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PULSARS AS A BATTERY

▸ Emission that is (at least primarily) 
powered by the rotational power 
of the pulsar.


▸ Precision studies are possible 
because that quantity is well-
known.


▸ Also provides evidence of pulsar 
age, magnetic field, distance.


▸ Energetics of very young pulsars 
not known.


▸ Selection effects due to pulsar 
beaming are uncertain.



MULTIPLE MECHANISMS FOR GAMMA-RAY PRODUCTION: PULSAR MAGNETOSPHERE

▸ Critical e+e- creation point is 
the pulsar magnetosphere.


▸ 1.) Electrons “boiled” off 
the pulsar surface, and 
accelerated to TeV-PeV 
energies.


▸ 2.) Synchrotron emission 
produces e+e- pairs which 
then cascade to produce a 
high e+e- multiplicity. 


▸ 3.) Ratio of e+ to e- leaving 
pulsar may not be 1:1.
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Kalapotharakos et al. (2017; 1710.03170)



MULTIPLE MECHANISMS FOR GAMMA-RAY PRODUCTION: PULSAR MAGNETOSPHERE

▸ Critical e+e- creation point is the pulsar magnetosphere.


▸ Interestingly - many pulsars have similar gamma-ray 
spectra.

McCann (2014; 1412.2422)



MULTIPLE MECHANISMS FOR GAMMA-RAY PRODUCTION: PULSAR WIND NEBULA

▸ These e+e- are then 
propelled outward in a 
wind


▸ Complex interplay 
between PWN and SNR


▸ Free Expansion Phase


▸ Sedov Phase


▸ ISM Phase


▸ Reacceleration of e+e- 
and final electron 
spectrum not well 
understood.

Gaensler & Slane (2006; astro-ph/0601081)



MULTIPLE MECHANISMS FOR GAMMA-RAY PRODUCTION: PULSAR WIND NEBULA

0.1 pc (1’)



WHAT HAPPENS WHEN THESE ELECTRONS EVENTUALLY ESCAPE?

▸ Lifetime of TeV electrons is 
longer than lifetime of PWN:


▸ These electrons must escape - 
and propagate through the 
ISM.


▸ Propagation through ISM is 
very efficient.



MULTIPLE MECHANISMS FOR GAMMA-RAY PRODUCTION: TEV HALO

▸ Emission Region is much larger — but not too large.



MULTIPLE MECHANISMS FOR GAMMA-RAY PRODUCTION: TEV HALO

▸ In addition to being much larger — the evolution of the 
morphology is very different

PWN in the ISM have a radius that 
is proportional to spindown power.

TeV Halos have an extension that is 
inversely proportional to spindown 
power (perhaps, proportional to 
age).



THE DIVIDING LINE BETWEEN THE PWN AND THE TEV HALO

▸ Emission Profile is 
consistent with particle 
diffusion


▸ Strong evidence that 
particles are propagating 
through turbulent 
magnetic fields.

▸ But diffusion coefficient 2-orders of magnitude smaller than 
ISM!

Abeysekara et al. (2017; 1711.06223)



THE DIVIDING LINE BETWEEN THE PWN AND THE TEV HALO
Di Mauro, Manconi, Donato (2019; 1908.03216)

▸ This is not unique to Geminga and Monogem



THE DIVIDING LINE BETWEEN THE PWN AND THE TEV HALO
Sudoh, TL, Hooper (2021; 2101.11026)

▸ This is not unique to Geminga and Monogem

▸ 8 out of 9 HAWC 
sources above 56 TeV 
are consistent with 
pulsars.


▸ Most have spectra more 
consistent with leptonic, 
rather than hadronic, 
emission.



THE DIVIDING LINE BETWEEN THE PWN AND THE TEV HALO

▸ This is not unique to Geminga and Monogem.


▸ Moreover - a similar inhibition of diffusion and spatial extent 
are observed in pulsars spanning from 20-300 kyr.

LHAASO Collaboration (2021; 2106.09396)



CONCLUSION 1: TEV HALOS ARE A NEW FEATURE

• TeV halos are a new feature


• 3 orders of magnitude larger than PWN in volume


• Opposite energy dependence


• PWN are morphologically                                                    
connected to the physics                                                                       
of the termination shock


• TeV halos need a similar                                                           
morphological description.



DIFFERENCES IN DEFINITION

• An alternative definition of a “TeV halo” has been used by 
Giacinti et al. 2019 (1907.12121)


• Linden et al. (2017) - A TeV halo is a leptonic gamma-ray 
source surrounding a pulsar, where the electrons are 
diffusing through the medium (rather than being driven by 
convective pulsar winds).


• Giacinti et al. (2019) - A TeV halo is a leptonic gamma-ray 
source surrounding a pulsar, where the emission stems from 
a region where the electron density falls below the ambient 
ISM electron density.  



DOES IT MATTER?

▸ Physics is invariant under a change in definition.


▸ ICS Halos, Gamma-Ray Halos — Same physical objects and 
may use either definition.



ONE ASSUMPTION

▸ Observations of 
Geminga and Monogem 
indicate that they convert 
~10% of their spindown 
power to e+e- pairs that 
escape the PWN.


▸ We assume this is 
generic for all pulsars, 
but examine significant 
changes in pulsar 
parameters.

Sudoh, TL, Beacom (2019; 1902.08203)
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▸ Geminga and Monogem data 
indicate that they convert ~10% 
of their spindown power to e+e- 
pairs that escape the PWN.
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Linden et al. (2017; 1703.09704)

HAWC J0543+233

3.6σ



IMPLICATION 1: DIFFUSE TEV GAMMA-RAYS

• There is bright diffuse gamma-ray emission across the 
galactic plane.


• Ratio of point source emission to diffuse emission is a 
powerful marker of emission mechanisms and local 
propagation.
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IMPLICATION 1: 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 1: DIFFUSE TEV GAMMA-RAYS

• 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

• Recently extend to 100 

TeV energies.

Fang & Murase (2021; 2104.09491)



IMPLICATION 2: SOURCES

‣ Radio pulsars are beamed!


‣ Beaming fraction is small


‣ This varies between 15-30%.


‣ Most pulsars are unseen in radio!

Tauris & Manchester (1998)



IMPLICATION 2: SOURCES



IMPLICATION 4: POSITRON EXCESS
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IMPLICATION 2: SOURCES

‣ Do MSPs Have TeV Halos?


‣ Tentative: 4.24σ evidence from 
a HAWC stacking analysis.


‣ Important theoretical 
implications:


‣ Cosmic-Ray confinement near pulsars?


‣ Cosmic-Ray diffusion at high latitudes


‣ PWN/Magnetospheric acceleration 
models.

Hooper, TL (2021; 2104.00014)



IMPLICATION 3: POSITRON EXCESS

‣ What were the uncertainties in pulsar models?


‣ I: The e+e- production efficiency?


‣ II: The e+e- spectrum.


‣ III: The propagation of e+e- to Earth.

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



IMPLICATION 3: POSITRON EXCESS

• What were the uncertainties in pulsar models?


• I: The e+e- production efficiency?


• II: The e+e- spectrum.


• III: The propagation of e+e- to Earth.

Hooper et al. (2008; 0810.1527)



IMPLICATION 3: POSITRON EXCESS

• TeV Halos answer both of these questions!


• Can use gamma-ray flux                                                                                                                                   
at the source to                                                                                                                                               
determine the total e+e-                                                                                                       
energy!


• In agreement with                                                                                                                             
models of the positron                                                                                                                    
excess!

Hooper, Cholis, TL, Fang (2017; 1702.08436) 



IMPLICATION 3: POSITRON EXCESS

• What were the uncertainties in pulsar models?


• I: The e+e- production efficiency?


• II: The e+e- spectrum.


• III: The propagation of e+e- to Earth. Abeysekara et al. (2017; 1711.06223)



WHAT IS THE PHYSICS OF TEV HALOS?

▸ Models to Explain Inhibited 
Diffusion:


▸ Diffusion Coefficient in 
TeV halos:                           
~1028 cm2 s-1 at 10 TeV


▸ Average diffusion 
coefficient in Milky Way:                                       
~1030 cm2s-1 at 10 TeV

Abeysekara et al. (2017; 1711.06223)

Trotta et al. (2010, 1011.0037)



WHAT IS THE PHYSICS OF TEV HALOS?

▸ Models to Explain Inhibited 
Diffusion:


▸ Diffusion Coefficient in 
TeV halos:                           
~1028 cm2 s-1 at 10 TeV


▸ Local diffusion coefficient 
is much higher.

Hooper & TL (2017; 1711.07482)



WHAT IS THE PHYSICS OF TEV HALOS?



WHAT IS THE PHYSICS OF TEV HALOS?

▸ Models to Explain 
Inhibited Diffusion:


▸ Pre-Existing Regions of 
Low Diffusion


▸ Reasonable when only 
Geminga and 
Monogem were 
detected - but not now.

Abeysekara et al. (2017; 1711.06223)

Abeysekara et al. (2017; 1711.06223)



WHAT IS THE PHYSICS OF TEV HALOS?

▸ Models to Explain 
Inhibited Diffusion:


▸ One-Dimensional 
Diffusion


▸ Magnetic fields must be 
pointed along line of 
sight - unlikely if many 
halos detected.

Liu, Yan, Zhang (2019; 1904.11536)



WHAT IS THE PHYSICS OF TEV HALOS?

▸ Models to Explain 
Inhibited Diffusion:


▸ Transition from Ballistic 
Propagation


▸ However, necessary 
efficiency for conversion 
of spin down power to 
e+e- is much higher than 
100%.

Recchia et al. (2021; 2106.02275)

Bao, Fang & Bi (2021; 2107.07395)



WHAT IS THE PHYSICS OF TEV HALOS?

▸ Models to Explain 
Inhibited Diffusion:


▸ The Pulsar/SNR could 
lower the surrounding 
diffusion coefficient


▸ Pulsar may not be 
powerful enough to 
change diffusion over 20 
pc scales.

Evoli, TL, Morlino (2018; 1807.09263)



WHAT IS THE PHYSICS OF TEV HALOS?

▸ Models to Explain 
Inhibited Diffusion:


▸ The Pulsar/SNR could 
lower the surrounding 
diffusion coefficient

Mukhopadhyay & TL (2021; TBS)

▸ The diffusion coefficient returns to its default value much 
slower than previously thought!

1D



WHAT IS THE PHYSICS OF TEV HALOS?

▸ Models to Explain 
Inhibited Diffusion:


▸ The Pulsar/SNR could 
lower the surrounding 
diffusion coefficient

Mukhopadhyay & TL (2021; TBS)

▸ There are specific spectral features of this inhibited diffusion 
- testable predictions in the GeV and 10s of TeV range.

1D



WHAT IS THE PHYSICS OF TEV HALOS?

▸ Models to Explain 
Inhibited Diffusion:


▸ The Pulsar/SNR could 
lower the surrounding 
diffusion coefficient

Mukhopadhyay & TL (2021; TBS)

▸ For full 3D models, need more energy to inhibit diffusion on 
10 pc scales — SNR contributions may be important.

3D



BROADER IMPLICATIONS

▸ The cause of decreased 
diffusion within TeV 
halos could have 
significant implications 
for cosmic-ray physics.


▸ Potentially testable with 
high-energy 
observations from 
HAWC and LHAASO.

Jóhannesson et al. (2019.1903.05509)



CONCLUSIONS

▸ Pulsars contribute gamma-ray emission in three regimes:


▸ Pulsar Magnetosphere: Pulsed


▸ Pulsar Wind Nebula: Dominated by shock physics, includes significant 
radio/X-Ray signal.


▸ TeV Halo: Gamma-Ray Dominant and Diffusive


▸ TeV Halos appear to be generic features around pulsars with 
ages ~20-500 kyr.


▸ Pulsars likely dominate the diffuse and point source emission 
in the Milky Way. They also likely produce the positron excess.


▸ It is important to understand the underlying physical 
mechanism that causes diffusion near halos to be suppressed.


