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 GW astronomy provides a new window to test GR, in
particular in the strong field regime.

e Why Modity GR ? — GR seems compatible with most

observations
= Understand cosmological acceleration
= Explore alternative gravitational theories— what singles out GR
as a theory ?
= Step toward quantum gravity

e|n this talk: scalar-tensor theories (allowing for 2nd

order derivatives in their Lagrangian)
= Extract quantitative deviation of DHOST theories

Simon Iteanu | IP21|October 5



Modified Theories of gravity
And DHOST theories
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Modified Theories of Gravity And Scalar Tensors

Lovelock Theorem

Lovelock's theorem: |In 4d, the only rank-2 tensor
constructed solely from the metric g, and its

derivatives up to second differential order,
preserving diffeomorphism invariance and arising
from a least action principle is the Einstein tensor
plus a cosmological term.

Laboratoire de Physique
des 2 Infinis
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Modified Theories of Gravity And Scalar Tensors

Lovelock Theorem Scalar Tensor Theories

Lovelock's theorem: In 4d, the only rank-2 tensor -- : : :
constructed solely from the metric 8w and its * Tradltlonal scalar tensor theorles '

derivatives up to second differential order, g ( V,{¢a ¢)

preserving diffeomorphism invariance and arising : : :
from a least action principle is the Einstein tensor * Generahzed theorles W|th SeCOﬂd

plus a cosmological term. order derivatives

7 (V,V.0.V,6.9)

* |n general, they contain an extra
degree of freedom, expected to
lead to instabillities

L(G,q,q)

 Butthis can be avoided if the
theory is degenerate (2nd-order
equations of motion not
necessary ) =-=DHOST
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Compact objects
INn DHOST theories
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Non-Rotating BH

Consider a static spherically symmetric BH with a nontrivial scalar field

2
ds* = — J(r)dr* + +r* ( d6* + sin* 6 de?)

DHOST theories

(r)

- Scalar field: @(t, r) = gt + w(r) [Babichev, Charmousis '13]

The scalar charge g can constitute an additional charge.
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DHOST theories
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Non-Rotating BH

Consider a static spherically symmetric BH with a nontrivial scalar field

2
ds* = — J(r)dr* + +r* ( d6* + sin* 6 de?)

(r)

- Scalar field: ¢p(t, r) = gt + w(r) [Babichev, Charmousis '13]

The scalar charge g can constitute an additional charge.

Phenomenology

e ¢ lives close to the BH and modify the geometry
e On the background : induces parametrized modification in &(r), SB(r)

e On the GW signal : new polarizations, new modes...

(0 0]
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Example: Hairy BH [2310.11919]

General Hairy BH

2M zpr’r u? du
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BH Perturbation
T'heory
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BH Perturbations f?l.@&ab]

* Ringdown phase of a BH merger is interesting for
(modified) gravity models, as it can be described by BH
perturbations.

Inspiral Merger | Ring-
down

e Deviations to GR in the context of DHOST theories ?
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BH perturbations in GR ‘y&%“’b]

In General Relativity

bed
8w =28, *+h,

« Perturbation parametrized by the 10 components of h/w
. Expand on Fourier modes f(t, r) = f(r)e™*" and on spherical

harmonics Y,, (0, @)
e Axial Sector |Regge-Wheeler 1953 ] and Polar sector | Zerilll 1970)]
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BH perturbations in GR ?)g“’b]

In General Relativity

_ . bgd
g,ul/ T g,uvg +h,ul/

« Perturbation parametrized by the 10 components of h/w
. Expand on Fourier modes f(¢, ) = f(r)e™*" and on spherical

harmonics Y,, (0, @)
e Axial Sector |Regge-Wheeler 1953 ] and Polar sector | Zerilll 1970)]

Modified Gravity

eReproduce a similar analysis in scalar tensor theory

e|dentify generic features that distinguish them from GR

13
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Radial perturbations, £ = 0 ?).C“’b]

* In GR, radial perturbations are absent as a consequence of Birkhoftt’s
theorem.

DHOST

e In DHOST: radial perturbations describes a single degree of freedom
which combines both scalar and metric perturbations.

e [ts propagation can be described by a simple Schrodinger-like equation in
some appropriate coordinates (z,, r,).

0> 0’
otz  Orz

T+VeffT=0

| 4
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Schrodinger coordinates
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2 Infi

GR for £ > 2 : Tortoise
Coordinates

. The domain of r,

extends from the
horizon at — oo to

spatial infinity at + o0

 Vanishing Potential at
both ends

« Boundary conditions
imposed at both end.

 QNMs appear
(complex frequencies)

|5
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Schrodinger coordinates

IéJJ liot-Cur ]
> ) s ' :
GR for ¢ > 2 : Tortoise Hairy BH Monopole
Coordinates

. The domain of 7, « Because ¢ is regular up to the
extends from the singularity at r=0
horizon at — oo to r, € [0,r, %]

spatial infinity at + o0
e Different potential behaviors
 Vanishing Potential at
both ends eResult in different boundary
conditions
« Boundary conditions
imposed at both end. || ®*Now appearance of normal
modes (real frequencies)
 QNMs appear
(complex frequencies)
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Computing the lowest modes

Hairy BH Monopole

e Positive Schrodinger operator — time evolution of W
remains bounded at all times.

Laboratoire de Physique
des 2 Infinis

e Real values of w
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Conclusions

|18
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o B

 DHOST theories generically give rise to a monopole

e For an interesting subclass of theories, this monopole
IS described by real frequencies.
But how do we measure them in practice?

» Future perspective: higher £ with the dipole and the
multipoles

Thank you for your attention!
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Additional Slides
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DHOST theories ’QJ.CLab]

Quadratic DHOST

5 -
§ = Jd“xﬁ PX.$) + OX.p) ¢+ FX. YR + Y, AX. )L
i=1

1
Where = — EVﬂgb VED ¢, =V, ¢, =V, V,¢

L =g, LP=O¢> L =( NP "
LY = 44, 7, 1O = (#,0")
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Quadratic DHOST

5 -
§ = Jd“xﬁ PX.$) + OX.p) ¢+ FX. YR + Y, AX. )L
i=1

DHOST theories

1
Where = — EVﬂgb VED ¢, =V, ¢, =V, V,¢

L =g, LP=O¢> L =( NP "
LY = 44, 7, 1O = (#,0")

Possible extensions

o Possible extension to cubic order (in ¢,

10
LO = Fy(X, )G, " + ) B(X,$)LY
=1

U ) [Ben Achour, Crisostomi, Koyama, Langlois, Noui & Tasinato '16]

e DHOST includes Horndeski, Beyond Horndeski, Einstein-scalar-Gauss-Bonnet
e.g. (quadratic) Horndeski: A, = —A; = F, X, Ay;=A;,=As=0

22
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Non-Rotating BH

Consider a static spherically symmetric BH with a nontrivial scalar field

2
ds* = — J(r)dr* + +r* ( d6* + sin* 6 de?)

DHOST theories

(r)

- Scalar field: @(t, r) = gt + w(r) [Babichev, Charmousis '13]

The scalar charge g # 0 possible in shift-symmetric theories

23
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Family of BH with Primary Hair
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Quadratic DHOST theories considered

20
P(X) — _Xpa
/12

F(X)=1-2XA,,

Then, one is able to find explicit solutions:

.,
A1(X)=EX :

a
A3(X) = 5(219 — 1xP~*

2u 26, (7 wu*d
dr)=Br) =1-F_ p[ S
r rJo (1 +u2)
5\ P
The scalar Hair ¢, = a(2p — 1)(%)
rd X — q° () = q \/1_ A (r)
2(1472) A(r) 1+ r2
24
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Self-adjointness of the Schrodinger operator
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Asymptotic Behavior

a
Schematically, V(r,) —

r>I<
Depending on the value of @ we need to impose boundary
conditions in order for the Schrédinger operator to be self-adjoint.

l//(?’ max) — W(O) =0

Positivity

max max

/ * dT*\TjogE\IlzggO_fggmax‘i_/ * dr*’@qj‘z7
0 0
9¥ = 0,V + SV,

By =lm Y9V, RBo.x = lim TIU.

7+—0 T —Tax
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Hairy BH Monopole

. Pass to Fourier space  WP(t,,r,) = e "““¥(r,) and define
the Schrodinger operator £

Self adjoint operator and positivity of the spectrum

R :
LY = : efflP = \P,

dr2
. Impose Boundary conditions at the zeros of r* + 1 — /(r)
and at spatial infinity to define a self-adjoint-operator.

e Prove positivity of the spectrum using the S-deformation:
dS

dr,

Veff — SZ
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Disformal Transformation

Disformal Transformation
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"ucLab]

Transformation [Bekenstein '92]

8w — 8 = CX,9)g,, + DX, ¢)0,00,¢

Generating new theories

From S [gb, gwl , One gets the new action

S [cb, gﬂy] =S [cb, g,=Cg,+ quﬂfﬁy]

27
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Disformal Transformation
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Physically relevant

DHOST families are

closed under these
transformations

Generating new theories

When standard fields are minimally coupled, two disformally related theories are
physically inequivalent!

S 808 + S0 | oo 8] # 5 |88 + S0 [ B

28
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Non-Rotating BH

Consider a static spherically symmetric BH with a nontrivial scalar field

2
ds* = — J(r)dr* + +r* ( d6* + sin* 6 de?)

(7)
- Scalar field: ¢p(t, r) = gt + w(r) [Babichev, Charmousis '13]

The scalar charge g # 0 possible in shift-symmetric theories

Some Examples

_ «stealth» Schwarzschild: o = B=1-L2

r
b H
. <BCL» [Babichev, Charmousis, Lehébel 17]. A =B =1—-———=£&
r 2r2
2ulr

, 4d Gauss-Bonnet [Glavan Lin 19, Lu Pang 2 0] A =9%B=1-

1++/1+4daulr3

. Scalar-Gauss-Bonnet [Julié Berti 19| f = AB =1 — ad + az(r)e2 + ...
r

~NO
L7
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BH PerturbatiOnS in GR Irér!JoliotCurie]
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In General Relativity

harmonics Y,, (0, @)

Suv =

bgd
Uv

 Expand on Fourier modes f(t,r) = f(r)e

+hﬂ

U
« Perturbation parametrized by the 10 components of h/w

—iwt

and on spherical

30
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Schrodinger coordinates ?).CL*"’]
Coordinates

L, =1 t>x<=¢ r*(r)EJ_X’
"o dx e
nAr) = J oA (x)
(P4 1)/ + 1 - a)
. Boundary conditions n(r) = \/2]9 — 17 |
imposed at the zero
f of (x
of & (x) . Boundary conditions :
. The domain of r, zeros of r* + 1 )
extends from — oo to
- . r, € [0,r%]
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BH perturbations in GR
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In General Relativity

harmonics Y,, (0, @)

« Perturbation parametrized by the 10 components of h/w
 Expand on Fourier modes f(t,r) = f(r)e

—iwt

and on spherical

AXxial Sector

Polar Sector

ho(r), h(r) [Regge-Wheeler gauge]

(00
0 0

{.m Sym Sy

sym sym

1
sin 0
1
sin 0

hgm(‘?(p — sin thm(?g\

o
0
0

d, —sin thmﬁg
0
0

/

Hy, H\,H,,K [/erilli gauge]

A(r)Hy™(r)
H{™(r)

0

Hfm(r) 0 0
A~ Y(r)H™(r 0 0
( ) 2 ( ) , ) nm(e, 90)
0 K™ (r)r 0
0 0 K (r)r?sin® 6

(And 0¢ in DHOST)
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