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We describe a new mechanism, whose ingredients are realized in string compactifications, for the
formation of cosmic (super)string networks. Oscillating string loops grow when their tension μ decreases
with time. If 2H þ μ̇=μ < 0, where H is the Hubble parameter, loops grow faster than the scale factor and
an initial population of isolated small loops (for example, produced by nucleation) can grow, percolate, and
form a network. This condition is satisfied for fundamental strings in the background of a kinating volume
modulus rolling toward the asymptotic large volume region of moduli space. Such long kination epochs are
motivated in string cosmology by both the electroweak hierarchy problem and the need to solve the
overshoot problem. The tension of such a network today is set by the final vacuum; for phenomenologically
appealing large volume scenario vacua, this would lead to a fundamental string network with Gμ ∼ 10−10.
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I. INTRODUCTION

Networks of cosmic strings, reviewed in [1,2], are
candidates for new physics on cosmological scales.
Their signatures include gravitational waves (e.g. as a
candidate explanation of the recent NANOGrav results
[3]), cosmic microwave background anisotropies, and
direct lensing of distant galaxies. For Gμ≲ 10−7, where
G is Newton’s constant and μ is the string tension, the
existence of such networks in the Universe is compatible
with current observations (the precise limit depends on
the type of loop distribution assumed for the string net-
work, e.g. see Ref. [4] for details of the current LIGO
bounds on Nambu-Goto strings). Strings are topological
defects and so are normally assumed to require a sym-
metry-breaking phase transition in the early Universe, with
formation via the Kibble mechanism [5]. Under such phase
transitions, vacuum configurations are uncorrelated beyond
the Hubble scale and the resulting pattern of symmetry
breaking results in a network of topological defects
established over large scales.

In this paper we describe a novel scenario for the
formation of string networks. This scenario starts with a
population of isolated small loops in the background of a
kinating modulus field whose vacuum expectation value
(vev) controls the tension of the strings (for example, the
volume modulus in string compactifications). If the string
tension decreases with time, such loops grow in physical
size. If the tension decreases sufficiently rapidly, initially
small loops grow faster than the scale factor and, provided
the epoch lasts long enough, find each other, percolate, and
form a network.
Previous papers considering strings with time-dependent

tensions include [6–11]; see also [12] for a recent dis-
cussion of percolating strings arising from plasma flow and
primordial black holes, and [13] describing the evolution of
a network of cosmic string loops of fixed tension.

II. INITIAL CONDITIONS AND EQUATIONS
OF MOTION

Our scenario assumes an initial population of isolated,
small loops. There are various ways these could be
created—for example, quantum nucleation from the vac-
uum in a time-dependent background, evaporation of
ultrasmall primordial black holes, or as products from
annihilation of stringy objects (such as brane/antibrane
pairs) at the end of inflation. We leave a detailed analysis of
scenarios for their origin for future work.
Our focus here is on the evolution and growth of such

small loops. Normally, they are regarded as irrelevant as they
would rapidly decay from gravitational wave emission. We
show thatwith time-dependent tensions, this no longer holds.
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The action for a Nambu-Goto string whose tension μ
depends on the background space-time coordinates (xν

where ν ¼ 0, 1, 2, 3) is

SNG ¼ −
Z

d2ξμðxνÞ ffiffiffiffiffiffi
−γ

p
; ð1Þ

where ξa parametrize worldsheet coordinates (with a ¼ 0,
1) and γ ¼ det γab where

γab ¼ gαβ
∂xα

∂ξa
∂xβ

∂ξb
: ð2Þ

The equations of motion (also derived in [11]) are

xν;a;a þ Γν
βρðgÞγadxβ;dxρ;a þ

μ;ρ
μ
γabxρ;axν;b −

μ;ν

μ
¼ 0; ð3Þ

where xν;b ≡ ∂xν

∂ξb
, Γν

βρðgÞ denote the spacetime Christoffel

symbols and

xν;a;a ≡ 1ffiffiffiffiffiffi−γp ∂að
ffiffiffiffiffiffi
−γ

p
γabxν;bÞ: ð4Þ

For constant μ, these reduce to the ordinary string equations
of motion [1].
We now specialize to an Friedmann-Lemaitre-Robertson-

Walker spacetime metric and assume that the tension only
depends on time. We also impose the standard worldsheet
gauge conditions, identifying worldsheet time with space-
time time ξ0 ¼ x0 and applying the transversality condition
˙x⃗ · x⃗0 ¼ 0 (such that γ01 ¼ γ10 ¼ 0), where dots denote
derivatives with respect to t and primes denote derivatives
with respect to the spatial worldsheet coordinate σ.
The worldsheet metric then takes the form

ðγabÞ ¼
�
1 − a2 ˙x⃗2 0

0 −a2x⃗02

�
: ð5Þ

It is useful to define the function ε, invariant under
spacetime diffeomorphisms, as follows:

εðt; σÞ≡
ffiffiffiffiffiffiffiffiffi
−x02

ẋ2

s
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a2x⃗02

1 − a2 ˙x⃗2

s
: ð6Þ

Equation (3) then takes the form:

ν ¼ 0∶
ε̇

ε
¼ ȧ

a
ð1 − 2a2 ˙x⃗2Þ − μ̇

μ
a2 ˙x⃗2; ð7Þ

ν ¼ i∶ ̈x⃗ − ε−1ðε−1x⃗0Þ0 þ
�
ε̇

ε
þ 2

ȧ
a
þ μ̇

μ

�
˙x⃗ ¼ 0: ð8Þ

We focus on the case of circular closed strings, with
periodic boundary conditions x⃗ðt; σÞ ¼ x⃗ðt; σ þ 2πÞ. With
this ansatz, the string evolution can be written as

x⃗ðt; σÞ ¼ RðtÞu⃗ðσÞ: ð9Þ

For simplicity, we restrict to a circular loop in the z plane
with u⃗ðσÞ ¼ ðsin σ; cos σ; 0Þ. Substituting this ansatz into
the equations of motion, we get

ε̇

ε
¼ H − a2Ṙ2

�
2H þ μ̇

μ

�
; ð10Þ

R̈þHṘþ ε−2Rþ
�
2H þ μ̇

μ

�
ð1 − a2Ṙ2ÞṘ ¼ 0; ð11Þ

where H ¼ ȧ=a denotes the Hubble parameter.
The definition of the parameter ε reveals its physical

interpretation. An oscillating loop has zero velocity at the
point of maximum amplitude and so

ε ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

a2R2

ð1 − a2Ṙ2Þ

s
≡ aRmax ð12Þ

represents the maximum (physical) radius of the loop at
each oscillation.
Small loops (much smaller than the Hubble scale)

oscillate rapidly with time-averaging giving ha2Ṙ2i¼1=2.
In the standard case of μ̇ ¼ 0, ε̇

ε ¼ 0 and it follows from
Eq. (10) that such loops remain at constant physical size
while the scale factor grows (so they shrink in comoving
coordinates).
The right-hand side of Eq. (10) contains the most

important qualitative feature of the loop evolution with a
time-dependent tension. If

2H þ μ̇

μ
¼ 0; ð13Þ

then the physical loop radius expands at exactly the same
rate as the scale factor; loops neither grow nor shrink in
comoving coordinates. As a2Ṙ2 > 0, it follows that the
condition for a loop to grow in comoving coordinates is

2H þ μ̇

μ
< 0: ð14Þ

For small, rapidly oscillating loops, we can time-average
ha2Ṙ2i ¼ 1=2 in Eq. (10) to obtain

ε̇

ε
¼ −

1

2

μ̇

μ
: ð15Þ
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In terms of the physical length L ¼ 2πϵ, we have

LðtÞ ¼ Li

ffiffiffiffiffiffiffiffiffiffiffiffi
Gμi
GμðtÞ

s
; ð16Þ

where Li is the initial loop length and μi the initial loop
tension. As we will see, in volume modulus kination j μ̇μ j ¼
3H and thus, for loops well inside the horizon the
frequency of oscillation is fast compared to the Hubble
time, ω ∼ 1=ε ≫ H ∼ j μ̇μ j, justifying the time-averag-

ing ha2Ṙ2i ¼ 1=2.

III. KINATION IN STRING THEORY

What are the optimal conditions for the growth equation

2H þ μ̇

μ
< 0 ð17Þ

to be satisfied? It is clear that this prefers (a) H to be as
small as possible and (b) the rate of change of μ to be as fast
as possible. As to point (a), HðtÞ is always set by the
expansion rate. Compared to other fluids, the slowest
expansion rate is obtained for kination where the energy
density is dominated by the kinetic energy of a rolling
scalar [with aðtÞ ∼ t1=3 compared to e.g. aðtÞ ∼ t1=2 for
radiation]. As to point (b), in string theory, all physical
scales (including string tensions) arise as expectation values

of scalar fields Φ (moduli). j μ̇ðΦÞ
μðΦÞ j is maximized when the

field Φ rolls as fast as possible; the limiting case is that of
kination, when the entire energy density of the Universe
lies in a rolling scalar field.
This suggests that a kination environment (see Ref. [14]

for a recent general review of kination) gives the best
opportunity to satisfy Eq. (17). In the 4D Einstein frame
with constant MP, the requirement that μ̇

μ be negative
implies that the fields roll in the direction of decreasing
tension. In string theory, this direction is toward the
asymptotic boundaries of moduli space: in the strict
asymptotic limit, all scales vanish compared to MP.
As mentioned earlier, during a kination epoch, the

Universe is dominated by the kinetic energy of the rolling
modulus,

Φ ¼ Φi þ
ffiffiffi
2

3

r
MP ln

�
t
ti

�
; ð18Þ

withΦi the initial vev at time ti. We focus on the case where
Φ is the volume modulus of the compactification evolving
toward large compactifiction radii. This direction is well
motivated: the effective field theory becomes better con-
trolled at large radii. Such cosmologies are also appealing
from both phenomenological and formal perspectives [15].

Specializing to IIB models where moduli stabilization is
best understood, the canonically normalized modulus Φ

relates to the compactification volume as Φ ∼
ffiffi
2
3

q
lnV and

so the volume evolves as V ∝ t during this epoch (see
Refs. [16] and [17] for more detailed discussions).
The fundamental string scale relates to the 4D Planck

scale as

ms ∼
MPffiffiffiffi
V

p : ð19Þ

In string compactifications, all scales are tied to the
fundamental scale ms. As the volume increases, the string
scale (in the 4D Einstein frame) decreases. In particular, the
tension of stringlike objects in the 4D theory decreases.
The most obvious stringlike objects in string theory are

fundamental strings, with a tension

Gμ ∼m2
s : ð20Þ

During a kination epoch this tension behaves as

Gμ ∼ t−1; ð21Þ

and so

2H þ μ̇

μ
¼ −H; ð22Þ

satisfying the growth condition Eq. (17).
Note there is one further type of string present as a

degree of freedom in IIB compactifications. This is the
axionic string associated to the volume modulus (for a
recent review of axions and axion strings in string theory
see Ref. [18]). The Kähler potential K ¼ −3 lnðT þ T̄Þ,
with T ¼ τb þ iab, gives the Lagrangian

L ¼ 3

4τ2b
∂μτb∂

μτb þ
3

4τ2b
∂μab∂μab; ð23Þ

from which it follows that the volume axion ab has decay
constant fa ∼ τ−1b ∼ V−2=3. The presence of this axion
implies the existence of associated axionic strings in the
spectrum.
If the tension were given by Gμ ∼ f2a, then during the

kination epoch we would have Gμ ∼M2
PV

−4=3 ∼M2
Pt

−4=3,
falling off more rapidly than for fundamental strings.
However, the cores of such stringy axionic strings tend
to involve wrapped branes (e.g. see Ref. [19]) such as a D3
brane wrapped on an internal 2-cycle to create a string in
the noncompact dimensions. A string created from a D3
brane wrapped on an internal large 2-cycle has a tension
Gμ ∼ R2m2

s and so evolves as Gμ ∼ t−2=3 during a kination
epoch. While the tension does decrease, such strings are not

PERCOLATING COSMIC STRING NETWORKS FROM KINATION PHYS. REV. D 110, 083537 (2024)

083537-3



in the percolation regime as 2H þ μ̇
μ ¼ 0.

We therefore focus on fundamental strings, for which the
physical length of a loop grows as

LðtÞ ¼ Li

�
t
ti

�
1=2

: ð24Þ

As the scale factor grows as aðtÞ ∼ t1=3, in comoving
coordinates the radius grows as

RmaxðtÞ ¼ Rmax;i

�
t
ti

�
1=6

: ð25Þ

Note that the decreasing tension makes the loops grow
faster than the scale factor but not faster than the Hubble
horizon. As a result, initially subhorizon loops become
more and more subhorizon throughout their evolution and
the fast oscillations will remain fast (indeed, becoming
even quicker in comparison to the Hubble time).

IV. GRAVITATIONAL WAVE EMISSION

Oscillating loops radiate energy and so shrink due to
gravitational wave (GW) emission. It is important to check
that this effect does not dominate the growth from the
decreasing tension. The rate of power loss from a loop from
GW emission is written

PGW ¼ ΓGμ2; ð26Þ

where Γ is a numerical factor that depends on the precise
loop configuration. Nambu-Goto simulations suggest Γ ∼
50–75 [1].
In the case of a time-dependent tension, additional terms

are expected due to the change in amplitude. However, for
loops well inside the horizon the oscillation rate is much
faster than the rate of change in amplitude. Therefore, the
main contribution to the gravitational wave emission comes
from the oscillatory behavior. Additionally, we expect a
modification of the dimensionless coefficient Γ as the loops
follow a different trajectory. However, we can expect this to
be a similar order of magnitude, or at least not to differ by
several, and thus we will approximate the power emitted by
Eq. (26) above, where the tension is now a function of time.
It follows that the order-of-magnitude lifetime of a loop

of length λls and mass λlsμ is (using μ ∼m2
s ¼ l−2s )

τGW ∼
λls
ΓGμ

¼ 8πλ

Γ
M2

P

m3
s
: ð27Þ

If τGW ≪ H−1, GW emission dominates the string dynam-
ics over the effects of decreasing tension. Conversely, if
τGW ≫ H−1 then the GW emission is negligible compared
to the effects of the decreasing tension.

During the epoch of volume modulus kination, the
background has

energy ¼ Φ̇2

2
¼ M2

P

3

1

t2
: ð28Þ

As V ∝ t during volume modulus kination and m2
s ∼

M2
P

V , it
follows that the Universe’s energy density during this
epoch satisfies

ρkin ¼ A ×m4
s ; ð29Þ

with A a constant, and so remains at a fixed ratio relative
to the string scale energy density m4

s. During kination,

H−1 ¼
ffiffiffi
3
A

q
MP
m2

s
and so

τGW ∼
8πλ

Γ

ffiffiffiffi
A
3

r
MP

ms
H−1: ð30Þ

Provided A is not too small, the factorMP=ms ≫ 1 implies
that τGW > H−1 and the effect of varying tension dominates
over the effects of gravitational wave emission (note also
that MP=ms grows during kination). If the initial infla-
tionary potential (which transitions into kination) arose
from stringy objects such as D=D̄ brane-antibrane pairs, we
would expect A ∼ 1.
Furthermore, we can see from (30) that the most critical

point is at the start: if gravitational wave emission does not
dominate at the beginning, it will not do so later on. Due to
the decreasing tension and the growth in length during
kination, the ratio τGW=ðH−1Þ increases with time as
MP=ms ∼ t.
Gravitational wave emission is a universal decay channel

but there may be additional more model-dependent chan-
nels (for example, KK modes or light scalars such as axions
or moduli), which must be checked in any individual model
to ensure that they do not dominate over the effects of the
decreasing tension. On dimensionful grounds, one expects
a similar emitted power as Eq. (26) for other radiated modes
with MP-suppressed couplings.
Moreover, as in any model of phenomenologically

relevant cosmic superstrings, the underlying compactifica-
tion must be such that long superstrings are stable against
immediate fragmentation [20] (see e.g. the discussion
in [21]).
In analogy with Abelian-Higgs cosmic string loops,

which in numerical simulations efficiently decay to heavy
degrees of freedom [22] unless their radius is much larger
than the inverse mass of the radial mode [23], it may also be
that the loops in our scenario have to be produced with
initial radius somewhat larger thanm−1

s in order that decays
to string-scale degrees of freedom are negligible.
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V. PERCOLATION AND THE STRING
TENSION TODAY

During kination, the string tension decreases fast enough
that loops grow and, given time, will percolate. However,
kination regimes are unstable: the energy density falls as
ρkin ∼ aðtÞ−6 and so sources of radiation will, over time,
catch up with the kinetic energy. Indeed, one source for
such radiation is the gravitational wave emission from the
oscillating loops.
As radiation catches up, the system of a scalar rolling

down an exponential potential transitions into a brief period
of radiation domination, before settling into a tracker
solution that guides the field to the final vacuum.
During the tracker solution on a potential VðΦÞ ¼

V0e−λΦ (which needs λ >
ffiffiffi
6

p
), the evolution of the volume

modulus is [15]

Φ ¼ Φ0 þ
2

λ
MP ln

�
t
t0

�
; ð31Þ

where Φ0, t0 are the value of the volume modulus and time
when the tracker regime begins, whereas the scale factor
tracks the fluid, aðtÞ ∼ t1=2 for radiation. It follows that for
fundamental strings during the tracker epoch μ ∼ t−

ffiffi
6

p
=λ

and so, while the tension continues to decrease, loops now
grow slower than the scale factor and the percolation
requirement Eq. (14) is no longer satisfied.
As the field settles down in the final vacuum, the volume

is fixed and the string tension ceases to evolve. The tension
then remains constant until the present day, with a value
(for fundamental strings) of

Gμnow ∼ hVnowi−1
�
¼ l6s

VolCY

�
: ð32Þ

where VolCY is the volume of the associated compactified
Calabi-Yau space. The large volume scenario [24] is
the most studied scenario for stabilized string vacua at
exponentially large values of the volume, hVnowi ≫ 1. In
this context, values around hVnowi ∼ 1010 are phenomeno-
logically appealing (based both on stabilizing the electro-
weak hierarchy via supersymmetry, Msoft ∼MPhVnowi−3=2
and also on ensuring that decays of the lightest volume
modulus occur prior to nucleosynthesis, which requires
mΦ;now ∼MPhVnowi−3=2 ≳ 30 TeV) [25].
If strings succeed in percolating, they interconnect with

neighboring strings and will form a conventional string
network involving long strings that is expected to enter the
scaling regime. We leave to future work a detailed study
of the formation of the network and the subsequent
density of long strings. Such a string network, built from
fundamental strings, would then survive to today with a
tension Gμ ∼ hVnowi−1 ∼ 10−10 and a fractional energy
density Ωstrings ∼Gμ ∼ 10−10.
Whether string loops percolate before the end of kination

depends on their typical length and number density at the

start of kination as well as the duration of kination. Suppose
that at the start of kination the Hubble parameter is Hi, the
distribution of loop lengths is sharply peaked at λls and
the number of loops per Hubble patch is NH (such that the
typical interstring spacing is of order N−1=3

H H−1
i ). Using

Eq. (25) and the definition of A immediately above
Eq. (30), percolation occurs provided

tf
ti
≳ 1

λ6N2
H

�
3

A

�
3
�

MP

ms;init

�
6

; ð33Þ

where tf is the time at the end of kination and ms;init refers
to the string scale at the start of kination. If kination starts
soon after the end of inflation and inflation comes from
stringy physics at a high scale (slightly below current
constraints from tensor perturbations), a reasonable expect-
ation is that MP=ms;init ∼ 102. Fixing a final value of
V ∼ 1010 and demanding that kination ends before the
volume modulus reaches its eventual minimum, Eq. (18)
implies that tf=ti ≲ 1010 (saturated for the rather extreme
case that the initial volume is close to unity in string units).
Consequently, from Eq. (33), for a long but plausible era of
kination, percolation occurs provided that there are at least
a few loops of length somewhat larger than ls per Hubble
patch at the start of kination.
It might also be interesting to consider rare string loops

nucleated during inflation [26]. In this case, the initial
distribution of loop lengths is peaked around the Hubble
length at the end of inflation, and percolation is possible
even if the number of loops per Hubble patch at the end of
inflation NH ≪ 1. In particular, again assuming kination
starts soon after the end of inflation, percolation occurs
provided tf=ti ≳ N−2

H .
Gravitational radiation emitted by the loops acts as seed

radiation that grows with respect to the kinating back-
ground; once this catches up, the kination period will end.
Defining ar as the value of the scale factor at that time such
that ρGWðar=aiÞ−4 ¼ ρkinðar=aiÞ−6, the condition of the
loops to find each other and percolate before is given by

tp
ti
≲
�
24π

NHΓ

�
3=2

�
MP

ms;init

�
6

; ð34Þ

where tp is the time percolation happens, and we have used
Eq. (30) together with the definition of A immediately
above. We have also taken nloops;i ¼ NHH3

i . Such radiation
can play a useful role in beginning the tracker era prior to
overshoot.

VI. CONCLUSION

This paper describes a new mechanism for producing a
cosmic (super)string network, starting from initial condi-
tions of a population of small isolated loops. If the string
tension decreases with time, the physical size of the loops
grow. If the decrease is rapid enough, the loops grow faster
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than the scale factor; they find each other, interconnect,
percolate, and form a network. The key condition for this to
be possible is Eq. (14), which is satisfied by loops of
fundamental superstrings in the background of a kinating
volume modulus evolving toward the asymptotic region of
moduli space. This is an exciting new possibility, which does
not rely on phase transitions, for the formation of cosmic
string networks inwhich small loops notmuch larger than the
string scale may grow into macroscopic long strings.
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