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Null Energy Condition  Can we violate it...

- Unita rity Bounds ... without also violating unitarity?
- P(X) Bounce The answer is 'no....
- ng her Derivatives ... unless we have some higher derivatives.

Barrow, PRD 48 (1993)

Nonsingular scalar-tensor cosmologies

? > Khoury et al., PRD 65 (2002), [hep-th/0108187]
) , From big crunch to big bang

N. Arkani-Hamed et al., JHEP 05(2004)074, [hep-th/0312099]
Ghost condensation and a consistent infrared modication of gravity

Koehn et al., PRD 93 (2016), [1512.03807]

Nonsingular bouncing cosmology: Consistency of the effective description

ljjas and Steinhardt, PRL 117 (2016) 12, [1606.08880]

Classically stable nonsingular cosmological bounces
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Bounces and NEC

. 1
FLRW: 3MiH? = p MiH = —=(p + P)
207
5 0 NEC
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Bounces and NEC

. 1
FLRW: 3MiH? = p MiH = —=(p + P)

H() [ NEC = H(t) < 0]

- t

\ Bounce

Impe"al CoIIege arXiv:1703.00025 Null Energy Condition
London



Unitary NEC Violation in Scalar Cosmologies Scott Melville

Bounces and NEC

. 1
FLRW: 3MiH? = p MiH = —=(p + P)

/ H(¢t)
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Fluctuations

MZ
S[guw (D] = f d4x\/__g<7PR(guv) + L(guw CI))>

Juv = gE\I;RW + h,uv
P = opt)+o

Ry
Lol @] =2 (02 _/,Cs2 07 )@ + Lint[ @] + 0( X/;P )

Depend on background H
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Unitarity

= A, ,,~— ~ — = FE = A brecakdown

for us, these depend on background H
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Strong Coupling Scale

Lerrl @] = %90(0152 —cs 6i2)go + Linel ]
\§ J

Y 0; ¢* 9;" 07" o
dt — df = dt/c, A* AP
¢ > P=9/JCs l l
a;p* oM 2L N
~ ~ ~ . (p
20(07 - 07)® 3N t [:p
@ Breakdown scale E~c2*A
(3) di-dt=cut E~cl/*A U2P = (IN+HL=6 2P
3N+4L—-6
~ - 2N+2M+4L—8
E ~ AMiny [Cs ] breakdown
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Bounds
— ~FLRW
L(gjor ®) Guv = G
® = P)+eo

Background Epgq = Max[H, H, ¢ /@]

3N+4L—-6 ]

- : 2N+2M+4L—8
Breakdown Ay = AMiny 1. [cs
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Bounds

— oFLRW
L(gjor ®) Guv = G
o = ¢ +g

Background Epgq = Max[H, H, ¢ /@]

3N+4L—-6
Breakdown Agy = AMiny [c§”+2M+4L'8]
Ago - Epack
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P(X) Theories
L(Ggyy, ®,09,..) =P(X), X=-—3g"0,90,®

H = —¢?c? [Nee:cseoJ
d;¢)*
Breakdown A, = Ap 05/4 -0 (LNRXX(ai§0)4~( Aﬁg) )
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Higher Derivative Corrections

o] =  —-@d)? + D)2+ -

=3¢(0¢ —cf 2)¢+2A2(§0 02¢)" + -
1
—w2+k2—Ai%(—w2+k2)2

Relativistic (c; = 1) Propagator =

= = 2(1+ )

2 1 p2
p~ ( Ag)

1
—w2+cZk?- 2(—ooz+k2)2

1
k4

Non-relativistic Propagator =

(wZ—cszk2+(1—c52 + )(1— + )

———, c2k? K c}A2 0<E«Kc2A, Ay
2 2 P =
w* K Az = Frop . o, cZk% > ciA2 c2A, K E & A, Ag
w _A_%+ .
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Higher Derivative Corrections

. Strong coupling
&° Ostrogradski New propagator
&
A, Ag ceAc Aso
T Gk <A 0<E«Kc2A, Ay
2 2 Prop =
w* K AC = P ﬁ, CSZkZ > C;LA% CSZAC K EF K AC AS
W=l
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Higher Derivative Corrections

Strong coupling

%"W New propagator
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A, Ag ceAc Aso
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Higher Derivative Corrections

. Strong coupling
&° Ostrogradski New propagator
G
AC AS CSZAC ASO
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1. Beware strong coupling issues ﬁ

Op
NP—4

ﬁ(g,w, CD) =w Cfaiz)(p + 4 ...

¢z > 0 is only half the battle!

Also need A > Epqc 1O trust theory (perturbatively)

2. Fix strong coupling issues
1
2N%

L(gm, ) + (0%2d)%  with A, > A, > Ay

3. P(X) and Galileon bounces

[1 <<A%P,XX<1/CS] [1<<A?'G32,X<1/CS]
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