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• 2017 - HAWC revealed very extended gamma-ray emission around Geminga 

• 2009 - Milagro published its gamma-ray catalog including Geminga 

• 1991 - ROSAT observed pulsed emission in soft X-ray 

• 1972 - SAS-2 discovered a gamma-ray source

The first example of TeV halo class
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Why is Geminga an interesting pulsar?

Geminga    - Gemini gamma-ray source 
- “It is not there”



Not only a pulsar halo
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Local Cosmic Positron Excess
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Why is Geminga an interesting pulsar?



Local Cosmic Positron Excess

5

‣ Dark matter decay or annihilation
‣ Nearby astrophysical sources

Are these positrons from?



List of Nearby Middle-aged Pulsars

• A short list of candidates that meet the criteria of nearby and middle-aged.
• Two of them are good candidates in northern sky.

• Geminga and PSR B0656+14 (Monogem)

ATNF Pulsar Catalog http://www.atnf.csiro.au/people/pulsar/psrcat/
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http://www.atnf.csiro.au/people/pulsar/psrcat/


The HAWC Observatory

•300 Water Cherenkov Detectors 
•22,000 m2 detector area 
• Sub TeV - >100 TeV Sensitivity 
•Wide field of view: ~2 sr 
• High duty cycle: >95%

7Full array inaugurated on March 20, 2015

Excellent detector for extended source observations



Source Candidate with 8y Milagro Data
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Milagro - Point Search 

1 Deg Search



HAWC Detects TeV Halos with 1.5y Data
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The HAWC Collaboration, Science 358, 911 (2017)

Very extended gamma-ray emission (tens of pc) is detected, much larger than typical PWNe.



HAWC Measures the Diffusion Profiles
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The HAWC Collaboration, Science 358, 911 (2017)

Diffusion coefficient, directly measured by HAWC, is two order of magnitude lower 
than that indirectly derived from cosmic ray primary/secondary ratio.
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The HAWC Collaboration, Science 358, 911 (2017)

Assuming the HAWC measured diffusion coefficient, the positrons from Geminga or Monogem 
contribute negligibly to the positron flux measured by satellite detectors like AMS-02.

Implications on the Positron Excess



Questions about Diffusion Remain
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Geminga

Monogem

‣ How does diffusion depend on energy?
‣ How big are the low-diffusion regions? Are they 

generated from the pulsars or property of ISM?
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‣ How does diffusion depend on energy?
‣ How big are the low-diffusion regions? Are they 

generated from the pulsars or property of ISM?
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Geminga

Monogem

Questions about Diffusion Remain

‣ How does diffusion depend on energy?
‣ How big are the low-diffusion regions? Are they 

generated from the pulsars or property of ISM?



HAWC Observation with 3y Data
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1039 days of HAWC data using new 
energy estimator
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HAWC Observation with 3y Data
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1039 days of HAWC data using new 
energy estimator
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With Additional Smoothing
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1039 days of HAWC data using new 
energy estimator



Radial Profiles of Geminga
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The gamma-ray emission around Geminga is 
significantly detected in two mid-energy bins.
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Energy-Dependent Diffusion
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PRELIMINARY

‣ Current data yet provide good constraint on the diffusion index.



Energy-Dependent Diffusion
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PRELIMINARY

‣ Current data yet provide good constraint on the diffusion index.
‣ More data and multi-wavelength studies are the key.
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https://arxiv.org/pdf/1903.05647.pdf


Multi-Instrument Spectrum
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‣ Very hard electron spectrum?
‣ Target photon field?
‣ Time-dependent particle injection?
‣ Second population of electron/positron?

Possible explanations for the double-humped distribution D
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Anisotropic Diffusion?
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Gamma-ray morphologies with different viewing angle and MA.

Data Simulations

Courtesy of Dr. Ruoyu Liu



Spatial Template Fit
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For more details, 
see Ramiro Torres’ poster

‣ physical models used to estimate the gamma-ray emission 
from electron inverse Compton scatterings
‣ able to incorporate proper motion, asymmetric diffusion or 

other non-analytical templates
‣ interpolations used to fit physical parameters directly



Questions about Diffusion Remain
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Geminga

Monogem

Other TeV halos? 
See Kelly Malone’s talk

‣ How does diffusion depend on energy?
‣ How big are the low-diffusion regions? Are they 

generated from the pulsars or property of ISM?



Why are TeV Halos interesting?

‣ Might contribute significantly to TeV source population and to Galactic diffuse emission.
‣ As probes into the cosmic ray propagation far away from the earth.
‣ More TeV halo detections are anticipated with future data from HAWC and LHAASO (and 

CTA and SWGO).
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