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Introduction

• Persistent emission from 4 magnetar sources
• 4U 0142+61
• 1 RXS J170849.0–400910
• SGR 1806–20 
• 1E 2259+586

• Strong 𝐵-fields in the range 6 × 1013 –1015 G
(𝑃- ሶ𝑃 estimates)
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Spectral properties

• Soft X-ray spectra (0.5–10 keV) usually fitted
by BB+PL decomposition (alternative BB+BB, 
typical of transients in outburst)

• 𝑘𝑇BB ≈ 0.3–0.6 keV and 
Γ𝑃𝐿 ≈ −(2–4) dominating above ≈ 3–4 keV

• Additional PL component at higher energies
(≳ 20 keV)
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Tendulkar et al. (2015)

AXP 1 RXS J170849.0-400910



Twisted-magnetosphere scenario 

• The strong internal field (up to 1016 G) should develop a toroidal 
component at least of the same order

• Once the magnetic stress exceeds
the crust mechanical yield, helicity
is transferred to the external field
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Twisted-magnetosphere scenario 

• Magnetosphere is populated by charged particles:

• The magnetosphere is optically thick for RCS
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Magnetar model alternatives
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• The 𝑃- ሶ𝑃 estimate of the magnetic field strength holds for:
▪ dipolar fields   (magnetar field topology not dipolar)
▪ emission energy all supplied by rotation (need for another source of energy)

• Alternative models
▪ strongly-magnetized (≈ 109 G) white dwarfs?
▪ disrupting events for SGRs?

Polarimetry supports the magnetar model!



Polarization in strongly magnetized environments
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• The polarization state of photons can be studied solving the wave equation

𝛁 × ഥ𝝁 ⋅ 𝛁 × 𝑬 =
𝜔2

𝑐2
𝝐 ⋅ 𝑬

dielectric tensor
magnetic permeability
tensor (inverse)



Polarization in strongly magnetized environments
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• The polarization state of photons can be studied solving the wave equation

• 𝝐 and ഥ𝝁 contain all the interaction terms

𝛁 × ഥ𝝁 ⋅ 𝛁 × 𝑬 =
𝜔2

𝑐2
𝝐 ⋅ 𝑬

plasma
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• The polarization state of photons can be studied solving the wave equation

• 𝝐 and ഥ𝝁 contain all the interaction terms

𝛁 × ഥ𝝁 ⋅ 𝛁 × 𝑬 =
𝜔2

𝑐2
𝝐 ⋅ 𝑬

plasma

In strong 𝑩 fields the charge motion is quantized

𝑩
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1st Landau level energy
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Polarization in strongly magnetized environments
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Polarization in strongly magnetized environments
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• The polarization state of photons can be studied solving the wave equation

• 𝝐 and ഥ𝝁 contain all the interaction terms

𝛁 × ഥ𝝁 ⋅ 𝛁 × 𝑬 =
𝜔2

𝑐2
𝝐 ⋅ 𝑬

plasma vacuum
𝑩



Normal modes of polarization
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• Where plasma or vacuum terms dominate in the dielectric tensor radiation
is approximately linearly polarized

෡𝑬 ≈
1
0
0

or
0
1
0

𝑧 ≡ 𝒌
𝑩

𝑥

𝑦

෡𝑬𝐎

෡𝑬𝐗

Ordinary mode Extraordinary mode

Harding & Lai (2006)



Dichroism in strongly-magnetized plasma

2024-07-12 X-ray polarization from magnetar sources 9

• In strong fields (𝐵 ≳ 𝐵Q) and 𝐸 ≪ ℏ𝜔𝐵 plasma is (generally) transparent for 
X-mode photons

𝜎OO ∼ 𝜎unmag

𝜎OX ∼
𝐵

𝐵Q

−2

𝜎OO
O-mode X-mode
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−2

𝜎OO

High polarization
in the X-mode

NS atmosphere



Dichroism in strongly-magnetized plasma

2024-07-12 X-ray polarization from magnetar sources 9

• In strong fields (𝐵 ≳ 𝐵Q) and 𝐸 ≪ ℏ𝜔𝐵 plasma is (generally) transparent for 
X-mode photons

• Things are different at the cyclotron resonance (𝜔 = 𝜔B)

𝜎OO =
1

3
𝜎OX 𝜎XX = 3𝜎XO

X:O ratio
3:1

magnetosphere
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Polarization transport in the magnetized vacuum
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• Solving the wave equation accounting for vacuum effects only it reduces to

2
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Polarization transport in the magnetized vacuum
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• Solving the wave equation accounting for vacuum effects only it reduces to

2
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𝐵

𝒌 ⋅ 𝛁𝐵
≈
𝑟

3
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𝐵p = 1014 G



19

Polarization transport in the magnetized vacuum
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• Solving the wave equation accounting for vacuum effects only it reduces to

2
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ℓE ≪ ℓB: 𝑬 adapts to 𝑩

ℓE ≫ ℓB: 𝑬 direction is frozen

𝑟pl (ℓE = ℓB)



ℓE ≪ ℓB: 𝑬 adapts to 𝑩c

19

Polarization transport in the magnetized vacuum
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• Solving the wave equation accounting for vacuum effects only it reduces to
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Polarization transport in the magnetized vacuum
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• Solving the wave equation accounting for vacuum effects only it reduces to
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ℓE ≪ ℓB: 𝑬 adapts to 𝑩
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Polarization transport in the magnetized vacuum
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• Solving the wave equation accounting for vacuum effects only it reduces to

2
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ℓE ≫ ℓB: modes are not O-/X- anymore

Magnetars (with the strongest 𝑩) have the largest 𝑟pl

⇒
Best candidates to observe polarization of surface

emission (potentially very high)

Taverna et al. (2015)



Surface emission models
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• Surface photons reprocessed by a standard,
magnetized atmosphere → high PD (X-mode)

Polarization degree

PD ≳ 80%

Taverna et al. (2020)



Surface emission models
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• Surface photons reprocessed by a standard,
magnetized atmosphere → high PD (X-mode)

• Very strong 𝐵-fields elongate atoms along the
field direction → molecular chains are formed
for sufficiently low 𝑇
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Surface emission models
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• Surface photons reprocessed by a standard,
magnetized atmosphere → high PD (X-mode)

• Very strong 𝐵-fields elongate atoms along the
field direction → molecular chains are formed
for sufficiently low 𝑇

• The atmosphere settles onto the surface and
the (condensed) crust is left exposed

• Much lower PD (both O- and X-)

Polarization degree

PD ≲ 20% Taverna et al. (2020)



Imaging X-ray Polarimetry Explorer (IXPE)
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Soffitta (2024)



Imaging X-ray Polarimetry Explorer (IXPE)
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• Gas Pixel Detector (GPD)

Muleri (2014)
Azimuthal angle



Imaging X-ray Polarimetry Explorer (IXPE)
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• Gas Pixel Detector (GPD)

• Photoelectric cross section

𝑑𝜎Ph
𝑑Ω

= 𝑟0
2𝛼4𝑍5

𝑚𝑒𝑐
2

𝐸

7
2 4 2 sin2 𝜃

1 − 𝛽 cos 𝜃 4
cos2𝜙

Photoelectrons most
probably emitted in 

the direction of 𝑬



Imaging X-ray Polarimetry Explorer (IXPE)
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• Gas Pixel Detector (GPD)

• Photoelectric cross section

• Modulation curve

Muleri (2017)

ℳ 𝜑 = 𝐾 + 𝐴 cos2 𝜑 − 𝜑0

Modulation factor 𝜇:
Amplitude for 100%
polarized radiation



• AXP 4U 0142+61 (R.A. 01:46:22.41, DEC. 61°45’03’’.2)
• Cassiopeia – Distance: 3.6 kpc

• January 31st – February 27th  2022 (840 ks)

• Unabsorbed flux (2–10 keV): 6 × 10−11 erg cm-2 s-1

• AXP 1RXS J170849.0–4009100 (R.A. 17:08:46.3, DEC. –40°08’44’’.6)
• Scorpio – Distance: 5–10 kpc

• September 19th – October 8th 2022 (837 ks)

• Unabsorbed flux (2–10 keV): 2.4 × 10−11 erg cm-2 s-1

• SGR 1806–20 (R.A. 18:08:39.8, DEC. –20°24’26’’.7)
• Sagittarius – Distance: 8.7 kpc

• March 22nd – April 13th 2023 (947 ks)

• Unabsorbed flux (2–10 keV): 4 × 10−12 erg cm-2 s-1

IXPE magnetar targets
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• AXP 1E 2259+586 (R.A. 23:01:08.8, DEC. 58°52’20’’.8)
• Cassiopeia – Distance: 3.2 kpc

• June 2nd – July 6th  2023 (1.2 Ms)

• Unabsorbed flux (2–10 keV): 1.4 × 10−11 erg cm-2 s-1

IXPE magnetar targets
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AXP 4U 0142+61
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• Brightest among magnetars

• 𝐵𝑃 ሶ𝑃 ≈ 1.5 × 1014 G

• Spectrum BB+PL
▪ 𝑘𝑇BB = 0.471−0.004

+0.004 keV

▪ Γ = 3.69−0.05
+0.05

▪ Τ𝜒2 dof = Τ511.5 441

Taverna et al. (2022)
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• Brightest among magnetars

• 𝐵𝑃 ሶ𝑃 ≈ 1.5 × 1014 G

• Spectrum BB+PL

• Polarization measurement (2–8 keV):
▪ PD = 13.5% (17𝜎) – PA ≈ 50∘ E
▪ Complex behavior against photon energy

Taverna et al. (2022)

Low energies
PD ≈ 15% – PA ≈ 50∘

4–5 keV
PD ≈ 0

High energies
PD ≈ 35% – PA ≈ −40∘



AXP 4U 0142+61
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• Results are compatible with the magnetar model (Taverna+22)

▪ 90∘-swing → X- and O-modes (ultra-strong 𝐵-fields ≳ 1013 G
independently from 𝑃- ሶ𝑃)

▪ PD at high energies (≈ 35%) → PL tail populated by RCS photons

▪ According to the model RCS photons are X-mode → O-mode at low energies

▪ Low PD + O-mode photons → condensed surface exposed
(equatorial-belt emission geometry)



AXP 4U 0142+61
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• Low phase-averaged PD (< 40%) ⇒ Vacuum birefringence cannot be probed

• Phase dependent results

▪ PD is in-phase with the LC 
(determined at the surface)

▪ PA is sinusoidal (RVM)

flux PD

PA

Taverna et al. (2022)



Rotating vector model (RVM)
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• Variation of the polarization angle with rotational phase

tan PA =
sin 𝜉 sin 𝜙

cos 𝜒 sin 𝜉 cos𝜙 − sin 𝜒 cos 𝜉

• Emission from small caps (e.g. in radio pulsars
or in accreting X-ray pulsars)

𝜒 > 𝜉

𝜒 < 𝜉
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• Variation of the polarization angle with rotational phase

tan PA =
sin 𝜉 sin 𝜙

cos 𝜒 sin 𝜉 cos𝜙 − sin 𝜒 cos 𝜉

• Emission from small caps (e.g. in radio pulsars
or in accreting X-ray pulsars)

• RVM for extended regions holds for dipolar
fields only

• In the magnetar model the field can be 
approximated as dipolar only far away from 
the surface



Rotating vector model (RVM)
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• Variation of the polarization angle with rotational phase

tan PA =
sin 𝜉 sin 𝜙

cos 𝜒 sin 𝜉 cos𝜙 − sin 𝜒 cos 𝜉

• Emission from small caps (e.g. in radio pulsars
or in accreting X-ray pulsars)

• RVM for extended regions holds for dipolar
fields only

• In the magnetar model the field can be 
approximated as dipolar only far away from 
the surface

PD at the surface

PA at the adiabatic
radius



AXP 1RXS J170849.0–4009100
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• 2nd brightest magnetar

• 𝐵𝑃 ሶ𝑃 ≈ 5 × 1014 G

• Spectrum BB+PL or BB+BB?
▪ BB+PL – 𝑘𝑇BB = 0.454−0.006

+0.007 keV

Γ = 2.97−0.056
+0.009

𝜒2 = Τ410.8 408 dof

▪ BB+BB – 𝑘𝑇BB1 = 0.435−0.007
+0.007 keV

𝑘𝑇BB2 = 1.073−0.029
+0.031

𝜒2 = Τ405.8 408 dof

Zane et al. (2023)
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• 2nd brightest magnetar

• 𝐵𝑃 ሶ𝑃 ≈ 5 × 1014 G

• Spectrum BB+PL or BB+BB?

• Polarization measurement (2–8 keV):
▪ PD = 35% (22.5𝜎) – PA ≈ 60∘ W
▪ Polarization direction is kept in the IXPE band
▪ PD at 6–8 keV: ≈ 85% (MDP99 = 50%)

the highest measured so far!

Zane et al. (2023)



AXP 1RXS J170849.0–4009100
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• Theoretical interpretation

▪ high PD points towards plasma reprocessing → NS atmosphere

Zane et al. (2023)
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• Theoretical interpretation

▪ high PD points towards plasma reprocessing → NS atmosphere

▪ PD at high energies too large for RCS (≈ 33%) → BB+BB (2 distinct thermal regions)

Taverna et al. (2020)
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• Theoretical interpretation

▪ high PD points towards plasma reprocessing → NS atmosphere

▪ PD at high energies too large for RCS (≈ 33%) → BB+BB (2 distinct thermal regions)

▪ PD at low energies too small for atmosphere → condensed surface

Zane et al. (2023)
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• Theoretical interpretation

▪ high PD points towards plasma reprocessing → NS atmosphere

▪ PD at high energies too large for RCS (≈ 33%) → BB+BB (2 distinct thermal regions)

▪ PD at low energies too small for atmosphere → condensed surface⇒

Phase transition across the surface

atmosphere

condensed
surface

atmosphere

condensed
surface

CAP+BELT
model

2 CAPS
model



AXP 1RXS J170849.0–4009100

2024-07-12 X-ray polarimetry: Highly magnetized sources 21

• Phase-dependent results are coherently explained by the models

CAP+BELT
model

2 CAPS
model

Zane et al. (2023)



SGR 1806–20 
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• Emitted the strongest giant flare ever
detected (December 27, 2004)

• 𝐵𝑃 ሶ𝑃 ≈ 8 × 1014 G (strongest 𝐵-field)

• Observed during an active phase

• Unexpectedly low flux level (1/10 than
tabulated)

• Contamination by solar flares during IXPE 
observation



SGR 1806–20 
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• Marginally significant IXPE measurement
▪ Phase- and energy-integrated PD (5.7%) 

well below MDP99 (≈ 20%)
▪ Energy-dependent PD (99% c.l.) 

(2–4 keV)

≈ 32% (4–5 keV, 99% c.l.)

≲ 55% (5–8 keV)

Turolla et al. (2023)



SGR 1806–20 
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• Marginally significant IXPE measurement

• Spectral and timing analysis from XMM DDT observation
▪ BB+PL spectral decomposition (𝑘𝑇BB = 0.59 ± 0.04 keV, Γ = 1.7 ± 0.1)
▪ Double-peaked pulse profile (P. F. ≈ 5%)

Turolla et al. (2023)



SGR 1806–20 
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• Theoretical interpretation
▪ Limited by the non-significant polarization measurement
▪ IXPE observations are not incompatible with emission from a condensed region of the 

surface reprocessed by RCS (4U like)
𝝁

CS+RCS



AXP 1E 2259+586 
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• XMM & NICER observations

• 𝐵𝑃 ሶ𝑃 ≈ 6 × 1013 G (not so much)

• Spectral fit BB+PL is not good enough →
adding an absorption line (Pizzocaro+19)
improves the fit

Credit: ESA Science & Technology

𝑘𝑇BB keV Γ 𝐸line keV 𝜎line keV 𝜒2/dof

XMM 0.44 ± 0.01 4.09 ± 0.08 0.96−0.18
+0.07 0.23−0.06

+0.10 Τ94.1 93

IXPE 0.43 ± 0.01 4.36 ± 0.09 frozen frozen Τ138.0 147



AXP 1E 2259+586 
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• Peculiar phase-dependent behavior

▪ Polarization up to ≈ 30% (well above MDP99)
at particular phases (corresponding to the
rise and maximum of the primary LC peak)

▪ Secondary peak basically unpolarized

▪ PA well fitted by a RVM in which photons
are assumed to change mode (from O-
to X- and vice versa)

H
eylet al. (2

0
2

4
)

MDP99
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• Theoretical interpretation (in terms of the magnetic-loop model)

1st rise 
• unscattered (O-mode) 

photons (lowly polarized) are 
directly intercepted

• scattered photons (at most
33% X-mode) are deviated
away from the LOS
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• Theoretical interpretation (in terms of the magnetic-loop model)

1st peak
• scattered X-mode photons

are now intercepted (with 
also primary O-mode ones
from the underlying spot →
peak in the flux)

• polarization increases
• contamination from O-mode 

condensed-surface photons
prevent PD to reach 33%
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• Theoretical interpretation (in terms of the magnetic-loop model)

Little dip 
• the larger spot starts to be 

hidden behind (only a 
fraction of mildly polarized
photons are observed)

• the secondary spot (with no 
loop) enters in view
(emitting low-polarized O-
mode photons)
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• Theoretical interpretation (in terms of the magnetic-loop model)

2nd peak
• the secondary spot is fully in 

view (peak in the flux)
• only condensed-surface

photons collected (O-mode, 
polarized at no more than
10–15%)
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• Theoretical interpretation (in terms of the magnetic-loop model)

Big dip 
• secondary spot photons are 

not in view
• the primary peak returns in 

view
• X-mode scattered photons

along the LOS are 
intercepted first (minimum 
in the flux, maximum in PD)
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• X-ray polarimetry on magnetar sources complemented information from 
spectral and timing analysis

• Detection of photons polarized in two normal modes in the same source 
(4U 0142) confirmed the presence of strong magnetic fields (≳ 5 × 1013 G)

• Energy-dependent PD and PA allowed to confirm the expectations of the 
RCS model (at least in some persistent sources)

• Phase-dependent PD and PA provided a first hint that vacuum birefringence
effects are at work around magnetars

• Further magnetars should be explored in polarized X-rays (persistent and 
transient in outburst)
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