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Plan:

- Conformal cosmological models
- NEC and Galileons models that violate it

- No-go Theorem

Ways to circumvent it
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Conformal cosmological model

V. Rubakov, 0906.3693

Harrison-Zeldovich spectrum from conformal invariance

Sy = [ &*xdn(d,x*0"x + h*|x|*)
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Flat spectrum
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Statistical anisotropy of the spectrum:

1007.4949 (M.Libanov, V.Rubakov)

Scalar tilt:

1007.3417 (M.Osipov, V.Rubakov)
Non-Gaussianity:

1012.5737, 1105.6230 (M.Libanov, SM, V.Rubakov)
Other assorted properties of conformal models:

1102.1390 (M.Libanov, S.Ramazanov, V.Rubakov),
1107.1036 (M.Libanov, V.Rubakov), 1211.0262 (SM),

1409.4363 (M.Libanov, V.Rubakov, S.Sibiryakov),
1502.05897 (M .Libanov, V.Rubakov),
1508.07728 (M .Libanov, V.Rubakov, G.Rubtsov)
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As well as wormhole-like solutions
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Wormbhole is similar to the bounce

a(t)
a—ao a—>ao

ds* = B(t)dt* — a(t)* (dr + r* (d6® +sin 0 dy®)) (1)

dr?
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NEC-violation

Unhealthy?

Lagrangians with first derivatives = NEC-violation = ghosts and/or
gradient instabilities theorem

Hence we need to consider Lagrangians with second derivatives:

o Deabwith hizherderivati .

Get 2 derivatives equations only

L= F(m,X)+ K(m, X)Or

here X = 0, mO"m



0L = Fom + Fx6X + K.Ordw + KxOrd X + KOdw =




0L = Fom + Fx6X + K.Ordw + KxOrd X + KOdw =

= ...+ KxOné0,no" 7 + KO,0"om



0L = Fom + Fx6X + K.Ordw + KxOrd X + KOdw =

= ...+ KxOné0,no" 7 + KO,0"om

= ...+ 2KxOn0,m0"ém + 0,0" Kdm



0L = Fom + Fx6X + K.Ordw + KxOrd X + KOdw =

= ...+ KxOné0,no" 7 + KO,0"om

= ...+ 2KxOn0,m0"ém + 0,0" Kdm

= ... = 2Kx0"On0,mom + 0, (Kr "1 + 2Kx 0" 0, m0" 1) om



0L = Fom + Fx6X + K.Ordw + KxOrd X + KOdw =

= ...+ KxOné0,no" 7 + KO,0"om

= ...+ 2KxOn0,m0"ém + 0,0" Kdm

= ... = 2Kx0"On0,mom + 0, (Kr "1 + 2Kx 0" 0, m0" 1) om

.. —2Kx0"0,0" 10, mom 4+ 2Kx0,,0" 0, 10" o™



0L = Fom + Fx6X + K.Ordw + KxOrd X + KOdw =

= ...+ KxOné0,no" 7 + KO,0"om

= ...+ 2KxOn0,m0"ém + 0,0" Kdm

= ... = 2Kx0"On0,mom + 0, (Kr "1 + 2Kx 0" 0, m0" 1) om

.. —2Kx0"0,0" 10, mom 4+ 2Kx0,,0" 0, 10" o™

= ...only second derivatives



Generalized Galileons = Horndeski theory

S = /d4X\/—g(£2+£3+£4+£5),

LQ = F(?T,X),

£3 = K(W,X)Dﬂ',

Ly = —Gy(m, X)R + 2Gyx(m, X) [(DF)Q - 7T;W,7T;‘ij| ,

1 . .
Ls = Gs(m, X)G" ' 7. + §G5X [(DT()3 — 30nm,,, " + 27T;W7T'“p7r;p”

where 7 is the Galileon field, X = g7 7, 7, = Oum, Ty = V, VT,
Or = g“”V,,Vlm, G4X = 8G4/8X
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Consistent NEC violation?

Galileon bounce: 1303.1221 (M.Osipov, V.Rubakov)
Universe in the lab: 1305.2614 (V.Rubakov)
The Null Energy Condition and its violation 1401.4024 (V.Rubakov)

Can Galileons support Lorentzian wormholes? 1509.08808
(V.Rubakov)

No-Go theorem
No-go for wormholes: 1601.06566 (V. Rubakov)
No-go in cosmology: 1605.05992 (M. Libanov, SM, V. Rubakov)
Further generalizations of no-go: 1607.04099 (R.Kolevatov, SM),
1607.01721 (O.Evseev, O.Melichev), 1711.04152 (O.Evseev, O.Melichev)
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The speeds of sound for tensor and scalar perturbations are, respectively,

Fr Fs
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A healthy and stable solution requires correct signs for kinetic and

2 _ 2
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gradient terms as well as subluminal propagation:
gr>Fr>0, Ggs>Fs>0

These coefficients are combinations of Lagrangian functions and have
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Suppose we have "nice” function f(x) defined for all x from —co to oco.

Now, if f'(x) > e > 0, this will imply 7(x) = 0 at some point xg
f T

X2
=

If f(x1) <0 Then f(x2) >0 (xo = x — 1C4)

€

f N

~,
e

X2

If f(x)) >0  Then f(x) <0 (xp = x — "2))

€



Gr /:+\2 Fr 2 . (v¢)?
_ 3.3 T BT 2

S = / ardxa® (5T (L) = 55 (@h])" + Gs(* = Fs™s
The speeds of sound for tensor and scalar perturbations are, respectively,

o _Fr o _Fs
T gr S Gs
A healthy and stable solution requires correct signs for kinetic and

gradient terms as well as subluminal propagation:
Gr>Fr>e>0, Gs>Fs>e>0

These coefficients are combinations of Lagrangian functions and have

non-trivial relations

Y
Gs = gT +3Gr,
B (6)
adcl; )
=27

S)



How to circumvent the no-go?

Go beyond Horndeski



How to circumvent the no-go?

Go beyond Horndeski

Allow strong gravity in the past
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Go beyond Horndeski
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Going beyond Horndeski

S= /d4X\/jg(£2 +£3 +£4 +£5 +£BH)3
Ly = F(m, X),
L3 = K(m, X)Or,
L4 = =Ga(m, X)R + 2Gax(m, X) |(Or) = mpum”]
1 ) ‘

‘C5 = G5(7T7X)GHV7T;;LV + §G5X |:(|:|7T)3 — 3|:|7T7T;HV7T’“U + 27T?#V7T'Mp7r;py:| ;
Lpn = F4(7TvX)€#VPUGHIVIP,G7T7M7T,M’77;1/1/7T;pp’+

+Fs(, X)EMVPUEIUV’p’G-’7T$H7T7IU‘I7T;VV/ﬂ';pp/ﬂ';oa/

where 7 is the Galileon field, X = g7 7., 7, = Ou7, Ty = V, V7,
Or = g"v,Vum, Gax = 0Gy/0X
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The speeds of sound for tensor and scalar perturbations are, respectively,
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Gr’ ST Gs

A healthy and stable solution requires correct signs for kinetic and

& -

gradient terms as well as subluminal propagation:
Gr>Fr>e>0, Gs>Fs>e>0

These coefficients are combinations of Lagrangian functions and have

non-trivial relations

Y72 YGr°
Gs = 2T + 307, gs—;ZHgT,
]'-s:lg—f% = ]'-SZ*%—}-T, (8)
adt ) adt
E7&)97‘ gia(QT—DW)QT
=5 - e—
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Cosmological solutions:

Bounce and genesis: 1705.06626 (R.Kolevatov, SM, N.Sukhov,
V Volkova)

Bounce with 7-crossing 1807.08361 (SM, V.Rubakov, V.Volkova)
Genesis with ~y-crossing 1905.06249 (SM, V.Rubakov, V.Volkova)
Subluminal bounce: 1910.07019 (SM, V.Rubakov, V.Volkova)

Assorted properties of (beyond) Horndeski theories:

1708.04262 (R.Kolevatov, SM, V.Rubakov, N.Sukhov, V.Volkova)
1906.12139, 2005.12626, 2011.14912 (SM, V.Rubakov, V.Volkova)
1712.09909, 2204.05889, 2306.17791 (SM, V.Volkova)
2305.19171 (SM, A.Shtennikova)

Wormbhole solutions:
1811.05832, 1812.07022 (SM, V.Rubakov, V.Volkova)
2212.05969 (SM, V.Rubakov, V.Volkova)



Strong gravity in the past

2
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Strong gravity in the past

2
= /dtd3xa3 [gl (h,{)2 _IT (0:h]) + G5 — 770

8 822 a2
The speeds of sound for tensor and scalar perturbations are, respectively,
o Fr o s
g S Gs

A healthy and stable solution requires correct signs for kinetic and

gradient terms as well as subluminal propagation:
Gr=2Fr—0, Gs=Fs—0

These coefficients are combinations of Lagrangian functions and have

non-trivial relations

Z 2
gS_ gz— +3gT7
Fs =S Fp, (11)
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a
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1810.00465, 2003.01202 (Y.Ageeva, O.Evseev, O.Melichev,
V.Rubakov)

2009.05071, 2104.13412, 2207.04071 (Y.Ageeva, P.Petrov,
V.Rubakov)

2206.10646 (Y.Ageeva, P.Petrov)

2310.xxxxx (Y.Ageeva, P.Petrov)
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© = 0 loophole in Horndeski:
2212.03285 (SM, A.Shtennikova)

Hondeski-Cartan and stable solutions there:

2304.04722, 2307.06929 (SM, M.Valencia-Villegas)



THANK YOU FOR YOUR ATTENTION!




G = 2G4 — 4Gyx X + G5 X — 2HGsx X,

Fr = 2G4 — 2Gsx X7t — G X,

D = 2F, X7 + 6HF5X2,

Gr = Gr + Dr,

O = —Kx X7 4+ 2G4 H — 8HGyx X — 8HGyxx X2 + Gart 4 2Garx X7 —
— 5H? Gsx X7 — 2H? Gsxx X7 + 3HGs . X + 2HGs r x X+

+ 10HF, X2 + 4HFux X3 + 21H? Fs X270 + 6H? Fsx X3,

Y = FxX + 2Fxx X2 4+ 12HKx X7t + 6HKxx X7 — Kz X — Kxx X2—
— 6H?Gy + 42H? Gyx X + 96H? Gyxx X2 + 24H? Gyxxx X > —

— 6HGyr 7w — 30HGyrx X7t — 12HGyrxx X270 4 30H? Gsx X7+

+ 26 H3 Gsxx X2 7 + 4H3 Gsxxx X327 — 18H? Gsr X — 2TH? Goox X° —
— 6H? Gsrxx X> — Q0H?Fy X? — T8H? Fyx X3 — 12H? Fyxx X*—

— 168H3 Fs X271 — 102H3 Fsx X371 — 12H° Fsxx X*7.



