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Unlike the Solar System planets, thousands of smaller bodies beyond
Neptune orbit the Sun on eccentric (e > 0.1and i > 3°) orbits. While migration
of the giant planets during the early stages of Solar System evolution could
have induced substantial scattering of trans-Neptunian objects (TNOs), this
process cannot account for the small number of distant TNOs (r,, > 60 au)
outside the planets’ reach. The alternative scenario of the close flyby of
another star caninstead produce all these TNO features simultaneously, but
the possible parameter space for such an encounter is vast. Here we compare
observed TNO properties with thousands of flyby simulations to determine
the specific properties of a flyby that reproduces all the different dynamical

TNO populations, their locations and their relative abundances, and find
thata 0.8’:8'1 Mg star passing at adistance of r, =110 + 10 au, inclined by

1

i=70°%,, gives anear-perfect match. This flyby also replicates the
retrograde TNO population, which has proved difficult to explain. Such a
flyby is reasonably frequent; at least 140 million solar-type stars in the Milky
Way are likely to have experienced a similar one. In light of these results, we
predict that the upcoming Vera Rubin telescope will reveal that distant and
retrograde TNOs are relatively common.

The Solar System planets accumulated from a disk of dust and gas
that once orbited the Sun. Therefore, the planets move close to their
common plane on near-circular orbits. About 3,000 small objects have
been observed to orbit the Sun beyond Neptune (r, > 35 au); surpris-
ingly, most move on eccentric and inclined orbits"”. Therefore, some
force must have lifted these trans-Neptunian objects (TNOs) from the
disk where they formed and altered their orbits markedly. One popu-
lar hypothesis is that the planets originally were in a more compact
configuration; the TNOs formed between them and were scattered
outwards when the planets moved to their current locations (see, for
example, refs.1,3-8).

However, three distinct TNO dynamical groups are incredibly
challenging to explain from the original planet scattering: (i) the cold
Kuiper belt objects moving on nearly circular orbits close to the plane,
(ii) the Sedna-like TNOs orbiting at large distances (r, > 60 au) on highly
eccentricorbits (e>0.5) and (iii) TNOs with high inclination (i > 60°)° .
While only three Sedna-like objects and few highly inclined TNOs are

knownso far, they are the make-or-break test for any outer Solar System
formation theory. Their existence, especially the observed clustering
among the Sedna-like and high-inclination TNOs, is unlikely to stem
from scattering by the planets™™.

Here, we build onacompletely different hypothesis for the TNOs’
origin®". In this model, the TNOs formed in the outer Solar System
(>30 au) and the close passage of another star catapulted themto their
current orbits. This hypothesis was initially overlooked as such close
flybys were deemed too rare. However, recent Atacama Large Millim-
eter Array observations reveal that close stellar flybys seem to be rela-
tively common'?, Recently, this scenario has gained renewed interest
due to simulations showing that flybys could produce a cold Kuiper
belt populationand Sedna-like objects'****. These proof-of-principle
studies considerably strengthened the flyby hypothesis. However, the
possible flyby parameter space has remained relatively large, and the
resulting predictions vague. More precise predictions are essential
to decide between the competing hypotheses. Here, we present the
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Table 1| Flyby scenarios reproducing the known TNO
population

Emphasis on M, IM.]  raul i[] w[°]  Rylau]
A Sedna-like 0.8 10 70 80 150-300
B Cold Kuiper belt 0.8 10 70 90 150
C ETNOs 0.8 10 65 60 150

The first column gives the scenario identifier, column 2 the TNO subgroup emphasized when
determining the best fit, column 3 M,, column 4 r,, column 5/, column 6 w and column 7 the
assumed pre-flyby disk size. ETNOs, extreme TNOs.

essential next step—we provide the close-to-exact parameters of the
potential outer Solar System shaping flyby. The resulting predictions
are distinct and testable using the ~40,000 TNOs awaiting discovery
when the Vera C. Rubin Observatory becomes operational®®. The TNOs
orbiting in the opposite direction to the planets (i > 90°)—so-called
retrograde TNOs—may be the key to this analysis.

Results

Our exhaustive numerical parameter study consists of over 3,000
individual simulations modelling the effect of astellar flyby on a plan-
etesimal disk surrounding the Sun extending to 150 au and 300 au,
respectively. Such sizes have been observed to be typical for proto-
planetary and debris disks****. We vary the mass of the perturber, M,,, its
perihelion distance, r,, and the relative orientation of its path in terms
ofiinclination, i, and angle of periastron, w, and the size of the disk, R.

We systematically rejected any flyby that failed to quantitatively
match the observed TNO population. This means that any successful
candidates had toreproduce the locationin the a (semi-major axis), e,
iparameter space and the relative population sizes of the cold Kuiper
belt objects and the Sedna-like objects. The latter are particularly
important as, unlike the resonant TNOs, their relative numbers and
orbits are largely unaffected by interactions with Neptune after the
flyby, expressed by the Tisserand parameter Ty < 3.05. In addition,
we demanded that the planet orbits remain unperturbed (for details,
see Methods). Only three flybys met our strict criteriafor an excellent
quantitative match to the observed TNOs (Table 1). These three flybys
produced the hot, cold and Sedna-like TNOs in the observed relative
quantities and in the right places in the multidimensional parameter
space. Eachbest-fit model emphasized different TNO dynamical groups
inthe selection process. Still, their parameters are so similar that one
can combine theminto asingle flyby scenario with aremarkably small
error bar.

Foraparabolicflyby, we find that a star with mass M, = 0.8’:8:} Mg
atr,=110 +10 au inclined by i = 70°*}, and an angle of periastron of
60°-90° provides the best candidate for an outer Solar System shaping
flyby onthe basis of current data. The spatial orientationis given rela-
tive to the plane of the pre-flyby disk. For an illustration of the flyby
dynamics, see Fig.1and Supplementary Video 1. The past flyby orbital
parameters are shown by Fig. 2 (left). We performed higher-resolution
simulations for models A-C with10°tracer particles and modelled two
disk sizes (150 auand 300 au—models Aland A2, respectively). Interest-
ingly, these parameters are fairly consistent with those of another flyby
scenario®’, which argues that a 1.8 M, star would have passed the
Solar system at r, =227 auinclined by 17°-34°. The different mass can
be explained by the type of encounter studied: where ref. 29 adopted
an exchange interaction to abduct Sedna from the intruder, here we
argue that Sedna (and the other Kuiper belt objects) are native to the
Solar System.

The flyby probably happened several billion years ago, so how
muchwould the orbital parameters change onsuch atimescale? Inves-
tigating the long-term evolution of the TNO population is computa-
tionally expensive. Therefore, we studied only the period of 1 Gyr after
the flyby. The general outcome remains very similar (Fig. 2 (middle)).

The changes include an increase in low-inclination TNOs, improving
the matchto the cold TNO population andfilling in the low-inclination
distant TNOs missingimmediately after the flyby. Thus, the long-term
evolution leads to an even better fit.

Thefinal model delivered asurprise: the best-fit flyby created ret-
rograde TNOs despite them not being part of the selection process. So
fartworetrograde TNOs have been confirmed—2008KV,,and 2011KT,,,
both havingrelatively small periastron distances (r, <30 au, a > 30 au)
andinclined by 103.41°and 110.15°, respectively. An additional TNO is
suspected of moving on aretrograde orbit—2019 EE.—but its orbit is
currently not well constrained. It is more distant (r, > 30 au) and may
be closer to the plane (>150°).

Eventually, high-inclination TNOs could be crucial when deciding
between different hypotheses. Retrograde TNOs themselves provide
a challenge for the planet instability model. Adding a distant planet
(Planet Nine) appeared to solve the problem?®*. This combined model
can account for retrograde TNOs with r, <30 au and i <150° such as
2008 KV,, and 2011 KT, (Fig. 1 in ref. 30). However, distant, highly
inclined TNOs (r, > 30 au, i >150°), if they exist, may providea challenge
also for the Planet Nine model.

Conversely, retrograde TNOs might also be the key to determining
the primordial size of the solar system disk. The maximum inclina-
tion of retrograde TNOs is directly related to the primordial disk size
(Fig.3). Theinclinations of 2008 KV, and 2011 KT, (103.41°and 110.15°)
demand that the Sun’s primordial debris disk must have extended to
atleast Ry > 65 au. Close to the planeretrograde TNOs would argue for
an even larger size (Ry =150 au). Using this relation, retrograde TNOs
detected in the future will enable stringent bounds to be set on the
primordial disk size.

Currently, only the nearest and brightest TNOs are observable, and
high-inclination and very eccentric objects are challenging to detect.
The right-hand panels of Fig. 2 supply a sneak preview of the TNO
discoveries we expect from the flyby scenario presented here. They
show that the clustering among the known highly inclined TNOs"” and
Sedna-like objectsis part of amuch larger pattern caused by the flyby.
It will be interesting to see this pattern emerge when more TNOs are
discovered. Although the pattern becomes slightly less distinctive on
Gyrtimescales dueto secular effects (see middle panels), the clustering
itself persists (Fig. 2 (middle)).

Theinformation about the flyby parameters enables us to predict
how the relative sizes of different TNO dynamical groups will change
whenthe observable space expands (SupplementaryFig.1and Supple-
mentary Table1). Matching the observations, Sedna-like TNOs make up
onlyabout 0.1% of all TNOsinmodels A-Cin the current observationally
accessible space. However, this will increase to 7% by the end of the
ten-year observation campaign of the Vera Rubin telescope as more
distant TNOs become observable. Likewise, we anticipate anincrease
inthe fraction of retrograde TNOs from 0.15% to about 5% as the discov-
ery space expands. Although some of the expected retrograde TNOs
may orbit close to the plane, we foresee most of them moving at high
inclinations from the plane.

However, we caution against overinterpreting Fig. 2. To some
extent, we expect the non-detection of TNOsin covered areas. Neither
the size nor the structure of the primordial solar disk is known. Any
change—smaller size or ring structures—in the primordial disk leads
to ‘holes’inthe parameter spaceindicated in Fig. 2. Indeed, such gaps
could even help todetermine the solar disk’s structure before the flyby.
Conversely, if TNOs are found in areas not predicted by Fig. 2 even after
including the long-term evolution, this would challenge the presented
hypothesis. However, its falsifiability makes the flyby hypothesis meth-
odologically very strong.

So far, we have concentrated on the bound TNO population
beyond 30 au. However, whileleaving the planetary orbits undisturbed,
the flyby injects many TNOs (~9% of the initial disk mass m;) into the
area inside 30 au. These injected TNOs move with high eccentricity
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Fig.1|Simulation snapshots of model Al. The perturber star approaches
from the bottom right. The sequence shows the typical appearance of two
spiral arms, the loss of matter that becomes unbound and the capture of some
material by the perturber star. The time is given in years relative to the time of

periastron passage. For the first four snapshots, the size of the real area is kept
constant; the last two plots show azoom-out. The colours indicate the velocities
of the test particles relative to the Sun. The complete dynamicsisillustratedin
Supplementary Video 1.
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Fig.2| Comparison of TNO orbital parameters between observations and
simulation (model A2). The coloured symbols show the simulation result, and
the black triangles depict the observed TNOs. Left and middle panels: situation
12,000 yr and 1 Gyr after the periastron passage. Here, only the subset of the
resulting population with 35au<r, <100 au,a <2,000 au, i < 60°is shown,
roughly corresponding to the current observationally accessible area. Only
objects with Ty, >3.05 were chosen for the comparison. Right panel: zoom-out

thatincludes all particles. For comparison, the black box indicates the area
shownin the left and middle panels. The right panel can be used to predict the
properties of the expected TNO discoveries. There the red triangle indicate
the nominal positions of the recently discovered retrograde TNOs. The red
line shows the divide between pro- and retrograde TNOs. See Supplementary
Figs. 4-6 for equivalent plots for models A with disk size 150 au, Band C.
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Fig.3 | Disk size versus inclination correlation. Dependence of the maximum
inclination on primordial disk size. The filled red triangles show the properties of
the confirmed retrograde TNOs, the open red triangle indicates the inclination of
the yet to be confirmed retrograde TNO 2019 EE6.

(e>0.4) and high inclination (>30°), regularly revisiting the
trans-Neptunianregion (60-200 au). At the same time, a considerable
fraction (26%) of the TNOs become unbound from the Sun (Supple-
mentary Fig.2),and the perturber captures 8.3% of the material initially
bound to the Sun (model Al). While moving on highly eccentric orbits,
some of these captured solar TNOs come incredibly close to the per-
turber star (ﬂ;“"= 0.73 au). These TNOs move well within the ice lines
of this system, where volatiles evaporate.

Discussion

The known TNO population is subject to many different biases (for
adiscussion see refs. 32,33), and probably represents only a fraction
(<1%-10%) of the entire population. New TNOs are constantly being
discovered, some with entirely unexpected orbital properties™**. Thus,
searching for flyby parameters best fitting the observations presented
here can only be a first step. Once a significant portion of the TNOs is
known, this procedure must be repeated, and the flyby parameters
adjusted accordingly. Despite these reservations, we expect the final
best-fit parametersto be similar. After all, the model must stillaccount
for the Kuiper belt, Sedna-like and retrograde TNOs at the currently
known positionsin the multidimensional parameter space. Alternative
hybrid schemes combining planet scattering with one or more flybys
have been suggested®. However, it is an open question whether such
hybrid scenarios have predictive power.

When would this flyby have occurred? Close encounters are
most frequent during the first 10 Myr of a star’s life when it is still
part of its birth cluster. Simulations find that typically 8%-15% of all
solar-type stars experience an encounter reducing the unperturbed
areato30-50 auinfavourable environments (similar to NGC 2244 and
M44)%. Even in low-density clusters, ~1% of solar-type stars experi-
ence such an encounter. Putting this number in perspective, in the
first 10 Myr of their lives, at least 140 million solar-type stars in the
Milky Way (possibly ten times more) have experienced an encoun-
ter similar to the Sun’s. In ~10% of these cases, the encounter was
with a similar-mass perturber M, = 0.6-1.0 M, at approximately the
same periastron distance (r, = 90-130 au) as the Sun’s flyby. Close
flybys become less frequent after the solar birth cluster expands
and dissolves at the end of the star formation process. However, the
4.55 Gyr that has passed since the Solar System formed can more
than outbalance the much lower encounter frequency, summing to
aprobability of 20%-30% likelihood for a late encounter®. However,
due to the stellar velocity dispersion increasing with the Sun’s age,
these flybys would be mainly on highly hyperbolic orbits. Hyperbolic
flybys are muchless efficient in exciting the orbits of TNOs. Therefore,

the question of whether a later flyby could lead to a similarly good
match requires further study.

The flyby scenario does not exclude either the planets formingin
amore compact configuration or the existence of a primordial Oort
cloud. Planet migration could have scattered additional objectsinto the
trans-Neptunian region, contributing to the hot Kuiper belt population
without altering the Sedna-like or retrograde TNO populations. Even
ifthe planets were located at their current positions at the time of the
flyby, they would all have been unaffected by the flyby except Neptune.
IfNeptune were atits current distance at the time of the flyby, it would
have beenshielded from the effect of the flyby in 25% of cases, staying
in the gravitational shadow of the perturber—meaning flying behind
the perturber star (Supplementary Fig. 2).

If the Oort cloud existed before the flyby, it would have been
severely affected, but not erased. A flyby of the given parameters would
have left a sufficiently large number of TNOs (~15%) bound to the Sun
toaccount for the current estimates of the Oort cloud mass. Moreover,
the Oort cloud might have been simultaneously enriched by TNOs
with a > 10* au originally belonging to the outer disk (80 au <r,<Ry)
and planetesimals initially part of the potentially existing perturber
Oortcloud”.

Finally, we may speculate on whether the probability of the per-
turber’s planetary system developing life was increased by the flyby.
The probability would have been higher if the flyby happened not
during the first 10 Myr but later when pre-forms of life had already
developed.

Conclusion

Wehave demonstrated that the flyby of astar of mass M, = O.ng:} Mg
passing on a parabolic orbit at r,=110 + 10 au and i = 70°*3; explains
several unaccounted-for outer solar system features. It quantitatively
reproduces the orbital properties of the cold Kuiper belt population,
Sedna-like objects and high-inclination TNOs. Unexpectedly, this flyby
also accounts for the otherwise difficult-to-explain retrograde popu-
lation. The model’sbeauty lies inits simplicity and ability to make spe-
cific predictions. These predictions include a distinct clustering ina,
e, ispaceandariseintherelative fraction of retrograde and Sedna-like
TNOs. Future TNO discoveries may reveal the primordial solar system
disk’s size and structure.

Methods
Flyby simulations and selection procedure
Our parameter study consists of 3,080 individual simulations model-
ling the effect of stellar flybys on a planetesimal or debris disk sur-
rounding the Sun. The aim was to find the subset of simulations that
producesthe various dynamics groupsin the observed quantities and
locations in the multidimensional parameter space. Previous work**
found that the most promising parameter space for finding the most
challenging TNO dynamical groups entails perturber masses in the
rangeM, = 0.3-1.0 M,, periastrondistancesr, = 50-150 au, i=50°-70°
and w = 60°-120°. We scanned this parameter space in mass steps of
0.1M,, r,instepsof10 au, i in units of 5° and w with a variation of 10°.
Thesimulations start with an idealized thin disk®® represented by
N=10*massless tracer particles. Taking the observed sizes of typically
100-500 au of protoplanetary and debris disks for guidance”**, we
model disk sizes of 150 au and 300 au. We model the N gravitational
three-body interactions between the Sun, the perturber starand each
of the N test particles***, Self-gravity and viscosity effects are neg-
ligible, as the interaction time is short (<30,000 yr) and the disk’s
mass is considerably smaller than the Sun’s (my < 0.001 M,,). We use a
Runge-Kutta Cash-Karp schemeto determine the particle trajectories.
The simulations start and end when the force of the perturber star on
each particleislessthan 0.1% (ref. 40). We optimize the computational
effort by using an initial constant particle surface density to obtain a
highresolutioninthe outer parts of the disk. We then post-process the
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databy assigning different masses to the particles to model the actual
mass density distribution**?,

We set strict standards for matching observations with simula-
tions, rejecting 99.9% of all simulated cases. Nevertheless, this com-
putational expense paid off. We obtained a near-perfect match to the
known TNO population. We tested only for those TNOs not strongly
coupledto Neptune (T > 3.05, where Tyis the Tisserand parameter).
Thus, most resonant TNOs were excluded from the comparison. Simi-
larly, we did not consider TNOs with @ >10,000 au, as more distant
encounters and the galactic potential could affect their orbits over
Gyr timescales. After the flyby, some objects enter into a resonant
orbit with Neptune during our long-term simulation. They are not
visible in Fig. 1 since they do not meet the Ty > 3.05 threshold. Prob-
ably the number of resonant objects is small because the simulation
only coversthe first1 Gyr; additional resonant TNOs may be produced
over extended periods. A higher resolution of the disk population
would also be required to describe this process adequately. Moreo-
ver, resonant TNOs might be produced if Neptune migrated outward
after the flyby.

We used adecision-tree-based inspection method, firstselecting
the flybys that avoid strong perturbations inside 30-35 au. We used
theapproximation ry = 0.28M,°3?r,(ref. 40) as anindicator of the radial
distance r, up to which the disk remains largely undisturbed. This
equation applies only to coplanar encounters, while we study inclined
encounters. Therefore, we slightly extend the parameter space to
account for the difference. A subset of 490 simulations fulfilled the
criterion of an unperturbed population up to 30-35 au. Here, we
assume that the planets orbit at their current locations. If the solar
system was in a more compact configuration during the flyby, the
constraints would relax. Next, we retained only flybys that produce a
cold Kuiper belt population and Sedna-like objects in suitable regions
ofthe parameter space. Only asmall subset clustering around perturber
masses of 0.7-0.9 M, and periastron distances of 90-110 au fulfils this
criterion. Among the few remaining possibilities, additional cases can
beexcluded onmorestringent criteria. For example, among ther, =110
cases, higher-mass perturbers (M, > 0.9 M,)) tend to produce too few
cold Kuiper belt objects, while lower-mass perturbers (M, < 0.7 M,,)
have difficulties reproducing the high-eccentricity TNOs. For 0.8 M,
perturbers, only perihelion distances of 100 auand 110 au can produce
therightsize of the unperturbed region. The closer encounter (100 au)
produces 80% fewer cold TNOs than does the 110 au perturber. Hence,
a 0.8 M, perturber passing at a periastron distance of 110 au best fits
the observational data.

We simultaneously tested for the inclinations and the argument of
perihelion of the perturber’s orbit. Again, the relative number of cold
Kuiper belt objects is a key element. Supplementary Fig. 3 shows the
dependence of the number of cold population particles oniand w for
a flyby with M, = 0.8 M, at r,=110 au. The cold population decreases
significantly below 70° inclination and 80° argument of perihelion.
While above these values, the simulations do not reproduce the incli-
nation and eccentricity distributions of the TNOs correctly. Hence, an
inclination of 70° and an angle of perihelion of 80° produce the best fit.

We tested the best-fit flyby to check its influence on the giant
planets’ orbits. Our criterion is that the changes in i and e due to the
flyby should be less than the difference of currently observed planetary
orbits from being circular and in the plane. Neptune’s orbit is more
vulnerable thanthose of the other planets. However, the key parameter
is the orbital position at the moment of flyby. Even Neptune’s orbit
remains nearly unaffected (4 < today’s e and i) at the locations indi-
cated in blue in Supplementary Fig. 2. Uranus’s eccentricity remains
unaffected; however, small ranges of positions are excluded because
theinclinationis slightly higher (1°) than today’s (0.7°). The influence
onJupiter and Saturn is negligible, independent of orbital location.

When performing such acomparison, we face two challenges: (i)
thebiasesin the known TNO population’*and (ii) the fact that the size

of the primordial diskis unknown. Therefore, we determined three best
fits emphasizing different populations (see Table 1). Model B gives a
slightly larger cold populationthan does Al (see Supplementary Fig. 4).
Model C produces more high-inclination objects (see Supplementary
Fig. 6). Models Aland A2 only differ in their assumed disk sizes of 150 au
and 300 au, respectively.

While this method was labour intensive, it was the most reli-
able approach. Automated statistical methods®* generally test
against deviations from the median or mean. We find that taking a
mean as the decision basis fails to account for multiple clustering in
TNO dynamical groups, especially in multidimensional parameter
space. Moreover, various observational biases make it problematic
to compare ‘unbiased’ simulation results in an automated way. We
also tested using the Outer Solar System Origins Survey observation
simulator®, applying the default absolute magnitude distribution to
assign magnitudes to the test particles. We find that, for model A1,
70 of our simulated objects should be currently observable. How-
ever, rating the quality of this match in an automated way faces the
problem that the result depends sensitively on the size of the chosen
comparison parameter space.

Long-term evolution

Determining the long-term evolution after the flyby requires a
high-precision integrator, which makes these simulations computa-
tionally expensive. Therefore, we modelled the long term only for a
subset of the results consisting of all particles fulfilling the conditions
35au<r,<90au,i<60°anda<2,000 au. These TNOs correspond to
~20% of the total TNO population and roughly to the TNOs that should
be visible with instruments such as the Vera Rubin telescope. In addi-
tionto the test particles from the flyby simulation, the four outer giant
planets were included in the long-term simulation. We start with the
particle positions and velocities at 12,000 years after the perihelion
passage. Using the GENGA code*, we follow the trajectories of the test
particles for the next 1 Gyr. These trajectories are determined using a
hybrid symplecticintegrator.

Flyby frequency determination

We determined the occurrence rate of such close flybys in different
cluster environments ranging from short-lived low-N clusters to mas-
sive, compact, long-lived clusters. We performed an extensive set
of N-body simulations using the code Nbody 6++ (ref. 44). In these
simulations (for details seeref. 36), the cluster development matches
that of observed clusters regarding the temporal development of
the cluster mass and size with cluster age. We computed hundreds
of realizations so that the results have high statistical relevance. We
record the parameters of any close interaction between two starsand
use thisinformationina post-processing step to determine the effect
of eachencounter onthe disk size (equal to the unperturbed area after
anencounter). We study the subset of solar-type stars and test for the
frequency of encounters leading to a 30-50 au-sized unperturbed
disk. We also test for solar-type stars encountering a perturber of mass
0.6-1.0 M atadistance of 90-130 au, similar to our best-fit results.

Toy model for effect on the Oort cloud

We estimated the effect of such a flyby on a potentially existing Oort
cloud. Our toy model consisted of 10,000 particles randomly distrib-
utedina100,000 au-sized sphere surrounding the Sun. We simulated
model A’s flyby effect on this Oort cloud. The particle trajectories are
calculated using the REBOUND N-body code* employing IAS15, a
15th-order Gauss-Radau integrator*.

Data availability

The dataof the complete parameter study are available on the DESTINY
database at https://destiny.fz-juelich.de. Source data are provided
with this paper.
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Code availability

REBOUND and GENGA are open access codes. The DESTINY code will
beavailable uponreasonable request. However, the DESTINY database
(https://destiny.fz-juelich.de) also allows diagnostics to be performed
online.ItallowstoreproduceFig.2,and also similar plots for the entire
parameter study. A complete illustration of the dynamics of the flyby
scenario of model Alis available in Supplementary Video 1.
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