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Motivation

• Generic in a wide range of models	

!
!
!

• A number of potential observational effects	

!
!

• Powerful tool for probing/constraining High-Energy Physics:  	


 (Majumdar & Davis 2002	

   Burgess et al 2001,                        	

   Sarangi & Tye 2002,	

   Jeannerot et al 2003)  

Field Theory Strings 
Energy scale of 	


symmetry breaking 

Cosmic Superstrings 
String coupling	


Compactification scale(s)	

Warping scale
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Important to understand 	


their cosmological evolution



The VOS model

Nambu-Goto action	


Equation of motion	

!
E-M tensor	

!!!!!!!
From E-M tensor define energy: 	


!!
For a network define: 	

!

!
Differentiate and use eom, find:

Kibble 1985	

Martins & Shellard 1996/2000
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Kibble 1985	
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Cf simulations

Add interaction term

Nambu-Goto action	


Equation of motion	

!
E-M tensor	

!!!!!!!
From E-M tensor define energy: 	


!!
For a network define: 	

!

!
Differentiate and use eom, find:

The VOS model



• Strings are Active, Incoherent sources         need UETC:	


!

!

• Standard approach: model network as K unconnected 
segments with lengths and velocities given by VOS model	


• We have computed integrals analytically: 	


!

!

!

Computing CMB signals from strings  

USM (~8 hours) Our analytic result	

(~20 seconds)

Get Cl’s in a few mins:	

MCMC analysis including network 	


parameters now possible

(AA, Copeland, Moss !
 & Skliros, 2012)
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(cf Adam’s talk, Andrei’s & Paul’s talks)



Cosmic Superstrings

To describe cosmic superstring networks one must 
include the following additional effects:

• Strings Evolve in Extra Dimensions (ED) 	


• Reduced Intercommuting Probabilities            
(Quantum Interactions & ED)	


• Multi-tension string components	


• New Interactions: Junction formation	


• Non-trivial Kinematic Constraints
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• Metric	

!!
Nambu-Goto Action	

!
!
!
Equations of motion	

!
!
!
!
!!!!!
Energy-Momentum Tensor & Energy:	


ds2 = N(t)2dt2 � a(t)2dx2 � b(t)2dl2

VOS in Extra Dims: Microscopics
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ẋ

2 �
✓
x

0

✏

◆2
#
+ bḃ
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ẋ

⌫ � ✏

�1
x

0µ
x

0⌫) �(D)(x� x(⇣, t) , l� l(⇣, t) )

E =

Z

t=const

p
hnµn⌫T

µ⌫d3x dD�3

l

ASU-Tufts Workshop, 03/02/14                                                                                                                                                                                                  6/20

(AA & Shellard 2004)



• Energy Density (equiv. correlation length L)	


!
!
!
!
String Velocities	

!
!
!
!
!
!
 Effective 3D string motion slows down 	

 due to extra dimensional velocities 	


!
(AA & Shellard 2004)
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VOS in Extra Dims: Macroscopics
Intercommuting Prob
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Intercommutation Probability

• Jackson, Jones & Polchinski 2004	

!

• Introduce P<1 in 1-scale model:                                	
!!!!!
                                                                                                                                                                                                                                        (Jones, Stoica & Tye 2003)	
!!!

Effect of Small-Scale Structure?  Need simulations.	
!!!!
Flat space simulations suggest:	

 (Sakellariadou 2004)	
!!!!
Expanding space:                                                                                              	

(AA & Shellard 2005)	

!
!!

                              Cf Olum & Vanchurin 2005	

                                      Vanchurin 2007

10�3 < P < 10�1

⇢ / P�1

⇢ / P�0.6±0.1

(Shellard 1987)

String	

Density

P�1

⇢ ' �2H⇢� ⇢P/L ⇢ / P�2
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Pe↵ / P 1/3



Cosmic Superstrings

To describe cosmic superstring networks one must 
include the following additional effects:

✓ Strings Evolve in Extra Dimensions (ED) 	


✓ Reduced Intercommuting Probabilities            
(ED & Quantum Interactions)	


• Multi-tension string components	


• New Interactions: Junction formation	


• Non-trivial Kinematic Constraints

ASU-Tufts Workshop, 03/02/14                                                                                                                                                                                                 



Modelling Superstring Networks

• String Densities:	


!
!
!
!
!
String Velocities:	

!
!

 Length of zippers         are model dependent`kij(t) f(Li, vi, µi)

For superstring networks, must include:
• N types of string (F, D, FD,...)	

• junction formation	

• intercommuting probs

Model dep params: depend on Pii Model dep params: depend on Pij

Energy 
conservation 	

at junctions
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(AA & Shellard 2007)	

(cf Tye et al 2006)



Modelling Superstring Networks

• Evolution Eqns:	


!
!
!
!

Interaction probs can be computed: (Jackson, Jones & Polchinski 2004	

 Hanany & Hashimoto 2005)

Non-perturbative (approximations)
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Numerical 	

Evidence Need Sims



Cosmic Superstrings

To describe cosmic superstring networks one must 
include the following additional effects:

✓ Strings Evolve in Extra Dimensions (ED) 	


✓ Reduced Intercommuting Probabilities            
(ED & Quantum Interactions)	


✓ Multi-tension string components	


✓ New Interactions: Junction formation	


• Non-trivial Kinematic Constraints



Nambu-Goto eqns for 3 segments with a junction:	

!!!!!!!!!!!!!!
imply a kinematic constraint for junction formation:	
!

Kinematic Constraints Copeland, Kibble & Steer 2006-7
Copeland, Firouzjahi, Kibble & Steer 2008 

f~µ(v,↵) < 0

Express as window function and integrate 	

in          -space:   	
(v,↵)

Leads to a suppression in the coefficients:	


d̃kij ! Sk
ij d̃

k
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(AA & Copeland, 2010) 
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Recap

Describe interacting networks of cosmic F, D, (p,q) strings.	

!
!

Started HD          Effective 3D model with extra ingredients:

!

✓ Reduced Intercommuting Probabilities            
(ED & Quantum Interactions)	


✓ Multi-tension string components	


✓ New Interactions: Junction formation	


✓ Non-trivial Kinematic Constraints
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General Network Behaviour

• Scaling for all string types	


!

• Only 3 lightest components	


 	


• Hierarchy in number densities	


!

• Hierarchy in tensions	


!

• Number density vs “CMB” density

(though we keep the first 7 lightest strings)

(F, D, FD strings)

NF > ND > NFD

μFD  > μD > μF

Competition depending on gs

F-string

F-string

D-string

D-string

FD-string

FD-string

gs
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Potentially Observable Shift in B-mode 

0 500 1000 1500 2000 2500 3000
0

0.1

0.2
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0.4

B-	

mode

multipole number (scale)

gs=0.01

gs=0.3, 1

Shift in the B-mode Spectrum

Pourtsidou et al, 2011 (PRL)
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Some Problems and Open Issues 
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• No simulations to compare/calibrate with!	


!

• Non-perturbative amplitudes poorly understood	


 	


• Spontaneous unzipping???
(In progress with Pourtsidou & 	

    Sakellariadou, see Mairi’s talk)



Unzipping Mechanisms 
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• Junction Stability / Massive Monopole Dynamics  No	


• Expanding Background   No	


• String & Monopole Forces Yes

Examined a number of potential unzipping mechanisms in the 
context of Nambu-Goto strings with junctions: 

(cf Mairi’s talk)



Semilocal Strings 
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Non-topological string solutions arising from the action:  

Strings end on monopoles: model as hybrid string-monopole 
networks: 

(Achucarro & Vachaspati 1999)

(Martins & Achucarro 2008)

But now have high-resolution simulations to calibrate! 
(cf Ana’s talk)

+ ???



Semilocal Strings: Analytic Models 
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Model A 

Model B

σ to be determined by simulations 

d, k1 to be determined by simulations 



Semilocal Scaling 
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Sort segments in length bins and compare length 
distributions of Model A, Model B, and Simulations

Simulations: strong evidence for scaling both L and ls

Total String Length
Number of Monopoles

(Achucarro et al!
     Arxiv: 1312.2123)



Semilocal Length Distributions 

ASU-Tufts Workshop, 03/02/14                                                                                                                                                                                                19/20

Aim: determine dependence of model parameters 
on coupling β and cosmology

Pr
el

im
in

ar
y

(In progress)



Conclusions & Outlook

• Field Theory Strings: analytic models demonstrated accurate                   
Currently used for efficient CMB predictions 	


!

• Cosmic Superstrings: Models developed but need:	

 	


!
!
!
!

• Semilocals: promising recent progress in both analytic & 
numerical modelling 

UK Cosmo, KCL, 07/12/11                                                                                                                                                                                                              27/27
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- simulations to test/calibrate	


- better understanding of non-pert interactions

- Confronting models to sims	


- Quantifying velocities 


