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We calculate the total production rate per unit volume of high energy (10-150 GeV) secondary

positron and antiproton cosmic rays in the local interstellar medium, over distances of order 500pc

from the Solar System. Comparing the net production rate to the locally observed cosmic ray

densities, we deduce a confinement time of cosmic rays in the solar neighborhood, of order te ⇡?.

This calculation serves as a sanity test for the secondary origin of high energy cosmic ray antimatter.

The result is...

Introduction.
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Gamma ray observations provide evidence that the spectrum and density of CRs in the interstellar medium (ISM)
on moderate distances (100-500pc) from the Solar System are approximately uniform, and consistent with the local
measurements outside of the Earth’s atmosphere. Combining the locally measured CR flux with estimates of the mass
of ISM gas in the solar neighborhood, we can therefore calculate the production rate of secondary CRs in this region.
This calculation is free of modeling assumptions for the distribution and propagation of CRs, that apply on larger
spatial scales.

antiprotons 



A local account of secondary cosmic rays

Kfir Blum1, ⇤ and Kohta Murase1, †

1
Institute for Advanced Study, Princeton 08540, USA

We calculate the total production rate per unit volume of high energy (10-150 GeV) secondary

positron and antiproton cosmic rays in the local interstellar medium, over distances of order 500pc

from the Solar System. Comparing the net production rate to the locally observed cosmic ray

densities, we deduce a confinement time of cosmic rays in the solar neighborhood, of order te ⇡?.

This calculation serves as a sanity test for the secondary origin of high energy cosmic ray antimatter.

The result is...

Introduction.

nB(R,~r�, t�) =

Z
d3r

Z
dt c ⇢ISM (~r, t)

2

4
X

i=C,N,O,...

⇣�i!B

m̄

⌘
ni(R,~r, t)�

⇣�B

m̄

⌘
nB(R,~r, t)

3

5 P (R; {~r, t}, {~r�, t�})

=

2

4
X

i=C,N,O,...

⇣�i!B

m̄

⌘
ni(R,~r�, t�)�

⇣�B

m̄

⌘
nB(R,~r�, t�)

3

5
Z

d3r

Z
dt c ⇢ISM (~r, t)

nC (R,~r, t)

nC (R,~r�, t�)
P (R; {~r, t}, {~r�, t�}) FB

⇡ QB(R)X
esc

(R) (1)

QB(R) =
X

i=C,N,O,...

⇣�i!B

m̄

⌘
ni(R,~r�, t�)�

⇣�B

m̄

⌘
nB(R,~r�, t�) (2)

QB(R,~r, t) =
X

i=C,N,O,...

⇣�i!B

m̄

⌘
ni(R,~r, t)�

⇣�B

m̄

⌘
nB(R,~r, t) (3)

X
esc

=

Z
d3r

Z
dt c ⇢ISM (~r, t)

nC (R,~r, t)

nC (R,~r�, t�)
P (R; {~r, t}, {~r�, t�}) (4)

FB =

P
i=C,N,O,...

�
�i!B
m̄

� ni(R,~r,t)
nC(R,~r,t) �

�
�B
m̄

� nB(R,~r,t)
nC(R,~r,t)

P
i=C,N,O,...

�
�i!B
m̄

� ni(R,~r�,t�)

nC(R,~r�,t�)

�
�
�B
m̄

� nB(R,~r�,t�)

nC(R,~r�,t�)

⇡ 1 (5)

nA(R)

nB(R)
=

QA(R)

QB(R)
(6)

nA

nB
=

QA

QB
(7)

nA(R) = QA(R)⇥X
esc

(R) (8)

Jp̄
Jp

= 101��p ⇣p̄,A>1

Cp̄,pp
�pp,inel

mp

X
esc

1 + �p̄

mp
X

esc

(9)

Gamma ray observations provide evidence that the spectrum and density of CRs in the interstellar medium (ISM)
on moderate distances (100-500pc) from the Solar System are approximately uniform, and consistent with the local
measurements outside of the Earth’s atmosphere. Combining the locally measured CR flux with estimates of the mass
of ISM gas in the solar neighborhood, we can therefore calculate the production rate of secondary CRs in this region.
This calculation is free of modeling assumptions for the distribution and propagation of CRs, that apply on larger
spatial scales.

antiprotons 



Tan & Ng 1982,1983 

A local account of secondary cosmic rays

Kfir Blum1, ⇤ and Kohta Murase1, †

1
Institute for Advanced Study, Princeton 08540, USA

We calculate the total production rate per unit volume of high energy (10-150 GeV) secondary

positron and antiproton cosmic rays in the local interstellar medium, over distances of order 500pc

from the Solar System. Comparing the net production rate to the locally observed cosmic ray

densities, we deduce a confinement time of cosmic rays in the solar neighborhood, of order te ⇡?.

This calculation serves as a sanity test for the secondary origin of high energy cosmic ray antimatter.

The result is...

Introduction.

nB(R,~r�, t�) =

Z
d3r

Z
dt c ⇢ISM (~r, t)

2

4
X

i=C,N,O,...

⇣�i!B

m̄

⌘
ni(R,~r, t)�

⇣�B

m̄

⌘
nB(R,~r, t)

3

5 P (R; {~r, t}, {~r�, t�})

=

2

4
X

i=C,N,O,...

⇣�i!B

m̄

⌘
ni(R,~r�, t�)�

⇣�B

m̄

⌘
nB(R,~r�, t�)

3

5
Z

d3r

Z
dt c ⇢ISM (~r, t)

nC (R,~r, t)

nC (R,~r�, t�)
P (R; {~r, t}, {~r�, t�}) FB

⇡ QB(R)X
esc

(R) (1)

QB(R) =
X

i=C,N,O,...

⇣�i!B

m̄

⌘
ni(R,~r�, t�)�

⇣�B

m̄

⌘
nB(R,~r�, t�) (2)

QB(R,~r, t) =
X

i=C,N,O,...

⇣�i!B

m̄

⌘
ni(R,~r, t)�

⇣�B

m̄

⌘
nB(R,~r, t) (3)

X
esc

=

Z
d3r

Z
dt c ⇢ISM (~r, t)

nC (R,~r, t)

nC (R,~r�, t�)
P (R; {~r, t}, {~r�, t�}) (4)

FB =

P
i=C,N,O,...

�
�i!B
m̄

� ni(R,~r,t)
nC(R,~r,t) �

�
�B
m̄

� nB(R,~r,t)
nC(R,~r,t)

P
i=C,N,O,...

�
�i!B
m̄

� ni(R,~r�,t�)

nC(R,~r�,t�)

�
�
�B
m̄

� nB(R,~r�,t�)

nC(R,~r�,t�)

⇡ 1 (5)

nA(R)

nB(R)
=

QA(R)

QB(R)
(6)

nA

nB
=

QA

QB
(7)

nA(R) = QA(R)⇥X
esc

(R) (8)

Jp̄
Jp

= 101��p ⇣p̄,A>1

Cp̄,pp
�pp,inel

mp

X
esc

1 + �p̄

mp
X

esc

(9)

Gamma ray observations provide evidence that the spectrum and density of CRs in the interstellar medium (ISM)
on moderate distances (100-500pc) from the Solar System are approximately uniform, and consistent with the local
measurements outside of the Earth’s atmosphere. Combining the locally measured CR flux with estimates of the mass
of ISM gas in the solar neighborhood, we can therefore calculate the production rate of secondary CRs in this region.
This calculation is free of modeling assumptions for the distribution and propagation of CRs, that apply on larger
spatial scales.

antiprotons 



Tan & Ng 1982,1983 

A local account of secondary cosmic rays

Kfir Blum1, ⇤ and Kohta Murase1, †

1
Institute for Advanced Study, Princeton 08540, USA

We calculate the total production rate per unit volume of high energy (10-150 GeV) secondary

positron and antiproton cosmic rays in the local interstellar medium, over distances of order 500pc

from the Solar System. Comparing the net production rate to the locally observed cosmic ray

densities, we deduce a confinement time of cosmic rays in the solar neighborhood, of order te ⇡?.

This calculation serves as a sanity test for the secondary origin of high energy cosmic ray antimatter.

The result is...

Introduction.

nB(R,~r�, t�) =

Z
d3r

Z
dt c ⇢ISM (~r, t)

2

4
X

i=C,N,O,...

⇣�i!B

m̄

⌘
ni(R,~r, t)�

⇣�B

m̄

⌘
nB(R,~r, t)

3

5 P (R; {~r, t}, {~r�, t�})

=

2

4
X

i=C,N,O,...

⇣�i!B

m̄

⌘
ni(R,~r�, t�)�

⇣�B

m̄

⌘
nB(R,~r�, t�)

3

5
Z

d3r

Z
dt c ⇢ISM (~r, t)

nC (R,~r, t)

nC (R,~r�, t�)
P (R; {~r, t}, {~r�, t�}) FB

⇡ QB(R)X
esc

(R) (1)

QB(R) =
X

i=C,N,O,...

⇣�i!B

m̄

⌘
ni(R,~r�, t�)�

⇣�B

m̄

⌘
nB(R,~r�, t�) (2)

QB(R,~r, t) =
X

i=C,N,O,...

⇣�i!B

m̄

⌘
ni(R,~r, t)�

⇣�B

m̄

⌘
nB(R,~r, t) (3)

X
esc

=

Z
d3r

Z
dt c ⇢ISM (~r, t)

nC (R,~r, t)

nC (R,~r�, t�)
P (R; {~r, t}, {~r�, t�}) (4)

FB =

P
i=C,N,O,...

�
�i!B
m̄

� ni(R,~r,t)
nC(R,~r,t) �

�
�B
m̄

� nB(R,~r,t)
nC(R,~r,t)

P
i=C,N,O,...

�
�i!B
m̄

� ni(R,~r�,t�)

nC(R,~r�,t�)

�
�
�B
m̄

� nB(R,~r�,t�)

nC(R,~r�,t�)

⇡ 1 (5)

nA(R)

nB(R)
=

QA(R)

QB(R)
(6)

nA

nB
=

QA

QB
(7)

nA(R) = QA(R)⇥X
esc

(R) (8)

Jp̄
Jp

= 101��p ⇣p̄,A>1

Cp̄,pp
�pp,inel

mp

X
esc

1 + �p̄

mp
X

esc

(9)

Gamma ray observations provide evidence that the spectrum and density of CRs in the interstellar medium (ISM)
on moderate distances (100-500pc) from the Solar System are approximately uniform, and consistent with the local
measurements outside of the Earth’s atmosphere. Combining the locally measured CR flux with estimates of the mass
of ISM gas in the solar neighborhood, we can therefore calculate the production rate of secondary CRs in this region.
This calculation is free of modeling assumptions for the distribution and propagation of CRs, that apply on larger
spatial scales.

antiprotons 



antiprotons 

 

antiprotons form in pp, pHe collisions. 

not born with the same rigidity as the primary CR 

Tan & Ng 1982,1983 

1462 B. Katz et al.

10
1

10
2

10
3

10

10
0

Kinetic Energy [GeV]

C
S

,p
p

Figure 1. Production coefficients CS,pp(ε) ( equation 14) of antiprotons
and positrons. The lower blue curves are the production coefficients of
antiprotons for proton spectra γ = 2.6–2.9, and the upper red curves are
the production coefficients of positrons for the same values of γ . The black
dotted line is the approximation given in equations (15) and (17).

For a steeply declining, smooth primary proton spectrum, it is
useful to parametrize the resulting local generation rate of antipro-
tons and of positrons per ISM mass by the following equation:

εQS(ε) = ξS,A>1(ε)CS,pp(ε)4π(10ε)Jp(10ε)
σpp,0

mp
, (14)

where S = p̄, e+ stands for antiprotons and positrons, respectively,
σ pp,0 ≡ 30 mb is a cross-section normalization chosen to be ap-
proximately the inelastic cross-section for pp interactions at the
energy range 10 < ε < 300 GeV (Tan & Ng 1983a) and CS,pp(ε)
is a dimensionless coefficient that weakly depends on the primary
spectrum.

The values of Cp̄,pp and Ce+,pp are shown in Fig. 1 for a power-law
proton flux Jp ∝ ε−γ with 2.6 < γ < 2.9. For this range of values
for γ , the approximation

Cp̄,pp = 0.18 − 0.04 log2
10(ε/500 GeV) (15)

and

Ce+,pp = 0.58 (16)

at the p̄ (e+) kinetic energies 10 GeV < ε < TeV, is accurate to
better than 10 per cent (approximation shown in the figure).

For completeness, we also give the approximate value of Ce+,pp

corresponding to the parametrization of Kamae et al. (2006)

Ce+,pp = 0.31 + 0.15 log10(ε/100 GeV)%(ε − 100 GeV), (17)

valid in the range 2.6 < γ < 2.9 and 10 GeV < ε < 1 TeV to an
accuracy of 10 per cent.

3.2 Antiprotons

Using equations (9) and (14), and assuming a power-law proton
spectrum Jp ∝ ε−γ , the expected ratio of antiprotons to protons is
given by

Jp̄

Jp
= 10−γ+1ξp̄,A>1Cp̄,pp(ε)

σpp,inel,0

mp
Xesc

1
1 + (σp̄/mp)Xesc

.
(18)

Using the measured value of Xesc from equation (10), setting
ξp̄,A>1 = 1.2 (Gaisser & Schaefer 1992; Simon, Molnar & Roesler

Figure 2. Antiproton to proton flux ratio. The blue and dark brown error bars
are the Jp̄/Jp ratios measured by PAMELA (Adriani et al. 2009b) and HEAT
(Beach et al. 2001). The black line is the expected ratio using equation (18),
with the cyan-coloured region denoting a 40 per cent (Simon et al. 1998)
uncertainty band. The brown band depicts the results of the diffusion model
of Donato et al. (2009).

1998), we find

Jp̄

Jp
≈ 3.6 × 10−4

(
Cp̄,pp(ε)

0.1

) ( ε

10 GeV

)−0.5

×
(

1 + 0.16
( σp̄
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) ( ε

10 GeV

)−0.5
)−1

. (19)

In our calculation we adopt σp̄ from Tan & Ng (1983a), where
σp̄ ≈ 30 mb holds to an accuracy of about 20 per cent in the range
10 < ε < 100 GeV. This result is compared to experiments in
Fig. 2. As can be seen, the results are in good agreement with recent
measurements (Beach et al. 2001; Adriani et al. 2009b).

Similar calculations, up to differences in the cross-section and
grammage parametrizations, were made in Gaisser & Schaefer
(1992) and Simon et al. (1998). In Fig. 2, the results of two de-
tailed diffusion models (Moskalenko et al. 2002; Donato et al. 2009)
are plotted. The model of Donato et al. (2009) assumes a primary
proton spectral index of γ = 2.84, cross-sections are taken from
Bringmann & Salati (2007) with the pp cross-sections based on Tan
& Ng (1983a) (which are slightly smaller than the parametrization
by Tan & Ng 1983b, that we use) and uses an energy-dependent
diffusion coefficient D(ε) ∝ ε0.7. The model of Moskalenko et al.
(2002) assumes a primary proton spectral index of γ ≈ 2.75, pp
cross-sections based on Tan & Ng (1983b) and uses an energy-
dependent diffusion coefficient D(ε) ∝ ε0.6. The results of the dif-
ferent computations agree to within a factor of ∼2.

3.3 Positrons

Using equations (1), (9) and (14) and assuming a power-law proton
spectrum Jp ∝ ε−γ , the expected ratio of positrons to protons is
given by

Je+

Jp
= fs,e+ 10−γ+1ξe+,A>1Ce+,pp(ε)

σpp,inel,0

mp
Xesc. (20)
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Equations (6) and (8) can be written in a directly applicable form
as

ni = XescQi/(ρISMc)
1 + (σi/mp)Xesc

. (9)

As far as we know, equation (9) is consistent with all data of
CR composition. Above a few GeV nucleon−1, the value of Xesc is
measured to be

Xesc ≈ 8.7
( ε

10Z GeV

)−0.5
g cm−2, (10)

with different fits varying by ∼30 per cent in the range 10 < ε/Z !
100 GeV (e.g. Engelman et al. 1990; Jones et al. 2001; Webber,
McDonald & Lukasiak 2003). There are indications that the power-
law behaviour of Xesc continues to hundreds of GeV (Binns et al.
1988; Ahn et al. 2008), see however Zatsepin et al. (2009). Hence-
forth, we assume that the grammage parametrization given in equa-
tion (10) holds up to ε/Z ∼ 300 GeV.

For strong spallation losses, σ ≫ mp/Xesc, the density of secon-
daries given by equation (9) approaches a value that is independent
of Xesc,

ni,∞ = Qimp

ρISMσic
. (11)

The strong suppression due to spallation of the heavy secondaries
(Sc, V, Ti), results in a small deviation of their densities from the
limit of infinite grammage:

ni,∞ − ni

ni

= mp

Xescσi

≈ 0.3
(

Ai

50

)−0.7 ( ε

10 GeVZ

)0.5
. (12)

Thus, the measurements of these subiron elements are useful for
determining Xesc only at high energies ε/Z " 100 GeV.

What makes equations (7)–(9) non-trivial is the fact that the loss
term has to be included in the expression for the net generation rate,
equation (6). As the net generation rate of two particle species A
and B is affected by their own density, their relative abundance is
required to be uniform in order that Q̃A/Q̃B be uniform. Thus the
validity of equations (7)–(9) suggests that the relative abundance of
the secondaries themselves is uniform.

Perhaps, the simplest propagation model in which the above con-
ditions are realized is the homogenous LBM (see Section 5). Ob-
viously this model satisfies the conditions (2) and thus equations
(7)–(9) are guaranteed to hold. It is also known that these equations
are satisfied for disc–halo diffusion models in which the radial ex-
tent of the CR halo is much larger than the scaleheight, which is in
turn much larger than the width of the gas disc (e.g. Ginzburg &
Ptuskin 1976; Schlickeiser & Lerche 1985). In this case again, con-
dition (2) is trivially satisfied. Expressions for Xesc in these models
are given in Section 5 and Appendix A.

In our view, equations (7)–(9) are natural relations, that are ex-
pected for a wide range of models, that satisfy condition (2) and that
were empirically validated. Diffusion models that have a large halo
and thin disc model (virtually all currently used models) or LBM are
particular models that satisfy these conditions. In fact, these equa-
tions will hold in any 1D model in which the gas is concentrated
in a thin disc, assuming that the transport of particles (diffusive or
otherwise) depends on their rigidity only and that their energies do
not change.

The good news is that these equations allow us to obtain robust
predictions for secondary particles like antiprotons and positrons
(with the latter requiring more care due to energy losses, see Sec-
tions 3 and 4). The bad news are that the measurements of stable
secondaries, which are probably the single most important type of

measurements for quantitative research of CR propagation, carry
little information regarding the precise form in which CRs propa-
gate.

We conclude this section with a comment about the application
of these equations to primary CRs. Unlike secondaries, the source
function of primary particles is not known. In fact, equation (9) is
used to deduce the averaged source spectrum and in particular the to-
tal required energy output of CRs. The fact that the resulting source
spectrum, when using the grammage deduced from the secondary
measurements, is approximately the same for the different elements
(e.g. Engelman et al. 1990) suggests that the same equations are
applicable to the primary CRs as well. This in turn suggests that
the propagation of CRs averages the generation spectrum over dis-
tances larger than the inhomogeneities of the primary sources. We
note that the application of these equations to primaries is some-
what less substantiated theoretically and observationally than for
the secondaries.

3 A P P L I C AT I O N TO SE C O N DA RY
A N T I P ROTO N S A N D P O S I T RO N S

In this section, we estimate the expected flux of positrons and an-
tiprotons using the measured CR traversed grammage discussed in
Section 2. We first discuss the local production rates of positrons and
antiprotons in Section 3.1. We then write down a model-independent
expected p̄ flux in Section 3.2 and show that it agrees with obser-
vations. An upper limit for the secondary e+ flux, obtained by
neglecting energy losses, is given in Section 3.3 and compared to
observations. The e+ energy losses are addressed in Section 4.

We note that for positrons and antiprotons the second of condi-
tion (2) is not satisfied, as these particles are generated at rigidities
lower by a factor of ∼10 compared to their progenitors. The fluxes
of positrons and antiprotons are therefore more sensitive to spec-
tral variations of the CRs in the Galaxy compared to products of
spallation of nuclei.

3.1 Production of antiprotons and positrons

The rate of production of positrons and antiprotons depends on the
flux of primary CRs, the ISM composition and nuclear cross-section
data. For ε " few GeV, the cross-section dependence on energy is
essentially dictated by the cross-section for pp collisions, while the
presence of heavy target and projectile nuclei can be approximated
via an energy-independent scaling factor, denoted here by ξ S,A>1,
of order unity.

Concerning the production of antiprotons, we adopt the cross-
section parametrization of Tan & Ng (1983b). Given a measurement
of the primary proton flux Jp, the p̄ production rate per unit ISM
particle mass is given by

Qp̄(ε) = 2ξp̄,A>14π

∫ ∞

εp̄

dεpJp(εp)
(

dσp̄(εp, ε)
dεp

)
, (13)

where the factor of 2 accounts for the decay of antineutrons pro-
duced in the same interactions.

For positrons, the production rate is given by a formula similar
to (13), using the cross-section for final state positrons resulting
from the decay of charged mesons. For the charged meson cross-
section, we again adopt the parametrization of Tan & Ng (1983b).
The subsequent e+ yield is calculated using standard electroweak
theory. The e+ yield we find agrees with the results of Delahaye
et al. (2009b) to ∼10 per cent for the same parametrization.
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Figure 1. Production coefficients CS,pp(ε) ( equation 14) of antiprotons
and positrons. The lower blue curves are the production coefficients of
antiprotons for proton spectra γ = 2.6–2.9, and the upper red curves are
the production coefficients of positrons for the same values of γ . The black
dotted line is the approximation given in equations (15) and (17).

For a steeply declining, smooth primary proton spectrum, it is
useful to parametrize the resulting local generation rate of antipro-
tons and of positrons per ISM mass by the following equation:

εQS(ε) = ξS,A>1(ε)CS,pp(ε)4π(10ε)Jp(10ε)
σpp,0

mp
, (14)

where S = p̄, e+ stands for antiprotons and positrons, respectively,
σ pp,0 ≡ 30 mb is a cross-section normalization chosen to be ap-
proximately the inelastic cross-section for pp interactions at the
energy range 10 < ε < 300 GeV (Tan & Ng 1983a) and CS,pp(ε)
is a dimensionless coefficient that weakly depends on the primary
spectrum.

The values of Cp̄,pp and Ce+,pp are shown in Fig. 1 for a power-law
proton flux Jp ∝ ε−γ with 2.6 < γ < 2.9. For this range of values
for γ , the approximation

Cp̄,pp = 0.18 − 0.04 log2
10(ε/500 GeV) (15)

and

Ce+,pp = 0.58 (16)

at the p̄ (e+) kinetic energies 10 GeV < ε < TeV, is accurate to
better than 10 per cent (approximation shown in the figure).

For completeness, we also give the approximate value of Ce+,pp

corresponding to the parametrization of Kamae et al. (2006)

Ce+,pp = 0.31 + 0.15 log10(ε/100 GeV)%(ε − 100 GeV), (17)

valid in the range 2.6 < γ < 2.9 and 10 GeV < ε < 1 TeV to an
accuracy of 10 per cent.

3.2 Antiprotons

Using equations (9) and (14), and assuming a power-law proton
spectrum Jp ∝ ε−γ , the expected ratio of antiprotons to protons is
given by

Jp̄

Jp
= 10−γ+1ξp̄,A>1Cp̄,pp(ε)

σpp,inel,0

mp
Xesc

1
1 + (σp̄/mp)Xesc

.
(18)

Using the measured value of Xesc from equation (10), setting
ξp̄,A>1 = 1.2 (Gaisser & Schaefer 1992; Simon, Molnar & Roesler

Figure 2. Antiproton to proton flux ratio. The blue and dark brown error bars
are the Jp̄/Jp ratios measured by PAMELA (Adriani et al. 2009b) and HEAT
(Beach et al. 2001). The black line is the expected ratio using equation (18),
with the cyan-coloured region denoting a 40 per cent (Simon et al. 1998)
uncertainty band. The brown band depicts the results of the diffusion model
of Donato et al. (2009).

1998), we find

Jp̄

Jp
≈ 3.6 × 10−4

(
Cp̄,pp(ε)

0.1

) ( ε

10 GeV

)−0.5

×
(

1 + 0.16
( σp̄

30 mb

) ( ε

10 GeV

)−0.5
)−1

. (19)

In our calculation we adopt σp̄ from Tan & Ng (1983a), where
σp̄ ≈ 30 mb holds to an accuracy of about 20 per cent in the range
10 < ε < 100 GeV. This result is compared to experiments in
Fig. 2. As can be seen, the results are in good agreement with recent
measurements (Beach et al. 2001; Adriani et al. 2009b).

Similar calculations, up to differences in the cross-section and
grammage parametrizations, were made in Gaisser & Schaefer
(1992) and Simon et al. (1998). In Fig. 2, the results of two de-
tailed diffusion models (Moskalenko et al. 2002; Donato et al. 2009)
are plotted. The model of Donato et al. (2009) assumes a primary
proton spectral index of γ = 2.84, cross-sections are taken from
Bringmann & Salati (2007) with the pp cross-sections based on Tan
& Ng (1983a) (which are slightly smaller than the parametrization
by Tan & Ng 1983b, that we use) and uses an energy-dependent
diffusion coefficient D(ε) ∝ ε0.7. The model of Moskalenko et al.
(2002) assumes a primary proton spectral index of γ ≈ 2.75, pp
cross-sections based on Tan & Ng (1983b) and uses an energy-
dependent diffusion coefficient D(ε) ∝ ε0.6. The results of the dif-
ferent computations agree to within a factor of ∼2.

3.3 Positrons

Using equations (1), (9) and (14) and assuming a power-law proton
spectrum Jp ∝ ε−γ , the expected ratio of positrons to protons is
given by

Je+

Jp
= fs,e+ 10−γ+1ξe+,A>1Ce+,pp(ε)

σpp,inel,0

mp
Xesc. (20)
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We calculate the total production rate per unit volume of high energy (10-150 GeV) secondary

positron and antiproton cosmic rays in the local interstellar medium, over distances of order 500pc

from the Solar System. Comparing the net production rate to the locally observed cosmic ray

densities, we deduce a confinement time of cosmic rays in the solar neighborhood, of order te ⇡?.

This calculation serves as a sanity test for the secondary origin of high energy cosmic ray antimatter.

The result is...
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on moderate distances (100-500pc) from the Solar System are approximately uniform, and consistent with the local
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Gamma ray observations provide evidence that the spectrum and density of CRs in the interstellar medium (ISM)
on moderate distances (100-500pc) from the Solar System are approximately uniform, and consistent with the local

positrons  

ISM properties: e.g. Ferriere, Rev.Mod.Phys. 73 (2001) 1031-1066 



e+ lose energy through IC and synchrotron radiation. 
 
The amount of loss depends on the propagation time tesc vs. energy loss time tcool 

  
 we do not know the propagation time of CRs above ~10 GV. 

 
 B/C and pbar/p do not measure it. 

 
  

new e+ data itself is the first (semi-)direct observational probe of this 
quantity. 
 
 
What we can say:                                       
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Important point: direct measurement of e+ flux rather than e+/e± 

Dynamic range not limited to 0-0.6, in contrast to e+/e± 

Why would dark matter or pulsars inject this e+ flux? 
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Why would dark matter or pulsars inject this e+ flux? 



 

 

 

 

 

 

 

 

 

A comment about progress w/ AMS02 

Katz et al, MNRAS 405 (2010) 1458  
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AMS02 update (2013) 

For the first time, (almost!) all ingredients from same experiment 



AMS02 update (2013) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

            



101 102

10−1

E [GeV]

e+ /e
±

 

 

PAMELA (2009)

PAMELA (2011)

AMS02 (2013)

e+ upper bound

e+ upper bound: pre−AMS02

KB, Katz, Waxman; (2013) 



  

 

 

•  how do we test the secondary interpretation further? 

 

 



1. A clean test: 

     branching fraction in pp collision: 

pe+
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2. Propagation time scales: radioactive nuclei 



2. Propagation time scales: radioactive nuclei 

è Secondary radioactive nuclei carry time info (like positrons) 



How to compare radioactive decay of a nucleus, with energy loss of e+? 

 

e+       10Be 

Positrons vs. radioactive nuclei  

We’ll get there in a few slides. 



(WS98) 

Radioactive nuclei: Charge ratio 



Charge ratios 
 
Isotopic ratios  
 
 
 

Radioactive nuclei: Charge ratio vs. isotopic ratio 



Charge ratios 
 
Isotopic ratios  
 
 
•  High energy isotopic separation difficult. Need to resolve mass. 
Isotopic ratios were measured only up to ~ 2 GeV/nuc  (ISOMAX) 
 
 
•  Charge separation easier. Charge ratios up to ~ 16 GeV/nuc (HEAO3-C2) 
( AMS-02: Charge ratios to ~ TeV/nuc. Isotopic ratios ~ 10 GeV/nuc ) 
 
 
•  Benefit: avoid low energy complications; significant range in rigidity 
 
•  Drawback: systematic uncertainties (cross sections, primary contamination) 

Radioactive nuclei: Charge ratio vs. isotopic ratio 



 
Charge ratios 
 
 
 
 
 
 
 
 
 
Isotopic ratios  

Radioactive nuclei: Charge ratio vs. isotopic ratio 



How to compare radioactive decay of a nucleus, with energy loss of e+? 

 

e+       10Be 

Positrons vs. radioactive nuclei  



•  Suppression factor due to decay ~ suppression factor due to radiative loss,  

  if compared at rigidity such that cooling time = decay time 
 

Explain: 

 

Positrons vs. radioactive nuclei  



•  Suppression factor due to decay ~ suppression factor due to radiative loss,  

  if compared at rigidity such that cooling time = decay time 
 

Explain: 

 

Consider decay term of nuclei and loss term of e+ in general transport equation. 
 

        decay:                                          loss: 

 

 
                        

             è                        

 

Positrons vs. radioactive nuclei  



Comparing with radioactive nuclei  

Time scales:  
 
cooling vs decay 
 



Time scales:  
 
cooling vs decay 
 

Comparing with radioactive nuclei  



Comparing with radioactive nuclei  



Be/B 

Comparing with radioactive nuclei  



Be/B 

Comparing with radioactive nuclei  



•  Cannot (yet) exclude rapidly decreasing escape time 
•  AMS-02 should do better! 

 
           Need to tell between these fits 

Radioactive nuclei: constraints on 

Blum, JCAP 1111 (2011) 037 

Lifetime [Myr] Lifetime [Myr] 

f f



  

 

 

•  lessons for CR propagation, assuming secondary e+ 

 

 



What is the cooling time for CR positrons? 
 
 



What is the cooling time for CR positrons? 
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1

As long as CME energy of eγ collision is << me 
 
 
 
 
 
 
 
 
 
 
 
Once larger CME (                             ), enter Klein-Nishina regime with suppressed 
cooling 
 
For e+ (or e-) cooling on 1eV starlight photons, the cross to KN limit happens around 
60 GeV.  
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What is the cooling time for CR positrons? 
 
 
K-N bump @E~10-100 GeV 
due to starlight. 
 
Index ~ 0.8-0.9   
tcool ~ 1 Myr @ 300 GeV 
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Taken from: Porter & Strong, astro-ph/0507119 



1. For the first time, limit cosmic ray propagation time @100’s GV: 

 

 

 

Together with B/C and pbar/p data, this may suggest that high energy CRs do not 
return from too far above the Galactic gas disc: 

 

 

            ~   1/cm3 @R=300GV 
 

 

 

 

è  AMS updates on B/C together w/ p, He, and e+ flux 

     important to check n at yet higher energies. 

     ( will we be led to surprisingly large n>>1? ) 
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Gamma ray observations provide evidence that the spectrum and density of CRs in the interstellar medium (ISM)
on moderate distances (100-500pc) from the Solar System are approximately uniform, and consistent with the local
measurements outside of the Earth’s atmosphere. Combining the locally measured CR flux with estimates of the mass
of ISM gas in the solar neighborhood, we can therefore calculate the production rate of secondary CRs in this region.
This calculation is free of modeling assumptions for the distribution and propagation of CRs, that apply on larger
spatial scales.

Comparing the calculated local net production rate of secondary CRs to their observed densities, we can infer the
trapping time of the CRs in the local ISM, te, using

ns

te
= Q+

s (✏)�Q�
s (✏), (14)

Note that, in principle, te can come out negative, implying either some un-accounted for (perhaps primary) source
for the species s, or a higher secondary production rate at an adjacent region in the Galaxy with positive net flow
of s from that region into our local vicinity, or a deviation from steady-state. Finding a hint to any one of these
possibilities will be interesting, especially so when it comes to high energy CR antimatter. Alternatively, a positive
value of te can be contrasted with expectations based on global modeling of Galactic CRs.
Positrons. The production rate density for secondary positrons at energy ✏ can be approximated by

Q+

e+(✏) = 10Ce+ �
0

n
ISM

c np(10✏) (15)

Here np is the CR proton density, n
ISM

is the ISM nucleon density, �
0

= 30 mb, c the speed of light, and the correction
factor Ce+ ⇡ 0.6 accounts for the details involved in convolving the proton flux with the energy-dependent positron
production cross section in proton-proton collisions. Note that Eq. (15) assumes that the proton flux is well described
by a power law, and that we chose to present the proton density at an energy 10✏, where ✏ is the energy of the
produced positron (a di↵erent choice would amount to a redefinition of the correction factor Ce+).

Positrons loose energy by synchrotron and inverse-Compton (IC) scattering in the ISM. The loss rate density due
to cooling is

Q�
e+(✏) = �@✏ (✏̇ne+) =

ne+(✏)

tc(✏)
Fc(✏). (16)

Here, tc = �✏̇/✏ is the cooling time, and

Fc = �
@ log

⇣
✏ne+

tc

⌘

@ log ✏
. (17)

For ne+ ⇠ ✏�3 and tc ⇠ ✏�1, we have Fc ⇡ 1. We are ignoring pile-up e↵ects (to be checked later on). We then have,

ne+(✏)

te(✏)
= 10Ce+ �
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n
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c np(10✏)�
Fc(✏)ne+(✏)

tc(✏)
. (18)

Assuming te > 0, we can derive an upper bound to the positron flux based on a local argument:

Je+(✏)

Jp(✏)
<
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0

n
ISM

c tc(✏)

Fc(✏)
(19)

AMS02 measures the local value

[ne+(✏)/np(10✏)]
locally

⇡ 0.19, (20)



2. As rigidity R increases, loss suppression does not decrease (perhaps even gets 
closer to unity?),  

 

imply   tesc(R)/tcool(R)  ~ constant (perhaps decreasing?) with R 

 

è  tesc(R) decreases faster than Xesc(R) 

     

could do with e.g.  

R-dependent boundary 

 

need care w/ e+  

production cross section,  

as well as consistent B/C, p, He data. 
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AMS02 (2013)

e+ upper bound

e+ upper bound: pre−AMS02



Summary 
 
 
 

pbar & e+ consistent with simple reliable calculation,  
   Katz et al, MNRAS 405 (2010) 1458  
 
No need for dark matter annihilation / pulsar contribution 
  Why would a primary source reproduce secondary Je+?  
 
 
Very interesting cosmic ray physics  
   Cosmic ray escape time falling faster than column density? 
   Escape time < 1 Myr at R~300 GV 
   CRs at R > 300 GV don’t come back from halo? 
 
Upcoming tests with AMS 
   Spectral features? 
   Determination of B/C, pbar at high energy  
                    – calibrate out propagation 
   Relativistic elemental ratios  Be/B, Cl/Ar, Al/Mg 

Thank you! 
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e+ upper bound: pre−AMS02



Xtras 



If escape time falls fast w/ energy, what is the implication for primary 
injection spectrum? 
 
Fermi acceleration  è 
 
Worry in literature: “if   tesc ~ R-1  then…”  
 
 
 

  è injected     ? 
 
Answer 1: we already saw that  tesc ~ R-0.8  may be enough (KN effect in tcool)). 
Answer 2: worry is based on scaling assumption, that may well be incorrect. 
 
Correct (steady state) scaling is 
 
…V can depend on rigidity: V=V(R) 
Example: homogeneous thin-disc diffusion with V ~ L = L(R)  
 

             
 
 

   è 
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Gamma ray observations provide evidence that the spectrum and density of CRs in the interstellar medium (ISM)
on moderate distances (100-500pc) from the Solar System are approximately uniform, and consistent with the local
measurements outside of the Earth’s atmosphere. Combining the locally measured CR flux with estimates of the mass
of ISM gas in the solar neighborhood, we can therefore calculate the production rate of secondary CRs in this region.
This calculation is free of modeling assumptions for the distribution and propagation of CRs, that apply on larger
spatial scales.

Comparing the calculated local net production rate of secondary CRs to their observed densities, we can infer the
trapping time of the CRs in the local ISM, te, using

ns

te
= Q+

s (✏)�Q�
s (✏), (15)

Note that, in principle, te can come out negative, implying either some un-accounted for (perhaps primary) source
for the species s, or a higher secondary production rate at an adjacent region in the Galaxy with positive net flow
of s from that region into our local vicinity, or a deviation from steady-state. Finding a hint to any one of these
possibilities will be interesting, especially so when it comes to high energy CR antimatter. Alternatively, a positive
value of te can be contrasted with expectations based on global modeling of Galactic CRs.
Positrons. The production rate density for secondary positrons at energy ✏ can be approximated by
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e+(✏) = 10Ce+ �
0

n
ISM

c np(10✏) (16)

Here np is the CR proton density, n
ISM

is the ISM nucleon density, �
0

= 30 mb, c the speed of light, and the correction
factor Ce+ ⇡ 0.6 accounts for the details involved in convolving the proton flux with the energy-dependent positron
production cross section in proton-proton collisions. Note that Eq. (16) assumes that the proton flux is well described
by a power law, and that we chose to present the proton density at an energy 10✏, where ✏ is the energy of the
produced positron (a di↵erent choice would amount to a redefinition of the correction factor Ce+).

Positrons loose energy by synchrotron and inverse-Compton (IC) scattering in the ISM. The loss rate density due
to cooling is
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Here, tc = �✏̇/✏ is the cooling time, and
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For ne+ ⇠ ✏�3 and tc ⇠ ✏�1, we have Fc ⇡ 1. We are ignoring pile-up e↵ects (to be checked later on). We then have,
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Assuming te > 0, we can derive an upper bound to the positron flux based on a local argument:
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Gamma ray observations provide evidence that the spectrum and density of CRs in the interstellar medium (ISM)
on moderate distances (100-500pc) from the Solar System are approximately uniform, and consistent with the local
measurements outside of the Earth’s atmosphere. Combining the locally measured CR flux with estimates of the mass
of ISM gas in the solar neighborhood, we can therefore calculate the production rate of secondary CRs in this region.
This calculation is free of modeling assumptions for the distribution and propagation of CRs, that apply on larger
spatial scales.

Comparing the calculated local net production rate of secondary CRs to their observed densities, we can infer the
trapping time of the CRs in the local ISM, te, using

ns

te
= Q+

s (✏)�Q�
s (✏), (17)

Note that, in principle, te can come out negative, implying either some un-accounted for (perhaps primary) source
for the species s, or a higher secondary production rate at an adjacent region in the Galaxy with positive net flow
of s from that region into our local vicinity, or a deviation from steady-state. Finding a hint to any one of these
possibilities will be interesting, especially so when it comes to high energy CR antimatter. Alternatively, a positive
value of te can be contrasted with expectations based on global modeling of Galactic CRs.
Positrons. The production rate density for secondary positrons at energy ✏ can be approximated by
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Here np is the CR proton density, n
ISM

is the ISM nucleon density, �
0

= 30 mb, c the speed of light, and the correction
factor Ce+ ⇡ 0.6 accounts for the details involved in convolving the proton flux with the energy-dependent positron
production cross section in proton-proton collisions. Note that Eq. (??) assumes that the proton flux is well described
by a power law, and that we chose to present the proton density at an energy 10✏, where ✏ is the energy of the
produced positron (a di↵erent choice would amount to a redefinition of the correction factor Ce+).

Positrons loose energy by synchrotron and inverse-Compton (IC) scattering in the ISM. The loss rate density due
to cooling is
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Here, tc = �✏̇/✏ is the cooling time, and
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For ne+ ⇠ ✏�3 and tc ⇠ ✏�1, we have Fc ⇡ 1. We are ignoring pile-up e↵ects (to be checked later on). We then have,
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Gamma ray observations provide evidence that the spectrum and density of CRs in the interstellar medium (ISM)
on moderate distances (100-500pc) from the Solar System are approximately uniform, and consistent with the local
measurements outside of the Earth’s atmosphere. Combining the locally measured CR flux with estimates of the mass
of ISM gas in the solar neighborhood, we can therefore calculate the production rate of secondary CRs in this region.
This calculation is free of modeling assumptions for the distribution and propagation of CRs, that apply on larger
spatial scales.

Comparing the calculated local net production rate of secondary CRs to their observed densities, we can infer the
trapping time of the CRs in the local ISM, te, using

ns

te
= Q+

s (✏)�Q�
s (✏), (20)

Note that, in principle, te can come out negative, implying either some un-accounted for (perhaps primary) source
for the species s, or a higher secondary production rate at an adjacent region in the Galaxy with positive net flow
of s from that region into our local vicinity, or a deviation from steady-state. Finding a hint to any one of these
possibilities will be interesting, especially so when it comes to high energy CR antimatter. Alternatively, a positive
value of te can be contrasted with expectations based on global modeling of Galactic CRs.
Positrons. The production rate density for secondary positrons at energy ✏ can be approximated by

Q+

e+(✏) = 10Ce+ �
0

n
ISM

c np(10✏) (21)

Here np is the CR proton density, n
ISM

is the ISM nucleon density, �
0

= 30 mb, c the speed of light, and the correction
factor Ce+ ⇡ 0.6 accounts for the details involved in convolving the proton flux with the energy-dependent positron
production cross section in proton-proton collisions. Note that Eq. (18) assumes that the proton flux is well described
by a power law, and that we chose to present the proton density at an energy 10✏, where ✏ is the energy of the
produced positron (a di↵erent choice would amount to a redefinition of the correction factor Ce+).
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Gamma ray observations provide evidence that the spectrum and density of CRs in the interstellar medium (ISM)
on moderate distances (100-500pc) from the Solar System are approximately uniform, and consistent with the local
measurements outside of the Earth’s atmosphere. Combining the locally measured CR flux with estimates of the mass
of ISM gas in the solar neighborhood, we can therefore calculate the production rate of secondary CRs in this region.
This calculation is free of modeling assumptions for the distribution and propagation of CRs, that apply on larger
spatial scales.

Comparing the calculated local net production rate of secondary CRs to their observed densities, we can infer the
trapping time of the CRs in the local ISM, te, using
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s (✏), (20)

Note that, in principle, te can come out negative, implying either some un-accounted for (perhaps primary) source
for the species s, or a higher secondary production rate at an adjacent region in the Galaxy with positive net flow
of s from that region into our local vicinity, or a deviation from steady-state. Finding a hint to any one of these
possibilities will be interesting, especially so when it comes to high energy CR antimatter. Alternatively, a positive
value of te can be contrasted with expectations based on global modeling of Galactic CRs.
Positrons. The production rate density for secondary positrons at energy ✏ can be approximated by
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= 30 mb, c the speed of light, and the correction
factor Ce+ ⇡ 0.6 accounts for the details involved in convolving the proton flux with the energy-dependent positron
production cross section in proton-proton collisions. Note that Eq. (21) assumes that the proton flux is well described
by a power law, and that we chose to present the proton density at an energy 10✏, where ✏ is the energy of the
produced positron (a di↵erent choice would amount to a redefinition of the correction factor Ce+).
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Gamma ray observations provide evidence that the spectrum and density of CRs in the interstellar medium (ISM)
on moderate distances (100-500pc) from the Solar System are approximately uniform, and consistent with the local
measurements outside of the Earth’s atmosphere. Combining the locally measured CR flux with estimates of the mass
of ISM gas in the solar neighborhood, we can therefore calculate the production rate of secondary CRs in this region.
This calculation is free of modeling assumptions for the distribution and propagation of CRs, that apply on larger
spatial scales.

Comparing the calculated local net production rate of secondary CRs to their observed densities, we can infer the
trapping time of the CRs in the local ISM, te, using
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Note that, in principle, te can come out negative, implying either some un-accounted for (perhaps primary) source
for the species s, or a higher secondary production rate at an adjacent region in the Galaxy with positive net flow
of s from that region into our local vicinity, or a deviation from steady-state. Finding a hint to any one of these
possibilities will be interesting, especially so when it comes to high energy CR antimatter. Alternatively, a positive
value of te can be contrasted with expectations based on global modeling of Galactic CRs.
Positrons. The production rate density for secondary positrons at energy ✏ can be approximated by
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= 30 mb, c the speed of light, and the correction
factor Ce+ ⇡ 0.6 accounts for the details involved in convolving the proton flux with the energy-dependent positron
production cross section in proton-proton collisions. Note that Eq. (21) assumes that the proton flux is well described
by a power law, and that we chose to present the proton density at an energy 10✏, where ✏ is the energy of the
produced positron (a di↵erent choice would amount to a redefinition of the correction factor Ce+).
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Gamma ray observations provide evidence that the spectrum and density of CRs in the interstellar medium (ISM)
on moderate distances (100-500pc) from the Solar System are approximately uniform, and consistent with the local
measurements outside of the Earth’s atmosphere. Combining the locally measured CR flux with estimates of the mass
of ISM gas in the solar neighborhood, we can therefore calculate the production rate of secondary CRs in this region.
This calculation is free of modeling assumptions for the distribution and propagation of CRs, that apply on larger
spatial scales.

Comparing the calculated local net production rate of secondary CRs to their observed densities, we can infer the
trapping time of the CRs in the local ISM, te, using
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Note that, in principle, te can come out negative, implying either some un-accounted for (perhaps primary) source
for the species s, or a higher secondary production rate at an adjacent region in the Galaxy with positive net flow
of s from that region into our local vicinity, or a deviation from steady-state. Finding a hint to any one of these



•  Convert charge ratios to observable with direct theoretical interpretation 

•  1st step: WS98 report surviving fraction 

 Well defined quantity, model independently. 

 

•  2nd step: net source includes losses 
  

 Surviving fraction over-counts losses 

  

 Instead, define suppression factor due to decay   

 Accounts for actual fragmentation loss 
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Surviving fraction vs. suppression factor 



•  Different nuclei species on equal footing 

 

•  Expect                                       , 
 

 Examples:    
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Radioactive nuclei: data  

Surviving fraction vs. energy (WS98) 



Suppression factor vs. energy 

Radioactive nuclei: data  



Suppression factor vs. lifetime 

Radioactive nuclei: data  



Consistent with constant residence time 

Radioactive nuclei: data  



Residual rigidity dependence 

Radioactive nuclei: data  



Radioactive nuclei: data  



•  Rigidity dependence:  hints from current data 
 
•  Cannot (yet) exclude                      with   

•  AMS-02 should do much better! 
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