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ABSTRACT

Context. The formation of planets in compact or highly eccentric binaries and the migration of hot Jupiters are two outstanding
problems in planet formation. Detailed characterisation of known systems is important for informing and testing models. The hot
Jupiter T Boo Ab orbits the primary star in the long-period (P 2 1000 yr), highly eccentric (e ~ 0.9) double star system 7 Bootis. Due
to the long orbital period, the orbit of the stellar binary is poorly constrained.

Aims. Here we aim to constrain the orbit of the stellar binary 7 Boo AB in order to investigate the formation and migration history of
the system. The mutual orbital inclination of the stellar companion and the hot Jupiter has important implications for planet migration.
The binary eccentricity and periastron distance are important for understanding the conditions under which 7 Boo Ab formed.
Methods. We combine more than 150 yr of astrometric data with twenty-five years of high-precision radial velocities. The combination
of sky-projected and line-of-sight measurements places tight constraints on the orbital inclination, eccentricity, and periastron distance
of 7 Boo AB.

Results. We determine the orbit of 7 Boo B and find an orbital inclination of 47.2*27°, a periastron distance of 28.3*23 au, and an
eccentricity of 0.87’:8%. We find that the orbital inclinations of T Boo Ab and 7 Boo B, as well as the stellar spin-axis of 7 Boo A
coincide at ~45°, a result consistent with the assumption of a well-aligned, coplanar system.

Conclusions. The likely aligned, coplanar configuration suggests planetary migration within a well-aligned protoplanetary disc. Due
to the high eccentricity and small periastron distance of T Boo B, the protoplanetary disc was tidally truncated at ~6 au. We suggest
that 7 Boo Ab formed near the edge of the truncated disc and migrated inwards with high eccentricity due to spiral waves generated by
the stellar companion.

Key words. stars: individual: 7 Bodtis — planetary systems — planet-disk interactions — astrometry — techniques: radial velocities —

planets and satellites: dynamical evolution and stability

1. Introduction

The origin of hot Jupiters is one of the longest-standing puzzles
in exoplanetary science. The three most likely formation mech-
anisms — disc migration, high eccentricity migration, and in situ
formation — all have theoretical and observational shortcomings
(see Dawson & Johnson 2018 for a recent review). High-e migra-
tion theories propose migration triggered by dynamical interac-
tions such as planet—planet scattering or Kozai-Lidov oscilla-
tions with subsequent tidal circulation (e.g. Weidenschilling &
Marzari 1996; Wu & Murray 2003). During these interactions,
the orbital eccentricity and inclination are excited to large val-
ues. High-e migration is motivated by measurements showing
that a significant fraction of hot Jupiters orbiting F-type stars
are misaligned with the spin-axis of their host stars (Winn et al.
2010; Albrecht et al. 2012a). For hot Jupiters orbiting binary
(or multiple) stars, the stellar companion is a possible source of
such interactions. One might expect that planets in compact or
highly eccentric binaries (periastron distance ape; < 30 au) are
likely candidates for having experienced this type of migration.

* Tables of the astrometric and radial velocity data are only avail-
able at the CDS via anonymous ftp to cdsarc.u-strasbg.fr
(130.79.128.5) or via http://cdsarc.u-strashg. fr/viz-bin/
qcat?]/A+A/625/A59

Article published by EDP Sciences

However, the number of planets in such systems are expected to
be limited due to star—disc interactions. The presence of a close
stellar companion affects the protoplanetary disc, truncating the
disc at a fraction of the periastron distance (Artymowicz &
Lubow 1994). This effect reduces the disc mass and increases
impact velocities within the disc, possibly inhibiting or prevent-
ing planet formation. Furthermore, discs in compact binaries
show significantly reduced disc luminosities (i.e. masses) com-
pared to single stars (Harris et al. 2012). For these reasons,
it has been suggested that giant planets are unlikely to form
in small-separation binaries (Jensen et al. 1996; Harris et al.
2012). Nevertheless, the discovery of several planetary systems
in compact binaries shows that planets do form in such systems,
contrary to expectations (e.g. y Cephei A Hatzes et al. 2003
and Kepler-444A Dupuy et al. 2016). To understand the forma-
tion of planets in compact binaries, precise orbital parameters
of both the planetary and stellar orbits are needed. In particular,
the inclination, eccentricity, periastron distance, and mass ratio
of the binary all impact the evolution of the disc as well as the
formation and migration of planets in the system.

As a hot Jupiter orbiting an F-type star in an eccentric binary,
7 Boo AD is an ideal target for testing both hot Jupiter migra-
tion and planet formation in binaries. T Boo is a bright (V =
4.5) planet-hosting double star. The binary contains the hot,
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massive star T Boo A (F6V) orbited by the smaller companion
7 Boo B (M2). T Boo A hosts the hot Jupiter T Boo Ab in a
3.3 day orbit (Butler et al. 1997). The stellar companion 7 Boo B
is in an eccentric, long-period orbit. The most recent estimates
of the binary orbit are based on astrometric data and suggest a
highly eccentric orbit e ~ 0.8 with a period of ~1000 yr (Roberts
et al. 2011; Drummond 2014). Due to the long period, astromet-
ric measurements cover less than 20% of the orbital period. Both
Kozai-Lidov oscillations (Mede & Brandt 2014) and migration
within an eccentric disc (Roberts et al. 2011) have been suggested
as possible migration mechanisms in the 7 Boo system. However,
the poorly constrained binary orbit has prevented any conclusive
determination of the formation and migration scenario.

If the T Boo system interacted dynamically and experi-
enced high-e migration triggered by Kozai-Lidov oscillations,
the planet and stellar companion are expected to orbit on mutu-
ally inclined orbits. If the planet and companion star migrated
within an aligned disc, the system is expected to be coplanar.
The orbital alignment between 7 Boo Ab and 7 Boo B is therefore
crucial for understanding the formation of the system. Similarly,
the eccentricity and periastron distance of 7 Boo B determine the
size of the protoplanetary disc in which 7 Boo Ab formed.

We investigate the possible formation and migration mecha-
nisms of the 7 Boo system by precisely characterising the orbit
of the T Boo AB binary. This is achieved by combining more
than 150 yr of astrometric data with 20 yr of high-precision radial
velocities.

2. The T Boo system

As a bright (V =4.5) visual double star, 7 Boo AB has been
recognised as a stellar binary and has been measured astro-
metrically since 1825. Several authors have provided orbits for
7 Boo B based on these astrometric data. The earliest orbital
solutions were provided by Hale (1994) and Popovi¢ & Pavlovi¢
(1996) who found very different solutions of P =2000yr,
e=0.91 and P=389yr, e=0.42, respectively. Recently, orbital
solutions by Roberts et al. (2011) and Drummond (2014) find
7 Boo B in a highly eccentric orbit (e = 0.76-0.84), with a
period of ~1000 yr. These solutions predict a periastron passage
between 2025 and 2035. Borsa et al. (2015) determined an eccen-
tricity of ¢ =0.7 £ 0.2 by fitting radial velocities while fixing the
period and periastron passage using the astrometric values from
Drummond (2014). The primary component 7 Boo A (F6V) has
been studied extensively for signs of star—planet interactions due
to its extremely rapid magnetic cycle of 240 days and likely
tidally locked rotation (Shkolnik et al. 2005, 2008; Walker et al.
2008; Lanza 2009, 2012; Vidotto et al. 2012; Poppenhaeger &
Wolk 2014; Borsa et al. 2015; Jeffers et al. 2018). Measurements
of the magnetic field and S -index have revealed differential rota-
tion on the order of ~20%. Mengel et al. (2016) measured the
stellar rotation period using spectropolarimetric observations
from 2011 to 2015 and report an equatorial angular velocity
in the range Q¢4 =1.95-2.05rad d~!, corresponding to rotation
periods in the range P, =3.06-3.34 days. At a stellar latitude of
40°, the stellar rotation period corresponds to the 3.3-day orbital
period of T Boo Ab, which suggests that tidal forces have forced
the thin convective envelope of 7 Boo A into corotation (Fares
et al. 2009). Borsa et al. (2015) detected solar-like oscillations in
7 Boo A and confirmed the strong differential rotation. We adopt
the stellar parameters of T Boo A by Valenti & Fischer (2005).
The adopted stellar parameters of 7 Boo A are listed in Table 1.
7 Boo Ab was discovered by Butler et al. (1997) via
the radial-velocity method as part of the Lick planet search
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Table 1. Spectral type, magnitude, coordinates, parallax, proper motion,
and stellar parameters of 7 Boo A.

Parameter (unit) Value Reference
Spectral type Fov 1
Vv 4.5 1
RA (J2000) 13:47:15.737 2
Dec (J2000) +17:27:24.79 2
7 (mas) 63.9+0.3 2
Uy Gaia (masyr~!)  —467.9+0.7 2
U HIP (mas yr‘l) -479.5+0.2 3
us Gaia (masyr™')  64.7+0.5 2
s HIP (mas yr™") 53.5+0.1 3
Ter (K) 6387 +44 4
log g (cgs) 4.26 = 0.06 4
[M/H] (dex) 0.25+0.03 4
vsini (kms™) 15.0+0.5 4
M. (M) 1.35+0.03 4
R. (R) 1.42 +£0.02 4
Age (Gyr) 1.3f8:g 4
Prot (d) 32+0.2 5
References. (1) SIMBAD (Wenger et al. 2000); (2) Gaia DR2

(Gaia Collaboration 2016, 2018); (3) HIPPARCOS, the New Reduc-
tion (van Leeuwen 2007); (4) Valenti & Fischer (2005); (5) covering
literature values, e.g. Mengel et al. (2016).

effort using the Hamilton spectrograph at the Lick observatory.
7 Boo Ab is a non-transiting hot Jupiter in a 3.3-day orbit. As
one of the earliest known and brightest exoplanetary systems,
7 Boo Ab is one of the most well-studied exoplanets. The pres-
ence of CO (Brogi et al. 2012; Rodler et al. 2012) and water
(Lockwood et al. 2014) has been measured in the absorption
spectrum of 7 Boo Ab using near-IR spectroscopy. These mea-
surements have enabled the determination of the orbital incli-
nation angle of 7 Boo Ab. Brogi et al. (2012) and Rodler et al.
(2012) determined an orbital inclination of iy =44.5 +£1.5° and
47’:2" respectively, by tracing the radial velocity shift of plane-
tary CO absorption lines in the near-IR spectrum of T Boo Ab.
Lockwood et al. (2014) determined an orbital inclination of
iAb =45ji deg for T Boo Ab by measuring the radial-velocity
shift of water vapour in its atmosphere. For this study, we adopt
the orbital inclination by Brogi et al. (2012). Knowledge of the
orbital inclination has enabled the determination of the mass of
7 Boo Ab at My, =5.95 +0.28Mj,, (Brogi et al. 2012). Also,
7 Boo Ab has been the target of several searches for reflected
light with a current 30~ upper-limit of the planet-to-star con-
trast of 1.5 X 1073, corresponding to an optical albedo of 0.12
(Hoeijmakers et al. 2018).

3. Observational data

We collect 192yr of astrometric data from the Washington
Double Star Catalog (WDS, Mason et al. 2001). The WDS
contains 63 observations of T Boo spanning the period 1825—
2017. The three earliest measures, observed by J.F.W. Her-
schel between 1825 and 1831 (Herschel 1826, 1833, 1871) are
outliers and are not used in the analysis. The second Gaia
data release (DR2) contains the positions of 7 Boo A and B
(Gaia Collaboration 2016, 2018). From the Gaia DR2 posi-
tions, we compute a separation and position angle of (p,6) =
(1.662 +0.002",67.36 £ 0.07°) at epoch 2015.5. This leaves us
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Fig. 1. Sky-projected separation (left) and position angle (right) of T Boo over the past 168 yr. The median model from our MCMC analysis is
plotted in red. From the rapidly shrinking separation and accelerating position angle, it is clear that 7 Boo B is approaching periastron. Only a small

arc of the full orbit is traced by these data.

with an astrometric baseline of 168 yr including 61 observations
from 1849 to 2017. We show the astrometric data (along with
a model; see Sect. 5) in Fig. 1. The sky-projected position of
7 Boo B has changed significantly in the past 200 yr. Astrometric
data from the past two decades show the sky-projected separation
approaching a minimum and a rapidly changing position angle,
indicating that 7 Boo B is close to periastron passage.

We use radial velocities from the Lick Planet Search program
(Fischer et al. 2014). The survey was conducted from 1987 to
2011 using the Hamilton spectrograph at the Lick Observatory.
7 Boo was continuously observed for the duration of the survey.
We exclude data prior to 1995, which were taken with a separate
setup and feature significantly more scatter than data gathered
thereafter. The remaining Lick dataset contains 147 radial veloc-
ities taken from 1995 to 2011 with three instrumental setups.
We furthermore include publicly available data from the GAPS
programme using the HARPS-N spectrograph at the Telescopio
Nazionale Galileo (TNG). Under this programme, 7 Boo was
observed on 12 nights between April 13 and May 14 2013 and
on 11 nights between April 3 and July 22 2014 (Borsa et al.
2015). The GAPS data were obtained as part of an asteroseis-
mic investigation and are therefore of high cadence with up to
30 spectra per night. We bin the GAPS data and use the median
of each night. Finally, we observed 7 Boo using HARPS-N on
two nights, April 9 and July 4 2017. In total, we use 172 radial
velocities spanning 22 yr.

4. Analysis
4.1. Orbital model

We construct a Keplerian model to simultaneously fit radial
velocities and astrometric data. To solve the 3D orbit, we use
the equations of Keplerian motion. The 3D coordinates of the
orbit may be expressed as (see e.g. Murray & Correia 2010)

x = r(cos Qcos(w + v) — sin Q sin(w + v) cos i), €))
y = r(sinQcos(w + v) + cos Q sin(w + v) cos i), 2)
z = rsin(w + v) sin i, 3)

where r=a (1 — ecos E), a is the semi-major axis, Q is the lon-
gitude of the ascending node, w is the argument of periastron, i is
orbital inclination, (x,y) are the sky-projected coordinates, and
z is the line-of-sight coordinate. The sky-projected coordinates
(x, y) are converted into the astrometric observables (projected
separation p and position angle 6) via

p= X+ “4)
0 = arcsin (%) (5)

The astrometric data measure the apparent size of the orbit
on the sky. To compute the physical size of the orbit, we scale the
orbit by the stellar distance d = 1/x, using the parallax x. Radial
velocity data help to further constrain the orbital parameters. The
line-of-sight velocity is computed as

(6)

where y; is a velocity offset and K is the radial velocity
semi-amplitude, which is a function of the masses M; and M5,
the inclination i, the semi-major axis a and eccentricity e. In
summary, to fit radial velocities and astrometric observables
of an orbit, our model requires the parameters (a, Ty, e, w, £, i,
M 1s M 2, d N ‘y).

v, = K(cos(w +v) + ecosw) + i,

4.2. Comparing model to data

The astrometric measurements in the WDS are sourced from dif-
ferent observers using different instrumental setups over a period
of more than 150 yr. The measurements prior to 1998 are almost
exclusively made with micrometers on photographic plates. Only
data collected after 1998 have formal uncertainties listed'. To
ensure a proper weighting of the data we fit error terms 0 pre 1998

1" The most recent measurement (by Serot 2018) is listed without uncer-

tainties. For this measurement we adopt an uncertainty of 0.18” in
separation (corresponding to half the pixel scale) and 2° in position
angle.
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and 0 gpre 1993 10 astrometric data taken prior to 1998. The for-
mal uncertainties on the post-1998 astrometric data ranges from
0.002 to 0.04” in separation and 0.07 to 1.0° in position angle. To
account for potential systematic uncertainties (due to instrumen-
tal and atmospheric effects) we fit jitter error terms o post 1998
and g post 1998 to this data.

Similarly, the radial velocities are obtained using different
instrumental setups. The Lick data have a mean uncertainty of
8 ms~!, while the HARPS-N data have a mean uncertainty of
1 ms~!. Due to intrinsic instrumental effects, atmospheric condi-
tions and stellar variability, these uncertainties do not reflect the
true error of the measurements. Using the high-cadence GAPS
data, Borsa et al. (2015) found peak-to-peak variations of up to
15ms~! with typical variability less than 10ms~!. To account
for this additional noise, we include a jitter term ory, ; for each
instrumental setup. In order to combine the four radial velocity
datasets, we include four velocity offsets ;.

The orbits of the stellar companion 7 Boo B and the hot
Jupiter T Boo Ab are fitted simultaneously. The astrometric reflex
motion of 7 Boo A due to the planet T Boo Ab is of the order
of ~10 uas, roughly three orders of magnitude smaller than the
estimated astrometric uncertainties. We therefore neglect the
astrometric signal of the planet. Butler et al. (1997) reported
a marginal eccentricity of 7 Boo Ab at the 1o level. Brogi
et al. (2012) redetermined the orbit and found that when exclud-
ing noisy Lick data prior to 1995, an eccentric solution is no
longer preferred. Borsa et al. (2015), also excluding early Lick
data, determined a small eccentricity of 0.011 at the 20 level
with an argument of periastron near 90°. However, eccentricities
derived from radial velocities may be biased towards larger val-
ues (Zakamska et al. 2011). In particular, the combination of a
small eccentricity and an argument of periastron close to 90°
is indicative of a potential observational bias (Albrecht et al.
2012b). We therefore adopt a circular orbit of 7 Boo Ab. By
neglecting the astrometric contribution and adopting a circu-
lar orbit, we reduce the dimensionality by four parameters. For
7 Boo B we include the full astrometric and radial velocity sig-
nal. The final model contains 24 parameters (listed in Table 2):
six parameters describing the orbit of 7 Boo B, three parame-
ters describing the orbit of T Boo Ab, four velocity offsets, four
radial velocity jitter terms, four astrometric error terms, the stel-
lar masses of 7 Boo A and B, and finally the distance. We adopt
the joint log-likelihood function

InL=InLry +InLy+InL,+1InLyos, Where

2
1 (Xobs.i = Xmodel,i)
InLy=—2 E Lo T fIn2n (0'2b + o-gt
) o2 102 obs,i T i
i obs,i j

(N
‘ )
jit

and In Lo is the combined log-likelihood of the priors
described below. We impose Gaussian priors on the primary
stellar mass M and distance d (using the values in Table 1).
We impose a sini prior on the inclination, appropriate for an
isotropic orientation. We use a log-normal prior with a mean
of log,((P/days) = 5.03 and a standard deviation of ojog,, p/days =
2.28 on the period of the binary, consistent with the period dis-
tribution of binaries determined by Raghavan et al. (2010). For
the remaining parameters we assume uniform priors. We sam-
ple the posterior distribution using the affine invariant MCMC
ensemble sampler emcee (Foreman-Mackey et al. 2013).

We run the MCMC algorithm for 3.6 x 10° iterations using
96 parallel chains for a total of 346 x 10° samples. We reject
the initial 1.2 x 10° steps of each chain and thin by a factor of
SiX.
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Table 2. Parameters of the 7 Boo system.

Parameter Value
Model parameters of T Boo AB
log(a/™) 1149041
to (MJID) 61366’:232
Ve cosw 0.330%) 182
Ve sinw —0.873%0. 02
Q©) 191.823:3

: 0.046
cos i 0.680% ) 0s¢
My (M) 1.35+0.03
Mg (Mo) 0.49 +0.02
d (pc) 15.66 +0.08
Derived parameters of T Boo AB
Rp @ (Ro) 0.48 +0.05
Ter ¥ (K) 3580+ 90
My + My (M) 1.84 £0.03
1o (AD) 2026.9J:}:‘7‘
P (yr) 2420%23%7
a (au) 221+38
Aperi (au) 283t§(3)
e 0.87+004
w(®) 290.7’:{3
i(®) 47.23:;
Model parameters of T Boo Ab
Kap (ms™) 468.42 +2.09
Pay, (days) 3.312454+3.3 x 107
fo.ab (MJD) 56401.8797 + 0.0036

Additional model parameters

Yitam13 (ms ™) —647 4757
YHam6—YHam13 (Ms™!) 43.9'105
YHam§—YHam13 (Ms™') ~12.67%
YHARPS-N—YHam13 (ms™") -16179.3173
ORV, Hami3 (ms™!) 17.6'33
ORV, Hame (ms™") 15.353%
ORV, Hams (ms™") 26533
ORv, HARPS—N (ms™!) 12.2f%%
Op, pre 1998 () 02450057
T4, pre 1998 (°) 1.24%03
O, post 1998 (') 0.054*0-023
T4, post 1998 (°) 0.634*030

Notes. @From isochrone fitting.

5. Results

The results of the analysis are listed in Table 2. We report median
values with 1o (16 and 84% quantile) uncertainties. The median
model is plotted in Fig. 1 along with the astrometric data and
residuals, and in Fig. 2 with radial velocities and residuals. In
Fig. 3, the sky-projected orbit and radial velocity curve are plot-
ted with the median and 100 orbits drawn from the posterior.
7 Boo B is in a highly eccentric (e = 0.87*%%) orbit. As evident

-0.03
from the rapidly shrinking separation and the significant change
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Fig. 2. Phase-folded radial velocity curve of 7 Boo A without the
contribution from 7 Boo B. The median model is plotted in black.

in the radial velocity amplitude in the past 25yr, T Boo AB
is rapidly approaching periastron. We predict periastron in the

year 2026.9fi:‘7‘. The period (P = 2420’:5%37 yr) and semi-major

axis (a = ZZIfégg au) are relatively poorly determined. This is
a general feature of orbits with low orbital coverage, since it
is possible to draw an almost arbitrarily large ellipse through
the data. However, the data close to periastron passage enable
a precise determination of the periastron distance of 28.3”:%:3 au.
The combination of astrometry and radial velocity constrains
the 3D orientation of the orbit, allowing us to derive Q=
191.823%", w= 290.7f13°, and i= 47.2”_’%2". While the period
and semi-major axis are relatively poorly constrained, the rela-
tion (a/au)’/ (P/ylr)2 = 1.84 £ 0.03, equivalent to the mass sum
in solar units via Kepler’s third law, is much more precise. This
was noted by Eggen (1967) who discovered that is it possible
to derive reliable mass sums even for binaries with low orbital
coverage. Combining the mass sum with the mass of 7 Boo A
(Ma = 1.35+£0.03 M) we get a precise mass of T Boo B My =
0.49 +£0.02 M. Assuming that the two stellar companions have
the same age and metallicity, we determine the radius of 7 Boo B
by fitting the age, metallicity and mass to a grid of BaSTI
isochrones (Pietrinferni et al. 2004) using the BAyesian STellar
Algorithm, BASTA (Silva Aguirre et al. 2015). We find Teg 5 =
3580+90K and Rg = 0.48 £0.05 Ry. The effective temperature
is in good agreement with the temperature Teg, g = 3425 + 100K
determined by Lindgren et al. (2016) using high-resolution IR
spectroscopy.

As a consistency check of our solution, we check that the
change in proper motion (i.e. sky-projected velocity) of T Boo A
between HIPPARCOS and Gaia DR2 is consistent with the
change expected from our solution. We predict a change in the
proper motion of 7 Boo A due to its astrometric reflex motion
caused by 7 Boo B. We note that the proper motions reported
by HIPPARCOS and Gaia DR2 are derived by assuming a con-
stant proper motion for the duration of their observations. This
assumption does not hold for 7 Boo A, since the magnitude of its
proper motion changes by ~1.6 mas yr~! during Gaia DR2 obser-
vations and ~1.2 mas yr~! during HIPPARCOS observations. The
HI1PPARCOS and Gaia DR2 measurements are therefore likely
not as accurate as the reported formal uncertainties suggest. To
compare with our model, we compute the mean proper motion
of 7 Boo A over the observing periods of HIPPARCOS (1989.8—
1993.2) and Gaia DR2 (2014.6-2016.4). From our analysis, we

find that the magnitude and angle of the proper motion differ-

ence Ap of T Boo A are Au= (/A2 + ApZ =14.2+ 0.8 masyr™!

at an angle 6= arctan(Au,/Aus) =47.6 £2.4°. The magnitude
and angle of the proper motion difference between the HIPPAR-
cos and Gaia DR2 catalogues are Au=16.1 +0.9mas yr~!' and
0=46.0 £ 2.3°, in good agreement with our solution.

6. Discussion
6.1. Mutual inclinations in the T Boo system

The orbital inclination of the stellar companion 7 Boo B is
important for understanding the dynamical evolution of the
7 Boo system. If the stellar companion triggered the migration
of the hot Jupiter 7 Boo Ab via the Kozai-Lidov mechanism,
7 Boo Ab and 7 Boo B are expected to orbit on mutually inclined
orbits. In classic Kozai-Lidov theory, the minimum mutual incli-
nation required to excite an eccentricity ep,x is (Holman et al.
1997)

3
Imutual = arCCOS[ s(- e?nax)] > 39.2°. 8)

From the joint astrometric and radial velocity analysis we
determine an orbital inclination of 7 Boo B of ig = 47.2*37°.
This value is consistent with the orbital inclination of r Boo Ab
(iap =44.5 £ 1.5°), suggesting a coplanar configuration with at
most a small mutual inclination ig_ap =2.6"3¢°. The mutual
inclination is too small to have triggered Kozai-Lidov oscilla-
tions. To investigate the spin-orbit alignment, we determine the
inclination angle of the stellar spin-axis of 7 Boo A by combin-
ing the stellar radius, rotation period, and projected rotational
velocity (as given in Table 1)

vsin ig X Prot, A

=42 +4°, 9
27TR*,A ) * ( )

ipn = arcsin(

We find that all three inclination angles agree within their
uncertainties. The probability density functions of the three
inclination angles are plotted in Fig. 4. The three coincid-
ing inclination angles are consistent with the assumption of a
flat system architecture in which the orbits of the companions
7 Boo Ab and 7 Boo B are both aligned within a few degrees
of the stellar spin-axis of 7 Boo A. We note that the inclina-
tion angles measure only the projected alignment along the line
of sight. The longitude of the ascending node of the orbit of
7 Boo Ab, as well as the sky-projection of the stellar spin-axis of
7 Boo A are unconstrained by the data. Since the sky-projected
alignment is unconstrained, it is possible that the system is non-
coplanar and misaligned in 3D space. It is however unlikely
that all three inclination angles would agree by coincidence. The
assumption of coplanarity and alignment is the simplest (but not
the only) interpretation of the data. In the following section we
therefore assume that the system is coplanar and aligned and
discuss the implications of this assumption.

It is unlikely that tidal forces have realigned the orbits or
spin-axis in the system. If 7 Boo Ab has been tidally realigned
with the stellar spin-axis, we would not expect the stellar
spin-axis to be aligned with the outer companion. Additionally,
due to its shallow convective envelope, the tidal forces of
7 Boo A are expected to be too weak to realign a misaligned
orbit. Using the calibrated timescale for changing the spin
of a star from Hansen (2012) and assuming a stellar gyration
radius kg:O.lRf, a stellar dissipation coefficient &, =108
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Fig. 4. Probability density of the inclination of the stellar spin-axis of
7 Boo A i, (derived from vsini, R, and Py, see Table 1), the orbital
inclination angle of T Boo Ab iap (determined via the planetary radial
velocity signal by Brogi et al. 2012) and the orbital inclination angle of
7 Boo B ixp (determined from our MCMC analysis). The similarity of
the three inclination angles suggests a coplanar, aligned system.

(appropriate for a 1.35 M, star) and a planet radius of 1.15 Ry,
we find a timescale of Ty, ~ 10" yr, much longer than the
~1 Gyr age of the T Boo system. We therefore conclude that
both 7 Boo Ab and 7 Boo B formed and migrated within a
primordially aligned disc. Using Eq. (1) in Holman & Wiegert
(1999)?, we find that planetary orbits in the 7 Boo AB binary
are stable out to 2% of the binary semi-major axis, a condition
easily satisfied by 7 Boo Ab which orbits at a distance of less
than 0.05% of the binary semi-major axis.

6.2. Truncation of the protoplanetary disc

The formation of circumstellar (S-type) planets around close
or highly eccentric binaries presents a significant challenge for
current formation theories. In a close binary, the protoplanetary

2 Extrapolating their results slightly from ¢ =0.8 to e =0.87.
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disc around the primary star will be tidally truncated by the com-
panion at a fraction of the periastron distance (Artymowicz &
Lubow 1994). The location of the truncation radius depends on
the separation, mass ratio, eccentricity, and inclination of the
companion.

Due to the high eccentricity of 7 Boo B, the periastron
approach may be approximated as a parabolic stellar fly-by.
Clarke & Pringle (1993) studied the influence of a single copla-
nar fly-by and found that the disc is typically stripped of material
down to ~ 0.5ape;. Breslau et al. (2014), also studying stellar
fly-bys, found a simple relation @yyne = 0.2817 32 aperi ~ 0.4dperi
between the truncated disc size dyyne and the mass-ratio u and
periastron distance dapei of the fly-by. Bhandare et al. (2016)
showed that inclined encounters truncate the protoplanetary disc
slightly less efficiently than coplanar encounters, with an approx-
imately linearly decreasing effect on final disc size with increas-
ing star-disc inclination. It is clear that even a single encounter
truncates the disc at a fraction of the periastron distance.

Pichardo et al. (2005) studied the discs of stars in binaries
by simulating the effect of periodic gravitational perturbations
on test-particle orbits. From their numerical simulations they
derive an equation estimating the outer truncation radius of
circumstellar discs in binaries:

0359q?/3(1 _ 8)0'20q0'07

Qoo
2/3 1/3\ ~perv
0.6¢° )

(10)

Atrunc =

+ln(1+q

where g =my,/(m; + my) and ¢y = (1 — g)/q. For T Boo A, we find
a truncation radius of dyunc = 0.2aperi & 6au. This truncation
radius is a factor of two smaller than the expected truncation
radius caused by a single stellar encounter.

6.3. Planet formation and migration in a truncated disc

Not only is the protoplanetary disc truncated, the shape and
velocity dispersion of the disc are also affected. The increased
velocity dispersion in a perturbed disc may prohibit planetesimal
growth. Kobayashi & Ida (2001) studied the velocity disper-
sion of planetesimals in a circular disc after a stellar encounter
and find that planet formation is inhibited in the outer disc due
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to increased relative impact velocities. They derive the outer
boundary of the planet-forming radius apanee as the distance
below which the velocity dispersion is low enough for planet
formation. They find the relation

1/4
M +/,1_2) / ( Aperi

150 au

5/4
) au ~ 7 au,

> an
where pu=m;/m;,. The estimated outer radius of the planet-
forming region is comparable to the truncation radius, suggesting
that planet formation is possible in the truncated disc. The
eccentricity of the disc is another problem for efficient planet
formation. In an eccentric disc, relative impact velocities are
increased, impeding (or potentially preventing) grain accumu-
lation (Thébault et al. 2006). However, simulations show that
disc self-gravitation acts to reduce relative impact velocities and
may enable planetesimal growth in binaries with massive discs
(Marzari et al. 2009; Rafikov 2013). Marzari et al. (2009) and
Regdly et al. (2011) found that circumstellar disc eccentricity
decreases for increasing binary eccentricity. The conditions for
planet formation may therefore be more favourable in eccentric
binaries than in compact circular binaries.

Kley & Nelson (2008) studied the migration of protocores
in the circumstellar disc of y Cephei A, which is the primary
component of an eccentric binary (a = 18.5au, Ma =1.59 M,
Mg =0.38 My, e = 0.36) hosting a a=2.1au, msini=1.7 My,
planet in a coplanar configuration (Hatzes et al. 2003). Their
simulations show that perturbations from y Cephei B periodi-
cally generate strong spiral waves propagating towards the centre
of the circumstellar disc around y Cephei A. They found that
gas accretion in such a system is efficient, with a 3 My, disc
being sufficient to create a 2 My,, planet. Embedded protocores
initially placed within a < 2.7 au migrate inwards with limited
eccentricities, while cores placed at larger distances acquire large
eccentricities while slowly migrating inwards. The location of
this transition boundary depends on disc mass, viscosity, and
temperature. Rafikov & Silsbee (2015) similarly found that is
it possible to form giant planets at au-scale orbits in ~20 au-
separation eccentric binaries given that the disc is massive and
nearly circular.

There is some observational evidence that companion stars
excite spiral arms in protoplanetary discs. The protoplanetary
disc around HD 100453A features a two-armed spiral struc-
ture (Wagner et al. 2015). Dong et al. (2016) and Wagner et al.
(2018) found that the observed spiral arm structure is most
likely generated by the mildly eccentric coplanar stellar com-
panion at a separation of ~120 au. The stellar companion has
truncated the disc of HD 100453A at ~40au, in good agree-
ment with the numerical simulations discussed earlier. Ngo
et al. (2016) found that while hot-Jupiter host stars have a com-
panion fraction in the range 50-2000 au that is approximately
three times larger than that of field stars, the stellar compan-
ions are unlikely to cause Kozai—Lidov migration. This suggests
that some other mechanism produces hot Jupiters in these
binaries.

Spiral density wave-induced disc migration may explain the
presence of hot Jupiters in binary stars with small periastron dis-
tances. In this picture, a protocore forms at the ice line near the
outer edge of the truncated disc and acquires a large eccentricity
while efficiently accreting gas until being tidally circularized in a
short-period orbit. Density wave-induced spiral arms in the disc
generated by the stellar companion facilitate both the formation
of the protocore (due to increased surface density in the spi-
ral arms) and trigger inwards disc migration, either eccentric or

Aplanet ~ 40(

circular depending on where in the disc the core forms. Core for-
mation is typically most efficient just outside the ice line. Inside
the ice line, gases cannot condense into grains needed for effi-
cient core growth®. At large distances core accretion is too slow.
The location of the ice line of T Boo A is estimated as (Ida & Lin
2005)

M.
ice ~ 2.7(
M

(o]

2
) au = 5au. (12)

The location of the ice line is comparable to the esti-
mated planet-forming region and the disc truncation radius,
indicating that planet formation occurs near the disc edge.
The high-density spiral arms may offer favourable condi-
tions for rapid core growth. Core growth by for example
pebble accretion depends strongly on metallicity and surface
density (Lambrechts & Johansen 2014). The high metallic-
ity of 7 Boo A ([Fe/H]=0.25dex) enables rapid assembly
of the protocore, which is needed in order for the protocore
to accrete enough gas before the disc disperses. A scenario
in which the massive planet formed near 5au and migrated
inwards is consistent with the predictions from pebble accretion
(Bitsch et al. 2015).

Assuming an accretion efficiency similar to y Cephei A,
a disc mass of at least ~ 8 My, is required to form a mas-
sive hot Jupiter such as 7 Boo Ab (at 6 Mj,,). This requires
a disc-to-star mass ratio of My/M, ~ 0.5% of the truncated
disc. Andrews et al. (2013) report typical values of My/M. =~
0.2-0.6% for single stars with full discs but with a distribu-
tion reaching Myq/M, ~ 10% at the highest end. If 7 Boo A
had an initially massive disc of 0.1 M. ~ 140 My, the disc
could have lost 95% of its mass while still providing suffi-
cient material for the formation of 7 Boo Ab. However, the
luminosity of discs around components in binaries with sep-
arations < 300au are typically reduced by a factor of five
compared to single stars (Jensen et al. 1994, 1996; Harris et al.
2012), suggesting that massive discs are uncommon in compact
binaries.

If spiral wave-induced disc migration is a dominant source
of hot Jupiters in stellar binaries, we expect that hot Jupiters
in binary systems are tracers of primordial disc alignment.
Hot Jupiters born in binaries with aligned discs are therefore
expected to be spin-orbit aligned. However, protoplanetary discs
in binary systems are not always well-aligned. The protoplan-
tary discs in the young binary HK Tauri are misaligned by ~60°,
indicating that one or both discs are misaligned with the binary
orbit (Jensen & Akeson 2014). The protoplanetary discs in the
binary protostar IRS 43 are similarly misaligned with respect
to the binary plane (Brinch et al. 2016). An inclined binary
companion may cause the primary protoplanetary disc to pre-
cess and eventually become misaligned with the stellar spin-axis
(Batygin 2012; Lai 2014). Tokovinin (2017) found strong orbital
alignment in triple star systems with outer projected separa-
tions less than ~50 au and misalignment in systems with outer
orbits wider than 1000 au. Hale (1994) similarly found spin-orbit
alignment in binaries with separations less than 30—40 au. This
suggests that hot Jupiters in compact binaries are more likely
to be spin-orbit aligned. The Catalog of Exoplanets in Binary
Star Systems* (Schwarz et al. 2016) lists 13 planet-hosting bina-
ries with projected separations less than 50 au. Out of these 13

3 An exception is in very massive discs where growth can occur even
inside the ice line (Ida & Lin 2004).
4 www.univie.ac.at/adg/schwarz/multiple.html

A59, page 7 of 9


www.univie.ac.at/adg/schwarz/multiple.html

A&A 625, A59 (2019)

systems’, only WASP-11Ab (with a separation of 42 au) has a
measured projected spin-orbit alignment of A =7+ 5°(Mancini
et al. 2015). WASP-11Ab likely formed in a truncated disc
similar to T Boo Ab. However, we note that due to its low effec-
tive temperature (T =4900+ 65K), tidal forces could have
realigned the stellar spin-axis of WASP-11A. The Transiting
Exoplanet Survey Satellite (TESS) started science operations
on July 25 2018 and will complete a near all-sky survey in
two years (Ricker et al. 2015). TESS will increase the number
of bright planets amenable for follow-up observations and will
likely expand the sample of known planets in compact binaries.
Due to the challenges of forming planets in discs around
close binaries, several alternative formation scenarios have been
proposed. Gong & Ji (2018) investigated the conversion of a
P-to-S -type planet by scattering-induced capture. In this sce-
nario, a circumbinary planet in a close (a = 0.5-3 au) binary is
dynamically scattered before being tidally captured by the pri-
mary or secondary star. However, the probability of such an event
is highest for small mass ratios and compact, nearly circular bina-
ries. This scenario is therefore unlikely to provide a formation
path for r Boo Ab. Another possibility is that the current config-
uration of the binary is different from the configuration at planet
formation. If the binary was less eccentric at the time of planet
formation, the protoplanetary disc of 7 Boo A would have lost
less mass and the formation of massive planets would have been
more favourable. Marzari & Barbieri (2007) studied the orbital
evolution of binary stars due to stellar encounters and found that
a single stellar encounter may significantly change the orbit of a
binary without ejecting planets. However, such an encounter will
typically alter the inclination of the binary orbit. The aligned,
coplanar configuration of the v Boo system suggests that it
has not been subject to external perturbations or three-body
interactions since formation. Furthermore, the probability of a
sufficiently close stellar encounter is extremely small for field
stars. Another possibility is that the eccentricity of 7 Boo B has
been raised by star—disc interactions after or during formation of
the planet. Artymowicz et al. (1991) found that star—disc interac-
tions rapidly excite the eccentricity of proto-binaries while in the
embedded disc phase. The growth of binary eccentricity occurs
before disc dispersal. The eccentricity of T Boo B is therefore
unlikely to have changed significantly after dispersal of the disc.
The combination of astrometry and radial velocities is a
powerful method for constraining 3D orbits. When Gaia epoch
astrometry is released it will be possible to fit the relative motion
of 7 Boo A and B and similar binaries. This will help to further
constrain the orbits of long-period binaries. The Gaia mission is
expected to discover tens of thousands of planets based on high-
precision astrometric measurements (Perryman et al. 2014). By
combining Gaia astrometry with radial velocities, it will become
possible to obtain 3D solutions of binary star and exoplanet
orbits. This will be a valuable tool for breaking the degener-
acy between the projected orbital alignment and the true 3D
alignment in multi-planet systems and planet-hosting binaries.

7. Conclusions

By determining the inclination, eccentricity, and periastron dis-
tance of 7 Boo B we find an orbital architecture of the 7 Boo
system consistent with the assumption of an aligned, coplanar
configuration. This configuration suggests that we are observing
the primordial configuration of the system and that dynamical

3 According to the Orbital Obliquity Catalogue at www.astro.keele.
ac.uk/jkt/tepcat/ (Southworth 2011).
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interactions such as the Kozai—Lidov mechanism have not played
a role in this system. We suggest a likely formation pathway for
7 Boo Ab and similar hot Jupiters: The stellar companion (with a
periastron distance of ~30 au) truncated the protoplanetary disc
of 7 Boo A near the ice line, reducing the disc to a fraction of
its initial size. T Boo Ab likely formed near the outer edge of
this truncated disc and migrated inwards in the disc due to spi-
ral waves generated by the eccentric stellar companion. During
migration, 7 Boo Ab acquired a large eccentricity that was tidally
dampened by 7 Boo A, creating the hot Jupiter we observe today.
This scenario requires an initially massive protoplanetary disc,
rapid assembly of the protocore and highly efficient gas accre-
tion. The existence of planets in compact and eccentric binaries
such as 7 Boo and y Cephei proves that giant planet formation is
possible even in these challenging environments. The discovery
and characterisation of the orbital architecture of planet-hosting
binaries such as 7 Boo are crucial for informing models of planet
formation and migration.
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