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A B S T R A C T 

Giv en the ine xorable increase in the Sun’s luminosity, Earth will exit the habitable zone in ∼1 Gyr. There is a negligible chance 
that Earth’s orbit will change during that time through internal Solar System dynamics. Ho we ver, there is a ∼ 1 per cent chance 
per Gyr that a star will pass within 100 au of the Sun. Here, we use N -body simulations to e v aluate the possible evolutionary 

pathways of the planets under the perturbation from a close stellar passage. We find a ∼ 92 per cent chance that all eight planets 
will survive on orbits similar to their current ones if a star passes within 100 au of the Sun. Yet a passing star may disrupt the 
Solar System, by directly perturbing the planets’ orbits or by triggering a dynamical instability. Mercury is the most fragile, with 

a destruction rate (usually via collision with the Sun) higher than that of the four giant planets combined. The most probable 
destructive pathways for Earth are to undergo a giant impact (with the Moon or Venus) or to collide with the Sun. Each planet 
may find itself on a very different orbit than its present-day one, in some cases with high eccentricities or inclinations. There is 
a small chance that Earth could end up on a more distant (colder) orbit, through re-shuffling of the system’s orbital architecture, 
ejection into interstellar space (or into the Oort cloud), or capture by the passing star. We quantify plausible outcomes for the 
post-flyby Solar System. 

Key words: astrobiology – methods: numerical – Moon – Oort cloud – planets and satellites: dynamical evolution and stability. 
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 I N T RO D U C T I O N  

arth has about a billion years of habitable surface conditions
emaining. Our planet is perched perilously close to the inner edge
f the habitable zone (Kasting, Whitmire & Reynolds 1993 ). If
ur planet were just 5 per cent–10 per cent closer to the Sun, there
ould no longer be a stable balance allowing for liquid water to

emain on Earth’s surface (Selsis et al. 2007 ; Kopparapu et al. 2013 ;
econte et al. 2013 ). At the same time, the Sun’s luminosity is slowly

ncreasing, pushing the inner edge of the habitable zone inexorably
utw ard, tow ard Earth’s orbit (e.g. W olf & T oon 2014 ). 
Yet the Solar System is not a closed system. While the orbital

volution of the planets is largely determined by secular and resonant
erturbations (Laskar 2012 ), passing stars can have a consequential
nfluence on the planets’ orbits. Based on the local galactic density
f stars and their velocity dispersion, most stellar flybys are distant
nd only very weakly perturb the planets’ orbits (e.g. Brown &
ein 2022 ). Statistically speaking, flybys closer than 100 au, which
ould strongly affect the planets’ orbits, only take place roughly
nce per 100 Gyr in the current Galactic neighbourhood (Zink,
atygin & Adams 2020 ; Brown & Rein 2022 ). This amounts to
 ∼ 1 per cent probability of a sub-100 au encounter in the next
yr, which is comparable to the well-studied probability of a chaos-
riven dynamical instability among the terrestrial planets before the
 E-mail: rayray.sean@gmail.com 
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Published by Oxford University Press on behalf of Royal Astronomical Socie
Commons Attribution License ( https:// creativecommons.org/ licenses/ by/ 4.0/ ), whi
un becomes a red giant in ∼5 Gyr (Laskar & Gastineau 2009 ; Zeebe
015 ; Abbot et al. 2021 ). 
Here, we use a suite of N -body simulations to e v aluate the

nfluence of a close stellar encounter on the orbital evolution of the
olar System. We explore the diversity of outcomes and calculate

heir relative probabilities. We pay particular attention to the future
abitability of Earth, and show that there exist pathways by which
arth will end up on a cooler orbit (or a hotter one). The most exotic
utcomes involve capture of Earth or other planets by the passing
tar, or the scattering of planets into the Sun’s Oort cloud. 

Our study was inspired in part by the pioneering work of Laugh-
in & Adams ( 2000 ), who simulated the dynamical response of the
olar System to flybys of binary stars. We build on their results in a
umber of ways, for example, by including the Moon as a separate
article in a subset of simulations (Section 4), which allows for
dditional outcomes (such as the Moon crashing onto the Earth). 

 SI MULATI ONS  

.1 Initial conditions 

ur N -body simulations started with the eight planets orbiting the
un, and a single star set to fly past. The planets were placed at

heir positions as of Julian Date 2451000.5. 1 The exact position
 These are the planets’ positions given as an example in the MERCURY code 
nput files (Chambers 1999 ). 
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t time zero has no influence on our results, because the timing
nd geometry of the closest stellar approach to the Sun varies 
rom simulation to simulation between about 10 and 30 kyr due to
ifferences in the stellar velocity. The Earth and Moon were included 
s a single particle orbiting at their centre of mass with the sum of their
asses. 
Stellar encounters were generated to match the local Galactic 

eighbourhood conditions. The flyby star’s mass was chosen to 
ollow the observed mass function of nearby stars determined by 
eid, Gizis & Ha wle y ( 2002 ). The lower stellar mass limit was set

o 0 . 05 M �, and any stars more massive than 4 M � were set to 4 M �
o account for their short lifetimes. The orbital velocity of each star
as chosen in a mass-dependent fashion to match the present-day 
elocity distribution in the Solar neighbourhood (following Rickman 
t al. 2008 ). The resulting velocity distribution has a median of
0.2 km s −1 and a standard deviation of 16.9 km s −1 (averaged
 v er all stellar types). We only include single stars. At encounter
peeds faster than ∼20 km s −1 , which are typical given the velocity
ispersion in the Galactic field, the Solar System’s interaction with 
 binary can be approximated as separate interactions with each 
tellar component (Li & Adams 2015 ). This contrasts with the 
pproach of Laughlin & Adams ( 2000 ), who only modelled binary
ncounters. 

The final parameter for our stellar flybys was the impact parameter 
 . The impact parameter is essentially the closest approach of
he flyby star before gravity is taken into account (bringing the 
losest approach closer). The probability of a close encounter 
cales as b 2 , but we chose instead to sample following a log( b )
istribution. This choice allowed us to explore low probability, 
ut interesting outcomes that arise from very close flybys. We 
ook this sampling into account when calculating probabilities (see 
ection 2.3 ). 
The flyby star’s orbit was placed at the edge of our numerical

omain, just interior to the 100 000 au ejection radius. While this is
lightly smaller than the Sun’s tidal radius (which depends on the 
ocal Galactic density; Tremaine 1993 ), it still allows for capture of
lanets in the Oort cloud. 

.2 Integration code 

ur code is based on the MERCURY integration package (Chambers 
999 ), to which we added two ef fects: general relati vistic preces-
ion (using the implementation of Saha & Tremaine 1992 ) 2 and 
he Galactic tide (following Levison, Dones & Duncan 2001 ). In our
alculation of the Galactic tide, we assumed a local galactic density of 
.1 M � pc −3 (Chakrabarti et al. 2021 ), and assigned values for Oort’s
onstants of A = 14 km s −1 kpc −1 and B = 12 km s −1 kpc −1 (Feast &
hitelock 1997 ). 3 

In each of our 12 000 simulations, the orbits of the planets and flyby
tar were integrated with a Bulirsch–Stoer integrator (Press et al. 
992 ), using an accuracy parameter of 10 −15 . Collisions were treated
s inelastic mergers conserving linear momentum. Each simulation 
as integrated for 20 Myr. 
As a control, we also integrated the Solar System with no stellar

yby for 2 Gyr with the same code and saw no hints of instability. 
 See Brown & Rein ( 2023 ) for an e v aluation of the effect on Solar System 

tability of different implementations of general relativity. 
 See Raymond et al. ( 2023 ) for a study of the effect of varying the Galactic 
ensity on the trapping of scattered planets in the Oort cloud. 
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.3 Probability determination 

s discussed abo v e, our 12 000 simulations sampled the impact pa-
ameters b of stellar flybys using a logarithmic distribution instead of
 physically moti v ated, b 2 distribution. We transform the probability
f a simulation in our chosen sampling as follows. 
Within our simulations, d P sim 

/d(log( b )) is constant, such that
 P sim 

/d b ∼ b −1 . In the real Universe, d P Universe /d b ∼ b . To apply this
o our simulations requires a linear distribution in b , so d P Universe /d b

b sim 

/(d P sim 

/d b ), such that d P Universe /db ∼ b 2 sim 

. 
To e v aluate the relati ve probability of our simulations, we therefore

eight each one by its impact parameter squared. We verified that this
onverges to the expected probability distribution for b 2 sampling. 
e normalize such that the sum of all of the probabilities is equal to

ne, keeping in mind that the total probability of a single encounter
ithin 100 au is ∼ 1 per cent Gyr −1 given current local Galactic 

onditions (Zink et al. 2020 ; Brown & Rein 2022 ). 

 SI MULATI ON  O U T C O M E S  

.1 Influence of flyby parameters 

he key parameter in determining the outcome of a stellar flyby is the
impulse gradient’, which measures the radial gradient in acceleration 
elt by planets orbiting the Sun. An impact parameter of 100 au and an
ncounter speed of 40 km s −1 yields an encounter time-scale of 12 yr,
r the orbital period of Jupiter. This implies that for such encounters,
erturbations to the outer three giant planets can be approximated 
ell within the impulsive regime. Although this is not necessarily 

rue for Jupiter and the inner planets, we find that parametrizing
ur encounter results in the impulsive regime yields well-behaved 
mpirical scalings. In particular, we find that encounter outcomes 
orrelate well with the gradient of the stellar impulse measured at
he Sun in the direction of the perpendicular to the stellar flyby path.
he magnitude of this gradient is defined as: 

mpulse gradient = 

2 GM � 

v � b 2 
, (1) 

here M � is the mass of the flyby star, v � is its speed relative to
he Sun (at infinity), b is the impact parameter of the flyby and G
s the gravitational constant. The units of the impulse gradient are
enerally s −1 , but we express them in km s −1 au −1 , to give a more
ntuitive sense of the perturbations felt by the planets, as their orbital
peeds are measured in tens of km s −1 . 

The normalized angular momentum deficit is a measure of the 
rbital excitation level of a planetary system, in terms of the non-
ircularity and non-coplanarity of the planets’ orbits (Laskar 1997 ). 
t is defined as: 

MD = 

∑ 

j m j 
√ 

a j 

(
1 − cos ( i j ) 

√ 

1 − e 2 j 

)
∑ 

j m j 
√ 

a j 
, (2) 

here a j , e j , i j , and m j refer to planet j ’s semimajor axis, eccentricity,
nclination with respect to a fiducial plane, and mass. The AMD of
he Solar System is 0.00128 (or 0.0015 when measured relative to
he Earth’s orbital plane). 

Fig. 1 (left panel) shows that the angular momentum deficit of
urviving systems is a strong function of the impulse gradient in
ur simulations. For weak stellar encounters (with impulse gradients 
elow ∼10 −2 km s −1 au −1 ), the Solar System is barely perturbed by
he passing star, and the planets’ orbits almost al w ays maintain their
ame lo w-eccentricity, lo w-inclination orbits. A planet is lost in only
.4 per cent of simulations with IG < 10 −2 km s −1 au −1 (although,
MNRAS 527, 6126–6138 (2024) 
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M

Figure 1. Distribution of the outcomes of our simulations as a function of the impulse gradient of the stellar flyby. The symbol colour corresponds to the 
number of surviving planets in a given system, and the size is proportional to the mass of the flyby star. The angular momentum deficit AMD (Laskar 1997 ; 
Laskar & Petit 2017 ) is a strong function of the impulse gradient. Ho we ver, the relati ve energy conservation of individual simulations (as measured by the 
fractional energy error budget d E / E ) is independent of the impulse gradient, lending credence to our numerical methods. 
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Figure 2. Probability of N p planets surviving a stellar flyby within 100 au 
(left axis; red). The right (blue) axis shows the angular momentum deficit 
distribution as a function of N p . The central tick shows the median of each 
distribution, and the other ticks show the maxima and minima of the AMD 

distribution for each value of N p . The present-day Solar System’s AMD is 
∼0.00157, or −2.8 in this plot. 
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hen weighted by the relative probability of each encounter, only
.4 per cent of encounters with IG < 10 −2 km s −1 au −1 lose a
lanet). These encounters are not universally at large distances; while
he median impact parameter is 47.5 au among flybys with IG <

0 −2 km s −1 au −1 , a handful have b < 10 au and one quarter of stars
rossed the planets’ orbits, with b < 30 au. For stronger encounters,
ith IG > 10 −2 km s −1 au −1 , the strength of the instability still scales
ith the impulse gradient. The level of devastation can be measured

n terms of both the AMD and simply by the number of surviving
lanets. In the most extreme cases, one (or no) planets survive. We
ill explore the evolution of such cases below. 
The degree of orbital energy conservation d E / E is virtually

ndependent of the impulse gradient (Fig. 1 , right panel). This is
eassuring, as it would be concerning if the strength of the instability
o v erned the lev el of accurac y of our simulations. In addition, the
 v erall lev el of energy conservation is excellent, with a median of
.9 × 10 −7 , which is orders of magnitude lower than the accept-
ble threshold used in simulations of giant planet scattering (e.g.
hatterjee et al. 2008 ; Raymond, Armitage & Gorelick 2010 ). This
emonstrates that our integration method is reliable. 

.2 Number of sur vi ving planets 

f a star passes within 100 au of the Sun, there is still a very
igh chance that all eight Solar System planets will survive. Fig. 2
hows a probability of 95.6 per cent that no planets will be lost,
t least during the 20 Myr following the stellar flyby. There is a
2 per cent probability that all eight planets will survive with each
air of neighbours on Hill-stable orbits with separations larger than
.5 mutual Hill radii (Marchal & Bozis 1982 ; Gladman 1993 ), and
he system will have an angular momentum deficit less than twice the
resent-day value. There is a monotonically decreasing probability
f fewer planets surviving, with only a 3.7 × 10 −6 probability of
ero remaining planets. 

The angular momentum deficit AMD of post-flyby systems scales
trongly with the number of surviving planets N p (Fig. 2 ). For systems
ith eight surviving planets, the median AMD is only 10 per cent
igher than the present-day Solar System’s. The orbits of systems
ith fewer surviving planets are progressively more and more excited

s N p decreases, with higher and higher eccentricities. This same
NRAS 527, 6126–6138 (2024) 
rend is seen among systems of known exoplanets (Limbach & Turner
015 ; Turrini, Zinzi & Belinchon 2020 ). 

.3 Examples 

ig. 3 shows the evolution of nine example simulations that span the
ange of outcomes. The top row shows three cases in which all of
he planets survived, but with different levels of orbital excitation.
he simulation at the top left underwent a weak encounter and had
 final AMD that was indistinguishable from its starting value. The
op centre simulation underwent a stronger instability and ended
p with an AMD about three times higher than the pre-encounter
olar System. Ho we ver, the planets’ orbits remained stable with no
rbital crossing. In the top right simulation, a still stronger instability
erturbed the system to a very high AMD, with clear signs of
mpending instability, as Uranus and Neptune’s orbits are crossing
nd Mercury’s eccentricity has drastically increased. 

The centre row of Fig. 3 shows cases in which one or more
lanets were lost from the Solar System. In the centre left simulation,
erturbations to the giant planets were transmitted to the terrestrial
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Figure 3. Nine example simulations illustrating the diversity of outcomes. Each panel shows the orbital radius of each planet and the flyby star as a function of 
time; note that this is not the semimajor axis, so the spread in a planet’s orbital radius o v er time is a measure of its orbital eccentricity. The top row includes three 
simulations in which all eight planets survived; the top left simulation is basically unperturbed, while the top right simulation is in the early stages of dynamical 
instability. The middle row includes systems that lost 1–2 planets. The bottom row presents simulations that were catastrophically disrupted, with 0–2 surviving 
planets. 
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lanets, leading Mercury to eventually collide with the Sun after 
10 Myr. In the centre middle simulation, a stronger stellar 

ncounter significantly altered the ice giants’ orbits and ended up 
estabilizing the terrestrial planets. Mercury once again collided 
ith the Sun, and Venus and Earth underwent a giant impact. In the

entre right panel, the stellar perturbations were largely confined to 
he outer Solar System: Uranus and Saturn were both ejected from
he Solar System, but the remaining planets’ orbits were stable for
he rest of the simulation. 

The bottom row of Fig. 3 shows a few of the most destructive
utcomes. In the bottom left simulation, the stellar encounter rapidly 
ro v e Uranus into the Sun, ejected Neptune, and triggered a dynam-
cal instability between Saturn and Jupiter. Saturn was eventually 
jected by Jupiter, and the gas giant perturbations spread to the 
errestrial planets, leading to Mercury, Venus, and Mars colliding 
ith the Sun. The final Solar System contained just Jupiter and Earth,
n eccentric orbits ( e Earth ≈ 0.4 and e Jup ≈ 0.2). The bottom centre
imulation shows a case in which only Jupiter survived. The very 
trong stellar encounter (with b = 2.6 au) immediately triggered a 
trong dynamical instability across the entire Solar System. Mercury, 
arth, and Neptune collided with the Sun. Venus, Mars, Saturn, and 
ranus were ejected after close encounters with Jupiter. Jupiter was 

he lone survivor, winding up with an orbital eccentricity of 0.55. 

t

inally, in the bottom right simulation from Fig. 3 , an extremely
trong close encounter with an impact parameter of 1.5 au and an
mpulse gradient of 2 × 10 −7 caused all eight planets to be ejected,
eaving the Sun planet-less and alone. 

.4 Post-flyby orbits 

ig. 4 shows the final (post-flyby) orbital distribution of the planets
n all of our simulations. Each planet has a distribution of final
rbits that extends to indefinitely high orbital eccentricities (up to e

1). Their semimajor axis–eccentricity distribution is reminiscent 
f those of the survivors of giant planet instabilities such as those
hought to be responsible for the large eccentricities observed among 
iant exoplanets (Chatterjee et al. 2008 ; Raymond et al. 2010 ). A
ey difference is that, in our simulations, only the giant planets
ave high enough escape speeds to eject other planets (or, strictly
peaking, large enough Safronov numbers � , where � is the ratio
f the escape speed from a planet’s surface to the escape speed from
he system at the planet’s orbital radius; see Ford & Rasio 2008 ).
nstabilities among the terrestrial planets usually lead to collisions, 
ot ejections. Yet perturbations from the giant planets can clearly 
eave the terrestrial planets on orbits that are excited well beyond
heir self-excitation limit. 
MNRAS 527, 6126–6138 (2024) 
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M

Figure 4. Final orbits of all surviving planets in our simulations. The tail of 
planets with semimajor axes of 10 4 − 5 au are those trapped in the Oort cloud. 
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Fig. 5 shows the probability-weighted eccentricity and inclination
istributions for all eight planets (when they survived). The distri-
ution is strongly weighted toward simulations in which the Solar
ystem remained stable and with a low AMD, with the planets on
rbits similar to their present-day ones, because that is the most
robable outcome of a sub-100 au flyby (see Fig. 2 ). Ho we ver,
here is a tail for each planet that extends to high eccentricities and
nclinations. These correspond to dynamical instabilities triggered
y the flyby that are violent enough to strongly excite the planets’
rbits. Of course, when instabilities are so strong that planets are
jected from the Sun, they no longer contribute to the distributions
n Fig. 5 . While low in o v erall probability, outcomes in which the
lanets survive on high eccentricity or highly inclined orbits are
ntriguing in terms of their influence on planetary climate. We will
eturn to this issue in Section 5 , with regards to the Earth. 

A striking population of surviving planets in Fig. 4 are those
ith semimajor axes of 10 4–5 au, but small enough eccentricities

hat they are not in dynamical contact with the other planets. These
re Oort cloud planets (see Raymond, Izidoro & Kaib 2023 , which
s entirely dedicated to Oort cloud planets). They were scattered
utward during gravitational instabilities, and spent long enough
t very high orbital radius to have had their perihelion distances
ncreased via torques from the Galactic tide, until they were no longer
eing scattered by the inner planets. As such, their origins are similar
o those of Oort cloud comets (e.g. Brasser & Morbidelli 2013 ;
ones et al. 2015 ). 
We performed additional simulations to capture the implantation

f Oort cloud planets. Starting from the final orbits after 20 Myr, we
elected candidate systems in which a planet’s semimajor axis was
arger than 1000 au and its perihelion distance was larger than 50 au.

e integrated these systems out to 200 Myr. In many cases, the planet
as simply ejected, but in 28 simulations a planet was captured in

he Oort cloud. In most cases, it was Saturn or the ice giants that
ere captured in the Oort cloud, but there was one in which Mars

nded up in the Oort cloud, and there were two simulations in which
arth was captured as an Oort cloud planet. The total probability
f a planet being captured in the Oort cloud in our simulations was
.9 × 10 −5 , which, after taking into account the encounter likelihood,
mounts to a net probability of 8.9 × 10 −7 Gyr −1 . This is likely an
nderestimate; at the end of our 20 Myr simulations there were an
dditional 182 planets with semimajor axes larger than 1000 au and
erihelion distances smaller than 50 au. Assuming an Oort cloud
NRAS 527, 6126–6138 (2024) 
rapping rate of ∼5 per cent based on previous results (Raymond
t al. 2023 ), this would increase the total probability of trapping a
lanet in the Oort cloud by roughly 30 per cent, to 1.2 × 10 −6 Gyr −1 .
Fig. 6 shows the evolution of a simulation in which Earth was

rapped in the Oort cloud. After being scattered by the giant planets to
arge orbital radius the Galactic tide increased the Earth’s perihelion
istance on a ∼100 Myr time-scale. Earth finished the simulation
n a stable orbit in the Oort cloud with an orbital semimajor axis
f 54977 au. The long-term survi v al of Earth in the Oort cloud is
ot guaranteed. Torques from the Galactic tide continue to affect
he Oort cloud planet’s orbit, eventually decreasing its perihelion
istance and bringing it back into dynamical contact with the inner
lanets (Neptune and Jupiter in this case). Earth could potentially be
jected from this simulation on a time-scale of a few hundred million
ears (see Raymond et al. 2023 ). Also, additional stellar encounters
re likely to strip a 50 000 au-wide orbit after a Gyr or so (see fig 18
f Kaib, Ro ̌skar & Quinn 2011 ). 

.5 Planetary destruction pathways 

e determined the most common pathways through which planets
ay be lost, keeping in mind that there is a � 95 per cent chance

hat no planet will be lost if a star passes within 100 au (see Fig. 2 ).
able 1 shows these probabilities for each planet. 
The 10 most likely destruction planetary pathways are, in order of

ecreasing probability: 

(i) Mercury collides with the Sun (probability of 2.54 per cent). 
(ii) Mars collides with the Sun (1.21 per cent). 
(iii) Venus impacts another planet (1.17 per cent). 
(iv) Uranus is ejected (1.06 per cent). 
(v) Neptune is ejected (0.81 per cent). 
(vi) Mercury impacts another planet (0.80 per cent). 
(vii) Earth impacts another planet (0.48 per cent). 
(viii) Saturn is ejected (0.32 per cent). 
(ix) Mars impacts another planet (0.27 per cent). 
(x) Earth collides with the Sun (0.24 per cent). 

Examples of many of these outcomes are apparent in Fig. 3 . These
utcomes are not mutually e xclusiv e; in man y cases multiple planets
re lost in the same simulation. 

Mercury’s destruction rate is higher than that of all the giant
lanets put together. It is the most fragile planet in the Solar System
rom a dynamical point of vie w, e ven through perturbations from
assing stars. It is already well established that, in the absence of
 stellar flyby, Mercury is the most likely planet to be lost from
he Solar System, by having its eccentricity dramatically increased
ia a secular resonance with Jupiter, causing it to collide with the
un (Laskar & Gastineau 2009 ; Batygin, Morbidelli & Holman 2015 ;
eebe 2015 ; Abbot et al. 2021 ). Mercury’s eccentricity increase
an also result in collisions between the rocky planets, which are
lso common outcomes in simulations with stellar flybys. In such
imulations, Mercury’s destruction does not happen until long after
he stellar flyby. We interpret this as evidence that its eccentricity
ncrease is induced by indirect perturbations, through secular forcing
y the giant planets – likely via the same secular resonance with
upiter that is capable of destabilizing its orbit in the absence of
ybys. 
It is not surprising that the ice giants are the most susceptible to

eing ejected, as they are more loosely bound to the Sun than the
errestrial planets, inhabiting the realm of parameter space in which
jections are fa v oured o v er collisions (e.g. F ord & Rasio 2008 ), and
hey are particularly vulnerable to gravitational scattering by Jupiter.
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Figure 5. Eccentricity (left) and inclination (right) distributions of surviving planets, weighted by the probability of each outcome. Each plot shows a reverse 
cumulative distribution; the y -axis shows the probability that a given planet has an eccentricity or inclination larger than a specified value. 

Figure 6. A simulation in which Earth was scattered out by the gas giants 
and captured in the Oort cloud. 
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aturn, on the other hand, was typically only ejected after an ice
iant’s orbit was destabilized (and likely already ejected), bringing 
t into dynamical contact with Jupiter. 

A single planet was destroyed in 1130 of our 12 000 simulations.
he total probability of losing just one planet if a star passes within
00 au is 2.7 per cent. Among simulations that lost a single planet, the
ost likely destruction pathways were collision of a planet with the 
un (55 per cent; 92 per cent of the time this was Mercury); impacts
etween two planets (30 per cent; Venus was involved 86 per cent of
he time); and ejections (15 per cent; Uranus or Neptune were the
jected planet in 92 per cent of cases). 

Could the Solar System’s orbital architecture – specifically, Mer- 
ury’s and the ice giants’ survi v al, and the absence of planets interior
o Mercury – constrain the properties of the Sun’s birth cluster? 

e do not think so, because the Solar System’s orbital architecture 
uring the stellar birth cluster phase was different than the present- 
ay one. The typical time-scale for the duration of the birth cluster
s comparable to that of gas-dominated protoplanetary discs (e.g. 

illiams & Cieza 2011 ; Pfalzner, Steinhausen & Menten 2014 ). 
he terrestrial planets – perhaps including Mercury – may not have 
een completely formed during the cluster phase (e.g. Raymond 
t al. 2014 ). In addition, the giant planets’ orbital architecture was
ikely different, with secular resonances in different locations (see 
aymond et al. 2009 ; Brasser et al. 2009 ), because their dynamical
nstability had not yet taken place (e.g. Morbidelli et al. 2018 ). 

In 392 simulations, just one planet survived. Fig. 7 shows the
istribution of planetary orbits in single-planet Solar Systems. Put 
ogether, a single planet has a total probability of 4.4 × 10 −4 

f surviving if a star passes within 100 au. Jupiter was the sole
urviving planet in 278 of these cases, although there are simulations
n which each planet is the lone survivor, including 23 solo-Earth
ystems (total probability of 1.06 × 10 −5 ). The surviving planet is
arely found in the habitable zone – surviving terrestrial planets 
re almost universally found interior to the habitable zone and 
urviving giant planets exterior. None the less, there are a handful
f habitable-zone planets, including a few systems with Jupiter on 
 very high eccentricity orbit – this naturally provokes questions 
elated to the habitability of Jupiter’s Galilean moons (see Williams, 
asting & Wade 1997 ) and whether they would survive system-wide
ynamical instabilities (see Hong et al. 2018 ). Giv en the v ery high
ccentricities characteristic of single-planet systems, the climates of 
ny habitable zone planets or moons would certainly undergo strong 
rbital variations (e.g. Williams & Pollard 2002 ; Dressing et al. 2010 ;
olmont et al. 2016 ). 

.6 Capture by the flyby star 

n some simulations, a planet was captured by the passing star. We
dentified these cases, and re-ran the simulations with a much higher
utput frequency to capture the dynamics of the capture. 
Fig. 8 shows a simulation in which Earth was captured during

he flyby of a 0 . 987 M � star with an impact parameter of 2.6 au at
elati vely lo w speed (21.4 km s −1 ). Jupiter was the lone surviving
lanet, ending up with an orbital semimajor axis of 11.6 au and
n eccentricity of 0.94. Saturn, Uranus, and Neptune were ejected, 
hile Mercury, Venus, and Mars collided with the Sun. Earth’s new

aptured orbit was colder than its current one, with a semimajor
xis of 2.1 au. Its large orbital eccentricity of 0.73 would lead to
trong climate variations o v er an orbit (e.g. Williams & Pollard 2002 ;
ressing et al. 2010 ). 
Capture by another star is a low probability event. All together, 163

lanets were captured by a flyby star in our simulations (including
 handful of cases in which multiple planets were captured). The
otal probability of any planet being captured if a star passes within
00 au is 1.6 × 10 −4 . Saturn and Uranus had the highest capture
MNRAS 527, 6126–6138 (2024) 
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Table 1. Probabilities of outcomes for each planet if a star passes within 100 au of the Sun – these should be multiplied by 0.01 Gyr −1 for absolute probabilities. 

Planet Collision with Sun Impact with other planet Ejection Capture by flyby star Trapped in Oort cloud 

Mercury 0.025 0.0080 6.2 × 10 −4 4.0 × 10 −6 –
Venus 0.0033 0.012 6.0 × 10 −4 1.2 × 10 −5 –
Earth 0.0024 0.0048 5.8 × 10 −4 1.1 × 10 −5 2.1 × 10 −6 

Mars 0.012 0.0027 8.6 × 10 −4 2.0 × 10 −5 1.7 × 10 −6 

Jupiter 9.2 × 10 −6 5.5 × 10 −4 5.5 × 10 −4 2.4 × 10 −5 –
Saturn 5.0 × 10 −4 3.5 × 10 −4 0.0032 4.0 × 10 −5 1.0 × 10 −5 

Uranus 0.0017 5.4 × 10 −4 0.011 4.6 × 10 −5 1.5 × 10 −5 

Neptune 7.2 × 10 −4 2.9 × 10 −4 0.0081 5.4 × 10 −6 6.3 × 10 −5 

Figure 7. Final orbits of the 392 single-planet Solar Systems that were 
produced in our simulations. The approximate boundaries of the habitable 
zone for the present-day Sun are shaded (Kopparapu et al. 2013 ), included a 
scaling of the flux with orbital eccentricity (Williams & Pollard 2002 ; Barnes 
et al. 2009 ). 

Figure 8. A simulation in which Earth was captured by a ∼ Solar-mass star 
onto a wider, eccentric orbit. The vertical axis shows the distance between 
each planet and the encounter star, which passed close to the planets at t ≈
11 000 yr, capturing only the Earth. 

p  

M  

m
 

o  

Figure 9. Orbits of planets captured by flyby stars. For each planet, the 
horizontal error bar represents the radial excursion over its orbit due to 
orbital eccentricity. The habitable zone was estimated using the stellar mass–
luminosity relation of Scalo et al. ( 2007 ) for low-mass stars and a simple 
L� ∼ M 

4 
� scaling for more massive stars, and assuming that the planetary 

albedo varied linearly from 5 per cent for the lowest mass stars, to 30 per cent 
for Solar-mass stars, to 50 per cent for the highest mass stars in our sample. 

g  

w  

t  

v  

w
 

t  

m  

t  

m  

t  

t  

w  

s  

t  

t  

v  

o  

o  

o
 

t  

e  

C  

s  

b  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/527/3/6126/7452883 by guest on 10 O
ctober 2024
robabilities, of 4 × 10 −5 and 4.6 × 10 −5 , respectively. Neptune and
ercury had the lowest capture probabilities, roughly an order of
agnitude below those of Saturn and Uranus (see Table 1 ). 
Fig. 9 shows the orbital radii of captured planets as a function

f their new host star’s mass. The orbits of captured planets are
NRAS 527, 6126–6138 (2024) 
enerally highly eccentric and follow a roughly thermal distribution
ith a median of ∼0.7. The orbital radii of captured planets around

heir new host stars are generally somewhat wider than their original
alues. Still, many planets (generally the terrestrials) end up on orbits
ithin their new host’s habitable zone. 
Fig. 10 shows that the encounters that captured planets were

ypically with high-mass stars moving at low relative velocity. The
edian stellar mass among capture stars was 0 . 81 M �, almost five

imes higher than the median in all simulations of 0 . 16 M �. The
edian stellar velocity (at infinity) was just 11 km s −1 , almost four

imes lower than the median in all simulations of 40.2 km s −1 . Put
ogether, the median impulse gradient of planet-capturing encounters
as 47 km s −1 au −1 , 283 times higher than the median among

imulations of 0.17 km s −1 au −1 . It is interesting to note that systems
hat ended up with no surviving planets at all followed the same
rends as planetary captures, with stellar masses (median of 0 . 94 M �),
elocities (median of 12.6 km s −1 ), and impulse gradients (median
f 70.7 km s −1 au −1 ). This is not a surprise, as captures are a subset
f outcomes of planetary stripping, in which the planet’s liberated
rbit happens to align with the perturbing star’s. 
It is worth keeping in mind that our simulations assumed that

he flyby star had no planets of its own. We know from decades of
 xoplanets surv e ys that virtually all stars host at least one planet (e.g.
assan et al. 2012 ; Fressin et al. 2013 ; He, Ford & Ragozzine 2019 ),

o this is statistically unlikely. One can imagine Earth being captured
y a new host star on an orbit that is friendly to life, only to undergo
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Figure 10. Characteristics of stellar flybys that led to the capture of a Solar 
System planet. The size of each symbol is proportional to the log of the 
impulse gradient. 
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Figure 11. Evolution of a system in which the Earth and Moon were each 
included as separate particles. In this case, the Moon was stripped from the 
Earth after a close encounter with Venus, and later collided with the Sun. 
Earth survived as a Moon-less world. 
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 sterilizing giant impact with another planet. Alternately, the Sun 
ould capture one or more planets from another star that end up
reaking ha v oc on the Solar System. 

 SIMULATION S  I N C L U D I N G  T H E  FULL  

A RTH – M O O N  SYSTEM  

n our main set of simulations, the Earth and Moon were treated as a
ingle particle with their combined mass. To explore the importance 
f the Earth–Moon system, we re-ran a subset of our simulations
ncluding the Earth and Moon as separate particles. We included 
hem at their present-day orbital separation, maintaining their centre 
f mass at the same position as the single particle in our other
imulations. The orbits of all other planets were identical. 

We re-ran simulations in which, as a single Earth + Moon particle,
arth underwent the full range of outcomes, including ejection, 
ollision with the Sun, impact with another planet, and regular, stable 
volution. We re-ran each simulation 12 times, varying the orbital 
hase of the Moon around the Earth in 30 ◦ increments. While this
pproach does not strictly capture the exact configuration of the 
arth–Moon system relative to the planets’ orbits, it allows us to get
 statistical view of likely outcomes. As a sanity check, we ran 12
imulations of the Solar System with no stellar flyby and the full
ange of EarthMoon configurations. All remained stable for 20 Myr. 

Fig. 11 shows a simulation in which Earth survived without a 
oon. First, a close stellar flyby (impact parameter = 6.2 au) 

riggered a dynamical instability that quickly spread through the 
hole Solar System. The terrestrial planets began a phase of strong

nteractions, and Mercury collided with the Sun. The Moon was 
tripped from the Earth after a close encounter with Venus, and 
ollided with the Sun shortly thereafter. Mars and then Venus also 
ollided with the Sun, and Earth survived on a closer-in, eccentric 
rbit ( a = 0.82 au and e ≈ 0.3). 
It is not surprising that the Moon’s orbit should be destabilized 

uring a dynamical instability. The Moon orbits Earth at roughly 
alf the maximum stable orbital distance of ∼0.5 R H , where R H 

s the Hill radius, defined as R H = a ( m /3 M � ) 1/3 , where a is the
emimajor axis, and m and M � are the planet and star’s masses,
espectively (Domingos, Winter & Yok o yama 2006 ). There is a
ecent chance of orbital disruption if a planet’s close encounter 
istance is comparable to a satellite’s orbital radius (e.g. Hong 
t al. 2018 ). This can lead to the satellite colliding with the planet,
odification of the satellite’s orbit, or stripping of the satellite from
he planet entirely. In some cases, it can even lead to capture of the
atellite (as is thought to have been the case for Neptune’s moon
riton; Agnor & Hamilton 2006 ). 
In total we re-ran 71 cases including the Earth and Moon as

eparate particles, for a total of 852 simulations (with 12 different
oon phases per case). These cases were divided between five broad

ategories of outcomes, based on the outcome for the single-particle 
arth: 

(i) Stable systems, in which all eight planets remained on well- 
ehaved orbits with low AMD. 
(ii) ‘Calm-ish’ systems, in which one or more planets were de- 

troyed, but Earth survived (although sometimes on a perturbed orbit, 
r even one that might eventually be destabilized; the simulation from 

ig. 11 is from the ‘calm-ish’ batch). 
(iii) Simulations in which Earth underwent a collision with an- 

ther planet. 
(iv) Simulations in which Earth was ejected. 
(v) Simulations in which Earth collided with the Sun. 

Fig. 12 shows the outcomes for Earth in simulations that were re-
un including the Earth and Moon as separate particles. The outcomes
ere strongly dependent on the category of outcome. All ‘Stable’ 

imulations remained stable when the Earth and Moon were included 
s separate particles. 

The presence of the Moon greatly increased the danger to Earth
mong the ‘Calm-ish’ cases. In more than 40 per cent of simulations,
arth either underwent a collision (with the Moon in 2/3 of impacts),
as ejected, or hit the Sun. In another 10 per cent of cases, the Moon
as stripped from the Earth and usually collided with the Sun (or in
ne case, with Venus). These cases – in which a single-particle Earth
scaped orbital disruption despite instability elsewhere in the system 

are those in which including the full Earth–Moon system makes the
iggest difference. This is because, compared with a single particle, 
he Earth–Moon system has a dramatically larger cross-section for 
nteraction with other planets that may roam through the inner Solar
ystem. 
Among simulations that were more destructive for the Earth as 

 single particle, the outcomes were broadly similar. Among cases 
n which Earth as a single particle suffered an impact with another
lanet (usually Venus or Mars), it still underwent a giant impact in
MNRAS 527, 6126–6138 (2024) 
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Figure 12. Outcomes for the Earth in simulations that were re-run including 
the full Earth-Moon system, labelled by the outcome in simulations with a 
single Earth + Moon particle. Situations in which Earth first underwent a 
collision and later was ejected or hit the Sun were included as collisions 
(because that was the first process that would have destroyed the habitable 
conditions on Earth’s surface). 
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Figure 13. A simulation in which the Earth and Moon were both captured 
during the flyby of a low-mass star, but the Moon was later ejected. 
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7 per cent of simulations. Ho we ver, the most common impactor
as the Moon, which hit the Earth in 48 per cent of simulations

even though Earth subsequently was impacted by another planet in
any cases). 
When considering cases in which Earth as a single particle was

jected from the Solar System, the outcome with the full Earth–
oon system depended on the mode of ejection. When the ejection

appened very early, triggered by the flyby star, the Earth and Moon
ere both ejected in all cases. Ho we ver, among systems in which
arth as a single particle had been ejected later, after a system-wide
ynamical instability, less than 10 per cent of simulations led to the
jection of the Earth or Moon. This was comparable to the ejection
ate in the ‘Collision’ and ‘Hit Sun’ simulations. Rather, these simu-
ations more often led to collisions with the Sun or with other planets.
his is because ejection of the Earth requires a series of gravitational
cattering events leading to an increase in orbital energy. Including
he Earth and Moon as separate particles means that the exact series
f events from the single-particle case cannot be reproduced. 
In principle, the Earth–Moon system can survive being ejected

hrough gravitational scattering by a giant planet (Debes & Sigurds-
on 2007 ). Ho we ver, among systems in which the Earth was ejected
ate, as a result of a system-wide dynamical instability, we only found
 single case in which the Earth–Moon system survived (out of 11
jections). This is likely because of the large number of scattering
vents leading to their ejection. Among system in which the Earth
nd Moon were both ejected early, due to the strong impulse from
he flyby star, the Moon was retained in orbit around the Earth in
lmost every case. 

Among cases in which Earth as a single planet hit the Sun, Earth
till hit the Sun in 59 per cent of simulations when the Earth and
oon were included as separate particles. Ho we ver, almost half of

he time, Earth underwent a giant impact (usually with the Moon)
efore hitting the Sun. We classified these outcomes as ‘collisions’ in
ig. 12 , since it was these collisions that first would have sterilized

he Earth. In 30 cases, Earth (and the Moon) remained on stable
rbits, bound to the Sun and to each other, without strong enough
erturbations to destabilize the system (at least during the 20 Myr
ntegration). 
NRAS 527, 6126–6138 (2024) 
We also re-ran some simulations in which Earth was captured by
he flyby star. The outcomes with the Earth and Moon as separate
articles were system- and phase-dependent. In some cases, all 12
imulations resulted in Earth’s capture by the star; the Moon was also
aptured in more than half of simulations. 4 In other cases, Earth was
nly captured in a minority of simulations for a given flyby. This is
imply because capture depends on a precise alignment of velocity
ectors, and these vary depending on the Moon’s exact orbital phase.
o we ver, e ven among systems in which both the Earth and Moon
ere captured by the flyby star, the Moon was always lost from the
arth and essentially became its own planet. While we did not follow

he long-term evolution of the orbits around the flyby star, the Moon
as in all cases on an unstable orbit crossing that of the Earth. We

xpect such systems to usually end in collision, or sometimes in
jection. 

Fig. 13 shows a case in which the Earth and Moon were both
aptured by a 0 . 26 M � star. Ho we ver, the Moon was no longer in
rbit around Earth, and after a series of gravitational encounters, the
oon was ejected into interstellar space. Earth survived on a much

older and more eccentric orbit than its present-day one. 

 E A RTH ’ S  F U T U R E  HABI TABI LI TY  

ig. 14 shows the distribution of post-flyby orbits of Earth, excluding
ases in which Earth was captured around another star or ejected into
nterstellar space. Earth’s post-flyby semimajor axis tends to be close
o its present-day one at 1 au, although scattering events can strand
t closer or further from the Sun. Of course, orbits far from 1 au
end to be very eccentric, although this is not a deal breaker for
abitability (Williams & Pollard 2002 ; Barnes et al. 2009 ; Dressing
t al. 2010 ; Bolmont et al. 2016 ). 

The surviving Earths in Fig. 14 have a range of orbital inclinations
elative to Earth’s original orbital plane. While the probability of
arth surviving with a large inclination is small (see Fig. 5 ), this
ould certainly have an effect on Earth’s climate, by changing its

f fecti ve obliquity and, if other planets are present in the system,
ake it oscillate in time (Spiegel, Menou & Scharf 2009 ; Raymond

t al. 2011 ; Armstrong et al. 2014 ). 
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Figure 14. Post-flyby orbits of Earth around the Sun. A handful of the high- 
semimajor axis orbits are unlikely to be stable on long time-scales, but the 
two beyond 10 4 au represent stable trapping in the Oort cloud – the outermost 
case is the example from Fig. 6 . The colour of each planet corresponds to its 
inclination relative to Earth’s original orbital plane. 

Figure 15. The probability that Earth survives on a hotter or cooler orbit as 
a function of the number of surviving planets, in the event of a sub-100 au 
stellar flyby. 
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What are the odds that a stellar flyby could impro v e the prospects
or the long-term future of life on Earth? The best-case scenario 
s if Earth’s post-flyby orbit is cooler than its present-day one. 
nfortunately, a sub-100 au flyby only has a 0.28 per cent probability
f making that happen. We considered an orbit to be ‘cooler’ if the
ncident Solar flux dropped to less than 90 per cent of the flux on a
ircular orbit at 1 au. There was a substantially higher (0.79 per cent)
hance of Earth’s post-flyby orbit becoming hotter by at least 
0 per cent in flux. In the vast majority of cases ( > 99 per cent ),
here was no significant change in flux. 

Fig. 15 shows the probability of Earth surviving on a cooler (or
otter) orbit as a function of the number of surviving Solar System
lanets. There is a roughly comparable probability (of ∼0.0005, or 
 part in 2000) of Earth ending up on a cooler orbit when the post-
yby Solar System contained 4, 5, 6, 7, or 8 planets. This takes

nto account a number of factors, including the probability of Earth
urviving (including relative probabilities of different outcomes), 
nd Earth’s final orbit. There was a much higher chance of Earth
nding up on a cool orbit among systems with 4–5 surviving planets
han among systems with eight surviving planets, but the odds of
hat happening at all was much lo wer, gi ven the correlation between
utcomes and the impulse gradient of the flyby star (Fig. 1 ). 
Earth’s typical eccentricity progressively increased in systems 

ith fewer surviving planets, and w as mark edly higher in cases
hen Earth’s orbit was cooler than its present-day one. In systems

n which 7–8 planets survived, Earth typically was perturbed onto a
lightly wider orbit, with a median semimajor axis of 1.08 au and
 median eccentricity of 0.10. Ho we ver, in systems in which fewer
lanets survived, cooler Earths tended to have significantly higher 
ccentricities, with a median value of 0.18, 0.21, and 0.27 for 6,
, and 4 planets survi ving, respecti vely. The typical eccentricities
mong Earths that ended up on hotter orbits were even higher, with
edian values of 0.19, 0.28, and 0.34 for 6, 5, and 4 planets surviving,

espectively. These represent strongly perturbed systems in which 
arth’s orbital radius was shifted (either inward or outward) by 
ravitational scattering with the other planets. Such strong scattering 
 vents inv ariably increase the planets’ eccentricities. 

A plausible long-term prospect for life on Earth may be for our
lanet to be ejected into interstellar space. Laughlin & Adams 
 2000 ) explored the idea of the frozen Earth, and modelled its
ong-term thermal evolution (without any assumptions related to the 
tmosphere). They found that it would take roughly 1 Myr for Earth’s
urface to freeze o v er completely, although the y note that life could
ontinue to thrive in hydrothermal vents and in the deep subsurface.

The outer edge of the habitable zone may ef fecti v ely e xtend to
nfinity if a planet like Earth has a thick enough thermal blanket
n the form of a many-bar, hydrogen-rich atmosphere (Stevenson 
999 ; Pierrehumbert & Gaidos 2011 ) or a several km-thick layer of
ce (Abbot & Switzer 2011 ). In such cases, the planet’s internal heat
ux can provide enough heat to maintain stable liquid water. If a
ree-floating Earth also kept its moon (as was the case in many of our
imulations; see Section 4 ), then tides could provide an additional
ource of heat, which would be much higher than the present-day
idal heat flux if the Moon’s orbit was modestly perturbed during
jection (Debes & Sigurdsson 2007 ). 

Free-floating planets are known to be abundant. To date, hundreds 
ave been detected via direct imaging (e.g. Miret-Roig et al. 2022 )
nd gravitational microlensing (Mr ́oz et al. 2017 , 2020 ; Sumi et al.
023 ), with masses down to almost Earth’s mass. If they possess
ufficient water and adequate thermal blankets, some of these (or 
heir moons) may represent viable habitats for life. 

 L O N G - T E R M  STABILITY  O F  T H E  SOL AR  

YSTEM  

tudies e v aluating the dynamical stability of the Solar System date
ack hundreds of years (for a re vie w, see Laskar 2012 ). The stability
f a pair of planets can be e v aluated analytically (Marchal & Bozis
982 ) or numerically (Gladman 1993 ). The AMD can itself be used
s a proxy for dynamical stability of a pair of planets, given that it
ontrols that maximum eccentricity that each planet can obtain and 
herefore the possibility of the two planets’ orbits crossing (Laskar &
etit 2017 ; Petit, Laskar & Bou ́e 2018 ). 
Brown & Rein ( 2022 ) simulated the long-term stability of the

olar System under the influence of weak, distant stellar flybys. 
hey found that the probability of the system becoming unstable 

ncreased drastically when Neptune’s semimajor axis was perturbed 
y more than 1 part in a thousand (roughly 0.03 au). Fig. 16 shows
he fractional change in the angular momentum deficit AMD of 
ur systems with 6, 7 or 8 surviving planets as a function of the
ractional change in Neptune’s semimajor axis (calculated using 
acobi coordinates, to maintain maximum stability in semimajor 
MNRAS 527, 6126–6138 (2024) 
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M

Figure 16. Fractional change in the angular momentum deficit of final 8-, 7-, 
and 6-planet Solar Systems as a function of the fractional change in Neptune’s 
orbit. 
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xis). We see the same general behaviour as in the simulations of
rown & Rein ( 2022 ), with a strong trend toward higher AMD in

ystems with a larger change in Neptune’s semimajor axis. This
ame trend is seen both within sets of simulations with 6, 7, or 8
urviving planets, and between the sets themselves. This essentially
oils down to the same trend that we showed in Fig 1 : stronger stellar
erturbations (which have a higher impulse gradient, and which lead
o larger changes in Neptune’s semimajor axis) lead to more strongly
isrupted systems. 

 DISCUSSION  

.1 Comparison with previous work 

o our knowledge, the paper that is most similar in scope to our
wn is Laughlin & Adams ( 2000 ), who simulated the passage of
inary stars by the Solar System and e v aluated the probability of
ifferent outcomes. Our paper differs from Laughlin & Adams ( 2000 )
n several ways: (i) they used only binary flyby stars, while we
sed only single flyby stars (see discussion in Section 2.1 ); (ii) our
ybys followed a logarithmic distribution in impact parameter b
which we accounted for in calculating probabilities; see Section 2.3 ),
hile theirs followed a physically motivated b 2 distribution; (iii) we

ncluded a prescription to account for the Galactic tidal field and
herefore allow for the capture of planets into the Oort cloud; (iv) we
ncluded the full eight planets in all of our simulations and ran them
or 20 Myr, whereas, due to computational limitations, Laughlin &
dams ( 2000 ) only included a subset of planets in most integrations,
hich only lasted 1 Myr; and (v) we ran a subset of simulations that

lso included the Moon (see Section 5 ). 
Our results roughly match those of Laughlin & Adams ( 2000 ) in

erms of the different outcomes and general trends. Of course, there
re some outcomes that were out of reach for our simulations; for
nstance, given that our flyby stars were single, it was impossible for
hem to be captured by the Sun, which happened in the simulations
f Laughlin & Adams ( 2000 ). Likewise, some of our outcomes were
ut of reach for Laughlin & Adams ( 2000 ), such as capture in the
ort cloud and interactions that involved the Moon. 
There are specific outcomes (such as those from Table 1 ) that

e can compare, to gauge how closely our results match those of
aughlin & Adams ( 2000 ). They found a probability of 1 in 400 000

hat Earth would be ejected from the Solar System in the next 3.5 Gyr,
hich amounts to 7.1 × 10 −7 Gyr −1 . Our simulations yielded a
NRAS 527, 6126–6138 (2024) 
ignificantly higher probability of 5.8 × 10 −6 Gyr −1 . They found the
dds that Earth is captured by a passing star to be roughly 1 in 2
illion, or 1.4 × 10 −7 Gyr −1 , which is very close to our calculated

alue of 1.1 × 10 −7 Gyr −1 . Laughlin & Adams ( 2000 ) found a
robability of ∼9 × 10 −6 Gyr −1 that Earth’s post-flyby eccentricity
ould be larger than 0.5. We found a somewhat higher value of
.4 × 10 −5 Gyr −1 . Despite these modest differences, we consider
ur results to be broadly consistent. 

.2 Limitations 

ur numerical simulations are admittedly imperfect on several fronts.
irst, we did not include the gravitational influence of all Solar
ystem bodies. Laskar et al. ( 2011 ) showed that the largest asteroids
rovide a non-negligible contribution to chaos among the terrestrial
lanets on a ∼60 Myr time-scale. Given the relatively short duration
f our simulations and the Gyr or longer time-scale for chaos
o affect the stability of the terrestrial planets’ orbits (Laskar &
astineau 2009 ; Zeebe 2015 ; Abbot et al. 2021 ), it seems unlikely

hat neglecting asteroids has a significant impact on the stability of
he planets’ orbits. Yet we can imagine the possibility of asteroid or
omet showers triggered by the destabilization of small body orbits
uring or after a flyby. 
Second, as discussed abo v e, we did not include binaries among

he encounter stars. Multiple-star systems are extremely com-
on (Duquennoy & Mayor 1991 ), and binary encounters can lead to

ertain interesting outcomes such as stellar capture (see Laughlin &
dams 2000 ), which we could not capture in our simulations. Li &
dams ( 2015 ) showed that the flyby of a binary can be approximated

s simply the flyby of two single stars for encounter speeds faster
han ∼20 km s −1 . Many of the encounters that resulted in capture or
omplete planet stripping were at low encounter speed. The cross-
ection for interaction of a binary is more than twice that of a single
tar at low speeds (Li & Adams 2015 ), which implies that our results
ay somewhat underestimate the probability of these outcomes. 
Third, we did not include the full Galactic environment, but only

 single close encounter with one passing star, and a simple recipe
or torques from the Galactic tidal field. Studies such as Portegies
wart ( 2021 ) developed a more consistent treatment for the Galactic
nvironment, which does indeed affect the outskirts of planetary
ystems. On a similar note, we only included a simplified approach
or general relativity (taken from Saha & Tremaine 1992 ), although
ther approaches exist (see Brown & Rein 2023 ). 
On a similar note, our simulations are limited to the conditions

f the Sun’s Galactic neighbourhood. The stellar number densities
nd velocity dispersions each vary by orders of magnitude among
ifferent Galactic locations such as globular or open (or embedded)
tar clusters, and the Galactic Bulge and core (see table 1 of Brown &
ein 2022 ). The frequency of stellar flybys and their impact on
lanetary systems (via the impulse gradients) will vary accordingly.
he Solar System has experienced at least two different Galactic
nvironments: its birth cluster and the local neighbourhood. It would
e interesting to take the Sun’s full Galactic history into account
hen assessing the stability of the Solar System. 

 C O N C L U S I O N S  

n this paper, we e v aluated the dynamical evolution of the Solar
ystem if a passes within 100 au of the Sun. There is a ∼ 1 per cent
hance of this happening in the next Gyr (Zink et al. 2020 ; Brown &
ein 2022 ), which is the same time frame for the Earth to leave the
abitable zone due to the increasing Solar luminosity. Each of our



Future trajectories of the Solar System 6137 

1  

t  

f
p

 

e  

F  

a
t  

H

g  

fl

t
i  

l
p

 

e
p
c
o  

T

a  

s
t

O  

(  

c

o  

c  

w  

c  

s
(

a
n  

t  

m  

(

b  

t  

a  

fl  

s  

c
w  

y

s  

W
a
a  

c

h  

p
m
T  

s  

i

A

T  

a  

t
c
h
u
p
t  

P
F
P
t
U
f
P

D

A  

r

R

A
A  

A
A  

B
B
B
B
B  

B
B
C
C  

C
C
D
D
D  

D  

D
F
F
F
G
H
H  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/527/3/6126/7452883 by guest on 10 O
ctober 2024
2 000 simulations simulated the flyby of a single star within 100 au
he Solar System. We sample the impact parameter b in a logarithmic
ashion, allowing us to capture rare outcomes and still derive realistic 
robabilities (see Section 2.3 ). 
Our main results are: 

(i) The most likely outcome of a sub-100 au stellar flyby is for all
ight planets to survive on orbits similar to their present ones (see
ig. 2 ). There is a 92 per cent probability that the Solar System’s
ngular momentum deficit (see equation 2 ) will also remain smaller 
han twice the current value with all pairs of neighbouring planets on
ill stable orbits. 
(ii) The key parameter that controls the outcome is the impulse 

radient, a measure of the strength of the perturbation from the stellar
yby (see Fig. 1 and equation 1 ). 
(iii) The post-flyby orbits of surviving planets can be very different 

han their present-day ones, in some cases with very high eccentric- 
ties and inclinations (Fig. 4 ). While extremely excited orbits are a
ow-probability outcome (Fig. 5 ), they would have consequences for 
lanetary climate. 
(iv) If a star passes within 100 au of the Sun, the most likely plan-

tary destruction pathways are: Mercury hitting the Sun (2.5 per cent 
robability), Mars colliding with the Sun (1.2 per cent), Venus 
olliding with another planet (likely Earth or Mercury; 1.2 per cent), 
r the ejection of Uranus (1.1 per cent) or Neptune (0.8 per cent).
able 1 lists probabilities for all major outcomes for each planet. 
(v) One of the most dramatic outcomes were simulations in which 

ll eight planets were stripped from the Solar System by a particularly
trong stellar encounter (see bottom-right panel in Fig. 3 ). Luckily, 
he probability of this happening is just 8 × 10 −8 Gyr −1 . 

(vi) In some simulations, a planet became trapped in the Sun’s 
ort cloud. This is most likely to happen to the ice giants or Saturn

see Table 1 ), although Earth and Mars were each trapped in the Oort
loud in certain simulations. 

(vii) In some simulations, one or more planets was captured into 
rbit around the flyby star (see Figs 8 and 9 ). The eccentricities of
aptured planets tend to be very high. Of course, most flyby stars
 ould lik ely have their own planetary systems, which means that a

aptured planet may well undergo a phase of collisions – or at least
trong dynamical interactions – with the flyby star’s native planets 
or, for that matter, with other captured planets; see Fig. 13 ). 

(viii) Including the Moon as a separate particle (rather than having 
 single Earth–Moon particle with the sum of their masses) makes 
o apparent difference in the stability of the Solar System. Ho we ver,
he presence of the Moon does open a window of new outcomes, the

ost common and destructive of which is a collision with the Earth
see Fig. 12 and Section 4 ). 

(ix) A stellar flyby is unlikely to allow Earth to remain habitable 
eyond a horizon of ∼1 Gyr. In the event of a sub-100 au flyby,
here is only a 0.28 per cent probability that Earth will survive on
n orbit that receives less than 90 per cent of the present-day stellar
ux. The odds of Earth being ejected into interstellar space are even
maller, just 6 × 10 −6 in the next Gyr. If Earth is indeed ejected – or
aptured on a wide orbit around a low-luminosity star – the surface 
ill freeze o v er completely on a time-scale of roughly 1 million
ears (Laughlin & Adams 2000 ). 
(x) Regarding the long-term survi v al of the Solar System, our 

imulations are consistent with the work of Brown & Rein ( 2022 ).
e see a clear correlation between the fractional change in AMD 

nd the fractional change in Neptune’s semimajor axis (Fig. 16 ), 
lthough we argue that the impulse gradient is really the key factor
ontrolling the outcome. 
Despite the diversity of potential evolutionary pathways, odds are 
igh that our Solar System’s current situation will not change. Earth’s
rogressive heating from the brightening Solar luminosity (not to 
ention human-driven carbon emissions) will continue unabated. 
he Universe is statistically unlikely to help us out by providing a
tellar flyby that will lead to a cooler Earth. Humanity’s best solution
s to help itself. 
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