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ABSTRACT

Context. The angle between the stellar spin-axis and the orbital plane of a stellar or planetary companion has important implications
for the formation and evolution of such systems. A study by Hale (1994, AJ, 107, 306) found that binaries with separations a . 30 au
are preferentially aligned while binaries on wider orbits are frequently misaligned.
Aims. We aim to test the robustness of the Hale study results by reanalysing the sample of visual binaries with measured rotation
periods using independently derived stellar parameters and a Bayesian formalism.
Methods. Our analysis is based on a combination of data from the Hale study and newly obtained spectroscopic data from the
Hertzsprung SONG telescope, combined with astrometric data from Gaia DR2 and the Washington Double Star Catalog. We combine
measurements of stellar radii and rotation periods to obtain stellar rotational velocities v. Rotational velocities v are combined with
measurements of projected rotational velocities v sin i to derive posterior probability distributions of stellar inclination angles i. We
determine line-of-sight projected spin-orbit angles by comparing stellar inclination angles with astrometric orbital inclination angles.
Results. We find that the precision of the available data is insufficient to make inferences about the spin-orbit alignment of visual
binaries. The data are equally compatible with alignment and misalignment at all orbital separations.
Conclusions. We conclude that the previously reported trend that binaries with separations a . 30 au are preferentially aligned is
spurious. The spin-orbit alignment distribution of visual binaries is unconstrained. Based on simulated observations, we predict that
it will be difficult to reach the sufficient precision in v sin i, rotation periods, and orbital inclination required to make robust statistical
inferences about the spin-orbit alignment of visual binaries.

Key words. binaries: visual – stars: solar-type – methods: data analysis – planets and satellites: dynamical evolution and stability –
protoplanetary disks

1. Introduction

The formation of binary stars is poorly understood. Disc frag-
mentation, turbulent fragmentation, and dynamical encounters
may all play important roles in the formation of binary and
higher-order systems (Bate 2019). If binary stars form prefer-
entially via disc fragmentation, it is more likely that the stellar
spins and protoplanetary discs of each star will be mutually
aligned with each other and the binary orbit. On the other hand,
if binary star formation occurs primarily through turbulent frag-
mentation or dynamical interactions, the stellar spin-axes in a
binary system may be significantly misaligned with each other,
the orbital plane, and the circumbinary disc (Bate et al. 2010;
Bate 2018). An initially aligned protoplanetary disc may become
misaligned with the stellar spin-axis due to secular interactions
with an inclined binary companion (Batygin 2012). Hot Jupiters
are often found in orbits misaligned with respect to the stel-
lar spin (Winn et al. 2010; Albrecht et al. 2012). It is however
unclear if these planets formed in misaligned protoplanetary
discs or if misalignment occurred after planet formation due to
high-eccentricity migration (see e.g. Dawson & Johnson 2018).
The spin-orbit alignment of binary stars is therefore important
not only for constraining theories of star formation, but also
for understanding the orbital evolution of planetary systems.
If wide binary stars are found to be preferentially spin-orbit
aligned, it is likely that protoplanetary discs are also well-aligned
(Monin et al. 2007).

One of the most influential studies of spin-orbit alignment
in binary stars was carried out by Hale (1994), who used
measurements of rotation periods and projected rotational veloc-
ities, v sin i, to constrain stellar inclination angles in visual bina-
ries with known orbital inclinations. Hale found that binaries
with semi-major axes smaller than 30−40 au are preferentially
spin-orbit aligned while binaries in wider orbits are randomly
aligned (see Fig. 1). Hale found that while double star systems
are aligned below a separation of 30−40 au, this trend is not true
for hierarchical multiple systems where spin-orbit misalignment
is seen at all separations. Hale suggested that non-coplanarity
may in fact decrease with separation in higher-order systems, the
opposite trend seen for double star systems, although this trend
is based on a small sample size.

Farbiash & Steinitz (2004) studied the spin-spin alignment
of a large sample of ∼1000 early-type binaries. They chose a
sample of binaries (excluding triples or higher-order systems)
in which they had measurements of v sin i of both components.
They furthermore chose only main-sequence binaries of spec-
tral type A9 or earlier. This was done to avoid slowly rotat-
ing stars or complications with loss of angular momentum dur-
ing post-main-sequence evolution. They analysed the spin-spin
alignment of the sample by comparing the v sin i of the two
components in the binary with an artificially generated sam-
ple. They found that the stellar spin-axes of binary components
are preferentially aligned at all orbital separations. The result of
Farbiash & Steinitz (2004) was challenged by Howe & Clarke
(2009), who analysed the same data and found that while the
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Fig. 1. Reprint of Fig. 2 from Hale (1994), although excluding three
wide systems without orbital solutions. Systems plotted with circles
have known rotation periods from time series or calibrated activity
indices. Systems plotted with diamonds have rotational velocities esti-
mated from an average v sin i based on spectral class or by assuming a
Skumanich relation (v ∝

√
τ) calibrated with the Hyades and using age

estimates from Ca II fluxes or simply assuming an age of 3 Gyr. See
Hale (1994) for details.

v sin i of components in close binaries with a . 1 au appear to
be correlated (which they attribute to tidal synchronisation), the
data are insufficient to constrain the alignment of binaries with
separations wider than 1 au (i.e. the data are compatible with
both aligned or misaligned configurations). Konopacky et al.
(2012) studied a smaller sample of 11 VLM (Very Low Mass,
spectral type M7 or later) binaries with a . 10 au. By analysing
the v sin i of the individual components in the binaries, they find
no evidence for preferential spin-spin alignment. They conclude
that either the spin-axes of the components are misaligned or
low-mass stars with similar spectral types rotate at significantly
different speeds.

If a binary star is eclipsing, it is possible to constrain the pro-
jected obliquity by measuring the Rossiter-McLaughlin (RM)
effect during the spectroscopic eclipse. The projected obliq-
uity has been measured using the RM effect in just ten eclips-
ing binary systems1. Here we briefly summarise the results:
Five binaries were analysed by Albrecht et al. (2007, 2009,
2011, 2013, 2014) as part of the BANANA (Binaries Are Not
Always Neatly Aligned) Project. The BANANA Project found
that the massive B-type binaries DI Herculis (Albrecht et al.
2009) and CV Velorum (Albrecht et al. 2013) have large pro-
jected obliquities of both components. The remaining binaries
in the BANANA Project all have well-aligned configurations.
Winn et al. (2011) measured the projected obliquity of the pri-
mary component in the planet-hosting eclipsing binary Kepler-
16 and found the system to be aligned, possibly due to tidal
realignment. Finally, Sybilski et al. (2018) measured the pro-
jected obliquities of four eclipsing binaries and reported align-
ment for all systems except a marginal detection of a misaligned
secondary component of AI Phe, although more data are needed
to confirm that result. They note that tidal forces are predicted to
have realigned all but one of their binaries. DI Herculis and CV

1 See Albrecht et al. (2011) for an overview of quantitative and qual-
itative RM analysis results up to 2011. The RM effect has addi-
tionally been measured for a few low-mass and unequal-mass binary
systems as part of the EBLM project (Triaud et al. 2013; Gill et al.
2019; Hodžić et al. 2020), transiting brown dwarfs (Siverd et al. 2012)
and hundreds of exoplanetary systems (see TEPCAT; Southworth 2011,
www.astro.keele.ac.uk/jkt/tepcat/).

Velorum represent the only conclusive evidence for spin-orbit
misalignment in close eclipsing binaries from the RM effect.

Zhou & Huang (2013) analysed the photometric light curve
of KOI-368, an eclipsing binary with an A-star primary and a
M-dwarf companion. By analysing the asymmetric eclipse of the
gravity-darkened host star, they find that the P = 110 d M-dwarf
companion is in a significantly misaligned orbit.

There is evidence for both alignment and misalignment
of protostellar and protoplanetary discs in binary systems.
Jensen et al. (2004) measured the polarisation of near-infrared
light in young binary systems and found evidence that suggested
protoplanetary discs in binaries with separations 200−1000 au
are typically aligned to within 20◦, although the authors could
not eliminate the possibility that their results are influenced
by interstellar polarisation. More recently, it has become pos-
sible to directly image the discs of wide binaries. These
observations reveal that disc-disc, disc-orbit and circumbi-
nary disc misalignment are commonly found (Jensen & Akeson
2014; Williams et al. 2014; Brinch et al. 2016; Aly et al. 2018;
Kennedy et al. 2019; Mayama et al. 2020). Measurements of the
orientation of outflow axes have similarly revealed that proto-
stellar jets in young multiple protostar systems are commonly
misaligned with respect to each other (Lee et al. 2016).

Tokovinin (2017) investigated the orbital alignment in hier-
archical triple systems and found that the orbits of systems with
outer separations less than ∼50 au are preferentially aligned,
while outer orbits with separations larger than 1000 au are mis-
aligned with inner orbits. They note that the inner limit of ∼50 au
roughly matches the size of the circumstellar disc, suggesting
that dissipative interactions with the disc have influenced the for-
mation or evolution of close triples, acting to align these systems.

The results of Hale (1994) have been used to inform stud-
ies of binary formation and evolution. In particular, the prefer-
ential alignment of binaries with a . 30 au has been used as
evidence that close binaries form via disc fragmentation while
wider binaries form via turbulent core fragmentation (see e.g.
reviews by Kratter 2011; Bate 2015). Recently, the Hale study
has received considerable attention in the context of exoplane-
tary systems due to the possible role of inclined binary compan-
ions in the formation of misaligned hot Jupiters by disc tilting
and high-eccentricity migration.

The conflicting results for the spin-orbit alignment of bina-
ries, the importance of this result for binary and planetary
formation, and the recent developments in the consistent applica-
tion of the v sin i method motivated us to revisit the seminal Hale
(1994) study. We therefore obtained high-resolution spectra of
binary stars in the Hale study for a reanalysis of stellar param-
eters and projected rotational velocities. We reanalyse the Hale
sample following a Bayesian approach and compute posterior
probability distributions of stellar inclination angles. In Sect. 2
we present the Hale study and the sample of binary stars that we
reanalyse in this work. In Sect. 3 we derive stellar parameters of
the binary stars and compare our results to independent values.
In Sect. 4 we present the projected spin-orbit alignment distribu-
tion of the binary sample based on our newly obtained data. In
Sect. 5 we compare the observed spin-orbit distribution to sim-
ulated observations with various measurement uncertainties. We
additionally discuss systematic errors and possible biases in the
binary sample. Finally, we summarise our findings in Sect. 6.

2. The visual binary sample

The Hale (1994) study focuses on solar-type binary and
multiple systems with primary spectral types F5V-K5V. The
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spectral range was chosen to ensure a sample of binaries for
which the projected rotational velocities v sin i and the rotational
modulation could be reliably measured. Binary stars with orbits
of at least grade 3 (1 best – 5 worst) in the Fourth Catalog of
Orbits of Visual Binary Stars (VB83; Worley & Heintz 1983)
were chosen. Binaries in hierarchical multiple systems were also
included. The study was restricted to nearby systems with accu-
rate distances such that the true value of the semi-major axis
could be obtained. The systems were further selected to encom-
pass a wide range of orbital separations (1−10 1000 au) and
eccentricities. The Hale sample includes 86 stars in 73 stellar
systems. 20 systems are triples or higher multiplicities.

In this work, we focus exclusively on binary star systems
from the Hale sample (excluding stars in systems with higher
multiplicities). We exclude higher-order systems due to the
relatively small sample size. We further reject systems with-
out orbital solutions (three systems) or known rotation peri-
ods (25 systems). Systems without known rotation periods are
excluded due to concerns over the accuracy of rotation periods
inferred from gyrochronology (see e.g. van Saders et al. 2016).
This leaves us with a sample of 35 stars in 29 double star
systems.

We briefly summarise the stellar and orbital parameters used
by Hale. Hale compiled measurements of orbital elements, pro-
jected rotational velocities v sin i, rotation periods Prot and stel-
lar radii R? from original work and various sources in the
literature. Hale computed new orbits of six systems using mea-
surements from literature combined with new astrometric obser-
vations. Hale combined literature values of v sin i with 32 new
measurements. Stellar rotation periods were determined using
one of three methods: rotational modulation of photometric light
curves, time series analysis of spectroscopic Ca II fluxes, or cal-
ibration of chromospheric activity indices. The chromospheric
flux ratio R′HK (defined as the ratio of chromospheric emission in
the cores of the Ca II H and K lines to the total stellar bolo-
metric emission) is correlated with the stellar rotation period
(Noyes et al. 1984). A similar relation is seen for emission in Mg
II lines. It is therefore possible to estimate stellar rotation periods
from Ca II or Mg II fluxes by use of empirical activity-rotation
relations. In the Hale binary sample, 17 stars have rotation peri-
ods calibrated from their Ca II flux ratios, 14 stars have rotation
periods from time series and four stars have rotation periods cal-
ibrated from their Mg II flux ratio. Rotation periods and activity
indices were compiled by Hale from the literature. Finally, stellar
radii were obtained by Hale from calibrated colour-radius rela-
tions or from literature. Hale derived stellar inclination angles
and corresponding uncertainties by error propagation of the
relation

i = arcsin
(

v sin i
(2πR?)/Prot

)
· (1)

Systems with values of sin i greater than unity had their inclina-
tion angles fixed to 90◦. This is the case for 19 of the 35 stars in
the Hale binary sample.

3. Analysis

We reexamine the Hale study by applying a more statistically
robust Bayesian formalism as well as determining the accuracy
of the stellar parameters used in Hale’s study using high-
resolution spectroscopy. To establish the accuracy of the stel-
lar parameters, we observed 25 stars in the Hale sample using
the 1 m robotic Hertzsprung SONG Telescope (Andersen et al.

2014; Fredslund Andersen et al. 2019). We obtained spectra
using the highest resolution configuration of R = 112 000 of the
SONG telescope’s echelle spectrograph (Grundahl et al. 2017).
Here we describe the derivation of stellar parameters from the
SONG spectra and compare our results with Hale and other inde-
pendent estimates.

3.1. Deriving stellar parameters

We analyse SONG spectra with the open-source Python tool
SpecMatch-emp (Yee et al. 2017). SpecMatch-emp derives
stellar parameters of FGKM stars by comparison of the stellar
spectrum with an empirical spectral library of well-characterised
stars. SpecMatch-emp derives stellar parameters with a typical
precision of 100 K in stellar effective temperatures, 15% in radii
and 0.09 dex in metallicities. We analyse SONG spectra in the
wavelength region 5000−5500 Å.
SpecMatch-emp does not derive calibrated projected rota-

tional velocities v sin i. To derive v sin i, we compute syn-
thetic spectra with effective temperatures, surface gravities
and metallicities as determined by SpecMatch-emp. We syn-
thesise spectra using the stellar synthesis framework iSpec
(Blanco-Cuaresma et al. 2014) with the radiative transfer code
SPECTRUM (Gray & Corbally 1994) using ATLAS9 atmo-
spheres (Kurucz 1979, 2005; Castelli & Kurucz 2003), the
VALD atomic line list (Kupka & Dubernet 2011) and adopting
Grevesse et al. (2007) solar abundances. We adopt the micro-
turbulent velocity from the empirical relation implemented in
iSpec. We do not apply instrumental, macroturbulent or rota-
tional broadening at this stage, creating a sharp-lined template.
Using our sharp-lined templates, we compute broadening func-
tions (BFs) of each star (see Rucinski 1992, 1999, 2002). We
fit the BF with a stellar line profile model including instrumen-
tal, macroturbulent and rotational broadening. We adopt Gaus-
sian instrumental broadening corresponding to a resolution of
R = 112 000 and macroturbulent broadening as determined
from the empirical relation by Doyle et al. (2014). A few stars
are slightly outside the 5200−6400 K temperature range of the
Doyle et al. (2014) macroturbulence relation. In such cases we
extrapolate the relation. We derive projected rotational veloci-
ties v sin i from best-fit line profiles. The formal uncertainty on
v sin i as derived by fitting a line profile model to the BF is not
an accurate estimate of the true uncertainty. The uncertainties are
underestimated partly because the uncertainty in the other stel-
lar parameters are neglected. Imperfect normalisation may also
affect the BF and potentially the v sin i. By computing the BF of
various stars in the sample using different sharp-lined templates,
we have found that our v sin i are generally precise to 1 km s−1 or
better.

Although the systems in our sample are visual binaries,
some systems have small sky-projected separations. We there-
fore visually inspected the BF of each spectrum to look for dou-
ble peaks or asymmetries which would indicate that the spectrum
is double-lined or blended. We found seven stars with spectra
that indicated binarity. Since SpecMatch-emp is not designed
to handle blended spectra, the stellar parameters derived from
double-lined SONG spectra are not used in the analysis.

3.2. Comparison of projected rotational velocities

In Fig. 2 we plot a comparison between projected rotational
velocities derived from SONG spectra, Hale and various lit-
erature values. We note that we have included the derived
parameters from double-lined spectra in Figs. 2 and 3 only to
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illustrate the effect of unmodelled binarity in the stellar spectra.
The double-lined binaries HD 3443 and HD 137107 have clearly
separated sets of spectral lines. For these stars we fitted both
sets of lines in the BF and assumed that the deepest absorption
lines belonged to the primary component. Since we study visual
binaries, many stars will have nearby, bright companions that
could affect the determination of stellar parameters. In Figs. 2
and 3, we therefore mark stars with companions with projected
separations less than 3.5′′ and magnitude differences less than
3.25 (>5% flux difference) as listed in the Washington Double
Star Catalog (WDS; Mason et al. 2019). We mark systems visu-
ally identified as double-lined with red squares and stars with
close companions in the WDS with yellow squares. We find
overall good agreement with projected rotational velocities of
the 17 single-lined binaries observed with SONG and Hale with
a median difference of 0.01 ± 1.33 km s−1 (excluding the likely
blended outlier HD 114378). It is clear that at v sin i < 5 km s−1,
it is difficult to obtain fractional uncertainties better than ∼20%.
At low rotational velocities, the rotational broadening, instru-
mental broadening, and macroturbulence all have similar mag-
nitudes of a few kilometres a second. Literature values of v sin i
are systematically larger than the v sin i derived in this work
and Hale. This is likely due to neglect of macroturbulence in
the literature values. The only significant disagreement between

Hale and SONG values is observed for HD 114378, likely due to
blended lines in the SONG spectrum (as discussed in Sect. 3.5).

3.3. Comparison of stellar radii

In Fig. 3 we plot a comparison of stellar radii derived from
SONG spectra, Hale, Gaia DR2 (Gaia Collaboration 2016,
2018), and the TESS Input Catalog (TIC, Stassun et al. 2019).
We crossmatched the Hale sample with Gaia DR2 by querying
the Gaia DR2 archive using HD Catalogue identifiers, which are
resolved to coordinates and searched within a 3′′ radius. If mul-
tiple matches are found, we pick the brightest star within the
search radius (since the stars in the Hale sample are all nearby,
bright stars). We checked that we selected the correct matches
for binaries with both components within the search radius. We
found 24 matches with stellar radii in the Gaia DR2 archive.
We similarly queried the TESS Input Catalog and found stel-
lar radii for 26 stars in our sample. TESS and Gaia DR2 radii
are not independent since TESS radii are derived using Gaia
DR2 parallaxes with broadband photometry while Gaia DR2
radii are derived using the parallax and Gaia colours. We see
good agreement for stars smaller than the Sun where SONG
radii generally agree within 5% or better with Gaia DR2 and
10% or better with Hale. For a large fraction of stars larger than
the Sun, there is significant disagreement between Hale radii
and independent estimates with Hale radii being systematically
smaller than other determinations. For stars larger than the Sun,
SONG radii are generally accurate to within ∼15% of the Gaia
DR2 radii, although some stars have larger disagreements. In
Sect. 3.5, we discuss these stars in detail.

3.4. Adopted parameters and uncertainties

We adopt v sin i and stellar radii from single-lined SONG spectra
where available, supplemented by v sin i from Hale (1994) and
radii from Gaia DR2 or Hale (1994) for systems not observed
by SONG or Gaia DR2. For stars with significant disagreement
between Hale, SONG or Gaia DR2, we review the literature to
determine which value to adopt, see Sect. 3.5. Based on the com-
parison between independently derived values, we adopt uncer-
tainties of 1.3 km s−1 on v sin i, 5% fractional errors on stellar
radii smaller than the Sun and 15% on radii larger than the Sun.

We adopt rotation periods from Hale (1994). Nearly all stars
in the sample have rotation periods estimated from time series
of Ca II fluxes or via activity-rotation relations using the Ca II
activity index R′HK. The Ca II fluxes used for these measurements
were obtained at the Mount Wilson Observatory as part of the
decades long survey started by Wilson (1968, 1978) and con-
tinued by Vaughan & Preston (1980). Noyes et al. (1984) found
that rotation periods estimated from R′HK are generally accu-
rate to 15% or better. By analysing stars observed in multi-
ple observing seasons, Donahue et al. (1996) found that rota-
tion periods derived from time series of Ca II fluxes are gen-
erally accurate to ∼15%. They attribute the scatter in rotation
periods to the effect of surface differential rotation. We therefore
adopt a fractional uncertainty of 15% on all rotation periods. The
data from the Mount Wilson survey are the longest-running and
most comprehensive set of consistent observations available for
the stars in the sample. It is therefore difficult to find indepen-
dent estimates of the rotation periods of the stars in our sam-
ple. Isaacson & Fischer (2010) measured Ca II activity indices
of 2630 stars at the Keck and Lick Observatories as part of the
California Planet Search Program and estimated rotation peri-
ods using empirical activity-rotation relations. They observed six
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stars in our sample. We find a median difference of 25% between
the rotation periods of Hale and Isaacson & Fischer (2010), indi-
cating that the uncertainty of rotation periods derived from R′HK
could be larger than assumed, although this comparison is based
on a very small sample size.

We use updated orbital inclinations from the Sixth Catalog of
Orbits of Visual Binary Stars (Hartkopf et al. 2001, ORB6). We
find generally excellent agreement between orbital inclinations
in ORB6 and Hale (who used an earlier version of the same cat-
alogue) with ∆iorb = 0.0+0.97

−1.3
◦. Only five binaries differ by more

than 5◦ and no binary differ by more than 14◦. We note that
the good agreement between Hale and ORB6 is not necessar-
ily indicative that the orbital inclination is well-determined. The
median orbital period of the sample is 152 yr. For many bina-
ries, only few measurements have been added to the ORB6 cat-
alogue since 1994. Due to the long orbital periods, the solutions
are therefore expected to be similar. The ORB6 catalogue does
not provide robust uncertainties on orbital elements. Following
Hale, we do not include the uncertainty of orbital inclinations in
the analysis. The uncertainties on the projected spin-orbit angles
therefore only reflect our knowledge of stellar inclination angles.
We list adopted values, uncertainties, and references of all stars
in the sample in Table 1.

3.5. Notes on individual stars

Here we discuss stars for which there is significant disagreement
in the derived radii or projected rotational velocities from differ-
ent sources.

HD 19994. The Hale stellar radius at R = 1.05±0.1 R� is sig-
nificantly smaller than the radii of R ∼ 1.9 R� predicted by Gaia
DR2, TIC and this work. HD 19994 has been analysed interfer-
ometrically and found to have a radius of R = 1.898 ± 0.070 R�
(van Belle & von Braun 2009), in agreement with the analysis of
the SONG spectrum. We adopt the interferometric radius.

HD 81809. The spectroscopic SONG radius at R = 1.17 ±
0.18 R� is significantly smaller than other determinations at R =
1.8−2.6 R�. HD 81809 has a close companion within 0.1′′ at a
magnitude difference of ∆m = 1.9, potentially affecting val-
ues derived from both photometry and spectroscopy. The SONG
spectrum does not appear double-lined from a visual inspection
of the BF. The star is however listed as a spectroscopic binary
on Simbad. Using resolved broadband photometry and the Gaia
DR2 parallax, Egeland (2018) finds that HD 81809 is a sub-giant
with a radius of 2.42 ± 0.08 R�, consistent with the Gaia DR2
radius. We adopt the Gaia DR2 radius.

HD 212754. The Hale radius of R = 1.11 ± 0.1 R� is
significantly smaller than other determinations of 1.9−2.2 R�.
HD 212754 was recently discovered to be a single-lined spec-
troscopic binary with a period of 2.5 years (Griffin & Suchkov
2003; Willmarth et al. 2016). Since the spectral lines of the
companion are not visible it is unlikely to have affected the
spectroscopic parameters. Based on the absolute visual magni-
tude, Willmarth et al. (2016) conclude that the star is evolved, in
agreement with the spectroscopic SONG radius of R = 1.86 ±
0.28 R� which we adopt.

HD 27991. The radius listed in Gaia DR2 and TIC at R ∼
2.1 R� is significantly larger than the Hale and SONG radius
of R ∼ 1.3 R�. This star has a companion at 0.1′′ with a mag-
nitude difference of ∆m = 0.74. The BF of the SONG spec-
trum is visibly asymmetric, indicating contamination from the
companion. We therefore cannot trust the spectroscopic radius.

Andrade (2019) analysed the binary system in a joint spectro-
scopic and astrometric analysis and derived a dynamical mass
of M = 1.218 ± 0.04 M�. They further find that the dynami-
cal parallax is incompatible with the Gaia DR2 parallax, lead-
ing to incorrect radius estimates in Gaia DR2 and TIC. Unfor-
tunately, the authors did not estimate the stellar radius. To
determine the radius of HD 27991, we therefore derive stellar
parameters from an isochrone analysis. HD 27991 is a mem-
ber of the Hyades. We adopt an age of 625 ± 50 Myr and
metallicity of 0.14 ± 0.05 dex (Perryman et al. 1998) and fit the
dynamical mass, age and metallicity of HD 27991 to a grid of
BaSTI isochrones (Hidalgo et al. 2018) using the Bayesian Stel-
lar Algorithm BASTA (Silva Aguirre et al. 2015). We derive a
stellar radius of R = 1.16 ± 0.06 R� in good agreement with the
SONG and Hale radii. The SONG metallicity [Fe/H] = 0.13 ±
0.09 and temperature Teff = 6344 ± 110 K are likewise in good
agreement with the Hyades metallicity and isochrone-derived
temperature of 6239 ± 127 K, indicating that the derived spec-
troscopic parameters are not significantly affected by the com-
panion. We adopt the isochrone-derived radius.

HD 114378. The Hale radius of 1.17±0.1 R� is significantly
smaller than the SONG and TIC radii of R ∼ 1.6−1.8 R�. The
SONG v sin i of 30 km s−1 is significantly larger than the Hale
value of 21 km s−1. HD 114378 has a companion at ∼0−0.5′′
(depending on the position in the 26 year orbit) with ∆m = 0.68.
By close inspection, the BF of the SONG spectrum appear
slightly asymmetric, indicating possible contamination from the
companion. This slight asymmetry was missed in the initial
visual inspection of the BF. Wright et al. (2011) derived a radius
of 1.59 R� by isochrone-fitting of broadband photometry but did
not report the uncertainty. This radius is in agreement with the
SONG radius of 1.58 ± 0.18 R�. We therefore adopt the SONG
radius and Hale v sin i.

HD 113139. The Hale radius of ∼2 R� is larger than the
Gaia DR2-based radius of ∼1.6 R�. HD 113139 has a compan-
ion at 0.9′′ with ∆m = 2.86. The BF of the SONG spectrum
is clearly double-peaked. Kervella et al. (2019) derived a radius
of 2.84 ± 0.14 R� using a brightness-colour relation. This radius
is in significant disagreement with other determinations and is
likely affected by contamination from the companion. The Hale
radius is similarly derived from a colour-radius relation and may
be contaminated. For this star we adopt the Gaia DR2 radius of
R = 1.62 ± 0.24 R�.

HD 99028. The Hale radius of 2.1 ± 0.1 R� is significantly
smaller than the Gaia DR2 radius of 2.72+0.38

−0.17 R�. Thévenin et al.
(2006) measured an interferometric radius of 2.928 ± 0.103 R�,
consistent with the Gaia DR2 radius. We adopt the interferomet-
ric radius.

HD 155885 and HD 155886. HD 155885 and HD 155886
make up the bright binary 36 Oph. The two components are sepa-
rated by ∼4′′ and are equally bright to a precision better than 1%
(VT = 5.12 ± 0.01, Fabricius et al. 2002). The two components
have equal radii, v sin i and rotation periods within the uncertain-
ties of Hale and Gaia DR2, strongly indicating that the binary
is equal-mass. We attempted to observed both components of
36 Oph with SONG. However, the similar brightness and small
separation of the two components confused the automatic target
acquisition of the robotic telescope. A visual inspection of the
two SONG spectra reveal that they are identical at the level of
the S/N of the spectra. We therefore possibly observed the same
target twice. It is however unclear if we observed HD 155885
or HD 155886. Using the SONG spectrum, we derive a radius
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Table 1. Adopted parameters of the binary sample.

HD v sin i σ(v sin i) v sin i Ref. R? σ(R?) R? Ref. Prot σ(Prot) Prot Ref. iorb iorb Ref.
(km s−1) (km s−1) (R�) (R�) (d) (d) (◦)

3443 2.7 1.3 1 0.92 0.05 1 32.6 4.89 1 65.9 2
4614 1.5 1.3 1 1.35 0.2 3 16.5 2.48 1 35.6 2
6582 1.1 1.3 1 0.78 0.12 1 29.8 4.47 1 73.2 2
10307 1.99 1.3 4 0.99 0.05 4 22.1 3.32 1 81.2 2
16895 9.08 1.3 4 1.4 0.21 4 6.7 1.0 1 75.44 2
19994 9.31 1.3 4 1.9 0.07 5 19.0 2.85 1 65.9 2
25893 6.52 1.3 4 0.85 0.04 4 7.51 1.13 1 76.0 2
27383 8.5 1.3 1 1.06 0.16 1 5.4 0.81 1 53.0 2
27991 15.0 1.3 1 1.16 0.06 6 2.9 0.44 1 58.0 2
39587 9.4 1.3 1 1.01 0.15 3 5.25 0.79 1 84.06 2
64096 3.1 1.3 1 1.13 0.17 1 22.3 3.34 1 80.82 2
81809 2.51 1.3 4 2.64 0.4 3 40.5 6.08 1 85.4 2
90508 1.0 1.3 4 1.1 0.16 4 18.0 2.7 1 81.4 2
99028 20.0 1.3 1 2.928 0.103 7 1.8 0.27 1 52.0 2
113139 92.0 1.3 1 1.62 0.24 3 0.8 0.12 1 46.9 2
114378 21.3 1.3 1 1.58 0.24 4 3.01 0.45 1 89.95 2
115404 3.7 1.3 4 0.75 0.04 4 18.9 2.83 1 86.59 2
120136 15.87 1.3 4 1.39 0.21 4 5.2 0.78 1 37.0 2
128620 3.0 1.3 1 1.23 0.18 1 25.1 3.76 1 79.32 2
128621 2.0 1.3 1 0.8 0.12 1 25.1 3.76 1 79.32 2
131156 4.37 1.3 4 0.89 0.04 4 6.14 0.92 1 41.0 2
137107 2.8 1.3 1 1.07 0.16 1 13.6 2.04 1 58.08 2
154905 19.45 1.3 4 1.33 0.2 4 2.75 0.41 1 37.8 2
155885 3.64 1.3 4 0.76 0.04 4 21.5 3.22 1 80.21 2
165341 2.58 1.3 4 0.82 0.04 4 19.5 2.92 1 58.9 2
165908 0.0 1.3 4 1.57 0.24 4 9.1 1.36 1 36.18 2
176051 2.93 1.3 4 1.1 0.16 4 17.5 2.62 1 64.2 2
179957 2.0 1.3 1 1.1 0.17 3 25.2 3.78 1 60.94 2
179958 2.6 1.3 1 1.16 0.17 3 26.9 4.03 1 60.94 2
212697 7.4 1.3 1 1.01 0.15 1 5.8 0.87 1 44.13 2
212698 9.4 1.3 1 1.01 0.15 1 7.8 1.17 1 44.13 2
212754 9.15 1.3 4 1.86 0.28 4 11.1 1.66 1 87.0 2
224930 1.25 1.3 4 0.93 0.05 4 23.8 3.57 1 49.0 2

References. (1) Hale (1994) and references therein; (2) ORB6 (Hartkopf et al. 2001); (3) Gaia DR2 (Gaia Collaboration 2016, 2018); (4) this
work (spectroscopic); (5) van Belle & von Braun (2009); (6) this work (isochrone); (7) Thévenin et al. (2006).

of R = 0.76 ± 0.1 R� and v sin = 3.6 ± 1 km s−1, in agreement
with the stellar parameters of both HD 155885 and HD 155886
in Hale and Gaia DR2. Since the derived stellar parameters agree
within the uncertainties in all cases, we simply adopt the SONG
radius and v sin i as the stellar parameters of HD 155855 and
reject HD 155886 from further study.

4. Results

Having obtained independent stellar parameters for the major-
ity of the Hale binary sample and established their accuracy, we
now estimate stellar inclination angles of stars in this sample.
We compute stellar inclination angles using the Bayesian for-
malism of Masuda & Winn (2020). We use normal likelihood
functions of v sin i and construct likelihood functions of the rota-
tional velocities v from the normal distributions of stellar radii
and rotation periods. We assume uniform priors in cos i and v.
We compute posterior probability distributions of stellar incli-
nation angles p(cos i|v, v sin i) using Eq. (10) in Masuda & Winn
(2020). We compute projected spin-orbit angles as ∆i = i − iorb
with uncertainties derived from the cos i posterior probability

distributions. We note that absolute value of ∆i is arbitrary in
the sense that there is no difference between ±∆i.

In Fig. 4 we plot the projected spin-orbit angle ∆i as a func-
tion of semi-major axis. It is immediately apparent that we do
not reproduce a clear difference between binaries with separa-
tions smaller and larger than ∼30 au. We find that nearly all stars
in the sample have poorly constrained stellar inclination angles,
with a median size of the 68% confidence interval of 36◦.

5. Discussion

The difference between the ∆i distribution derived in this work
(Fig. 4) and Hale (Fig. 1) is mainly a result of the differ-
ent radii used in the two works. We found that some stars in
the Hale study have smaller radii than the ones derived from
high-resolution spectroscopy or Gaia DR2 data. Another source
of discrepancy comes from the derivation of stellar inclination
angles. Hale derived stellar inclination angles by error propaga-
tion of Eq. (1), while we compute cos i posteriors using Bayesian
statistics. As shown by Masuda & Winn (2020), simple error
propagation (or simple Monte Carlo sampling) leads to incor-
rect cos i posteriors due to neglecting the correlation between
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Fig. 4. Projected spin-orbit alignment of solar-type binaries. Full ver-
tical lines indicate 68% confidence intervals. The median projected
spin-orbit angle is marked with a short horizontal line. The most likely
projected spin-orbit angle (using the mode of the posterior) is indicated
with a black square. For systems in which ∆imode falls outside the 68%
confidence interval (typically if imode = 90◦), a dashed line indicates the
extension of the confidence interval.

stellar rotational velocity v and projected rotational velocity
v sin i. The exclusion of stars with rotation periods estimated
from gyrochronology is unlikely to have affected the conclu-
sions. Of the 25 stars without known rotation periods in the Hale
study, nine stars are members of higher-order systems and two
stars were excluded by Hale for being unreliable. Below 30 au,
only four stars without rotation periods were excluded from this
analysis compared to the Hale study. These stars were weighted
lower in the Hale analysis to account for their increased uncer-
tainty. As demonstrated in the following section, a large sample
of well-characterised stars are needed to make robust inferences
about the spin-orbit distribution.

5.1. Simulated observations

We compare the observed distribution of projected spin-orbit
angles to the spin-orbit distribution of a randomly aligned pop-
ulation. This is done by generating samples of ∆i by drawing
stellar and orbital inclination angles uniformly in cos i. We com-
pute the two-sided Kolmogorov–Smirnov (KS) statistic to test
the hypothesis that the two distributions are drawn from the same
underlying distribution2. We find a p-value of p = 0.4, meaning
that we cannot reject the null hypothesis with any significance.

We now test whether we could have detected if our bina-
ries are all truly aligned. We simulate an aligned sample with
characteristics similar to the Hale sample using the following
procedure: We assume that the observed stellar radii R?, rota-
tion periods Prot, and orbital inclinations iorb as listed in Table 1
represent the true values of an aligned population of binaries.
The v sin i of this aligned sample is computed as v sin iorb =
(2πR?)/Prot sin iorb. We then generate a set of observations by
drawing values of R?, Prot, and v sin iorb using their estimated
observational uncertainties as given in Table 1 (using σv sin i =
1.3 km s−1 for v sin iorb). Finally, using the artificially observed
values (with the adopted observational uncertainties), we com-
pute cos i posteriors and compute spin-orbit angles ∆i using the
most likely stellar inclination angle ∆i = imode − iorb.

2 We note that the significance levels returned by the KS-test may
not be reliable when comparing measurements with large uncertainties
estimated from broad and asymmetric posteriors. We therefore caution
against interpreting the p-values as precise estimators of significance.

We simulate 100 well-aligned samples and compare each
sample with a randomly aligned sample using the KS-test. We
find that our artificially observed aligned samples are statisti-
cally indistinguishable to randomly aligned samples with a mean
KS-statistic of p = 0.3. We therefore conclude that our data
set is insufficient to make any conclusions about the spin-orbit
alignment of binaries: Our data are compatible both with com-
pletely random alignment and with perfect alignment. With the
adopted uncertainties of our v sin i, radii and rotation periods, it
is not possible to obtain stellar inclination angles of the required
precision.

Having found that the current sample cannot be used to learn
about spin-orbit alignment in binary stars, what kind of sam-
ple is required? As a first step we now investigate the needed
precision to distinguish between a well-aligned and randomly
aligned population. Even in a completely randomly aligned sam-
ple, the projected spin-orbit angle |∆i| is less than 20◦ for half
of all systems and less than 60◦ for 95% of systems. This
is due to the fact that inclination angles are uniformly dis-
tributed in cos i, not i. For stars with measurement uncertainties
of ∼10% on v and v sin i, the flat cos i posterior results in large
uncertainties on stellar inclination angles, making it difficult to
distinguish between preferentially aligned and misaligned pop-
ulations without relatively large samples of precisely charac-
terised systems.

We simulated four binary samples, which we show in Fig. 5.
All simulated populations of binaries are preferentially aligned
at small separations and randomly aligned at larger separations.
We model the projected spin-orbit alignment distribution of
binaries with separations less than 40 au as a normal distribution
with a standard deviation of 10◦3. We simulate 150 binaries log-
uniformly distributed over separations of 0.5−1000 au. Orbital
inclinations are assumed to be uniformly distributed in cos i.
We do not include measurement uncertainty in orbital inclina-
tions. We assign rotational velocities v of binaries in our sample
uniformly in the range 0−15 km s−1 or 15−50 km s−1, roughly
approximating a solar-like and a F-type sample. We adopt nor-
mal likelihood functions with fractional uncertainties of either
15% and 5% on rotational velocities and absolute uncertain-
ties of 2 km s−1 or 1 km s−1 on v sin i. The upper two panels of
Fig. 5 show the simulated solar-like sample. With uncertain-
ties of σ(v) = 15% and σ(v sin i) = 2 km s−1, we do not see
any difference between close and wide binaries. Assuming opti-
mistic uncertainties of 5% on rotational velocities and 1 km s−1

on v sin i, the projected spin-orbit distribution shows a hint of
increased scatter at large separations (although simple KS- or
Anderson–Darling tests do not establish statistically significant
differences between the two populations). Increasing the rota-
tional velocities of the sample (lower two panels of Fig. 5)
decreases the fractional uncertainty on v sin i, thereby increas-
ing the precision of the stellar inclination angles. With realis-
tic uncertainties, the spin-orbit distribution similarly shows a
hint of increased scatter at large separations, although with low
significance. The final simulation (lower right panel) shows a
fast rotating sample with optimistic uncertainties. In this case,
the difference between close and wide binaries is finally clearly
visible.

3 We note that the choice of a normal distribution is somewhat arbi-
trary. Fabrycky & Winn (2009) describes the spin-orbit distribution as a
Fisher distribution. However, the exact choice of the distribution is not
important here.
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Fig. 5. Projected spin-orbit distributions of simulated binary samples. Rotational velocities of binaries in the sample are drawn from a uniform
distribution with ranges indicate in each panel. We describe v and v sin i as normal distributions with measurement uncertainties indicated in each
panel.

5.2. Systematic uncertainties and biases

The derivation of the projected spin-orbit angle depends on pre-
cise and accurate measurements of the orbital inclination, stellar
radius, stellar rotation period and projected rotational velocity.
Each of these measurements may introduce difficult-to-quantify
systematic uncertainties. The uncertainty on orbital inclina-
tion is neglected in this work. For wide binaries with sparsely
sampled orbits, the uncertainty on the orbital inclination may be
large.

Stellar rotation periods derived from chromospheric activity
indices may be affected by a number of systematic uncertainties.
Seasonal changes in the chromospheric activity of the star will
affect the measured activity index. It is therefore important to
use mean activity indices derived from measurements covering a
large timeline. Other systematic error sources include large scat-
ter in the empirical activity-rotation relation, stellar parameters
outside calibrated range, differently calibrated activity indices,
and stellar rotation affected by for example tidal spin-up or spin-
down due to close companions. For rotation periods determined
from time series analysis, there is a risk of identifying harmonics
or aliases of the true rotational signal as the rotation period. For
photometric rotation periods, non-eclipsing close binaries with
ellipsoidal variations may be mistaken for rotational modulation.

For hotter stars, there is a risk of confusing stellar rotation with
stellar pulsations.

Projected rotational velocities depend on empirically cali-
brated macroturbulence. If the macroturbulence is incorrectly
or inconsistently calibrated, v sin i values will be systemati-
cally under- or overestimated, at least for v sin i below a few
km s−1. Differential rotation has been neglected here but may
affect the determination of both v sin i and Prot to a small
amount.

The derived stellar radius may be significantly off if the evo-
lutionary state of the star is wrongly classified. The derivation
of precise radii of binary components with small sky-projected
separations is complicated by blended photometry, potentially
incorrect parallaxes and blended absorption lines.

In addition to systematic uncertainties, the binary sample
will be biased due to various selection criteria and observational
constraints. Some systems may have undetected companions,
either planetary or stellar. Such companions could have compli-
cated the evolution of the system, potentially obscuring trends
in the binary spin-orbit distribution. By comparing stellar and
orbital inclination angles, it is only possible to constrain the pro-
jected alignment along the line of sight. Since the sky-projected
alignment of the stellar spin is unconstrained, it is possible that
some systems with small projected spin-orbit angles are mis-
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aligned in 3D space. It is similarly not possible to distinguish
between prograde and retrograde orbits.

A major difficulty is obtaining precise rotation periods for
a range of spectral classes. Activity-rotation relations are only
calibrated for solar-type stars. The correlation between rotation
and chromospheric activity breaks down for stars hotter than
∼6200 K which have low chromospheric activity and shallow (or
no) convective envelopes (Mamajek & Hillenbrand 2008). It is
similarly more difficult to obtain photometric rotation periods of
hot stars. Stars with shallow convective envelopes or radiative
envelopes do not produce star spots similar to cooler stars with
convective envelopes. It is however possible to measure rota-
tion periods from other phenomena such as chemical spots (pho-
tometric or spectroscopic) or magnetic field inhomogeneities
(spectroscopic or polarimetric), although these methods are
not widely applicable. Solar-like stars with rotation periods
determined from rotational flux modulation are biased towards
inclinations near 90◦ due to the inclination-dependent amplitude
of the star spot signal. This bias does not apply to rapidly rotating
and magnetically active stars which often have polar star spots
(Schuessler & Solanki 1992).

6. Conclusions

We reanalysed a subset of the Hale sample using revised stellar
and orbital parameters, partly based on new observations. We did
not find evidence for the often-quoted statement that binary stars
with separations less than 30 au are preferentially aligned or that
binaries in wider orbits are preferentially misaligned. The trend
observed in Hale (1994) is likely a result of underestimating
the radii of some stars in the sample. Using a modern Bayesian
formalism, we found that poorly constrained stellar inclination
angles make inferences about the spin-orbit alignment of the cur-
rent sample impossible (i.e. the data are compatible with both
alignment and random orientation).

To date, only sparse observational data exist to constrain
the spin-orbit alignment of binaries. Observations of a hand-
ful of protoplanetary discs in young binaries indicate that
disc-disc misalignment may be common (Jensen & Akeson
2014; Brinch et al. 2016). However, from measurements of
polarised light there is similarly evidence for disc-disc align-
ment (Jensen et al. 2004). We do not know how often tidal forces
realign such protoplanetary discs or if the protoplanetary discs
are misaligned with stellar spins (Batygin 2012). From observa-
tions of the RM effect, two misaligned binaries and a dozen of
aligned systems have been found (Albrecht et al. 2009, 2014).
These observations cover only close binaries with periods less
than 100 d. The orbital and tidal evolution of close systems are
significantly different from the evolution of wider binaries, mak-
ing it impossible to extrapolate from these results.

Based on simple simulated observations, we predict that it
will require a large, homogeneous sample with precisely known
orbital inclinations, orbital velocities and projected rotational
velocities to investigate trends in the spin-orbit alignment distri-
bution with the v sin i method. Such a sample does not currently
exist and will be difficult to obtain in the near future. Photo-
metric monitoring surveys (e.g. TESS, Ricker et al. 2015) and
future Gaia data releases may help in constraining rotation peri-
ods and orbital inclinations. By focusing on eclipsing binaries,
the orbital inclination is constrained to iorb ∼ 90◦, eliminating
one source of uncertainty. This will however restrict the sample
to systems with relatively close orbits. It is similarly possible
to eliminate the orbital inclination by measuring the spin-spin
alignment in visual binaries. An alternative route is the investi-

gation of specific systems in greater detail, for example by iden-
tifying the best-studied systems or using alternative techniques
such as direct imaging of discs (e.g. Jensen & Akeson 2014),
spectro-interferometry (e.g. Le Bouquin et al. 2009), or measur-
ing alignment via the RM effect (e.g. Albrecht et al. 2007).
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