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Abstract

We revisit the origin of the observed misaligned rings in the circumtriple disk around GW Ori. Previous studies
appeared to disagree on whether disk breaking is caused by the differential precession driven in the disk by the
triple star system. In this Letter, we show that the previous studies are in agreement with each other when using the
same set of parameters. But for observationally motivated parameters of a typical protoplanetary disk, the disk is
unlikely to break due to interactions with the triple star system. We run three-dimensional hydrodynamical
simulations of a circumtriple disk around GW Ori with different disk aspect ratios. For a disk aspect ratio typical of
protoplanetary disks, H/r 2 0.05, the disk does not break. An alternative scenario for the gap's origin consistent
with the expected disk aspect ratio involves the presence of circumtriple planets orbiting GW Ori.

Unified Astronomy Thesaurus concepts: Trinary stars (1714); Protoplanetary disks (1300); Hydrodynamical

simulations (767); Planet formation (1241)

1. Introduction

The origin of the misaligned broken disk around GW Ori has
sparked conversation in the community. The key question
centers on whether the disk is broken due to interactions with
the triple star system (e.g., J. D. Larwood & J. C. B. Papaloi-
zou 1997; C. Nixon et al. 2013a) or if it is instead influenced by
a potential circumtriple planet. Both mechanisms are plausible
for inducing disk breaking in protoplanetary disks (e.g.,
S. Facchini et al. 2013; R. Dong et al. 2018; A. K. Young
et al. 2023; 1. Rabago et al. 2024). However, in this Letter, we
present evidence that the misaligned broken disk around GW
Ori is unlikely to be caused by interactions with the triple stars
alone. Our analysis suggests that alternative explanations, such
as the presence of a circumtriple planet, may play a more
significant role in driving the observed misaligned disk
structure.

S. Kraus et al. (2020b), J. Bi et al. (2020), and J. L. Small-
wood et al. (2021) all conducted smoothed particle hydro-
dynamics (SPH) simulations of the misaligned protoplanetary
disk around GW Ori to investigate the origin of the large gap
observed in the disk. Both J. Bi et al. (2020) and J. L. Small-
wood et al. (2021) used the SPH code PHANTOM (D. J. Price
et al. 2018), while S. Kraus et al. (2020b) used sphNG
(W. Benz et al. 1990). The simulation results from J. Bi et al.
(2020) and J. L. Smallwood et al. (2021) were consistent with
each other, but differed from those of S. Kraus et al. (2020b). In
a media article, S. Kraus (2020) argued that the discrepancy in
the results from J. Bi et al. (2020) was because they modeled a
binary star system rather than a triple star system. However,
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J. L. Smallwood et al. (2021) demonstrated that the inner A-B
binary can be modeled as a single star, given its small
separation compared to the disk extent. They ran N-body
simulations comparing the orbital evolution of the triple star
system to that of the binary approximation and found that using
the binary approximation does not significantly alter the
system's orbital dynamics for the moderate misalignment
observed between the triple star orbit and the disk inclination
(see also S. Lepp et al. 2023). Furthermore, SPH simulations
comparing the two- and three-star-system models showed little
difference in their evolution. Therefore, the binary approx-
imation is not the cause of the discrepancy in the SPH results
between J. Bi et al. (2020) and S. Kraus et al. (2020b).

The first version of S. Kraus et al. (2020a; version 1)
indicated that their SPH simulations used a disk aspect ratio of
H/R =0.05.J. L. Smallwood et al. (2021) used this disk aspect
ratio and found no evidence of disk breaking for physically
motivated parameters of a protoplanetary disk. In an updated
version of S. Kraus et al. (2020b; version 2), the disk aspect
ratio was changed to H/R = 0.02; however, the simulation
results remained unchanged, suggesting that the initial disk
aspect ratio was likely a typographical error. In this Letter, we
will explore the implications of that error.

A misaligned disk experiences gravitational torque from the
triple star system, resulting in differential precession that can
cause warping, breaking (S. Facchini et al. 2013; C. Nixon
et al. 2013a), or tearing (C. J. Nixon 2012). The dissipation
within the misaligned disk leads to the formation of a warp,
which evolves in either the diffusive or the bending wave
regime, depending on the disk's thickness and viscosity
(J. C. B. Papaloizou & J. E. Pringle 1983; J. C. B. Papaloi-
zou & C. Terquem 1995; G. 1. Ogilvie 1999; C. Nixon &
A. King 2016). In the bending wave regime, where the disk's
aspect ratio exceeds the viscosity coefficient (H/r 2 «), the
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warp induced by the binary torque propagates as a pressure
wave at a speed of one-half the gas sound speed c¢ /2
(J. C. B. Papaloizou & J. E. Pringle 1983; J. C. B. Papaloi-
zou & C. Terquem 1995). In the diffusive regime, where the
aspect ratio is smaller than the viscosity (H/r < «), the
diffusion coefficient is inversely proportional to the disk
viscosity. Protoplanetary disks are generally expected to be in
the bending wave regime (L. Hartmann et al. 1998).

For the disk aspect ratio of H/R = 0.05, the disk is in the
bending wave regime. For disk aspect ratio H/R = 0.02, the
disk is close to the boundary between the bending wave and
viscous regimes.

Disks in the bending wave regime break more easily for
smaller disk aspect ratio (e.g., J. D. Larwood & J. C. B. Papal-
oizou 1997). This behavior occurs because a cooler disk is in
weaker radial communication by pressure for maintaining rigid
rotation without breaking. We then expect that the model with
H/R = 0.02 should break more easily than the model with H/
R = 0.05. In addition, a disk in the diffusive regime is also
subject to instability that may enhance its breaking (S. Dogan
et al. 2018). This effect may also help the H/R = 0.02 model
break, although it is not well within the viscous regime.

In this Letter, we show that a circumtriple disk with an
aspect ratio of H/r = 0.02 breaks due to the influence of the
triple stars with the properties of GW Ori, whereas a disk with
H/r = 0.05 does not break. However, for observationally
motivated parameters of protoplanetary disks, a value of H/
r = 0.02 is unlikely. In Section 2, we detail the setup of the
hydrodynamical simulations and present the results in
Section 3. In Section 4, we discuss possible aspect ratios for
the protoplanetary disk around GW Ori. Finally, in Section 5,
we share our conclusions.

2. Simulation Setup

For our numerical simulations, we use the 3D SPH code
PHANTOM (G. Lodato & D. J. Price 2010; D. J. Price &
C. Federrath 2010; D. J. Price 2012; D. J. Price et al. 2018). We
simulate a misaligned accretion disk around the triple star
system GW Ori. The PHANTOM code has been extensively
tested and applied to model misaligned accretion disks in triple
systems (e.g., J. L. Smallwood et al. 2021; S. Ceppi et al.
2022).

We adopt the triple star system parameters from S. Kraus
et al. (2020b). The mass of the inner binary A-B is
Mp =247 £ 033 M, and Mg = 1.43 + 0.18 M, while the
mass of the tertiary companion C is Mc = 1.36 & 0.28 M. The
separation of the inner binary is as_.g = 1.20 &+ 0.04 au, while
the separation of the tertiary is aap.c = 8.89 £ 0.04 au. The
inner binary and tertiary star are initialized at apastron. Since
we are not modeling material close to the A-B binary, we
increase the accretion radii of stars A and B to r,.. = 0.5au
(~0.42a,_) to enhance computational efficiency. Similarly,
the accretion radius of the tertiary companion is set to
Face = 2.3 au, approximately 0.25aap.c, to also improve
computational efficiency. Particles entering these accretion
radii are considered accreted, with their mass and angular
momentum added to the respective star (e.g., M. R. Bate et al.
1995).

Each simulation employs 5 x 10° equal-mass Lagrangian
particles, distributed between the inner disk radius, ry,, and the
outer disk radius, r.. The observed outer radius of the gas disk
is approximately 1300 au (J. Bi et al. 2020), suggesting that

Smallwood et al.

Table 1
Summary of the Hydrodynamical Simulations

Model io H/r Disk Breaking
(deg)

138_h0p02 38 0.02 Yes

i38_hO0p05 38 0.05 No

i28_h0p02 28 0.02 Yes

i28_h0p05 28 0.05 No

Note. The first column denotes the model name. The second column denotes
the initial disk tilt with respect to the triple star orbital plane, iy. The third
column denotes the initial disk aspect ratio at the inner disk edge, H/r. The last
column denotes whether disk breaking occurs.

most of the angular momentum is concentrated in the outer
regions. To improve computational efficiency and resolution,
we truncate the outer radius to r,, = 200au, similar to
S. Kraus et al. (2020b). This truncation still maintains the
angular momentum distribution, with the outer disk holding the
majority of the angular momentum. We run the simulations for
2000 Py, where P, represents the orbital period of the outer
binary, equivalent to approximately 2.3 x 10*yr. In compar-
ison, the disk structure in S. Kraus et al. (2020b) is shown only
at 9500 yr.

We model two initial disk misalignments with respect to the
triple star orbital plane: 38° and 28°. The tilt of 38° was first
reported in S. Kraus et al. (2020b). However, reanalysis of the
system's orientation revealed that the disk is tilted by 28°
relative to the triple star orbital plane. This updated tilt value is
discussed in Section 4.4 of A. K. Young et al. (2023). For
comparison, we model both misalignments. A summary of the
simulations is given in Table 1.

The total mass of the disk is set to 0.1 M, based on a dust-
to-gas ratio of 0.01 and observations of the dust mass (e.g.,
J. Bi et al. 2020). S. Kraus et al. (2020b) estimated a lower disk
mass due to incomplete flux recovery from their Atacama
Large Millimeter/submillimeter Array observations, which
lacked short baselines. We ignore the effects of self-gravity,
as it does not affect the nodal precession rate of flat
circumbinary disks and the disk mass is not large enough for
self-gravity to be a significant factor.

The initial surface density profile of the disk follows a
power-law distribution given by

F\7P
X(R) = Eo(f) , ey
where Y, is the density normalization, r is the spherical disk
radius, and p is the power-law index. We set p = 0.5. The
normalization Y, is determined based on the total disk mass,
which approximates the mass of the three dust rings inferred by
J. Bi et al. (2020), assuming a gas-to-dust ratio of 100. We
model the disk as locally isothermal (the temperature is
measured from the center of mass), with a hydrostatic thickness
that scales with radius as

H = & x r3/2-4, 2)
Q

where Q = \/GM/r? is the orbital frequency and ¢ is the
sound speed, which are independent of time. To maintain a
constant aspect ratio H / r across the disk, we set ¢ = 0.5.
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Figure 1. Circumtriple disk evolution around GW Ori with an initial misalignment between the disk and the outer binary of the triple star of i, = 38° (first two
columns) and iy = 28° (last two columns) at time 7 = 2000 P,,. The upper row represents disks with H/r = 0.02, while the bottom row shows those with H/r = 0.05.
The triple stars are depicted by blue dots. Columns 1 and 3 show the view looking down onto the outer binary orbital plane (the x—y plane), while columns 2 and 4
present the x—z plane, with the AB-C binary eccentricity aligned along the x-axis. The color indicates gas density, with the yellow regions being about 2 orders of

magnitude higher than the purple regions.

The « viscosity parameter is calculated using the prescrip-
tion from G. Lodato & D. J. Price (2010):

a aﬂ@’ 3)
10 H

where a sy represents the artificial viscosity and (/) is the mean
smoothing length of particles in a cylindrical ring at a given
radius (G. Lodato & D. J. Price 2010). The simulations from
S. Kraus et al. (2020b) used a viscosity ranging from
~ 0.01 — 0.02. Therefore, we set a ~ 0.015.% We examine
two values for the disk aspect ratio at r = ry,;: H/r = 0.02 and
0.05. Compared to a = 0.015, a disk with H/r = 0.02 (as noted
in S. Kraus et al. 2020b) lies near the boundary of the diffusive
regime, whereas a disk with H/r = 0.05 falls within the
wavelike regime. Since the disk aspect ratio is constant, both
viscosity and mean smoothing length vary across the disk. The
shelled-averaged smoothing length per scale height for the
simulations is initially (h)/H = 0.70, and this is well enough
resolved to capture breaking (e.g., R. Nealon et al. 2015).

3. Results

Figure 1 shows the three-dimensional structure of the
circumtriple disk around GW Ori for initial disk misalignment
to the outer binary orbit of the triple star of i, = 38° (first two
columns) and iy = 28° (last two columns) at time ¢ = 2000 P,
where P, is the orbital period of the outer binary orbit. The
upper row represents disks with H/r = 0.02, while the bottom

8 Observations have shown that « in protoplanetary disks can be as low as

103 w0107 (e.g., K. M. Flaherty et al. 2015; C. Pinte et al. 2016; R. Teague
et al. 2016; K. M. Flaherty et al. 2018; G. Lesur et al. 2023). However,
adopting this higher « value does not affect the conclusions, as the disk is
already in the bending wave regime under our initial conditions.

row shows those with H/r = 0.05. For H/r = 0.02 with
io = 387, the disk breaks due to the torque from the triple stars,
while for the thicker disk (H/r = 0.05), it does not break.
Similarly, for an initial disk misalignment of i, = 28°, the
thinner disk (H/r = 0.02) breaks, while the thicker disk (H/
r = 0.05) shows no evidence of breaking.

Figure 2 shows the surface density profile as a function of
disk radius for iy = 38° (right) and i, = 28° (left) at a time of
2000 Py, The initial power-law index is set to p = 1.5, shown
by the black curve. The yellow and purple curves denote the
surface density profiles for H/r = 0.02 and H/r = 0.05,
respectively. The dip in the surface density profile for H/
r = 0.02 corresponds to the location of the break. At the end of
the simulation, for the initially more highly inclined disk,
io = 38°, the break is located at r ~ 70 au. For the lower initial
tilt, ip = 28°, the break is located at r ~ 95 au. The breaking
radius for the iy, = 28° disk is farther out than that of the
ip = 38° disk at the same time step. Furthermore, the gap in the
ip = 38° disk is deeper than the gap from the more lowly
inclined disk. From the surface density profiles for a thicker
disk, H/r = 0.05, there is no evidence of disk breaking,
meaning the surface density profile is relatively smooth. A
summary of when disk breaking occurs from the simulations is
given in the last column in Table 1.

4. Discussion

The hydrodynamical simulations show that a disk with an
initial aspect ratio of H/r = 0.02 breaks due to interactions
with the GW Ori triple star system. However, a thicker disk
with H/r = 0.05 shows no signs of breaking. As mentioned in
the Introduction, the original version of S. Kraus et al. (2020a)
used an aspect ratio of H/r = 0.05 and reported disk breaking
in their simulations. However, in the revised version of
S. Kraus et al. (2020b; version 2), the aspect ratio was changed
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Figure 2. The disk surface density, X, as a function of radius, r, for initial circumtriple disk misalignment of i, = 38° (left plot) and iy = 28° (right plot). The initial
surface density profile is given by the flat black line. The thin yellow and thick purple lines denote H/r = 0.02 and H/r = 0.05, respectively. For each disk

misalignment, the disk breaks when H/r = 0.02.

to H/r = 0.02 without altering any of the hydrodynamical
results from version 1. Here, we argue, based on observational
evidence, that disk aspect ratios as thin as H/r = 0.02 are
unlikely for protoplanetary disks.

A temperature as a function of radius for a simple irradiated
flaring disk is given by

1
—L, 1/4
2 ) )

L) (47rr2053
where L, is the bolometric luminosity, osg is the Stefan—
Boltzmann constant, and ¢ is the flaring angle (e.g.,
E. I. Chiang & P. Goldreich 1997; P. D’Alessio et al. 1998;
C. P. Dullemond et al. 2001, 2018). Based on previous models,
we set the flaring angle to be ¢ = 0.02. The bolometric
luminosity for GW Ori is L, ~ 48 L, assuming that the
primary dominates the total emission of the system (M. Fang
et al. 2014; J. Bi et al. 2020; S. Kraus et al. 2020b). GW Ori C
is much less luminous than GW Ori A (J. P. Berger et al. 2011).
The pressure scale height of the disk is given by

3
H= _kpTar” , (5)
\ ©m,GM,
where kg is the Boltzmann constant, m,, is the proton mass, G is
the gravitational constant, and p = 2.3 is the mean molecular
weight in atomic units.

Figure 3 shows the disk aspect ratio from Equation (5) as a
function of disk radius for GW Ori. The black double-hatched
area represents the orbital extent of the AB-C binary, and the
red single-hatched area denotes where the tidal torque truncates
the disk (e.g., P. Artymowicz & S. H. Lubow 1994). At 40 au
(the initial inner disk edge from the SPH simulations), the disk
aspect ratio is H/r ~ 0.06. An aspect ratio of H/r = 0.05 at
r = 40 au does not lead to disk breaking under the torque of the
triple star system. Even if the inner edge of the disk is less than
40 au, H/r does not reach a value of 0.02, which is the value
used in S. Kraus et al. (2020b). Given that we assume a
constant H/r in the simulations, the actual disk of GW Ori is
likely to be thicker than our simulations suggest, making it
more resistant to disk breaking. The typical values of the disk

0.09

0.08

0.04

0.03 4

0 50 100 150 200
r [au]

Figure 3. The observationally estimated disk aspect ratio, H/r, as a function of
disk radius, r, for GW Ori from Equation (5). The black double-hatched area
represents the orbital extent of the AB-C binary. The red single-hatched area
denotes the area where the tidal torque truncates the disk.

aspect ratio for protoplanetary disks are H/r > 0.05 (e.g.,
L. Hartmann et al. 1998).

J. L. Smallwood et al. (2021) proposed an alternative
explanation for the prominent disk gap observed in GW Ori,
attributing it to the presence of one or more planets within the
system. Their findings suggest that a massive planet, initially
misaligned with the disk, could repeatedly open a gap within a
thin disk (H/r = 0.05) as its orbital inclination oscillates in and
out of the disk plane. Over time, the broken inner disk
precesses and aligns with the orbital plane of the stars, while
the outer disk remains misaligned—consistent with the
observed disk structure. Conversely, earlier studies (e.g.,
G. Dipierro et al. 2016) indicate that a low-mass planet, tightly
coupled to the gas, could still produce a gap in the dust
component of the disk. Furthermore, synthetic CO moment 1
maps generated by J. L. Smallwood et al. (2021) show that a
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model incorporating a circumtriple planet provides a better
match to the observations by J. Bi et al. (2020) than a planet-
free model. These results collectively challenge the hypothesis
that the break in GW Ori's circumtriple disk arises from stellar
torques acting on the disk. Instead, they point to the presence of
undetected planets as the likely cause of the observed disk-
breaking phenomenon, potentially marking the first detection
of planets in a circumtriple orbit.

Disk misalignment relative to the stellar orbital plane may
arise from the infall of material in the form of gaseous
streamers with varying angular momentum, which may
contribute to disk warping. For example, the observed disk
misalignment in SU Aur may be linked to the presence of
infalling material (C. Ginski et al. 2021). Additional examples
of observed misaligned disks associated with infall processes
have been reported by A. Garufi et al. (2024). Beyond
observational data, theoretical studies bolster this explanation,
demonstrating that infalling material can induce primordial
misalignments during the early stages of disk formation
(I. Thies et al. 2011; M. R. Bate 2018; M. Kuffmeier et al.
2021). Moreover, larger-scale simulations indicate that infall
from the surrounding environment is frequently misaligned
relative to the orientation of preexisting disks, emphasizing
the prevalence of such dynamics in star-forming regions
(M. Kuffmeier et al. 2024; V.-M. Pelkonen et al. 2024). The
primordial misalignment of the circumtriple disk around GW
Ori was likely caused by the infall of material with angular
momenta misaligned relative to the plane of the triple stars.
Multiple episodes of disk formation is another possible
explanation for the disk orientations in GW Ori.

5. Conclusion

In this Letter, we used hydrodynamical simulations to model
the circumtriple disk around GW Ori to further investigate the
origin of the observed gap. Previous models by S. Kraus et al.
(2020b) suggested that the gap is produced by the interaction of
the disk with the triple stars, causing tearing and eventually
breaking the disk. However, they modeled an extremely thin
disk with an aspect ratio of H/r ~ 0.02, which places their
model near the diffusive regime. Protoplanetary disks are more
likely to have thicker disks, with H/r 2 0.05, and to be in the
bending wave regime (e.g., L. Hartmann et al. 1998). The
simulations conducted in this Letter show that with a
circumtriple disk having H/r = 0.05, the disk does not break.
A simple calculation of the pressure scale height for the
circumtriple disk around GW Ori suggests that the aspect ratio
should be larger than 0.05. Therefore, an alternative scenario
for the gap's origin may be the presence of circumtriple planets
orbiting GW Ori (J. L. Smallwood et al. 2021).
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