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Figure 3.9. The Lick galaxy countsina circle of radius 50° centered on the north
galactic pole (Seldner et al. [977).
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Fig. 1.8. Power spectrum of dark matter for ACDM and CHDM models considered
here, both normalized to COBE, compared to the APM galaxy real-space power
spectrum. (ACDM: Qp = 0.3, Qx = 0.7, h = 0.7, thus t, = 13.4 Gy; CHDM:
=19, =02in N, = 2 v species, h = 0.5, thus t; = 13 Gy; both models fit
cluster abundance with no tilt, i.e., n, = 1. (From Primack & Klypin 1996.)
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68 Dark Matter and Structure Formation

»| TRY COSMOLOGICAL MODEL e
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Fig. 1.3. Building a Cosmological Model. (This figure was inspired by similar
flow-charts on inventing dark matter candidates, by David Weinberg and friends,
and by Rocky Kolb.)
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3: The hot Universe

Physics of the initial stage of expansion

The preceding chapters introduced the reader to the mechanics of

the expansion of the Universe. Actually, mechanics is not the only
aspect of interest. A great number of processes took place in the
Universe at its early moments. We know that at the instant of the Big

Bang, 15 billion years ago the density of matter in the Universe was

tremendously high. Hence, the physical processes at that stage were
quite dissimilar to those we observe now. These past processes
predetermined the current state of the world and, among other
things, contained the possibility for the appearance of life.

The physics of processes at the outset of expansion is the focus of
extreme attention. However, are we really able to say anything
about these processes? This is a legitimate question since we mean
the very first moment of expansion, and that moment was 15 billion
years ago.

In fact, we really are able to infer some things.

The point is that the process during the first seconds of the Big -

Bang had such important consequences for today’s Universe and left
traces so obmous "*‘that 3'-'-'the processes themselves can be

The most. lmportant am _g them were nuclear reactlons among
elementary particles, occurrmg at very high particle densrtles Such
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R

1og [md (m)]

Fig. 3. The model mass function at a given radius, divided into
four classes, namely: Jupiters (Jp), main-sequence stars (MS),
red giants (Gt) and dead-remnants (Rm). ¢(m) is he number
“density of stars per unit mass, having the form ¢ (m)ocm™". For
the various notations see text. The dashed line correspond to
heavy stars of the original population befor.. they have shed
their envelope and left as dead remnants. The parameters chosen
l_ for this figure are: n=3.5, Mpin=0.03 Mo, m. =008 Mg
m=0.790 My, m. =0.805 Mg, and Mg, =60 Ms. Ordinat¢
divisions represent logarithm differences of unity
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Spectrum of Gas Disk in Active Galaxy M87
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Table 1.3. Dark Matter Candidates

axion

SUSY LSP neutralino
technibaryon

pseudo Higgs

shadow matter
topological relics

non-top. solitons

Primordial BH
jupiters

brown dwarfs
white dwarfs
neutron stars
stellar BH
massive BH

neutrinos ve vy, v, (vs7)
majorons”?

gravitino
right-handed v

decaying dark matter

o o

Weakly
Interacting
> Massive
Particles COLD
¢ DARK
Massive )
Astrophysical MATTER

v Compact
Halo
Objects

HOT
DARK MATTER

VOLATILE DM

} WARM DM
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46 Dark Matter and Structure Formation

Table 1.4. Supersymmelry
A hypothetical symmetry between boson and fermion fields and interactions

Spin

Spin Matter Forces Hypothetical
(fermions) (bosons) Superpartners
2 graviton gravitino 3/2
1 photon, W*, Z° photino, winos, zino, 1/2
gluons gluinos
1/2 quarksud,... squarks u,d, . .. 0
leptons e, ve, . .. sleptons e, v, . ..
0 Higgs bosons Higgsinos 1/2
axion axinos

Note: Supersymmetric cold dark matter candidate particles are underlined.
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Voyage to the remote past 135

them. About 0.3 seconds after the Big Bang, the entire matter of the
Universe, including electrons and positrons, becomes transparent for
neutrinos, that is, they stop interacting with the rest of matter. Their
number does not change after this, and they survive until today,
with their energy reduced by the red shift just as the temperature of
electromagnetic radiation quanta is reduced by it.

We conclude that in addition to the cosmic microwave back-
ground, the Universe must now also contain relict neutrinos and
antineutrinos. The energy of these particles must be approximately
equal to the energy of quanta of today’s cosmic electromagnetic
radiation background, and their concentration is also little different
from that of relict quanta.

Experimental detection of relict neutrinos would be an extremely

T T
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Masters of the Universe

Dark Matter Lights the Void

By GEORGE JOHNSON

SANY moons from now, when ex-
traterrestrial archeologists sift
through the records of our brief
civilization, they might be
ied to stumble across the proceedings
annual convention of stargazers called
smerican. Astronomical Society. They
1 be right in concluding that 1996 was,
: way or another, a landmark year.
st week, at this cosmological jamboree
1 Antonio, astronomers unveiled photo-
1s from the Hubble Space Telescope
were so jammed with stars that the
ated number of galaxies in.the uni-
‘quintupled "overnight, to’ 50 billion.
e we earthlings had time to absorb this
ing revelation, we were hit with still

analyzing the wobble of distant stars,
nomers found deviations that could be
«d by large, orbiting planets. Scrutiniz-
ne wiggles within the wobbles, they
dared speculate that the two unseen
is would be close ‘enough to their suns
ik up the rays needed for life.
-perhaps the single revelation that the
» would find ‘'most amusing involves a
1e hypothetical substance called dark
T, which by its very nature cannot be
Over the years it has become clear
f the prevailing cosmological theories
ght, some 90 percent of the universe
be made up of dark matter. Last week,
1omers said they may have identified
1 this unseen stuff. But the implica-
remain as mysterious as ever.
| the aliens might wonder: How was it
his ancient race was forced to con-
that a!most all nf the universe is
Jle? '

1ble in the Galaxy

earthlmgs, the anthropologists mig
, kept track of time by counting
heir planet had taken around its
the time of a highly regarded prop
1" Jesus. It was. after about 1,930°

revolutions that the planet’s stargaz-

:gan to-notice something seriously -
with the galaxies. Even their own
Way was violating what earthlings,

Sa scientists’ brams.

with characteristic lack of humility, called a
Law of the Universe. This particular law
had been laid down by another prophet
called Newton. Newton's law did such a fine
job describing how apples fell from trees
and arrows flew through the air that the
earthlings were sure that the stars them
selves must obey it. .

Gravity Defied

How shocking then that the Milky Way
seemed to be spinning much faster than
Newton decreed — so fast, in fact, that it
should have flown apart long before. Could it
be that the great prophet was wrong, that
his laws were no more universal than such

Stuart GOldPn berg

',.,__.

‘omethmg blg was
missing from space.
Newton couldn’t find
it. Luckily, it turned up

"*m.,:‘r e

T

%,,,_ ;

earthly concoctions as British cor
and the Internal Revenue Code?

But these stargazers were far 1
er than that. Perhaps, they propo
kind of unseen cosmic glue is h
Milky Way together. If 90 perct
galaxy consists of this invisible :
Newton’s laws would again reign

In the annals of astronomy, thi:
recorded as the ‘‘discovery”” of da

This dark matter — whatever
turned out to be quite useful. Late
Earth’s inhabitants were having
with their creation myth, the Big .
took was a hefty dose of dark mat
straight. -

The elders had taught that th:
began 10 billion earth orbits ear
great explosion that still reverbe:

. one problem. The debris from the
— all this hurtling star stuff — v
been f{lying too fast to clump t:
form galaxies and clusters of gal
prophet Newton’s gravity just wa

enough.

. Then dark matter came to the

Where’s the Mass?

most of the universe had simply e
astronomers’ notice, then there
enough mass — and therefore en
ity — to cause the congealing.
Before long, nearly every stc
earth had joined the cult of dark r
then there came a schism. Tw
called the Wimps -and the Mach
war over the true nature of th
cosmic glue.
- “Wimp” stood. for Weakly I
Massive Particles. No one had
ch things. But the believersin ¥
‘radical view that these exotic
‘whigh would neither emit nor at
‘accgunted - for - most of the da
Accprding to this daring heresy,
m from ‘“normal” matter, in
L‘zt.hlmgs themselves was a me

f Agamst th:s dlsheartenmg Vi

Continuet
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COSMOLOGICAL PARAMETERS
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