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1. Introduction

The origin of cosmic acceleration is one of the most puzzling and debated questions in contemporary cosmology: the biggest challenge
relies in understanding whether acceleration is caused by a cosmological constant or not. Alternatives to a cosmological constant roughly
divide into two main approaches: the first considers an additional dynamical new fluid that adds to the usual cosmologically relevant
matter fields, i.e. dark matter, baryons, radiation, neutrinos; the second, appealing path, tries to attribute acceleration to a change in
gravity and General Relativity itself (which typically also requires new degrees of freedom associated with new fields). If a new field
is present, this could couple minimally (i.e. purely gravitationally, as in the standard General Relativity) or non-minimally to the other
matter fields or to gravity or both. Moreover, the coupling could be either universal or depend on the matter field, thereby violating
the equivalence principle. The notion of self acceleration was introduced after the discovery of cosmic acceleration to denote accelerated
models without a cosmological constant (see e.g. [2-6]). This classification was then generalized and made more precise in [1], and it is
to this definition that we refer specifically in the following. Since then, it has often been used to highlight those cosmologies in which
cosmic acceleration is due to a ‘pure’ modification of gravity (see e.g. [7-13]), and also employed to motivate (or not) further investigation
of certain classes of modified gravity models.

In this paper we review what this concept actually means and discuss more precisely its limitations. We then propose a new clas-
sification that addresses such limitations, with the same original motivation in mind as for self acceleration, but applicable also to non
universal couplings to matter species. This is particularly interesting in view of the fact that non universal coupled dark energy are among
the classes of modified gravity models which are still compatible with all current observations: if baryons are minimally coupled to gravity,
in fact, local gravitational constraints are automatically satisfied, as well as the recent constraints on the speed of gravitational waves.

It is to be noted that the concept of self-acceleration is purely theoretical. Since all we can measure from cosmological observations in
a homogeneous and isotropic universe is the expansion rate H(z) and the space curvature, it is impossible to determine from cosmological
observations alone whether our universe is self-accelerated or not. We will not discuss the issue of observability further in this paper and
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rather concentrate on the concept of self-acceleration as presented in literature, i.e. as a mean to determine whether, within a given
theory, the predicted (theoretical) cosmic acceleration is to be attributed to a modification of gravity or not.

2. Reference frames

In order to discuss self-acceleration, its shortcomings and possible extensions, it is necessary to review the concept of reference frames
in some detail.

Observational data are in general obtained under the reasonable assumption that our reference laboratory system (units of time,
distance, mass) does not vary in time and space. This means that the observed reference system is the one in which baryons are coupled
to that metric for which this is true: we define then the observational metric the one in which baryons follow geodesics. We refer to S,ps,
as to the action in which this condition holds.

Let’s consider a model containing Einstein gravity, matter, and a scalar field. If T,(ng is the baryon Energy-Momentum Tensor (EMT),
then the observational metric (or frame) is the one in which the EMT for baryons is conserved:

VMT(J’)” =0 (observational frame) (M

If there is only one matter component, or if all matter components are coupled to the same metric, i.e. in the case of universal couplings,
the frame in which baryons follow geodesics (with metric g, ) is also called Jordan frame: in other words, for a universal coupling, the
observational frame happens to be coincident with the Jordan frame, in which matter is conserved in a covariant way. For a universal
coupling, it is often convenient to consider also a second relevant reference frame: the one in which any additional scalar degree of
freedom is only minimally coupled to gravity through a factor ./—g, i.e. the Einstein frame. Of course, one could define also mixed
reference frames in which both baryons and field are not minimally coupled.

In any other metric non-trivially related to g,., the EMT will, in general, not be conserved. For example, for a metric related to g,
via a conformal coupling, such that g,, = f(¢)g.v, with f a generic function of a scalar field ¢, the right hand side in Eq. (1) does not
vanish anymore and is a function of ¢, so that the EMT of each species is no longer separately conserved':

_Je

2f

Let’s consider now the possibility that the coupling is not universal, i.e. such that different matter species may couple to gravity with
different strengths, mediated by a scalar field. For example, baryons may still be coupled only minimally to gravity, while a non-minimal
coupling may affect dark matter or neutrinos. In this case, there are (at least) three relevant frames: one in which only baryons are
conserved, one in which only dark matter (or neutrinos) is conserved, and one in which the scalar field is conserved, i.e. is minimally
coupled to gravity. The first one is the observational frame, the third one can be called the Einstein frame; the second is, in general,
neither Jordan nor Einstein, and we can refer to it as being the “dark matter (or neutrinos) frame”. Here again, one could also equivalently
define an infinity of other frames in which all three components are coupled. Let’s explicit now the actions corresponding to these three
relevant frames.

For an Action that contains gravity, a scalar field, baryons and dark matter one has the three main cases which can be obtained one
from another through a conformal transformation:

~ b
VT = L2810y )

St = [ d'xV=BIR + Lo(Eun) + Lo(Fo(@)8) + Lan Fam(@g)] 3)
San = [ A/ =B @R + Lo B + ToTo @) + Lan o), (4)
Sobs = /d4x\/ _g[fg(¢)ﬁ + i¢(§uv) + ib (glw) + idm(idm(‘b)ﬁ;w)] (5)
where R, R, R are the curvature scalars written in terms of g, &, 8, respectively, defined as
g;w = fam D) guv (6)
gy = fb(‘ﬁ)f;’uv (7)
and the following relations hold,
fe= Fom - 8)
fo=Fofom . 9)
fam=F" = fy " fam. (10)
fa=fafy ' = fafy  fam=fy! (11)

The metric g is always defined as the one from which the uncoupled Ricci scalar of General Relativity is built. If fg,, = f, (universal
coupling), then the observational frame coincides with the dm frame, which in this case is also the standard Jordan frame. If f, =1,

! In the following, we will provide examples that are related to Einstein metric guv via a conformal coupling; we note however that similar considerations can be extended
to a general coupling metric g, = f(¢, guv), including the so-called disformal metric 8., = C(#)guv + D(P)Ppdy.
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then the observational frame coincides with the Einstein frame. For any other choice, the three frames are different choices of reference
frames, although they are physically equivalent and one can always pick the most convenient one for calculation purposes. We stress that
SE = Sdam = Sops: they are just the same Action written with different variables. In Appendix A we show this explicitly.

3. The concept of self-acceleration and its shortcomings

Although in agreement with observations, a cosmological constant is affected by fine tuning and coincidence problems. One needs to
tune the initial conditions with very high precision in order to justify the observed, very small non-zero value of the cosmological constant
A; in addition, if the whole contribution of dark energy is entirely due to a cosmological constant, then its energy density happens to be
of the same order of magnitude of matter density just at the present time, while it has been completely negligible in the past and it will
dominate in the future, over all other species. These choices impact the naturalness of the model and lack a more fundamental prediction
of the value assumed by A. Most dark energy models have then been introduced in order to address these issues, trying to replace the
cosmological constant with a fluid or a modification of gravity. Although a combination of cosmological constant and modified gravity
would still be interesting to detect, an important question and a desirable property for dark energy models is to understand whether
they are able to explain acceleration without the introduction of any cosmological constant in the Lagrangian. More in general, it would
be interesting to explain acceleration without the action of matter field, i.e. without fluid negative pressure, be it vacuum energy or a
non-standard kinetic term. This property is often embodied in the condition of so-called self-acceleration formalized by Wang et al. in [1]
(we refer to this paper as WHK in the following): a model is self-accelerated if the model does not produce acceleration in the frame
where gravity is uncoupled (Einstein frame) while it is accelerated in the observational frame. Or, as WHK say, “by self-acceleration, we
mean accelerated expansion in the Jordan frame, while the Einstein-frame expansion rate is not accelerating. This is a sensible definition,
for the lack of acceleration in the Einstein frame - where the Einstein, and therefore the standard Friedmann, equations hold - is equivalent
to the lack of dark energy. In self-accelerating theories, the observed (Jordan-frame) cosmic acceleration stems entirely from the conformal
transformation [...], i.e., a genuine modified gravity effect.”

Note that the WHK condition of self-acceleration given above does not really prevent the existence of a potential or even of a cosmo-
logical constant: it just requires this term not to be sufficient for the observed present acceleration. The idea is that if the model is not
accelerated in the Einstein frame, where gravity and matter are clearly separated (minimally coupled), while it is so in the observational
frame, then the origin of the acceleration cannot be entirely due to vacuum energy but has to come from the transformation of the metric
that brings the Einstein frame into the observational frame: in other words, it has to be due to a modification of gravity rather than to the
matter sector. Whether one can really distinguish observationally between these two cases is another question that will not be discussed
here except to notice that, obviously, if one allows for a completely arbitrary matter sector (including arbitrary deviation from a perfect
fluid tensor) then no observation based purely on gravitational effects can distinguish between an effect due to the right-hand side of
Einstein equations to an effect due to the left-hand side.

Although we agree that the declaration of principle that led to such definition is worth being pursued, we feel there are two main
limitations with the current definition of self-acceleration. First, this definition can only be literally applied to the case of universal
coupling (as indeed carefully specified in Ref. [1]) since in the non-universal coupling case the observational frame can coincide with
the Einstein frame and the self-acceleration condition would become contradictory. Second, even if we restrict ourselves to a universal
coupling, this definition excludes from “self-accelerated cosmologies” even some models in which the acceleration in the Einstein frame is
not due to vacuum energy (or negative pressure) but rather to the effect of a coupling between scalar field and matter, as we will show
below. That is, it might exclude also models in which acceleration is actually driven by a modification of gravity, contrary to the intended
scope.

Goal of this short note is to elaborate a more general definition of self-acceleration that, while keeping the original motivation, ad-
dresses these two shortcomings. Our new proposal is valid also when the coupling is non universal, and we will show that in literature
there are indeed already examples of non-universal self-accelerated models that fulfil our new definition, i.e. in which acceleration is
only a consequence of a modification of gravity. Moreover, we will show that there are also cases with a universal coupling in which the
acceleration is indeed driven by a modification of gravity and yet would be classified as non-self-accelerated according to WHK definition,
but not according to ours.

4. Force-acceleration and field-acceleration

Let’s then go back to the original motivation for introducing the concept of self-acceleration. The reason why this distinction proves
useful is because most proposals for modifying gravity are motivated by the observation of acceleration, so it is important to characterize
them according to whether they really induce acceleration or just modify the acceleration that is already driven by the uncoupled matter
sector. In other words, whether modifying gravity is really needed, at least for what concerns acceleration. Let’s then assume that we
would like to distinguish between models that explain acceleration with vacuum energy or negative pressure and models that explain it
with a modification of gravity, i.e. with the addition of a propagating degree of freedom that mediates an extra force (assumed to be a scalar
field for definiteness). A first attempt to generalise the definition of self-acceleration that extends also to non-universal couplings might
be: a model is self-accelerated if the universe expansion is accelerated when the couplings of the scalar field (to matter or to gravity, universal or not)
are non-zero but is not accelerated when they are taken to vanish. Here, “coupling to gravity” means specifically the existence of a covariant
term in the Lagrangian that includes the scalar field and second derivative tensors of the metric.”> Consider then a cosmological model
with matter and a scalar field: we want to check whether this is self-accelerated according to this definition. First, we would switch off
the couplings: this means looking at the limit in which we are in a cosmology with standard gravity, plus a scalar field, plus matter. If

2 This applies to models with single-metric gravity and a scalar field. In case of multi-metric theories, see e.g. [14,15], the direct coupling between metrics also acts as a
modification of gravity. Our classification in force- and fluid-accelerated models remains valid.
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acceleration is present, then this cannot be due to a modification of gravity, but rather to the field or matter, having for example strongly
negative pressure, and there would therefore be no self-acceleration. If instead there is no acceleration when the couplings are set to zero,
while there is acceleration when one or more couplings are switched on, this must be due to the new interactions (forces) rather than to
the matter or field content. This definition has the advantage that it makes no use of the Jordan frame vs. Einstein frame transformation,
which is ambiguous for non-universal couplings.

Once one recognises that the divide between vacuum-energy-driven and modified-gravity-driven acceleration is actually a divide be-
tween uncoupled models and coupled ones, the expression “self-acceleration” appears not sufficiently clear. We propose then that a more
useful distinction is between force-acceleration and fluid-acceleration. The distinction is an operational one. A model is

e force-accelerated when the acceleration in the observational frame becomes deceleration when all the couplings between matter and
scalar field or between scalar field and gravity are switched off, i.e.

fg:fclm:fb:1§ (12)

o fluid-accelerated when the acceleration in the observational frame persists in absence of such couplings.

In a sufficiently complicated model one can have periods of force-acceleration and periods of fluid-acceleration. Here, for simplicity, we
will refer to the present-time cosmic acceleration (but also show one possible example that applies to inflation in Sect. 5). A model which
is neither force- nor fluid-accelerated, has no acceleration and is therefore uninteresting to describe present cosmology.

Let’s apply the definitions above to some quick examples of different theories, to clarify their scope. Consider an Action without any
interaction term between the scalar field and matter or gravity. If any of the matter fluids accelerates the expansion (e.g. some form of
dark matter with negative pressure), then we are in a fluid-accelerated case. The same if the scalar field induces acceleration because of its
potential or a non-standard kinetic term. If instead there is no acceleration in absence of couplings, but there is when they are switched
on, then we are in a force-accelerated case.

Taking the Horndeski Action [16,17] as another example, we see that the two functions ay, ot (defined in [18]) parameterize the
coupling of the Horndeski field to gravity, i.e. to the second-derivative tensors R and R;,. When a1t = 0 the scalar field is minimally
coupled to gravity but it possesses, in general, a non-canonical kinetic sector. If in this case the expansion is accelerated, then it is a case
of fluid-acceleration. If the acceleration occurs only when either a; or ar differ from zero, then we are in presence of force-acceleration.

In the next section we highlight more in detail how our new definition applies to two of the classes of theories for dark energy and
modified gravity that are still interesting at present, as both survive present constraints from cosmology and from gravitational waves.

We also remark that in this paper we only consider actions that include a conformally coupled scalar field, beside gravity and matter.
In this case, the concept of “coupling” is quite simple, and refers exclusively to the f functions introduced in Section 2. This choice reflects
the same choice of the WHK paper, and is of course a great simplification, while still capturing a large class of models. In more general
cases, the straightforward extension of our classification would be to consider a “coupling” any term in the Lagrangian that includes
the metric tensor or the matter fields and one or more additional field of any kind (scalar, vector, tensor), beside the usual minimal
gravitational coupling. For instance, in bimetric massive gravity [19,20], the terms that depend on combinations of the two metric tensors
should be switched off to see whether the model is force- or fluid-accelerated.

5. Example 1: f(R) models

The first class we consider here is based on a f(R) cosmology. This class is a subclass of more general scalar tensor theories, and can
be redefined in terms of a scalar field that couples to gravity in a non-minimal way. Such cosmologies have been studied for a long time
and constrained in many ways (e.g. [21-23] among many others; see also [24,25] for a review). After many years they still offer a range of
values that fits current data; their tensor equation, describing gravitational wave propagation, is also in agreement with a speed of ct =1,
and therefore survives gravitational wave detection [26]. As they are equivalent to having a universal coupling to gravity for all matter
fields, including baryons, they would typically require some screening mechanism active in high density regions, to guarantee that solar
system constraints are also satisfied. Also, since the coupling to gravity is universal, the Jordan frame coincides with the observational
frame. In this frame, this class of models can be described with the following Action (we choose units such that 167G = 1):

5= / d*x/=ZLF (R) + Lam(Zuv) + Lp ()] - (13)

In order to apply our definition, we want to express this Action into the scalar tensor form of Eq. (5). As well known, under certain
conditions, this can be done via a Legendre transformation [27-29]. We define

¢ =df /dR , (14)

and we write the Legendre transfoArm as f(d)) = f — ¢R. By differentiation, since df = ¢dR, and df =df — Rd¢ — $dR = —Rd¢, one finds
that df/d¢ = —R, and therefore f depends only on ¢ (and not on derivatives of ¢). We can then always redefine f(R) in terms of a
potential V (¢) such that:

f=¢R+f(p)=dR—-V(9), (15)
with

V(#)=—f(R)+¢R, (16)
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which becomes a function of ¢ alone when expressing R in terms of ¢ by inverting ¢ = df /dR. Comparing Eq. (15) with Eq. (5), we then
have that any action of the kind of Eq. (13) can be rewritten as

S =d*x/=g[¢R — V() + Lam(uv) + Lo (&)1, (17)

where now f; = ¢ and where the potential is given by Eq. (16).
Suppose now, for instance, that the model of interest within the class in Eq. (13) is

f(RY=R+aR*—A; (18)
then ¢ =1+ 2R, Eq. (17) holds and
V(p)=—R—aR?>+A+(1+2aR)R (19)
—1)2
=A+aR2=A+M. (20)
4

According to our definition above, the model Eq. (18) is fluid-accelerated if it is accelerated when the couplings (in this case the conformal
factors coupling non-minimally to gravity) are switched off, i.e. if we rewrite the Action (17) with f; =1, that is as

S =d*x/=g[R — V(¢) + Lam(guv) + Lo (gun)1 - (21)

When varying with respect to ¢, one gets ¢ =1, so V = A and finally this Action is equivalent to a standard ACDM action. The model
Eq. (18) is therefore indeed fluid-accelerated, provided of course A > 0 and sufficiently large today. This simple example helps clarifying
the content of our definition: the presence of A in the observed Action Eq. (18) means obviously that there is no further need of modified
gravity to explain acceleration.

If instead we start from

f(R)=R+aR?, (22)

(also known as Starobinski’s inflation [30]), switching off the coupling term reduces the model to a pure matter model without accelera-
tion, because V(¢ = 1) = 0. Since Starobinski’s model is accelerated (not today, but we are using it only as illustration), then we should
classify it as force-accelerated model, i.e. past inflationary acceleration in this model is really a pure gravitational effect.

For more complicated forms of f(R), (and in general for scalar-tensor theories or extended quintessence [31] with canonical kinetic
term) the criterion for fluid-acceleration vs. force-acceleration reduces (as expected) to simply checking whether V (¢) alone is capable
of supporting acceleration, in absence of couplings as in Eq. (21). The general condition on f(R) for this to occur can be derived as
follows. In the form (21), Einstein equations are obtained varying with respect to ¢. This implies dV /3¢ = 0, and therefore, using Eq. (16)
into Eq. (21) and considering ¢ and R as independent degrees of freedom, R(¢) = 0. Inserting this condition in V (¢) (Eq. (16)) we have
immediately V = — f(0). Then, if f(0) is a non-zero constant, the uncoupled version of the model is ACDM and therefore fluid-accelerated
(again, provided A is large enough to overcome matter’s deceleration), otherwise either is not accelerated at all or is force-accelerated.
So the Hu-Sawicki model [32], for instance, is such that f(R =0) =0, i.e. it is decelerated in absence of couplings, but accelerated with
coupling: it is then force-accelerated, according to our definition above. Indeed, one of the main motivations behind the Hu-Sawicki model
was to satisfy the condition f(R — 0) — 0.

If now we apply WHK'’s classification, we find that neither model Eq. (18) nor Eq. (22) is self-accelerated, since they both are accelerated
also in the Einstein frame. Starobinski’s model is however a clear case in which acceleration is driven entirely by a modification of gravity,
and we believe it should be classified as such. More in general, any evolution such that ¢ = const (as in a typical de Sitter state) is not
self-accelerated under WHK condition, since then the Jordan and Einstein frames coincide. For instance, as we show in App. B, depending
on the value of the parameters, the Hu-Sawicki model turns out to be WHK self-accelerated only near the present time, but not in the
asymptotic future when it approaches a de Sitter solution.

The force-acceleration classification applies also when one considers a non-universal coupling. In fact, one can generalize the f(R)
models so that baryons are decoupled, thereby escaping all local gravity constraints. For this, it is sufficient to write in Eq. (13) Ly(fp&uv)
with fp = fg = ¢. In this way, when we remove the coupling f; from the gravity sector via a conformal transformation, we remove also
the coupling f; from the baryonic sector. The frame becomes the observational one, since in this frame the baryons are uncoupled, and
local gravity constraints are automatically bypassed. Switching off the coupling in the observational frame brings us back to Eq. (17),
therefore the conclusions for the universally coupled f(R) model apply in exactly the same way to the non-universal case. In this way,
the reach of our classification is extended with respect to the WHK one.

6. Example II: coupled quintessence with universal coupling
In this second example we discuss another model that would be classified as non self-accelerated by the WHK criterion, but as

force-accelerated according to ours. Since this model is actually accelerated due to the coupling of matter to the scalar field, we believe
the acceleration is “a genuine modified gravity effect” and fulfils the rationale for a self-acceleration. The model in the Einstein frame is

Sg= /d4x«/ —&[R+ Ly (8uv) + Lo (fy (@) &uv) + Lam (fam (@) guv)] (23)
with

1
Ly(guv) =—5¢u9™" — Voe ™, (24)
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where V( and A are constants. The coupling can be either universal or non universal, but here we consider only a universal one. Let us
take

fo=fam=f=e*r? (25)

where for simplicity we assume B (also constant) and A to be positive (but the results are completely general), and from now on we use
a subscript m to denote both baryons and dark matter. This class of models has been studied many times in the past, beginning with [33].
The conservation equations are (see also App. C)

ViETE,, = BouTm (26)
VTl = —BuTm) (27)
where Téfn)v = Tf‘m()oj (see also [28,34] and references in [35]). The upshot [34] is that the model leads to asymptotic acceleration (i.e., to a

global stable attractor) either for a) A2 <2 when A(8 + A) < 3 or for b) 8 > A/2 when A(8 + 1) > 3, where A is the slope of the potential
in Eq. (24). Neither case is an exact de Sitter Universe.

To apply now the WHK classification and ours, we need to derive the Jordan frame, which in this case of universal coupling coincides
with the observational one. Then the Action becomes

Sots = [ a3/ =EF @R+ Lo (@) + L) (28)
where

F(¢) =e /¢ (29)
and

Lo(@) = 5 (1~ 62 (@) " — Voe -+ (30)

In this frame, one finds that the conditions for asymptotic acceleration are just the same as in the Einstein frame (see for instance [36],
Chap. 9.2, where Q = 8 and A is our A +48). This immediately shows that WHK’s criterion leads to the puzzling result that such coupled
models are either not accelerated at all, or not self-accelerated, notwithstanding the fact that gravity is indeed modified with an arbitrarily
high strength.

Let us apply now our classification. We begin with case a). If A> < 2, we have acceleration in the observational frame, and since we
have acceleration also for 8 = 0, we would classify the model as fluid-accelerated. If instead A2 > 2, we would classify the model as not
accelerated at all. So for case a) our definition agrees with WHK.

In case b), B > A/2. If A2 > 2, while in absence of coupling we would again fall back in a decelerated case, there is instead acceleration
in the observational frame when (and only when) the coupling to gravity g is switched on. This case is therefore for us a force-accelerated
model. Acceleration is here induced by a large universal coupling 8 > +/2/2 and is not present when V (¢) only is active, and therefore
represents a clear case of modified gravity acceleration (with a universal coupling) that would have been missed if using the WHK
definition for self-acceleration.

In Appendix B we express this model in the Horndeski form and further discuss our result in view of Ref. [8], which employs the WHK
definition to exclude a vast class of models.

7. Conclusions

In this paper we have rediscussed the condition of self-acceleration, often used in literature to theoretically distinguish cosmological
models in which acceleration is due to a pure modification of gravity from those where acceleration is the effect of the energy associated
to a fluid. Such classification has been employed to motivate further (or not) investigation of classes of models. While keeping the same
original motivation, as presented in [1], we highlighted, via examples, two limitations of the self-acceleration definition, as currently
adopted in literature: first, self-acceleration cannot be directly applied to non-universal couplings; second, even in presence of a universal
coupling, some models in which acceleration is clearly an effect of modified gravity would be considered as not self-accelerated.

We then proposed in Sect. 4 to reformulate the self-acceleration concept in two new, more general, definitions that address such
limitations - fluid-acceleration and field-acceleration - and further discussed in a few examples how these definitions are applied in
practice, with respect to self-acceleration.

In particular, in Sect. 5 we discussed f(R) (in various forms, including Hu-Sawicky) and the condition for this class to be fluid-
accelerated or force-accelerated; we highlighted how this condition reduces, as expected, to testing whether the potential V (¢) is able to
produce acceleration, once the theory has been expressed in the form Eq. (21) with non-minimal couplings switched off. Specifically, we
find that while Starobinsky’s f(R) inflation is not self-accelerated according to WHK, it should be classified as force-accelerated according
to our definitions. Moreover, we find the Hu-Sawicki model to be always force-accelerated at the present time and in the future, while the
WHK criterion classifies it as self-accelerated only near the present time and for n > 0.75. In a second example (Sect. 6), we showed how
the self-acceleration and our definitions lead again to different results: in particular, applying WHK’s definition would exclude a range of
models in presence of a universal coupling (class b) in Eq. (28), with 8 > A/2 > +/2/2), even when the acceleration is clearly due to a
modification of gravity.

As noted already for example in [37,38], we further remark that at present non-universal couplings are among the (few) classes of
models which survive gravitational wave detection and local constraints (see [12] for a review on models surviving with a universal
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coupling). This is because, by construction, baryonic interactions are standard and satisfy solar system constraints; furthermore the speed
of gravitational waves in these models is cr =1 and therefore in agreement with gravitational wave detection. It has also been noted (see
for example [39-41] and the update in [35]) that models in which a non-universal coupling between dark matter particles is considered
would also solve the tension in the measurement of the Hubble parameter [42] due to the degeneracy 8 — Ho first noted in Ref. [43].

Acknowledgements

We thank Lam Hui, Dario Bettoni, Guillem Domenech, Lucas Lombriser, Marco Crisostomi, Christof Wetterich, and Filippo Vernizzi for
useful discussions on some aspects of this project. Special thanks to Javier Rubio for discussions and for helping us with App. C.

Appendix A
Here we explicitly write some relations holding for a conformal coupling transformation, which are used in the text and are convenient

to keep at hand. We also explicitly recall and show that Sg = Sgm = Sops: they are just the same Action written with different variables.
If R is the curvature written in terms of the Einstein metric g, a conformal transformation of the type

guv = f(¢)g;4v ) (31)
where f is a generic function of ¢, leads to the following relations:

V=g=f7*V-&. (32)

R=f(R+6000w—-68""w 0,), (33)

6= f"20,8" 8 +01, (34)

where w ; = f,,./2f = f'¢u/(2f) and f’' =df /d¢, and R is the curvature scalar written in terms of g. It follows that

fTUR—-6f0w, +6f8" 0w o) =R, (35)
fYR—-6w,8"w, —60w)=R . (36)

Here we further give an explicit example of the conformal transformation procedure from Sg to Sgp:
Sg= fd4xv —g[R+ Ly(guv) + Ly (fbgu,v) + Ldm(fdmgu,v)] (37)
= / d*%y/=& 2 [ fam (R + 680 — 63" w 1) + Ly (8uv) + Lo (f&uv) + Lam (&)1 (38)

- / dx/ B R+ U5 2L (F Bu) + £ (680 — 6847w 0,01+

+ FaZ Lo (Fo Fom &) + Fr Lam (800} (39)
= [ @Bl R+ Lo o) + o) ) + LamE)) = S (40)
where Ly gm = f;*Lp am, while the scalar Lagrangian is
Lo (&) = fam Lo Fom &uv) + fom (600 — 680 y,0) (41)
If
L= 56,4890~V @) (42)
then (here f = fym)
Ly@uv) = F2Ls(f ' &) + f 1 (60w — 68" 0 1) (43)
= —%qs,uf”:g““d),v — V() + [ (60w - 68wy ) (44)
=S B~ V@) 65298 w6 0 (45)
= B 500 + 6 D — 6040 — V@) (46)
v, 1 1\ 1\ 2
=718 (5 budy+3 (7) by —6 (ﬁ> $udr) — [V () (47)

/

1., 1\ )
=—§f‘ g —3(7> 1o udv— V(o) (48)
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(in the third line we used integration by parts) which can be written in fully canonical form defining a new field and a new potential

f 271/2
e
Vi(¢)
Similarly, one can show that Sgy, = Syps as follows.
Sam = / d*xy/=Z[fg @R + Ly (@) + Lo (f5 (@) &pr) + Lam ()] (51)
= / d*%/ =8 f, 2 fo (R + 6000 — 68" @ 1u,0) + Lo (F; ' &) + Lo (Bpuv) + Lam (Fy ' 81u0)] (52)
:/d4xv _g{}b_] fg(iQ + 60w — 6§lww,uw,u) + ]b_ziq&(fb_lguv) + J;b_zzb(glw) + fb_zl:dm(l;b_]gu,v)} (53)

= f A%/ =& f;  fa(R) + [ f; 2Ly (fy "8un) + i fa (6010 — 681w o )1 + fy 2Ly () + [y *Lam(Fy ' 8uv)) (54)

= / d*%/ =& feR + 1f; 2 Lo (F; ' 8uv) + Fy 1 fo (6010 — 68* @ i )1+ Ly (8puv) + Lam (Fam&Epun)) (55)
= / d*x/—&{fgR + Ly (&uv) + Lp(&uv) + Lam Fam&puv)} = Sobs (56)

where ib,dm = fb‘zf,b,dm, while the scalar Lagrangian is

Lo@uv) = F, 2L (fy '8un) + f o (6010 — 680w p0,) (57)

If now we take i¢ in Eq. (48), written in the canonical form for the rescaled field v,

1 - 1- n
Ly= =SVl —UW) =~ fovu8 0 —UW) (58)
then
Ly@uv) = f;ziwb‘lgw) + fy o600 — 68" w ) (59)
~f,! 5 w w8 — [ 2UW) + ! fo (600 — 6840w o) (60)
= —Ew,ufb”gﬂ”w,u —FUW) = 6(F,  f) Y ud wy — 6f, fe8 w oy (61)
1 T-15 - - / PTAY fh - PYIAY
= —Ew,ufglg““w,u — F2U@W) —6(f, " fo) v 8™ zf—fbw —6f, " fe8" ]:f 2wV (62)
1~71A;w -1 Y }b Y fb 2
= Vvl f 8 —6(fy f)'8 g 6f, " fe8" (=L f - ffum) (63)
1- R f! -
== F 8 |13 - 2fo=] (f b) ~ v (64)
fb fb

where the prime here is derivative with respect to . As earlier, this can be written in fully canonical form defining a new field and a
new potential

{7\
X =Fy P11 =3(fg —2fn 2 (—b> 12y, (65)
fb fb
U
W(x) = @lm : (66)
5
Appendix B

In Ref. [8] it was shown that WHK’s self-acceleration is equivalent to the following condition for Horndeski models with ot = 0:

(1+—)(1+—)+ 2”’<0 (67)
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(H is the Hubble function in the Jordan frame and prime is d/dIna) while at the same time 1+ % > 0. In coupled quintessence we have
ot =0 and

!/

F /
am =4 =—2p¢ (68)

where F(¢) is given in Eq. (29) (notice that in Horndeski notation, F = G4, see e.g. [18]). Now, on any asymptotic acceleration solution, or
more in general on any critical point of the coupled quintessence phase-space system (see [36]), ¢’ = const, so ay; = const, and therefore
condition Eq. (67) reduces to

1+°‘7M=1—5¢’50 (69)

For case a), ¢' = ﬁ and one sees immediately that condition Eq. (69) is never satisfied (we are assuming S, . > 0). For case b), one
has instead

3
¢ = (70)
A+4pB
and the self-acceleration condition becomes
3
1— p <0 (71)
A+48

It is not difficult to see that this condition cannot be realized since it contradicts the existence of case b), namely A(A + 8) > 3. There-
fore, also case b) is always not self-accelerated, according to WHK and [8], notwithstanding the fact that acceleration only arises because
B is large. More in general, while according to Ref. [8] values «); > —2 (assuming constant «y;) are to be excluded because non self-
accelerating, they might be acceptable according to our definition of force-acceleration (for 8 >> A, for instance, we have o = —3/2).

One can use condition Eq. (67) also to confirm that Starobinski’s f(R) model, in the context of inflation, is not self-accelerated if one
applies WHK condition. In fact, one can see from Eq. (17) that the Horndeski «); parameter for f(R) models is simply

/
ay = g — @Rl

¢ fr
where the comma denotes the derivative with respect to R and ¢ = f g. In Starobinski’s model during inflation, i.e. for R ~ 12H? > 1/a,
one has H~ H; — (t —t;)/(36) (see e.g. [25]). It follows

¢ R _2H 1

(72)

M=% "R H 18aH2 (73)
which is much less than unity during inflation, while o}, ~ a,%/, is even smaller, and therefore Eq. (67) is not satisfied.
The same analysis can be extended to the Hu-Sawicki model, for which?
c1(R/m?)"
FR) =R — m2_S1R/MY) (74)

c(R/m2)" +1
where n,m, c1, ¢z are positive constants. According to [32], near the present epoch and in the future one can approximate the model as

f~R—A+BR™" (75)
with A, B positive constants formed out of m, c1, ¢2. In this regime one has [32]

R~3m?@ 3 +4 ) (76)

m

where a is the cosmic scale factor normalized to unity today and €, approximates the true present matter density fraction. Then we have
3(n+1)

N (77)
31—5m
1+4a .
Now the condition Eq. (67) can be written as
1 3 [03Vi al/\/l
Sa)=—(=+ = Q 1+ — —+£ <0 78
(@) (2+2WDE pe)(1+ > )+ 5 = (78)

where wpg, Qpg are the equation of state and matter density parameter, respectively. For 2, = 0.3 and wpg = —1 (since the Hu-Sawicki
model approximates a ACDM expansion), one has today So ~ 0.24 — 0.31n, which is indeed negative for any n > 0.75. However, S(a)
becomes (and remains) positive at some point in the future: for instance, at a =1.23 for n =2 and at a = 1.5 for n = 4. In other words,
applying the WHK definition, the Hu-Sawicki models turns out to be self-accelerated only near the present time. For an overview on
constraints by current data see for example [44-46].

3 Notice that our f(R) is R + f(R) in the notation of [32].
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Appendix C

In the main text we discussed only the case of a pure conformal coupling. Here we write down the explicit form of the coupling for a
more general scalar-scalar interaction (but still without derivative couplings). Consider two scalar fields ¢ and x with Lagrangian density

L
—F:R+L¢+Lx, (79)
where
1
Ly= —Za“qsam -V, (80)
1
Ly = =3 K@)9" xoux =16, 0. (81)

with V (¢) a potential and I(¢, x) an interaction term. We obtain the following equations of motion

—v“(av¢)+v¢:—ﬂ—lk¢aﬂxa X, —K’lv”(KBU)():—K’lﬂ. (82)
: g 2 H ax

We define now the energy-momentum tensors

2 d.—glL
TN = — E00 (83)
v—g& gk
While the total energy momentum tensor T, = Tﬁv + T,)f,, is conserved, the individual components Tﬁv and Tﬁ,, are not.
For timelike V#¢ and V#*x (V#¢V,¢ <0, V* xV, x <0), we can write
TWE(qu—i-,%) Uyly + Pp8uv » T,ﬁv£(p¢+,0¢) Uyly +Pp8uv Tﬁuf(px +px)uuuu+pxg,uv» (84)
where u,, are 4-velocities and
P =Py + Py p=Dps+ Py, uyut =-1, (85)
and
1 I 1 I
p¢=—§3 Poud +V(e), P¢=—§8 Poud — V(e), (86)
1 1
P = =5 K@ K oux +16. %), pyx=—5K@ x0ux ~ 1. ). (87)
For an homogeneous and isotropic Friedmann-Robertson-Walker cosmology, the (background) field equations read
. . ar 1., , . 101
¢+3Hop+Vy=——+-Kpx~, X +GBH+(UnK) yp)x =—K  —. (88)
dp 2 ax
Taking into account Eqs. (86) and (87), we can rewrite the equations of motion Eq. (88) as
ﬁ¢+3H(P¢+p¢)=+Ig(Px_Px)q;_y(px +px)<i'5, (89)
Py +3H(py +Px)=_ﬂ(lox_px)¢"+y(lox +Px)¢'>a (90)
with
10InI(¢, x) 19InK(¢)
=———12° y=——-———=. (91)
2 3¢ 2 99

When K(¢) =1 and for a separable interaction term I(¢, x) = I1(¢)I2(x), the effective couplings Eq. (91) become yx-independent. In
particular, for I =m?(¢)x?/2, we have

3lnm(¢)
ap

If the Action Eq. (79) has been obtained through a conformal transformation of an Action with two non-interacting bosons ¢, ¥ in which
¢ couples conformally to gravity, then I is separable and y =28 (because the kinetic term has an extra g* term with respect to the
potential term) and only the couplings £8(py — 3py)¢,, are left on the right-hand-side of the conservation equations (89)-(90). The
covariant form of the conservation equations becomes then as in Eqs. (26)-(27). A similar procedure for a fermion-boson coupling leads
to the same result.

B(@p)=— (92)



L. Amendola, V. Pettorino / Physics Letters B 802 (2020) 135214 11

References

[1] J. Wang, L. Hui, ]. Khoury, No-go theorems for generalized chameleon field theories, Phys. Rev. Lett. 109 (24) (2012) 241301, https://doi.org/10.1103/PhysRevLett.109.
241301, arXiv:1208.4612.
[2] C. Deffayet, Cosmology on a brane in Minkowski bulk, Phys. Lett. B 502 (2001) 199-208, https://doi.org/10.1016/S0370-2693(01)00160-5, arXiv:hep-th/0010186.
[3] K. Koyama, Ghosts in the self-accelerating brane universe, Phys. Rev. D 72 (12) (2005) 123511, https://doi.org/10.1103/PhysRevD.72.123511, arXiv:hep-th/0503191.
[4] N. Chow, J. Khoury, Galileon cosmology, Phys. Rev. D 80 (2) (2009) 024037, https://doi.org/10.1103/PhysRevD.80.024037, arXiv:0905.1325.
[5] EP. Silva, K. Koyama, Self-accelerating universe in Galileon cosmology, Phys. Rev. D 80 (12) (2009) 121301, https://doi.org/10.1103/PhysRevD.80.121301, arXiv:0909.4538.
[6] R. Kimura, K. Yamamoto, Large scale structures in the kinetic gravity braiding model that can be unbraided, J. Cosmol. Astropart. Phys. 2011 (4) (2011) 025, https://
doi.org/10.1088/1475-7516/2011/04/025, arXiv:1011.2006.
[7] L. Lombriser, A. Taylor, Breaking a dark degeneracy with gravitational waves, J. Cosmol. Astropart. Phys. 3 (2016) 031, https://doi.org/10.1088/1475-7516/2016/03/031,
arXiv:1509.08458.
[8] L. Lombriser, N.A. Lima, Challenges to self-acceleration in modified gravity from gravitational waves and large-scale structure, Phys. Lett. B 765 (2017) 382-385, https://
doi.org/10.1016/j.physletb.2016.12.048, arXiv:1602.07670.
[9] J. Renk, M. Zumalacéarregui, F. Montanari, A. Barreira, Galileon gravity in light of ISW, CMB, BAO and Hp data, ]. Cosmol. Astropart. Phys. 10 (2017) 020, https://
doi.org/10.1088/1475-7516/2017/10/020, arXiv:1707.02263.
[10] A. De Felice, S. Mukohyama, M. Oliosi, Horndeski extension of the minimal theory of quasidilaton massive gravity, Phys. Rev. D 96 (10) (2017) 104036, https://doi.org/
10.1103/PhysRevD.96.104036, arXiv:1709.03108.
[11] V. Nikiforova, T. Damour, Infrared modified gravity with propagating torsion: instability of torsionfull de Sitter-like solutions, Phys. Rev. D 97 (12) (2018) 124014, https://
doi.org/10.1103/PhysRevD.97.124014, arXiv:1804.09215.
[12] M. Crisostomi, K. Koyama, Self-accelerating universe in scalar-tensor theories after GW170817, Phys. Rev. D 97 (8) (2018) 084004, https://doi.org/10.1103/PhysRevD.97.
084004, arXiv:1712.06556.
[13] J.B. Jiménez, L. Heisenberg, T. Koivisto, Coincident general relativity, Phys. Rev. D 98 (4) (2018) 044048, https://doi.org/10.1103/PhysRevD.98.044048.
[14] C. de Rham, G. Gabadadze, Generalization of the Fierz-Pauli action, Phys. Rev. D 82 (2010) 044020, https://doi.org/10.1103/PhysRevD.82.044020, arXiv:1007.0443.
[15] S. Hassan, R.A. Rosen, Bimetric gravity from ghost-free massive gravity, J. High Energy Phys. 1202 (2012) 126, https://doi.org/10.1007/JHEP02(2012)126, arXiv:1109.3515.
[16] G.W. Horndeski, Second-order scalar-tensor field equations in a four-dimensional space, Int. J. Theor. Phys. 10 (1974) 363-384, https://doi.org/10.1007/BF01807638.
[17] C. Deffayet, S. Deser, G. Esposito-Farese, Generalized Galileons: all scalar models whose curved background extensions maintain second-order field equations and stress-
tensors, Phys. Rev. D 80 (2009) 064015, https://doi.org/10.1103/PhysRevD.80.064015, arXiv:0906.1967.
[18] E. Bellini, I. Sawicki, Maximal freedom at minimum cost: linear large-scale structure in general modifications of gravity, J. Cosmol. Astropart. Phys. 1407 (2014) 050,
https://doi.org/10.1088/1475-7516/2014/07/050, arXiv:1404.3713.
[19] C. de Rham, G. Gabadadze, A.. Tolley, Resummation of massive gravity, Phys. Rev. Lett. 106 (2011) 231101, https://doi.org/10.1103/PhysRevLett.106.231101, arXiv:1011.
1232.
[20] S.F. Hassan, RA. Rosen, A. Schmidt-May, Ghost-free massive gravity with a general reference metric, J. High Energy Phys. 02 (2012) 026, https://doi.org/10.1007/
JHEP02(2012)026, arXiv:1109.3230.
[21] S. Capozziello, V.E. Cardone, S. Carloni, A. Troisi, Curvature quintessence matched with observational data, Int. J. Mod. Phys. D 12 (10) (2003) 1969-1982, https://
doi.org/10.1142/S0218271803004407, arXiv:astro-ph/0307018.
[22] S.M. Carroll, V. Duvvuri, M. Trodden, M.S. Turner, Is cosmic speed-up due to new gravitational physics?, Phys. Rev. D 70 (4) (2004) 043528, https://doi.org/10.1103/
PhysRevD.70.043528, arXiv:astro-ph/0306438.
[23] L. Amendola, D. Polarski, S. Tsujikawa, Are f(R) dark energy models cosmologically viable?, Phys. Rev. Lett. 98 (13) (2007) 131302, https://doi.org/10.1103/PhysRevLett.
98.131302, arXiv:astro-ph/0603703.
[24] S. Capozziello, M. Francaviglia, Extended theories of gravity and their cosmological and astrophysical applications, Gen. Relativ. Gravit. 40 (2) (2008) 357-420, https://
doi.org/10.1007/s10714-007-0551-y.
[25] A. De Felice, S. Tsujikawa, f(R) theories, Living Rev. Relativ. 13 (2010) 3, https://doi.org/10.12942/Irr-2010-3, arXiv:1002.4928.
[26] B.P. Abbott, et al., Gravitational waves and gamma-rays from a binary neutron star merger: GW170817 and GRB 170817A, Astrophys. J. 848 (2) (2017) L13, https://
doi.org/10.3847/2041-8213/aa920c, arXiv:1710.05834.
[27] V. Faraoni, de Sitter space and the equivalence between f(R) and scalar-tensor gravity, Phys. Rev. D 75 (6) (2007) 067302, https://doi.org/10.1103/PhysRevD.75.067302,
arXiv:gr-qc/0703044.
[28] V. Pettorino, C. Baccigalupi, Coupled and extended quintessence: theoretical differences and structure formation, Phys. Rev. D 77 (2008) 103003, https://doi.org/10.1103/
PhysRevD.77.103003, arXiv:0802.1086.
[29] A. De Felice, S. Tsujikawa, f(R) Theories, Living Rev. Relativ. 13 (1) (2010) 3, https://doi.org/10.12942/Irr-2010-3, arXiv:1002.4928.
[30] A.A. Starobinsky, A new type of isotropic cosmological models without singularity, Phys. Lett. B 91 (1980) 99-102, https://doi.org/10.1016/0370-2693(80)90670-X.
[31] E Perrotta, C. Baccigalupi, S. Matarrese, Extended quintessence, Phys. Rev. D 61 (2) (1999), arXiv:astro-ph/9906066.
[32] W. Hu, 1. Sawicki, Models of f(R) cosmic acceleration that evade solar system tests, Phys. Rev. D 76 (6) (2007) 064004, https://doi.org/10.1103/PhysRevD.76.064004,
arXiv:0705.1158.
[33] C. Wetterich, The Cosmon model for an asymptotically vanishing time dependent cosmological ‘constant’, Astron. Astrophys. 301 (1995) 321-328, arXiv:hep-th/9408025.
[34] L. Amendola, Coupled quintessence, Phys. Rev. D 62 (2000) 043511, https://doi.org/10.1103/PhysRevD.62.043511, arXiv:astro-ph/9908023.
[35] PA.R. Ade, et al., Planck 2015 results. XIV. Dark energy and modified gravity, Astron. Astrophys. 594 (2016) A14, https://doi.org/10.1051/0004-6361/201525814, arXiv:
1502.01590.
[36] L. Amendola, S. Tsujikawa, Dark Energy: Theory and Observations, Cambridge University Press, 2010.
[37] D. Bettoni, J.M. Ezquiaga, K. Hinterbichler, M. Zumalacarregui, Speed of gravitational waves and the fate of scalar-tensor gravity, Phys. Rev. D 95 (8) (2017) 084029,
https://doi.org/10.1103/PhysRevD.95.084029, arXiv:1608.01982.
[38] A. Peel, V. Pettorino, C. Giocoli, J.-L. Starck, M. Baldi, Breaking degeneracies in modified gravity with higher (than 2nd) order weak-lensing statistics, Astron. Astrophys.
619 (2018) A38, https://doi.org/10.1051/0004-6361/201833481, arXiv:1805.05146.
[39] V. Pettorino, L. Amendola, C. Baccigalupi, C. Quercellini, Constraints on coupled dark energy using CMB data from WMAP and SPT, Phys. Rev. D 86 (2012) 103507, https://
doi.org/10.1103/PhysRevD.86.103507, arXiv:1207.3293.
[40] V. Pettorino, Testing modified gravity with Planck: the case of coupled dark energy, Phys. Rev. D 88 (6) (2013) 063519, https://doi.org/10.1103/PhysRevD.88.063519,
arXiv:1305.7457.
[41] V. Salvatelli, A. Marchini, L. Lopez-Honorez, O. Mena, New constraints on coupled dark energy from the Planck satellite experiment, Phys. Rev. D 88 (2) (2013) 023531,
https://doi.org/10.1103/PhysRevD.88.023531, arXiv:1304.7119.
[42] A.G. Riess, S. Casertano, W. Yuan, L.M. Macri, D. Scolnic, Large Magellanic cloud Cepheid standards provide a 1% foundation for the determination of the Hubble constant
and stronger evidence for physics beyond LambdaCDM, arXiv:1903.07603, 2019.
[43] L. Amendola, C. Quercellini, Tracking and coupled dark energy as seen by WMAP, Phys. Rev. D 68 (2003) 023514, https://doi.org/10.1103/PhysRevD.68.023514, arXiv:
astro-ph/0303228.
[44] L. Boubekeur, E. Giusarma, O. Mena, H. Ramirez, Current status of modified gravity, Phys. Rev. D 90 (2014) 103512, https://doi.org/10.1103/PhysRevD.90.103512.
[45] K. Koyama, Cosmological tests of modified gravity, Reports on Progress in Physics 79 (4), 82 pages, 28 figures. This review is partly based on arXiv:1304.0601, arXiv:
1305.0279, arXiv:1503.06673, published version, https://doi.org/10.1088/0034-4885/79/4/046902.
[46] L. Lombriser, Constraining chameleon models with cosmology, Ann. Phys. 526 (7-8) (2014) 259-282, https://doi.org/10.1002/andp.201400058, https://onlinelibrary.wiley.
com/doi/pdf/10.1002/andp.201400058.


https://doi.org/10.1103/PhysRevLett.109.241301
https://doi.org/10.1016/S0370-2693(01)00160-5
https://doi.org/10.1103/PhysRevD.72.123511
https://doi.org/10.1103/PhysRevD.80.024037
https://doi.org/10.1103/PhysRevD.80.121301
https://doi.org/10.1088/1475-7516/2011/04/025
https://doi.org/10.1088/1475-7516/2016/03/031
https://doi.org/10.1016/j.physletb.2016.12.048
https://doi.org/10.1088/1475-7516/2017/10/020
https://doi.org/10.1103/PhysRevD.96.104036
https://doi.org/10.1103/PhysRevD.97.124014
https://doi.org/10.1103/PhysRevD.97.084004
https://doi.org/10.1103/PhysRevD.98.044048
https://doi.org/10.1103/PhysRevD.82.044020
https://doi.org/10.1007/JHEP02(2012)126
https://doi.org/10.1007/BF01807638
https://doi.org/10.1103/PhysRevD.80.064015
https://doi.org/10.1088/1475-7516/2014/07/050
https://doi.org/10.1103/PhysRevLett.106.231101
https://doi.org/10.1007/JHEP02(2012)026
https://doi.org/10.1142/S0218271803004407
https://doi.org/10.1103/PhysRevD.70.043528
https://doi.org/10.1103/PhysRevLett.98.131302
https://doi.org/10.1007/s10714-007-0551-y
https://doi.org/10.12942/lrr-2010-3
https://doi.org/10.3847/2041-8213/aa920c
https://doi.org/10.1103/PhysRevD.75.067302
https://doi.org/10.1103/PhysRevD.77.103003
https://doi.org/10.12942/lrr-2010-3
https://doi.org/10.1016/0370-2693(80)90670-X
http://refhub.elsevier.com/S0370-2693(20)30018-6/bib706572726F7474615F657874656E6465645F31393939s1
https://doi.org/10.1103/PhysRevD.76.064004
http://refhub.elsevier.com/S0370-2693(20)30018-6/bib5765747465726963683A313939346267s1
https://doi.org/10.1103/PhysRevD.62.043511
https://doi.org/10.1051/0004-6361/201525814
http://refhub.elsevier.com/S0370-2693(20)30018-6/bib616D656E646F6C615F6461726B5F32303130s1
https://doi.org/10.1103/PhysRevD.95.084029
https://doi.org/10.1051/0004-6361/201833481
https://doi.org/10.1103/PhysRevD.86.103507
https://doi.org/10.1103/PhysRevD.88.063519
https://doi.org/10.1103/PhysRevD.88.023531
http://refhub.elsevier.com/S0370-2693(20)30018-6/bib32303139617258697631393033303736303352s1
http://refhub.elsevier.com/S0370-2693(20)30018-6/bib32303139617258697631393033303736303352s1
https://doi.org/10.1103/PhysRevD.68.023514
https://doi.org/10.1103/PhysRevD.90.103512
https://doi.org/10.1088/0034-4885/79/4/046902
https://doi.org/10.1002/andp.201400058
https://onlinelibrary.wiley.com/doi/pdf/10.1002/andp.201400058
https://doi.org/10.1103/PhysRevLett.109.241301
https://doi.org/10.1088/1475-7516/2011/04/025
https://doi.org/10.1016/j.physletb.2016.12.048
https://doi.org/10.1088/1475-7516/2017/10/020
https://doi.org/10.1103/PhysRevD.96.104036
https://doi.org/10.1103/PhysRevD.97.124014
https://doi.org/10.1103/PhysRevD.97.084004
https://doi.org/10.1007/JHEP02(2012)026
https://doi.org/10.1142/S0218271803004407
https://doi.org/10.1103/PhysRevD.70.043528
https://doi.org/10.1103/PhysRevLett.98.131302
https://doi.org/10.1007/s10714-007-0551-y
https://doi.org/10.3847/2041-8213/aa920c
https://doi.org/10.1103/PhysRevD.77.103003
https://doi.org/10.1103/PhysRevD.86.103507
https://onlinelibrary.wiley.com/doi/pdf/10.1002/andp.201400058

	Beyond self-acceleration: Force- and ﬂuid-acceleration
	1 Introduction
	2 Reference frames
	3 The concept of self-acceleration and its shortcomings
	4 Force-acceleration and ﬁeld-acceleration
	5 Example 1: f(R) models
	6 Example II: coupled quintessence with universal coupling
	7 Conclusions
	Acknowledgements
	References


