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» Solutions without singularities.

1. Compact objects
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» Other modified gravity solutions (e.g. hairy BH, neutron star)

» Null Energy Condition: T, k*k” >0
» Penrose theorem: no singularity = NEC-violation

» Null Convergence Condition: R, k*k” > 0 (for modified gravity
solutions)
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Modified gravity

» Additional field nonminimally coupled to gravity
1. Scalar-tensor theories

2. Scalar-vector-tensor theories
3 ...

» Absence of Ostrogradski ghosts

» Landscape of scalar-tensor theories

Traditional

ST theories

Degenerate
Higher-Order
Beyond Horndeski Scalar-Tensor

DA



Horndeski theory and its generalization

S = /d4X\/fg(£2+£3+ﬁ4+£5 +£57.L),
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Time-dependent spherically symmetric background.

> Background scalar field: m = «(r, t)
» Background metric

dr?

2 _ 2
ds? = —A(r, t) dt? + B0 D)

+ J(r,t) (d6? + sin® 0 dp?)

z

@ r our universe

throat of
wormhole

other
universe

region near
the star
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Pertrubations.

» Perturbations
T=T+X

Buv = g;w + hp.llv



Pertrubations.

» Perturbations

T=7+X

8w = Buv + h;wv

» Regge-Wheeler classification of perturbations

» Odd parity (axial) and even parity (polar) modes.

2 tensor modes

0dd sector

Scalar

Even sector
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Subclass Ly + L3

» Only scalar perturbations remains.
» Quadratic action:

LB = A2KOR + KTy’ = K7 (X)? = J 72K P 0axdax + -

» Absence of gradient instabilities:

K¥h? + 4K%w(K™ ki + K%ks?) > 0

» In case of K% < 0 u K™ < 0 x-particles are ghosts.
» Sound speeds

ow a Kt \/(K')2+ 4K0Kr
¢ = = Kooi

T ok b 200

o= Qv _af [K2
¢_8k¢_c ]COO



No-go theorem.

» Static case in full Horndeski theory:

Stability conditions = no-go theorem.



No-go theorem.

» Static case in full Horndeski theory:

Stability conditions = no-go theorem.

» Dynamical background in cubic subclass:

Stability conditions = generalized no-go theorem.

K% >0
K2>0




Generalized no-go in the cubic subclass.
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Generalized no-go in the cubic subclass.

» Now the no-go theorem applies not only to non-singular solutions

» Simple example: Bouncing Universe with BH

Light cone at

Singularity
BH

=N/

New integration
curve



Odd parity sector. Horndeski theory + F4

» Quadratic action

@ _ [Bp +1)  [1FH? ., B-KH> .,
’C‘Jdd_\/;J 20-1)(0+2) |A Z Q z Q)
B JH? 1

+2Z%QQ_ (“ ) e - V(r)Q?

» Stability analysis and absence of the no-go theorem in the odd parity
sector.



Odd parity sector. Horndeski theory + F4

» Quadratic action

@ _ [Bp +1)  [1FH? ., B-KH> .,
’C‘Jdd_\/;J 20-1)(0+2) |A Z Q z Q)
B JH? 1

+2Z%QQ_ (“ ) e - V(r)Q?

» Stability analysis and absence of the no-go theorem in the odd parity
sector.

» Propagation speeds

BJ Z
C(:t): + — \/><1 Cg:ﬁ

<1
r _F _F —



Additional restrictions.

> After GW170817
» Restrictions for the propagation speeds

BJ 1
) =22+ —VZ=1
cr AF T F ’



Additional restrictions.

> After GW170817
» Restrictions for the propagation speeds

Bg 1
Cr(i): Zfif\/g: 1, Cg:

» The only viable subclass of BH theory
1. Gs(m, X)=0
2. Fy(m, X) = &x(zX)
3. Arbitrary Gs(m, X)
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» Kaluza-Klein metric, 5D theory
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Kaluza-Klein compactification.

» Compactification R — R* x St
» Kaluza-Klein metric, 5D theory

W PP ALA, PP A,
gAB:(gl ¢2¢Aul ¢¢2A )

» Horndeski action in 5D theory

Ss = /dsx =Ty (Gg(?f, X) + Gy(m, X)Or
+Gy Rs) + Gax ((Om)2 = (VaVpr)?) + G5(W)GABVAVB7T>

» Cylindrical conditions.



KK compactification of Horndeski theory.

(L2 + L3+ La) + C4A“ + Lagp =

/d4x V=g [GQ(W, X) + Gs(m, X) O + Ga(, X) (R - %& F? — 2%?)

+Gax(m, X) ((D7r)2 —(VuVur)’ +2 é V,.¢VHr Or — %qﬁz F.° Foo V¥m v”w)}

<R“” — %g‘“’ R) V.V,m

1
5GRVO VI T+ 2 (0007 =V, V0¥V x) + 36° Fu Vo F'7 V'

OLs + Lsa, + Lsp = /d4x V—g ¢ Gs(m)
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KK compactification of Horndeski theory.

RS — R* x St



KK compactification of Horndeski theory.

RS — R* x St

» Generalized Galileons — Generalized Galileons
» 2nd derivatives in the action — 2nd derivatives in the action

» no higher derivatives in EOMs — no higher derivatives in EOMs

» Metric + scalar ——  Metric 4+ vector + scalar + scalar
[U(1) gauge]



Time-dependent spherically symmetric background.

» Background metric

dr?

2 _ 2
ds® = —A(r,t) dt° + B(r. D)

+ J(r, t) (d6? + sin® 0 dp?)

» Background fields

m=m(r,t), ¢ = o(t, r), A = (Ao(t,r), Au(t,r), 0, 0).



Classification of perturbations.

T=T+X, guuzguu+huu7
=0+, A=A, +A,.

2 tensor modes Vector 2 scalars

0Odd sector Even sector

Graviton + photon Graviton + photon



Speeds of graviton and modified photon

2 tensor modes Vector 2 scalars

v

0dd sector Even sector

Graviton + photon Graviton + photon

Odd Even
1. Radial speeds

+ + BJ 1 +
c,(@) = Cr(,V) = Zf:t?\/?;é 1. | c,(?g:) = Cr(,v) =

2. Angular speeds

zZ
Cg,Q = C§7V = ﬁ# 1

(The notations saved from not compactified theory)



Conclusion and outlook

» The general time-dependent spherically symmetric background was
studied for the first time in terms of Horndeski theory.

» Generalized no-go theorem.
» KK compactification of Horndeski theory.
| 4 ccw = C’Y

The work on this project has been supported by Russian Science Foundation
grant Ne24-72-10110



Cdpepnyecku-cuMMeTpuYHbI ciyyaii. YeTHbili cekTop.
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» 4D peiictene ManuneoHa nocne komnakTudnKauum
S5 = [dxv=g6 (G (R—1¢?F? =252 + Gux ((Om)? -
(VuVom)2 +21 V6V Or — 32 F,7 Fo Vin Vi) +
Gy(m, X) + Gs(m, X) Dﬂ') ,

> VpaBHEHNS GBUXKEHW MO-MPEXXHEMY OCTAOTCS BTOPOro MopsifKa.

» BekTopHasi Moga BO3MyLLeHNi

A, = (Ao(t,r), Ai(t, r),0,0) (2)

0Ac=0A =0,  0A,=> AUNLNERVPYL(0,9).  (3)

Im

» CKOpOCTW pacnpoCTpaHeHUsi BEKTOPHbIX N TEH3OPHbLIX BO3MYLLEHUI
COBMaJaloT.



Heobxoaumbie ycnoeus ctabunbHocTh. HeuweTHblid cekTop.
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Heobxoaumbie ycnoeus ctabunbHocTh. HeuweTHblid cekTop.

» OTcyTBME HEYCTORYMBOCTEIA:

Het gyxoBbix: By >0

HeT yrnoBbix rpagueHTHbIX: B; >0
B2
HeT pagmanbHbIX rpagneHTHbIX: By, > 2 (4)
4B,
68
HeT TaxnoHHbIX: B, > —723

» CKOpoCTW pacnpoCTpaHeHUsi BO3MYLLEHWNIA:

B /B2 4+ 4B,B
—iiM§1 (5)

=728, 2B,



[lapameTpunsauns Bo3MyLLeHUA. HeTHbIli cekTop.

hee =A(t,r) Y Hoim(t, 1) Yem(0, ©).

£,m
hee =Y Hyom(t, 1) Yom(0, ),
£,m
. —B(:’r) @2:1 Ho.tm(t. 1) Yem(6 ),
hea = Bem(t, 1)0aYem(0, ),
£,m
ha =Y aum(t, )05 Yem(0, ),
¢,m
hab = Kim(t, 1)8ab Yem(0,0) + Y Gem(t, 1)VaVsYem(8, 0) .
Z’m . ™
w(t,r,0,0) = 7(t,r) + Y Xem(t, 1) Yem(6, 0), (8)

4,m



Kannbposo4yHoe npeobpasosaHue

2 . ! ;

Ho = Ho + = Mo — ZbMy — 5 Mo,
a a a

b

!
H1—>H1+M1+M3—%Mo+5,

b
Hy — Hy + MOE —+ Mlb/ + 2bM1/,

B = B+ My + 2Mréc® + Moc*,
a— a+ My +2Moc' 3 + My c*,
¢ c
K = K — 2Mpa— + 2M b=,
c? c
G — G +2M,,

X — X+ b’lT/Ml — g/\/’o,
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[MonHast pukcaymnst KannmbpoBKku.

> lmerowas cTaTudecknii npegen.

=0, K=0, G=0. (10)

» He nmetowas cTtatudeckoro npegena.
x=0, K=0, G=0. (11)

CuHrynsipHa npu ctaTudeckom ckansipHom nose 7. Shift-symmetric
solutions:

m(t,r) =m(r) + gt (12)



KBagpaTnyHoe geiicteue. HetHoili cektop. G4

5

even

= CoHo® + CiHoHy + CoHo + GsHoHa + CaHoor + GsHox + CoHi®
+ G HB + CgHiHo + CoHia + CioHix + Ci18° + CioHa + CisBa
+ CuafBx + CisHa® + CigHaa + CirHox + Ciga® + Croax

+ Coox’* + CaHoHa + CooHoX + CosHiHh + Goahd

+ CosHix + GosBHo + CorBéx + GogBx + CagHaX

+ Caoax + GaiHaX + GaaHox” + CasHoHy' + CaaHoHo'

+ GsHoo! + CssHox' + CarHh B’ + CsgHix' + Gaoffa’

+ CaoBX' + CaHox' + Croax' + CizHi0px + CaaBOnar

+ Cas(@)” + Gas(X)” + Carxtx’ + Cag(B')" + Cao(X')?
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CrapLumnii nopsifiok B YeTHOM CEKTOPE.

» KgagpaTu4dHoe peiicteue

Sggn = /dtdk\/gj2 (KU‘./i‘./j - kyUVivj — kQIC;jvivj + ) )

(14)
» [lncnepcrnoHHoe COOTHOLLEHUE:
Crl 2 j_
A 2K+ —= (Vi — Vi) + Ky ) v =0, (15)
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CrapLumnii nopsifiok B YeTHOM CEKTOPE.

» KgagpaTu4dHoe peiicteue
5@ = [ drdky/ 22 (kv — KVyiiv — KK
even — t EJ ( v v = yijVV - % +)7
(14)
» JlucnepcMoHHOe COOTHOLLEHME:
Crl 2 j_
A 2K+ —= (Vi — Vi) + Ky ) v =0, (15)

» CKOpoCTW pacnpoCTpaHeHUsi BO3MYLLEHWIA.

> MaTpuua, onpesensitowas rpafMeHTHbIE HEYCTONHMBOCTY.

Cr
Ry? = 22 (V5 — Vi) + Ky (16)
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Heobxoaumbie ycnoeus ctabunbHoctn. YeTHoiit cektop. G4

OTcyTcBue HeycToliumnsocTeii:

» [lyxoBbiX:
K11 >0, det I > 0, (17)

» PagmanbHbix rpagueHTHbIX:

R >0, detR“¥2>0 (18)

» TaxuoHHbIX 1 YrnoBbIX rpagMeHTHbIX.



CraTnyeckunii cnyyaii

> KpeagpaTunyHoe peicTsue.
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CraTnyeckunii cnyyaii

> KpeagpaTunyHoe peicTsue.

A 1 o1 o o1 o
Sibn = /dtdf\/ Eﬁ (2’CU‘7'VJ - EICUV"VJ/ —Quv'v — 2/\/lfjv’vf> ;
(19)

> 3anpewiatoasi Teopema.

O. A. Evseev and O. |. Melichev, “No static spherically symmetric
wormholes in Horndeski theory,"Phys. Rev. D 97 (2018) no.12, 124040.
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ObobuieHns Teopunt XOpHAECKN.

> CraTuyeckuii cnydaii - HeT 3anpeLyatoLLeil TEOPeMbI.

» ADM dopmanuzm. [aMuabTOHOB aHanms.

» [Ipobnembl 0606wweHN Teopun XOPHAECKN - KOJINYECTBO
ONHAMUNYeECKUX cTeneHeli cBoboasbl

» Hanu4due TpeTbnx Npon3BOAHbIX CKaJSiPHOrO MoAs B KBaApaTU4HOM
aelicteun.
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KomnakTtudpukauus Kanyubi-KneitHa

» [Ipobnema Teopun XopHgecku u cobbitne GW170817
» Teopus Kanyubi-Kneiina
» Metpunka Kanyubi-Kneiina, 5D Teopusi.

2 2
gap = ( Bpv ;fAyA“ A %ﬁ‘“ ) (20)



KomnakTtudpukauus Kanyubi-KneitHa

v

Mpobnema Teopumn XopHaecku n cobeitne GW170817
» Teopus Kanyubi-Kneiina

v

MeTpuka Kanyusl-Kneiina, 5D Teopus.

v ALA, PPA
gAB=<g“ ¢2¢Ayﬂ ¢¢2#)

» [leiictBue B 5D Teopun XopHaeckn

Sy = dSX,/fg(5) (GQ(TI’, X) + Gs(w, X)Onx
+Gy R(5) + G47X ((\:‘71')2 — (VAVBW)2)>

» Lunnunppryeckne rpaHnyHble YCIOBUSI.



Classification of perturbations.

2 tensor modes Vector 2 scalars

Odd sector Even sector

Graviton + photon Graviton + photon
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Cnabast 3aBUCMMOCTb OT BPEMEHN

flr, ] = flr] + olr, ]

L
t—>t0 f[r]
The case O #0
R e elr. 1]
AQ? dA Q2

a and € orpaHuYeHbl CHU3Y NOJIOXKNUTENBbHBIMY CONSt.
Ql
Qz

Q<o (ry-¢c(r —r).

Torpa Q Bcerga CuHrynsipHa.

(24)

(25)



OTcyTcBue 3anpeLatoLLeli TeopeMbl

Cnepacteune ypaBHEHNIA OBUKEHNS:

b” _ 22§00 4 5 2
y[rt] 2 K +2b8(b3KX7r>+

+ kK 3 1 2— Ky + 2¢ 29
rKxm® = [ 2—= KxT -
X7 p3 b3 wap) (2

, 2b OrC
(e iza (%))

2 PPEP[r, t] = -9 — %’facdﬂQ2 +[r, t], (30)

acd—2

rae
Q- . (2 K¢’3+dc) (31)

a

O. A. Evseev and O. |. Melichev, “No static spherically symmetric
wormbholes in Horndeski theory,”"Phys. Rev. D 97 (2018) no.12, 124040.



KombuHauwvs ypaeHeHuii DiiHwTeliHa

Sg == C2Ett + aE@@ (32)

S0 = ((32(0,@2 - bz(atw) b2c20,20:b — 2®bcd, c(9,1)? — 2 b(B,¢)? (D)
+ a°c0, b0, c(0,0)* + a*bc? D a(0,) + a*bed,ad, c(9,0)* — a*c20,a0,b(0,0)°
- a3b3ca,,c(8tw)2 - a3b3cattc(8,’z/;)2 + 423b%cO,10: 00 ¢ + a3b3(8,c)2(8t’z/))2
+ 8263 (8:c)?(9r))? — P22 Dub(8,1)? + 32O, bD, c(Dr1)) — 433 b2 cOLbD, cO,YOp
+ 2b2c0: b0 c(0,0)? — B2 b3 0, a(0e))? + a2b3c0,a0,c(0ph)? — 42> b3, adecd O (33)
+ 82 b3c0ra0:c(0,9) + @262 20,30, b(dp))” — abPcdc(Deh)’ — ab®(8ec)?(Det))’
+ ab4c28nb(8m‘1)2 + ab4<:8tb8tc(8tﬁ1)2

+ Bedeatec(0)?) (20,0 - P (0w)) 20?)

V. A. Rubakov, “More about wormholes in generalized Galileon theories,”
Theor. Math. Phys., vol. 188, no. 2, pp. 1253— 1258, 2016.
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[NapameTpusauys BO3MYLLEHNIA B HEHETHOM CEKTOPE.

> BosmyLueHns
T=T+ X (34)

Buv = E[U/ + h;un (35)

» Regge-Wheeler's knaccudpukauyms BoamyuieHunia
hee = 0, ht = 0, hye = 0,
hea =Y _ ho em(t, 1) Eap0” Yem(8, ),

£,m
hra = Z hl,ém(tv r)Eabab ng(ﬂ, 90)’
£,m

1
hap = 5 > h2.m(t, 1) [E; VeV Yem(0, ) + E,“VeVaYem(0,0)]

£,m

x=0 (37)
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