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ABSTRACT

We show that the inferred properties of the meteor CNEOS-2014-01-08 (IM1) can be naturally
explained by tidal disruption of rocky planets on highly eccentric orbits around the most common
stars, M-dwarfs. Rocky planets can develop a high orbital eccentricity as a result of a secular torque
from an outer giant planet or a binary companion. Melting of their rocky crust during many tight
periapse passages may result in additional elemental differentiation, leading to enhanced abundances of
beryllium, lanthanum and uranium in the crust, as inferred from the composition of unique spherules
along IM1’s path. The excess energy imparted to the tidal stream in highly eccentric orbits naturally
accounts for the inferred IM1 speed of ~ 60 km s~! relative to the Local Standard of Rest. Finally,
the tidal disruption of ~ 10Mg reservoirs of rocky material around M-dwarfs accounts for an impact
rate of 500 kg meteors on Earth of once per decade, consistent with IM1.
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1. INTRODUCTION

On 8 January 2014, US government satellite sensors
detected three atmospheric flares separated by a tenth
of a second from each other, ~84 km north of Manus Is-
land. Analysis of the trajectory suggested an interstellar
origin of the meteor CNEOS-2014-01-08 (hereafter IM1),
with an arrival speed relative to the Local Standard of
Rest of the Milky-Way galaxy, ~ 60 km s~!, higher than
that of 95% of the stars in the Sun’s vicinity (Siraj &
Loeb 2022a)

In 2022 the US Space Command issued a formal letter
to NASA certifying a 99.999% likelihood that the object
was interstellar in origin. ' Along with this letter, the
US Government released the fireball lightcurve as mea-
sured by satellites. 2 IM1 broke apart at an unusually
low altitude of ~17 km, corresponding to a ram pres-
sure of ~ 200 MPa. This suggested that the object was
substantially stronger than any of the other 272 bolides
in the CNEOS catalog - which all disintegrated at lower
ram pressures, including the ~5% minority of iron mete-
orites from the solar system (Siraj & Loeb 2022b). Cal-
culations of the fireball light energy suggest that about

aloeb@cfa.harvard.edu, morgan.macleod@cfa.harvard.edu

L https://lweb.cfa.harvard.edu/ loeb/DoD.pdf
2 https:/ /lweb.cfa.harvard.edu/ loeb/lightcurve.pdf

500 kg of material was ablated by the fireball and con-
verted into spherules with a small efficiency (Tillinghast-
Raby et al. 2022). The fireball path was localized to a
~1 km-wide strip based on the delay in arrival time of
the direct and reflected sound waves to a seismometer
located on Manus Island (Siraj & Loeb 2023).

A towed-magnetic-sled survey during the period 14-
28 June, 2023, over the seafloor about 80-90 km north
of Manus Island found about 700 spherules of diame-
ter 0.05-1.3 millimeters of which 57 were analyzed so
far (Loeb et al. 2023). An excess of spherules was found
along the expected meteor path. Mass spectrometry
of 47 spherules near the high-yield regions along IM1’s
path revealed a distinct extra-solar abundance pattern
for 5 of them, while background spherules showed abun-
dances consistent with a solar system origin. The unique
spherules showed an excess of Be, La and U, by up
to three orders of magnitude relative to the solar sys-
tem standard of CI chondrites. These “BeLalU”-type
spherules, also have very low refractory siderophile ele-
ments such as Re. Volatile elements, such as Mn, Zn,
Pb, are depleted as expected from evaporation losses
during a meteor’s airburst. The “BeLaU”-type abun-
dance pattern was not found in control regions outside
of IM1’s path, pointing towards their association with
IM1, and supporting its interstellar origin independently
of the high velocity and unusual material strength im-
plied from the CNEOS data.
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Here, we adopt the association of the “BeLaU”-type
abundance pattern with a highly differentiated magma
ocean of a rocky planet with an iron core that is tidally
heated during many tight periapse passages before being
disrupted by an M-dwarf, the most common type of stars
with about a tenth of the mass of the Sun. *

2. POLLUTION OF DWARF STARS

Evidence for tidal disruption of rocky bodies near
dwarf stars is most apparent in studies of white-dwarfs
(WDs). Observations indicate that ~ 25%--50% of
all WDs exhibit spectral lines that are indicative of
the presence of metals in their atmospheres (Zucker-
man et al. 2003, 2010; Koester et al. 2014). The metal
enrichment is consistent with the composition of rocky
material (Zuckerman et al. 2007; Génsicke et al. 2012;
Farihi et al. 2013; Jura & Young 2014), suggesting that
WD pollution originates from minor rocky bodies. The
observed fraction of polluted WDs and the level of pol-
lution does not appear to change with the WD cooling
age (Koester et al. 2014; Wyatt et al. 2014).

One would expect rocky planets and asteroids that
get within a solar radius distance from dwarf stars to
get tidally disrupted and accreted. This expectation
is supported by observations of circumstellar disks, re-
vealed by infrared excess in the stellar spectrum around
polluted WDs (Farihi 2016). The formation timescale
of a debris disk following disruption is short compared
to the cooling ages of most polluted WDs (Veras et al.
2014, 2015), and all WDs with detected disks have at-
mospheric pollution. The association with tidal disrup-
tion is directly implied by the observation of minor bod-
ies transiting the polluted WD 11454017 (Vanderburg
et al. 2015; Alonso et al. 2016; Génsicke et al. 2016;
Rappaport et al. 2016; Xu et al. 2016).

The exact physical processes that fuel the disruption
of rocky bodies around WDs remains unknown, though
many plausible scenarios have been suggested. We dis-
cuss the possible dynamical origins of these events in the
next Section 3.

3. TIDAL DISRUPTION OF ROCKY PLANETS BY
M-DWARFS

Planets can be disrupted by tides around their host
dwarf stars only when they pass extremely close at pe-
riapse. Since these orbits are destructive to the planet,
dynamical processes are needed to feed planets or other

3 We note that Rafikov (2018) and Zhang & Lin (2020) had con-
sidered a tidal disruption scenario as a possible formation mech-

anism for 1I/2017 Ul ’Oumuamua.

rocky bodies into highly eccentric orbits that lead to
their disruption.

3.1. Planets on Disruptive Orbits

Planetary dynamical instabilities can lead to the
observed tidal disruption of rocky bodies by dwarf
stars (Debes & Sigurdsson 2002; Veras et al. 2013;
Mustill et al. 2014; Veras & Génsicke 2015). Stellar
mass loss can also widen the region around mean-motion
resonances where chaotic diffusion of rocky planets and
asteroids is efficient, leading to tidal disruption (Bonsor
et al. 2011; Debes et al. 2012; Frewen & Hansen 2014).
This may be particularly relevant to disruptions of bod-
ies around WDs, which have lost considerable mass in
their formation. The likelihood of disruption increases
in the presence of binary companions (Kratter & Perets
2012), which are known to be abundant even for stellar
remnants like WDs (Shahaf et al. 2023).

Earth-mass planets could develop high eccentricity or-
bits as a result of a secular torque from an outer giant
planet (Morales et al. 2019) or a stellar binary compan-
ion (Petrovich & Munoz 2017; Vanderburg et al. 2020).
The resulting secular instabilities or the Kozai-Lidov
mechanism (Kozai 1962; Lidov 1962; Naoz 2016), could
trigger tidal disruptions of bodies that feed the M-dwarf
with rocky material.

3.2. Disruption Criteria

For a stellar mass M, and a planetary mass mplanct,
tidal disruption occurs at a periapse distance of the
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where we have substituted a mean density of pplanct =
(3Mplanet/ 47rRi°’)1anet) =3 g cm™? and Rplanet is the plan-
etary radius. By comparison, Earth’s mean density is
~ 5.5 g cm ™3 while the Moon is ~ 3.3 g cm ™3 and Ceres
is ~2.1 g cm™3.

The observed radius of M-dwarfs scales linearly with
mass, Ry ~ 0.1Rg(M,/0.1Mg) (Parsons et al. 2018),
implying that the tidal disruption radius is larger than
the stellar radius by a factor of ~ 3(M,/0.1Mg)"%/3.
Thus, M-dwarfs can disrupt rocks that get within a
few times their photospheric radius without swallowing
them. Swallowing occurs because of gaseous drag when
planets pass significantly within the stellar photosphere

(e.g. MacLeod et al. 2018).
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Figure 1. Model isochrones from MIST (Choi et al. 2016) of
varying ages, shown in terms of their average density (upper
panel) and radius (lower panel). The upper panel compares
stellar mean densities to those of Ceres and Earth. Stars
denser than typical rocky bodies can disrupt these objects by
tides. The lower panel compares the tidal radius, r¢ (equa-
tion 1), to stellar radii in units of Re. In this case, stars more
compact than 7y can disrupt an object without swallowing it
whole. These isochrones show that as stars cool and collapse
to their main sequence radii, low-mass stars (< 0.5Mg) be-
come denser than typical rocky planets and planetesimals,
meaning that they can tidally disrupt these objects.

Figure 1 shows Mesa Isochrones and Stellar Tracks
(MIST) (Choi et al. 2016) model isochrones for low-mass
stars on the pre-main sequence and main sequence. As
these stars cool and collapse, they become denser, such
that their mean densities exceed that of typical rocky
bodies. This means that these low-mass stars (less than
approximately 0.5Mg) can disrupt rocky planets and
planetesimals without swallowing them whole. By con-
trast, higher mass stars have lower mean densities, as do
very young pre-main sequence stars. Thus, even 0.1M
stars, if they are young enough, with ages < 107 yr,
would swallow rather than disrupt their planets.

3.3. Debris of Tidal Disruption

The debris of tidal disruption is imparted with a
spread in orbital binding energies relative to the disrupt-
ing object (e.g. Rees 1988). To first order, this spread
in energy per unit mass at periapse is

AE ~ (GM*> % (Rplanet) , (3)
T'peri Tperi

for a periapse distance rperi ~ 7¢. If we imagine an ini-
tially parabolic encounter between the star and planet
(i.e., the orbital energy is zero), then some material ends
up bound to the star, with a binding energy of up to
—AF and some ends up unbound, with a excess energy
of up to +AFE. This spread in energy, imparted at pe-
riapse, leads tidal debris to spread in time, forming a
long, thin stream of bound and unbound material.

Bound material streams back to the vicinity of the pe-
riapse passage, possibly self-intersecting, colliding and
forming a debris disk around the host star. This de-
bris disk might be expected to have a fragment size dis-
tribution similar to the bound debris observed around
WDs (Vanderburg et al. 2015; Alonso et al. 2016;
Génsicke et al. 2016; Rappaport et al. 2016; Xu et al.
2016). However, accreted material onto an M-dwarf
would form a small fraction of the metal content of
the star, making the “pollution” which is evident on
WDs (Section 2) nearly invisible in the context of an M-
dwarf accretor. In particular, planetary material would
be mixed through the convective region of the star (e.g.
Soares-Furtado et al. 2021). In a fully-convective M-
dwarf, the added metals would form a fractional con-
tribution of only ~ Mmplanet/(ZM.) ~ 1073 where Z is
the metal fraction and the numerical value comes from
adopting mplanet ~ Mg, Z = 0.02, and M, = 0.1Mg.

Because planet or planetesimal orbits are typically
bound to the host star, unbound debris are generated
only when the spread in energy imparted at peripase
passage exceeds the original orbital energy of the rocky
planet,

GM,
- %2 ) (4)
where a is the orbital semi-major axis. Thus, Eop +
AE > 0 (or equivalently AE > |Eqp|) is the critical
condition for unbound debris. We therefore find a con-
dition on the semi-major axis of
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for the generation of unbound debris in a tidal en-
counter, where the second equality assumes rper ~ 7.
Otherwise all of the tidal debris is bound to the host
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star (e.g. Hayasaki et al. 2013; Rafikov 2018). For an
Earth-like planet around a 0.1M, star, we find that or-
bits with a 2 0.04 au (or orbital periods Py, 2 10 d)
yield unbound debris. The implied eccentricity is

m 1/3
ez (M) )

*

or e 2 0.97 for an Earth-like planet.

This implies that planets on typical orbits, when devi-
ated to high eccentricity and disrupted by tides generate
unbound debris, which is free to propagate into interstel-
lar space. The asymptotic velocity of the debris is given
by

Voo X /2(Eors + AE) (7)

In the limit that AE > |Eypl, this simplifies to v ~
V2AEFE, or in terms of typical quantities,

M 1/6 Mylanct 1/3
Voo ~ 60 km st < * ) (p ane )
0.1Mg Mg, (8)

% Rplanet /2 Tperi !
R@ Tt '
4. SIMULATED PLANETARY DISRUPTION

To examine how a tidal disruption leads to unbound
debris and where different asymptotic velocities origi-
nate in the planet debris, we followed a calculation of a
model planet disrupted by its host star.

4.1. Method

We simulate the tidal disruption of a planet by its host
star, treating the planet as a fluid in the Athena++ hy-
drodynamic code (Stone et al. 2020). We solve the equa-
tions of inviscid hydrodynamics in the reference frame
of the planet with additional source terms for the non-
inertial reference frame, gravity of the planetary core,
and stellar gravity. The planetary material’s self-gravity
is treated in the monopole approximation (MacLeod
et al. 2022), which may lead the debris streams to be
spatially broader than might be expected were they self-
gravitating, but is not thought to otherwise effect the
results of our study. The setup is publicly available and
identical to that utilized by MacLeod et al. (2022) and
MacLeod & Loeb (2023).

To model the planet, we adopt a relatively incompress-
ible fluid structure. We adopt polytropic index I' = 5,
where P o p' within the polytrope structure. The inner
50% of the model is excised to represent the iron core,
while the outer 50% is treated as a fluid with an ideal
gas equation of state with an adiabatic index v = 5.
The initial model roughly matches the density profile
of Earth’s mantle. This simple equation of state does

not capture the material strength, phase transitions, or
other relevant physics of rocky matter at planetary tem-
peratures and therefore is not strictly realistic. However,
studies of tidal disruption dynamics find that the tidal
gravitational field is a dominant effect in the disruption
kinematics (e.g. Stone et al. 2013), with the compress-
ibility of the fluid being a secondary factor (e.g. Guillo-
chon & Ramirez-Ruiz 2013). We use this approximation
to capture the approximate behavior through periapse
of a relatively incompressible liquid or solid planet.

Our model system adopts a stellar mass, of 0.1Mg, a
planetary mass of 1Mg, a planetary radius of 1Rg, a
semi-major axis of 3 x 102 cm = 0.2 au, and an eccen-
tricity of e = 0.99. The periapse distance in this con-
figuration, 7peri = 3 x 10'° ¢m is approximately 1.457¢.
Our calculation is performed on a static spherical-polar
mesh surrounding the planetary core. It extends across
0.5Rg < r < 100Rg in the radial direction, covered
by 192 logarithmically-spaced zones. The angular direc-
tions span the full 47 of solid angle, from 0 < § < 7 and
0 < ¢ < 27 with 96 and 192 zones respectively.

4.2. Results

Figure 2 follows the planet through its partially
disruptive periapse passage. These frames are slices
through the orbital plane and they stay centered on the
planet even as it flies past the star. Arrows indicate the
direction of the star, which passes at a minimum dis-
tance of 3 x 10'° cm, well outside the frame of view.
The upper panel shows the volume-averaged density of
planetary debris (which could be populated by individ-
ual rocks), pplanet, While the lower panel shows the initial
radius, r;, of material within the planet relative to the
planetary radius.

Through the approximately hour-long periapse pas-
sage, the planet is stretched and distorted. The outer
layers are stripped from the planet into two symmetric
tidal tails. A hundred minutes after periapse passage,
three distinct structures have formed. Two discrete tidal
tails stretch and spread primarily under the influence
of the stellar gravity — expansion having rendered their
own pressure relatively unimportant (Rees 1988). Over
time, they may be confined to narrow, columnar streams
by self-gravity (Kochanek 1994; Bonnerot et al. 2022;
Coughlin 2023; Fancher et al. 2023). However, their dis-
tribution of binding energy relative to the star is already
imprinted at this stage (Faber et al. 2005; Guillochon
et al. 2011; Stone et al. 2013). One tail, that facing
away from the star at 100 minutes post-periapse, is un-
bound, and will fly into interstellar space. Another tail
is bound to the star. It will fall back to the vicinity of its
original periapse distance at a few stellar radii, where it



1 — tperi = 0.0 min t— tperi = 16.7 min

t = tperi = 50.0 min t — tperi = 100.0 min

;- - - 0 T
g
—_ Q
g 2 =8
3 0] Q | o 1o 3
= 4 &
bound =
5 | tail L6 %D
1.00
— - |
0.95
5 _ =y 1090
2 01 QQ\) 1 A< 8 N i %Q
= 085S
>
-0.80
-5 1 ] l
T T T T T T T T T T T T 0.75
-5 0 5 -5 0 5 -5 0 5 -5 0 5
x[10° cm] x[10° cm] x[10° cm] x [10° cm]

Figure 2. Time series of the tidal disruption of an approximately Earth-like planet as it flies too close to its 0.1M host star.
Times are annotated relative to the time of periapse passage, tperi. At closest approach, the planet passes at ~ 1.45r¢, close
enough to disrupt the outer layers while the inner core survives the encounter. The iron core is excised in our calculation, and
the infall of self-bound material back to the surviving core is visible in the last panel. While the upper series of panels plots the
volume-averaged density of planetary debris (in which rocks could maintain a high internal density), the lower shows material’s
initial radius r; within the planet relative to the planetary radius, Rpianct. Here, for example, the outermost layers from the
planet’s crust (shown in red) form the outermost debris in the tidal tails.

likely self-intersects and forms a debris disk surrounding
the star.

The slices tracing the original radius of material are
computed using a passive scalar tracer fluid during the
calculation. We see that the stratification of the planet
is largely preserved in the tidal tails. The outermost
material from the planet crust is flung furthest into
the tails. In the particular case we simulate, the un-
bound and bound debris tails are formed from mate-
rial at 7; 2 0.8 Rplanet, Perhaps representing the outer
mantle and crust of an Earth-mass planet. The surviv-
ing core is primarily material from deeper in the plan-
etary interior, including the core (explicitly excised in
our calculation) and inner mantle layers from 50-80%
of Rplanct- In the surviving core, some mixing does oc-
cur as material initially in the streams but self-bound to
the core falls back, a process beginning at 100 minutes
post-periapse.

In Figure 3, we turn our attention to the asymptotic
velocity distribution imprinted on the unbound tidal de-
bris tail. Contours in Figure 3 show density within the
tidal tail approximately ~ 7 h after periapse passage.
Within the unbound tail, we report the asymptotic ve-
locity of material based on its excess kinetic energy in

equation (7). While the left panel shows a slice in the or-
bital plane, the right panel shows a histogram including
the full volume of the unbound tail.

Figure 3 shows that the tidal debris tail represents a
broad distribution of velocities. Already in the initial
passage (e.g., at 100 minutes post-periapse in Figure
2) the fastest-moving material is furthest flung into the
tails. We see that this continues as the system evolves,
essentially tracing collisionless orbits in the stellar po-
tential (the vy distribution does not evolve substan-
tially from 100 minutes to 7 hours). The highest vo,
occur in the tip of the tidal tail, where lower v,, come
from slightly more-bound material closer to the surviv-
ing planetary core. We note a lower truncation of the
velocity distribution at the planetary escape velocity of
Voo 2, \/QGmplanet/Rplanet ~ 11 km s~!. Slower moving
material remains bound to the surviving planetary core.

The peak of the velocity distribution, clearly visible in
the histogram of the right-hand panel of Figure 3, has
a magnitude similar to that predicted by vy, ~ V2AFE,
shown with a vertical dashed line. It is slightly higher
due to the nonlinear distortion of the planet at peri-
apse. Because the planet is already stretched by the
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Figure 3. Examination of the asymptotic velocity distribution of the unbound tail. The left-hand panel highlights the spatial

distribution of velocity within unbound material, overlaid with contours of the density at ppianes = 107, 107%, and 1072 g cm
The velocity histograms in the right panel are compared to the analytic estimate of veo ~

-3

2AFE, shown with a vertical dashed

line. A comparison between all of the unbound debris and that originating in the outer 10% of the original planetary radius
shows that the outermost layers form the fastest moving ejecta. The interface between composition and kinematics are important
in chemically differentiated planets because it determines which layers are expelled with a certain velocity.

time it reaches periapse, the tide it experiences is slightly
stronger than that estimated based on its original radius.

Fully disruptive tidal encounters, those without a sur-
viving planetary core, occur in deeper periapse passages
with 7peri S 7. In these cases, a broader distribution
of vy, is expected, as is an extension down to vy, ~ 0
(Guillochon & Ramirez-Ruiz 2013). We defer a broader
parameter study to later work which could also consider
a more detailed treatment of the rocky-planet equation
of state.

Finally, the right panel of Figure 3 compares the ve-
locity distribution of material from the outer 10% of
the planetary radius as compared to all unbound de-
bris. We observe that the fastest moving tail of mate-
rial is largely made up of the outermost material in the
planet. This effect highlights what may be important for
the chemical-kinematic output in the tidal disruption of
planets: the fastest debris comes from the outer plane-
tary layers. In the context of chemically-differentiated
rocky planets, this may mean that a large fraction of
the fastest moving interstellar debris comes from outer
crust or mantle layers.

5. INTERSTELLAR POPULATION OF UNBOUND
DEBRIS

Next, we considers the implications of many tidal dis-
ruption events by dwarf stars in creating a population
of interstellar objects.

5.1. Velocities

Remarkably, the typical asymptotic speed estimated
from equation (8) or simulated in Section 4 matches the
inferred interstellar speed of IM1 relative to the Local
Standard of Rest — which otherwise represents the 5%
outlier tail in the local velocity ellipsoid of stars (Sun
et al. 2023). We conclude that the excess energy im-
parted to the tidal stream of rocks around common M-
dwarfs with M, ~ 0.1Mg naturally accounts for the
inferred IM1 speed of ~ 60 km s~! relative to the Local
Standard of Rest (Siraj & Loeb 2022a). Guided by this
comparison, we consider the range of possible velocities
from tidal encounters between main sequence stars and
rocky objects and the resulting population of interstellar
objects.

Figure 4 considers the range of possible asymptotic ve-
locities from tidal encounters. Given hypothetical plan-

ets, moons and planetesimals of density 5 g cm™3, we
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show the predicted velocity from equation (8) given a
periapse distance at the tidal radius (left panel) or at
the stellar photosphere (right panel). Encounters at
the tidal radius represent a typical disruptive encounter
because in most dynamical processes encounters with
smaller periapse distances are expected to be more rare.
Encounters with 7peri ~ R, represent the maximum pos-
sible velocity imparted; smaller periapse distances lead
to the star engulfing the planet.

In general, larger planets generate tidal debris that
is faster moving. Planetesimals on the order of Ceres’
size (~ 0.1Rg) lead to velocities in the range of 20-
40 km s~!. By contrast, a large planet of several Earth
radii could generate debris in excess of 100 km s~!.
However, a robust conclusion is that across the range
of possible rocky object or stellar properties, asymptotic
speeds in the range of tens to a hundred km s~—! are typi-
cal. This is suggestive that the inferred IM1 speed is not
coincidental. We note that rare, very close encounters
WDs could generate tidal debris that is faster moving
— up to a few thousand km s~! in the most extreme
encounters with massive WDs (Rafikov 2018).

5.2. Population of Interstellar Debris

In the limit of high eccenticity encounters, where
AFE > |Eqw|, we have argued that about half of the
tidal debris would be expelled to interstellar space. If
it is not already molten, it may be melted by either
the tidal strain or the stellar radiance — particularly if a
planet were to suffer many close passages prior to disrup-
tion. By comparison to MIST models of main sequence

stars, the equilibrium temperature at rperi ~ ¢ is

M, 1/2
01My, )

Toq,peri ~ 1650 K < (9)
where the scaling is representative for stars < 0.5M,.

However, as the material expands in the tidal tails, it
cools. Along the way, it solidifies, forms clumps, and
becomes a collection of solid objects rather than a fluid
distribution. Modeling the physics of this process is
complex but certainly merits deeper consideration than
we are able to provide. Relevant processes might in-
clude the self-gravity of debris, the thermodynamics of
its cooling liquid-to-solid and state-change, and perhaps
even the surface tension of coalescing fragments within
the expanding background of the debris tail (e.g. Rafikov
2018; Zhang & Lin 2020; Bonnerot et al. 2022; Coughlin
2023; Fancher et al. 2023).

One empirical hint at the fragments that might re-
sult is IM1 itself — if we presume its origin from this
process — which has a mass of ~ 500 kg. Other em-
pirical evidence comes from the observed fragment size
distribution of bound debris around WDs (Vanderburg
et al. 2015; Alonso et al. 2016; Génsicke et al. 2016;
Rappaport et al. 2016; Xu et al. 2016), which might be
expected to be subject to a similar cooling and fragmen-
tation process as the unbound tail. However, the bound
disk is subject to a phase of collisional fragmentation
during its circularization which likely doesn’t apply to
the unbound debris.

We can estimate the interstellar population of IM1-
like objects based on the density of host stars and the
mass of expelled debris per star, M.o,c. We assume
that Mok is comparable to the retained mass in rocks
around M-dwarfs, which implies that Mo is half the
total mass of disrupted planets. We then assume that
this mass is divided into IM1-mass rocks with ~ 500 kg,
which lets us convert the local number density of M-
dwarfs (Winters et al. 2021) nyp =~ 0.1 pc™3, to an
estimated number density of IM1-like rocks per Earth
mass of expelled rocky material by each M-dwarf

nivy ~ 1.5 x 10° au™? (Mk) (10)
Mg
The mass of disrupted planets, and therefore Mo, ac-
crued over the lifetime of an M-dwarf are unknown, but
we can be guided to estimates based on the census of
rocky planets that are gravitationally-bound to nearby
M-dwarfs. Typical planetary systems appear to con-
tain more than a few Earth masses of rocky planets.
If disruptions are common, as the evidence from pol-
luted WDs suggests, a similar mass of planets might

be tidally disrupted, with their material contributing
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to interstellar debris. For example, the total mass in re-
ported rocky planets around the nearest M-dwarf, Prox-
ima Centauri (M, = 0.12Mg), is (1.3 + 7 + 0.3) ~
8.6Mg (Anglada-Escudé et al. 2016; Damasso et al.
2020; Faria et al. 2022), and the seven reported planets
around TRAPPIST-1 (M, = 0.09M) total a mass of,
(1.441.34+0.440.741+1.340.3 = 6.4Mg (Gillon et al.
2017). Other nearby M dwarfs are known or suspected
to host planetary systems (Ribas et al. 2018; Bonfils
et al. 2018; Jeffers et al. 2020; Diaz et al. 2019; Tuomi
et al. 2019; Lillo-Box et al. 2020). Dynamical instability
was recently explored for the multi-planet system of the
low-mass (0.36 M) star GJ 357 which contains 2 11 Mg
in planets (Kane & Fetherolf 2023).

Given these considerations, the implied collision rate
of IM1-like meteors on Earth is

Tivt = nivt X (TR3) X v ~ 0.1 (%Mé) yr—t, (11)
where we have scaled our estimate to 10 Earth masses of
expelled rock by each M dwarf based on the discussion
above (implying a disrupted mass of planets of 2M, e ~
20Mg). The resulting rate of interstellar meteors with
a mass of ~ 500kg is comparable to the IM1 detection
rate of once per decade in the CNEOS catalog. *

Because the true size distribution is unknown, we
might alternatively consider scale-free fragmentation
through collisions in the tidal stream, which would lead
to equal amount of mass per logarithmic interval in frag-
ment mass. As a specific example, if the debris spans
ten orders of magnitude in fragment mass the estimated
mass of fragments similar to IM1 would be lower by a
factor of ten, but lower-mass fragments would be much
more numerous.

5.3. Compositional and Kinematic Differentiation

The chance to directly examine an interstellar sam-
ple in IM1 has lead to insights into its unique compo-
sition (Loeb et al. 2023), which appears most similar
to differentiated crustal planetary material. It has en-
hanced abundances of Be, La and U relative to the stan-
dard composition of CI chondrites, suggested by the
“BeLaU”-type composition of the spherules collected
near IM1’s path (Loeb et al. 2023).

This abundance pattern could be a remnant of the
properties of the source planet, or something that oc-
curred during periapse passage. In our own solar sys-
tem, many rocky objects are differentiated — from Ceres
to the terrestrial planets and moons. This differentiation
is a result of the initial phases during which the objects

4 https://cneos.jpl.nasa.gov/fireballs/

were hot enough to support magma oceans before they
cooled (e.g. Nimmo & Kleine 2015).

Intriguingly, our simulation shows that the outermost
layers of a planet are stripped and expelled with the
highest velocities. Though the process of tidal disrup-
tion is violent, it does not mix the ejecta. Thus, chem-
ically differentiated planets being tidally disrupted lead
to kinematically differentiated debris.

In principle, the rate of elemental differentiation could
be accelerated during many periapse passages on highly
eccentric orbits, leading to a more extreme differentia-
tion than found on the early Earth, the Moon and Mars.
The “reheating” of planets at a few times the stellar ra-
dius of M-dwarfs could result in a temperature above the
melting temperature of rock > 1.5 x 103K, as indicated
by equation (9).

It is possible that the high material strength im-
plied for IM1 (Siraj & Loeb 2022a) could be the re-
sult of “BeLalU”-type composition and multiple heating
episodes during many periapse passages before their ul-
timate tidal disruption near their parent M-dwarfs. It is
also possible that this represents interplanetary variance
and the evolutionary history of a planetary system other
than our own. More detailed models of the thermody-
namics of a periapse passage, might be able to constrain
these scenarios further.

6. CONCLUSIONS

We have shown that the inferred properties of
IM1 (Siraj & Loeb 2022a,b; Loeb et al. 2023) can be
naturally explained in the context of tidal disruption of
rocky planets by M-dwarfs. Rocky planets might de-
velop high eccentricity orbits as a result of a secular
torques from an outer (possibly giant) planets or stel-
lar binary companions. Empirically, there is evidence
that this process occurs frequently from the pollution
observed on WDs (see Section 2).

The excess energy imparted to the tidal stream from
the disruption of a rocky planet with the size of the
Earth near common M-dwarfs of mass M, ~ 0.1Mg),
naturally accounts for the inferred IM1 speed of ~
60 km s~! relative to the Local Standard of Rest (equa-
tion 8 and Figures 3 and 4). For ~ 10Mg rocky reser-
voirs around M-dwarfs, the tidal disruption of rocky ma-
terial accounts for a collision rate of 500kg-mass meteors
of once per decade (Eq. 11), consistent with that of IM1.

Our models show that any differentiation in a dis-
rupted planet is preserved in the tidal debris tails, with
the outermost layers ejected fastest. This may account
for the “BeLalU”-type composition of unique spherules
along IM1’s path (Loeb et al. 2023). Melting of the rock
during tight periapse passages at a few times the stellar


https://cneos.jpl.nasa.gov/fireballs/

radius, may also naturally result in additional elemen-
tal differentiation and enhanced abundances of Be, La
and U in the crust, which is eventually disrupted and
expelled.

Our model has not considered the detailed equation of
state or material strength of rocky planets. Nor have we
made detailed arguments about the size distribution of
unbound debris. Both of these physical processes may
be important in shaping the interstellar population from
unbound debris of planetary disruption and merit fur-
ther consideration.
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