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Motivations
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@ The choice of the initial state for inflationary primordial perturbations is troubled
by the cosmological singularity problem.
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Motivations

@ The past-completion requires that the null energy condition (NEC) must be

violated, at least for some period, i.e.,

NEC violation | = | R, k"k" <0| = |[H>0| = |e=—H/H*>< 0|,

since R, k"k? = —2H(k®)? for the spatially flat FLRW metric.
@ One possible source of the stochastic GW background at the PTA scale: NEC

violatioin during inflation.
@ NEC is quite robust in nature.
@ Can the NEC be healthily violated?
@ What observable effects would arise if NEC violation occurred in the very early

universe?
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Why is it difficult to achieve NEC violation?

@ A healthy NEC violation: background + perturbations.
@ In unitary gauge, Sf) = [d*xa’Qs [Cz - csz(%)z], Qs >0, c2>0.

¢ < 0 — gradient instability |

[ Q. < 0 ghost instability |

o S= [d'x\/—g {Mj’gR-F P(9, X)] X =V,upVho = —¢?,

h 2HM?
Qs = :Elws-i-2¢LPxx7 CS2 P

€ 202
e =| =M.

T 2AME — 4P | Qs P

When Qs > 0, we will have ¢ < 0 during the NEC violation (e <0).

o §= [ d'xy=E | %R+ P(6.X) + 66X,

2 . 13
2_Hr =7 =9,p ¢” Gx
s — P> 2
72 Qs Mp
D. A. Easson, |. Sawicki and A. Vikman, JCAP 1111, 021 (2011);
A. ljjas and P. J. Steinhardt, Phys.Rev.Lett. 117, no. 12, 121304 (2016).

N = H- = [ NEC # instabilities |
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From “no-go” to the EFT of fully stable nonsingular cosmology

“no-go” theorem

@ “no-go” theorem for cubic Galileon :

: healthy nonsingular cosmological models based on
the cubic Galileon does not exist.

M. Libanov, S. Mironov and V. Rubakov, JCAP 1608, 08, 037 (2016)

@ “no-go” theorem for full Horndeski theory.

T. Kobayashi, Phys.Rev.D 94, no. 4, 043511 (2016)

@ loophole: strong gravity in the past? Y. Ageeva, P. Petrov, V. Rubakov, Phys.Rev.D 104 (2021) 6, 063530

The EFT of fully stable nonsingular cosmology

s = /dax«/ [ pf(t R — A(t) — c(t)g®
3
+—M22(t) (68 - L32(t)6K§g00 — m(t) (6K> — 6K 6KM") + m“(t) 958

The covariant Lagrangian belongs to the beyond Horndeski theory (GLPV).
YC, Y. Wan, H. G. Li, T. Qiu and Y. S. Piao, JHEP 1701, 090 (2017), arXiv:1610.03400;
YC, H-G. Li, T. Qiu, and Y.-S. Piao, Eur.Phys.J.C 77, 369 (2017), arXiv:1701.04330;
YC and Y. S. Piao, JHEP 1709, 027 (2017), arXiv:1705.03401.
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Consistency requirements of EFT?

@ Do some fundamental properties of UV-complete theories or the consistency

requirements of EFT (such as unitarity, causality, or local UV completion) forbid a

violation of the NEC?

Bound of tree-level perturbative unitarity
IM(A = {g})] < E*=0n0) o 2-lowma)2

C. de Rham and S. Melville, Phys.Rev.D 95 (2017) 123523, arXiv: 1703.00025;

S. Kim, T. Noumi, K. Takeuchi and S. Zhou, JHEP 07 (2021) 018, arXiv: 2102.04101.

@ We worked in the contexts of both Galileon and “beyond Horndeski” genesis

Cosmology. [YC, J. Xu, S. Zhao, S. Zhou, JHEP 10 (2022) 140, arXiv:2207.11772.]

@ This direction requires further study.
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Primordial perturbations

ds® = —N?de® + hy(dx' + N'de)(dx/ + Nde) . hy = a*€* ("), vi=0=0;
Tensor perturbation (GWs)
M2 i
ng) = ?p/d4xa3Q |:'yu 2 k’yJ) } s

z MoV Qra
u'{——!—(c%—kz—zl)urzo, ur = Z71%, ZT:%> PT=7|7k|24

Scalar perturbation

/d“xaQ [ 3( )2}.

z k3
ull + (cfk2 — i) us=01|, us=2zC, 2zs=1V2a%Qs, P, = F\CHZ .

Zs

@ The power spectrum depends on: (1) the evolution of background at horizon

crossing , (2) the evolution of perturbations on super-horizon scales.
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Primordial GWs

@ Sub-horizon (Initial condition): BD vacuum or Minkowskian vacuum.

o Horizon-crossing: c2k? ~ 7Y/ /z7.

@ Super-horizon: v} /ur = Z7/zr = ‘ Yk = Yeonst + Yevol |,

Mp\/ Qra

Yconst = Ck, Yevol = Dk/Z;sz , ZT = 5 s

i n <1, |Yeoll is a decaying mode.
7 <0 = eval| ~ 777" =

n>1, |Yevl| is a growing mode.

s= /d“x —g[MTsf(t)R—/\(t) ~ o(t)g™

4 2

+M22(t) (5g00)2 _ m3(t) BV sKsg 00 m4(t) (5K2 _ (SK;“/(;KHV) + m42(t) R 3)5g00:|
M2

f(e)=Qred,  mi="2f(t) (% - 1)

=
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Primordial GWs

For canonical slow-roll inflation, Qr =1, a |7—|’1 = n= =2, [Yevol| is the

decaying mode, Yk R “Yconst ON super-horizon scales.
2

For an expanding universe, in order for |vewl| to grow , Qr = f + 2% must
P

decrease over time, which can only happen if f decreases or c7 increases with
time.

f(t) J = strong gravity? c? 1= superluminal?

Additionally, an increasing cr would alter the horizon-crossing condition, leading to
more suppression at horizon crossing than the growth outside the horizon. Overall,

PT (o] C-,_-l [YC, Y.-T. Wang, Y.-S. Piao, Phys.Rev.D 93 (2016) 6, 063005; Phys.Rev.D 94 (2016) 4, 043002].

Considering f =1, mi=0ie,|Qr=1]| c-2,— = 1|, we enhance Pr by modifying

the background evolution (i.e., H).

How about bounce-inflation or Genesis-inflation scenarios? (focusing on CMB scale)
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Primordial GWs

@ A scenario motivated by PTA data: inf 1 + NEC violation + inf 2 ,

slow-roll inflation N slow-roll inflation

(NEC-preserving) DEC S nzphass (NEC-preserving)

H = Hiypy H>0 H & Hiypp > Hiypy

q ~
time

MZ
S = /d4X\/—g|:7PR+P(¢,X)+ L&gOOR(3)] s

where X = V, 6V 6, Ly g = 2250RD), P(g,X) = —8L M2 X + L) X2 — MEV(9).
M2 .
M = L ard? + S gdt + MV

3g24° 3¢ H 3. 0d*
0= <g1+ ii,qﬁ >¢+3g1H¢+ Sged’ + = g:Ho? + 362.49"
P

+ M3V g
M2 4M2

We set g1 < 0 and g» > 0 around NEC violation, so that 3g; ch') acts as an anti-friction force,

thereby accelerating the ¢ field.
YC, Y.-S. Piao, Phys.Rev.D 103 (2021) 8, 083521.
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Primordial GWs
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Primordial GWs

o inf1 4+ NEC violation + inf2: Qr =1, cr =1,

M2 M2 (t 3(t M2 (t
5= /d4x«/7g[TpR —A(t) — c()g® + %(55’0)2 - m3T()5K6gOO + m4T()R(3)5g00] ,

2

o slow-roll inflation with c7(7) , Qr = &77, 22 =

M2 N N N
5= /dfd3§<«/7§[7pR — A(t) — e(t)g®™ — a2(1) (6K2 - EKW,JK’“‘) } ,
YC, Y.-S. Piao, JHEP 06 (2022) 067.

‘é}w = &7 [Guv + (1= 2F) iy ]

intermittent NEC violation during inflation with c¢p = 1
A
[ |

0<np<1 1<nr<2

disformal transformations

i <0 0<ir<1 1<ar<? 2<hr<3
an increasing ép a diminishing é7 =1 R G =21 ¢r =1 & contraction
orép #1

T T

inflationary background NEC-violating or contracting background

16
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Primordial GWs

Parameterization of the power spectrum
b k
P =Gy 2 nT)*Ig(k)|2PT,2 s Pra>Pra, fo=2mk

g:H(31,)nT [2_,17—5} in——i—H(l) {2_nTi] (cosi—gsink) 5
2

2 ko ko = 2k ky kK
2 2 2
k 3Qm_j/ km) k k
Q 1.0+ 1. 36— 2.50 P
GW = 1222 H2 3 - + keq T
.
10-°
Tiangin
1077 .
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Primordial GWs

CURN
HD

} }
6k
g‘i i L
2 -
o F .
2 o
—8f i
15F ]
£10f 1 ]
05F ]
. . . .

.
) — — — —
logyg PI("ZJ) logyg fe np

Fig: 68% and 95% posterior distributions of model parameters.
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Parity-violating primordial GWs from NEC violation

2
s= /d4X\/fg[%R - ngx + @)@ ~ Miv(e)+ &Y g3(¢) RAR+ Lup| ,

(5)//
2
" |(R) 0 o, =,
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Parity-violating primordial GWs from NEC violation

NEC violation during inflation naturally enhances both P+ and Ax , and the scales

at which they reach their maximum values are nearly identical.
YC, Phys.Rev.D, 107 (2023) 6, 063512.

What would happen if the spectator couples to the parity-violating term? The

Chern-Simons term poses a ghost risk, so we consider the Nieh-Yan term instead.

F - v
Lo+ Loy+ Lyy = Lo=V, V9 /2 = U(Y) + éTW)TAWTA“ ;

)2

2 a
o+ {d;) k“ﬂ =0, =144, 4= XeF k.

, 1 does not have the acceleration mechanism that ¢ has.

/f P(E) 2 2m
. a(f) Tk

W] < |

If fz/-) reaches a level comparable to the maximum value of fq'ﬁ, k,(,fa)x will be much
smaller. As a result, the scales at which Ax and Pr reach their maximum values

will be offset.
Z.-W. Jiang, YC, F. Wang, Y.-S. Piao, JHEP 09 (2024) 067.
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Primordial curvature perturbations

@ Sub-horizon (Initial condition): BD vacuum or Minkowskian vacuum.
o Horizon-crossing: c2k* ~ z!'/z.

e Super-horizon: v /us ~ z!'/ z,

dr . 1, ., Dy
(e =comst , | (e X 2z —>|C|:3|C|:Tzsgy

I

[C(=u/z=C+¢

where zs = /23%2Qs, Dy is a k-dependent integration constant.

e n<1, |C]| is a decaying mode.
T <0 = |Ce| ~ |7 —

n>1, |C|is agrowing mode.

» Canonical slow-roll inflation : 252 =2322Qs, Qs = eM?, a~ |T|*1, zs2 ~ e|T|*2, if
e = const., then n = —2, (. is the decaying mode, { =~ (. on super-horizon scales.

> Ultra slow-roll inflation : ¢ ~ |7|™, n = i =-mn=-6—=m=6,c~ |70\,
22 ~ ¢€|T|7? ~ |7|*. Therefore, (. is a growing mode, ¢ ~ (e on super-horizon scales.
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Primordial curvature perturbations

o slow-roll inflation: P: oc H? /e

e inf 1 4+ NEC violation ( H >0 ) + inf 2:

A>0= Hp| and [1d= A/ L] (d>1)

During NEC violation, Qs = 3|e|.

background at horizon-crossing (H 1)
= enhancement of P .

growth of (. on super horizon scales (Je| J)
I

v" Primordial black holes

V' Scalar-induced GWs
v Primordial GWs

YC, M. Zhu, Y.-S. Piao, Phys.Rev.Lett. 133 (2024) 2, 021001. arXiv: 2305.10933.
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Primordial curvature perturbations

@ Primordial curvature perturbations:

s— [ dtxu= Mz _ f(9) 5 00ge
= [ d'xv/—g 5 R+P(¢7X)+L5gooR(3) ) L5gooR(3)—72 g RY,

2¢*Pxx — M2 H M3
Qs:7¢ XX E_ 2= (——1) 1, C33<1+>/H
P

H? QRs \ a

1
Wt (@-Z)n=0, w-nt x=V20 -
S

@ Primordial black holes:

52
OR ey 2 _ 2 dk 216 5
R) ~ ——— = = — W kR)*T*(k, 7 = R)P¢(k
B(R) 5. R, og={(0g) /0 o ( ) T?(k,7 = R)P¢(K) ,

rur= 2 () e (5]
_1 -2
R=k™1, ,\/%2(0’7—2> (15*75) ’ (1.9><1(§(6Mpc_1) ’

B(M) k —2
fppn(M) = .
Per(M) = 5 10-8 1.9 x 106Mpc—1!
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Primordial curvature perturbations

@ Scalar-induced GWs:
oo 1 t 1
Py(r, k) :576/ dt/ dsP; (k%)
0 -1

t—s+1\ [-5+s2+t(2+t)]*
XPC k
2 (1—s+1)5(1+s+t)°

s2 — (t+1)2 1 | —2+t2+1t)]° =2
— 4| == —O(t—-V3+1);.
X{[—5+s2+t(2+t)+2n 352 } + 4 (t=V3+1)

Primordial tensor perturbations (GWs):
ds? = —N2dt? + h,-j(dxi + Nidt)(dxj + det) s h,'j = a%e% (e"f),-j , vi=0= 8,")/,‘1

k3
Pr=—|wl?|
T=55 [7k]

@ Distinctive features:

; v' Primordial black holes
NEC violation (H > 0) P
= | enhancement of = | v Scalar-induced GWs
during inflation Pr
v' Primordial GWs

YC, M. Zhu, Y.-S. Piao, Phys.Rev.Lett. 133 (2024) 2, 021001. arXiv: 2305.10933.
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Primordial curvature perturbatio

M (M,
107 10 107 10° 107 107 1071
e, < 3
102 \r1a F EROSMACHO
0.100 ~
10°% c%
0.010 \
Lo
Planck 0.001
10"
107
10714
- 2 2 3 2 1075
10410 10010 10t 1% 108 10" 10 10 10 1013 10 0.001
k [Mpc™] M (M)
/I !
6 = f
&/ &/ TianQin
-8

Z-10
-12
—14
—16f |- B
10T 1077 1077 1077 10~ 10T
1)

10!

YC, M. Zhu, Y.-S. Piao, Phys.Rev.Lett. 133 (2024) 2, 021001. arXiv: 2305.10933.
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Summary

@ NEC is crucial to the proof of the Penrose's singularity theorem.
@ NEC is quite robust in nature.

@ A fully stable NEC violation can be realized in the “beyond Horndeski” (GLPV)
theory.

@ A combination of PBHs, SIGW signals, and primordial GWs can serve as a valuable
probe for exploring the NEC violation during inflation.

: v" Primordial black holes
NEC violation (H > 0) P
= | enhancement of = | v Scalar-induced GWs

Pr
v' Primordial GWs

during inflation
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Thanks!
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