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WHAT IS THE ENERGY SCALE?
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HIGH ALTITUDE WATER CHERENKOV TELESCOPE



HIGH ENERGY SPECTROSCOPIC SYSTEM
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The Hadronic Fairy Tale
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COSMIC-RAY ACCELERATION AND PROPAGATION

Start with a source of relativistic cosmic-rays

cosmic rays propagate

Solved Numerically: 
e.g. Galprop

• If they propagate to Earth, can be detected: 

• AMS-02/PAMELA 

• CREAM/HEAT/CAPRICE



COSMIC-RAY ACCELERATION AND PROPAGATION

Start with a source of relativistic cosmic-rays

cosmic rays propagate

Solved Numerically: 
e.g. Galprop

Gas/ISRF Alternatively can collide 
with Galactic gas or the 
interstellar radiation 
field.



COSMIC-RAY ACCELERATION AND PROPAGATION

Start with a source of relativistic cosmic-rays

cosmic rays propagate

Solved Numerically: 
e.g. Galprop

Gas/ISRF 



Cracks in the story…



• Milagro observations found an excess in TeV gamma-ray 
emission along the Galactic plane. 

CRACKS IN THE STORY Bartoli et al. (2015; 1507.06758)
Prodanovic et al. (2007; 0603618)



HESS Collaboration 2018CRACKS IN THE STORY



CRACKS IN THE STORY



A NEW PICTURE

In this talk, I will argue that electrons and positrons 
dominate the Milky Way’s energetics at TeV energies: 

1.) Pulsars dominate the diffuse TeV gamma-ray emission. 

2.) Pulsars produce the majority of the bright TeV sources. 

3.) Pulsars are responsible for the rising positron fraction.



What do we know about pulsars?



• Rotational Kinetic Energy of the neutron star is the 
ultimate power source of all emission in this problem.

PULSARS AS ASTROPHYSICAL ACCELERATORS



• Electrons boiled off of the pulsar surface produce e+e- pairs. 

• Final e+e- Spectrum is model dependent.

PRODUCTION OF ELECTRON AND POSITRON PAIRS



• PWN termination shock: 

• Voltage Drop > 30 PV 

• e+e- energy > 1 PeV                             
(known from synchrotron) 

• Resets e+e- spectrum. 

• Many Possible Models: 

• 1st Order Fermi-Acceleration 

• Magnetic Reconnection 

• Shock-Driven Reconnection

REACCELERATION IN THE PULSAR WIND NEBULA

Blandford & Ostriker (1978) 
Hoshino et al. (1992) 

Coroniti  (1990) 
Sironi & Spitkovsky (2011)



• Extent of radio and X-Ray PWN 
is approximately 1 pc. 

• Termination shock produced 
when ISM energy density stops 
the relativistic pulsar wind. 

• NOTE: The radial extent of PWN 
is explained by a known 
physical mechanism.

LOW-ENERGY OBSERVATIONS OF PULSAR WIND NEBULAE
1611.03496

astro-ph/0202232



High energy electrons should also make gamma-rays.



New Observations!



HIGH ALTITUDE WATER CHERENKOV TELESCOPE



HAWC OBSERVATIONS OF GEMINGA AND MONOGEM

• 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 

Angular Resolution



HAWC OBSERVATIONS OF GEMINGA AND MONOGEM

• 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 !

Angular Resolution



HAWC OBSERVATIONS OF GEMINGA AND MONOGEM

• Emission is: 
• Very hard spectrum 
• Does not trace gas 

• Almost certainly leptonic.

Angular Resolution



HIGH ENERGY SPECTROSCOPIC SYSTEM



1702.08280HESS OBSERVATIONS OF PULSAR WIND NEBULAE



TEV HALOS

• They are much larger than 
the PWN. 

• Especially at low-
energies.

NOTE: This has the opposite energy dependence as the 
X-Ray PWN.

1702.08280



HAWC OBSERVATIONS OF GEMINGA AND MONOGEM



TEV HALOS

• 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.



We’ll go back to the model later… 

What do TeV observations tell us about pulsars?



• Assume that every pulsar converts an equivalent fraction of 
its spin down power into gamma-rays, with the same 
spectrum as Geminga. 

• This statement is well supported: 

• Observed because they are the two closest sources. 

• Many similar HESS Sources

TEV HALOS - AN EMPIRICAL MODEL



• Use a generic model for pulsar luminosities 

• B0 = 1012.5 G (+/- 100.3 G) 

• P0 = 0.3 s ( +/- 0.15 s) 

• Spindown Timescale of ~104 yr (depends on B0)  

• Galprop model for supernova distances

ASSUMPTION: PULSAR POPULATION MODELS

1311.3427



Implication I:  

Most TeV emission is produced by TeV halos



IMPLICATION I: THE TEV EXCESS



IMPLICATION I: THE TEV EXCESS Linden & Buckman (1707.01905)

• TeV halos naturally explain the TeV excess!

spectral assumption!



Implication II:  

Most TeV gamma-ray sources are TeV halos.



TEV HALO NUMEROLOGY

HAWC has observed 39 sources. 

5 are coincident with old (>100 kyr) pulsars

• 12 others coincident with young (<100 kyr) pulsars 
• TeV emission may be contaminated by SNR



WHY DO WE CARE?



RADIO BEAM ANGLE

• Radio pulsars are beamed! 

• Beaming fraction is small 

• This varies between 15-30%. 

• Most pulsars are unseen in radio!

Tauris & Manchester (1998)



TEV HALO NUMEROLOGY

• Correcting for the  beaming fraction implies that  56        TeV 
halos are currently observed by HAWC.  

• However, only 39 total HAWC sources.

+15
-11

TL et. al (2017; 1703.09704)



HESS OBSERVATIONS HESS Collaboration 2018



WHY IS HAWC IMPORTANT HESS Collaboration 2017 (1702.08280)



TL et. al (2017; 1703.09704)



FIRST DETECTIONS!

• HAWC has detected two additional TeV halos 

• Total Count: 

• Middle-Aged: 6 
• Younger: 13



TL et. al (2017; 1703.09704)



Implication III: The positron excess is                     
due to pulsar activity



THE POSITRON EXCESS



PULSARS PRODUCE THE 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)



PULSARS PRODUCE THE 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. (0810.1527)



TEV HALOS ANSWER THE KEY QUESTIONS!

~ 3–9 x 1033 erg s-1 ! 

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

• Best Fit: 

-1.9 < ⍺ < -1.5 
Ecut ≅ 50 TeV

• We assume a power-law 
electron injection spectrum 
with an exponential cutoff



PULSARS PRODUCE THE 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. Malyshev et al. (0903.1310)



Cosmic-ray propagation is the last key.



AN ENERGETICS PROBLEM

• Morphology of each pulsar fit by diffusion. 

• Diffusion coefficient near the pulsar is quite small.



10 TeV

1 TeV

100 GeV



EVIDENCE FROM HADRONIC PHYSICS Trotta et al. (2010, 1011.0037)

• Cosmic-Ray primary to 
secondary ratios tell us about: 

• The average grammage 
encountered by cosmic-
rays before they escape the 
galaxy (e.g. B/C) 

• The average time cosmic-
rays propagate before they 
escape (eg. 10Be/9Be).



THE POSITRON FRACTION FROM TEV HALOS

• Reasonable models can be exactly fit to the excess.

*Braking index slightly changed to 
fit model to data. Hooper, Cholis, TL, Fang (2017; 1702.08436)



ASSUMPTIONS

TeV Gamma-Ray Luminosity Roughly Proportional to Spindown Power

+ High Energy 
electrons trapped in 

TeV halos

= HAWC Sources 
are TeV halos

+ Low energy 
electrons escape 
from TeV halos

= Pulsars explain 
the positron excess

= Pulsars explain the Milagro TeV Excess





Understanding Pulsars

HAWC HESS

Sudoh, TL, Beacom (TBS)



Detecting New Pulsars Sudoh, TL, Beacom (TBS)

HAWC (10 yr) HESS/CTA



WHAT ABOUT MILLISECOND PULSARS? Hooper & TL (2018; 1803.08046)

• Early evidence that millisecond pulsars also produce TeV 
halos.  

• New opportunities to understand binary evolution.



AN ANALYTIC MODEL FOR TEV HALOS Evoli, TL, Morlino (2018; 1807.09263)

• First models that 
explain low 
diffusion constant. 

• New opportunities 
to understand 
galactic magnetic 
fields.



X-RAY SYNERGY

• Should observe coincident synchrotron Halo 

• Possible Detection! (G327-1.1)

1506.03069

• New opportunities for studying TeV halo morphologies! 



• TeV observations open up a new window into 
understanding Milky Way pulsars. 

• Early indications: 

• TeV halos produce most of the TeV sources 
observed by ACTs and HAWC 

• TeV halos dominate the diffuse TeV emission in 
our galaxy. 

• Positron Excess is due to pulsar activity

CONCLUSIONS (1/2)



• Additional implications: 

• Young pulsar braking index 

• MSPs? 

• Galactic cosmic-ray diffusion 

• Source of IceCube neutrinos 

• TeV Dark Matter Constraints

CONCLUSIONS (2/2)


