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Motivation
Given a perturbation, theory predicts model-dependent disk structure

 disks in multiple systems could help calibrate models

HD 98800 polar disk 3

Figure 1. Circumbinary accretion disks around the binary BaBb viewed face on. The disk is shown at time of 740 binary
orbits with inclination: i = 0� (left panel), i = 48� (middle panel) and i = 90� (right panel). The binary components are shown
by the two green circles. In the polar aligned disk on the right, one star is behind the other.

Figure 2. Surface density profile of the circumbinary disk
after 740 binary orbits for three di↵erent inclinations: i = 0�

(black), i = 48� (red) and i = 90� (green). The surface den-
sity ⌃ is normalized by 10�6M/a2, the binary mass devided
by the square of its separation.

viscosity parameter is modelled by adapting artificial
viscosity according to the approach of Lodato & Price
(2010).
We set up a circumbinary disk orbiting around the

binary BaBb. The initial surface density profile is
set as ⌃ / (R/Rin)�3/2 between Rin = 1.6 au and
Rout = 6.4 au and the sound speed distribution is given
by cs / (R/Rin)q with q = 3/4 in order to ensure that
the disk is uniformly resolved (Lodato & Pringle 2007).
The initial mass of the gaseous accretion disk is set as
Md = 0.001M�. The small disk mass does not sig-
nificantly a↵ect the evolution of the binary orbit (e.g.,
Martin & Lubow 2019). The aspect ratio at the in-
ner edge is H/R(Rin) = 0.1 and the viscosity is set as

↵ = 0.1. Since these parameters are both upper limits
to values expected for protoplanetary disks, we are con-
sidering the most viscous case possible. The cavity size
is determined by the balance between the viscous torque
with the binary torque and thus these parameters lead
to the smallest possible cavity size.
We measure the size of the cavity carved by the binary

in disks at di↵erent inclinations i = 0�, 48�, 90�. The
disk has to reach a steady state in the inner parts of the
disk where the tidal torque balances the viscous torque
in the disk. The inclination of the coplanar and polar
aligned disks do not evolve and so finding a steady state
is straightforward. However, in the misaligned case, the
inclination of the disk changes in time.
A low mass circumbinary disk that is initially inclined

by 48� might evolve towards polar alignment, depending
also on its initial longitude of ascending node, and by
this time the cavity is the same size as the disk that
starts at 90�. Therefore, we start a simulation with
the circumbinary disk inclined by 20�. The disk will
eventually evolve to coplanar alignment, but because the
binary is eccentric, the disk undergoes tilt oscillations
(see for example Figures 6 and 12 in Smallwood et al.
2019). The disk becomes warped but reaches a density
averaged inclination of 48� at times of roughly 100 and
740 binary orbits. The disk surface density in the inner
regions has reached a steady state by 740 binary orbits
and so we choose to show all three simulations at this
time.
Figure 1 shows the disk column density for the copla-

nar (left panel), 48� (middle panel) and polar (right
panel) configuration respectively after 740 binary orbits.
Each disk is viewed face on. The binary components are
identified by the green circles and the gas colour scale
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orbits with inclination: i = 0� (left panel), i = 48� (middle panel) and i = 90� (right panel). The binary components are shown
by the two green circles. In the polar aligned disk on the right, one star is behind the other.

Figure 2. Surface density profile of the circumbinary disk
after 740 binary orbits for three di↵erent inclinations: i = 0�

(black), i = 48� (red) and i = 90� (green). The surface den-
sity ⌃ is normalized by 10�6M/a2, the binary mass devided
by the square of its separation.

viscosity parameter is modelled by adapting artificial
viscosity according to the approach of Lodato & Price
(2010).
We set up a circumbinary disk orbiting around the

binary BaBb. The initial surface density profile is
set as ⌃ / (R/Rin)�3/2 between Rin = 1.6 au and
Rout = 6.4 au and the sound speed distribution is given
by cs / (R/Rin)q with q = 3/4 in order to ensure that
the disk is uniformly resolved (Lodato & Pringle 2007).
The initial mass of the gaseous accretion disk is set as
Md = 0.001M�. The small disk mass does not sig-
nificantly a↵ect the evolution of the binary orbit (e.g.,
Martin & Lubow 2019). The aspect ratio at the in-
ner edge is H/R(Rin) = 0.1 and the viscosity is set as

↵ = 0.1. Since these parameters are both upper limits
to values expected for protoplanetary disks, we are con-
sidering the most viscous case possible. The cavity size
is determined by the balance between the viscous torque
with the binary torque and thus these parameters lead
to the smallest possible cavity size.
We measure the size of the cavity carved by the binary

in disks at di↵erent inclinations i = 0�, 48�, 90�. The
disk has to reach a steady state in the inner parts of the
disk where the tidal torque balances the viscous torque
in the disk. The inclination of the coplanar and polar
aligned disks do not evolve and so finding a steady state
is straightforward. However, in the misaligned case, the
inclination of the disk changes in time.
A low mass circumbinary disk that is initially inclined

by 48� might evolve towards polar alignment, depending
also on its initial longitude of ascending node, and by
this time the cavity is the same size as the disk that
starts at 90�. Therefore, we start a simulation with
the circumbinary disk inclined by 20�. The disk will
eventually evolve to coplanar alignment, but because the
binary is eccentric, the disk undergoes tilt oscillations
(see for example Figures 6 and 12 in Smallwood et al.
2019). The disk becomes warped but reaches a density
averaged inclination of 48� at times of roughly 100 and
740 binary orbits. The disk surface density in the inner
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and so we choose to show all three simulations at this
time.
Figure 1 shows the disk column density for the copla-
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Each disk is viewed face on. The binary components are
identified by the green circles and the gas colour scale
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the nearest pre-main-sequence multiple star systems. In prin-
ciple, the disk structures determined here can be used to help
assess the potential for planet formation in the presence of a
stellar companion and to test theoretical calculations of star–
disk tidal interactions. The latter task has further implications
for disk studies, as empirical constraints on these dynamical
interactions can be used as high mass ratio (µ) touchstones for
modeling the impacts of young giant planet companions on their
local disk environments.

Unfortunately, very little is known about the stellar orbits in
the Hen 3-600 hierarchical triple system. Muzerolle et al. (2000)
noted that the primary appears to be a double-lined spectroscopic
binary with a large radial velocity difference (∼40 km s−1),
although repeated measurements have not been able to extract a
reliable set of orbital parameters (Torres et al. 2003). If the
inner truncation radius estimated for the Hen 3-600A disk,
Rcav ≈ 1 AU, is indeed set by the dynamical clearing effects of
the central spectroscopic binary, the calculations by Artymowicz
& Lubow (1994) predict that the orbital separation should be
in the range a ≈ 0.2–0.6 AU, depending on the eccentricity
(mass-ratio-related effects are small when µ ≈ 0.1–0.5). The
visual companion Hen 3-600B has been located at angular
separations of 1.4–1.′′5 to the southwest (P.A. ≈ 215◦–230◦)
of the spectroscopic binary system, corresponding to projected
spatial separations of 63–67 AU (de la Reza et al. 1989;
Reipurth & Zinnecker 1993; Webb et al. 1999; Brandeker et al.
2003). While there are no available constraints on the A–B
orbit, projection effects should only produce up to a ∼20%
uncertainty in the physical separation if the disk plane and orbit
are aligned. Assuming that the similar spectral types of the A and
B components imply a roughly equal-mass system (µ ≈ 0.5),
tidal interactions would externally truncate the Hen 3-600A disk
at a radius of ∼25 AU for a circular orbit (Artymowicz & Lubow
1994). The outer disk edge inferred here, Rout ≈ 15–25 AU, is
in good agreement with that prediction, with the uncertainty
permitting moderate orbital eccentricities.

The stellar orbital parameters in the HD 98800 quadruple
system are comparatively more robust, thanks to long-term
and intensive monitoring efforts. Most recently, Boden et al.
(2005) combined infrared interferometric observations with the
extant spectroscopic data from Torres et al. (1995) to measure
the orbital elements and individual stellar properties in the
HD 98800B spectroscopic binary. According to the simulations
of Pichardo et al. (2008), this nearly equal-mass (µ = 0.43),
eccentric (e = 0.78), and close (a = 1.05 AU) system can
harbor a circumbinary disk with an innermost stable orbit at
a radius of ∼3.7 AU. A similar value can be deduced from
the calculations of Holman & Wiegert (1999), or from a slight
extrapolation of the results of Artymowicz & Lubow (1994).
That value is practically identical to the internal truncation
radius determined from the infrared spectrum morphology,
Rcav = 3.5 AU. For the wider HD 98800A/B visual pair,
Torres et al. (1995) compiled a relative astrometric record of the
resolved system over the past century, along with a single-epoch
measurement of the systemic radial velocity difference between
the components. With that information and the Hipparcos
parallax, Tokovinin (1999) determined a family of acceptable
A–B orbits with ∼ 300–430 yr periods, moderate eccentricities
(e = 0.3–0.6), and a ≈ 50–80 AU. For reference, the relative
geometries of the HD 98800B disk and an example A–B orbit
from Tokovinin (1999) are shown together in Figure 4, projected
onto the plane of the sky. Note that the A–B orbital plane
(i ≈ 88◦, Ω ≈ 185◦) is not aligned with the B spectroscopic

Figure 4. Inferred geometry of the HD 98800B disk (grayscale) is compared
with the A–B visual binary orbit (red) computed by Tokovinin (1999), projected
onto the plane of the sky. The two-toned gray shading of the disk corresponds
to the quoted range of possible Rout values (∼10–15 AU).
(A color version of this figure is available in the online journal.)

binary and disk plane (i ≈ 67◦, Ω ≈ 338◦), making a
quantitative prediction for the external disk truncation difficult.
Although the aforementioned theoretical calculations all assume
coplanar interactions, we can use them as a guide to assess
whether or not the outer truncation radius determined here is
reasonable. Assuming that the A and B spectroscopic binaries
are roughly equal in total mass, the models of Artymowicz
& Lubow (1994) or Pichardo et al. (2005) predict that the
HD 98800B disk should be truncated at a radius of ∼8–20 AU,
depending on the assumed disk viscosity and which Tokovinin
(1999) orbit is adopted. Those values are indeed consistent with
the estimates based on modeling the resolved SMA data, where
Rout ≈ 10–15 AU.

In general, the locations of the disk edges derived from our
radiative transfer modeling are in good agreement with the
theoretical predictions of disk truncation due to star–disk tidal
interactions. However, there are some notable problems in the
details that should be brought to attention. One of these involves
the proper interpretation of the inner disk radius, Rin, and the
small amount of dust between it and the cavity edge (Rcav). For
the disk models used here, that small dust mass is necessary
to reproduce the weak infrared excesses and silicate emission
features present in the observed SEDs. However, the dynamical
models suggest that there are no long-term stable dust orbits
inside the inferred Rcav. Perhaps the simplest way of reconciling
this discrepancy is to argue that the adopted parameterization
of the inner disk structure is inappropriate or incomplete. For

more calibration sources within!5" on the sky. For this analysis
we have used HD 97590 (A6 V) and HD 100219 (F7 V) as cal-
ibration objects; Table 1 lists the relevant observational param-
eters for the calibration objects. Calibrating our interferometric
data with respect to these objects results in 34 calibrated visibil-
ity scans on HD 98800 B; these measurements are summarized
in Table 2. Finally we note that as theKeck Telescopes separately
resolve the HD 98800 A-B system (P01), and the KI beam com-
biner is fed by single-mode fiber, no light fromHD 98800 A falls
on the fringe camera when the device is measuring HD 98800 B.
Consequently no special provisions are necessary in processing
KI observations of HD 98800 B.

HST FGS Observations.—The HD 98800 system was ob-
served by theHST FGS in its ‘‘FGS-TRANS’’ mode and F583W
filter on 20 epochs between 1996 and 2002. Of course, the FGS
are also interferometers, but unlike the KI observations the FGS-
TRANS data have been processed into estimated Ba-Bb separa-
tions by methods described in Franz et al. (1998). HD 98800
represents a challenging target for FGS observation: first because
the B subsystem separation is near the resolution limit of the
FGS, and second because (unlike the KI observations) the vi-
sual A component flux must be accounted for in data reduc-
tion. Because of these difficulties, of these 20 epochs only 11 of
the measurements were deemed viable for triple-star analysis.
These 11 B subsystem separation estimates are summarized in
Table 3, which lists FGS separation data, model predictions,
and data model residuals relative to our ‘‘joint-fit’’ orbital solution
(Table 4).

Orbital Solution.—In order to estimate the visual and physical
orbit of HD 98800B, we have integrated the astrometric data sets
described above with the double-lined radial velocity (RV) data
on B presented in T95 (Table 1). Figure 1 depicts our relative vi-
sual and spectroscopic orbit model of the HD 98800 B subsys-
tem as derived in our joint-fit orbital solution (Table 4). The top
panel depicts the relative visual orbit model, with the primary
(Ba) component rendered at the origin and the secondary (Bb)
component rendered at periastron. We have indicated the phase
coverage of our KI V 2 data on the relative orbit with points (they
are not separation vectors); the phase coverage of the V 2 data is
sparse relative to other similar analyses (e.g., Boden et al. 2000).
Because of this sparse phase coverage of the V 2 data, in our ini-
tial visual orbit determination we constrained orbital parameters
measured by RV (i.e., e, !, and P) to their T95 values (Table 4)
and found an orbit model that phased-up acceptably with the T95
solution. Based on that constrained initial estimate, we then fully
integrated the V 2, FGS, and T95 RV data as described below
(Table 4). The size of the HD 98800 B components are esti-
mated (x 3.1) and rendered to scale. The bottom panel depicts the
integrated double-lined spectroscopic orbit model and RV data
from T95.

Figure 2 depicts direct comparisons between our KI V 2 ob-
servations and predictions from our HD 98800 B joint-fit orbit
model (Table 4; the five nights of data are each rendered in sep-
arate subpanels). Themodel is seen to be in good agreement with
the KI data. Furthermore, Figure 3 shows a direct comparison
between the FGS separation data and the joint-fit visual orbit
model. Again, the body of the FGS data are in good agreement
with our orbit model, and the FGS phase coverage complements
the phase coverage provided by the KI V 2 data.

In order to eliminate the possibility of multiple orbital solu-
tions consistent with the relatively sparse KI data, we augmented
our traditional Marquardt-Levenberg least-squares analysis (e.g.,
Boden et al. 2000) with a Bayesian parameter estimation analysis
(Bretthorst 1988; Press et al. 1992; Lay et al. 1997; Akeson et al.

2002) using the integrated KI/FGS/RV data set, an assumption
of uniform priors in the orbital parameters, and a standard data
likelihood function based on the !2 agreement between the ob-
servation set and orbit model:
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Figure 4 shows representative parameter estimate probability
density distributions from this process. The Bayesian analysis
indicated no viable orbital solutions beyond the one presented
here, and the orbital parameter estimates and uncertainties pro-
duced by the Marquardt-Levenberg and Bayesian analyses are
in good agreement.

Orbital parameter estimates for the 98800 B subsystem are
summarized in Table 4. Included for comparison are the double-
lined orbital parameters on B from T95 (T95); the visual orbit
parameters estimated holding P, e, and ! to their T95 values (V 2

Constrained); solutions integrating the KI V 2 and double-lined
RV data from T95 (V 2 and RV); and V 2, FGS separations, and
T95 RV (Joint-Fit). The various orbital solutions are in good agree-
ment; themost notable variation ($ 2 ") appears between the T95
and joint-fit period estimates based on the expanded time base-
line of the combined data set. In both the Marquardt-Levenberg

 

 

 

  

Fig. 1.—Orbit of HD 98800 B as derived in our joint-fit solution (Table 4).
Top: Relative visual orbit model of HD 98800 B, with the primary and sec-
ondary objects rendered at T0 ( periastron). The specific epochs where we have
KI V 2 phase coverage are indicated on the relative orbit (they are not separation
vector estimates). Component diameter values are estimated and rendered to
scale. Bottom: Double-lined RVorbit model and data from Torres et al. (1995).
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Figure 2. Broadband spectral energy distributions for the HD 98800B (left) and Hen 3-600A (right) disks, constructed from measurements in the literature. Light
gray curves mark the composite stellar photospheres adopted for the radiative transfer modeling, while the black curves show the Spitzer IRS spectra corrected for the
contamination of the nearby companions (see the text). The overlaid curves are disk structure models for different values for the outer disk radius, Rout, as labeled in
the lower left corner of each plot. The individual models are difficult to distinguish here, but show clear differences in terms of the 880 µm visibilities (see Figure 3).
(A color version of this figure is available in the online journal.)

Figure 3. Azimuthally averaged 880 µm continuum visibilities (real and imaginary parts) as a function of the deprojected baseline length for the HD 98800B (left)
and Hen 3-600A (right) disks. The overlaid curves are truncated disk structure models with different values for the outer edge radius, Rout, as labeled in the lower left
corner of each plot.
(A color version of this figure is available in the online journal.)

of the significantly cooler dust temperatures produced around
the later-type Hen 3-600A stars.

Because there is no spatially resolved information in the SEDs
alone, those data can be reproduced equally well with essentially
any value for the outer disk edge. Not surprisingly then, the SED
models for different Rout values shown in Figure 2 are practically
identical. However, the synthetic 880 µm continuum visibilities
computed from the same disk models exhibit distinctive signa-
tures for different outer edge locations. Figure 3 displays the
azimuthally averaged representations of the observed and syn-
thetic visibilities for the HD 98800B and Hen 3-600A disks,
deprojected to account for the disk viewing geometries (see Lay
et al. 1997). The real parts of the SMA visibilities decrease with
deprojected baseline, demonstrating that both disks are resolved.
Moreover, the imaginary parts of the visibilities are essentially
zero, indicating that there is no strong evidence for large depar-

tures from axisymmetry. To facilitate a fair comparison of the
data and models, the model visibilities are first convolved with a
0.′′15 Gaussian to compensate for the atmospheric decoherence
discussed in Section 2. After this “seeing” correction, it is clear
in Figure 3 that the SMA data are best reproduced for Rout val-
ues of ∼10–15 AU for the HD 98800B disk and ∼15–25 AU
for the Hen 3-600A disk. These values could be smaller if the
decoherence is underestimated, but they could only be larger if
Σ were a steeper function of radius (see Andrews & Williams
2007a).

5. DISCUSSION

Through radiative transfer modeling of resolved 880 µm con-
tinuum emission and pan-chromatic SEDs, we have character-
ized the key properties of the circumstellar material in two of

Probably gas-rich,
disk misaligned with 
at least one orbit

Boden et al. 2005 Andrews et al. 2010

(a.k.a. TWA 4 - 10Myr old)
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A unique window on circumbinary planet formation at only 45pc

Technical justification
We require high spatial resolution to discern the spatial structure. The interpretation requires 

knowledge of whether hydrodynamics or n-body dynamics apply, so our sensitivity is set by a 12CO 
J=2-1 level for which a non-detection would firmly place the system in the n-body regime.

Spatial resolution is set by the possible disk structure; n-body dynamics shows an unstable 2au-
wide gap from 7-9au,  and radiative  transfer  modelling infers  an inner  radius  of  2au.  Thus we 
require ~2au resolution (0.04”, C43-8). Given the target RA and anticipated array configurations in 
Cycle 5 we require Band 6. HD 98800 is bright (90mJy @ 850μm) so the continuum sensitivity of 
14μJy  satisfies  our  imaging  goals,  as  illustrated  by  the  CASA simulations  of  wide  3.5-15au 
unwarped, warped, and warp+7-9au gap disks shown in the left panel of Fig. 4. For these models 
truncation limits the disk extent to a maximum of about 40 beams.

Spectral setup: We may detect 12CO J=2-1, and if so will use it to study the gas disk structure 
and kinematics. The right panel of Fig. 4 illustrates our ability to characterise the level of warp if 
CO is detected. For this line we use a velocity resolution of 0.7km/s, sufficient for the total velocity 
width of 50km/s at 2au (20km/s at the maximum extent of 15au). The other three basebands are 
configured for continuum sensitivity at low spectral resolution.

Sensitivity: Our Band 6 sensitivity is set by a stringent test of whether the total gas/dust ratio is 
below unity  as  this  sets  how the  interpretation  is  done.  We assume an  excitation  temperature 
Tex=Tdust=155K, a primordial CO/H2 ratio of 10-4 and a dust mass of 0.26MEarth (Riviere-Marichalar 
et  al  2013).  Conservatively assuming that  the CO is spread over 40 beams and requiring a 5σ 
detection when the gas/dust ratio is unity (~10-5 MEarth of CO) requires a sensitivity of 1.7mJy/beam 
in a 0.7km/s channel (1.1h on source, 2.9h total). Deviations from these conservative assumptions 
leads to a stronger limit on the gas/dust ratio (i.e. less H2, smaller gas extent, lower Tex). Our CO 
mass sensitivity is ~17x better than the SMA non-detection, and >50x if the gas disk is spread over 
only a few square au.
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Fig. 4: (left) Briggs-weighted CASA-simulated continuum images of 3.5-15au MMSN-like and warp+7-9au 
gap models using C43-8. Contours are in S/N units of 8, 40, 80, & 160 for 14μJy/beam sensitivity. The disk 
extent and structures are clearly detected in each case. (right) Four simulated velocity channels (as labelled 
in km/s) for the unwarped and warped disk scenarios. For the warped disk the structure and flux centre in 
different velocity channels moves relative to the position angle of the binary orbit (dashed line).
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binary orbit in the x−y plane, the binary begins at periastron
separation on the x-axis.

The test particle begins in a circular Keplerian orbit at
position d0, , 0( ) with velocity -W Wi icos , 0, sinp 0 p 0( ),
where W = +G M M dp 1 2

3( ) is the Keplerian angular
velocity about the center of mass of the binary and i0 is the
initial particle tilt with respect to the binary orbital plane. The
longitude of the ascending node is measured from the x-axis.
These initial conditions correspond to an initial longitude of the
ascending node of f0=90°.

The left panel of Figure 1 shows the test particle orbit
evolution for an initial inclination of i0=60° for two different
initial separations, d=5 a and d=8 a. The upper panel
shows the inclination of the orbit, i, and the lower panel shows
the longitude of the ascending node, f. The semimajor axis of
the particle remains close to constant over the orbit. The
inclination and the longitude of the ascending node show
synchronous oscillations. The magnitude of the oscillations
does not depend upon the distance of the particle from the
center of mass of the binary. However, the timescale for the
oscillations increases with distance.

The right hand panel of Figure 1 shows test particle orbits in
the f fi icos sin– phase space. The test particles all begin at a
separation of d=5 a, although the separation does not affect
the motion in this phase portrait, only the time taken to make a
complete orbit. Above a certain initial inclination, the particle
orbits undergo libration rather than circulation. The center of
the upper librating region corresponds to =i 90 and f=90°,
while the center of the lower librating region corresponds to
i=90° and f=−90°. For higher binary eccentricity, the
critical inclination tilt angle that separates the librating from
circulating cases is smaller (see Doolin & Blundell 2011, for

more details). When the third body is massive, the nodal
libration region shrinks (see Figure5 in Farago & Laskar 2010).
For a body with a mass of the order of a few percent of the
binary mass, the region may be reduced somewhat for the
configuration of bodies considered here. In the next section, we
consider the evolution of a misaligned low mass circumbinary
disk around an eccentric binary.

3. Circumbinary Disk Simulations

With hydrodynamic disk simulations we now analyze the
evolution of a misaligned circumbinary disk around an
eccentric equal mass binary. We use the smoothed particle
hydrodynamics (SPH; e.g., Price 2012) code PHANTOM
(Lodato & Price 2010; Price & Federrath 2010). PHANTOM
has been used to model misaligned accretion disks in binary
systems previously (e.g., Nixon 2012; Nixon et al. 2013;
Martin et al. 2014; Fu et al. 2015) Table 1 contains a summary
of the binary and disk parameters. The binary has equal mass
components with total mass M=M1+M2, and an eccentric
orbit in the x–y plane with semimajor axis, a. The accretion
radius for particle removal from the simulation about each star
is 0.25 a.
The upper panels in Figure 2 show the initially flat and

circular disk that is tilted to the binary orbital plane by 60°. The
disk has initial mass 10−3M distributed in 300,000 equal mass
particles. The small disk mass has a minor dynamical
significance on the orbit of the binary. Disk self-gravity is
ignored. The initial surface density profile has a power law
distribution S µ -R 3 2 between Rin= 2 a and Rout= 5 a. The
inner radius of the disk is chosen to be close to the radius where
a disk is tidally truncated (Artymowicz & Lubow 1994).
However, misaligned disks feel a weaker binary torque (e.g.,

Figure 1. Initially circular test particle orbits around an eccentric binary with e=0.5. Left: time evolution of the inclination (upper panel) and the longitude of the
ascending node (lower panel) for orbits initially inclined by i0=60° to the binary orbit. The initial separation is d=5 a (solid lines) and d=8 a (dashed lines). The
initial longitude of the ascending node is f0=90°. Right: the f fi icos sin– plane for orbits with varying initial inclination and longitude of the ascending node. The
green lines show orbits close to prograde with i0=10°, i0=20°, and i0=30° with f0=90° in order of increasing size. The blue lines show orbits close to
retrograde with i0=150°, i0=160°, and i0=170° with f0=90° in order of increasing size. The red lines show librating solutions with i0=80°, i0=70°,
i0=60°, i0=50°, and i0=40° with f0=90° in order of increasing size. The magenta lines show librating solutions with i0=80°, i0=70°, i0=60°, i0=50°,
and i0=40° with f0=−90° in order of increasing size.
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Circumbinary dynamics - protoplanetary

4. Discussion

Although we do not present the results here, we have also
examined some different parameters for simulations. First, we
have considered disks with a larger radial extent. We find, for a
disk initially outer truncated at a larger radius, that the
evolution is at least initially qualitatively the same. The disk
displays oscillations and moves toward a perpendicular
orientation. The oscillations are more strongly damped for a
disk with a larger radial extent. However, for disks truncated at
radius 10a, there is some damping of the binary eccentricity.
Lower binary eccentricity reduces the tendency for polar
alignment. There is, thus, a competition between the timescales
for the binary eccentricity damping and the polar alignment.
Furthermore, if the alignment timescale becomes shorter than
the sound crossing timescale, then disk warping will occur.

We have run the same simulation that is presented here but
with a circular binary and find that the alignment proceeds
toward the binary orbital plane. We have also explored the
evolution of a disk that begins close to counter alignment and
find that the disk moves closer to counter alignment. We have
also considered the effect of a larger disk mass. We find that the
accretion of material from a disk of mass 0.05M can circularize
the binary. Furthermore, for large disk masses, the apsidal
precession timescale of the binary may become shorter than the
libration timescale of the disk, in which case the disk more
closely follows a circulating solution. Both of these effects,
accretion and precession, can result in disk-binary planar
alignment, rather than polar alignment. If we observe a disk, or
a planet, to be in a polar orbit, the eccentricity of the binary
places constraints on the mass of the circumbinary disk. These
effects will all be investigated in future work.

The circumbinary disk around the binary in KH 15D may be
subject to the nodal and tilt oscillations described here. The
binary eccentricity is high, 0.68< e< 0.8 (Johnson
et al. 2004). For an eccentricity of 0.8, the mechanism

described in this work would polar align the disk for a modest
initial inclination of 20° and a low disk mass (see Doolin &
Blundell 2011). A narrow ring disk has been invoked to explain
the peculiar light curve. Thus, the disk may be precessing about
the eccentricity vector of the binary rather than the binary
orbital axis. Over time, the disk will align with the polar axis
rather than the binary orbital axis.
Kennedy et al. (2012) pointed out that the debris disk

observed in 99 Herculis could be polar due to the stability of
perpendicular particle orbits in this highly eccentric binary. In
this model, the particles represent the solid debris. The results
of this work suggest that the debris disk observed in 99
Herculis most likely arose from the evolution of a misaligned
protostellar disk surrounding an eccentric binary. Because the
eccentricity of the binary is very high at 0.76, the initial
misalignment would not have to be very large. Material
misaligned by only 20° to the binary orbital plane would
evolve to become perpendicular. Thus, in binaries with large
eccentricities, perpendicular disks may be more likely than
coplanar disks. Debris disks and any planets that form in the
disk may be more likely to be polar with orbital axes parallel to
the binary eccentricity vector rather than aligned with the
binary.

5. Conclusions

We have found that a polar alignment mechanism can
operate for inclined disks around an eccentric binary star
system. The mechanism operates best for higher binary
eccentricity, larger initial disk misalignment angle, and lower
disk mass. The inclination of the disk is exchanged with the
longitude of the ascending node. Dissipation within the disk
aligns the disk to be perpendicular to the binary orbital plane,
with disk rotation axis parallel to the binary eccentricity vector.
The results have many implications for circumbinary gas disks,
circumbinary planets, and circumbinary debris disks.

Figure 3. Left panel: inclination (upper panel) and longitude of the ascending node (lower panel) for a circumbinary disk that is initially misaligned by =i 600 . The
solid lines show the disk evolution at a radius of 3 a, and the dashed lines show a radius of 5 a. Right panel: the same simulation in the f fi icos sin– plane at a radius
of 3 a(solid line) and 5 a(dashed line).
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Applications - disk dynamics
Given known perturbation, observation should constrain model

HD 98800 polar disk 3

Figure 1. Circumbinary accretion disks around the binary BaBb viewed face on. The disk is shown at time of 740 binary
orbits with inclination: i = 0� (left panel), i = 48� (middle panel) and i = 90� (right panel). The binary components are shown
by the two green circles. In the polar aligned disk on the right, one star is behind the other.

Figure 2. Surface density profile of the circumbinary disk
after 740 binary orbits for three di↵erent inclinations: i = 0�

(black), i = 48� (red) and i = 90� (green). The surface den-
sity ⌃ is normalized by 10�6M/a2, the binary mass devided
by the square of its separation.

viscosity parameter is modelled by adapting artificial
viscosity according to the approach of Lodato & Price
(2010).
We set up a circumbinary disk orbiting around the

binary BaBb. The initial surface density profile is
set as ⌃ / (R/Rin)�3/2 between Rin = 1.6 au and
Rout = 6.4 au and the sound speed distribution is given
by cs / (R/Rin)q with q = 3/4 in order to ensure that
the disk is uniformly resolved (Lodato & Pringle 2007).
The initial mass of the gaseous accretion disk is set as
Md = 0.001M�. The small disk mass does not sig-
nificantly a↵ect the evolution of the binary orbit (e.g.,
Martin & Lubow 2019). The aspect ratio at the in-
ner edge is H/R(Rin) = 0.1 and the viscosity is set as

↵ = 0.1. Since these parameters are both upper limits
to values expected for protoplanetary disks, we are con-
sidering the most viscous case possible. The cavity size
is determined by the balance between the viscous torque
with the binary torque and thus these parameters lead
to the smallest possible cavity size.
We measure the size of the cavity carved by the binary

in disks at di↵erent inclinations i = 0�, 48�, 90�. The
disk has to reach a steady state in the inner parts of the
disk where the tidal torque balances the viscous torque
in the disk. The inclination of the coplanar and polar
aligned disks do not evolve and so finding a steady state
is straightforward. However, in the misaligned case, the
inclination of the disk changes in time.
A low mass circumbinary disk that is initially inclined

by 48� might evolve towards polar alignment, depending
also on its initial longitude of ascending node, and by
this time the cavity is the same size as the disk that
starts at 90�. Therefore, we start a simulation with
the circumbinary disk inclined by 20�. The disk will
eventually evolve to coplanar alignment, but because the
binary is eccentric, the disk undergoes tilt oscillations
(see for example Figures 6 and 12 in Smallwood et al.
2019). The disk becomes warped but reaches a density
averaged inclination of 48� at times of roughly 100 and
740 binary orbits. The disk surface density in the inner
regions has reached a steady state by 740 binary orbits
and so we choose to show all three simulations at this
time.
Figure 1 shows the disk column density for the copla-

nar (left panel), 48� (middle panel) and polar (right
panel) configuration respectively after 740 binary orbits.
Each disk is viewed face on. The binary components are
identified by the green circles and the gas colour scale
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HD 98800 polar disk 3

Figure 1. Circumbinary accretion disks around the binary BaBb viewed face on. The disk is shown at time of 740 binary
orbits with inclination: i = 0� (left panel), i = 48� (middle panel) and i = 90� (right panel). The binary components are shown
by the two green circles. In the polar aligned disk on the right, one star is behind the other.

Figure 2. Surface density profile of the circumbinary disk
after 740 binary orbits for three di↵erent inclinations: i = 0�

(black), i = 48� (red) and i = 90� (green). The surface den-
sity ⌃ is normalized by 10�6M/a2, the binary mass devided
by the square of its separation.

viscosity parameter is modelled by adapting artificial
viscosity according to the approach of Lodato & Price
(2010).
We set up a circumbinary disk orbiting around the

binary BaBb. The initial surface density profile is
set as ⌃ / (R/Rin)�3/2 between Rin = 1.6 au and
Rout = 6.4 au and the sound speed distribution is given
by cs / (R/Rin)q with q = 3/4 in order to ensure that
the disk is uniformly resolved (Lodato & Pringle 2007).
The initial mass of the gaseous accretion disk is set as
Md = 0.001M�. The small disk mass does not sig-
nificantly a↵ect the evolution of the binary orbit (e.g.,
Martin & Lubow 2019). The aspect ratio at the in-
ner edge is H/R(Rin) = 0.1 and the viscosity is set as

↵ = 0.1. Since these parameters are both upper limits
to values expected for protoplanetary disks, we are con-
sidering the most viscous case possible. The cavity size
is determined by the balance between the viscous torque
with the binary torque and thus these parameters lead
to the smallest possible cavity size.
We measure the size of the cavity carved by the binary

in disks at di↵erent inclinations i = 0�, 48�, 90�. The
disk has to reach a steady state in the inner parts of the
disk where the tidal torque balances the viscous torque
in the disk. The inclination of the coplanar and polar
aligned disks do not evolve and so finding a steady state
is straightforward. However, in the misaligned case, the
inclination of the disk changes in time.
A low mass circumbinary disk that is initially inclined

by 48� might evolve towards polar alignment, depending
also on its initial longitude of ascending node, and by
this time the cavity is the same size as the disk that
starts at 90�. Therefore, we start a simulation with
the circumbinary disk inclined by 20�. The disk will
eventually evolve to coplanar alignment, but because the
binary is eccentric, the disk undergoes tilt oscillations
(see for example Figures 6 and 12 in Smallwood et al.
2019). The disk becomes warped but reaches a density
averaged inclination of 48� at times of roughly 100 and
740 binary orbits. The disk surface density in the inner
regions has reached a steady state by 740 binary orbits
and so we choose to show all three simulations at this
time.
Figure 1 shows the disk column density for the copla-

nar (left panel), 48� (middle panel) and polar (right
panel) configuration respectively after 740 binary orbits.
Each disk is viewed face on. The binary components are
identified by the green circles and the gas colour scale
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Alternative disk mass measurement?

610 J. J. Zanazzi and D. Lai

Figure 6. Trajectories in the I–! (top panels) and eb–! (bottom panels) planes for the J values indicated, with fixed points (I, !) = (Ifp, 90◦) computed
with equation (64) marked with black x. Initial values for the trajectories are I(0) = 20◦ (blue), I(0) = 40◦ (green), I(0) = 60◦ (magenta), I(0) = 80◦ (red),
I(0) = 100◦ (brown), I(0) = 120◦ (cyan), I(0) = 140◦ (orange) and I(0) = 160◦ (yellow), with !(0) = 90◦ and eb(0) = 0.3 for all trajectories.

Equation (59) then gives " ="(I, !). When J ∼ K− 1 ≪ 1, equation
(61) reduces to

e2
b ≃ − 2 KJ = constant, (62)

while when J ≫ 1, equation (61) becomes

e2
b ≃ 1 − K2

cos2 I
. (63)

The fixed points of the system in the I–! plane are determined by

∂"

∂I
= ∂"

∂!
= 0. (64)

The condition ∂"/∂! = 0 gives ! = π/2 and 3π/2, as before
(see Section 2). For arbitrary J, one must numerically solve
∂"/∂I |!=π/2,3π/2 = 0 to calculate the fixed points I = Ifp > 0
(I = 0 is always a fixed point of the system). However, when J ≪
1, one may show analytically that (as found in Section 2)

Ifp ≃ π/2, (65)

while when J ≫ 1,

Ifp ≃ cos− 1

!
3

"
1 − e2

b

#

5
, (66)

where e2
b = e2

b(0). Notice Ifp is the Lidov–Kozai critical inclination
when J ≫ 1 and eb(0) = 0 (Lidov 1962; Kozai 1962).

Fig. 6 plots trajectories of the system in the I–! and eb–! planes.
When J ≪ 1, the system’s dynamics reduce to that discussed in Sec-
tion 2, with Ifp ≃ 90◦ (black x’s), eb ≃ eb(0), and trajectories above
and below I = 90◦ are symmetric. As J increases in magnitude,
Ifp decreases, eb begins to oscillate and the inclination symmetry
above and below I = 90◦ is lost. Although different trajectories may
cross in the I–! plane, each still has a unique " value (equation
59), since the binary’s eb value differs from equation (61) when
I > π/2. When J ≫ 1, the system’s dynamics approaches the clas-
sic Lidov–Kozai regime (Lidov 1962; Kozai 1962). The fixed point
Ifp of the system approaches equation (66), with eb reaching large

Figure 7. Inclination Ifp as a function of J− 1, computed with equation (64)
with ! = π/2. The binary eccentricity eb = eb(0) takes values as indicated.

values when I(0) > Ifp, and with trajectories symmetric above and
below I = 90◦.

Fig. 7 plots Ifp as a function of J− 1, computed for ! = π/2
with the eb = eb(0) values as indicated. The two limiting cases
given by equations (65) and (66) are achieved when J ≪ 1 and J
≫ 1, respectively, and Ifp generally varies non-monitonically with
increasing J. Since eb should evolve in time under the influence
of viscous dissipation from disc warping, one cannot determine the
final value of Ifp the system may evolve into starting from initial I(0)
and eb(0) values without a detailed calculation similar to Section 3.
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Refining orbits with VLTI
Seba Zuniga-Fernandez in prep. (BaBb), and proposal accepted (AaAb)
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RV curve for AaAb,
no astrometry to date



Summary
• HD 98800 - mostly known-orbit binary

• Quantify interior and exterior perturbations

• May help constrain disk physics…

• …viscosity, dust trapping, disk mass?

• Orbital refinement/characterisation ongoing

• AaAb occultation to come…


