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We argue that small pitch angle synchrotron emission provides an important dissipation mecha-

nism that has to be taken into account in models of the formation of relativistic magnetizedγ-ray

burst (GRB) outflows from newborn black holes and/or magnetars. We show that if the GRB

outflow is proton loaded, the spectral energy distribution of this emission is expected to sharply

peak in the 0.1-1 MeV energy band. If the small pitch-angle synchrotron emission efficiently

cools relativistic particles of the outflow, the emission spectrum below the peak energy is a power

law with spectral indexα ≃−1, close to the typical spectral index of time-resolved GRB spectra.

Otherwise, the low energy spectral index can be as hard asα ≃ 0, as observed at the beginning of

the GRB pulses. We conjecture that small pitch-angle synchrotron emission from proton-loaded

magnetized GRB outflow could significantly contribute to theBand component of the prompt

emission of GRBs, while electromagnetic cascade initiatedby the protons may be responsible for

the GeV component.
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Gamma ray emission from magnetized relativistic GRB outflows

1. Introduction

A large amount of information about the time evolution of the spectral characteristics of
prompt emission ofγ-ray bursts (GRB) has been collected byCGRO/BATSE, Swift/BAT, INTE-
GRAL/ISGRI (see [22] and [25] for reviews) and, theFermi/GBM [6] telescopes. It is firmly
established that the majority of the time-resolved GRB spectra could be well described by rela-
tively simple spectral models, such as the Band model [5], or a cut-off or broken power-law model
determined by three main parameters: low and high energy photon indicesα andβ , and peak (or
break or cut-off) energyEp [25, 22].

The observed distribution of the low-energy power-law indicesα (of differential photon spec-
tra given bydNγ/dE ∼ Eα ) of time-resolved GRB spectra is sharply peaked at the valueα ≃ −1
in the BATSE GRB [5, 15] andSwift/BAT [28] GRB samples. Deviations from this mean value
towardα >−1 (down toα ≃ 0) are preferentially observed at the initial moments of onset of GRB
sub-pulses, when the spectra could be as hard asα & 0 [26, 15, 28]. Evolution towardα < −1 is
commonly observed during the decay of individual sub-pulses and/or atthe end of the prompt GRB
emission phase. The characteristic valueα ≃ −1 is difficult to reconcile with the conventionally
assumed synchrotron and/or inverse Compton mechanisms of prompt GRB emission. Alternative
models, which attempt to resolve this problem, include “jitter" radiation [20, 21] (see [18] for a dis-
cussion of the potential problems of the jitter radiation model) and “quasi thermal comptonization"
[11] models.

Spectra of at least some GRBs contain a separate GeV-band component (e.g, [1, 7]). The GeV
emission has a different (relative to the Band component) temporal evolution[12]. The absence of
the high-energy cutoff in the spectrum of this GeV component due to the pair-production imposes
a lower bound on the bulk Lorentz factors of the GRB outflows (aboutΓ & 1000, e.g. [4], [1]).
Different models of the origin of the GeV emission have been proposed, such as high-energy ex-
tention of the conventional afterglow [17, 13], afterglow emission from a fireball in the radiative
regime [12], and synchrotron [27] or cascade [9, 3] emission from ultra high-energy (∼ 1020 eV)
protons.

Several models of the formation of relativistic GRB outflows from black holesor neutron
stars, formed in result of core collapse of massive stars, assume that theoutflow is highly magne-
tized [16, 8]. In these models, the energy of the outflow is initially carried by the Poynting flux
of electromagnetic energy. Numerical MHD calculations show that the electromagnetic energy
could be converted in a dissipationless way to the kinetic energy of relativisticparticle outflow.
Dissipation is absent because the electromagnetic field forms a force-freeconfiguration.

In what follows we show that even if electromagnetic field is force-free, the energy loss of
relativistic particles in the outflow is non-zero, because the directions of thevelocities of individual
particles are scattered around the average direction of the flow within a certain angleΨ0 ∼ Γ−1

0 ,
whereΓ0 is the Lorentz factor of the outflow. This scatter in particle velocities leads to radiative
dissipation of the outflow energy, the main dissipation mechanism being small pitch-angle syn-
chrotron emission. We demonstrate that a significant fraction of the power of magnetized outflow
could be dissipated by this mechanism even in the outflow acceleration region.

We derive the spectral characteristics of this emission and show that they are consistent with
those of the observed GRB prompt emission spectra.
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2. Generic properties of pre-shock relativistic GRB outflow

If the observed isotropic luminosity of GRB isLiso, the energy flux carried by the GRB outflow
ejected into a solid angleΩ is L = (Ω/4π)Liso ≃ 8×1047

[

Liso/1052erg/s
]

[Θ/1◦]2 erg/s, whereΘ
is the opening angle of the outflow. The energy density of the outflow at a distanceD is U =

L/(ΩD2) 1. It is convenient to parametrize the strength of the electromagnetic field in the outflow
in terms of magnetization parameterσ , B2/(8π) ∼ σU/(1+σ). Using this a parametrization, the
(electro)magnetic field strength at the distanceD can be expressed asB =

√

2σLiso/(1+σ)/D.
The minimal possible angular scatter in the velocities of the particles is within a coneof

opening angleΨ0 ≃ κΓ−1
0 (κ is a numerical factor of the order of 1). Although the radiation,

discussed below, is leading to decrease ofΨ0, the minimal scatter correspondingκ ∼ 1 holds as
long as the acceleration process is active. This misalignment gives birth to a non-zero Lorentz force
of the order ofF ∼ eB⊥, wheree is particle charge andB⊥ ∼ BΨ0 = κBΓ−1

0 . Particle motions
due to this uncompensated Lorentz force lead to the radiation, by specificly tothe small pitch
angle synchrotron emission, which possesses the proporties significantlydifferent from those of
synchrotron emission from an isotropic particle distribution [10, 19]. The typical energy of the
radiated photons,εs ∼ eB⊥Γ2

0/mp, wheremp is the particle mass (proton mass in the above and in
the following numerical estimates), scales proportionally to the particle energy, rather than to the
square of it. The synchrotron energy loss ratePs = 2e4B2

⊥
Γ2

0/(3m2
p) ∼ κ2B2 remarkably does not

depend on the particle energiesΓ0mp.
To estimate the importance of small pitch angle synchrotron cooling as a dissipation mecha-

nism, one has to compare the synchrotron cooling distanceDs = Γ0mp/Ps with the typical distance
scales of formation and propagation of the GRB outflow. EquatingDs to D one can find that
synchrotron emission can efficiently remove energy from relativistic protons out to the distance

Ds ≃ 1.3× 109κ2
[ σ

1+σ
]

[

Liso

1052 ergs/s

][

Γ0
104

]−1
cm. The typical distance scale of the GRB central

engineRCE ∼ 106 − 107 cm is given by the size of black hole formed in the collapse of a massive
star, or the radius of the magnetar. BothRCE andDΓ might be. Ds implying that small pitch-angle
synchrotron emission could be an efficient dissipation mechanism. Similarly onefinds that the
electrons, do not contribute significantly to the total energy dissipation in the distance range of the
interest.

One other condition to be fulfilled is that the emission region has to optically thin with respect
to Compton scattering. One can easily find that this is the case starting from the distanceDC ≃

5×106
[

Liso

1052 erg/s

][

Γ0
104

]−3
cm. In GRBs with bulk Lorentz factorsΓ0 ≥ 6×102, DC < Ds and

synchrotron photons freely escape if they are produced in the distancerangeDC < D < Ds.

3. Spectrum of emission from pre-shock proton loaded GRB outflow

This type of spectrum could be calculated by summing the spectra emitted from theoutflow
components moving at different anglesθ with respect to the line of sight. A non-negligible con-
tribution is given only byθ in the range 0< θ < (Ψ0 + Γ−1). Ommiting the calculation details,
presented in [23], we note that the required flux density can be expressed in the following form:

1We use natural system of unitsc = 1.
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Figure 1: Spectra of small pitch-angle proton synchrotron emission from pre-shock GRB outflow for several
values ofκ . Thick solid line shows an emission spectrum from a proton spectrum formed by cooling of the
outflow protons toΓ = 0.01Γ0. For comparison, we show Band model fits to the spectra of periods "b"
(beginning) and "d+e" (end) ofFermi GRB 090902B [7] as lower and upper grew curves. Normalizations
and peak energies of the Band model fits to GRB 090902B spectraare shifted to match the small pitch-angle
synchrotron model curves.

FΓ0(ν) =
4πe2νB

κ2Γ0
F (ν̃,κ), (3.1)

whereν̃ = ν/(2Γ0νB) andF (ν̃,κ) is a function that depends on neither the magnetic field
strength nor the Lorentz factor. Numerically calculated functionsF (ν̃ ,κ) are shown for several
values ofκ in Fig. 1. At low frequencies,̃ν ≪ 1, the functionFγ(ν̃ ,κ) has the form of a hard
spectral index power-law,Fγ(ν̃ ,κ) ∼ ν̃α+1 with α = 0. The spectrum becomes even harder close
to the Doppler shifted cyclotron frequencyν̃ = 1. If κ < 1, the functionF (ν̃,κ) has more-or-
less strong higher harmonics of the cyclotron line, which can be seen as multiple "bumps" in the
spectrum at̃ν ≥ 1.

4. High-energy emission from the "tail" of angular distribu tion

The spectrum markedκ = 1 in Fig. 1 is calculated based on the assumption that the angular
distribution of particle velocities,Np(Ψ), is cut-off at the angleΨ0 ≃ Γ−1

0 . In general, the spectrum
of emission from protons moving at large pitch anglesκ ≫ 1 extends up to the frequencyν̃ ≃ κ,
while the frequency below which the spectrum is characterized byα = 0 moves down tõν ≃ κ−2

(see Fig. 1). In the rangeκ−2ν̃ < κ, the spectrum is characterized by a photon indexα = −2/3
typical of synchrotron radiation from an isotropic particle distribution (Fig.1). If the large pitch
angle tail ofNp(Ψ) has the form of a power-law,Np(κΓ−1

0 )∼ κ−s, the spectrum of emission above
the characteristic (peak) frequencyν = 2Γ0νB has the form of a power-law with photon index
β = s−1. Then the angular distribution extend toΨ ∼ 1 the emission spectrum reaches as far as
ν̃ ∼ Γ0, or up to the 1 – 10 GeV band ifΓ0 ∼ 104. The presence of the large angle tails of proton
angular distribution could, therefore, be responsible for the appearance of high-energy extensions
of the prompt GRB spectra similar to that observed in GRB 080916C [1].
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5. Emission from a distribution of protons formed by the smallpitch angle
synchrotron cooling

The total proton energy-lossPsynch(Γ0) rate could be found by integrating ofFΓ0(ν). Since
it does not depend on the Lorentz factorΓ0, a low-energy tail of particle spectrum below the ini-
tial proton energyΓ0mp is generated. Stationary distribution given the continious monochromatic
particle injection withΓ = Γ0, the spectrum of the synchrotron-cooled protonsNp(Γ) is given by a
power law with the slopeb= 0 in the range of Lorentz factorsΓ ≤ Γ0. The corresponding spectrum
of small pitch-angle synchrotron emission is

F(ν) =
∫

Np(Γ)FΓ(ν)dΓ ∼ να+1,α = −(b+1) = −1. (5.1)

The overall spectral evolution of the pre-shock outflow emission is expected to be as follows.
As soon as synchrotron cooling of the outflow particles becomes efficient,the spectrum of emission
from the pre-shock outflow softens fromα ≃ 0 (or α = −2/3, depending on the initial value ofκ)
down toα ≃−1. Theα ≃−1 spectrum persists over a period of stable activity of the GRB central
engine as long as synchrotron cooling remains the dominant energy-loss channel. This value ofα
is close to the measured characteristic low-energy spectral index ofCGRO/BATSE andSwift/BAT
GRBs [15, 28]. Prompt emission spectra of some GRBs start from very lowvalues ofα > −2/3
[26, 15, 28] and evolve towardα ≃ −1 as expected if the very hard emission originates from the
pre-shock GRB outflow. As an example, we show in Fig. 1 Band model fits to the spectra of the
beginning and end of the prompt emission phase of the GeV-γ-ray-loud GRB 090902B, taken from
[7]. Comparing the Band model fit of the initial rising phase of GRB 090902Bwith the spectrum of
emission from monochromatic proton distribution, one could conclude that GRB090902B outflow
is initially almost monoenergetic. One can derive initialΓ0 ∼ 104, i.e. proton energyΓ0mp ∼

1013 eV, given the isotropic luminosityEiso ∼ 1053 erg/s and peak energyEpeak∼ εs ∼ 106 eV for
this particular GRB.

Small pitch-angle synchrotron emission leads not only to cooling but also to scattering in the
proton beam across a wider angleΨ ∼ Γ−1 ≫ Γ−1

0 . The widening of the opening angle of particle
distribution could lead to the "switching on" of interactions between the particlesof the outflow.
It is straightforward to estimate that the mean free pathλpp becomes comparable or shorter than
Ds as soon as synchrotron cooling leads to the appearance of protons with energiesΓ . 10−2Γ0 if
Γ0 ∼ 104.

Development of proton initiated cascade leads to injection of secondary electrons/positrons
(as γ-rays and well as neutrinos) which can largely outnumber the primary electrons present in
the unshocked GRB outflow. In constrast to the primary electrons, synchrotron emission from
these cascade electrons could provide a significant energy dissipation mechanism of the outflow.
Although typical initial Lorentz factors of the secondary electrons areγe ∼ (Γmp)/me ≫ Γ0, elec-
trons are injected at the typical pitch anglesψe ∼ Γ−1 ≫ γ−1

e , so that the synchrotron emission
from the cascade electrons is not emitted in the small pitch angle regime.

Theγ-rays with energies above the pair production thresholdEγγ =
√

2m2
ec4/(1−cos(1/Γ))≃

1010
[

Γ/104
]

eV produce pairs in interactions among themselves and initiate the electromagnetic
cascade. The highest energyγ-rays may also interact with protons via pion and pair produc-
tion channels. The energy loss of protons due to thepp (and/or pγ) interactions is given by
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Ppp(Γ0) ∼ f Γ0/λpp, where f ∼ 0.1−0.2 is the typical inelasticity ofpp collisions. As soon as
the cooling of the highest energy protons by means ofpp and pγ interactions becomes more ef-
ficient than the synchrotron cooling, the spectrum of protons is expectedto soften tob > 0. This
should lead to the softening of the small pitch angle synchrotron emission spectrum toα <−1 and
a decrease in its contribution to the overall GRB spectrum, compared to the contribution from the
cascade emission component. The spectrum of emission from the proton-initiated cascade extends
up to the energy of the threshold of the pair production,Eγγ . For the particular example of GRB
090902B, the electromagnetic cascade component is then clearly identified as the soft emission
component extending up to the multi-GeV energies, which becomes dominant atthe end of the
prompt emission phase and persists for∼ 103 s after the end of the prompt emission [7].

Bursts that initiate with very hard spectra would be the most interesting candidates for testing
the hypothesis of small pitch-angle proton synchrotron emission because they might possess the
cyclotron line at the frequencyν ∼ Γ0νB. We search for this line at the energy close to the peak
energy of very hard GRB spectra to test the proposed model. The cyclotron line feature may,
however, have been "washed out" of the spectrum by a non-negligible spread in the particle energies
in the outflow and by small angle Compton scattering if most of the small pitch-anglesynchrotron
emission is generated at the distancesD . DC. In this case, the spectrum of emission from the pre-
shock outflow would be indistinguishable from the generic Band model spectra. A complementary
way of testing the small pitch angle proton synchrotron model is to search forthe appearance
of neutrino signal frompp interactions [24] at the moment of softening of the spectrum of prompt
emission toα ≤ 1 in GeVγ-ray-loud GRBs. The neutrino signal is expected to be sharply peaked at
energiesEν ∼ f Γ0mp ≃ 1

[

Γ0/104
]

TeV and its flux is expected to be comparable to the luminosity
of the cascade (GeV) component of the GRB spectrum. The peak energyof neutrino signal can be
predicted if the bulk Lorentz factorΓ0 is estimated from the measurement of the peak energy of
the proton synchrotron componenr. A search for the neutrino counterparts of the GeVγ-ray loud
GRBs becomes possible after a cross-correlation of the signal ofFermi/LAT-detected GRBs with
the TeV neutrino signal detected bu the km3 scale neutrino telescope IceCube, which will become
possible in the nearest future [2].

6. Summary

We have explored the possibility that small pitch-angle proton synchrotron emission from
the magnetized GRB outflow gives significant contribution to the GRB spectrum.This emission
provides an important dissipation mechanism in the region of acceleration of GRB outflows with
high magnetization parameterσ . We have shown that the steady-state spectrum of this emission
is expected to have photon indexα = −1, close to the characteristic photon index of the time-
resolved GRB spectra. A small pitch-angle proton synchrotron emission component could also
explain the extremely hard spectraα & 0 observed at the beginning of some GRBs. The possibility
that small pitch angle proton synchrotron emission from the region of acceleration of GRB outflow
could be identified in the observed GRB spectra implies that the models of formation of magnetized
relativistic outflow by newly born stellar mass black holes or magnetars could be observationally
tested. Whether a small pitch angle synchrotron emission component exists in the GRB spectra
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could be verified by searching for the cyclotron line features in spectra of (some of the) hardest
GRBs and/or searching for prompt TeV neutrino emission from GeVγ-ray-loud GRBs.
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