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Neutron stars: general notions

* Neutron stars (NSs) are relics of massive
stars (Mprog = 8 — 25 M)
* Masses Mys = 1 — 2 Mg,

} pm ~ 101% — 10%° g/cm3
* Radii Ryg = 10 — 15 km

* Mostly made of neutrons (8 n everyp*/e™)
sustained by the pressure of degenerate
neutrons

* Fast rotators and powerful magnets



Magneto-rotational evolution

* Arotating dipole field emits EM radiation at the expenses of the rotational
energy

Larmor formula
2
G 100
3c3 A 0t? \\\\\\
Magnetic
dipole moment Rotation frequency

(Q = 21/P)




Magneto-rotational evolution

* Arotating dipole field emits EM radiation at the expenses of the rotational
energy

Solving for B

B ~ 3.2 %x10¥+PPG

A This holds for:
* purely dipolar magnetic field
* allthe rotation energyis converted into EM emission




PP diagram

» Classification of NSs according to their P and P M

B Magnetars ™

10-10

107"

10-'4

P(s/s)

lo-ll-

10—[5

10_20 .I LIL|]III 1 ]ll]L|lI 1 LlLL|JJl 1 1 1

0.01 0.10 1.00 10.00
P (s)



PP diagram

» Classification of NSs according to their P and P
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PP diagram

» Classification of NSs according to their P and P

Rotation-Powered
Pulsars (RPPs)
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PP diagram
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PP diagram
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PP diagram

AXPs and SGRs

» Classification of NSs according to their P and P
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Anomalous X-ray pulsars (AXPs)

* Class of isolated NSs (no accretion)

* X-ray luminosity (usually) in excess of the rotational

energy loss rate (Ly > 1QQ)
() \{o') .
" -




Anomalous X-ray pulsars (AXPs)

* Class of isolated NSs (no accretion)

* X-ray luminosity (usually) in excess of the rotational
energy loss rate (Ly > I)))

* Large spin periods and spin-down rates lead to
ultra-strong magnetic fields

P~2—-12s
P~10"1 —-107"° s/s

= By ~10% —105G



Soft-gamma repeaters (SGRs)

* Sudden emission of a huge amount of
X-ray energy (up to 10*” erg/s)

* |nitially confused with GRBs (but then
observed to repeat)

* Pulsations detected in the event after-
glOW (=> NSS) A.J. Castro-Tirado/IAC80/ESO

e P and P compatible with AXPs (so B = 101%4~1> G) and isolated as well

 Both AXPs and SGRs identified as magnetars



Magnetars — Persistent emission

* Magnetars are divided in persistent and
transient sources

04|
0.01

10

» Soft X-ray persistent spectra (0.5 — 10 keV)
are usually fitted by a BB+PL decomposition

10

keV? (Photons cm—= s keV-")

1

(or BB+BB, especially for transients) 2

ratio

* Additional PL components are observed
at higher energies (= 20 keV)

* Transient sources are often identified as they
enter in a outburst phase (flux enhancement
by a factor = 100 — 1000 in typically 1 yr)

Energy (keV)
Tendulkar et al. (2015)



Magnetars — Bursting activity

100

e Short bursts
e At = 0.01 —1s
e Ly = 103%° — 10*t erg/s

Counts,/bin
a0

10 20 30 4@

Counts/bin
0

Hardness ratio
1 -05 0

[

——

|

Gotz et al. (2004) 04 05 086 0.7
Time [s]



Magnetars — Bursting activity

e Short bursts
e At = 0.01 —1s
e Ly = 103%° — 10*t erg/s

500

0

8 10 12
' T T T

500

Counts/s/Detector

* Intermediate flares h MM

e At = 1—10s o

e Ly =~ 10%1 — 10%3 erg/s m o
O @u )

Israel et al. (2008)

0

500




Magnetars — Bursting activity

e Short bursts
e At = 0.01 —1s
e Ly = 103%° — 10*t erg/s

* Intermediate flares :
e At 1 —10s o .
* Ly = 10*! — 10%3 erg/s 2Bl :
 Giant flares Y WHW :
= ey Wit
+ At =~ 10%s .| :
: ‘ 'D(I)O ‘ 40

e Ly ~ 10** — 10*7 erg/s geo0 0

Time (s)

Mereghetti et al. (2005)

0



Twisted-magnetosphere

e Strong internal field (up to 10'® G) with a toroidal
component at least of the same order

S04 4044

I
|

[L111]
I

A

L]
[

Thompson et al. (2002)



Twisted-magnetosphere

e Strong internal field (up to 10'® G) with a toroidal
component at least of the same order

* Once the magnetic stress exceeds
the crust mechanical yield,
helicity is transferred outside

B, [Rns\’
B=[BT,BQ.B¢]=—p<£> [2cosO,siné, 0]

dipole 2\r

4

AVATATAYATATATATAY AATATAYATATATAYA
\NAANANAAANAANNANNNAAN]

2+
o Bo(Res\*P|__df  pf [pc@)
2\ r dcosf’'sinf’ |p+1 sinf Thompson et al, (2002)

twisted
dipole 0<p<i



Magnetospheric currents

V X Bdip = UoJ V X Biwist = Hol
|l U H I}
0 no currents 0 currents

* Magnetosphere is populated by charged particles,
with density
B (B
e ~55(5)
B\ Bg

not enough for photons to interact efficiently




Magnetospheric currents

V X Bdip = UoJ V X Biwist = Hol
|l U H I}
0 no currents 0 currents

10"

* Magnetosphere is populated by charge: .,

with density
B (B
e~ 75(a)
B\ Beg

Nnot enoug Scattering cross sections peak

at the cyclotron energy 10-3.0!1 0.1 1 10 oo 0000 1 10 100 1000
Photon Energy (o/wg) Photon Energy (w/mg)

I
t~— Average
- L& =1
----------- l—>1&||—1

Cross Sectiog,




Magnetar model achievements

* RCS of thermal photons onto magnetospheric
particles generates PL tails at soft X-ray
energies

log dN/d E

No twist




Magnetar model achievements

e —
* RCS of thermal photons onto magnetospheric ;
particles generates PL tails at soft X-ray | )
enel‘gles gi_ ) Increasing )
° | twist
N : No twist
2_— -
0 . . - M | B T
-1 0 1 2

log E (keV)
Nobili et al. (2008)



Magnetar model achievements

* RCS of thermal photons onto magnetospheric
particles generates PL tails at soft X-ray
energies

* Internal magnetic stresses deform the crust
inducing the injection of eTe ™ fireballs enclosed
within the closed field lines (at the base of bursts/
flare emission)




Alternative models

* The P-P estimate of the magnetic field holds for:
* dipolar fields (magnetar field topology not dipolar)
* emission energy all supplied by rotation (need for another source of energy)

* Magnetar phenomenology very different from other NSs
* strongly-magnetized (= 10° G) white dwarfs?
* disrupting events (for SGR flares)?

May polarimetry provide new constraints?



Polarization in strong magnetic fields

* 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)




Polarization in strong magnetic fields

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

)]
Vx(ﬁ-VxE)zc—ze-E

* € and U contain plasma interaction terms

In strong B fields the charge motion is quantized

1st Landau level
energy

_ heBQ _

h(,l)B = 2

m,C

MeC

méc?

he

= 4.414 x 1013 G

magnetized plasma



Polarization in strong magnetic fields

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

)]
Vx(ﬁ-VxE)=C—Ze-E

* € and u contain plasma interaction terms and vacuum terms

vacuum birefringence

magnetized plasma



Polarization in strong magnetic fields

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

)]
Vx(ﬁ-VxE)=C—Ze-E

* € and u contain plasma interaction terms and vacuum terms

) vacuum birefringence
magnetized plasma



Polarization in strong magnetic fields

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

)]
Vx(ﬁ-VxE)=C—Ze-E

* € and u contain plasma interaction terms and vacuum terms

) vacuum birefringence
magnetized plasma



Normal polarization modes

* When vacuum terms dominate in €, photons turn out to be polarized
linearly and only in two normal modes

) -

Ordinary mode Extraordinary mode




Normal polarization modes

* When vacuum terms dominate in €, photons turn out to be polarized
linearly and only in two normal modes

1 0
E= (O) or (1)
0 0
Ordinary mode Extraordinary mode

Normal modesin a plasma

o4 o%




Polarization of photons emerging from plasma

* Radiative processes cross sections in strong magnetic fields

—2
~ B
700 ™ funmag o0~ () 000 55' g
O-mode

—2 -2
B ~ i photosphere
oox ~|=— ) 000 Oxx 000 8

Bq
EQD_ ______ X-mode
h h
High polarization | ] %"

(in the X-mode)

O-mode X-mode



Vacuum resonance

* Plasma and vacuum polarize photons in opposite ways

plasma dominates vacuum dominates
o4 o

< ' b——--p
X X-mode X



Vacuum resonance

* Plasma and vacuum polarize photons in opposite ways

OorX Top

___________________ vacuum = plasma

Mode conversion

1y O«

.dD.

O-mode |

Circular polarization

-3 Harding & Lai (2006)

Bottom




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

few X-many O
A

vac. res.

O phot.

X phot.

many X -few O

8 5 vac. res.

similar Xand O




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

few X-many O
A

vac. res.

O phot.

X phot.

many X -few O

5 5 vac. res.

similar Xand O




Polarization in the magnetosphere

* Passing through the magnetosphere photons undergo RCS
* At the cyclotron resonance X-mode is still preferred,

* Suppression factor fixed at 1/3

1
000 = §O'OX oxx = 30%0

Expected polarization
33% inthe X-mode




Transport of polarization at infinity

* Depolarization is expected given the tangled B-field topology close to
the surface

100% L polarized
emission

=
=

L

/

Non-polarized observed

signal



Propagation in the pure magnetized vacuum

* Solving the wave equation accounting for vacuum effects only yields
- dEx—'[ME + PE,|
W2 koo dz Lo TR
VX(@-VXE)=—¢-E m———
C

2 %% ilpE,+NE)]
ko dz L oxTAEyL S




Propagation in the pure magnetized vacuum

* Solving the wave equation accounting for vacuum effects only yields

- dEx—'[ME + PE,|
W2 koo dz Lo TR
VX (£-VXE)=— € E wmmmp =
C y . E
= i[PE, + NE,| 3
05 dz ~ PExt NE)]

* Evolution of E along the photon trajectory depends on

E -field evolution length: (Dipolar) B-field evolution length:

po= 2 anso(=B) (e ) | % P S
E™ koo 101G/ \1kev) 7 5 ~ (B/Bo)’ |k-VB| 3




L > ¥g: E direction is frozen

——




2.50

2/5 1/5 1/5
2.1 ro x5 Bpol / hw / RNS / R
Pl 1011 G 1 keV 10 km NS

1.56

Magnetars (with the strongest B) have the largest 1y,
1.25

" U

o6z Best candidates to observe polarization of surface
- emission (potentially very high)

0.00 Tavernaetal. (2015)

12 13
logy, B, (G)




High polarization — Test of vacuum
birefringence

Observed polarization
increases with 1y, (and
so with B)




Surface emission models

* NS surface can be covered by a thin, magnetized
atmosphere

T T T T T T
1.0
0.8
/v Atmosphere model -
& A4 00 s 100%-polorized BB |
I 1 —
& aef 2
a
d
s ot
B ®
2 " —
. 5 B 5
Hi gh PD S Na S
i o
< 80%
Q.2
O.o 1 I 1 1 1 [ 1 1 1 I 1 1 1 l 1 1 1 l 1 1 1 I 1 1 1
-0.2 0.0 0.2 a4 0.6 0.8 1.0

log f (keV)



Surface emission models

* NS surface can be covered by a thin, magnetized
atmosphere

* Atoms under strong B-fields are elongated along
the field direction — for sufficiently low T
molecular chains are formed (magnetic
condensation)

* The condensed atmosphere settles onto the
surface and the crust is left exposed - P polars
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Surface emission models

* NS surface can be covered by a thin, magnetized [T

atmosphere

* Atoms under strong B-fields are elongated along

the field direction — for sufficiently low T
molecular chains are formed (magnetic
condensation)

* The condense datmosphere settles onto the
surface and the crust is left exposed

* PD much lower than for atmospheres

Polorizotion degree (%)

Q.2

o o
-] o
" —

o
=
e e

Candensed surfoce -
(fxed) l
...... 100% -paolarized BB

s

PD < 20%
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w
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E
(%]
St
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z
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g

Atmospherae

100%—paolarizad BB

0.0 0.2 0.4
log,.f {keV)

Condensed surfoce \

(tree)
100%—palarized BB

P IR S B

0.2 0.4
log,oE (keV)

0.6

Spectra for atmospheres and
condensed-surfaces are
similar (BB-like)

Polarization may help in
disentangling the surface
emission model

Taverna et al. (2020)




Imaging X-ray Polarimetry Explorer (IXPE)

>3

X-Ray Shields

Mirror Module
Support Structure
(MMSS) Deck

f
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Mirror Module
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See Paolo Soffitta
lecture tomorrow
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IXPE magnetar targets

* 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



AXP 4U 0142+61 — Spectral properties

1y

* Spectral decomposition BB+PL (in agreement
with the twisted-magnetosphere model)

* Low-energy, thermal photons come from the
cooling surface

* High-energy PL tail populated by resonantly
up-scattered photons

-model errar

(data

Energy (kev)

Tavern

aetal. (2022)

Energy (keV)



AXP 4U 0142+61 — Polarization

* Phase-integrated, energy-dependent polarization degree and angle

|

Taverna et al. (2022) Folarization degree [%)]



AXP 4U 0142+61 — Polarization

* Phase-integrated, energy-dependent polarization degree and angle

2 normal modes

LY
=
[N
bl

2.0-3:0 keV

(O and X) 0*

-4 al
i K.‘
A ke :
E a0pe 2

High energies (6-8 keV)
PD ~ 35%-PA = —40°

erna et al. (2022)

Low energies (2—-4 keV)
PD~ 15%-PA = 50°

Polarization degree [7

4-5 keV
PD=0




AXP 4U 0142+61 — Polarization

* Phase-integrated, energy-dependent polarization degree and angle

* PD at high energies (= 35%) is compatible with
magnetar model expectations (33%) for RCS PL
tails

* Since RCS photons are polarized mostly in the
X-mode — low-energy photons polarized in the
O-mode

* Low PD + O-mode photons = condensed surface
exposed (emission likely from an equatorial-belt)



AXP 4U 0142+61 — Phase-dependent pattern

* 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

00000

00000

55555

00000

55555

CCCCCC




According to the RVM, the polarization angle for radiation
emitted from polar spots in a dipolar field follows the projection
of the magnetic axis in the plane of the sky

l




Magnetic field topology on the surface of magnetars is expected
to be far from dipolar (and emission region extended)...

...but it recovers the dipolar shape
far enough from the surface

Gourgouliatos et al. (2016)




AXP 4U 0142+61 — Phase-dependent pattern

* 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 explains PD

00000

00000

55555

00000

fixed at the surface and PA determined outside ;=

(at 1) polarization vectors freeze)

55555

CCCCCC




High polarization — Test of vacuum
birefringence

Observed polarization
increases with 1y, (and
so with B)




AXP 1RXS J1708 — Phase-integrated results

* IXPE + NICER observations not clear enough

to disentangle between BB+BB and BB+PL
decompositions

10!
10°

1071 5

i
<
~N

counts s-! keV-'

[
<
w

10—4 .

bbody 4
powerlaw H\\“ ,
IXPE/DUL
IXPE/DU2 "
IXPE/DU3
Swift/XRT
NICER

bbody »
bbody ™ M,
IXPE/DUL b
IXPE/DU2
IXPE/DU3
Swift/XRT
NICER

(data-model)/error

Zane et al. (2023)

Energy (keV)

Energy (keV)



AXP 1RXS J1708 — Phase-integrated results

* IXPE + NICER observations not clear enough
to disentangle between BB+BB and BB+PL
decompositions

o
5

10°

* Polarization measurement
* PD,_, = 35% —PA,_, = 60°W
* PD_g = 80%
* PA constant with energy in the 2 — 8 keV band

90° W

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



AXP 1RXS J1708 - Interpretation

* High polarization at high energy —» NS atmosphere

* RCS not effective (PD > 33%) — No PL tail




AXP 1RXS J1708 - Interpretation

* High polarization at high energy —» NS atmosphere

* RCS not effective (PD > 33%) — No PL tail

* Low polarization at low energies — condensed
surface

e Phase transition across the surface




AXP 1RXS J1708 — Phase-dependent pattern

* Phase-dependent PD and PA coherent with the given explanation
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SGR 1806-20

* Emitted the strongest giant flare ever detected
(December 2004, Lyeax = 10*7 erg/s)

10°  1.05x10'

Count/s
86x10* o9x10* 9.5x10
Vﬁ% T T T T I T Y T T r T T T

* Observed contemporary by XMM-Newton

v, 1 . 1 A |
200 8] 200 400
Time (s)

Mereghetti et al. (2005)



SGR 1806-20

* Emitted the strongest giant flare ever detected
(December 2004, Lyeax = 10*7 erg/s)

* Observed contemporary by XMM-Newton

* IXPE measurement was only marginally
significant Q
« Unexpectedly low flux (4 X 10712 cgs, = 1/10 i eca poos
historical)
* Occurrence of solar flares during the observation
* PD = 32% (4 — 5 keV,99% c.1.)

20 40 60 80

Polarization degree [%]

* Not enough to confirm/exclude any model



AXP 1E 2259+586 — Spectral properties

* IXPE+XMM spectral fit pinpoints the presence
of a spectral line at = 1 keV, confirming
previous studies (Pizzoccaro et al. 2019)

* Interpreted as produced by RCS of thermal '“1 —— M} i H. .
f hotons int ted byabundleof - |- | Mg e,
outeceprotons rcepadiyatundioor iy i Al ¢

Credits: ESA



AXP 1E 2259+586 — Polarization

* Low phase- and energy-integrated polarization
(PD = 5.6%) only significant at low energies

* Peculiar phase-dependent behavior

* Double-peaked pulse profile

 PD = 25-30% (well above MDPyq) only at particular
phases (minimum and rise of the primary peak)

* PA still well fitted by a RVM (photons are assumed
to swing by 90° from the 1st to the 2nd peak)
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AXP 1E 2259+586 - Interpretation

* Condensed surface with two hot-spots, the
primary covered by a magnetic loop




AXP 1E 2259+586 - Interpretation

* Condensed surface with two hot-spots, the
primary covered by a magnetic loop
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8 o.1504 ’ away from the LOS by RCS
0.125 ontop™

30s

ALt L]
1] %T;ﬁ + mﬂ

Polarization Deg

D_

0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75  2.00
Phase
Heyl et al. (2024)



AXP 1E 2259+586 - Interpretation

* Condensed surface with two hot-spots, the
primary covered by a magnetic loop

0.275
E o [ ]
_oaso- ‘"\, “\, * 1Strise: primary spot face-on
Z 02297 \ g * 1stpeak: primary spot off-axis
= 0.200 - )
«  Scattered photons enterin
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mode)
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AXP 1E 2259+586 - Interpretation

* Condensed surface with two hot-spots, the
primary covered by a magnetic loop
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AXP 1E 2259+586 - Interpretation

* Condensed surface with two hot-spots, the
primary covered by a magnetic loop
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AXP 1E 2259+586 - Interpretation

* Condensed surface with two hot-spots, the
primary covered by a magnetic loop
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AXP 1E 1841-045 - An IXPE ToO

* At the center of the Kes 73 SNR, observed just after
an intense burst-emission phase

| Rigoselli et al. (2025)
0.260



AXP 1E 1841-045 - An IXPE ToO

* At the center of the Kes 73 SNR, observed just after =
an intense burst-emission phase
- Spectral analysis (IXPE+XMM+NUSTAR) revealthe |
presence of 3 spectral components above 2 keV # T
BB+PL+PL (hard PL already presentat ~ 6 keV) = i-lwﬂ#!%ﬁnw,]Hggﬁ%%»%ﬂmiﬁj
E 5 _ I .'|_|. M "IIW ]I . r_lzqh ™
gl M

Rigoselli et al. (2025)



AXP 1E 1841-045 - Spectro-polarimetry

* Energy-dependent polarization very "A[d‘ﬂ?ﬁ"'”'
similar to TRXS J1708 y
* PD increases with energy from = 15% to 605/
~ 55% across the 2-8 keV band /
* PA is constant with energy within the /
errors 80}

l T
| 2.0-3.0 keV
|

Rigoselli et al. (2025)




AXP 1E 1841-045 - Spectro-polarimetry

DD

* Energy-dependent polarization very
similarto 1RXS J1708

* Freezing the soft-PL PD at 33% (RCS)
results are compatible with a high PD
for the hard PL (= 70%)

Rigoselli et al. (2025) PD [%]



AXP 1E 1841-045 - Spectro-polarimetry

* Energy-dependent polarization very o
similarto 1RXS J1708

* Freezing the soft-PL PD at 33% (RCS) /
results are compatible with a high PD BDT.-'/

for the hard PL (= 70%) |

* Interpretation

* BB (thermal) photons coming from the
condensed surface

* soft-PL due to RCS in the magnetosphere

* high-PL compatible with synchrotron 804
emission from relativistic electrons |

softer PL

BD
|

Rigoselli et al. (2025)
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