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SUPERNOVA REMNANTS AND PULSAR WIND NEBULAE

Supernova Energetics: 

1053 erg of neutrinos  

Prompt emission 

1051 erg of electromagnetic energy 

Powers the supernova remnant 

Primarily hadronic (0.1-1% leptonic) 

1049 erg of rotational energy in the pulsar 

Released as the pulsar slows via dipole radiation 

Primarily leptonic, also magnetic turbulence



SUPERNOVA REMNANTS AND PULSAR WIND NEBULAE

Pulsar Wind Nebulae are bright 
multi-wavelength sources. 

This implies the continuous 
acceleration of electrons from 
GeV - PeV energies. 

What happens to these electrons 
after the PWN is gone?

Mitchell & Gelfand (2208.11026)



SUPERNOVA REMNANTS AND PULSAR WIND NEBULAE

If the efficiency of diffusion 
were similar to the standard 
ISM, the electrons would fill 
~kpc regions of the ISM, 
making their gamma-ray 
emission invisible.  

Would have a large effect 
on local e+e-.

Aharonian (1995)



• Geminga 
• 4.9 x 10-14 TeV-1 cm-2 s-1  (7 TeV) 
• 1.4 x 1031 TeV s-1 (7 TeV) 
• 25 pc extension 
• 300 kyr 

• Monogem 
• 2.3 x 10-14 TeV-1 cm-2 s-1  (7 TeV) 
• 1.1 x 1031 TeV s-1 (7 TeV) 
• 25 pc extension 
• 110 kyr



THESE ARE BRIGHT MULTI-TEV SOURCES

Geminga Monogem



THESE ARE HIGHLY EXTENDED SOURCES

Geminga Monogem



TEV HALOS: A NEW SOURCE CLASS
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TEV HALOS: A NEW SOURCE CLASS

NOTE: The size of halos has the opposite 
time- dependence as the X-Ray PWN.

TeV Halos are much larger than PWN, especially 
at low spin down power and large ages.



TEV HALOS: THE GEMINGA-CENTRIC MODEL

Make One Key Assumption: 

The following correlation is consistent with the data.



TEV HALOS: THE GEMINGA-CENTRIC MODEL
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TEV HALOS: AN ESSENTIAL SOURCE CLASS



H.E.S.S.. Collaboration (2024; 2411.08981)

• H.E.S.S. e+e- flux falls off rapidly above a TeV. 

• Strongly constrains contribution of nearby pulsars. 

• No spectral features — no evidence of a cutoff from a 
single dominant pulsar source. 

TEV HALOS: AN ESSENTIAL SOURCE CLASS



• Any “Geminga-like” pulsar near the 
Earth would overproduce H.E.S.S. data 
by itself. 

• Inhibiting diffusion moves the flux to 
lower energies, where it does not 
exceed AMS-02 data. 

TEV HALOS: AN ESSENTIAL SOURCE CLASS



TEV HALOS: AN ESSENTIAL SOURCE CLASS



• This is somewhat optimistic, as Geminga 
has a relatively high spin-down power 
for its age.  

• However, re-scaling the results to the 
individual spin down power of each 
pulsar still leaves 11 systems that 
individually overproduce H.E.S.S. data. 

TEV HALOS: AN ESSENTIAL SOURCE CLASS



IMPLICATION 1: THE POSITRON EXCESS



Turner & Wilczek (1989)

IMPLICATION 1: THE POSITRON EXCESS

Harding (1987)



• What were the uncertainties in pulsar 
scenarios of the positron excess? 

• I: The e+e- production efficiency? 

• II: The e+e- spectrum.

Profumo (0812.4457); Malyshev et al. (0903.1310)

Hooper et al. (0810.1527)

IMPLICATION 1: THE POSITRON EXCESS



• While >10 TeV e+e- can be trapped in the 
halo, GeV electrons live too long: 

• These e+e- pairs escape from the source 
and contribute to the positron flux at Earth.

IMPLICATION 1: THE POSITRON EXCESS



IMPLICATION 2: DIFFUSE TEV GAMMA-RAYS



IMPLICATION 2: DIFFUSE TEV GAMMA-RAYS



Linden & Buckman (2017; 1707.01905)

• TeV halos naturally explain the 
spectrum and intensity of this 
emission. 

• Multiple halos observed with E-2.0 
spectra. 

• Note - “Halo” is not needed 

• Pulsar efficiency ~10% 
• Power must escape PWN 

IMPLICATION 2: DIFFUSE TEV GAMMA-RAYS



Fang & Murase (2021; 2104.09491)• TeV halos naturally explain the 
spectrum and intensity of this 
emission. 

• Multiple halos observed with E-2.0 
spectra. 

• Note - “Halo” is not needed 

• Pulsar efficiency ~10% 
• Power must escape PWN 

Tibet AS  data γ

IMPLICATION 2: DIFFUSE TEV GAMMA-RAYS



Yan & Liu (2023; 2304.12574)• TeV halos naturally explain the 
spectrum and intensity of this 
emission. 

• Multiple halos observed with E-2.0 
spectra. 

• Note - “Halo” is not needed 

• Pulsar efficiency ~10% 
• Power must escape PWN 

LHAASO Data 

IMPLICATION 2: DIFFUSE TEV GAMMA-RAYS



‣ Radio pulsars are beamed! 

‣ Beaming fraction is small 

‣ This varies between 15-30%. 

‣Most pulsars are unseen in radio!

Tauris & Manchester (1998)

IMPLICATION 3: MOST TEV SOURCES ARE POWERED BY PULSARS



EARLY LESSONS

• 1.) Pulsars are highly efficient e+e- accelerators. 

• 2.) TeV e+e- are not confined in the source.

• 3.) Regions near pulsar sources have 
unusually low diffusion coefficients.



IMPLICATION 3: MOST TEV SOURCES ARE POWERED BY PULSARS





Hooper et al., arXiv:1702.08436

Cholis & Krommydas, arXiv:2111.05864

Huang et al., arXiv:1712.00005

Bao et al., arXiv:2010.12170

Orusa et al., arXiv:2107.06300

PUZZLE I: THE NUMBER OF PULSARS IN THE POSITRON DATA

Slide courtesy of Isabelle John



• Debates on the Number of Pulsars

Orusa et al. (2021; 2107.06300)

H.E.S.S.. Collaboration (2024; 2411.08981)

PUZZLE I: THE NUMBER OF PULSARS IN THE POSITRON DATA



For pulsars, there is a key error: Studies 
generally use a continuous approximation 
for electron energy losses:

John & Linden (2022; 2206.04699)

PUZZLE I: THE NUMBER OF PULSARS IN THE POSITRON DATA



John & Linden (2022; 2206.04699)

PUZZLE I: THE NUMBER OF PULSARS IN THE POSITRON DATA

But ICS interactions are very rare and stochastic. The energy after a given 
time is not determined by the initial energy.





PUZZLE I: THE NUMBER OF PULSARS IN THE POSITRON DATA Orusa et al. (2410.10951)

Energetic models indicate that only a few nearby pulsars dominate the total e+e- flux.



For dark matter, the spectral cutoff is not 
produced by ICS cooling, but from the 
dark matter mass. 

The stochasticity of cooling instead means 
that some particles don’t cool at all, 
enhancing the peak. 

Correctly accounting for ICS energy losses 
makes it possible to differentiate dark 
matter and pulsars via their positron 
spectrum.

John & Linden (2023; 2304.07317)

PUZZLE II: DARK MATTER VS. PULSARS IN THE POSITRON DATA 



John & Linden (2023; 2304.07317)John & Linden (2022; 2206.04699)

PUZZLE II: DARK MATTER VS. PULSARS IN THE POSITRON DATA 

ONLY DARK MATTER CAN PRODUCE SHARP SPECTRA IN THE POSITRON DATA!



PUZZLE III: COMPLEX HALOS



PUZZLE IIIA: COMPOSITE OBJECTS
Sudoh, Linden, Hooper (2101.11026)

Most of the highest energy 
HAWC sources have 
positions consistent with 
pulsars. 

Ages only 7-20 kyr. 

Interplay between PWN and 
Halo is of critical importance.



PUZZLE IIIA: COMPOSITE OBJECTS
Di Mauro, Manconi, Donato (2019; 1908.03216)

52 kyr
21  kyr

90  kyr
23  kyr

Most of the highest energy 
HAWC sources have 
positions consistent with 
pulsars. 

Ages only 7-20 kyr. 

Interplay between PWN and 
Halo is of critical importance.



PUZZLE IIIB: MIRAGE HALOS
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PUZZLE IIIB: MIRAGE HALOS

• “Mirage” TeV halos - Many more systems may be difficult to detect or analyze, 
because they break the modeling assumption of spherical symmetry. 

Bao et al. (2407.02478) 



PUZZLE IIIC: TEV HALOS POWERED BY MILLISECOND PULSARS?

Do MSPs Have TeV Halos? 

Tentative: 4.24σ Poisson evidence from a HAWC stacking 
analysis (~2.3σ  from blank sky test).  

Possible MSP Detection by LHAASO 

Important theoretical implications: 

Cosmic-Ray confinement near pulsars? 

Cosmic-Ray diffusion at high latitudes 

PWN/Magnetospheric acceleration models.

Hooper, TL (2021; 2104.00014)

LHAASO Collaboration (2023; 2305.17030)



PUZZLE IIIC: TEV HALOS POWERED BY MILLISECOND PULSARS?

HAWC Collaboration produced a new analysis of 57 
MSPs with 5 years of data. 

Found no evidence for MSP-powered TeV halos. 

HAWC Collaboration (2505.00184)



PUZZLE IV: HADRONIC VS. LEPTONIC DIFFUSE TEV EMISSION IceCube Collaboration (2023)  



PUZZLE IV: HADRONIC VS. LEPTONIC DIFFUSE TEV EMISSION IceCube Collaboration (2023)  

IceCube detection of a galactic neutrino flux — with a normalization that 
is ~4x brighter than expectations from the Fermi-LAT extrapolation.



Fang et al. (2023; 2306.17275)

If the IceCube neutrino flux from the 
galaxy is higher, then the gamma-ray 
flux from hadronic processes (i.e., not 
halos) could also be higher. 

In Fang et al. this is capable of 
producing the diffuse galactic gamma-
ray emission

PUZZLE IV: HADRONIC VS. LEPTONIC DIFFUSE TEV EMISSION



IceCube Collaboration (2023)  

IceCube detection of a galactic neutrino flux — with a normalization that 
is ~4x brighter than expectations from the Fermi-LAT extrapolation.

PUZZLE IV: HADRONIC VS. LEPTONIC DIFFUSE TEV EMISSION



Shao et al. (2023; 2307.01038)

Models that explain the IceCube neutrino flux still require an additional 
gamma-ray component (here: “Extra1 and Extra2”).  

In this model it is hadronic.

PUZZLE IV: HADRONIC VS. LEPTONIC DIFFUSE TEV EMISSION



Shao et al. (2023; 2307.01038)

Models that explain the IceCube neutrino flux still require an additional 
gamma-ray component (here: “Extra1 and Extra2”).  

In this model it is likely leptonic.

PUZZLE IV: HADRONIC VS. LEPTONIC DIFFUSE TEV EMISSION



LHAASO Collaboration (2411.16021)

LHAASO collaboration recently reported a diffuse spectrum requiring an 
EXTRA component as well, with a very similar spectrum to Geminga.

PUZZLE IV: HADRONIC VS. LEPTONIC DIFFUSE TEV EMISSION



IceCube neutrino flux is unknown at low 
energies (nearly order of magnitude 
uncertainties from models that fit the 
data to within 1 . 

On top of this, there is an intrinsic factor 
of 2 uncertainty in even the IceCube flux 
measurement.  

There is also a factor of ~2 uncertainty in 
the TeV halo flux owing to the 
“Geminga-like” assumption 

σ

IceCube Collaboration (2023)  PUZZLE IV: HADRONIC VS. LEPTONIC DIFFUSE TEV EMISSION



Failed Model 1: One zone models

HAWC Collaboration (1711.06223)

Hooper & Linden (1711.07482)

PUZZLE V: WHAT ARE TEV HALOS?



Failed Model 2: Magnetic fields anomalously pointed towards the Earth

Liu, Yan, Zhang (2019; 1904.11536)

De la Torre Luque et al. (2022; 2205.08544)

PUZZLE V: WHAT ARE TEV HALOS?



Failed Model 3: Rectilinear propagation during gamma-ray production.

Recchia et al. (2021; 2106.02275) Bao et al. (2021; 2107.07395) 

PUZZLE V: WHAT ARE TEV HALOS?



Self-confinement models (and 
most other models for inhibited 
diffusion) - require the high 
energy of a very young pulsar. 

Probing the diffusion around the 
youngest systems is critical for 
understanding TeV halo dynamics.

Mukhopadhyay & TL (2021; 2111.01143)
Evoli, TL, Morlino (2018; 1807.09263)

PUZZLE V: WHAT ARE TEV HALOS?



Evoli, TL, Morlino (2018; 1807.09263)
Mukhopadhyay & TL (2021; 2111.01143)

PUZZLE V: WHAT ARE TEV HALOS?



Many uncertainties in these models: 

Role of Supernova Remnant 

Disruption by molecular gas or 
magnetic fields 

Pulsar Proper Motion 

1D vs. 3D diffusion 

non-Resonant Terms 

Halos in close proximity

PUZZLE V: WHAT ARE TEV HALOS?



Evoli, TL, Morlino (2018; 1807.09263)
Mukhopadhyay & TL (2021; 2111.01143)
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Evoli, TL, Morlino (2018; 1807.09263)
Mukhopadhyay & TL (2021; 2111.01143)

Many uncertainties in these models: 

Role of Supernova Remnant 

Disruption by molecular gas or 
magnetic fields 

Pulsar Proper Motion 

1D vs. 3D diffusion 

non-Resonant Terms 

Halos in close proximity ?
PUZZLE V: WHAT ARE TEV HALOS?
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Many uncertainties in these models: 

Role of Supernova Remnant 

Disruption by molecular gas or 
magnetic fields 

Pulsar Proper Motion 

1D vs. 3D diffusion 

non-Resonant Terms 

Halos in close proximity

PUZZLE V: WHAT ARE TEV HALOS?



Mukhopadhyay & TL (2021; 2111.01143)

Many uncertainties in these models: 

Role of Supernova Remnant 

Disruption by molecular gas or 
magnetic fields 

Pulsar Proper Motion 

1D vs. 3D diffusion 

non-Resonant Terms 

Halos in close proximity

PUZZLE V: WHAT ARE TEV HALOS?



Evoli, TL, Morlino (2018; 1807.09263)
Mukhopadhyay & TL (2021; 2111.01143)
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Evoli, TL, Morlino (2018; 1807.09263)
Mukhopadhyay & TL (2021; 2111.01143)

Many uncertainties in these models: 

Role of Supernova Remnant 

Disruption by molecular gas or 
magnetic fields 

Pulsar Proper Motion 

1D vs. 3D diffusion 

non-Resonant Terms 

Halos in close proximity ?
PUZZLE V: WHAT ARE TEV HALOS?



Evoli, TL, Morlino (2018; 1807.09263)
Mukhopadhyay & TL (2021; 2111.01143)

Several Predictions of these 
Models: 

Relatively flat low-energy 
diffusion coefficient. 

Highly energy dependent 
diffusion coefficient at high 
energies. 

100 TeV halo detections 
challenge this interpretation!

PUZZLE V: WHAT ARE TEV HALOS?
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PUZZLE VI: GLOBAL EFFECTS OF TEV HALOS



Models of Gamma-Ray data 
provide better fits to diffuse 
emission if CR propagation is 
inhibited near the GC. 

Indicative of source-produced 
effects.

PUZZLE VI: GLOBAL EFFECTS OF TEV HALOS
Gaggero et al. 2022 (1411.7623)



These models only use CR protons. 

Dominate global diffusion below 1 
TeV, but are subdominant at high 
energies (need background 
diffusion). 

Leptons can contribute!

PUZZLE VI: GLOBAL EFFECTS OF TEV HALOS
Evoli et al. (2018; 1806.05143)



PUZZLE VI: GLOBAL EFFECTS OF TEV HALOS

While the e+e- density is 
subdominant, their effects are more 
local, enhancing the streaming 
instability. 

This is particularly true at high 
energies!



PUZZLE VI: GLOBAL EFFECTS OF TEV HALOS
See also: Thaler et al. 2022 (2209.02295)
Porter et al. 2019 (1909.02223)



PUZZLE VI: GLOBAL EFFECTS OF TEV HALOS
See also: Thaler et al. 2022 (2209.02295)
Porter et al. 2019 (1909.02223)

TeV Halos:  
    The Key to a                                                     
.      Self-Consistent Model?



CONCLUSIONS

TeV halos are a common feature around middle-aged (and possibly young and 
recycled pulsars). 

The early lessons were easy — TeV halos prove that pulsars produce the positron 
flux, and clearly provide a significant fraction of the TeV sources and diffuse TeV 
emission. 

The next-generation lessons are harder: 

Understand the diversity of sources. 

Understand fundamentals of halo diffusion. 

Understand interplay between leptonic and hadronic sources. 


