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Abstract.

Seventy—eight high-resolution Stokes V', @) and U spectra of the B8 Iae super-
giant Rigel were obtained with the ESPaDOnS instrument at the CFHT, and its
clone NARVAL at the TBL in the context of the Magnetism in Massive Stars
(MiMeS) Large Program, with the aim of scrutinizing this core—collapse super-
nova progenitor for direct evidence of weak and/or complex magnetic fields. In
this paper we describe the reduction and analysis of the data, the constraints ob-
tained on any magnetic field present in the stellar photosphere, and the variability
of photospheric and wind lines.
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1 Introduction

Rigel: a blue supergiant, the closest and most readily studied Type II supernova progenitor, and a
known a Cygni variable. The subject of a global monitoring campaign known as the “Rigel-thon”,
involving long—term spectroscopic monitoring, Microvariability and Oscillations in STars (MOST)
space photometry, and spectropolarimetry.

Like most OB stars, 3 Ori A shows no signs of an easily detected magnetic field, however, its
proximity makes it practical to ask: does the star possess a weak or complex field geometry, which
might reveal itself within a high resolution data set? 78 circular and linear polarisation spectra were
thus obtained in 2009 and 2010, and analysed as part of the MiMeS project.

2 Observations

Over an epoch from 09/2009 to 02/2010, 65 Stokes V (circular polarisation) and 13 Stokes @
and U (linear polarisation) spectra spanning ~ 370—1000nm with a mean resolving power R ~
65000 at 500 nm were taken with the ESPaDOnS spectropolarimeter at the CFHT and its clone,
NARVAL, at the TBL. Integration times were typically of a few—second duration. Acquisition of
the spectropolarimetry and other ground—based campaigns occurred before, during and after the
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Table 1: Rigel at a Glance. Observational and physical parameters of 5 Ori as derived from
previous studies. Angular radius 6p is taken from Aufdenberg et al. (2008); v is from Bates et al.
(1980); M is from Barlow & Cohen (1977), Abbot (1980), and Puls et al. (2008); all other properties
are derived in Przybilla et al. (2006).

spectral class B8TIae
Association OriOB1

v 0.12

My, —7.84

log g 1.75£0.10
Tor 12000 + 200 K
Parallax 4.22 + 0.11 mas
0p 2.76 £0.01
Voo 400—-600 km/s
M 10771076 Mgy /yr
vsing 36 £ 5km/s
distance 240 + 50 pc
radius 70 + 14 R

collection of the MOST data, with the period of densest sampling corresponding to the collection
of MOST data.

3 Magnetic Analysis

Least Squares Deconvolution (LSD) was employed to extract high S/N ratio mean Stokes I, V,
and diagnostic IV profiles from the circular polarisation spectra. The LSD line mask was cleaned to
eliminate the contamination from telluric, emission and Balmer lines, remove weak or apparently
absent lines, while ~ 90 remaining lines were empirically adjusted to reflect actual line depths
(however, see LPV section.) The typical S/N ratio in the Stokes V' mean profiles was ~20000. No
significant circular polarisation was detected in any of the 65 high precision Stokes V' LSD profiles
nor in any of the diagnostic N profiles.

Each LSD profile was then analysed to determine the longitudinal magnetic field B; (Fig.1). No
significant longitudinal field was detected with a median 1o uncertainty in the individual measure-
ments of 13 G. The distribution of B; values inferred from the Stokes V' is statistically identical to
that, inferred from the diagnostic N. The measured longitudinal field was then compared to a grid
of synthetic longitudinal field curves corresponding to the dipole magnetic fields with 0° <7 <90°,
0° <3< 90° and polar field strength By from 0 to ~3kG, where ¢ is the angle of inclination from
the line of sight and [ is the magnetic obliquity. The radius of Rigel was determined from the inter-
ferometric angular radius (Aufdenberg et al., 2008) together with the distance calculated using the
Hipparcos parallax (see Table 1). The inferred vsini (Przybilla et al., 2006) thus allows an upper
bound on the rotational period of ~93d (corresponding to i = 90°), while the calculation of the
breakup velocity (~250km/s) provides a lower limit of ~13d. For (i=90°, =90°) the maximum
dipole field compatible with the data at 30 confidence is By~ 20 G, while By is constrained to be
below ~ 50 G for the intermediate values of ¢ and [ (see Fig.2). Fields at this level, if present at
the surface of Rigel, remain capable of strongly influencing the wind (ud-Doula & Owocki, 2002),
yielding a wind magnetic confinement parameter n* ~2-90, depending on the mass loss M and the
wind terminal velocity vy, values which remain poorly constrained.
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Figure 1: Longitudinal Field Measurements. Longitudinal field as calculated from Stokes V'
profiles as a function of HJD. Grey corresponds to single—observation calculations, with triangles
denoting the NARVAL measurements, and diamonds marking the ESPaDOnS observations. Black
points are calculated from weighted mean Stokes V profiles.
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Figure 2: PDF of y? Landscape. Histogram of the distribution of 3¢ upper limits to the dipolar
field strength for all possible values of [i, ]. The solid line denotes the 1o confidence; the dashed
line, 20 confidence. The 3o line is not shown, and appears at ~ 2800 G.



SEARCHING FOR COMPLEX, WEAK OR TANGLED MAGNETIC FIELDS ... 227

Figure 3: Left: Ha line. Note the HVA appearing at ~ —100km/s at the beginning of the most
densely sampled epoch and evolving over a period of ~ 1 month. The time axis is slightly asyn-
chronous in order to display the data at maximum time-resolution. Right: Sill line at 637.1 nm.
Note the apparent pulsational activity, coincident with the weak HVA.

4 Line Profile Variability

Rigel is a long—known « Cygni variable (Sanford, 1947), with significant line profile variability (LPV)
in Ha as well as various metal lines, which may be associated with any or all of the following factors
(Kaufer et al., 1996b, 1997): mass loss events, photospheric spots, localized magnetic corotating in-
teracting structures, rapid ionisation variations in a critical-state circumstellar environment, and/or
g— or p—mode pulsations. Distinct LPV is seen in Ha as compared to metal lines (Fig. 3): the former
with strong emission, variable over a broad velocity range and seemingly aperiodic (consistent with
earlier spectroscopic monitoring (Kaufer et al., 1996a, 1996b; Israelian et al., 1997); the latter with
a small apparent emission excess, and with variability, suggestive of periodic behaviour. Notable in
the Ha line is a High Velocity Absorption event, albeit much weaker than those found in previous
observations (Kaufer et al., 1997; Morrison et al., 2008). Amongst the most complexly variable metal
lines is the O triplet at 777 nm; when these were removed from the line mask, numerous statistical
"detections’ disappeared.

5 Conclusions, Future Work

No evidence of magnetic field is obtained in 65 high precision Stokes V' observations of Rigel. Signif-
icant variability is observed in numerous spectral lines, with some suggestion of periodicity on the
order of ~1 month in metallic lines. Further modelling of Stokes V' profiles using a disk—integrated
model will be performed in order to obtain quantitative constraints on various potential field topolo-
gies, such as the subsurface metal opacity bump convection zone—driven dynamo—generated field
proposed by Cantiello et al. (2009). In addition, a more detailed analysis of the line profile variabil-
ity may allow characterisation of the circumstellar wind environment, which can then be compared
to the predictions of the magnetically confined wind model (ud-Doula & Owocki, 2002).
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