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ABSTRACT

A crucial diagnostic that can tell us about processes involved in the formation and dynamical evolu-
tion of planetary systems is the angle between the rotation axis of a star and a planet’s orbital angular
momentum vector (“spin-orbit” alignment or “obliquity”). Here we present the first spin-orbit align-
ment measurement for a wide-separation exoplanetary system, namely on the directly-imaged planet
β Pictoris b. We use VLTI/GRAVITY spectro-interferometry with an astrometric accuracy of 1µas
(microarcsecond) in the Brγ photospheric absorption line to measure the photocenter displacement
associated with the stellar rotation. Taking inclination constraints from astroseismology into account,
we constrain the 3-dimensional orientation of the stellar spin axis and find that β Pic b orbits its
host star on a prograde orbit. The angular momentum vectors of the stellar photosphere, the planet,
and the outer debris disk are well-aligned with mutual inclinations ≤ 3 ± 5◦, which indicates that
β Pic b formed in a system without significant primordial misalignments. Our results demonstrate
the potential of infrared interferometry to measure the spin-orbit alignment for wide-separation plan-
etary systems, probing a highly complementary regime to the parameter space accessible with the
Rossiter-McLaughlin effect. If the low obliquity is confirmed by measurements on a larger sample of
wide-separation planets, it would lend support to theories that explain the obliquity in Hot Jupiter
systems with dynamical scattering and the Kozai-Lidov mechanism.
Subject headings: stars: rotation — stars: individual (β Pictoris) — planets and satellites: individ-

ual (β Pictoris b) — planets and satellites: dynamical evolution and stability —
planetary systems — techniques: interferometric

1. INTRODUCTION

Some of the earliest theories about the planet forma-
tion process have been proposed by Kant & Laplace in
the 18th century and were based primarily on the ob-
servation that the orbits of the solar system planets are
well aligned with each other and with the Sun’s spin axis.
In the solar system the three-dimensional obliquity an-
gle ψ, i.e. the angle between the rotation axis of a star
and the orbit angular momentum vector of the planets,
is ψ . 7◦ (Beck & Giles 2005). For transiting extra-
solar planetary systems, the sky-projected obliquity an-
gle (β) can be measured with the Rossiter-McLaughlin
(RM) effect (Queloz et al. 2000). For the short-period
systems where RM measurements are possible, signifi-
cant misalignments have been found in about a third of
the systems (Winn et al. 2010), with values ranging from
0◦ (indicating a perfectly aligned prograde orbit) to 180◦

(retrograde orbit, e.g. Hébrard et al. 2011). The sky-
projected obliquity angle (β) can then be related to the
true obliquity (ψ) distribution, either by measuring the
line-of-sight inclination of the stellar rotation axis is, for
instance using astroseismology (e.g. Wright et al. 2011;
Zwintz et al. 2019), or by invoking statistical arguments
(e.g. Muñoz & Perets 2018).
Several possible dynamical mechanisms have been pro-

posed to explain the observed spin-orbit misalignments.
In one class of theories, the inclination of the planet’s
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orbit is excited through multi-body gravitational inter-
actions, such as planet-planet scattering or interactions
with stellar-mass companions (Chatterjee et al. 2008;
Valsecchi & Rasio 2014). On appeal of this theory is
that Kozai-Lidov oscillations & tidal friction can facili-
tate both inwards migration while increasing simultane-
ously the obliquity of the planet orbit, thereby explaining
key characteristics of the Hot Jupiter population (Kozai
1962; Fabrycky & Tremaine 2007).
Alternatively, it has been proposed that the stellar ro-

tation axis and orbital plane of the planet-forming disk
might not be aligned from the start. Misalignments be-
tween the stellar rotation axis and disk might be in-
duced by magnetic (Lai et al. 2011) or fluid-dynamical
effects (Rogers & Lin 2013). The disk might also be
tilted due to turbulent motions in the star-forming
cloud (Fielding et al. 2015), due to the complex dynam-
ical interactions in the dense clusters where stars form
(Bate et al. 2010), or disk tearing effects induced by the
dynamical interactions in multiple systems (Nixon 2012;
Kraus et al. 2020).
In order to distinguish between these scenarios, it is

essential to probe the planet obliquity distribution over a
wide orbit separation range. One fundamental limitation
for obtaining obliquity measurements with the RM effect
is that this method can only be applied for transiting
systems, i.e. systems with typical periods of a few days
to tens of days.
For wide-separation planets with astrometric orbits,
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the sky-projected obliquity angle can be derived from
spectro-interferometric observations, such as provided
by ESO’s Very Large Telescope Interferometer (VLTI).
This method employs measuring wavelength-differential
phases in photospheric absorption lines in order to derive
the photocenter shift associated with the stellar rotation.
Here, we present VLTI/GRAVITY high-spectral resolu-
tion data of the β Pictoris system, marking the second
time that this technique is applied to a disk-hosting star
(following the measurements that indicated good align-
ment of Fomalhaut’s stellar equator with the orbit of its
debris disk and dispersing dust cloud; Le Bouquin et al.
2009; Gaspar & Rieke 2020) and the first time that the
obliquity angle is measured for a directly-imaged plane-
tary system.
β Pic is a relatively young (age 24± 3Myr, Bell et al.

2015) A6V-type star at a distance of 19.45 ± 0.05 pc
(van Leeuwen 2007) and with a mass of 1.85+0.03

−0.04M⊙

(Wang et al. 2016). (Defrère et al. 2012) measured the
stellar diameter to 0.736±0.019mas and the projected ro-
tation velocity is v sin i = 130km s−1 (Royer et al. 2007).
The system harbours a large-scale debris disk that ex-
hibts a small-scale misalignment between the extended
“primary” disk and a “warped” secondary disk in the
inner 85 au (Burrows et al. 1995; Mouillet et al. 1997;
Currie et al. 2011; Dawson et al. 2011).
The planet β Pic b has been detected with adap-

tive optics imaging (Lagrange et al. 2009a) and has
an orbital period of ∼ 20 yr with a semi-major axis
of 10.6 ± 0.5 au. It is on a slightly inclined orbit
with respect to the primary disk and might be re-
sponsible for triggering the warped secondary disk
(Lagrange et al. 2012). The orbit is seen with near-edge
orientation (i = 89.04 ± 0.03◦, where 90◦ indicates
edge-on viewing geometry) and the planet mass has
been estimated to 12.8 ± 2.2MJup (Lagrange et al.
2009b; Fitzgerald et al. 2009; Wang et al. 2016;
Snellen & Brown 2018; Gravity Collaboration et al.
2020). Lagrange et al. (2019) detected the radial veloc-
ity signal for a second ∼ 9MJup planet, β Pic c, on a
∼ 1, 200day orbit, corresponding to a semi-major axis
of ∼ 2.7 au.
In Sect. 2 we describe our observational setup, followed

by a presentation of our modelling results (Sect. 3), a dis-
cussion of the implications (Sect. 4) and our conclusions
(Sect. 5).

2. OBSERVATIONS

We observed β Pic with the GRAVITY instrument on
seven nights between 2016 September 15 and 2016 Oc-
tober 20. The observations combined the light from the
four VLTI 1.8m auxiliary telescopes. The telescopes were
located on stations A0-G1-J3-K0 (2016 September 15,
17, 18, 19), A0-B2-J2-J3 (2016 October 16), and A0-G1-
J2-J3 (2016 October 18 and 20), resulting in projected
baseline lengths between 22.93 and 132.36m (Fig. 1).
The interferograms cover theK-band with spectral res-

olution λ/∆λ = 4, 000 and were recorded with detector
integration times of 10 s. In total, we recorded 57 ex-
posures of 300 s on-source integration time on β Pic. In-
terlayed with the observations on the science star, we
observed the calibrator star HD 159868.
Wavelength-differential visibilities and phases were ex-

tracted using the GRAVITY pipeline (Release 1.2.4,
Lapeyrere et al. 2014). In order to increase the signal-
to-noise, we averaged the complex visibilities from the 30
individual frames within an exposure. The sky-projected
baseline vectors keep changing within the 5min expo-
sures due to Earth rotation (at . 0.2◦/minute), which
could potentially smear the measured astrometric signal.
However, based on the maximum measured astromet-
ric displacement of 8µas (Sect. 3) we estimate that the
astrometric error induced by the averaging is less than
0.1µas and therefore negligible in our modeling. Fur-
thermore, we note that this effect would only reduce the
amplitude of the derived astrometric displacement with-
out biasing the position angles of the derived astrometry
vectors, even if the averaging would be applied over a
longer time interval.
In individual exposures, we achieve a phase rms (root

mean square) down to 0.39◦ in the continuum channels
near the Brγ 2.1667µm line. We fit the data from the
57 exposures simultaneously in order to reduce the noise
further, resulting in an overall differential astrometric ac-
curacy of 1µas (as derived from the rms scatter in the
continuum channels; grey points in Fig. 3, right). We
reject two observations that exhibit phase rms > 0.8◦

due to poor atmospheric conditions. The spectrum of
the pressure-broadened Brγ line is shown in Fig. 2 (top).

−60−40−200204060
u [106λ]

−60

−40

−20

0

20

40

60

v 
[1
06
λ]

Fig. 1.— uv-plane of VLTI/GRAVITY observations on β Pic.

3. RESULTS

We infer the orientation of β Pic’s stellar rotation axis
from the spatial displacement in the photocenter between
the blue- and red-shifted wing of the photospheric Brγ
absorption line. The photocenter displacement in the line
wings with respect to the continuum “center of light” is
just ∼ 8µas or ∼1/100th of the stellar diameter, but
it can been measured with high significance from our
wavelength-differential phases.
The wavelength-differential phase φ(λ) in a given spec-

tral channel, λ, and on a given baseline vector B at pro-
jected baseline coordinates (u, v) is given by the equation

φ(λ) =
2π

λ
B · x(λ), (1)
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Fig. 2.— Spectrum (top) and position-velocity diagrams along
North-South and East-West direction (bottom).

where λ is the wavelength of the considered spec-
tral channel and x(λ) the photocenter displacement
vector in the channel with respect to the continuum
(Le Bouquin et al. 2009).
To maximise the signal-to-noise on the derived pho-

tocenter displacement vectors x(λ) for a given spectral
channel λ, we arrange the n measured differential phases
in vector φ(λ) and the corresponding baseline vectors in
the n×2-dimensional matrix B . Using the inverse matrix
of B we can rewrite eq. 1 as:

x(λ) =
λ

2π
B−1φ(λ)⊤ (2)

Applying this equation to our data results in the
photocenter vectors shown in Fig. 3. The right ascension
and declination components of these vectors are also
shown as position-velocity diagrams in Fig. 2 (bottom).
The data show that the photocenter in the blue-shifted
wing of the Brγ line is displaced to the North-East
(Fig. 3, right). As the line is in absorption, this indicates
that the blue-shifted absorption is strongest on the
south-western side of the star, and thus the photocenter
shifts to the North-East. Accordingly, the blue-shifted
(approaching) side of the rotating photosphere is towards
the South-West. The phases predicted by the model are
overplotted on the measured differential phases in Fig. 4.

In order to determine the position angle of the stel-
lar rotation axis quantitatively, we parameterize the
wavelength-dependence of the photocenter displacement
between the blue- and red-shifted line wing with a S-
shaped function S(λ) = a(λ)·exp(−a(λ)2), where a(λ) =
2(λ − λBrγ)/wBrγ , and λBrγ and wBrγ are the central
wavelength and width of the line. This function provides
a good approximation for the photocenter displacement
due to rotation in a marginally resolved photosphere. We
fit this function to the astrometry vectors x(λ) in the
complex plane:

x(λ) = c · S(λ), (3)

where c is a complex number. The phase of c gives the
position angle of the spatial displacement between the
blue- and red-shifted line wings, i.e. the stellar equator
is oriented along Ωs = tan−1(ℜc/ℑc). We determine the
uncertainties through bootstrapping.
For our data set on β Pic, we derive the sky-projected

position angle of the equator to Ωs = 29 ± 4◦, with the
south-western side of the photosphere approaching the
observer1. The bottom panel of Fig. 2 shows the model
function overplotted on the measured astrometric sig-
nals.
There are some small residuals between model and

data that might indicate a tiny (1-2µas) offset between
the line photocenter and the continuum photocenter to
the West (see red-shifted wing in the bottom panel of
Fig. 2). Such an offset could indicate that the contin-
uum photocenter is slightly shifted with respect to the
center of the stellar photosphere, for instance due to stel-
lar surface structures, diffuse disk emission, or a point
source within the ∼ 0.1” field-of-view. However, the
residuals have a low significance and data with higher
signal-to-noise and higher angular resolution is needed to
investigate this further. Also, future differential phases
measurements at higher spectral resolution could derive
an independent estimate for the inclination of the pho-
tosphere (see model images of a inclined rotating pho-
tosphere in Fig. 8 of Kraus et al. 2012) or detect subtle
effects in the velocity field, such as related to differen-
tial rotation. However, we do not expect these effects to
contribute to the residuals in our measurements.

4. DISCUSSION

Together with the inclination estimate of is =
89.1◦ derived from the pulsation frequency spectrum2

(Zwintz et al. 2019), our measurement of Ωs defines the
full spatial orientation of the stellar rotation axis, en-
abling a comparison with the spatial orientation of the
planetary orbit and of the large-scale debris disk.
The primary disk is likely see nearly exactly edge-on,

while the warped disk is tilted by +4.0± 0.6◦ in position
angle with respect to the primary disk (Golimowski et al.
2006; Lagrange et al. 2012) and inclined by 6 ± 1◦ with
respect to the line of sight, with the north-western part

1 We follow the convention to measure position angles East of
North.

2 The existing astroseismology measurements constrains the in-
clination value, but provide no information on the hemisphere that
faces towards Earth, resulting in a deneracy between is and 180−is.
Due to the near-edge viewing geometry, this degeneracy adds only
a small uncertainty that we take into account when computing
mutual inclinations.



4 Kraus et al.

Fig. 3.— Left: Scattered light image of β Pic’s large-scale debris disk and of β Picb (credit: ESO, Lagrange et al. 2009a), with the CO
blue-shifted disk lobe and the side of the disk facing towards the observer indicated. Middle: The orbit of β Pic b (orbital elements from
Gravity Collaboration et al. 2020), with the plane of the primary disk and the plane of the warped disk marked as grey and orange line,
respectively. The position of β Pic b at the time of our observations has been marked with blue points. Right: Photocenter displacements
measured in the Brγ line (color points) and in the continuum (grey points). The line channels are colored based on their wavelength, using
the same color-coding as Fig. 2. Given that the line is in absorption, the photocenters in the red-shifting wing of the line are displaced
towards the side of photosphere that is approaching the observer (and equivalent for the blue-shifted ling wing and the receeding side of
the star). The solid black line gives the best-fit position angle for the equatorial plane of the star, with the dashed black lines giving the
1σ error intervals. In all panels, North is top and East is left.
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Fig. 4.— Measured differential phases (points), overplotted with the model phases that correspond to our best-fit photocenter model
(line). Each panel shows the measured phases for one of the 6 baselines, averaged over the full data recording sequence.
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of the disk being tipped nearer to Earth (Ahmic et al.
2009, see Fig. 3, left and middle). In order to com-
pute the mutual inclination between the different planes,
we adopt the orbital elements of β Pic b published by
Gravity Collaboration et al. (2020), including an orbital
inclination ip = 89.04 ± 0.03◦ and the longitude of the
ascending node Ωp = 31.88 ± 0.05◦. For the primary

disk plane we adopt Ωd,p = 29.3+0.2
−0.3

◦ (Lagrange et al.
2012) and id,p = 90.0 ± 0.1◦ (Ahmic et al. 2009). The
warped secondary disk is oriented along Ωd,s = 33.3±0.6◦

(Lagrange et al. 2012), a slight tilt (id,s = 84.0 ± 1.0◦,
Ahmic et al. 2009) that causes the north-western side
of the disk to face towards the observer. This minimal
tilt has been deduced from GPI scattered light imaging
that show excess scattered light from the north-western
side of the disk, likely due to dust forward scattering
(Millar-Blanchaer et al. 2015).
The direction of rotation of the disk has been mea-

sured by Dent et al. (2014). They detected a molecular
gas clump at a separation at ∼ 85 au that might have
been produced by the collision of icy bodies in β Pic’s
debris belt. The kinematics of the CO clump defines
the rotation direction of the disk, with the approach-
ing (blue-shifted) line wing to the South-West. Accord-
ingly, the rotation direction deduced from our observa-
tions matches the rotation direction for the large-scale
disk. Also, it matches the direction of rotation that has
been deduced for β Pic b, indicating that the planet is on
a prograde orbit.
The sky-projected orientation of the different planes is

shown in Fig. 3. The orbital plane of β Pic b is interme-
diate between the plane of the primary disk (grey line
in Fig. 3) and of the warp disk (orange line), as already
noted by Lagrange et al. (2012).
Our measurements determine the sky-projected obliq-

uity angle to 3± 4◦. We compute the mutual inclination
angle ψ between the angular momentum vectors of the
stellar photosphere (s) and the planetary orbit (p) by
adopting the equation from Fekel (1981)

cosψ = cos is cos ip + sin is sin ip cos(Ωp − Ωs), (4)

which yields ψp = 3 ± 5◦ for the planetary orbit. For
the primary and secondary disk, the obliquity angles are
ψd,p = 1± 4◦ and ψd,s = 7± 8◦, respectively. This shows
that the orbital planes both of the planet and of the
primary debris disk are well aligned with the stellar spin,
suggesting that the planet formed in a coplanar disk
whose angular momentum vector was well-aligned with
the stellar rotation axis. Any migration to the planet’s
current location cannot have occured via mechanisms
that would have inflated its mutual inclination.

Our observation provides a first glimpse on the spin-
orbit alignment distribution for wide-separation planets,
adding new constraints that will help to test hypothe-
ses that have been put forward to explain the origin
of the obliquity in short-period planet systems. For
the case of β Pic b, we can rule out scenarios that in-
duce stellar obliquities as part of the star formation pro-
cess or during the disk evolution. The mechanisms that
have been proposed to produce such primordial misalign-
ments include planet formation either in a non-coplanar
(i.e. warped) disk or in a disk whose angular momen-

tum vector has been shifted with respect to the rotation
axis of the star, for instance due to magnetic (Lai et al.
2011) or hydrodynamical effects (Rogers & Lin 2013), or
due to turbulence in the cloud that formed the star ini-
tially (Bate et al. 2010; Thies et al. 2011; Fielding et al.
2015). A key prediction of these primodial formation
scenarios is that they can induce obliquities not only for
short-separation, but also wide-separation planets, such
as β Pic b.

5. CONCLUSIONS

We measured the sky-projected obliquity angle for the
planet-host star β Pictoris to 3 ± 4◦. Incorporating the
inclination constraints derived with astroseismology we
constrain the 3-dimensional orientation of the stellar ro-
tation axis and determine the mutual inclination angle
between the angular momentum vector of the star and
of β Pic b to 3 ± 5◦, indicating that the stellar spin axis
is well aligned with the planetary orbit, as well as with
the primary disk.
Our finding of spin-orbit alignment for β Pic b suggests

that this planet formed in a coplanar disks without pri-
mordial misalignments. This is in contrast to theories
that describe the occurence of obliquities as a natural
by-product of the star formation process, for instance
through turbulent motions in the star-forming cloud
(Fielding et al. 2015) or magnetic (Lai et al. 2011) and
fluid-dynamical effects (Rogers & Lin 2013) during disk
formation. In case our finding of a well-aligned system is
representative for wide-separation planets, it would sug-
gest that the population of Hot Jupiters on oblique or-
bits (found in RM survey at orbit separations between
∼ 0.02 and 0.3 au) are likely transferred to oblique orbits
through dynamical processes post-formation. Possible
mechanisms include planet-planet scattering, stellar fly-
bys, or the Kozai-Lidov mechanism, where a wide com-
panion orbiting a close binary on a highly inclined orbit
can induce oscillations in inclination/eccentricity of the
close pair (e.g. Fabrycky & Tremaine 2007).
Observations on a larger sample of planet-hosting stars

will be critical to test this hypothesis and to extend
the obliquity distribution presently covered by RM-based
surveys (. 0.3 au) out to planets with orbital separa-
tions at tens or hundreds of au. For such wide-separation
systems, infrared interferometry at high spectral disper-
sion provides the only technique to measure the sky-
projected obliquity angle. At present, spin-orbit align-
ment measurements with VLTI are limited to nearby
stars with large apparent diameters and to pressure-
broadened lines of relatively fast-rotating stars, which
strongly limits the numbers of stars that are accessible
with this technique. A dedicated high-spectral resolu-
tion (R = 25, 000), short-wavelength instrument oper-
ating in the J-band (1-1.4µm) and optimised for preci-
sion phase measurements, such as the proposed VLTI
visitor instrument BIFROST (Kraus 2019), will be able
to mitigate these limitations and enable spin-orbit mea-
surements for hundreds of systems in the planet samples
that are expected from direct-imaging facilities (JWST
and ELTs) and the GAIA astrometry mission. Modeling
the obliquity distribution that will be provided by such
next-generation instruments will allow testing of the the-
ories that have been put forward to explain the origin of
planet obliquity on a statistically significant sample, of-



6 Kraus et al.

fering direct insights on the planet formation process and
the dynamical evolution that shapes the architecture of
planetary systems.
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