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Chapter 3

Nightly Variability of Polarimetric
Standard Stars

3.1 Introduction

Nightly, high precision monitoring of polarization standard stars is necessary for calibration of polar-

ized sources. The POLISH instrument on the Hale 5-m telescope is designed to observe polarimetric

variability in Cygnus X-1, the most well-studied high mass X-ray binary. This binary is thought to

consist of a 40±10 M�, O9.7Iab supergiant and a 13.5−29 M� black hole at a distance of 2.2±0.2

kpc (Ziólkowski 2005). It has a polarimetric period of 2.8 days, which is half the orbital period of

5.6 days (Gies et al. 2003). The amplitude of variability is of order 0.1% in both Stokes Q and U

(Kemp et al. 1979, Dolan & Tapia 1989, Wolinski et al. 1996). The spectrum of the strong, linear

polarization of order 5% is consistent with interstellar origin (Gehrels 1972, Wolinski et al. 1996),

and other members of the Cygnus OB association also share polarization at this level. The intrinsic

polarization of the source is due to Thomson scattering by the abundant free electrons from the

supergiant as well as Rayleigh scattering from the circumbinary envelope. However, the geometry

of the scatterers is poorly understood.

The goal of this observing program is to constrain the orbital inclination of the HDE 226868/Cyg-

nus X-1 supergiant/black hole system and provide a mass estimate for the black hole. In order to

constrain the inclination to 5◦, however, polarimetric monitoring of Cygnus X-1 must be performed

with precision of one part in 104 to one part in ten million (Aspin et al. 1981). Systematic effects,

especially those that vary on nightly timescales, must be calibrated to this level. Thus, both polar-

ized and unpolarized standard stars must be observed to high precision.
1The following paper is derived from observations in this chapter: Wiktorowicz, S. J. 2009, ApJ, in press.
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Figure 3.1: Quantum efficiency curves for the red enhanced and blue enhanced APDs (detector 2
and 1, respectively).

3.2 Observations

The POLISH instrument (POLarimeter for Inclination Studies of High mass x-ray binaries/Hot

jupiters) is a visible light polarimeter commissioned at the Cassegrain focus of the Hale 5-m tele-

scope at Palomar Observatory, California. This instrument utilizes a photoelastic modulator (PEM)

and lock-in amplifiers to modulate and detect incident, polarized light at 100 kHz. These compo-

nents contribute to the high signal-to-noise observations by the instrument. A Wollaston prism feeds

a pair of avalanche photodiodes (APDs) or photomultiplier tubes (PMTs), depending on stellar in-

tensity. Stars with V < 7 mag are observed with avalanche photodiodes (see Figure 3.1 for quantum

efficiency versus wavelength), while stars fainter than this are observed with photomultiplier tubes.

The bandpass of the instrument is limited by the detectors; the lack of spectral filters increases

throughput of the instrument and allows for high precision observations. On-source guiding is ac-

complished by use of a beamsplitter, which allows ≈ 5% of the flux to be sent to a Xybion CCD

camera.
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Table 3.1: Observed Stars

Name Alt. Name RA Dec P Θ (◦) V Type

Algeniba γ Peg 00 13 14.23 +15 11 00.9 940.6(5.7)× 10−6 111.03(17) 2.83 B2IV
HD 7927 φ Cas 01 20 04.92 +58 13 53.8 3.6523(48)% 92.342(87) 5.01 F0Ia

HD 9270 η Psc 01 31 29.07 +15 20 44.8 105.0(2.9)× 10−6 122.3(1.1) 3.63 G7IIa

HR 5854 α Ser 15 44 16.07 +06 25 32.3 1.84(79)× 10−6 − 2.64 K2IIIb
HD 147084 o Sco 16 20 38.18 −24 10 09.6 4.4961(94)% 32.025(97) 4.55 A4II/III

HD 149026b SAO 65349 16 30 29.62 +38 20 50.3 568.9(7.3)× 10−6 80.83(51) 8.16 G0IV
HD 154445 SAO 141513 17 05 32.24 −00 53 31.7 4.5175(32)% 90.318(22) 5.64 B1V

u Herc HD 156633 17 17 19.57 +33 06 00.4 0.1618(15)% 171.90(18) 4.80 B1.5Vp+

γ Ophd HD 161868 17 47 53.56 +02 42 26.3 178.2(4.0)× 10−6 60.56(65) 3.75 A0V
HD 157999 σ Oph 17 26 30.98 +04 08 25.1 1.0482(15)% 85.079(51) 4.34 K3Iab

HD 175541b GJ 736 18 55 40.88 +04 15 55.2 1117.8(8.3)× 10−6 76.96(21) 8.03 G8V
HD 187929e η Aql 19 52 28.37 +01 00 20.4 1.9464(37)% 93.030(67) 3.5− 4.3 (F6.5−G2)Ib

Cygnus X-1f SAO 69181 19 58 21.68 +35 12 05.8 6.9733(94)% 138.729(33) 8.95 O9.7Iab

HD 189733b V452 Vul 20 00 43.71 +22 42 39.1 450.7(5.1)× 10−6 73.30(34) 7.68 K1.5V
HD 204827 SAO 33461 21 28 57.70 +58 44 24.0 7.9929(97)% 59.542(31) 8.00 O9.5V

HD 212311 SAO 34361 22 21 58.55 +56 31 52.8 407(27)× 10−6 176.37(30) 8.12 A0V

HR 8974 γ Cep 23 39 20.85 +77 37 56.2 4.6(1.0)× 10−6 − 3.23 K1IV

aβ Cepheid, pulsator
bExtrasolar planet host
cβ Lyrid, eclipsing binary
dDebris disk
eδ Cepheid, pulsator
fHigh mass X-ray binary

Each on-source measurement consists of one ≈ 30 second integration. Data are sky subtracted

by chopping the secondary mirror 25 arcsec due north of the source position. Polarization val-

ues are corrected for PEM systematics and then telescope polarization is subtracted. Polarization

uncertainty in each measurement is generally two to three times the photon shot noise limit, and

night-to-night polarization uncertainty scales according to shot noise statistics. That is, σP ∝ P
1
2 ,

where σP is the polarization uncertainty and P is the stellar polarization. The polarization noise

floor of the instrument is about eight parts in ten million for night-to-night observations.

The stars observed are listed in Table 3.1. V band magnitude and spectral type for HD 187929,

a δ Cepheid variable, are from Bastien et al. (1988) and Oke (1961) respectively. Spectral type for

HD 212311 is from Schmidt et al. (1992). All other non-polarimetric data are from the SIMBAD

database. The polarization and position angle values in parentheses represent the standard error of

the mean. This is not a measure of source variability; rather, these uncertainties are the square root

of the weighted variance of measurements divided by the square root of the number of measurements.

Weighting is proportional to number of detected photons to ensure that each detected photon, as

opposed to each measurement, is treated equally. This is particularly important when cirrus clouds

are present, because observed stellar intensity may vary throughout the night.
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The absolute polarization value for each star is related to instrumental gain factors and is not our

primary concern. Indeed, we find a correction factor of 0.836 ± 0.064 must be multiplied to polar-

ization measurements from POLISH to make absolute polarization consistent with the Heiles (2000)

polarization catalogs. However, this correction factor would increase uncertainty in our measure-

ments unnecessarily. Instead, we aim to discern relative changes in polarization with high precision,

so this correction factor is not applied to our data.

Cygnus X-1 is known to be variable of order ∆P ≈ 0.1%, and it is included in this paper as a

variable control source. This system illustrates the dangers of using the standard error of the mean

to determine polarimetric precision of the measurements. That is, Cygnus X-1 is listed in Table

3.1 with a standard error of σP ≈ 10−4, which is an order of magnitude lower than the known

∆P ≈ 0.1% variability. Normalizing the standard deviation of the measurements by the square root

of the number of measurements is only valid for normally distributed, i.e., non-variable, data.

3.3 Variability

3.3.1 Intra-Night Variability and Systematic Effects

To determine whether the data from a single night are normally distributed, we use the Kolmogorov-

Smirnov (K-S) test. We compare the cumulative distribution function (CDF) of measurements from

that night to the CDF for a normal distribution. This test is useful because it makes no assumptions

about how the data are distributed, and it is also applicable to data sets of differing size. The benefit

of the latter property of the K-S test will become apparent in the next section. The null hypothesis,

which posits that the CDF for a given night is randomly distributed, can be rejected if the confidence

level α is less than a predetermined value. In this section, rejection of the null hypothesis indicates

one, or both, of the following: (1) the star is non-variable on timescales less than one night, and/or

(2) systematic effects with timescales less than one night are significant.

In order to generate the CDF for a normal distribution, we first note the definition of the CDF:

CDF (Q) ≡
∫ Q
−∞ F (Q′) dQ′∫∞
−∞ F (Q′) dQ′

. (3.1)
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The probability density function for normally distributed data is

F (Q′) =
1

σ
√

2π
exp

[
−
(
Q′ −Q′

)2
2σ2

]
. (3.2)

The normalization in Equation 3.2 ensures that the denominator in Equation 3.1 is equal to unity.

In Equation 3.2, σ is the standard deviation of the data set, Q′, and the mean value of the data

set is given by Q′. Inserting F (Q′) from Equation 3.2 into Equation 3.1, we find the cumulative

distribution function for normally distributed data to be

CDF (Q) =
1
2

[
1 + erf

(
Q−Q
σ
√

2

)]
. (3.3)

Here, erf(x) is the error function and is defined as

erf (x) ≡ 2√
π

∫ x

0

e−t
2
dt. (3.4)

To calculate α, we find whether

D >
Kα√
n

(3.5a)

D > Kα

√
n1 + n2

n1n2
. (3.5b)

Here, D is the Kolmogorov-Smirnov statistic, which represents the maximum deviation between the

CDF from a given night and the CDF expected from the normal distribution. When comparing

one data set to a theoretical distribution, Equation 3.5a is used, and Equation 3.5b is used when

comparing two data sets. The number of measurements in each data set is given by n, n1, or n2.

The relationship between Kα and α is

√
2π
Kα

∞∑
i=1

exp

[
− (2i− 1)2

π2

8K2
α

]
= 1− α. (3.6)
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Measurement of D allows one to solve for Kα in Equation 3.5b, and the confidence level α of non-

variability can then be found from Equation 3.6.

Confidence levels of normally distributed, nightly data are listed in Table 3.2. It is convenient

to convert α to units of the standard deviation, σ, which is given by
√

2 erf−1 (α). Here, erf−1 (x)

is the inverse of the error function. Even though only two detectors are used at one time, com-

bining the simultaneous polarization measurement from both detectors is useful. To do this, the

weighted mean polarization is taken for each simultaneous pair of measurements. Again, the weight-

ing is proportional to number of photons detected, which is proportional to the signal divided by

the detector gain. Combination of measurements from both detectors is referred to as “Detector 1,2”.

The range of confidence values across all detectors from Table 3.2, for each star and for each

night, are plotted in Figure 3.2. We require normal distribution confidence level to be < 1σ to claim

variability or significant systematic effects during a single night. However, all nights have roughly

the same range of confidence levels, and the upper levels are > 3σ. Thus, variability and systematic

effects on timescales less than one night do not appear to be significant. Figure 3.3 shows each star’s

confidence levels from Table 3.2 separately. The horizontal, dashed line indicates the 1σ confidence

level of normal distribution for a particular star’s measurements on a particular night. There ap-

pear to be no systematic trends in confidence level seen in all stars during the run, reiterating the

conclusion from Figure 3.2 that intra-night systematic effects are not significant.

No stars appear to be significantly variable during a single night. The low confidence levels in

both Stokes Q and U for HR 8974 on UT August 5 are inconsistent with the high confidence levels

on UT August 3 and 6. Reasons for this are unknown, but it is still likely that polarization from this

source is not variable at a detectable level on timescales less than one night. Stokes Q data for HD

147084 do not exist. As stated in section 1, polarization from Cygnus X-1 is known to be variable on

the order of ∆Q,U ≈ 0.1% with a 2.8 day period. Cygnus X-1 observations lasted about three hours

per night, so variations of ∆Q,U ≈ 10−5 to 10−4 are therefore to be expected during each night.

However, this variability does not appear to be detected with much confidence, as measurements

are distributed randomly to ≈ 2σ in general.
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Table 3.2: Confidence of Random Distribution

UT Date Star Q1 Conf. Q2 Conf. Q1,2 Conf. U1 Conf. U2 Conf. U1,2 Conf.
2007 Aug 3 HR 5854 0.3σ 2.6σ 0.7σ 0.9σ 1.5σ 0.4σ
2007 Aug 4 · · · 2.8σ 1.7σ 2.8σ 2.4σ 2.0σ 3.2σ
2007 Aug 5 · · · 2.6σ 2.2σ 4.0σ 2.0σ 1.8σ 3.6σ
2007 Aug 6 · · · 3.0σ 0.7σ 1.8σ 2.5σ 1.8σ 1.7σ
2007 Aug 3 HR 8974 3.6σ 2.9σ 3.7σ 2.5σ 1.7σ 4.9σ
2007 Aug 4 · · · − − − 3.2σ 4.6σ 2.3σ
2007 Aug 5 · · · 1.7σ 1.5σ 0.6σ 0.5σ 1.7σ 1.8σ
2007 Aug 6 · · · 2.5σ 3.1σ 3.5σ 4.0σ 0.9σ 2.5σ
2007 Aug 4 HD 9270 1.5σ − − 1.7σ − −
2007 Aug 5 · · · 3.7σ 2.4σ 1.8σ 2.8σ 1.2σ 4.4σ
2007 Aug 6 · · · 1.7σ 1.7σ 2.1σ 2.9σ 1.4σ 3.9σ
2007 Aug 4 γ Oph 0.9σ 1.9σ 2.0σ 1.9σ 2.5σ 4.3σ
2007 Aug 5 · · · 0.5σ 2.4σ 2.2σ 2.3σ 3.4σ 2.5σ
2007 Aug 6 · · · 0.8σ 3.4σ 0.7σ 1.6σ 1.8σ 1.7σ
2007 Aug 3 HD 212311 0.6σ 1.7σ 0.9σ 3.2σ 1.5σ 1.6σ
2007 Aug 4 · · · 1.3σ 1.3σ 3.2σ 2.6σ 2.1σ 2.0σ
2007 Aug 5 · · · 0.8σ 1.0σ 1.7σ 0.2σ 1.2σ 1.6σ
2007 Aug 6 · · · 1.2σ 1.8σ 1.2σ 0.8σ 1.5σ 2.6σ
2007 Aug 5 Algenib 0.9σ 2.0σ 1.9σ 0.2σ 2.7σ 0.6σ
2007 Aug 6 · · · 0.4σ 2.9σ 0.4σ 2.8σ 1.5σ 1.5σ
2007 Aug 5 HD 157999 0.8σ 2.4σ 0.7σ 1.2σ 1.6σ 0.9σ
2007 Aug 6 · · · 1.6σ 0.3σ 1.7σ 1.2σ 2.2σ 1.5σ
2007 Aug 3 HD 187929 2.3σ 1.5σ 2.2σ 1.2σ 0.6σ 0.9σ
2007 Aug 5 · · · 1.4σ 2.7σ 2.1σ 2.5σ 2.5σ 1.5σ
2007 Aug 6 · · · 2.6σ 1.6σ 3.9σ 2.7σ 2.2σ 1.8σ
2007 Aug 3 HD 147084 − − − 1.3σ 0.4σ 0.8σ
2007 Aug 4 · · · − − − 1.1σ 3.4σ 1.4σ
2007 Aug 3 HD 204827 2.6σ 2.9σ 3.7σ 1.8σ 2.6σ 2.7σ
2007 Aug 4 · · · − − − 4.2σ 2.4σ 1.4σ
2007 Aug 5 · · · 2.4σ 1.5σ 0.6σ 2.5σ 2.8σ 2.1σ
2007 Aug 6 · · · 1.1σ 1.2σ 1.2σ 2.2σ 3.1σ 1.2σ
2007 Aug 3 Cygnus X-1 2.4σ 1.6σ 1.9σ 1.1σ 2.7σ 2.4σ
2007 Aug 4 · · · 1.0σ 1.2σ 2.4σ 0.3σ 1.8σ 0.8σ
2007 Aug 5 · · · 1.5σ 1.1σ 1.7σ 1.0σ 2.6σ 1.2σ
2007 Aug 6 · · · 0.8σ 0.7σ 0.7σ 0.9σ 1.5σ 2.1σ
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Figure 3.2: Nightly confidence range of normal distribution for all stars. Each vertical line represents
the range in confidence level for each star across all detector combinations. Ranges for each star
have been displaced from their neighbors in the x-direction for clarity. The points on 2007 Aug 4
are for HD 9270, which only has data from one detector (this can also be seen in Figure 3.3).

Figure 3.3: Nightly confidence range of normal distribution for individual stars. UT date ranges
between 2007 Aug 3 and 2007 Aug 6. Lower values of σQ,U indicate non-random distribution of
nightly data.
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A hint of intra-night variability in Cygnus X-1 exists for the UT 2007 Aug 6 Stokes Q data, where

the confidence of normal distribution ranges from 0.7σ to 0.8σ. Both detector 1 and detector 2 (blue

and red enhanced APDs, respectively) agree on this confidence level. However, we do not claim to

have detected variability in Cygnus X-1 during this night because (1) the Stokes U confidence ranges

for this object do not lie entirely below the 1σ threshold, and (2) the Stokes Q confidence ranges for

HD 204827 for that night are also low and tight at 1.1σ to 1.2σ. It appears that some systematic

effect caused non-random distribution of data for both of these objects, during this particular night,

and only for the Stokes Q data. We currently have no explanation for this.

3.3.2 Night-to-Night Variability

To test for stellar variability over timescales of one night or longer, we compare the CDF of mea-

surements between a pair of nights according to the Kolmogorov-Smirnov (K-S) test. We require

α < 0.01 in order to reject the null hypothesis and claim stellar variability. Plotted in Figures 3.4

and 3.5 are CDFs measured with each detector, or with the combination of detectors, for the pair

of nights listed in the captions. The heavy, solid line is the CDF for the earlier night of the pair,

and the thin, solid line is the CDF for the later night. The vertical, dotted line is the D statistic for

each pair of CDFs.

To determine extent of polarimetric variability, we find the difference between each weighted

mean Stokes parameter for the pair of nights tested. The uncertainty in this variability estimate

is the quadrature addition of uncertainties from each night. The uncertainty from each night is

taken to be the square root of the weighted variance divided by the square root of the number

of measurements. We list α values and polarimetric variability in Tables 3.3 to 3.9. Absolute

variability is defined by ∆Q,U ≡ Q,Unight2 − Q,Unight1, while relative variability is defined as

δQ,U ≡ (Q,Unight2 −Q,Unight1) / |Q,Unight1|. Weighted mean polarimetric variability ∆Q,Umean

and δQ,Umean are taken across detector 1, detector 2, and the detector 1,2 combination to deter-

mine the likelihood of variability. Here, the weighting is the inverse square of the uncertainty in each

detector’s estimate of variability. Significant variability is claimed if the following three conditions

are met: (1) α > 0.01 for both detectors and their combination, (2) ∆Qmean or ∆Umean > 3 times

their uncertainty, and (3) δQmean or δUmean > 3 times their uncertainty.
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Figure 3.4: CDFs of HR 5854 for 2007 Aug 3 and 4 (a), Aug 4 and 5 (b), Aug 5 and 6 (c), Aug 3
and 5 (d), Aug 4 and 6 (e), Aug 3 and 6 (f).
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Figure 3.5: CDFs of HD 187929 for 2007 Aug 5 and 6 (a), Aug 3 and 5 (b), and Aug 3 and 6 (c).
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Table 3.3: HR 5854 Variability

UT Date 2007 Aug 3 2007 Aug 4 2007 Aug 5 2007 Aug 3 2007 Aug 4 2007 Aug 3
∆Nights 1 1 1 2 2 3

αQ1 0.065 0.094 0.003 2× 10−4 0.086 0.100
αQ2 0.759 0.270 0.007 0.759 0.051 0.145
αQ1,2 0.055 0.491 0.169 0.003 0.353 0.065

αU1 0.269 0.579 0.186 0.305 0.269 0.334
αU2 0.290 0.382 0.469 0.699 0.847 0.927
αU1,2 0.065 0.954 0.153 0.080 0.123 0.221

∆Q1 (×10−6) −6.7(5.8) −12.0(6.9) 26.3(8.5) −18.7(6.1) 14.3(8.3) 7.6(7.6)
∆Q2 (×10−6) −2.6(6.3) 1.5(7.2) −9.3(9.6) −1.0(7.5) −7.8(8.7) −10.4(8.9)

∆Q1,2 (×10−6) −5.2(4.8) −8.3(6.3) 11.1(8.6) −13.5(5.7) 2.8(8.1) −2.4(7.6)
∆QMean (×10−6) −5.0(1.5) −6.6(5.5) 11(14) −12.4(6.7) 3.4(8.9) −0.9(7.2)

∆U1 (×10−6) 3.1(6.5) 6.1(8.2) −17.6(9.7) 9.3(7.7) −11.5(8.8) −8.4(8.4)
∆U2 (×10−6) 5.3(7.6) −8.5(7.9) 8.2(7.7) −3.2(7.2) −0.2(8.1) 5.1(7.4)

∆U1,2 (×10−6) 3.2(5.8) 2.7(6.6) −13.1(7.2) 5.9(6.0) −10.4(7.1) −7.2(6.5)
∆UMean (×10−6) 3.69(91) 0.3(5.9) −6(11) 4.1(4.9) −7.5(5.0) −3.5(6)

δQ1 −1.09(77) −20(190) 2.09(70) −3.1(1.4) 30(210) 1.2(1.7)
δQ2 −2.3(6.8) 1.0(4.0) − −0.9(5.3) −5(19) −9(36)
δQ1,2 −1.17(88) −11(61) 1.23(79) −3.0(1.7) 4(17) −0.5(1.6)
δQMean −1.13(11) 0.98(91) 1.71(43) −2.96(42) −0.1(4.7) 0.31(94)

δU1 2.5(6.2) 3(12) −2.2(1.3) 7(21) −6(14) −7(25)
δU2 10(120) −1.5(1.0) 3.1(4.6) −6(56) −0.0(1.4) 10(110)
δU1,2 4(11) 1.2(4.7) −2.6(1.9) 7(23) −4.5(7.3) −8(36)
δUMean 2.73(59) −1.31(66) −2.1(1.2) 6.0(3.4) −0.24(97) −6.5(3.1)

Table 3.4: HR 8974 Variability

UT Date 2007 Aug 3 2007 Aug 4 2007 Aug 5 2007 Aug 3 2007 Aug 4 2007 Aug 3
∆Nights 1 1 1 2 2 3

αQ1 − − 0.003 0.003 − 0.220
αQ2 − − 0.005 0.648 − 0.001
αQ1,2 − − 0.020 0.001 − 0.404

αU1 0.259 0.236 0.031 3× 10−4 0.065 0.009
αU2 0.225 0.134 0.189 0.092 0.788 0.094
αU1,2 0.948 0.270 0.002 0.048 0.032 0.004

∆Q1 (×10−6) − − −47(12) 32.3(8.6) − −15(10)
∆Q2 (×10−6) − − 27.6(9.3) −3.5(7.1) − 24.1(8.5)

∆Q1,2 (×10−6) − − −29(11) 29.4(8.8) − 0.7(8.0)
∆QMean (×10−6) − − −10(33) 16(17) − 5(15)

∆U1 (×10−6) −9.5(6.4) −14(11) 68(15) −23(10) 54(13) 45(13)
∆U2 (×10−6) −12.2(7.2) 26(12) −25(13) 14(12) 1.2(8.8) −11.0(8.2)

∆U1,2 (×10−6) −8.8(5.4) −9.9(8.1) 42.7(9.4) −18.6(7.4) 32.9(7.9) 24.1(7.2)
∆UMean (×10−6) −9.8(1.4) −3(15) 29(35) −13(14) 25(20) 14(21)

δQ1 − − −1.72(38) 6.4(5.1) − −2.9(4.0)
δQ2 − − 5.2(4.6) −1.9(7.5) − 13(29)
δQ1,2 − − −1.12(27) 7.8(7.3) − 0.2(2.0)
δQMean − − −1.31(42) 4.8(3.8) − −0.4(1.5)

δU1 −3.5(4.0) −2.0(2.7) 3.3(1.2) −9(11) 8.0(5.6) 17(25)
δU2 −10(38) 1.91(88) −2.0(1.0) 11(35) 0.09(63) −9(34)
δU1,2 −5.6(9.3) −1.4(1.7) 2.50(71) −12(21) 4.6(2.4) 15(32)
δUMean −3.90(95) 1.0(1.5) 1.5(2.1) −7.8(5.4) 0.5(1.4) 10(11)
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Table 3.5: HD 9270 & γ Oph Variability

Star HD 9270 HD 9270 HD 9270 γ Oph γ Oph γ Oph

UT Date 2007 Aug 4 2007 Aug 5 2007 Aug 4 2007 Aug 4 2007 Aug 5 2007 Aug 4
∆Nights 1 1 2 1 1 2

αQ1 0.685 0.584 0.124 0.172 0.001 0.005
αQ2 − 0.016 − 0.329 0.013 0.172
αQ1,2 − 0.873 − 0.035 0.172 0.172

αU1 0.329 0.032 0.251 0.998 0.015 0.004
αU2 − 0.039 − 0.811 0.249 0.094
αU1,2 − 0.998 − 0.860 0.109 0.094

∆Q1 (×10−6) 0(12) −25(15) −24(13) 4(11) 46(14) 50(14)
∆Q2 (×10−6) − 27(16) − 0.4(9.8) −29(13) −28(13)

∆Q1,2 (×10−6) − −6(13) − 5.4(8.2) 19(10) 25(11)
∆QMean (×10−6) − −2(20) − 3.4(2.2) 12(28) 15(31)

∆U1 (×10−6) −11.4(7.8) 19(11) 8(10) −2(10) −40(14) −42(13)
∆U2 (×10−6) − −33(17) − 6(12) 11(12) 17(12)

∆U1,2 (×10−6) − 0.7(9.6) − 2.2(7.7) −22(10) −19.5(9.8)
∆UMean (×10−6) − 3(17) − 1.8(2.8) −16(20) −15(22)

δQ1 (%) 1(30) −62(51) −61(37) 3.3(9.9) 45(12) 47(12)
δQ2 (%) − 44(23) − 0(11) −33(16) −32(17)
δQ1,2 (%) − −13(32) − 5.3(7.7) 20(10) 24(10)
δQMean (%) − 14(38) − 3.6(1.9) 18(27) 23(27)

δU1 (%) −12.6(9.1) 19.1(10.0) 9(11) −1.4(6.4) −25.2(8.2) −26.2(7.8)
δU2 (%) − −41(22) − 3.5(7.4) 6.9(7.8) 10.7(8.1)
δU1,2 (%) − 0.7(9.9) − 1.4(4.9) −13.4(6.0) −12.2(5.9)
δUMean (%) − 5(17) − 1.1(1.7) −11(12) −10(14)

Table 3.6: HD 212311 Variability

HD 212311 2007 Aug 3 2007 Aug 4 2007 Aug 5 2007 Aug 3 2007 Aug 4 2007 Aug 3
∆Nights 1 1 1 2 2 3

αQ1 0.423 0.936 0.602 0.560 0.975 0.701
αQ2 0.576 0.883 0.037 0.560 0.478 0.034
αQ1,2 0.576 0.739 0.164 0.978 0.070 0.070

αU1 0.112 0.055 0.353 0.665 0.516 0.079
αU2 0.356 0.305 0.959 0.982 0.300 0.966
αU1,2 0.969 0.869 0.875 0.665 0.579 0.485

∆Q1 (%) 0.001(24) −0.002(21) 0.011(21) −0.001(24) 0.009(21) 0.010(24)
∆Q2 (%) −0.019(19) 0.013(18) −0.042(18) −0.006(17) −0.029(21) −0.048(0)

∆Q1,2 (%) −0.010(12) 0.006(10) −0.018(11) −0.005(12) −0.012(11) −0.022(13)
∆QMean (%) −0.0105(61) 0.0062(46) −0.018(17) −0.0043(17) −0.011(11) −0.023(18)

∆U1 (%) −0.046(24) 0.021(24) −0.024(28) −0.026(24) −0.003(28) −0.049(27)
∆U2 (%) 0.040(19) −0.036(19) −0.001(23) 0.005(18) −0.037(24) 0.003(23)

∆U1,2 (%) 0.003(12) −0.010(13) −0.012(15) −0.008(13) −0.023(14) −0.020(14)
∆UMean (%) 0.004(27) −0.012(18) −0.0112(71) −0.007(10) −0.023(10) −0.019(16)

δQ1 0.05(79) −0.06(62) 0.36(81) −0.02(76) 0.28(74) 0.34(94)
δQ2 −0.31(27) 0.31(50) −0.75(27) −0.09(26) −0.67(37) −0.77(25)
δQ1,2 −0.21(21) 0.15(29) −0.41(22) −0.09(23) −0.32(26) −0.46(20)
δQMean −0.236(74) 0.16(11) −0.50(24) −0.090(16) −0.38(25) −0.56(21)

δQ1 −2.4(1.5) 0.75(66) −4(12) −1.36(97) −0.1(1.1) −2.6(1.8)
δQ2 2.6(1.7) −1.43(56) −0.1(2.2) 0.3(1.0) −1.49(80) 0.2(1.4)
δQ1,2 5(52) −5(17) −1.4(3.1) −10(200) −10(38) −30(470)
δUMean −0.1(2.5) −0.5(1.1) −0.61(73) −0.57(83) −0.99(68) −0.9(1.4)
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Table 3.7: Stellar Variability

Star Algenib HD 157999 HD 187929 HD 187929 HD 187929 HD 147084

UT Date 2007 Aug 5 2007 Aug 5 2007 Aug 5 2007 Aug 3 2007 Aug 3 2007 Aug 3
∆Nights 1 1 1 2 3 1

αQ1 2× 10−5 1× 10−8 3× 10−6 5× 10−9 8× 10−8 −
αQ2 1× 10−5 1× 10−8 3× 10−6 5× 10−9 1× 10−6 −
αQ1,2 4× 10−4 3× 10−6 9× 10−5 5× 10−9 8× 10−8 −
αU1 0.013 0.037 0.375 0.320 0.509 0.005
αU2 0.431 0.211 0.509 0.320 0.036 0.441
αU1,2 0.086 0.211 0.660 0.320 0.181 0.005

∆Q1 (×10−6) −138(22) 420(17) 849(53) 509(34) 1358(49) −
∆Q2 (×10−6) 62(10) −544(22) −816(41) 506(38) −309(34) −

∆Q1,2 (×10−6) −62(15) 143(18) 343(46) 472(34) 815(34) −
∆QMean (×10−6) 3(76) 90(370) −20(700) 495(17) 460(670) −

∆U1 (×10−6) 34(21) −99(38) 109(69) −155(82) −46(82) 1000(150)
∆U2 (×10−6) −15(11) 94(37) −144(73) −182(86) −326(83) −350(210)

∆U1,2 (×10−6) 18(16) −46(37) 36(68) −175(82) −139(82) 492(63)
∆UMean (×10−6) 1(20) −16(81) 10(100) −170(11) −170(120) 497(29)

δQ1 (%) −24.4(4.6) 4.09(17) 4.66(29) 2.72(18) 7.25(26) −
δQ2 (%) 8.5(1.3) −5.10(22) −4.31(22) 2.61(19) −1.59(18) −
δQ1,2 (%) −10.0(2.6) 1.37(17) 1.86(25) 2.49(18) 4.30(18) −
δQMean (%) 3(10) 0.9(3.5) −0.0(3.8) 2.608(95) 2.4(3.5) −
δU1 (%) 5.5(3.3) −5.5(2.0) 5.3(3.3) −8.2(4.5) −2.4(4.4) 2.51(40)
δU2 (%) −2.4(1.7) 5.0(2.0) −6.8(3.5) −9.3(4.7) −16.8(4.8) −0.84(50)
δU1,2 (%) 2.9(2.5) −2.5(2.0) 1.7(3.3) −9.1(4.6) −7.3(4.5) 1.22(16)
δUMean (%) 0.3(3.2) −1.0(4.4) 0.4(4.9) −8.88(50) −8.4(5.8) 1.22(74)
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Table 3.8: HD 204827 Variability

HD 204827 2007 Aug 3 2007 Aug 4 2007 Aug 5 2007 Aug 3 2007 Aug 4 2007 Aug 3
∆Nights 1 1 1 2 2 3

αQ1 − − 0.013 0.879 − 0.019
αQ2 − − 0.560 0.602 − 0.483
αQ1,2 − − 0.172 0.725 − 0.212

αU1 0.029 0.071 0.064 0.455 0.864 0.005
αU2 0.106 0.183 0.182 0.759 0.677 0.097
αU1,2 0.011 0.024 0.025 0.635 0.677 0.003

∆Q1 (%) − − −0.059(19) 0.011(21) − −0.048(18)
∆Q2 (%) − − −0.021(33) −0.009(31) − −0.030(30)

∆Q1,2 (%) − − −0.037(20) 0.004(20) − −0.033(18)
∆QMean (%) − − −0.045(14) 0.0046(71) − −0.0387(77)

∆U1 (%) 0.175(38) −0.127(37) 0.099(31) 0.048(32) −0.028(37) 0.147(32)
∆U2 (%) 0.091(21) −0.098(24) 0.061(28) −0.007(24) −0.037(25) 0.054(26)

∆U1,2 (%) 0.127(22) −0.113(23) 0.080(20) 0.015(20) −0.033(23) 0.094(20)
∆UMean (%) 0.117(29) −0.109(10) 0.079(13) 0.014(19) −0.0335(32) 0.092(32)

δQ1 (%) − − −1.54(51) 0.29(54) − −1.25(48)
δQ2 (%) − − −0.54(85) −0.24(80) − −0.78(76)
δQ1,2 (%) − − −0.97(53) 0.11(52) − −0.85(46)
δQMean (%) − − −1.15(37) 0.12(18) − −1.00(21)

δU1 (%) 2.57(56) −1.81(52) 1.44(45) 0.71(47) −0.40(53) 2.16(48)
δU2 (%) 1.28(29) −1.37(33) 0.86(40) −0.10(34) −0.52(36) 0.76(37)
δU1,2 (%) 1.83(32) −1.59(32) 1.14(29) 0.21(29) −0.46(32) 1.36(28)
δUMean (%) 1.67(43) −1.54(16) 1.13(20) 0.19(28) −0.473(41) 1.32(47)

Table 3.9: Cygnus X-1 Variability

Cygnus X-1 2007 Aug 3 2007 Aug 4 2007 Aug 5 2007 Aug 3 2007 Aug 4 2007 Aug 3
∆Nights 1 1 1 2 2 3

αQ1 4× 10−17 1× 10−7 1× 10−16 2× 10−17 2× 10−7 4× 10−6

αQ2 3× 10−16 2× 10−5 6× 10−13 6× 10−17 2× 10−5 6× 10−5

αQ1,2 2× 10−16 7× 10−8 6× 10−17 7× 10−17 4× 10−7 8× 10−8

αU1 3× 10−10 4× 10−11 7× 10−14 0.056 0.007 2× 10−8

αU2 1× 10−17 1× 10−16 1× 10−18 3× 10−4 8× 10−6 4× 10−14

αU1,2 3× 10−17 2× 10−16 3× 10−17 0.016 4× 10−6 1× 10−16

∆Q1 (%) −0.210(15) −0.100(15) 0.222(14) −0.310(13) 0.121(15) −0.089(13)
∆Q2 (%) −0.216(18) −0.115(19) 0.218(19) −0.331(18) 0.103(18) −0.113(18)

∆Q1,2 (%) −0.216(12) −0.107(13) 0.218(13) −0.323(12) 0.111(13) −0.105(12)
∆QMean (%) −0.2139(28) −0.1067(55) 0.2193(18) −0.3199(80) 0.1124(70) −0.1006(97)

∆U1 (%) −0.207(24) 0.233(24) −0.197(18) 0.026(21) 0.036(22) −0.171(19)
∆U2 (%) −0.183(12) 0.240(11) −0.175(10) 0.057(12) 0.065(11) −0.118(12)

∆U1,2 (%) −0.188(11) 0.235(12) −0.1817(98) 0.047(10) 0.053(11) −0.1352(87)
∆UMean (%) −0.1881(68) 0.2370(26) −0.1809(69) 0.0479(92) 0.0563(90) −0.134(15)
δQ1 (%) −20.2(1.3) −12.1(1.7) 30.4(2.3) −29.8(1.1) 14.6(2.0) −8.5(1.2)
δQ2 (%) −19.3(1.4) −12.8(2.0) 27.8(2.8) −29.7(1.4) 11.4(2.2) −10.1(1.5)
δQ1,2 (%) −20.2(1.1) −12.6(1.5) 29.2(2.1) −30.2(1.0) 12.9(1.7) −9.8(1.1)
δQMean (%) −19.97(36) −12.46(28) 29.26(97) −29.95(23) 13.1(1.2) −9.44(69)
δU1 (%) −3.04(36) 3.32(33) −2.90(27) 0.38(30) 0.51(31) −2.51(28)
δU2 (%) −2.64(18) 3.36(15) −2.54(15) 0.81(17) 0.91(15) −1.71(17)
δU1,2 (%) −2.74(16) 3.32(16) −2.66(15) 0.68(14) 0.75(15) −1.96(13)
δUMean (%) −2.73(11) 3.343(21) −2.64(11) 0.70(13) 0.80(12) −1.95(24)
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Most stars are intrinsically unpolarized. For instance, the Sun itself is polarized at the level

of less than one part in ten million (Kemp et al. 1987). Polarization of starlight is thought to

be caused by interstellar dust clouds along the line of sight. Davis & Greenstein (1951) proposed

that elongated dust grains, aligned with their spin axes parallel to the galactic magnetic field, cause

preferential extinction of starlight with electric field parallel to the long axis of the grains. Serkowski

et al. (1975) discovered an empirical relation to determine whether the polarization of starlight is

consistent with origin from interstellar dust. By comparing the wavelength of peak polarization for

364 stars, they find

P (λ)
Pmax

= exp
[
−1.15 ln2

(
λmax

λ

)]
. (3.7)

Here, Pmax is the maximum polarization as a function of wavelength and λmax is the wavelength of

maximum polarization. This wavelength is taken to be the mean grain size along the line of sight to

the star. Stars with wavelength dependence of polarization lying along this curve are thought to be

dominated by interstellar polarization. According to Serkowski et al. (1975), the following stars in

our sample are dominated by interstellar polarization: HD 147084, HD 157999, HD 187929, and HD

204827. Additionally, Schmidt et al. (1992) find good fits of their data to interstellar polarization

curves for HD 204827. Even Cygnus X-1 appears to owe ≈ 98% of its polarization to interstellar

dust grains (Gehrels 1972, Wolinski et al. 1996).

If grain orientation varies along the line of sight, circular polarization will be produced (Serkowski

1962). Additionally, if gain size also varies along the line of sight, position angle of polarization will

be wavelength-dependent (Martin 1974). Therefore, the combination of circular polarization and

wavelength-dependent linear polarization measurements can constrain grain properties along the

line of sight.

Mean polarization versus distance is shown in Figure 3.6. More distant stars tend to have

stronger polarization, which is expected if the origin is interstellar. Indeed, all stars in this figure

with polarization P > 1% are dominated by interstellar polarization (cf. Serkowski et al. 1975).

Stars with polarization less than this have not been investigated by Serkowski et al. (1975), because

they had probably been assumed to be unpolarized. Thus, it is probable that polarization from all

stars contains a contribution from the interstellar medium.
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Figure 3.6: Polarization as a function of stellar distance. Stars with only one night of obsevations
have also been included. The dashed and dotted lines are guides for the eye.

It is interesting that γ Oph has about an order of magnitude stronger polarization than the

dashed trend in Figure 3.6 might indicate. This excess polarization may be due to the debris disk

around γ Oph. However, the three stars lying near the dotted trend (γ Oph, HD 154445, and HD

147084) are all close to each other in the sky toward the Galactic Center. This region of enhanced

extinction should also have strong interstellar polarization, which should be manifested as a vertical

offset to the dashed line.

Similar polarimetric position angle between these three stars would imply that polarization of

γ Oph is not due to its debris disk. However, position angles of net polarization are 60.56± 0.65◦,

90.318 ± 0.022◦, and 32.025 ± 0.097◦ for γ Oph, HD 154445, and HD 147084, respectively. Thus,

there is no common orientation of interstellar dust grains in the lines of sight for these three stars.

Indeed, the polarization maps of Mathewson & Ford (1970) show large differences in polarimetric

position angle between these stellar locations. The star with no variability data with P ≈ 1% is HD

154445, and the possibly variable star of similar polarization is HD 147084.



98

However, some stars are intrinsically polarized, evidenced by presence of wavelength-dependent

position angle and absence of circular polarization. Intrinsic polarization may be due to circumstel-

lar material or to tidal distortion from binary companions. Polarimetric variability may therefore

be caused by intrinsic processes in the stellar atmosphere or surroundings, or it may be caused by

changes in the line of sight interstellar medium. A first-order approach to determine the likelihood

of ISM variability is to calculate the time taken for a star to traverse its own disk from proper

motion, tvar. Table 3.10 lists proper motions and parallaxes from the SIMBAD database as well

as stellar radii R from the Catalog of Apparent Diameters and Absolute Radii of Stars (CADARS:

Pasinetti-Fracassini et al. 2001), 3rd Edition. A distance estimate was not found in the literature

for HD 212311, so we approximate this by scaling its V band magnitude (from Table 3.1) to the

magnitude and distance of γ Oph. This star has a similar spectral type to HD 212311. HD 7927,

HD 149026, HD 175541, HD 189733, HD 204827, and HD 212311 are assumed to have radii R ≈ R�.

Parallax for Cygnus X-1 from SIMBAD is 0.56 ± 1.01 mas, while Ziólkowski (2005) presents a

distance of 2.15 ± 0.2 kpc (3σ) for their evolutionary models of this object based on spectroscopy

and photometry from Massey et al. (1995). The two values are consistent, but the Massey et al.

(1995) value is more precise. We therefore convert the Massey et al. (1995) distance into expected

parallax and include in Table 3.10. Stellar radii, R, are from the Catalog of Apparent Diameters and

Absolute Radii of Stars (CADARS: Pasinetti-Fracassini et al. 2001), 3rd Edition, for all but HDE

226868 (Cygnus X-1 companion), HD 204827, and HD 212311. The CADARS catalog is obtained

through the VizieR Service (Ochsenbein et al. 2000). Radius of HDE 226868 is 22.77± 2.3 R� from

Ziólkowski (2005).

Since the bandpasses differ slightly between the red and blue enhanced APDs (Figure 3.1), we

attempt to measure change in polarization and position angle for stars observed with APDs. Dif-

ferences in run-averaged values between detectors are listed in Table 3.11. Difference in P between

APDs 2 and 1 is the quadrature addition of the differences in the Stokes parameters. Again, values

in bold are significant at the level of three or more times the uncertainty. It can be seen that we de-

tect significant differences in polarization between the APDs for three out of the five stars for which

interstellar polarization has been seen. The other two out of five (HD 147084 and HD 154445) show

differences in polarization between detector that are significant at 2.4 and 1.6 times the uncertainty,

respectively.
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We investigate whether differences in polarization from each APD are due to their bandpasses

resolving the shape of the interstellar polarization spectrum. Table 3.12 shows that the gain factor

necessary to convert our measured Stokes parameters to absolute polarization does not vary between

APDs 1 and 2. Therefore, dividing the degree of polarization measured by each APD cancels out any

absolute polarization gain factor and takes advantage of our high precision data. We numerically

integrate the product of the Serkowski et al. (1975) polarization spectrum from Equation 3.7 with

the quantum efficiency of each APD.

The ratio of the integrals from both APDs gives the expected effect of the interstellar polar-

ization spectrum, (P2/P1)exp. Values of λmax represent the mean value from the compilation of

Serkowski et al. (1975) weighted by the inverse square of the uncertainty. The observed ratios of

polarization from both APDs, (P2/P1)obs, are also listed. Bold values indicate significant departures

from a ratio of unity. We plot the expected and observed ratios of P2/P1 in Figure 3.7. The large

difference between expected and observed ratios of polarization between the APDs suggests that

the differing bandpasses between the APDs may not be significant. The observed ratios seem to be

correlated with the expected ratios from the interstellar polarization spectrum, but we currently do

not understand the cause of this. Stability of APD1 is known to be far superior to that of APD2,

so the anomalously high polarizations detected by APD2 may be a systematic effect.

3.4 Discussion

3.4.1 Standard Stars

HR 5854 (α Ser, HD 140573). No variability estimates were found in the literature for this

unpolarized star. While some α, ∆Q,U , and δQ,U values in Table 3.3 indicate variability, the large

majority indicate this star is non-variable on timescales of one to three nights. This is consistent

with the essentially unpolarized nature of this star as well as the minimum ≈ 1 month timescale for

significant change in the line of sight ISM column. We find no significant difference in polarization

between detectors.

HD 9270 (η Psc, HR 437). The interstellar polarization maps of Mathewson & Ford (1970)

show weak polarization in this region of the sky. No variability estimates were found in the literature
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Table 3.10: Variability of Interstellar Polarization

Name P Θ (◦) PMRA PMDec π R tvar
(mas/yr) (mas/yr) (mas) (mas) (days)

HR 5854 1.84(79)× 10−6 − +134.66 +44.14 44.54(71) 4.8 25
HR 8974 4.6(1.0)× 10−6 − −48.85 +127.19 72.50(52) 3.9 21
HD 9270 105.0(2.9)× 10−6 +122.3(1.1) +25.73 −3.29 11.09(82) 3.8 107
γ Oph 178.2(4.0)× 10−6 60.56(65) −23.15 −75.12 34.42(99) 0.61 5.7

HD 212311 407(27)× 10−6 176.37(30) +21.00 +1.40 ≈ 5 ≈ 0.02 ≈ 0.4
HD 189733 450.7(5.1)× 10−6 73.30(34) −2.49 −250.81 51.94(87) ≈ 0.2 ≈ 0.4
HD 149026 568.9(7.3)× 10−6 80.83(51) −77.12 +53.34 12.68(79) ≈ 0.06 ≈ 0.2

Algenib 940.6(5.7)× 10−6 111.03(17) +4.7 −8.24 9.79(81) 0.43 33
HD 175541 1117.8(8.3)× 10−6 76.96(21) −7.84 −89.86 7.8(1.1) 0.027 ≈ 0.1

u Her 0.1618(15)% 171.90(18) −3.68 −5.74 3.77(56) 0.2 21
HD 157999 1.0482(15)% 85.079(51) +1.25 +7.09 2.78(92) 5.2 530
HD 187929 1.9464(37)% 93.030(67) +6.94 −7.30 2.78(91) 1.8 130
HD 7927 3.6523(48)% 92.342(87) −1.31 −2.19 1.40(68) ≈ 0.007 ≈ 0.9

HD 147084 4.4961(94)% 32.025(97) −4.23 −14.71 2.77(76) 1.3 62
HD 154445 4.5175(32)% 90.318(22) +4.34 −1.91 4.26(96) 0.16 25
Cygnus X-1 6.9733(94)% 138.729(33) −3.82 −7.62 0.465(43) 0.049 4.2
HD 204827 7.9929(97)% 59.542(31) −1.21 −2.92 0.97(79) ≈ 0.005 ≈ 0.5

Table 3.11: Wavelength-Dependent Polarization

Name Q2 −Q1 U2 − U1 P2 − P1 Θ2 − Θ1 λmax (P2/P1)exp (P2/P1)obs

(×10−6) (×10−6) (×10−6) (◦) (nm)

HR 5854 −1.7(4.5) 1.1(4.9) 2.0(4.6) − − − 4(21)
HR 8974 1.8(6.0) −3.8(6.7) 4.2(6.6) − − − 1.5(2.4)
HD 9270 −7.1(8.4) 1.1(8.9) 7.2(8.4) 1.9(2.3) − − 1.023(86)
γ Oph −6.8(8.2) 26.9(8.1) 27.7(8.1) 1.2(1.3) − − 1.159(53)

Algeniba −52(15) −16(10) 55(15) 0.75(41) − − 1.055(15)
u Her 38(28) −57(32) 69(31) 0.76(55) − − 1.033(18)

HD 157999b −897(58) 179(29) 915(57) 0.060(82) 580(30) 1.0094(62) 1.0899(58)
HD 187929b,c −907(77) −125(62) 916(77) 0.044(93) 546(15) 1.0021(33) 1.0493(43)
HD 7927b,c −960(120) −120(170) 970(120) 0.03(13) 511.9(3.9) 0.99445(91) 1.0266(34)

HD 147084a,b 660(310) 260(75) 710(290) 0.30(17) 664.0(8.0) 1.0256(14) 1.0115(34)
HD 154445b −240(340) 300(130) 390(240) 0.192(86) 573(49) 1.008(10) 1.0053(76)

aCircular polarization detected
bInterstellar P versus λ
cRotation of θ versus λ

Table 3.12: Corrections for Absolute Polarization

Parameter APD1 APD2 Mean PMT1 PMT2 Mean

PPOLISH − PHeiles (×10−4) 1.8(3.6) 1.8(3.8) 1.8438(21) 8(35) 9(37) 8.84(53)
PPOLISH/PHeiles 0.843(87) 0.842(62) 0.84224(69) 0.690(20) 0.672(22) 0.6811(89)
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Figure 3.7: Expected and observed ratios of polarization between APDs.

for this weakly polarized star. HD 9270 is not significantly variable on one to two night timescales

according to Table 3.5, and lack of detected variability is expected due to its weak polarization.

The minimum ≈ 3.5 month timescale for significant ISM change in the line of sight to HD 9270 is

expected to inhibit variability for the duration of our observations. We find no significant difference

in polarization or position angle between detectors.

HD 212311. This weakly polarized star is classified as an unpolarized standard according

to Schmidt et al. (1992), who report B and V band polarizations of (2.8± 2.5) × 10−4 and

(3.4± 2.1) × 10−4, respectively. We also detect linear polarization of order one part in 104, but

it is detected at the 15σ confidence level. We therefore caution against the use of HD 212311 as

an unpolarized standard. Because of its weak polarization, we do not expect significant changes in

polarization to be detected. Indeed, Schmidt et al. (1992) claim it is non-variable, and we confirm

non-variability up to our detection limit on one to three night timescales, as seen in Table 3.6.

u Her (HD 156633). Rudy & Kemp (1977) find phase-locked polarization modulation of am-

plitude 0.03% in this partially eclipsing binary with two day period (Kukarkin et al. 1958). Orbital
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inclination is 76◦ (Batten 1967) to 77◦ (Merril 1963), and the secondary appears to fill its Roche

lobe (Merril 1963, Kovachev & Reinhardt 1975). By assuming intrinsic polarization to be zero at

conjunctions, Rudy & Kemp (1977) assert the interstellar polarization to be 0.02% to 0.03%. The

minimum timescale for significant ISM variability is ≈ 1 month, which proves that variability in u

Her is intrinsic. Unfortunately, our observations only span one night, so we are unable to comment

on variability.

HD 157999 (σ Oph, HR 6498). Serkowski et al. (1975) find wavelength dependence of

polarization consistent with interstellar origin. No variability estimates were found in the literature

for this polarized star. HD 157999 appears to be significantly variable in Stokes Q on a one night

timescale (Table 3.7), but the signs of variability ∆Q and δQ vary between detector. This star may

be variable from night to night, but we do not have enough data to state this with much confidence.

The minimum timescale for ISM column variability of ≈ 1.5 years requires that polarimetric vari-

ability, if subsequently confirmed, must be intrinsic to the star.

Variability estimates for HD 157999 are preferentially stronger in Stokes Q than in Stokes U .

Since the highest signal to noise ratio is achieved on the Stokes parameter with highest polariza-

tion, variability in this Stokes parameter will be most easily detected. HD 157999 has polarimetric

position angle Θ ≈ 90◦, so Stokes Q is an order of magnitude stronger than Stokes U . This is most

likely the reason for strong Stokes Q variability and weaker Stokes U variability.

HD 7927 (φ Cas, HR 382). Serkowski et al. (1975) find significant interstellar polarization

in the line of sight to this star based on the wavelength dependence of polarization. Many authors

(Gehrels & Silvester 1965, Coyne & Gehrels 1966, Hsu & Breger 1982, Dolan & Tapia 1986, Bastien

et al. 1988, Wolff et al. 1996) find significant wavelength dependence of position angle. Dolan

& Tapia (1986) and Bastien et al. (1988) claim nightly variability of this star and interpret it to

be intrinsic in origin. However, Clarke & Naghizadeh-Khouei (1994) reject the variability claim of

Bastien et al. (1988) on the grounds that their statistical analyses lacked rigor. They perform a K-S

test on the cumulative distribution function of position angle to claim non-variability of this star.

Bastien et al. (2007) re-analyze the Bastien et al. (1988) data and assert that variability exists.

Unfortunately, our observations only span one night; therefore, we cannot comment on variability

of HD 7927.
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HD 147084 (o Sco, HR 6081). Both Martin (1974) and Serkowski et al. (1975) find

wavelength-dependent linear polarization consistent with interstellar origin. Dolan & Tapia (1986)

observe low significance changes in polarimetric position angle Θ with wavelength: their probability

of constant Θ versus wavelength is 0.35 according to the χ2 test. While their uncertainty in position

angle for this star is substantially larger than other stars in their program, the lack of wavelength

dependence on position angle is supported by many authors (Serkowski 1968, Serkowski et al. 1975,

Hsu & Breger 1982, Bailey & Hough 1982, Clarke 1986).

However, Kemp (1972) and Kemp & Wolstencroft (1972) detect significant wavelength-dependent

circular polarization in the line of sight to this star. Martin (1974) further finds the wavelength de-

pendence of circular polarization to be consistent with significant change in grain orientation along

the line of sight. Reconciliation of the lack of wavelength dependence on position angle as well as

the presence of significant circular polarization can occur by two effects. Either grain orientation

but not size varies along the line of sight, the star possesses intrinsic polarization, or both.

Dolan & Tapia (1986) posit that the star is intrinsically polarized, and they hypothesize that

this intrinsic polarization has wavelength dependence on position angle opposite that due to the

line of sight dust grains. This hypothesis may be supported by the timescale of variability seen by

Bastien et al. (1988) as well as by the reanalysis by Bastien et al. (2007). In Figure 2 of Bastien

et al. (1988), variability in degree of polarization as well as position angle seems to occur over the

first nine-night interval. Consultation of Table 3.10 shows that ISM variability requires at least

two months to be detected, implying that the source of variability may be intrinsic. On the other

hand, the remaining ≈ 31 nights in Figure 2 of Bastien et al. (1988) do not show much variability.

Additionally, Clarke & Naghizadeh-Khouei (1994) criticize the Bastien et al. (1988) assertion of

variability. A simpler explanation of the lack of wavelength-dependent position angle is that grain

size may not change in the line of sight. Unfortunately, we have no Stokes Q measurements, and

the variability in Stokes U changes sign between our detectors (Table 3.7). Therefore, our data are

not sufficient to confirm variability of Bastien et al. (1988) or to otherwise shed light on this subject.

HD 204827. Serkowski et al. (1975) find polarization of this star to be caused by the ISM. Hsu

& Breger (1982) see significant change in position angle with wavelength. Dolan & Tapia (1986)

also observe changes in polarimetric position angle Θ with wavelength: their probability of constant

Θ versus wavelength according to the χ2 test varies from α = 0.09 to α < 10−5 over a two month
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interval. However, Schulz & Lenzen (1983) claim that no significant rotation of position angle occurs

with wavelength. A χ2 analysis of their UBV RI band data gives the probability of constant position

angle to be α = 0.07. Clayton et al. (1995) also claim that no substantial change in position angle

occurs with wavelength, but their Figure 1 clearly shows the trend of increasing position angle with

increasing wavelength seen by Hsu & Breger (1982) and Dolan & Tapia (1986). Indeed, they perform

no statistical tests to verify their claim. No circular polarization measurements were found in the

literature.

Three authors classify this strongly polarized star as variable on a ≈ 4 night timescale (Dolan &

Tapia 1986, Bastien et al. 1988, reanalysis by Bastien et al. 2007), but Schmidt et al. (1992) claim

it is not. Additionally, Clarke & Naghizadeh-Khouei (1994) criticize the variability claim of Bastien

et al. (1988). We observe significant changes in Stokes U (∆Umean and δUmean in Table 3.8) on

timescales of one to three nights. However, the cumulative distribution functions do not significantly

vary on one and two night timescales (αU > 0.01), but they do significantly vary on a three night

timescale. The few nights for which Stokes Q data exist show significant variability in ∆Qmean and

δQmean as well, but again the CDFs do not significantly vary. Therefore, we confirm variability of

this star on a three night timescale and suspect it to be present on shorter timescales, but further

data are required for confirmation. The minimum timescale for ISM variability is of order one day

from Table 3.10, which raises the possibility of polarimetric variability due to the ISM.

3.4.2 Extrasolar Planets

HR 8974 (γ Cep, HD 222404). No variability estimates were found in the literature for this un-

polarized star. The primary component of the binary system with period 67.5±1.4 years (Neuhäuser

et al. 2007) harbors an extrasolar planet. Hatzes et al. (2003) discovered a planetary companion to

the primary star, and the minimum 1.60 ± 0.13 Jupiter mass planet has a period of T ≈ 903 days

and semimajor axis a ≈ 2.04 AU (Neuhäuser et al. 2007). Therefore, we expect the amplitude of

the planetary polarimetric signal to be of order 10−8 or less and consequently undetectable. This

star does not appear to be significantly variable on one to three night timescales, as seen in Table

3.4. This is consistent with the essentially unpolarized nature of this star as well as the minimum

≈ 1 month timescale for significant change in the line of sight ISM column. We find no significant

difference in polarization between detectors.
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Table 3.13: Variability of Exoplanet Host Stars

System Properties
Name M T a i Stokes χ2/n α 1

2 ∆(Q,U)

(MJ ) (days) (AU) (◦) (10−5)

HD 189733a 1.150(46) 2.2185733(20) 0.0312(4) 85.76(29) Q/I 6.7/6 0.353 4.7(3.2)
· · · · · · · · · · · · · · · U/I 6.9/6 0.329 4.8(2.7)

HD 149026a 0.36(3) 2.8758887(35) 0.0432(6) 85.4+0.9
−0.8 Q/I 2.3/7 0.942 3.2(2.3)

· · · · · · · · · · · · · · · U/I 5.8/7 0.560 7.6(4.1)
HD 175541 0.61 sin i 297.3(6.0) 1.03 ? Q/I 5.4/6 0.492 5.4(2.7)
· · · · · · · · · · · · · · · U/I 9.1/6 0.168 6.2(2.4)

HR 8974 (1.60± 0.13) sin i 902.9(3.5) 2.044(57) ? Q/I 2.9/3 0.401 1.47(86)
· · · · · · · · · · · · · · · U/I 0.6/4 0.965 0.26(41)

aTransiting planet

HD 175541. No variability estimates were found in the literature for this weakly polarized

star. It harbors a planet with minimum mass 0.61 Jupiter masses, a period of T ≈ 297 days, and

semimajor axis 1.03 AU (Johnson et al. 2007). Since the fraction of starlight intercepted by the

planet is less than one part in 107, any observed polarimetric variability from the system cannot

be due to the planet. Constant polarization of this system over six nights can only be rejected at

the α = 17% level of significance according to the χ2 test (Table 3.13 and Figure 3.8). We require

α < 1% in order to confirm variability of the star. Therefore, we cannot claim variability of HD

175541 with confidence; however, Figure 3.8 shows qualitative evidence of a long-period trend in the

polarization of this star. This may be due to variability in the ISM, because the minimum timescale

for this process is less than one day.

HD 149026. No variability estimates were found in the literature for this weakly polarized star.

A short-period, transiting planet exists around this star with M = 0.36±0.03 MJ (Winn et al. 2008),

T ≈ 2.9 day period, semimajor axis a ≈ 0.04 AU, and i = 85.4+0.9◦

−0.8◦ (Nutzman et al. 2008). Constant

polarization of this system can only be rejected at the α = 56% level of significance; therefore, we

do not observe significant variability (Table 3.13 and Figure 3.9). It is interesting to note that the

Stokes U observations near phase 0.8, where phase 0 is set to be mid-transit, are somewhat different

from each other. Therefore, there does not appear to be strong phase-locking of the polarization of

the system to the orbital period of the planet. This is expected from a system where the planet only

intercepts of order one part in 105 of the stellar flux; consequently, the polarimetric amplitude of

the system from the transiting planet is expected to be one part per million to one part in ten million.
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Figure 3.8: Observed polarization of the HD 175541 exoplanet system. Mean polarization of order
one part in 104 has been subtracted.
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Figure 3.9: Observed polarization of the HD 149026 transiting hot Jupiter system. Mean polarization
of order one part in 104 has been subtracted. Phase 0 represents mid-transit (0.5 phase difference
between transit and radial velocity ephemerides).
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HD 189733 (V452 Vul). Berdyugina et al. (2008, hereafter B08) observe marginal variability

of this system, which harbors a transiting hot Jupiter with M = 1.150 ± 0.046 MJ , T ≈ 2.2 days,

a ≈ 0.03 AU, and i = 85.76 ± 0.29◦ (Winn et al. 2007). They attribute this modulation to stellar

flux scattered by the hot Jupiter. However, planetary polarization is expected to be only of order

one part per million or less, especially when multiple scattering in the planetary atmosphere is taken

into account (cf. Seager et al. 2000). The polarimetric modulation of HD 189733 appears to be two

orders of magnitude larger than expected from a planetary origin, where B08 observe ∆P ≈ 2×10−4.

Indeed, in order to explain this large of a modulation from scattering by a planetary atmosphere,

B08 invoke a Lambertian sphere, with geometric albedo of 2/3. Even with this unrealistically large

albedo, B08 require a planetary radius 30% larger than the radius measured by transits. The ratio

of planetary to stellar radii is accurately obtained from transit observations, and near-IR interfer-

ometry has accurately determined the stellar radius (Baines et al. 2007). Planetary radius estimates

from transit and interferometric observations are more reliable than the polarimetric estimate by

B08. Therefore, the polarimetric modulation observed by B08 cannot be due to the planet.

A potential cause of polarimetric variability in hot Jupiter host stars is starspot activity. Pho-

tometric observations by the MOST satellite suggest the existence of starspots on the short period

τ Boö that follow the rotation period of the star (Walker et al. 2008). There is also some evidence

that Ca II H and K emission from the short period HD 179949 may follow the stellar rotation period

(Shkolnik et al. 2005, 2008). HD 187933 is known to be active, with up to 1% of its surface covered

in spots at any time (Hébrard & Lecavelier des Etangs 2006, Croll et al. 2007, Pont et al. 2007,

Winn et al. 2007, Moutou et al. 2008). These spots appear to rotate with the roughly 11.8 day

stellar rotation period (Henry & Winn 2008, Croll et al. 2008). Unfortunately, B08 do not discuss

the probability of starspots causing their observed modulation.

Plotted in Figure 3.10 are the phase-binned observations of B08. They observe polarization

peaks at quadrature phases and vanishing polarization at conjunctions. B08 take these observations

to be evidence of a planetary origin of the polarimetric signature of the system. That is, a planet

at quadrature ensures a 90◦ scattering angle, which maximizes the degree of polarization from the

planet. At conjunctions, however, a planet is at near-full or near-new phase, which generates zero

net polarization. However, the Lambertian planetary model of B08 fails to accurately describe the

Stokes U variability near phase 0.2 (Figure 3.10). This may be evidence of the more complex po-

larization modulation due to a corotating, polarized starspot. While the ISM may be variable on
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a timescale less than the orbital period of the planet, the consistent but weak variability observed

by B08 and POLISH at these phases suggests that ISM variability is not the cause of observed

modulation in HD 189733.

In Figure 3.11, we show nightly mean polarization of HD 189733 observed with POLISH. There

appears to be qualitative variability in our polarimetric observations, which is similar to that ob-

served by B08. However, since constant polarization can only be rejected at a χ2 significance of

α = 33%, variability cannot be confirmed. Like B08, we observe increases in both Stokes Q and

U during this phase. When plotting ∆P =
√

(∆Q/I)2 + (∆U/I)2, which is the degree of “excess”

polarization after mean polarization in each Stokes parameter is removed, we find weak evidence for

an increase in degree of polarization near quadrature. We also find weak evidence for a low degree

of polarization near phase 0.5, which is defined to be inferior conjunction of the star. At this phase,

a corotating starspot will lie behind the stellar limb, so a decrease in polarization near phase 0.5

does not prove a planetary origin for the polarimetric modulation. Longer phase coverage of the

polarimetric modulation of the system is required to determine the existence of a polarized starspot.

Because of the high degree of polarization of flux scattered through 90◦, a stellar limb is ex-

pected to be polarized. The position angle of limb polarization is expected to be tangent to the

limb, because the scattering plane is in the radial direction. Outside of a transit, the symmetry

of main sequence stellar disks ensures low net intrinsic stellar polarization. However, as a planet

contacts the limb of a star to mark the beginning of a transit, the partial occultation of the star’s

limb generates net polarization. The partial loss of polarization tangent to the stellar limb causes

net polarization of the starlight parallel to the line connecting the centers of the planet and star

(Figure 3.12). During mid-transit, the polarization vector is perpendicular to the orbital plane, but

the degree of polarization is low. This is because stellar polarization is concentrated in the limb.

For 83◦ < i < 90◦, the planet will transit at mid-latitudes on the star, so the North/South Polar

limb will not be occulted. Thus, the maximum change in polarization during the transit will take

place at ingress and egress, as opposed to mid-transit.

The strength of the polarimetric modulation during the transit has been modeled by Carciofi &

Magalhães (2005), which is presented as our Figure 3.13. The amplitude varies over two orders of

magnitude, from one part per million to one part in 104, depending on the strength of the stellar

limb polarization, its radial dependence, and the wavelength observed. The strongest signal appears
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Fig. 1.—Polarimetric data (Stokes q and u with "1 j error bars on the
scale of 10 ) for HD 189733 and a Monte Carlo simulated sample. The original!4

data are shown with filled circles: for HD 189733 in the year 2006 (top) and
for 2007 (middle), and for the Monte Carlo simulated data combined for both
years (bottom). The data rebinned for equal phase intervals are shown with
open circles in separate panels. For HD 189733, the constant shifts in Stokes
parameters and were subtracted from the data according to Table 1.Dq Du
The best-fit solutions deduced from the unbinned data are shown with solid
curves. [See the electronic edition of the Journal for a color version of this
figure.]

TABLE 1
Parameters of the HD 189733 System

Parameter Known Value Best-Fit Value

P (days) . . . . . . . . . . . . . . . . . . 2.218581a …
T0 (JD 2,400,000") . . . . . . 53931.12048a …
R*/R, . . . . . . . . . . . . . . . . . . . . 0.76 …
a (AU) . . . . . . . . . . . . . . . . . . . . 0.0312 …
e . . . . . . . . . . . . . . . . . . . . . . . . . . 0.0 0.0b

i (deg) . . . . . . . . . . . . . . . . . . . . 85.68a 98 " 8
Q (deg) . . . . . . . . . . . . . . . . . . . … 16(196) " 8
Dq/10!4 . . . . . . . . . . . . . . . . . . . … !2.0 " 0.3
Du/10!4 . . . . . . . . . . . . . . . . . . . … !0.7 " 0.3
RL/RJ . . . . . . . . . . . . . . . . . . . . . . 1.15a 1.5 " 0.2
M/MJ . . . . . . . . . . . . . . . . . . . . . . 1.15 …
RRL/RJ . . . . . . . . . . . . . . . . . . . . . 3.3 …
pRL . . . . . . . . . . . . . . . . . . . . . . . . … 0.14

a Pont et al. (2007). Other fixed parameters are from Butler et al. (2006).
b The uncertainty of e is 0.05.

ried out in cycles of 16 exposures, corresponding to a full
rotation of the retarder. In the 2006 season we made 10–15 s
exposures at positions, yielding eight single observa-2 # 16
tions of q and u per night. These were then averaged to calculate
the nightly mean value and its standard error (1 j). Typical
errors of the 2006 measurements were 0.02%–0.03%. In 2007,
in order to reduce the measurement errors, we increased the
integration time for individual exposures up to 20–30 s and
made measurements at positions, thus increasing the4 # 16
total integration time by a factor of 4. This reduced the errors
by a factor of 2, down to 0.01%–0.015%, which indicates that
the accuracy was limited by the photon noise and did not suffer
from systematic effects. Overall we obtained 93 nightly mea-
surements for each Stokes parameter. This allowed us to reduce
the statistical error down to 0.006% on average in the binned
data (see Fig. 1) and clearly reveal polarization peaks of
∼0.02% near elongations.

For calibration of the polarization angle zero point we ob-
served the highly polarized standard stars HD 204827 and HD
161056. To estimate the value of the instrumental polarization,
a number of zero polarized nearby (!25 pc) stars from the list
by Piirola (1977) were also observed. In fact, the instrumental
polarization at the KVA telescope has been monitored since
2004 within other projects as well (e.g., Piirola et al. 2005).
These measurements demonstrated that in the B passband it
was well below 0.02% and invariable.

3. MODELING

To analyze the observed polarimetric signal, we employ a
simple model based on the Lambert sphere approximation, i.e.,
a perfectly reflecting surface with the geometrical albedo p p
2/3, and Rayleigh scattering (Fluri & Berdyugina 2008). Mod-
eling the observed variations in Stokes q and u allows us to
reconstruct the orientation of the planetary orbit in space and
estimate the effective size of the scattering atmosphere (Lam-
bert sphere). In the model, fixed parameters are the orbital
period P, transit or periastron epoch , semimajor axis a, andT0

the radius of the star , which is considered to be a limb-R∗
darkened sphere. The values used are provided in Table 1. The
limb-darkening was assumed according to Claret (2000) but
its details were found to be insignificant within the measure-
ment errors. Free parameters are the eccentricity e, orbit in-
clination i, longitude of the ascending node Q, radius of the
Lambert sphere , and constant shifts in Stokes parametersRL

and , which can be present in the data due to interstellarDq Du
or circumstellar polarization. In the case of transiting planets,
the orbit inclination can also be determined from photometric
data, which is a valuable test for our model. Otherwise, po-
larimetry provides a unique opportunity to evaluate both i and
Q. Moreover, it is possible to distinguish between inclinations
smaller and larger than 90#, which is not possible from transit
data.

In general, it is that scales the amplitude of polarizationRL

variations. The inclination scales the relative amplitudes in
Stokes q and u. For example, at # q and u have the samei p 0
amplitude. If #, the relative amplitude is also influencedi ( 0
by Q, e.g., at # variations appear only in Stokes q ifi p 90

#, 90#, 180#, or 270#, and only in Stokes u if #,Q p 0 Q p 45
135#, 225#, or 315#. More examples can be found in Fluri &
Berdyugina (2008). Observed polarization can be both positive
and negative, since its direction is always perpendicular to the
line joining the planet and the star as projected on the sky
plane. Our definition is in accordance with the common as-
sumption that positive q is in the north-south direction, while
the negative one in the east-west direction. Positive and neg-
ative u are at an angle of 45# counterclockwise from the positive
and negative q, respectively (see Fig. 3). The inclination is
defined in such a way that the planet revolves counterclockwise
as projected on the sky for and clockwise for0# ≤ i ! 90#

. Further, Q varies from 0# to 360# starting from90# ! i ≤ 180#
north and increases via east, south, and west.

In many cases, two maxima per period near the elongations

Figure 3.10: Polarimetric modulation of the HD 189733 transiting hot Jupiter system from Figure
1 of Berdyugina et al. (2008). Mean polarization of order one part in 104 has been subtracted.
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Figure 3.11: Observed polarization of the HD 189733 transiting hot Jupiter system. Mean polar-
ization of order one part in 104 has been subtracted. Phase 0 represents mid-transit (0.5 phase
difference between transit and radial velocity ephemerides).
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Figure 3.12: HD 189733 transit geometry, planet and star are to scale. Dashed lines indicate
position angle of net polarization at transit ingress, mid-transit, and egress. A degeneracy exists in
photometry between a Northern and Southern Hemisphere transit, where the dotted line indicates
the equatorial plane of the star. Polarimetry appears to have resolved this degeneracy: a Southern
Hemisphere transit (pictured) is consistent with the observations.

In Figure 8 we show how the maximum polarization effi-
ciency varies with the planet radius. The figure illustrates well
the two opposite effects that control the OP, as discussed in
xx 2.3 and 3.3. Increasing the planet radius enlarges the flux
absorbed by the planet and makes the polarization go up. This
increase, however, is hampered by the fact that the limb polar-
ization at the impact parameter of the planet center at the inner
contact decreases with increasing planet radius. This is the
reason why the curves in Figure 8 level off somewhat as Rp in-
creases. In any case, all the polarization values implied by the
efficiencies shown in Figure 8 should be detectable.

The dotted lines in Figure 8 represent the analytical approx-
imation for the maximum OP, equation (11), with the appro-
priate values for w̄, k, and the limb-darkening coefficients. The
differences between the analytical and numerical results are small,
which indicates that equation (11) is very useful for providing
an estimate of the maximum OP for a given configuration.

In Figures 9 and 10 we show the results for a K5 dwarf, for
which we adopted a stellar radius of 0.72 R). The results for a
T dwarf with radius 0.2 R) are shown in Figures 11 and 12. We
note that theoretical atmosphere models for brown dwarfs (e.g.,
Tsuji 2002) indicate the formation of dust grains in such cool

atmospheres. Those grains would provide an additional scat-
tering opacity to the Rayleigh opacity, suggesting large values
for the limb polarization for those objects. Such limb polari-
zation needs further detailed modeling.

Our results clearly demonstrate that the OP is within the
reach of current polarimeters. In the worst scenario, correspond-
ing to the lower lines of Figures 7–12 (k ¼ 50), the efficiency
ranges between about 10"5 (Rp ¼ 0:09RJup) and 0.003 (Rp ¼
2RJup), which corresponds to polarization levels of 10"7 to
3 ;10"5 if the Pl ¼ 1%, and 10 times those values if Pl ¼ 10%.
The best scenarios correspond to k ¼ 0 (Figs. 7–12, lower lines).
In these cases the efficiency is between 3 ;10"4 and about 0.1.
For a limb polarization of 10%, this corresponds to polariza-
tion levels of 3 ; 10"5 up to 1%. The maximum OP values for
the limiting cases studied here are summarized in Table 3,
where we adopted Pl ¼ 10%.

Table 3 demonstrates that high-precision polarimetry can be a
means not only to study planetary systems with large (Jupiter-size)

Fig. 6.—Limb polarization for different values of k (right: k ¼ 0; second
from right: k ¼ 1; second from left: k ¼ 5; and left: k ¼ 50). The dotted line
represents the curve for the solar limb polarization at 4600 8, and the dashed
line represents the limb polarization for an M giant (Harrington 1969). [See
the electronic edition of the Journal for a color version of this figure.]

Fig. 7.—Occultation polarization efficiency for the central transit of a 1RJup

planet across an M2 dwarf (top: k ¼ 0; second from top: k ¼ 1; second from
bottom: k ¼ 5; and bottom: k ¼ 50). For Pl ! 1%, the OP should be measurable
if &k0:001. [See the electronic edition of the Journal for a color version of this
figure.]

Fig. 5.—Same as Fig. 4, but for the resonant line Ca i k4227. [See the
electronic edition of the Journal for a color version of this figure.]

Fig. 8.—Maximum polarization efficiency vs. planet radius for an M2 dwarf
(top: k ¼ 0; second from top: k ¼ 1; second from bottom: k ¼ 5; and bottom:
k ¼ 50). The dotted lines represent the analytical approximation of eq. (11),
with the appropriate values of w̄, k, and ai. [See the electronic edition of the
Journal for a color version of this figure.]

ESP TRANSITING COOL DWARFS 575No. 1, 2005

Figure 3.13: Modeled degree of polarization during a transit. Vertical scale is highly model-
dependent. This figure is taken from Figure 5 of Carcofi & Magalhães (2005).
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to exist at the Ca I λ4227 resonant line, and the P (λ) ∝ λ−4 dependence of Rayleigh scattering

in the stellar photosphere is also present. Thus, our ≈ B band instrument is well suited for the

detection of a polarized transit. We observed HD 189733 for ≈ 3 hours at Cassegrain ring angle

φ = 60◦, with ≈ 30 minutes both before and after the transit as well as ≈ 2 hours during the transit.

This ring angle was chosen to maximize the polarimetric signal, based on the estimation by B08 of

a Ω = 16◦ longitude of ascending node. Since the equatorial plane is therefore estimated to have a

position angle of Θ = 16◦ on the sky, the net polarization of the system (due to the planet outside

of transit) is expected to lie at Θ = 90◦ + 16◦ = 106◦.

During transit ingress and egress, however, position angle of net polarization of the system lies at

45◦ or 135◦ with respect to the orbital plane (Figure 3.12). To maximize the sensitivity of POLISH

to the transit, we chose to set the Cassegrain ring to φ = 45◦ + 16◦ ≈ 60◦. Note that the use of

the Wollaston prism provides equal sensitivity to Stokes components 90◦ apart. Thus, only the sign

of the observed polarization changes whether the transit induces Θ = 45◦ or Θ = 135◦ polarization

with respect to the orbital plane. Subtracting the polarization from each detector enhances the

signature of the transit, because the slope of the modulation is opposite for each detector. That

is, for system polarization at 45◦ with respect to the orbital plane, detector 1 will record positive

polarization while detector 2 will measure negative polarization. For system polarization at 135◦

with respect to the orbital plane, the magnitude of the polarization will be the same as for 45◦, but

the signs will be reversed.

Raw data are shown in Figure 3.14, while Figure 3.15 represents the results after applying a

weighted, moving average with a bin size of 79 points. The subscript on the polarization indicates

the detector. The dotted boxes in Figure 3.15 represent the uncertainty in polarization as well as the

size of the moving average bin. The bin size is chosen to maximize sensitivity to variability at the

transit timescale. Since detector 1 observes positive polarization at ingress and negative at egress,

while detector 2 observes the opposite, it appears that the planet transits the Southern Hemisphere

of the star. This transit appears to have an amplitude of ∆P ≈ 3 × 10−5, which is 1,000 times

weaker than the amplitude in photometry.
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Figure 3.14: Sky-subtracted, polarimetric observations of a transit of the HD 189733 hot Jupiter.
The duration of the time series is ≈ 3 hours. Vertical black lines mark transit ingress, mid-transit,
and egress.
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Figure 3.15: Possible transit of an extrasolar planet seen in polarized light. Phase 0 corresponds to
mid-transit, and the transit duration is 1.827 hours (Winn et al. 2007).



113

3.4.3 Debris Disk

γ Oph (HD 161868, HR 6629). No variability estimates were found in the literature for this

weakly polarized star. It is not significantly variable on one to two night timescales according to

Table 3.5. Lack of detected variability is expected due to weak polarization. The minimum ≈ 1 week

timescale for ISM variability in the line of sight to γ Oph is approaching the timescale of our ob-

servations. Interestingly, marginally significant variability on both a one and two night timescale is

observed with detector 1. However, since this is not seen in detector 2, we cannot confirm variability.

γ Oph harbors a debris disk imaged by the Spitzer Space Telescope with inner and outer radii

of ≈ 13 and ≈ 520 AU, respectively. This disk, containing 0.010 ML of dust, is inclined at 50± 5◦

with its major axis at a position angle of 55± 2◦ (Su et al. 2008). Multiplying the degree of polar-

ization from Table 3.1 by the 0.836± 0.064 correction factor described in section 2, we find absolute

polarization of this source to be P = (1.49± 0.12)× 10−4.

To model the expected polarization of the disk, we assume single scattering of the parent star’s

flux by an optically thin disk composed of small (comparable to the wavelengths of visible light)

dust grains. We set γ Oph at the origin O of a right-handed coordinate system. The disk lies on

the xy plane, and the observer is along the direction θ = i (Figure 3.16). Following the derivation

in the Appendix (Equations D11a and D11b), the Stokes parameters of the light scattered off the

disk are

(
Q

I

)
disk

=
sin2 i

2 + sin2 i
(3.8a)

(
U

I

)
disk

= 0 (3.8b)

which are identical to the expressions of Shakhovskoi (1965). The +Q direction is perpendicular

to the disk’s major axis for nonzero inclination, and the −Q direction is parallel to the major axis.

These Stokes parameters are rotated with respect to celestial north by the position angle of the

disk’s major axis.

As expected, (Q/I)disk = (U/I)disk = 0 for i = 0. That is, polarization from a face-on disk

is zero because of symmetry. For an edge-on disk with i = π
2 , (Q/I)disk = 1

3 and (U/I)disk = 0.
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Figure 3.16: Debris disk geometry. The disk is in the xy plane, the blue plane OAB is the scattering
plane, and the green plane OBC is the observer plane.

These results indicate polarization perpendicular to the disk’s major axis for all inclination angles,

which is predicted by Sunyaev & Titarchuk (1985). Given i = 50◦ for the γ Oph disk from Su et

al. (2008), we find (Q/I)disk = 0.23 and (U/I)disk = 0 before adding in the star’s unpolarized light.

Since (Q/I)disk is positive, polarization is expected to be perpendicular to the disk’s major axis from

single scattering by small particles. However, Table 3.1 shows the position angle of polarization to

be Θ = 60.56 ± 0.65◦, while the position angle of the disk’s major axis is Θdisk = 55 ± 2◦ (Figure

3.17). Thus, the alignment of the disk polarization with the major axis indicates that either multiple

scattering dominates or grain size is large enough for forward-scattering to be dominant.

The latter hypothesis is corroborated by Su et al. (2008), who assume grain sizes ranging from

5 µm to 63 µm based on the spectral energy distribution of the disk. They adopt a constant surface

density model for the disk, and the size distribution of the grains is in collisional equilibrium. That

is, size distribution is modeled as n(a) ∝ a− 7
2 for grain diameter a. Therefore, the number density of

grains as a function of radius in the disk is n(r) = n0

∫ amax

amin
a−

7
2 da, where n0 is a constant. Assuming

grain volume V (a) = 4
3πa

3, their grain density of ρ = 2.5 g/cm3, and disk mass 0.010 ML, we find

n0 = 2.6 × 10−7 from Equation D12. Assuming grain cross-section σ(a) = πa2, we use Equation

D13 to find the fraction of the stellar flux scattered off the disk to be
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Figure 3.17: Position angle of net polarization, Θ = 60.56 ± 0.65◦ (red line) overlain on a Spitzer
image of the γ Oph debris disk (Figure 1d from Su et al. 2008). Position angle of the disk major
axis when projected on the sky, Θdisk = 55± 2◦, is shown as the blue line.

Idisk = 2π2n0

(
1

√
amin

− 1
√
amax

)
ln
(
rmax

rmin

)(
2 + sin2 i

)
. (3.9)

Here, the inner disk radius is rin, and the outer radius is rout. Given grain sizes from 5 µm to

63 µm, disk extent 13 to 520 AU, and i = 50◦ from Su et al. (2008), we find Idisk = 1.6 × 10−3.

Multiplying this by the expected disk polarization Pdisk =
√

(Q/I)2
disk + (U/I)2

disk = 0.23 found

above, the polarization of the γ Oph system is expected to be Pexp = 4 × 10−4. This is the same

order of magnitude as the observed polarization Pobs = (1.49± 0.12)× 10−4.

Multiple scattering is expected to rotate the polarization position angle by 90◦ with respect to

the single scattering case. This will cause polarization to be parallel to the major axis of the disk

(Angel 1969, Sunyaev & Titarchuk 1985, Phillips & Mészáros 1986, Kartje & Königl 1991), as ob-

served. However, multiple scattering tends to decrease the degree of polarization. Since the expected

polarization from single scattering is of the same order of magnitude as the observed polarization,

multiple scattering cannot be dominant. Thus, the most likely explanation for the alignment of po-

larimetric position angle and disk major axis is that the grains are predominantly forward-scattering.
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Assuming the expected polarization from the single scattering model in Figure 3.16 correctly

predicts the system polarization, the slight discrepancies between observed and expected polariza-

tion as well as position angle may be due to interstellar polarization. Solving for the interstel-

lar polarization vector necessary to decrease degree of polarization as well as rotate it by 5◦, we

find QIP = (4.6 ± 2.5) × 10−5, UIP = (−2.11 ± 0.13) × 10−4, PIP = (2.16 ± 0.14) × 10−4, and

ΘIP = 141.2± 3.2◦. Uncertainties in interstellar polarization are the minimum possible assuming no

uncertainty in expected degree of disk polarization. The probability of random interstellar polariza-

tion lying within 86◦ of the disk’s random major axis orientation is 23%, which is not significantly

low. Therefore, we posit that the line of sight to γ Oph contains interstellar polarization of degree

PIP ≈ 2.2 × 10−4 and lying at position angle ΘIP ≈ 141◦. This degree of interstellar polarization

appears to be high when compared with stars at similar distances (Figure 3.6), but γ Oph lies toward

the Galactic Center, along with HD 147084 and HD 154445. These stars appear to have enhanced

polarization with respect to stars at comparable distances, which is explainable by enhanced dust

cloud density along this galactic longitude.

3.4.4 Cepheid Variables

Algenib (γ Peg, HD 886, HR 39). Rudy & Kemp (1978) find circular polarization present

and assert a nonzero magnetic field with a null result probability of α = 0.004 under the χ2 test.

While no mention is made as to whether this circular polarization could be interstellar in origin, the

proximity of this star strongly implies that interstellar polarization, both linear and circular, should

be negligible. Thus, the observed circular polarization must be intrinsic to Algenib. No variability

estimates were found in the literature for this polarized β Cepheid star.

As with HD 157999, this star appears to be significantly variable in Stokes Q on a one night

timescale (Table 3.7), but the signs of variability ∆Q and δQ vary between detectors. Indeed,

weighted mean variabilities between detectors, ∆Qmean and δQmean, are not significant. While both

APDs have slightly different bandpasses (Figure 3.1), we find no significant difference in position

angle between these detectors over the entire run on this star. Thus, it appears that this star may

be variable from night to night, but we do not have enough data to state this with much confidence.

The minimum ≈ 1 month timescale for ISM column variability requires that polarimetric vari-
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ability, if subsequently confirmed, must be intrinsic to the star. The intrinsic circular polarization of

the star points to an intrinsic origin for the linear polarization. Indeed, Figure 3.6 implies that the

linear polarization in the line of sight to Algenib is an order of magnitude larger than for HD 9270,

which is at a similar distance. The polarization maps of Mathewson & Ford (1970) show that HD

9270 and Algenib are both located in the same region of weak polarization in the sky. Therefore,

we assert that the linear polarization seen in Algenib is intrinsic to the star.

The position angle of net polarization for Algenib is Θ = 111◦ from Table 3.1, so its P ≈ 1%

polarization is split fairly evenly between Stokes Q and U . This is because Stokes +Q is projected

north/south on the sky (Θ = 0◦/180◦), Stokes −Q is east/west (Θ = 90◦/270◦), Stokes +U is

northeast/southwest (Θ = 45◦/225◦), and Stokes −U is northwest/southeast (Θ = 315◦/135◦). One

might therefore expect that variability in Algenib would occur with equal amplitude in both Stokes

Q and U . Reasons for stronger variability in Stokes Q as opposed to U are unknown.

HD 187929 (η Aql, HR 7570). Serkowski et al. (1975) find polarization as a function of

wavelength of this δ Cepheid variable to be consistent with interstellar origin. Dolan & Tapia (1986)

and Clarke (1986) independently discovered changes in polarimetric position angle with wavelength,

and this result has been confirmed by Wolff et al. (1996). The probability of constant position angle

versus wavelength is α < 10−5 according to the χ2 test (Dolan & Tapia 1986). However, Stokes

et al. (1974) and Wade et al. (2002) do not detect significant circular polarization of this star.

Therefore, some linear polarization must be intrinsic to the star, because rotation of position angle

with respect to wavelength cannot be due to dust grain rotation along the line of sight. Polarimetric

variability is inconclusive according to Dolan & Tapia (1986), “suspected” by Bastien et al. (1988),

and rejected by both Clarke & Naghizadeh-Khouei (1994) and the Bastien et al. (2007) reanalysis

of Bastien et al. (1988) data.

However, we detect strong variability in both Stokes parameters on a two night timescale, as

∆Q,Umean and δQ,Umean are much larger than three times their respective uncertainties. The sign

of variability on a one night timescale varies between detector, so it is difficult to claim variability

on this timescale with confidence. While the variability in Stokes Q on a three night timescale has

different sign between detector 1 and detector 2, variability in Stokes U on this timescale has the

same sign. As with variability of this star on a one night timescale, variability on a three night

timescale is difficult to claim without more data.
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It is possible that changes in variability occur with wavelength, since changes in position angle

are known to occur with wavelength. While both APDs have slightly different bandpasses (Figure

3.1), we find no significant difference in position angle between these detectors over the entire run

on this star. According to Table 3.10, the minimum timescale for ISM variability along the line of

sight to this star is ≈ 4 months. In addition, the observed variability in Stokes Q is only ≈ 3 times

larger than that in Stokes U , even though run-averaged Stokes Q is ≈ 10 times larger than Stokes

U . One would expect that a random orientation of the system in the plane of the sky would cause

intrinsic polarization variability to occur with roughly equal amplitude in each Stokes parameter.

However, variability in interstellar polarization would be expected to be stronger in the dominant

Stokes parameter. Thus, the variability of this star must be caused by changes in its intrinsic po-

larization.

The period of this Cepheid variable is T ≈ 7.2 days (Gray & Stevenson 2007). Even though

Cepheids are radial pulsators, there must be some asymmetry in the distribution of scatterers in

the star’s envelope to introduce time-variable, intrinsic polarization. Indeed, polarimetric monitor-

ing of post-AGB stars has shown pulsation phase-locked variability that is generally explained by

non-radial pulsations (Henson et al. 1985, Magalhães et al. 1986, Raveendran & Rao 1989, Yudin

& Evans 2002). Trammell et al. (1994), on the other hand, suggest polarimetric varaibility to be

caused by clumpy mass loss. From ephemerides in Table 2 of Gray & Stevenson (2007), our ob-

servations on UT 2007 Aug 3, 5, and 6 were taken at phases 0.013 to 0.018, 0.296 to 0.298, and

0.436 to 0.438, respectively. Maximum negative radial velocity is achieved at phase ≈ 0.05, zero

radial velocity at phase 0.5, and maximum positive radial velocity occurs at phase ≈ 0.8. Thus,

our observations almost completely bracket the ranges of increasing radial velocity from maximum

negative radial velocity to its first zero crossing.

Variations in polarization are plotted against pulsation phase in Figure 3.18. While the data

for UT 2007 Aug 6 (phase 0.44) are inconsistent from detector to detector, the positive increase

in polarization between UT 2007 Aug 3 and 5 (phases 0.02 and 0.30) is clear. Net polarization,

P =
√
Q/I2 + U/I2, decreases between these two nights when the star’s change in size is at a max-

imum.

From Sudzius (1969) and Depenchuk (1980), the star dims by ∆V ≈ 0.34 mag, or 27%, be-

tween these phases. From Table 3.14, we see a strong, relative decrease in polarization of δP =
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Figure 3.18: Polarization variations in HD 187929 versus Cepheid pulsation phase. Open circles
are data from detector 1, open diamonds are from detector 2, and filled circles are weighted mean
measurements from both detectors (“detector 1,2”). Dotted lines are guides for the eye.

Table 3.14: HD 187929 Variability

Detector ∆P (×10−6) δP (%) ∆Θ (◦)
1 −490(35) −2.60(18) 0.32(13)
2 −485(39) −2.49(20) 0.35(13)

Mean −487.8(2.5) −2.550(59) 0.336(12)

2.550 ± 0.059% and a weak, absolute increase in position angle ∆Θ = 0.336 ± 0.012◦ in this time

interval. Thus, it appears that the radial increase in size of the star dampens the intrinsic polariza-

tion, because a change in stellar intensity should have no effect on polarization. This is because the

Stokes parameters Q and U are normalized by the Stokes I intensity parameter.

3.5 Conclusion

We have observed no conclusive polarimetric variability with timescales less than four nights on stars

with polarization P < 2%. No star, even the famously variable Cygnus X-1, exhibits detectable po-
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larimetric variability during a single night. We have observed no significant variability of the long

period extrasolar planet host star HR 8974, which has a period T ≈ 2.5 years. However, there is

weak, qualitative evidence for long period variability in HD 175541, which harbors a long period

extrasolar planet with T ≈ 10 months. The polarization expected from the planets in these systems

is less than one part in 107, so observed variability must be due to stochastic variability in the host

star itself. No phase-locked behavior is observed for the transiting extrasolar planet system HD

149026, and we do not detect significant variability of the HD 189733 transiting system. Marginal

variability in this system is claimed by Berdyugina et al. (2008).

We present tentative evidence for a transit of HD 189733 in polarized light, which is the first

reported observation of this effect. The characteristic double-peaked profile predicted by Carciofi

& Magalhães (2005), due to occultation of stellar limb polarized, is observed. The transit depth

appears to be ∆P ≈ 3 × 10−5, which is three orders of magnitude weaker than seen in photome-

try (Winn et al. 2007). Polarimetry provides additional geometric information that is difficult to

determine from photometric transits. For instance, our observations imply a Southern Hemisphere

transit by the planet due to the observed sign of rotation of the polarization vector.

The polarized light scattered by the γ Oph debris disk has been detected, and its position angle

is closely aligned to the disk’s major axis when projected on the sky. This is evidence for an optically

thin disk composed of predominantly forward-scattering dust grains, which must therefore be larger

than the wavelengths of visible light. In addition, we find evidence that the line of sight to this

nearby star contains interstellar polarization of an order of magnitude larger than do stars at similar

distances and along other sightlines. This is consistent with galactic longitude of this star near the

Galactic Center.

Polarimetric variability of the β Cepheid pulsator Algenib is observed at low significance. There

exists significant circular polarization intrinsic to this star (Rudy & Kemp 1978), which suggests

that linear polarimetric variability should also be present. A longer temporal baseline of polarimetric

observations is therefore desired. We have confirmed the suspected polarimetric variability of the δ

Cepheid star HD 187929 on a two night timescale, which represents ≈ 30% of the pulsation phase.

Indeed, this star is known to harbor significant intrinsic linear polarization (Dolan & Tapia 1986,

Clarke 1986). While Cepheid variables are radial pulsators, temporal variability of intrinsic linear

polarization indicates time-variable asymmetry in the system. Degree of polarization of this star
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decreases as stellar radius increases, which is likely due to an increase in symmetry of the system.

We confirm polarimetric variability of HD 204827, for which the community position is inconclusive.

Nightly variability in the control system, Cygnus X-1, is confirmed to high significance. The next

chapter will describe in detail observations of Cygnus X-1.
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3.6 Appendix D: Single Scattering Geometry

Consider a right handed coordinate system (x, y, z) with the observer along the x′ axis, which is

inclined at an angle i with respect to the x axis (Figure 3.16). An infinitesimally thin debris disk lies

along the xy plane, and the central star illuminates the disk from the origin. For a dust grain located

at point A, photons will be scattered through an angle χ (the angle between the radius vector and

the x′ axis). The scattering plane contains the star, dust grain, and the observer. The electric field

of scattered light will be perpendicular to this plane for particles smaller than the wavelengths of

incident light. The x′y plane and the scattering plane intersect along the x′ axis, and the angle

between them is ψ. The Stokes parameters of photons scattered off the grain are given by


Igrain

Qgrain

Ugrain

 = σ


1 + cos2 χ

sin2 χ cos 2ψ

sin2 χ sin 2ψ

 (D1)

where σ is the scattering cross section of the grain.

To find angle χ in terms of φ and i, we note

AB
2

= z2 +AD
2

= z2 +A′2x + r2 − 2rA′x cosφ (D2a)

AB
2

= r2 +OB
2 − 2rOB cosχ. (D2b)

Equating Equations D2a and D2b and noting z2 +A′2x = OB
2
,

A′x cosφ = OB cosχ. (D3)

Since

tan i =
A′x
z

(D4a)

sec i =
OB

z
(D4b)

we arrive at

cosχ = cosφ sin i. (D5)
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To find angle ψ we first find the vectors normal to both the scattering and x′y planes. The

scattering plane contains vectors
−−→
OB = (A′x, 0, z) and

−→
OA = (Ax, Ay, 0), while the x′y plane contains

vectors
−−→
OB and

−−→
OC = (0, Ay, 0). Therefore, vectors normal to the scattering plane, −→ns, and to the

x′y axis, −→nx, are

−→ns =
−−→
OB ×

−→
OA = (−Ayz,Axz,A′xAy) (D6a)

−→nx =
−−→
OB ×

−−→
OC = (−Ayz, 0, A′xAy) . (D6b)

Finally, the angle between these vectors is given by

cosψ =
−→ns · −→nx
|−→ns| |−→ns|

=


z2 +A′2x

z2

[
1 +

(
Ax
Ay

)2
]

+A′2x


1
2

(D7a)

cosψ =
(
cot2 φ cos2 i+ 1

)− 1
2 . (D7b)

For an ensemble of grains located at θ = π
2 , Equation D1 becomes


Idisk

Qdisk

Udisk

 = σ

∫ 2π

0

∫ rout

rin

n(r)
r2


1 + cos2 χ

sin2 χ cos 2ψ

sin2 χ sin 2ψ

 rdrdφ. (D8)

We are interested in the normalized Stokes parameters (Q/I)disk and (U/I)disk. Since neither χ nor

ψ depends on the radius r, we have

Idisk = R0

∫ 2π

0

1 + cos2 χ dφ (D9a)

Qdisk = R0

∫ 2π

0

sin2 χ cos 2ψ dφ (D9b)

Udisk = R0

∫ 2π

0

sin2 χ sin 2ψ dφ (D9c)

R0 = σ

∫ rout

rin

n (r)
r

dr. (D9d)
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Given χ and ψ from Equations D5 and D7b,

Idisk = R0

∫ 2π

0

1 + cos2 φ sin2 i dφ = πR0

(
2 + sin2 i

)
(D10a)

Qdisk = R0

∫ 2π

0

sin2 φ− cos2 φ cos2 i dφ = πR0 sin2 i (D10b)

Udisk = R0

∫ 2π

0

sin 2φ cos i dφ = 0. (D10c)

Thus, we derive the relations of Shakhovskoi (1965) describing the single-scattering polarization of

a disk illuminated centrally:

(
Q

I

)
disk

=
sin2 i

2 + sin2 i
(D11a)

(
U

I

)
disk

= 0. (D11b)

Because the inclination terms in Equation D11a are squared, polarimetry is unable to distinguish

between inclinations ±i.

To estimate the single-scattering polarization when unpolarized light from the central star is

added to the polarized light from the disk, we need the number density of dust grains n(r, a). The

disk mass is

M =
∫ rout

rin

∫ amax

amin

2πr n(r, a) V (a) ρ dadr (D12)

for grain volume and density V (a) and ρ. We assume n(r, a) = n0n(r)n(a), where a is grain diameter

and n0 is a constant. From Equations D10a and D9d, the fraction of the stellar flux reflected by the

disk is

I = n0

∫ 2π

0

∫ rout

rin

∫ amax

amin

σ(a) n(r) n(a)
r

(
1 + cos2 φ sin2 i

)
dadrdφ. (D13)
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