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Why Horndeski theories?
It can break NEC in a healthy way.
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No-go for wormholes in Horndeski:
at some point L( is pathological. J

No-go for wormholes breaks in beyond Horndeski: J

There are wormhole-like solutions with healthy L(>) everywhere.

These solutions require strong finetuning. J
I
Finetuning for L(®) probably means pathologies in L®). J

S. Mironov, V. Volkova (INR RAS) Wormbhole beyond Horndeski Russia, Valday, May 31, 2018 4 /19



0.4

<
=}
=1
03|
. iﬂ -
[5}
5
5
. <
[}
Z

0.1

0.0

60 70 80

e
S

20 30 40

S. Mironov, V. Volkova (INR RAS) Wormbhole beyond Horndeski Russia, Valday, May 31, 2018 5/ 19



Null Energy Condition
Twktk? >0

Friedmann equations

H=—4rG(p+p)+ %

H 00, Mater Contraction Matter Expansion H Accelerated expansion Decelerated expansion

Bounce and genesis require NEC-violation

Penrose theorem
Absence of singularity requires NEC-violation J
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NEC-violation J

Unhealthy?

Lagrangians with first derivatives = NEC-violation = ghosts and/or gradient
instabilities
Hence we need to consider Lagrangians with second derivatives:

e Deal with higher derivative equations

Get 2 derivatives equations only

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

here X = 0, m0"n
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0L = Fom + FxoX + K.Ordm + KxOrd X + KOdw =

— ...+ KxOm80, 0" 7 + K9,0" 67
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0L = Fom + FxoX + K.Ordm + KxOrd X + KOdw =
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Horndeski and Beyond Horndeski

S = /d4X\/—g(£2 + L3+ L4+ Ls +£3H),
Ly = F(m, X),

[,3 = K(?T,X)DTF,

Ly

—Ga(m, X)R + 2Gax (0, X) [(Dw)2 - mwﬁ“ﬂ ,

1 . .
Ls = Gs(m, X)G" ', + §G5x [(Dﬂ')3 = 3077, + 27, T 7 |
EB’H — F4(7T7X)€HVP(Teulylplaﬂ,/l,ﬂ',,u"7r;1/l/’7T;pp’+

N
+Fs(m, X)eM PTel VPO T T Ty ot

where 7 is the Galileon field, X = gtm 7, 7, = 0.7, T = V, V7,
Or = g’“’V,,V#W, G4X = 864/8)(
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ds® = dt? — a(t)*dx? (2)

dr?

ds? = A(r)dt* — B0

— R(r)? (d6” +sin® 0 d?) . (3)
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ds? = dt? — a(t)? (dr® + r* (d6* + sin® 0 d?)) (2)

dr?

2 _ g2
ds® = dt B(r)

— R(r)* (d6® +sin® 0 dy?) . (3)
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a—ao a—ao
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ds? = dt? — a(t)? (dr® + r* (d6* + sin® 0 d?)) (2)

2
ds? = g2~ "

— R(r)* (d6® +sin® 0 dy?) . (3)

B(r)
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Suppose we have "nice” function f(x) defined for all x from —oo to .

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

T

X2

—

N
e

If f(x1) <0 Then f(x2) >0 (xo = x — 104)

€
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Suppose we have "nice” function f(x) defined for all x from —oo to co.

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

X2
).(1 — N,
| l/ ' ”~

If f(x1) <O  Then f(x2) > 0 (xp = x — "02))

|
_—

Xz

f /N

~,
e

If f(xy) >0  Then f(x) < 0 (3 = x — 1C4))

€
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S= /dtd3xa3 [%T (h,{)2 = g (0:h1)° + Gs(? — Fs (v;;)2

The speeds of sound for tensor and scalar perturbations are, respectively,
R S i |

gr Gs

A healthy and stable solution requires correct signs for kinetic and gradient terms

as well as subluminal propagation:
g7'>.7:7’>0, Gs>Fs>0

These coefficients are combinations of Lagrangian functions and have non-trivial

relations
YG? Y
gs = % + 36T, gs = gT + 397,
Td¢ 1 dé“

== _ 4
Fs S d: Fr, = Fs = Sdt - Fr, (4)

¢ = agr’ ¢ = a(97 — D) Gr

© © '

S. Mironov, V. Volkova (INR RAS) Wormbhole beyond Horndeski Russia, Valday, May 31, 2018 12 /19



No-go theorem for bounce in Horndeski theory

M. Libanov, S. M and V. Rubakov, 1605.05992
R. Kolevatov and S. M, 1607.04099

T. Kobayashi, 1606.05831

S. Akama and T. Kobayashi, 1701.02926

No-go theorem for bounce breaks in beyond Horndeski

Y. Cai, Y. Wan, H. Li, T. Qiu and Y. Piao, 1610.03400

P. Creminelli, D. Pirtskhalava, L. Santoni and E. Trincherini, 1610.04207
Y. Cai and Y. S. Piao, 1705.03401

R. Kolevatov, SM, N. Sukhov, V. Volkova, 1705.06626

No-go theorem for Wormholes in Horndeski theory
V. Rubakov, 1601.06566

O. Evseev, O. Melichev, 1711.04152

No-go theorem for Wormholes breaks in beyond Horndeski
arXiv:!? Vika, hurry!
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1 | g | o
L= EIC,-J-\'/’\'/J — Egijv',vjl — QUV’VJI - E./\/l,-jv’vj7 (5)
i, j=1.2.
A healthy and stable solution requires correct signs for kinetic and gradient

terms
IC11 > O, det(IC) > 0, Qll > 07 det(g) > 0. (6)
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1. .1 .. 1 o
L= EIC,-J-\'/’\'/J — Eg/jv'lvjl— Q,jv’vjl— E./\/l,-jv’vj7 (5)

i, j=1.2.
A healthy and stable solution requires correct signs for kinetic and gradient
terms
IC11 > O, det(lC) > 0, Qll > 07 det(g) > 0. (6)
F>0,H>0,
A>0,B>0, R>0
rH)2]’ RH(H#H-D)]’
P- (o] - [P
= 7
detK ~F(2P - F) >0 detK ~ (F-Q)2P-F)-Q*>0
/D/
~ R
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Any "healthy” solution requires finetuning.

S. Mironov, V. Volkova (INR RAS) Wormbhole beyond Horndeski Russia, Valday, May 31, 2018 16 / 19



Any "healthy” solution requires finetuning.

Suppose we did find a solution F(r), with stable L(?)

S. Mironov, V. Volkova (INR RAS) Wormbhole beyond Horndeski Russia, Valday, May 31, 2018 16 / 19



Any "healthy” solution requires finetuning.
Suppose we did find a solution F(r), with stable L(?)
L® 5 K(F(r))0FSF 0 < K(F(r)) < oo

S. Mironov, V. Volkova (INR RAS) Wormbhole beyond Horndeski Russia, Valday, May 31, 2018 16 / 19
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Any "healthy” solution requires finetuning.

Suppose we did find a solution F(r), with stable L(?)

L® 5 K(F(r))0FSF 0 < K(F(r)) < oo

but, at the same time infinitesimal deviation from this solution destroys L(>)

K(F(r)+dF(r)) = to0
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Any "healthy” solution requires finetuning.

Suppose we did find a solution F(r), with stable L(?)

L® 5 K(F(r))0FSF 0 < K(F(r)) < oo

but, at the same time infinitesimal deviation from this solution destroys L(>)
K(F(r)+dF(r)) = to0

This gives infinite contribution in L®)
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Any "healthy” solution requires finetuning.

Suppose we did find a solution F(r), with stable L(?)

L® 5 K(F(r))0FSF 0 < K(F(r)) < oo

but, at the same time infinitesimal deviation from this solution destroys L(>)
K(F(r)+dF(r)) = to0

This gives infinite contribution in L®)

L® > K'(F(r))(6F)3
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There are classical spherically-symmetric wormhole solutions with
proper quadratic action
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Conclusion

Conclusion

There are classical spherically-symmetric wormhole solutions with
proper quadratic action

Any particular solution requires finetuning

Healthy Wormbhole?

S. Mironov, V. Volkova (INR RAS) Wormbhole beyond Horndeski Russia, Valday, May 31, 2018 17 / 19



Conclusion

THANK YOU FOR YOUR ATTENTION!
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Conclusion

Gr =26y — 4Gyx X + G5 X — 2HGsx X,

Fr =2G, — 2Gsx X7t — Gsz X,

D = 2F X7 + 6HFs X,

§r = Gr +Dr,

O = —Kx X7 4+ 2G4H — 8HGyx X — 8HGyxx X2 + Gynit + 2Garx X7—
— 5H? Gsx X7t — 2H? Gsxx X7 4+ 3HGs X + 2HGs - x X+

+ 10HF4 X% + 4HFux X3 + 21H? Fs X% 7 + 6H? Fsx X3,

Y = FxX + 2FxxX? + 12HKx X7t + 6 HKxx X? 7 — Kz X — Kpx X?—
— 6H? Gy + 42H? Gyx X + 96 H? Gyxx X2 + 24H? Gaxxx X —

— 6HGy 7w — 30HGyrx X7 — 12HGarxx X270 4 30H? Gsx X7+

+ 26 H3 Gsxx X271 + 4H3 Goxxx X371 — 18H? Gsr X — 27TH? Gs e x X2 —
— 6H? Gsrxx X3 — 90H?Fy X2 — T8H? Fyx X3 — 12H? Fyxx X* —

— 168H3 Fs X271 — 102H3 Fsx X371 — 12H3 Fyxx X*7.
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