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ABSTRACT

Recently, the Large High Altitude Air Shower Observatory (LHAASO) reported the discovery of 12 ultrahigh-energy (UHE; &
> 100 TeV) gamma-ray sources located in the Galactic plane. A few of these UHE gamma-ray emitting regions are in spatial
coincidence with pulsar wind nebulae (PWNe). We consider a sample of five sources: two of them are LHAASO sources
(LHAASO J1908+0621 and LHAASO J2226+6057) and the remaining three are GeV-TeV gamma-ray emitters. In addition,
X-rays, radio observations, or upper limits are also available for these objects. We study multiwavelength radiation from these
sources by considering a PWN origin, where the emission is powered by spin-down luminosity of the associated pulsars. In
this Leptonic emission model, the electron population is calculated at different times under the radiative (synchrotron and
inverse-Compton) and adiabatic cooling. We also include the onset of the reverberation phase for the PWN, by assuming radially
symmetric expansion. However, in this work, we find that multiwavelength emission can be interpreted before the onset of this
phase. The maximum energy of the electrons based on the spectral fit is found to be above 0.1 PeV and close to 1 PeV. For
LHAASO J22264-6057, using its observations in radio to UHE gamma-rays, we find that UHE gamma-rays can be interpreted
using electrons with maximum energy of 1 PeV. We estimate the upper limits on the minimum Lorentz factor of the electrons
and it also infers the minimum value of the pair-multiplicity of charged pairs.

Key words: radiation mechanisms: non-thermal —relativistic processes — (stars:) pulsars: general — (ISM:) cosmic rays—ISM:

supernova remnants — gamma-rays: stars.

1 INTRODUCTION

The pulsar wind nebula (PWN) structure is energetically supported
by the spin-down luminosity of the central pulsar and its composition
is dominated by e* pair-plasma coupled with the magnetic field, as
well as nuclei (Pacini & Salvati 1973; Rees & Gunn 1974; Reynolds
& Chevalier 1984a; Arons & Tavani 1994; Bednarek & Protheroe
1997; Amato, Guetta & Blasi 2003; Chevalier 2004; Gaensler &
Slane 2006; Volpi et al. 2008; Kirk, Lyubarsky & Petri 2009; Biihler
& Blandford 2014; Gelfand 2017; Kashiyama 2017; Torres 2017;
Amato & Olmi 2021; Lépez-Coto et al. 2022). A strong pulsar wind
makes their nebula brighter in gamma-rays, and in general spin-down
luminosity greater or equal to 4 x 103¢ erg s~! is sufficient (Gotthelf
2004). In our Galaxy, PWNe are the dominant class of very high
energy (VHE; 100 GeV < ¢ < 100 TeV) gamma-ray sources, detected
in the Galactic plane survey by the High Energy Stereoscopic
System (H.E.S.S.) telescope (H.E.S.S. Collaboration 2018b, a),
also known as multiwavelength emitters (Reynolds et al. 2017).
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Mattana et al. (2009) found that the production of TeV emission
in PWNe is not correlated with the spin-down luminosity and the
characteristic age of the pulsar. Further, for the VHE emission, the
target photon field can be a combination of synchrotron photons,
cosmic microwave background (CMB) photons, dust infrared (IR)
and stellar photons (Tanaka & Takahara 2010; Torres et al. 2014;
Zhu, Zhang & Fang 2018; Mares et al. 2021). For older PWNe,
the magnetic field is weaker, which makes them fainter in X-rays
but due to the inverse-Compton (IC) scattering in the CMB, IR
radiation they remain brighter in gamma-rays (de Jager et al. 2009).
In older PWNe, the gamma-ray emission is mostly due to the up-
scattering of CMB photons or IR photons by relativistic electrons
(Torres et al. 2014); and for younger (f,.c < 300 yr) PWNe, this
emission is dominated by the upscattering of the synchrotron photons
(Tanaka & Takahara 2011). The detailed dynamical and radiative
models of PWNe are useful to understand the physical parameters
of the progenitor supernova (SN), energetics of the pulsar and its
wind, properties of the surrounding environment, etc. (Chevalier
2005; Gelfand, Slane & Zhang 2009; Martin, Torres & Pedaletti
2016; Bandiera et al. 2020). The time-dependent Leptonic spectral
evolution model for PWNe can provide us with details about the
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electron population and magnetic field as functions of their age.
The cooling of these electrons in the magnetic and radiation fields
leads to a multiwavelength spectrum from radio to gamma-rays.
For example, in the Crab Nebula, synchrotron self-Compton (SSC)
mechanism and IC scattering off the CMB photons have been used
to explain the multiwavelength radiation (Tanaka & Takahara 2010).
Their magnetic field evolution in time is also consistent with the rate
of flux decrease in radio wavelengths.

In general, the multiwavelength emission from PWNe can be
modelled using Leptonic models (Zhang, Chen & Fang 2008; Tanaka
& Takahara 2010, 2011; Martin, Torres & Rea 2012; Torres, Cillis &
Martin Rodriguez 2013; Torres et al. 2014; Zhu et al. 2018) or lepto-
hadronic models (Atoyan & Aharonian 1996; Bednarek & Bartosik
2003; Zhang & Yang 2009; Li, Chen & Zhang 2010). The IceCube
collaboration used the gamma-ray flux levels of 35 Galactic PWN
sources and used stacking analysis to find the neutrino signal (Aartsen
et al. 2020). They found neutrino flux in the TeV-PeV range is less
than or equal to 4 per cent from these classes of objects. Recently,
12 UHE, Galactic gamma-ray sources have been discovered by
the LHAASO and few of these gamma-ray sources are in spatial
coincidence with some of the PWNe (Cao et al. 2021; The LHAASO
Collaboration 2021). In particular, the 1.1 PeV gamma-ray event
was found to be associated with the Crab Nebula (The LHAASO
Collaboration 2021) and the 1.4 PeV maximum energy photon was
correlated with the Cygnus OB2 region (Cao et al. 2021). The radio
to UHE gamma-ray emission from the Crab Nebula is consistent with
the SSC+IC model and constrains the size of the electron pevatron in
between 0.025 to 0.1 pc (The LHAASO Collaboration 2021). They
found that the luminosity in the PeV electrons is approximately
0.5 per cent of the pulsar’s spin-down luminosity. This opens up a
new domain of UHE gamma-ray Astronomy and powerful pulsars
in our Galaxy play an important role in their origin (Albert et al.
2021). The UHE gamma-ray detection is useful to test the theoretical
models of electron acceleration in the PeV range (Giacinti & Kirk
2018; Breuhaus et al. 2021). Further, PeV gamma-ray detection in
PWNe can constrain accelerator size, the minimum acceleration rate,
magnetic field, and the maximum Lorentz factor of electrons, etc.,
(The LHAASO Collaboration 2021). Also, the pulsar wind can carry
electrons of maximum energy and these are injected by the polar
cap potential regions in the pulsars (Bucciantini, Arons & Amato
2011). The UHE gamma-ray sources and maximum photon energy
detected from them provide some hint that particles are accelerating
with maximum efficiency (de Ofia Wilhelmi et al. 2022).

Here, we study multiwavelength emission from PWNe powered
by their associated pulsars using the interactions between the non-
thermal population of relativistic electrons with magnetic and radia-
tion fields. The paper is organized as follows. In Section 2, we discuss
the evolution of the PWN radius, cooling timescales that affects the
electron distributions, magnetic field evolution, etc. In Section 3, we
describe the PWN sources that have data or upper limits in radio,
X-rays, and gamma-rays and perform modelling using a one-zone
model. In Section 4, we discuss and conclude our results.

2 THE MODEL

In this section, we have described our model, based on Tanaka
& Takahara (2010) and further included the impact of SN reverse
shock on the PWN radius inside a non-radiative supernova remnant
(SNR) (Gelfand et al. 2009). The compression of the PWN radius can
enhance the magnetic field and as a result, it affects the non-thermal
radiation from relativistic electrons (Reynolds & Chevalier 1984b;
van der Swaluw et al. 2001; Gelfand et al. 2009; Bandiera et al.
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2020). These effects are most important if the PWN age is greater
than 10 kyr (Lépez-Coto et al. 2022).

The spin-down luminosity of a pulsar at a given time can be
estimated from the observed quantities, i.e. period P of the pulsar,
it’s derivative P and moment of inertia / of the neutron star (NS)
(Gaensler & Slane 2006). Further, it enables a continuous supply of
energy into particles and fields, that changes according to the relation
(Gaensler & Slane 2006)

¢ —(n+1)/(n—1)
L(t) =Ly <1+*> ; (L

To

where Ly is the initial spin-down luminosity and braking index 7 is
set equal to 3 for pulsars (PSRs) in our calculations. The total energy
injected by a pulsar to its nebula in its lifetime approximately lies
in the range of ~(1 — 5) x 1072 Egy, where Esy = 10°! erg is the
SN kinetic energy (Gaensler & Slane 2006; Bucciantini et al. 2011).
The pulsar age 4., characteristic timescales, 7. = P/ 2P and 7y, are
related by the relation (Tanaka & Takahara 2011)

2

As we have taken n = 3, in this case, the pulsar loses energy via
its spin-down by the magnetic dipole radiation (Gaensler & Slane
2006). This value also implies that 7. > f,4. to get a positive value of
7o. Note that the uncertainty in the age of the pulsar 7, affects the
model parameters (Tanaka & Takahara 2013). Also, 7¢ and 4. play
important roles in shaping the spectral energy distribution (SED) of
a PWN (Torres et al. 2014). As 7. is known from pulsar observations
and for a known or assumed value of 7,,., we can estimate 7. Further,
these calculation depends on n, however, in our calculations we have
taken n = 3.

1
(TO + tage)- (2)

T =

2.1 Evolution of PWN radius

The radius of the PWN can be estimated analytically and is defined
as (Blondin, Chevalier & Frierson 2001)

Rpwn (1) ~ 0.5 Ese \B( Mg\
~ . C
PN T erg 8 Mg

Ly % t % 3)
X .
1038 ergs—! 500 yr

This analytical solution is only valid up to pulsar age t < 7¢. M,; is
the amount of mass ejected during the SN explosion. For the constant
density nigm of the interstellar medium (ISM), the ejecta phase
remains dominant up to a time fy = 196 yr (M,j/M)*/® E;&g”&}f
(Truelove & McKee 1999). Afterward, during the Sedov-Taylor (ST)
phase, the SNR shock radius is given by Rgng = 1.17 x (Egnt*/p)',
where the density p = upmsy and the mean molecular weight
of ISM is uy = 1.4 x 1.67 x 1072* g/cm® (Shu 1992). Using
these initial conditions we study the evolution of the PWN radius
inside a non-radiative SNR (Gelfand et al. 2009). Based on this, the
first compression starts when the PWN radius is equal to the SN
reverse shock radius. After this stage, the pressure balance between
the PWN volume and the ejecta material decides the PWN radius
evolution. The details of the radius evolution are modelled based on
the formalism discussed by Gelfand et al. (2009) and the model is
only valid up to the time when the ST phase ends. In Fig. 1, the
dynamics of the PWN radius are shown w.r.t. the pulsar or PWN age.
Initially, the PWN radius expands freely and after its collision with
the SN reverse shock radius, the compression phase starts under the
condition of subdominant pressure inside the PWN volume compared
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Figure 1. The SN reverse shock radius (shown in grey color) and the
evolution of the PWN radius. Once the SN reverse shock radius collides
with the PWN radius the compression and later the re-expansion takes place.
For better visibility of the curves, we have divided the radius values for HESS
J1640-465, HESS J1813-178, LHAASO J2226+4-6057, and HESS J1303-631
by factors of 50, 30, 10, and 3, respectively. The circled point in each curve
represents the radius at the current age of the PWN for which multiwavelength
emission is calculated.

to the SN ejecta. In an opposite scenario, for later times, the PWN
volume re-expands, and so on. The compression and re-expansion
of the PWN volume are termed the reverberation phase. For our
input parameters, in Table 1, we have listed the collision time 7y,
after which compression starts. The onset of this phase dominates
during the end of the ejecta phase or onward the ST phase. However,
the details of the evolution also depend on the pulsar energetics
and parameters. Based on Fig. 1, we also infer that for lower ejecta
mass the compression starts early in time. We have kept the same
value of SN energy and ISM density for all the objects, however, the
onset of the compression phase is also sensitive to these parameters.
The circled point in each curve represents the radius of the PWN
at its current age f,e., and in this work, we have investigated the
multiwavelength radiation from all sources in the pre-contraction
phase.

2.2 Particle distribution under radiative and adiabatic cooling

In our one-zone model, the time-dependent evolution of electron
population N(y, 1) at a time ¢, in the spherically expanding PWN can
be determined by their energy losses in the magnetic field, photon
fields, and in addition via adiabatic losses. The particle distribution
N(y, t) under energy losses y(y, t) and source term Q(y, f) can be
found using the formalism discussed in Tanaka & Takahara (2010).
The continuity equation for N(y, 7) is defined as

ON(y,1) 9 |
—  F — . ONy, Dl = 0y, ), )
t ay

where y is the electron Lorentz factor. The second term on the left-
hand side of equation 4, describes the cooling of relativistic electrons.
We have considered the cooling rate due to adiabatic expansion
Vad(y, 1), synchrotron ysy(y, ¢) and IC y;c(y ) scattering, respectively
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(Blumenthal & Gould 1970; Tanaka & Takahara 2010). The adiabatic
losses affect the low-energy part of the electron distribution while the
synchrotron and IC losses are important for larger values of the elec-
tron Lorentz factor (Tanaka & Takahara 2010; Vorster et al. 2013).

We use the adiabatic cooling time as t,g = |y /Vaa| = Rpwn/ Vewn,
and for our modelling this choice is okay as we are mostly in the
expansion stage of the PWN radius (Martin et al. 2012). The values
of PWN radius Rpwy and velocity Vpwy at the current age are listed in
Table 1 and same used for the estimation of 7,4, as shown in Figs 10—
12. The electrons are cooled by synchrotron radiation in the magnetic
field and the cooling rate for a single electron in the magnetic field
is ysy(y. 1) = —dcory*Up(t)/3m.c?, where c is the speed of light,
o is the Thomson cross-section, Uy is the magnetic energy density
and m, is the electron mass. The synchrotron cooling time-scale is
(Blumenthal & Gould 1970)

_ e (BO Ty
_2.5x10yr(100MG> (106) . (5)

6m,c?

gy = —————
Y cor B2y

Further, the cooling rate of electrons in the target photon
field including the Klein-Nishina (KN) scattering regime is
Yic(y, 1) = —dcory? Up(t)/3mec*(1 + 4y eg/mec?)¥?, and corre-
sponding time-scale is (Moderski et al. 2005)

2 dye, 13
e = mec {1 J/Go]

3
4 corUpn(t)y mec?

6.1 x 10° Un )" ( L4 )71 |4 dreo . 6)
: T\ Tevem? 106 me?|

The target photons for the IC mechanism are synchrotron photons,
CMB, IR photons from dust grains and stellar optical photons. In
the IC scattering, the Thomson regime is valid if the target photon of
energy € interacts with an electron with Lorentz factor y satisfying
the condition 4y €o/m.c> < 1 and later the KN effects are important
when 4)/60/mec2 > 1 (Jones 1968; Blumenthal & Gould 1970;
Fang et al. 2021). While interacting with the greybody photons with
temperature 7, KN effects become important when the energy of
the relativistic electron is larger than 0.27m§c4 /kgT (Schlickeiser
& Ruppel 2010). Thus, KN process reduces the energy loss for the
electron and a harder spectrum for non-thermal electrons is expected.
These electrons interact with the CMB radiation field with energy
density Ucyp = 0.26 eV cm ™3 but the IR and stellar photon density
depend on the source location in the Galaxy (Porter, Moskalenko &
Strong 2006). This should create a harder electron spectrum above
the electron Lorentz factor yxn = 0.27mec*/kgT (Schlickeiser &
Ruppel 2010), i.e. 6 x 10%,8 x 107, and 3 x 10, for the pair-plasma
interactions with the CMB, IR, and stellar photons, respectively.

The source term Q(y, ?) is due to the pulsar wind that depends on
time. In a phenomenological model, the broadband emission from
PWN is generally explained using a broken power-law distribution
of electrons. The broken power law has a harder index p; in the range
from 1 to 1.8, below the break Lorentz factor y, and above it a softer
index p, can take values in the range from 2 to 3.1 (Torres et al.
2013; Tanaka & Asano 2017; Zhu et al. 2018). The time-dependent
injected spectrum of electrons from the pulsar into the PWN can be
either a power-law or a broken power-law type.

—pl
v 14
Vb ’
—p2
v P
Vb ’

Ymin <V =W
Oy, 1) = Qo @)

Yo <V < Vmax-
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Table 1. Model parameters for the PWN based on the observations and spectral fitting. The symbols that are based on the observations are pulsar period
P, period derivative P, distance to the pulsar d, characteristic age 7., surface magnetic field of the NS B, current spin-down luminosity E respectively and
wavelength dependent size of the PWN, if available from observations. We have assumed a value for PSR age #,ge, a fixed value for the input parameters; braking
index n, interstellar medium gas density nism, SN kinetic energy Esn, IR energy density Ui and optical energy density Uop. However, for HESS J1640-465, a
large value of energy density in optical photons is motivated from recent observations. We fit the pulsar or PWN age t,q., €jecta mass Me; of the progenitor star,
spectral index py, p2, electron distribution with Lorentz factors ¥ min, ¥b» ¥ max and fractions of the total energy in electrons and magnetic field 1, and np based
on the multiwavelength observations. The derived parameters from the above information are: pulsar spin-down timescale 7, initial spin-down luminosity of
the pulsar Lo, PWN magnetic field B, radius Rpwn and velocity Vpwn, etc., at fage. fcol is the collision time of the PWN radius with the SN reverse shock.
Further, the value of average Lorentz factor I',, pair multiplicity « is estimated. The last four parameters are electron acceleration efficiency 1,cc based on
maximum synchrotron energy and corresponding maximum electron Lorentz factor allowed by the synchrotron cooling ¥ max, cool and ¥ max, pc is the allowed

electron Lorentz factor due to the pulsar injection.

Model parameters LHAASO J1908+0621  LHAASO J2226+6057 HESS J1640-465 HESS J1813-178 HESS J11303-631

(PSR J1907-+0602) (PSR J2229+6114) (PSR J1640-4631) (PSR J1813-1749) (PSR J1301-6305)
From Past Observations

P (ms) 106.6[1] 51.6[3] 206 [5] 44.7(8) 184 [10]

P (sls) 87.3 x 10715[1] 78.3 x 10715[3] 9.758 x 10713[5] 1.265 x 10713[8] 2.65 x 10713[10]

d [kpc] 3240.6[2] 3[4 10 (6] 6.2 [9] 6.6 [11]

7. (kyr) 19.4 10.5 3.1 5.6 11

B, (10 G) 3 2 14 24 7

E(ergs™") 2.84 x 10°°[1] 2.25 x 10%7[3] 4.4 x 10°°[5] 6.8 x 1077[8] 1.7 x 10°°[10]

Radio: size No counterpart [12] 200" (3 pe)[16] 8 (23 po)[19] 3’ (5.4 pe)[22] No counterpart [25]

X-ray: size 12" 0.2 pc [13] 200" (3 pe)[17] 1.2 (3.5 pe) [20] 80" (2.4 pc) [23] 2’ (3.8 pe) [26]

VHE(HESS): size
VHE(VERITAS): size
UHE (LHAASO): size

0.34° (19 pe) [14]
0.27° (14 po)[ 18]

0.45° (25 po)[15] 0.49° (25.6 pe) [15]

Assumed parameters

tage (kyf) 10 7
n 3 3
nism (cm=?) 0.1 0.1
Esn (107 erg) 1 1
U (eV em™) 0.2 0.2
Uop: (€V cm™?) 0.2 0.2
Fitted parameters
M Mg) 12 10
P1> P2 1.3,2.32 1.9,2.48
Ymins Vs ¥ max (5 x 102, 8 x 10°, (2 x 102, 10%, 1.8 x 107)
1.4 x 10%)
Nes 1B (~1,6 x 107%) (~1,2.5 x 1073)
Derived Parameters
7o (kyr) 94 35
Ly (ergs™h) 1.2 x 10%7 2.0 x 103
B(tagc) (nG) 0.55 2.4
Rpwn (tage) (PC) 8.5 11
Vown (fuge) (km s™") 1034 1750
teon (kyr) 12.4 7.3
'y 8.7 x 10* 1.6 x 107
K 6.5 x 10* 5.4 % 107
Nacc 74 x 1073 6x 1074
Emax, sy (€V) 1.7 x 10* 1.3 x 10°
¥ max, PC 32 x 10° 9 x 10°
¥ max, cool 8.1 x 108 10°

12' (35 pe) [21] (22+£04) (4pc)[24]  (0.16 £ 0.02)° (18.4 pc) [27]

2.1 2.5 10
3 3 3
0.1 0.1 0.1
1 1 1
0.2 0.2 0.2
1300 [28] 0.2 0.2
8 8 12
1.5,2.1 1.5,2.15 13,21

(102,105, 1.2 x 10°) (4 x 102, 10*, 1.2 x 10°) (104,105, 6 x 10%)

(~1,107%) (~1,5 x 107%) (~1,5 x 1074
1 3.1 1
42 x 107 2.2 % 10% 2.1 x 10
1.6 4 0.5
2.1 4 13.8
1151 1733 1297
8.7 6.3 10.3
3.2 x 10° 2 x 10° 5 x 10*
2.2 x 10° 1.5 x 107 9 x 10*
1.7 x 1074 43 x 107 1.4 x 1073
4 % 10* 10° 3.1 x 10°
4 x 10° 1.4 x 10'° 2.5 x 10°
7 x 108 7 x 108 3.5 % 108

References: [1] Abdo et al. (2010a), [2] Abdo et al. (2010b), [3] Abdo et al. (2010a), [4] Halpern et al. (2001a), [5] Gotthelf et al. (2014), [6] Lemiere et al. (2009), [7]
Archibald et al. (2016a), [8] Halpern, Gotthelf & Camilo (2012), [9] Yao, Manchester & Wang (2017), [10] Manchester et al. (2005), [11] Cordes & Lazio (2002). [12]
Duvidovich, Petriella & Giacani (2020), [13] Abdo et al. (2010b), [14] Aharonian et al. (2009), [15] Cao et al. (2021), [16] Halpern et al. (2001b), [17] Halpern et al.
(2001a), [18] Acciari et al. (2009), [19] Whiteoak & Green (1996), [20] Gotthelf et al. (2014), [21] Abramowski et al. (2014a), [22] Brogan et al. (2005), [23] Ubertini
et al. (2005), Funk et al. (2007), Helfand et al. (2007), [24] Aharonian et al. (2006), [25] Sushch et al. (2017), [26] H.E.S.S. Collaboration (2012), [27] Aharonian et al.

(2005b), [28] Mares et al. (2021).

The normalization Q. can be estimated using the relation,

Vmax

neL(t) = O(y, tyymec*dy, ®)

Ymin
where n. = L.(¢)/L(¢) is the fraction of total energy into electrons.
Further, we consider that np = Lg(¢)/L(¢) is the fraction of total
pulsar energy, available for the amplification of the magnetic energy.

Approximately 10 per cent of the pulsar spin-down energy radiates
via pulsed emission (Vorster et al. 2013). These fractional parameters
are used to estimate the value of the magnetization parameter o,
which is the ratio between magnetic energy flux and the particle
energy flux, o = Lp(t)/(L.(?) + Ls(?)) =~ np (Kennel & Coroniti 1984).
Here, L.(f) + La(?) represents the total pulsar energy distribution in

e* pairs and nuclei of mass number A. In this work, we assume Ly (f)
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= 0 and hence all the injected energy is distributed in between the
magnetic field and the e* pairs. The value of Q. can be estimated
by using the following expression

_ntl _ |
_melo ()T Vs Viar Vs Yo

mec? 7 2—p 2—p ’
While most of the particles inside the PWN are accelerated at the
termination shock region but the polar cap potential is useful to
scale the maximum energy of particles (Bucciantini et al. 2011). The

polar cap (PC) potential injected maximum energy of the particles is
(Goldreich & Julian 1969)

B Rns \2/ P\
Emapc = 6 x 102 eV P — 10
e =B X I0e (10120 10km) \Ts (19)

where B, ~ 3.2 x 10!(PP)"/2 G is the magnetic field on the
surface of the NS, the radius of the NS is Rys &~ 10 km. The second
limit can be derived by comparing the synchrotron cooling time-
scale of e* pair-plasma in the magnetic field B of the termination
shock with the acceleration time-scale f,.. = rrymecz/eBcnm, ie.
time taken for completing half of a full gyration (Giacinti & Kirk
2018). This is given by the expression

2.4 1/2
6mec €1acc
Emzlx,cool =
O'TB

N B(t) \ 7 e 12
~3.4Pev(IOOMG> (1) , (11)

where 1, < 1is the acceleration efficiency parameter (de Jager et al.
1996). We note that this is an upper limit on the maximum energy
due to the cooling of particles, as effects due to Compton cooling
are not considered. However, this is sufficient for our purpose of
finding the possible reservoir for the injection of maximum energy
of particles inside the PWN. The value of n,.. < 1 can be found by
the maximum value of the synchrotron photon energy and 7, =
(€max, 5y/230 MeV) (Amato & Olmi 2021), where €max, sy = MVimax. 18
listed in Table 1. The break energy for a given y is calculated by using
the expression hv = 17.4 keV (y/10%)>(B/100 uG) (Blumenthal &
Gould 1970).

The magnetic energy of the PWN is supported by the spin-down
luminosity L(#) by an amount 7)5. Also, adiabatic losses affect the total
amount of magnetic energy available inside the PWN. We use the
following equation to estimate the magnetic field, as also discussed
earlier by (Martin et al. 2016),
dWpg W (t) dRpwn(?)

a SO e o @ (12

QO,e

©))

where Wz = B?Rjwy/6. The evolution of the magnetic field is
shown in Fig. 2 and during the compression phase magnetic field
gets amplified.

The average energy of the particles E,, ~ I',,m.c? inside the PWN
is approximately y,mec?(Vp/Vmin) "' *!. We have also estimated the
pair multiplicity « that is defined as k = yyn‘]‘::‘ O(y, t)dy /ngy, where
ngy = (cI1Q82/e*)'/? is the Goldreich—Julian number flux (Goldreich
& Julian 1969). The estimated values are listed in Table 1 and
provides insights on the pulsar environment.

3 MULTIWAVELENGTH EMISSION
MODELLING UNDER ADIABATIC AND
RADIATIVE COOLING

In this section, we describe source properties, their multiwavelength
radiation, and their known interpretation and then we discuss the
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Figure 2. The magnetic field inside the PWN and its evolution with time.
Initially, the B-field decreases with the expansion of the pulsar wind and once
the reverberation phase starts then the B-field undergoes expansion and re-
compression phases, respectively. The circled point in each curve represents
the magnetic field at the current age of the PWN for which multiwavelength
emission is calculated. The magnetic field is estimated using equation (12).

source parameters based on our modelling. The criteria for the source
selection is, the distances should be known, and most plausibly the
X-ray and radio observations or upper limits are available. In the
list of five sources we have studied, two of them are detected by the
LHAASO detector in the TeV-PeV band. In the gamma-ray band,
we have also included data from the Fermi-Large Area Telescope
(LAT), H.E.S.S., Very Energetic Radiation Imaging Telescope Array
System (VERITAS), High Altitude Water Cherenkov Observatory
(HAWC), and MILAGRO, if available.

Based on our calculation, we have estimated the population of
non-thermal electrons at different epochs. These electrons radiate
from radio to UHE gamma-rays and these emissions are calculated
using the python package NAIMA (Zabalza 2015). The synchrotron
intensity is calculated using the formalism discussed in Aharonian,
Kelner & Prosekin (2010) and Baring et al. (1999). Further, the IC of
synchrotron and thermal photons is calculated using the formalism
discussed in Khangulyan, Aharonian & Kelner (2014). We evolve
the electron population for each object up to its current age and the
electron population inside the PWN at four random epochs is shown
in the top panel of Figs 3—7. In the respective bottom panels, we have
shown the spectral fit to the observational data at the current age
of the PWN. The breaks in the SED are either due to the injection
spectrum of electrons ¥ min, ¥, ¥ max O the cooling break, defined as
ye(t) ~ 2.45 x 10°(¢/1 kyr)~'(B(1)/100 uG)~2 (Tanaka & Takahara
2011).

3.1 LHAASO J1908+0621

LHAASO J1908+0621 is one of the Galactic UHE gamma-ray
sources reported by the LHAASO collaboration with its possible con-
nection to SNR G40.5-0.5, PSR J1907+0602, and PSR J1907+4-0631
(Cao et al. 2021). This source was also associated with the HAWC
detected UHE gamma-ray source eHWC J19074-063 (Abeysekara
et al. 2020). The spin-down luminosity of PSR 190740602 was
sufficient to support the TeV emission of MGRO J1908+06 (Abdo
et al. 2010b) and associated HESS detection of J1908+4-063 (Aharo-
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Figure 3. Top panel: The temporal evolution of electron distribution in
the PWN at different times for LHAASO J1908+0621. Bottom panel: The
corresponding SED at fyge = 10 kyr. The gamma-ray data points are taken
from Cao et al. (2021), Breuhaus, Reville & Hinton (2021), and the X-ray
upper limit is taken from Crestan et al. (2021).

nian et al. 2009). In the same region, the extended emission was
reported by VERITAS; VER J1907+062 and its radio emission
properties are investigated in detail and no radio counterpart was
observed (Duvidovich et al. 2020). Recently, Crestan et al. (2021)
derived the X-ray upper limits for this source using the XMM-Newton
observations. The emission from this spatial region has been studied
in the case of MGRO J1908+06 as a Galactic pevatron for which the
gamma-ray spectrum is harder above 100 TeV (Crestan et al. 2021;
Li et al. 2021). Further, a PWN origin of the UHE gamma-rays has
been investigated by Breuhaus et al. (2021), Crestan et al. (2021),
and Li et al. (2021).

We have also used our comprehensive model by considering the
role of PSR 190740602 in explaining the multiwavelength emission.
We have chosen this PSR compared to PSR 190740631 (another
pulsar in the same region), due to its higher (~5 times) current spin-
down luminosity. The distance d to this object, the current period P
and the period derivative P is 3.2 £ 0.6 kpc, 106 ms and 87.3 x 10~15,
respectively (Abdo et al. 2010b). Using the values of the period and
its derivative, the corresponding value of 7, is ~19.4 kyr. The source
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Figure 4. Top panel: The temporal evolution of electron distribution in
the PWN at different times for LHAASO J2226+4-6057. Bottom panel: The
corresponding SED at f,,e = 7 kyr. The data points are taken from, Radio
(Pineault & Joncas 2000), X-ray (Fujita et al. 2021), gamma-ray (Abdo et al.
2009; Acciari et al. 2009; Xin et al. 2019; Breuhaus et al. 2021; Cao et al.
2021)

is located at (1, b) = [40.49°, —0.81°] or at (R, z) = [6.41, —0.05] kpc
(by taking the distance to the Galactic Centre 8.3 kpc) (Abdo et al.
2013). If we consider the age of the pulsar equal to the age of the SNR
G40.5-0.5, that is found to be in between 25 and 40 kyr (Downes,
Pauls & Salter 1980), then from equation (2), a negative value of 7
is obtained. However, this issue can be resolved by taking a lower
value of PWN age. To interpret the multiwavelength observations,
we have taken a fiducial value .. = 10 kyr. The emitting regions,
constrained by the observations are 12 arcsec in X-rays (Abdo et al.
2010b), the VHE size is 0.34° (Aharonian et al. 2009) and the UHE
size of 0.45° (Cao et al. 2021). As seen from the radius evolution
curve for LHAASO 190840621 in Fig. 1, the radius is in the pre-
compression phase and its value is approximately Rpwn = 8.5 pc
at the current age as shown by the blue circle in Fig. 1. That is
greater than the X-ray size of the nebula but lower by a factor of 2-3
compared to VHE and UHE gamma-ray emitting regions. We will
discuss in Section 4, the possible reasons for the difference in the
size between the model and observation.
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Figure 5. Top panel: The temporal evolution of electron distribution in the
PWN at different times for HESS J1640-465. The concave shape of the
electron distribution at late times is due to the dominant IC cooling in the
dense stellar photon environment. Bottom panel: The corresponding SED at
tage = 2.1 kyr. The radio flux upper limits and the remaining broad-band data
are extracted from Abramowski et al. (2014b) and Mares et al. (2021).

The time-dependent non-thermal electron distributions and esti-
mated SED at #,. = 10 kyr are shown in the top and bottom panels
of Fig. 3. The model parameters are listed in Table 1. The electron
spectrum inside the PWN is similar to a standard PWN and the max-
imum energy of the electrons is ~734 TeV, that is lower compared
to the 1-zone model but higher compared to the 2-component model,
as described in Crestan et al. (2021). Our estimated value is different
as this might be due to detailed modelling of the gamma-ray data. In
their model, they found that a single accelerator is unable to interpret
all the sets of observations. In that case, a two-component model by
Crestan et al. (2021) would be useful; however, our interpretation
of the data is appropriate for our purpose of the estimation of the
maximum energy of electrons inside the PWN.

3.2 LHAASO J222646057

LHAASO J22264-6057 is another Galactic UHE gamma-ray source
reported by the LHAASO collaboration (Cao et al. 2021). It has a
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Figure 6. Top panel: The temporal evolution of electron distribution in
the PWN at different times for HESS J1813-178. Bottom panel: The
corresponding SED at fage = 2.5 kyr. The MW data for HESS J1813-178
is taken from Fang & Zhang (2010).

spatial association with SNR G106.3+2.7 and its PSR J2229+4-6114,
which supports wind nebula (also called ‘Boomerang’) (Kothes,
Uyaniker & Pineault 2001). The MILAGRO collaboration also
reported detections in the Boomerang PWN associated with PSR
J2229+6114 (Abdo et al. 2009). PSR J2229+6114 was a bright
gamma-ray pulsar in the first FERMI-LAT catalog of gamma-ray
pulsars (Abdo et al. 2010a). From the associated SNR, multi-TeV
gamma-ray emissions were detected by the VERITAS detector
named as VER J2227+4608 (Acciari et al. 2009). In the spatial
region with VER J2227+608, Fermi-LAT detections observed GeV
gamma-rays (Xin et al. 2019). The SNR G106.34-2.7 was detected
in radio (Pineault & Joncas 2000) and also X-ray data is available
for this source (Fujita et al. 2021).

We consider that PSR J22294-6114 with current spin-down lumi-
nosity £ = 2.3 x 10%” ergs™' can power the PWN and UHE radia-
tion from LHAASO J2226+-6057. The distance to PSR J2229+4-6114
is ~3 kpc based on X-ray absorptions (Halpern et al. 2001a). Note
that the distance is uncertain and the atomic hydrogen and molecular
velocity infers a distance ~0.8 kpc (Kothes et al. 2001). We have
taken d ~ 3 kpc in our modelling of this source. The current period
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Figure 7. Top panel: The temporal evolution of electron distribution in
the PWN at different times for HESS J1303-631. Bottom panel: The
corresponding SED at fy,e = 10 kyr. The upper limits for the radio, X-
ray data, and GeV-TeV data of HESS J1303-631 are taken from H.E.S.S.
Collaboration (2012).

P = 51.6 ms and period derivative P = 78.3 x 10~" s/s implies the
value of 7, = 10.5 kyr (Abdo et al. 2010a). For PSR J2229+4-6114,
we have assumed the age of PWN is 7,5 = 7 kyr, similar to the value
assumed in Yu et al. (2022). The source location is (/, b) = [106.28°,
2.83°Jorat (R, z) =[9.7, 0.15] kpc (Abdo et al. 2013) in our Galaxy.

The origin of UHE gamma-rays has been tested based on the
Leptonic emission in PWN (Yu et al. 2022) and SNR G106.3+2.7
was investigated as a potential pevatron candidate by Tibet ASy
Collaboration (2021). The GeV-TeV gamma-ray data of VER
J22274-608 with a hard gamma-ray spectral index 1.90 £ 0.04 and
a cut-off in the proton spectrum above 400 TeV indicate a plausible
pevatron candidate (Xin et al. 2019). In their PWN model (Yu et al.
2022), they have used a power-law-type electron spectrum with a
spectral index in the range of 2.3-2.5. In comparison, we have used a
broken power-law-type electron distribution with spectral index 1.9
and 2.48, before and after the break energy.

The time-dependent electron distribution at four epochs and SED
at t,ec = 7 kyr are shown in the top and bottom panels of Fig. 4,
respectively. Our model constrains the average size of the PWN at

5865

the current age is approximately 11 pc, which is again in between
the X-ray emitting and VHE/UHE gamma-ray emitting nebula. The
emitting regions, constrained by the observations are 200 arcsec
in radio and X-rays (Halpern et al. 2001b, a), the VHE size is 0.27°
(Acciari et al. 2009) and the UHE size of 0.49° (Cao et al. 2021). The
electron spectrum inside the PWN is similar to a standard PWN and
the maximum energy of the electrons is ~900 TeV. For this source
radio and X-ray observations are available and this provides better
constraints on the PWN magnetic field. We find B(t,,.) = 2.4 uG for
this source. In Fig. 9, we have fitted the SED with maximum electron
energy Enax = 0.9, 1, and 3 PeV, respectively. Based on the UHE
gamma-rays, we find that electrons of maximum energy 1 PeV are
available inside this PWN. For 3 PeV, we find excess flux of UHE
gamma-rays.

3.3 HESS J1640-465

This source was discovered by the HESS telescope during their
survey of the inner Galaxy (Aharonian et al. 2006). Slane et al. (2010)
and Xin et al. (2018) found that the gamma-ray observations for
this source can be explained by considering a PWN origin. Particle
acceleration and radiation due to neutral pion decay in the SNR
(G338.3-0.0 can also account for the TeV emission in HESS J1640-
465 (Abramowski et al. 2014b; Tang et al. 2015; Supan, Supanitsky
& Castelletti 2016; Mares et al. 2021). The TeV emission from HESS
J1640-465 is spatially correlated with a SNR G338.3-0.0 and PSR
J1640-4631 (Supan et al. 2016). The NuSTAR X-ray observations of
the pulsar enable the estimation of the braking index n = 3.15 4 0.03
for this source (Archibald et al. 2016b). However, for simplicity, we
have used n = 3, which is very close to the observed value. The
characteristic age t. = 3113 yr corresponding to the period P =
206 ms and P = 9.758 x 10713 s/s (Gotthelf et al. 2014), that infers
a spin-down luminosity of 4.4 x 10° ergs~!. In our calculations if
we take the age of the pulsar or PWN the same as the SNR, which
is found to be in between 5 and 8 kyr (Slane et al. 2010), then the
spin-down time-scale found to be negative based on equation (2);
hence, we have chosen a lower value of #,e. = 2.1 kyr, that provides
7o ~ 1 kyr. The distance to this source is in between 8.5 and 13 kpc
based on the H 1 absorption (Lemiere et al. 2009) and we have taken
a reference value d = 10 kpc in our modelling.

Recently, Mares et al. (2021) discussed the PWN origin of the
multiwavelength observations of this source and they found a rapidly
rotating pulsar with initial period Py ~ 10 ms is needed. They also
required an extremely intense UV photon field, with energy density
1.3 keV cm~3. HESS J1640-465 is a composite SNR source, and an
young pulsar PSR J1640-4631 is also located in the shell-type SNR
G338.3 — 0.0 (Gotthelf et al. 2014).

As also mentioned by Mares et al. (2021) about its closeness with
a nearby young massive stellar cluster, which is 8" away from HESS
J1640-465 (Davies et al. 2012). This cluster can provide a higher
stellar photon density at the pulsar location ([, b) = [338.28°, —0.04°]
orat (R, z) =[3.78, —0.005] kpc (H.E.S.S. Collaboration 2018b). We
also found that for this source stellar photon density 1.3 keV cm~3
is required. Further, Mares et al. (2021) has taken the age of the
pulsar equal to 3 kyr, which is a slightly larger value compared to our
modelled value #,5c = 2.1 kyr. This creates a difference in the spin-
down time-scale. The magnetization parameter proposed by Mares
etal. (2021), ng = 107! is very large compared to our modelled value
ns = 107 and this is also contrary to the convention that PWNe
are particle dominated. Our used value of gas density 0.1 cm™ is
10 times higher comparatively and the spin-down time-scale is larger
by a factor of 250. The diversity in the model parameters for the
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interpretation of the PWN emission is evident between these models
and infers the degeneracy in input model parameters. The electron
distribution at four epochs and the SED at t,o. = 2.1 kyr are shown
in the top and bottom panels of Fig. 5, respectively. At this age, the
modelled value of the PWN radius is approximately 2.1 pc which
is a factor of 2 lower compared to the observed X-ray size of the
nebula 3.5 (Gotthelf et al. 2014) and approximately 10 times lower
compared to HESS measured size (Abramowski et al. 2014a). The
maximum energy of electrons based on the spectral fit is ~137 TeV.

3.4 HESS J1813-178

HESS J1813-178 was discovered during the HESS survey of Galactic
sources (Aharonian et al. 2005a, 2006). Its multiwavelength ob-
servations are available in radio, X-ray (Brogan et al. 2005), and
gamma-rays (Araya 2018). This source has spatial overlap with the
SNR G12.82-0.02 and at the centre of the SNR, PSR J1813-1749
is located (Gotthelf et al. 2014). The current spin-down luminosity
of the pulsar is £ = (6.8 £ 2.7) x 10* ergs~' (Gotthelf & Halpern
2009; Camilo et al. 2021). Using the pulsar period P = 44.7 ms
and its derivative P = 1.265 x 107'* s/s, we estimated 7, = 5.6 kyr
(Halpern et al. 2012).

The radio observations of G12.82 — 0.02 infers a compact size 3’
and also, independent of distance, the age of the SNR is between
285-2,500 yrs (Brogan et al. 2005). The distance of the source
is quite uncertain and a value of 4.7 kpc was used to study the
non-thermal radiation (Fang & Zhang 2010). In recent studies, a
large dispersion measure was found for the pulsar and, based on the
electron distribution model of Cordes & Lazio (2002), the source
distance was found to be 12 &+ 2 kpc. We caution that the dispersion
in the distance will affect the model parameters. We have taken its
updated distance of 6.2 kpc based on the electron distribution model
of Yao et al. (2017). The source location is ([, b) = [12.81°, —0.03°]
or at (R, z) = [2.81, —0.0032] kpc in our Galaxy (Aharonian et al.
2006). The electron distribution at four epochs and the SED at #,,. =
2.5 kyr are shown in the top and bottom panels of Fig. 6, respectively.
The emitting regions for this source in the X-ray band infer a size
of value 2.4 pc (Ubertini et al. 2005; Funk et al. 2007; Helfand
et al. 2007), while the radio region is of size 5.4 pc (Brogan et al.
2005). Also, in the case of this source, the HESS observations infer
a very compact size (4 pc) of the emission region (Aharonian et al.
2006). Our modelled value of the PWN radius is approximately 4 pc.
Further, for this source radio and X-ray observations are available
and this provides better constraints on the PWN magnetic field. We
find B(tyee) = 414G for this source. The maximum energy of the
electrons is ~628 TeV.

3.5 HESS J1303-631

The multiwavelength (radio, X-ray, and gamma-ray) observations
of HESS J1303-631 can be explained through the PWN emission
(H.E.S.S. Collaboration 2012). They have used a stationary Leptonic
model with magnetic field value 1.4 ©G. In our revised version, the
magnetic field is lower and in our modelling we evolve the electron
population under the adiabatic and cooling losses plus reverberation
and interpret the data. The distance to this source is 6.6 kpc based on
the Galactic electron distribution model by Cordes & Lazio (2002)
and the IR energy density is 1.3 eV/cm® at the location (I, b) =
[304.21°, —0.33°] or at (R, z) = [7.25, —0.04] kpc (Aharonian et al.
2006). We revisit the source modelling using time-dependent PWN
emission. The source is associated with PSR J1301-6305 having
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period P = 184 ms, period derivative P = 2.65 x 10~' s/s and spin-
down luminosity £ = 1.7 x 10°® ergs~! (Manchester et al. 2005;
H.E.S.S. Collaboration 2012). This provides the characteristic age
of this source to be approximately 11 kyr. The electron distribution
at four epochs and the SED are shown in the top and bottom panel
of Fig. 7 for t,ec = 10 kyr. There is no radio counterpart for this
source (Sushch et al. 2017) but the X-ray size is of value ~4 pc
(H.E.S.S. Collaboration 2012) and a larger emitting region in the
VHE gamma-rays of value 18.4 pc (Aharonian et al. 2005b). Our
model value for the PWN radius is 13.8 pc and it’s closer to the VHE
gamma-ray emitting nebula. For our selected input parameters the
full part of the VHE gamma-ray spectrum is not explained however,
it was explained by H.E.S.S. Collaboration (2012). This difference
might be due to the contrast difference in our modelling and IR field
> 0.2 eV/cm? can be useful for reproducing the full VHE spectrum.
However, we focus on the estimation of the maximum energy of the
electrons based on the maximum energy of the VHE photons. The
maximum energy of the electrons from the spectral fit is ~307 TeV.

4 DISCUSSIONS AND CONCLUSIONS

In recent years, the VHE gamma-ray spectrum of Galactic sources
has been extended to the UHE range by the HAWC and LHAASO
detectors. The discovery of 1.1 PeV photon from the Crab PWN
makes it one of the first Galactic sources of PeV photons and also
a Galactic Leptonic pevatron source (The LHAASO Collaboration
2021). Liu & Wang (2021) have shown that the end part of the UHE
gamma-ray spectrum is harder for the CRAB Nebula and infers
the acceleration of cosmic ray (CR) protons up to PeV energies.
Motivated by these results we have explored the origin of the UHE
gamma-ray spectrum in two of the LHAASO detected sources. We
have taken the cooling of the electrons in the KN regime (Moderski
et al. 2005) while calculating the electron distribution and in the SED
calculation these modifications are already present in the NAIMA
public code based on the formalism by Khangulyan et al. (2014).
Further, we compare these model parameters of two LHAASO
detected PWN with a few other H.E.S.S. detected objects studied
by us. We find the UHE detected objects can be interpreted using
the spin-down luminosity of pulsars and their model parameters
are similar to modelled VHE detected sources. Hence, most of the
VHE gamma-ray sources in our Galaxy are powered by the pulsar
spin-down luminosity then they should also be detected by UHE
gamma-ray detectors. Recently, this is also shown by Albert et al.
(2021), that the powerful pulsars with E > 10% ergs™!, would have
a UHE gamma-ray spectrum.

In Table 1, we have listed parameters: (i) from past observations,
(i1) assumed parameters, (iii) parameters based on spectral fit, (iv)
derived from parameters in (i), (ii), and (iii). Our current estimation
of the PWN radius cannot interpret the wavelength-dependent size
of the emitting nebula. The variation of size in radio to gamma-
ray wavelengths is very explicit from observations. We think that
age is also an important factor in deciding the radius of the PWN.
Wavelength-dependent effects on PWN size requires the inclusion
of the particle transport scenarios (Tang & Chevalier 2012). The
evolution of the PWN radius during the ejecta and ST phase is shown
in Fig. 1. The injected electron spectrum used in our study follows a
broken power law. The spectral index p; and p, are consistent with
the standard PWN interpretation. Due to the very weak magnetic
field at the current age of the PWN, the cooling Lorentz factor is
lower than the minimum Lorentz factor for all the sources. For the
breaks in the injected electron spectrum, we can find their signatures
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Figure 8. The multiwavelength fit based maximum energy Emax versus polar
cap potential ¢p. We have also included these scaling values from Zhu et al.
(2018; BLJ et al. 2018), and (Tanaka & Takahara 2011; TT et al. 2011) for
the comparison.The young PWNe have age less than 2.5 kyr, and for evolved
PWNe the age is above 2.5 kyr but less than 5 kyr and for mature PWNe it is
above 5 kyr, respectively, as defined in Zhu et al. (2018).
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Figure 9. The SED of LHAASO J2226+6057 is shown for maximum
electron energy Emax = 0.9, 1, and 3 PeV, respectively. The other parameters
are the same as listed in Table 1 for this source. The UHE gamma-rays infer
that electrons of PeV energy can be inside the PWN.

in their SEDs. The magnetic field inside LHAASO J19084-0621 is
0.55 G and for HESS J1303-631 is 0.5 . G and the origin of these
low magnetic field values inside PWN is not very well known. In
our case, these two objects are older, compared to others and that
leads to these small values in the expansion phase. However, similar
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Figure 10. LHAASO J19084-0621 and LHAASO J2226+4-6057 cooling
time-scales for the model parameters listed in Table 1.

low values have been reported for the PWN modelling, for example,
in the modelling of UHE gamma-ray source, HAWC J1826-128 by
Burgess et al. (2022).

The value of 7, is dominant compared to np for all sources and
implies that the PWN plasma is dominated by the e* pair-plasma.
Similar conclusions about the PWN composition were reported in
earlier studies (Torres et al. 2013). Further, using fitted parameters,
we have estimated the average energy per particle in the pulsar wind
', and the number of pairs produced per photon, i.e. pair multiplicity
k. The values of k are approximately in between ~10* and 107.

Our assumed values for external radiation field energy density for
the IR and stellar photons are within the standard values as known
from the Galactic radiation field models (Popescu et al. 2017; Zhu
et al. 2018; Breuhaus et al. 2021); however, these values can be
location dependent. Surprisingly, For the HESS J1640-465 source,
a very large photon density is supported by a nearby source as
discussed in Section 3. Further, the temperature of the IR radiation
field can affect the IC radiation and lower values are useful to produce
UHE radiation (Breuhaus et al. 2021), we have taken Tjg = 20 K
in this work and this value is consistent with the dust temperature
(Bernard et al. 2010; Zhu & Huang 2014). With more UHE source
detection in the future by LHAASO and CTA, the IR radiation
environments can be tested.

The y — y absorption in the ISM can affect the VHE to UHE part
of the gamma-ray spectrum (Moskalenko, Porter & Strong 2006).
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Figure 11. HESS J1640-465 and HESS J1813-178 cooling timescales for
the model parameters listed in Table 1.

However, for the two LHAASO objects these effects on the TeV-
PeV gamma-ray spectrum are negligible (Cao et al. 2021). For HESS
J1813-178 and HESS J1303-631, we found that attenuation is not
important. In the case of HESS J1640-465, these effects are dominant
due to the high density of the target photons. To minimize it, we have
reduced the target photon temperature to 5000 K and an exponential
cut-off in the gamma-ray spectrum is used above ~50 TeV based on
the pair production condition €€, > (2m,c?)?, where €, and €, are
the energy of optical and gamma-ray photons, respectively.

Using the maximum synchrotron photon energy, we calculate
acceleration efficiency 7, of the electrons and we found its values in
between 10~* and 1073, also listed in Table 1. Using, equation (11),
we obtained values of ¥ max cool- These values are approximately
10 times lower than y . pc. The required values of y ax from the
spectral fit are in between ¥ max cool a1d ¥ max pc. Hence, the maximum
energy of the electrons is supported by the polar cap potential (de
Ofia Wilhelmi et al. 2022). In Fig. 8, we have shown the scaling
of the maximum energy of electrons based on the multiwavelength
fit, versus the polar cap potential ¢ = Enax pc/e. The cooling time-
scales for particles inside PWN are shown in Figs 10-12, for the
current age of the pulsar and input model parameters. It is clear that
within the acceleration time-scale, adiabatic and synchrotron cooling
mechanisms dominate and limit the maximum energy of electrons
at the termination shock. To interpret the multiwavelength radiation,
we need another source of electrons above these energies and hence,
the injection of maximum energy particles inside PWN must be
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Figure 12. HESS J1303-631 cooling time-scales for the model parameters
listed in Table 1.

due to the polar cap potential regions. Our estimated values of the
maximum electron energy from the spectral fit is in the range of 0.1—
1 PeV. In Fig. 9, we have shown the SED modelling of LHAASO
J2226+4-6057 at 1 and 3 PeV. We have selected it as for this object
radio, X-ray, and UHE observations are available. This shows that
UHE gamma-ray spectrum is a key to probing the PeV electron
presence inside the PWN and makes LHAASO J2226+6057 one of
the potential Leptonic pevatron candidates compared to other sources
investigated in this work.
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