
Electrons



• 𝜕𝜕𝑁𝑁
𝜕𝜕𝑡𝑡
− 𝛻𝛻 � 𝐷𝐷𝛻𝛻𝑁𝑁 − 𝑢𝑢𝑁𝑁 + 𝜕𝜕

𝜕𝜕𝜕𝜕
𝑏𝑏 𝐸𝐸 𝑁𝑁 + 𝑁𝑁

𝜏𝜏𝑒𝑒𝑒𝑒𝑒𝑒
= 𝑄𝑄 𝑟𝑟,𝐸𝐸, 𝑡𝑡

– 𝑏𝑏 𝐸𝐸 = 𝐴𝐴1 3 ln 𝛾𝛾 + 19.8 + 𝐴𝐴2𝛾𝛾 + 𝐴𝐴3𝛾𝛾2, 𝛾𝛾 = 𝜕𝜕
𝑚𝑚𝑐𝑐2

– 𝐴𝐴1 ≅ 7.64 � 10−9𝑛𝑛 𝑒𝑒𝑒𝑒 𝑠𝑠−1, 𝑖𝑖𝑖𝑖𝑛𝑛𝑖𝑖𝑖𝑖𝑖𝑖𝑡𝑡𝑖𝑖𝑖𝑖𝑛𝑛 𝑙𝑙𝑖𝑖𝑠𝑠𝑠𝑠𝑒𝑒𝑠𝑠;
– 𝐴𝐴2~10−16𝑛𝑛 𝑒𝑒𝑒𝑒 𝑠𝑠−1, 𝑏𝑏𝑟𝑟𝑒𝑒𝑏𝑏𝑠𝑠𝑠𝑠𝑡𝑡𝑟𝑟𝑖𝑖𝑏𝑙𝑙𝑢𝑢𝑛𝑛𝑏𝑏 𝑙𝑙𝑖𝑖𝑠𝑠𝑠𝑠𝑒𝑒𝑠𝑠;

– 𝐴𝐴3 = 4
3
𝜎𝜎𝑇𝑇𝑐𝑐𝜔𝜔0 ≅ 2.66 � 10−14𝜔𝜔0𝑐𝑐𝑏𝑏3𝑠𝑠−1,
𝐼𝐼𝑛𝑛𝐼𝐼𝑒𝑒𝑟𝑟𝑠𝑠𝑒𝑒 𝐶𝐶𝑖𝑖𝑏𝑏𝐶𝐶𝑡𝑡𝑖𝑖𝑛𝑛 𝑖𝑖𝑛𝑛𝑎𝑎 𝑠𝑠𝑠𝑠𝑛𝑛𝑐𝑐𝑏𝑟𝑟𝑖𝑖𝑡𝑡𝑟𝑟𝑖𝑖𝑛𝑛 𝑙𝑙𝑖𝑖𝑠𝑠𝑠𝑠𝑒𝑒𝑠𝑠

𝜎𝜎𝑇𝑇 =
8
3
𝜋𝜋𝑟𝑟𝑒𝑒2 ≅ 6.65 � 10−25𝑐𝑐𝑏𝑏2,

𝜔𝜔0 = 𝜔𝜔𝐵𝐵 + 𝜔𝜔𝑀𝑀𝐵𝐵𝑀𝑀 + 𝜔𝜔𝑜𝑜𝑜𝑜𝑡𝑡 ,

𝜔𝜔𝐵𝐵 ≅ 0.2
𝑒𝑒𝑒𝑒
𝑐𝑐𝑏𝑏3 ,𝜔𝜔𝑀𝑀𝐵𝐵𝑀𝑀 ≅ 0.265

𝑒𝑒𝑒𝑒
𝑐𝑐𝑏𝑏3 ,𝜔𝜔𝑜𝑜𝑜𝑜𝑡𝑡 ≅ 0.5

𝑒𝑒𝑒𝑒
𝑐𝑐𝑏𝑏3

• 𝜏𝜏 = 𝜕𝜕
𝑑𝑑𝜕𝜕/𝑑𝑑𝑡𝑡 𝐼𝐼𝐼𝐼

≈ 2.3�1012

𝛾𝛾
𝑠𝑠𝑒𝑒𝑖𝑖𝑟𝑟𝑠𝑠.

• 𝐸𝐸 = 10 𝐺𝐺𝑒𝑒𝑒𝑒 → 𝜏𝜏 ≈ 1.2 � 108𝑠𝑠



Propagation models

• Leaky Box model: 
𝜕𝜕𝑁𝑁
𝜕𝜕𝑡𝑡

+
𝜕𝜕
𝜕𝜕𝐸𝐸

𝑏𝑏 𝐸𝐸 𝑁𝑁 +
𝑁𝑁
𝜏𝜏𝑒𝑒𝑒𝑒𝑐𝑐

= 𝑄𝑄 𝑟𝑟,𝐸𝐸, 𝑡𝑡

Steady state: 
– Low energies (less than a few GeV):

𝑁𝑁 ~ 𝑄𝑄0𝜏𝜏0𝐸𝐸0𝛿𝛿 𝐸𝐸−(𝑜𝑜+𝛿𝛿),

𝑄𝑄 = 𝑄𝑄0𝐸𝐸−𝑜𝑜, 𝜏𝜏𝑒𝑒𝑒𝑒𝑐𝑐 = 𝜏𝜏0
𝐸𝐸
𝐸𝐸0

−𝛿𝛿

,𝐸𝐸0 ≈ 5 𝐺𝐺𝑒𝑒𝑒𝑒

– High energies:

𝑁𝑁~
𝑄𝑄0

𝑖𝑖(𝐶𝐶 − 1)
𝐸𝐸−(𝑜𝑜+1)

𝑖𝑖 =
𝐴𝐴3
𝑏𝑏𝑐𝑐2 2 ≈ 1.4 � 10−16 𝐺𝐺𝑒𝑒𝑒𝑒 𝑠𝑠 −1



Propagation models

• Diffusive halo model: 
𝜕𝜕𝑁𝑁
𝜕𝜕𝑡𝑡

− 𝛻𝛻 � 𝐷𝐷𝛻𝛻𝑁𝑁 +
𝜕𝜕
𝜕𝜕𝐸𝐸

𝑏𝑏 𝐸𝐸 𝑁𝑁 = 𝑄𝑄 𝑟𝑟,𝐸𝐸, 𝑡𝑡

Steady state: 
– At energies of a few GeV):

𝑁𝑁 ~ 𝑄𝑄0
𝑏𝐻𝐻
𝐷𝐷0

𝐸𝐸−(𝑜𝑜+𝛿𝛿),

2𝑏 ≡ 𝑎𝑎𝑖𝑖𝑠𝑠𝑑𝑑 𝑖𝑖𝑛𝑛𝑎𝑎 2𝐻𝐻 ≡ 𝑏𝑖𝑖𝑙𝑙𝑖𝑖 𝑡𝑡𝑏𝑖𝑖𝑐𝑐𝑑𝑑𝑛𝑛𝑒𝑒𝑠𝑠𝑠𝑠,𝐷𝐷0 ≈ 1029 𝑐𝑐𝑏𝑏2/𝑠𝑠
– High energies (> 10 GeV):

𝑁𝑁~
𝑄𝑄0

𝑖𝑖(𝐶𝐶 − 1)
𝐸𝐸−(𝑜𝑜+1)



Propagation models

• Diffusive halo model: 
– No losses: Green function for diffusion equation:

𝐺𝐺 𝑟𝑟, 𝑡𝑡 =
1

8 𝜋𝜋𝐷𝐷0𝑡𝑡 3/2 𝑒𝑒
− 𝑟𝑟2
4𝐷𝐷0𝑡𝑡

Probability for finding a particle, injected at the origin, at a 
position x after a time t:

λ = 𝑥𝑥2 = �
−∞

∞
𝑥𝑥2𝐺𝐺 𝑟𝑟, 𝑡𝑡 𝑎𝑎𝑟𝑟

1/2

≈ 2𝐷𝐷0𝑡𝑡

IC and sync losses, e- loses its energy time 2.3 � 108/𝐸𝐸 (y � GeV)
10 𝐺𝐺𝑒𝑒𝑒𝑒𝑒𝑒− → λ ≈ 4 𝑑𝑑𝐶𝐶𝑐𝑐



Electrons can tell us about local GCR sources

• High energy electrons have a high energy loss rate ∝ E2

– Lifetime of ~105 years for >1 TeV 
electrons

• Transport of GCR through interstellar space is a diffusive 
process
– Implies that source of high energy 

electrons are < 1 kpc away

Only a handful of SNR meet 
the lifetime & distance 
criteria

Kobayashi et al., ApJ 601 
(2004) 340 calculations 
show structure in electron 
spectrum at high energy

J. P. Wefel, TevPA 2011, Stockholm (2011)



Electron (e- + e+) Measurements

Calorimeter: ATIC
(2000-2008)

Transition 
Radiation 

Detector (Tang 
1984)

Emulsion Chambers 
(Kobayashi et al. 

1968-2001)

HESS Telescope-
Array



Electron (e-) Measurements: Magnetic Spectrometer

Robert Golden’s balloon-
borne superconducting 
magnetic spectrometer 
1984-1998

HEAT
1994-1995

PAMELA
2006-



Electron Spectrum

e+ + e-

e-

GALPROP

Observation of electron spectrum in 
1~20 GeV for study of solar modulation

Precise measurements of the electron spectrum for study  
of  acceleration and propagation mechanims

Search for the signature of nearby HE electron sources 
(believed to be SNR) in the electron spectrum above ~ TeV



ATIC Instrument



Results from three ATIC flights

ATIC-4 with 10 BGO layers has 
improved e , p separation. (~4x lower 
background)

“Bump” is seen in all three flights.

ATIC 1+2

“Source on/source off” significance of bump for 
ATIC1+2 is about 3.8 sigma
J Chang et al. Nature 456, 362 (2008)

Significance for ATIC1+2+4 is 5.1 
sigma

ATIC 1+2+4
ATIC 1
ATIC 2
ATIC 4

J. P. Wefel, TevPA 2011, Stockholm (2011)



FERMI All Electron Spectrum

A. Abdo et al., Phys.Rev.Lett. 102 (2009) 181101
M. Ackermann et al., Phys. Rev. D 82, 092004 (2010) 



Electrons measured with H.E.S.S.



Electron Spectrum

e+ + e-

e-

(ICRC 2013)

Solar modulation



Electron (e-+e+) Spectrum

(ICRC 2013)

Solar modulation



Electron (e-) Measurements: using the Earth’s Magnetic 
Field

GLAST/ FERMI
Gamma-Ray

Large Area Space 
Telescope 



Electron Spectrum

 solar modulation

PAMELA data  Jul 2006 ÷ Dec 2009
AMS02 data  May 2011 ÷ Nov 2013

Adriani et al. - ApJ- 810 (2015) 142 



M. Aguilar et al., PRL 113 (2014) 221102

AMS-02

AMS-02, Fermi & PAMELA 
(e-+e+) Spectrum

Solar modulation



Electron (e-+e+) Spectrum
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