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Spending two years
putting bubbles
around stuff

Kes 75 complex observed by Chandra
X-ray: NASA/CXC/NCSU/S. Reynolds 



What is the stuff?

• TeV halos

• Pulsar Wind Nebulae (PWNe)
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First project
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TeV Halos

HAWC sky map of TeV emission from Geminga and PSR
B0656+14.

Credits: HAWC Collaboration
Sketch of the main evolutionary stages of a pulsar wind nebula.

Credits: [Giacinti et al. (2020)]

Standard conclusion

Diffusion coefficient suppressed by a factor 100-1000 in the region of the TeV halo [Abeysekara et al.

(2017)].
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Explaining the low diffusion coefficient

Theoretical explanations

• Anisotropic transport along the magnetic fields surrounding the pulsar [Liu et al. (2019) and De La

Torre Luque et al. (2022)],

• Cosmic ray pairs-induced turbulence [Evoli et al. (2018) and Mukhopadhyay et al. (2022)],

• Progenitor-induced turbulence [Fang et al. (2019) and Schroer et al. (2022)].

Which medium are the leptons probing when we see a TeV halo?

⇓
Where is the pulsar at a given age?
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An idea for a solution

Add a bubble!
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The circumstellar medium: an ingredient easily forgotten

Pulsars are born from massive stars that carve wind-blown bubbles (WBBs) in the ISM.

Bubble Nebula or NGC 7635 seen by Hubble.
NASA, ESA, Hubble Heritage Team
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Lioni-Moana Bourguinat (GSSI) Passage of the year 20/10/2025 6 / 30



The circumstellar medium: an ingredient easily forgotten

Pulsars are born from massive stars that carve wind-blown bubbles (WBBs) in the ISM.

Bubble Nebula or NGC 7635 seen by Hubble.
NASA, ESA, Hubble Heritage Team

10.0 12.5 15.0 17.5 20.0 22.5 25.0 27.5 30.0
Radius [pc]

10 4

10 3

10 2

10 1

100

101

D
en

si
ty

 [c
m

3 ]

Stellar wind
Stellar bubble
Bubble shell
ISM

Density profile of a WBB.
[Weaver et al. (1977)]

Lioni-Moana Bourguinat (GSSI) Passage of the year 20/10/2025 6 / 30



Goal of this first project

Method

Computation of the position of the pulsar and its
associated SNR in the pre-existing parent environment
as a function of time for

• Wind-Blown Bubbles (WBB): Isolated massive
stars

• Superbubbles (SB): Star clusters
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PDF of the kick velocity of pulsars [Igoshev

(2020)].
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The parent environments

Wind-blown bubbles

Pick a progenitor mass MZAMS from the
Initial Mass Function (IMF) with
MZAMS ∈ [8; 20] M⊙ [Kroupa et al. (2003)],

↓
Star properties [Seo et al. (2018)]:
fiMS, fiRSG, LMS, uw,

↓
Bubble properties [Weaver et al. (1977)]:
rw, rb, rshell, nb, ...

Superbubbles

Pick a random cluster mass following a
cluster IMF [Portegies Zwart et al. (2010)],

Populate with stars following the Galactic
IMF [Larson (1998)],

Compute the cluster luminosity and SB
radius [Weaver et al. (1977)] from the combined
stellar properties [Seo et al. (2018)],

Pick a random massive star and find the
associated MS time [Seo et al. (2018)].

At the end of the life of the progenitor star...

Supernova propagation [Ptuskin et al. (2005)], pulsar creation [Igoshev (2020)].
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Pulsar and supernova
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in a WBB for progenitors of 8− 40 M⊙.
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Probability for a Galactic pulsar population
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Probability of a pulsar to be found inside its bubble as a function of time
for a Galactic population. Characteristic ages of pulsars are estimations,

taken from the ATNF catalog [Manchester et al. (2005)].

Results

Most pulsars reach the ISM
after 200 kyr and before 1 Myr,

If the turbulence is caused by
the parent environment, TeV
halos should be rarer when the
pulsar reaches 300 kyr.

At the age of Geminga, half
pulsars are inside their parent
environment
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Studying individual pulsars

ATNF pulsars properties

• Ė=d ≥ 1033 erg=s=kpc,

• 40 kyr < fiage < 1 Myr,

• 2 kpc.

TeV Halos and candidates
• TeV Halos: Geminga (J0633+1746), B0656+14, J0622+3749, J0248+6021 [Abeysekara et al.

(2017), Aharonian et al. (2021), and Cao, Aharonian, Axikegu, et al. (2025)],

• Candidates: B0540+23, J0633+0632, J0631+1036 [Celli et al. (2024), Khokhriakova et al. (2024), and Zheng et al.

(2024)].

Lioni-Moana Bourguinat (GSSI) Passage of the year 20/10/2025 11 / 30



Studying individual pulsars

ATNF pulsars properties

• Ė=d ≥ 1033 erg=s=kpc,

• 40 kyr < fiage < 1 Myr,

• 2 kpc.

TeV Halos and candidates
• TeV Halos: Geminga (J0633+1746), B0656+14, J0622+3749, J0248+6021 [Abeysekara et al.

(2017), Aharonian et al. (2021), and Cao, Aharonian, Axikegu, et al. (2025)],

• Candidates: B0540+23, J0633+0632, J0631+1036 [Celli et al. (2024), Khokhriakova et al. (2024), and Zheng et al.

(2024)].

Lioni-Moana Bourguinat (GSSI) Passage of the year 20/10/2025 11 / 30



Individual pulsars with no measured proper motion
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Probability for a selection of 30 known pulsars within 2 kpc to be found inside their parent environments, as a function of
their characteristic ages. Pulsars without a measured proper motion.
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Individual pulsars with a measured proper motion
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Some numbers

Pulsar name Prob [%] 1 ff [%] 2 ff [%] fic [kyr]

J0631+1036 97 - - 44.4
J0633+0632 93 [91; 97] [88; 100] 59.2
J0248+6021 90 [90; 91] [89; 93] 62.4
B0656+14 89 [90; 97] [79; 100] 111
J0622+3749 78 - - 208
B0540+23 68 - - 253
J0633+1746 65 [13; 87] [0; 90] 342

The environment of TeV halos and candidates
• All 3 halo candidates are placed inside more than 50% of cases.

• All 4 TeV halos are placed inside within 1 ff for more than 50% of cases.

The 1 and 2 ff interval does not allow for clear conclusions for Geminga.
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A focus on Geminga
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Pulsar age [kyr]
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Probability that Geminga resides in its parent
environment for five different assumptions on its age.

Geminga’s peculiarities

Characteristic age has a strong
impact [Suzuki et al. (2021)],

Proper motion most likely in the
plane of the sky [Posselt et al. (2017)],

Hints that Geminga is in a hot
environment [Knies et al. (2018) and Amato et al.

(2024)].
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Summary of the first project

Main questions

Which medium are the leptons probing when we see a TeV halo?
Where is the pulsar at a given age?

Conclusions

• We find that half of fich = 300 kyr pulsars are inside the WBB/SB. Typically
assumed before: fich ∼ 40− 60 kyr pulsars are outside.

• TeV halo pulsars and candidates have a higher chance of being inside their parent
environment than in the ISM.
We favour the progenitor-induced scenario to explain TeV halos.

• The proportion of pulsars able to produce TeV halos decreases after fich = 300 kyr.

The paper for this work (Submitted to A&A): 2507.01495.
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Second project
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TeV Halos (again)

HAWC sky map of TeV emission from Geminga and PSR
B0656+14.

Credits: HAWC Collaboration
Sketch of the main evolutionary stages of a pulsar wind nebula.

Credits: [Giacinti et al. (2020)]

Standard conclusion

Diffusion coefficient suppressed by a factor 100-1000 in the region of the TeV halo [Abeysekara et al.

(2017)].
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Pulsar wind nebulae

Significance map of the LHAASO field of view.
[Cao, Aharonian, An, et al. (2024)]

The populations of
LHAASO TeV sources.

[Cao, Aharonian, An, et al. (2024)]

PWNe are the largest population in the LHAASO catalog.
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Some of the difficulties in understanding PWNe

Composite view of the Crab PWN.
X-ray: NASA/CXC/ASU/J. Hester et al.; Optical:

NASA/HST/ASU/J. Hester et al.; Radio: NRAO/AUI/NSF

We cannot see the SNR!

Composite view of the SNR G11.2-0.3.
X-ray: NASA/CXC/NCSU/K.Borkowski et al; Optical: DSS

In general, the observed PWNe are
larger than predicted. [Bamba et al. (2010)]
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An idea for a solution

Add a bubble!

Lioni-Moana Bourguinat (GSSI) Passage of the year 20/10/2025 21 / 30



Impact of the WBB on the SNR
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Impact of the WBB on the SNR
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The SNR material extends further and merges with the shell.
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Impact of the WBB on the SNR
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Impact of the WBB on the PWNe
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The PWN has a bigger size.
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Impact of the WBB on the PWNe
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Summary of the second project and perspectives

Conclusions

We MUST include the WBB in the modeling of the SNR+PWN system.

• The forward shock of the SNR hits the shell, disappearing early in the evolution of the
system, and the ejecta extends far in the bubble.

• The PWN is bigger and holds more energy because of the compression.

Perspectives

• Add radiative losses, to study the radiative signatures of the system happening later.

• 2D, to study turbulence and asymmetries.

• Study star clusters and superbubbles (Crab nebula [Hester (2008)]).

Lioni-Moana Bourguinat (GSSI) Passage of the year 20/10/2025 28 / 30



Summary of the second project and perspectives

Conclusions

We MUST include the WBB in the modeling of the SNR+PWN system.

• The forward shock of the SNR hits the shell, disappearing early in the evolution of the
system, and the ejecta extends far in the bubble.

• The PWN is bigger and holds more energy because of the compression.

Perspectives

• Add radiative losses, to study the radiative signatures of the system happening later.

• 2D, to study turbulence and asymmetries.

• Study star clusters and superbubbles (Crab nebula [Hester (2008)]).

Lioni-Moana Bourguinat (GSSI) Passage of the year 20/10/2025 28 / 30



Summary of the second project and perspectives

Conclusions

We MUST include the WBB in the modeling of the SNR+PWN system.

• The forward shock of the SNR hits the shell, disappearing early in the evolution of the
system, and the ejecta extends far in the bubble.

• The PWN is bigger and holds more energy because of the compression.

Perspectives

• Add radiative losses, to study the radiative signatures of the system happening later.

• 2D, to study turbulence and asymmetries.

• Study star clusters and superbubbles (Crab nebula [Hester (2008)]).

Lioni-Moana Bourguinat (GSSI) Passage of the year 20/10/2025 28 / 30



Summary of the second project and perspectives

Conclusions

We MUST include the WBB in the modeling of the SNR+PWN system.

• The forward shock of the SNR hits the shell, disappearing early in the evolution of the
system, and the ejecta extends far in the bubble.

• The PWN is bigger and holds more energy because of the compression.

Perspectives

• Add radiative losses, to study the radiative signatures of the system happening later.

• 2D, to study turbulence and asymmetries.

• Study star clusters and superbubbles (Crab nebula [Hester (2008)]).

Lioni-Moana Bourguinat (GSSI) Passage of the year 20/10/2025 28 / 30



Summary of the second project and perspectives

Conclusions

We MUST include the WBB in the modeling of the SNR+PWN system.

• The forward shock of the SNR hits the shell, disappearing early in the evolution of the
system, and the ejecta extends far in the bubble.

• The PWN is bigger and holds more energy because of the compression.

Perspectives

• Add radiative losses, to study the radiative signatures of the system happening later.

• 2D, to study turbulence and asymmetries.

• Study star clusters and superbubbles (Crab nebula [Hester (2008)]).

Lioni-Moana Bourguinat (GSSI) Passage of the year 20/10/2025 28 / 30



Summary of the second project and perspectives

Conclusions

We MUST include the WBB in the modeling of the SNR+PWN system.

• The forward shock of the SNR hits the shell, disappearing early in the evolution of the
system, and the ejecta extends far in the bubble.

• The PWN is bigger and holds more energy because of the compression.

Perspectives

• Add radiative losses, to study the radiative signatures of the system happening later.

• 2D, to study turbulence and asymmetries.

• Study star clusters and superbubbles (Crab nebula [Hester (2008)]).

Lioni-Moana Bourguinat (GSSI) Passage of the year 20/10/2025 28 / 30



Summary of the second project and perspectives

Conclusions

We MUST include the WBB in the modeling of the SNR+PWN system.

• The forward shock of the SNR hits the shell, disappearing early in the evolution of the
system, and the ejecta extends far in the bubble.

• The PWN is bigger and holds more energy because of the compression.

Perspectives

• Add radiative losses, to study the radiative signatures of the system happening later.

• 2D, to study turbulence and asymmetries.

• Study star clusters and superbubbles (Crab nebula [Hester (2008)]).

Lioni-Moana Bourguinat (GSSI) Passage of the year 20/10/2025 28 / 30



My own personal conclusion to both talks

DON’T FORGET THE BUBBLES!
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Conferences, paper, etc...

Conferences

• Talk in person at RICAP-2024, Università Roma Due,
Frascati.

• Talk in person at Cosmic Rays and Neutrinos in the
Multi-Messenger Era 2024. APC, Paris.

• Talk in person at the ICRC-2025. Geneva.

Workshops

• Participation in person to the Workshop on Numerical
Multi-Messenger Modelling by APC, Paris 2024.

• Participation in person to the Conference in memory of
Veniamin Berezinskii. GSSI, L’Aquila 2024.

• Two talks in person at Journées de l’ATPEM. LPNHE,
Paris 2025.

• Two talks in person + organisation at the TAL Retreat.
Osservatori Nazionali Arcetri, Firenze 2025.

Paper

• The environment of TeV halo
progenitors
(https://arxiv.org/abs/2507.01495).

Visiting

• Stay of 6 months in IRAP, Toulouse.
January-June 2025.

Summer School

• Participation in person to the
Summer School MPIK-CDY School
on the Future of Gamma-Ray
Astronomy by the Max Planck
Institute fur Kernphysik. Heidelberg
2024.

Lioni-Moana Bourguinat (GSSI) Passage of the year 20/10/2025 30 / 30



Bibliography I

Abeysekara, A. U. et al. (Nov. 2017). “Extended gamma-ray sources around pulsars constrain the origin of the positron flux at Earth”. In: Science 358.6365,

pp. 911–914. doi: 10.1126/science.aan4880. arXiv: 1711.06223 [astro-ph.HE].

Aharonian, F. et al. (June 2021). “Extended Very-High-Energy Gamma-Ray Emission Surrounding PSR J 0622 +3749 Observed by LHAASO-KM2A”. In:

Phys. Rev. Lett. 126.24, 241103, p. 241103. doi: 10.1103/PhysRevLett.126.241103. arXiv: 2106.09396 [astro-ph.HE].

Amato, Elena and Sarah Recchia (July 2024). “Gamma-ray halos around pulsars: impact on pulsar wind physics and galactic cosmic ray transport”. In:

Nuovo Cimento Rivista Serie 47.7, pp. 399–452. doi: 10.1007/s40766-024-00059-8. arXiv: 2409.00659 [astro-ph.HE].

Bamba, Aya et al. (Aug. 2010). “X-ray Evolution of Pulsar Wind Nebulae”. In: apjl 719.2, pp. L116–L120. doi: 10.1088/2041-8205/719/2/L116. arXiv:

1007.3203 [astro-ph.HE].

Cao, Zhen, F. Aharonian, Q. An, et al. (Mar. 2024). “The First LHAASO Catalog of Gamma-Ray Sources”. In: apjs 271.1, 25, p. 25. doi:

10.3847/1538-4365/acfd29. arXiv: 2305.17030 [astro-ph.HE].

Cao, Zhen, F. Aharonian, Axikegu, et al. (July 2025). “LHAASO detection of very-high-energy ‚-ray emission surrounding PSR J0248+6021”. In: Science

China Physics, Mechanics, and Astronomy 68.7, 279504, p. 279504. doi: 10.1007/s11433-024-2508-5. arXiv: 2410.04425 [astro-ph.HE].

Celli, S. and G. Peron (Sept. 2024). “Detection prospects of very and ultra high-energy gamma rays from extended sources with ASTRI, CTA, and

LHAASO”. In: A&A 689, A258, A258. doi: 10.1051/0004-6361/202449837. arXiv: 2403.03731 [astro-ph.HE].

De La Torre Luque, Pedro et al. (Dec. 2022). “Anisotropic diffusion cannot explain TeV halo observations”. In: Phys. Rev. D 106.12, 123033, p. 123033.

doi: 10.1103/PhysRevD.106.123033. arXiv: 2205.08544 [astro-ph.HE].

Evoli, Carmelo et al. (Sept. 2018). “Self-generated cosmic-ray confinement in TeV halos: Implications for TeV ‚ -ray emission and the positron excess”. In:

Phys. Rev. D 98.6, 063017, p. 063017. doi: 10.1103/PhysRevD.98.063017. arXiv: 1807.09263 [astro-ph.HE].

Fang, Kun et al. (Sept. 2019). “Possible origin of the slow-diffusion region around Geminga”. In: MNRAS 488.3, pp. 4074–4080. doi:

10.1093/mnras/stz1974. arXiv: 1903.06421 [astro-ph.HE].

Lioni-Moana Bourguinat (GSSI) Passage of the year 20/10/2025 31 / 30

https://doi.org/10.1126/science.aan4880
https://arxiv.org/abs/1711.06223
https://doi.org/10.1103/PhysRevLett.126.241103
https://arxiv.org/abs/2106.09396
https://doi.org/10.1007/s40766-024-00059-8
https://arxiv.org/abs/2409.00659
https://doi.org/10.1088/2041-8205/719/2/L116
https://arxiv.org/abs/1007.3203
https://doi.org/10.3847/1538-4365/acfd29
https://arxiv.org/abs/2305.17030
https://doi.org/10.1007/s11433-024-2508-5
https://arxiv.org/abs/2410.04425
https://doi.org/10.1051/0004-6361/202449837
https://arxiv.org/abs/2403.03731
https://doi.org/10.1103/PhysRevD.106.123033
https://arxiv.org/abs/2205.08544
https://doi.org/10.1103/PhysRevD.98.063017
https://arxiv.org/abs/1807.09263
https://doi.org/10.1093/mnras/stz1974
https://arxiv.org/abs/1903.06421


Bibliography II

Giacinti, G. et al. (Apr. 2020). “Halo fraction in TeV-bright pulsar wind nebulae”. In: A&A 636, A113, A113. doi: 10.1051/0004-6361/201936505. arXiv:

1907.12121 [astro-ph.HE].

Hester, J. J. (Sept. 2008). “The Crab Nebula : an astrophysical chimera.”. In: araa 46, pp. 127–155. doi: 10.1146/annurev.astro.45.051806.110608.

Igoshev, Andrei P. (May 2020). “The observed velocity distribution of young pulsars - II. Analysis of complete PSRπ”. In: Monthly Notices of the Royal

Astronomical Society 494. Publisher: OUP ADS Bibcode: 2020MNRAS.494.3663I, pp. 3663–3674. issn: 0035-8711. doi: 10.1093/mnras/staa958. url:
https://ui.adsabs.harvard.edu/abs/2020MNRAS.494.3663I (visited on 01/09/2025).

Khokhriakova, A. et al. (Mar. 2024). “Searching for X-ray counterparts of degree-wide TeV halos around middle-aged pulsars with SRG/eROSITA”. In:

A&A 683, A180, A180. doi: 10.1051/0004-6361/202347311. arXiv: 2310.10454 [astro-ph.HE].

Knies, Jonathan R. et al. (July 2018). “Suzaku observations of the Monogem Ring and the origin of the Gemini H ¸ ring”. In: MNRAS 477.4,

pp. 4414–4422. doi: 10.1093/mnras/sty915.

Kroupa, Pavel and Carsten Weidner (Dec. 2003). “Galactic-Field Initial Mass Functions of Massive Stars”. In: ApJ 598.2, pp. 1076–1078. doi:

10.1086/379105. arXiv: astro-ph/0308356 [astro-ph].

Larson, Richard B. (Dec. 1998). “Early star formation and the evolution of the stellar initial mass function in galaxies”. In: MNRAS 301.2, pp. 569–581.

doi: 10.1046/j.1365-8711.1998.02045.x. arXiv: astro-ph/9808145 [astro-ph].

Liu, Ruo-Yu et al. (Nov. 2019). “Understanding the Multiwavelength Observation of Geminga’s Tev Halo: The Role of Anisotropic Diffusion of Particles”.

In: Phys. Rev. Lett. 123.22, 221103, p. 221103. doi: 10.1103/PhysRevLett.123.221103. arXiv: 1904.11536 [astro-ph.HE].

Manchester, R. N. et al. (Apr. 2005). “The Australia Telescope National Facility Pulsar Catalogue”. In: AJ 129.4, pp. 1993–2006. doi: 10.1086/428488.

arXiv: astro-ph/0412641 [astro-ph].

Mukhopadhyay, Payel and Tim Linden (June 2022). “Self-generated cosmic-ray turbulence can explain the morphology of TeV halos”. In: Phys. Rev. D

105.12, 123008, p. 123008. doi: 10.1103/PhysRevD.105.123008. arXiv: 2111.01143 [astro-ph.HE].

Lioni-Moana Bourguinat (GSSI) Passage of the year 20/10/2025 32 / 30

https://doi.org/10.1051/0004-6361/201936505
https://arxiv.org/abs/1907.12121
https://doi.org/10.1146/annurev.astro.45.051806.110608
https://doi.org/10.1093/mnras/staa958
https://ui.adsabs.harvard.edu/abs/2020MNRAS.494.3663I
https://doi.org/10.1051/0004-6361/202347311
https://arxiv.org/abs/2310.10454
https://doi.org/10.1093/mnras/sty915
https://doi.org/10.1086/379105
https://arxiv.org/abs/astro-ph/0308356
https://doi.org/10.1046/j.1365-8711.1998.02045.x
https://arxiv.org/abs/astro-ph/9808145
https://doi.org/10.1103/PhysRevLett.123.221103
https://arxiv.org/abs/1904.11536
https://doi.org/10.1086/428488
https://arxiv.org/abs/astro-ph/0412641
https://doi.org/10.1103/PhysRevD.105.123008
https://arxiv.org/abs/2111.01143


Bibliography III

Portegies Zwart, Simon F. et al. (Sept. 2010). “Young Massive Star Clusters”. In: ARA&A 48, pp. 431–493. doi:

10.1146/annurev-astro-081309-130834. arXiv: 1002.1961 [astro-ph.GA].

Posselt, B. et al. (Jan. 2017). “Geminga’s Puzzling Pulsar Wind Nebula”. In: ApJ 835.1, 66, p. 66. doi: 10.3847/1538-4357/835/1/66. arXiv: 1611.03496

[astro-ph.HE].

Ptuskin, V. S. and V. N. Zirakashvili (Jan. 2005). “On the spectrum of high-energy cosmic rays produced by supernova remnants in the presence of strong

cosmic-ray streaming instability and wave dissipation”. In: A&A 429, pp. 755–765. doi: 10.1051/0004-6361:20041517. arXiv: astro-ph/0408025
[astro-ph].

Schroer, B. et al. (May 2022). “Cosmic-ray generated bubbles around their sources”. In: MNRAS 512.1, pp. 233–244. doi: 10.1093/mnras/stac466.

arXiv: 2202.05814 [astro-ph.HE].

Seo, Jeongbhin et al. (Apr. 2018). “The Contribution of Stellar Winds to Cosmic Ray Production”. In: Journal of Korean Astronomical Society 51.2,

pp. 37–48. doi: 10.5303/JKAS.2018.51.2.37. arXiv: 1804.07486 [astro-ph.HE].

Suzuki, Hiromasa et al. (June 2021). “Quantitative Age Estimation of Supernova Remnants and Associated Pulsars”. In: ApJ 914.2, 103, p. 103. doi:

10.3847/1538-4357/abfb02. arXiv: 2104.10052 [astro-ph.HE].

Weaver, R. et al. (Dec. 1977). “Interstellar bubbles. II. Structure and evolution.”. In: ApJ 218, pp. 377–395. doi: 10.1086/155692.

Zheng, Dong and Zhongxiang Wang (June 2024). “Finding Candidate TeV Halos among Very-high-energy Sources”. In: ApJ 968.2, 117, p. 117. doi:

10.3847/1538-4357/ad496d. arXiv: 2403.16074 [astro-ph.HE].

Lioni-Moana Bourguinat (GSSI) Passage of the year 20/10/2025 33 / 30

https://doi.org/10.1146/annurev-astro-081309-130834
https://arxiv.org/abs/1002.1961
https://doi.org/10.3847/1538-4357/835/1/66
https://arxiv.org/abs/1611.03496
https://arxiv.org/abs/1611.03496
https://doi.org/10.1051/0004-6361:20041517
https://arxiv.org/abs/astro-ph/0408025
https://arxiv.org/abs/astro-ph/0408025
https://doi.org/10.1093/mnras/stac466
https://arxiv.org/abs/2202.05814
https://doi.org/10.5303/JKAS.2018.51.2.37
https://arxiv.org/abs/1804.07486
https://doi.org/10.3847/1538-4357/abfb02
https://arxiv.org/abs/2104.10052
https://doi.org/10.1086/155692
https://doi.org/10.3847/1538-4357/ad496d
https://arxiv.org/abs/2403.16074


Probability for both WBB and SB models

102 103 104

Pulsar age [kyr]

0.0

0.2

0.4

0.6

0.8

1.0

Pr
ob

ab
ili

ty
 o

f b
ei

ng
 in

si
de

SB bubble
SB SNR
WBB bubble
WBB SNR
Fiducial escape times
J0248+6021: 62.4 kyr
B0656+14: 110 kyr
J0622+3749: 208 kyr
Geminga: 342 kyr

Probability of a pulsar to be found inside its SNR and bubble as a function
of time for WBB, SB populations.

Characteristic ages of pulsars are estimations, taken from the catalog of
[Manchester et al. (2005)].

Results

Pulsars leave the WBB earlier than the
SB,

At 60 kyr, 55% (100%) of pulsars are
inside a WBB (SB),

Pulsars always leave the SNR
earlier than the bubble (or the SNR
merges before reaching the bubble in
the SB case),

At the age of Geminga, 1=2 pulsars are
inside their parent SB. ∼ 40% of these
are still inside the zone affected by the
SNR.
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Impact of the WBB on the SNR
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Impact of the WBB on the PWN
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