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Propagation of cosmic-ray electrons in the Galaxy
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Abstract

We formulate the global propagation model of cosmic-ray electrons including the source region, which is currently considered to
be supernova remnants (SNRs). The model is characterized by the escape rate of electrons from SNRs into the interstellar space. It
becomes clear that the energy index of the escape rate influences the high energy side of the interstellar spectrum and makes it pos-
sible to explain the observed data up to 2 TeV in the case of source spectral index smaller than 2.2 that is expected from the radio
spectrum in SNRs. The escape lifetime of electrons in SNRs is also discussed by using the ratio of the radio flux in two regions:
SNRs and the Galaxy. The result shows the mean lifetime in SNRs of �104 yr around 1 GeV, which corresponds to the SNR
age in the Sedov phase.
� 2005 COSPAR. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

The supernova remnants (SNRs) are most likely
sources of cosmic-ray electrons because the non-thermal
radio emission from SNRs indicates the existence of
high energy electrons in SNRs. Duric et al. (1995) have
investigated the galaxy M33 and estimated the ratio of
the total SNR emission to the Galactic background
emission. They have concluded that SNRs are enough
to be the candidate of cosmic-ray sources. In this paper
we apply the similar estimate to our Galaxy.

The simplest model of the cosmic-ray propagation is
a leaky box model that has been used for estimation of
the escape length of cosmic rays in the Galaxy. The
source index of cosmic rays is expected to be 2.1–2.4
from the nuclei data: the value of 2.1–2.2 is given by
the difference between the proton spectral index of 2.7
(e.g. Menn et al., 2000) and the rigidity index of the es-
cape length of 0.5–0.6 from the B/C and sub-Fe/Fe ra-
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tios (e.g. Ptuskin et al., 2001), or 2.4 is given by the
index of 0.3 expected from the Kolmogorov�s law of tur-
bulent magnetic field. Meanwhile, the average radio in-
dex of 0.5–0.6 in SNRs (Green, 2004) indicates the index
of 2.0–2.2.

For the first step we present the global model in which
the source region is regarded as a leaky box and distin-
guished from the interstellar space. We focus on the es-
cape rate of electrons from SNRs, which is given by
inversion of the escape lifetime. The ratio of the electron
escape lifetime in SNRs to the lifetime in the Galaxy is
estimated from the ratio of the radio flux in these two re-
gions. Under this estimate around 1 GeV and the
assumption of the energy power-law of the escape rate,
we discuss the effects of the escape lifetime of electrons
in SNRs to the interstellar electron spectrum.
2. Propagation model including source region as a leaky

box

Cosmic-ray electrons lose energy by several different
processes while they travel in the interstellar medium.
ved.
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The synchrotron and inverse Compton loss processes
are dominantly effective above a few GeV. Those loss
rates are written by:

dE
dt
¼ �bE2;

b½Ge V�1 s�1� ¼ 1.02� 10�16 W photon þ
hB2i
8p

� �
½eV=cm3�;

in which ÆB2æ/8p is the mean square of the Galactic mag-
netic field strength in eV/cm3 and Wphoton is the density
of the interstellar radiation field in eV/cm3. We choose
ÆBæ to be 6 lG (Webber et al., 1980). Wphoton becomes
0.82 eV/cm3, because of the ultraviolet part to be negli-
gible, visible of 0.26 eV/cm3, infrared of 0.31 eV/cm3,
and the 2.7 K blackbody radiation to be 0.25 eV/cm3

(Cox and Mezger, 1989). The sum gives the energy loss
coefficient in the Galaxy,

b2 ¼ 2.0� 10�16 Ge V�1 s�1. ð1Þ
2.1. Formulation

The synchrotron radiation from SNRs is observed in
the wide range including the radio and X-rays, emitted
by high energy electrons. Thus it is evident that the elec-
trons having a spectrum exist inside the SNR. We regard
a SNR as one leaky box and estimate the leakage rate
from SNR, if the stable flux in the source region is as-
sumed as the first approximation.

Galactic SNRs have different structures: shell-type,
plerion or composite-type, so that the escape rate may
depend on characteristics of SNRs. If each SNR is spec-
ified by the subscript i, namely the electron spectrum Ni,
the lifetime si in each SNR, the mean escape rate is de-
fined as 1/s1 = (RNi/si)/RNi with the energy dependence
of s1ðEÞ ¼ s01E�d1 . Further if the total electron flux is
N1 = RNi, the total escape flux from SNRs becomes
RNi/si = N1/s1. We roughly regard s1 as the lifetime of
electrons in a shell-type SNR because 80% of Galactic
SNRs are shell-type. If the total source spectrum, RQi,
is expressed by Q1(E) = Q0E�c and the energy loss rates
are the same in SNRs, the electron spectrum in the
source region N1(E) dE satisfies

N 1ðEÞ
s1ðEÞ

þ d

dE
dE
dt

N 1ðEÞ
� �

¼ Q1ðEÞ. ð2Þ

The solution has been given by

N 1ðEÞ ¼
Z 1

0

Q1

E
x

� �
exp �

Z 1

x

1

k1ðE=x0Þ
dx0

x0

� �
dx

b1Ex2
ð3Þ

’ Q0

b1Ecþ1

1

c� 1þ k�1
1

ð4Þ

(Silverberg and Ramaty, 1973), where k1 = b1Es1(E)
means the (escape/energy-loss) lifetime ratio with the en-
ergy-loss coefficient b1 in the source region. The spectral
index changes from �(c + d1) to �(c + 1) at the break
energy E1 satisfying c� 1 ¼ k�1

1 , namely s1(E1) � 1/b1

E1.
The source spectrum in the Galaxy, that is injected

from SNRs into the interstellar space is therefore de-
fined as the solution of Eq. (3) multiplied by the escape
rate of 1/s1(E),

Q2ðEÞ ¼
N 1ðEÞ
s1ðEÞ

¼ 1

s1ðEÞ

Z 1

0

Q1

E
x

� �
exp �

Z 1

x

1

k1ðE=x0Þ
dx0

x0

� �
dx

bEx2
;

where spectral index changes from �c to �(c + 1 � d1)
at the energy E1. If the Galaxy is also treated as a leaky
box, the interstellar electron spectrum N2(E) dE satisfies
Eq. (2) with the subscript 2. Substituting the above
source spectrum Q2(E) into the source function in Eq.
(3), we obtain the interstellar spectrum,

N 2ðEÞ ¼
Z 1

0

N 1ðE=xÞ
s1ðE=xÞ exp �

Z 1

x

dx0=x0

k2ðE=x0Þ

� �
dx

b2Ex2

¼ Q0

k1ðEÞb2Ecþ1

Z 1

0

dx
Z 1

0

dx0xc�1�d1 x0c�2

� exp
x1�d1ð�1þ x01�d1Þ

k1ðEÞð1� d1Þ

� �
exp

�1þ x1�d2

k2ðEÞð1� d2Þ

� �
ð5Þ

’ Q0

k1ðEÞb2Ecþ1

1

c� 1þ k�1
1

1

c� d1 þ k�1
2

; ð6Þ

in which b2 is given by Eq. (1), s2ðEÞ ¼ s02E�d2 is the es-
cape lifetime and k2 = s2(E)b2E. The solution is easily cal-
culated using the numerical integration technique. The
spectral index of N2 changes from �(c + d2) to �(c + 1)
at the energy E2 satisfying c� d1 ¼ k�1

2 (s2(E2) � 1/
b2E2), and further changes to �(c + 2 � d1) at the higher
break energy E1 (see Appendix A). The above solution re-
quires not only the Galactic parameters of b2 and s2 but
the source parameters b1 and s1. Those parameters are
connected using the radio flux as shown in the next
section.

2.2. Estimates of source parameters

The key parameter s1 of this model cannot be esti-
mated directly, therefore we estimate it from the ratio
of the radio flux in SNRs to the background flux in
the Galaxy. The lifetime ratio s1/s2 around 1 GeV is re-
placed with the electron number ratio N1/N2 as follows.
The ratio of the electron spectrum in SNRs to the spec-
trum in the Galaxy is approximately calculated from Eq.
(4) divided by Eq. (6) as

N 1ðEÞ
N 2ðEÞ

¼ s1ðEÞ
s2ðEÞ

ð1þ ðc� d1Þk2Þ.



Fig. 1. Accumulated number of SNRs within the distance R from the
Sun. Two data sets are given: the thickline is made up of 54 SNRs in
Green�s catalog (Green, 2004) and the thinline is 125 SNRs in Milne�s
catalog (Milne, 1979). The regression line is assumed to be propor-
tional to R2.
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The Galactic parameter k2 (1 GeV) has the value of
�0.1 from the coefficient b2 in Eq. (1) and the escape
lifetime s2 . 2 · 107E�1/3 yr which corresponds to
9.4 g/cm2 (Ptuskin et al., 2001) in the hydrogen density
nH = 0.3 cm�3. Therefore the lifetime ratio s1/s2 approx-
imates N1/N2 at 1 GeV.

If the observed radio flux S(m) has the spectral index
�b around the frequency m, the electron spectrum
N(E) dE producing this flux in the magnetic field B is ex-
pected to be

NðEÞ dE ¼ SðmÞ
Y ðbÞm�b

B�ðbþ1ÞE�ð2bþ1Þ dE;

where Y(b) only includes b and does not sensitive to b.
This formula gives the relationship between the escape
lifetime ratio s1/s2 and the radio flux ratio S1/S2, in
which S1ðmÞ / m�bS is the total radio flux from the Galac-
tic SNRs, and S2ðmÞ / m�bG is the whole background
radio flux in the Galactic disk.

s1

s2

ð1 GeVÞ ¼ S1ðmSÞ
S2ðmGÞ

BS

BG

� ��1

¼ S1ðmSÞ
S2ðmSÞ

BS

BG

� ��ðbGþ1Þ

;

ð7Þ
where 1 GeV electrons emit the radiation of the fre-
quency mS and mG in the magnetic field BS of SNRs,
and in the Galactic magnetic field BG respectively. Fur-
ther we used the relationship of mS/mG = BS/BG and as-
sume that bS and bG do not change between mS and mG.

The flux S1[W/Hz] is estimated from the average flux
SAv multiplied by the total number of SNRs, nS = n0pR2

with the Galactic radius R[kpc]. The flux S2[W/Hz] is
estimated from the intensity in the polar direction,
Ip(m)[W/(m2 sr Hz)] with the distance L[kpc]. The calcu-
lation gives S2 = Ip(m)(4p/L) · VG = 8p2R2Ip(m), where
the Galactic volume VG . pR2 · 2L is substituted. The
flux ratio is finally expressed as

S1

S2

¼ SAv � n0

8pIp

. ð8Þ

The parameters in the above equation have the following
values: The radio flux from SNRs at the frequency of
1 GHz or 408 MHz gives the electron intensity around
1 GeV in the magnetic field of several 10 lG. The average
flux of 51 SNRs with the known distance in the Green�s
catalog (Green, 2004) gives the value of SAv =
(1.7 ± 0.4) · 1017 W/Hz at mS = 1 GHz. The Galactic
background radio flux in the polar direction is given as
Ip (1 GHz) = 3.9 · 10�22 W/m2 sr Hz (Peterson et al.,
1999; Komori, 2003). The coefficient n0 becomes
1.3 · 10�39 m�2, that is estimated from the accumulated
number of SNRs within a distance R from the Sun. The
recent catalog (Green, 2004) gives 54 SNRs having reli-
able distance which are accumulated and shown in
Fig. 1 with the early data set of 125 SNRs in Milne�s cat-
alog (Milne, 1979). The two data sets are consistent with-
in 3 kpc. Thus we derived the value of n0 from the
regression line below 3 kpc. At present, 231 SNRs are de-
tected (Green, 2004), however almost nearby SNRs with-
in several kpc seem to be counted in 54 SNRs.

Substituting these values in Eq. (8), we obtain the flux
ratio S1/S2 (1 GHz) = 2.3 · 10�2. Similarly, at the differ-
ent frequency mS = 408 MHz, the average flux SAv =
(2.8 ± 0.7) · 1017 W/Hz (Clark and Caswell, 1976), and
the Galactic radio flux Ip (408 MHz) = 7.6 · 10�22

W/m2 sr Hz gives the ratio S1/S2 (408 Hz) = 1.9 ·
10�2. Duric et al. (1995) have indicated the ratio of
the radio emission to be 10�3–10�2 in the M33 galaxy.
Thus our results correspond to the upper limit of their
estimation. These estimates of the flux ratio give the life-
time ratio of Eq. (7) as

s1

s2

¼ 2� 10�2 BS

BG

� ��ð1þbGÞ

with the Galactic radio spectral index bG = 0.6–0.7. The
value of BS is not well known, however, the magnetic
field strength of several SNRs are now investigated from
the measurements of X-ray and gamma ray emissions.
The Crab nebula which is the prototype plerion has the
average magnetic field strength of 170 lG given by HE-
GRA (Aharonian et al., 2000). For shell-type SNRs,
the magnetic field strength is generally smaller than that
of the Crab nebula. In the case of typical shell-type SNR,
SN1006, the CANGAROO observation has reported
4–8 lG (Tanimori et al., 1998), however, such a small
value remains controversial. On the other hand the
arguments of particle acceleration using the X-ray
morphology of SN1006 observed by Chandra require
20–85 lG (Yamazaki et al., 2004) or�100 lG (Berezhko
et al., 2003). As the BS represents the average magnetic



Fig. 2. Interstellar electron spectra calculated from the model of Eq. (5) with different values of d1 that is the energy index of escape lifetime in SNRs.
Source index c is 2.2 (a) and 2.3 (b) and other parameters are shown in the figure. The curves are compared with the observed data of Kobayashi et al.
(1999); Torii et al. (2001), and Tang (1984). The best fit curve has the break energy of E2 = 10 GeV, and E1 = 400 GeV (c = 2.2) or E1 = 900 GeV
(c = 2.3). These curves do not fit the data below 10 GeV and are not extended to lower energies, because the calculation does not include heliospheric
modulation effects.
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field of the extended region of radio emission, it becomes
smaller than these values of the acceleration site. We
consider that BS roughly presents the average strength
of shell-type SNRs which occupy 80% of Galactic SNRs.
Therefore BS seems to be below several 10 lG and BS/BG

to be below or around 10 as the Galactic magnetic field is
BG = 5–7 lG (Webber et al., 1980; Zweibel and Heiles,
1997). Thus in the case of the ratio BS/BG = 10, s1/s2

has the value of (5 ± 1) · 10�4, and the lifetime s2 =
2 · 107 yr gives s1 = 1 · 104 yr. Consequently, the elec-
trons around 1 GeV stay in the SNRs for the rather
long period of �104 yr which corresponds to the SNR
age in the Sedov phase.

At the end of this section, the interstellar solutions of
Eq. (5) with the source index c = 2.2, 2.3 are indicated in
Fig. 2 with the observed data. The curves with different
values of d1 are shown in the case of BS/BG = 10. We
realize that the value of d1 influences the high energy re-
gion and is consistent with our data (Kobayashi et al.,
1999) at d1 = 0.2 ± 0.1 (c = 2.2) and 0.4 ± 0.2
(c = 2.3). If the source index c 6 2.2, the value of d1 is
smaller than 0.2. These small value of d1 indicates that
the electrons in SNRs are confined intensively. On the
other hand, if c P 2.4, d1 is nearly equal to unity; the
model reduces the simple leaky box model and the con-
finement of cosmic rays does not exist.
3. Conclusions

We have formulated the global propagation model
of cosmic-ray electrons treating the source region as
a leaky box. This is the first step of modeling of the
electron propagation including the source region.
The key parameter, the electron escape lifetime in
SNRs has been estimated from the radio flux from
SNRs and the Galactic background radio flux. As
the 80% of Galactic SNRs are shell-type, we suppose
that the magnetic field in SNRs is nearly 10 times the
strength of the Galactic magnetic field. In this case the
lifetime of 1 GeV electrons in SNRs becomes �104 yr,
which corresponds to the SNR age in the Sedov
phase.

The escape rate from SNRs influences the interstel-
lar electron spectrum above a few hundred GeV. The
energy index of the escape rate is smaller than 0.6, if
the source spectral index is 2.0–2.2 expected from the
average radio index of SNRs. If the index is larger
than 2.4, the confinement of cosmic rays in SNRs
does not exist.

In SNRs,electrons are ejected from the acceleration
site, diffuse in the source region and lose energy through
the synchrotron radiation in the source�s magnetic field.
The more realistic model including the space variables in
the source region will be provided in the next step.
Appendix A. Detailed calculations for electron spectrum

The solutions of the propagation model, Eqs. (3) and
(5) are precisely investigated; the approximated expres-
sions clearly indicate the spectral changes and the break
energy.

The Eq. (4) is proved as the exponential term in the
solution of Eq. (3) is expanded as

exp
�1þ x1�d

kðEÞð1� dÞ

� �

¼ exp
�1þ 1þ ð1� dÞ log xþ ðð1� dÞ log xÞ2=2!þ � � �

kð1� dÞ

" #

’ x1=k.
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The equation c � 1 = k�1 gives the break energy
E1 = [(c � 1)bs01]�1/(1 � d), and at this energy the spec-
trum changes from N(E) � k(E)/(bEc + 1) � E�(c + d) to
N(E) � 1/(bEc + 1(c � 1)) � E�(c + 1).

The exponential terms in Eq. (5) is similarly expanded
as

exp
x1�d1ð�1þ x01�d1Þ

k1ð1� d1Þ

� �
exp

�1þ x1�d2

k2ð1� d2Þ

� �
’ x01=k1 x1=k2 ;

thus the Eq. (6) is derived.
The solution of Eq. (5) has two break energy of E1

and E2, which are given by c� 1 ¼ k�1
1 and

c� d1 ¼ k�1
2 , respectively.

E1 ¼ ½ðc� 1Þb1s01��1=ð1�d1Þ;

E2 ¼ ½ðc� d1Þb2s02��1=ð1�d2Þ.

E1 depends on the source parameters b1 and s1 and rep-
resents the energy at which the synchrotron energy loss
rate balances with the escape rate from SNRs. E2 is sim-
ilarly the break energy in the Galaxy.

In general E1 is larger than E2 because of b1s1 < b2s2.
Thus the spectrum changes as

N 2ðEÞ �
s2ðEÞ

Ec / E�ðcþd2Þ E < E2;

N 2ðEÞ �
1

b2ðc� d1Þ
1

Ecþ1
/ E�ðcþ1Þ E2 < E < E1;

N 2ðEÞ �
1

b1b2ðc� 1Þðc� d1Þ
1

Ecþ2s1ðEÞ
/ E�ðcþ2�d1Þ

E1 < E;

It can be seen that the index of the highest energy side,
c + 2 � d1 is larger than the index of the simple leaky
box model by 1 � d1.

The above expressions shows that the energy index d1

of the escape lifetime in SNRs appears at the high en-
ergy side, while d2 appears at the low energy side. It is
important to notice that when d1! 1, E1!1 and
the solution of Eq. (5) is reduced to the simple leaky
box model solution with the single break energy E2. An-
other point to notice is that if d1 = d2 = d, Eq. (5) be-
comes the difference of two simple leaky box model
solutions as

N 2ðEÞ ¼
Q0

b2Ecþ1

Z 1

0

dx
xc�2

k1=k2 � 1
exp

�1þ x1�d

k1ð1� dÞ

� ��

� exp
�1þ x1�d

k2ð1� dÞ

� ��
.
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