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ABSTRACT

To investigate if magnetic fields are present in Wolf-Rayeatss we selected a few stars in
the Galaxy and one in the Large Magellanic Cloud (LMC). Weuaieml low-resolution spec-
tropolarimetric observations with the ESO FORS 2 instruindeming two diferent observing
runs. During the first run in visitor mode, we observed the LM@GIf-Rayet star BAT99 7
and the stars WR 6, WR7, WR 18, and WR 23 in our Galaxy. The skcom in service
mode was focused on monitoring the star WR 6. Linear poltozavas recorded imme-
diately after the observations of circular polarizatiomring our visitor observing run, the
magnetic field for the cyclically variable star WR 6 was meaduat a significance level of
3.30 (B = 258+ 78 G). Among the other targets, the highest value for theitadmal
magnetic field(B,;) = 327+ 141 G, was measured in the LMC star BAT99 7. Spectropolari-
metric monitoring of the star WR 6 revealed a sinusoidal reatf the(B,) variations with
the known rotation period of 3.77 d, significantly adding te tonfidence in the detection.
The presence of the rotation-modulated magnetic vartglislalso indicated in our frequency
periodogram. The reported field magnitudésts from significant systematic uncertainties
at the factor 2 level, in addition to the quoted statisticqadertainties, owing to the theoretical
approach used to characterize it. Linear polarization oreasents showed no lindfect in
the stars, apart from WR 6. BAT99 7, WR 7, and WR 23 do not shavabdity of the linear
polarization over two nights.

Key words: stars: Wolf-Rayet — stars: individual: BAT997, WR 6, WR 7, W& WR 23 —
stars: magnetic field — stars: variables: general — teclesicuolarimetric

1 INTRODUCTION 2014).[Maeder & Meynet (2005) examined theeet of magnetic
fields on the transport of angular momentum and chemical mix-
ing, and found that the potential influence on the evolutiomas-
sive stars is drastic. Thus magnetic fields might change twlaev
picture about the evolution from O stars via Wolf-Rayet (WR)
stars to supernovggamma-ray bursts. Hitherto, neglecting mag-
netic fields might be one of the reasons why models and observa
_tions of massive-star populations are still in conflict (Ham et al.
92006). Another potential importance of magnetic fields insma
sive stars concerns the dynamics of the stellar winds. Where
B°R? > Mu.,, it ushers a transition to magnetic control of the wind.
If the field is weaker than this limit, the field lines are cadialong
with the wind of mass-loss rafé and (terminal) velocity.,, and

Magnetic fields are now believed to play an important role in
the evolution of massive stars. A Tayler-Spruit dynamo mech
anism ((Spruit_2002) has been predicted to Ilfgcient in ra-
diative layers of the stellar interior. However, these fiefaer-
haps do not reach the photosphere with a measurable strength
Cantiello et al. [(2009) showed that subsurface convectmmeg
may be present in massive stars. If a dynamo operates in such
zone, a magnetic field could emerge to produce observable phe
nomena such as magnetic spots or hot plasma close to thar stell
surface (e.gl. Waldron & Cassinglli 2007; Ramiaramananés@l.

* Based on observations obtained at the European Southeen@tsy, become more or less radial (€.9. ud-Doula & Owocki 2002).
Paranal, Chile (ESO programme Nos. 086.D-0206(A) and 08281(A)).
+ E-mail: shubrig@aip.de Our long-standing interest is to understand WR stars in all
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their aspects, including their magnetic fields. Classic& ¥fars
are massive stars that have lost their outer layers in aivellat
short time. Thus, if a massive star has an interior dynamaes p
dicted by the Tayler-Spruit mechanism, the magnetizedrfagen
now be displayed in the atmosphere with a field strength ofyman
kG (Mullan & MacDonald 2005) or being even further condensed
by the progressing stellar contraction.

There is indirect evidence, e.g. from spectral variabidibd
X-ray emission, that magnetic fields are present in WR atmo-
spheres (e.d. Michaux etlal. 2014). Also the theoreticalkwair
Gayley & Ignace|(2010) predicts a degree of circular posdian
of a few times 10* for magnetic fields of about 100 G. The de-
tection of magnetic fields is howeverflicult, chiefly because the
line spectrum is formed in the strong stellar wind. This dnes
only imply a dilution of the field at the place of line formatio
The big problem is the wind broadening of the emission lings b
Doppler shifts with wind velocities of a few thousand km.sin
high-resolution spectropolarimetric observations, sbnoad spec-
tral lines extend over adjacent orders, so that it is necgdsa
adopt the order shapes to get the best continuum normalizati
In view of such immense line broadening in WR stars, to sefanch
a weak magnetic field, we decided to use the low-resolutiom VL
instrument FORS 2 (FOcal Reducer low dispersion Spectpbjra
mounted at the 8-m Antu telescope, which appears to be omfe of t
most suitable instruments in the worléering low resolution and
the required spectropolarimetric sensitivity.

Table 1.Overview of the WR stars observed in the first run.

Object Type my Date
BAT997 WN4b 13.6 2010-12-23 and 24
WR6 WN4 6.9 2010-12-24
WR7 WN4 11.7 2010-12-23 and 24
WR 18 WN4 10.6 2010-12-24
WR 23 WC6 9.0 2010-12-23 and 24

by a strong magnetic field, while the rotation itself canrsgitben
the dynamo.

WR 7 does not show such round line profiles, but is one of
the few Wolf-Rayet stars that have been found to be X-ray ac-
tive. The origin of X-rays from single-star winds is stillder de-
bate, and can be attributed either to wind shocks from theadks
owing instability (Gayley & Owocki 199%; Feldmeier et al. 99,
or Corotating Interaction Regions (CIRs) (Mullan _1984), tor
magnetic &ects (e.g. Waldron & Cassinélli 2009; Oskinova et al.
2009). BAT99 7 has not been seen in X-rays yet, but due torge la
distance there is no tight upper limit either.

We note that a detailed quantitative spectral analysis lof al
stars in our sample was already carried out in previousesu@i.g.,
Hamann et al. 2006; Sander etlal. 2012; Shenar et all 2014). An

Our sample of WR stars selected for the search of the presencebinary suspects are excluded from our target selectiondiol @on-

of magnetic fields includes two rather bright WN4 stars, WRé a
WR 18, and the WC6 star WR 23. Since the rotation period of WR 6
(Prot = 3.77 d) was already determined and confirmed in the past
by several teams (e.0.. Lamontagne €t al. 1986), one of als go

to assess the presence of a magnetic field and its potentiadaly
modulation over the rotation cycle, as expected for tiltguble or
split monopole geometries. Further, from our previous cahen-
sive analyses using the Potsdam Wolf-Rayet model atmospher
we have identified a few Wolf-Rayet stars in the Galaxy and the
Large Magellanic Cloud (LMC) that are in an extremely adwahc
stage of their evolution, being very compaBt £~ 2R,) and hot
(Teg > 100kK). Having lost their outer layers, they now expose
their cores and are promising targets to search for the prcesaf

a magnetic field. The sample of Galactic WR stars with suci ver
small stellar radii is very limited (cf. Hamann et al. 2008jmong
them, WR 7 is the best candidate to be observed from the VLT ob-
servatory located on Cerro Paranal.

Additionally, probably for reasons of stellar evolutiontime
lower metallicity environment, the WN population in the LMC
shows a higher fraction of very hot and compact WN stars,(e.g.
Hainich et all 2014). We have chosen the brightest of thes€ LM
objects, BAT99 7, as another target. BAT99 7 has an additjpza
culiarity that makes it an especially promising candidateshow-
ing a strong magnetic field, which concerns the shape ofrits li
profiles. These profile shapes are very round, unlike the $kaus
shape that is usually found in WR-type emission lines. Weshav
found such type of line profiles in only two Galactic WR stédmst,
in five WN stars from the LMC. The reason for this profile shape
is not clear. Model atmospheres are not able to reproduasléss
one assumes broadening by extremely fast rotation. In the ch
BAT99 7, we estimate & sini of 1900 kms? to account for the
profile shape when applying just flux convolution. Given tbhene
pactness of the star, such fast rotation is not impossitielbse
to the breakup limit, making these stars good GRB candidRies
tational broadening may be enhanced by wind corotationreeto

fusion between the magnetic field measurements #iedts from
colliding stellar winds.

In Sectior 2, we give an overview of our spectropolarimetric
observations and the data reduction, followed by the ptetien
of the results of the magnetic field measurements for thevihdi
ual stars in Sectiofl] 3. Sectibh 4 describes our measurenrent e
validation using a synthetic spectrum and Sedfibn 5 is devat
observations of the linear polarization. Finally, we summeathe
results of our observations in Sectldn 6.

2 OBSERVATIONS AND DATA REDUCTION

The spectropolarimetric data presented in this paper wére o
tained with the FORS 2 instrument (Appenzeller et al. 1998)nd)
two different observing runs. FORS 2 is a multi-mode instrument
equipped with polarization analyzing optics, comprisingey-
achromatic half-wave and quarter-wave phase retardezspland
a Wollaston prism with a beam divergence of’ 2@ standard res-
olution mode. The first run took place in visitor mode durihg t
two nights in 2010 December 23 and 24. During this run, the WR
stars BAT99 7, WR 7, and WR 23 were observed twice and the stars
WR 6 and WR 18 once. An overview of the observed targets dur-
ing this visitor run including their types and visual maguiés is
presented in Tabld 1.

An examination of the data obtained during the first run re-
vealed the strongest evidence for the presence of a madimitic
in the cyclically variable star WR 6, for which a photometpieri-
odicity of 3.77 d was detected by Lamontagne et al. (1986)i-Mo
vated by this detection, we applied for a second observingrru
service mode, consisting of twelve randomly distributediviid-
ual observations to sample the stellar rotation period.detection
of rotational modulation of the longitudinal magnetic fielduld
constrain the global field geometry necessary to supporsipaly
modeling of the spectroscopic and light variations. Thecoliag
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Table 2. Logbook of the FORS 2 circular polarization observations of
WR 6, including the modified Julian date of mid-exposurediokd by the
rotation phase, the number of elapsed rotation cycles, hadathieved
signal-to-noise ratio.

Date MJD p Rotation  SNR
cycle

2010 Dec. 24  55555.1577 0.560 -77 1353
2011 Oct. 10  55845.2716  0.596 0 1037
2011 Oct. 11  55846.2584  0.858 0 357
2011 Nov. 14  55880.1638 0.861 9 1139
2011 Dec. 7 55903.3172  0.009 15 1004
2011 Dec. 10  55906.1257 0.754 16 925
2011 Dec. 13 55909.2102 0.573 16 983
2012 Jan. 1 55928.0760 0.583 21 686
2012 Jan. 2 55929.0803 0.849 22 914
2012 Jan. 5 55932.0686 0.643 23 1141
2012 Jan. 6 55933.0511 0.904 23 1004
2012 Jan. 7 55934.0611 0.172 23 1235
2012 Jan. 8 55935.2491  0.487 23 1417

log of the service mode observations is presented in Tdbie-2,
gether with the rotation phases, the elapsed rotation syoid the
signal-to-noise ratio (SNR) in the continuum. The rotataycle
0 was assumed to begin at the start of our monitoring of WR 6 in
service mode, i.e. on 2011 October 10. As the spectra of WR sta
are dominated by wind emission lines, with the strongestsiwn
appearing in the line He 14686, special care was taken not to sat-
urate this line with the achieved SNR of a few thousand peglpix
During both runs, for all targets, linear polarization wasarded
immediately after the observations of circular polariaati

For all spectropolarimetric observations, we used thengris
600B, which has an average spectral dispersion of O/FBél.
The use of the mosaic detector with a pixel size ofifiballowed
us to cover the spectral range from 3250 to 6215 A. Duringthe r
in 2010, due to its faintness, the star BAT99 7 was observéu avi
0.6” slitand a binning of 2 along the wavelength axis, which ressul
in a spectral resolving power of 670. The other stars (WR 6, AVR

A first description of the assessment of the longitudinal mag
netic field measurements using FORS $pectropolarimetric ob-
servations was presented in our previous work (2.9.. Hudiréd.
2004¢&.,b, and references therein). A full description ofcilneently
updated data reduction and analysis will be presented ipaae
paper (Scholler et al., in preparation). THE spectrum is calcu-

lated using:

Vo lf[fo-f¢ fo - fe

T2 {(fo + fe)-45° _(fo + fe)+45°}

where +45° and —45° indicate the position angle of the retarder
waveplate and® and f¢ are the ordinary and extraordinary beams,
respectively. Rectification of thé/l spectra was performed in the
way described by Hubrig etlal. (2014). Null profildsare calcu-
lated as pairwise ierences from all availabl¥ profiles. From
these, 3-outliers are identified and used to clip tgrofiles. This
removes spurious signals, which mostly come from cosmis,ray
and also reduces the noise.

The strategy for detecting magnetic fields in this work is to
look for correlations betweeNR/l and a profile-dependent diag-
nostic that would be expected to yieWl! if magnetic fields are
present. Since the noise in the data precludes testing aujfisp
field model, we note that for a field with consteBy everywhere,
we have the relation (Angel & Landstreet 1970)

@)

V_

_Gared® Ll
T drmec® | d2

Bo) . @

whereV is the Stokes parameter that measures the circular polar-
ization, | is the intensity in the unpolarized spectrugy is the
average ffective Landé factore is the electron chargel is the
wavelengthm is the electron mass,is the speed of light, Idda
is the wavelength derivative of Stokesand(B,) is the mean lon-
gitudinal (line-of-sight) magnetic field.

A field with constan®B, is only schematic; itis not intended as
a quantification of the actual averad#), merely as a way to char-
acterize it via an equivalent constaBg-field that would produce
the correlation in Eq[{2). For a real situation with spdyiatary-
ing B, the explicit averaging that applies¢B,) implied in Eq. [2)
is only quantitatively defined in the case of static atmosghebut

WR 18, and WR 23) are galactic WR stars and were observed with a certainly no correlation is expected betwe¢rand d /dAa in the

0.5” slit (R ~ 1600). Three of these fours stars are of subtype WN4
and are believed to be single stars. WR 23 is of subtype WCB6.

The respective phases for the twelve observations of WR 6 ob-

tained in service mode in 2011-2012 are presented in Talite 2,
cluding the single observation obtained in 2010. For thésewa-
tions, a slit width of 04 was used, resulting in a spectral resolving
power of~ 2000. Unfortunately, the observation of circular polar-
ization on the night 2011 October 11 had a very low SNR andctoul
not be used for the measurements of the magnetic field.

The circular polarization observations were carried oingis
the quarter-wave plate at the positior$5° and+45°, whereby the
sequence-45, +45°, +45°, -45°, -45°, +45°, ... was adopted to
minimize the cross-talkféect and to cancel errors fromfiirent
transmission properties of the two polarised beams. Maedkie
reversal of the quarter wave plate compensates for fixedseimo
the relative wavelength calibrations of the two polarispelcsra.

From the raw FORS2 data, the parallel and perpendicular
beams are extracted using a pipeline written in the MIDASrenv
ment by T. Szeifert, the very first FORS instrument scienfikis
pipeline reduction by default includes background sulbimac A
unique wavelength calibration frame is used for each night.
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absence of a magnetic field. As shown in Gayley & Ighace (2010)
what is diferent for a field entrained in a hypersonic wind is that a
correlation between the wind flow and the magnetic field dioec
induces a corresponding correlation between Doppler aethda
shifts, altering Eq[{[2) in ways that depend on the field mo8lieice
the SNR in our data is not ficient for creating detailed magnetic
field models, our goal is only to characterize the overall mitagle

of the field strength. Hence, it is Sicient for our purposes to use
any expression that gives accurate results for a spatialigtant
B,, thereby achieving only schematic accuracy at a level ajinbyu

a factor 2, when compared to more detailed or physicallygpau
ble magnetic field models that the data simply lacks the pi@ti

to support. The systematic uncertainty introduced by thig@ach
will be explored below, but we stress that the magnetic fieddni-
tudes cited here are all subject to significant systematemain-
ties due to the absence of a detailed magnetic field modelthend
error margins quoted only include the observational uagaties,
not the systematic ones that relate to a rather vague meafithg
average line-of-sight magnetic fie{8,) in a hypersonic wind with

a spatially extended line-forming region and a rapidlyifigimag-
netic field strength. One may thus regard the mean magnéitic fie
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Figure 1. V/I plotted against-4.67 10-1322(1/1)(dl /d2). The solid line
shows the linear fit to the data. The slope of this line traaslalirectly
into the(B;) value. Due to instrumental polarization, the line might got
through the origin. Data of WR 6 from 2010 December 24 for thére
spectrum feft) and excluding the He 14686 line (ight).
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Figure 2. Same as Fid.]l1, but for the night of 2012 January 5.

being measured as having the meaning of a spatially conistant
gitudinal magnetic fielcequivalent using that to constrain actual
magnetic field models requires choosing a magnetic field mode
and is beyond the scope of this investigation.

With this caveat in place, this mean longitudinal magnegldfi
was measured in two ways: using the entire spectrum inajudin
all lines visible in the spectral region covered by FORS 2 (9.
Hamann et al. 2006 for line identification), and using ak&rapart
from the line Hen 14686, which is formed farthest in the stellar
wind. Featureless spectral regions were not included imtbe-
surements.

The mean longitudinal magnetic fiel,) is defined by the
slope of the weighted linear regression line through theswesal
data points, where the weight of each data point is given by th
squared SNR of the Stok¥&sspectrum. The formaldt error of(B,)
is obtained from the standard relations for weighted lirregres-
sion. This error is inversely proportional to the rms SNR tufkés

V. Finally, the factor,/x2. /v is applied to the error determined

from the linear regression, if larger than 1. Furthermore,have
carried out Monte Carlo bootstrapping tests. These are oftesi
applied with the purpose of deriving robust estimates aficzad
errors. In these tests, we generate 250 000 samples fronrithe o
inal data that have the same size as the original data setnahd a
yse the distribution of th€B,) determined from all these newly
generated data sets. The measurement uncertainties exbtaén
fore and after the Monte Carlo bootstrapping tests wereddare
in close agreement, indicating the absence of reductiorsflaa
check the stability of the spectral lines along the full sate of
sub-exposures, we have compared the profiles of severarapec
lines recorded in the parallel beam with the retarder watepht

i v/1)/(b) 7

Figure 3. Using the expression from Gayley & Ignace (2012) for a recom-
bination wind emission line threaded by a split monopole metig field,
dinl/dx(red line) and ¥/1)/ (b) (blue line) are plotted against the normal-
ized wavelengttx. The case shown is for an optically thick line wiph= 6.

+45°. The same was done for spectral lines recorded in the perpen-
dicular beam. The line profiles looked identical within theése. In
Figs[1 an@[R, we show examples for the linear regressioreqfltit

V/1 against-4.67 10°*312(1/1)(dl /d1). The slope of the line fitted

to the data directly translates into the value ¢Bg). Fig.[d shows

the results for the night of 2010 December 24, while Elg. 2xsho
the results for the night of 2012 January 5, both for the ersgrec-
trum and excluding the He 14686 line. The values determined for
the magnetic field can be found in Table 4.

As a circularly polarized standard, we observed on two occa-
sions, on 2010 December 24 and 25, the strongly magnetictafp s
HD 94660. HD 94660 has a longitudinal magnetic field thategri
about a mean value of —2kG with an amplitude of a few hun-
dred Gauss over a period of 2800 d (Bailey et al. 2015). Bota-me
surements show a2.3 kG field, which is fully consistent with the
values for the longitudinal magnetic field at the considengdtion
phases expected from the variation curve defined by Bailay et
(2015).

Noteworthy, we recently presented a detailed comparison
(Fossati et al. 2015) between our measurements and theeimdep
dent measurements of another group that uses reductiomahd a
ysis techniques developed strictly following Bagnulo €{2012).
The comparison showed results that agree well within a Gauss
distribution. While not all 3- detections can be considered as gen-
uine for single observations with FORS 2, they appear to lne ge
uine in a number of studies where the measurements show lsmoot
variations over a rotation period, similar to those found the
magnetic Of?p stars HD 148937 and CPEB’ 2561 (Hubrig et al.
2008/ 2011, 2013, 2015). In these studies, not a single tegbde-
tection reached ac4significance level.

Equation[(2) is usually applied to stars with weak winds and
no rapid rotation. To qualitatively understand the appiaracf this
equation to wind lines in the atmospheres of WR stars, weeptes
in Figs.[3 and ¥ the schematic quality of equatibh (2) in wjnds
following the model presented|in Gayley & Ignace (2012) Hese
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(V/1)/(b)

dinl/dx

Figure 4. Following Fig[3, we present a plot of(1)/ (by againstdIn I /dx
(blue points). The upper right quadrant is for points in the pprofile with
x < —1. The vertical distribution of points located &ln | /dx corresponds
to the flat-top portion of the line shape, fell. < x < 0. The points in the
lower left quadrant are for redshifted wavelengths in the,liwithx > 0.
The dashed green line is the expected relation for a statiosgthere.

figures, x is the line width in units of the radial Doppler shift at
the wind photospherep sets the power law for the radial faffaf

the volume emissivity. We takp = 6 to simulate a majority-ion
density-squared emissivity in the acceleration zone ofralwiith

v « r. The(b) parameter gives the line-of-sight field averaged over
the region in the wind that contributes to the profilexat 1 in the
uniformly expanding wind model with a split monopole fields A
this is the region where much of thesignal originates, it provides

a reasonable meaning for the average detected field. Thefunit

scattering is produced when spherical symmetry is brokeistieg
observations revealed that the linear polarization issquibderate,
but, of course, nothing is known about linear polarizationrhost
of the targets in our sample. We note that the linear polaoizas
of immediate scientific interest itself, as the data can berjmeted
not only with respect to deviations from spherical symmeiuyt
— if variable — also with respect to the temporal evolutiomafd
structures.

The data reduction for observations of linear polarizatias
done with the ESO pipeline (v4.9.18) recipes (fpraoscalib,
fors.pmosscience). For all targets, we calculated the Stokes pa-
rameterdPq = Q/I andPy = U/I as defined in Shurdli (1962).

To calculate the Po and Py parameters, we
used the equations described in the FORS1
User Manual and on the ESO FORS2 web page

(httpy//www.eso.orgsci/facilitieyparanalinstrumentgors/insypola.html):

fe

Po = (7). ~ (7))
Q T 2 W\T0F)pmoe ~ \ 04T )yt
+ 3 (7)o~ (7570), aas )
2 € Ja=90° fo+f€ Jo=135
p fo_fe fo_fe
uo= {( f0+fe)(y 225 (f°+fe)w=67.5°}

fo fe fo_fe
t o3 {( f°+fe)n=1125° h (f°+fe)a=157.5°}
The reduction procedure consists of bias subtraction, @lat-fi
ing, extraction, and wavelength calibration of the spedtte total

linear polarization is determined & = Pé + P and the polar-

ization position angle a& = % arctarfPy /Pg). The associated er-
rors for the determination d?, Py, P. andép are estimated from
error propagation, based on pure photon noise in the raw Tlagy
are usually of the order of 0.02-0.09% g, Py and P, and of
about 0.4-1.3for the determination ofp.

Since FORS 2 is mounted in the UT 1 Cassegrain focus, its
spectropolarimetric calibration is relatively stablestrumental po-
larization measured using unpolarized standard starghismriow,
less than 0.2%. Our observations of the spectropolarimstan-
dard NGC 2024-1 revealed the valuBs = 9.58 + 0.20% and

(b) is the field necessary to produce a Zeeman shift equal to the g, = 13661 + 0.42°, which are in very good agreement with the

Doppler shift of the radial velocity at the wind photosphére.,
the Doppler shift corresponding to= 1).

From Fig[3, we can see that the detailed shap¥/bfis not
closely proportional talnl/da, owing to spatial variations itB,)
in the detailed model used for those plots, but the overajnitade
of the nonzerd//1 is similar, especially for largev/l that would
rise more significantly above the noise. Moreover, thereisea-
son to expect any correlation wheneverWigis purely noise. Still,
one must accept significant systematic uncertainties iguhatita-
tive meaning of an average longitudial magnetic field in theesce
of a specific magnetic field model, so the results quoted arano
tended to be directly compared to mean-field upper limitsized
via other means, at a level better than roughly a factor ofc2. F
this reason, the conclusion by de la Chevrotiére et al. Jp@Hat
the mean longitudinal magnetic field is below about 100G is no
necessarily in conflict with our results, as we see evideficeag-
netic fields at the same level as their upper bound (see distus
in Sect[3).

Linear polarization observations in service mode were ob-
tained for eight angles of the retarder waveplat&’,®225°, 45.0°,
67.5°,900°, 1125°, 1350°, 1575°. During the visitor run in 2010,
only the first four positions of the half-wave plate were used

A net linear polarization from Thomson scattering and line

© 2016 RAS, MNRASD00,[THT4

previous measuremen® = 9.65+0.12% anddp = 13682+ 0.34°
byllgnace et al! (2009).

3 RESULTS OF THE MAGNETIC FIELD
MEASUREMENTS

The results of our magnetic field measurements using FORS 2 po
larimetric spectra obtained in 2010, both for the entirecpen

and for the measurements carried out excluding the stroeggs-
sion line belonging to Ha 14686 are presented in Talple 3, where
we also collect information on the modified Julian date, thERS
and the measurements obtained using the null spectra.

Trying to explain the huge rotational velocity of about
160kms? at the stellar surface of BAT99 7, Shenar et al. (2014)
suggested the existence of a very strong photospheric riagne
field of up to 32kG. The magnetic field of this star was measured
on two consecutive nights in 2010, but no detection at a fagmice
of 30- was achieved in either measurement. The magnetic field, if
present, would likely be variable. The highest value forltmgitu-
dinal magnetic field{B,)_,¢s5 = 327+ 141 G at a significance level
of 2.3, was measured on the first night. On the second night, our
measurements result in the non-detectiBp)_,gg = 24 + 124 G.
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Table 3. Longitudinal magnetic field measurements for the entiretsad(B;),,) and excluding the He 14686 line (B;)_4g5¢) for the WR stars observed in
2010.(N.) values are calculated using the null spectra. All quotedrgre & uncertainties.

Object MJD SNRont  (Bz)gl  (Bz)-s686 (Nz)
[G] [G] [G]

BAT997  55554.1024 1318 3b2 327&141 66:78
BAT997  55555.0710 1131 -64+79 24:124 14265
WR 6 55555.1577 1353 1368 258:78 1150
WR7 55554.2477 1028 -65+46 -60+49 -1+46
WR7 55555.2047 1302 —-49+39 15:42 10£37
WR 18 55555.2900 1385 -86+42 —76+43 -19+47
WR 23 55554.3245 1600 —-35+34 -120+48 2+28
WR 23 55555.3440 994 -87+40 -80+81 65:44

Certainly, future monitoring of the magnetic field in thiarswvill be
worthwhile, to see if there is a field present that is undergonod-
ulation from rapid rotation, or if the observation is simpandom
noise.

For WR 23, we measure on the first nigBt)_s56 = —120+
48 G at a significance level of 2Zi5and on the second night
(B.)_4686 = —80+ 81 G. For the stars WR 18 and WR 7, magnetic
fields are measured at a significance level of abeua@d below.

Among the stars in our sample, only the star WR 6 was re-
ported to show the existence of structures called CIRs, lwhic
are believed to be created by density contrasts owing tccitglo
shear between fast and slow wind streaklines bent by rotéiq.
Cranmer & Owockil 1996). In some studies also magnetic spots
have been invoked as the likely cause of CIRs in hot-star svind
However, previous attempts detected no such fields abowratev
100 G (e.g.. Kholtygin et al. 2011; de la Chevrotiére et QL3).

The magnetic field with the highest significance level in our
study, with(B,)_4es6 = 258 + 78 G, was detected in WR 6 dur-
ing our visitor run in 2010. A first direct search for a magoeti
field via the circular polarization of Zeeman splitting insttstar
was recently carried out by de la Chevrotiére etlal. (2018hqu
the ESPaDONS spectropolarimeter at the Canada-FrancaiHaw
Telescope. No magnetic field was unambiguously detectediby t
team. Assuming that the star is intrinsically magnetic aand loe
described by a split monopole configuration, the authoradcan
upper limit on the order of 100 G for the strength of its magnet
field in the line-forming regions of the stellar wind.

The results of all magnetic field measurements of WR 6 using
FORS 2 polarimetric spectra obtained in visitor and serwicele,
both for the entire spectrum and for the measurements davtie
excluding the very strong emission line belonging to iH&4686
are presented in Tablé 4, where we also give information en th
modified Julian date, the rotation phase, and the measutsmlen
tained using null spectra. The phase of each observatiorotvas
tained from the mid-times of exposure and the ephemerisdiye
Lamontagne et all (1986), based on long-term photometrigi-no
toring (HJD = 244615361 + 3.766E). We note that the zero point
of the phase in our measurements is arbitrary since abouwt@5sy
have passed between Lamontagne et al.’s latest data arddies
sented here for WR 6.

Table 4. Longitudinal magnetic field measurements for the entiretae
((Bz)g)) and excluding the Ha 14686 line (B;)_s¢g¢) for the star WR 6
observed in 2011-2012N;) values are calculated using the null spectra.
All quoted errors ared uncertainties. The observation on the night of 2011
October 11 had very low SNR and could not be used for the meamnt

of the magnetic field.

MJD rotation  rotation (Ball (Bz)_s686 (N,)

phase cycle [G] [G] [G]
55555.1577  0.560 =77 13168 258:78 11450
55845.2716  0.596 0 WH6 86:62 —-20+64
55880.1638 0.861 9 -12+54 -52462 -13+51
55903.3172 0.009 15 -100+52 -126+65 -2+83
55906.1257 0.754 16 3G2 1961 50:58
55909.2102 0.573 16 359 7370 -20+56
55928.0760 0.583 21 646 62:77 3875
55929.0803 0.849 22 368 -16+73 28:61
55932.0686 0.643 23 1#56 11:61 -9+63
55933.0511  0.904 23 #4569 9+68 1766
55934.0611 0.172 23 623 61+44 41463
55935.2491  0.487 23 12806 14490 1344

we present the mean longitudinal magnetic field measuremmesnt
ing the null spectra. As is shown in this figure, no similaiatility
of the measured field values using the null spectra is detester
the rotation period. The distribution of the measured \vahygpears
random and does not show any trend with the rotation phase.

The field is reversing with the negative and positive field ex-
trema appearing at the rotation phases around 0 and 0.%&cresp
tively. Only two measurements, namely those obtained atdtze
tion phases of 0.560 and 0.643, reveal statistically sicanifi val-
ues of the longitudinal magnetic field at a significance le¥&.3r
((Bz)_4686 = 258+ 78G) and 3.& ((Ba = 171+ 56 G). A few
more measurements show a significance level of aboutThe
presence of measurements at lower significance levels ie som
tation phases is expected due to the sinusoidal charadies 6éld
behaviour with reversing polarities.

From the sinusoidal fits to our data, we obtain for the mea-

The measurements phased with this rotation period using the surements using the entire spectrum a mean value for thableri

entire spectrum including all available lines and exclgdime Heu
14686 line, and the best sinusoidal fits calculated for thesa-m
surements, taking into account the already known rotateniog

Pt = 3.766 d, are presented in Fig$. 5 amd 6, respectively. IfFig. 7,

longitudinal magnetic fieldB,) = 44 + 15G and an amplitude of
the field variationAg,, = 69+ 21 G. Using the entire spectrum
without the Hen 14686 line, we obtainB,) = 44 + 17 G and
Ag,»y = 92+ 24 G. For the best fitting models superimposed on
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Figure 5. Phase diagram and its best sinusoidal fit for the mean |adigél
magnetic field measurements of WR 6 using the entire specfbmresid-
uals (observed — calculated) are shown in the lower pan@.deiations
are mostly of the same order as the error bars, and no systetreatds
are obvious, which justifies a single sinusoid as a fit fumctithe sinusoid
can be described by arffeet of (B;) = 44 + 15G and an amplitude of
A(Baz) =69+ 21G.

the data presented in Fidd. 5 dd 6, we calculate a reggiced
0.83 and 0.84, respectively. In contrast, the reducedalues cal-
culated assuming a model in which the longitudinal magrfeid
is constant and equal to 0, is 1.56 for the measurementsdingu
the Hen 4686 line and 1.92 for the measurements excluding the
Hen 4686 line. Noteworthy, we obtajp? = 0.44 for the zero-field
model, if we use théN,) values obtained using the null spectra.
From the observed sinusoidal modulation, we learn that the
magnetic field structure shows two poles and a symmetry axis,
tilted with respect to the rotation axis. The simplest mddekhis
magnetic field geometry is based on the assumption that side st
ied stars are oblique dipole rotators, i.e., their magrféegid can
be approximated by a dipole with the magnetic axis inclireethe
rotation axis. Of course the strong wind would be expecteekto
tensively modify any simple field geometry, but the precisibthe
data is ins#ficient to explore the field in detail.
The angle of obliquity of the magnetic aydss constrained by

_ (B)™" _ cosBcosi - singsini

= (B)™* ~ cosBcosi + singsini’ ®)
so that the obliquity anglg is given by

1-r .
B = arctar{(m) COtI] . (4)

300

200 =

Long. field, Gauss

Residuals, Gauss

1.25

Phase

Figure 6. Phase diagram and its best sinusoidal fit for the mean |adigitu
nal magnetic field measurements of WR 6 excluding tharl1d4686 line.
The residuals (observed — calculated) are shown in the Ipameel. The de-
viations are mostly of the same order as the error bars, argystematic
trends are obvious, which justifies a single sinusoid as aifittfon. The
sinusoid can be described by affiset of(B,) = 44+ 17 G and an amplitude
of A(Baz) =92+240G.
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Rotatidn Phase

Figure 7. Mean longitudinal magnetic field measurements using the nul
spectra. The overplotted sine curve corresponds to thesaithai fit pre-
sented in Figb.

estimate of the stellar radil® = 2.65R,, for WR 6 (Hamann et al.
2006) and the rotation perioB, = 3.766d, we obtainveg =
35.6kms?. Since the limb-darkening is also unknown for WR
stars, we can only assume th&t > 3 (B,)max resulting in a mini-
mum dipole strength 0£300-400 G. We note that earlier marginal

However, because of the dense winds in WR stars, for most of detections in a few WR stars were determined in the framewbrk

them measuring the projected rotation velogityin i is not possi-
ble, i.e. the rotation axis inclinationremains undefined. Using an

© 2016 RAS, MNRASD00,[THT4

a split monopole magnetic field chosen because of its gecdleaic
acter in a dense, radial stellar wind (Gayley & lgnace 200).
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Figure 8. Frequency periodograms (i) for longitudinal magnetic field

measurements using the entire spectrum (upper panel) atitefmeasure-

ments carried out excluding the Hel4486 line (lower panel). The window
function is indicated by the red color.

the other hand, de la Chevratiére et al. (2014) suggeseinwork
that the comparison between theoretical predictions aséroh-
tions should be considered with care.

Phase

lll‘lll‘lll‘ll

0.0

5360 5380 5400 5420 5440 5460
Wavelength fA]

Figure 9. The variability of the Her 15412 line profile over the rotation
cycle. Phased Stokdsprofiles are presented with the continuum level set
to the rotational phase. For better visibility, all profilesve been scaled by
a factor of 0.2.

null hypothesis for the absence of periodicity (Seber 19Thp
resulting F-statistics can be thought of as the total surtudticg
covariances of the ratio of harmonic amplitudes to theindaad
deviations, i.e. an SNR. The highest peak in the periodogram
tained for the measurements using the entire spectrum ésteet

Based on the presented measurements, we suggest a loweat the frequency 0.3Qd corresponding to a period of 3.33d, while

limit for the magnetic field in the line-forming regions oftltellar
wind Bying ~ 300 G. Since dferent emission lines form at fekr-
ent distances from the stellar surface and covferint zones of
the wind, they sample fferent field strengths. Knowing roughly
the width of the lines, combined with the wind velocity-lan- i
dexp, it is possible to approximate the surface field strength, as
suming ¥r? scaling, wherer = r(v). Following the considera-
tions on magnetic and line-emission zone parameters in WAR6 b
de la Chevrotiére et al. (2013), we estimate that the serfatue
of the magnetic field is on the order of a few kiloGauss.
Interestingly, in spite of the rather low number of magnetic
field measurements, the presence of rotation-modulatedhetiag
variability is also indicated in our frequency periodogeapre-

the highest peak at the frequency 0.26b dorresponding to a pe-
riod of 3.77 d is identified in the periodogram obtained fa thea-
surements carried out excluding the 124486 line.

In the course of our study, we noted that variations detdated
emission line profiles probably correlate with the variataf the
magnetic field. As an example, we present in Elg. 9 the vditiabi
of the shape of the He 15412 line profile, which shows some kind
of double-peak structure in the phases close to the magifirtic
extrema, i.e. close to the rotation phases 0 and 0.5. Althaugy
data are rather sparse, it is possible that wind structwiatians
related to the presence of a magnetic field may lead to theadase
changes in the shape of the spectral lines. However, theiufde
recorded in 2010 at the phase 0.560 (i.e. 77 rotation cydémd

sented in Figl18. The periodogram shown in the upper panel was the start of our service observations), which is close tdithe of

obtained for the measurements using the entire spectruite, tivat

in the lower panel was obtained for the measurements caotied
excluding the Har 14486 line. A frequency analysis was performed
using a non-linear least squares fit to the multiple harnsouiiiz-
ing the Levenberg-Marquardt methad (Press et al. |1992) thigh
optional possibility of prewhitening the trial harmonid® detect
the most probable period, we calculated the frequency wpact
and for each trial frequency we performed a statisticald-¢éthe

the maximum of the longitudinal magnetic field, does not stide
structure. Such instable behaviour of the line profiles exgpectra
separated in time by several months or years was previoasly r
ported in the study of Flores etlal. (2011). Extensive setyptital
spectroscopic observations spread over years have beaimaxbt
in the past by several groups, mainly aimed at studies ofelze r
tionship between the level of continuum flux emerging fromitit
ner stellar wind and the spectroscopic changes. Despitepheh
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Figure 10. Distribution of 10 00Q(B;) measurements on simulated data for
WR 6 with input field(B,) = 0 and artificial noise corresponding to a SNR
of 970 per pixel in each channel. The result shows-afiror of 28 G.

dependency of the variations, Morel et al. (1998) found aiper
tent correlation between changes in the wind line profiles ian
the continuum emission forming at the pseudo-photosphmetieei
wind.

4 MEASUREMENT ERROR VALIDATION WITH
SIMULATED DATA

An independent estimate of the error margin of our magnetld fi
measurements using circular polarization measuremenfgR6

can be obtained from the following test based on simulated. da
With the Potsdam Wolf-Rayet (POWR) model atmosphere code
(Grafener et al. 2002; Hamann & Grafener 2003), we catedla
synthetic spectrum that is similar to the observed spectfithis
star, presented in Fig. 15 in the work of Hamann ét al. (2006).

The advantage of using synthetic models is that they are cre-
ated without noise and therefore one can add a predetermined

amount of noise according to the goodness of the data. Atiiest
take a normalized model spectrum and reduce the resolutithret
FORS 2 standard 2.4 A FWHM and also bin the pixel size accord-
ing to the dispersion of 0.75A. Then, we add Gaussian distib
noise with a specified SNR. We selected a SNR similar to the ob-
servation in the night of 2010 December 24. This proceduderis
twice so that one model spectrum with noise can be taken Bt rig
circular polarized and the other as left circular polariZElden the
data are analyzed for their Zeeman shift in the same way ashe
observations.

This has been done with a SNR of 970 and repeated fer
10000 times in order to get a normal distributed value of thié n
field from which it is possible to calculate the standard déwon.
This gives an estimate of the expected error for the measnem
of the longitudinal magnetic field. The distribution of theasured
(B,) values is plotted as a histogram in Fig] 10. They scattematou
zero with a mean deviation of 28 G.

Summarizing, this test was based on the following assump-
tions: (1) the line spectrum is similar to our simulated,malized
spectrum for WR 6; (2) the observed spectra havgh @& 970
per pixel in the ordinary as well as in the extra-ordinaryrofed;

(3) statistical noise is the only source of errors; (4) aleb ex-
perience the same Zeeman splitting. Under these assummptien

© 2016 RAS, MNRASD00,[THT4

value obtained fo¢B,) with FORS2 via our method of analysis has
a theoretical & error of~ 28 G. Note that this error is independent
of the magnetic field strength assumed in modeling the sitedla
StokesV spectrum (heréB,) = 0).

5 LINEAR POLARIZATION

5.1 Linear polarizations of BAT997, WR 7, WR 18, and
WR 23

Apart from the stars WR 6 and WR 18, no linear polarization ob-
servations are reported in the literature for BAT997, WRIT a
WR 23. For WR 18, we found in the article bf Schulte-Ladbeck
(1994) a note that the linear polarization spectrum of ttaisis fea-
tureless. Previous studies of linear polarization of WRdidated
the presence of a “linefiect”, whereby the polarization across
strong lines is generally smaller than in neighboring regiof the
continuum (e.gl, McLean etlal. 1979; Schulte-Ladbeck 1390,
1991; Harries et al. 1999).

In the upper part of Tab[d 5, we present the results of the mea-
surements of linear polarization in the wavelength rangevéen
4000 and 6100 A for BAT997, WR 7, WR 18, and WR 23. For all
these stars, the polarization spectra are featurelesspigvidence
of a line dfect was found. The WR star BAT99 7 is a WN4b type
star in the LMC, characterised by very round line profilesren-
tioned in the Introduction, such line profiles are believet¢ ex-
plained by very rapid rotation that would lead to a deforomif
the star. A large deviation from a spherical shape is exgettte
produce continuum polarization through scatterifiges and only
the line emission would be less scattered as it originatésefiaout
in the wind. Unfortunately, no linefect is detectable in our linear
polarization measurements.

A few years aga, Chené & St-Lolls (2011) undertook a search
for spectral variability in a large sample of WR stars, among
them the stars WR 7, WR 18, and WR 23. While WR 7 and WR 18
showed no detectable spectral variability, the star WR 28 olas-
sified as a star showing small-scale profile variability.

In the observed WR stars, all measured polarization is the su
of interstellar polarization (ISP) and intrinsic polatipa. Usually,
for stars without a line ffect, the polarization properties of nearby
field stars are used to estimate the ISP and its position aimyte
portantly, narrow-band optical surveys of the environreeftWR
stars indicate the presence of nebulae around WR7, WR 18, and
WR 23 [Marston 1997). As an example, we present in [Eif. 11 an
image of the nebula NGC 2359 around the star WR 7, obtained dur
ing the target acquisition with FORS 2. This image was oletchioy
combination of the broad-barigjg, filter with the narrow-band 8
and H filters. An interstellar gas shell was also observed in the
direction of the WR star WR 6, but presently it is not compiete
clear whether there is a physical connection between thgsband
the shell(Nichols & Fesen 1994). Due to the presence of aebul
around our WR targets, we expect that field stars in theiniticdo
not probe the same interstellar material and do not displagame
ISP. Therefore, no attempt has been made to correct theatate f
terstellar polarization and the values presented in TdblnBot be
considered as intrinsic to these stars. On the other haresk IR
stars were observed on twoffdirent nights, so that our analysis
should allow us to detect the presence of variable polaoizahat
is intrinsic to the star. Taking into account the measurdraeou-
racy, no spectropolarimetric variability is detected begwthe two
nights for any star. The star WR 23 shows the largest amount of
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Table 5. Continuum linear polarization measurements.

Object MJD Q ] P 0 Phase
% % [%] [

BAT997  55554.1999 0.520.04 0.780.04 0.940.04 28.161.22
BAT997  55555.1293 0.49.06 0.7%0.06  0.9@:0.06 28.421.92
WR7 55554.2874 1.28.03 -1.76:0.03 2.150.03  -27.53:0.40
WR7 55555.2473 1.20.04 -1.74:0.04 2.1%0.04 -26.93t0.53
WR 18 555655.3267 -0.20:0.03 -1.91+0.03 1.920.03 -47.99:0.45
WR 23 55554.3465 -2.66:0.04 -2.99:+0.04 4.0@:0.04 -65.83:0.29
WR 23 55555.3596 -2.66:0.05 -3.01+0.05 4.020.05 -65.73:0.36
WR 6 55555.1672 0.640.06 0.020.06 0.610.06 0.942.82 0.563
WR6 55845.2830 0.20.05 -0.18:0.05 0.280.05 -19.64:5.04 0.599
WR6 55846.2701 -0.39+0.09 -0.31+0.09 0.5@&0.09 -70.76t5.18 0.861
WR 6 55880.1753 -0.41+0.08 -0.25:t0.08 0.4&0.08 -74.3k4.77 0.864
WR6 55903.3289 -0.28:0.08 0.150.08 0.32-0.08 75.9%7.22 0.012
WR 6 55906.1369 0.08.07 -0.38:0.07 0.3&0.07 —-41.25:5.23 0.758
WR6 55909.2286 0.320.07 0.020.07 0.320.07 1.726.25 0.578
WR 6 55928.0893 0.3%.05 -0.15:0.05 0.3&80.05 -11.6G:3.76 0.587
WR6 55929.1006 -0.40:0.09 0.320.09 0.510.09 70.64£5.03 0.855
WR 6 55932.0836 0.2/0.05 -0.14t0.05 0.3@0.05 -13.7G:4.71 0.647
WR6 55933.0627 0.040.05 0.480.05 0.480.05 42.622.94 0.907
WR 6 55934.07260 0.25).06 0.020.06  0.25-0.06 3.426.83 0.175
WR6 55935.2602 0.280.07 0.150.07 0.320.07 14.096.31 0.491

Table 6. Spectral regions that were used to measure the mean valbe of t
line and continuum polarization.

Line line region continuum region

(Al (Al

Hem 4201 4196 - 4208 4250 - 4270
Hen 4339 4334 -4344 4270 - 4290
Hemn 4542 4537 - 4547 4430 - 4440
Hen 4859 4855 - 4869 5080 - 5120
Hen 5412 5407 - 5421 5560 - 5730

displaying the line ect, it is possible to obtain a good measure of
the interstellar polarization. In order to estimate it, oeeds to de-
termine the polarization of the line and the continuum. lg. B2,
we present as an example linear polarization spectra ncected
for interstellar polarization. The continuum polarizatiof WR 6
was calculated using the vector sum of the Stokes parammters

Figure 11. Combined FORS 2 image of the nebula NGC 2359 around the the entire spectrum, excluding regions containing obviemss-

star WR 7. The detector is an E2V mosaic of two@k CCDs with a field sion lines. The respective wavelength regions used aremies
of view of 6.8x6.8 . The black strip close to the middle of the image is due  in Table[®. This results in a vector pointing from the continu
to a gap between the two chips. polarization to the line polarization and finally to the ditien of

the interstellar polarization (see F[g.]13). Then, we aszlifior
each observation a line that goes through the line polésizathe
polarization of about 4%, while the smallest polarizatiamewmea-  continuum polarization and an initial interstellar pozation (ISP).
sured for BAT99 7. Through a least-squares minimization for each line and &-min
mization ofy ¥? via a downhill simplex technique, a best estimate
for (g, u) could be determined. We obtainggd = 0.56 + 0.08

5.2 Interstellar and intrinsic linear polarization of WR 6 andu = -024 + 0.08, which givesP = 0.61 + 0.08% and
Since all measured polarization is the sum of interstekdanza- ¢ = —-1160 + 3.76". The interstellar polarization is wavelength
tion and intrinsic polarization (whereby the line polatiga is al- ~ dependent and can be modelled by the empirical Serkowski law
ways a fraction of the continuum polarization), to deterenthe (Serkowsk| 1973):

interstellar polarization in WR 6, we followed the proceglute- » { Amax

scribed in the work of Harries etlal. (1999). In the stellaectpa ~ P(1) = Pmaxexp[—kln (T)] ®)
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Figure 12. Linear polarization spectra of WR 6 not corrected for therint
stellar polarization. Each spectrum is shifted in vertiiabction by 2% for
a better visibility.
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where Pmax is the maximum polarization occurring at a wave-
lengthAmaxandk ~ 1.15 is a shape parameter.

The results of the measurements of linear polarization in
the spectra of WR6 are presented in the lower part of Ta-
ble [3, together with the corresponding phases. The linear po
larization of the star WR6 was already presented in numerous
studies (e.g.| Schulte-Ladbeck etal. 1991; Mcleanlet ar919
Robert et al.l 1992; Harries etlal. 1999), and our measurement
show close agreement with previous results: we find thatahge
of the intrinsic continuum polarization is approximatel@-80.6%,
while the position angle of the polarization is stronglyiahte. We
noticed at the rotation phase 0.855 an apparent emissiahings
from the alignment of the continuum to the line polarizatamd
the ISP vector (e.g. Harries etlal. 1999). We also noticetatthe
rotational phase 0.012 the vector from the continuum to it |
polarization significantly diers from all other measurements.

5.3 Modeling a corotating interaction region in WR 6

As mentioned above, WR 6 displays variability that cyclesaqre-
riod of 3.77 d. This period has generally been associateld noit
tation, and the star is believed to host a CIR as suggestedwhy U
optical studies, and X-rays (e.Q., St-Louis €l al. 1995; &/let al.
1997;/lgnace et al. 2013). The stable period of the star el
the presence of a clock in the system. However, the varigbili
can exhibit complex behavior, including rapid phase char{gey.,
Antokhin et all 1994). If the period observed in WR 6 is asstad
with rotation, then the observed variability is tied to agamized
structure threading the wind, such as CIRs. In terms of thiege
the linear polarization observations from this study speeriy 100
cycles, and variability in WR 6 is known to exhibit phase drif
However, much of the data were obtained within two contiguou
cycles. We have attempted a rough fit to this subset of the lin-
early polarized data using a CIR model as described in Igabak
(2015).

lgnace et &l. (2015) presented a kinematic description dRa C
in terms of a spiral arm morphology in shape, and in terms of
a density contrast (either enhancement or deficit) relativehe
otherwise unperturbed spherical wind. This is clearly ssgraim-
plification as compared to more detailed numerical simoifetiof
CIR phenomena from massive star winds (&.9., Cranmer & Oivock
1996; Dessart 2004). Using this approach, lgnacelet al.antpé
optically thin scattering results of Brown & McLean (197@) ix-
isymmetric structures. The spiral morphology is not axisyetric;
however, the structure is conceived in terms of a series fédreli
ential pancake-shaped blobs, each one being slightlyeshifitaz-
imuth from the preceding, so that each segment of the sjgiat-i
isymmetric. Using an equation of motion for the spiral patt@nd
formulating a superposition for the net polarization pmies from
the ensemble of spiral segment pieces, Ignace et al. weeetabl
evaluate a semi-analytic result for the polarization wittational
phase. Moreover, an approach for combining multiple CIRgi-or
nating from arbitrary latitudes was presented.

Here only a heuristic application of the model is appliech® t
dataset. The model allows for a number of free parametetsnbu
the application to WR 6, the star and wind parameters arteties
fixed. The wind is optically thick to electron scatteringdahe Ig-
nace et al. model applies only for thin scattering. For thisasion
a core-halo model is adopted, whereby the polarizationatueted
only where the electron optical depth < 1, assuming that light
from regions withre > 1 will be completely depolarized.

The free parameters that remain in the model include: view-
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Figure 14. The two panels present linear polarizatiGh(upper panel)
andU (lower panel) in percent plotted against rotational phabe. points
present the data while the curves correspond to the modelsefiwing in-
clinations ofi = 150° — 165°.

ing inclinationi (relative to the spin axis of the star), latitutteat
which a CIR originates, opening angeof the CIR structure, the
rotational phasefsetyy between the model and the observations,
an orientation phasg, for how the projected spin axis is projected
on the sky relative to the observational system for evatgefitokes

Q andU, and finally a density contrast factgr Note first that; is
defined so thay = 0 is a spherical wind. Second, the factgrand

The CIR might be disrupted at times, or perhaps an additiwimal
structure can sometimes dominate the polarization.

In the selecting the model curves plotted in Fidurk 14, we firs
tried a single CIR located in the equatorial plane. Varying te-
maining parameters, no satisfactory matches were aché\dbxt
we varied both the latitude of the CIR and the viewing inclina
tion of the star. A suite of model curves for viewing incliiwats of
i = 150 - 165 are displayed in Fid._14, which are seen to broadly
reproduce the pattern for the data (with the exception ofpmist
in Q near phase of 0.9). Relative to inclinations below, 2 incli-
nation exceeding 9Gserves to flip the sense of rotation as projected
onto the sky. For this range a fairly similar set of model esrve-
sulted for CIRs at latitudes of 4@nd 45 as well as 135and 140.
Wheni and¥ are in opposite hemispheres, the spiral does sweep
across the front of the star for the observer’s sightling, W& 6
is known to show regular DAC behavior (€.g. St-Louis et aBH)9
Figurel14 thus shows the models fbe 135 and 140.

This is the first time that a model for polarization from a CIR
has been applied to data. Given that the model adopts a etwe-h
approach, plus the complexity of the wind structure, theraiVe
ability of the model to match the majority of the data suggéisat
a CIR is plausibly the source, or a significant contributortte
variable linear polarimetry of WR 6. It is not our goal to claa fit
of high significance, but simply to test the ability of the rebbr
achieving a rough match to the observed trend with (a) asiGtR
and (b) a limited number of free parameters. Given the sbtipli
nature of the model, it is gratifying to find that a modestlyddit
to the majority of the measures can be achieved.

6 DISCUSSION

In this work, we address Wolf-Rayet type stars, where thermatg
fields are especially hard to detect because of the windderoag

n are somewhat degenerate when the opening angle of the CIR isof their spectral lines. Moreover, all photospheric lines absent

not overly large: both féect the amplitude of the polarization but
not the shape of its variation with rotational phase.

Although the model allows for multiple CIRs, our objective
was to determine whether a reasonable match between tharthta
the model could be achieved with just one CIR structure. Eae r
sults of our trial-and-error fitting are shown in Fig.] 14. Tiweo
panels are foQ (upper panel) antl (lower panel) as percent po-
larization plotted against rotational phase.

and the magnetic field is measured on emission lines form#tkin
strong wind.

Itis the first time that the low dispersion spectrograph FQRS
in spectropolarimetric mode mounted at one of the biggdst te
scopes in the world is used for spectropolarimetry of WRsstar
WR stars descend from initial masses abové/R@nd during their
fast evolution, they already lost a significant mass fractia their
powerful stellar winds. Depending on their exact mass,tiara

Note that formal fits between the data and the model are not magnetism and mass-loss, in a few ¢f) these stars will become

made (i.e., there is ng? evaluation). Also, the three red points in
Fig.[14 were not used in guiding the selection of the modeipar
ters. Of those three points, one is from a much older obdervat
the phase 0.563, and thus from a much earlier epoch thanuke bl
points. The other two points that were not considered argao&
at rotation phase 0.855, where an apparent emission walsingsu
from the alignment of the continuum to the line polarizatom the
ISP vector, and the point at rotation phase 0.012, wheredb®wr
from the continuum to the line polarization significantlyffdred
from all other measurements (see Secll. 5.2). However, he\wes
in Fig.[14, all three points do roughly follow the trend of tihedel
curves.

There is one notable discrepant point in the panelQpto-
cated near phase 0.9 (surrounded by a dotted circle). Nolmiittie
a single arm can simultaneously account for that point alitiy
the other measurements. The discrepant point may suggest mo
arms, or that a CIR (or CIRs) is not the only structure exgstim
the flow. We should expect a stochastic component to thetsteic

either neutron stars or black holes (¢.g. Heger let al.| 2@08pnall
fraction of the WR star progenitors have strong magnetidgiein
the main sequence — the magnetic O-type stars. The obsewed t
poral variations of the longitudinal magnetic fields in thegars are
usually compatible with dipole fields inclined to the rotetiaxis,
implying a simple global structure. Obviously, the stréngf the
average longitudinal magnetic field in WR 6, varying with an-a
plitude of order only 100 G over the rotation cycle, is sigrafitly
lower than the field strength detected in several magnetigp®-
stars. This is perhaps not surprising, given the fact theatrtagnetic
field is diagnosed in the line-forming regions, which fairfiafar
out in a Wolf-Rayet wind, and not at the stellar surface. Grather
hand, a Wolf-Rayet star like WR 6 is significantly contractel-
tive to its O-star progenitor, so the evolution of the fieldvisen
these states requires further investigation. It would bethwvhile
to obtain in the future more dense rotation phase coveragpédgy-
tropolarimetric observations to further strengthen thdewe for
the magnetic nature of this star. We should keep in mind that t

© 2016 RAS, MNRASD00 [THI4
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method we have applied involves substantial systematiertaio-
ties, so only gives a rough result for the field strength whiees
are formed, and that filerent lines form over dierent zones of the
wind, sampling diferent field strengths.

Magnetic fields for the other WR stars in our sample present
at a significance level of about 2rfand below. Since up to how no
long-time spectropolarimetric monitoring was carried foutthem
and we cannot neglect the possibility of unfavorable samgptif
the magnetic field configuration, the non-detection of thgmesic
field does not mean that no magnetic field is present in their at
mospheres. Clearly, attaining higher SNR using FORS 2 itiithe
ture will help to set more stringent limits to their magnéfiield
strengths.

For the first time, we present linear polarization measurgse
for BAT997, WR 7, WR 18, and WR 23. We do not find any ev-
idence of a line ffect in these stars. Previous linear polarization
studies showed that most WR stars exhibit variable contmpa-
larization. However, no spectropolarimetric variabilisydetected
for BAT997, WR 7, and WR 23 over two nights. From the moni-
toring of the linear polarization of WR 6 over the rotatiorcls; we
confirm that the detected continuum polarization and thernx-
tion position angle are not constant with time.
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