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Geometrical effects
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Photon polarization modes

« Due to strong magnetic fields, photons emitted by the NS surface
are expected to be linearly polarized in the X- or O-modes

b=k
Local frame (x,y, z):

- 7 axis aligned with the photon
propagation direction k

B - X axis perpendicular to the k-B
plane

- y=kxz

E = A(Z)ei(koz—a)t)

A= (A, ,Ay) = (a,e =, aye_i‘pY)
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Photon polarization modes

« Due to strong magnetic fields, photons emitted by the NS surface
are expected to be linearly polarized in the X- or O-modes

=k

Electric field for X-mode
photons oscillates along x

Electric field for O-mode
photons oscillates along y
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Stokes parameters

« A convenient way to describe polarized radiation is through
the Stokes parameters (that are additive):

J = A Ay + AyA) = af + a;

Q = AxAy — AyA;, = ai — aj

U = A AY + AyAL = 2a,a, cos(@y — @)
V = i(A A — AyAL) = 2aa, sin(@y — @)

* Normalizing to the total intensity:

Q 1 Q —1
1) -(5) (2) -(3)
v/, 0 v/, 0
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Stokes parameters rotation

* The local frame (x,y, z) is in general different for each
photon
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Polarimeter frame (u, v, w):

- W axis aligned with the photon
propagation direction k (LOS)

- 1 and ¥ axes arbitrarily chosen
In the plane perpendicular to w

w=FKkg




Polarimeter frame (u, v, w):

- W axis aligned with the photon
propagation direction k (LOS)

- 1 and ¥ axes arbitrarily chosen
In the plane perpendicular to w

the local frames (x',y’, z") and

(x",y",z'") have to be rotated
by the angles

~
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Stokes parameters rotation

* The local frame (x,y, z) is in general different for each
photon

« Under a rotation by an angle a; the Stokes parameters
transform as:

I = J; Q; = Q; cos(2a;) + ﬂl/Sm@“/l)
Vi=V U; = W — Qi sin(2a;)

« Hence the Stokes parameters associated to the whole
radiation are given by:

Q = ZéVX cos(2a;) — Zﬁvo cos(2a;) U = ZéVO sin(2a;) — Zévxsin(Zai)

e
[afe| =l G
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Polarization observables

« The polarization properties of NS thermal emission can be
described by polarization fraction and polarization angle

2 2
HL=\/Q +U At the surface
I
Ny — N
)(p—zarc an 0
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Polarization observables

« The polarization properties of NS thermal emission can be
described by polarization fraction and polarization angle

« By substituting the expression of Q and U for the whole
radiation one obtains

1
M, = — [N + 2 ZﬁVXZgﬁi cos (2a; — 2ay,) + 2 ZJI.VOZNO. cos (2aj — 2a,)

N r>j
Ny <N 1/2
—273; XZj % cos (2a; — 20(]-)]
1 Z;VX sin(2a;) — ZJI-VO sin(2a;)
Xp = s arctan | —— N
2 _ %% cos(2a;) — Zj 0 COS(Zaj)_
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Polarization observables

« The polarization properties of NS thermal emission can be
described by polarization fraction and polarization angle

« By substituting the expression of Q and U for the whole
radiation one obtains

* Only inthe case a; = a; Vi,jthe observed II;, and y,
coincide with the intrinsic ones

1 INx — Nol
[T, = N [N + Ny(Ny — 1) + No(Np — 1) — 2NyNy|*/? = N
1 X (Nx — Np) sin(Za) |
Ap = Zarcian (Ny — N,) cos(Ra)| “

Polarization of neutron stars surface emission — September 2015

Roberto Taverna et al., CNOCIX -6



Geometry Vacuum polarization Results Conclusions

Vacuum polarization effects
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Photon polarization in strong magnetic fields

« According to QED photons can temporarily convert into
virtual e® pairs, modifying the £ and u tensors of the vacuum

* The evolution of the polarization modes for photon
propagating in vacuo Is governed by the following system of
differential e(q uations (Heyl & Shaviv, 2002; Fernandez & Davis_2011)

- ko =w/c
dg kO

dU kod 2
—:—L(N M)V 0 xB
dz

dv — ko0 z coordinate along
dz 2 the LOS
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Photon polarization in strong magnetic fields

« According to QED photons can temporarily convert into
virtual e® pairs, modifying the £ and u tensors of the vacuum

* The evolution of the polarization modes for photon
propagating in vacuo Is governed by the following system of
differential e(q uations (Heyl & Shaviv, 2002; Fernandez & Davis, 2011)

do koS
— = ———(2PV) 2 o
d 2 $, =—— ~B2E"1
z 47 1.5
dl koS _
- (N —-M)V , B .
B -_— ~
] & 7B
AV k.5 _ _
=—2"12P0 + (N — M)V]
dz 2
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Simplified approach

« The integration of the full ode system (Hey, shaviv & Lioyd, 2003; Fernéndez
& Davis, 2011; Taverna et al. 2014) IS quite time consuming and it is not
particularly suited to study the dependences of II;, and y,, on

the various parameters

* We resort to a simpler, approximated treatment in which only
the adiabatic region and the external one are included,
divided by a sharp edge located at the adiabatic radius r;,

B 2/5 E 1/5
_ ~ 4
ta=tp = To=48 (1011 G) (1 keV) R

« The rotation of Stokes parameters can be carried out at r;,
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Results
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Numerical implementation

« LOS reference frame €

- angle y between £ and Q

- angle ¢ between bg;, and Q

- angle y between u and X

a = a(x, s, P, 05, ®s)
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Basic assumptions

The NS emits thermal radiation following an isotropic BB
distribution

12 E?
T E h2c2eE/KT —1

n

Seed photons are 100% polarized in the X-mode

Dipolar and globally twisted magnetic fields

General relativistic corrections are included
- Magnetic dipole field corrections

- Relativistic ray-bending
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Simulations
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Geometry

Simulations

y = 0 deg — £ = 5 deg

Vacuum polarization
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Polarization swing
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I
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« The polarization angle
sweeps the entire range
[0,180°] for values of y, &
such that the polar regions
are always in view during the

¥ [deg]

5ol 100% X 1 star rotation
o ?[1 « Only an independent
estimate of y and ¢ allows to
P = 00° understand if photons are
polarized in the X- or in the
O-mode
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Dependence on the magnetic field strength
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IS Conclusions

Vacuum polarization

Geometry

Dependence on the magnetic field topology

« The polarization angle distribution is much more sensitive to
the geometry of the magnetic field
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Conclusions
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Conclusions

« Systematical study of the effects of Stokes parameters
rotation and vacuum polarization on the observed
polarization signals, on varying the values of typical
parameters (y, ¢, E, B, A¢py_s)

« Qur fast code allows to considerably save computational
time, without loss of accuracy in re-obtaining the qualitative
results, where available, of previous Works (Heyi, shaviv & Lioyd, 2003;
Lai & Ho, 2003; van Adelsberg & Perna, 2003)

« The study of these effects turns out to be particularly crucial
In relation to recent proposals of polarimetry missions (XIPE

see E. Costa talk, |XPE)
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Polarization of neutron stars surface emission:
a systematic analysis

R. Taverna, R. Turolla, D. Gonzalez Caniulef
S. Zane, F. Muleri, P. Soffitta, 2015,
MNRAS in press
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