Cosmic strings

A particle physics solution to the large-scale
structure of the Universe

The large-scale structure of the Universe.
Galaxies and clusters of galaxies appear to
be located on the surface of huge ‘bubbles’
nested together. Inside the bubbles are
enormous voids, up to 150 million light
years across.

The past decade has seen a
developing interplay between
elementary particle physics
and cosmology. The former
has had great success in de-
monstrating the unification of
the weak and electromagnetic
forces at energies just above
250 GeV (106 degrees Kel-
vin). The ‘Standard Model’ of
particle physics seems to
describe accurately the inter-
actions of quarks and leptons
at and below these energies,
as demonstrated daily in
CERN'’s LEP electron-positron
collider.

However the frontiers of
particle physics also involve
energies much greater than
the energies available in ter-
restrial accelerators. Theories
which attempt to unify the
strong and electroweak
forces (Grand Unified Theo-
ries — GUT) require energies
of around 10'% GeV. For this
reason many particle physi-
cists have turned to the early
Universe, where these sorts
of energies were believed to
exist just 10735 seconds after
the Big Bang. The Universe is
a unique, exciting Laboratory
for investigating physics at
extremely high energies and
very short distances.

In this article (first pub-
lished in the Bulletin of the UK
Science and Engineering Re-
search Council) Ed Copeland
of Sussex University looks at
links between cosmology and
elementary particle physics.
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For cosmology, the standard hot
Big Bang model seems to provide
an accurate account of the history
of the Universe from about 1072 se-
conds after the bang when the
temperature was 10 MeV until to-
day, 10 to 20 billion years later,
and a temperature of 2.7 K (10°10
MeV). Extending our knowledge of
the Universe to earlier times and
higher temperatures requires
knowledge about the fundamental
particles (quarks, leptons) and their
interactions at very high energies —
thus cosmology and elementary
particle physics are linked together.
The hot Big Bang model ac-
counts for the expansion of the
Universe today, the 2.7K cosmic
microwave background radiation,
and through primordial nucleosyn-
thesis, the abundances of the light
elements helium, deuterium, and li-
thium. The microwave background
is a fossil record of the Universe
from the time when matter and

radiation decoupled (100,000
years after the bang). Its incredible
isotropy (we observe the same
temperature in all directions to bet-
ter than one part in 10,000) and
pure blackbody spectrum in all
wavelengths are consistent with
the standard cosmological picture.
Our Universe is very smooth, ho-
mogeneous and isotropic on the
scales of our observable horizon.

Therein lies the problem. Each
evening, weather permitting, we
can look at the night sky and see
no evidence for isotropy and uni-
formity. Rather we see lots of
structure. If the Universe started
off as smooth as is indicated from
the microwave background, what
were the seeds that led to all this
structure?

Actually the Universe is full of in-
teresting structure on scales much
larger than we can see with the
naked eye. Recently astronomers
have been devoting a great deal of
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time and effort to mapping the
large-scale structure, and their ini-
tial results are fascinating. They in-
dicate that galaxies and clusters of
galaxies appear to be located on
the apparent surface of huge bub-
bles nested together. Inside the
bubbles are enormous voids, up to
150 million light years across,
empty of all but a few galaxies.
Galaxies form at the intersections
of these bubbles, along filaments
200-300 million light years in
length. On these scales the Uni-
verse is anything but smooth.
Many cosmologists believe that
there has not been enough time for
gravity alone to push galaxies into
these special positions. The bubbly
structures are an imprint of pro-
cesses that occurred at the earliest
moments of creation, some 10735
seconds after the Big Bang. It is in
this era that the candidate seeds
for the observed structure could be
born; cosmic strings provide one
such candidate.

The unification of the forces of
nature is mediated through phase
transitions, during which a particu-
lar symmetry, which previously uni-
fied the forces at a high tempera-
ture, is broken as the temperature
falls below a critical value, leaving
behind distinct separate forces. Ex-
perimentally this is seen in the
weak and electromagnetic forces,
around 250 GeV. Above this ener-
gy they are described together as
one electroweak force, whereas at
home (well below this energy) we
do not associate turning on an el-
ectric light bulb (electromagnetic
effect) with the radioactive decay
of an atomic nucleus (weak force).
The same principle applies at the
GUT scale, 10" GeV. Above this
energy, the strong and electroweak
forces are described as one. Cool-
ing below the energy, a phase
transition occurs as the symmetry
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Evolution of a cosmic string system. Note
the large number of small loops and the few
infinite strings stretching right across the
box. The event horizon is about 3.5 times
the side of the box. (Picture Shellard, Cam-
bridge,; and Allen, Wisconsin).

unifying the forces is broken, and
we are left with two distinct
forces.

These GUT transitions could
have important cosmological con-
sequences. One comes from the
fact that the transition would prob-
ably be "flawed’, as noted by a
number of authors, including T.
Kibble, A. Vilenkin and Y. Zeldo-
vich. As the Universe expands and
cools, the phase transition could
leave regions of space trapped in
the ‘old’ high energy phase (where
the forces are still unified), sur-
rounded by the ‘new’ low energy
or broken phase. Such ‘defects’ are
regularly seen at much lower ener-
gies in condensed matter physics.

They can take many forms; for
example they could be pointlike

(monopoles), sheetlike (domain
walls) or one-dimensional string-
like objects, hence cosmic strings.
Monopoles and domain walls are
potential problems for cosmology,
but cosmic strings appear to be
ideal candidates to act as structure
forming seeds. They are extremely
thin, about 1029 ¢cm (the radius of
an atomic nucleus is around 10713
cm) but possess an immense ten-
sion (the ‘old” phase of high energy
still exists there) of 1036 Newtons.
Numerical and analytical calcula-
tions indicate that at birth the
strings emerge as a tangled mesh;
around 80 % of the network is in
long ‘infinite’ strings winding their
way across the visible Universe
and the rest is in closed loops (for
topological reasons they must be
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either infinite or closed).

As the Universe expands, the
string network begins to evolve.
The long strings moving at close to
the speed of light intersect each
other as they stretch out, chopping
off loops as they do so. Some of
the loops chop themselves up
further, others reconnect on to the
long strings, but a picture emerges
where the initial high density of in-
finite string diminishes as more and
more loops are formed. Eventually
a ‘scaling solution’ is reached
where the density of long strings is
a constant fraction (around 107) of
the total energy density of the Uni-
verse.

The evolution equations are non-
linear and difficult to solve analyti-
cally, so most of the work is nu-
merical with different groups inde-
pendently running codes. The si-
mulations differ on the exact evolu-
tion of the loops of string. One
group reaches a scaling solution as
with the long strings, but others
appear not to reach this point. Be-
cause of the large amount of small-
scale structure on the long strings,
created each time they intercom-
mute, they tend to find that most
of their loops are close to the smal-
lest possible allowed size. Al-
though this difference needs to be
accounted for, most of the string
"action’ for galaxies comes from
the iong strings, an area where
there is general agreement.

The strings lose energy primarily
through gravitational radiation. As
they oscillate rapidly, close to the
speed of light, the loops radiate,
shrink and eventually disappear.
The detection (or lack of detection)
of such radiation could well confirm
or rule out the whole scenario.

The extreme tension of the long
strings distorts the spacetime in
which they live, causing a flat spa-
cetime to become conical, the
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string passing through the vertex
of the cone. This distortion causes
particles moving by the string to be
drawn in, effectively attracted be-
hind it into wakes. All the long
strings passing through a sea of
particles will then leave wakes in
their trail.

In these regions, where there is
now an excess of matter, condi-
tions are established for the forma-
tion of large-scale structure, as the
massive particles become gravita-
tionally bound to one another. As
matter, both luminous and dark, is
attracted into these regions, they
leave behind empty spaces. The
important question is whether this
scenario can produce enough den-
sity perturbations to account for
the observed distribution of galax-
ies, clusters and voids, as well as
the bubbly nature of the distribu-
tion. This is a complicated issue,
and groups are currently running
large many-body codes to investi-
gate these questions. It appears
that the answer could depend criti-
cally on the scaling density of long
strings. If it is too high then the
strings are close together and the
voids produced are not large
enough.

Models which rely on physics
from 1073% seconds after the Big
Bang are of little use if they do not
leave some observationally verifia-
ble signature. Fortunately cosmic
strings leave some unique calling
cards. A string situated between
Earth and a faraway galaxy would
bend the flow of light passing ei-
ther side of it from the galaxy, due
to the conical nature of the space-
time around the string. The result
is that we would see two images
of the galaxy instead of just one,
an effect known as gravitational
lensing.

There are a number of potential
lensed quasars, but also many can-

didate lensing objects, not just
strings. However a chain of galaxy
pairs across the sky would be a
strong signature of a string, indi-
cating the lens was long and thin,
not pointlike.

Perhaps the most convincing evi-
dence for their existence would be
from the unique signature they
would leave in the Universe’s mi-
crowave background. This back-
ground, the residual glow of the
Big Bang itself, is extremely uni-
form, but a string moving rapidly
through it would heat up the micro-
wave slightly in the wake of the
string, and cool it in front of the
string. The microwave background
would appear roughly 10 of a de-
gree hotter on one side of the
string than on the other. Maps of
the microwave background would
show this temperature jump as a
line tracing the position and shape
of the otherwise invisible string: a
truly unique signature. It says a
great deal for the expertise in this
area of detection that such a small
jump may soon be detectable, so
cosmic strings should soon be con-
firmed or ruled out.

Particle physics is having a dra-
matic and exciting effect on cos-
mology. Many astronomers are try-
ing to get valued telescope time to
search for the exotic cosmic
strings. There are other topologi-
cally-inspired candidates that have
not been mentioned here, but are
causing great interest as possible
seeds for large-scale structure.
They include superconducting cos-
mic strings and global textures. If
discovered in astronomical obser-
vations, cosmic strings will provide
substantial evidence for Grand Uni-
fied Theories.

E.J. Copeland (Sussex, UK)
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Electrical Engineer
Research

A challenging opportunity exists within our Relativistic Heavy lon Collider
Project (RHIC). RHIC will be a world-class particle accelerator where
researchers will study fundamental properties of matter under conditions
that have not existed since the beginning of the universe. You'll be
responsible for the design and testing of analog/digital ICs, as well as the
operation, programming and maintenance of the Cadence CAD System.
An MSEE and minimum of five years’ experience in the design of analog
integrated circuits are required. Proven experience in the simulation,
layout and extraction of IC designs using an integrated CAD system is
necessary.

Brookhaven offers a stimulating work environment and superior benefits
which include 24 days’ annual vacation. If you would like to be considered
for this position, please forward your resume, including salary
requirements, to: Nancy L. Sobrito, Position #NS0946, Brookhaven
National Laboratory, Associated Universities, Inc., Personnel Division,
Bldg. 185, Upton, LI, NY 11973.

bnl
aul

Mechanical Engineer
NSLS

The National Synchrotron Light Source (NSLS) Department at
Brookhaven National Laboratory has a senior position open for an
engineer with an advanced degree and a minimum of ten years’
experience in the area of particle accelerators. Knowledge of magnet
design and fabrication, and ultra-high vacuum engineering is desirable.
The successful candidate will be responsible for overseeing general
mechanical engineering, including the design room and staff shops within
the NSLS Department.

Applicants should submit a curriculum vitae and the names of three
references to: Dr. E.B. Forsyth, Search Committee Chair, Accelerator
Development Department, Building 1005S, Brookhaven National
Laboratory, Associated Universities., Inc., Upton, L.I., NY 11973. Equal
opportunity employer M/F/H/V.

BROOKHAVEN
NATIONAL LABORATORY

ASSOCIATED UNIVERSITIES. INC
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depending upon experience.

requirements, this advertisement is directed to

University of Alberta
Edmonton

Faculty Positions in
Particle Physics

The Department of Physics invites applications
for two faculty positions in Experimental
Elementary Particle Physics. Over the next few
years we plan to build up a strong group in this
area and are looking for outstanding individuals
with proven ability and a demonstrated
potential for excellence in teaching and research.

We specifically seek candidates now for tenure-
track positions at the Assistant Professor level.
Appointment of exceptional candidates at a
more senior level will be considered.

The Assistant Professor salary range is from
$36,910 to $53,374 per annum (under review),

In accordance with Canadian Immigration

Canadian citizens and permanent residents.

Send curriculum vitae and the names of three
(3) referees, by September 1, 1991 to:

ALBERT-LUDWIGS- UNIVERSITAT

FAKULTAT FUR PHYSIK

Albert-Ludwigs-Universitét Freiburg

In der Fakultat fir Physik Freiburg (Deutschland)
ist eine
Professur (C 4)
fur Experimentalphysik

mit dem Schwerpunkt Hochenergiephysik wieder zu
besetzen. Zusammenarbeit in Experimenten im Bereich
der Verbundforschung der Physik der Elementarteilchen
ist erwlinscht.

Volle Beteiligung an der Lehre in der Fakultat und an der
akademischen Selbstverwaltung wird erwartet.
Habilitation oder eine gleichwertige wissenschaftliche
Qualifikation wird vorausgesetzt.

Die Universtat Freiburg strebt eine Erhdhung des Anteils
von Frauen in Forschung und Lehre an und fordert daher
entsprechendqualifizierteWissenschaftlerinnen
ausdrlcklich auf, sich zu bewerben.

Bewerbungen mit Lebenslauf, Darstellung des beruflichen
und wissenschaftlichen Werdegangs, Schriftenverzeichnis
und Angaben Uber die bisherige Lehrtatigkeit sind zu
richten bis 31.08.1991 an den

Dekan der Fakultét fur Physik,
Hermann-Herder-Str. 3, 7800 Freiburg/Brsg.

Chairman, Search Committee
Department of Physics
University of Alberta
Edmonton, Alberta T6G 2]1

The University of Alberta is committed to the principle of
equity in employment. The University encourages
applications from aboriginal persons, disabled persons,

members of visible minorities, and women.
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