
Multiwavelength view of halos 
around pulsars

Mattia Di Mauro

First halo around pulsar workshop 
December 3 2020.

1

F. Donato and S. Manconi



2

1. Detection of a γ-ray halo around Geminga with the Fermi-LAT data and implications for the 
positron flux MDM, S. Manconi, F. Donato, PRD 100, 123015 (2019)  

2. Evidences of low-diffusion bubbles around Galactic pulsars MDM, S. Manconi, F. Donato 
PRD 101, 103035 2020 

3. Prospects for the detection of synchrotron halos around middle-age pulsars MDM, S. 
Manconi, F. Donato Astro2020

• Inverse Compton Scattering (ICS) halos (gamma rays) 
• Angular extension at GeV and TeV. 
• Proper motion effect. 
• Constraining the positron excess. 
• Current results on ICS halos at GeV and TeV energies. 

• Synchrotron halos (from radio to X rays) 
• Angular extension at radio and X-ray energies. 
• Current limitations for current X-ray and radio observations. 
• Prospects for detection by current and future experiments.

Overview of the talk
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Origin of cosmic-ray positrons

• Positrons are emitted through the secondary mechanism (CRs ISM —> X e+). 

• An excess of positrons above 10 GeV with respect to the secondary 
production has been measured by different experiments. 

• Annihilation or decay of dark matter particles and emission from PWNe have 
been suggested as possible interpretations.
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γ rays produced by inverse Compton scattering (ICS) 

IACTs

Fermi-LAT

HAWC
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Introducing myselfICS halo extension

• D>1027 cm2/s —> several 
ICS halos undetectable 
by IACTs and HAWC. 

• At GeV most of the 
pulsars have a very 
extended halo.

Di Mauro, Manconi, Donato PRD 101 (2020) 10, 103035 

x ATNF catalog pulsars
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Introducing myselfPulsar proper motion

• The average pulsar proper motion is around 200 km/s 
(Faherty et al. 2007). 

• At GeV the proper motion is not relevant only for d>a 
few kpc and T<a few hundreds kyr. 

• At TeV the effect is much smaller.

10 GeV 1 TeV

Geminga

Di Mauro, Manconi, Donato PRD 101 (2020) 10, 103035 
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Introducing myselfGeminga proper motion

• Geminga has a proper motion of 211 km/s 
which implies this pulsar moved about 70 
pc across its age. 

• We have implemented this effect in our 
model. 

• Our analysis is unique in γ-ray astronomy 
because we search for a source that is 
moving across the sky in γ rays.

Posselt et al. 2008

Future

Past

Di Mauro, Manconi, Donato PRD 100, 123015 (2019)

See talk by Silvia 
Manconi on December 2
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HAWC results for Geminga and Monogem PWNe

• HAWC detected an extended emission from Geminga and Monogem PWNe 
for E>5 TeV.  

• Interpreted as ICS emission from e+ and e- accelerated from the PWN. 

• In the vicinity of the PWN, the diffusion coefficient D must be about 500 
times smaller than the average in the Galaxy.

Science 358 (2017) no.6365, 911-914

https://doi.org/10.1126/science.aan4880
https://doi.org/10.1126/science.aan4880


9

Recent results from HAWC

E>56 TeV

E>100 TeV
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Recent results from HAWC

E>56 TeV

E>100 TeV
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Introducing myself
• Tuning the model with HAWC data (above 10 TeV) is not possible to 

have a precise prediction for the AMS-02 positron excess. 
• We should use γ-ray data between 10 GeV to 1 TeV. 
• Fermi-LAT is ideal for this scope: 

• It detects γ rays between 100 MeV to TeV. 
• It covers the entire sky every 3 hours 
• It is observing the sky since more than 10 years.

e+

γ rays

Predictions for the e+  flux from Geminga using HAWC data 

Di Mauro, Manconi, Donato PRD 100, 123015 (2019)



Introducing myselfAnalysis of Fermi-LAT data

• We have performed an analysis of 115 months of Fermi-LAT data for E>8 GeV.  
• Our model with the pulsar proper motion is preferred at least at 4σ significance. 
• We find a 7.8-11.8 σ significance emission from Geminga with a diffusion D(1 

GeV)= 2.3 1026 cm2/s with δ=0.33.

12

See talk by Silvia 
Manconi on December 2

Di Mauro, Manconi, Donato PRD 100, 123015 (2019)
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Introducing myselfICS γ-ray and positron flux

γ rays

e+

γ rays

e+

See talk by Silvia 
Manconi on December 2

Di Mauro, Manconi, Donato 
PRD 100, 123015 (2019)
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Introducing myselfICS γ-ray and positron flux

γ rays

e+

γ rays

e+

See talk by Silvia 
Manconi on December 2

Di Mauro, Manconi, Donato 
PRD 100, 123015 (2019)
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Introducing myselfBrightest predicted halos and HAWC

• We select pulsars from the ATNF with the brightest predicted ICS halo 
above 1 TeV. 

• Most of them are already detected by HAWC!!

Di Mauro, Manconi, Donato PRD 101 (2020) 10, 103035 
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Introducing myselfIs HESS detecting ICS halos?
• Source detected by HESS and classified in TeVCat as PWN or 

Unid. 
• We have a list of 27 sources. 

• We use HESS flux maps in HGPS*. 
• We extract the source surface brightness that we use to calculate 

D0.

*correlation radius of 0.1 and 0.2 deg and 
in maps with a pixel size of 0.02 deg. Di Mauro, Manconi, Donato PRD 101 (2020) 10, 103035 
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Introducing myselfResults for the diffusion coefficient around PWNe

• We find a diffusion coefficient around the PWNe of our sample of 8 1026 cm2/s at 1 TeV. 
• The diffusion coefficient around PWNe is about 2 orders of magnitude lower than the 

value found from CR data. 

• We find that the size of the ICS halo is on average 35 pc.

Di Mauro, Manconi, Donato PRD 101 (2020) 10, 103035 
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X rays produced by synchrotron (sync) radiation

e-

Radio telescopes (GHz)

X-ray telescopes (XMM, Chandra, Swift, ….)

Future experiment concepts

B

γ
γ

γ
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Synchrotron halos calculation

Flux of photons for Sync.

Synchrotron power

Aharonian et al. 2010
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Synchrotron flux from Geminga

• e± that produce the ICS emission at 10 TeV (10 GeV) have the peak of 
Sync flux at roughly 0.1 keV (0.1 eV). 

• The sync halos at X-ray energies are not affected so much by proper 
motion.

• Surface brightness for the synchrotron emission from Geminga and a 
Geminga-like extended halo placed at d = 2.5 kpc from the Earth. 

γe = 1.8 and D0 = 1.5 · 
1026 cm2/s and B=3μG
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Introducing myselfExtension of Geminga sync. halo

• For sources within a few kpc, sync. halos are at least of the size 
of one degree at radio and X-ray energies. 
• This makes the detection of these halos very challenging with 

current X-ray and radio telescopes.

Geminga
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Extension of sync. halos
• We ranked the pulsars from the ATNF catalog according to the 

sync. flux in the XMM energy range. 
• Most of the extensions are of the order of 0.3-0.6 deg.
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Current observations of pulsars and PWNe in X rays

Ruo-Yu Liu et al. ApJ 875 (2019) no.2, 149 
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X-ray observations compared to halo size and HAWC data

Geminga size 
HAWC θ68=2.5 

deg

θ68=2 deg

Geminga size X rays

θ68=0.5 deg

XMM field of 
view 0.55 deg
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• AMEGO, with a field of view of 2.5 sr and a spatial resolution of 
the order of 2 deg, is ideal to detect these halos.
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Introducing myselfGeminga SED from MeV to TeV
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Introducing myselfMost promising pulsars
Considering an efficiency for the conversion of energy into electrons and 
positrons pairs of 1% we find that AMEGO should be able to detect about 30 
synchrotron halos from middle-age pulsars. 
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Introducing myselfConclusions

• Several ICS halos have been already detected at TeV energies by IACTs 
and HAWC. 

• The first ICS halo has been detected also at GeV energies. 

• We showed the limitations of detecting halos at GeV and TeV 
energies. 

• At lower energies Sync halos are challenging to find due to their size 
that is much larger or comparable with X-ray telescopes field of view. 

• The future AMEGO experiment is designed to have a large field of view. 

• AMEGO could detect tens of these halos produced by Synchrotron 
radiation. 

• AMEGO could thus provide key information to estimate the 
contribution of PWNe to the positron excess.
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Introducing myselfBackup slide
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• The engine of a PWN is a pulsar, i.e. a rapidly spinning neutral star (NS).  
• A NS has huge magnetic fields (109-1012 G) which produce wind of particles 

extracted from the NS surface. 
• This wind shines from radio to gamma rays and after a few kyrs interact with the 

SNR reverse shock. 
• The pulsar proper motion and the interaction with the SNR reverse shock 

generate a relic PWN and a bow shock.

Cosmic-ray e± accelerated by PWNe
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Introducing myselfNumber of detectable ICS halos

• An other interesting question is: how many ICS halos current 
and future gamma-ray experiments could detect? 

• We took the pulsars in the ATNF catalog and we calculate the 
predicted gamma-ray flux. 

• We focused the results on HESS, HAWC and CTA.
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Introducing myself
• Geminga has a proper motion of 211 km/s which implies this pulsar 

moves about 70 pc across its age.

Gemings pulsar proper motion
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SED of three sources emitting VHE gamma rays



34

Introducing myselfHESS flux maps
• We selected sources detected mainly by HESS because they released flux maps. 
• The flux is provided for a correlation radius of 0.1 and 0.2 deg and in maps with a 

pixel size of 0.02 deg.  
• We removed sources close to our sources of interests.

Di Mauro et al. arXiv:1908.03216 submitted to PRD
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Introducing myselfSurface brightness data

Di Mauro et al. arXiv:1908.03216 submitted to PRD


