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Polarization of Thermal Radiation

In the near future, polarization in soft X-ray will be
observed. This energy range corresponds to thermal
radiation of magnetars, which is strongly magnetized
neutron stars.

Polarization of thermal radiation reflects

*Magnetic field configuration,
«Quantum electrodynamics(QED) effects.

It is important to predict observation quantities for
polarization efficiently. Our goal is to compute these
quantities systematically.



To Predict Polarization Properties

Surface Emission

Polarization properties are determined
in the atmosphere.

Evolution in Magnetosphere

Polarization evolves in the magnetosphere.
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Surface Thermal Radiation

Opacity depends on the polarization.

For the ionized atmosphere,

The E-mode opacity is suppressed 1‘7‘;‘1

In strong magnetic field. E-mode /77'

opacity is lower than O-mode. I
Ke ~ (E/EBe)zxo'

E-mode photons can escape from

the deeper and hotter part of the —> E-mode photons

atmosphere than O-mode photons.  ...5 0-mode photons

More E-mode photons are emitted.

G. G. Pavlov, V. E. Zavlin,
ApJ 529 (2000) 1011

=Thermal radiation is polarized.



Evolution in Magnetosphere

Polarization of the photons
changes by QED effect.
Polarization evolves
adiabatically by the
magnetic field near the
star, however, it freezes at
a certain radius called
polarization-limiting radius.

Polarization-limiting Radius
Left: Polarization is not aligned to each other when

the vacuum effect is not considered.

=
B, 2/5 1/5 Right: Polarization is aligned when the vacuum
rpi =~ 4.8 101G E,"" Rns, effect is taken into account.

J. S. Heyl, N. J. Shaviy,
PRD 66, (2002) 023002

=Polarization reflects the field
configuration in the magnetosphere.



Previous Study (Taverna et al. 2015)

/Polarization evolves adiabaticam
in the magnetosphere.

By

Magnetosphere

@rface thermal radiatioh
is linearly polarized.

X =15 deg — ¢ = 5 deg
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R. Taverna et al., MNRAS 454 (2015) 3254



Resonant Mode Conversion

When dielectric effect by the
plasma and that by the vacuum
cancel with each other, conversion
of polarization modes may occur,
which is often called vacuum
resonance.

=2 E-mode photons
=E-mode may changes > O-mode photons

iInto O-mode.



Energy Dependence

Probability of the mode conversion depends on the photon energy.
The mode conversion occurs adiabatically when

o 1/3
E > 1.49(ftanfp|1 — u;[)*/? (L;—m> keV
P

D. Lai, W. C. G. Ho, Ap], 588(2003) 962

For a normal (B~1012G) NS
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D. Lai, W. C. G. Ho, PRL
91 (2003) 071101

Conversion does not occur. Conversion occurs.
=E-mode dominant =0-mode dominant



Where the Conversion Occurs

B<7x1013G

Conversion point appears.

=0-mode dominant
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B=7x1013G

Conversion point is hidden.
=E-mode dominant

Conversion
Point

O-mode

E-mode Photosphere
Photosphere

---> 0O-mode photons

Mode conversion can be observed when
the magnetic field is <7x1013G.

D. Lai, W. C. G. Ho, ApJ] 588
(2003) 962



We consider

o /Polarization evolves adiabaticallh
Surface thermal radiation in the magnetosphere.
is linearly polarized.
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Resonant mode conversion

Magnetosphere may occur.
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Setup

Observer

*Surface radiation is 100% E-mode.
Resonant mode conversion is taken
into account for BS7x1013G.
Polarization is determined at
polarization-limiting radius.
Polarization fraction 1, and
polarization angle x, are calculated.

T 1 . U
= —arctan | — .
AP =5 0

I,Q,U: Stokes parameter

*Observer at infinity in the Z axis
Dipole magnetic field

*Photons propagates in the Z axis
‘No GR effect, e.g., ray bending



Results without Mode Conversion

y=15°,n=5°,B=1013G

Polarization Fraction IT_
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Results without Mode Conversion

Rotational Phase

Rotational Phase
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Results with Mode Conversion

vy=15°,n=5°,B=1013G

(Same as Taverna+ (2015))
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Results with Mode Conversion

y=15°,n=5°,B=1013G

(Same as Taverna+ (2015))
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Magnetic Field

B=1013G, T=0.4keV
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Phase-averaged Polarization Fraction

B=5x1014G, E=5keV Q Z
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Phase-averaged Polarization

B=5x1014G, E=5keV
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Emission Radius

Emitting region of magnetars is usually not a whole
surface but a hot spot. The radius of hot spot is a few km.
1km
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Emission Radius

Emitting region of magnetars is usually not a whole
surface but a hot spot. The radius of hot spot is a few km.

1km
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Magnetars

I R A N

1E2259+586 5.9 103G  0.37 keV
4U 0142+61 1.3 104G 0.36 keV
SGR0501+45 1.9 101G 0.70 keV
1RXSJ17089.0- 4.7 101G 0.48 keV
400910

No Mode Conversion Effects
at 1,2,---10 keV

(a) 2259+58 (E = 5keV)  (b) 0142461 (E = 5keV)
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Summary

Polarization of thermal radiation for magnetars in soft X-ray will
be observed in the near future.

*Thermal radiation is thought to be strongly polarized by their
strong magnetic fields and polarization properties reflect their
magnetic field configuration and QED effects in strong magnetic
fields.

We compute polarization observable quantities for thermal
radiation focusing mode conversion. Mode conversion effects are
important when magnetic fields of $7x1013G.

In our results, magnetars have so strong magnetic fields such
that mode conversion effects cannot be seen in energy range of
1-10 keV. However, mode conversion effects may be seen for
magnetars with relatively weak magnetic field, e.qg., 1E
22594586 at photon energy of <1lkeV.



