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Simplest picture: Single-field slow-roll inflation

Minimal coupling
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r = 16✏? r < 0.11 (95% CL)

ns = 1 + 2⌘? � 6✏? ns = 0.9655± 0.0062

⇠ Gaussian. [O(✏, ⌘)]
Compatible with 0.

. few%

Observables Prediction Exp.  Value
Fluctuations 
Amplitude OK

Tensor-to-scalar 
ratio ✕

Tilt OK

Non-Gaussianity OK

Isocurvature No OK

Single field Slow-Roll inflation
• Single-field SR inflation is favoured:

• Alternatives are less elegant† and are in bad shape: too 
much non-Gaussianity, isocurvature modes, etc.

†elegant: (of  a scientific theory or solution to a problem) pleasingly ingenious and simple: the 
grand unified theory is compact and elegant in mathematical terms.                    The Oxford dictionary. 



Minimally coupled Chaotic inflation:
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Motivation
• It is usually assumed that a term of the form              vanishes. 

• Since the inflaton is coupled to light degrees of freedom (during reheating), 

the RGE of     is nontrivial. One can make it vanish at some scale, but it will be nonzero at 
some point because of its running: 

‣ What about nonminimally scenarios?:
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• T. Futamase and K. i. Maeda, PRD  39 (1989) 399.!
• R. Fakir and W. G. Unruh, PRD 41, 1783 (1990).!
• D. I. Kaiser, PRD 52, 4295 (1995), [astro-ph/9408044].!
• E. Komatsu and T. Futamase, PRD 59, 064029 (1999).!
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Nonminimally coupled Chaotic inflation:

where

We recast the action in canonical form:

Where the potential is now:
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Results

•              Cosmology +           . 

• Planck ’15 TT measurements 
(BKP=BICEP2/KECK + Planck). 

• We perform a MCMC analysis 
using COSMOMC.

⇤CDM ⇠ 6= 0
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Planck TT+WP BK+Planck TT+WP

N 60 50 60 50

⇠ 0.0028+0.0023
�0.0025 0.0024+0.0023

�0.0023 0.0027+0.0023
�0.0022 0.0027+0.0020

�0.0019

ns 0.958+0.010
�0.011 0.954+0.007

�0.009 0.958+0.009
�0.011 0.953+0.007

�0.009

r 0.038+0.051
�0.031 0.063+0.056

�0.048 0.038+0.039
�0.030 0.053+0.038

�0.037

↵ ⌘ dns/ d ln k �0.0005+0.0001
�0.0001 �0.0007+0.0001

�0.0001 �0.0005+0.0001
�0.0001 �0.0007+0.0001

�0.0001

TABLE II. Inflationary constraints in the context of non-minimally coupled chaotic potential �2: The upper block
of the table refers to the 95% CL limits on the non-minimal coupling ⇠ (the parameter varied in the MCMC analyses) from the
two possible CMB data combinations used in this study, for both N = 60 and N = 50. The lower block of the table contains
the 95% CL derived ranges of the inflationary parameters ns, r and ↵ from the limits of ⇠ illustrated above, in the context of
the non-minimally coupled chaotic potential �2, for both N = 60 and N = 50.

Figure 1 shows the 68% and 95% CL allowed regions
in the (ns, r) plane resulting from our MCMC analyses
to Planck TT plus WP data and to the combined BKP
in the usual (ns, r) plane, together with the theoretical
predictions for N = 50 and N = 60 for the non-minimally
coupled �

2 scenario.
To address the question of whether or not a non-

minimal coupling ⇠ is favoured by current CMB data, we
compare the �

2 test statistics function for the �

2 model
in its minimally and non-minimally coupled versions for
N = 60, albeit very similar results are obtained for
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FIG. 3. Excursion of the canonically-normalized inflaton '
versus the one of the original scalar �. The magnitude of
the tensor-to-scalar ratio is encoded in the curve through the
color bar. Notice that, in both frames, large r correlates with
large excursions.

N = 50. The �

2 for the case of Planck TT plusWP data,
evaluated at the best-fit-point of the �

2 model minimally
coupled to gravity is �

2[⇠ = 0] = 9812.8. On the other
hand, the non-minimally coupled version has a lower �

2

value at the best-fit-point due to the extra parameter ⇠

introduced in the model, with �

2[⇠ 6= 0] = 9806.8. The
di↵erence between these two �

2 values is��

2 = 6, which,
for a distribution of one degree of freedom, has a p-value
of 0.014, and is considered as statistically significant. For
the case of the combined BKP likelihood, the di↵erence
between the test-statistics for the minimally coupled and
non-minimally coupled �

2 models is ��

2 = 10, which,
for one degree of freedom, has a p-value of 0.0016, and is
considered as very statistically significant. Therefore, ac-
cording to the most recent CMB data, the presence of a
non-minimal coupling ⇠ within the �

2 model is favoured
at a significance equal or larger than ⇠ 99% CL.
Let us now turn to future constraints on ⇠. Future

observations, as those expected from PIXIE [27], Eu-
clid [28], COrE [29] and PRISM [30], could be able to
reach an accuracy of �r = �ns�1

= 10�3. With such
precision, one could hope to test deviations from the
quadratic potential [31], as the one studied here, by con-
structing quantities independent of N , up to subleading
O(1/N3) corrections. It is straighforward to get for our
case,

ns � 1 +
r

4
= �20 ⇠ , (8)

at leading order both in slow-roll and ⇠. If it turns out
that nature had chosen a very small value of r, future
constraints on ⇠ would be as strong as ⇠ . 10�4; one
order of magnitude stronger than the ones obtained in
this analysis. Concerning the running ↵, it is interesting
to note that futuristic observations like SPHEREx [32]
with a forcasted error of �↵ = 10�3, will be able to falsify
the present scenario.
Finally, it is also interesting to explore the impact of

the non-minimal coupling on the inflaton excursion. It is

Results

• A nonvanishing coupling is preferred in this context. 

• A nonvanishing     is also favoured.r

95% C.L. constraints:
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• Slight preference for nonzero    and   .r⇠

One-dimensional posterior probability distributions.
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Planck Collaboration: Constraints on inflation 13

Extended model, Parameter Planck TT+lowP Planck TT+lowP Planck TT,TE,EE
⇤CDM+r+ +lensing +BAO +lowP

+general reionization r r < 0.11 r < 0.10 < 0.10
ns 0.975 ± 0.006 0.971 ± 0.005 0.968 ± 0.005
r < 0.14 < 0.12 < 0.11

+Ne↵ ns 0.977+0.016
�0.017 0.972 ± 0.009 0.964 ± 0.010

Ne↵ 3.24+0.30
�0.35 3.19 ± 0.24 3.02+0.20

�0.21

r < 0.14 < 0.12 < 0.12
+YHe ns 0.975 ± 0.007 0.973 ± 0.009 0.969 ± 0.008

YHe 0.258 ± 0.022 0.257 ± 0.022 0.252 ± 0.014
r < 0.11 < 0.11 < 0.11

+m⌫ ns 0.963 ± 0.007 0.967 ± 0.005 0.962 ± 0.005
m⌫ < 0.67 < 0.21 < 0.58
r < 0.15 r < 0.11 < 0.15

+⌦K ns 0.971 ± 0.007 0.971 ± 0.007 0.969 ± 0.005
⌦K �0.008+0.010

�0.008 �0.001 ± 0.003 �0.045+0.016
�0.020

r < 0.14 < 0.11 < 0.12
+w ns 0.969 ± 0.006 0.967 ± 0.006 0.966 ± 0.005

w �1.46+0.20
�0.40 �1.02+0.08

�0.07 �1.57+0.17
�0.37

+⌦K+dns/d ln k

r < 0.20 < 0.18 < 0.19
ns 0.971 ± 0.007 0.969 ± 0.007 0.969 ± 0.005

dns/d ln k �0.006 ± 0.009 �0.013 ± 0.009 �0.004 ± 0.008
⌦K �0.006+0.010

�0.009 �0.001 ± 0.003 �0.043+0.011
�0.020

+Ne↵+me↵

r r < 0.14 r < 0.13 < 0.12
ns 0.980+0.010

�0.014 0.978+0.008
�0.011 0.968+0.006

�0.008
me↵ < 0.27 < 0.21 < 0.83
Ne↵ < 3.45 < 3.73 < 3.47

Table 5. Constraints on extensions of the ⇤CDM+r cosmological model for Planck TT+lowP+lensing, Planck TT+lowP+BAO, and
Planck TT,TE,EE+lowP. For each model we quote 68 % CL, unless 95 % CL upper bounds are reported.

Fig. 7. One dimensional posterior probabilities for ns for the base
⇤CDM model obtained by excluding temperature multipoles for
` < 30 (“TT�lowT”), while either keeping low-` polarization
data, or in addition replacing them with a Gaussian prior on ⌧.

universe from the temperature and polarization data alone, and
the well-known degeneracy between ⌦K and H0/⌦m lead to a
slight suppression of the Sachs-Wolfe plateau in the scalar tem-
perature spectrum. This leaves more room for a tensor compo-
nent.
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Fig. 8. One dimensional posterior probabilities for r for various
data combinations, either including or not including temperature
multipoles for ` < 30, and compared with the baseline choice
(Planck TT+lowP, black curve).

This further degeneracy when r is added builds on the neg-
ative values for the curvature allowed by Planck TT+lowP,
⌦K = �0.052+0.049

�0.055 at 95 % CL (Planck Collaboration XIII,
2015). The exploitation of the information contained in
the Planck lensing likelihood leads to a tighter constraint,
⌦K = �0.005+0.016

�0.017 at 95 % CL, which improves on the Planck

Planck ’15 (          )  ⇠ = 0
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TABLE II. Inflationary constraints in the context of non-minimally coupled chaotic potential �2: The upper block
of the table refers to the 95% CL limits on the non-minimal coupling ⇠ (the parameter varied in the MCMC analyses) from the
two possible CMB data combinations used in this study, for both N = 60 and N = 50. The lower block of the table contains
the 95% CL derived ranges of the inflationary parameters ns, r and ↵ from the limits of ⇠ illustrated above, in the context of
the non-minimally coupled chaotic potential �2, for both N = 60 and N = 50.

Figure 1 shows the 68% and 95% CL allowed regions
in the (ns, r) plane resulting from our MCMC analyses
to Planck TT plus WP data and to the combined BKP
in the usual (ns, r) plane, together with the theoretical
predictions for N = 50 and N = 60 for the non-minimally
coupled �

2 scenario.
To address the question of whether or not a non-

minimal coupling ⇠ is favoured by current CMB data, we
compare the �

2 test statistics function for the �

2 model
in its minimally and non-minimally coupled versions for
N = 60, albeit very similar results are obtained for
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FIG. 3. Excursion of the canonically-normalized inflaton '
versus the one of the original scalar �. The magnitude of
the tensor-to-scalar ratio is encoded in the curve through the
color bar. Notice that, in both frames, large r correlates with
large excursions.

N = 50. The �

2 for the case of Planck TT plusWP data,
evaluated at the best-fit-point of the �

2 model minimally
coupled to gravity is �

2[⇠ = 0] = 9812.8. On the other
hand, the non-minimally coupled version has a lower �

2

value at the best-fit-point due to the extra parameter ⇠

introduced in the model, with �

2[⇠ 6= 0] = 9806.8. The
di↵erence between these two �

2 values is��

2 = 6, which,
for a distribution of one degree of freedom, has a p-value
of 0.014, and is considered as statistically significant. For
the case of the combined BKP likelihood, the di↵erence
between the test-statistics for the minimally coupled and
non-minimally coupled �

2 models is ��

2 = 10, which,
for one degree of freedom, has a p-value of 0.0016, and is
considered as very statistically significant. Therefore, ac-
cording to the most recent CMB data, the presence of a
non-minimal coupling ⇠ within the �

2 model is favoured
at a significance equal or larger than ⇠ 99% CL.
Let us now turn to future constraints on ⇠. Future

observations, as those expected from PIXIE [27], Eu-
clid [28], COrE [29] and PRISM [30], could be able to
reach an accuracy of �r = �ns�1

= 10�3. With such
precision, one could hope to test deviations from the
quadratic potential [31], as the one studied here, by con-
structing quantities independent of N , up to subleading
O(1/N3) corrections. It is straighforward to get for our
case,

ns � 1 +
r

4
= �20 ⇠ , (8)

at leading order both in slow-roll and ⇠. If it turns out
that nature had chosen a very small value of r, future
constraints on ⇠ would be as strong as ⇠ . 10�4; one
order of magnitude stronger than the ones obtained in
this analysis. Concerning the running ↵, it is interesting
to note that futuristic observations like SPHEREx [32]
with a forcasted error of �↵ = 10�3, will be able to falsify
the present scenario.
Finally, it is also interesting to explore the impact of

the non-minimal coupling on the inflaton excursion. It is

• T h e e x c u r s i o n o f t h e 
nonminimally coupled inflaton 
is  bit smaller but still super-
Planckian. 

• Large   correlates with large 
excursions as dictated by the 
Lyth bound.
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• We can construct a combination of first order slow-roll observables: 

• This combination vanishes for          , in the context of the chaotic scenario.  

• Future observations from PIXIE, Euclid, COrE, and PRISM are targeting 

• Combined with future accurate measurements of      , this might rule-out this 
model due to its nontrivial correlation with   .

4

Planck TT+WP BK+Planck TT+WP

N 60 50 60 50

⇠ 0.0028+0.0023
�0.0025 0.0024+0.0023

�0.0023 0.0027+0.0023
�0.0022 0.0027+0.0020

�0.0019

ns 0.958+0.010
�0.011 0.954+0.007

�0.009 0.958+0.009
�0.011 0.953+0.007

�0.009

r 0.038+0.051
�0.031 0.063+0.056

�0.048 0.038+0.039
�0.030 0.053+0.038

�0.037

↵ ⌘ dns/ d ln k �0.0005+0.0001
�0.0001 �0.0007+0.0001

�0.0001 �0.0005+0.0001
�0.0001 �0.0007+0.0001

�0.0001

TABLE II. Inflationary constraints in the context of non-minimally coupled chaotic potential �2: The upper block
of the table refers to the 95% CL limits on the non-minimal coupling ⇠ (the parameter varied in the MCMC analyses) from the
two possible CMB data combinations used in this study, for both N = 60 and N = 50. The lower block of the table contains
the 95% CL derived ranges of the inflationary parameters ns, r and ↵ from the limits of ⇠ illustrated above, in the context of
the non-minimally coupled chaotic potential �2, for both N = 60 and N = 50.

Figure 1 shows the 68% and 95% CL allowed regions
in the (ns, r) plane resulting from our MCMC analyses
to Planck TT plus WP data and to the combined BKP
in the usual (ns, r) plane, together with the theoretical
predictions for N = 50 and N = 60 for the non-minimally
coupled �

2 scenario.
To address the question of whether or not a non-

minimal coupling ⇠ is favoured by current CMB data, we
compare the �

2 test statistics function for the �

2 model
in its minimally and non-minimally coupled versions for
N = 60, albeit very similar results are obtained for
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FIG. 3. Excursion of the canonically-normalized inflaton '
versus the one of the original scalar �. The magnitude of
the tensor-to-scalar ratio is encoded in the curve through the
color bar. Notice that, in both frames, large r correlates with
large excursions.

N = 50. The �

2 for the case of Planck TT plusWP data,
evaluated at the best-fit-point of the �

2 model minimally
coupled to gravity is �

2[⇠ = 0] = 9812.8. On the other
hand, the non-minimally coupled version has a lower �

2

value at the best-fit-point due to the extra parameter ⇠

introduced in the model, with �

2[⇠ 6= 0] = 9806.8. The
di↵erence between these two �

2 values is��

2 = 6, which,
for a distribution of one degree of freedom, has a p-value
of 0.014, and is considered as statistically significant. For
the case of the combined BKP likelihood, the di↵erence
between the test-statistics for the minimally coupled and
non-minimally coupled �

2 models is ��

2 = 10, which,
for one degree of freedom, has a p-value of 0.0016, and is
considered as very statistically significant. Therefore, ac-
cording to the most recent CMB data, the presence of a
non-minimal coupling ⇠ within the �

2 model is favoured
at a significance equal or larger than ⇠ 99% CL.
Let us now turn to future constraints on ⇠. Future

observations, as those expected from PIXIE [27], Eu-
clid [28], COrE [29] and PRISM [30], could be able to
reach an accuracy of �r = �ns�1

= 10�3. With such
precision, one could hope to test deviations from the
quadratic potential [31], as the one studied here, by con-
structing quantities independent of N , up to subleading
O(1/N3) corrections. It is straighforward to get for our
case,

ns � 1 +
r

4
= �20 ⇠ , (8)

at leading order both in slow-roll and ⇠. If it turns out
that nature had chosen a very small value of r, future
constraints on ⇠ would be as strong as ⇠ . 10�4; one
order of magnitude stronger than the ones obtained in
this analysis. Concerning the running ↵, it is interesting
to note that futuristic observations like SPHEREx [32]
with a forcasted error of �↵ = 10�3, will be able to falsify
the present scenario.
Finally, it is also interesting to explore the impact of

the non-minimal coupling on the inflaton excursion. It is

�r = �ns�1 = 10�3
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III. OBSERVATIONAL CONSTRAINTS ON ⇠ IN
THE QUADRATIC INFLATIONARY MODEL

In this paper, we restrict our numerical fits to Cosmic
Microwave Background (CMB) measurements. The in-
clusion of external data sets, such as Baryon Acoustic Os-
cillation measurements, or a Hubble constant prior from
the HST team will not a↵ect the constraints presented
in the following. Our data sets are the Planck tempera-
ture data (hereafter TT ) [21–23], together with the low-`
WMAP 9-year polarization likelihood, that includes mul-
tipoles up to ` = 23, see Ref. [24] (hereafter WP), and
the recent multi-component likelihood of the joint analy-
sis of BICEP2/Keck Array and Planck polarization maps
(hereafter BKP), following the data selection and fore-
ground parameters of the fiducial analysis presented in
Ref. [1] 5. However, variations of this fiducial model will
not change significantly the results presented here.

These data sets are combined to constrain the cosmo-
logical model explored here, and described by the param-
eters6:

{!b, !c,⇥s, ⌧, log[10
10

As], ⇠} (7)

In Table I, we summarize the definition as well as the
priors on these parameters. We use the Boltzmann code
CAMB [25] and the cosmological parameters are extracted
from the data described above by means of a Monte Carlo
Markov Chain (MCMC) analysis based on the most re-
cent version of cosmomc [26]. The constraints obtained
on the non-minimal coupling ⇠ are then translated into
bounds on the usual inflationary parameters ns, r and ↵.

Table II shows the 95% CL constraints on the param-
eter ⇠ as well as on the derived inflationary parameters

Parameter Physical Meaning Prior

!b ⌘ ⌦bh
2

Present baryon density. 0.005 ! 0.1

!c ⌘ ⌦ch
2

Present Cold dark matter density. 0.01 ! 0.99

⇥s rs/DA(zdec)
a
. 0.5 ! 10

⌧ Reionization optical depth. 0.01 ! 0.8

ln (10

10As) Primordial scalar amplitude. 2.7 ! 4

⇠ Non-minimal coupling. �0.002 ! 0.0065

a The parameter ⇥s is the ratio between the sound horizon rs
and the angular diameter distance DA(zdec) at decoupling zdec.

TABLE I. Uniform priors for the cosmological parameters
considered in the present analysis.

5 This fiducial analysis assumes a tensor spectral index nT = 0,
the BB bandpowers of BICEP2/Keck Array and the 217 and
353 GHz bands of Planck, in the multipole range 20 < ` < 200.

6 Notice that the inflationary cosmology under study contains less
parameters than the standard ⇤CDM picture, as once the non-
minimal coupling ⇠ is fixed, ns, r and ↵ are fully determined,
and are thus derived parameters.
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FIG. 2. The running ↵ as a function of the non-minimal
coupling ⇠. The red circle represents the minimal coupling
case ⇠ = 0.

ns, r and the running ↵ arising from our numerical analy-
ses using the two CMB data combinations used here and
assuming that ns and r are univocally determined by ⇠

(for a fixed number of e-folds N , that we consider to be
either 60 or 50). For N = 60, the preferred value of the
non-minimal coupling ⇠ from Planck TT plus WP mea-
surements is positive and slightly larger than the mean
value obtained when the cross-correlated polarized maps
from BICEP2/Keck and Planck (BKP) experiments are
included in the numerical analyses. This preference for
a slightly larger ⇠ (and consequently, smaller r) is clear
from the one-dimensional posterior probability distribu-
tion of ⇠ shown in the left panel of Fig. 4. The mean
value of ⇠ = 0.0028 obtained from Planck TT plus WP
data is translated into a 95% CL constraint of the tensor-
to-scalar-ratio r = 0.038+0.051

�0.031, as can be seen from the
right panel of Fig. 4. When considering BICEP2/Keck
and Planck cross-spectra polarization data, the former
constraint on the tensor-to-scalar ratio is very similar to
the one quoted above. Concerning the running of the
spectral index, the two data combinations seem to have
a preference for a small negative running ↵ = �0.0005,
associated to small values of |⇠|, as shown in Fig. 2.

Let us now comment on the sensitivity of our con-
straints to changes in the number of e-folds N . Setting
N = 50 leads to di↵erent, though almost insignificant,
changes in the constraints obtained using the two CMB
data sets. The theoretically allowed regions in the (ns, r)
plane as a function of ⇠ for N = 50 are indeed slightly
di↵erent from those corresponding to the N = 60 case,
see Fig. 1. The net result is a smaller (larger) values
of ns (r) than in the N = 60 case. The BICEP2/Keck
and Planck cross-spectra polarization data yield a value
r = 0.053+0.038

�0.037 for the tensor-to-scalar ratio in the con-
text of the non-minimally coupled �

2 model. On the
other hand, the resulting central value for the scalar spec-
tra index is only half a � away (towards smaller values)
from the corresponding one for N = 60, as expected from
the theoretical predictions illustrated in Fig. 1.

• Negative coupling gives significant 
running (and higher    ). 

• T h e r u n n i n g i s a g o o d 
discriminator. 

• Future constraints might falsify this 
model.

r
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running (and higher    ). 
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model.
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Conclusions
• The answer is YES! 

‣ Current data have a preference for a nonminimally 
coupled       scenario. 

• Next round of observations might rule-out this scenario 

‣ Better measurements of       and     by, e.g., PIXIE, Euclid, 
COrE, and PRISM. 

‣ Better measurements of       by, e.g., SPHEREx. 

• More futuristic observations (like 21 cm Cosmology) will 
certainly answer this question.
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Thank you!



Results
We compare the     -statistics for both models: 

��2 = �2[⇠ = 0]� �2[⇠ 6= 0]

Planck TT+WP BK+Planck TT+WP
��2 6 10

p-value 0.014 0.0016
Statistical Significance Significant Very significant

➡ The nonminimally coupled scenario is favoured (with 
respect to the minimal one) at 99% of confidence level.

�2

Considering a distribution with one degree of freedom (  ):⇠


