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Abstract: Current cosmic ray (CR) experiments are capable of very precise flux measurements. Some of the
CR species, like positrons, are used for astrophysical and particle physics diagnostics, hence the assessment of
the error on theoretical predictions assumes a particular importance. Here we quantify the role of two typically
unaccounted effects on the low and high energy CR positron range: annihilation of sub GeV scale positrons and
triplet pair production by TeV-scale leptons in the interstellar medium, respectively. We checked both analytically
and numerically (via modifications of the DRAGON code) that the expected effects are safely below the 1%
level in the GeV-TeV range of major phenomenological interest. They can thus be neglected for most practical
purposes.
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1 Introduction
The cosmic ray (CR) spectrum outside the atmosphere con-
tains small amounts of positrons. These particles mostly
originate from collisions of “primary” CRs in the rarefied
interstellar medium (ISM); the probability of this process
can be inferred from the grammage deduced by other sec-
ondary/primary ratios like boron/carbon (B/C). For this
reason, positrons are useful to constrain CR propagation
and interactions in the ISM as well as to search for primary
sources (either astrophysical or exotic from dark matter an-
nihilation/decay) on top of the secondary contribution (see
e.g. [1] for a review).

The present generation of space detectors like
PAMELA [2] and, most notably, AMS-02 [3], are signif-
icantly reducing the measurement errors on CR species,
including e+. To avoid biasing the interpretation of mea-
surements, it is thus mandatory to assess the errors due to
simplifications in theoretical predictions and possibly re-
moving them.

Here we discuss two physical processes which are usu-
ally neglected in numerical and semi-analytical packages
such asGALPROP [4], DRAGON [5], andUSINE [6]: positron
annihilatione+e− → γ γ and triplet pair productioneγ →
ee+e−.

We shall quantify the impact of these two processes re-
spectively at (sub-)GeV and (sub-)TeV energies. In both
cases, we shall study their impact via a modification of
DRAGON (see Sec.s 3,4). In the former case, we shall also
provide an analytical modeling (Sec. 2). In Sec. 5 we con-
clude.

2 Semi-analytic model of e+ annihilation
Thanks to the fact that energy losses for leptons at
GeV energies are dominated by scattering onto the gas
of the Galactic Disk (via bremsstrahlung and ioniza-
tion/Coulomb collisions), rather than the diffuse radiation

and magnetic fields in the diffusion zone, thee+ flux can
be reasonably estimated in this range via a “modified slab
approximation”, see e.g. [7].

Consider an “infinite layer” approximation for the
Galactic Disk, so that variations in the radial distance along
the disk (R) are neglected and only the leading dependence
on the height over the Galactic plane,z, is considered.
Also, let us assume that diffusion in the halo (of radial
size much larger than its heightR≫ H) is z-independent;
that sources and gas (responsible for losses) are confined
to a much thinner “plane” of heighth, with density of gas
n and injection spectrum per unit timeq0(p). We assume
that CR freely escape outsideH. If one neglects reacceler-
ation and considers steady state, the positron distribution
in momentum spacef satisfies
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whereD is the spatial diffusion coefficient,u the bulk ve-
locity of the ISM plasma, the term in parentheses describe
energy losses andΓ = σanncn is the annihilation rate. The
above equation can be solved (i.e. reduced to quadratures)
with a technique similar to what used e.g. in [8].

We adopt the following fiducial values for the relevant
parameters:

• H = 4kpc

• h= 200pc.

• n= 1cm−3

• D(p) = D28× 1028cm2s−1
( pc

1GeV

)δ
, with δ = 0.5

andD28 = 3.3 as fiducial values.



Impact of annihilation on CR positrons
33RD INTERNATIONAL COSMIC RAY CONFERENCE, RIO DE JANEIRO 2013

Figure 1: Ratio of cosmic ray positron flux computed in the toy
model accounting for annihilation effects over the case in which
they are neglected, in different models: purely diffusive propaga-
tion (dashed red); including convection, but no energy losses (dot-
dashed blue); including energy losses, but no convection (dotted
purple); all effects included (solid, black). See text for parame-
ters and details

• u= 20km/s≃ vAlfven.

• σann(p) is the well-known annihilation cross section
in the relativistic limit [9].

• q0(p) = κ+

( pc
1GeV

)−4.7. Note that since we shall
only be interested in either the shape of the solution
with respect to the injection (i.e.f0(p)/q0(p)) or in
the ratio of solutions corresponding to differentprop-
agationparameters, the value ofκ+ is arbitrary and
cancels out in the results.

•
(

dp
dt

)

ℓ
, i.e. the term that accounts for energy losses,

is taken from Eq. (4.6.1) in [10]1, assuming: 1)
the ionization ratexe = 0.01; 2) the magnetic field
B = 3µG; 3) the energy density in interstellar light
(including CMB),w= 1eV/cm3.

We show in Fig.1 the ratio of positron fluxes computed
with/without accounting for annihilation under differentas-
sumptions for the propagation. The result suggest that the
effect would be significant below the GeV if the propaga-
tion were dominated by diffusion (red dashed curve), but
the transition to a convection (dot-dashed blue) or a energy-
loss dominated (dotted purple) propagation regime makes
the overall effect of O(1%) or smaller at sub-GeV energies.

These results have been confirmed in a more complete
and physically more realistic implementation of the effect
in theDRAGON code, as described in the following section.

3 Positron annihilation: numerical
implementation in DRAGON

In order to get a more precise comprehension of the pro-
cess in different realistic CR propagation scenarios where:
1) a more detailed model of the Galaxy is considered, and
2) other relevant effects (e.g. reacceleration) are taken into
account, we implemented the CR positron annihilation in
DRAGON. This numerical package is designed to solve the
complete CR diffusion-loss equation for all nuclear and
leptonic species in cylindrical symmetry, adopting a realis-
tic spatial distribution for CR sources, diffusion coefficient,

Figure 2: Ratio of positron flux with/without annihilation com-
puted withDRAGON. Dotted lines: without solar modulation; solid
lines: with solar modulation. Dark green: simple setup withpure
diffusion and no energy losses; other colours: realistic propaga-
tion models taken from [12].

interstellar gas and interstellar radiation field. A more de-
tailed description of the code can be found in [11] and on
the official webpage [5].

We implemented the process as a loss term affecting CR
positron propagation only; the equations are the general-
ization of the ones we described in the previous paragraph.

In order to validate the code, we considered a very sim-
ple pure diffusion scenario with no reacceleration, no con-
vection, no energy losses and we neglected the effect of
solar modulation as well: we found that the suppression
of the CR positron flux is negligible above 1 GeV and be-
comes as large as≃ 25% at≃ 100 MeV and≃ 85% at
≃ 10 MeV, in qualitative accord to what we found with
the semi-analytical computation under similar conditions
as described in the previous section.

Then, we considered three different propagation setups
obtained from the latest analysis on electron, positron and
synchrotron spectra performed by theDRAGON team [12]:
these realistic scenarios are tuned to fit a large number
of CR observables (in particular B/C, protons, antiprotons,
electrons, positrons and synchrotron emission). We show
in Fig. 2 the suppression of the positron flux with/without
the effect of solar modulation. It is clear that the effect is
much smaller now: depending on the propagation setup,
we get a suppression of 1÷ 3% at 10 MeV on the mod-
ulated flux (solid lines), and 7÷ 10% at the same energy
on the local interstellar flux (dashed lines). Once again,
this is in qualitative accord with what we found with semi-
analytical computations, due to the fact that the energy loss
mechanisms due to ionization, Coulomb interaction and
bremsstrahlung are dominant in the 10÷1000 MeV range.

We can thus conclude that for studies of the positron
flux in the GeV range or above this effect can be safely
neglected, unless one aims at precision of O(1%) or bet-
ter. Given current precision, the only instance in which it
might be worth accounting for it is in solar modulation
studies addressing the charge-dependence of this physical
effect, since neglecting the annihilation would amount to
introduce a small butsystematicbias in the estimate of the
interstellar positron spectrum (it applies toe+ but note−,
of course).

1. Apart for a typo consisting of an extra overall factor 2 included
in that reference.
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Figure 3: Source term for secondary positrons of hadronic ori-
gin (red solid) compared to the source term for TPP positrons
computed under several hypotheses (blue lines). Solid lines: with
standard electrons, without/with enhancement in the ISRF.Dot-
ted lines: with a pronounced bump in the electron flux above 1
TeV, without/with enhencement in the ISRF.

4 Triplet pair production
Another effect which is not taken into account in CR nu-
merical and semi-analyitical codes is thetriplet pair pro-
duction(TPP), i.e. the creation ofe+e− pairs by high en-
ergy CR electrons interacting with the diffuse soft pho-
tons of the interstellar radiation field (ISRF). As noticed
in [13] this process is an unavoidable source of high en-
ergy positrons from a pure electron population: TeV elec-
trons interacting with UV diffuse photons (ε ∼ 10 eV) give
rise toe± pairs with energyEpair ∼ 0.5(Ee/ε)1/2mec2 ∼
100GeV, i.e. within the range which has been now started
to be explored in more details by AMS-02 [14].

The TPP was deeply investigated in [15], [16] and more
recently [17]: it is a third-order QED process with a very
complicated analytical expression for the total differential
cross section. We implemented an approximated expres-
sion of the cross section: in this paragraph we will briefly
describe our implementation and discuss how relevant this
process may be as a positron source with resonable as-
sumptions on the TeV electron flux and a realistic model
of the ISRF.

The single differential cross section for pair production
that we considered is:

dσTPP

dEe+
≃ σT α δ (Ee+ −〈Ee+〉)g(s) (2)

In this expressionσT is the Thompson cross section,α
is the fine structure constant. The spectrum of secondary
positrons is approximated as a delta function centered on
〈Ee+〉 = 1

2mec2
√

Ee−/Eγ . g(s) is a corrective factor de-
rived in [15] and refined in [17], function of the total en-
ergy in the center of mass

√
s, and introduced in order to

reproduce the correct behaviour of the total cross section
with energy.

Actually, in order to assess the importance of this pro-
cess for the positron flux, it is not necessary to include it
in a propagation model. Since it consists of a new source
term fore+, a simple estimate amounts to comparing the
additional source function:

QTPP(Ee+) =

∫

dEγ

∫

dEe

dσTPP

dEe+
(Ee+ ,Ee,Eγ)

dnγ

dEγ
(Eγ)cΦe(Ee) , (3)

with the traditionally considered source function orig-
inating from hadronic processes between CRs and ISM
medium nuclei:

Qpp(E+) =
∫

dEp
dσpp

dE+
(E+,Ep)ngcΦp(Ep) , (4)

with obvious meaning for the symbols.
On the light of present knowledge which strongly sug-

gests that the latter is sub-leading with respect toprimary
positron sources (see e.g. [1]), proving that Eq. (3) is much
smaller than Eq. (4) determinesa fortiori that the overall
role of ISM production via TPP is small.

The result is plotted in Fig. 3 and clearly confirms our
hypothesis: the conventional source function is larger than
the TPP term by more than 2 orders of magnitude in a wide
energy range even under very optimisic assumptions on the
ISRF and primary electron flux.

5 Conclusions
We have checked both analytically and numerically that a
couple of processes usually neglected in theoretical predic-
tions ofe+ fluxes and positron fraction are not important
(at the percent level) in the most interesting region between
1 GeV and 1 TeV. Below the former energy, where (charge
dependent) modulation effects are important, some role is
expected.

For the TPP, ISM production is subleading, and one has
to worry only of a possible production near the sources,
provided that a high density of optical/UV seed photons is
available ande− (and/ore+) are accelerated to sufficiently
high energies. This case should however be considered as
a further possibility of primary source of positrons rather
than a contribution to the production during ISM propaga-
tion discussed here.
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