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Modified gravity theories

Most of the modifications and extensions of GW which have been proposed so far
can be expressed in terms of new fundamental fields (in particular, scalar fields)
in the gravitational sector of the theory.

Arguably, the simplest of such modifications are the scalar-tensor theories Al d‘me”S‘O”SI WEP violations I

Lovelock
theorem

e Simplest (“Bergmann-Wagoner”) scalar-tensor theories:

w(9)
¢

Note that in these theories no-hair theorem applies: BHs as in GR!
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* Quadratic gravity: scalar-tensor theories with quadratic curvature terms:
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E-H action is the first term in an expansion containing all possible curvature terms,
as suggested by low-energy effective string theories.

In general these theories have ghosts and other pathologies, with the exception of
a particular combination of the curvature invariants: scalar Gauss-Bonnet gravity
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Modified gravity theories

sGB gravity can also be obtained from the class of Horndeski gravity theories, which are all scalar-tensor theories with second-order-in-time field equations
(and thus free from the so-called Ostrogradski instability):

S — / d437\/jg {K(¢7 X) - G3(¢7 LE) ¢ + G4(¢7 X)R T G47X (( ¢)2 o (VMV,/¢)(VMVV¢)) In the decoupling limit (ms—0 with ms2Mp, finite)

reduces to Galileon theory: scalar field action in

1 at space wi erivative interactions
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+ Smatter (wma g,ul/) (X — a,u¢8'u¢)

A particular combination of the functions Gi(including Gs) leads to scalar Gauss-Bonnet gravity :

1 1
S = / d*z\/—g {R — 50,0090 +agrf (45)73?;3} (Ré&p = RuvapR*™* — 4R, R" + R?)

167G
Gauss-Bonnet term: total derivative!

* they are the simplest scalar-tensor gravity theories in which no-hair theorems do not apply
(in the case of shift-symmetric theories, sGB gravity are the only Horndeski theories violating no-hair theorems! [Sotiriou & Zhou, PRL ’14])

 GR deviations appear at large curvatures => no constraints from binary pulsars, need GW

e can arise from string-theory compactifications (f(¢)=e®: Einstein-dilaton Gauss-Bonnet)

* the Gauss-Bonnet term can be seen as an effective-field-theory contribution

but:

* in sGB gravity, scalar field can not have cosmological interpretation (ruled out by GW170817)

* dimensionful coupling constant 'as needs to be at least of order km2 for observable GW signature (EFT interpretation requires new scale in the theory besides Ip)
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sGB gravity theories

1 1
S = "% /d4x\/jg {R — §5u¢5w¢ + aGBf(Qb)RQGB}
Field equations:
0 =—acBf+Rén
1 1 1 . o
Ry — §9WR 9 (8qu0,,¢ B §9W80‘¢aa¢) B &GBQW(MQV)5505PXVT[ R, O f]

Stationary BH solutions:

o if f’(p)=0 then for each (M,J) there is one stationary BH solution, with non-trivial scalar field configuration (hairy BH)

D 1
- scalar field of stationary BHs chacterized by its scalar charge D: ¢ = const. A . -0 <r_2>
. . AGB 2
for instance, a non-rotating BH has scalar charge D = 5C M - O (@GB)

dGB

- stationary BHs only exist for ( = (G M)

5> < """ ~1 otherwise the BH becomes a naked singularity (Sotiriou & Zhou PRD *14) => minimum mass!

- examples: (i) Einstein-dilaton Gauss-Bonnet (EAGB) gravity oagp =

o 1
— = — ¢
; f@=7e
(i) shift-symmetric Gauss-Bonnet gravity f(o) = ¢

 if f'(¢)=0 for some ¢, then the Kerr BH with ¢=const. is a solution of the field equations.

For some values of the mass or angular momentum, scalarized solutions can exist as well, and Kerr BHs naturally grow scalar fields (spontaneous scalarization)
(Silva et al., PRL ’18; Doneva et Yazadjiev, PRL ’18; Dima et al., PRL '20; Herdeiro et al., PRL 21)
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sGB gravity theories

1 1
S = "% /d4x\/jg {R — §5u¢5)“¢ + aGBf(Qb)RQGB}
Field equations:
0 =—acBf+Rén
1 1 1 . o
Ry — §9WR 9 ((%gb(?,,qb B §9Wao‘¢aa¢> B &GBQW(MQWSEG(SPXVT[ R, O f]

Stationary BH solutions:

o if f’(p)=0 then for each (M,J) there is one stationary BH solution, with non-trivial scalar field configuration (hairy BH)

D 1
- scalar field of stationary BHs chacterized by its scalar charge D: ¢ = const. A . -0 <r_2>
. . AGB 2
for instance, a non-rotating BH has scalar charge D = 5C M - O (aGB)

dGB

- stationary BHs only exist for ( = (G M)

5> < """ ~1 otherwise the BH becomes a naked singularity (Sotiriou & Zhou PRD *14) => minimum mass!

- examples: (i) Einstein-dilaton Gauss-Bonnet (EdGB) gravity «agp =

o 1
— _= — qb
R IOEST
(i) shift-symmetric Gauss-Bonnet gravity f(o) = ¢

 if f'(¢)=0 for some ¢, then the Kerr BH with ¢=const. is a solution of the field equations.

For some values of the mass or angular momentum, scalarized solutions can exist as well, and Kerr BHs naturally grow scalar fields (spontaneous scalarization)
(Silva et al., PRL ’18; Doneva et Yazadjiev, PRL ’18; Dima et al., PRL '20; Herdeiro et al., PRL 21)
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EdGB gravity

(Mignemi & Stewart PRD °93; Kanti et al. PRD °96; Torii & Maeda, PRD °97; Pani & Cardoso PRD °09; Yunes & Stein PRD ’11; Kleinhaus et al. PRL ’11)

1

5= 167G

[dov=a{ R - 50,000+ acaf@REs | win  acs = fe)= ¢

« The GB term arises in low-energy EFT limit of heterotic ST (Gross & Sloane, NPB ’87, Metsaev & Tseytlin NPB °87)

* f'($b)=0: for each choice of (M,J), one stationary BH solution with D=ttcs/(2GM)

* (non-rotating) BHs exist for acs/(GM)2 < 0.619

* existing bounds: |/agp < 5km from LIGO/Virgo observations (Perkins et al., PRD 21)

- future bounds: ~ one order of magnitude stronger from LISA (Maselli et al., Nature Astr. 22)

. equivalent to shift-symmetric sGB gravity

1 1
. for | | i i i = Jef o~ o
or low values of the coupling and thus for small amplitudes of the scalar field, f(¢) e 4qb Sotiriou & Zhou PRL 14, Barausse & Yagi PRL '15)

4

In the rest of the talk | will discuss two recent developments concerning EAGB gravity:
1. QNMs of rotating BHs in EAGB gravity

2. how to detect the scalar charge of EAGB gravity (and other scalar-tensor theories) with LISA

Many other aspects, such as the modelling of inspiral (post-Newtonian expansion) and merger (numerical relativity) not discussed in this talk.
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Quasi-normal modes of rotating BHs in EAGB gravity

We know BH QNMs in very few theories, and - until recently - only for non-rotating BHs.
We need examples of QNM modifications in specific theories, to improve searches for GR deviations in GW data from ringdown!
EdJGB gravity is now the only example of computation of QNMs of rotating BHs to second order in spin (another example exists at first order)

_ (0 _ _9GB 412
| Juv = gl(“/) -+ h,ul/ S ¢ = 4 Ras
Perturbation theory: (0) 1 1 1 Qo
¢ — ¢ —I_ 5¢ R,ul/ — §g,ul/R — 5 <8/L¢al/¢ o §gul/8a¢aa¢> o Tg'y(,ugz/)égaévaT[*R’yq,-oxe¢aa¢]
Background:
stationary, rotating BH ds'D2% = —A(r,0)dt> + B~ (r,0)dr?® + C(r, 0)r*[d6? + sin® 0(dy — &(r, §)dt)?] . 60(r,0)
with (M, J)
It can be found numerically (Kanti et al. PRD ‘96), or in terms of polynomial expansions (Maselli et al., PRD ’15):
[G=c=1 units]
2M M’ ¢? h have defined
Alr. 0) = —1 + | 2p 0y — > 4 where we have define
(r6) r 7 {X 2(cos ) 48 i } " the dimensionless coupling
M |1 73 1
O)(r, 9) = — | = — P — =4 - - i
¢ (1, 0) = Ppoo + . {QC + 48()C 8CX + } and the dimensionless spin
> : Th 1 49
Near the horizon: A(r,0) = Z a;(r—rp) where v 2 — 5)(2 + %Cz T

1=0

rn/M

Note that this is a small coupling and slow rotation expansion: does not converge for rapidly rotating BHs and for {~1!
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Quasi-normal modes of rotating BHs in EAGB gravity

Then, we expand the perturbations in tensor spherical harmonics, finding a set of axial and polar perturbation functions.

1) Non-rotating BHSs (Blasquez-Salcedo et al., PRD ’16)

Spherically symmetric background => harmonic components with different values of |,m and with polar and axial parities are decoupled
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Quasi-normal modes of rotating BHs in EAGB gravity

Then, we expand the perturbations in tensor spherical harmonics, finding a set of axial and polar perturbation functions.

1) Non-rotating BHSs (Blasquez-Salcedo et al., PRD ’16)

Spherically symmetric background => harmonic components with different values of |,m and with polar and axial parities are decoupled

1
5¢(t7 T, (97 SO) = —(I)lm (t, T)Ylm(ev 90) h/,LI/ (ta T, 97 ¢) —

Linearized field equations and Fourier transform in time leads to ODEs for

e'm gim plm K™ which are solved for each |,m with Sommerfeld
boundary conditions, leading to the QNM complex frequencies:

e two classes of gravitational QNMs: scalar-led and gravitational-led

e O(C?) shifts of the gravitational and scalar QNM frequencies of GR
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Quasi-normal modes of rotating BHs in EAGB gravity

Then, we expand the perturbations in tensor spherical harmonics, finding a set of axial and polar perturbation functions.
2) Rotating BHs at first order in the spin (Pierini & Gualtieri, PRD *21) [for a similar computation in a different theory (DCS gravity) see Wagle et al.’21]

Non spherical background => couplings between perturbations with different parities and with different I's!

= 2N Pims Aim, etc:
General structure @"I_ X m Pim + X( +1 m) T+ O(X ) =0 Comk?inations.of the polar _and gxial_
of the equations: — 2\ perturbation functions and their derivatives,
d At +xm Ay, + X(Ql m) -+ O(X ) =0 with background-dependent coefficients

In practice, it can be shown that at first order in the spin the couplings do not affect the QNMs!

Numerical integration of the ODEs with Sommerfeld boundary conditions similar to that of GR (new terms in ¢ in the equations, coupling with scalar field)

\V

QNM complex frequencies: wnlm(x, C) — W(T)Ll (C)

0.070/e-

0.068
These results suggest that the GR deviations in the QNMs 0.066
are significanty magnified by rotation, but s
first-order computation only accurate for very low value of the spin, =
and may miss important effects only arising at second ordetr.

0.064
0.062}

0.060}

0.058"
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Quasi-normal modes of rotating BHs in EAGB gravity

Then, we expand the perturbations in tensor spherical harmonics, finding a set of axial and polar perturbation functions.

3) Rotating BHs at second order in the spin (pierini & Gualtieri, in preparation)

Couplings have to be included in the QNM computation! (see e.g. Pani, IJMPA ’'13)
S 2 - 2. 21 1 1 3
Pe+ xmPoe+ x“Pe +m“x“Pe + x (Q€A£—1 + Qe+1«4£+1) +O(x?) =0

Arr1 +xmApa + X QeaPe+m x* QeaPe+0(x%) =0
Av1+ xmA—1 +x QePe+m x* QiPe+ O(x*) = 0

In the numerical integration we have to solve at the same time equations with different parities and different values of I:

d — —
E: + P==0 where = ={H1/, K¢, 0oy & o, h0p_1, h1o_1,h0p41, hlpi1} and P is an 8x8 matrix.
Im —ikuT« Im _ikpr. kg = w — mi2yg
Each perturbation function satisfies boundary conditions Ain'e | + AO‘“? (r =) where g
AlreTiers £ Al (1 o o) Tn=—
r'—Th PP

We find 8 solutions sayisfying outgoung or ingoing b.c., forming a matrix Xnm(wnlm), and impose detX”lm(wnlm) = 0

findingthe QNMs W™ (y, () = wg}l(g) + x mw™(¢) + x? [w%({) - m2w§}f(g)] + O(x°)
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3) Rotating BHs at second order in the spin (pierini & Gualtieri, in preparation)

0.000 r
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—-0.012 |
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0.008 r

Quasi-normal modes of rotating BHs in EAGB gravity

Then, we expand the perturbations in tensor spherical harmonics, finding a set of axial and polar perturbation functions.
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6 W% (x, {)

Couplings have to be included in the QNM computation! (see e.g. Pani, IJMPA ’'13)
S 2 - 2. 21 1 1 3
Pe+ xmPoe+ x“Pe +m“x“Pe + x (Qeﬂe—1 + Qe+1«4£+1) +O(x?) =0

Apy1 + me_leﬂ - X Q£+175€ +m X2 Q£+175£ =+ O(XS) =0
Ao 1 +xmAr 1 +x QePr+m x* QePr+ O(x?) =0

0.008 |

0.006

0.004

0.002

0.000 |

Results:

Including second order in spin, we find that the deviations
are similar to those obtained up to first order, but larger!

These results can be used in the data analysis of the
ringdown signal from LIGO/Virgo and E

(see Carullo’s talk; Vellucci et al., in preparation)
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How to detect a scalar charge with LISA

(Maselli et al., PRL °20; Maselli et al., Nature Astronomy, '22)

Let us consider a compact object (a BH or a NS) with mass M, surrounded by a massless scalar field.
Sufficiently far away from the body, in a stationary configuration:

¢ = const. + d

M 1
“Lio()
r r

the scalar charge d (which is not a conserved, Noether charge) is a measure of how much scalar field the object carries.
For a BH in EAGB gravity, d=2{+0({?) => a measurement of d is a measurement of 0cg.

For other theories it is still a measurement of the fundamental coupling.
If, instead, the compact body is a NS, it measures the coupling of the field (which can be DM in GR!) with ordinary matter.

The main effect of a scalar charge is dipole emission, which does not occur in GR!
In a post-Newtonian expansion, it dominates over quadrupolar emission at large distances:

Ecw = Ecr

D
11+ =
+96

GM
r

(dy — dy)* (

If the scalar field has a (very small) mass m:

A

@ = const.
T

Egw = Egr |1+

X

o
96

(dz — d1)? (

W

2

— m

3

BL

)

/2

ow-m)

the effect is similar at distances smaller than the Compton length of the scalar field => this applies to ultralight dark matter as well!
(Barsanti et al., PRD in preparation)

Summarizing: even a small scalar charge can significantly affect the waveform, accelerating the inspiral.
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How to detect a scalar charge with LISA
(Maselli et al., PRL °20; Maselli et al., Nature Astronomy, '22)

Let us consider a compact object (a BH or a NS) with mass M, surrounded by a massless scalar field.
Sufficiently far away from the body, in a stationary configuration:

gb:canst.—l—dGM | O<1>

r r2

the scalar charge d (which is not a conserved, Noether charge) is a measure of how much scalar field the object carries.
For a BH in EAGB gravity, d=2{+0({?) => a measurement of d is a measurement of 0cg.

For other theories it is still a measurement of the fundamental coupling.
If, instead, the compact body is a NS, it measures the coupling of the field (which can be DM in GR!) with ordinary matter.

Best bounds from LIGO/Virgo observations from (comparable mass) binaries: d=10-1.
These bounds are theory dependent: for EAGB (Perkins et al., PRD °21) the phase shift is

5 d? (m%sy —m3sy)?
168 n9/5 m4

but for other theories they are different.

01 =

(s; = 1 + spin corrections)

As | am going to show, better probes for the scalar charge are binary systems with very, very small mass-ratio, observed by LISA.
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How to detect a scalar charge with LISA
(Maselli et al., PRL °20; Maselli et al., Nature Astronomy, '22)

The Laser Interferometer Space Antenna (LISA), to be launched by ESA in 2037,
will detect GWs in the [10-3-10-1]Hz band, observing BH binary coalescences with signal-to-noise ratios up to thousands.

a b 16
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The most promising LISA sources for fundamental physics are the Extreme Mass-Ratio Inspirals (EMRIs)
between a stellar mass compact object (a BH or a NS with mp from few to tens of Me) and a supermassive BH with M~106-107 Me

EMRIs are expected to complete ~104-10% cycles while in the LISA observation band,
thus allowing extremely accurate tests and measurements!

EMRI will perform a mapping of the BH spacetime, revealing even tiny evidence of new physics!

Since g=mp/M<<1, they can be studied using perturbation theory
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How to detect a scalar charge with LISA
(Maselli et al., PRL °20; Maselli et al., Nature Astronomy, '22)

Remarkably, a scalar field coupled with gravity would affect the EMRI waveform in a theory-independent way!

Consider a very general action of the form: Slg, o, V] = Sp|g, &| + aScoupling |8, ¢] + Sm |8, ¢, V|

T R

1
— 4 S p
So /d e <R 2(‘9“@(9 gp)

non-minimal coupling between
metric tensor and scalar field;

action of matter fields

coupling can be dimensionful: [@]=(G - mass)"
example: EAGB, n=2

We assume that the gravity theory belongs to one of these two classes:

Those which satisfy no-hair theorems, i.e. stationary BHs described by Kerr metric: most scalar-tensor theories, ¢ as fundamental field in GR

Those which evade no-hair theorems but have a dimensionful coupling &, with n>1

(e.g. when ¢ is coupled with curvature invariants, as in scalar Gauss-Bonnet gravity)

| o) e My, o
=> any correction of the SMBH depends on ( = =q — <1 because ¢=— K1, — <1
M™ mg M mp
(hereafter G=1 for simplicity)
=> in both cases 1 and 2, the SMBH spacetime is well approximated by the Kerr metric This greatly simplifies the description of EMRIs!
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How to detect a scalar charge with LISA
(Maselli et al., PRL °20; Maselli et al., Nature Astronomy, '22)

Skeletonized approach (Eardley ApJ ’75, Damour & Esposito Farese PRD ’92)
to describe the motion of the inspiralling body with mass mp onto a SMBH with mass M>> mp:

The inspiralling body is treated as a point particle, dyff dyg
replacing the matter action Sm with the particle action Sp — m(@)ds — m(@) 9uv I\ d\ dA

yg : wordline of the (center of mass of the) particle

m(gp) . scalar function depending on the scalar field at

the location of the particle
| < L ‘

lengthscale of skeletonized body (“particle”) lengthscale of exterior spacetime

The motion of the particle can be studied using spacetime perturbation theory, expanding the field equations in the mass ratio g<<1.

Scalar field affects the motion of the particle, but it does not affect the background spacetime, which is described by the Kerr metric
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How to detect a scalar charge with LISA
(Maselli et al., PRL °20; Maselli et al., Nature Astronomy, '22)

Field equations:

1 0 (2 — yp(N)) dyp u dy -
L — =0, _ ) p Pp=IpV 1y same as in GR
o = 5 G 1t 7T/mp =g A\ d

(4) (1 —
¢:—47Td Wlp/d4 (:U yp(A))d)\

N

This term is universal (in the wide class of theories considered); it depends on the theory only through the value of the scalar charge!

The scalar field sourced by the charge releases energy at infinity, speeding up the inspiral and thus affecting the gravitational waveform.

Eorb — _Egrav — Escal

Thus, when LISA will detect the GW signal from an EMRI, it will be possible to set bounds (or measure!) the scalar charge of the particle.

We have performed an analysis of the parameter space (masses, ke L e saoy
spin, orientation, separation, etc., and the scalar charge d) S Fal v~ T ppmEenaen
for circular equatorial EMRIs, using a Fisher-matrix approach to E : \\‘\\_SNR\I e
compute statistical errors and correlations: JE e |
I ! I I I L I n
LISA can measure scalar charges as small as 0.05. S osi—l oI I | | ;—
These results can be improved by stacking more observations. o OZE_I : ; E
'EI 0.1 E—} T —E
Preliminary results (Barsanti et al., in preparation) indicate similar results for 2 _Z?___I _______________ BE
non-circular orbits and for massive scalar fields, for mss10-16eV B oy e R

Leonardo Gualtieri New horizons for (no-)horizon physics: from gauge to gravity and back GGl - Firenze 5/4/2022



Conclusions

e Scalar Gauss-Bonnet gravity theories such as EAGB gravity are a promising case-study of GR deviations: they have fundamental
physics motivations, seem to be mathematically consistent, and predict BHs with scalar charge.

« The computation of QNMs of rotating BHs in modified theories of gravity is techincally challenging; today only two such computations exist at O( ),
and just one at O(y2) (EAGB gravity).

* The computation of QNMs of rotating BHs in EAGB gravity shows that rotation signifincantly enhances the effects of GR deviation.
This computation can be used as a test-bed for the search of beyond-GR effects in GW signals

* Present and future GW detectors are sensitive to the scalar charge of compact objects. This quantity encodes beyond-GR effects and its signature may be
enhanced due to dipolar emission, which is not present in GR.

e Extreme mass-ratio inspirals observed by LISA are a very promising GW source to detect the scalar charge of compact objects, if it exists.
In this case, the leading effect of the scalar charge in the GW signal does not depend on the detail of the underlying gravity theory.
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