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Theories of dark energy and modified gravity can be strongly constrained by astrophysical or cosmological

observations, as illustrated by the recent observation of the gravitational wave event GW170817 and of its

electromagnetic counterpart GRB 170817A, which shows that the speed of gravitational waves, cg, is the same as

the speed of light, within deviations of order 10−15 . This observation implies severe restrictions on scalar-tensor

theories, in particular theories whose action depends on second derivatives of a scalar field. Working in the very

general framework of Degenerate Higher-Order Scalar-Tensor (DHOST) theories, which encompass Horndeski

and Beyond Horndeski theories, we present the DHOST theories that satisfy cg = c. We then examine, for these

theories, the screening mechanism that suppresses scalar interactions on small scales, namely the Vainshtein

mechanism, and compute the corresponding gravitational laws for a non-relativistic spherical body. We show

that it can lead to a deviation from standard gravity inside matter, parametrized by three coefficients which

satisfy a consistency relation and can be constrained by present and future astrophysical observations.

Introduction. The combination of the gravitational wave

event GW170817 [1], observed by the LIGO/Virgo collabora-

tion, and of the gamma-ray burst GRB 170817A [2] gives a

remarkably precise measurement of the speed of gravitational

waves (GWs): it coincides with the speed of light with devia-

tions smaller than a few parts in 10−15. This measurement has

dramatic consequences on the viability of theories of dark en-

ergy and/or modified gravity that have been intensively stud-

ied in the last few years because many of them generically

predict a speed of GW that differs from the speed of light.

The purpose of this work is to reassess the viability of ex-

isting scalar-tensor theories with this new information, in the

context of the most general framework that has been devel-

oped so far to describe scalar-tensor theories, namely that of

Degenerate Higher-Order Scalar-Tensor (DHOST) theories,

introduced in [3] (see also [4] for a brief overview), which in-

clude and extend previously known families of theories such

as Horndeski [5] and Beyond Horndeski [6].

Since the speed of gravitational waves for all DHOST theo-

ries has already been computed, it is a rather simple task to in-

fer the consequences of the constraint cg = c on DHOST theo-

ries, and, consequently, on Horndeski and Beyond Horndeski.

In what follows, we present a summary of the present status

of scalar-tensor theories in the wake of GW170817. We then

turn to the more difficult task of deriving, for these DHOST

theories satisfying cg = c, the equations governing the gravita-

tional behaviour inside and around a non-relativistic spherical

object. Whereas standard gravity is recovered outside the ob-

ject, we find that the gravitational equations inside matter ex-

hibit deviations from standard gravity. These deviations can

be confronted to astrophysical observations in order to further

constrain this large family of scalar-tensor theories.

Overview of DHOST theories. Let us first present DHOST

theories, which at present constitute the most general class

of scalar-tensor theories that propagate a single scalar degree

of freedom. DHOST theories were introduced in [3], where

it was understood that the presence of a single scalar degree

of freedom in higher-order scalar-tensor theories is the con-

sequence of a special degeneracy of the Lagrangian, which

prevents the appearance of a (problematic) extra scalar degree

of freedom, even if the Euler-Lagrange equations are not nec-

essarily second-order. All DHOST theories with a quadratic

dependence on second derivatives were obtained in [3] by us-

ing this degeneracy condition. Their action can be written in

the form

S =
∫

d4x
√
−g

[

F(φ ,X) (4)R+P(φ ,X)+Q(φ ,X)�φ ,

+
5

∑
I=1

AI(φ ,X)LI

]

,
(1)

where we have introduced, in the second line, all possible La-

grangians that are quadratic in second derivatives of φ , i.e. in

φµν ≡ ∇ν ∇µφ (combined with the metric gµν or the scalar

field gradient φµ ≡ ∇µφ ):

L1 = φµν φ µν , L2 = (�φ)2 , L3 = (�φ)φ µ φµν φν ,

L4 = φ µ φµρ φρν φν , L5 = (φ µ φµν φν)2 ,
(2)

each multiplied by a function AI of φ and X ≡ gµν∇µ φ∇ν φ .

In order to get a theory propagating a single degree of free-

dom, i.e. a DHOST theory, the functions F and AI are re-

stricted by degeneracy conditions, explicitly given in [3]. One

can further enlarge the space of theories by adding to the

above action (1), terms of the form [7]

Lcubic = f(3)(φ ,X)Gµν φ µν +
10

∑
I=1

BI(X ,φ)L
(3)
I , (3)

where the L
(3)
I are the ten possible combinations with a cu-

bic dependence on φµν (we will not need their explicit form

here). By imposing the degeneracy criterium, all DHOST the-

ories combining quadratic and cubic terms have been system-

atically classified in [7].

http://arxiv.org/abs/1711.07403v2
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Among the DHOST theories thus identified, one can recog-

nize as particular cases the Beyond Horndeski theories. Fol-

lowing the notation of [3], they are characterized by

F =G4 , A1 =−A2 = 2G4X +XF4 , A3 =−A4 = 2F4 , A5 = 0 ,
(4)

and f(3) = G5 with the BI related to G5X and F5, while P and

Q coincide with G2 and G3, respectively. The Beyond Horn-

deski subclass itself contains the Horndeski theories, obtained

by simply taking F4 = F5 = 0. Another subclass of DHOST

theories was found earlier in [8], via disformal transforma-

tions of the Einstein-Hilbert action.

Since DHOST theories constitute the most general class

of scalar-tensor theories considered so far, and encompass all

previously studied scalar-tensor theories as well as new ones,

they provide a natural arena in which to study the viability of

scalar-tensor theories. A first step in this direction was per-

formed recently by studying scalar and tensor linear perturba-

tions around a homogeneous and isotropic background [9]. It

was found that, for most classes of DHOST theories classified

in [7], the square of the propagation speed of tensor modes

and that of the scalar mode have opposite sign, which implies

that a gradient instability develops in either the scalar or ten-

sor sector. Only one class of DHOST theories, dubbed class

I, which includes Horndeski and beyond Horndeski, does not

suffer from this problem. This class contains four independent

functions of φ and X (not including the functions P and Q).

The theories of class I can in fact be related to Horndeski the-

ories via disformal transformations [7], but as soon as matter

is taken into account, it is much simpler to use the DHOST

formulation where matter is minimally coupled, as we will be

briefly comment in the conclusion.

DHOST theories satisfying cg = c. Let us now turn to the

new constraint brought by the discovery of a GW event and

its optical counterpart, showing that the speed of gravitational

waves and that of light coincide to a very high precision. For

simplicity here, we will ignore the possibility of some (ex-

treme) fine-tuning and assume that this observation is a strong

indication that cg and c strictly coincide.

Since the speed of gravitational waves (with respect to a

cosmological background) has already been computed for all

DHOST theories in [9], it is a straightforward exercise to iden-

tify all DHOST theories that “survive” after GW170817. In

fact, it is even more useful to consider the ADM form of the

DHOST Lagrangian, also derived in [9] (in a gauge where the

scalar field is spatially uniform), because it provides nonlinear

information and thus makes the background-dependenteffects

manifest. Concentrating on the terms in the Lagrangian that

contribute to the kinetic and spatial gradient terms of the ten-

sor modes, one finds [9]

LADM = (F −XA1)Ki jK
i j +F (3)R+ . . . (5)

The requirement cg = c for any background thus imposes the

very simple condition

A1 = 0 . (6)

The function A3 is arbitrary, like F , and the remaining func-

tions A2, A4 and A5 are then fixed by the three degeneracy

conditions derived in [3], so that we have

A1 = A2 = 0 ,

A4 =
1

8F

[

48FX
2 − 8(F −XFX)A3 −X2A2

3

]

,

A5 =
1

2F
(4FX +XA3)A3 .

(7)

Moreover, some of the cubic terms of (3) also contribute to

the gravitational speed, in a background-dependent way, and

in order to eliminate this contribution, all cubic terms must be

discarded, as a consequence of the degeneracy conditions for

cubic terms obtained in [7].

In summary, the condition cg = c dramatically restricts the

set of viable DHOST theories but still allows a total La-

grangian that depends on four arbitrary functions of X and

φ , namely F , P, Q and A3, given by

LDHOST
cg=1 = P+Q�φ +F (4)R+A3φ µ φν φµν�φ

+
1

8F

(

48FX
2 − 8(F −XFX)A3 −X2A2

3

)

φ µ φµνφλ φλ ν

+
1

2F
(4FX +XA3)A3(φµ φ µν φν)

2 .

(8)

It is then straightforward to infer how the condition cg = c

restricts the beyond Horndeski and Horndeski subclasses. In-

deed, the condition A1 = 0 combined with (4) implies F4 =
−2G4X/X , while the cubic terms vanish, i.e. F5 = G5 = 0.

This corresponds to the above Lagrangian (8) with A3 =
−4FX/X . As for Horndeski theories (with F4 = 0), they are

restricted to G4 = G4(φ). Note that the consequences of

GW170817 on scalar-tensor theories were also discussed in

[10–12], but from a narrower perspective focussed on Horn-

deski or Beyond Horndeski theories, which does not allow,

in the most general case, for a direct inclusion of matter in

the physical frame (i.e. with minimal coupling to the metric).

Here, the matter Lagrangian can be added immediately to our

Lagrangian (8).

Vainshtein mechanism in DHOST theories. The main pur-

pose of the present work is to focus on another crucial aspect

that viable theories must satisfy, namely that standard grav-

ity should be approximately recovered in the situations where

gravity has been well tested. In this respect, it is essential

that the scalar interactions that arise in a scalar-tensor theory

are suppressed on small scales in order to get a gravitational

behaviour in agreement with solar system tests.

For theories with higher order derivatives of the scalar field,

it is well known that this is achieved by the so-called Vain-

shtein mechanism [13] (see e.g. [14] for a review). The Vain-

shtein mechanism has been investigated in detail in Horndeski

theories [15–17]. For Beyond Horndeski theories, [18] found

the surprising result that the Vainshtein mechanism works

only partially in the sense that the usual gravitational law is

modified inside matter. This specific deviation from standard

gravity was studied for various astrophysical objects in order

to obtain constraints on the parameters of the Beyond Horn-

deski models (see e.g. [19–26]), as recently summarized in

[27]. So far however, the Vainshtein mechanism has not been
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studied for the most general DHOST theories, and the main

goal of this work is to remedy this situation.

In order to study the Vainshtein mechanism, we consider

a nonrelativistic spherical object, characterized by the mass

density ρ(r). The presence of this object will induce a (small)

deformation of spacetime, which is described by the perturbed

metric

ds2 =−(1+ 2Φ(r))dt2+(1− 2Ψ(r))δi jdxidx j , (9)

where we have introduced the two gravitational potentials

Φ(r) and Ψ(r). Our goal is to determine the gravitational

field, i.e. Φ and Ψ, generated by the mass distribution ρ(r).
The scalar field φ also acquires a perturbation due to the pres-

ence of the object and can be written as

φ = φc(t)+ χ(r) , (10)

where φc(t) denotes the cosmological scalar field. Here, in

contrast to the metric, we need to include the cosmological

dependence of the scalar field because it is relevant even for a

local observer, as we will see below. However, we still neglect

the time dependence of χ , as we are interested in spatial scales

much smaller than the Hubble radius, i.e. Hr ≪ 1.

The relations between the two metric perturbations, the

scalar perturbation and the mass distribution can be obtained

by writing down the equations of motion for the scalar field

and for the metric derived from the action (1), following

the same procedure as that used in [18]. These equations

are expanded up to linear order in the metric perturbations,

which are small for a nonrelativistic object. We also assume

χ ′2 ≪ φ̇2
c , but we keep terms with higher-order derivatives of

χ since they become important in the Vainshtein mechanism.

Using the notation v ≡ φ̇c, x ≡ χ ′/r, y ≡ Φ′/r, z ≡ Ψ′/r, and

A (r)≡
M (r)

8πr3
, M (r)≡ 4π

∫ r

0
r̄2ρ(r̄)dr̄ , (11)

this approximation leads to the following three equations, ob-

tained, after integration over r, respectively from the scalar

field equation of motion and the time and radial components

of the metric equations of motion:

(8A3 + 6A4)x
3 + 2(A3 +A4)rx

(

6xx′+ rx′2 + rxx′′
)

+
(

12FX − (A3 − 6A4)v
2
)

xy+
(

4FX +(A3 + 2A4)v
2
)

rxy′

− 24FX xz− 8FXrxz′ = 0 ,
(

4FX +(3A3 + 2A4)v
2
)

x2 +
(

4FX +(A3 + 2A4)v
2
)

rxx′

+ 2v2(4FX +A4v2)y− 4(F + 2FXv2)z+ 2A = 0 ,

2FX(x
2 + rxx′)+ (F + 2FXv2)y−Fz = 0 ,

(12)

where we have furthermore neglected terms with lower pow-

ers of x, since we are interested in regions inside or around the

central object, thus deep inside the Vainshtein radius where

x is large. The terms AI , F and FX appearing in (12) are all

evaluated on the background.

One can then use the last two equations of (12) to express

y and z in terms of x and A . Substituting these expressions

into the first one leads to an equation involving only the func-

tions x and A . This equation a priori involves derivatives of x

but, remarkably, substituting the expression for A4 given in (7)

yields an equation involving no derivative of x, which reads

x
{

4FA3(4F + 4FXv2 − 3A3v4)x2

−
[

3(4FX +A3v2)2v2 + 4F(12FX + 7A3v2)
]

A

− (4FX +A3v2)(4F + 4FXv2 +A3v4)rA ′
}

= 0 .

(13)

Concentrating on the nontrivial solution, the above expression

yields x2 in terms of the matter function A and its derivative

A ′. Substituting back into the earlier expressions for y and z,

it is then easy to write y and z in terms of A and its derivatives.

This gives the modified gravitational laws

dΦ

dr
=

GNM (r)

r2
+Ξ1GNM

′′(r) ,

dΨ

dr
=

GNM (r)

r2
+Ξ2

GNM ′(r)

r
+Ξ3 GNM

′′(r) ,

(14)

with the effective Newton’s constant GN defined by the ex-

pression

(8πGN)
−1 = 2F + 2FXv2 −

3

2
A3v4 ≡ 2F(1+Ξ0) (15)

and the dimensionless coefficients

Ξ1 =−
(4FX +A3v2)2

16FA3

, Ξ2 =
2FXv2

F
, Ξ3 =

16FX
2 −A2

3v4

16A3F
.

(16)

Outside the matter source, M is constant and one recov-

ers the usual gravitational behaviour. But, inside the matter

distribution, the above equations differ from those of standard

gravity in a way that is reminiscent of Beyond Horndeski the-

ories [18]. Indeed, the equation for Φ is very similar to that of

Beyond Horndeski since it exhibits an additional dependence

on M ′′(r) but the relation between the coefficient Ξ1 and the

functions that appear in the initial Lagrangian is different. The

contrast with Beyond Horndeski is even more pronounced in

the equation for Ψ since we see a new term, which depends on

the second derivative of M : such a term has never been con-

sidered before1. In this respect, the gravitational laws (14) sig-

nificantly extend those discussed in [27], which are restricted

to Beyond Horndeski models.

Note that both Ξ1 and Ξ3 vanish in the special case where

4FX −XA3 = 0, but the deviation from standard gravity is still

present via Ξ2. To cancel simultaneously all Ξi requires going

to the trivial case where all AI vanish and F = F(φ).
Interestingly, the three coefficients in (16) are not indepen-

dent but satisfy the consistency relation

Ξ2
3 −Ξ2

1 =
1

2
Ξ1 Ξ2 . (17)

1 In the Beyond Horndeski case, we have 4FX +XA3 = 0, as discussed below

(8). As a consequence, Ξ3 = 0 and Ξ2 =−Ξ0 =−2Ξ1.
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It is also worth noting that the coefficients Ξi can be related

to two of the cosmological effective parameters, namely αH

and β1, introduced in the effective description of dark energy

in [28] and [9], extending the parameters of [29] to Beyond

Horndeski and DHOST theories. One finds the very simple

relations: Ξ0 =−αH − 3β1, and

Ξ1 =−
(αH +β1)

2

2(αH + 2β1)
, Ξ2 = αH , Ξ3 =−

β1(αH +β1)

2(αH + 2β1)
. (18)

For physical situations where only the metric potential Φ is

relevant, one can re-use for Ξ1 the constraints already obtained

in previous studies devoted to Beyond Horndeski theories2. In

particular, the relation for Φ leads to a modified density profile

for non-relativistic stars [19, 20]. As shown in [20], one must

always have Ξ1 > −1/6 to guarantee the very existence of

stars. One can also get the upper bound Ξ1 . 0.4 from the

consistency of the minimum mass for hydrogen burning in

stars with the lowest mass red dwarf [21, 22].

The ratio between the Newton’s constant GN appearing

in (14) and the effective Newton’s constant associated with

the propagation of gravitational waves, given by 8πGgw ≡
1/(2F) [as can be read from (5) with A1 = 0] coincides with

(1+Ξ0)
−1. As discussed in [30], this ratio can be strongly

constrained by the decay of the orbital period of the Hulse-

Taylor binary pulsar since the energy loss via gravitational ra-

diation is proportional to Ggw. The present agreement with

the GR predictions yields a tight constraint on Ξ0, estimated

at below the percent level in [30, 31], although a more pre-

cise analysis would be useful. Note that a constraint on

Ξ0 much tighter than on the other Ξi effectively leads to a

one-parameter approximation of the deviations from standard

gravity, with Ξ0 ≈ 0, Ξ1 ≈ 2β1, Ξ2 ≈−3β1 and Ξ3 ≈−β1 (and

αH ≈ −3β1), where, according to the constraints on Ξ1 dis-

cussed earlier, β1 is restricted to the range −1/12< β1 . 0.2.

Additional constraints on the Ξi can be obtained via grav-

itational lensing observations, which are directly sensitive to

the combination Φ +Ψ, as discussed in [16, 19, 24] in the

restricted case of Horndeski and Beyond Horndeski theories.

For instance, lensing in galaxy clusters, assuming a Navarro-

Frenk-White profile [32] ρ(r) = ρs/[
r
rs
(1+ r

rs
)2], is governed

by

Φ+Ψ =
8πGNρsr

3
s

r

[

− ln

(

1+
r

rs

)

+(Ξ1 +Ξ3)
r2

2(r+ rs)2

−Ξ2
r

2(r+ rs)

]

, (19)

where the two additional terms, arising from modified grav-

ity, behave very differently from the standard term and, more-

over, have a distinct radial dependence at small radii r < rs.

The analysis of existing and future gravitational lensing data

could thus provide interesting complementary constraints on

the parameters of viable DHOST theories.

Conclusions. The most general scalar-tensor theory propa-

gating a single scalar degree of freedom and compatible with

the observation of GW170817 is described by the DHOST ac-

tion (8), which depends on four arbitrary functions of X and

φ (including the functions P and Q, which do not affect the

speed of gravitational waves).

We have derived the modified gravitational laws due to

the Vainshtein mechanism for all DHOST theories verifying

cg = c. We have found new consequences of the breaking of

the Vainshtein mechanism inside matter, leading to modified

gravitational laws that are more general than those associated

with the restricted case of Beyond Horndeski theories. It is

crucial to use these new extended results to confront compre-

hensively modified gravity models with astrophysical obser-

vations depending on both gravitational potentials.

Note that our analysis has been carried out in the physical

frame (or Jordan frame) where matter is minimally coupled

to the metric. As shown in [33, 34], the quadratic DHOST

theories of class I, thus including (8), can be reformulated as

Horndeski theories via a disformal transformation of the met-

ric, of the form g̃µν =C(X ,φ)gµν +D(X ,φ)φµ φν , but at the

price of introducing a disformal coupling of matter to the met-

ric. Although a study of the Vainshtein mechanism in such a

“Horndeski frame” is feasible, it turns out that it is signifi-

cantly more involved than the present analysis in the physical

frame [35].

It will be interesting in the future to obtain quantitative con-

straints on the parameters Ξi, via astrophysical and cosmo-

logical observations, keeping in mind the consistency relation

(17). Another important question is the status of compact ob-

jects in these modified gravity models. Neutron stars in Be-

yond Horndeski have been studied in [25, 26] but the partic-

ular models considered in those works do not satisfy cg = c

and it would thus be important to reexamine these studies in

the context of the viable DHOST theories discussed here.
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