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whereas ATL-2 expresses about 8,000 molecules per
Our results unequivocally demonstrate that the Tac-2
e encodes the IL-2 receptor.

ssion
dmino acid sequence of the IL-2 receptor does not have
jgnificant homology with any known eukaryotic genes (or
penes). Cloning of the IL-2 receptor gene will, however,
w insights into the physiological function and mechan-
i which the IL-2 and its receptor system regulates T-cell
ion. These include elucidation of the three-dimensional
res of the ligand and receptor which can be produced in
guantities in E. coli or mammalian cells, and the molecular

pisms of signal transmission via surface receptor in the
pne and lymphokine systems, via mutanis of the IL-2

br gene.
ing of the IL-2 receptor gene will also allow us to test
hypotheses proposed for the mechanism of
gmogenesis of ATL triggered by ATLV, which has no
3l oncogene sequence’’. The excessive numbers of IL-2
st on ATL cells may be similar to aberrant expression of
GF receptor on certain transformed cell lines such as Ad3l
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Myr periodicity associated with the Sun’s motion through

plane has been linked to geomagnetic reversals'”,
extinctions® and crater ages*™®. This periodicity is con-
with galactic theories of terrestrial catastrophism'~, It has
ggested, however, that the periodicity is controlled by a
gtical stellar companion of the Sun (*Nemesis') in a highly
fic orbit of arbitrarily chosen period which periodically
Oort cloud™. Although the idea appears superficially
five, there has been little or no attempt to relate it to what
y known about the Oort cloud and the environment in
the Sun—Nemesis system would have to exist. Thus, the
il phase of the Nemesis cycle is inconsistent with such
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(ref. 34). The homology between the erb-B oncogene and the
eytoplasmic domain of the EGF receptor™ has strengthened the
hypothesis®’ " that an excessive amount of the IL-2 receptor
might alter the normal growth control of T cells. This can be
directly tested by transfection of human T-cell lines by the 1L-2
receptor cDNA clone. We can also examine whether the IL-2
receptor gene in ATL cells has any mutations. A unique lym-
phokine secreted from ATL cells, ATL-derived factor (ADF),
enhances the expression of the IL-2 receptor. ADF may be
responsible for the continued expression of the IL-2 receptor
in many ATLV-positive T-cell lines. It is of interest to know
whether ADF is able to induce transcription of the IL-2 receptor
gene in human T cells.

We thank Japan Scientific Instrument Co. (J51C) and Dr
I. Kubota (Suntory Ltd) for amino acid sequence determination,
JSIC for oligonucleotide synthesis, Dr K. Kato (Takeda
Chemical Co.) for supply of IL-2 and Affi gel-conjugated IL-2,
Dr T. Miyata for computer analysis of the sequence, and Dr M.
Okada, Mr Y. Tagava and Dr T. Noma for technical assistance.
This investigation was supported by grants for special promotion
of science from Ministry of Education, Science and Culture of
Japan.

27, Maoyashi, 1. & ol Goan T, 155-156 {1960)

1% Dawmward, | el gl Mothoee 6T, 5201-527 ( 1584).

%, Yodoi, L ef ol in Thymic Hormones and Lymphokines 8 (ed. Goldstein, A. L.) [ Mesium,
Mew York, in (e press),

M, Yodoi, J. & ol in Cancer Cellr Vol 3 (eds Galle, R. C., Essex, M. E & Gross, L) [(Cosldl
Spring Harbor Laboratory, Mew Yark, in the press)

31, lshida, ™. #f @l EMBC L 9, 1107-1123 (1982

12 Mishina, M, ¢ al Natuee 307, 604-608 [ 19546

11, Seikl, M., Harori, Y., Hirsvama, Y. & Yoshida, M. Proc namm Aced Sci [L5A 80,
LH18-3622 (1983

M. Haigher, H. T, Ash, ). F., Singer, 5. ). & Caben, 5. Proe aam Aood Sci U5 A TS 337-3321
[1%TE).

14, Hewick, . M., Hunkapiller, 8. W, Hood, L E. & Dreyer, W, J. 1 biol Chem 156,
Tl T [ IFE] ).

3, Maxam, &, M. & Gilbert, W, Merth Eazypm 88, £30-580 ( 1980)

17, Aviv, H. & Ledér, P. Proe mara Acad Sri USA @, [408- 14021 1972}

18, Okayama, H. & Berg. P. Molec Cell Biol I, 161-170 {1882

1%, Hanakan, [ & Messbon, M. Gene T, 83-6T (1980).

40 Thomas, P. 0. Prec o Acad Sei LLSA TT, 5200-5205 (1580,

dl. Maniatis, T., Jeflrey, A & Kleid, D. O, Proc aamn Acad Soi LLSA TL, 1184- 1158 (978

4. Yaoita, Y. & Honjo, T, Biomed Rei 1, 164- 175 | 1980).

41, Souibern, E. M, L molec, Biod 98, 500-317 (1975)

44, Homja, T. ef al Cell 18, 559-568 (1979

4%, Mielsen, D. A. & al. Proc mamn Acad S0 ULSA 80, 3198-5302 (1983}

&6, Glagman, Y. Cell 23, 175182 {1980).

47, Grabam, F. L. & Van der Ev, A. J. Virology 52, 436-4&T {1971

48 Wigler, M. & al Proc. marn Acad 5ol LS A 76, 1373- 1376 (197%),

49, Wallace, B B, er al Nwcear Acids Res. 9, 379-E94 (1981}

evidence as there may be for a recent disturbance (~5 Myr) of
the Oort cloud, namely the apparent non-equilibrium distributions
of perihelia' and 1/a (ref. 9) and the enhancement of the short-
period comet population'"'' (compare ref. 12). It also discounts
the generally high glacial, magnetic and orogenic activity on Earth
within this period and the Sun’s recent passage through Gould’s
belt'™!®, However, the most serious problem is reconciling the
approximately constant time-averaged cratering rate for the last
~ 3,000 Myr (ref. 14) and the stability of the proposed system.
The long-period comet system is dynamically unstable, over the
lifetime of the Solar System, against the perturbing action of
molecular clouds'*"". Since the proposed companion star has
an aphelion distance Q= 180,000 Au (that is, P=230 Myr) as
against ~40,000-50,000 AU for long-period comets, one expects
its orbit to be unstable a fortiori. On the impulse approximation
the specific energy change AE of the companion resulting from
a change Av in its velocity v relative to the Sun is

AE =}v+Aav)* -0’
or
AFE = pAv+iAv) (1)
Considering only the random component v.Av, Oort'* derived

an expression for the specific energy fed into a body of separ-
ation Q from the Sun in 1 x 10° yr, as a result of encounters with
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Table 1 Energy injected by various perturbers
Energy, Av’
Perturber [lems™")]
GMCs with
M =2x10" My, v=40 kpe™> 38x10°
Molecular clouds with
M=2x10" Mg, »=400kpc™ 9.6 x 107
Stars 42 %107
T 17.6 % 10°
Energy required for escape 0.9 = 10

point masses. Modifying'” to allow for the effect of penetrating
encounters with molecular clouds of mass M solar masses, radii
R AU and number density » kpc ™, one finds

M )*
221 % 10° M5

2’( L_) 1)z
H(R) 4.5%10% yr e i

The energy injected by various perturbers over 4.5 x 10” yr is
listed in Table 1. According to Sanders'” recent determinations
of the mass of the molecular cloud system agree to within a
factor ~2, whilst the column density of molecular clouds is
~5M; pc™? at the solar distance, the mass-averaged mean mass
of giant molecular clouds (GMCs) being ~5 x 10° M. The first
two entries in Table 1 each correspond to a column density
=1 Mg pc? and are therefore below the extreme lower limit of
mass allowed by the data. There is also considerable substructure
within GMCs, which adds substantially to the energy injected:
thus GMCs (~10°-10° M) appear to comprise aggregates of
molecular clouds (~10* Mz). We consider here three extreme
models which are likely to encompass all reasonable
possibilities: GMCs are uniform throughout their interiors (rows
1 +3): GMCs do not exist, only molecular clouds (rows 2 +3);
GMCs comprise molecular clouds as substructure (rows 1 +2+
3). It seems that even with the most conservative assumption
the energy injected into the Sun/Nemesis binary by molecular
clouds and stars is at least an order of magnitude greater than
its binding energy and that the system could not survive in its
postulated state for 4.5 x 10° yr. Most probably, the sum of the
injected energies is ~200 times that required to eject the com-
panion star from the Solar System. The probable survival time
can be found from equation (1) by equating the energy input
to the binding energy whence it is found that, in the most likely
case of rows 1+2+3, the formal survival time is =50 Myr.
Considering only the effect of uniform GMCs (rows | +3), the
survival time is found to be ~ 100 Myr. The rate of energy input
is decreased by a factor ~1.5-2 allowing for the exponential
z-distribution of molecular clouds'®, and increased by factors
~2 and =2 allowing for gravitational focussing and a more
gaseous past Galaxy respectively'”.

The dissolution time 7 of a binary system has been derived
also by Chandrasekhar™ neglecting the random component in
(1) and considering only the systematic unbinding term 3(Av)’.
Adjusting his formula slightly to allow for the high eccentricity
of Nemesis, one finds

3 Apt= Tdﬂr(
(2)

7= 10"
HMQ!I.I'E

yielding similar survival times, for example 7~ 100 Myr for
uniform GMCs with » =40 kpc " and M =2 x10° M. Putting
these two effects together (equation (1)), it is evidently unlikely
that the Sun-Nemesis system will survive the Galactic environ-
ment for more than two or three revolutions.

In addition to the disruptive influence of encounters with
molecular clouds and stars, the somewhat lesser effect of the
Galaxy's smoothed-out mass distribution has to be considered.
The disturbing potential due to the Galaxy is ¢ = —3(ax’ +yz°),
with a~1.6x107"5s"% y~-48x107* s in a heliocentric

T % 107 yr (3)
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rotating coordinate system with x-axis directed to
galactic anticentre, y-axis in the direction of rotation 8
towards the north galactic pole®'. The critical Hill
beyond which orbits around the Sun are unstable, is
tri-axial ellipsoid with X, = 300,000 AU, V.. =2
z_ .= 150,000 au. Thus with aphelion ~ 180,000 AU
of Nemesis is barely if at all stable. Take the orbit to be
rectilinear, let y represent the angle between orbil an
and consider the perturbing forces acting on the &
while its radius vector r = a = 10° Au, which will hold'
half the orbital period. Over this time, the x-compone
galactic field satisfies X=d¢/dx>= aacosy, whes
(@a cos y)T/2. With a=1.5x%10"cm, T=9x10"§
one obtains |%|=0.05 kms™'. Likewise |#|=0.15km§
perturbations should be compared with the aphelion
of Nemesis, ~0.03kms™ ', and the circular wel
180,000 AU, ~0.07 km s~ ". It is clear that the velocity
the companion star will be grossly perturbed
aphelion: the binary system would not in general mai
high eccentricity necessary for Oort cloud perturbati
indeed might not survive even a single revolution. |
Galaxy's smoothed-out mass distribution is also an i
factor, though if one were to (1) overlook molecu
perturbations; and (2) adopt a binary configuration
axis close to the galactic plane, it is possible such a sys
survive for =1 x10° yr. Note also that the propose
characteristics are very rare or absent amongst obs
Thus among binaries with solar type primaries, only =i
periods in excess of 0.3 Myr, the computed periods.
common proper motion pairs ranging from 3.5 to &
with mean 67,000 yr and median 3,100 yr. Furtheme
~3% of binaries have eccentricities =0.75. These [ag
course consistent with disruption by molecular clouds
Galaxy. '
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Dynamical constraints on the mass -
and perihelion distance of
Nemesis and the stability of its o

J. G. Hills

T-6, Theoretical Division, Los Alamos National Laborate
Los Alamos, New Mexico 87545, USA

It has been suggested'’ that the observed periodic extis
species at intervals of 26 Myr (ref. 3) may be cab
hypothetical stellar companion of the Sun, Nemesis,
period of 26 Myr. The passage of a stellar companion
inner comet cloud® will fill the loss cone of these comets 3
a comet shower to enter the planetary system. [t has been
that about 20-30 comets will hit the Earth during a
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§ less than a million yr. Such Earth impacts would produce
derable emvironmental stress and may lead to widespread
tion of species’. | now investigate the effect of Nemesis on
% in the inner comet cloud. This is used to determine the
required mass of Nemesis and its minimum required
ion distance. The effect of passing stars on the stability of
arbit of Nemesis is investigated, and the probability of its
g passed within the planetary system estimated.
previous calculations® were for a passing star in a hyper-
 orbit with an impact velocity of 30 km s, which is very
greater than the orbital velocity of a long-period comet.
pwed an impulse approximation to be used. However,
esis has an orbit similar to that of the comets in the outer,
y-state or O6rt comet cloud, so its orbital velocity is similar
gt of the comets which it perturbs. A series of exact three-
 calculations are used to determine the amount by which
gsis perturbs the orbits of the comets in the inner cloud.
jonsider comets having semimajor axes of 4,000 Au, which
put the maximum semimajor axis of the comets needed to
e a death shower. In the computer calculations, Nemesis
med to be a black dwarfl with a mass of either My =
L, or My, =0.005 M_. If the orbital period of Nemesis is
yr and its mass is 0.05 M, the semimajor axis of its orbit
=89 200 AU by Kepler's Third Law.
muse of the large semimajor axis of its orbit, Nemesis
g the orbits of comets having semimajor axes of 4,000 AU
nearly the parabolic speed. This means that the pericentre
ge of Nemesis can be well approximated by modelling it
pbject in a hyperbolic orbit with a velocity at infinity of
s ', which is an order of magnitude less than its orbital
fly at pericentre passage. This approximation allowed me
my massive, very accurate computer code which was
pally applied to encounters between a binary system and
lar intruder (refs 5, 6 and refs therein). The calculations
a representative comet orbit with a semimajor axis a.=
and an eccentricity e, =0.999 (see Table 1).
loss cone comets are long-period comets which pass
athe orbits of Jupiter and Saturn at perihelion. Such comets
by their ejection into hyperbolic orbits in a time compar-
3 the original orbital period of these long-period
1"'. They are not present unless perturbations by passing
ave deflected fresh comets into the loss cone within the
pus orbital period. The latter situation occurs in the steady-
for comets in the classical Obrt cloud* (comets with semi-
faxis, a,>2x%10" au). Comets with semimajor axis<
f AU only have their loss cones filled episodically by pass-
5. An intense comet shower enters the planetary system
gver a close stellar passage occurs”,
Il the loss cone of the comets in the inner cloud requires
he mean change in their pericentre distance {Ag) exceed
mimajor axis of the orbit of Saturn or {(Ag) > 9.5 AU, Table
that for a Nemesis mass of My, =0.05 M_and for comets
pmimajor axes a, = 4,000 au, this requires that the closest
gch of Nemesis, its pericentre distance, be <2.6 a,=
10° AU, Since the semimajor axis of Nemesis is ay=
U, this requires that its orbital eccentricity be at least
=R_. /a.,) =088,
orbit of Nemesis has been greatly perturbed by passing
» the probability of its having a given eccentricity is
d by conditions of statistical equilibrium rather than by
eccentricity. The probability of its having an eccen-
e or greater at some arbitrary time is given by"

P.=(1-¢%) (1)

0.88, we note that P.=0.23. Invoking the Ergodic
hesis that a time average for one object produces the same
ution as an ensemble average over many objects, we
jate that ~23% of the time its orbital eccentricity is high
for Nemesis to induce an intense comet shower at its
jtre passage. For a fixed value of Nemesis's pericentre
£ §u, the mean change in the pericentre distancg of the
g with a_= 4,000 AU scales as
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Table 1| Relaxation of comet orbits by Nemesis
plag R in/ 8o Ag/lau) N
M., =0.05 M,

1.5 0134 B2 5 100

5.0 0.531 134 551

o.0 | .68 4% 531

100 2.0 FL) 551

i1 2.47 [2.8 551

i2 291 4.1 1 (W)

15 4,41 1.7 L]

20 7.41 0.7 10
|H-._ = IJIII'E- M‘,

50 0.554 23 551

2.0 .75 7.4 551

10.0 2.14 .3 551

11.0 2.57 .54 551

V=0.1kms': a,=4%10" aU; &, =0999. Impact parameter p, and
closest approach R, = gy are shown in units of the semimajor axis of
the comet orbit. {Ag) is the mean change in the pericentre distance of
the comets.

Table 2 Maximum perihelion distance of Nemesis

M'\-l'r M! quu.!.[i"" qm.-'l- [""L':I Ermm 'Pf I-F“*-
0,015 1.7 6, B0 0.92 015 0.12
0.02 1 8,400 0.91 017 0,13
0.05 2.6 10,400 088 0.21 0.16
0.0 4.0 16, (0 0.5 0.27 0.20
0.20 7.4 30, D0 0.6 0,60 040

e_.. is the minimum orbital eccentricity of Nemesis required by 4.,,.-
P, gives the fraction of the time during which its eccentricity exceeds
€

mife

.
il

|Ag,|oc (2)

.
M + M,
in the impulse approximation. In this approximation, we expect
that a Nemesis with M, =0.005 M_would produce a |Ag,| about
96 times smaller than a Nemesis with My = 0.05 M_. The scatter
in the exact numerical results of Table | are fairly large, but
they indicate that the lower-mass Nemesis produces a |Agw
about twice that prediced by scaling from M, =0.05 M_ using
the impulse approximation.

Applying the scaling law given by equation (2) to the data in
Table 1, we can find |Ag.| for other possible masses of Nemesis.
Table 2 shows, as a function of My, the maximum value of gy
that would still allow the perturbations by Nemesis to fill the
loss cones at pericentre passage (that is, still result in |Ag|=
9.5 AU).

If we correct for the small breakdown in the scaling law
indicated by the computer calculations for My =0.005 M_, we
see that a Nemesis with a mass My, = 0.01 M_= 10 Jupiter masses
may be close to the minimum required mass, but a Nemesis
with M,,=0.005 M_is well below the minimum mass.

When the loss cone is filled, the fraction of the comets of
semimajor axis a, which have pericentre distances of g, or less
is F,=2q./a,, for g.« a_(ref. 4). Here F| is also the fraction of
the comets of semimajor axis a, which are lost per orbital period
due to the perturbations by Jupiter and Saturn if g.=9.5 AU.
The fraction of the comets of a given semimajor axis surviving
N loss cone fillings is given by

Fu=[1-(2q9/a)]" (3)

If the loss cone of the inner cloud comets were filled at every
perihelion passage of Nemesis for the past 4.6 x10°yr then
N = N,=177 assuming the orbital period of Nemesis has
remained constant at 2.6 x 10" yr. For comets with a, = 4,000 AU
and g.=9.5 au, F, =043 for N =177. In this case, more than
half these comets would be lost. However, the orbit of Nemesis
is severely perturbed by passing stars. The factor F, in Table 2
is the fraction of the time that its orbit is eccentric enough and
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Table 3 Change in orbit of Nemesis due to stellar intruders

P/ @ Mi/Encounter Agn/ gy Ag./au Ap/ pw
0.1 .46 0717 3,200 01333
0.2 1.8 0,205 914 0.0559
0.5 11.5 0080 357 043
1.0 46 (L0449 29 00102
1.5 104 (0.0 198 0.0103
2.0 &4 0,020 EG 00025

p/ay is the impact parameter in units of the semimajor axis of the
orbit of Nemesis. N, shows the average number of stellar intruders that
pass within distance p/ay, of the Sun within one orbital period of 26 Myr.
This was scaled from the results given in ref. 4. Agy, is the change in
the pericentre distance per encounter listed in units of the original
pericentre distance and in units of AL, Ap/ p,, gives the average (ractional
change in the orbital period of Nemesis due to the passage of a single
solar mass intruder,

its perihelion distance short enough to allow Nemesis to fill the
loss cone of comets with a_= 4,000 AU. The number of loss cone
fillings is N = N,P. = 177P, for these comets. The last column
of Table 2 shows F, = | - F,_. the fraction of the comets in the
inner cloud that have been lost.

I simulated 5400 encounters between solar-mass stars and
the Sun-Nemesis system at an impact velocity of 30 kms ',
Here Nemesis is assumed to have a mass of 0.05 M , its orbital
semimajor axis is taken as a,, = 89,200 Au, and its eccentricity
is taken as ey = 0.95. Because the impact velocity is much higher
than the orbital speed of the Nemesis-Sun system, gravitational
focusing is not important and the closest approach of a stellar
intruder to the Sun is very nearly its impact parameter. At each
of six different impact parameters, p, 900 different simulations
were made. None of these 5,400 encounters led to the intruder
knocking Nemesis into a hyperbolic orbit. (However, molecular
clouds may perturb Nemesis more than passing stars™*.)

While most stars are less massive than the Sun and would
produce smaller perturbations per encounter than shown in
Table 3 (the perturbations in period are proportional to
the intruder mass), the large number of stellar encounters per
orbital period of Nemesis ensures that at least one star having
a mass equal to or larger than the Sun passes within distances
(p/aw) =10.5 per orbital period. This requires that the average
minimum change, (Ag,), in pericentre distance g, suffered by
Nemesis per orbital period is at least as large as that resulting
from an individual star of solar mass passing within distance
p/ay=10.5. Dividing the value of Agy in Table 3 by the value
Of .. in Table 2, we see that the variation in Agn/ gw per
orbital period of Nemesis must be at least 5% for M., =0.015 M
and about 2% for My = 0.1 M_. If Nemesis has a low mass, we
can expect fairly large variations in the strength of the comet
showers at consecutive perihelion passa ges. Because of the large
number of intruders, we can expect at least one or more intruder
of solar mass to approach within distance p/a., = 0.5 of the Sun
during each orbital period of Nemesis. The fractional change
in the period of Nemesis per orbital period is at least 4%. This
can either be an increase or a decrease in the orbital period.
After N = 10 revolutions the walk-away change in period should
be at least 4% N'2=13%.

A more disastrous situation than a comet shower would arise
if Nemesis were perturbed into an orbit that takes it into the
planetary system. In this case, it may strip some planets directly
from the Solar System. It would leave the remaining planets in
highly eccentric orbits which would produce a fast-moving,
dangerous situation®,

By the Ergodic Hypothesis the time-averaged properties of
one object follows the same distribution as an ensemble average
over many objects. The fraction of the time that Nemesis spends
with a pericentre distance of g, or less is F,=2g./a,. For
gn=4D AU and ay=89200 AU, F,=9x107" As the average
change in the pericentre distance, (Ag.), of Nemesis per orbital
period is much larger than the value of gy considered, the
probability of its entering the planetary system per pericentre
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passage is 9% 107", For N =177 pericentre passages.
prulgiahilit}r that it has entered the planetary svstem

Pu=1-(1-F)¥ = 1-(1-2g./a)¥
=0.15

Obviously, this catastrophe did not occur, but the pr
is high enough to be interesting.

Nemesis itself may be responsible for the termi
planetary system at Pluto. If comets formed in the solg
just outside the orbit of Pluto, they could have been eje
the comet cloud by Nemesis. However, the comets m
formed in the outer part of the proto-Sun in
cumcld-,“l-—l ;“I

Nemesis may not be the only massive object in the Q
However, the fact that the planets have survived in nearl
circular orbits indicates that they have not been greatly p
since the dissipation of the solar nebula. It is unlike y |
massive object has plunged through the planetary syst
its formation. A massive object with a semimajor ax
10* AU, that is, one at the inner edge of the Odrt or
comet cloud, would have a loss cone F,=2g/a,=4
larger than that of Nemesis. Its orbital period would §
0.1 that of Nemesis, 5o it has made N = 1.7 10" orbit
utions. Using equation (4) we find that the probah
having entered within the orbit of Saturn to be about B
lack of apparent damage 1o the planetary system point
unlikelihood of their being any massive objects in the ing
ofthe O6rt Cloud. A Nemesis with a semimajor axis of 93
is dangerous to life on Earth, but a Nemesis at the iny
of the Odrt Cloud would probably have produced a cat
of truly cosmogonical proportions.
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How stable is an astronomical clock
can trigger mass extinctions on h

Piet Hut

Institute for Advanced Study, Princeton, New Jersey 08540, U§

The periodicity in mass extinctions observed in the fossil
may be driven by am astronomical clock consisting of
panion star to the Sun™, Each perihelion passage of the ¢
star would result in an enhanced rate of arrival of comets
inner planetary system, some of which could collide with the
and perturb the atmosphere strongly enough to cause a cat
extinction of many, if mot most, species™, A similar per
has been observed in the cratering rate on the Earth™, On
the dating of both mass extinctions and crater formation isi
to observational uncertainties. In the heavens, too, we she
expect the ‘double star clock’ to be perfect, because of the

of the galactic tidal force field and the perturbations of
stars. On the basis of orbit calculations reported below, |
the irregularity in the period of revolution over the past 2§
to be at least 10%, and more likely around 20%. This
that even completely accurate dating of mass extinctions

impacts should not be expected to yield perfectly sharp
the power spectrum of a Fourier analysis.
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present results have been derived from an extensive series
merical orbit calculations (including 107 stellar encounters)
ils of which will be published elsewhere. These calcula-
into account the perturbations of passing field stars
il as the galactic tidal field on the orbit of a double star;
al perturbations are caused by occasional passages close
flecular clouds and through spiral arms. The first two types
flurbations, stars and galactic tides, act continuously. The
tidal field has a nearly constant strength over the orbit
Sun, and passing stars appear in large numbers: every
0 years the Sun encounters many different stars some of
actually pass through the orbit of the solar companion.
ge of their intermittent character, the effects of molecular
and spiral arms are less important on a 250 Myr time
on which the extinction record is well documented ; these
discussed in more detail elsewhere.
strongest component of the tidal force acts perpendicular
actic plane, where the gradient of the galactic force
mptsl and has a restoring character. The tidal force
rection to the galactic centre is smaller by about a factor
and tends to pull a wide double star further apart. This
Hforce is composed of two parts, one of which stems from
dial gradient in the galactic force field and the other from
rifugal force in the coordinate system rotating with the
its path around the Galaxy. Another important effect in
ating frame of reference is the Conolis force acting in
ftic plane perpendicular to the motion of the companion.
pdelled all these effects in a linearized approximation,
is sufficiently accurate®.
h field star passing close to the double star exeris a
ng force which acts over a time interval much shorter
¢ orbital period of the binary, by a factor typically of
der a few hundred. Therefore, | have used the impulsive
imation, where the perturbing force is taken to act instan-
sly at one point in the binary orbit. This approximation
i factor of nearly 100 in computer time, and gives 1 Myr
ol orbit integration, featuning about 100 stellar encounters,
few seconds (rather than minutes') of central processing
me on a VAX 11/780 computer.
derstand the relative importance of both types of per-
I consider first the galactic tidal field only, neglecting
stars, and orient the major and minor axes of the orbit
p of the three principal axes of the tidal field. For each
g six choices, 1 have computed many orbits, all starting
¢ same eccentricity ¢ = 0.7, but with different values for
ength of the semi-major axis, to find an orbit with a
of 26 to —28 Myr (Kepler's third law is a poor
pation in the presence of strong tidal forces). The
values for the components of the tidal force have
mmputed from recent estimates at Oort's A and B con-
A=l6and B=-11,in km g tpc",refs 11, 12) together
tinferrred mass density in the solar neighbourhood which
5 the unobserved galactic disk material’, while the
5 i:{:i;t;tﬁ follow from the inferred galactic rotation
la shows the largest tidal perturbations which occur
s with their major axis perpendicular to the galactic
minor axis perpendicular to the direction of the
centre (so that the galactic tidal force is purely restoring,
jens the orbital period and therefore requires a larger,
le orbit to satisfy a given orbital period). Figure 1b
most regular orbit, which lies in the galactic plane
jor axis pointing to the galactic centre.
parallel to the galactic plane are not affected by the
it component of the tides, and thus are more regular and
] amplitude than orbits which feel the compressive
pilizing tidal field component perpendicular to the
. Both effects suggest that a search for the com-
slar might have a higher chance of success at lower
itudes (even though crowding is worse there ), because
ossil record as well as crater ages are more compatible
b regularity of Fig. 1b than with Fig. la, and (2) the
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Fig. 1 The separation between the Sun and companion star under

the perturbing influence of the galactic tidal feld, in parsecs (1 pc=

206,000 au). a, For an orbit perpendicular to the galactic plane;
b, for an Gﬁil in the plane.
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Fig. 2 The separation between Sun and companion star under

the combined perturbing influences of passing stars as well as the

galactic tidal field, for an orbit with the same initial conditions as
in Fig. 1b

smaller excursions in Fig. | b make the orbit less vulnerable to
perturbations by passing stars, which | now discuss.

I have immersed a double star in a field of passing stars, most
of which cause only a tiny perturbation even when they cross
the binary's orbit, because the total momentum transfer is pro-
portional to the time spend in the encounter (typically only
0.1-1% of the orbital period). For the distribution of field stars
I have accurately modelled the solar environment, using 10
discrete mass classes in the range 0.25-20 M5, each with thnll
particular observed number density and velocity dispersion'"'?,
with a total mass density of 0.06 Mgpc™ (0.02 Mg pe™’ of
which resides in light stars of 0.25 Mq, to model the unseen
disk material; a choice of 0.05 Mz pc™ in the form of 0.1 Mg
stars would have given a similar cumulative effect). The pro-
cedure for generating the properly weighted random distribu-
tions of orbital elements has been described previously'” using
a Monte Carlo approach to obtain scattering cross-sections in
the gravitational three-body problem.

Figure 2 shows an orbit which starts out with exactly the same
initial conditions as in Fig. 1 b, but which is now subject to stellar
perturbations as well as to the galactic tidal field. Note the
fluctuations in the time intervals between successive close
approaches (perihelion passages) of the companion, spanning
a range 23 to ~34 Myr. This suggests that even completely
accurate dating of mass extinctions and crater impacts should
not be expected to yield perfectly sharp peaks in the power
spectrum of a Fourier analysis. A more sensitive test of the
hypothesis of an unseen solar companion follows rather from
the prediction of a tight correlation between individual periods
of enhanced cratering rates and periods of mass extinction
(several authors have argued that an alternative explanation can
be given using the Sun’s periodic motion perpendicular to the
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Fig. 3 A, The same orbit as in Fig. 2, followed until final dizsol-

ation around An 3,200,000,000. B, The evolution of the semi-major

axis of the orbit in a. The noise in the perturbations has a fine
structure down to 0.01 Myr.

galactic plane®'*; however, it is hard to understand why both
extinctions and cratering seem to occur when the Sun is furthest
away from the galactic plane’”). Although the intermediate time
intervals cannot be predicted individually, their probability dis-
tribution can be obtained from orbit calculations, which thereby
provide additional constraints.

Also note in Fig. 2 the significant scatter in the distance of
closest approach. The number of comets directed into the inner
planetary system at these times is strongly dependent on this
distance, although for small perihelion distances a saturation
effect might occur if the loss cone is filled completely™. This
could naturally explain why some mass extinctions have been
so much more dramatic than others'?. The term ‘loss cone’ is
used in analogy with plasma physics, where a mirror machine
has a cone-shaped region in velocity space from which the
plasma can escape. For the gravitational application the region
in velocity space from which comets are lost is really bounded
by a loss hyperboloid-of-one-sheet'; this is sufficiently less
euphonious that the term loss cone is preferable as long as it is
understood to refer to a strictly hyperboloid geometry.

I have computed several hundred orbits, each starting with a
revolution period 26 to ~28 Myr, and with an initial distribution
isotropic in space. As mentioned above, the orbits parallel to
the galactic plane live longer than those perpendicular to the
plane. About half of the total sample of orbits dissolved within
1,000 Myr, in agreement with analytical estimates'®'®. A more
quantitative discussion has to include the complicated depen-
dence of the dissolution rate on the orientation of the orbit with
respect to the Galaxy, and lies beyond the scope of the present
letter. These half lives decrease if the effects of molecular clouds
and spiral arms are taken into account, but the decrease 15
sensitively dependent on the distribution of molecular clouds,
which is observationally less well determined than that of the
field stars. A realistic guess for the final life time would be a
value larger than 500 Myr, because (1) the Sun is, at present,
~1 kpc closer to the galactic centre than on average, and (2)
the Sun has an unusually low velocity perpendicular to the
galactic plane at present (Wielen, personal communication).
Both effects strongly diminish the influence of giant molecular
clouds which are concentrated towards the galactic plane and
towards the galactic centre, in contrast with results by other
authors'®*2". A detailed analysis of orbit calculations which
include these effects will be published elsewhere.

With a half life of 1,000 Myr, survival times of a few 1,000 Myr
still occur frequently. Figure 2 shows a double star orbit which
lasts for 3,200 Myr, as plotted in Fig. 3A, to illustrate the nchness
of the spectrum of perturbations. The final breakup of the double
star occurs after a random walk in orbital parameter space,
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through the combined influence of more than 100,000 ind
encounters with field stars. These perturbations can
more clearly in Fig. 3B, which plots the semi-major & i
the orbit. Typically, every 10,000 yr another field star be
encounter (included in the numerical calculations
occurs within a distance of five times the semi-major asi
of which lasts for a 100,000 yr. Occasionally a large jumpy
which can be caused in any of three different ways: the
star can be extra massive, come extra close or move extris
in each way increasing the total momentum transfer,

The noise in Fig. 38 is strongly dependent on the
orbit. For a <0.3, on the right-hand side of Fig. 3B th
has died down by nearly an order of magnitude. This §
fewer stars pass close to a tighter orbit, and larger periul
are required significantly to affect a tighter and therefg
energetic orbit. During these lulls in stellar perturbati
galactic tidal field makes itself visible in the slow m ¢
of the eccentricity with a period of about 300 Myr, a§
seen in the rising and falling of the amplitude of the ext
in r on the right-hand side of Fig. 3A.

The closest encounter in Fig. 3A brings the compani
distance of 800 AU from the Sun, by AD 2,100,000,000.&
ters much closer than that are rare during the lifetime
Solar System, as | have found from orbit calcula ions §
at an initial separation of 0.1 pc (resulting in a haik
~5,000 Myr). This suggests that a planetary system o
survive the presence of a distant solar companion, as
ted induced eccentricity for the orbits of the outer p
<0.01 (ref. 21), even if the companion would come
as 200 AU. A detailed study of the perturbations on the
would nevertheless, be very interesting; it would probs
put very stringent restrictions on the hypothesis of
companion, but it might explain the ill-understood i
in the planetary system.

Figures 2 and 3 chart only one of the many possibl
evolutions of the orbit of a solar companion. Each i
orbit calculation yields vastly different results, since the
stars exert a stochastic perturbing force on the double
perturbations are unpredictable on a short time scale and
to treat analytically, even using the average for e
scales, because of the complicated interference with th '
tidal field. Each of the different future evolutions whi
calculated as starting with the initial conditions of Fig
equally likely to occur, as are many others starting fromd
initial conditions (but with the same initial orbital pen
to ~28 Myr).

The evolution of the hypothetical solar companic
summarized as follows: the original orbital period at
of the formation of the Solar System was probably in
| to ~5 Myr, much shorter than the present value
~28 Myr: and the final escape of our companion
take place relatively soon, on a time scale of the
1,000 Myr.

After completing this work 1 received a prep
Smoluchowski and Torbett®?, whose calculations of &
turbances of comets agree with the present paper.

I acknowledge interesting discussions with many co
especially Luis Alvarez, Walter Alvarez, John Bahecall
Cohn, Ivan King, Myron Lecar, Eugene Shoemaks
Whipple, Roland Wielen, Richard Muller, Scott Trems
Alar Toomre. This work was supported in part by
PHY-8217352.
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