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Young stars are surrounded by a circumstellar disk of gas and dust, within
which planet formation can occur. Gravitational forces in multiple star sys-
tems can disrupt the disk. Theoretical models predict that if the disk is mis-
aligned with the orbital plane of the stars, the disk should warp and break into
precessing rings, a phenomenon known as disk tearing. We present observa-
tions of the triple star system GW Orionis, finding evidence for disk tearing.
Our images show an eccentric ring that is misaligned with the orbital planes
and the outer disk. The ring casts shadows on a strongly warped intermediate
region of the disk. If planets can form within the warped disk, disk tearing
could provide a mechanism for forming wide-separation planets on oblique

orbits.

Stars form through fragmentation & collapse of molecular clouds. The most frequent
outcome of this process is a gravitationally bound multiple star system, such as a binary or
triple (Z, 2). As the system evolves, the stars interact dynamically with each other and with
the surrounding circum-multiple disk of gas and dust, which holds material that could either
accrete onto the stars or form planets. Numerical simulations (3, 4) have predicted a novel
hydrodynamic effect known as disk tearing in the disks around multiple systems if the orbital
plane of the stars is strongly misaligned with the disk plane. Gravitational torque from the stars
is predicted to break the disk into several distinct planes, forming rings. These rings should
separate from the disk plane and precess around the central stars (5). Misaligned disks have
previously been observed but it has not been possible to link the misaligned structures clearly to
disk tearing, either due to the non-detection of the pertuber (e.g. (6)) or insufficient constraints
on the orbit (e.g. (7-9)).

We present observations of GW Orionis, a young [1.0 £ 0.1 million years old (/0)] triple

star system located in the A Orionis region of the Orion Molecular Cloud, whose central cluster
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is at a distance of 388 & 5 parsec (/7). The system consists of a close (1.2 astronomical unit,
au) binary with a ~ 242 days period on a nearly-circular orbit (stars GW Ori A and GW Ori B;
(12, 13)) and a tertiary that orbits in ~ 11 years at ~ 8 au separation (GW Ori C; (14, 15)).

We monitored the orbital motion of the system over 11 years using near-infrared interferom-
etry (1.4-2.4 ym thermal continuum emission; Fig. S8). Fitting an orbit model to these obser-
vations (/6) results in tight constraints on the masses of the three stars (GW Ori A: 2.47 + 0.33,
GWOriB: 1.43 £0.18, and GW Ori C: My = 1.36 £ 0.28 solar masses) and the orientation of
the orbits. The orbits of the inner pair (A-B) and the tertiary (AB-C) are tilted 13.9 + 1.1° from
each other.

We imaged the system using sub-millimeter and near-infrared interferometry, which trace
thermal dust emission, and using visible and near-infrared adaptive-optics imaging polarimetry,
which trace scattered light. These observations allow us to constrain the dust distribution in
the system. Combining these techniques enables us to constrain the 3-dimensional orientations
of the disk components and search for disk warping. The cold dust (down to ~ 10K dust
temperature, traced by 1.3mm continuum emission) is arranged in three rings. The two outer
rings (with radii of 334 + 13 and 182 £ 12 au; labeled R1 and R2 in Fig. 1A) are centered on
the A-B binary and seen at inclinations of 142 4 1° and 143 =+ 1° from a face-on view. This
corresponds to retrograde rotation (in clockwise direction on the sky) with the Eastern side tilted
towards us by 38° and 37° for R1 and R2. The third, innermost ring R3 has a projected radius of
43.5 £ 1.1 au and appears more circular in projection than R1 and R2. R3 is offset with respect
to the center-of-mass of the system (Fig. 1B). Dust emission is apparent between the rings as
well as inside R3, with a factor ~ 10 lower flux density than in the neighboring rings.

Our infrared polarimetric images show asymmetric scattered light extending from ~ 50 to
~ 500 au. The scattered light forms four arcs Al to A4 (Figs. 1C and 1D) with the Eastern

side appearing brighter than the Western side. This is consistent with the Eastern side of the



disk facing towards Earth. The dimmer regions separating the arcs Al, A2, and A3 coincide
with the dust rings R1, R2, and R3 seen in the sub-millimeter image. We interpret this as a
shadowing effect where the increased disk scale height at the location of dust rings R1, R2, and
R3 casts a shadow on the flared disk (Fig. S3, (16)). We interpret arcs A3 and A4 as parts of
a single elliptical structure, whose semi-major axis orientation (along position angle, PA~ 60°,
measured East of North) deviates from the orientation of the outer disk (which has PA~ 0°).
Two sharp shadows, S1 and S2, extend in radial direction. The Eastern shadow S1 changes
direction at ~ 100 au separation (Fig. 1D), running South at radii < 100 au (PA~ 180°, labeled
Slinner) and South-East at larger radii (PA~ 135°, labeled S1,te;). TWo broader shadows extend
in the North-East (S3) and South-West directions (S4). A filamentary scattered-light structure
Ficat extends from the inner-most arc (A3) towards the stars (Fig. 1D).

The outer rings R1 and R2 are closely aligned with respect to each other, but strongly mis-
aligned with the orbital plane of the stars, as previously suggested based on disk gas kine-
matics (/5). Several physical mechanisms could have produced this misalignment, including
turbulent disk fragmentation (/7), perturbation by other stars in a stellar cluster (/8), the cap-
ture of disk material during a stellar fly-by (/9), or the infall of material with a different angular
momentum vector from the gas that formed the stars (20, 27). The innermost ring R3 is strongly
misaligned with both the outer disk and the orbits, due to a dynamical interaction with the inner
multiple system.

We built a 3-dimensional model, aiming to reproduce both the on-sky projected shape of
the dust rings and the shadows seen in scattered light. Based on hydrodynamics simulations
(e.g. (4, 22)) and the detection of lower-density dust between R2 and R3 in our sub-millimeter
image, we modeled this region as a warped dust filament that extends smoothly from ring R2
to a break radius, where the warp is truncated. Our models show (/6) that material at this inner

truncation orbit appears in the scattered light image as the ellipse formed by arcs A3 and A4.



The warped part of the disk facing away from Earth is located South-East of the stars and fully
illuminated by them, appearing as arc A3 (Figs. 1C and 2C). The opposite side of the warped
disk, located North-West of the stars, is facing towards Earth, so only the outer surface is visible;
this is not illuminated by the stars, resulting in the fainter scattered light arc A4. Absorption
due to dust in the warped disk reduces the illumination on the North-Western side and causes
the broad shadows S3 and S4 at PA~ 240° and ~ 20°, corresponding to the directions with the
highest radial column density in the warped part of the disk. The surface of the warped disk
also acts as screen for shadows cast by the geometrically thin misaligned ring R3, resulting in
the sharply-defined shadow S1. The curvature in S1 can then be understood as a projection
effect, where S1j,,., is the shadow cast on the warped surface inside of R2, while S1,,4, is the
shadow on the non-warped outer disk (Fig. 2A). To reproduce the on-sky projected shape of R3,
its off-center position with respect to the stars and the shape of shadows S1 and S2, we adopt
a non-zero eccentricity (e = 0.3 £ 0.1 for ring R3), with the stars located at one of the focal
points of the ellipse. The Eastern side of ring R3 is tilted away from us, which is consistent with
emission from warm (~ 70 K) molecular gas that we detect at the inner surface of the ring (Fig.
S1, (16)). The 3-dimensional orientation of the orbits and dust rings in our model is illustrated
in Figs. 2 & 3 and parameterized in Tables S5 & S6.

Observational signatures of broken protoplanetary disks have been predicted in both sub-
millimeter thermal emission and near-infrared scattered light (5). That work considered a cir-
cumbinary disk misaligned by 60° with the binary orbit, similar to the misalignment angles
observed for GW Orionis (51.1 4+ 1.1° for the A-B orbit and 38.5 4= 0.8° for the (AB)-C orbit).
There are similarities between our observations and the predicted synthetic images (5), includ-
ing a misaligned and eccentric ring in sub-millimeter emission and an azimuthal asymmetry in
scattered light with sharply-defined shadows. The model eccentricity of ring R3 matches the

prediction that the dynamical perturbation by the stars should induce oscillations in the orbital



inclination and eccentricity of broken rings (4, 22, 23). We compare the radius of R3 (43 au) to
analytic estimates of the disk tearing radius, defined as the point in a circumbinary disk where
the external torque exerted by a misaligned binary exceeds the internal torque due to pressure
forces (4). We find that the predicted tearing radius in consistent with the size of R3 for disk
viscosity values o < 0.05, suggesting that this disk region is susceptible to disk tearing (/6).

We use the observational constraints on the orbital parameters of the GW Orionis system
as input for simulations using smoothed particle hydrodynamic (SPH) and radiative transfer.
We parameterize the initial disk with the observed total dust mass (24) and adopt the measured
stellar orbits and outer disk orientation (/6). After a few thousand years, the gravitational torque
from the misaligned triple star system breaks the disk apart into several distinct planes. An
eccentric ring forms with radius ~ 40 au which precesses around the inner multiple system with
a precession period of ~ 8, 000 years. Fig. 3 shows a snapshot of this simulation. The size of the
simulated ring, its eccentricity, asymmetric azimuthal density profile (with highest density near
the farthest part in the ring), and misalignment with the outer disk match the characteristics of
ring R3 observed at sub-millimeter wavelengths. This suggests that ring R3 in the GW Orionis
system formed by disk tearing. The SPH simulation also forms a low-density warped disk (Fig.
3C), whose properties and spatial orientation broadly resemble the disk warp in our scattered
light model (Fig. 2).

The origin of the gap between the two outer-most dust rings seen in millimeter emission
(between R1 and R2) remains unclear. The gap might be primarily due to depletion in large dust
grains, as mm-sized dust grains might accumulate at the strong density gradient near the outer
edge of the disk warp (25). Alternatively, the dust gap might coincide with a lower gas density,
which could be due to undetected planets within the gap, or disk tearing effects occurring further
out in the disk that are not reproduced by our SPH simulation. Some hydrodynamic simulations

of misaligned multiple stars find that disk tearing can result in a set of multiple nested rings



(e.g. (4)) or dust pile-up in warped disk regions resulting from differences in precession between
the gas and dust components (26), although we estimate that the gas drag forces excerted on the
dust particles traced by our millimeter observations are likely too low for the latter mechanism
to operate (16).

Our results show that disk tearing occurs in young multiple star systems and that it is a viable
mechanism to produce warped disks and misaligned disk rings that can precess around the inner
binary. By transporting material out of the disk plane, the disk tearing effect could provide a
mechanism for forming planets on oblique or retrograde orbits (orbiting in the opposite direction
to the orbital axis and/or rotation axes of the stars). About 40% of short-period exoplanets (< 40
days orbital period) are on oblique or retrograde orbits (27). The most commonly invoked
explanations are planet-planet scattering and tidal interactions from wider-orbiting planets (28).
Few observations are available for long-period planets and circumbinary planets, with all cases
indicating close alignment between the stellar spin and planet orbit plane (30) (the most inclined
circumbinary planet known is Kepler-413b, with obliquity of 2.5° (29)). We find that disk
tearing can induce large misalignments in a disk, which emerge sufficiently quickly to influence
the planet formation process. The broken ring R3 contains ~ 30 Earth masses in dust (Table
S6), which could suffice for planet formation to occur. Long-period planets on highly oblique

orbits could form from rings around misaligned multiple systems.
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Fig. 1. Imaging of the disk components around GW Orionis. (A) and (B) shows the 1.3 mm
thermal dust continuum emission on different spatial scales, measured in the spectral flux den-
sity unit milli-Jansky (mJy). The main components seen in the images are labelled, including
three rings (R1,R2,R3), an asymmetry in the ring R3 (R3,y,), and dust emission close to the
stars (Dap, D¢). (C) and (D) shows near-infrared (C) and visible-wavelength (D) scattered
light, where the images have been multiplied with 72 to emphasise structures in the outer disk,
where r is the distance from the stars in the image. Four arc structures (A1,A2,A3,A4) and a fil-
amentary structure (F,.,) are labeled. There are four radial shadows (S1,S2,53,S4); S1 changes
orientation, with a different position angle within and outside 100 au (S1;,ne; and S1gyger, Te-
spectively). In panels B-D the orbits and positions of the stars at the time of observation are
indicated by blue (GW Ori A), orange (GW Ori B), and white (GW Ori C) curves and symbols.
We indicate the angular resolution (beam) achieved by the observation. In all panels, North is

up and East is left as indicated in panel B.
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Fig. 2. Scattered light model (16) used to determine the eccentricity and 3-dimensional
orientation of ring R3 and the geometry of the disk warp. (A) Diagram of the 3-dimensional
orientation of the disk components in the model. (B) Orientation of the orbits in the hierarchical
triple star system, with the stellar positions at the time of our imaging measurements indicated
(same as in Fig.1). The coordinate system is centered on the center-of-mass of the system.
The white grid indicates the observed plane of the sky (right ascension RA and declination
Dec, while the z-axis points towards the observer, represented by the eye symbol in panel A.
(C) Synthetic image computed (/6) from the scattered light model, convolved to match the
resolution of the observation. The position of the scattered light features from Figs. 1C-D are

indicated.
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Fig. 3. Interactive 3-dimension model. The model can be rotated in Adobe Reader to display
the disk geometry. The x and y axes correspond the direction of Dec (North) and RA (East),
while z axes points towards Earth. Zooming in shows the triple star orbits (GW Ori A: blue,

GW Ori B: orange, and GW Ori C: black).
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Fig. 4. Smoothed particle hydrodynamic simulation. The computation is based on the mea-
sured GW Orionis orbits and system parameters, evolved for 9500 years. (A) gas density pro-
jected on the plane of the sky, with North up and East left. (B) and (C) integrated gas density
projected in the z-Dec plane and RA-z plane, with positive z facing out of the page. (D) density

cut along the RA-z plane.
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