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CcCoOsSMOLOGY AND PARTICLE PHYSTICS

N, Straumann, Institut fir Theoretische Physik, Universitat Zu-
rich, Schonberggasse 9, 8001 Zirich, Switzerland

INTRODUCTION

The last ten years have witnessed an increasing interac-
tion between particle physics and cosmology. Two main reasons for
the development of this new interdisciplenary field are: (i) It
is likely that the properties of the presently observable Uni=-
verse = its size, age, structure and content - have been strong-
ly influenced by high energy processes in hot early espoches,

(ii) The successful electroueak theory has encouraged particle
physicists to realize Einstein's dream of unifying more - possib-
ly all = of the fundamental interactions, From what we know, it
is clear that a possible basic unity of all forces can only be-
come manifest at very high energies, which may never be reached
with man made accelerators 1 .

The large amount of work done so far has at least widened
our outlook on cosmology and has opened new avenues, It is, how-
ever, difficult to assess what will be of lasting significance,
More than once, the original beauty of an idea has been lost,

Most of the work remains highly speculative = but interesting,
or at least amusing.

Since this talk addresses a general audience of physicists,
I will first lead you on a brief tour through the field of cos-
mology and particle physics, emphasizing some new developments
and summarizing the present status of major issues which have
been discussed in recent years, In a second part, I will then
concentrate on one specific speculative topic, namely cosmic

strings and their role in promoting the formation of galaxies.

I. TOUR D'HORIZON
In talking about cosmology, it is always healthy to keep

Fige 1 in mind, which shows those parts of the Universe that are
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in principle accessible to us: the backward light cones for the
duration of the human race and a small region from our immediate
environment, If there is an event horizon, events beyond this
horizon can never be observed., To quote G. Ellis 2): "We are un-
able to obtain a model of the universe without some specifically

cosmological assumptions which are completely unverifiable”.

parlicle

horizon space

established
physics

100MeV - — =\~ - —=|-
400GeV — — — — - —
unknown;
I GUTs
777 SS

Planck era

Figs 1 Spacetime diagram showing the observable

parts of the Universe.

I,1 The Standard Model of Particle Physics
The standard model of particle physics, quantumchromody-

namics and electroweak theory, based on the gauge group

SU(.’::")C X SU(Z)L X U(l)Y , has turned out to be incredibly success-
Ful3). The overall satisfactory situation would have been unthink-
able at the beginning of the gauge era about fifteen years ago.

No "new physics" beyond the standard model has clearly been

established (earlier indications for new physics have not stood
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the test of increasing statistics.) Further consolidation can be
expected from future accelerators (TEVATRON, SLC, LEP, SSCyees).
The Higgs boson = the missing link of the standard model - will
perhaps then also be found and its nature studied.

It is well-known that many questions cannot be answered in
the standard model, The large freedom in parameters calls for a
deeper level of understanding, which might provide answers to
questions such as:

(1) Why is there this remarkable replication of chiral fermion
families and how many exist in Nature ?

(2) What are the properties of neutrinos (masses, lifetimes, mi-
xings) ?

These gquestions are also, as we shall see, highly signifi-
cant for astrophysics and cosmology. Conversely, cosmology gives
interesting constraints to possible answers of these open pro=-
blems.

On the particle physics side, an important result has re-
cently been established by the UAl and UAR2 groups at CERN: The
total number N’ of neutrino flavors with conventional couplings

to the z° intermediate boson, and with masses small enough for

0

the decay Z° —w»P to proceed uithout suppression is bounded

by 4)
N, & 5.4 2 1. (1)

The limit is obtained by using the theoretical estimate for the
ratio of W and 7 production in pp collisions, and taking
the very firm theoretical values for their leptonic decay prgpa-
bilities. The data for pp —» U —s=£{» and pp —» 7 —= 4L
then result in an upper limit for the Z -1P£E branching ratio,
which in turn yields a limit on N, . [An upper limit N,< 14
from e*e” —» X + invisibles has recently been obtained 5).] At
SLC and LEP one additional neutrino beyond the three we knou
could be detected,

Another important very recent result is the new upper li=-
mit for the ig-mass, established by the group of Kindig 5 at
the University of Ziirich:

My, < 18 ev ., (2)
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This limit has been obtained from the endpoint region of the tri-
tium B-spectrum, It includes instrumental and statistical un-
certainties as well as uncertainties due to energy loss in the
source and the final electron states. (See the report by R.E.
Pixley at this meeting.) The upper limit (2) is in contradiction
with the results of the ITEP group that have been published in a

7)

trino-less 2B-decays.

series of papers and is compatible with all we know from neu=

Let me give also the best present limits for the  -masses

of the other flavors 8):

m, < 270 keV (sin), (3)
m:: < 56 MeV (PETRA) .

I mention also that no oscillations have thus far be detected.g)

Mikheyev and Smirnov 10 have recently pointed out that the mo-

difications of neutrino oscillations in matter 11) could explain

the solar-neutrino puzzle in a very elegant way, If m% i o
-5 Z

6x10 eV

for the masses of the mixing neutrino states, then
the high energy neutrinos E% from BB-decay would be converted

- m

into ?%b when traversing the sun, and therefore not be detected
in the Davis experiment 12). This mechanism works even for very
small neutrino vacuum mixing angles,

Another issue not settled within the standard model, is
the strong CP~problem, Quantumchromodynamics has a chiral anoma-
ly which implies that CP is not a natural symmetry of the strong
interactions, If the axion solution proposed by Peccei and Quinn
is realized in Nature, then axions would be interesting candi-

dates for cold dark matter (see section I,4).

1.2 Cosmological Facts

There are only a few observational facts of cosmological
significance which have been established with some degree of
certainty, They all fit into the standard hot big bang model,
whose underlying spacetime is a Friedman manifold with scale
factor a(t) (t: cosmic time),
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A, Age determinations

Two important parameters characterizing the present Uni-
verse are the Hubble parameter H_ = (é/a)pres and the density
parameter Q. - (The subscript nought aluays refers to the pre~
sent time.) It is customary to use dimensionless parameters, h0
and.(lo » defined by

-1, =1
hy = H 7100 km s™"mpc™ , Q_= 9 /¢ _, (4)

where ?c: is the critical density, determined by HO and the
*
gravitational constant G ):

3H2
0 -29 2 =3
?c = gog = 1.9x10 hg (g cm °) . (5)

If QO< 1 the Friedman universe expands foreverj for QO>A

it will recollapse in a big crunch, For the intermediate case

S:Lo = 1 the present age of the Friedman universe (with vani=-
shing cosmological constant) is t, = 2/3H .
h0 is known within a factor of two 13):
bsh, <L (6)

It is remarkable that the Hubble age Hgl , the age of galactic
globular clusters, and the age of the galaxy deduced from cos-

mochronometers all agree within existing uncertainties:

H-%y age of elements 22 age of oldest stars

o
~ (1-2) x 1ig+0 yTe (7)
It is probably too early to deduce a value for the cosmological

constant from apparent discrepancies between the different ages.

B, The density parameter
The density paramater.§2o has been estimated in various

ways,
*) . ;
We use units where H =¢ = kg =1 « In these units the
Planck mass,Llength and time are respectively:
mpy = 677 = 1,22x10'° Gev = 2.2x107° g,
f.. =62 =1.6x10"%% cm
Pl % -43
= G = 0,54x10 S .

te
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(i) Infall to Virgo

Measurements of the peculiar local velocity field (devi-
ation from the Hubble flow) induced by the overdensity of the
Virgo complex (i.e. by the Virgo cluster and its extended halo)
allow one to deduce a value For.f)b under the assumption that

the total mass is clustered like galaxies on scales A, 10 h;l Mpc.
The result is 14)
_QO (virgo-infall) ~ 0,1 - 0,2 , (8)

(ii) Mass=-to=-1light ratios

The average luminosity density«ie has been determined to

be 15)
& = 1.8x10% h_ L Mpc'3 (9)
o O
(with an uncertainty of perhaps a factor 2), implying
Q= 0.6x107° n2ELMASS Ll s (10)
where <TM/E>'solar is the average mass-to-light ratio.
Thus
<M/ 1ap = 1500 C2 hg (NQ/LO) . (11)
From the dynamics of galaxy pairs and clusters of galaxies ave-
rage values for M/L have been determined, They lead to 15)
(20 (pairs and clusters) ~ 0.1 - 0.2 . (12)

(iii) S:?B from big bang nucleosynthesis

The successful predictions of the abundance of light ele=-

3 7

2p , "He, %He and 'Li in the standard model (see subsec~

ments
tion D) allows one to deduce 15) the following value of the ba-~

ryonic part C)B of g:% :

2, ~ (0.1 1 0.06) (h_/0.5)° . (13)

(iv) Distribution of infrared galaxies

This is a new method. The surface distribution of infra=-
red galaxies (with 2z < 0.03), determined by the satellite IRAS,
shows a dipole axis, which agrees within the errors with the one
inferred from the dipole anisotropy of the 3K=-background., This

dipole part determines the peculiar local acceleration and allows
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one - as for the Virgo infall - to deduce _S:% on_larger scales
(h;l 100 Mpc)e. At the 2nd ESO/CERN Symposium a few weeks ago,
R. Robinson gave the result 16)

2 =14:0.15, (14)

o

assuming that the infrared galaxies trace the matter distribu-
tion. This is a very important result, in particular in view of
the prediction .C20 = 1,00,400 in inflationary models. If true,
it would be a strong indication that not all matter is baryeonic
(see eq.(13)).

I recall that the luminous contribution to -fjb is
€, ~ o.01

and thus at least 90 % (perhaps 99 %) of matter is dark,
The nature of this dark matter is a major problem of cos-

mology. In this connection, it may be useful to recall the con-
tribution of one massive neutrino type to.f7g « In the standard
model, the present number density is

n ¥ e 109 cm™~> . (15)

3
» s = 11 nHCg

Since . = 10'540 hg (ev cm-s), we conclude

m.. (eV)
£3 o 2E (16)
100 h
0
This gives the following restrictive cosmological bound
='n < 100 h2 Q_ (ev) . (17)
» ¥ ' o o

A conservative limit for the right-hand side is 200 eV (£1;55 2
from limits for the deceleration parameter and the age of the
Universe)., The new limit (2) gives S:%ﬁffl , but for the other
» =flavors the cosmological limit is much more stringent than
the experimental bounds (3) .

Ce The 3K=backqround radiation

Until recently there were some indications that the ob-
served microwave background radiation might disagree with the
blackbody spectrum in the peak region of the spectrum, These dis-

tortions have nouw disappeared 17). Possible deviations from a
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thermal spectrum are less than 6 %. (The measurements in the
peak region are exceedingly hard and experimenters have always
warned theoreticians - often without success - to take the ear-
lier deviations not too seriously.)

Apart from the dipole anisotropy, due to our motion
through the background radiation, no intrinsic anisotropies have
been observed; AT /T is constrained to be less than 107% on
all angular scales above a few arcminutes., These cosmological pre=-
cision experiments are severly constraining models of galaxy for-
mation. A baryonic matter fluctuation of mass M should induce
a fluctuation in the background radiation at some level on an

angular scale 1

1;
=5 (h 7" (——)". (18)
10 Nc)

We shall return to this in section I.4.

D. Big bang nucleosynthesis of 4He and other light

elements and the number of neutrino flavors

Big bang nucleosynthesis occurred at a temperature
Tar 0.1 MeV during the "lepton era". The physics during this era
is very simple and so well-understood (apart from possible exo-
tic particles) that the resulting abundance of the light ele-

ments 2D, 3He, &He, and 7Li can be calculated reliably l8).

The
really difficult and complicated task is to measure present abun-
dances and infer from them the primordial ones, to be compared
with the theoretical predictions. Since various complicated ad-
ditions and depletions occurred at later times (stellar proces-
ses, spallation by cosmic rays, etc.), there remain considerable
uncertainties for the values for the primordial abundances. With=-
in them, one obtains good agreement with theory for all four
elements 19), with one value S?B for the present baryon density
parameter *). This gives us confidence that the Friedman-Lemaitre
models can be further extrapolated back in time., For three » -

species one finds the value For‘.§78 given in eq.(13).

#*)

see next page,
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From Fig, 2 it can be seen that the primordial abundance.
of aHe also depends on the number of neutrino flavors., Qualitati-
vely, this is clear because additional species of light particles
lead to an increase in the expansinn-rate and thus to an in-
crease in the n/p ratio (the freeze-out temperature for this
ratio is increased). From the observations of D, 34e and i
one deduces N = (1-10) x 10~10

limit for the primordial abundance by mass of 4He, Yprimﬁg 0.25,

and thus the "observational"

leads to the remarkable restriction

N,< 4. (19')
Th%s tight limit has recently been challenged by J, Ellis
20
et al.

for the beta decay of polarized neutrons imply a relatively low

on the ground of the following arguments., New results

value of the neutron half-life ‘[%. and hence the authors impose
the more conservative value Tt%_§>lD.2 min, From the astronomi-
cal data, they conclude that the bound Yprim'é; 0.25 is not

really save and they adopt < 0.26 as a reasonable bound.

Y .
From Fig., 2 one sees that theg:l?elaxad conditions would allow
five neutrino flavors if OL should be close to lB-lG. Now Yang

et al, l8) have adopted the argument that all primordial D which
is burnt in stars creates 3He, a fraction of which survives
stellar processing. Using studies of meteorites and the solar
wind, they concluded that [N(D+ 3He)/N(H)]prim < 1074, 1f
this condition is imposed, the theoretical correlation in Fig. 3
shows that the limit (19') is quite save. Ellis et al, have wea-
kened the latter condition on the basis of new data of 3He in ga-
lactic HII regions, These data have, howsver, apparently been
withdrawn, ed .

At any rate, it is perhaps wiser to give a more conserva-

tive cosmological limit

*
) S:ZB is related to the baryon=-photon number density ratio
Wlﬁ = nB/nx by

3 - 10
2, = 3.53x107° h, 2 (T°/2.7K)3 (')l/w ) .
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N, < 5 -6, (19")
in order to be on the safe side., Even such a weaker bound is
quite impressive.

It is very important that the limits (1) and (19) are so
close together, However, it must be emphasized in this context
that Nj in (1) and (19) is not necessarily the same number. In
the bound (19) also other possible light particles which have
been relativistic at T~ 1 MeV , are counted, even if they
would interact only superweakly. On the other hand, very massive
neutrinos (~ 1 GeV) are not included in (19), but are counted in
the CERN-experiments, provided they couple with full=strength.

The limits (1) and (19) provide important restrictions
for phenomenological models motivated by superstring theory,
which contain additional neutral particles in each fermion gene-

ration 22) (notably right=handed neutrinos which may be light).

0.27
0.26
0.25
0.24
a
>_

0.23

0.22

Ty, =10.8 min
T-t/' =10.6 min 7

_—T4,=104 min

_—
0.21

0.20 1 1 1 1 | | S P |
10710 1079

Ui

Fig. 2 The predicted lB)primordial abundances (by mass) of

“He (Y,) as a function of 9 = ng/n, for N, =2,3,4

and various values For‘t% »
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0.27
0.26

0.25
a 0.24
0.23

0.22

0.21F 7, =10.6 min
020 1 L1 11111 1 1 (.
1075 1074 1073

N (D+ He) /N (H)

Fig. 3 The predicted 18) abundances (by mass) of “He (Yp)

versus the predicted abundance (by number relative to

H) of D plus “He for N_, = 2,3,4 and Ty = 10.6 min.

1.3 Plausible Extrapolation

Further back in time, hadrons begin to overlap above
Tay 200 MeV and we expect that all hadrons coalesce into each
other and a plasma of the constituents of hadrons - quarks and
gluons - was formed, Crude estimates lead also to the expectation
that the latent heat of this transition might be considerable.
Since most of you are solid state physicists, it might be
interesting to elaborate a bit on this. In principle, the pres-

sure p(T,P) as a function of T and the chemical potential }L
can be computed from

p(T ) =g Ao (10 &7 (HpMI/ATy

where H is the Hamiltonian of QCD, The entropy density s(T,WH),

the baryon number density n(T,P) and the energy density &jT,FJ
are then derived from its partial derivatives

(TP =&, n(T) =3% , e(T,p) = Tompspen,

Simple phenomenological expressions for p(Tﬂk) in the
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hadron and in the quark-gluon phases give For)&.= 0 the curves
sketched in Fig., 4.

p (T) s(T)
Pe (T)
Pef o~ Pn (D)
//TE T

Fige 4 Schematic picture for p(T) and s(T) for hadron
matter and quark-gluon plasma (}L= 0).

This deconfinement transition is clearly predicted by lattice
QCD calculations, For pure glue the transition is a first order

phase transition 23)

o With quarks, it is, For}L::G , CoOnclusi-
vely known only that the entropy density changes rapidly within
a narrow temperature range,

It is not clear whether the deconfinement transition had
important cosmological effects. One possibility is that it pro-
duced an inhomogeneous distribution of nucleons, but most pro-
bably these inhomogeneities were again smeared out long before
nucleosynthesis, If not, they would affect the cosmic abundance
of light elements,

A very speculative effect has been envisaged by Witten 24)
who considered the possibility that the baryon imhomogeneities
could have caused the production of nuggets of "strange quark
matter", which might possibly be stable, Such strange quark balls
belong now also to the long list of candidate constituents of

25) as studied how

the dark mass of the Universe. De RGjula
such nuggets could be searched for. Most people consider it as
unlikely that they exist., The physics involved is, however, too
difficult to make reliable predictions about this interesting
possibility.

Lattice QCD calculations also predict that the conden-
sates £qq> , (G, GF”>> of the quark and gluon fields
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"melt away" at Tar 200 + 50 MeV. Apart from quark-mass effects
the chiral symmetry is thereby restored.
Another symmetry restoration in a phase transition is ex-

pected around the Fermi-scale G A> 300 GeV, The effective

Higgs potential (the free energy density) of the electroweak
theory is temperature dependent; above a sufficiently high tem-
perature, the minimum occurs for a vanishing expectation value
<> of the Higgs field Cb . In the high-temperature phase all
gauge bosons should then be masseless (and additional scalar bo-
sons should appear), This is very analogous to the transition of
a type II superconductor to its normal state and the disappea-
rance of the Meissner-Ochsenfeld effect (which is just the Higgs
mechanism)., This electroweak phase-transition has probably no

important cosmological effects,

I.4 Open Questions and Mysteries in the Standard Hot Big Bang-
Model

The standard models of particle physics and cosmology are

both incomplete in many respects. Let me briefly recall some of
the main questions and puzzles, which cannot be answered in the
standard hot big bang model,

A, Why is the cosmological constant so small ?

During the electroweak and QCD (phase-) transitions the

1 4

GeV) .

These are enormous changes in comparison to the vacuum energy of
* -

the present Universe, which is certainly less than )lD as(GeU)a.

vacuum energy changes roughly by (lDZGeU)a, resp. (10

This discrepancy constitutes one of the most profound problems

*) The present vacuum energy cannot be much larger than the
critical density (5):
9. ~= 8x1074" nZ cev’ .
For the cosmological constant /A this implies

A < 86 @_ = 0.9x1071%! 2 nl)



22 Straumann H.P.A.

of present day field theory and cosmology. Its solution is pro-
bably deeply rooted, At the same time, the problem of the cosmo-
logical constant indicates that inflationary models, which are
based on dominant vacuum energies in very early epoches, might
be much too naiv. So far the cosmological constant problem re-
mains unsolved also in the superstring theory.

B, The dark matter problem

The discussion in section 1.2 has shown that there is
much more to the Universe than meets the eye. At most 10 % of
the mass-energy is in known forms, It is even not excluded that
the Universe contains dark matter near the critical density, if
it is more uniformly distributed than the luminous matter (re-
member the new IRAS data), In this case, most astronomical tests
do not take into account such an inert background. Many forms of
dark matter have been proposed 26).

The most conservative (and perhaps most reasonable) atti=-
tude is, that £2 =SZ ™ 0,1 and that most of the baryons
might have been incorporated in a pregalactic population of

27)

stars « The most likely unseen remnants of such stars would

be low mass objects M<L 0.1 NC)’ like "Jupiters"™, Brown Dwarfs,
etc. (see Fig, 5), or massive black holes of perhaps 10° NC)'
Such objects would satisfy several constraints: Masses above

n 0,1 MC) would contribute too much background light and the rem=-
nants of "ordimary" massive stars of 10-~100 MC) would produce

too much heavy elements, Very massive objects of 103 MC) would
not violate the nucleosynthesis constraint and would probably
terminate their evolution by a collapse and thereby swallowing
most of their mass. On the other hand, much heavier objects
:z;lﬂs NC) would have detectable effects, such as dynamical fric-

tion or accretion 28).

Gravitational lensing 29)

will perhaps one day enable us
to discover these baryonic remnants,

The list of proposed non-baryonic dark matter consti=-
tuents is long; it includes massive neutrinos, axions, and many

other ",.,.inos", suggested by supersymmetric models.
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log M(g)
)

36

34

32

Jupiter —=
30

28
Earth—=

Fig. 5 Mass and length scales for various structures, in
particular for cold objects. Also shown is the

'rg=107 nuclear ignition isotherm,

Such exotic possibilities have been considered more and more se-
rously in view of the difficulties to understand the formation
of galaxies and their associations from small density fluctu-
ations, which are compatible with the isotropy of the 3K back-
ground radiation x . We turn next to this topic.

Ce Primordial fluctuations, formation of galaxies
and large-scale structures

The early Universe cannot have been completely smooth.
Galaxies and their associations in clusters and superclusters

*
) Possible experiments for direct detection of particle candi-

dates for galactic dark matter are planned 30). This is diffi=-

cult, but some of the schemes look feasible,
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have evolved by gravitational instabilities from small density
fluctuations, The origin of the initial fluctuations and its
spectrum is one of the major unresolved cosmological problems.
Two interesting proposals have so far been suggested. In
inflationary scenarios the density fluctuations arise from ini-

tial quantum correlations of the Higgs field 31)

. Another possi-
bility is that cosmic strings produced the density fluctuations.
This alternative will be discussed in section II.

The theory of galaxy formation is in a very fluent and un=-
certain state. We still do not know why galaxies exist !

On the observational side we see large=-scale structures
over tens or hundreds of megaparsecs, A recent survey 32) on the
large-scale galaxy distribution shows that large, apparently
empty, quasispherical voids dominate space, and that galaxies
are concentrated in thin sheets and ridges between the holes
(see Fige 6)s No satisfactory explanation for this foam-like ap~-

pearance of the galaxy distribution exists.,

Fig. & Uslosity distribution 527

2.65< 8 <L 32.5° of 1'061 objects with magnitude
Mg =a15,5 and velocity v < 15'000 km/s,

in the declination wedge
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A crucial ingredient may be the concept of biased galaxy
formation, which has been introduced recently and which has
changed the discussion very much 33). It presumes that galaxies
only form in the rare peaks of an initial (gaussian) distribu-
tion of density perturbations., This biasing hypothesis enhances
the large-scale structure, VYoids develop, containing a large
number of 'failed' galaxies, and galaxies form only in the dense
regions between voids, The question what causes this biasing re-
mains,

Furthermore, it is difficult to reproduce the most massive
aggregates of galaxies and to account for the clustering of the
great galaxy clusters, Positive spatial correlations have even
be observed 34)among superclusters on a scale of Ao 100 h;l Mpc,
which appear to be stronger than those of galaxies and galaxy
clusters, 'Cold' and 'hot' dark matter scenarios 26) have both
their difficulties., One speculative way out invokes vacuum
strings left over from a phase transition in the very early Uni-
verse and which may have induced non-gaussian fluctuation di-
stributions, This possibility will be discussed later (section
11).

D, The problem of initial conditions

It is by now well-known that the standard model has to be
supplemented by a number of initial conditions, which are highly
unnatural., Let us recall, as an example, the flatness (or entro-
py) problem, We have seen that the present density parameter is
in the interval 0.1 <5 Qos 2 . In Friedman models -C2=1 is
an unstable fixed point under time evolution., As a consequence,
€L should already be very close to one at the time of recombi-
nation:\J:Z.-l\§;5xlU-a at t AJlDS yr. Shortly before nucleo-
synthesis starts, we find even the well-tuned value |C2 -1l <10”
at T =1 MeV,

Another naturalness problem is the horizon puzzle., These
puzzles, as well as their speculative solutions by inflation 311
35) that I will not

further elaborate on them., The original beauty of inflation is,

15

have been discussed so much in recent years

lost, however, and among the many proposed schemes there is no
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generally accepted one (see also table I).

Another initial condition of the standard model, restric-
ted to T« 100 GeV, is the baryon asymmetry, reflected in the
small baryon/entropy ratio

-8 2
nB/SZS Ay 0,8x10 QB hy e (20)

Attempts to explain this small ratio within the framework of uni-
fied theories as a result of baryon-number-nonconserving proces-
ses in the very early Universe, lead us to the next topic.

1.5 Speculations in Particle Physics and Cosmology

Particle physicists working on the unification program ha-
ve only very few possibilities -« such as proton decay - to test
their theories in laboratory experiments. For this reason, cos~
mological considerations play an important role in constraining
theoretical attempts, This has led to a symbiotic relationship
between high energy physics and cosmology. Most of the exciting
activity in cosmology during the last temn years has been in this
direction,

The original excitement has, for various reasons, some=-
what declined, The first unified theories are all beset with pro-
found difficulties, like the "hierarchy problem" in GUTS (which
requires a very fine tuning of parameters which should not be
spoiled by radiative corrections). Proton decay has not be seen,
ruling out the minimal SU(5) model of Giorgi and Glashow, Clear-

ly, we are lacking crucial ingredients in our approach to grand

6)

will solve all the problems and will lead to a coherent unified

unification.

Almost everybody's hope is now that superstring theory3

theory of gravity and all other (gauge) interactions. Previous
attempts (see table I) would then just be "effective low energy
approximations" of the new ("final") theory, which are obtained
through compactification and dimensional reductions. (See the in-
vited lecture of A, Neveu at this meeting.) This new "theory of
everything" would, of course, help us to understand the very

early Universe, including the Planck era, But at the time of
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this conference, the theory is still in its infancy.,
menological implications can only be worked out in detail, once
the basic theoretical studies have further advanced., One cosmo=-
logical implication is that there may exist another form of mat-
ter ('shadow matter') in the Universe, which only interacts with

ordinary matter through gravity., Some constraints of this hidden

form of matter (e.g. from .nucleosynthesis) have already been

discussed 37 o

Its pheno-

We supplement these brief remarks in table I, which sum-
marizes the present situation. One particular aspect, namely the

cosmic strings, will be discussed in the next section in some
detail.

Table I, Unification program and the very early Universs

S T o T T e T e T T e T e S e 2 S o e T A e e e S e e S s Sl o e i S S S e v S S g S S g e e S v e g
N T S S S s E e S s T N NS S S E ST EE ==

Particle theories Cosmological aspects Remarks

(sypersymmetric)
GUTs

(supars,) Kaluza-
Klein (particu-
larly in 11 and

10 dimensions)

Superstrings

("theory of
everything")

Baryon asymmetry

Topological defects
(domain walls,
stringymonopoles)

exotic matter: mas=-
sive neutrinos,
axions, WIMPS (weak-
ly interacting mas-
sive particles)

primordial fluctu=
ations (quantum
induced, strings)

Inflation

shadow matter

no quantitative
prediction of nB/s
monopoles and do-
main walls should
be avoided (infla=-
tion); strings may
be great

strongly restric-
ted by cosmologi-
cal arguments;may
be needed for ga-
laxy formation

power spectrum 7
gaussian ?

original beauty is

lost, many schemes,

non of which is ao-

cepted that would

naturally give:

- gufficient in-
flation

- small density
fluctuations

- sufficient re-
heating for
baryosynthesis

constraint by
nucleosynthesis,
etc,
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II. COSMIC STRINGS

I have indicated already several times that vacuum strings

might have very interesting cosmological consequences, In parti-
cular, they can generate the necessary density fluctuations for
galaxy formation.

In this section, we describe briefly the properties, the
formation and evolution of these topological defects and dis-

cuss some of their cosmological consequences, 38)

11.1 The Physics of Vacuum Strings

A. Strings in gauge theories

Strings are topologically stable structures which may ap-
pear in the vacuum as a result of domains formed during the spon-
taneous breaking ef a global or a gauge symmetry, This phenome-
non is well-known from superfluidity and superconductivity (He-
lium II, type II - superconductors). We consider in the follo-
wing only 'local' strings, arising through breakings of local
symmetries., The prototyp are the magnetic flux vortices in type
II = superconductors, which are solutions to the Ginzburg-lLandau-
equations of superconductivity, first discovered by Abrikosov392
The appearance of the same objects in relativistic field theo-
ries was demonstrated by Nielson and Olesen 40) in their treat-
ment of the Abelian Higgs model, where the Higgs field plays the
role of the superconducting order parameter 4l « I recall brief=-
ly the string-solutions in the context of this field theoretical
model.

The Lagrangian density of the Abelian Higgs model, with

gauge group U(l), is given by .
Z=D& DM - AT, AN (-9 (21)

where D).t =(b,._ -ie Ay, F}b’: Q,Ay- 9,!% and e 1is the coupling

constant., The minimum of the Higgs potential \/Cb)zii()\@‘b

is assumed on the vacuum manifold I"!0 = '[49: l@[ = 'PL} , Which

is in this simple example a circle.,

We are interested in configurations for which the fields

are static and constant in one direction taken to be the x3-di-



Vol. 60, 1987 Cosmology and particle physics 29

rection, Then we can chose a gauge with AD= A3= 0 and are thus
led to look for regqular finite energy solutions of the 2-dimen-
sional Yang-Mills-Higgs-lLagrangian (21). |

For a string solution & is approaching the "Higgs-vacuum"
far away from the vortex tube, i.e.\d| —'»'PL and |DP| —=> O
for | x] —»% , The latter condition, together with F}.w"'""” By
guarantees that the energy density vanishes asymptotically out-
side the string core. Since QP lies asymptotically in the vacuum
manifold MD » the Higgs field defines a mapping fi Sl——q: ND,
which associates to each direction in (ordinary) space the asymp-
totic value of the Higgs field in the vacuum manifold NO, which
in our example is again a circle Sl. The winding number (or de-
gree) n of the map f is an integer and characterizes the ho-
motopy class (i.e. the element in tl(No)) of the mapping. This
is a simple example of a topological 'quantum number' (charge).

It is easy to show 4l)that the magnetic flux of the string
is n times the elementary magnetic flux 2x/e . An elementary

string corresponds to n = + 1 and is topologically stablse.
Strings with [ nl > 2 are probably unstable and decay into ele-
mentary ones,

The thickness of the string is determined by the Compton

wavelengths of the Higgs particle and the vector mesons, m-l ’

-1

ma™ s where mb = VZ)\"ll y My = \E‘a%. Usually m‘t=’<mA and
the string has an inner core of 'false vacuum' with linear mass
density;«b«,(mqf) mg’ ~M® , and a tube of magnetic field of ra-
dius m;l with /MANJBzmgzmﬂn? (because the flux is 2x/e) .
Thus, the total mass of the string per unit length is roughly

pon ntz (v 1078 m2) in GUTS) . (22)

(A more accurate treatment can be found in books on superconduc-
tivity.)

The internal structure of the string is often unimportant
and quantities like the energy momentum tensor t“’ can be ave-
raged over cross sections, For a static straight string along
the z-axis one finds from Lorentz invariance and the conservation

law TP”,, = 0 easily 38)
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S T/w dxdy =/.L(1,o,0,1) . (23)
Note that
Mp) G 10
= G —=—= = 2,2 (=) 107" m_ /kpc. (24)
Valalo' Lr1 10~6 ©

More complicated strings are expected to occur, whenever
:l(mo) is nontrivial, In the general case of a symmetry brea-
king G —= H the vacuum manifold is G/H . If Il(G)= 1°(G)=I
(G is simply connected) one knows from homotopy theory that
Il(G/H) = to(H) « S0 H should contain a discrete symmetry,
This shows that string solutions are expected to occur for exam=-
ple in the scheme SO0(10) —= SU(5) x Z, o
grand unified theories =B S as well as in the low energy sector

of superstring theories - .

Strings form in many

At finite temperatures the effective potential for ¢> is
temperature dependent and its minimum is at <§%> =0 for T
larger than some critical temperature Tc e Thus, the symmetry
is restored for T >.Tc .

In the cosmological context, as the Universe cools through
the critical temperature, fluctuation regions with &> £ 0 de-
velop, in which the directions of <> are correlated over a
correlation length § o For a second-order transition, the corre-

lation length is T;l

sy but can be much larger for a first-order
transition. At any rate, §.is always smaller than the horizon
length,

Since the free energy tends to be minimized, a slowly va-
rying {&> is preferred. Much of the initial chaotic variations
will therefore quickly die out in the course of further evolu-
tion. Houwever, if xl(mo) is non=~trivial, the formation of to-

pological defects is unavoidable,

B, Dynamics of strings

We consider now the dynamics of macroscropic strings,
whose dimensions are much larger than the thickness,

The motion of the string defines a 2-dimensional world
sheet xf’(T}G) y Wwhere T is a timelike and © is a spacelike
parameter, The action S must be a functional of the dynamical
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variables x/ (T,%) , which has the following properties:

(i) S 1is invariant under general coordinate transformations;
(ii) S should be invariant with respect to reparametrizations
of the world sheet; (iii) the action should be an integral over
the 2-dimensional world sheet xM(t,§) .

This determines uniquely, up to an irrelevant factor:
._. “)‘S A @ g g, (25)
Herea ( ) denotes the determinant of the induced metric on the

world sheet. (In our applications, the metric of spacetime will
be Minkowski or Friedman,) With the notation

i aRE, k2 (26)
we have
9(2)a ;<2 x,2 = (k.x')z . (27)

Thus, the Lagrangian for the equation of motion for a string is
I

- -/A\}(i-x')z- $2x12, (28)

The corresponding nonlinear equations of motion can be simpli-

fied by suitable choices of the parameters (T,%) and exact so-
lutions can be found 38). For instance, a circular loop will ra-
pidly collapse, reaching the velocity of light as it shrinks to
a "point", (When the size of the loop becomes comparable to the
string width A}%:J', it decays into elementary particles,) Ex=
plizit solutions 43) suggest that a substantial fraction of loop

tra jectories never self-intersect,

C, Gravitational radiation from oscillating loops

For non-intersecting loops the dominant energy~loss mecha-
nism is gravitational radiation. Very roughly this can be esti=-
mated as follows. Loops of size R have frequencies o~ R tand

the quadrupole formula gives for the energy loss

[ ]

M A = G(MRZ0%)2 ~u - G}Lz , (29)
where N«J/LR is the mass of the loop. The lifetime of the loop

is thus

T o= MANV (30)

G/”
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and the energy loss fraction in one oscillating period is

im 2
- VR (31)

The dimensionless number GP_ is crucial in all that follows,
According to (22) we have
G Gﬂtzm(m—wlh)zm 1078 (32)
Pl
for a typical grand unification scale‘ncv 1048 gev,
More accurate calculations can be performed for explicit
44) instead of (29)

5’&=-XGP~2, (33)

where U depends on the solution, but is typically oo 100 .

loop solutions. One finds

It turns out 45) that the gravitational radiation is more
important than electromagnetic radiation for macroscopic loops

(Ms>my,) .

Do Intercommuting

When two strings intersect, they can change partners (in-
tercommute), as shown in Fig. 7a. This phenomenon is also known
in superconductivity. Double intersections and self-intersec-
tions can result in the formation of closed loops (Figs. 7b, c).

\_/
L
0 =

2 5= o

Figs 7 Intercommuting of strings.

Numerical solutions 46)

of the nonlinear field equations des-
cribing colliding strings suggest that intercommuting occurs

with high probability.
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E, Gravitational field of strings
Eq.(23) shows that the string tansion}k is equal to the
energy per unit length of the string. This implies that the gra-

vitational field is very different from that of massive rods. In-
deed, the correct Newtonian limit for a quasistatic matter di-
stribution is 47)

A ¢ = 8xG (Too-i‘tr T)

and the right-hand side vanishes for (23).
It is not difficult to find 48)
Einstein equations for a string. For a straight string along the

the exact solution of the

z-axis the metric outside the string core is in cyclindrical
coordinates

del= dt?-dz2-dr?- (1‘4§P)2 rde? . (34)
This metric is locally flat, because the coordinate transforma-
tion o' = (l-ﬁqu @ brings it locally to Minkowskian form.
Since ' varies from 0O to (l-4qﬁ) 2v< 2t , the metric (34)
describes a "conical space", that is, a flat space with a wedge
of angular size BxGW taken out (see Fig. B), whereby the two
faces of the wedge must be identified.

Cﬁﬁﬁ“”ex

identify
Quasar

bserver

Fig, 8 The coniﬁal space outside a straight string core.

It is obvious from Fig., 8 that a string would produce double

images of equal brightness of quasars. The typical separation

angle between two images is A}4IG}UU3-3U arcsec for qu10-§18”§
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This is a kind of classical analoque of the Aharanov-Bohm effeaect.
There is no space-time curvature outside the string, but the me-
tric is not globally Minkowskian.

The conical nature of space around a string has another in-
teresting cosmological consequence, A wake is formed behind a
relativistically moving string that has the shape of a wedge with
an opening angle m;BtG}L and a density contrast .ﬁg/gnJl . This
effect may be important for the formation of large scale struce
tures in 'cold' matter scenarios (see section II.2),

In order to avoid possible misunderstandings, we emphasize
at this point that the long range time averaged field of a loop
is just that of a point mass with mass equal to that of the loop.
Loops could thus have served as seeds for the primordial density
fluctuations, |

Fe Strings in the expanding Universe
If w denotes the conformal time variable (dr= dt/a(t)),
then the metric of a flat Friedman Universe has the form

ds? = a?(%) [dw 2~ dx’]

and thus the Lagrangian for a string is just the one for Minkow-

ski space, multiplied by az(%) . Analytic and numerical analy=-
sis of the equations of motion show the following important
facts 38): (i) Waves bigger than the horizon are conformally
stretched (both amplitude and wavelength grow like a(%T) , the
shape of the string remaining unchanged). (ii) Irregularities on
scales smaller than the horizon are smoothed out.

Gs Interaction with particles

For the cosmological evolution of strings, one needs also
the force of friction due to their interaction with light par-
ticles.)The scattering cross section has been estimated by Eve-

49
rett

unit length acting on a moving string with velocity v relative

and this leads to the following force of friction per

to the radiation
Fow N, T2/ Ln?(T8) , (35)

where NS is the number of light particles interacting with the
fields of the string and &8 is its width,
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11.2 Fformation and Evolution of Strings

Initially, strings are formed as defect lines in the orien-
tation of the Higgs field. One expects that they have the shape
of random walks of step given by the cerrelation length g and
typical distances between neighboring string segments also of
this magnitude, This is confirmed by Monte Carlo simulations 0)
which show also:(i) About 80 % of the total string length is due
to 'infinite' strings. (ii) The remaining strings are closed
loops with a scale-~invariant distribution dne( R-adR , where R
is the characteristic size of the loop.

The evolution of a network of cosmic strings is complica-
ted in view of the physics discussed in the previous section.
Qualitative discussions (see, for instance, the excellent review
article of Vilenkin 38)) and numerical studies 51) lead to the
following conclusions:

(1) Expansion of the Universe straightens out long strings on
scales smaller than the horizon and conformally stretches them
on scales greater than the horizon.

(2) There are just a few segments of 'infinite' strings per ho-
rizon volume at any time,

(3) Loops surviving the decay due to gravitational radiation
at time t bhave sizes greater than ~v§}b times the horizon
length, In particular, the smallest surviving loops today have
a size w B o~ Fou kpe, For CUA e

(4) During the radiation and matter dominated eras, the length
distributions of closed loops are, respectively

=542

%% {3/2 R

N , Re(tr)72,

Today, the smallest surviving loops have masses MA UR ~

m;(GfL/lU-G) 1010 NC) and they are typically separated by a 10

Mpce
(5) During all evolutionary phases, the snergy density due to
strings is always much smaller than the total emergy density.

38)

R discussion of the spectra of density fluctuations
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generated by strings shows interesting properties. For example,
for a baryon-dominated Universe matter starts to accrete on
loops at the time of recombination and one finds a spectrum cor-
responding to the hierarchical gravitational clustering picture:
the fluctuations increase towards smaller scales with a lower
cut=off of a galactic mass &31012 MC) .

The string model for galaxy formation may help to solve
the problems discussed in section I.4C. For esxample, loops of

52)

similar size are correlated and this leads to matter pertur-

bation§ which are highly non-Gaussi?n and have non-random pha=-
53 4

lar the correlation function of Abell clusters,

ses o Turok and Brandenberger @ have discussed in particu-

Another interesting aspect of the string scenario is the
following, Closed loops at the time of galaxy formation have in
general much smaller sizes than those of the galaxies condensing
around them, Therefore, accretion of matter onto loops may lead
to the formation of massive compact objects (quasars and active
galactic nuclei),

Even if strings have nothing to do with galaxy formation,

they might produce some unique observational effects:

(1) One expects 55) that out of ~ 10% quasars, one is
doubled by a string. It is, however, difficult to prove that a
particular pair of quasar images is formed by a cosmic string.

Paczynski 56)

has, therefore, suggested that observations of
very distant galaxies with the Space Telescope may be a better
way for discovering cosmic strings. A galaxy may appear cut by a
sharp edge if there is a cosmic string between the galaxy and
the observer, Since the probability for this is quite small, an

extensive observational program would be necessary to see this,

(3) Kaiser #nd Stabbins °') have painted sut et vapidly
moving strings would produce steplike discontinuities in the 3K-
background with AT/T ~» 10 G}L-. Present observational limits

are consistent with GP( 10"5 .

(3) Gravitational waves produced by oscillating loops add
up to a stochastic gravitational background which would, for
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example, induce a "timing noise" of the millisecond pulsarsa).
With improved obsservations, this effect may become detectable
within several ysars, if G}LIU 10“6. If not, cosmic strings

will be pretty well ruled out as candidate sources for any large-
scale fluctuations having a significant impact on galaxy clu-

stering,
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