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A B S T R A C T 

Recently, the Large High Altitude Air Shower Observatory (LHAASO) reported the disco v ery of 12 ultrahigh-energy (UHE; ε 
≥ 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. Ho we ver, 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 abo v e 0.1 PeV and close to 1 PeV. For 
LHAASO J2226 + 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. 
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 I N T RO D U C T I O N  

he pulsar wind nebula (PWN) structure is energetically supported
y the spin-down luminosity of the central pulsar and its composition
s dominated by e ± pair-plasma coupled with the magnetic field, as
ell as nuclei (Pacini & Salvati 1973 ; Rees & Gunn 1974 ; Reynolds
 Che v alier 1984a ; Arons & Tavani 1994 ; Bednarek & Protheroe

997 ; Amato, Guetta & Blasi 2003 ; Che v alier 2004 ; Gaensler &
lane 2006 ; Volpi et al. 2008 ; Kirk, Lyubarsky & Petri 2009 ; B ̈uhler
 Blandford 2014 ; Gelfand 2017 ; Kashiyama 2017 ; Torres 2017 ;
mato & Olmi 2021 ; L ́opez-Coto et al. 2022 ). A strong pulsar wind
akes their nebula brighter in gamma-rays, and in general spin-down

uminosity greater or equal to 4 × 10 36 erg s −1 is sufficient (Gotthelf
004 ). In our Galaxy, PWNe are the dominant class of very high
nergy (VHE; 100 GeV ≤ ε < 100 TeV) gamma-ray sources, detected
n the Galactic plane surv e y by the High Energy Stereoscopic
ystem (H.E.S.S.) telescope (H.E.S.S. Collaboration 2018b , a ),
lso known as multiwavelength emitters (Reynolds et al. 2017 ).
 E-mail: jagdish@aries.res.in (JCJ); sjtanaka@phys.aoyama.ac.jp (SJT) 
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Pub
attana et al. ( 2009 ) found that the production of TeV emission
n PWNe is not correlated with the spin-down luminosity and the
haracteristic age of the pulsar. Further, for the VHE emission, the
arget photon field can be a combination of synchrotron photons,
osmic microwave background (CMB) photons, dust infrared (IR)
nd stellar photons (Tanaka & Takahara 2010 ; Torres et al. 2014 ;
hu, Zhang & Fang 2018 ; Mares et al. 2021 ). For older PWNe,

he magnetic field is weaker, which makes them fainter in X-rays
ut due to the inverse-Compton (IC) scattering in the CMB, IR
adiation they remain brighter in gamma-rays (de Jager et al. 2009 ).
n older PWNe, the gamma-ray emission is mostly due to the up-
cattering of CMB photons or IR photons by relativistic electrons
Torres et al. 2014 ); and for younger ( t age < 300 yr) PWNe, this
mission is dominated by the upscattering of the synchrotron photons
T anaka & T akahara 2011 ). The detailed dynamical and radiative
odels of PWNe are useful to understand the physical parameters

f the progenitor supernova (SN), energetics of the pulsar and its
ind, properties of the surrounding environment, etc. (Che v alier
005 ; Gelfand, Slane & Zhang 2009 ; Mart ́ın, Torres & Pedaletti
016 ; Bandiera et al. 2020 ). The time-dependent Leptonic spectral
volution model for PWNe can provide us with details about the
© 2023 The Author(s) 
lished by Oxford University Press on behalf of Royal Astronomical Society 
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lectron population and magnetic field as functions of their age. 
he cooling of these electrons in the magnetic and radiation fields

eads to a multiwavelength spectrum from radio to gamma-rays. 
 or e xample, in the Crab Nebula, synchrotron self-Compton (SSC)
echanism and IC scattering off the CMB photons have been used 

o explain the multiwavelength radiation (Tanaka & Takahara 2010 ). 
heir magnetic field evolution in time is also consistent with the rate
f flux decrease in radio wavelengths. 
In general, the multiwavelength emission from PWNe can be 
odelled using Leptonic models (Zhang, Chen & Fang 2008 ; Tanaka 
 Takahara 2010 , 2011 ; Mart ́ın, Torres & Rea 2012 ; Torres, Cillis &
art ́ın Rodriguez 2013 ; Torres et al. 2014 ; Zhu et al. 2018 ) or lepto-

adronic models (Atoyan & Aharonian 1996 ; Bednarek & Bartosik 
003 ; Zhang & Yang 2009 ; Li, Chen & Zhang 2010 ). The IceCube
ollaboration used the gamma-ray flux levels of 35 Galactic PWN 

ources and used stacking analysis to find the neutrino signal (Aartsen 
t al. 2020 ). They found neutrino flux in the TeV-PeV range is less
han or equal to 4 per cent from these classes of objects. Recently, 
2 UHE, Galactic gamma-ray sources have been disco v ered by 
he LHAASO and few of these gamma-ray sources are in spatial 
oincidence with some of the PWNe (Cao et al. 2021 ; The LHAASO
ollaboration 2021 ). In particular, the 1.1 PeV gamma-ray event 
as found to be associated with the Crab Nebula (The LHAASO 

ollaboration 2021 ) and the 1.4 PeV maximum energy photon was 
orrelated with the Cygnus OB2 region (Cao et al. 2021 ). The radio
o UHE gamma-ray emission from the Crab Nebula is consistent with 
he SSC + IC model and constrains the size of the electron pe v atron in
etween 0.025 to 0.1 pc (The LHAASO Collaboration 2021 ). They 
ound that the luminosity in the PeV electrons is approximately 
.5 per cent of the pulsar’s spin-down luminosity. This opens up a 
ew domain of UHE gamma-ray Astronomy and powerful pulsars 
n our Galaxy play an important role in their origin (Albert et al.
021 ). The UHE gamma-ray detection is useful to test the theoretical
odels of electron acceleration in the PeV range (Giacinti & Kirk 

018 ; Breuhaus et al. 2021 ). Further, PeV gamma-ray detection in
WNe can constrain accelerator size, the minimum acceleration rate, 
agnetic field, and the maximum Lorentz factor of electrons, etc., 

The LHAASO Collaboration 2021 ). Also, the pulsar wind can carry 
lectrons of maximum energy and these are injected by the polar 
ap potential regions in the pulsars (Bucciantini, Arons & Amato 
011 ). The UHE gamma-ray sources and maximum photon energy 
etected from them provide some hint that particles are accelerating 
ith maximum efficiency (de O ̃ na Wilhelmi et al. 2022 ). 
Here, we study multiwavelength emission from PWNe powered 

y their associated pulsars using the interactions between the non- 
hermal population of relativistic electrons with magnetic and radia- 
ion fields. The paper is organized as follows. In Section 2 , we discuss
he evolution of the PWN radius, cooling timescales that affects the 
lectron distributions, magnetic field evolution, etc. In Section 3 , we 
escribe the PWN sources that have data or upper limits in radio,
-rays, and gamma-rays and perform modelling using a one-zone 
odel. In Section 4 , we discuss and conclude our results. 

 T H E  M O D E L  

n this section, we have described our model, based on Tanaka 
 Takahara ( 2010 ) and further included the impact of SN reverse

hock on the PWN radius inside a non-radiative supernova remnant 
SNR) (Gelfand et al. 2009 ). The compression of the PWN radius can
nhance the magnetic field and as a result, it affects the non-thermal
adiation from relativistic electrons (Reynolds & Che v alier 1984b ; 
an der Swaluw et al. 2001 ; Gelfand et al. 2009 ; Bandiera et al.
020 ). These effects are most important if the PWN age is greater
han 10 kyr (L ́opez-Coto et al. 2022 ). 

The spin-down luminosity of a pulsar at a given time can be
stimated from the observed quantities, i.e. period P of the pulsar,
t’s deri v ati ve Ṗ and moment of inertia I of the neutron star (NS)
Gaensler & Slane 2006 ). Further, it enables a continuous supply of
nergy into particles and fields, that changes according to the relation
Gaensler & Slane 2006 ) 

 ( t) = L 0 

(
1 + 

t 

τ0 

)−( n + 1) / ( n −1) 

, (1) 

here L 0 is the initial spin-down luminosity and braking index n is
et equal to 3 for pulsars (PSRs) in our calculations. The total energy
njected by a pulsar to its nebula in its lifetime approximately lies
n the range of ∼ (1 − 5) × 10 −2 E SN , where E SN = 10 51 erg is the
N kinetic energy (Gaensler & Slane 2006 ; Bucciantini et al. 2011 ).
he pulsar age t age , characteristic timescales, τc = P / 2 Ṗ and τ 0 , are

elated by the relation (Tanaka & Takahara 2011 ) 

c = 

n − 1 

2 
( τ0 + t age ) . (2) 

s we have taken n = 3, in this case, the pulsar loses energy via
ts spin-down by the magnetic dipole radiation (Gaensler & Slane 
006 ). This value also implies that τ c > t age to get a positive value of
0 . Note that the uncertainty in the age of the pulsar t age affects the
odel parameters (Tanaka & Takahara 2013 ). Also, τ 0 and t age play

mportant roles in shaping the spectral energy distribution (SED) of 
 PWN (Torres et al. 2014 ). As τ c is known from pulsar observations
nd for a known or assumed value of t age , we can estimate τ 0 . Further,
hese calculation depends on n , ho we ver, in our calculations we have
aken n = 3. 

.1 Evolution of PWN radius 

he radius of the PWN can be estimated analytically and is defined
s (Blondin, Che v alier & Frierson 2001 ) 

 PWN ( t) � 0 . 5 pc 

(
E SN 

10 51 erg 

) 3 
10 
(

M ej 

8 M �

)− 1 
2 

×
(

L 0 

10 38 erg s −1 

) 1 
5 
(

t 

500 yr 

) 6 
5 

. (3) 

his analytical solution is only valid up to pulsar age t � τ 0 . M ej is
he amount of mass ejected during the SN e xplosion. F or the constant
ensity n ISM 

of the interstellar medium (ISM), the ejecta phase 
emains dominant up to a time t 0 = 196 yr ( M ej /M �) 5 / 6 E 

−1 / 2 
SN , 51 n 

−1 / 3 
ISM 

Truelo v e & McKee 1999 ). Afterward, during the Sedov-Taylor (ST)
hase, the SNR shock radius is given by R SNR = 1.17 × ( E SN t 2 / ρ) 1/5 ,
here the density ρ = μH n ISM 

and the mean molecular weight 
f ISM is μH = 1.4 × 1.67 × 10 −24 g/cm 

3 (Shu 1992 ). Using
hese initial conditions we study the evolution of the PWN radius
nside a non-radiative SNR (Gelfand et al. 2009 ). Based on this, the
rst compression starts when the PWN radius is equal to the SN
everse shock radius. After this stage, the pressure balance between 
he PWN volume and the ejecta material decides the PWN radius
volution. The details of the radius evolution are modelled based on
he formalism discussed by Gelfand et al. ( 2009 ) and the model is
nly valid up to the time when the ST phase ends. In Fig. 1 , the
ynamics of the PWN radius are shown w.r.t. the pulsar or PWN age.
nitially, the PWN radius expands freely and after its collision with
he SN reverse shock radius, the compression phase starts under the
ondition of subdominant pressure inside the PWN volume compared 
MNRAS 520, 5858–5869 (2023) 
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M

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 curv es, we hav e divided the radius values for HESS 
J1640-465, HESS J1813-178, LHAASO J2226 + 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. 
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o the SN ejecta. In an opposite scenario, for later times, the PWN
olume re-expands, and so on. The compression and re-expansion
f the PWN volume are termed the reverberation phase. For our
nput parameters, in Table 1 , we have listed the collision time t coll ,
fter which compression starts. The onset of this phase dominates
uring the end of the ejecta phase or onward the ST phase. Ho we ver,
he details of the evolution also depend on the pulsar energetics
nd parameters. Based on Fig. 1 , we also infer that for lower ejecta
ass the compression starts early in time. We have kept the same

alue of SN energy and ISM density for all the objects, however, the
nset of the compression phase is also sensitive to these parameters.
he circled point in each curve represents the radius of the PWN
t its current age t age , and in this work, we have investigated the
ultiwavelength radiation from all sources in the pre-contraction

hase. 

.2 Particle distribution under radiative and adiabatic cooling 

n our one-zone model, the time-dependent evolution of electron
opulation N ( γ , t ) at a time t , in the spherically expanding PWN can
e determined by their energy losses in the magnetic field, photon
elds, and in addition via adiabatic losses. The particle distribution
 ( γ , t ) under energy losses γ̇ ( γ, t) and source term Q ( γ , t ) can be

ound using the formalism discussed in Tanaka & Takahara ( 2010 ).
he continuity equation for N ( γ , t ) is defined as 

∂N ( γ, t) 

∂t 
+ 

∂ 

∂γ
[ ̇γ ( γ, t) N ( γ, t)] = Q ( γ, t) , (4) 

here γ is the electron Lorentz factor. The second term on the left-
and side of equation 4 , describes the cooling of relativistic electrons.
e have considered the cooling rate due to adiabatic expansion

˙ad ( γ, t), synchrotron γ̇Sy ( γ, t) and IC γ̇ic ( γ ) scattering, respectively
NRAS 520, 5858–5869 (2023) 
Blumenthal & Gould 1970 ; Tanaka & Takahara 2010 ). The adiabatic
osses affect the low-energy part of the electron distribution while the
ynchrotron and IC losses are important for larger values of the elec-
ron Lorentz factor (Tanaka & Takahara 2010 ; Vorster et al. 2013 ). 

We use the adiabatic cooling time as t ad = | γ / ̇γad | = R PWN /V PWN ,
nd for our modelling this choice is okay as we are mostly in the
xpansion stage of the PWN radius (Mart ́ın et al. 2012 ). The values
f PWN radius R PWN and velocity V PWN at the current age are listed in
able 1 and same used for the estimation of t ad , as shown in Figs 10 –
2 . The electrons are cooled by synchrotron radiation in the magnetic
eld and the cooling rate for a single electron in the magnetic field

s γ̇Sy ( γ, t) = −4 c σT γ
2 U B ( t) / 3 m e c 

2 , where c is the speed of light,
T is the Thomson cross-section, U B is the magnetic energy density
nd m e is the electron mass. The synchrotron cooling time-scale is
Blumenthal & Gould 1970 ) 

 Sy = 

6 πm e c 
2 

cσT B 

2 γ
= 2 . 5 × 10 3 yr 

(
B( t) 

100 μG 

)−2 ( γ

10 6 

)−1 
. (5) 

urther, the cooling rate of electrons in the target photon
eld including the Klein-Nishina (KN) scattering regime is
İC ( γ, t) ≈ −4 c σT γ

2 U ph ( t) / 3 m e c 
2 (1 + 4 γ ε0 /m e c 

2 ) 3 / 2 , and corre-
ponding time-scale is (Moderski et al. 2005 ) 

 IC = 

3 

4 

m e c 
2 

cσT U ph ( t) γ

[
1 + 

4 γ ε0 

m e c 2 

]3 / 2 

= 6 . 1 × 10 5 yr 

(
U ph 

1 eV cm 

−3 

)−1 ( γ

10 6 

)−1 
[

1 + 

4 γ ε0 

m e c 2 

]3 / 2 

. (6) 

he target photons for the IC mechanism are synchrotron photons,
MB, IR photons from dust grains and stellar optical photons. In

he IC scattering, the Thomson regime is valid if the target photon of
nergy ε0 interacts with an electron with Lorentz factor γ satisfying
he condition 4 γ ε0 / m e c 2 � 1 and later the KN effects are important
hen 4 γ ε0 / m e c 2 	 1 (Jones 1968 ; Blumenthal & Gould 1970 ;
ang et al. 2021 ). While interacting with the greybody photons with

emperature T , KN effects become important when the energy of
he relativistic electron is larger than 0 . 27 m 

2 
c c 

4 /k B T (Schlickeiser
 Ruppel 2010 ). Thus, KN process reduces the energy loss for the

lectron and a harder spectrum for non-thermal electrons is expected.
hese electrons interact with the CMB radiation field with energy
ensity U CMB = 0.26 eV cm 

−3 but the IR and stellar photon density
epend on the source location in the Galaxy (Porter, Moskalenko &
trong 2006 ). This should create a harder electron spectrum abo v e

he electron Lorentz factor γ KN = 0.27 m e c 2 / k B T (Schlickeiser &
uppel 2010 ), i.e. 6 × 10 8 , 8 × 10 7 , and 3 × 10 5 , for the pair-plasma

nteractions with the CMB, IR, and stellar photons, respectively. 
The source term Q ( γ , t ) is due to the pulsar wind that depends on

ime. In a phenomenological model, the broadband emission from
WN is generally explained using a broken power-law distribution
f electrons. The broken power law has a harder index p 1 in the range
rom 1 to 1.8, below the break Lorentz factor γ b and abo v e it a softer
ndex p 2 can take values in the range from 2 to 3.1 (Torres et al.
013 ; Tanaka & Asano 2017 ; Zhu et al. 2018 ). The time-dependent
njected spectrum of electrons from the pulsar into the PWN can be
ither a power-law or a broken power-law type. 

 ( γ, t) = Q 0 , e 

⎧ ⎪ ⎨ 

⎪ ⎩ 

(
γ

γb 

)−p1 
, γmin < γ ≤ γb (

γ

γb 

)−p2 
, γb < γ < γmax . 

(7) 
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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 deri v ati ve Ṗ , distance to the pulsar d , characteristic age τ c , surface magnetic field of the NS B p , current spin-do wn luminosity Ė respecti vely and 
wavelength dependent size of the PWN, if available from observations. We have assumed a value for PSR age t age , a fixed value for the input parameters; braking 
index n , interstellar medium gas density n ISM 

, SN kinetic energy E SN , IR energy density U IR and optical energy density U Opt . Ho we ver, for HESS J1640-465, a 
large value of energy density in optical photons is moti v ated from recent observations. We fit the pulsar or PWN age t age , ejecta mass M ej of the progenitor star, 
spectral index p 1 , p 2 , electron distribution with Lorentz factors γ min , γ b , γ max and fractions of the total energy in electrons and magnetic field ηe and ηB based 
on the multiwavelength observations. The derived parameters from the above information are: pulsar spin-down timescale τ 0 , initial spin-down luminosity of 
the pulsar L 0 , PWN magnetic field B , radius R PWN and velocity V PWN , etc., at t age . t coll is the collision time of the PWN radius with the SN reverse shock. 
Further, the value of average Lorentz factor � w , pair multiplicity κ is estimated. The last four parameters are electron acceleration efficiency ηacc based on 
maximum synchrotron energy and corresponding maximum electron Lorentz factor allowed by the synchrotron cooling γ max, cool and γ 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 J1303-631 
(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] 
Ṗ (s/s) 87.3 × 10 −15 [1] 78.3 × 10 −15 [3] 9.758 × 10 −13 [5] 1.265 × 10 −13 [8] 2.65 × 10 −13 [10] 
d [kpc] 3.2 ± 0.6 [2] 3 [4] 10 [6] 6.2 [9] 6.6 [11] 
τ c (kyr) 19.4 10.5 3.1 5.6 11 
B p (10 12 G) 3 2 14 2.4 7 
Ė (erg s −1 ) 2.84 × 10 36 [1] 2.25 × 10 37 [3] 4.4 × 10 36 [5] 6.8 × 10 37 [8] 1.7 × 10 36 [10] 
Radio: size No counterpart [12] 200 

′′ 
(3 pc)[16] 8 

′ 
(23 pc)[19] 3 

′ 
(5.4 pc)[22] No counterpart [25] 

X-ray: size 12 
′′ 

0.2 pc [13] 200 
′′ 

(3 pc)[17] 1.2 
′ 

(3.5 pc) [20] 80 
′′ 

(2.4 pc) [23] 2 
′ 

(3.8 pc) [26] 
VHE(HESS): size 0.34 ◦ (19 pc) [14] 12 

′ 
(35 pc) [21] (2.2 ± 0.4) 

′ 
(4 pc) [24] (0.16 ± 0.02) ◦ (18.4 pc) [27] 

VHE(VERITAS): size 0.27 ◦ (14 pc)[18] 
UHE (LHAASO): size 0.45 ◦ (25 pc)[15] 0.49 ◦ (25.6 pc) [15] 

Assumed parameters 
t age (kyr) 10 7 2.1 2.5 10 
n 3 3 3 3 3 
n ISM 

( cm 

−3 ) 0.1 0.1 0.1 0.1 0.1 
E SN (10 51 erg ) 1 1 1 1 1 
U IR (eV cm 

−3 ) 0.2 0.2 0.2 0.2 0.2 
U Opt (eV cm 

−3 ) 0.2 0.2 1300 [28] 0.2 0.2 

Fitted parameters 
M ej (M �) 12 10 8 8 12 
p 1 , p 2 1.3,2.32 1.9, 2.48 1.5, 2.1 1.5,2.15 1.3,2.1 
γ min , γ b , γ max (5 × 10 2 , 8 × 10 5 , 

1.4 × 10 9 ) 
(2 × 10 2 , 10 4 , 1.8 × 10 9 ) (10 2 , 10 5 , 1.2 × 10 9 ) (4 × 10 2 , 10 4 , 1.2 × 10 9 ) (10 4 , 10 5 , 6 × 10 8 ) 

ηe , ηB ( ∼1, 6 × 10 −4 ) ( ∼1, 2.5 × 10 −3 ) ( ∼1, 10 −4 ) ( ∼1, 5 × 10 −4 ) ( ∼1, 5 × 10 −4 ) 

Deriv ed P arameters 
τ 0 (kyr) 9.4 3.5 1 3.1 1 
L 0 (erg s −1 ) 1.2 × 10 37 2.0 × 10 38 4.2 × 10 37 2.2 × 10 38 2.1 × 10 38 

B ( t age ) ( μG) 0.55 2.4 1.6 4 0.5 
R PWN ( t age ) (pc) 8.5 11 2.1 4 13.8 
V PWN ( t age ) (km s −1 ) 1034 1750 1151 1733 1297 
t coll (kyr) 12.4 7.3 8.7 6.3 10.3 
� w 8.7 × 10 4 1.6 × 10 2 3.2 × 10 3 2 × 10 3 5 × 10 4 

κ 6.5 × 10 4 5.4 × 10 7 2.2 × 10 6 1.5 × 10 7 9 × 10 4 

ηacc 7.4 × 10 −5 6 × 10 −4 1.7 × 10 −4 4.3 × 10 −4 1.4 × 10 −5 

ε max, Sy (eV) 1.7 × 10 4 1.3 × 10 5 4 × 10 4 10 5 3.1 × 10 3 

γ max, PC 3.2 × 10 9 9 × 10 9 4 × 10 9 1.4 × 10 10 2.5 × 10 9 

γ max, cool 8.1 × 10 8 10 9 7 × 10 8 7 × 10 8 3.5 × 10 8 

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 ). 
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he normalization Q 0,e can be estimated using the relation, 

e L ( t) = 

∫ γmax 

γmin 

Q ( γ, t) γm e c 
2 d γ, (8) 

here ηe = L e ( t )/ L ( t ) is the fraction of total energy into electrons.
urther, we consider that ηB = L B ( t )/ L ( t ) is the fraction of total
ulsar energy, available for the amplification of the magnetic energy. 
pproximately 10 per cent of the pulsar spin-down energy radiates 
ia pulsed emission (Vorster et al. 2013 ). These fractional parameters
re used to estimate the value of the magnetization parameter σ ,
hich is the ratio between magnetic energy flux and the particle

nergy flux, σ = L B ( t )/( L e ( t ) + L A ( t )) ≈ ηB (Kennel & Coroniti 1984 ).
ere, L e ( t ) + L A ( t ) represents the total pulsar energy distribution in
 

± pairs and nuclei of mass number A . In this work, we assume L A ( t )
MNRAS 520, 5858–5869 (2023) 
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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 ). 

s  

s  

X  

l  

L  

w  

(  

S  

(
 

n  

f  

u  

i  

K  

s  

d  

t  

e  

i  

s  

o  

s  

γ  

2

3

L  

s  

n  

(  

d  

e  

s  

e  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/520/4/5858/7036786 by Aryabhatta R
esearch Institute of O

bservational Sciences user on 19 April 2023
 0 and hence all the injected energy is distributed in between the
agnetic field and the e ± pairs. The value of Q 0,e can be estimated

y using the following expression 

 0 , e = 

ηe L 0 

m e c 2 

(
1 + 

t 

τ0 

)− n + 1 
n −1 

[
γ

p 

b γ
2 −p 
max 

2 − p 

− γ
p 

b γ
2 −p 
min 

2 − p 

]−1 

. (9) 

hile most of the particles inside the PWN are accelerated at the
ermination shock region but the polar cap potential is useful to
cale the maximum energy of particles (Bucciantini et al. 2011 ). The
olar cap (PC) potential injected maximum energy of the particles is
Goldreich & Julian 1969 ) 

 max , PC ≈ 6 × 10 12 eV 

(
B p 

10 12 G 

)(
R NS 

10 km 

)3 (
P 

1 s 

)−2 

, (10) 

here B p ≈ 3 . 2 × 10 19 ( P Ṗ ) 1 / 2 G is the magnetic field on the
urface of the NS, the radius of the NS is R NS ≈ 10 km. The second
imit can be derived by comparing the synchrotron cooling time-
cale of e ± pair-plasma in the magnetic field B of the termination
hock with the acceleration time-scale t acc = πγ m e c 2 / eBc ηacc , i.e.
ime taken for completing half of a full gyration (Giacinti & Kirk
018 ). This is given by the expression 

 max , cool = 

(
6 m 

2 
e c 

4 eηacc 

σT B 

)1 / 2 

≈ 3 . 4 PeV 

(
B( t) 

100 μG 

)−1 / 2 (ηacc 

1 

)1 / 2 
, (11) 

here ηacc ≤ 1 is the acceleration efficiency parameter (de Jager et al.
996 ). We note that this is an upper limit on the maximum energy
ue to the cooling of particles, as effects due to Compton cooling
re not considered. Ho we ver, this is sufficient for our purpose of
nding the possible reservoir for the injection of maximum energy
f particles inside the PWN. The value of ηacc ≤ 1 can be found by
he maximum value of the synchrotron photon energy and ηacc =
 εmax, Sy /230 MeV) (Amato & Olmi 2021 ), where εmax, Sy = h νmax , is
isted in Table 1 . The break energy for a given γ is calculated by using
he expression hν = 17 . 4 keV ( γ / 10 8 ) 2 ( B/ 100 μG ) (Blumenthal &
ould 1970 ). 
The magnetic energy of the PWN is supported by the spin-down

uminosity L ( t ) by an amount ηB . Also, adiabatic losses affect the total
mount of magnetic energy available inside the PWN. We use the
ollowing equation to estimate the magnetic field, as also discussed
arlier by (Mart ́ın et al. 2016 ), 

d W B 

d t 
= ηB L ( t) − W B ( t) 

R PWN ( t) 

d R PWN ( t) 

d t 
, (12) 

here W B = B 

2 R 

3 
PWN / 6. The evolution of the magnetic field is

hown in Fig. 2 and during the compression phase magnetic field
ets amplified. 
The average energy of the particles E w ≈ � w m e c 2 inside the PWN

s approximately γb m e c 
2 ( γb /γmin ) −p 1 + 1 . We have also estimated the

air multiplicity κ that is defined as κ = 

∫ γmax 

γmin 
Q ( γ, t)d γ / ̇n GJ , where

˙ GJ = ( c I ��̇/e 2 ) 1 / 2 is the Goldreich–Julian number flux (Goldreich
 Julian 1969 ). The estimated values are listed in Table 1 and

rovides insights on the pulsar environment. 

 MULTIWAV ELENGTH  EMISSION  

O D E L L I N G  U N D E R  A D I A BAT I C  A N D  

A D I AT I V E  C O O L I N G  

n this section, we describe source properties, their multiwavelength
adiation, and their known interpretation and then we discuss the
NRAS 520, 5858–5869 (2023) 
ource parameters based on our modelling. The criteria for the source
election is, the distances should be known, and most plausibly the
-ray and radio observations or upper limits are available. In the

ist of five sources we have studied, two of them are detected by the
HAASO detector in the TeV–PeV band. In the gamma-ray band,
e have also included data from the Fermi-Large Area Telescope

LA T), H.E.S.S., V ery Energetic Radiation Imaging Telescope Array
ystem (VERITAS), High Altitude Water Cherenkov Observatory
HAWC), and MILA GR O, if available. 

Based on our calculation, we have estimated the population of
on-thermal electrons at different epochs. These electrons radiate
rom radio to UHE gamma-rays and these emissions are calculated
sing the python package NAIMA (Zabalza 2015 ). The synchrotron
ntensity is calculated using the formalism discussed in Aharonian,
elner & Prosekin ( 2010 ) and Baring et al. ( 1999 ). Further, the IC of

ynchrotron and thermal photons is calculated using the formalism
iscussed in Khangulyan, Aharonian & Kelner ( 2014 ). We evolve
he electron population for each object up to its current age and the
lectron population inside the PWN at four random epochs is shown
n the top panel of Figs 3 –7 . In the respective bottom panels, we have
hown the spectral fit to the observational data at the current age
f the PWN. The breaks in the SED are either due to the injection
pectrum of electrons γ min , γ b , γ max or the cooling break, defined as
c ( t) ∼ 2 . 45 × 10 6 ( t/ 1 kyr ) −1 ( B( t) / 100 μG ) −2 (Tanaka & Takahara
011 ). 

.1 LHAASO J1908 + 0621 

HAASO J1908 + 0621 is one of the Galactic UHE gamma-ray
ources reported by the LHAASO collaboration with its possible con-
ection to SNR G40.5-0.5, PSR J1907 + 0602, and PSR J1907 + 0631
Cao et al. 2021 ). This source was also associated with the HAWC
etected UHE gamma-ray source eHWC J1907 + 063 (Abeysekara
t al. 2020 ). The spin-down luminosity of PSR 1907 + 0602 was
ufficient to support the TeV emission of MGRO J1908 + 06 (Abdo
t al. 2010b ) and associated HESS detection of J1908 + 063 (Aharo-

art/stad467_f2.eps
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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 t age = 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 ). 
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Figure 4. Top panel: The temporal evolution of electron distribution in 
the PWN at different times for LHAASO J2226 + 6057. Bottom panel: The 
corresponding SED at t age = 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 ) 
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ian et al. 2009 ). In the same re gion, the e xtended emission was
eported by VERITAS; VER J1907 + 062 and its radio emission
roperties are investigated in detail and no radio counterpart was 
bserv ed (Duvido vich et al. 2020 ). Recently, Crestan et al. ( 2021 )
erived the X-ray upper limits for this source using the XMM–Newton
bservations. The emission from this spatial region has been studied 
n the case of MGRO J1908 + 06 as a Galactic pe v atron for which the
amma-ray spectrum is harder abo v e 100 TeV (Crestan et al. 2021 ;
i et al. 2021 ). Further, a PWN origin of the UHE gamma-rays has
een investigated by Breuhaus et al. ( 2021 ), Crestan et al. ( 2021 ),
nd Li et al. ( 2021 ). 

We have also used our comprehensive model by considering the 
ole of PSR 1907 + 0602 in explaining the multiwavelength emission.

e have chosen this PSR compared to PSR 1907 + 0631 (another
ulsar in the same region), due to its higher ( ∼5 times) current spin-
own luminosity. The distance d to this object, the current period P
nd the period deri v ati ve Ṗ is 3.2 ± 0.6 kpc, 106 ms and 87.3 × 10 −15 ,
espectively (Abdo et al. 2010b ). Using the values of the period and
ts deri v ati ve, the corresponding v alue of τ c is ∼19.4 kyr. The source
s located at ( l , 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.
013 ). If we consider the age of the pulsar equal to the age of the SNR
40.5-0.5, that is found to be in between 25 and 40 kyr (Downes,
auls & Salter 1980 ), then from equation ( 2 ), a ne gativ e value of τ 0 

s obtained. Ho we v er, this issue can be resolv ed by taking a lower
alue of PWN age. To interpret the multiwavelength observations, 
e have taken a fiducial value t age = 10 kyr. The emitting regions,

onstrained by the observations are 12 arcsec in X-rays (Abdo et al.
010b ), the VHE size is 0.34 ◦ (Aharonian et al. 2009 ) and the UHE
ize of 0.45 ◦ (Cao et al. 2021 ). As seen from the radius evolution
urve for LHAASO 1908 + 0621 in Fig. 1 , the radius is in the pre-
ompression phase and its value is approximately R PWN = 8.5 pc
t the current age as shown by the blue circle in Fig. 1 . That is
reater than the X-ray size of the nebula but lower by a factor of 2–3
ompared to VHE and UHE gamma-ray emitting regions. We will 
iscuss in Section 4 , the possible reasons for the difference in the
ize between the model and observation. 
MNRAS 520, 5858–5869 (2023) 
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M

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 
t age = 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 ). 
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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 t age = 2.5 kyr. The MW data for HESS J1813-178 
is taken from Fang & Zhang ( 2010 ). 
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The time-dependent non-thermal electron distributions and esti-
ated SED at t age = 10 kyr are shown in the top and bottom panels

f Fig. 3 . The model parameters are listed in Table 1 . The electron
pectrum inside the PWN is similar to a standard PWN and the max-
mum energy of the electrons is ∼734 TeV, that is lower compared
o the 1-zone model but higher compared to the 2-component model,
s described in Crestan et al. ( 2021 ). Our estimated value is different
s this might be due to detailed modelling of the gamma-ray data. In
heir model, they found that a single accelerator is unable to interpret
ll the sets of observations. In that case, a two-component model by
restan et al. ( 2021 ) would be useful; ho we ver, our interpretation
f the data is appropriate for our purpose of the estimation of the
aximum energy of electrons inside the PWN. 

.2 LHAASO J2226 + 6057 

HAASO J2226 + 6057 is another Galactic UHE gamma-ray source
eported by the LHAASO collaboration (Cao et al. 2021 ). It has a
NRAS 520, 5858–5869 (2023) 
patial association with SNR G106.3 + 2.7 and its PSR J2229 + 6114,
hich supports wind nebula (also called ‘Boomerang’) (Kothes,
yaniker & Pineault 2001 ). The MILA GR O collaboration also

eported detections in the Boomerang PWN associated with PSR
2229 + 6114 (Abdo et al. 2009 ). PSR J2229 + 6114 was a bright
amma-ray pulsar in the first FERMI-LAT catalog of gamma-ray
ulsars (Abdo et al. 2010a ). From the associated SNR, multi-TeV
amma-ray emissions were detected by the VERITAS detector
amed as VER J2227 + 608 (Acciari et al. 2009 ). In the spatial
egion with VER J2227 + 608, Fermi-LAT detections observed GeV
amma-rays (Xin et al. 2019 ). The SNR G106.3 + 2.7 was detected
n radio (Pineault & Joncas 2000 ) and also X-ray data is available
or this source (Fujita et al. 2021 ). 

We consider that PSR J2229 + 6114 with current spin-down lumi-
osity Ė = 2 . 3 × 10 37 erg s −1 can power the PWN and UHE radia-
ion from LHAASO J2226 + 6057. The distance to PSR J2229 + 6114
s ∼3 kpc based on X-ray absorptions (Halpern et al. 2001a ). Note
hat the distance is uncertain and the atomic hydrogen and molecular
elocity infers a distance ∼0.8 kpc (Kothes et al. 2001 ). We have
aken d ∼ 3 kpc in our modelling of this source. The current period
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art/stad467_f6.eps


Sub-PeV pulsar wind nebulae and Galactic leptonic pevatrons 5865 

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 t age = 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 ). 
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 = 51.6 ms and period deri v ati ve Ṗ = 78 . 3 × 10 −15 s/s implies the
alue of τ c = 10.5 kyr (Abdo et al. 2010a ). For PSR J2229 + 6114,
e have assumed the age of PWN is t age = 7 kyr, similar to the value

ssumed in Yu et al. ( 2022 ). The source location is ( l , b ) = [106.28 ◦,
.83 ◦] or at ( 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 

eptonic emission in PWN (Yu et al. 2022 ) and SNR G106.3 + 2.7
as investigated as a potential pe v atron candidate by Tibet AS γ

ollaboration ( 2021 ). The GeV–TeV gamma-ray data of VER 

2227 + 608 with a hard gamma-ray spectral index 1.90 ± 0.04 and
 cut-off in the proton spectrum abo v e 400 TeV indicate a plausible
e v atron candidate (Xin et al. 2019 ). In their PWN model (Yu et al.
022 ), the y hav e used a power-la w-type electron spectrum with a
pectral index in the range of 2.3–2.5. In comparison, we have used a
roken power-law-type electron distribution with spectral index 1.9 
nd 2.48, before and after the break energy. 

The time-dependent electron distribution at four epochs and SED 

t t age = 7 kyr are shown in the top and bottom panels of Fig. 4 ,
espectively. Our model constrains the average size of the PWN at 
he current age is approximately 11 pc, which is again in between
he X-ray emitting and VHE/UHE gamma-ray emitting nebula. The 
mitting regions, constrained by the observations are 200 arcsec 
n 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
lectron spectrum inside the PWN is similar to a standard PWN and
he maximum energy of the electrons is ∼900 TeV. For this source
adio and X-ray observations are available and this provides better 
onstraints on the PWN magnetic field. We find B ( t age ) = 2.4 μG for
his source. In Fig. 9 , we have fitted the SED with maximum electron
nergy E max = 0.9, 1, and 3 PeV, respectively. Based on the UHE
amma-rays, we find that electrons of maximum energy 1 PeV are
vailable inside this PWN. For 3 PeV, we find excess flux of UHE
amma-rays. 

.3 HESS J1640-465 

his source was disco v ered by the HESS telescope during their
urv e y of the inner Galaxy (Aharonian et al. 2006 ). Slane et al. ( 2010 )
nd Xin et al. ( 2018 ) found that the gamma-ray observations for
his source can be explained by considering a PWN origin. Particle
cceleration and radiation due to neutral pion decay in the SNR
338.3-0.0 can also account for the TeV emission in HESS J1640-
65 (Abramowski et al. 2014b ; Tang et al. 2015 ; Supan, Supanitsky
 Castelletti 2016 ; Mares et al. 2021 ). The TeV emission from HESS

1640-465 is spatially correlated with a SNR G338.3-0.0 and PSR 

1640-4631 (Supan et al. 2016 ). The NuSTAR X-ray observations of
he pulsar enable the estimation of the braking index n = 3.15 ± 0.03
or this source (Archibald et al. 2016b ). Ho we ver, for simplicity, we
ave used n = 3, which is very close to the observed value. The
haracteristic age τ c = 3113 yr corresponding to the period P =
06 ms and Ṗ = 9 . 758 × 10 −13 s/s (Gotthelf et al. 2014 ), that infers
 spin-down luminosity of 4.4 × 10 36 erg s −1 . In our calculations if
e take the age of the pulsar or PWN the same as the SNR, which

s found to be in between 5 and 8 kyr (Slane et al. 2010 ), then the
pin-down time-scale found to be ne gativ e based on equation ( 2 );
ence, we have chosen a lower value of t age = 2.1 k yr, that pro vides
0 ∼ 1 kyr. The distance to this source is in between 8.5 and 13 kpc
ased on the H I absorption (Lemiere et al. 2009 ) and we have taken
 reference value d = 10 kpc in our modelling. 

Recently, Mares et al. ( 2021 ) discussed the PWN origin of the
ultiwavelength observations of this source and they found a rapidly 

otating pulsar with initial period P 0 ∼ 10 ms is needed. They also
equired an extremely intense UV photon field, with energy density 
.3 keV cm 

−3 . HESS J1640-465 is a composite SNR source, and an
oung pulsar PSR J1640-4631 is also located in the shell-type SNR
338 . 3 − 0 . 0 (Gotthelf et al. 2014 ). 
As also mentioned by Mares et al. ( 2021 ) about its closeness with

 nearby young massive stellar cluster, which is 8 
′ 
away from HESS

1640-465 (Davies et al. 2012 ). This cluster can provide a higher
tellar photon density at the pulsar location ( l , b ) = [338.28 ◦, −0.04 ◦]
r at ( R , z) = [3.78, −0.005] kpc (H.E.S.S. Collaboration 2018b ). We
lso found that for this source stellar photon density 1.3 keV cm 

−3 

s required. Further, Mares et al. ( 2021 ) has taken the age of the
ulsar equal to 3 kyr, which is a slightly larger value compared to our
odelled value t age = 2.1 kyr. This creates a difference in the spin-

own time-scale. The magnetization parameter proposed by Mares 
t al. ( 2021 ), ηB = 10 −1 is very large compared to our modelled value
B = 10 −4 and this is also contrary to the convention that PWNe
re particle dominated. Our used value of gas density 0 . 1 cm 

−3 is
0 times higher comparatively and the spin-down time-scale is larger 
y a factor of 250. The diversity in the model parameters for the
MNRAS 520, 5858–5869 (2023) 
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nterpretation of the PWN emission is evident between these models
nd infers the de generac y in input model parameters. The electron
istribution at four epochs and the SED at t age = 2.1 kyr are shown
n the top and bottom panels of Fig. 5 , respectively. At this age, the
odelled value of the PWN radius is approximately 2.1 pc which

s a factor of 2 lower compared to the observed X-ray size of the
ebula 3.5 (Gotthelf et al. 2014 ) and approximately 10 times lower
ompared to HESS measured size (Abramowski et al. 2014a ). The
aximum energy of electrons based on the spectral fit is ∼137 TeV.

.4 HESS J1813-178 

ESS J1813-178 was disco v ered during the HESS surv e y of Galactic
ources (Aharonian et al. 2005a , 2006 ). Its multiwavelength ob-
erv ations are av ailable in radio, X-ray (Brogan et al. 2005 ), and
amma-rays (Araya 2018 ). This source has spatial o v erlap with the
NR G12.82-0.02 and at the centre of the SNR, PSR J1813-1749

s located (Gotthelf et al. 2014 ). The current spin-down luminosity
f the pulsar is Ė = (6 . 8 ± 2 . 7) × 10 37 erg s −1 (Gotthelf & Halpern
009 ; Camilo et al. 2021 ). Using the pulsar period P = 44.7 ms
nd its deri v ati ve Ṗ = 1 . 265 × 10 −13 s/s, we estimated τ c = 5.6 kyr
Halpern et al. 2012 ). 

The radio observations of G12 . 82 − 0 . 02 infers a compact size 3 
′ 

nd also, independent of distance, the age of the SNR is between
85–2,500 yrs (Brogan et al. 2005 ). The distance of the source
s quite uncertain and a value of 4.7 kpc was used to study the
on-thermal radiation (Fang & Zhang 2010 ). In recent studies, a
arge dispersion measure was found for the pulsar and, based on the
lectron distribution model of Cordes & Lazio ( 2002 ), the source
istance was found to be 12 ± 2 kpc. We caution that the dispersion
n the distance will affect the model parameters. We have taken its
pdated distance of 6.2 kpc based on the electron distribution model
f Yao et al. ( 2017 ). The source location is ( l , b ) = [12.81 ◦, −0.03 ◦]
r at ( R , z) = [2.81, −0.0032] kpc in our Galaxy (Aharonian et al.
006 ). The electron distribution at four epochs and the SED at t age =
.5 kyr are shown in the top and bottom panels of Fig. 6 , respectively.
he emitting regions for this source in the X-ray band infer a size
f value 2.4 pc (Ubertini et al. 2005 ; Funk et al. 2007 ; Helfand
t al. 2007 ), while the radio region is of size 5.4 pc (Brogan et al.
005 ). Also, in the case of this source, the HESS observations infer
 very compact size (4 pc) of the emission region (Aharonian et al.
006 ). Our modelled value of the PWN radius is approximately 4 pc.
urther, for this source radio and X-ray observations are available
nd this provides better constraints on the PWN magnetic field. We
nd B ( t age ) = 4 μG for this source. The maximum energy of the
lectrons is ∼628 TeV. 

.5 HESS J1303-631 

he multiwavelength (radio, X-ray, and gamma-ray) observations
f HESS J1303-631 can be explained through the PWN emission
H.E.S.S. Collaboration 2012 ). They have used a stationary Leptonic
odel with magnetic field value 1.4 μG . In our revised version, the
agnetic field is lower and in our modelling we evolve the electron

opulation under the adiabatic and cooling losses plus reverberation
nd interpret the data. The distance to this source is 6.6 kpc based on
he Galactic electron distribution model by Cordes & Lazio ( 2002 )
nd the IR energy density is 1.3 eV/cm 

3 at the location ( l , b ) =
304.21 ◦, −0.33 ◦] or at ( R , z) = [7.25, −0.04] kpc (Aharonian et al.
006 ). We revisit the source modelling using time-dependent PWN
mission. The source is associated with PSR J1301-6305 having
NRAS 520, 5858–5869 (2023) 
eriod P = 184 ms, period deri v ati ve Ṗ = 2 . 65 × 10 −13 s/s and spin-
own luminosity Ė = 1 . 7 × 10 36 erg s −1 (Manchester et al. 2005 ;
.E.S.S. Collaboration 2012 ). This provides the characteristic age
f this source to be approximately 11 kyr. The electron distribution
t four epochs and the SED are shown in the top and bottom panel
f Fig. 7 for t age = 10 kyr. There is no radio counterpart for this
ource (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
HE gamma-rays of value 18.4 pc (Aharonian et al. 2005b ). Our
odel value for the PWN radius is 13.8 pc and it’s closer to the VHE

amma-ray emitting nebula. For our selected input parameters the
ull part of the VHE gamma-ray spectrum is not explained ho we ver,
t was explained by H.E.S.S. Collaboration ( 2012 ). This difference
ight be due to the contrast difference in our modelling and IR field
 0 . 2 eV / cm 

3 can be useful for reproducing the full VHE spectrum.
o we ver, we focus on the estimation of the maximum energy of the

lectrons based on the maximum energy of the VHE photons. The
aximum energy of the electrons from the spectral fit is ∼307 TeV. 

 DI SCUSSI ONS  A N D  C O N C L U S I O N S  

n recent years, the VHE gamma-ray spectrum of Galactic sources
as been extended to the UHE range by the HAWC and LHAASO
etectors. The disco v ery of 1.1 PeV photon from the Crab PWN
akes it one of the first Galactic sources of PeV photons and also
 Galactic Leptonic pe v atron source (The LHAASO Collaboration
021 ). Liu & Wang ( 2021 ) have shown that the end part of the UHE
amma-ray spectrum is harder for the CRAB Nebula and infers
he acceleration of cosmic ray (CR) protons up to PeV energies.

oti v ated by these results we have explored the origin of the UHE
amma-ray spectrum in two of the LHAASO detected sources. We
ave taken the cooling of the electrons in the KN regime (Moderski
t al. 2005 ) while calculating the electron distribution and in the SED
alculation these modifications are already present in the NAIMA
ublic code based on the formalism by Khangulyan et al. ( 2014 ).
urther, we compare these model parameters of two LHAASO
etected PWN with a few other H.E.S.S. detected objects studied
y us. We find the UHE detected objects can be interpreted using
he spin-down luminosity of pulsars and their model parameters
re similar to modelled VHE detected sources. Hence, most of the
HE gamma-ray sources in our Galaxy are powered by the pulsar

pin-down luminosity then they should also be detected by UHE
amma-ray detectors. Recently, this is also shown by Albert et al.
 2021 ), that the powerful pulsars with Ė ≥ 10 36 erg s −1 , would have
 UHE gamma-ray spectrum. 

In Table 1 , we have listed parameters: (i) from past observations,
ii) assumed parameters, (iii) parameters based on spectral fit, (iv)
erived from parameters in (i), (ii), and (iii). Our current estimation
f the PWN radius cannot interpret the wavelength-dependent size
f the emitting nebula. The variation of size in radio to gamma-
ay wavelengths is very explicit from observations. We think that
ge is also an important factor in deciding the radius of the PWN.
avelength-dependent effects on PWN size requires the inclusion

f the particle transport scenarios (Tang & Che v alier 2012 ). The
volution of the PWN radius during the ejecta and ST phase is shown
n Fig. 1 . The injected electron spectrum used in our study follows a
roken power law. The spectral index p 1 and p 2 are consistent with
he standard PWN interpretation. Due to the very weak magnetic
eld at the current age of the PWN, the cooling Lorentz factor is

ower than the minimum Lorentz factor for all the sources. For the
reaks in the injected electron spectrum, we can find their signatures



Sub-PeV pulsar wind nebulae and Galactic leptonic pevatrons 5867 

Figure 8. The multiwavelength fit based maximum energy E max versus polar 
cap potential φ. 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 abo v e 2.5 k yr but less than 5 k yr and for mature PWNe it is 
abo v e 5 kyr, respectively, as defined in Zhu et al. ( 2018 ). 

Figure 9. The SED of LHAASO J2226 + 6057 is shown for maximum 

electron energy E max = 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. 
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Figure 10. LHAASO J1908 + 0621 and LHAASO J2226 + 6057 cooling 
time-scales for the model parameters listed in Table 1 . 
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n their SEDs. The magnetic field inside LHAASO J1908 + 0621 is
.55 μG and for HESS J1303-631 is 0.5 μ G and the origin of these
ow magnetic field values inside PWN is not very well known. In
ur case, these two objects are older, compared to others and that
eads to these small values in the expansion phase. However, similar
o w v alues hav e been reported for the PWN modelling, for e xample,
n the modelling of UHE gamma-ray source, HAWC J1826-128 by 
urgess et al. ( 2022 ). 
The value of ηe is dominant compared to ηB for all sources and

mplies that the PWN plasma is dominated by the e ± pair-plasma.
imilar conclusions about the PWN composition were reported in 
arlier studies (Torres et al. 2013 ). Further, using fitted parameters,
e have estimated the average energy per particle in the pulsar wind
 w and the number of pairs produced per photon, i.e. pair multiplicity
. The values of κ are approximately in between ∼10 4 and 10 7 . 
Our assumed values for external radiation field energy density for 

he IR and stellar photons are within the standard values as known
rom the Galactic radiation field models (Popescu et al. 2017 ; Zhu
t al. 2018 ; Breuhaus et al. 2021 ); ho we ver, these v alues can be
ocation dependent. Surprisingly, For the HESS J1640-465 source, 
 very large photon density is supported by a nearby source as
iscussed in Section 3 . Further, the temperature of the IR radiation
eld can affect the IC radiation and lower values are useful to produce
HE radiation (Breuhaus et al. 2021 ), we have taken T IR = 20 K

n this work and this value is consistent with the dust temperature
Bernard et al. 2010 ; Zhu & Huang 2014 ). With more UHE source
etection in the future by LHAASO and CTA, the IR radiation
nvironments can be tested. 

The γ − γ absorption in the ISM can affect the VHE to UHE part
f the gamma-ray spectrum (Moskalenko, Porter & Strong 2006 ). 
MNRAS 520, 5858–5869 (2023) 
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M

Figure 11. HESS J1640-465 and HESS J1813-178 cooling timescales for 
the model parameters listed in Table 1 . 
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Figure 12. HESS J1303-631 cooling time-scales for the model parameters 
listed in Table 1 . 
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o we ver, for the two LHAASO objects these effects on the TeV-
eV gamma-ray spectrum are negligible (Cao et al. 2021 ). For HESS
1813-178 and HESS J1303-631, we found that attenuation is not
mportant. In the case of HESS J1640-465, these effects are dominant
ue to the high density of the target photons. To minimize it, we have
educed the target photon temperature to 5000 K and an exponential
ut-off in the gamma-ray spectrum is used abo v e ∼50 TeV based on
he pair production condition εo εγ ≥ (2 m e c 2 ) 2 , where εo and εγ are
he energy of optical and gamma-ray photons, respectively. 

Using the maximum synchrotron photon energy, we calculate
cceleration efficiency ηacc of the electrons and we found its values in
etween 10 −4 and 10 −5 , also listed in Table 1 . Using, equation ( 11 ),
e obtained values of γ max, cool . These values are approximately
0 times lower than γ max,PC . The required values of γ max from the
pectral fit are in between γ max,cool and γ max,PC . Hence, the maximum
nergy of the electrons is supported by the polar cap potential (de
 ̃ na Wilhelmi et al. 2022 ). In Fig. 8 , we have shown the scaling
f the maximum energy of electrons based on the multiwavelength
t, versus the polar cap potential φ = E max, PC / e . The cooling time-
cales for particles inside PWN are shown in Figs 10 –12 , for the
urrent age of the pulsar and input model parameters. It is clear that
ithin the acceleration time-scale, adiabatic and synchrotron cooling
echanisms dominate and limit the maximum energy of electrons

t the termination shock. To interpret the multiwavelength radiation,
e need another source of electrons abo v e these energies and hence,

he injection of maximum energy particles inside PWN must be
NRAS 520, 5858–5869 (2023) 
ue to the polar cap potential regions. Our estimated values of the
aximum electron energy from the spectral fit is in the range of 0.1–
 PeV. In Fig. 9 , we have shown the SED modelling of LHAASO
2226 + 6057 at 1 and 3 PeV. We have selected it as for this object
adio, X-ray, and UHE observations are available. This shows that
HE gamma-ray spectrum is a key to probing the PeV electron
resence inside the PWN and makes LHAASO J2226 + 6057 one of
he potential Leptonic pe v atron candidates compared to other sources
nvestigated in this work. 
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