
Anshuman Maharana

Harish Chandra Research Institute

Swansea, 20 March 2015

Moduli, Inflation & the CMB

 ArXiv: 1409.7037 with Koushik Dutta (Saha Institute, Kolkata)

Phys. Rev. D 91, 043503 (2015)

Allahabad



2

Introduction
• Inflation  relates late time cosmological observables 
   (CMB) to the physics of very early times (i.e. very 
   high energies).

• Natural to ask: What can we learn about strings models 
from precision  CMB and inflation ? 

• This talk is about Inflation, CMB and the moduli fields
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10 Planck Collaboration: Constraints on inflation

HZ HZ + YP HZ + Ne↵ ⇤CDM
105⌦bh2 2296 ± 24 2296 ± 23 2285 ± 23 2205 ± 28
104⌦ch2 1088 ± 13 1158 ± 20 1298 ± 43 1199 ± 27
100 ✓MC 1.04292 ± 0.00054 1.04439 ± 0.00063 1.04052 ± 0.00067 1.04131 ± 0.00063
⌧ 0.125+0.016

�0.014 0.109+0.013
�0.014 0.105+0.014

�0.013 0.089+0.012
�0.014

ln
⇣

1010As

⌘

3.133+0.032
�0.028 3.137+0.027

�0.028 3.143+0.027
�0.026 3.089+0.024

�0.027
ns — — — 0.9603 ± 0.0073
Ne↵ — — 3.98 ± 0.19 —
YP — 0.3194 ± 0.013 — —
�2� ln(Lmax) 27.9 2.2 2.8 0

Table 3. Constraints on cosmological parameters and best fit �2� ln(L) with respect to the standard ⇤CDM model, using
Planck+WP data, testing the significance of the deviation from the HZ model.

Model Parameter Planck+WP Planck+WP+lensing Planck + WP+high-` Planck+WP+BAO

⇤CDM + tensor ns 0.9624 ± 0.0075 0.9653 ± 0.0069 0.9600 ± 0.0071 0.9643 + 0.0059
r0.002 < 0.12 < 0.13 < 0.11 < 0.12

�2� lnLmax 0 0 0 -0.31

Table 4. Constraints on the primordial perturbation parameters in the ⇤CDM+tensor model from Planck combined with other data
sets. The constraints are given at the pivot scale k⇤ = 0.002 Mpc�1.
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Fig. 1. Marginalized joint 68% and 95% CL regions for ns and r0.002 from Planck in combination with other data sets compared to
the theoretical predictions of selected inflationary models.

CL for the WMAP 9-year data and is further excluded by CMB
data at smaller scales.

The model with a quadratic potential, n = 2 (Linde, 1983),
often considered the simplest example for inflation, now lies
outside the joint 95% CL for the Planck+WP+high-` data for
N⇤ . 60 e-folds, as shown in Fig. 1.

A linear potential with n = 1 (McAllister et al., 2010), mo-
tivated by axion monodromy, has ⌘V = 0 and lies within the

95% CL region. Inflation with n = 2/3 (Silverstein & Westphal,
2008), however, also motivated by axion monodromy, now lies
on the boundary of the joint 95% CL region. More permissive
entropy generation priors allowing N⇤ < 50 could reconcile this
model with the Planck data.

How does this picture change for string models  ?
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Fig. 1. Marginalized joint 68% and 95% CL regions for ns and r0.002 from Planck in combination with other data sets compared to
the theoretical predictions of selected inflationary models.

CL for the WMAP 9-year data and is further excluded by CMB
data at smaller scales.

The model with a quadratic potential, n = 2 (Linde, 1983),
often considered the simplest example for inflation, now lies
outside the joint 95% CL for the Planck+WP+high-` data for
N⇤ . 60 e-folds, as shown in Fig. 1.

A linear potential with n = 1 (McAllister et al., 2010), mo-
tivated by axion monodromy, has ⌘V = 0 and lies within the

95% CL region. Inflation with n = 2/3 (Silverstein & Westphal,
2008), however, also motivated by axion monodromy, now lies
on the boundary of the joint 95% CL region. More permissive
entropy generation priors allowing N⇤ < 50 could reconcile this
model with the Planck data.

How does this picture change for string models  ?

We will have          in the numerator.Mpl
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Introduction
• From the very early days of supergravity/string 
   model building is was realised that a generic implication 
   of having moduli fields is a non-standard cosmological
   timeline.
• Modular Cosmology -  
  Moduli particles produced during inflation.
   The post-inflationary (late time) cosmological history 
   has  an epoch in which the energy density is dominated by  
   cold moduli particles.  Thermal history after decay of 
   moduli particles.
• With the developments in moduli stabilisation this
    picture has been validated in large class of string models.      

• Confront Modular cosmology with precision CMB data.
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• A statement often found in textbooks on inflation:

• Various cosmological observations.

• Basic form of the standard cosmological timeline.

• Used in computing the inflationary predictions
  

10 Planck Collaboration: Constraints on inflation
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CL for the WMAP 9-year data and is further excluded by CMB
data at smaller scales.

The model with a quadratic potential, n = 2 (Linde, 1983),
often considered the simplest example for inflation, now lies
outside the joint 95% CL for the Planck+WP+high-` data for
N⇤ . 60 e-folds, as shown in Fig. 1.

A linear potential with n = 1 (McAllister et al., 2010), mo-
tivated by axion monodromy, has ⌘V = 0 and lies within the

95% CL region. Inflation with n = 2/3 (Silverstein & Westphal,
2008), however, also motivated by axion monodromy, now lies
on the boundary of the joint 95% CL region. More permissive
entropy generation priors allowing N⇤ < 50 could reconcile this
model with the Planck data.
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• A statement often found in textbooks on inflation:

• What are the assumptions ?

Basic form of the standard cosmological timeline.

Inflation Reheating Radiation Domination

Matter Domination Today

is used as a theoretical prior. Sensitive to post-inflationary history.
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• What is the analogue of

• Answer : The preferred central value of             depends
   on moduli masses.  

• Apart from direct implications for inflationary model
   building

for modular cosmology  ?
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PLAN  

1.  Review of Modular Cosmology.

11.  Number of e-foldings of inflation in
      Modular Cosmology.

111.  Phenomenological Implications.
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 Cosmology and Moduli

Banks, Kaplan, Nelson 93
DeCarlos,  Casas,  Quevedo, Roulet 93
Banks Berkooz  Steinhart 95 
Banks, Berkooz, Shenker, Moore, Steinhart 95
Dine, Randall, Thomas 95

G. D. Coughlan, W. Fischler, E. W. Kolb, S. Raby and G. G. Ross 1984

Linde 96

Douglas 12
Acharya, Kane and Kumar 12

R. Easther, R. Galvez, O. Ozsoy and S. Watson 13
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 Cosmology and Moduli
• The arena for our analysis - models where  moduli have
    been stabilised. For the purposes of this talk -  moduli 
    will be  massive scalars which interact solely via
    Planck suppressed interactions. 

•  The moduli acquire masses from sub-leading effects in the
     in effective action; their masses well below the string scale.

•  It is quite common to have the        
     present day mass of moduli to be below Hubble during   
     inflation.                   
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 Cosmology and Moduli
• The arena for our analysis - models where  moduli have
    been stabilised. For the purposes of this talk -  moduli 
    will be  massive scalars which interact solely via
    Planck suppressed interactions. 

•  The moduli acquire masses from sub-leading effects in the
     in effective action; their masses well below the string scale.

•  It is quite common to have the        
     present day mass of moduli to be below Hubble during   
     inflation.                   non-standard cosmological timeline 

MODULAR COSMOLOGY
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Cosmology and Moduli
•  Starting point of the analysis moduli dynamics during 
     inflation.  
 

 Goncharov, Linde, Vysotsky  1984;  Dine, Fischler,  Nemeschansky 1984;  Coughlan, Holman, 
Ramond, Ross   1984;    Dine, Randall,  Thomas 1995;  Linde 1996.

•  An illustrative model   (one modulus)

•          is  the post inflationary mass.  

•  Mass term, curvature coupling, inflaton potential. 
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Cosmology and Moduli

•  Potential for     having two parts

• Reflected by the fact that the  curvature coupling  is to

Dine, Randall,  Thomas 1995

• The quantity      is model dependent. From very general
    principles 

'̂

Y =
'̂

Mpl
⇡ 1

'

V (') = V
postinfl

(') + V
curv

(')

Post-inflationary part and Curvature coupling part do not 
have the same minimum.

('� '̂)
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Cosmology and Moduli
•  Starting point of the analysis moduli dynamics during 
     inflation.  
 

 Goncharov, Linde, Vysotsky  1984;  Dine, Fischler,  Nemeschansky 1984;  Coughlan, Holman, 
Ramond, Ross   1984;    Dine, Randall,  Thomas 1995;  Linde 1996.

• Analysis of dynamics during inflation gives, for

At the end of inflation the modulus       has VEV
    , i.e. it is displaced from its post inflationary
minimum.

m' . Hinfl

• Single modulus approximation is often good as from then on
   dynamics of the lightest most relevant. 



• Radiation: To which the inflaton has dumped its 
   energy density. 

Thus just after reheating, energy density has two
components 

• If                    then the former dominates.m' < Hinfl

• Modulus: Potential energy due to displacement.

Cosmology and Moduli



• The energy density associated with radiation falls off as

• On the other hand, for the modulus

⇢rad(t) /
1

a4(t)

Hubble 
Friction

Initially, high value of Hubble
friction keeps it pinned to its
expectation value.

Cosmology and Moduli



• The energy density associated with radiation falls off as

• As the universe expands, Hubble falls 

⇢rad(t) /
1

a4(t)

When                   the modulus
 begins to oscillate.

Modulus 
Oscillates

• Time average of energy density falls off as

Cosmological evolution of cold moduli particles.  

Quickly
dominates 
over
Radiation.

Cosmology and Moduli



Modulus Domination

the characteristic lifetime for decay via their Planck 
suppressed  interactions.

•   A modification the standard cosmological history

⌧
mod

⇡
16⇡M2

pl

m3

'

Inflation         Reheating          Radiation  domination
 
Modulus domination  ….

• Modulus domination continues until decay of modulus at

19
Modulus decays … Universe Reheats …Thermal History



Modulus Domination

the characteristic lifetime for decay via their Planck 
suppressed  interactions.

•   A modification the standard cosmological history

⌧
mod

⇡
16⇡M2

pl

m3

'

Inflation         Reheating          Radiation  domination
 
Modulus domination  ….

• Modulus domination continues until decay of modulus at

20
Modulus decays … Universe Reheats …Thermal History

 Lifetimes are long
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Inflation 

Reheating 

Radiation Domination
 
Modulus Domination  

Reheating (after modulus decay)

Radiation Domination

Today

Inflation 

Reheating 

Radiation Domination

Today

Modular Cosmology Conventional Cosmology

   Any
Signatures
    ?
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A Bound from Nucleosynthesis

•  To account for the success of big bang nucleosynthesis, the
     reheat temperature  after  modulus decay has to be at least 
     as  large as the binding of energy of light elements.

•  Reheat temperature in terms of width

G. D. Coughlan, W. Fischler, E. W. Kolb, S. Raby and G. G. Ross 1984

Treheat ⇡
p
�Mpl

Treheat & 1 MeV

� ⇡
m3

'

16⇡M2
pl

• Lighter the modulus lower the reheat temperature. Lower 
    bound on reheat temperature translates to a lower bound for    
    the modulus mass                          .m' & 30 TeV
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Modular Cosmology, Inflation & CMB

• Inflation, Moduli and Precision CMB data 

ArXiv: 1409.7037 with KOUSHIK DUTTA 

•  Confront modular cosmology   
• Inflation (moduli displaced from minimum at end)
• Reheating 
• Radiation domination 
• Modulus domination  
• Decay
• Reheat
• Thermal history … Today

the latest data in cosmology - Precision CMB.

• We will also take more input from the inflationary paradigm
    than before. 
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Inflation and Inhomogeneities

•  Additional input from inflation is from its success. That is
     inflation is theory for inhomogeneities. This gives

•    - Energy density of  universe at the time of horizon exit
         of pivot mode.

•    - Strength of gravity waves.

As =
2

3⇡2r

✓
⇢

M4
pl

◆

⇢

r

•  More precisely, 

   Observed
Inhomogeneties

 Energy Density
 at an early time

INFLATION
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Inflation and Inhomogeneities

• Observationally, inhomogeneities in the CMB well charted. 
   For e.g. Planck collaboration release gives                                
   @                               . 

As =
2

3⇡2r

✓
⇢

M4
pl

◆

• Because of the freezing of modes after horizon exit; the
   formula  is insensitive to the details of post inflationary
   physics.  

As = 2.2⇥ 10�9

k = 0.05 Mpc�1
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 Inflation, Inhomogeneities and Energy Densities

•  Thus, if we treat the time of horizon exit of the pivot mode
     as           ;  then by determining       and      we have an 
     initial condition for the energy  density of the universe.

• CMB data also gives us the energy density today, by
    determining the Hubble constant today.

As r

As =
2

3⇡2r

✓
⇢

M4
pl

◆

t = 0
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 Inflation, Inhomogeneities and Energy Densities
•  An early time and today’s energy densities known. This
    implies a consistency condition

Any  history we ascribe must be such that the early 
time energy density evolves to the energy density today. 

What does this imply for modular cosmology ?

Energy density at 
horizon exit,      (from inhomogeneities).

Energy density 
today,     .  

Horizon exit 
of CMB modes Today

Inflation 
EndsNinfl Post-inflationary Epoch.

⇢k ⇢0
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⇢1 ⇢2

t1 tint t2
matter dom. radiation dom.

= 3Nmat + 4Nrad

• From the knowledge of the energy densities       and
    a linear combination of the number of e-foldings
    in the epochs is fixed.   

⇢1 ⇢2

K = ln

✓
⇢(t1)

⇢(t2)

◆
= ln

✓
⇢(t1)

⇢(tint)

◆
+ ln

✓
⇢(tint)

⇢(t2)

◆

= 3 ln

✓
a(tint)

a(t1)

◆
+ 4 ln

✓
a(t2)

a(tint)

◆



• Recall the cosmological timeline 

• Follow the same philosophy as before

N = ln

✓
a(tend)

a(tbegin)

◆

A Relation Between the e-foldings 

• For instance           is the number of e-foldings between horizon 
exit of the pivot mode and the end of inflation. 

Inflation Reheating Radiation Domination

Modulus Domination Reheating (after decay) 

Today

Ninfl
Nrad

N
modulus

Nrh1

Nrh2

Ninfl

• Condition for horizon exit.
• No entropy production after modulus decay.
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We obtain

•                    the number of e-foldings during the two 
   reheating epochs.
Nrh1, Nrh2

wrh1, wrh2

• Reheating can occur via various mechanisms.  We do not
   commit to any particular mechanism.                    are the
   (averaged) effective equation of state during the epochs.

1

4
N

modulus

+
1

4
(1� 3w

rh1

)N
rh1

+
1

4
(1� 3w

rh2

)N
rh2

+N
infl

= 55.43+
1

4
ln r+

1

4
ln

✓
⇢
k

⇢
end

◆
.

•         - Energy density at the time of horizon exit of pivot mode.
             - Energy density at the end of inflation.
⇢k
⇢end

Ratio depends on broad characteristic of inflationary potential
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We obtain

Planck Collaboration: Constraints on inflation 5

It is convenient to expand the power spectra of curvature and
tensor perturbations on super-Hubble scales as

PR(k) = As

 

k
k⇤

!ns�1+ 1
2 dns/d ln k ln(k/k⇤)+ 1

6 d2ns/d ln k2(ln(k/k⇤))2+...

, (10)

Pt(k) = At

 

k
k⇤

!nt+
1
2 dnt/d ln k ln(k/k⇤)+...

, (11)

where As (At) is the scalar (tensor) amplitude and ns (nt),
dns/d ln k (dnt/d ln k) and d2ns/d ln k2 are the scalar (tensor)
spectral index, the running of the scalar (tensor) spectral index,
and the running of the running of the scalar spectral index, re-
spectively.

The parameters of the scalar and tensor power spectra may
be calculated approximately in the framework of the slow-roll
approximation by evaluating the following equations at the value
of the inflation field �⇤ where the mode k⇤ = a⇤H⇤ crosses the
Hubble radius for the first time. (For a nice review of the slow-
roll approximation, see for example Liddle & Lyth (1993)). The
number of e-folds before the end of inflation, N⇤, at which the
pivot scale k⇤ exits from the Hubble radius, is

N⇤ =
Z te

t⇤
dt H ⇡ 1

M2
pl

Z �e

�⇤
d�

V
V�
, (12)

where the equality holds in the slow-roll approximation, and
subscript e denotes the end of inflation.

The coefficients of Eqs. 10 and 11 at their respective leading
orders in the slow-roll parameters are given by

As ⇡ V
24⇡2M4

pl✏V
, (13)

At ⇡ 2V
3⇡2M4

pl

, (14)

ns � 1 ⇡ 2⌘V � 6✏V , (15)
nt ⇡ �2✏V , (16)

dns/d ln k ⇡ +16✏V⌘V � 24✏2V � 2⇠2V , (17)

dnt/d ln k ⇡ +4✏V⌘V � 8✏2V , (18)

d2ns/d ln k2 ⇡ �192✏3V + 192✏2V⌘V � 32✏V⌘2
V

� 24✏V⇠2V + 2⌘V⇠
2
V + 2$3

V ,
(19)

where the slow-roll parameters ✏V and ⌘V are defined in Eqs. 5
and 6, and the higher order parameters are defined as

⇠2V =
M4

plV�V���
V2 (20)

and

$3
V =

M6
plV

2
�V����

V3 . (21)

In single field inflation with a standard kinetic term, as dis-
cussed here, the tensor spectrum shape is not independent from
the other parameters. The slow-roll paradigm implies a tensor-
to-scalar ratio at the pivot scale of

r =
Pt(k⇤)
PR(k⇤)

⇡ 16✏V ⇡ �8nt , (22)

referred to as the consistency relation. This consistency relation
is also useful to help understand how r is connected to the evo-
lution of the inflaton:

��

Mpl
⇡ 1p

8

Z N

0
dN
p

r . (23)

The above relation, called the Lyth bound (Lyth, 1997), im-
plies that an inflaton variation of the order of the Planck mass
is needed to produce r & 0.01. Such a threshold is useful to
classify large and small field inflationary models with respect to
the Lyth bound.

2.3. Ending inflation and the epoch of entropy generation

The greatest uncertainty in calculating the perturbation spectrum
predicted from a particular inflationary potential arises in estab-
lishing the correspondence between the comoving wavenumber
today and the inflaton energy density when the mode of that
wavenumber crossed the Hubble radius during inflation (Kinney
& Riotto, 2006). This correspondence depends both on the infla-
tionary model and on the cosmological evolution from the end
of inflation to the present.

After the slow-roll stage, �̈ becomes as important as the cos-
mological damping term 3H�̇. Inflation ends gradually as the
inflaton picks up kinetic energy so that w is no longer slightly
above �1, but rather far from that value. We may arbitrarily
deem that inflation ends when w = �1/3 (the value dividing
the cases of an expanding and a contracting comoving Hubble
radius), or, equivalently, at ✏V ⇡ 1, after which the epoch of
entropy generation starts. Because of couplings to other fields,
the energy initially in the form of scalar field vacuum energy
is transferred to the other fields by perturbative decay (reheat-
ing), possibly preceded by a non-perturbative stage (preheating).
There is considerable uncertainty about the mechanisms of en-
tropy generation, or thermalization, which subsequently lead to
a standard w = 1/3 equation of state for radiation.

On the other hand, if we want to identify some k⇤ today with
the value of the inflaton field at the time this scale left the Hubble
radius, Eq. 12 needs to be matched to an expression that quan-
tifies how much k⇤ has shrunk relative to the size of the Hubble
radius between the end of inflation and the time when that mode
re-enters the Hubble radius. This quantity depends both on the
inflationary potential and the details of the entropy generation
process and is given by

N⇤ ⇡ 71.21 � ln
 

k⇤
a0H0

!

+
1
4

ln
0

B

B

B

B

B

@

Vhor

M4
pl

1

C

C

C

C

C

A

+
1
4

ln
 

Vhor

⇢end

!

+
1 � 3wint

12(1 + wint)
ln

 

⇢th

⇢end

!

,

(24)

where ⇢end is the energy density at the end of inflation, ⇢th is
an energy scale by which the universe has thermalized, a0H0 is
the present horizon scale, Vhor is the potential energy when the
present horizon scale left the horizon during inflation, and wint
characterizes the effective equation of state between the end of
inflation and the energy scale specified by ⇢th. In predicting the
primordial power spectra at observable scales for a specific in-
flaton potential, this uncertainty in the reheating history of the
universe becomes relevant and can be taken into account by al-
lowing N⇤ to vary over a range of values. Note that wint is not
intended to provide a detailed model for entropy generation, but
rather to parameterize the uncertainty regarding the expansion
rate of the universe during this intermediate era. Nevertheless,
constraints on wint provide observational limits on the uncertain
physics during this period.

The first two terms of Eq. 24 are model independent, with the
second term being roughly 5 for k⇤ = 0.05 Mpc�1. If thermaliza-
tion occurs rapidly, or if the reheating stage is close to radiation-
like, the magnitude of the last term in Eq. 24 is less than roughly

Planck 2013 results. XXII Constraints on Inflation

• Translating to our notation and plugging in for the knowns
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We obtain

Planck 2013 results. XXII Constraints on Inflation

Key difference for modular cosmology 
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The Modulus Domination Epoch
• Modulus begins to oscillate when

• Characteristic life time for decay via Planck suppressed
   interactions

• By explicitly tracking the FRW cosmology

       is the initial field displacement in Planck units Y
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Finally we have

Next, how does this affect inflationary predictions ?



 We confront a model of inflation with data by   
• Computing        and       as  a  function of           .  For e.g.    

• Motivated by  

   Do the predictions match with observations for    Ninfl = 55± 5 ?

10 Planck Collaboration: Constraints on inflation

HZ HZ + YP HZ + Ne↵ ⇤CDM
105⌦bh2 2296 ± 24 2296 ± 23 2285 ± 23 2205 ± 28
104⌦ch2 1088 ± 13 1158 ± 20 1298 ± 43 1199 ± 27
100 ✓MC 1.04292 ± 0.00054 1.04439 ± 0.00063 1.04052 ± 0.00067 1.04131 ± 0.00063
⌧ 0.125+0.016

�0.014 0.109+0.013
�0.014 0.105+0.014

�0.013 0.089+0.012
�0.014

ln
⇣

1010As

⌘

3.133+0.032
�0.028 3.137+0.027

�0.028 3.143+0.027
�0.026 3.089+0.024

�0.027
ns — — — 0.9603 ± 0.0073
Ne↵ — — 3.98 ± 0.19 —
YP — 0.3194 ± 0.013 — —
�2� ln(Lmax) 27.9 2.2 2.8 0

Table 3. Constraints on cosmological parameters and best fit �2� ln(L) with respect to the standard ⇤CDM model, using
Planck+WP data, testing the significance of the deviation from the HZ model.

Model Parameter Planck+WP Planck+WP+lensing Planck + WP+high-` Planck+WP+BAO

⇤CDM + tensor ns 0.9624 ± 0.0075 0.9653 ± 0.0069 0.9600 ± 0.0071 0.9643 + 0.0059
r0.002 < 0.12 < 0.13 < 0.11 < 0.12

�2� lnLmax 0 0 0 -0.31

Table 4. Constraints on the primordial perturbation parameters in the ⇤CDM+tensor model from Planck combined with other data
sets. The constraints are given at the pivot scale k⇤ = 0.002 Mpc�1.
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Fig. 1. Marginalized joint 68% and 95% CL regions for ns and r0.002 from Planck in combination with other data sets compared to
the theoretical predictions of selected inflationary models.

CL for the WMAP 9-year data and is further excluded by CMB
data at smaller scales.

The model with a quadratic potential, n = 2 (Linde, 1983),
often considered the simplest example for inflation, now lies
outside the joint 95% CL for the Planck+WP+high-` data for
N⇤ . 60 e-folds, as shown in Fig. 1.

A linear potential with n = 1 (McAllister et al., 2010), mo-
tivated by axion monodromy, has ⌘V = 0 and lies within the

95% CL region. Inflation with n = 2/3 (Silverstein & Westphal,
2008), however, also motivated by axion monodromy, now lies
on the boundary of the joint 95% CL region. More permissive
entropy generation priors allowing N⇤ < 50 could reconcile this
model with the Planck data.For            ;m2�2 ns = 1� 2/N r = 8/N
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10 Planck Collaboration: Constraints on inflation

HZ HZ + YP HZ + Ne↵ ⇤CDM
105⌦bh2 2296 ± 24 2296 ± 23 2285 ± 23 2205 ± 28
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Table 3. Constraints on cosmological parameters and best fit �2� ln(L) with respect to the standard ⇤CDM model, using
Planck+WP data, testing the significance of the deviation from the HZ model.

Model Parameter Planck+WP Planck+WP+lensing Planck + WP+high-` Planck+WP+BAO

⇤CDM + tensor ns 0.9624 ± 0.0075 0.9653 ± 0.0069 0.9600 ± 0.0071 0.9643 + 0.0059
r0.002 < 0.12 < 0.13 < 0.11 < 0.12

�2� lnLmax 0 0 0 -0.31

Table 4. Constraints on the primordial perturbation parameters in the ⇤CDM+tensor model from Planck combined with other data
sets. The constraints are given at the pivot scale k⇤ = 0.002 Mpc�1.
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Fig. 1. Marginalized joint 68% and 95% CL regions for ns and r0.002 from Planck in combination with other data sets compared to
the theoretical predictions of selected inflationary models.

CL for the WMAP 9-year data and is further excluded by CMB
data at smaller scales.

The model with a quadratic potential, n = 2 (Linde, 1983),
often considered the simplest example for inflation, now lies
outside the joint 95% CL for the Planck+WP+high-` data for
N⇤ . 60 e-folds, as shown in Fig. 1.

A linear potential with n = 1 (McAllister et al., 2010), mo-
tivated by axion monodromy, has ⌘V = 0 and lies within the

95% CL region. Inflation with n = 2/3 (Silverstein & Westphal,
2008), however, also motivated by axion monodromy, now lies
on the boundary of the joint 95% CL region. More permissive
entropy generation priors allowing N⇤ < 50 could reconcile this
model with the Planck data.

For Modular Cosmology   

 The central value of            shifts   
55 ! 55� 1

3
ln

✓p
16⇡MplY 2

m'

◆
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HZ HZ + YP HZ + Ne↵ ⇤CDM
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Table 3. Constraints on cosmological parameters and best fit �2� ln(L) with respect to the standard ⇤CDM model, using
Planck+WP data, testing the significance of the deviation from the HZ model.

Model Parameter Planck+WP Planck+WP+lensing Planck + WP+high-` Planck+WP+BAO

⇤CDM + tensor ns 0.9624 ± 0.0075 0.9653 ± 0.0069 0.9600 ± 0.0071 0.9643 + 0.0059
r0.002 < 0.12 < 0.13 < 0.11 < 0.12

�2� lnLmax 0 0 0 -0.31

Table 4. Constraints on the primordial perturbation parameters in the ⇤CDM+tensor model from Planck combined with other data
sets. The constraints are given at the pivot scale k⇤ = 0.002 Mpc�1.
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Fig. 1. Marginalized joint 68% and 95% CL regions for ns and r0.002 from Planck in combination with other data sets compared to
the theoretical predictions of selected inflationary models.

CL for the WMAP 9-year data and is further excluded by CMB
data at smaller scales.

The model with a quadratic potential, n = 2 (Linde, 1983),
often considered the simplest example for inflation, now lies
outside the joint 95% CL for the Planck+WP+high-` data for
N⇤ . 60 e-folds, as shown in Fig. 1.

A linear potential with n = 1 (McAllister et al., 2010), mo-
tivated by axion monodromy, has ⌘V = 0 and lies within the

95% CL region. Inflation with n = 2/3 (Silverstein & Westphal,
2008), however, also motivated by axion monodromy, now lies
on the boundary of the joint 95% CL region. More permissive
entropy generation priors allowing N⇤ < 50 could reconcile this
model with the Planck data.

 The central value of            shifts   

55 ! 55� 1

3
ln

✓p
16⇡MplY 2

m'

◆

We will see that the shift is signifiant in a  class of models;  
with phenomenologically  interesting implications. Cannot be 
accounted  for in usual leeway of       .±5



38

 The central value of            shifts   

55 ! 55� 1
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We will see that the shift is signifiant in a  class of models;  
will have  important implications. Cannot be accounted for in 
usual leeway of       .±5

  Change the
    50 - 60
      range

10 Planck Collaboration: Constraints on inflation
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Table 3. Constraints on cosmological parameters and best fit �2� ln(L) with respect to the standard ⇤CDM model, using
Planck+WP data, testing the significance of the deviation from the HZ model.

Model Parameter Planck+WP Planck+WP+lensing Planck + WP+high-` Planck+WP+BAO

⇤CDM + tensor ns 0.9624 ± 0.0075 0.9653 ± 0.0069 0.9600 ± 0.0071 0.9643 + 0.0059
r0.002 < 0.12 < 0.13 < 0.11 < 0.12

�2� lnLmax 0 0 0 -0.31

Table 4. Constraints on the primordial perturbation parameters in the ⇤CDM+tensor model from Planck combined with other data
sets. The constraints are given at the pivot scale k⇤ = 0.002 Mpc�1.
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Fig. 1. Marginalized joint 68% and 95% CL regions for ns and r0.002 from Planck in combination with other data sets compared to
the theoretical predictions of selected inflationary models.

CL for the WMAP 9-year data and is further excluded by CMB
data at smaller scales.

The model with a quadratic potential, n = 2 (Linde, 1983),
often considered the simplest example for inflation, now lies
outside the joint 95% CL for the Planck+WP+high-` data for
N⇤ . 60 e-folds, as shown in Fig. 1.

A linear potential with n = 1 (McAllister et al., 2010), mo-
tivated by axion monodromy, has ⌘V = 0 and lies within the

95% CL region. Inflation with n = 2/3 (Silverstein & Westphal,
2008), however, also motivated by axion monodromy, now lies
on the boundary of the joint 95% CL region. More permissive
entropy generation priors allowing N⇤ < 50 could reconcile this
model with the Planck data.
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Table 3. Constraints on cosmological parameters and best fit �2� ln(L) with respect to the standard ⇤CDM model, using
Planck+WP data, testing the significance of the deviation from the HZ model.

Model Parameter Planck+WP Planck+WP+lensing Planck + WP+high-` Planck+WP+BAO

⇤CDM + tensor ns 0.9624 ± 0.0075 0.9653 ± 0.0069 0.9600 ± 0.0071 0.9643 + 0.0059
r0.002 < 0.12 < 0.13 < 0.11 < 0.12
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Table 4. Constraints on the primordial perturbation parameters in the ⇤CDM+tensor model from Planck combined with other data
sets. The constraints are given at the pivot scale k⇤ = 0.002 Mpc�1.
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Fig. 1. Marginalized joint 68% and 95% CL regions for ns and r0.002 from Planck in combination with other data sets compared to
the theoretical predictions of selected inflationary models.

CL for the WMAP 9-year data and is further excluded by CMB
data at smaller scales.

The model with a quadratic potential, n = 2 (Linde, 1983),
often considered the simplest example for inflation, now lies
outside the joint 95% CL for the Planck+WP+high-` data for
N⇤ . 60 e-folds, as shown in Fig. 1.

A linear potential with n = 1 (McAllister et al., 2010), mo-
tivated by axion monodromy, has ⌘V = 0 and lies within the

95% CL region. Inflation with n = 2/3 (Silverstein & Westphal,
2008), however, also motivated by axion monodromy, now lies
on the boundary of the joint 95% CL region. More permissive
entropy generation priors allowing N⇤ < 50 could reconcile this
model with the Planck data.

 Modulus
mass input
     for
inflationary
predictions

 The central value of            shifts   

55 ! 55� 1

3
ln

✓p
16⇡MplY 2

m'

◆

We will see that the shift is signifiant in a  class of models;  
will have  important implications. Cannot be accounted for in 
usual leeway of       .±5



Gravity Mediated Models and Inflation

• Gravity mediated models where moduli masses are 
   tied to the soft masses. For typical values

• The preferred central value 

Y ⇡ 1/10

N̂infl = 55� 1

3
ln

✓p
16⇡MplY 2

m'

◆
⇡ 45

Successful models of inflation very different from
the ones we are used to.

m' ⇡ 100� 1000 TeV
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Supersymmetry 
breaking scale 

Number of e-foldings 
during inflation 

• The preferred central value 

N̂infl = 55� 1

3
ln

✓p
16⇡MplY 2

m'

◆
⇡ 45

• Changing the mass of the modulus by one order of
    magnitude changes  by  less than one.
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Table 3. Constraints on cosmological parameters and best fit �2� ln(L) with respect to the standard ⇤CDM model, using
Planck+WP data, testing the significance of the deviation from the HZ model.

Model Parameter Planck+WP Planck+WP+lensing Planck + WP+high-` Planck+WP+BAO

⇤CDM + tensor ns 0.9624 ± 0.0075 0.9653 ± 0.0069 0.9600 ± 0.0071 0.9643 + 0.0059
r0.002 < 0.12 < 0.13 < 0.11 < 0.12

�2� lnLmax 0 0 0 -0.31

Table 4. Constraints on the primordial perturbation parameters in the ⇤CDM+tensor model from Planck combined with other data
sets. The constraints are given at the pivot scale k⇤ = 0.002 Mpc�1.
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Fig. 1. Marginalized joint 68% and 95% CL regions for ns and r0.002 from Planck in combination with other data sets compared to
the theoretical predictions of selected inflationary models.

CL for the WMAP 9-year data and is further excluded by CMB
data at smaller scales.

The model with a quadratic potential, n = 2 (Linde, 1983),
often considered the simplest example for inflation, now lies
outside the joint 95% CL for the Planck+WP+high-` data for
N⇤ . 60 e-folds, as shown in Fig. 1.

A linear potential with n = 1 (McAllister et al., 2010), mo-
tivated by axion monodromy, has ⌘V = 0 and lies within the

95% CL region. Inflation with n = 2/3 (Silverstein & Westphal,
2008), however, also motivated by axion monodromy, now lies
on the boundary of the joint 95% CL region. More permissive
entropy generation priors allowing N⇤ < 50 could reconcile this
model with the Planck data.

• The central value          hits        for                            .    N̂infl 50 m' ⇡ 1010 GeV

One should explicitly include the effect of the modulus 
domination epoch if                              .m' . 1010 GeV
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• So far, we have been using            as an input for inflationary
   predictions. But if we have a preferred model of inflation

• Precision measurement of        determines          .  

 A Bound on Moduli masses from Inflationary 
Sector 

Ninfl

Ninfl ⇡ �

1� ns

Model dependent 
constant

Ninflns

1

3
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+
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4
(1� 3wrh1)Nrh1 +

1

4
(1� 3wrh2)Nrh2

⇡ 55�Ninfl +
1

4
ln r +

1

4
ln

✓
⇢k
⇢end

◆

• LHS post-inflanationary, RHS inflationary.  
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• Reheating dependence ??  Reheating can occur by various
    mechanisms. Explicit numerical and analytic studies strongly
    suggest the averaged effective equation of state

• The terms associated with reheating are positive definite;
    the maximum value of the term containing the modulus mass
    is given by the RHS. We have a bound   

m' &
p
16⇡MplY

2 e
�3

⇣
55.43�Ninfl+

1
4 ln(

⇢k
⇢end

)+ 1
4 ln r

⌘

wrh < 1/3

 Positive

1

3
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4
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4
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⇡ 55.43�Ninfl +
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4
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⇢end

◆
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• Larger the number of e-foldings stronger the bound

• Lower the value of r, stronger the bound. 

• The  second  term’s  magnitude  depends  on  the 
broad characteristics of the inflationary potential 
(small field/large field).

m' &
p
16⇡MplY

2 e
�3

⇣
55.43�Ninfl+

1
4 ln(

⇢k
⇢end

)+ 1
4 ln r

⌘
Bound on Modulus Mass
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Small Field Models

•  Since lower the value of r, stronger the bound. For a 
     conservative estimate of the bound we take                .

• Then for                   ;                                      ; much stronger
   than the bound based on nucleosynthesis considerations.

• The form of the potential in these models is typically
    plateau-like. The term involving the energy densities makes
    a negligible contribution.

m' &
p
16⇡MplY

2 e
�3

⇣
55.43�Ninfl+

1
4 ln(

⇢k
⇢end

)+ 1
4 ln r

⌘

r = 0.01

• For the initial field displacement, take a conservative
    value                  

Y = 'in

�
Mpl = 1/100

Ninfl = 50 m' & 4.5⇥ 106 TeV
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Large Field Models

•  The basic shape of the potentials can be parametrised 
     by a one parameter family                  of power law potentials.

• One can compute the relevant terms the relevant terms
    in the exponent.  Again, the scale is set by the number
    of e-folding.

m' &
p
16⇡MplY

2 e
�3

⇣
55.43�Ninfl+

1
4 ln(

⇢k
⇢end

)+ 1
4 ln r

⌘

• Bound only one order of magnitude less, still strong.                 

M4�P�P
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Conclusions

•  Modular cosmology very well motivated from the point
    of view of  string/supergravity models.

• We have examined modular cosmology in the light of CMB
    data and inflation.

•  Preferred central value of the number e-foldings inflation

55 ! 55� 1

3
ln

✓p
16⇡MplY 2

m'

◆

-moduli particles produced during inflation
-long epoch of modulus domination
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55 ! 55� 1
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◆   Change the
    50 - 60
      range

10 Planck Collaboration: Constraints on inflation

HZ HZ + YP HZ + Ne↵ ⇤CDM
105⌦bh2 2296 ± 24 2296 ± 23 2285 ± 23 2205 ± 28
104⌦ch2 1088 ± 13 1158 ± 20 1298 ± 43 1199 ± 27
100 ✓MC 1.04292 ± 0.00054 1.04439 ± 0.00063 1.04052 ± 0.00067 1.04131 ± 0.00063
⌧ 0.125+0.016

�0.014 0.109+0.013
�0.014 0.105+0.014

�0.013 0.089+0.012
�0.014

ln
⇣

1010As

⌘

3.133+0.032
�0.028 3.137+0.027

�0.028 3.143+0.027
�0.026 3.089+0.024

�0.027
ns — — — 0.9603 ± 0.0073
Ne↵ — — 3.98 ± 0.19 —
YP — 0.3194 ± 0.013 — —
�2� ln(Lmax) 27.9 2.2 2.8 0

Table 3. Constraints on cosmological parameters and best fit �2� ln(L) with respect to the standard ⇤CDM model, using
Planck+WP data, testing the significance of the deviation from the HZ model.

Model Parameter Planck+WP Planck+WP+lensing Planck + WP+high-` Planck+WP+BAO

⇤CDM + tensor ns 0.9624 ± 0.0075 0.9653 ± 0.0069 0.9600 ± 0.0071 0.9643 + 0.0059
r0.002 < 0.12 < 0.13 < 0.11 < 0.12

�2� lnLmax 0 0 0 -0.31

Table 4. Constraints on the primordial perturbation parameters in the ⇤CDM+tensor model from Planck combined with other data
sets. The constraints are given at the pivot scale k⇤ = 0.002 Mpc�1.
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Fig. 1. Marginalized joint 68% and 95% CL regions for ns and r0.002 from Planck in combination with other data sets compared to
the theoretical predictions of selected inflationary models.

CL for the WMAP 9-year data and is further excluded by CMB
data at smaller scales.

The model with a quadratic potential, n = 2 (Linde, 1983),
often considered the simplest example for inflation, now lies
outside the joint 95% CL for the Planck+WP+high-` data for
N⇤ . 60 e-folds, as shown in Fig. 1.

A linear potential with n = 1 (McAllister et al., 2010), mo-
tivated by axion monodromy, has ⌘V = 0 and lies within the

95% CL region. Inflation with n = 2/3 (Silverstein & Westphal,
2008), however, also motivated by axion monodromy, now lies
on the boundary of the joint 95% CL region. More permissive
entropy generation priors allowing N⇤ < 50 could reconcile this
model with the Planck data.

• Modulus mass needed to make inflationary predictions

m' . 1010 GeV
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Supersymmetry 
breaking scale 

Number of e-foldings 
during inflation 

• For Gravity mediated models of SUSY breaking

N̂infl = 55� 1

3
ln

✓p
16⇡MplY 2

m'

◆
Hierarchy

• With a preferred  model of inflation and bound on moduli
        masses, potential equality with understanding of reheating. 


