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Outline

» Preliminaries- “Philosophy”)
disclaimer, notations and status of

observations.
* Questions about Inflation.

* Bouncing Model - basic idea,
solution of the “classical” Early

Universe Problems, generic results

* Sourced Fluctuations in Bouncing
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The Universe - Something from
Nothing or Eternal?
Peclagogical Review

Effective Field Theorg
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Disclaimer 1: The lmqationarg Paraciigm actua”g works pretty

well, es]:)eciai|9 in the context of CMB observations and the

flatness and isotro DY Probiem. However, there are virtues in
E)ouncing Models and there are certain Possibie future
observations tiiat siiouici ma|<e bounces Preicerable. It1s

imPortant to continue researciiing both Possibilities.

Disclaimer 2: It is clear that most of what 1 will claim can be

modeled around. However, at a certain Point we should
consider whether the remaining models are “eiegant” or
“simpie” enougii.

Disclaimer . The would be theorg of Quantum Gravitg could

invalidate the entire discussion regarcling both Inflation and

Bouncing Models. Mg Working assumPtion will be that QG will
not do that.
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Stochastic GW discerns |

Paracligmsl

« Mukhanov-Sasaki eq. for GW
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Vacuum|Fluctuations

inflation =7 bBounce rT10°
f Possible Detection on |No Detection on CMB {,
 CMDB scales. No scales. Possible |

Detection on LI scales |Detection on L] scales

Stochastic GW detection at any scale discerns Paracligms!

} As stated in the disclaimer, this can be modeled around
‘ and Inflation models with Possible detection on LI scales
* exist, but thcy are certain@ a considerable deviation from |

the standard Picture of Inflation or of LCDM.
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Stochastic GW discerns between
Paracli gmsl

_83 - <k2 - a—”>_ Qi = _83 + <k2 b(b; 1)>_ Qr =0

° Rea”g Probing the gm
+ Scalar Pert. ~5|ig}1tlg more freedom. e, Solrc N

o All the rest is model builcling (am|:>|i’cuc:lé:J N,

curvaton, isocurv., NG, sources...)




Notations and Conventions

ds® = —dt* + a®(t)v;;dz'dx’

* Metric and units i 0ij ;
(1 -+ %5mnajmaﬁ”)
dt = adn OR adr thzSWGN:MZQQE
K 1
* Friedmann Egs. for H2¥ o ol
fect fluid ' 2 _ G 1
Perec‘c uids H+H?2=-=_2(p+3P)
a 6
Ay 1
Ly DRy 2y,
,0 Ecan [Qb] 855 2 (8¢) V(Qb)
ST 1 N
+ Canonical scalar feld =50 & Tl
fiis
P=-¢"—V(9)
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Inflation

* A Périod of accelerated

expansion. H~const.,
grchit, for at least 50 e-

folds.

* Various realizations.
Simples‘t and most common-

single canonical scalar feld.

+ Slow-roll aPProximation.

s Predictions for CMB and LJ

Observations

A~2.1%x107° n,~0.965 r<0.036, n?
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Questions about Inflation

© Biggest Question: The F)ig Bang Singularitg.

Resolving the Big Bang Singularitgj can

Presumablg be done without touching

inflation

. However, such a “solution” will simplg

be another Patch added to the model, without

ang aclc

itional Preclictions, or ways to confirm

or Falsi?g such a Patch.
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Questions about Inflation

* Other “lssues” with clescending levels of seriousness. None of them is a show stoPPer.
I. Initial Conditions Problem:

e Phase space measure? The number of trajectories that lead to inflation does not grow with

time.

e Did we scan enough the space of metrics that converge to | nflation? (Senatore and Kleban
2016)

2. The Multiverse of Eternal Inflation. If there is a region where the scalar sPectrum IS greater
than unity, P >1, then we have a “multiverse” with the majoritg of the volume still imqating. Do

lmqationarg Predictions make sense in such case? (IBD, Hadad and Michaelis 2021)
5. Simplest Models of Inflation are ruled out.

4. Quantum Gravitg- Various conjectures about the would be QG theorg, and 20+ years of
experience in String Theor9 suggest that Inflation or metastable ds are very difficult to
realize from basic ingreclients. However, see IDD “Draining the Swampland” 2019
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Big

Bouncing Cosmologg

Bang

»|Inflation > Reheating

?0 Requirement: Preclict a valid CMB spectrum and solve the

flatness and isotropg Problems.

| :
Contraction

KD

»| Dounce

KD

>

Reheating Time

==

t=0

Toolgg

= “Non-singular Bounce”. EFT is valid
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Immediate Obstacles for a Bounce

fikpgrosis w>>1

o Shear and BKL Instabi |ltg\ \

72 _ Lol =90 Pm s Pro ) P00 s S e
& el g ' ab ' | a3(1+ws)
SENMEE Vlolatlcm (unless K=+], where you need lmqatlon to
dilute it) H:_%(p+P) __¢

s => Modified Gravi’tg,i non-canonical kinetic terml

béﬂOﬂCl scalar HCICI (/A\r’tgmovvskiJ IBD, Kumar 2019,2020,2021)

© Bouncing models solve the horizon and flatness

Problems.
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, Canonical E‘xample of Contraction

Phase—-f:kpgrosis

1( s Exact solution of EOM \":())

* p>>1, V>0 Fower law 5y N N0 — ¢ ]

PR - - .

Inflation. Viable models are /

small deviations from it.

Slow contraction
. P<<]’ V<O Ekpgroticj W>>]

* p=2/3, V<O Matter —C——shy- a

dominated contraction

a=ao(=t)!, t<0, V(g)=-Voe V¥P¢
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canonical kinetics canonical kinetics I l ] e M Od el *

Scalar ﬁeld+|:>otcntia|+
U gauge field

—

ghost

condensate

fast roll
expansion

ekpyrotic
contraction

Gauge field source
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fast roll
expansion
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Sourced Fluctuations
92 + (/cQ a”> Qe

a

* Vacuum spcctra ancl sourced spectra. No cross
Ptt,(;t' = Ptqjs i Pts,s

v 2
Pt,s ~ k

terms.

= Coupling between the scalar field(s) and gauge

| or fermion fields. Avoids BBN constraints.
: . i g 3/D (n) 253/26—7[5
B Backreaction Bound: M, Lo e
4 Paritg

L omeee(es et Breaking

f Bl 2 S e 1 2 |
OE= /d4513\/—9 i 5(5801)2 A e () {—FWFW 7 %FWFW} |
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Gauge Field Mode Equation

n
1+n

o Invarantunder: n— —-1-n, - v

/7-2

+ Controlled Backreaction. A’A’ e (kQ +2)E k_m (n + 1)) A, =0
TE

) J Exponential enhancement = (30 A=1 (7)A

cncgauge quanta O‘FOﬂlg one A(k, 7_) = /—%GTF&FGQTL—'—].D |2§k7‘|_|n+1/2| .

Polarization.
—haesli e

» Sourced spectra, with the

uncorrelated wi‘;h the PT(n,f; N 2 —1/2) == PT(—l — n,f; N < —1/2)

adiabatic one.




Sourced GW Spectrum
ik AQ e 627T7|n\
7)1}9 = Ji o 647T*y\n\k4(2—|—n)

© ‘.ixponential enhancement, scale invariant
=2

S 2 Chiral tensor sl:x-:ctrum (onlg + Pol.)clue EG) the
: Parit9 breaking term
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Sourced Scalar Spec‘crum

* To avoid gauge artifacts: Full ' Y CIR o

solution of EFE to second < Apdp >= k3 ok + K)(Px (k) + Px(k)).

INT,S272 _Amé (20

order. s — 2N ,‘;72 L e \[\l K620 5 TS (1)
* Same leacling source term . -

=>Same tilt, almost same

ampli’tucle. Onlg iml:)ortant

difference in time clepenclent

term S ?J 1 5 1

e >

* Exact momentum integration (1 P I’l)2 9

using dim. reg, |
e e r too Iarge and not too small?? |

’
!

¢

A R R R R e Ry T T ——uTrre e — - = ol



canonical kinetics

fast roll
expansion
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canonical kinetics

ekpyrotic
contraction




canonical kinetics canonical kinetics

- Crossing

(p/. V

ghost

fast roll
expansion

ekpyrotic

w5 the bounce

condensate
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Evolution of scalar perturbations(v,(7) as a function of conformal time Evolution of tensor perturbations(/;(7) as a function of conformal time for
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Xing the Pounce-~ vacuum spec’trum

o The tilt of both spectra IS unchangecl.

o The ampli‘cucle of the scalar 5|:>ectrum 1S

enhanced when crossing the bounce.

By
I = efB_a)dT ~ o

2
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< Matching hom. solutions across hgpensumcaces.
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2
< XeXp = T 0(F + ) (P (k) + Px (k) R
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Prs = 2 M}
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Sourced curvature power spectrum
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CMDB results

4
151 ohE[eH k
Pg(k) = 6 426
2567’72' (1 e ns) b 5 Mpl H

en

A ~21%x107°, n ~0.965

+ Valid scalar sPectrum.

il
d)

FS(T)Z

T before
I 2
7 S

» Tensor to scalar ratio: |vaﬁe,, =

179
S
e8V2

-

o What about LIGO and LISA?
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+ Contraction can haPPcn at larger i

LIGO and LISA
s The sourced sPectrum IS slightlg

red tilted to match CMB - no

observation bﬂ e
R i) o). (02 e B & oD

s The vacuum sPec’trum IS L o oA o0 om0

unconstrained except for BBN/
Neft. Contrarg to bounces without :

-~ Sourced

gauge fields. | 5 : | =

|

=> Observable bg LISA/LIGO

i
|
|
|
|

" 1 M " " " 1 " " M " 1 N
107> 10Y 10°
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CMB LI N Chirality

Slow-roll v % 4
Inflation <O
Sourced 4 4 ~<0, v (LD
Inflati

niation +blue
Bounce x ? ~2-3 %
Sourced v v ~0< and v (CMB)
B

ounce e

Summarg of Results
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Summarg of GW detection

+ Null detection - status quo maintained.
* Detection on CMPB scales onlg ~ favors Inflation!
+ Detection on L] scales onlg _ favors Bounce!

* Detection on CMB and LI scales is allowed bg onlg a

small subset of models! Non~generic! No Paracligms!

+ Detection of chiralitg of GW - favors Sourced

fluctuations!
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Conclusions

* We have constructecl a Fu” ﬂedgecl Eouncing Mode] with Sourced F‘Iuctuations.

+ Predictions: In accord with CMB, sizeable r, chiral GW, and observable bg LIGO
or LISA.

» Future work - Non gaussianitg ? Other sources? Other models?
* Bouncing models are still unclcrclevelol:)ecl comParecl to Inflation.

* Bouncing models are very delicate - BKL instabilitg, NEC violation, 2nd field.
Singular vs. Delicate? And what about QG?

» Sourced fluctuations allows for new Phenomena in both bouncing and imqationarg

background

» Any type of GW detection (CMB, LI, chirality) will revolutionize the field.
) o Y

SPeciﬁcally detection on LI scales will make bouncing models more favorable.

* Are we still in the regime of “simple” or “elegant” models?

-——-W,——‘_—_ - ™ - - — - _— :



O it a— T i S bt Gy it . it iy e L s B i e T et

et SIS - ‘ :
WA !
| I /
any causz ~X today: 13.7 billion years | 5 t ﬂ C
ected regions with = { O U I O O
\ 52

: 1
Horizon Projolem

CMB: 370,000 years \

2 1
, 1
) : o
In the Hot Blg Bang. da ™ e
dy 1

a|sts:11oo = H(l e ZLSS)1/2 ’ZLS,S’leOO £ 1.60

o Ifwe have a Periool of

Conraction = Plentg of time

to come into causal 1+ 3w

il
contact. d,;can be T
arbitraril Yy |arge for w>-1/3. Jf
Ly beginning of contraction, | | F
tend end of contraction. | \ :

(

|
|

(143w)/[3(1+w)] Y |
1 tini :
d%nt:?)( _l_w)tend{l( ) }



Solution of the Flatness Problem

$iotal = QA 805 F S0 Sl e =

* In the Hot Big Bang curvature | K|
should alwags increase. =~ >0 ook 5 S
. x a
We observe aflat @ <0, a>0 ’dtK’ o —2|K’$

Universe=>Fine-tuned.

* Decelerating and contracting el e )
d|Q |
dt

=5 arbitrarilg small curvature. 2

+ Remains ncgligible for a

sgmmetric bounce.
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Bouncing Cosmologg - Tensor
Spec’trum (GW)

* “Fidd |ing” with the Potential generatecl a viable scalar

spectrum, as is usual in inflation model buil&ing.

* GW - a metric Pertur]aation, no Place to “fiddle”. The scale

Factor a Aeﬁnes your evolution.

: o
83+<k2 “) Qr =0, = P, ~ k220 2

a

RS hce ekpgrosis ha Dpens before the bounce) there is

some intermediate Dhase wherc the sl:)ectrum coulcl break.
(Gasperini 2016, Brustein et al 1995 etc.....)
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log 1o ( f/ Hz)
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Sourced Fluctuations

© Thoroughlg inves’cigatecl N lnﬂationarg
background. Rich Phenomena - additional scalar
and tensor spectra, non~gaussianit9,

magnetogenesis. v

. Coul:)ling of the scalar field to gauge fields will
generate these Phenomena In bouncing models as
well. (IBD 2016, Chowc]hurg et al. 2018..)
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