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Overview

• Soft γ-repeaters and Anomalous X-ray Pulsars

• Ultra-magnetized NSs aka magnetars

• Persistent X-ray emission from magnetars

• X-ray polarimetry: IXPE

• IXPE and magnetars
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Soft Gamma Repeaters - I

Rare class of sources, discovered through the emission 
of  strong, recurrent (whence the name) bursts of soft γ-
/hard X-rays: 

L ≈ 1036-1044 erg/s >> LEdd, duration 0.1 - 10 s

Bursts from SGR 1806-20  (INTEGRAL/IBIS,Gőtz et al 2004)
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Soft Gamma Repeaters - II

• Much more energetic “Giant Flares” (GFs, L ≈ 

1044 - 1047 erg/s, tpeak ~ 1 s, ttail ~ 300 s) detected 

from 3 sources

• No evidence for a binary companion, association 

with a SNR in a few cases (?) 

• Persistent X-ray emitters, L ≈ 1033 -1035 erg/s

• Pulsations discovered both in GFs tails and 

persistent  emission, P ≈ 2 -10 s

• Huge spin-down rates, as compared to PSRs, Ṗ ≈ 

10-11 - 10-10 ss-1
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Anomalous X-ray Pulsars 

• Peculiar class of persistent X-ray sources, L ≈ 1033 -1035 

erg/s

• Spin-down luminosity Ė < LX (not powered by rotation, 

hence “anomalous”)

• Pulsations with P ≈ 2 -10 s

• Large spin-down rates, Ṗ ≈ 10-11 ss-1

• No evidence for a binary companion, association with a 

SNR in six (?) cases

• Bursts of soft γ-/hard X-rays quite similar to those of 

SGRs detected first in AXP 1E 2259+586 (Gavriil et al. 

2002; Kaspi et al. 2003) and then in all (but one) AXPs
Time (sec)
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Magnetars

• Strong convection in a rapidly rotating (P ~ 1 ms) 

newborn neutron star generates a very strong 

magnetic field via dynamo action

• Magnetars: neutron stars powered by their own 

magnetic energy (surface field B > a few BQ ~ 

1014 G; Duncan & Thomson 1992; Thomson & Duncan 1993)

• Rapid spin-down due to magneto-dipolar losses, 
ሶ𝑃 = 10−11 Τ𝐵 1014 G 2𝑃−1 s/s
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Why magnetars ?

• LX > Ė  → not powered by rotation 

• No evidence for a companion star → not powered by 

accretion

• Large measured spin-down rates 

• Quite young objects (≈ 103 - 104 yrs): spin down to 

present periods (a few seconds) requires B > 1014 G

• Giant flares energetics requires B > 1015 G

• Opacity suppression for the X polarization mode in a 

strong B-field explains the large, super-Eddington flux in 

bursts

No direct measure of a super-strong field as yetuntil recently
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SGRs and AXPs X-ray Spectra

• 0.5 – 10 keV persistent emission well represented by a 

blackbody plus a power law

• kTBB ~ 0.5 keV, does not change much in different sources

• Photon index Г ≈ 1 – 4, AXPs tend to be softer

• SGRs and AXPs are variable (months/years)

• Variability mostly associated with the non-thermal 

component

• Many transient sources visible only during outbursts (LX ≈

10 – 1000 Lquies)

• Transient spectra can be BB+BB, TBB and RBB decrease 

in time
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XMM Epic-pn data (Rea el al. 2008)

SGR 1806-20 at different epochs 

(BB+PL)

AXP 1E 2259-586 (BB+PL)

Transient AXP XTE 1810-197 at 

different epochs (BB+BB)
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Twisted Magnetospheres – I

• The magnetic field inside a 
magnetar is “wound up”

• The presence of a toroidal 
component induces a 
rotation of the surface 
layers

• The crust tensile strength 
resists 

• A gradual (quasi-plastic ?) 
deformation of the crust

• The external field twists up 
(Thompson, Lyutikov & Kulkarni 2002)

Thompson & Duncan (2001)
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Twisted Magnetospheres - II

• Twisted fields are non-

potential, 

• Globally twisted dipole 
(Thompson, Lyutikov & Kulkarni 

2002, Pavan et al. 2009) 

• A sequence of models 

labeled by the twist 

angle

Δ𝜑𝑁−𝑆 = 2න
0

𝜋
2 𝐵𝜑

𝐵𝜃

𝑑𝜃

sin 𝜃
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Magnetospheric Currents

∇ × 𝑩 = 0

𝒋 =
𝑐

4𝜋
∇ × 𝑩

Currents flow (also) along the  closed field lines 

and j ≫ jGJ

Dipole Twisted dipole

No need for supporting currents

∇ × 𝑩 ≠ 0
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Resonant Compton Scattering

• The current flowing along the closed field lines is

• The optical depth for Thomson scattering is low, τT 
neTr  10

-4

• At resonance   105 T → large optical depth to 
resonant cyclotron scattering (RCS)

• Up-scattering of thermal photons emitted by the 
cooling surface onto mildly relativistic electrons

𝒋 =
𝑐

4𝜋
𝛻 × 𝑩 ⇒ 𝑛𝑒 =

𝑝+1

4𝜋𝑒

𝐵𝜑

𝐵𝜃

𝐵

𝑟 𝛽
≈ 1014 cm−3
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Repeated scatterings lead to the formation of a power-law tail

because D = D(r,) and rcurrent > RNS

Spectral formation in twisted magnetospheres investigated 

quite in detail using Montecarlo methods (Lyutikov & Gavriil 

2006; Fernandez & Thompson 2007; Nobili, Turolla & Zane 2008a, b)

Non Rel

γ=1.15

Rel

γ=1.15
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Zane et al. (2009)

Hascoët et al. (2014)

RCS models quite successful in explaining magnetars soft X-ray spectra

(~ 0.5 – 10 keV) and also high-energy tails

Spectral fits provide information on the physical state of the star/magnetosphere

(twist angle, charge velocity, surface temperature, etc) 

No single spectral model can consistently explain observations in the 

0.5-100 keV band though
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A “Hard” Surface ?

• NS surface composition: either H (accreted from ISM or  

from fallback of SN material) or heavy elements (C, Ne, 

Fe)

• Under typical conditions surface layers are in gaseous 

state: NS atmosphere

• For B > 2.4x109 G atoms are elongated along the field 

direction → formation of molecular chains

• For sufficiently low T and large B (and depending on 

composition) the surface can be in a condensed state: 

“bare” NS

Whatever the state of the surface, the emitted 

thermal radiation is NOT a blackbody

adapted from Turolla et al (2004)

Fe   H

condensation

(Lai 2001)

Fe   C He

condensation 

(Medin & Lai 

2006, 2007)
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hydrogen

Bare NS spectra - fixed ions (Turolla, Zane & Drake 2004)

NS atmosphere spectra - (Ho 2008; Mori & Ho 2007)

Spectra not too

different
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Matter and Radiation in Strong B-field

• A magnetized plasma/vacuum is anisotropic and 
birefringent, radiative processes sensitive to polarization 
state

• Two normal, linearly polarized modes in the magnetized 
medium: the extraordinary (X) and ordinary (O) mode

• Opacities greatly reduced for X-mode photons, 
𝜅𝑂~𝜅𝑢𝑛𝑚𝑎𝑔, 𝜅𝑋~ Τ(𝐵 𝐵𝑄)

−2
𝜅𝑢𝑛𝑚𝑎𝑔

B

k

E

B

k

E

O mode X mode
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Propagation in Strongly Magnetized 

Vacuum

19

Strong magnetic fields polarize the 

virtual 𝑒−-𝑒+ pairs around the star

Polarization vectors are forced to 

adiabatically follow the star 

magnetic field along the photon

trajectory
(Heyl & Shaviv 2000, 2002)

Polarization vectors

at infinity

Net polarization

Vacuum

Polarization vectors

at infinity

No net polarization

No vacuum
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X-ray Polarization

• Thermal surface emission polarized in the X-mode

• Scatterings can change the photon polarization state

• The observed polarization fraction and polarization angle 

depend on QED effects (“vacuum polarization”) and on 

magnetic field geometry (Stokes parameters rotation)

• L and p very sensitive to the source geometry 

(inclination of the LOS and of the magnetic axis wrt the 

rotation axis) AND on the state of the outermost layers

• X-ray polarimetry will provide an entirely new tool in 

magnetar studies
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Magnetar Spectra vs. Polarization
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Thermal bump

Power-law tail

High polarization

(40-70%)

Low polarization

(5-20%)

Tail polarized at

~ 30%

Spectra are quite similar but polarization is not

▪ sensitive to the emission model

▪ sensitive to geometry

Taverna et al (2020)



Imaging X-ray Polarimetry Explorer (IXPE)
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A NASA/ASI SMEX mission

Three identical Mirror Module Assembly + Detector Units

Launched on December 9, 2021



The Gas Pixel Detector
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Photoelectric cross section

Polarization degree   Polarization angle

20% helium and 80% dimethyl ether

beryllium window

polarization direction

polarization fraction



IXPE Observations of Magnetars
• AXP 4U 0142+61 (840 ks) 

• Cassiopeia – Distance: 3.6 kpc

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

• AXP 1RXS J170849.0–4009100 (837 ks)

• Scorpio – Distance: 5-10 kpc

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

• AXP 1E 2259+586 (1.2 Ms)

• Cassiopea – Distance: 3.2 kpc

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

• SGR 1806-20 (947 ks)

• Sagittarius – Distance: 8.7 kpc

• Unabsorbed flux (2–10 keV): 4×10−12 erg cm-2 s-1 
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AXP 4U 0142+61 - I
• Brightest magnetar

• Spin-down field B = 1.5x1014 G

• Spectrum BB+PL

• Polarization measurement (2–8 keV; Taverna et al. 2022):

• PD = 13.5% (17𝜎), PA ≈ 50° E (energy- and phase-integrated)
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AXP 4U 0142+61 - II
• 90°swing → X- and O-

modes → ultra-strong B-

field ≳ 1013 G independent

on P and Ṗ

• PD ≈ 35% at high energies 

→ PL tail populated by RCS 

photons

• RCS photons are X-mode 

→ O-mode at low energies

• Low PD + O-mode photons

→ condensed surface

Magnetars – Rino’s Conference 26

Taverna et al. 2022)

Polarization angle well fit by RVM model

Shouldn’t be like that !

RVM works only if B is constant over the 

emitting region

PA is fixed far away from the surface, at the 

adiabatic radius → vacuum birefringence



AXP 1RXS J1708 - I
• Second brightest magnetar

• Spin-down field B = 5x1014

G

• Spectrum BB+PL or BB+BB

• Polarization measurement

(2–8 keV; Zane et al. 2023):

• PD = 35% (22𝜎), PA ≈ 60° W 

(energy- and phase-integrated)

• PA constant with energy, PD 

increases over the IXPE band 

up to 80% at 6 – 8 keV

Magnetars – Rino’s Conference 27

Highest value

detected so far



AXP 1RXS J1708 - II
• PD at high energies too

large for RCS (≈ 33%) → 

BB+BB (2 distinct thermal

regions)

• High PD → NS atmosphere

• PD at low energies too

small for atmosphere → 

condensed surface
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Phase transition across the surface

Zane et al. (2022)



SGR 1806-20
• Strongest field measured so 

far, B = 8x1014 G

• Emitted the most powerful

giant flare in 2004, L ~ 1047

erg/s

• Spectrum BB+PL

• Flux at historical minimum, 

polarization marginally

detected only in the 4 - 5 keV

range (Turolla et al. 2023):

• ≲ 24% (2–4 keV)

• ≈ 32% (4–5 keV, 99% c.l.)

• ≲ 55% (5–8 keV)

Magnetars – Rino’s Conference 29

Compatible with being 

similar to 4U 0142+61



AXP 1E 2259+586 - I
• A Low-field magnetar, B = 

6x1013 G

• Spectrum BB+PL+a phase-

variable absorption feature 

(Pizzocchero et al. 2019) 

• Polarization measurement

(2–8 keV; Heyl et al. 2024):

• PD = 5.6% (17𝜎), PA = 75° W 

(energy- and phase-integrated)
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Polarization detected 

only at low energies



AXP 1E 2259+586 - II
• Polarization up to ≈ 30% at 

particular phases (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)
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• Two emitting regions 

(condensed surface, O-

mode dominated)

• One of the two spot covered 

by a «magnetic loop» with 

currents flowing along

• Primary photons 

reprocessed by RCS onto 

protons



Conclusions

• X-ray polarimetry ideally complements information from  

spectral and timing analysis

• Detection of photons polarized in two normal modes in the 

same source (4U 0142) confirms the presence of ultra-

strong magnetic fields (≳ 5×1013 G)

• Energy-dependent PD and PA conform to expectations of 

RCS model (when a PL is detected)

• Phase-dependent PD and PA provide a strong hint that 

vacuum birefringence is at work around magnetars

• Further magnetars should be explored in polarized X-rays 

(persistent and transient in outburst)
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