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Pulsar Wind NebulaPulsar Wind Nebula

 PWNe are clouds of magnetised                                                                     
electron-positron plasma.

 Termination of ultrarelativistic wind                                                                 
by the outer nebula leads to particle                                                      
acceleration.

 PWNe are associated with pulsars that                                                          
are less than a few 100 kyr old.

Aharonian & Bogovalov, 2002, New Astron. 8, 85-103

(Syncrotron + Inverse Compton + Adiabatic Cooling)

pulsed Emission =  [1-10%] L0  (Mostly in radio)
pulsar wind         ~  [90 %] L0 Radio to UHE gamma-rays

Where L0 is the initial luminosity of the pulsar.
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Rotational Power: PulsarsRotational Power: Pulsars
 Pulsars remain active for 105-106 years, but the outflow strength 

decreases with their age.
Power From Pulsar:

Sudoh, Linden and Beacom (2019), PRD 100, 043016
Tanaka & Takahara (2013), MNRAS, 429, 2945
Torres, Cillis, Martin & Wilhelmi (2014), JHEP, 1, 31

Considering braking index n =3, a degeneracy
exist in the age of the pulsar and its spin down
timescale.                                                                      

Age and spin-down timescales:



6

UHE Gamma-Ray SpectrumUHE Gamma-Ray Spectrum
 These UHE (> 100 TeV) gamma-ray spectrum are very useful to address 

the problem: ‘What are our galaxy’s most energetic and extreme particle 
accelerators? ’ 

UHE gamma-ray Spectrum of the Galactic Sources

LHAASO (Large High Altitude Air Shower Observatory) collaboration 2021, Nature, 594, 3

LHAASO 
J2226+6057

LHAASO 
J1908+0621

PSR 
J1907+0602

PSR 
J2229+6114

L0 ~ 5 x 1037 
erg/s

L0 ~ 2 x 1038 
erg/s

L0[Crab] ~ 3 x 1039 erg/s
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Non-thermal Particles Inside PWNNon-thermal Particles Inside PWN
 We consider adiabatic and radiative losses to estimate particle population 

at a time t.

Joshi, Tanaka, Salvador, Razzaque 2022, (under review), Arxiv: 2205.00521 

Where, the source term is

Cooling Timescales

Adiabatic

Ext-Compton

Synchrotron
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Expansion of the Pulsar WindExpansion of the Pulsar Wind
 The pulsar wind undergoes free expansion for the duration ~ 1-10 kyr. 

 The collision time is determined using the condition:

Lopez-Coto et al., 2022, Nature Astronomy, 6, 199- 206
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Impact on PWN RadiusImpact on PWN Radius
 The pulsar wind undergoes free expansion for the duration ~ 1-10 kyr. 

 The collision time is determined using the condition:

We will discuss here a one zone model
and the dynamics of the PWN radius is

due to the particle pressure inside PWN
and its compression due to the SN ejecta

pressure.

J. M. Blondin et al., 2001, ApJ, 563, 806-815
J. D Gelfand et al., 2009, ApJ, 703, 2051-2067 
Lopez-Coto et al., 2022, Nature Astronomy, 6, 199- 206
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Ejecta Mass Impacts: 8 MsEjecta Mass Impacts: 8 Ms

Joshi, Tanaka, Salvador, Razzaque 2022, (under review), Arxiv: 2205.00521 
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Ejecta Mass Impacts: 8 MsEjecta Mass Impacts: 8 Ms

NAIMA Public Code: Zabalza V., 2015, Proc. of ICRC 2015, 922 , Joshi, Tanaka, Salvador, Razzaque 2022, (under review), Arxiv: 2205.00521 
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Ejecta Mass Impacts: 30 MsEjecta Mass Impacts: 30 Ms
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Joshi, Tanaka, Salvador, Razzaque 2022, (under review), Arxiv: 2205.00521 
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Ejecta Mass Impacts: 30 MsEjecta Mass Impacts: 30 Ms
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NAIMA Public Code: Zabalza V., 2015, Proc. of ICRC 2015, 922 , Joshi, Tanaka, Salvador, Razzaque 2022, (under review), Arxiv: 2205.00521 

Radius

Electron Distribution
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LHAASO J1908+0621: Expansion PhaseLHAASO J1908+0621: Expansion Phase

Parameters B [G] Rpwn [pc]
  1, α 2α   p [ms], τsd [kyr], Mej[Ms], nISM 

[pcc]
Values Used 10-6 7.5 1.6, 2.2 7 x104 , 2.3 x109  106.6, 4.4, 8, 0.1

Max Energy of Electrons

UIR = 2 UCMB

TIR = 20 K

NAIMA Public Code: Zabalza V., 2015, Proc. of ICRC 2015, 922 , Joshi, Tanaka, Salvador, Razzaque 2022, (under review), Arxiv: 2205.00521 

Electron
Distribution

MW Radiation
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LHAASO J1908+0621: Expansion PhaseLHAASO J1908+0621: Expansion Phase

Parameters B [G] Rpwn [pc]
  1, α 2α   L(t), p [ms], τsd [kyr], Mej[Ms], 

nISM [pcc]

Values Used 10-6 7.5 1.6, 2.2 7 x104 , 2.3 x109  3X1036,106.6, 4.4, 8, 0.1

Pair production multiplicity:

UIR = 2 UCMB

TIR = 20 K

NAIMA Public Code: Zabalza V., 2015, Proc. of ICRC 2015, 922 , Joshi, Tanaka, Salvador, Razzaque 2022, (under review), Arxiv: 2205.00521 

Electron
Distribution

MW Radiation
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LHAASO J1908+0621: Compression PhaseLHAASO J1908+0621: Compression Phase
During the compression phase the magnetic field is enhanced
at ~ 42 kyr for Mej = 8 Ms for our choosen model parameters .

NAIMA Public Code: Zabalza V., 2015, Proc. of ICRC 2015, 922 , Joshi, Tanaka, Salvador, Razzaque 2022, (under review), Arxiv: 2205.00521 



18

LHAASO J2226+6057: Expansion PhaseLHAASO J2226+6057: Expansion Phase

Parameters B [G] Rpwn [pc]
  1, α 2α   p [ms], τsd [kyr], Mej[Ms], 

nISM [pcc]
Values Used 2.1 x 10-6 11 1.8, 2.5 3 x103 , 2 x109  51.6, 3.5, 8, 0.1

Max Energy of Electrons

NAIMA Public Code: Zabalza V., 2015, Proc. of ICRC 2015, 922 , Joshi, Tanaka, Salvador, Razzaque 2022, (under review), Arxiv: 2205.00521 

Electron
Distribution UIR = 1.2 UCMB

TIR = 20 K
MW Radiation
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LHAASO J2226+6057: Expansion PhaseLHAASO J2226+6057: Expansion Phase

Parameters B [G] Rpwn [pc]
  1, α 2α   L(t), p [ms], τsd [kyr], 

Mej[Ms], nISM [pcc]
Values Used 2.1 x 10-6 11 1.8, 2.5 3 x103 , 2 x109  2.3x1037,51.6, 3.5, 8, 0.1

NAIMA Public Code: Zabalza V., 2015, Proc. of ICRC 2015, 922 , Joshi, Tanaka, Salvador, Razzaque 2022, (under review), Arxiv: 2205.00521 

Electron
Distribution UIR = 1.2 UCMB

TIR = 20 K

Pair production multiplicity:

MW Radiation
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Maximum Energy of ElectronsMaximum Energy of Electrons

 The maximum energy required to interpret the multi-wavelength emission 
of these objects is consistent with the polar cap (PC) potential injected 
maximum energy of the particles:

 For LHAASO J1908+0621, maximum polar cap potential value is 1.6 PeV 
and for LHAASO J2226+6057 it is 4.5 PeV.

Goldreich P., Julian W. H., 1969, ApJ, 157, 869
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Summary and ConclusionSummary and Conclusion
 PWN scenario can also explain the observed UHE emission from 

LHAASO J1908+0621 and  LHAASO J2226+6057.

 The impacts of the reverse shock on the PWN radius affects the model 
parameters in the one zone model. 

 The maximum energy of the electrons based on the MW modelling is in 
the PeV range. Further, we also estimate the upper limits of the minimum 
electron Lorentz factor using MW modelling and its useful to constrain the 
minimum value of the pair-production multiplicity. 
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Summary and ConclusionSummary and Conclusion
 PWN scenario can also explain the observed UHE emission from 

LHAASO J1908+0621 and  LHAASO J2226+6057.

 The impacts of the reverse shock on the PWN radius affects the model 
parameters in the one zone model. 

 The maximum energy of the electrons based on the MW modelling is in 
the PeV range. Further, we also estimate the upper limits of the minimum 
electron Lorentz factor using MW modelling and its useful to constrain the 
minimum value of the pair-production multiplicity. 

Thank You for your Attention!!Thank You for your Attention!!
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Galactic VHE and UHE PWN SourcesGalactic VHE and UHE PWN Sources

Credit: TeVcat

UHE  (100 TeV – 10 PeV)
VHE (100 GeV – 100 TeV)

Out of 31, 26 are VHE and remaining are VHE + UHE, PWN sources.
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Galactic VHE and UHE PWN SourcesGalactic VHE and UHE PWN Sources

Credit: TeVcat, ATNF

UHE  (100 TeV – 10 PeV)
VHE (100 GeV – 100 TeV)

Out of 31, 26 are VHE and remaining are VHE + UHE, PWN sources.
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X-Ray vs TeV EmissionX-Ray vs TeV Emission

● TeV emission in PWNe is more extended                                                                     
than x-ray emission. Hence TeV                                                                      
morphology provides a more accurate and                                                                   
complete picture of the electron population                                                                   
than the synchrotron photons.

Hinton & Hofmann 2009, ARAA, 47, 523

HESSROSAT

CHANDRA

CHANDRA+XMM

XMM

X-Ray vs TeV morphology 
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Free Expansion of the PWNFree Expansion of the PWN

Ejecta Phase

Sedov-Taylor Phase

Radius vs Age Mag. field vs Age

Joshi et al. 2022, (under review), Arxiv: 2205.00521 
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LHAASO UHE Gamma-Ray SourcesLHAASO UHE Gamma-Ray Sources

The LHAASO collaboration 2021, Nature, 594, 3
http://english.ihep.cas.cn/lhaaso/

Large High Altitude Air Shower
Observatory (LHAASO)

More than 6,300 detectors, an array
of 12 Cherenkov telescopes and three
water ponds containing 3,000
detecting units. At an altitude of
4,410 metres located in Sichuan, China. 
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LHAASO UHE Gamma-Ray SourcesLHAASO UHE Gamma-Ray Sources

For LHAASO J 1908+062 there are two
associated pulsars. However, the current
spin-down luminosity of PSR 1907+0602
is 5 times brighter than PSR 1907+0631.

The LHAASO collaboration 2021, Nature, 594, 3
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Gamma-Ray and CR DetectionGamma-Ray and CR Detection

 Nitrogen molecule emits fluorescence light!!
 Relativistic particles emit Cherenkov light which can be detected.
 

HESS (2003)

 Credit: HESS, HAWC and LHAASO collaboration

Cascade Emission

HAWC (2015)

UHE gamma-rays

LHAASO (2019)

VHE gamma-rays



30

First Confirmed Leptonic PevatronFirst Confirmed Leptonic Pevatron

The LHAASO Collaboration (2021), Science, 373, 6553, 425-430 
Image Credit: NASA , ESA

Max photon Energy
 (1.12 ± 0.09) PeV

The production of UHE photons requires electrons of energy ~ 2.3 PeV.
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