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-If we want to learn anything new probably have to seek beyond  
2-point statistics  
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Deviations from Gaussianity if (Komatsu et al 2009, ++ >>1000 papers): 
-more then one field 
-non-canonical kinetic term 
-non slow-roll
-deviations from vacuum initial state
-non-attractor (e.g. ultra slow-roll)
-coupling to gauge fields
-if not a fluid (e.g. solid inflation)
-….
In addition, NGs in the squeezed limit (one momentum to 
zero) obey consistency relations
Provide powerful tests of the inflationary paradigm (Maldacena 
2002, Creminelli and Zaldarriaga 2004 ++)
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Gravitational waves are naturally produced in inflation

Power spectrum adds 1 degree of freedom (possibly 2)

Like scalars, for a weakly coupled field, can compute NGs 
(Maldacena 2002, Maldacena & Pimentel 2011)

Harder to produce large NGs  (Bordin et al 2016)

Consistency conditions are even more robust (Bordin et al 2016); 
measuring deviations from them would certainly impose a 
concern for canonical inflation 

Put in (optimistic!) another way: Smoking gun for new 
physics (Lee, Baumann & Pimentel 2016, Baumann et al in prep)
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Creminelli: It is not easy to play with gravity!

Some violations possible:
* Different symmetry pattern (solid inflation, gauge-flation, chromo-
natural inflation?)
* GWs not produced as vacuum fluctuations (Shiraishi et al 2016, 
Agrawal et al 2017, ED’s talk + references, Meerburg&Pajer 2012)
* Multiple tensors (e.g. bigravity, modified gravity)
* Different vacuum state?

Massive higher order spin fields (with ‘free’ coupling, Lee, Baumann 
and Pimentel 2016, Baumann et al in prep) e.g. 

⇣
⇣

�
h

SEE ALSO  ARKANI‐HAMED  & MALDACENA 
(2015)

Strong consistency conditions apply (Bordin et al 2016)
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Example, correlating two scalar fluctuations with one tensor 
(model independent):

And (as usual)

With      the transverse traceless polarization tensor      ✏ij

Vanishes if scalar mode is aligned with tensor

I(k, k, k) / k�6

Note that we assume 
p

hhhi / O(
p
r)

f⇣⇣h
NL ⌘ h⇣⇣hi/(P 3/2

⇣) P 1/2
h )
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Assume flat sky (Meerburg, Meyers, vEngelen, Ali-Haïmoud 2016, Coulton and Spergel in prep)

Forecast detectability                               Fii =
X
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34 Inflation Physics from the Cosmic Microwave Background

Type Planck CMB-S4 rel. improvement

local �(
p

rfNL) = 15.2 �(
p

rfNL) = 0.3 50.7

equilateral �(
p

rfNL) = 200.5 �(
p

rfNL) = 7.4 27.1

local (r = 0.01) �(
p

rfNL) = 15.2 �(
p

rfNL) = 0.7 25.3

equilateral (r = 0.01) �(
p

rfNL) = 200.8 �(
p

rfNL) = 14.7 13.7

Table 2-2. Forecasted constraints on local and equilateral shapes sourced by primordial and equilateral
correlations of the form hh⇣⇣i constrained through hBTT i. Planck forecast is based on Blue Book values,
with f

sky

= 0.75. Constraints were derived using the flat-sky approximation as in Ref. [385] with `
min

= 30

with no cosmic variance in B. We expect similar constraints from hBEEi and hBTEi. For r = 0.01 Planck

is still noise dominated, while CMB-S4 is cosmic variance dominated.

Correlators including at least one B mode will benefit from the improved sensitivity of B modes significantly.
We define [385]

h⇣(~k1)⇣(~k2)h
±(~k3)i = (2⇡)3�(3)

 

3
X

n=1

~kn

!

B(k1, k2, k3)e
⌥
ab(

~k3)k̂
a
1 k̂b

2, (2.33)

with
B(k1, k2, k3) = 16⇡4A2

s

p
rfh⇣⇣

NL F (k1, k2, k3) (2.34)

and e⌥ab the transverse traceless polarization tensor. In the simplest model of inflation fh⇣⇣
NL =

p
r/16 [363, 362]

which realistically is undetectable. As mentioned before in Sec. 2.3.5.2, a measurement if this correlation
would be an immediate indication of some deviation from the simple inflationary paradigm and as such
would provide valuable information. The coupling above can be constrained using any type of correlation
that contains one B mode, e.g. hBTT i or hBEEi. For F we use local and equilateral shaped triangles and
forecast the constraint on the amplitude in Fig. 8 for hBTT i. We anticipate similar constraints for hBTEi
and hBEEi.
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Figure 9. Left: Fixed e↵ort density plot for local type BTT . Left, the e↵ect of beam and f
sky

variation
in noise dominated B mode. f

sky

has very little e↵ect, as it is cancelled by the f
sky

associated with the
masking of the total map. Right: adding a signal changes this picture, since the cancellation no longer
happens for r > 0.001 (i.e. when CMB-S4 becomes cosmic variance limited). A larger sky fraction benefits
cosmic variance limited hBTT i.

CMB-S4 Science Book

Future constraints on tensor NGs (BTT only)

Compute observable bispectrum             for different  
shapes 

B`1`2`3
I(k1, k2, k3)

CMBS4 science book, 2016

‘local’ ‘equilateral’
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Delta’s, cosines and sines become Wigner j’s 

Include all possible measures and all possible sources:

h⇣⇣⇣i ! hTTT i, hTTEi, hTEEi, hEEEi
hh⇣⇣i ! hTTT i, hTTEi, hTEEi, hEEEi

hBTT i, hBTEi, hBEEi

hhhhi ! hTTT i, hTTEi, hTEEi, hEEEi, hBBT i
hBBEi, hBEEi, hBTT i, hBTEi, hBBBi

hhh⇣i ! hTTT i, hTTEi, hTEEi, hEEEi, hBBT i
hBBEi, hBEEi, hBTT i, hBTEi
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Unfortunately, transverse traceless tensor explicitly couples 
modes (Shiraishi 2012, Shiraishi et al 2017)

Several ways to factorize: by default (e.g. local), modal 
expansion, using Feynman representation, … 

Although maps in the integral are similar to the scalar case, 
the induced coupling will render this estimator `5

Define new maps that are computationally feasible, and again 
render estimator O(`3)
Maps exist. Are complex maps, and estimator becomes 

Duivenvoorden et al in prep
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X

Mmamb

✓
1 1 2
ma mb M

◆Z
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r2dr
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ma
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mb
(n̂, r)Ch

M (n̂, r)
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B-mode from space workshop

-Upcoming polarisation experiments hope to detect B-modes
-Similar to scalars, make sense to extend the search beyond  
2-point statistics 
-Contrary to scalars, not as easy to produce large violations, 
but at same time huge improvements on constraints are 
expected in the near future 
-Could provide smoking gun for new physics 

-Some very interesting models, such as heavy particles as 
relics of string theory, naturally produce effects at 3-level

-Actively building tools to apply to explore data (SO, CMBS4, 
litebird)
-Promising results, resolved the scaling problem of the KSW 
estimator


