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A polarized gamma ray emission spread over a sufficiently wide energy band from a strongly
magnetized astrophysical object like gamma ray bursts (GRBs) offers an opportunity to
test the hypothesis of axion like particles (ALPs). Based on evidences of polarized gamma
ray emission detected in several gamma ray bursts we estimated the level of ALPs induced
dichroism, which could take place in the magnetized fireball environment of a GRB. This
allows to estimate the sensitivity of polarization measurements of GRBs to the ALP-
photon coupling. This sensitivity gay < 2.2 - 107" GeV ™! calculated for the ALP mass
ma = 1072 eV and MeV energy spread of gamma ray emission is competitive with the
sensitivity of CAST and becomes even stronger for lower ALPs masses.

New very light spin-zero particles are predicted in many extensions of the Standard Model
(see this proceedings for the references). Typically, such particles called axion like particles
(ALPs) can arise as a result of a spontaneous breakdown of a continuos symmetry. A notable
example of such breakdown is the Peccei-Quinn (PQ) mechanism [1], which remains perhaps
the most natural solution to the CP problem in QCD. The most important phenomenological
property of ALPs is their two-photon vertex interaction, which allows for ALP to photon
conversion in the presence of an external electric and magnetic fields [2] through an interaction

term
1

Loy = _ZgawFﬁwaa = gayyE - Ba, (1)
where @ is the ALP field, F is the electromagnetic field strength tensor, F its dual, E, B the
electric and magnetic fields respectively and g,~ is the ALP-photon coupling strength.

According to [3] the ALP-photon mixing (1) gives rise to vacuum dichroism. This dichroism
results in the rotation of the polarization plane of an initially linearly polarized monochromatic
beam by angle given in [3, 4]:

2 p2.2 27
¢ = Jony sin? (Tza ) sin 2¢. (2)

2
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It is valid for a uniform magnetic field B lying at a nonvanishing angle ¢ with the wave vector
k of photons with frequency w. Here m, is the mass of ALP, L is the length of the magnetized
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region. Such rotation, for instance, in case of ALPs, could be detected in a laser experiment like
PVLAS [5, 6]. The validity of the approximation (2) is provided if the oscillation wavenumber

9 2
M= (M) )
is dominated by the axion mass term. In fact, (3) pertains to the situation in which the beam
propagates in a magnetized plasma, which gives rise to an effective photon mass set by the
plasma frequency wp = y/4mane/me ~ 3.7 - 10’11\/7”Le/(:m*3 eV, where n, is the electron
density and m, is the electron mass.

The polarization of the prompt gamma
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nificance. Later, in [11] the BATSE instru- . GRB paarization & 1
ment on board of the Compton Gamma Ray 10—12_ fomve LAY
Observatory (CGRO) has been used to mea- 10°  10*  10° 10® 10" 1 10
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of gamma rays back-scattered by the rim of

the Earth’s atmosphere: 35% < II < 100% Figure 1: The plot of the regions of (ma,gasyy)
for GRB930131 and 50% < IT < 100% for space ruled out by various solar axion searches with
GRB960924. The analysis technique of [11] is the bound of the present letter, estimated for the
only sensitive to the energy range 3-100 keV. inner part of the energy range 0.2-1.3 MeV applied
Finally, the analysis [12] of GRB041219a for the polarization measurements of GRB021206
across the spectral window 100-350 keV has (dashed dotted line), superimposed.

been performed using coincidence events in

the SPI (spectrometer on board of the INTEGRAL satellite) and IBIS (the Imager on Board
of the INTEGRAL satellite). The polarization fraction of T = 965% was determined for this
GRB.

According to the Hillas [14] diagram showing size and magnetic field strengths of different
astrophysical object the typical magnetic field in a GRB’s engine can be estimated as B ~ 10° G
over a region Lgrp ~ 10° cm. Moreover, the conservation of magnetic field energy at the rest
wind frame of fireball shell model of the GRB’s engine [15] implies at any radial distance r, in the
fireball environment, 47r2 B2 = 47r? B2, leading to the relation B = By(ro/r), where By and r
are the magnetic field strength and the size of the central part of the fireball. The minimal time
scale of variability of GRBs light curves is estimated to be about 0.1 sec !. This implies that
the typical extension of the GRB’s engine is indeed compatible with Lgrp ~ 10° cm. Typically

1See, for example, the analysis in [16].
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the central part of the fireball can be represented by a neutron star of radius r¢ ~ 10° cm with
magnetic field of By ~ 10'? G. Therefore the strength of the magnetic field at the distance
r = Lgrp corresponds to B =~ 10° G, which is in a good agreement with the values taken
from [14].

According to (2), the relative misalignment between the polarization planes of gamma ra-
diation at two different energies wy and ws induced by ALPs (see for details [17]) is given
by

Ac = LerE gEﬂAwB% (4)

27 m2

where Aw = |wy — wy|. Therefore, one can observe that the constraint arises from the fact that
if the ALP dichroism induced rotation of polarization plane (4) in the given magnetic field were
to differ by more then 7/2 over the energy range 0.2-1.3 MeV, as in the case of GRB021206,
the instantaneous polarization in the detector would fluctuate significantly for the net time
averaged polarization of the signal to be suppressed. This condition can be transformed into
the bound on the ALP-photon coupling as

Gary S Tt~ 2.2 10752
BvVAwLGRrB 1eV

where the inner part of the spectral window 0.2-1.3 MeV (Aw ~ 1MeV) reported in polarization
analysis of GRB021206 has been used. This constraint is obtained under the assumption that
the correlation length of the magnetic field being initially defined by the typical size of the
neutron star in the core of a GRB’s engine is getting stretched out by the expansion of the
fireball shell. So, at some moment of the expansion the correlation length becomes adjusted to
the oscillation length. However, for the ALP’s mass

(GeV)~, (5)

2mw

Mg < Mer1 = ~3.5-107" eV (6)

LarB

this condition does not hold anymore and the polarization planes misalignment angle should
be calculated as
Lcre w1 )

16 2wm?2

Ae = BQQ(QI,Y,YLGRB ( (7)

The expression (7) holds to be positive down to the mass (see for details [17]): Mo =

4y orpa— ~ 8- 107% eV. Requiring again that the misalignment angle (7) does not ex-

ceed /2 in the axion mass range between me,1 and mey2 one arrives to a bound, which can be
well approximated by a constant 2

2v/2
Jary < =2 A 510712 (GeV) L. (8)
BLgrB
In Fig. 1. we show the bounds (5) and (8) superimposed on the recent results of CAST [18§]
and other axion helioscope experiments [19]. The limit obtained becomes by factor \/1MeV /Awr
weaker if we apply the width Aw; =~ 250 keV of the energy bands for GRB041219a detected

2The electron number density in a GRB’s environment can be estimated as ne >~ 101Y cm 3 [15]. Therefore
the expression (3) is still ALP mass dominated down to mg & me, for the energy of the gamma radiation,
w ~ 1 MeV, and constraints on g,~~ calculated from (5) and (8).
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by INTEGRAL or Awp = 100 keV for GRB930131 and GRB960924 detected by BATSE. This
implies that ggy, < 4.4 - 1071 GeV~! and g4y, < 6.9 107 GeV~! for INTEGRAL and
BATSE measurements respectively calculated for the axion mass m, = 1073 eV.

An improvement of the current estimations could be archived in further detection of gamma
polarized signals from GRBs in the similar or higher energy ranges. For these reasons the PO-
LAR [20] experiment as well as other numerous efforts to develop instruments with the sensitiv-
ity required for astrophysical polarimetry over 100 eV to 10 GeV band [21] become important
probes for ALPs beyond Standard Model physics.

We thank K. Zioutas, H. Hofer and N. Produit for useful discussions on CAST, POLAR and
related topics.
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