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FIG. 2: Potential (multiplied by 1015) for the case of ex-
ponential superpotential and including a D

σ3 correction with

D = 3 × 10−9 which uplifts the AdS minimum to a dS mini-
mum.

It is important to mention that the value of the volume
modulus shifts only slightly in going from the AdS mini-
mum to the new dS minimum. This means if the volume
was large in the AdS minimum to begin with, it will con-
tinue to be large in the new dS minimum, guaranteeing
that our approximations are valid.

If one wants to use this potential to describe the
present stage of acceleration of the universe, one needs
to fine-tune the value of the potential in dS minimum to
be V0 ∼ 10−120 in units of Planck density. In principle,
one could achieve it, e.g., by fine tuning D. However,
the tuning we can really do by varying the fluxes etc. in
the microscopic string theory is limited, though it may
be possible to tune quite well if there are enough three-
cycles in M .

IV. HOW STABLE IS THE DS VACUUM?

The radial modulus σ = Im ρ has a kinetic term
3

4σ2 (∂σ)2 which follows from the Kähler potential (3).
For cosmological purposes it is convenient to switch to

the canonical variable ϕ =
√

3
2 lnσ =

√

3
2 ln(Im ρ),

which has a kinetic term 1
2 (∂ϕ)2. In what follows we

will use the field ϕ and it should not be confused with
the dilaton, φ.

A. General theory

The dS vacuum state ϕ0 corresponding to the local
minimum of the potential with V0 > 0 is metastable.
Therefore it may decay, and then the universe will roll to-
wards large values of the field ϕ and decompactify. Here
we would like to address two important questions:

1) Do our dS vacua survive for a large number of
Planck times? For instance, if we fine tune to get a small
cosmological constant, is the dS vacuum sufficiently sta-

ble to survive during the 1010 years of the cosmologi-
cal evolution? If the answer is positive, one can use the
dS minimum for the phenomenological description of the
current stage of acceleration (late-time inflation) of the
universe.

2) Is the typical decay time of the dS vacuum longer
or shorter than the recurrence time tr ∼ eS0 , where
S0 = 24π2

V0
is the dS entropy [43]? If the decay time

is longer than tr ∼ eS0 , one may need to address the
issues about the consistency of the stringy description of
dS space raised in [2, 5, 8].

We will argue that the lifetime of the dS vacuum in our
models is not too short and not too long: it is extremely
large in Planck times (in particular, one can easily make
models which live longer than the cosmological timescale
∼ 1010 years), and it is much shorter than the recurrence
time tr ∼ eS0 .

In order to analyse this issue we will remember, fol-
lowing Coleman and De Luccia [44], basic features of the
tunneling theory taking into account gravitational effects.

To describe tunneling from a local minimum at ϕ = ϕ0

one should consider an O(4)-invariant Euclidean space-
time with the metric

ds2 = dτ2 + b2(τ)(dψ2 + sin2 ψ dΩ2
2) . (17)

The scalar field ϕ and the Euclidean scale factor (three-
sphere radius) b(τ) obey the equations of motion

ϕ′′ + 3
b′

b
ϕ′ = V,ϕ, b′′ = −

b

3
(ϕ′2 + V ) , (18)

where primes denote derivatives with respect to τ . (We
use the system of units Mp = 1.)

These equations have several instanton solutions
(ϕ(τ), b(τ)). The simplest of them are the O(5) invari-
ant four-spheres one obtains when the field ϕ sits at one
of the extrema of its potential, and b(τ) = H−1 sin Hτ .
Here H2 = V

3 , and V (ϕ) corresponds to one of the ex-
trema. In our case, there are two trivial solutions of this
type. One of them describes time-independent field cor-
responding to the minimum of the effective potential at
ϕ = ϕ0, with V0 = V (ϕ0). Another one is related to the
maximum of the potential at ϕ = ϕ1, with V1 = V (ϕ1).

Coleman-De Luccia (CDL) instantons are more com-
plicated. They describe the field ϕ(τ) beginning in a
vicinity of the false vacuum ϕ0 at τ = 0, and reaching
some constant value ϕf > ϕ1 at τ = τf , where b(τf ) = 0.
It is tempting to interpret CDL instantons as the tunnel-
ing trajectories interpolating between the different vacua
of the theory. However, one should be careful with this
interpretation because the trajectories ϕ(τ) for CDL in-
stantons do not begin exactly in the metastable minimum
ϕ0 and do not end exactly in the absolute minimum of
the effective potential. We will discuss this issue later.

According to [44], the tunneling probability is given by

P (ϕ) = e−S(ϕ)+S0, (19)

susy dS

[Blåbäck, Roest, IZ, ’13]
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[Cicoli, Burgess, Quevedo, ’08]
[Avgoustidis, IZ,’08]

[Silvestein, Westphal, ’08]

[Burgess, Cicoli, Alwis, Quevedo,’16]

[Kooner, Parameswaran, IZ, ’15]

[Parameswaran, IZ, ’16]
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• Racetrack Inflation 
[Blanco-Pillado, Burgess, Cline, Escoda, Gómez-Reino, Kallosh, Linde, Quevedo, ’04, ’06]

• Kähler moduli/Fiber Inflation (LVS)

• Non-Gaussianity in String Inflation (LVS)
[Burgess, Cicoli, Gómez-Reino, Quevedo, Tasinato, IZ, ’10]

[Cicoli, Tasinato, IZ, Burgess, Quevedo, ’12]fNL ⇠ O(10)�O(20)

volume modulus will be stable during inflation. As we obviously require ρ < 1,
it follows that at least three Kähler moduli are necessary. While (18) can always
be satisfied by an appropriate choice of ai, this becomes easier and easier with
more Kähler moduli.

We illustrate the form of the resulting inflationary potential in figure 1, show-
ing the inflaton and volume directions.

Figure 1: Inflationary potential: the inflaton lies along the x-direction and the
volume along the y-direction.

3 Inflationary Potential and Parameters

Let us now quantify the resulting potential and compute the inflationary param-
eters. The inflationary potential is read off from (13) to be

Vinf = V0 −
4τnW0anAne−anτn

V2
, (19)

as the double exponential in (13) is irrelevant during inflation. During inflation
V0 is constant and can be parametrised as

V0 =
βW 2

0

V3
. (20)
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PGW’S IN INFLATION 

The recent direct detection of gravitational waves 
opens a new powerful way to study our universe

A very exciting but challenging prospect is the 
measurement of primordial gravitational waves 
(PGW’s) produced in the very early universe via  
cosmological inflation 

During an inflationary epoch, quantum fluctuations in 
the inflaton and metric stretched to observables scales, 
setting up the initial conditions for structure growth. 

[Guth, ’81; Linde, ’82]

[Mukhanov, Chibisov, ’81]



The dominant contribution to the CMB 
temperature anisotropies is from density 
perturbations, while  gravitational waves 
lead to B-modes in the CMB polarisation

Density perturbations and gravitational waves are 
measured in the cosmic microwave background (CMB) 
emitted during the epoch of recombination. 

These are being searched for by a wide range of ground-
based, balloon and satellite experiments 

 (B-modes in the lensing distortions of the 21 cm radiation emitted by 
hydrogen atoms during the reionisation epoch could reach                )

[Zaldarriaga, Seljak, ’96]
[Kamionokowski, et al. ’96]

[BICEP/Keck, ’15]r < 0.07

r ⇠ 10�4 [PRISM]

Current bounds

Future prospects

r ⇠ 10�9



Observations are consistent with the simplest EFT inflation 
model with single canonically normalised scalar field, 
coupled minimally to gravity, whose potential 

INFLATION IN EFT

V (�) = Vren(�) +
1X

n=5

cn
�n

Mn�4
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drives a prolonged epoch of slow-roll inflation encoded in 
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INFLATION IS SENSITIVE TO UV PHYSICS

• Unknown physics above UV cutoff parameterised 
by higher dimensional operators:

• All inflation models are sensitive Planck suppressed 
corrections to the potential: η-problem  

• Large field inflationary models are sensitive to all Planck 
suppressed interactions. 

• Higher order corrections to         generically spoil slow roll 
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Opportunity to connect quantum gravity to observations 
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PRIMORDIAL GRAVITY WAVES AND  

φiφf

δφ
V (φ)

��

Tensor to scalar ratio r, is related to

[Lyth, ’96; Boubekeur-Lyth, ’05]

‣ The inflaton field range

‣ The scale of inflation

[García-Bellido, Roest, Scalisi, IZ ’14]

V 1/4
inf ⇡ 1.8⇥ 1016GeV

⇣ r

0.1

⌘1/4

��

MPl
& O(1)

⇣ r

0.01

⌘1/2

r

inflationary scale is close to the GUT scale for values of
r as small as   r ⇠ 10�5!
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V (φ)
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Tensor to scalar ratio r, is related to

[Lyth, ’96; Boubekeur-Lyth, ’05]

‣ The inflaton field range

‣ The scale of inflation

[García-Bellido, Roest, Scalisi, IZ ’14]

Monomial chaotic:
 

Starobinsky:

V 1/4
inf ⇡ 1.8⇥ 1016GeV

⇣ r

0.1

⌘1/4

�� ⇠ 15MPl , r ⇠ 10�1 , V 1/4
inf ⇠ 1.8⇥ 1016GeV
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r

inflationary scale is close to the GUT scale for values of
r as small as   r ⇠ 10�5!



Inflation and PGW represent a unique opportunity to 
connect observations to theories of quantum gravity.  

Therefore, an observation of primordial gravitational 
waves with                         would indicate a scale of 
inflation of order the GUT scale and the inflaton field 
range to be super-Planckian. 

r ⇠ 10�1 � 10�2

➠ inflation is highly sensitive to quantum gravity effects.

PRIMORDIAL GRAVITY WAVES AND  r

String Theory



In string theory, large field inflation with large PGW’s 
models proposed in regimes where backreaction and 
moduli stabilisation are under control are:  

PGW’S IN STRING INFLATION 

Axion Inflation. Shift symmetry broken  NP/spontaneously 
[Freese-Frieman-Linto, ’90; Kaloper-Sorbo ’08]

[Westphal-Silverstein, ’08, ’14]

‣ Natural Inflation. Hard to achieve large decay 
constants [Banks, Dine, Fox & Gorbatov, ’03]

‣ Axion monodormy. But not explicit realisation 

f � MPl

Fibre Inflation. Exponential potential with a 
positive plateau at large field values. 

Figure 1: V versus �̂ for k = 2/
p
3 and R = 2.25 · 10�5.

Figure 2: ✏ and ⌘ versus �̂ for k = 2/
p
3 and R = 2.25 · 10�5.

3.2 Robustness

Let us make a few comments on the robustness of these models:

• KK loop corrections are generically present in any CY compactification while winding

loop corrections are more model dependent since they depend on the brane setup and

the topology of the internal space.

• Winding loop corrections are under better control than KK loops since, due to the

extended no-scale cancellation, 1- and 2-loop KK e↵ects lead to competing contributions

to the scalar potential.

• When they are present and have the correct sign, winding loop corrections generate

a plateau region which is suitable to drive inflation. The robust prediction of this

inflationary scenario is the relation (3.36) between r and ns.

– 21 –

[Cicoli, Burgess, Quevedo, ’08]



LARGE FIELD INFLATION IN STRING THEORY

M
inf

< M
mod

. M
kk

. M
s

. M
Pl

[Baumann, McAllister, ’14]
[Mazumdar, Shukla, ’14]

[Kooner, Parameswaran, IZ, ’15]
[Burgess, Cicoli, de Alwis, Quevedo, ’16]

[Parameswaran, IZ, ’16]

However, to ensure a valid 4D EFT description throughout 
the inflationary epoch, any string model of inflation has to 
feature the hierarchy of scales

If                     then physics is extra-dimensional Minf & Mkk

If                    one cannot use an EFT description of inflationMinf ⇠ Ms

M
inf

. M
mod

If                        light moduli must be taken into account 

But models with large r have high inflationary scale 

Minf ⇡ 1.8⇥ 1016GeV
⇣ r

0.1

⌘1/4

little room for required hierarchy to be achieved...

(Ms = 1/`s , ↵0 = `2s/(2⇡)
2)



UPPER BOUND ON    IN STRING INFLATIONr
[Parameswaran, IZ, ’16]

Ms = MPl
gsp
4⇡V6

The relation between the string and Planck scales in 
regimes of perturbative control is

gs
V6

string coupling

6D volume in string units 

Ms = MPl
gsp
4⇡V6

V 1/4
inf ⇡ 1.8⇥ 1016GeV

⇣ r

0.1

⌘1/4

Using the general relation between    and r Minf

We can derive an upper bound on    for different sensible 
values of the string coupling and 

r
↵0



UPPER BOUND ON    IN STRING INFLATIONr
[Parameswaran, IZ, ’16]

gs . 0.3

A very conservative upper bound.

for a valid weak coupling expansion 

(`s/L)
2 . 1 at the limits of weak curvature     expansion.   

L = typical length/curvature scale of XD

↵0

➠  Ms . 0.08MPl

Mkk ⇠ 1/L

Mkk . 0.08MPl

Minf < 0.1Mkk

r < 0.2

KK masses scale generically as                  . 

and 

Asking further:                         , 

➠  

V 1/4
inf ⇡ 1.8⇥ 1016GeV

⇣ r

0.1

⌘1/4

Note: bound very sensitive to changes in parameters
(`s/L)

2 . 0.7 r < 0.01!

(Ms = 1/`s , ↵0 = `2s/(2⇡)
2)



In LARGE volume scenario, to keep control of moduli 
stabilisaiton          . Assuming such volumes the bound 
becomes much stronger

V6 & 103

r < 2⇥ 10�9

E.g. axion monodromy long warped throats within throats 
are used to prevent brane-anti-brane annihilation and 
suppress brane backreaction. 

Explicit examples

Minf r
The large internal volume drives the string scale down 
and so also         and thus   .  



  to drive                 up?

Can we evade this bound going to strong coupling 
and/or strong curvatures                            

gs > 1 , L/`s < 1

In this case,

Ms , Mkk

Ms = MPl
gsp
4⇡V6

But one could perform a duality transformation to an 
equivalent weak coupling weak curvature description 
and back to the same bound and conclusions

no longer valid.

r < 0.2



Comments 

The relation                                          remains unchanged 
for multifield and non-standard kinetic field inflation

V 1/4
inf ⇡ 1.8⇥ 1016GeV

⇣ r

0.1

⌘1/4

[Sasaki, Stewart, ’95; Wands, ’07]
[Garriga, Mukhanov, ’99]

The bound assumes 
   i) inflation in a 4D EFT
   ii) perturbative string theory and its supergravity limit as  
       a good description of the early Universe. 

A positive observation of PGW with       r ⇠ 10�1 � 10�2

would make convincing string realisations of inflation 
challenging, but very exciting! 



Comments 

The relation                                          remains unchanged 
for multifield and non-standard kinetic field inflation

V 1/4
inf ⇡ 1.8⇥ 1016GeV

⇣ r

0.1

⌘1/4

[Sasaki, Stewart, ’95; Wands, ’07]
[Garriga, Mukhanov, ’99]

The bound assumes 
   i) inflation in a 4D EFT
   ii) perturbative string theory and its supergravity limit as  
       a good description of the early Universe. 

A positive observation of PGW with       r ⇠ 10�1 � 10�2

“Universe was at the limits of string perturbation theory 
and sugra limit and at the limits of validity of the 4D EFT” 

would make convincing string realisations of inflation 
challenging, but very exciting! 
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