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The detection of gravitational waves from the coalescence of compact binaries has opened a new era in physics:

for the first time, the strong-field regime of gravity can be directly observed.
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The detection of gravitational waves from the coalescence of compact binaries has opened a new era in physics:

for the first time, the strong-field regime of gravity can be directly observed.

Bounds can be considerably improved

/ if a convenient source is detected...

... and if we build more sensitive detectors
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(Bailes+, Nature Review, 2021)
The next generation of GW detectors (ET, LISA) will allow for precision measurements in the strong-field gravity regime.
With these instruments, black holes and neutron stars can be turned into fundamental physics laboratories:
* to test general relativity in presence of extreme gravitational fields

 to understand how matter behaves at extreme densities
* to put constraints on dark matter candidates

In this talk | will focus on the first point: understanding the behaviour of the gravitational interaction in the strong-field regime.
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Why should we test GR?
The gravitational interaction in the weak-field regime is described by GR with great accuracy (solar system & binary pulsar tests).
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(i) There is no fundamental reason to believe that gravity behaves in the same way as the weak-field regime < Gorders of magnitude
(ii) Theoretical issues (consistency with the quantum world, singularities, BH information paradox) c‘.’.?é’fés;%%%?‘
>
A aa Potential [GM/(c*r)]

(iif) Observational issues (still misterious nature of dark matter & dark energy, Hubble tension) Credits: Pani, 2015

Caution! Theories with detectable astrophysical/GW signature often do not directly address point (ii) [and in most cases point (iii) neither]!

(i) and (iii) tell us that GR is not the end of the story; expecting deviations in the UV, it is natural to look whether intermediate scales are also affected...
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Why Black Holes?

1) They are the ‘hydrogen atom’ of gravity, the simplest gravitating system in the Universe!

- No-hair theorems: stationary BHs in GR (and in several extensions thereof) are described by the Kerr solution.
They only depend on their mass and angular momentum (+ electric charge, non relevant in astrophysical BHSs).

- Dynamical BHs are not so simple, but still PN expansions & perturbation theory show that Kerr is still a good approximation.

(e.g. Cardoso & Gualtieri ’16)
Matter (ordinary and possibly dark) and non-gravitational fields lead at most to minor modifications on BH processes,

which can be important when very high precision is required (environmental effects), but don’t spoil the fact that BHs are simple objects.

- Neutron stars are completely different: the GW and EM emission heavily depend on non-gravitational effects.
This can be good for multimessenger astronomy (GW170817 vs. GW150914: coalescing BBHs are clean systems);
not so good for looking for tiny deviations from GR: an observed new physics effect may be concealed by our ignorance on the NS equation of state.

- A caveat: BH-NS systems are also clean, and can be very useful to probe GR modifications!

2) BHs can produce the strongest gravitational fields after the Big Bang!
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Large Curvature modifications to General Relativity

This is a wide class of GR modification, in which the Einstein-Hilbert action is extended by including
additional terms, polynomial in the curvature tensor (with or without extra fields). Note that these are higher-derivative terms.

Why are they interesting?

* These terms appear, in various forms, in several different approaches to the unification of gravity with the quantum world,
from string theory to effective field theory to asymptotically safe quantum gravity.

» This class of theories preserves most of the building blocks of GR: they are metric theories, diffeomorphism-invariant, and Lorentz symmetry is preserved.
- Some of these terms appear in models to address the challenges by cosmology (even though often these models are not those with GW imprint)
- Mostly untested by previous observations, e.g. binary pulsars. The extra terms only show up in the last stages of a compact binary coalescence.

* In several GR modifications, no-hair theorems are still valid, making BHs - our most promising probes - mostly useless.
Typically, when extra terms polynomial in the curvature are included, no-hair theorems can be violated (see T. Sotiriou talk)

» These are mostly the unigue examples of modified theories of gravity for which we have computed, at least in the simplest cases, the main GW observables:
- PN waveform for the inspiral

- NR simulations of the merger,
- QNMs characterizing the ringdown.

For other classes of gravity theories, these are either the same as in GR (no-hair applies), or too complicated to compute.
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Large Curvature modifications to General Relativity

This is a wide class of GR modification, in which the Einstein-Hilbert action is extended by including
additional terms, polynomial in the curvature tensor (with or without extra fields). Note that these are higher-derivative terms.

Problems:

 Theoretical viability: these theories have higher-derivatives in time and space in the field equations.

At classical level:

- Time-derivatives of order higher than second lead to the Ostrogradsky instability, and thus to unstable solutions

- Even without higher-order-in-time derivatives, higher-order-in-space ones can make it challenging to perform fully non-linear numerical simulations.
(see talks by Areste Salo, Bezares, etc) In other words: the existence of a well-posed initial-value formulation of the theory is not guaranteed

At quantum level:

- Ostrogradsky instability corresponds to a ghost, i.e. an Hamiltonian unbounded by below.
The ghost-like states can be recasted as positive-energy states, but with negative norm; however, in this case the theory loses unitarity.

- Naturalness challenge: in the region of parameter space we are testing with GW detectors, we can test energy scales (in units of inverse length with h=c=1)
1 M

A~ =~ 1km™ ' [ =2
(%

> which is at least 38 orders of magnitude smaller than the inverse Planck length! (we’ll come back to this!)
T'h

However, it would be simplistic to conclude that there is no new physics all way through Planck scale (again, remember the lesson of History!)

Now that this new regime is open up to observation, it is sensible to look whether new physical scales are present in the gravitational action.
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Large Curvature modifications to General Relativity

(note: for this discussion we use units fi=c=1, 167G=(Mp))-2)

Two main classes:
(we do not include the matter action here)

1) Without scalar fields: EFT Gravity S — L G/ d*z\/—g R +)\even723 + Aodd R3] + [61C2 + €5C? + EgéC])
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BH solutions are different from GR: no-hair theorems do not apply! ,(see T. Sotirou talk)
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The modifications to GR depend on powers of a dlmen3|om‘ul COUplIng characterized by a fundamental length-scale,
which is also the inverse of the Cut—oﬁ"energy of the EFT expansion:
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Large Curvature modifications to General Relativity

Two main classes:
(we do not include the matter action here)

2) With scalar fields: Horndeski Gravity including a Gauss-Bonnet term (X=—V,6Vre/2)

S — / d'oy/=g {K(6,X) = Gs(6,2)00 + Ga(6, X)R + Ga x ((00)° = (T, Vu8) (VIV* ) +G5Gyus V*V"6 — G x ¢ [(06)° — BOS(VuV,0)(VHV7) + 2(V,V,6)(VHV,06) (V797 9)] }

scalar Gauss-Bonnet gravity: K=X/2 G3=0 Gs=1/2 G5 = Gs5(p,X) This is the only large-curvature term admitted in Horndesky! see J. Kunz Talk

1 . 1
- [ - L 2 _ proafB 1% 2
S = 167G /d L g {R 26u¢a ¢ \ } (RGB — RuvaﬁR 4RWR I ) total derivative,
would be irrelevant without ¢
__ P2 __
apg =07 = A2 dimensionful coupling
What about higher-derivatives problem? Horndesky are by definition the scalartensor gravity theories which do not have higher-order time derivatives.

Thus, in principle these theories can be considered as full theories, not necessariy within an EFT expansion!!! (modulo well-posedness...)

In sGB gravity there are two kinds of possible coupling functions f(¢):

» ’(dho)=0: the theory does not admit the Kerr solution: all BH solutions are”hairy”, e.qg. f(p)=e®, f(d)=d (Kanti et al. 1996, Sotiriou & Zhou 1996)

» f'(bo)=0: the theory admits both the Kerr solution and a “hairy solution”, e.g. f(¢) = ¢°, f(¢) =1 — e~? (Doneva+ 2018, Silva+ 2018, Dima & Yazdijev 2020, Herdeiro+ 2021)
the so-called spontaneous scalarization can take place.
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In both EFT gravity and sGB gravity, there is a dimensionful coupling ¢y —

Large Curvature modifications to General Relativity

All deviations of observables in BH processes depend on the dimensionless quantity —

- shifts of GR QNMs

#
- sGB gravity with f’($)20 S = L d4x$ "g
M 16" G
"
« :
— el
* |
= M&#H
"o R \
e S
L I 1"
T TR T

(Pierini & L.G. 2021, 2022)

1 _ 5 5
- EFT gravity S = — / d4z\/—g (R + P D oven RS + Aoad R3] + £5]€,C? + 02 + 6306])
T

Aw

A4

47 .6
W ry, Ty

Leonardo Gualtieri

by construction!

R" %#“$#u$+ 12f ($) R&g

(Cano+ 2023, 2024)
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Chung & Yunes 2024, Blasquez-Salcedo+ 2025)

Note that when #"

', the mode shifts are different,

(Blasquez-Salcedo+ 2025)

see J. Kunz Talk
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but we do not expect the ratio — to be close to 1 (see later)
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Large Curvature modifications to General Relativity

. . . . . . 1
In both EFT gravity and sGB gravity, there is a dimensionful coupling ¢ — — — i
n ( £ = \/agp for sGB gravity)

4 1
All deviations of observables in BH processes depend on the dimensionless quantity — = —
Th A?“h
- modification of the inspiral S|gna]I- " A % . 0%
- sGB gravity with f(d)z0 S = e d’x "g R" Q#“$#u$ + 121 ($) R&z (Yagi+ 2012, Julié & Berti 2019, Shiralilou+ 2021, Lyu+2022 )
dephasing (relative to the quadrupole term):
#5 « si=0 for NSs, si=1 for BHs
mesy! mesy :
!'62:!58é - actual dephasingis: !" = I" 1'6,v"
! B pnasing is. - . quad - N
168N,
n
I
thus | 'O ! o V < Enhancement by a factor v-2!! This is a -1PN term (dipolar emission, absent in GR)!
h
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« EFT gravity S = Tom d*x\/—g (R + 0% Aeven R 4+ AoaaR°| + £°[€1C* + e2C* + egcC])
70
n4g np
$%! I’_4 Vi 104 | r_6 V16 Note: would be a 5PN (or 8PN) term, but the order can raise due to cancellations (see L. Bernard talk)
h h

(Accettulli+ 2021, Liu & Yunes 2024, L. Bernard to appear)
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Large Curvature modifications to General Relativity

Some considerations of what we have seen up to now:

1) Inspiral may be more promising than gravitational spectroscopy for sGB gravity:
- we observe it with larger SNR

- dipolar radiation enhanced (it’s a “smoking gun effect”)...
even though...

- it could be more promising to look at new QNMs, rather than at shifts in the old ones: a generic prediction of these theories, it is also a “smoking gun effect”
(Crescimbeni+ 2024, Lestingi+ 2025)

- if the theory to be tested is EFT gravity without scalar field, no dipolar radiation, 5PN effect at most: in this case QNMs may be more interesting

2) Since the deviations depend to the inverse BH mass at a large power, the detectability of these deviations crucially depend on the BH mass!

- |t is difficult to devise a scenario (consistent with observations) in which SMBHs can be used to probe these deviations (e.g. D’Addario+ 2023; but see Eichhorn+ 2023)

» The distribution of masses in BH populations limits the possibility of improving the sensistivity using stacking (Maselli+ 2024)

- On the other hand, when a BH lighter than expected is detected, the results can be much better than predictions based on larger expected masses!

This was the case of GW230529, which allowed to the most accurate bound on sGB gravity to date!
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Large Curvature modifications to General Relativity

GW?230529:
(Sanger+ 2024, Julie+ 2024) "
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With 3G detectors we expect to improve the bound (measure?) o » by a factor 10-20 .15_4__.} GW170608, the ligthest BH-BH system observed
and the bound/measure of #by a factor ~ 2 _.-- (7TMy - 12M)) has a better dipolar phase bound,
o | but a weaker bound on sGB gravity!
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Other relevant bounds on #:

« GW170608 gives the best bound on the dipolar phase for EFT gravity: E 1 2, #! 30 km
(Liu & Yunes 2024) I'nh

- Bounds on ringdown using LIGO data also, for both sGB gravity (with f'#0) and EFT gravity, of the order of #! 300 50 km (Carullo 2021, Silva+ 2023)

Again, with 3G detectors we expect to improve the bound on the QNM relative shift by an order of magnitude, and then the bound on # by a factor - 2 (Abac+ 2025)
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How wide is the range of coupling lengths which we can really probe with GW detectors?

We have seen that we can probe, in the most optimistic case, length scales as small as few hundred meters / around ten km depending on the theory,
H #
corresponding to - I 0.05 forsGBgravity — ! 1 forEFT gravity.
h h

How large can we expect # to be? Is there a theoretical maximal bound of the coupling length?

1 N i 3
Let us consider EFT gravity (without scalar field): S = Tom d*z\/—¢ (R + 54[)\6\,%733 + )\oddRB] + ¢° [61C2 + 65,C% + €3CC])
T

H ¥ 7V
1 11 L 1
We can write in the same way sGB gravity, interpreted as an EFT: S = 164G d*x #g R# §$” %% %ot | “f (% R&g

These theories have dimensionful coupling constant | with caracteristic length corresponding to a cut-off energy of the EFT of the order of | = ,l
(e.qg. Serra+ 2022)

Thus, if a black hole process (e.g. a coalescence), which has an intrinsic energy scale 1rn  (with of course r, = (1 O 2)GM ) takes place,

the EFT is appropriate for its description aslongas Urn " ! | and accurate aslongas 1/r, % ! .

Therefore, a BH with horizon r can probe deviations with characteristic energies larger than a minimum value ! ! I qin 1 — | 1km' 1 IV

...or, equivalently, with a coupling length-scale smaller than a maximumvalue 1" | ! rp! 1km —

Note that this reasoning applies to EFTs, which have an intrinsic cut-off.
What about the scalar Gauss-Bonnet theories, which do not have obvious instabilities and thus do not necessarily require an EFT cut-off?
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How wide is the range of coupling lengths which we can really probe with GW detectors?

Do sGB gravity theories also have an intrinsic cut-off scale ! | 1/ ¥ s ?
1 1 Vo v
g — = / d*z\/—g {R — 58@8% + agp f(gb)RQGB} (Rép = Ruvap R — 4R, R" + R?)
In other words: do BHs in these theories always have a minimum mass, M>Mmin, such that GMpmin ! 1= &g ?
I
This would be equivalent to a maximum value of the dimensionless constant that can be probed by a given BH, %= — < %, ! 1

r N  (Sotiriou & Zhou 2014)
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 For theories with f'(¢do)#0, like f(Pp)=e®, f(p)=d (Kanti et al. 1996, Sotiriou & Zhou 2014)
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- For theories with f'(¢o)=0, for appropriate choices of f(®), like f(¢) =1 — ¢~”" there is no minimum mass for the existence of the solutions... ()
... but still there is a minimum mass (again, GMmin ! # ) under which the stationary solutions are unstable! (Blasquez-Salcedo+ 2018)
This instability is actually due to the loss of hyperbolicity of the perturbation equations:
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(Blasquez-Salcedo+ 2018) (Blasquez-Salcedo+ 2018)
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How wide is the range of coupling lengths which we can really probe with GW detectors?

Do sGB gravity theories also have an intrinsic cut-off scale ! | 1/ ¥ s ?
1 1
§=17 / d*z\/—g {R — 50,000 +agrf (qb)RéB} (Rép = Ruvap R — 4R, R" + R?)

Remarkably, hyperbolicity loss is also what is found in fully relativistic simulations, when the curvature becomes too large (again, scales are governed by i )!

(see Areste Salo talk) [h

(Ripley & Pretorius 2019, 2020, Hegade+ 2023)
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(Hegade+ 2023)

It has been suggested that these hyperbolicity losses mean that the theory is actually not consistent as a full theory:
It should always be considered as an EFT
and when the cut-off is reached, the theory loses consistency (even though this is still matter of debate - see later).



How wide is the range of coupling lengths which we can really probe with GW detectors?

1 # . $ 1 %
— 4 o no Ty + | 2 2
S Tde dx "g R 2# $#,$+ 1°f ($) RGp
1 - . .
S = o d*z\/—g (R + ¢4 [)\evenR3 + )\Odng] + /9 [6162 + €5C? + 63CC]>

It seems we are left to quite a narrow band of possible values of the coupling scale "

- it should satisfy. E O(1), otherwise the theory seems to brelak down
|

- we can expect to measure at most r_ | 0.05 for sGB gravity, r_ I 1for EFT gravity.
h h

Are we missing something? Can we constrain a wider range of theories?

... probably yes!
There are different ways to address this problem
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How wide is the range of coupling lengths which we can really probe with GW detectors?

. .. In the denominator
1) Look for f(¢d) with smaller minimum mass (Rossi, L.G., Sotiriou, in preparation) P

. . .. .  (Rossh EG., sofiriou, in preparation) e to make it disappear
.e., preserving hyperbolicity on a wider range of couplings e from the field equations

$ . R which depend on f’(}) ]
Let’s consider a recently proposed Gaussian coupling function f (&) = 2% 1! e
0
(for =3/2 one recovers the coupling of Doneva+ 2018) (Fernandes+ 2022)

If 3>1.16, stationary solutions exist for all masses (they are scalarized below a certain value, Schwarzschild above that)
but...

there is a minimum mass M1, below which the BH solution is unstable (i.e., the perturbation equations are not hyperbolic)

7 _
Remarkably, the minimum mass (normalized with  #) has a inverse linear dependence on [3!

Thus, increasing B it is possible to push the minimum mass to smaller values!

" |
we obtain | H
M

If we define the coupling lengthas ! =

8#
+

this increases the range of values of the coupling length which can be probed!

0.0 0.2 0.4 0.6 0.8

1/B8

(Rossi, L.G., Sotiriou, in preparation)
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How wide is the range of coupling lengths which we can really probe with GW detectors?

2) Introducing additional couplings

Is has been shown that if a coupling of the scalar field with the Ricci scalar is included in the action, the hyperbolicity propertles |mprove'

(see T. Sotiriou talk) (Ventagli+ 2021, Antoniou+ 2022, Kleihaus+ 2023, Thaalba+ 2025 )
1 I 1" # 1 $
S=5 d'% Jgf R# S$,"$"" +J(")R+ F(")G )

(Antoniou+ 2022)

The improvement can be substantial if other interactions are included, like those (EFT-inspired) from the Honrndesky action:
0] , ! R
4= - EYH#H—+ 9+" G+$ (u#$M$71 +%a ! +&9 ( X=-V,oV+p/2) see F. Thaalba talk
w
(Thaalba+ 2023)
. possibly with different length-scales!

If some terms in this action have a coupling scale much larger, would not affect the BHs due to no-hair theorem,

but may significantly change the cut-off scale of the sGB term! (...work in progress...)
(Thaalba, L.G., Trincherini, Sotiriou, in preparation)

Other models have been suggested with two very different length-scales, involving more than one scalar field (e.g.Eichhorn+ 2023; see also De Rham & Melville 2018).
In our case, the terms naturally arise in an EFT expansion
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How wide is the range of coupling lengths which we can really probe with GW detectors?

3) Are we sure that the observables have to scale with | 49
: : : $ | ZF : : :
Let us consider, for instance, the theory withf (&) = 20 11 e (but the same applies to all theories with f’(d)=0)

Consider the curve of Q(") at constant M. 0.15|

Near the onset of scalarization, it is perfectly fitted by Q $ " $A! ]

0.10r

$
while we recall that in theories with f'(®)z0, Q $ i (quite general: T. Sotiriou talk!)

3\5

, H_
If we consider our length-scaleas #" $! & 0.05!
QZ n2
the PN phase correction due to dipolar emissionis [$% 2! —5 ! — it
M2 2
n4 h « data
while in the case of theories with f'(¢)20, the same formula gives Py YoMz 201 202 203 204
“ !

$/M 2

Thus, the same observational bound on |$% 2| can give a stronger bound on " ! _ .
® : onset of scalarization

This was just an example; the point is that for a generic coupling function, and most importantly, in presence of other couplings, the dependence of 'Oy -
on the different coupling parameters may be not trivial. (Lalus, Trestini, Ventagli, Sotiriou, L.G., in preparation)
Extracting a bound on the coupling from the measurement of a !l 'O, 5 is not sufficient, even to constrain the length-scale of the deviation!

Bottom line:

» we should improve our theoretical modelling
- we should try to measure different PN components, in order to extract more parameters, reconstructing a more complete information on the possible deviation
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Another example of large curvature corrections: Quadratic Gravity (Antoniou, L.G., Pani, 2025; ibid., in preparation)
# | # ( ! II)
d* $"—&R " YC,ug CH# = 5 R" % 2RRM " °R?
X g u||#$ — X g O IJ." —

3
(Stelle, 1977)

The bad:

* higher-order time derivatives in the field equations => Ostrogradski ghost => instability (i.e, by redefinition of quantum space, it is not unitary!)

The good:

« as a quantum theory, it is renormalizable
- as a classical theory, despite the ghost it admits a well-posed initial value formulation (Noakes, 1984)
* there is debate in the quantum gravity community: the ghost may not be fatal to the quantum theory (Smilga 2014, Donoghue & Menezes 2019)

- Quadratic curvature corrections arise generically in approaches to quantum gravity (e.g. string theory)

A possible point of view (e.g. Lu+ 2015): look at the classical theory, not focussing on potential quantum problem, since
whatever emerges as an acceptable quantum theory of gravity, these terms may be a dominant part of the action, at least for some scale of energies.

* The theory admits a non-Kerr BH solution (Lu+ 2015)
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...this theory can not be an E

Quadratic Gravity (Antoniou, L.G., Pani, 2025; ibid., in preparation)

# | # ( ! II)
$_& " $— n 2
d*% g R" %C4sCH*™ =  d% "g R" % 2R,-R¥ " ZR?

3
(Stele, 1977)

What is one considers it as an EFT? This may look promising but...

, since by field redefinitions the quadratic curvature corrections can be trasformed to higher-order terms in " (and then again...):

. ) (

Ous $ Ous + % Ryus! Z0usR removes the term YCise CH$&

3

therefore, this should be treated as a full theory!

1
* perturbations Linearized theory corresponds to GR coupled to an additional massive spin-2 degree of freedom, with mass L = $?0/
0
1 i 1 ®
indeed, it can be rewritten in terms of an auxiliary field as (Held & Zhang 2023, Held & Lim 2023) ! ! o5 Ry éRg-# :
H
$_ % % &'
— 4 m ! 2 I 2
E::# ! G"# # ! 2"f "4 I fg "#$ I O,
field I " "
equations: = ' O # GuTlesl gr Gyt Ry which, linearized, become those of GR for hys+ massive gravity for fss (Brito+ 2013)
# Rfp. # 0 fo #1","u0 go"f 1 20 f7
# Q" 4 ofPSH 128F 21 f . f #5"=2
# 21F , # ., | ff "% &0
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Quadratic Gravity (Antoniou, L.G., Pani, 2025; ibid., in preparation)

# | # ( ! Il)
$_& " $— n 2
| = d% "g R" %C,4sC*"*™ = d% "g R" % 2R, RN " ZR?

3
(Stele, 1977)

* non-Kerr (*hairy”) BH soluton - ——~————7 7 o777 2
| — Hairy BHs
(LU+ 2075) ?e | — Schwarzschild BHs
4+
1 E E 3- E
u= $— = < Ef
204 S o
2t =
02 “mass 1 ..............
07 08 09 10 11 12 13 14 0.1 0.2 0.3 0.4

The *hairy” solution is unlikely to be relevant for phenomenological purposes, since it leads to larger rn/M, difficult to reconcile with observations!

On the other hand, for M>Mg, the background is Schwarzschild but the perturbations are different: QNMs could probe the deviations!
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Quadratic Gravity (Antoniou, L.G., Pani, 2025; ibid., in preparation)

¢¢ | ¢¢ ( ! ||)
$__ & .. $ .2
= d% TG R UCHsCHT® = d'% Tg R" % 2ReRY " TR’

The new degree of freedom leads to new series of QNMs!

¢ =2, n=0 (vector) ¢ =2, n=0 (tensor)
: ' "l! :
W& A4 < OO
%"&E_ ] 'H&$;_: i n _ O
§ %"o/cE—SB 7 5 gl i L
5 o . S | L
S gt § e vector ]
: 3 | 00!+ / ‘e~ A
%" § 3 - [ — : _ CHRE /=9 7
F ] = # 3 P S S S ]
"HS y/ i i : E tensor
.............................................................. N
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The analysis of the spectrum is not sufficient to address the most important question:
which are the phenomenological imprint of this GR modifications? Which are the prospects of testing this theory with LVK and, later, with ET?

Indeed, the existence of the new modes in the spectrum is not a guarantee that they are excited (with significant amplitude) in an actual ringdown!
The lack of a well-defined expansion in " makes it difficult to understand a priori the magnitude of these amplitudes.
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Quadratic Gravity (Antoniou, L.G., Pani, in preparation)

To address these problems, we have studied the excitations of the new modes by a physical process, i.e. the radial fall of a particle:

Forbidden region:
Schwwarzschild BHs are unstable!

1 "uM _ " M/ ? IH no Taylor expansion around " =0!
& e M =

For large #, i.e. small ", the energy flux behave as: L. .
J 9Y (all derivatives vanish)

This shows what does it mean to have a theory which is trival as an EFT expansion, but it is not as a full theory:
if we do not expand in ", there are in principle observable deviations...

...however, they are exponentially suppresed, negligible except close to the boundary of the allowed region

These are preliiminary results (we need to check with circular orbits, in particular looking at the flux at the horizon)
but the indications are that the new modes in this theory are difficult to excite in astrophysical settings.
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Conclusions:

® BHs, observed through GW detectors, are the best probes for GR deviations in the strong field regime.

® Gravity theories with large curvature corrections can in principle leave a signature observable by present and next-generation GW detectors

® At leading order, these observations can test the length-scale of the coupling, i.e. the new fundamental scale of the theory

® The range of values of this scale which can actually be probed may be narrow, due to observational limitations + theoretical constraints

@ The situation may change, at least in the case of scalar Gauss-Bonnet gravity, if one considers more general couplings...

... or including additional terms in the action, even with different scales

® We should not only look for deviations to GR observables, but also to new features of the theories, such as new classes of QNMs

@ Quadratic gravity could be a potentially interesting theory, but it turns out that phenomenological implications are unlikely

® We still have to study a lot: trying to better understand theories with curvature corrections and improving our phenomenological tests,
in order to probe more than just one fundamental length
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