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Why modify gravity? 

✦ Inflation

✦ Cosmological constant problem: vacuum 
energy is huge. How to cancel it?

✦ Dark energy problem: the present-day 
acceleration of the Universe. What is the 
cause? Also coincidence problem.

✦ Dark matter problem.

Horndeski theories The no-hair theorem Breaking the hypotheses

Modifying gravity: why?

1 Cosmological regime: huge
mismatch between vacuum energy
density and observed ⇤.

2 High curvature regime: establishing
benchmarks; Theoretical curiosity
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Theoretical motivation for gravity modifications 

Monday 15 June 15

Theoretical curiosity
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Establishing benchmarks to compare with GR

Monday 15 June 15

Make gravity renormalisable
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FIG. 3: Modified gravity roadmap summarizing the possible extensions of GR described in Sec. II. The main gravitational
wave (GW) test of each theory is highlighted. For details in the di↵erent tests see the discussion in Sec. V (GW speed and
dispersion), VI (GW damping) and VII (GW oscillations). Theories constrained by the GW speed and GW oscillations can
also be tested with GW damping and GW dispersion respectively. Note in addition that many theories fall under di↵erent
categories of this classification (see text in Sec. II A).

of gravity. Another class of Lorentz-violating theories
is Einstein-Aether, in which a vector field with constant
norm introduces a preferred direction [53]. The special
case of Einstein-Aether theories in which the vector field
is the gradient of a scalar is known as Khronometric [54].
Khronometric theories describe the low-energy limit of
some extension of Hořava-gravity, linking the two frame-
works [55]. These ideas have been studied as cosmological
scenarios [56, 57].

c. Non-local theories Non-local theories include in-
verse powers of the Laplacian operator. These models
can involve general functions (e.g. R · f(2�1

R)) [58, 59]

or be linear (e.g. R
m

2

22 R) [60]. The latter class of models
lead to phantom dark energy [61, 62] and are compat-
ible with cosmological observations [63] (see [62] for a
review). However, their viability on the solar system is
disputed due to the time evolution of the e↵ective de-
grees of freedom and the lack of a screening mechanism
[64]. Non-local interactions have been also proposed as
a means to improve the ultra-violet behavior of gravity
[65–67]. Non-local models are constructed using the Ricci

scalar, since non-local terms involving contractions of the
Ricci tensor give rise to cosmological instabilities [68, 69].

2. Additional fields

Gravity can be extended by the inclusion of additional
fields that interact directly with the metric. These theo-
ries will vary by the type of field (scalar, vector, tensor)
and the interaction with gravity it has. Theories with
additional tensors (bigravity and multigravity) are ex-
tensions of massive gravity and will be described in Sec.
IIA 3. We will assume a minimal universal coupling of
matter to the metric. For a very complete review of grav-
ity theories containing additional fields, see Ref. [70].
a. Scalar field A scalar is the simplest field by which

gravity can be extended. Scalars do not have a preferred
orientation and thus a macroscopic, classical state can
exist in the universe without a↵ecting the isotropy of the
space-time if it depends only on time. Moreover, a poten-
tial term can mimic a cosmological constant very closely

[from Ezquiaga,Zumalacárregui’18]



Golden era for observational gravity and cosmology
Black holes and neutron stars, breakthrough in observational data

GW signals from binaries at their ringdown phase : GW170817 neutron star merger,
GW190814 and the large mass secondary at 2.59+0.08

≠0.09 M§

Array of radio telescopes, EHT : image of M87 black hole with its light ring
GRAVITY VLT: observation of star trajectories orbiting SgrA central black hole : orbit
characteristics give us tests of strong gravity which get better as precision increases.

C. Charmousis A survey of compact objects in scalar tensor theories
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Anisotropies of the CMB with
unmatched sensitivity and reso-
lution

nHz stochastic gravitational
wave background with Pulsar
Timing Arrays



Look for deviations from GR in observations?

✤ Forecasting general relativity constraints with 3G detectors

✤ Beyond GR Tests with the Einstein Telescope

✤ Multi-messenger lensing time delay as a probe of the graviton mass

✤ Numerical relativity waveforms in effective field theories of gravity

✤ Positive spin-induced quadrupole moment


