arXiv:0907.4116v2 [astro-ph.CO] 19 Oct 2010

On the cosmological backreaction for large distance modifications of gravity

Karel Van Acoleyen^∗

Department of Physics and Astronomy, Ghent University, Krijgslaan 281, S9, 9000 Gent, Belgium.

Abstract

Every theory that modifies gravity at cosmological distances and that is not already ruled out by the Solar system observations must exhibit some nonlinear mechanism that turns off the modification close to a compact matter source. Given this nonlinearity, one might expect such a theory to show a large gravitational backreaction, i.e. an order one influence of the small scale inhomogeneities on the large scale evolution of the Universe. We argue that this is not necessarily the case. If the dominant nonlinear terms in the equations obey a shift symmetry, the averaged effect of the nonlinearities can be small, although the effect on small scales is large. This happens for DGP(-like) modifications and so called f(G) (or Gauss-Bonnet) models. For both type of models the shift symmetry is part of the larger ”Galilean” symmetry.

∗E-mail: karel.vanacoleyen@ugent.be 1

1 Introduction

The late time acceleration of the Universe can be interpreted in two qualitatively different fashions, that are both stupefying in their own right. Either we take it as a manifestation of some omnipresent dark energy component - dynamical or not- or we view it as an indication of the breakdown of Einstein gravity at cosmological distances. It is the latter approach that we want to discuss in this paper.

Over the years, in fact already since the early days of general relativity, people have been proposing several possible modifications of the gravitational Einstein-Hilbert action, ranging from the inclusion of other curvature invariants or extra fields with non-minimal couplings to the introduction of extra dimensions for gravity. The corresponding (4D) modified Einstein equations can be written generically as:

G_{μν} (g) + H_{μν} (g, π) = 8πG_N T_{μν} , (1.1)

where the modification appears in the extra tensor H_{μν} that is added to the Einstein tensor at the left hand side of the equation. Notice that we will work in the Jordanframe and not consider any modifications to the minimal matter-metric coupling in the matter action that gives rise to the right-hand side. From the uniqueness of spin-2 gravity [1] it follows that the modification will necessarily involve one or more new degrees of freedom. So if we want to keep the equations at most of second order in the derivatives, new fields π will appear in addition to the metric field g_{μν} . Actually, in this paper we will restrict ourselves to those cases and regimes where the dominant contributions to the modification arise through only one extra scalar degree of freedom, with one corresponding scalar field π. Variation of the action with respect to this new field then results in one more equation that we have to consider:

E_π(g, π) = 0 . (1.2)

As a first step in establishing the viability of a particular model as an alternative for dark energy one then looks at the evolution of the scale factor in the homogenous (presently matter dominated) Friedmann-Lemaître-Roberston-Walker (FLRW) universe to see if there exist self-accelerating solutions. For those models that produce reasonable fits to the supernovae data, the transition from an ordinary matter dominated FLRW expansion to the modified evolution will be controlled by an extra dimensionfull constant μ^1, that is of the order of the present Hubble parameter H_0. A possible parameterization for the modification on the FLRW background then reads:

H^{(0)}_{00} ∼ H^i_i^{(0)} ∼ μ^{2n+2} H^{2n} , (1.3)

with n > 1/2 and the superscript (0) referring to the evaluation on the cosmic background. On the present background we have: H^{(0)}_{00} ∼ H^i_i^{(0)} ∼ G^{(0)}_{00} ∼ G^i^{(0)} ∼ H^2_0 , and we will normalize the π-equation (1.2) so that also E^{(0)}π ∼ H^2_0 . Moreover, the modified cosmic evolution implies that on the present cosmic background the extra degree of freedom is light, with a mass m ≲ H_0, giving it an effectively infinite interaction range.

Of course, the acceleration of the scale factor in the homogeneous FLRW background by itself, does not permit us to distinguish between large distance modifications of gravity and dark energy. It is only when we consider the inhomogeneous Universe that we actually live in, that the distinction makes sense. By definition, for large distance modifications of gravity, the extra light degree of freedom will couple to matter with gravitational strength. More explicitly, one can look at the first order terms of the full equations in an expansion on the cosmic background. Working in Newtonian gauge and dropping the vector and tensor perturbations that are subdominant for the scalar matter density fluctuations in our Universe, we can write the metric for the Universe as (for simplicity we will consider a flat background):

ds^2 ≈ −dt^2(1 + 2ψ) + a(t)^2(1 + 2ϕ)(dx^2 + dy^2 + dz^2) . (1.4)

The rotational symmetry of the FLRW background then dictates the following general form for the scalar components of Eqs. (1.1) and (1.2) at linear order:

G^{(1)}_{00} + H^{(1)}_{00} ≈ −2

∇^2 a^2 ϕ + ∇^2 a^2 σ_1 ≈ 8πG_N ρ(t)δ(x, t) , G^i^{(1)} + H^i_i^{(1)} ≈ 2

∇^2 a^2

(ϕ + ψ) +

∇^2 a^2 σ_2 ≈ 0 , (1.5)

E^{(1)}_π ≈

∇^2 a^2 σ_3 = 0 ,

where the σ_i are linear combinations of ϕ, ψ and π. We will normalize π such that π ∼ ϕ ∼ ψ on the present cosmic background. The perturbations are sourced by the matter fluctuations with relative density contrast δ = Δρ/ρ (ρ is the average

1We work in natural units, c = ℏ = k_b = 1.

matter density). We focus on the non-relativistic, subhorizon density fluctuations, for which the (effective) pressure terms can be dropped. Accordingly, we have dropped the subdominant terms on the left hand side. For instance, we do not write possible mass terms, since as we said, for those models that modify the cosmic expansion the mass on the present background will be of order H_0. This excludes the so called chameleon models from our general treatment. For these models the mass of the extra scalar field is at least of the order 10^3H_0, which ties to the fact that the late time acceleration is simply driven by the cosmological constant term in the scalar field potential [2]. Our treatment does however obviously include Einstein gravity, for which the σ_i are zero. In that case the first equation is just the Poisson equation for Newton’s potential ϕ in comoving coordinates, while the second equation results in ψ ≈ −ϕ. The parameterization (1.5) also includes DGP (-like), f(R) and f(G) (or Gauss-Bonnet) gravity [3, 4, 5] as we will show more explicitly in section 4. For all those modified gravity models the π fluctuation mixes up with the metric fluctuations in the σ_i, resulting in an effective gravitational coupling to matter on the present cosmic background. This direct coupling of the extra degree of freedom with the matter sector, will necessarily produce a markedly different phenomenology, once we bring in the cosmological probes of inhomogeneity (CMB anisotropies, large scale structure) [6].

Moreover, the gravitational force is not only important on cosmological scales, but also on smaller scales. It plays a prominent role in the dynamics of galaxies, stellar and planetary systems and as such there are many additional observations that can be used to constrain possible modifications of gravity . In this context, the tightest constraints come from those systems localized on stellar system scales or smaller, where we can safely neglect any dark components in the energy-momentum tensor. And according to the observations of binary pulsars, together with the Solar system observations and the table top experiments on Earth, there is actually very little room for any modification of gravity at these distance scales. For the PPN parameter γ ≈ −ϕ/ψ for instance, a careful observation of the radio waves emitted between the Cassini satellite and Earth, revealed that for the gravitational field due to the Sun γ = 1 + O(10^{−5}), in agreement with the γ = 1 result of ordinary gravity [7]. In contrast, for the modified gravity models that we discussed above, the extra scalar polarization in (1.5) on the present cosmic background, yields an order one modification for γ, in blatant conflict with this constraint. So these models are ruled out if the linearization (1.5) holds in the Solar system. Conversely, for any viable large distance modification of gravity, the Solar system should be in the gravitational non-perturbative regime [8].

The only know mechanism so far, for cosmological large distance (Gpc) modifications of gravity, that decouples the extra degree of freedom close to a compact matter source (like the Sun) is the nonlinear Vainshtein mechanism [9]. Through this mechanism the linear solution of (1.5) breaks down at a characteristic Vainshtein radius R_V from the compact source. This has been well studied for the DGP model [10]. But as we argue in section 3, one can anticipate a similar nonlinear effect, with the same Vainshtein radius, for any cosmological large distance modification of gravity that is not ruled out by the Solar system experiments.

Now, at first sight this nonlinearity seems to come with a high price. As we further argue in section 3, any, even mildly nonlinear structure in the Universe will be in the gravitational non-perturbative regime for these models. This seems to pose a serious problem for the cosmological analysis, since one would expect a breakdown of the conventional FLRW framework. Indeed, the working assumption of this framework is that the gravitational effect of all structure can be treated perturbatively [11], which is manifestly not the case anymore. However, in section 4, we show that the precise form of the (gravitational) nonlinearities in the equations, that are large locally, can be such that the averaged effect on large scales, the so called backreaction, is small. This will be the case if the dominant nonlinearities obey a shift symmetry.

As we briefly review in subsection 4.1, this symmetry is known to exist already for the DGP and DGP-like Galileon models. There the symmetry is part of the larger Galilean symmetry [12], that is required for the absence of ghosts. Gauss-Bonnet gravity is also free of ghosts (on certain backgrounds), so one would expect a similar symmetry. This is precisely what we show explicitly in subsection 4.2. But before delving into the nonlinear corrections of modified gravity, let us first briefly review the local and global effect of the nonlinear corrections for ordinary gravity.

2 Nonlinear effects in ordinary gravity

For Einstein gravity the dominant higher order corrections in the quasi-static and subhorizon regime will always contain two spatial derivatives. So at second order for instance, one has the terms (taking ψ ∼ ϕ):

G^{(2)}_{00} , G^i^{(2)} ∼ 1 a^2 ∇_iϕ∇_iϕ , ϕ ∇^2 a^2 ϕ . (2.6)

The local effect of these terms is all too well known. Comparing them with the first order terms of G_{00} and G^i in (1.5), one finds that the linear solutions will break down when ϕ ≳ 1, i.e. in the immediate neighborhood of neutron stars and black holes. So for Einstein gravity, the Newtonianly perturbed FLRW metric (1.4), with the fields solution of the linearized equations (1.5), is nearly everywhere a good approximation to the actual metric of the Universe, also for those systems with highly nonlinear density contrasts [13]. Galaxy clusters and individual galaxies for instance have δ ∼ 1 − 10, δ ∼ 10^5 respectively, while the potential typically has the value ϕ ∼ 10^{−5}. To be clear, the dynamics of these nonlinear systems with respect to the FLRW background is very much non-perturbative, but from the gravitational point of view they are still in the perturbative regime, well described by the linearized equations (1.5).

As for the global effect of the terms (2.6), one should compare their spatial average with the zero order terms G^{(0)}_{00} , G^i^{(0)} ∼ H^2 that appear in the Friedmann equations. This average can be evaluated from the knowledge of the density power spectrum. For the modes with wavelength L, we have ϕ_L ∼ L^2H^2δ from the Poisson equation, so that their contribution can be estimated as:

< ϕ∇^2ϕ >∼ H^4L^2|δ_L|^2 (∼ 4πG_N <ϕ_LΔρ_L >) , (2.7)

with |δ_L|^2 the dimensionless spectral density. The last term here illustrates its physical meaning as the contribution to the Friedmann equations of the average gravitational potential energy of the inhomogeneities. And for our present Universe this contribution is of relative order 10^{−5} which justifies the FLRW framework for cosmology, that treats the Universe as approximately homogeneous at all scales [14].

3 Anticipating nonlinear effects in modified gravity

Before looking at the particular models just yet, let us now give a heuristic argument, complementing other general arguments [12, 15], on the type of higher order terms we would generically expect for cosmologically large distance modifications of gravity. Different from Einstein gravity, the modified equations will be nonlinear functions of curvature. So, in addition to terms of the type (2.6) that arise in the weak field expansion of curvature, we should also expect terms that are due to the expansion of these nonlinear functions. In particular, on cosmic backgrounds with curvature larger or of the same order as the characteristic scale of the model, H^2 ≳ μ^2, this expansion will break down for local curvatures that are larger than the background curvature, since this is the only relevant scale in the expansion. Estimating the local curvature due to inhomogeneity as H^2δ, this means that the weak field expansion should break down for all systems with nonlinear density contrasts. This is indeed what happens for DGP gravity [16] and Galileon gravity [12]. As we show in subsection 4.2 this also happens for f(G) gravity. It does not happen for f(R) gravity, the reason being that for those models the relevant curvature (R) due to an inhomogeneity is locked to its background value [17]. So for f(R) models the linearization (1.5) holds in the same situations as for ordinary gravity, and the contribution of the extra light scalar in the Solar system rules these models out^2.

As we said, for DGP(-like) and Gauss-Bonnet gravity, the range of validity of the linearization will be different than for Einstein gravity. From the argument above, we can write down the general form of the extra nonlinear terms on the present background as^3 (taking ϕ ∼ ψ ∼ π and not being precise about the exact derivative structure):

H^{(2)}_{00} , H^i_i^{(2)}, E^{(2)}_π ∼

∇^2ϕ∇^2ϕ a^4H^2_0

. (3.8)

Indeed, comparing these terms with the first order terms (1.5), we see that the linearization breaks down for ∇^2ϕ ∼ H^2_0 δ ≳ H^2_0 .

The local effect of these terms for an isolated compact object of mass M can be characterized by the so called Vainshtein radius [9]. Within a ’halo’ of radius ∼ R_V that is surrounding the object, the linear solution for the gravitational field will break down. We can estimate this radius easily, again by comparing the individual linear terms in (1.5) with the second order terms (3.8), now for the linear solution ϕ ∼ G_N M/(ar). With the individual first order terms of the form:

G^{(1)}_{00} , G^i^{(1)} , H^{(1)}_{00} , H^i_i^{(1)}, E^{(1)}_π ∼ G_N M (ar)^3

, (3.9)

2This statement refers to those f(R) models that modify gravity at cosmological distance scales. Viable f(R) models are equivalent to the chameleon models that modify gravity (only) up to distances of 1 Mpc or smaller [18].

3We limit ourselves to the case where the breakdown of linearity is induced by the second order terms in the equations. The generalization to higher order terms is straightforward.

and the dominant second order terms of the form:

H^{(2)}_{00} , H^i_i^{(2)}, E^{(2)}_π ∼

(G_N M)^2 (ar)^6H^2_0

, (3.10)

we find that the latter become of the order of the former for

ar ∼ R_V ≡ (G_N M/H^2_0 )^{1/3} . (3.11)

This agrees with the explicit calculation for the DGP model [10, 16] and the Galileonmodels [12]. And from our general argument it should also agree with the situation for any cosmological large distance modification of gravity that is not ruled out by the Solar system experiments. As we show explicitly in subsection 4.2, the dominant nonlinear terms for Gauss-Bonnet gravity are indeed of the general form (3.8), causing a breakdown of the linear solution at the same R_V (3.11).

Of course, having a breakdown of the linear solution at r ⩽ R_V by itself is not enough to ensure the screening of the extra scalar and therefore the recovery of ordinary gravity at short distances. However, for DGP gravity, full nonlinear solutions have been obtained that match the cosmic background at infinity and for which Einstein gravity is indeed recovered at short distances from the object [16] . For Gauss-Bonnet gravity one can also argue the recovery of Einstein gravity at short distances, although the precise matching to the cosmic background at infinity is still an open issue [19].

The global effect of the new nonlinear terms in our inhomogeneous Universe has been largely left unexplored so far, and in fact for all studies of the cosmology for these models it was (often implicitly) assumed that, just as for Einstein gravity, the small scale structure plays a negligible role. (See [20],[21, 22, 23] and [24] for a list of cosmological studies of the DGP model, the DGP-like Galileonmodel(s) and the Gauss- Bonnet models, respectively.) However, for these models, the present Universe consists of compact objects and structures separated by distances that are smaller or of the same order as their Vainshtein radius. So in stark constrast with the situation for ordinary gravity, the linearization (1.5) will in fact never hold locally and one would not a priori expect our Universe to expand in the same fashion as the corresponding homogeneous matter dominated FLRW universe. As a first step in addressing this issue, we will only consider those density fluctuations which are still in the linear regime, or on the brink of going nonlinear δ ≲ 1. The advantage being that we can still use the linear solution (1.5) that relates the fields to the densities. In the same way as we did for ordinary gravity, we can then estimate the contribution of the modes with wavelength L to the average of the nonlinear terms as: < ∇^2ϕ∇^2ϕ > H^2_0

∼ H^2_0 |δ_L|^2 . (3.12)

Comparing this average, with the zero order terms that are all three of order H^2_0 with our conventions, we find that already mildly nonlinear density fluctuations δ_L → 1 seem to induce an order one backreaction. This corroborates our expectations since for those density fluctuations the corresponding ’gravitational energy density’ in (3.8) becomes of the same order as their bare density. However, so far we have not been explicit on the precise form of the nonlinear terms. In fact, it turns out that both for DGP(-like) and Gauss-Bonnet gravity the contributions to the averaged equations of terms of the form (3.8) cancel out; or that the full average gravitational energy is small, of the same order as for Einstein gravity. As we will show explicitly in the next section, the reason behind this lies in the shift symmetry for the relevant terms in these models.

4 Specific examples

4.1 DGP and Galileon gravity

It has been shown that in the subhorizon regime the 5D DGP model is effectively described by a 4D theory with one extra scalar π that corresponds to the bending mode [25], which inspired the formulation of fully 4D DGP-like models, the so called Galileon models [12]. For the DGP-model, the σ_i in the linearized equations (1.5) read:

2σ_1 = −σ_2 = π , σ_3 = −4ϕ − 2ψ ± 6 H μ (1 + Ḣ 3H^2

)π , (4.13)

with the minus sign for the self-accelerating solution [26].^4 So the linearization is indeed of the form (1.5), with an order one coupling of π to the matter density perturbations on the present cosmic background (μ ∼ H_0). Similar expressions hold for the full scalar-tensor Galileon models [21, 22].

For DGP(-like) gravity the higher order terms have been widely discussed in the literature (see [10, 25, 12] and citations therein). They are generated by the term in

4We have actually rederived these equations from the results of [25]. Our π is their mπ. In [26], the three linearized scalar DGP-equations are presented in a different format, but one can check that our expressions (4.13) are equivalent.

the Lagrangian (dropping the overall M^2_p factor and with our normalization for π):

L_π = − 1 μ^2 □π∂_μπ∂^μπ . (4.14) The corresponding second order correction to the equation E_π then indeed has the scaling that we anticipated in (3.8). But there is quite some symmetry. Besides having the obvious shift symmetry on π, (4.14) is also invariant (upon partial integration and dropping subdominant derivatives of a) under a constant shift of the derivatives of π:

π → π + c + c_μx^μ . (4.15)

This so called ”Galilean” invariance is a consistency requirement, since it prevents the appearance of a new degree of freedom that has to be a ghost by Ostrogradski’s theorem [27]. Indeed, the symmetry dictates that, although the Lagrangian contains four derivatives, the equation that follows from it will only contain second order derivatives, and no new degrees of freedom appear^5 .

However, the normal shift symmetry by itself is sufficient to ensure a cancellation of the different averaged terms. Since by this symmetry the terms in the equation E_π, that follow from the Lagrangian (4.14), appear as a divergence of the associated Noether current. Explicitly, in the quasi-static and subhorizon regime, the relevant terms are:

E^{(2)}_π = 2 μ^2a^4 ∂_i ( ∇^2π∂_iπ − ∂_i∂_j π∂_j π )

= 2 a^4μ^2 ( ∇^2π∇^2π − ∂_i∂_j π∂_i∂_j π ) . (4.16)

In the setup (1.4), where the infinite wavelength modes are put in the background, the average of a (spatial) divergence is zero. As one can easily verify, for finite wavelength modes, the contributions to the average of the two terms on the last line of (4.16) cancel out. For the Galileon-models [12], one also considers a possible fourth and fifth order Galileo-invariant term in the Lagrangian, besides the third order term (4.14). These will of course also vanish upon averaging.

5But notice that on certain backgrounds the π excitation itself can still be ghostlike [12]. A similar comment applies to f(G) gravity [28].

4.2 Gauss-Bonnet gravity

The Gauss-Bonnet models are defined by adding some function f(G) of the Gauss- Bonnet invariant, G ≡ R^2 − 4R_{μν} R^{μν} + R_{μνρσ} R^{μνρσ} , (4.17) to the Einstein-Hilbert term R of the gravitational Lagrangian. The choice for this invariant is precisely motivated by the fact that the corresponding higher derivative equations only show one extra degree of freedom in addition to the spin-2 graviton [5]. This can be seen easily by eliminating the higher order derivatives through the introduction of a Lagrange multiplier λ [28]: L = M^2_p 2 ( R + f^′(λ)(G − λ) + f(λ) ) . (4.18)

In this way it is evident that the models are in fact equivalent to a scalar field with some potential (third and fourth term), no canonical kinetic term and a non-minimal coupling to G (second term). Due to the specific total derivative structure of G, this non-minimal coupling will generate at most second order derivatives (both of λ and the metric fields) in the full equations [28]. Notice that λ = G by the λ-equation.

We can read off the σ_i in (1.5) for the FLRW linearization of Gauss-Bonnet gravity from the full linearized equations of [29]^6:

σ_1 = −8Hξ̇ϕ − 4π, σ_2 = −8Hξ̇ψ − 8ξ̈ϕ − 8(1 + Ḣ H^2

)π, σ_3 = (1 + Ḣ H^2

)ϕ + ψ . (4.19)

We use here ξ ≡ f^′(λ_0), where λ_0 is the FLRW background value of λ (or G). The dots denote time-derivatives. Our scalar degree of freedom now represents the fluctuations of the Gauss-Bonnet invariant, π ≡ H^2f^{′′}(λ_0)λ̃, with λ̃ = λ − λ_0. With the general estimate of f(λ_0) and its derivatives on the present cosmic background as:

f^{(n)}(λ_0) ∼ H^{2−4n}_0 , (4.20)

one can show that the mass terms in the full equations of [29] are subdominant, with an effective mass of the order H_0 on the present background. So, we find indeed a

6Explicitly, from the Eqs. 36-38 in that paper one can read off H^{(1)}_{00} and H^i_i^{(1)}, putting α = ψ, β = γ = 0, F = 1, H^2δξ = π and using ∂_j H^{ji(1)} = 0 in the quasi-static subhorizon limit. The E^{(1)}_π equation follows from their Eq. 46.

linearization of the form (1.5), with an order one effective gravitational coupling for the extra scalar. Notice that the dominant subhorizon terms in H^{(1)}_{00} , H^i_i^{(1)} and E^{(1)}π , which are the terms with the maximum number of spatial derivatives, all arise from the non-minimal coupling term in (4.18), since it is the only term that contains derivatives.

The precise form of the higher order terms for Gauss-Bonnet gravity has so far not been discussed in the literature. We will focus here on those terms that are relevant to the central theme of the paper, leaving a more detailed discussion for future work. For the same reason as before, it will be the non-minimal coupling term that is responsible for the dominant higher order corrections. In the quasi-static subhorizon limit, the dominant contribution to the third order expansion of this term reads (again dropping M^2_p ):

L^{(3)}_{λG} = (f^′(λ)G)^{(3)} ≈ f^{′′}(λ_0)λ̃G^{(2)} = 8 a^4H^2 π ( ∇^2ϕ∇^2ψ − ∂_i∂_j ϕ∂_i∂_j ψ ) . (4.21)

And again, as in the case of DGP and Galileon gravity, we find the anticipated scaling behavior (3.8) of the corresponding second order equations. But also now we expect this term to have the full Galilean symmetry, since the equations that derive from it only contain second derivatives. And indeed, up to boundary terms: a^4H^2 8 L^{(3)}_{λG} = ϕ ( ∇^2ψ∇^2π − ∂_i∂_j ψ∂_i∂_j π ) = ψ ( ∇^2π∇^2ϕ − ∂_i∂_j π∂_i∂_j ϕ ) , (4.22)

which shows explicitly that the Lagrangian is invariant under a shift of all three fields and their derivatives separately. The shift symmetry by itself again guarantees that the terms are divergences that vanish upon averaging. One can read off these terms explicitly, now appearing in all three equations H_{00}, H^i_i and E_π, from the second and first line of the right-hand side of (4.22) and the right-hand side of (4.21), respectively.

5 Conclusions

To conclude, let us summarize the main results of the paper. First of all we have argued on general grounds, that for those models that modify gravity at cosmological (Hubble) distance scales and that are not ruled by the Solar system tests, the linearization on the present FLRW background (1.5) will break down for nonlinear density contrasts, δ ≥ 1. For an isolated compact object of mass M this translates to a universal Vainshtein radius R_V ∼ (G_N M/H^2_0 )^{1/3} at which the linearization breaks down. Our argument is heuristic, but it complements other arguments [12, 15], and more importantly it is confirmed by the specific examples. For the DGP and Galileon models the breakdown of the linearization is already well studied. This is not the case for the Gauss-Bonnet models, for which we have explicitly written down the dominant nonlinear term in the action for the first time (4.21).

As such, the status of the FLRW linearization (1.5) is very different than in the case of Einstein gravity, since now the linearization will in fact never hold locally for our present Universe. Correspondingly one might expect a large cosmological backreaction for these models, as confirmed by our (naive) scaling argument (3.12). But as we have shown further on, the scaling argument does not capture possible cancellations when the nonlinearities are averaged. In that case the conventional FLRW framework would still be viable. This is precisely what happens when there is a shift symmetry. This symmetry is part of the larger Galilean symmetry that is required for consistency of the models under consideration. And as we have shown explicitly, the Galilean symmetry, which was originally recognized for the DGP model, is indeed also present for the dominant terms in the Gauss-Bonnet models.

We should stress that we have only considered mildly nonlinear universes with density contrasts δ ≲ 1. Showing that the FLRW framework remains valid in a more realistic universe, with highly nonlinear density fluctuations δ ≫ 1, requires going beyond our perturbative approach. In this light it is interesting to note that the very same shift symmetry is used to argue the equivalence principle for DGP(-like) gravity [30]. We can view the validity of the conventional FLRW framework as a cosmological version of the equivalence principle.

6 Acknowledgments

It’s a pleasure to thank Eanna Flanagan, Ignacio Navarro and Aseem Paranjape for their comments on a first version of the paper. I am supported by the Fund for Scientific Research-Flanders (Belgium).

References.

[1] S. Deser, Class. Quant. Grav. 4 (1987) L99.

[2] P. Brax, C. van de Bruck, A. C. Davis, J. Khoury and A. Weltman, Phys. Rev. D 70 (2004) 123518.

[3] G. R. Dvali, G. Gabadadze and M. Porrati, Phys. Lett. B 485, 208 (2000). [4] S. M. Carroll, V. Duvvuri, M. Trodden and M. S. Turner, Phys. Rev. D 70 (2004) 043528.

[5] I. Navarro and K. Van Acoleyen, JCAP 0603, 008 (2006). [6] E.V.Linder, Phys. Rev. D 72 (2005) 043529; [7] B. Bertotti, L. Iess and P. Tortora, Nature 425 (2003) 374. [8] G. Dvali, New J. Phys. 8 (2006) 326. [9] A. I. Vainshtein, Phys. Lett. B 39 (1972) 393.

[10] C. Deffayet, G. R. Dvali, G. Gabadadze and A. I. Vainshtein, Phys. Rev. D 65 (2002) 044026 [arXiv:hep-th/0106001].

[11] P. J. E. Peebles, “The Large Scale structure of the Universe,” Princeton University Press (1980).

[12] A. Nicolis, R. Rattazzi and E. Trincherini, arXiv:0811.2197. [13] A. Ishibashi and R. M. Wald, Class. Quant. Grav. 23, 235 (2006). [14] E. R. Siegel and J. N. Fry, Astrophys. J. 628, L1 (2005). [15] A. Lue, R. Scoccimarro and G. Starkman, Phys. Rev. D 69 (2004) 044005. [16] A. Lue, R. Scoccimarro and G. D. Starkman, Phys. Rev. D 69 (2004) 124015. [17] A. L. Erickcek, T. L. Smith and M. Kamionkowski, Phys. Rev. D 74, 121501 (2006); I. Navarro and K. Van Acoleyen, JCAP 0702, 022 (2007).

[18] T. Faulkner, M. Tegmark, E. F. Bunn and Y. Mao, Phys. Rev. D 76 (2007) 063505. [19] I. Navarro and K. Van Acoleyen, Phys. Lett. B 622, 1 (2005); A. De Felice and S. Tsujikawa, arXiv:0907.1830.

[20] C. Deffayet, Phys. Lett. B 502 (2001) 199 [arXiv:hep-th/0010186]; R. Maartens and E. Majerotto, Phys. Rev. D 74 (2006) 023004 [arXiv:astro-ph/0603353]; J. Sollerman et al., Astrophys. J. 703 (2009) 1374 [arXiv:0908.4276 [astro-ph.CO]]; Y. S. Song, I. Sawicki and W. Hu, Phys. Rev. D 75 (2007) 064003 [arXiv:astroph/0606286]; W. Fang, S. Wang, W. Hu, Z. Haiman, L. Hui and M. May, Phys. Rev. D 78 (2008) 103509 [arXiv:0808.2208 [astro-ph]].

[21] N. Chow and J. Khoury, Phys. Rev. D 80 (2009) 024037 [arXiv:0905.1325 [hepth]];

[22] T. Kobayashi, H. Tashiro and D. Suzuki, Phys. Rev. D 81 (2010) 063513 [arXiv:0912.4641 [astro-ph.CO]];

[23] F. P. Silva and K. Koyama, Phys. Rev. D 80 (2009) 121301 [arXiv:0909.4538 [astro-ph.CO]]; T. Kobayashi, Phys. Rev. D 81 (2010) 103533 [arXiv:1003.3281 [astro-ph.CO]]; R. Gannouji and M. Sami, Phys. Rev. D 82 (2010) 024011 [arXiv:1004.2808 [gr-qc]]; A. Ali, R. Gannouji and M. Sami, arXiv:1008.1588 [astro-ph.CO]; A. De Felice and S. Tsujikawa, Phys. Rev. Lett. 105 (2010) 111301 [arXiv:1007.2700 [astro-ph.CO]]; S. Nesseris, A. De Felice and S. Tsujikawa, arXiv:1010.0407 [astro-ph.CO].

[24] O. Mena, J. Santiago and J. Weller, Phys. Rev. Lett. 96 (2006) 041103 [arXiv:astro-ph/0510453]; J. Moldenhauer, M. Ishak, J. Thompson and D. A. Easson, Phys. Rev. D 81 (2010) 063514 [arXiv:1004.2459 [astro-ph.CO]]; A. De Felice and S. Tsujikawa, Phys. Lett. B 675 (2009) 1 [arXiv:0810.5712 [hep-th]]; B. Li, J. D. Barrow and D. F. Mota, Phys. Rev. D 76 (2007) 044027 [arXiv:0705.3795 [gr-qc]].

[25] A. Nicolis and R. Rattazzi, JHEP 0406 (2004) 059 [arXiv:hep-th/0404159].

[26] K. Koyama and R. Maartens, JCAP 0601 (2006) 016.

[27] R. P. Woodard, Lect. Notes Phys. 720 (2007) 403.

[28] A. De Felice, M. Hindmarsh and M. Trodden, JCAP 0608 (2006) 005.

[29] A. De Felice and T. Suyama, JCAP 0906 (2009) 034 [arXiv:0904.2092 [astroph.CO]].

[30] L. Hui, A. Nicolis and C. Stubbs, arXiv:0905.2966.