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Present status of CMB observations : 
Post-PLANCK(+BICEP2) Era

• With PLANCK data we have entered a new era of precision 

cosmology 

• This data indicates that we live in a flat universe 

• Primordial cosmological fluctuations are adiabatic        entropic 

modes are constrained to contribute less than a few percent 

• These fluctuations are also Gaussian in nature 

• Primordial fluctuations yield a nearly scale-invariant power 

spectrum                                ruled out the Harrison-Zeldovich 

spectrum at more than 

• Data puts an upper-limit on tensor-to-scalar ratio 

|⌦K | < 0.005

f local

NL
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ns = 0.968± 0.006

5�
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Success saga of (single-Þeld) inßation  
• Simplest single-field slow-roll 

model of inflation with standard 

kinetic term explain the 

observations pretty well  

✴ Adiabatic (no isocurvature) 

✴ Gaussian : 

✴ Nearly scale-invariant : 

✴ Tensor-to-scalar ratio  
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What would be the shape of  
the inßaton potential ??



16 Planck Collaboration: Constraints on inflation

Fig. 11. Marginalized joint 68 % and 95 % CL regions for (✏1 , ✏2 , ✏3) (top panels) and (✏V , ⌘V , ⇠2V ) (bottom panels) for Planck
TT+lowP (red contours), Planck TT,TE,EE+lowP (blue contours), and compared with the Planck 2013 results (grey contours).

Fig. 12. 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.

Graceless exit of Quartic and 
Quadratic potentials of inßaton

Irrespective of 

the fact that 

the coupling 

constants have 

to be severely 

fine-tuned in 

order to 

explain the 

observed 

amplitude of 

the density 

fluctuations !!



Way out ??  

Non-minimal coupling : Higgs Inßation



Higgs inßation (in brief..) (Bezrukov & Shaposhnikov)

• The standard model Higgs potential is quartic (not flat) 

• However, scalar fields can (should?) non-minimally couple to 

gravity (in Jordan frame) : 

• Upon canonically transforming to Einstein frame : 

• Where the potential is 

V = �H

✓
H†H !

1

2
v2H

◆2

S =

Z
d

4
x

p�g


1

2
R� ⇠H†HR+ LSM

�
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Higgs inßation (in brief..) (Bezrukov & Shaposhnikov)

• When                             

the potential becomes very 

flat and the inflaton can 

slow-roll 

• However, one needs             

for the correct amplitude 

of the curvature 

perturbations  

• The model yields very small 

tensor-to-scalar ratio ~ 
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Fig. 1. Effective potential in the Einstein frame.

Analysis of the inflation in the Einstein frame 3 can
be performed in standard way using the slow-roll ap-
proximation. The slow roll parameters (in notations of
[28]) can be expressed analytically as functions of the
field h(χ) using (4) and (6) (in the limit of h2 ≫
M2

P /ξ ≫ v2),

ϵ =
M2

P

2

(

dU/dχ

U

)2

≃
4M4

P

3ξ2h4
, (9)

η = M2
P

d2U/dχ2

U
≃ −

4M2
P

3ξh2
, (10)

ζ2 = M4
P

(d3U/dχ3)dU/dχ

U2
≃

16M4
P

9ξ2h4
. (11)

Slow roll ends when ϵ ≃ 1, so the field value at
the end of inflation is hend ≃ (4/3)1/ 4MP /

√
ξ ≃

1.07MP /
√

ξ. The number of e-foldings for the change
of the field h from h0 to hend is given by

N =

h0
∫

hend

1
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P

U
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)2

dh ≃
6

8

h2
0 − h2

end

M2
P /ξ

.(12)

We see that for all values of
√

ξ ≪ 1017 the scale of
the Standard Model v does not enter in the formulae,
so the inflationary physics is independent on it. Since
interactions of the Higgs boson with the particles of
the SM after the end of inflation are strong, the re-
heating happens right after the slow-roll, and Treh ≃
( 2λ
π2g∗

)1/ 4MP /
√

ξ ≃ 2×1015 GeV, where g∗ = 106.75
is the number of degrees of freedom of the SM. So,
the number of e-foldings for the the COBE scale enter-
ing the horizon NCOBE ≃ 62 (see [28]) and hCOBE ≃
9.4MP /

√
ξ. Inserting (12) into the COBE normaliza-

tion U/ϵ = (0.027MP )4 we find the required value for
ξ

3 The same results can be obtained in the Jordan frame [26, 27].
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Fig. 2. The allowed WMAP region for inflationary parameters (r ,
n). The green boxes are our predictions supposing 50 and 60 e–
foldings of inflation. Black and white dots are predictions of usual
chaotic inflation with λφ4 and m2φ2 potentials, HZ is the Har-
rison-Zeldovich spectrum.

ξ ≃

√

λ

3

NCOBE

0.0272
≃ 49000

√
λ = 49000

mH
√

2v
. (13)

Note, that if one could deduce ξ from some fundamen-
tal theory this relation would provide a connection be-
tween the Higgs mass and the amplitude of primordial
perturbations. The spectral index n = 1 − 6ϵ + 2η cal-
culated for N = 60 (corresponding to the scale k =
0.002/Mpc) is n ≃ 1− 8(4N + 9)/(4N + 3)2 ≃ 0.97.
The tensor to scalar perturbation ratio [8] is r = 16ϵ ≃
192/(4N+3)2 ≃ 0.0033. The predicted values are well
within one sigma of the current WMAP measurements
[8], see Fig. 2.

3. Radiative corrections

An essential point for inflation is the flatness of
the scalar potential in the region of the field values
h ∼ 10MP /

√
ξ, what corresponds to the Einstein

frame field χ ∼ 6MP . It is important that radiative
corrections do not spoil this property. Of course, any
discussion of quantum corrections is flawed by the non-
renormalizable character of gravity, so the arguments
we present below are not rigorous.
There are two qualitatively different type of correc-

tions one can think about. The first one is related to the
quantum gravity contribution. It is conceivable to think
[29] that these terms are proportional to the energy den-
sity of the field χ rather than its value and are of the
order of magnitude U(χ)/M4

P ∼ λ/ξ2. They are small
at large ξ required by observations. Moreover, adding
non-renormalizable operators h4+2n /M2n

P to the La-
grangian (2) also does not change the flatness of the

3



Cons of Higgs inßation ??  

1. One has to assume SM to be valid all the way upto 
Planck scale  

2. Two-loop analysis shows that 126 GeV< mH<194 GeV 
for successful inßation given mt=171.2 GeV and  
! s=0.1176     (0904.1537) 

3. Too small tensor-to-scalar ratio 

4. Too high non-minimal coupling : Unitarity 
problem? 



What if inßaton is assisted by another scalar during 
inßation ??  

Can we accommodate quartic and quadratic 
potentials?



Soft inßation 

Berkin,  Maeda & Yokoyama 
PRL 1990  ("=0), PRD 1991
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• The aim was to keep the coupling constant near 

unity : avoid fine-tuning  

• It can be achieved only when          : Standard 

kinetic term 

• It cannot be achieved in presence of non-standard 

kinetic term 

� = 0



Cons of "=0 case ??  

1. One has to assume that the multiplicative 
exponential factor comes from some fundamental 
theory  

Pros of non-standard kinetic term case ?? 

1. The exponential factor comes from a conformal 
transformation to Einstein frame of a more 
fundamental theory  

Such as É



Brans-Dicke Theory : (Starobinsky & Yokoyama) 

S =

Z
d

4
x

p
�g


1

2
R� 1

2
(r )2 � 1

2
e

�� 1

2
(r�)2 � e

�� 
V (�)

�

• The original action in the Jordan frame looks like : 

• Make conformal transformation : 

• In Einstein frame :
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ĝ

µ⌫
@µ�BD@⌫�BD +

1

2
ĝ
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Our Model :  

Consider # and " to be two independent 
parameters : Generalised Brans-Dicke Theory   



Our Model (arXiv: 1511.03121) 

• The equations of motion : 

• We want both the fields to slow-roll during inflation  

• We want                                 which implies
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Our Model (arXiv: 1511.03121) 

• Comoving  curvature perturbations: 

• Isocurvature perturbations : 

• Comoving curvature power spectrum : 

• Isocurvature power spectrum (vanishes in slow-roll approximation) : 
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Our Model : Observables (arXiv: 1511.03121) 

• Scalar spectral index: 

• Tensor-to-scalar ratio : 

 Running of the spectral 

index : 

 Non-Gaussainity :  
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FIG. 2. Upper panel : Evolution of the inflaton φ(t) with
respect to dilaton σ(t) is shown. Bigger black dots correspond
to the field values when inflation starts and smaller dots cor-
respond to the field values at the end of inflation. We see
that during inflation the evolution of dilaton is much slower
compared to inflaton. Lower panel : The cosmological evo-
lution of the scale factor is shown. The straight dot-dashed
line represent the ! N = 60 line where inflation ends.

tion, inflaton goes to its minimum value φ = 0. Such
background evolution of the fields also ensure that the
background spatial metric evolves (quasi-)exponentially
during inflation which has been depicted in the lower
panel of FIG. 2. Also we checked that for the case of
quartic potential V (φ) = λφ4/4, the fields evolve in a
similar way ensuring that φ can be treated as an inflaton
field.

We now analyze the observable parameters for inflaton
potential V (φ) = λnφn/n. From eq. (11), we find σf =
σ0 + β∆N . Using ϵH = 1, which is the condition for the
end of inflation, we obtain φf = neγσf/2/

!
2 ! β2. From

eq.(12), the field value φ0 can be expressed in terms of
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FIG. 3. ns − r predictions of our two field model are shown.
We have taken ! N = 60 and σ0 = 0.1. In both the figures
the range of values of γ increases along the curves from top
to bottom. It is also manifest that as the values of β and γ
goes to zero, ns and r values converges to standard slow-roll
inflation predictions.

φf and σ0 as φ2
0 " φ2

f + 2n
βγ e

γσ0
"
eβγ∆N ! 1

#
. Now we

substitute φ0 into eq.s (19), (20) and (21) to give ns, r
and PR in terms of σ0, n, ∆N , β and γ. For ∆N = 60
e-folds and for the choice σ0 = 0.1 with various choices
of the parameters β and γ, the ns ! r predictions for
quadratic (n = 2) and quartic (n = 4) potentials are
shown in the FIG. 3. For σ0 = 0.1, ∆N = 60 and for
the range of the parameter values of (β, γ) as shown in
FIG. 3, we find inflaton mass in the range λ2 = m2

φ #
10−11 ! 10−14 and self-coupling in the range λ4 = λ #
10−13 ! 10−17. E.g. for the choice β = 0.05, γ = 0.7,
which can produce ns " 0.9666, r " 0.06, gives mφ $
2 % 10−6. And for β = 0.06, γ = 1, which produces
ns " 0.964, r " 0.05, gives λ $ 10−16. Therefore, in this
model with quadratic and quartic potentials, similar to
the case of single-field slow-roll inflation, we require light
inflaton mass and fine-tuning of the inflaton self-coupling

ns � 1 ' A
⇥
(2! � � 6"�)e2��

�#(2# + $)e��]�B#2

r = 16✏H

↵s ' �6.7⇥ 10�4 quadratic

↵s ' �1.2⇥ 10�3 quartic

fNL ⇠ O(10�2)�O(10�3)



Our Model :  

Pros : 
• Tensor-to-scalar ratio can be as high as 0.05 

Cons : 
• Coupling constants still have to be Þne-tuned



Our Model :  

Consider # and " to be two independent parameters : 
Generalised Brans-Dicke Theory   

Can we obtain such a model in  
particle physics? 

Yes : in the realm of no-scale SUGRA   



No-scale SUGRA model: KŠhler potential 
 • Kähler Potential considered : 

•   : is the two-component chiral super-field whose real 

part is a dilaton (assisting scalar) and the imaginary 

part is a axion (inflaton) 

•   : is an additional matter field with modular weight    

(this field rapidly goes to zero at the beginning of 

inflation due to its exponentially steep potential ) 

• Generically in such a model 

• We treat    as a phenomenological parameter where it 

can deviate from 3 slightly 

K = �3 ln[T + T ⇤] +
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No-scale SUGRA model: The Lagrangian 
 • The super potential considered : 

• Decompose     in real and imaginary part : 

• Feed these into Kähler and Super potentials in the 

SUGRA action in Einstein Frame (Ellis, Garcia, Nanopoulos, Olive 2014) :
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No-scale SUGRA model : Validity 
 • The Lagrangian :
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FIG. 5. The ns − r predictions for quadratic (n = 2) and

quartic (n = 4) potentials, with a fixed value of γ = 2
√

2/3,
are shown. The range of values of β increases along the curves
from top to bottom.

Therefore, from (26) and (27), the Lagrangian in EF
becomes

LM =
1

2
∂µσ∂µσ +

1

2
e−γσ∂µφ∂µφ+ e−βσV (φ), (28)

where V (φ) = λ2
mφ2m/2m and we set b = 2ω/6 for

quadratic potential (2m = n = 2) and b = 2 × 2ω/9
for quartic potential (2m = n = 4). We see that the pa-
rameter b is no new parameter and can be given in terms

of ω. For ∆N = 60 and σ0 = 0.1, the ns − r predictions
for a fixed value of γ = 2

√

2/3 and with varying β are
shown in FIG. 5.

V. CONCLUSION

To summarize, our two-field two-parameter inflation-
ary model, where the inflaton field has a non-canonical ki-
netic term due to the presence of the dilaton field, renders
quartic and quadratic potentials of the inflaton field vi-
able with current observations. Unlike Higgs-inflationary
scenario which predicts very small tensor-to-scalar ratio
r ≈ 0.003, this model can produce large r in the range
r ∼ 10−1− 10−2 which would definitely be probed by fu-
ture B−mode experiments and thus such a model can be
put to test with the future observations. Also this model
produces no isocurvature perturbations upto slow-roll ap-
proximation and predicts negligible non-Gaussianity con-
sistent with the observations. In addition, we showed
that this model can be obtained from a no-scale SUGRA
model which makes this model of inflation phenomeno-
logically interesting from the particle physics perspective.
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To summarise : 

• If inflation is assisted by another scalar, then quartic and 

quadratic potentials can be made compatible with observations 

(no isocurvature, small enough running and non-Gaussianity) 

• Tensor-to-scalar ratio can be much higher than the Higgs-

inflation mechanism and hence easily falsifiable with future 

experiments  

• Such a model can be realised in no-scale SUGRA scenario 

   Cons : 

• Fine-tuning of coupling constants cannot be avoided 

Pros :




