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hBB shortcomings

(motivation for inflation)
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hBB shortcomings
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hBB shortcomings

(motivation for inflation)

1) Horizon Problem = Causality Violation!
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x a?, RD
N 2) Gurvature Problem 01| = 2"22

(If curvature = 0, it grows unstable!) “ x a, MD

Today . ‘Q — 1‘0 S 0.1 = | ‘Q — 1‘BBN 5 10_18'

It might well be that k=0 ...

hB
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hBB shortcomings

(motivation for inflation)

1) Horizon Problem = Causality Violation!

/!

hBB
N 2) Cyrvature Problem (Fine-tuning)

(If curvature # 0, it grows unstable!)

Need extra ‘Ingredient’' ! —> INFLATION !
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Inflation: Definition *+ Implementation

* Pefinition:
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* Pefinition:
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VOV

log(Hy/Ho) = log(Ef/E,)
60 1+ log(E[GeV]/10™°)
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Inflation: Definition *+ Implementation

*Pefinition: | 22 >0o 411 <0
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Inflation: Definition + lmplementation

* lmplementation:

(¢ Inflaton)

Can e < 1 be sustained forAN =607 No, unlessV (¢) is “flat" !

éb."‘ 3H$ T V’(gb) =0 » ¢ accelerates! = &TT = e ™

Needed: |4| <304, V/(9) =i <1
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Inflation: Definition + lmplementation

+mplementation: | 2 = 1(06)2 +V(¢) | (¢ Inflaton)

Slow Roll (SR) Regime: | <= 505 <15 1= <1

SR => quasi dS for AN = 60

~ [? do’
N(g) = f¢f V2e(¢ ¢
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Inflation: Definition + lmplementation

+mplementation: |2 =1(06)2+V(¢) | (¢ Inflaton)

Case of Study: | v '
e I N () = (9/2my)2 — 1/2

V(o)

'Inflating " is easy
with any potential
of the type vV (¢) x ¢
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INF — SR:

* Is that ALL? NO!

o(t)

G (1)

+——

+——

(Background)

e,n<K]l —=en>~l1
—(Start)— (End)—

7

a ~~

ef Hdt’ z 60 <qu)

/

Y

Flat Universe !

No Hor. Problem !

o(t) + 0p(Z, 1)

9uv (t) + 5guv (fa t)

(Fluctuations)

INF

v

Primordial
fluctuations !
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Inflation: A generator of Primordial Fluctuations

o) > o) +36(Z,1) | put WHY fluctuations ?

G (t) e G (1) + 69,0 (Z, 1) because of...
Quamtum Mechanies !

(Background) (Fluctuations)

Vacuum
VeV Quaw. Fluet.

é(fa t) — <¢E(fv t)> — ¢(t) = qg(f, t) — ¢(t) + 5A¢(f? t)
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Inflation: A generator of Primordial Fluctuations

H(T,t) = b(t) +0(F ) — (06 (1)) #0

but ... Min ski— Curved Space: (quasi)dS

e ———

e
| ds® = gpdatde” = (guu (t) + 09 (Z,1))dat da”

= —(1+2®)dt? + 2B;dx'dt + a*[(1 — 2¥)6;; + E;;]dx"da’

L.t +  xkt

L




Inflation & Primordial Perturbations

Inflation: A generator of Primordial Fluctuations

— —
ds* = —(1+ 2®)dt* + 2B;dx"dt + a*[(1 — 2V)d;; + E;;]dx"da’

O(T,t) = (1) + 5(?(;‘? t)
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Inflation: A generator of Primordial Fluctuations

ds® = —(1 4+ 2®)dt* + @lazidt +a?[(1 — 2W)6;; +(E;;)dz'da?

) = 0l0) + B0(1)

1\
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Inflation: A generator of Primordial Fluctuations

ds® = —(1 4+ 2®)dt* + @lazidt +a?[(1 — 2W)6;; +(E;;)dz'da?

) = 0l0) + B0(1)

Bi = 0;B 57 Eij =20 B + 20¢Ty) + hyy

'\\

Expanding U. — Vector Perturbations s, F %
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Inflation: A generator of Primordial Fluctuations

ds® = —(1 4+ 2®)dt* + @lazidt +a?[(1 — 2W)6;; +(E;;)dz'da?

) = 0l0) + B0(1)
7
Bi=3i3757;/ Ei; =20, E + 20¢ j)@

(tensors = GWs)

'\\
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Inflation: A generator of Primordial Fluctuations
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Inflation: A generator of Primordial Fluctuations

ds* = —(1 4 2®)dt* + 2B;dx"dt + a*[(1 — 2¥)6;; + E;;]dx"da’
O(Z,t) = ¢(t) + 09(7, 1)

Ditt.
sga\'m 5¢ + {®, B, U, B}
dof —| . piff.
tensors > "

piff.. |~ — e
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Inflation: A generator of Primordial Fluctuations

ds* = —(1 4 2®)dt* + 2B;dx"dt + a*[(1 — 2¥)6;; + E;;]dx"da’
O(Z,t) = ¢(t) + 09(7, 1)

vitt
= — )0
w’ el | = "
dof B O Dift
T R=w+ /s % | Gauge
| - |
=0+ ymu Mo | IV




Inflation & Primordial Perturbations

Inflation: A generator of Primordial Fluctuations

O(T,1) = ¢(t) + 09(, 1)

ds* = —(1 4 2®)dt* + 2B;dx"dt + a*[(1 — 2¥)6;; + E;;]dx"da’

dof w"&wr {®,B, U, F} - C=—[U+ (H/p)Sps] ;;—? :
W hij R=[U+(H/)6d — R
Q= [0¢+ (¢/H)Y] it o
CUrp\‘/ﬁ.u re Pe{%:‘fggw
N

Fixing Gavae: e.q0. E.60=0= g, = ®[(1 - 2R)3;; + hyy

All
Gauge
Inv. !
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Inflation: A generator of Primordial Fluctuations

ds* = —(1 4 2®)dt* + 2B;dx"dt + a*[(1 — 2¥)6;; + E;;]dx"da’

< O(T,t) = ¢(t) + 60(Z, 1)

gij = a’[(1— 2R )0i; + hijl
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Inflation: A generator of Primordial Fluctuations

ds* = —(1 4 2®)dt* + 2B;dx"dt + a*[(1 — 2¥)6;; + E;;]dx"da’

< O(T,t) = ¢(t) + 60(Z, 1)

m? I
gij = a*[(1 — 2R)d;; + hz‘j]—‘r = 7p /d4$\/TQ{R — (8¢)° — 2V (¢)}
~— /




Inflation & Primordial Perturbations

Inflation: A generator of Primordial Fluctuations

ds* = —(1 4 2®)dt* + 2B;dx"dt + a*[(1 — 2¥)6;; + E;;]dx"da’

< O(T,t) = ¢(t) + 60(Z, 1)

m? I
gij = a*[(1 — 2R)d;; + hz’j]—‘r = 729 /d4$\/jg{R —(09)* =2V ()} =>
\ /

— —> S ;2 . B
|::> S = S/ —+ 3(8) 1 g(t) S((z)) = %fd% ag% [R2 —a 2(@@,73)2}
— 20 (2) (2)

\»

.Backgmu"d : S((;)) = mTi J dtda®a’ [(hij>2 - a_2<8lhij)2}
Inflationary dynawmics
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Inflation: A generator of Primordial Fluctuations

Scalar Fluetvations:
S((Sg =1 [d*= a?’% [RZ — a_Q(@-R)Z}




Inflation & Primordial Perturbations

Inflation: A generator of Primordial Fluctuations

. dr = dt/al(t
Scalar Fluetvations: o)

S((Z; =2 [d*'z a® % Lol [722 2(31-72)2}

7

+—||—>

[v R, z=ay }(Mukhanov variable)



Inflation & Primordial Perturbations

Inflation: A generator of Primordial Fluctuations

dr = dt/a(t)

1

—/dea:3[ 22
2 z

[v R, z=ay }(Mukhanov variable)

Scalar Fluetuations:

5<(2§ =2 [d*'z a® % Lol [722 2(81-72)2}
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Inflation: A generator of Primordial Fluctuations

Scalar Fluetuations:

55 = 4 [ d'e a* i [R2 — 0 2(0R)?]

Z” 5

/ drdz® [(v')2 — (Vv)* + =

Z

DN | —
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Inflation: A generator of Primordial Fluctuations

Scalar Fluetuations:

55 = 4 [ d'e a* i [R2 — 0 2(0R)?]
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Inflation & Primordial Perturbations

Inflation: A generator of Primordial Fluctuations

Scalar Fluetuations:

55 = 4 [ d'e a* i [R2 — 0 2(0R)?]
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Inflation & Primordial Perturbations

Inflation: A generator of Primordial Fluctuations

Scalar Fluetuations:

55 = 4 [ d'e a* i [R2 — 0 2(0R)?]

Z”

% / drdz® [(v')2 — (V)% + =2

Z

!/
> (e 7] with [Z-L (7 0) =Teas

Quantization: | v®) = vw®ag+vi®al ;. logap] = @Mk = F) | )




Inflation & Primordial Perturbations

Inflation: A generator of Primordial Fluctuations

Scalar Fluetuations:

55 = 4 [ d'e a* i [R2 — 0 2(0R)?]

Il
DO | —
[
ﬁ
=)
=
w
VN
-
—
)
|
<
=
)
+
c
DO

. 2 1 1 3
> [ @ ==/ —0] with [T L (e 1) =S,

Quantization: | v®) = vw®ag+vi®al ;. logap] = @Mk = F) | )

(Bunch-Davies)
Vacuuwm Fluet.




Inflation & Primordial Perturbations

Inflation: A generator of Primordial Fluctuations

Scalar Fluet: vw):@e"“’”“”)”(—ﬂ”ffi”<—‘”> (Bunch-Davies)
0p(t) = ve(t)ag + v (B! Vacuum Fluet.
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Inflation: A generator of Primordial Fluctuations
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0p(t) = ve(t)ag + v (B! Vacuum Fluet.
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Inflation: A generator of Primordial Fluctuations

Scalar Fluet: vkm:@e"“”“”)”(—ﬂmﬂﬁ”<—‘”> (Bunch-Davies)
0p(t) = ve(t)ag + v (B! Vacuum Fluet.

[v =zZR, z= a%} » <7A2,;7A3,;/> = o <?7;;’77;;’/> = (2m) a2q.b2 |Uk(77)‘2 5(];4— E’)

=Pr(k,n) | Qpalar
Power Spectrum




Inflation & Primordial Perturbations

Inflation: A generator of Primordial Fluctuations

Scalar Fluet: vkm:@e"“”“”)”(—ﬂmﬂﬁ”<—‘”> (Bunch-Davies)
0p(t) = ve(t)ag + v (B! Vacuum Fluet.

=Pr(k,n) | Qpalar
Power Spectrum

k3
A%(k‘, 7') — —PR(]{, 7')

2772

Dimensionless Scalar PS
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Inflation: A generator of Primordial Fluctuations

S((;)) — % [ dtdz>a’ |:(]:Lij)2 — a_2((9lh7;j)2]




Inflation & Primordial Perturbations

Inflation: A generator of Primordial Fluctuations

dr = dt/a(t)
S((;)) — % fdtd:z:3a3 [(hw)Q — a_2(8lh7;j)2} lJ 7
(s) g ( )/ \ a



Inflation & Primordial Perturbations

Inflation: A generator of Primordial Fluctuations

dr = dt/a(t)

SO 72 [ s (e — a0y lJZ ! e () o
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Inflation: A generator of Primordial Fluctuations
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Inflation & Primordial Perturbations

Inflation: A generator of Primordial Fluctuations

S(t) _
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[ [ Quantize~Bunch-Pavies ~Power Spectrum

Sawe Procedure as with Scalar Pert. ]



Inflation & Primordial Perturbations

Inflation: A generator of Primordial Fluctuations

S(t) _
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Inflation & Primordial Perturbations

Inflation: A generator of Primordial Fluctuations

S(t) _
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]
|
o
=
ol
w
W
—
c
W‘\
e
|
N
=N
(\V}
|
= |5
N———
<
=
V)
[

-

Sawme Procedure as with Scalar Pert. Quantization
of Gravity dof!

Quantize-Bunch-Pavies ~Power Spectrum
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Inflation & Primordial Perturbations

Inflation: A generator of Primordial Fluctuations

(S)Zl 4 3¢_2 52  —2(9 2 ! A2 L) — | |
S8 = e 0t [72 - a0 ] B30 =

0
Si2) =

%229 fdtcl:z:3a3 [(hz])z — a‘2(8lhij)2}




Inflation & Primordial Perturbations

Inflation: A generator of Primordial Fluctuations

S((g = 5 L [dtx a3 Ll {R — a,_2(87;72)2] ‘ A = . |

e ns—lz(n—Qe)

St = 5 [ dtdaa® [(hiy)? — a=?(@hi)?|

@ Super-Horizon Scales: | R(k),hi(k) ~ Const., kr <1

(i.e. Super-Hubble radius)

Exercise: demonstrate that GWs
are frozen at Super-Horizon scales
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INFLATION ==

Comov.
Scale
I A R(k), hi; (k) ~ Const., kr < 1
/ \ M
Exit Re-entry
27 _ | Sub-Hubble f Super-Hubble \, Sub-Hubble

Matter/Rad. Perturbations Oscillate

__, Time

nf. FRW (hBB)



Inflation & Primordial Perturbations

Inflation » Reheating » FLRW (hBb)

CLOC@Ht P _>10(¢7A,LL7) P~y Pbs PDM 5 -

l

Guw = G+ 09w R hil |—=>|  pi + dps

>
GR GR, Int.

dp;(t) [Evolution]

Comov.
Scale
I A R(k), hi; (k) ~ Const., kr < 1
/ \ ",
Exit Re-entry

f Super-Hubble \ Sub-Hubble

Matter/Rad. Perturbations Oscillate

__, Time

nf. FRW (hBB)
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Inflation

CLOCGHt

l

Guv = 9iV + 09,0 [R, hij]

ps = p(1, Ay, ...)
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>
GR GR, Int.

» Reheating » FLRW (hBb)
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Inflation: Observables

Inflation

CLOC@Ht

l

Guv = 9iV + 09,0 [R, hij]

» Reheating

ps = p(1, Ay, ...)

—_—

GR

pi +0p;

I

» FLRW (hBE)
(e

P~s Pby PDM s ---

|

>
GR, Int.

#

dp;(t) [Evolutionu

-_

(Pressure waves
= Aeoustic Peaks)
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Inflation: Observables

Inflation

CLOC@Ht

l

Guv = Gin"" + 0GR, hij]

e

GR

py + 0y = Ty(R) =T + 6T(7)

<=

» Reheating > FLRW (hBB)
Py — P(TP»AW ) Py s Pbs PDM s ---
: I
i +0pi > | 6pi(t) [Evolution]
o e ) otutionl)

(Pressure waves
= Aeoustic Peaks)

characteristic
scale(s) !

Lo(Qar, Qr, e, ..

dA (Zdec)

= A0,



Inflation: Observables

Inflation » Reheating > FLRW (hBB)

a o e’ ps — p(th, Ay, ...) P> Pos PDM s -

l
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(Pressure waves
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Inflation

CLOCGHt

l

» Reheating » FLRW (hBB)

P %p(lﬁ,Au,m) —

P~s Pby PDM s ---

Guv = 9iV + 09,0 [R, hij]

—_—

GR

/

I

pi + 0p; H dp;(t) [Evolutionu

>
GR, Int. S

(Pressure waves
= Aeoustic Peaks)

py + 0y = Ty(R) =T + 6T ()
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Inflation: Observables

ST() =3 aimYim(R) = (BT1?) = [ (jayn]?) = (Ja Temperature Angular
L * Power Spectrum
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Inflation: Observables

Temperature Angular
Power Spectrum
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Theoretical
Expectation
from
Inflation !

Q] < 1
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Inflation: Observables

= CMPB must be

dp~,0pe = |Thomson Scattering| = Linear Polarization .
! polarized !
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Anisotropy
8m et
oT —
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Y 2 2
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Scatterin
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direction of propagation
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Inflation: Observables

0p~,0pe = [Thomson Scattering] = Linear Polarization *

CMP must be
polarized !
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(Stokes Parameters)
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Inflation: Observables

0p~,0pe = [Thomson Scattering] = Linear Polarization *

CMPB wmust be
polarized !

Linear Polarization — @, U (Stokes Parameters)

<> (Q+iU)R) =Y ay, Y™ = " (ewm + ibim) Yy, ()

Im
[, m [, m
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tensorial spherical
harmonics

E, B modes

E-mode, B-mode
angular power spectra



Inflation: Observables

0p~,0pe = [Thomson Scattering] = Linear Polarization *

CMP must be
polarized !

Linear Polarization — @, U (Stokes Parameters)

<> (Q +iU)(h Z a2V =N e b)Y ()

<‘ L

tensorial spherical
harmonics

E, B modes

E-mode, B-mode
angular power spectra

Pepends on Scalar Pepends only on
(also tensor) Perturbations Tensor Perturbations !



Inflation: Observables

Pepends on Scalar
(also tensor) Perturbations
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Inflation: Solves Causality Problem. Bonus: Universe Flat
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Inflation: Solves Causality Problem. Bonus: Universe Flat

Ht

>

a X €

quasi dS
(SIow—KoII)

Observations:

Juv = Guv S 4 0guv| R, hijl

>

Quantum Origin
of Fluetuations

Q] < 1

ne — 1~ —0.04

Locally Flat

AT, £, B

lalso dp]

Angular Temperature/
Polarization Anisotropies

(R*) ~ 0

Almost Scale-lnv  Gaussian

46,, = 30,

Adiabatic



Inflation: Summary

Inflation: Solves Causality Problem. Bonus: Universe Flat

a o el > G = G FEW 4+ 69,0 R, hijl » |AT, £, B |also dp]

quasi dS Quantum Origin Angular Temperature/
(SIow—Koll) of Fluctuations Polarization Anisotropies
Observations: Q| < 1 ns — 1~ —0.04 (R?) ~ 0 46,, = 36,

Locally Flat  Almost Scale-lnv  Gavussian Adiabatic

Proof of Inflation ?
\ 4 . I
B—vylode o~ 10Ty = B~ 107Gy é&:ale of Inﬂa’n?n g
experiments: — Quantum Gravity !
Super-Planckian Excursion*
Detection of GW**

(* **: t0 be discussed tomorrow)
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