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The high energy Galactic CR spectrum
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What do we know about CRs?

• CRs consist mainly of primary protons, nuclei and electrons directly 
accelerated to relativistic energies by powerful objects, such as supernova 
remnants (SNRs).

• A change of the spectral index ( E^−2.7 to E^−3.1) at an energy of about 
10^15 eV is known as the CR knee.

• The flattening around 5 EeV called ankle.

• The average energy density of CRs in the Galactic Disk estimated by CR 
direct measurements is about Wcr ≈ 1 eV/cm3 (More than 90 percent of 
this density is contributed by particles with energy ≤ 100 GeV).

• The p/e at GeV energies is about 100 and >1000 at 1 TeV. It is usually 
assumed to be around 100 in the case of Galactic sources, while a value 
of 10 is typical for extragalactic sources.

• The pressure of CRs is comparable with the pressure of galactic magnetic 
fields, as well as with the turbulent and thermal pressure of the interstellar 
gas.



The high energy Galactic cosmic-ray spectrum
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What do we don’t know about Galactic CRs?

• We do not know exactly what part of the observed CR spectrum has 
Galactic origin. Below the knee or beyond it?

• It is believed that SNRs are the major source population in our Galaxy 
responsible for the observed CRs.

Should we rule out other potential source populations like pulsars, young 
stars with powerful mechanical winds, microquasars, gamma-ray bursts, 
etc?

• We do not know what powers the CR accelerators, and how they work.



The high energy Galactic CR spectrum
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What do we don’t know about Galactic CRs?
• Still it is not clear the origin of discrepant hardening of the elemental spectra above ∼200 GeV/

nucleon as well as the spectral difference between the protons and helium nuclei measured by the 
CREAM experiment.

Ahn et al. 2010

https://iopscience.iop.org/article/10.1088/2041-8205/714/1/L89/pdf


Galactic CR studies through the diffuse γ-ray emission
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• The EGRET data on the diffuse γ-ray emission from the Galactic plane at low latitudes (-2 < b < 2) showed evidence of a softer >4 GeV γ-
ray spectrum in the outer Galaxy compared to the inner parts, which indicates a variation of CR spectrum with the Galactic radius (Hunter 
et al. 1997). 

• HESS detected VHE diffuse γ-ray emission from the Galactic Center Ridge, which was explained by a significantly harder CR spectrum 
compared to local CR measurements (Aharonian et al. 2006).

• The measured gas emissivity spectra measured by indirect study with Fermi-LAT confirm that the CR proton density decreases with 
Galactocentric distance beyond 5 kpc from the Galactic Center. The measurements also show a softening of the proton spectrum with 
Galactocentric distance.  (Acero et al. 2016).

Aharonian et al. 2006
Acero et al. 2016

https://iopscience.iop.org/article/10.1086/304012/pdf
https://iopscience.iop.org/article/10.1086/304012/pdf
https://arxiv.org/pdf/astro-ph/0603021.pdf
https://iopscience.iop.org/article/10.3847/0067-0049/223/2/26/pdf
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The Interstellar Medium (ISM)
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Main Components of the ISM 

• Hydrogen: neutral, ionized or molecular - 75% 
• Helium and other molecules (CO, CN, …) - 24% 
• Dust - 1%

≈0.5% of the total mass of the Galaxy



Hydrogen and dust in the Galaxy: molecular clouds
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Hydrogen Dust

Depends on the phase of the interstellar medium.


Phase 1: Cold (10's K)  
Forms molecules, that results to formation of the dark nebula in the coldest 
regions, where the dense concentrations of gas and dust are called molecular 
clouds.


Phase 2: Warm (100 to 1000's K) 

Phase 3: Hot (millions K) 
Usually, occur when a cloud of neutral hydrogen is ionised by the UV radiation 
from young, massive stars.

  

https://astronomy.swin.edu.au/cosmos/S/Star


Microwave and thermal emission from molecular clouds
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Low temperature (only a few 10's K) supports the formation of H2 and 
CO molecules on the surface of dust grains forming molecular clouds.

Carbon monoxide molecule (CO)

Dust



 13

The main tracers of molecular clouds for gamma-ray studies

Dame, Hartmann & Thaddeus 2001

1.2 m CO survey

Planck dust opacity map at 353 GHz

Derived from Planck Collaboration et al. 2011

Dame et al. 1987

http://adsabs.harvard.edu/abs/2001ApJ...547..792D
http://adsabs.harvard.edu/abs/2001ApJ...547..792D
https://www.aanda.org/articles/aa/pdf/2011/12/aa16479-11.pdf
http://articles.adsabs.harvard.edu/pdf/1987ApJ...322..706D
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Previous CR estimations through the MCs study with Fermi-LAT
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Neronov et al. 2012 found that the GCR spectrum has a low-energy break with the spectral slope 
hardening by 1.1 +/- 0.3 at an energy of E = (9 +/- 3) GeV.

Ackermann et al. 2012 found a variation of the CR density by ∼20% in the neighbourhood of the 
solar system from 250 MeV to 10 GeV.

Ackermann et al. 2012
 Neronov et al. 2012

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.108.051105
https://iopscience.iop.org/article/10.1088/0004-637X/755/1/22/pdf
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.108.051105


Previous CR estimations through the MCs study with Fermi-LAT
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• The proton spectrum of Taurus, Persues OB2, and Mon R2 are described well by the locally measured proton spectrum by PAMELA. 
• For Rho Oph, the derived CR spectrum is harder and total flux is lower than those observed by PAMELA (2.6 ± 0.3).
• The CR spectra of R CrA, Orion A, Orion B, and Chamaeleon show enhancement of CRs compared to the local CR flux at low 

energies. At high energies the spectrum shape is very similar to the one of the local CR.

Yang et al. 2014

https://www.aanda.org/articles/aa/pdf/2014/06/aa21044-13.pdf
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The main tracers of molecular clouds
According to this study, several clouds in the galactocentric 4–6 
kpc ring show evidence of enhanced CR density, which was 
interpreted by a possible contribution from active CR 
accelerators near MCs or an increase of CR density toward the 
GC.

Aharonian et al. 2020

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.101.083018
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Selected molecular clouds

Gould  Belt’s ring

Planck dust opacity map at 353 GHz

Aquila Rift Rho Oph

Orion A

Taurus

Orion B

Cepheus

https://www.aanda.org/articles/aa/pdf/2011/12/aa16479-11.pdf
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Short about the analysis
Data selection 
• Time period: 2008 Aug 04-2019 Aug 04 
• Energy range: 3 GeV - 1 TeV 
Standard analysis of selected 4 regions 
using Fermipy 
• 4 spatial templates have been considered 

during each analysis: Cloud and diffuse 
galactic based on Planck dust maps, IC 
galprop and standard Fermi extragalactic 
isotropic emission templates 

• 4FGL catalog 
• PL model for cloud and Galactic diffuse 

emission

Planck dust opacity map at 353 GHz

Aquila Rift

Rho Oph

Orion A

Orion B

Taurus

Cepheus

https://www.aanda.org/articles/aa/pdf/2011/12/aa16479-11.pdf


HE gamma-ray production inside the cloud via pion decay
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The total p–p inelastic cross section (Kafexhiu et al. 2014)

CR proton spectrum reported by the AMS-02 (Aguilar et al. 2015)
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enhancement factor includes contribution of heavy nuclei from both the interstellar medium and CRs ⇠N = 1.8
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Inelastic collisions of CR protons with the ambient matter in the molecular cloud 

Then pions decay very quickly into two protons via the dominant decay mode.

https://arxiv.org/pdf/1406.7369.pdf
https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.115.211101
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Derived gamma-ray spectra
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The enhanced CR spectra of three MCs obtained from fitting the excess γ-ray spectrum
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Star formation: stellar winds
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OB associations consist largely of very young, massive stars (about 10 to 50 
solar masses) of spectral types O and B, which have an absolute L≈ 10^5 
L_sun luminosity. 
R associations consist of young, bright stars of intermediate mass (3 to 10 
solar masses). 
T associations contain mostly T Tauri stars. These are comparatively cool, 
newly formed stars of low mass (3 or less solar masses) that are still in the 
process of contraction. They are characterized by irregular variations of light 
and low luminosity.

https://www.britannica.com/science/OB-Association
https://www.britannica.com/science/T-association
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Stellar winds as alternative CR accelerators
Stellar populations
• Cepheus: Contains several star-forming regions such as three nearby OB associations (Kun et al. 2008).

• Rho Oph: Several hundred T-Tauri stars (Bontemps et al. 2001).

• Aquila Rift: No star-forming regions in the analysed region of this cloud.

Cesarsky & Montmerle 1983

https://arxiv.org/pdf/0809.4761.pdf
https://www.aanda.org/articles/aa/pdf/2001/22/aa9901.pdf
https://link.springer.com/article/10.1007/BF00167503
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Summary and future perspectives

• The comparison of γ-ray spectra of Taurus, Orion A, and Orion B clouds with the AMS-02 based model confirms them as passive clouds. 

• A similar comparison of Aquila Rift, Rho Oph, and Cepheus spectra yields significant deviation in both spectral indices and absolute fluxes, which can 

imply an additional acceleration of CRs throughout the entire clouds. 

• The excess CR spectrum gives a considerable amount of an enhanced CR energy density and it shows a significant deviation in spectral shapes 

compared to the average AMS-02 CR spectrum between 30 GeV and 10 TeV.  

• We suggest that this variation in the CR spectrum of Cepheus and Rho Oph could be accounted for by an efficient acceleration in the shocks of winds of 

stars populated the whole cloud. The absolute excess CR in case of  Aquila Rift flux could be related to an additional acceleration of CRs by supernova 

remnants or propagation effects in the cloud.

Four clouds from the list including Rho Oph are in the FOV of LHASSO.

Currently, involved in a project of study of MCs  

in the Galactic plan with HESS and Fermi.

Names GLON GLAT A_co Catalog
deg deg

243 42.04 -0.36 0.2 Rice et al. 2016
252 45.62 0.11 0.16 Rice et al. 2016
804 328.58 0.4 0.29 Rice et al. 2016
876 323.61 0.22 0.2 Rice et al. 2016
877 333.46 -0.31 0.25 Rice et al. 2016
902 340.84 -0.3 0.3 Rice et al. 2016
926 326.6 0.29 0.28 Rice et al. 2016
933 305.49 0.11 0.15 Rice et al. 2016
934 328.41 0.63 0.26 Rice et al. 2016
964 345.57 0.79 0.2 Rice et al. 2016
57 2.21 -0.21 0.0 Miville-Deschenes et al. 

201678 2.93 0.27 0.0 Miville-Deschenes et al. 
2016148 342.2 0.26 0.0 Miville-Deschenes et al. 
20161155 3.93 -1.02 0.0 Miville-Deschenes et al. 
20161312 351.5 0.22 0.0 Miville-Deschenes et al. 
2016
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