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X-ray polarimetry on magnetars - Expectations

* Wave equation
2
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X-ray polarimetry on magnetars - Expectations

* Wave equation
2
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u=I1+nu € = ePlasma 4 cvacuum

Plasma effects: —collisions Vacuum effects: —vacuum birefringence
—radiation damping (relevant for B = Bqgp)

BQED ~ 4 X 1013 G



Normal polarization modes in strong B fields

* For B in excess of Bggp, when vacuum terms dominate in €, photons turn
out to be polarized linearly and only in two normal modes
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Normal polarization modes in strong B fields

* For B in excess of Bggp, when vacuum terms dominate in €, photons turn
out to be polarized linearly and only in two normal modes
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Polarization of photons emerging from plasma

* In strong B fields radiative processes cross sections are different for O
and X mode photons
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Polarization of photons emerging from plasma

* In strong B fields radiative processes cross sections are different for O
and X mode photons

* If an atmosphere covers the NS surface high polarization is expected
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Vacuum resonance

* Plasma and vacuum «polarize» photons in opposite ways
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Vacuum resonance

* Plasma and vacuum «polarize» photons in opposite ways
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Vacuum resonance

* Plasma and vacuum «polarize» photons in opposite ways

* Mode conversion at the vacuum resonance may modify the polarization
pattern of photons emerging from plasma
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Magnetic condensation

* Atoms under strong B-fields are elongated along

the field direction

* For sufficiently low temperatures molcular chains

are formed

* This «condensed atmosphere» settles onto the
surface, leaving the NS «bare»
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Magnetic condensation

* Atoms under strong B-fields are elongated along
the field direction

* For sufficiently low temperatures molcular chains
are formed

* This «condensed atmosphere» settles onto the
surface, leaving the NS «bare»

* PD for condensed-surface emission is much
lower than for atmospheric one (and both O-
and X-mode photons can prevail)
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Spectra for atmospheres and
condensed-surfaces are
similar (BB-like)

Polarization may help in
disentangling the surface
emission model
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Magnetospheric RCS

1.0

* Charged particles flowing along the closed | = -
field lines make the magnetosphere Xy
optically thick for RCS

e RCS cross sections are also sensitive to
the polarization mode

Polarization degree

1
700 = 3 %0x Pxx = 30%0 s e
e - T;vernaetal. (2020)

* Expected polarization in the soft PL tails of
~ 33% (X-mode dominated) for mildly relativistic charges



Transport of polarization at infinity

* |In normal conditions, observed polarization is expected to be very low

(due to tangled B-field topology close to the surface)

100% L polarized
emission

el

=
=3

/

Non-polarized observed

signal



Transport of polarization at infinity B < Bggp

* In strong B-fields the photon E
adapts to the star B close to
the surface
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Magnetar IXPE observations

* AXP 4U 0142+61 * AXP 1E 2259+586
o« FU0abs ~ 7 % 10711 cgs o FJ0abs ~ 15 x 10711 cgs
* Bpp = 2 x 10 G * Bpp # 6 X 1013 G
* texp = 840 ks * texp = 1200 ks

* AXP 1RXS J170849.0—4009100 * AXP 1E 1841—-045
» F}abs ~ 3 x 10711 cgs « F}1abs ~ 2 x 10711 cgs
'BPP%SX].OMG 'Bpp%7X1014G
* texp = 837 ks * texp = 300 ks

* SGR 1806—20
o FUDabs ~ 1 x 1071 cgs
. Bpp%7X1014G
* toxp = 947 ks



* Phase-integrated, spectro-polarization measurements
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AXP 4U 0142+61

* Phase-integrated, spectro-polarization measurements

* 90° swing of PA points towards the presence of both
O-mode and X-mode photons in the soft X-ray band

« Compatible with what expected from the RCS model

* Low energy: thermal photons lowly polarized (condensed
surface — O-mode)

* Emission from an extended equatorial belt
* High energy: resonantly scattered photons (33% - X-mode)




Indirect test of vacuum birefringence

* Phase-dependent PD coherent with the LC
(double-peaked and in-phase)
— determined at the surface

* Phase-dependent PA uncorrelated with the LC
(single-peaked, quasi-sinusoidal - RVM)
— determined far from the surface

* Vacuum birefringence naturally reconcile the
contradiction
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AXP 1E 2259+586

 Low-B magnetar (Bgq = 6 X 1013 G)

* Previous studies (Pizzoccaro et al. 2019)

observed a (phase-dependent) spectral
line at = 1 keV

* Interpreted as a resonant Compton
scattering feature

Credits: ESA

 Caused by photons

Intercepted by particles in a bundle of
twisted field lines (like in SGR 0418+5729)
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Count ratio



AXP 1E 2259+586 — Spectral analysis

* Absorption line superimposed to the (usual)
BB+PL decomposition
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AXP 1E 2259+586 — Polarization analysis

* Low phase-/energy-integrated PD — Peculiar
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AXP 1E 2259+586 - Interpretation

* Two emitting hot-spots (with condensed surface
exposed), the primary covered by a magnetic loop
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AXP 1E 2259+586 - Interpretation

* Two emitting hot-spots (with condensed surface
exposed), the primary covered by a magnetic loop
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AXP 1E 2259+586 - Interpretation

* Two emitting hot-spots (with condensed surface
exposed), the primary covered by a magnetic loop
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AXP 1E 2259+586 - Interpretation

* Two emitting hot-spots (with condensed surface
exposed), the primary covered by a magnetic loop
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AXP 1E 2259+586 - Interpretation

* Two emitting hot-spots (with condensed surface
exposed), the primary covered by a magnetic loop
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AXP 1E 1841-045

* Bright source at the center of Kes 73 SNR, entered in
an active burst-emitting phase in August/ September
2024

* Two publications:
* Rigoselli et al. (2025, ApJL 985, 34)
» Stewart et al. (2025, ApJL 985, 35)

| Rigoselli et al. (2025)
0.260



AXP 1E 1841-045 - Spectral analysis

* Spectral analysis with IXPE+XMM+NuSTAR revealed  —
the presence of 3 spectral components above 2 keV .. :
BB+PL,+PLy, (the latter already presentat = 6 keV) .|~

* IXPE could assess the polarization PL;, photons

(important to understand the origin of high-energy
PL in magnetars)

Rigoselli et al. (2025)



AXP 1E 1841-045 — Polarization

* Despite the short exposure (300 ks-ToO), ey Ml
polarization is detected at high significance 4/0°/

(= 26% phase- and energy-integrated)
60f’/

* Energy-dependent PD increasing with energy
with a constant PA oof
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AXP 1E 1841-045 — Polarization

* Despite the short exposure (300 ks-ToO),
polarization is detected at high significance

(= 26% phase- and energy-integrated)

* Energy-dependent PD increasing with energy

with a constant PA
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AXP 1E 1841-045 - Spectro-polarimetry

* SNR contribution (important at 2-4 keV) is
unpolarized at high degree of significance

* Freezing the polarization of PLg to 33% (in
agreement with the RCS model) results in
a well-constrained polarization = 70% for
the PL;, component

. ) ] eq] 205 7 -20°
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AXP 1E 1841-045 - Interpretation (1)

e Thermal radiation comes from the condensed surface
of the neutron star (compatible with PD = 15% at low

energy)

* Photons reprocessed by RCS in the magnetosphere
form the PLg component (polarized at = 33% in the
X-mode)

* High-energy, PL;, photons are possibly generated by
synchrotron emission from relativistic electrons

Ipr, = 1.15305 = PD = 75% (L to Bin the plane of the sky)

* The constancy of PA with energy may be a further (indirect) test of QED
vacuum birefringence



AXP 1E 1841-045 - Interpretation (2)

* Hard PL may originate via resonant scattering onto
relativistic e /e~ pairs flowing in a (localized) j-bundle Fs#
In the star magnetosphere (Beloborodov 2013) |

* According to relativistic resonant scattering cross-
sections = 3/4 of the emerging photons should be
polarized in the X-mode (= PD = 50%))

* This is coherent with what observed at high energies
(5.5-8 keV)
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