<]
TUDelft

Delft University of Technology

Polar alignment of a dusty circumbinary disc-ll. Application to 99 Herculis

Smallwood, Jeremy L.; Lin, Min Kai; Nealon, Rebecca; Aly, Hossam; Longarini, Cristiano

DOI
10.1093/mnras/stae2328

Publication date
2024

Document Version
Final published version

Published in
Monthly Notices of the Royal Astronomical Society

Citation (APA)

Smallwood, J. L., Lin, M. K., Nealon, R., Aly, H., & Longarini, C. (2024). Polar alignment of a dusty
circumbinary disc—Il. Application to 99 Herculis. Monthly Notices of the Royal Astronomical Society, 534(4),
4018-4030. https://doi.org/10.1093/mnras/stae2328

Important note
To cite this publication, please use the final published version (if applicable).
Please check the document version above.

Copyright
Other than for strictly personal use, it is not permitted to download, forward or distribute the text or part of it, without the consent
of the author(s) and/or copyright holder(s), unless the work is under an open content license such as Creative Commons.

Takedown policy
Please contact us and provide details if you believe this document breaches copyrights.
We will remove access to the work immediately and investigate your claim.


https://doi.org/10.1093/mnras/stae2328
https://doi.org/10.1093/mnras/stae2328

of the
ROYAL ASTRONOMICAL SOCIETY

MNRAS 534, 4018-4030 (2024)
Advance Access publication 2024 October 17

https://doi.org/10.1093/mnras/stae2328

Polar alignment of a dusty circumbinary disc-II. Application to 99
Herculis

Jeremy L. Smallwood “','* Min-Kai Lin ”',!> Rebecca Nealon *,>* Hossam Aly >

and Cristiano Longarini 78

Unstitute of Astronomy and Astrophysics, Academia Sinica, Taipei 106216, R.O.C.

2Physics Division, National Center for Theoretical Sciences, Taipei 106216, Taiwan

3 Centre for Exoplanets and Habitability, University of Warwick, Coventry CV4 7AL, UK

4Department of Physics, University of Warwick, Coventry CV4 7AL, UK

3 Faculty of Aerospace Engineering, Delft University of Technology, Kluyverweg I, NL-2629 HS Delft, the Netherlands

6 Zentrum fur Astronomie der Universit "at Heidelberg, Astronomisches Rechen-Institut, M’onchhofstr 12-14, D-69120 Heidelberg, Germany
7Dipartiment0 di Fisica, Universita degli Studi di Milano, via Celoria 16, I-20133 Milano, Italy

8 Institute of Astronomy, University of Cambridge, Madingley Rd, CB3 OHA Cambridge, UK

Accepted 2024 October 1. Received 2024 September 16; in original form 2024 April 23

ABSTRACT

We investigate the formation of dust traffic jams in polar-aligning circumbinary discs. In our first paper, we found as the
circumbinary disc evolves towards a polar configuration perpendicular to the binary orbital plane, the differential precession
between the gas and dust components leads to multiple dust traffic jams. These dust traffic jams evolve to form a coherent
dust ring. In part two, we use 3D smoothed particle hydrodynamical simulations of gas and dust to model an initially highly
misaligned circumbinary disc around the 99 Herculis (99 Her) binary system. Our results reveal that the formation of these dust
rings is observed across various disc parameters, including the disc aspect ratio, viscosity, surface density power-law index, and
temperature power-law index. The dust traffic jams are long-lived and persist even when the disc is fully aligned polar. The
midplane dust-to-gas ratio within the rings can surpass unity, which may be a favourable environment for planetesimal formation.
Using 2D inviscid shearing box calculations with parameters from our 3D simulations, we find streaming instability modes
with significant growth rates. The streaming instability growth time-scale is less than the tilt oscillation time-scale during the
alignment process. Therefore, the dust ring will survive once the gas disc aligns polar, suggesting that the streaming instability

may aid in forming polar planets around 99 Her.

Key words: accretion, accretion

protoplanetary discs.

1 INTRODUCTION

In our Galaxy, it is estimated that a significant portion, ranging from
40 per cent to 50 per cent of stars exist as part of binary systems
(Duquennoy & Mayor 1991; Raghavan et al. 2010; Mayor et al.
2011; Tokovinin 2014a, b). Young binary star systems often exhibit a
circumbinary disc composed of gas and dust, which serve as potential
sites for planet formation. Observations have consistently shown that
circumbinary discs commonly exhibit misalignment with respect to
the binary orbital plane (e.g. Czekala et al. 2019). When an initially
misaligned circumbinary disc surrounds a binary system with a
circular orbit, it gradually aligns itself to the binary orbital plane (e.g.
Papaloizou & Terquem 1995; Lubow & Ogilvie 2000; Nixon, King &
Pringle 2011; Facchini, Lodato & Price 2013; Foucart & Lai 2014).
However, if the binary system possesses a non-zero eccentricity, a
low-mass circumbinary disc with a substantial misalignment will
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precess around the binary eccentricity vector. This precession causes
the angular momentum vector of the disc to align with the binary
eccentricity vector, resulting in a polar-aligned circumbinary disc
(Aly et al. 2015; Martin & Lubow 2017; Lubow & Martin 2018;
Martin & Lubow 2018; Zanazzi & Lai 2018). In the case of a
massive disc, alignment to a generalized polar state occurs with a
lower degree of misalignment to the binary orbital plane (Zanazzi &
Lai 2018; Martin & Lubow 2019).

The impact of this misalignment on the dynamics of gas, dust, and
the formation of circumbinary planets is not yet fully understood.
The presence of a binary star system exerts a torque on the disc,
potentially influencing the planet formation process compared to
discs around single stars (Nelson 2000; Mayer et al. 2005; Boss
2006; Martin et al. 2014; Fu, Lubow & Martin 2015a, b, 2017). By
gaining a deeper understanding of the structure and evolution of dusty
circumbinary discs, we can gain insights into the characteristics of
exoplanets.

Smallwood et al. (2024) (Paper I) focused on investigating the
formation of dust traffic jams within generic circumbinary discs
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undergoing polar alignment. Initially, we utilized a 1D model
developed by Aly et al. (2021) to demonstrate the formation of
dust rings in a misaligned circumbinary disc during the process
of polar alignment. Subsequently, we conducted smoothed parti-
cle hydrodynamics (SPH) simulations incorporating gas and dust
components to model an initially highly misaligned circumbinary
disc around an eccentric binary system. As the circumbinary disc
gradually transitioned to a polar state, the differential precession
between the gas and dust components led to the formation of dust
traffic jams, which ultimately evolved into dense dust rings. The 1D
and 3D approaches yielded similar results. Furthermore, our findings
revealed that the formation of these dust rings was influenced by
factors such as Stokes number, binary eccentricity, and the initial tilt
of the disc. Once the disc reaches a polar alignment, the mechanism
responsible for generating dust rings ceases. However, if the dust
rings were formed before the polar alignment, they could persist in the
polar state. The existence of stable polar dust rings bears implications
for the formation of polar planets. We apply our results to a well-
known binary star system, 99 Herculis hosting a circumbinary debris
disc.

99 Herculis (99 Her) is a binary star system consisting of an F7V
primary star and a k4V secondary star, with an estimated age of 6 —
10 Gyr (Nordstrom et al. 2004; Takeda 2007) at a distance of 15.64 pc
(van Leeuwen 2008). Observations of the binary system date back to
the latter half of the 1800s (e.g. Burnham 1878; Flammarion 1879;
Gore 1890). In recent years, higher resolution observations of 99 Her
have resulted in a more precise measurement of the binary orbital
parameters (Kennedy et al. 2012). The binary separation, eccentricity,
inclination (with respect to the sky plane), and orbital period are
a =16.5au,e, = 0.766,i = 39°, and P,y = 56.3 yr. The longitude
of the ascending node is 2 = 41°. The longitude of the pericentre
is measured anticlockwise from the ascending node, projected onto
the sky plane, which has a position angle (PA) of 163°, resulting in
a value of w = 116°. Since the binary is inclined, the sum of 2 and
w do not equal the sky plane PA. The mass of the primary star is
M, = 0.94 Mg, and the mass of the secondary star is M, = 0.46 M,
giving a total mass of M = M, + M, = 1.4 M.

The 99 Her binary system hosts a circumbinary debris disc
that was first detected using the Herschel Photodetector and Array
Camera and Spectrometer (PACS; Griffin et al. 2010; Poglitsch et al.
2010). Using resolved PACS images of the debris disc, Kennedy
et al. (2012) estimated the debris disc structure, inclination, and
PA using 2D Gaussian models. To fit the observational data, their
debris ring model was located in a small range of radii near 120 au.
Due to disc emission wavelengths being measured insufficiently,
the grain properties and size distributions could not be accurately
constrained. The debris disc has an observed PA of 72°. Given that
the projection of the binary pericentre direction of the sky has a
PA of 163° 4 2° and a vector normal to this has a PA of 73° £ 2°,
the debris disc is tilted 87° with respect to the binary pericentre
direction (Kennedy et al. 2012). The observed disc tilt is thus only
3° away from polar alignment. Another polar disc has been observed
around HD 98800B but shows traces of gas still present (Kennedy
et al. 2019).

In this work, we further the work of our Paper I by investigat-
ing polar-aligning dusty circumbinary discs with a comprehensive
comparison of hydrodynamical simulations. We apply the results
to 99 Herculis, which hosts the only known polar circumbinary
debris disc. This endeavour is aimed at enhancing our comprehension
of the formation and evolution of dust ring structures within the
context of varying disc aspect ratio, surface density, temperature,
and viscosity parameters. By conducting this comparative analysis,
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we will uncover intricate patterns, trends, and relationships between
these disc parameters and the resulting characteristics of the dust ring
structures in initially misaligned circumbinary discs.

The paper is organized as follows. Section 2 describes the setup
for our hydrodynamical simulations of a misaligned gaseous and
dusty circumbinary disc. In Section 3, we report the results of our
hydrodynamical simulations. In Section 4, we estimate analytically
the streaming instability growth rate given our hydro results. Lastly,
we give a summary in Section 5.

2 METHODS

To simulate an inclined dusty circumbinary disc around 99 Herculis,
we utilize the 3D SPH code PHANTOM (Price et al. 2018). The code
employs different techniques for modelling dust—gas mixtures based
on the Stokes number of the dust grains. In the two-fluid imple-
mentation, dust and gas are treated as separate discrete particles,
considering drag forces and explicit time-stepping (Laibe & Price
2012a, b). Conversely, in the one-fluid version, dust is treated as
part of the overall mixture, and its evolution equations account
for the dust fraction (Price & Laibe 2015). We adopt the two-fluid
algorithm in our specific case of investigating the polar alignment of
a circumbinary disc with low gas density and St greater than 1, where
Stis the Stokes number of the dust grain. The Stokes number is given
by the ratio of the particle’s stopping time to the local dynamical
time-scale of the gas in the disc. The two-fluid implementation
accounts for drag heating but does not consider the thermal coupling
between the dust and gas (refer to Laibe & Price 2012a, for
more details). Table 1 summarizes the suite of hydrodynamical
simulations.

We use the observed 99 Her binary parameters (given in the
Introduction) to set up the binary star system. The 99 Her binary
is modelled as sink particles with initial separation and accretion
radius of a, = 16.5au and 1.2a, = 20 au, respectively, where ay
is the binary separation. Particles that cross the accretion radius
deposit their mass and angular momentum onto the sink, which is
regarded as a hard boundary. To shorten the computation time, the
accretion radii of the stars are comparable to the binary separation,
and particle orbits within the binary cavity are not resolved. A
large accretion radius does not qualitatively change the evolution
of the dust traffic jam (see section 3.5 in Paper I). The simulations
run for 1000 Py, Where Py is the binary orbital period of 99
Her. We extend runl to 2000 P,y to analyse longer term disc
structures.

The initial circumbinary disc comprises 500 000 gas particles with
equal masses and 50 000 dust particles. These particles are distributed
between the inner disc radius, approximately r;, = 40au or 2.5ay,

Table 1. The setup of the gas and dust SPH simulations that includes an
initial circumbinary disc. The table lists the initial disc aspect ratio, H/r at
rin, Viscosity parameter, ass, surface density power-law index, p, and the
sound speed power-law index, ¢g. Note that the temperature power-law index
is given as 2q.

Model H/r )4 q oss
runl 0.1 +3/2 +3/4 0.01
run2 0.05 +3/2 +3/4 0.01
run3 0.1 +1 +3/4 0.01
run4 0.1 +3/2 +1/2 0.01
run5 0.1 +3/2 +3/4 0.005
run6 0.1 +3/2 +3/4 0.02
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and the outer disc radius, approximately ro, = 120 au or 7ay. The
gas surface density profile is initially a power-law distribution given
by

r —-p
X(r) = Eo(;) , )

where ¥y = 6 x 1073 gcm™2 is the density normalization, p is the

power-law index, and r is the spherical radius. We use p = 41 and
+3/2. The density normalization is determined based on the total
mass of the disc, set to My = 0.001Mg. For the specified total disc
mass, we neglect the influence of disc self-gravity. We use a locally
isothermal equation-of-state given by

—-q
r
Cs = Cs.in (*> ) (2)
Tin

where cq j, is the sound speed evaluated at r;,. The disc thickness is
scaled with r as

Cs

H=g P, A3)

where Q = /G M /r3. We simulate two different values of g, +1/2
and +3/4. We also simulate two different initial disc aspect ratio
of H/r = 0.05 and 0.1. In each case, we resolve the circumbinary
disc with a shell-averaged smoothing length per scale height of ~
(h)/H =~ 0.34 for H/r = 0.05 and (h)/H ~ 0.20 for H/r = 0.1.

The Shakura & Sunyaev (1973) viscosity, ass, prescription is given
by

V= assCsH, (4)

where v is the kinematic viscosity. To compute «ss, we use the
prescription in Lodato & Price (2010) given as
. Qav (h)

ass N (5)
We simulate three values of the Shakura & Sunyaev (1973) vis-
cosity parameter, ass = 0.02, 0.01, and 0.005, with an artificial
viscosity aay = 1, 0.52, and 0.26, respectively. It is worth not-
ing that a value of way = 0.1 represents the lower limit below
which the physical viscosity is not accurately resolved in SPH.
In other words, viscosities smaller than this threshold lead to disc
spreading independent of the value of way (refer to Meru & Bate
2012, for more information). Additionally, the viscosity prescrip-
tion includes a non-linear parameter, Bay, originally introduced
to prevent particle penetration in high Mach number shocks (e.g.
Monaghan 1989), which is set to Say = 2.0 (e.g. Nealon, Price &
Nixon 2015).

At the beginning of the simulation, the dust particles are initially
distributed according to the same surface density profile as the gas.
They have a dust-to-gas mass ratio of 0.01. Each simulation adopts
a uniform dust particle size. Specifically, we simulate an average
Stokes number of approximately 65, corresponding to particle sizes
of s =3 cm. Although the Stokes number varies with radius, the
size of the dust particles remains constant throughout the simulation.
The intrinsic density of the grains is assumed to be 3.00 gcm™.
Additionally, the initial aspect ratio of the dust particles matches that
of the gas disc.

We systematically vary disc surface density, temperature, aspect
ratio, and viscosity across all simulations while keeping other
variables constant. This will allow us to discern the impact of each
parameter on the formation and evolution of dust rings, facilitating a
nuanced understanding of their interplay.

MNRAS 534, 4018-4030 (2024)

3 HYDRODYNAMICAL RESULTS

Fig. 1 illustrates the evolution of the dusty circumbinary disc
surrounding 99 Her with varying disc aspect ratio, initial surface
density, temperature, and viscosity. The first row shows the initial
dust disc structure viewed in the y—z plane, where the colour
represents the dust surface density. We then show the disc structure
at times ¢ = 200 Pyy,, 500 Py, and 1000 Py, in the second, third,
and last rows, respectively. Initially, the disc is inclined at an angle of
60° but gradually aligns itself to a polar configuration. Even though
we are just showing the dust, when the system reaches a time of
1000 Py, the gaseous disc becomes nearly perpendicular to the
orbital plane of the binary system.

In each simulation, a dust pileup occurs near the inner edge.
This could be due to physical mechanisms where inward-drifting
dust particles are halted at the gas inner edge or due to numerical
resolution effects, where the better-resolved dust appears amplified
as gas resolution diminishes (Ayliffe et al. 2012). Warp and alignment
physics can be ruled out since this effect occurs in flat, planar discs
as well (fig. 4 in Aly et al. 2021). Resonances induced by the binary
may also contribute, especially as the dust pileup intensifies with
higher Stokes numbers (e.g. Smallwood et al. 2024). In Appendix A,
a pressure bump is present near the inner disc edge at early times,
whereas at the location of each dust traffic jam there are no pressure
bumps present. Thus, this phenomenon cannot be attributed to a
‘traffic jam’ effect, but its exact origins remain unclear and require
further investigation.

The first column in Fig. 1 shows our control simulation (runl),
where the initial dust traffic jam (the outer ring) occurs at? ~ 200 Py
due to the differential precession between the gas and dust (Aly &
Lodato 2020; Aly et al. 2021; Smallwood et al. 2024). The inner dust
rings near the inner disc edge are not formed by the differential
precession between the gas and dust (see Appendix A). As the
disc evolves, the dust traffic jams evolve into a coherent dust ring.
Throughout the simulation, the dust ring gradually drifts inwards.
The two-armed spiral structure in the dust is related to the spirals
launched in the gas by the binary potential, and also may be affected
by the formation of the dust traffic jams (see Appendix B). When
we decrease the H/r (second column, run2), the dust ring forms
nearer to the binary. We note that for this value of H/r, the disc
breaks during polar alignment, which may impact the dynamics of
the dust traffic jams (e.g. Aly et al. 2021). We show further evolution
of this case in Appendix C. Decreasing p (third column, run 3)
causes the initial dust ring to form at a further radial distance.
On the contrary, decreasing g (fourth column, run 4) shows the
simulation structure to the control simulation. Likewise, when we
vary the o parameter, the dust ring structure is consistent with the
control simulation. The ring position trends align with the analytical
findings presented in Longarini et al. (2021), as illustrated in their
Fig. 2.

To further analyse the structure and evolution of the dust ring in
each simulation, we show the temporal evolution of the dust surface
density as a function of disc radius in Fig. 2. In every model, the initial
formation of the dust ring occurs within a period of approximately
150 — 300 orbital periods (P,y,) and subsequently migrates inwards.
The width of the dust ring remains consistent across runs 1, 3, 4, and
6. However, a narrower dust ring materializes in the case of decreased
H/r (run 2), and decreased « value (run 5). Fig. 3 illustrates
the tracking of the highest dust surface density peak from Fig. 2,
depicting its temporal behaviour for each simulation. The dust rings
inruns 1, 4, 5, and 6 all exist around the same time and at identical
radial distances within the disc. For the scenario with H /r = 0.05,
the initial dust ring takes shape earlier at approximately 150 Py, and
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rund t=0P.y run5 t=0Pyy run6 t=0Pyy

=200 Porb t=200 Porb

t =500 Py, t =500 Po, t =500 Po,

t = 1000 Py, t=1000 Py t=1000 Pory
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Figure 1. The evolution of the initially misaligned dusty circumbinary disc around 99 Her for each hydrodynamical simulation, runl (first column),
run2 (second column), run3 (third column), run4 (fourth column), run5 (fifth column), and run6 (sixth column). We show the dust disc evolution at
times ¢ = 0 Py (first row), ¢ = 200 Py, (second row), ¢t = 500 Py, (third row), and ¢ = 1000 Py, (fourth row). The dust disc is viewed in y-z plane.
The colour denotes the dust surface density. In every simulation, the emergence of dust rings is a result of the differential precession of gas and dust

particles.

within a narrower radial span of around 53 au. Conversely, when the
power-law index of the surface density, denoted as p, is reduced
to p =1, the dust ring forms at a larger radius, approximately
75 au. Increasing o causes the dust ring to migrate inwards more
slowly.

Fig. 4 displays the disc tilt evolution as a function of time.
The tilt profiles for the simulations with H/r = 0.1 show similar
behaviour. Therefore, we only show the tilt evolution for varying
H/r,run 1 (H/r = 0.1, left panel) and run 2 (H/r = 0.05, right
panel). The upper two sub-panels show the tilt of both the gas and
dust (represented by the colour bar) over time and radial distance.
For the simulation with H /r = 0.1, the gas disc aligns to a polar
configuration, igs ~ 90°, as a rigid body. When H /r = 0.05, the
inner parts of the disc align polar on a faster time-scale than the
outer regions of the disc. The disc alignment time-scale increases
with increasing H /r. Therefore, a thinner disc will align polar on a
faster time-scale (e.g. Lubow & Martin 2018). During disc alignment,
the gas experiences oscillations in tilt prompted by the influence
of 99 Her. The dust also experiences oscillations in tilt during
the alignment process. Dust particles within the inner disc regions

(below 60 au) gradually align towards an almost polar configuration.
On the other hand, dust in the outer disc regions (beyond 60 au)
remains out of alignment with the gas throughout the simulation
duration. The disparity in tilt between the gas and dust, expressed as
igas — Idust» 18 presented in the lower sub-panel. In the initial stages
(when ¢ < 200, Po), the tilt difference between the gas and dust is
substantial. By the time ¢t = 1000, Py, the gas and dust are largely
aligned in regions where r < 60 au, but continue to be misaligned
for r > 60 au.

Similar to Fig. 4, Fig. Sdepicts the progression of the disc’s
longitude of the ascending node as a function of time. The twist
profiles for the simulations with H/r = 0.1 show similar behaviour.
Therefore, we only show the twist evolution for varying H /r, run
1 (H/r = 0.1, left panel) and run 2 (H /r = 0.05, right panel). In
the simulation with H/r = 0.1, the gas disc undergoes precession
around the eccentricity vector, resembling precession of a rigid body.
When considering H/r = 0.05, the disc’s inner portions exhibit
quicker precession than the outer regions. Analogous to the tilt
evolution, the precession behaviour of the dust differs from that
of the gas. Unlike gas, dust does not process uniformly, which is

MNRAS 534, 4018-4030 (2024)
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Figure 2. The circumbinary disc dust surface density, X, as a function disc
radius, r, and time in binary orbital periods, Py, for each hydrodynamical
simulation.

vital in generating dust traffic jams within the disc. The difference
in the longitude of the ascending node between the gas and dust,
represented as @gas — Paust, 1S displayed in the lower sub-panel.
When ¢ < 200, Py, the twist difference between the gas and dust is
substantial. By the time ¢t = 1000, Py, the gas and dust are largely
aligned in regions where r < 60 au, but continue to be misaligned
for r > 60 au, similar to the disc tilt profile.

The difference between the tilt (lower panel of Fig, 4) and twist
(lower panel of Fig. 5) both contribute to the formation of the
dust traffic jams. When the precession of a circumbinary disc has
a component around the eccentricity vector, then the precession is
reflected through the tilt and twist. For a circular binary precessing
around the binary angular momentum vector, the precession is
reflected merely by the twist, and not the tilt. For a circumbinary
disc undergoing polar alignment, the precession is reflected through
tilt oscillations more so than the twist (Aly et al. 2021). For both
the tilt and twist differences in Figs 4 and 5, as time progresses,

MNRAS 534, 4018-4030 (2024)

75
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run2
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Figure 3. A tracing of the peak dust surface density for the initial dust ring
from Fig. 2 as a function of time for each simulation.

the difference diminishes as gas and dust align. None the less, even
att = 1000, Py, regions within the disc still experience significant
differences is the gas and dust tilt and twist, contributing to the
ongoing generation of dust traffic jams.

4 STREAMING INSTABILITY GROWTH
TIME-SCALES

4.1 Model setup

Dust within protoplanetary discs, including circumbinary discs, can
grow to millimetres to centimetre sizes through processes such
as agglomeration, but further growth is impeded by bouncing
or fragmentation (Blum 2018; Dominik & Dullemond 2024). A
swarm of collectively self-gravitating particles can undergo direct
gravitational collapse into planetesimals to overcome the bounc-
ing and fragmentation barrier. However, for direct collapse to
occur, the dust density must be large relative to the gas (Shi &
Chiang 2013). Large dust-to-gas ratios can be attained through
dust settling, radial drift, particle trapping, or other dust-gas in-
stabilities (Chiang & Youdin 2010; Johansen et al. 2014; Lesur
et al. 2022), including the streaming instability (SI; Youdin &
Goodman 2005).

Numerical simulations demonstrate that the SI effectively initiates
the direct gravitational collapse of dust clumps (Johansen, Youdin
& Mac Low 2009; Carrera, Johansen & Davies 2015; Simon et al.
2016; Schifer, Yang & Johansen 2017; Simon et al. 2017; Nesvorny
et al. 2019; Li & Youdin 2021), given sufficient particle size and
the local dust-to-gas ratio mass density is of the order of unity
or larger. Here, we make a first assessment of whether or not
planetesimals can form via the SI in our simulated systems. While
current SPH simulations cannot resolve the SI, we can estimate SI
growth rates given the midplane dust-to-gas ratios and particle sizes
in our simulations. To this end, we numerically solve the linearized,
two-fluid equations in the shearing box approximation (e.g. Chen
& Lin 2020). For simplicity, we neglect viscosity here (i.e. conduct
inviscid calculations). This is the standard scenario considered in

202 JOqWISAON || UO Josn Jjad NONSISAIUN SYIsIUY9a ] Aq 898528./810Y/b/7EG/AI01HE/SEIUW/WO0D dNODILSPEDE//:SANY WO} POPEOJUMOQ



H/r=01

'

i_’nce | - F =0

40 - £
0 500 1000

t [Purll]

’l
D

o
4 - 1o
Tpas — Ldust | ]

Polar dusty circumbinary discs 4023
H/r =0.05
100 *'I 120
E 80 1110
[
60 1 '100‘ i
40 1 =
100 80
=3
=, 80
= =70
60 l
60
i Difference 50
100 ¢ L
£ 80 o 5
=~ o
60F ® =
40 =20
0 500 1000
i [Porb}

Figure 4. The evolution of disc tilt for runl (H /r = 0.1, left panel) and run2 (H /r = 0.05, right panel). The top two sub-panels present the tilt of the gas and
dust, indicated by the colour bar, over time and radial distance. The discrepancy in tilt between gas and dust, represented as igas — iqust, iS shown in the lower
sub-panel. Since the dust particles are drifting inwards, there is lower resolution of dust particles in the outer parts of the disc. In each simulation, initially (when
t < 200, Pyp), there is a notable difference in tilt between the gas and dust. By 7 = 1000, Py, gas and dust are largely aligned in regions with r < 60 au, but

misalignment persists for r > 60 au.

previous analytic SI calculations (Youdin & Goodman 2005; Kowalik
et al. 2013). Chen & Lin (2020) found that inducing the SI in non-
laminar protoplanetary discs, particularly for small particles, poses
significant challenges.

Before continuing with the analytical calculations, we further
analyse the SPH simulations to retrieve the dust-to-gas ratio at the
midplane, € = pq/ .. We use our standard simulation, extended to
2000 Pop. The disc is still sufficiently resolved at this time, with
(h)/H ~ 0.35. From Paper I, the authors showed that the dust-to-
gas ratio in the midplane within the dust ring could exceed unity,
which may be a favourable place for the streaming instability to
operate. Therefore, we show the analysis of the dust-to-gas ratio.
Fig. 6 shows the azimuthally averaged disc midplane dust-to-gas
ratio as a function of disc radius and time. As the dust ring evolves,
€ increases in time. Beginning at approximately ¢ ~ 1600 Py, €
exceeds unity in the rings. Fig. 7 shows the midplane dust-to-gas
ratio, €, along the initial dust ring as a function of time in binary
orbital periods. Throughout the simulation € consistently rises within
the dust ring. At approximately ¢ ~ 1600, Py, € achieves unity. By
the conclusion of the simulation, € approaches 1.6. In numerical
simulations, surpassing a unity ratio in the midplane can trigger the
streaming instability, leading to substantial clumping (e.g. Johansen
et al. 2009; Schifer et al. 2017; Nesvorny et al. 2019; Li & Youdin
2021).

In this model, the dust is treated as a second, pressure-less fluid
interacting with gas via drag forces characterized by a single stopping
time or Stokes number St. The gas and dust velocities in the shearing
box, relative to the background Keplerian shear flow, are denoted by
vy and v, respectively. The SI is powered by the relative motion
between the two species in the equilibrium disc, Av = v; — v,. In

the classic SI, the radial (x) and azimuthal (y) components are given
by:

Avy = =209 RO,, (6)
Avy =SSR, (7
while Av, = vy, = vy = 0, where
A2 =S4+ (1 +¢)? ®)
and
1 9P

= " 9

1= T2Rp, 22 0R ®

is a dimension-less measure of the global radial pressure gradient
(Youdin & Goodman 2005). The above equations follow from
equations (13)—(15) of Youdin & Goodman (2005). Typically, 7 is
O(h?), and in the linear problem, only the parameter 7 /A is relevant,
where £ is the aspect ratio. We set n/h = 0.05 (a standard value)
in the examples below. We also analyse the system at # = 1600 Py,
and r = 55 au (the location of the dust ring), which corresponds
to € ~ 1 and St ~ 250. Before proceeding, it is essential to note
that by adopting the above equilibrium, we have assumed that the
radial pressure gradient dominates the dust—gas drift. However, in a
distorted disc such as the one undergoing polar alignment, there are
other sources of dust—gas drift, e.g. differential precession. Aly et al.
(2021) found that the differential precession may be higher than the
dust—gas drift, unless close to the co-precession radius. We leave this
to future work.

We perturb the two-fluid system with axisymmetric Eulerian
perturbations that depend on the radial and vertical wavenumbers,
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Figure 5. The evolution of the disc’s longitude of the ascending node for runl (H/r = 0.1, left panel) and run2 (H /r = 0.05, right panel). The top two
sub-panels present the longitude of the ascending node, or twist, of the gas and dust, indicated by the colour bar, over time and radial distance. The discrepancy
in the longitude of the ascending node between gas and dust, represented as @gas — Pdust, is shown in the lower sub-panel. In each simulation, initially (when
t < 200, Pop), there is a notable difference in ¢ between the gas and dust. By 1 = 1000, Py, gas and dust are largely aligned in regions with r < 65, au, but
misalignment persists for » > 65, au. Since the dust particles are drifting inwards, there is lower resolution of dust particles in the outer parts of the disc. The
misalignment of gas and dust will undergo differential precession, which continues to generate dust traffic jams.
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Figure 6. The azimuthally averaged circumbinary disc midplane dust-to-
gas ratio, €, for our control simulation (runl) as a function of disc radius,
r, and time in binary orbital periods, Pym. As the dust ring evolves
in time, € becomes greater than unity which can trigger the streaming
instability.
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(bottom left), at = 1600 Py, Which corresponds to St ~ 250. We show the streaming instability growth time-scale in units of 99 Her orbital period (Porb) as
a function of wavenumbers for a dusty disc with € = 3 (top-right) and € = 0.3 (bottom-right), both at r = 55 au (the radial location of the dust ring from the

simulation).

kx,, (taken to be positive without loss of generality), and the complex
frequency o with growth rate s = Re(o). We solve the linearized
equations and find the dimension-less SI growth rate S =s/Q
[using equations (26)—(29) of Youdin & Goodman (2005)], where
Q = /G(M, + M,)/R? is the Keplerian angular frequency. We set
€ = 3 and € = 0.3 as representative values in the dust rings, but note
that the results below are not sensitive to values of € of the order of
unity. The value of € from Fig. 7 is in between our selected values
of €. Note, € ~ 0.3 is the peak dust-to-gas ratio when considering a
more realistic sink accretion radius (see fig. 16 in Paper I).

4.2 Application to 99 Her

We apply the SI model to the hydrosimulations with application to
99 Her. In the top-left panel in Fig. 8, we plot dimension-less growth

rates as a function of wavenumbers for € = 3. We find SI modes
with growth rates up to log(smax/ 2) ~ —0.5 for k, H, 2 1. We note
that i—zi '8 %, thus in the limit of St > 1 the dust—gas drift is
dominated by azimuthal drift rather than radial drift. This suggests
that instability is powered by Av, for large St. We verified this by
artificially setting Av, = 0, and obtaining similar growth rates as
when we include Av,. Azimuthal drift also powers the ‘vertical’
branch of unstable modes with k, H, < 10 and k, H, ~ 100. In fact,
this branch persists even for k, = 0 and has previously been identified
in accreting disc models as the ‘azimuthal drift’ SI (see Lin & Hsu
2022). The bottom-left panel in Fig. 8 shows the dimension-less
growth rates as a function of wavenumbers for € = 0.3. For a dust-
to-gas ratio less than unity, we still find SI modes with growth rates
up to log(smax/ 2) ~ —0.5 for k, H, 2 1 but with a smaller range in
ky compared to € = 3.
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In the top-right panel in Fig. 8, we plot SI growth time-scale as
a function of wavenumbers for € = 3. Since our hydrodynamical
simulations show the dusty ring drifts inwards, we probe the growth
time-scales for r = 55au. We use the Keplerian angular frequency
around the binary 99 Her to convert the dimension-less growth time-
scale into units of binary orbital period, Py. The growth time-scale
is < 10 Pyw. Therefore, the time-scale for the growth induced by
the SI is less than the tilt oscillation time-scale during the alignment
process. For the 99 Her system, the circumbinary gas disc aligns on
a time-scale ~ 1000 P,y,. The bottom-right panel in Fig. 8 shows the
SI growth time-scale as a function of wavenumbers for € = 0.3. For
a dust-to-gas ratio less than unity, we still find a SI growth time-scale
of < 10 Py, but with a smaller range in k, compared to € = 3. From
our simulations, the dust ring is still present once the gas disc is
polar, suggesting growth induced by the SI may aid in the formation
of polar planets. However, we note that if the growth proceeds too
rapidly, the Stokes number will increase before the grains reach polar
alignment. This could make it more difficult for the solids to follow
the gas to a polar state.

5 SUMMARY

We investigated the formation of dust traffic jams in polar-aligning
circumbinary discs with application to the 99 Herculis binary
system. We extended the work of Paper I, modelling 3D smoothed
particle hydrodynamical simulations of an initially highly inclined
circumbinary disc with gas and dust components. Unlike previous
works on this topic, we focused on how the disc properties affected
the formation and evolution of the dust traffic jams. These properties
included the disc aspect ratio, surface density power-law index,
temperature power-law index, and viscosity. For each disc property,
dust traffic jams within the disc are produced by the differential
precession between gas and dust components as the disc aligns to a
polar state. These polar dust rings are long-lived and robust to the
different disc parameters chosen here. The inward migration of these
dust rings, coupled with midplane dust-to-gas ratios exceeding unity,
highlights the potential role of the streaming instability in fostering
conditions conducive to the formation of polar planets.

We followed up our SPH simulations with analytical calculations
of streaming instability growth rates and growth time-scales. We find
unstable modes in a dusty disc for St > 1. We then used the Keplerian
angular frequency around the binary 99 Her to convert the dimension-
less growth time-scale into units of the binary orbital period. We
found the streaming instability growth time-scale is less than the tilt
oscillation time-scale during the alignment process. Therefore, the
dust ring will survive once the gas disc aligns polar, suggesting that
the streaming instability will aid in forming polar planets.

The formation of dust rings in polar-aligning circumbinary discs
has implications for the formation of polar circumbinary planets.
This work showed that a sufficiently misaligned gaseous and dusty
circumbinary disc around an eccentric binary will undergo polar
alignment within the gas disc lifetime — forming a stable dusty polar
disc. We found dust rings are produced during the alignment process,
and are stable even when the circumbinary disc is in a polar config-
uration. From Section 4, we found that these dust rings may have
a favourable environment for the streaming instability to operate,
which can form planetesimals. Eventually, these planetesimals will
form planetary cores through the core accretion model of planet
formation (Safronov 1969; Goldreich & Ward 1973). This implies
that planets forming in a polar circumbinary disc would have polar
orbits around the binary. There may be evidence for the first polar
planet around the post-AGB binary AC Her (Martin et al. 2023).

MNRAS 534, 4018-4030 (2024)

However, there are no confirmed detections of polar circumbinary
planets.

If polar circumbinary planets can form, which, given our models,
is likely, they would be harder to detect than nearly coplanar
circumbinary planets found by recurrent transits using Kepler. Polar
planets may be detectable as non-recurring transits of the binary
or eclipse timing variations of the binary (e.g. Zhang & Fabrycky
2019). The most compelling binary system to host polar circumbinary
planets is 99 Her. The best-fitting model to reproduce the 99 Her
debris disc observations is a thin polar debris ring (e.g. Kennedy
etal. 2012). A polar debris disc may be shaped into a thin ring by the
presence of polar planets through a process of shepherding planets
(Rodigas, Malhotra & Hinz 2014).
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APPENDIX A: DIFFERENTIATING BETWEEN
DUST PILEUPS VERSUS TRAFFIC JAMS

Fig. Al shows the gas and dust surface density and the pressure
gradient as a function of radius. At a time r = 170 Py, (left panel),
a pressure bump near the inner disc edge is present which causes the
dust to pileup at this location. The dust accumulation at » ~ 65 au is
produced by a traffic jam from the differential precession between
the gas and dust, as there is no pressure bump at this location. At a
time ¢ = 1600 Py, (right panel), the two outer dust accumulations
are again driven by differential precession since no pressure bumps
are present.
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Figure A1. The gas (black) and dust (blue) surface density as a function of radius, r, following the left axis. The red curve denotes the pressure gradient,
dP /dr, following the right axis. The left panel shows t = 170 Py, and the right panel shows t = 1600 P .
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Figure B1. An azimuthal cut of the disc surface density as a function of time in binary orbital periods, Py. The colour maps denote the disc surface density,
3. We analyse the azimuthal angle 6 at r = 60 au (left), r = 85 au (middle), and r = 110 au (right). The upper sub-panel represents the gas, while the lower

sub-panel denotes the dust.

APPENDIX B: SPIRAL ANALYSIS

We now examine the spiral structure of the gas and dust. Fig. B1
shows the azimuthal cut of the gas and dust surface densities at a
radii r = 60au (left), r = 85au (middle), and » = 110au (right).
There are spirals in the gas launched by the binary potential. As the
radius increases, the spirals become less pronounced. At the same
time, dust spirals are launched. Even though the spiral structure in
the gas varies from the structure of the dusty spirals, the dust spirals
are primarily launched by the binary potential. The overdense region
for r = 60 au corresponds to when the initial dust traffic jams drift
to r = 60 au. Even though the binary is launched spirals in the gas
and dust, the spiral structure of the dust may also be altered by the
dust traffic jams. As the gas precession deviates from that of the dust
(and while they’re both still tilted), the dust (especially in the outer
part) crosses the gas midplane twice per orbit, producing a m = 2
spiral structure as the dust traffic jam evolves (see figs 1, 6, 7 and
Section 5.1 in Aly et al. 2021).

APPENDIX C: DISC MORPHOLOGY FOR H/R =
0.05

We show the disc morphology for the thin disc case, H /r = 0.05,
in Fig. C1 at times ¢t = 0 Py, (top-left), #+ = 200 Py, (top-right),
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t = 500 Py, (bottom-left), and ¢+ = 1000 Py, (bottom-right). At =
200 Py, the gas disc is broken, which causes a break in the dust. Disc
breaking can complicate the dust traffic jam formation (e.g. Aly et al.
2021). Instead of a single gas disc precessing uniformly, there are now
two gas discs, each with its own distinct precession frequency. The
disc breaking simulations from Aly et al. (2021) show that the dust
traffic jams always formed prior to the disc breaking, suggesting that
the breaking was not the cause of the initial dust pileup. We conducted
a similar analysis to check if the dust traffic jams formed prior to disc
breaking. Fig. C2 shows the surface density of the gas (black) and
dust (blue) as a function of radius r at times ¢t = 100 P, (dotted) and
t =200 Py, (solid). Atz = 100 Py, the gas disc breaks atr ~ 65 au,
while at the same time, there are no dust traffic jams present. At
t = 200 Py, the break in the gas disc propagates outwards, with two

dust traffic jams forming interior to the breaking radius. Therefore,
the gas disc breaks before the dust traffic jams form, which is opposite

to the results from Aly et al. (2021). The dust traffic jams forming
within the inner disc may explain why the location of these dust
traffic jams is closer versus the simulations with no disc breaking
(refer back to Fig. 3).
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Figure C1. We show the circumbinary disc structure in gas and dust with H/r = 0.05 at times ¢t = 0 Py, (top-left), 1 = 200 Py, (top-right), # = 500 Py,
(bottom-left), and + = 1000 Py, (bottom-right). We show the disc viewed in the x—y plane (left sub-panel), x—z plane (middle sub-panel), and y—z plane (right
sub-panel). The colourbar denotes the surface density.

MNRAS 534, 4018-4030 (2024)

202 JOqWISAON || UO Josn Jjad NONSISAIUN SYIsIUY9a ] Aq 898528./810Y/b/7EG/AI01HE/SEIUW/WO0D dNODILSPEDE//:SANY WO} POPEOJUMOQ



4030 J. L. Smallwood et al.

easasTTs
R

ST T

4L
10 S gas 100P =~ ——gas200P
........ dust 100 P, ——dust 200 P
L orb orb
T RSN R R
40 60 80 100 120
t [Porb]

Figure C2. The surface density of the gas (black) and dust (blue) as a function of radius r at times t = 100 Poy, (dotted) and 1 = 200 Py, (solid). The gas disc
breaks before the dust traffic jams form.
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