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o IXPE . .
i Polarization in strong B-fields

Polarimetry
Agenzia Spaziale Italiona Explorer

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

Dichroism in strongly-magnetized plasma
) Taghem
* In strong fields (B = Bg) and E < hwpg plasma is (generally) transparent for
X-mode photons
B -2
O-OO O-unmag O-XO ~ (_) O-OO a-a- Atmosphere model -
BQ , = / ------ 100% - polorized BB:
(@) o o)
ox ~ 5, 00 XX~ \Bq 00 ;|
PD = 80% | 3o4r
C C@ éc X-mode '
5 C _C C 85 :
e s R o A Y
O-mode X-mode todt (k)
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Magnetic condensation
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* In strong fields (B = Bg) and sufficiently low T magnet

Taverna et al. (2020)
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¥ . Imaging
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o) B Reprocessing in the magnetosphere

* The magnetosphere is optically thick for RCS (at the cyclotron resonance,

w = wg)

* X-mode photons still favourite (but suppression factor
~ 1/3)

1
000 = 3 00X oxx = 30x0
Scattered
photons
Thermal B
photons sf
magnetosphere

2024-09-24 X-ray polarization from magnetar sources

L L

T T 7

L DL L

| L

PD =~ 33%
X-mode

(0202) "|e 32 eusane]



IXPE magnetar targets

@ Polarimetry
e EXplOTET

CAXP AU 0142461

2024-09-24 X-ray polarization from magnetar sources
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Agenzia Spaziale Italiana

AXP 4U 0142+61

* Brightest among persistent magnetars
* Bpp ~ 1.5 X 10* G

* Spectrum BB+PL
= kTgg = 0.471%3:99% keV
= [ =3.6979002
» v2/dof = 511.5/441

2024-09-24 X-ray polarization from magnetar sources

100

1071 { 0\

=
9
Pt

counts s~! key!
=
=
&

10~* ;

—— Background

-~ bbody

powerlaw

+ DUl
puz

5

i'll"'"l":-'z.

L

=
9
Ln

s
X |
\
) Hi
\
\
s
1
\
y
\
II.
\
\
\
1
L]

e Mo
o wn o

(data-model)/error

I [
Lk A
o W

2

Taverna et al. (2022)

4 6
Energy (keV)




IXPE

e EXplOTET

gﬁ?:iw AX P 4 U O 142 + 6 1

* Brightest among persistent magnetars
*Bpp = 1.5 X 10* G
* Spectrum BB+PL

 Polarization measurement (840 ks):

" PD=13.5% (170)-PA = 50° E
(MDP,, ~ 2%)

* Complex behavior against photon energy e

High energies

| PD ~ 35% - PA ~ —40°

Low energies
PD =~ 15% —PA = 50°

3.04.0 keV
Taverna et yz)/

4-5 keV
PD= (O

2024-09-24 X-ray polarization from magnetar sources




4U 0142+61 — Summary

Explorer

* 90°-swing — X- and O- modes = B-field should be ultra-strong (= 1013 G)

e PD at high energies ® 35% = PL tail populated by RCS photons (=~ 33%)
Magnetar model reliable!

* Low PD at low energies = Condensed surface exposed



Condensed surface
bombarded atmosphere
N

90 deg rotation

5.5-8.0 keV

4.8-5.5 kel
3.0-4.0 ke

Taverna et al. (2022)
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IXPE
AXP 4U 0142+61 — Phase resolved

Polarimetry
sanso s ens EXPIOTET

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

* Phase dependent results oo { Flux W ’N oann {PD
* PD is in-phase with the LC \ \ %’:j‘s’j
(determined at the surface) g '3
5750 1 * l0.075-
= PA is sinusoidal (RVM) R ‘ﬁv g

0.00 025 050 0.75 100 125 150 175 2.00

0.00 0.25 0;50 0.75 1.00 125 150 175 200
Phase

* RVM for extended regions holds for dipolar ~_~"*  + t|
fleldS Only 5‘60’ ++ I‘ ++ [‘\ Taverna et al. (2022)

= |In the magnetar model B is dipolar only far away (L A g il

from the surface Tﬂr Jﬁﬁ“ +

0.00 025 050 075 100 125 150 175 2.00
Phase
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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" 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

['=2.9720 056 102 — woar” .\

1077 3 bbody .

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

+ IXPE/DU2

10531 4 IXPE/DU3 i ' 10431 ] ke
" BB+BB - kTgp, = 0.435%307 keV - sumar |
10-° T ' h 10-5 - i
kTgpp, = 1.07373:035 s e
2 = 405.8/408 dof R T L
X . / ’é 0.0 4+-—*= ‘.",é‘ .Q;I;}jé‘fzﬁ%:? 'é 0.0 4--
§ 759 R & -25
ST ' i | ® ' | |
0 2 4 6 8 0 3 : z .

Energy (keV) Energy (keV)
N Zane et al. (2023)
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N IXPE
Mn..,g%c\:?:gew AXP 1RXS J170849.0-4009100

Agenzia Spaziale ltaliana Explorer

e 2" brightest magnetar ;
e Spectrum BB+PL or BB+BB?

 Polarization measurement (837 ks):
= PD = 35% (22.50) - PA = 60° W
= Polarization direction is constant in the IXPE band
* PD at 6-8 keV: = 85% (MDPyg = 50%)

-80°

90° W

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

2024-09-24 X-ray polarization from magnetar sources 10



S IXPE
5".M AXP 1RXS J170849.0-4009100

Agenzia Spaziale ltaliana Explorer

2" brightest magnetar ;
e Spectrum BB+PL or BB+BB?

 Polarization measurement (837 ks):
= PD = 35% (22.50) - PA = 60° W
= Polarization direction is constant in the IXPE band
* PD at 6-8 keV: = 85% (MDPyg = 50%)

/ 20 40 60 80
NO ATMO

Polarization degree [%] Zane et al. (2023)

90° W

2024-09-24 X-ray polarization from magnetar sources 10
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Agenzia Spaziale Italiona

Interpretation (Zane et al. 2023)

 Phase transition across the surface

CAP+BELT
model

A

condensed
surface

2024-09-24

condensed
surface

2 CAPS
model

atmosphere

atmosphere

X-ray polarization from magnetar sources
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SGR 1806-20 (Turolla et al. 2023)

e 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%)

* IXPE observation (947 ks)
= 2-8 keV — PD ~ 6% (MDPy, ~ 20%)
= Energy-dependent PD
< 24% (2-4 keV, 30 u.l.)

20 40 60 a0

— 316 i 105% (4__5 kev’ 99% C.I. Turolla et al. (2023) Polarization degree [%]
detection only «probable»)

< 55% (5-8 keV, 30 u.l.)
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AXP 1E 2259+586

* Bpp =~ 6 X 1013 G (low-B)

» Spectral fit BB+PL is not good enough —

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

* XMM contemporary observation

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
2024-09-24

X-ray polarization from magnetar sources

Credit: ESA Science & Technology
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Observation (Heyl et al. 2024)
wnsossiinaers EXPIOTET
* IXPE phase-dependent observation (1.2 Ms) oo E j‘ﬂ'\f Jm
¥ 0.2251 ) \! ”
= Polarization up to = 30% (well above MDPyg) % 02001 || ) /’ﬁ. [ 1" f' !
at particular phases (corresponding to the g 01751 \ )

=]
Y 0.150

-.?%
‘k‘
.}*
‘.&‘
Pl

rise and maximum of the primary LC peak)

0.125 4

= Secondary peak basically unpolarized : + J(
= PA well fitted by a RVM in which photons - T + + T + £
y p 3 + -
are assumed to change mode (from O- Sud | v %#iﬁ Jr %ﬁﬁﬁ

(rzoe) "1e 19 JASH

to X- and vice versa) / T +

MDPy, !
50-*_| -+ _+47+ | +:+
all L t

T 47

2024-09-24 X-ray polarization from magnetar sources 0.00 025 050 075 Plh'm 125 150 175 2.00
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Polarization Angle [deg]




Interpretation (Heyl et al. 2024)

Polanmetry
. EXplorer

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

0.275
0250 . *’N ‘N 1t rise
fzzz /ﬂ’ Y , * unscattered (O-mode)
% 0175 photons (lowly polarized) are
S 01501 A A directly intercepted
308
B
H

0-125D| + e scattered photons (at most
Alth

33% X-mode) are deviated
—+ JI[_"*‘ J.r away from the LOS
T

0.00 025 050 075 1.00 125 150 175 2.00
Phase Heyl et al. (2024)

Polarization Degree [%)]
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Count Rate [Hz]

. .. Imaging "
@WW Interpretation (Heyl et al. 2024)
* Theoretical interpretation (in terms of the magnetic-loop model)
0:250— ‘N 1st peak
Zzz Y ; » scattered X-mode photons
0.1751 are now intercepted (with
01501 A also primary O-mode ones

0.125

302 from the underlying spot —

JrJr f{i +++ ﬁ[ . peak in the flux)

polarization increases

10 Jf_‘_*_ T_T e contamination from O-mode
o Jf H Jf + + Jr condensed-surface photons
00 03 0s0 075 1o 13 150 135 200  Prevent PD to reach 33%

Phase

Polarization Degree [%)]

Heyl et al. (2024)
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Interpretation (Heyl et al. 2024)

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

0.275
f

0.250 - "N ‘\
¥ 0.225 - \\
H
£ 0.200
o
T 0,175 A
3

=]
Y 0.150 A

0.125

30=

2"l H

; B
T

0.00 025 050 075 1.00 125 150 175 2.00
Phase Heyl et al. (2024)

MJ
o

Polarization Degree [
=
]
—
—

=]

2024-09-24

Little dip

the larger spot starts to be
hidden behind (only a p’
fraction of mildly polarized =«
photons are observed)

the secondary spot (with no
loop) enters in view
(emitting low-polarized O-
mode photons)

X-ray polarization from magnetar sources 15



Interpretation (Heyl et al. 2024)

Polanmetry

. EXplorer

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

T N 2nd peak
3\ ; * the secondary spotis fully in
view (peak in the flux)
A * only condensed-surface
f
B
H

0.250 A

:_"5 0.225 -
]
< 0.200 -
o
E 0.175 A
3
(=]
Y 0.150 -

0.125

_ 0 photons collected (O-mode,

polarized at no more than
_‘+ JI[—"?‘ + 10-15%)
ST

0.00 025 050 075 1.00 125 150 175 2.00
Phase Heyl et al. (2024)

Polarization Degree |
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Interpretation (Heyl et al. 2024)

Polanmetry
. EXplorer

Count Rate [Hz]

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

114 ‘w Big dip
\ / * secondary spot photons are
not in view
A * the primary peak returns in
A
¥
H

0.250 A

0.225 A
0.200 A
0.175 A
0.150 A

0.125

.0 + view
320_+ + + J[ * X-mode scattered photons
o T HrL g

along the LOS are
intercepted first (minimum
WY
0.00 l'J.I25 Cl.r50 O.I)'S 1.;30 1.I25 1.I50 l.r}'5 2.00

in the flux, maximum in PD)
Phase Heyl et al. (2024)

Polarization Degree
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gE ) Polarimetry

Agenzia Spaziale Italiana Explorer

e X-ray polarimetry on magnetar sources complemented information from
spectral and timing analysis

* Detection of photons polarized in two normal modes in 4U 0142 confirmed
the presence of strong magnetic fields (= 5 X 103 G) independently of PP

* Energy-dependent PD and PA allowed to confirm the expectations of the
RCS model

* 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, softer X-ray energies)
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Thanks!

X-ray polarization from magnetar sources
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Backup slides
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Normal modes of polarization

* For ultra strong B-fields (= B() photons at X-ray energles are Ilnearly
polarized in two normal modes

* Polarization evolution depends on the density
of material in which photons propagate

2024-09-24

O-mode |

EP‘-\.
K\;‘ 0 X—mode
-Bli | X—mod . //,,
[l
/
/
Vacuum resonance /
/
O-mode /
' s
/
|;’I PR ST T N SR ST N ' |
0.15 0.2 0.25 3 0.35
Harding & Lai (2006) p (g/cm?)

X-ray polarization from magnetar sources
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* Mode switching in 4U 0142+61 as a consequence of partial mode conversion
at the vacuum resonance (Lai 2023)

0751 T

0.50 4

1.00

0.25 4
0.75

0.50

Polarisation degree

0.25

a? 0.00 N - e B = 3x10"
0, 8 =30 . e B = 5x10'3

—0.25 O =45° |

0,50 0, O =707
5, O = 30°

~0.75 5, Op = 45° _
. B =T70° —_— 0.50 -

0.75

T " {_ 2 TS '.-.‘

—1.00

3 1
E [keV] Lai (2023)

0.25 1

0.00 4

Polarisation degree

—0.25 1 DT A N ’

* Not without problems (once scattering/free-free =._...
and integration over the whole surface are con-
sidered = no mode switching in the IXPE band)

E (keV) Kelly et al. (2024)




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°E
|k -VB| 3
10° 14 -
i 1 . Ll
2024-09-24 X-ray polarization from magnetar sources 1 10 100

r (Rys)



N IXPE L . .
@ 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

107 E

i|PE, + NE, |

Pg > ¥g: E direction is frozen

—
- o

= B, =10"G T,

2024-09-24 / X-ray polarization from magnetar sources 1 10 100
1 r (Rys)
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—=-mea \/gcuum birefringence — Extension of emitting regions

@ Polarimetry
Agenzia Spazicle ltaliana Explorer

If emitting regions on the surface are For large_emitting regions (or the entire
small depolarization due to the surface) geometrical depolarization may
tangled magnetic field is not much be much more important (surface 100%
effective (van Adelsberg & Perna 09) — 40% at infinity, Taverna+ 20)

2024-09-24 X-ray polarization from magnetar sources 20
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~ e CS vs ATMO — Removing spectral degeneracy

oo e EXPIOTET

* Spectra for atmosphere and condensed-surface model are similar (BB-like)

|> B L

L] ™ -

- = -

- -3 1 -3 N, ]

u B Almosphere r Condensed surfoce Y

& ! - (Tree)

E [ s s 100%—palarized BB T 100%—palarizad BB \ ]

o 5 [ ]

S ) [ ]

3 -t - -

3 [ -4 -

e B [ ]

F B [ 1

£ [ [ ]

-6 I I EMEMEPR PP IPRPIPE, L. I MR PR e IR I . Taverna et al. (2020)

-0.2 0.4 0.2 a.4 0.6 0.8 1.0 -0.2 0.0 0.2 0.4 0.6 0.8 1.0

lagE {kaV) log, € {kaV)
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XP CS vs ATMO — Removing spectral degeneracy

* Spectra for atmosphere and condensed-surface model are similar (BB-like)
 Different behaviors of PA with energy are expected for particular emission

models and geometries ¢

5-

&)
«standard» e
atmosphere %
=
a8

/

N w s o)) (o)) o = o w o
T T T T T T ™ T Sohdd

Phase (rad)

.
T

Taverna et al. (2020) 0
2024-09-24
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%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!



I) Polarimetry
Agenzia Spaziale ltaliona Explorer

1RXS J170849.0-4009100

* Phase-dependent results

CAP+BELT
model

Counts/Bin (24 keV]

2 CAPS

06 0
5 >
: : model
® 05 7o
~ ~
£ 14
504 Bo
s 3
§o §
o
3 3
50 301
0
00 0 1.0 2% 1% 1715 2
Phas

Flux [ents cm™ 571 kov!)
-
-]
5
8

8

Polarization Angle | 2-8 keV, Degrees)
|
3
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Agenzia Spaziale Italiana Explorer

SGR 1806—-20

* Emitted the strongest giant flare ever .= —
detected (December 27, 2004) f oo
* Observed 1 month after an active

phase (emission of a bunch of bursts)

* Flux lowered wrt quiescence (~ 10712
erg cm~ 2 s~ 1, 1/10 than tabulated)

e Contamination by solar flares during IXPE
observation

Turolla et al. (2023)




@Ex Observation (Turolla et al. 2023)

Agenzia Spaziale Italiana

e XMM DDT observation

= BB+PL spectral decomposition e
(kTgg = 0.59 £ 0.04 keV, T = 1.7 £ 0.1) "

= Double-peaked pulse profile (P.F. = 5%)

Norm. Intensity

Turolla et al. (2023)

2024-09-24 X-ray polarization from rﬁégnetar sources Pﬁége ‘ = 75



IXPE

Observation (Turolla et al. 2023)

e 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%)

* IXPE observation (947 ks)
» 2-8 keV — PD ~ 6% (MDP,, ~ 20%)
= Energy-dependent PD
< 24% (2-4 keV, 30 u.l.)

20 40 60 a0

— 316 i 105% (4__5 kev’ 99% C.I. Turolla et al. (2023) Polarization degree [%]
detection only «probable»)

< 55% (5-8 keV, 30 u.l.)
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SGR 1806—20 — Theoretical interpretation

Polarimetry
Agenzia Spaziale ltaliana Explorer

* Fitting the pulse profile with a condensed surface model + RCS (4U like) gives a
energy-dependent PD not uncompatible with what IXPE found

65.0 - 0.4
QED-ON fit

62.5 1 4+ Flux o

60.0 $ 031 I
. 4 :
wm 4
sy 4 =+ .
% 55.0 1 _+_ ™ ' = &
2y e *ﬂ
[ - N

2231 _+_ S 01 |

50.0 - g 1

47.5 1 0.0 T

T T

T T T T
Z 2] | 0.0 - 1 IT
& —+— 0
2 0 + 4 +—l—l——+— L 5011 T
% ) | _+_ | | —Y——T— _+_ @_02_
5 —o
& —0.3 A
T T T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0 2 3 4 5 6 7
Phase Energy [keV]
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