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Plan

e Scalar-tensor and scalar-vector-tensor theories, properties and
perturbations

- 2nd order equations (Horndeski type)
- Degenerate theories (DHOST type)
— Fully degenerate theories (MMG)
Applications

— early Universe cosmology
— compact objects and other solutions

— modern Universe cosmology
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Horndeski theory

e Most general scalar-tensor theory with 2nd order EoM

5= /d“x\ﬁ—g(@ Y Lst Lat Ls),

Lo = F(ﬂ-aX)v
L3 = K(m, X)Om,

L4 = —Ga(m, X)R + 2Gax(, X) [(mf — ]

1 . .
£5 = G5(7T7X)GHV7T;MV —+ §G5X |:(D7'(')3 _ 3D7T7T;MV7T'MV + 27T;/J.V7T'Mp7r;py:| ,

where 7 is the Galileon field, X = g7 7., 7, = Oum, Tpp = V, VT,
Omr = g‘“’vyvum G4X = 8G4/8X



Properties

Theory of a very general form under several assumptions:

general covariance

locality

S = f d4X\/ —8 'C(g,uz/a ¢7 V(ba VV¢)
(1 additional degree of freedom)

2nd order equations of motion.

Have sufficiently much freedom to modify gravity and scalar
dynamics in different ways

Encodes wide class of modified gravity models



Examples

e Minimally coupled scalar (k-essence)
S F=F($,X), K=0, G =M1 G =0
- Canonical case: G = X — V(¢)

e Brans—Dicke theory
-G=9¢, F=-%$X-V(¢), K=G=0
- f(R) gravity equivalent to Brans—Dicke with w =0
S = [d*y/=g[f'()(R—x)+ f(X)]
SGi=%, F=-V(p), K=G=0



Examples
e Kinetic Gravity Braiding
F=F(6,X), K=K(@X), G=Y1 6=0
Qubic Galileon: F =X, K=2%, G=M2 G =0

e Coupling to Gauss-Bonnet term
f(¢) (R2 - 4RWRW + RW/\pRW)\p)

F:8€¢¢¢¢X2(3—|HX) K:4§¢¢¢X(7—3|HX)
Gy = 4£43X(2 = In X) Gs = —4&4In X



Degenerate theories

Toy example:
Kinetic matrix
L=88+Bog+Sg*+ 36— 12— 1g2..
Equations of motion
Ap +BE—¢—¢=0
Bop+Cg+g=0

if AC — B? = 0 system is equivalent to
o+2&+¢=0
(1-8)g-Eé+Lg=0

Main idea:
Hessian

D2L/0P?  D2L)0p0g\
det( 02L)0g? =0

Primary constraint = no extra DOF



beyond Horndeski

S= /d4x\/—g(£2+£3—|—£4+£5+£5H),

£2 = F(ﬂ',X),
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1 . .
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beyond Horndeski

5:/d4x\/—g(£2+£3+£4+£5—|—£5H),

£2 = F(ﬂ',X),
L3 = K(m, X)On,

L4 = —Gy(m, X)R + 2Gyx(m, X) {(Dﬂ')z — Tt
1 . :

Ls = Gs(m, X)GH' 7., + §G5X |:(D71’)3 — 307, T + 27r;#,,7r'”p7r;p”} ,

Ly = F4(7r,X)e“”pae“/”/p/"ﬂ,,m,w7T;W/7r;pp/—|—

AN !
vpo 14 o
+Fs(m, X)eHPoel VPO T i T T ppy T

1
Fa GsxX = —3Fs {64 — 2XGax + 2c;g,wx} 7

H - BH gMV — gﬂu + I_(T(', X)au’ﬂ'al,ﬂ'



DHOST theory

S:/d4XJjg(£2+£3+E4+£5),

Lo = F(w,X),
L4 = Fa(m, X)R + Z Ai(m, X) LP?),

£5:F3( Gly +Z B(’JT L§3,
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5
['Quad - Z Ai(ﬂ-7 X) LE2) )
i=1

L(lz) = (71',“,)27 L(22) = (On)?, L(32) = On (m,mHa”),

2

Lg = (Tupm)? L(52) = (mmn”)?,



DHOST theory

5
Louad = Y Ai(m, X)L,
i=1

B = (), L = ()P, L) = Or(mut ).

L(Q) 2

2
— (WIL,,W“)2, L(5 ) = (mpmHa”),

A2 = _A17

1 [
8(F2 — XA1)?
—(16X?Fax — 12XF2)AsA1 — X2 F2A3
—16F2x(3F2 + 4XFax)A1 + 8F2(XFax — F2)As + 48F2Fix]

Ay = —16XA3 + 4(3F2 + 16XF2x) A3

(4F2x — 2A1 + XA3) (72A§ — 3XA1A3 + 4Fx AL + 4F2A3)

As = 8(F2 — XA1)2
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10
»CCubic = Z BJ(ﬂ—7X) LJ(3)

j=1

1P = (O3, 1Y =0n(mw)?, LY = (),

L) = (On) (i), L§) = O ()2,
Lé3) = (7TP0')2 (7T,ul/7r'u'7ry) ) L$3) = Tr#uﬂ-l/pﬂ.paﬂ-ﬂﬂ-o ?
L?) = (7T””7Tu)2(77p077p770) ) L£)3) = Dﬂ-(ﬂ-poﬁpﬂ-g)z ’

L(I%) = (17,7, )>



DHOST theory

10
»CCubic = Z BJ(ﬂ—7X) LJ(3)

j=1

3 3
1P = (O3, 1Y =0n(mw)?, LY = (),

L) = (On) (i), L§) = O ()2,
Lé3) = (7TP0')2 (7T,ul/7r'u'ﬂ'y) ) L$3) = Tr#uﬂ-l/pﬂ.paﬂ-ﬂﬂ-o ?
L?) = (7T””7Tu)2(77p077p770) ) L£)3) = Dﬂ-(ﬂ-poﬁpﬂ-g)z ’

3 o
L(IO) = (ﬂ'p 7Tp7TU)3

+ Relations between F3 and B;



DHOST theory

+ Relations

s- /d4x\/7—g (Lo + L3+ La+Ls),

Eg = F(ﬂ',)()7
L3 = K(m, X)0Om,

L4 = Fy(m R+ZA (m, X) L?),

Ls = F3(m, X)G* 7r,W+ZB X)L

)



DHOST theory

5=/d4><v—g(£2+£3+£4+£5)7

Eg = F(ﬂ',)()7
L3 = K(m, X)Om,
L4 = Fa(r R+ZA (m, X) L?),
Ls = F3(m, X)G* 7THV+ZB X)L,
+ Relations
H — DHOST g — (7, X) g + T'(m, X)0, 70, 7.



Fully degenerate theories

e Additional constraint on the kinetic matrix = only two DOF
remains.

Scalar is a non-dynamical auxiliary field

e Minimally Modified Gravity theories:
e Type-l MMG

- Have an Einstein frame

- Without matter are equivalent to GR
- "Veiled gravity"

e Type-ll MMG
= VCDM theory
- Does not have an Einstein frame

- "Cuscuton"



Perturbations above FLRW background: DHOST

) ) 2
S = /dtd3xa3 [%T (h,{) - % (0:hf))* + GsC? — fS(Vag) }

The speeds of sound for tensor and scalar perturbations are, respectively,
Fr Fs
Gr’ Us

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

2 _ 2
Cr = Cs =

Y G2 YG?
gs = gz + 397, Gs = g: +3G7,
1
J:SZ*%—]:% = «FS:*%_]’-Tv
adt ) adt
fZaQT gza(gT—F'Dﬂ'—F]:TA)gT

S)



Perturbations above FLRW background:
simplest MMG - generalized cuscuton

gr (i1\2 _FT 2 : (V¢
5z/dtd3xa3{? (h,{) — = (k)" + G5 = Fe

The speeds of sound for tensor and scalar perturbations are, respectively,
Fr Is
Gr’ Gs

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

2 2 _
= cs =

Y G2
Gs = ~ga— +307, Gs =0
Id 1d
Fo=i% x5 m-1¥ g
adgt ) adé )
a a
¢=21 =27



Perturbations above spherically symmetric background

2 tensor modes 1 scalar mode

YN v

1 odd mode 2 even modes

S = [ dtdr [A¢ — B(@)? +Cd(q) - L2 - He? - V()]

(o]

5§52n = fdtdr [IC,-J-\'/"\'/j — g,-jv"/vj/ + Q,-J-\'/"vj/ + ...less derivative terms...]
i, j=1.2



Scalar-Vector-Tensor theories

e Scalar-tensor theory + Vector interactions
Basis for U(1) gauge vector-ST vertexes:

Fa[‘}Faﬁ’ FQBFW*(VVV“/W), Fa;iFwS(VwV”ﬂ)VﬁﬂVVV”wV“w’
FOV,nV'V,urn VaFH,  FsV,m V'V Vo F¢,
FapFysVu Vo V'V InVinVoin  FapFsVPaVom,  FagF®sVoVFinm,
FapFePV,VHEa VY r Vur, FagF*PR, FaBFaB(V»yv’Yﬂ')z,

FaﬁFO‘(sRVﬁﬂ' Vir FaBFO‘BVT,V,m— \ZAv FaBFaévVVBTK‘VVﬂ‘VJﬂ"
FagF®s(VoVIm)VOVPm,  F5(Vo VT )VaFoVer

FapgFo sV, VPa V' Von,  FagFsROVARVon | Fs.VaFoVerm
F5eVaF ' V2n VeV, , FapFysVIVerViVPr, F5.VaFOMVr V, Vo |
FseVoum VYVer Vo FO | FapF®s(V V7 )VPaVor,
FapFysVinVIVeT Vom FagF*sRP®, FapFys RO

FapFos(VoVTm)3VPaVor,  FupFosVPnVenV,V,nV'Vir,
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e Scalar-tensor theory + Vector interactions
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Scalar-Vector-Tensor theories

e Scalar-tensor theory + Vector interactions
Basis for U(1) gauge vector-ST vertexes:
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2nd order equations constraints = 2nd order SVT

degeneracy conditions/disformal transformations = degenerate SVT
(talk on Wednesday by M.Valencia-Villegas)

full degeneracy, additional constraint = 777
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Scalar-Vector-Tensor theories: another approach

KK reduction of Horndeski/DHOST/MMG theory
, A
o= (% %)
. R® — 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
degenerate theory —  degenerate theory
Metric + scalar —  Metric 4 vector + scalar + seatfar
[U(1) gauge]
° Metric —  Metric + vector + seatfar



Degenerate SVT: Perturbations above FLRW background

. 2
S = /dtd3xa3[% (h,{) - 8%72 (@:h))* +

. 2 . A2
+Gs¢% — fs% + Gy A7 — fv%}
a a

The speeds of sound for tensor, scalar and vector perturbations are,
respectively,

o
J

> 2 2
, cs = c“=cp =

Sk

Gs' [



Perturbations above spherically symmetric background

2 tensor modes 2 vector modes 1 scalar
v N\ v N\ U
odd even odd even even
¢ v

Odd sector of the theory (graviton+photon)



Applications of ST and SVT theories

Motivation to study them, solutions
- early Universe cosmology
- compact objects and other solutions

- modern Universe cosmology



Early Universe (pre-Big Bang)

+ Horndeski
+ beyond Horndeski and DHOST
+ MMG

- SVT
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various combinations



Early Universe

e Different "successful" models of the early Universe:
- different new models of Inflations

— bouncing cosmologies

— genesis models

— various combinations

e By "successful" we mean not only stable (healthy), but also
satisfying experimental data

— amplitude and tilt of the scalar spectum

amplitude of tensor spectrum (r-ratio)

— anisotropies and non-gaussianities



Early Universe: first challenge

Null Energy Condition <= Null Convergence Condition

T kik? >0 R kik” >0
Friedmann equations Penrose theorem
H=—4nG(p+p) <O no singularity = NEC-violation

Accelerated expansion Decelerated expansion

Matter Expansion

H Matter Contraction

BN

Cosmological bounce and genesis solutions require NEC-violation

t t



Early Universe: first challenge

Null Energy Condition <= Null Convergence Condition

T kik? >0 R kik” >0
Friedmann equations Penrose theorem
H=—4nG(p+p) <O no singularity = NEC-violation

Accelerated expansion Decelerated expansion

Matter Expansion

H Matter Contraction

BN

Cosmological bounce and genesis solutions require NEC-violation

t t

As well as wormhole-like solutions
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NEC-violation

e NEC was considered robust for a long time

e indeed, violation of NEC leads to pathologies in the theory unless
one considers higher derivatives in the action

T 2 : (v¢)
S = /dtd3xa3[? (h,{) — 525 (0ihf)" + G5 — Fs*— }
stability requirement:  Gs,Gr >0, Fs,Fr>0.
(sub)luminality requirement: Fr<Gr, Fs<Gs

e Horndeski theory and beyond
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If one tries to construct globally stable globally non-singular solution

YG2 Y G2
Gs = =9 1 36, Gs = 9T 1307,
P (S (
S — a2dt , T S = 2dt T
agr aTgr
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— geodesically incompliteness

strong gravity in the past
6=0

different geometry or formalism (torsion, Palatini)
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e Another issue that arises in Horndeski cosmology is apparent no-go
theorem
If one tries to construct globally stable globally non-singular solution

YGr° YGr°
Gs = Z2T +30r, Gs = 9T 1307,
T T
}'52*%—}"% = ]:S:*%_]:Ta
adt ) adt
agr a(97 + Di + FrA)Gr
="e <= o '
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— geodesically incompliteness

- strong gravity in the past

— 0=0

— different geometry or formalism (torsion, Palatini)
— consider beyond Horndeski or DHOST theory



Early Universe: second challenge

e Another issue that arises in Horndeski cosmology is apparent no-go
theorem

If one tries to construct globally stable globally non-singular solution

5 2
gs—;ZHgT, Gs =0
1
}-S:*g_]:Ta = ]:S:*g_]:Ta
adt adt
_agr? g7ag’r2
- -5

e This issue was also resolved in many different ways

— geodesically incompliteness

— strong gravity in the past

— =0

- different geometry or formalism (torsion, Palatini)
— consider beyond Horndeski or DHOST theory

— consider cuscuton or generalized cuscuton
(talk on Wednesday by V.Volkova)
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Compact objects and other solutions

+ Horndeski

+ beyond Horndeski and DHOST

+ MMG

+ SVT

- No-go for wormhole solutions in Horndeski theory

- "almost" resolved in beyond Hondeski

- Many different "successful" black hole solutions (with or without
hair)
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Modern Universe cosmology

e Dark matter
- "mimetic"dark matter
- heavy vector or scalar dark matter

- or even light scalar dark matter

e Dark energy

- quintessence and other models
- phantom crossing <= NEC

- selftuning models

e Modifications to hot stage



Usually the scalar-tensor part works as background theory
isotropy
simplicity

Why Vectors then?
vector particles
(electro) magnetic fields
modified photon
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Modern Universe challenges

e There is are additional phenomenological restrictions, when we study
modern Universe (models of dark energy and dark matter)

- Speed of gravitational waves is very close to the speed of light
cr==cC
|<T — 1| <1071

- Gravitational waves do not decay, since we did measure the far away
signal

L D> (Chj vertex is suppressed

- (SVT) Electromagnetic waves do not decay too

LD (CA; vertex is suppressed



Horndeski cosmology Speed of graviton

S= /d4xs/—g(£2 + L3+ L4+ Ls),

£2 = F(TF,X),
L3 = K(m, X)Om,

L4 = Gy(mr, X)R + Gax (m, X) [(Dwf - WWWW} ,

1 . .
Ls = Gs(m, X)G*' 7., — 6G5X |:(D’]T)3 — 307w, , T + 27r;m,7r'“p7r;p”} ,

1 -2
Sr= / dnd’x a* [232 (QT (hu> — T (O h,-j)zﬂ

Gr = 2[Gy — 2XGy x — X (HitGsx — Gs)]
]:T =2 [G4 — X(7"TG'5X + G5¢)]



Horndeski cosmology Speed of graviton

S = /d4x\/—g(£2 + L3+ L4+ Ls),

Ly = F(m, X),
L3 = K(m,X)On,

L4 = Ga(m)R + Gax(m, X 2— wwwﬂ,

1
L5 = GalerXTG 70, — ¢ Gox (Om)° =

T QF;Wﬂ.wpﬂ.;pu} 7



Horndeski cosmology Speed of graviton

S= /d4x\/—g(£2 + L3+ L4+ Ls),

£2 = F(T&',X),
L3 = K(m,X)On,

L4 = Gay(m, X)R + Gax (1, X) [(mf Ep—r

1 .
Ly = GS(W)GIWW;;W - 6G5X [(DT‘-)?’ — + 27T;Mv7r'up7r;pu}7

c2=c2#1

gT =2 [G4 — 2XG4,X - X (Mf G5¢)]
Fr =2[G4 — X (3655 + Gs)]



Viable ST models after GW 170817

- General relativity

- quintessence/k-essence
- Brans-Dicke/f(R)

- Kinetic Gravity Braiding
- Derivative Conformal

- Disformal Tuning

- quartic Galileons

- Fab Four

- quadratic DHOST

- quintic Galileons

- cubic DHOST

- f(¢) Gauss-Bonnet
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Viable models after GW 170817

- General relativity

- quintessence/k-essence
- Brans-Dicke/f(R)

- Kinetic Gravity Braiding
- Derivative Conformal

- Disformal Tuning

- quartic Galileons

- Fab Four

- quadratic DHOST

- quintic Galileons

- cubic DHOST

- f(¢) Gauss-Bonnet

Subclass of Fab Four allows self tuning with simultaneous Vainshtein
screening of Dark Energy



No decay for gravitational waves

C C ; C.
Lon = 3| ShyCiCs+ 3hyCiC+ cshyCivy + 50%hyC it
Ci C7 : - .o
+ SO hiCi + ctPhy oy + S5 hyliCi + oyl

where 9?h;; = hj i, ¢ = 0~2( and the coefficients read

a =Fs, Cs = g62(gT+D+]:TA1) ,
_ Gr - &
o= Y —(Gr + D+ Friy), C6 = Gy’
[—-3G7A
G = 79’57 7= %(QT + D+ Friyq),
[—-3GTA
C4:_%(QT+D+fTA1) C8:—g5(2—ég7—1)-

No decay constraint solved in SVT trivial gravity in ST
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