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ABSTRACT

We have combined Hipparcos proper-motion and parallax data for nearby stars with ground-based
radial velocity measurements to find stars that may have passed (or will pass) close enough to the Sun to
perturb the Oort cloud. Close stellar encounters could deflect large numbers of comets into the inner
solar system, which would increase the impact hazard at Earth. We find that the rate of close
approaches by star systems (single or multiple stars) within a distance D (in parsecs) from the Sun is
given by N = 3.5D*'? Myr~!, less than the number predicted by a simple stellar dynamics model.
However, this value is clearly a lower limit because of observational incompleteness in the Hipparcos
data set. One star, Gliese 710, is estimated to have a closest approach of less than 0.4 pc 1.4 Myr in the
future, and several stars come within 1 pc during a +10 Myr interval. We have performed dynamical
simulations that show that none of the passing stars perturb the Oort cloud sufficiently to create a sub-
stantial increase in the long-period comet flux at Earth’s orbit.

Key words: comets: general — solar neighborhood — solar system: general — stars: kinematics

1. INTRODUCTION

The solar system is surrounded by a vast cloud of
~(1012-10'3) comets with orbits extending to interstellar
distances, called the Oort cloud, and with a total estimated
mass of some tens of Earth masses (Oort 1950; for a recent
review see Weissman 1996a). The boundary of stable com-
etary orbits, which is the outer dimension of the Oort cloud,
is a prolate spheroid with the long axis oriented toward the
Galactic nucleus, and with maximum semimajor axes of
about 10° AU for direct orbits of comets oriented along the
Galactic radius vector, about 8 x 10* AU for orbits perpen-
dicular to the radius vector, and about 1.2 x 10° AU for
retrograde orbits (those opposite to the direction of Galac-
tic rotation) (Smoluchowski & Torbett 1984; Antonov &
Latyshev 1972). These cometary orbits are perturbed by
random passing stars, by giant molecular clouds, and by the
Galactic gravitational field. In particular, close or penetrat-
ing passages of stars through the Oort cloud can deflect
large numbers of comets into the inner planetary region
(Hills 1981; Weissman 1996b), initiating Earth-crossing
cometary showers and possible collisions with Earth. Suffi-
ciently large impacts or multiple impacts closely spaced in
time could result in biological extinction events. Some ter-
restrial impact craters and stratigraphic records of impact
and extinction events suggest that such showers may have
occurred in the past (Farley et al. 1998). Dynamical models
(e.g., Hut el al. 1987; Fernandez & Ip 1987) show that a
cometary shower has a typical duration of about 2-3 Myr.

Evidence of the dynamical influence of close stellar pass-
ages on the Oort cloud might be found in the distribution of
cometary aphelion directions. Although the distribution of
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long-period (105-107 yr) comet aphelia is largely isotropic
on the sky, some nonrandom clusters of orbits exist, and it
has been suggested that these groupings record the tracks of
recent stellar passages close to the solar system (Biermann,
Huebner, & Liist 1983). However, Weissman (1993) showed
that it would be difficult to detect a cometary shower in the
orbital element distributions of the comets, except for the
inverse semimajor axis (1/a,) energy distribution, and that
there is currently no evidence of a cometary shower in this
distribution.

Some work has been done in the past to search for stellar
perturbers of the cometary cloud. Miilldri & Orlov (1996)
used ground-based telescopic data to predict close encoun-
ters with the Sun by stars contained in the Preliminary
Version of the Third Catalogue of Nearby Stars (Gliese &
Jahreiss 1991). They found that in the past, three stars may
have had encounters with the Sun within 2 pc, and that in
the future, 22 may have them. Matthews (1994) made a
similar study, which was limited to stars in the solar neigh-
borhood within a radius of about 5 pc, and he listed close
approach distances for six stars in the near future, within
the next 5 x 10* yr.

However, the accuracy of most ground-based parallax
and proper-motion measurements is limited to several milli-
arcseconds or milliarcseconds per year, respectively. This
measurement accuracy imposes a severe limitation on the
accuracy of predictions of past or future close stellar pass-
ages.

Using parallax and proper-motion data from the Hip-
parcos satellite, we have selected a sample of nearby stars
that might have passed or will pass close to the Sun, in
order to identify those passages that might cause a sig-
nificant perturbation on the orbits of comets in the Oort
cloud. We have then used radial velocity measurements
from the astronomical literature to reconstruct the three-
dimensional trajectories of these stars. We also measured



STELLAR ENCOUNTERS WITH THE OORT CLOUD 1043

radial velocities for some of the stars, most of them with no
previous measurements. The Hipparcos mission provided
very accurate parallax and proper-motion measurements
for 118,218 stars, with a median precision of less than 1 mas
and 1 mas yr~!, respectively (ESA 1997). The Hipparcos
proper motions are consistent with an inertial system within
+0.25 mas yr~!, as determined by the link between the
Hipparcos Reference Frame and the International Celestial
Reference System (ICRS).

In this paper we identify stars in our sample that could
have a close passage by (1) assuming a simple rectilinear
motion model; and (2) performing dynamical integrations
of the motion of the stars in the Galactic potential. We also
estimate the frequency of stellar encounters with the solar
system. Close stellar passages mainly perturb comets near
their aphelia, causing changes in the perihelion distance and
inclination of the orbits of long-period comets. For those
stellar passages that most likely could affect the cometary
orbits, we have modeled the perturbations through dynami-
cal simulations. In future papers we will report the individ-
ual radial velocities we have measured, with a discussion of
the orbital solutions for nonsingle stars, and we will study
the stellar passages using a larger sample and a range of
Galactic potentials.

2. OBSERVATIONAL DATA AND ANALYSIS

Significant perturbations of the Oort cloud may be pos-
sible out to a distance of about 2-3 pc. We selected 1194
stars from the Hipparcos Catalogue (ESA 1997), whose
proper motion, combined with an assumed maximum
radial velocity of 100 km s~ !, implied an impact parameter
of <3 pc. This radial velocity is 2-3 times the local stellar
velocity dispersion, to allow intrinsically higher velocity
stars to be included. At that velocity, this requirement
meant that stars whose proper motion in milliarcseconds
per year was less than 0.06 times the square of the parallax
in milliarcseconds (for parallax values greater than 4.5 mas)
are the best candidates to have approaches within 3 pc from
the Sun over about +10 Myr from the present epoch. For
smaller parallax values the implied proper-motion limit is
close to or below the Hipparcos measurement accuracy.

In order to predict the past or future close stellar encoun-
ters with the Sun, we searched for published radial velocity
measurements in the literature and also made new obser-
vations of several stars. We found values for 564 of our 1194
stars (about 47% of the sample), which were combined with
the Hipparcos Catalogue data to calculate the time and
distance of the close passages. The catalogue also provides
the standard errors and the correlation coefficients of the
astrometric data.

The selection criteria are based on a simple rectilinear
motion model, and we have investigated several effects that
might make this model inadequate. These effects include
multiple scattering by other stars along a star’s path toward
or away from the Sun and differential acceleration between
the Sun and the star due to the large-scale Galactic poten-
tial.

The effect of stellar interactions is small: a star passing 1
pc from a 1 M, star with a relative velocity of 20 km s~ *
results in an angular deflection of only 45. Even over a
path length of 100 pc, the rms deflection due to such
encounters (assuming a local stellar density of 0.1 pc™3) is
less than 1'. This deflection at 100 pc initial distance would
change the impact parameter by less than 0.03 pc.

We also estimated the differential acceleration of the Sun
and the nearby star in the Galactic potential. Assuming an
axially symmetric and stationary Galactic potential field,
the force laws parallel and perpendicular to the Galactic
plane can be used to estimate this differential acceleration in
the solar neighborhood. Using IAU Galactic parameters
(Kerr & Lynden-Bell 1986), the change in the Sun-star
encounter distance induced by the potential field from that
given by a rectilinear motion, at a time equal to the time of
closest approach T, can be estimated as

T \*(2dy +d
~ —4 R Rc
Or~14x10"% pc <Myr) < o ) 1)

and
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in the Galactic plane and perpendicular directions, respec-
tively, where dy is the difference between the current galac-
tocentric distance of the Sun and that of the star in the
Galactic midplane, dj, is the difference at time T, d; is the
difference between the current vertical distance of the Sun
and the star from the midplane, and d,,. the difference at
time T. The change in encounter distance for time T may be
estimated as d,,,,; = (6% + 02)!/%

This change is small for most of the stars in our sample,
although it could be important for a few stars. Note that
.ol 18 proportional to T2, so the largest deviations from
rectilinear motion are expected for stars with large encoun-
ter times.

We also consider the Galactic orbital motion of the stars
under the influence of the Galactic potential. Assuming an
axisymmetric and steady-state (time-independent) potential,
Y, the equations of motion in cylindrical coordinates
(R, 6, z) are given by
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dt? + dt dt 0, @
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We assume that for small z/R the star’s motion in the z
direction can be decoupled from its motion in the Galactic
plane. For the distances involved in our study this is a good
approximation. The potential profile does not change much
along the star’s trajectory for the stars considered in the
sample. Expanding the Galactic force field in the plane to
first order around the Sun’s galactocentric distance R, the
following empirical expression for the radial force Kz can
be derived:

dK
d—R>®(R —Rp) - (6)

Using Kz = —0y/0R and introducing the Oort constants 4
and B, we obtain

W (W) 4 (W) r_
R" <8R>® TR (azz)O(R Ro)

= (4 — B*Ry; —(A—B)34 + BYR—Rp), (1)
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TABLE 1
CFA RADIAL VELOCITIES

HIP? T® vsini® Nobs®  Time Span® Ve Error®  Extt Int! e/il I P(x*)k Comments'
1463 ........ 3750 0 4 392 —15.15 0.36 042 072 0.59 0.79 0.851769
11048 ....... 3750 0 2 1131 —37.49 0.31 040 044 091 0.84 0360620 U039
11559 ....... 7250 10 4 408 20.87 0.83 1.67 0.73 2.29 16.43 0.000925 S?
20359 ....... 4500 0 4 343 —178.51 0.18 0.31 0.36 0.86 2.78 0.426808 uo77
20917 ....... 4500 0 60 4323 —3519 0.06 044 041 1.06 67.10  0.219143 Gl 169
21158 ....... 6250 0 5 1462 6.78 0.16 0.31 0.35 0.89 3.08 0.543902 H028676
21386 ....... 6500 10 7 1010 —50.72 1.37 3.63 0.68 5.33 204.55 0.000000 H026367, S
23452 ....... 3750 0 1 0 —17.13 0.43 000 043 0.00 0.00 1.000000 U092, CCDM
23913 ....... 5500 0 4 383 —26.97 0.26 0.53 049 1.08 5.54  0.136311
26335 ....... 3750 0 4 378 21.90 0.23 0.09 0.46 0.20 0.16  0.983637 U105
30067 ....... 6250 0 6 1552 40.19 0.14 024 035 0.68 2.39 0.792919 HO043947
30920 ....... 3500 0 69 4364 17.93 0.15 1.27 1.08 1.18 106.92  0.001814 Gl 234, CCDM
31626 ....... 4500 0 2 76 82.68 0.24 008 034 023 0.05 0.814880 U117
33275 ....... 6500 10 3 320 —14.45 0.25 034 043 0.78 113 0.567759
35136 ....... 6000 0 6 1758 84.20 0.20 032 050 0.65 2.51 0.774867 HO055575
36208 ....... 3750 0 66 5258 18.23 0.12 060 097 061 23.59  0.999999  Gl1273
38228 ....... 5750 10 6 1587 —15.93 0.22 0.19 0.54 0.35 1.01 0.961815 HO063433
39986 ....... 8750 120 6 455 26.39 7.43 18.20 5.73 3.18 40.81 0.000000 S
40317 ....... 5750 0 3 329 34.18 0.24 0.28 0.42 0.67 1.03 0.596886
41820 ....... 5500 0 8 1870 —16.12 0.18 0.51 0.34 1.52 17.38 0.015121 CCDM
49908 ....... 4500 0 134 4444 —25.92 0.04 044  0.33 1.33 226.52  0.000001 Gl 380, CCDM
52097 ....... 6500 30 7 340 —9.25 0.58 0.88 1.52 0.58 1.71 0.944082 CCDM
57548 ....... 3750 0 16 4033 —30.85 0.27 0.81 1.07 0.76 8.47  0.903657 U223
75311™...... 6000 0 4 355 —13.87 0.31 022 062 035 033 0953365 CCDM
753117 ...... 6250 0 4 355 —14.80 0.27 0.26 0.53 0.49 0.80  0.849277 CCDM
79667 ....... 9250 70 3 329 —18.86 2.11 1.25 3.66 0.34 0.49 0.782547
80459 ....... 3750 0 5 3802 —13.03 0.28 043 063  0.68 182 0.769203 U342
80824 ....... 3750 0 19 1006 —21.04 0.23 0.93 1.00 0.93 1290  0.797476 U347, CCDM
81935 ....... 4750 0 2 85 —19.07 0.18 0.25 0.25 1.03 1.07  0.300651
82003 ....... 4500 0 139 4446 —31.35 0.04 050 034 1.45 308.57  0.000000 G1 638
85605 ....... 5000 0 4 232 —-21.11 0.24 049 042 1.15 415 0245367 CCDM
85661 ....... 7500 90 6 385 —45.98 1.67 4.10 2.39 1.71 15.83 0.007344 CCDM
86961 ....... 4500 0 1 0 —28.87 0.88 0.00 0.88 0.00 0.00 1.000000 CCDM
86963 ....... 3750 20 1 0 —27.36 2.28 0.00 2.28 0.00 0.00 1.000000 CCDM
88574 ....... 3750 0 1 0 32.06 0.60 000 0.60 0.00 0.00 1.000000 U387
89825 ....... 4250 0 5 526 —13.90 0.19 0.16 041 0.39 0.59 0.963754
90112 ....... 5250 0 2 58 25.95 0.28 0.13 0.39 0.32 0.10  0.746999
91768 ....... 3750 0 62 4933 —0.93 0.10 0.51 0.76  0.67 2688 0999956 Gl 725A, CCDM
91772 ....... 3750 0 59 4933 1.22 0.11 0.57 0.83 0.68 29.32  0.999390 Gl 725B, CCDM
92403 ....... 3500 0 1 0 —11.48 0.82 000 0.82 0.00 0.00 1.000000 U401
94512 ....... 8750 60 4 186 —30.67 1.75 3.50 2.04 1.72 6.22  0.101272
94761 ....... 3750 0 4 783 35.38 0.39 044 077 057 099  0.804676 U412
95326 ....... 5000 10 2 58 35.56 0.42 0.11 0.59 0.19 0.04  0.846828 CCDM
99483 ....... 4750 0 3 169 25.03 0.23 0.23 040 058 072  0.696622
100111...... 5750 0 4 120 26.07 0.28 0.57 0.52 1.10 294 0401470
101573...... 4750 0 3 481 43.65 0.51 0.88 0.53 1.65 594  0.051326
103039...... 3750 0 3 155 15.82 0.56 0.59 0.97 0.61 0.77  0.681886
103659...... 6750 20 3 66 —15.79 0.58 0.46 1.01 0.45 0.41 0.814551
107528....... 6750 19 4 293 —17.23 0.36 072  0.68 1.07 287 0411325
110893...... 3750 0 31 2164 —33.77 0.16 0.78 0.87 0.90 17.66  0.963768 U483, CCDM
113020...... 3750 0 87 3746 —1.81 0.11 0.82 1.00 082 58.10  0.990909 Gl 876
117473 ...... 3750 0 48 4431 —171.16 0.09 0.46 0.62 0.75 27.74  0.988624 G1 908
117748 ...... 7500 30 4 269 7.38 0.66 0.76 133 057 0.82  0.845559 CCDM

2 Hipparcos Catalogue number.

b Effective temperature adopted for the synthetic template spectrum (in K).

° Rotational velocity (in km s ).

4 Number of observations.

¢ Time span between the first and last observations (in days).

f Average velocity (inkms™1).

& Standard deviation of the average velocity (in km s ™).

b External rms deviation of the individual velocities from the mean (inkm s~ ?).

! Average of the internal velocity error estimates from our cross-correlation package, XCSAO (Kurtz et al. 1992) running under the IRAF environment.
IRAF (Image Reduction and Analysis Facility) is distributed by the National Optical Astronomy Observatories, which are operated by the Association of
Universities for Research in Astronomy, Inc., under contract with the National Science Foundation.

i Ratio of the external to internal errors.

k Probability that a constant velocity star might accidentally show a y? value larger than we actually observe.

! Name assigned by the CfA observing catalogs if the star was originally observed for another project. In a few cases a code for suspected single-lined
binaries, S?, and definite velocity variables, S, is given. CCDM indicates stars listed in the Catalogue of Components of Double and Multiple Stars
(Dommanget & Nys 1994).

™ Northwest component.

? Southeast component.
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where
alm (@) ) e), o
@]
(Z—f: ®= —(4+ B), (10)
we=A4—-B, (11)

with ®, and w being the circular and angular velocity of
Galactic rotation, respectively, at the Sun.

For the perpendicular motion about the Galactic plane
we can use the third equation of motion (eq. [5]), where the
right-hand term is related to the vertical force K, through
K, = —0y/0z, and K, is related to the total mass density in
the neighborhood of the Sun, po, through Poisson’s equa-
tion, which, to first order, is

oK

4nGpy = ——=, 12
TGpe oz (12)

The term neglected in this equation, 2(42 — B?), is zero for a

flat Galactic rotation curve and is small for other rotation

curves.

2.1. Radial Velocities

Radial velocity measurements were obtained from the
astronomical literature, in particular the compilations of
Wilson (1953), Evans (1978), and others, but also from other
miscellaneous sources. For some stars the radial velocity
uncertainty is not reported in the literature, and in these
cases we assume an uncertainty of 3 kms™?.

We also measured new radial velocities for some of the
stars in our sample. For these observations we used the
Center for Astrophysics (CfA) digital speedometers (Latham
1985, 1992), primarily on the 1.5 m Wyeth Reflector at the
Oak Ridge Observatory in Harvard, Massachusetts, but
also on the 1.5 m Tillinghast Reflector and the Multiple
Mirror Telescope at the F. L. Whipple Observatory atop
Mount Hopkins, Arizona.

The radial velocities were derived using cross-correlation
techniques following the general approach outlined in
Nordstrom et al. (1994). The templates were drawn from an
extensive grid of synthetic spectra calculated by J. Morse
using Kurucz (1992a, 1992b) model atmospheres. For the
template parameters we adopted solar metallicity and
surface gravity log g = 4.5 throughout and ran extensive
grids of correlations in effective temperature and rotational
velocity in order to determine the template that gave the
highest peak correlation value averaged over all the expo-
sures. These techniques yield a precision of about 0.5 km
s~ ! for a single-velocity measurement of a slowly rotating
solar-type star, with an absolute accuracy of about 0.1 km
s~ ! in the zero point of the CfA velocity system. The preci-
sion of a single-velocity measurement degrades with
increasing rotational velocity and can be as poor as 2 or 3
km s~ ! near the limiting value of v sin i, about 140 km s~ 1,
that can be handled by the CfA procedures. For the coolest
M dwarfs and for stars with very rapid rotation, the absol-
ute zero point of the CfA velocity system may be uncertain

by as much as 1 km s~ ! because of template mismatch. The
results of the CfA velocity measurements for the stars
included in this paper are summarized in Table 1.

It is important to identify spectroscopic binaries among
our targets, because orbital motion can introduce a signifi-
cant deviation of a single-velocity measurement from the
center-of-mass velocity for the system, especially for short-
period binaries where the orbital amplitude can be tens of
km s~ '. We include indicators of possible binary systems in
Table 1. The ratio of the external to internal errors, e/i (see
Table 1 for details), is often used as an indicator of intrinsic
velocity variation. Stars with e/i > 2 may be identified as
binaries. However, for stars with just a few observations we
prefer to use P(x?), the probability that a constant velocity
star might show, by accident, a y> value larger than we
actually observe. Stars with P(x?) less than or equal to
about 0.001 are very unlikely to be intrinsically constant.

The e/i test is not well suited for stars with only a few
observations, because the external error estimate is vulner-
able to statistical fluctuations. P(y?) is a less useful test for
stars with many observations because it assumes that the
errors are exactly Gaussian, while real data sets always have
outliers. Very subtle deficiencies in the internal error esti-
mates can get translated into extreme values of P(x?) for
stars with dozens of observations. This problem is illus-
trated by the results for the M dwarfs with Gliese identifica-
tions in Table 1. Those targets have been observed for many
years for another project and have much richer data sets
than the stars that were new targets for the present project.

Two of the stars in Table 1, HIP 21386 and 39986, have
large e/i ratios and very small P(x?) values. Plots of the
velocity histories for these stars confirm that there are sig-
nificant variations in their velocities, and there is little
doubt that they are binaries. The error indicators for one of
the stars, HIP 11559, suggest that it may also be a variable,
but the evidence is very marginal.

The stars in Table 1 include two visual binaries: HIP
75311, which has an angular separation of 3"25, and HIP
91768 and 91772 (Gl 725A and 725B), which are separated
by 1373. For each of these systems the velocities of the
individual members are quite similar, confirming the con-
clusion already reported in the Hipparcos data base that
they are physical binaries. In both cases the member stars
must have nearly the same masses because they have very
similar brightnesses, so it should be adequate to calculate
the center-of-mass velocity simply by averaging the veloci-
ties of the two components. For HIP 75311 this gives a
system velocity of —14.3 + 0.3 km s, and for Gl 725, a
system velocity of 0.15 + 0.1 km s 1.

3. RESULTS

For the calculation of the stellar passages we have used
both a straight-line-motion approximation and integrated
orbits using the equations of motion for the Galactic poten-
tial given above. For the integrated orbits we have used a
fourth-order Runge-Kutta integrator. Oort constants
A=1482+0.84 km s~ ! kpc™! and B= —1237 + 0.64
km s~ ! kpc™ !, and Ry, = 8.5 + 0.5 kpc, are adopted from
Feast & Whitelock (1997) and the local total mass density
po = 0.076 &+ 0.015 M, pc™ ! from Crézé et al. (1998).

The stars we find with a closest approach distance within
5 pc of the Sun are listed in Table 2 in order of increasing
miss distance. These predicted passages are contained in a
time interval of about +10 Myr, with most occurring



TABLE 2

STELLAR PASSAGES WITHIN 5 PC OF THE SUN

HIP? Name® RAS Decl.® Tine Tiin or® Dt Dyf opt |4 Reference!
89825 ....... G1710 18 19 50.84 —01 56 19.0 1357.8 1357.3 41.8 0336 0.343 0.161 —139 CfA
85661 ....... HD 158576 17 30 20.00 —04 22 09.8 1846.5 1845.8 1504 0.846 0.753 0.677 —46.0 CfA
70890....... Proxima 14 29 47.75 —62 40 52.9 26.7 26.7 0.2 0954 0954 0.036 -21.7 1
71683 ....... o Centauri A 14 39 4090 —60 50 06.5 27.8 278 0.1 0973 0973 0.021 —-227 2
71681 ....... o Centauri B 14 39 39.39 —60 50 22.1 27.7 27.7 0.2 0975 0975 0.021 —-227 2
57544 ....... AC +79°3888 11 47 39.17 +78 41 24.0 428 428 0.9 1.007 1.007 0.025 —1190 3
80300....... Gl 620.1B 16 23 33.78 —39 13 46.2 —2419 —241.8 11.8 1139 1.139 0.095 514 4
87937 ....... Barnard’s star 17 57 4897 +04 40 05.8 9.7 9.7 0.0 1.143 1.143 0.006 —1109 5
100111...... HD 351880 20 18 30.60 +19 01 51.8 —944.7 —944.8 7753 1439 1445 3.630 26.1 CfA
54035 ....... Lalande 21185 11 03 20.61  +35 58 53.3 20.0 20.0 0.0 1440 1.440 0.006 —847 5
11559 ....... SAO 75395 02 28 5492  +21 11227 —5477.0 —5541.7 1069.0 1.448 2.688 4.007 209 CfA
94512 ....... HD 179939 19 14 10.04 +07 45 50.7 3734.0 37329 4510 1451 1.025 1.142 —30.7 CfA
26335....... Gl 208 0536 3099 +11 19 40.8 —4979 —4979 86 1.600 1.599 0.058 219 CfA
26624 ....... HD 37594 0539 31.15 —-033353.0 —18042 —1804.1 117.7 1.610 1.598 0.258 224 6
27288 ....... Gl1217.1 0546 5735 —144919.0 —10459 —1046.0 130.1 1.637 1.629 0.217 200 3
99483 ....... HIP 99483 20 11 2407 +0536 199 —2892.5 —28949 14520 1.653 1.379 25.299 250 CfA
25240....... HD 35317 05235133 —005159.8 —1078.0 —10779 717 1755 1.735 0.531 526 7
86963 ....... GJ 2130B 17 46 1447 —32 06 06.0 202.6 202.6 186 1.782 1.782 0.264 —274 CfA
103738...... HD 19995 21011746 —321528.0 —3781.5 —3802.2 230.7 1.811 2.653 1.111 176 3
101573...... HIP 101573 203507.18 +074307.1 —4189.0 —42024 1805.7 1.821 1.898 6.108 436 CfA
85605 ....... CCDM 17296+2439B 17 29 36.19 +24 39 11.6 196.8 196.8 283 1.837 1.837 0.695 —21.1 CfA
47425 ....... Gl 358 09 39 46.78 —41 04 06.3 —62.8 —62.8 86 1875 1.875 0.273 1420 8
92403 ....... Ross 154 18 49 4896 —23 50 08.8 151.8 151.8 22 1.881 1.881 0.082 —11.5 CfA
40317 ....... HD 68814 08 135711 —040312.6 —2346.0 —2347.3 2988 1909 1.990 1.341 342 CfA
57548 ....... Ross 128 11 47 44.04 +00 48 27.1 71.1 71.1 03 1911 1911 0.027 —309 CfA
86961 ....... GJ 2130A 17 46 12.66 —32 06 10.0 189.0 189.0 132 1929 1929 0.366 —289 CfA
110893...... Gl 860A 2228 0042 +57 41 49.3 88.6 88.6 0.6 1949 1949 0.043 —338 CfA
23641 ....... HD 33487 0504 5349 —69 10 08.0 1040.7 1041.5 139.1 1977 1954 0.372 -390 9
30067 ....... HD 43947 06 19 40.18 +16 00 47.8 —666.4 —666.3 165 2016 2.016 0.117 40.2 CfA
21386....... HD 26367 04 352409 +8531372 704.4 704.5 425 2028 2.038 0.285 —50.7 CfA
35550....... Gl 271A 07 20 07.39  +21 58 56.4 1138.0 1138.0 111.7 2.038 2.029 1.169 —153 10
20359 ....... Gl 168 04 21 3592 +48 20 13.1 380.5 380.5 225 2074 2075 0.288 —78.5 CfA
16537 ....... Gl 144 03 325642 —09 27 29.9 —104.8 —104.9 0.8 2135 2135 0.079 168 7
38228 ....... HD 63433 07 49 55.07 +272147.6 1326.2 1326.4 314 2138 2121 0.123 —159 CfA
86214 ....... Gl 682 17 370424 —44 19 01.0 67.4 67.4 151 2140 2.140 0.616 —600 8
13772 ....... Gl 120.1 02 57 14.69 —24 58 09.9 —429.9 —430.0 348 2245 2246 0.276 50.6 11
86990 ....... Gl 693 17 46 3544  —57 18 56.7 42.0 42.0 09 2253 2253 0.073 —1150 11
95326....... CCDM 19236—3911B 1923 3893 —391121.0 —3429 —3429 2393 2261 2260 3.754 35.6 CfA
68634 ....... HD 122676 14 02 5690 +14 58 31.2 —3054 —3054 509 2263 2262 0.392 830 12
77257 ....... Gl 598 1546 26.75 +07 21 11.7 165.7 165.7 1.6 2267 2267 0.044 —66.8 13
13769 ....... Gl 120.1C 02 57 13.18 —24 58 30.1 —503.1 —503.2 35.6 2269 2269 0.217 496 11
8709 ........ WD 0148 +467 01 52 0296 +47 00 05.6 —237.2 —237.2 137 2286 2.286 0.270 64.0 11
32349 ....... Sirius 064509.25 —1642473 65.7 65.7 55 2299 2299 0.089 —-94 14
26744 ....... HD 37574 0540 57.82 +325345.6 6122.0 6054.1 15469 2305 2233 1.233 —100 3
113421...... HD 217107 22 58 15.54 —02 23432 1405.8 1408.5 173.6 2313 2323 0.311 —135 7
93506 ....... HD 176687 19 02 36.72 —2952484 —1205.6 —1205.2 1422 2314 2333 0.434 220 3
75311 ....... BD —02°3986 1523 11.60 —02 46 00.5 3961.0 39874 16379 2316 3.102 8.542 —143 CfA
39986 ....... HD 67852 08 09 5846 +010113.8 —4378.0 —43844 13572 2341 1.229 2951 264 CfA
31626....... HD 260564 06 37 05.29 +194510.7 —405.2 —405.2 284 2341 2340 0.339 827 CfA
14576 ....... Algol 03 08 10.13 +4057203 —6916.0 —68954 867.6 2381 2.666 0.632 40 3
5643 ........ Gl 54.1 01122990 —170001.9 —744 —744 1.1 2429 2429 0.162 280 3
103039...... LP 816—60 20 523320 —16 58 29.3 —269.9 —269.9 64 2482 2483 0.123 158 CfA
33275....... HD 50867 06 551744 +05 54 37.7 3480.5 3472.8 1829 2.587 2732 0.937 —144 CfA
1463 ........ Gl 16 00 18 16.59 +10 12 10.3 1018.4 1019.2 412 2609 2.623 0.236 —152 CfA
25001 ....... HD 34790 05211269 +29 34116 4484.0 4456.5 350.0 2.647 2.862 1.948 —187 3
85429 ....... IRAS 17249 + 0416 1727 2594 +04 13 39.1 542.5 542.5 3279 2.664 2.658 1.924 —90.0 16
82977 ....... HD 152912 16 57 22.64 —2547 585 —2727.5 —2722.8 7346 2700 2.466 3.821 500 3
97649 ....... Gl 768 19 50 46.68 +08 52 02.6 139.5 139.5 1.2 2702 2702 0.043 —-26.1 17
72511 ....... CD—25 10553 14 49 33.51 —26 06 21.7 —729 —729 20 2758 2758 0.442 330 8
116727...... G1903 23392098 +773755.1 300.1 300.1 49 2791 2792 0.059 —431 7
91726....... HD 172748 1842 1642 —09 03 09.2 1248.8 1248.5 66.0 2.806 2.823 0.374 —448 17
6379 ........ Gl 56.5 01215920 +764237.3 704.0 704.0 357 2823 2.823 0.157 -227 3
117473...... G1908 23491195 +0224 129 62.8 62.9 0.3 2.886 2885 0.046 —-712 CfA
116250...... HD 221420 23331955 —-7723072 —1183.3 —11844 182 2907 2.886 0.127 260 15
77910 ....... HD 142500 15 54 40.27 +08 34 49.2 2860.0 2873.9 3619 2917 2458 1.070 -251 17
30920....... Ross 614 0629 23.00 —0248 449 —110.9 —110.9 02 2929 2929 0.050 179 CfA
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HIP? Name® RA° Decl.® T T 8 or® D, Dyf opt yb Reference!
35136....... GJ 1095 07 15 50.11 +47 14 25.5 —189.7 —189.7 21 2969 2968 0.068 842 CfA
37766 ....... Ross 882 07 44 40.38 +03 33 12.8 —160.3 —160.3 14 3052 3.052 0.084 266 5
72509 ....... Gl 563.2B 14 49 32.69 —26 06 40.2 —71.6 —71.6 41 3.071 3.070 1480 330 8
80543 ....... HD 148317 16 26 39.21 +15 58 21.5 2103.0 2108.0 198.0 3.132 2903 0.640 -370 3
81935....... HD 150689 16 44 15.03 —38 56 36.6 701.7 701.6 109 3.145 3.146 0.093 —19.1 CfA
20917 ....... Gl 169 04 29 00.17 +21 55 20.2 294.1 294.1 30 3189 3.188 0.077 —352 CfA
36795 ....... Gl 279 07 34 03.21 —22 17 46.3 —411.7 —411.7 71 3196 3.197 0.107 60.1 18
80824 ....... Gl 628 16 30 18.11 —12 39 35.0 86.0 86.0 0.2 3208 3.208 0.039 —21.0 CfA
86162 ....... Gl 687 17 36 26.41 +68 20 32.0 78.8 78.8 02 3213 3213 0.378 -279 19
29271 ....... Gl 231 06 10 14.20 —74 45 09.1 —255.2 —2552 31 3249 3249 0.050 349 17
27075 ....... HD 38382 05 44 28.41 —20 07 36.0 —634.7 —634.8 459 3271 3273 0.266 387 17
8102 ........ Gl 71 01 44 05.13 —1556 22.4 42.6 42.6 0.5 3271 3271 0.016 —164 20
1242 ........ Gl 1005 00 15 27.67 —16 07 56.3 105.8 105.8 34 3289 3289 0.509 —290 11
3829 ........ Van Maanen’s star 00 49 09.18 +05 23 42.7 —343 —343 0.3 3.327 3.327 0.137 540 21
21158 ....... HD 28676 04 32 07.91 +21 37 56.5 —5628.0 —5612.1 241.0 3380 2966 1.236 6.8 CfA
91438 ....... Gl 722 18 38 53.45 —21 03054 —306.6 —306.6 174 3384 3384 0217 386 7
23913 ....... HD 233081 05 08 16.22 +52 22 03.3 1842.8 1841.8 1314 3396 3.355 0.750 -270 CfA
37279 ....... GI1 280A 07 39 18.54 +05 13 39.0 29.6 29.6 71 3438 3438 0.032 -39 14
1475 ........ Gl 15A 00 18 20.54 +44 01 19.0 —16.1 —16.1 02 3469 3469 0.014 119 5
85667 ....... Gl 678 17 30 23.87 —01 03 45.0 200.9 201.0 44 3503 3.503 0.160 —-764 22
91772 ....... Gl 725B 18 42 48.51 +59 37 20.5 —04 —04 0.2 3.515 3.515 0.062 0.1 CfA
103659...... HD 199881 21 00 08.69 —10 37 41.7 4926.0 4974.5 446.7 3.527 3.106 1.635 —158 CfA
39757 ....... HD 67523 08 07 32.70 —24 18 16.0 —394.0 —394.0 6.1 3.563 3.564 0.096 46.1 23
91768 ....... Gl 725A 18 42 48.22 +59 37 33.7 —04 —04 0.2 3568 3.568 0.033 0.1 CfA
7751 ........ Gl 66 01 39 47.24 —56 11 47.2 —283.5 —283.5 44 3570 3.570 0.098 227 3
90112 ....... HD 168769 18 23 19.64 —39 31 12.0 —1888.2 —1886.3 159.6  3.594 3.662 1.095 259 CfA
36208 ....... Luyten’s star 07 27 24.16 +05 14 05.2 —139 —139 0.1 3.666 3.666 0.021 182 CfA
105090...... Gl 825 2117 17.711 —38 51525 —19.6 —19.6 0.6 3.696 3.696 0.025 242 24
99701 ....... Gl 784 20 13 52.75 —4509 49.1 124.7 124.7 0.6 3.727 3.727 0.056 —31.1 17
98698 ....... Gl 775 20 02 47.10 +03 19 33.2 3725 372.5 20.1 3756 3756 0.242 —316 25
11048 ....... G196 02 22 14.46 +47 52 47.7 279.9 279.9 40 3.756 3.756 0.110 —375 CfA
33226....... Gl 251 06 54 49.47 +33 16 08.9 —1239 —1239 0.3 3.814 3.814 0.063 227 5
117748...... BD +37°4901C 23 52 48.30 +38 41 10.8 —4387.0 —4426.2 16168 3.820 3.622 6.767 74 CfA
49908 ....... Gl 380 10 11 23.36 +49 27 19.7 68.7 68.7 0.1 3.85 3.856 0.021 —259 CfA
33277 ....... Gl 252 06 55 18.69 +2522 323 1028.7 1028.6 61.0 3867 3.862 0.275 —156 26
68184 ....... HD 122064 13 57 32.10 +6129 324 333.2 3333 11.3 3868 3.868 0.162 —253 3
57791 ....... HD 102928 11 51 02.23 —05 20 00.0 —5593.0 —5789.0 493.1 3939 2744 1.169 134 27
89959 ....... HD 168956 18 21 15.85 +26 42 24.3 2835.0 2840.6 3457 3940 3762 1.085 -253 17
33909....... HD 53253 07 02 15.48 —43 24 139 —3913.0 —3930.2 321.8 3998 4.381 1.156 311 6
79667 ....... HD 146214 16 15 33.26 —12 40 48.1 4840.0 4845.5 719.2 4034 4007 2.004 —189 CfA
101027...... Gl 791.1A 20 28 51.62 —17 48 49.2 —1578.8 —1578.8 106.6 4.053 4.103 0416 184 3
34603 ....... Gl 268 07 10 02.16 +38 31 544 —-97.0 —-97.0 0.5 4.066 4.066 0.143 379 28
99859 ....... HD 192869 20 15 36.34 +42 21434 3890.5 3905.4 4714 4.080 4.072 1.689 —280 3
24502 ....... HD 33959C 05 15 23.61 +32 41 05.1 1829.0 1827.0 1039.7 4.093 4.097 6.508 —131 29
45333 ....... Gl 337.1 09 14 20.55 +61 25 24.2 1286.2 1287.2 446 4121 4121 0.181 —142 30
85523 ....... Gl 674 17 28 39.46 —46 53 35.0 73.7 73.7 215 4134 4134 0311 —102 31
80337 ....... Gl 620.1A 16 24 01.24 —39 11 34.8 —867.5 —867.1 90 4155 4.158 0.110 13.0 30
11964 ....... Gl 103 02 34 22.52 —43 47 443 —233.2 —2332 27 4180 4180 0.088 419 32
109555...... Gl 851 22 11 29.89 +18 25 32.7 188.2 188.2 27 4203 4203 0.148 —514 5
90595 ....... HD 170296 18 29 11.85 —14 33 56.9 2129.0 2126.4 2166 4278 4280 1.370 —410 3
27913 ....... Gl 222 05 54 23.08 +20 16 35.1 471.7 471.6 26 4380 4380 0.080 —134 13
94761 ....... Gl 752A 19 16 55.60 +05 10 19.7 —70.4 —704 0.1 4420 4420 0.055 354 CfA
114059...... HD 218200 23 05 56.62 +18 05 14.1 —4009.0 —4057.1 688.0 4429 4062 2.066 180 33
107528...... HD 207164 21 46 43.36 +19 28 37.5 9774.0 10153.1 8452 4449 7785 3.524 -72 CfA
86400 ....... Gl 688 17 39 17.02 +03 33 19.7 —3814 —3814 94 4461 4460 0.169 227 17
36186....... HD 58954 07 27 07.99 —17 51 535 2870.0 2872.0 2622 4483 4343 0997 —292 3
90790 ....... Gl1716 18 31 19.05 —18 54 30.0 274.7 274.7 43 4484 4484 0.121 —41.6 31
23452 ....... HD 32450 05 02 28.51 —211522.0 351.2 351.2 48 4489 4490 0.142 —17.1 CfA
87345 ....... HD 162102 17 50 52.34 —3342204 3610.5 3595.6 6034 4518 4.629 2972 —175 3
7981 ........ Gl 68 01 42 29.95 +20 16 12.5 134.6 134.6 1.0 4573 4573 0.090 —339 26
41820....... HD 71974 08 31 35.03 +34 57 58.3 1695.2 1697.5 672 4612 4564 0.486 —16.1 CfA
87777 ....... HD 163547 17 55 50.81 +222751.2 3351.0 3358.3 329.6 4.648 5170 1.515 —436 3
113020...... Ross 780 22 53 16.16 —14 15434 12.1 12.1 0.7 4.690 4.690 0.047 —18 CfA
88601 ....... Gl1 702 18 05 27.21 +02 30 08.8 75.2 75.2 82 4698 4698 0.113 -9.7 7
22449 ....... G1178 04 49 50.14 +06 57 40.5 —211.3 —211.3 41 4701 4.701 0.199 244 7
88574 ....... G1 701 18 05 07.25 —03 01 49.8 —150.6 —150.6 09 4720 4720 0.103 321 CfA
16536....... Gl 145 03 32 56.11 —44 42 08.2 239.1 239.1 33 4732 4732 0.192 —-360 11
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TABLE 2—Continued
HIP? Name® R.A° Decl.© T T8 or° D, f Dy, opt v Reference!

42049 ....... HD 72617 08 34 13.35 +08 27 08.5 —1063.9 —1064.2 150.8 4.762 4.748 0.818 53.0 12

52097 ....... HD 92184 10 38 43.16 +05 44 02.4 6984.0 7349.4 961.8 4.770 2.803 4.182 —-9.2 CfA
106440...... Gl 832 21 33 34.02 —49 00 25.3 —51.5 —51.5 344 4.828 4.828 0.158 4.1 15

82003 ....... Gl 638 16 45 06.38 +33 30 29.9 230.1 230.1 1.0 4.834 4.834 0.074 —314 CfA
89937 ....... G1713 18 21 02.34 +72 44 01.3 —155.5 —155.5 0.2 4.838 4.838 0.032 324 34
110294...... HD 239927 22 20 25.74 +58 05 05.3 1569.8 1570.6 173.6 4.871 4.890 1.042 —355 15

80459 ....... Gl 625 16 25 24.19 +54 18 16.3 220.6 220.7 0.9 4896 4896  0.070 —13.0 CfA
39780....... HD 67228 08 07 45.84 +21 34 55.1 598.8 598.8 17.2 4.924 4925 0.247 —364 35

92871 ....... Gl 735 18 55 27.36 +08 24 09.6 688.0 687.9 98.1 4927 4.927 0.924 —13.5 11

43670 ....... HD 75935 08 53 49.93 +26 54 47.7 2063.5 2065.2 109.3 4938 5.063 1.101 —189 36
53985....... Gl 410 11 02 38.25 +21 58 02.2 529.6 529.7 16.3 4976 4.980 0.238 —17.6 37

27693 ....... HD 39655 05 51 47.13 —44 00 52.0 —3403.0 —3421.0 389.1 4979 5.197 1.555 29.3 38

82817 ....... Gl 644 16 5529.24 —08 20 03.1 —73.6 —173.6 2.5 4982 4,982 0.159 18.8 17

67529 ....... HD 120702 13 50 08.10 +42 33 26.2 2120.5 2132.7 1779 4.993 5.184 0.963 —44.0 39

* Hipparcos Catalogue number.

® Alternative identification.

¢ Right ascension and declination for epoch J1991.25, as given in the Hipparcos Catalogue. Units of right ascension are hours, minutes, and seconds, and
units of declination are degrees, arcminutes, and arcseconds.

4 Time of closest approach (10° yr) for integrated orbits (T,,) and for rectilinear motion (7j,,). The sign indicates a past (negative sign) or future (positive
sign) passage.

° Time uncertainty (103 yr).

f Closest approach distance (pc) for integrated orbits (D,,,) and for rectilinear motion (D).

¢ Distance uncertainty (pc).

b Radial velocity (km s~ 1).

i Radial velocity reference: CfA denotes measurements by the Center for Astrophysics; (1) Matthews & Gilmore 1993; (2) Wesselink 1953; (3) Wilson
1953; (4) Holberg, Bruhweiler, & Andersen 1995; (5) Marcy, Lindsay, & Wilson 1987; (6) Nordstrom & Andersen 1985; (7) Beavers & Eitter 1986; (8)
Rodgers & Eggen 1974; (9) Fehrenbach & Duflot 1982; (10) Abt, Sanwal, & Levy 1980; (11) Gliese & Jahreiss 1991; (12) Fehrenbach et al. 1997; (13)
Duquennoy & Mayor 1991; (14) Andersen & Nordstrom 1983; (15) Barbier-Brossat 1989; (16) Smak & Preston 1965; (17) Evans 1978; (18) Feast 1970; (19)
Wilson 1967; (20) Beavers et al. 1979; (21) Greenstein & Trimble 1967; (22) Batten & Fletcher 1971; (23) Duflot et al. 1995; (24) Jones & Fisher 1984; (25)
Bopp & Meredith 1986; (26) Barnes, Moffett, & Slovak 1986; (27) Ginestet et al. 1985; (28) Tomkin & Pettersen 1986; (29) Abt 1970; (30) Soderblom &
Mayor 1993; (31) Catchpole et al. 1982; (32) Evans 1959; (33) Fehrenbach et al. 1987; (34) Tomkin et al. 1987; (35) Abt & Levy 1976; (36) Orosz, Wade, &

Harlow 1997; (37) Young, Sadjadi, & Harlan 1987; (38) Evans, Mezies, & Stoy 1957; (39) Duflot et al. 1990.

within a few Myr. Some passages have a large uncertainty,
mainly because of large errors in the measured parallax or
proper motion; the miss distances and encounter times
reported for these passages should be considered with
caution.

We find good agreement between the values for the linear
approximation and the values for the integrated Galactic
orbits for most of the stars in Table 2. This is basically due
to the relatively short encounter times for most of the trajec-
tories of these nearby stars. As larger times are considered
the disagreement grows, as would be expected (see § 2). The
major fraction of the stars with larger disagreements also
have large values of the error estimate J,,,,; discussed above.

The closest approach distances versus time of past
(negative times) or future (positive times) encounters are
shown in Figure 1. Stars coming within about 2-3 pc may
be potential perturbers of the Oort cloud. The size of the
data point for each star is proportional to the visual bright-
ness of the star at the predicted minimum distance. From
this plot we see that the passages at large times are domi-
nated by stars with the largest apparent brightnesses at
closest approach. This suggests an observational bias,
which can be explained if one notes that most of the stars
that had or will have a close passage at large times from the
present epoch could only have been observed by Hipparcos
if they are intrinsically bright.

This bias is also seen if one considers the frequency of
stellar approaches versus time, as shown in Figure 2. The
distribution is sharply peaked towards the current epoch
and falls off rapidly within + 1 Myr of the present time.

The frequency of stellar passages within any distance, D,
of the Sun can be estimated by N = nD?vg, p,,., where v, is

the velocity of the Sun relative to the stars and p, is the
local density of stellar systems. Mignard (1998) found values
for the solar motion of 16.1-21.2 km s~ ! relative to the local
standard of rest as measured relative to various stellar
types, based on Hipparcos data for stars within 2 kpc of the
Sun and within 30° of the Galactic plane. Also using Hip-
parcos data, Mignard found that the velocity dispersions of
stars in the solar neighborhood ranged between 17.1 and
42.6 km s~ !, again depending on stellar type. We assume a
value of 40 km s~ !, since most encounters will be with the
more numerous, higher velocity, solar-type and late-type
stars. If we add this value in quadrature with a nominal
value of 20 km s~ ! for the solar motion, then the mean
encounter velocity of stars or star systems with the Sun, v,
is on the order of 45 km s~ 1.

A current best estimate for the local density of stellar
systems (single or multiple stars), p,,, within 5 pc of the Sun
is 0.086 pc~? (T. J. Henry 1998, private communication).
Combining this value with the nominal value of 45 km s~ ?
for v, found above and assuming an encounter distance of
<1 pc, gives N = 12.4 Myr~'. Earlier estimates by Weiss-
man (1980) and Fernandez & Ip (1991) found values for N
of 5.1 and 7 Myr 1, respectively, assuming somewhat differ-
ent input values (i.e., in general, lower encounter velocities).

A logarithmic plot of the cumulative number of predicted
stellar encounters from our Hipparcos data, between the
Sun and passing stars within 5 pc, is shown in Figure 3.
These data are for 86 stellar systems in our sample with
measured radial velocities and encounter times within +1
Myr. The dashed line in the figure is a least-squares fit to the
data, which has a slope of 2.12 + 0.04, in fair agreement
with theory. Assuming similar statistics for the total sample,
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Fic. 1.—Miss distance (pc) vs. time (Myr) of predicted stellar approaches within 5 pc. The outer radius of the Oort cloud is approximately 10° AU. The
size of each dot is proportional to the star’s visual brightness at closest approach (stars with bigger circles are brighter). These visual magnitudes range

between —3.5 and 12.

we find a value of 3.5 stellar systems per Myr passing within
1 pc, considerably less than the value estimated above. For
the stars in our sample, the rms encounter velocity with the
solar system is 52 km s~ !, in good agreement with the
estimate above.

The apparent disagreement in the encounter rates is
likely due to observational incompleteness in our sample.
The Hipparcos Catalogue is complete to a visual magnitude
of ~(7.3-9.0), depending on Galactic latitude and spectral
type and has a limiting visual magnitude of ~12. Conse-
quently, fainter, low-mass stars near the periphery of our
search area were likely missed. This observational incom-
pleteness is also evident in the decrease in encounter fre-

Number of encounters
> o
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T
1

1 oa

-1.0 -0.5 0
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A |

Fi1G. 2—Number of encounters within 5 pc as a function of time (Myr)
for the encounters within +1 Myr.

1.0

quency and the increase in the mean brightness of the stars
encountering the solar system as one moves away from the
present epoch in time, as shown in Figures 1 and 2.

The incompleteness in the Hipparcos Catalogue is evident
if one considers the statistics of stars in the solar neighbor-
hood. T. J. Henry (1998, private communication) found a
local density of 0.086 star systems pc~ 2 within 5 pc of the
Sun. This compares with 0.067 star systems pc~ > for the
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F1G. 3—Logarithmic plot of the cumulative number of predicted stellar
encounters vs. closest approach distance (10> AU) within +1 Myr. The
dashed line is a least-squares fit to the data. The slope of 2.12 + 0.04 is in
fair agreement with theoretical expectations. The predicted encounter rate
is 3.5 stars Myr ! pc~2, less than predicted values. This is likely because of
observational incompleteness in the Hipparcos data set.
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Hipparcos Catalogue within 5 pc. Henry also found a
density of 0.055 pc™* within 10 pc of the Sun, which he
noted was substantially incomplete (see also Henry et al.
1997); the corresponding density for the Hipparcos Cata-
logue is 0.041 pc~ 3 within 10 pc. For the star systems in our
sample that will encounter the solar system within 5 pc, the
rms current distance is 13.9 pc, so we would expect that the
incompleteness in our estimate to substantially exceed 50%.
If we only consider stellar encounters with the solar
system within +0.5 Myr, we find N = 6.4D*°°%%-03_ This is
almost double the estimate for the + 1 Myr interval, but still
only about one-half of that estimated by the theoretical
calculation above. We suggest that this is further proof that
observational incompleteness exists within our sample and
is a strong function of encounter time and current stellar
distance. We will examine the question of observational
incompleteness in more detail in a future paper.

3.1. Past and Future Close Approaches

From Table 2 we see that 147 stars are predicted to
come within a distance of 5 pc during a time interval of
about +10 Myr, with roughly similar numbers of close
approaches in the past and the future: 64 and 83, respec-
tively. For all stars with a closest approach distance of less
than 3 pc, the variation with time of the separation distance
between each star and the Sun is shown in Figures 4 and 5
for time intervals of 2 Myr in the past and 2 Myr in the
future, respectively.

The star with the closest future passage in the sample is
Gl 710. The predicted minimum distance for this star is
0.336 pc (69 x 10° AU) with the integrated orbit and 0.343
pc (71 x 103> AU) with the linear motion model; the
encounter time is 1.36 Myr in the future (see discussion
below for the assumptions made in these calculations). This
star is the only one in our sample with a predicted miss
distance less than 10° AU (~0.5 pc).

Close stellar passages within 3 pc of the Sun during a
time span of +10° yr from the present are shown in Figure
6. The best-determined miss distances for our sample are
obtained for this interval of time. The trajectories of the
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Fi1G. 4—Closest predicted stellar passages within the past 2 Myr. Error
bars in time and miss distance are plotted at the closest approach point.
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F1G. 5—Same as Fig. 4, but up to 2 Myr in the future. Gl 710 has the
most plausible passage through the Oort cloud in our sample. Stars having
predicted close passages within the next 0.1 Myr are identified in Fig. 6.

stars are plotted along with the corresponding uncertainties
in the distance and time of closest approach. Several stars
come within ~ 1 pc of the Sun.

Proxima Centauri (HIP 70890) is currently the nearest
star to the Sun. Based on its proximity on the plane of the
sky and similar distance, Proxima is commonly thought to
be a third component of the binary system o Centauri A/B
(HIP 71683 and 71681). However, kinematic data do not
allow a bound orbit for Proxima to be unambiguously
determined. The value of — 1574+ 3.3 km s~ ! for the
radial velocity of Proxima (Thackeray 1967) raises some
questions about the bound hypothesis (see Matthews &
Gilmore 1993 and Anosova, Orlov, & Pavlova 1994 for
discussion). On the other hand, a value of — 21.7 + 1.8 km
s~ ! based on more precise unpublished measurements of
the radial velocity of Proxima made during ESO’s Coravel
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F1G. 6.—Same as Figs. 4 and 5, but for +10° yr. Several close passages
are predicted over the next few tens of thousand years.
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program, led Matthews & Gilmore (1993) to suggest that
Proxima is a bound member of the « Centauri system. Mat-
thews (1994) used a radial velocity of —22.37 km s~ ! for
Proxima, required to account for the bound hypothesis
with the implied semimajor axis of Proxima’s orbit. Mat-
thews found a closest approach distance to the Sun for
Proxima of 0.941 pc, which is 26.7 x 10° yr from now. For
the a Centauri A/B system he found a closest approach
distance of 0.957 pc in about 28.0 x 10% yr. Our results of
0.954 pc in 26.7 x 10 yr for Proxima (using the radial
velocity value of —21.7 km s~ ') and 0.974 pc in 27.8 x 103
yr for the barycenter of a Centauri A/B are consistent with
these earlier predictions. Also in good agreement is the close
passage of Barnard’s star (HIP 87937), which will have its
closest approach to the Sun 9.7 x 10° yr from now at a
distance of 1.143 pc according to our results.

In the study carried out by Miilliri & Orlov (1996),
several close encounters with the Sun are predicted using
data from the Preliminary Version of the Third Catalogue
of Nearby Stars (Gliese & Jahreiss 1991). For their calcu-
lations they considered both straight-line motion of the
stars with respect to the Sun and also the motion of the
stars in the Galactic potential model of Kutuzov & Ossip-
kov (1989). They find good agreement between the results
from both methods.

In general, the values of Miilldri & Orlov for the stars
contained in our sample are in agreement with our results,
though there are some differences as well. In particular, Gl
473, which was not observed by Hipparcos because it is too
faint (visual magnitude 12.5; Landolt 1992), is predicted by
Miillari & Orlov to have a future closest approach of
60 x 10° AU in 7500 yr. However, the radial velocity of
—553.7 km s~ ! listed in the catalogue for this star is much
too high, so the predicted miss distance should actually be
much larger. Gl 473, a very low mass binary system (see,
e.g., Schultz et al. 1998), is reported to have radial velocities
of —5.0km s~ ! (Wilson 1953), +19.0 km s~ ! (Reid, Tinney,
& Mould 1994), and +6.7 km s~ ! (Reid, Hawley, & Gizis
1995). Based on 29 exposures measured with the CfA digital
speedometers covering more than 2500 days, we find a
system radial velocity of +5.6 + 0.7 km s~ ! for the binary
system Gl 473. Using this radial velocity we find a closest
approach distance of 878 x 103 AU, 17,000 yr in the past.

For Gl 710, Miillari & Orlov predict a future close
approach distance of 259 x 10®* AU in about 1 Myr
assuming linear motion, and 279 x 103 AU in about 1 Myr
using the Galactic potential model, compared with our
values of 71 x 103 AU and 69 x 10° AU, respectively, in
about 1.36 Myr. The difference between their results and
ours for Gl 710 is mainly due to the much larger (about 5
times larger) ground-based proper-motion value reported
for this star in the Catalogue of Nearby Stars, than the one
measured by Hipparcos.

3.2. The Future Close Passage of Gl 710

Gl 710 is a late-type dwarf star (dM1 according to Joy &
Abt 1974; K7 V according to Upgren et al. 1972), currently
located at a distance of 19.3 pc from the Sun, with an esti-
mated mass of 0.4-0.6 M, and a visual magnitude of 9.66.
Based on its very small proper motion and using a radial
velocity of —23 km s~ !, Vyssotsky (1946; see also Gliese
1981 and Gliese, Jahreiss, & Upgren 1986) predicted that
Gl 710 will have a close passage with a minimum distance of
less than 1 pc in about 0.5 Myr. However, in the Prelimi-
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nary Version of the Third Catalogue of Nearby Stars, Gliese
& Jahreiss (1991) list a considerably smaller radial velocity
for Gl 710, —13.3 km s, based on the value reported by
Stauffer & Hartmann (1986). Because this change in the
radial velocity has such a large impact on the time and
distance calculated for the closest approach, we have looked
carefully at the published data and have made new velocity
measurements of our own.

There is some evidence that Gl 710 may be a binary, but
that evidence is far from conclusive. Astrometric residuals
in earlier proper-motion measurements suggested a possible
periodicity of 1700 days (Osvalds 1957). A slight indication
of a period of this order was also found by Grossenbacher,
Mesrobian, & Upgren (1968), although they did not con-
sider it to be of great significance. However, a speckle mea-
surement of this star did not detect any companion with
Am < 3 and angular separation in the range 0705-1" (Blazit,
Bonneau, & Foy 1987). Furthermore, the Hipparcos
astrometric data do not show any evidence of a nonlinear
proper motion during an observation period of 3.4 yr.

There is some spectroscopic evidence that the radial
velocity of G1 710 may have changed by about 10 km s~ *
over the past 50 yr. We list in Table 3 the radial velocities
reported in the literature plus five new values measured
with the CfA digital speedometers. The first four values in
Table 3 (Abt 1973) are from observations at the Mount
Wilson Observatory, and their weighted mean, —23.3 km
s~ quality b, is reported in the General Catalogue of
Stellar Radial Velocities (Wilson 1953).

Based on the values listed in Table 3, Gl 710 appears to
exhibit a long-term radial velocity drift of about 10 km s~ *
over 50 yr. The measurements made in the 1940s show
radial velocities more negative than —20 km s~ !, whereas
the observations between 1984 and 1998 report values less
negative than —15 km s~ ! (with the sole exception of the
value of —26.3 + 15.0 km s~ !, which can be discounted due
to its large uncertainty).

However, we believe that this radial-velocity difference
may not be real and may instead be due to a systematic
error in the zero point of the four Mount Wilson obser-
vations made in the 1940s. As far as we can tell, all of the
older velocities are derived from the same four Mount
Wilson spectra (Abt 1973; Joy & Mitchell 1948; Vyssotsky

TABLE 3

RADIAL VELOCITY MEASUREMENTS FOR GL 710

Date® |44 Reference
1944 Sep 7 ........ —215 Abt 1973
1944 Sep 23 ....... —20.2 Abt 1973
1945 Aug 29 ...... —23.0 Abt 1973
1945 Sep 29 ....... —26.6 Abt 1973
Not reported...... —22.8 + 09 Vyssotsky 1946
Not reported...... —-23 Joy & Mitchell 1948
1984 Mar 4 ....... —14.3 Stauffer & Hartmann 1986
1993 Sep 8 ........ —26.3 + 150 Reid et al. 1995
1994 May 23...... —135 + 20 Gizis 1997
1996 Oct 5 ........ —13.89 + 0.28 CfA
1996 Oct 6 ........ —13.75 + 030 CfA
1996 Oct 8 ........ —13.73 + 040 CfA
1997 May 17...... —14.05 + 037 CfA

1998 Mar 15 ...... —14.08 + 0.57 CfA

* Date of observation.
b Radial velocity (km s~ ).
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1946). To assess the zero point of the old Mount Wilson
velocities, we have compared the radial velocities of 27
single stars (including Gl 710) observed at Mount Wilson
and listed by Joy & Mitchell (1948) with measurements of
the same stars made at CfA. We find a mean difference
(CfA — Mount Wilson) of about 9 km s~ ! and an rms
difference of 7.4 km s 1.

Furthermore, there is no evidence for any drift in the
recent CfA velocities. Although these observations span
only 520 days, the allowed velocity drift is only a few tenths
ofakms~! at most.

In addition, it can be argued that it would be unlikely for
an unseen main-sequence companion to produce the sug-
gested drift of about 10 km s~ ! over 50 yr. Such a compan-
ion could not be more massive than about 0.3 or 0.4 M,
otherwise its spectrum would have been seen and it would
have been detected by the speckle observations. However, a
circular orbit for such a companion with a period of 100 yr
would produce a velocity amplitude of at most about +6
km s~ 1. One way to get a larger velocity amplitude would
be to invoke an unseen evolved remnant for the companion,
such as a massive (but cool) white dwarf. But then the
astrometric motion of G1 710 would have to be large, on the
order of 1” amplitude for the full orbit. For an orbital
period of 100 yr, the motion during the Hipparcos mission
would hardly have departed from a straight-line segment,
but it would have been absorbed in the proper-motion mea-
surement. This would require that the orbital motion of
G1 710 just happened to cancel out the space motion of the
system at the time of the Hipparcos mission. However, the
proper motion was also measured to be very small by Vys-
sotsky (1946), and therefore the orbital and space motion
would also have cancelled 50 yr ago. This is not consistent
with supposing that the system was in a significantly differ-
ent phase of its orbit, as would be required to explain the
radial-velocity difference. Another way to increase the
velocity amplitude would be to invoke a shorter period
orbit, but this too would also be difficult to reconcile with
the observations.

Therefore, we conclude that Gl 710 is not a binary, and
we have adopted the mean of the recent CfA values,
—13.9 4+ 0.2 km s~ 1, for its radial velocity. We caution that
the possible binary nature of Gl 710 has not been com-
pletely ruled out, and additional monitoring of the radial
velocity and/or astrometric positions over the coming years
or even decades is clearly desirable for settling this issue.
Adopting a mean radial velocity of —13.9 km s~ ' from the
five recent CfA measurements, we obtain the miss distance
and encounter time listed in Table 2.

The Hipparcos proper-motion measurement for Gl 710
could be improved by VLBI astrometric observations if the
star were a sufficiently strong radio emitter (at least 1 mJy).
Since GI 710 has been designated as a late-type dwarf star it
might be a detectable radio source. We observed Gl 710 at
8.4 GHz with the VLA? on 1997 January 21 to determine its
flux density as a precursor to possible V LBI observations.
No radio emission was detected from G1 710 with a conser-
vative upper limit of 0.2 mJy.

2 The National Radio Astronomy Observatory is a facility of the
National Science Foundation operated under cooperative agreement by
Associated Universities, Inc.
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4. DYNAMICAL EFFECT ON THE OORT CLOUD

The dynamical effect of a stellar passage on the Oort
cloud depends not only on its proximity but also on the
mass of the star and how long each encounter lasts. The
relative influence of the stars on the cometary orbits can be
estimated from the differential attraction exerted on the Sun
and on a comet in the cloud, which results in a net change in
the velocity of the comet relative to the Sun. The velocity
impulse, AV, on an Oort cloud comet or on the Sun as a
result of a single stellar passage is approximately equal to
2GM, V_ 'D™ 1, where G is the gravitational constant, M,
is the mass of the star, V, is its total velocity relative to the
Sun, and D the miss distance (Oort 1950). The velocity
impulse is directed at the star’s point of closest approach.
The relative magnitude of the differential velocity pertur-
bation between the comet and the Sun can be estimated by
multiplying AV by a term r/D, where r is the distance
between the comet and the Sun.

In addition, the cumulative effect of close passages of
several stars not necessarily belonging to the same multiple
system but closely spaced in time may also play a role.
Stochastic encounters with stars sufficiently massive and
closely spaced in time should result in a somewhat larger
effect than considering them separately. However, to be sig-
nificant, such encounters would need to be spaced at inter-
vals less than or equal to the time for a typical star to transit
the Oort cloud. For instance, if we take a star’s path length
of 10> AU through the outer Oort cloud (miss distance of
about 86 x 10° AU), and a typical stellar encounter velocity
of 45 km s~ !, then the star passages would need to be
spaced within ~11,000 yr to have a cumulative effect.
Several temporal groups of encounters are present in our
data. However, the uncertainties in the close approach
times are typically larger than the Oort cloud transit time
estimated above, and thus we cannot reliably say that any
of these groups are real. In addition, since the effects of these
random encounters will add stochastically, we see no evi-
dence for temporal groups whose cumulative effect would
be more significant than the individual closest single-star
passages that we have identified.

The relative magnitudes of the strongest predicted stellar
perturbations on the Oort cloud, as derived from the above
considerations, are listed in Table 4 and shown in Figure 7
for the greatest potential perturbers. The magnitudes are
given in arbitrary units and represent a first-order measure
of the gravitational influence of one close stellar passage
relative to the others. This identifies the stars most likely to
perturb the Oort cloud. However, the actual perturbation
on the cometary orbits can only be estimated through
dynamical simulations.

The most significant perturber in our data set is, as
expected, G1 710 (HIP 89825). A mass of 0.6 M, has been
used for Gl 710. The second largest potential perturber is
Algol (HIP 14576), a triple-star system with a total mass of
5.8 M, (Martin & Mignard 1998). The close encounter of
Algol was determined by Lestrade et al. (1998) to be 3 pc,
7.3 Myr ago, using VLBI astrometry. These values are in
agreement, within the uncertainties, with our values of 2.7
pc (linear motion model) and 2.4 pc (integrated orbit) 6.9
Myr ago. Algol’s large total mass and low encounter veloc-
ity compensate for the comparatively larger miss distance.

We conducted dynamical simulations of stars passing
close to the Oort cloud, in order to evaluate further the
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Fi1G. 7—Relative magnitude of the largest perturbers on the Oort cloud
in our sample. The relative magnitude of the perturbation is proportional
to M, r/V, D, where M, and V, are the mass and encounter velocity of the
star, respectively, r is the radius of the Oort cloud, and D is the miss
distance. Dot size indicates the relative magnitude of the perturbation.

possible perturbative effects of our predicted closest stellar
encounters. We used the dynamical model of Weissman
(1996b), which uses the impulse approximation to estimate
the velocity impulses on the Sun and on hypothetical
comets, and thus the changes in the orbits of comets in a
modeled Oort cloud. The simulations confirmed the relative
expected magnitude of the perturbations shown in Table 4.

Based on simulations containing 10® hypothetical
comets, we find that the maximum effect occurs, as
expected, for the encounters with Gl 710. This star results in
a minor shower with ~4 x 1077 of the Oort cloud popu-
lation being thrown into Earth-crossing orbits. Assuming
an estimated Oort cloud population of 6 x 102 comets
(Weissman 1996a), this predicts a total excess flux of about
2.4 x 10° Earth-crossing comets in each shower.

However, because the arrival times of the comets are
spread over about 2 x 10° yr, the net increase in the Earth-
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crossing cometary flux is only about one new comet per
year. This can be compared with the estimated steady-state
flux of ~2 dynamically new (i.e., comets entering the planet-
ary system directly from the Oort cloud) long-period
comets per year (Weissman 1996a). Thus, the net increase in
the cometary flux is about 50%. Since long-period comets
likely account for only about 10% of the steady-state
impactor flux at Earth (Weissman 1997), the net increase in
the cratering rate is about 5%. This small increase is likely
not detectable given the stochastic nature of comet and
asteroid impacts.

5. CONCLUSIONS

The study of the possible perturbation of the Oort cloud
by passing stars has important implications for our under-
standing of the solar system. The identification of potential
perturbers is thus necessary not only to estimate the recent
past cometary flux caused by close stellar encounters and its
possible correlation with the observed impact rate on Earth,
but also to predict future passages and to estimate their
perturbative effect.

In this paper we have studied the close passages of stars
using Hipparcos data. Radial velocity measurements from
the literature plus others from our own observations have
been used to estimate the heliocentric velocities of these
stars and to calculate their passages. We have used both a
rectilinear motion model and the integrated orbits in the
Galactic potential. The good agreement between the two
models for most of the stars passing within a few million
years supports the criteria used to select the sample. From
our data set we derive a rate of close stellar passages of
3.5D*!2 stellar systems per Myr, where D is the miss dis-
tance considered. We consider this value a lower limit since
there is considerable evidence for observational incomplete-
ness in our sample.

We have identified several stars whose close passage
could cause a significant perturbation of the Oort cloud. In
order to investigate the effect of such passages on the com-
etary orbits, we have carried out dynamical simulations.
This is the first time that such simulations have been per-
formed for actual stellar passages. In general, the effect of
these passages depends not only on the miss distance but
also on the total mass of the star system and on its relative

TABLE 4

POTENTIAL PERTURBERS OF THE OORT CLOUD

Name HIP T® Db M V¢  Relative Magnitude®
Gl710 ...cceveennne... 89825 1357.8 0.336 0.6 14 100
Algol......cooiviiiniit 14576 —6916.0 2.381 58 4 66
HD 158576............. 85661 —1846.5 0.846 23 46 18
Proxima + « Cen...... 71681f 27.7 0974 213 33 18
Gl217.1 ..o 27288 —1045.9 1.637 2.0 20 10
HD 179939............. 94512 3734.0 1.451 2.2 31 9

2 Time of closest passage ( x 103 yr).
b Miss distance (in pc).

¢ Mass (in M ). Values for G1 710, HD 158576, and HD 179939 are estimated. Value for Algol from
Martin & Mignard 1998. Value for Proxima + « Cent from Kamper & Wesselink 1978. Value for Gl

217.1 from Malagnini & Morossi 1990.
4 Space velocity (inkm s ™).

¢ Relative magnitude of the potential perturbation in arbitrary units. The values are proportional
to M, rV ;'D~? and are normalized to have value 100 for the largest potential perturbation.
f The HIP number given is for the o Centauri B component, but the total mass is for the triple

system Proxima Centauri and « Centauri A/B.
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velocity. Therefore, a suitable combination of mass and
velocity might result in a larger perturbation for more
distant passages than for closer ones.

We find little evidence for any close stellar encounters in
the recent past. This lack of recent close stellar passages is in
agreement with analyses by Weissman (1993) and Fern-
andez (1994), who found no evidence for a recent major
perturbation of the Oort cloud.

For the future passage of Gl 710, the star with the closest
approach in our sample, we predict that about 2.4 x 10°
new comets will be thrown into Earth-crossing orbits, arriv-
ing over a period of about 2 x 10° yr. Many of these comets
will return repeatedly to the planetary system, though
about one-half will be ejected on the first passage. These
comets represent an approximately 50% increase in the flux
of long-period comets crossing Earth’s orbit.

From our estimated miss distances we conclude that no
substantial enhancement of the steady-state cometary flux
would result (or would have resulted) from the stars in our
sample. However, further measurements of radial, as well as
transverse, velocities are required to improve the accuracy
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of the estimates of the close approach distances for stars
that are possible members of binary or multiple systems.
Further measurements are also required for stars for which
the possibility of a very close or even penetrating passage
through the Oort cloud still remains open, because of the
large errors in their predicted miss distances.
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