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Open questions: 
 
What is the source of Galactic cosmic rays?  
How do cosmic rays escape from the Galaxy?  

 
 
Do we see exotic sources like dark matter or pulsars? 
 
 
AMS data = major progress. 
 
 
I will give my take on some of the AMS results, focusing on e+ and pbar. 
 
Aim at what we can calculate and what we can learn, without committing to 
detailed model assumptions. 



 

 

Antimatter occurs as secondary 

 

 

    

 

  

 

Secondary CRs 



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

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

A local account of secondary cosmic rays
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We calculate the total production rate per unit volume of high energy (10-150 GeV) secondary

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

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

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

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

The result is...

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

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
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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
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Engelmann et al (1990) 



                                                  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 

Engelmann et al (1990) 

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

 
 
 
 
 
                 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* 
 
*Check out first 2 extra slides 

NGC 891 
1.4GHz NIR 
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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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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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Important point: direct measurement of e+ flux rather than e+/e± 

Why would dark matter or pulsars inject this e+ flux? 
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•  lessons for CR propagation, assuming secondary e+ 

 

 



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>?) 
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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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e+(✏) = 10Ce+ �
0

n
ISM

c np(10✏) (15)

Here np is the CR proton density, n
ISM

is the ISM nucleon density, �
0

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

Positrons loose energy by synchrotron and inverse-Compton (IC) scattering in the ISM. The loss rate density due
to cooling is
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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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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 AMS B/C, p, He data. 
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•  how do we test the secondary interpretation further? 

 

 



Propagation time scales: radioactive nuclei 

B/C tells us the mean column density of target material traversed by CRs, 
but not the time it takes to accumulate this column density 
 
A beam of carbon nuclei traversing 1g/cm2 of ISM produces the same amount of 
boron, whether it spent 1kyr in a dense molecular cloud, or 1Myr in rarified ISM 
 
è Radioactive nuclei carry time info (like positrons) 



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

 
           Need to tell between these fits 

Radioactive nuclei: constraints on 

KB; JCAP 1111 (2011) 037 

Lifetime [Myr] Lifetime [Myr] 

f f



Summary 
 
 
 

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

Thank you! 
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Xtras 



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

 
In general: 
 
 
 
 
 
 
 

 
Uniform composition:                 independent of r,t 
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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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Gamma ray observations provide evidence that the spectrum and density of CRs in the interstellar medium (ISM)
on moderate distances (100-500pc) from the Solar System are approximately uniform, and consistent with the local
measurements outside of the Earth’s atmosphere. Combining the locally measured CR flux with estimates of the mass
of ISM gas in the solar neighborhood, we can therefore calculate the production rate of secondary CRs in this region.
This calculation is free of modeling assumptions for the distribution and propagation of CRs, that apply on larger
spatial scales.

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

ns

te
= Q+

s (✏)�Q�
s (✏), (15)

Note that, in principle, te can come out negative, implying either some un-accounted for (perhaps primary) source
for the species s, or a higher secondary production rate at an adjacent region in the Galaxy with positive net flow
of s from that region into our local vicinity, or a deviation from steady-state. Finding a hint to any one of these
possibilities will be interesting, especially so when it comes to high energy CR antimatter. Alternatively, a positive
value of te can be contrasted with expectations based on global modeling of Galactic CRs.
Positrons. The production rate density for secondary positrons at energy ✏ can be approximated by
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n
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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. (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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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.
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Gamma ray observations provide evidence that the spectrum and density of CRs in the interstellar medium (ISM)
on moderate distances (100-500pc) from the Solar System are approximately uniform, and consistent with the local
measurements outside of the Earth’s atmosphere. Combining the locally measured CR flux with estimates of the mass
of ISM gas in the solar neighborhood, we can therefore calculate the production rate of secondary CRs in this region.
This calculation is free of modeling assumptions for the distribution and propagation of CRs, that apply on larger
spatial scales.

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

is the ISM nucleon density, �
0

= 30 mb, c the speed of light, and the correction
factor Ce+ ⇡ 0.6 accounts for the details involved in convolving the proton flux with the energy-dependent positron
production cross section in proton-proton collisions. Note that Eq. (18) assumes that the proton flux is well described
by a power law, and that we chose to present the proton density at an energy 10✏, where ✏ is the energy of the
produced positron (a di↵erent choice would amount to a redefinition of the correction factor Ce+).
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for the species s, or a higher secondary production rate at an adjacent region in the Galaxy with positive net flow
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of ISM gas in the solar neighborhood, we can therefore calculate the production rate of secondary CRs in this region.
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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 (✏), (22)

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 clean test: 

     branching fraction in pp collision: 

pe+



(WS98) 

Radioactive nuclei: Charge ratios 



Radioactive nuclei: Charge ratios vs. isotopic ratios 

Charge ratios 
 
Isotopic ratios  
 
 
•  High energy isotopic separation difficult. Must resolve mass 
Isotopic ratios 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 ratios vs. isotopic ratios 

 
Charge ratios 
 
 
 
 
 
 
 
 
 
Isotopic ratios  



•  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 
 

(Ignoring K-N) 



Comparing with radioactive nuclei  

Time scales:  
 
cooling vs decay 
 

(Ignoring K-N) 



Be/B 

Comparing with radioactive nuclei  



Be/B 

Comparing with radioactive nuclei  



•  Convert charge ratios to observable with direct theoretical interpretation 

•  1st step: WS98 report surviving fraction 

 Well defined quantity, model independently. 

 

•  2nd step: net source includes losses 
  

 Surviving fraction over-counts losses 

  

 Instead, define suppression factor due to decay   

 Accounts for actual fragmentation loss 

> 

Surviving fraction vs. suppression factor 



•  Different nuclei species on equal footing 

 

•  Expect                                       , 
 

 Examples:    

  Leaky Box Model       Diffusion 

      

 
                   

          … 

 

 

Suppression factor 



Radioactive nuclei: data  

Surviving fraction vs. energy (WS98) 



Suppression factor vs. energy 

Radioactive nuclei: data  



Suppression factor vs. lifetime 

Radioactive nuclei: data  



Consistent with constant residence time 

Radioactive nuclei: data  



Residual rigidity dependence 

Radioactive nuclei: data  



Radioactive nuclei: data  



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

•  AMS-02 should do much better! 

Radioactive nuclei: constraints on 



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

•  AMS-02 should do much better!  

Radioactive nuclei: constraints on 



It is possible to learn something fundamental from astrophysical data.  

It has happened in the past 



Example: The solar neutrino problem  
 

•  Major success of particle astrophysics 
 

Case was only closed when astro uncertainties were removed model independently. 
Done from basic principles: 
 

-  Low energy deficit (Homestake) – T uncertainty? 

-  Smaller deficit at higher  

  energy (Kamiokande)  

  è real anomaly 
 

 

•  Lesson: 
 

model independent  

no-go conditions 


