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Abstract

Compact disks of planetary debris orbiting white dwarfs provide a crucial window into our understanding of
evolved planetary systems. The formation of these disks has been widely modeled with tidal fragmentation of
minor planets that are rubble piles with no internal strength. However, rubble piles do have nonzero cohesive
strength from Van der Waals forces, and here we demonstrate the consequences: breakup of these rubble piles sets
a maximum fragment size, and we calculate this size for water ice, iron, and material densities corresponding to
the lunar highlands, Vesta, and the Earth. We find that for typical minimum rubble pile strengths of ~10-1000 Pa,
the maximum fragment size is as large as small asteroids (0.1-1 km). This limit—the kilometer-size barrier—also
represents the characteristic sizes of tidal fragments. Most of the debris mass is contained in fragments of this size.
Consequently, subsequent disk evolution should first feature a prominent dust-forming process, such as collisional
grinding, before Poynting—Robertson drag can significantly shape the final disk. Further, we find that nonzero
internal strength more narrowly radially confines the fragments than in the strengthless case. This correction to
previous assumptions adds to the growing evidence of the importance of collisions in the formation and evolution
of white-dwarf debris disks, while also helping to bound the size distribution in these disks for modeling efforts.

Unified Astronomy Thesaurus concepts: White dwarf stars (1799); Exoplanet tides (497); Exoplanets (498);
Exocomets (2368); Debris disks (363); DZ stars (1848)

1. Introduction

While the complexity and cadence of new observations of
white-dwarf planetary systems mount, predictive and expla-
natory models for these systems need to keep up. As this now
decades-old field of study matures, basic canonical models of
the systems’ dynamical origins have become decreasingly
applicable to the increased diversity of detections. Almost
2000 likely white-dwarf planetary systems are now known
through the detection of accreted metals in their stellar
atmospheres (J. T. Williams et al. 2024). The metals cannot
be primordial to the star nor arise from passing interstellar
clouds; they must arise from molecularly shorn planetary
debris (e.g., B. Zuckerman et al. 2003). These accreted metals
are inextricably linked to debris disks that surround the white
dwarfs at the approximate location of their Roche radius,
emphasizing the importance of understanding the evolution of
these disks.

These disks are assumed to be common features of white-
dwarf planetary systems. On the order of 100 of these disks
can currently be detected (e.g., B. Zuckerman & E. E. Becklin
1987; B. T. Ginsicke et al. 2006; J. Farihi et al. 2009;
C. J. Manser et al. 2020; S. Xu et al. 2020; L. K. Rogers et al.
2024; J. Farihi et al. 2025; W. T. Reach et al. 2025; K. Wang
et al. 2026; K.-Y. Wang & Q. Liu 2026). However, nearly
every one of the ~2000 known white dwarfs that are polluted
or enriched with metals is assumed to accrete from a disk due
to the improbability of a direct collision between a planetary
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body and a white-dwarf photosphere (J. C. Brown et al. 2017;
C. H. McDonald & D. Veras 2021).

In recent years, the activity levels and locations of these
disks have introduced outstanding challenges for models of
their formation. Almost all white-dwarf disks are now known
to showcase flux changes on the orders of 1%-10% over
timescales ranging from minutes to months (A. Swan et al.
2020; H. T. Noor et al. 2025), and recent coordinated
observations of both the dust and gas in these disks reveal
simultaneous activity spikes for both (L. K. Rogers et al.
2025). An outburst in the WD 0145+234 system (T.-g. Wang
et al. 2019) generated a 1.0 magnitude activity spike between
2018 and 2019, prompting a more detailed look at collisional
evolution in these disks (A. Swan et al. 2021). These activity
levels remain largely unexplained, and few investigations have
modeled the gas—dust interplay within these systems
(B. D. Metzger et al. 2012; B. C. Bromley & S. J. Kenyon
2017; A. Okuya et al. 2023).

The locations of these disks, as partially revealed by periodic
signatures in photometric transits, have been similarly intriguing.
Although the first such detections (A. Vanderburg et al. 2015)
conformed to expectations, with periodicities of ~4.5 hr that
correspond to the approximate white-dwarf Roche radius, subse-
quent detections have revealed periodicities of 5 (J. A. Guidry et al.
2025), 10 (Z. P. Vanderbosch et al. 2021), 15 (J. J. Hermes et al.
2025), and 25 hr (J. Farihi et al. 2022) as well as ~100 days
(Z. Vanderbosch et al. 2020). The variety of theories for how
planetary debris has settled at these locations exterior to the Roche
radius is mounting (D. Veras & K. Kurosawa2020; D. Veras et al.
2020, 2022; K. G. Kislyakova et al. 2023; L. I. Shestakova &
A. V. Serebryanskiy 2023; Y. Li et al. 2025b, 2025a;
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D. Veras & M. Cuk 2025; D. Veras et al. 2026), but regardless
often feature destruction processes of some kind.

The formation of white-dwarf debris disks has traditionally
been numerically modeled as arising from the breakup of a
strengthless rubble-pile asteroid (J. H. Debes et al. 2012;
D. Veras et al. 2014, 2017; G. M. Duvvuri et al. 2020;
U. Malamud & H. B. Perets 2020a, 2020b; M. G. Brouwers
et al. 2023). This breakup helps determine the resulting size—
frequency distribution of the debris, their collisional evolution,
their evolution due to radiative drag, the potential production
of gas, and ultimately the lifetime of the disk; estimates of
these lifetimes vary by orders of magnitude (J. Girven et al.
2012; D. Veras & K. Heng 2020; T. Cunningham et al.
2021, 2025).

However, our knowledge from rubble piles in the solar
system demonstrates that they do have nonzero strength.
Rubble-pile asteroids have cohesive strength due to Van der
Waals forces between grains (P. Sanchez & D. J. Scheeres
2014; D. J. Scheeres & P. Sanchez 2018). Estimates for the
minimum tensile strengths of planetesimals (asteroids and
comets) range from ~1 to 1000 Pa for comets (Z. Sekanina &
D. K. Yeomans 1985; E. Asphaug & W. Benz 1996;
J. K. Steckloff et al. 2015; M. Hirabayashi et al. 2016;
N. Attree et al. 2018) and rubble-pile asteroids (D. J. Scheeres
& P. Sanchez 2018; M. Arakawa et al. 2020; J. Brisset et al.
2022; M. E. Perry et al. 2022) and from ~kPa to MPa for more
consolidated regoliths and monolithic asteroidal materials
(J. K. Mitchell et al. 1972; L. Pohl & D. T. Britt 2020;
C.-K. Chang et al. 2022). Thus, for fragmentation to occur,
tidal forces must not only overcome gravitational forces but
also material strength. Despite not often being explicitly
modeled in N-body simulations, this interplay between tides,
gravity, and strength has been widely acknowledged in the
white-dwarf planetary system community (E. Bear & N. Soker
2015; J. C. Brown et al. 2017; C. J. Manser et al. 2019;
C. E. O’Connor & D. Lai 2020; D. Veras et al. 2020; D. Li
et al. 2021; C. H. McDonald & D. Veras 2021; Y. Zhang et al.
2021; M. G. Brouwers et al. 2022).

The goal of this Letter is to compute characteristic
maximum fragment sizes due to realistic minimum strength
values of extrasolar analogs of solar system asteroids, while
emphasizing that the longstanding strengthless assumption for
any type of minor planet is unrealistic. In Section 2, we present
our physical setup from which the characteristic sizes are
computed; this formula is compared to expressions for the
widely computed Roche sphere radius that appear in the
existing white-dwarf system literature in the Appendix. We
present our results in Section 3 and discuss them in Section 4
before summarizing our work in Section 5.

2. Methods

To understand how the characteristic size of orbiting tidal
disruption fragments depends on material properties and
distance to the star, we construct a simple model that compares
the strength of the tidal force with the size dependence of
material strength. We assume that tidal forces break up
inwardly scattered planetesimals into minimally stable sizes,
such that the tidal force is equal to the object’s strength. To
easily compute these values, we build a simple model of a
tidally elongated planetesimal as two cubes with side-length s
attached together (see Figure 1). Although a rectangular
equivalent to two cubes is an unlikely shape, it is nevertheless
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Figure 1. Model of tidally elongated asteroid. We model an inwardly scattered
planetesimal as a rectangular prism comprising two cubes, which simplifies
the problem while providing a conservative estimate of the minimum
characteristic stable size.

a reasonable approximation to an extremely elongated asteroid
with an axial ratio of 0.5. Because Main Belt asteroids have
average axial ratios of 0.80 & 0.04 (M. Mommert et al. 2018),
this model will make an asteroid that is more susceptible to
tidal forces and therefore results in conservative estimates that
err on the side of smaller sizes, serving to strengthen the point
of this work.

Geologic materials such as planets and planetesimals are not
typically perfect monolithic crystals, but rather imperfect
mixtures of minerals, rocks, and volatiles containing numerous
flaws. Assuming these flaws are randomly distributed, tidal
disruption events will cause planetesimals to split along a single
plane of weakness (e.g., J. K. Steckloff & S. A. Jacobson 2016),
and will continue to crumble until the debris reaches a
minimally stable, characteristic size. To compute this size, we
compare the tidal forces with cohesive strength and self-gravity.
The magnitude of the cohesive force resisting tidal disruption is

Fstrength = O.SZ’ (n

where o is the material cohesive (tensile) strength and s is the
length of each “side” of the cubes comprising this modeled
planetesimal. The force of the planetesimals’ own gravity
(Fgravity), Which also opposes tidal disruption, is

Gm?>  G(ps?)?
F:gravity = 5—2 = )

= Gp’s*, @
s

where G is the gravitational constant, m is the mass of each
“cube” (half the mass of the planetesimal), and p is the density
of the planetesimal.

Meanwhile, tidal forces near periapse oppose the cohesive
and self-gravitational binding forces. Assuming the asteroid
spends sufficient time near periapse with its long axis pointed
toward the white dwarf (maximizing the tidal forces), the
magnitude of this peak tidal force is merely the difference in
the gravitational attraction between each “cube” half of the
planetesimal and the white dwarf due to their slightly different
astrocentric distances,

Ftide = FWD — near cube — FWD — far cube> (3)

GMm GMm
= ;- - “

(r—s/2) (r+s/2)
which simplifies to
GMps*r

Fige = —————, 5
tide (r2 _ S2/4)2 ( )
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where M is the mass of the white dwarf and r is the astrocentric
distance from the center of the white dwarf to the center of the
asteroid. We note that this derivation ignores the object’s
rotation, which would add an additional force that would aid in
disrupting the object. Although the shortest known rotation
period of a dwarf planet-sized object is Haumea’s 3.9 hr period
(D. L. Rabinowitz et al. 2006; P. Santos-Sanz et al. 2017),
which is close to its disruption limit, the majority of such
objects spin much more slowly; this renders the rotational
component of the disruptive forces less important. Never-
theless, this biases our findings toward larger fragment sizes
than would result if these rotational forces were included.
Ultimately, this omission would change our results by no more
than a small factor on the order of unity.

Combining these equations, we can calculate the critical,
minimally stable fragment size as a function of distance from
the star:

Fide = Fslrength + Egravity, (6)
GMps*r
m = O'Sz + Gp2S4. (7)

We solve this equation numerically to obtain the relationship
between astrocentric distance () and the size of the minimally
stable object size (s); we merely need to specify a white-dwarf
mass, and the planetesimal’s density and strength. See the
Appendix for a comparison of this model with previously
published models of tidal disruption around white-dwarf stars.

3. Results

Our main results are visualized in Figure 2. In the figure, we
compute the size of the debris as a function of astrocentric
distance for strengths of 10Pa and 1 kPa (note that greater
strengths will result in larger stable debris sizes) and for
densities characteristic of planetar;r objects of interest: 1000,
2600, 3400, 5500, and 7900 kg m™ -, representing the densities
of ice, Vesta, Ceres, the Earth, and iron. Outside of the Roche
limit, all sizes are stable because binding forces always
dominate tidal disruption forces. However, inside of the Roche
limit, maximum stable sizes drop rapidly to strength-
dependent sizes on the order of ~100m for 10Pa tensile
strength and ~1 km for 1 kPa tensile strength (see Figure 2).
Closer to the star, the stable size drops until it reaches zero.
However, planetesimals are much more likely to be scattered
onto orbits with larger perihelia closer to the Roche limit than
they are to be scattered into orbits that pass even closer to the
host star. Furthermore, extrapolating from J. K. Steckloff et al.
(2021), the minimum perihelion distance at which any dust/
debris is stable against sublimative destruction for the coldest
white dwarf known to host a debris disk (J. H. Debes et al.
2019) is on the order of ~0.1 solar radii (Rsy,). Thus, we focus
on results in the region of disk stability, between the
sublimation and Roche radii.

4. Discussion

Tides cannot disrupt exoplanetesimals into fragments larger
than ~0.1-1 km, regardless of the size of the parent body.
Consequently:

Steckloff, Veras, & Volk

1. These values place a useful upper bound on the largely
unknown size distribution in white-dwarf debris disks,
helping establish initial conditions for models.

2. The outcome of the tidal disruption mechanism may be
more easily distinguished from other disruption mechan-
isms® because those other mechanisms are not necessa-
rily subject to the same physics illustrated in Figure 1.

3. These values affect the resulting collisional and radiative
evolution of the system.

On this last point, most of the mass of the tidally disrupted
debris will be in the ~0.1-1 km fragments. These fragments
are too large to be affected significantly by Poynting—
Robertson drag. Hence, between the stages of tidal disruption
and inward radiative drag into the sublimative zone, there
should be a collisional phase, helping to affirm suggestions
from recent observations (A. Swan et al. 2021; H. T. Noor
et al. 2025; L. K. Rogers et al. 2025).

How other radiative effects, such as the Yarkovsky and
YORP effect, alter this picture is not yet clear. Figure 1 of
D. Veras et al. (2022) illustrates that both effects may play a role
in this size range. However, these effects may act over longer
timescales than the observations suggest; A. Aungwerojwit
et al. (2024) showed that the high level of dynamical activity in
the WD 11454017 system (A. Vanderburg et al. 2015) ceased
completely within 1 decade, and activity levels in ZTF
J19444-4557 ceased within 1 yr (J. A. Guidry et al. 2025).
Moreover, if the thermal environment is sufficiently warm to
sublime volatiles, then sublimative torques can spin these
objects up as well (J. K. Steckloff & S. A. Jacobson 2016;
D. Veras et al. 2026). Upon tidal disruption, the resulting
fragments can spin up to disruption, until they have fragmented
down into dust-sized debris susceptible to radiative forces (e.g.,
J. K. Steckloff & S. A. Jacobson 2016), such as Poynting—
Robertson drag.

However, radiative and sublimative processes require a white
dwarf to be sufficiently luminous (i.e., young) to drive rotational
disruption, which weakens as the star ages. Nevertheless, dusty
debris disks are present around very old white dwarfs, such as
WD LSPM J02074-3331, a cool ~5900 K, ~3 Gyr old white
dwarf (J. H. Debes et al. 2019; E. Le Bourdais et al. 2025), or
WD J2317+1830, a 4557 K, 6.4 Gyr old (P. Bergeron et al.
2022); similarly, planetesimal pollution is observed within WD
J2147-4035 (temperature of 3050 K, 10 Gyr cooling age) and
WD J1922+0233 (3340 K, 9 Gyr cooling age) implying recent/
ongoing accretion of planetary material (A. K. Elms et al. 2022).
This demonstrates that nonradiative processes, such as colli-
sional grinding, remain active long after purely thermally driven
processes shut down. Regardless, tidal breakup is merely an
initial step in generating dust for debris disks.

The breakup of planetesimals into ~0.1-1 km fragments is
consistent with solar system observations. In 1993, comet
Shoemaker-Levy 9 famously broke into fragments after
traveling within Jupiter’s Roche radius, and these fragments
subsequently collided with Jupiter itself one after another.
This provided two methods to estimate the size of the
fragments. First, analysis of Hubble Space Telescope observa-
tions preimpact showed ~1 km fragments (H. A. Weaver
et al. 1994). Later, analysis of the impact debris fields

6 One method is rotational disruption (D. Veras et al. 2020, %022; D. Veras
et al. 2026), another is catastrophic disruption (D. Veras & M. Cuk 2025), and
a third is thermal cracking (L. I. Shestakova & A. V. Serebryanskiy 2023).
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Figure 2. Characteristic debris size as a function of astrocentric distance and minimum cohesive strength. We assume a 0.6 M, mass white dwarf. The bottom panels
are zoomed-in versions of the top panels. For minimum cohesive strengths of (left panels) 10 Pa and (right panels) 1 kPa, we find characteristic sizes on the order of
~100 and ~1000 m, respectively. Although the density of a material can strongly influence disruption behavior, the densities of real planetary materials typically

tidally disrupt into debris with these characteristic sizes.

themselves suggested ~0.1 km fragments (R. F. Knacke &
M. F. A’Hearn 1994).

Closer to the Sun, a large, icy planetesimal passed within the
Sun’s Roche radius and fragmented to produce a trail of icy
debris; this debris is now observed as the Kreutz Sungrazers
group of comets (see, e.g., the review by G. H. Jones et al.
2018). Although the majority of the known Kreutz sungrazers
are tiny fragments, the majority of the mass of the comets
resides in the large ~1-10 km members of the group
(M. M. Knight et al. 2010), such as comet C/2026 Al
(MAPS) (Q. Zhang et al. 2026) or comet Ikeya—Seki
(M. M. Knight et al. 2010). Thus, the tidal breakup of an
eccentric, icy exoplanetesimal would likely create a structure
similar to that of the Kreutz sungrazers. As such, white-dwarf
stars hosting debris disks may be ideal candidates to search for
signatures of exocomets.

This tidal disruption process suggests that white dwarfs with
debris disks may host hidden dynamical structures, such as
eccentric fields of fragments/debris. Although these primary
fragments are likely too small to be directly detected,
collisional grinding or rotational bursting will produce dust
that will (at least initially) remain within the same orbit as the
fragments, making these debris fields longer-lived and more
persistent; although out of phase, each disrupting fragment
should produce a debris cloud with the same orbital period.
Nevertheless, detection of a debris field on a highly eccentric

orbit requires long-term, persistent observation to opportunis-
tically detect such a recurrent, long-period debris cloud
(Z. Vanderbosch et al. 2020). On the other hand, short-period
eccentric disks of gas debris have been detected, particularly
with Doppler tomograms (C. J. Manser et al. 2016, 2021).

Imposing a minimum strength for tidally disrupted plane-
tesimals has other consequences. One consequence is how the
velocity dispersion of the fragments differs from the purely
strengthless case (D. Veras et al. 2014, 2017; U. Malamud &
H. B. Perets 2020a; M. G. Brouwers et al. 2022).

To investigate, we computed the fractional change in the
orbital velocities of the fragments upon breakup for nonrotat-
ing asteroids, and we report the results in Figure 3. In all cases,
we find that the fractional change in the velocity of the
fragments upon separation is on the order of one part per
million to one part per 100 million. Such tiny changes in speed
result in negligible changes to the orbits of the fragments,
which remain in practically the same orbit as prior to
disruption.

Nevertheless, we see interesting structure in these plots due
to the effects of strength, differentiating these results from
previous studies. Internal strength enables objects to penetrate
into the rubble-pile Roche limit before fragmenting. As such,
one might expect the velocity dispersion to increase as the
object approaches the white dwarf. However, the opposite is
true; variations in the orbital speed of the fragments decrease
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Figure 3. Change in fragment orbital velocity upon splitting as a function of astrocentric distance and minimum cohesive strength. We assume a 0.6 M., mass white
dwarf. We use the vis-viva equation to compute the fractional changes in the velocity of the fragments, which tend to be very small (on the order of 1 part per
million). These tiny changes suggest that the fragments will remain in nearly identical orbits.

with decreasing distance from the white dwarf. The reason is
that the sizes of the fragments decrease as the breakup
location approaches the white dwarf, because the increasing
tidal forces break the asteroids into ever smaller fragments.
As these fragments get smaller, the relative spacing between
the two daughter fragments decreases, causing their Kepler-
ian orbits to become ever more similar. In contrast, farther
away from the white dwarf, the larger possible fragment
sizes enable greater orbital separation between the daughter
fragments, enabling a larger difference in their Keplerian
orbital velocities.

Thus, accounting for strength fundamentally changes the
orbital behavior of the population of fragments, inhibiting their
orbital spread. A narrower radial confinement of debris
compared to the strengthless case may reduce the collisional
timescale of the fragments as they subsequently spread due to
Poynting—Robertson drag and general relativistic precession;
future modeling may better quantify this idea.

5. Summary and Conclusions

Understanding the progression from an intact minor planet
to a sea of dust that is accreted onto a white dwarf is an
outstanding challenge. In this Letter, we demonstrate a sharp
constraint on the first step of this process.

We have considered the effects of strength, self-gravity, and
tidal forces on white-dwarf minor planets to determine the
characteristic size of the fragments resulting from crossing the
Roche limit. All planetesimals—even rubble-pile asteroids held
together by only Van der Waals forces—possess sufficient
cohesive strength to significantly affect the size—frequency
distribution of the fragments upon tidal disruption.

We consider planetesimal densities from 1000 to 7900 kg m >
(i.e., from ice to iron) and find that the majority of the parent
body mass remains within ~0.1-1 km fragments; this character-
istic size range is consistent with tidally disrupted planetesimals
in the solar system (i.e., comet Shoemaker—Levy 9 or the Kreutz
sungrazers). Consequently, models should consider the evolution
of these fragments as a separate precursor step to the eventual
creation of dust. This step may feature collisional grinding and/or
rotational disruption. Our prediction that fragments of these sizes
are commonly formed in white-dwarf planetary systems may

affect disk formation and lifetimes, while helping to constrain the
largely unknown size distribution of the debris closely orbiting
white dwarfs.
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Appendix
Comparing with Published Models

Our numerical model solves for characteristic fragment size
from a force balance. Many other published models also employ
force balances, but use them instead to solve for the white-dwarf
Roche radius. In this appendix, we compare our numerical
model with a selection of other models to demonstrate their
similarity under relevant conditions/circumstances.

Y. Liet al. (2025b) derive a force balance at the Roche limit
(their Equation (8)) of

2
2GM+W2R:G_m+a7TR’ (A1)

r3 R? m

where G is the gravitational constant, M is the mass of the
central star, r is the astrocentric distance, w is the angular
velocity of the rotating planetesimal, R is the planetesimal
radius, m is the planetesimal mass, and ¢ is the planetesimal
cohesive strength. From this relationship, they derive the
location of the Roche limit:

1/3
FRoche = 261 . (A2)
iﬂ'G + 30 _ wZ
3 p 4pR?



THE ASTROPHYSICAL JOURNAL LETTERS, 1004:L27 (8pp), 2026 June 20

If we assume that the planetesimal is not rotating, then
Equation (A2) simplifies to
1/3
2GM
30

4
Eﬂ-Gp + 4pR?

(A3)

I'Roche =

The expression in Equation (A3) is equivalent to our numerical
model if we consider the forces at the Roche limit and combine
Equations (1), (2), and (5) such that

Fige = Fgravity + Etrength, (A4)
GMps“r
— = GpE*t + o052, A5
2 227 P (AS)
2
ﬂ = Gps2 + Z' (A6)
(7 — /47 p

Because r > s, the ¥* terms dominate the denominator on the
left-hand side of the equation. Thus, we can simplify this
expression to

GMs?
r; = Gps + %. (A7)

We can then solve for r, which is really rgoche, yielding

1/3
GM
FRoche = | &/ . (A8)
Gp + F

We can then directly compare Equation (AS8) with the
nonrotating case from Y. Li et al. (2025b) (Equation (A3));
we find that the two equations have the same functional form,
with minor differences accounted for by the geometric choices
of planetesimal shape.

In a similar model, L. I. Shestakova & A. V. Serebryanskiy
(2023) also solve the force balance at the Roche limit—but
neglect self-gravity—with the goal of estimating the critical
size at which objects become unstable and break up. They
derive the relationship

3(r ) o
R< —|— ) (A9)
4\ Ry 2nGpyp

where R, and p, are the radius and density of the central star.
If we similarly neglect self-gravity at the Roche limit, then our
Equation (A8) becomes

2\1/3
"'Roche = (GMPS ) . (Alo)

(2

We can solve for s, yielding

3
§ = rROCheU , (All)
GMp

and we note that the mass of the star M is that of a sphere of
radius R, and density p, to obtain

3
g = | lRoche? (A12)
47GR pyp

Steckloff, Veras, & Volk

Equation (A12) can be rearranged to

3/2
s= |2 7, (A13)
2 \ Ry 27Gpyp

which has the same functional form as found in Equation (A9)
(L. I. Shestakova & A. V. Serebryanskiy 2023), albeit with a
different leading coefficient, again due to geometry. This
comparison reveals that for a given size (s), we need a larger
distance from the star due to the smaller cross-sectional area
(and thus, strength) required to hold the body together,
consistent with expectations.

We also compare our model to the model of Y. Zhang et al.
(2021), who also assume negligible gravity at the Roche limit

1/3 ~1/3 1/3
T"Roche = (ﬁ) (L“ + S/) (M) 5 (A14‘)
41 47GRp 0

where k and s’ are constants related to the internal friction
angle ¢ and cohesive strength ¢ of the material comprising the
planetesimal:

2sin ¢
L Al5
J3(3 = sing) (A13)

60 cos ¢
k= —— 1 | Al6
V33 — sing) (1O

Given that most materials have an angle of internal friction of
~30° (H. J. Melosh 2011), these expressions for s’ and k
become

2

o= Al7
573 (A7)

r— 6?”, (A18)

and thus

\/E 1/3 60 2 —-1/3 M 1/3
TRoche = | —— 7 3 + — . (A19)
A7 47GR2p® 53 p

Even for Van der Waals attraction within small rubble-pile
asteroids of ~30Pa (P. Sanchez & D. J. Scheeres 2014), the
strength term dominates the constant term in the middle
parenthesis for ~100 m asteroids, and is at worst comparable
to it for ~1 km asteroids. Thus, we can simplify
Equation (A19) for realistic scenarios in the large size limit to

36MoR? )
FRoche = (J_é—ap) : (A20)

If we compare Equation (A20) to our result in the gravityless
regime (Equation (A10)), we find that our result, due to the
geometry of the chosen system, requires our nonspherical
object to remain farther out at a distance of ~150% of the
value of Y. Zhang et al. (2021) to remain stable, consistent
with expectations.

We further compare our results to the Roche radius
calculation of C. E. O’Connor & D. Lai (2020), who also
considered objects with strength (assuming the strength of
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rock or iron) and self-gravity with the expression
1/3
Gpy

FRoche = K'R,| m———
oche §+Gp

, (A21)

where K’ is a factor that depends on the shape of the
planetesimal (assumed to be ~2). Again, assuming a spherical
white dwarf of constant density, we can reexpress
Equation (A21) as

(6)‘/3 GM
TRoche = | — =~

1/3

(A22)

We can directly compare this with our result (Equation (AS)).
We find that these results are systemically ~24% larger than
our values, which is in good agreement given the relatively
generic geometries considered.

Our penultimate comparison is to the aspherical tidal
fragmentation condition described in E. Bear & N. Soker
(2015) (their Equation (8)):

2GM :47TG o

— — A23
h; r%)che 3 g pR2 ( )
Equation (A23) can be rearranged to
1/3
2GM
Troche = | 77 p > (A24)
Ea

which is of a similar functional form to our Equation (AS),
albeit for a spherical planet. However, the gravity term
included is ~4 times larger than in our equation, as they use
the surface acceleration of the planet, rather than the mutual
gravitational attraction between the two hemispheres that split
along the same plane along which strength is assumed to
apply.

Our final comparison is to J. C. Brown et al. (2017). Taking
their Equations (22)—(25), at the Roche radius

T M (A25)
Gp3s? 2013
which yields
1/3 13
1 GM
T'Roche = (_) I e (A26)
ps

Their chosen geometry does not differentiate between
spheres and cubes, but yields a Roche radius ~79% of ours
(Equation (AS8)).
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