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Accurate measurements of Stokes IQUV in spectral lines is requirgaréaise reconstruction of stellar magnetic field
geometries with Zeeman-Dopper imaging. Spectral Zeeman featwestansically weak and subjected to a nhumber
of instrumental uncertainties. The aim of this work is to study the details of 8teumental uncertainties in the Stokes
IQUV measurements in spectral lines and ways of their reduction. We mgiactical comparison of the polarimetric
performances of two high-resolutidrthelle spectropolarimeters, namely SOFIN at the NOT, and HARPS Gt &8
show the residual spectra for both instruments to characterize thetatbf®tween the observed Stokes parameters. We
employ a self-calibrating least-squares fit to eliminate some of the polanzatiertainties to derive the full Stokes vector
from stellar spectra.
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1 Introduction class ultra-high accuracy in measurements of Stokes param-
eters in spectral lines in terms of photon noise and spectral

Spectropolarimetry is a tool to measure the polarizatia®solution.

state of the emitted light versus wavelength. As a relativel The aim of this paper is to elaborate in detail the un-

hovel area in astronomy, it was m_alnly confm_ed in the paﬁ%rtainties associated with the measurements of the Stokes
to measure the Zeeman splitting in spectral lines versus 195,» eters with a polarimeter consisting of a retarder and
tational phase of the star in order to estimate the mean-on Blarizing beam-splitter. A number of papers were al-
tudinal magnetic field and infer the distribution of the mu"ready dedicated to this.subject with application to imag-
tipole magnetic field (e.g. Mathys 1989). . ing and spectroscopic polarimeters (e.g. Eversberg et al.
_ With the advent of the Zeeman-Doppler Imaging techyggg: Keller 2002; del Toro Iniesta 2005; Patat & Ro-
nique (Donati & Brown 1997; Piskunov & Kochukhov manielio 2006; Bagnulo et al. 2009; Clarke 2010). In this
2002; Carroll et al. 2007) and its first applications to magyork though, we mainly concentrate on the description of
netic Ap and late-type stars it became possible to spatialiye cross-talk between Stokes parameters due to differen-
resolve a complex structure of the stellar magnetic field di§| transmission in the polarized beam-splitter (speaific
tribution and its association with the surface elements gfpogter prism), as well as due to deviations in the angles of
these stars. This opened up new ways in interpretation agg nq|arization optical elements. External effects ataese
characterization of the origin of the stellar magnetic Beldap jncrease of instrumental polarization, e.g. seeing; tel
and its role in stellar activity and evolution. scope and focal fore-optics or spectrograph wavelength sta

Recent instrumentation developments resulted in dgiiity but are beyond our considerations here (e.g. detaile
ployment of new high-resolution spectropolarimeters ajn Clarke 2010, p. 127).

tached to different telescopes but of the same 3.6 m in size: . . .
ESPaDONS at CFHT (Donati et al. 2006), SARG at TNG The paper is organized as follows. In Sect. 2 we briefly
(Leone et al. 2003), and HARPS at ESO (énik et al. 2011 utline the Mueller matrices for the polarization elements
Due to the moderate size of these telescopes, their meas usein the.subsequent .Sec':t. 3 where we combme the re-
ments are mainly bound to Stok&Sdue to photon noise. sults "_md derive the polan;anon F“Od“'a“oﬂ fl_mct|on. we
The currently developed instruments are for larger teIt?—hOW_In Sect. 3I.t3 hOV\t';he dlﬁer?nltllalbtr?nsmlsss,ltor&of a dFOS'
scopes and include the PEPSI spectropolarimeter (Stra _pnsm resufts In the cross-talk between Stokean

V. By using Taylor series expansion up to second de-

meier et al. 2008; Ilyin et al. 2011) at tlex 8.4 m Large £ th dulation funci larizati |
Binocular Telescope, and a spectropolarimeter for the 3ofjce Of the moduiation function versus poiarization ete-
ents angles in Sect. 4, we concentrate on three polarimet-

ESO European Extremely Large Telescope (Kochukhov g

Piskunov 2008; Strassmeier 2011) which would allow solaf'® coniigurations (no retarder, hali-wave and quarteravav
' retarder). In Sect. 5 we discuss various polarimetric calib

* Corresponding author: ilyin@aip.de tion procedures and the way they applied. In Sect. 6 we eval-
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y y rotation is clockwise as the wave propagates from the light
source to the observer and is calkéght-hand polarization.

In case—7m < § < 0 the rotation is anticlockwise and is
called thdeft-hand polarization.

/{ The ellipticity angles of the polarization ellipse equals
to the ratio of the electric vector amplitudes along the mino
and major axes. Naturally, it varies frofnin the case of
linearly polarized light up tat /4 for circularly polarized
light.

B The polarization radiation can be conveniently written
in terms of the Stokes parameters (e.g. Born & Wolf 2002,
p. 31 and Chandrasekhar 1950). A vectpwhich charac-
terizes the wave amplitudgs,, a,) and the phase shi®,

as well as the parameters of the polarization ellipse indgerm
Fig.1 An elliptically polarized monochromatic and coherentOf the total wave intensity, ellipticity 5, and the orienta-

wave is propagating along axisvertically from the picture plane 0N angley is then given as:
(from the light source to the observer) in a right-hand Cartesian

a coux

a0

s

ouis e

i iecti I az +a? a?
3D coordinate system. The projection of the wave toitheplane @ Y
makes an ellipse. The-axis is oriented along the greatcircle pass- | @ | | a2 —a | @®cos 26 cos 2 5
ing through the light source and the North celestial pole. §= Ul 200 coss |~ | a2 cos 28 sin 2y - (2
=y
v 2a,a, sin & a®sin 23

uate the double-ratio method in terms of the above consider- ) )
ations. Finally, we use polarimetric spectra from the SOFIN iS useful to note that for polarized light the squared sum

(after a brief introduction) and HARPS spectrographs t8f the last three independent Stokes parameters,
show the residual terms of the polarimetric data reductiony2 — 2 4 2 4 2, 3)

L. ) is the total intensity of the light, whereaqy is the inten-
2 Preliminaries sity difference between the horizontd) and the verticat?
components of the polarized light, abdlis the same but
with the coordinate system turned by4, andV describes

A monochromatic and coherent electromagnetic plane waf2e direction of the rotation of the electric vector.

can be described (Born & Wolf 2002, p. 25) as a composi— The |inearly polarized light is characterized by the two
tion of the following projections in a right-hand Cartesian  componentse, and E, which are always in phase

2.1 Stokes vector of polarized light

coordinate system: (6 = 0) but each of them have different amplitudes
E, = ay cos(wt + d) anda,.
E, = a, cos(wt + 6,) Q- The right-hand circularly polarized light occurs when

E -0 the two components have the phase shit 4+ /2 and
T equal intensities while the left-hand circular polarieati
which defines the amplitudes,, £, and E. along each hass = —n /2.

axis versus time for the given wave amplitudes, anda,, = — A constant phase shift and non-equal amplitudes result
angular frequencw, and the wave phases andJ,. The in elliptically polarized light.
resulting vector(E,, E, ) follows, in general, to an ellipse — Random phase shifts and amplitudes result in un-
in thexzy-plane whose major axis spans the angleith the polarized light withQ = U = V = 0 as the result of
axisz. averaging in time, except for the total intensityz 0.

The anglex is called the polarization (or azimuthal) an- — Weakly polarized light results in a random distribution
gle (Fig. 1) and is counted anticlockwise in the directpn around some value of phase shifts and amplitudes. The

posite to the wave propagation axis i.e. as viewed from total intensity is in inequality? > Q2 + U? + V2.
the observer towards the light source (Born & Wolf 2002,
29). Itis conventional to orient axisalong an invariant di-
rection, e.g., the great circle passing through the lights®

Frhe ellipticity angle, the polarization (azimuthal) axésd
the phase difference are given as:

and the North celestial pole along the declination axisén thEan 28 = Vv fan 2y — u tan s —
equatorial coordinate system (a detailed discussion ef thi V@2 + U2’ X Q’ U’

subject is given in Clarke 2010, p. 71). The polarization anl;h | intensiti . b
gle is defined in the range< y < . e plane wave intensities are given by

The phase differencé= g, — d, results in the rotation > _ I+Q and o — I1-Q
of the end of the electric vector: in caBe< § < wthe °* 2 v 2

(4)
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2.2 Rotation of the Stokes vector with the elements (e.g. similar to Collet 1993, p. 82):
Aoy = cos? 2¢ + sin® 2¢ cos T

Ags = sin? 2¢ + cos? 2¢ cos T

Ao = Agg = sin2¢ cos2¢ (1 — cosT) (1))
A42 = A24 = sin 2(]5 sinT

A3y = cos2¢sinT.

The rotation of thexy-coordinate system anticlockwise
with an angle¢ results in the reduction of the azimuthal
angley in the rotated coordinate systeq, i.e. by intro-
ducingy’ = x — ¢ and substituting it into (2) we readily get
the transformation of the Stokes parameters into the mbtate

coordinate system: Note that for the retarder with zero phase detay: 0 (i.e.
no retarder) the polarization matrix equals to the identity
s'=R(¢) s (5) matrix A(0,0) = I. The half-wave retarder = 7 turns the
polarization plane at angle to the new orientatioB¢ — x
with the rotation matrix and reverses the sign of the circular polarization The

quarter-wave retarder = 7/2 transforms circularly po-

0 0 larized light into linearly polarized light and vice verse.

cos2¢ sin2¢
—sin2¢ cos2¢
0 0

(6)

2.5 Transmission of the Stokes vector

S O O
= O O O

Polarizing beam splitters separate incident light into two
thogonally polarized beams. Usually, a combination of one
2.3 Phase delay of the Stokes vector or two uniaxial birefringent materials (e.g. calcite) wih
specific orientations of the optic axes is employed. This
An additional phase shift between two components of theis in order to make use of the birefringence effect for the
wave is introduced to th&, component which then propa- spatial separation of the polarized beams (Bennett 1995).
gates slower with respect 6, i.e. (6, + 7) — 0, = § + 7.  Each polarized beam is characterized by the maximal trans-

The Stokes vector with such a phase delay is mittance coefficienf; along its polarization plane and by
. the minimal transmittance coefficiefit, for the orthogo-
s=5(r)s () nal plane. Ideally, the transmittance coefficieftsand1:

for the two emerged beams should be the same. In reality
'ﬂiough, the emerged beams become slightly elliptically po-
larized, due to numerous imperfection factors in the bire-
fringent medium or manufacturing and polishing misalign-

to have the transformation matrix is obtained after expal
sion of (2) for the new phase differenée- 7:

10 0 0 ment of the optic axis (Bennett 1995, p. 3.15). Moreover,
S(r) = 0 1 0 0 ) ®) in the prisms where the total internal reflection is used to
0 0 cost —sinT separate the beams, the effect of multiple beam interferenc
0 0 sinT COS T is present in the straight-through beam resulting in a back

reflection and contamination of the other beam which be-
comes elliptically polarized. Therefore, we shall conside
2.4 Retarders separate transmission coefficients for each beam.

A number of different types of designs for the optical retar- For an eIe'mentgry plane wave with '|nC|d.ent amplltydes
) . i L =, 0y, and axisx oriented along the optic axis of the bire-

dation plates and their merits are detailed in Bennett ()‘ggfringént the transmitted amplitudes of the beam are:

as well in many other optics textbooks (e.g. Hecht 2002), ' '

Here we are interested in the Stokes vector transformatidn (a)? =T} a? (a;)? =Ty a2

for a retarder with the fast axis oriented on anglevith 2 ot 2 S (12)

respect to the reference polarization axisThe transfor- ()" =15 a (a,)" =Ty ay.

mation of the Stokes vectar involves the rotation of the The wave has a polarization plane parallel to the optic

Stokes vector onto the fast optic axis of the optical retardeaxis of the birefringent (+” along = or e-beam) and for the

the phase delay, and the de-rotation of the vector back to ther beam which has a polarization plane perpendicular to

original coordinate systemy: the optic axis (" along y or o-beam). In the case of a
polarizer, the second componéat;, a,) is absorbed and
s'=R(—¢)-S() - R(¢)-s = A(¢,7) - 5. (9) its elements are zeroed. The resulting Stokes vectorsdor th

two orthogonal beams are
+ 2 + 2
T az + T, a,

Tra2 — Ty a?
1 Yz 2 Yy

= (13)
33 —Asy (10) 2\/@%(@ cosd
—Ays Az cosT 2\/1@6%% sin d
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There the retarder matrix becomes

v}

Ao, 7) =

o o o =
N
w
[ V)
b
w
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and As before, the 4" sign indicates the transmitted beam
whose polarization plane is parallel to the principal (opti

Ty a2 + 1Ty a2 : o o _
z Yy axis of the birefringent, and—" indicates the transmitted
Ty a2 — Tfaj beam with the polarization plane perpendicular to the optic
8 = : (14)  axis
20/T7 Ty agaycosd - e
‘ Turning the birefringent t60° exchanges the above cor-
2\ Ty Ty agaysind respondence, i.es* — sF. Note thatB(T:, T;,0) =
+ et
Comparing it with (2), and using (4), the transformation OT(Tl T3 ) . .
the Stokes vector is . For an ideal bgam splitter with; = 1, and7; = 0, and
N R oriented along axig (¢» = 0), the two components of the
st =TIy, 17) s (15)  stokes vector of the emerged light are
with the transmission matrix I+ 47
. " o2l e HEO D agr
A +B 0 0 2 2
+B+ At 0 0
+ oty . . -
(I 137) = 0 0 Cct o (18) 3 Polarimeter with retarder and polarizing
0 0 0 ot beam splitter
and the new notations The real transformation of the Stokes parameters is the
T L 7F T+ _ product of the retarder and the beam-splitter polarization
A* = g, Br=-1_-2 matrices:
2 2 (17)
C* =\ /TE TS st = B(TE, T, 4) - A(p+ 4, 7) - 5. (22)
This satisfiesd? = B? + C? and the relative transmittance ~ Firstly note that the birefringent optic axis angleis
ratio is F+ = B* /A* for each of the two beams. counted from the reference polarization axisligned to

the celestial North pole. Theelative rotation angle of the
retarderg is counted here with respect to the optic axis of
the beam splitter.

The transformation of the Stokes parameters transmitted Secondly note that the above rotation angles have to be
through a rotating polarizing beam splitter can be writteBounted in thesame direction as the polarization angje

2.6 Polarizing the Stokes vector

as a product of three matrices: is reckoned, i.e. anticlockwise in the direction from the ob
N R server to the light source.
s =R(—¢) - T(T;",T57)  R(Y) - s = 18) Since the detector is only able to measure the light inten-

sity I* of the resulting Stokes vectar:, we are interested
only in the first row of the matrix (22), which gives

where the angl@ is the angle between the optic axis of the .+ .+ ot +

polarizing beam splitter and the reference azimuthal aflfs (17,154, ¢,7) = A* - T £ B* - P(¢,6,7),  (23)

x. If the first rotation matrixR(v) describes the vector where the polarization modulation function

transformation onto the inclined principal axis of the pola

izer, then the transmission matfl( 7', T;") describes the P (¥, ¢,7) = Qao + Uar + Vaz (24)

change of the vector for the two transmitted beams, \.Nh'lg the linear combination of the Stok€d/V as seen in the

the last operator de-rotates the vector back to the original .
. . .2 expanded form:

(reference) coordinate system. The matrix multiplicagion

result in (we omitt in every A, B, andC): P(i, ¢, 7) = Vsin 2¢psin T+
A B2 Bz 0
Bs1 B Bsx 0
B31 Bsz Bsz 0
0 0 0 C

B(TE, T5 ) - s,

Q cos(2¢ + 2¢)+U sin(2¢ + 2¢) ) cos 2¢+ (25)

B(Tfﬂ Tzi, V) = , (19) Qsin(2¢ + 2¢)—U cos(2¢ + 2¢) ) sin 2¢ cos 7.

A similar result for retarder and polarizer used in ellipsom
etry is given in Landi Degl'lnnocenti & Landolfi (2004,

with its elements p. 19), note the opposite sign gf — ¢y and the absolute

BQQ = 14(3082 2’(/) +C Sin2 21/) value 0f¢

Bgy = Asin®2¢ + C C0_52 2y For the polarimeter with no retarder present with=
Bsy = Baz = (A — C) sin 29 cos 2¢ (20) 4 = 0, the polarization modulation function becomes
Blg = Bgl = +Bcos 2’¢

B31 = B13 = +Bsin Qw P(ﬂ), 0, 0) = Q COS 2’(/1 + U sin 21[) (26)

(© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.an-journal.org



Then, for the half-wave retarder with= 180° we have The derived Stokes parametersu, or v are always scaled

. . down by the transmission facto&* + F'~ which can
P, ¢,180) = Q cos(4p+2) + U sin(d+2y) (27) be also wavelength dependent. Normalized Stokes inten-
and for the quarter-wave retarder with= 90° the lastterm sity i = 7/I. may have a cross-talk with the correspond-

in (25) vanishes and we have ing Stokes parameter if the latter are derived from the sum
P, ,90) = V sin 26+ p1 + po. Itis useful to note that

28
(Q cos(2¢ + 21)) + U sin(2¢ + Qw)) cos 2¢. (28) Ft_ -
81+82=4-i+ﬁ'(d1 +dg)
This can be decomposed into + (35)
1 . Ft—F-
P(1),$,90) = 5(P(w,o,o) + P(¢), ¢, 180)) + V sin2¢ $1— 8y = ey (dy — dy).

as the halved sum of the two polarization modulation func-
tions P for polarimeters withr = 0 andr = 180°, plus the 3.2 An ideal polarizing beam-splitter

circular polarizatiorl/ modulation term. . . .
In case of symmetric transmission of the two polarized

o o N beamsI}; = T andT, = T3, the relative transmission
3.1 Combination of normalized intensities coefficient becomes

The intensity of the light/ from each of two polarized ., _ o T —1s
beams transmitted through a spectrograph and recordlgd T+ Ty
on the detector is subjected to numerous multiplicativg, jgeal casd, — 0, henceF — 1. The above combinations

transformations (guiding, fiber transmission, attenuedin ¢ the continuum normalized intensities from two polarized

échelle, optical vignetting, detector response) desdriye peams obtained at two angles of the polarization elements
f*, so that the stellaj* and the respective continuu#¥  pecome more simplified:

fluxes are recorded as
JE=fEf*  and  JF = fEIE (29) ) s1ts2=4-1 37)

The intensities'* normalized to un-polarized continuum | 51 — %2 = 0
(I = A*1.) become

L JE _I*  A*I+B*FP

(36)

and

r di +doy=2F - (p1 +p2)

CJEIE e AR (30) (38)
i:I:Fi'E:i:tFip di —dy =2F - (p1 — p2).

Le ) Le i o For most of the commercially available polarizing

where the relative transmittance ratio is as befolgeam-splitters designed on the principle of double refrac-

F* = B+ /A*. We now denote all continuum normalizedijon (e.g. calcite polarizers or Wollaston prism), the esii

Stokes intensities witlsmall letters, i.ei = /1. and the tjgn ratioT /T is of the order ofl0~5-10~% (Bennet 1995;

polarization modulation function (24) becomes Halle 2011) and can be considered as the ‘ideal’ polarizers.
Py, ¢,7)
=—"°" = . 31
P I, gao + uay + vay G 33 The Foster prism
The sums and the differencé of the two normalized inten-

The Foster prism (or more precisely the polarizing beam-
splitting Glan-Thompson prism) is designed on the princi-
s=rt4+r =2.i4+(FT—F7).p ple of the total internal reflection of the ordinary beam ¢thav
. B N B (32) ing a larger refractive index) from the interface layer be-
d=r"—r" = (ET+F7)-p. tween two calcite blocks, while the extraordinary beam with

If we denotes; andd; when the modulation functiop, is the smaller refractive index is transmitted directly thybu
obtained at one angle, arglandd, for p, at another angle, the two blocks. The tricky part, though, is the refractive in

sities are

then their combinations become: dex matching adhesive between the two blocks to minimize
. the transmission losses of the extraordinary beam. Any de-
s1+sp=4-i+ (F*—F7)-(p1+p2) (33) Viations of the refracive index of the adhesive from that of
L oen — Ft_ ). _ the extraordinary beam results in a back reflection of the
§1 — 82 = ( ) - (p1 — p2) . .
beam which then undergoes on the same optical path as
and the ordinary beam, so that the reflected beam becomes el-

_ liptically polarized (a phase difference is introduced tlue
—(F+ )

ditdy = (FT+F7)- (pr+p2) (34) differences in the optical paths of the two beams). Further-
di —do = (F*+F7)-(p1 — p2). more, the multiple beam interference occurs on the plane-

www.an-journal.org (© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Fig.2 (online colour at: www.an-journal.org) Fresnel losdes Fig.3 (online colour at: www.an-journal.org) Fragment of the
in percent in the Foster prism for acrylic and BK7 (scaled down bgrevious picture showing the shape of the transmittance profile for
10) adhesives on the interface between two calcite blocks with thge two adhesives of the interface layer.

thickness of the gap Lom.

. . . optical path lengths, and the absorption on the interface la
paral_lel interface betwee_n t_he calcite blocks resultm_g 'Brs of the calcite and deflection prisms. The straight-thinou
the ripples of _th.e transmission peak; c_)f the extraord'n‘"‘Ea\ﬁ(traordinary beant;" = 1— L, of the incident intensity is
beam. The minimum of the transmission corresponds fansmitted along the reference polarization axiwiented

:Ee mlemurr;) of thetbacli r_eflectlor|1 anflh cop[tammatl?n long the optic axis of the calcite prism and nothing is added
€ ordinary beam at certain wavelengins. 1t Seems 1o § = ( along axisy (again neglecting calcite prism manu-

knowledge th?t th? effect of multiple beam mterferer_me 01%cturing imperfections with the extinction ratio of theder
the beam-splitter interface layer has not been noticed f10-6 Bennet 1995 p. 3.15). For the ordinary beam with

considered in the past. An effect of the S|m|lqr nature Qhe total internal reflection at the interface layer, the max
wavelength-dependent phase delay due to multiple beam A2l transmission along axisis T, — 1, and the residual

terference on the retarder plate acting also as a weak pol?ﬁ- A : :
. . intensity 7,7 = L along axisx comes from the multiple
ized was described by Semel (2003) and Clarke (2005). beam inte?ference of the extraordinary beam:

There are no direct measurements available of the Fres-
nel losses for commercial polarizing beam-splitters and i
is not possible to model it because proprietary adhesivdgs?; =1 — L T, =L
are used in most cases. There are some indications that;+ _ T —1
the reflected ordinary beam is ‘heavily contaminated’ by ~ > ! '

the extraordinary beam (Metz 1984; Bennet 1995; Goodrich . ) )
1991; Halle 2011). The latter indicate that it may be of thghe sum and the difference of the relative transmittanaes fo

two polarized beams become

(39)

order of few percent for a polarizing beam splitter.
In llyin et al. (2011) we present a solution for the op-

timal adhesive (acrylic matching liquid) and its modeling 9

of the Fresnel transmission for a custom designed FostgrF'" + F~ = 15L° 2(1-1L)

prism in order to minimize the effect of beam contamina (40)
tion which would be of the order of 0.2-0.02% for the opti-| p+ _ p- _ 2L ~

cal wavelength range. For any other adhesive solution wit 1+L

refractive index mismatch (BK7 matching liquid), the back

reflection increases up to 2.5-1.5% over the optical wavéhe sum and the difference of the two continuum normal-
length range. The latter can be used as a proxy for prized intensities are

prietary adhesives used in commercially available polariz

ing beam-splitters. Fig. 2 shows the modeling of the Fresngl 9L
losses. modulated by the multiple beam interference (Born{ s =r* +7r~ =2-i+ TP
& Wolf 2002, p. 362) for above two types of Foster pris + (41)
interfaces where the transmissions on the entrance and exit, _ - _ 2 p
| b

surfaces are taken into account, as well as on the additio
deflection prism.

In the following, we derive the relative transmittance for.e. the normalized intensity profile is always contamidate
the extraordinary (+”) and ordinary (“-") beams. Here we by a small fraction of the polarization profile Stok@s U,
neglect the transmission losses of the two rays at the esr-V. The combination of sums, andss, and differences
trance and exit surfaces, the difference in absorption dued; andd, of the continuum normalized intensities of the

®© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.an-journal.org



two polarized beams obtained at two different angles of t# Error propagation in the polarization

polarization elements (e.g. retarder) are: vector
. 2L
sitsp=d-id (p1 + p2) As for now, we considered the effect of finite transmissions
(42) in the polarizing beam-splitter on the cross-talk between
81 — 85 = 2L - (p1 — po) StokesI andQU V. Here we are considering the effect of
1+L misalignment and deviation of the angles of the polariratio
and elements which may result in the mutual cross-talk between
9 Stokes), U andV.
di+dy =77 (1 +2) ) The polarization modulation functiaR(x, ¢, 7) in (25)
depends o being the orientation of the polarizing beam-
di —dy = HLL - (p1 — p2). splitte.r optic_: axis along the r.eference azimutha] axig as
i the orientation of the fast axis of the retarder with respect
Note that for the Foster prism we have the optic axis of the beam-splitter, anchs the phase delay
s1— 5y =L-(d1 —da). (44)  angle of the retarder. In the Taylor expansion of the fumctio

over its three angles we retain here the following terms:
3.3.1 Polarization interference on the interface layer

The optical interference on the interface layer has little o
second order effect on the normalized Stokiesensity pro-
file if the sum of the polarization modulation function at two

P+ A, ¢+ A, 7+ AT) = P(h, ¢, 7)+

2 2
anglesp; + p» is small (42). On the other hand, it causes Z—Z CAG+ 37]23 : AT¢ + ?)—P AT (48)
modulation (43) of the derived Stok€H/V parameters by T
the value ofl — L versus wavelength as shown in Fig. 3 o?’P Ar?  9?°P AGA oP A
for the interface layer thickness of L@n. The larger the oz o T 06O PAT + o ¥

thickness, the shorter the distance between the intederen
fringes. By using this expansion, we analyze in the following the er-
The free spectral range of the optical interference onrar propagation in the polarization modulation functioman
layer with thickness with refractive index: at wavelength its effect on the derived Stokes parameters as a function of
A and incident anglé is deviations in polarization element angles for three differ
)2 ent configuration of polarimeters: with no retarder, andhwit
Alpsr = T a—E (45)  half and quarter-wave retarders. The deviation in the angle
The free spectral range of tleehelle spectrograph at theare mostly due to wavelength dependent chromatic effects
blaze wavelength of the spectral ordek is in retardation angle of the retarder, change in orientation
Ay its fast axis with wavelength or misalignment, and misalign
Alpsn =~ %2 (46)  ment of the optic axis of the beam-splitter with respect & th
whereA; = k) is the blaze wavelength of the first spectrafeference polarization axis.
order. The distance between the interference fringes ialequ

to the length of spectral ordera\frsk = AArsz) if the ] . o .
4.1 A polarimeter with polarizing beam-splitter and

thickness is
Aq no retarder
h= . 47)
2n cos 6

For an R4échelle grating with 31.6 grooves/mm we havé&or a polarimeter with no retarder, i.e.= ¢ = 0, the
A; = 61.4um (the case of PEPSI (Strassmeier 2008) arplarization modulation function (26) for the beam-splitt
HARPS (Snik 2011) spectropolarimeters), the refractive ihas the simplest form:
dexn = 1.5, and for the incidence ang{®° — o = 67.5°
(wherea = 22.5° is the apex angle of the Foster prism)£(¢,0,0) = Q cos2¢ + U sin 2¢
the thickness of the adhesive layerhis= 53 um. Thus,
for a typical thickness of the interface layer of 4@, the SO that
interval between successive maxima is spanning over fiv
échelle orders.

Since the reflectivity on the interface layer is rathe
small, the reflective finesse, defined as the ratio of the dig- Pass = —FPi3s = U — Q- 2A4,
tance between successive peaks and the FWHM of the peaks
(at 50% transmittance), is less than one, i.e. the transmnissi.e. () andU are known up to the uncertainty in the beam-
peaks are heavily overlapped and have a shape of the cospétter orientation anglé\. The Stokes) or U can be
function (Born & Wolf 2002, p. 364). obtained just in two exposures if the relative transmission

(49)

P(): —Pg(): Q+U2A'IZJ

(50)
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differenceF+ — F~ in (32) is small and the cross-talk be-profile, the value of) will be distorted by 10% of its own
tween Stoked and@ or U can be neglected. Otherwise aamplitude.

combination of two angles separateddsy must be used: It should be noted that if we co-ad@, — P,5) and( P+
Pys5), then the cross-talk teridr in V for P, vanishes, i.e.
Po + Pyo = Pys + P135 =0 it comes solely from the second anghs. The difference

of these two angles, aimed to cancel out the residual terms,
does not work in this case and introduces additional cross-

Pis — Pigs = 2(U — Q - 2A0) talk terms instead.
The other combination of the retarder angles separated

which results in the combinations of sumand differences by 90°, (P, + Pyo) and (Pys + Pi35), have similar error
d of the continuum normalized intensities of the two polarbudget inU, but no cross-talk with” at all. However, this

Py — Py = 2(Q + U - 2A%) (51)

ized beams obtained at the two angles: benefit has two disadvantages: firstly, the sum of two con-
tinuum normalized intensities is sensitive to small eriadrs
S50+ S90 = Sa5 + S135 =4 -1 the continuum fit (opposite to the intensity difference when
_ these misfits can mutually be canceled out) and, secondly as
_ = + _ . . 52 '
50 7 590 2(F F7) (gt u-249) (2) before, has cross-talk between Stokesd( when the rel-
S45 — s135 =2(FT —F7) - (u—q-2A%) ative transmission differendg™ — '~ of the beam-splitter
in (32) is not negligible (i.e. for the 1% case, the normalize
and Stokesi is contaminated by 1% af).
do +dgo = dus + dyss = 0 The error bL_ldget in Stokds at the second ha_llf o_f the
table is rather similar to that of th@: the two combinations
do —dgo =2(F*+F7)-(q+u-2A¢) (53)  of the retarder angles separated4sy have a linear cross-
dys — dizs = 2(FF + F) - (u—q-2A9). talk termA¢ over@, a linear termAr overV for (Ps7.5 —

P112.5), and the negligible quadratic terfxp A7 overV for

The first line in (52) gives continuum-normalized Stoke$P»2.5 — Per.5).

I free of cross-talk and the last two lines in (53) give As before, the combination with an angle separation by
continuum-normalized andU scaled by the relative trans-90°, (Psy 5 + P112.5) and(Ps7.5 + Pis7.5), has no residual
mission factors. The other lines are given for completenessoss-talk inV, but as the sum of normalized intensities has
the same potential disadvantages as discussed in the case of

4.2 A polarimeter with half-wave retarder and Q-

polarizing beam-splitter All residual combinations of two angles we shall call the
residual spectrum as it reflects the amplitude of the devia-

A polarimeter with a half-wave retarder= 180° infrontof  tions in the angles of the polarization elements. The com-

the polarizing beam-splitter allows to measure only lihear pination, e.g(Py; — Pi35), is the scaled down replica of
polarized light. Its polarization modulation function {2  Stokesl” by a factorAr.

_ : It is worth to mention that any other combinations of an-
Py, $,180) = 4¢ + 2¢)) + Usin(4¢ + 2¢). (54 - : X
W@ ) = Qeos(d9 +2¢) sin( +2¢). - (54) gles, like separated B0° in order to obtair) andU only

Although the functionP is periodic with¢ = 90°, the in three exposures, would lead to a heavily contaminated
terms in the error expansion (48) are not. Useful to notgeries of un-reducible residuals.
that the rotation of the beam-splitter By90° results in the
sign reverse of the Stoke&3 andU: P(vy + 90, ¢, 180) =
—P(v,¢,180). From (4) we derive computer-generate
combinations of the modulation function for two differen
angles of the half-wave retarderand these are given in por the quarter-wave retarder with= 90° the polarization
(55) where all multiples for), U, andV are combined in modulation function is given in (28). Similarly to the previ
three columns. The first part of the table determines Stokggs section, we derive combinations of the modulation func-
® and the second part Stoké's tion for two different angles of the quarter-wave retarder
The combination of two angles of the half-wave retardeghich are given in (56) where all multiples f@, U, andV’
separated by5°, (Py — Pss) and(Py; — Pyo) determines  are combined in three columns.
Stokes( co-added with its linear cross-talk terfw over The combination of two angles”;s — Pi35) is ideal to
U and the termA7 over V. The contamination of) by getermine Stoke¥ since it retains only second order terms
V' can not be negligible in the case of non-zero retardatiqR 1/ and first order terms ip andU. The sum(Py + Pag)
error A7 and strong Stoke®” which can be of order of a getermines Stoke§ but retains the first order terms i,

magnitude larger tha®. For the retardation error of, €.9., For the combinations of angles separated %y, we have
1° ~ 2%, the Stokes) profile is contaminated by 1% 6f,

and in casd” = 10 x Q at a specific wavelength of the line v/2 (Pas — Pi35) =(Po25—Pr125) + (Ps7.5— Pis7.5),

(jl.s A polarimeter with quarter-wave retarder and
tpolarizing beam-splitter
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4

P+ P 2Q 2U 2V
Py — Pys +1—8-A¢? —025- Ar? +4-Ap+2- Ay +0.5 - AT — ApAT
Po + Pus +0.25 - AT? —0.5- A1 — APAT
Pus — Pyo —148-A¢? +0.25- Ar? —4-Ap—2-Ay —0.5- AT — ApAT
Pus + Poo +0.25 - A7? —0.5- AT+ APAT
Py — Poo -2 ApAT
Py + Poo +1—8-Ap? +4-Ap+2- Ay
Pys — Pi3s —AT
Pys + Pyss —1+8-A¢>+0.5-Ar? —4-Ap—2- Ay (55)
Poo 5 — P75 —4-Ap—2-Ay +1—8-A¢? —0.25- Ar? —V2 - AdAT
Pa25 + Per.s +0.25 - Ar? —V2/2- AT
Ps7.5 — Pr12.s +4-Ap+2- Ay —14+8-A¢24+0.25-Ar? —V/2/2- At
P75+ Prias | +0.25- Ar? +v/2 - ApAT
Paos — Prias V2. (=0.5- AT — APAT)
Pays+ Pras | —4-A¢p+0.25-A12 —2- Ay | +1—8-A¢? —0.25- A7?
Pe7.5 — Pi57.5 V2 (=0.5- AT+ APAT)
Pors+ Pisrs | +4-A¢p+0.25-A7> +2- Ay | —1+8-A¢*> +0.25- Ar?
Pt P 2Q 2U 2V
Py — Pyo +2-Ag
Po+ Py |+1—4-Ag? +2-Ap+2- APAT +2- Ay
Pys — Pi3s +1-2-A¢? —0.5- A7?
Pys + Pizs | +4-A¢® — A7 —2-A¢p—2- ApAT
Pa5 — Pri2s V2 (+0.5 + Ap — A¢? — 0.25 - AT?) (56)
Poos + Pri2s | +0.5—2-A¢ (1 4+ A7) [4+0.5 — 4- Ap® + 0.5 - AT + A
0.5 At — A
Ps7.5 — Pis75 V2 (+0.5 — Agp — A¢? — 0.25 - AT?)
Ps7s 4 Pis7s | 4054+ 2-Ad (1 +AT) [ —0.5+4-A¢* —0.5- A1+ A
0.5 At + A
(Po2s — Pii25) — (Psrs — Pisrs) = V-4V/2-Ag (a)
(Paa.s — Pr12s) + (Pors — Piszs) = V-2v/2-(1—-2-A¢? —0.5- A7?) (b) 57

(Paz.s 4+ Pr12s) — (Pors + Pis7s) = U-2(1—8-A¢” + A7) +Q-4(—=2- A (1 + A7) — AY) (e)

(Paz2.5 + Pii2s) + (P75 + Pis7s) = Q-2(1— A7)+ U -4- Ay (d).
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which leads to the combination of four angles of the quartesource transmitted through a calibration element (a linear
wave retarder that can be used to determine all Stokes p@larized or a retarder). Since the exact polarizatiore stht
rametersUV in four exposures (57). However, the simulthe calibration element may not be exactly known at a given
taneous mode has two drawbacks. Firstly, it uses the sumavelength, its Stokes vector can be determined as a free pa-
of the differencesy dj, in (34) of the normalized intensi- rameter. For the continuum light source the total interigity
ties of the two polarized spectra (e.g. to der@@¥ which each polarized beams has to be accurately measured, which
makes it rather sensitive to any continuum errors in the p& affected by the transmission factors in the spectrograph
larized spectra (contrary to the differences where theigont as follows:

uum errors are mutually canceled out). Secondly, the polar-
ization modulation function (28) with the angles separated
by 45° has half reduced modulation amplitude@handU

as compared with any other combinations of two measure-
ments (e.gPy; — Pi35)- In the following, we consider the
statistical error budget for the simultane@@&V mode.

Vignetting on the slit and/or fiber entrance due to im-
perfect adjustment or de-centering the polarized beams
together with the chromatic shift of the beams due to
dispersion of the polarizing beam-splitter, as well as an-
gular or spatial precession of the beams (wobbling) due
to rotation of the polarized elements.

— Difference in the transmission factors of the two fibers

4.3.1 Statistical error budget in simultaneousQU V rendering the two polarized beams to the spectrograph.
mode Furthermore, the difference may change with the tem-
Suppose that the signal-to-noise ratio (S/N) of the two po- Esg?clersezziistlal orientation of the fibers and may have a

larized spectr& 4. are equal. The S/N of the continuum nor-
malized Stokeguv, as the inverse of the standard deviation
in this case, obtained from two full- modulation polariza-
tion exposures, e.gH;; — Pi35) for the quarter-wave or
half-wave retarders, i8,,, = 2 - R+. For the half mod-
ulation amplitude (simultaneous mode) in (57), the S/N is
Rqu=V2-RiandR, =2 Rs. The intensity of the two polarized beams from the beam-
To obtain all Stokes parametegsv in the separate splitter /=, and these measured in the spectrogrdph
mode, six exposures are needed in total to measure eaclaf attenuated by the transmission parametéréor each
the Stokes parameters with two different angles of the pbeam, so that
larimeter {/ with the quarter-wave retardeQU with the -
half-wave retarder or with no-retarder. The resulting S/M =fm- I (59)
valuesR,,,, for example are listed in the first row of theThe measured relative difference of the polarized beams be-
table below (58). In the simultaneous mode with only foutomes
exposures of the same or different duration, the S/N iis Jf—J-  f+R
always+/2 larger than inQU as outlined in the last three r = T iJ 1T R

rows of (58).
where the relative difference of the beams and the relative
transmission parameter in the spectrograph are

I+t -1 - f

Attenuation of the polarized light on thechelle grat-

ing depending on the orientation of the polarized ellipse
with respected to théchelle grooves in case the two
linearly polarized beams enter the spectrograph, or the
fibers which have a polarization dispersion.

(60)

Exposure R4 R, Ry

6x10min 100 200 200 R=rr7 ad  f= yEe (61)
4 x 10min 100 200 141 (58) The intensity of the light at the exit of the beam-splitter
4 x 20min 141 282 200 (23)is

4 x 15 min 122 244 172 It = A*T + B*P, (62)

so that the relative difference of these two beams becomes
. Fo+pF

Any polarimetric calibration involves measurements of the I+pF’
two polarized-beam intensities in the spectrograph with revhere the intensity-normalized modulation functipn=
spect to the angle of the polarization elements (e.g. retard P/I = gag + ua; + vas and
Sighsigéspzﬁhn:i;cr)]_tl?:eg]rudent_Ilght of the knoyvn polar!za At A B+ _pB- B4+ B

. polarization modulation fuomti r, ==~  p=—"_ — p=-—"_"— |
(25) with a number of unknown parameters, i.e. angles of ~ A% + A~ AT+ A” A* + A7
the polarization elements, is subsequently fit to the mea- In case of the Foster prism (40) we have
sured response function. The incident light of the knownpd? = p- (1 — L) — L. In case of equal polarization
larization state is typically produced with a continuunhlig transmissionA = A* and B = B*, we simply have

5 Polarimetric calibration
(63)
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R = p- F, so that for the latter case the measured relative- For the linearly polarized calibration sourge-£ 0) and

difference of the two polarized beams the polarimeter with the quarter and half-wave retarders
g+ - F4F in the beam allows to determine most of the unknown
T = = P (64) parametersr, A¢g, and f. The modulation function re-

JT+J” L+ fFp duces top = cos 27y cos 2¢ + sin 2 sin 2¢ cos 7. Since
Since the polarization state of the calibration element the retarder angle is correlated with the azimuthal an-
may not be exactly known, it can be included as a free pa- gle x in ~, any misalignment offset in the polarization
rameter to the polarization modulation function (25). By us  plane of the calibration source with respect to the beam-
ing (2) for the normalized Stokes vector, we can replgce  splitter optic axis results an erroneous offset of the re-

u, andv by the azimuthal anglg and ellipticity 3: tarder initial positionA¢.
— The last unknown parameter is the azimuthal angle
p=(cos 27 cos 2¢ + sin 27 sin 2¢ cos T) cos 23+ (65) of the polarization beam-splitter which cannot be cali-

brated internally with the polarization elements and has
to be aligned externally by using two spatially separated
wherey = ¢ + 1 — x. The relative difference (64) of the  polarized beams with respect to the great circle passing
measured intensities through the light source and the North celestial pole.

r(f, F,,Ap+ ¢, 7,x, 55 ¢') (66)

is a function of the following unknown parameters: the rel?
ative transmissions in the spectrograplnd in the beam- Once the polarimetric calibration parametérg, A¢, and
splitter £, the beam-splitter orientatiap, the retarder axis At are obtained as a function of wavelength, the next ques-
zero offsetA¢ with respect to the beam-splitter axis, the retion would be how to use them for accurate reduction of the
tardation angler, and the azimuthal axig and ellipticity polarized stellar spectra in order to remove the cross-talk
B of the polarization ellipse of the calibration element. Theetween Stokes parameters at each wavelength pixel.
function is changing versus’ as the actual position of the  primarily, the polarimetric calibration is served in or-
retarder. Most of the unknown parameters are dependent@y to make a proper alignment of the polarization elements
wavelength. in the initial setup, specifically, the azimuthal angle oé th
Since some of the unknown parameters are correlat@ghole polarimeter) with respect to the celestial pole, and
with each other, only a subset of parameters can be dfe retarder optic axis orientatignwith respect to the optic
termined at one time depending on the configuration efxis of the polarizing beam-splitter.
the polarization elements. The nonlinear least-squares fit |, order to take into consideration all deviations of these
(Levenberg-Marquardt method, Press et al. 1992) of the relngles (including retardation errdrr) during data reduc-
ative difference function (64) to its measurements as a-funggy of polarized stellar spectra, one would need to solve a

sin 2¢ sin 7 sin 23,

.1 The use of polarimetric calibration

tion of the retarder angle is used. simple system of linear Eqgs. (55) and (56) with respect to
Some specific cases of the polarization elements confignknown Stokes), U, and V' for each wavelength pixel.
urations are outlined in the following: However, the main problem is that all these Stokes param-

eters must be measured quasi-simultaneously and with ade-

— For unpolarized light withy = v = v = p = 0 as ional : i0in ord btain th in
the calibration light, the relative difference function agulatt(_e signal-to-noise ratio in order to obtain the meamingf
solution.

any angle of the retarder is= f. Ideally, it must be
constant without showing any variations versus retarder
angle. 5.2 Polarimetric self-calibration reduction of spectra

— For the polarimeter configuration with no retarder=
¢ = 0 and the linearly polarized light = 0 as the cal- Another practical solution is to fit the polarization modu-

ibration light source, we have = cos 2(1) — x). Rota- lation function (25) to the continuum normalized polarized

tion of the calibration polarizer with the azimuthal anglépectra obtained at different angles of the quarter-wave re

x allows to derive both transmission parametgrand tarder (57) in the simultaneougUV mode. If all the cal-

F from the fit to the measured modulation function. ibration parameters are known in advance, the unknown
— For the circularly polarized calibration light source withStokes parameter@UV' can be easily obtained for each

B = 45° and xy = 0, and the polarimeter with the wavelength pixel from a linear least-squares fit to the po-

quarter-wave retarder in the beam, the modulation funtarized spectra.

tionisp = sin2¢ sin 7. The retarder angl¢ = A¢+ ¢’ The same applies to the half-wave retarder mode (55)

(unknown zero offset plus actual retarder orientationyith the angles separated 90°, e.g. (P + Py) and

and the retardation angteare fully correlated. Hence, (Ps2 5 + Pi12.5), Where no terms with Stokés are present

this mode is not allowing to derivebut onlyA¢ andf and the cross-talk betweep and U is excluded with the

for the knownr. Also note the interplay betweens~ known deviation of the retarder angle¢ (by neglecting

andF in (65). quadratic terms and1)).
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As the next step of further improvement and complica- In general, the relative transmissignmay have devia-
tion, the retarder optic axis orientation errdrp, can be set tions from unity depending on the spectrograph setup, and
as a free parameter with a slow variation versus wavelengthe guiding and seeing condition between two exposures.
This requires a non-linear least-squares fit of the modul&uppose that the relative ratio of the polarized beams is nor
tion function to the whole matrix of polarized spectra at difmalized to the smoothed curve fitted foi.e.7 = r/f, o)
ferent retarder angles for all wavelength pixels. This seadhat we can replacewith 7 and setf = 1.
to a large block-diagonal design matrix with the first few The resulting un-reducible expression for the difference
rows occupied by the parametrization function elements of the two normalized Stokes parameters is
A¢ (e.g. coefficients of the Chebyshev polynomials). Given 1 -1
the large size of the resulting matrix of normal equation®; — p2 = Forol
the problem cannot be efficiently solved with the conve- T
nient Cholesky factorization in any reasonable computatio N case the amplitudes of the normalized Stokes param-
time even after block-diagonal matrix storage and oper§ter are smallp;p, < 1, and can be neglected, then the
tional optimization. Hence, iterative methods must be usélifference in the normalized modulation function is
in this case, e.g. LSQR (Paige & Saunders 1982) which is 1 r7r—-1
based upon conjugate gradients method as applied to e 27 F

(1= F?pipa). (70)

TF 741 (1)
least-squares problem. which gives an estimate of the respective Stokes parameter.
The advantage of this approach is that it excludes fromn attempt to include higher orders of non-linear equation
the fit the cross-talk between Stokes parameters induced%ansions (70) was made in Bianda et al. (1998). Naturally,
the retarder axis angle variatiodsy (see Sect. 7.2 for the for the amplitude of the signal, e.g.= p1 = p» = 10%
results). The other calibration parametérs and A can- the errorl /(1 — F2p1p,) of the Stokes parameter estimate

not be used as free parameters in the fit (as discussedgmbout 1%. For smaller amplitudes it becomes indeed neg-
Sect. 5), because it requires the light to be linearly polafigible.

ized.

' . 7 Polarization performance of two
6 Ratio of the polarized spectra instruments

Semel et al. (1993) suggested a method which would eling this section we show some practical implications of the
inate the uncertainty introduced by the imperfect flat ﬁe'(golarimetric error propagation as described before. We use
correction for the CCD pixel-to-pixel noise. The methodpectra of the same star obtained with two different instru-
seems to be working perfectly for solar polarimetric obsefnents: the HARPS polarimeter (Snik et al. 2011; Piskunov
vations (Bianda et al. 1998) and was extensively used for tge . 2011) at the ESO 3.6 m telescope, and the SOFIN
extraction of stellar polarized spectra (Donati et al. 1999,jarimeter at the 2.56m NOT (described in the follow-
Keller 2002, p. 340; Bagnulo et al. 2009). In the followingng section). The HARPS polarimeter consists of two ex-
we again reassess the accuracy of the method. changeable superachromatic PMMA quarter and half-wave
Let the function which describes the pixel-to-pixel senretarders (Samoylov et al. 2004) on a rotary stage in front
sitivity variations be denoted by* for the area on the CCD of the Foster prism fixed with respect to two entrance fibers
occupied by the two polarized beams with the measured igf the spectrograph. The whole setup is located inftie

tensities./=. The transmission parameters for the two poconverging beam of the Cassegrain focus of the telescope.
larized beams shall bg;", wherek = 1,2 is the expo-

_T_Lrjlr:nnumber for the two angles of the polarization elementf.l The SOFIN spectropolarimeter
SOFIN is the high-resolutio@chelle spectrograph (Tuomi-
+ _ 4t g7t et gt + ¢
Jo =0 fi Iy =9~ fi - (AT £ BT Fy). (67) nen et al. 1999) mounted at the Cassegrain focus of the
In order to spare unnecessary complications with th&56m Nordic Optical Telescope (NOT). An optical cam-
differential transmission factors of the beam-splittez, et €ra with 1 m focal length provides the resolving power of
them equaF’ = F* = B*/A*. Hence the ratio of the four @bout 80 000 with the entrance slit size(of”’. Spectra are
polarized beams with the gain factars eliminated is recorded on a Loral048 x 2048 x 15 um CCD which pro-
vides a limited wavelength coverage at the selected spectra
(68) range totaling in 24 gouble polarized orders having about
(1= F2pip2) — F (p1 —p2)’ 45A in length at 550Q.
where the relative transmission ratio for all four beams and The spe ctro.polarlmgter is a modified replica of the (.je'
the normalized Stokes parameters are vice described in Plachinda & Tarasova (1999). It consists
of a rotating quarter-wave plate and a fixed polarization

+ —
r:‘Ll_.J%:f.
Jl J2

(1= F?pip2) + F (p1 — p2)

R . P beam splitter situated in front of the entrance slit of thecsp
f=1 2 and == (69) - -
- o Pe = trograph in the converging’/11 beam from the telescope.
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Fig.4 (online colour at: www.an-journal.org) Comparison of the Stok¢g. for the Ap stary Equ obtained with HARPS (lower
panel) and SOFIN (upper panel).

The superachromatic (optimized for 4000—6§QO tical fringes in a wide range d@fchelle orders, which would
wave-plate of Pancharathnam design consists of filee manifested as a linear trend of the interference frequenc
stretched PMMA acrylic films of half and quarter-wavepeaks versus spectral order number. In the original configu-
zero-order retarders oriented at certain angles with oéspeation with an additional quarter-wave plate after the beam
to each other and laminated between two M@R coated splitter (to act as a depolarizer in order to minimize limgar
glass windows as described and manufactured by Samoylesarized light attenuation on tleehelle grating), the opti-
et al. (2004). The retarder is situated on a rotary stage acal fringes were clearly detectable but were eliminated by a
turned by a stepper motor with a resolutioniéf. The op- slight tilt of the polarimeter along the slit in cross-disgien
tic axis of the retarder is oriented B%° with respect to the direction by half of theF"/11 cone angle.
optic axis of the polarization beam splitter as the initeda Before 2005 the polarimeter was used in a single beam
position. The retarder is rotating in the same directiorhas tmode due to insufficient spatial separation of the polarized
azimuthal polarization axis is reckoned, i.e. clockwisth® peams, i.e. each of two polarized beams was exposured one
direction of the light propagation (see Sect. 3). after the other and their wavelength accuracy was based

The polarization beam splitter is a calcite plate with itsipon ThAr calibration made before and after each exposure.
entrance surface cut d6° with respect to the optic axis The new cross-dispersion prism installed in 2005 allows si-
of the uniaxial crystal providing a wavelength dependerfultaneous registration of the two polarized beams in one
double refraction of the two orthogonally polarized beam@Xposure.
aligned along the entrance slit of the spectrograph. A cus-
tom made plate manufactured by B. Halle Nachfl. Gmb
has an image separation 4f6” at 55004 and provides
sufficient separation of the doubled spectral orders up fthe well-known rapidly oscillating, chemically peculiar
7000A. Since there is no aperture stop between two the pgepP) stary Equ (HD 201601, A9p, V=4.7) has a longitu-
larized beams on the slit, the separation between ordersjifal magnetic field strength of arourdl100G (Hubrig
a trade-off between the seeing quality at the NOT and thg al. 2004) with a period over about 90 years (Leroy et
number of spectral orders in ogehelle image. A worse- al. 1994; Bychkov at al. 2006). Together with its slowest
than-average seeing may induce a polarization cross-talitation among CP stars;sini ~ 10 km/s, makes it a fa-
between two partially overlapped polarized spectra in th@yrite object for any kind of polarimetric calibrations.
redéchelle orders. SOFIN spectra were obtained in August 2006, and

Neither the retarder nor the calcite plate located in tHdARPS spectra in July 2011. The Stokés!l. spectra are
convergingF'/11 beam produce any sensible detectable oghown in Fig. 4 where the difference in the line depth are

B2 Polarimetric performance in comparison
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Stokes Q/Ic
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Fig.5 (online colour at: www.an-journal.org) Comparison of the Staie¢d. andU/ I for the Ap stary Equ obtained with HARPS
in HWP and QWP modes (two lower spectra) and SOFIN in QWP mode (speetrum).

due to the difference in the spectral resolving powers f@pU and V' spectra are obtained with the quarter-wave
HARPS (110000) and SOFIN (80000). The difference iplate retarder (QWP). The linearly polarizél/ spectra
the signal-to-noise ratio is due to an about 50% highevere subsequently obtained with HARPS with the half-
throughput of SOFIN than HARPS after reduction to thevave plane retarder (HWP) for comparison. This compar-
same exposure time, resolving power, telescope sizehzenon shows that the main features@U are well repro-
distance, and spectral region. duced in the QWP mode but a longer integration is needed
In Fig. 5, we demonstrate the application of the simulteo reach the same S/N as in the single HWP spectrum due to
neousQUV mode (Sect. 4.3.1) where the polarized Stokes

(© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.an-journal.org



Residual spectrum and Stokes V/Ic
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Fig.6 (online colour at: www.an-journal.org) The residual spectra for BSRlower) and SOFIN (upper) overplotted with Stokes
V/I.. The residual spectrui/I. - A¢ from (57a) is shown as the more noisy spectrum and scaled up 10 timeplituale to match
V/I..

plitude of the residual spectrum is about 1% of the Stokes
V/1., which implies thatAr averaged over a broad spec-
tral range is aboud.5°. This residual spectrum is co-added
with the factor1/2 to Q/I. or with v/2/2 to U/I. in all
HWP mode combinations of angles, except the three com-
N N binations(Py 4+ Poo), (Pss + Pi35) and(Pss 5 — Ps75) in
RO 0T g 0 (B5). In case of)U is 1% of V in amplitude, the cross-talk
Fig.7 The LSD profiles of Stoked’/I. (left) and residual betweengU andV is about 50%, i.e. up to one half of the
V/I. - Ar (right) for HARPS obtained in HWP mode (55) with @MPlitude inQU’ comes fromV.
the retarder angle separated4d/. The LSD profile calculations At the moment we were not able to detect any signature
are courtesy of T. Carroll (AIP). of the polarization interference (44) in HARPS spectra over
a broad spectral range with the use of LSD profiles. Per-
haps, this is due to a pickup-fence effect of the selected lin
the half amplitude in the polarization modulation functloqlst moderate signal-to-noise ratio, and the broad medula
(Sect. 4.3.1). tion functionL.

The amplitude and its effect on the cross-talk betw@en |, Fig. 8, we show the global fit of the polarization mod-
andU due to a wavelength dependent optic axis misaligjation function (24) to the spectra obtained in the simulta
ment of the retardeA¢ is shown in Fig.6. We used the neousQUV mode (57) with HARPS and SOFIN. The resid-
QWP mode to derive the residual spectrumigfl. - Ad q) spectrum in Stokel /I, was formed as the difference
from (57a). The cross-talk term¢ betweenQ andU 'S between the global fits with and without inclusion of the
present in (57¢) and (57d) in the QWP mode, as well as jaiarder optic axis orientatiop as the free parameter. The
almost every equation of (55) in the HWP mode. residual spectra are scaled up seven times and plotted ver-

The effect of the retardation errdyr on the cross-talk sus Stoke§)/I.. The residual spectrum (with the factor two
is somewhat less pronounced and requires a higher sign@moved) consists of the ter@/I. - 4A¢ from (57¢). The
to-noise ratio to be seen. To do that, we computed LSD proentribution of@ to U is in this example about 3.5%. The
files (Donati et al. 1997) of the Stok&% 1. and the residual global fit of the SOFIN spectra with the retarder optic axis
spectrumV//I. - A7 from HARPS spectra obtained in HWP orientation¢ included into the fit gives the same estimate
mode with the retarder angles separated¥y (P, + Py;) for the angle as obtained from the polarimetric calibration
and (Pa2 5 + Ps75) in (55) and shown in Fig. 7. The am-in the same wavelength region.

0.02 0.0002f T TN

0.01 0.0001
0.0000
0.00 2
S —0.0001

-0.01 - —0.0002
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Cross-talk in Stokes 7xU/Ic versus Q/Ic
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Fig.8 (online colour at: www.an-journal.org) The residual spectra for BSRlower) and SOFIN (upper) overplotted with Stokes
Q/I.. The residual spectra, scaled seven times, are the differencesbetvestwo global fits of the polarization modulation function
with the retarder optic axis orientatiahincluded or excluded from the fit. The spectra obtained in the simultan@duls mode with
the quarter-wave retarder.

7.3 Conclusions angles of the retarder (Sect. 5.2). Some possible uncertain
ties of the continuum normalization for Stok€sand half

The aim of this work is to outline the optimal ways to mini-modulation amplitude for Stoke3U with respect td/ are
mize the cross-talk between Stokes parameters. We focusdiadvantages of the method.

stellar spectra obtained with a dual beam polarimeter with
various configurations of the retarder element. Acknowledgements. This paper includes data taken at the 2.56 m

We showed in Sect. 4.3 that StokEscan be obtained Nordic Optical Telescope (NOT), La Palma, Spain, and at 3.6m
with the quarter-wave retarder with no cross-talk termeifro Teléscope, European Southern Observatory (ESO), La Silla, Chile.
StokesQU and its accuracy limited only by the quadraticThe PEPSI project was funded by the Science and Culture Ministry

L o of the German State of Brandenburg (MWFK) and the German
terms of the deviations of the polarization elements ar']glelgederal Ministry for Education and Research (BMBF) and is sup-

The optimal configuration to measure Stokgls is de-  ported by the German BMBF Verbundforschung through DESY
scribed in Sect. 4.1 for a polarimeter with no retarder bufrants 05AL2BA1/3 and 05A08BAC. The author thanks the ref-
the rotating polarizing beam-splitter fixed with respect teree of this paper for valuable discussions which helped to en-
the entrance fibers (as laid out in llyin et al. 2011 for théghten the manuscript, as well as to Dr. T.A. Carroll for his con-
PEPSI spectropolarimeter). tribution on the LSD analysis.

The polarimetric configuration with the half-wave re-
tarder Sect. 4.2 can achieve high accuracy of the StQkés
free of contribution from Stoke¥ for the retarder angles
separated by0° with a possible drawback of the contin-gagnyio, S., Landolfi, M., Landstreet, J.D., Landi Degl'innocent,
uum normalization uncertainties introduced to the Stokes g Fossati, L., Sterzik, M.: 2009, PASP 121, 993
spectra. Bennett, J.M .: 1995, in: M. Bass, et al. (edsiandbook of Optics

Finally, the simultaneous Stok&3UV mode with the !, 2nd ed., Chapter 3 o
use of the quarter-wave retarder advocated in Sect. 4.38g"da, M., Stenflo, J.0., Solanki, S.K.: 1998, A&A 337, 565

Born, M., Wolf, E.: 2002Principles of Optics, 7th ed., Cambridge
(57), has the advantage of a homogeneous data set from University Press, Cambridge

which all Stokes parameters can be derived together Wiﬁ}zchkov, V.D., Bychkova, L.V, Madej, J.: 2006, MNRAS 365
the wavelength dependent misalignment of the retarder op- ggg

tic axis. We employ a global non-linear fit of the polarizacarroll, T.A., Kopf, M., llyin, I., Strassmeier, K.G.: 2007, AN 328
tion modulation function to the observed spectra at differe 1043
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