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6 vector fields f(�)F 2

vectors dont drive inflation: probe fields which produce fluctuations

Again: nonG with non-standard squeezed limit

7 Parts to include

I Since arguments based on symmetry and symmetry breaking are so general and

powerful, it’s worth to explore them further.

What about breaking also spatial di↵eomorphisms?

8 Supersolid inflation
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4 Slide 3-9: EFT approach to inflation, included motivation to break

spatial symmetries

(while still satisfy constraints from scalar spectrum)

Models with

scalars only:

[Watanabe, Kanno, Soda]

� Triplet of scalars �

I
, with vev along orthogonal spatial directions:

�

I = ↵x

I

�

I = OI
J �

J
, �

I = �

I + c

I

Analogue to the internal shift symmetry usually considered in single field inflation

�(t) , �

I = ↵x

I

5 left to do

• Ingredients available to build our Lagrangian: fields, and interactions. (guarda

quaderno)

• say we can avoid Higuchi bound thanks to large non-minimal couplings between

gravity and scalars which control background

• whats specific of this scenario, which makes it distinguishable from axion inflation,

particle production etc? Tensor nonG enhanced in the squeezed limit (pon dibujo de

el triangulo)

• focus on pure tensor nonG: even in standard single field, tensor nonG in the squeezed

limit is relatively ‘large’

• Consider two applications: small scales and large scales

• future: build dedicated template to study these observables
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acceleration of the universe and the recent non-linear formulation [38, 39] of a ghost-
free massive gravity theory known as dRGT. An infrared modification of gravity is
indeed among the most studied mechanisms, along with dark energy, to explain late
time acceleration. The interest for a theory of massive gravity is of course much
wider than pertains its use for late-time cosmology. Within string theory for example,
open strings have spin-2 excitations whose lowest energy state is massive at tree level.
The formulation of [39] in particular, has found applications as varied as e.g. its use
as a framework for translational symmetry breaking and dissipation of momentum
in holography [58, 59]. Our interest is focussed on the inflationary context: here a
consistent massive spin-2 field next to GR and a scalar inflaton field takes the form of
a theory known as bigravity. This is an extension of dRGT theory that contains the
same ghost-free structure. In bigravity each of the two metrics, g and f , has its own
Einstein-Hilbert term and they interact via the dRGT potential. The action reads

S =

Z
d4x

"
M2

P

p
�g R[g] +

p
�g Pg(X,') + 2

p
�g m2M2V +M2

f

p
�f R[f ]

#
,(2.1)

where a few details are in order:

• The interaction potential V is defined as

V =
4X

n=0

�n En(
p
g�1f) , (2.2)

where the �n are free parameters and the polynomials En(X) take the form

E
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[X]4 � 6[X2][X]2 + 8[X3][X] + 3[X2]2 � 6[X4]

�
. (2.3)

• Due to the properties of the En polynomials, if it were not for the coupling to
matter (here restricted to the metric “g”) the action would be symmetric under
the exchange g $ f Mg ⌘ MP $ Mf , �n $ �

4�n.

• The mass M has already been symmetrized via

M2 =
M2

PM
2

f

M2

P +M2

f

. (2.4)

and we have introduced  ⌘ M2
f

M2
P
.

• As a consequence of the above points, it is not strictly true that g is the massless
spin-2 field and f is the massive one. In fact, the mass eigenstate of the theory
are in general time-dependent. We can on the other hand work in a low energy
configuration [62] where this is approximately true.
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6 Quadratic tensor action acquires a mass term
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• say we can avoid Higuchi bound thanks to large non-minimal couplings between

gravity and scalars which control background
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- Highly non-Gaussian tensor modes

Equilateral shape

Distinguishable from other

stochastic GW backgrounds

{ [Bartolo et al]

[Soda et al, Peloso et al] Interferometers can test features of certain inflationary

models going beyond simplest ones

4 Solid / Supersolid inflation

[Endlich et al, Cannone et al]

Generalised pattern of symmetry breaking:

Break all space-time di↵eos during inflation

5 Action for gravity waves acquires a mass
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- f(�)F 2

[Bartolo, Matarrese, Peloso, Ricciardone]

Vector coupled with scalar inflaton. Vector does not drive inflation,

nevertheless it induces anisotropic e↵ects in power spectrum and bispectrum

Models with scalars only

I Solid inflation

5 Elastic/solid inflation

(Gruzinov, Endlich ..)

– get of three scalar fields �I with set of internal symmetry (ensure homogeneity

and isotropy)

Fluctuations of single goldstone

– curvature perturbation not conserved at superhorizon scales (due to anisotropic

stress)

– blue spectrum of tensors nT > 0

– nonG: distinctive shape and distinctive squeezed limit

6 vector fields f(�)F 2

vectors dont drive inflation: probe fields which produce fluctuations

Again: nonG with non-standard squeezed limit

7 Parts to include

I Since arguments based on symmetry and symmetry breaking are so general and

powerful, it’s worth to explore them further.

What about breaking also spatial di↵eomorphisms?
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I Restore time reparameterization with Stuckelberg trick.

In high energy limit, the action for Goldstone boson is

I a

It can be extended to multiple fields

[Senatore, Zaldarriaga]

[Cheung, Creminelli, Fitzpatrick, Kaplan, Senatore]

3 EFT for broken space-time di↵eos?

I What about breaking also space di↵eos during inflation?

I Since EFT approach to inflation is so powerful, let’s examine this question

Motivation and inspiration

for model building

Derive distinctive

observational consequences

4 other stu↵

{ Both aspects in tandem

Broad phenomenological motivations

• Fully understand dynamics of primordial tensor modes during inflation

Tensor properties depend on the pattern of symmetry breaking

Examples of model building
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Examples of model building

There are classes of inflationary models in the literature that break spatial di↵eos

by assigning space-like vevs to fields

I Models with vectors

- Vector inflation

Triplet of vectors with vevs in mutually orthogonal directions,

non-minimally coupled with gravity

[Golovnev, Mukhanov, Vanchurin]

This system can drive inflation.

Drawback: ghost in the vector longitudinal mode around quasi-de Sitter

[Himmetoglu, Contaldi, Peloso]
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A single scalar fluctuation analogous to a phonon for space-time itself
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additions

- scalar sector : decoupling from ✏, tensor to scalar ratio independent from field excur-

sion?

- tensor nonG : why it can be large: gravity couples a lot , being GR a non linear

theory (of course suppressed by smaller amplitude of tensor power spectrum)

- mention whats supersolid inflation: its a solid with superfluid properties

- say that these new shapes, and these amplitudes, cant be achieved in single field

inflation , and squeezed non G couple long to short modes ; we need non adiabatic tensor

modes

Inflation and symmetry breaking

Inspiration for

model building

New

testable observables

for tensor sector

�h

�⇣
= r  0.1

Tensor spectral tilt

Tensor non-Gaussianities

Supersolid  
Physical realization in nature! a solid with superfluid properties

Very di�cult to test: big challenge

but very bright future for observational cosmology

Even testing them, still we won’t know

the correct model of inflation:

too many many models, too few parameters

New testable observables!

nT > 0

1 More modest (but interesting) aim

Determine symmetries broken (or preserved) during inflation

2 Theoretical motivations

violation of tensor consistency conditions, and much more general behaviour of

inflationary tensor modes, with respect to standard scenarios

[Zarei] Assume

———————-
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- Scalar vevs break space di↵eos (while time reparameterisation is preserved).

A single scalar fluctuation analogous to a phonon for space-time itself

5 Elastic/solid inflation

(Gruzinov, Endlich ..)

– get of three scalar fields �I with set of internal symmetry (ensure homogeneity

and isotropy)

Fluctuations of single goldstone

– curvature perturbation not conserved at superhorizon scales (due to anisotropic

stress)

– blue spectrum of tensors nT > 0

– nonG: distinctive shape and distinctive squeezed limit

6 vector fields f(�)F 2

vectors dont drive inflation: probe fields which produce fluctuations

Again: nonG with non-standard squeezed limit

7 Parts to include

I Since arguments based on symmetry and symmetry breaking are so general and

powerful, it’s worth to explore them further.

What about breaking also spatial di↵eomorphisms?
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- Highly non-Gaussian tensor modes

Equilateral shape

Distinguishable from other

stochastic GW backgrounds

{ [Bartolo et al]

[Soda et al, Peloso et al] Interferometers can test features of certain inflationary

models going beyond simplest ones

4 Solid / Supersolid inflation

[Endlich et al, Cannone et al]

Generalised pattern of symmetry breaking:

Break all space-time di↵eos during inflation
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5 Action for gravity waves acquires a mass

The tensor spectral tilt acquires a positive contribution
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additions

- scalar sector : decoupling from ✏, tensor to scalar ratio independent from field excur-

sion?

- tensor nonG : why it can be large: gravity couples a lot , being GR a non linear

theory (of course suppressed by smaller amplitude of tensor power spectrum)

- mention whats supersolid inflation: its a solid with superfluid properties

- say that these new shapes, and these amplitudes, cant be achieved in single field

inflation , and squeezed non G couple long to short modes ; we need non adiabatic tensor

modes

Inflation and symmetry breaking

Inspiration for

model building

New

testable observables

for tensor sector

�h

�⇣
= r  0.1

Tensor spectral tilt

Tensor non-Gaussianities

Supersolid  
Physical realization in nature! a solid with superfluid properties

Very di�cult to test: big challenge

but very bright future for observational cosmology

Even testing them, still we won’t know

the correct model of inflation:

too many many models, too few parameters

New testable observables!

nT > 0

1 More modest (but interesting) aim

Determine symmetries broken (or preserved) during inflation

2 Theoretical motivations

violation of tensor consistency conditions, and much more general behaviour of

inflationary tensor modes, with respect to standard scenarios

[Zarei] Assume

———————-
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4 Slide 3-9: EFT approach to inflation, included motivation to break

spatial symmetries

(while still satisfy constraints from scalar spectrum)

Models with

scalars only:

[Watanabe, Kanno, Soda]

� Triplet of scalars �

I
, with vev along orthogonal spatial directions:

�

I = ↵x

I

�

I = OI
J �

J
, �

I = �

I + c

I

Analogue to the internal shift symmetry usually considered in single field inflation

�(t) , �

I = ↵x

I

5 Theoretical tools at our disposal

I A quartet of scalar fields, �(t), �I(xj) spontaneously breaking space-time di↵eos.

I Interactions: most general self-interactions for �, derivative interactions for �I

preserving internal symmetries:

B

IJ = @µ�
I
@

µ
�

J ) trB, trB2
, trB3

...

I Also non-minimal couplings with gravity are allowed!

f(�)Gµ⌫
@µ�

I
@⌫ �I

Einstein tensor

Ghost free: related with quartic Horndenski

This coupling is reminiscent of f(�)F 2 in vector inflationary models

!
Today we focus on two observables: tensor 2pt and 3pt functions

6 Quadratic tensor action acquires a mass term

Important feature: It’s possible to avoid the Higuchi bound thanks to large

couplings of tensors with fields breaking space-time symmetries
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!
Today we focus on two observables: tensor 2pt and 3pt functions

6 Quadratic tensor action acquires a mass term

Important feature: It’s possible to avoid the Higuchi bound thanks to large

couplings of tensors with fields breaking space-time symmetries

enough parameter freedom to tune preferred value for nT

7 Possibly detectable with LISA

8 Large tensor nonG in the squeezed limit

I Primordial tensor modes are not adiabatic.

Possible to evade Maldacena consistency relations in the tensor spectrum

[Bordin, Creminelli, Mirbabayi, Noreña]
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Enhanced

Squeezed limit of tensor 3pt function

I Distinctive of this scenario!

– Most general single field inflation: enhanced nonG is of ‘equilateral’ shape
[Gao et al]

– Same for other scenarios leading to nT > 0, as axion inflation, particle production
[Cook and Sorbo, Peloso et al]

Speculation

I Physical consequence: inhomogeneous tensor power spectrum

[Shandera et al, Giddings and Sloth, Nurmi, Byrnes, GT]

Contribute to explain CMB large-scale anomalies? (if nT ⇠ 0)
[Dai, Cheung, Kamionkowski, Chluba]

can be large
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2 First possibility: inflaton interacts with additional fields

Paradigmatic example: �F F̃

Transient instability of vectors feed tensor modes through anisotropic stress

!
Model dependent

Theoretical drawback: delicate issues of backreaction

3 Second possibility: break space-time symmetries during inflation

Tensor 3pt function (bispectrum)

SU(2): [Agrawal, Fujita, Komatsu]

4 — old material —

5 Schematic di↵erence among two possibilities

ḧij + 3Hḣij + k2 hij +m2 hij =
2

M2
P l

⇧TT
ij

6 Motivations

We consider scenarios which break

(also) space reparameterizations

7 Slide 2: motivations

Question:

What are the possible features of primordial tensor modes,

which can allow us to distinguish among di↵erent models of inflation?

Let’s maintain spatial isotropy at background level

FRW space-times

Only dynamics of fluctuations realize of broken symmetries

Why is this interesting:

I Time is right to use new techniques on EFT of inflation and model building to answer

this question.

Gravity at high energies can be very di↵erent from what we expect: important to

avoid theoretical prejudices!

I O↵er new items for science cases for future experiments (tensor non-Gaussianity etc)

AdvLigo-Virgo, LISA, LateBird, Core, Stage-4 project, etc

Address this question from the perspective of inflationary symmetries
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Figure 4. Spectrum of GWs today h2⌦GW obtained from a numerical integration of the dynamical
equations of motion (for a model of quadratic inflaton potential, with inflaton - gauge field coupling
f = MPl/35), versus the local parametrization h2⌦GW / (f/f⇤)nT , evaluated at various pivot fre-
quencies f⇤ and with the spectral tilt nT obtained from successive approximations to the analytic
expression (3.13).

In figure 4, we compare the analytic expression (3.13) for the spectral tilt nT against the
result of a numerical evolution of ⌦GWh2. For definiteness, we choose a quadratic inflaton
potential, and we fix the coupling between the gauge field and the inflaton to f = MPl/35.
This gives ⇠N=60 ' 2.46 at the CMB scales. We observe from the figure that the final
expression for the tilt in (3.13) provides a very good approximation (red segments in the
figure) to the slope of the numerical result (blue solid line in the figure). The term (1� ✏) in
the denominator of (3.13), due to the fractional change of the Hubble rate Ḣ/H2, contributes
to nT only to second order in slow-roll parameters, and hence we disregard it. The expression
nT ' �4✏+ (4⇡⇠ � 6)(✏� ⌘) predicts correctly the slope of the numerical signal, within the
LISA frequency range, to better than ⇠ 4%. In the figure, the di↵erence between the red
segments and the true numerical signal cannot be distinguished by eye.

Let us note that for the range of ⇠ that LISA can probe [⇠ & 3.5, see figure (5)], the
term �4✏ in the final expression of (3.13) is actually negligible compared to the other terms.
We can thus further approximate the expression for the tilt as nT ' (4⇡⇠ � 6) (✏� ⌘), which
still predicts correctly the slope of the numerical signal within the LISA frequency range,
for instance in the fiducial chaotic quadratic model to better than ⇠ 10%. The advantage
of using this simplified expression for the tilt is that it allows us to reduce the number of
independent variables that the GW signal depends on, from {HN , ⇠, ✏, ⌘} to {HN , ⇠, (✏� ⌘)}.
This simplifies our next goal, which is to obtain a model-independent parameter estimation
based on the LISA sensitivity curves.

In figure 5 we plot the region in the parameter space (⇠, ✏ � ⌘) that LISA is capa-
ble of probing, with the left and right panels depicting, LISA’s best (A5M5) and worst
(A1M2) configurations, respectively. In both panels we take as a pivot scale f⇤ the frequency

of the minimum of each LISA sensitivity curve h2⌦(AiMj)
GW (f), with f⇤|A5M5 ' 0.00346 Hz

– 14 –

2

F

i

r

s

t

p

o

s

s

i

b

i

l

i

t

y

:

i

n

fl

a

t

o

n

i

n

t

e

r

a

c

t

s

w

i

t

h

a

d

d

i

t

i

o

n

a

l

fi

e

l

d

s

P

a

r

a

d

i

g

m

a

t

i

c

e

x

a

m

p

l

e

:

�
F
F̃

T

r

a

n

s

i

e

n

t

i

n

s

t

a

b

i

l

i

t

y

o

f

v

e

c

t

o

r

s

f

e

e

d

t

e

n

s

o

r

m

o

d

e

s

t

h

r

o

u

g

h

a

n

i

s

o

t

r

o

p

i

c

s

t

r

e

s

s

!M

o

d

e

l

d

e

p

e

n

d

e

n

t

T

h

e

o

r

e

t

i

c

a

l

d

r

a

w

b

a

c

k

:

delicate
issues

of
backreaction

3

S

e

c

o

n

d

p

o

s

s

i

b

i

l

i

t

y

:

b

r

e

a

k

s

p

a

c

e

-

t

i

m

e

s

y

m

m

e

t

r

i

e

s

d

u

r

i

n

g

i

n

fl

a

t

i

o

n

T

e

n

s

o

r

3

p

t

f

u

n

c

t

i

o

n

(

b

i

s

p

e

c

t

r

u

m

)

S
U
(2):

[A
graw

al,
Fujita,

K
om

atsu]

4

—

o

l

d

m

a

t

e

r

i

a

l

—

5

S

c

h

e

m

a

t

i

c

d

i

↵

e

r

e

n

c

e

a

m

o

n

g

t

w

o

p

o

s

s

i

b

i

l

i

t

i

e

s

E

v

o

l

u

t

i

o

n

e

q

f

o

r

l

i

n

e

a

r

f

l

u

c

t

u

a

t

i

o

n

s

ḧ
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2 First possibility: inflaton interacts with additional fields

Paradigmatic example: �F F̃

Transient instability of vectors feed tensor modes through anisotropic stress

!
Model dependent

Theoretical drawback: delicate issues of backreaction

3 Second possibility: break space-time symmetries during inflation

Tensor 3pt function (bispectrum)

SU(2): [Agrawal, Fujita, Komatsu]

4 — old material —

5 Schematic di↵erence among two possibilities
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6 Motivations

We consider scenarios which break

(also) space reparameterizations

7 Slide 2: motivations

Question:

What are the possible features of primordial tensor modes,

which can allow us to distinguish among di↵erent models of inflation?

Let’s maintain spatial isotropy at background level

FRW space-times

Only dynamics of fluctuations realize of broken symmetries

Why is this interesting:

I Time is right to use new techniques on EFT of inflation and model building to answer

this question.

Gravity at high energies can be very di↵erent from what we expect: important to

avoid theoretical prejudices!

I O↵er new items for science cases for future experiments (tensor non-Gaussianity etc)

AdvLigo-Virgo, LISA, LateBird, Core, Stage-4 project, etc

Address this question from the perspective of inflationary symmetries
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2 First possibility: inflaton interacts with additional fields

Paradigmatic example: �F F̃

Transient instability of vectors feed tensor modes through anisotropic stress

!
Model dependent

Theoretical drawback: delicate issues of backreaction

3 Second possibility: break space-time symmetries during inflation

Tensor 3pt function (bispectrum)

SU(2): [Agrawal, Fujita, Komatsu]

- Non chiral spectrum

but inhomogeneous

Large tensor nonG

in the squeezed limit

4 — old material —

5 Schematic di↵erence among two possibilities

Evolution eq for linear fluctuations

ḧij + 3Hḣij + k2 hij +m2 hij =
2

M2
P l

⇧TT
ij

Broken

space reparameterizations

Interactions

with additional fields

6 Motivations

We consider scenarios which break

(also) space reparameterizations

7 Slide 2: motivations

Question:

What are the possible features of primordial tensor modes,

which can allow us to distinguish among di↵erent models of inflation?
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ḣ
ij
+
k
2
h
ij
+
m

2
h
ij

=
2

M
2P
l

⇧
T
T

ij

B
r
o
k
e
n

s
p
a
c
e
r
e
p
a
r
a
m
e
t
e
r
i
z
a
t
i
o
n
s

I
n
t
e
r
a
c
t
i
o
n
s

w
i
t
h
a
d
d
i
t
i
o
n
a
l
f
i
e
l
d
s

–
2
–

C

o

n

t

e

n

t

s

1
M

o
tiv

a
tio

n
s

1

2
F
irst

p
o
ssib

ility
:
in
fl
a
to

n
in
te
ra

c
ts

w
ith

a
d
d
itio

n
a
l
fi
e
ld
s

2

3
S
e
c
o
n
d

p
o
ssib

ility
:
b
re

a
k
sp

a
c
e
-tim

e
sy

m
m
e
trie

s
d
u
rin

g
in
fl
a
tio

n
2

4
S
ch

e
m
a
tic

d
i↵
e
re

n
c
e
a
m
o
n
g
tw

o
p
o
ssib

ilitie
s

2

5
—

o
ld

m
a
te
ria

l
—

2

6
M

o
tiv

a
tio

n
s

3

7
S
lid

e
2
:
m
o
tiv

a
tio

n
s

3

8
S
lid

e
3
-9
:
E
F
T

a
p
p
ro

a
ch

to
in
fl
a
tio

n
,
in
c
lu
d
e
d
m
o
tiv

a
tio

n
to

b
re

a
k
sp

a
tia

l

sy
m
m
e
trie

s
3

9
T
h
e
o
re

tic
a
l
to

o
ls

a
t
o
u
r
d
isp

o
sa

l
4

1
0
Q
u
a
d
ra

tic
te
n
so

r
a
c
tio

n
a
c
q
u
ire

s
a
m
a
ss

te
rm

5

1
1
P
o
ssib

ly
d
e
te
c
ta

b
le

w
ith

L
IS

A
5

1
2
L
a
rg

e
te
n
so

r
n
o
n
G

in
th

e
sq

u
e
e
z
e
d

lim
it

5

1
3
le
ft

to
d
o

5

1
4
C
o
n
c
lu
sio

n
s

6

1

M

o

t

i

v

a

t

i

o

n

s

}
,

f
r
o
m
b
o
u
n
d
s
o
n

T
a
n
d
E
b
i
s
p
e
c
t
r
a

L
ittle

,
b
u
t
n
o
n
-z
e
ro

:

o
k
,
ch

e
ck

e
d

T
o
ch

e
ck

in
m
o
re

d
e
ta

ils:

E
xp

lore
scen

arios
w
h
ere

am
p
litu

d
e
of

p
rim

o
rd

ia
l
te
n
so

r
m
o
d
e
s

can
b
e
e
n
h
a
n
c
e
d

a
t
sm

a
ll

sc
a
le
s

–
1
–

Contents

1 Introduction 1

2 Additions 1

3 Questions 1

4 E↵ective Markovian description for open quantum systems 2

5 Example: damped harmonic oscillator 3

6 Cosmological master equation: the case of inflation 3

7 Cosmological master equation

leading order contribution 5

8 Example: damped harmonic oscillator 6

9 Quantum decoherence and cosmology 7

10 Some words about applications to black hole physics 7

11 Plan 8

12 Conclusions 8

Based on works with Cli↵ Burgess, Rich Holman, Matt Williams

arXiv: 1408.5002 ; 1512.00169 ; unpublished notes

1 Introduction

Usual two slides of intro to inflation

2 Additions

- Anisotropic tensor power spectrum

3 Questions

Is there an effective description for long wavelength modes

that leave the cosmological horizon during inflation?
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2 First possibility: inflaton interacts with additional fields

Paradigmatic example: �F F̃

Transient instability of vectors feed tensor modes through anisotropic stress

!
Model dependent

Theoretical drawback: delicate issues of backreaction

3 Second possibility: break space-time symmetries during inflation

Tensor 3pt function (bispectrum)

SU(2): [Agrawal, Fujita, Komatsu]

4 — old material —

5 Schematic di↵erence among two possibilities

ḧij + 3Hḣij + k2 hij +m2 hij =
2

M2
P l

⇧TT
ij

6 Motivations

We consider scenarios which break

(also) space reparameterizations

7 Slide 2: motivations

Question:

What are the possible features of primordial tensor modes,

which can allow us to distinguish among di↵erent models of inflation?

Let’s maintain spatial isotropy at background level

FRW space-times

Only dynamics of fluctuations realize of broken symmetries

Why is this interesting:

I Time is right to use new techniques on EFT of inflation and model building to answer

this question.

Gravity at high energies can be very di↵erent from what we expect: important to

avoid theoretical prejudices!

I O↵er new items for science cases for future experiments (tensor non-Gaussianity etc)

AdvLigo-Virgo, LISA, LateBird, Core, Stage-4 project, etc

Address this question from the perspective of inflationary symmetries
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IV. RESULTS

We define the bispectrum of the right-handed modes
in the super horizon limit as

hĥ
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We find that the contributions from the diagrams (i) and

(ii) in Fig. 1 dominate. The contribution from L
(i)

3
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with r
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= k
i

/k
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(i = 1, 2, 3). The triangle condition
demands |r
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; the bispectrum vanishes
otherwise. The other functions are defined as
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FIG. 2. The 3D plot of the numerical result of
1013(k1k2k3)

2(B(i)
h + B(ii)

h ). Only r3  r2 is shown. The
bispectrum vanishes for r2 + r3 < 1 by the triangle condition.

In Fig. 2, we plot the bispectrum for m
Q

= 3.45 and
✏
B

= 3 ⇥ 10�5, which yield the tensor-to-scalar ratio
parameter of the sourced GW of r

sourced

= 0.0472. The
expansion rate during inflation is H = 1.28⇥ 1013 GeV,
and the vacuum contribution (including both right- and
left-handed modes) is r

vac

= 0.00256. We only show
r
3

 r
2

to avoid duplication.

We find that the bispectrum vanishes in the so-called
“folded limit”, r

2

+r
3

= 1. This appears to be true gener-
ally for the bispectrum of right-handed modes at the tree
level. This is a consequence of the contraction of three
polarization tensors. For example, trace of the product of
three polarization tensors, eR

ij

(k
1

)eR
jk

(k
2

)eR
ki

(k
3

), is equal
to ⌅ (Eq. (22)), which vanishes in the folded limit because
it contains r

2

+r
3

�1. We find that other possible contrac-
tions of three polarization tensors multiplying derivative
operators and ✏ijk are also proportional to r

2

+ r
3

� 1 at
the tree level.

The shape of the bispectrum is similar to the so-called
equilateral template, F eq(k

1

, k
2

, k
3

) [37], but is di↵erent
in details. When r

2

and r
3

are comparable it rises sharply
from zero at the folded limit, reaches the maximum at
r
2

= r
3

⇡ 0.6, and then flattens out towards higher
values of r

2

or r
3

. When r
3

⌧ r
2

it oscillates due to
the Whittaker function: for the diagram (i) it peaks at
r
2

= r
3

⇡ 0.6 and goes to zero in the squeezed limit
with a damped oscillation. For the diagram (ii), which
is sub-dominant (but is within an order of magnitude of
the diagram (i)), it peaks at the equilateral limit and ap-
proaches zero in the squeezed limit, also with a damped
oscillation.

Similarity of two shapes of the bispec-
trum can be quantified using a cosine de-
fined as B

h

· F eq/
p

(B
h

·B
h

)(F eq · F eq)
[38], where dot-products denote X · Y ⌘
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)4X(1, r
2
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). We
find 0.89 for the above model parameters, which implies
that, despite the di↵erences in details, these two shapes



This coupling is reminiscent of f(�)F 2 in vector inflationary models

!
Today we focus on two observables: tensor 2pt and 3pt functions

tensor 2pt function

tensor 3pt function

Tensor power spectrum and its scale dependence

6 Quadratic tensor action acquires a mass term

Important feature: It’s possible to avoid the Higuchi bound thanks to large

couplings of tensors with fields breaking space-time symmetries

enough parameter freedom to tune preferred value for nT

7 Possibly detectable with LISA

8 Large tensor nonG in the squeezed limit

I Primordial tensor modes are not adiabatic.

Possible to evade Maldacena consistency relations in the tensor spectrum

[Bordin, Creminelli, Mirbabayi, Noreña]
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I Distinctive of this scenario!

– Most general single field inflation: enhanced nonG is of ‘equilateral’ shape
[Gao et al]

– Same for other scenarios leading to nT > 0, as axion inflation, particle production
[Cook and Sorbo, Peloso et al]

Speculation

I Physical consequence: inhomogeneous tensor power spectrum

[Shandera et al, Giddings and Sloth, Nurmi, Byrnes, GT]

Contribute to explain CMB large-scale anomalies? (if nT ⇠ 0)
[Dai, Cheung, Kamionkowski, Chluba]

can be large
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What do we know today?

Very little:

Planck and WMAP constrain the following quantity in equilateral configuration

(dedicated template for axion models: [Shiraishi et al])
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Figure 2: A+++
T1 (1, k2/k1, k3/k1)(k2/k1)2(k3/k1)2 as a function of k2/k1 and k3/k1. The plot is normalized

to unity for equilateral configurations k2/k1 = k3/k1 = 1. The contribution to the tensor bispectrum
associated with operator T1 peaks in the squeezed limit.

We consider the amplitude As1s2s3 and the shape of the bispectrum h⇠s1(~k1)⇠s2(~k2)⇠s3(~k3)i. We have

As1s2s3
T1

= e⇤(s1)i1j1
(~k1)e

⇤(s2)
i2j2

(~k2)e
⇤(s3)
i3j3

(~k3)AT1
i1j1i2j2i3j3

and we obtain

As1s2s3
T1

= �Ã(k1, k2, k3)F
s1s2s3
T1

(k1, k2, k3), (68)

where FT1 coincides with the standard single-field inflation results found in [34]
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K3 � 4
X

i 6=j

k2i kj � 4k1k2k3

�

. (69)

We plot in Fig. 2 the amplitude of this first contribution confirming that it peaks in the squeezed limit
k3 ! 0.

While the shape is the same as in standard single-field scenarios, the amplitude is modified and can
be enhanced through the factor �, hence it might be easier to observationally detect.

• The second contribution T2 is proportional to the mass of the graviton m2
h and is distinctive of

the scenario that we have considered. Such a contribution is expected when space-reparameterizations
are broken, since there is no symmetry that prevents this term. It can be relevant in scenarios in which
the size of the graviton mass |m2

h| is large (although we will not consider these cases in what follows).
Following a procedure similar to the first contribution T1, we find that

hh̃i1j1(~k1)h̃i2j2(~k2)h̃i3j3(~k3)iT2 = (2⇡)7 �(3)
⇣

~k1 + ~k2 + ~k3
⌘

P2
h

AT2
i1j1 i2j2 i3j3

k31 k
3
2 k

3
3

, (70)

where AT2
i1j1 i2j2 i3j3

is now given by

AT2
i1j1i2j2i3j3

=
m2

h

H2
ÃT2⇧i1j1,lm(~k1)⇧i2j2,mn(~k2)⇧i3j3,nl(~k3) , (71)

with

ÃT2(k1, k2, k3) =
1

48



k1k2k3 +
X

i 6=j

k2i kj + (1� �E)
X

i

k3i

�

, (72)

and K = k1 + k2 + k3.
Like for the contribution T1 we have As1s2s3

T2
= e⇤(s1)i1j1

(~k1)e
⇤(s2)
i2j2

(~k2)e
⇤(s3)
i3j3

(~k3)AT2
i1j1i2j2i3j3

and we obtain

As1s2s3
T2

= ÃT2(k1, k2, k3)F
s1s2s3
T2

(k1, k2, k3), (73)
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Figure 3: A+++
T2 (1, k2/k1, k3/k1)(k2/k1)2(k3/k1)2 as a function of k2/k1 and k3/k1. The plot is normalized

to unity for equilateral configurations k2/k1 = k3/k1 = 1.

where now F s1s2s3
T2

(k1, k2, k3), using the properties of the polarization tensors, results
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X
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k2i kj � 4k1k2k3

�

. (74)

In Fig. 3 we plot the non-Gaussian amplitude correspondent to the contribution proportional to the
mass of the graviton and we can see that also this contribution has its maximum amplitude in the
squeezed limit.

Hence, both contributions have their maximum amplitude in the squeezed limit. If we focus our
attention in cases where the mass of the graviton is small during inflation, the first contribution is
dominant and, as we have seen, it can be enhanced with respect to the similar contribution coming
from standard single-field inflationary models. Our starting theory does not show any parity violation
feature at the level of the action, so we expect that F���

T1,T2
= F+++

T1,T2
. Using the properties of the

polarization tensors we can also show, from (68) and (71), that F++�
T1,T2

(k1, k2, k3) = F+++
T1,T2

(k1, k2,�k3),

and again, since we do not have parity violation, we expect that F��+
T1,T2

= F++�
T1,T2

. It would be interesting
to find a mechanism to violate parity at the level of the action and study its features, as it happens in
models that involve pseudoscalar fields [50, 51].

We conclude this Section by noticing that our findings so far are relatively straightforward to
investigate in our set-up of supersolid inflation with non-minimal coupling with curvature. It would be
interesting to examine whether also in the original solid inflation scenario [5] there exist regimes where
tensor non-Gaussianity can be parametrically large, and enhanced in squeezed configuration.

4 Dynamics of scalar fluctuations

After analysing the dynamics of tensor modes, we now pass to discuss some aspects of scalar fluctuations
in our systems. Features of scalar fluctuations in models of solid and supersolid inflation have already
been discussed in some length in the literature – see for example [5, 52]. Scalar fluctuations are
characterised by a direction dependent squeezed bispectrum, an enhanced scalar-tensor-tensor three-
point function [53], and a slow suppression of any background anisotropies during inflation [29, 30]. We
now point out another property that distinguishes our system, and that we find interesting: at leading
order in an expansion of ✏� and ✏H (the parameters breaking time-reparameterization and de Sitter
symmetry) the dynamics of scalar curvature fluctuation depends (mainly) on �0, which is the quantity
that characterizes the breaking of space-reparameterizations. This fact has interesting consequences
for cosmological observables, like the tensor-to-scalar ratio r = Ph/PR.
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– Most general single field inflation: enhanced nonG is of ‘equilateral’ shape
[Gao et al]

– Same for other scenarios leading to nT > 0, as axion inflation, particle production
[Cook and Sorbo, Peloso et al]

I Physical consequence: inhomogeneous tensor power spectrum

[Shandera et al, Giddings and Sloth, Nurmi, Byrnes, GT]
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2 Theoretical motivations

violation of tensor consistency conditions, and much more general behaviour of

inflationary tensor modes, with respect to standard scenarios

Tensor non-Gaussianity

• Probe gravitational interactions during inflation: fT
NL ' O(1)

[Zarei] Assume

———————-

3 A blue tensor spectrum from inflation

I Study of scalar fluctuations give info about inflation, excluding some models

Power spectrum �R

...but not enough observable parameters are available to single out the correct scenario

✏ = � Ḣ

H2
⌧ 1

Action: free spin-2 field in quasi de Sitter space

Power spectrum:

say its two point function !! metti il power spettro come nell’articolo, in

maniera che sia chiaro cosa sia lo spectral index

Tensor-to-scalar ratio:

Tensor spectral index:

simplest scenario

Observations of GW would give

important info about inflation

complementary to scalar R
{
Are the simplest scenarios correct?

if not, primordial GW can have very di↵erent properties...

Simplest scenario: single scalar field slowly rolling on some potential

small field inflation

large field inflation
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15 Conclusions

I Vector Galileons allow to get galileons as Goldstone bosons of U(1) gauge

symmetry breaking operators.

I They represent a concrete, simple setting for studying field theory and cosmology

set-ups enjoying galileon symmetries in appropriate limits

I They share some of the features (and problems) with systems like massive gravity.

Accelerating solutions driven by time-like vectors have strong coupling problems.

I Given the simplicity of the set-up, cosmology can be studied relatively easily, includ-

ing possibilities so far unexplored:

– anisotropic field configurations, that leads to (quasi)isotropic FRW metric

– stability of configurations with vectors non-minimally coupled with curvature

I Consequences for tensors: Specific shape of tensor non-Gaussianity
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Figure 2: A+++
T1

(1, k2/k1, k3/k1)(k2/k1)
2(k3/k1)

2
as a function of k2/k1 and k3/k1. The plot is normal-

ized to unity for equilateral configurations k2/k1 = k3/k1 = 1. The contribution to the tensor bispectrum

associated with operator T1 peaks in the squeezed limit.

We plot in Fig. 2 the amplitude of this first contribution confirming that it peaks in the
squeezed limit k3 ! 0.

While the shape is the same as in standard scenarios, the amplitude is modified and
can be enhanced through the factor �, hence it might be easier to observationally detect.

• The second contribution T2 is proportional to the mass of the graviton m2
h and

is distinctive of the scenario that we have considered. Such contribution is expected space-
reparameterizations are broken, since there is no symmetry that prevents this term. It
can be relevant in scenarios in which the size of the graviton mass |m2

h| is large (although
we will not consider these cases in what follows). Following a similar procedure as done
in the previous point we find that

h˜hi1j1(~k1)˜hi2j2(~k2)˜hi3j3(~k3)iT2 = (2⇡)7 �(3)
⇣

~k1 + ~k2 + ~k3
⌘

P2
h
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i1j1 i2j2 i3j3

k31 k
3
2 k

3
3

, (3.39)

where AT2
i1j1 i2j2 i3j3

is now given by

AT2
i1j1i2j2i3j3

=

m2
h

H2
˜AT2⇧i1j1,lm(

~k1)⇧i2j2,mn(
~k2)⇧i3j3,nl(

~k3) . (3.40)

with
˜AT2(k1, k2, k3) =

1

48
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k2i kj + (1� �E)
X

i

k3i

�

, (3.41)

and K = k1 + k2 + k3.
Like for the contribution T1 we have As1s2s3

T2 = e⇤(s1)i1j1
(

~k1)e
⇤(s2)
i2j2

(

~k2)e
⇤(s3)
i3j3

(

~k3)AT2
i1j1i2j2i3j3

and we obtain

As1s2s3
T2 =

˜AT2(k1, k2, k3)F
s1s2s3
T2 (k1, k2, k3), (3.42)
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Figure 3: A+++
T2
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2(k3/k1)

2
as a function of k2/k1 and k3/k1. The plot is nor-

malized to unity for equilateral configurations k2/k1 = k3/k1 = 1.

where F s1s2s3
T2 (k1, k2, k3), using the properties of the polarization tensors, results

F+++
T2 (k1, k2, k3) =

K3

64k21k
2
2k

2
3



K3 � 4

X

i 6=j

k2i kj � 4k1k2k3

�

. (3.43)

In Fig. 3 we plot the non-Gaussian amplitude correspondent to the contribution pro-
portional to the mass of the graviton and we can see that also this contribution has its
maximum amplitude in the squeezed limit.

Hence, both contributions have their maximum amplitude in the squeezed limit. If
we focus our attention in cases where the mass of the graviton is small during inflation, the
first contribution is dominant and, as we have seen, it can be enhanced with respect the
similar contribution coming from standard inflationary models. Since our starting theory
does not show any parity violation feature at the level of the action we do not expect that
the other correlation functions involving other polarizations can give different results. It
would be interesting to find a mechanism to violate parity at the level of the action and
study its features, as it happens in models that involve pseudoscalar field [50, 51].

4 Dynamics of scalar fluctuations

After analysing the dynamics of tensor modes, we now pass to discuss some aspects of
scalar fluctuations in our systems. Features of scalar fluctuations in models of solid and
supersolid inflation have already been discussed in some length in the literature – see for
example [5, 52]. Scalar fluctuations are characterised by a direction dependent squeezed
bispectrum, an enhanced scalar-tensor-tensor three-point function [53], and a slow sup-
pression of any background anisotropies during inflation [29, 30]. We now point out
another property that distinguishes our system, and that we find interesting. At leading
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How can we be sure to explore all possible testable predictions of inflation?

�(t+�t) 6= �(t)

Theoretical motivation

Next generation of observations might probe inflationary gravitational waves

(Detecting primordial B-modes, or at interferometers)

Next goal: testing tensor non-Gaussianity

Essential to theoretically survey all possibilities

– 2 –

Tensor non-Gaussianity

• Probe gravitational interactions during inflation: fT
NL ' O(1)

[Zarei] Assume

———————-

3 A blue tensor spectrum from inflation

I Study of scalar fluctuations give info about inflation, excluding some models

Power spectrum �R

...but not enough observable parameters are available to single out the correct scenario

✏ = � Ḣ

H2
⌧ 1

Action: free spin-2 field in quasi de Sitter space

Power spectrum:

say its two point function !! metti il power spettro come nell’articolo, in

maniera che sia chiaro cosa sia lo spectral index

Tensor-to-scalar ratio:

Tensor spectral index:

simplest scenario

Observations of GW would give

important info about inflation

complementary to scalar R
{
Are the simplest scenarios correct?

if not, primordial GW can have very di↵erent properties...

Simplest scenario: single scalar field slowly rolling on some potential

small field inflation

large field inflation

4 How to detect gravity waves from inflation?

I CMB is polarised: detect primordial B-modes

I Directly at interferometers, if nt > 0 blu tensor spectrum

Since very sensitive new interferometers are (or will) be available,

it’s important to theoretically examine this possibility!

If a signal is detected, simplest models of inflation would be excluded.

– 3 –

Tensor non-Gaussianity

• Probe gravitational interactions during inflation: fT
NL ' O(1)

[Maldacena, Pimentel]

[Zarei] Assume

———————-

3 A blue tensor spectrum from inflation

I Study of scalar fluctuations give info about inflation, excluding some models

Power spectrum �R

...but not enough observable parameters are available to single out the correct scenario

✏ = � Ḣ
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3 Broken spatial isometries during inflation:

nT > 0 and consequences for interferometers

4 Consequences for interferometers

Characteristic features for phase shift of light

travelling through interferometers arms

[Cornish,Allen et al., Smith and Caldwell, Thorne et al]
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3 Broken spatial isometries during inflation:

nT > 0 and consequences for interferometers

4 Consequences for interferometers

Characteristic features for phase shift of light

travelling through interferometers arms

[Cornish,Allen et al., Smith and Caldwell, Thorne et al]

Phase change of light

while travelling along arm

Phase 2pt function (in Fourier space)

R-function contains info about PS quadrupolar anisotropy

Ph(k) = P(0)
h (k)

✓
1 +Qij

ki kj

k2

◆

quadrupolar anisotropy

Time-dependent (annual?) modulation of phase 2pt function

Tensor mode function

in Fourier space

Depends on tensor PS

Info about interferometer

response

Arm transfer function

Depends on PS anisotropies

- Anisotropic tensor power spectrum

Model 1

Einstein gravity + set of scalar fields (also vectors can work)

Model 2

Bigravity + single scalar field

I Physical consequence: anisotropic amplitude of tensor power spectrum

Background is isotropic:

this implies that all Stokes parameters, besides I, vanish
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I Distinctive of this scenario!

– Most general single field inflation: enhanced nonG is of ‘equilateral’ shape
[Gao et al]

– Same for other scenarios leading to nT > 0, as axion inflation, particle production
[Cook and Sorbo, Peloso et al]

I Physical consequence: inhomogeneous tensor power spectrum

[Shandera et al, Giddings and Sloth, Nurmi, Byrnes, GT]
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[Cornish,Allen et al., Smith and Caldwell, Thorne et al]
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Model 1

Einstein gravity + set of scalar fields (also vectors can work)

Model 2

Bigravity + single scalar field

I Physical consequence: anisotropic amplitude of tensor power spectrum

Background is isotropic:

this implies that all Stokes parameters, besides I, vanish

– 2 –

asymmetry in the tensor power spectrum, leading to a possible estimator for tensor nG. Indeed, we
can write the following general expression for the squeezed limit of tensor 3pt function

lim
~q!0

h�s1~q �s2~k
�s3
�~k

i0 = �s2 s3 P�(q)P�(k)

✓
3

2
+ fT

NL

◆
✏(s1)ij (~q)

ki kj

k2
(51)

The non-linear parameter fT
NL characterises how much we are departing from the standard consistency

relation, due to non-adiabaticity of tensor modes. For example in our case, setting C2 = 0, fT
NL is

proportional to (C1 � 1).
In presence large squeezed tensor nG, a single long wavelength tensor mode – which we denote

with a bar as �̄s~q – modulates the tensor 2pt function as follows []

h�s1~k �s2
�~k

i0�̄ = h�s1~k �s2
�~k

i00 + �̄s3~q

h�s3~q �s1~k
�s2
�~k

i0

P�(q)
for q ⌧ k (52)

We denote h. . . i0�̄ as n-pt function modulated by the long tensor mode, while h. . . i00 is the unmodulated
quantity. (The prime, as usual, means that we do not include the momentum conserving �-function
in these expressions.)

Physically, we should consider the cumulative e↵ect of all soft graviton modes whose momenta are
smaller than a representative momentum qL, which is proportional to the inverse if the size of the
detector. At a given position ~x, we can write (see e.g. [])

h�s1~k1 �
s2
~k2
i0�̄(~x) = h�s1~k1 �

s2
~k2
i00 +

1

VL

Z

|~q|<qL

d3q ei~q~x
 

X

s3 =+,⇥
�s3~q

h�s3~q �s1~k1
�s2~k2

i0

P�(q)

!
(53)

We can substitute above the expression for the squeezed limit of the 3pt function, eq (??), and get

h�s1~k �s2
�~k

i0�̄(~x) = h�s1~k �s2
�~k

i00

 
1 + fT

NL

ki kj

k2
1

VL

Z

|~q|<qL

d3q ei~q~x
X

s3

e(s3)ij (~q)�(s3)q

!
(54)

= h�s1~k �s2
�~k

i00 ·
✓
1 +

ki kj

k2
Qij(~x)

◆
(55)

with

Qij(~x) =
fT
NL

VL

Z

|~q|<qL

d3q ei~q~x
X

s

e(s)ij (~q)�(s)q (56)

Hence eq (55) implies that the tensor power spectum can acquire position-dependent quadrupolar
asymmetry, due the coupling between long and short wavelength tensor modes. The quantity Qij

acquires stochastic random values over a Gaussian distribution, with variance that depends on the nG
parameter:

hQijQiji =
1

⇡3

�
fT
NL

�2 X

s

Z

q<qL

dq q2 h�(s)~q �(s)�~qi
0 (57)

As discussed in the previous subsection, we are interested to cases in which the tensor tilt nT is positive,
implying that the integral in eq (57) converges in the IR. Notice that although the tensor 2pt function
acquires a quadrupolar anisotropy, still this e↵ect is the same for both polarizations + and ⇥, and we
do not have any cross correlation among polarizations: this is due to the fact that the background
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4 Consequences for interferometers

- Anisotropic tensor power spectrum

Model 1

Einstein gravity + set of scalar fields (also vectors can work)

Model 2

Bigravity + single scalar field

I Physical consequence: anisotropic amplitude of tensor power spectrum

Background is isotropic:

this implies that all Stokes parameters, besides I, vanish

5 Questions

Is there an effective description for long wavelength modes

that leave the cosmological horizon during inflation?

Inflationary modes are born as quantum fields. But we observe and explain

them in terms of classical stochastically distributed random fields.

How does a quantum-to-classical transition occurs?

Language of open quantum systems is convenient theoretical framework

for addressing these questions at once.

open quantum systems: essential tools for atomic physics (cold atoms etc)

metti freccia che unisca le domande; metti figura di open system and environment

6 E↵ective Markovian description for open quantum systems

[Feynman-Vernon,. . . ]

[Preskill, Breuer-Petruccione]

I Example: particle in a fluid, Brownian motion

metti figura brownian motion

Di�culty: no clear separation of energy scales , no momentum conservation law

) one can’t consistently integrate out high energy quantum states, and get low energy

Wilsonian EFT description

Idea! No hierarchy of energy scales, but hierarchy of time scales

) What do we want to achieve?

BUT
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is still isotropic (being de Sitter space), and the e↵ect described above is only due to nG e↵ects that
couple long with short modes. As a consequence, if one decomposes tensor polarization variance in
terms of Stokes parameters, one would find only a non-vanishing scalar parameter I (intensity of
signal) with a quadrupolar anisotropy controlled by the quantity Qij .

Interferometer response to anisotropic tensor power spectrum

For the rest of this section, we briefly start to explore consequences of this result for possible detection
of primordial tensor modes with gravity wave interferometers. We use the methods first discussed
in [?], and developed in various papers as [6], [7]. We follow closely [], extending its results to describe
our set-up.

We focus our attention only on the e↵ect of the specific gravitaty wave anisotropic features on the
relative phase shift of light which travels between test masses located in the arms of an interferometer.
We postpone a more detailed analysis to a future publication.

It is convenient to expand gravity wave modes in ‘complex notation’ as [47]

�ab(t, ~x) =

Z +1

�1
df

Z
d2~n

X

s

�(s)(f, ~n) e(s)ab ei 2⇡ f(t�~n~x) (58)

The 2pt function for the mode function within the previous expansion reads in our case as

h�(p)(f, ~n), �(p0)(f 0, ~n0)i =
�(f � f 0)

2

�(2)(~n� ~n0)

4⇡
�p p

0
Sh(f) (1 +Qmnn

mnn) (59)

Hence the signal is characterized only by a scalar quantity, its intensity, which is however modulated
by a quadrupolar anisotropy controlled by the quantity Qmn, as define in eq (??). For simplicity,
in this work we make the hypothesis that the quantity Qmn is constant, and independent on the
position of the intererometers. This situation occurs for example if the spatial dependence of the long
wavelength mode controlling Qmn is weak within the region containing the apparatus.

We model an interferometer as made of n arms, with test massesMi at their extremes (i = 1, . . . 2n),
located at position ~xi.

The basic quantity which controls how the interferometer respond to a gravity wave is the elec-
tromagnetic phase shift accumulated by light during its travelling along an arm of an interferometer:

�12(t) = �0

"
1 +

Z +1

�1
df

Z
d2~n

X

s

�(s) e(s)ab ei 2⇡ f(t�~n·~x1)Dab

⇣
f, ~̀12 · ~n

⌘#
(60)

with ~x1 the location of mass M1, and ~x2 = ~x1 + L ~̀
12 the location of mass M2 (~̀12 being the unit

vector in the direction of the interferometer arm). �0 is the phase measured in absence of gravity

wave. The quantity Dab

⇣
f, ~̀12 · ~n

⌘
is the arm transfer function

Dab

⇣
f, ~̀ · ~n

⌘
=

1

2
`a `bM

⇣
f, ~̀ · ~n

⌘
(61)

and M is given by

M(~̀ · ~n, f) ⌘ i

2⇡LD f

exp
h
2⇡ i LD f

⇣
1� ~̀ · ~n

⌘i
� 1

1� ~̀ · ~n

11

3 Broken spatial isometries during inflation:

nT > 0 and consequences for interferometers

4 Consequences for interferometers

Characteristic features for phase shift of light

travelling through interferometers arms

[Cornish,Allen et al., Smith and Caldwell, Thorne et al]

Phase change of light

while travelling along arm

- Anisotropic tensor power spectrum

Model 1

Einstein gravity + set of scalar fields (also vectors can work)

Model 2

Bigravity + single scalar field

I Physical consequence: anisotropic amplitude of tensor power spectrum

Background is isotropic:

this implies that all Stokes parameters, besides I, vanish

5 Questions

Is there an effective description for long wavelength modes

that leave the cosmological horizon during inflation?

Inflationary modes are born as quantum fields. But we observe and explain

them in terms of classical stochastically distributed random fields.

How does a quantum-to-classical transition occurs?

Language of open quantum systems is convenient theoretical framework

for addressing these questions at once.

open quantum systems: essential tools for atomic physics (cold atoms etc)

metti freccia che unisca le domande; metti figura di open system and environment

6 E↵ective Markovian description for open quantum systems

[Feynman-Vernon,. . . ]

[Preskill, Breuer-Petruccione]

I Example: particle in a fluid, Brownian motion

metti figura brownian motion

Di�culty: no clear separation of energy scales , no momentum conservation law

– 2 –

3 Broken spatial isometries during inflation:

nT > 0 and consequences for interferometers

4 Consequences for interferometers

Characteristic features for phase shift of light

travelling through interferometers arms

[Cornish,Allen et al., Smith and Caldwell, Thorne et al]

Phase change of light

while travelling along arm

Tensor mode function

in Fourier space

- Anisotropic tensor power spectrum

Model 1

Einstein gravity + set of scalar fields (also vectors can work)

Model 2

Bigravity + single scalar field

I Physical consequence: anisotropic amplitude of tensor power spectrum

Background is isotropic:

this implies that all Stokes parameters, besides I, vanish

5 Questions

Is there an effective description for long wavelength modes

that leave the cosmological horizon during inflation?

Inflationary modes are born as quantum fields. But we observe and explain

them in terms of classical stochastically distributed random fields.

How does a quantum-to-classical transition occurs?

Language of open quantum systems is convenient theoretical framework

for addressing these questions at once.

open quantum systems: essential tools for atomic physics (cold atoms etc)

metti freccia che unisca le domande; metti figura di open system and environment

6 E↵ective Markovian description for open quantum systems

[Feynman-Vernon,. . . ]

[Preskill, Breuer-Petruccione]

– 2 –

3 Broken spatial isometries during inflation:

nT > 0 and consequences for interferometers

4 Consequences for interferometers

Characteristic features for phase shift of light

travelling through interferometers arms

[Cornish,Allen et al., Smith and Caldwell, Thorne et al]

Phase change of light

while travelling along arm

Tensor mode function

in Fourier space

Arm transfer function

- Anisotropic tensor power spectrum

Model 1

Einstein gravity + set of scalar fields (also vectors can work)

Model 2

Bigravity + single scalar field

I Physical consequence: anisotropic amplitude of tensor power spectrum

Background is isotropic:

this implies that all Stokes parameters, besides I, vanish

5 Questions

Is there an effective description for long wavelength modes

that leave the cosmological horizon during inflation?

Inflationary modes are born as quantum fields. But we observe and explain

them in terms of classical stochastically distributed random fields.

How does a quantum-to-classical transition occurs?

Language of open quantum systems is convenient theoretical framework

for addressing these questions at once.

open quantum systems: essential tools for atomic physics (cold atoms etc)

metti freccia che unisca le domande; metti figura di open system and environment

– 2 –

2

F

i

r

s

t

p

o

s

s

i

b

i

l

i

t

y

:

i

n

fl

a

t

o

n

i

n

t

e

r

a

c

t

s

w

i

t

h

a

d

d

i

t

i

o

n

a

l

fi

e

l

d

s

P

a

r

a

d

i

g

m

a

t

i

c

e

x

a

m

p

l

e

:

�
F
F̃

T

r

a

n

s

i

e

n

t

i

n

s

t

a

b

i

l

i

t

y

o

f

v

e

c

t

o

r

s

f

e

e

d

t

e

n

s

o

r

m

o

d

e

s

t

h

r

o

u

g

h

a

n

i

s

o

t

r

o

p

i

c

s

t

r

e

s

s

!M

o

d

e

l

d

e

p

e

n

d

e

n

t

T

h

e

o

r

e

t

i

c

a

l

d

r

a

w

b

a

c

k

:

d
elicate

issu
es

of
b
ackreaction

3

S

e

c

o

n

d

p

o

s

s

i

b

i

l

i

t

y

:

b

r

e

a

k

s

p

a

c

e

-

t

i

m

e

s

y

m

m

e

t

r

i

e

s

d

u

r

i

n

g

i

n

fl

a

t

i

o

n

T

e

n

s

o

r

3

p

t

f

u

n

c

t

i

o

n

(

b

i

s

p

e

c

t

r

u

m

)

S
U
(2):

[A
graw

al,
F
u
jita,

K
om

atsu
]

4

—

o

l

d

m

a

t

e

r

i

a

l

—

5

S

c

h

e

m

a

t

i

c

d

i

↵

e

r

e

n

c

e

a

m

o

n

g

t

w

o

p

o

s

s

i

b

i

l

i

t

i

e

s

E

v

o

l

u

t

i

o

n

e

q

f

o

r

l

i

n

e

a

r

f

l

u

c

t

u

a

t

i

o

n

s

ḧ
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3 Broken spatial isometries during inflation:

nT > 0 and consequences for interferometers

4 Consequences for interferometers

Characteristic features for phase shift of light

travelling through interferometers arms

[Cornish,Allen et al., Smith and Caldwell, Thorne et al]

Phase change of light

while travelling along arm

Tensor mode function

in Fourier space

Arm transfer function

Depends on PS anisotropies

- Anisotropic tensor power spectrum

Model 1

Einstein gravity + set of scalar fields (also vectors can work)

Model 2

Bigravity + single scalar field

I Physical consequence: anisotropic amplitude of tensor power spectrum

Background is isotropic:

this implies that all Stokes parameters, besides I, vanish

5 Questions

Is there an effective description for long wavelength modes

that leave the cosmological horizon during inflation?

Inflationary modes are born as quantum fields. But we observe and explain

them in terms of classical stochastically distributed random fields.

How does a quantum-to-classical transition occurs?

Language of open quantum systems is convenient theoretical framework

for addressing these questions at once.

open quantum systems: essential tools for atomic physics (cold atoms etc)

metti freccia che unisca le domande; metti figura di open system and environment
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with 1/(2⇡LD) the characteristic frequency scale of the detector. It is convenient to work with the
Fourier transform of the phase shift accumulated along any of the interferometer arms:

��̃ij(f) =

Z
d2~n

X

s

�(s) e(s)ab e�i 2⇡ f~n·~x1 Dab

⇣
f, ~̀ij · ~n

⌘
(62)

Using eq (59), we find that the 2pt function of this quantity reads

h��̃ij(f)��̃⇤
kl(f

0)i =
1

2
�(f � f 0) �pp

0
Sh(f)Rij, kl

p p0 (f) (63)

the Rij, kl
p p0 (f) acquires a new contribution with respect to the standard case [], which we collect in the

second line of the following expression

Rij, kl
p p0 (f) ⌘

Z
d2~n

4⇡
ei 2⇡ f ~n(~xi�~xk)Dab(~̀ij · ~n, f)e

(p)
ab (~n)D

⇤
cd(~̀kl · ~n, f)e

(p0)
cd (~n0)

+ Qmn

Z
d2~n

4⇡
nmnn ei 2⇡ f ~n(~xi�~xk)Dab(~̀ij · ~n, f)e

(p)
ab (~n)D

⇤
cd(~̀kl · ~n, f)e

(p0)
cd (~n)

(64)

The part proportional to the tensor Qmn, in the second line of this expression, quantifies how the
quadrupolar anisotropy a↵ects the interferometer response. We can write

Rij, kl
p p0 (f) ⌘ (0)Rij, kl

p p0 (f) + (1)Rij, kl,mn
p p0 (f) Qmn (65)

and we separate the quantity R in two parts: the (0)R is the usual part, while (1)R characterises
the contribution modulated by the nG squeezed contribution. The integrals in eq (64) depend on the
positions ~xi and ~xk of the masses Mi and Mk of the interferometer, as well as on the orientation of
the interferometers with respect to the ‘preferred directions’ controlled by the tensorial quantity Qij .
This latter quantity depends on the amplitude of a long graviton mode (see eq (??)).

here we’ve to explain ‘long’ with respect to what...

Collecting these results, we find that the 2pt function among the phase shifts reads

h��̃ij(f)��̃⇤
kl(f)i =

�p p
0
Sh(f)

2
(0)Rij, kl

p p0 (f) +
�p p

0
Sh(f)

2
Qmn

(1)Rij, kl,mn
p p0 (f) (66)

The second line contains the anisotropic correction associated with tensor nG. The value of this
quantity depends on how the interferometer arm vectors ~̀

ij are oriented with respect to the tensor
Qmn. Interestingly, this contribution can depend on time, since the orientation of the interferometer
arms changes with time with respect to Qmn: within one day for earth-based interferometers (e.g.
LIGO-Virgo), or one year for space interferometers, as LISA.

This fact can lead to distinctive observational consequences. The 2pt phase shift correlation is
the basic ingredient for building signal estimators for gravity wave detection at interferometers []: an
observation of an anisotropic (time dependent) modulation of primordial tensor spectrum can be a
smoking gun for large nG in the tensor sector. We plan to return to discuss in detail phenomenological
consequences of this fact in a separate publication.
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ḧ
ij +

3H
ḣ
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3 Broken spatial isometries during inflation:

nT > 0 and consequences for interferometers

4 Consequences for interferometers

Characteristic features for phase shift of light

travelling through interferometers arms

[Cornish,Allen et al., Smith and Caldwell, Thorne et al]

Phase change of light

while travelling along arm

Phase 2pt function (in Fourier space)

Signal
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Response function R contains info about PS quadrupolar anisotropy

Ph(k) = P(0)
h (k)

✓
1 +Qij

ki kj

k2

◆

quadrupolar anisotropy

Time-dependent (annual?) modulation of phase 2pt function

Tensor mode function
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Arm transfer function

Depends on PS anisotropies

- Anisotropic tensor power spectrum

Model 1

Einstein gravity + set of scalar fields (also vectors can work)

Model 2

Bigravity + single scalar field

I Physical consequence: anisotropic amplitude of tensor power spectrum

Background is isotropic:

this implies that all Stokes parameters, besides I, vanish
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B. Stochastic Background

Consider an ISGWB with zero mean. If there is a net polarization then the variance is given by

✓
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+(f, n̂)h+(f 0, n̂0)i hh⇤
+(f, n̂)h⇥(f 0, n̂0)i

hh⇤
⇥(f, n̂)h+(f 0, n̂0)i hh⇤

⇥(f, n̂)h⇥(f 0, n̂0)i

◆
=

1

2
�(f � f 0)

�(2)(n̂� n̂0)

4⇡

✓
I +Q U + iV
U � iV I �Q

◆
, (28)

=
1

2
�(3)(~k � ~k0)

✓
I +Q U + iV
U � iV I �Q

◆
. (29)

The overall intensity, I, and circular polarization, V , are scalar quantities, and hence can be measured through the
monopole of the stochastic background; the Q and U are spin-4 quantities and hence do not contribute to an isotropic,
stochastic, background. Since we are considering an isotropic background, for the rest of this discussion we will take
Q = U = 0. This leads to the result

h�'̃ij(f)�'̃⇤
kl(f

0)i = 1

2

⇥
RI

ij,kl(f)I(f) +RV
ij,kl(f)V (f)

⇤
�(f � f 0), (30)
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ij (n̂, f)F
⇤+
kl (n̂, f)

⇤
, (32)

and where

FP
ij (n̂, f) ⌘ e�i2⇡fn̂·~xiePab(n̂)Dab(ˆ̀ij · n̂, f). (33)

Without loss of generality we can place ~xi at the origin of our coordinate system, ~xk along the z-axis, and ˆ̀
ij in

the x � z plane so that ~xk = Dẑ and ˆ̀
ij = cos↵x̂ + sin↵ẑ. Most gravitational wave observatories, such as LIGO,

LISA, and PTAs, e↵ectively have only three masses which, as a result, are necessarily co-planar. The same is true
for most designs for futuristic space-based gravitational wave observatories such as the Big Bang Observer (BBO)
and the Decihertz Gravitational Wave Observatory (DECIGO), each of which have advanced stages with six masses
[18, 30]. In the case of a co-planar observatory, we can also write ˆ̀

kl = cos�x̂ + sin�ẑ. It is straight forward to
show that in this case if we reflect about the plane of the observatory (i.e., � ! ��) we have F+
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ij (n̂, f)

and F⇥
ij (n̂, f) ! �F⇥

ij (n̂, f) so that RV
ij,kl(f) = 0. This result is not surprising: for a planar observatory a right-

handed gravitational wave coming from ‘above’ is indistinguishable from a left-handed gravitational wave traveling
from ‘below’. Therefore only those observatories constructed from masses which are non-co-planar will be sensitive
to the circular polarization of an isotropic stochastic gravitational wave background. This means that PTAs are only
sensitive to the intensity of the ISGWB.

C. Sensitivity curve

With an expression for the SNR we write the total SNR as the sum of the sliding integral:
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Writing Ss(f) ⌘ SPP 0

h (f)RPP 0(f) = (3H2
0 )/(4⇡

2)f�3⌦PP 0

gw (f)RPP 0(f) [31] we can write the minimum-detectable
gravitational wave background within a bandwidth �f as (i.e., a sensitivity curve) [29]
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. (35)

For all of the sensitivity curves we take �f = 0.05fi, H0 = 72 km/s/Mpc [32], and T = 10 years. An ISGWB
spectrum that exceeds this sensitivity curve will be detectable with an SNR & SNR0.

asymmetry in the tensor power spectrum, leading to a possible estimator for tensor nG. Indeed, we
can write the following general expression for the squeezed limit of tensor 3pt function
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~q!0
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(51)

The non-linear parameter fT
NL characterises how much we are departing from the standard consistency

relation, due to non-adiabaticity of tensor modes. For example in our case, setting C2 = 0, fT
NL is

proportional to (C1 � 1).
In presence large squeezed tensor nG, a single long wavelength tensor mode – which we denote

with a bar as �̄s~q – modulates the tensor 2pt function as follows []

h�s1~k �s2
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i0�̄ = h�s1~k �s2
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i00 + �̄s3~q
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i0

P�(q)
for q ⌧ k (52)

We denote h. . . i0�̄ as n-pt function modulated by the long tensor mode, while h. . . i00 is the unmodulated
quantity. (The prime, as usual, means that we do not include the momentum conserving �-function
in these expressions.)

Physically, we should consider the cumulative e↵ect of all soft graviton modes whose momenta are
smaller than a representative momentum qL, which is proportional to the inverse if the size of the
detector. At a given position ~x, we can write (see e.g. [])
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(53)

We can substitute above the expression for the squeezed limit of the 3pt function, eq (??), and get

h�s1~k �s2
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i0�̄(~x) = h�s1~k �s2
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with

Qij(~x) =
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d3q ei~q~x
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s

e(s)ij (~q)�(s)q (56)

Hence eq (55) implies that the tensor power spectum can acquire position-dependent quadrupolar
asymmetry, due the coupling between long and short wavelength tensor modes. The quantity Qij

acquires stochastic random values over a Gaussian distribution, with variance that depends on the nG
parameter:

hQijQiji =
1

⇡3

�
fT
NL

�2 X

s

Z

q<qL

dq q2 h�(s)~q �(s)�~qi
0 (57)

As discussed in the previous subsection, we are interested to cases in which the tensor tilt nT is positive,
implying that the integral in eq (57) converges in the IR. Notice that although the tensor 2pt function
acquires a quadrupolar anisotropy, still this e↵ect is the same for both polarizations + and ⇥, and we
do not have any cross correlation among polarizations: this is due to the fact that the background
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Physically, we should consider the cumulative e↵ect of all soft graviton modes whose momenta are
smaller than a representative momentum qL, which is proportional to the inverse if the size of the
detector. At a given position ~x, we can write (see e.g. [])
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We can substitute above the expression for the squeezed limit of the 3pt function, eq (??), and get
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Hence eq (55) implies that the tensor power spectum can acquire position-dependent quadrupolar
asymmetry, due the coupling between long and short wavelength tensor modes. The quantity Qij

acquires stochastic random values over a Gaussian distribution, with variance that depends on the nG
parameter:
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0 (57)

As discussed in the previous subsection, we are interested to cases in which the tensor tilt nT is positive,
implying that the integral in eq (57) converges in the IR. Notice that although the tensor 2pt function
acquires a quadrupolar anisotropy, still this e↵ect is the same for both polarizations + and ⇥, and we
do not have any cross correlation among polarizations: this is due to the fact that the background
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with 1/(2⇡LD) the characteristic frequency scale of the detector. It is convenient to work with the
Fourier transform of the phase shift accumulated along any of the interferometer arms:

��̃ij(f) =

Z
d2~n

X

s

�(s) e(s)ab e�i 2⇡ f~n·~x1 Dab

⇣
f, ~̀ij · ~n

⌘
(62)

Using eq (59), we find that the 2pt function of this quantity reads

h��̃ij(f)��̃⇤
kl(f

0)i =
1

2
�(f � f 0) �pp

0
Sh(f)Rij, kl

p p0 (f) (63)

the Rij, kl
p p0 (f) acquires a new contribution with respect to the standard case [], which we collect in the

second line of the following expression

Rij, kl
p p0 (f) ⌘

Z
d2~n

4⇡
ei 2⇡ f ~n(~xi�~xk)Dab(~̀ij · ~n, f)e

(p)
ab (~n)D

⇤
cd(~̀kl · ~n, f)e

(p0)
cd (~n0)

+ Qmn

Z
d2~n

4⇡
nmnn ei 2⇡ f ~n(~xi�~xk)Dab(~̀ij · ~n, f)e

(p)
ab (~n)D

⇤
cd(~̀kl · ~n, f)e

(p0)
cd (~n)

(64)

The part proportional to the tensor Qmn, in the second line of this expression, quantifies how the
quadrupolar anisotropy a↵ects the interferometer response. We can write

Rij, kl
p p0 (f) ⌘ (0)Rij, kl

p p0 (f) + (1)Rij, kl,mn
p p0 (f) Qmn (65)

and we separate the quantity R in two parts: the (0)R is the usual part, while (1)R characterises
the contribution modulated by the nG squeezed contribution. The integrals in eq (64) depend on the
positions ~xi and ~xk of the masses Mi and Mk of the interferometer, as well as on the orientation of
the interferometers with respect to the ‘preferred directions’ controlled by the tensorial quantity Qij .
This latter quantity depends on the amplitude of a long graviton mode (see eq (??)).

here we’ve to explain ‘long’ with respect to what...

Collecting these results, we find that the 2pt function among the phase shifts reads

h��̃ij(f)��̃⇤
kl(f)i =

�p p
0
Sh(f)

2
(0)Rij, kl

p p0 (f) +
�p p

0
Sh(f)

2
Qmn

(1)Rij, kl,mn
p p0 (f) (66)

The second line contains the anisotropic correction associated with tensor nG. The value of this
quantity depends on how the interferometer arm vectors ~̀

ij are oriented with respect to the tensor
Qmn. Interestingly, this contribution can depend on time, since the orientation of the interferometer
arms changes with time with respect to Qmn: within one day for earth-based interferometers (e.g.
LIGO-Virgo), or one year for space interferometers, as LISA.

This fact can lead to distinctive observational consequences. The 2pt phase shift correlation is
the basic ingredient for building signal estimators for gravity wave detection at interferometers []: an
observation of an anisotropic (time dependent) modulation of primordial tensor spectrum can be a
smoking gun for large nG in the tensor sector. We plan to return to discuss in detail phenomenological
consequences of this fact in a separate publication.
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3 Broken spatial isometries during inflation:

nT > 0 and consequences for interferometers

4 Consequences for interferometers

Characteristic features for phase shift of light

travelling through interferometers arms

[Cornish,Allen et al., Smith and Caldwell, Thorne et al]

Phase change of light

while travelling along arm

Phase 2pt function (in Fourier space)

Tensor mode function

in Fourier space

Arm transfer function

Depends on PS anisotropies

- Anisotropic tensor power spectrum

Model 1

Einstein gravity + set of scalar fields (also vectors can work)

Model 2

Bigravity + single scalar field

I Physical consequence: anisotropic amplitude of tensor power spectrum

Background is isotropic:

this implies that all Stokes parameters, besides I, vanish

5 Questions

Is there an effective description for long wavelength modes

that leave the cosmological horizon during inflation?

Inflationary modes are born as quantum fields. But we observe and explain

them in terms of classical stochastically distributed random fields.

How does a quantum-to-classical transition occurs?

Language of open quantum systems is convenient theoretical framework

for addressing these questions at once.

open quantum systems: essential tools for atomic physics (cold atoms etc)

metti freccia che unisca le domande; metti figura di open system and environment
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3 Broken spatial isometries during inflation:

nT > 0 and consequences for interferometers

4 Consequences for interferometers

Characteristic features for phase shift of light

travelling through interferometers arms

[Cornish,Allen et al., Smith and Caldwell, Thorne et al]

Phase change of light

while travelling along arm

Phase 2pt function (in Fourier space)

Response function R contains info about PS quadrupolar anisotropy

Ph(k) = P(0)
h (k)

✓
1 +Qij

ki kj

k2

◆

quadrupolar anisotropy

Time-dependent (annual?) modulation of phase 2pt function

Tensor mode function

in Fourier space

Depends on tensor PS

Info about interferometer

response

Arm transfer function

Depends on PS anisotropies

- Anisotropic tensor power spectrum

Model 1

Einstein gravity + set of scalar fields (also vectors can work)

Model 2

Bigravity + single scalar field

I Physical consequence: anisotropic amplitude of tensor power spectrum

Background is isotropic:

this implies that all Stokes parameters, besides I, vanish
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