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PULSARS PRODUCE THE POSITRON EXCESS

▸ Always worry about the assumptions behind bold 
statements: 

▸ Observations necessitate these results. 

▸ Very few (and reasonable) modeling assumptions



PULSARS PRODUCE THE POSITRON EXCESS

▸ Radio and Gamma-Ray Data tell us that pulsars produce high-energy e+e-. 

▸ 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)
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TEV PULSAR OBSERVATIONS

Over the last year: 

TeV gamma-ray observations have solved (or greatly 

reduced) these uncertainties. 

The best-fit values support the pulsar interpretation.



TEV PULSAR OBSERVATIONS

Start without a theoretical model. 

What do TeV observations tell us about pulsars?



THE E+E- PRODUCTION EFFICIENCY OF PULSARS

▸ What were the uncertainties in pulsar models? 

▸ I: The e+e- production efficiency? Profumo (0812.4457); Malyshev et al. (0903.1310)



TEV PULSAR OBSERVATIONS

Look at the closest systems 

Geminga, Monogem:
Profumo (0812.4457)



▸ HAWC observes Geminga 

▸ 4.9 x 10-14 TeV-1 cm-2 s-1 at 7 TeV 

▸ Luminosity ~ 1.4 x 1031 TeV s-1 

▸ Hard spectrum (-2.23) 

▸ Moderate distance uncertainties.

HAWC OBSERVATIONS OF GEMINGA AND MONOGEM

Beautiful !

We call these sources TeV halos



▸ HAWC observes Monogem 

▸ 2.3 x 10-14 TeV-1 cm-2 s-1 at 7 TeV 

▸ Luminosity ~ 1.1 x 1031 TeV s-1 

▸ Hard spectrum (-2.17) 

▸ Small distance uncertainties

HAWC OBSERVATIONS OF GEMINGA AND MONOGEM

We call these sources TeV halos



▸ Why Halos? 

▸ These sources are extremely diffuse 

▸ Evidence for electron acceleration and propagation 
far from the pulsar itself.

TEV HALOS



TEV HALO POWER

Combining the TeV luminosity and spectrum: 

~ 3–9 x 1033 erg s-1 ! 

9-27% of the total pulsar spin-down power!



THE GLOBAL POPULATION OF TEV HALOS

▸ Need to assume that other pulsars have a similar 
conversion efficiency 

▸ TeV halos provide an observable way to test this! 

▸ Note: Using Monogem would increases fluxes by nearly a factor of 
2. The power law of this correlation doesn’t greatly affect the 
results.



▸ Many TeV halos observed by HESS with consistent fluxes

THE GLOBAL POPULATION OF TEV HALOS



▸ Can produce a ranked list of the 57 ATNF pulsars in the HAWC 
field of view. 

▸ 5 of the brightest 7 have been detected. 

▸ No dimmer systems have been detected.

HAWC OBSERVATIONS OF TEV HALO LUMINOSITIES

Linden et al. (1703.09704)



2HWC J0543+233

HAWC OBSERVATIONS OF TEV HALO LUMINOSITIES



TEV HALOS PROVE THAT THE E+E- PRODUCTION EFFICIENCY IS HIGH

▸ TeV observations solve this uncertainty - and prefer 
high numbers consistent with pulsar interpretations.



THE E+E- INJECTION SPECTRUM OF PULSARS

▸ II: The e+e- spectrum. 
Hooper et al. (0810.1527)



TEV HALO SPECTRUM

▸ Geminga has a hard gamma-ray spectrum

▸ Based on a joint fit to the 
HAWC and Milagro data, 
we calculate: 

▸ -1.9 < ⍺ < -1.5 

▸ Ecut ≅ 50 TeV



TEV HALO SPECTRUM

▸ This is compatible with the population of HESS sources



TEV HALO SPECTRUM

▸ HAWC sources a bit softer - but depends sensitively on 
exponential cutoff that is expected near this energy:

▸ Softer spectra are preferred, due to observed softening 
in the e+e- spectrum by AMS-02. 



TEV HALO SPECTRUM

▸ TeV observations still have uncertainties, but have verified the 
general scenario where: 

▸ -1.9 < ⍺ < -1.5 

▸ Some indication that most sources are on the softer end.



THE PROPAGATION OF E+E- TO EARTH

▸ III: The propagation of e+e- to Earth. Malyshev et al. (0903.1310)



▸ So far: 1-10 TeV gamma-rays (3-30 TeV e+e-) 

▸ What happens at lower energies? 

▸ Need a pinch of theory.

WHAT HAPPENS TO THE LOW-ENERGY E+E-?



▸ In general, low-energy electrons travel farther before 
losing their energy. 

▸ At ~30 TeV, the electrons traveled ~25 pc 

▸ How far do the low-energy electrons go?

WHAT HAPPENS TO THE LOW-ENERGY E+E-?



WHAT HAPPENS TO THE LOW-ENERGY E+E-?

Back to Observations!



ELECTRON DIFFUSION WITHIN TEV HALOS

These sources are bright! 

The high-energy electrons must be confined.



▸ The energy loss timescale in the ISM (5 μG; 1 eV cm-3) 
is approximately: 

▸ For standard diffusion (D0 = 5 x 1028 cm2s-1                                                                                
𝛅=0.33), this implies a radial                                                                
extent of ~250 pc. 

▸ 20 pc extent indicates                                                                           
D0~ 1 x 1026 cm2 s-1

Hooper et al. (1702.08436)ELECTRON DIFFUSION NEAR TEV HALOS



EFFECT OF TEV HALOS ON ISM PROPAGATION

▸ Multiple cosmic-ray 
observations indicate that 
the average diffusion 
constant is ~5x1028 cm2s-1

▸ How do we reconcile these 
two observations?



TWO PIECES OF INFORMATION HAWC Collaboration (1711.06223)



TWO POSSIBLE ASSUMPTIONS

▸ Assumption 1: The diffusion constant measured near 
Geminga and Monogem stands as the first 
measurement of the diffusion constant near Earth

HAWC Collaboration (1711.06223)



TWO POSSIBLE ASSUMPTIONS

▸ Methodology: Apply the low (D0~ 1 x 1026 cm2 s-1) 

diffusion constant for the full positron journey.

HAWC Collaboration (1711.06223)



TWO POSSIBLE ASSUMPTIONS

▸ Implication: Assuming Kolmogorov Diffusion (𝛅 = 0.33), 
100 GeV e+e- propagate about 4.5x as far.



TWO POSSIBLE ASSUMPTIONS

▸ Implication: Assuming Kolmogorov Diffusion (𝛅 = 0.33), 
100 GeV electrons propagate about 4.5x as far. 

▸ Earth is ~250 pc away



TWO POSSIBLE ASSUMPTIONS

▸ Implication: Geminga and Monogem do not explain 
the positron excess.

HAWC Collaboration (1711.06223)



TWO POSSIBLE ASSUMPTIONS

▸ Assumption 2: Measurements of cosmic-ray primary 
to secondary ratios (e.g. by AMS-02) imply that the 
local diffusion constant is high. The diffusion constant 
near Geminga and Monogem is local to those sources.



▸ Low-energy electrons lose energy slower,  lose less 
energy before exiting the TeV halo. 

▸ If 10 TeV electrons lose 90% of their energy, 100 GeV 
electrons lose 10% of their energy.

Two Zone Model: First electrons escape from halo

WHAT HAPPENS TO THE LOW-ENERGY E+E-?



▸ Low-energy electrons lose energy slower,  lose less 
energy before exiting the TeV halo. 

▸ If 10 TeV electrons lose 90% of their energy, 100 GeV 
electrons lose 10% of their energy.

Two Zone Model: First electrons escape from halo

WHAT HAPPENS TO THE LOW-ENERGY E+E-? Hooper et al. (1702.08436)



Two Zone Model: Then electrons propagate through ISM

WHAT HAPPENS TO THE LOW-ENERGY E+E-?

▸ Outside the TeV halo, diffusion is 500x more efficient.



Two Zone Model: Then electrons propagate through ISM

WHAT HAPPENS TO THE LOW-ENERGY E+E-?

▸ Instead of 100 GeV electrons propagating ~90 pc, they 
now propagate 2000 pc.



TWO POSSIBLE ASSUMPTIONS

▸ Implication: Low energy positrons make it to Earth 
and explain the positron excess.

Hooper et al. (1702.08436)



Ignore theoretical predictions: 

Let TeV observations be your guide

WHAT HAPPENS TO THE LOW-ENERGY E+E-?



WHAT HAPPENS TO THE LOW-ENERGY E+E-?

▸ Recent H.E.S.S. observations have extended the 
observed e++e- spectrum to energies exceeding 20 TeV.

https://indico.snu.ac.kr/indico/event/15/session/5/contribution/694/material/slides/0.pdf



WHAT HAPPENS TO THE LOW-ENERGY E+E-?

▸ Assumption 1: If diffusion constant near Earth is low, 
any source explaining the electron flux must be within 
~30 pc of Earth.



WHAT HAPPENS TO THE LOW-ENERGY E+E-?

▸ Assumption 2: If diffusion is high, the nearest 10 TeV 
source can be ~500 pc away. 



WHAT HAPPENS TO THE LOW-ENERGY E+E-?

▸ There are no high-energy sources within 30 pc sources. 

▸ Gamma-Ray Observations rule out any such source. 

▸ Thus, diffusion near Earth is high.



THE POSITRON FRACTION FROM TEV HALOS

▸ Reasonable models can be exactly fit to the excess.



▸ TeV observations open up a new window into 
understanding cosmic-ray propagation. 

▸ TeV observations from HAWC and HESS have answered all 
three uncertainties regarding pulsar positron production. 

▸ Pulsars efficiently convert their spindown power to e+e- 

▸ These e+e- are injected with a hard spectrum. 

▸ These e+e- propagate efficiently to Earth. 

▸ This provides extremely strong evidence for the pulsar 
interpretation.

CONCLUSIONS (1/2)



▸ TeV Halo observations have much more to teach us: 

▸ TeV halos are a new tool for finding pulsars that are 
not beamed towards Earth (TL et al. 1703.09704) 

▸ TeV halos produce the vast majority of unassociated 
TeV sources (TL et al. 1703.09704) 

▸ TeV halos produce the diffuse Milagro TeV excess     
(TL & Buckman 1707.01905) 

▸ TeV halos produce the Galactic Center Pevatron 
(Hooper, Cholis, & TL 1705.09293)

CONCLUSIONS (2/2)
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