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GeV-TeV spectral anomaly

Helium

*Recent measurements by 
CREAM, ATIC and PAMELA 

have found cosmic-ray 
spectral hardening at TeV 

energies
(Panov+ 2007, Yoon+ 2011, 

Adriani+ 2011)

10
-2

10
-1

10
0

10
1

10
2

10
3

10
4

10
5

10
6

E
2

.7
 !

 I
n

te
n

s
it
y
 [

c
m

-2
 s

r-1
 s

-1
 (

G
e

v
/n

)1
.7

]

E (GeV/n)

CREAM
ATIC
AMS

   PAMELA

10
-1

10
0

10
1

10
0

10
1

10
2

10
3

10
4

10
5

10
6

E
2

.7
5
 !

 I
n

te
n

si
ty

 [
cm

-2
 s

r-1
 s

-1
 G

e
v1

.7
5
]

E (GeV)

CREAM
ATIC
AMS

   PAMELA

Proton

3 S. Thoudam, TeVPA/IDM 2014, Amsterdam



Helium flux  

Comparison with past measurements 

Proton flux 
Comparison with past measurements 

Pre. results from AMS02
AMS02 (ICRC 2013)
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Helium flux  

Comparison with past measurements 

Proton flux 
Comparison with past measurements 

Pre. results from AMS02
AMS02 (ICRC 2013)
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FIG. 2. Best-fit single power law or SPL (top), and best-fit broken power law or BPL (bottom) spectrum for the local CR
proton spectrum (solid red lines) as derived from the Earth’s limb γ-ray data using the K&O model [29] for pp-interactions. The
total (combined statistical and systematic, neglecting errors in absolute normalization) uncertainties are the dashed red lines.
Other direct measurements ([10],[12],[13],[14],[15]) are shown for comparison. The gray band is PAMELA’s total uncertainty.
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Possible explanations

(1) Injection source spectrum (Biermann+ 2010; Ohira+ 2011;Yuan+ 2011; Ptuskin+ 2013)

(2) Propagation effect (Tomassetti 2012; Blasi+ 2012; Evoli & Yan 2014)

(3) Nearby sources (Thoudam & Hörandel 2012, 2013; Erlykin & Wolfendale 2012; Bernard+ 2012)

(4) Re-acceleration effect (Thoudam & Hörandel, 2014, A&A, in press, arXiv:1404.3630)

(5) ..........
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The re-acceleration model

SteeperFlatter

Wandel 1988 
Berezhko+ 2003 
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The propagation equation

*Propagation parameters:

*Re-acceleration parameters:

*Source parameters:

8

Diffusion
(D∝pa)

Loss: Inelastic
+

Re-acceleration

Re-acceleration Source
Q∝p-q

         
                    *N(p): Cosmic-ray density; p=> Momentum

(D0, ρ0 a)   

(ƞ, s)    

(q, f )    

S. Thoudam, TeVPA/IDM 2014, Amsterdam

ξ=ƞVν    

Thoudam and Hörandel: GeV-TeV cosmic-ray spectral anomaly as due to reacceleration by weak shocks

can produce unwanted bumps in the cosmic-ray proton and helium spectra at few GeV/nucleon

(Cesarsky 1987; Stephens & Golden 1990). It was later shown that for some mild reacceleration,

which is sufficient to reproduce the observed boron-to-carbon ratio, the resulting proton spectrum

does not show any noticeable bumpy structures (Seo & Ptuskin 1994). In fact, the efficiency of

distributed reacceleration is expected to decrease with energy, and its effect becomes negligible at

energies above ∼ 20 GeV/nucleon.

On the other hand, for the case of encounters with old supernova remnants, the reacceleration

efficiency does not depend significantly on the energy. It depends mainly on the rate of supernova

explosions and the fractional volume occupied by supernova remnants in the Galaxy. Hence, its

effect can be extended to higher energies as compared to the distributed reacceleration, as noted

also in Ptuskin et al. 2011. As in the case of distributed reacceleration, this kind of reacceleration

will also be strongly constrained by the measured secondary-to-primary ratios. In the present study,

we will first determine the maximum amount of reacceleration permitted by the available measure-

ments of the boron-to-carbon ratio. Then, using the reacceleration strength thus determined, we

will show that this type of reacceleration can be responsible for the observed spectral anomaly of

the proton and helium nuclei for a reasonable set of model parameters.

2. Transport equation with reacceleration

Following Wandel et al. 1987, the reacceleration of cosmic rays in the Galaxy is incorporated in

the cosmic-ray transport equation as an additional source term with a power-law spectrum. Then,

the steady-state transport equation for cosmic-ray nuclei undergoing diffusion, reacceleration and

interaction losses can be written as,

∇ · (D∇N) −
[

n̄vσ + ξ
]

δ(z)N +

[

ξsp−s
∫ p

p0

du N(u)us−1
]

δ(z) = −Qδ(z) (1)

where we use cylindrical spatial coordinates with the radial and vertical distance represented by

r and z respectively, p is the momentum/nucleon of the nuclei, N(r, p) represents the differential

number density, D(p) is the diffusion coefficient, and Q(r, p)δ(z) represents the rate of injection of

cosmic rays per unit volume by the source. The first term in Eq. (1) represents diffusion. The second

term represents losses due to inelastic interactions with the interstellar matter, and also due to reac-

celeration to higher energies, where n̄ represents the averaged surface density of interstellar atoms,

v(p) the particle velocity,σ(p) the inelastic collision cross-section, and ξ corresponds to the rate of

reacceleration. The third term with the integral represents the generation of particles via reaccel-

eration of lower energy particles. It assumes that a given cosmic-ray population is instantaneously

re-accelerated to form a power-law distribution with an index s. Eq. (1) does not include ionization

losses and the effect of convection due to Galactic wind, which are important mostly at energies
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D0=9×1028 cm2 s-1

ρ0=3 GV
a=0.33
η=1.02
s=4.5



10
-4

10
-3

10
-2

10
0

10
1

10
2

10
3

10
4

10
5

E
2
.6

5
 !

 I
n
te

n
s
it
y
 [

c
m

-2
 s

r-1
 s

-1
 (

G
e

v
/n

)1
.6

5
]

E (GeV/n)

!=1.02
a=0.33
q=2.26
s=4.5

CREAM
ATIC
CRN

HEAO
TRACER

   This Model

10
-4

10
-3

10
-2

10
0

10
1

10
2

10
3

10
4

10
5

E
2
.6

5
 !

 I
n
te

n
s
it
y
 [
c
m

-2
 s

r-1
 s

-1
 (

G
e
v
/n

)1
.6

5
]

E (GeV/n)

!=1.02
a=0.33
q=2.24
s=4.5

CREAM
ATIC
CRN

HEAO
TRACER

   This Model

Carbon
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qC=2.24,  fC=0.024%
qO=2.26,  fO=0.025%

where f ’s are in units of 1051 ergs



10
-1

10
0

10
1

10
0

10
1

10
2

10
3

10
4

10
5

10
6

E
2
.7

5
 !

 I
n

te
n

s
it
y
 [

c
m

-2
 s

r-1
 s

-1
 G

e
v

1
.7

5
]

E (GeV)

!=1.02
a=0.33
q=2.21
s=4.5

CREAM
ATIC
AMS

PAMELA

   This Model

10
-2

10
-1

10
0

10
1

10
2

10
3

10
4

10
5

10
6

E
2

.7
 !

 I
n

te
n

s
it
y
 [

c
m

-2
 s

r-1
 s

-1
 (

G
e

v
/n

)1
.7

]

E (GeV/n)

!=1.02
a=0.33
q=2.18
s=4.5

CREAM
ATIC
AMS

PAMELA

   This Model

Protons Helium

13

Results: Protons, Helium & Iron spectra
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qP=2.21,  fP=6.95%

qHe=2.18,  fHe=0.79%
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Results: Protons, Helium & Iron spectra

qP=2.21,  fP=6.95%

qHe=2.18,  fHe=0.79%

qFe=2.28,  fFe=4.9×10-3%
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*Mass dependent spectral anomaly
*Expected “only” in this model
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qP=2.21,  fP=6.95%

qHe=2.18,  fHe=0.79%

qFe=2.28,  fFe=4.9×10-3%

Results: Protons, Helium & Iron spectra



• The cosmic-ray spectral anomaly at GeV-TeV energies can be 
due to re-acceleration by weak shocks associated with old 
supernova remnants in the Galaxy 

• This model predicts a mass dependent spectral hardening which 
can be checked by sensitive measurements of heavier species

Summary

Thank you for your attention :)
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