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Inflation  constraints from Planck Ade et al 16

LD
[a ]

Planck TT+lowP

Planck TT+lowP+BKP
Planck TT+lowP+BKP+BAO
Natural inflation

0.20

Hilltop quartic model
o attractors

- Power-law inflation
Low scale SB SUSY
R? inflation

V x @3

V x ¢?

V x @4/3

V xo

V x ¢?/3

Nu=50

N,=60

0.15

0.10

0.05

0.00

1
0.94 0.96 0.98 1.00

nS
- Single-field slow-roll inflation is successful phenomenologically

- But it is difficult to specify what is inflaton
New physics ?
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Quantum entanglement

-Non-entangled state
1) = C(!OM +5!1>¢) ®C(|0>a - 8!1>0) , ClFA+ €Y =1
If we cannot observe o, we must trace out the d.o.f. of o
py = Try[) (] = |C|? (I0>¢ + 5|1>¢) (<b<0k| + 5*¢<1kl)

pure-state Trp? = 1 information not lost

- Entangled state
) = C(I0>¢|0>a +5|1>¢I1>a) =) pp = Cf° (|0>¢~ 01+ [E][1)4 ¢<1l)
mixed-state ~ Trp; < 1 Information lost

Entanglement entropy in de Sitter space = Maldacena, Pimentel, "13

Quantum entanglement in multi-field inflation ?



Influence of initial state entanglement
Albrecht, Bolis, Holman, (ABH) 14
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Action g _ -5 / dtdza® [csua“gbfa%*f + Moo

_¢I =10, 9} Mpy = diag{m;, mi}  a=eM" = —1/(Hn)
Inflaton spectator

m=) fields’ perturbations in fixed de Sitter background

 Gaussian wave function

Uil{ond Aow ool = | [unl{od - Aokl 2o clement
k
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e exp | =5 (Ao + Bulmorsc + o) (onosc+ o) )|

Ak |

switching on entanglement at 7 = no
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Evolution of fields’ perturbations

 Wave function for each mode

Dre 5 exp [_l (Ak(n)gbkqﬁ_k + Bir(n)oxo_x + Ci(n) (@ka_k + Uk@—k))]

2
» Schrodinger equation for each mode "= a7 COTSta”t
e / / / /
Ak — _'Z:CLQ (& T a_) ; Bk = —iClQ (g—k — a—) , C]f = Ak‘ CLQ
Ju @ gL a fregr

—

a// 02 a," 02
i + (k2 +a’m}, — ;)fk = a—ffk; gi + (kz +a’mg — ;) Ik = a_fgk

* |nitial” condition

Ak |

fe(no) = uBP" (m0)  gr(mo) = uB2" (o)

Bunch-Davies vacuum 0 — — i
10
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Power spectrum of inflaton perturbations
tracing out the o degrees of freedom
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Quantum entanglement multi-field inflation

e Action

1
§=-3 / dtd’*za® [GI_](t)anbfa“qu +M1,1(t)¢f¢-f] (bf —{¢, o}

fields’ perturbations in fixed de Sitter background
« Sufficiently late time
Gry(t) =615,  Mpy(t) — diag{m3, m>}

« Sufficiently early time
Gri(t)0,¢" 0" ¢” — 67,0, 0'

Grs(t) is diagonalized by another set @' = {®, S}

m=) \\e can construct in-vacuum for ®! and out-vacuum for ¢’
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In-vacuum seen from late-time observers
» "Generalized” Bogoliubov transformation

iy =lonay” + A@S) b 0 65T T

|OU€|2 — ‘Bk|2 + |’7k|2 — |5]€|2 =1

e * — Bkl* + [7]® — |0k =1

7 (o N _ 3 = 7 — Y} 8 — 03 = 0
b7 = oakagf)) +Bk(a(_k)) +%b§c3) + &% (b( ,2) e — il + 0k — 0T

™ — Brfr + YTkt — 0pd =0

* Relation between in-vacuum state and out-vacuum state
0)in = F{@) T L@ LGB T 10)ous

— IN 0 * *
0k — B, a0k — B a0 — Bry
Cqbgbk:_ = ’ \ % =% — ok k7 * % ~ %k %
OV — QR Qe — Vg




In-vacuum and out-vacuum wave function
Equivalent description in Schrodinger picture

« Out-vacuum wave function for each mode
0 = 00O o ex0 | 3 (0 6-sn + 0 0-n0n )|
w? =ia9, n(uBP" Ja),  wi =ia®0,In(ul"" /a)
* In-vacuum wave function for each mode
= (s nl0n x50 | 5 (9 -+ O s+ 97 (s + 7))
this reproduces the state considered in ABH

If C(ﬁ)d)kt — O‘O‘A — BA 511 _ 611 61{ = ( CG;)O'}{? — —Ak

Entanglement ¢mmm) 010x — By 0 (Coor # 0)
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Concrete model with kinetic-mixing

 Model

« Action at sufficiently early time ot

1 . 1) n
§=-3 / dtd®xa® lauaﬂqﬂaﬂ@'f + MU(t)cbfq)J]

ol ={o, 5} ¢ ={p,0} ¢ =K ;@ M=K MK,

1 =L ~ 0 0

Krs = 0 VIS MIJ(O mi)
V1—f2 1—f2

m=)  Generalized Bogoliubov coefficients from matching condition
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Power spectrum of inflaton perturbations
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We obtain oscillations from quantum entanglement !!
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Conclusions

* It was known that oscillations are produced in the spectrum of
scalar perturbations by an initial entangled state in inflation

i o exp [_% (Ak(n)cbk@_k + Bi()owko i+ Ci () ((bka_k i Uké_k) >]

* We have clarified the condition for entanglement in inflation
iy = anay) + Be(@ )T + by + 0, 05T mm 06, — Byt £ 0

* We have presented a simple concrete model with entanglement
and confirmed the oscillations in the scalar spectrum

1
S = —% / dtd*za® {GI,](t)amfawf + Muqﬂgb'f] Gri(n) = ( () / (1")) :

o' ={p, o} My =diag{0, m2} f(n) = feO@n. —n)
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Discussions

* Primordial power spectrum?

de Sitter background ==) slow-roll background

Inflaton perturbation  mms) curvature perturbation

* If oscillations appear also in primordial power spectrum,
can we distinguish this from the ones by other models?

* Primordial non-Gaussianity?

20'
ﬁeff [¢J U] — _%(aqb)Q : : (agb) i

1 2 2 2 1
— 5(80) — 5Me0” + pOT — ST A MO
Assassi, Baumann, Green, McAllister 14

 Other signature of entanglement ?

Infinite violation of Bell inequalities  Kanno, Soda 17



Thank you very much !!



