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1) Primordial Non-Gaussianity

2) The controversy:

observability of PNG in Single-field Inflation

- The source of the problem

- Solution and consequences

[a]= Matarrese, Pilo, Rollo, 2020,

Resilience of long modes in cosmological observables

Outline




Recall of Cosmology

» Cosmological principle: Our Universe results to be homogeneous and
|sotropic at sufficiently large scales.

» Idea: Homogeneous and isotropic background+ small perturbations

bij
-Background 2=g HdxV = —dt? 2 Ldx)
g ds® = gy, dx*dx dt + a(t) 0= xZp)? dx'dx
-Perturbations Iuv = Guv(®) + gm,) (t,x) += g(z)(t X)...

goo = —€2¥,  goi=a (8;F+Gy), Gij =a*[e* P8+ E + 9;C;+ 0,C; + hyj];
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Recall of Cosmology

» Cosmological principle: Our Universe results to be homogeneous and
|sotropic at sufficiently large scales.

» Idea: Homogeneous and isotropic background+ small perturbations

bij
-Background 2=g HdxV = —dt? 2 tdx]
g ds® = gy, dx*dx dt + a(t) 0= xZp)? dx'dx
-Perturbations Iuv = Guv(®) + gm,) (t,x) += g(z)(t X)...
Jdoo = —eij, =aq (a F +N gij = az[e‘l] + al]l-l_

-Curvature perturbations:

R=—-®+Hv,| (= _¢+Hatp




Statistical properties of Cosmological
Perturbations

» At the linear level we have no phase-correlation among different modes...

Gaussianity
<RG)-ROgw) >= ) | | <RGDR(x) >,

Perm. Pairs

< R(xl). . R(x2n+1) > =0,

» At the non-linear level we get phase-correlation...

non-Gaussianity

< R(xl) . R(x2n+1) >+ 0.

< R(x1)..R(x55,) > — < R(x1)..R(x5,) > ) + 0.




Single-field Inflation

» Action:

» SR limit:

1
S =My [dx*y=g [R +3 g*va, e 0,9 + V(qb)]

H
E=—m<<1

> p=—p,

n

 €eH

< 1,

V(ﬁi’)‘

Reheating

d
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Single-field Inflation

1
» Action: S =My [dx*y=g [R +5 9% 0,0 0y + V(CP)]

Reheating

H é
» SR limit: E=——K1->p=—p, n=_g<1

HZ
0rp’

[ scalar PS (% « 1): <R,R;>=4n q3?R(q)|5(3) (q +p),

2

v

Pep =——— (241079),
Pr@ =P(@ = P(Q =Psrqts 1" F " gn2 M7 € ( )

ng—1=-2¢ —n (0.9652).




Single-field Inflation

1
» Action: S =My [dx*y=g [R +5 9% 0,0 0y + V(Gb)]

- H €
» SR limit: e=—mKl-p~—p n=_g<1

5S¢

vV=—",
%0,

Reheating

[ scalar PS (% « 1): <R,R,>=4n q3?R(q)|5(3) (g +p),

2

Pr(@) =P:(q) =5 P(q) =Psrq™t T g My €
ng—1=-2e—n

2
] Tensor PS (% 1G4 1): hi; = z Sl(]s;) h,(f), < h,(,s) hgr)>= 48T

s=-2

B 1 r = 8 € (S 006),
Pu(q) =1 Psp g7 {nT _1=—2¢ (+0.6).

— (2.4107°),

(0.9652).

CPn(@)|6® (g + p),




Single-field Inflation NG

» Scalar 3-point functions:

< Ry, R, Ry, >= (2m)3Br(ky, ky, k3) 6 (kg + ky + k3),

6
BREfNL§< Z PR(ki)PR(kj)

ij—Perm

< . . e

> equilateral, folded, squeezed.

fNL=-4+/-45 fnL=-26+/-21 fNL=0.8+/-5
(68 %)




Single-field Inflation NG

» Scalar 3-point functions:

< Ry, R, Ry, >= (2m)3Br(ky, ky, k3) 6 (kg + ky + k3),

< /;\\ D;

B. = 6 Z p (k )P (k ) equilateral, folded, squeezed.
R = fNL 5 RAMJERAT fNL=-4+/- 45 fnL=-26+/-21 fNL=0.8+/- 5
ij—Perm
(68 %)

] Validity of the consistency relation[b,c]

1 5
Br(ky =k, Kk, ~ k3) = 5 (ng — 1)Pr(ky)Pr(ks), A}qu = 1 (ng—1)

[b] Maldacena, 2003. Non-Gaussian features of primordial fluctuations
in single-field inflationary models.

[c] Acquaviva et al. 2003. Second order cosmological perturbations from inflation.



Single-field Inflation NG

» Scalar 3-point functions:

< Ry, R, Ry, >= (2m)3Br(ky, ky, k3) 6 (kg + ky + k3),

6
BREfNL§< Z PR(ki)PR(kj)

ij—Perm

< A D;
equilateral, folded, squeezed.
fNL=-4+/-45 fNL=-26+/-21 fNL=0.8+/-5
(68 %)

[ Validity of the consistency relation[b,c]
1
Br(ky =k K ky ~ k3) = ) (ns — 1) Pr(ky)Pr(ks), ;Lq = —

» Gravitons, Graviton-Scalars correlators:

TTS

(s) 5 (1) B
<hy’ hy Ry> frms = ph(p)T;i(k) ~ 0(e) g5 (ks) & (ks)

TSS < h®R, R,> __ Brss SQ: 90 + 40 ~ 0(e) & (ky) ik
p q fTSS = Ph(p)PR(k) ( ) ( L) S




fn detection...

Improving CMB (LiteBIRD) ...

8T 8T 8T S
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fn detection...
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» Galaxy clustering.. The scale dependent halo bias
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fn detection...

o< S_TS_TS_T ~ Improving CMB (LiteBIRD) ...

T TT

» Galaxy clustering.. The scale dependent halo bias

_ ng(x,z) —ny(2) N Sp

ﬁg(Z) ° P

69

5 1
5= Fp ~ () (VZCD — 2P V2D + E(Vc1>)2>

>4 S 5 S
59~<b0+(---)%[d]>5 f5q=_§+ng

[d] Verde, Matarrese, 2009. Detectability of the effect of Inflationary non-Gaussianity on halo bia



fn detection...

o< S_TS_TS_T ~ Improving CMB (LiteBIRD) ...

T TT

» Galaxy clustering.. The scale dependent halo bias

ng(x,z) —ny(2) Sp

METR P
op 1 iy
5= i (...) (VZcD — 2P VD + E(v<1>)2> + (..)h;; 0V D
kik s 5 s
Sg~(bo+< )f ]+ Cfrss &) S [ef]) [ = =3+ fil

[d] Verde, Matarrese, 2009. Detectability of the effect of Inflationary non-Gaussianity on halo bia
[e] Jeong, Kamionkowski 2012. Clustering Fossils frome the Early-Universe.

[f] Akhshik, 2015. Clustering fossils in Solid Inflation



fn detection...

< S—TS—T(S—T > Improving CMB (LiteBIRD) ...

T TT

» Galaxy clustering.. The scale dependent halo bias

ng(x,z) —ny(2) Sp

— ~ b() -

ng (2) P
sq

o0g =

h2 Qow(k)

107}

10—14 |

107"t

kik
6g~(bo+<...> D ldl + (s ) = e, f])

» Detection of GWs background [g] and local non-linear corrections of tensor PS [h][i]

Qe ~ k™1 < h?>

Non—-Lin.

[¢]: Bartolo et al., 2016. Probing inflation with gravitational waves.
[h]: Malhotra, Dimastrogiovani, Fasiello, Shiraishi, 2020. Cross-correlations as a Diagnostic To
[i]: Adshead et al., 2020. Multimessanger Cosmology: Correlating CMB and SGWB measure

~[1+ (. frrs




Question: is the consistency relation
trivial?

In literature: The consistency relation can be

cancelled with a spatial diff. [, m, n...]

[l]= Pajer, Schmidt, Zaldarriaga, 2013, The Observed Squeezed Limit of
Cosmological Three-Point Functions;
[m]= Dai, Pajer, Schmidt, 2015, Conformal Fermi Coordinates;

[n]= Dai, Pajer, Schmidt, 2015, On Separate Universes;
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Question: is the consistency relation
trivial?

In literature: The consistency relation can be
cancelled with a spatial diff. [, m, n...]

The action is a scalar under a spatial
diffeomorphism:

If Ris a scalar e

The aim of the discussion: to show that R is a
good scalar



k=0 world

» Validity of the Cosmological principle: Universe homogeneous and isotropic
at k=0;

» so(4,1) algebra: Spatial translations; Spatial rotations;
2

xl

Dilatations: xt > e

Special conformal transformations

xt = x4 2b)x;xt — btx?




k=0 world

» FUNDAMENTAL : Let us apply a dilatation, we can impose a gauge redundancy!

» For instance: - :
Initial gauge: comoving E=v=0
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k=0 world

» Redundancy: AE=E'X)—E(x)=0, Av=7v'(x)—v)=0,

Agl] = (8_2/1 - 1)611 ~ —2 aZA 6,:]', 6R/1 = A
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Local scale factor a’




k=0 world

» Redundancy: AE =E'(x) —E(x) =0,

Agij = (e72* = 1)6;;

~ —2a’)b;;

L]

» Intuitive argument:

ds® =2 a? e2Rdxidx) - 2|e?*a?

» Formally: Sym. Breaking pattern so(4,1)

Av =v'(x) —v(x) =0,

5R/1 == A

e—Z (R+1) dXide,

Local scale factor a’

— rotations + translations.




k=0 world

>

>

>

>

Redundancy:

A'gl] = (9_2/1 — 1)611 ~ —2 aZA 6ij!

Intuitive argument:

ds®) = 2 g2 e2Rdxidx) - 2le

21

a

2

AE=E'(x)—E(x)=0, Av=7v'(x)—vx)=0,

5R/1 == A

e—Z (R+1) dXide,

Local scale factor a’

Formally: Sym. Breaking pattern so(4,1) — rotations + translations.

Applications:
-The Weinberg Theorem;

-The Consistency Relation.




The Weinberg Theorem [0}

[0]= S. Weinberg, Adiabatic modes in Cosmology. 2003.

» Statment : At sufficiently large scales k — 0, if we have only one scalar DoF
(no entropy) and a vanishing anisotropic stress tensor.

( and R are equivalent and conserved in time.



The Weinberg Theorem [0}

[0]= S. Weinberg, Adiabatic modes in Cosmology. 2003.

» Statment : At sufficiently large scales k — 0, if we have only one scalar DoF
(no entropy) and a vanishing anisotropic stress tensor.

( and R are equivalent and conserved in time.

» Matching the k=0 world with the Adiabatic mode (physics)

k=0: Ag = Solution k + 0: kiki(tpk —d) =0

redundant

“PkECDk

A=lim Ry = [d3k 6P (k) R,

» We can extract physics from a gauge redundancy!



The Consistency Relation

[p]: Creminelli, Norena, Simonovich. Conformal consistency relation for single-field inflation. 2012 .
[q]: Hinterbichler et al. An Infinite Set of Ward Identities for Adiabatic Modes in Cosmology. 2014 .
[r]: Hinterbichler et al. Conformal Symmetries Adiabatic Modes in Cosmology. 2012 .

» Single-field: Spontaneous breaking of so(4,1) global symmetries [p][q][r]

de Sitter: so(4,1) — rotations + translations.
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» Dilatation is a symmetry non-linearly realized. This implies a Norther current
and charge:

Q = [ dx*{Pg,6R;};

» Using Ward identities, one can extract the consistency relation[q]:

2
1
ll(i_l’)r(l)<RkRk1Rk2> = Ep(k) 3+ z ka aka (Rk1Rk2)
a=1
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» Single-field: Spontaneous breaking of so(4,1) global symmetries [p][q][r]
de Sitter: so(4,1) — rotations + translations.

» Dilatation is a symmetry non-linearly realized. This implies a Norther current
and charge:

Q == fde {PRIGRA};

» Using Ward identities, one can extract the consistency relation[q]:

2
1
ll(i_l’)r(l)<RkRk1Rk2> = Ep(k) 3+ z ka aka (Rk1Rk2)
a=1

» Applying a second dilatation: 0?77

Rk—)Rk—AZO




Outside k=0 world: a deformed
dilatation..

» Are the CFC-like transformations purely constant dilatations?
» Take a deformed dilatation Ak = Wy, (k) Ry, xt= (14 )«

»  Acrpc Structure:

Aere = z a®™ [kis .. kindy, .9, 1 R

n




Deformed dilatation: the first order

» Astandard gauge transformation: Ag;; = —a?|248;; + x70;4 + x'0; 1|

. . _—
» Basic element x'9;A = L j dic* e'**9,.:(k’ 2y ) + BT.
k'k!
» Final result Ag;; = 2a® . O i
—2
ARk - O, AEk = _akllk

k
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» Astandard gauge transformation: Ag;; = —a?|216;; +
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Instead of Ag;; = —

Cl2 [ZA 61]]

. —1 , .
i _ 3 ,ikxj
» Basic element x'0;A = (2n)3/ jdk e xakl(kuk) + BT.
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i 3.7 — 3 ,lkxly .(I,]
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- K
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Deformed dilatation: the first order

» Astandard gauge transformation:

» Basic element

» Final result

Ag;; = —a?[226;; + x79;1 + x'0;4]

Instead of Ag;; = —

Cl2 [2/1 61]]

x'9; 2 =G n)s/zfdks e**9, i(k/ ;) + BT.
kk/
Agl] = 2(12 2 aklk
-2 _—7
ARk - O, AEk == Takllk

A DISCONTINUITY IN THE GRADIENT EXPANSION!

A gauge change!



Non-linear deformed dilatation: ABr = 0??

» In [a] we give two independent demonstrations:
-1) Using the in-in formalism;

-2) Using field redefinitions.

= AB =< R'(x)3 >-< R(x)3 >= BT = 0.



Non-linear deformed dilatation: ABr = 0??

» In [a] we give two independent demonstrations:
-1) Using the in-in formalism;

-2) Using field redefinitions.
= AB =< R'(x)3 >-< R(x)3 >= BT = 0.

» We solved the halo bias scale dependence [s][t]

Ab(k) k? o f3? = =2 + fiy, @

» Such effects are physical and observable in principle by future high-sensitivity
experiments!

[s]: Cabass, Pajer, Schmidt, 2018. Imprints of oscillatory Bispectra on Galaxy Clustering.
[t]: de Putter, Dore, Green, 2015. Is there scale-dependent bias in single-field inflation?



Future developments

» The ambiguity is quite diffused...

- In [a] we analyzed the scalar sector only

x)' = et x) + w].x! Spin-2 [o]
k=0: hi] = hl] R 0 [l,h,]]

k = 0: h{j—hij=0,

[0]: S. Weinberg, Adiabatic modes in Cosmology. 2003.

[l]: Pajer et al., 2013, The Observed Squeezed Limit of Cosmological Three-Point Functions;

[h]: Dimastrogiovanni et al., 2015.Inflationary tensor fossils in LSS.

[i]: Adshead et al., 2020. Multimessanger Cosmology: Correlating CMB and SGWB measurements




Thank you
for your
attention!




