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Introduction : Motivating modified gravity

GR is a unique theory

o 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= [ ax/=e@IR-2n
M

giving,
o Equations of motion of 2"%-order (Ostrogradski no-go theorem
1850!)
e given by a symmetric two-tensor, G, + Aguv
e and admitting Bianchi identities.

Under these hypotheses GR is the unique massless-tensorial 4 dimensional
theory of gravity!
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Introduction : Motivating modified gravity

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. cr = 1410715

Planetary tajectories

Neutron star binary
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Introduction : Motivating modified gravity

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 _ 22% DARK MATTER

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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Introduction : Motivating modified gravity

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, 229% 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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Introduction : Motivating modified gravity

Universe is accelerating — Enter the cosmological constant

Simplest way out: Assume a tiny cosmological constant

pr = 522 = (10 V), ie modify Einstein's equation by,

G;J,V i /\obsgpy == 87rGTp,Z/
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Introduction : Motivating modified gravity

Universe is accelerating — Enter the cosmological constant

Simplest way out: Assume a tiny cosmological constant

pr = 522 = (10 V), ie modify Einstein's equation by,

G;J,V i /\obsgpy == 87rGTp,Z/

@ Cosmological constant introduces a scale and generates a cosmological
horizon
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Introduction : Motivating modified gravity

Universe is accelerating — Enter the cosmological constant

Simplest way out: Assume a tiny cosmological constant

pr = 522 = (10 V), ie modify Einstein's equation by,

G;J,V i /\obsgpy == 87rGTp,Z/

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

@ /A is as wny as the inverse size of the Universe today, ro = H,*
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Introduction : Motivating modified gravity

Universe is accelerating — Enter the cosmological constant

Simplest way out: Assume a tiny cosmological constant

pr = 522 = (10 V), ie modify Einstein's equation by,

G;J,V i /\obsgpy == 8TI'GTH,V

@ Cosmological constant introduces v/A and generates a cosmological

horizon
A is as wny as the inverse size of the Universe today, ro = H;*

Solar system scales 10 A. U 14
© Note that Cosmological Scales ~ Ho =10
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Introduction : Motivating modified gravity

Universe is accelerating — Enter the cosmological constant

Simplest way out: Assume a tiny cosmological constant
pr = 522 = (10 V), ie modify Einstein's equation by,

G;J,V i /\obsgpy == 8TI'GTH,V

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

A is as wny as the inverse size of the Universe today, ro = H;*

Solar system scales 10 A. U 14
© Note that Cosmological Scales ~ H™ =10

0
@ Typical mass scale for neutrinos...
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Introduction : Motivating modified gravity

Universe is accelerating — Enter the cosmological constant

Simplest way out: Assume a tiny cosmological constant

pr = 522 = (10 V), ie modify Einstein's equation by,

G;J,V i /\obsgpy == 8TI'GTH,V

Cosmological constant introduces v/A and generates a cosmological

o
horizon
o \/K is as tny as the inverse size of the Universe today, n= H(fl
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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Introduction : Motivating modified gravity

Universe is accelerating — Enter the cosmological constant

Simplest way out: Assume a tiny cosmological constant

pr = 522 = (10 V), ie modify Einstein's equation by,

G;J,V i /\obsgpy == 8TI'GTH,V

Cosmological constant introduces v/A and generates a cosmological

°
horizon
o \/K is as tny as the inverse size of the Universe today, n= H(fl
o Note that Sorsmensole 1084 _ 1071
@ 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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Introduction : Motivating modified gravity

Modified Gravity : General issues to deal with

@ Since GR is unique we need to introduce new and genuine gravitational degrees
of freedom!
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Introduction : Motivating modified gravity

Modified Gravity : General issues to deal with

@ 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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Introduction : Motivating modified gravity

Modified Gravity : General issues to deal with

@ 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 to deal with

@ 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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Modified Gravity : General issues to deal with

@ 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.
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Introduction : Motivating modified gravity

Modified Gravity : General issues to deal with

@ 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 should 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.

C. Charmousis Hairy black holes in scalar tensor theories



Scalar tensor: From BD to Horndenski

Galileons/Horndeski e s

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

Sy = /d“x—g(L2+L3+L4+Ls)

Ly = Ga(¢, X),
L3 = Gs(¢, X)Og),
Ly = Ga(¢, X)R + Gax [(O¢)* — (V. V.0)7]

Ls = Gs(¢, X) G VMV ¢ — GSX [(@9)* = 306(VuV8) +2(VuVu9)*]

the G; are free functions of ¢ and X = 7—V‘ oV, and Gix = 9G;/0X.

@ In fact same action as covariant Galileons [peffayet, Esposito-Farese, Vikman].
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Scalar tensor: From BD to Horndenski

Galileons/Horndeski e s

Su = /d4x\/—g(L2+L3+L4+L5)

L2 = GZ((ZL)-,X)*,
L3 = G3(G)X)D¢,

La = Ga(¢, X)R + Gax [(O)? — (V. V.0)’] ,

G
Ls = Gs(¢, X) G VAV ¢ — %X [(06)® — 306(V,. V. 6)? + 2(V,u V. 6)°]

@ Examples: Gy =1 — R.
Gy =X — GHF'V oV .
G3 = X — "DGP" term, (V¢)20é
Gs = InX — gives GB term, G= R“”"‘BR‘WM; —4RFY R, + R2
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Scalar tensor: From BD to Horndenski

Galileons/Horndeski e s

S = /dAX\/ —g (Lo + L3 + Ly + Ls)

Ly = Gx(4, X),
L3 = G3(¢, X)Oo,

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

= Gs(¢, X) G VA V¥ - GSX [(06)? — 306(V,.Vu)? +2(V,. V0 6)°]

@ 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(L2+L3+L4+L5)

L, = K(X),
L3 = —G3(X)Oo,

Ly = Ga(X)R + Gax [(0¢)? — (VuVu9)?]

_ Gsx
6

Ls = G5(X)Guw V¥V [(09)° - 306(VuV.8) + 2V, V. e)?]

the G; are free functions of ¢ and X = —%V”QSVMZ) and Gix = 0G;/0X.
@ 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 pece: revie soraeizo ana 5o 2015)

During gravitational collapse...
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Black holes and no hair

Black holes have No hair pece: revie soraeizo ana 5o 2015)

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

Black holes have No hair pece: revie soraeizo ana 5o 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 pece: revie soraeizo ana 5o 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 pece: revie soraeizo ana 5o 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 pece: revie soraeizo ana 5o 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 pece: revie soraeizo ana 5o 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.
Scalar tensor black holes radiate monopole gravity waves.
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Black holes and no hair

Black holes have No hair pece: revie soraeizo ana 5o 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.

Scalar tensor black holes radiate monopole gravity waves.

There is no reason for metric and scalar not to radiate for spherical symmetry
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Black holes and no hair

NO ha'r [Hui, Nicolis] [Sotiriou, Zhou] [Babichev, CC, Lehébel]

Static ha e

Consider shift symmetric Horndeski theory with Gp, G3, Ga, Gs arbitrary functions of
X. We have a Noether current J* which is conserved, V,J* = 0.
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Black holes and no hair

NO ha'r [Hui, Nicolis] [Sotiriou, Zhou] [Babichev, CC, Lehébel]

Static hair the

Consider shift symmetric Horndeski theory with Gp, G3, Ga, Gs arbitrary functions of
X. We have a Noether current J* which is conserved, V,J* = 0.
We now suppose that:

© spacetime and scalar are spherically symmetric and static,

d 2
ds? = —h(r)dt? + —— + r2dK?, ¢ = &(r)
f(r)
@ spacetime is asymptotically flat, ¢’ — 0 as r — oo and the norm of the current
J2 is finite on the horizon,

© there is a canonical kinetic term X in the action,

@ and the G; functions are such that their X-derivatives contain only positive or
zero powers of X.

Under these hypotheses, ¢ is constant and thus the only black hole solution is locally
isometric to Schwarzschild.
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Black holes and no hair

NO ha'r [Hui, Nicolis] [Sotiriou, Zhou] [Babichev, CC, Lehébel]

Static hair the

Consider shift symmetric Horndeski theory with Gp, G3, Ga, Gs arbitrary functions of
X. We have a Noether current J* which is conserved, V,J* = 0.
We now suppose that:

© spacetime and scalar are spherically symmetric and static,

d 2

ds? = —h(r)dt? + —— + r2dK?, ¢ = &(r)

f(r)

@ spacetime is asymptotically flat, ¢’ — 0 as r — oo and the norm of the current
J2 is finite on the horizon,

© there is a canonical kinetic term X in the action,

@ and the G; functions are such that their X-derivatives contain only positive or
zero powers of X.

Under these hypotheses, ¢ is constant and thus the only black hole solution is locally
isometric to Schwarzschild.

Most interesting part of no go theorem: Breaking any of these hypotheses leads to
black hole solutions!

Theorem can be extended for star solutions. [Lensbel et a1.]
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Black holes and no hair

Hair versus no hair e oy

Shift-symmetric
Horndeski theories

Gi(X)

Gix contains Gix contains ne-
only positive gative powers of X
powers of X

¢ #0 7=0 J=0 J#0

John, O¢(9¢)* . , eg.Gs D V=X apG & G5 =
- No asymp- Asymptotic - taln|X
e.g. Babichev et al., totic fatness Hatness Babichev et al. —4aln|X|

Kobayashi et al. Stealth Sotiriou-Zhou

Schwarzschild black hole

o9 Rinaldi, Anabalon No kinetic term Kinetic term
et al., Minamitsuji

Gax =0, Gaxx = 0 Everything else

Babichev e al. Stealth Hui-Nicolis theorem
solutions (5 Kerr)

C. Charmousis

iry black holes in scalar tensol



Black holes and no hair

Introducing time dependence, g # 0

Spherical symmetry certainly does not impose staticity (not like GR).
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Black holes and no hair

Introducing time dependence, g # 0

Spherical symmetry certainly does not impose staticity (not like GR).

@ Furthermore, for self accelerating or self tuning solutions one has a time
dependence for the scalar in FRW coordinates
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Black holes and no hair

Introducing time dependence, g # 0

Spherical symmetry certainly does not impose staticity (not like GR).

@ Furthermore, for self accelerating or self tuning solutions one has a time
dependence for the scalar in FRW coordinates

@ In spherical symmetry this leads to a time and radially depending scalar already
for flat spacetime.

C. Charmousis Hairy black holes in scalar tensor theories



Black holes and no hair

Introducing time dependence, g # 0

Spherical symmetry certainly does not impose staticity (not like GR).

@ Furthermore, for self accelerating or self tuning solutions one has a time
dependence for the scalar in FRW coordinates

@ In spherical symmetry this leads to a time and radially depending scalar already
for flat spacetime.

@ So let us allow time dependence for the scalar while keeping for a static and
spherically symmetric spacetime.
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Black holes and no hair

Introducing time dependence, g # 0

Spherical symmetry certainly does not impose staticity (not like GR).

@ Furthermore, for self accelerating or self tuning solutions one has a time
dependence for the scalar in FRW coordinates

@ In spherical symmetry this leads to a time and radially depending scalar already
for flat spacetime.

@ So let us allow time dependence for the scalar while keeping for a static and
spherically symmetric spacetime.

But is this consistent with respect to the field equations:

g@ = 0, 5#’/ = 0
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Black holes and no hair

The question of time dependence, gt + ¥(r)

Consistency theorem [sabichev, cc, Hassaine]

Consider :
-an arbitrary shift symmetric Horndeski theory ¢ — ¢ + ¢
2

di
-a scalar-metric ansatz ds? = —h(r)dt? + Tr) + r?dK?, ¢ = qt + 9(r) with g # 0.
r

The unique solution to the scalar field equation £; = 0 and the “matter flow” metric

equation & = 0 is given by J" = 0.

@ We are killing two birds with one stone.

@ The current now reads, J#J, = —h(Jt)? + (J")?/f and is regular. Time
dependence renders no hair theorem irrelevant.

@ If J* =0 allows ¢’ # 0 solutions then we may construct hairy solutions.

@ This is where the higher order nature of Horndeski theory is essential!!
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Black holes and no hair

General solution

Consider, L = R — 1(8¢)? + BG"8,,$0, ¢ — 2/ For static and spherically symmetric
spacetime.

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) - (2+a-28M% ) k) + G2 =0

All metric and scalar functions given with respect to k and ¢ = qt + ¢(r).
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Black holes and no hair

General solution

Consider, L = R — 1(8¢)? + BG"8,,$0, ¢ — 2/ For static and spherically symmetric
spacetime.

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) - (2+a-28M% ) k) + G2 =0

All metric and scalar functions given with respect to k and ¢ = qt + ¢(r).
For general shift symmetric Gy, G4 the result can be extended, [kobayashi, Tanahashi]
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Black holes and no hair

General solution

Consider, L = R — 1(8¢)? + BG"8,,$0, ¢ — 2/ For static and spherically symmetric
spacetime.

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) - (2+a-28M% ) k) + G2 =0

All metric and scalar functions given with respect to k and ¢ = qt + ¢(r).
For general shift symmetric Gy, G4 the result can be extended, [kobayashi, Tanahashi]

Let us now give some specific examples for the different cases...
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Constructing black hole solutions: Examples

@ Constructing black hole solutions: Examples
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Constructing black hole solutions: Examples

Scalar with constant velocity g # 0

Consider the action,

s:/d“x,/—g [CR—2A =1 (09)* + BGH8.60,6) ...,
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Constructing black hole solutions: Examples

Scalar with constant velocity g # 0

Consider the action,
S = /d“x. /=g [CR— 2N — 1 (89)° + BG" 0,0,9] ...,
@ Scalar field equation and conservation of current,
Vudt =0, J¥ = (ngh"” — BG*")0u¢.

@ Take ds? = —h(r)dt? + ;1(—’:) + r2dQ2, and ¢ = ¢(t,r) then
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Constructing black hole solutions: Examples

Scalar with constant velocity g # 0

Consider the action,
S = /d“x. /=g [CR— 2N — 1 (89)° + BG" 0,0,9] ...,

@ Scalar field equation and conservation of current,

Vudt =0, J* = (ng"” — BG*) B, ¢.
@ Take ds? = —h(r)dt? + ;1(—’:) + r2dQ2, and ¢ = ¢(t,r) then

2
® ¢ =1+ qt while & = fq—fjr — J" = 0 solves both equations...

C. Charmousis Hairy black holes in scalar tensor theories



Constructing black hole solutions: Examples

Scalar with constant velocity g # 0

Consider the action,
S= /d“x, /—g [gR —2A — 0 (96)? + 36#"0#@0,,@}

@ Scalar field equation and conservation of current,

VudH =0, J¢ = (ngh” — BGH)8,¢.

@ Take ds? = —h(r)dt? + ;1(—’:) +r2dQ?, and ¢ = #(t, r) then

@ ¢ =1 + gt while & = —L— — J" = 0 solves both equations...

p 2
°© fG" —ngm =0l =) or ¢ =0

For a higher order theory J” = 0 does not necessarily imply ¢ = const.

J" = 0 means that we kill primary hair since, V,J* =0 — /—g(8G" —ng)0r¢ = c
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Constructing black hole solutions: Examples

Scalar with constant velocity g # 0

Consider the action,
S= /d“x, /—g [gR —2A — 0 (96)? + 36#"0#@0,,@}

@ Scalar field equation and conservation of current,

VudH =0, J¢ = (ngh” — BGH)8,¢.

@ Take ds? = —h(r)dt? + ;1(—’:) +r2dQ?, and ¢ = #(t, r) then

@ ¢ =1 + gt while & = —L— — J" = 0 solves both equations...

p 2
°© fG" —ngm =0l =) or ¢ =0

For a higher order theory J” = 0 does not necessarily imply ¢ = const.

J" = 0 means that we kill primary hair since, V,J* =0 — /—g(8G" —ng)0r¢ = c

@ We now solve for the remaining field egs...
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Constructing black hole solutions: Examples

Solving the remaining EoM

@ From (rr)-component get v’

\/F

’ 2 2\t 22/1/2
wziw(qﬁ(ﬁwwr)h—i(hr)) .
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Constructing black hole solutions: Examples

Solving the remaining EoM

@ From (rr)-component get v’

w:i——ﬂl—(&Mﬁ+mﬂw—

2 .2\/ 1/2
h(B + 1) ey

@ and finally (tt)-component gives h(r) via,

1 k
W) =—%+7 / ,8+(:7)r2 e

BB +nr*)? — (268 + (Cn— BA) r?) k + Gok*/? =0,

with

Any solution to the algebraic eq for k = k(r) gives full solution to the system!
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Constructing black hole solutions: Examples

Solving the remaining EoM

@ From (rr)-component get v’

w:i——ﬂl—(&Mﬁ+mﬂw—

2 .2\/ 1/2
h(B + 1) ey

@ and finally (tt)-component gives h(r) via,

1 k
W) =—%+7 / ,8+(:7)r2 e

BB +nr*)? — (268 + (Cn— BA) r?) k + Gok*/? =0,

with

Any solution to the algebraic eq for k = k(r) gives full solution to the system!

Lets take n = A =0
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Constructing black hole solutions: Examples

Asymptotically flat limit : A=0, =0

® Consider S = [ d*x\/=g [(R + BGH",¢0,¢]

C. Charmousis Hairy black holes in scalar tensor theories



Constructing black hole solutions: Examples

Asymptotically flat limit : A=0, =0

® Consider S = [ d*x\/=g [(R + BGH",¢0,¢]

@ Algebraic equation to solve: g233 — 2(8k + Cok3/2 = 0 — k = constant!
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Constructing black hole solutions: Examples

Asymptotically flat limit : A=0, =0

® Consider S = [ d*x\/=g [(R + BGH",¢0,¢]
@ Algebraic equation to solve: g233 — 2(8k + Cok3/2 = 0 — k = constant!
@ f(r)=h(r)=1—p/r

@ ¢+ =qttqu [2\/§+ log \ﬁ;“fﬂ + ¢o...

C. Charmousis Hairy black holes in scalar tensor theories



Constructing black hole solutions: Examples

Asymptotically flat limit : A=0, n =

® Consider S = [ d*x\/=g [(R + BGH",¢0,¢]

@ Algebraic equation to solve: g233 — 2(8k + Cok3/2 = 0 — k = constant!
f(ry="h(r)=1—p/r
° ¢i*qtiqu{ V& +log §+ } + ¢o..

@ Consider v =t + f(fh)_l/er then ds? = —hdv? + 2/ h/f dvdr + r>dQ?
Regular chart for horizon, EF coordinates
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Constructing black hole solutions: Examples

Asymptotically flat limit : A=0, n =

® Consider S = [ d*x\/=g [(R + BGH",¢0,¢]

@ Algebraic equation to solve: g233 — 2(8k + Cok3/2 = 0 — k = constant!
fF(ry=h(r)=1—p/r

° ¢:I:*qt:|:<#1{ V& +log §+ } + ¢o..

@ Consider v =t + f(fh)_l/er then ds? = —hdv? + 2/ h/f dvdr + r>dQ?
Regular chart for horizon, EF coordinates

@ ¢ =g [v—r+21/ur—2,ulog (\/g—f—l)} + const

@ Scalar regular at future black hole horizon.
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Constructing black hole solutions: Examples

Asymptotically flat limit : A=0, n =

® Consider S = [ d*x\/=g [(R + BGH",¢0,¢]

@ Algebraic equation to solve: g233 — 2(8k + Cok3/2 = 0 — k = constant!
fF(ry=h(r)=1—p/r

° ¢:I:*qt:|:<#1{ V& +log §+ } + ¢o..

@ Consider v =t + f(fh)_l/er then ds? = —hdv? + 2/ h/f dvdr + r>dQ?
Regular chart for horizon, EF coordinates

@ ¢ =g [v—r+21/ur—2,ulog (\/g—f—l)} + const

@ Scalar regular at future black hole horizon.
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Constructing black hole solutions: Examples

Self tuning de Sitter black hole

S= [ d*x\/—g [CR — 27— (8¢)° + “acﬂf'/a,,@a,,@}

o BB+ )P — (208 + (¢n— BA) r?) k + Cok3¥/? =0
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Constructing black hole solutions: Examples

Self tuning de Sitter black hole

S= [ d*x\/—g [¢CR—2A -1 (99)* + BG40, ]

o BB+ )P — (208 + (¢n— BA) r?) k + Cok3¥/? =0
® f=h=1- £+ 3Lr* de Sitter Schwarzschild!

@ ¢ =+7v1—hand ¢(t,r) =qt+(r)
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Constructing black hole solutions: Examples

Self tuning de Sitter black hole

S= [ d*x\/—g [¢CR—2A -1 (99)* + BG40, ]

o BB+ )P — (208 + (¢n— BA) r?) k + Cok3¥/? =0
® f=h=1- £+ 3Lr* de Sitter Schwarzschild!
P =+qV1—hand ¢(t,r) = qt+(r)

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

Self tuning relation : g?n =A— Ay >0

@ Hence for any A > A fixes g, integration constant.
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Constructing black hole solutions: Examples

Self tuning de Sitter black hole

S= [ d*x\/—g [¢CR—2A -1 (99)* + BG40, ]

o BB+ )P — (208 + (¢n— BA) r?) k + Cok3¥/? =0
® f=h=1- £+ 3Lr* de Sitter Schwarzschild!
@ ¢ =+7v1—hand ¢(t,r) =qt+(r)

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

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

@ where Agr = —% is fixed by effective theory.
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Constructing black hole solutions: Examples

Self tuning de Sitter black hole

S= [ d*x\/—g [¢CR—2A -1 (99)* + BG40, ]

o BB+ )P — (208 + (¢n— BA) r?) k + Cok3¥/? =0
® f=h=1- £+ 3Lr* de Sitter Schwarzschild!

@ ¢ =+7v1—hand ¢(t,r) =qt+(r)

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

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

where Agsr = —% is fixed by effective theory.

Solution hides vacuum cosmological constant leaving a smaller effective
cosmological constant [eubitosi, 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 1973]7
Horndeski has shown that the most general action with this property is

Su = /d4x\/—g(L2+L3+L4+L5)

L2 = G2(¢-, X)*
L3 = G3(¢, X)Oo,

Le = Ga(¢, X)R + Gax [(O¢)* ~ (V4 Vo)) ,

Ls = Gs(¢,X) G V* V¥ ¢ — % [(0¢)? - 306(V .V 8)? +2(VuVu9)*]

the G; are free functions of ¢ and X = —%V”qﬁvuqb and Gix = 0G;/0X.
("]
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Constraints from gravity waves

Galileons/Horndeski e s

Su = /d4x\/—g(L2+L3+L4+L5)

L2 = GZ((ZL)-,X)*,
L3 = G3(G)X)D¢,

La = Ga(¢, X)R + Gax [(O)? — (V. V.0)’] ,

G
Ls = Gs(¢, X) G VAV ¢ — %X [(06)® — 306(V,. V. 6)? + 2(V,u V. 6)°]

@ Examples: Gy =1 — R.
Gy =X — GHF'V oV .
G3 = X — "DGP" term, (V¢)20é
Gs = InX — gives GB term, G= R“”"‘BR‘WM; —4RFY R, + R2
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Constraints from gravity waves

Going beyond Horndeski e e, msacarresus o m, posases .a, fangtoss ec.atl,

[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
Ly = Ga(¢, X), L3 = G3(¢, X)Og
Ls = Ga(¢, X)R + Gax [(09)? — |+ Fa(, X)e" 20 €'V ' b, 61 600

Ls = Gs(¢, X)Guv V' V"¢ — == G5X [(@¢)° —3D¢(vuvu¢)2+2(vuvu¢>)3]

o0
+ Fs5(¢p, X)elvPoelt v P o qﬁ,‘,(/)”/(b X0}

Pvv’! "{)[) Poo’
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, zmsiacseresss

How are theories mapped under conformal and disformal transformations?

Buv — gﬁu = Suv + qusvlzd)

@ 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, zmsiacseresss

How are theories mapped under conformal and disformal transformations?

Buv — gﬁu = Suv + qusvlzd)

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, zmsiacseresss

How are theories mapped under conformal and disformal transformations?

Buv — gﬁu = Suv + qusvlzd)

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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Constraints from gravity waves

Conformal and disformal relations g, zmsiacseresss

How are theories mapped under conformal and disformal transformations?

Buv — gﬁu = Suv + qusvlzd)

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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Constraints from gravity waves

GW170817 constraints on scalar tensor theories s, vz,

[Ezquiaga, Zumalacarregui]

@ The combined observation of a gravity wave signal from a binary neutron star
and its GRB counterpart constraints cr = 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 Horndeski the surviving theory has free Gy(¢, X), G3(¢, X), Ga(¢) and
Gs = 0.

@ For beyond Horndeski we have Gs = 0, Fs = 0,2G4 x + XF4 = 0 and theory,
Ler=1 = Ga(, X) + G3(¢, X)O¢ + Ba(, X) R

4
— 3¢ Bax(¢ X)(¢" 6" ¢ 06 — P Suvdr ™)

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

Ga(9, X) Gs(o, X), Ba(¢, X), C(¢, X)
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Constraints from gravity waves

Galileons/Horndeski e s

Ly = G4(d).X)R+ Gux [(D¢)2 (VY. H):] ’

Ls = Gs(¢, X) G VAV & — [(Elo)3 —306(Vu Vi) +2(VuVo9)?]

@ Gg=1—R.
Gy =X — GHYV ¢V, .
Gz = X — "DGP" term, (V¢)2D¢
Gs = InX — gives GB term, G= R‘“"lﬁRW,aﬁ —4RM Ry, + R2
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Constraints from gravity waves

Galileons/Horndeski e s

Ly = Ga(¢, X),

Ls = G3(¢, X)O9,
Ly = Gi(¢)R

Ls =0

@ Gga=1—R.
Gz = X — "DGP" term, (V¢)?0¢
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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, Bs, C

4B, xC
Leyo1 = G + G + By C R — 222X gugrg O
4B, xC  6B4C x2
(74’)( g +8C,XB4,X>¢M¢HV¢)\¢AV
X C
8CXB X v
e (Bt bu)

@ Horndeski is related via a transformation

Suv — éuu = 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, Bs, C

4B, xC
Leyo1 = G + G + By C R — 222X gugrg O
4B, xC  6B4C x2
(74’)( g +8C,XB4,X>¢M¢HV¢)\¢AV
X C
8CXB X v
e (Bt bu)

@ Horndeski is related via a transformation
Suv — éuu = 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 wit 1 minimally coupled to matter
parametrized by Gy, G3, Bs, C
4B, xC
Lepo1 = G+ GsOg + ByCWR — 228X gugrgy Mg
4B; xC  6B4C x>
(7 = 8C,XB4,X>¢M¢;W¢)\¢AV
X C
8C xBs x
— (Gud o)

@ Horndeski is related via a transformation
Suv — éuu = 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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Constraints from gravity waves

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

Lehé&bel]

@ The theory

S= /d"x\ /—g [CR— 2N = (89)* + BG" 0,0, 9] ,
is excluded or it is not in the physical frame.

@ Solution: f=h=1-£4 %r{ ¢ = gt £ $v/1 — h with Aegr = —¢n/B.
@ The physical frame is :

. B
Buv = 8uv — PuPv-
¢+54%

@ Indeed the g, frame is a beyond Horndeski theory with ¢+ =1 for a
cosmological background.
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Constraints from gravity waves

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

Lehé&bel]

@ The theory

S= /d"x\ /—g [CR— 2N = (89)* + BG" 0,0, 9] ,
is excluded or it is not in the physical frame.

@ Solution: f=h=1-£4 %r{ ¢ = gt £ $v/1 — h with Aegr = —¢n/B.
@ The physical frame is :

. B
Buv = 8uv — PuPv-
¢+54%

@ Indeed the g, frame is a beyond Horndeski theory with ¢+ =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, c. s,

Lehé&bel]

@ The theory

S= /d"x\ /—g [CR —2A — 1 (86)° + BG“"&,@OI,@] ,

is excluded or it is not in the physical frame.
@ Solution: f=h=1-£4 %r{ ¢ = qt = 4V/1 — h with A = —Cn/B.
@ The physical frame is :

. B
Buv = 8uv — PuPv-
¢+54%

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

@ The disformed metric is a black hole

@ we have exactly cgrav = 1 for a highly curved background!
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Constraints from gravity waves

Conclusions

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

e 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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Constraints from gravity waves

Conclusions

e 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

e 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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