air
Shower Observatory (LHAASO). The LHAASO Kilometer Square Array (KM2A) detected this
extended (2D Gaussian o = 0.40° + 0.07°) VHE source up to 158 TeV [148]. Its counterpart in
the first LHAASO catalog [6] is ILHAASO J0622+3754, an extended source also detected by the
LHAASO Water Cherenkov Detector Array (WCDA) in the 1-25 TeV energy range (2D Gaussian
o = 0.46° £ 0.03°). LHAASO J0621+3755 is spatially coincident with a Geminga-like (Table
5.1) pulsar PSR J0622+3749 (angular separation 0.11° +0.12°). PSR J0622+3749 is a gamma-ray
pulsar detected by Fermi-LAT (4FGL J0622.2+3749 in the latest Fermi-LAT point source catalog
[77]); see Table 5.1. The pulsar is detected below 10 GeV during the on-pulse phase, while it is
not detected during the off-pulse phase [224]. No multiwavelength counterparts of the pulsar or its
halo have been found in the radio, infrared, and X-ray bands [225, 148, 224].

Multiwavelength observation plays a key role in understanding the physical nature of pulsar
halos. VHE observation using imaging atmospheric Cherenkov telescopes (IACTs) can map the
spatial distribution of a halo’s gamma-ray emission with a superior angular resolution (< 0.1°),
thereby placing a tight constraint on the diffusion coefficient within the halo. X-ray observation can
uniquely determine the magnetic field within a halo, which is one of the key factors characterizing
CR diffusion. In this work, we present the VHE observation of LHAASO J0621+3755 with the
Very Energetic Radiation Imaging Telescope Array System (VERITAS) in §5.2 and present a novel
background estimation technique for observations of extended sources in §5.2.1. We present the X-
ray observation of LHAASO J0621+3755 with XMM-Newton and report the first X-ray detection
of PSR J0622+3749 in §5.3. We discuss the multiwavelength aspect of LHAASO J0621+3755 as

a pulsar halo in §5.4.

5.2 VERITAS analysis

VERITAS is a ground-based gamma-ray observatory located in Amado, Arizona, consisting of
an array of four imaging atmospheric Cherenkov telescopes sensitive in the 85 GeV to >30 TeV

energy range. Each telescope is equipped with a 12m optical reflector and 499-pixel photomulti-
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Table 5.1: PSR J0622+3749, Geminga, and Monogem pulsar properties.

Name P P T E B! d
(ms) (107"%ss7h)  (kyr) (10**ergs™) (101§G) (kpc)
PSR J0622+3749 3332 2542 2077 2713 2.945 1.67*
Geminga 237.1 1.097 3424 3.250 1.632  0.25*02
Monogem 3849 5496 111.0 3.804 4654 0.29 +0.03

TMinimum magnetic field strength at the neutron star surface, assuming the E is converted into
magnetic dipole radiation.

#“pseudo-distance" derived from the phenomenological correlation between pulsar gamma-ray lu-
minosity and distance [225]. This distance was adopted for the pulsar halo modeling in this work.
Distance estimate by parallax, dispersion measure, or other methods is unavailable.

References: [226] for the Geminga distance, [227] for the Monogem distance, [228] for everything
else.

plier tube camera, providing a field of view (FoV) of 3.5° in diameter and angular resolution of
0.08° (68% containment radius) at 1 TeV [9].

VERITAS observed LHAASO J0621+3755 in 2022 and 2023 for 40 hours at a mean elevation
of 72°. Observations were taken in a “wobble mode" [229] in which the telescopes were pointed
0.7° offset from the centroid of LHAASO J0621+3755. We used Eventdisplay v490.2 [230, 231],
a standard VERITAS data analysis pipeline, for event reconstruction and gamma-hadron separa-
tion. For gamma-hadron separation, we applied a cut on the air shower image parameters (mean
scaled length and mean scaled width) predetermined for a Crab-like spectrum using boosted deci-
sion trees [232]. The gamma-like events, as well as full-enclosure instrument response functions
(effective area and point spread function), were written into DL3 files for analysis in Gammapy
[233, 234]. The source region was set to a circular region with a radius of 1° corresponding to the
86% containment radius of ILHAASO J0622+43754. Such a large source extent, compared with
VERITAS’s FoV (radius of 1.75°), poses challenges in background estimation. We developed a
code to generate a 3D acceptance map for the observations and apply the FoV technique [235]
for background estimation. The FoV technique estimates the background of the entire FoV by
scaling the acceptance in each energy and spatial bin by the observed count rate in the source-free
region. Therefore, accurate telescope acceptance estimation is crucial. The energy and spatial

dependence of the telescope acceptance are mainly determined by observing conditions such as
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elevation and azimuth. The details of acceptance map generation and background estimation using
Gammapy are described in §5.2.1. The analysis was cross-checked with an independent analy-
sis using Eventdisplay v490.2 for event reconstruction and the low-rank perturbation method for
background estimation [236].

Figure 5.1 left panel shows a significance > map around LHAASO J0621+3755 in 0.3-10 TeV.
No significant gamma-ray emission was detected within the source region shown by the black
solid line in the figure. The significance distributions drawn from the bins within both the entire
FoV and the FoV excluding the source region are consistent with a standard normal distribution
expected from statistical fluctuations. The total significance of excess counts in 0.3—10 TeV within
the source region (a circle with a radius of 1°) is 1o. We derived the 95% flux upper limits in
six logarithmic bins in 0.3—10 TeV (bin edges 0.3, 0.5, 1.0, 1.7, 3.1, 5.6 and 10 TeV) as shown in

Figure 5.1 right panel.?

5.2.1 3D acceptance map and FOV technique in Gammapy

Observing nearby pulsar halos with IACTs enables high-resolution (< 0.1°) morphology stud-
ies, a unique advantage for studying CR transport mechanisms. However, such observations bear
challenges in background estimation due to the IACTs’ limited FoV (diameter of 3.5° for VERI-
TAS) and nearby halos’ source extensions over 1°. We developed a technique to accurately esti-
mate the telescope acceptance map of the entire FoV. The acceptance map reflects the spatial and
energy dependence (“3D acceptance") of gamma-like CR background, the dominant background
component for IACT observations originating from different observing conditions and CR shower
properties. The acceptance map can be scaled utilizing a minimal available source-free region in
the FoV to generate a background for the entire FoV. This technique is useful for any IACT data
analyses of extended sources. The code was developed based on Gammapy v1.1 and is available

athttps://github.com/VERITAS-Observatory/gammapy—-fov.git.

24/TS where TS (test statistic) is the Cash statistic [237] for Poisson-distributed data and modeled background.
3To scale the LHAASO data for the VERITAS source region size, we calculated the corresponding containment
fraction using the 2D Gaussian sigma of the LHAASO source and multiplied it by the LHAASO spectrum.
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Figure 5.1: Left: A significance map (3.5° X 3.5°) of the region around LHAASO J0621+3755
in 0.3—-10 TeV. The source region (86% containment region of ILHAASO J0622+3754, a circular
region with a radius of 1° centered at the centroid of LHAASO J0621+3755) is overlaid with a
black solid line. The pixel size is 0.05° X 0.05°, and the image was smoothed using a Gaussian
kernel (o = 1 pixel). Right: TeV gamma-ray SED of LHAASO J0621+3755. The 95% VERITAS
flux upper limits for a circular region with a radius of 1° from this work (black), LHAASO KM2A
flux points and 95% flux upper limit from [148] (blue), LHAASO WCDA and KM2A best-fit
power-law spectral models (yellow and red solid lines, respectively) and statistical uncertainties
(grey shaded area) for ILHAASO J0622+3754 are overlaid. The LHAASO flux points, upper
limits, spectral models and uncertainties were scaled to the same region size as the VERITAS
source region size for comparability.
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5.2.2 Generating a 3D acceptance map

A 3D acceptance map has two spatial axes (detector X and detector Y) and one energy axis. In
this map, each spatial and energy bin (0.1° X 0.1° six logarithmic bins in 0.3—10 TeV for this work)
contains an acceptance value. The size of this map is 3.5° X 3.5°; that is, the map covers the range
of detector X coordinates [—1.75°, 1.75°] and detector Y coordinates [—1.75°, 1.75°]. A single 3D
acceptance map is used for all the observing runs of LHAASO J0621+3755 (“on runs"). The steps

for acceptance map generation are summarized below and elaborated upon in the following text.

1. Select “off runs," observations with either no gamma-ray source or a point-like gamma-ray

source within the FoV, taken under the observing conditions similar to those of the on runs.

2. For each off run, excise any gamma-ray sources and stars in the FoV and patch up the excised

regions with reflected regions within the same FoV.
3. Create a stacked count map by adding up the count maps of the off runs.

4. Create a stacked exposure map (in units of TeV s sr) by adding up the exposure map (in units
of s) of the off runs and multiplying it by the volume of each spatial and energy bin (in the

unit of TeV sr).

5. Calculate the acceptance (gamma-like event rate) in each spatial and energy bin (in units of

TeV~! s7! sr™!) by dividing the stacked counts map by the stacked exposure map.

Selecting the off runs that closely match the on runs’ observing conditions is crucial for accu-
rate telescope acceptance estimation. We create a pool of extragalactic (galactic latitude b > 10°)
observing runs with a duration of at least 10 minutes under good sky condition. The pool only in-
cludes the runs taken after August 2012, before which the hardware conditions were different from
those of the LHAASO J0621+3755 observations [238, 239]. Elevation and azimuth of an observ-
ing run are among the most important factors for the spatial dependence of telescope acceptance.

For each on run, we narrow down the pool to the observing runs taken at the azimuth within 45° of
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Figure 5.2: Observing conditions of the on runs (top row, labeled “on" ) and off runs for the
3D acceptance map (bottom row, labeled “off"). On each row, from the left, the first plot is a
histogram of elevations (blue bar) and an exposure-weighted Gaussian fit to the histogram (black
curve). The mean (mu) and standard deviation (std) of the fit are provided in the figure title. The
second plot is a scatter plot of elevations (blue dot). The mean and (mean+10) are marked as
a red line and a red-shaded region. The third plot is a scatter plot of azimuths (blue dot) and
the exposure-weighted mean of azimuths (red line). The last plot is a histogram of a night sky
background (NSB) averaged over a run duration (blue bar). An exposure-weighted Gaussian fit to
the histogram is overlaid as a black curve, and the mean (u) and the standard deviation (o) of the
fit are provided in the figure title.

the on-run azimuth. Out of this reduced pool, off runs taken at the elevation closest to the on-run
elevation are selected until the total duration of the off runs reaches two times the on-run duration.
Selected off runs are used only once for a particular on run, and are not used again for the rest of
the analysis. The observing conditions of the on runs and the off runs selected for 3D acceptance
map generation are consistent with each other, as shown in Figure 5.2. The discrepancy in the
current distributions likely originates from the proximity to the Galactic Plane and the presence of
a bright point-like source and stars in the FoV. The off runs have much higher galactic latitudes on
average (b > 40°) than LHAASO J0621+3755 (b = 10.95°), and hence the lower average current.
On the other hand, the presence of bright stars in the off runs may create the high-current tail.

Point-like gamma-ray sources or stars in the FoV of the off runs are excised by a circle with 0.4°
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radius. The excised region is filled with the events from a region with the same shape, size, and off-

set from the center of the FoV (“reflected region"). A Gammapy class ReflectedRegionsFinder
is used to find such a region. The coordinates of the events within the reflected region are rotated
around the center of the FoV so that those events fill the excised region. The impact of this pro-
cedure in the accurate estimation of the acceptance spatial distribution is minimal as only ~ 10%

of the off runs contain a point-like gamma-ray source at one of four locations: 0.5° offset to the
east, west, south, and north of the center of the FoV. Figure 5.3 demonstrates this procedure using

an observation of Markarian 421 taken at the 0.5° south wobble. This procedure is currently nec-
essary for a technical reason, but an alternative way of leaving the excised region empty could be
made possible in principle.

Once the off runs are selected for all the on runs and sources are excised, the 3D acceptance
map is calculated. After replacing zero acceptances with small definite values, the acceptance map
is smoothed using a 2D Gaussian kernel with o = 1 bin = 0.1°. Figure 5.4 shows the resulting 3D
acceptance map used for the analysis of the on runs. The azimuthal asymmetry of the acceptance
is the outcome of the varying atmospheric depth along the line of sight (related to the elevation)
and the Earth’s magnetic field strength (related to the azimuth) throughout the FoV. The optical
axis of the telescope, i.e., the center of the FoV, has the highest acceptance in the lower energies,
as expected, but has the lowest acceptance in the higher energies due to the loss of more elongated,

and hence truncated, shower images.

5.2.3 3D acceptance map validation and bias correction

The 3D acceptance map is validated by comparing five mimic datasets with their backgrounds
estimated using the 3D acceptance map and the FoV technique. A mimic dataset is constructed out
of the remaining pool of off runs mentioned in §5.2.2 to mimic the on runs in terms of observing
conditions and duration. The off runs are selected by the same criteria as those for the off runs
used for acceptance map generation. Once an off run is selected for a mimic dataset, it is removed

from the pool of off runs. Figures 5.5 and 5.6 show that the observing conditions of the five mimic
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Figure 5.3: Demonstration of excising a point-like gamma-ray source and filling the excised region
with the events from a reflected region. All the sky maps are 3.5° x 3.5°, and the bin size is
0.05° x 0.05°. (c) is a mask map (black is zero, white and orange are one), and all the other maps
are count maps whose color bars show the number of counts in each bin. For the counts map,
all the gamma-like events were plotted (lowest energy 0.1 TeV, highest energy 9.8 TeV). (a) The
bright gamma-ray source in the FoV is Markarian 421. The observation was taken at the 0.5°
south wobble. (b) Events from a circle with radius 0.4° centered at the position of Markarian 421
are excised. (c) The white circle is the excised region, and the orange circles are the reflected
regions. All three regions are 0.5° offset from the center of the FoV. (d) Events from one of the
reflected regions are plotted. (e) The events plotted in (d) are copied, and their coordinates are
rotated around the center of the FoV such that the events are located at the excised region. (f) The
events from (b) and (e) are added to create a blank sky map.

datasets are consistent with each other and with the on runs (with the off runs for the current).
Figure 5.6 also shows the observing conditions of the sixth mimic dataset used for validation of
bias correction in the acceptance map, as described later in this section.

Any point-like gamma-ray sources or stars in the off runs are excised. The analysis of the
mimic datasets is performed exactly as the on runs would be analyzed. Figures 5.7 and 5.8 show

the analysis results of the mimic datasets. The distribution of the factors by which the acceptance

map was scaled to estimate the background of the off runs (“FoV norm") is centered at 1 with a
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Figure 5.4: 3D acceptance map in the unit of TeV~! s~! sr=!. Each image is a 2D (detector X and
detector Y) acceptance map in each energy bin, as labeled in the figure titles.

small spread, indicating the acceptance map is already a good approximation of the off runs. The
sky maps of the mimic datasets show no noticeable bias, and the distribution of significance in
each bin is consistent with that of statistical fluctuations.

Nevertheless, we calculate the bias in the acceptance map as a ratio of the observed background
counts (stacked off runs) to the estimated background averaged over the five mimic datasets in
each spatial and energy bin. The bias map is smoothed using a 2D Gaussian kernel with o = 1
bin. Figure 5.9 shows the resulting 3D bias map. Biases are observed mainly along the FoV edge
of each run where the exposure is small and the uncertainty on the counts is high. The bias map
becomes patchy in the highest energy bins due to the low counts.

We first validate the bias map by analyzing the last mimic dataset and applying bias correction
to the estimated background. This last mimic dataset is analyzed in the same way as the previous
five mimic datasets. Figure 5.8 shows that the estimated background after bias correction is con-
sistent with the observed counts of this last mimic dataset. Finally, the on runs are analyzed using

the 3D acceptance map, 3D bias map, and the FoV technique as shown in Figure 5.10. The signif-
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Figure 5.5: The same plots as Figure 5.2 for the off runs for three mimic datasets (“mimic0-2").

icance distribution is consistent with the distribution of statistical fluctuations. The FoV norm is
smaller than one due to the different proximity to the Galactic Plane between the on runs and the

off runs used for the acceptance map generation.
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Figure 5.6: The same plots as Figure 5.2 for the off runs for three mimic datasets (“mimic3-5").

107



\ \ \
175 mimic0 u=-0.0 _ All bins

pu=1.0,0=027 o=1.0 ] N 1 On bins
39° | L 2 10_1 i /f N\ .
/ N
5 ' ; )
2 o 10774
© 38° Fllo e
£ £
2 F 10734
o -1
37° 4 =
-4
- 10
0 e"Jsm  2am  20m 167 e~ 2 4 6
0.00 025 050 0.75 1.00 125 150 175 2.00 ) . L
FoV norm Right Ascension Significance
mimicl 3 107 u=0.0 All bins.
2.0 1 u=1.0,0=0.26 o , 0=1.0 ) i N 1 Onbins
1 [ 107" / \
c 1 {
=} ~  10-24
© 38° Fllo e
£ €
2 F 10734
[a] -1
37° 4 L
-4 ]
, 1o
. e"2gm 24 20m 167 B 2 4 6
000 025 050 0.75 100 125 150 175 2.00 . . o
FoV norm Right Ascension Significance
) i s i L 3 100
mﬂ'”]“g o027 p=-0.0 . All bins.
204 H=10.0=0. o=1.0 _ﬂ‘ N 1 Onbins
39° 4 F 2 1014 A N
/ N
c 1 I
o & 1072
T 38° o E
£ £
2 g 10
[a] -1
37°4
-4
, 10
e ; : : -3 10-% : ,
6"28 24m 20m 6™ -6 -4 -2 0 2 4 6

0.0
000 025 050 0.75 100 125 150 175 2.00 . . N
FoV norm Right Ascension Significance

Figure 5.7: Mimic datasets 0-2 on each row: the first plot is the distribution of FoV norms of
each off run (blue bar) and a Gaussian fit to the distribution (black curve). The numbers on the
top right corner are the mean + standard deviation of the fit. The second plot is the significance
map, and the third plot is the significance distribution from all (FoV) and on (source extraction
region) regions as well as a Gaussian fit to the significances from the on region. The mean (mu)
and standard deviation (std) of the fit are labeled on the left top corner of the plot.
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Figure 5.8: The same plots as Figure 5.7 for mimic datasets 3—5. Note that the significance map
and distribution of mimic dataset 5 are after bias correction.
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Figure 5.10: The same first and second plots as Figure 5.7 for on runs. The third plot is the
significance distribution from all (Fov) and off (FoV minus source extraction region) regions as
well as a Gaussian fit to the significances from the off region. Note that the significance map and
distribution are after bias correction.
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5.3 XMM-Newton analysis

XMM-Newton is a space-based observatory carrying three coaligned X-ray telescopes and the
European Photon Imaging Camera (EPIC) sensitive in the 0.1-15 keV band. The EPIC consists of
three CCD cameras (MOS1, MOS2, PN), each providing a FoV ~ 0.5° in diameter with an angular
resolution of ~ 6” (FWHM). We observed LHAASO J0621+3755 with XMM-Newton in March—
April 2023 (observation IDs 0923400101, 0923400601, and 0923401501) with a total exposure
of 74 ks. The telescope was pointed at PSR J0622+3749 for all three observations to capture the
brightest part of the pulsar halo. We used the Science Analysis System (SAS)* for XMM-Newton
data analysis. We produced event files using the emchain (for MOS) and epchain (for PN)
tasks and filtered out the good time intervals affected by soft proton flares using the espfilt
task. After filtering, the cleaned event files have a net exposure of 48 ks. Most of observation
0923401501 was affected by strong soft proton flares, and hence, it was not used in this work.

We used the cheese task on the cleaned event files to detect point sources and create Swiss-
cheese masks to remove them. Among several point sources, we detected PSR J0622+3749 for
the first time in the X-ray band. The analysis of this central engine of the pulsar halo is pre-
sented in [210], and the study of other point sources is left for future work. We generated im-
ages and vignetting-corrected exposure maps of the entire FoV using the mos-spectra and
pn-spectra tasks. The particle background images were modeled using the filter wheel closed
data and the corner chips data by the mos_back and pn_back tasks. We set the energy range
of our analysis to 2—7 keV to avoid instrumental and solar charge exchange lines [240, 241]. We
applied the Swiss-cheese masks to the background-subtracted FoV images, mosaiced the masked
and background-subtracted images, and divided it by the mosaiced exposure map to create a flux
map of the entire FoV. No hint of diffuse emission is present in the FoV as shown in Figure 5.11
left panel.

We extracted the source spectra using the mos—spectra and pn-spectra tasks from a

“Due to software errors from the extended source analysis commands, we used SAS v21 up to event cleaning and
v20 afterward.
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circular region with a radius of 10’ centered at the location of PSR J0622+3749, the largest region
MOS?2 and PN can cover. Since MOS1 can only cover a much smaller region due to the nonop-
erational CCD chips (CCD 3 and 6), we excluded MOS1 from the spectral analysis. The particle
background spectra were modeled using the mos_back and pn_back tasks. The Swiss-cheese
masks from the cheese task were applied to both the source and background spectra. Thanks to
the location of LHAASO J0621+43755 off the Galactic Plane and far outside of the Galactic Bulge
(I =175.76°, b = 10.95°), we did not expect significant galactic background emission. We mod-
eled the cosmic X-ray background (CXB) using an absorbed power-law with an index I' = 1.41
and normalization of 11.6 photons cm™2 s~! sr! keV~! at 1 keV [177], and adopt a hydrogen
column density Ny = 3.14 x 10?! cm~? (Galactic column density towards PSR J0622+3749).° We
used tbabs model in Xspec [242] for the absorption model with the wi1m abundance table [107]
for all the X-ray analyses presented in this work. The particle and CXB background components
dominate the source spectra in the energy range of our analysis (2-7 keV), leaving no room for
putative emission associated with LHAASO J0621+43755. We calculated a 20 flux upper limit in

2-7keV of 5.2 x 10~ erg cm™2 s~!, assuming a fully absorbed power-law spectrum with I" = 2.

5.4 Discussion: LHAASO J0621+3755 as a pulsar halo

We modeled the spatial profile of LHAASO J0621+3755 measured by LHAASO [148] and
the multiwavelength SED measured by XMM Newton, VERITAS (this work), Fermi-LAT and
LHAASO [148] with synchrotron and inverse Compton emission of CR electrons injected, ra-
diatively cooled, and diffusing for the lifetime of the central engine PSR J0622+3749. The de-
tails of the modeling are provided in [210]. The observed emission is reproduced by a two-zone
model with suppressed diffusion (D = 2 x 10> cm? s~!) within 30 pc of the pulsar and galactic-
average diffusion outside. The injected CR electron spectrum is an exponential cutoff power law
(dN/dE, EVexp (—=E/E.,)) with a spectral index y = 1.4 and a cutoff energy E.,, = 200

TeV. The magnetic field within the halo is B < 1 uG. The observed and modeled multiwavelength

Shttps://www.swift.ac.uk/analysis/nhtot/
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Figure 5.11: Left: Mosaiced, background-subtracted, and exposure-corrected image of the XMM-
Newton FoV in 2-7 keV. The white circle (radius 10" centered at PSR J0622+3749) marks the
source region from which the flux upper limit for a putative halo was calculated. The location
of PSR J0622+3749 and the centroid of LHAASO J0621+3755 are marked with a white star and
a white cross, respectively. Right: Observation ID 923400101 MOS2 counts map in 0.2-3 keV
around PSR J0622+3749 (0.2° x0.2°). The source and background regions for the pulsar spectrum
presented in [210] are marked with solid circle and dashed box, respectively.

10~ 11
[ I I I I I I
[ Inverse Compton, 1 deg
[ oeeeee Inverse Compton, 1 deg, Two zone
Synchrotron, 0.17 deg, 3uG
[ === Synchrotron, 0.17 deg, 1uG
J  VERITAS (this work)
N J  Fermi-LAT
{ 1()—12 - J XMM-Newton (this work) .
C\]E N LHAASO (KM2A)
O
\
o0
b
L,
s 10~ E

07 10° 10T 107 10
E [eV]

Figure 5.12: Multiwavelength SED model for LHAASO J0621+3755 as a pulsar halo [210].
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SED of LHAASO J0621+3755 is shown in Figure 5.12.

PSR J0622+3749 possesses properties similar to the Geminga pulsar, as shown in Table 5.1. In
addition, the diffusion coefficient and magnetic field of LHAASO J0621+3755 found by our pul-
sar halo modeling are consistent with those of Geminga (e.g., [65, 216]). However, the IACT and
X-ray observations of LHAASO J0621+3755 significantly differ from those of Geminga. H.E.S.S.
detected the Geminga halo with a radius of at least 3° in 0.5-40 TeV and a flux normalization
of (2.8 £0.7) x 1072 cm™2 s~! TeV~! at 1 TeV within a radius of 1° around the pulsar [243].
Our VERITAS observation yielded a null detection of a halo within a radius of 1° around the
LHAASO J0621+3755 centroid. Let us assume the physical size of the two sources are iden-
tical in all energies, and the difference in their angular sizes is due to their different distances
from Earth. In this case, the ratio of the halo extensions measured by HAWC and LHAASO,
6.(Geminga)/6,(LHAASO J0621+3755) = 5.5°/0.91° = 6 [65, 148], indicates the expected ex-
tension of LHAASO J0621+3755 in the VERITAS energy range is ~ 0.5°, i.e., six times smaller
than the extension of Geminga measured by H.E.S.S. Since the expected extension of 0.5° is well
within our source region, it is unlikely that background over-subtraction causes the null detection.
A more plausible explanation for the null detection is that the halo flux is below the VERITAS
sensitivity limit. The 50-hr point-source sensitivity of VERITAS is comparable to the flux of
LHAASO J0621+3755 measured by WCDA [244]. Given the much larger extension (0.5°-1°) of
LHAASO J0621+3755, VERITAS may not be able to achieve detection of this source even with
a few times longer exposure time. On the other hand, the spectrum measured by WCDA is incon-
sistent with both measurements by KM2A presented in [148] and [6] in the energy range common
to the two instruments as shown in Figure 5.1. The WCDA spectrum forms an extremely sharp
peak at a few tens of TeV, for which it is difficult to provide a physical explanation. The incon-
sistency between the WCDA and KM2A spectra and a sharp peak in the overlapping energy range
between the WCDA and KM2A are seen in other LHAASO catalog sources, such as LHAASO
J2108+5157. This discrepancy may arise from the generic nature of the data analysis for catalog

generation in [6]. A dedicated WCDA analysis will enable more detailed spectral measurement
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of LHAASO J062143755 in the TeV range. Our VERITAS observation provides an alternative
constraint on the TeV flux of LHAASO J0621+3755 consistent with the KM2A spectrum and
physically plausible.

In the X-ray band, thanks to its proximity to Earth (2501%0 pc, [226]), complicated sub-
structures of the PWN were resolved around the Geminga pulsar. The sub-structures include a
bow shock (~ 8”), compact central nebula (~ 2’), diffuse axisymmetric wings (~ 3’) and a tail
(~ 45") [245, 246, 247, 248]. These structures, if they existed in LHAASO J0621+3755, would
be too small to be resolved at a distance 6 times larger than that of Geminga (i.e., 1.5 kpc). This
is consistent with our XMM-Newton observation, where PSR J0622+3749 was detected as a point
source. The contribution from a putative PWN to the point source emission is likely minimal
as no significant nonthermal (power-law) component was found from the spectral analysis pre-
sented in [210]. No extended X-ray halo emission was detected from Geminga [216] or LHAASO
J0621+3755. Even if LHAASO J0621+3755 is farther away from Earth than Geminga, the X-ray
halo is likely much larger than the FoV covered by typical pointing X-ray telescopes. Still, pointing
the telescope at the central pulsar will allow the most stringent estimate of flux upper limits from
the brightest part of a halo. All-sky survey telescopes such as the eROSITA and Einstein Probe
have the advantage of observing these extended halos. However, the sensitivity of their spectral
measurement is limited by the shallow exposure (a few 100 s, [249, 250]).

Independent from the WCDA spectrum, our VERITAS flux upper limits constrain the electron
injection spectral index to y = 1.4 as shown in Figure 5.12, a spectrum much harder than that
of the Geminga halo found by [65, 215] and other works (y > 2). The electrons emitting TeV
gamma rays have energies of tens to hundreds of TeV [65] and a cooling time of only a few kyr.
Considering such a short cooling time, a diffusion coefficient 100 times smaller than the Galactic
average is necessary to confine such high-energy electrons within the observed source size ~ 30
pc. On the other hand, electrons emitting gamma rays with energies of tens to hundreds of GeV
have a cooling time comparable to the age of the pulsar ~ 100 kyrs, and hence, the number of low-

energy electrons around the pulsar is much greater in case of stronger suppression of diffusion.
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This leads to an observed GeV flux that is much higher than what is expected from the injection
spectrum, as seen from the Geminga or Monogem halo whose IC spectra are most likely peaked at
or below GeV energies (e.g., [215]). This is not the case for LHAASO J0621+3755, as the Fermi-
LAT upper limits tightly constrain the extent of the region in which such diffusion suppression can
be present. The combined effect of a hard injection spectrum and a narrow region of suppressed
diffusion creates a peak in the broadband gamma-ray spectrum at 1-10 TeV. Our findings, along
with the magnetic field strength < 1 uG obtained from our XMM-Newton observation, provide
ingredients for studying the formation of magnetohydrodynamic turbulence around a pulsar — a

possible origin of suppressed diffusion.

5.5 Summary and conclusion

We observed a pulsar halo candidate LHAASO J0621+3755 with VERITAS in the TeV gamma-
ray band and XMM-Newton in the X-ray band. To address the challenge of extended source anal-
ysis using IACTs with limited FoV, as part of this work, we developed a sophisticated technique
to accurately measure the telescope acceptance and estimate the background of the entire FoV.
The code implementing this technique is publicly available and can be useful for elucidating the
mysterious nature of many extended Galactic PeVatrons discovered by LHAASO and HAWC.

Our VERITAS and XMM-Newton observations resulted in null detection of emission associ-
ated with LHAASO J0621+43755 within radii of 1° and 10, respectively. We modeled the mul-
tiwavelength SED and gamma-ray surface brightness profile of LHAASO J0621+3755 as syn-
chrotron and IC emissions from a pulsar halo accounting for electron injection, cooling, and diffu-
sion over the characteristic age of PSR J0622+3749 (208 kyr) at an assumed distance of 1.6 kpc.
Our VERITAS flux upper limits in the 0.3—10 TeV band constrain the electron injection spectral
index to y ~ 1.4 and the diffusion coefficient to 2 x 10> c¢cm? s~!. This diffusion coefficient
is similar to that of Geminga, and lower than the Galactic average by two orders of magnitude.

Moreover, our VERITAS flux upper limits indicate a break in the gamma-ray spectrum at 1-10

TeV. Utilizing additional flux upper limits from the Fermi-LAT, this spectral break constrains the
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diffusion suppression region to ~ 30 pc around the pulsar. Our XMM-Newton flux upper limit in
the 27 keV band (5.2 x 107! erg cm? s~!) constrains the magnetic field strength to < 1 uG. Our
findings of the electron injection spectrum, diffusion coefficient, diffusion suppression length, and
magnetic field strength can be used to study the formation of magnetohydrodynamic turbulence
around the pulsar as the origin of suppressed diffusion. Even though LHAASO J0621+3755 is
likely at a much larger distance than Geminga, the large extent and low surface brightness of the
halo are major challenges of observing this source with the current-generation IACTs and pointing
X-ray telescopes. The Cherenkov Telescope Array Observatory (CTAO), the next-generation high-
sensitivity and wide-field IACT, and X-ray survey telescopes with large FoV, such as the eROSITA

and the Einstein Probe, are expected to play a significant role in studying pulsar halos.
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Conclusion

This work aimed to identify Galactic PeVatrons by observing three energetic galactic CR
accelerators in the X-ray and gamma-ray bands. While the Dragonfly PWN was found to be a
leptonic PeVatron, a young SNR Cas A does not seem to be either a leptonic or hadronic
PeVatron. A pulsar halo candidate, LHAASO J0621+3755, provides insight into CR diffusion but
is clearly not a PeVatron. Then where are PeV CRs, especially protons, coming from? How can
this question be answered in future studies? One way is to consider new source classes. For
example, microquasars have recently emerged as Galactic PeVatron candidates after UHE
detection of V4641 Sgr [251]. Another way is to build more sensitive instruments. LHAASO will
continue finding more galactic PeVatrons with its revolutionary sensitivity. However, the limited
angular resolution (inherent to EASAs) prohibits localizing the CR acceleration sites in extended
UHE sources. IACTs can contribute to this aspect, but the current-generation IACTSs’ sensitivity
falls below the flux of many LHAASO sources. The limited FOVs of IACTs cannot capture the
entirety of extended LHAASO sources. The CTAO will resolve these issues with broadband
sensitivity comparable with LHAASO (Figure 5.13) and much larger FOVs than the
current-generation IACTs. Its improved angular resolution will greatly improve multi-wavelength
observation of galactic PeVatrons with arcsecond-resolution X-ray telescopes. The CTAO will
cover both hemispheres, whereas the SWGO will open up the high-sensitivity UHE sky in the
southern hemisphere.

Theoretical improvement can also help answer the question of the origin of PeV CRs. For SNRs,
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Figure 5.13: The sensitivity curves for different gamma-ray experiments (50 detection of a point-
like source).

a full particle-in-cell simulation will be able to investigate the shock acceleration mechanism
more accurately and predict the CR electron spectra. Shock acceleration at an SNR reverse shock
is an important topic that has yet to be studied with numerical simulation. For PWNe, current
SED models sacrifice either the evolutionary aspect (multi-zone time-independent model;
e.g.,[153]) or spatial inhomogeneity (one-zone time-dependent model; e.g., [188]). Both
approaches are too simplified to explain the actual physical processes in PWNe. A multi-zone
time-dependent model will be able to explain the observed highly asymmetric morphology of

PeVatron PWNe and their mysterious particle acceleration mechanism.
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