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Inflation as a Source for C

(J Slow-roll inflation can be an answer for ......
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Quantization of Curvature Perturbations

O Curvature perturbations
b= do(t) + 6d(x) 4mp hij = C(x)a(t))?‘(&,;j + 7is) G(x) : Curvature perturbations

Perturbations of denS|ty Perturbations of scale factor vij(x) : Tensor perturbations
[ Canonical quantization with Bunch-Davies vacuum A v Freezed
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[ “Classicalization” of super-horizon mode

H ; Minimal uncertainty?

ZeMpn/F(ak Fa) - Time-independent eigenstates of (?
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(= Formally speaking?



Quantization of Curvature Perturbations

Quantumness: Coherence, Entanglement, Incompatible observations etc.

- Unique in quantum theory - How interesting in cosmology?
Inflationary phenomenology (Bottom-up) quantum gravity
v Quantum-to-classical transition v' Bell test for primordial perturbations
=) Coherence [Polarski et al. gr-qc/9504030, [Sou et al. 2405.07141]

Nelson 1601.03734, etc.]

. : » v’ Test for QG pheno.?
v Stochastic formalism (Yesterday’s talk)

¢ = puv + PR, cl

v Open EFT of inflation v' Holography, quantum cosmology,

[Hongo et al. 1805.06240, Salcedo et al. 2404.15416] Hawking radiation. multiverse
. b ooo

New shape in spectrum?
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Quantum Interference and Decoherence

1 Closed system
v' Measuring state |¥) = « [11) + [ |1b2), target physical quantity A

m) Expectation value (\If!le\!‘m = |o|? (¢1\zzﬂ7/)1> + 187 (¢2\A\|¢2> + (aB” (@bz!;ﬂ%) + c.c.)

Quantum interference

v" Density matrix e.g., (W2lan) (anfthr) ~ eian(¥1-¥3)
_ _ |O‘|2 ap” Diagonal: classical probability
o= |lIJ> <\Ij| N (Of*ﬁ |5|2 = Off-diagonal: quantum superposition
. System
d Decoherenceln open system e oot

1) " 5, 52 \¢1> v’ Quantum interactions between |¢)) and |¢) = (unobserved)

' 2 LS i i

= N g (g 4 AT o) b ) = ) Ion) + BH) o
p o —e ~+ ,
O %) \¢2>A » Ty [0 (0] — ( o a6*<¢2\¢1>)

\/w2> = s B|¥) (Y] o* {1 | o) e

v {pa|d1) ~ O if scattered to independent states. More scattering, more independent, less interference.

v" L1 norm of coherence C1 = min ||p—ol|1 = E |pi;| is used as a measure of coherence.
[Baumgratz et al.,1311.0275] o: diag vy

* Basis independent measure of coherence: Rényi entropy, purity, quantum discord, etc.
[Streltsov et al. 1612.07570, Henderson and Vedral quant-ph/0105028, etc.]



Wavefunction Formalism

[De Witt 1967, Wheeler 1987, etc.]
J Observables: correlation functions

(8, G (7)) = / DERUC ) (G TRy G = / D) RIC P G
&)

’Ca >: ( )|Ca >
d Wavefunction of the Universe (WFU) . Gravitationalnon-li:learity
. B 1 A3k d3k2 I 1 Pk, d’ky d3ks
\II[C(T)] — <C7T|Q> — €xXp [_5/ (27’{') ( ) ¢2Ck1Ck2 /(27T) (27(_) ( ) ¢3Ck1Ck2Ck3
Yn(K1,...,kn) : wavefunction coefficient, Im[1),] : phasesin WFU
v wzCQ ~ _iﬁ(z)[dv ¢3§ ~ —@El(gt) (€], ... atsemi-classicallevel ¥ SEELINC)
1 \____ 2Reyy] .
7 6= 2 Re[yy (k1)) (€162s) Hle 2 Re|v) (k)] — attree level
r_ Im|¢)5] r_ 2 Im |95 (k1) 5] *(2m)26° (>, ky) is omitted in (- -
<{7T1, Cz}} 5 Re[wé], <7T1§2C3> H?:1 QRe[d)é(ki)] etc. )

* Same result in all other ordering since (€)=0

.)’



Calculation of Decoherence Rate

[Nelson 1601.03734]

U Interaction between system and environment
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e |
Env

v Result: [Nelson 1601.03734, Sou et al. 2207.04435]
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(This talk)
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[cf. Unruh 1110.2199]

Time smeared observables
(Stay tuned for our paper)
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» Regularizing IR divergence



Maldacena’s Consistency Condition

[Maldacena astro-ph/0210603, Pimentel 1309.1793, etc.]

O Ward identity in WFU ‘ _ .
v' Spatial gauge transformation x" — x' + &',  h;; — hij — a2D{i£j} with h;; = e2¢a’6;;

1 ow
» \Ij[hw — azD{ifj}] — ‘Ij[hw] — Dz [ :| =0 - (*) Ward identity
Vh 0hi;(z) (momentum constraint)
v Consistency conditions

5. 5 o A 2 o
5hkl(y)( ) — 3 5hmn(z) 5hkl(y)( ) — ; with 5cn o = = (271') 5(23 kz)wn
. -
d Squeezed limit
i, sk, a) = (3 - de—@)%(’%) e
k3
(J Correlation functions
/ 1 _ / 2 Relts]
= — 73 k y — = B k ak 3k
(¢1¢2) O Re[g (y)] (k1), (C1¢2(3) [T, 2 Re[u, (k)] (K1, ko, k3)
» k:hmOB = —P(kl) (3 + k3 %)P(kg) = —(ns — I)P(kl)P(kg) where P(k) e 4
1— 3

Maldacena’s consistency condition for minimal single-field inflation



Local Observer Effect: Coordinate for Free-falling Observer

[Tanaka and Urakawa 1103.1251, Pajer et al. 1305.0824]

[ Correlation functions in coordinate space

d?’k d?’k d3k , dek k2dk
<C($1)C($2)C($3)> B / 1(27]')29 - (271-)351?;14-1(2-5-1(3 <C1C2C3> D) / 1 LT

31.3
ki1<ks kl kB

~ log k1
k1—>0

[ (Conformal) free-falling observer (Conformal Ferminormal coordinate) SR AR IRE B E L

d82 — a2(_dT2 —|—€2Cdx2) — a?(_dTZ —|—dX%w) 4 ...

Geodesic distance: physical

where xp ~ (14 ((0))x e =~
m Crlxr) = C(xr) = C(0)xr - DrC(xP) N,
> o Gt C0)(3+ k- B ’ A ‘
¢(0) : const. mode in Fourier space %12% Cx uv

v' Correlation functions

. r 1. / / d I
Jim (G1626s)p = Hm (C162C3)" + (G161) (3 + ksd_kg (CsC3) =0
* Not only leading order O (ki k3 ), but next-leading O (k; *k;*) vanishes aswell. O(k; 'k;°) is physical.
k
(C(z1)C(z2)C(23)) p — _édkl dks  Integrandis decayingin k1 — 0, and the result s finite.

IR Jg, <ks R3



Local Observer Effect in Wavefunction Formalism

[Sano and Tokuda ongoing]
1 Wavefunction in geodesic coordinate

A3k, d3ks d’k, d’ks d3ks
U(Cr] = exp{—§/(2ﬂ) 3 (2r)3 = UF,2CF k1 CF ky — 3'/(27r) 3 (2n)? (2n)3 = UF 3CF k1 CF ko CF ks — ]
v’ Correction to ¥’3 from Gaussian part C(O)z/ ((2121){3@:

/ k—0

Pk d3k d°kd°k APk d°kod’k
——/ : 2¢F 2CF,1CF,2 = 2/ . Q%L’F 2G1C2— 2/ Sl 3 53(Zk)C1C2C5(3—ksdk )wFQ
k1—>0 3

2 (27)6 (2)8 (2m)?
Crk =~ Ck +¢(0)(3+ k- O )k = ¥
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» / E 1d7r)2d 31/)F 3C1CaCs + AUz = — ;‘ f d 1é )2d 3¢F 3C1C2¢3
3rd . -non_SOtg 31 33
ki1 — 0 1 d°kid’kod’k d
P O} equivalent — ijk O 1(27r)2; 2 (27)36° (Zk )C1<2C3 (1/)1? 3+ (3 ks dkg)d )
]Cg — 0 o

lim ’t)
kl —0

li b= i 5 — k
= o, VR = i Vs (3 Bdkg)% — Leading (and next leading) cancels

v" Modification to decoherence rate
Powerin (Im1s)* changesby (kg/kg)! oy T ~ log(kir/ks) = (kir/ks)* ~ 0



Summary and Outlook

[ Transition from quantum to classical is an open question.

Wavefunction formalism
» (Well established in QM)
Decoherence Cy =), |pijl

v IR divergence in decoherence rate

(lolés, &l x T, T ox /k P2 Tm[ibs]? ~ log(kn/ks)

(] Local observer effect

v Long and short modes do not correlate for local obs.

ds? = a*(—dr® + e**dx?) = a*(—dr* + dxg) +--- mmmp limn Vha

klﬁo

v" Modified IR contribution

Correlation function (C(x1)C(x2)C(x3)) ~ log s ——
ki1<ks

Decoherence  I'ig ~ (kir/kg)* ~ 0
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kE'f< 7 —
ks
_ ~~
(C¢=¢ce € R
kE z kS \ é /
= i ! 3—k d =0
= kllgolb:s - ( - 3d—,€3)w2 -

k1
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