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A gamma radiation from pulsars due to inverse Compton scattering of coherent low-frequency radiation on relativistic

electrons in a polar gap have been considered. The radio emission in the gap arises due to sub relativistic electron

acceleration. The gamma radiation spectrum and luminosity estimates have been obtained and connection between

gamma radiation and radio emission spectra has been found. Obtained results are in a good agreement with the

discovered by Fermi LAT correlation of gamma radiation and radio emission giant pulses in the Crab pulsar.

PACS: 97.60.Gb, 98.70.Rz, 12.20.-m

1. INTRODUCTION

Pulsars are rapidly rotating neutron stars with
very strong magnetic fields [1–3], which have mag-
netosphere filled with relativistic electron-positron
plasma. This plasma is produced by high energy pho-
tons in strong magnetic field above the star magnetic
poles [2].

Fig. 1. A scheme of the polar gap in pulsars

Pulsars are the pulse sources of radio waves and
some of them emit high energy gamma radiation.
The pulsar gamma radiation arises in an inner gap [4]
above a polar cap under magnetosphere of open mag-
netic field lines (Fig. 1), which plays a role of an ac-
celerator for electrons from the star surface. In pulsar
classical models [4,5] the gamma radiation are gener-
ated due to curvature radiation (CR) mechanism [6].
We showed [7] that the powerful radio band radia-
tion in the gap changes the gamma emission mecha-

nism from the curvature radiation to inverse Comp-
ton scattering (ICS) of low-frequency radiation. It
leads to connection between pulsar gamma ray ra-
diation and radio emission. The correlations (both
in luminosities and spectra) of pulsar radio emis-
sion and gamma ray radiation was predicted in [7].
In that work we considered the polar gap as a res-
onator cavity accumulating powerful low-frequency
radiation generated by the sparks [4] in the strong
electric field of the gap. The formation of the res-
onator and accumulation of high energy density have
some difficulties. In [8, 9] we have shown that the
high energy density of low-frequency radiation may
arise because of continuous energy pumping due to
emission in electron acceleration process in the gap
electric field. The free exit of electrons from the star
surface due to low electron work function [10] leads to
vanishing the electric field on the surface. This field
increases from zero with distance from the star sur-
face and emission of electrons falls within the radio
spectral range. The Fermi LAT data obtained af-
ter our work [7] showed that there is a correlation in
phase (Fig. 2) between radio giant pulses and gamma
ray radiation [11]. The authors of [11] related this
correlation with a reconnection of magnetic force lines
near light cylinder [12]. In the Lyutikov model [12] of
pulsar giant pulses (Fig. 3) there is a reconnection of
magnetic force lines at the periphery of pulsar mag-
netosphere near the light cylinder where there is a
region of dense hot plasma. Occasional reconnec-
tion jets produce high Lorentz factor beams prop-
agating along magnetic force lines and emitting co-
herent cyclotron-Cherenkov radiation at anomalous
Doppler resonance. Due to curvature radiation high
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energy beams emit also the hard gamma ray photons
correlated with radio giant pulses.

Fig. 2. Phase correlation between gamma pulses
(triangles) and radio giant pulses (circles)
observed by Fermi LAT (from the paper of
A.Belous et al [11])

The observed phase correlation may be considered
also as confirmation of idea of our model that there
is a powerful radio emission in the gap and pulsar
giant pulses are direct emissions through waveguides
in the magnetospheric plasma [13, 14]. The gamma
ray radiation leaves the gap through the waveguide
too, therefore the phase correlation between the ra-
dio giant pulses and gamma ray pulses arises. In the
Crab pulsar B0531+21 the waveguide is close to the
magnetic axis.

Fig. 3. Generation of the Crab pulsar giant
pulses in the Lyutikov model [12]

Below it is shown that the total luminosity of
gamma rays produced by ICS of the low-frequency
radiation [7,15] in the gap is sufficient to explain the
gamma emission from pulsars if the gamma radiation
goes out from the all surface of the polar cap (Fig. 1).

2. HARD GAMMA RAY RADIATION
DUE TO INVERSE COMPTON
SCATTERING IN THE GAP

Because of the high energy density of the low-
frequency radiation there are a lot of soft photons in

the gap which are scattered by the relativistic elec-
trons. As is shown [8] that in this case the spectrum
of the coherent radio emission is the power-law

I (ω) ∝ ω−α, (1)

where α is a spectral index, which has the values from
the range 1 ≤ α ≤ 3. The frequencies of initial pho-
tons obey a condition h̄ωΓ << mc2, so we can con-
sider the ICS in the Thomson limit. In the electron
rest frame the differential cross section of the ICS in
the strong pulsar magnetic field has the form [16–18]

dσ =
r2
e

4
ω2

ω2
B

(
1 + cos2 θ

) (
1 + cos2 θ′

)
dΩ′, (2)

where re is the electron classical radius, ωB =
eB/mc, B is the star surface magnetic field, θ and
θ′ are the angles between magnetic field and mo-
menta of the initial and final photons (Fig. 4), dΩ′ =
2π sin θ′dθ′. The cross section dependence on the
magnetic field describes the suppression of soft pho-
ton Compton scattering in strong magnetic fields [17].

Using Eq. (4) and the Lorentz transformations for
angles θ, θ′ we obtain the scattering cross section for
the case of the ultrarelativistic electrons

dσ = r2
e

ω2

ω2
B

(
1 − V

c cos θ
)2

(
1 − V

c cos θ′
)2 dΩ′. (3)

From Eq. (5) it is seen that the scattered radia-
tion is quite anisotropic due to relativistic aberration
and is concentrated within a narrow cone along the
open magnetic field lines.

Fig. 4. ICS (left) and its kinematics (right)

With help of Eq. (3) we write the scattering proba-
bility as [19]

w (q,k, Γ) d3q = c
(
1 − V

c cos θ
)
dσ,

where q is the scattered photon wave vector, and
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w (q,k, Γ) = c4 r2
e

ω2
B

(
1 − V

c cos θ
)

× δ

(
ωγ − ω

1 − V
c cos θ

1 − V
c cos θ′

)
, (4)

ωγ is a frequency of gamma ray photon. The spec-
trum I (ωγ) dωγof the radiation is given by

I (ωγ) =
h̄ω3

γ

4π2c3

∫
w (q,k, Γ)fe (Γ, z) n (k)

× dΩ′dΓdΣdz, (5)

where fe (Γ, z) and n (k) are the distribution func-
tions of electrons and low-frequency photons, which
are normalized as

∞∫
1

fe (Γ, z)dΓ = ne,

∫
h̄ω · n (k)

2d3k

(2π)3
= U,

ne ≈ nGJ = ΩB/2πce is the average electron concen-
tration in the gap (nGJ is the Goldreich-Julian par-
ticle density [20]), Ω is the pulsar rotation frequency,
and U is the total energy density of the radio emission
in the gap. Since the low-frequency radiation spec-
trum is power-law we have for the distribution of the
low-frequency photons

n (k) =
π2c3

h̄
(α − 1)Uωα−1

minω−(3+α), (6)

and ωmin ∼ 107s−1 is a minimal frequency of low-
frequency radiation in the gap. The electron distrib-
ution function is given by

fe (Γ, z) = neδ (Γ − Γ (z)) . (7)

Then the scattered radiation spectral distribution
takes a form [7]

I (ωγ) =
3
8

22α

α + 2
cσT neUΣPC

ω2
B

ωα−1
min

× ω2−α
γ

h∫
0

Γ2α−2 (z)dz, (8)

with σT being the Thomson cross section. We see
from Eq. (8) that in case of power-law radio emis-
sion spectrum (1) the gamma ray spectrum is also a
power-law with the index connected with the radio
spectral index αby the relation [7]

αγ = α − 2. (9)

This relation appears due to dependence of the
scattering cross section on the initial photon fre-
quency (see Eq. (2)). According to the Fermi LAT
observation data [21] several gamma ray pulsars such

as PSR B0531+21 (Crab) and PSR B0833-45 (Vela)
obey to this index relation (9).

Integrating the spectral distribution (8) over fre-
quencies of scattered photons we obtain the estima-
tion of the total gamma ray luminosity

Iγ =
∫

I (ωγ) dωγ ≈ cgneσT U Γ̄4ΣPCh, (10)

where Γ̄ ∼ 108 is the electron maximal Lorentz factor
in the gap and

g =
24
5

α − 1
ω2

B

ωα−1
min

ωcf∫
ωmin

ω2−αdω. (11)

The ICS predominates over the curvature radia-
tion and becomes a dominant mechanism of energy
losses when the condition satisfies

U > Umin =
2e2

3R2
cgσT

,

where is a curvature radius of magnetic force line.
Below we suppose that this condition satisfies.

Substituting U ≈ IR/cΣPC to Eq. (10), we ob-
tain a relation between radio and gamma ray lumi-
nosities [7]

Iγ ≈ gσT nehΓ̄4IR. (12)

The total radio emission intensity in the gap is
determined by contribution of all electrons of the po-
lar cap in the radiation formation region. The power
emitted by a single electron moving with accelera-
tion w = eE/mΓ3 is 2e4E2/3m2c3 [6,22], where E is
the accelerating field in the gap [23, 24]. Taking into
account the contributions from all emitting electrons
and the coherence [25] of emission we have for the
total radio luminosity estimate

IR ≈ λ2
maxΩ3R3B2

c2
, (13)

where R ∼ 106 cm is the star radius and λmax ∼
102 cm is a wavelength, corresponding to the maxi-
mum in the pulsar radio emission spectrum. With
help of Eq. (12) we have for the gamma ray luminos-
ity

Iγ ≈ λ2
maxΩ3R3B2

c2
gσT nehΓ̄4. (14)

In dependence on the pulsar parameters, this esti-
mate gives 1033 erg/s ≤ Iγ ≤ 1035 erg/s, that agrees
with the Fermi LAT data on luminosities of gamma
ray pulsars [21]. For the pulsar B0531+21 which
is close to orthogonal rotator estimates (13) and
(14) should be multiplied by a factor cos2 χ, where
χ ≈ 87o is an angle between magnetic and rotation
axis of the pulsar B0531+21 then the Eq. (14) gives
a correct estimate Iγ ∼ 1035 erg/s for the Crab pulsar
gamma ray luminosity too.

Earlier [7] we considered the gamma ray radiation
exit only through the waveguide near the magnetic
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axis. But the observations by Fermi LAT show that
the gamma ray radiation is observed from larger part
of open magnetic force line region. Therefore in esti-
mates (10) and (14) we suppose that the area of hard
gamma ray formation region is of order of the polar
cap area.

3. CONCLUSIONS

Due to inverse Compton scattering of the power
radio emission on the ultrarelativistic electrons in
the gap the gamma-radiation is formed [7]. Giant
pulses of radio waves correspond to the free exit of
radiation through the waveguide near the magnetic
axis [13, 14, 26]. According [11] one can conclude
that the gamma radiation direction diagram has also
the maximum along the magnetic axis. Through the
same break the gamma-radiation goes out from the
gap, which explains the angular correlation of the
gamma-radiation with the giant pulses, including the
case of absence of their simultaneity. The obtained
estimates of pulsar gamma ray luminosities and spec-
tra agree with Fermi LAT data if we take into account
the gamma radiation from the all surface of the polar
cap.
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