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CMB observation by Planck 
seems to be support Starobinsky’s R  inflation model...2

(’13) Planck collaboration
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Recent BICEP2 B-mode data ruled out R  inflation?2

DETECTION OF B-MODES BY BICEP2 17
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FIG. 13.— Indirect constraints on r from CMB temperature spectrum mea-
surements relax in the context of various model extensions. Shown here is
one example, following Planck Collaboration XVI (2013) Figure 23, where
tensors and running of the scalar spectral index are added to the base ΛCDM
model. The contours show the resulting 68% and 95% confidence regions
for r and the scalar spectral index ns when also allowing running. The red
contours are for the “Planck+WP+highL” data combination, which for this
model extension gives a 95% bound r < 0.26 (Planck Collaboration XVI
2013). The blue contours add the BICEP2 constraint on r shown in the center
panel of Figure 10. See the text for further details.

scales having noise level of 87 nK-degrees in Q and U over
an effective area of 380 square degrees.

To fully exploit this unprecedented sensitivity we have ex-
panded our analysis pipeline in several ways. We have added
an additional filtering of the timestream using a template tem-
perature map (from Planck) to render the results insensitive to
temperature to polarization leakage caused by leading order
beam systematics. In addition we have implemented a map
purification step that eliminates ambiguous modes prior to B-
mode estimation. These deprojection and purification steps
are both straightforward extensions of the kinds of linear fil-
tering operations that are now common in CMB data analysis.

The power spectrum results are perfectly consistent with
lensed-ΛCDM with one striking exception: the detection of a
large excess in the BB spectrum in exactly the � range where
an inflationary gravitational wave signal is expected to peak.
This excess represents a 5.2σ excursion from the base lensed-
ΛCDM model. We have conducted a wide selection of jack-
knife tests which indicate that the B-mode signal is common
on the sky in all data subsets. These tests offer very strong
empirical evidence against a systematic origin for the signal.

In addition we have conducted extensive simulations using
high fidelity per channel beam maps. These confirm our un-
derstanding of the beam effects, and that after deprojection
of the two leading order modes, the residual is far below the
level of the signal which we observe.

Having demonstrated that the signal is real and “on the
sky” we proceeded to investigate if it may be due to fore-
ground contamination. Polarized synchrotron emission from
our galaxy is easily ruled out using low frequency polarized
maps from WMAP. For polarized dust emission public maps
are not yet available. We therefore investigate a range of mod-
els including new ones which use all of the information which
is currently available from Planck. These models all predict
auto spectrum power well below our observed level. In addi-
tion none of them show any significant cross correlation with
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FIG. 14.— BICEP2 BB auto spectra and 95% upper limits from several
previous experiments (Leitch et al. 2005; Montroy et al. 2006; Sievers et al.
2007; Bischoff et al. 2008; Brown et al. 2009; QUIET Collaboration et al.
2011, 2012; Bennett et al. 2013; Barkats et al. 2014). The curves show the
theory expectations for r = 0.2 and lensed-ΛCDM.

our maps.
Taking cross spectra against 100 GHz maps from BICEP1

we find significant correlation and set a constraint on the spec-
tral index of the signal consistent with CMB, and disfavoring
synchrotron and dust by 2.3σ and 2.2σ respectively. The fact
that the BICEP1 and Keck Array maps cross correlate is pow-
erful further evidence against systematics.

The simplest and most economical remaining interpretation
of the B-mode signal which we have detected is that it is due
to tensor modes — the IGW template is an excellent fit to
the observed excess. We therefore proceed to set a constraint
on the tensor-to-scalar ratio and find r = 0.20+0.07

−0.05 with r = 0
ruled out at a significance of 7.0σ. Multiple lines of evidence
have been presented that foregrounds are a subdominant con-
tribution: i) direct projection of the best available foreground
models, ii) lack of strong cross correlation of those models
against the observed sky pattern (Figure 6), iii) the frequency
spectral index of the signal as constrained using BICEP1 data
at 100 GHz (Figure 8), and iv) the spatial and power spectral
form of the signal (Figures 3 and 10).

Subtracting the various dust models and re-deriving the r
constraint still results in high significance of detection. For
the model which is perhaps the most likely to be close to re-
ality (DDM2 cross) the maximum likelihood value shifts to
r = 0.16+0.06

−0.05 with r = 0 disfavored at 5.9σ. These high val-
ues of r are in apparent tension with previous indirect limits
based on temperature measurements and we have discussed
some possible resolutions including modifications of the ini-
tial scalar perturbation spectrum such as running. However
we emphasize that we do not claim to know what the resolu-
tion is.

Figure 14 shows the BICEP2 results compared to previous
upper limits. The long search for tensor B-modes is appar-
ently over, and a new era of B-mode cosmology has begun.

BICEP2 was supported by the US National Science
Foundation under grants ANT-0742818 and ANT-1044978
(Caltech/Harvard) and ANT-0742592 and ANT-1110087
(Chicago/Minnesota). The development of antenna-coupled
detector technology was supported by the JPL Research and

(’14) BICEP2 collaboration
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R. Frauger, 14/5/2014, PrincetonFigure 1. Left: Joint constraints (68% and 95% c.l.) on r and the amplitude of the dust polarization
spectrum at l = 100 from Planck+WP+BICEP2, assuming a flat prior on the dust amplitude. Right:
Constraints from the same combination of data in the r–ns plane (blue contours), compared with
constraints from Planck+WP alone (yellow contours). The 95% c.l. contour of Planck+WP can be
seen extending to larger values of r than the contours that include BICEP2. The plotted line shows
the relation between ns and r predicted by inflation models with φ2 potentials and the number of
e-folds varying from 50 to 65.

Since the PLA chains contain relatively few samples with r ∼ 0.2, importance sampling
is not expected to be accurate for such large values of r and combined constraints with large
r should be interpreted with caution. However, we find that most of our analyses limit r to
values ! 0.1 where importance sampling should be more reliable.

3 Impact of polarized dust on BICEP2 inflation constraints

We start with the most conservative analysis, where we assume only a weak prior on the pos-
sible range of dust polarization amplitudes and no specific knowledge of the dust polarization
in the BICEP2 field. The left panel of Figure 1 shows that there is a clear anticorrelation
in the resulting constraints on r and the dust polarization amplitude ∆2

BB,dust,100. The joint

constraints favor models with small r and ∆2
BB,dust,100 ≈ 0.01µK2. This amplitude is con-

sistent with the limited information about dust polarization in the BICEP2 field that is
currently publicly available.

At 2σ in this 2D parameter space, the contours do not extend to dust-free r ≈ 0.2
models. In principle, the preference for small r could be driven by the Planck+WP constraints
which by themselves disfavor r = 0.2 at almost 3σ. However, we find that even when
considering the BICEP2 likelihood alone, models with r = 0 and a polarized dust component
fit the BICEP2 data better than models with r = 0.2. In fact, despite marginalizing over the
dust polarization amplitude, the joint constraint from Planck+WP+BICEP2 still imposes
a slightly stronger limit on the tensor-to-scalar ratio (r < 0.11) than Planck+WP alone
(r < 0.13), if we use the first 9 bandpowers of BICEP2. If we only use the first 5 bandpowers
then the constraints are unchanged relative to Planck.

In the right panel of Figure 1, we show the constraints in the r–ns plane from this
analysis compared with the constraints from Planck+WP alone. While the upper limit on r
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OK, let us just wait for Planck polarization data,
and not stop studying R  inflation. 2
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R  inflation2
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...inflation model from modified gravity
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It has a dual theory of scalar field (scalaron) with minimal coupling to gravity 
via introducing auxiliary field and performing conformal transformation,
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i.e. inflation with a very flat potential
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Observational predictions of R  inflation2

...can be seen easily in the scalaron picture
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Observational predictions of R  inflation2

...can be seen easily in the scalaron picture

Scalar powerspectrum

This determines other observables; 

Scalar spectral index: 

Tensor-to-scalar ratio: 

ns � 0.960− 0.966

r � 3× 10−3

Good agreement with Planck data

As =
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Some issues in R  inflation2

- How to explain the origin of R   term?

- Are there any higher order terms? 
  How they affect if ever?

- Initial condition problem?

2
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Some issues in R  inflation2

- How to explain the origin of R   term?

- Are there any higher order terms? 
  How they affect if ever?

- Initial condition problem?
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Induce from high energy theories. (1st step) Embed in Supergravity. 

Consider the terms expected in Supergravity and compare with 
observation.  

Relatively small potential energy requires large homogeneous region 
that satisfies                                       for inflation to start.  (∂iφ)2 � V (�M4

Pl)
chaotic initial condition does not work. 



Courtesy H.Oide

Embedding R  inflation in old minimal supergravity2

Start from D-term Lagrangian in super conformal theory
(’87) Cecotti, (’13) Farakos+

L = −3[S0S̄0]D + 3λ1[RR̄]D
[V ]D ≡

�
d2ΘEP [V ] + h.c.

R ≡ 1
2
S−1

0 P [S̄0]

After gauge fixing,
the system leads to the supersymmetric R  system. 

S0 = 1
2

Einstein-Hilbert action R  term2
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Embedding R  inflation in old minimal supergravity2

Start from D-term Lagrangian in super conformal theory

L = −3[S0S̄0]D + 3λ1[RR̄]D

(’87) Cecotti, (’13) Farakos+

[V ]D ≡
�

d2ΘEP [V ] + h.c.

R ≡ 1
2
S−1

0 P [S̄0]

After gauge fixing,
the system leads to the supersymmetric R  system. 

S0 = 1
2

Once more, it is easy to see the system in terms of 
the scalaron picture. 

L = −3[S0S̄(T + T̄ − CC̄)]D +
6√
λ1

�
S3

0C

�
T − 1

2

��

F

+ h.c.

Einstein-Hilbert action R  term2

C: goldstiono; T: scalaron
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  Kähler potential:
  

K = T + T − CC̄

W = C

�
T − 1

2

�
  Superpotential:

This is just the system with

By rewriting scalaron multiplet as

T =
1
2

exp[
�

2/3φ] + ib

and setting                  ,C = b = 0
canonically normalized scalaron with a potential 
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is obtained. 
Surely supersymmetrization 

of R  model !!2

(’13) Farakos+
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Higher order corrections (’13) Farakos+

Lowest order correction that modifies scalaron potential is...

ξ
�
∇α(R/S0)∇α(R/S0)∇̄α̇(R̄/S̄0)∇̄α̇(R̄/S̄0)

�
D

In terms of scalaron picture, the full Lagrangian leads to

L = −3[S0S̄(T + T̄ − CC̄)]D +
6√
λ1

�
S3

0C

�
T − 1

2

��

F

+ h.c.

+
ξ

λ2
1

�
∇αC∇αC∇̄α̇C̄∇̄α̇C̄

�
D



Courtesy H.Oide

Higher order corrections (’13) Farakos+

Lowest order correction that modifies scalaron potential is...

In terms of scalaron picture, the full Lagrangian leads to
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with the same Kähler/superpotential 
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Additional term modifies the F-term of C field, and 
the resultant potential for scalaron      is, now,  φ
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This is just the supersymmetrization of R   correction!4
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|s|<10  seems to break the flatness of the potential...  -7
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More quantitatively, look at the observational constraint.
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KK, in prep.

ξ > 0 ξ < 0
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Tuned initial condition is required?
...since nonzero higher correction make the inflationary 
region narrower...
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Tuned initial condition is required?
...since nonzero higher correction make the inflationary 
region narrower...

However, in the case         there is domain wall solution.  

Is topological inflation possinle?  

ξ > 0
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It is known that for the double well potential

V =
λ

4
(φ2 − v2)2

v > 1.7Mpl

topological inflation, or inflation that starts from inside domain-wall
is possible if                   . (’96)Sakai+

And the present potential is much flatter than double well potential
with                     . 
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Estimated thickness of the domain wall is also thick enough, 
for s>10 -7

Hδ � 0.22s
−1/6
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Estimated thickness of the domain wall is also thick enough, 
for s>10 -7

Hδ � 0.22s
−1/6

This circumstantial evidence strongly suggests that 
topological inflation will take place in this potential
if the parameter is small enough to explain the observation. 
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Conclusion

- R   inflation is still an interesting inflation model. 
- Its supersymmetrization would be the clue to find its 
origin. 
- The lowest correction corresponds to R   correction, 
and Planck observation gives a strong constraint as 
|s|< 9x10   , which will be an important information 
for the physics behind the model. 
- But if this constraint is passed, topological inflation is 
possible and hence there is no initial condition problem. 
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