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Gaisser (2012) 



•  Importance of low-energy CRs:   
 
1. Primary source of ionization in UV-shielded regions of MCs  
2. Drive the formation of polyatomic ions and molecules 
3. Important source of heating in MCs 
4. Produce light elements (Li, Be, B) by spallation reaction 
             [p, α]CR + [C, N, O]ISM → [6Li, 7Li, 9Be, 10B, 11B] 
5. Produce -ray diffuse emission by 0 decay                                                               
             pCR + pISM → p + p + 0

 + + + -
         

0 → 2
6. Produce -ray lines by nuclear excitation 
              [p, α] + [C, O] → [C*, O*] →  (4.44, 6.13 MeV) 
 
 

Consequence of 1: 
•  control the degree of coupling with B with gas (electrical resistivity) 



Molecular Clouds: “absorbers” of low-energy CRs 

Roman-Duval et al. (2010) 

Cravens & Dalgarno (1978) 

5 x 1021 cm-2 1022 cm-2 5 x 1022 cm-2 N(H2) 
(H2) 0.02 g cm-2 0.04 g cm-2 0.2 g cm-2 

  Av 5  10  50  



Cosmic ray penetration in protostellar disks 

Cleeves, Adams & Bergin (2013) 

(H2) 2 g cm-2 

N(H2) 5 x 1023 cm-2 5 x 1022 cm-2 
0.2 g cm-2 

> 30% of total 

ionization 



Valdès-Galicia et al. (2006) 
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Valdès-Galicia et al. (2006) 

Putze et al. (2011) 
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Voyager I data (Webber et al. 2012) 

GCR electrons 

GCR protons 

Voyager 2 

 D=107 AU 

Voyager 1 

 D=130 AU 

TS crossing 

at ~ 94 AU 



July-August 2012 

solar depletion zone at ~ 120 AU 

7-60 MeV protons (ACRs) 

0.5-30 MeV protons (ACRs) 

Stone et al. (2012) 

6-100 MeV electrons 

E>70 MeV protons 



Voyager-1 proton spectrum 

Potgieter (2013) 



Voyager 1 electron spectrum 

Potgieter (2013) 

Warning: Voyager-1 spectra are heliopause spectra, 

not Galactic spectra.  
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CR-ionization of H2 

Cravens & Dalgarno (1978) 

<E>~30 eV 

H2 molecule 

(I=15.44 eV) 

H2
+ 

cosmic-ray nucleus 

charge Ze, velocity v  

• Thomson (1912)  and  Bohr (1913) classical 
 
 
 

• Bethe (1930, quantistic)  and Bethe (1932, quantistic relativistic)  



Cross section pCR-H2 

Padovani et al. (2009) 

pCR+H2→ pCR+H2
+ +e 

pCR+H2→ H+H2
+  

~ ln(E)/E 



electron impact on H2 

Padovani et al. (2009) 

eCR + H2→ eCR + H2
+ + e 

eCR + H2 → eCR + H + H+ + e 

eCR + H2→ eCR + 2H+ + 2e 



Summary of observations of CR 

diffuse clouds 
cloud cores massive 

protostellar 

envelopes 

“Spitzer value”  

radioactive decay of short-lived radio-nuclides (26Al, 60Fe, 36Cl) 



Gravitational collapse 

with ambipolar 

diffusion  

and variable 

Mellon & Li (2009) 

 

(see also Bo Zhao’s  

shotgun  presentation) 

=10-18 s-1 =10-17 s-1 =10-16 s-1 

infall speed rotation speed 



CR propagation in 1D cloud 

IS spectrum 
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Kinetic Energy  

• Uniform density 

• No magnetic field 

• Continuous slowing down (“thick target”) approximation 

NH=1020 cm-2 1025 cm-2 

power-law 

attenuation 
exponential 

attenuation 



Energy losses of CR–protons and electrons in H2 

excitation of 

vibrational/electronic 

levels 

Coulomb 

interactions 

ionization 
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Ivlev, Padovani, Galli 

& Caselli (2015) 

Cosmic –ray 

interstellar spectra proton ‘’high’’. 

proton ‘’low’’ 



Ivlev, Padovani, Galli & Caselli (2015) 

CR protons 

CR electrons 

thermal  electrons 

thermal  protons 

n(H2)=104 cm-3 N(H2)=3x1021 cm-2 



Ivlev, Padovani, Galli & Caselli (2015) 

 

electrons + proton ‘’high’’ 

electrons + proton ‘’low’’ 

Cosmic-ray ionization rate 



Magnetic mirroring 
bounces many CRs out of 
the core 

Magnetic focusing 
increases CR flux in 
the core 
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Cesarsky & Volk (1978) 

NGC1333 IRAS4A (Girart et al. 2006) 

hourglass magnetic field 







Cosmic-ray heating 

• Dominant source of ionization and heating in the dense, 

         UV-shielded molecular gas inside molecular clouds. 

 

 

where     is the density and 

 

                                                             is the CR ionization rate (in s-1) 

  

     = average energy deposited as heat per ionization (in eV) 

 



Glassgold, Galli & Padovani (2012) 
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CR heating 

G0=5 

=10-17 s-1 

nH=2x103 cm-3 
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PDR model fom Habart et al. (2001) 

UV photons vs. CRs 

Photoelectric heating 

Photoionization of C 



Thermal balance of gas and dust 

• Thermal balance of dust (Tdust) 

dust - dust + gd=0 
 
• Thermal balance of gas (Tgas) 
 

CR - gas - gd=0 

cr = CR Q n 

g = Tgas with ,  function of n(H2), depletion, etc. 

gd = gd n(H2)2 Tgas
1/2 (Tgas-Tdust) 

 



Temperature profile of a prestellar core 
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Galli, Walmsley & Gonçalves (2002) 

nc  = 2.5 x 105 cm-3 

Av
c = 14 



Temperature profile of a prestellar core 

Galli, Walmsley & Gonçalves (2002) 

nc  = 7 x 105 cm-3 

Av
c = 27 



 = 1 x10-17 s-1 

 = 1x10-16 s-1 

from chemical modeling =1.3 x 10-17 s-1 (Vastel et al. 2006) 

Measurements of Tgas constrain CR in L1544 

L1544) 

Av ~ 60 

Ward-Thompson, Motte & André (1999) 

Bacmann et al. (2000) 

Crapsi et al. (2007) 



• An increasing flux of low-energy CR (below ~100 MeV, either nuclei 
or electrons) is needed to explain ionization rates in diffuse and 
dense clouds. Origin? 
 

CR  in clouds ~ N(H2)-   with 0 <  < 1 up to N(H2) ≈ 1025 cm-2. Then 
exponential decrease ~ exp (- 0)  with 50 < 0 < 100 g cm-2 . 

 
• Variations of CR in the range  10-16 s-1 – 10-18 s-1 affect the 

dynamics of cloud collapse and star formation. 
 

• Temperature measurements in UV-shielded dense gas (cores) can 
constrain CR  as much (or better) than chemistry. 
 

• “Hourglass” B-field: mirroring ~ focusing,  CR reduced only by 
factor 2-3. Strong reduction of CR in complex B-fields. 

 
 

 

Conclusions 


