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A B S T R A C T 

We report high-precision observations of the linear polarization of the F1III star θ Scorpii. The polarization has a wavelength 

dependence of the form expected for a rapid rotator, but with an amplitude several times larger than seen in otherwise similar 
main-sequence stars. This confirms the expectation that lower -gra vity stars should have stronger rotational-polarization signatures 
as a consequence of the density dependence of the ratio of scattering to absorption opacities. By modelling the polarization, 
together with additional observational constraints (incorporating a revised analysis of Hipparcos astrometry, which clarifies 
the system’s binary status), we determine a set of precise stellar parameters, including a rotation rate ω ( = �/�c ) ≥ 0 . 94, 
polar gravity log ( g p ) = 2 . 091 

+ 0 . 042 
−0 . 039 (dex cgs), mass 3 . 10 

+ 0 . 37 
−0 . 32 M �, and luminosity log ( L/ L �) = 3 . 149 

+ 0 . 041 
−0 . 028 . These values are 

incompatible with evolutionary models of single rotating stars, with the star rotating too rapidly for its evolutionary stage, and 

being undermassive for its luminosity. We conclude that θ Sco A is most probably the product of a binary merger. 

Key words: polarization – techniques: polarimetric – binaries: close – stars: evolution – stars: rotation. 

1

I
(
s
s
w  

a
s  

r
r
b
1
w
i
h  

a

t
a  

o  

w  

α  

a  

z

�

i  

s  

o
t
p  

i
o  

p
d  

‘  

a  

g
i

 

O  

r  

b  

o
d
d

2

©
P

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/513/1/1129/6565806 by U
niversity of Southern Q

ueensland user on 14 M
arch 2023
 I N T RO D U C T I O N  

ntrinsic stellar polarization was first predicted by Chandrasekhar 
 1946 ). He determined that, for a pure electron-scattering atmo- 
phere, the radiation emerging from the stellar limb should be 
ubstantially linearly polarized. For a spherical star this polarization 
ill average to zero, but a net polarization should result if there is
 departure from spherical symmetry. Harrington & Collins ( 1968 ) 
uggested that the distortion of a star due to rapid rotation could
esult in observable polarization, although calculations with more 
ealistic non-grey stellar-atmosphere models, taking into account 
oth scattering and absorption (Code 1950 ; Collins 1970 ; Sonneborn 
982 ), led to predictions of lower polarization levels at visible 
avelengths. Consequently, it is only as a result of recent advances 

n instrumentation that the polarization due to rotational distortion 
as been detected, first in the B7 V star Regulus (Cotton et al. 2017a )
nd subsequently in the A5 IV star α Oph (Bailey et al. 2020b ). 

The polarization produced by rotational distortion is identifiable 
hrough its distinctive wavelength dependence. In hotter stars, such 
s Regulus (Cotton et al. 2017a ), the polarization shows a reversal
f sign in the optical, being parallel to the star’s rotation axis at red
a velengths b ut perpendicular in the blue. In cooler stars, such as
Oph, the optical polarization is al w ays perpendicular to the rotation

xis, but falls from a relatively high value around ∼400 nm to near
ero at wavelengths of ∼800 nm and longer. 
 E-mail: lewis.fiona@gmail.com (FL); j.bailey@unsw.edu.au (JB) 
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The polarization produced by scattering in stellar atmospheres 
s predicted to be strongly dependent on gravity (e.g. fig. 2 and
upplementary fig. 4 in Cotton et al. 2017a ). This is because the mass
pacity due to scattering processes is independent of density, while 
he opacity due to most continuum absorption processes is roughly 
roportional to density (Kramers 1923 ). A lower density (as found
n lower gravity stars) therefore results in an increased importance 
f scattering relative to absorption, and hence in higher levels of
olarization. This applies to stellar polarization due to rotational 
istortion (Cotton et al. 2017a ; Bailey et al. 2020b ), to photospheric
reflection’ in binary systems (Bailey et al. 2019 ; Cotton et al. 2020 ),
nd to non-radial pulsation (Cotton et al. 2022 ). In all these cases,
iant stars should show higher polarization than main-sequence stars 
f other factors are equi v alent. 

In this paper, we test that prediction for the case of stellar rotation.
ur target, θ Scorpii (Sargas, HD 159532), was selected as a bright,

apid rotator ( V = 1.87; Johnson et al. 1966 ), classified as F1III
y Gray & Garrison ( 1989 ). van Belle ( 2012 ) included it in a list
f candidates for investigation with optical interferometry, and a 
etailed interferometric study of the star is reported by Domiciano 
e Souza et al. ( 2018 ). 

 OBSERVATI ONS  

Between 2014 March and 2018 August, we obtained 13 high- 
recision polarimetric observations of θ Sco in seven photometric 
assbands, using HIPPI (the HIgh Precision Polarimetric Instrument; 
ailey et al. 2015 ) and its successor HIPPI-2 (Bailey et al. 2020a )

http://orcid.org/0000-0002-5726-7000
http://orcid.org/0000-0003-0340-7773
http://orcid.org/0000-0003-3476-8985
http://orcid.org/0000-0001-7212-0835
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Figure 1. Polarization observations of θ Sco (black dots). The strong 
wavelength dependence seen in the q Stokes parameter is of the form expected 
for rapid rotation. For comparison we plot, as blue circles, the polarization 
data on the rapidly rotating main-sequence star α Oph (Bailey et al. 2020b ). 
Much higher polarization levels are seen in θ Sco. The α Oph data have been 
rotated to put the polarization into the ne gativ e q parameter as it is in θ Sco. 

Figure 2. Temperature–gravity tracks for values of ω and i for which the 
models discussed in Section 4.2 reproduce the shape and level of the observed 
flux distribution, and v e sin i . 
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Figure 3. Results of the χ2 analysis of the polarization of θ Sco. The colour 
bar indicates the χ2 value (with lower χ2 indicating a closer fit of models 
and data). As described in Section 4.2 , the parameter set for each cell in 
this grid represents a model star that matches the observed spectrum; the χ2 

v alues sho w ho w well (or badly) each of these models also fits the observed 
polarization. Error bars on points in the best-fitting ‘valley’ are the result of 
bootstrap analyses for specific ω values (Section 5.2 ). The blue dot indicates 
the solution obtained by Domiciano de Souza et al. ( 2018 ; cf. Section 5.4 ); 
dot size approximately matches the 1 σ error bars they quote. 
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n the 3.9-m Anglo-Australian Telescope (AAT) at Siding Spring
bservatory. Standard operating procedures for these instruments
ere followed, with the data reduced using procedures described

for HIPPI-2) by Bailey et al. ( 2020a ). 
Originally developed for sensitiv e e xoplanet work of the kind
ost recently reported by Bailey et al. ( 2021 ), both instruments used
erro-electric Liquid Crystal (FLC) modulators to achieve the rapid,
00 Hz, modulation required for high precision. Observations were
NRAS 513, 1129–1140 (2022) 
ade using either blue-sensitive Hamamatsu H10720-210 or red-
ensitive Hamamatsu H10720-20 photo-multiplier tubes (PMTs) as
he detectors. 

For the HIPPI-2 observations, our standard filter set, described in
ailey et al. ( 2020a ), was used; briefly, this includes 425- and 500-
m short-pass filters (425SP, 500SP), SDSS g 

′ 
, Johnson V , SDSS r 

′ 

nd a 650 nm long-pass (650LP) filter. The one HIPPI observation
sed an Omega Optics version of the SDSS g 

′ 
filter instead of the

strodon versions used with HIPPI-2. The blue-sensitive PMTs were
aired with most of the filters, with the red-sensitive PMTs used for
he 650LP observations, and for one of the r 

′ 
observations. 

The small amount of polarization arising in the telescope optics
esults in zero-point offsets in our observations. These are corrected
or by reference to the straight mean of several observations of low-
olarization standard stars, details of which are given in Bailey et al.
 2020a ). Similarly, the position angle ( θ , measured eastward from
elestial north) is calibrated by reference to literature measurements
f high-polarization standards, also given in Bailey et al. ( 2020a ).
 summary of the calibrations and each observing run is given in
able 1 . 
Our observations of θ Sco are summarized in Table 2 ; here the

nstrumental positioning error, resulting from inhomogeneities across
he face of the FLC, is included in the reported uncertainties. The data
re presented in order of ef fecti v e wav elength, and are plotted in Fig.
 . The strong wavelength dependence seen in the normalized Stokes
arameter q ( = Q / I ) has the form expected for polarization resulting
rom rapid rotation, and the effect is much larger than seen in the
apidly rotating main-sequence star α Oph (Bailey et al. 2020b ). 

While the wavelength dependence is clearly seen in Fig. 1 , it is also
pparent that there is more scatter in the observations than expected
rom the measurement errors. The errors ( ∼ 3 ppm at g 

′ 
band)

re close to the highest precision achie v able with the instrument.

art/stac991_f1.eps
art/stac991_f2.eps
art/stac991_f3.eps
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Figure 4. Wavelength dependence of polarization for θ Sco observations, 
with best-fitting polarimetric model results for selected inclinations. Black 
dots represent the observations, corrected for interstellar polarization, and 
rotated; polarimetric models are shown as blue curves (full models) and red 
points (passband-integrated). Rotation of the observational data points into 
the model reference frame serves to essentially zero the u Stokes parameter, 
leaving the polarization solely in the q component. 
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nder these circumstances, we begin to see effects arising from 

hanges in the instrument configuration, and from the imperfect 
haracterization of the low-polarization standard stars. In a more 
 xtensiv e study of polarization variability using these instruments 
Bailey et al. 2021 ), we found evidence for zero-point differences
etween different observing runs by amounts of up to ∼10 ppm.
hese effects likely contribute to the scatter seen in the data. Any
olarization variability in θ Sco o v er the period of observation will
lso contribute to the scatter. 

.1 Interstellar control stars 

ust in the interstellar medium (ISM) can have a significant effect
n the observed polarization. To determine the intrinsic stellar 
olarization, it is therefore necessary to subtract the interstellar 
olarization, as part of the polarimetric modelling. The methodology 
an be tested by examination of normal stars thought not to be
ntrinsically polarized (Cotton et al. 2016 ). Cotton et al. ( 2017b )
eveloped an analytical model of interstellar polarization of stars 
lose to the Sun by using control stars within 35 ◦ of a target. Data
or a number control stars suitable for use with θ Sco are available
n the literature (Cotton et al. 2017b ; Marshall et al. 2020 ; Piirola
t al. 2020 ), and we have added to these through observations of the
dditional targets listed in Table 3 . 

 T H E  BI NARY  θ SCO  

.1 Binarity revisited 

ee ( 1896 ) reported the disco v ery, from Lowell Observatory, of a
isual companion to θ Sco A ‘of the 13th magnitude’, at a distance
f 6 . ′′ 2 in PA 322 ◦. This would have been a challenging observation
the star’s altitude would’ve been less than 12 ◦), and Ayres ( 2018 )
ighlighted a number of inconsistencies in the inferred properties of 
uch a companion. 

As part of the e xtensiv e pre-launch programme, See’s observations
ere included in the Hipparcos preparatory data compilations. One 
f several possible solutions to the subsequent Hipparcos astrometry 
grees quite well with See’s report, and consequently was adopted 
n the final catalogue (van Leeuwen 2007 ), thereby appearing to
onfirm the historical measurements. (Although See’s B-component 
agnitude estimate was much fainter than the Hipparcos value of 
5 m – in fact, his companion should ostensibly have been too faint to

e detected with the satellite – this could have been consistent with his 
ropensity for o v erestimating binary-system brightness differences, 
ften by large amounts.) 
The agreement now appears to have been no more than an

nfortunate coincidence; subsequent direct visual observations have 
erified neither See’s report, nor its apparent partial confirmation by 
ipparcos . As early as 1927, Innes ( 1927 ) included the ‘disco v ery’

n a list of rejected observations after he failed to confirm See’s result.
f six rejected systems on the rele v ant page of the catalogue, four

re attributed to See. More recently, visual observers K err, Fre w &
aworski ( 2006 ) concluded that ‘the companion indicated by the
ipparcos data does not exist (since they would easily have detected

t). Moreo v er, the companion reported by See has not been re-
bserved (by skilled observers using comparable equipment at better 
ites) and its existence is also in doubt.’ New speckle-interferometry 
esults, discussed below, also rule out a 6 . ′′ 2 companion with a
agnitude difference 	 I � 7.5. 
Although we believe that See’s ‘discovery’ must now be disre- 

arded, the Hipparcos photometric scans do, nevertheless, unam- 
MNRAS 513, 1129–1140 (2022) 
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Table 1. Summary of observing runs and telescope-polarization (TP) calibrations. 

Telescope and instrument set-up a Observations b Calibration c 

Run Date range d Instr. Tel. f/ Ap. Mod. Filt. Det. e n λeff Eff. q TP u TP 

( UT ) (arcsec) (nm) (per cent) (ppm) (ppm) 

2014MAY 2014-05-12 HIPPI AAT 8 6.6 MT g 
′ 

B 1 466.5 88.5 − 43.3 ± 0.9 − 53.2 ± 1.0 
2017AUG 2017-08-12 HIPPI AAT 8 6.6 BNS-E2 g 

′ 
B 0 − 9.1 ± 1.5 − 2.6 ± 1.4 

2018MAR 2018-03-29 to 04-07 HIPPI-2 AAT 8 ∗ 15.7 BNS-E3 425SP B 2 403.5 39.7 177.1 ± 2.8 25.1 ± 2.8 
500SP B 2 441.5 70.5 142.6 ± 1.2 19.9 ± 1.2 

g 
′ 

B 1 467.4 82.6 130.1 ± 0.9 3.9 ± 0.9 
r 
′ 

R 1 633.4 81.1 113.3 ± 1.4 7.2 ± 1.4 
650LP R 2 723.8 62.5 106.9 ± 1.9 10.4 ± 1.9 

2018JUL 2018-07-25 HIPPI-2 AAT 8 ∗ 11.9 BNS-E4 425SP B 1 403.4 38.2 − 5.6 ± 6.4 19.8 ± 6.3 
V B 1 534.5 95.4 − 20.3 ± 1.5 2.3 ± 1.5 
r 
′ 

B 1 603.4 86.6 − 10.4 ± 2.2 3.7 ± 2.2 
2018AUG 2018-08-18 HIPPI-2 AAT 8 ∗ 11.9 BNS-E5 V B 1 535.5 95.2 − 20.3 ± 1.5 2.3 ± 1.5 

Note. ∗ Indicates use of a 2 × negative achromatic lens, ef fecti vely making the foci f/16. a A full description, along with transmission curves for all the components 
and modulation characterization of each modulator (‘Mod.’) in the specified performance era, can be found in Bailey et al. ( 2020a ). b Mean values are given 
as representative of the observations made of θ Sco. Individual values are given in Table 2 for each observation; n is the number of observations of θ Sco. 
c The observations used to determine the TP and the high-polarization standards observed to calibrate position angle (PA), and the values of σ PA are described 
in Bailey et al. ( 2015 ) (MAY2014), Cotton et al. ( 2019 ) (AUG2017), and Bailey et al. ( 2020a ) (other runs). d Dates given are for observations of θ Sco and/or 
control stars. e B, R indicate blue- and red-sensitive H10720-210 and H10720-20 photomultiplier-tube detectors, respectively. 

Table 2. Polarization observations of θ Sco (sorted by effective wavelength). 

Run UT Dwell Exp. Filt. Det. a λeff Eff. q u p θ

(s) (s) (nm) (per cent) (ppm) (ppm) (ppm) ( ◦) 

2018MAR 2018-03-29 16:32:03 1683 1280 425SP B 403.5 39.8 − 421.1 ± 13.3 32.5 ± 13.2 422.4 ± 13.3 87.8 ± 0.9 
2018MAR 2018-04-07 17:17:10 1736 1280 425SP B 403.3 39.6 − 391.9 ± 13.2 − 31.4 ± 13.2 393.2 ± 13.2 92.3 ± 1.0 
2018JUL 2018-07-25 14:00:48 1064 640 425SP B 403.4 38.2 − 299.3 ± 16.5 − 4.0 ± 16.4 299.3 ± 16.5 90.4 ± 1.6 
2018MAR 2018-03-29 16:08:40 997 640 500SP B 441.8 70.7 − 242.0 ± 6.7 − 0.7 ± 6.8 242.0 ± 6.8 89.9 ± 0.8 
2018MAR 2018-04-07 17:43:55 1185 730 500SP B 441.2 70.3 − 217.0 ± 6.6 − 4.9 ± 6.8 217.1 ± 6.7 90.7 ± 0.9 
2014MAY 2014-05-12 18:54:11 1257 720 g 

′ 
B 466.5 88.5 − 164.2 ± 3.2 12.4 ± 3.3 164.7 ± 3.2 87.8 ± 0.6 

2018MAR 2018-03-29 15:51:38 986 640 g 
′ 

B 467.2 82.5 − 192.6 ± 2.8 22.9 ± 2.8 194.0 ± 2.8 86.6 ± 0.4 
2018JUL 2018-07-25 13:24:11 1072 640 V B 534.5 95.4 − 96.3 ± 4.1 17.3 ± 4.2 97.8 ± 4.2 84.9 ± 1.2 
2018AUG 2018-08-18 14:36:26 973 640 V B 534.9 95.2 − 78.0 ± 4.0 25.2 ± 4.4 82.0 ± 4.2 81.0 ± 1.5 
2018JUL 2018-07-25 13:42:18 1045 640 r 

′ 
B 603.4 86.6 − 66.7 ± 7.0 17.1 ± 7.1 68.9 ± 7.0 82.8 ± 2.9 

2018MAR 2018-04-01 16:47:55 1001 640 r 
′ 

R 623.4 81.1 − 37.5 ± 3.8 33.4 ± 3.5 50.2 ± 3.6 69.2 ± 2.1 
2018MAR 2018-04-01 17:05:16 1012 640 650LP R 723.8 62.5 − 9.3 ± 5.5 35.5 ± 4.8 36.7 ± 5.2 52.3 ± 4.3 
2018MAR 2018-04-01 17:24:21 1162 800 650LP R 723.8 62.5 − 12.1 ± 7.4 51.7 ± 6.0 53.1 ± 6.7 51.6 ± 3.9 

a B, R indicate blue- and red-sensitive H10720-210 and H10720-20 photomultiplier-tube detectors, respectively. 

Table 3. Observations of interstellar-control stars. 

Control SpT Run UT Dwell Exp. λeff Eff. q u p θ

HD (s) (s) (nm) (per cent) (ppm) (ppm) (ppm) ( ◦) 

HD 131342 K2III 2018MAR 2018-03026 14:22:44 1716 1280 475.8 86.1 17.9 ± 6.6 29.9 ± 6.7 34.8 ± 6.6 29.6 ± 5.5 
HD 138538 K1/2III 2018AUG 2018-09-01 09:00:57 961 640 475.6 65.0 14.9 ± 12.2 − 20.4 ± 8.6 25.2 ± 10.4 153.0 ± 13.5 
HD 147584 F9V 2018AUG 2018-08-20 13:35:24 967 640 471.9 74.8 30.5 ± 7.9 − 13.3 ± 9.1 33.2 ± 8.5 168.2 ± 7.5 
HD 160928 A3IVn 2018MAR 2018-03-29 17:03:49 1721 1280 462.9 80.7 36.0 ± 7.6 − 17.2 ± 7.9 39.9 ± 7.7 167.2 ± 5.6 

2018MAR 2018-03-29 17:32:31 1695 1280 462.8 80.6 23.3 ± 7.8 − 5.6 ± 7.5 23.9 ± 7.7 173.2 ± 9.7 
HD 153580 F5V 2018AUG 2018-09-01 09:28:47 3852 1040 468.5 60.7 14.8 ± 9.7 30.8 ± 10.5 34.2 ± 10.2 32.2 ± 8.9 
HD 166949 G8III 2018MAR 2018-03-30 16:19:18 1704 1280 474.6 85.6 4.4 ± 12.2 10.8 ± 12.3 11.7 ± 12.3 34.0 ± 32.8 

2018MAR 2018-03-30 16:47:44 1709 1280 474.4 85.6 − 0.7 ± 12.5 − 17.7 ± 11.7 17.8 ± 12.1 133.9 ± 24.1 
HD 169586 G0V 2017AUG 2017-08-12 15:01:10 4252 3200 473.1 89.3 155.7 ± 11.0 5.0 ± 10.5 155.8 ± 10.8 0.9 ± 1.9 
HD 174309 F5 2018MAR 2018-03-30 18:33:06 1715 1280 467.1 82.5 − 138.2 ± 9.4 − 200.3 ± 9.6 243.3 ± 9.5 117.7 ± 1.1 
HD 182369 A4IV 2018MAR 2018-03-23 18:29:51 1108 640 463.6 81.0 − 120.3 ± 7.5 − 9.4 ± 7.1 120.6 ± 7.3 92.2 ± 1.7 

Note. All control-star observations were made with the SDSS g 
′ 

filter and B photomultiplier tube. The same aperture as used for the θ Sco observations in the same run was used. 
Spectral types (SpT) are from SIMBAD. 
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iguously indicate a visual binary (and, in effect, now represent
he disco v ery of a companion). We hav e therefore re-e xamined
he raw Hipparcos scans to investigate alternative solutions, using
n S-type differential analysis (cf. section 4.1.3 of van Leeuwen 
007 ). 
NRAS 513, 1129–1140 (2022) 
While this paper was in preparation our work prompted new
peckle interferometry with HRCam at SOAR (Tokovinin 2018 ). The
esults (in particular, 	 m ) fa v our the new Hipparcos solution that is
isted in Table 4 , together with the average of four HRCam obser-
ations obtained on two nights a month apart (Tokovinin, personal
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Table 4. New astrometric results, discussed in Section 3.1 . Magnitude 
differences are 	 H P ( Hipparcos ) and 	 y / I (HRCam). 

Parameter Hipparcos HRCam 

Epoch yr (CE) 1991.25 2021.6 
θB 

◦ 274.3 ± 0.13 97.54 ± 0.78 
ρ

′′ 
0.538 ± 0.003 0.2447 ± 0.0025 

	 m mag 3.27 ± 0.01 3.32/3.69 
d θB /d t ◦/yr −3.385 ± 0.139 
d ρ/d t 

′′ 
/yr −0.0257 ± 0.0021 

π mas 9.90 ± 0.26 

Table 5. Best-fitting values of the inclination i and their 1 σ uncertainties, at 
selected values of the rotation parameter, ω. 

ω i (degrees) 

0.99 55.54 ± 0.79 
0.98 58.01 ± 0.87 
0.97 60.09 ± 1.03 
0.96 62.61 ± 1.03 
0.95 65.31 ± 1.21 
0.94 67.34 ± 1.35 
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Figure 5. Various stellar parameters plotted against χ2 values. Each plotted 
line represents a unique omega value as designated in the legend. 
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ommunication). This new Hipparcos solution is consistent with 
esults of the visual double-star observers, and the inferred parallax 
s significantly more precise than the original ‘new reduction’ result. 

.2 The companion 

ith its sub-arcsecond separation, the secondary was certainly 
ncluded in the aperture of all photopolarimetric observations con- 
idered in this paper. Its properties are therefore of interest, if only
or its potential as a contaminant. 

Assuming, as a starting point, that 	 V = 	 H P , then a system
agnitude of V = 1.87 (Johnson et al. 1966 ) implies V A,B = 1.92,

.19, and provisional M ( V ) values of −3.12, + 0.16 (for parallax
= 9.90 mas and differential extinction E( B − V ) = 0 . m 005;

ection 4.2 ). 
The secondary’s absolute magnitude corresponds, very roughly, to 

pectral classifications ∼B8 V, A0 IV, or A3 III (e.g. Gray & Corbally
009 ; brighter luminosity classes are excluded). On that basis, we 
an next apply a differential-colour correction to the Hipparcos 
hotometry, taking ( V − I ) � + 0.55, + 0.10 for the primary and
econdary (observed and inferred; Johnson et al. 1966 , Ducati et al.
001 ). Using the ( V − H P ), ( V − I ) calibration from Bessell ( 2000 ),
e obtain 	V � 	 H P + 0 . m 07 = 3 . 34 ( V A,B = + 1.92, + 5.26), and
nal M ( V ) values of −3.12 ± 0.06, + 0.22 ± 0.06, where the 1 σ
anges, derived from a simple Monte Carlo analysis, incorporate the 
ormal errors on the parallax (which remains the major source of
ncertainty) and on 	 H P , an assumed uncertainty of 0.01 on V , and
 uniform distribution in E ( B − V ) of 0:0.01 (Section 4.2 ). 

There is no detectable flux shortwards of 1500 Å in spectra 
btained with the International Ultraviolet Explorer , IUE (Sec- 
ion 4.2 ; the secondary would certainly have been included in these
bservations), implying T eff � 8.5kK (spectral type ∼A3 or later), 
hence R � 4 R � in order to match M ( V ). The secondary’s properties

herefore appear to be broadly consistent with an ∼A3 giant star. The
RCam 	 m results in Table 4 are quantitatively consistent with such
 companion. 
MNRAS 513, 1129–1140 (2022) 
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Table 6. Best-fitting θ Sco A parameters. The final column lists results from 

Domiciano de Souza et al. ( 2018 , their table 2, ω-model results), discussed 
in Section 5.4 . 

Stellar parameter This work DdeS 

Inclination, i [ ◦] 58 + 9 −3 61.8 + 0 . 8 −0 . 9 
ω ≥0.94 0.845 ± 0.008 [1] 

T eff [K] 6294 + 224 
−111 6235 + 7 −8 [2] 

log ( L /L �) 3.149 + 0 . 041 
−0 . 028 3.041 ± 0.006 [1] 

R e [R �] 35.5 + 1 . 5 −2 . 3 30.30 + 0 . 08 
−0 . 09 

R p [R �] 26.3 ± 0.9 25.92 ± 0.09 [1] 

Mass [M �] 3.10 + 0 . 37 
−0 . 32 5.09 + 0 . 13 

−0 . 14 

log ( g p )[dex cgs] 2.091 + 0 . 042 
−0 . 039 2.317 ± 0.012 [1] 

P rot [days] 16.60 + 0 . 96 
−1 . 03 14.74 ± 0.16 [1] 

θ∗ [ ◦] 3.3 ± 1.0 182.1 + 0 . 5 −0 . 4 

Interstellar-polarization parameter 

p i [ppm] 43.7 + 6 . 2 −3 . 9 

θ i [ ◦] 32.6 + 5 . 8 −5 . 2 

Notes. θ∗ is the PA of the stellar rotation axis, and θ i is the PA of interstellar 
polarization; both have a ±180 ◦ ambiguity in the case of the polarimetry (i.e. 
θ∗ can be 183.3 ◦ or 3.3 ◦). 
[1] Uncertainty estimated by propagation of errors from data given by 
Domiciano de Souza et al., assuming σ ( R p ) � σ ( R e ) where necessary. 
[2] Domiciano de Souza et al. quote an ‘average ef fecti ve temperature’, 
presumably 

∫ 
T 
 eff d A / 

∫ 
d A , where T 
 eff is the local ef fecti ve temperature 

and d A is an element of surface area. We have corrected this to match our 
definition, σB T 

4 
eff = L/ 

∫ 
d A . 
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.3 The orbit 

he pair’s angular separation at the Hipparcos epoch corresponds
o a projected centres-of-mass separation of 54 au ( ∼11 600 R �;
rbital period ∼ 180( a/ 54 au ) 3 / 2 / 

√ 

� M/ 5 M � yr, where a is the
emimajor axis and �M is the sum of the masses). The observations
re insufficient to further constrain the orbital parameters, but the
ystem appears to be wide in the sense that the B component is
nlikely to have affected the primary’s evolution. 

 M O D E L L I N G  

.1 Polarization 

ur approach to modelling the polarization of a rotating star follows
hat previously used for α Oph (as described in detail by Bailey et al.
020b ) and Regulus (Cotton et al. 2017a ). We use a Roche model,
ith the variation of temperature o v er the stellar surface following

rom the gravity-darkening law of Espinosa Lara & Rieutord ( 2011 ).
 rectangular grid of pixels is overlaid on the projected geometry,

or given axial inclination i and rotation ω ( = �/ �c , where �c is the
ritical angular rotation rate at which the centrifugal force balances
ravity at the equator). For each pixel, the local stellar temperature,
ravity, and surface-normal viewing angle are calculated, and used to
etermine the intensity and polarization, as a function of wavelength.
umming all the pixels gives the total intensity and polarization as a
unction of wavelength. The model coordinate frame is aligned with
he rotation axis of the star in the plane of the sky, so that all the
ntegrated polarization remains in the q Stokes parameter (with the
 polarization being essentially zero). 
The local intensity and polarization are interpolated from ATLAS9

olar -composition stellar -atmosphere models computed for the local
f fecti ve temperatures and gravities at 46 colatitudes, from 0 ◦ to 90 ◦
NRAS 513, 1129–1140 (2022) 
t 2 ◦ intervals. For each model atmosphere, the specific intensity and
olarization are computed using a version of the SYNSPEC spectral
ynthesis code (Hubeny, Stefl & Harmanec 1985 ; Hubeny 2012 )
odified to do a fully polarized radiative-transfer calculation, using

he VLIDORT code of Spurr ( 2006 ). 
The final integrated polarization results are then corrected to allow

or the small contribution of the companion to the intensity. The
ompanion is assumed to have a temperature of 8000 K and to have
o intrinsic polarization. 

.2 Stellar parameters 

he predicted polarization depends on four main parameters: the
otation rate ( ω), a reference temperature and gravity (e.g. polar
alues T p , g p ), and the axial inclination ( i ). We use additional
bservational information to provide relationships between these
arameters, thereby reducing a 4D space to a 2D grid. We take
he projected equatorial rotation speed v e sin i and distance d (which
ogether constrain ω), and the spectral-energy distribution (which
onstrains the temperature). Then, for any specified ( ω, i ) pairing,
e can determine the (temperature, gravity) values that are uniquely

onsistent with all constraints, as described in detail in our study of
Oph (Bailey et al. 2020b ), 
For simplicity (and with no important loss of information or

ensitivity), we use the ratio of ultraviolet (UV) to V -band fluxes
o determine the temperature. The UV fluxes are from archi v al IUE
pectra (SWP 48384 and LWP 26146, the only low-resolution, large-
perture spectra available), from which we obtain an observed 120–
01 nm integrated flux of 9.85 × 10 −8 erg cm 

−2 s −1 . We apply
wo corrections: first, extinction for E( B − V ) = 0 . m 005 (based on
he magnitude of the interstellar polarization; Section 5 ), with a
eaton ( 1979 ) extinction law . Secondly , we subtract an estimated B-
omponent flux, based on an 8.0kK, log g = 4.0 model, from Howarth
 2011 ), scaled to the secondary’s (dereddened) V magnitude. The
orrections are each smaller than 10 per cent of the observed flux,
nd act in opposite directions. We explore the dependence of the
nal results on the exact values as part of our sensitivity analysis
Section 5.2 ). 

We also use the V -band results obtained in Section 3.2 , and the
ipparcos distance of 101.0 pc (Section 3.1 ; the star is too bright to
e included in Gaia data releases available at the time of writing).
inally, we adopt v e sin i = 91.7 km s −1 from Domiciano de Souza
t al. ( 2018 ); we verified the plausibility of this value (and were
nable to impro v e on it) by comparing synthesized spectra to an
rchi v al UVES spectrum obtained with the VLT. 

The resulting model grid for θ Sco A is illustrated in Fig. 2 . The
rid co v ers ω from 0.8 to 0.99 in steps of 0.01 (only half these points
re plotted on the figure), and inclinations from 45 to 90 deg in 1-deg
teps (only values at 5-deg steps are plotted on the figure). Each point
n the grid represents a model star that reproduces the observed UV
nd V flux levels (and the overall flux distribution) for the adopted d ,
 e sin i and the specified i , ω. 

 RESULTS  

he polarization modelling described in Section 4.1 provides pre-
ictions of the wavelength dependence of polarization for each of
he models in the grid described in Section 4.2 . We compare these
redictions to the observed polarization, corrected for interstellar
olarization, to determine which model or models in the grid best
atch the data. 
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Table 7. Parameter sensitivity to fixed inputs, sho wing dif ferences (model minus base) with respect to a reference 
model having ω = 0.98, i = 58 ◦, v e sin i = 91.7 km s −1 . 

Parameter Unit Base Parallax UV flux v e sin i 
value + 1 σ −1 σ ×0.95 ×1.05 −5 km s −1 + 5 km s −1 

R p /R � 26.272 −0.658 + 0.614 + 0.614 −0.599 −0.223 + 0.129 

R e /R � 35.475 −0.890 + 0.828 + 0.828 −0.810 −0.302 + 0.173 

log ( g p ) dex cgs 2.091 + 0.011 −0.010 −0.010 + 0.010 −0.045 + 0.044 

T eff kK 6.294 −0.004 + 0.005 −0.063 + 0.062 + 0.019 −0.018 

M /M � 3.104 −0.078 + 0.073 + 0.073 −0.071 −0.354 + 0.365 

log L /L � 3.149 −0.023 + 0.022 + 0.003 −0.003 −0.002 + 0.000 

Note. It may appear that, in principle, T eff should be independent of parallax; in practice, small changes in the 
inferred gravity (and hence emergent model fluxes) result in changes of a few kelvin with distance. 
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To make the comparison, we integrate the model polarization 
 v er each filter bandpass (Bailey et al. 2020a ). Since the model
olarizations are entirely in the q Stokes parameter, by aligning the 
bserved and model polarization vectors we also determine the PA 

f the star’s rotation axis. 

.1 Interstellar polarization 

nterstellar polarization results from dichroic scattering of light by 
ligned, non-spherical dust grains along the line of sight (Davis & 

reenstein 1951 ). It has a distinctive wavelength dependence, gen- 
rally well approximated by the ‘Serkowski law’: 

p( λ) 

p max 
= e [ −K ln 2 ( λmax /λ)] (1) 

Serk owski 1971 , 1973 ; Serk owski, Mathewson & Ford 1975 ), where
 ( λ) is the polarization at wavelength λ and p max is the maximum
olarization, occurring at wavelength λmax . The normalizing constant 
 has been found to be linearly related to λmax (Wilking et al. 1980 );
hittet et al. ( 1992 ) give 

 = (0 . 01 ± 0 . 05) + (1 . 66 ± 0 . 09) λmax , (2) 

here λmax is in μm. 
Because the wavelength dependence of the interstellar polarization 

s quite different to that of the rotational polarization it is possible to
etermine interstellar-polarization parameters in parallel with the 
tting of stellar models to the observations. For each model in 

he grid, we determined the difference between the modelled and 
bserved polarization for each filter and fit a Serkowski curve, 
quation ( 1 ), to these differences. The fits were carried out using
he CURVE FIT routine of the PYTHON package SCIPY (Jones et al.
001 ). 
Although values for λmax around 470 nm or less have been found 

or stars near to the Sun (Marshall et al. 2016 , 2020 ; Cotton et al.
019 ; Bailey et al. 2020b ), θ Sco, at d � 100 pc, is near to the
all of the Local Hot Bubble, which is associated with a value of
50 nm (Cotton et al. 2019 ) – this is also a typical value for the
alaxy as determined by Serkowski et al. ( 1975 ) and Whittet et al.

 1992 ). Consequently, we fixed λmax to 550 nm, which in turn fixes K
equation 2 ). This leaves three fit parameters: p i (equi v alent to p max ,
ut for fixed λmax ), θ i (the PA of the interstellar polarization), and θ∗
the PA of the star’s rotation axis). 

.2 Results: stellar parameters 

it quality across the model grid was characterized by χ2 , shown in
ig. 3 . There is no single, well-defined χ2 minimum; rather, a locus
f lo w- χ2 v alues runs across a rough diagonal in the ω/ i plane, since
hese two parameters have similar effects on the polarization curve. 
ig. 4 compares observed and modelled polarizations at several 
oints along the χ2 ‘valley’ to illustrate this near-redundancy. The 
inimum- χ2 grid point is at ω = 0.98, i = 58 ◦, but well-fitting
odels (within 1 σ of the global minimum) can be identified at all ω 

 0.94. 
Parameter uncertainties were estimated through bootstrapping (i.e. 

esampling with replacement; e.g. Press et al. 2007 ), for ω values
ncompassing the 1 σ range of best-fitting χ2 results (Table 5 ). 
t each ω, a precise best-fitting inclination was determined by 

pline interpolation in χ2 , and its 1 σ uncertainty estimated through 
000 bootstrapped replications. The resulting 	χ2 was then used 
o estimate errors on other parameters (cf. Fig. 5 ). Results are
ummarized in Table 6 . An advantage of this bootstrap procedure
s that it bases the error determinations on the actual scatter in the
ata, rather than on the formal measurement errors that, as noted in
ection 2 , may be underestimated. 
In addition to the statistical errors addressed by the foregoing 

rocedures, systematic errors in parameter estimates will arise if 
he values adopted for observational constraints in Section 4.2 are 
ncorrect. We conducted simple sensitivity tests, the results of which 
re summarized in Table 7 . As a baseline model, we adopted the
inimum- χ2 grid point ( ω = 0.98, i = 58 ◦) and varied the parallax,
V flux, and v e sin i o v er reasonable ranges. There are also smaller

econd-order effects resulting from displacements of the χ2 valley 
Fig. 3 ) with changing inputs. We estimated the additional errors
ue to these effects and added them in quadrature to the statistical
rrors from the bootstrap analysis to obtain the uncertainties listed 
n Table 6 . 

One of the stellar parameters determined is the rotation period of
he star, P rot , for which we obtain 16.60 + 0 . 96 

−1 . 03 d. θ Sco is not known to
e a variable star. It is not listed in the General Catalogue of Variable
tars (Samus’ et al. 2017 ). We hav e e xamined the available space
hotometry from Hipparcos and TESS ( Transiting Exoplanet Survey 
atellite ; Ricker et al. 2015 ) and see no evidence for variability on the
otation period or any shorter period. θ Sco does not therefore show
he periodic variability seen in some other rapidly rotating stars, in
articular Be stars, and attributed to either non-radial pulsations (e.g. 
aade et al. 2016 ) or rotational modulation (Balona & Ozuyar 2020 ).

.3 Results: interstellar polarization parameters 

he interstellar polarization parameters determined through the χ2 

nalysis can be checked through comparison with the interstellar 
olarizations of control stars within 35 ◦ of θ Sco, illustrated in Fig. 6 .
his region of the ISM is contained within the Local Hot Bubble,
MNRAS 513, 1129–1140 (2022) 
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Figure 6. Map (left) and p versus d plot (right) of interstellar control stars within 35 ◦ of θ Sco. The control distances and co-ordinates were taken from 

SIMBAD. Black pseudo-vectors on the data points indicate the PAs ( θ i ), but not the magnitudes, of the interstellar polarizations. The ef fecti v e wav elengths of 
the control observations have been used to standardise each to a wavelength of 450 nm (roughly corresponding to g 

′ 
), assuming a λmax of 470 nm – which is 

appropriate since all are closer than θ Sco and thus probably not in the ‘wall’ of the Local Hot Bubble (Cotton et al. 2019 ). The controls are colour coded in terms 
of ˆ p /d and numbered in order of their angular separation from θ Sco; they are: 1: HD 160928, 2: HD 156384, 3: HD 166949, 4: HD 153580, 5: HD 151680, 6: 
HD 165135, 7: HD 169586, 8: HD 165499, 9: HD 169916, 10: HD 160915, 11: HD 176687, 12: HD 167425, 13: HD 162521, 14: HD 146070, 15: HD 157172, 
16: HD 143114, 17: HD 173168, 18: HD 174309, 19: HD 151504, 20: HD 151192, 21: HD 155125, 22: HD 177389, 23: HD 147584, 24: HD 138538, 25: 
HD 182369, 27: HD 131342, 28: HD 145518, 29: HD 147766, 30: HD 141937, 31: HD 186219. In the p versus d plot dashed lines corresponding to ˆ p /d values 
of 0.2, 2.0, and 20.0 ppm/pc are given as guides. The grey data point is derived from the interstellar model in Cotton et al. ( 2017b ) and the black data point 
represents our best-fitting interstellar values for θ Sco. 
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Figure 7. Wavelength dependence of polarization for θ Sco observations 
(as Fig. 4 ) compared with a polarization model based on the parameters of 
Domiciano de Souza et al. ( 2018 ). Black dots represent the observations, 
corrected for interstellar polarization and rotated; polarimetric models are 
shown as a blue curve (full models) and red points (passband-integrated). 
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hich extends ∼75–150 pc around the Sun and which has little dust,
ery patchily distributed (Bailey, Lucas & Hough 2010 ; Frisch et al.
010 ; Cotton et al. 2019 ). The patchiness means that control-star
bservations cannot be used to determine the interstellar values for
Sco directly, but they can test whether the model values (Table 6 )

re reasonable. Fig. 6 shows that the polarization PAs of stars between
eclinations −30 and −60 ◦ are roughly aligned to 0 ± 45 ◦, consistent
ith the value found for θ Sco; while the magnitude of the inferred

nterstellar polarization for θ Sco is similar to its closest neighbour
n the sky, HD 160928. 
Finally, we note that the magnitude of the rotationally induced

tellar polarization exceeds the interstellar component at all observed
avelengths, and dominates in the blue. 

.4 Comparison with interferometry 

omiciano de Souza et al. ( 2018 ) conducted a detailed study of
Sco A, using optical interferometry supplemented with high-

esolution spectroscopy. A comparison of our results with theirs
hows disappointingly poor agreement for the inferred masses, and
or other key stellar parameters (Table 6 ; Fig. 3 ). The small difference
n adopted distances does not account for the discrepancies (cf.
able 7 ); nor are they attributable to contamination of the interfero-
etric observations by the B component. [Even if the then-unknown

econdary was within the ef fecti ve field of view of the interferometric
nstrumentation, ∼0 . ′′ 12–0 . ′′ 15, at the time of observations (2016),
t would not be expected to influence the interferometric results
trongly; Domiciano de Souza, personal communication.] 
NRAS 513, 1129–1140 (2022) 
We have been unable to identify any aspects of our analysis that
re likely to account for the differences. In particular, the observed
olarization cannot be reproduced without near-critical rotation ( ω 

 0.9; Fig. 3 ), which requires M ∼ 3 M �. Fig. 7 shows the intrinsic
olarization predicted by our model for the Domiciano de Souza et al.
arameter set ( ω = 0.845; we quote numerical results from the ‘ ω-
odel’ solution given in table 2 of Domiciano de Souza et al. 2018 ,
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or consistency with our analysis). Comparison with observations 
ho ws dif ferences that are too large to be accommodated by stochastic 
rrors, or by plausible uncertainties in polarization arising in either 
he ISM or, potentially, the B component. 

Although it is, of course, possible that our modelling code is in
rror, it has been tested against independent third-party calculations 
ithout giving any cause for concern (Cotton et al. 2017a ). There

re, ho we ver, indications that the posterior probability distributions 
enerated by the Domiciano de Souza et al. MCMC model-fitting 
rocedure may not be fully reliable. F or e xample, a distance of
1.16 ± 12.51 pc was used as a prior in their analysis; since the
nterferometry gives, essentially, an angular-diameter measurement, 
e would expect uncertainties on inferred radii of not less than 
2 . 51 / 91 . 16 � 14 per cent , yet the quoted error on R e is actually <
.3 per cent. 
The Domiciano de Souza et al. T eff determination, 6215 + 7 

−8 K 

lso appears to be remarkably precise for a measurement based on 
he synthesis of only a 26-nm stretch of rectified spectrum, and 
hile they give no error on v e sin i – which, like T eff , must be

onstrained primarily by spectroscopy – the upper limit given by 
( v e ), � 1.0 km s −1 , again seems unexpectedly small. 
[Domiciano de Souza et al. ( 2018 ) separately list results based

olely on interferometry in their table 3, which includes values for the
quatorial rotation velocity with stated accuracies of ∼10 per cent; 
t is unclear to us how this parameter can be determined at all
sing only interferometry. Other parameter values quoted in the 
able as ‘not constrained’ are indeed completely indeterminate from 

nterferometry alone, so that the numerical values given there, and 
heir uncertainties, are arbitrary.] 

Our own spectrum-synthesis calculations show that rectified spec- 
ra computed for ±1 σ changes in T eff or v e differ by ∼0.2 per cent
n the core of H α (and by much less elsewhere), which is an
rder of magnitude smaller than the corresponding O −C (or likely 
ectification uncertainties), and is comparable to the purely statistical 
rrors in the observ ed spectra. Ev en as purely formal errors, we
herefore suspect that the quoted T eff and v e uncertainties may also 
e unrealistically small. 
If measures of dispersion in at least some of the posterior

istributions determined by Domiciano de Souza et al. ( 2018 ) are
ndeed too small, then measures of central tendency (i.e. parameter 
alues) may also be open to question. This is difficult to scrutinize
irectly since Domiciano de Souza et al. delegated basic observables 
such as angular diameters) to derived quantities, for which they did 
ot propagate uncertainties. 

.5 The potential utility of UV polarimetry 

s discussed in Section 5.2 , i and ω are not separately well
onstrained for θ Sco (nor for α Oph, for which the situation is worse;
ailey et al. 2020b ), because these parameters have similar effects 
n the polarization curv e o v er the wavelength range sampled. In this
ection, we briefly examine prospects for resolving this redundancy 
hrough observations in the UV, such as allowed by the proposed 
olstar mission (Scowen et al. 2021 ) – which has been suggested for

hese types of observations (Jones et al. 2021 ). 
To this end we ran a SYNSPEC/VLIDORT model for each 5 ◦ increment

rom table 4 of Bailey et al. ( 2020b ) for α Oph, and from Table 5 of
his paper for θ Sco, using appropriate ω, i values as listed there, with
 eff and log ( g p ) interpolated in the model grid in inclination for α Oph
nd in ω for θ Sco. The models were run o v er the wavelength range
00–300 nm, using the UV line lists ‘gfFUV’ and ‘gfNUV’ acquired 
rom the SYNSPEC website and originally computed by Kurucz & 

ell ( 1999 ). 
The results of the modelling are shown in Fig. 8 . Below 300 nm
 / I becomes increasingly more ne gativ e (the model U / I is essentially

ero; Section 4.1 ); this is similar to results for the highly inclined
-type stars modelled to 250 nm by Sonneborn ( 1982 ), and much

urther into the UV by Collins, Truax & Cranmer ( 1991 ). Polariza-
ion increases considerably with decreasing wavelength, reaching a 
ew per cent before the flux becomes negligible. 

For α Oph we see that, although the 85 ◦ and 90 ◦ models are
owhere easily separated, there are two regions that appear promising 
or distinguishing between the models at either end of the inclination
ange. In the longer wavelength end of the range the low-inclination
odels are more polarized; between 200 and 240 nm the difference

n polarization between the 60 ◦ and 90 ◦ models is roughly 100 ppm.
hortward of 180 nm, where the higher inclination models are 

he more polarized, the difference between extreme inclinations is 
 per cent (10 4 ppm), though the very low flux here presents an
mpediment to utilizing this region in practice for all but the brightest
tars. 

Models of θ Sco that are indistinguishable in the optical begin to
iverge between 350 and 300 nm (Fig. 4 ); this trend continues down
o the Mg II absorption lines at ∼280 nm (Fig. 8 ), where the lowest
nclination model exhibits around 200 ppm more polarization than 
he highest inclination model, making this a promising region for 
tudy. Some small (10–20 ppm) divergence in this region is also seen
or α Oph. Ho we ver, it is much stronger in θ Sco, in part because it
as lower gravity and is more polarized in general. 

Between 230 and 280 nm the various θ Sco models are indis-
inguishable. Shortward of this range the higher inclination models 
xhibit more polarization, such that below 190 nm the models are
gain distinct across the entire inclination range, at first differing by
 fraction of a per cent, rising to a few per cent at 170 nm; ho we ver,
s an F-type star, the flux in this region is at best ∼5 per cent of what
t is at 300 nm. 

 E VO L U T I O NA RY  STATUS  

 major objective of this w ork w as to measure the rotation of θ Sco A
n order to investigate its evolutionary state, particularly through the 
xamination of the rather precisely determined gravity. A comparison 
ith rapidly rotating stellar -ev olution models (Eggenberger et al. 
008 ; Georgy et al. 2013 ) is shown in Fig. 9 , using the log ( g p )/ ω
lane. Observed values (from Table 6 ) are compared to evolutionary
racks for zero-age main sequence (ZAMS) masses of 3 and 5 M �
at a range of initial rotation rates), reflecting our mass estimate
3.07 M �) as well as higher values reported in the literature
Domiciano de Souza et al. 2018 ). 

It is evident from Fig, 9 that θ Sco is rotating much faster than
s consistent with any of the single-star evolutionary models. Even 
f it were born with critical rotation, its rotation rate would have
ropped to ω = 0.4 or less by the time it reached the evolutionary
tage indicated by its log ( g p ). This conclusion holds even for the
ome what lo wer rotation rate obtained by Domiciano de Souza et al.
 2018 ) from interferometry. 

The conflict with single-star evolutionary tracks is further demon- 
trated by a standard H–R diagram (Fig. 10 ). Based on single-star
volution one would infer that θ Sco A is in the Hertzsprung gap and
ore massive than 5 M � (cf. Domiciano de Souza et al. 2018 ).
o we ver, the mass determined from the polarization analysis is

ignificantly lower than this. 
MNRAS 513, 1129–1140 (2022) 
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M

Figure 8. Left-hand panels: theoretical UV surface fluxes, F λ, for α Oph (top, in units of erg cm 

−2 s −1 Å−1 ), binned to 0.5 nm; and polarization spectra 
(bottom), corresponding to the optical models given in table 4 of Bailey et al. ( 2020b ; coloured lines). Note that the abscissa of both panels are on log scales, 
with the most ne gativ e Q / I values at the bottom of the lower panel. Right-hand panels: same, but for θ Sco. Polarization spectra are shown for each of the models 
given in Table 5 of this paper. 

Figure 9. Evolutionary tracks in the log ( g p )/ ω plane, using solar-abundance 
models from Georgy et al. ( 2013 ). Tracks are identified by mass and rotation 
rate on the ZAMS; evolution progresses from upper left to lower right on 
this plot. Our empirical result for θ Sco A is shown as a filled black dot with 
an error bar in ω [the formal uncertainty in log ( g p ) is comparable to the dot 
size]. 

 

d  

A  

t  

Figure 10. The position of θ Sco A in the H–R diagram, with evolutionary 
tracks for 3 and 5 M � stars. 
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These inconsistencies strongly suggest that θ Sco has followed a
if ferent e volutionary path to those described by single-star models.
 likely scenario is that θ Sco A was initially a close binary system

hat has interacted and merged to reach its current state. The existence
NRAS 513, 1129–1140 (2022) 
f such stars is not surprising. Binaries are common among massive
tars (Duch ̂ ene & Kraus 2013 ) and interactions and mergers are
xpected to be important factors in evolution (Sana et al. 2012 ;
e Mink et al. 2013 ). It has been suggested that binary interaction
ay play a role in the rapid rotation of some Be stars (Pols et al.

991 ; de Mink et al. 2013 ) and may be the predominant channel
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or Be star formation (Bodensteiner et al. 2021 ). Ho we ver, single-
tar evolutionary channels are also possible for Be stars (Hastings, 
ang & Langer 2020 ) and so we cannot normally determine the

volutionary history in an individual case. In contrast, with an evolved 
tar like θ Sco, the single-star evolutionary route is inconsistent with 
odels and can be ruled out, leaving the binary route as the most

ikely option. 
While our preferred model for the binary interaction does not 

nvolve the wider companion θ Sco B, we cannot exclude other sce- 
arios in which this companion was involved. Further observations to 
pectroscopically characterize θ Sco B and better determine the orbit 
hould help to clarify its involvement. If θ Sco B was not involved
n the interaction then it should be a fairly normal main-sequence A
tar. If θ Sco B was responsible for transferring mass and angular 
omentum on to θ Sco A then it must have been initially the more
assive star in the system, and would now be a stripped star. The

inematics of θ Sco show that it is not a runaway star, ruling out any
nteraction that involved ejection of components from the system. 

We can expect to find other cases of evolved stars that are the result
f binary evolution. The results presented here show that polarimetry 
s a useful tool for the detection and characterization of rapid rotation.
etermining how common such objects are could have implications 

or testing predictions of binary evolution (Sana et al. 2012 ) and
he importance of binary interactions for stellar-population synthesis 

odels (e.g. Eldridge & Stanway 2009 ; Eldridge et al. 2017 ). 

 SUMMARY  A N D  C O N C L U S I O N S  

ultiwavelength, high-precision linear polarimetry of θ Sco has 
evealed a significant rotationally induced stellar-polarization signal 
rising in the A component. The rotational polarization in this 
volved star is several times higher than that previously seen in 
apidly rotating main-sequence stars (Cotton et al. 2017a ; Bailey 
t al. 2020b ) as expected due to the lower gravity. 

A reanalysis of Hipparcos data provides the first reliable char- 
cterization of the visual-binary B component. We find that the B
omponent is at sub-arcsecond separation (0.538 arcsec in 1991 and 
.245 arcsec in 2021), and is ∼3.3 mag fainter than component A.
he polarimetry, combined with additional observational constraints, 
ermits the determination of the rotation rate and other fundamental 
tellar parameters of θ Sco A at a level of precision not otherwise
ormally possible for single stars. 
The rapid rotation we determine for θ Sco A ( ω ≥ 0.94) is in-

onsistent with evolutionary models for single rotating stars (Georgy 
t al. 2013 ), which predict much slower rotation at this evolutionary
tage. The mass we determine for θ Sco A is lower than that predicted
y these models. We therefore conclude that θ Sco A is the result
f a different evolutionary path, most likely interaction and eventual 
erger with a close binary companion. 
Polarimetry can potentially be used to identify and characterize 

ther rapidly rotating evolved stars and help to further investigate the 
ole of binary interaction in stellar evolution. 
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