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Many approaches have been taken to String Cosmology. They are driven by the 
need to address a number of questions including the origin of inflation, the 
nature of primordial density fluctuations  and the resolution of the initial 

singularity.  A few types include: 

1. Pre Big Bang Cosmology (Veneziano & Gasperini 91)  -- low energy string action, 
has singular collapsing phase in low curvature regimes but require higher order 

curvatures to avoid the singularity and bounce -- not well controlled.  

2. Warped D3-brane inflation (Kachru et al 03) -- inflation arising from type IIB flux 
compactifications involving Calabi-Yau spaces. Moduli fields can be stabilised and 
flat directions lifted by inclusion of extra D3-branes. Have interesting consequences 

like production of cosmic superstrings. Requires fine tunings for inflation.  

3. Axion inspired cosmology (Kim et al 04). Example of large field inflation. Use PQ 
symmetry to protect the inflaton as it evolves from super-Planckian distances. 
Models based on N-flation (collection of many axions) or axion monodromy 

(McAllister et al 08).  Linear potential and non-perturbative oscillating corrections 
leads to modulations in the power spectrum and to interesting non-gaussian features 

in CMB. 
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4. Eternal inflation models -- example of the string landscape in action (Susskind, 
Linde ...). Lots of issues over how to properly define the measure in such a landscape 

and to make predictions of what we expect to see in the CMB.  

5. Ekpyrotic and Cyclic models (Khoury et al 01, Steinhardt and Turok 01). 
Returning to idea of PBB, replacing HBB singularity with prior-contracting phase. 
Once again have to control the higher curvature effects as enter bounce regime, and 
there is a lot to be done to understand the propagation of perturbations through the 

bounce. Not clear how it is embedded in string theory.  

6. String gas cosmology (Brandenberger and Vafa 89). The intercommuting of a gas 
of strings on T9 dynamically favours the emergence of  three space dimensions. Still 

quite a bit to work through, including the true equations that describe the background 
of the gas of strings.   

I think it is fair to say that all of the models proposed have technical issues 
concerning the detailed predictive powers they have and in justifying the assumptions 

made in formulating them in the first place. 
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Stabilising moduli -- big issue. 

1. Light moduli in string compactification are a problem -- they can 
destabilise the compact dimensions, overclose the universe ... 

2. They need to be stabilised, but not that straightforward. 

A few methods have been proposed. Best known is probably inflation in   
KKLT, KKLMMT  which uses a particular string compactification with 
stable moduli and inflates into de Sitter like regime.  

But involves first finding stabilised solution in AdS4 type vacuum before 
up-lifting to dS4.  (see also Conlon and Quevedo 05). 



 

03/01/2011 5

In cosmology as in many areas of physics we often deal with systems 
that are inherently described through a series of coupled non-linear 
differential equations.  

Analysing them by determining the late time behaviour of some 
combination of the variables, we often see that they may approach 
some form of attractor solution.  

By determining the nature of these attractor solutions (their stability 
for example) one can learn a great deal about the system in general.  

Moreover the phase plane description of the system is often highly 
intuitive enabling easy analysis and understanding of the system.  

Examples include the relative energy densities in scalar fields 
compared to the background radiation and matter densities, as well as 
the relative energy density in cosmic strings. 
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Tracker solutions
Wetterich, 

Peebles and Ratra, 

EJC, Liddle and Wands

Scalar field:

EoM:

+ constraint:

Intro:
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Eff eqn of state:

Friedmann eqns and fluid eqns become:

where

Note:
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Scaling solutions: (x`=y`=0)

 

Field mimics 
background fluid.

Late time 
attractor is 
scalar field 
dominated
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EJC, Liddle and Wands
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Scaling for wide range of i.c.
Fine tuning: 

Mass: Fifth force !

1.Scaling solutions in Dark Energy - Quintessence
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Two condensate model with V~e-aReS as approach minima

Barreiro et al : hep-th/0506045

2.
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Stabilising volume moduli (σ=σr+σi) in KKLT [Kachru et al 2003]
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with ρΦ and ρb are the energy density of the evolving
moduli fields and background fluid respectively. The dy-
namics of the latter is given in terms of the scale factor
and its background equation of state, γ − 1 ≡ pb/ρb,
where pb is the pressure of the fluid,

ρb = ρb0/a3γ . (7)

In what follows we set κ2
P = 1.

It is worth splitting the equations of motion for the
complex chiral superfields into those for their real and
imaginary parts
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where now φi
R (φi

I) refers to the real (imaginary) part
of the scalar fields and ∂jR

(∂jI
) are used to denote the

derivative of the potential with respect to the real (imag-
inary) parts of the fields respectively.

III. KKLT MODEL

The possibility of finding de Sitter vacua in string the-
ory with a stabilized volume modulus, σ, was put forward
in ref. [2], and has been widely adopted in subsequent
work. The key ingredient was to consider the combina-
tion of non perturbative effects and an additional flux
term in the superpotential

W = W0 + Ae−ασ , (10)

which, together with the usual Kähler potential

K = −3ln(σ + σ̄) , (11)

defines the F-part of the SUGRA potential, see eq. (3). It
has been known for many years now that, in this context,
it is possible to stabilize σ, although giving rise to an Anti
de Sitter (AdS) vacuum. As pointed out in ref. [2], if we
include contributions from either anti-D3 or D7 branes,
an additional D-type term is generated, of the form

VD =
C

σ3
r

, (12)

where we write σ = σr + iσi. By suitably tuning the
value of C one can move to a dS -or even Minkowski-
vacuum.

In this section we are interested in studying the cos-
mological evolution of the field σ as it rolls towards its
minimum. Previous results addressing the same issue
were published in ref. [4], where only the evolution of the
real part of σ, σr, was considered. Here we would like to
extend this to study the behaviour of both σr and σi.

The system of differential equations that one has to
solve comes from eqs. (8,9) being applied to the present
model, along with the evolution equation for the back-
ground fluid. Altogether, we have
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subject to the Friedman constraint, see eq. (6),
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The scalar potential acquires a relatively simple form
when written in terms of both real and imaginary parts
of σ,
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Given the above expression it is easy to see that the po-
tential has an extremum in σi for ασi = nπ, with n an
integer. Depending on the sign of W0cos(ασi) this can
be either a maximum or a minimum. For example, in
figure 1 we show a contour plot of this scalar potential,

−3 −2 −1 0 1 2 3
7

7.05

7.1

7.15

7.2

7.25

α σi/π

φ

Im(F)=0 

Re(F)=0 

FIG. 1: Contour plot of the scalar potential, given by eq. (15),
in the (φ, ασi/π) plane (solid lines). The values of the param-
eters are taken from ref. [4], see text, and the dashed lines cor-
respond to the supersymmetry-preserving conditions, Fσ = 0,
where Fσ ≡ KσW + Wσ.

V , in the (φ,σi) plane, for the same values used in ref. [4],
namely A = 1.0, α = 0.1, C = 3 × 10−26, and W0 neg-
ative (with cos(ασi) = 1) and such that the minimum
at σi = 0 is supersymmetric (see below). Following that
same reference we work with the canonically normalized
field φ =

%

3/2 lnσr, instead of σr itself.
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V , in the (φ,σi) plane, for the same values used in ref. [4],
namely A = 1.0, α = 0.1, C = 3 × 10−26, and W0 neg-
ative (with cos(ασi) = 1) and such that the minimum
at σi = 0 is supersymmetric (see below). Following that
same reference we work with the canonically normalized
field φ =
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[including contribution from D term to uplift the potential to de Sitter]
[for discussion on validity of D term addition see also Burgess et al 2003; Achucarro et al 2006]

3.
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It is also worth mentioning the supersymmetric char-
acter of the minima shown in this plot. We have included
the two supersymmetry-preserving conditions, Re(Fσ) =
Im(Fσ) = 0, and it can be clearly seen how both meet
at the minima. Those correspond to φ = 7.06 and even
values of ασi/π.

A. One field evolution

In order to discuss the results of ref. [4], we will first
set the potential at a minimum in σi and solve only the
first and third equations of the system (13). This would
correspond to taking the slice ασi = 0 in figure 1, and
considering only the evolution along φ. As for the initial
conditions, we set σ̇r0 = 0, and we choose values for σr0

and the fractional energy density in the background fluid,
Ωb ≡ κ2

P ρb0/3H2
0 . We can then calculate the value of ρb0,

using the relation

ρb0 = V (σr0)
Ωb

1 − Ωb
. (16)

In this section, the results are shown in terms of the initial
abundance Ωb which will allow us to compare them with
those in ref. [4], where Ωb = 0.5.

In general one can identify up to five regions in the
evolution of a scalar field with these types of potentials.
In figure 2 we show a typical evolution going through the
five regions although, of course, not all initial conditions
will give rise to an evolution that will go through all of
them.

First, if the energy density of the background domi-
nates, the field is effectively frozen in its evolution. This
can be seen in the plot before region 1, with an evolution
similar to region 3. When the energy density in the back-
ground becomes comparable (region 1), the field starts
rolling down its potential and eventually dominates the
dynamics of the Universe. This happens when the po-
tential is very shallow and is called the scalar field dom-
inated solution. Eventually the potential becomes very
steep, leading the evolution to a kinetically dominated
solution (region 2), which ends when the frictional term
in the equation of motion becomes dominant. The length
of this period of ”kination” is related to the value of the
ratio ρb/ρφ at the end of region 1. In region 3 the field
is effectively frozen in the potential. The field restarts
rolling down the potential once the background energy
density has decayed to a value such that the frictional
and potential terms in the equation of motion balance
each other. At this stage the field evolves with a nearly
constant ratio between kinetic and potential energy. This
is called the scaling (or tracker) solution (region 4). Fi-
nally, if this ratio is sufficiently small the field does not
possess enough kinetic energy to roll over the potential
barrier and gets traped at the minimum (region 5). De-
tails of all these phases of the evolution are explained in
Appendix A.

In figure 3 we present the initial values of the variables
(φ,Ωr) for which there is stabilization of the field at the
minimum of its potential in the presence of radiation[24],
i.e. γ = 4/3. As expected, the smaller the initial back-
ground fraction (parametrized by Ωr) is, the smaller the
region of allowed initial values of φ which lead to a late
time stabilisation of the field at the minimum. The solid
line along Ωr = 0.5 corresponds to the allowed region
quoted in ref. [4].
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FIG. 2: Evolution of the energy densities of the field φ (solid
line) and the background (dashed line) with the logarithm of
the scale factor. The various epochs of the evolution, num-
bered from 1 to 5, are described in the text. We have taken
φ0 = −5, γ = 1 and Ωm = 0.99. The parameters of the scalar
potential are the same as used in ref. [4], namely A = 1.0,
α = 0.1, C = 3 × 10−26.

FIG. 3: Fraction of the total initial energy needed in radia-
tion, as a function of the initial value of φ, for the field to end
up in its minimum. The solid line along Ωr = 0.5 denotes the
result obtained in ref. [4] and explained in the text.

Evolution of energy density of ɸ∝lnσr in KKLT and  Kallosh Linde type potentials

ρb

[Brustein et al 2004; Barreiro et al 2005]

Flat potential:
Scalar field 
dominated

Steeper pot
Kinetic field 
dominated

Field 
frozen 
in pot

Scaling or 
tracking regime

Added friction from 
scaling regime slows 
field down and 
stabilises it in min of 
potential
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Figure 2. An illustration of the scenario put forward in this article. At relatively
small volume, high scale inflation occurs due to fine-tuned quantum corrections.
After inflation the volume modulus evolves over a long range of many Planck
scales, eventually settling in the large volume minimum with TeV gravitino mass.
Although the barrier protecting from decompactification is very small compared
to the initial energies, an attractor solution guides the fields to the minimum and
prevents overshooting.

The justification for the existence of a minimum at very large values of the volume,
far along the runaway direction, is the large volume scenario [2], where the inclusion of α′

corrections into the KKLT framework generates a new minimum of the scalar potential
at exponentially large values of the volume, with hierarchically small values of m3/2.

To illustrate this idea, we start by studying moduli evolution in the following toy
model describing a field Φ with a potential

V = V0

!
(1 − ϵ Φ3/2)e−

√
27/2Φ + C e−10Φ/

√
6 + De−11Φ/

√
6 + δe−

√
6Φ

"
. (2.1)

The particular form of this potential is motivated by that arising as the effective potential
for the volume modulus in the large volume models. The connection to the large volume
models and the supergravity origin of the above potential will be discussed in the next
section. The one-modulus potential (2.1) will not represent a complete model but will
allow us to capture several key features of our proposal.

In (2.1) Φ is the canonically normalized volume modulus, Φ =
#

3/2 log τb with

V = τ 3/2
b , so τb is the volume of a 4-cycle. The first two terms of the potential correspond

to the effective F term potential for the volume modulus in the large volume models.
The structure of these terms generates a minimum at large values of Φ, Φ ∼ ϵ−2/3.

The definition of Φ as
$

2
3 logV implies that this is equivalent to the existence of a

minimum at exponentially large volumes. As in string theory the gravitino mass is given
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Figure 5. The evolution of the radiation background attractor solution as it
approaches the minimum. The solid dashed horizontal line shows the location of
the barrier to decompactification, and the narrow horizontal line the location of
the true minimum. The attractor solution settles at the minimum and does not
overshoot. The different paths correspond to different initial conditions. N = ln a
is the time variable.

For the case at hand of λ =
!

27
2 and γ = 4

3 , the attractor solution is

Ωγ = 19
27 , Ωkin,Φ = x2 = 16

81 , ΩV = y2 = 8
81 . (2.9)

In the presence of any initial radiation or matter, this solution is the late-time attractor.
Considering the full potential (2.1), the attractor solution will exist as long as the

pure exponential provides a good approximation to the potential. At small Φ, this
approximation will hold soon after inflation has ended, once the C and D terms become
negligible. Inflation occurs at V ∼ 10−18, corresponding to Φ ∼ 1.3. At large Φ, the
attractor solution disappears as Φ approaches the SUSY breaking vacuum and additional
terms become important. We want the vacuum to satisfy m3/2 ∼ 1 TeV, and as
the characteristic scale of the large volume potential is V ∼ m3

3/2 ∼ 10−47 (assuming
W0 ∼ O(1)), this is attained when Φ ∼ 19; see figure 4.

The regime in which the potential is well described by (2.4) and the attractor solution
is valid is therefore

1.3 ! Φ ! 19, (2.10)

a range of almost twenty Planckian distances. We note that despite the substantially
trans-Planckian field range, the potential is under good control: the high scale theory is
understood and the potential is simply a decompactification potential.

The physical minimum exists at Φ ∼ 19, shortly followed by a local maximum
representing the barrier to decompactification. In this regime the attractor solution is no
longer present. It is necessary that the fields fall into the minimum rather than passing
over the barrier and running away to decompactification. Whether this occurs or not
depends on whether or not the field Φ has located the attractor solution while in the
range (2.10). If the attractor solution has been found, overshooting does not occur and Φ
settles into its minimum. This is illustrated in figure 5, which shows the behavior of the
attractor solution as it approaches the minimum.
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Figure 4. The potential at large Φ. Vacuum state corresponds to the minimum
at Φ ∼ 19.

General properties of these potentials have been discussed in [29]. In the case where
inflation is dominated by the cubic term, inflation starting at the inflection point is eternal,
the spectral index ns ≈ 0.93, and the amplitude of perturbations of the metric produced
during inflation satisfies the COBE–WMAP normalization for

V (Φ0) ≈ 3 × 10−14 λ−2
3 (2.3)

in units of Planck density [29]. We calculated V (Φ0) and λi and tuned the parameters
of our potential to satisfy this constraint and make λ1 vanishingly small. For the above
parameters we obtained V (Φ0) ∼ 1.6×10−18 and λ3 ∼ −130. (If one reduces the degree of
fine-tuning and considers a theory with a non-vanishing negative λ1, one can significantly
increase ns, but it will simultaneously decrease the degree of expansion of the universe
during inflation [29].)

After inflation, the field enters a runaway period until it is captured by the minimum
at Φ ∼ 19; see figure 4. The parameters of our model were tuned to make the vacuum
energy nearly zero in the minimum, and to have the gravitino mass there in the TeV range,
m3/2 = O(1) TeV. This last statement assumes that the gravitino mass is determined
entirely by the volume, taking W0 ∼ 1 as is usually done in the large volume models of
moduli stabilization.

Let us study the cosmological dynamics of rolling moduli in the potential (2.1). The
C and D terms are only important at small Φ and are highly suppressed for large Φ.
Conversely, the δ and ϵ terms only become important at large Φ. These generate the
minimum at exponentially large volumes and uplift it to Minkowski space. However, for
smaller values of the volume these terms contribute highly subleading corrections to the
potential. The upshot is that for a very large range of the volume the dominant term in
the potential (2.1) is simply

V = V0e
−
√

27/2Φ, (2.4)

with Φ canonically normalized. In this regime the cosmological dynamics reduces to that
of a pure exponential potential.

Evolution along runaway directions of this type is associated with the overshoot
problem [31] and it is necessary that the fields are able to locate the global minimum of
the potential. In the presence of any additional sources (such as radiation), exponential
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Steep potential after inflation would normally have runaway solutions but presence of radiation 
leads to additional Hubble Friction which leads to attractor behaviour and field settles in its 

minimum.  
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Kahler Moduli Inflation  [Conlon and Quevedo 2006 ]

They consider large volume scenarios within a class of 
Type IIB flux compactifications on a CY orientifold.

moduli Ti is an N = 1 supergravity theory with a superpotential of the type,

W = W0 +
n
!

i=2

Aie
−aiTi . (1)

In this formula W0 is the perturbative contribution coming from the fluxes, which depends

only on the frozen dilaton and the complex structure moduli, and therefore we will take to

be a constant. There is also a non-perturbative piece depending on the Kahler moduli Ti

where Ai and ai are model dependent constants.

The F -term scalar potential is then given by the standard N = 1 formula

V (Ti) = eK[Kiȷ̄DiWDȷ̄W̄ − 3|W |2] , (2)

where DiW = ∂iW + (∂iK)W is the covariant derivative of the superpotential and K is the

Kahler potential for Ti. In this paper we will concentrate in the kind of type IIB models

presented in [19] in which the α′ corrections to the potential are taken into account. For

these type IIB models the expression for the α′-corrected Kahler potential is given by [21]

Kα′ = −2 ln

"

V +
ξ

2

#

, (3)

where V denotes the overall volume of the Calabi-Yau manifold in string units and ξ =

− ζ(3)χ(M)
2(2π)3 is proportional to ζ(3) ≈ 1.2. The Euler characteristic of the compactification

manifold M is given by χ(M) = 2(h(1,1) − h(1,2)) where h(1,1) and h(1,2) are the Hodge

numbers of the Calabi-Yau. We will concentrate on models for which ξ > 0 (or equivalently

with more complex structure moduli than Kahler moduli, h(1,2) > h(1,1)). As was explained

in [19, 22], the reason for this is that in order to have the non-supersymmetric minimum at

large volume the leading contribution to the scalar potential coming from the α′ correction

should be positive.

Following [14] we will consider models for which the internal volume of the Calabi-Yau

can be written in the form,

V =
α

2
√

2

$

(T1 + T̄1)
3

2 −
n
!

i=2

λi(Ti + T̄i)
3

2

%

= α

&

τ 3/2
1 −

n
!

i=2

λiτ
3/2
i

'

, (4)

where the complex Kahler moduli are given by Ti = τi + iθi, with τi describing the volume of

the internal four cycles present in the Calabi-Yau and θi are their corresponding axionic part-

ners. The parameters α and λi are model dependent constants that can be computed once

4

Complex Kahler moduli Ti = ⌧i + i✓i

⌧i � volume of internal four cycles in CY

✓i � axionic partners

Internal volume of CY

we have identified a particular Calabi-Yau. These models correspond to compactifications

for which only the diagonal intersection numbers of the Calabi-Yau are non-vanishing.

Taking into account the form of the Kahler function one can then easily compute the

Kahler metric for an arbitrary number of moduli, namely,

K11̄ =
3α4/3(4V − ξ + 6α

!n
k=2 λkτ

3/2
k )

4(2V + ξ)2(V + α
!

k=2 λkτ
3/2
k )1/3

, Kiȷ̄ =
9α2λiλj

√
τi
√

τj

2(2V + ξ)2
, (5)

K1ȷ̄ = −
9α5/3λj

√
τj(V + α

!n
k=2 λkτ

3/2
k )1/3

2(2V + ξ)2
, Kīı =

3αλi(2V + ξ + 6αλiτ
3/2
i )

4(2V + ξ)2
√

τi
, (6)

which can be inverted to give,

K11̄ =
4(2V + ξ)(V + α

!n
k=2 λkτ

3/2
k )1/3(2V + ξ + 6α(

!n
k=2 λkτ

3/2
k ))

3α4/3(4V − ξ)
, Kiȷ̄ =

8(2V + ξ)τiτj

4V − ξ
,

K1ȷ̄ =
8(2V + ξ)τj(V + α

!n
k=2 λkτ

3/2
k )2/3

α2/3(4V − ξ)
, Kīı =

4(2V + ξ)
√

τi(4V − ξ + 6αλiτ
3/2
i )

3α(4V − ξ)λi
, (7)

where we have rewritten for later convenience τ1 in terms of V and τi, i = 2 . . . n. With all

this information we can use (2) to obtain the F-term scalar potential for the moduli fields

which we find to be,

V =
n
"

i,j=2
i<j

AiAj cos(aiθi − ajθj)

(4V − ξ)(2V + ξ)2
e−(aiτi+ajτj) (32(2V + ξ)(aiτi + ajτj + 2aiajτiτj) + 24ξ)

+
12W 2

0 ξ

(4V − ξ)(2V + ξ)2
+

n
"

i=2

#

12e−2aiτiξA2
i

(4V − ξ)(2V + ξ)2
+

16(aiAi)2
√

τie
−2aiτi

3αλi(2V + ξ)
(8)

+
32e−2aiτiaiA

2
i τi(1 + aiτi)

(4V − ξ)(2V + ξ)
+

8W0Aie
−aiτi cos(aiθi)

(4V − ξ)(2V + ξ)

$

3ξ

2V + ξ
+ 4aiτi

%&

+ Vuplift .

In this expression for the potential we have introduced an additional uplift term of the form

Vuplift. The purpose of this term is to uplift the minima of the potential from an anti-de

Sitter minimum to a nearly Minkowski vacuum. Its origin in model building has been the

subject of some debate. It could be achieved by breaking explicitly supersymmetry through

the introduction of anti-branes located in a region with strong red-shift, as suggested in

[11], or in other alternative ways involving vector multiplets [23, 24]. Also, from a low-

energy effective field theory point of view, it can in principle be implemented by using as an

uplifting sector any kind of theory leading to spontaneous supersymmetry breaking, provided

the supersymmetric sector is appropriately shielded from this uplifting sector [25]. Of course,

the different ways that a term of this form can appear in the low energy description of the

theory may lead to slightly different dependencies on the internal volume. For simplicity,

5

Full scalar 
potential 

for moduli 
fields
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Slow roll inflation supported when V � 1 implies ⌧1 � ⌧i, i = 2..n

Idea: displace just one moduli from its minimum, keeping the 
others fixed and show consistent slow roll inflation can be 

obtained with that moduli evolving back to its minima

Displace ⌧2 with parameter ⇢ ⌧ 1 where

in the potential satisfy the condition ρ≪ 1, where

ρ ≡ λ2

a3/2
2

:
n
!

i=2

λi

a3/2
i

, (10)

the minimum of the potential along the other field directions remain virtually unchanged

even if one displaces τ2 from its global minimum value. In other words, for small enough

values of ρ, there exists a valley of the potential very much aligned with the direction of τ2

and therefore one can assume that moving along that valley all the fields except τ2 would

stay in their global minimum.

Assuming that this is the case, one can then proceed to approximate the potential along

the inflaton direction τ2 as,

VLARGE =
BW 2

0

V3
− 4W0a2A2τ2e−a2τ2

V2
, (11)

where B includes several terms from Eq. (9) that depend on the parameters of the potential

as well as on the values of the other fields at their minimum. Also note that the axions θi

have been set to their minimum, for which cos (aiθi) = −1. This is needed in order for a

minimum for all the fields τi at finite values to exist. Otherwise one would have a runaway

behavior for some of them.

We can now obtain the values of the slow roll parameters for this potential at large values

of τ2 by using their conventional definitions in the single field inflation models, namely (we

work in Planck units MP = 1),

ϵ =
1

2

"

V ′

V

#2

, η =

"

V ′′

V

#

, (12)

where the primes denote derivatives with respect to the canonically normalised field ψ,

defined by normalising the kinetic term for the inflaton. In the single field inflation approx-

imation we discuss here and to leading order in the volume we see that,

ψ =

$

4αλ2

3V
τ 3/4
2 , (13)

which in turn means that the slow roll parameters are given by [14],

ϵ =
32V3

3αB2λ2W 2
0

a2
2A

2
2

√
τ2(1 − a2τ2)

2e−2a2τ2 , (14)

η = − 4a2A2V2

3αλ2
√
τ2BW0

(1 − 9a2τ2 + 4(a2τ2)
2)e−a2τ2 , (15)
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Note axions assumed fixed in their minima

Intriguing results 
obtained for 
50-60 efolds:

and in the limit of slow roll, the associated scalar spectral index and tensor to scalar ratio

r are given by

ns − 1 = 2η − 6ϵ , (16)

r ∼ 12.4ϵ . (17)

The number of e-foldings can be computed within this approximate potential by,

Ne =

! ψ

ψend

V

V ′
dψ ≈ −3BW0αλ2

16a2A2V2

! τ2

τend
2

ea2τ2

√
τ2(1 − a2τ2)

dτ2 , (18)

where τ end
2 is taken to be the point in field space where the slow roll conditions break down

i.e. when ϵ = η = O(1). It is clear from the expressions (14)–(18) that one can get small

enough slow-roll parameters as well as a large number of e-folds, just by starting at large

enough values of τ2 so that V2e−a2τ2 ≪ 1. Taking into account that we are in the slow roll

regime, we can then calculate the amplitude of the adiabatic scalar perturbations using the

expression,

P =
1

150π2

"

V

ϵ

#

≃ 1

150π2

"

3αB3W 4
0 λ2e2a2τ2

32V6a2
2A

2
2
√
τ2(1 − a2τ2)2

#

(19)

In [14], the authors proposed a ‘footprint’ for their model of Kahler inflation. Normalising

the density perturbations to COBE and seeking Ne efoldings of inflation (typically between

50-60) they obtained the results

η ≃ − 1

Ne
, ϵ < 10−12 , (20)

0.960 < ns < 0.967 , 0 < |r| < 10−10 . (21)

Such a small value for ϵ at horizon exit implies that the inflationary energy scale is of

order Vinf ∼ 1013GeV, which in turn implies that tensor modes would be unobservable. A

final point that they make is that for the model to work, the internal volume V is found

numerically to live within a range of values

105l6s ≤ V ≤ 107l6s , (22)

where ls = (2π)
√
α′. It is remarkable how narrow the range of ns is in Eq. (21) and how

relatively restrictive the range of allowed volumes are Eq. (22). One of the goals of this

work will be to see whether these footprints really do define the model when we allow for

the volume modulus and other moduli fields to evolve.
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Planck 2015 : ns = 0.968 ± 0.006; r < 0.09
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Relaxing the assumptions  [Blanco-Pillado et al 2009]

Numerically solve the full equations. The question is what 
happens if we allow the moduli to evolve so that they all have to 
find their minima. Do we find the kind of evolution that Conlon 

and Quevedo assumed in their analytic model ? 
Ex : ⇢ ⇠ 0.99

Global min:

E. Example 4

As we have mentioned, the analytic estimates made in [14] for the spectral index ns, are

based on the assumption that during inflation ρ ≪ 1. In this final example, we relax that

condition, and address whether successful inflation still occurs in that situation (recall we

are allowing all the fields to evolve). For this purpose let us consider the following values of

the parameters,

ξ =
1

2
, α =

1

9
√

2
, λ2 = 10, λ3 = 1, a2 =

2π

30
, a3 =

2π

3
,

A2 =
1

1.7 × 106
, A3 =

1

425
, β = 6.9468131457× 10−5, W0 =

40

17
. (42)

which yields,

ρ ∼ 0.99 . (43)

The global minimum of the potential is now located at

τ f
1 = 2555.95, τ f

2 = 4.7752, τ f
3 = 2.6512, Vf = 10143.94363 . (44)

Displacing the value of τ2 to a substatially larger value, namely, τ i
2 = 78.7752067 we see that

the new minimum for the remaining fields is found at,

τ i
1 = 2781.185086997, τ i

3 = 2.684717126, V i = 10973.9 . (45)

As in the previous example we can now evolve again the system of equations presented in

(24) using the complete potential (8) and check what is the behaviour of the different fields.

We plot the results in Figs. 6 and 7. More concretely in Fig. 6 and in part a) of Fig. 7 the

evolution of the fields τi and in part b) of Fig. 7 the evolution of the internal volume in the

last few e-folds.

As before, we find a successful period of inflation with this new set of parameters, repro-

ducing the correct amplitude of density perturbations and obtaining

ns = 0.960 , (46)

which is very similar to the range predicted in [14].

The reason why this system of parameters works is that the initial value of τ2 is large

enough so that the exponential dependence of the potential with this field makes a negligible
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FIG. 6: Evolution of the different moduli fields in the last few e-folds in Example 4. a) Evolution

of the field τ1. b) Evolution of the field τ3.
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FIG. 7: Evolution of the different moduli fields in the last few e-folds in Example 4. a) Evolution

of the field τ2 (the inflaton). b) Evolution of the field V.

contribution to the calculation of the minima as a function of the other two degrees of

freedom, namely, τ3 and V. This allows for the possibility of having an inflationary valley

sitting at the minimum of the potential along those directions, even in cases where ρ ∼ 1.

In summary, the examples shown above demonstrate the existence of a large region of

parameter space within these models with inflationary solutions consistent with current

cosmological observations even when one relaxes most of the constraints stated in [14].
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⌧2 V
ns = 0.960
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Basin of attraction  [Blanco-Pillado et al 2009]
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FIG. 8: a) Contour plot of the scalar potential V in the (τ1, τ2) plane for fixed τ3 = τ local
3 , for

example 1. The dashed line shows the trajectory which maintains volume V constant at this fixed

τ3. b) Contour plot of the scalar potential V in the (τ1, τ2) plane for fixed τ3 = τ local
3 , for example

2. The dashed line shows the trajectory which maintains volume V constant at this fixed τ3.

–Trajectories are θi
2 = θ2min

(blue solid line) and θi
2 ̸= θ2min

(red dashed line).

2, 3 and 4, respectively. These scales are rather high and therefore not very appealing

phenomenologically. Actually this is typically the case in most of the inflationary models

built from string theory. This follows from the fact that, as was argued in [26], the scale of

inflation is generically bounded from above by the mass of the gravitino H ! m3/2. Therefore

since these string inflationary models (in order to reproduce the correct amplitude for the

density perturbations given by current observational data) predict a high scale of inflation,

they also predict as well a high supersymmetry breaking scale. This is sometimes referred to

as the gravitino mass problem. This feature is stronger in this class of inflationary models

built from the α′-corrected Kahler potential [27], where the scale of inflation that can be

realised within these setups corresponds to H ∼ m3/2/V1/2 or H ∼ m3/2
3/2 using Eq. (47),

which will typically give rise to even higher supersymmetry breaking scales. Recall however

that this mass corresponds to the gravitino mass during inflation, which does not have to

be necessarily the same as the gravitino mass in the vacuum. This point has been used for

example in [28, 29] to propose a mechanism which can achieve low energy supersymmetry

breaking scales, which consists in performing an extra fine-tuning in the models so that

the gravitino mass during and at the end of inflation are substantially different. In this

20

Fix ⌧3 allow ⌧1, ⌧2, (✓2 red line) to evolve

Original model: 
Dashed line - 

trajectory 
which 

maintains const 
vol at fixed 

⌧3

The model works for broader range of parameters and sizes of 
moduli fields than might be expected. Two potential issues:

gravitino mass generally too large

�✓3 ⌧ 1 to avoid runaway decompactifiction
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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



 

06/23/2008 20

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] 

Form strings, not domain walls or monopoles. 

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 [Dvali and Vilenkin (2004); EJC,Myers and 

Polchinski (2004)]. 

Strings surviving inflation:
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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
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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
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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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(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  
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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].



⇥ =
µ

L2

�̇ = �2
ȧ

a
�� �

L
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Recap single one-scale model: (Kibble + many...)

L(t) = �(t)t, a(t) � t�

⇥̇

⇥
=

1
2t

�
2(� � 1) +

1
⇥

⇥

⇥ = [2(1� �)]�1.

Infinite string density

Correlation length

Scaling solution

Scale 
factor

Loss to loopsExpansion

Need this to understand the behaviour with the CMB.



�̇ = �2
ȧ

a
(1 + v2)�� c̃ v�

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
�

�
1� 8v6

1 + 8v6

⇥

⇥2 =
k(k + c̃)

4�(1� �)
, v2 =

k(1� �)
�(k + c̃)

Curvature type term encoding 
small scale structure

RMS vel of segments



⇥i =
µi

L2
i

⇥k
ij =

LiLj

Li + Lj

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

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

⇥

⌅

⇥̇i = �2
ȧ

a
(1 + v2

i )⇥i �
civi⇥i

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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{(p, q)i} = {(1, 0), (0, 1), (1, 1), (1, 2), (2, 1), (1, 3), (3, 1)} , (i = 1, ..., 7)

Example - 7 types of (p,q) 
string. Only first three 
lightest shown - scaling 
rapidly reached in rad and 
matter.  

Densities of rest 
suppressed. 

Black -- (1,0) -- Most 
populous 
Blue dash -- (0,1) 
Red dot dash -- (1,1)  

Deviation from scaling at 
end as move into Λ 
domination. 

gs = 0.3

gs = 0.3

Note lighter F  strings 
dominate number density 
whilst heavier and less 
numerous D strings 
dominate power spectrum 
for at smaller gs,  where as 
they are comparable at 
large gs ~1  

Avgoustidis et al 
(PRL 2011)
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General Network Behaviour

• Scaling for all string types!

!

• Only 3 lightest components!

 !

• Hierarchy in number densities!

!

• Hierarchy in tensions!

!

• Number density vs “CMB” density

(though we keep the first 7 lightest strings)

(F, D, FD strings)

NF > ND > NFD

μFD  > μD > μF

Competition depending on gs

F-string

F-string

D-string

D-string

FD-string

FD-string

gs
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Cstrings
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fs = CTT
strings/CTT

total = 0.1

Strings and the CMB 
Modified CMBACT (Pogosian) to allow for multi-tension strings.  
Shapes of string induced CMB spectra mainly obtained form large scale properties of string 
such as correlation length and rms velocity given from the earlier evolution eqns.  
Normalisation of spectrum depends on: 

i.e. on tension and correlation 
lengths of each string

Since strings can not source more than 10% of total CMB anisotropy, we use that to determine 
the fundamental F string tension which is otherwise a free parameter. So µF chosen to be such 
that:

where
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Strings and the CMB 

Strings are active, incoherent sources —> require UETC:• Strings are Active, Incoherent sources         need UETC:!

!

!

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

• We have computed integrals analytically: !

!

!

!

Computing CMB signals from strings  

USM (~8 hours) Our analytic result!
(~20 seconds)

Get Cl’s in a few mins:!
MCMC analysis including network !

parameters now possible

(AA, Copeland, Moss !
 & Skliros, 2012)

ASU-Tufts Workshop, 03/02/14                                                                                                                                                                                                  4/20

(cf Adam’s talk, Andrei’s & Paul’s talks)

Model network as made of unconnected string segments with lengths 
and velocities given by VOS model

• Strings are Active, Incoherent sources         need UETC:!

!

!

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

• We have computed integrals analytically: !

!

!

!

Computing CMB signals from strings  

USM (~8 hours) Our analytic result!
(~20 seconds)

Get Cl’s in a few mins:!
MCMC analysis including network !

parameters now possible

(AA, Copeland, Moss !
 & Skliros, 2012)

ASU-Tufts Workshop, 03/02/14                                                                                                                                                                                                  4/20

(cf Adam’s talk, Andrei’s & Paul’s talks)

Compute integrals analytically [Avgoustidis et al 2012]

USM - 8 hours Analytic - 20 secs 

Can get Cl’s in a few 
minutes: MCMC 
analysis including 

network parameters now 
possible [Charnock et al 

2016]
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B-mode power spectra for gs = 0.04 (solid) and gs = 0.9 (dash) normalised so that strings 
contribute 10% of the total CMB anisotropy.  
Inset figure -- the position of the peak as a function of string coupling. Note the shift of the peak 
to lower l values as  the string coupling is reduced.  
Possible to discriminate them in future experiments like QUIET and Polarbear.

B-mode Power Spectrum due to strings
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CMB constraints on cosmic strings [Charnock et al 2016] 14
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FIG. 11. 2� likelihood contours for Gµ, cr and ↵ from the string C` interpolation and direct calculation methods. The or-
ange line shows the constraints from Planck2015 TT+lowP, purple and blue lines are used for Planck2015 TT+Pol+lowP
and Planck2015 TT+Pol+lowP+BKPlanck respectively. The black dashed line shows the direct calculation constraints
for Planck2015 TT+lowP.

primarily from loop decay. This leads to a stochas-
tic background which can be constrained using pul-
sar timing, laser interferometry experiments such as
LIGO and eLISA, and also the CMB [86]. A tran-
sient gravitational wave signal is also expected from
cusps and kinks in the network [87]. The latter class
of tests has the potential to provide even stronger con-
straints on the string tension Gµ, but there are large
uncertainties in the loop size, which is fixed by grav-
itational back-reaction. Model dependence on grav-
itational waves from cosmic strings further makes it
di�cult to determine signatures, for example, whilst
Nambu-Goto strings decay into loops, Abelian-Higgs
strings primarily decay into particles [87–89]. It is
therefore important to use a variety of complemen-
tary observational probes.

The first class of tests also su↵er from uncertain-
ties, but these are less significant. The string UETC
can be obtained from simulations and used as source
functions in CMB codes, but simulations are numer-
ically expensive and su↵er from issues in dynamical
range. An alternative approach is to model the string
network as an ensemble of segments using the USM.
Crucially, although the USM provides a simplified pic-
ture of the network, it is able to match simulations by
adjusting the free parameters of the model, namely
the correlation length, the rms velocity and string wig-

gliness.

In this paper we have significantly improved and
extended our previous work on string power spectra
from the USM:

1. We have analytically solved the UETC for an
evolving string network, whereas our previous
work was restricted to constant network param-
eters. The UETC itself can be computed in un-
der a minute. For the CMB power spectrum, al-
though the time taken is increased due to track-
ing a larger number of Fourier modes, on a 3.1
GHz Intel Xeon CPU with eight threads, our
code runs in ⇠ 60 minutes. For comparison,
around 2000 network realisations are required
for CMBACT4 to achieve the same accuracy and
since this code is serial, the computation time is
⇠ 30 hours.

2. We have extended the formalism to cosmic su-
perstring networks with multiple string types
and di↵erent network parameters. Here the
UETC can be computed for each string type
and added, since the segments are assumed to
be uncorrelated. The UETC calculation is much
quicker than the CMB line-of-sight integration,
so the total computation time is not significantly
increased over the single string case.

2σ likelihood contours for Gµ, cr and 𝛼
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CMB constraints on cosmic superstrings [Charnock et al 2016] 15
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FIG. 12. 2� likelihood obtained for GµF, gs, w and cs. The black dashed line (and black shading) shows the con-
straints from the Planck2015 TT+lowP direct calculation method and orange, purple, and blue lines are the Planck2015
TT+lowP, Planck2015 TT+Pol+lowP and Planck2015 TT+Pol+lowP+BKPlanck constraints using the interpolation
method.

3. For the first time we have been able to
marginalise over the string network parameters
when fitting to Planck2015 and joint Planck-
BICEP2 data. The data is consistent with
no strings for either the single or multi-string
case. Since other network parameters are un-
constrained when the tension is very small, it
is only possible to present joint constraints on
these with Gµ. In the superstring case, for ex-
ample, the constraint on the string coupling g

s

is degenerate with Gµ
F

.

There are several possibilities to explore in future
work. First, there are various ways in which the USM
could be improved. Superstring networks contain Y-
type junctions, but in the present formulation these
only impact the evolution of the network parameters.
Since junctions are relatively rare in the limit of large
and small coupling, the USM is expected to provide a
su�cient description. However, in some regimes the

energy density of the network may not be dominated
by a single string type, and junctions may become
important. In this case the USM could be modified
to include a correlation between segments. A further
improvement is the inclusion of loops. The decay of
string segments in the USM should mimic the energy
loss in loops, but it is possible these may lead to ad-
ditional interesting signatures.

Given that Planck has largely exhausted the avail-
able signal in the temperature data, future string con-
straints from the CMB will be driven by polarisa-
tion and non-Gaussianity. The non-Gaussian signal
from post-recombination simulations has been used
to obtain constraints on Gµ [32], and attempts have
been made to compute the bi-spectrum analytically
using a Gaussian model for the string correlators [90].
It is also possible to compute the non-Gaussian sig-
nal using the USM which will, by design, include

2σ likelihood contours for Gµ, cs, gs and w
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Gµ < 1.1⇥ 10

�7 � Planck2015 TT

Gµ < 9.6⇥ 10

�8 � Planck2015 TT + Pol + lowP

Gµ < 8.9⇥ 10

�8 � Planck2015 TT + Pol + lowP + BKPlanck

Results - cosmic strings:

No constraints on cr and 𝛼, slight preference for higher values of cr  

and lower values of𝛼

Results - cosmic superstrings:

GµF < 2.8⇥ 10

�8 � Planck2015 TT + lowP

when marginalised over cs, gs and w

Currently looking at three point correlation function for evidence of non-
gaussianity and B mode polarisation effects - initial results show signal is 

extremely small and in fact analytically tensor bi-spectrum vanishes.
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Summary

1. Radiation in the early universe can be the moduli’s friend guiding it to its minima and 
stopping it running away and decompactifying everything - scaling solutions.  

2. Large Volume Inflation appears robust to allowing many moduli fields to evolve - maybe 
issues over the light axions which can’t evolve too far way from their minima   

3. Beginning now to get CMB constraints on the cosmic superstring parameters through the 
B mode Power spectrum, although much more to do through the bispectrum.  

4. Future constraints will be enhanced through GW signatures and Pulsar bounds.  

5. Pre Big Bang model can lead to nearly scale invariant spectral index with the presence of 
axions but then it is isocurvature modes and would have to be converted to curvature 
perturbations.   


