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Abstract

The low velocity of interstellar asteroid 11/°’Oumuamua with respect to our galaxy’s local standard of rest
implies that it is young. Adopting the young age hypothesis, we assess possible origin systems for this
interstellar asteroid and for 2I/Borisov, though the latter’s higher speed means it is unlikely to be young. First,
their past trajectories are modeled under gravitational scattering by galactic components (“disk heating”) to
assess how far back one can trace them. The stochastic nature of disk heating means that a back integration can
only expect to be accurate to within 15 pc and 2km s ™' at —10 Myr, dropping steeply to 400 pc and 10 km s~ " at
—100 Myr, sharply limiting our ability to determine a precise origin. Nevertheless, we show that ’Oumuamua’s
origin system likely is currently within 1kpc of Earth, in the local Orion Arm. Second, we back integrate
’Oumuamua’s trajectory in order to assess source regions, emphasizing young systems and moving groups.
Though disk heating allows for only a statistical link to source regions, ’Oumuamua passed through a
considerable subset of the Carina and Columba moving groups when those groups were forming. This makes
them perhaps the most plausible source region, if ’Oumuamua was ejected during planet formation or via intra-
cluster interactions. We find three stars in the Ursa Major group, one brown dwarf, and seven other stars to have

plausible encounters with 21/Borisov, within 2 pc and 30 km s~

none are likely to be the home of 21/Borisov.

!, These encounters’ high relative speeds mean

Unified Astronomy Thesaurus concepts: Comets (280); Asteroids (72); Milky Way Galaxy (1054)

Supporting material: animations

1. Introduction

The first detection of an interstellar object (ISO) occurred on
2017 October 19 (Meech et al. 2017). The Panoramic Survey
Telescope And Rapid Response System performed the initial
detection. Dubbed ’Oumuamua, loosely meaning Messenger
From Afar, its discovery has ushered in a new era in the study
of planetary objects and planet formation.

The population of known ISOs such as ’Oumuamua has
been predicted to grow significantly over the next few years,
with the advent of the Large Synoptic Survey Telescope
(Moro-Martin et al. 2009). ISOs therefore represent a new class
of object, and may provide unprecedented insight into the
dynamics and materials of the systems that produce them. By
studying their compositions and dynamics as they pass through
the solar system (or impact Earth, in the case of interstellar
meteors), knowledge of the ISOs’ present conditions can be
tied to knowledge of their original birthplaces, provided they
can be traced backward in time to their home systems.

Understanding the origins of interstellar asteroids and
comets requires an examination of their dynamics within the
context of our Galaxy. Our broader purposes here are: (1) to
bring the established principles of galactic stellar dynamics to
bear on the question of the origin of these much smaller yet
related bodies; and (2) tabulate a catalog of plausible galactic
source regions with well-established positions and velocities, to
serve as the basis for comparison for this and future studies of
interstellar bodies. Here, the Gaia DR 2 catalog (Gaia
Collaboration et al. 2018, 2016), SIMBAD (Wenger et al.
2000), as well as the Catalog of Suspected Nearby Young Stars

(Riedel et al. 2018) and members of nearby moving groups
compiled in Gagné et al. (2018) that contain full position and
velocity information were used.

This paper has three specific purposes. First, to quantitatively
assess how far back in time we can trace the path of
’Oumuamua within the context of galactic dynamics. For this
purpose, we will model the Milky Way’s gravitational
potential, as well as the gravitational scattering processes that
cause “disk heating”—the gradual increase in the velocity
dispersion of disk stars over the course of time—to assess their
influence on the path of ’Oumuamua. The phenomenon of disk
heating is well-documented and the age—velocity dispersion
relation (AVR) has been well-established through the study of
local stars. We determine that the path of our ISO can be traced
back with some reliability perhaps as far back as 50 Myr or
more. Second, the low velocity of ’Oumuamua, 3—10 km s7!
(Schonrich et al. 2010; Coskunoglu et al. 2011) with respect to
the local standard of rest (LSR), hints that it might in fact be
young. Adopting this as our working hypothesis, we model
’Oumuamua’s path through the Milky Way to assess how close
its origin point might be. If ’Oumuamua is indeed as young as
its low peculiar velocity indicates, we find that its origin is
likely to be currently within 1kpc of the Earth—and thus
available for detailed study, if we can identify it. Third, we
attempt to identify the source region of ’Oumuamua (still under
the assumption that it is young) by modeling the path of
’Oumuamua and known astrophysically likely regions in near-
Sun space (YSOs, molecular clouds, etc.) to look for close
approaches while accounting for the disk heating process. We
do find particularly promising candidate source regions in the
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Carina and Columba moving groups, as well as the Lupus star-
forming region (SFR). The discovery of comet 2I/ Borisov’
during this work led us to consider its motion within the Galaxy
as well. However, its higher speed with respect to LSR
indicates an older age, making tracing it back to its origin even
more difficult. Nonetheless, we performed a similar analysis on
its past trajectory and report on some close encounters, though
none are at low enough velocity to allow a compelling linkage.

1.1. Possible Sources of I1SOs

A number of possible sources of ISOs have been proposed in
previous work, with recent developments inspired by the
discovery of ’Oumuamua. Such investigations of ejection of
material from planetary systems have taken place within a
number of contexts. Planetesimals interacting with young
planets (Ferndndez & Ip 1984), the dynamics and formation of
Oort Clouds and the comets and asteroids that constitute them
(Duncan et al. 1987; Brasser & Morbidelli 2013), asteroidal
and cometary ejecta from binary star systems (Jackson et al.
2018), white dwarf tidal disruption events (Rafikov 2018),
young open clusters (Hands et al. 2019), and even ejection of
smaller-scale dust from young main-sequence stars, asymptotic
giant branch stars, and young stellar objects (YSOs) (Murray
et al. 2004) have been studied in some detail.

Here, we will not concern ourselves with the exact
mechanism of ejection, except to note that, whatever the
process, more energetic events are typically rarer than lesser
ones. Thus, ejection events just above the system’s escape
velocity are expected to be more common, and thus lower
excess velocities are more likely. Ergo, a past encounter
between ’Oumuamua and a particular astrophysical system at a
low relative velocity will be considered more consistent with an
origin there than an encounter at higher relative velocity, all
else being equal.

1.2. Disk Heating and 'Oumuamua’s Speed with Respect to
the LSR

Stars form mainly in giant molecular clouds (GMCs), which
are confined more or less to the galactic plane with a scale
height of about 80 pc and a velocity dispersion ~5 km s~ (Jog
& Ostriker 1988; Gammie et al. 1991; Ferriere 2001). The
distribution of stars in the Milky Way’s disk is much broader:
300 pc and 25-35km s~ for the old thin disk near the Sun
(Bland-Hawthorn & Gerhard 2016). This is attributed to “disk
heating,” the scattering of stars by molecular clouds or spiral
arms as they travel together through the galactic potential. This
process has been well-studied both theoretically and observa-
tionally—though the relative contributions of GMC and spiral
structure remain unclear, as encounters with individual stars
provide negligible scattering (Binney & Tremaine 1987). Disk
heating can be modeled rather well as a random walk with
some initial velocity dispersion (Wielen 1977). In particular,
the phenomenon has a clear trend with age; young stars have
much lower deviations from the LSR than older populations
(e.g., Holmberg et al. 2009, Figure 7).

’Oumuamua would be subject to the same scattering
processes as stars, and so the stellar AVR can be used to
estimate its age. Feng & Jones (2018) present an analysis of
’Oumuamua’s velocity relative to the LSR. They note that it

> Minor Planet Electronic Circular 2019-S72 hitps://minorplanetcenter.net/

mpec/K19/K19S72.html.

Hallatt & Wiegert

deviates just 3 km s~ ' from the LSR defined by Schonrich
et al. (2010), and less than 10 km s~ ! from that defined by
Coskunoglu et al. (2011). These values are lower than are
usually covered by galactic AVRs, but imply an age less than 1
Gyr; for example, an extrapolation of Holmberg et al. (2009)
Figure 7 yields an age ~100 Myr, while Robin et al. (2017)
report an age less than 150 Myr for the subcomponent
corresponding to ’Oumuamua’s velocity. Other authors have
also argued ’Oumuamua’s small deviation from the LSR
indicates it to have undergone only a small amount of
dynamical perturbation throughout its journey (Gaidos et al.
2017).

’Oumuamua’s low velocity with respect to the LSR is a clue,
though not proof, that it may be young; it could indeed be as old
as the Milky Way itself, but the probability of drawing a value
less than or equal to 10kms~' from a Maxwell-Boltzmann
distribution with a most probable value of 30kms ' is only
0.026. On the other hand, as Gaidos (2018) note, given that the
average age of disk stars is a few Gyr, observing an exceptionally
young object presents a puzzle. Whether ejected during the planet
formation stage or by early interactions between cluster stars
(Hands et al. 2019), most ISOs should be a few Gyr in age.
Gaidos (2018) mention that strong selection effects against an
older population would have to account for our observation of
such a young ISO as *’Oumuamua. However, the discovery of 21/
Borisov, if it is indeed older (as is suggested by its higher speed
with respect to the LSR), casts doubt on the existence of such
selection effects. Though *’Oumuamua could share the motion of a
young cluster by coincidence, Gaidos (2018) report that the
probability of ’Oumuamua sharing the same kinematics as a
moving group <100 Myr old by coincidence is <1%. This is in
line with Riedel et al. (2017) determining that the ratio of field
stars (young and old) to young stars belonging to moving groups
within 25 pc is 50:1. These simple arguments imply that, though
observing a young ISO is a priori unlikely, this does not mean
’Oumuamua is unlikely to be young, given the additional
information provided by its kinematics.

In the absence of any other information, we will adopt and
examine here the hypothesis that ’Oumuamua is young (less
than 100 Myr old).

We note the useful fact that 1 km s~' ~ 1 pc Myr . This
allows us to quickly estimate that, if ’Oumuamua was ejected at
low speed (say 1kms™') from its birth system 100 Myr ago,
’Oumuamua has traveled only about 100 pc since it was ejected
—or in other words, the source of ’Oumuamua is currently 100
pc away from the Earth (because ’Oumuamua is nearby). Of
course, during that 100 Myr, both ’Oumuamua and its home
system will have completed 40% of an orbit around the Galaxy,
traveling about 20,000 pc as they do so, but their displacement
relative to each other is much less. Though this simple analysis
has not yet accounted for the random walk of disk heating,
the two reasonable assumptions that (1) ’Oumuamua’s low
velocity with respect to the LSR implies it may be young and
(2) that low ( <1kms ') ejection speed processes are more
efficient than high-speed ones, lead us to examine a possible
origin for ’Oumuamua in the local galactic neighborhood.

2. Model
2.1. Our Model of the Milky Way

We treat the gravitational field of the galaxy using a time-
independent, three-component function as developed by Miyamoto
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Table 1
Parameters Defining Galactic Geometry and Astropy’s Galactocentric Frame
Parameter Units Value References
a,i=d, b, h (pc) 3500, 0, 0 [€))]
b,i=d, b, h (pc) 250, 350, 24 000 1)
M,i=d b h 10"°Mm,) 791, 1.4, 69.8 )
Galactic center position (R.A., decl.) (hr/min/s, deg/’/") 17:45:37.224, —28:56:10.23 ?2)
Solar distance from center (kpc) 8.33 + 0.35 3)
Solar height above galactic plane (pc) 27 + 4 “)
Solar peculiar velocity (U, V, W) (kms™h 11.149%2, 12.241047, 7.254037 5)
Circular velocity at solar radius (kms™h) 218 £ 6 6)

References. (1) Dauphole & Colin (1995); (2) Reid & Brunthaler (2004); (3) Gillessen et al. (2009); (4) Chen et al. (2001); (5) Schonrich et al. (2010);

(6) Bovy (2015).

Table 2
Our Solution for the Initial Conditions of ’Oumuamua in the ICRS Frame, at —10,000 yr

a Oa 6 o5 d 04 v, oy, Ha T, Hs g
(deg) (deg) (deg) (deg) (au) (au) (km s7h (kms™") (mas yr— 1) (mas yrfl) (mas yr— 1) (mas yrfl)
279.5588 0.002746 33.8795 0.001484 55674.1550 2.0930 —26.4052 0.003111 —0.3249 1.4432 0.02967 1.8027

Note. The asymptotic 2k = 2 solution provided by Bailer-Jones et al. (2018) was also used in this study; only our own determination is supplied here. Coordinates are
recorded in R.A. (a), decl. (), distance (d), radial velocity (v,), and the proper motions in R.A. and decl. are j, (corrected for cos 6), and ps, respectively. Each
coordinate’s 1o uncertainties are provided. Bailer-Jones et al. (2018) provide the 2k = 2 solution complete with its covariance matrix.

& Nagai (1975). Accounting for contributions from the galactic
disk, bulge, and halo produces, in galactocentric cylindrical
coordinates,

Doy = B + O + Oy, (1)

B = — 3 Gt @)

i=d,b,h \/RZ + (a; + m)z ’

as widely used in previous studies (e.g., Bailer-Jones et al.
2018; Zuluaga et al. 2018). The length scales a and b are tuned
to reflect the geometries of the galactic disk, bulge, and halo
components. Setting b < a, we recover a Kuzmin potential,
which we use to model the flat geometry of the disk. On the
other hand, setting a < b produces a Plummer sphere that
models the spherical bulge and halo components. We take the
values for a, b, and the mass components for each geometry
from Dauphole & Colin (1995). Newer mass estimates have
been made; Portail et al. (2015) estimate a portion of the bulge
mass, and Bland-Hawthorn & Gerhard (2016) record estimates
for the dark matter and disk masses, as well as characteristic
lengths for the various geometries. However, we estimate that
those of Dauphole & Colin (1995) are generally within a factor
of two of these newer values. Changing them does not
significantly affect the results of integrations through this
potential. The constants used are summarized in Table 1.

All coordinate transformations are done using Astropy,
version 3.1.2. Astrometry for all stars and ’Oumuamua is
instantiated in the ICRS frame, and transformed to a
galactocentric cylindrical frame via the transform_to and
represent_as methods before numerical integration. In
defining its Galactocentric frame, Astropy derives the
galactic center position from Reid & Brunthaler (2004), the
solar distance from galactic center from Gillessen et al. (2009),
the Sun’s height above the galactic plane from Chen et al.
(2001), the solar peculiar velocity from Schonrich et al. (2010),

and the circular velocity at the solar radius from Bovy (2015).
These constants are also included in Table 1.

2.1.1. Initial Conditions of 'Oumuamua

We use two separate solutions for the orbit of ’Oumuamua. The
asymptotic initial conditions (at time —infinity) of ’Oumuamua
are provided by Bailer-Jones et al. (2018), in which they
numerically integrated its orbit back to —3000 BCE and then
extrapolated a Keplerian orbit back to time —infinity. Throughout
our determination of possible source regions of ’Oumuamua in
Section 3.3, we characterize the uncertainty in their 2k =2
solution for ’Oumuamua’s orbit by generating 100 clones of
’Oumuamua, each having an initial velocity randomly sampled
from a distribution whose covariance matrix is recorded in
Bailer-Jones et al. (2018). We determine our own solution by
creating clones derived from the most recent JPL orbit and
covariance matrix’® and back-integrated with the RADAU
(Everhart 1985) algorithm with an error tolerance of 10~ '%,
under the influence of the Sun and the planets. Our own
solution is recorded in Table 2, while the 2k = 2 solution along
with its covariance matrix are recorded in Bailer-Jones et al.
(2018).

2.2. Integrators

We will report on two types of simulations here. The first
involves the back integration of ’Oumuamua alone within the
potential of our Galaxy, under the effect of disk heating. This is
to examine the effects of gravitational scattering on the
asteroid’s past trajectory and assess how far back we can
expect to go reliably. These simulations are performed with the
RADAU (Everhart 1985) integrator in Cartesian coordinates,
withlza output time step of 1000 yr and an error tolerance of
107~

6 https://ssd.jpl.nasa.gov /sbdb.cgi, retrieved 2019 June 18.
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Figure 1. The standard deviation of the position and velocity of clones of ’Oumuamua integrated backward within the Galaxy.

The second set of simulations computes the back trajectory
of ’Oumuamua and many stars and other systems, and includes
the galactic potential but no random impulses. These simula-
tions are designed to examine close encounters between the
nominal paths of known galactic objects and ’Oumuamua in
order to assess possible origin points for this asteroid. For these
simulations, SciPy’s solve_ivp RK45 implementation of a
mixed fourth/fifth-order Runge-Kutta integrator method is
used in numerically integrating the motion of the objects. This
method is called to repeatedly integrate the positions and
speeds of objects every 10,000 yr. In each 10,000 yr interval,
the distance to ’Oumuamua from catalog objects is checked
before integrating backward another 10,000 yr. The time step
it takes over each 10,000 yr interval is set automatically by
the solver. The error tolerances are the default values: 10~°
in absolute tolerance and 10> in relative tolerance. The
integrations are carried out in cylindrical coordinates according
to the equations of motion in a cylindrical system under a
potential:

0P

R=—-2""1 R0 3
3R (3)

N 1 0 RO
= ——— —2—, 4
R? 06 R @)

oP

7= ——. 5
b4 o 5)

2.3. Disk Heating Models

For simulations that include the effects of disk heating, that
effect will be modeled as a series of random kicks to the
velocity of each of an ensemble of particles (“clones”) with
similar initial conditions as we integrate them backward within
the Galactic potential. The increasing dispersion in the
positions and velocities of this ensemble as we go further into
the past will provide a measure of how well we can hope to
locate the true position of ’Oumuamua at that time.

Velocity kicks of 10kms™' are applied independently to
each clone at random times according to a Poisson process with
a characteristic timescale of 200 Myr; these have been found to
provide the best fit to the local galactic AVR (Wielen 1977,
Mihalas & Binney 1981). Because the precise nature of the

deflection depends on the details of the encounters, which are
not known, we apply the kicks in three ways to examine the
envelope of possible outcomes:

1. A velocity kick of 10kms~' applied in a random
direction on the sphere (“fixed kick™).

2. A velocity kick drawn from a three-dimensional Max-
well-Boltzmann distribution with a most probable speed
of 10kms ™! (“Maxwellian™).

3. A deflection of the velocity vector without changing its
magnitude (“Maxwellian deflection”). In this case, kicks
drawn from a one-dimensional Maxwell-Boltzmann
distribution with the most probable speed of 10kms™'
are applied along two orthogonal directions perpendicular
to the velocity, which is then renormalized to its original
length. This corresponds to the rotation of the velocity
vector expected from long-range “dispersion-dominated”
encounters (Binney & Tremaine 1987).

3. Results and Discussion
3.1. Integrations with Disk Heating: Past Trajectory

The increase in the dispersion—as measured by the standard
deviation—of the positions and velocities of our clones of
’Oumuamua are presented in Figure 1. Two sets of clones are
examined, based on our own determination of the pre-arrival
velocity of ’Oumuamua and the 2k = 2 solution from Bailer-
Jones et al. (2018), which is based on the Micheli et al. (2018)
solution with pure radial acceleration proportional to helio-
centric distance 2. As we go back in time, the dispersion of
the clones grows, reaching up to roughly 15 pc and 2kms ™" at
10Myr, 100 pc and Skms™' at —50 Myr, and 400 pc and
10kms~' at —100 Myr, depending on the model chosen.
Recall that, at this point, we are not integrating any stars or
other objects within our Galaxy; we are purely assessing the
uncertainty in the position and velocity of ’Oumuamua.

As we investigate possible origin systems for ’Oumuamua,
Figure 1 will serve as a guide as to how close an encounter and
how low a relative speed constitute an interesting encounter in
terms of a possible origin. Though we cannot know what
impulses ’Oumuamua has undergone during its past, we can
state that the true position and velocity of ’Oumuamua at some
specific time in the past is most likely within the dispersion
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given by our models from its nominal trajectory. As a result,
the source system of ’Oumuamua is as well, and we will use
this to try to constrain its location of origin. Thus, Figure 1
provides us with a “sphere of interest” around ’Oumuamua at
any point in time.

It is worth noting that the growing “sphere of interest”
around ’Oumuamua as we move into the past creates a clear
danger that mere coincidence might provide an erroneous good
match with a candidate system of origin. A close encounter
between ’Oumuamua and a potential source region within our
Galaxy 50 Myr ago at a relative speed of Skms™' and a
distance of 100 pc would provide roughly as good a match as
one 10 Myr ago at 15 pc and 2 kms~'. We will try to avoid
this trap by carefully discussing the context of any interesting
origin candidates found, and in any case, Figure 1 at least
provides us with a quantitative measure of the degree of danger
at any point.

3.2. Integrations with Impulses: Distance to 'Oumuamua’s
Origin Point

The end states of our ensemble of the previous section
provide a probability distribution outlining our uncertainty in
the location of ’Oumuamua up to 100 Myr ago. If that young
age is correct, and ’Oumuamua was ejected at a low relative
velocity, then the origin system of ’Oumuamua was (per
Figure 1) within about 400 pc of our mean end state 100 Myr
ago. In order to assess where that origin point might be
currently, we will use those aforementioned end states as
proxies for the origin point’s location 100 Myr ago, and
integrate them forward to the present day. Such a use of
’Oumuamua’s end states to model the rough dynamics of its
origin system will be correct as long as (1) ’Oumuamua and its
point of origin were colocated at ’Oumuamua’s time of origin
(satisfied by definition) and (2) they were traveling at low
relative velocity at the time of ejection (which is the most likely
case for most ejection mechanisms).

Figure 2 shows the results of these forward simulations. The
position and velocity dispersions start with decreasing trends as
one moves left to right, as the previously expanding cone of
’Oumuamua clones initially contracts. Eventually, the impulses
due to disk heating cause enough scatter for them to begin
diverging again, which takes about 40 Myr. The standard
deviation (10) in position and velocity at the right-hand side of
Figure 2 implies that the origin system of ’Oumuamua is at this
moment within 300—600 pc. At the 20 or 95% confidence level,
’Oumuamua’s origin system should be within 1.2 kpc of Earth,
within the local Orion Arm, and thus relatively easily
accessible to Earth-based study. There are a number of nearby
SFRs and moving groups, plausible sources of asteroids, such
as Perseus, Orion, Taurus, and Ophiuchus, which we will
assess as possible origin points in the next sections.

3.3. Integrations without Impulses: Close Encounters
3.3.1. Extending Previous Results

A number of efforts have been made to understand
’Oumuamua in the context of the close galactic neighborhood,
including but not limited to the work of Mamajek (2017),
Gaidos et al. (2017), Bailer-Jones et al. (2018), Zuluaga et al.
(2018), Feng & Jones (2018), Portegies Zwart et al. (2018),
Dybczynski & Krélikowska (2018), Gaidos (2018), Zhang
(2018), and Eubanks (2019). Here, we extend these by
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Figure 2. The dispersion of the modeled origin system positions (relative to the
mean at a given time), integrated forward to the current time within the Galaxy.
At —100 Myr, there is an initial spread in position of the origin systems,
reflecting the spread in where ’Oumuamua may have been 100 Myr ago (as
calculated in Section 3.1, Figure 1). We assume that the origin system has the
same position and velocity as ’Oumuamua at —100 Myr, and then integrate
these systems forward under disk heating. The dispersion at the right-hand side
of the plot (~500 pc) represents the envelope of how far the origin system
could be from ’Oumuamua (and for all practical purposes, Earth) at the
present day.

providing a uniform treatment of all stars in the Gaia DR2
catalog, the Catalog of Suspected Nearby Young Stars (Riedel
et al. 2018), the compilation of bona fide members of kinematic
groups in Gagné et al. (2018), and SIMBAD, under an
understanding of the limitations imposed by disk heating, as
derived in earlier sections.

As other authors have pointed out, given that ’Oumuamua is
likely young, it may have come from one of the many sources
of young stars nearby in the galaxy. Young stars are most
frequently observed as members of SFRs, open clusters, and
moving groups. Some of the closest SFRs include Scorpius-
Centaurus (Sco-Cen) at ~118-145 pc (Preibisch & Mamajek
2008), Taurus-Auriga at ~140 pc (Galli et al. 2018), Chamaeleon
L, I, and HI at ~180-200 pc (Voirin et al. 2018), and the Lupus
clouds at ~110-190 (Galli et al. 2013).

Many young stars within 100 pc of the Sun are categorized
as members of open clusters and nearby young moving groups
(NYMGs; Riedel et al. 2017). Clusters and moving groups are
thought to be born in molecular clouds and slowly disperse
over millions of years, due to feedback between the stars and
material left over from the star formation process (Wright &
Mamajek 2018). Before dispersing into the galaxy, the young
stars form an association—a group of stars that share similar
kinematics. A number of kinematically related young stars have
been identified in the past few decades, and the associations
and moving groups they constitute have been continuously
redefined with the advent of better astrometric surveys. The
most up-to-date classifications define three open clusters within
100 pc of the Sun (Coma Ber, Hyades, and 1 Cha), and ten
NYMGs (Riedel et al. 2017).

Riedel et al. (2017) provide a thorough overview of the
current understanding of the open clusters and moving groups
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within 100 pc of the Sun. Moving groups are distinguished
from open clusters by the fact that they are loose and
gravitationally unbound. Moving groups are older than SFRs,
but much closer. All stars contained within a moving group or
open cluster are thought to originate from the same star-
forming event, and so share the same position in space at their
time of formation, as well as the same age, composition, and
because they are young, the same galactic space motion as their
natal gas clouds (Riedel et al. 2017).

Of the previous studies that mention moving groups or
kinematic associations in the context of ’Oumuamua (such as
Gaidos et al. 2017; Feng & Jones 2018; Gaidos 2018, or
Eubanks 2019), Feng & Jones (2018) include integrations of
the motion of ’Oumuamua and stars in the Pleiades association,
Gaidos (2018) present integrations of ’Oumuamua along with
the mean positions and velocities of many of the nearest
moving groups (including the Carina and Columba Associa-
tions), while Gaidos et al. (2017) and Eubanks (2019) only
consider the UVW kinematics of the moving groups with
respect to ‘Oumuamua without integrations. Gaidos et al.
(2017), in particular, point out the close kinematic match
between ’Oumuamua and the Carina and Columba associa-
tions, finding speed deviations <2kms~'. They suggest that
’Oumuamua was ejected from a protoplanetary disk in these
groups ~40 Myr ago. We extend these results by explicitly
integrating the known and suspected members of the NYMGs
and open clusters within 150 pc, along with other stars such as
YSOs that belong to the nearest SFRs. Gaidos (2018) report
that integrating the mean positions and velocities of the moving
groups was found not to reveal any close encounters between
them and ’Oumuamua in the past. However, we find many
individual slow encounters with members of these groups that
are close enough to plausibly interact with ’Oumuamua, if
dynamical heating is accounted for. The NYMGs that have the
most such encounters are Carina and Columba. The stars in
Carina and Columba minimize their distance to ’Oumuamua
roughly during the moving groups’ formation epoch,
~30-45Myr in the past (Riedel et al. 2017 and references
therein). Because we expect bodies like ’Oumuamua to be
ejected in large numbers and at low velocities during the stages
of planet formation, as well as during the early, tightly bound
stages of moving group evolution, due to intracluster interac-
tions (Hands et al. 2019), the low encounter distances and
velocities observed with respect to the Carina/Columba
association just as it is forming make it a particularly attractive
candidate source region.

We draw stars that are bona fide or suspected members of
each moving group from two sources. The principal source we
use is the Catalog of Suspected Nearby Young Stars as
supplied in Riedel et al. (2018). This catalog is intended as “a
single resource for studying the individual and ensemble
properties of young stars” (Riedel et al. 2017). It has been
compiled from careful scrutiny of numerous publications of
moving group candidates, and contains basic information for
any star system within 100 pc that has ever been reported as
young. Of the many properties of the young stars compiled,
their astrometry and moving group membership are recorded.
We use each star’s GROUPI entry in the catalog to categorize
it into each NYMG, and regard the stars with positive Bona fide
entries as high-confidence members. The catalog supplies
astrometry for 4727 stars with GROUPI classifications. For
additional data, we supplement with bona fide members

Hallatt & Wiegert

Table 3
Suspected and Bona Fide Members of Moving Groups from Riedel et al.
(2017) Considered in this Work

Group No. Total No. Bona Fide
Columba 103 15
Carina 38 3
TW Hydra 77 17
AB Dor 338 34
Pleiades/Local Association 78 16
Coma Ber 54 33
Tucana-Horologium 311 32
Ursa Major 271 0
1 Cha 15 0
Hercules-Lyra 53 2
Beta Pic 216 28
IC 2391 37 0
Hyades 12 0

Note. Each total is the number of stars in the group with radial velocity data
recorded. Group classification is based on each star’s GROUPI entry in the
catalog.

Table 4
Bona Fide Members of Moving Groups from Gagné et al. (2018) Considered in
this Work

Group No. Total (=Bona Fide)
Columba 19
Carina 5
TW Hydra 22
AB Dor 47
Pleiades/Local Association 187
Coma Ber 41
Tucana-Horologium 31
1 Cha 16
Beta Pic 47
IC 2391 10
Hyades 165
Carina-Near 18
Corona Australis 13
€ Cha 23
IC 2602 10
Lower Centaurus Crux 81
Octans 10
Platais 8 11
p Ophiuchi 180
Taurus 121
32 Orionis 31
Upper Centarus Lupus 102
Upper CrA 23
Ursa Major cluster 7
X" For 11

compiled from the literature in Gagné et al. (2018) (Table 5).
The populations of suspected and bona fide moving group
members recorded in the Catalog of Suspected Nearby Young
Stars is provided in Table 3, while the number of bona fide
stars in each group recorded in Gagné et al. (2018) are given in
Table 4.

We further supplement these data with all stars from
SIMBAD with full astrometric solutions recorded, classified
by object type (YSOs, white and brown dwarfs, low-mass stars,
etc.). We also use all Gaia Data Release 2 stars with full
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Table 5
Our Solution for the Initial Conditions of Borisov in the ICRS Frame, at —10,000 yr
« Oa o Os d Od Vr Oy, Ha Oy, Hes Ous
(deg) (deg) (deg) (deg) (au) (au) (kms™ ) (kms™h (mas yr’l) (mas yr’l) (mas yr’l) (mas yr")
32.6056 0.0506 59.4884 0.0105 67646.9119 111.2456 —32.0635 0.05274 0.8014 0.001152 0.2305 0.0007192

Note. Coordinates are recorded in R.A. («), decl. (9), distance (d), radial velocity (v,), and the proper motions in R.A. and decl. are given as (i, corrected for cosd)

and (u), respectively. Each coordinate’s 1o uncertainties are provided.

astrometric solutions recorded. Although many of the Gaia and
SIMBAD stars have previously been considered (e.g., Bailer-
Jones et al. 2018; Dybczyniski & Krélikowska 2018; Feng &
Jones 2018; Portegies Zwart et al. 2018; Zuluaga et al. 2018,
etc.), we check our results against these previous studies’ and
extend them by looking specifically for YSOs in SFRs, as well
as stars in nebulae and other extended objects.

In addition to integrating 100 clones of ’Oumuamua from
the 2k = 2 solution, we sample the astrometric coordinates
of the stars in our data set from Gaussian distributions with
means and standard deviations given by the nominal values and
their corresponding uncertainties. Altogether, 100 clones of
’Oumuamua interact with 100 clones of each star in each of our
integrations to provide distributions in the relative speeds and
distances at the time of closest approach. We use the 2k = 2
solution, for consistency with previous studies. However, we
find that in general the uncertainty in ’Oumuamua’s initial
conditions is dwarfed by the uncertainties in the astrometric
data used in our integrations; our results are not strongly
sensitive to whether the 2k =2 or our own clones of
’Oumuamua are used. The results differ at the ~100 ms ™'
level in speed, and at the ~0.1 pc level in median encounter
distance.

Although the Catalog of Suspected Nearby Young Stars may
be considered complete up to 2015 January (Riedel et al. 2017),
newer astrometry exists for many of the stars due to Gaia.
However, no database has been compiled that contains the
same membership data as the Catalog of Young Stars but with
the newest astrometry. We checked our results by reintegrating
each star in Table 6, for which we used the Catalog of Young
Stars with all available Gaia measurements (excluding Gaia
radial velocities with higher uncertainties than those recorded
in the Catalog). We find significantly different results for a
minority of stars; two of the 16 Carina stars were found not to
pass close enough to ’Oumuamua, and one bona fide member,
HD 83096, had an encounter time of 16.53 Myr as opposed to
the 31.02 Myr recorded in Table 6. Nevertheless, the average
time of encounter between the 14 Carina stars was
—31.82 Myr, and between the four Bona fide stars it was
—28.62Myr. We also find two additional Carina stars (HD
44345 and TYC 8927-2869-1) from the Catalog not included in
Table 6, for which the Gaia data produces -consistent
encounters, while the Catalog’s data does not (median
distances and speeds of 22.95 and 53.19 pc, 5.69 and
5.06kms™ ', at —29.69 and —35.20 Myr, respectively). The
average time of closest approach between all 21 Columba stars
in Table 6 was found to be —26.00 Myr in the past, while the
average encounter time between the nine bona fide members
was —24.73 Myr. The results are therefore only weakly
sensitive to whether the Gaia astrometry or that contained in
the Catalog of Young Stars is used. An illustration of the
approach of ’Oumuamua to Earth is shown in Animated
Figure 5.

3.3.2. Candidate Regions

The systems that move at appropriately low speed (we take
our speed bound to be T8 kms™') and whose distances from
’Oumuamua are within the bounds imposed by disk heating at
the time of encounter are summarized in Table 6, along with
each system’s object type, time of encounter, and membership
in any SFR or moving group. Bona fide members of moving
groups are labeled with an additional “* beside their identifier.
The table does not follow any inherent ranking of the
candidates.

The most interesting candidate source regions are those with
the most encounters consistent with a low relative speed
(I8 km s~ 1), encounter distances within the bounds imposed
by disk heating, and those for which the closest encounters
occur at times that are allowed considering the age of the
group, SFR, or individual star. The most interesting source
regions we find are the Carina and Columba moving groups.
’Oumuamua has its closest encounter to multiple members of
these groups at <5 kms™', at median times of —32.89 Myr and
—25.63 Myr, respectively, close to the 30—45 Myr age range of
these systems (Riedel et al. 2017), when they can be expected
to be ejecting the most material. Another strong case can be
made for the Lupus SFR. We find four encounters with YSOs
at 5-7kms '. Two are members constituting the Lupus core
moving group (Galli et al. 2013), and two have been identified
as members of the Lupus population of weak-line T-Tau stars
(Galli et al. 2013), the ages of which have been found to be
considerably older than the Lupus classical T-Tau population
(Makarov 2007). To explain this spread in ages, it has been
suggested that there may have been multiple bursts of star
formation events in Lupus (Makarov 2007), and this would
roughly align with the epoch of ’Oumuamua’s closest approach
to these two stars. We find a promising encounter with the
T-Tau star V391 Ori, possibly associated with the 32 Orionis
moving group, moving at just 3.84kms~' relative to
’Oumuamua. A Carina star, GJ 1167 A is a young M dwarf
passing within a distance close to the disk heating bounds,
2 Myr ago, at just 49kms ', Other YSOs with plausible but
less compelling encounters have been identified belonging to
the Taurus-Auriga SFR. Two of these encounters are at times
when the SFR may have been active. A detailed analysis of our
results is provided below.

1. Carina and Columba moving groups—A number of bona
fide or suspected members of the Carina and Columba
moving groups are recorded in Table 6. Of the 16 stars
associated with Carina in Table 6, four are bona fide
members according to Riedel et al. (2017) and Gagné
et al. (2018): HD 49855, HD 55279, HD 83096 a and b,
and V479 Car. HD 83906 a and b make up one multiple-
star system. Their encounter conditions are similar, so we
take the system’s encounter with ’Oumuamua to be that
of HD 83096 a. Depending on the exact model used for
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Table 6
Plausible Local Galactic Candidates of Origin for ’Oumuamua
Identifier Object Type dued dz” 3% med % o3 % tenc Region/Group
®) ) (o) G(ms™H  (kms)  (kmsh o (Myn)
HD 143978 YSO 11.78  8.66 14.75 5.34 4.25 6.34 —18.37  Lupus SFR
2MASS J15480212 YSO 48.59 24.05 9247 7.09 6.14 8.69 —23.24  Lupus SFR
—4004277
2MASS J16081096 T-Tau star 8735 77.18 99.87 5.98 5.56 6.96 —34.03  Lupus SFR/moving
—3910459 group
RX J1531.3-3329 T-Tau star 91.74 7620  109.80 5.19 5.02 5.40 —49.99  Lupus SFR/moving
group
V1319 Tau T-Tau star 21.79  18.81 25.18 6.91 6.82 7.06 —28.53  Taurus-Auriga SFR
IRXS J031907.44-393418  T-Tau star 16.45 485 43.65 6.11 5.33 6.61 —29.59  Taurus-Auriga SFR(?)
HD 30171 T-Tau star 46.05 1596 104.13 8.01 6.89 9.39 —43.81  Taurus-Auriga SFR
V1267 Tau T-Tau star 40.55  22.89 82.41 7.43 6.82 7.83 —49.99  Taurus-Auriga SFR
CPD-53 5235 pre-MS star 7729 5799  102.57 4.32 4.09 5.16 —29.41  Sco-Cen SFR
Hn 23 YSO 95.08 8323 106.12 6.83 6.69 6.99 —45.45  Chamaeleon IT SFR
Sz 46N YSO 79.83 4890 138.60 7.02 6.49 8.26 —41.89  Chamaeleon II SFR
CM Cha T-Tau star 8538 68.48  127.98 7.50 6.95 9.00 —4420  Chamaeleon II SFR
Hen 3-545 T-Tau star 69.82 53,57 81.21 7.40 7.27 7.59 —46.81  Chamaeleon I SFR
2MASS J11054153 emission-line star 69.37 4458  91.50 8.17 7.89 8.41 —29.75  Chamaeleon I SFR
—7754441
HD 49855* rotationally variable star 29.81 22.12 3738 3.57 3.48 3.65 —36.50  Carina
CD-54 4320 high-pm star 3346 1038 7731 3.98 3.16 4.95 —36.50  Carina
HD 55279* rotationally variable star 4462 36.80  55.37 4.23 4.09 4.38 —27.52  Carina
V479 Car* BY Dra variable 71.66 56.89  89.32 3.43 3.32 3.72 —31.90 Carina
CD-57 1709 rotationally variable star 6295 49.65 7438 4.90 4.34 5.63 —32.96  Carina
GJ 1167 A m dwarf 3.94 2.41 11.16 4.90 2.00 8.06 —2.37  Carina
HD 42270 rotationally variable star 49.75  37.02 65.69 4.69 4.47 4.99 —26.79  Carina
HD 83096™ multiple star 53.64 2584 9036 3.57 3.26 4.18 —31.02  Carina
2MASS J09303148 rotationally variable star 61.85 3923  85.88 5.20 4.66 5.81 —29.61  Carina-Vela
—7041479
CD-53 2515 rotationally variable star 81.12 2483 130.13 6.16 4.38 7.73 —34.31  Carina
HD 83096b* multiple star 44775  14.19  79.65 4.95 4.46 5.75 —31.86  Carina
CD-54 2644 variable star 59.65 2137 141.31 3.52 2.37 4.65 —49.14  Carina
CD-49 4008 eclipsing binary star 7991 6390 114.89 3.96 2.71 5.12 —38.23  Carina
NOMAD 0269-0122275 eclipsing binary star 66.60 26.68 128.51 5.35 4.96 6.20 —32.89  Carina
NOMAD 0331-0114466 eclipsing binary star 53.03 38.14 69.83 4.82 4.74 4.95 —33.87 Carina
CD-63 408 eclipsing binary star 42.60 4047 4543 5.64 5.26 5.86 —27.69  Carina-Vela
HIP 1134* multiple star 19.77  15.11 24.88 3.92 3.81 4.11 —14.49  Columba
HD 40216™ star 41.58 2378 5346 2.50 2.78 1.93 —26.45  Columba
HD 38206~ star 51.73 4672 61.92 3.36 3.13 3.71 —27.50  Columba
HD 32309" star 39.89 2742 6144 3.60 3.18 4.94 —18.79  Columba
HD 37484" star 36.44 29.28  48.90 2.72 2.68 2.94 —24.82  Columba
HD 30447" star 3548 3328  39.67 5.09 5.02 5.19 —22.88  Columba
HR 8799(b, c, d, e)* ellipsoidal variable star & 25.55 16.71 51.74 2.81 2.41 4.05 —18.91 Columba
planets
HD 48370 high-pm star 1292 3.51 21.28 3.46 3.25 3.64 —35.85  Columba
HD 37402 star 1191 346 26.95 4.84 4.30 5.39 —24.46  Columba
HD 32372* star 46.24 3425  75.64 4.96 443 5.84 —26.56  Columba
kap And A star 33.09 21.03 4445 3.34 2.81 3.92 —21.25  Columba
HD 27679 variable star 4149 3181 57.46 5.78 5.29 6.22 —23.42  Columba
HD 36329(a, b) variable binary stars 5249 49.80 55.04 3.90 3.70 4.07 —26.41  Columba
CD-48 2324 rotationally variable star 7130  52.14  154.17 391 3.33 4.85 —49.99  Columba
RBS 595 rotationally variable star 4695 3940  56.70 5.14 4.83 5.45 —25.63  Columba
HD 272836 rotationally variable star 44.67 23.01 84.88 4.59 4.06 5.93 —25.31  Columba
HD 51797 rotationally variable star 6642 5730  84.48 2.32 2.14 2.61 —49.99  Columba
HD 39130 star 61.97 33.00 9133 5.15 4.36 6.16 —29.06  Columba
2MASS J05184616 brown dwarf 50.40 3622 5838 3.36 1.95 4.02 —2498  Columba
—2756457*
CD-29 2531 rotationally variable star 63.84 4244 88.41 5.09 4.45 5.81 —25.02  Columba
TYC 8157-91-1 star 66.54 50.89  85.93 448 3.48 5.48 —37.42  Columba
TWA 6 T-Tau star 26.65 20.62  63.84 3.09 2.36 5.11 —20.50 TW Hydra
eps Scl A/B high-pm star 4294 1421 9139 3.60 1.45 7.53 —12.33  TW Hydra
HR 692 high-pm star 76.53 24.61 176.66 3.45 2.20 7.03 —17.76  TW Hydra
TYC 8083-45-5 rotationally variable star 28.15 16.18  41.75 8.33 7.96 8.63 —32.13 TW Hydra
* b Pup spectroscopic binary 21.35 6.89 163.93 7.35 3.23 15.34 —17.68  no group



THE ASTRONOMICAL JOURNAL, 159:147 (15pp), 2020 April

Hallatt & Wiegert

Table 6
(Continued)
Identifier Object Type amed dz” ay% ymed % v % fenc Region/Group
®) (o) (o) (kmsH)  (kms ) (kms) My
KIC 4158372 eruptive variable star 91.66 86.27 95.78 3.61 3.48 3.67 —48.23  no group
KIC 4929016 eruptive variable star 4462 39.74  48.85 7.03 6.83 7.17 —28.64  no group
HD 189210 eruptive variable star 82.86 80.41 90.57 1.84 1.69 2.51 —49.99  no group
2MASS 104405340 pre-main sequence star 58.31 41.81 91.40 4.07 3.27 5.73 —20.53  no group
42055471
CVSO 229 T-Tau star 8439 6527  29.73 16.97 5.39 4.56 —49.99  no group
BD+11 414 T-Tau star 34.61 7.34 89.40 7.73 7.09 9.73 —20.29  no group
2MASS J03581272 T-Tau star 65.00 36.08 147.59 6.90 3.65 9.15 —49.65 no group
40932223
V391 Ori T-Tau candidate star 50.12 4324  62.10 3.84 3.77 4.01 —25.52 32 Orionis(?)
CD-49 4008 eclipsing binary 7049 60.24  84.63 3.20 3.12 3.30 —41.89  no group
2MASS J00374306 brown dwarf 27.99  9.74 54.25 8.36 7.38 9.20 —30.93  no group
—5846229
2MASSI J1411213 low-mass (<1My) star 1879  5.67 45.69 3.45 1.99 7.11 —11.00  no group
—211950
2MASS J03550477 low-mass (<1Myq) star 39.68 25.18 5278 5.09 442 5.67 —27.40  no group
—1032415
HD 24260 white dwarf 59.28 3359  106.68 7.02 4.46 10.54 —30.00  no group
EGGR 268 white dwarf 3.28 227 6.73 24.62 11.93 37.01 —0.65  no group

Note. Plausible systems of origin are listed along with the results of dynamical integrations for the distributions in relative speed and distance. This table follows no
inherent ranking; please refer to the text for discussion on individual candidates’ plausibility. Median times of encounter are also recorded. Along with main identifier,
each system has its SIMBAD object type recorded. Membership of systems in star-forming regions (SFRs) or moving groups is also indicated. Bona fide members of
moving groups have * beside their identifier; suspected members do not. Stars with (?) included in their Region/Group entries have ambiguous membership. These
results were obtained using the 2k = 2 solution for ’Oumuamua as provided in Bailer-Jones et al. (2018). Astrometric data was taken from Riedel et al. (2018) and
SIMBAD. The results do not change appreciably using our own solution.

disk heating, the spread in distance between clones of
’Oumuamua at —30 Myr is ~58-68 pc, and at —35 Myr
is ~68-80 pc (see Figure 1, where further in the past the
“Maxwellian” model gives larger dispersions than the
“Maxwellian deflection”); most candidates listed in
Table 6 fall well within these bounds. There are a total
of six unique bona fide members of Carina in our initial
data set. The age of Carina has been estimated between
30 and 45 Myr (see Riedel et al. 2017 and references
therein). The median encounter time between the bona
fide Carina stars is —31.46 Myr, and for all Carina stars in
Table 6 the median encounter time is —32.89 Myr.
’Oumuamua minimizes its distance from a number
(~40%) of Carina stars, (15 out of 41 total), four of
which are bona fide members out of six total, at the
minimum age of the group. This suggests ’Oumuamua
may have had an encounter with the group at a very early
stage in its history, either during the initial star-forming
epoch or after, as the young stars gradually dispersed.
One star in particular in Carina, GJ 1167 A, passes
within 3.94 pc (2.41-11.64 pc in the 5th and 95th
percentiles), at 4.90kms™ ' (2.0-8.06kms™' in the 5th
and 95th percentiles), 2.37 Myr ago. The dispersion due
to disk heating at 2.37 Myr is ~3.6 pc. GJ 1167 A and B
is a binary system, though is not likely a physical binary
(see, e.g., Stauffer et al. 2010; Bowler et al. 2015).
Currently ~12 pc away, it is composed of two young M
dwarfs, and therefore likely less than 1 M. combined.
Our own Oort cloud extends only 1 pc from our star
(Dones et al. 2004), so the tidal radius of GJ 1167 is
likely much smaller than this. Its low speed and distance

close to the disk heating bounds do make this encounter
more compelling than many of the encounters with
smaller distances but much higher speeds reported in
previous works, though its small tidal radius and
relatively large spread in encounter distance mean it is
not likely to be the home of ’Oumuamua.

Of the 21 stars associated with Columba in Table 6,
nine are bona fide members: HD 40216, HD 38206, HD
30447, HR 8799, HIP 1134, HD 32372, HD 32309, HD
37484, and 2MASS J05184616—2756457. In total, there
are 29 unique bona fide Columba stars in our initial data
set. The median time of encounter between the nine bona
fide stars is 23.85 Myr ago, while the median encounter
time between all Columba stars in Table 6 is 25.63 Myr.
Disk heating gives a spread of ~46-54 pc at this time.
The estimated age of the Columba group is between 30
and 42 Myr in the past (Riedel et al. 2017). ’Oumuamua
therefore minimizes its distance to a lesser number
(~18%) of Columba stars, slightly before the group’s
minimum age.

Given that there are multiple groups with more
members than Carina and /or Columba (Pleiades, Tucana-
Horologium, Ursa Major, and Beta Pictoris, some of
which will be detailed in the following sections), these
two groups nevertheless produce the largest number of
reasonable encounters (i.e., with low speed and distances
within the disk heating bounds), indirectly supporting an
origin in this group.

2. Lupus SFR—The age of the Lupus SFR has been

estimated to be 3 Myr (Hughes et al. 1994), but newer
analyses have found a considerable spread in ages of the
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stars in Lupus (e.g,. Makarov 2007). The population of
weak-line T-Tau stars were found to be older, several of
them being ~25-30 Myr old, while half the classical T-Tau
stars were found to be less than 1Myr old (see their
Figure 4). At least two of our Lupus candidates are indeed
weak-line T-Tau stars. Makarov (2007) note that a possible
explanation for the large spread in stellar age is multiple,
separate star formation episodes. Thus, ’Oumuamua may
have been close enough to this cloud to have been ejected at
the time of one of these episodes, given the encounters
discussed below.

HD 143978 is one of four YSOs in Lupus we
identify as plausible candidates. It moves at 5.34kms™'
(4.25-6.35 kms™' in the 5th to 95th percentiles), and
encounters ’Oumuamua 18.87 Myr in the past, at a distance
of 11.78 pc (8.66—14.75 in the 5th to 95th percentiles). The
disk heating spread in distance is ~32-36 pc 18 Myr in the
past. HD 143978 is a putative member of the Lupus dark
cloud complex, one of the nearest SFRs (Galli et al. 2013).
HD 143978’s galactic coordinates (I = 339710, b = 9796)
place it in the on-cloud component of the Lupus SFR as
defined in Galli et al. (2013), a population of young stars in
the immediate vicinity of the Lupus molecular clouds. More
specifically, its coordinates indicate that it is a member of
the Lupus 3 star-forming cloud; see Figures 3 and 15 in
Galli et al. (2013). Although its geometric distance (~97 pc)
does not align with the average distance to Lupus 3 of
Aoyg = 185f}(1) pc found by Galli et al. (2013), those authors
include stars with parallaxes in the range 10-12 mas in
defining the membership of Lupus 3 (see their Figure 16).
Furthermore, Galli et al. (2013) exclude it from their
Table 7, listing the population of Lupus stars with doubtful
membership status (in Lupus or Upper Centaurus-Lupus) in
the literature. We additionally note that its updated parallax
measurement from Gaia DR2 places it closer to the Lupus
clouds (whose average distances range from ~140-200 pc
according to Galli et al. 2013) than the measurement from
TYCHO?2 used in Galli et al. (2013); TYCHO2 records its
parallax as 11.6 £ 2.6 mas, placing it 86 pc away, whereas
Gaia DR2 measures 10.28 & 0.036 mas, placing it 97 pc
away. HD 143978 may be a member of the younger TT
population, owing to it possibly belonging to the Lupus 3
filament, which was found to harbor a sizeable number of
young T-Tau stars (Makarov 2007).

A weak-line T-Tau star in the Lupus SFR, 2MASS
J15480212—-4004277, was found to pass within 48.19 pc
(24.05-92.47 pc in the 5th and 95th percentiles), at
7.09kms ' (6.14-8.69kms ' in the 5th and 95th
percentiles), 23.24 Myr in the past. Between the various
disk heating models, dispersion between ’'Oumuamua
clones takes on a spread of ~42-49 pc 23 Myr ago. These
conditions were found using Gaia DR2 astrometry for
everything but radial velocity, which was taken from
observations recorded in Galli et al. (2013); see Table 4,
where v, = 2.07 & 0.35kms . Using the Gaia DR2
radial velocity produces an encounter with dm =
70.84 pc (28.26-136.95 pc in the 5th and 95th percentiles),
6.95kms™' (4.57-13.00kms ' in the 5th and 95th
percentiles), 14.97 Myr ago. However, the Gaia radial
velocity is highly uncertain (o, = 4.2kms™'), and the
radial velocity recorded in Galli et al. (2013) falls within
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these errors. Based on its parallax, it likely belongs to the
off-cloud component of the Lupus weak-line T-Tau stars
(Galli et al. 2013).

2MASS J16081096—3910459 is another weak-line
T-Tau star in the Lupus region (Makarov 2007; Galli et al.
2013). It passes within 87.35 pc (77.18-99.87 pc in the 5th
and 95th percentiles), at 5.98 km s ! (5.56-6.96 km s 'in
the 5th and 95th percentiles), 34.03 Myr ago. Disk heating
implies a distance spread of ~66—78 pc 34 Myr ago; while
this star’s median distance falls outside this range, we note
that the maximum distance spread given by the “fixed kick”
heating model is ~100 pc at 34 Myr (see the “fixed kick”
position dispersion for the 2k = 2 solution in Figure 1). The
star 2MASS J16081096—3910459 has been listed as one of
19 stars that constitute the Lupus core moving group (Galli
et al. 2013). This star currently lies ~149 pc away. Its
coordinates place it either in the Lupus off-cloud weak-line
T-Tau star population, or possibly in Lupus 3.

RX J1531.3—3329 has also been listed as a defining
member of the Lupus core moving group (Galli et al.
2013). Tts coordinates (I = 337°33, b = 18%49) place it
possibly in the Lupus 1 dark cloud or in the off-cloud
population, according to Figures 3 and 15 in Galli et al.
(2013). Its distance to ’Oumuamua minimizes at the
maximum simulation time, however, and is quite large
@M = 91.74 pc at —49.99 Myr). RX J1531.3—-3329’s
slow speed of 5.19 kms ™' (5.02-5.40 km s ™" in the 5th and
95th percentiles) and that of 2MASS J16081096—3910459
indicate that the Lupus moving group moves relatively
slowly with respect to ’Oumuamua.

While the exact depths and spatial distribution of the
Lupus clouds are not fully understood (Galli et al. 2013),
given the large depth of the Lupus SFR (individual distances
to association members range from ~110 to 190 pc,
according to Galli et al. (2013), while Lombardi et al. (2008)
independently estimate the depth of Lupus to be 51751 pc),
these ecounters suggest ’Oumuamua could have interacted
with the Lupus 3 or 1 clouds, or perhaps the older, off-cloud
population in the immediate vicinity of the SFR.

. Taurus-Auriga SFR—It has been suggested that Taurus-

Auriga has been producing stars for at least 10 Myr (Palla
& Stahler 2002). These same authors identify multiple
stars in Taurus-Auriga with ages ~20 Myr. Some of the
older encounters discussed below with Taurus-Auriga
stars are therefore too far in the past, but the encounters at
28 and 29 Myr are perhaps not ruled out by these
findings. These encounters indicate that ’Oumuamua
could have interacted with the Taurus-Auriga molecular
clouds, or possibly with the components immediately
surrounding the SFR.

V1319 Tau moves at 6.91 kms™' (6.82-7.06 kms ™"
in the 5th and 95th percentiles), and encounters
’Oumuamua 28.53 Myr in the past, at a distance of
21.79 pc (18.81-25.18 pc in the Sth and 95th percentiles).
Its astrometry is taken from its SIMBAD entry, where all
measurements but its radial velocity are from Gaia DR2.
The SIMBAD record for radial velocity is taken from
Nguyen et al. (2012). The Gaia DR2 velocity has much
larger uncertainty (o, = 6.36 km s 1), and produces a
much larger spread in encounter conditions. It has an
estimated age of 13.00%3%, Myr (Davies et al. 2014),
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though it could be as old as 20Myr (Hambalek
et al. 2019). It has been recorded as a member of the
Taurus-Auriga SFR in previous studies (Kraus et al.
2017), but is not included in the recent census provided
by Luhman (2018), possibly owing to its updated Gaia
DR2 parallax placing it slightly outside the SFR.
Although the canonical distance of the Taurus clouds at
~140 pc away (Galli et al. 2018) is farther than V1319’s
geometric distance at ~112 pc, the region’s depth has
been estimated to be at least 20 pc (Kenyon et al. 1994;
Torres et al. 2007, 2012). Furthermore, Bertout &
Genova (2006) found that, although the population of
classical T Tau stars resides 126—173 pc away, weak-line
T Tau stars surround the molecular clouds between 106
and 256 pc. V1319 may therefore reside in the immediate
surroundings of the clouds. Kraus et al. (2017) record it
as a “Class III” (disk-free) candidate member of the
Taurus-Auriga ecosystem.

2MASS J03190760+3934105 is a T-Tau star, which
passes within 16.45 pc (4.85-43.65 pc in the 5th and 95th
percentiles), at 6.11 km s 1 (5.33-6.61 kms ™! in the 5th
and 95th percentiles), 29.59 Myr in the past. At ~143 pc,
it has been suggested to be an outlying member of the
Taurus-Auriga SFR, situated on the border of the
molecular clouds (Li & Hu 1998). Comparing its R.A.
and decl. to the spatial distribution of Taurus stars
provided in Kraus et al. (2017) (Figure 8) indicates that
this star is likely situated on the outskirts of the main
SFR. However, no newer studies seem to mention a
connection between this star and the Taurus SFR, so its
classification remains inconclusive.

HD 30171 is a well-known T-Tau star, passing
within 46.05 pc (15.96-104.13 pc in the 5th and 95th
percentiles), at 8.01 kms™' (6.89-9.39 km s~ in the 5th
and 95th percentiles), 43.81 Myr ago. The age of this star
has been estimated to be 2—4 Myr (Hambalek et al. 2019),
ruling this out as a possible origin.

V1267 Tau is a T-Tau star which has been classified
as in the immediate surroundings of the Taurus-Auriga
clouds (Broeg et al. 2006). It passes within 40.55 pc
(22.89-82.42 pc in the 5th and 95th percentiles), at
743kms™' (6.8-107.83kms™' in the Sth and 95th
percentiles), 49 Myr ago.

. TW Hya group—TYC 8083-45-5 is a bona fide member
of the TW Hydra group, and is the only bona fide
member of that group we identify in Table 6. Of the more
than 70 suspected or bona fide members of TW Hydra in
our data set, only three pass within the distance bounds
imposed by this study. This rules out an origin in the TW
Hydra group.

. Pleiades/Local Association—In light of the results of
Feng & Jones (2018), it is perhaps unsurprising that two
encounters at speeds ~4—10kms ' and distances ~2—4
pe, and three encounters at speeds ~10-20kms ™' and
distances ~4-5 pc, with five stars in the Pleiades/Local
Association were found; there are 51 stars associated with
this group with speeds less than 10kms™', and 65 with
speeds less than 20km s~ included in the Young Stars
Catalog. The dearth of reasonable encounters, however,
points against an origin in this association.
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6. Chameleon SFR—Chamaeleon II has an estimated age of

4 + 2 Myr (Spezzi et al. 2008). The encounter times for
the YSOs listed here are much longer than this, indicating
that the Cha II region is unlikely to have interacted with
’Oumuamua.

Sz 46N lies in the Chamaeleon II dark cloud, one of
three star-forming clouds in the Chamaeleon system
(Alcala et al. 2008). Chamaeleon II lies 178 4 18 pc
away (Alcald et al. 2008). Sz 46N encounters *’Oumua-
mua at a distance of 79.83 pc (48.90-138.60 pc in the Sth
to 95th percentiles), 41.89 Myr in the past, moving at
7.02kms™' (6.49-8.26kms ' in the Sth and 95th
percentiles). We find two other young stars belonging
to the Cha II cloud; Hn 23 at 95.08 pc (83.23-106.12 pc
in the 5th to 95th percentiles), 45.45Myr ago, at
6.83kms ' (6.69-6.99kms' in the 5th and 95th
percentiles), and CM Cha at 85.38 pc (68.48-127.98 pc
in the 5th and 95th percentiles), 44.20 Myr in the past,
at 7.50kms™" (6.95-9.00kms™" in the 5th and 95th
percentiles).

The age of the Cha I cloud, the most active center of
star formation in the Chamaeleon cloud complex
encompassing Cha I, II, and III (Reipurth 2008), has
been estimated to be ~2 Myr (Reipurth 2008). The Cha I
region is, similarly to Cha II, unlikely to be the origin of
’Oumuamua, due to its very young age relative to its time
of closest approach to ’Oumuamua.

Hen 3-545, which passes within 69.82 pc,
(53.57-81.21 pc in the 5th and 95th percentiles), at
740kms™' (7.27-7.59kms™' in the Sth and 95th
percentiles), 46.81 Myr ago, is a member of the Chamae-
leon I SFR (Mulders et al. 2017). The star 2MASS
J11054153-7754441 is also a member of the Cha I cloud,
passing within 69.37 pc (44.58-91.50 pc in the 5th and
95th percentiles), at 8.17 km s ' (7.89-8.41 kms ! in the
5th and 95th percentiles), 29.75 Myr ago.

In general, the relative speeds of the candidates in the
Taurus-Auriga and Chamaeleon SFRs are higher than
those from the Lupus SFR.

. Scorpius Centaurus SFR—The age of the subregions of

Sco-Cen have been estimated to be 11 & 2 Myr for Upper
Scorpius, 16 Myr for Upper Centaurus-Lupus, and 17 Myr
for Lower Centaurus-Crux (Pecaut et al. 2012). CPD-53
5235 is a pre-main-sequence star located in the Scorpius-
Centaurus region (Song et al. 2012). It passes within
77.29 pc (57.99-102.57 pc in the 5th and 95th percentiles),
at 432kms™' (4.09-5.16kms™" in the 5th and 95th
percentiles), 29.41 Myr ago. Given the discrepancy in ages
and large distance, we can also rule this out.

. Other—A number of individual stars with no association

to moving groups or SFRs were also found. Because
many of these have already been considered in previous
works, they are not included in Table 6. The candidates
from Gaia DR2 are very similar to those in Bailer-Jones
et al. (2018), and we also find similar candidates to those
in Zuluaga et al. (2018) using SIMBAD data. Here, we
mention some of the stars that we deem most interesting
and which have not been thoroughly discussed already in
the literature.

V391 Ori passes within 50.12 pc (43.24-62.10 pc
in the 5th and 95th percentiles), 25.52 Myr ago, at
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3.84kms ! (3.77-4.01 kms™! in the 5th and 95th
percentiles). The disk heating bounds 26 Myr ago are
~49-57 pc. This star’s low speed and distance within the
disk heating bounds make it a good candidate. V391 Ori
has been classified as a weak-line T-Tau star associated
with the Orion Nebula Cluster, but was found likely to
possess an optically thick accretion disk (Szegedi-Elek
et al. 2013). This star’s distance, ~100 pc, may indicate
V391 Ori is a member of the 32 Orionis moving group;
the BANYAN ¥ moving group analysis code (Gagné et al.
2018) gives it a membership probability of 91.6%. We
note, however, that the LACEWING code (Riedel et al.
2017) only gives 4%, predicting a slightly different radial
velocity than measured and placing it 19 pc away from
the group’s center. The age of 32 Orionis is ~15-65 Myr
(Riedel et al. 2017 and references therein). Its distance
places it some distance away from the nominal value of
the Orion Nebula at ~400 pc (Menten et al. 2007), so its
encounter with ’Oumuamua does not necessarily mean
that ’Oumuamua could have interacted with the clouds of
Orion.

BD+11 414 is a T-Tau star passing within 34.61 pc
(7.34-89.40 pc in the 5th and 95th percentiles), at
7.73kms ' (7.09-9.73kms ' in the 5th and 95th
percentiles), 20.29 Myr ago. Disk heating implies a
spread in distance of ~36-41 pc at this time. Its age
has been estimated to be ~65Myr (Carpenter et al.
2009). The large errors in distance make this a less
compelling candidate, but it nevertheless has an appro-
priate age, along with low speed and median distance.

HD 189210 is a young Sun-like star, observed by the
Kepler mission (Frohlich et al. 2012). Its age has been
estimated to be 100-200 Myr, though the authors note
that their analysis could not exclude an age as young as
50 Myr (Frohlich et al. 2012). It encounters ’Oumuamua
at a distance of 82.86 pc (80.41-90.57 pc in the 5th and
95th percentiles), 49.99 Myr ago, moving at an excep-
tionally low speed of just 1.84kms™" (1.69-2.51 kms '
in the 5th and 95th percentiles). Despite the very low
speed, the large errors due to disk heating 50 Myr in the
past mean this star is not likely to be the home of
’Oumuamua.

HD 24260 is a member of the population of local
white dwarfs (Guo et al. 2015), passing within 59.28 pc
(33.59-106.68 pc in the 5th and 95th percentiles), at
5.09kms ' (4.42-5.67kms™ ' in the 5th and 95th
percentiles), 30 Myr ago. Ejection speeds from white
dwarf tidal disruption events of interstellar asteroids have
been predicted to be ~10-30km st (Rafikov 2018).
Given the range of expected ejection speeds, this is quite
a low encounter speed, though the large spread in
distance makes this a less compelling encounter.

EGGR 268 is also a member of the population of
local white dwarfs (Holberg et al. 2002; Oswalt et al.
2016). The encounter occurs at 3.28 pc (2.27-6.73 pc
in the 5th and 95th percentiles), 650 kyr ago, at
24.62kms ' (11.93-37.01 km s 1). Its radial velocity is
highly uncertain. It is also a binary system with an M
dwarf companion (Oswalt et al. 2016). The spread in
encounter distance so early in the past rules this out as an
origin.
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3.3.3. The Origin of 2I/Borisov

Using the same code and data sets, we have also probed the
origin of the second ISO discovered, comet 2I/Borisov (Guzik
et al. 2019). The orbital elements and covariance matrix of the
comet were obtained from JPL on 2019 October 2 and back-
integrated in the manner described in Section 2.1.1. Our
solution and the corresponding uncertainties are recorded in
Table 5.

The dispersion of 100 clones of this comet is presented in
Figure 3. The behavior is similar to that of ’Oumuamua, with
its dispersion in both position and velocity increasing at a
similar rate, despite its larger speed with respect to the LSR.
This is to be expected, as it suffers the same magnitude
impulses at the same rate as ’Oumuamua in our adopted disk
heating models.

As for specific potential origin systems, none of the
candidates discussed below move at slow enough speed to
indicate a likely origin of Borisov. We find the Ursa Major
group to have the slowest relative speed. The average
encounter distance for the stars within the disk heating bounds
is 15.65 pc, 133 kyr ago, at 26.10kms ™. Every other group
had average encounter speeds higher than this, typically in the
30-40kms~' range. Owing to the moving groups’ high
relative speeds and large distances of encounter, it seems
unlikely that this comet comes from any of the nearest young
moving groups or kinematic associations. The final stages of its
approach to Earth is shown in animated Figure 5.

Three stars in the Ursa Major group have plausible
encounters with Borisov. GJ 4384 is a multiple star system
that passes within 0.32 pc (0.11-0.80 pc in the 5th and 95th
percentiles), at 19.15kms~" (18.74-19.52kms ™" in the 5th
and 95th percentiles), 1.46 Myr ago. EV Lac (Gaia DR2
1934263333784036736), a young M dwarf, has a very recent
encounter at 0.97 pc (0.96-0.97 pc in the 5th and 95th
percentiles), 27.44kms ™' (27.27-27.61 kms~' in the 5th and
95th percentiles), just 150 kyr ago. Last, GJ 102, also a flare
star, passes within 1.98 pc (1.09-5.27 pc in the 5th and 95th
percentiles), at 28.26 km s ! (13.43-44.94 in the 5th and 95th
percentiles), 273 kyr ago.

2MASS J03552337+41133437 is a brown dwarf, passing within
044 pc (0.32-0.55 pc in the 5th and 95th percentiles), at
32.06kms ' (31.49-32.46 kms™ " in the 5th and 95th percentiles),
280 kyr in the past. This is a bona fide member of the AB Dor
group (Gagné et al. 2018). We find eight stars using Gaia DR2
astrometry that pass within 2 pc at speeds less than 30 kms™
(including EV Lac). Gaia DR2 6223838830917236224 (HD
128356) has the slowest speed at 13.25kms ', 1.63 pc (1.47-1.79
pc in the 5th and 95th percentiles), 1.95 Myr ago. This is a main-
sequence star of mass 0.65 M., harboring a Jupiter-mass exoplanet
(Jenkins et al. 2017). Given its low mass, it likely has a tidal radius
smaller than our own (<1 pc), and considering its relative speed, it
is unlikely to be the home of Borisov. There are nine additional
Gaia stars that pass within 2 pc at speeds between 30 and
40kms . The Gaia stars were only integrated backward 10 Myr.

These candidates have been summarized in Table 7, where
they are organized according to distance. There are more stars
passing within 2 pc at speeds greater than 50 km s~!, but due to
their high speeds, they have not been included in Table 7. We
do not find any YSOs or stars in SFRs.

In a recent study of possible encounters between 2I/Borisov
and Gaia DR2 stars, Bailer-Jones et al. (2020) find a very close
encounter with the star Ross 573, at 0.068 pc (0.053-0.091 pc
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Figure 3. The standard deviation of the position and velocity of clones of 2I/Borisov integrated backward within the Galaxy.
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Figure 4. Final approach of 1I/’Oumuamua to our solar system. Passages
within 5 pc of members of the Gaia DR2 catalog are identified: note that some
local stars (e.g., Alpha centauri) are not in the catalog and not shown. The
checkerboard pattern is 100 pc on a side and delineates the Galactic plane. This
animation illustrates the approach of ’Oumuamua to the solar system in
’Oumuamua’s frame; close stellar encounters are shown as the ISO and stars
move past each other through the galaxy from —308,000 yr to the present,
when the Sun is coincident with ’Oumuamua. Higher-resolution versions are
also available http://www.astro.uwo.ca/~wiegert/interstellar/.

(An animation of this figure is available.)

in the 5th and 95th percentiles), 23 km s ™', 910 kyr in the past.
We also find a close encounter with this star, recorded as Gaia
DR2 5162123155863791744 in our Table 7, at similar speed
and time but a larger distance of 0.64 pc (0.60-0.69 pc in the
5th and 95th percentiles). As Bailer-Jones et al. (2020) note,
this is likely due to our use of the early, gravity-only solution
retrieved on October 2 from JPL, while Bailer-Jones et al.
(2020) account for additional forces as well as a longer data
arc. Their second closest encounter is with GJ 4384, at
conditions very similar to ours. Bailer-Jones et al. (2020) note,
however, that GJ 4384 has a physical binary partner, and
computing the evolution of the system’s center of mass reveals
a much larger encounter distance with Borisov than the
nominal path of GJ 4384. Our closest encounter, with G 7-34,
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Figure 5. Final approach of 2I/Borisov to our solar system, similar to Figure 4
for ’Oumuamua. An animation is also available for this figure, with the same
time span. Higher-resolution versions are also available http: //www.astro.uwo.
ca/~wiegert/interstellar/.

(An animation of this figure is available.)

was found by Bailer-Jones et al. (2020) to pass at a larger
distance of 0.459 pc (0.377-0.580 pc in the 5th and 95th
percentiles), with only a 1% chance of passing within 0.35 pc.
This is slightly different than our encounter at 0.21 pc
(0.08-0.32 pc in the 5th and 95th percentiles). An encounter
with 2MASS J03552337+1133437 was also found by Bailer-
Jones et al. (2020) at a larger distance of 1.07 pc, differing
somewhat from ours at 0.44 pc. Overall, our results are
consistent with those of Bailer-Jones et al. (2020).

4. Conclusions

This paper examines the conjecture that ’Oumuamua is much
younger than the age of our Galaxy and that it was ejected at
low relative velocity with respect to its origin system. The first
part of the conjecture is based on the asteroid’s low speed with
respect to the LSR (<10km s~ 1. Such low velocities are
indicative of young <100 Myr stellar ages from standard AVRs
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Table 7
Candidate Systems of Origin for 21/Borisov, Organized According to Distance

Identifier Object Type dmes 3% d% ymed v e te fenc

(pc) () (pc) (km s™") (km's™") (km's™") (Myr)
G 7-34 flare star 0.21 0.08 0.32 32.61 25.96 38.69 —0.44
GJ 4384 multiple star 0.32 0.11 0.80 19.15 18.74 19.52 —1.46
2MASS J03552337+1133437 brown dwarf 0.44 0.32 0.55 32.06 31.49 32.46 —0.28
5162123155863791744 star 0.64 0.60 0.69 22.50 21.80 23.09 —0.92
411381695718394880 star 0.70 0.65 0.77 29.20 28.75 29.59 —1.36
3338543951096093696 high-pm star 0.72 0.34 1.33 36.75 36.25 37.39 —2.90
2176428914377155200 star 0.81 0.36 1.30 33.28 33.02 33.58 —2.81
207166446152692736 high-pm star 0.85 0.79 0.90 35.15 34.75 35.51 —1.28
1934263333784036736 M dwarf/flare star 0.97 0.96 0.97 27.44 27.27 27.61 —0.15
4293318823182081408 BY Dra variable star 1.00 0.99 1.02 35.54 35.27 35.77 —0.14
978301126629450368 star 1.16 0.60 2.15 24.89 24.68 25.13 —5.34
350791183318279552 star 1.26 0.60 2.54 31.64 30.48 32.83 —3.53
217334764042444288 high-pm star 1.44 1.34 1.54 35.61 35.23 36.06 —0.89
5443030196164951168 multiple star 1.54 1.41 1.72 35.18 31.21 39.06 —0.45
2612004014832929536 high-pm star 1.59 0.77 2.53 38.58 38.25 38.93 —3.15
6223838830917236224 high-pm star 1.63 1.47 1.79 13.25 12.99 13.58 —1.95
461259662021372160 star 1.80 1.37 2.37 19.48 16.69 22.16 —6.62
4299703274841464320 high-pm star 1.83 1.38 2.28 20.02 19.42 20.67 -3.15
6501580720836818944 Multiple star 1.92 1.80 2.03 25.09 24.80 25.35 —1.42
GJ 102 M dwarf/flare star 1.98 1.09 5.27 28.26 13.43 44.94 -0.27
6249614407131243648 multiple star 2.00 1.70 2.32 24.45 24.12 24.78 —2.18

Note. We take all six astrometric coordinates from Gaia DR2 where possible; for G 7-34, GJ 4384, 2MASS J03552337+1133437, and GJ 102, we supplement their
Gaia coordinates with radial velocities recorded in SIMBAD. We also supply each SIMBAD object type. These constitute all stars that we find pass within 2 pc at
speeds less than 40 km s~'. GJ 4384, EV Lac (Gaia DR2 1934263333784036736), and GJ 102 are purported members of the Ursa Major group, and 2MASS

J03552337+1133437 is a bona fide member of the AB Dor group.

(e.g., Holmberg et al. 2009; Robin et al. 2017). The second part
of the conjecture, that ’Oumuamua was ejected at low velocity
relative to its parent system, is based on the higher efficiency of
most ejection processes at launching material at lower speeds.

Given these assumptions, we first modeled the effects of
“disk heating” (gravitational scattering, mostly by GMCs) on
’Oumuamua’s past trajectory, to assess our ability to trace it
back to its origin under these stochastic effects. A backward
integration of ’Oumuamua can only expect to be within 15 pc
and 2kms™' of its actual location at —10 Myr, 100 pc and
5kms~ ' at —50 Myr, and 400 pc and 10km s~ at —100 Myr.
This limits our ability to retrace its path, but provides a measure
of the size of the envelope of potential origin candidates as we
go back in time. If ’Oumuamua was indeed ejected at low
speed, that would mean the path of its origin system parallels
that of ’Oumuamua through the galaxy. Though the origin
system’s trajectory is subject to disk heating as well, this
system is currently expected to be within 1 kpc of Earth, within
the local Orion Arm, and thus accessible in principle to Earth-
based telescopes. Ergo, we can hope to learn more about this
unusual asteroid from telescopic study of its parent system, if
such a system can be identified.

To assess possible local galactic candidate regions, a
backward integration of ’Oumuamua’s trajectory was per-
formed together with systems listed in the Gaia DR2 catalog,
SIMBAD, and the Catalog of Suspected Nearby Young Stars
(Riedel et al. 2018), as well as members of nearby moving
groups compiled in Gagné et al. (2018). Our best candidates are
the Carina and Columba moving groups, including the M dwarf
GJ 1167 A, the Lupus SFR, and the T-Tau star V391 Ori.
’Oumuamua passes through a considerable subset of the Carina
and Columba moving groups at a time comparable to their
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ages, making them particularly interesting candidate source
regions if ’Oumuamua were ejected during planet formation or
via intracluster interaction in this early stage of the group’s
history. The Lupus SFR boasts four plausible encounters, two
of which are with weak-line T-Tau stars that have been found
to be part of an older population of the SFR. This older
population may hint at multiple episodes of star formation in
the clouds (Makarov 2007) at roughly the time of ’Oumua-
mua’s encounter, making Lupus another promising candidate.

During the writing of this paper, a second ISO, comet 21/
Borisov, was discovered. Though unlikely to be young, due to
its high velocity with respect to the LSR, back integrations
reveal three stars in the Ursa Major group (GJ 4384, EV Lac,
and GJ 102), one brown dwarf of the AB Dor group (2MASS
J03552337+4-113343), and eight Gaia DR2 stars (including EV
Lac) to have plausible encounters at speeds <30kms™ ' and
within 2 pc. The slowest encounter within 2 pc with Gaia stars
is with Gaia DR2 6223838830917236224, at 13 kms ™', which
is known to harbour a Jupiter-mass exoplanet. Given the high
relative speeds of these encounters, it is unlikely any of these
stars are the home of 2I/Borisov.

In general, our results for 11/’Oumuamua are much more
consistent with the asteroid being young and local than those
for 2I/Borisov. ’Oumuamua’s velocity mirrors many stars’ in
young, nearby kinematic associations and SFRs, pointing
indirectly to a local origin. As a result, the candidates of origin
for ’Oumuamua are more consistent than those for Borisov; the
ejection speeds from planetary systems or from intracluster
interactions are better matched. Future ISOs and astrometric
surveys will likely provide better opportunities for back-
tracking investigations, offering a completely novel means of
studying the local galactic neighborhood.
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