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Received 11 March 1976 

Abstract. The possible domain structures which can arise in the universe in a spontaneously 
broken gauge theory are studied. It is shown that the formation of domain walls, strings or 
monopoles depends on the homotopy groups of the manifold of degenerate vacua. The 
subsequent evolution of these structures is investigated. It is argued that while theories 
generating domain walls can probably be eliminated (because of their unacceptable 
gravitational effects), a cosmic network of strings may well have been formed and may have 
had important cosmological effects. 

1. Introduction 

Gauge theories with spontaneous symmetry breaking have come to play a central role in 
elementary particle theory. Kirzhnits (1972), and Kirzhnits and Linde (1972, 1974) 
suggested that as in ferromagnets and superconductors the full symmetry may be 
restored above some critical temperature. That this actually happens in a class of 
theories where the symmetry breaking occurs through the acquisition of a vacuum 
expectation value by an elementary scalar field has been demonstrated by Weinberg 
(1974) while Jacobs (1974) and Harrington and Yildiz (1975) have examined models of 
dynamical symmetry breaking in which the role of the order parameter is played by a 
composite field operator. (See also Bernard 1974, Dolan and Jackiw 1974, Dashen eta1 
1975, and Linde 1975.) 

In the hot big-bang model, the universe must at one time have exceeded the critical 
temperature so that initially the symmetry was unbroken. It is then natural to enquire 
whether as it expands and cools it might acquire a domain structure, as in a ferromagnet 
cooled through its Curie point. Zel’dovich et a1 (1974; see also Kobzarev et a1 1974) 
have discussed this question, and in particular pointed out the important gravitational 
effects to be expected of domain walls. Everett (1974) has studied the propagation of 
waves across a domain boundary. 

The aim of this paper is to discuss the topology and scale of the possible cosmic 
structures that might arise. After reviewing the results of Weinberg and others on phase 
transitions in a simple class of models in 0 2, we discuss in 0 3 the initial formation of 
‘protodomains’ as the universe cools. The possible topological configurations are 
examined in 0 4. These include domain walls, strings and monopoles. We show that 
their occurrence is largely determined by the topology of the manifold M of degenerate 
vacuum states (specifically by its homotopy groups). (Coleman (1976) has stated the 
same result in a different context. In the case of monopoles it has been proved by Krive 
and Chudnovskii 1975.) In 0 5 we examine the later evolution of these structures. We 
show that domain walls can be of two main types with very different transmissivity, and 
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Topological defects are predicted by many field theory models and may 
have formed at symmetry breaking transitions in the early universe.

Cosmic strings stretch across cosmological distances, are extremely thin yet 
so massive as to have noticeable gravitational effects.

Being field theory objects they are also likely to leave signals through the 
interaction of the fields with matter.

As we go up in energy, there appears to be a unification of the interactions 
of nature, and many believe that at the GUT scale we can unify the strong 

and ewk interactions. 

At such a scale a large symmetry group G is spontaneously broken down to 
the symmetry group of the standard model SU(3)xSU(2)xU(1).

Such spontaneously broken gauge theories often exhibit stable topological 
defects - domain walls, cosmic strings or monopoles [ex: Kibble, Lazarides & Shafi 

1982, Jeannerot et al 2003].
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theory, the three that mediate weak interactions, the W± and Z0, acquire a mass
of order 100 GeV, while the fourth, the photon, remains massless.

There is good reason to believe that some kind of unification occurs at a much
higher energy scale between the strong interactions and the electroweak ones. The
coupling ‘constants’ do in fact vary slowly with energy, and all of them approxi-
mately converge to a common value at high energy. The convergence is much more
precise in the minimal supersymmetric extension of the Standard Model, provided
that supersymmetry breaking occurs at a fairly low energy, around 1 TeV. Then
all the couplings coverge at a grand unification scale somewhere in the region of
1016 GeV (Amaldi et al 1992). Several grand unified theories (GUTs) have been
proposed, in which some larger symmetry group G would be effective at extremely
high energies, but is spontaneously broken at the GUT scale down to the symme-
try group of the Standard Model, namely SU(3)×SU(2)×U(1), where the SU(3)
is the symmetry group of quantum chromodynamics, which describes the strong
interactions, and SU(2)×U(1) is the electroweak group.

Spontaneously broken gauge theories such as these often exhibit stable topologi-
cal defects — domain walls, cosmic strings or monopoles. (See Jeanerrot et al 2003.)
The simplest model in which cosmic strings arise is a U(1) gauge theory, involving
a complex scalar field interacting with the electromagnetic field and described by
the Lagrangian density

L = Dµφ∗Dµφ − 1
4FµνFµν − V (φ). (2.1)

Here the covariant derivative and electromagnetic field are Dµφ = ∂µφ + ieAµφ
and Fµν = ∂µAν − ∂νAµ, V (φ) is the sombrero potential V = 1

2λ(φ∗φ − 1
2η2)2, in

which λ and η are positive constants (see Fig. 1), and we use natural units with
c = ! = kB = 1. This model is invariant under the local U(1) gauge transformations

φ(x) → φ(x)eiα(x),

Aµ(x) → Aµ(x) −
1

e
∂µα(x). (2.2)

At high temperatures, there will be large fluctuations of φ around a zero average.
However, when the temperature falls below a critical value Tc of order η, φ will tend
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High T - large fluctuations of ɸ around zero average. As T decreases below TC ~O(η), ɸ 
begins to settle into valley of its potential. At T=0, expect < ɸ >=ηei𝛼 with arbitrary 

phase angle 𝛼. Hence the theory exhibits SSB below TC, with  ɸ randomly choosing a 
phase angle. This has to occur in widely separated regions so  ɸ may be frustrated from 

reaching the minimum everywhere. In particular if 𝛼 varies by 2π then somewhere 
within that loop ɸ must vanish, the locus of such points is a cosmic string.

Model is inv under 
local U(1) gauge 
transformations
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Initial Scaling

Length scales on networks

- persistence length of string
- interstring distance

- small scale 
structure on network

[Vincent et al]
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Analytic modelling of networks [Kibble + many authors]
Approach: take random segment of string of 

length l and extension r. Write down evolution 
equations for the probability distribution 

p[r(l)] due to physical processes.

Probability:

Total length:

Gaussian ansatz:

Defns of length 
scales: l << tBrownian
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Evolution equations -- simplified ignoring expansion

c,I -- related to loop production

c-- related to intercommuting prob

k - related to removing small scales 

Scaling solutions: lengths scale with H-1

Three scales !
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Observational consequences : 1980’s and 90’s 

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

gravitational radiation and possibly particles.

For gauge strings, 
reconnection 

probability P~1

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

[Albrecht &Turok; Bennett &  Bouchet; Allen & Shellard …]

Density increases as P decreases because takes longer for network to lose energy to loops.
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Unfortunately cosmic strings didn’t do the full job! [Albrecht et al 1997]

CMB power spectrum 

Acoustic peaks come from temporal coherence.  Inflation has it, 
strings don’t.  E.g. Pogosian et al 2004, Bevis et al (2004, 2007, 2010), Lizarrago et al 

2017, Avgoustidis et al 2026 - find Gµ ~3.66 x 10-8 for NG strings

3

FIG. 1: ACT DR6 and Planck PR3 combined TT (top), EE (middle), and TE (bottom) power spectra. The solid

black curve shows the ACT and Planck best-fit !CDM model, while the dashed red curve shows cosmic strings

from the USM model (Sec. II B) with Gµ = 10→7, ω = 1.9, and c̃ = 0.23.

Avgoustidis et al 2026
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In 1980’s Fundamental (F) strings excluded as being cosmic 
strings [Witten 85]: 

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

Cosmic strings deflect light, hence constrained by CMB:

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. 

b. They decay ! (Witten 85) 
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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 in different regions of parameter 

space. 

What do they imply for cosmic strings?
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Strings in               ©  model -- an example.  
[Kachru, Kallosh, Linde, Maldacena, McAllister & Trivedi 03]

IIB string theory on CY manifold, orientifolded by Z2 sym with 
isolated fixed points, become O3 planes. Warped metric:

Inflaton: sep of D3 and 
anti D3 in throat.  

Annihilation in region of 
large grav redshift, 

Redshift in throat important. Inflation scale and string tension, as measured 
by a 10 dim inertial observer, are set by string physics -- close to the four-
dimensional Planck scale. Corresponding energy scales as measured by a 4 

dim obs are suppressed by a factor of
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D-brane-antibrane inflation leads to formation of D1 branes in non-compact 
space [Dvali & Tye; Burgess et al; Majumdar & Davis; Jones, Sarangi &Tye; Stoica & Tye]

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. Depending on the model, if the CY 
space has sufficiently warped throat regions there can be 

fundamental F strings, D1 branes or combinations of (p,q) strings.  
[Dvali and Vilenkin (2004); EJC,Myers and Polchinski (2004)]. 

Strings surviving inflation:

Can lead to very small tensions Gµ < 10-10
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What sort of strings? Expect strings in non-compact dimensions 
where reheating will occur: F1-brane (fundamental IIB string) 
and D1 brane localised in throat. [Jones, Stoica & Tye, Dvali & Vilenkin]   

D1 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 

depend on warping and 10d tension

Depending on the model considered these strings can be metastable, 
with an age comparable to age of the universe
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F1-branes and D1-branes --> also (p,q) strings for relatively prime 
integers p and q. [Harvey & Strominger; Schwarz] 

Interpreted as bound states of p F1-branes and q D1-branes 
[Polchinski;Witten]

D1

F1

(1,1)
Tension in 10d theory:

µi ≡ µ(pi,qi) =
µF

gs

√
p2

i g
2
s + q2

i

Modelling strings with junctions -- solve the modified Nambu-
Goto equations    

EJC, Kibble and Steer: hep-th/0601153, hep-th/0611243 

EJC, Firouzjahi, Kibble and Steer: arXiv: 0712.0808 
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Distinguishing cosmic 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 [Jackson et al 04]. 

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 in 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 PFF =10-3 - 1; PDD =10-1 - 1

Need to see how they feed into simulations:
Sakellariadou ]hep-th/0410234]; Martins [hep-ph/0410326]; 

Avgoustidis & Shellard - [hep-ph/0410349]
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(p,q) string networks -- exciting prospect. 

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

1+2
2-1

What happens to such a network in 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 scaling as w=-1/3  



 

06/23/2008 19

Scaling achieved 
indep of initial 
conditions, and 

indep of details of 
interactions. Density of D1 

strings.

Density of (p,q) 
cosmic strings.

Including multi-tension cosmic superstrings  
[Tye et al 05, Avgoustidis and Shellard 07, Urrestilla and Vilenkin 07, Avgoustidis and EJC 10, Rybak et al 18].



ρ =
µ

L2

ρ̇ = −2
ȧ

a
ρ− ρ

L
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Modelling a network —single one-scale model: (Kibble + many...)

L(t) = ξ(t)t, a(t) ∼ tβ

ξ̇

ξ
=

1
2t

(
2(β − 1) +

1
ξ

)

ξ = [2(1− β)]−1.

Infinite string density

Correlation length

Scaling solution

Scale 
factor

Loss to loopsExpansion

Need this to understand the behaviour with the CMB.



ρ̇ = −2
ȧ

a
(1 + v2)ρ− c̃ vρ

L
, 
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Velocity dependent model: (Shellard and Martin)

v̇ = (1− v2)
(

k

L
− 2

ȧ

a
v

)

Both correlation length and velocity scale

k =
2
√

2
π

(
1− 8v6

1 + 8v6

)

ξ2 =
k(k + c̃)

4β(1− β)
, v2 =

k(1− β)
β(k + c̃)

Curvature type term encoding 
small scale structure

RMS vel of segments



ρi =
µi

L2
i

!k
ij =

LiLj

Li + Lj

dk
ia
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Multi tension string network:(Avgoustidis & Shellard 08, Avgoustidis & EJC 10, Rybak et al 18)

v̇i = (1− v2
i )



 ki

Li
− 2

ȧ

a
vi +

∑

b, a≤b

bi
ab

v̄ab

vi

(µa + µb − µi)
µi

!i
ab(t)L

2
i

L2
aL2

b





ρ̇i = −2
ȧ

a
(1 + v2

i )ρi −
civiρi

Li
−

∑

a,k

dk
iav̄iaµi"k

ia(t)
L2

aL2
i

+
∑

b, a≤b

di
abv̄abµi"i

ab(t)
L2

aL2
b

vab =
√

v2
a + v2

b
µi ≡ µ(pi,qi) =

µF

gs

√
p2

i g
2
s + q2

i

Expansion Loop of `i’ 
string Segment of `i’ collides 

with `a’ to form segment 
`k’ -- removes energy

Segment of `i’ forms 
from collision of  `a’ 
and `b’ -- adds energy

`k’ segment length 

incorporate the probabilities of intercommuting and the kinetic 
constraints. They have a strong dependence on the string coupling gs 
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Cosmic superstrings and GWs [Avgoustidis, EJC, Moss and Raidal - 2503.10361] 

For earlier work see: Afzal et al (NANOGrav) [2306.16219], Ellis et al [2306.17147], Figueroa et al [2307.02399] 

The question we wanted to ask was are there any new signals that appear by keeping the full set of 
strings that could be there, F strings, D strings, FD strings etc…?  

In particular allowing for their different probabilities of intercommution.
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the SGWB generated by them, fitting this background

to the NANOGrav 15-year dataset. The outline of the

paper is as follows. In section II, we discuss the model

used to describe the dynamics of the network and the

gravitational waves (GWs) generated by it. In section III

we show how the dynamics and SGWB depend on model

parameters and specify the parameter choices made for

fitting to the NG15 data. In section IV, we show fits to

the NG15 data for di!erent sizes of cosmic superstring

loops and for di!erent loop structures and discuss their

implications before concluding in section V.

II. MODELLING

A. String Dynamics

Cosmic superstring networks consist of light fundamen-

tal F-strings with tension µF, heavy D-strings with non-

perturbative tension µD = µF/gs, where gs < 1 is the

fundamental string coupling, and heavier bound states

between p F-strings and q D-strings, with p and q co-

prime. They are collectively referred to as (p, q)-strings,

with each species carrying a conserved charge (p, q) and

having string tension

µ(p,q) =
µF

gs

√
p2g2s + q2 . (1)

We model a population of cosmic superstrings as

Nambu-Goto strings using the multi-tension string net-

work velocity-dependent one-scale (VOS) model [21–23].

To simplify the notation, we label each pair of charges

(pi, qi) by a single index i, so that the i
th string species

has tension µi → µ(pi,qi). We choose the ordering so that

the lightest F-string species, carrying charge (1, 0), have

tension µ1 → µF, the D-strings with charge (0,1) have ten-

sion µ2 → µD, the 1st bound state (the FD-string) with

charge (1, 1) has tension µ3 →
µF

gs

√
1 + g2s , and so on.

As the name suggests, the VOS approach describes each

species of string, i, in the network through a single char-

acteristic length scale, the correlation length, Li. String

dynamics are introduced into the model via the root-

mean-square velocity, vi, of each string. As the string

network evolves, the di!erent types of strings interact

and intercommute with di!erent probabilities. The cos-

mological evolution of such a multi-tension string network

is described by the set of equations [21–23]
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where H(t) is the Hubble parameter, c̃i is the self-

intersection (or loop chopping) e”ciency parameter for

strings of type i, and d̃
k
ij = d̃

k
ji are the cross-string in-

tersection e”ciency parameters describing processes in

which a string of type i interacts with a string of type j,

with relative velocity vij , to produce a type k string seg-

ment of length ωij . Such cross-string interactions can be

thought of as “zipping” processes in which the colliding

strings join together along part of their length to produce

a “zipper”, thus forming a Y-type junction, i.e. a trilinear

vertex on which the three strings meet. As the tension

of the zipper string is smaller than the sum of the ten-

sions of the two colliding strings (which is required for the

interaction to be possible; otherwise the corresponding co-

e”cient d̃kij is zero), the formation of the junction/zipper

liberates energy. The parameter 0 ↓ B ↓ 1 is introduced

in the model to describe the fraction of this energy that

is redistributed back into the string network. In particu-

lar, for B = 0, all the energy released is assumed to be

radiated away, while for B = 1 all that energy is redis-

tributed back into the network as kinetic energy of the

formed zipper.

The momentum parameter2

k(vi) =
2
↔
2

ε
(1 ↑ v

2

i )(1 + 2
↔
2v3i )

1 ↑ 8v6i
1 + 8v6i

(4)

describes the e!ective curvature of the i
th string network

component and indirectly encodes the e!ect of small-scale

2 In the original formulation of the VOS model [28] the momentum

parameter was a constant, so that the model had two free param-

eters, namely the momentum parameter k and the loop chopping

e!ciency c̃, which took di”erent values in the matter and ra-

diation eras. However, in [29] the momentum parameter was

promoted to a function of v so that the model had only one free

parameter, c̃, and it was found that a single value c̃ = 0.23± 0.04

provides an excellent fit to numerical simulations throughout

cosmological evolution.
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where H(t) is the Hubble parameter, c̃i is the self-

intersection (or loop chopping) e”ciency parameter for

strings of type i, and d̃
k
ij = d̃

k
ji are the cross-string in-

tersection e”ciency parameters describing processes in

which a string of type i interacts with a string of type j,

with relative velocity vij , to produce a type k string seg-

ment of length ωij . Such cross-string interactions can be

thought of as “zipping” processes in which the colliding

strings join together along part of their length to produce

a “zipper”, thus forming a Y-type junction, i.e. a trilinear

vertex on which the three strings meet. As the tension

of the zipper string is smaller than the sum of the ten-

sions of the two colliding strings (which is required for the

interaction to be possible; otherwise the corresponding co-

e”cient d̃kij is zero), the formation of the junction/zipper

liberates energy. The parameter 0 ↓ B ↓ 1 is introduced

in the model to describe the fraction of this energy that

is redistributed back into the string network. In particu-

lar, for B = 0, all the energy released is assumed to be

radiated away, while for B = 1 all that energy is redis-

tributed back into the network as kinetic energy of the
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th string network

component and indirectly encodes the e!ect of small-scale

2 In the original formulation of the VOS model [28] the momentum

parameter was a constant, so that the model had two free param-

eters, namely the momentum parameter k and the loop chopping

e!ciency c̃, which took di”erent values in the matter and ra-

diation eras. However, in [29] the momentum parameter was

promoted to a function of v so that the model had only one free

parameter, c̃, and it was found that a single value c̃ = 0.23± 0.04

provides an excellent fit to numerical simulations throughout

cosmological evolution.
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structure on the acceleration of string segments at the

scale of the correlation length [29]. As the root-mean-

square velocities of cosmic (super)strings generally have

mildly relativistic values, we approximate the average

relative velocity between colliding string segments of type

i and j by the (non-relativistic) result vij =
√

v
2

i + v
2

j .

For the average length of the zipper segment resulting

from the collision of two string segments of types i and j

we take ω→1

ij = L
→1

i +L
→1

j , a value smaller than, but close

to, the smallest of the two colliding segment lengths.

For cosmic superstrings, the self- and cross- interaction

coe!cients, c̃i and d̃
k
ij , in the multi-tension VOS model

can be related to a microphysical intercommuting prob-

ability Pij , which can be computed (or, for interactions

involving only heavy non-perturbative strings, approxi-

mated) using string theory techniques [30, 31]. As strings

are not perfectly straight and have non-trivial small-scale-

structure, two colliding segments have more than one op-

portunity to intercommute in each crossing time, and so

the e”ective interaction coe!cients have a weaker than

linear dependence on the microphysical intercommutation

probability. Following [23], we take

c̃i = c̃ → P
1/3
i , d̃ij = P

1/3
ij , (5)

where Pi ↑ Pii is the microphysical self-interaction prob-

ability for strings of type i. The prefactor c̃ ensures that

for Pi = 1 one recovers the standard VOS value c̃ [29]

for the loop chopping e!ciency, while the power 1/3 is

supported [32] by numerical simulations of Nambu-Goto

strings with a suppressed intercommutation probability,

in both matter and radiation dominated cosmologies3.

Note that going from d̃ij in equation (5) to d̃
k
ij = d̃ijS

k
ij

in equations (2-3) involves a kinematic factor Sk
ij [21, 23]

(also see [35–37]) quantifying the relative probability that

the collision proceeds via the additive or subtractive chan-

nel [38], i.e. (p, q) + (p↑, q↑) ↓↔ (p± p
↑
, q ± q

↑), producing

a heavier or lighter string segment, respectively.

The microphysical intercommutation probability Pij

deserves closer attention. It encodes both the quantum

nature of cosmic superstring interactions [30, 31] and the

e”ect of compact extra dimensions, which introduce a

suppression in the intercommutation probability as the

colliding strings can miss each other in the extra dimen-

sions [30, 34, 39]. For fixed i and j the value of Pij

3 Earlier simulations of Nambu-Goto strings evolving in Minkowski

spacetime may suggest a slightly stronger dependence [33, 34] of

c̃ on the intercommuting probability P , namely c̃ → P 1/2.

depends on the relative velocity vij between the colliding

strings, the collision angle ε, the fundamental string cou-

pling gs and the compactification characteristics of the

theory. However, in constructing the e”ective intercom-

mutation coe!cients for the VOS model, one integrates

over collision angles and relative velocities, and so the

resulting c̃i and d̃
k
ij only depend on gs and the compact-

ification. This introduces the exciting possibility of con-

straining fundamental parameters of string theory using

CMB [40, 41] or GW [27] data.

While the dependence on gs is relatively straightfor-

ward, the impact of extra dimensions on Pij (and, in

turn, on the VOS parameters c̃i, d̃kij) is more subtle. Fol-

lowing [23] we parametrise the e”ects of extra dimensions

through a single volume parameter w, defined [30] as the

ratio of the minimum volume, Vmin, that can be occu-

pied by the string in the extra dimensions (this can be

roughly thought of as the string thickness raised to the

number of compact extra dimensions [34]), over the total

volume available to the fundamental strings, VFF, which

is bounded above by the volume of the compact dimen-

sions. Thus, w can be thought of as the e”ective size of

the compact extra dimensions. A small value of w means

that the strings can explore a large volume in comparison

to the string thickness, while w = 1 corresponds to the

extra dimensions being compactified at the string scale,

or being strongly warped such that the strings are sta-

bilised in a small region (of size comparable to the string

thickness) of the compactification manifold. Therefore,

for w = 1 extra-dimensional e”ects can be ignored and

the intercommutation probabilities are determined solely

by the quantum mechanical interactions between the dif-

ferent types of strings (i.e. there is no additional volume

suppression due to the extra dimensions). Note that be-

cause heavy non-perturbative strings fluctuate less than

lighter strings, they see a smaller e”ective volume and

so compactification e”ects are less important for heavy

strings than for the light F-strings. For more details on

w and its interpretation, see [23, 30, 42].

To summarise, given a choice for the parameter B and

the relations between ωij and vij to the model’s dynam-

ical variables, vi and Li respectively, the multi-tension

VOS model for cosmic superstrings depends on three free

parameters: the fundamental string tension µ1 ↑ µF, the

string coupling gs, and the e”ective volume parameter w.

In cosmic superstring networks, there are, in principle,

an infinite number of string species carrying all possible

coprime pairs of charges (p, q). In practice, however, the

[Avgoustidis & EJC (2010), Avgoustidis & Shellard (2008)] 

Depend on 3 quantities, string coupling, 
fundamental string tension and size of 

compact dimension

VOS equations for multiple strings
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FIG. 1: The correlation lengths and velocities of F-strings (red), D-strings (green) and FD-junctions (blue) for both

the 7-string (solid lines) and 3-string (dashed lines) models at di!erent values of the string coupling constant. The

vertical dashed lines indicate the epoch of matter-radiation equality.

time. This shows the importance of full modelling of the

cosmological evolution, as it is commonly assumed that

the string network spends most of its time in scaling dur-

ing both the radiation and matter eras, which is not the

case. Changes in the radiation-matter transition period

have the strongest e!ect on the low-frequency end of the

GW spectrum, which is also the most relevant when look-

ing for GWs from heavier string species, making accurate

modelling particularly important for cosmic superstring

GW searches.

For all three string coupling values, there are clear dif-

ferences between the 3-string and 7-string solutions. The

general trend is that, as expected, the 3-string model

predicts larger correlation lengths (smaller number densi-

ties) because it does not take into account heavier string

species, which can decay to the three lightest ones. As

strings of species i → 4 interact with and decay into lighter

strings, the lighter string networks receive a boost of en-

ergy. This is seen as an increase in velocities and a corre-

sponding decrease in correlation lengths. The size of these

e!ects is dependent on the string coupling, with only the

FD-string being a!ected at large couplings, whilst mod-

ifications to both the FD- and D-strings can be seen at

low couplings. The fundamental string remains largely

una!ected by the inclusion of heavier string species in

the VOS equations.

Although there are clear di!erences in the VOS parame-

ters between the two models, since the dominant F-string

behaves the same in both cases, it is unclear how much

these di!erences will change the overall gravitational wave

background spectrum. We now move on to discuss the

e!ect of heavier string species on the GW signal from cos-

mic superstring networks. In doing so, we will also justify

that one only needs to consider the GWs coming from

the three lightest string species, even through, as we have

just seen, the seven lightest species must be included in

the VOS modelling to accurately determine the network

evolution of the three lightest strings.

Impact of heavy species on the GW signal

As discussed in section IIIA, the GW energy density

emitted by a cosmic superstring network is dominated

by its lightest species, except possibly at low frequencies

where signatures from more than one species can appear.

This does not change the fact that, due to the lower

energy density arising from their larger correlation length

in Eq. (19), the magnitude of GWs seen from each heavier

string species is significantly reduced. Indeed, one reason

that heavier species can dominate the GW signal at low

frequencies is that there is a sharp drop o! of the signal as

the frequency decreases below the peak, and so a heavier

string, having a peak position at a lower frequency, can

dominate the light string signal at low frequencies. As

we will see shortly, this is not the complete picture, but

it is clear that heavy string domination can only happen

at amplitudes much lower than the light string GW peak

amplitude, and each heavier species leads to a further

Correlation lengths (L(t) = ξ(t) t) and velocities of F (Red), D (Green) and FD-junctions (Blue) for 
both 7 string (solid) and 3 string (dashed) models at different values of the string coupling. Vertical 
dashed line marks matter-radiation equality. Note no evidence of scaling in matter dominated era. 



 

06/23/2008 25

Long strings intercommute and form loops. A big question in cosmic strings involves the distribution 
of the loops. Because the fundamental string has the smallest correlation length, it dominates the 

overall string density (ρ=µ t2/ξ2). This has led groups to model the overall network as a single species 
with a reduced probability of intercommuting.  

Sousa and Avelino [1606.05585] showed that their are characteristic features in the GW emission from 
cosmic superstring networks that can not be captured by a single string species. In particular if the 
loops chopped from the network are small (of order the back reaction scale) a distinct multi-peaked 

signature in the spectrum is seen at low frequencies, just below the nano-Hz region. They considered 3 
string species (F, D and FD). We considered 7 species to determine the influence of the higher mass 

strings.
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III. STOCHASTIC GRAVITATIONAL WAVE

BACKGROUND SPECTRA

A. Importance of heavier strings

As mentioned in section IIB, the energy density in a

network of infinitely long strings of species i, where Li is

the correlation length of the long string, is given by,

ωi =
µi

L
2

i

. (19)

We are considering a population of many string species,

with fundamental strings having a much smaller correla-

tion length than those of the heavier string species. Hence

their energy density dominates the system. This fact has

been used to make the approximation that a network of

cosmic superstrings can be modelled as a single-string net-

work with a reduced interaction probability (essentially

rescaling the GW spectrum produced by a network of

Nambu-Goto cosmic strings). Although this approxima-

tion may be valid for some specific parameter values and

frequency ranges, it was shown by Sousa and Avelino [27]

that there are characteristic features in the GW emission

from cosmic superstring networks that cannot be cap-

tured by a single string species model. In particular, if the

loops chopped from the network are small (εi → 2!Gµi),

a distinct multi-peaked signature in the spectrum is seen

at low frequencies, just below the nano-Hz region5.

Although [27] only investigated a model with three

species of superstring, as more and more string species

are considered, we should see a cascade of low-frequency

peaks emitted by heavier and heavier string species. How-

ever, as the correlation length of the strings increases as

the string species become heavier, the amplitude of the

associated GWs emitted decreases. It is not immediately

clear how many string species should be included before

additional GW contributions become negligible. Further-

more, even if heavier strings themselves do not emit a

measurable amount of GWs, they can still impact the

evolution of the lighter strings and need to be included

when solving the VOS equations.

To look at the impact of heavier string species, we

pick a benchmark model where all intersection energy

between strings is radiated away (B = 0) and the extra

5 Note, however, that [27] work in terms of ωL so the relation

between the physical loop size and µi in that paper also involves

a factor of the time normalised correlation length εi.

dimensions are compactified close to the string thickness

scale, or are highly warped (w = 1). The e”ect of varying

these parameter values is investigated in section III B 4.

Following [23], we truncate the number of string species

considered at N = 7 lightest strings, with corresponding

charges

(pi, qi) = (1, 0), (0, 1), (1, 1), (2, 1), (1, 2), (3, 1), (1, 3) ,

(20)

where i = 1, .., 7 and the tensions µi = µ(pi,qi) are given

by Eq. (1).

In the context of GW backgrounds, previous work has

focused on only including the three lightest (F, D and

FD) strings [24, 27]. However, even if the GW signal

from heavier strings is negligible, more than three species

must be included in the network evolution in order to

accurately predict the correlation lengths (or, equiva-

lently, the number densities) of the three lightest species.

For example, collisions between the lightest (and most

abundant) i = 1 strings and the heavy (and relatively

scarce) i = 4 strings predominantly lead to the produc-

tion of i = 3 strings via the dominant subtractive channel

(1, 0) + (2, 1) ↑↓ (1, 1), which can significantly a”ect the

number density of the i = 3 FD strings. To illustrate

the impact of including heavier strings on the evolution

of the three lightest species, we solve the VOS equations

Eqs. (2)-(3) for both i = 1, . . . , 3 (3-string model) and

i = 1, . . . , 7 (7-string model).

Instead of looking at the correlation lengths of each

species, it is more informative to look at the normalized

characteristic length ϑi(t) = Li(t)/t. This factors out the

increase in correlation length due to the expansion of the

universe and gives a clearer picture of the dynamics of the

string network. For example, the network spends much of

its time in a scaling regime, where the correlation length

is proportional to the horizon size, so that Li(t) ↔ t and

ϑi(t) is a constant.

The root-mean-square speed and normalized character-

istic lengths obtained by solving the VOS equations can

be seen in Fig. 1 for di”erent values of the string cou-

pling, gs. Although the specific scaling values di”er, the

general characteristics of the speeds and lengths are the

same in both models. During the radiation era, both pa-

rameters are very well approximated by a constant linear

scaling regime value, only deviating from scaling during

short periods following a change in relativistic degrees

of freedom. During the transition to the matter era and

at later times, no scaling behaviour is seen and both the

velocities and correlation lengths vary continuously with

µi ≡ µ(pi,qi) =
µF

gs

√
p2

i g
2
s + q2

iwhere

No evidence of scaling in matter regime. Changes in rad-mat regime impact low freq end of spectrum  
most, the NANOGrav end, hence the need for accurate modelling where possible.



26

12

10�16 10�13 10�10 10�7 10�4 10�1

Frequency (Hz)

10�15

10�13

10�11

10�9

10�7

10�5
h

2 �
G

W

10�16 10�13 10�10 10�7 10�4 10�1

Frequency (Hz)

F strings

D strings

FD strings

Total

FIG. 4: Plots of the gravitational wave background spectra generated at di!erent sizes of extra dimensions – w=0.1

(dashed lines) and w=1 (solid lines). The string tension is set at Gµ1 = 10→9 and loop sizes are ωi = 2”Gµi on the

left and ωi = 0.1 on the right. Only the fundamental mode is shown.
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FIG. 5: Likelihood posteriors for the large loop fit to the NG15 data. The solid (dashed) lines correspond to cuspy

(kinky) loops.

dominated emission. This is not unexpected, as the data

is in the nanohertz range, whilst the change in loop struc-

ture mainly impacts higher frequencies (higher harmon-

ics).

The most well-constrained parameter in all cases is

log(Gµ1). The posterior is sharply peaked as the peak

frequency and amplitude of GWs depend strongly on the

tension. Fitting both the low-frequency downturn and

amplitude of the NG15 data requires a precise value for

the tension.

Both the marginals for gs and w peak at lower values.

For large loops, these peaks are wide and the marginals

are overall relatively flat. For small loops, the peaks

are sharp but also narrow, resulting in a wide range of

allowed values. As can be seen from Table. I, all models

have nearly the same 2ε upper limits, with approximately

gs < 0.65 and w < 0.9.

B. Likelihood comparisons

The approximate ϑ2(→ ↑2 lnLmax) values for the best-

fit spectra can be seen in Table I. We see that the best fit

is given by kinky big loops, with approximately the same

likelihood as cuspy big loops. Small loops give worse fits

to the data with #ϑ
2

→ 7 when compared to the large

loop fits. To compare the quality of fits with other models

we use the Bayesian information criterion, which in our

case is given by

BIC = k ln 14 ↑ 2 lnLmax, (22)

where Lmax is the maximum (best-fit) likelihood and k is

the number of parameters estimated by the model.

We start by comparing our results with the (cuspy)

cosmic string best-fit obtained by the NANOGrav col-

laboration (BICcusp

NG
) [12]. We obtain BICcusp

NG
= 76 and

BICcusp = 56 giving #BICcusp = ↑20, which signals

a much better fit. This is to be expected, as ordinary

Gravitational wave bgd spectra generated at different sizes of the extra dimensions - w=0.1 (dashed 
lines) and w=1 (solid lines). The string tension Gµ1=10-9 and loop sizes are ⍺I=2ΓGµI on the left and 

⍺I=0.1 on the right. Only the fundamental mode is shown.

Small loops Large loops
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FIG. 6: Likelihood posteriors for the small loop fit to the NG15 data. The solid (dashed) lines correspond to cuspy

(kinky) loops.
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FIG. 7: The best-fit spectra in the small (left) and large (right) loop cases. The solid (dashed) lines correspond to

cuspy (kinky) loops. The NANOGrav 15-year data is shown as violins.

cosmic strings (as opposed to cosmic superstrings) are

known to have a spectrum that is too flat to explain the

NANOGrav SGWB measurements.

It is much more informative to compare the cosmic su-

perstring results with current up-to-date models of super-

massive black hole binary mergers, as they are the leading

astrophysical candidate for the source of the SGWB. The

three black hole binary models investigated in Raidal

et al. [11] – circular binaries evolving purely gravitation-

ally, eccentric binaries evolving gravitationally and circu-

lar environmentally driven binaries – have BICcirc

SMBH
= 60,

BICecc

SMBH
= 50, BICenv

SMBH
= 57. We see that the large

loop fits are comparable in likelihood to the environmen-

tal model and slightly worse than the eccentric model,

while the small loop fits are comparable to the circular

binary model. This shows that cosmic superstring mod-

els are competitive with the best current astrophysical

models.

C. Comparison to NANOGrav fit

When analysing their data, the NANOGrav collabora-

tion used a simplified cosmic superstring model, where

only one type of string dominates [12]. In this case, the

treatment amounts to a model of cosmic strings with a re-

duced intercommuting probability P , assumed to rescale

the spectrum as follows:

!SUPER(f) =
1

P
!CS(f), (23)

where !CS is the spectrum obtained from cosmic strings

at a given tension and P is treated as a constant free

parameter7. There are two main downsides to this ap-

7 The scaling !SUPER(f) → P→1 can be understood in terms of

the VOS model as taking the loop chopping e”ciency c̃ → P 1/2

leading to a scaling L → P 1/2 in the correlation length [33, 34]

and a corresponding boost in the string density ω = µ/L2 → P→1.

Best fit spectra for the small (left) and large (right) loop cases. The solid (dashed) lines correspond to 
cuspy (kinky) loops. The NANOGrav 15-year data is shown as violins.  

Large loopsSmall loops
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FIG. 9: The best-fit spectra in the small (left) and large (right) loop cases. The solid (dashed) lines correspond to

cuspy (kinky) loops. The NANOGrav 15-year data is shown as violins, and the sensitivity curves of current and

(projected) future experiments, taken from [14], are shown by shaded regions.

Fitting the cosmic superstring model to the

NANOGrav 15-year gravitational wave background data

gives well-constrained values for the fundamental string

tension at both small and large loop sizes. As string

loops oscillate, the dominant fraction of gravitational

waves can come from either cusps (single points mov-

ing instantaneously at highly relativistic speeds) or kinks

(discontinuities in the loop tangent vector). Within the

NANOGrav frequency range, this origin does not have a

significant e!ect on the best-fit spectra or parameters, as

we obtain expectation values for the fundamental string

tension of log
10
(Gµ1) = →11.4+0.3

→0.2(→11.5+0.3
→0.2) for gravita-

tional waves originating from large cuspy (kinky) cosmic

superstring loops and log
10
(Gµ1) = →9.7+0.7

→0.7(→9.9+1.0
→0.5)

for small cuspy (kinky) loops. The posteriors for string

coupling, gs, and w, which describes the size of extra

compact dimensions, are much flatter and we set 2ω con-

fidence bounds as gs < 0.69(< 0.70), w < 0.90(< 0.91)

for the large cuspy (kinky) loops and gs < 0.63(< 0.61),

w < 0.88(< 0.83) for small cuspy (kinky) loops.

Finally, we repeat the analysis by assuming the string

loops consist of 10% large loops and 90% small loops,

where only large loops contribute to the GW signal. In

this case, we obtain bounds for the string tension of

log10(Gµ1)NG = →11.0+0.4
→0.2(→11.1+0.4

→0.3) which are di!er-

ent from the bounds obtained by Afzal et al. [12] and

Figueroa et al. [13], who make the same assumptions on

the string loop distribution. These di!erences can be

attributed to our modelling of the cosmic superstring net-

work in terms of multiple correlation lengths, as opposed

to the single-string approximation used in [12, 13]. As

discussed in section IVC, calculating the superstring GW

spectrum by rescaling an ordinary cosmic string spectrum

can lead to loop lengths larger than the string correlation

length. We also place 2ω bounds on gs < 0.59(< 0.61)

and w < 0.84(< 0.84), which is not possible with the

single-string approximation used in [12, 13]. In all cases,

the quality of fits is comparable to the current best astro-

physical models involving supermassive black hole bina-

ries, although large loops are favoured over small loops.

Extending the SGWB fitted to the NANOGrav data

over the full range of GW emission frequencies shows that,

at higher frequencies, both the large and small-loop fits

can be easily probed by projected future gravitational

wave experiments, such as LISA and the Einstein Tele-

scope. These measurements can also be used to di!er-

entiate between cusp and kink-dominated emission, as

the small-scale structure of loops a!ects the damping

of higher harmonics (higher frequencies). Unfortunately,

the low-frequency tail of the SGWB, which contains the

clearest signatures of heavy cosmic superstring species, is

out of reach of current experimental methods.

There remain significant uncertainties in modelling the

GW signal from cosmic (super)string networks. The most

important unknown is the size of string loops, which de-

termines both the magnitude and shape of the spectrum

as seen, for example, in Figs. 2 and 3. This is a challeng-

ing and important open problem in the field. The best

we can do at present is model various options, through

di!erent choices of loop distributions, or the parameter

ε as we have done in this paper. For cosmic superstrings,

in particular, there are additional uncertainties arising

Best fit spectra for the small (left) and large (right) loop cases. The solid (dashed) lines correspond to cuspy 
(kinky) loops. The NANOGrav 15-year data is shown as violins and the sensitivity curves of current and 

(projected) future experiments are shown by shaded regions [Ellis et al. PRD 108, 103511 (2023)] 
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Bounds on Fundamental string tension, string coupling and size of extra dimensions. 

[Avgoustidis, EJC, Moss and Raidal - 2503.10361] 

11

As discussed in section II, the volume parameter w is

the ratio between the minimum volume and e!ective vol-

ume occupied by the fundamental string in the compact

extra dimensions. A small value of w corresponds to a

larger volume of the compact dimensions being available

to the strings, while w = 1 corresponds to compacti-

fication at the string scale (or to highly warped extra

dimensions) so that volume e!ects from the extra dimen-

sions become negligible. Note that the e!ective volume

is only a lower bound to the total volume of the extra

compact dimensions. As more of the extra dimensions

become traversable to the strings, the larger the prob-

ability of the strings “missing” each other in the extra

dimensions when intersecting. This leads to a decrease in

intercommuting probability, corresponding to an increase

in the number of string loops and a boost to the GW

signal. Since the heavier strings oscillate less in the extra

dimensions, the e!ective volume they explore is much

smaller than for the fundamental strings and the boost

in GW magnitude is much smaller.

Comparison spectra for w = 0.1 and w = 1 can be

seen in Fig. 4. As varying w has a strong impact on the

resulting spectra and the value of w is physically inter-

esting, encoding information on the size/warping of the

extra dimensions, we will treat this as a free parameter.

Increasing B leads to additional kinetic energy in string

loops and, hence, a higher velocity. This, in turn, corre-

sponds to a larger correlation length and a smaller GW

signal. The e!ect is strongest for heavier string species

at large string coupling gs, but in general, it is minor

enough to be ignored. For ease of computation, we fix

B at a constant value, choosing B = 1 as then there is

explicit energy conservation within our system.

IV. RESULTS AND DISCUSSION

Out of the set of parameters determining the cosmic

superstring GW spectra, {”, B,ωi, q, µ1, gs, w}, we have

fixed the values of ” and B, chosen binary scales for ωi

and q and will treat w, µ1 and gs as free parameters. We

fit our model to the most recent PTA stochastic gravi-

tational wave background dataset – the NANOGrav 15-

year dataset [2]. To accurately model the high-frequency

behaviour of the cosmic superstring SGWB spectrum,

jmax = 1012 harmonic modes are summed to produce

each spectrum. To quantify the quality of our fit, we

Model →2 lnLmax log10(Gµ1) gs w

Cuspy big loops 47.9 →11.4+0.3
→0.2 < 0.69 < 0.90

-11.8 0.22 0.01

Kinky big loops 47.8 →11.5+0.3
→0.2 < 0.70 < 0.91

-11.9 0.26 0.01

Cuspy small loops 53.6 →9.7+0.7
→0.7 < 0.63 < 0.88

-10.8 0.04 0.01

Kinky small loops 53.5 →9.9+1.0
→0.5 < 0.61 < 0.83

-10.9 0.05 0.01

TABLE I: The log-likelihoods and posterior mean values

(with 68% confidence intervals) for the models fitted to

NG15. Upper 2ε limits are given for w and gs. The

best-fit values for the multidimensional fits are given in

small print below the posterior values.

compute likelihoods following Ellis et al. [14] as

L =
14∏

m=1

Pm(#GW(fm)), (21)

where for each frequency bin m, Pm(#) are the posterior

probability density functions of the NG15 Hellings-Downs-

correlated spectrum analysis and #GW(fm) is the cosmic

superstring background spectrum energy density in that

frequency bin.

In total, we produce four 3-dimensional likelihood con-

tours – large and small, cuspy and kinky loops. Note

that here we assume all loops are formed at a given con-

stant ωi. This is di!erent from the assumptions made by

NANOGrav when producing their cosmic superstring fit

[12]. These di!erences and their e!ects will be discussed

in Sec. IVC.

The marginalized posterior fits in all three free param-

eters, along with their 68% confidence regions, can be

seen in Fig. 5 for large loops and in Fig. 6 for small

loops. The parameter ranges, along with the parameters

corresponding to the best-fit points, can be seen in Table

I. The spectra corresponding to the best-fit points (along

with the NG15 PDFs) can be seen in Fig. 7.

A. Likelihood Posteriors

As can be seen in Fig. 7 and Table I, both large and

small loops fit well with the NG15 data with large loops

being favoured by the data. There is no major di!er-

ence between the results obtained from cusp and kink-

Juhan Raidal
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FIG. 1: ACT DR6 and Planck PR3 combined TT (top), EE (middle), and TE (bottom) power spectra. The solid

black curve shows the ACT and Planck best-fit !CDM model, while the dashed red curve shows cosmic strings

from the UETC with Gµ = 10→7, ω = 1.9, and cr = 0.23.

ACT DR6 and Planck PR3 
combined TT (top), EE (middle) and 

TE (bottom) power spectra. The 
solid black curve shows the ACT 
and Planck best-fit ΛCDM model. 

The dashed red curve shows cosmic 
strings from the UETC with 

Gµ=10-7 and loop sizes are ⍺=1.9 
and cr=0.23 

You can see that in principle 
including ACT will allow us to pick 

up string contributions as they 
become comparable for large l

Including ACT DR6 with Planck PR3  

[Avgoustidis, EJC, Moss and Raidal (2026)] 

CMB and Strings  - based on modified CMBACT [Pogosian] 
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No significant improvement with ACT. What priors should we use, Gµ or 

11

Model Type Parametrization Priors on ω, c̃ Planck Planck + ACT

Cosmic Strings

Gµ
Flat 1.17→ 10→7 1.16→ 10→7

Gaussian 6.85→ 10→8 6.26→ 10→8

log10 Gµ
Flat 3.53→ 10→8 3.53→ 10→8

Gaussian 3.96→ 10→8 3.66→ 10→8

Cosmic Superstrings

GµF

Flat 5.34→ 10→8 6.55→ 10→8

Gaussian 3.28→ 10→8 2.63→ 10→8

log10 GµF

Flat 1.54→ 10→8 1.52→ 10→8

Gaussian 1.71→ 10→8 1.38→ 10→8

TABLE I: 95% C.L. upper limits on the cosmic string tension Gµ and GµF . The “Planck” column uses the

CamSpec PR4 likelihood, while the “Planck + ACT” column uses the ACT DR6 likelihood combined with a cut

version of the Planck 2018 PR3 likelihood. Results are shown across di!erent models, parametrizations, and prior

assumptions.

It is important to note the significant impact of the

chosen priors and parametrizations on the final con-

straints. The largest di!erences between results arise

from the linear vs logarithmic parametrization of the

(super)string tension, with the 2ω tension bounds de-

rived from a linear parametrization being consistently a

factor of 2-4 larger than those derived from a log-uniform

prior. This can be intuitively attributed to the prior vol-

ume e!ect – a logarithmic prior assigns equal weight to

every decade of tension, e!ectively “pulling” the poste-

rior toward lower values, while a linear prior gives more

weight to higher tensions and yields more conservative

limits.

We can quantitatively demonstrate that the discrep-

ancy between the linear and logarithmic tension con-

straints is a purely statistical consequence of the chosen

priors by analytically estimating the logarithmic bounds

from the linear 1D marginalized likelihood. Assuming a

generalized half-normal form, L(Gµ) → exp[↑(Gµ/s)p],

we fit the scale s and shape p parameters to the marginal-

ized upper limits derived from our linear prior MCMC

chains. By performing a change of variables, we then

weight the likelihood by 1/Gµ to obtain an analytic

prediction of the posterior that would be produced by

a logarithmic MCMC simulation. In all cases where

Gaussian priors were applied to ε and c̃, for both cos-

mic strings and cosmic superstrings, the analytically

estimated tension bounds are nearly identical to those

obtained from the full logarithmic MCMC runs. This

shows that the discrepancy can be fully attributed to

prior volume e!ects. Note that this analytic treatment

cannot be applied when flat priors are used for ε and

c̃, as they are degenerate with the tension and, hence,

non-trivially modify the shape of the marginalized 1D

tension likelihood.

We also see strong dependence on the chosen ε and

c̃ priors. For linear tension parametrizations, applying

the Gaussian priors leads to tension bounds twice as

strong as those derived using flat priors. Surprisingly,

for logarithmic tension parametrizations, using Gaussian

priors leads to bounds that are O(10%) looser than the

flat prior bounds.

A possible way to break the degeneracy between ε and

Gµ is by noting that, to first order, our UETC terms

scale as (ε↓Gµ)2 suggesting we could alternatively ob-

tain bounds on ε↓Gµ (or log10 Gµ+ log10 ε) with our

MCMCs. By doing this, we find much closer agreement

between the results obtained for the two di!erent sets

of priors on ε, c̃, with the flat prior results converging

towards the Gaussian prior results. This approach does

not improve the di!erences between linear and logarith-

mic tension parametrizations, as the source of this is a

consequence of Bayesian statistics, as discussed above.

As prior-dependence is thought of as purely an issue

No significant improvement with ACT. What priors should we use, Gµ or 

No significant improvement with ACT.

Bounds on Cosmic strings and cosmic superstrings
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GWs from cosmic superstrings with time varying tensions 
[Conlon, EJC, Hardy & Sanchez Gonzalez 2025, Rivello & Villa 2024 ]

In string theory, there are scenarios where between inflation and reheating, 
the moduli fields evolve during a period of kination. These moduli can be the 

core of the string, formed at the end of inflation, implying the string loops 
have time dependent tensions.   

They can actually grow during this period, leading to loop tracker solutions 
with time dependent tensions. Do they have any observational consequences? 

The solution exists as a tracker until the rolling modulus reaches its 
minimum, when the loops then ultimately decay through GW emission - 

recall this is before reheating has occurred.  

Because this occurs at such early times, we find a spectrum of very high 
frequency GWs peaking in the GHz region today  — very exciting, but very 

challenging from an observational standpoint. 

See talk by Joe Conlon tomorrow

COSMIC SUPERSTRINGS IN 
THE EARLY UNIVERSE

   Joseph Conlon
String Pheno 2025  

Boston

Sanchez-Gonzales, JC, Copeland, Hardy, 2505.14187, 
JC, Copeland, Hardy, Sanchez-Gonzales 2406.12637,

also see Apers, JC, Copeland, Mosny, Revello 2401.04064)

Noelia Sanchez 
Gonzalez
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Summary
Cosmic strings have been with us for a remarkable fifty years since Tom Kibble’s pioneering 

paper in 1976. 

The fact that strings and cosmic superstrings can and do decay gravitationally, coupled with 
the amazing results of NANOGrav15 have opened up a new direction for us to probe these 

amazing objects through their GW emission. 

The fact that cosmic superstrings can form y-junctions opens up the possibility that new 
configurations could be searched for in the cmb 

The realisation that there could be an extended period of kination between the end of inflation 
and reheating, has opened up the possibility of forming strings with time dependent tensions, 

which could if we are lucky have a number of observational consequences. One of them is 
through their GW emission before BBN, but there are others:  

evolving moduli imply time dependent gauge couplings, so the possibility of seeing new 
features in electromagnetism, QCD, possible consequences for the baryon asymmetry etc.. 

they are all there waiting to be explored.   


