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History

• In the 1980s and 90s,
Inflation and Topological
Defects were competing
theories for the formation
of large scale structure in
the universe

• Cosmic Microwave
background data
collected by COBE and
WMAP ruled out
topological defects as the
primary source of initial
density perturbations



Inflation

• Inflation fits the CMB data
extremely well

• Primordial density
perturbations were
created by quantum
fluctuations in a scalar
field

• Topological defects
account for less than 2%
of the observed structure
in the universe today



Renewed Interest

• Cosmic strings are generically formed
within supersymmetric grand unified
theories

• Fundamental superstrings and D1-branes
may act as cosmic strings

• Cosmic strings should be observable due
to their gravitational effects



Defect Formation

• Topological defects form
as a result of
spontaneous symmetry
breaking associated with
phase transitions

• In the case of a single
(complex) scalar field,
take the standard
Mexican hat potential:
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Linear Defects

• Choices of phase cannot be everywhere correlated due to causality
• Spontaneous choices of phase lead to localized frustrations of

uniformity
• Regions of the field obtain a nonzero winding
• A high energy core is trapped at the center of this configuration –

this is the cosmic string
• These defects can form as loops or infinitely long strings



Analogs

• Vortex lines in
superfluid helium

• Magnetic flux tubes in
superconductors

• Disclination lines in
nematic liquid crystals



Other Defects

• Defects can come in other dimensions
– Point-like defects: monopoles

– Planar defects: domain walls

– Higher dimensional or event like defects:
textures

• Monopoles and domain walls, unless
formed before inflation, would come to
dominate and overclose the universe



Cosmic String Collisions

• When cosmic strings
collide, they
intercommute with
probability Π=1

• Intercommutation
results in small loops
and kinks in long
strings



Cosmic String Networks

• String networks in the
radiation era contain
more long strings, closed
loops, and wiggliness
than those in the matter
era

Simulations and picture from Allen and Shellard

• String networks approach
a scaling solution, so the
number of long strings in
a horizon volume remains
approximately constant



Gravitational Interactions

• Gravitational effects
of cosmic strings are
governed by the
dimensionless
quantity

• Observational bounds
impose a limit on the
tension of cosmic
strings in a network
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Gravitational Interactions

• Cosmic strings
deform spacetime in
the vicinity giving the
following metric:

• The effect is a conic
spacetime with deficit
angle )

10
(2.58 6−
′′≈

µ
µπ

G
G

222222 )81( φρµρ dGddzdtds −−−−=



Cosmic Superstrings

• Cosmic Strings appear in various ways
from string theory:
– F-Strings – The fundamental strings of the

theory

– D-Strings – D-Branes with one extended
dimension

– DF-Strings – Bound states of F-strings and D-
strings



Tensions of Cosmic Superstrings

• Perturbative heterotic strings give
and are ruled out by observation

• Perturbative type I strings also give too
large a tension

• Strongly coupled heterotic strings
can have lower tension with large extra
dimensions

• String tensions can be reduced due to the
warp factor of the compact space
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Brane-Antibrane Inflation

• A       and       in a
separate throat from
our      have an
attractive potential
which drives inflation

• The branes approach
one another and
annihilate to reheat
the universe
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KKLMMT Model

• The KKLMMT model
is an inflationary
model based on a
strongly warped type
IIB compactification

• The model allows
tensions in the range
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D-Strings

• A U(1) gauge symmetry
exists on each brane and
antibrane, creating a
U(1)xU(1)

• A Higgsed linear
combination breaks as
the branes annihilate to
form D1 branes

• D-strings can miss each
other in the compact
dimensions and thus
have a reconnection
probability 10-1≤ Π ≤1
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F-Strings

• A confined linear
combination of the
U(1)’s breaks to form
F-strings

• F-strings are quantum
objects and therefore
have a reconnection
probability 10-3≤ Π ≤1

sF g10102~ −×µ



DF-Strings

• Bound states of p F-
strings and q D-
strings appear for
relatively prime (p, q)

• Three-string junctions
form where F- and D-
strings meet

• Reconnection
probability can take
any value 0 ≤ Π ≤1
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Gravitational Lensing by Cosmic
Strings

• Due to the conic
spacetime they produce,
cosmic strings create a
very distinctive cylindrical
gravitational lens

• Cosmic string lenses do
not magnify or demagnify
either image, and both
images are of equal
magnitude



CSL-1

• One cosmic string lens
candidate, called CSL-1
drew much attention in
recent years

• It predicted a straight
cosmic string with
effective tension

• CSL-1 was recently
determined to be two
colliding galaxies by
Hubble images
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Q0957+561

• Q0957+561 is a gravitational
lens system which consists of
two quasar images

• A foreground galaxy is the
source of the lensing, and is
clearly visible

• The magnitude curves suggest
that there may be a component
in addition to microlensing that
is causing synchronous
fluctuation

• It has been suggested that an
oscillating cosmic loop is
responsible for the quasi-
periodic synchronous behavior



Kinks and Cusps

• Kinks are defined by a
nondifferentiable point on
a string

• Kinks form when strings
intercommute

• Cusps are singular points
of the spatial string
parametrization

• Cusps form several times
per cycle on oscillating
loops



Gravitational Wave Bursts

• Cosmic strings couple to
gravity, and naturally emit
gravitational radiation

• The velocity near cusps
approach the speed of
light

• High energy points on the
string focus gravitational
emission, resulting in
wave bursts



Detecting Gravitational Wave
Bursts

• LIGO I may have a
chance of detecting
gravitational wave
bursts from cosmic
string cusps and kinks

• Advanced LIGO will
improve sensitivity by
an order of magnitude



Detecting Gravitational Wave
Bursts

• LISA will be observing
a lower frequency
range, making the
signal from a cusp
much higher

• The power-law
waveform of the cusp
should make it
distinguishable from
other gravitational
wave sources



Detecting Gravitational Wave
Bursts

• The curve for sensitivity
vs. string tension is not
monotonic

Graph taken from Damour and Vilenkin

• The brane inflation
tensions correspond to -
10.3 to -4.3 on the graph

• Decreasing tension gives
more cusps, but each
cusp is smaller



Analyzing Observations

• If gravitational wave
bursts are detected, it
may be possible to
distinguish between GUT
strings and superstrings

• Reconnection probability
effects the amount of
string present in the
scaling solution of
network evolution

• After detection of many
cusp events, tension and
reconnection probability
may be extracted



Network Effects

• DF-string networks
may scale with an
enhanced density of
strings

• DF-strings have a
distinctive tension

• More modeling is
required to determine
the unique effects of
bound state networks



Conclusions

• Topological defects display the properties of the
strong connections between cosmology and
high energy physics

• Cosmic strings form generically in SUSY GUTs
• Inflationary models in string theory predict

fundamental and D1 cosmic string candidates
• Cosmic strings may be observable through

gravitational lensing and gravitational wave burst
detection

• Analysis of observations may be able to
distinguish superstrings and constrain the theory
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