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Positrons and antiprotons 

  

What’s consistent w/ old global models and what not? 

Model building hints in data 

•  Antiprotons vs. B/C 

•  e+  

 



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.
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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.
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Positrons and antiprotons 

  

What’s consistent w/ old global models and what not? 

Model building guidelines in data 

•  Antiprotons vs. B/C   consistent w/ secondary, no problem w/ global models 

•  e+  
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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...
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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



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

  
  

 
  

e+ data itself is the first (semi-)direct observational probe of tesc. 
 
 
What we can say:                                       
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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
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Positrons and antiprotons 

  

What’s consistent w/ old global models and what not? 

Model building guidelines in data 

•  Antiprotons vs. B/C   consistent w/ secondary, no problem w/ global models 

•  e+    consistent w/ robust calculation for secondary 

             inconsistent w/ common diffusion model 
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•  Local, non steady state sources  
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 up to now: dry particle physics perspective 

101 10210−4

10−3

R [GV]

(p
ba

r/p
)/(

B/
C

)



Other ideas: 

•  Local, non steady state sources  

•  Pulsars 

 

 now: astrophysics 



Other ideas: 
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•  Pulsars 

 

nearby supernova O(100pc) away and 106 years ago 
Savchenko, Kachelries, Semikoz, ApJ809 (2015) 
Kchelries, Neronov, Semikoz, PRL115 (2015) 
Giacinti, Kachelries, Semikoz, PRD91 (2015) 
Giacinti, Kachelries, Semikoz, PRD88 (2013) 

Secondary e+ and pbar from same spectrum p 

(should add C, B/C?) 

 

Age of 200GV CR is ~ O(1Myr) 

 

200GV CR live in local ISM density ~ 1mp/cm3 

 

Calibrating global diffusion model from local 
nuclei would be wrong 



Other ideas: 

•  Local, non steady state sources 

•  Pulsars 

 

 a supernova in a dense gas cloud 200pc away and 105 years ago 

In Fig. 3, we plot the positron to antiproton ratio as a function of the rigidity. Here the

local components represent the contribution of the nearby SNRs produced only by the pp

collisions. From this figure, we find that both of the positron and the antiproton can be

consistently fitted only by adding astrophysical local contributions produced from the same

pp collision sources.

Fig. 3 Positron to antiproton ratio as a function of the rigidity with adding the local

components produced by the pp collisions occurred at SNRs near the Earth. The thick solid

line represents the case of the total flux. From the upper right to the lower left, we plot the

flux ratios of 1) the one at the source (without cooling), 2) only the local components, 3) the

total of the local and the background components, and 4) only the background components.

The observational data reported by AMS-02 are also plotted.

4. Conclusion

We have discussed the anomaly of the antiproton fraction recently-reported by the AMS-02

experiment. By considering the same origin of the pp collisions between cosmic-ray protons

accelerated by SNRs and a dense cloud which surrounds the SNRs, we can fit the data of

the observed antiproton and positron simultaneously in the natural model parameters. The

observed fluxes of both antiprotons and positrons are consistent with our predictions shown

in Ref. [4].

Regardless of the model details, the ratio of antiproton to positron is essentially determined

by the fundamental branching fraction into each mode of the pp collisions. Thus the observed

antiproton excess should entail the positron excess, and vice versa. This does not depend on

the propagation model since both antiparticles propagate in a similar way below the cooling

cutoff energy ∼ TeV.

6/8

Kohri, Ioka, Fujita, Yamazaki, 1505.01236 
See also e.g. Ohira, Kawanaka, Ioka, PRD93(2016) 

Fig. 1 Antiproton fraction fitted to the data. The data points are taken from [1] for AMS-

02, and from [16] for PAMELA. The dotted line is plotted only by using the background

flux [37]. The shadow region represents the uncertainties of the background flux among the

propagation models shown in [1]. Cosmic rays below an energy ! 10GeV are affected by

the solar modulation. We choose the background line and its uncertainty band only for a

demonstration purpose. This choice is not essential for our conclusion (See the text about

Fig. 3).

with Vs the source volume where

d2ni

dtdEi
=

∫

dEpn0
dnp

dEp

∑

j

gj
vpdσj
dEi

. (11)

The differential cross section of the “j”-mode for the production of the i particle is rep-

resented to be dσj(Ep, Ei)/dEi with the multiplicity into the j-mode, gj = gj(Ep, Ei).

vp = vp(Ep) is the velocity of the primary proton. We also consider the free neutron

(antineutron) decay for the electron (positron) production process, which is not included

in the original version of PYTHIA. The initial proton spectrum dnp

dEp
can be obtained by a

normalization to satisfy

Vs

∫

dEp
dnp

dEp
= Etot,p. (12)

For the local propagation of protons and antiprotons, their cooling is negligible unlike elec-

trons and positrons. Additionally we can omit annihilations of antiprotons through scattering

off the background protons because the scattering rate is small. We can also omit convection

by interstellar turbulence within the galaxy. An analytical solution for the proton and the

antiproton is also given by the same equation as Eq. (8) with a limit of εp/εcut = 0.

4/8
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TeV Gamma Rays from Geminga and the Origin of the GeV Positron Excess
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The Geminga pulsar has long been one of the most intriguing MeV-GeV !-ray point sources. We

examine the implications of the recent Milagro !-ray Observatory detection of extended, multi-TeV !-ray
emission from Geminga, finding that this reveals the existence of an ancient, powerful cosmic-ray

accelerator that can plausibly account for the multi-GeV positron excess that has evaded explanation. We

explore a number of testable predictions for !-ray and electron or positron experiments (up to!100 TeV)
that can confirm the first ‘‘direct’’ detection of a cosmic-ray source.

DOI: 10.1103/PhysRevLett.103.051101 PACS numbers: 98.70.Rz, 95.85.Ry, 97.60.Gb, 98.70.Sa

Introduction.—Geminga holds a place of distinction
among !-ray sources, being the first pulsar to be discov-
ered through ! rays, with a history of observations through
a variety of techniques [1]. While one of the brightest
MeV-GeV !-ray point sources in the sky, there was no
certain evidence of high-energy activity beyond the imme-
diate neighborhood of the pulsar or its x-ray pulsar wind
nebula (PWN) until the recent detection by the Milagro
!-ray Observatory of ! rays at !20 TeV from a region of
!3 " around the pulsar [2,3]. This detection places
Geminga among the growing class of TeV PWNe (e.g.,
[4,5]) and is important for understanding aged pulsars and
their winds. An immediate consequence is the existence of
a population of high-energy particles.

The relative proximity of Geminga raises an interesting
possibility, namely, that these high-energy particles, most
likely electrons and positrons, may be at the root of the
explanation of the ‘‘positron excess,’’ the observed [6–8]
overabundance of multi-GeV positrons as compared to
theoretical expectations [9] (see Fig. 1). Severe energy
losses of high-energy positrons require a local source of
some kind [10], such as Geminga [11] or even dark matter
through its annihilation products [12].

Here we connect the Milagro TeV !-ray ‘‘halo’’ to
electrons and positrons with energies up to at least
100 TeV, expected to be accelerated in PWNe (e.g.,
[13,14]; for a review, see [15]), and present several pre-
dictions. Principally, while Geminga is apparently young
enough to still produce high-energy particles, it is old
enough that multi-GeV electrons and positrons from its
more active past could have made it to Earth. The extended
!-ray emission is strong evidence for e# production, ac-
celeration, and escape, suggesting an explanation of the
positron excess. Moreover, this single nearest high-energy
astrophysical source can reasonably account for the e$ þ
eþ spectrum as measured by Fermi [16] and HESS [17,18]
with an extension to energies beyond several TeV, where
no signal might be expected otherwise.

The !-ray source next door.—The observation of high-
energy ! rays from an astrophysical source implies the

presence of higher-energy particles, typically e# or pro-
tons, that gave rise to them. One striking element of the
Milagro observation of !20 TeV ! rays (with a signifi-
cance of 4:9" in the point-spread function-smoothed map
[2], 6:3" for an extended source [3]) from Geminga is the
extent of the emission, #! 3" [2], which corresponds to a
physical size of sG ! 10 pcð#G=3"ÞðrG=200 pcÞ, where rG
is the distance to Geminga. Since the angular resolution of
the Milagro detector is better than a degree and the char-
acteristic age of the pulsar tG ! 3( 105 yr [19] seemingly
excludes a typical TeV supernova remnant, we shall con-
sider an extended PWN with emission from a much larger
region than seen in x rays [20,21]. We will draw guidance
from the TeV-PWN HESS J1825–137 [4], which, while
only a tenth the age of Geminga, would appear tens of
degrees wide if placed at rG ! 200 pc.
We first examine whether the ! rays can be explained

through inverse-Compton (IC) up-scattering of cosmic
microwave background (CMB) photons by e#. Note that
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FIG. 1 (color online). The cosmic-ray positron fraction. Shown
are data compiled from Refs. [7,8,31,34] and scenarios based on
the secondary model of Ref. [9] (shaded) and a plausible
Geminga contribution (solid, dashed, and dotted lines, respec-
tively) dependent upon distance and energetics (see text for
details).
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Why would pulsars inject this e+ flux? 
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Summary 
 
pbar consistent with secondary (pbar/p)/(B/C) 
e+ consistent w/ pbar 
 
e+ rule out canonical diffusion model   
secondary e+ require tesc ~ tcool (why?) 
è R-dependent mean ISM density 
CR containment region may vary w/ R (why not?) 
inferred density at 300GV ~ density of MW gas disc 
 
Local secondary source/non steady state: 
pbar/p consistent w/ B/C è source better spalate nuclei. 
If dominate pbar/p, should also dominate B/C,… p and C… 
  
Pulsar/dark matter: 
Why would a primary source inject this Je+?  
 
Future tests w/ AMS02: radioactive nuclei at 10-100GV 

Thank you! 
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Interpretation: model dependence 



Interpretation: 
tesc 





2L R 

D~(E/Z)δ 

Common diffusion models: tesc  ~  Xesc  

 

ρ ~ Xdisc/L,  Xesc ~ (L/D)cXdisc,   

tesc ~ Xesc/ρc ~ L2/D,   

 

because L is constant, 

tesc  ~  Xesc ~ R-0.4 
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Argument in Katz et al, MNRAS 405 (2010) 1458  

e+ consistent w/ secondary. 
 
Inconsistent w/ diffusion model 
 
Generally inconsistent w/ steady-state secondary 
if scale size of system is R-independent 



R~10GV     R~300GV 

More general (still steady state) set-up: ρ depends on CR rigidity 

 

                             è 

* More energetic CR fail to return from far above disc 

* Leads to ρ rising w/ CR rigidity 
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Interpretation for secondary production 

 

tc/tesc constant or growing w/ rigidity? 
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Interpretation for secondary production 

 

tc/tesc constant or growing w/ rigidity? 

 

 

 

Comments: 

•  Cooling time for 300GV e+ is ~1Myr.  

     Setting tesc ~ tc, we get ρ ~ 1 mp/cm3, like in gas disc 

 

 

 

 

  



Interpretation for secondary production 

 

tc/tesc constant or growing w/ rigidity? 

 

 

 

Comments: 

•  Other things happen around 200GV? 
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Summary:#AMS#measurements#of#light#nuclei#

traditional understanding"

Helium Spectrum 

Proton Spectrum 

Lithium Spectrum 

27"

traditional understanding"

traditional understanding"

unexpected#

unexpected#

unexpected#

The"flux"transiFons"at"about"the"same"
rigidity"for"protons,"helium,"and"

lithium."The"maximum"of"the"positron"
fracFon"is"at"about"the"same"energy."

"
Before we talk about dark matter 
signals in cosmic rays we need 
to understand the background."
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Escape time falling fast w/ energy: implication for CR injection spectrum 
 
 
Expect: 
 
Worry in literature: “if   tesc ~ R-1  then…”  
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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

Q+

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

Q�
e+(✏) = �@✏ (✏̇ne+) =
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Fc(✏). (17)

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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e+(✏) = 10Ce+ �
0

n
ISM

c np(10✏) (18)

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

Q�
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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+).



Escape time falling fast w/ energy: implication for CR injection spectrum 
 
 
Expect: 
 
Worry in literature: “if   tesc ~ R-1  then…”  
 
 
 

                     
 
 
Answer: worry is based on constant halo assumption, that may be incorrect. 
 

  
Steady state scaling is 
 
V could depend on rigidity: V=V(R) 
Example: homogeneous thin-disc diffusion, V ~ L = L(R)  
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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
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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

Q+

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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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
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= 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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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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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+).

2

ne+

np̄
<

Qe+

Qp̄
(12)

hn
ISM

(R)i = X
esc

(R)

cm
ISM

t
esc

(R)
(13)

Jp,inject / R��0 , �
0

& 2 (14)

Jp,obs ⇠ t
esc

⇥ Jp,inject / R��0�1 ⇠ R�2.8 (15)

�
0

< 2 (16)

Jp,obs ⇠
Qp ⇥ t

esc

V
/ Jp,inject ⇥ t

esc

V
(17)

t
esc

/ L2

D
, X

esc

/ L

D
⇥X

disc

(18)

Jp,obs ⇠ X
esc

⇥ Jp,inject / R��0�0.4 ⇠ R�2.8 (19)

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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Here np is the CR proton density, n
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is the ISM nucleon density, �
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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

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
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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



What is the cooling time of CR e±? 
 
 
K-N bump @E~10-100 GeV 
due to starlight. 
 
Index ~ 0.8-0.9   
tcool ~ 1 Myr @ 300 GeV 
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Maurin et al, Astrophys.J.555:585-596,2001  

Global diffusion model was tuned to fit local stable nuclei  

2L R

D~(E/Z)δ 



diffusion models fit grammage: 

2L R

D~(E/Z)δ 

Global diffusion model was tuned to fit local stable nuclei  

Katz et al, MNRAS 405 (2010) 1458  



Profumo, Central Eur.J.Phys. 10 (2011) 1-31 

2L R

remember this? 

Other ideas: 

•  Local, non steady state sources  

•  Pulsars 

 

  



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



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
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n
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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
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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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AMS02 measures the local value
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⇡ 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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e+ upper bound

e+ upper bound: pre−AMS02



Radioactive nuclei: data  

Surviving fraction vs. energy (WS98) 



Suppression factor vs. lifetime 

Radioactive nuclei: data  



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

•  AMS-02 should do much better! 

Radioactive nuclei: constraints on 



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

•  AMS-02 should do much better!  

Radioactive nuclei: constraints on 



                                                  equivalent to: 
 
 
 
                 

•  Empirical relation: 
 
 
•                 = Local net production per unit column density of target, for species A 

 

 
•             = “mean column density” ≈ 8.7(R/10GV)-0.4 g/cm2.     No species label 

Stable secondaries with no energy loss (B, pbar, sub-Fe,…) 

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.
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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 (✏)�Q�
s (✏), (8)

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
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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
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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
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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(R) = QA(R)⇥X
esc

(R) (7)

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 (✏), (8)

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

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)

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 (✏), (9)

Engelmann et al (1990) 



    Theoretically, this is a natural relation. 
                  
    Guaranteed to apply if the composition of CRs and ISM is uniform  
    (well mixed) in the region of the Galaxy where spallation happens 
 

NGC 891 

1.4GHz NIR 

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(R) = QA(R)⇥X
esc

(R) (7)

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 (✏), (8)

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

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(R) = QA(R)⇥X
esc

(R) (7)

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 (✏), (8)

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

Stable secondaries with no energy loss (B, pbar, sub-Fe,…) 

equivalent to: 

tmp

April 12, 2016

⌫ ⇡ 0.29⇥ 3eB
4⇡mec

⇣
✏

mec
2

⌘2
⇡ 1 GHz

⇣
B

1 µG

⌘ �
✏

15 GeV

�2

✏̇ = � 4�Tu✏

2

3m2
ec

3 t
cool

=
�� ✏
✏̇

�� ⇡ 10
�

✏

30 GeV

��1
⇣

u

1 eV/cm3

⌘�1
Myr

✏
�

✏ ⇠ 0.25m2
e

R = pc/Ze L = R/B ⇡ 3⇥ 10�4
� R
TV

� ⇣
B

3 µG

⌘�1
pc

 = ⇡G⇢

m

2

R = p

Z

=
�Amp

Z

⇡ 2�m
p

� =
X

L

�
L

(1)

�
L

=
⇡(2L+ 1)

~p2
(1� |⌘

L

|2) (2)

� <
4⇡

M2v2
(3)

h�vi < 4⇡

M2
hv�1i (4)

⌦
v�1

↵
fo

=

R R
d3v1d

3v2e
� v2

1+v2
2

2u2 1
|~v1�~v2|

R R
d3v1d3v2e

� v2
1+v2

2
2u2

=
1p
⇡u

=

r
M

⇡T
⇠ 2.5 (5)

⌦
v�1

↵
fo

=

s
M

⇡T
fo

⇠ 2.5 (6)

�
ann

= H ⇡
p

g⇤(T )
T 2

M
pl

(7)

�
ann

= nh�vi = T 3

✓
M

2⇡T

◆ 3
2

e�
M
T h�vi (8)

M

T
⇡ log (M

pl

Mh�vi) + 1

2
log

✓
M

T

◆
⇠ 20 (9)

⇢
�,0 ⇡ Mn

�,fo

g⇤S(T0)T
3
0

g⇤S(Tfo

)T 3
fo

⇡
 

M

T
fo

g⇤S(T0)T
3
0p

g⇤S(Tfo

)M
pl

!
1

h�vi (10)

1



 Xesc 
 
 
Net source per unit column density traversed: production – loss 
 
 
 
 

 
 
 
 

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)

nB(R,~r�, t�) =

Z
d3r

Z
dt c ⇢ISM (~r, t)QB(R,~r, t)P (R; {~r, t}, {~r�, t�})

= QB(R,~r�, t�)

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) (2)

QB(R) =
X

i=C,N,O,...

⇣�i!B

m̄

⌘
ni(R,~r�, t�)�

⇣�B

m̄

⌘
nB(R,~r�, t�) (3)

QB(R,~r, t) =
X

i=C,N,O,...

⇣�i!B

m̄

⌘
ni(R,~r, t)�

⇣�B

m̄

⌘
nB(R,~r, t) (4)

X
esc

=

Z
d3r

Z
dt c ⇢ISM (~r, t)

nC (R,~r, t)

nC (R,~r�, t�)
P (R; {~r, t}, {~r�, t�}) (5)

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 (6)

nA(R)

nB(R)
=

QA(R)

QB(R)
(7)

nA

nB
=

QA

QB
(8)

nA(R) = QA(R)⇥X
esc

(R) (9)

Jp̄
Jp

= 101��p ⇣p̄,A>1

Cp̄,pp
�pp,inel

mp

X
esc

1 + �p̄

mp
X

esc

(10)



 Xesc 
 
 
Net source per unit column density traversed: production – loss 
 
 
 
 

 
 
 
 

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)

nB(R,~r�, t�) =

Z
d3r

Z
dt c ⇢ISM (~r, t)QB(R,~r, t)P (R; {~r, t}, {~r�, t�})

= QB(R,~r�, t�)

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) (2)

QB(R) =
X

i=C,N,O,...

⇣�i!B

m̄

⌘
ni(R,~r�, t�)�

⇣�B

m̄

⌘
nB(R,~r�, t�) (3)

QB(R,~r, t) =
X

i=C,N,O,...

⇣�i!B

m̄

⌘
ni(R,~r, t)�

⇣�B

m̄

⌘
nB(R,~r, t) (4)

X
esc

=

Z
d3r

Z
dt c ⇢ISM (~r, t)

nC (R,~r, t)

nC (R,~r�, t�)
P (R; {~r, t}, {~r�, t�}) (5)

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 (6)

nA(R)

nB(R)
=

QA(R)

QB(R)
(7)

nA

nB
=

QA

QB
(8)

nA(R) = QA(R)⇥X
esc

(R) (9)

Jp̄
Jp

= 101��p ⇣p̄,A>1

Cp̄,pp
�pp,inel

mp

X
esc

1 + �p̄

mp
X

esc

(10)



 Xesc 
 
 
Net source per unit column density traversed: production – loss 
 
 
 
 

 
 
 
 

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)

nB(R,~r�, t�) =

Z
d3r

Z
dt c ⇢ISM (~r, t)QB(R,~r, t)P (R; {~r, t}, {~r�, t�})

= QB(R,~r�, t�)

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) (2)

QB(R) =
X

i=C,N,O,...

⇣�i!B

m̄

⌘
ni(R,~r�, t�)�

⇣�B

m̄

⌘
nB(R,~r�, t�) (3)

QB(R,~r, t) =
X

i=C,N,O,...

⇣�i!B

m̄

⌘
ni(R,~r, t)�

⇣�B

m̄

⌘
nB(R,~r, t) (4)

X
esc

=

Z
d3r

Z
dt c ⇢ISM (~r, t)

nC (R,~r, t)

nC (R,~r�, t�)
P (R; {~r, t}, {~r�, t�}) (5)

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 (6)

nA(R)

nB(R)
=

QA(R)

QB(R)
(7)

nA

nB
=

QA

QB
(8)

nA(R) = QA(R)⇥X
esc

(R) (9)

Jp̄
Jp

= 101��p ⇣p̄,A>1

Cp̄,pp
�pp,inel

mp

X
esc

1 + �p̄

mp
X

esc

(10)



 Xesc 
 
 
Net source per unit column density traversed: production – loss 
 
 
 
 

 
 
 
High-energy fragmentation CH à BX: B inherits Lorentz factor Γ of parent C 
 
So B inherits magnetic rigidity, RB ≈ RC 
 
 

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)

nB(R,~r�, t�) =

Z
d3r

Z
dt c ⇢ISM (~r, t)QB(R,~r, t)P (R; {~r, t}, {~r�, t�})

= QB(R,~r�, t�)

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) (2)

QB(R) =
X

i=C,N,O,...

⇣�i!B

m̄

⌘
ni(R,~r�, t�)�

⇣�B

m̄

⌘
nB(R,~r�, t�) (3)

QB(R,~r, t) =
X

i=C,N,O,...

⇣�i!B

m̄

⌘
ni(R,~r, t)�

⇣�B

m̄

⌘
nB(R,~r, t) (4)

X
esc

=

Z
d3r

Z
dt c ⇢ISM (~r, t)

nC (R,~r, t)

nC (R,~r�, t�)
P (R; {~r, t}, {~r�, t�}) (5)

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 (6)

nA(R)

nB(R)
=

QA(R)

QB(R)
(7)

nA

nB
=

QA

QB
(8)

nA(R) = QA(R)⇥X
esc

(R) (9)

Jp̄
Jp

= 101��p ⇣p̄,A>1

Cp̄,pp
�pp,inel

mp

X
esc

1 + �p̄

mp
X

esc

(10)

tmp

April 9, 2016

R =

p

Z

=

�Amp

Z

⇡ 2�m
p

� =

X

L

�
L

(1)

�
L

=

⇡(2L+ 1)

~p2
(1� |⌘

L

|2) (2)

� <
4⇡

M2v2
(3)

h�vi < 4⇡

M2
hv�1i (4)

⌦
v�1

↵
fo

=

R R
d3v1d

3v2e
� v2

1+v2
2

2u2 1
|~v1�~v2|

R R
d3v1d3v2e

� v2
1+v2

2
2u2

=

1p
⇡u

=

r
M

⇡T
⇠ 2.5 (5)

⌦
v�1

↵
fo

=

s
M

⇡T
fo

⇠ 2.5 (6)

�

ann

= H ⇡
p

g⇤(T )
T 2

M
pl

(7)

�

ann

= nh�vi = T 3

✓
M

2⇡T

◆ 3
2

e�
M
T h�vi (8)

M

T
⇡ log (M

pl

Mh�vi) + 1

2

log

✓
M

T

◆
⇠ 20 (9)

⇢
�,0 ⇡ Mn

�,fo

g⇤S(T0)T
3
0

g⇤S(Tfo

)T 3
fo

⇡
 

M

T
fo

g⇤S(T0)T
3
0p

g⇤S(Tfo

)M
pl

!
1

h�vi (10)

⌦

dm

=

⇢
dm

⇢
crit

⇡ 0.2,
⌦

�

⌦

dm

⇡ h�vi0
h�vi (11)

⌦

�

⌦

dm

>

✓
M

110 TeV

◆2

(12)

1



 Xesc 
 
 
Net source per unit column density traversed: production – loss 
 
 
 
 

 
 
 
High-energy fragmentation CH à BX: B inherits Lorentz factor Γ of parent C 
 
So B inherits magnetic rigidity, RB ≈ RC 
 
 
CNOàB: accurate to O(10%)… 
 
 

            A/Z ≈       2.2            2            2             2   

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)

nB(R,~r�, t�) =

Z
d3r

Z
dt c ⇢ISM (~r, t)QB(R,~r, t)P (R; {~r, t}, {~r�, t�})

= QB(R,~r�, t�)

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) (2)

QB(R) =
X

i=C,N,O,...

⇣�i!B

m̄

⌘
ni(R,~r�, t�)�

⇣�B

m̄

⌘
nB(R,~r�, t�) (3)

QB(R,~r, t) =
X

i=C,N,O,...

⇣�i!B

m̄

⌘
ni(R,~r, t)�

⇣�B

m̄

⌘
nB(R,~r, t) (4)

X
esc

=

Z
d3r

Z
dt c ⇢ISM (~r, t)

nC (R,~r, t)

nC (R,~r�, t�)
P (R; {~r, t}, {~r�, t�}) (5)

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 (6)

nA(R)

nB(R)
=

QA(R)

QB(R)
(7)

nA

nB
=

QA

QB
(8)

nA(R) = QA(R)⇥X
esc

(R) (9)

Jp̄
Jp

= 101��p ⇣p̄,A>1

Cp̄,pp
�pp,inel

mp

X
esc

1 + �p̄

mp
X

esc

(10)

tmp

April 9, 2016

R =

p

Z

=

�Amp

Z

⇡ 2�m
p

� =

X

L

�
L

(1)

�
L

=

⇡(2L+ 1)

~p2
(1� |⌘

L

|2) (2)

� <
4⇡

M2v2
(3)

h�vi < 4⇡

M2
hv�1i (4)

⌦
v�1

↵
fo

=

R R
d3v1d

3v2e
� v2

1+v2
2

2u2 1
|~v1�~v2|

R R
d3v1d3v2e

� v2
1+v2

2
2u2

=

1p
⇡u

=

r
M

⇡T
⇠ 2.5 (5)

⌦
v�1

↵
fo

=

s
M

⇡T
fo

⇠ 2.5 (6)

�

ann

= H ⇡
p

g⇤(T )
T 2

M
pl

(7)

�

ann

= nh�vi = T 3

✓
M

2⇡T

◆ 3
2

e�
M
T h�vi (8)

M

T
⇡ log (M

pl

Mh�vi) + 1

2

log

✓
M

T

◆
⇠ 20 (9)

⇢
�,0 ⇡ Mn

�,fo

g⇤S(T0)T
3
0

g⇤S(Tfo

)T 3
fo

⇡
 

M

T
fo

g⇤S(T0)T
3
0p

g⇤S(Tfo

)M
pl

!
1

h�vi (10)

⌦

dm

=

⇢
dm

⇢
crit

⇡ 0.2,
⌦

�

⌦

dm

⇡ h�vi0
h�vi (11)

⌦

�

⌦

dm

>

✓
M

110 TeV

◆2

(12)

1



 Xesc 
 
 
Net source per unit column density traversed: production – loss 
 
 
 
 

 
In general: 
 
 
 
 
 
 
 

 
 

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)

nB(R,~r�, t�) =

Z
d3r

Z
dt c ⇢ISM (~r, t)QB(R,~r, t)P (R; {~r, t}, {~r�, t�})

= QB(R,~r�, t�)

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) (2)

QB(R) =
X

i=C,N,O,...

⇣�i!B

m̄

⌘
ni(R,~r�, t�)�

⇣�B

m̄

⌘
nB(R,~r�, t�) (3)

QB(R,~r, t) =
X

i=C,N,O,...

⇣�i!B

m̄

⌘
ni(R,~r, t)�

⇣�B

m̄

⌘
nB(R,~r, t) (4)

X
esc

=

Z
d3r

Z
dt c ⇢ISM (~r, t)

nC (R,~r, t)

nC (R,~r�, t�)
P (R; {~r, t}, {~r�, t�}) (5)

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 (6)

nA(R)

nB(R)
=

QA(R)

QB(R)
(7)

nA

nB
=

QA

QB
(8)

nA(R) = QA(R)⇥X
esc

(R) (9)

Jp̄
Jp

= 101��p ⇣p̄,A>1

Cp̄,pp
�pp,inel

mp

X
esc

1 + �p̄

mp
X

esc

(10)

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)

nB(R,~r�, t�) =

Z
d3r

Z
dt c ⇢ISM (~r, t)QB(R,~r, t)P (R; {~r, t}, {~r�, t�})

= QB(R,~r�, t�)

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) (2)

QB(R) =
X

i=C,N,O,...

⇣�i!B

m̄

⌘
ni(R,~r�, t�)�

⇣�B

m̄

⌘
nB(R,~r�, t�) (3)

QB(R,~r, t) =
X

i=C,N,O,...

⇣�i!B

m̄

⌘
ni(R,~r, t)�

⇣�B

m̄

⌘
nB(R,~r, t) (4)

X
esc

=

Z
d3r

Z
dt c ⇢ISM (~r, t)

nC (R,~r, t)

nC (R,~r�, t�)
P (R; {~r, t}, {~r�, t�}) (5)

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 (6)

nA(R)

nB(R)
=

QA(R)

QB(R)
(7)

nA

nB
=

QA

QB
(8)

nA(R) = QA(R)⇥X
esc

(R) (9)

Jp̄
Jp

= 101��p ⇣p̄,A>1

Cp̄,pp
�pp,inel

mp

X
esc

1 + �p̄

mp
X

esc

(10)



 Xesc 
 
 
Net source per unit column density traversed: production – loss 
 
 
 
 

 
In general: 
 
 
 
 
 
 
 

 
 
 
 
 

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)

nB(R,~r�, t�) =

Z
d3r

Z
dt c ⇢ISM (~r, t)QB(R,~r, t)P (R; {~r, t}, {~r�, t�})

= QB(R,~r�, t�)

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) (2)

QB(R) =
X

i=C,N,O,...

⇣�i!B

m̄

⌘
ni(R,~r�, t�)�

⇣�B

m̄

⌘
nB(R,~r�, t�) (3)

QB(R,~r, t) =
X

i=C,N,O,...

⇣�i!B

m̄

⌘
ni(R,~r, t)�

⇣�B

m̄

⌘
nB(R,~r, t) (4)

X
esc

=

Z
d3r

Z
dt c ⇢ISM (~r, t)

nC (R,~r, t)

nC (R,~r�, t�)
P (R; {~r, t}, {~r�, t�}) (5)

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 (6)

nA(R)

nB(R)
=

QA(R)

QB(R)
(7)

nA

nB
=

QA

QB
(8)

nA(R) = QA(R)⇥X
esc

(R) (9)

Jp̄
Jp

= 101��p ⇣p̄,A>1

Cp̄,pp
�pp,inel

mp

X
esc

1 + �p̄

mp
X

esc

(10)

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)

nB(R,~r�, t�) =

Z
d3r

Z
dt c ⇢ISM (~r, t)QB(R,~r, t)P (R; {~r, t}, {~r�, t�})

= QB(R,~r�, t�)

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) (2)

QB(R) =
X

i=C,N,O,...

⇣�i!B

m̄

⌘
ni(R,~r�, t�)�

⇣�B

m̄

⌘
nB(R,~r�, t�) (3)

QB(R,~r, t) =
X

i=C,N,O,...

⇣�i!B

m̄

⌘
ni(R,~r, t)�

⇣�B

m̄

⌘
nB(R,~r, t) (4)

X
esc

=

Z
d3r

Z
dt c ⇢ISM (~r, t)

nC (R,~r, t)

nC (R,~r�, t�)
P (R; {~r, t}, {~r�, t�}) (5)

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 (6)

nA(R)

nB(R)
=

QA(R)

QB(R)
(7)

nA

nB
=

QA

QB
(8)

nA(R) = QA(R)⇥X
esc

(R) (9)

Jp̄
Jp

= 101��p ⇣p̄,A>1

Cp̄,pp
�pp,inel

mp

X
esc

1 + �p̄

mp
X

esc

(10)

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)

nB(R,~r�, t�) =

Z
d3r

Z
dt c ⇢ISM (~r, t)QB(R,~r, t)P (R; {~r, t}, {~r�, t�})

= QB(R,~r�, t�)

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) (2)

QB(R) =
X

i=C,N,O,...

⇣�i!B

m̄

⌘
ni(R,~r�, t�)�

⇣�B

m̄

⌘
nB(R,~r�, t�) (3)

QB(R,~r, t) =
X

i=C,N,O,...

⇣�i!B

m̄

⌘
ni(R,~r, t)�

⇣�B

m̄

⌘
nB(R,~r, t) (4)

X
esc

=

Z
d3r

Z
dt c ⇢ISM (~r, t)

nC (R,~r, t)

nC (R,~r�, t�)
P (R; {~r, t}, {~r�, t�}) (5)

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 (6)

nA(R)

nB(R)
=

QA(R)

QB(R)
(7)

nA

nB
=

QA

QB
(8)

nA(R) = QA(R)⇥X
esc

(R) (9)

Jp̄
Jp

= 101��p ⇣p̄,A>1

Cp̄,pp
�pp,inel

mp

X
esc

1 + �p̄

mp
X

esc

(10)



 Xesc 
 
 
Net source per unit column density traversed: production – loss 
 
 
 
 

 
In general: 
 
 
 
 
 
 
 

 
Uniform composition:                 independent of r,t 
 
 
 
 

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)

nB(R,~r�, t�) =

Z
d3r

Z
dt c ⇢ISM (~r, t)QB(R,~r, t)P (R; {~r, t}, {~r�, t�})

= QB(R,~r�, t�)

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) (2)

QB(R) =
X

i=C,N,O,...

⇣�i!B

m̄

⌘
ni(R,~r�, t�)�

⇣�B

m̄

⌘
nB(R,~r�, t�) (3)

QB(R,~r, t) =
X

i=C,N,O,...

⇣�i!B

m̄

⌘
ni(R,~r, t)�

⇣�B

m̄

⌘
nB(R,~r, t) (4)

X
esc

=

Z
d3r

Z
dt c ⇢ISM (~r, t)

nC (R,~r, t)

nC (R,~r�, t�)
P (R; {~r, t}, {~r�, t�}) (5)

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 (6)

nA(R)

nB(R)
=

QA(R)

QB(R)
(7)

nA

nB
=

QA

QB
(8)

nA(R) = QA(R)⇥X
esc

(R) (9)

Jp̄
Jp

= 101��p ⇣p̄,A>1

Cp̄,pp
�pp,inel

mp

X
esc

1 + �p̄

mp
X

esc

(10)

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)

nB(R,~r�, t�) =

Z
d3r

Z
dt c ⇢ISM (~r, t)QB(R,~r, t)P (R; {~r, t}, {~r�, t�})

= QB(R,~r�, t�)

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) (2)

QB(R) =
X

i=C,N,O,...

⇣�i!B

m̄

⌘
ni(R,~r�, t�)�

⇣�B

m̄

⌘
nB(R,~r�, t�) (3)

QB(R,~r, t) =
X

i=C,N,O,...

⇣�i!B

m̄

⌘
ni(R,~r, t)�

⇣�B

m̄

⌘
nB(R,~r, t) (4)

X
esc

=

Z
d3r

Z
dt c ⇢ISM (~r, t)

nC (R,~r, t)

nC (R,~r�, t�)
P (R; {~r, t}, {~r�, t�}) (5)

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 (6)

nA(R)

nB(R)
=

QA(R)

QB(R)
(7)

nA

nB
=

QA

QB
(8)

nA(R) = QA(R)⇥X
esc

(R) (9)

Jp̄
Jp

= 101��p ⇣p̄,A>1

Cp̄,pp
�pp,inel

mp

X
esc

1 + �p̄

mp
X

esc

(10)

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)

nB(R,~r�, t�) =

Z
d3r

Z
dt c ⇢ISM (~r, t)QB(R,~r, t)P (R; {~r, t}, {~r�, t�})

= QB(R,~r�, t�)

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) (2)

QB(R) =
X

i=C,N,O,...

⇣�i!B

m̄

⌘
ni(R,~r�, t�)�

⇣�B

m̄

⌘
nB(R,~r�, t�) (3)

QB(R,~r, t) =
X

i=C,N,O,...

⇣�i!B

m̄

⌘
ni(R,~r, t)�

⇣�B

m̄

⌘
nB(R,~r, t) (4)

X
esc

=

Z
d3r

Z
dt c ⇢ISM (~r, t)

nC (R,~r, t)

nC (R,~r�, t�)
P (R; {~r, t}, {~r�, t�}) (5)

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 (6)

nA(R)

nB(R)
=

QA(R)

QB(R)
(7)

nA

nB
=

QA

QB
(8)

nA(R) = QA(R)⇥X
esc

(R) (9)

Jp̄
Jp

= 101��p ⇣p̄,A>1

Cp̄,pp
�pp,inel

mp

X
esc

1 + �p̄

mp
X

esc

(10)

2

Jp̄
Jp

= 101��p ⇣p̄,A>1

Cp̄,pp
�pp,inel

mp

X
esc

1 + �p̄

mp
X

esc

(11)

Je+

Jp
= fe+ ⇥ 101��p ⇣e+,A>1

Ce+,pp
�pp,inel

mp
X

esc

(12)

fe+ < 1 (13)

ne+

np̄
<

Qe+

Qp̄
(14)

hn
ISM

(R)i = X
esc

(R)

cm
ISM

t
esc

(R)
(15)

Jp,inject / R��0 , �
0

& 2 (16)

Jp,obs ⇠ t
esc

⇥ Jp,inject / R��0�1 ⇠ R�2.8 (17)

�
0

< 2 (18)

Jp,obs ⇠
Qp ⇥ t

esc

V
/ Jp,inject ⇥ t

esc

V
(19)

t
esc

/ L2

D
, X

esc

/ L c

D
⇥X

disc

(20)

Jp,obs ⇠ X
esc

⇥ Jp,inject / R��0�0.4 ⇠ R�2.8 (21)

ni(R,~r, t)

nj(R,~r, t)
= fij(R) (22)

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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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.
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I. INTRODUCTION
In spite of the fact that cosmic rays were discovered

more than half a century ago, the question of their ori-
gin became a real astrophysical problem only much
later —after 1948, when atomic nuclei were found in cos-
mic rays (although, to be sure, the dominating role of
the proton component had been discovered before that)
and in 1950-51 when the synchrotron nature of a consid-
erable part of the cosmic radioemission was established.
The latter fact made it possible to get information about
the cosmic-ray electron component far from the Earth.
The radio-astronomical method in combination with in-
vestigations of the primary cosmic rays near the Earth

g'ave birth to cosmic-ray astrophysics or, as it is more
often termed, high-energy astrophysics (the latter term
is, however, wider for it includes also x-ray and gam-
ma-ray astronomy, whereas cosmic rays are usually
thought of as only charged cosmic particles of relatively
high energy).
The outstanding achievements and discoveries connect-

ed directly or indirectly with the development of high-
energy astrophysics are weQ known. It is sufficient to
recall that relativistic or subrelativistic particles are
for the most part or sometimes even completely respon-
sible for the emission from radio galaxies, quasars, and
pulsars. Against this bright background the problem of
the origin of cosmic rays observed near the Earth is now
only a particular case of a wider range of questions con-
cerning acceleration, propagation, and various proper-
ties of relativistic particles in the cosmos. In some re-
spects, the investigation of our Galaxy from the Earth
is much more difficult than that of some. other galaxies
(e.g. , when solving the question of the shape and other
characteristics of the radio-halo). On the other hand,
the requirements for the study of cosmic rays in our
Galaxy are quite different from those in other galaxies
and in quasars, where we must be satisfied with infor-
mation about relativistic electrons, and where only addi-
tional, and for the most part, arbitrary hypotheses help
us judge of the main (in all probability) proton-nuclear
component.
In the present paper we shall discuss only the origin

of cosmic rays observed near the Earth, although a num-
ber of the results presented here can of course be ap-
plied in some other cases. We shall not deal with cos-
mic rays of solar origin; and when speaking of the origin
of cosmic rays we mean only those coming into the solar
system from interstellar space and, in general, cosmic
rays trapped in the Galaxy.
For the development of concepts concerning cosmic-

ray origins, the reader is referred to the collection of
original papers edited by Rosen (1969), to the mono-
graphs by Ginzburg and Syrovatskii (1964) and Hayakawa
(1969), and, finally, to the materials of the discussion
held in the Royal Society in 1974 (Rochester and Wolfen-
dale, 1974).
Since the appearance, eleven years ago, of the book by

Ginzburg and Syrovatskii (cited hereafter as GS), very
much and at the same time rather little has been done
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I. INTRODUCTION
In spite of the fact that cosmic rays were discovered

more than half a century ago, the question of their ori-
gin became a real astrophysical problem only much
later —after 1948, when atomic nuclei were found in cos-
mic rays (although, to be sure, the dominating role of
the proton component had been discovered before that)
and in 1950-51 when the synchrotron nature of a consid-
erable part of the cosmic radioemission was established.
The latter fact made it possible to get information about
the cosmic-ray electron component far from the Earth.
The radio-astronomical method in combination with in-
vestigations of the primary cosmic rays near the Earth

g'ave birth to cosmic-ray astrophysics or, as it is more
often termed, high-energy astrophysics (the latter term
is, however, wider for it includes also x-ray and gam-
ma-ray astronomy, whereas cosmic rays are usually
thought of as only charged cosmic particles of relatively
high energy).
The outstanding achievements and discoveries connect-

ed directly or indirectly with the development of high-
energy astrophysics are weQ known. It is sufficient to
recall that relativistic or subrelativistic particles are
for the most part or sometimes even completely respon-
sible for the emission from radio galaxies, quasars, and
pulsars. Against this bright background the problem of
the origin of cosmic rays observed near the Earth is now
only a particular case of a wider range of questions con-
cerning acceleration, propagation, and various proper-
ties of relativistic particles in the cosmos. In some re-
spects, the investigation of our Galaxy from the Earth
is much more difficult than that of some. other galaxies
(e.g. , when solving the question of the shape and other
characteristics of the radio-halo). On the other hand,
the requirements for the study of cosmic rays in our
Galaxy are quite different from those in other galaxies
and in quasars, where we must be satisfied with infor-
mation about relativistic electrons, and where only addi-
tional, and for the most part, arbitrary hypotheses help
us judge of the main (in all probability) proton-nuclear
component.
In the present paper we shall discuss only the origin

of cosmic rays observed near the Earth, although a num-
ber of the results presented here can of course be ap-
plied in some other cases. We shall not deal with cos-
mic rays of solar origin; and when speaking of the origin
of cosmic rays we mean only those coming into the solar
system from interstellar space and, in general, cosmic
rays trapped in the Galaxy.
For the development of concepts concerning cosmic-

ray origins, the reader is referred to the collection of
original papers edited by Rosen (1969), to the mono-
graphs by Ginzburg and Syrovatskii (1964) and Hayakawa
(1969), and, finally, to the materials of the discussion
held in the Royal Society in 1974 (Rochester and Wolfen-
dale, 1974).
Since the appearance, eleven years ago, of the book by

Ginzburg and Syrovatskii (cited hereafter as GS), very
much and at the same time rather little has been done
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amounts to about 10%%ug of the electron concentration. Fig-
ure 5 presents the data on positrons obtained by different
authors (see Buffington et al. , 1974). The part of the
positron spectrum with energies E& 1 GeV is particular-
ly important for a specification of the model of cosmic-
ray propagation in the Galaxy. Unfortunately the posi-
tron spectrum has not yet been reliably determined in
this region.
In concluding this section we present some data on

cosmic-ray anistropy near the Earth. Reliable informa-
tion on cosmic-ray anisotropy in the Galaxy, using the
earth's measurements, can be obtained only for parti-
cles of energies not lower than 100-1000 GeV, since the
motion of particles of lower energies is greatly distorted
by the magnetic field of the solar system. But even at
E& 100 GeV the anisotropy has not yet been reliably de-
termined, and as a matter of fact only estimates of the
upper anistropy limits are known. Figure 6 presents
the results of different authors on the cosmic-ray anisot-
ropy measurements (Hillas and Ouldrige, 1975). In 1974
some evidence of a strong anisotropy of cosmic rays
with energies E& 2.10" eV was obtained (Krasilnikov et
al. , 1974). These data, if correct, testify in favor of a
galactic origin for even high-energy cosmic rays (Hillas
and Ouldridge, 1975; see, however, Kiraly et aL, 1975).

C. Fundamental equations describing cosmic-ray
propagation in the Galaxy
A high isotropy and a rather large content of secondary

nuclei in cosmic rays indicate an effective "mixing" and
a long wandering of high-energy particles in the Galaxy.
Such a mixing and isotropization can be ascribed to sev-
eral different causes: a stochastic structure of the ga-
lactic magnetic field and its large-scale inhomogeneities
(Fermi, 1949; GS 510); an instability of anisotropic dis-
tributions of relativistic particles in the interstellar
plasma (Ginzburg, 1965; Wentzel, 1974); macro-insta-
bility of the system formed by the relativistic gas of cos-
mic rays, the interstellar magnetic field, the inter-
stellar plasma, and the gravitational field (Parker,
1969); or a strong particle reflection on the Galaxy
boundaries. Unfortunately, complete analysis of all the
known possibilities and a choice of a concrete physical

0.6—

BN) 8' —div(D 7N;)+ (b;N;) = Q; P;N;+P&. — (2.8)

If only the first two terms are kept in this equation (the
rest will be deajt with below), we are led to the diffusion
equation

BN~/Bf —div(D; VN;) = 0, (2.9)
where D,.(r, E) is the diffusion coefficient; the equations
are easily extended to the case when D; is a tensor.
We should note here that the applicability of the diffu-

sion approximations (2.8)-(2.9) to cosmic-ray propaga-
tion in the magnetic fields is not at all obvious. For this
approximation to be valid it is not enough that the field
have a strongly pronounced irregular random component
since in this case there also exists a strong tendency for
particle propagation along the lines of force of the mag-
netic field, even if they are rather tangled. But in the

mechanism responsible for cosmic-ray propagation in
the Galaxy have not been worked out. This is mainly
owing to the absence of complete enough information on
the interstellar medium parameters and on the galactic
magnetic field structure. It is natural that various ap-
proximate models are widely used in a situation where
there is no consistent theory which could explain the
character of cosmic-ray propagation proceeding from a
strict picture of charged relativistic particle interaction
with the interstellar plasma. These approximate meth-
ods make it possible to systematize and coordinate
numerous experimental facts, and to explain character-
istic features of the composition, spectrg. , and anisot-
ropy of different cosmic-ray components. Since within
each of the models cosmic-ray propagation has received
in more detailed attention the corroboration of the mod-
els themselves, we shall first formulate a phenomeno-
logical theory of relativistic particle propagation in the
Galaxy (Secs. III and IV) and only after that shall we
discuss in more detail some possible ways to confirm
it (Sec. VI).
Cosmic-ray propagation is most often considered with-

in the diffusion approximation. Moreover (this assump-
tion is in some sense independent), we shall think of
cosmic rays as locally isotropic, which means that an-
isotropy may appear only when account is taken of the
spatial inhomogeneity of particle concentration N&(r, t, E).
The general transport equation for N; in the approxi-

mation under discussion takes the form (for more details
see GS, 514)
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Galaxy, for example, differential rotation and the mo-
tion of gas clouds and spiral arms cause a constant mix-
ing of the lines of force. At the same time we are usual-
ly interested not only in a picture averaged over rather
large space regions (say, regions of tens and hundreds
of parsecs) but also in a picture which is extended in
time. To estimate average cosmic-ray gradients and
their lifetime T„ in the Galaxy it is in fact sufficient to
know the concentration N, averaged for the time t«T„
-10 -10 yr, which means that the time of averaging
may well be 10' yr.
In view of all these circumstances, the diffusion ap-

proximation seems already more suitable, particularly
when the diffusion coefficient is chosen as a free param-
eter. Of course, this does not at all exclude the possi-
bility of calculating D,. Py means of a more detailed ap-
proximation (e.g. , taking into account particle scattering
by the magnetic field irregularities) and does not exclude
verification of the very assumption of diffusion by com-
paring observations with the results of calculations in
the diffusion approximation —on the basis of equations of
the type (2.8), of the chemical composition, anisotropy,
and other quantities characterizing all cosmic rays or
their different components.
In the diffusion picture the resulting cosmic-ray flux

F, =2m I,(8) cos8sin6d8=D, ~VN,. ~.
0

(2.10)

where the relation I=I,= (v/4m)N„= (c/4m)N„ is used and
ultrarelativistic particles are considered.
Note that it is easy to introduce in Eqs. (2.8)-(2.9) an

additional term that takes into account a convective par-
ticle transport.
Let us now consider the remaining terms in the trans-

fer equation (2.8). The quantity (b,N, )is a pa'.rticle flux
in the "energy space, "where b; is the velocity in the en-
ergy space, i.e., the change of the particle energy per
unit time

Setting I(6)=I,+I, cos8, we obtain for the degree of an-
isotropy the expression

3Z 3D iVN„i (2.11)

tering the system from the sources per unit time in the
vicinity drdE of the "point" r, E is Q, drdE. The term
P,—N, in (2.8) takes into account "catastrophic" process-
es of particle exit from the considered interval drdE,
for example the transformation of nuclei when a nucleus
of the sort i vanishes altogether and transforms itself
into another nucleus. If the inelastic collision cross sec-
tion is v;, the particle velocity is v, and the concentra-
tion of particles, say, of nuclei in the interstellar gas
with which the particles collide is n, then

P. = svo'g . (2.13)
Another example of "catastrophic" losses is bremsstrah-
lung (radiative) losses in electron collisions with other
particles with the emission of a rather hard photon.
The last term in (2.8) takes into account the particle

coming into the interval drdE also as a result of "cata-
strophic" collisions. One may, for example, write down

P, =p fp;(E. ', E)N (r, t E')dE', (2.14)

where P; is the probability of the process changing a par-
ticle of the sort k into a particle of the sort i (including
the case of A=i) from the energy region E' into E.
In the general case the transport equation (2.8) is rath-

er complicated. But in the analysis of the chemical com-
position of relativistic nuclei it may be considerably
simplified. The point is that under nuclear transforma-
tions in the interstellar medium, and when some inelas-
tic collisions (with the production of mesons etc )are.
neglected, the energy per nucleon is conserved. There-
fore it is reasonable to go over from the variable E to
the variable e; in this case P", (E', E) =P",. 5(e —e') and
P, =Q„„P,N„(r, t, e). This expression indicates that nu-
clei of type i may result only from the fragmentation of
heavier nuclei for which the index k is assumed to be
less than i. For relativistic nuclei the energy losses are
mainly due to ionization, are relatively small, and may
be neglected. As a result we are led to the equation
widely used in the analysis of the chemical composition
of cosmic-ray relativistic nuclei:

BN, /Bt —div(D;VN, ) = Q, (r, t) —nco, N, + g nco;„N».

dE/df = b, (E) (2.12) (2.15)
Within the accuracy of the approximation used, the

change in the particle energy described by the term 6;N,
should be smooth and continuous. As to the energy loss-
es, b, & 0. An example of such practically continuous
losses might be ionization or cyclotron-radiation losses.
Both in the case of losses and under particle accelera-
tion, energy fluctuations may take place along with a
regular mean energy change during some time interval.
As a result of such fluctuations the energy distribution
of the particles changes even if the mean particle energy
remains constant. In the presence of energy fluctuations
the term —~(B'/BE' )(d&N, ) twhere d, (E)= (d/dt)(AE)' and(~)' is the mean square of the energy change under
fluctuations] should be added under certain conditions to
the left-hand side of Eq. (2.8).
The term Q, (r, t, E) in (2.8) is the power of the "exter-

nal" particle sources, i.e., the number of particles en-

We use here a relation of the type (2.13) between the
quantities P&, P; and the cross sections o;, o;~, the parti-
cle velocities being set equal to the light velocity c. The
variable e is implicit in Eq. (2.15) and is a parameter.
Let us now consider a concrete application of the

transfer equation (2.8) to electrons. and positrons.
In this case we should note that N, = N, (r, I, E) or sepa-

rately N, (electrons) and N, + (positrons). Simplifica-
tions appear when "catastrophic" energy losses like nu-
clear reactions and bremsstrahlung can be neglected.
Then we have

BN,' —div(D, VN, )+ (b,N, ) = Q, .8 (2.18)

The sources Q, should take into account the appearance
of electrons and/or positrons due not only to their accel-
eration in the sources but also to different decays of un-
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