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Figure 4. Energy density of the cubic Galileon field after the simulation has relaxed t “ 22Tp for
rbox “ 60r̃, rv “ 50r̃, and ⌦pr̃ “ ⇡{22. Red is higher energy density and blue lower.

We show ten other simulations to probe the dependence on the quadrupole power on

both ⌦p and rv, depicted in figure 5.

3.4.1 Dependence on Orbital Period

As ⌦p shrinks we find that the quadrupole mode remains the dominant mode, always con-

taining more than 98% of the power. The monopole mode grows, but always stays at less

than 2% of the total power (see table 1). Increasing ⌦p is constrained by requiring mini-

mal relativistic corrections to the orbit and power. Despite these constraints, the computed
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Testing modified gravity to explain DE

of a GW event and of its electromagnetic counterpart would put extremely strong limits on
|cT (z) � c|/c up to the redshift of the source, just as for GW170817/GRB 170817A.

Given the strong observational constraint from GW170817/GRB 170817A, and the lack
of explicit models where cT (z) evolves from a value equal to c within 15 digits at z < 0.01, to
a sensibly di↵erent value at higher redshift, in the following we will limit our analysis to the
case cT (z) = c. Note also that, if at higher redshift cT (z) should be sensibly di↵erent from
c, with LISA one would simply not see an electromagnetic counterpart even if it existed,
since the time delay of the electromagnetic and gravitational signal, over such distances,
would be huge. In that case the analysis of the present paper, that assumes standard sirens
with electromagnetic counterpart, would not be applicable, and one would have to resort to
statistical methods.4

2.2.4 Phenomenological parametrization of d gw

L
(z)/d em

L
(z)

In general, in modified gravity, both the cosmological background evolution and the cosmo-
logical perturbations are di↵erent with respect to GR. It is obviously useful to have phe-
nomenological parametrizations of these e↵ects, that encompass a large class of theories. In
modified gravity, the deviation of the background evolution from ⇤CDM is determined by
the DE density ⇢DE(z) or, equivalently, by the DE equation of state wDE(z). In principle
one could try to reconstruct the whole function wDE(z) from cosmological observations, but
current results are unavoidably not very accurate (see e.g. fig. 5 of [46]). The standard
approach is rather to use a parametrization for this function, that catches the qualitative
features of a large class of models. The most common is the Chevallier–Polarski–Linder
parametrization [47, 48], which makes use of two parameters (w0, wa),

wDE(a) = w0 + wa(1 � a) , (2.29)

corresponding to the value and the slope of the function at the present time. In terms of
redshift,

wDE(z) = w0 +
z

1 + z
wa . (2.30)

One can then analyze the cosmological data adding (w0, wa) to the standard set of cosmo-
logical parameters. Similarly, some standard parametrizations are used for describing the
modification from GR in the scalar perturbation sector, in order to compare with structure
formation and weak lensing, see e.g. [49, 50]. Here we are interested in tensor perturbations,
where the e↵ect is encoded in the non-trivial function d gw

L
(z)/d em

L
(z). Again, rather than

trying to reconstruct this whole function from the data, it is more convenient to look for a
simple parametrization that catches the main features of a large class of models in terms of
a small number of parameters. We shall adopt the 2-parameter parameterization proposed
in Ref. [16],

⌅(z) ⌘
d gw

L
(z)

d em

L
(z)

= ⌅0 +
1 � ⌅0

(1 + z)n
, (2.31)

which depends on the parameters ⌅0 and n, both taken to be positive. In terms of the scale
factor a = 1/(1 + z) corresponding to the redshift of the source,

d gw

L
(a)

d em

L
(a)

= ⌅0 + an(1 � ⌅0) . (2.32)

4At low-z, an alternative way to test an anomalous GW speed at LISA frequencies, cT (kLISA) 6= c, is
to measure the phase lag between GW and EM signals of continuous sources such as the LISA verification
binaries. This test can constrain the graviton mass [42, 43] as well as the propagation speed [44, 45].
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Model ⌅0 � 1 n Refs.

HS f(R) gravity 1

2
fR0

3(ñ+1)⌦m

4�3⌦m
[66]

Designer f(R) gravity �0.24⌦0.76
m B0 3.1⌦0.24

m [67]

Jordan–Brans–Dicke 1

2
��0

3(ñ+1)⌦m

4�3⌦m
[68]

Galileon cosmology ��0
2MPl

�̇0
H0�

[69]

↵M = ↵M0añ ↵M0
2ñ

ñ [65]

↵M = ↵M0

⌦⇤(a)

⌦⇤
�↵M0

6⌦⇤
ln ⌦m � 3⌦⇤

ln ⌦m
[65, 70]

⌦ = 1 + ⌦+añ 1

2
⌦+ ñ [6]

Minimal self-acceleration �
�
ln aacc + C

2
�acc

�
C/H0�2

ln a2
acc�C�acc

[64]

Table 1. Mapping of the parametrisation in Eq. (2.31) to a number of frequently studied, rep-
resentative modified gravity models embedded in the Horndeski action (3.1) with luminal speed of
gravitational waves. For simplicity, we have employed the approximations ↵M0 ⌧ 1 (and n ⇠ 1).

to test the time evolution of G4 was already proposed in Ref. [13] and a preliminary forecast
at the level |M2

e↵
(z = 0) � 1| . 3.5 ⇥ 10�3 was estimated in Ref. [6] by adapting forecasts

on the accuracy that LISA can reach on H0. We specify the mapping between a range of
Horndeski models and the parametrisation in Eq. (2.31), which will enable us to interpret
the constraints on ⌅0 and n for given values of the model parameters. The mapping for
Horndeski scalar-tensor theories can be generally performed6 by specifying M2(0) and ↵M0

according to

⌅0 = lim
z!1

Me↵(0)

Me↵(z)
, (3.8)

n ' ↵M0

2(⌅0 � 1)
. (3.9)

This overall “dictionary” is summarised in Table 1. Note that we assume the constraint
|⌅0 � 1| ⌧ 1 (and n ⇠ 1) and that all models recover Me↵(z ! 1) = MPl, hence, ⌅0 = M0,
and we set MPl ⌘ 1 for convenience. In Fig. 2 we illustrate the performance of the fit provided
by the parametrisation (2.31), with the values of ⌅0 and n given in eqs. (3.8) and (3.9), for
two examples embedded in the Horndeski action. We see that the parametrization (2.31)
works well.

The first model we shall inspect is f(R) gravity [71], where the Einstein-Hilbert action
is generalised by R ! R + f(R). It can be mapped onto the action (3.1) by defining the
scalar field 2G4(�) ⌘ � ⌘ 1 + fR with fR ⌘ df/dR and G2 ⌘ �U(�) ⌘ 1

2
[f(R) � fRR].

Hence, one finds

⌅0 = M0 = (1 + fR0)
1/2 ' 1 +

1

2
fR0 , (3.10)

6 Note that one may have to specify M
2(z ! 1) whenever it does not reduce to M

2
Pl at early times. The

early time matching is usually necessary for the purpose of recovering GR. In the complementary late-time
regime, matching may be due to screening e↵ects in the laboratory at z = 0.
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Tests of QG with GWs: gravitational wave luminosity distance

Can Quantum Gravity (QG) theories leave a signature in GWs?

§ NO: any late-time QG corrections will be suppressed by the Planck scale

§ Nonperturbative effects beyond the simple dimensional argument

If there is a third scale                     then QC                           with                                      
and NOT all these exponents are small
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Dimensional flow, the scale dependence of the dimensionality of spacetime, is a feature shared by
many theories of quantum gravity (QG). We present the first study of the consequences of QG
dimensional flow for the luminosity distance scaling of gravitational waves in the frequency ranges
of LIGO and LISA. We find generic modifications with respect to the standard general-relativistic
scaling, largely independent of specific QG proposals. We constrain these effects using two examples
of multimessenger standard sirens, the binary neutron-star merger GW170817 and a simulated
supermassive black-hole merger event detectable with LISA. We apply these constraints to various
QG candidates, finding that the quantum geometries of group field theory, spin foams and loop
quantum gravity can give rise to observable signals in the gravitational-wave spin-2 sector. Our
results complement and improve GW propagation-speed bounds on modified dispersion relations.
Under more model-dependent assumptions, we also show that bounds on quantum geometry can be
strengthened by solar-system tests.

Introduction. Quantum gravity (QG) includes any ap-
proach aiming at unifying General Relativity (GR) and
quantum mechanics consistently, so as to keep gravita-
tional ultraviolet (UV) divergences under control [1, 2].
Any such approach can be either top-down or bottom-up,
depending on whether it prescribes a specific geometric
structure at the Planck scale, or it starts from low ener-
gies and then climbs up to higher energy scales. The
former class includes string theory, nonlocal QG, and
nonperturbative proposals as Wheeler–DeWitt canon-
ical gravity, loop QG, group field theory, causal dy-
namical triangulations, causal sets, and noncommutative
spacetimes. The latter class contains asymptotic safety
and the spectral approach to noncommutative geometry.
Such variety of QG theories leads to many cosmological
consequences which are currently under investigation [3].

Given the recent direct observations of gravitational
waves (GW) [4–10], opening a new era in GW and multi-
messenger astronomy, new opportunities are arising to
test theories beyond GR. In general, QG may affect
both the production [11, 12] and the propagation of GWs
[11, 13–15] in ways that differ from those obtained from
modified-gravity models for dark energy. While QG aims
at regularizing UV divergencies in a framework applying
the laws of quantum mechanics to the gravitational force,
one might hope that yet-to-be developed connections be-
tween UV and infrared regimes of gravity can lead to a
consistent theory of dark energy from QG.

On one hand, one may believe that QG theories can
leave no signature in GWs, arguing that quantum correc-

tions will be suppressed by the Planck scale. Such a con-
clusion is reached by considering the leading-order per-
turbative quantum corrections to the Einstein–Hilbert
action. Since these corrections are quadratic in the
curvature and proportional to the Planck scale ℓPl ≈
10−35 m = 5 × 10−58Mpc, they are strongly subdomi-
nant at energy or curvature scales well above ℓPl. For
instance, for a Friedmann–Lemâıtre–Robertson–Walker
(FLRW) universe, there are only two scales for build-
ing dimensionless quantities, ℓPl and the Hubble radius
H−1. Therefore, quantum corrections should be of the
form (ℓPlH)n, where n = 2, 3, . . . . Today, quantum cor-
rections are as small as (ℓPlH0)n ∼ 10−60n, and any late-
time QG imprint is Planck-suppressed and undetectable.

On the other hand, these considerations are not neces-
sarily correct. One may consider nonperturbative effects
going beyond the simple dimensional argument quoted
above. Indeed, in the presence of a third intermedi-
ate scale L ≫ ℓPl, quantum corrections may become
∼ ℓaPlH

bLc with a − b + c = 0, and not all these expo-
nents are necessarily small. Such is the case, for instance,
of loop quantum cosmology with anomaly cancellation (a
mini-superspace model motivated by loop quantum grav-
ity), where quantum states of spacetime geometry may
be endowed with a mesoscopic effective scale [16]. These
and other QG inflationary models can leave a sizable im-
print in the early universe [3]. However, there are very
few and not fully developed models of fundamental-QG
dark energy [3]; such models modify UV physics, but
have also long-range effects.
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Dimensional flow, the scale dependence of the dimensionality of spacetime, is a feature shared by
many theories of quantum gravity (QG). We present the first study of the consequences of QG
dimensional flow for the luminosity distance scaling of gravitational waves in the frequency ranges
of LIGO and LISA. We find generic modifications with respect to the standard general-relativistic
scaling, largely independent of specific QG proposals. We constrain these effects using two examples
of multimessenger standard sirens, the binary neutron-star merger GW170817 and a simulated
supermassive black-hole merger event detectable with LISA. We apply these constraints to various
QG candidates, finding that the quantum geometries of group field theory, spin foams and loop
quantum gravity can give rise to observable signals in the gravitational-wave spin-2 sector. Our
results complement and improve GW propagation-speed bounds on modified dispersion relations.
Under more model-dependent assumptions, we also show that bounds on quantum geometry can be
strengthened by solar-system tests.

Introduction. Quantum gravity (QG) includes any ap-
proach aiming at unifying General Relativity (GR) and
quantum mechanics consistently, so as to keep gravita-
tional ultraviolet (UV) divergences under control [1, 2].
Any such approach can be either top-down or bottom-up,
depending on whether it prescribes a specific geometric
structure at the Planck scale, or it starts from low ener-
gies and then climbs up to higher energy scales. The
former class includes string theory, nonlocal QG, and
nonperturbative proposals as Wheeler–DeWitt canon-
ical gravity, loop QG, group field theory, causal dy-
namical triangulations, causal sets, and noncommutative
spacetimes. The latter class contains asymptotic safety
and the spectral approach to noncommutative geometry.
Such variety of QG theories leads to many cosmological
consequences which are currently under investigation [3].

Given the recent direct observations of gravitational
waves (GW) [4–10], opening a new era in GW and multi-
messenger astronomy, new opportunities are arising to
test theories beyond GR. In general, QG may affect
both the production [11, 12] and the propagation of GWs
[11, 13–15] in ways that differ from those obtained from
modified-gravity models for dark energy. While QG aims
at regularizing UV divergencies in a framework applying
the laws of quantum mechanics to the gravitational force,
one might hope that yet-to-be developed connections be-
tween UV and infrared regimes of gravity can lead to a
consistent theory of dark energy from QG.

On one hand, one may believe that QG theories can
leave no signature in GWs, arguing that quantum correc-

tions will be suppressed by the Planck scale. Such a con-
clusion is reached by considering the leading-order per-
turbative quantum corrections to the Einstein–Hilbert
action. Since these corrections are quadratic in the
curvature and proportional to the Planck scale ℓPl ≈
10−35 m = 5 × 10−58Mpc, they are strongly subdomi-
nant at energy or curvature scales well above ℓPl. For
instance, for a Friedmann–Lemâıtre–Robertson–Walker
(FLRW) universe, there are only two scales for build-
ing dimensionless quantities, ℓPl and the Hubble radius
H−1. Therefore, quantum corrections should be of the
form (ℓPlH)n, where n = 2, 3, . . . . Today, quantum cor-
rections are as small as (ℓPlH0)n ∼ 10−60n, and any late-
time QG imprint is Planck-suppressed and undetectable.

On the other hand, these considerations are not neces-
sarily correct. One may consider nonperturbative effects
going beyond the simple dimensional argument quoted
above. Indeed, in the presence of a third intermedi-
ate scale L ≫ ℓPl, quantum corrections may become
∼ ℓaPlH

bLc with a − b + c = 0, and not all these expo-
nents are necessarily small. Such is the case, for instance,
of loop quantum cosmology with anomaly cancellation (a
mini-superspace model motivated by loop quantum grav-
ity), where quantum states of spacetime geometry may
be endowed with a mesoscopic effective scale [16]. These
and other QG inflationary models can leave a sizable im-
print in the early universe [3]. However, there are very
few and not fully developed models of fundamental-QG
dark energy [3]; such models modify UV physics, but
have also long-range effects.
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Dimensional flow, the scale dependence of the dimensionality of spacetime, is a feature shared by
many theories of quantum gravity (QG). We present the first study of the consequences of QG
dimensional flow for the luminosity distance scaling of gravitational waves in the frequency ranges
of LIGO and LISA. We find generic modifications with respect to the standard general-relativistic
scaling, largely independent of specific QG proposals. We constrain these effects using two examples
of multimessenger standard sirens, the binary neutron-star merger GW170817 and a simulated
supermassive black-hole merger event detectable with LISA. We apply these constraints to various
QG candidates, finding that the quantum geometries of group field theory, spin foams and loop
quantum gravity can give rise to observable signals in the gravitational-wave spin-2 sector. Our
results complement and improve GW propagation-speed bounds on modified dispersion relations.
Under more model-dependent assumptions, we also show that bounds on quantum geometry can be
strengthened by solar-system tests.

Introduction. Quantum gravity (QG) includes any ap-
proach aiming at unifying General Relativity (GR) and
quantum mechanics consistently, so as to keep gravita-
tional ultraviolet (UV) divergences under control [1, 2].
Any such approach can be either top-down or bottom-up,
depending on whether it prescribes a specific geometric
structure at the Planck scale, or it starts from low ener-
gies and then climbs up to higher energy scales. The
former class includes string theory, nonlocal QG, and
nonperturbative proposals as Wheeler–DeWitt canon-
ical gravity, loop QG, group field theory, causal dy-
namical triangulations, causal sets, and noncommutative
spacetimes. The latter class contains asymptotic safety
and the spectral approach to noncommutative geometry.
Such variety of QG theories leads to many cosmological
consequences which are currently under investigation [3].

Given the recent direct observations of gravitational
waves (GW) [4–10], opening a new era in GW and multi-
messenger astronomy, new opportunities are arising to
test theories beyond GR. In general, QG may affect
both the production [11, 12] and the propagation of GWs
[11, 13–15] in ways that differ from those obtained from
modified-gravity models for dark energy. While QG aims
at regularizing UV divergencies in a framework applying
the laws of quantum mechanics to the gravitational force,
one might hope that yet-to-be developed connections be-
tween UV and infrared regimes of gravity can lead to a
consistent theory of dark energy from QG.

On one hand, one may believe that QG theories can
leave no signature in GWs, arguing that quantum correc-

tions will be suppressed by the Planck scale. Such a con-
clusion is reached by considering the leading-order per-
turbative quantum corrections to the Einstein–Hilbert
action. Since these corrections are quadratic in the
curvature and proportional to the Planck scale ℓPl ≈
10−35 m = 5 × 10−58Mpc, they are strongly subdomi-
nant at energy or curvature scales well above ℓPl. For
instance, for a Friedmann–Lemâıtre–Robertson–Walker
(FLRW) universe, there are only two scales for build-
ing dimensionless quantities, ℓPl and the Hubble radius
H−1. Therefore, quantum corrections should be of the
form (ℓPlH)n, where n = 2, 3, . . . . Today, quantum cor-
rections are as small as (ℓPlH0)n ∼ 10−60n, and any late-
time QG imprint is Planck-suppressed and undetectable.

On the other hand, these considerations are not neces-
sarily correct. One may consider nonperturbative effects
going beyond the simple dimensional argument quoted
above. Indeed, in the presence of a third intermedi-
ate scale L ≫ ℓPl, quantum corrections may become
∼ ℓaPlH

bLc with a − b + c = 0, and not all these expo-
nents are necessarily small. Such is the case, for instance,
of loop quantum cosmology with anomaly cancellation (a
mini-superspace model motivated by loop quantum grav-
ity), where quantum states of spacetime geometry may
be endowed with a mesoscopic effective scale [16]. These
and other QG inflationary models can leave a sizable im-
print in the early universe [3]. However, there are very
few and not fully developed models of fundamental-QG
dark energy [3]; such models modify UV physics, but
have also long-range effects.
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Dimensional flow, the scale dependence of the dimensionality of spacetime, is a feature shared by
many theories of quantum gravity (QG). We present the first study of the consequences of QG
dimensional flow for the luminosity distance scaling of gravitational waves in the frequency ranges
of LIGO and LISA. We find generic modifications with respect to the standard general-relativistic
scaling, largely independent of specific QG proposals. We constrain these effects using two examples
of multimessenger standard sirens, the binary neutron-star merger GW170817 and a simulated
supermassive black-hole merger event detectable with LISA. We apply these constraints to various
QG candidates, finding that the quantum geometries of group field theory, spin foams and loop
quantum gravity can give rise to observable signals in the gravitational-wave spin-2 sector. Our
results complement and improve GW propagation-speed bounds on modified dispersion relations.
Under more model-dependent assumptions, we also show that bounds on quantum geometry can be
strengthened by solar-system tests.

Introduction. Quantum gravity (QG) includes any ap-
proach aiming at unifying General Relativity (GR) and
quantum mechanics consistently, so as to keep gravita-
tional ultraviolet (UV) divergences under control [1, 2].
Any such approach can be either top-down or bottom-up,
depending on whether it prescribes a specific geometric
structure at the Planck scale, or it starts from low ener-
gies and then climbs up to higher energy scales. The
former class includes string theory, nonlocal QG, and
nonperturbative proposals as Wheeler–DeWitt canon-
ical gravity, loop QG, group field theory, causal dy-
namical triangulations, causal sets, and noncommutative
spacetimes. The latter class contains asymptotic safety
and the spectral approach to noncommutative geometry.
Such variety of QG theories leads to many cosmological
consequences which are currently under investigation [3].

Given the recent direct observations of gravitational
waves (GW) [4–10], opening a new era in GW and multi-
messenger astronomy, new opportunities are arising to
test theories beyond GR. In general, QG may affect
both the production [11, 12] and the propagation of GWs
[11, 13–15] in ways that differ from those obtained from
modified-gravity models for dark energy. While QG aims
at regularizing UV divergencies in a framework applying
the laws of quantum mechanics to the gravitational force,
one might hope that yet-to-be developed connections be-
tween UV and infrared regimes of gravity can lead to a
consistent theory of dark energy from QG.

On one hand, one may believe that QG theories can
leave no signature in GWs, arguing that quantum correc-

tions will be suppressed by the Planck scale. Such a con-
clusion is reached by considering the leading-order per-
turbative quantum corrections to the Einstein–Hilbert
action. Since these corrections are quadratic in the
curvature and proportional to the Planck scale ℓPl ≈
10−35 m = 5 × 10−58Mpc, they are strongly subdomi-
nant at energy or curvature scales well above ℓPl. For
instance, for a Friedmann–Lemâıtre–Robertson–Walker
(FLRW) universe, there are only two scales for build-
ing dimensionless quantities, ℓPl and the Hubble radius
H−1. Therefore, quantum corrections should be of the
form (ℓPlH)n, where n = 2, 3, . . . . Today, quantum cor-
rections are as small as (ℓPlH0)n ∼ 10−60n, and any late-
time QG imprint is Planck-suppressed and undetectable.

On the other hand, these considerations are not neces-
sarily correct. One may consider nonperturbative effects
going beyond the simple dimensional argument quoted
above. Indeed, in the presence of a third intermedi-
ate scale L ≫ ℓPl, quantum corrections may become
∼ ℓaPlH

bLc with a − b + c = 0, and not all these expo-
nents are necessarily small. Such is the case, for instance,
of loop quantum cosmology with anomaly cancellation (a
mini-superspace model motivated by loop quantum grav-
ity), where quantum states of spacetime geometry may
be endowed with a mesoscopic effective scale [16]. These
and other QG inflationary models can leave a sizable im-
print in the early universe [3]. However, there are very
few and not fully developed models of fundamental-QG
dark energy [3]; such models modify UV physics, but
have also long-range effects.
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Dimensional flow, the scale dependence of the dimensionality of spacetime, is a feature shared by
many theories of quantum gravity (QG). We present the first study of the consequences of QG
dimensional flow for the luminosity distance scaling of gravitational waves in the frequency ranges
of LIGO and LISA. We find generic modifications with respect to the standard general-relativistic
scaling, largely independent of specific QG proposals. We constrain these effects using two examples
of multimessenger standard sirens, the binary neutron-star merger GW170817 and a simulated
supermassive black-hole merger event detectable with LISA. We apply these constraints to various
QG candidates, finding that the quantum geometries of group field theory, spin foams and loop
quantum gravity can give rise to observable signals in the gravitational-wave spin-2 sector. Our
results complement and improve GW propagation-speed bounds on modified dispersion relations.
Under more model-dependent assumptions, we also show that bounds on quantum geometry can be
strengthened by solar-system tests.

Introduction. Quantum gravity (QG) includes any ap-
proach aiming at unifying General Relativity (GR) and
quantum mechanics consistently, so as to keep gravita-
tional ultraviolet (UV) divergences under control [1, 2].
Any such approach can be either top-down or bottom-up,
depending on whether it prescribes a specific geometric
structure at the Planck scale, or it starts from low ener-
gies and then climbs up to higher energy scales. The
former class includes string theory, nonlocal QG, and
nonperturbative proposals as Wheeler–DeWitt canon-
ical gravity, loop QG, group field theory, causal dy-
namical triangulations, causal sets, and noncommutative
spacetimes. The latter class contains asymptotic safety
and the spectral approach to noncommutative geometry.
Such variety of QG theories leads to many cosmological
consequences which are currently under investigation [3].

Given the recent direct observations of gravitational
waves (GW) [4–10], opening a new era in GW and multi-
messenger astronomy, new opportunities are arising to
test theories beyond GR. In general, QG may affect
both the production [11, 12] and the propagation of GWs
[11, 13–15] in ways that differ from those obtained from
modified-gravity models for dark energy. While QG aims
at regularizing UV divergencies in a framework applying
the laws of quantum mechanics to the gravitational force,
one might hope that yet-to-be developed connections be-
tween UV and infrared regimes of gravity can lead to a
consistent theory of dark energy from QG.

On one hand, one may believe that QG theories can
leave no signature in GWs, arguing that quantum correc-

tions will be suppressed by the Planck scale. Such a con-
clusion is reached by considering the leading-order per-
turbative quantum corrections to the Einstein–Hilbert
action. Since these corrections are quadratic in the
curvature and proportional to the Planck scale ℓPl ≈
10−35 m = 5 × 10−58Mpc, they are strongly subdomi-
nant at energy or curvature scales well above ℓPl. For
instance, for a Friedmann–Lemâıtre–Robertson–Walker
(FLRW) universe, there are only two scales for build-
ing dimensionless quantities, ℓPl and the Hubble radius
H−1. Therefore, quantum corrections should be of the
form (ℓPlH)n, where n = 2, 3, . . . . Today, quantum cor-
rections are as small as (ℓPlH0)n ∼ 10−60n, and any late-
time QG imprint is Planck-suppressed and undetectable.

On the other hand, these considerations are not neces-
sarily correct. One may consider nonperturbative effects
going beyond the simple dimensional argument quoted
above. Indeed, in the presence of a third intermedi-
ate scale L ≫ ℓPl, quantum corrections may become
∼ ℓaPlH

bLc with a − b + c = 0, and not all these expo-
nents are necessarily small. Such is the case, for instance,
of loop quantum cosmology with anomaly cancellation (a
mini-superspace model motivated by loop quantum grav-
ity), where quantum states of spacetime geometry may
be endowed with a mesoscopic effective scale [16]. These
and other QG inflationary models can leave a sizable im-
print in the early universe [3]. However, there are very
few and not fully developed models of fundamental-QG
dark energy [3]; such models modify UV physics, but
have also long-range effects.
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Dimensional flow, the scale dependence of the dimensionality of spacetime, is a feature shared by
many theories of quantum gravity (QG). We present the first study of the consequences of QG
dimensional flow for the luminosity distance scaling of gravitational waves in the frequency ranges
of LIGO and LISA. We find generic modifications with respect to the standard general-relativistic
scaling, largely independent of specific QG proposals. We constrain these effects using two examples
of multimessenger standard sirens, the binary neutron-star merger GW170817 and a simulated
supermassive black-hole merger event detectable with LISA. We apply these constraints to various
QG candidates, finding that the quantum geometries of group field theory, spin foams and loop
quantum gravity can give rise to observable signals in the gravitational-wave spin-2 sector. Our
results complement and improve GW propagation-speed bounds on modified dispersion relations.
Under more model-dependent assumptions, we also show that bounds on quantum geometry can be
strengthened by solar-system tests.

Introduction. Quantum gravity (QG) includes any ap-
proach aiming at unifying General Relativity (GR) and
quantum mechanics consistently, so as to keep gravita-
tional ultraviolet (UV) divergences under control [1, 2].
Any such approach can be either top-down or bottom-up,
depending on whether it prescribes a specific geometric
structure at the Planck scale, or it starts from low ener-
gies and then climbs up to higher energy scales. The
former class includes string theory, nonlocal QG, and
nonperturbative proposals as Wheeler–DeWitt canon-
ical gravity, loop QG, group field theory, causal dy-
namical triangulations, causal sets, and noncommutative
spacetimes. The latter class contains asymptotic safety
and the spectral approach to noncommutative geometry.
Such variety of QG theories leads to many cosmological
consequences which are currently under investigation [3].

Given the recent direct observations of gravitational
waves (GW) [4–10], opening a new era in GW and multi-
messenger astronomy, new opportunities are arising to
test theories beyond GR. In general, QG may affect
both the production [11, 12] and the propagation of GWs
[11, 13–15] in ways that differ from those obtained from
modified-gravity models for dark energy. While QG aims
at regularizing UV divergencies in a framework applying
the laws of quantum mechanics to the gravitational force,
one might hope that yet-to-be developed connections be-
tween UV and infrared regimes of gravity can lead to a
consistent theory of dark energy from QG.

On one hand, one may believe that QG theories can
leave no signature in GWs, arguing that quantum correc-

tions will be suppressed by the Planck scale. Such a con-
clusion is reached by considering the leading-order per-
turbative quantum corrections to the Einstein–Hilbert
action. Since these corrections are quadratic in the
curvature and proportional to the Planck scale ℓPl ≈
10−35 m = 5 × 10−58Mpc, they are strongly subdomi-
nant at energy or curvature scales well above ℓPl. For
instance, for a Friedmann–Lemâıtre–Robertson–Walker
(FLRW) universe, there are only two scales for build-
ing dimensionless quantities, ℓPl and the Hubble radius
H−1. Therefore, quantum corrections should be of the
form (ℓPlH)n, where n = 2, 3, . . . . Today, quantum cor-
rections are as small as (ℓPlH0)n ∼ 10−60n, and any late-
time QG imprint is Planck-suppressed and undetectable.

On the other hand, these considerations are not neces-
sarily correct. One may consider nonperturbative effects
going beyond the simple dimensional argument quoted
above. Indeed, in the presence of a third intermedi-
ate scale L ≫ ℓPl, quantum corrections may become
∼ ℓaPlH

bLc with a − b + c = 0, and not all these expo-
nents are necessarily small. Such is the case, for instance,
of loop quantum cosmology with anomaly cancellation (a
mini-superspace model motivated by loop quantum grav-
ity), where quantum states of spacetime geometry may
be endowed with a mesoscopic effective scale [16]. These
and other QG inflationary models can leave a sizable im-
print in the early universe [3]. However, there are very
few and not fully developed models of fundamental-QG
dark energy [3]; such models modify UV physics, but
have also long-range effects.

and artificial intelligence display correlation functions with anomalous scalings described by
the same mathematics. These systems are characterized by two or more critical exponents �1,
�2, and so on (corresponding to dimensions, in QG and fractal geometry) combined together
as a generalized polynomial `�1 +A`�2 + . . . , where A and each subsequent coe�cient contains
a scale. As far as we know, this is the standard result and there is no need nor evidence for
replacing a finite set of critical exponents �1, �2, . . . , with a one-parameter exponent �(`) and
the polynomial with a single power law `�(`). This can be done for the sake of phenomenology,
but in the context of QG we can do better.

GT:lets discuss toegether the arguments above. also, not too clear whether
dEM is modified or not with respect to standard case

In the case of the luminosity distance, the length formula (5.14) is precisely of the
polynomial form expected in multi-scale systems and it can give a guidance to rewrite d�L in
(5.21) as the sum of an IR and a UV contribution. Reinstating the superscript in dL,

h /
1

dgwL
, dgwL = demL

"
1 + "

✓
demL
`⇤

◆��1
#
, � 6= 0 , (5.23)

h /
1

`⇤
ln

✓
1 +

`⇤
demL

◆
, � = 0 , (5.24)

where the parameters ✏ = O(1), � and `⇤ > l⇤ will be discussed shortly. First, we comment
on the range of validity of (5.23) when � takes values far away (say, 50% or more) from 1.
Assume, then, that |� � 1| > 0.5. Equation (5.23) captures the scaling of the GW amplitude
on two di↵erent regimes, one where dgwL ' demL (IR/GR regime, negligible correction) and
one where dgwL ' "`⇤(demL /`⇤)� (UV/QG regime, dominant correction). Depending on the
magnitude of �, one regime corresponds to the scale of the observer, while the other to
cosmological scales arbitrarily far away from us. If � < 1, then the GR regime is realized for
optical source with demL � `⇤, while if � > 1 it is realized when demL ⌧ `⇤. Whether the GR
regime corresponds to cosmological or local (i.e., solar system, laboratory or atomic) scales
depends on how dimensional flow a↵ects the cosmological observable (5.23). Ultimately, this
question reduces to determining whether � = �UV or � = �meso. The magnitude of the
quantum-gravity correction in (5.23) can change considerably depending on the regime and
on the geometry.

• � = �UV. A binomial such as (5.23) is valid at all scales only if `⇤ is the only intrinsic
scale in spacetime geometry, in which case `⇤ is expected to be very small, certainly
smaller than the electroweak scale and possibly close, or equal to, the Planck length
`Pl. Therefore, for `⇤ = l⇤ = O(`Pl), � = �UV is the critical exponent in the UV and
cosmologically distant sources (demL � `⇤) fall into the IR regime of dimensional flow
(GR limit) if � < 1 and into the UV regime (QG limit) if � > 1. Thus, interesting
deviations from GR are expected only when � > 1. Note that we cannot conclude,
from this reasoning, that at sub-cosmological scales (solar system, laboratory, and so
on) one reaches the UV regime if � < 1 and the IR regime if � > 1, because (5.23)
is a cosmological formula and dL = 0 corresponds to zero redshift or local scales, not
sub-Planckian scales. In particular, a theory with � < 1 does not necessarily predict
strong QG at solar-system or laboratory scales. The case � = 0 is special because
it corresponds to a logarithmic correlation function. Equation (5.24) reproduces this
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Only GFT, SF or LQG could generate a signal detectable with standard sirens 
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Standard sirens:

independent measurement!

O1-O2 LIGO-Virgo results:

Only O(10)× more sources without counterparts give similar precision.

GW measurements are in the game!

Clustering will improve prospects: by a factor of 2.5?

Number and nature of sources will dictate relative contribution of “dark” sirens.
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Galaxy -GW correlation

Cosmology with GW beyond H0



LIGO LISA

LSS survey 
such as DESI/LSST

CMB experiments 
such as Simons  
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Lensing & GW’s
• GW std sirens might be useful as lensing sources, especially for alternative 

DM models that produce excess structure on tiny scales (e.g. axion 
miniclusters, ultra-compact minihalos, PBH’s)


• 3 wavelength regimes:

1. : grav lensing is negligible


2. : wave lensing, strong frequency dependence


3. : geometric optics, frequency independent.

A. Strong lensing: multiple images, sensitive to dense concentrations.  

LIGO sources are appealing, since they are coherent, so we can 
measure time delays ~ 10 msec. (But FRBs may be even better!)


B. Weak lensing, look for brightness fluctuations.  Typical rms ~ 1% 
for standard LCDM, so this will be difficult to detect via excess 
variance.  Better approach might be cross-correlation, figure-of-
merit is noise power spectrum .  For type Ia SNe, e~5-10%, 
so many GW events are needed in order to be competitive.  

λ ≫ GM/c2

λ ∼ GM/c2

λ ≪ GM/c2

ε2/n̄



H0 without counterparts
• Standard method (e.g. Schutz) is equivalent to cross-correlation in limit 

of weak correlations ( ).  Current LIGO is in this limit since 
localization errors are large, .


• In this regime, density fluctuations are nearly Gaussian distributed, so 2-
pt functions contain all information → cross-correlation analysis should 
be nearly optimal.


• Distinctive signature of H0: violation of translation invariance


• Cross-correlation takes the form 
, where 




• Peculiar velocities give cute effect in redshift-space distortions of GW 
events, allow us to measure H d (in principle)

ξ ≪ 1
ΔV ∼ 𝒪(10 − 100 Mpc)3

⟨n*GW( ⃗k 1)ngal( ⃗k 2)⟩ = (2π)3Pc(k1)δD( ⃗k 1 − ⃗k 2)
Pc(k) = n̄GWn̄galP(k) + fgaln̄GW



Questions/Thoughts
• Can we test the Lambda CDM model with GWs data independently of CMB? 
• Can we test the thermal history of the universe (i.e, phase transitions) through GWs data? 
• Model independent constraints on the theory of gravity from GW observations 
• Can we rule out all dark energy models with intermediate scale physics? are there other 
constraints from GWs on cosmological EFTs? 

• Can we understand the nature of dark matter from GW observations? 
• Will a GW measurement (of H0) ever be as competitive as conventional measurements? 
• Expansion history using GW sources. 
• Will we be able to address galaxy catalogue systematics well enough to confidently report and 
accurate H0 measurement without counterparts? 

• Will we know the NS physics well enough to measure H0 using GW sources alone? 
• Can we rely on BBH population properties for cosmography? 
• Can GW sources be used as calibrators of the distance ladder? If so, at what redshift? 
• Cosmography or testing gravity with standard sirens? 
• In what other ways can we use standard sirens? 
• Can GW detectors improve their absolute calibration from ~ few % to < 1%? 
• Combining the measurements from strong gravity regime and GW propagation. 
• Is there any hope to probe high frequency primordial GW signal ? 
• Inference of the Hubble parameter from the GW sources without EM counterparts. 
• Possibility of measuring the additional polarization of GW signal? 
• Peculiar velocity corrections to the BNS, BH-NS sources 
• Cosmology using the stochastic GW background 
• Is it worthwhile to probe very high frequency regime (e.g. > 10^4 Hz) where there are no 
astrophysical sources, so any signal means novel physics?
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