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COMET SHOWERS AND NEMESIS, THE DEATH STAR

Jack G. Hills
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Today, I would like to discuss the recently proposed hypothesis
that the observed periodic extincLions of lerrestrial species is the
result of comel showers catalyzed by a hypothetical distant solar
companion, Nemesis. This is a tale of global death by comel bomnvardment
of the carth.

Before 1 discuss the Nemesis hypothesis, 1 shall lirvst review the
observed evidence for periodic extinctions in Lhe [essil record and the
evidence that some of these extinclions resull from astironomical
impacts,

1. Mass Extinctions and Astronomical lmpacls

The lwo mosl severe of the past three mass extinctions have been
attributed to mmpacls of large asteroids or comels.  The oldest, and
mosl severe ol these three extinctions was produced by the Cretaceons-
Tertiary impactor of 6 million years ago. 1L coused a clay layer an
inch thick to be depositea avoumd the eatire «arth.

From the amount of irvidium amd platinmm in the clay layer, Alvarez
el al. (1980) estimated the diameter of Lhe C-T lmpactor Lo be abouol
10 km i il were a Ltypical emth-crossing astervoid with a composition
simi by o that of a cavbonaceous chondrile.  This compomilion i
characteristic of adilleventiated matevial in the Solar Nebula. 10U s
arders of magnitude richer i platinom and ividiom than the crust ol Che
carth which is severely depleted as the vesult ol these sidevophile
clement: having settled to the ivon corve.  An ecarth crossiug astevoid
having a ltypical impact velocily ol 20 km/s would produce an impact
encrgy ol 10" megatons: or more than 10Y times the combine:d encrgy ol all
nuclear weapons on carth.

The C-T impaclos could al- o have been a comet. Comets are Linpely
1ce wilh a mixture ol 10-50% lid wndiltesentiaied matevial, o the
requived comel wonld have ta be 210 Cimes a: maasive anoan asteroid in
order Lo lay down Lhe zame ameunt ol platomm and ivadom. AL o typacal
velovity ol 60 kw/s, the ampact energy would be aboot 10" (o 10"
mepaton: o aboul 10" 1o 10% times Lovper than the wou Ld' s und lean
aveenal .

The next most severe ol the paz! theee mass extinclion: was Uhe
Focene -Olipocene Extanction of W0 1 million vears apo. Alvisez, W, el
al, (1?) ol threee dittrent groups of tekUalen annociated woll this
extinction imircat g that ot least theee separate Laoge mpaci eveanl s
ovennred dining thiz extimvion., Tektstes ave plass beads produced by
the vapad cooling of molten rack whoeh jets from Che porat of impact ol
a meteo ate wilh colid vock.  Soch beads e alno responzible tor Lhe



raye around lunar impact craters. The multiple impacts associated with
this particular mass extinction are consistent with the comet shower
impacts predicted by the Nemesis hypothesis.

The latest mass extinction was 15 million years ago. There is no
eviden~e of an asteroid-comet impact associated with this extinction.
However, according to Lhe paleontological data of Raup and Scpkowski
(1984), this is the least severe of the past three mass extinclions. It
produced the dcath of only 20% of all the families of species in the
occan. The Cretacious-Tertiary extinction eliminated more than 70% of
such families in addition to killing off the dinosaurs and many other
land species. The Eocene-0ligocene cxtinction eliminated abecut 50% of
the ocean families. The Cretaceous-TerLiary and Lhe Focene-0ligocene
Extinctions were the most severe ones of Lhe past 200 million years.
Only Lhe two Late Permian mass extinctions Lhat occurred between 200 and
250 million years ago were as severe.

It is perhaps not surprising that only the G-T and E-0 Extinctions
show clear-cul evidence ol astronomical impactls. Tne remaining extine-
tions of Lhe past 200 million years were much less severe, so Lhe
envirommenlal stress may have been much less which suggests much swaller
impactors which would have left behind less physical evidence,  The two
great extincetions of Late Peymian are Lhe most promising ones Lo search
for additional evidence of mass extinctions, bul the great age of Lhese
exlinctions may make it diflficult.

A. llow An lapact Kills

How docs the iwmpact of an astevoid or comet actually lTead Lo mass
extinclions? The sceanario is a long one: The impact prodoces o massive,
daouty fiveball which breaks oul of the atwmosphere.  The tiveball pas
spreadzs ont aver Lthe top ol the altmoszphere Lo produce a new onter
almor pheve ol hot gas and deat overlaying the nllll laves.  The dust o in
the gan blocks on’ the sunlipght which kills plaaetz:. "he animals which
teed on Lhe planéts stavve or subler severe thermal stress, 1 shall now
discuss Lhis scemmao in more detal,

In addition to prodacing a cra ea, Che impact produces a Lape
amomt ol hat gas by Che evaporation of anch of the meteorvite and zome
of the groumd it impactis,  The hot gas expande adiabal ically and becomes:
less dense than the sunyouding atmosphere.  The vesulting booyancy
cavien 1l to pigse though the atwospheve. 0 has become o classical
Livebal)l., Foeballn e not onty produced by Uhe explozien ol enclear
weapond in the atmosphere, bat they ave also prodoced by large voloame
cvuplions such ax Mot St Heleos' which deposited /o mepatons into Uhe
atmozphere out of a tolal encigy release of W6 mcsatons (ones: and Koda s

OR?),  They amie alny produced by large meleoy impacts. For example,
the Tungusmta event ol 1908 wmiodueed a fiveball wilh an ecncrgy ol 10
megatons.  Thas “"pillao ol Tore” was ceen (o 450 Kilometers atonmd the

The rvise of o Loelalt an the atmosphere produces o soctron which
entiaps dust e Che farveball. Foeballs ave always dosty, The preates
the cnerpy ol o Linebail, the hizgtva ot e an the atmosph o ve betor e



its rise is stopped by its coming to pressure equilibrium with its
surroundings. The largest man-made firekall was the 58 megator Russian
nuclear explosion of 1960. This was confined by the atmosphere. If
fireball energy exceeds about 150 megalons, it never reaches pressure
equilibrium in the atmosphere. Initially it slows down =2s it rises in
the atmosphere. Finally, its radius begins Lo greatly exceed the local
scalr height and iL begins to be accelerated upwa.d by the pressure
gradient in Lhe atmosphere.

Colgate (1984) shows Lhat tihis hoL gas wiLh the entrapped du.:t then
fioats Lo the top of the atmosphere where it spreads out to form a hol
layer of gas over the entire atmosphere of the carth. This spreads out
on a dynamical time scale, i.e¢., al the speed of a satellite in a low
carth orbit. An observer on the ecarth would sce a dark cloud pass over
his sky at the speed of a low satellbite. In less than 90 minutes Lhe
entire carth is enveloped in darkness.  The optical depth Lhrough the
inch of dirt associaled with the C-T impactor is several bhundred so LI
darkness is quite complete.  The settling time of the dust is about a
year.

The long period of davkness kills many species.  This is especially
true ol thosze in the ocean because Ltheir normally benecign environment
makes 1 em less resiliant to changing conditions Uthan land plants and
animals.  The drop in tempervature associated with culting of I the sun-
light ~ill also be harmful Lo wany plants and animals.  After several
months the tewoerature will begin Lo rise because what heat does reach
the swrlace ol the eavth escapes wita great dilflicaity; greenhonse

heating occurs.  Eventually the carth become: warmer than st war before
the mishap. Finally, the temperatorve returns o normal as Lhe

altmosphere clears.
B. Evidence tor Peciodic BExtinclon:s

Raup and Sepkowszki (1984) tind evidence in the Palcontological
Recovd that the mass extinctions on the cavth over the past 250 mllion
years e pertodic with o peviod ol 20 million years wille the Tateny
extinction occorrang 1 million years azo. The preate:t extinclion
Eilbed abont 960% of all occan Tamilies while the averape extinetion
killed aboul /%% ot thess familices. Thesme ext incl ioes were ol o mino
peartmbat roas.

Alvarez and Muller (1984) have examined the awes ot aapact ol the
wajor craltears on the cath. They fond that these cratening eveols e
periodie with o pervod of 2840 miblvon yeass, and tnat the previoon:
majo alering ocomrred Ty (8 2) T hion years ago. Both the pervad
amdd the phasaing e cousidteant with the obievved mass extinctions on the
carth, When there were major cralervnpy event: theve were mass endoone
Livong on the eanth,

The araters heove heen attvibuted to comel siewers poodoced by
cuther o companmion o The sun o o Che passape ol the san Chirough Hhe
Galactse ik



1I. The Nemesis Hypothesis

This hypothesis was proposed independently by Whitmire and Jackson
(1984) and by Davis, Hut, and Muller (1984). 1In this hypothesis the sun
has companion with an orbital period of 26 million years which requires
the companion to have an orbital semimajor axis of 9 x 104A.U.

In this hypothesis, Nemesis aclLivales a shower of comet as it
pazses inside the steady-state or Oort comel cloud.

I shall now discuss the Oort comel cloud and Lhe reason for comel
showers.

A. The Oort Cloud and ComeL Showers

The Oort comelL cloud, which forms a spherical shell extending from
20,000 Lo 200,000 A.). from Lhe sun, was found empirically by Oort
(1950) from the known orbils of long-period comels. The tidal field of
Lthe Galaxy determines Lhe outer boundary of this cloud.

Hills (1981) showed Lhal the apparent inner boundary is a selection
effect which results from the infrequency ol the close stellar encoun-
ters needed Lo perturb comels within Lhis zone into orbits which pass
through Lhe planctary system.  Comets which cross Lhe orbit of Jupiter
suflter a pevturbation which is about 1¢ Limes larger than their ovhital
binding energy.  lall these comets are sent into hyperbotic orbils while
the other hall are sent into very much move tightly boumd orbits el very
short arbital period,  These shovt-periad cometls cross Jupiler's orbil
al ecach perihelion passape which resolts in further changes in their
orbits.  They me ejected into a hyperbolic orbit on a Lime scale which
ix short compaved to theirv orvipginal orbital peviods in the Oort cloud,
Withont perturbaticons by paszing stavs, all loop-period comets in orbils
which pass within the orbit of Jupiter would be kicked into hyperbolic
mibits in one orbital orbit.  ¥e wonld not know that these comels:
exinted,

Pasziag star: lend to produce au isolropic diztvibution of veloci-
ties in the comet clowd.  H passing stard de nol come by Trequent By
enough, an observer in the comel cloud would see an isotropic distribey:
tion ol welocities in all divection: except for a cone ol velocitly
vectors centered on the sun which correspond ta comel s in orhits which
crosus Cthal ol Jupiter. These comels: ave ot wilhin one ophod ol peyjedd.
Thiz ix the sitaation Tor comels wilh zemimajor axes less o
20,000 AU, For comelyr wilh semimagm axes Tavger Chao 20,000 AU
passiing stars wilh peatmbations Large cwongh to Lol Che Loss cone come
by the zun Dheguent ly enongh so lozs cones ol these comets ave always
Lilled,  There s oa steady-state sticam ol these comets enteviog the
plonctary system. These comelsn constiltute the classical Ooet clod,

When a gtar does pani inside The Ot cloud, it Gills the loss
canes ol the comet: an the inner clond amd causes o showes o Cheses
comel:n (o enler the planetmy system. This shower then Tasts Tor The
lenpih ol twwe necded tor the comel: on the showes to make one orhetal
periad,  These showern are ol Dregqueat . A oan example, only 9% ol the



time will comets with semimajor axes less than 10,000 A.U. enter the
planetary system in intense showers. Hills (1981) esiimates that comels
with cemimajor axes less than 3000 A.U. would lhave their loss cones
filled by passing stars about every 5 X 108 years. The resulting comet
shower will last about 200,000 years and result in about 10-100 comets
hitting the earth. Hills (1981) suggested that the C-T iwmpact event
might be the product of a comet shower caused by the random close
passage of a star.

B. arturbations by Nemesis

The Xemesis hypothesis proposes Lthat the sun has a black dwarf or
stellar companion with an orbital period of 26 Myrs. This object wculd
have a semimajor axis of 90,000 A.U. which places iL in Lhe classical
Oort comet cloud. While it perturbs the comets in the classical OorlL
cloud and tends to fill the loss cones of these objects, this effecl is
nol noliceable as unbound stars in the solar neighborhood pass by often
enough Lo keep the loss cones of these comets filled without the help of
Neme:sis .

H ils orbil is sulficiently eccenlric, Nemesis passes inside the
Oort cloud at each periastron passage. If Nemesis is also massive
enough, it lills Lthe loss cone of the comets in the inner cloud which in
turn causes a shower ol these comcts to enter Lhe planctary system.

C. Mass and Eccentricity ol Lhe Orbit ol Nemesis

I have recenltly used compuler simulations to estimate the minimum
mass f Newesis and the minimom cccenlricity of ils orbit necded to
produce the death showers sugpested by Lhe Nemesis hypothesis (Hills
1984). | have assumed Lhat to produce the necded death shovers it s
necessary Lo fill the joss cones o comels wilh scmimajor axes less Lhan
4000 A UL Column 1 of Tanle 1 shows the assumed mass of Nemesis while
Column 2 shows the carresponding minimm esccenlvicity of Nemesis needoed
to Lill the toss cone of Lthese comets as found by the compuler simnla-
tions.

Table |

"l'lill . Fraction
M “min l ¢ Lot
0
0.01% 0.9 0O.1h 0.12
0.02 0.1 0.1/ 0.1
0.05 0.1/ 0.1 0.1u
0.10 0_RY 0,060 0.40
0.20 0.006 .00 0.40

Averaped over Lime, the pmobabilbity of Newmesis haviang a gaven
mbilal ecceentricity shanld tollow the diztoibution dictated by =tatin-
Cical eqmbibvien.  In this cane, the probability ol Nemeros hoving an



orbital eccentricity of e or larger is given by

Pe) = (1-¢2) . (1)

This probability is given in Column 3 of the table. The last column of
the table gives the fraction of the comets in the inner cloud that have
been lost due to the perturbations of Nemesis sending them into Jupiter
crossing orbits.

We may conclude from this work that the minimum mass of Nemesis
needed o produce comet showers is about 0.01 M, or 10 .Jupiter wmasses.
If Nemesis is less massive than the Kumar (1963) limit of 0.07 M_, it
cannol he powered by auclcar burning. However, a black dwarf( is observ-
able in the infrared. It would ‘‘resumably bhe warmer Lhan Jupiter which
has a rurface temperature of 120 wiLh moslL of ils radiated power being
due to internal sources rather than reradialed solar energy. A black
dwarf wilh a mass of (0.01-0.07)H0 can be expected Lo be about the size
of Jupiter anc have a surface Lemperature of perhaps 150-200 K. It
would be one of the 2.5 X 10° sources in Lhe TRAS calalog. Tt will be
difficulL Lo pick it oul from Lhe olLher sources, bul ils expected range
of radiation tlemperature and expected flux will greatly reduce the
number of possible candidales. It will wltimately be didentificd from
the other candidates by its parallax.

Nemesis could also be a nuclear-burning star wilh a mass greater
than 0.07 M_. In this case its surface tenperatere would be at Jeast
2700 K as a resull of the llayashi limit.  Such an object would casily he
visible withh a swall telescope; c.g., if its mass is 0.1 M, il would he
abouc magnitude 12. 1f Newesis exists, il shonld be feund fairly soon.

D. Stability ol the Orbit of Nemesis

Beciouse Nemesis has a very large semimajor axis, we may quesliov
its lopp-term orbital stability. 1 have simulated a nuamber ol enconn-
ters between passing stars and Nemesis (Rills 1984). 1 find Lhat
passinpg stars change the orbital period ol Nemesis by an average ol AY
per orbital vevolution.  The eacomnters produce a slight hias towards
increasing semimajor axisz and ovbital peviod ol Nemesis, but basically
the changes can be treated as a random walk in arbital perviod. o the
10 orbital revolution: spanned by the 250-million~year paleontologial
1ecard of Rauvn and Sepkowski (19840, the accomilated chimge in the
orbital perviod will bhe about ALCIN?) - 1. U in not vet clear whether
the degree of periodicity noted in the tozzil vecord s censistent wilh
such o var-lom walk in the arhical period.

My comppter simlations: also zhow that passiong stars chaonge Lhe
orbital cccentricity of Nemesis.  This can canse bavpe percentage valia-
tions in Uhe clocest approach ol Nemediz Lo Lhe sun 6§ (he mbit g
highly cccentric as it must be il wmass ol Nemesis o is onear sl: minimum

possible valne of 008 M. The tractional variation in the perilielion
dizstance over 250 Myrs will be on the ovder of 1% tor o mmall-wans
Nemersin,  Chapge: o the pevibelion dasbanee willl o cause viniat ions

the intepsity of the comet shovers sinee il aliects Che minimm semi-



major axes of the comets which participate in a comelL shower. Thus one
can expect large variations in the intensity of the extinctions depend-
ing on the eccentricity of the orbit of Nemesis. There may be large

time intervals during which n~ extinctions occur because the orbit of

Nemesis is not eccentric enough during these intervals to penelrate the
inner comet cloud.

A passing star may at some poinL make the orbit of Nemesis so
eccentric that it pcnetrates the planetlary system. The probability that
it would have entered inside Lhe orbit of Plutc during the past 4.6
billion since the formation of the solar syslem is abhoulL 15%. It has
been suggested that Nemesis at one time had a much smaller orbil and
that stellar perturbalions have caused iL Lo walk out to ils present
orbiL (llut 1984). My work (Hills 1964) shows that if the semimajor axis
of Nemesis were 2 X 104 A U., so i1t were located al the inner edge ol
the OorL cloud, iL would have a much beller chance of entering the
planetary system. II il had this semimajor axis for 4.6 hillion years,
iL would have had an 80% chance of passing within Lhe orbit of Saturn.
Such a close passape would have greatly iacreased the orbital eccentri-
cities of the ouler plancts, and it is likely to have hurled several
plancls into hyperbolic orbits. Becauwse this catastrophe did not occur,
we are confident thal Nemesis Jid not spend much time near the inner
cdge of Lthe Oort cloud. Il Nemesis exisls, it has =spent most of ils
time near its presewt distance rather than in o much closer orbil.

Il Nemesis had to contend only with passing stars, it would have a
good chance of surviving 4.6 x 10 years al ils present distance {rom
the sun. However, the Lidal field of Lhe Galaxy reduces the probabilily

ol ils survival (lut 1984, Torbett and Smoluchowski 1984) . 1t requires
thalt Nemesis be in an orbit inclined less than 30 depees [rom Lhe
Galactic plane.  Passing molecular clowds may also have enaangered the

orbit ol Nemesis (Clube and Napicey 1984) although this is a conlrover-
sial mechanism due Lo great wncertaintics in the masses and nombers ol
gianl molecular clouds.

The Newmesis hypolhesis remains Lesable, although the veceal work

discussed in thin review indicate some difloenltics.  The problems ave
nol severe enongh to eliminale the hypothesis, so o its final test will
have (o he lell 1o the obuservers. 1D Bewesie exisla, il most be in Lhe

Infeared Astvonomical Satellite Catalog, apd it will eventually he
identilied.

Even il Nemesis does uol exint, Che work on Nemesis has been uselal
moempla: szing Uhe fact that comet and asterodd impacts ocenr and Hhey
have cann dl enmvmous stiess in the earth's biospherve rezalting in the

extinclion ol a signilicant haction ol the species on the eavth, Even
wilhort Newe:zis Uhese wasn calastroploes will continne to ocem in the
futme.  While theme astvonomical catastvophies sire dabrequent ) they

have shown themsclve: Lo be toe greatest danper 1o Tife on earth,
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