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Abstract

Observations of protoplanetary disks around binary and triple star systems suggest that misalignments between the
orbital plane of the stars and the disks are common. Motivated by recent observations of polar circumbinary disks,
we explore the possibility of polar circumtriple disks and therefore polar circumtriple planets that could form in
such a disk. With n-body simulations and analytic methods, we find that the inclusion of a third star, and the
associated apsidal precession, significantly reduces the radial range of polar orbits so that circumtriple polar disks
and planets can only be found close to the stellar system. Outside of a critical radius that is typically in the range of
3-10 times the outer binary separation, depending upon the binary parameters, the orbits behave the same as they
do around a circular orbit binary. For some observed systems that have shorter-period inner binaries, the critical
radius is considerably larger. If polar circumtriple planets can form, we suggest that it is likely that they form in a

disk that was subject to breaking.

Unified Astronomy Thesaurus concepts: Exoplanet dynamics (490); Celestial mechanics (211); Trinary stars

(1714); Protoplanetary disks (1300)

1. Introduction

Multiple stellar systems are common in star-forming regions
(Duchéne & Kraus 2013). Disks around triple star systems are
also expected to be common (Tobin et al. 2016; Bate 2018),
and there are several well-known examples including GG Tauri
A (Di Folco et al. 2014; Keppler et al. 2020; Phuong et al.
2020a) and GW Ori (Bi et al. 2020; Kraus et al. 2020;
Smallwood et al. 2021). A common feature of these disks is
that they are tilted with respect to the orbital plane of the stars.
Disk misalignment may initially occur, for example, because of
turbulence in the molecular gas cloud (Offner et al. 2010;
Bate 2012; Tokuda et al. 2014) or later accretion of material by
the young binary (Bate et al. 2010; Bate 2018). Misalignment
may be increased later by stellar flybys (Nealon et al. 2020) or
bound stellar companions (e.g., Martin & Lubow 2017; Martin
et al. 2022).

Around an eccentric binary star system, test particle orbits
have two stable stationary states: coplanar alignment to the
binary orbit and polar alignment, in which the angular
momentum of the particle orbit is aligned to the binary
eccentricity vector and 90° to the binary orbital plane (Verrier
& Evans 2009; Farago & Laskar 2010; Doolin & Blundell
2011; Chen et al. 2019). A particle that is misaligned from one
of these two stationary states undergoes nodal precession. Low
initial inclination orbits precess about the binary angular
momentum vector, while high initial inclination orbits precess
about the binary eccentricity vector. Since the test particle does
not affect the dynamics of the binary, the qualitative behavior
does not depend on the orbital radius of the particle around the
binary unless general relativity or tides become important
(Lepp et al. 2022).
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A circumbinary disk with a low mass can undergo similar
dynamical behavior to a test particle (e.g., Aly et al. 2015;
Martin & Lubow 2018). If the disk is in good radial
communication, it can undergo solid body precession at an
angular momentum weighted average rate (Papaloizou &
Terquem 1995; Larwood et al. 1996). For protoplanetary
disks, the radial communication is wavelike (Papaloizou &
Pringle 1983; Lubow & Ogilvie 2001). Dissipation in the disk
leads to alignment either toward coplanar (Facchini et al. 2013;
Nixon et al. 2013) or polar, depending on the initial tilt (Martin
& Lubow 2017; Lubow & Martin 2018; Zanazzi & Lai 2018;
Cuello & Giuppone 2019). Several polar circumbinary disks
around eccentric binaries have been observed (Kennedy et al.
2012, 2019; Kenworthy et al. 2022) although none have yet
been observed around a triple star. While polar circumbinary
planets have not yet been observed, their formation may be as
efficient as in a coplanar configuration (Childs &
Martin 2021a, 2021b).

While the evolution of circumbinary particles and disks is
now fairly well understood, the inclusion of an inner
hierarchical triple star system has not been explored in detail.
In this work, for the first time, we examine the effect of an inner
triple star system on the existence of polar orbits. In Section 2
we use n-body simulations, and in Section 3 we compare them
to analytic models. The inner and outer binaries that compose
the triple star undergo apsidal precession. We show that this
can remove the possibility of polar orbits outside of a critical
radius from the triple star. This is similar to the effects of
general relativity that also causes apsidal precession of the
binary (Lepp et al. 2022) but with much higher precession
rates. In Section 4 we draw our conclusions and discuss
implications both for observations of circumtriple disks and for
the properties of planets that may form in such disks.

2. Circumtriple Particle Orbits

In this section we first consider the dynamics of a particle
orbiting a triple star with our standard parameters, and then we
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consider the effect of varying different triple star parameters.
We use the REBOUND N-body code (Rein & Liu 2012). The
simulations were integrated using a combination of IAS15, a
15th order Gauss—Radau integrator (Rein & Spiegel 2015)
and the WHFast, a symplectic Wisdom—Holman integrator
(Wisdom & Holman 1991; Rein & Tamayo 2015).

2.1. Triple Star Parameters

Triple star systems are found to occur with a large range of
properties. Figure 3 of Tokovinin (2021) plots the outer binary
period as a function of the inner binary period for a sample of
1820 systems that lie within a distance of 200 pc. The sample is
subject to strong selection effects that favor the detection of
close spectroscopic binaries and resolved wide binaries.
Nonetheless, the plot suggests that for longer-period inner
binaries (>1y), the outer to inner semimajor axis ratios
typically range from 3 to 50. For shorter-period inner binaries
(<1ly), the ratio range is typically from 20 to 100, and ratios of
greater than 1000 also occur.

Triple star systems may be unstable for a wide range of
parameter space (Mardling & Aarseth 2001; Valtonen &
Karttunen 2006; Vynatheya et al. 2022). We consider
hierarchical triple systems composed of an inner binary with
an outer binary companion. The inclination of the inner binary
to the inclination of the binary companion must be small
enough to avoid von Zeipel-Kozai-Lidov (ZKL) oscillations
(von Zeipel 1910; Kozai 1962; Lidov 1962; Naoz 2016;
Hamers 2021). Figure 3 of Tokovinin (2021) shows evidence
of the stability limit at a period ratio of about 4.7 predicted by
Mardling & Aarseth (2001). For the range of parameters
studied, the eccentricity of all the particle orbits are relatively
constant.

The orbits are scale free in mass and length, and we adopt as
our mass unit the total mass of the triple star system, m,p, and
for our length unit, the semimajor axis of the outer companion,
a,p- For our standard parameters, the inner binary has a total
mass m, and is composed of an equal mass binary with
Mpq = map = 0.25 myp, semimajor axis ay = a,p/20, eccentri-
city e4 =0, and an inclination of iy =0 (coplanar) relative to
outer companions orbit. The outer companion to the binary has
mass mg =my = 0.5 myp and is in an orbit with an eccentricity
of eqp=0.5.

More generally, we define the relative mass of the inner

. ™ )
binary as f, = pa— where my;, is the smaller of the two

masses, and so this parameter ranges from O to 0.5. The relative
mass of the companion is f; = ’:’—E Since the companion may
AB

be smaller or larger in mass than the inner binary, this
parameter ranges from O to 1. Our standard parameters have
fa=0.5 and fz = 0.5. These parameters are in the stable region
for circumtriple systems. The system becomes unstable with
larger a4 and esp. Adopting the multilayer perceptron (MLP)
model from Vynatheya et al. (2022) and varying e4p, we find it
is stable for e4p < 0.8 and as/asp < 0.13. We check our ranges
of parameters with the MLP model (Vynatheya et al. 2022) to
avoid unstable regions. However, the transition between stable
and unstable is gradual rather than abrupt (Hayashi et al. 2022),
and so we have chosen our standard parameters to be well clear
of unstable regions.
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2.2. Test Particle Orbits around Our Standard Triple Star

We run test particle orbits at radius r around the triple
star. The test particles can have unstable orbits if they are
too close to the AB binary (Holman & Wiegert 1999; Chen
et al. 2020; Quarles et al. 2020). We only consider orbits at
radii large enough to be stable. We analyze the test particle
orbits in the frame of the AB binary made up of the
companion star orbiting the inner binary. We characterize
the test particle orbit by its inclination and nodal phase
angle relative to this binary. The inclination of the orbit is
given by

i =cos (Iag - 1), (D

where iAB is a unit vector in the direction of the AB binary
angular momentum and ip is a unit vector in the direction of the
particle’s angular momentum. The nodal phase angle is the
angle measured relative to the eccentricity vector of the outer
binary and is given by

QS _ tan*l lp . (AIAB X eAB) + 900’ (2)
p’ éAB

(Chen et al. 2019, 2020) where ¢ is the phase angle and éxp is
the eccentricity vector of the outer binary.

We run test particle orbits around our standard triple star that
begin in circular orbits at radii of r=3.5, 4.5, 5.5, and 6 a,p.
We start with initial inclinations in 10° increments from 10° to
170° and with an initial longitude of the ascending node of 90°.
The resulting orbits are plotted in the (i cos ¢, i sin ¢) phase
plane in the left panel of Figure 1. The right panel shows the
same information but displays the paths of the particle’s orbital
angular momentum vector on the unit sphere.

For low initial inclinations, there is a circulating region
shown in green, in which the particle angular momentum
vector precesses around the binary angular momentum
vector. The retrograde circulation region is shown in blue
where the particle’s angular momentum vector is orbiting
about the negative of the binary’s angular momentum vector.
There is a librating region, shown in red, where the particle
angular momentum vector precesses around a stationary
inclination. This stationary inclination for close-in particles
is at i =90° and aligned with the binary eccentricity vector.
As the particle moves to larger orbital radii, the stationary
inclination moves to higher inclinations. Once the stationary
inclination is >180°, there are no more librating orbits, and
the particle has similar dynamics to one around a circular
orbit binary since it nodally precesses about the binary
angular momentum vector for all inclinations. This is very
similar to the behavior seen in Lepp et al. (2022) where we
considered test particle orbits about a binary that was
precessing due to the effects of general relativity. Here the
behavior of the triple star system is causing a similar
precession but at a timescale over an order of magnitude
higher.

All the simulations in this paper were run with zero-mass test
particles, but to see the effects of a massive particle, we ran
select simulations with various mass particles. The simulations
are essentially unchanged by introducing a particle up to
map/1000 (about a Jupiter mass if map=~1Ms). A Jupiter
mass particle follows the test particle evolution. Masses
significantly above this mass can change the evolution. In
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Figure 1. Test particle orbits around our standard triple star at orbital radii of r = 3.5, 4.5, 5.5, and 6 a,p. Left: the (i cos ¢, i sin ¢) phase plane. Right: precession
paths for the angular momentum vector of the test particles plotted on surface of sphere. The angular momentum and eccentricity unit vectors of binary are shown in
green and red, respectively. The circulating orbits are shown in green, librating orbits are red, and retrograde circulating orbits are blue.

standard model

180 T T T~ T T
160 o —
or % ]
o B bt
~ L _|=H=l' Imin _
— 80 S i. X
60-p-HH s .
40 - Imax -
20 [ . | apalytilc .
0
35 4 45 5 55 6 6.5 7
r (apg)
T T
1 1 i
35 4 45 5 55 6 65 7
r (apg)
ap=1/30 app

5 55 6 65

r (apg)

7

e =0.4 e,=0.6
:]Igg ) T Iﬁl T T ] :Ilgg [ T T $+I T T T i
138 : «“‘fl-ﬁ- ] ?lgg § <“$"+ i
— ‘,‘ﬂ""‘_FFF" i = 100 _«“"_FFI- i
e 1 = ‘sofurt .
- 1 = o ]
60 60
40 - 40 | .
28 B 1 1 1 1 1 1 i 28 L 1 1 1 1 1 1 ]
35 4 45 5 55 6 6.5 7 35 4 45 5 55 6 6.5 7
r (app) r (apg)
e p=0.6 ap=1/16 app
128 T T T N T T ::28 T T >|<+ T T T
I N i I ¥ i
140 |- R . 140 - «?ﬁ.’¢+ ]
120 W - 120 [ p20008¢ .
= 100 R H++‘FF 4 = 100 W_,_# i
= 80, et 1 = 80t .
60T - 60 .
40 1 40 | 1
28 B 1 1 1 1 1 1 i 28 L 1 1 1 1 1 1 ]
35 4 45 5 55 6 65 7 35 4 45 5 55 6 6.5 7
r (app) r (apg)
i,=10 i,=20
180 T T T T T T 180 T T T T T
160 R + — 160 3 >’2§\< .
S | B et
1 N T 1 - 222 -
T 100 pRIRARETT 41 = 100Wﬁﬁ# .
T 80F 1 = sof e 1
60-fr-HHT . 60 FeHHT .
40 |- . 40 F -
28 B 1 1 1 1 1 1 i 28 L 1 1 1 1 1 1 ]
35 4 45 5 55 6 6.5 7 35 4 45 5 55 6 6.5 7
r (app) r (apg)

Figure 2. The minimum initial inclination (imin, magenta), maximum initial inclination (imax, blue) for librating orbits, and the stationary polar inclination (green) for
varying e4, eap, dap, Or iy (in degrees) from our standard model. The analytic curve for the stationary state is from Equation (8), with a = 2. The key in upper left
panel applies to all nine panels.

particular, large masses in polar orbits induce a precession in
the outer binary in the opposite direction of that caused by the
inner binary and cause the total precession of the outer binary

to be slower.

2.3. Critical Radius for Librating Orbits

In Figure 2 we show the smallest initial inclination for a
librating orbit, i,;,; the largest initial inclination for a librating
orbit, iyax; and the stationary inclination, i;, where the orbit
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Figure 3. The critical radius, r., inside of which there are polar orbits for varying e,, eap, aa, ia, fa, and fp from our standard model parameters. The purple crosses
show numerical simulations, and the green curves show the analytical estimate. The analytic lines only depend on « in the top left panel (since e, = 0 everywhere

else), and there we take o = 2.

stays at a fixed inclination with no nodal precession. The upper
left panel in Figure 2 represents our standard triple star
parameters. There are circulating orbits at low inclinations
i < imin and retrograde circulating orbits for i > ipax. If
imax > 180°, then there is no retrograde circulating region
and since the librating orbits occur around i, there are no
librating orbits when i; > 180°. The precession of the triple star
system causes the stationary inclination to move to higher
inclinations with increasing test particle radius, until it becomes
greater than 180°, and then there are no librating orbits. We call
this radius the critical radius, 7., and it represents the maximum
radius at which test particles can orbit the outer binary in a
polar orbit. For our standard triple star parameters, . = 5.7 a,p.

We now consider the effect of varying the triple star orbital
parameters on the test particle orbits. The other panels in
Figure 2 take our standard model and vary one of the
parameters. In the next two panels across the top, we vary the
eccentricity of the inner binary from e4 =0 to e¢4 =0.4 and
e, = 0.6. The change in e, increases the apsidal precession rate
of the AB binary by about 30% for e4 = 0.4 and about 70% for
0.6. The radius r, then occurs at smaller orbital radii of 5.28
and 4.87 aup for e4 = 0.4 and e4 = 0.6, respectively.

Next, we vary from our standard case the eccentricity of the
companion from its value of e p=0.5 to e p=0.2 and
esp = 0.6. In both cases, r, is reduced though the effect is much
weaker than that seen for varying e4. This is because e, affects
both the precession rate of the ascending node of the test

particle and the apsidal precession rate of the AB binary (see
Section 3).

We then vary the ratio of the semimajor axis of the inner
binary to the companion from its standard value of
aa/asg=1/20. For as/aspg=1/16 we find r. ~ 5 a,p, and for
aa/asg = 1/30, we find r. = 7.25 a,p, which is off the range of
the plot. This again reflects the change in the apsidal precession
rate of the binary with changing geometry. Finally, we consider
the effect of the inclination of the inner binary relative to the
triple star companion. We have restricted our simulations to
small angle inclinations to avoid ZKL oscillations that would
introduce additional time variations. We change our standard
model to have the inner binary’s orbit inclined to the orbital
plane of the companion, and this increases r.. The critical
radius gets larger as the apsidal precession rate gets smaller.
However, we note that the inclination has a weak effect on the
critical radius.

Figure 3 shows the critical radius . as a function of some of
the triple star parameters. The crosses show the numerical
determination of the radius. We vary e,, eap, da, ia, fa, and fp.
The critical radius depends on the rate of the apsidal precession
of the AB binary as well as on the nodal precession rate of the
test particle orbit (see the next section). The faster the apsidal
precession, the smaller the critical radius. For typical triple star
parameters (Tokovinin 2008, 2021), the critical radius is in the
approximate range 3 — 10 a4, unless one of the stars has a
much smaller mass than the others. The innermost stable orbit
for a polar circumbinary test particle is typically around
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Figure 4. Left: apsidal precession rate (cv) variation with e, around our standard triple star, one with e,z = 0.4, and one with an inclination i, = 30°. The analytical
fits are shown with coefficients of both o = 1.5 and o = 2.0. Right: the coefficient « in front of ¢3 in the precession formula averaged over the values of e, from 0.1

to 0.9.

2 — 2.5 ayp (Chen et al. 2020), and so the radial range of stable
polar circumtriple orbits may be quite small. However, as
discussed in Section 2.1, some observed triple star systems
found with short-period inner binaries have more extreme outer
to inner semimajor axis ratios that allow the critical radius to
extend to more than 80 ayp.

The libration timescale increases with the semimajor axis of
the test particle. For our standard model, the critical radius
outside of which there are no polar orbits is r, =5.73 ap. In
this case, for a test particle at r=5.5 a,p, orbits near the
stationary inclination librate about it with a period of about
4000P4p, where P,p is the orbital period of the outer binary. At
an orbital radius of r=4.5a,p, orbits near the stationary
inclination librate with a period of about 800 P4p.

3. Analytical Estimation

The stationary inclination occurs where the apsidal preces-
sion rate of the binary is equal to the nodal precession rate of
the test particle. We follow Zanardi et al. (2018) to analytically
find the stationary inclination based on the quadrupole order
expansion of the Hamiltonian. They derived it for the case
where general relativity drives the apsidal precession. The
precession of the ascending node of the test particle is given by
Equation (4) in Zanardi et al. (2018). For a circular (e =0)
polar stationary orbit (€2 =90°), the nodal precession rate is
O, = mampgk (@)230051'(1 + 4e3p) 3)
miptr32\ r 4 ’
where k” is the gravitational constant. We equate this to the rate
of change of the longitude of the periapsis for the binary,
Tup = g + QAB, to find the stationary inclination for the test
particle:

4 )27 @
3k mymg aﬁB (1 —|—4e§B) '

iy = cos~! (WAB

This formula is general, and the apsidal precession rate for the
binary could come from general relativity (e.g., Zanardi et al.
2018), tidal interactions (e.g., Sterne 1939), or interactions with
a companion star (e.g., Morais & Correia 2012).

The precession rate of the longitude of the periapsis of the
companion in a triple in the quadrupole approximation is given
by

& _(%) mpatap(myp)' />
AR (my)?

X ( 67&2)( ! > )F(EA, i), 5)
aAl/3 (1 - eAB)z

where

Fea, ia) = (1 + aeﬁ)( 5

+ %eg(l — ¢05 (i4)?)cos(2wy) (6)

3cos(is)?* — 1)

(see Equations (25) and (26) in Morais & Correia 2012),
where i4 is the inclination of the inner binary relative to the
outer binary, and wy, is the argument of the periapsis of the
inner binary measured relative to the outer binary. The
same rate may also be found for the coplanar case by
adding all the quadrupole terms for ¢ and € for the outer
binary (Equations (74) and (76) in Naoz 2016); the
inclination dependence is slightly different as Morais &
Correia (2012) approximate the outer binary as the fixed
plane. In all our configurations, the outer binary carries
most of the angular momentum, and so this is a good
approximation, as seen in Figures 2—4. The first term in
Equation (6) sets the average rate of apsidal precession, and
the second term causes an oscillation about this average
precession rate. If wy is an odd multiple of 45°, then the
second term is zero. In practice, one can ignore the second
term if one wants the average precession over long times or
in a time that is centered around an odd multiple of 45°. The
expression is valid so long as a4 < asp and mg is not much
less than m,, meaning that the AB binary has most of the
angular momentum, and thus the AB binary plane is very
nearly a fixed plane in the system.
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For an inclination of zero, the function in Equation (6)
simplifies to

F(eap, 0) = (1 + ae}). @)

Here, the a = % factor given in Morais & Correia (2012) works
well in the limit of a,z>> aA, and we find it works well for
ratios of as/aap < 0.005. However, our standard triple star has
aa/aap=0.05, and so higher order terms have changed this
parameter. In Naoz (2016) it is clear that the octupole terms
vanish for our standard case of an equal mass inner binary, and
so it must be due to even higher order terms (e.g., Yokoyama
et al. 2003; Vinson & Chiang 2018; de Elia et al. 2019). We
now consider numerical fits for this parameter.

The left panel of Figure 4 shows the numerically determined
particle precession rates around the triple star as a function of
es. We consider the standard model with e4z =0.4 and the
standard model with iy, =30°. To get an accurate precession
rate, we average the precession rate over 40 periods of the AB
binary and over a time with the relative angle of the precession
of 45°; this assures that the second term in Equation (6)
averages to zero.

In the right-hand panel, we show a numerical determination
of « as a function of a,/asp. We take ¢4 =0.1, 0.3, and 0.5
with a coplanar binary and inclinations of 10°, 20°, and 30°
with e g = 0.5. For each point, we vary e, between 0.1 and 0.9
in steps of 0.1 and find for each an exact « that would give that
rate relative to the e, = 0 rate. We then average all of these. At
small ratios of a4/aap, the best fit for « is 3/2, but close to our
standard model a4 /a,p = 0.05, a much better fit is o = 2.

We now take gy from Equation (5) and find the stationary
inclination with Equation (4) to be

2 7/2
, _1 MAqaMApMAp r
1y = COS -3 |
mymp asp

F, (e, iA]- (8)

2
ax 1

X( ) 2 2w
asp) (1 + deyp)(1 — ejp)

The orange curves in Figure 2 show the analytic stationary
inclination with o =2. There is good agreement between this
and the numerical solutions.

We find the critical particle orbital radius outside of which
there are no polar orbits by setting i, = 180° and solving for r to

find
3 2
te _ mAmB (@)
aAB (mAamAbij aa
2/7
L= + 47
F.(es, I)

©)

Our standard parameters have r./asg = 5.73, in agreement with
the top left panel of Figure 2. More generally we find
T, MAE

asp

where M, A, and E are scaling functions for the radius in terms
of mass, semimajor axis, and eccentricity of the companion,
which have been normalized to one for our standard
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parameters. The scaling with masses is

mim 27
M (mpq, My, mp) = (Ai’gz) (11)
MpqMApMyp
2/7
(I = ffy
with semimajor axis is
a7
A(ayp, asp) = , 13
(aa, aap) (2OaA) (13)
and with the companion eccentricity is
8(1 — e2)%(1 + 4edp) '
Eeng) = ( ( AB>9( ) 14

The green curves in Figure 3 show this analytic solution for the
critical radius. We see that there is good agreement between the
numerical and analytic solutions.

4. Discussion and Conclusions

Misaligned circumbinary test particle orbits around an
eccentric binary undergo nodal precession either about the
binary angular momentum vector (i=0°) or about the
stationary polar inclination that is aligned to the binary
eccentricity vector (i =90°). The orbit type depends on the
initial particle inclination and the binary eccentricity, but it
does not depend upon the particle semimajor axis. With n-body
simulations and analytic methods, we have investigated the
dynamics of circumtriple particle orbits. For close-in particles,
the polar inclination is 90°, and the orbits around the triple star
are similar to those around the outer binary, with the inner
binary replaced by a single star. However, with a hierarchical
triple star, the inner and outer binaries undergo apsidal
precession, and this leads to an increasing polar stationary
inclination with increasing particle semimajor axis. There is a
critical radius . outside of which there are no polar orbits, only
circulating orbits that precess about the binary angular
momentum vector. We find for typical parameters that the
critical radius is in the approximate range 3—10 times the outer
binary semimajor axis. Therefore, polar circumtriple orbits
typically exist only relatively close to a triple star. But for some
observed shorter-period inner binaries (<1y), the ratio of the
outer to inner semimajor axis is quite large (Tokovinin 2021).
In such cases, the circumtriple orbits can occur at relatively
large distances from the outer binary.

A low-mass circumtriple disk can undergo similar behavior
to the particles, but the radii of the disk communicate with each
other, allowing solid body precession. Therefore, a disk with an
outer radius larger than r. could reach a polar state. However,
because r, can be only a few times larger than the outer binary
separation, even if a disk began with an outer radius smaller
than r, it may quickly spread out beyond this, depending upon
the disk viscosity. This suggests that a polar circumtriple disk
could form although it may be the inner part of a broken disk. If
r. is small, communication through the disk may instead lead
the outer parts to dominate the behavior and the disk to move
toward coplanar alignment. These effects should be investi-
gated in future work.

There are two triple star systems that may have planets
orbiting them, GG Tauri A (Phuong et al. 2020b) and GW Ori
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(Bi et al. 2020; Smallwood et al. 2021). The GG Tauri A
system consists of three stars (Di Folco et al. 2014) with
mp=0.6 M., my,=0.38M., and my, =0.3 M. The outer
binary semimajor axis is estimated to be a,p = 36 au and inner
binary semimajor axis is about a4 = 5.1 au. The other orbital
parameters are uncertain, but we can estimate M= 1,
A=0.55, and r.=3.2a4p=113au. The disk around the
triple star system extends from r=180au~5a,p to 800 au,
and the proposed planet is at about 230au. The second
system, GW Ori, has the triple star parameters my, =
24TMe, map= 143M., mup=136M,, as=12au,
a,p=28.89 au, e4=0.069, and e p=0.379 (Kraus et al
2020). These give A =0.56, M=0.95, F=1, and E=1.05,
and we find r.=3.0a,5 =28.4au. The observed disk is at
r>36au~4a,p and the proposed planet is at r= 100 au.
Again the disk and the planet are well outside the critical
radius.

For both of these observed circumtriple systems, the inner
edge of the disk and the orbits of the potential planets are larger
than r.. This suggests that the dynamics of the planet and disk
is similar to that around a circular orbit binary. A coplanar
circumbinary disk is truncated at 2-3 times the binary
separation (Artymowicz & Lubow 1994), and the cavity size
decreases with increasing tilt of the disk (Miranda & Lai 2015;
Lubow & Martin 2018; Franchini et al. 2019). Therefore, the
inner truncation radius of both of these disks is larger than
would be predicted for a circumbinary disk. This could be a
result of the triple star effects described in this work that limit
the disk to be in r > r.. The tidal truncation of a misaligned
circumtriple disk should be investigated in future work.
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