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Cosmology:

» a standard model: cosmological principle (homogeneity and isotropy ) and a
predictive model (Big-Bang valid below certain energies)

H2 = (2) = 500 — 5

ds? = —dt? + a(t)’dx®> — o ;
H* = _47rG(ptot + ptot) + 522
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H = (2) = 258 5

ds? = —dt? + a(t)’dx®> — o ;
H* = _47TG(Ptot + ptot) + 522

» experimental measurements and tests: CMB, Large Scale Structure, ...

> a strict relationship with microscopic physics (astrophysics and particle
physics)

> a paradigm (inflation) to explain cosmological principle and set up initial
conditions for Big Bang: accelerated expansion of the Universe in a short
time: guided by py = wpy, w < —3

> a mechanism to explain structure formation (inflation): quantum oscillation
of fields during inflation and quantum-to-classical transition
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Diego Chialva (UMons) Signatures of very high-energy and exotic physics in | ULB, Bruxelles 4/37



Inflation is remarkable, but needs a UV-complete quantum theory

> origin of the degrees of freedom of the inflaton sector (pv, pv)

Diego Chialva (UMons) Signatures of very high-energy and exotic physics in | ULB, Bruxelles 4/37



Inflation is remarkable, but needs a UV-complete quantum theory

> origin of the degrees of freedom of the inflaton sector (pv, pv)

> in standard scenarios: background dynamics of scalar field sensitive to
Planck-suppressed operators (for example, 7 problem in standard scenario):

Diego Chialva (UMons) [Signatures of very high-energy and exotic physics in | ULB, Bruxelles 4/37



Inflation is remarkable, but needs a UV-complete quantum theory

> origin of the degrees of freedom of the inflaton sector (pv, pv)

> in standard scenarios: background dynamics of scalar field sensitive to
Planck-suppressed operators (for example, 7 problem in standard scenario):

> cosmological singularity

Diego Chialva (UMons) Signatures of very high-energy and exotic physics in | ULB, Bruxelles 4/37



Inflation is remarkable, but needs a UV-complete quantum theory
> origin of the degrees of freedom of the inflaton sector (pv, pv)

> in standard scenarios: background dynamics of scalar field sensitive to
Planck-suppressed operators (for example, 7 problem in standard scenario):

> cosmological singularity

» the perturbations for structure formations are quantum and are sensitive to
Planckian initial conditions: for scales E observed today the latter are in the

(trans-)Planckian regime E > Mppanck = \/IGC

0

Diego Chialva (UMons) [Signatures of very high-energy and exotic physics in | ULB, Bruxelles 4/37



Inflation is remarkable, but needs a UV-complete quantum theory
> origin of the degrees of freedom of the inflaton sector (pv, pv)

> in standard scenarios: background dynamics of scalar field sensitive to
Planck-suppressed operators (for example, 7 problem in standard scenario):

> cosmological singularity

» the perturbations for structure formations are quantum and are sensitive to
Planckian initial conditions: for scales E observed today the latter are in the

(trans-)Planckian regime E > Mppanck = \/IGC

But a high-energy quantum theory also benefits from cosmology

0

Diego Chialva (UMons) [Signatures of very high-energy and exotic physics in | ULB, Bruxelles 4/37



Inflation is remarkable, but needs a UV-complete quantum theory
> origin of the degrees of freedom of the inflaton sector (pv, pv)

> in standard scenarios: background dynamics of scalar field sensitive to
Planck-suppressed operators (for example, 7 problem in standard scenario):

> cosmological singularity

» the perturbations for structure formations are quantum and are sensitive to
Planckian initial conditions: for scales E observed today the latter are in the

(trans-)Planckian regime E > Mppanck = \/IGC

But a high-energy quantum theory also benefits from cosmology

0

» inflationary dynamics acts as magnifying lens on microphysics

Diego Chialva (UMons) [Signatures of very high-energy and exotic physics in | ULB, Bruxelles 4/37



Inflation is remarkable, but needs a UV-complete quantum theory
> origin of the degrees of freedom of the inflaton sector (pv, pv)

> in standard scenarios: background dynamics of scalar field sensitive to
Planck-suppressed operators (for example, 7 problem in standard scenario):

> cosmological singularity

» the perturbations for structure formations are quantum and are sensitive to
Planckian initial conditions: for scales E observed today the latter are in the

(trans-)Planckian regime E > Mppanck = \/IGC

But a high-energy quantum theory also benefits from cosmology

0

» inflationary dynamics acts as magnifying lens on microphysics
> high precision tests (CMBR physics, astrophysical phenomena)

Diego Chialva (UMons) [Signatures of very high-energy and exotic physics in | ULB, Bruxelles 4/37



Inflation is remarkable, but needs a UV-complete quantum theory
> origin of the degrees of freedom of the inflaton sector (pv, pv)

> in standard scenarios: background dynamics of scalar field sensitive to
Planck-suppressed operators (for example, 7 problem in standard scenario):

> cosmological singularity

» the perturbations for structure formations are quantum and are sensitive to
Planckian initial conditions: for scales E observed today the latter are in the

(trans-)Planckian regime E > Mppanck = \/%

But a high-energy quantum theory also benefits from cosmology

0

» inflationary dynamics acts as magnifying lens on microphysics
> high precision tests (CMBR physics, astrophysical phenomena)
> sensitiveness to high-energy scales
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After many years of painstaking research, WMAP yields us a detailed picture of
the Universe 300000 years after Big Bang:

T=2.725K.
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Large Scale Surveys can also be used to gain information on the perturbations
generated during inflation

Two-degree-Field Galaxy Redshift Survey, 2dFGRS
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Some LSS

Large Scale Surveys can also be used to gain information on the perturbations
generated during inflation

Sloan Digital Sky Survey, SDSS
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Observed perturbations are for example the matter density contrast épf (traced for

example by galaxies in LSS) or the temperature anisotropy A—TT of the CMBR.
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Observed perturbations are for example the matter density contrast éf (traced for
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The miracle of inflation: quantum perturbations of fields over background
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Observed perturbations are for example the matter density contrast éf (traced for

example by galaxies in LSS) or the temperature anisotropy A—TT of the CMBR.

The miracle of inflation: quantum perturbations of fields over background

Physical length scale
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They are related to the primordial perturbations as

Perturbation today Comoving curvature perturbation
o = T (t. k) R(k)|«
Transfer matrix relating perturbations Classical primorcé?: time between horizon

exit and re-entering
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Distinguish fields between background and perturbations
¢(7» t) = ¢0(t) + ¢(}7 t) a

Check for degrees of freedom against gauge transformations x'“(x”).
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Distinguish fields between background and perturbations
¢(7» t) = ¢0(t) + ¢(}7 t) a

Check for degrees of freedom against gauge transformations xl“(x”).
In single-field slow-roll inflation

Ve

_H_ &
-2 - —ﬁ 2H2M§Ianck << 1’
H H ;
: SRR . R : RS R PSY

HH H? oH 2H2M2

Planck

there is only one physical scalar: comoving curvature perturbation R.
It is gauge invariant; on constant conformal time hypersurfaces (flat universe):

_ 3
4=~ = RO

(R®) = spatial curvature).

Conformalities: ds?> = a(n)?(—dn? + dx?), Potys = &

a
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Quantize perturbations: observations say fields in inflation are nearly free

Rz ) = [ 2 [V + Y ORI

LAl =0(k—K) V(%)= &%
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Rz ) = [ 2 [V + Y ORI

Blap] =0(k—K)  Yi(®)=e*%.

R is a non-canonically normalized scalar field. Mode functions Rk(n) = %
where f = zR is canonically normalized and

z" ad
Yt ko~ S)h=0 2= qu

Here, w(k,n) is the comoving frequency (we consider isotropic case).
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Quantize perturbations: observations say fields in inflation are nearly free

Rz ) = [ 2 [V + Y ORI

Blap] =0(k—K)  Yi(®)=e*%.

R is a non-canonically normalized scalar field. Mode functions Rk(n) = %
where f = zR is canonically normalized and

z" ad
Yt ko~ S)h=0 2= qu

Here, w(k,n) is the comoving frequency (we consider isotropic case).

Different w(k,n)'s yield different mode functions. Also, given equal w(k,7),
different mode functions define different vacuum choices.
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Observables: in-in correlators at a given time. Example, operator O 7o:

(10 = (@IT (¢ ™) (o) T (™0 ™) ).

where H; = interaction Hamiltonian from cxpansion in perturbations. @B
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Observables: in-in correlators at a given time. Example, operator O 7o:
~ - i [0 dnH\ ~ —i [0 dnH,
(QI0(m0)|) = (T (112 ") Ono) T (7112 ") ).
where H; = interaction Hamiltonian from cxpansion in perturbations. @B

Basic building block: Whightman function

2 * (!
67,0 2,7) = @RERE. AR Guln) = 5 XL

Famous example: power spectrum

K3
P = 52 J]@O Wi(n,m)
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Very high-energy physics and standard and modified scenarios in cosmological
perturbations theory
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Observables: correlators of curvature perturbation
Gw({x1,..-,xn}) = (AR(x1) - .. R(x1)|2)

Information needed:
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» the fields and their equation of motion
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Observables: correlators of curvature perturbation
Gw({x1,..-,xn}) = (AR(x1) - .. R(x1)|2)
Information needed:

> the fields and their equation of motion > the state |Q)

Standard choices:
Bunch-Davies vacuum

ék(n — —OO)|QBD> =0
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Observables: correlators of curvature perturbation

Gw({xt,- ., xn}) = (QR(x1) ... R(xa)|2)

Information needed:

> the fields and their equation of motion > the state |Q)

Standard choices:
Bunch-Davies vacuum

ék(n — —OO)|QBD> =0

» preservation of de Sitter symmetry group
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> the fields and their equation of motion > the state |Q)

Standard choices:

ék(n — —OO)|QBD> =0
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> “no particles” (WKB criterion, flat coordinates) at very small scales
(mimicking Minkowski)
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Observables: correlators of curvature perturbation
Gw({x1,..-,xn}) = (AR(x1) - .. R(x1)|2)

Information needed:

> the fields and their equation of motion > the state |Q)

Standard choices:

ék(n — —OO)|QBD> =0

> preservation of de Sitter symmetry group
> “no particles” (WKB criterion, flat coordinates) at very small scales

(mimicking Minkowski)
> certain behaviour of the BD Whightman functions (no antipodal poles)

w(k,n)® =k
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Is the standard vacuum choice well motivated?

Already at classical level: absence of global always timelike Killing vector .
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Is the standard vacuum choice well motivated?

Already at classical level: absence of global always timelike Killing vector .

Validity of (inflationary) general relativity picture unjustified at arbitrary high
energy scales.

: boundary conditions (vacuum |2)) should
be given at scale A by the new theory.

Question for high energy theorists: can you determine |Q2) from the high energy
theory?

More humble phenomenological approach: would there be observable
consequences of having different prescriptions for |2) at scale A?
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Is the use at all scales of the standard dispersion relation well motivated?
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Is the use at all scales of the standard dispersion relation well motivated?

» Lorentz invariance tested up to certain scales,

» effective theory for perturbations on backgrounds naturally breaks Lorentz
(coordinate adapted to homogeneity of background field, example ghost
inflation)

> quantum gravity effects (brane-world, Horava theory, ...)

> higher-derivative corrections to the effective action are unsuppressed at earlier
: : pm) _ _k
times since a(n) n_>—_>oo 0 = = soh > 1
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Is the use at all scales of the standard dispersion relation well motivated?

» Lorentz invariance tested up to certain scales,

» effective theory for perturbations on backgrounds naturally breaks Lorentz
(coordinate adapted to homogeneity of background field, example ghost
inflation)

> quantum gravity effects (brane-world, Horava theory, ...)

> higher-derivative corrections to the effective action are unsuppressed at earlier
: : pm) _ _k
times since a(n) n_>—_>oo 0 = = soh > 1

Question for high energy theorists: can you determine the effective/fundamental
theory?
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Modified scenarios: the dispersion relations

Is the use at all scales of the standard dispersion relation well motivated?

>

| 2

Lorentz invariance tested up to certain scales,

effective theory for perturbations on backgrounds naturally breaks Lorentz
(coordinate adapted to homogeneity of background field, example ghost
inflation)

quantum gravity effects (brane-world, Horava theory, ...)

higher-derivative corrections to the effective action are unsuppressed at earlier
' ' P(n) _ _k

times since a(n) oo 0= 53" = 5o > 1

Question for high energy theorists: can you determine the effective/fundamental
theory?

More humble approach: would there be observable consequences of having
different dispersion relations above a scale A?
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After quantization

Riln) = 223} +
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After quantization

STANDARD SCENARIO
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After quantization

Ri(n) = a +

STANDARD SCENARIO
Lorentzian dispersion

w(n, k)* = K2,
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After quantization

STANDARD SCENARIO
Lorentzian dispersion and Bunch-Davies vacuum

W k2= K2, fl) = S EE O (k).

V= % + 1_—2"5 ns = 1 — 6e + 27 is the spectral index.
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After quantization

STANDARD SCENARIO
Lorentzian dispersion and Bunch-Davies vacuum

B izvriz
W k2= K2, fl) = S EE O (k).
v=3+4+1"% n,=1—6€+ 2 is the spectral index.
Two-point function:

H2
Ps(k) k50 M2 ek3

Planck

Diego Chialva (UMons) Signatures of very high-energy and exotic physics in | ULB, Bruxelles 16 / 37



MODIFIED VACUUM
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MODIFIED VACUUM

Theory valid up to a scale A. Vacuum specified at a certain time 7.. €®

wn, k)2 =k, fi(n) = o V=aHD (—kn) + B /=nHP (—kn),
oy, B depend on k, A, 7.
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MODIFIED VACUUM
Theory valid up to a scale A. Vacuum specified at a certain time 7.. €®
win k> = K2, filn) = o V=aHD (—kn) + B = HP (k).

oy, B depend on k, A, 7.

Two popular possibilities:
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MODIFIED VACUUM

Theory valid up to a scale A. Vacuum specified at a certain time 7.. €®

wn, k)2 =k, fi(n) = o V=aHD (—kn) + B /=nHP (—kn),
oy, B depend on k, A, 7.

Two popular possibilities:
> Cifective Boundary Action: nc is the same for any k and not depending on
the scale A (so the theory has two scales n-! and A)
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MODIFIED VACUUM

Theory valid up to a scale A. Vacuum specified at a certain time 7.. €®

win, k> =K, fi(n) = o V=nHD (=kn) + B V=i HP (—kn)
ap, B depend on k, A, 7.

Two popular possibilities:

> : 1¢ is the same for any k and not depending on
the scale A (so the theory has two scales n-! and A)
> : vacuum specified for each mode k when the

physical momentum p(nc) = A — (k) = 45
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MODIFIED VACUUM

Theory valid up to a scale A. Vacuum specified at a certain time 7.. €®

win, k> =K, fi(n) = o V=nHD (=kn) + B V=i HP (—kn)
ap, B depend on k, A, 7.

Two popular possibilities:

> : 1¢ is the same for any k and not depending on
the scale A (so the theory has two scales n-! and A)
> : vacuum specified for each mode k when the

physical momentum p(nc) = A — (k) = 45

Two-point function, at leading order in slow-roll and ,BZV:

Pk) ~ — (14 2Re(ame™ )
™ k0 AM2 ek3 k '
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MODIFIED DISPERSION RELATIONS
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MODIFIED DISPERSION RELATIONS
Generic modified dispersion relations

w(n,k):kF(%kn> . Fx—0)—1, H<A.
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MODIFIED DISPERSION RELATIONS
Generic modified dispersion relations

il ) = I F(%kn> . Fx—0)—1, H<A.
Quite different from the standard scenario only if adiabaticity is violated at some
early time.
Wphys
A m ! wphys (p) = 3(7))71 "J(na k)
A sk ur (1, k) I:n <
\ T = | B+ Ball(n K) 1 p* < p<
: : k — mdr mdr
P 2 o un(n, k) + By u2(n, k) I : ol < n < ni
o Dy Va(n, k) + D2 Va(n, k) IV <o

Diego Chialva (UMons) Signatures of very high-energy and exotic physics in | ULB, Bruxelles 18 / 37



MODIFIED DISPERSION RELATIONS
Generic modified dispersion relations

il ) = I F(%kn> . Fx—0)—1, H<A.
Quite different from the standard scenario only if adiabaticity is violated at some
early time.
Wphys
A m ! wphys (p) = 3(7))71 w(n7 k)
H‘N fii i : e : Sk Ul(’f], k) I:n< nﬁk)
\ | T )= | Bt )+ Bolh(n, k) 1 p* < p<
: : k — mdr mdr
P 2 o un(n, k) + By u2(n, k) I : ol < n < ni
[ Dy Va(n, k) + D2 Va(n, k) IV: i) <n

(DT Laly)

V2kU(y)

> uy» well approximated by WKB:  up(yk) =

2
OF (8, F)?
2 = PR VORI U = Fr (g +3 G5 - ),
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MODIFIED DISPERSION RELATIONS
Generic modified dispersion relations

il ) = I F(%kn> . Fx—0)—1, H<A.
Quite different from the standard scenario only if adiabaticity is violated at some
early time.
Wphys
A m ! wphys (p) = 3(7))71 w(n7 k)
H‘N fii i : e : Sk Ul(’f], k) I:n< nﬁk)
\ | T )= | Bt )+ Bolh(n, k) 1 p* < p<
: : k — mdr mdr
P 2 o un(n, k) + By u2(n, k) I : ol < n < ni
[ Dy Va(n, k) + D2 Va(n, k) IV: i) <n

(DT Laly)

V2kU(y)

> uy» well approximated by WKB:  up(yk) =

2
F . (8yF)?
A0 = v o = P (- g w3 - ).

» backreaction constraints WKB violation interval: A = % <1,
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> independently of the details of w(n, k),

mdr . V 7k Q mdr . V ,k Q
ap = (1_,—(”‘2 )"IW A+O(A2)) w, Br = Q—(”Iz )”‘W A+(’)(A2)>e
i 1
2 5 z//
Q

vl |m function of w(n, k) is the order 1 factor signalling the violation of the WKB
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> magnitude of |Sk| not depending on ratios such as % but determined from
backreaction
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mdr . V 7k Q mdr . V ,k Q
ap = (1_,—(”‘2 )"IW A+O(A2)) w, Br = Q—(”Iz )”‘W A+(’)(A2)>e
i 1
2 5 z//
Q

vl |m function of w(n, k) is the order 1 factor signalling the violation of the WKB

> magnitude of |Sk| not depending on ratios such as % but determined from
backreaction

» we choose ¢x = 1 picking up the usual adiabatic vacuum.
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> independently of the details of w(n, k),

mdr . V 7k Q mdr . V ,k Q
ap = (1_,—(”‘2 )"IW A+O(A2)) w, Br = Q—(”Iz )”‘W A+(’)(A2)>e
i 1
2 5 z//
Q

vl |m function of w(n, k) is the order 1 factor signalling the violation of the WKB

> magnitude of |Sk| not depending on ratios such as % but determined from
backreaction

» we choose ¢x = 1 picking up the usual adiabatic vacuum.

mdr

Two-point function at leading order in € and 3, , A:
H2 mdr
Pmdr(k) k:o 4/\/’2—€k3 <1 +2 Re(,Bk )) °

Planck
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Observations and consistency put constraints on the Bogoljubov parameters.

> observations on the spectral index

_  dIog (i P(K)

dk) < 1— B B slowly varying with k;

ns —1
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> observations on the spectral index

_  dIog (i P(K)

dk) < 1— B B slowly varying with k;

ns —1

» backreaction
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Observations and consistency put constraints on the Bogoljubov parameters.

> observations on the spectral index

_  dIog (i P(K)

ns —1 k) < 1— B B slowly varying with k;
» backreaction
» finite total energy density — |8, |37| must decay faster than k=2 at large

k.

However, already present cutoffs by the scale A (modified vacuum), and by the
interval of times and scales for which the partial solutions for modified
dispersion relations are valid;
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> observations on the spectral index

_  dIog (i P(K)

ns —1 k) < 1— B B slowly varying with k;
» backreaction
» finite total energy density — |8, |37| must decay faster than k=2 at large

k.
However, already present cutoffs by the scale A (modified vacuum), and by the
interval of times and scales for which the partial solutions for modified
dispersion relations are valid;

> preserving the slow-roll inflationary evolution enforces the constraint

HM
|B;<ndr|,|ﬁ‘r(n\/| < Vdu'%a p=my — €

Diego Chialva (UMons) Signatures of very high-energy and exotic physics in | ULB, Bruxelles 20 / 37



Observations and consistency put constraints on the Bogoljubov parameters.

> observations on the spectral index

_  dIog (i P(K)

ns —1 k) < 1— B B slowly varying with k;
» backreaction
» finite total energy density — |8, |37| must decay faster than k=2 at large

k.
However, already present cutoffs by the scale A (modified vacuum), and by the
interval of times and scales for which the partial solutions for modified
dispersion relations are valid;

> preserving the slow-roll inflationary evolution enforces the constraint

HM
|B;<ndr|,|ﬁ‘r(n\/| < Vdu'%a p=my — €

Diego Chialva (UMons) Signatures of very high-energy and exotic physics in | ULB, Bruxelles 20 / 37



Non-Gaussianities (CMBR)
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Non-Gaussianities: three- and higher-point correlators are non-zero.
Leading contribution in perturbation theory: bispectrum

(R (MR (R (n)) = (2m)*5( Z ki)F (k1. ko, ks, m),
n ~ 0 late time when all k153 have exited the horizon

Two aspects:
» obviously accounting the interactions during inflation
> could it be sensitive also to higher energy physics (modified scenarios)?
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Non-Gaussianities: three- and higher-point correlators are non-zero.
Leading contribution in perturbation theory: bispectrum

<R;:1(77)R;2(77)R;?3(77)> = (27T)35(Z Ei)F(Ela Ez, E3’77),
n ~ 0 late time when all ki 3 have exited the horizon

Two aspects:

» obviously accounting the interactions during inflation

> could it be sensitive also to higher energy physics (modified scenarios)?
The traditional non-gaussian parameter fy;

R 45 k3
F(ki, ko, k3,n) = (27) 5( ki) fNLPR Z—'é
[1; 2k;

Non-Gaussianities in the standard slow-roll single-field scenario: very suppressed

H
fNL%—m<<1
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Three-point function @

(R(a)R ()R () = —2Re ( [ dn'i<9inIR(Xl)R(Xz)R(Xa)H/(n')lﬂin))

in
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Three-point function @D

(R(aYR()R(xs)) = —2Re ( [ dn'i<9inIR(Xl)R(Xz)R(Xs)H/(n’)IQin>)

Min

Modified elements in the modified scenarios:
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Modified elements in the modified scenarios:
» some have generic features that can be constrained phenomenologically
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Modified elements in the modified scenarios:
> some have generic features that can be constrained phenomenologically
> limits of integration
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Min

Modified elements in the modified scenarios:
> some have generic features that can be constrained phenomenologically

> limits of integration
» form of mode functions -Whightman functions- (general features)
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Three-point function @D

(R(xa)R ()R () = —2Re ( [ il R(xl)R(Xz)R(m)H,(n’)mm)

Min

Modified elements in the modified scenarios:
> some have generic features that can be constrained phenomenologically

> limits of integration
» form of mode functions -Whightman functions- (general features)
» vacuum choice (general features)
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Modified elements in the modified scenarios:
> some have generic features that can be constrained phenomenologically

> limits of integration
» form of mode functions -Whightman functions- (general features)
» vacuum choice (general features)

» some are more model dependent
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Three-point function @

(R(aYR()R(xs)) = —2Re ( [ dn’imm|R(xl)R(sz(xamm')mm)

Min

Modified elements in the modified scenarios:
> some have generic features that can be constrained phenomenologically

> limits of integration
» form of mode functions -Whightman functions- (general features)
» vacuum choice (general features)

» some are more model dependent
> cubic couplings
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Insights and expectations:

> in the standard scenario the largest contribution to non-Gaussianities is at
late times (~ horizon crossing): Bunch-Davies vacuum is empty in the de
Sitter flat coordinates relevant for physical inflation
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> in the standard scenario the largest contribution to non-Gaussianities is at
late times (~ horizon crossing): Bunch-Davies vacuum is empty in the de
Sitter flat coordinates relevant for physical inflation

» in the modified scenarios there are additional contribution to
non-Gaussianities from particle creation at early times
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non-Gaussianities from particle creation at early times

» particle creation is highly constrained by backreaction on slow-roll, but the
non-Gaussianities can be enhanced by
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> in the the largest contribution to non-Gaussianities is at
(~ horizon crossing): Bunch-Davies vacuum is empty in the de
Sitter flat coordinates relevant for physical inflation
» in the modified scenarios there are additional contribution to
non-Gaussianities from particle creation at early times

» particle creation is highly constrained by backreaction on slow-roll, but the
non-Gaussianities can be enhanced by

» interference effects
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Insights and expectations:

> in the the largest contribution to non-Gaussianities is at
(~ horizon crossing): Bunch-Davies vacuum is empty in the de

Sitter flat coordinates relevant for physical inflation

» in the modified scenarios there are additional contribution to
non-Gaussianities from particle creation at early times

» particle creation is highly constrained by backreaction on slow-roll, but the
non-Gaussianities can be enhanced by

> interference effects

» cumulative (integrated) effect (the bispectrum has a non-local time-integrated
part)
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Example: in Einstein-Hilbert action, cubic coupling

H(/) /d3xa ( ) M2 162(9_27?,2.

Planck

Bispectrum

F(ki, k2, ks,m) = (R g, (MR 5, (MR, z,(n)

" e :
= 2Re<—l 2’/T Zk ( ) M2 / d77 k2 0, /Gk[(n777)

Planck ¥ 7in i=1

+permutations) .
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Standard scenario

F(ki, k2, k3, m)g5< Re [/n dn'ei(k1+k2+k3)’7, + permutations| ~ ; = i
TR —oco(1—ie) ki + ko + ks ke
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Standard scenario

1 1
ki+ ko + ks ke

n
F(ki, k2, k3,m)s5<Re [/

. ’
dn e'kathetksn +permutations] ~
—oo(l—ig)

Modified vacuum scenario (leading correction in 3) €@

Min="c

0gF(ki, ko, k3,m) Z?:l Re |:,B;:j 4 dn'ei(zh#j k=)’ 4 permutations]

_ o/ kn—kj)ne
~ R * 1—e
2 Re| B =% %
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Standard scenario

1 1
ki+ ko + ks ke

. ’
dn e'kathetksn +permutations] ~

n
F(ki, k2, k3,m)s5<Re [/

—oo(l—ig)

Modified vacuum scenario (leading correction in 3) €@

0gF(ki, ko, k3,m) Z?:l Re |:,B;:j 4 dn'ei(zh#j k=)’ 4 permutations]

Min="c

_ o/ kn—kj)ne
~ R * 1—e
2 Re| B =% %

Enhancement
A3,8 ktnc Al
— ~ ) = | — —(NPHS

BD k=34 kn

for folded configuration ki =3, k
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Modified dispersion relations (leading correction in 3) €

3
mdrt |y A Y e Xnti }Xisy'
5/3F(k1,kz,ka,n)0<ZRe[(ﬂkj ) ﬁ/ dy'xcg({xnzi}, x5, y") € U h*’}”’”],

j=1 Yo

’

4 H
Sofabny) = [ " (Zlony) = wl5.5)) s ¥ = Rt 5 =

h#j

ki

k max
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Modified dispersion relations (leading correction in 3) €

5/3F(k1,k2,k3,17)0<2 Re[(ﬂ:dr) —/ dy'xeg({xnz},%,y') € ”5"(“’7#’“””]
Jj=1 Y
/ v/ " " " _ H ki
So(fxnitg,y’) = [ dy" (Do wlxn,y") =wlx,y") ) v = Fkmactt X0 =

hj

Enhancement

2 ~Z< )1_;1|ﬂk|,

1585 (b vl
for any configuration such that there is a critical point

A Sos({xh V)= = SPUxLy) #0, O Sos({x} )=y =0 Vm < n.
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Modified vacuum

» oscillations on the shape function
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Modified vacuum

» oscillations on the shape function
> enhancements for the folded configuration

Diego Chialva (UMons) Signatures of very high-energy and exotic physics in | ULB, Bruxelles 28 /37



Modified vacuum

» oscillations on the shape function
> enhancements for the folded configuration

» greater enhancements for interactions that scale with more powers of %:
stronger sensitivity to higher derivative couplings
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Modified vacuum

» oscillations on the shape function
> enhancements for the folded configuration

» greater enhancements for interactions that scale with more powers of %:
stronger sensitivity to higher derivative couplings

Modified dispersion relations
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Modified vacuum

» oscillations on the shape function
> enhancements for the folded configuration

» greater enhancements for interactions that scale with more powers of %:
stronger sensitivity to higher derivative couplings

Modified dispersion relations

> oscillations on the shape function (features depend on the dispersion)
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Modified vacuum

» oscillations on the shape function
> enhancements for the folded configuration

» greater enhancements for interactions that scale with more powers of %:

Modified dispersion relations
> oscillations on the shape function (features depend on the dispersion)

» enhancements possible for different configurations depending on the
dispersion relation

Diego Chialva (UMons) Signatures of very high-energy and exotic physics in | ULB, Bruxelles 28 /37



Modified vacuum

» oscillations on the shape function
> enhancements for the folded configuration

» greater enhancements for interactions that scale with more powers of %:

Modified dispersion relations

> oscillations on the shape function (features depend on the dispersion)

> enhancements possible for different configurations depending on the
dispersion relation

> possible greater enhancements for interactions that scale with more powers of
1.

EE
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Modified vacuum

» oscillations on the shape function
> enhancements for the folded configuration

» greater enhancements for interactions that scale with more powers of %:

Modified dispersion relations

> oscillations on the shape function (features depend on the dispersion)
> enhancements possible for different configurations depending on the
dispersion relation

> possible greater enhancements for interactions that scale with more powers of
1.

>
» for non-higher-derivative couplings enhancements are smaller than in the
modified vacuum (equal for critical points of order n = o)
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Non-Gaussianities: sensitivity to very high energy physics

Modified vacuum
» oscillations on the shape function
> enhancements for the folded configuration

» greater enhancements for interactions that scale with more powers of %:

Modified dispersion relations
> oscillations on the shape function (features depend on the dispersion)

» enhancements possible for different configurations depending on the
dispersion relation

v

possible greater enhancements for interactions that scale with more powers of
1.

=
for non-higher-derivative couplings enhancements are smaller than in the
modified vacuum (equal for critical points of order n = o)

v

v

for higher-derivative couplings enhancements are can be larger than in the
modified vacuum
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0 F5 (LX), A=10°H

A=10°H, ¢=499995.2
Opnys(P)P AT

— o 10* -
1817 6 F 3, nprs(L.X2,X3), 0= s3] TN

Leading 3 bispectrum correction for a) standard scenario, b) modified dispersion relation
of figure 2, c) modified vacuum.
Dispersion relation used for b).
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Non-Gaussianities: squeezing limit (LSS)
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Large Scale Structure observations survey tracers of matter/halo distribution that
depend on the primordial perturbation, in particular non-Gaussianities in the
squeezing limit k; < ko ~ k3 ~ ks . kl_1 is the probed large scale.

Advantages of the squeezing limit for theory: relies upon very general features,
capable of constraining (falsify?) entire classes of models.
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Standard scenario
Bispectrum fully determined by general argument:
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Standard scenario
Bispectrum fully determined by general argument:

» dominant contribution to non-Gaussianities come for late times 1 ~ 0
(horizon crossing)

Diego Chialva (UMons) Signatures of very high-energy and exotic physics in | ULB, Bruxelles 32 /37



Standard scenario
Bispectrum fully determined by general argument:

» dominant contribution to non-Gaussianities come for late times 1 ~ 0
(horizon crossing)

> squeezing limit k; < ko3 — perturbation depending on k; is superhorizon
(kin < 1) at the time of dominant contribution, acts as background for the
other perturbations shifting their exit-of-horizon times
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Bispectrum fully determined by general argument:

» dominant contribution to non-Gaussianities come for late times 1 ~ 0
(horizon crossing)

> squeezing limit k; < ko3 — perturbation depending on k; is superhorizon
(kin < 1) at the time of dominant contribution, acts as background for the
other perturbations shifting their exit-of-horizon times

> bispectrum determined by spectral index ng, and of the local form at leading
order in ,’:—;
(R R, Re,)s (2m)25(> " ki)(1 — ne)Ps(k1)Ps(ks)

i

k1 <<ks
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Bispectrum fully determined by general argument:

» dominant contribution to non-Gaussianities come for late times 1 ~ 0
(horizon crossing)

> squeezing limit k; < ko3 — perturbation depending on k; is superhorizon
(kin < 1) at the time of dominant contribution, acts as background for the
other perturbations shifting their exit-of-horizon times

> bispectrum determined by spectral index ng, and of the local form at leading
order in ,’:—;
(R R, Re,)s (2m)25(> " ki)(1 — ne)Ps(k1)Ps(ks)

i

k1 <<ks

2
> correction of the order (%) and higher, their form is model dependent
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Modified scenarios
New general constraining arguments and new contribution invalidating standard
argument

> contribution to non-Gaussianities at much earlier times 7., 7y from particle
creation
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Modified scenarios
New general constraining arguments and new contribution invalidating standard
argument

> contribution to non-Gaussianities at much earlier times 7., 7y from particle
creation

> although kj is small, possibly ki7c, kymy > 1, so perturbation depending on
k1 is not superhorizon
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Modified scenarios

New general constraining arguments and new contribution invalidating standard
argument

> contribution to non-Gaussianities at much earlier times 7., 7y from particle
creation

> although kj is small, possibly ki7c, kymy > 1, so perturbation depending on
k1 is not superhorizon

> importance of realistic squeezing in observation (k; small but non-zero)
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Modified scenarios

New general constraining arguments and new contribution invalidating standard
argument

> contribution to non-Gaussianities at much earlier times 7., 7y from particle
creation

> although kj is small, possibly ki7c, kymy > 1, so perturbation depending on
k1 is not superhorizon

> importance of realistic squeezing in observation (k; small but non-zero)

» possible enhancements because of interference effects and accumulation
with time
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Modified vacuum scenario
Example: cubic non-higher-derivative coupling

1— ei(Eh#j kh—kj)nc

6ﬁF(k1,k2,k3,n)o< Re [ﬁ:
Ej: T Dng kn = ki
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Modified vacuum scenario
Example: cubic non-higher-derivative coupling

1 — & Chy kh—kj)nc]

5[3F(k1,k2,k3,’r])0( Re [ﬂ:
Ej: T Dng kn = ki

Dominant contribution when k; = ky 3 ~ ks (6; angle between ki, k;):

j=2or3 Zkh—kjk1<<’\_';<23k1(1+C050j)Ek1V9j.
htj ’
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Example: cubic non-higher-derivative coupling

1 ei(Zh#j kh—kj)nc
5,3F(k1,k2,k3,n)o< E Re[ﬁ,’f—]
7 ! Zh#j kn — ki

Dominant contribution when k; = ky 3 ~ ks (6; angle between ki, k;):

j=2or3 Zkh—kjk1<<’\_';<23k1(1+C050j)Ek1Vej.
htj ’

Leading correction to the bispectrum

08¢, 1,Ce mCe i de , =, (2m) 5(2 ki) B™ Pu(ki)Ps(ks),

k<<k

—4¢ E v, lRe[ﬁZ ] if |k17]cv9j| >1
—4 e ksne Im[ﬁkS ] if [kanevy, | <1

3
mv mv mv
B = E B, By =
=2
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Modified dispersion relations
Example: cubic non-higher-derivative coupling

3
mdr* /\ y SN . 7
53F(k17k27k37n)0(ZRe|:(ﬂkj )mﬁ/ dy'th({thej}w,Y')e'”s"({x’”"}’xf’y)] ;
j=1 Y
/ v’ ” 7" 7 H ki
So({xhzi} X5, ¥") =/ dy (ZW(thy ) —wlx,y )) s Y = —Kmaxn, Xi =
A kmax

htj
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Modified dispersion relations
Example: cubic non-higher-derivative coupling

3 mdr* Y . ’
5 F (K, ke, kay ) xS Re[(ﬂkﬁ e dy'xtg({xw},xj,y’)e'%%“wf“f’y>],
j=1 Y

y H ki
So({xhi}s xj» ¥') =/ dy” (ZW(Xh,y”) —w(Xj,y”)) ) Y = kmaxtls X = o
h#_] max

Dominant contribution when k; = ky 3 ~ ks:

i . . . / ~ 7 /
j=2or3: So({xn}, i, ', 1) 2 X1 voj(y ).
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Example: cubic non-higher-derivative coupling

mdr* Y P N s
opF(ki, k2, ks, )“ZRG[(& )" */ dy'X:g({Xh#},Xj,y')e'%s"({“?"}’”y)],

j=1 Y
Y’ H ki
So({xhi}s xj» ¥') =/ dy" (ZW(thy/') —w(Xj,y")) ) Y = kmaxn, X = o
h=#j max
Dominant contribution when k; = ky 3 ~ ks:
- . . o
j=2o0r3: So({xni}, x5, ¥, 1) = X1 voj(y ).

Leading correction to the bispectrum

08(Ce iber il ihm | =, (28D K) BT Pu(ki)Ps(ks),

mdr*

_86 Re |:ﬁk5 ] h/(la _%)|23 |f HX1 >1

= 4c % >3, Im {52”"’ ] if A < 1
k

j=2,3=Ks
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Modified vacuum
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Modified vacuum
> local form of the bispectrum ~ k; 3
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Modified vacuum
» non-local ~ k;*, if |kuev, | > 1 (& >1)
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Modified vacuum
» local form of the bispectrum ~ k3
> negligible amplitude ~ €
Modified vacuum
» non-local ~ k;*, if |kuev, | > 1 (& >1)

» for any coupling in a Lorentz invariant theory k; ", n = 4 is the largest
possibility for n
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Modified vacuum
> local form of the bispectrum ~ k; 3
> negligible amplitude ~ €
Modified vacuum
> non-local ~ ki*, if [kinev, | > 1 (5 > 1)
» for any coupling in a Lorentz invariant theory k; ", n = 4 is the largest
possibility for n
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» proposed “folded” template is inaccurate
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Modified vacuum
> form of the bispectrum ~ k; 3
> amplitude ~ ¢
Modified vacuum
> non-local ~ ki*, if [kinev, | > 1 (5 > 1)
» for any coupling in a Lorentz invariant theory k; ", n = 4 is the largest
possibility for n
» amplitude enhanced
» proposed “folded” template is inaccurate
Modified dispersion relations
> non-local ~ ki™*, if £ > 1
> in a Lorentz-broken theory k; " can have n > 4, depending on the higher
derivative couplings
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Modified vacuum
> form of the bispectrum ~ k3
> amplitude ~ €
Modified vacuum
> non-local ~ ki*, if [kinev, | > 1 (5 > 1)
> for any coupling in a Lorentz invariant theory k; ", n = 4 is the largest
possibility for n
» amplitude enhanced
» proposed “folded” template is inaccurate
Modified dispersion relations
> non-local ~ ki *, if £ >>1
> in a Lorentz-broken theory k; " can have n > 4, depending on the higher
derivative couplings
» amplitude enhanced
If we can probe only down to ,’(‘—; > 1072, using the backreaction constraints @9
with € ~ || ~ 1072, H ~ 107°M,,,., (WMAP), A ~ 1073M,_, (GUT)
— the non-Gaussianities are ten times bigger than in the standard scenario and

non-local.
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» fundamental theories could benefit from the “largest laboratory ever”, now
yielding accurate data
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» fundamental theories could benefit from the “largest laboratory ever”, now
yielding accurate data

> on the other hand, theories of the early Universe necessarily need a ultraviolet
complete theory,

» fundamental theory and cosmology can make huge progresses together.
Could we have also a true experimental validation?
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» fundamental theories could benefit from the “largest laboratory ever”, now
yielding accurate data

> on the other hand, theories of the early Universe necessarily need a ultraviolet
complete theory,

» fundamental theory and cosmology can make huge progresses together.
Could we have also a true experimental validation?

» we have found that modification of the theory at high-energy could lead to
different shapes and enhanced non-Gaussianities (visible perhaps in the
CMBR), or non-local behaviour and enhanced non-Gaussianities in the
squeezing limit (visible perhaps via the halo bias)
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