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e Strong observational support for big bang cosmology

@ Decoupling of photons and electrons

e Earliest universe we can observe by photons (380,000 yrs old)
e Almost perfect blackbody radiation of Tp = 2.725 K
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Cosmic microwave background (CMB)

Strong observational support for big bang cosmology
Decoupling of photons and electrons

Earliest universe we can observe by photons (380,000 yrs old)
Almost perfect blackbody radiation of Ty =2.725 K

©(107°) fluctuations: T = Ty + ©'(10) uK
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What is wrong with CMB?

Why is CMB so homogeneous and isotropic?

A
To
Observed to be
Homogeneous & isotropic
TemB[ N0 T \
T = \ / x
No overlap initially

“Horizon problem”
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Dark Energy
Accelerated Expansion
Afterglow Light \

Pattern Dark Ages Development of
375,000 yrs. Galaxies, Planets, etc.

Inflation

Quant

Fluctuations

1st Stars
about 400 million yrs.

Big Bang Expansion
13.77 billion years

Homogeneity & inhomogeneity at initial time
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No causal

Inflation = accelerated expansion before hot big bang evolution

Outside horizon:

communication \
O
\C
w!"\e
e
= <
on
5
Causal
’_] contact
Standard evolution
J
[ )
Time
«AO>» 4F>» «=Z)r» « =) = Yo




Introduction From quantum to classical: Decoherence From quantum to classical: Large-scale solutions Conclusions

What is inflation?

Inflation = accelerated expansion before hot big bang evolution

1 Outside horizon:
No causal
communication \
. cfb,
. . . \0&39’\
Expansion is accelerating! S \e
= ! Q,Q‘b‘
0 |
5 |
— Causal contact: | Causal
same temperature i contact
!
Inflation Standard evolution
( \[ |

Time
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What is inflation?

Inflation = accelerated expansion before hot big bang evolution

1 Outside horizon:
No causal
communication
D
S
Expansion is accelerating! S \e
<= ‘ o
i |
S i
I
— Causal contact: ! Causal
same temperature | contact
|
Inflation Standard evolution
fi \[ 1
Time

Quantum mechanics is relevant during inflation
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Generation and evolution of perturbations

classical perturbation
perturbation —  inamount of —_— Curvafure
in clock expansion perturbation

A N W U

horizon
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density perturbations

/

quantum fluctuations
in clock galaxies, etc
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Generation and evolution of perturbations

classical perturbation
perturbation IE——— in amount of IE———
in clock expansion

TN T T N T T

curvature
perturbation

horizon

4

AVAVAVAVAVAVAV

density perturbations
. /
. .
e ©®

quantum fluctuations
in clock galaxies, etc

QM signatures on cosmic scales, e.g. 5 T/ T, of CMB
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Scalar and tensor perturbations

Distance between 2 points in space
dPP = () {[1+2% (1,01 8+ hyj(t,x)] dx'dx
2 geometric perturbations constrained by observations

@ Z(t,x): curvature perturbation (scalar)

@ h;j(t,x): gravitational waves (tensor)

We treat these perturbations quantum mechanically
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Quantum aspects of inflationary GWs?

e How do inflationary GWs become classical?
e How to quantify the “classicality”?

@ What are possible observable signatures?

Important for our understanding of early universe
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Emergence of classical world

In QM: A cat is alive and dead,
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Emergence of classical world
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Emergence of classical world

In QM: A cat is alive and dead, but in CM: A cat is alive or dead
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Emergence of classical world

In QM: A cat is alive and dead, but in CM: A cat is alive or dead

“Decoherence”
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Quantum decoherence

o If |w1) and |w2) are quantum states, so is a|y1) + Bly2)
o Inlarger systems, it is very difficult (no alive and dead cat)
@ Quantum decoherence: Environmental influences

@ We need non-linear interactions
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Decoherence due to non-linear interactions

@ Initially Bunch-Davies vacuum (“pure” state)

o Due to interactions, states other than vacuum are populated
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Decoherence due to non-linear interactions

Initially Bunch-Davies vacuum (“pure” state)

Due to interactions, states other than vacuum are populated

Density matrix describes an ensemble of physical systems

Pred = ) _(Eil¥)(PIE) = Trgp
i

How do quantum states evolve? Linear in cubic interaction...

Co 0 Cp
dpredz 0 (3] 0 03x4

dr (GO 0 0
\ 04><3 ‘ 04x4}
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Decoherence due to non-linear interactions

Initially Bunch-Davies vacuum (“pure” state)

Due to interactions, states other than vacuum are populated

Density matrix describes an ensemble of physical systems

Pred = ) _(Eil¥)(PIE) = Trgp
i

How do quantum states evolve? Linear in cubic interaction...

% _ 0 (S 0 03x4

dr (GO 0 0
\ 04><3 ‘ 04x4}

Many states emerge (“mixed” states)
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Deviation from unitary evolution

@ predloo describes the evolution of system from BD vacuum
@ predloo is reduced from 1: Non-unitary evolution

e Decoherence time: The e-folds for p,eqlgo to change by ™!

(2m)?29
Z
AZ 2

1
ANgec = 3 log

(r6se)”" | ~8.38689 - %log(#gyg)

Typically 5 < ANgec < 10 for a wide range of rand €¢
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Alternative to decoherence

e Full consideration of decoherence is complicated
e Alternative: Decoherence without decoherence rolarski « swrobinsky (1996)
@ Quickly commutation relation vanishes on large scales

e Equivalent to ignoring decaying mode (see later)

Why is it so? And what does it mean?
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Quadratic interaction and conjugate pair

For both polarizations, vy = amp h / V2

H:fdgx1
2

Being canonical conjugate pair, v(x) and 7 (x) always satisfy

/
a
T+ kzvkv_k+

; (Hkl)_k + Ukﬂ_k)

[vx, 1), 7, 7)] = i6® (x-y)
|ax(0), )| = @n)*6© k- g)
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o Fundamental QM relations

@ Blind to non-linear interaction

e Classicality from different viewpoint
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Bogoliubov transformation

Due to time-dep BG, operators at different times are related by

a (1) = ap(Da(ro) + fr()al (7o)

a' () = aj(ma  (xo) + BT ax(r0)
By equal-time commutation relation, @y and B always satisfy

[ve(@), ()] = (lakl® = 1B?) [ve(T0), q(T0)]
o lal® = 1BrP =1

Equal-time commutation relation is guaranteed to hold always
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Mode functions

By Bogoliubov x-form we can define mode functions f.(7) and gi(7)

0e(7) = — | ax() + a_4(@)]

1
7l
= filMag(1o) + f (W) a_(to) [fk (ak+ﬁk)]

k@) =—i ]EC ag (1) — a_(7)
T

= —ige(m)ag (o) + igj (1) a_g (7o) [gk = \/;(ak - B7) ]
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Large-scale solutions of mode functions

fi and g respectively satisfy the equations:
all
12/+(kz—;)fk=0
a/
_ie &
8= l(fk afk)
On very large scales (k2 <« d"/a) the solutions are

3 dr ¢; : Growing mode
fi=aa+ca =z

¢, : Decaying mode

.C2
k=1—
8 a

¢ and ¢, are k-dependent constants of integrations
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Squeezing parameter
Due to the constraint |ay|? — |Bi|*> = 1, we may write

ay = e P coshry

Br = O2P9 sinh 1y,

The “squeezing parameter” ry. satisfies the equation

al
/
= Z cos(2¢y)

In terms of fi and gi, we can write cos(2¢y) as

1
kificl? - %|gk|2
cos(2¢y) =

(klfkl2 - %|gk|2)2 +4[3(fkglt)]2
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Evolution of squeezing parameter

Using the large-scale solutions of f; and gi, during inflation we have

1 lcol? dr dr\?
2 2 2 2
Kl fil —]—clgkl = klc| a2——+2k§R(c1c2) fa—{+k|cz| az(f?)

o @ 72 ~~ ~ ~
xa xa’l xa?

N.B. During RD and MD, 1st term is still always dominant

N.B.2 $(frg} ) is at most constant
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Large squeezing limit and classicality

Thus, very quickly ¢; dominates time evolution of r; exponentially

e't 1
—0 and coshri(=sinhr) - — ~—
o i R Ry

This means a = ,67; so that |al? — I,BkI2 =0

(equivalently ¢, = 0 so that fy — c;aand g — 0)

V(7),q(T)| — 0
[ve(), 74| —
As inflation proceeds, classicality emerges on large scales
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Correlation between growing and decaying modes

Bogoliubov constraint reads from large-scale solutions of f; and gi

cosh? rj.—sinh? rp = 1 :fkg; +f,:gk = Z(Wfking + i‘sfki‘sgk)
?RCZ ?RCl

=23(c1c) =2
172 %Cg 361

¢ and ¢, are regarded as independent integration constants
They are notindependent but must always satisfy the above
Especially, if S¢; = Rep, =0 (BD case) ¢, = —i/ (2¢)

Non-zero ¢, means non-vanishing inflationary quantumness

Matrix relation looks very similar to SU(2), means something?
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Conclusions

Inflation provides QM origin of GWs
How do they become classical perturbations?

e Decoherence: Non-linear interactions
e Decoherence w/o decoherence: Vanishing commutator

Classicality is always guaranteed

Correlation bet (seemingly) adiabatic & isocurvature modes
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