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I. INTRODUCTION
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Abstract. The dependence of the wind parameters on the pro-
perties of the parent star is investigated by means of an approxi-
mate analytical approach. In particular, using a polytropic stellar
model and line driving as the mechanism for accelerating the wind,
it is shown that mass loss from WR stars can be characterized just
by the total mass. The existence of a correlation between mass and
mass loss rate, which is close to that one found by Abbott et al.
(1986) for WR stars in binary systems, M oc M2, seems to be an
intrinsic feature of radiative wind acceleration in He-burning
stars.

Key words: stars: Wolf-Rayet — stars: mass loss

1. Introduction

Wolf-Rayet (WR) stellar winds can be accelerated by line driving.
Models of line driven winds, which have been developed to explain
the mass loss from OB stars (e.g. Castor et al., 1975, hereafter

M relation is connected with some details of their input physics or
instead it reflects some basic feature of radiative acceleration in
He-burning stars. In particular one can ask to what extent some
rather crude assumptions, like the core-halo structure for the
wind, reflect on the dependence of the mass loss rate on the stellar
mass.

This work must be intended as a continuation of TNC, from
which we derive many assumptions and parameters, and its scope
is to examine in which way WR winds depend on the stellar
parameters. To get insight on this dependence an analytical

numerical one. To this purpose we shall use a very simple model.
largely based upon dimensional arguments. Most of the simplifi-

(a) transforming differential equations into algebraic ones, by
taking logarithmic derivatives equal to unity;

(b) dropping into the equations all the negligible terms;

(c) substituting quantities which are function of the radial
coordinate by their average values.
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Overview

- Soft y-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 - |

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

L = 1036-1044 erg/s >> L4, duration 0.1 - 10 s
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Soft Gamma Repeaters - |

- Much more energetic “Giant Flares” (GFs, L =
10%4- 104" erg/s, t ook ~ 18, tiy; ~ 300 s) detected
from 3 sources

- No evidence for a binary companion, association
with a SNR in a few cases (7)

- Persistent X-ray emitters, L = 1033 -103° erg/s

- Pulsations discovered both in GFs tails and
persistent emission, P=2-10 s

- Huge spin-down rates, as compared to PSRs, P =
101 - 1019 ss™
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Anomalous X-ray Pulsars

SGR 1806-20

erg/s

- Spin-down luminosity E < Ly (not powe
hence “anomalous”)

- Pulsations with P=2 -10 s

- Large spin-down rates, P = 10-1" ss™’

- No evidence for a binary companion, a:z -~ = e o

SNR in six (?) cases JL

- Peculiar class of persistent X-ray sourc = ﬂ

-0.4 =0:2 0.0 0.2 0.4
SGR 1900+ 14

6 N
4+ o
2k =}
0

103 counts sec™! PCU™!

- Bursts of soft y-/hard X-rays quite simil:
SGRs detected first in AXP 1E 2259+5¢ - ) -
2002; Kaspi et al. 2003) and then in all -+ =z oo 02

Time (sec)




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 B, ~
1014 G; Duncan & Thomson 1992; Thomson & Duncan 1993)

- Rapid spin-down due to magneto-dipolar losses,
P=10""(B/10 G)?P~1s/s



Why magnetars ?

- Ly > E — 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 > 1074 G

- Giant flares energetics requires B > 10" 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 until recently



SGRs and AXPs X-ray Spectra

- 0.5 - 10 keV persistent emission well represented by a
blackbody plus a power law

- kTgg ~ 0.5 keV, does not change much in different sources
- Photon index ' = 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 (Ly =
10 — 1000 Lyyies)

- Transient spectra can be BB+BB, Tgzz and Rz decrease
in time
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Twisted Magnetospheres — |

- 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 o

resists
- A gradual (quasi-plastic ?)

crust

deformation of the crust )]

- The external field twists up Thompson & Duncan (2001)
(Thompson, Lyutikov & Kulkarni 2002)

AR,



Twisted Magnetospheres - |

Twisted fields are non-
potential, V x B #0

Globally twisted dipole

(Thompson, Lyutikov & Kulkarni
2002, Pavan et al. 2009)

A sequence of models
labeled by the twist
angle

L3
zB_q, do
0 BQ sin 6

Apy_s = 2



Magnetospheric Currents

Twisted dipole

VXB =0 VXB#0
. C
No need for supporting currents J = 4— VXB
T

Currents flow (also) along the closed field lines
and | > jg,
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Resonant Compton Scattering

- The current flowing along the closed field lines is

j=(4n)\7xB=>ne—p“

1

- The optical depth for Thorr
n,o.r = 10*

- At resonance ¢ ~ 10° 61 —
resonant cyclotron scatteri

- Up-scattering of thermal pt

\ r

[ex)
o

cooling surface onto mildly ..

Scattering cross section
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Repeated scatterings lead to the formation of a power-law tail
because oy = op(r,0) and r . ent > Rys

Spectral formation in twisted magnetospheres investigated

quite in detail using Montecarlo methods (Lyutikov & Gauvriil
2006; Fernandez & Thompson 2007; Nobili, Turolla & Zane 2008a, b)

& # photons = 1272523 —
L = 0.50 ke¥ 1

TT|= C.500 kev

ﬁimk: 0.500000

log dM/de
log dM/de

't Rel
I y=1.15

log & (kev) log & (kev)
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SGR 1900+14 1E 1841-045
_ Zane et al. (2009) - :
- Pz 001
z i TE 10-% ¢
v f f —— % :
- W b Iu 4 wwﬂ £ 10
: ﬁ i Wﬁ* +Wﬂﬁ+ H*#H HM +++ & 10
[ 2 5 Tio I1 . iu | 1(12

Energy (keV)

E [keV]
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 ?
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log Flux (arbitrary units)

NS atmosphere spectra - (Ho 2008; Mori & Ho
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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,
Ko~ Kunmag» Kx~ (B / BQ) Kunmag

O mode X mode =
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Propagation in Strongly Magnetized
Vacuum

Strong magnetic fields polarize the
-virtual e~-e™ pairs around the star

\ 4

Polarization vectors are forced to
adiabatically follow the star
magnetic field along the photon

trajectory
(Heyl & Shaviv 2000, 2002)

v

Polarization vectors
at infinity
No vacuum

A 4
v

No net polarization
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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)

- IT_ and y, 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

o ik T ARNEARRRRRas IS 1 ] B I DL B B L B B
- Atmosphera | ] i ((',::r::)emed surface HO“E Taverna et al (2020)
. I et e 100%-polorized B8 | ]
T “*~-f\“~::\ 1 b e o 1188y ) )
*r 11 eer 1 —§Highl belamiabtiomp
- WoR ] BT LLI TSNS L ]
| o S T I 11(40-70%)
g 06 : = 0510 bW - ]
$ | oy Bewerawall
s | 17 1{(5-20°
:3_ a4l Dys = 0.5 rod "\‘ _/ (5 20 A))
s | g= 0.34 < ]
& r X
{Tail polarized at
a.2 I~ 30%
0.0-- 1 Lo by by by by E PR i
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loa o€, (keV), logyof (keV)

Spectra are quite similar but polarization is not
= sensitive to the emission model
= sensitive to geometry
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Imaging X-ray Polarlmetry Explorer (IXPE)

X-Ray Shields ’ MMA Thermal
=eclite Shield
Mirror Module Y
Support Structure ) feD | 42 Star Tracker
(MMSS) Deck i
Deployable Boom \ " /
with Thermal Sock ' .|  Mirror Module
-4 p Assembly (MMA) x3

Detector Unit (DU) x 3 Boom Harness

[ Launch Locks
Boom Canister g
Soffitta ( )
. Solar Panels
Bipod Struts
- Spacecraft Top Deck

A NASA/ASI SMEX mission
Three identical Mirror Module Assembly + Detector Units
Launched on December 9, 2021
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The Gas Pixel Detector

Photoelectric cross section /
7
dO' m C2 2 4\/5 Sinz 9 beryllium window
Ph — 7"026(425 € Z coS? ¢
dQ E ) (1—pBcosH)

| MDan ~nll

M(p) =K -I—@cosz((p —@)

20% helium and B0% dimethyl eth

Angular Distribution - iteration 1

Polarization degree

607/

polarization direction E == ' ' : W
0 20 40 60 80 100%

Muleri (2014 . . .
uleri ) polarization fraction
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IXPE Observations of Magnetars
- AXP 4U 0142+61 (840 ks)

- Cassiopeia — Distance: 3.6 kpc

- Unabsorbed flux (2—10 keV): 6x10 " erg cm2 s
- AXP 1RXS J170849.0-4009100 (837 ks)

- Scorpio — Distance: 5-10 kpc

- Unabsorbed flux (2—10 keV): 2.4x10""" erg cm2 s
- AXP 1E 2259+586 (1.2 Ms)

- Cassiopea — Distance: 3.2 kpc
- Unabsorbed flux (2—10 keV): 1.4x10"" erg cm-? s’

- SGR 1806-20 (947 ks)

- Sagittarius — Distance: 8.7 kpc
- Unabsorbed flux (2—-10 keV): 4x10-"?erg cm= s
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AXP 4U 0142+61 - |

- Brightest magnetar
- Spin-down field B = 1.5x10"4 G
- Spectrum BB+PL

- Polarization measurement (2—8 keV, Taverna et al. 2022):
- PD =13.5% (170), PA= 50° E (energy- and phase-integrated)

High energies
PD =~ 35% - PA = —40°

4-5 keV
PD=~ 0

Low energies
PD ~ 15% — PA = 50°

Polarization degree [%]

Taverna et al. (2022)
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AXP 4U 0142+61 - I

{PA
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AXP 1RXS J1708 - |

- Second brightest magnetar I Highest value

- Spin-down field B = 5x1074 <,  ldetectedsofar
G

- Spectrum BB+PL or BB+BB
- Polarization measurement

(2-8 keV; Zane et al. 2023):

- PD = 35% (220), PA=60° W
(energy- and phase-integrated) 1L/
- PA constant with energy, PD No*

4.0-5.0 kaV

increases over the IXPE band o0 w

20 40 60 80
Up tO 80% at 6 — 8 keV Polarization degree [%)] Zane et al. (2023)
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AXP 1RXS J1708 - II

- PD at high energies too o

large for RCS (= 33%) —
BB+BB (2 distinct thermal
regions)
- High PD — NS atmosphere
- PD at low energies too

small for atmosphere —
condensed surface

-10°

20-3.0keV ‘ -B0®
S
4.0-5.0 kaV
1-90° W
20 40 60 80
Polarization degree [%] Zane et al. (2023)

Phase transition across the surface ‘
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SGR 1806-20

- Strongest field measured so . "

far, B =8x101* G

- Emitted the most powerful
giant flare in 2004, L ~ 104/

5.0-8.0 keV

o 2.0-4.0 keV

erg/s
- Spectrum BB+PL - _—
. ] ] ] 20 40 60 80
- Flux at historical minimum, Torlla et l. (2023 Polerization degee e

polarization marginally

detected only in the 4 - 5 keV Compatible with being
range (Turolla et al. 2023): similar to 4U 0142+61
. S 24% (2—4 keV)
- = 32% (4-5 keV, 99% c.l.)
- < 55% (5-8 keV)
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AXP 1E 2259+586 - |

- A Low-field magneta 20° 0 20°

6x1013 G

- Spectrum BB+PL+a
variable absorption fi
(Pizzocchero et al. 2

- Polarization measure &
(2-8 keV; Heyl et al. E

- PD=5.6% (170), PA= 1o v

(energy- and phase-integrated) Polarization detected
only at low energies

Q/

4.0-5.7 keV
-80°

100

).10 0.15

Heyl et al. (2024)
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AXP 1E 2259+586 - I
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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 (= 5x10"3 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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