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General Relativity

GR is based on two important principles:
@ Mach's principle

@ Equivalence principle
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General Relativity

GR is based on two important principles:
@ Mach's principle The presence of matter curves the geometry of spacetime

@ Equivalence principle Locally a free-falling observer and an inertial
observer are indistinguishable

-Gravity is a local condition of spacetime
-Gravity sees all (including vacuum energy!)
-In Newtonnian gravity m; and mg happen to be the same, in GR it is a

founding principle
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GR is a unique theory

° In 4 dimensions, consider
L=L(M,g,Vg,VVg). Then Lovelock’s theorem in D = 4 states that
GR with cosmological constant is the unique metric theory emerging from,

Sw= [ axv/=g@IR-2n
M

giving,
o Equations of motion of
1850!)
e given by a symmetric two-tensor, G, + Agu.
e and admitting Bianchi identities.

27 order (Ostrogradski no-go theorem

Under these hypotheses GR is the unique massless-tensorial 4 dimensional
theory of gravity!
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Observational data

-Excellent agreement with solar system tests and strong gravity tests on binary
pulsars

-Observational breakthrough GW170817: Non local, 40Mpc and strong gravity
test from binary neutron stars. ¢y =14 1015

Planetary tajectories

Neutron star binary
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What is the matter content of the Universe today?

Assuming homogeinity-isotropy and GR

G =87GTLy

cosmological and astrophysical observations dictate the matter content of the

74 % DARK ENERGY 9 DARK MATTER

J 3.6% INTERGALACTIC GAS
0.4% STARS, ETC.

Universe today:
A: -Only a 4% of matter has been discovered in the laboratory. We hope to see
more at LHC. But even then...
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What is the matter content of the Universe today?

Assuming homogeinity-isotropy and GR

G =87GTLy

cosmological and astrophysical observations dictate the matter content of the

74 % DARK ENERGY 9 DARK MATTER

J 3.6% INTERGALACTIC GAS
0.4% STARS, ETC.

Universe today:
A: -Only a 4% of matter has been discovered in the laboratory. We hope to see
more at LHC. But even then...

If we assume only ordinary sources of matter (DM included) there is

disagreement between local, astrophysical and cosmological data.
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Universe is accelerating — Enter the cosmological constant

Simplest way out: Assume a tiny cosmological constant

A= Q;bé = (107%eV)*, ie modify Einstein’s equation by,

G,u,l/ e /\obsgpr/ = 87rGTp,V

C. Charmousis y black holes and gravity wave constraints



Universe is accelerating — Enter the cosmological constant

Simplest way out: Assume a tiny cosmological constant

A= Q;bé = (107%eV)*, ie modify Einstein’s equation by,

G,u,l/ e /\obsgpr/ = 87rGTp,V

@ Cosmological constant introduces a scale and generates a cosmological
horizon
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Universe is accelerating — Enter the cosmological constant

Simplest way out: Assume a tiny cosmological constant

A= Q;bé = (107%eV)*, ie modify Einstein’s equation by,

G,u,l/ e /\obsgpr/ = 87rGTp,V

@ Cosmological constant introduces v/A and generates a cosmological
horizon

@ VA is as tny as the inverse size of the Universe today, n= H(;1
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Universe is accelerating — Enter the cosmological constant

Simplest way out: Assume a tiny cosmological constant

A= Q;bé = (107%eV)*, ie modify Einstein’s equation by,

G,u,l/ e /\obsgpr/ = 87rGTp,V

@ Cosmological constant introduces v/A and generates a cosmological

horizon
@ VA is as tny as the inverse size of the Universe today, n= H(;1

Solar system scales 10 A.U. 14
® Note that Cosmological Scales ~ Ho_l =10
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Universe is accelerating — Enter the cosmological constant

Simplest way out: Assume a tiny cosmological constant

A= Q;bé = (107%eV)*, ie modify Einstein’s equation by,

G,u,l/ e /\obsgpr/ = 87rGTp,V

@ Cosmological constant introduces v/A and generates a cosmological
horizon

@ VA is as tny as the inverse size of the Universe today, n= H(;1

Solar system scales 10 A.U. 14
® Note that Cosmological Scales ~ H-L T 10

0
@ Typical mass scale for neutrinos...
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Universe is accelerating — Enter the cosmological constant

Simplest way out: Assume a tiny cosmological constant

A= Q;bé = (107%eV)*, ie modify Einstein’s equation by,

G,u,l/ e /\obsgpr/ = 87rGTp,V

Cosmological constant introduces v/A and generates a cosmological

°
horizon
° \/K is as tny as the inverse size of the Universe today, n= H(;1
Solar system scales 10 A.U. 14
® Note that Cosmological Scales ~ Ho_l =10
@ Typical mass scale for neutrinos...

@ Theoretically the cosmological constant should be huge.
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Universe is accelerating — Enter the cosmological constant

Simplest way out: Assume a tiny cosmological constant

A= Q;bé = (107%eV)*, ie modify Einstein’s equation by,

G,u,l/ e /\obsgpr/ = 87rGTp,V

Cosmological constant introduces v/A and generates a cosmological
horizon
\/K is as tny as the inverse size of the Universe today, n= H(;1

Note that Solar system scales ~ 10 élu =10 14

Cosmological Scales H,

(]

Typical mass scale for neutrinos...

Theoretically the cosmological constant should be huge.

What if GR is modified at astrophysical or cosmological scales.
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Modified Gravity : General issues

@ Since GR is unique we need to introduce new and genuine gravitational degrees
of freedom!
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Modified Gravity : General issues

@ Since GR is unique we need to introduce new and genuine gravitational degrees
of freedom!

@ They generically must not lead to higher derivative equations of motion.
Additional degrees of freedom can lead to ghosts (Ostrogradski theorem 1850
[Woodard 2006]). SINCE [cleyzes et a1] we know that higher derivative EOM do not always
lead to ghosts. What is essential is the number of propagating dof.
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Modified Gravity : General issues

@ Since GR is unique we need to introduce new and genuine gravitational degrees
of freedom!

@ They generically must not lead to higher derivative equations of motion.
Additional degrees of freedom can lead to ghosts (Ostrogradski theorem 1850
[Woodard 2006]). SINCE [cleyzes et a1] we know that higher derivative EOM do not always
lead to ghosts. What is essential is the number of propagating dof.

@ Matter does not directly couple to novel gravity degrees of freedom. Matter sees
only the metric and evolves in metric geodesics. As such EEP is preserved and
space-time can be put locally in an inertial frame.
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Modified Gravity : General issues

@ Since GR is unique we need to introduce new and genuine gravitational degrees
of freedom!

@ They generically must not lead to higher derivative equations of motion.
Additional degrees of freedom can lead to ghosts (Ostrogradski theorem 1850
[Woodard 2006]). SINCE [cleyzes et a1] we know that higher derivative EOM do not always
lead to ghosts. What is essential is the number of propagating dof.

@ Matter does not directly couple to novel gravity degrees of freedom. Matter sees
only the metric and evolves in metric geodesics. As such EEP is preserved and
space-time can be put locally in an inertial frame.

@ Novel degrees of freedom need to be screened from local gravity experiments.
Need a well defined GR local limit.
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@ Novel degrees of freedom need to be screened from local gravity experiments.
Need a well defined GR local limit.

@ Exact solutions essential in modified gravity in order to understand strong
gravity regimes and novel characteristics. Need to deal with no hair paradigm,
absence of Birkhoff theorem etc.
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Modified Gravity : General issues

Since GR is unique we need to introduce new and genuine gravitational degrees
of freedom!

They generically must not lead to higher derivative equations of motion.
Additional degrees of freedom can lead to ghosts (Ostrogradski theorem 1850
[Woodard 2006]). SINCE [cleyzes et a1] we know that higher derivative EOM do not always
lead to ghosts. What is essential is the number of propagating dof.

Matter does not directly couple to novel gravity degrees of freedom. Matter sees
only the metric and evolves in metric geodesics. As such EEP is preserved and
space-time can be put locally in an inertial frame.

Novel degrees of freedom need to be screened from local gravity experiments.
Need a well defined GR local limit.

Exact solutions essential in modified gravity in order to understand strong
gravity regimes and novel characteristics. Need to deal with no hair paradigm,
absence of Birkhoff theorem etc.

A modified gravity theory could tell us something about the cosmological
constant problem and in particular how to screen an a priori enormous
cosmological constant. Self tuning and self acceleration.
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Scalar tensor: From BD to Horndenski..

@ Scalar tensor: From BD to Horndenski...
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Scalar tensor: From BD to Horndenski..

Scalar-tensor theories

@ are the simplest modification of gravity with one additional degree of
freedom

@ Admit a uniqueness theorem due to Horndeski 1973 and extended to
DHOST theories [Langlois et.al] [Crisostomi et.al.]

@ contain or are limits of other modified gravity theories.

@ Include terms that can screen classically a big cosmological constant or
give self accelerating solutions. Need a non trivial scalar field.

@ Have non trivial hairy black hole solutions even around non trivial self
accelerating vacua

@ New: Theories are strongly constrained from gravity waves.
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Scalar tensor: From BD to Horndenski..

Jordan-Brans-Dicke theory s

Simplest scalar tensor theory

1 wy
Sep = e / d*x\/—g (@R = ;"vmpvw —m*(p — soo)2) + Sm(guv, ¥)

@ wq Brans Dicke coupling parameter fixing scalar strength

@ ¢ = g constant gives GR black hole solutions (with a cosmological constant)
but spherically symmetric solutions are not unique (and not GR)!

@ For spherical symmetry we find,

_ _ 2¢9
hiilizj B 2wp + 3 — exp |: o013 mr]

v= =
hoo 2wo + 3 + exp [— 25:?3_3 mr:|

@ where y =1+ (2.1 £2.3) x 1075 from local tests.
@ wp > 40000 in the absence of potential.

@ Need a more complex version in order to screen the scalar mode locally and to
obtain hairy black holes.— Higher order dervative theories.
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Scalar tensor: From BD to Horndenski..

Jordan versus Einstein frame

Jordan frame is the physical frame. Matter couples only to metric and the weak
equivalence principle is satisfied.

S Jordan =

167rG /d4X\/ <<pR VHQOV @ — V(SO)) ar sm(é’uuylp)

Consider a conformal transformation: g,, = QQ(X) Zab -

/d4x ng:/d“x\/fg(f? 0% +6V,QV2Q), ® = d(p; Q)

and the action transforms into
5Einst’ein = 167TG /d4X vV~ V”’(DVMQJ U(q))) + Sm(gll«llv q) ¢)

@ The action is GR like, but,

Matter couples to metric and scalar!

(]

@ Non physical frame or Einstein frame. Matter in free-fall does not follow g,
geodesics!

@ Frames are equivalent mathematically and physically as long as we know how
matter couples to the metric.
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Scalar tensor: From BD to Horndenski..

Galileons/Horndeski e s

What is the most general scalar-tensor theory
with second order field equations [Horndeski 1973]7
Horndeski has shown that the most general action with this property is

Sy = /d4X\/fg(L2+L3+L4+L5)

Ly = Ga(o, X),
L3 = Gsz(¢, X)Op,
Ls = Ga(6, X)R + Gax [(O0)? — (V. V. 0)]

G
Ls = Gs(6, X) G V#V¥ ¢ — =2 [(06)° — 306(Vu V) +2(V4V)’]

the G; are free functions of ¢ and X = f%V‘L(bVHd) and Gix = 0G;/0X.

@ In fact same action as covariant Galileons [peffayet, Esposito-Farese, Vikman].
Galileons are scalars with Galilean symmetry for flat spacetime.
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Scalar tensor: From BD to Horndenski..

Galileons/Horndeski e s

S = /d4X\/ —g (Lo + L3 + Ly + Ls)

Ga(¢, X),
Gz(¢, X)Og,

Ly = Ga(¢, X)R + Gax [(O¢)* — (V. V.0)7],

= Go(9, X)Gur V¥ 9 — ZX [(09)° ~ 306(V,u Vo) + 2V, V6)’]

@ Examples: G4 =1 — R.
Gy =X — GH'V ¢V
G3 = X — "DGP" term, (V¢)20¢
Gs = InX — gives GB term, G = R‘“’O"BR“V&B —4RFY R, + R?
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Scalar tensor: From BD to Horndenski..

Galileons/Horndeski e s

S = /d4X\/ —g (Lo + L3 + Ly + Ls)

Ly = Gx(4, X),
L3 = G3(¢, X)Oo,

Ly = Ga(¢, X)R + Gax [(O¢)* — (V. V.0)7],

= Go(9, X)Gur V¥ 9 — ZX [(09)° ~ 306(V,u Vo) + 2V, V6)’]

@ Horndeski theory admits self accelerating vacua with a non trivial scalar field in
de Sitter spacetime. A subset of Horndeski theory self tunes the cosmological
constant.
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Scalar tensor: From BD to Horndenski..

Galileons/Horndeski e s

S = /d4X\/ —g (Lo + L3 + Ly + Ls)

L = K(X),
L3 = —G3(X)Oo,
Ly = Gi(X)R + Gax [(06)> = (VuVu9)?] ,

G
Ls = Gs(X) Gy V' V"¢ — =2= [(08)° — 308(V,Vu6)’ +2(VuVre)*]

the G; are free functions of ¢ and X = —lV”qﬁvuqb and Gix = 0G;/0X.

2
@ Horndeski theory includes Shift symmetric theories where G;'s depend only on X
and ¢ — ¢ + c.
Associated with the symmetry there is a Noether current, J# which is conserved
VuJH =0.

Presence of this symmetry permits a very general no hair argument
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Black holes and no hair

© Black holes and no hair
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Black holes and no hair

Black holes have No hair pee: revie sz ana sam 2015

During gravitational collapse...
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Black holes eat or expel surrounding matter
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Black holes and no hair

Black holes have No hair pee: revie sz ana sam 2015

During gravitational collapse...
Black holes eat or expel surrounding matter
their stationary phase is characterized by a limited number of charges
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Black holes and no hair

Black holes have No hair pee: revie sz ana sam 2015

During gravitational collapse...

Black holes eat or expel surrounding matter

their stationary phase is characterized by a limited number of charges
and no details
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Black holes and no hair

Black holes have No hair pee: revie sz ana sam 2015

During gravitational collapse...

Black holes eat or expel surrounding matter

their stationary phase is characterized by a limited number of charges
and no details

black holes are bald...
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Black holes and no hair

Black holes have No hair pee: revie sz ana sam 2015

During gravitational collapse...

Black holes eat or expel surrounding matter

their stationary phase is characterized by a limited number of charges
and no details

black holes are bald...

No hair arguments/theorems dictate under some reasonable hypotheses that adding

degrees of freedom lead to singular solutions...

For example in vanilla scalar-tensor theories black hole solutions are GR black holes
with constant scalar.
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Black holes and no hair

Black holes have No hair pee: revie sz ana sam 2015

During gravitational collapse...

Black holes eat or expel surrounding matter

their stationary phase is characterized by a limited number of charges
and no details

black holes are bald...

No hair arguments/theorems dictate under some reasonable hypotheses that adding

degrees of freedom lead to singular solutions...

For example in vanilla scalar-tensor theories black hole solutions are GR black holes
with constant scalar.

Warning : beyond GR Birkhoff’s theorem is not valid.
Spherical symmetry thus does not guarantee staticity.
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Black holes and no hair

Scalar-tensor theories and black holes

@ In scalar tensor theories "regular" black hole solutions are GR black holes with a
constant scalar field
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Black holes and no hair

Scalar-tensor theories and black holes

@ In scalar tensor theories "regular" black hole solutions are GR black holes with a
constant scalar field

@ Is it possible to have non-trivial and regular scalar-tensor black holes for an
asymptotically flat or A > 0 space-time?
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Black holes and no hair

Scalar-tensor theories and black holes

@ In scalar tensor theories "regular" black hole solutions are GR black holes with a
constant scalar field

@ Is it possible to have non-trivial and regular scalar-tensor black holes for an
asymptotically flat or A > 0 space-time?

@ We will consider:

o Higher order scalar tensor theory
o Translation symmetry for the scalar field
o A scalar field that does not have the same symmetries as the

spacetime metric
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Black holes and no hair

General solution for @ Gy = 1 + BX s, casmonsic 113

Consider, L = R — 1(8¢)? + BG"8,,$0, ¢ — 2/ For static and spherically symmetric
spacetime, ds? = fh(r)dt2 + ;1(—'; + r2dQ2,

The general solution of theory L for static and spherically symmetric metric and

¢ = ¢(t,r) is given as a solution to the following third order algebraic equation with
respect to 4/ k(r):

@87 (1+2) (242805 ) k) + () = 0

All metric and scalar functions given with respect to k and ¢ = qt + ¢(r):

p _ (B+nrA)h
== Gnr ™ T Ty
r_ \[ 2 2\p! 2 2y/ 1/2
e )(qﬁ(ﬁ+nr W -1 (hr))
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Black holes and no hair

Self tuning de Sitter black hole

@ Solution reads k(r) = (
with g% = (¢n+ BN)/(Bn)

B+nr?)?
B
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Black holes and no hair

Self tuning de Sitter black hole

@ Solution reads k(r) = (

with g2 = (¢n + BA)/(Bn) and Co = (¢n— BA)~/B/1

B+nr?)?
B

S= /d4x\ /—g [CR —2A — n(96)? + ac;“"(‘)wa,/@}

- q2B(B+nr?)? — (208 + (¢n— BA) r2) k + Cok3/2 =0
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Black holes and no hair

Self tuning de Sitter black hole

2412
@ Solution reads k(r) = %

with g2 = (¢n + BA)/(Bn) and Co = (¢n— BA)~/B/1

o
S= /d4x\ /—g [CR —2A — n(96)? + ac;“"(‘)wa,/@}
- q2B(B+nr?)? — (208 + (¢n— BA) r2) k + Cok3/2 =0

@ f=h=1-L+ %rQ de Sitter Schwarzschild!

® ¢/ =+%yT—hand ¢(t,r) = gt +3(r)
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Black holes and no hair

Self tuning de Sitter black hole

@ Solution reads k(r) =

with g2 = (¢n + BA)/(Bn) and Co = (¢n— BA)~/B/1

(B4+nr?)?
B

S= /d4x\ /—g [CR —2A — n(96)? + ac;“"(‘)wa,/@}

- q2B(B+nr?)? — (208 + (¢n— BA) r2) k + Cok3/2 =0

@ f=h=1-L+ %rQ de Sitter Schwarzschild!

® ¢/ =+%yT—hand ¢(t,r) = gt +3(r)

@ The effective cosmological constant is not the vacuum cosmological constant. In
fact,

@ Self tuning relation : g?n=A —Aggr >0

@ Hence for any A > A fixes g, integration constant.
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Black holes and no hair

Self tuning de Sitter black hole

2412
@ Solution reads k(r) = %

with g2 = (¢n + BA)/(Bn) and Co = (¢n— BA)~/B/1

S= /d4x\ /—g [CR —2A — n(96)? + ac;“"(‘)wa,/@}

- q2B(B+nr?)? — (208 + (¢n— BA) r2) k + Cok3/2 =0

@ f=h=1-L+ %rQ de Sitter Schwarzschild!

® ¢/ =+%yT—hand ¢(t,r) = gt +3(r)

@ The effective cosmological constant is not the vacuum cosmological constant. In
fact,

@ Self tuning relation : g?n=A —Aggr >0
@ Hence for any A > A fixes g, integration constant.

@ where A = f% is fixed by effective theory.
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Black holes and no hair

Self tuning de Sitter black hole

@ Solution reads k(r) =

with g2 = (¢n + BA)/(Bn) and Co = (¢n— BA)~/B/1

(B4+nr?)?
B

S= /d4x\ /—g [CR —2A — n(96)? + ac;“"(‘)wa,/@}

- q2B(B+nr?)? — (208 + (¢n— BA) r2) k + Cok3/2 =0

@ f=h=1-L+ %rQ de Sitter Schwarzschild!

® ¢/ =+%yT—hand ¢(t,r) = gt +3(r)

@ The effective cosmological constant is not the vacuum cosmological constant. In
fact,

Self tuning relation : g?n =A— Agr >0
Hence for any A > A fixes g, integration constant.

where Aggr = f% is fixed by effective theory.

Solution hides vacuum cosmological constant leaving a smaller effective
cosmological constant [cubitosi, Linder]
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Constraints from gravity waves

© Constraints from gravity waves
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Constraints from gravity waves

Galileons/Horndeski e s

What is the most general scalar-tensor theory
with second order field equations [Horndeski 19737
Horndeski has shown that the most general action with this property is

Sy = /d“x\/—g(L2+L3+L4+Ls)

Ly = Gy(¢, X),
L3 = G3(¢, X)Og,

Ls = Ga(¢, X)R + Gax [(O6)* ~ (V,V00)°] ,

G
Ls = Gs(¢h, X) G VAV ¢ — %X [(O¢)* = 306(V .V 8)? +2(V,uVis)?]

the G; are free functions of ¢ and X = 7%V“¢Vu¢> and Gix = 0G;/0X.
o
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Constraints from gravity waves

Galileons/Horndeski e s

S = /d4X\/ —g (Lo + L3 + Ly + Ls)

Ga(¢, X),
Gz(¢, X)Og,

Ly = Ga(¢, X)R + Gax [(O¢)* — (V. V.0)7],

= Go(9, X)Gur V¥ 9 — ZX [(09)° ~ 306(V,u Vo) + 2V, V6)’]

@ Examples: G4 =1 — R.
Gy =X — GH'V ¢V
G3 = X — "DGP" term, (V¢)20¢
Gs = InX — gives GB term, G = R‘“’O"BR“V&B —4RFY R, + R?
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Constraints from gravity waves

Going beyond Horndeski e e, msacarsesus o s, posases ., angioss ec.a1l,

[Crisostomi et.al]

What is the most general scalar-tensor theory with three propagating degrees of
freedom?

It is beyond Horndeski but not quite DHOST yet...

S = /d4x\/—g(L2+L3+L4+L5),

where
L2 = GZ(¢, X)7 L3 = G3(¢’ X)D¢7
Ls = Ga(¢, X)R + Gax [(Dd))z _ ] + F4((f5,X)e“’/pU 6;,/,,///(7(“5}1,(,‘5/1, qﬁyl//(b/,/,/,

G
—2 [([@9) ~306(VuVus) +2AVuVre)’]

o1/
; vpo p'v'p'e’ o ,
+ F5(@~, X)GM Paelt v P QMO;L’@VV’pr/)’@o'O'/

Ls = Gs5(¢, X) G VFVY ¢ —

where XGs x F4 = 3Fs [G4 —2XGy x — (X/2)G5'¢]. Beyond Horndeski acquires one
extra function. BH has similar SA and ST solutions.



Constraints from gravity waves

Conformal and disformal relations g, zmsiacseress)

How are theories mapped under conformal and disformal transformations?

Buv — gﬁu = Suv + vu(ﬁvu(z’

@ Horndeski theory has Gy, G3, G4, Gs free functions.

@ For and we remain within Horndeski.
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Constraints from gravity waves

Conformal and disformal relations g, zmsiacseress)

How are theories mapped under conformal and disformal transformations?

Buv — gﬁu = Suv + Vu(lsvu(z)

Horndeski theory has Gy, Gs, G4, Gs free functions.
For and we remain within Horndeski.
However if we take a disformal D(X) we jump to

Beyond Horndeski (one more free function)
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Constraints from gravity waves

Conformal and disformal relations g, zmsiacseress)

How are theories mapped under conformal and disformal transformations?

Buv — gﬁu = Suv + Vu(lsvu(z)

Horndeski theory has Gy, Gs, G4, Gs free functions.
For and we remain within Horndeski.
However if we take a disformal D(X) we jump to

Beyond Horndeski (one more free function)

Take a conformal C(X) and jump to
@ DHOST Type | (one more free function) [Langiois, Nouil, [crisostomi, Koyama]
In other words DHOST type | are all related to some Horndeski theory.
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Conformal and disformal relations g, zmsiacseress)

How are theories mapped under conformal and disformal transformations?

Buv — gﬁu = Suv + v/,b(bvl/(z)

Horndeski theory has Gy, Gs, G4, Gs free functions.
For and we remain within Horndeski.
However if we take a disformal D(X) we jump to

Beyond Horndeski (one more free function)

Take a conformal C(X) and jump to
@ DHOST Type | (one more free function) [Langiois, Nouil, [crisostomi, Koyama]

In other words DHOST type | are all related to some Horndeski theory. Remaining
DHOST theories are pathological [Langiois, Noui, vernizzi]

Most general acceptable scalar tensor theories are related to Horndeski theory via a

disformal and conformal transformation.
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GW170817 constraints on scalar tensor theories o, vz,

[Ezquiaga, Zumalacarregui]

@ The combined observation of a gravity wave signal from a binary neutron star
and its GRB counterpart constraints ¢ = 1 to a 10~ accuracy.

@ For dark energy the scalar field (ST or SA) is non trivial at such distance scales
(40Mpc) and generically mixes with the tensor metric perturbations modifying
the light cone for gravity waves.

@ For a dark energy scalar field from Horndeski the surviving theory has free
Ga(9, X), G3(¢, X), Ga(¢) and Gs = 0.

@ For beyond Horndeski we have Gs = 0, Fs = 0,2G4 x + XFs = 0 and theory,
Lep=1 = Ga(¢, X) + Gs(¢, X)0¢ + Ba(¢, X) “R

— < Box(8, X)(89" 6y T16 — 9 B, bA0M)

@ For DHOST we just make a conformal transformation of the above,

GZ(¢7 X)G3(¢7 X)7 B4(¢7 X)7 C(¢7 X)
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Galileons/Horndeski e s

X)06,
Ly = G4(d).X)R+ Gux [(D¢)2 (VY )J] ’

Ls = Gs(¢, X) G VAV — [(Do)3 —306(Vu Vi) +2(Vu Vo)’

@ Gg=1—R.
Gy =X — GH'V ¢V, .
G3 = X — "DGP" term, (V¢)20é
Gs = InX —> gives GB term, G = RF*PR,,, 05 — 4RM Ry, + R?
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Galileons/Horndeski e s

I = Gl 50

L3 = G3(¢, X)Oo,
Ls = Gi($)R

Ls =0

@ Ga=1—R.
Gz = X — "DGP" term, (V¢)?0¢
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Physical and disformed frames

Most general scalar tensor theory with = 1 minimally coupled to matter
parametrized by Gy, G3, B4, C
4B, xC
Lerm1 = Go + G + By C R — 2290067, 09
4B; xC  6B4C x>
(7 — 8C,XB4,X>¢M¢/U/¢)\¢AV
X C
8C xBa x
= G o)

@ Horndeski is related via a transformation
Buv — guu = guv + Vu(bvu(b
to the L, =1 for given C and D.
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Constraints from gravity waves

Physical and disformed frames

Most general scalar tensor theory with = 1 minimally coupled to matter
parametrized by Gy, G3, B4, C
4B, xC
Lep=1 = G + G30¢ + BsC DR — =X grigv 9,0
4B; xC  6B4C x>
(7 == 8C,xB4,x>¢"¢W¢A¢M
X C
8C xBa x
= G o)
”
@ Horndeski is related via a transformation
Buv — guu = guv + Vu(bvu(b

to the L, =1 for given C and D.
@ One can start with a ¢t # 1 Horndeski theory and map it to a DHOST ¢y =1
theory for a specific function D.
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Constraints from gravity waves

Physical and disformed frames

Most general scalar tensor theory with = 1 minimally coupled to matter
parametrized by Gy, G3, B4, C

4B, xC
Lepm1 = Go+ G3O¢ + BsC R — “2X " grgv g, 00

4B, xC  6B4C x2
(4T’X % + 8C,XB4,X>¢“¢W¢A¢M
8C xBu x ,
2 (s Bu)

@ Horndeski is related via a transformation
Buv — guu = guv + Vu(bvu(b
to the L, =1 for given C and D.

@ One can start with a ¢t # 1 Horndeski theory and map it to a DHOST ¢y =1
theory for a specific function D.

@ The former is what we could have called the Einstein — Horndeski frame
respective to the latter, the Jordan frame...

@ except that the metric is disformed in the procedure...
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The physical frame and the disformed solution s, cc. s,

Lehébel]

@ The theory

S= /d“X. /—g [gR — 2N — 7 (89) + Bcf“'a,l,a)al,@] ,

is excluded or it is not the physical frame.
@ Solution: f=h=1-£4 %r{ ¢ = gt £ $v/1 — h with Aer = —(n/B.
@ The physical frame is :

Buv = uv — PuPuv-

B8 2
¢+ 305

@ Indeed the g, frame is a beyond Horndeski theory with ¢t =1 for a
cosmological background.
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The physical frame and the disformed solution s, cc. s,

Lehébel]

@ The theory

S= /d“X. /—g [gR — 2N — 7 (89) + Bcf“'a,l,a)al,@] ,

is excluded or it is not the physical frame.
@ Solution: f=h=1-£4 %r{ ¢ = gt £ $v/1 — h with Aer = —(n/B.
@ The physical frame is :

Buv = uv — PuPuv-

B8 2
¢+ 305

@ Indeed the g, frame is a beyond Horndeski theory with ¢t =1 for a
cosmological background.

@ The disformed metric is a black hole
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Constraints from gravity waves

The physical frame and the disformed solution s, cc. s,

Lehébel]

@ The theory

S= /d“X. /—g [gR — 2N — 7 (89) + Bcf“'a,l,a)al,@] ,

is excluded or it is not the physical frame.
@ Solution: f=h=1-£4 %r{ ¢ = gt £ $v/1 — h with Aer = —(n/B.
@ The physical frame is :

Buv = uv — PuPuv-

@ Indeed the g, frame is a beyond Horndeski theory with ¢t =1 for a
cosmological background.

@ The disformed metric is a black hole

@ we have exactly cgray = 1 for a highly curved background!

@ the solution is kinetically stable for a specific range of parameters.
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Conclusions

@ Modifying GR is a difficult task but with countable possibilities.
Even more so after the GW experiments. :)))

C. Charmousis Hairy black holes and gravity wave constraints



Constraints from gravity waves

Conclusions

@ Modifying GR is a difficult task but with countable possibilities.
Even more so after the GW experiments. :)))

@ Scalar tensor theories are parametrized by 4 free functions which we
hope will be further constrained.
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Conclusions

@ Modifying GR is a difficult task but with countable possibilities.
Even more so after the GW experiments. :)))

@ Scalar tensor theories are parametrized by 4 free functions which we
hope will be further constrained.

@ Numerous spherically symmetric solutions known. Black holes,
neutron stars. One has to adjust them to acceptable theories. One
has to study GW-compatible theories independently.
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Constraints from gravity waves

Conclusions

@ Modifying GR is a difficult task but with countable possibilities.
Even more so after the GW experiments. :)))

@ Scalar tensor theories are parametrized by 4 free functions which we
hope will be further constrained.

@ Numerous spherically symmetric solutions known. Black holes,
neutron stars. One has to adjust them to acceptable theories. One
has to study GW-compatible theories independently.

Self tuning vacua and black holes can be found with ¢4, = 1.

@ Exact solutions are important to understand the MG theory and find
novel effects. Are there solutions free of singularities? What of
rotating hairy black holes and Neutron stars?
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