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Inflation - allows us to predict the form of the fluctuations for a given model 

In particular during slow roll inflation, where the potential is flat enough and dominates the energy density


We have

We quantify the power spectrum and 
deviations from scale invariance in terms of 

slow roll parameters 
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The Power Spectrum for scalar and tensor fluctuations on large scales 
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CMB observations:

Scalar Spectral index:

Red tilt

Tensor spectra index:

Prediction is nearly scale invariant and are very small on large scales 

Slow roll predictions:

BICEP/Keck 2024:

nS-1

nS-1≈ -0.033 | nτ | ≲ 0.0045
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nS = �4✏H + 2⌘H , n⌧ = �2✏H , r ⌘ A⌧

AS

= 16✏H⇤

1

nS-1

Implies 𝜖H<0.002 and ηH > 0.01 — we have a new hierarchy emerging - has implications for V(ɸ) ! 
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The future — LiteBIRD will further constrain inflation models 

The “characteristic scale of the potential,” M is related to the integration constant Neq

according to M =
p

NeqMP. This allows us to express the tensor-to-scalar ratio in this class

of models in terms of the characteristic scale as

r ' 0.0025

✓
57

N⇤

◆2✓ M
MP

◆2

. (18)

Instantaneous reheating corresponds to N⇤ ' 57. Any delay in reheating will decrease N⇤,

and hence will increase the expected tensor-to-scalar ratio for a given characteristic scale.

As a consequence, for M & MP we expect r & 0.0025, so that an upper limit from LiteBIRD

with r < 0.002 at 95% C.L. (accounting for both statistical and systematic uncertainties)

would disfavor any of the simplest models of inflation with a characteristic scale of the

potential larger than the Planck scale.

In models such as the Starobinsky model, the Planck scale does not occur by accident, but

appears because the characteristic scale and the Planck scale are set by the same dimensionful

coe�cient in the action, the coe�cient of the Einstein-Hilbert term. This makes models with

M & MP a natural target for LiteBIRD. In Fig. 2 we take the Starobinsky model as our

fiducial model to showcase what a detection of primordial gravitational waves with LiteBIRD

would look like in the ns–r plane.
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Fig. 2: LiteBIRD constraints on the tensor-to-scalar ratio r and the scalar spectral index ns

assuming Starobinsky’s R
2 model for inflation [14] with N⇤ = 51 (specifically the analytic

prediction described in the text) as the fiducial model. The lighter and darker green regions

show 68% and 95% confidence level limits achievable with LiteBIRD and Planck. The

lighter and darker orange regions (partly hidden behind the green regions) show 68% and

95% confidence level limits achievable with LiteBIRD alone. The current limits are shown

in light blue. The dotted blue lines show representative cases of the first class of models

described in the text, monomial models. The red line and the dark purple dot show the

predictions of the Starobinsky model [14] (labeled as R2) and models that invoke the Higgs

field as the inflaton [112, 113], respectively. The light purple lines shows the prediction for

Poincaré disk models [116, 117].

18/156

From: arXiv:2202.02773 
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After inflation - evolving moduli fields ! 
The bit between the end of inflation and the thermal HBB - some 30 orders of magnitude in time. 

Potentially new stringy features could emerge which would modify the standard picture. 
For example, large field displacements between end of inflation and final vacuum - under control !  

No necessary relationship between inflaton field and field responsible for reheating. In fact in D3-anti D3 brane case, inflaton disappears. 
Long Kination and moduli dominated epoch leading to moduli driven reheating 

5. Post-Inflation

This section refers to physics that originates between the end of inflation and the start of the thermal Hot Big Bang.
It begins with the universe still dominated by the vacuum energy of inflation, but now moving away from slow-roll as
the inflationary epoch terminates. It ends as the universe settles into the Hot Big Bang: a radiation-dominated epoch
with the energy density predominantly in relativistic thermalised Standard Model degrees of freedom. In this section,
we focus on what happened between these two eras. This is not a comprehensive review of all aspects of cosmology
in this epoch. Instead, we focus on those aspects where stringy physics is especially relevant. Readers interested in a
more general treatment of the standard cosmology can consult e.g. [671, 4], while an earlier discussion of aspects of
moduli physics in this epoch is [672] and a review of non-standard expansion histories is [673].

While it is true that there exists a ‘standard’ cosmological account of reheating, involving a rapid transfer of energy
from inflationary degrees of freedom to relativistic Standard Model degrees of freedom, in string theory cosmologies
there are no strong reasons to expect this standard account to hold. Although some aspects of the standard cosmology
may be preserved in some string theory models, the standard cosmology may be modified in (at least) three ways.
First, through the existence of large field displacements between the end of inflation and the final vacuum. Second, in
there being no necessary relationship between the inflaton field and the field responsible for reheating. Third, through
the expectation of a long moduli-dominated epoch in the universe culminating in moduli-driven reheating. These
possibilities are illustrated in Fig. 21. In addition, UV complete string models may connect aspects of early universe
and particle physics that otherwise appear uncorrelated.
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Scaled by  
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Figure 21: A cartoon of one way moduli and stringy physics can substantially modify the post-inflationary history of the universe. Following a
period of inflation at relatively high energies, several epochs may occur prior to the start of the Hot Big Bang. We show here the case of a kination
epoch followed by moduli domination leading to late reheating. Note the large range of scales that may arise in the scalar potential and the scalar
field displacement. In particular, the barrier after the minimum may be 20 (or more) orders of magnitude smaller than the energy scale during
inflation (Vbarrier ' 10�20Vinf ).

5.1. The Standard Cosmology
We start with a brief review of the ‘standard’ account of post-inflationary cosmology. During the inflationary

epoch, the universe was dominated by the vacuum energy density of a scalar field and the evolution of the universe

81

 [Cicoli et al 2023]
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5.1. The Standard Cosmology
We start with a brief review of the ‘standard’ account of post-inflationary cosmology. During the inflationary

epoch, the universe was dominated by the vacuum energy density of a scalar field and the evolution of the universe

81

Time varying standard model parameters because determined by evolving moduli fields !
Gauge couplings, Yukawa couplings and axion decay constants - could be different from today.

Perturbations in the field grow during Kination and into the tracker regime before the moduli are stabilised and reheating occurs - potential for 
new exciting pre BBN physics ! [Apers et al 2024]

Cosmic string tensions will evolve in time, and a new network formation process could emerge from the formation of loops 
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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 [12]
for a recent general review of kination) gives the best
opportunity to satisfy Eq. (17). In 4d Einstein frame
with constant MP , the requirement that µ̇

µ be negative
implies that the fields roll in the direction of decreas-
ing tension. In string theory, this direction is towards
the asymptotic boundaries of moduli space: in the strict
asymptotic limit, all scales vanish compared to MP .

During a kination epoch, the universe is dominated by
the kinetic energy of the rolling modulus,

� = �0 +

r
2

3
MP ln

✓
t

t0

◆
. (18)

We focus on the case where � is the volume modulus of
the compactification evolving towards large compactific-
tion radii. This direction is well motivated: the e↵ective
field theory becomes better controlled at large radii. Such
cosmologies are also appealing from both phenomenolog-
ical and formal perspectives [13].

Specialising to IIB models where moduli stabilisation
is best understood, the canonical modulus � relates to

the compactification volume as � ⇠
q

2
3 lnV and so the

volume evolves as V / t during this epoch (see [14] and
[15] for more detailed discussion).

The fundamental string scale relates to the 4d Planck
scale as

ms ⇠
MPp
V
. (19)

In string compactifications, all scales are tied to the fun-
damental scale ms. As the volume increases, the string
scale (in 4d Einstein frame) decreases. In particular, the
tension of all string-like objects in the 4d theory will also
decrease.

The most obvious string-like object in string theory are
fundamental strings, with a tension

Gµ ⇠ m
2
s. (20)

During a kination epoch this tension behaves as

Gµ ⇠ t
�1 (21)

and so

2H +
µ̇

µ
= �H, (22)

satisfying the percolation condition Eq. 17.
Note there is one further type of string automatically

present in IIB compactifications. This is the axionic
string associated to the volume modulus. The Kähler
potential K = �3 ln(T + T̄ ), with T = ⌧b + iab, gives the
Lagrangian

L =
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µ
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from which it follows that the volume axion ab has decay
constant fa ⇠ ⌧

�1
b ⇠ V�2/3. The presence of this axion

implies the existence of associated axionic strings.
If the tension were given by Gµ ⇠ f

2
a , then during

the kination epoch we would have Gµ ⇠ M
2
PV�4/3 ⇠

M
2
P t

�4/3, falling o↵ more rapidly than for fundamental
strings. However, the cores of such stringy axionic strings
tend to involve wrapped branes (e.g. see [16]) such as
a D3 brane wrapped on an internal 2-cycle to create a
string in the non-compact dimensions. A string created
from a D3 brane wrapped on a large 2-cycle has a tension
Gµ ⇠ R

2
m

2
s and so evolves as Gµ ⇠ t

�2/3 during a
kination epoch. While the tension does decrease, such
strings are not in the percolation regime as 2H + µ̇

µ = 0.
We therefore focus on fundamental strings, where the

physical length of the loop grows as

L(t) = Li
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while the scale factor grows as a(t) ⇠ t
1/3 and so, in

comoving coordinates, the radius grows as
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IV. GRAVITATIONAL WAVE EMISSION

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

PGW = �Gµ
2
, (26)

where � is a numerical factor that depends on the precise
loop configuration. Simulations suggest � ⇠ 50 � 75[1].
It follows that the lifetime of a loop of length �ls and
mass �lsµ is (using µ = m

2
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If ⌧GW ⌧ H
�1, GW emission dominates the string dy-

namics over the e↵ects of decreasing tension. Conversely,
if ⌧GW � H

�1 then the GW emission is negligible com-
pared to the e↵ects of the decreasing tension.
During the volume kination epoch,

Energy =
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. (28)

As V / t during volume modulus kination and M
2
s ⇠

M2
P

V , it follows that the universe energy density during
volume kination satisfies

⇢kin = A⇥m
4
s, (29)
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for a recent general review of kination) gives the best
opportunity to satisfy Eq. (17). In 4d Einstein frame
with constant MP , the requirement that µ̇

µ be negative
implies that the fields roll in the direction of decreas-
ing tension. In string theory, this direction is towards
the asymptotic boundaries of moduli space: in the strict
asymptotic limit, all scales vanish compared to MP .

During a kination epoch, the universe is dominated by
the kinetic energy of the rolling modulus,

� = �0 +

r
2

3
MP ln

✓
t

t0

◆
. (18)

We focus on the case where � is the volume modulus of
the compactification evolving towards large compactific-
tion radii. This direction is well motivated: the e↵ective
field theory becomes better controlled at large radii. Such
cosmologies are also appealing from both phenomenolog-
ical and formal perspectives [13].

Specialising to IIB models where moduli stabilisation
is best understood, the canonical modulus � relates to

the compactification volume as � ⇠
q

2
3 lnV and so the

volume evolves as V / t during this epoch (see [14] and
[15] for more detailed discussion).

The fundamental string scale relates to the 4d Planck
scale as

ms ⇠
MPp
V
. (19)

In string compactifications, all scales are tied to the fun-
damental scale ms. As the volume increases, the string
scale (in 4d Einstein frame) decreases. In particular, the
tension of all string-like objects in the 4d theory will also
decrease.

The most obvious string-like object in string theory are
fundamental strings, with a tension

Gµ ⇠ m
2
s. (20)

During a kination epoch this tension behaves as

Gµ ⇠ t
�1 (21)

and so

2H +
µ̇

µ
= �H, (22)

satisfying the percolation condition Eq. 17.
Note there is one further type of string automatically

present in IIB compactifications. This is the axionic
string associated to the volume modulus. The Kähler
potential K = �3 ln(T + T̄ ), with T = ⌧b + iab, gives the
Lagrangian

L =
3

4⌧2b
@µ⌧b@

µ
⌧b +

3

4⌧2b
@µab@

µ
ab, (23)

from which it follows that the volume axion ab has decay
constant fa ⇠ ⌧

�1
b ⇠ V�2/3. The presence of this axion

implies the existence of associated axionic strings.
If the tension were given by Gµ ⇠ f

2
a , then during

the kination epoch we would have Gµ ⇠ M
2
PV�4/3 ⇠

M
2
P t

�4/3, falling o↵ more rapidly than for fundamental
strings. However, the cores of such stringy axionic strings
tend to involve wrapped branes (e.g. see [16]) such as
a D3 brane wrapped on an internal 2-cycle to create a
string in the non-compact dimensions. A string created
from a D3 brane wrapped on a large 2-cycle has a tension
Gµ ⇠ R

2
m

2
s and so evolves as Gµ ⇠ t

�2/3 during a
kination epoch. While the tension does decrease, such
strings are not in the percolation regime as 2H + µ̇

µ = 0.
We therefore focus on fundamental strings, where the

physical length of the loop grows as

L(t) = Li

✓
t

ti

◆1/2

, (24)

while the scale factor grows as a(t) ⇠ t
1/3 and so, in

comoving coordinates, the radius grows as

Rmax(t) = Rmax,i

✓
t

ti

◆1/6

. (25)

IV. GRAVITATIONAL WAVE EMISSION

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

PGW = �Gµ
2
, (26)

where � is a numerical factor that depends on the precise
loop configuration. Simulations suggest � ⇠ 50 � 75[1].
It follows that the lifetime of a loop of length �ls and
mass �lsµ is (using µ = m

2
s = l

�2
s )

⌧GW ⇠ �ls

�Gµ
=

8⇡�

�

M
2
P

m3
s

. (27)

If ⌧GW ⌧ H
�1, GW emission dominates the string dy-

namics over the e↵ects of decreasing tension. Conversely,
if ⌧GW � H

�1 then the GW emission is negligible com-
pared to the e↵ects of the decreasing tension.
During the volume kination epoch,

Energy =
�̇2

2
=

M
2
P

3

1

t2
. (28)

As V / t during volume modulus kination and M
2
s ⇠

M2
P

V , it follows that the universe energy density during
volume kination satisfies

⇢kin = A⇥m
4
s, (29)
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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:
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FIG. 2: The GW spectra obtained by fully modelling the 7 lightest superstring species for large loops (middle panel)
and small loops (right panel). The coloured lines show the contributions from each of the string species and the solid
black line their total spectrum. The dashed black line shows the total spectrum obtained from only fully modelling
the 3 lightest strings. The correlation lengths of the string species are shown in the left panel. Note that 7th string

species has ⇠ � 1 and is not visible in the plots.
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FIG. 3: Graphs showing the gravitational wave background spectra generated at di↵erent string coupling constants
at string tension Gµ1 = 10�9 and loop size ↵i = �Gµi. The solid lines show the GWs from the 7-string model and

the dashed lines from the 3-string model

fundamental string is subdominant to the heavier strings
(or does not emit GWs at all while the heavier strings do).
The result is a multi-peaked spectrum at low frequencies–
a clear signature of the GWs arising from a multi-tension
network.

The largest di↵erences in correlation lengths between
string species are seen at low string couplings, so the
”drift” between the spectra generated by di↵erent string
species is also largest at gs = 0.04. Similarly, as string
tension for the D and FD strings goes as Gµi=D,FD ⇠

GµF /gs and the small loops have ↵i = �Gµi, the largest
deviation between the fundamental string spectra and
heavier string spectra is seen at small couplings and small
loop sizes.

The increases in velocities (and decreases in correla-
tion lengths) when moving from the 3-string model to
the 7-string model translate straightforwardly to the GW
spectra. Heavier strings see increases in magnitude (and
slight shifts in emission frequency) which are strongest
at low coupling constant values. The fundamental string
remains mostly una↵ected. Although the general prop-

erties of the spectra remain unchanged when account-
ing for a larger number of string species, the increase in
heavy-string emission magnitude makes potential detec-
tion easier.

3. Cusp-dominated vs kink-dominated emission

Until now, research into GWs from cosmic strings
and superstrings has generally assumed cusp-dominated
emission as this is expected to be the most energetic (and
hence the easiest to detect) form of GW production. As
discussed above, recent simulations show that gravita-
tional backreactions during loop evolution can smooth
out the loop structure and completely stop the forma-
tion of cusps [11]. In Fig. 5, we show a comparison
between GW spectra generated by cusp-dominated and
kink-dominated emission. As the structure of the loops
only a↵ects the high-frequency behaviour of the spec-
trum, we now need to sum over harmonic modes to see
the di↵erence. We choose a cuto↵ jmax = 106 as this

06/01/2025, 14:53

Page 1 of 1https://outlook.office.com/mail/inbox/id/AAQkAGVlYzc1ZjVlLTA…GT4hMwNVmIU%2BsAAfZzRCNAAABEgAQAJ%2BF57sSxPlGszeDtxQpVt0%3D

The cosmic superstring network evolves, reaches 
scaling, and as it does so emits gravitational 

waves which are redshifted into the nanohertz 
regime, ready to be discovered by NANOGrav if 

we are lucky ! [Raidal et al (coming soon 2025)]

Gμ~10-9


