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5 o IXPE introducti
@xm Ntroauction

Polarimetry
. Explorer

* Persistent emission from 4 magnetar sources
* 4U 0142+61
* 1 RXSJ170849.0-400910
* SGR 1806-20
* 1E 2259+586

» Strong B-fields in the range 6 X 1013 10" G
(P-P estimates)

2024-07-12 X-ray polarization from magnetar sources 2



oo Spectral properties

@ E%?gyw P PTOP

* Soft X-ray spectra (0.5-10 keV) usually fitted £ j AP LRIS708490-400910
by BB+PL decomposition (alternative BB+BB,  » = e "
typical of transients in outburst) s ./ M

* kTgg =~ 0.3-0.6 keV and s )

[p; = —(2—4) dominating above =~ 3—4 keV z-_l

ratio

» Additional PL component at higher energies B it vnat A
(2 20 keV) sreroy ke Tendulkar et al. (2015)
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® |XPE

@ Twisted-magnetosphere scenario

Explorer

* The strong internal field (up to 10 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 Sanananns
) (S
B /R Sm=c! ESa
= [Br»Be-qu] —p<i> [2 cosB,sin6, 0] gEE ==
dipole 2 EEE Eg
L
= 1
5 Bo(Rus\P|__df  pf [pCG) T e
2\ r dcosf’'sinf’ |p+1 sinf = S
twisted dipole

0<p<1
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@Ex Twisted-magnetosphere scenario
V X Bgip = 4mj/c V X Bist = 4mj/c

I U H I}

0 no currents 0 currents

 Magnetosphere is populated by charged particles:

B (B
e~ 13 (5)
rf \ By

* The magnetosphere is optically thick for RCS

2024-07-12 X-ray polarization from magnetar sources 5



s Magnetar model alternatives

Agenzia Spaziale Italiona Explorer

e The P-P 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 (= 10° G) white dwarfs?
= disrupting events for SGRs?

Polarimetry supports the magnetar model!

2024-07-12 X-ray polarization from magnetar sources 6
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sl me IMNAGING

i) B Polarization in strongly magnetized environments

e EXplOTer

@
NASA

o
Age

* The polarization state of photons can be studied solving the wave equation
2

)]
Vx(ﬁ-VxE)zc—ze-E

magnetic permeability dielectric tensor
tensor (inverse)

2024-07-12 X-ray polarization from magnetar sources
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@ XKGy Polarization in strongly magnetlzed environments

Polarimetry
oo sz s EXPIOTET

* The polarization state of photons can be studied solving the wave equation
2

)]
Vx(ﬁ-VxE)=C—ze-E

* € and u contain all the interaction terms

plasma

2024-07-12 X-ray polarization from magnetar sources 7
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Polarimetry
o s nene EXPRIOTET

* The polarization state of photons can be studied solving the wave equation
2

)]
Vx(ﬁ-VxE)=C—ze-E

* € and u contain all the interaction terms

In strong B fields the charge motion is quantized

1st Landau level energy

_ heBQ _

h(l)B = 2

m,cC

MeC
U
m2c3

S — 4414 % 103G
he

2024-07-12
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@ XKGy Polarization in Strongly magnetlzed environments

Polarimetry
oo sz s EXPIOTET

* The polarization state of photons can be studied solving the wave equation
2

)]
Vx(ﬁ-VxE)=C—ze-E

* € and u contain all the interaction terms

plasma vacuum
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* The polarization state of photons can be studied solving the wave equation
2

)]
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* € and u contain all the interaction terms

plasma vacuum
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* The polarization state of photons can be studied solving the wave equation
2

)]
Vx(ﬁ-VxE)=C—ze-E

* € and u contain all the interaction terms

plasma vacuum
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Polarimetry
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Normal modes of polarization

* Where plasma or vacuum terms dominate in the dielectric tensor radiation

is approximately linearly polarized

R 1 0 I
E

~ |0 or 1
0 0 e
S
Ordinary mode Extraordinary mode N
i
-5

2024-07-12

X-ray polarization from magnetar sources

Harding & Lai (2006) |

o

E f O—mode |
X—mode |
| X—mode T ]
~
e
/
/
/
/ |
/
0O—-mode /
=
/
|‘!| 1 1 1 | 1 1 1 1 | 1 1
0.15 0.2 0.25 0.3 0.35
(g/cm?)




Ex Dichroism in strongly-magnetized plasma

* In strong fields (B = Bg) and E < hwpg plasma is (generally) transparent for

X-mode phOtOﬂS High polarization

C C é < in the X-mode
2 @
~ B
000 ~ Ounmag 0X0 "’( ) 000 5( C_C “;85

BQ ,
_2 —_
B B
Oox ~ (B_) 000 Ooxx ~ (_Q) 000 8 8 8
Q O-mode X-mode

NS atmosphere

2024-07-12 X-ray polarization from magnetar sources 9
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* Dichroism in strongly-magnetized plasma

Explorer

* In strong fields (B = Bg) and E < hwpg plasma is (generally) transparent for

X-mode photons
* Things are different at the cyclotron resonance (w = wg)

1
00 = 7 00X oxx = 30x0

magnetosphere

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

X:0 ratio
3:1




Polarization transport in the magnetized vacuum
. Solving the wave equation accounting for vacuum effects only it reduces to
2 dE, 2 dE,
= = {|ME, + PE,] > = {[PE, + NE, |

k05(B) dz k05(B) dz



& IXPE L . .
) o Polarization transport in the magnetized vacuum

Polarimetry
sanso s ens EXPIOTET

* Solving the wave equation accounting for vacuum effects only it reduces to
2 dE, 2 dE,

={|ME, + PE =

ko6(B) dz (|ME, + PE, | ko8(B) dz

E-field evolution length: 107k -

b2 (B o \
E = %ol 10016/ \Tkev) ™

(Dipolar) B-field evolution length:
B T

i|PE, + NE, |

107k

I (em)

{B — ~ — 10°F
|k -VB| 3
10° 14 -
= B, = 101G T
L 1 X Lol
2024-07-12 X-ray polarization from magnetar sources 1 10 100

r (Rys)
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vt e IMNAQING

@Ex Polarization transport in the magnetized vacuum

* Solving the wave equation accounting for vacuum effects only it reduces to
2 dE,

|ME, + PE c db _, PE, + NE
l[ x T ] = l[ x T ]
l(()é;(:l;:) CiZZ Y ’t()é$<:l3:) CiZf Y
105? -
_emmTmTTm=s - g > fg: E direction is frozen -
\\\\ 107 E
"\ o1 (P = ¥B) ’:E:
\\ " 10°k
Pg < £g: E adaptsto B \ 5
‘|
| 0% _
! = B, = 101G T
1 L T N | |
2024-07-12 ,’ X-ray polarization from magnetar sources 1 10
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—>  magnetic field

-  electric field

Small 1p,) — large deviation
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—>  magnetic field

-  electric field

Large 1) = small deviation
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2.50

2.19

1.87

Magnetars (with the strongest B) have the largest 1y,
1.56

s U

0.94 Best candidates to observe polarization of surface
062 emission (potentially very high)

0.31

0.00 Taverna et al. (2015)

12 13
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Polarimetry
e ssanns EXPIOTET

 Surface photons reprocessed by a standard,
magnetized atmosphere — high PD (X-mode)

LN LA L | T | LA LS S LA

1.0

a.8 -
Atmosphere model -

3 100%-polarized BB |
= ]
2 ~ -
g |
0
5 L
8 t
8 g4l i
PD = 80% s A4
Q.2 -
i Polarization degree
O.o 1 I 1 1 1 [ 1 1 1 l 1 1 1 l 1 1 1 l 1 1 1 I 1 1 1 Taverna et al. (2020)
-0.2 0.0 0.2 0.4 0.6 0.8 1.0

log € (keV)
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IXPE

M Surface emission models

Explorer

 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

(t20z) eljoany 13 eusane|



Warkal o .. Imaging
X-Ray

gg 1 Polcmme’rry

. EXplorer

Surface emission models

 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-) /

o o
-] o
.

Polarization degree (%)

o
*
e e

e e T L L L L

Polarization degree

(fixed)

...... 100% -paolarized BB l

Candensed surfoce -

PD < 20%

0.0 0.2 0.4 0.6

log,E {keV)

Taverna et a
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Imaging X-ray Polarimetry Explorer (IXPE)

2024-07-12

>3

X-Ray Shields |-,

Mirror Module
Support Structure
(MMSS) Deck

Deployable Boom
with Thermal Sock 2

Detector Unit (DU) x 3

Boom Canister

\\

/

Bipod Struts

Boom Harness

P

X-ray polarization from magnetar sources

Launch Locks

—

/

i

MMA Thermal

—"| Shield

+Z Star Tracker

/

Mirror Module
Assembly (MMA) x3

Solar Panels

Spacecraft Top Deck

Soffitta (2024)
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Agenzia Spaziale Italiona

Imaging X-ray Polarimetry Explorer (IXPE)

e Gas Pixel Detector (GPD)

2024-07-12

Muleri (2014)

Gas cell

Electric field

Photoelectron
track

Emission direction

- - " = — — e —

T 2 e _ - e e —
x *

x x

e | s

lllllll

X-ray polarization from magnetar sources

»
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IXPE

e . Imaging

) Imaging X-ray Polarimetry Explorer (IXPE)

e EXplOTET

e Gas Pixel Detector (GPD)

* Photoelectric cross section

Photoelectrons most
probably emitted in
the direction of E

2024-07-12 X-ray polarization from magnetar sources 13




Imaging X-ray Polarimetry Explorer (IXPE)

Agenzia Spaziale Italiona

e 3as Pixel Detector (GPD) [Angular Distribution - iteration 1|
300 |
* Photoelectric cross section 20 |
200 |
* Modulation curve 150
100 ; :
M(QD) =K+ A COSZ(QD - 900) n 77 He20-DMESO0 3.7 keV
50 " 1 (%) = 41.86£1.15
- &, (deg) = 89.14£0.78
Amplitude for 1009 0
Modulation factor u: Pt L /o 3 2 a0 1 . 3
polarized radiation Vil (2017) Phi (rad)

2024-07-12 X-ray polarization from magnetar sources 13




%s.; IXPE magnetar targets

« AXP 4U 0142+61 (R.A. 01:46:22.41, DEC. 61°45’03".2)
e Cassiopeia — Distance: 3.6 kpc
 January 315t — February 27t 2022 (840 ks)
* Unabsorbed flux (2-10 keV): 6 x 107! erg cm2 5’1

 AXP 1RXS J170849.0-4009100 (R.A. 17:08:46.3, DEC. —40°08’44".6)
e Scorpio — Distance: 5—-10 kpc
* September 19t — October 8t 2022 (837 ks)
 Unabsorbed flux (2-10 keV): 2.4 x 10~ ergcm2 52

* SGR 1806-20 (R.A. 18:08:39.8, DEC. —20°24°26"".7)
» Sagittarius — Distance: 8.7 kpc
* March 22" — April 13t 2023 (947 ks)
* Unabsorbed flux (2-10 keV): 4 X 10712 erg cm2 s'!



g”;} IXPE magnetar targets

Explorer

 AXP 1E 2259+586 (R.A. 23:01:08.8, DEC. 58°52’20".8)
e Cassiopeia — Distance: 3.2 kpc
+ June 2" — July 6% 2023 (1.2 Ms)
 Unabsorbed flux (2-10 keV): 1.4 X 107! ergcm2 5!



, IX!:QE
¥ AXP 4U 0142+61

Polarimetry
e ssanns EXPIOTET

* Brightest among magnetars 1o — Backgrouna
N bzunviyaw
¢ BPP ~ 1.5 X 1014 G 10'1"5 i Eﬂ; '
- : + DU3
* Spectrum BB+PL g 1072
= kTgg = 0.4711399% keV
_ +0.05 3
u F —_ 369_005 e
= v2/dof = 511.5/441
10~
E 5.0
2 25 kbt
§ 0.0 JRHRAA -;,T.:,:';,I::J
E L | ikf.he ol
g —25
S -5.04

2 4 6 8
2024-07-12 X-ray polarization from magnetar sources Taverna et al. (2022) Energy (keV)
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o AXP 4U 0142+61

e EXplOTET

* Brightest among magnetars High energies

o BPP ~ 1.5 X 1014 G | PD =~ 35% —PA =~ —40°
* Spectrum BB+PL

 Polarization measurement (2—8 keV):
" PD=13.5% (170)-PA = 50° E
= Complex behavior against photon energy

E El

. T
N 4.0-4.8 keV p 2l
- ¥ _.f’; *
. 0 kel
s0° W
Polarization degree [%]
Taverna et al. (2022)
Low energies

PD =~ 15% — PA = 50°

4-5 keV
PD= (O

2024-07-12 X-ray polarization from magnetar sources 15
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oo e EXPIOTET

* Results are compatible with the magnetar model (Taverna+22)

= 90°-swing — X- and O-modes (ultra-strong B-fields = 10*° G
independently from P-P)

* 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)

2024-07-12 X-ray polarization from magnetar sources 16
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¥ AXP 4U 0142+61

Polarimetry
sanso s ens EXPIOTET

* Low phase-averaged PD (< 40%) = Vacuum birefringence cannot be probed

Pol

5750 1 0.075 1

= PA is sinusoidal (RVM) R

0.050 4

* Phase dependent results oo { Flux oann {PD
* PD is in-phase with the LC \ \ %’:I::
(determined at the surface)
+ Wy Vo
hy f

000 025 050 075 1.00 125 150 1.75 2.00 000 025 050 075 1.00 125 150 175 2.00
Phase Phase

|PA

~
o

=
>

T T Taverna et al. (2022)
50 - \ /

»
o

Polarization Angle [Degrees]

0.00 025 050 075 100 125 150 175 2.00
Phase

2024-07-12 X-ray polarization from magnetars sources 17



Y IXPE

B Imaging
X-Ray

@ Polarimetry

Agenzia Spaziale ltaliana Explorer

Rotating vector model (RVM)

* Variation of the polarization angle with rotational phase

2024-07-12

sin ¢ sin ¢

tan(PA) =

an(PA) cos y sin é cos ¢ — sin y cos ¢

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

ao i

o 4 !, L . ]
b ! | __' —

PA (deg)
o
T
|

ffffffffffffff x<& o

71G'D_ . . . 1 . . . I . . . 1 . A . 1 A . .
(BX4] 0.2 0.4 0.8 08 1.0
. . phose

X-ray polarlzatlon from magnetar sources 18




B IXPE -
M e Rotating vector model (RVM)

Polcmme’rry
. EXplorer

* Variation of the polarization angle with rotational phase

sin ¢ sin ¢

tan(PA) =
an(PA) cos y sin é cos ¢ — sin y cos ¢

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

« RVM for extended regions holds for dipolar
fields only

* |n the magnetar model the field can be
approximated as dipolar only far away from
the surface

2024-07-12 X-ray polarization from magnetar sources 18
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PA at the adiabatic
radius

PD at the surface




IXPE
AXP 1RXS J170849.0-4009100

Polarimetry
e ssanns EXPIOTET

10

* 2"d brightest magnetar

° BPP ~ 5 X 1014 G 10° 5

107 1

e Spectrum BB+PL or BB+BB? 2 | s ]
= BB+PL — kTBB = O4‘54t8882 keV é = ‘é S

F — 297i8822 1073 5 bbod;“ H

1073 4 bbody .

PP P (o powerlaw '\j.; L A R I bbody
x* = 410.8/408 dof - o : womn

+ IXPE/DU2

e B IXPE/DU3 : it ' i IXPE/DU3
" BB+BB - kTgp, = 0.435%307 keV L e ! L
103 T T r 10-% T r
kTBBz — 1073t88§% s 5
§ 254 4w | § 2s;
x* = 405.8/408 dof s oL 5 .
,E-z,s- E-z.s
S ; . . ~ 5
0 2 a 6 8 0 2 4 6 8

Energy (keV) Energy (keV)
L Zane et al. (2023)
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™ |XPE
Eﬁc‘jﬁim AXP 1RXS J1/70849.0-4009100

. EXplorer

. Z”d brightest magnetar ;
e Spectrum BB+PL or BB+BB?

 Polarization measurement (2—8 keV):
" PD = 35% (22.50)-PA = 60° W
= Polarization direction is kept in the IXPE band

* PD at 6-8 keV: = 85% (MDPyg = 50%)
the highest measured so far!

-80°

90° W

20 40 60 80
Polarization degree [%] Zane et al. (2023)

2024-07-12 X-ray polarization from magnetar sources 19



S IXPE

nn..,gi%::w AXP 1RXS J170849.0—-4009100

* Theoretical interpretation

= high PD points towards plasma reprocessing = NS atmosphere

0°

-10°

Zane et al. (2023)

20 40 60 80
2024-07-12 Polarization degree [%)] 20



o IXPE

“ Eﬁoﬁﬁim AXP 1RXS J170849.0-4009100

. EXplorer

* 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)

1 '0 T l T T T I T T T I T T T l T T T I T T T l T T T
Atmosphera

______ 100%~polorized BB ]

0.8

L
o
—

| Apy_g = 0.5 rad

o
'S

Polarization degree

Q.2 27 d
64 da
90 de
116 deg
L 153 deg ]
2024-07-12 Tavernaetal. (2020) g0l 4 | 4 v v Ly i b b e e Ly 20

-Q.2 0.0 0.2 0.4 0.6 0.8 1.0
lag,qE (keV)
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.. Imaging

“ 5) bohor AXP 1RXS J170849.0—-4009100

. EXplorer

* 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

-80°

»

Zane et al. (2023)

-90° W
20 40 60 80

2024-07-12 Polarization degree [%)] 20



IXPE

"""'?i'i“iﬁiw AXP 1RXS J170849.0—-4009100

Agenzia Spaziale Italiana

* 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

U

Phase transition across the surface

atmosphere atmosphere
CAP+BELT
model
condensg; 2 CAPS
surface model
condensed

2024-07-12 surface X-ray polarization from magnetar sources 20



IXPE

"""'E%?ﬁgew AXP 1RXS J170849.0—-4009100

Agenzia Spaziale Italiona

* Phase-dependent results are coherently explained by the models

e o

18000 [ +\ "'l <\ ‘ / \ / Ny AR
Zo | \’ [+ ol < 16000 4 ‘II 1" L. \ = 1200 / ;\\ / f“,\
E 16000 ','L \ ‘L \ _‘,Z ‘ ‘/~ \ .‘ \‘. E 1% ‘( 1 *&# /‘l ‘4.‘+ CA P+B E LT
o \ \ & 14000 { \ f \ 2 1 s ¥ t \
c Z " ' o c T T 10004 | \ f
" — | \ | \ g |\ A X model
§ \ § 12000 { \ , \ et I ] (7
9 12000 Ll W g ‘ r 4 r 1 Y s00 /"+ \"\‘ /‘f
W * e ~+ - 10000 ‘ st Sy I*‘} 00 L4t ++\;+
ey e, e ) CAPS

10000
| +
06
- 15 -+ e O | s 12
é s FUT’J |+‘ ] {}Lk | ,r“-: i 04 ‘1 I‘+' ‘,+ * | ~$‘*‘+‘¥ (+ 210 + } mOdEI
U AT N AT B N N e T i T
$03 \_INE A 02 i Y + $ T +| :‘f -t | |¢
| T A ‘ + { §oe : l+¢}|1 +++ 1
g0z { ’ : 5 \T N [
T I 4 A A I S S
000 O 050 075 100 125 1% 175 200 " 000 025 05 075 100 125 150 175 ;g - 000 025 05 075 100 125 150 175 200
Phase Phate Phase

tion Angle |28 keV, Degrees)
. '

Polanza

2024-07-12 21




R ;Enlggmg SGR 1806_20

ggl Polcmme’rry

" + EXplorer

* Emitted the strongest giant flare ever
detected (December 27, 2004) .

* Observed during an active phase

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

e Contamination by solar flares during IXPE
observation




2 IXPE

o Imcglng

j SGR 1806-20

Explorer

* Marginally significant IXPE measurement

= Phase- and energy-integrated PD (5.7%)
well below MDPyq (= 20%)

= Energy-dependent PD (99% c.l.)
(2—4 keV)

32% (4-5 keV, 99% c.l.)
< 55% (5-8 keV)

2

20 40 60 80
Turolla et al. (2023) Polarization degree [%]

2024-07-12 X-ray polarization from magnetar sources 23
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* Marginally significant IXPE measurement

* Spectral and timing analysis from XMM DDT observation
= BB+PL spectral decomposition (kTgg = 0.59 + 0.04 keV,I' = 1.7 + 0.1)
* Double-peaked pulse profile (P.F.~ 5%)  scrisos-20 xmm

P=7.77038s, PF = 5%

s 2 dmd | .";-.IV,:”‘“-J".%«-.,:! 2
| .

o Phase
2024-07-12 X-ray polarization from magnetar sources 23
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Agenzia Spaziale ltaliana Explorer

SGR 180620

* Theoretical interpretation

" Limited by the non-significant polarization measurement
= [XPE observations are not incompatible with emission from a condensed region of the

surface reprocessed by RCS (4U like)

65.0 - 0.4
QED-ON fit
62.5 % Flux ©
60.0 $ 03+ |
_+_ @ L
W 575 =]
£ ey 4=t _ + £ 02 |
3 55.0 _+_ = : _?_ 2 I
“ 5205 “+_—f— i~
' & 01 |
g 1
50.0 L
47.5 0.0 - T
iy |
£ 2 _+_ B 0.0 f
g 4 o W W S S 0.1
g © | 1 5
= 0 _p.2
@ -0.3
T T T T T
0.0 0.2 0.4 0.6 0.8 1.0 2 3 4 5
Phase Energy [keV]

2024-07-12 X-ray polarization from magnetar sources
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AXP 1E 2259+586

e XMM & NICER observations
* Bpp =~ 6 X 1013 G (not so much)

 Spectral fit BB+PL is not good enough —

adding an absorption line (Pizzocaro+19)
improves the fit

kTgg (keV) r Eiine (keV)  0jine (keV)  x?/dof
XMM 0.44+0.01 4.09+0.08 0961397  0.23%339  94.1/93
IXPE 0.43+0.01 4.36 +0.09 frozen frozen 138.0/147
2024-07-12

X-ray polarization from magnetar sources

Credit: ESA Science & Technology
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Agenzia Spaziale Italiona

AXP 1E 2259+586

* Peculiar phase-dependent behavior oaso ] A Jm
T 0.2251 ) 3 \! ”
" Polarization up to = 30% (well above MDPyq) £ 0200 } /"‘ﬂﬁ Y f‘ /
at particular phases (corresponding to the £ 01751 "', / A Y ;o
rise and maximum of the primary LC peak) .. K R
= Secondary peak basically unpolarized ] I + ﬂ | + Jr
= PA well fitted by a RVM in which photons 2" +_+ | i‘ +100 £ 2
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* Theoretical interpretation (in terms of the magnetic-loop model)
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g";}' Conclusions

Explorer

e 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 x 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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