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CR data
• Satellite experiments as well as Cherenkov telescope arrays are measuring 

with unprecedented precision and in a wide energy range the spectrum and 
anisotropy of CRs.  

• The interpretation of this rich dataset is one of the main challenge in 
Astroparticle Physics. 

• This is important to study the emission mechanism of Galactic sources and 
explore new Physics such as dark matter particles.



Introducing myselfOrigin of cosmic rays (CRs)

• Supernova remnants (SNRs) are 
believed to be the major 
accelerators of charged particles up 
to very high energies, via a first-
type Fermi mechanism.  

• Pulsar wind nebulae (PWNe), 
rapidly spinning neutron stars with 
a strong surface magnetic field, are 
considered to be among the most 
powerful sources of electrons and 
positrons in the Galaxy. 

• Secondary production: secondary 
CRs originate from the spallation 
reactions of primary CR species 
with the interstellar material. 

Crab Nebula pulsar 
wind nebula optical 
(HST, NASA/ESA)

Cassiopea A 
supernova remnant 
optical (HST, NASA/
ESA)

Proton interaction 
with helium
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Introducing myselfCR acceleration mechanism in SNRs

• The acceleration of Galactic CRs takes place after the explosion of 
a supernova (1051 erg). 

• A supernova (SN) shell is generated right after the explosion and 
expands in the ISM at 10% of the speed of light.  

• CRs are accelerated up to very-high-energy in the SN shell through 
the Fermi mechanism (known also as diffusive shock acceleration).
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Introducing myselfFermi mechanism (diffusive shock acceleration)
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https://www.youtube.com/watch?v=C3ue7cEocvI



Introducing myselfCR e± acceleration in PWNe
• 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 components.
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Introducing myself

7

• 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.

CR e± acceleration in PWNe
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Crab nebula

SNR

PWN



Introducing myselfPropagation of CRs in the Galaxy
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• After CR particles are accelerated from the source, they travel in the Galaxy 
and they do what is called propagation. 

• CRs lose energy through the interaction with the Galactic magnetic fields 
and inverse Compton scattering with the ISRF. 

• Charged CRs are also deflected by the Galactic magnetic fields (diffusion).



Introducing myselfPropagation of electrons and positrons
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Current conservation equation:

• The source term Q is the number of electrons and positrons 
emitted from the Galactic source (SNRs or PWNe). 

• The operator D takes into account the phenomenon of the 
propagation: 
• energy losses dE/dT=b(E) 
• diffusion K(E) due to the motion of CRs in the irregularities 

of the Galactic magnetic field.



Introducing myselfDeriving propagation parameters
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• The propagation zone is modeled as a cylinder of radius Rdisk≃20 kpc, a vertical 
half-height of L≃1−15 kpc and a disk, which has a vertical extent of zdisk≃0.1 kpc. 

• These parameters and the diffusion                                         are derived by fitting 
CR data (e.g., B/C ratio).   

• The diffusion has been derived to be of the order of 1028 cm2/s at 1 GeV and 
be stronger along the spiral arms.

zdisk
Rdisk

Lhalo
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Compton scattering
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Inverse Compton scattering

Thomson limit: low photon energy, ε′ ≪ mc2

Electron energy 0.5 GeV
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Electron energy loss for ICS

• TCMB = 2.7 K and ECMB= 2.3 10-4 eV 
• TIR = 20 K and EIR= 2.4 10-3 eV  
• TSL = 5000 K and ESL= 3.5 10-1 eV
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Other Electron energy losses

• Bremsstrahlung: This process, also called braking radiation, occurs when 
an electron or a positron is accelerated by the electric fields associated with 
interstellar ions or nuclei. 

• Ionization losses: Relativistic charged particles moving through a material 
medium interact with electrons belonging to atoms in that same material: 
the interaction thus excites or ionises the atoms. 

• Coulomb scattering: Coulomb collisions in a completely ionised plasma 
are dominated by scattering off the thermal electrons.

Synchrotron radiation



16

Total electron energy losses

At energy > 100 GeV 
b(E) = 5 10-17 E2



γ-rays = CRs x ISM (or ISRF) 

Fermi-LAT (2008-present) 
2.4π sr, 20 MeV-1 TeV

The study of interstellar emission from distant sources is a powerful 
probe for the CR production and propagation in the Galaxy
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Gamma-ray production from CRs
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• Fermi-LAT has detected 39 SNRs so far (FL8Y). 
• 27 of them have been detected as extended. 
• SNRs are thought to be the main accelerators of Galactic CRs.

Fermi-LAT ApJs, V. 224, N. 1

SNRs detected by Fermi-LAT



19Ackermann+13, Science 339, 807

• A direct signature of acceleration of high energy protons from SNRs is 
provided by gamma rays generated in the decay of neutral pions (π0) 

• p-p collisions create π0 mesons which usually quickly decay into 2γ 
each having an energy of 67.5 MeV. 

• The LAT team published evidence for the characteristic pion-decay feature 
in the gamma-ray spectra of two SNRs, IC 443 and W44.

Evidence of hadronic acceleration in SNRs
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• For most of the SNRs detected in gamma rays both the hadronic and 
leptonic mechanism can explain the spectrum. 

• It is important to have also X-ray and radio data to try to disentangle 
between the two mechanisms.

Hadronic or lepton origin

SNR PUPPIS A, ApJ. 843 (2017) no.2, 90 
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• For most of the SNRs detected in gamma rays both the hadronic and 
leptonic mechanism can explain the spectrum. 

• It is important to have also X-ray and radio data to try to disentangle 
between the two mechanisms.

Hadronic or lepton origin

SNR PUPPIS A, ApJ. 843 (2017) no.2, 90 
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Origin of CR 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 ICS
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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
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Geminga and Monogem surface brightness

• HAWC measured the surface brightness, i.e. the flux in different annuli 
around the source. 

• Using the surface brightness data we can find the diffusion coefficient around 
these two PWNe. 

• 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
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Geminga and Monogem surface brightness

• HAWC measured the surface brightness, i.e. the flux in different annuli 
around the source. 

• Using the surface brightness data we can find the diffusion coefficient around 
these two PWNe. 

• 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

1026 cm2/s at 1 GeV

https://doi.org/10.1126/science.aan4880
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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 et al. arXiv:1903.05647
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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 et al. arXiv:1903.05647



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.

29
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Introducing myselfICS γ-ray and positron flux

γ rays

e+

γ rays

e+
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Introducing myselfConclusions and open questions
• Conclusions: 

• SNRs accelerate CRs. 

• Geminga (and Monogem) are confirmed to produce e+ and e- and so they 
contribute to the e+ excess. 

• The diffusion around Geminga and Monogem is two orders of magnitude 
smaller than the average of the Galaxy. 

• Open questions: 

• It is still not clear what is the dominant mechanism that produces gamma 
rays in CRs. 

• Do all PWNe produce e+ and e- and at which efficiency? 

• Are all PWNe embedded in a low-diffusion bubble? 

• How large is the low-diffusion bubble? 

• Should we include in the propagation of CRs the presence of these 
bubbles? 

• …….
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What’s next?

• In order to answer the open questions, we need to find more 
ICS halos. 

• We have to find a promising list of pulsars to analyze. 

• We can inspect the gamma-ray energy and pulsar 
characteristics (distance, age) that are more promising to 
detect ICS halos. 

• We calculate the extension and the flux of ICS halos around 
Galactic pulsars.
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Introducing myselfICS halo extension

• If D is larger than 1027 cm2/s 
most of ICS halos would be 
undetectable by IACTs and 
HAWC. 

• In the Fermi-LAT energy range 
even with a low D, most of the 
pulsars would have a very 
extended ICS halo. 

• If we will find an extension for 
the halos of the order the 
degree at TeV energies D 
must be of the order of 1026 
cm2/s.
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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 myselfEffect of the size of the low-diffusion bubble on the ICS halo extension

d = 1 kpc and T = 100kyr

Eγ = 1 TeV Eγ = 10 GeV

Eγ = 1 TeV

One

1026 cm2/s
1028 cm2/s

rb
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Introducing myselfEffect of pulsar proper motion on the ICS halo extension

Eγ = 1 TeV
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Introducing myselfContribution of PWNe to the positron excess

• We can now use the results for D and the constraints for the size of the low-
diffusion bubble to provide predictions for the PWNe contribution to the positron 
excess. 

• We calculate this with different values of rb. 

• Increasing rb lowers the high-energy part of the flux. 

• With an efficiency of 10% and a spectrum index of 1.9 PWNe can explain entirely 
the positron excess.
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Introducing myselfConclusions

• PWNe are among the major acceleration of CRs in the Galaxy. 

• An excess of positron is present above 10 GeV. 

• Analyzing HAWC and Fermi-LAT data we found that Geminga is 
probably one of the major contributor of the positron excess. 

• Around PWNe there could be low-diffusion bubbles with D=1027 
cm2/s at 1 TeV and a size of at least 35 pc. 

• PWNe can explain entirely the positron excess with an efficiency 
of about 10%. 

• In order to confirm this hypothesis we need to analysis Fermi-
LAT, HESS and HAWC data. 

• More will hopefully come in the future….
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Introducing myselfBackup slide
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Gamma rays produced by IC: calculation 

γ rays from IC:

Electrons and positrons emitted by a PWN

Spectrum of IC γ rays produced by an electron.
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Introducing myselfSystematic studies

• We calculated the flux for burst-like and continuous and 
for different values for τ0 (0.1, 1.0, 12 kyr). 

• We tested Genolini et al. 2017 propagation mode. 

• Magnetic field of 5 µG. 

• ISRF models from Porter 2006 and Genolini 2016. 
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Introducing myselfNull hypothesis TS distribution

• We took our ROI and simulated the model (without the Geminga and 
Monogem ICS templates). 

• We ran 1000 simulations with Fermipy and re-launched our analysis. 

• The TS distribution of the two ICS are compatible with the chi-
square distribution.
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Introducing myself
• We made previously an analysis with templates for the ICS that are 

spherically symmetric.

Template for the ICS from Geminga
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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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Introducing myself
• Monogem on the other hand is much younger and has a proper 

motion of 50 km/s. 
• We implemented the Geminga pulsar proper motion in our 

calculation by changing 

Effect of proper motion for Geminga and Monogem

Geminga Monogem



47

Introducing myselfResults

Off: FSSC IEM 
Alt: IEM used in the first 
SNR catalog 
GC: IEM model of the 
Fermi-LAT analysis of the 
GC

*

*



48

Introducing myselfOther tests

• We performed other two tests. 
• Systematics of the PSF (5% at 10 GeV) can generate residuals in the 

directions of extremely bright sources. 
• We ran the analysis using Geminga halo templates (with efficiency 

and D free to vary) in the direction of the following sources:  
• Vela PSR, 3C454.3, PSR J1836+5925, PSR J1709-4429 (>100 

MeV)  
• PG 1553+113 and Mkn 421 (>10 GeV). 

• We find a TS of at most 2. 
• We run the analysis with a 50x50 deg2 ROI finding results for TS and 

D that are perfectly compatible with the one reported before. 
• In addition to those checks the correlation coefficient between the 

isotropic template and the Geminga ICS halo that is -0.28 meaning that 
there is a weak anti correlation between them.
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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.
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Introducing myselfTesting the flux maps

• Since the maps contain redundant information for the flux, we need to 
demonstrate they can be reliably used for spatial source extension analysis. 

• We calculate the extension using a gaussian shape and compare it with HESS 
catalog. 

• Most of the our results are compatible within 1σ.

Rc=0.1deg
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Introducing myselfSurface brightness data
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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. 

• There is no clear difference between ‘old’ and ‘young’ pulsars. 

• The diffusion coefficient around PWNe is about 2 orders of magnitude lower than the 
value found from CR data.
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Introducing myself
• We find that the size of the ICS halo is on average 35 pc. 

• The trend with the age is compatible with models of PWN evolution. 

• The size of the low diffusion bubble should be larger than that.

Results for the size of the ICS halos

HESS 1825-137
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Introducing myself
• We also tried to use the results for the flux released in the HESS catalog to find 

the efficiency. 

• However, gamma-ray data above hundreds of GeV are produced by electrons 
and positrons spectrum above 1 TeV. 

• The efficiency values we find are heavily affect by extrapolations. 

• We need to analysis Fermi-LAT data to constrain more effectively the efficiency.

Results for the efficiency
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Introducing myselfConsequences for the propagation of CR electrons

• The presence of a low-diffusion bubble might affect significantly the propagation 
of electrons in the Galaxy. 

• A size rb>100 pc makes the total volume of low-diffusion bubble around Galactic 
pulsars to be at least few % of the total propagation volume.


