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ABSTRACT. We introduce a new polarimeter unit, which, mounted at the Cassegrain focus of any telescope
and fiber-connected to a fixed CCD spectrograph, is able to measure all Stokes parameters|, Q, U, and V across
spectral lines of bright stellar targets and other point sources in a quasi-simultaneous manner. Applying standard
reduction techniques for linearly and circularly polarized light, we are able to obtain photon noise-limited line
polarization. We briefly outline the technical design of the polarimeter unit and the linear algebraic Mueller
calculus for obtaining polarization parameters of any point source. In addition, practical limitations of the optical
elements are outlined. We present first results obtained with our spectropolarimeter for four bright, hot-star targets.
We confirm previous results for Ha in the bright Be star v Cas and find linear depolarization features across the
emission-line complex C m/C 1v (5696/5808 A) of the WR + O binary ? Vel. We aso find circular line
polarization in the strongly magnetic Ap star 53 Cam across its Ha absorption line. No obvious line polarization
features are seen across Ha in the variable O star 6* Ori C above the o ~ 0.2% instrumental level.

1. INTRODUCTION

Obtaining polarization spectra of stars is arelatively young
topic. Only a few instruments exist for mid- and large-size
telescopes—needed to detect the generally low polarization
levels. Most popular isthe use of arotatable half-wave retarder
plate along with acrystal polarizer to measurelinearly polarized
light. Examples of where this is done are the Anglo-Australian
(Bailey 1989) and Herschel (Tinbergen & Rutten 1992) tele-
scopes. At Keck the so-called “dual-waveplate” method isused
(see, e.g., Cohen et al. 1996; Goodrich, Cohen, & Putney 1995)
consisting of a quarter-wave and a half-wave plate. Using a
quarter-wave plate (QWP), e.g., at ESO/CASPEC, allows one
to measure circularly polarized light (Mathys & Stenflo 1976).
However, there are only afew instruments able to conveniently
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measure both linearly and circularly polarized light together.
A very recent example is the new spectropolarimeter at the
Bernard Lyot Telescope at Pic Du Midi (Donati et a. 1997).

Some stars are well known to show intrinsic linear (see, e.g.,
St-Louis et a. 1987) as well as circular (see, e.g., Borra &
Landstreet 1980) continuum polarization. The main sources of
intrinsic continuum polarization are electron (Thomson) and
(less important) Rayleigh scattering in stellar atmospheres and
environments, whereas nonrelativistic gyrating electrons in
magnetic fields yield broadband linear and circular polarization
(see, eg., Schmidt 1988). Interstellar grains normally lead to
smoothly wavelength-dependent linear polarization (Ser-
kowski, Mathewson, & Ford 1975), with low-amplitude cir-
cular polarization crossing over at linear peak (Martin & Camp-
bell 1976). Intrinsic line polarization can occur due to the
Zeeman effect (circular and, to alesser extent, linear, depending
on the magnetic field strength and orientation) and asymmetries
between line and continuum sources (linear). For example,
emission linesformed further out in astellar wind are generally
less polarized, leading to linear depolarization across the line
if asymmetries such as wind flattening are present (Schulte-
Ladbeck, Meade, & Hillier 1992).

Spectropolarimetry is relatively rarely used in stellar astron-
omy. In this paper we focus on spectropolarimetry of hot stars
only, for which the main difficulties are the following:

1. The degree of hot-star (from T, = 7500 K for an A9
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Fic. 1.—Simple sketch of the William-Wehlau Spectropolarimeter

star to 50,000 K for an O3 star) polarization is often much less
than 1% in the continuum, 0.1% in lines (excluding Ap stars)
which reguires long exposure times and/or large telescopes.

2. If in astellar atmosphere the source of electron (or Ray-
leigh) scattering shows radial symmetry, most of the polari-
zation cancels out. As aconsequence, deviations from spherical
symmetry or a structured wind are the fundamental conditions
for detection of intrinsic, nonmagnetic linear polarization.

3. A global stellar magnetic dipoleisthefield configuration
with the highest probability of detectionin circular polarization.
Detection of higher order or localized dipole field geometries
is more difficult, requiring high spectral resolution aided by
stellar rotation or wind expansion.

On the other hand, the step from measuring broadband to
measuring narrowband (i.e., spectral) polarization alows one
to better disentangle the global structure of hot star winds and/
or to provide more detailed information about magnetic field
geometries. Furthermore, it is of great interest to measure both
linear and circular polarization at the same (or nearly so) time,
since, e.g., in hot stars, the magnetic configuration producing
circular line polarization is expected to be associated with wind
asymmetries yielding linear polarization. For a more detailed
review about the use of spectropolarimetry in hot starswerefer
to Eversberg (1996).

2. THE POLARIMETER UNIT AND THE MUELLER
CALCULUS

The newly built William-Wehlau Spectropolarimeter is a
combination of a retarder consisting of two rotatable QWPs
and a Wollaston prism as beam-splitter and double-beam po-
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larizer, leading light from stellar point sources via a double
fiber-feed into a fixed CCD dlit spectrograph. The instrument
was developed and built at the University of Western Ontario
in collaboration with Brandon University (Manitoba) and Univ-
ersité de Montréal (Québec). Figure 1 shows the basic design
of the polarimeter unit.

The WW Spectropolarimeter performs polarimetric analysis
of starlight. It is designed to be mounted at the ~f/8 Cassegrain
focus of medium- or large-size telescopes. Incoming starlight
passes through an input aperture (pinhole, normaly with a
diameter D = 200 pm) and is collimated by an f/8 system of
lenses. The collimated light then passes through the analyzing
section of the instrument consisting of two rotatable achromatic
AR coated QWPs (controlled by a persona computer) and a
fixed Wollaston prism as polarizer. The independent rotation
of the QWPs relative to the Wollaston prism determines the
polarization components that are being measured. The Wol-
laston prism separates the components into two linearly po-
larized beams whose polarization orientations are paralel (or-
dinary ray, |,) and perpendicular (extraordinary ray, | ,) to the
fast axis of the prism.

The two beams exit the Wollaston prism separated by an
angle of 0267, with each beam deviating the same amount from
the optical axis. A zoom lens system then focuses the aperture
for each beam to D = 100 um at f/4 onto twin D = 150 um
optical fibers (silica, step-indexed, high OH, polymide buffer),
which are separated by 1 mm. Therefore, light that is aways
~100% polarized parallel to the fast axis is focused onto one
fiber, while light that is always =~100% polarized perpendicular
to the fast axis is focused onto the other fiber. Note that a
deviation between the orientation axes of the Wollaston prism
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and the zero positions of the QWPs is necessary so that this
can occur (see below).

The fibers then feed the light for each beam to the dlit of a
spectrograph, where the =f/4 emerging light from the fibersis
reimaged to /8 at the dlit. The spectra of the light from each
fiber are imaged so that they are paralel and adjacent, with
sufficient space between them on the CCD detector of the
spectrograph. The two components can be combined over an
observing sequence to obtain al four Stokes parameters, which
fully define the polarization of the light. When the light is
dispersed by the spectrograph, the polarization of the starlight
may be calculated as the wavel ength-dependent quantities (),
Q(\), U(N), and V(N) via the Mueller calculus (see below).

For calibration purposes and locating the zero position of
the QWPs? a removable Glan-Taylor prism, which produces
nearly 100% linearly polarized light at all optical wavelengths,
can be inserted in front of the retarders. The fast axes of the
QWPs must first be aligned with the symmetry axis of the
Wollaston prism to obtain simple orientation relations for the
polarimetric output. This can be entirely done automatically
using a computer algorithm or step by step by rotating each
QWP to locate intensity extrema of the 100% polarized beam
exiting the Glan-Taylor prism. The polarization axis of the
Glan-Taylor prism is normally aligned with the axis of the
Wollaston prism. This is necessary to get a smple output for
100% polarized light (maximum in one beam, minimum in the
other). The fiber positions are aligned with the Wollaston axis
by shining light back through the fibers, whose orientation as
well as that of the Wollaston axis is adjusted so that one sees
two colinear pairs of beams arriving at the aperture plane
(viewed by reflection from behind). The two inner beams of
each pair must superimpose onto the aperture for correct
alignment.

Following the Mueller calculus and the rules for matrix a-
gebra, we can calculate the four Stokes parameters for this
arrangement with retardance 7 (ideally 90°) for both QWPs.
With A the input Stokes vector (I, Q, U, V) and A’ the output
Stokes vector (I’, Q', U’, V') after passing the retarder plates
with matrices R, and R,, and the polarizer with matrix P, we
have (writing A and A’ in vertical form)

A =PxR,xR,xA. (1)

Note that we can only actually measure intensities I’ of the
output beams. The general forms of R, , and P (assumed to be

8 According to the manufacturer’s specifications, the currently installed ach-
romatic QWPs have ideal retardances (r = 90°) at two wavelengths only,
\ = 4300 and 6000 A. Between, and out to several 100 A beyond these values,
the retardance varies in a simple but nonlinear fashion between 85° and 95°.

well aligned in the beam) are given by Serkowski (1962):

R = [X; X; X5 X4, 2

where

[cNeNeN o

cos? 2¢+ sin 2y cos
(1 — cos7)cos2y sin2y '
sn2ysinr

X. = ((1 COST) c032¢sn2¢

sin? 2y + cos? 2y cos T ’
—cos2y sint

- sm2¢ snr
Cos 2y sinr ’
CosT

X, =

and

1 COoS 2¢ Sin 2¢ 0
p_ 1f cos2p cos’2p cos2psin2e O 3
2\ sin2¢ cos2¢psin2e sin? 2¢ 0 '

0 0 0 0

where y is the rotation angle of the retardation plate axis with
respect to the polarizer axis measured counterclockwise as seen
looking toward the sky, and ¢ is the transmission angle of the
polarizer (¢ = 0° for ||, ¢ = 90° for L).

Following these expressions for different angular positions
of the QWPs and adopting 7 = 90° for both plates, we get a
number of resulting eguations for the final, observed Stokes
parameters, of which the intensity |’ (after allowance for var-
ious gain factors) containsall the information we need to derive
I, Q, U, and V of the original beam A. If weindicate theintensity
in either of the detected output beams 1, ,, , 1y, 4,1, With re-
spect to the angular values of the two retarders, and orientation
of the beams from the polarizer (|| or L), in this order, F isa
time-dependent varying function, which is the same for each
beam, here F,_ . (e.g., atmospheric seeing, transparency), and
G isthe time-independent gain factor for each beam (e.g., fiber
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transmission, pixel sensitivity), we obtain, for example:®

5oy = (I + QFyeGy, (4a)
1601 = 3(1 = QFo0Gi, (4b)
lisas) = 2(I = QFis5Gy, (4c)
lisas1 = 3(1 + QFusasCu, (4d)
1645 = 3(1 + U)FousGy, (4e)
16451 = 3(1 = U)FousGi, (4f)
16.-as) = 2(1 = U)Fs 4G, (49)
16451 = 2(I + U)F 4G, (4h)
" as0y = 3(1 + V)F 450G, (40)
501 = 2(1 = V)F.4s0G1, (4)
lisoy = 3(1 = V)FiseGy, (4k)
lisor = (I + V)Fys0Ge. (4))

With these equations we easily obtain the intensity-normalized
Stokes parameters g, u, and v:

_Q_R—1
1=7-"R 11 (5a)
_YU_R-1
T TR AL (5b)
_V_R-1
ETTRTL (50)
with
RQ — I(’j,O,H Il’ll5,45,J., (63.)
|o,0,1_|45,45,|\
Ru _ /Ié,45,| IC,>;—45,J_, (Gb)
|0,45,J_|D,—45,\|

Il450 Il

— —450,°450,L

R, = \/I’ T (6¢c)
—45,0,11450,

9 Intermediate QWP positions are also usable, in principle, though requiring
more complicated calculations.
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Note that these double ratios' are impervious to both time-
dependent variations and time-independent gain factors (no flat-
fielding necessary), as long as the two beams are measured
simultaneously on the same part of the detector each time. This
is normally the case. They should therefore be purely photon-
noise limited. The intensity I, within a constant factor (which
will vary smoothly with wavelength, as for any spectrograph),
is easy to get from a simple addition of both beams on a given
image, after appropriate determination of the gain factors by
flat-fielding. Since q, u, and v are independent of these gain
factors, it is clear that one can obtain much higher precision
for them compared to I. Also note that any of the angles  of
the N4 plates can be replaced by ¢ + 180° with identical re-
sults, providing the surfaces of the plates are not inclined to
the optical axis (Serkowski 1974). This is shown in two-di-
mensional mode in Table 1 for the two QWP position angles
¥, and , and the corresponding output I;/1;.

If 7 deviates from 90°, the matrix R introduces cross-talk in
the output Stokes parameters. In our case, measured values for
the output I}/1] using the Glan-Taylor prism deviate slightly
from expected values. This is shown in Table 2, where each
matrix element consists of the theoretically expected value
above the measured output value I/l in parentheses.

While modern achromatic polarizing elements (e.g., Glan-
Taylor prisms, Wollaston prisms) can be manufactured to very
high tolerances, the same cannot be claimed for retarders, even
if “superachromatic” (V. Vats 1997, private communication).
In an attempt to calculate the real retardance for each QWP at
a fixed wavelength, we start with

A =PXRXA. )

Using the Mueller matrices P and R, we have for the ordinary
beam

F,G .
I = "—ZU[I + Q(cos? 2y + Sin? 2y cos 7)

+U(@Q —cos7)cos2y sn2y —Vsin2ysing], (8a)

and for the extraordinary beam

F,G .
|| = “Tl[l — Q(cos? 2y + sin? 2y cos 7)

—U(l—cos7t)cos2ysin2y +Vsin2ysint]. (8b)

With 100% polarized light in Q (i.e., with the aligned Glan-

0 This is referred to as self-calibration by Miller et al. (1988).
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TABLE 1
OUTPUT MATRIX FOR THE RATIO [}/ AND DIFFERENT QWP POSITIONS
12

v, —-90° —45° o° 45° aQ0° 135° 180° 225°

1+Q 1+v 1+Q 1=v 1+Q 1+Vv 1+Q 1=V

—-180° ...... 1-Q -V 1-Q 1+V 1-Q Y -Q 1+V
V) 1+Q 1+U 1=-Q 1-uU 1+Q 1+U 1-Q

—-135° ...... 1+U 1-Q 1-U 1+Q 1+U 1-Q I-uU 1+Q
1+Q 1+V 1+Q 1-V 1+Q 1+V 1+Q 1-V

—-90° ....... 1-Q -V 1-Q 1+V 1-Q -V I-Q 1+V
1+U 1-Q 1-u 1+Q 1+U 1-Q 1-U 1+Q

—45° ... I-U 1+Q 1+U -Q 1-U 1+Q I+U 1-Q
1+Q 1+Vv 1+Q 1=V 1+Q 1+Vv 1+Q 1=V

0° . 1-Q -V 1-Q 1+V 1-Q -V -Q 1+V
1=u 1+Q 1+U 1-Q 1= 1+Q 1+U 1-Q

45° . 1+U -Q -U +Q 1+U -Q -u +Q
1+Q 14V 1+Q 1=V 1+Q 1+V 1+Q 1=V

90° ......... 1-Q -V 1-Q 1+V 1-Q -V -Q 1+V
1+U 1-Q 1-u 1+Q 1+U 1-Q -u 1+Q

135° ........ 1-U 1+Q 1+U -Q 1-u 1+Q I+U -Q

NortEs. —Output matrix for the ratio I}/I', and different QWP positions according to egs. (4a)—(4l), generalized to include all
useful angles that measure one Stokes polarization parameter at a time, but neglecting G,/G,. The QWP angles refer to ideal
values ¥, not v, see text. Values of ¥ do not run from 0° to 360° for each plate, due to limitations in rotation of the QWPs

in the WW spectropolarimeter (cf. Table 2).
Taylor prism) we have U = V = 0 and Q = |, and we get

However, || and I; deviate dightly from the expected ideal
output functions at certain angular positions. In detail within

/= FGl (1+ COS? 2y + Sir? 24 cos 1) (%) the (,:onstants (_3” and Gf’ | + 1] isconserved, _vvherea_s maxima
2 of 1} and minima of I, appear to follow a simple sine wave
with rotation angle. This behavior must obviously be caused
and by small deviations of 7 from 90° for both QWPs. By using
H =F‘”TGLI(1—00522¢—Sin22¢COST). (9b) COST = C, + C, SNy + C5 COSY, (11)
e . ) we fitted equations (9a) and (9b) via x? minimization, leadin
For 7 = 90", we have the idedl case: to (F¢G”Ie;12, F‘,GLI/(Z)): (535)3,)4559), ¢, = 0.050, ¢, = "
FG. I 0.049, and c¢,=-0001 for QWP 1 and
| = ”T” (1 + cos® 2y) (10a) (F,G,1/2, F,G,1/2) = (5330, 4700), c, = 0.160, c, = 0.017,
and c, = 0.002 for QWP 2. The fit also yielded a slight shift
and of the extrema from their theoretically expected positions, lead-
ing to corrections y = 0.994y,,, — 10°12 for QWP1 and y =
FEG I 0.999¢,,,. — 13?87 for QWP2. The deviation from unity of the
l| = ¢7l sin? 2y. (10Db)
TABLE 2
EXAMPLE OUTPUT MATRIX
2

¥, -90° —45° 0g 45° 9Q0° 135° 180° 205°

o G o @ & b G o

—-135° ...... @ (17%‘2) (1732) @ @ @ @ @

Dl @ @ om o® @ Gy @ 0m

—45° ... (1.56) (o.gog) (0.55) (2§2) (1£3) (0.227) (liG) (1§5)

0 U R . . . . .

45° .. (o.mTA) (Tlm) (1732) (oxizz) (ong) (2?3) @ @

90° ......... (973) @ @ (o.ozz) @ (1.736) @ (o.xTz)

135° ... @20 (0.021) (081 (667) 152 (0.046) @19 (101)

Nortes. —Example output matrix with the Glan-Taylor prisminserted (Q = I, U = V = 0) for theratio I{/I', and different QWP
positions in a narrow band centered near Hoe. Each matrix element consists of the theoretical output (with G/G, = 1) and the
measured value in parentheses. Angles have been corrected to coincide with appropriate extrema (¢, not ¥, see Fig. 2).
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Fic. 2—Output of the two beams with the Glan-Taylor prism, QWP 1 (left) and QWP 2 (right) and the Wollaston prism, in a narrow band centered near Ho.
(Top panel) Open and filled circles, respectively, represent the measured average intensity in the ordinary beam (I) and extraordinary beam (I', ). Curves represent
the fits using egs. (9a), (9b), and (11) after allowing for a shift in angle to match best our data points. (Bottom panel) Top: residuals from a x* minimum fit for
7 = congtant, as indicated for both QWPs. bottom: residuals from a x*> minimum fit using eq. (11). Values obtained for c,, c,, and c, are indicated.

slopes is likely a consequence of imperfections in the stepping
motors.

To illustrate this for the WW polarimeter, we show in Figure
2 for each QWP separately, combined with the aligned Glan-
Taylor and Wollaston prisms, how the outputs || and I, vary
compared with predictions.

We discovered the reason for this behavior by sending a
laser beam through each QWP independently. In transmission,
the outcoming beams were geometrically highly stable while
rotating the plates, whereas in reflection both plates showed
one or two beams that rotated in elliptical patterns around a
geometrically stable central beam.

The variation of the effective retardation of the QWPs with
rotation angle arises because of the varying angle of inclination
that the collimated beam has with the QWP (or one of its
individual layers) as the QWP is rotated. If the QWP were
mounted in its cell so that the surfaces were not normal to the
axis of the cell and the cell axis were properly aligned with
the optical axis of the collimated beam, then that one misa
lignment by itself would produce no change in inclination as
the cell is rotated. If the cell were rotated about an axis that
is misaligned with the optical axis but the QWP were properly
mounted normal to the axis of the cell then again there would
be no variation in the inclination angle with rotation as a result
of that misalignment aone. However, if both misalignments
are present, i.e., the orientation of the QWP in its cell is not
normal to the axis of rotation and the axis of rotation is not
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aligned with the optical axis, then we have an oblique rotator.
As the cell is rotated, the angle of inclination will nod with
respect to the optical axis and the effective retardation will
vary. If the misalignments are only a few minutes of arc, then
the variation will be small, of course. In our case we found
that the front surface of each multielement QWP was normal
to the rotation axis of the cell but that the air gap between
some of the additional components was a wedge so that some
parts of the QWP participated in the oblique rotator behavior.
This varying inclination introduces small angle-dependent de-
viations from the mean retardance (see egs. [8.3.2] and [8.3.3]
in Serkowski 1974). A sine-wave behavior for 7 (or cosr for
7 moderately close to 90°) is thus quite reasonable, as found
above.

The solution to this problem issimple. Either be more careful
that there is no misalignment of any of the components of the
QWPs in their cells or be careful that the rotation axis is quite
precisely aligned with the optical axis. Either will suffice but
obvioudly if both are accomplished the effect we have seen
will be removed. It is important to note that we chose to use
QWPs with an air gap so that even with variation in the angle
of the surfaces of the components to the incident angle of the
transmitted beam in a collimated beam situation, there would
be absolutely no movement of the image formed by the camera
optics. A QWP that is inclined to the collimated beam would
produce a displacement of the collimated beam but no deviation
in direction. That is aconsequence of the fact that a QWP must
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have, by itsvery nature, surfacesthat are parallel to one another
to a very high degree of precision.

It is not obvious that superachromatic retarders (although
giving better tolerances on 7 close to 90°, compared to the
achromats here) would behave much better (Donati et al. 1997),
since they are even more complex, requiring more dielectric
layers (V. Vats 1997, private communication).

We also obtained a number of exposures of bright stars with
the Glan-Taylor prism to measure the overall efficiency and
possible cross-talk between different Stokes parameters at dif-
ferent wavelengths. As seen in Figure 3, cross-talk between
different polarization parameters shows wavy structures as a
function of wavelength, with an amplitude that never exceeds
4%. Some of the nonzero offset in u might be due to a slight
misalignment in the rotation of the Glan-Taylor prism. We can,
however, exclude this as the reason for the imperfect behavior
of retardance 7 with angle and wavelength. We find similar
behavior also in our UTSO data in the blue.

The bottom line here is that we can probably eliminate these
deviations by applying first-order corrections and/or using bet-
ter QWPs. For our described observations with imperfect
QWPswe minimize theimpact on deviationsin thefinal Stokes
values by choosing ranges of rotation for the QWPs, where the
two required ratio peaks are more nearly the same and overall
deviations from 7 = 90° are smallest.

3. OBSERVATIONS

In order to test the WW polarimeter on the sky, we have
observed a number of different hot star prototypes to cover
various spectropolarimetric outputs. Theseinclude the brightest
Be star visible in the sky y Cas (BO 1Ve), the young variable
Orion Trapezium star §* Ori C (O7 V) and the strongly mag-
netized Ap star 53 Cam (A2p). These were observed during
two runs at the 1.6 m telescope of the Observatoire du mont
Mégantic (OMM) in 1997 September and December using the
William-Wehlau Spectropolarimeter at the Cassegrain focus.
With the 600 I/mm grating of the fiber-fed spectrograph we
obtained a net (FWHM) resolution of 1.9 A in the wavelength
range 5800-7100 A, to cover mainly Ha, He1 A5876, and He
1 N\6678.

We have also observed the 78 day WR + O binary v* Vel
(WC8 + 09 1) during afive week run in 1997 February/March
at the University of Toronto Southern Observatory (UTSO) at
Las Campanas, Chile. We obtained spectra during 21 nights
within A¢ ~ £0.2 of periastron passage. Using the Garrison
spectrograph the 3 pixel spectral resolution was about 6 Ain
the effective wavelength region 5200-6000 A covering mainly
the He i1 A5411, C m1 A\5696, C 1v A\5802/12, and He 1 A\5876
emission lines.

The very first step for each night was the calibration of the
QWP positions. For this we sent an artificia light source
through the system including the Glan-Taylor prism. With
100% input polarized light, we located where the intensities

g\\\\h\

o B N e PO W S NN

[ | I 1 T |
0200 5400 5600 5800 6000 6200

wavelenglh (R)

Fic. 3.—Stokes g, u, and v for Sirius (« CMa) observed with the Glan-
Taylor prism at UTSO. Average values in the wavelength range 52006200
A are indicated. Note that v should be zero for a perfect instrument.

I; and I reached extreme values. Actually, our computer pro-
gram is able to find these extrema by itself. However, we found
a small but significant inconsistency in the computer output
positions, probably introduced by the chromatic- and angle-
dependent nature of the quarter-wave plates.

For each program star we obtained a number of exposure
sequences, each containing two, four, or six spectral images at
different QWP positions to measure (1) v(A), (2) g(A\) and u(®),
or (3) g(N), u(™), v(N), respectively, asindicated above (cf. egs.
[4a]{6c]). One sequence was obtained with the Glan-Taylor
prism when necessary, to correct for possible cross-talk be-
tween different Stokes parameters and to evaluate the overall
efficiency of detecting polarization. Complete sequences for
nonpolarized standard stars (e.g., 8 Cas aa OMM and o CMa
at UTSO) were also observed. Polarized standards are generally
too faint to be observed for our purpose, compounded with a
problem of reliably measuring continuum polarization (see
below).

A number of flat-field images, wavelength comparison spec-
tra, and bias images were obtained at the beginning and end
of each night. The procedures for flat-fielding and wavelength
calibration were different at each telescope:

At UTSO we used an internal Tungsten lamp in the optical
feeding box between the polarimeter and the telescope for flat-
fielding. A Fe-Ne lamp in the same feeding box was used for
wavelength calibration.

At OMM we used the auto-guider of the telescope. For this
reason we could not use the feeding optics and obtained dome
flats in the usual manner. For wavelength calibration we used
a Cu-Ar lamp in the spectrograph.

As one can seeg, light from the comparison lamp at UTSO
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passes through the whole instrument, whereas at OMM the
comparison light originated in the spectrograph. Despite these
different configurations, we found no significant differences
between these techniques.

4. DATA REDUCTION

As one can see from the final equations, a full observing
sequence for all four Stokes parameters consists of six expo-
sures at different QWP positions. Each exposure results in a
two-dimensional CCD image with two spectra, one for the
ordinary beam and one for the extraordinary beam.

After bias subtraction, the possibility of blending between
the two beams (see Harries 1995 in the case of an echelle
spectrograph, where free space between adjacent ordersislim-
ited) was considered. Because of ample separation between the
two fibers, both where they receive and deliver the light beams,
blending is negligible in our case. In addition we checked for
any shift of the spectral pair from one image to another on the
CCD chip. This is necessary to avoid division by different
pixels, and hence different sensitivities on the chip, within the
same observing sequence. For this reason we cross-correl ated
the first image in a given fixed wavelength range with all other
images in a direction perpendicular to the dispersion. The shift
was always found to be negligibly small.

The next step was to check for deviations from ideal geo-
metrical orientation of the spectra on the CCD chip, in order
to avoid problems in tracing the apertures when collapsing the
spectra (see Donati et a. 1997). The angle between the dis-
persion direction and the CCD axis was small: 1°0 at UTSO
and 0214 at OMM. With such small angles, we do not have to
worry about significant spectral smearing during the extraction.

The reduction procedure was carried out with IRAF and its
standard tools. One problem was the strong asymmetric shape
and its dlight variation with wavelength of one of the spectrum
pairs perpendicular to the dispersion in the UTSO data. The
IRAF/APSUM task traces the line peak and averages flux per-
pendicular to the dispersion direction, so that one might expect
glitches in tracing the aperture as the peak shifts along the
spectrum. After trying different techniques for the two 10 pixel
wide spectra separated center-to-center by about 30 pixels, we
decided to choose broad, 30 pixel windows and use the first
nightly spectrum as atemplate for all other spectrain the same
night in the same wavelength range, in order to guarantee di-
vision aways by the same pixels according to equations
(6a)—(6¢). Note that we have ratioed the two spectra to obtain
g(M), u(\), andw(\) after collapsing to one dimension, rather
than in the two-dimensional domain. This is quite acceptable
(and simplifies the extraction technique), as pointed out below
in the context of obtaining I(A). The above procedure was also
used for our OMM data, with a window width for collapsing
of 30 pixels. We note that tracing the apertures was not a
problem here because of symmetric shapes of our two spectra
perpendicular to the dispersion.
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Cosmic-ray (CR) rejection was done iteratively. At first CRs
were identified by eye on the original image and rejected by
replacing their intensities by the mean of neighboring unaf-
fected pixels. After collapsing the spectra, any residual spikes
in the one-dimensional spectra were deleted by using again the
mean of neighboring unaffected pixels after reidentifying them
in the two-dimensional input images as cosmic rays. Ratioing
the spectra as necessary to obtain g, u, andv has the advantage
that cosmic rays, found usually only in one aperture at atime,
appear as even stronger, easy to identify spikes relative to the
normally uncomplicated g, u, v spectra, after double-ratioing.

We also subtracted the image background, consisting mostly
of dark current, which was extremely small compared to the
stellar source. For this, we used a median grid of 5 pixelsin
windows of 10 pixel width centered at 25 pixels on either side
of each beam and a background fit in the dispersion direction
of third order. The background level increases linearly with
exposure time. This also applies to the OMM data, but with a
background window of 30 pixel width.

As a fina test we extracted the spectra by using simple
averages of image windows independent of IRAF/APSUM. We
calculated a 20 pixel wide average on the spectraand subtracted
10 pixel wide background averages on both sides of each beam.
There is no significant difference between this and the IRAF
result. For this reason we took the easy route by extracting all
the spectra in one step within IRAFE

Because 1(A\) cannot be obtained from double ratios as can
g, u, and v, but must be obtained from simple additions of two
spectra in one image, we are obliged to reduce pixel-to-pixel
variations 1'(\) by flat-fielding. This reduction step was done
after collapsing the flats to one-dimensional spectra using the
same nightly template as for starlight. Thisis possible because
the two beams always have the same relative pixel-to-pixel
illumination, even always the same ~100% linear polarization
input into each of the ordinary and extraordinary beam fibers.
The only thing that varies at a given wavelength is the relative
intensity of each beam, regardless of the spectral and polari-
metric details of the stellar source.

The wavelength calibration was carried out for each beam
separately using the same nightly stellar extraction template.
This was done before double-ratioing the spectra to avoid any
shift in wavelength space (e.g., due to the dispersion direction
being inclined to the CCD axis) between the two spectra. For
best results we determined individual residuals of each arc with
respect to its rest wavelength and eliminated strong deviators.
A fifth-order Legendre polynomial fit related pixel positionsto
wavelength. The wavelength drift between comparison spectra
taken at the beginning and the end of the night was found to
be negligibly small. Thisis not surprising, in view of the stable
configuration with the fiber-fed spectrograph fixed in the dome.

After computing all Stokes parameters for 4 Vel we found
that the continuum polarization varies from one polarization
sequence to the next. Further examination revealed that this
occurs for all observed stars and thus must be instrumental in
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sequences of y Cas during one night a8 OMM (auto-guided).

origin. The continuum polarization varies in such a way that
strong stochastic deviations from the mean arise, combined
with varying gradients 6g/6\, Su/6\ and dv/6\. Two examples
for consecutive sequences of Stokes g, u, and v obtained at
UTSO and OMM are given in Figure 4.

A typical stochastic rms scatter of ~1% broadband contin-
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Fic. 5.—Three consecutive observing sequences of Stokes g, u, and v for
dome flats at OMM. Average values for g, u, and v in the wavelength range
6050-6850 A are indicated. The nonzero means in g and u are likely due to
a small level of linear polarization in the dome flat light.

uum polarization isfound in g, u, and v at both telescopes. The
most likely explanations for this are due to (1) small variations
in overall illumination of the two fibers, whose spatial surface
sensitivities are never perfectly uniform, and (2) possible me-
tallic aperture edge effects, both caused ultimately by seeing/
guiding fluctuations. The first effect dominates in our data,
sinceit appearsequaly in g, u, andv, whereas the second effect
is only expected in g and u. These two effects introduce time
dependences in the gain factors, G (see egs. [4a]{4l] above)
that are different for the two beams. These effects also appear
to be worse at blue wavelengths. We believe this is due to
wavelength-dependent sensitivity at the fiber-face, which de-
grades gradually toward shorter wavelengths, asiswell known
for fiber transmission. Note that at OMM we used the auto-
guider, whereas at UTSO guiding was done by eye, leading to
somewhat better results at OMM. We find support for the as-
sumed instrumental origin of this scatter by obtaining al Stokes
parameters for dome flats, which illuminate the fibers more
uniformly and invariably with time. As one can see in Figure
5, the broadband output is stable within ~0.04%, i.e., the Pois-
son noise level.

Donati et al. (1997) have had the same experience with their
twin fiber-fed spectropolarimeter. This appears to be a general
limitation of such double-fiber configurations. In our polar-
imeter the pinhol e-apertureisimaged onto thefibers. A possible
(but difficult) way to avoid variationsin broadband polarization
could be via imaging of a pupil instead of the star onto the
fibers, using Fabry lenses, and viause of anonmetallic aperture.

Asastarting point to circumvent the problem of instrumental
variations in continuum polarization, we applied a weighted
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linear fit to all UTSO qg(A), u(\), v(N\) spectra, yielding a slope
and zero point, neglecting interstellar polarization. (For the
OMM data we used a parabolic fit.) Along with other obser-
vations, the datain Figure 4 give the impression that the curves
tend to converge to the red. In fact, we found a fairly clear
correlation between the slopes and their corresponding zero
points. However, when applied to the data, the noise of this
correlation would introduce continuum variations of up to 2%,
which is not acceptable. Thus, we cannot estimate the exact
continuum polarization. For this reason we simply subtracted
a fit to the origina individual Stokes g, u, and v spectra in
each sequence and thus neglected broadband pol arization, when
combining sequences to get mean g(\), u(A), and v(\) spectra.
This procedure allows us to obtain reliable, empirical estimates
of the scatter in polarization as a function of wavelength. On
the other hand, small-scale relative variations of polarization
with wavelength (i.e., line polarization), the main goal of this
instrument, are impervious to this broadband effect.

After combining to average g, u, and v spectra for various
stars of the whole UTSO run, we found Mexican-hat features
at atomic line positions in all observed absorption linesin all
Stokes spectra. The amplitude wastypically ~0.1% polarization
for narrow absorption lines of depth ~0.9 continuum. This is
small but quite significant and difficult to see even in nightly
mean spectra. Apparently, the beam that contains enhanced
intensity 1 +Q, I +U, | +V)—even for q = u = v =
0—broadens the stellar spectrum, regardless of whether in the
ordinary beam or in the extraordinary beam. This induces ar-
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tificial features in Stokes g, u, and v at wavelengths where the
intensity spectra have strong gradients 61/6\. The origin of this
behavior is completely unknown. It is not intrinsic to the stars,
since it occursin al lines the same way in q, u, v. If it were
due to the spectrograph, it should have cancelled out in the
double ratio in equations (6a)—(6c), which is not the case. We
first presumed that one or both of the QWPs introduce this
phenomenon. However, these features do not appear in our
OMM data and it is more likely that our setup at UTSO in-
troduced this behavior in a way that lacks an obvious
explanation.

In an attempt to eliminate this effect in the UTSO data, we
convolved the mean intensity spectrum |, with a Gaussian G,
containing ¢ as a free parameter. From this we obtained a
modified spectrum S;:

S = h . (12)

This function gives the form of a Mexican hat for narrow lines
and resembles the observed spurious line polarization very
well. We obtained a best fit with ¢ = 0.37 pixel (~0.68 A) for
al stars. Examples of this procedure are given in Figure 6.
After subtraction of S from individual nightly mean Stokes
spectra at UTSO, we obtained the final wavelength-dependent
Stokes parameters g(\), u(A), and »(\). To increase the pre-
cision without significant lossin resolution we binned all Stokes
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spectra to an effective resolution of 2 A for the OMM data
and 6 A for the UTSO data.

5. RESULTS
5.1. v* Velorum

As noted in 8 3, spectropolarimetric data of y* Vel were
obtained during an extended run at UTSO in 1997 February/
March. In this nearby binary system with an orbital period of
78.5 days (Schmutz et al. 1997, who also give a complete
description of the orbit), the two wind components create a
shock cone around the weaker wind O star (St-Louis, Willis,
& Stevens 1993). The variable excess emission in the lines of
C m A\5696 and C 1v \5808 are presumed to be created by
radiative cooling downstream along the cone. The opening an-
gle of the cone depends on the relative wind momentum fluxes
of the two stars. This shock cone introduces a deviation from
spherical symmetry in the wind so that, in principle, it could
lead to phase-dependent intrinsic continuum polarization. Even
more important to create phase-dependent continuum polari-
zation, however, isthe scatter of O-star light from free electrons
in the asymmetrically located WR wind (see St-Louis et a.
1988 for v* Vel and other WR + O binaries). On the other
hand, WR emission-line flux in a binary will be essentially
unpolarized, so that phase-dependent variations of depolari-
zation will occur at the positions of the emission lines (see
Moffat & Piirola 1994). We note that constant linear line de-
polarization can also occur for a flattened WR wind (Schulte-
Ladbeck et al. 1992).

Our observations were carried out over orbital phases cen-
tered on periastron passage, i.e., ¢ = 0.0 = 0.2. Figure 7 shows
al four obtained Stokes parameters |, g, u, and v, averaged
over the whole run.

Orbital phase effects have probably diluted the net line po-
larization, which isexpected to be largest at orbital phaseswhen
the stars are seen at quadrature. Unfortunately, individual
nightly mean spectra are not of sufficient SN to extract this
information. We report significantly different values in both
Stokes g and u across strong emission lines compared to the
continuum. Since 7 Ve is known to show phase-dependent
broadband polarization, especially near periastron (St-Louis et
al. 1988), it is reasonable to assume that we are seeing line
depolarization effects here. We draw attention to additional
linear depolarization in the electron scattering (redward) wing
of C 11 A\5696.

We find no significant circular polarization across any lines
along the whole mean spectrum, above the instrumental level
of ~0.03%.

5.2. v Cassiopeiae

We have observed y Cas during three nights in 1997 Sep-
tember at the mont Mégantic Observatory. v Casis one of the
best stellar candidates to test for (relatively strong) linear line
polarization and our initial goal wasto make acomparison with
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previous observations. This star is well known to show linear
depolarization over its Ha line (Poeckert & Marlborough
1977). Thisis explained by an extended equatoria disk (Han-
uschik 1996) that scatters and linearly polarizes photospheric
light, combined with the emission of nonpolarized light from
recombination lines (Schulte-Ladbeck et al. 1992). v Cas is
also a strong candidate for localized hot flares and magnetic
fields (Smith 1998).

Because we are not able to reliably estimate continuum po-
larization, we can only give relative polarization values across
spectral lines. We obtain values for Aq and Au across Ha,
equivalent to the values observed some 20 years ago by Poeck-
ert & Marlborough (1977). In Figure 8 we show the three-
night average of all four Stokes parameters, with atypical rms
scatter of 0.04% for each 5 pixel bin.

5.3. 53 Cam

The Ap star 53 Cam iswell known to show an extraordinarily
strong effective magnetic field, the strength of which is rota-
tionally modulated between +4 kG and —5 kG, with a cor-
responding dipole field of —28 kG (Borra& Landstreet 1977).
Thus, this star—despite its relative faintness—was our first
choice to test our instrument for sensitivity to rotation mod-
ulated Stokes v across its photospheric absorption lines. For
this reason we observed 53 Cam in the Ha region in 1997
December at OMM. Only one night was clear enough to ob-
serve this star over a sufficiently long enough interval (6 hr)
to obtain high accuracy in Stokeswv. This night was December
21/22 at phase ¢ = 0.41 (Landstreet 1988) after crossover. The
average intensity and Stokes v spectra are shown in Figure 9.

Though 1 o error bars are about 0.1% in Stokes v, we report
significant rise and fall of ~0.15% on the blue and red sides,
respectively, of the center of He, as expected at this phase from
previous work (Borra & Landstreet 1980).

54. 6" Ori C

The brightest star in the Orion trapezium is the O7 V star
6* Ori C. This star, one of the closest O stars in the sky, is the
principle ionization source of M42 and spectroscopically var-
iable in the optical (Conti 1972; Walborn 1981) as well asin
the UV (Walborn & Panek 1984). Stahl et al. (1993) and Wal-
born & Nichols (1994) report an asymmetry in itswind and a
stable 15.4 day modulation over at least 15 years. They con-
clude that this behavior is reminiscent of a magnetic oblique
rotator with a surface field of about 1800 G. Reported X-ray
modulation in the 15 day cycle (Gagné et a. 1997; Babel &
Montmerle 1997) is compatible with a surface field of several
100 G. This proposed magnetic field and the wind asymmetry
makes 6* Ori C astrong candidate for showing phase-dependent
circular as well as linear polarization effects across its lines.

We observed this star during two nights (December 21/22
and 22/23) a¢ OMM. The average intensity and Stokes q and
u (second night only) and » (1st night only) spectra are shown
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in Figure 10. Note that the nebular Ha emission in I(\) has
not been removed.

No obvious line polarization features are seen above the
o ~ 0.2% instrumental level.

6. SUMMARY

We have introduced a new type of polarimeter unit, which,
mounted at the Cassegrain focus of any tel escope and combined
with a standard CCD spectrograph, is able to measure all four
Stokes parameters as a function of wavelength in a quasi-si-
multaneous manner. The combination of two independently
rotatable quarter-wave plates with a Wollaston polarizer as
beam splitter creates a double beam that contains all polari-
metric information about the stellar target. An extraction tech-
nique is devised that leads to spectra in g, u, and v, whose
precision is limited only by stochastic photon noise (Poisson
errors), whereas intensity spectraare limited by flat-field noise.
We also describe different deviations from ideal for the optical
elements. We discuss the behavior of “achromatic” QWPswith
respect to chromatism and rotation position, as well as limi-
tations in the use of optical fibers.

During three extended runs at two different telescopes we
obtained polarimetric spectra for all four Stokes parameters of
several hot star prototypes with the new William-Wehlau Spec-
tropolarimeter. Despite some instrumental problems, we see
both line linear depolarization due to Thomson scattering and
circular polarization due to Zeeman splitting.

1. For the WR + O binary 7 Vel we report polarization
features across its strong emission lines. Schulte-Ladbeck et
al. (1992) showed that thisis due either to aflattened WR wind
and/or phase-dependent asymmetries between the O-star and
the scatterers mainly in the WR wind.

2. We confirm previously measured polarization variations
across the Ho emission line of the brightest Be star visible in
the sky v Cas, but with higher precision.

3. We detect a circular polarization feature in Ha in the
strong magnetic Ap star 53 Cam.

4. For the bright Trapezium star §* Ori C we fail to find
any polarization feature in Ho at the 0.2% level. Future at-
tempts will have to improve on this precision and secure better
phase coverage.

These results establish the William-Wehlau Spectropolari-
meter as aviable new instrument for measuring all wavelength-
dependent Stokes parameters of stars. Some improvementswill
be attempted, e.g., better QWPs, dielectric aperture, and more
stable illumination of the fibers. Future preference will be given
to large telescopes, because of the small amount of polarization
in stellar objects.
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