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Galactic sources  
 

Astrophysical sources of cosmic rays 
Paris-Saclay ISAPP school 



Who am I?
Presentation

10-4 eV 1 TeV1 GeV100 MeV1 keV



High energy astrophysics 
To radiate high-energy gamma-ray, particles (electrons and hadrons) have to be accelerated to TeV energies or 
more: 

•  huge gravitational, magnetic and electric fields


•  very dense background radiation


•  relativistic bulk motions (black hole jets and pulsar winds) shock waves (SNRs), highly excited (turbulent) media, etc…


•  Involves rich interdisciplinary teams


• Generates new statistical problems (very large and very small number of events)


• Is one of the most attractive topics to reach the general public 


 
Includes: X-ray astronomy, g-ray astronomy (MeV-TeV), neutrino astronomy, gravitational wave astronomy, cosmic 
ray astrophysics, and cosmology.



Research topics in VHE  (Galactic science) 
Content of the course 

• Acceleration and propagation of CRs 

• Galactic CRs : Luminosity, maximum energy, propagation  
                        Hadronic accelerator 
                        Leptonic accelerators 


• Understanding the media in which CRs propagate 

• Targets: Clouds and photon fields


• Prospects in Galactic physics
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Why are CRs important for the Galaxy? 



Galactic gamma-ray disk: not only due to the presence of many (relatively) nearby discrete 
sources, but  also due to diffuse emission resulting from the interaction of cosmic rays 
(mostly p's) with the interstellar medium (ISM), e.g. atomic H, molecular clouds


Basic Component of the ISM: 

Matter, GCRs and GMF 

Dynamic balance processes triggers instabilities in 
the Galaxy structure

 
ωCR                         ~1 eV/cm3

 
ωB = B2/8π              ~1 eV/cm3

 
ωturb gas = ρgas v2turb ~1 eV/cm3 







The Quest Cosmic Rays: a driver for the high energy domiain

In 1912, after 9 balloon ascents to record 
ionisation levels,Victor Hess concluded that 

“A radiation of very high  penetrating power 

enters our atmosphere from above”.

The newly discovered radiation was 
dubbed “cosmic” by Robert A. Millikan in 
1925.

In 1936, Victor Hess was awarded with the 
Nobel Prize for his discovery.
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The Quest Cosmic Rays: a driver for the high energy domiain

In 1912, after 9 balloon ascents to record 
ionisation levels,Victor Hess concluded that 

“A radiation of very high  penetrating power 

enters our atmosphere from above”.

The newly discovered radiation was 
dubbed “cosmic” by Robert A. Millikan in 
1925.

In 1936, Victor Hess was awarded with the 
Nobel Prize for his discovery.
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CRs



The presence of a knee and the 
change of chemical composition 
around it have stimulated the idea 
that the bulk of CRs originates within 
our Galaxy.

Cosmic ray Spectrum

same plot x E3

Ankle



Source population that can provide the correct luminosity ~ 1eV/cm3

Cosmic ray Spectrum

Acceleration of particles up to knee (~3 PeV ~3x1015 eV)

Diffusion in the Galaxy



CRs Luminosity 
CR Energetics 
  - Energy Density of CRs uCR~1 eV/cm3

  - Volume of the Galaxy Vgal = π Rdisk2(2h) ~ 3x1011 pc3 ~107 cm3  
  - Luminosity L=uCR*Vgal/tCR 
 - Isotropic in the Galaxy 
 
  - If we measure the CR confinement time (nuclear abundance) 
tCR~107 yrs: 
    L=uCR*Vgal/tCR = 5x1040 erg/s
 

We need Galactic accelerators that can provide the right energy budget, up to PeV energies, at the required rate to make the 
distribution homogeneous.

ü L=uCR*Vgal/tCR = 5x1040 erg/s
ü Homogeneity 
ü Up to PeV energies 



CRs Maximum energy
What is the maximum energy a particle can reach in a Galactic source? 
• Acceleration is always (expect for non-ideal cases) carried out by an electric field
• For a particle with charge q, moving a distance L 
      

• We can define the acceleration efficiency as:
  

then: 

L = Size of the source 
B = Magnetic field in the source

E = q | ⃗E |L

η = ⃗B / ⃗E

E = qηBL

This two value will define the maximum energy

Hillas criterium



Emax ∝ u R B

Velocity
Radius

Magnetic Field

We can derive the same condition considering confinement:  
the Larmour radius should be smaller than the size of the accelerator

CRs Maximum energy
Hillas criterium



CRs Maximum energy
Hillas criterium



CRs Maximum energy
Hillas criterium

Does this solve the problem then?



Diffusion in the Galaxy



Diffusion in the Galaxy



wait but, CRs are charged particles!



wait but, CRs are charged particles!



wait but, CRs are charged particles!
Non-thermal high-energy radiation processes



Radiation Mechanisms

Synchrotron-Curvature


e± + B ⇒ Υ + e±lowerE  



Radiation Mechanisms

Inverse Compton


e±HE + ΥLE ⇒ e±lowerE + ΥLE 

b = 4EeET/m2c4

b<<1 Thompson Regime

b~1 Klein-Nishina Regime

• Thompson approximation (no relativistic):  𝟇 ~ E-(s+1)/2

•  Klein-Nishina approximation (relativistic):   𝟇 ~ E-(s+1)



Radiation Mechanisms

Inverse Compton


e±HE + ΥLE ⇒ e±lowerE + ΥLE 
B2

b = 4EeET/m2c4

b<<1 Thompson Regime

b~1 Klein-Nishina Regime

• Thompson approximation (no relativistic):  𝟇 ~ E-(s+1)/2

•  Klein-Nishina approximation (relativistic):   𝟇 ~ E-(s+1)



Radiation Mechanisms

Bremsstrahlung

 
e±  + N(e) ⇒ e’ γN(e)  , Eγ~1/2 Ee

 
Regions of high density: 
Galactic Center, dense clouds, SNRs

	    	  
Pair Production: γN(e)  → e+e- N(e)  


  e+e- annihilations: e+e- → γ γ (511 keV line)




Radiation Mechanisms

Proton-Proton

 
   

 
p + p → πo+ 𝛘 + … + 𝛑±     

↳ 𝛾 + 𝛾 ↳ ντ + νe

↳ e+,e-



Radiation Mechanisms
Radio X-rays

GeV 
(Satellites)

TeV (Ground-
based indirect 

detectors)



Radiation Mechanisms
Radio X-rays

GeV 
(Satellites)

TeV (Ground-
based indirect 

detectors)



Radiation Mechanisms
Radio X-rays

GeV 
(Satellites)

TeV (Ground-
based indirect 

detectors)



Radiation Mechanisms
Radio X-rays

GeV 
(Satellites)

TeV (Ground-
based indirect 

detectors)



Radiation Mechanisms
Radio X-rays

GeV 
(Satellites)

TeV (Ground-
based indirect 

detectors)



Radiation Mechanisms
Radio X-rays

GeV 
(Satellites)

TeV (Ground-
based indirect 

detectors)

Which Instruments?



Current HE & VHE Instruments

VERITAS

MAGIC II

HESS II

AGILE

FermiLAT

Satellites 
 
Energy range 100 MeV-100 GeV 
Area ~ 1 m2 

Background ~ Diffuse gamma 
Angular Resolution ~1-0.1° 
Aperture ~ survey 
Duty cycle >95% 

Air Cherenkov Telescopes 
 
Energy range 0.05-50 TeV 
Area > 104 m2 

Background Rejection > 99% 
Angular Resolution ~0.05° 
Aperture 0.003 sr 
Duty cycle 10% 

Water Cherenkov Telescope 
 
Energy range 1-100 TeV 
Area > 104 m2 

Background Rejection > 95% 
Angular Resolution ~0.3-0.7° 
Aperture > 2 sr 
Duty cycle 90% 

HAWC

LHAASO
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Major HE/VHE Instruments



CR Accelerators - hadronic 



Hadronic CRs

http://tevcat.uchicago.edu/
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Hadronic CRs

http://tevcat.uchicago.edu/
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Dominant process? 



H.E.S.S. Galactic Plane Survey (HGPS)

28

The Galactic Plane in Gamma-rays

• Published data (~2700h)  
https://www.mpi-hd.mpg.de/hfm/HESS/hgps/ 


• For some regions - new data with improved array up to x3 observation time

https://www.mpi-hd.mpg.de/hfm/HESS/hgps/


Galactic Population

29

LA~ 1.5 LB

The H.E.S.S. GPS



The standard paradigm: SNRs
CR Accelerators

• Energetics 
Ekin = 1051 erg 
τ ~ 2-3 year 
LSN = 1051 / τ = 6x1041erg/s => 10% into CRs should be sufficient 


• Maximum energy 
vsh ~ 103 km/s, B ~few mG => Emax ~ 1017 eV 

ü L=uCR*Vgal/tCR = 5x1040 erg/s
ü Homogeneity 
ü Up to PeV energies 
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Young (bright TeV) SNRs
Decaying = Synchrotron Cooling
tsyn ~ 1/5 BmG-1.5EKeV-0.5 years
B ~ 1 mG

Brightening = Electrons 
Acceleration

tacc~ ηBmG-1.5E0.5V3000 years
B ~ 1 mG (η~1)

Uchiyama et al, 2017



The standard paradigm: SNRs
CR Accelerators

• Energetics 
Ekin = 1051 erg 
τ ~ 2-3 year 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LA~ 1.5 LB

CRs accelerators: SNRs
Historical SNRs
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LA~ 1.5 LB
Prokhorov et al, ICRC 2021

HESS Coll, 2016

HESS Coll, 2010

HESS Coll, 2018

CRs accelerators: SNRs
Historical SNRs
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LA~ 1.5 LB
Prokhorov et al, ICRC 2021

HESS Coll, 2016

HESS Coll, 2010

HESS Coll, 2018

MAGIC Coll, 2014

MAGIC Coll, 2017 
VERITAS Coll, 2019

VERITAS Coll, 2017

CRs accelerators: SNRs
Historical SNRs



CRs accelerators: SNRs
We see TeV gamma-ray shells But energy cutoff at a few tens of TeV, 

where are the PeV CRs?
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CRs accelerators: SNRs tsyn ~ 1/5 BmG-1.5EKeV-0.5 years

tacc~ ηBmG-1.5E0.5V3000 years



CRs accelerators: SNRs

R =  √2Dtcool



CRs accelerators: SNRs



CRs accelerators: SNRs

Hadronic or leptonic? 



CRs accelerators: SNRs
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CRs accelerators: SNRs

Morphological and High resolution spectroscopic Studies


Looks like it in some old SNRs at low energies, but still, no trace of PeV energies
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CRs accelerators: SNRs

Morphological and High resolution spectroscopic Studies


Looks like it in some old SNRs at low energies, but still, no trace of PeV energies



CRs accelerators: Stellar clusters
• Other accelerators - Old massive Stars (wind-wind, clusters, collective effects)
• Energy reservoir ~1038-39 erg over ages of T≥106 years
• In the GeV range: huge structures covering few degree

Knowing the matter, we can derive the CR image: 
Planck free-free (HII) and CfA (CO) maps in the [-11,21] km/s.



CRs accelerators: Stellar clusters
• Other accelerators - Old massive Stars (wind-wind, clusters, collective effects)
• Energy reservoir ~1038-39 erg over ages of T≥106 years
• In the GeV range: huge structures covering few degree - too large for leptonic emission

Knowing the matter, we can derive the CR image: 
Planck free-free (HII) and CfA (CO) maps in the [-11,21] km/s.



CRs accelerators: Stellar clusters
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CRs accelerators: Stellar clusters
• What do we see in the VHE with Cherenkov instruments? Look at the most massive SC 
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Ec =400(+250-130) TeV   
Wp ~ 5x1049 (n/10cm-3)(d/3.9 kpc)2 erg

Westerlund 1

• Complex morphology

• Similar spectra along the 1o  (70 pc at 3.9 kpc) source & similar radial 

profile at different energies

• Dip in the surrounding of Westerlund 1

• Spectrum extends to 100 TeV



CRs accelerators: Stellar clusters
• What do we see in the VHE with Cherenkov instruments? 

Cygnus Region



CRs accelerators: Stellar clusters

• If PeVatrons: where are particles accelerated and how? 
• LHAASO results >> 100 TeV!
• To be continue… 



CRs accelerators: Galactic Center

• Energetics - Outburst-like event /slow outflows 
 
Ekin = 3x1054 erg 
LIR ~ 1.6x1042 erg/s


• Is there any indication of such behaviour? 



CRs accelerators: Galactic Center

Correlation with clouds => hadrons ? 

• In the TeV regime:



CRs accelerators: Galactic Center

Correlation with clouds => hadrons ? 

• Parent proton population up to 1 PeV: first detection of a PeVatron
• Constant injection and diffusion for > 1 kyrs• In the TeV regime:
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CRs accelerators: Galactic Center

Correlation with clouds => hadrons ? 

• Parent proton population up to 1 PeV: first detection of a PeVatron
• Constant injection and diffusion for > 1 kyrs



CRs accelerators: Galactic Center

Correlation with clouds => hadrons ? 

• In the GeV regime:



Scale	of	the	Fermi	bubbles



eROSITA (0.6-1 keV)





• We see a large number of unidentified sources

CRs accelerators - other hadronic accelerators?



• We see a large number of unidentified sources

CRs accelerators - other hadronic accelerators?

Γ ≅1.5

Γ ≅2.6

If hadronic => Ec (Γp=2) > 0.83 PeV                ((1.7)0.55 PeV, (2.3)1.16 PeV)  
                   => Wp (Ep>1 TeV) > 1.8x1047 erg

 
If leptonic  => Ec (Γe=2) > 0.12 PeV                ((1.5)0.06 PeV, (2.5)0.52 PeV)  
                   => We (Ep>1 TeV) > 8.1x1045 erg




• We see a large number of unidentified sources

CRs accelerators - other hadronic accelerators?

Γ ≅1.5

Γ ≅2.6

If hadronic => Ec (Γp=2) > 0.83 PeV                ((1.7)0.55 PeV, (2.3)1.16 PeV)  
                   => Wp (Ep>1 TeV) > 1.8x1047 erg

 
If leptonic  => Ec (Γe=2) > 0.12 PeV                ((1.5)0.06 PeV, (2.5)0.52 PeV)  
                   => We (Ep>1 TeV) > 8.1x1045 erg


Any other population that can accelerate protons? 



CR Accelerators - leptonic 



CRs accelerators - leptonic accelerators
Physic of Compact objets 



CRs accelerators - leptonic accelerators
Pulsars and Compact Objects



Compact objects: GeV and TeV Pulsars



Compact objects: GeV and TeV Pulsars

How do we identify pulsars? 



High energy radiation from pulsars
Radiation mechanisms

Rotating B-field 
Magnetic reconnection 
Poynting fluxes

Pulsars



High energy radiation from pulsars
What have we learnt? 

69

Super-exponential cutoff 
(magnetic absorption)

Exponential cutoff (photon-
photon absorption)



High energy radiation from pulsars
What have we learnt? 

70

• Not super-exponential  
    


• Not large differences for different 
magnetic fields 
 
=> Up in the magnetosphere 
     

• Evolution of the peaks  
     => Caustic of different size?

• Deficit at <1 GeV when assuming 
pure curvature radiation  
     => synchrotron contribution?

and much more about LCs and transitional behaviour… 

MAGIC Collaboration 2008

LAT Collaboration 2008

Leung et al 2014



High energy radiation from pulsars
Surprises at TeV energies

71

• A number of bright pulsars detected in the TeV regime 
     

Young, bright GeV pulsar (~103 yrs)

High magnetic field (~5x106-9 G @ LC)

Large low-energy photon field (FIR)

Simultaneous light curve across the em spectrum

Old, bright GeV pulsar (~104 yrs)

Low(er) magnetic field (~5x105 G @LC)

Large low-energy photon field (FIR)


GemingaPSR B1706-44

Crab & Vela



High energy radiation from pulsars
Surprises at TeV energies

72

A number of bright pulsars detected in the TeV regime
Where is the emission produced? 
How much can pulsars accelerate?  
     



High energy radiation from pulsars
Is there any common trend? 

73

• The light curve in the GeV and TeV agree and we observe the same tendency (i.e. peak ratio, width evolution) 
=> Same electron (e±) population 


• Sizeable low energy photon fields 
=> susceptible of being up-scattered to high energies


• The exponential cutoff seems to be favoured  
=> A clear second component = Inverse Compton on soft photon fields




High energy radiation from pulsars
Is there any common trend? 

73

• The light curve in the GeV and TeV agree and we observe the same tendency (i.e. peak ratio, width evolution) 
=> Same electron (e±) population 


• Sizeable low energy photon fields 
=> susceptible of being up-scattered to high energies


• The exponential cutoff seems to be favoured  
=> A clear second component = Inverse Compton on soft photon fields


• Inverse Compton in Thomson regime if b<<1  
b ≈ 15 Ee,TeVEtarget_ph,eV  
=> Klein-Nishina regime dominant (1-20 TeV) 
 
Two implications for the electron spectrum 
E = Γmec2 

 

=> Γ = 4 x 107 (20 TeV) 
=> Γ = 2 x 106 (TeV)


~0.3 eV



High energy radiation from pulsars
The underlying electron population

74

• Inverse Compton: only depends on the photon field (known) and electron 
population


• Same electron population produces GeV (same light curve)

• GeV emission can be attributed to: 

 
 
Curvature radiation (CR) 
Synchrotron emission (SYN)  
non-ideal MHD plasma to go beyond ~160 MeV!




magnetospheric models

• Within the magnetosphere (or rather within the gaps): 
Electrons are accelerated in gaps through E|| = ηB 
HE => CR radiation 
VHE => IC on low-energy photon target

75

High energy radiation from pulsars
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magnetospheric models

• Within the magnetosphere (or rather within the gaps): 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HE => CR radiation 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High energy radiation from pulsars



magnetospheric models

• Within the magnetosphere (or rather within the gaps): 
Electrons are accelerated in gaps through E|| = ηB 
HE => CR radiation 
VHE => IC on low-energy photon target

76

−
dE
dt

=
2
3

e2c
R2

c
Γ4

e

−
dE
dt

= e c η B }gain rates

energy loss

Γe ≈ 4.2 × 107 ξ1/2η1/4
−1

 => RC = ξRLC = ξ(cP/2π) ξ > 1

Γe = 4 x 107 (20 TeV) from TeV 

Using Vela values

Acceleration & Emission beyond the magnetosphere

η ⪅ 10 %

High energy radiation from pulsars



striped wind models

• Beyond the magnetosphere: 
Electrons are accelerated in the wind through magnetic reconnection in the 
current sheet (CS) 
HE => SYN emission on the CS 
VHE => IC emission on the CS

77
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High energy radiation from pulsars
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Electrons are accelerated in the wind through magnetic reconnection in the 
current sheet (CS) 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High energy radiation from pulsars
Surprises at TeV energies

79

A number of bright pulsars detected in the TeV regime
Where is the emission produced? 
How much can pulsars accelerate?  
     

The maximum energy:

The magnetic density is a fraction of 
the pulsar wind energy flux:

Then the Emax:

and if CMB (only target >100 TeV)



LHAASO Observed ~10 PeVatrons - 9 have a bright pulsars associated
Cao et al, 2021





Compact in binary systems
Photon field enhanced by the massive 
companion - modulated emission! 



Compact object in binary systems
High Energy Binary
GeV and TeV often uncorrelated: 
*  Max of orbital light curve
* Two spectral components
* Flares and rich phenomenology



Compact object in binary systems
High Energy Binary Microquasars 
GeV and TeV often uncorrelated: 
* Max of orbital light curve
* Two spectral components
* Flares and rich phenomenology

Black hole + massive companion
GeV detection associated to X-ray 
activities
GeV/TeV detection associated to jets

Li et al, 2020

precessing with a period of 162.250 days
∼20  pc







Compact object in binary systems
High Energy Binary Microquasars Novae 
GeV and TeV often uncorrelated: 
* Max of orbital light curve
* Two spectral components
* Flares and rich phenomenology

Black hole + massive companion
GeV detection associated to X-ray 
activities
GeV/TeV detection associated to jets

GeV Detection of a few
First TeV detection of RS Oph



Compact object in binary systems
Novae 
What are novae? lots of different kind of novae
• Luminous red novae  -  probably stellar mergers
• Dwarf novae - eruption on accretion disks in cataclysmic variables
• Kilonova - neutron star mergers 
• Classical novae - thermo-nuclear explosions from outer layers of accreting 

white dwarfs WD
• Massive WD => fast ejecta with low ejecta mass
• Low-mass WD => opposite



Compact object in binary systems
Novae 



Compact object in binary systems
In the GeV band: 

•Transitional ms-pulsar: a game between rotational <=> accretion 



Compact object in binary systems
In the GeV band: 

•Transitional ms-pulsar
•Glitching pulsars



The most numerous population in the Galaxy

Accelerators: Pulsar Wind Nebulae



Accelerators: Pulsar Wind Nebulae

The archetype: the Crab nebula  
 
Bright in many wavelength   
 
Different size <=> Different electron population

10’’ = 0.3 ly



Accelerators: Pulsar Wind Nebulae
Physic of Compact objets 



Accelerators: Pulsar Wind Nebulae

10 GeV 300 GeV

10 TeV 100 TeV

Physic of Compact objets 



• Energetics: 
Syn => Depends on the magnetic field  


 
    IC => Depends on the photon field        

·Esyn = −
4
3

UBcγ4

·EIC = −
4
3

Uphcγ2

Sum of the electric fields  
of the incident waves

Motion of an electron in a 
Bfield

L1

L2
=

UB

Uph
=

B2

8π

ωCMB + ωFIR + ωNIR + ωSYN

LIC

Lsyn
≈ (

B
3μG

)−2

For CMB

B~ 100 uG

Young PWNe
Accelerators: Pulsar Wind Nebulae







  Excellent correlation with X-rays (large size compensates sometimes the 
  relatively poor  angular resolution ~0.1deg

Crab(x1034 erg
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Detection of HESS J1554-550

• TeV emission spatially 
coincident with the PWN

• No emission from the 
SNR’s shell

• Slightly extended source 

• Centroid shifted with 
regards to the PSR position

Gamma-ray excess map
Radio contours @ 843 MHz

PSR position

0.1°

Morphology

• 46h of observation
• Model analysis method [3]
• Peak significance: 8 sigmas

HESS observations

[3] de Naurois & Rolland, 2009

7

Reverse shock ?

• The centroid of the γ-ray emission is compatible with the radio blob

Possible physical scenario

Radio MGPS
X-ray XMM
 0.5-6  keVγ-ray
excess
γ-ray 
centroid

PSR

Acero et al  2011

Very low magnetic fields when comparing with Lx ~ few uG => Far from equipartition 
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Shrinking towards high energies 

But keep in mind for old systems we mixed:
Inverse Compton cooling time
Diffusion
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Evolved PWNe
Accelerators: Pulsar Wind Nebulae
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Hofmann 2009

Spectral variation with distance from the pulsar could result from: 
* energy loss of particles during propagation, with radiative cooling of 
electrons propagating outward from the pulsar termination shock 

* energy dependent diffusion or convection speeds  

* variation of the shape of the injection spectrum with age of the pulsar 
which, after propagation, translates into a spatial variation of spectra.

If α = electron index -> synchrotron cooling (τsyn ~400 B-2GE-1TeV s )   
Δα = 1   → ΔΓ = 1/2   

Evolved PWNe
Accelerators: Pulsar Wind Nebulae
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Halo - Studying the diffusion of particles in the Galaxy

Accelerators: Haloes

D ~ 4.5 x 1027 cm2/s  
(mean value in the ISM is ~1030 cm2/s)
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Propagation of CRs 

http://tevcat.uchicago.edu/

0.1 - 1 GeV

1 - 10 GeV

10 - 100 GeV

100 - 1000 GeV
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Propagation of CRs 

longitude:	200º	to	260º																latitude:	22º	to	60º	(+	&	-)

The	measured	integral	g-ray	emissivity	is	(1.63±0.05)×10−26 photons	s−1sr−1 H−atom−1

and	(0.66	± 0.02)	× 10−26 photons	s−1sr−1 H−atom−1 above	100	MeV and	above	300	MeV,	
respectively,	with	an	additional	systematic	error	of	~10%.

Þ this	implies	that	the	flux	of	CR	nuclei	within	1	kpc	is	consistent	within	10%	
with	the	one	measured	locally	at	the	Earth

Residual	g -ray	intensity	(0.1	- 10	GeV)	exhibits	a	linear	
correlation	with	the	atomic	gas	column	density.

isotropic	(extragalactic?)	component

Abdo et	al.,	ApJ,	703,	1249,	2009 enhancement	factor	from	CRs	heavier	than	p
ê

Understanding the ISM / photon fields & the molecular content

The gamma-ray intensity exhibits a linear correlation with the atomic gas column density  
The flux of CR nuclei is consistent (10%) with 1 kpc with the one measured locally at the 
Earth 



Propagation of CRs 
Understanding the ISM / photon fields & the molecular content

Using massive clouds are barometers for determine the pressure (energy density) of CRs
Large number of photons to determine the spectrum with accuracy
Nearby and dense clouds



Propagation of CRs 
Understanding the ISM / photon fields & the molecular content

Planck (CO)

CO

Target [p] CRs [p]
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CO
LAT

Target [p] CRs [p]



Propagation of CRs 
Understanding the ISM / photon fields & the molecular content

Yang, EOW, Aharonian 2014

• > 20 GeV: good agreement with CR spectrum measured at Earth
• Low energy part shows differs from cloud to cloud (deviating for pure power law) 
• Related to different environment (local acceleration, low CR penetration effects, modulation effects?)



Using molecular clouds as barometers
Peron et al 2021

• Probing the CRs at different location far for us
• Analysis of molecular clouds provide localized
information on the CR spectrum far from Earth
• Results from GMCs show deviations from the local
emissivity only in the inner Galaxy, around 4-6 kpc. The
deviations are fluctuating, discouraging a global variation



Galactic science in extragalactic objects

• HE gamma-ray emission from star burst 
Galaxies SBGs and nearby ordinary 
galaxies (Magellanic clouds, M31) scales 
quasi-linearly with Star Formation Rates 
(SFR) derived from IR observations 

• Also correlates with radio continuum (from 
CR electrons)



Prospects for the upcoming years



The Multi-wavelength approach to astrophysics

PeV MeV - GeV GeV - > 100 TeV

eASTROGAM

DAMPE

AdePT

HERD

….

SWGO

LHAASO++
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Galactic Physics with CTA

Boosting:
- Increase sensitivity by up to a factor ~6 at 1 TeV 
- Increase the detection area for transients and at the 
highest energies 
- Increase the angular resolution/maintaining a large FoV
New:
- Energy coverage: tens of GeV => >100 TeV (~300 TeV) 
- 2 Sites, flexibility of operation, allowing for sub-arrays 
and multi-mode  
- Operate as an observatory
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Galactic Physics with CTA
South: 99 telescopes spread out over ~5 km2 (70 SSTs, 25 MSTs, 4 LSTs)

North: 19 telescopes spread out over ~1 km2 (15 MSTs, 4 LSTs)





Full galactic plane (1020 h) ~2 mCrab (now ~1-2%Crab) 
Deep survey of the Galactic Centre region (300 h on 10°x10° region, 525 h on GC)  
The Large Magellanic Cloud (340 h in 6 pointings)
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Great resolution for extended sources:



Better resolution, but also better sensitivity 
 => More extended sources!
GeV / TeV/ PeV analysis 
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Source Confusion



CTA Simulation based on GPS Pulsars ATNF

Source Confusion



Short-time Scale Capabilities



Short-time Scale Capabilities

Distinguish between leptonic and hadronic models



Summary
• Cosmic particle acceleration, as traced by Galactic gamma rays, is a crucial component of 
our Galaxy 

•  We are starting to understand where CRs are accelerated and how do they distribute in 
our Galaxy, but still lacking lots of knowledg  

• New analysis techniques + Large dataset + New instrument improves: 
exciting new results 

•  However the future is bright! many fantastic instruments to the rescue


