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ABSTRACT

We have combined HIPPARCOS proper motion and
parallax data for nearby stars with ground-based ra-
dial velocity measurements to find stars which may
nave passed (or will pass) close enough to the Sun
to perturb the Qortcloud. Close stellar encounters
could deflect large numbers of comets into the in-
ner solar system, with possibly serious consequences
for the impact hazard on the Earth. Only one star
(Gliese 710) is found with a predicted closest ap-
proach of less than 0.5 parsec, although several stars
come within about 1 parsec during a +8.5 Myr inter-
val.Inmost cases the uncertainty in closest approach
distance is dominated either by uncertainties iu pub-
lished radial velocity measurements or by uncertain-
ties in the barycentric motion of binary systems. We
have begun a program to obtain new radial velocities
for stars in our sample with no previously published
values.

Key words: Space astrometry; Comets: general;
Stars: distances; Stars: kinematics

1. INTRODUCTION

The solar system is surrounded by a vast cloud of
about 10'2-10!3 comets with orbits extending to in-
terstellar distances, called the Oort cloud, with a
total estimated mass of some tens of Earth masses
(Oort 1950, Weissman 1990) . These cometary or-
bits are perturbed by random passing stars, by gi-
ant molecular clouds and by the galactic gravita-
tional field. In particular, close or evenp enetrat -
ing passages of stars throughthe Oort (-1011(1 cande-
flect large numbers ot comets into the inner plan-
etary regton (1pitts 1981), initiating Farth-crossing
cometary showers and possible collisions wit n the
Earth. Such impacts could cause biological extine-
tion events.  Some terrest ial impac t craters and
stratigraphic records of impact and extinction everits
suggest ¢ hat such showers may i we occeurred i the
past Dynaunical models ((g., " Hut et al. 1987) show

that a cometary shower has a typical decay time of
about 2-3 million years,

Evidence of the dynamicalinfluence of close recent
stellar passages on the Oort cloud could come from
the observed distribution of cometary aphelion di-
rections. Although the distribution of long-period
(10° to 107 years) comet aphelia is largely isotropic
on the sky, some non-random clusters of orbits exist
and it has beeu suggested that these groupingsrecord
the tracks of recent stellar passages close to the solar
system (Bilermanu et a. 1 983), However, Weissm an
(1993) showed that it would be difficult to detect a
cometary showerinthe orbital element distributions
of the comets, except for the inverse semi-major axis,
1/a,, energy distribution, andthat there is currently
no evidence of a cometary showerin this distribution.

Some work has been done inthe past to search for
stellar perturbers of the cometary cloud. Mullari&
Orlov (1996) studied close encounters with the Sun
by 1946 stars contained in the Preliminary Version
of the Third Catalogue of Nearby Stars (Gliese &
Jahreiss 1991). They found that 3 stars may have
had aud 22 can have encounters with the Sun within
2 parsecs, with predictions being valid over about
4 1 million years from the present epoch. Mattews
(1994) made asimilar study although it was limited
to stars from the solar neighbourhood within aradius
of about 5 pc,and he lists close approach distances
for 6 starsin the near future (within 5x 10%yvr from
now)

Nevertheless, the accuracy of most ground-based par-
allax and proper motion measurements is typically
limited to several milliareseconds or milliarcseconds
per year, respectively. This measurement accuracy
imjrosesasevere limitation on the accuracy of pre-
dictions of past or future close stellar passages.

Our aim is to search for nearby stars which have
passed or will pass sutliciently close to the Sun
to cause a significant perturbation of the orbits of
cometsinthe Qortctlon d. In order to determine these
close approaches as precisely as possible we have used
the very accurate astrometrie data (1nean precission
of 1 milli are second and | milliaresecond per year for
the parallax and proper motion, respectively) from
the Hipparcos satellite,



2. 0BSE R VATIONA L DATA AND ANALYSIS

Significant perturbations of the Qort cloud are pos-
sible out to a distance of about 2-3 pe. We select ed
1208 stars from the Hipparcos Catalogue (K SA 199 7),
whose proper motion combined with an assuimed ra-
dial velocity of 100km s~ implied animpact param -
eter of 3 parsecs of less. This radial velocity is five
tunesthe local stellar velocity dispersion, to allow in-
trins ically higher velocity stars to be included. Thus,
stars whose proper motion in milliarcseconds per year
were less than 0.06 times the square of the parallax
inmilliarcseconds, for parallax values greater than
4.5 milliarcseconds, arc the best candidates to have
approaches within 3 pcfromthe Sun over +10 Myr
from the present epoch. For smaller paratiax values
the implied proper motion limit is at or below the
tipparcos ineasurement accuracy.

In order to determine past or future close encoun-
ters with the Sun, we searched for published radial
velocity measurements inthe literature. We fou nd
values for 472 of out 1208 stars (about 40 percent of
t be sample) which were combined wit b the Hippar-
cos satellite data to calculate the timeand distance
of the close passages assuming straight line motion.
156 out of the 472 stars are recognized members of
binary or multiple systems.

For some of these binary or multiple systemsthe sys-
temic radial velocity is reported, whereas for somne
other systems it is not clear whether it is the systemic
radial velocity or the radial velocity of onecompo-
nent. Other stars show long-term changes intheir
radial velocities that couldimply that they belong
to long-period multiple systems. Insome papers the
radial velocity uncertainty is notgiven, or the au-
thors only report the probable error for the list of
observed stars in which the one of interest is included.
in these cases it is cliff icultto derive an accurate error
estimnate for tile calculated closest approach distance
and epoch.

We have investigated several effects which might
make the simple linear motionmode! used abovein -
adequate, including multiple scattering by other stars
along a star’s pathtoward or away from the Sun,
galactic rotation, and oscillation perpendiculartothe
plane of the Galaxy. Theeflect of stellar interac-
tions is small, about 4.5 arcsec deflection for a solar
mass star passing I parsec from another solar mass
star with a relative velocity of 20km s, Evenover
i pathlength of 100 parser, the rins deflection due
to such encounters (assuming a stellar deusity of ().1
pe™?) is less than I arciinute. This deflection at
I 00 parsec would change the nnpact parameter by
less thar 0.02 parsec. The effect. of galactic rota-
tion is also unimportant out to a distance of at least
100 pe, sinee it is only the time derivative of the
rot ation-induced proper motions which is im portant
Osc illation about the plane of the Ga laxy can cause
di flerential accelerat ton between a star and the Sun,
but over the times and distances typicall ¥y conside red
here this also results monly asmall change tnmpaet
parameter

o

3. RESULTS

Allthe elose stellar passages within d pe which we can
predict are concentratedin a titne interval of about
4 8.5 Myr. Several stars coming withinabout 2-3
pe are n principle the most plaustble perturbers o f
the Oort cloud,and particularly one oft hese, GL. 710
(311( 3982H),may have a future penetrating passage
throughthe outer Oort cloud,

The predicted closest approach distances versustime
of past(negative times) or future apositive tites) en-
counters are shownin Figure 1. T elsize of the circle
is proportional to the visual magnitude of the star
at the miss distance. From this plot we see that the
passages a large tines are dominated by the brighter
stars. This suggests au observational bias due to the
fact that most of the stars that had or willhave a
close passage at large times canonly be currently
observed if they are intrinsically bright. Uncert ain-
ties in time and distance of the closest passages have
mean values of about 20% and 30%, respectively.
A bout 50% of the sample have errors above 10%,
wlzereas about 15% of the sample have errors over
50%.
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Figure 1. Closest approach distance (10° AU) vs. time
(10% years). The outer radius of the Qort cloud is ap-
proximately 100 kAU, The visual magnitudes at the miss
distance range between about -3 and about 12,

The average number of stars passing withinany dis-
t ance, D, of the Sun is given by N=nrD?v p., where
v is the velocity of theSunrelative to the local stars
and p. isthe local density of stars (Weisstman 19S0).
Assuming that v = 20km S-* and p, = 0.08 pe~?
(Allen 1973) one finds N = 5.1 D* Myr™! | where D
is measured in pe. Assuming v == 35 kans7! then N
=9 DY Myr~'. A logarithmic plot of the cumulative
uumber of predicted encounters from our Hipparcos
data, between the Sun and passing stars within 5
pe during a time interval of 1 Myr for stars with
measured radial velocities (40 percent of the total
sample}, is shown in Figure 2.

The dashed line in the figure is a rough fit to the data
assuming a slope of 2.0, Assuming similar statistics
(or the total sample, we find a value of 5 stars per Myr
passing within | pe,in good agreement with the pre-



diction. A le ast squares fit to tite data finds a slope
of 1.88. The lower slope to t he fitted data is prc)lml)lly
indicative of opgervattonalincompleteness, since the
Hipparcos data are complete down to abont Itlaglli-
1 ude 9 and consequently, fainter low niass stars near
the periphery of our search arca were likely missed.
This observational incompleteness is also evidentin
t lie decrease in encount er frequency and t heinerease
in the mean brightness of the stars encountering the
solar system as one moves away from the present
epocliin time.
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Figure 2. Cumulative number of predicted stellar encoun-
ters vs. closest approack distance within -1 Myr.

3.1. Radial Velocities

Inmost cases the uncertainty inthe closest approach
distance is dominated either by uncertainties in the
published radial velocity measurements or by uncer-
tainties in the barycentric motion of binary systeins.
For the stars in our sample that arc part of multi-
ple stellar systems, orbital motions could contribute
to the measured values of proper motion andradial
velocity, and our estitnate of the uncertainty in miss
distances may have to be increased.Somesingle stars
are found to have loug-term changes iu their mea-
sured radial velocities, whichcould be interpreted ei-
ther as evidence for long-period binary systemswith
unidentified companions or as the result of fitting dif-
ferent spectral lines at different epochs.

3.2. Past and Fut ure Close Approaches

A total of 113 stars are predicted to come within a
distance of Hpe during atime interval of about48.5
Myr, withroughly equal numbers of close approaches
inthe pastand future. Thedynamical effect of t hese
stars onthe Qort cioud depends not only on their
proximity but also on their nass and how long the
enconnter lasts, Therelative influence of these stars
onthe cometary orbits canbe estimated from the dif-
ferent ial attraction exerted on the Sunand a cometin
the cloud, which results in a net change of the velocity
of t he comet wit hirespectto t he Sun. The net veloe-
ity perturbation AV, on an Oort cloud comet due to
asingle close steniar pacssiige can be shown to be ap-
proximately proportional to MV, ~ FDH-1 ) where M,

is the mass of the star, V. its total velocity refative
to the Sun aud D the miss distance (Qort 1950).

The relative magnitude of thestellar perturbation on
the Qort cloud as a function of time is shownin PFig-
ure 3. The magnitude is given in arbitrary units and
represents a first -order measure of the gravitational
influence of one (-low stellar passage relative to t he
others. This identifies the stars mostlikely to per-
t urb the Qort cloud, although the real perturbation
onthe cometary orbits can only be estimated through
dynamical simnulations.

The most significant perturber in our data set is Al-
gol (HIC 14576), a triple star system, whose close en -
counter with the Sun, 7.3 Myr ago at 3 parsecs. was
determined by VI .BI astrometry by Lestrade et al .
(1997),in good agreement with the values of 6.8 Myr
and 2.7 pc from the present work within the uncer-
tainties. The relative perturbation has been calcu-
lated considering tbe total mass (about 6 M, ) of the
three stars. Both the total mass and the slow pas-
sagesecnit o combine efficiently to compensate for
the comparatively large miss distance. The second
potentially major perturber is the massive star AQ
Pup (HIC 38965), with a miss distauce of 1.7 pe.
Both Algol and AQ Pup had their close passagesin
the past. G, 710 is the most significant perturber iu
the future.
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Figure 3. Relative perturbing effect of predicted stellar
encounters.

In addition, the cumulative effect of close passages
of several random stars not necessarily belonging to
the same multiple systemy may also play animpor-
tant role. Stochasti ¢ encounters with several ias -
sive stars closely spacedintime mightcause asignif-
icantly larger effect than considering thetn separately.
Such groups of encounters are presentin the past at
about 2 Myr and about 1 Myr, and one in the future
within the next (),1 Myr. Note, however, that some of
the closest approaclititiies have large uncertainties.

3.3. The future close passage of GLT10

GL 710 15 a late-type dwarf star (M1 according to
Joy & Abt 1974; K7 V according to Upgren et al.
1972) with a mass of about 0.4-0.6 M. located at a
present distance of 19.3 pe from the San and char-
acterized by having a proper motion much sialler



than s parallax. Residaals in proper motion mea-
surctnents suggested a possible periodicity of 1700
days (Osvalds 1957). A slight indication of a period
of this order was also found by Grossenbacher et al.
(1968), although they considered this as not of great
stignificance. One speckle measurement on the pos-
sible binary nature of this star did not detect any
companton with A ~ 3 and angular separation in
the range 0.05-1 arcsec (Blazit et al. 1987). Further-
more, the Hipparcos astrometric data do not show
any evidence of the periodicity of 1700 days for an
observation period of 3.4 years (Kovalevsky 1996).

Nevertheless, GL 710 does appear to exhibit long-
termradind velocity changes, and from the radial ve-
locity values reported we suspect that GI, 710 may
be a long-period binary star. Measurements made
inthe1940’s show radial velocities more negative
than-20km S-I, whereas observations between 1984
and 1997 report values less negative than -1.5 kims™!
(with one exception of -26.3 + 15.0 km s~ ! which can
be ruled out due to its large uncertainty). Unfortu-
nately, a gapin the observations for forty years be-
tween old and more recent measurerients prevent us
fromknowing if the radia velocity changedsmoothly
during this time. Any unpublished previous proper
motion, parallax and radial velocity measurements
would help us better understand the long-term m -
tion of G1. 710.

Some assutnptions are thus required inorder to ob-
tainan estimate of the closest approach distance for
this star. Iirst, as mentioned above, one possible in-
terpretation is to consider GI, 710 as part of a long-
period binary. Assuming a circular orbit and taking
radial velocities of -23.3 kms~'and -13.9 kms™!
(t he radial velocity with thelowest uncertainty of the
more recent measuremnents) as upper and lower limit,
respectively, we obtain aradial velocity of the binary
system of -18.6 km s~!. With these assumptions,
GL 710 could have a future close encounter with the
Solar Systeminabout1Myr, passing through tile
QOort cloud a an estimated closest distance of 5.3
X 1 0'AU from the Sun. However, orbital contribu-
tions to the measured proper motion could increase
the uncertainty of the miss distance.

On the other hand, a different interpretat ion could be
adopted. We could assume that the radial velocity
valuesin tile 19407s resulted from fits to spectral lines
different than the onesfitted in more recent measure-
ments and also that the latter are the most reliable
measurements, yielding a value of -13.9 ks~ ! In
that case, we obtain a future closest approach dis-

tance of 7. 0 x10* AU inabout 1.3 Myr.

If it is indeed a binary system, the measured radial
velocity of GIL 710 will continue to slowly change and
will be constant if not. We should be able to distin-
guish bhetween t hese possibilities inles s than a decade

with Tk S=' mieasurements.

4. CONCL USIONS

liu order to complete our study, we are currently car-
rying ont an observational program to mcasure ra-
dial veloetties for the stars inoour initial Hipparcos

sample of 1208 stars with no previously published
vialues. "This will allow us to estimate miss distances
for a targer fraction of stars and to identify possible
multiple star systems. Those future measurements,
together with the access to the total sample of the
Hipparcos Catalogue (ESA 1997), will likely increase
the number of stars with predicted close passages.
The present work is astarting point for further dy -
namical studies of the influence of these close stellar
passages on the Qort cloud.
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