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Summary

•Gravitational waves from cosmic (super)strings

•Existing experiments:

★ Laser interferometers

★ Pulsar timing arrays

•Recent cosmic (super)string results and interpretation 

Expect to detect 
gravitational waves in 
the next 5-10 years
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Cosmic strings

Hubble volume containing strings (yellow) and closed loops (red) 
  (Allen & Shellard)

Linear high density objects that move 
relativistically

Known for 30 years [Kibble 1976], may
form in the early  universe in phase 
transitions. These strings are classical 
solutions of field theory

They are characterized by an energy scale 
given by the temperature of the universe 
when they form:

U(1) η−→ 1 µ ∼ η2
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Cosmic strings

Very generic: GUT theories, every viable SUSY 
GUT [Jeannerot, Rocher, Sakellariadou 2003],
cosmic superstrings.

Scaling solution:  Energy density of string 
network is a small fixed fraction of radiation or 
matter densities; statistical quantities scale 
with cosmic time.

Scaling possible because strings reconnect, 
and form loops which radiate gravitationally, 
shrink and eventually disappear

Size at which loops are formed still not 
understood. Two proposals: (1) size given by 
horizon scale, (2) size given by gravitational 
smoothing scale of wiggles on the strings  



Fall and rise of cosmic strings

• In the mid 1990s angular spectrum of CMB ruled out values of the 
tension at the GUT scale     

• But for these and lighter strings [Damour & Vilenkin 00,01,05] bursts from 
cusps could be detectable by LIGO, VIRGO, and LISA

• Later it was realised [Sarangi & Tye, 02] that string theory inspired 
inflation models would also lead to cosmic string production and 
thus have consequences observable in the near future. [Sarangi, Tye, 
Polchinksi, Jones, Jackson, Copeland, Myers, Dvali, Vilenkin, Wyman, Leblond, 
Shlaer, Firouzjahi, Brandenberger, Wandelt, Khatri...]

Gµ < 10−7



Cosmic strings & superstrings

Cosmic superstrings don’t always reconnect--they reconnect with 
probability p. Effect is to increase the time it takes the network to 
reach equilibrium and to increase the amount of string at equilibrium

Also more than one kind of string, and bound states. Complicated 
dynamics and phenomenology that have started to be explored:

10−3 ≤ p ≤ 1

Firouzjahi, Brandenberger,  Karouby, Khosravi, Sakellariadou, Davis, Nelson, 
Rajamanoharan, Wyman, Leblond, Shlaer

Binetruy, Bohe, Hertog, Bevis, Copeland, Martin, Niz, Pourtsidou, Saffin, Rivers, Steer

Sarangi, Tye, Polchinksi, Jones, Jackson, Copeland, Myers, Burgess, Dvali, Vilenkin

ρ ∝ p−1
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The gravitational signal produced by a cusp

• Cusps are regions of string that 
instantaneously acquire huge Lorentz boosts

• Metric perturbation is computed using 
linearized Einstein Eqs. 

• Waveform is generic: All cusps are the same 
[Berezinsky, Hnatyk, and Vilenkin, 00; 
Damour and Vilenkin, 00, 01, 05]

cusp

observation direction

h(f) = Af−4/3Θ(fh − f)Θ(f − fl)

• High frequency cutoff      depends on cusp direction

• Low frequency cutoff       is cosmological, in practice 
depends on instrument

fh

fl

Cusps are pointy, gravitational wave has 
very high frequency content



Size of loops

No consensus:
Olum, Vanchurin, Vilenkin

(Tufts group)
Shellard, Martins, Avgoustidis, 

Ringeval, Sakellariadou, Bouchet
Polchinski, Rocha, Dubath

(Santa Barbara)

Large loops:
size a fraction of universe

Small loops:
size given by gravitational back reaction scale, which in 

turn depends on spectrum of small perturbations on string

Actually loops are both large 
and small.

Amplitude of GW burst from cusp depends on loop size or size of 
feature that produces the cusp. We don’t know what it is.

Three ideas. Size of loops at formation is:

Situation almost unchanged since 2006.

l = αt, α ∼ 0.1 l = εΓGµt, ε < 1

Loops are large! No, loops are small!

Third idea: strings lose energy directly to particles (Hindmarsh & al.); I don’t buy it.



Gravitational wave searches: Bursts & Stochastic Background

To detect such signals we can use the cross-correlation

Consider the statistic:

Maximizing SNR yields: Q̃(f) = !
!gw(|f |)"(|f |)

|f |3P1(|f |)P2(|f |)

Y =

!
dt

!
dt! s1(t)s2(t

!)Q(t ! t!)

9Michelson ’87, Christensen ‘92, Flanagan ’93, Allen & Romano ‘99 

2) Also expect a stochastic background from unresolvable bursts at 
large redshifts

1) For cusps bursts we use matched-filtering: Noise-weighted inner 
product of data with expected signal
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Multiple Detectors

http://lisa.nasa.gov/IMAGES/grnd-det.jpg

Yopt =

N!

i,j

!
!2
Yij

Yij

N!

i,j

!
!2
Yij

Smaller variance => less noisy

       

Allen & Romano ‘99 

http://lisa.nasa.gov/IMAGES/grnd-det.jpg
http://lisa.nasa.gov/IMAGES/grnd-det.jpg


Works for both interferometers and pulsar timing arrays

David Champion



Stochastic  background of a cosmic string network
• For large (horizon-sized) loops vary reconnection probability and string 

energy             

Initia
l LIGO  

     
     

Initia
l LIGO

Initial LIGO Burst

BBN

Pulsar tim
ing

XS, V. Mandic, J. Creighton,  Phys. Rev. Lett. 98 (2007) 111101

GUT scale

If loops are large : 
Pulsar timing 

(2006 PPTA limit, 
Jenet et. al) rules 

out everything 
detectable by 

Initial LIGO

Gµ =
�

η

mp

�2

l = αt, α ∼ 0.1



Recent LIGO cosmic (super)string cusp burst search

• Regions to right of red 
curve ruled out at 90% 
level

• Regions in light gray and 
dark gray areas not 
accessible to this search

• Regions in dark gray area 
not accessible to Initial 
LIGO

Gµ

• Search on two weeks of fourth science run data (Feb. 2005).

(B. Abbott et al. 2009)

BBN

• Ongoing search on Initial LIGO (a factor of 2 better in sensitivity), and 
with a year’s worth of data will improve rate by a factor of ~160

l = εΓGµt, ε < 1



Pipeline

H1 cands

H1 data

Matched filtering

H1 trigs H2 trigs L1 trigs

H1 trigs H2 trigs

Triple coincidence

H2 cands L1 cands

L1 dataH2 data

H1!H2 Amplitude cut

h(f) = Af−4/3Θ(f − fl)Θ(fh − f)

Amplitude 
consistency check

Threshold on signal 
to noise to produce a 
set of triggers

Surviving H1 and H2 triggers 
must be coincident with L1

Final set of 
candidates

Start with the data 
from all instruments

Reduce trigger rate from         (SNR threshold of 4) to 10µHz1Hz



Pipeline improvements [K. Cannon, A. Mergl, F. Robinet, XS]
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Likelihood based rankings: Use time-slides and simulated signals

Significant sensitivity improvement
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Recent LIGO-Virgo result for the stochastic background
[B. Abbott et al., Nature 460, 990-994 (2009)]

Ω(f ∼ 100Hz) < 7× 10
−6



Recent LIGO results for the stochastic background
[B. Abbott et al., Nature 460, 990-994 (2009)]
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Kinky strings [Olmez, Mandic, Siemens 2010]
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This work includes cusps (as previous 
work) and kinks which all loops have 
due to the reconnection process

Surprise: Bound on string 
tension is a factor of a few 
tighter including kinks!



Conclusions

•Gravitational wave burst and stochastic background 
searches provide powerful probes of early universe physics 
that are already producing interesting constraints

•Promise exciting results in the next decade, impact on 
cosmology 

19


