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Introduction

@ No hair theorem in GR: BHs characterized by mass, spin, charge.

@ Also true in standard scalar-tensor theories when ¢ = 0,
because of divergence at BH horizon = ¢ = const.

@ No longer true when ¢ # 0 (imposed by cosmology),
but small scalar charges in standard scalar-tensor theories.

o Large scalar charges in some Galileon/Horndeski theories.
= Are they consistent with observations?
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Scalar-tensor theories

e Standard scalar kinetic term: —(9,¢)?
= Second order field equation: [y = source

@ Decoupling limit of the Dvali-Gabadadze-Porrati brane model:
cubic kinetic term —(9,,¢)*Cp

= Field equation: 2V, (0"pOp) —O[(0up)*] = source
& 2(0p)? 4 20" 00, 0¢p — 2V” (0"¢V,0,p) = source
& 2(0p)2 42000, — 2(V,8,9)? 200000, = source
& 2(0p)? —2(V, dyp)* — 2RI L0, = source

Nonlinear, but still second order! (= no Ostrogradski ghost)

Large black-hole scalar charges induced by cosmology e IAP, June 30th, 2025 Gilles Esposito-Farese, IAP, CNRS
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Scalar-tensor theories

e Standard scalar kinetic term: —(9,¢)?
= Second order field equation: [y = source

@ Decoupling limit of the Dvali-Gabadadze-Porrati brane model:
cubic kinetic term —(9,,¢)*Cp

= Field equation: 2V, (0"pOp) —O[(0up)*] = source
& 2(0p)? 4 20" 00, 0¢p — 2V” (0"¢V,0,p) = source
& 2(0p)2 42000, — 2(V,8,9)? 200000, = source
& 2(0p)? —2(V, dyp)* — 2RI L0, = source

Nonlinear, but still second order! (= no Ostrogradski ghost)

o Simplest explanation of this “miracle”:

1 ]
—(Oup)* D = 3 P75 0,9 00p VYV s + tot. div.
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Galileons

Notation: ou =040, Y =V, Vyp

Galileons (in 4 dimensions)

1 v @’
L(2,0) = a pPo £ Vpg(p ©Ya = —Spi EX,
1 af 3
Laoy = o 7 e o Oua Pup ~ =0,
Lug = 7 e 0 Pa Pup P
Liso) = e 0, V0 Pus Poy Pos
Lay = 768 0 0a Rupsr =4G* 0,0,
L(Sal) = =5 ()99 Ya Pvg Rpoys-

[Cf also Acosmo, Einstein-Hilbert R, and Gauss-Bonnet R2 4wa + Rz}

pvpo
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Horndeski theories

Notation:

Y =0

Horndeski theories

L0

Lz,
Lia,0)
L(s,0)

L,y
Ls,)

1
afz(%x)

%fb’(@vx)
f4(§0)X)
fS(QO)X)

S4(QD7X)
55(907X)

Cubic Galileon

00000 0000

k)

vpo o

= Vvpo P Pay
po _af

- po Pu Pa
o _af3y

< o Pu Pa

a3y

€ Pur Pa
o _afy

€ o P Pa

_afByo

E P Pa

Puv = VMVVQO»

2

Quintic Horndeski

Gy + G3+ small Gs Conclusions
00000 o

=

s4 5 related to f3 4 5 in Horndeski theories, otherwise “beyond-Horndeski”
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Horndeski theories

Notation: ou = 0up, Y =V, Vo, X=—-¢?

Shift-symmetric Horndeski theories

1 14 «
L(Z,O) = § fz(X) e vpo P Pa;

1 0
L(3,O) = E f3(X) P7e )}pacp Pa Pup,
Lugy =  fil®X) 7, 0 pa pup ooy,
Lsgy = f(X) P 01 00 PuB Py Poss
Lyy = s4(X) ":“';"‘Ua,o ©Va R8s
Lispy = 55(X) e 0, 00 Pup Rpoys.

s4 5 related to f4 5 in Horndeski theories, otherwise “beyond-Horndeski”
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Horndeski theories

Notation: Y = 0ue, Y =V, V0, X=—y,

Subclass of shift-symmetric Horndeski theories

L(270) = a fZ(X) Vpgf(\l/pa@ Pas
1 .
L(S,O) = E f3(X) P7e ))pago Pa PuBs
Lsgy =  f5(X) e 01 Pa uB Loy Poss

~o 36

Lsy = s5(X) ¥ 0y va Pup Ropoys.

s5 related to f5 in Horndeski theories, otherwise “beyond-Horndeski”
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Horndeski theories

Notation: Yu = 0up, Y =V, Vo0, X=—yp,

Subclass of shift-symmetric Horndeski theories

Loo = 3l ky P oo P Pa = ko X,
_ 2 k3 _af k3
L(370) - g W A po P Po Pup ~ WXDQO,
Lso) = 0 X PV 0 Qo Pup Py Pos =0,
1 k5 afvyd
L(Sal) = _6 W e ‘)(/D S‘Q(l 80 B R f{i'

Large black-hole scalar charges induced by cosmology e IAP, June 30th, 2025 Gilles Esposito-Farese, IAP, CNRS



Introduction Horndeski theories Cubic Galileon Quintic Horndeski Gy + G3+ small Gs Conclusions
o 000®0000 00000 0000 00000 o

Other writing of Horndeski theories

Equivalent to other notations used in the literature (still X = —¢ u)

Shift-symmetric (beyond) Horndeski theories

Loo = G(X),
L(3,0) = Gj (X)D(,O —+ tot. diV.,
Luoy+Layy = Ga(X)R+2Gy(X) [(Dgp)z _ @MV@MV]
+F4(X)e"P7 €71 0, pa s @y + tot. div.,
Lisp)+Lisyy = Gs(X)G™ o,
1 v 14
_gGIS(X) |:(D99)3 -3 Dgp @uu@pﬂ + 299uu99 p</9pl{|
+F5(X) =B 5 Do PuE Py Pos + tot. div.
o ks ks
In this work: Gz( ) = kX, G3( ) MZX G5( ) WX'

Large black-hole scalar charges induced by cosmology e IAP, June 30th, 2025 Gilles Esposito-Farese, IAP, CNRS
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Considered subclass of Horndeski theories

Notation: Y = 0up, o =V, Ve, X=—¢2

Subclass of shift-symmetric Horndeski theories

R
S = Ml%l/ \,gd4x{2 - f\bzu'c

k3 ks ., .
+ky X + WX Uy + WX G‘WQPMV

1 ks v 14
_gw [(D@)3 -3 D‘P S‘Q,LLI/L}QM +2 PuvP p¢pu] }

+Smater[matter fields, €27 g, ]

1 0S
Shift symmetry if « = 0 = 3 conserved current: J* = ———

V=8 60up

Scalar field equation: V,J* =0  [or — aTmater]

Large black-hole scalar charges induced by cosmology e IAP, June 30th, 2025 Gilles Esposito-Farese, IAP, CNRS
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Considered subclass of Horndeski theories

FLRW metric ds* = —d7? + a(7)? (dp® + p*dQ¥?), H =a/a

Cosmological field equations

€ k3
3H? = —— 4+ Apure + K '2—6H— O(k
M%I—’_ bare T 20 M 90 + (5)
. E+p k3
G — k —3H — O(k
0, + kyp? JYE =@ + O(ks),

Cgray 2 k . : -
ar = <(~7) — 1~ 2HMS4(P3’ GW detection: |az| < 1071

Large black-hole scalar charges induced by cosmology e IAP, June 30th, 2025 Gilles Esposito-Farese, IAP, CNRS
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Considered subclass of Horndeski theories

FLRW metric ds* = —d7? + a(7)? (dp* + p*dQ?*), H =a/a

Cosmological field equations

3H? = M%1+ Avare + kpp? —6Hﬁk7<p + O(ks),
H = Z;;gww —3HAk4 & + O(ks),
VJh=0 = or (ijo) =0 for a(e - 3p)]
with 1‘{1;1 = —2k299+6H ks — <Z>2k5] g

Large a at late times =J%—=0, andp #0ifk, <0
. 2
= Pcosmo = 3” {k - (*) kS}

Large black-hole scalar charges induced by cosmology e IAP, June 30th, 2025 Gilles Esposito-Farese, IAP, CNRS
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Considered subclass of Horndeski theories

d 2
Schwarzschild-de Sitter metric  ds> = —f(r)df® + JTF) + r2dQ?
r
with f(r) = 1-—2 —(Hr)?.
r
Assume (1, r) = put+ o(r).

Test scalar field equation near black hole

V=0 = 0 () =0 = 1=
with M:% = A’ +BY +C,
A = f,z Kf f>k3+z/l;);f’k5],
B = 2k,
c = -la+iz :)zks]f}ﬁgz'

.
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Considered subclass of Horndeski theories

Test scalar field equation near black hole

Aa,o'2 +By +C = anzlrs (notation),
r
—B+VvA
theref = ——
erefore N ,
with A = B> —4A (C— aBg”) :
I

Three results to keep in mind:

@ ¢ # 0 imposed by cosmology
e ¢’ is a source for the BH scalar hair

@ A > 0 necessary for real ' solution
= any zero of A must be double

Large black-hole scalar charges induced by cosmology e IAP, June 30th, 2025 Gilles Esposito-Farese, IAP, CNRS
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G, + G3: Sign of £v/A

Simple model but allows self-acceleration (Acfrecive 7 0 With Apye = 0)
or self-tuning (Acfrecive <€ Avare ~ Mo

. . Hr
@ If no BH, homogenenous @cosmo = T = 90' = —Pc T,
1 — (Hr)
B|£|Bl _ C
@ IfA — 0, then BB € O(A
@ A I (4)
( | | )
I I
I I
. —B-4VA | . —B+VJA , . —B-VJA
7 24 ¥ 24 ¥ 24
I I
I I
Acoustic Double BH Double Cosmological
. Pole . Pole .
horizon root horizon root horizon
Gllaw =0 A=0 A=0 f=0 A=0 A=0 f=0
- A - - - A = r
3 o - 1 157rg 1 1
TN475~+@H2 rarg + H2r 7'zﬁ+ erb TR T 5T
3 9 9 3 21 3
(:11'3 3—2\/3[[7@ IN415+ \les rx\/;ﬁ—grs )
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G, + Gj: Solving for the double roots of A

Each double root of A imposes a relation between ¢y and agy
= Two double roots fix both of them!

Regularity of ¢’ solution

. . 3
$PBH = {Pcosmo X |:1 + EﬂHrS + 0O (Hzr‘g2):| ’

2
OBE = 3k3<"9A'34H) [1+ O (Hrs)]

o Consistent ¥y 2 Peosmo

e apy = O(1) = a priori large deviations from general relativity!

Large black-hole scalar charges induced by cosmology e IAP, June 30th, 2025 Gilles Esposito-Farese, IAP, CNRS
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G, + G3: Gravitational-wave emission

GW energy flux

5
2 I‘g‘
Fgr =~ , [with r4p = interbody distance]
SG r'AB
_ dlpole Fquadrupole : : g
fseir = scalar sl X (Valnshtem screening factor),
dipol 1 rs \* 2
FOPP¢ ~ [ 2 ) (a4 —ap
scalar 86T \raz) ¢ 2
drupol 1 TS :
Fqua upole ) Qg
scalar 15G ’ ko ‘ YAB

1 [koM\?
Here, agy ~ % (2) for all BHs = no dipole

Large black-hole scalar charges induced by cosmology e IAP, June 30th, 2025 Gilles Esposito-Farese, IAP, CNRS
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G, + G3: Vainshtein screening

In ¢

12

— Inr
s Ta "Vainshtein
G3 domination G2 domination
3/2
" = 7|k3aBH I"s screening factor /
Vainshtein — 2 ’
k2M 2 "'Vainshtein

Large black-hole scalar charges induced by cosmology e IAP, June 30th, 2025 Gilles Esposito-Farese, IAP, CNRS
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G, + G3: LIGO/Virgo/LISA?

Largest effects when self-acceleration (M* = 33k321* /|k,|?)

GW energy flux

Fscalar ~ 25 H 1
FGR 3\/§ QP (Qpl‘g)s/6

Fscalar

= o N 6x 10~"® for LIGO/Virgo
Fscalar
—ow 4 x 107" for LISA

In spite of O(1) scalar charge oy, all experimental tests are passed,
thanks to Vainshtein screening.

Large black-hole scalar charges induced by cosmology e IAP, June 30th, 2025 Gilles Esposito-Farese, IAP, CNRS
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Not possible to have self-acceleration in this model:

.“liil\‘ 2 — M —
(‘—) <1078 = L <2x 1072
c H
Regularity of ¢’ solution
Q-QBH ~ @cosmm

2ou \’ 5,
oy = 2ks <31:;2B}Hg> [I—I-O(H‘i‘;)]

loar| =

2 [ 2kM?\° 5,
— = (32 D+o@a),
3 79
Fdouble root = 5’”.5' [1+O(H'I‘§)].

= Huge scalar charge apy o 1/ (Hrg)2
in spite of negligible influence of ¢ for cosmological expansion

Large black-hole scalar charges induced by cosmology e IAP, June 30th, 2025 Gilles Esposito-Farese, IAP, CNRS
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G, + Gs5: Accretion

. QBH'S .
Stress-energy tensor of p: T", = —J ¢opy = — ng@BH

1

. X —
|oBH oBH| |yl

=> BH mass changes in characteristic time

= BH accretes local gy until characteristic time > BH’s age
(N.B.: This depends on theory parameter M and on BH’s mass )

After scalar accretion

onnl > <9HM41~S2>1/3
¥YBH ~ 8’](5‘ )

1/3
oml > 2 (2N
~ 9M4I‘52

= Still large scalar charge oy o< (Hrs)~%/3
Depends on 75 = dipolar radiation o< (cy — a3)2

Large black-hole scalar charges induced by cosmology e IAP, June 30th, 2025 Gilles Esposito-Farese, IAP, CNRS
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G, + G3: Vainshtein screening

In ¢

12

— Inr
s Ta "Vainshtein
G3 domination G2 domination
3/2
" = 7|k3aBH I"s screening factor /
Vainshtein — 2 ’
k2M 2 "'Vainshtein

Large black-hole scalar charges induced by cosmology e IAP, June 30th, 2025 Gilles Esposito-Farese, IAP, CNRS



Introduction Horndeski theories Cubic Galileon Quintic Horndeski Gy + G3+ small Gs Conclusions
o 00000000 00000 [ele] To} 00000 o

G, + Gs: Vainshtein screening

Ing'
r i 2
: ‘ ‘ : Inr
s Tap A TVainshtein
G5 domination G2 domination
. 3
3 |ksosh| 75 . A
FNainshtein = —— = ————» screening factor | ———
ﬁ |k2 |M 2 F'Vainshtein
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G, + Gs: LIGO/Virgo/LISA

k2, o\ °
Large scalar accretion 1f — > ( Hzr'>

23|k, 3
GW energy flux
Fscalar 5H 1
>
FGR ~ 72Qp (Qpl'x) 8/3
Fscalar 6 .
= ZoR > 4 x 10~ for LIGO/Virgo
Fscalar »
“FOR = 107° for LISA > expected bounds

o LIGO/Virgo tests passed although large apyy oc (Hrg)~2/3,

M
@ LISA should constrain T <5x107° & |ag| <3 x 1077
10~2! tighter than GW speed bound!

Large black-hole scalar charges induced by cosmology e IAP, June 30th, 2025 Gilles Esposito-Farese, IAP, CNRS
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G, + G5+ small Gs
Assume k; and k3 of O(1) but ks small:
(H}"g) <K M < Hrg

@ kp and k3 dominate at large distances = self-acceleration

k3

@ ks dominates close to BH = large deviations from GR

Regularity of ¢’ solution for small accretion

Conclusions
o

Q

OBH

QBH

X
)
»
W
7N
W[
SRS
| g
> ||l
~__
[\S)
oo
»
W
7N
Ne}
& o~
ml\)
"
[\)

T'double root  ~ E’S'

= Large scalar charge agy o ks/(Hrs)?
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G, + G3+ small Gs5: Accretion

When accretion is large:

@ BHs decouple from cosmological background produced by G, + G3

@ Their final state is generated by Gs, which dominates locally

= After accretion, same results as G, + G5 model

Large black-hole scalar charges induced by cosmology e IAP, June 30th, 2025 Gilles Esposito-Farese, IAP, CNRS
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G, + G3: Vainshtein screening

In ¢

12

— Inr
s Ta "Vainshtein
G3 domination G2 domination
3/2
" = 7|k3aBH I"s screening factor /
Vainshtein — 2 ’
k2M 2 "'Vainshtein
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G, + Gs: Vainshtein screening

Ing'
r i 2
: ‘ ‘ : Inr
s Tap A TVainshtein
G5 domination G2 domination
. 3
3 |ksosh| 75 . A
FNainshtein = —— = ————» screening factor | ———
ﬁ |k2 |M 2 F'Vainshtein
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G, + G3+ small Gs: Vainshtein screening

Ing'
e, o
..... "
|
...... !
<12
l |
| :
|
| |
| | .
1 1 3 o
| | | .
r | | P\ e
| | |
| | |
| | |
| | | r=2
| | |
| | |
| | |
| | | "
L ‘ ‘ ‘ nr
rg Tap M vas  Tvas Tvas
G5 domination G3 domination G2 domination

|ks|rs 3 Viksagulrs 3 |ksoswlrs

3
s = =5, Fns=—F7m——", I3 =—5—7>—
V35 2|k3‘M2 V25 \/§|k2|M2 V23 k%Mz
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G, + Gs+ small Gs: LIGO/Virgo constraints

M/H

1010

1075

(Hry 10738 1073 10728

Large black-hole scalar charges induced by cosmology e IAP, June 30th, 2025

10-23

Hrg

Gilles Esposito-Farese, IAP, CNRS



Intmduction Horndeski theories Cubic Galileon Quintic Horndeski Gy + G3+ small G5 Conclusions

G, + Gs+ small Gs: LIGO/Virgo constraints

10-10

L L L L L 1 L |k |
(Hr)? 10738 1073 10728 028y, 08 7
§ s
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G, + Gs+ small Gs: LIGO/Virgo constraints

M/H

L L L L L 1 L |k |
(Hr)? 10738 10733 10728 108y, w08 7
s s
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G, + Gs+ small Gs: LIGO/Virgo constraints

M/H

self-acceleration

L L L L L L L |k5|
10738 1073 10728 1072 10718
(Hr)? Hr,
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G, + Gs+ small Gs: LIGO/Virgo constraints

M/H

1010

10-10

L L L L L I L |k5|
10738 1073 10728 1072 10718
(Hr)? Hr,
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G, + Gs+ small Gs: LIGO/Virgo constraints

M/H

1010

10-10

L L L L L 1 L |k |
(Hr)? 10738 10733 10728 108y, w08 7
s s
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G, + Gs+ small Gs: LIGO/Virgo constraints

M/H

1010

10-10

L L L L L I L |k5|
10738 1073 10728 1072 10718
(Hr)? Hr,
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G, + Gs+ small Gs: LIGO/Virgo constraints

M/H

1010

10-10

L L L L L I L |k5|
10738 10733 10728 1072 10718
(Hr)? Hr,
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G, + Gs+ small Gs: LIGO/Virgo constraints

M/H

1010

10-10

Ik

(Hr)? 10738 1073 10728 1023y, 1078
s s
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Very interesting predictions of Horndeski theories:
Generic self-tuning (Aqfreciive << Apare ~ M%mmk)
or self-acceleration (Acfrecive # 0 with Ay, = 0),
Vainshtein screening in the solar system, no ghosts.

Accelerated expansion of Universe = large BH scalar charges
in models containing G3 and/or Gs (# general relativity!)

Cubic Galileon model G, + G5 predicts O(1) scalar charges,
but consistent with GW data thanks to Vainshtein screening.

Quintic model G, + Gs: huge scalar charges oc 1/(Hrs)? =
strong scalar accretion. After this, scalar charge oc (Hrg) /3.
LISA should improve GW speed constraint (on o) by 10721,

Conclusions
L]

Full model G, + G3+ small Gs: BH physics dominated by G, + Gs,

cosmology by G, + Gj (self-acceleration possible).
LISA should improve GW speed constraint by 10716

To be further studied: stability, radial vs orthoradial sound velocities,
precise scalar radiation when ¢ # 0, time evolution of accretion?

Gilles Esposito-Farese, IAP, CNRS
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