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Abstract: Up to now the radiation mechanism in Active Galactic Nuclei and Gamma-ray Bursts is not fully understood.
A leptonic or hadronic origin is discussed. With the recent progress in the detection of VHE emission from AGN through
MAGIC, H.E.S.S. and FERMI a large sample to test emission models is available. One major problem in testing hadronic
emission models so far was the lack of a fast method for the computation of photo-hadronic interactions. We present a
scheme derived from first principles to calculate the products of photo-hadronic interaction. The possible applications to
Active Galactic Nuclei and Gamma-Ray bursts are discussed.
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1 Introduction

In the past decade the search for extragalactic very-high
energy γ-ray emitters has been booming. With the current
generation of Imaging Air-Cerenkov Telescopes and the
newest gamma-ray satellite Fermi it has been possible to
identify more than 40 extragalactic sources of gamma-rays
above 100 GeV. It is especially interesting to find sources
at very high redshift due to the increased sensitivity. With
this new data available a long standing question has to be
raised again: Is the origin of Active Galactic Nuclei radia-
tion leptonic or hadronic?
The leptonic emission model, usually the SSC model us-
ing electrons as the source of synchrotron radiation and tar-
get for Compton scattering with the very same synchrotron
radiation, was very successful in explaining nearby high-
peak BL Lac objects. The hadronic model, which is as-
suming a nonthermal proton population producing charged
and neutral pions in photo-hadronic interactions, has been
on the market for even longer time, but was rarely used due
to its complexity.
The observations of FSRQs suggest that those sources re-
quire a hadronic component to explain their spectra (cf.
[6]). It is therefore inevitable to provide new numerical
models for hadronic emission. One major demand is the
ability to model also variable sources. This has been a
major problem with the Monte Carlo based models like
SOPHIA [1], which are too slow to produce lightcurves
in short time. One way to circumvent this problem is to in-
troduce parametrization of the photo-hadronic interaction,
as it has been done e.g. by [2]. This parametrization is
still based on the Monte Carlo model used in SOPHIA and

therefore only allows for physical processes described in
the Monte Carlo code. A major problem in this specific
approach is that intermediate unstable particles have been
integrated out.
As the cooling of these intermediate particles may play an
important role especially in sources with a high magnetic
field, we are going to follow a different approach for the
calculation of photo-hadronic products. From first physics
principles an interaction model is derived. A major advan-
tage is the possibility to include new data easily. Interme-
diate particles are included explicitly.

2 The model

The model we are proposing should fulfill a number of re-
quirements:

• It should yield a detailed prediction for π+, π−, and
π0 fluxes separately

• It should be fast enough to be used in time-dependent
calculations

• It should include particle physics properties in a
transparent way

• It should not be limited to specific proton and photon
distributions

• It should yield secondary populations

• It should include the Kaons.
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2.1 Basic principles of particle interaction

Two processes are involved in the description of our model:
Weak decays like π+ → μ+ + νμ and the photo-hadronic
interaction itself. The decay of particle a into species b is
described by the production rateQb(Eb), which is given by

Qb(Eb) =
∑

IT

∫
dEa Na(Ea) Γ

IT
a→b(Ea)

dnIT
a→b

dEb
(Ea, Eb) .

(1)
where Na(Ea) is the differential spectrum of parent parti-
cles and ΓIT

a→b is the interaction or decay rate for the pro-
cess a→ b as a function of energy Ea. As a number of dif-
ferent processes may be involved they are designated with
“IT”.
The function dnIT

a→b/dEb(Ea, Eb) describes the distribu-
tion of daughter particles of type b per final state energy
interval dEb. This function can be non-trivial. It contains
the kinematics of the decay process, i.e., the energy distri-
bution of the discussed daughter particle. If more than one
daughter particle of the same species b is produced, or less
than one (in average) because of other branchings, the func-
tion has to yield the “multiplicity” of daughter particles per
event as a function of energy.
In meson photoproduction, a similar mechanism can be
used. The interaction rate Eq. (1) can be interpreted in
terms of the incident protons because of the much higher
energies in the shock rest frame (SRF). In this case, the
interaction rate depends on the interaction partner, the pho-
ton, as

ΓIT
p γ→p′ b(Ep) =

∫
dε

+1∫

−1

d cos θpγ
2

(1− cos θpγ)×

×nγ(ε, cos θpγ)σ
IT(εr) . (2)

Here nγ(ε, cos θpγ) is the photon density as a function of
photon energy ε and the angle between the photon and pro-
ton momenta θpγ , σIT(εr) is the photon production cross
section and εr = Epε/mp(1− cospγ) is the photon energy
in the nucleon/parent rest frame (PRF) in the limit βp ≈ 1.
The interaction itself, and therefore Ep and ε, is described
in the SRF. The daughter particles b are typically π+, π−,
π0, or kaons. If intermediate resonances are produced, we
integrate them out so that only pions (kaons) and protons
or neutrons remain as the final states.
We will assume isotropy nγ(ε, cos θpγ) � nγ(ε) for the
photon distribution. Arbitrary angular distributions would
require additional integrations. For isotropic photon dis-
tributions the integral over cos θpγ can be replaced by one
over εr, we have

ΓIT
p γ→p′ b(Ep) =

1

2

m2
p

E2
p

∞∫

εthmp
2Ep

dε
nγ(ε)

ε2

2Epε/mp∫

εth

dεr εr σ
IT(εr) .

(3)
In general, the function dnIT

a→b/dEb(Ea, Eb) in Eq. (1) is
a non-trivial function of Ea and Eb. For photo-meson pro-

duction in the SRF, the energy of the target photons is typ-
ically much smaller than the incident nucleon energy. In
this case,

dnIT
a→b

dEb
(Ea, Eb) � δ(Eb − χIT

a→b Ea) ·M IT
b . (4)

The function χIT
a→b, which depends on the kinematics of

the process, describes what (mean) fraction of the parent
energy is deposited in the daughter species. The function
M IT

b describes the multiplicity. For our purposes, it will
typically be a constant number which depends on interac-
tion type and species b.
Using Eqs. (4) and (3) we find for the photoproduction of
pions:

Qb(Eb) =

∞∫

Eb

dEp

Ep
Np(Ep)

∞∫

εthmp
2Ep

dε nγ(ε)Rb(x, y) (5)

with
x ≡ Eb

Ep
, y ≡ Ep ε

mp
, (6)

and the “response function”

Rb(x, y) ≡
∑

IT

RIT(x, y)

≡
∑

IT

1

2y2

2y∫

εth

dεr εr σ
IT(εr)

M IT
b (εr) δ

(
x− χIT(εr)

)
. (7)

εth � 2y = 2Epε/mp � 104GeV corresponds to the
maximal available center of mass energy, and the χIT is
the fraction of proton energy deposited in the secondary.
Note that χIT(εr) andMb(εr) are typically functions of εr,
if they only depend on the center of mass energy of the
interaction.
For a known response function the secondary spectra may
readily be calculated using Eq. (5) for arbitrary injection
and photon spectra. This is so far similar to [2], but as inter-
mediate particles are retained the resulting functionR(x, y)
is much simpler. In Fig. 1 we show the cross section as a
function of εr for these interaction types separately, where
the baryon resonances have been summed up. Naively, one
would just choose the dominating contributions in the re-
spective energy ranges in order to obtain a good approxi-
mation for σIT(εr). However, the different contributions
have different characteristics, such as different π+ to π−

ratios in the final states, and therefore different neutrino-
antineutrino ratios.

2.2 Summary of processes

In summary, we consider the following processes:

Δ-resonance region The dominant resonance process is
theΔ(1232)-resonance (at εr = 340MeV):

p+ γ
Δ(1232)→ p′ + π . (8)
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Figure 1: The total pγ photo-meson cross section as a func-
tion of the photon’s energy in the proton rest frame εr ana-
log to [3] (1μbarn = 10−30 cm2; data, shown as dots, from
[4])). The contributions of baryon resonances (dashed), the
direct channel (dotted) and multi-pion production (brown)
are shown separately.

This process produces neutral (for p′ = p) or charged
(for p′ �= p) pions.

Higher resonances The most important higher resonance
contribution is the decay chain

γ + p
Δ,N→ Δ′ + π , Δ′ → p′ + π′ (9)

via Δ- and N -resonances. Other contributions, we
consider, come from the decay chain

γ + p
Δ,N→ ρ+ p′ , ρ→ π + π′ . (10)

Direct production The same interactions as in Eq. (8) or
Eq. (9) can also take place in the t-channel. This
mechanism is also called “direct production”, be-
cause the properties of the pion are already deter-
mined at the nucleon vertex.

Multi-pion production At high energies the dominant
channel is statistical multi-pion production leading to
two or more pions. In SOPHIA [3] this process is de-
scribed by the QCD-fragmentation of color strings.

The effect of kaon decays is usually small. However, kaon
decays may have interesting consequences for the neutrino
flavor ratios at very high energies, in particular. Therefore,
we consider the leading mode: K+ production (for protons
in the initial state) with the decay channel leading to highest
energy neutrinos.
In Fig. 1 we show the total pγ photo-meson cross section
as a function of εr, analogously to [3]. In order to fully de-
scribe Eq. (7) for each interaction type, we need the kine-
matics, entering χIT, the multiplicitiesM IT

b , and the cross
section σIT.

2.3 Factorized response function

The general expression for the response function eq. 7 may
be simplified to avoid computing two integrals. To achieve
this χIT(εr) andM IT

b (εr) are assumed to be approximately

Figure 2: Cross section for the resonances as a function
of εr. Light gray resonances are Δ-resonances, dark gray
resonances are N -resonances. The total resonance cross
section is shown as thick curve. The simplified model is
depicted by the gray boxes. The dashed curve refers to our
simplified cross section for kaon production “KP”.

constant with respect to εr. Then it is possible to factorize
the response function

RIT(x, y) = δ(x− χIT)M IT
b f IT(y)with

f IT(y) ≡ 1

2y2

2y∫

εth

dεr εr σ
IT(εr) .(11)

The delta-function describes the energy of the secondary
particle andM IT

b is the production rate. It is now relatively
easy to evaluate Eq. (5) with Eq. (11):

QIT
b = Np

(
Eb

χIT

)
mp

Eb

∞∫

εth/2

dy nγ

(
mp y χ

IT

Eb

)
M IT

b f IT(y) .

(12)
The simplicity of this scheme is astonishing, with only a
single integral the production rate can be readily computed.
For the factorization different approaches are possible, the
fastest but still sufficiently accurate model is described here
(see [5] for more detailed models).
The cross section can be divided into two classes of res-
onances: The first peak is dominated by the Δ(1232)-
resonance (lower resonance – LR), whereas the higher res-
onances (HR) contribute at larger energies. In addition, the
kinematics and the multiplicities are very different.
For the resonances, we define two interaction types LR and
HR, as shown in Fig. 2 (boxes). The interaction type LR
corresponds toΔ1(1232), whereas the interaction type HR
contains the higher resonances. The properties of these in-
teraction types are summarized in [5]. The spectra for pi-
ons are then calculated fromEq. (12) with a specific set of
functions (details also in [5]).
Besides the resonances also the direct production has to be
evaluated. Here the same technique applies, but it has to
be taken into account that kinematics plays an important
role. Therefore the delta-approximation is not a sufficient
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approximation, so a broader distribution function is used.
Additionally the direct production is split into 3 different
one pion interactions and 4 different two pion interactions.
A detailed table is shown in [5].

Figure 3: The function Fπ(y) ≡
∑

IT M IT
π f IT(y) for

charged pion production.

Figure 4: The function Fπ(y) ≡
∑

IT M IT
π f IT(y) for neu-

tral pion production.

3 Application to Active Galactic Nuclei

We used our simplified model in a benchmark case which
resembles the situation in Active Galactic nuclei. This
benchmark is adopted from [1]. The photon spectrum is
given by a broken powerlaw with a spectral index −1.6
between 10−3 eV and 140 eV and an index of −1.8 be-
tween 140 eV and 3600 eV. The proton spectrum is given
by powerlaw with index of 2.6 with an exponential cutoff
at 2.4 · 109 GeV.
In Fig. 6 the resulting pion and kaon production rates are
shown. Additionally the neutrino ratios have been calcu-
lated (shown in Fig. 6). A deviation from the SOPHIA
code is visible. This can be easily explained by taking into
account the spin state of the final muon, which is seemingly
not done in SOPHIA.

Figure 5: Comparison among the π+ (upper curve), π0

(middle curve), and π− (lower curve) spectra for the AGN
benchmark. The grey curve shows in addition the K+

spectrum. Computed with model Sim-B.

Figure 6: Ratio neutrinos and anti-neutrinos for the AGN
benchmark. Also plotted is the result of the SOPHIA code.

4 Conclusion

We presented a simplified model which accounts for the
effect of photo-meson production in sources like Active
Galactic Nuclei and Gamma-Ray Bursts. The model is
much more precise than simple resonance models and
much faster than well-known Monte Carlo models.

References
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