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▸ TeV halos are a new dynamical object. 

▸ TeV halos should produce the majority of both point-source and 
diffuse emission observed by HAWC. 

▸ HAWC is particularly well-suited for TeV halo observations. 

▸ Multiple questions remain unanswered: 

▸ How are TeV halos formed? 

▸ Do all pulsars produce TeV halos? Environmental Effects? 

▸ Do MSPs produce TeV halos?

CONCLUSIONS
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TEV HALOS

2o  ~ 10 pc 

HAWC Collaboration (1711.06223)
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TEV HALOS

2o  ~ 10 pc 

HAWC Collaboration (1711.06223)
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TEV HALOS

2o  ~ 10 pc 

Conversion to the e+e- population, and then an extrapolation to 1 GeV indicates 
that more than 10% of the spin down energy is converted into e+e- pairs. 

Hooper et al. (1702.08436)
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▸ Why TeV Halos? 

▸ These sources are much larger than PWN

TEV HALOS HAWC Collaboration (Nature; 1711.06223)
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▸ Why TeV Halos? 

▸ These sources are much larger than PWN

TEV HALOS Posselt et al. (1611.03496)
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▸ Why TeV Halos? 

▸ These sources are much smaller than ISM diffusion

TEV HALOS HAWC Collaboration (Nature; 1711.06223)
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▸ Why TeV Halos? 

▸ These sources are much smaller than ISM diffusion

TEV HALOS HAWC Collaboration (Nature; 1711.06223)
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▸ “TeV PWN” observed by HESS have similar fluxes and 
extensions.

HESS OBSERVATIONS HESS Collaboration (1702.08280)
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▸ There is a significant role for HAWC to play in rigorously 
determining these extensions (HAWC South for Better Comparisons!)

HESS OBSERVATIONS HESS Collaboration (1702.08280)
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EMISSION FROM PULSARS WILL DOMINATE 
THE NEXT DECADE OF TEV ASTRONOMY
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THE GLOBAL POPULATION OF TEV HALOS

▸ Extrapolate to the full population. 

▸ The following correlation is consistent with the data. 

▸ This is also consistent with our theoretical model, where the 
pulsar serves as the only power source. 

▸ Note: Using Monogem would increases fluxes by nearly a factor of 2. The power law 
of this correlation doesn’t greatly affect the results. 14



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

▸ 5 of the brightest 7 have 
been detected.

HAWC OBSERVATIONS OF TEV HALO LUMINOSITIES Linden et al. (PRD; 1703.09704)

2HWC J0543+233
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TEV HALOS ARE A GENERIC FEATURE OF PULSARS

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

▸ 12 others with young pulsars 

▸ 2.3 chance overlaps 

▸ TeV emission may be contaminated by SNR
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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)
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MISSING TEV HALOS

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

▸ However, only 39 HAWC sources total. 

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

+15
-11

Linden et al. (PRD; 1703.09704)
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TEV HALOS SURROUNDING MSPS

▸ Unknown if MSPs follow the same correlation. 

▸ Some indication that this would be possible: 

▸ Geminga is an isolated pulsar, with a spin-down 
energy that is not significantly larger than some 
MSPs. 

▸ Some MSPs have similar PWN activity.  

▸ Brightest MSPs slightly too dim to be detected.

Hooper & Linden (1803.08046)
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TEV HALOS SURROUNDING MSPS

▸ Use the 2HWC Survey Public Tool. 

▸ Get TS values of each MSP, and look for a distribution of 
high-TS values.

Hooper & Linden (1803.08046)
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TEV HALOS SURROUNDING MSPS Hooper & Linden (1803.08046)

▸ Select 24 ATNF MSPs with highest E/d2 fluxes.  

▸ Listed in order here, along with observed TS values.  

▸ Probability of observing 4 systems above 2.07 is 3.2σ, assuming Normal Statistics.
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TEV HALOS SURROUNDING MSPS Hooper & Linden (1803.08046)

▸ Need to develop an appropriate distribution of background sources.  

▸ Pick the 50 dimmest MSPs in the sample. Normal approximation appears 
good, except for 2o extension, which appears to include larger fluctuations.
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ADDITIONAL IMPLICATIONS FOR MSPS

▸ Unknown if MSPs 
follow the same 
correlation. 

▸ Even brightest MSPs 
slightly too dim to be 
individually detected.

▸ Stacking a population of 24 MSPs provides moderate 
(~3σ) evidence that MSPs also produce TeV halos, 
further increasing the population.

Hooper & Linden (1803.08046)
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ADDITIONAL IMPLICATIONS FOR MSPS

▸ This study can be drastically improved: 

▸ Full likelihood stacking instead of simple TS. 

▸ Distribution of spectral and spatial extensions. 

▸ Dispersion in Geminga-like model. 

▸ Uncertainties in distance measurements. 

▸ Results indicate that in a few years HAWC can 
definitively test MSP models. 

▸ Young Pulsars Too!

Hooper & Linden (1803.08046)
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IMPLICATIONS

26



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

▸ Milagro detects bright 
diffuse TeV emission 
along the Galactic plane. 

▸ Difficult to explain with 
pion decay, due to 
steeply falling local 
hadronic CR spectrum.

▸ The Geminga and Monogem TeV halo spectra naturally 
explain both the spectrum and intensity of this 
emission. 27



IMPLICATION II: THE GALACTIC CENTER PEVATRON

▸ HESS observes ~50 TeV diffuse 
emission from the Galactic center. 

▸ If this is hadronic, it is evidence for PeV 
proton acceleration. 

▸ TeV halos from Geminga and Monogem 
explain the spectrum and intensity of 
this emission.

Hooper, Cholis, TL (1603.07730)
HESS Collaboration (1603.07730)
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IMPLICATION III: THE POSITRON EXCESS HAWC Collaboration (Nature; 1711.06223)

?D0 small

29



▸ 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-?
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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)
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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)
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TWO POSSIBLE ASSUMPTIONS

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

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

▸ Earth is ~250 pc away
34



TWO POSSIBLE ASSUMPTIONS

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

HAWC Collaboration (1711.06223)
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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.
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▸ 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)
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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.
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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.
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TWO POSSIBLE ASSUMPTIONS

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

Hooper et al. (1702.08436)
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NEW OBSERVATIONS FROM HESS

▸ 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 41



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

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

Low Energy 
Electrons 

Escape
GC Pulsar 

Population

High Energy 
Electrons 
Trapped

Pulsars Explain 
Positron Excess

Most TeV 
sources are TeV 

halos
TeV halos 

explain the 
TeV excess.

Pulsar 
Population & 
Energetics

44



▸ TeV halos are a new dynamical object. 

▸ Have already observed ~20 objects; >100 inevitable 

▸ Simple extrapolations of observed systems imply: 

▸ TeV halos dominate the TeV source number. 

▸ TeV halos dominate Milky Way diffuse emission. 

▸ TeV halos produce the positron excess.

CONCLUSIONS (1/2)
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▸ TeV Halos will provide new insight into pulsar birth, death, 
and evolution, providing a new handle into the multi-
wavelength study of neutron star dynamics. 

▸ TeV halos provide the first evidence for significant 
inhomogeneities in Galactic cosmic-ray propagation — new 
insights into cosmic-ray observations (e.g. AMS-02).

CONCLUSIONS (2/2)
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WHAT IS A TEV HALO?
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MODELS

▸ No current models for the low-
diffusion constant within TeV halos. 

▸ Can take some evidence from 
supernova, which can potentially 
produce regions with inhibited 
diffusion due to the steep cosmic-
ray gradients produced in the SNe.

D’Angelo et al. (1710.10937)

▸ Two Options: 

▸ 1.) Supernova Produces Low-Diffusion around pulsar 

▸ But Geminga is far from SNR. 

▸ 2.) Pulsars can produce similar cosmic-ray gradients and inhibit 
diffusion. 48



LATITUDE DISTRIBUTION FOR MSPS AND CONTROL SAMPLE
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