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SPRINGTIME FOR NEUTRINOS

Next to the question‘of: why there'is anyr_hmg at‘all’the’ idenaty of thar:
anything might -be the"most fundarmental issuc ‘that"science-could hope
to confront—and one “that astzonomers rmght well have thought thcy
had aifcady answ crcd Smcc ‘Hubble’s tin ne it was acccptcd that the uni-
verse was stars and gaiancs and dustand gas and dirtball rocks of plancts
orchids, algac and human bcmgs It was a woman who piayt_d the icadmg
role in convincing’ thcm ‘that astronomers were wrong; they had no'idea
what most of the universe consisted of. Most of the universe was not
stars and galamcs Most of the 3 umvcrsc was invisible.

Vera Rubm was on the run’ whcn shc d.lscovcrcd dark ‘matter: -
Trouble and Lonn'ovcrsv had doggcd hér career: Part of it was bccausc
she was 2 woman; part “of it was because she was good. All she wa inted”
0 do was observe hr:r gam}_cs 1n pcacc but she sccmcd to have an unerring”
knack for stumbhng on disquicting observations.

Rubm docsn t look hkc a troublcmakcr Short, Wlth a round facc

Growing up in Washmgfon, D. C He became entranced by 3§tronomy
from watchmg thc stars go- past hcr bedroom window.- Rubm went to
Vassar and was'a" mcrnbr:r of the class of 1948, ‘which 'was unmortalmcd
n Mary MLCarﬂly"’ famous novel The Group. Rubin Wwas artracted there
by the fa" that an carlicr Vassar graduate, Mana Mitcheli, had been the
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pedirions: ‘begin; and it is where. Rubik. .aa=tord tried 1oz lot their. Arst
retation‘curve, in 1970, ‘Andromeda was too big to cover.in ongicxposure
with theispectrograph; they had:te.tiptoe star. field by:star-field: sthrough
the- gaiaxy over.many. mghts of. obscrvmg

;stood
utithere was noteurcka. 2“We weren’t wise enough,” said Rubin
a hn_lc rucfu]lj hakmg het. hcad_, at.a:loss to. cxplam their lack-of . per-
j;turther; The-full meaning of rotation curves had nor quite
sunk in. vct didn’t-occur to them.to connect the.flat curve to the
distribution’ of matter. After puzzling about the possi bﬂm of some kind'
of feedbackreffect that:would -regulate.the stars’ speeds, they dropped the
subject.

Rubin and- Ford went back to ‘using their splendid image rube
spectrograph to.measure redshifts of spiral galaxics. Of course, they bum-
bled -right back into, the lopszdcd expansion of the universe that Rubin
had unhapp:ly discovered in graduate school. This time it gor a name:,
the: Rubin:Ford:effect. The simplest interpretation of this effect was that
a sizable chunk:of the local universe, in addition to expanding, was being
pullcd by, somcthmg and shding in the general direction of Pegasus. This
discovery had.few fans among senior astronomers. Sandage, having cs-
tablished. thc l.].lllfO['mlt‘,’ of the expansion of the universe to his own
satisfaction; suspcctcd that Rubin’s sample of galaxies was biased.

With a storm cloud over her head, Rubin and Ford, along with
Norberr Thonnard:-and David Burstein, returned to their. spiral galaxy.
dyna.:mcs where the puzziing rotanion curve of M31 lay in wait bike a;
tu:kmg bomb,. This time they decided-to do a thorough job of invest-
gaton. They wouid go through the- spiral galaxy rypes systematically,
starting- with the:most luminous ones, take spectrographs, and analyze
the star motions.<For-a small or distant galaxy, this was a one-step job.
‘When the entrance slir of the spectrograph was lined up with the long
axis of the gaiaxv the blucs'uftmg of light from stars at one end of- the,
disk coming roward us and the redshifting of light from stars going away’
-~ at the other- cnd twisted all the spectral lines into S-curves: The galaxv’s;
rotation curve cou}d be read off a single, spcctrogr.am

‘As soon-as, Rubin and Ford began cagvn holding up frcshlyf
developed spectrograms in the darkroom:and: squinting.at the cureing,
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spectral lines; they,realized thar something

rotation curves did-notitrail offithe

anything, they speededu
star lived; the:more and: /mass wa
and faster. But out there was lessand k \&
mass dlarwaspmpclhngtﬁcdlstan tars STl
knew immedidtely we had: something, phenomenal |
Thére:could be only two explanations. for:such behavior. Eithe
Newton’s laws were wrong, ior there was somethiingclsc:inthe galaxy-—
something-that"was not’luminescent; and that wasnot:coricentrated:at
the center-of a.galaxy, ‘as the stars were:Rubin caleulated how much of
this extra “dark” mass would be needed to:whip, the stars around at:the
speeds they were traveling and keep the rotation curves rising. The answer
was astounding: two tO ten times more.mass than seemmied fo:exist in:the
visible galaxy. | o |
“Great -astronomers told us it-didn’t:mean anything " Rubin 52 id
“They said it:was an cffect of looking at bright galaxies:” Go look at dim
galaxies, she was.advised. N
| So she-did. She was not backing:down this.time: ‘Rubin suspected
that what she had found was the missing mass. -

morcmass 1p:t around 1as;
as:the additional
" said Rubin, “We

b

“Missing mass™ was ‘a. term:that -had been coined by the irascible Friz
Zwicky to describe the results of a disturbing observaton that had been
made back in the thirties, and it had been tugging .mlxjpgi;iy:'ar-thc minds
of thoughtful astrQnomers cver since: ._
Zwicky had measured:the redshifts-of a bunch of galaxics in:the
Coma cluster, figured out how fast they were moving with respect to onc
another, and calculated how much gravitational force would be required
to keep the cluster from flying apart. Then he compared this gravitational
‘mass to the luminous mass of the ciuster; which- he obtained by. simply
“adding up all the starlight: Toe his surprise, the gravitational-mass; out-
weighed the luminous mass ten to one. The conclusion was inescapable:
‘unless the Coma cluster was just a temporary optical illusion; 90 percent
 of the Coma cluster——and, it rurned out, of other clusters—was invisible.
Zwicky: called the invisible 90 percent the'missing mass. It would
prove to-be his most lasting and damaging.-f-s_wipc._«.atet_htj::-._co_smological
cstablishment. The bottom:line: implicationof Zwicky's‘work was that
astronomers didn’t know what the Gniverse: was made-of;
- Like most -astronomers, Rubin v;h:id';goht-.thrdﬁg}h;{ﬂjcéé_:_’('c_rc.isatgeof .
redoing Zwicky’s calculations in graduate school and concluded there was
something not ready to be nnderstood there. Since Zwicky’s ume, as-
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tronomers had found otherexamples of collections of galaxiesthat seemed
to-weigh-more than'thie siims of the individual galaxies inside. In gene ral
it:seemed thar the larger-the system being studied, the bigger the dis-
crepancy was between visible :and. invisible weight—the. more’ missing
mass there. was. Some astronomers clung tothe. hopc that,.on:the: largest
scales, there would turn out to be enough missing:mass to close the
universe.

Pecebles had an influcntial hand in this interest in missing mass.
In 1973, during the period when he.was enamored of numerical simu-
lations on-computers,.he and a Princeton: coUcaguc Jeremuah @striker had
attempted tosimulate the structure.of a spiral; galaxy ona ‘computer: They
ried and tried, but kcpt failing. The-disk-ofthe gala.w ;itiseemed, was
unstable; the gravitational forces between’ the stars in the disk pulled 1t
apart, How was it sthen, that galaxies- existed?. Eventually, Pecbles and
Ostriker found that the diskzwould be'stable if it was surrounded- by a
spherical halo of other matter, like a hamburger patty sandwiched: between
two halves of 2 bulky rell. Such a halo would naturally have torbe invisible,
and it didn’t nave to be Very massive to stabilize the.galaky. Peebles
recognized that bysupposing that the dark halo was arbitranly large.and
massive, he could in-effect add. enough invisible mass to galaxies to close
the universe, although there was no evidence that sc much was there. He
and Ostriker had to hold themselves back from impuring oo much dark
mass to the halos when they wrote their paper.

A year later Peebles and Ostriker addressed the guestion. of dark
matter, gaiaxy masses, and omega head on,.with the help of Amos Yahil,
a young Israeli-particle theorist on a postdoc: They analvzed all the dif-
ferent ways in which galaxy masses had been mca';nrcd—from visible
starlight:to the dynamics of double galaxics orbiting each other'and large
groups: They found that as astronomers looked on-larger and larger scales,
the masses of gaiaxms secmed to go up. They:concluded that Zwicky had
been right, that-galaxies were probably ten times as big and.massive ‘as
they looked. Qutside their own department, this was not well received.
Princeton theorists had the reputation of favoring-a closed universe, both
because of Wheeler's predilection and because the galaxy correlation sta-
tistics pointed to.a dense umverse.

As 1t turned out, a spherical halo of dark marrer fit. Rubin’s ob-
servatons very well. She and her crew spent the next few vears shuffling
back to telescopes in Arizonaand Chile filling-out their. rcpcrt01rc of
galaxies: dim galaxies, bright gala:ucs loose spirals with anemic cores-and
tlght splra.ls with arms, barred: spirals, spindle-shaped galaxies. They col-
iected a great vanety of. rotation curves. Rubin became expert at reading
their nuances. She bragged, “If vou give me a rotation curve and the
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Hubble oype u’F iﬂ;_-g'alaxf;{;_ 1.cantell! our the nass, luminosity, and radius
of the' gzlm |

What they al*Sad in:common was.thc 51gnatum :of. missing:mass
ur dark rmatter; thc'stars: wlurlmg fastcr 1 the gravity l:.,thc stars-alone
could make them:# luminoussmatrer:was hkc 27 Kindiof oam:on ‘a-dark
ystery wave: “Nobody: everstoldus: allsmattériradiated?? she blurted’in
ner blunt style; Swe just assumed-it did: 7

Rubin concludédathat-what- astronomersicall galaxies—the, spi-
dery curls of starlight-and: ‘gas—wercAn? fact only-theiluminous cores:of
much lirger, dacker, andimore massive clouds: She: dcvclopcd 2 kind ot
stump speech abSut herwork-that she titled “What's the:Matter in Spifal
Galaxies?™: Darkmatter; she sald, appeared-to surrgund:and permeate a
visible galaxy:: ‘Within. the visible boundarics of the typical 5p1ral ‘galaxy
Rubin estimated that about hilf the mass was dark matter. Bur.there:was
every indicaton that the darki-cloud extended even beyond the visible
cdgf‘ of thc galaxy, its- ulnmatc dxmcnmons could not be traced. Dark

Peebles, and Yahxl had rcpcatcd -outweigh: lummous: mattcr 10 or even
10C oimes to 1.

Rubir’s main pomt was phllosophlcal For 300: years astronomers
had been prcsummg that ‘the ‘uriverse was® what ‘they-saw. What they
spent their nme doing was. somng lumps: Atomns formed INto stars, stars
formed into galaxxcs galaxms into clusters, clusters: mto supcrdustcrsA
maybe. Now this woman ‘was claiming:that the: costos was what they
did #ot see.

- “When we view the sky with our cyes, with 4 telescope, or with
a th*OgTaD hic -plate, \xhat'Wt‘:’"acma!J}, sec¢ 1s that the distnibution of
luminosiry 1s clumpy,” Rubin'said, leaning heavily on the.word “lumi-
nosity,” as if it were suspect. “Is there valid evidence that the distribution
of optical luminosity describes-the distnibution of matter? The answer to
this question 1s a resounding no.”



