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A NEW PICTURE

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

▸ 1.) Pulsars are responsible for the rising positron fraction observed 
by PAMELA/AMS-02 (Hooper et al (1702.08436); see talk by Dan Hooper 
Wednesday, Macedonian Room, 3PM). 

▸ 2.) Pulsars produce the majority of the bright TeV sources observed 
by CTA/HAWC/HESS etc. (Linden et al. (1703.09704); this talk). 

▸ 3.) Pulsars produce the majority of the TeV gamma-ray emission 
observed from the Milky Way (Hooper et al. (1705.09293), Linden & Buckman 
(1707.01905); alluded to here).



A VERY SIMPLE MODEL OF PULSAR EMISSION

Pulsars as high-energy particle accelerators



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

PULSARS AS ASTROPHYSICAL ACCELERATORS



▸ Outside the immediate pulsar magnetosphere, a number of forces are 
at work: 

▸ Synchrotron/ICS cooling 

▸ Reacceleration 

▸ Termination Shocks

PHYSICS HAPPENS



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

▸ Termination shock produced 
when ISM energy density 
overwhelms and 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



TEV OBSERVATIONS OF PULSARS

▸ Milagro and HAWC observe 
very extended emission from 
Geminga and Monogem (~2o) 

▸ Corresponds to ~10 pc - three 
orders of magnitude larger in 
volume than the PWN. 

▸ Opposite energy dependence - 
older pulsars have larger TeV 
emission features.

0904.1018



HESS OBSERVATIONS OF PULSAR WIND NEBULAE 1702.08280

▸ HESS finds a large population of extended “TeV PWN” 

▸ NOTE: The radial extent of this TeV emission is NOT 
explained by a known physical mechanism.



TEV HALOS

▸ Extended TeV emission appears to be a generic feature of 
pulsars. 

▸ We rename these objects TeV halos.



Implication I:  

Most TeV gamma-ray sources are TeV halos.



HESS SOURCES COINCIDENT WITH KNOWN PULSARS

▸ 5 / 39 sources in the 2HWC catalog are correlated with 
bright, middle-aged (100 — 400 kyr) pulsars.

▸ 12 others with young pulsars (2.36 chance overlaps) 

▸ Young pulsars may be contaminated by SNR.



TEV HALOS: THE FIRST ORDER MODEL

▸ Assume that Geminga is a model for TeV halos, and every similar 
system is equivalently efficient at converting spin-down power 
to TeV gamma-ray emission. 

▸ Can then calculate the TeV flux and extension of every TeV halo 
based on its spin-down power, and the observations of Geminga. 

▸ Note: Using Monogem would increases fluxes by nearly a factor of 2.



▸ The five pulsars associated with TeV emission are 
among the seven brightest sources. 

▸ Hints that “missing sources” are coincident with non-
statistically significant TeV excesses.

STEP I: TEV HALOS ARE A GENERIC FEATURE OF PULSARS



HAWC SENSITIVITY AFTER 10 YEARS

▸ HAWC will eventually reach a flux sensitivity of 0.02 Geminga 

▸ Will observe  

▸ TeV halos from a dozen middle-aged ATNF pulsars. 

▸ TeV halos from ~40 additional young pulsars.



WHY DO WE CARE?

▸ Maybe HAWC is seeing ~20 TeV halos. 

▸ More than 2600 pulsars are already detected in radio



RADIO BEAM ANGLE

▸ Tauris and Manchester (1998) calculated the beaming 
angle from a population of young and middle-aged 
pulsars. 

▸ This varies between 15-30%. 

▸ 1/f pulsars are unseen in radio surveys.

Tauris & Manchester (1998)



MISSING TEV HALOS

▸ The beaming fractions predicts that  56        TeV halos are currently observed 
by HAWC.  

▸ However, only 39 total HAWC sources 

▸ Chance overlaps, SNR contamination must be taken into account. 

▸ But most unassociated HAWC sources must be TeV halos.

+15
-11



EVENTUAL TEV HALO DETECTIONS

▸ 10 year HAWC observations should detect 37      TeV halos 
surrounding middle-aged pulsars. 

▸ These numbers correspond to most of the TeV sources 
detectable by HAWC. 

▸ Most of these sources not detected at other wavelengths.

+17
-13



HESS/VERITAS DETECTIONS

▸ Targeted ACTs are sensitive to the flux from TeV halos. 

▸ ACTs are not sensitive to sources extended >0.5o. 

▸ Large parameter space available only to HAWC.





CONFIRMING TEV HALOS

▸ Several Methods to confirm TeV halo detections: 

▸ X-Ray halos 

▸ X-Ray PWN



A POSSIBLE DETECTION

▸ Possible Detection! (G327-1.1) 

▸ Young Pulsar (17.4 kyr) 

▸ Two PWN 

▸ Diffuse PWN has significantly 
softer spectrum

1506.03069



Implication II:  

Most TeV gamma-rays are leptonic



TOTAL HIGH-ENERGY EMISSION FROM SNR AND PULSAR

▸ At high energies, 
leptonic gamma-rays 
become dominant. 

▸ There are many TeV 
halos in the Milky Way

▸ Dim TeV halos will be observed as a new diffuse 
gamma-ray emission component.



TOTAL HIGH-ENERGY EMISSION FROM SNR AND PULSAR

What about dim TeV halos?



▸ 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

IMPLICATION IIIB: THE TEV EXCESS

▸ Naturally expect O(1) source as bright as Geminga 

▸ HAWC eventually observes O(50) sources.

Linden et al. (TBS)



▸ Use Geminga as a 
template to calculate TeV 
halo intensity. 

▸ Use Geminga spectrum 
with complete (diffuse) 
cooling. 

▸ Hadronic background from 
Galprop models tuned to 
Fermi-LAT emission.

IMPLICATION IIIB: THE TEV EXCESS Linden et al. (TBS)

▸ TeV halos naturally explain the intensity and spectrum 
of the TeV excess.



▸ 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.

CONCLUSIONS (1/2)



▸ Additional implications: 

▸ Young pulsar braking index 

▸ Galactic cosmic-ray diffusion 

▸ Source of IceCube neutrinos

CONCLUSIONS (2/2)


