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ABSTRACT

Observed hyperbolic minor bodies might have an interstellar origin, but they can be natives
of the Solar system as well. Fly-bys with the known planets or the Sun may result in the
hyperbolic ejection of an originally bound minor body; in addition, members of the Oort cloud
could be forced to follow inbound hyperbolic paths as a result of secular perturbations induced
by the Galactic disc or, less frequently, due to impulsive interactions with passing stars. These
four processes must leave distinctive signatures in the distribution of radiants of observed
hyperbolic objects, both in terms of coordinates and velocity. Here, we perform a systematic
numerical exploration of the past orbital evolution of known hyperbolic minor bodies using
a full N-body approach and statistical analyses to study their radiants. Our results confirm
the theoretical expectations that strong anisotropies are present in the data. We also identify a
statistically significant overdensity of high-speed radiants towards the constellation of Gemini
that could be due to the closest and most recent known fly-by of a star to the Solar system, that
of the so-called Scholz’s star. In addition to and besides 11/2017 U1 (‘Oumuamua), we single
out eight candidate interstellar comets based on their radiants’ velocities.

Key words: methods: statistical —celestial mechanics —comets: general — minor planets, as-
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1 INTRODUCTION

The discovery (Bacci et al. 2017; Meech et al. 2017a) and the subse-
quent study (see e.g. Bannister et al. 2017; Jewitt et al. 2017; Knight
et al. 2017; Masiero 2017; Meech et al. 2017b; Ye et al. 2017; Bolin
etal. 2018; Fitzsimmons et al. 2018) of the first bona fide interstellar
minor body, 11/2017 U1 (‘Oumuamua), has brought the subject of
hyperbolic minor bodies into the spotlight. Although some of the
known ones might have had an interstellar origin like ‘Oumuamua,
others (perhaps most of them) could be natives of the Solar system.
There are mechanisms capable of generating hyperbolic objects
other than interstellar interlopers. They include close encounters
with the known planets or the Sun, for objects already traversing
the Solar system inside the trans-Neptunian belt; but also secular
perturbations induced by the Galactic disc or impulsive interactions
with passing stars, for more distant bodies (see e.g. Fouchard et al.
2011, 2017; Krélikowska & Dybczynski 2017). These last two pro-
cesses have their sources beyond the Solar system and may routinely
affect members of the Oort cloud (Oort 1950), driving them into
inbound hyperbolic paths that may cross the inner Solar system,
making them detectable from the Earth (see e.g. Stern 1987).

Each and every object approaching from the outskirts of the Solar
system appears to come from its own well-defined, unique location
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in the sky, its radiant or antapex, and has a characteristic barycen-
tric velocity that carries valuable information about its provenance.
The four processes listed above can induce strong anisotropies and
leave distinctive signatures in the observed distribution of radiants,
both in terms of coordinates and velocity. The impact of some of
these mechanisms on the perihelia of long-period comets has been
well studied (see e.g. Matese & Whitmire 1996; Matese, Whitman
& Whitmire 1997; Dybczyniski 2002; Horner & Evans 2002), but
the properties of the radiants of observed hyperbolic (eccentricity
>1) minor bodies have never been studied in detail. Here, we carry
out a systematic numerical exploration of the past orbital evolution
of known hyperbolic objects using a full N-body approach and sta-
tistical analyses to study their radiants. This Letter is organized as
follows. Section 2 introduces the tools used and the input data. The
distribution of radiants is presented and discussed in Section 3. The
sample of internally produced hyperbolic minor bodies is exam-
ined in Section 4. In Section 5, we study the population of former
members of the Oort cloud. Candidate interstellar interlopers are
singled out in Section 6. Results are discussed and conclusions are
summarized in Section 7.

2 TOOLS AND INPUT DATA

For minor bodies with very long orbital periods and extremely
elongated orbits, the properties of their perihelia/aphelia encode a
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significant amount of interesting dynamical information (see e.g.
Horner & Evans 2002); for those currently following hyperbolic
paths, an equally relevant source of knowledge is in the radiant
or point in the sky from which the incoming object appears to
originate. The analysis of the properties of the radiants of these
interesting bodies can help in understanding their origin and evo-
lution. Aiming at extracting useful information — namely, the posi-
tional and velocity distributions — we have computed the properties
of the radiants associated with the orbit determinations available
for these objects using full N-body simulations carried out with
a code written by Aarseth (2003)! that implements a fourth-order
version of the Hermite scheme described by Makino (1991) with-
out including any non-gravitational forces. The model Solar system
used in our calculations includes the perturbations from the eight
major planets, with the Earth-Moon system as two separate bod-
ies. In addition, it incorporates the barycenter of the dwarf planet
Pluto—Charon system and the three most massive asteroids of the
main belt. Positions and velocities in the barycentre of the Solar
system for these bodies at epoch JD 2458000.5 (2017-September-
04.0 TDB, Barycentric Dynamical Time) have been provided by
Jet Propulsion Laboratory’s (JPL) Horizons;” additional details are
given in de la Fuente Marcos & de la Fuente Marcos (2012). Here,
the present-day orbits of the known hyperbolic minor bodies — 339
with nominal heliocentric eccentricity > 1, data as of 2018 January
18 — are integrated backwards for 0.1 Myr to compute the proper-
ties of their associated radiants. For these calculations, we use input
data provided by JPL’s Solar System Dynamics Group Small-Body
Database (SSDG SBDB; Giorgini 2015)* and the Minor Planets
Center (MPC) Database (Rudenko 2016).* As a reference and for
a minor body moving with an inbound velocity of 1kms™! —i.e. it
may travel 10000 au in less than 50 000 yr — that is the value of the
escape velocity at about 2000 au, our 0.1 Myr integrations back in
time place such an object beyond 20 000 au from the Sun, i.e. at the
outer Oort cloud (see e.g. Hills 1981).

3 THE DISTRIBUTION OF RADIANTS

The histograms presented in this section use a bin width com-
puted using the Freedman—Diaconis rule (Freedman & Diaconis
1981), i.e. 2IQR n~!/3, where IQR is the interquartile range and n
is the number of data points. Averages, standard deviations, medi-
ans, IQRs, and other statistical parameters have been computed in
the usual way (see e.g. Wall & Jenkins 2012); we adopt Poisson
statistics (o = /n) to compute the error bars — applying the approx-
imation given by Gehrels (1986) when n <21, 0~1 + +/0.75 4 n.

Fig. 1 shows the distribution of geocentric equatorial coordinates
of the radiants of known hyperbolic minor bodies computed using
the input data and the procedure described in the previous section.
Here, the bin widths are 3"69 (top panel) and 16257 (bottom panel).
The distribution in right ascension, «, is somewhat asymmetric (top
panel) with 193 radiants (out of 339) in the interval (0", 12"). This is
a 2.550 departure from an isotropic distribution, where o = \/n/2
is the standard deviation for binomial statistics (see e.g. Wall &
Jenkins 2012). The presence of this asymmetry might not be the
result of observational bias because the radiant is not directly ob-
served but computed once the orbit determination is obtained. On

Uhttp://www.ast.cam.ac.uk/~sverre/web/pages/nbody.htm
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Figure 1. Distribution of the geocentric equatorial coordinates of the ra-

diants of known hyperbolic minor bodies (nominal orbits); cumulative fre-
quency in dashes, error bars from Poisson statistics (see Section 3).
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Figure 2. Distribution of the radiants’ velocities of known hyperbolic minor
bodies (cumulative frequency in dashes). The bottom panel magnifies the
section of the top one that includes most of the data.

the other hand, such asymmetry could be consistent with the one
induced by a stellar passage through the Oort cloud (see e.g. Dy-
bezynski 2002). The distribution in declination, §, is asymmetric as
well (bottom panel), but evenly distributed in terms of hemispheres
as 176 radiants have southern declinations.

Fig. 2 shows the radiant’s velocity, V., (actually its proxy, the
velocity at the end of the calculations), histogram of the sample in
Fig. 1; the bottom panel focuses on the bins with most of the en-
tries, the bin width is 0.13 km s~!. The distribution is not Gaussian
—i.e. the average and standard deviation, —0.7 & 1.7 km s~!, cannot
be used to describe the velocity distribution adequately — and in-
cludes a number of outliers (see Section 6). Out of 339 objects, 316
or 93.2 per cent shows inbound (i.e. negative) barycentric veloci-
ties. The non-Gaussianity of the distribution suggests that multiple
processes may be shaping the observed velocity spread.

Fig. 3 shows the distribution in equatorial coordinates of the
radiants in Fig. 1. The distribution exhibits a number of distinct
concentrations that lead to the asymmetries present in Fig. 1. These
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Figure 3. Distribution of radiants of known hyperbolic minor bodies in the sky. The radiant of 11/2017 U1 (‘Oumuamua) is represented by a pink star, those
objects with radiant’s velocity >—1kms~! are plotted as blue filled circles, the ones in the interval (—1.5, —1.0) km s~ ! are shown as pink triangles, and those
<— 1.5kms~! appear as goldenrod triangles. The current position of the binary star WISE J072003.20-084651.2, also known as Scholz’s star, is represented
by a red star, the convergent brown arrows represent its motion and uncertainty as computed by Mamajek et al. (2015). The ecliptic is plotted in green. The
Galactic disc, which is arbitrarily defined as the region confined between Galactic latitude —5° and 5°, is outlined in black, the position of the Galactic Centre
is represented by a filled black circle; the region enclosed between Galactic latitude —30° and 30° appears in grey. Data source: JPL’s SSDG SBDB.

clusters of radiants are well away from that of 11/2017 U1 (‘Oumua-
mua), the pink star in Fig. 3. The most obvious overdensity — at
a =7"4 and § = +1626 — may have as many as 36 radiants, or nearly
11 per cent of all the known ones, and about 22 per cent (9/41)
of the ones with radiant’s velocity <— 1kms~'. Relevant comets
in this group are C/1999 S4 (LINEAR), C/2007 W1 (Boattini),
C/2010X1 (Elenin), C/2012S1 (ISON), or C/2013 Al (Siding);
some of them have experienced fragmentation/disintegration events
near perihelion. Other clusterings are observed towards a = 46 and
8 =+1020 — 14 possible members, relevant comets are C/1956 F1-
A (Wirtanen), C/1999 N4 (LINEAR), or C/2017 M4 (ATLAS) -
ando=5"5and § = —39°0-16 possible members, relevant comets
are C/1890F1 (Brooks), C/2009 K5 (McNaught), or C/2013 G3
(PANSTARRS). Clusterings are also found in the distribution of
poles and perihelia of hyperbolic minor bodies (de la Fuente Marcos
& de la Fuente Marcos 2017), but these can be due to observational
bias (particularly, the perihelion positions).

The distribution of radiants in Fig. 3 shows a number of conspic-
uous concentrations or overdensities both for the full sample and
for the subsample of objects with velocity <— 1kms~! (plotted in
pink and goldenrod); however, it is unclear from the figure whether
any of these overdensities are statistically significant. In order to
make an informed decision, we have used a population of hypothet-
ical isotropic detections of the same size as reference. Such data set
has been obtained by generating points uniformly distributed on the
surface of the celestial sphere using an algorithm due to Marsaglia
(1972). The positions of these points in the sky have o € (0", 24")
and § € (—90°, 90°). The excess of observed radiants with respect
to a uniformly distributed sample has been quantified by generat-
ing random points to cover the surface of the celestial sphere and
counting how many real and random radiants are found within 10°
(our counting radius) of each random point. Our statistics is the
difference between real and uniformly distributed counts; as we are
studying excesses not voids, negative differences are customarily
assigned a value of zero. Our experiments consider 2 x 10° random
points (and counts) to scan the celestial sphere; multiple random
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Figure 4. Statistical significance analysis of the distribution of radiants in
Fig. 3. Difference between counts from a scan of the observed sample and
that of an isotropic one; full sample analysis (top panel) and that of the
subsample with velocity <— 1kms~! (bottom panel).

samples and several radii (5° and 15°) were tested to confirm that
our overall results were neither affected by our choice of counting
radius nor by the actual random sample. Our analysis has been per-
formed on the full sample — Fig. 4, top panel, average difference of
1.3+ 1.9, median of 0, IQR =2 — and the subsample with velocity
<—1kms~' —Fig. 4, bottom panel, average difference of 0.3 3 0.6,
median of 0, IQR =0. Fig. 4 confirms that the overall spatial distri-
bution of radiants of observed hyperbolic minor bodies is far from
uniform and strongly anisotropic with several statistically signifi-
cant overdensities (up to 7.7¢) present in the data. The most relevant
cluster of radiants is present in both panels and it is located towards
Gemini (see Section 5 for a detailed analysis). Other significant
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concentrations are observed towards o ~ 5, § ~ + 10° (top panel)
and also @ =3"3 4 073, § = —7923 &+ 024 (bottom panel).

4 INDIGENOUSLY PRODUCED HYPERBOLICS

Fig. 2 shows a tail of currently hyperbolic comets that, when in-
tegrated backwards, do not show inbound, i.e. negative, velocities
but outbound ones. In fact, our simulations show that these objects
(about 10 per cent of the entire sample) were following elliptical
paths in the past, i.e. were bound to the Solar system, but they
were ejected after experiencing close encounters with the known
planets and/or the Sun. Some comets that may have become hyper-
bolic in recent times could be C/1994 N1 (Nakamura-Nishimura-
Machholz) or C/2003 T4 (LINEAR). This might also be the case of
comet C/1980 E1 (Bowell), which has a spectrum consistent with
an origin in the Solar system (Jewitt et al. 1982) and now has the
second largest value of the eccentricity, e = 1.0577 (~11 5000), af-
ter that of 112017 Ul (‘Oumuamua), e =1.1995 (~11000). Such
a high eccentricity might have been acquired after a fly-by with
Jupiter (Buffoni, Scardia & Manara 1982; Branham 2013). Former
interstellar comets, like 96P/Machholz 1 (Langland-Shula & Smith
2007; Schleicher 2008), might also be eventually returned to deep
space (de la Fuente Marcos, de la Fuente Marcos & Aarseth 2015).
The Solar system is also the source of some artificially produced
hyperbolic objects. Five spacecraft — Pioneer 10 and 11, Voyager
1 and 2, and New Horizons — currently have outbound hyperbolic
velocities with respect to the barycentre of the Solar system in ex-
cess of 10kms~! that will lead them to deep space (McNutt &
Zurbuchen 2016).

5 OORT CLOUD SOURCES

The bulk of the distribution in Fig. 2 is probably compatible with the
so-called Oort spike of new comets (see e.g. Fouchard et al. 2017;
Krélikowska & Dybczyniski 2017); in addition, the clusterings vis-
ible in Figs 3 and 4 could be consistent with some sort of weak
comet shower coming from those directions (see e.g. Dybczynski
2002; Fouchard et al. 2017). Figs 3 and 4 show a statistically signif-
icant overdensity of hyperbolic comets with radiant inbound veloc-
ities >1kms~! located towards the coordinates @ = 7"25™23° and
8§ = 4+16°38'43” (11123 £ 027, +1626 £ 1°1) in the constellation
of Gemini. This location is well away from both Solar apex and an-
tapex. Most comets with radiants within the overdensity are widely
regarded as new or Oort cloud comets. The presence of a coherent
set of radiants hints at the outcome of a relatively recent stellar
fly-by. Although the research on past and future close encounters
between passing stars and the Solar system is still affected by signif-
icant uncertainties (see e.g. Bailer-Jones 2015, 2018; Dybczyniski &
Berski 2015), there is one case in which the dynamical parameters
of the fly-by are relatively well determined, that of the so-called
Scholz’s star (Mamajek et al. 2015) — HIP 14473, other recent stel-
lar fly-by, may have approached within 0.22 pc, but 3.78 Myr ago
(Dybczyniski & Berski 2015; Feng & Bailer-Jones 2015). The cur-
rent position of the binary star WISE J072003.20-084651.2 (Scholz
2014; Burgasser et al. 2015) is plotted in Fig. 3 as a red star, the
convergent brown arrows represent its motion and uncertainty as
computed by Mamajek et al. (2015). This low-mass binary may
have passed 5273 kau from the Sun, 707} kyr ago; at its closest
approach, it may have moved projected towards o =11"3 £ 179
and § =+468° = 14° (this area in Fig. 3 shows a relative void in the
distribution of radiants). It is difficult to attribute to mere chance the
near coincidence in terms of timing and position in the sky between
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the most recent known stellar fly-by and the statistically significant
overdensity visible in Figs 3 and 4. It is unclear whether other clus-
terings present may have the same origin or be the result of other,
not-yet-documented, stellar fly-bys or perhaps interactions with one
or more unseen perturbers orbiting the Sun well beyond Neptune
(see e.g. de la Fuente Marcos & de la Fuente Marcos 2014; Trujillo
& Sheppard 2014; Batygin & Brown 2016).

6 INTERSTELLAR INTERLOPERS

Fig. 2 shows a tail of hyperbolic minor bodies with inbound veloc-
ities well in excess of the median value of the radiant’s velocity,
—0.57kms™!. In order to select candidates that may have an in-
terstellar origin, we adopt the cut-off value of —1.5kms™!; the
difference between this value and the median is over twice the IQR,
0.44kms™!, in absolute terms. Given the distribution in Fig. 2, we
believe that any object with an inbound velocity <— 1.5kms™!
is a reasonably good candidate to be an interstellar interloper —
the lower fence of Tukey’s method (Tukey 1977) to identify sta-
tistical outliers is Q; — 1.5 IQR = —1.45kms~!, where Q, is the
lower quartile. Apart from 11/2017 U1 (‘Oumuamua), our list in-
cludes C/1853 R1 (Bruhns), C/1997 P2 (Spacewatch), C/1999 U2
(SOHO), C/2002 A3 (LINEAR), C/2008 J4 (McNaught), C/2012
C2 (Bruenjes), C/2012 S1 (ISON), and C/2017 D3 (ATLAS). Each
candidate’s radiant tends to be relatively well separated from the
others (see Fig. 3), which suggests that they are dynamically un-
correlated. The best candidates are however C/2008 J4 (McNaught)
and C/2012 S1 (ISON) as their orbit determinations are more reli-
able than those of the others. In both cases, the inbound velocity is
close to 4km s~ that is well away from that of the bulk of objects
in Fig. 2, bottom panel. Although C/1999 U2 might have had V,
= —17.1kms~!, the object might not be currently hyperbolic —
may now be captured as C/2005 W5 (Kracht et al. 2005) — but it
was probably hyperbolic in the past. Interstellar interlopers could
be the result of the gravitational slingshot effect — first discussed
within the context of dense stellar systems by Saslaw, Valtonen &
Aarseth (1974). The prospect of detecting these bodies has been
considered for decades (see e.g. Cook et al. 2016; Engelhardt et al.
2017; Trilling et al. 2017).

7 DISCUSSION AND CONCLUSIONS

In sharp contrast to their bound counterparts and due to their unique
nature, the orbital solutions of hyperbolic minor bodies are based
on relatively brief arcs of observation and this fact has an impact on
their reliability. Our results depend on the quality of the available
orbit determinations, over 60 per cent of the solutions used here
have uncertainties comparable or better than those associated with
that of 11/2017 U1 (‘Oumuamua) — errors in «, §, and V, are less
than or close to 0"01, 0°05, and 0.1 kms~!, respectively. This also
applies to those objects being part of the overdensities of radiants
identified here. Out of 339 objects in the sample, 232 have reported
uncertainties and 212 have eccentricity with statistical significance
above 30 —i.e. (¢ — 1)/o > 3. Therefore, the overall conclusions
of our investigation are expected to be essentially correct, but those
of some individual objects might not be. Regarding the statistical
significance of the overdensities present in Fig. 4, the application of
Tukey’s method gives an upper fence value — Q3 + 1.5 IQR, where
Qs is the upper quartile — for outliers of 5 for the top panel and 0
for the bottom panel, i.e. the overdensities are indeed statistically
significant according to Tukey’s criterion.
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In this Letter, we have explored the distribution of the radiants
of observed hyperbolic minor bodies, both in terms of location in
the sky and kinematics. Our N-body calculations and subsequent
statistical analyses lead to the following conclusions:

(i) The distribution of the radiants of observed hyperbolic minor
bodies is strongly anisotropic.

(ii) Consistent with theoretical expectations, the distribution of
radiants’ velocities may result from the concurrent action of four
dynamical processes: local planetary (and Solar) fly-bys, external
secular, and impulsive perturbations on the Oort cloud, and crossing
paths with interstellar interlopers.

(iii) A statistically significant overdensity of hyperbolic comets
with radiant’s inbound velocity >1kms~! appears located towards
the coordinates @ = 7"25™23%, § = +16°38'43” (111334 077,
+1626 £ 1°1) in the constellation of Gemini.

(iv) The overdensity of high-speed radiants appears to be consis-
tent in terms of location and time constraints with the latest known
stellar fly-by, that of Scholz’s star.

(v) Based on their current orbit determinations, eight hyperbolic
comets emerge as good candidates to have an interstellar origin as
they all have V,, < — 1.5kms~': C/1853 R1 (Bruhns), C/1997 P2
(Spacewatch), C/1999 U2 (SOHO), C/2002 A3 (LINEAR), C/2008
J4 (McNaught), C/2012 C2 (Bruenjes), C/2012 S1 (ISON), and
C/2017 D3 (ATLAS).
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