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Multimessenger gravitational-wave (GW) astronomy has commenced with the detection of the binary
neutron star merger GW170817 and its associated electromagnetic counterparts. The almost coincident
observation of both signals places an exquisite bound on the GW speed |c,/c — 1| < 5 x 10710, We use this
result to probe the nature of dark energy (DE), showing that a large class of scalar-tensor theories and DE
models are highly disfavored. As an example we consider the covariant Galileon, a cosmologically viable,
well motivated gravity theory which predicts a variable GW speed at low redshift. Our results eliminate any
late-universe application of these models, as well as their Horndeski and most of their beyond Horndeski
generalizations. Three alternatives (and their combinations) emerge as the only possible scalar-tensor DE
models: (1) restricting Horndeski’s action to its simplest terms, (2) applying a conformal transformation
which preserves the causal structure, and (3) compensating the different terms that modify the GW speed
(to be robust, the compensation has to be independent on the background on which GWs propagate).
Our conclusions extend to any other gravity theory predicting varying c, such as Einstein-Aether, Horava
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gravity, Generalized Proca, tensor-vector-scalar gravity (TEVES), and other MOND-like gravities.
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Probing dark energy with GWs.—Multimessenger gravi-
tational-wave (GW) astronomy became a reality with the
detection of a binary neutron star (BNS) merger with GWs
by LIGO-VIRGO Collaboration (GW170817) [1] and sub-
sequently with different electromagnetic (EM) counterparts
by Fermi [2] and a range of observatories across the
spectrum [3]. This extraordinary discovery has many poten-
tial applications to test the astrophysics of BNS mergers [4],
the fundamentals of gravity in the strong regime [5], and
cosmic expansion [6]. In this Letter, we present the impli-
cations that this measurement has for the nature of dark
energy (DE) and tests of General Relativity (GR).

The present cosmic acceleration is probably one of the
greatest challenges in modern physics. Leaving the theo-
retical fine tuning issues aside [7], a cosmological constant
is the leading candidate to explain this acceleration since it
is fully consistent with observations [8]. Alternative sce-
narios that explain DE dynamically require either addi-
tional degrees of freedom (beyond the massless spin-2 field
of GR) or a low-energy violation of fundamental principles,
such as locality [9]. The extremely low energy scale for
DE requires additional degrees of freedom to be hidden on
small scales by a screening mechanism [10], which also
suppresses their rate of emission as additional gravitational-
wave polarizations [11].

New fields coupled to gravity can affect the propagation
speed of the standard GW polarizations, as measured by
GW170817 and its counterparts [12]. Anomalous GW
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speed can be used to test even screened theories, as signals
from extra-galactic sources probe unscreened, cosmologi-
cal scales. In addition, effects on GW propagation accu-
mulate over the travel time of the signals, amplifying their
magnitude and yielding an impressive sensitivity. GW
astronomy is therefore the most powerful tool to test
models that modify GW propagation.

Some of the most interesting dark energy models predict
an anomalous GW speed and are ruled out by GW170817.
These include cosmologically viable, screened and self-
accelerating models, like the covariant Galileon [13,14], or
proposals to solve the cosmological constant problem like
the self-tuning Lagrangians [15]. We will describe the
implications of GW 170817 on these and other DE models,
determining which of them remain viable after this dis-
covery. We will focus on gravity theories with just one
additional mode, a scalar field, working in the framework
of Horndeski [16] and beyond Horndeski [17], Gleyzes-
Langlois-Piazza-Vernizzi (GLPV) [18,19], and degenerate
higher-order scalar-tensor (DHOST) [20-23] theories.
Nevertheless, our analysis can be extended to theories
with more degrees of freedom, such as massive gravity
[24], Einstein-Aether theories [25], Hotava gravity [26], or
tensor-vector-scalar gravity (TEVES) [27].

GWI170817 and its counterparts.—On August 17, 2017,
the LIGO-VIRGO Collaboration detected the first BNS
merger, GW170817 [1]. This event was followed-up
by a short y ray burst (SGRB), GRB170817A, seen just
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1.74 £ 0.05 s later by Fermi and the International Gamma-
Ray Astrophysics Laboratory [2]. Subsequent observations
across the electromagnetic spectrum further confirmed the
discovery [3].

Each of these events provides complementary informa-
tion about the BNS merger. The GW signal serves to
weight the NS, which are in the range 0.86-2.26M , and to
measure the luminosity distance, d; = 405, Mpc. The
EM counterparts uniquely identify the host galaxy,
NGC4993. Taking the lowest limit d; =26 Mpc and a
conservative 10s delay between the GW and SGRB the
bound on the speed of GWs is [2]

3x 107 < ¢ /e —1<Tx 10716, (1)

This is many orders of magnitude more stringent than
previous direct bounds [28] and applies to ¢, > ¢ unlike
bounds from absence of gravitational Cherenkov radiation
[29]. For simplicity, we will use a symmetric bound
le,/c—=1|<5x107'% in the rest of this Letter. Hereafter,
we use natural units with ¢ = 1.

GW propagation in scalar-tensor gravity.—Effects on
the propagation of GWs are a hallmark of scalar-tensor
theories of gravity. The evolution of linear, transverse-
traceless perturbations over a cosmological background

is fully characterized by two functions of time: the tensor
speed excess, ar, which modifies the propagation speed of
GWs cg = 1 4 a7 and hence the causal structure for this
type of signal; and the running of the effective Planck mass,
ay = dlog(M?)/dlog(a), which modulates the friction
term caused by the Universe’s expansion. These functions
depend on the theory parameters and the cosmological
dynamics of the scalar field. The explicit expressions are
given for Horndeski in [30], for beyond Horndeski GLPV
in [31] and for DHOST theories in [32]. The constraint on
¢, (1) has fundamental implications for DE scenarios and
can by itself rule out otherwise viable models, as we will
see explicitly now for the Covariant Galileon.

The fate of covariant Galileon.—Galileon gravity is an
interesting example of a dark energy model that can be
thoroughly tested by GW observations. It arises from a
scalar field with nonlinear derivative self-interactions,
satisfying the Galilean symmetry ¢ — ¢ + C + b, x* in
flat space-time [13]. Its covariant generalization [14,34] is a
simple instance of Horndeski’s theory [16], whose action

reads [35]
5
Sgu#) = [ x| L Lal. )
i=2
with
L, = Gy(¢, X), L3 = G3(¢, X)L, (4)

Ly =Ga($. X)R + Gyx(¢.X)[(O9)* = putp™].  (5)

1
'CS = GSG,uyd);Iw - 6 GS.X(¢? X) {(D¢)3
- 3¢;ﬂu¢;ﬂum¢ + 2¢;ﬂu¢;ua¢;aﬂ . (6)

The covariant Galileon corresponds to

Gy(X) =X,  Gy(X) = 2%){,
M3 ¢ c
o )4 4 b5
GyX) =L+ X2 Gs(X) = 15X (7)

so that all of the coefficients of the second-derivative terms
are proportional to X. Here g is the determinant of the
metric g,,, R is the Ricci scalar, G, is the Einstein tensor,
X=-0,00'0/2, ¢, =V,V,, O =V, V'¢p and L,,
denotes the Lagrangian of some matter field y,,. The mass
scale M> = Mp H} ensures that the ¢; coefficients remain
dimensionless (Mp; is the Planck mass). We will refer to
three models depending on the highest power of ¢ present
in the action (3): cubic (¢4, = ¢5 = 0), quartic (c5 = 0), and
quintic (all terms).

The covariant Galileon is most interesting as a cosmo-
logical model where the Galileon field causes the universe to
self-accelerate (without the need of a cosmological constant).
As a consequence of shift-symmetry ¢ — ¢+ C, a tracker
solution exists where the time evolution of the field and the
Hubble rate obey the relation &= H(r)¢(r)/H} = const.
[36]. Under this solution, which has to be reached before
DE domination [37], the functions of the modified GW
Eq. (2) read

1 H

ar = M2E® [2C4~f4 + ¢5& (1 + ﬁ)]’ (8)
HM? -1

W=
& (3

MZ:I_E §C4+C5§ s (9)

where E = H(t)/H,.

Self-accelerating Galileon models are all consistent (if
massive neutrinos are included) with cosmic microwave
background (CMB) and baryon acoustic oscillations (BAO),
together with the locally measured value of H|, (avoiding
the tension in ACDM) [33,38]. The inclusion of cross-
correlations between CMB temperature and galaxies, which
probes the Integrated Sachs-Wolfe (ISW) effect, trims a
significant portion of the parameter space (including all
cubic models), but leaves a region that is still viable [33],
[ap(z = 0) = 0.21]. All the cosmologically viable models
have an impact of GW propagation [39], as shown in Fig. 1.

Stringent bounds are derived from the constraint on
¢, (1). Translated to ar,

1 (40 Mpc At
|aT| <9x10 16 <T> (m), (10)
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anomalous GW speed
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Left: time evolution of the tensor speed excess @, as a function of redshift for 300 different realizations of viable quintic

Galileon cosmologies. Only quintic fine tuned cases (colored) predict @, (z = 0) ~ 0. Right: 1, 2 and 36 confidence regions of the
parameter space w.r.t. Planck + BAO for cubic (red), quartic (blue) and quintic (green) Galileons, projected on the &, (z = 0). a, (z = 0)
plane. Gray diagonal lines indicate the region disfavored by CMB-LSS cross correlation, measuring the ISW effect (see [33] for details).
Models with @, < —1 (gray filled region) have unstable tensor modes.

it implies very strong bounds on c4, cs. Assuming the
nonfine-tuned case with no cancellations and noting that
&~ 2 (range being 1.6 <& < 3.2) we find

ar 17 2 4
— 2.8 x 10 -,
lea] < 2~ 28 <:)

2\ 5
A ~38x 10717 (2
0.75¢ £

(compare with cosmology bounds ¢, = 0.008’:8:5216, c5 =
—0.013759% at 95% [33]). This in turn constrains the
effective Planck mass and its running to be

M2 1] <19%x 10715, |ay| < 1.9 x 10755,

(11)

les| <

(12)

(13)

Note that the bounds on M, and «;, (13) are specific to
Galileon gravity and will in general be independent from
those of ay in other models. The most viable Galileon
model in this light is a tiny deviation from the cubic
Galileon (¢4 = ¢5 = 0), which is incompatible with the
ISW measurements at 7¢ level (Note however that gener-
alizations of the cubic Galileon have been shown to fit ISW
data [40]).

Quintic Galileon models compatible with GW170817
exist on the very narrow and fine-tuned region of the
parameter space where At~ 3 ,’E" ar(f)dt < 1.7 s (Fig. 1
left). A second multimessenger event would, strictly speak-
ing, be necessary to discard this possibility. However, such
fine-tuning will not be robust to deviations from the
cosmological solution, as we discuss next.

Setting ¢, = 1 on arbitrary backgrounds.—The appear-
ance of an anomalous speed, a; # 0, can be understood in
terms of an effective geometry for the tensor perturbations
G*, with a different causal structure than the metric field
¢ [12]. For Horndeski and beyond Horndeski, the form is

Gv = Cg™ + Dprp* + Ef*. (14)

where the coefficients depend on ¢ and its derivatives,
and all quantities are local. GW propagation is determined
by the on shell GW-cone condition G*k,k, =0, for

k, = (o, l_é), and the propagation speed is cé(%) =
@?(k)/k*. The anomalous GW speed occurs whenever
g+ Q(x)g", i.e., D, E # 0 in (14). Quartic theories (5)
produce D-type terms [12], while quintic theories (6)
produce also E-type terms [41]. Both D, E terms can be
associated to the presence of the Weyl tensor in the
equations of motion [12].

Satisfying the bound a; = 0 requires either both oper-
ators leading to D, E to be very suppressed, or an internal
cancellation between different terms. However, such a
cancellation is robust against perturbations only if the
different terms involved have the same tensor structure,
i.e., different terms contributing to D cancel among
themselves and likewise for E. In contrast, a cancellation
between D and E at the level of the cosmological solution
is broken by the presence of perturbations. Assuming that
such a cancellation exists, computing the effective metric
over a perturbed scalar-field solution ¢ = ¢(t) + @(x)
leads to G, k'k" = C(k* — ?) - 2Ewk - S+ after
boosting so ¢, = (co6) The GW speed then depends
on the direction and can not be compensated

w? E. -
where the ellipsis denotes terms that modify the GW speed
isotropically. Although this is a second order effect, this
deviation will be highly constrained. Thus, tuning the
cosmological evolution is not a viable solution to avoid
the GW speed constraint.

Avoiding the GW speed constraint.—Let us now outline
what theories of gravity remain viable late universe models
after GW170817. The anomalous GW speed requires

two necessary conditions [12]: (a) nontrivial scalar field
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configuration that spontaneously breaks Lorentz symmetry
and (b) nonzero D,E terms in the GW-cone metric (14).
Note that cosmology ensures field evolution (a), as setting

ar =0 via ¢(t) ~0 cancels any cosmological modified
gravity effect altogether. Thus, finding viable theories
amounts to suppressing or compensating the terms leading
to a different causal structure (b).

In the framework of Horndeski, the only option is to
suppress the terms leading to an anomalous speed. Hence,
Horndeski theories are ruled out unless they satisfy

Gyx =0, G5 =~ const, (16)

cf. (4)—(6), with similar restrictions applying to the beyond
Horndeski terms introduced in the GLPV theory [18]. Note
that a cancellation of the anomalous speed between G, and
G5 will not be possible in general because they contribute
independently to one D and one E term in (14). The above
condition is satisfied only by the simple models contained
in Gy(X, ¢), G3(X. ), G4(9).

Viable theories beyond Horndeski can be obtained by
modifying the causal structure of the gravitational sector.
This can be achieved by applying a disformal transforma-
tion of the metric g,, — g,,, where

.a;w = 'Q‘2(¢7 X)g/w + D(¢’ X)¢,/4¢,w (17)
which changes the GW-cone whenever D #0.
Accordingly, the speed of GWs transforms to
-
X
e = L), (18)
1+2XD

where ¢, is the speed of tensors of the original gravity

theory and —2X = 3¢ .4, (Note that we apply the
disformal transformation (17) to the gravity sector only.
A field redefinition of the whole action, including matter,
will not change the physical ratio ¢,/c. Note that depend-
ence of the transformation coefficients in X will introduce
beyond Horndeski terms in the action (3) [42]). This result
leaves us with two ways to construct gravity theories with
GWs moving at the speed of light: (1) start with a theory
with ¢, = 1 and apply a conformal transformation, D = 0,
or (2) compensate the anomalous speed with a disformal
factor, i.e., D = (c2 —1)/2X.

cg=c

cg F#c

Starting with a ¢, = 1 Horndeski theory and applying a
conformal transformation leads to
1 ~ ~
‘CC = % (QZR + 6Q.ag'a) + £2 + £3, (19)
with Q = Q(X,¢) and where L£; are the transformed
Horndeski £,, £5 (4) (which transform into combinations
of themselves under a disformal relation (17)). The above
theory (19), first presented in Ref. [17], was later identified
as a DHOST theory [20], and hence, ghost free. It includes
mimetic gravity [43] as a particular case.
Compensating the anomalous speed may also render
a theory viable. For a quartic Horndeski theory (5) with
c2(X) = G4/(G4 —2XG4x) [12], one needs a beyond

g
Horndeski GLPV Lagrangian [18]

£4BH = F4(¢’ X){¢,ﬂ¢;ﬂy¢;w)¢p - ¢,ﬂ¢”y¢,l/|:|¢
- X[(O4)* - ¢,.0"1}. (20)

This term introduces an extra contribution to the speed
of gravitational waves that can be used to tune away the
anomalous GW speed:
2= Gy

¥ G4 =2X(Gyx — XF,)

Not surprisingly, the combined theory is the result of
applying a disformal transformation (17), with a suitably
chosen D, to the starting Horndeski theory. It is important
to emphasize that this particular cancellation holds over
general backgrounds, as it involves D terms in the effective
metric (14). Our results agree with the independent deri-
vation presented in Ref. [44].

Thus, the most general ST theory with ¢, = 1 is given by
Lc+ L4+ LB given by Egs. (5), (19), (20), subject to
the compensation condition (21) [note that the conformal
theory contains Horndeski’s G,, G3, and G4(¢)]. This can
be understood in the framework of quadratic DHOST
theories [21,45] for which ¢ = G;/(G,4 + 2XA,) (for a
cosmological background with a timelike scalar gradient)
where A; is the coefficient of the ¢.,,¢*" terms in the
action. It is very easy to see that this term is canceled by the
combination such that the compensation (21) holds. Note
that, as in Horndeski and GLPYV, terms with higher powers

FIG. 2. Summary of the viable (left) and

nonviable (right) scalar-tensor theories after

- N -

General Relativity
quintessence/k-essence [47]
Brans-Dicke/ f(R) [48, 49]

Kinetic Gravity Braiding [51]

Horndeski

quartic/quintic Galileons [13, 14]
Fab Four [15]
de Sitter Horndeski [50]
Gud"d” 5], f(¢)-Gauss-Bonnet [53]

GW170817. Only simple Horndeski theories,
G4 x ~0 and Gs = constant, and specific be-
yond Horndeski models, conformally related to
cg= 1 Horndeski or disformally tuned, remain
viable.

Derivative Conformal (19) [17]
Disformal Tuning (21)
quadratic DHOST with 4; =0

beyond H.

quartic/quintic GLPV [18]
quadratic DHOST [20] with A1 # 0
cubic DHOST [23]

Viable after GW170817

Non-viable after GW170817
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of VV¢, cubic DHOST [23] in this case, cannot help in
erasing the anomalous GW speed since they contribute to
different terms in the effective metric (14).

Conclusions.—The coincident arrival of EM and GW
signals places one of the strongest bounds available on a
large class of scalar-tensor theories that predict an anoma-
lous GW speed. The severe constraints on Galileons
extends to other scalar-tensor theories: without fine tuning,
the quartic and quintic sector of Horndeski, as well as
GLPV and several other beyond Horndeski Lagrangians,
are effectively ruled out as dark energy or late universe
modifications of gravity. These theoretical classes include
some interesting models, such as accelerating solutions due
to the weakening of the gravitational force [46] and self-
tuning theories that attempt to solve the cosmological
constant problem, and which rely on nonminimal derivative
couplings to curvature [15].

Despite the strong constraints, theories remain that avoid
this constraint and thus can still be used to explain DE (see
Fig. 2). Within Horndeski’s theory, these include only
the simplest modifications of gravity. Beyond Horndeski
theory, viable gravities can be obtained in two ways. One
can apply a derivative-dependent conformal transformation
to those Horndeski models with ¢, = 1, since it does not
affect their causal structure. Alternatively, one can imple-
ment a disformal transformation, which does alter the
GW-cone, designed to precisely compensate the original
anomalous speed of the theory.

The constraints of GW170817 extends further into the
landscape of gravity theories. In the case of vector-tensor and
scalar-vector-tensor theories, there are several couplings to
the curvature that now will be extremely constrained because
they modify the speed of GWs, e.g., R, v*v" in vector DE
[54]. In particular, this test has an impact on Einstein-Aether
theories [25], including some sectors of Horava gravity [55],
and more general frameworks such as Generalized Proca
theories [56]. TEVES [27] and MOND-like theories [57,58]
are as well critically affected by this bound. Massive gravity
[24], bigravity [59], and multigravity [60] remain viable as
long as the graviton mass is small and matter couples
minimally to one of the metrics.

In summary, multimessenger GW astronomy has proven
to be a powerful tool in the quest of the origin of cosmic
acceleration and GW170817 sets a landmark in dark energy
research. New DE models and theories of gravity will have
to satisfy this strong constraint on the GW speed. Future
GW-EM detections will be as well determinant for the
search of dynamical DE by better constraining the presence
of additional polarizations.
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