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Flatness problem
Horizon problem
Unwanted relics problem
Singularity problem



The Inflationary Scenario
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The Singularity Problem

SINGULARITY THEOREM

The universe will meet a singularity when

(1) it is described by General Relativity;

= Vot \
(2) it satisfies Null Energy Condition; S. Hawking R. Penrose
=( + )=0

where at finite time point

()-0 ()-o

for any null vector =0

Spacetime singularity

Hawking et al., 1973; Borde et al., 1994



Non-Singular Cosmology
4D BASED SCENARIOS

today
Contraction: <0

expansion Expansion: >0

Bouncing Point:

:O.>O + <0

Violating the Null Energy

: Condition (NEC)!
contraction ( )

Cai, TQ, Piao, Li, Zhang, JHEP 2007
Bounce Scenario infinite past



How to Test Bouncing Process?
LARGE SCALE TEST: CMB POWER SPECTRUM SUPPRESSION

Perturbations vs. bounce horizon CMB low- suppression
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Can bounce models also have signals
on small scales?



Small-scale test: Gravitational Waves
THE RECENT PTA DATA: ( ~107°Hz, ~10~°Mpc™1)
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NANOGrav Collaborations, Astrophys. J. Lett., 2023 — 6-4311% x 107, =32+06(2 )
PPTA Collaborations, Astrophys. J. Lett., 2023 S. Vagnozzi, JHEAp 2023

EPTA & INPTA Collaborations, Astron. Astrophys., 2023

CPTA Collaborations, Res. Astron. Astrophys., 2023 Possible for bounce models?



Bounce model for PTA data

OUR MODEL: BASIC FORMULATION

Action: = 4= 25"' (., )+ +
where (,)=1- () 2 + , 2= 4%()
1+tanh {( — _) l1+tanh >( +— )
()= 1 > >
1+tanh 4( — )
* 2 (-< 4

_ —~ l—tanh 3( — -)
()=—2 oV ;

Approximate behaviorof ( , )inlimitsof —-—ooand - oo;

im (, )= +2 o, V¥ lim (, )= 2 ( =1/3 radiation-like!)

- —00



Bounce model for PTA data

OUR MODEL: BASIC FORMULATION

The curvaton Lagrangian:

2 2 2 h 1+ V72
=— YC)( ) where Y()—_m_l_zm

which gives rise to the energy density:

2 2

Y( )2

— ()
and EoM:

2 2

4 In 3 > Y() =0 3Y( )" = const.

Back-reaction check:

_— Contracting phase: ~ ~ V722 - y2 A
-, i

— —1-2~( _ )—5/2

—~—

Expanding phase:



Bounce model for PTA data

BACKGROUND EVOLUTION

Scale factor: Hubble parameter:
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Bounce model for PTA data

TENSOR PERTURBATIONS

Why tensor perturbation?

e m=2
~— trough
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Perturbed tensorial action:

, = — 2 - : tensor perturbation
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Tensorial power spectrum: =2x 3 = —



Bounce model for PTA data

SOLUTIONS

In Contracting phase ( < _):
@ -1 _
(1-)2% - )2

\/(—)(1)(
2

1-3
2(1-)

EoM: | + 2

Sol: 1 () —)

In Bouncing phase ( - < < .):

EoM: 5, +( 2= 2), =0

Sol: 2 = 1

< : : ) >
In Expanding phase ( > .): Contraction ~ Bouncing  Expansion

=1/3 "/ =0 oscillating solution with fixed amplitude: 5 ~ 1



Bounce model for PTA data

SOLUTIONS
The junction function:
1 ()= 2(2) > (D)= 3(4+)
1 (D= 2(9) 2 ()= 3(4)
which gives rise to
:_\/—2_—2_2_2|_()_ = “(1- )2+_1
1 \/— 2(1_ ) + 2— 22
The tensor power spectrum will be:
1+ 2 2 ZT 1%
) - 1 with  1,2/(1— )>0
1- +
GW energy density:

107° ()




Bounce model for PTA data

CONSTRAINTS ON PARAMETERS
1) Validness of effective field theory ( ./ < 1):

Not reach Planck scale if =—> : cutoff scale

2) Consistency with observations ( ( = )~10"3, =18+0.3):

The spectrum could be parameterized as
2
1—

() 1073 +~0.1

= 10%Mpc~?
=18+x03 < 0.0476

3) Validness of perturbation theory( <1for < ):

From the parametrization we have

In10® 35(1— )

In <
10°Mpc1

2
< 0.0476 < (10")Mpc?



Bounce model for PTA data

NUMERICAL RESULTS VS. PTA DATA

(using NANOGrav15 data as an example)

Tensor power spectrum: GW energy density:
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Bounce model for PTA data

SCALAR PERTURBATIONS

Perturbation from

EoM: "+ 2—— =0
where =
2_ "2 + 4 _3 5 4_|_2(1_ ) 2°2
2 — 2 2 - 4 2 2
Scalar power spectrum:
2
I'Z()(1—2)1_2 — 2 _ 1—-3 .
() 3 3584 - — ~2(1-) (blue-tilted!)

Comparing with the tensor perturbation we find that

(= ,)=—=096 (gets severely suppressed!)



Bounce model for PTA data

SCALAR PERTURBATIONS

Perturbation from :

EoM: "4 R — =0
where =
— \/ 1-3 )( )1 Contracting
_ e B V2 o) phase
= _ 5 -
_\g L \g 2(14 2 2)_4( 1—1) , 2,222 bouncing
\ 35 phase
Scalar power spectrum:
3 2 1 — 2
()= >3 52 29((1—; y 2 (scale invariant!)



Bounce model for PTA data

SCALAR PERTURBATIONS

From above, we see that

: blue-tilted, dominant in small scales (large )

: scale-invariant, dominant in large scales (small )

The curvature perturbation:

At small scales:
In Ekpyrotic contracting phase / =,/ /2:

2 2
Oy ~ () 10° g
10°Mpc
At large scales:
Y( )ischosentomake /' ="const’(= ):
Oz = () 258N

222 (1-3)+%



Bounce model for PTA data

COMPARING WITH THE OBSERVATIONS
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Conclusions

»Bounce scenario can avoid the Big Bang singularity;
»Bounce can have signals in both CMB or PTA observations;

»\We proposed a model that shows:
v'Tensor perturbations: consistent with the PTA data
v’Scalar perturbations: well within the observational constraints

v Parameter choice: consistent with Theoretical requirements

» Extensions: test bounce in all the scales?
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