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ABSTRACT

Increasing observations of white dwarf atmospheric pollution and disrupting planetesimals is driving increased studies into the
fate of exo-asteroids around post-main-sequence stars. Planetesimal populations in the Solar System that are most likely to
survive the violent post-main-sequence evolution, such as the Kuiper Belt, display a large binary fraction with a propensity for
near equal-mass components and provide a previously unexplored population of planetesimals that are likely to exist around
white dwarfs. Here, we simulate the dynamical evolution of equal-mass binary asteroid systems around white dwarfs using the
N-body integrator REBOUND for 1 Gyr. We confirm that giant planets are efficient at dissociating and ejecting binary asteroid
systems on eccentric orbits, while Earth-mass planets are better at keeping planetesimals in their planetary systems. We find
binary systems can be dissociated and ejected from their systems across Myr time-scales, producing interstellar objects. We do
not expect a population of free-floating binary asteroid systems as all ejected planetesimals are gravitationally unbound from
each other. Further, we discuss the influence of asteroid binarity on the white dwarf pollution process and find there is little to
no impact on how close a body can get to a star. However, the orbital evolution of binary asteroids changes the distribution of
planetesimals available in a white dwarf planetary system to be further scattered onto white dwarf polluting orbits.

Key words: minor planets, asteroids: general —planets and satellites: dynamical evolution and stability —stars: evolution—

Kuiper belt: general — white dwarfs.

1 INTRODUCTION

White dwarfs provide a unique opportunity to understand the compo-
sition of planets and planetesimals in exoplanetary systems, as white
dwarfs have such intense surface gravities that elements heavier than
hydrogen and helium should quickly sink to the cores and hence no
longer be visible in spectroscopic observations (Paquette et al. 1986;
Wyatt et al. 2014). However, between a quarter and half of all white
dwarfs are observed with metals in their atmospheres (Zuckerman
et al. 2010; Koester, Génsicke & Farihi 2014; Kepler et al. 2015,
2016; Coutu et al. 2019), which could only be present if they had
recently been deposited on the surface.

A large proportion of this accreted material appears to be aligned
with the composition of terrestrial planetesimals (Zuckerman et al.
2010; Jura & Young 2014; Hollands, Ginsicke & Koester 2018;
Doyle et al. 2019) and a much smaller proportion with more volatile
rich bodies (Farihi, Ginsicke & Koester 2013; Raddi et al. 2015;
Gentile Fusillo et al. 2017; Xu et al. 2017; Hoskin et al. 2020).
It is believed that this material originates in asteroidal bodies that
have been perturbed onto orbits that cross the Roche limit of the
white dwarf and hence are tidally disrupted. The subsequent material
likely forms a disc of dust and/or gas orbiting around the white
dwarf. Such dusty debris discs are observed in the form of infrared
excesses around 1-3 per cent of white dwarfs (Rebassa-Mansergas
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et al. 2019) and gaseous discs are observed around 0.04-0.1 per cent
of white dwarfs (Manser et al. 2020). But it is expected that most
white dwarfs that exhibit metallic pollution should also be host to
debris discs [see section 4 and fig. 9 of Bonsor et al. (2017)] with up
to 90 per cent of those discs being currently unobservable (Rocchetto
et al. 2015).

As a star leaves the main sequence, its increased luminosity
and physical size will have a considerable effect on the planetary
system that might reside around it. Close in planets will be engulfed
by the expanding stellar envelope, and planets which escape this
fate will be pushed out onto orbits 2-3x larger than their main-
sequence distances (Veras 2016). A significant proportion of minor
bodies within ~7 au of the host star will be broken down to their
strongest components through the increased YORP (Yarkovsky-
O’Keefe-Radzievskii-Paddack) effect during the giant branch phases
of stellar evolution (Veras, Jacobson & Ginsicke 2014b). At larger
distances, Veras & Scheeres (2020) find that asteroids with a 2
50 au will almost always avoid rotational fission due to the YORP
effect. Further, planetesimals at these distances, such as in an
exo-Kuiper belt, will likely remain intact through the post-main
sequence increased luminosity and dynamical instabilities (Debes &
Sigurdsson 2002; Veras & Génsicke 2015; Veras et al. 2016; Mustill
et al. 2018; Maldonado et al. 2020b, a, 2021).

The increasing number of observations showing planetesimals in
various stages of disruption transiting white dwarfs (Vanderburg et al.
2015; Vanderbosch et al. 2020, 2021; Guidry et al. 2021; Farihi
et al. 2022) are presenting new challenges to our understanding

Published by Oxford University Press on behalf of Royal Astronomical Society. This is an Open Access article distributed under the terms of the Creative
Commons Attribution License (https://creativecommons.org/licenses/by/4.0/), which permits unrestricted reuse, distribution, and reproduction in any medium,

provided the original work is properly cited.

€202 U2JBIN B0 U0 15aNB Aq Z08820./6001/€/02S/2I01HE/SeuwW/Wwod"dno-olwapeoe//:sdiy oy papeojumoq


http://orcid.org/0000-0001-6442-6877
http://orcid.org/0000-0001-8014-6162
mailto:catriona.mcdonald@warwick.ac.uk
https://creativecommons.org/licenses/by/4.0/

4010 C. H. McDonald and D. Veras

of remnant planetary systems around white dwarfs. Thus, using
our knowledge of Solar System asteroids, which remain the most
well-studied population of planetesimals, could provide the key to
improving our efforts to model white dwarf debris systems.

In the Solar System, a significant proportion of planetesimals exist
in binary, or higher multiplicity, systems. This proportion has been
shown observationally to vary from several per cent to several tens
of per cent depending on both location and planetesimal size, and the-
orized to be as high as 100 per cent at formation (Fraser et al. 2017).

In particular, photometric studies of the main belt suggest that
6 percent = 3 percent of asteroids with radius larger than 10 km
should be binaries with comparable sized components (Behrend et al.
2006). The Near-Earth asteroid (NEA) population appears to host
15—-17 per cent of bodies larger than 0.3 km in diameter as binaries
(Margot et al. 2002; Pravec et al. 2006) and a further ~10 per cent
of NEA bodies exist as contact binaries (Benner et al. 2006). The
prevalence of multiple asteroid systems persists throughout the outer
regions of the Solar System with 6-10 per cent of Trojan asteroids
existing as contact binaries (Mann, Jewitt & Lacerda 2007) and three
Trojans containing their own satellites (Merline et al. 2002; Marchis
et al. 2014; Noll et al. 2020).

Out to even further orbital distances, the Trans-Neptunian Objects
(TNOs) in the Kuiper belt are estimated to have a 10-20 per cent
binary fraction (Stephens & Noll 2006; Noll et al. 2008). The
cold classical Kuiper belt objects (CCKBOs) are a population
of planetesimals harbouring low inclinations and eccentricities
alongside red colours and high albedos (Nesvorny & Vokrouhlicky
2019) and are thought to be a primordial reservoir of planetesimals
that formed at their current location. The binary fraction for the
CCKBOs is thought to be higher than the TNO region as a whole at
~20-30 per cent (Benecchi et al. 2019).

It has been suggested that binarity is a natural consequence of plan-
etesimal formation and thus populations such as the CCKBOs could
have had a near 100 per cent binary fraction at formation (Fraser et al.
2017). Thus, these bodies perhaps provide a unique opportunity to
look at the relatively unprocessed results of planetesimal formation,
without the influence of the Solar System’s particular dynamical
history.

The planetesimals that are most likely to survive post-main-
sequence evolution are those in the outer regions of planetary systems
where binarity is high in the Solar System. However, this poten-
tially significant population has been almost completely ignored in
previous post-main-sequence investigations. Thus, in this paper, we
investigate the dynamical evolution of binary asteroids in white dwarf
planetary systems and characterize their influence on observable
pollution, transiting debris and the population of interstellar free-
floaters (of which 11/2017 U1 ’Oumuamua is an example).

In Section 2, we outline the set-up of our simulations and the
conditions for asteroid tidal disruption, system ejection, and binary
dissociation. We apply these simulations to a Solar System analogue,
including the four giant planets, as well as systems where the binary
asteroids are interior and exterior to an Earth-mass planet’s orbit,
in Section 3. In Section 4, we discuss some of the implications of
asteroid binarity on the prospects for white dwarf debris systems and
the production of interstellar objects (ISOs). Finally, we conclude in
Section 5.

2 REBOUND SIMULATIONS

To investigate the fate of binary asteroids in a post-main-sequence
planetary system, we carry out N-body simulations using the RE-
BOUND package (Rein & Liu 2012).
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We utilize the WHFast integrator module within REBOUND
(Rein & Tamayo 2015) which is an implementation of the symplectic
Wisdom—Holman integrator (Wisdom & Holman 1991). We chose
to use WHFast instead of an adaptive time-step integrator such as
IAS15 (Rein & Spiegel 2015) in order to capture the dynamics of
the binary orbit alongside the circumstellar orbit the integration time-
step needed to be small, and we found a significant speed advantage
in using WHFast over IAS15 without loss of information.

Although the use of a Wisdom Holman integration scheme such
as WHFast is most accurate for systems where motion is dominated
by a central potential and other perturbations are small (Rein & Liu
2012), we carried out a number of tests to ensure that our numerical
simulations are sufficient and provide valid results.

First, we confirm that the relative error on energy and angular
momentum of the majority of our simulations are of the order x
10719, and never larger than x 107, ensuring a reasonable accuracy
for our numerical simulations.

Secondly, we carried out a small number of test simulations with
varying time-step values to check our results converge. For a total
of 12 asteroid systems in each planetary architecture considered in
this work, we carried out additional simulations with identical initial
conditions and time-steps either a factor of three larger or one-third
smaller than dt ~0.006 yr. We find that for the Solar System analogue
simulations (Section 3.1) and those containing planetesimals exterior
to an Earth-mass planet (Section 3.2), only a single binary asteroid
system has a different fate dependent on the simulation time-step
used. The simulations with planetesimals interior to an Earth mass
planet (Section 3.3) had no divergent results with differing time-steps.
As there is only a small change in results dependent on the time-step
used, and using a time-step a factor of three smaller increases the
computation time by a factor of five, we find that the simulation
procedure outlined above is sufficient for this general study.

Finally, we compared the performance of the WHFast integrator
to the standard Leapfrog scheme also provided in Rebound
(Rein & Liu 2012). We again ran a small number of simulations
for each planetary architecture using the Leapfrog integrator and
examined the relative energy and angular momentum errors and the
convergence of the results.

This integrator showed a similar outcome in terms of energy
and angular momentum, with relative errors on the order of x
10719, However, this integrator also produced significantly more
divergent results than with WHFast. While considering the Solar
System analogue architecture, 5 out of 12 simulations ran with
the Leapfrog integrator produced divergent results dependent on
the time-step chosen, compared to the single divergent result using
WHFast.

Thus, we consider our choice of WHFast to be robust and
sufficient for the aims of this study.

The outputs of each of the simulations carried out in this study were
stored using the Simulation Archive format available in REBOUND
that stores the state of the simulation regularly allowing for exact
reproducibility (Rein & Tamayo 2017).

Modelling binary asteroids orbiting a star is computationally
demanding due to the difference in time-scales for the two orbits.
Thus, we sought to find the combination of integration time-step and
Simulation Archive output that would allow reasonable integration
times. In order to preserve the information provided by the binary
orbit, the integration time-step was set at ~0.006 yr, the same order of
magnitude as the period of the tightest binaries we consider and three
orders of magnitude smaller than the period of the widest. A snapshot
was saved to the Simulation Archive every 10° yr. As the binary
systems are not expected to interact with each other significantly, we
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chose to simulate 100 binary asteroid systems across 25 simulations
each containing four binaries. This provided a speed advantage
over simulating 100 systems individually. With this configuration,
simulating the evolution of 100 binary asteroids in a planetary system
took ~5200 h.

The planet and planetesimal architectures used in the simulations
in this paper are now explained.

2.1 Simulation set up

All of the simulations in this study began with the same basic set up.
A central white dwarf was initialized with Myp = 0.6 Mg, which
corresponds to the peak of the white dwarf mass distribution (Althaus
et al. 2010; Kleinman et al. 2013; Tremblay et al. 2016; McCleery
et al. 2020).

We then added a number of binary asteroid systems orbiting around
the central star. Each binary system is comprised of two equal size
components with a mass of m, = 2.5 x 10'° kg, calculated assuming
that each component has aradius of r, = 125 km and a fiducial density
of 3 gcm™3. These values were motivated by the observation that
100 km class CCKBOs have a large percentage of resolved binaries
with near equal-sized components (Parker & Kavelaars 2010; de la
Fuente Marcos, de la Fuente Marcos & Aarseth 2017; Nesvorny &
Vokrouhlicky 2019) and that TNOs in the mass range 10'7-10%* kg
are observed with calculated densities up to 4 gcm ™ (Carry 2012).

A number of circumstellar semi-major axis ranges were considered
based on the particular planetary system architectures that are de-
scribed in Section 3. The circumstellar orbit was further initiated with
a random eccentricity between 0 and 1 (unless otherwise specified)
and random inclination between 0O and 1°. The initial mean anomaly
of the circumstellar orbit was randomly chosen between 0 and 27
radians. The initial longitudes of ascending node and pericentre are
set as zero. In order to implement our binary asteroid systems in
REBOUND and correctly determine orbits, we set the primary of the
system within the code as one of the binary asteroid components.
The other binary component is then designated as the secondary.

A large range of initial eccentricity values are chosen to cover
the possibility that dynamical interactions with remnant planets
may have already excited the circumstellar planetesimal orbit to
higher eccentricities through a number of mechanisms (e.g. Pichierri,
Morbidelli & Lai 2017; Wyatt et al. 2017), including eccentricity
excitation without destructive instabilities (O’ Connor, Teyssandier &
Lai 2022).

The range of possible binary semi-major axes values were again
motivated by observations. Nesvorny & Vokrouhlicky (2019) define
the separation of a binary asteroid system as the ratio of the binary
semi-major axis to the combined size of the binary components
ag/Rg, where Rg = Rf + R; , such that Ry, R, are the radii of the pri-
mary and secondary, respectively, and ag is the semi-major axis of the
primary-secondary orbit. Fig. 2 of Nesvorny & Vokrouhlicky (2019)
shows the distribution of binary separations for different dynamical
classes of KBO using the catalogue of physical and orbital properties
of binary asteroids maintained by W. R. Johnston on the NASA
Planetary Data System node (Johnston 2019). From this figure, it
can be identified that binary CCKBOs have a binary separation in the
range 10 < ag/Rp < 1000. Using the previously described asteroid
properties chosen, we can thus find an approximate range of ag for
our binary asteroid systems; 1500 < ag < 1.5 x 10° km.

Finally, we add planets to the simulations based on the planetary
architecture of interest as discussed in Section 3. We now discuss the
different outcomes for the binary asteroids in our simulations.

WD binary asteroid scattering 4011

2.2 Encounters with the white dwarf

We remove a body if it approaches within the white dwarf’s Roche
limit, at which point it would undergo tidal disruption.

Here, we adopt the Roche radius expression assuming a solid,
spinning rubble pile as in Veras et al. (2017),

MWD> 13
Pa ’

where Myp is the mass of the white dwarf and p, is the bulk density
of the orbiting body. We adopt a body density of 3g cm ™ to represent
a body largely consisting of solid ices and dust and use a fiducial
white dwarf mass of Myp = 0.6M, which results in rrocpe = 0.94 R
~ 0.004 au.

Due to the computational time-step limitations of these simulations
and the high velocity of bodies on orbits with small pericentres, we
also take into account the possibility that the bodies in our simulations
could cross the Roche radius between time-steps.

For each recorded simulation snapshot, we calculate the expected
pericentre distance for each asteroid using the osculating orbital
elements and identify if this is within 5 per cent of the white dwarf’s
Roche radius. When this occurs, we then return to the previous
simulation archive step (~6 x 10° yr before) and proceed to carry
out a further simulation with a reduced time-step of df ~ 6 x 1076 yr,
three orders of magnitude smaller than that used in the original
simulations. At this resolution, even the fastest moving asteroid
travels a fraction of a Roche radius in a single time-step and thus
a Roche radius crossing is resolvable. We carry out an integration
with this smaller time-step for ~2 Myr and remove any bodies that
cross the Roche radius from the simulation.

TRoche = 0.89 ( (1)

2.3 Ejections from the system

We consider a body to truly have been ejected from the planetary
system if it reaches a distance from the central star that exceeds
the Hill surface of the system in the Galactic tidal field. Veras &
Evans (2013) show that this Hill surface is an ellipsoid defined by
the following

G Myp\
Pl sys = ( aWD) k, )
with
‘ <1 2 [0+ VT 0" - Q) .
3 o +yT¥ Q)"
and
o
=5 4)

The parameter « = 4A(A — B) relies on the Oort constants
whose values at the solar radius are A = 14.5 kms~' kpc™! and
B = —12.9 kms~'kpc™!. The contribution from the disc to the
perturbation due to the Galactic tide is represented by Y ,, and given
by

T, = — [4nGpo — 28Q] 5)

where py is the total Galactic density, 2 is the circular frequency
of the star around the Galactic centre, and § = —(A — B)/(A + B)
is the logarithmic gradient of the Galactic rotation curve in terms of
the Oort constants.

Veras et al. (2014a) notes that the third term in equation (3) is
always in the range 0-2/3. Thus, if we take its maximal value and
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assume our simulated planetary systems are hosted by a 0.6 Mg
white dwarf at the solar location in the galaxy, then the system’s
Hill ellipsoid has dimensions of ryjj, sys ~ (240000, 160000, and
160000) au. Thus, we consider a body to be truly ejected from their
planetary system if they exceed an instantaneous distance from the
central white dwarf of 240 000 au.

2.4 Binary dissociation

The Hill radius for a binary asteroid system can describe the region
around a primary asteroid within which a secondary asteroid would
orbit the primary despite the gravitational influence of a central star
and is given by

M 1/3
=aq, a R 6
'm=4da <3MWD) (6)

where a, is the circumstellar semi-major axis and M,, Myp are
the masses of the individual binary components and white dwarf,
respectively (Donnison 2011). Thus, if the distance between the
binary component exceeds ry, the secondary should only move under
the influence of the central star.

An alternative condition for a binary system to be considered
unbound is if the total energy of the system is greater than O (Parker &
Kavelaars 2010; de la Fuente Marcos et al. 2017). The total energy
of a binary asteroid system using a two-body approximation can be
given by

2GM, G M
E=— iy M wpi ,
2(13 Zaa

@)

where © = 2m, and ag is the binary semi-major axis (Donnison
2011).

In this work, we consider a binary to be dissociated if the
instantaneous distance between the binary components exceeds ry
and confirm that in all such cases £ > 0.

3 RESULTS

3.1 A Solar System analogue

The first planetary system architecture we consider is a Solar System
analogue that contains the four giant planets: Jupiter, Saturn, Uranus,
and Neptune. We doubled the semi-major axes of the giant planets
to mimic the expected ~50 per cent mass loss for a solar analogue
host star (Veras et al. 2020). We gave the giant planets zero initial
eccentricity and a small random inclination between 0° and 1°.

The Solar System CCKBO region extends between 42 and 47 au
(Nesvorny & Vokrouhlicky 2019) and is expected to remain stable at
least until the end of the main sequence as seen in fig. 3 of Bonsor,
Mustill & Wyatt (2011). Thus, we populated the expanded, post-
main-sequence CCKBO region of 84-94 au with 100 binary asteroid
systems as described in Section 2.1.

We then integrate the motion of the white dwarf Solar System
analogue for 10° yr, removing the bodies from the simulation if they
either enter the white dwarf Roche limit and tidally disrupt or if they
exceed the limits of the system’s Hill ellipsoid and are hence ejected.

Fig. 1 shows the initial semi-major axis and eccentricity values
for the 100 binaries considered in our Solar System analogue. In this
figure, the marker shape identifies the fate of the binary as a whole:
triangles indicate that at some point during the Gyr simulation, the
binary dissociates as the separation between the bodies is greater
than the Hill radius as in equation (6), whereas a circle indicates
that the binary remains bound. Further, the colour indicates the final
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Figure 1. The initial semi-major axis and eccentricity values for the 100
simulated binary asteroid systems in our Solar System analogue. The marker
design highlights the final state of the binary; a triangle indicates that the
binary dissociates, while a circle shows the binary remains gravitationally
bound. Further, the colour of the marker shows the end location of the binary;
purple indicates at least one of the components is ejected from the system
while grey shows that the binary remains in a stable orbit around the white
dwarf. The single grey triangle at about 89 au indicates the only dissociated
binary that has remained bound to the white dwarf. The dashed orange lines
indicate the eccentricity required for a planetesimal to reach a pericentre at the
orbital location of the included giant planets as indicated by the annotations
above each line.

I JSUN
20{ HEE Earth INT
N Earth EXT

Number dissociated

0.0-0.2 0.2-0.4 0.4-0.6 0.6-0.8 0.8-1.0 1.0-1.2
Initial binary separation, x 10> km

Figure 2. A histogram showing the percentage of binary systems that
dissociate as a function of initial binary separation for all planetary system ar-
chitectures considered in this work, where the colours indicate the architecture
as described in the legend. Here, JSUN refers to our Solar System analogue
simulations (Section 3.1) which include the four giant planets (Jupiter, Saturn,
Uranus and Neptune), Earth INT, a system with a single Earth mass planet
with binary asteroids on interior orbits, (Section 3.3), and Earth EXT, a single
Earth mass planet with binary asteroids exterior to its orbit (Section 3.2).
Each architecture’s distributions have the same histogram bins, whose widths
are identified by the ranges between the large tick marks on the x-axis.

outcome for at least one of the components: purple shows that at
least one of the binary components is ejected, while grey shows that
both components remain in the planetary system.

From Fig. 1, it can broadly be seen that higher eccentricity binaries
across all semi-major axes are nearly always dissociated and both
components are ejected from the system; this appears to hold true
regardless of the initial separation of the binary, as is further discussed
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Figure 3. The ejection process for a single binary asteroid system in the
Solar System analogue simulations. The plot shows the distance from the
central star for the binary primary (solid line) and secondary (dashed line) for
the 1 Gyr simulation time. The binary dissociates at 1.6 Myr, and the primary
is ejected at 54.6 Myr. However, the secondary remains in the system for a
further ~660 Myr, gradually increasing its semi-major axis and eccentricity
at successive pericentre passes before finally being ejected from the system.

in Section 3.1.1. There is one case where the binary dissociates
according to our Hill radius and energy conditions (but does not
gain a binary eccentricity larger than unity) and remains within
the extent of the white dwarf’s Hills ellipsoid at the end of the
1 Gyr simulation time. However, by examining the trajectory of
the body across the simulation (see Section 3.1.2), the bodies are
clearly undergoing a process whereby their semi-major axes and
eccentricities are gradually being increased by successive pericentre
passes, and the binary would likely be fully ejected soon after the
end of the simulated time.

The dashed orange lines in Fig. 1 show the eccentricity values
required for bodies across the included semi-major axis range to reach
apericentre value at the indicated giant planet’s semi-major axis, thus
highlighting which bodies are expected to undergo orbit crossings
based on their initial orbits. It can be seen that all binary systems
that cross Jupiter’s orbit are both dissociated and ejected from the
planetary system. All bar one system that crosses Saturn’s orbit (see
Section 3.1.2) are again dissociated and ejected. Although there are
a few systems that are dissociated and ejected after crossing Uranus’
orbit, largely the ice giants are much less efficient at dissociating and
ejecting binary asteroid systems.

3.1.1 Evolution of binary separation

To further investigate the effect of the initial separation of the binary
components on the probability for the binary to dissociate, we plot a
histogram showing dissociations as a function of initial separation in
Fig. 2 for all of the simulation architectures considered in this work.
As can be seen in this figure, in the Solar System analogue (labelled
as JSUN in the figure legend to indicate the four included giant
planets; Jupiter, Saturn, Uranus and Neptune) binary dissociations
occur across the entire range of initial separation values, with 27/100
binaries in total dissociating. When considering all architectures,
there is a slight preference for wider binaries to be dissociated, but
dissociations occur regardless of the tightness of the binary.

As discussed in Section 2.4, we define a binary as having
been dissociated if the instantaneous distance between the binary
components exceeds the Hill radius of the binary system. A binary

WD binary asteroid scattering 4013

will be gravitationally unbound by a close encounter with a planet
if it approaches at a distance g close enough such that the binary
separation is approximately its Hill sphere,

3M 1/3
< _®r 8
qNaB(MB> ; (8)

where ap is the semi-major axis of the binary orbit, M, is the
mass of the planet, and Mg is the combined mass of the binary
system (Agnor & Hamilton 2006). Araujo et al. (2018) suggest that
encounters within 3x and 10x this closest approach distance are still
significant encounters that can impart some change onto the binary
orbit.

To further investigate if any of our dissociated binaries have a close
planetary encounter prior to dissociation, we utilize the REBOUND
Simulation Archive and carry out higher resolution simulations
focusing on the time when the binary dissociates. Of all the binaries
that dissociate, only seven have some kind of significant encounter
with one of the giant planets, and in only one of these cases is an en-
counter within 3 x Neptune’s closest approach distance immediately
followed by a dissociation event. Thus, planetary encounters do not
appear to be the main driver of binary dissociation in this work.

Most of the binaries that do not dissociate remain on relatively
stable binary and circumstellar orbits. However, a small number that
undergo circumstellar orbit changes, such as orbit crossings, also
undergo a corresponding binary orbit change, largely by the binary
orbit widening. Further, 12 systems that remain gravitationally bound
to each other appear to be captured into an orbit at, or close to,
the semi-major axis of one of the planets. These systems spend an
average of ~0.2 Gyr at, or close to, the semi-major axis of the the
planet often before moving back on to wider orbits. In all but one
case, this occurs around Neptune’s orbit; in the other, the system
bypasses Neptune’s orbit and gets temporarily captured by Uranus.

3.1.2 Ejections from the system

We now investigate specific scenarios that lead to planetesimal
ejection.

The Safronov number (Safronov 1972) for a planet can provide
an indication of how efficient it will be at causing other bodies to be
scattered and can be described in terms of the planet’s properties as
follows

o= £’ )
R, Mwp
where q,, is the semi-major axis of the planet, R, is the radius of the
planet, and M, Myp are the mass of the planet and white dwarf,
respectively.

We calculate the Safronov number for each planet included in all
simulations discussed in this paper and present the values in Table 1.

Table 1. Semi-major axis values and
calculated Safronov numbers for the
Solar System planet analogues con-
sidered in this work.

Planet aau ®
Jupiter 10.4 35.5
Saturn 19.2 23.5
Uranus 38.4 16.5
Neptune 60.1 31.5
Earth 60.1 7.1
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A Safronov number larger than unity indicates that a planet will
be efficient at scattering bodies out of their planetary system, and
larger numbers indicate greater efficiency. The calculated values in
Table 1 confirm that more massive planets are more likely to cause
planetesimals to be ejected from the system rather than scattered
inwards.

Thus, in our Solar System analogue simulations, Jupiter is the
most efficient at ejecting planetesimals from the system, although
Neptune’s Safronov number is similar. The main-sequence Safronov
numbers for the same planets are all significantly lower; for Jupiter
around the Sun, ® = 10.6. Although this value is still significantly
larger than unity, it is only ~30 per cent of its post-main-sequence
counterpart, highlighting the increased dynamical instability present
in white dwarf planetary systems.

Just over a quarter of the binaries simulated in our Solar System
analogue (26/100) are ejected fully from the system, with both
components reaching a distance larger than 2.4 x 10° au from
the central white dwarf. We find that 16 of these binaries reach
a minimum circumstellar distance either inside or very close to
Jupiter’s semi-major axis, with nine of these binaries subsequently
being ejected separately. A further nine ejected binaries cross or
approach Saturn’s orbit, and the final binary reaches a minimum
distance of ~30 au, crossing Uranus’ orbit. This can also be seen in
Fig. 1 with all purple triangles existing above the dashed orange line
denoting the required orbital elements to have a pericentre within
Uranus’ orbit. All of which confirms that the more massive and
close-in a planet is, the more likely it is to eject a planetesimal from
its planetary system.

Fig. 3 shows the process of ejection for one particular binary
system in our Solar System analogue simulations. The plot shows that
the evolution of the distance between the binary components and the
central star, with the solid and dashed lines representing the arbitrarily
chosen primary and secondary, respectively. The binary dissociates
~1.6 Myr after the beginning of the simulation, and the arbitrarily
chosen primary is ejected from the system at ~54.6 Myr. However,
the secondary remains in the system for a further ~661.7 Myr,
gradually having its semi-major axis and eccentricity pumped up
at repeated pericentre passes before finally being ejected from the
system. Ten of the 26 binaries that are ejected here showcase a similar
long-term ejection process, seemingly ‘bouncing’ out of the system.

Such increases in semi-major axis and eccentricity are analogous
to the processes that populate the Solar System Oort Cloud with
comets from the inner planetary system. Under the gravitational
influence of a planet, a comet with semi-major axis much larger than
it’s pericentre will receive an effective kick in energy at pericentre,
which leads to increases in semi-major axis and eccentricity with
fixed pericentre. This process leads to a random walk in orbital
evolution, which has been investigated by many authors (eg Duncan,
Quinn & Tremaine 1987; Brasser, Duncan & Levison 2006, and
others). Without the influence of galactic tides or stellar flybys to raise
the pericentre values of the ‘comets’ outside of the inner planetary
system in our simulation, the bodies are ejected.

A similar process for planet mass objects has also been seen in
simulations before: the left-hand panel of fig. 2 of Veras, Crepp &
Ford (2009) also shows wide orbits induced by scattering persist-
ing in their planetary systems for hundreds of Myr before being
ejected.

Four of these binary systems dissociate according to the condition
that the distance between the components exceeds the Hill radius of
the binary (equation 6). However, their components maintain similar
orbits and hence are ejected simultaneously from the system. As
discussed in Section 3.1, one binary system that is dissociated per
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the Hill radius condition but is not ejected from the system undergoes
a similar ‘bouncing’ trajectory to that shown Fig. 3, where it expected
the binary components would be ejected after the end of the simulated
time.

3.1.3 Close approaches to the white dwarf

Directly from our simulation results, we find no instances where a
binary component directly crosses the Roche radius of the white
dwarf. By following the procedure outlined in Section 2.2, we
identify three binary systems that have a component with an expected
pericentre below the white dwarf’s Roche radius. Of those, two
are components that are ejected from the system and hence have
eccentricities exceeding unity. The third is not ejected during the
course of our original simulations but does undergo a trajectory
similar to that displayed in Fig. 3 and hence is expected to be
ejected. We find that no binary component physically reaches the
white dwarf Roche radius across the three deeper simulations and
hence we find no tidal disruption events across our Solar System
analogue simulations.

Although no binary components directly reach the Roche radius of
the white dwarf in these simulations, 15 binaries cross Jupiter’s orbit
and travel further into the inner system. Of these 15 binaries, nine
had initial circumstellar eccentricities ¢; > 0.9, five had 0.8 < ¢; <
0.9, and one had 0.7 < ¢; < 0.8, implying that an intense dynamical
perturbation that can push the body onto a large eccentricity orbit is
required for forays into the inner planetary system.

Fig. 4 shows a histogram of the minimum distance that each
binary asteroid component makes to the white dwarf (orange for the
primary and purple for the secondary). In this work, as we neglect
the presence of any remnant planets, asteroids that cross Jupiter’s
orbit and enter the inner planetary system (a < 10 au) may encounter
smaller surviving terrestrial planets which could further scatter the
planetesimals on to Roche limit crossing orbits. Overall, three of our
binaries approach the white dwarf within 5 au and a further 12 within
10 au where they may be more likely to encounter further planets
and undergo more perturbations.

3.1.4 Comparison with single-body evolution

To further understand if the binarity of these systems has had any
impact on the evolution of the asteroids, we carried out additional
simulations where the secondary component has been removed.
These simulations are begun with otherwise identical initial condi-
tions to the binary simulations by utilizing the REBOUND Simulation
Archive (Rein & Tamayo 2017). Here, we discuss some of the results
comparing the evolution of a binary asteroid system to its single-body
counterpart.

Often, when both components of the binary are ejected from the
planetary system, the corresponding single body is also ejected,
which suggests the ejection process is tied more to the initial orbital
configuration of the system than the binarity. However, the time-
scales for these ejections can differ: in four cases where the binary
components are ejected separately, the single body is ejected between
those two events. Further, there are cases where the single can be
ejected either before or after the binary components are ejected.
There are four occurrences where the binary system is ejected but
the single body is not and another four where the single is ejected
and the binary is not. For the specific binary asteroid shown in Fig. 3,
the binary primary and secondary are ejected at ~55 and ~716 Myr,
respectively, while the single-body counterpart is ejected at ~90 Myr.
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Figure 5. The initial semi-major axis and eccentricity values for 100 binary
asteroids on orbits exterior to a single Earth-mass planet. As in Fig. 1 and as in
the legend, the marker shape highlights the outcome for the binary orbit, and
the marker colour indicates the final state of the stellar orbit. In this case, only
binaries with stellar eccentricity e > 0.9 dissociate and no binary components
are ejected from the planetary system.

Fig. 4 shows a histogram of the closest approach for both the binary
and single-body simulations. The distribution of closest approaches
into the inner system the binary components reach is shown by orange
and purple bars, while the single-body counterpart is shown in blue,
as indicated in the legend. For 40 per cent of the simulated systems,
the difference in closest approach values is less than 1 au, while
another 26 differ in closest approach value by up to 40 au. In 54 of
our systems, the binary approaches closer to the WD than the single
body; in 45 cases, the single body makes a deeper entrance to the
inner system; and in two cases, the single body arrives between the
two binary components.

3.2 A single Earth-mass planet with exterior planetesimals

It has been shown that lower mass planets are more efficient
at delivering planetesimals into the inner regions of white dwarf
planetary systems where they can undergo further encounters which
lead to tidal disruption and eventual accretion (see left-hand panel
of fig. 6 of Bonsor et al. 2011). Since our Solar System analogue
simulations include the influence of giant planets and show a number
of ejected and stable binaries, but no planetesimals on orbits which
would suggest eventual accretion, we now change our attention to
lower mass planets. Fig. 6 of Bonsor et al. (2011) shows that in
their numerical simulations, the highest number of planetesimals are
scattered inwards under the influence of a 1 Mg planet compared
to higher masses (10-100 Mg). In their work, a planetesimal is
considered to be scattered inwards if its semi-major axis is less than
ain, taken to be ain = a, — Try, where riy = ap(M,/3Mwp)">.

This value is chosen in their work under the assumption that the
planetesimals could then be scattered by remnant planets within the
inner system. Thus, in the context of our work, a;, = 55.17 au.

Thus, we place a 1 Mg planet at the WD semi-major axis of
Neptune in the previous Solar System analogue (¢ = 60.1 au),
again with zero initial eccentricity and a random inclination between
0° and 1°. Then, following the procedure set out in Bonsor et al.
(2011), and ignoring the effect of post-main-sequence mass loss
on mean motion resonances (MMRs; Debes, Walsh & Stark 2012;
Voyatzis et al. 2013; Li, Mustll & Davies 2021), we place our binary
asteroids from the post-main-sequence orbital location of the planet
to the location of the outer 2:1 MMR (60.1 au <a, < 95.4 au). This
2:1 MMR with Neptune is also the approximate edge of the Solar
System’s Kuiper Belt (Allen, Bernstein & Malhotra 2001; Trujillo &
Brown 2001) and the location of the resonance is defined as

2\ 23
aZIMMR:<T) ap, (10)

where aj, is the semi-major axis of the planet (Murray & Dermott
1999).
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The 100 binary asteroid systems were again initialized using the
same orbital elements as discussed in Section 2.1, and then the system
was integrated for 1 Gyr.

Fig. 5 shows the initial semi-major axes and eccentricities of the
binary asteroids considered in these simulations. The shape markers
and colours are indicators of the same as in Fig. 1 and are described
in the figure legend. From this figure, it is clear that all of the binaries
remained in the system during the course of the 1 Gyr integration,
with no ejections or bodies being directly scattered to the Roche limit
of the star. Due to the lower value of the Safronov number for the
Earth-mass planet considered here (see Table 1), it is not unsurprising
that there are no ejections in these simulations.

Using the definition of the inner planetary system of a;, = 55.17 au
from Bonsor et al. (2011), a quarter of the binaries in our simulation
including an Earth mass planet and a quarter from the Solar System
analogue encroach in the inner system, seemingly in contrast with the
results of Bonsor et al. (2011). At closer distances, only two binaries
in the Earth mass simulations had a closest approach towards the
white dwarf within 1 au and only another ten binaries approached
within 10 au. We find no binary components come within 5 per cent
of the white dwarf’s Roche radius. While this amount is a slightly
smaller number of bodies entering the deeper regions of the planetary
system compared to our Solar System analogue simulations, no
bodies in those simulations directly reach within 1 au of the star.
However, all of the 15 binaries in the Solar System analogue
simulations that approach within approximately 10 au of the white
dwarf are subsequently ejected from the system. Thus, lower mass
planets are more efficient at scattering bodies to closer pericentres
without ejecting them, so they can stay in the inner system and be
perturbed by further remnant planets for longer time-scales.

When comparing the closest approaches for the binary systems and
their single-body counterparts, there is again less difference than for
the Solar System analogue, with only 13 systems having a change
in closest approach larger than 1 au and a single-body simulation
whose closest approach was ~11 au closer than the counterpart
binary components.

In these simulations, a very small number of binary systems
(9/100), all of which start out with very high eccentricities (¢ >
0.8), are dissociated, such that the remaining 91 systems stay bound.
The binaries that remain bound do not show as much binary orbital
evolution as those in the Solar System analogues, and the few that
do undergo widening exhibit the same corresponding change in
circumstellar semi-major axis. These features can be explained due
to the smaller gravitational perturbations from a single-Earth like
planet than from multiple giant planets.

3.3 A single Earth-mass planet with interior planetesimals

Having found no tidal disruption events caused by giant planet
scattering, we now focus on a particular region of phase space where
previous studies have found asteroids to be particularly vulnerable
to being scattered onto orbits that lead to tidal disruptions.

Again, we use an Earth-mass planet, but with binary asteroids
which now exist interior to the planet’s orbit. Antoniadou & Veras
(2019) provide scale-free analytical estimates for the outcomes of
planetesimals on planar, elliptic periodic orbits under the influence of
one planet. By examining the middle panel of fig. 7 of Antoniadou &
Veras (2019), we identified a particular region of a-e space that is
predicted to cause asteroids to be perturbed into the inner planetary
system and subsequently collide with the white dwarf.

This region led us to model binary asteroids with parameters
distributed in the ranges 0.9 < ¢ < 1 and 0.61 < a./a, < 0.64

MNRAS 520, 4009-4022 (2023)

V Dissociated O Bound V‘Ejectedv. Remains
1.00 \V4 w

w v v A
ol WV T VY

d g
<
<«
4 <
€
<
<
<

o

©

s
s

0.92 1 v

0.90 1

T T T T T T T T
36.75 37.00 37.25 37.50 37.75 38.00 38.25 38.50
Circumstellar semi-major axis (au)

Figure 6. The initial semi-major axis and eccentricity values for 100 binary
asteroids chosen to have orbits likely to lead to the planetesimals being
accreted onto the white dwarf. As before and in the legend, the marker shape
highlights the stellar orbit outcome and colour shows the binary orbit end
state. In contrast to the previous planetary system architectures, here only
eight binaries do not dissociate, all with e < 0.95. For three separate binaries
with e > 0.99 and 37.75 au <a < 38.25 au, they are dissociated and a single
binary component is ejected from the system.

where a, and a;, are the circumstellar semi-major axes of the binary
system and the planet, respectively. These values give 36.7 au < a,
< 38.5 au, assuming the Earth-mass planet is again placed at ~60 au
(x 2 Neptune’s current semi-major axis.)

Once again, the binaries were initiated with the same orbital ele-
ments as previously discussed and then their motion was integrated
for 1 Gyr.

Fig. 6 shows the initial semi-major axes and eccentricities of the
circumstellar orbits of the binary asteroid systems. The marker styles
and colours remain the same as in Figs 1 and 5, and as described in
the figure legend, but note here the scale on the y-axis that ranges
between 0.9 < e < 1.0 as opposed to 0.0 < e < 1.0 as before.

As can be seen in this figure, the binaries in this simulation largely
have a very different outcome to those planetary system architectures
already discussed, with all but eight binaries dissociating before the
end of the simulation. Further analysis of these dissociation events
shows that only 15/92 of the binaries which did dissociate did so
after the first 0.5 Myr of the simulation and none did so after a
close encounter with the planet, which may suggest that this region
of phase space is mostly inhospitable to binary stability in the first
place.

These features are supported by the fact that the binaries which
remained bound all had initial separations smaller than 3.5 x 10* km,
which are some of the tightest binaries we consider in this work.
Thus, the wider binaries that are typically found in the Solar System
Kuiper belt may not be able to exist as binaries at these locations.
The binaries that remained gravitationally bound in this architecture
largely also underwent changes in the circumstellar semi-major
axis, albeit smaller in magnitude than in the Solar System analogue
simulations. The corresponding changes in binary semi-major axis
were similar in size to those in the Solar System analogue simulations
for a similar sized increase in circumstellar semi-major axis.

As in these simulations, we used the same planet mass and semi-
major axis as when targeting the exterior 2:1 MMR. The Sarfronov
number is again as given in the last row of Table 1 (equaling
7.1), which is a sufficiently low value that we should not expect
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many ejections. Indeed, we find only three ejection events, which
represent a significant reduction in the level of planetesimals that
are scattered to ejection compared to those from the Solar System
analogue simulations.

The ejected planetesimals are clustered in the semi-major axis —
eccentricity phase space with 37.75 < a, < 38.25 and e > 0.99. In
contrast to the ejection events in our Solar System analogue simula-
tions, in these three cases only, the arbitrarily chosen secondary of
the binary is ejected, with both the primaries and their single-body
counterparts remaining in the planetary system. Further, the ejections
all occur early in the Gyr simulation at ~1.7, 4.8, and 22.6 Myr,
which means that none of the ejections show the same ‘bouncing’
trajectories across hundreds of Myrs as discussed in Section 3.1.2.

The binaries in these simulations were all initiated with smaller
semi-major axes and higher initial eccentricities than in the previ-
ously discussed architectures, thus the bodies here make much closer
approaches towards the white dwarf. 31/100 of the binaries reach
within 1 au of the central star, and the closest distance to the star that
any body achieved was ~0.03 au, which is still an order of magnitude
larger than the Roche radius of the star (see Section 2.2). We again
find three binary asteroid systems that have a predicted osculating
pericentre within 5 per cent of the white dwarf’s Roche radius. These
three systems are those highlighted in Fig. 6 as being ejected during
the course of the simulation and hence with an eccentricity larger
than unity. As outlined in Section 2.2, we carry out simulations
with a smaller time-step centred on the time of the predicted Roche
crossing from the osculating orbital elements. Subsequently, we find
that no binary component crossing the white dwarf’s Roche radius.

There is also less variation in the closest approach distances
between the binary and the single-body counterparts with only one
system where the difference was just larger than 1 au.

Thus, although we chose to specifically target areas of parameter
space that have previously been identified as potential drivers of
white dwarf pollution, here we find that further interactions with
other planets would be required to cause both binary and single
asteroids to reach the white dwarf Roche radius.

4 DISCUSSION

Although our simulations have not highlighted a particular tendency
for binary asteroids reaching orbits which would allow them to be
disrupted and then accreted onto the white dwarf over single body
counterparts, there are a few particularly interesting consequences of
considering binary asteroid evolution.

4.1 Implications for white dwarf pollution

The process of binary dissociation can affect the orbits of the binary
components that remain in the system. All of the binaries that
dissociate are ejected in our Solar System analogue simulations,
or at least follow trajectories which would lead to them subsequently
being ejected. Thus, we turn our attention to the effect of binary
dissociation on the white dwarf pollution process in our system
architectures including Earth-mass planets.

For the case where the planetesimals begin the simulations exterior
to the Earth-mass planet, the final circumstellar semi-major axes of
the dissociated primary and secondary can differ by up to 3 au,
while the circumstellar eccentricity differs by only up to 0.01. Fig. 7
shows the circumstellar semi-major axis, eccentricity, and inclination
evolution for a binary that dissociates from an initial location exterior
to an Earth-mass planet and where both components remain in the
system for the duration of the simulation. In Fig. 7, the coloured lines
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Figure 7. The evolution of circumstellar semi-major axis (top panel), cir-
cumstellar eccentricity (middle panel), and circumstellar inclination (bottom
panel) for the two components of a particular binary that dissociates but is not
ejected from an initial orbit exterior to an Earth-mass planet. In each panel,
the primary is shown by an orange line and the secondary by a blue line; the
vertical dashed grey line pinpoints the time when the binary dissociates. After
the point of dissociation, the semi-major axes of the components orbits differ
by ~2.4 au. The circumstellar eccentricity values continue a slow increase
that began before the dissociation event, albeit separated by ~0.001, for
~1 Gyr before both begin to decline with an increasing separation. Finally,
the inclination values again follow a similar pattern to their pre-dissociation
evolution by continuing to decrease from almost 1° to ~0° by the end of the
simulation, with the values for the two components diverging slightly as more
time passes from their dissociation. Thus, the dissociation process can affect
the subsequent orbital evolution of the components.

MNRAS 520, 4009-4022 (2023)

€202 U2IBIN B0 U0 15NB Aq Z088Z0./600%/€/02S/2I01HE/SEIUW/WO0d"dNODILSpED.//:Sd)lY WO} PAPEOjUMOQ


art/stad382_f7.eps

4018 C. H. McDonald and D. Veras

show the orbital elements of the binary components, as indicated
in the legend, calculated assuming they are on Keplerian orbits
around the white dwarf and undergoing small perturbations due to
the presence of the binary companion. The vertical grey dashed
line shows the time at which the binary is dissociated according to
the condition that the instantaneous distance exceeds the system’s
Hill radius. In the specific example shown, the binary remains
bound for just over 0.5 Gyr of simulation time, after which there
is a gradual increase in eccentricity and decrease in inclination
towards the point of dissociation, which occurs at just under
0.6 Gyr.

After the dissociation point, the binary primary settles onto an orbit
with a semi-major axis of ~64.6 au, while the secondary sits at a ~
62.2 au. Thus, the dissociated binary components have a maximum
difference in apocentre of ~4.8 au and ~0.06 au at pericentre. The
circumstellar eccentricity of the components appear to diverge from
each other slightly while still following the same trajectory. By the
end of the simulation, the circumstellar semi-major axis values had
been steadily decreasing for ~0.2 Gyr. Further, simulation time may
highlight that the circumstellar eccentricity decreases even further.
The circumstellar inclinations continue the steady decrease in value
that preceded the dissociation event, with both components acquiring
~0° by the end of the simulation time.

Thus, the dissociation process can significantly alter the subse-
quent orbital evolution of the binary components. We can examine
this effect further by looking at the distribution of binary components
both at the beginning and end of our simulations to see how it changes,
as in Fig. 8.

Each row shows the initial and final position distributions for the
planetesimals in all of our simulated system architectures. In the left-
hand panels, we show the initial location of the binaries as coloured
markers and the following 10* yr of their orbital evolution as grey
lines, while in the right-hand panels, we show the final location of
the binary components and their preceding 10* yr of evolution.

The top row of panels show the initial and final distributions of
the 100 binary asteroids in our Solar System analogue simulations
introduced in Section 3.1. The reduction in planetesimal density
highlights the ~25 per cent of planetesimals that are ejected from the
planetary system. The orbital paths of the binary asteroids appear to
have diffused around the star, with a number of bodies being pushed
out onto wider orbits.

The initial and final position distributions for binary asteroids
on orbits exterior to an Earth-mass planet are shown in the middle
panels of Fig. 8. In this planetary architecture, none of the binaries
are ejected from the planetary system and very few are dissociated,
but one example can be seen in the lone grey triangle towards the
left-hand side of the right-hand panel. The orbital distribution as a
whole has also become more diffuse across the simulation time in
both the x and y directions.

Finally, the bottom row of Fig. 8 shows the position distributions
for binaries interior to an Earth-mass planet on orbits expected
to cause tidal disruption events. By comparing the two panels,
it is clear that the orbital distribution of the asteroids changes
significantly during the course of the simulation. Not only can
individual dissociated binary components be distinguished, but a
number of objects have undergone significant argument of pericentre
evolution.

Since these simulations only explicitly considered the gravitational
interaction between the planets and the planetesimals, this observed
precession is likely to be caused by these gravitational interactions.
The evolution of the argument of pericentre w, due to the gravitational
influence of an external perturber such as a planet in the restricted
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three-body problem can be presented in averaged form as follows

do ( 1 ) 3GMy\/1—e? an

dr  \al ) an,(1—e2)32’

where G is the universal gravitational constant, M, is the mass
of the planet, n is the mean motion, a is the circumstellar semi-
major axis, e is the eccentricity, and the subscripts a and p refer to
the asteroid system and planet, respectively (Veras 2014a). For this
approximate calculation, we consider the binary asteroid system as
a single object whose orbit is approximated by the orbital elements
of the primary. Taking the range of initial circumstellar semi-major
axis and eccentricity values for our simulated binary asteroid systems
interior to an Earth-mass planet (36.7 au S a, S 38.5auand 0.9 <e
< 1.0), we find an expected rate of change of argument of pericentre
of dw/dt ~ 0-9° Gyr~!. Indeed, we find that a large number of binary
systems in our simulations that start with a circumstellar argument
of pericentre of 0°, end the 1 Gyr simulation with @ ~ 0-7°. Thus,
the observed argument of pericentre evolution is broadly in line with
being caused by gravitational interactions with the perturbing planet.

Although we did not explicitly include general relativistic effects
in our simulations, these would provide an additional mechanism to
induce argument of pericentre evolution. Veras (2014b) present the
averaged rate of change for the argument of pericentre due to the
effects of general relativity as

do 3G (Mwp + M1
e a?c? (1 — 62)

where G is the universal gravitational constant, a is the semi-major
axis of the circumstellar orbit, ¢ is the speed of light, and e is the
orbit’s eccentricity. For the objects in our simulations with binaries
interior to an Earth-mass planet, bodies with an initial eccentricity
e = 0.9 can achieve dw/dt on the order of 0.05° Gyr~'. But for the
very highest eccentricities considered in this work, on the order
of e = 0.999, dw/dt ~ 5° Gyr~!. Considering the argument of
pericentre precession due to general relativistic effects would then
add an additional rotation to that observed in our simulations due to
purely gravitational effects.

Binaries that do not dissociate and continue to have pericentre
passes close to the white dwarf could have interesting consequences
for the disruption/accretion processes. Although as is seen in Sec-
tion 3.3, it can be difficult to have binaries survive on close in
orbits, especially if there are large planets in the system, binaries
which initially exist exterior to a low-mass planet can make close
approaches into a planetary system without dissociating. How the
tidal disruption process might differ if a gravitationally bound binary
asteroid system were to cross the Roche limit of their white dwarf
is beyond the scope of this paper, but may lead to an interesting
distribution of orbiting debris that might be observable through
transits.

12)

4.2 Implications for interstellar asteroid populations

The discovery of ISOs with the detection of 1I/‘Oumuamua in 2017
(Meech et al. 2017) and 2I/Borisov in 2019 (Guzik et al. 2020)
motivated studies into the dynamical processes, which lead to plan-
etesimal ejections. Alongside ejection during the protoplanetary disc
phase (Moro-Martin 2018), ejection from a remnant planetesimal
reservoir during the post-main-sequence phases of stellar evolution
has been proposed as a mechanism (Rafikov 2018; Moro-Martin
2019; Malamud & Perets 2020). Although the estimated number
density of ISOs originating from post-main-sequence systems is
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Figure 8. The distribution in x-y space of binary components at the beginning of the simulation time (left-hand panels) and then at the end of the 1 Gyr
simulation time (right-hand panels) for all planetary system architectures considered in this work; Solar System analogue (Section 3.1) in the top row, binaries
exterior to an Earth-mass planet (Section 3.2) in the middle row, and binaries interior to an Earth-mass planet (Section 3.3) in the bottom row. The grey lines
show the orbital path of the objects for either the following 10* yr (left-hand panels) or the preceding 10* yr (right-hand panels), where the positions have been
calculated at higher resolution than in our full simulations, with positions recorded every 100 yr. The central white dwarf is located at (0,0) and is denoted
by a black star that is hard to distinguish in some panels due to the density of orbit visualizations. The binary primaries are identified by circle markers and
triangles of the same colours show the secondaries. By comparing the left-hand and right-hand panels of each row, it is possible to identify how the distribution
of planetesimals changes over the course of a Gyr. In the top row showing the Solar System analogue results, a number of binary systems have been ejected and
those that remain have diffused in the system. In the middle row, dissociated binary components can be distinguished by lone triangle and circle markers. No
planetesimals are ejected for this planetary architecture but the orbits do become more diffuse by the end of the simulation. Finally, in the the bottom row, the
most evident feature is the significant evolution of the argument of pericentre, which has led to the orbits precessing around the central star.

MNRAS 520, 40094022 (2023)

€202 YoJelN 60 UO 1s9nB Aq 08820./600%/€/0ZS/9101HE/SEIUW/WOD dNOdlWapEeoe//:Sd)Y WOlj POPEojuMOQ


art/stad382_f8.eps

4020 C. H. McDonald and D. Veras

0.05

0.04

0.03

002

(wy 0] x) uoneredas Areuiq renmuy

Minimum velocity to unbind binary (km s~')

— — 1.5
0.01
r15
0.00 150
0 z P Iz 2

True anomaly

Figure 9. Minimum velocity impulse required to unbind a binary asteroid
system as a function of the binary’s true anomaly. A range of initial binary
semi-major axes are considered and highlighted by labels on the right-hand
y-axis and the different colour curves. The highest required velocity kick and
hence the most resilient binary occurs for the tightest binary with a separation
of just 300 km. The minimum velocity required peaks at f = 7, but largely
does not vary across the orbit.

not sufficient to explain the estimated ISO number density from
the observation of ‘Oumuamua, they should still contribute to ISO
population.

Hansen & Zuckerman (2017) predict that as much as 0.1-1.0Mg, of
material can be ejected from a white dwarf planetary system hosting
Saturn-Jupiter mass planets by considering the average accretion
rates for polluted white dwarfs and the fraction of material expected
to be accreted versus ejected. Veras et al. (2020) simulated the
dynamical evolution of Solar System analogue exo-Kuiper belts
consisting of large planetesimals across a star’s entire lifetime
from stellar cluster birth to the white dwarf phase. They find that
planetesimals are most vulnerable to system ejections during the
stellar cluster phase of evolution, while in the white dwarf phase it
is negligible, with only a few per cent of planetesimals being ejected
(see their figs 4-7). This predicted lower level of ejections could
be due to the planetesimals in their simulations largely remaining
on near circular, co-planar orbits, while increasing eccentricities
are favourable for ejections in our work. The result that there is
a negligible difference between the ejections of binary and single
component systems in our simulations (Section 3.1.4) highlights that
differences in our orbital distributions are the likely cause for the
discrepancies between our results.

In this work, we similarly find that giant planets are efficient
at scattering material out of their planetary systems and into free
floating populations. In our Solar System analogue simulations,
approximately a quarter of all binary asteroid systems we consider
are ejected from their planetary systems when their distance from the
central star exceeds the extent of the systems Hills ellipsoid. The new
aspect that our work provides is then not only that there are two bodies
to be ejected at every event, but that in ~40 per cent of our ejection
events, the binary components are not ejected simultaneously as
discussed in Sections 3.1.2. Thus, ejection of a binary asteroid system
via planet perturbations around a white dwarf could inject rocky
material into interstellar regions across Myrs.

Further, none of our ejected systems are ejected while they
remain gravitationally bound as a binary, thus we may not expect a
population of free-floating binary asteroids. Here, we aim to expand
on this possibility and identify any regions of orbital space where a
bound binary may be ejected. Jackson et al. (2014) present an analytic
approach relating the before and after orbit of an object which
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receives a velocity kick from an external perturbation. Although their
work focused on direct impacts between planetary embryos, this is
also applicable to planetesimal scattering by planets if we assume
that the interaction is impulsive. Their formulism allows us to write
the minimum kick velocity which leads to a body being ejected from
its orbit as

1 + ecos 12 1 + 2ecosf + e? 172
st [V (L) ()]

1 —e? 1 —e?

13)

where vy = /G (M +m) /a is the circular speed at the orbital
distance, e is the eccentricity, and fis the true anomaly. Equation (13)
allows the identification of the minimum velocity kick required to
unbind the binary and circumstellar orbit separately and identify if
bound binary asteroid systems can be ejected from their planetary
systems.

First, we turn our attention to identifying how the velocity kick
required to unbind the binary changes with the separation between the
binary components. Fig. 9 plots the minimum kick velocity required
to unbind the binary as a function of the true anomaly, assuming
that the binary orbit has a near-zero initial eccentricity as in our
simulations. We plot the distribution of velocity kick required for
initial binary semi-major axis values in the range 300 km < ap <
1.5 x 10° km as indicated on the right-hand side of Fig. 9. This binary
semi-major axis range extends to lower values than those introduced
in Section 2.1, as we aim to identify the tightest binary which might
survive, thus we include the semi-major axis of the tightest TNO (a
Plutino) identified in fig. 2 of Nesvorny & Vokrouhlicky ( 2019).

The blue line at 300 km separation in Fig. 9 is the tightest binary
and requires the largest velocity kick to unbind, with the wider binary
orbits typical of the CCKBO region needing a much smaller velocity
kick. Although the top-most line does show a slight peak at f = 7,
the distributions are relatively flat, especially as the binary separation
increases, and the peak velocity can approximately be taken as
constant across the orbit. Thus, for the purpose of identifying if
it is possible for a binary asteroid system to be ejected while bound,
we focus on the most resilient and tight binaries that require a peak
AVpin, g ~ 0.046 kms~! in order to be unbound.

For a gravitationally bound binary asteroid to be ejected from its
planetary system, the binary must receive an impulsive kick small
enough to not unbind the binary but sufficient to unbind the system
from the central star, or AUpin B > AUpin +. If wWe take the most
resilient binary asteroid system identified from Fig. 9 as the most
likely binary to survive ejection, we can calculate the above inequality
across a range of circumstellar orbits and identity if it is possible to
eject a bound binary.

The range of circumstellar semi-major axis values considered
in our Solar System analogue simulations (84 au < a < 94au,
see Section 3.1) display a narrow range of Avy, . for any given
eccentricity, which all vary by less than 3 per cent from the average
value across that range. Thus, in the following calculations, we use
a, = 94 au as a proxy of the entire semi-major axis range.

We then calculate the ratio Avpin B/AVUpin, «, assuming a fixed
AVpin, g = 0.046 kms ~ ! across a range of circumstellar eccentricity
and true anomaly values and identify regions where the ratio exceeds
unity and hence the binary could be ejected while still bound. Fig. 10
identifies where the inequality Avmyin, B/AvUmin, » >1 is true across
a range of circumstellar eccentricity and true anomaly values. As
described by the colour bar, yellow regions indicates where the above
inequality is true and thus where it could be possible to eject a bound
binary.
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Figure 10. The ratio Avyin, B/ Avmin, « for a range of circumstellar eccen-
tricity and true anomaly values. Yellow regions indicate regions of phase
space where the above ratio exceeds unity, as demonstrated by the colour
bar, and a bound binary could be ejected from its planetary system. Across
the whole range of eccentricity values sampled, there is at least one location
along the orbit where a bound binary could be ejected, although these regions
are very narrow. Thus, a bound binary could only be ejected if it received a
small velocity kick at one of the highlighted regions of it’s orbit.

Although there are two orbital locations at each circumstellar
eccentricity value where such an ejection is possible, a very small
impulsive kick is required in order to keep the binary gravitationally
bound. Previous studies looking at planetary encounters with binary
asteroid systems consider hyperbolic encounter velocities on the
order of ~10 kms™! (Fang & Margot 2012; Meyer & Scheeres
2021), much larger than that required here. Thus, the coincidence of
the small impulsive kick required and the limited region of orbital
space for this kick to occur makes the ejection of a bound binary
asteroid system unlikely, as seen in the results of our simulations.

As binary asteroids are thought to be a primordial consequence of
planetesimal formation and thus should be present in exoplanetary
systems, the impact of binarity on ISO production channels could be
important to consider in future work.

5 CONCLUSIONS

Understanding how we can form the observed debris systems and
polluted atmospheres of some white dwarfs is an important aspect of
our knowledge of the future evolution of currently observed main-
sequence planetary systems as well as the fate of our own Solar
System. While our current knowledge of planetesimal populations
around other stars is limited due to observational difficulties, we can
use our much better understanding of the Solar System minor bodies
to improve our extrasolar modelling attempts.

In this work, we considered how binary asteroids would evolve
during the white dwarf phase of stellar evolution under the presence
of different planetary architectures. This is an important area to
study as binary asteroids are so prevalent in the Solar System and
likely as prevalent in extrasolar systems, thus they could play an
integral role in the evolution of white dwarf planetary systems. We
carried out computationally demanding N-body simulations using
REBOUND to follow the evolution of multiple sets of 100 equal-mass
asteroid binaries embedded within different planetary architectures:
within a Solar System analogue containing the four giant planets
(Section 3.1) and located interior and exterior to a single Earth-
mass planet (Sections 3.3 and 3.2, respectively). We also performed
comparable simulations with a single binary component removed

WD binary asteroid scattering 4021

and targeted instability in some simulations by appealing to known
periodic orbits.

The first result from our simulations is that higher mass planets
are more efficient at ejecting binary planetesimal systems from their
planetary systems than lower mass planets, a result already well
known for single-component systems. Around a quarter of the binary
systems in our Solar System analogue simulations with giant planets
are ejected, but only 1.0 per cent of binaries are ejected with Earth-
mass planets present. The processes that lead to the ultimate ejection
of bodies differ with planet mass, as both binary components are
consistently ejected in the Solar System analogue case, while only a
single component is ejected by Earth-mass planets.

We find across all our numerical simulations that no binary asteroid
systems are ejected while gravitationally bound. A further analytic
investigation finds that an extremely low-velocity impulse from a
planetary encounter is required in order to eject a bound binary
asteroid system. Thus, we do not expect a population of free-floating
binary asteroids.

Lower mass planets are less efficient at dissociating binary
systems, unless they are in a region of phase space where single body
asteroids are expected to be unstable. Binaries which are unbound but
not subsequently ejected from their planetary systems evolve to have
a broader semi-major axis distribution and also undergo changes in
eccentricity and inclination, all of which changes the distribution of
objects available to form white dwarf debris systems.

Thus, while asteroid binarity may not directly affect the production
of white dwarf debris, it can help shape the population of planetes-
imals available to be disrupted. Further work into the prospects of
binary asteroid survival throughout stellar evolution in the lead up
to the white dwarf phase could help further elucidate the role that
asteroid binarity has in post-main-sequence planetary systems.
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