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« 1. Introduction (9 pages.)
Infrared secular effects, Stochastic picture of inflation

2. Body (11 pages.)
- Discuss the validity of the stochastic picture of inflation.
-\iolation of the stochastic picture up to non-zero
quantum coherence during inflation, and its consequences.

(Working in progress...... )
« 3. Summary (1 page.)



Generation of fluctuations

« Microscopic fluctuations — Macroscopic. (IR modes)
(super-horizon modes)
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Observables=Quantum fluctuations

« These fluctuations are the seeds of various objects, e.g., galaxies.

e

| ~ 60 efolds | .
\ Y (a}I_{)t=t* Y (a{‘l)z:tf
Deep IR modes
(beyond current horizon scale)

Observed density perturbations

e.g. large scale fluc. - CMB

Nalve |y, ESA, Planck Collaboration (2013)

Observables = QFT expectation valuesof : < {--- ¢ >



IR secular effects

¢« < (---{ > contains very large loop corrections:

¢, h;; . metric perturbations

¢y, knsa) ¢ : isocurvature modes

{(t1, El)

loops of {, h;; and loops of ¢

{(tn, k) {(tnsm Knim)

Deep IR contribution is divergent or significantly large.

e.g.) interaction vertex which includes an interaction picture field ¢y
without derivative can yield the following loop corrections:

<¢pi>x | d3l = ~Inky— o (asky — 0).



IR secular effects: interesting!

¢« < (---{ > contains very large loop corrections:

¢, h;; . metric perturbations

¢y, knsa) ¢ : isocurvature modes

{(t1, El)

loops of {, h;; and loops of ¢

{(tn, k) {(tnsm Knim)

Deep IR contribution is divergent or significantly large.

« If IR loops affect observables, it would be interesting because

1. IR loops may modify the current predictions,
2. the dynamics before 60 e-folds may be imprinted on observables!



Be skeptical.

Large IR loops may signal the inappropriate definition of
observables.

e.qg.) QED

Take Into account the soft photon emission/exchange
whose energy is below the detector resolution

Finite scattering amplitudes.

It seems that we are in the similar situation.
We should reconsider which quantities are really observables for us.
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IR secular effects from i1socurvature modes

IR loops affect observables for a local observer ?

« We should reconsider which quantities are really observables for us.
1. IOOpS of C; hij (metric perturbations) T. Tanaka and Y. Urakawa (2009,...)
IR loops of ¢, h;; = gauge artifact

2. loops of ¢ (isocurvature modes)

==) Above discussion does not apply. T. Tanaka and V. Urakawa (2010, 2011)

* From now on, we concentrate on a light scalar field on
Inflationary background.
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CIaSSICaI StOChaStIC pICtu e A. Linde(1986) A. A. Starobinsky (1986)

Y. Nambu and M. Sasaki (1989)

* Fluctuations of deep IR modes (k < a(t,)H) are
completely neglected by hand.

ObSVef Realization of IR
different values of ¢ _.~=.Observable region modes at each
: 3 Hubble patch is
assumed.
60 efolds ~
. _ :_ }k<a(t )H
t .1 ....................... ..../_\.n ..... = — -
n: ] {¢k(tn+1) an+1’k}k<a(tn+1)H
E'n .........................a__.::;::;......-{¢E(tn) = an,z}k<a(tn)H
3 I L



CIaSSICaI StOChaStIC pICtu e A. Linde(1986) A. A. Starobinsky (1986)

Y. Nambu and M. Sasaki (1989)

* Fluctuations of deep IR modes (k < a(t,)H) are
completely neglected by hand.

[ Wsioc) = W) # U(tr, to)|PO) o specifies some
particular history.

observer
. |
different values of ¢ .~=*.Observable region

. 7

60 efolds ~
g o I —
el T ‘.\_/ ...... {¢T((tn+1) - an+1,z}k<a(tn+1)H
t:'n ........................;‘z:'{::;;...----{(pk’(tn) — a"}}k<a(tn)H
Eol = .



CIaSSICaI StOChaStIC pICtu e ’) A. Linde(1986) A. A. Starobinsky (1986)

Y. Nambu and M. Sasaki (1989)

* Fluctuations of deep IR modes (k < a(t,)H) are
completely neglected by hand. Can we justify |Wioc)?

[ Wstoc) = P)o # U(ts, to)|PO) cx specifies some
particular history.

observer
. ) .
different values of ¢ """.,'Qbseirvable region

, 7

60 efolds ~
o b -
n+1 ‘.\_/ ...... {¢E(tn+1) — an+1»%}k<a(tn+1)H
t:'n ........................%E;:Ef...----{(pk’(tn) — an}}k<a(tn)H
fol = .



Importance of the decoherence (1/3)

« EXxpectation: guantum decoherence may justify the stochastic picture
of inflation.

* E.g.) Let us consider the following situation.  E.Joosand H. D. Zeh (1985)

Hit =8 R E,
|l{10> _ |LIJ(S,O)>S R |LIJ(E;O)>£ ‘ W) =2 c(x)|x)s ® |ey)e
Cu\P Pholon with (|€x1>8 ) |3x2>8) X 5x1x2
(1X),1Y)) = (X|Y)
CuP
f«‘f’f” System is decohered in the basis {|x)s}:

ps = Tre(IPHP]) = Zxlc(x)|?|x)ss(x]
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Importance of the decoherence (2/3)

« E.g.) Let us consider the following situation.
}[tot — S ® g
(wo) = |t11<5 0) |q,<E V), ) |W) =3, c(0)|x)s @ lex)e

with (lex1>g ’ |ex2>g) & 5x1x2

CuP
(o\'ﬂ'er

. Orthogonallty (|€x1>g ,|ex2)8) o Oy, x,
‘ It is possible to distinguish |e, )sfrom |ey)gwhen X #y.

 Suppose that an observer observed the photon state |e,)¢.
Then, |¥,,s) < c(a)|a)s @ |ley)s. Thereisacupatx = a. .



Importance of the decoherence (3/3)

« E.g.) Let us consider the following situation.

Hiot =8 Q E,
[wo) = |np<so> |q,<E 0) mm—p W) =¥, c(0)]x)s @ ley)s

with (|ex,). »lex,),) o 8z.x,

CuP
(o\'ﬂ'er

.« Key pomt. orthogonallty (|ex1>g ,|ex2)g) o 8y, x,

Observer can obtain the information (record) of the system
quantum state |x)s € 8§, by monitoring the environment
thanks to the orthogonality. )



Application to the stochastic picture of inflation?

 Let us consider the possible application of the previous discussion to
the stochastic picture of inflation.

« \We will investigate whether the information of the history a Is
recorded in the environment € which is accessible by an observer:

YO) = [VAC) - |P(tp)) = ZN’)“ o specifies some
a particular history.
Y)o = ld)slz,)e

« More specifically, we will investigate the orthogonality
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Application to the stochastic picture of inflation?

« Accessibility of a local observer at the end of inflation
mm) \We choose

E = ® Gl o UV modes at the end of inflation.
kZa(tf)H

> € contains the UV modes which live outside the observed
scale, although we will not care for a while (in this talk).

« \We assume that we can monitor the states {|z,)<} € € somehow.

 From now on, we will

1. define |¥), and obtain an explicit expression for |z, )¢
2. confirm that (|Zﬁ>g ,|Za>g) ~ Gqp, Dy using the path integral.
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Quantum states of the stochastic picture of inflation

different values @

of ¢ <
tf """ ‘:35": |Lpstochast1c> — |Lpa>
60 efolds ~ I
t. LS .. .
tnt;rl 3 sz?n;l) = QTLE}RQ(%)H
n ................... .:. ..... ¢% tn — a ,E
N — Y e

Projection on IR modes Unitary time evolution

. .4 .
|an> = Ca|qj0), Co = P Uff 1Paf 1 U21Pa1U10

P, ==< ® 5 = @z )0 = 0z ® I

k<a(tp)H ) kza(t,)H
with 657() ‘QSE = an,k> =a, % ‘¢_’ — ank> 17




Derive the expression for |z,)es (1/2)

 Relation between |W¥,) and |z, )¢
W) = Co|¥0), (= Panf,f—lpaf_l U21Pa1U10
# |Wy) = ‘af>5 R [zg)e  with|ay), = ®k<a(tf)H‘¢7€ = “f,z>

 Explicit expression for |\¥,)

USing Pa = J Adqbﬁ <®|¢_k) ><¢_k)|> 8( E_anﬁ)’
k

n -
k<a(t,,)H

ol

— 6(¢TILR - an)
we obtain

f
92 = [0 (@3 |#) | [ (01" — ) e%(g0]w°).
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Derive the expression for |z,)c (2/2)

« Explicit expression for |z, )¢ IS

;

2a)e = | D (@esaeyyn 192)) | [ (017 = ) ei5(olw0)
=1

* The coherence between the different histories a and B is

(Iz8), +12a)e)
- Jroomec 1 <¢;::s-¢;;>ei<sm—s<->><¢s+>\w><ww¢s->>

k>a(tf)H

IR+ IR
1_[5 (+) ai () ﬁl)

m) \We need to perform the integration over UV modes.



Approximate orthogonality of |z,)¢

 Evaluate the coherence between the histories a and f8

k<a(tf)H tr . N2
(Izg), +1za)e) ~ exp l—gz j d3k ( )dt () |a(tk) - (6k)|
to(k
i i i o-p . o p
g . dimensionless coupling strength -—-pt te—

(3% Additional fields—larger decoherence rate) U7 950K

» Coarse-grained history is approx. orthogonal to each other
— — Window function with C.G. scale A
‘Z_c(xA)L = JD‘I’IR Wal¢'%; a] |Z¢>£ e.g.) Gaussian window fn.
_ pk<a(tp)H g3, o dt 27 (LR p(eR)=a(t )

X e

‘ (‘ (A)> ‘ (A)>g> o Saﬁ with A2 (t, E) 7 gza3(t) .



Approximate orthogonality=Approximate stochastic picture
(Working in progress...... )

* Non-orthogonality within the decoherence scale implies
that the quantum state would be

|Lpobs> = ]ngm Wy [¢IR; a]|LIJ)¢1R 7 |Lp>a — |Lpstochastic>;

even If we perform the projection measurement at the end of inflation.

’

ObserVe‘r,..,.Observable region
o &

Deep IR modes would be
" allowed to fluctuate

g g > = k
n+1 e I b7 (thi1) = Xnt+1,k k<a(tp+1)H

21

tn ;j {%(tn) - “"ﬁ}km(tnw



Deep IR flucuations may affect primordial fluctuations??
(Working in progress...... )

*
0..
*

**
“
*

Ly
0 T oo I Deep IR modes would be
L, “@igil~ allowed to fluctuate
tn+1 — {qb%(tnﬂ) = +1}}k<a(t Y
t:n @ {%(tn) ) an'z}ka(tn)H
to -
 The allowed amplitudes of deep IR modes (k < a(t,)H)
3
fluctuations will be suppressed by (C;((tt*))) fort > t,.

 Only primordial fluctuations with mode k ~ a(t,)H might be
affected by the fluctuations of super-Hubble modes (of
Isocurvature) via quantum interference. (Working in progress...,..)



Summary
Motivation

Large IR secular effects from isocurvature modes are really
observable effects??

Method
Investigate the validity of the stochastic picture of inflation.

Conclusions

1. Stochastic picture might appear only approximately, and would be
violated up to the non-zero quantum coherence.

2. Deep IR fluctuations of isocurvature modes might be able to
contribute to primordial perturbations.

On-going
Qualitative estimation of the contribution of IR secular effects, etc.

IR secular effects might allow us to observe the quantum
Interference during inflation! 23
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Prelimianary results

« Coherence is approximately lost during inflation.

P ea(ts)H tr 21243
<|Z>f,,af—1 011’ |Z>£,C(f—1 ...a1> X exp _j dSk dt : HZ |a_) (t) — al (t)|
“s ! ) €

« Thus, for coarse-grained trajectories, coherence is lost.
Px

. coarse-grained trajectories

. I Coarse-graining scale

> 1
 This coarse-graining can be performed by inserting the Gaussian
functional Iin the path Integral:

o fea( f) d3

2
- RGE G| pealer) g3

) (k) |¢>~ GRS (t)l



Strong Decoherence during inflation

 Strong decoherence is approximately satisfied during inflation.

fop g a1 | \fap_q.a [ UV LUV L iSuy 1iS S
VA VA =D DLV el®UVeloUV-IR plOIR
(|> ,|2) ) | D4V | Py A

ea(ty)H tr 1243
 exp —j k| dt ——H? |az(t) - o (t)|
_ et €

(lZ)lal 1- 061 |Z>laz 1- a1) % (Yc_rnc_x,'1 .”56_{1c_xi (Tl < l),
wl. (1X), [Y)) = (X|Y)

. path 1
.......... : path 2
. path 3

¢IR 1

= § Coarse-graining scale

> 1

« Coarse-grained scale A¢p — 0 limit : Stochastic inflation

26



Role of decoherence in classical stochastic interpretation

 Importance of decoherence on the problem of IR secular
effects is not discussed in detail so far (as far as | know).

* Double slit experiment.

Prr(x) Prr(x) Prr(x)
Jbo = |~ >~ 4 * J\/\
AA ot ; :
(Py + B,)Iy) | (Py + P,) Py )| By P, )| B,
_ CQIR(X) <I?_IR(X)
Quantum interference
+ J@@ + J@O
[Y1 + Y212 = [1]% + [,]? Z :

+P1¢; + Paihg P [)(| P, P, |} (y|P;



Decoherence functional s (1984,...), Omnés (1988,...)
Gell-Mann and Hartle (1990,...)

« Insertion of the gates < Insertion of the class operator C,:

p = Cu (DpCy (t)
with C,(t) = T(B,, (t)B,, _ (tn_1) -+ Py(t))

» Decoherence functional expresses the degree of interference.

d)}R(X) a+a
D(a,a') # 0 & Coherence exists.

D(e ) = [D.6(9.} — DY 5((4.} — e

The contribution from two field
L trajectories a and a’ to the path integral.



Decoherence functional

qb}R(x) a+ o
D(a,a") # 0 & Coherence exists.

D(@a) = [Dg,8((#:} - ODY_5((4} — e

* “Probability” assigned to each trajectory a:

p(@) = tr{C, (pCs (D} = D(a, ).



Decoherent Histories Approach

Griffiths (1984,...), Omnes (1988,...)
Gell-Mann and Hartle (1990,...)

 For the validity of this classical stochastic picture,

additivity  P(a) = z P(a)  should be satisfied.

vu e
: path 3

@: coarse-grained trajectory

= { Coarse-graining scale

> 1

« However, when decoherence does not occur, the additivity Is
violated, because

P(@) = D(&, @) = z P(a) + z D(a,a') # z P(a)
aER a,a'ea,axa’ aeER

Additivity is violated

=Inconsistent with the classical stochastic picture.



Importance of decoherence

If coarse-graining scale § >> Decoherence scale, [D(a,a — §)| < 1:

CEDRICE

Ela—8,a+8] ap€[—

>y ) 3 e

Ela—6,a+6] ap€(—0,0) acEla—6,a +6]

2

probability assigned to each decohered history can be
evaluated by stochastic approach in a good approximation.

Decoherence during inflation would not be exact.

Violation of the additivity will quantify the "“error” of the classical
stochastic interpretation of IR secular effects.



Class operator

 Each trajectory is specified by the class operator C‘él___al.
e—iH(tz—t1)ﬁale—iH(t1—to)

pan = (®k<ea(tn)H ‘qb}’ = A% > <¢T€ —

L ) Rrzea(tn)n I

I3 Identity operator on H

 Trajectories of the path integral for éclrl...al |W(t,)) are
¢ (k < ea(t))H)

[P (to)) =&z |03)

,,,,,, This trajectory Is labeled by o

tm, t) t



- - A. A. Starobinsky (1986) A. A. Starobinsky and J. Yokoyama(1994)
Stochastic Formalism

IR dynamics of ¢r=Brownian motion with an external force.

1 o sin(ea(t,)H I ~ 1)
bR = — 3_HV (Pr) + < &(x)é(xy) >= 4—n25(t1 —t,) ca(t)H|x; — x5,

deterministic t .
coarse-graining scale

% Approximation: UV modes = harmonic oscillators
e.g. A¢* theory in de Sitter

<pi(x)>

[ a\’ a\’ a ]
+A (ln —) + (ln —) + (ln —) +1
g g Qg
r 5 4 3 7
a a frl
+4° (ln —) + (ln —) + (ln—) +
g g g
+ e

v" This eq. can be solved non-perturbatively.

v" This eq. can correctly recover part of IR secular effects.
N. C. Tsamis and R. P. Woodard (2005)s




Our work: Setup

JT and T. Tanaka (2017)

1 1
» Model : H ==v%*+—= (V¢)? + V(¢, V) on de Sitter background.

2 2a 2a2
o Defs. of UV modes and IR modes = 4)
IR modes Kk =e€aH UV modes
P R(X,t), vIR(%, 1) PV E O, vVED
)

Time evolution

« Assumptions

1. No IR mode initially (at t = t,).
2. V(¢,v) Isturned on at t = t,, and the initial state is set to the
Bunch-Davies vacuum states for a free field.



Integrate out UV modes s and  manaka 2017)

Derive an effective IR dynamics

by integrating out UV modes Decompose the path integral

jD¢+Dv+D¢_Dv_ ei(sT=57) S = jd4x a® (vp — H(v,9))

. : :cUV—-IR
- f D DVIDPRDYIR 1R J DY DvYV DLV DY iSuvgishy

Interactions between UV modes and IR modes. <J
non-linear interactions

Bilinear interactions which describes UV — IR transition

IR UV l
[ S oY = -— —e-— °
tl tz tl X t X t2

(IR propagator)  (interaction vertex) (UV propagator)

35



JT and T. Tanaka (2017)

Derive the effective EoM

f D RDvRDPIRDIR eiSmU DYV DvIVDPHUVDYUY eiSuveiSint
— i(Ts)+Tq
pe =T Gu= gy — ¢ = o i(T(s) % )

Linear in ¢ or v R,

e'l's) = focbva [€¢ S c ;vc ] lgd)vA R

jD¢IARDvIAR ei(F(S)+F(d)) l l[¢ (- )+U ()]

An effective IR dynamics

= veR + iy (pR, viR)

7R = —3HvR — 1, (IR, v/R) Probability distribution of noises = P

Stochastic noises
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Schwinger-Keldysh Formalism
:Path integral representation of In-In formalism

(in|T(01(¢p,v))T(0,(¢,v))|in) Su J v — I
- fdll)(’“t <in|T(01(¢» v))|¢out><¢out|T(02(¢» ‘U)) in)

<¢out|T(02 (o} v))lin> = ji)qbi)v 0,(¢, v)eiSH (Youtl® (tout) P (tin)|in)
(7(0:(,)' >) — (oud 701 )n)’

(in|T(01(¢' v))w)out) — <<lpout

= [ DPp,.DP_Dv,Dv_ 0,(p_,v_)05(Pp,,v,)e(Si~5h)
withb.c. ¢, (tour) = P—(tour), V+(tour) = V_(tout)

Keldysh basis (c,A) (in| by, vy
b =22 G =y — ¢

(1n| ¢_ ,U_ 37



NLO=Field-dep. random walk
 Upto NLO, IR secular growth can be described by
g

6

- IR IR IR IR
[Qﬁc =v., +&, V. =-3Hv. —

A\l

H | » IR2 I : >
<§¢(x1)§¢(x2)> —[4”2 H” + A¢." (x1) (1(6) - )B(S(fl — 1) jo(ea(r)H|x1 — x2|)

9
LO NLO =N
l(e) := —lllnl—IHZ—y+2
3 €

Difference from the LO case Time/Spatial correlation
Amplitude of the noise depends on ¢/% = : +he same as the L0 case

* The weight function P of the stochastic noise is positive definite
at least up to NLO (as long as N is positive.)

1 54
P|&s; pR| = \/ﬁe_% >0 <&g&p > = [ dEyP|Eg; dN Sy iqb



