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For almost two decades cosmologists have had a general plcture of how
the structure (galaxies, clusters of galaxies, etc.) in the Universe
formed—-small primordial density inhomogeneities grew up into the observed
structuyre by the Jeans (or gravitational) instability. Thanks to "hints'
from the very early Universe, the details are now beginning to be filled
in. We review gsome of the recent progress and developments, inciuding the
hot and cold dark matter scenarios, a atatement of the f-problem, inter—
pretation of microwave background anisotropies, biased galaxy formation,
and the peossible role of cosmic strings.
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I. OVERVIEW
A. The Hot Big Bang Cosmology

The hot big bang cosmology seems to provide
an accurate description of the evolution of the
Universe from 1072 sec after the bang until
today, some 15 bi{llion years later. The evidence
vwhich supports 1te wvalidity include: the
observed universal (Hubble) expansion, the 3K
blackbody background radiation, and the concor=-

dance between the pfedic:ions of primordial

nucleosynthesis and the observations of the pri-
wordial abundances of D, Hed, He“, and Li7 (ref.
1).

The hot big bang model 1s based upen the
isorropic and homogeneous Friedmann-Robertson-—
Walker cosmological models.? In these models the
evolution of the Universe is described by a
single variable-—the cosmic scale factor a(t).
All physical distances, e.g., wavelength of a

photon or the separation of two galaxies, scale
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up with a(t). The redshift of a photon emitted
at time t 1is related to a(t): 1 + 2 =

amday/a( t).

The evolution of a{t} {s given by the

Friedmann equation
B2 = (afa)? = 8vGp/3 - k/a?

where p 1s the total energy density (matter plus
radiation), and k = £l or 0 15 the curvature
signature of the sparial hypersurfaces. Note
that negatively-curved and flat models (k < 0)
necesgsarily expand forever, while the positively-

curved model must eventually recollapse.

The Hubble time, H !, is an important time-
gcale. It 1is the time required for the scale
factor to roughly double, and as such, it sets
the scale on which mierophysics operates: co-
herent, causal microphysical processes operate
only on scales less than H™l, If, as ig often
the case, the scale factor grows as t0 (with
u<l), then up to factors of order unity H~! is
algo the age of the Universe and the distance a
light aignal could have propagated since ‘'the
bang’' (this distance is known as the particle

horizon distance).

The curvature {and hence fate of the Uni-
verse) can be related to the energy density of
the Universe by the Friedmann equation:

(k/a?}/H2 = p/(3H2/82G) - 1,

zq-1,
where p_ ;. = 3H2/BWG is rhe critical demsity (=
1.88h2 x 10729 g emn™3), the present value of the
Hubble parameter H = 100 h km see¢ ! Mpc !, and 02
- plpcrit' The curvature signature is determined
by f: @ > 1 <=> k> 0; 2 <! ¢=>k <0, For this
reason it 1is wuseful to measure cosmological
energy densities as their fraction (R4) of the
eritical densaity.

The energy density in radiation (and rela-
tivistic particles) depends upon the tremperature
T and the effective number of relativistic
degrees of freedom g, (= 7/8 T Zp + L Ep s

Fermi Bose
for species with mass << T):
Pr ™ Bx TE/30 T
(where thermal equilibrium has been assumed and
A~k = ¢ = ). As the Universe expands, T <«

a(t)” !, so that P = at,

On the other hand, the energy demsity 1in
matter decreases simply due to the volume

Poatter “ a(t)™3.
Today matter (baryons and other NR particles

expansion of the Universe:

present) outwelgh radiation (3K photons and 2K
neytrines) by & factor of = 3 x 10* {(Gh2/e%)
(where 2.7¢K is the temperature of the microwave
background radiation).

Owing to their different scalings with a(t)
this has not always been the case. When a(t) was
less than 3 x 107° (0“/@b?) ay .., the energy
density 1in radiation wsas greater than thar in
matter. [Note, cosmologists often normalize a(t)
¢ that 8¢0day - 1.] At the 'equal density'
epoch: t= 3x1010  sec (BI/MAMR)  and T
6eviand /e3). Earlier than the equal density
epoch the Universe was 'radiation—dominated’ and

alt) = tl/Z,

T(CeV) = (£/1076 gec) 172

During the radiation-dominated epoch, all kinds
of interesting events oceurred-—primordial
nucleosynthesis; production of various relics
possibly including, moneopoles, strings, weakly-
interacting massive particles (or WIMP's), axions
or coherent field oscillations; baryogenesis; and
inflation, to mention a few {see Fig. 1). After
the. equal density epoch the Universe is mattér—
dominated and )

T« a(e)”!,

a(t) « 273,
Once the Universe becomes matter-dominated it is
poasible for structure to begin to form—earlier
this 1s not poesible because 'radiation'
dominates the dynamics and relativistic particles
are not unstable to gravitstional collapse. In
thie mini-review we will focus on the current
understanding of how structure in the Universe
evolved, beginning our story at the equal denmsity
epoch.

B. Statement of the Problem

On small scales the Universe today 1s very
lumpy. For example, the average density in a
galaxy (= 1072% g cm™2) s about 105 times the
average density of che Universe, The average
density in a cluster of galaxies 1is about 100
times the average density in the Universe, Of



course on large scales, say >> 100 Mpe, the Uni-
verse I1s smooth, as evidenced by the isotrepy of
the mictowave background, number counts of radio
gsources, and the {ostropy of the x-ray back-

ground.

The surface of last scattering for the 3K
microwave hackground fs the Universe at 300,000
years after 'the bang', when T = 1/3 eV and a =

3
10 Reoday*
foseil record of the Universe at that very early

Thus the p-wave background 1s a

epoach. The isotropy of the p-wave background,
ST/T < 0(20™) on angular scales ranging from 1’
to 180° (see Fig. 2)3, implies that the' Universe
was smooth at that early epoch: dpfp << 1.
There 1is a calculable relationship between &T/T
and Sp/p {which depends upon the nature of den-
sity perturbations pregent—type and spectrum},
but typilcally
(8p/odppg = # (6T/T) = 0(1072-1073),

where # 1s 0{10~100); a detailed discuesgion of
this relationship will be presented ir Sec. III.

So, the Universe was very smooth, and today
it is very lumpy——how did it get here from there?
For the past decade, or so, cosmologiets have a
general pleture of how this took place: starting
at the equal density epoch the small primordial
dengity 1inhomogeneities present gréw via the
Jeans or gravitational instability, into the
large inhomogeneitles we observe today, i.e.,
galaxfes, clusters of galaxies, etc.* After
decoupling, when the Universe is matter-dominated
and baryons are free of the presgure support
provided by photons, density inhomogeneitlies grow
as

so/p = a(t) ($p/p < 1}

> a(e)d (6pfp 2 1)
The 1sotropy of the p-wave background allows for
perturbations as large as 1072 - 1073 ¢
decoupling, and the cosmic scale factor a(t) has
grown by slightly more than a factor of 107 since
decoupling, thus it 1is possible for the large
perturbations we see today to have grown up from
emall perturbations present at decoupling. This
iz the basic picture which is generally accepted

as part of the 'standard cosmology.'

One would now like to fill in the details,
80 that we understand the formatfon of structure
in the same detail that we do primordial mcleo—
synthesis. The formation of structure {or galaxy
formation as it 18 sometimes referred) began 1in
earnest when the Universe became matter—dominated
(t = 100 gec, T = 10 eV); that is the time when
density perturbations i{n the matter component can
begin to grow. In order to fill in the details
of structure formation one needs to know the
'initial data' for that epoch; in this case, they
include: the awmount of stuff in the Universe,
quantified dy ; the composition, i.e., fraction
f; contributed by the various componments— i =
baryons, relic WIMP's (weakly~interacting massive
particles), cosmological canstant, relic WIR?'s
(weakly—interacting relativistic particles);
spectrum and type (i.e., ‘'adiabatic' or 'igo~
thermal') of density perturbations present.
Given these initial data one can coostruct a
detailed scenarioc, which can then be compared to

the Universe we observe today.

1 want te emphasize the importance of the
initial data for this problem; without such, it
ie clear that a detailed picture of structure
formation cannot be constructed, As I will
discuss, it 1s in this regard that the Inomer
Space/Quter Space connection has been so import-
ant. Events which we believe took place during
the earlieat noments of the history of the Uni-
verse and which we are just now begioning to
understand, have given us important hicts as to
the initial data for this problem. Because of
these hints from the very esrly Universe, the
problem has become much more focused, and at
present two detailed scenarios exist=——the 'cold
dark matter' picture and the 'hot-datk matter'
pleture. As we shall discuss, neither picture,
unfortunately, presents a totally satfefacory
account at present. The yardstick by which any
scenario must be measured is how well does that

scenario reproduce the Universe we cobserve today?

€. The Univerge We Observe Today

As far as the eye can tell, the basic
building blocks of the Universe are galaxies—-



typical mass 102 M (or 10%% baryons) and lum
fonosity 10 erg sec !, Galaxies te a first
glance are uniformly distributed. However they
do show a tendency to cluster, guantified by the
galaxy-galaxy correlation functionm:

feg (r) = (r/5h lMpc)~1l+8;
for referemce, 1 Mpe = 3.26x10% 1light years =
3.1x10%%cm,  Galaxies are found alone ('field
galaxies'), in small groups of galaxies, and in
rich clusters (bound systems containing hundreds
of galaxies). Clusters themselves seem to show a
tendency to cluster, quantified by the cluster-
cluster correlation function,

oo (T} = (r/30n7! Mpe)~1-8,

There is evidence for even larger—scale
structure (i.e., on scales * 10 Mpc): super-
clusterg, aggregates which are just becoming
bound cbjects and contain several rich clusters;
voids, regions of space as large as 10's of Mpc
across which are deficient in bright galaxies;
f1laments, which are seen as long chains of
galaxiesn. Thus far, these very large-scale
structures have eluded useful quantification.

As mentioned earlier, there is the cosmic
microwave background radiation--the fossil record

of the Universe when a(t) = 1073 The

i 8today*
interpretation of the anisotropy of the microwave
background will be discussed in Sec. 1I1I. There
are also the 'peculiar velocities' of galaxies
(f.e., their motions relative to the HKubble
flow). These peculiar velocities are presumably
due to gravitational effects (and not rocket
engines propelling galaxles) and 50 are related

to the lumpiness of the Universe.

Finally, there is the composition of and the
amount of stuff in the Universe, quantified as fy
{1 = component 1in question), Luminous matter 1is
easy to find, but only accounts for a tiny
fraction of @: Ry = 0.01. The best measure of
the baryon mass density comes from primordial
nucleosynthesis; concordance of the predictions
and observations of the light element abundancas
requires: ig = 0,014 - 0.15--which is larger
than Gy {(thank God!}, but far short of @ = I.
Kepler'e third law {(GM = u2/r) allows us to use

the orbital motion of stars and gas clouds in

galaxies to measure the masses of galaxies
dynamically. The fact that orbital velocities
remaln conetant as the distance r from the center
of the galaxy exceeds the distance where the
light ‘craps out' (in virtvally all spiral
galaxies studied) indicates the presence of vast
quantities of ‘'dark matter' in spiral galaxies:
Qqarg + 0.05 - 0.1 (in the jargon——the so—called
'flat rotation curves')., A few comments are in
order: (1) flat rotation curves are the best
evidence for the existence of dark matter and
from them it is clear that dark matter 'out-
weigha' luminous matter by a large factor (at
least 3-10); (2) at present, only & lower bound
can be placed on the amount of asc called 'halo'
dark matter, since there is no convineing evi-
dence for a rotatfon curve which turne over
(.., v ~ 12 ap g would once most of the
mass of the system was Interior to r); (3) at
present, primordial nucleosynthesis does not
preclude the possibility that the dark matter is
baryons. Other techniques (including weighing
clusters by means of the virial theorem, weighing
the Virgo cluster by means of our peculiar motion
toward Virgo, etc.) have been employed to measure
2 om scales up to 30 Mpc (or so) and all yield

- values in the range of 0.2 + 0.1. [With the

exception of measuring the deceleration of the
expansion, all techniques for determining {1 are
ouly sensitive to the component of matter that
clumps; the phrase 'to measure §@ on a given
scale' then means to measure the amount of matter
which clumps on that scale; for a more detailed

digcussion of determining Q, see ref, 5.]

To summarize our knowledge of {: most of
the matter in the Universe is dark, at present
composition unknown; the observations c¢an be

summed up by: = 0.2 £ '0.1" (gee Fig. 3).
0BS5S

D. The Hints

As we have emphasized, the formation of
structure problem can be viewed as an {nitial
data problem: given the type (adiabatic or
isothermal) and spectrum of density perturba-
tions, specified by rhe power spectrum k3/2 |5k|,
the amount of matter, specified by R = 9y, and



the cowmpesition (1 = baryons, WIMP's, etc.), the
evolutiqn of structure In the Universe can be
numerically-simulated (see Sec. II). Adiabatic
perturbations (known in the modern vernacular as
curvature perturbations) are hones t-to—God
wrinkles in the spacetime manifold, characterized
at early times by: 6ny/n; = same for all species
{1 (1 = photons, baryons, WIMP's). Isothermal
perturbations (known in rhe modern vernacular as
'isocurvature' perturbations), on the other hand,
are merely spatial variations in the equation-of-
state, not honest-to-God wrinkles in the space-
time manifold, and at early times are character—
ized by: GnY = 0, (and hence 6p = 0), G(nilnY) L
0 for some species 1, {.e., some species 1s laid
down non uniformly. The quantity §, 1s the kth
Pourier component of &pfp, where k = 2n/% and A
are the comoving wavenumber and wavelength of the
Fouriet component Gk' The phyeical wavenumber
and wavelength are related to k &nd A by: kph =-
k/a and Aph = ak, With droday T
the present physical wavenumber and wavelength of
the perturbation. Physically, K32 {6,] 1s what
most people call Sp/p, more precisely it 1s the

1, k and A are

RMS mass function measured on the scale k (or A).

Now for the hints. Baryogenesis scenarfos
for the origin of the baryon asymmetry predict
that ﬂb/nY is only = function of microphysics and
is therefore spatially constant, i{.e., baryo-
genais strongly suggests that isothermal baryon
perturbations should not be present.5'7 [I180~
thermal baryon perturbations are one of the
'initial data' that in the past received much
attention.*] The Inflationary Universe
scenarios? generically predict adiabacic pertur-
bations, with the Zel'dovich spectrum {with the
amplitude depending upon the details of the
specific realization).? Inflationary models with
axions also predict isothermal perturbations in
the axions.l? Cosmic strings can induce iso-
thermal perturbations in the matter present in
the Universe.ll I should mention that until
these hints came along, cosmologists had no clues
as to the origin or the nature of the primordial

density perturbations.

With regard to &. All theoretical prejudice
argues for fi = 1, and the inflationary Universe
scenarios provide an attractive means of imple-
menting this prejudice. Concordance between the
predictions of primordisl nuclecsyntheeis and the
inferred primordial abundances of D, Hed, He*,
and Li’ requires: 0.014 {8 £ 0.15. Since the
early Universe was hot, all Blumia of particles,
both familiar and unfamiliar to us, should have
been present in great abundance (o, = ny, for
T 2 m,). Of particuler interest are those
specles which are stable (or at least wvery long-
lived} and weakly-interacting, the so—called
WIMP's. While stable, strongly-interacting
particles will diminish in number by annihilation

" when the temperature of the Universe falls below

their mass [(“x-fnr)eq = (uxxl'l'):’i2 exp{-m,/T)] and
become very scarce, WIMP's, owing to the feeble-
ness of their interacticns, will cease to anni-
hilate when their abundance is still asignificant,
and thus can be present today in significant
nunbers—-perhaps encugh to contribute the = 0.9
of critical dengity needed to bring i to 1.
Given the mass and interactions of 4 particle it
iz straightforward to compute its relic abundance
and the wmass density it contributes today.
Particle physics has beer very generous in
supplying candfidate WIMP's whose relic abundance
could provide Qymp = 0.9 (see Table 1),
Hopefully, laboratory experiments fin the pext 5-
10 years will narrow the list of possibiiities.

Given these hints as to the initial data for
this problem, detailed scenarios can be played
out (to be discussed in the next section). Two
limiting =scenarios follow—hot dark nmatter
(neutrinos} and cold dark matter (essentially all
the other candidates in Table l). Unfortunately,
neither picture is totally satisfactory. In the
hot dark matter scenario, galaxies form too late
(redshifts less than 1); in the cold dark matter
case, the best fit to the observed Universe

requires h = 0.2,

This brings us to one of the current and
presaing open  questions—-'the G-problem'.l?
Theoretical prejudice dictates 2 = 1.0, while
observations indicate that Qupe = 0.2 '#t0.1' —



far short of 1. Since the observationg are only
sensitive to the component of matter that clumpa,
the two views can be reconciled if there exists a
smooth component which contributes QSHDOTH # ] -
figgs ™ 0.8 £ '0.1'. A variety of posaibilities
have been suggested for the smooth component: a
relic cosmological term!2:13; WIRP'sl2? (weakly—
interacting relativistie¢ particles), produced by
the recent decay of WIMP's; fast-moving
stringsl*; or 'failed galaxies', i.e., galaxies
which for some resson failed to 'light up' {this
very intereeting possibility will be explored in
IV). Another possibility is that coemic strings
play an important role in structure formatiom

{this will be discussed in V).

I1. Hot and Cold Dark Matter

Once the Universe 1s old enough for the
cosmologlical thorlzon to encompass any given
fluctuacion, physical proceéaea can alter the
amplitude which it was given at the much earlier
WIMP's decouple

from other matter in the Universe well before

epoch when 1t was generated.

galaxy or cluster sized fluctuations become
causally connected, and so the evolution of such
perturbations 1s particularly simple. It depends
only on whether the WIMP's are relativistic or

not when the fluctuation enters the horizonm, and,
in the latter case, on whether the Universe is
matter- or radlation-dominated at that time.l5

If the WIMP's are relativ{etic they etream out of
the fluctuation in all directions and 1itse
amplitude is strongly suppressed, All
fluctuations smaller than the horizon scale at
the time the WIMP's go nonrelativistic are wiped
out by this process. Larger fluctuations are
scarcely affected by it, since the adiabatic
decay of

velocities prevents WIMP's from

traversing them., However, if such fluctuations
enter the thorizon while the Universe 1is
radiation~dominated, the dominant gravitatrional
perturbation comee from the photon-baryom fluid
which oscillateg acoustically, thereby depriving
the WIMP fluctuation of the driving force for its
growth, This is known as the Mepzaros effect; it
does not affect the growth of large fluctuations
which enter the horizon when the Universe is
matter-dominated (by WIMP's). The linear
transfaer function describing the net effect of
these processes can be calculated explicitly omce
the nature of the WIMP's 15 specified. In
combination with a theory for the fluctuation
generator (e.g, inflation) it specifies the
linear fluctuation spectrum st the equal density

Table 1 — WIMP Candidates for the Dark Matter

Particle ﬁgggi
Invisible Axion 107 5ev
Neutrino 30ev
Photine/Gravitine/ ' keV

Mirror Neutrino
Phot {no/Sneutrino/Axine GeV
Gravitino/Shadow Matter/

Heavy Reutrino

Superheavy Magnetic Monopoles 1016 gev

Pyrgons/Maximons/Newtorites > 1019 gev
Pertrypoles/Schwarz—-schilds

Quark Nuggets s 1015 gram

Primerdial Black Holes 2 1015 gram

Place of origin
1073% gec, 1012 Gev

1 sec, 1 MeV
107" gec, 100 MeV

1073 gec, 10 MeV
1073% gec, 10l% Gev
10743 gee, 1019 Gev

1075 sec, 300 MeV
* 10712 gec, ¢ 103 Gev

*Abundance required for closure density: ToTMp * 1.05h2x107% cm-ameIMP (GeV)



Fig. 1 - ’'The

Complete History of the
Universe.'
+10
k- Anlsotropy of 2.7K Radlation Qipole 7
M\ {95% Contidence Lavels} s ]
ET .
i H 0
x
X £
q°°F P -
4 _ ]
L ?f T 1 <«
b (1]
|°'l..
L 1 Lol i Ul Lyl 11 1 i L 1 .OI
0" 301" 3 10" 30 1*  3* 10" 30* 90°I8O°*
Angulor scale
Fig. 2 - BMS anisotropy of the microwave back-
ground as a function of angular scale
{from ref. 3).
[OTN = ¥ —
0.0l Q. .G
— —HALD DARK MATYER == 2
UM
- fr—— BARYONS -~ =
INFLATION,
CLUSTERS, AESTHETICs,
VIRGO INFALL, STRUCTURE
COSMIC VIRIAL THM  FORMATION

Fig. 3 - Summary of our present knowledge of R.

0 T 1 T T ] ) T 1 T T T ] T | 1 T

L cold :

_2 — p—

= [ ]

_'2_

e -4 warmn —

= - 4

2 | -

-6 |~ hot -~

_3 1 1 1 1 l b | 1 1 I 1 L 1 I 1 1
-2 -1 o,
log(k Mpc/Nh")

Fig. 5 ~ The power per octave as a function of
spatial frequency for the linear
density fluctuations expected at late
times in a WIMP-dominated Universe
which {nitially had the adiabatic,
constant curvature fluctuations
predicted by Inflationary wmodels.
These curves were taken from calcula-
tiong reported in ref. 19. For
reference, wave number k = 1 Mpe L
corresponde to the mass acale of about
108y,

T T T
0
10-¢ - ererrt T
neutrine L 1
' 7,
5 /
o [ o
08 £F T -
pant 1
1
!
I} axion/photing
| I A—
10-—' - Vd —
1 1 1
] 10 20 30 40
a (arc—min} —=
Fig. 6 - The predicted RMS temperature fluctua-

tion as a function of angular scale
for the CDM Universe {(axion/photon)
and the HDM Universe (neutrino), for
H= 50 ¥km sec ! Mpc ! and spectral
fndex of the primeval density fluctu-
ations n = 0 (white noise), 1 (scale~

invariant), and 4 {(minimsl fluctua-
tions). Taken from Vittorie and
S11k.2?



...%..

epoch from which galaxies and the observed large-

scale structure must grow.

The properties of the WIMP's are related to

cosmological parﬁame:era by the equation
n—" n, =28 @b ev

where nw!n_r is the WIMP abundance relative to
photons and =, 1is their mass. The ratio nw/n,r
emerging from the big bang depends on the WIMP
mass and 1its coupling to other matter. For
neutrino—type couplings values of nw near 1 are
obtained for masses of order 30 eV or of order |
Gevl®. In the former case WIMP velocities at
early times are sufficient to wipe out galaxy and
cluster sized fluctuations; such WIMP's are
referred to as hot dark matter (HDM), In the
latter case, streaming velocities are too small
to influence galaxy or. cluster fluctuations and
the WIMP's are known as cold dark matrer (CDM).
For much more weakly interacting WIMP's such as
SUSY particles %/n,‘, 18 smaller and f,~ 1 for m,
~ 1 kevl?, galaxy-sized fluctuations are wiped
cut for such particles, but cluster-scale lumps
survive. This intermediate case is known as warm
dark matter (WDM). Other possible (DM candidtaes
are heavy SUSY particles (m ~ few GeV) or axions
with a, ~ 107% eV which never had significant
streaming velocities. Figure 5 shows the linear
fluctuation spectra expected at late timesl?® in
WIMP-dominated Universes 1in which fluctuations
were generated with the constant curvature spec—
trum predicted by inflationary models®. The
sharp cut-off due to free-streaming is very
evident in the HDM and WDM spectra; the bend due
to che Meszaros effect can be seen for WDM and

CDM.

The spectra of Fig. 5 are expected to grow
maintaining their shape until the power per
octave reaches unity on some scale. Objects of
that scale will then separate from the expansion
and recollapse into bounds lumps. For HDM the
first objects are wuch more massive than gal-
axies, for WDM they are galaxy-asized, and for €DM
they are much smaller than galaxies. In the last
case, the firgt units are expected to aggregate
rapidly into larger structures as fluctuations or

larger scales go nmonlinear; this process is knowm

as hierarchical clustering., 1In the HDK case, the
baryonic component of the very large first
objects must fragment into galaxies during their’
initial (but recent) anisotroplc collapse; this
is an example of the ‘'pancake' picture for
structure formation. In both cases the observed
galaxies result from nonlinear dissipative pro—
cesses affecting a baryonic component whose over—
all evolution is controlled by the gravitational
field of the WIMP's,

The nonlinear stages of structure formation
can be followed in full generality only by direct
oumerical simulation. Modern techniques are able
to follow the evolution of the WIMP distribution
accurately over a moderate range of scales, but
the process of galaxy formation (which determines
what we actually asee) i1s too complex to be
treated except in a schematic fashion, and this
is the major uncertainty in using simulations to
compare the structure of WIMP dominated Universes
with the real worid. The most effective simula-
tion methods currently available represent the
WIMP deneity distribution by & finfite oumber of
discrete 'particles' (typically N = 3 = 10% ~106)
moving under the 4influence of thelr combined
gravitational fileld within the fundamental cube
of -a triply periodic Universe. Such a set-up can
niwic the predicted linear fluctuation spectrum
of a WIMP-dominated Universe over a wavenumber
range of no more tham 0.5 N 17319 A » sigu
lation evolves nonlinear structures separate out
of the general expansion, recollapse, and rapidly
become quite small i1in comparison with the
expanding simulation wvolume. The dynamics of
such clumps can be followed only if the afmu-
lation method gives accurate interparcticle forcee
on scalese much smaller than the mean particle
geparation. This requirement is usually a oore
stringent counstraint on the dynamical range of a
silmulation than the initlal constraint wmentioned .
above. Thus substantial gains in overall per-
formance are obtained by supplementing & standard
grid Fourier Poisson-seiver by a directly
calculated short-range force correction, despite
the fact that this considerably increases the

amount of time needed to get the forces, and so



reduces the number of particles that can be

followed in a given amount of computer time.l?

A neutrino-dominated Universe was the first
WIMP model to be studied extensively by numerical
simulation.?? The large coherence iength of the
initial neutrino distributiom (Fig. 5) manifests
iteelf during the early nonlinear stages in large
sheets and filaments of high density, in massive
condensed lumps and in very large reglons of
below average density. While this bears aome
superficial resemblance to the observatiocnal
plcture of filamentary or sheet-like super—
clusters cootaining rich clusters of galaxies and
purrounding large voids, 1t became clear that
there is a large quantitative disagreement once
it was realised that the observed galaxy distri-
bution must be compared with the distribution of
matter In regions which have undergone local
collapse, rather than with the neutrinoe distri-
butfon as a whole.2! The galaxy distributien in
a v~dominated Universe 1s expected to be much
more clumpy than the distribution we actually
see. It appears to be very difficult to circum-
vent this problem without giving up most of the
attractive features of the theory?2, In addi-
tion, it 18 not clear that gas could cool to form
galaxies at all in such a Unfverse?d, As a
result of these conclusions the neutrino~
dominated model does not, at present, appear
viable.

Universes dominated by CDM are more diffi-
cult to simulate but appear much more promising,
Hierarchical clustering produces a CDM distribu-
tion which 1s qualitatively very similar to the
nearby galaxy distribution. However, a quanti-
tative comparison requires specifying how the
galaxy distribution 1s related to that of the
CDM. In the absence of any real analysis, it has
been traditional to assume that in a hierarchic-
ally clustering Universe galaxies and the dark
matter must be well mixed on scales larger than
that of an individual galaxy. An immediate con-
sequence of this assumption is that our Universe
is open, since the mass per bright galaxy
measured by virial methods In rich clusters of

galaxies falls short of the closure denaity by

almost an order of magnitude when applied to the
Universe as a whole. Simlations demonstrate
that the predicted galaxy distribution in such an
open (DM Universe matches obaservation quite well
both in terms of quantitative measures such as
low order position and velocity correlations and
in more qualitative characteristics euch as
large-scale filamentary etructure and large, low
density regions2“. The differences which remain,
while significant, are small enough that it seems
reagsonable to attribute them to various important
effects which the simulations do not model {e.g.,
the detaills of galaxy formation, or interactions
and mergers between galaxies).

I1f, however, we accept G = 1 an given, we
oust Teject the hypothesis that the galaxy dis-
tribution 1s an unblased representation of the
CDM distribution on cluster scales. The number
of bright galaxies per unit mass must exceed the
average by almost a factor of ten in the high
density regions to which virial analyais can be
applied. Galaxy formation must therefore be
blaged t¢ favor such regions.‘ It has rtecently
been realised that the standard picture {in which
galaxies form as gas radlates its binding energy
and sinks to the center of ‘'halos' of dark
matter} will produce just such a blas 1if bright-
galaxies are able to form only in the densest
hales (te be discussed In more detail in Sec,
IV). When a ‘galaxy’ population 1s {identified
using a crude model of this process in simula—
tions of an @ = | Universe, its properties are
found to match the small-scale clustering proper—
ties of real galaxies very well?*. Such s model
may have difficulity in reproducing large—scale
filaments and voids, but present simulations
encorpass too small a volume of space to address

this question.

IIT1. COSMIC MICROWAVE BRACKGROUND

The cosmic wmicrowave background (CMB) has
proved to be one of the most {mportant probes of
galaxy formation theories. Density fluctuations,
which later will evolve into galaxies and cluster
of galaxies, necessarily induce angular aniso—
tropies In the CMB at the epoch of the last



scattering, redshift z, = 1000. Since then, the
CMB photons have propagated freely, providing a
uniquerwindow to this very early epoch. More-
over, once the ’'chemistry' of the cosmological
model 1s chosen (abundance of baryonic matter,
abundance of non-baryonic dark matter, type of
dark matter, i.e., hot or cold, etc.) a unigue
prediction can be made for the residual density
fluctuation spectrum and, hence, for the OCMB
anisotroples. Comparison of the predictions with
the observations constrain not only possible
cosmological models but, also, the 'chemistry' of

the Universe and the type of dark matter present.

CMB anisotroples are usually divided into
three different categories: i) small-gcale
anfisotroples {<1°); 11) large scale anisotroples
{>1°); 1ii) dipole aniasotroples. The only CMB
anisotropy measured to date is & dipole aniso—
trOpY. The mneasurements of three different
gl'c»ups25 are In excellent agreement and 1imply =a
motion of the Local Group relative to the CMB of
630 (£50) ka sec”!, Once the infall velocity
toward the Virge cluster 1s subtracted, the
reaidual motion of the Local Group, pointing 45°
away from Virgo, is:28 Vig = 450 km sec !, This
motion may be purely due to local effects; wo,
VLG must be considered as an upper limit on the
velocity induced, if any, on the Local Group by
the very large-scale matter distribution. The
linear theory predicts thac the contribution of a
perturbation of wavelength 1 to the dipole
’?‘_TIDIP
the pregsent age of the Universe and & = §&p/p.

1
anisotropy 1e: = Tty §(1,tq 2, where ta is
Comparigson with the observations places a severe
contraint on the nature of the dark matter. If
Vig 1s taken as an upper limit, then all
scenarios are

neutrino—dominated Universe

excluded.2?

The large-scale anigotroples are assoclated
with gravitational potential fluctuations. This
effect 18 second order in 1: i . (.}_._.}2

T cto
6(1.:0). The primary contribution to this kind
of anisotropy comes from perturbations of wave—
length cowmparable to the present horizon.27,28
The evolution of very long wavelength pertur—

bations is independent of the detailed

recombination history of the Universe, because
these percurbations were well outside the horizon
at the epoch of recombination. Feor thie reason,
large-ecale anisotropies are directly related to

the primordial fluctuatfon spectrum.

The small-scale aniscotropy has been caleul-
ated by several authors.2?:3? The situation here
is more complicated because the scales of inter-
est are well inside the horizon as matter and
radiation decouple, As decoupling occurs the
matter 1s beginning to fall into the potential
wells formed by the WIMP's. The electrom density
determines .the redshift of the last scattering
surface and how far back we can lock by observing
the angular structure of the CMB. However,
recosbination is not an instantaneous prcn:esl,3l
and 18 elower than predicted by the Saha equation
because direct recombination to the ground etate
is strongly inhibited due to the presence of
photons with a mean free time for photoionization
which 1s wvery short compared to the expansion
time. Thuse the last scattering surface has a
thickness 1., and any i.mpl::l.nt‘on the (MB due to
perturbations of wavelength 1<<l, 1is smeared
out.32 If there has not been early reheating of
the intergalactic medium, the final recombination
of the primeval plasma occurred at z, =i000 and
the thickness of the last scattering surface 1is
4z = 100, corresponding to a comoving length of
1a =10 (@ 12)71/2 Mpe. Por this reason only a
band of wavelengths (10<1<i00 Mpec, say) is impor-
tant in determining the angular astructure in the
CMB on scales up to a few tens of arcminutes.
So, observations of the small scale CMB aniso—
tropy constrain the amplitude of fluctuations in
that reglon of the apectrum at the last scat—

tering epoch.

On small angular scales, the most sensitive
observational 1imit33 on the anisotropy to date
1 at an angle of a = 4.5': at the 95Z confidence
level an upper 1limic of &T/T < 3x1075, The
technique used In this measurement involved beam
awitching between three positions 1in the sky,
spaced an angle o apart. The rms Ctemperature
fluctuation i1s defined as

- - 2
8Tpmg = < | T, = 1/2 (T, + 1,) [2 >t/



where Tul is the central beam temperature. By
evaluating the fractional radiation brightness,
it im 'possible to predict the CMB anisotropy
expected in a particular cosmological model,3%
Small~gscale anisotropy limits on angular scales
in excess of several arc-minutes have unambig-
ously ruled out baryon dominated Universes for
any power law adiabatic fluctuation power spec—
trum, including the scale invariant fluctuationse
predicted by inflation.30

focused on non-baryonic,

Attention has now been
dark matter dominated
Universes. Figure 6 shows the results for cold
and hot dark matter, for flat models with a
Hubble constant of 50 km s ! Mpc™l. The caleula—
assuming scale—free adfabatic

tions were made

perturbations. 4 detalled discussion of the

normalization of the primewval fluctuation
IfQ =1 and h =

the cold matter scenario predicts a small-

spectrum 1s given elsewhere.27
0.5,
scale CMB anisotropy which is about a factor of 3
smaller than the 95% confidence level upper limit
of ST/T < 3x1075,
gcenario with fl = | and h = 0.5 the predictions

In the massive neutrino

for the small scale anisotropy are only

marginally compatible with the observations.

On the other hand, observations of the

large-scale galaxy distribution euggest values
for the present cosmological density of the order
of 20% of the
studies of the agea of globular clusters suggest
that the Universe ia 17(x2) billion years old,3dS

toe old to be compatible with an high deasity

critical density,> and recent

Universe and zero cosmological coostant (unless
< 40 km
Reduction of the density parameter {

the Hubble constant i{s extremely small:
a8t Mpel).
cuts the growth period for density perturbations
by a factor of 1/Qt, and so the required amplitude
of density fluctuations at recombination must be
larger by this factor (for a given normalization
of the primordial spectrum at the present epoch}.
Thus the measured upper limit to the CMB fine
scale anisotropy imposes a lower bound to Q.
Reducing 0
additional deterimental effects,
=13  Mpe/{q %)

thereby exacerbating all the problems associated

in a neutrino dominated universe has
becauase, rhe
increases

damping lemgth 1,4

Iog i8p/p}

! T

s

Ryg = Rogge = R popar = |
3x107% w0
Fig. 4 - Schematic representation of the evolu~ .
tien of &pfp fn the WIMP's and |
baryous.

Fig. 7 - Regioms
excluded (below and to the left) for
CDM model Universes by the 4.5' mea-

of the &{~h plane which are

surement of §T/T < 3x1075. The broken
line labeled *1x1075' indicates the
excluded region for a future measure~
ment of §T/T < Ix107° on 4.5'.



with a neutrino dominated Universe. Figure 7
shows the excluded regions {at the 95% confldence
level) in. the {i-h plane for cold dark-matter.
Also shown are the constraints attainable by a
future experiment with sensitivity &T/T = 1075 at
the same angular scale of 4.5' and the inferred
constralnt if the age of the Universe is 13
billion years (and A=0)., 1If mass and light are
correlated on large scales, the CMB limit alone
implies 1 > 0.4 (if the Universe is at least 13
billion years old}. The present upper limit to
the small-scale anisotropy implies that a cold
dark matter dominated Universe can only be
reconciled with a low demsity (ft = 0.2) 1if the
mass distribution is more weakly clustered than
the observed galaxy distribution. We note that
reionization of the Universe cannot affect this
conclusion because fluctuations in the gaussian
rail of the adopted fluctuation spectrum do not
go non—linear sufficiently early to reionize the
Universe and reduce the predicted anisotropy

significantly.

IV, BIASED GALAXY FORMATION

In the preceeding sections, we have explored
various aspects of the evolution of a Universe
which 18 dominated by 'cold-dark-matter'. The
nature and spectrum of the primordial density
fluctuatione were discussed in Sec. I and calcu-—
lations of the microwave background anisotropy
and of the non-linear evolution of the denaity
field were presented in Secs. IIT and II. If the
present density field could be observed directly,
then, by comparing with cthe N-body results, one
could determine both the parameter i#h, which sets
the slope of the spectrum, and the initial ampli-
tude. If one makes the conventional assumption
that bright galaxies give a2 failr representation
of the present distributien of the matter, then
it would appear that this picture can be ruled
out since the N-body results require a low value
for the density parameter while the microwave

anisottropy 1limits require a high value.

This powerful and negative conclugion may be

somewhat premature however, since there are

several reasons to doubt the validity of the
assumption that bright galaxies fairly trace the
mass; It is well known, for inatance, that
different morphological types of galaxies have
different clustering patterns®® and there is some
evidence that the clustering strength also
depends on surface brightness.’” A more extreme
example of a set of objects which give a dis-
torted picture of the matter distribution 1is
provided by rich clusters of galaxies which have
clustering strength which is at least an order of
wagnitude greater than that of galaxjies,3B»39
Given this diversity of clustering sctrengths ome
must be suspléioul of the idea that bright gal-
axies alone are fairly tracing the mass. Fur-
thermore, it has alec been argued that Ngh{, the
number of galaxiea per unit mass in bound sys-—
teme, 1s a decreasing function of the masa of the
eysten.*? This tendency 18 also seen in the K-
body etudies*! which can penerate a correlation
function with salope like that of the galaxies,
but which are then unable to match the velocity
field. Such behaviour 1s in conflict with the
assumption that these bright galaxies fairly
trace the mass since this would imply that NBIH

ehould be a universal constant.

Io any hierarchical scenario, galaxies form
before the large-scale structure. If galaxies
form very early, then they will do so more or
less uniformly throughout apace and will then
fairly sample the matter distribution on large
gcales. Under certain circumstances however, the
galaxies can be born iIn a strongly clustered
state even though the underlying large-scale
density fluctuations were of very small amplitude
Sufficient
conditioags for this to occur are: 1) that the
initial density field be a Gaussian process; ii)
that the spectrum of fluctuations be fairly flat;

at the time of galaxy formation.

and 1ii) that galaxies form preferentially around
those local maxima which lie above some global
threshold,

Conditions 1) and ii) are expected in the
CDM dominated Universe. Since the process of
galaxy formation 1s not wvery well underscood, it

is not known to what extent the ‘'blasing' of



P
(]

condition 1i1i) takes place. It 18 not un-
reasonable though to imagine that galaxy forma-
tion may be & self-limiting process, so that once
a few percent of the material has formed galaxies
this may suppress galaxy formation elsewhere.
While a detailed understanding of the feedback
mechanism may not be immediately forthcoming, it
i3 easy t¢ enumerate some of the consequences of

such a threshold.

One can show that, In order to significantly
enhance the number of bright galaxies per unit
mase in a rich cluster (as required to recomcile
the results of wirial analysie with al high den-—
sity Universe}, the threshold v and galaxy form
ation redshift z; should satisfy: vi= ] 4 L
(ref. 42). Thus, 1if galaxies correspond to 3~
sigma peaks forming at zgy = 8 for example, then
the '1-problem’ 1is solved. In addition to
enhancing the number of galaxies in proto-clus—
ters, this mechanism will alsc strongly suppress
galaxy formtion 1in protoe—voids. One can also
show that, on large scales, the galaxies will be
born with a correlation function which s roughly
equal to the present density correlation func-
tion. The present—day galaxy correlation func—
tion should themn overestimate that of the matter
by a factor ~ &, This has the effect of .reducing
the predicted microwave anisotropy by a factor ~
2 below that obrained using the conventional

normalisation.

There are some further consequences of this
hypothesis which can serve as teats of the
"hiaging' hypotheais, and posaibly to digerim—
inate this segregation mechanisam from other
effects which may alsc be operating. Firetly,
the 'light-to-mass' ratio Hg/M should be an
increaging function of the density p of the
system, One problem with applying this test is
that most systems, such as groups and clustere of
galaxiea, for which Ng/H has been determined,
have recently wvirialised and have similar den-—
gities. A wore sericus problem is that M and p
are both 'derived parameters' and 8o, in the
absence of any true correlation, would be
expected to show a correlation in the opposite
sende to that predicted. The absence of

correlation between mass—to-light ratio and
denaity in Dreassler's"? sample of very rich
clusters ia therefore consistent with an
intringic correlation like that predicted. One
would also expect Ng/H te be a decreasing
function of radius wirhin individual clusters.
While there 1s no strong evidence for such a
trend, the available data certainly deo not rule
out the posaibility (Keat and Gum's*“ claim to
the contrary notwithstanding). Secendly, since
galaxies are 'born' in a strongly clustered
state, one can observe this, at least in princi-
ple, in very deep surveys. S$ince, at high enough
redshift, the clustering pattern is 'frozen' in
comoving coordinates, the velocity across a
clustering length should actually increase with
redshift, in marked contrast with the ususl
prediction of hilerarchical cluatering, The
display a
distinctive 3-«point correlation function with a

clustering pattern should also
term varying as the cube of the 2-point
function.*3 As a concrete example of the degree
of clustering predicted, consider what is now =
rich cluster: Prior to the collapse of this
system 1t would appear as a density contrast of ~
5 in a region of comoving radius ~ 5 - 10h~1
Mpe. Finally, in this picture, the great
majority of the baryons in the Universe fail to
make galaxies. The most convincing test of this
idea wouid be to detect the 'failed galaxies'
within the great voids and elsewhere. It may be
that some of this gas fs in a form like the
'Lyman-alpha clouds' seen 1in zbsorption against
QS0's. These clouds should be observable at low
redahift by the Hubble Space Telescope. Fallure
to detect such clouds though, would not be
surprising, since the bulk of this ges would, at
present, bte clustered with the dark wmatter in
potential wells of total mass ~ 1013 M. Thie
gas would be at the wirial temperature T ~ 1 -
3x10K and at the virial density contrast of
about 200.

about one tenth of closure density then these

If the total density of baryons is

group—mass clouds should generate a sigeificant
fraction of the soft X-ray background with
anisotropy of a few percent on angular scale of a

few arc-minutes.*®



While the ides that galaxies are 'rare-
events' Is somewhat uncertain, it 1s fairly clear
that rich -clusters of galaxies, which contain
only a few percent of the matter in the Universe,
are the high-mass tall of the distribution of
those fluctuations with sufficient amplitude to
have collapsed by the present. If the initial
fluctuations were Gaussian, then one can under—
stand why these objects are so strongly clus—
tered."2  The volume of apace which has heen
survzyed for thegse conspicucus objects is much
iarger than that contained in the galaxy
BUrVeys. Additionally, since these objecta
amplify the very clustering signal one would like
to observe, they provide the beat probe of the
very-large-scale structure and therefore of the
long-wavelength power apectrum of fluctuations.
According to the prediction of the c¢old-dark—~
matter picture, the cluster-cluster correlation
function £ .. should be negative for sepsrations r
> 17(at? Y lMpc. The evidence for or against such
a feature is rather weak at present. Bazhcall and
Soneira?? claim, on the basis of the angular cor—
relation studies, that the £., remains positive
out to at least 100k Mpc. Taken at face value,
this observation would severely constrain the
paramerers of the 'cold-dark-matter' picture, if
not exclude the picture entirely. A careful
search for this anticorrelation signature, ueing
studies of this ctype, 1deally with redshift
information*?, provides the best hope of dis~
proving the otherwise very promising 'cold-dark-
macter' scenario.

V. COSMIC STRINGS AND GALAXY FORMATION

There are two ‘'natural' ways to produce
density fluctuvations in an inflationary wuni-
verse. One 1is to introduce them at the
inflationary epoch itself (l.e. at reheating),
the other is the effect of cosmic strings. 1In
the case of strings, a number of dinteresting
astrophysical side-effects are produced which
have nothing much to do with galaxy formation,
but offers promising independent tests of the
model. These effects 1Include: (1) discontin-
uities in the wmicrowave background temperature;

{2 a stochastic background of gravitational
radiation; (3) distinctive effects in gravita—

tional leneing of quasars; and (4) various
phenomena associated with local effects of the
population of string loops on matter, such as
formation of massive black holes in galactic
nuclel and stochastic  heating of setellar
systems. Here we concentrate on an anecdotal
summary of string astrophysics. An exeellent
gulde to recent technical literature on string
physics is given by Vilenkin.*®? A more detalled
discussion of astrophysical effects can be found
in ref. 49.

Strings are topelogically stable defects or
“knots” which have been frozen into the state of
the physical ground-astate vacuum, In the case of
a very simple abelian Higgs model, strings are
exact analogs of Landau-Ginzburg £lux tubes.
However, many varieties of string are possible,
and occur generically in any theory where the set
of degenerate vacua in the zero~temperature
Universe containe closed loops which cannot be
continuously deformed to a pofnt without leaving
the set. The simplest and most interesting
strings are those which arise from local gauge
theories and which are forbidden to to have ends,
so that they must either be infinitely long or
clese into loops. The formation of strings and
their relationship to other topolegical defects,
such as monopoles, 15 beautifully discussed by
Kibble.50

The original impetus for introducing strings
into astrophysics at all came from grand unified
theories, in which strings could have a mass per
unit length (= <¢>2) large enough to produce
gravitational potential gradients comparable to
thase observed to occur in natural astronomical
systems 1.e., velocities ~ V& = 300 km gec™?
(/1078)1/2 | yhere € 1s the dimensionless measure
of the gravitational effects associated with
strings:

€ = E% - [(¢>/mpl]2

Zeldovichll wrote en important (if cryptic)
paper suggesting that grand unified strings might
be respomsible for cosmological fluctuations. He

recognized the main cheracter of string



evolution—that a cosmological string network
evolves self-gimilarly in time, always wain-
taining about one open string passing through a
horizon volume. This 1is basically a consequence
of the gradient terms Du¢ which try to slign ¢
everywhere in space to the same state. The added
density due to strings leads to comstant smpli-
tude perturbationa on each scale as they cross
the horizon—the usual scale-invariant spectrum.
In thie case, the amplitude of the scale
invariant potential perturbation is fixed by =.

The next significant step was Vilenkin'sl!
recognition that closed loops form when an open
string crosses itself and iaotercomautes (i.e.
changes partners), and that a loop smaller than
the horizon 1is unlikely to intercommute again
with the rest of the network. Thus a 'debris' of
closed loops 1s left behind. Some of these loops
bifurcate fnto two or more daughter loops, but a
nonnegligible fractiom undergo periodic oscilla-
tions in nonselfintersecting l:rajec:l:c:u-ies.51
These loops lose mgss (i.e., length) primarily by
gravitational radiation, with a half-life of

order ¢! ogcillations.

An oacillating loop looks like a point mass
from far away. Upon closer examination, its
time-averaged gravitational field is thar of the
surface swept out by the string, with a local
surface density =« ¥ where v 1s the local
transverse velocity.’?2  Note that although the
'apparent’ length of string may appear to change
during oscillations, this is always compensated
by the transverse y~factor—thus the Schwarschild
mags does not fluctuate in time. However, there
are both quadrupolar shear fluctuacions and wake—
type shear-free perturbations in the field (as
discussed below) which vary on a light-croseing

time.

Because of loops, perturbations created by
gtrings differ significantly from 'inflationary’
perturbations. Loops separate out and stabilize,
eventually attaining very high relative densities
{up to £ ! by the time they decay) while the
background matter expandes away through them.
Inflationary fluctuations from noninteracting
quantum fields are Gaussian distributed noise,

but here we find that very high density fluc—
tuations are rare not by an exponential in
(6p/p)2, but only by a power law in ép/p. This
may have profound effects, say, {n galactic
nuclel or other wusually dense aggregations of
matter. The 1linear power specttum of perturba-
tions 1s also modified by loops, because they are
not subject or ordinary damping mechanisms
processes.’3 As far as observable effects are
concerned however, 1ir seems likely that the
alteration in the character of the noise is more
significant than the alteration irn the sepectrum
(that ias, effects on scales comparable to the
loop radius are likely to be more pronounced than
effects on scales of order the loop mean separa—
tion). Some of these effects are discussed
below.

Local strings obey an exact linear wave
equation derived from an invariant action
proportional to the surface area of the swath
swept out in space-time.5* Their inertia and
tension are thus always euct.ly orthogonal, for
arbitrary deformations. Thus, 1f it were not for
gravitational radiation and other dissipative
gravitational dinteractions, Iloop osc¢illations
would always be exactly pericdic. In geaeral,
strings move across their radius of curvature in-
a light-croseing time, so they are generally
moving transversely close to the speed of light.

An infinite, straight, stactic string gives
rise to a ‘'conical' spacetime, that 1s locally
flat (no extrinsic curvature) but with an angle
4ve missing. No tidal forces are detectable
using particle trajectories which do not enclose
the string; however, particles on parallel
trajectories which pass on opposite sides of the
atring are deflected towards each other, each by
a angle é4we independent of impact parameter.5S
Thus, if we consider a string moving through a
wedium of <collisionless particles, and view
impacts from the string's next frame, we find
that a ‘'wake' 1 1left behind the string with
opening angle 8me in which two streams of
particles are passing each other with velocity
~ 8nec.®®  This interaction is dissipative; the
free energy of the particle motions 1s obtained

from the string motion.



One side-effect of this wake phenomenon 1s
observable in the wmicrowave background radia-
tion.57t Suppose a string in the plane of the sky
is wmoving transversely between us and the last
scattering surface of the microwave background.
Behind the sctring, we and the last scattering
surface are moving towards each other with a
relative velocity =~ 8xe, Thus there is a sharp
temperature discontinmuity (3T/T) = 8me where the
etring is. For ¢ ~ 1078, 4T/T » 1074*5, in &
range which is observable using present technol~
ogy-

The presence of loops has severa]l ioterest-
ing side-effects. Perhaps the wost intriguing is
that since loops release ull of their mass into
gravitational radiation, a substantial background
is produced, with energy density per logarithmic
frequency  interval R, = O, etf2 o« 1077
(8110“6)”2 at periods less than & few yeara
(here Q.4
density).58
milliasecond pulearS? PSR 1937 + 24 has brought
detection of gravitational radiation backgrounds

is the microwave background energy

Recently, the discovery of the

of this order of magnitude within the range of
plausibility. An extremely clean, distant clock
enables one to detect gravitational waves because
the arrival times of pulses fluctuate with ampli-
tude ét~ ﬂgllz sztu, where P is the wave period
(here, roughly the period of observation) and t,
is the age of the Universe. If pulses can be
timed to an accuracy of about one microsecond,
the string barkground should be detectable with a
decade or so. The theory of this technique is
discussed in ref. 60, It is also reasonably
plausible that ground-based laser interferometers
with 5 ¥m baselines could attain the requisite
sengitivity within a decade or so to detect the
string background at = 1000 Hz. This 1is
extremely interesting because such high frequen—
cles probé much earlier epochs in the history of
the Universe than the pulsar-detecting loops
which formed at a temperature of order 100
GeY, Gravitational waves must be taken
increaeingly seriously as probes of the early
Universe now that instruments ate capable of
detecting 98 < ﬁrad——that 18, gravitational-wave
backgrounds comparable in flux to the microwave

background. A more detalled discussion can be
found in ref. 49. While observations of gravi-
tational radiation provides a interesting window
on loops at very high redshift, loops at lower
tedshift would =zlso have observable consequen—
ces. Loopes of = 108710 My (which are now
extinct) would have provided high—density aeed
nasses wh'ich would have led to the formatiom of
mapsive black holes at recombination; these would
have the right properties to power quasars snd
active galaxies.b! Loops which are currently
decaying, with maes ~ 1012 {g/1076)2 ¥y, would
act as gravitarional lenses in front of distant
quagars, and could lead to very distinctive time
variability in the brightness and appearance of
the lensed images.5? Larger loops and open
atringas could also sct as lenses, although in
this caee the mosat distinctive signature would
have to be the existence of “chains” of lensed
pairs of galaxies®3 or the coincidence of a
microwave ‘wake' discontinuity with a pair of
images.t* Currently decaying loops have a mean
separation of order 30 (c/107%)1/% Mpc, and ome
might sgpeculate that they are associated with
rich clusters of galaxies., If that is the case,
there is in principle a dissipative interaction
betweéen the cacillations of the loop and the mass
in “the cluster core, although a quasntitative
analysis*? makes it appear unlikely that such
effects would actually be observable.
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