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Original cosmic strings, in gauge theory :

Spontaneously broken U(1)
symmetry, has magnetic flux tube
solutions (Nielsen-Oleson vortices).

Network would form in early universe phase transitions
where U(1) symmetry becomes broken. Higgs field roles
down the potential in different directions in different regions
(Kibble 76).

String tension : u Dimensionless coupling to gravity : G u
GUT scale strings : G u ~ 10° -- size of string induced metric

perturbations.
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Analytic modelling of networks [Kibble + many authors

Approach: take random segment of string of
length 1 and extension r. Write down
evolution equations for the probability
distribution p[r(l1)] due to physical processes.
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Evolution equations -- simplified 1gnoring expansion

c,I -- related to loop production
v-- related to intercommuting prob

k - related to removing small scales
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T Decreases as intercommuting
(2k—1)x2/y if 2k—1>0, .
25=10 i 26— 10, probability decreases




Observational consequences : 1980°s and 90°s

Single string networks evolve with Nambu-Goto action,
decaying primarily by forming loops through
intercommutaion and emitting gravitational radiation

For gauge strings,
reconnection
probability P~1

Scaling solutions are reached where energy density 1n strings
reaches constant fraction of background energy density:

Ostring / Orad ™~ 400Gu Albrecht & Turok, Bennett & Bouchet, Allen &
' Shellard

Ps "i".%'/ Pmar ™~ 60Gy Density increases as P decreases because takes

8/14/06 longer for network to lose energy to loops. ©




Unfortunately for those of us who spent over 12 years
working on them -- they didn’t do the job!

CMB power spectrum
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Acoustic peaks come from temporal coherence. Inflation has
It, strings don’t. String contribution < 13% implies Gu < 10-°.
S14/06 E.g. Pogosian et al 2004, Bevis et al 2004.
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Pulsar bounds on gravitational wave
emission also problematic for GUT scale
strings:

Strings produce stochastic GW, Q. ~ 10715 Gu .
(Allen 95, Battye, Caldwell, Shellard '97)

Kaspi, Taylor, Ryba ‘94: Q. <1.2x 1077, Gu< 1073

Lommen, Backer ‘01: Q. <4x107°, Gu<1077

In relevant frequency range ~ 0.1 inverse year

Might need to reduce string tension



In 1980’s Fundamental (F) strings excluded as being
cosmic strings [ ]:

1. F string tension close to Planck scale (e.g. Heterotic)

Cosmic strings deflect light, hence constrained by C

oT e
Guo —<10"°
T

Consequently, cosmic strings had to be magnetic or
electric flux tubes arising in low energy theory

2. Why no F strings of cosmic length?
a. Diluted by any period of inflation as with all defects.
8/14/06 b. They decay ! (Witten 85)




1990’s: along came branes --> new one dimensional
objects:

1. Still have F strings
2. D-strings

3. Higher dimensional D-, NS-, M- branes partly
wrapped on compact cycles with only one non-
compact dimension left.

4. Large compact dimensions and large warp factors
allow for much lower string tensions.

5. Dualities relate strings and flux tubes, so can
consider them as same object 1n different regions
of parameter space.
8/14106 What do they imply for cosmic strings?




Ex: String tension “exotic” compactifications:

warped compactifications: tension is redshifted
by internal warp factors

ds’ —eZA(y) nwdx’“‘dx )+dsl(y)
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Strings surviving inflation:

D-brane-antibrane inflation leads to formation of D1 branes in
non-compact space

Form strings, not domain walls or monopoles.

0 ""<Gu<10°®

In general for cosmic strings to be cosmologically
interesting today we require that they are not too massive
(from CMB constraints), are produced after inflation (or
survive inflation) and are stable enough to survive until
today [ ].
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What sort of strings? Expect strings in non-compact
dimensions where reheating will occur: I 1-brane

(fundamental IIB string) and D1 brane localised in throat
Jones,Stoica & Tye, Dvali & Vilenkin

branes - defects in tachyon field describing D3-anti D3
annihilation, so produced by Kibble mechanism.

Strings created at end of inflation at bottom of inflationary
throat. Remain there because of deep pot well. Eff 4d tensions
can be reduced because they depend on warping and 10d

tension [f

Depending on the model considered these strings can be
gmdpastable, with an age comparable to age of the universers




F1-branes and D1-branes --> also for relatively
prime integers p and q. [Harvey & Strominger; Schwarz]

Interpreted as bound states of and
[Polchinski; Witten]

Tension in 10d theory:

C- RR scalar, @ - Dilaton -- evaluated at string. Fixed
in terms of 3 form fluxes 1n model.

2 4;‘4() 33
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Tension in LB Bl PR
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OSTT0,; — 1.9 x 10>,C; = 0.39,N, = 60
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KSR [ HS: product of Gu for F and
(2ma')’gs 3N,/ D string.

Oy =1.9x10°.C; =0.39.N, = 60

1 |
v/ Gup Gup ~2x 1071% Hp _ %

HF 8s
For 0.1 <g <1 have Gu ~ 10-7- 10-19

Note: assumes all perturbations from inflation here.
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Distinguishing superstrings

1. Intercommuting probability for gauged strings
P~1 always ! In other words when two pieces of
string cross each other, they reconnect. Not the
case for superstrings -- model dependent
probability.

2. Existence of new "defects’ D-strings allows for
existence of new hybrid networks of F and D
strings which could have different scaling
properties, and distinct observational effects.
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What are the probabilities for reconnection 1n this case?
Jackson, Jones and Polchinski [hep-th/0405229]

The results depend on the type of string, the string coupling, the
details of the compactification

For example for F-F reconnection in KKLMMT depending on type
of compactification obtain:

Summarise as Ppp =103 - 1; Py =101 - 1

Need to see how they feed into simulations:

8/14/06




(p,q) string networks -- exciting prospect.

Two strings of different type cross, can not intercommute 1n
general -- produce pair of trilinear vertices connected by
segment of string.

What happens to such a network 1n an expanding
background? Does it scale or freeze out in a local minimum
of its PE [Sen]?Then it could lead to a frustrated network

8/14/06 18

scaling as w=-1/3



(p,q) string networks -- mimic with field theory. Under sym breaking
G -->K (non-Abelian) find defects that do not intercommute.

K= S;and S¢ - [Spergel & Pen 96]
densit

Enters scaling regime for N=3
scaling for N=8. Not evolved for long enough?

8/14/06




String network for N=4, with six types of string

Modelling the case K= Sy

Numerically: Scaling solutions
seem to exist for all N :

P~UE™
En(t) = §(N) + oy t

8/14/06 [EC and Saffin 05]
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Scaling solutions in radiation as a function of N
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Including multi-tension cosmic superstrings [Tye, Wasserman
and Wyman 05].

Density of .Scahn.g
(p,q) cosmic achieved 1ndep

strings. of 1nitial
Density of D1 conditions, and
strings. indep of details
of interactions.

Interesting feature: If turn off loop production, still
reach scaling. Claim energy 1s lost through string
“% " binding and binding mediated annihilation.




Dealing with compact dimensions [Avgoustidis and Shellard 04].

ds® = N(t)dt® — a(t)dx?® — b(t) dI*

Isotropic case: a(t)=b(t) -- no scaling, the strings can’t find
each other to form loops 1n D-1 dimensions.

Anisotropic case: b=const, extra dim periodic. If small

compared to correlation length, have effective 3D
description and vel in compact dim can be taken into
account. Act to slow down strings 1n infinite dim, reduce
number of intercommutations and change effective string
tension. Network will generally scale 1n that case but with
density reduced compared to usual prediction.
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Observational bounds

G}.{ < 0.7 x l(_')_() [Landriau & Shellard; Pogosian et al]

CMB power spectrum, gravitational lensing, pulsar timing
are all sensitive to this range of values.

If superconducting, loops could act as vortons. | ]
Speculated to be dark matter candidates - would require
inflation 1n throat occurring near electroweak scale
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Any smoking guns?

Possibly through strong non-gaussian nature of
stochastic gravitational wave emission from loops which
contain kinks and cusps.

Cusp: x’=0 for
instant in an
oscillation

Kink: x’
discontinuous,
occurs every
Intercommuting --
Step 200 common

[Blanco-Pillado]

Both produce beams of GW, cusps much more
powerful
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In loop network, 1f only 10% of loops have cusps, bursts of

GW above "confusion” GW noise could be detected by LIGO
and LISA for Gu ~10-12!

Damour &

Vilenkin 04
LIGO I

LIGO II

Bursts emitted by cusps in LIGO frequency range f,,,,=150 Hz

8/14/06 26




Bursts emitted by cusps in LISA frequency range f...=3.88 mHz

1Sa

For those cosmic stringers -- the old questions are back including
how to estimate the fraction of loops that have cusps on them,
and are there new features from junctions?

8/14/06




Stochastic GW background from oscillating loops forms nearly
Gaussian confusion noise’ made of overlapping loops

8 yr - timing of
2 msec pulsars

17 yr from 3
surveys- pulsar
timing array

Square km
array

Pulsar timimg freq: f, ~0.1/yr: 10 year observation window

8/14/06 Damour & Vilenkin [hep-th/0410222]




We thought we might have already seen some string out
there

a). Grav lens : 2 1images of giant
elliptical galaxy with large number of

lens candidates in vicinity.

Gu=>4x 107
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But with better glasses it just disappeared

Sazhin et al: astro-ph/0601494

Possible HST image Actual HST image
with string present with two interacting
ellipticals
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New approach to strings with junctions -- solve the
modified Nambu-Goto equations

EJC, Kibble and Steer: hep-th/0601153

Need to account for the fact that there 1s a constraint --
three strings meet at a junction and evolve with that

SR junction.

31




Nambu-Goto dynamics

Dynamics of relativistic string: action = area of

world sheet
S=-—ufdrdoy(x-x')* - x°x

with string tension

Gauge conditions:
(conformal gauge) and

= X(0o,t) = (t,x(0o,1)),

NET e DI Il — S = —u(df doy(1- x%)x'?

Equation of motion
General solution

where
8/14/06




Useful to recall Open strings

For string with free end at s(t)

S=—ufdtdoo(s(t)-on(1-x%)x'?

Varying EREE TR
boundary terms at (SR

But SO e lls =0, | x|=1
= a'(s+t)+b'(s-t)=0

If choose s = 0, then can take a(u)=b(-u)

8/14/06




Equations of motion for junction

Take [ on each leg j to increase
towards the vertex, position P43

S = -E u; fdt do 6(s,(t) - o) xj'.2(1 - X
J

" __
j xj—O,

Varying P s Efj =0 EWILRT = X (s;(f),) = X({)
J

Varying EES AP d®'é4 (not independent of other eqns)
8/14/06 ! ! ! 34
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Obtain General solution

x;(0,t) = %[aj(o+ t)+b;(o-1)]

X ;(s,(E)t)= X(t) = a,(s; +1)+b(s; ~ 1) = 2X(1)

gfj =0 = 2#,-[(1+s'j)aj’. +(1-8,)bj]=0

Initial conditions at [ values of GCH and

So for >0, values of LHCHWERY (ingoing wave)

are known, but not those of a}(sj(t)+ 9] (outgoing wave)

So use ({&; sj)a} -(1- sj)bj’. ¥4 to eliminate




General soln --> Motion of vertex

Motion of vertex given by [(THENTSSTIS) EENITHEERH]-}
J

and outgoing wave by ((ESHENERS SF(ERH]Y

as long as we can find To do this, impose a}z =1

&l simultaneous eqs for §fin terms of:
C; = b(s; - t)'bj(sj — 1)
(E Mj)2(1+S1)2 = (E Mj)2(1_ S1)2 _4(2 Mj)(1 _S1)E Mk(1_ S'k)C1k +4E M,-Mk“— Sj)(1—3k)Cjk
c 7 i J k J .k
(E Mj)2S1 == (E Mj)(1 _31)2 Al'lk(1 — Sk)C1k + E Mij(1 = Sj)(1 - Sk)Cjk
J J k Tk

As a check,

summing 3 eqs (gives energy

conservation.)
36




Final solution

Solve for - and define .

Note: because C; = b(s; - t)'bj’.(sj —t)
these are differential equations for

Also since s'j < 1EIgle C; < 1El
.e. satisfy triangle inequalities (obvious if )

— e.g.if string 3 is unstable
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Collision of straight strings

__— BELE and, for t <0,
201
~

If 1,2 exchange partners, and are
joined by 3, it must lie on x or y
axis (for small @or large [@ resp)
Assume x-axis. Then fort> 0,

X,(0,t) = (0,0,0),

suoioonsider vertex X on right




Collision of straight strings

X(t) = s,(t)(1,0,0)

H(t)=t(y lcosa,+y 'sina,+v)

NCIYBlc., = b - b, =y cos2a - v*

"ok ] _
Ci3=b-b;=-y cosa=c,,

—1
s 22Uy COSa — U,

— cosa
8/14/06 M1 M?’y




What does it imply?

: 2uy'cosa - u,
> 2u, - u;y "cosa

Similarly, for 3 along y axis,

Kinematically allowed regions are:
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w,= 1.5,

Note: neither is possible unless
U3

e.g., if [INEYIM we require

What happens if this limit is violated?

For abelian strings, the only possibility is that they pass

through each other without exchanging partners.
8/14/06




Linkage in z direction

Non-abelian strings with [yZZYERY

cannot pass through one another,
and may become linked by a string
along z axis.

St M T
— 2
T . . 2u,
Linking in x or y dir. required [
Us

So if there is a range of

velocities for which the strings cannot
move apart, linked in any direction;
8/14/06they become locked.




Kinematic constraints

Allowed regions of the plane for links along 3 axes
w,=1.25u,

=
Y4 Y
Abelian strings, in whlte or z region, must pass through
one another.

Non-abelian-strings, in z region, may be linked along the
Z axis; in white region, they will be locked.
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Conclusions

If we are lucky with inflation 1n string models, they may
form metastable F and D strings which will survive long
enough to be of interest.

If they do, then we should

be working out how they

would evolve and how we might see them as they might
just show up.

This will have to be a combination of analytic and

theoretical approaches, and
theory representations and

| should involve both field
| phenomenolgical model

builc

ing.

It leaves open the possibility that there 1s a window on
8/14/06 string theory through cosmology!




Finally --
thank you
to all the
organisors
for making
it such a
fun relaxing
meeting In
a stunning
place.



