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Two Early Papers



Two Early Papers Yüksel, Kistler, Stanev (2008; 0810.2784)

Yüksel et al noted the importance of TeV gamma-ray observations (in particular Milagro 
observations of Geminga) for understanding the positron excess. 



The Field Explodes





Personal Definition

“TeV halos” are: 
1.) Spatially Extended 
2.) Leptonic (inverse-Compton scattering of CR electrons) 
3.) Diffusive (not convective or advective) propagation 
4.) Most prominent at TeV energies.

Sudoh, TL, Beacom (2019; 1902.08203)



Personal Definition

“TeV halos” are: 
1.) Spatially Extended 
2.) Leptonic (inverse-Compton scattering of CR electrons) 
3.) Diffusive (not convective or advective) propagation 
4.) Most prominent at TeV energies.

Why? 

1.) Minimally distinct from PWN (convective), SNR (hadronic), Pulsar (PS). 
2.) Maximally observational (energy range, morphology, ICS/synchrotron ratio). 

+ Note: Ratio of Pulsar CR energy to interstellar electron density is derived. 
3.) Maximally encapsulates the novel advances of TeV observations.

Sudoh, TL, Beacom (2019; 1902.08203)



Does this Matter?
Generally, no.

a.) Young pulsars convert a reasonable fraction 
of their spindown power to e+e- (10%) 

b.) The e+e- spectrum extends to high energies 
(E-1.7  to E-1.9)? 

c.) These electrons lose a reasonable fraction 
of their energy to ICS (~50%) 

TL, Buckman (2017; 1707.01905)



Does this Matter?
Generally, no.

a.) Young pulsars convert a reasonable fraction 
of their spindown power to e+e- (10%) 

b.) The e+e- spectrum extends to high energies 
(E-1.7  to E-1.9)? 

c.) These electrons lose a reasonable fraction 
of their energy to ICS (~50%) in the GC 

d.) The GC star-formation rate is a good proxy 
for pulsar formation 

Hooper, Cholis, TL (2017; 1705.09293)



Does this Matter?
Generally, no.

a.) Young pulsars convert a reasonable fraction 
of their spindown power to e+e- (10%) 

b.) The e+e- spectrum extends to high energies 
(E-1.7  to E-1.9)? 

c.) These electrons lose a reasonable fraction 
of their energy to ICS (~50%) 

d.) Electrons do not escape freely into the ISM 
(surface brightness would be low).  

TL et al. (2017; 1703.09704)



Does this Matter?
Generally, no.

a.) Young pulsars convert a reasonable fraction 
of their spindown power to e+e- (10%) 

b.) The e+e- spectrum extends to high energies 
(E-1.7  to E-1.9)? 

c.) These electrons lose a reasonable fraction 
of their energy to ICS (~50%) 

d.) Electrons do not escape freely into the ISM 
(surface brightness would be low).  

e.) e+e- Acceleration can occur in the pulsar 
magnetosphere 

Hooper & TL (2018; 1803.08046)

Hooper & TL (2018; 1803.08046)



Does this Matter?
Generally, no.

a.) Young pulsars convert a reasonable fraction 
of their spindown power to e+e- (10%) 

b.) The e+e- spectrum extends to high energies 
(E-1.7  to E-1.9)? 

c.) These electrons lose a reasonable fraction 
of their energy to ICS (~50%) 

d.) e+e- Acceleration can occur in the pulsar 
magnetosphere 

Sudoh, TL, Beacom (2020; 2005.08982)



Does this Matter?
Generally, no.

a.) Young pulsars convert a reasonable fraction 
of their spindown power to e+e- (10%) 

b.) The e+e- spectrum extends to high energies 
(E-1.7  to E-1.9)? 

c.) These electrons lose a reasonable fraction 
of their energy to ICS (~50%) 

d.) Low energy electrons are not indefinitely 
trapped within halos 

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

Johannesson, Porter, Moskalenko  
(2019; 903.05509)



Does this Matter?
Generally, no.

a.) Young pulsars convert a reasonable fraction 
of their spindown power to e+e- (10%) 

b.) The e+e- spectrum extends to high energies 
(E-1.7  to E-1.9)? 

c.) These electrons lose a reasonable fraction 
of their energy to ICS (~50%) 

d.) Low energy electrons are not indefinitely 
trapped within halos 

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

Johannesson, Porter, Moskalenko  
(2019; 903.05509)

Hooper & TL (2017; 1711.07482)



What does matter?

The electron acceleration efficiency as a 
function of time. 

The location of the electron acceleration 
(PWN termination shock vs. pulsar 
magnetosphere). 

The magnetic field strength in the region 
where electrons cool. 

The physical propagation process (diffusion 
vs. convection). 

Evoli, TL, Morlino (2018; 1807.09263)



What does matter?

Does particle propagation “return to 
normal” at the same location that our 
observations end? (Seems unlikely?) 

Are pulsars efficient e+e- accelerators over 
their full lifetimes? 

What fraction of young electrons are lost to 
PWN magnetic fields? 

Sudoh, TL, Beacom (2019; 1902.08203)



Is the Truth Even More Exciting? Sudoh, TL, Hooper (2020; TBS)

Eight of the nine highest-energy HAWC sources are coincident with known pulsars. 

The highest luminosities seem to be provided by systems with ages < 50 kyr. 







Pulsars Fit!

Can also fit the TeV gamma-ray 
emission spectrum with pulsars. 

Pulsar fits are more constrained 

1.) Spectral cut from Klein-Nishina 
2.) Spindown power sets luminosity 

While hadronic emission can fit the 
data, the spectral cuts must be added 
by hand.



At present - we are focusing on 
whether individual systems (with 
known pulsars) are TeV halos, PWNs, 
or SNRs 

However, we already know that many 
of these sources must exist without 
known pulsars.

Hidden Pulsars

Models where the majority of HAWC sources are not TeV halos are inconsistent with data.



How do we deal with this in the case of 
individual systems? 

Angular Resolution will be key: 
       HESS/VERITAS/CTA 
       Correlation with Gas Density 
       Synchrotron Polarization 

Hidden Pulsars

What are the key questions to answer for individual systems? 
      Want to know leptonic/hadronic acceleration and escape 
      Neutrino production?

Plot from Kelly Malone’s talk (yesterday)



The state of TeV halo studies has progressed rapidly since 2017 
        More than a half dozen systems 
        Starting to understand the variety of the source class 

Science Results have already been spectacular 
        Pulsars are essentially verified as the source of the positron excess 
        First evidence of inhomogeneous diffusion outside of “standard sources” 

Future is extremely promising.

Conclusions


