arXiv:gr-qc/0612027v3 15 Nov 2007

Voids of dark energy

Sourish Dutta^∗ and Irit Maor^† CERCA, Department of Physics, Case Western Reserve University, 10900 Euclid Avenue, Cleveland, OH 44106-7079, USA. (Dated: November 16, 2007)

We investigate the clustering properties of a dynamical dark energy component. In a cosmic mix of a pressureless fluid and a light scalar field, we follow the linear evolution of spherical matter perturbations. We find that the scalar field tends to form underdensities in response to the gravitationally collapsing matter. We thoroughly investigate these voids for a variety of initial conditions, explain the physics behind their formation and consider possible observational implications. Detection of dark energy voids will clearly rule out the cosmological constant as the main source of the present acceleration.

PACS numbers: N95.36.+x, S98.80.-k, 95.30.Sf

I. INTRODUCTION

Direct [1] and indirect [2] evidence of the present acceleration of the universe is accumulating. Nonetheless, the source of the accelerated expansion is as elusive as ever. In the context of general relativity, one needs to hypothesize a dark energy source with negative pressure to accommodate the acceleration. Alternative ideas include various modifications to gravity. Little is known about the dark energy except that its pressure is negative, and that it accounts for about 70% of the critical density of the universe. Whether the dark energy is the cosmological constant or a dynamically evolving source of energy is a fundamental unanswered question. While the cosmological constant has a fixed ratio of pressure to energy density, w = p/ρ = −1, dynamical dark energy (DDE) will in general have a varying equation of state (EOS), w(z). Observing a deviation from −1 or a timeevolution in the EOS will be decisive evidence in favor of the existence of DDE. However, there are known degeneracies [3] which make this task extremely difficult, unless the deviation from a cosmological constant is strong. The current observational limit on the EOS of dark energy is roughly w ≈ −1 ± 0.1 at the 1σ level [1], which is consistent with a cosmological constant. Future experiments hold out the possibility of pinning down this limit by maybe a factor of 10. For a recent review, see [4].

The effect of the cosmological constant and DDE on the expansion rate can be identical, and there is a need for probes that go beyond the background to distinguish between the two. An example of such a probe is structure formation. There are numerous works exploring the formation of structure in the presence of homogeneous dark energy [5]. An exciting and somewhat controversial possible difference between the cosmological constant and DDE is their clustering behavior. While the cosmological constant is exactly homogeneous on all scales, DDE

∗Electronic address: sourish.dutta@case.edu †Electronic address: irit.maor@case.edu

is expected to be not perfectly homogeneous [6], and the implications of this on the CMB are well known [7]. However, it is usually assumed that the clustering of DDE is negligible on scales less than 100 Mpc. Whether small perturbations in DDE can be neglected is debatable, and a deeper understanding of the DDE inhomogeneous dynamics is clearly needed.

Several recent works have explored the consequences of DDE clustering on scales shorter than 100 Mpc. Some have adopted a phenomenological approach, parameterizing the clustering degree of DDE [8]. These works point out potential observables of DDE clustering, justifying further investigation. Works which attempt a more fundamental treatment are mostly in the context of coupled dark energy [9], or other non-trivial models of DDE [10], as clustering is most probable in such theories. However, less attention has been given to the clustering in simpler models of DDE.

In the present work, we aim to further explore the inhomogeneous behavior of DDE. Our approach is straightforward: starting with a gravitational action which includes matter and DDE, we numerically follow the linear evolution of spherical perturbations of matter and the DDE response to these perturbations. For the sake of simplicity, our model for the DDE is a light scalar field, which is not explicitly coupled to the matter density. As the only coupling between the DDE and the matter is gravitational, our results are conservative in the sense that any model more complicated will exhibit stronger DDE perturbations than shown here. The striking feature that emerges from our calculation is that in the vicinity of collapsing matter, the DDE develops a spatial profile and tends to form voids. The mechanism that allows the void to form is that although initially the field’s evolution is friction dominated due to the cosmic expansion, the collapse of matter slows down the local expansion. This allows the field to locally roll down and lose energy, creating the void. The presence of the matter perturbation is necessary to trigger this mechanism.

The plan of the paper is as follows: in section II we describe our model in detail. In section III we present our results. We discuss our results and state our conclusions in sections IV and V respectively.

II. THE MODEL

We are interested in spherical perturbations around a flat FRW universe. The most general line element in comoving coordinates is then ds^2 = dt^2 − U(t, r)dr^2 − V(t, r) ( dθ^2 + sin^2 θdφ^2 ) , (1)

where U(t, r) and V(t, r) are general functions [11].

We take a cosmic mix of non-relativistic matter and a DDE component as the energy source. The matter component is described by a perfect and pressureless fluid, with an energy-momentum tensor given by

T_{μν} (m) = diag (ρ, 0, 0, 0) , (2)

where ρ is the energy density of matter.

We model the DDE with a classical scalar field ϕ with a Lagrangian L given by L = 1 2 (∂_μϕ)^2 − V (ϕ) , (3)

and an energy-momentum tensor given by T_{μν} (ϕ) = ∂_μϕ∂_ν ϕ − g_{μν} L . (4) The EOS of the DDE w is defined as w = p_ϕ ρ_ϕ , (5)

with the energy density ρ_ϕ and the pressure p_ϕ are read off the energy momentum tensor, T_{00}(ϕ) and −g^{ij} T_{ij} (ϕ)/3 respectively.

It is convenient to rewrite Einstein’s equations in the following way, R_{μν} = K ( T_{μν} − 1 2 g_{μν} T^α_α ) . (6)

where R_{μν} is the Reimann tensor, and K = 8πG. As there is no explicit interaction between the matter and the DDE, energy conservation applies to each separately,

∇_μT^{μν} (m) = 0 , ∇_μT^{μν} (ϕ) = 0 . (7)

The time-evolution of the system is given by the following equations (where dots denote time-derivatives and primes denote derivatives with respect to the radial coordinate, except for V^′(ϕ) ≡^{dV}_{dϕ} ):

1 2 Ü U + 1 2 U̇ U V̇ V − 1 4 U̇ 2 U^2 + 1 U ( 1 2 U^′ U V^′ V + 1 2 V^{′2} V^2 − V^{′′} V )

−K ( 1 2 ρ + V (ϕ) + 1 U ϕ^{′2} ) = 0 (8) 1 2 V̈ V + 1 4 U̇ U V̇ V + 1 V + 1 2U ( 1 2 U^′ U V^′ V − V^{′′} V )

−K ( 1 2 ρ + V (ϕ) ) = 0 (9)

ρ̇ + ( V̇ V + 1 2 U̇ U ) ρ = 0 (10)

ϕ̈ + ( V̇ V + 1 2 U̇ U ) ϕ̇ + V^′(ϕ)

− 1 U ( ϕ^{′′} + (V ′ V − 1 2 U^′ U ) ϕ^′ ) = 0 . (11)

These are subject to the following constraint equations: 1 V + 1 2 U̇ U V̇ V + 1 4 V̇ 2 V^2 + 1 U ( 1 2 U^′ U V^′ V + 1 4 V^{′2} V^2 − V^{′′} V )

−K ( ρ + V (ϕ) + 1 2 ϕ̇^2 + 1 2U ϕ^{′2} ) = 0 (12) 1 2 U̇ U V^′ V + 1 2 V̇ V V^′ V − V̇ ′ V − Kϕ̇ϕ^′ = 0 . (13)

A. Linearization

We now proceed to separate our variables to a homogeneous background and a time and space-dependent perturbation, which we will then linearize. Working in the synchronous gauge [12], we redefine the metric functions U and V as follows: U(t, r) = a(t)^2e^{2ζ(t,r)} V(t, r) = r^2a(t)^2e^{2ψ(t,r)} . (14)

Here a(t) is the scale factor of the spatially homogenous and flat background, and ζ(t, r) and ψ(t, r) are the deviations. We introduce a perturbation around a homogeneous background also in the matter and the DDE, ρ(t, r) = ρ(t) + δρ(t, r) ϕ(t, r) = ϕ(t) + δϕ(t, r) V (ϕ + δϕ) = V (ϕ) + δV (ϕ, δϕ) .

The zeroth order of equations (8) - (13) gives

3H^2 − K [ ρ + V + 1 2 ϕ̇^2 ] = 0 (15)

Ḣ + 3H^2 − K ( 1 2 ρ + V ) = 0 (16)

ρ̇ + 3Hρ = 0 (17) ϕ̈ + 3Hϕ̇ + V^′ = 0 , (18)

where H = ȧ/a is the Hubble function.

To linear order, the evolution equations (8)-(11) give

ζ̈ + 4Hζ̇ + 2Hψ̇ + 2 a^2 ( ζ^′ r − 2ψ^′ r − ψ^{′′} )

−K ( 1 2 δρ + δV ) = 0 (19)

ψ̈ + 5Hψ̇ + Hζ̇ + 1 a^2 ( 2ζ r^2 − 2ψ r^2 + ζ^′ r − 4ψ^′ r − ψ^{′′} )

−K ( 1 2 δρ + δV ) = 0 (20) δρ̇ + 3Hδρ + ρ ( ζ̇ + 2ψ̇ ) = 0 (21) δϕ̈ + 3Hδϕ̇ + δV^′ + ( ζ̇ + 2ψ̇ ) ϕ̇ − 1 a^2 ( δϕ^{′′} + 2 r δϕ^′ ) = 0 , (22)

and the constraint equations (12)-(13) reduce to

2Hζ̇ + 4Hψ̇ + 2 a^2 ( ζ r^2 − ψ r^2 + 2ζ^′ r − 6ψ^′ r − ψ^{′′} )

−K ( δρ + δV + ϕ̇δϕ̇ ) = 0 (23) 2 r ( ψ̇ + ζ̇ ) − Kϕ̇δϕ^′ + 2ψ̇^′ = 0 . (24)

Combining equations (19), (20) and (23) gives ( ζ̈ + 2ψ̈ ) + 2H ( ζ̇ + 2ψ̇ )

+K ( δρ − δV + 2ϕ̇δϕ̇ ) = 0 . (25)

The only combination which is relevant to the equations of motion (21) and (22) is χ ≡ ζ̇ + 2ψ̇. Comparing (17) and (21) it is clear that χ can be thought of as 3δH, and therefore characterizes the spatial profile of the Hubble function. At the cost of losing some information about the metric, we can reduce the number of our variables and equations from 4 to 3 by solving for χ instead of for ζ and ψ. Equations (21), (22) and (25) yield

δρ̇ + 3Hδρ + ρχ = 0 (26) δϕ̈ + 3Hδϕ̇ + δV^′ + χϕ̇ − 1 a^2

∇^2 (δϕ) = 0 (27) χ̇ + 2Hχ + K ( 1 2 δρ − δV + 2ϕ̇δϕ̇ ) = 0 . (28)

Finally, by Fourier-transforming δρ(t, r), δϕ(t, r) and χ(t, r) into δρ_k(t, k), δϕ_k (t, k) and χ_k(t, k) respectively, equations (26)-(28) can be written as a set of ordinary differential equations:

δρ̇_k + 3Hδρ_k + ρχ_k = 0 (29)

δϕ̈_k + 3Hδϕ̇_k + ( V^{′′} + k^2 a^2 ) δϕ_k + ϕ̇χ_k = 0 (30)

χ̇_k + 2Hχ_k + K ( 1 2 δρ_k − V^′δϕ_k + 2ϕ̇_kδϕ̇_k ) = 0 , (31)

where we have used the fact that to linear order, δV = V^′δϕ and δV^′ = V^{′′}δϕ.

B. Potential

Observationally distinguishing between various potentials of DDE is a formidable task [13], and a careful analysis of the growth of structure in various potentials might prove a useful tool. Our present goal though is to trace generic properties of DDE. Accordingly, we choose to work with a simple mass potential,

V (ϕ) = 1 2 m^2ϕ^2 . (32)

We take the mass scale comparable to the present Hubble scale, m_ϕ/H_0 ∼ 1. The light mass assures a slow roll behavior, which will provide accelerated cosmic expansion. Unless noted otherwise, the figures presented here refer to this mass potential.

In order to verify the generality of our results, we repeated the analysis for a more realistic potential - the double exponential [14],

V (ϕ) = V_0 ( e^{√Kαϕ} + e^{√Kβϕ} ) , (33)

with α = 20.1 and β = 0.5. As we later show, the resulting behavior for the two potentials is qualitatively the same.

C. Initial conditions

We want to study how the DDE reacts to the clustering of matter. Thus our initial conditions are of perturbed matter and homogeneous DDE. The matter perturbation is taken as a spherical gaussian,

δ_m(t_i, r) ≡ δρ_m(t_i, r)/ρ_m(t_i) = A exp ( −r^2/σ^2 ) , (34)

and the DDE is taken to be initially homogeneous, δϕ = 0. A non-homogeneous evolution for the dark energy is nonetheless allowed. To ensure that the matter perturbation has no peculiar velocity, we choose the initial condition for the metric variable as χ = 0. From equation (26), we find that this amounts to the statement that initially, δρ ∝ a^{−3}, i.e. the matter particles making up the perturbation are being simply carried along with the Hubble expansion (or in other words, they are at rest in a comoving frame). However, we have verified that choosing different initial values of χ does not qualitatively affect our results.

The numerical calculation begins at a redshift of z = 35 with a perturbation amplitude of A = 0.1, and is run to the present, z = 0. We focus on relatively short-scale perturbations, σH_i ∼ 0.01. With this choice of redshift span, we aim to explore the full linear range of the matter perturbation, while also allowing for a period of DDE dominance.

The initial values of the background variables ρ_i, ϕ_i and H_i are chosen such that their present values (denoted with a 0 subscript) converge to Ω_{m,0} = 0.3, Ω_{ϕ,0} = 0.7, and a normalized Hubble value, H_0 = 1. This is done with the help of a root-finding algorithm. We take ϕ̇_i = 0, which means that the initial state of the scalar field is homogeneous and with equation of state w = −1, similar to the cosmological constant.

We now have the layout to numerically evolve equations (29)-(31). The solutions for δρ_k, δϕ_k and χ_k are then Fourier transformed back to real space.

III. RESULTS

A. Density contrasts

The results shown in this section are for the mass potential, equation (32), unless specifically noted otherwise.

The numerical run begins at a redshift of z = 35, when the DDE is subdominant. The DDE remains subdominant through most of the growth time of the perturbation as well, and accordingly, we expect the matter density contrast δ_m ≡ δρ_m/ρ_m to grow as the scale factor a. This is indeed confirmed by our results.

The most striking result that emerges from our calculation is that in the vicinity of collapsing matter, the DDE tends to form voids, or growing regions of underdensity. The anti-correlation between the perturbations of the matter and the DDE was noted in [7] and in [15] for particular cases. Figure 1 plots the DDE density contrast δ_ϕ ≡ δρ_ϕ/ρ_ϕ at the center of the matter perturbation, r = 0, against the redshift (1 + z). We find that the amplitude of the perturbation grows sharply at late times.

Figure 2 shows the growth of the absolute value of the DDE perturbation with redshift on a logarithmic scale. This plot reveals another interesting effect: the initial response of the DDE to the gravitationally collapsing matter is a very weak tendency to collapse. The collapsing phase, however, is extremely short-lived (an O[10^{−1}] fraction of the total time of the run). The kink in the figure is the cross-over from a positive to negative perturbation.

We next look at the spatial profiles of the perturbations. Figure 3 shows the profiles of both the δ_m and δ_ϕ

FIG. 1: The evolution of the DDE overdensity δ_ϕ at the center of the matter perturbation, r = 0, with redshift (1 + z). The scale of the perturbation is σHi = 0.01, and the mass is m/H0 = 1. Initially homogenous, the DDE develops an underdensity at late times in response to the matter perturbation.

FIG. 2: Same as Figure 1, with the y-axis on a logarithmic scale. The DDE tends to cluster initially, but eventually forms a void.

FIG. 3: Logarithmic profiles of the matter density contrast log_{10} |δm| and the dark energy density contrast log_{10} |δ_ϕ|, at three different redshifts. Solid lines denote the DDE profiles, and dotted lines denote the matter profiles.

at an early stage of the run (z = 27.5), at an intermediate redshift (z = 0.8) and at the final stage (z = 0). The x-axis shows the physical scale as a fraction of the horizon size. The amplitude of the perturbations is shown on a logarithmic scale, and it is worth noting the change in gap between the two scales. The growth rate of δ_ϕ is significantly faster than that of δ_m, so that the two amplitudes are almost comparable at late times. This suggests that a calculation of the non-linear regime might reveal interesting behavior of the DDE.

Figures 4 and 5 show how the growth of the DDE perturbation is affected by the initial width of the matter perturbation. The figure confirms the sensitivity of DDE perturbations to the scale, and as expected, shorter scales exhibit a suppressed behavior. Nonetheless, a possibly significant amplitude can be found on relevant scales. For instance, our local supercluster has diameter of order 0.01H^{−1}_0 and an overdensity of about δ_m ≈ 1.2. Our runs of σH_i = 0.01 end with an overdensity of δ_m ≈ 1.6, but roughly they can be taken as a measure of what we should expect on these scales. Also, one must remember that this analysis only captures the physics of the linear regime. Given the sharp increase in the void amplitude at later times, it is not unreasonable to expect interesting effects in the strongly non-linear regime.

Figures 6 and 7 examine the sensitivity to the field’s mass. As expected, increasing the mass of the scalar field causes δ_ϕ to grow stronger and at increasingly earlier redshifts. One can also see that if the mass is heavy enough (an order of magnitude larger than the Hubble mass), the field will have had enough time to enter a period of rapid oscillations, and will effectively behave as regular matter.

B. Equation of state

We would now like to focus on the local behavior of the equation of state (EOS) of the scalar field. Let us define w_0 as the background homogeneous EOS, δw as the leading order correction to w_0 and let the first-order corrected w be w_1 = w_0 + δw:

w_0 = p_0 ρ_0 = 1 2 ϕ̇2 − V 1 2 ϕ̇2 + V (35) δw = 1 ρ_0 ( δp − w_0δρ ) (36)

w_1 = w_0 + δw , (37)

where to first order δρ = ϕ̇δϕ̇ + δV and δp = ϕ̇δϕ̇ − δV , and we have suppressed the ϕ subscripts.

Figure 8 shows how w_1 increases with time and becomes non-homogenous. The EOS at the perturbation is less negative than the background, but for this choice of mass it is still negative enough to behave as dark energy.

FIG. 4: DDE density contrast δ_ϕ at the center of the matter perturbation r = 0 as a function of the redshift (1 + z) for fixed mass m/H0 = 1 and different initial matter perturbations’ widths. The larger the initial matter perturbation, the stronger is the void. The curves of σHi = 0.01 (dashed) and 0.1 (solid) almost overlap. The figure zooms on late times, z < 3.

FIG. 5: Same as Figure 4 with the y-axis on a logarithmic scale. The shorter scales start evolving at later times than the longer scales, but their evolution is faster. The curves of σHi = 0.01 (dashed) and 0.1 (solid) almost overlap.

To quantify the extent of the inhomogeneity in w we define Δ_w to characterize the % deviation of the local w from the background value,

Δ_w = 100 | | | δw w_0 | | | = 100 | | | 1 p_0 ( δp − w_0δρ ) | | | . (38)

The evolution of the Δ_w spatial profile is shown in Figure 9.

IV. DISCUSSION

A. Void formation

We now aim to intuitively explain why the DDE perturbation initially increases and then sharply drops in

FIG. 6: The DDE density contrast δ_ϕ at the center of the matter perturbation, r = 0, against redshift (1 + z) for σHi = .01 and three different masses. The figure zooms on late times, z < 7.

FIG. 7: Same as Figure 6 with the y-axis on a logarithmic scale. The perturbation’s is extremely sensitive to the mass scale.

the presence of the matter perturbation. Initially, both the scalar field and the Hubble function are homogenous. The matter perturbation introduces an inhomogeneity in the Hubble function, as regions with matter overdensity expand slower due to the increased gravitational pull. As a result, H acquires a spatial profile which evolves in time along with the matter overdensity, due to the ρχ term in equation (26). This is illustrated in Figure 10, which plots the spatial profile of the % deviation of H from the homogeneous background value, at three different redshifts. Regions which have a lower local value of H offer less Hubble damping to the scalar field, as the ϕ̇χ contribution in equation (27) is negative. Therefore, in these regions the scalar field accelerates down its potential slightly faster, the local ϕ̈ + δϕ̈ has a bigger absolute value than the acceleration of the background, ϕ̈. Thus the matter perturbation imparts a local “downhill kick” to the field, and the strength of the kick depends on the magnitude of the matter perturbation at that point. The presence of matter is essential to trigger this mechanism. A similar conclusion was reached in [16].

FIG. 8: Plot of w1 vs r for three different redshifts.

FIG. 9: Plot of % deviation in w vs r at three different redshifts.

Since the matter perturbation is gaussian, we can expect the profile of δϕ̈ to be gaussian as well, which is confirmed in figure 11. The acceleration of the field perturbation δϕ̈ is zero initially (z = 35), but it quickly takes on a gaussian profile, which initially grows, and then shrinks at later times. The important point to note in figure 11 is that the acceleration weakens, but doesn’t change its sign throughout the evolution.

The acceleration profile leads to spatial variations in the energy density of the DDE. For the mass potential, the linear order of the density perturbation is δρ_ϕ = ϕ̇δϕ̇ + m2ϕδϕ, where the first term represents the local variation in kinetic energy (KE) and the second term represents the local variation in potential energy (PE). Whether the initial value of the scalar field was shifted to the right or left of its minimum, ϕ̇ and δϕ̇ will be of the same sign, assuring a positive correction to the KE. On the other hand, ϕ and δϕ will be of opposite signs, assuring the PE correction will be negative. The total correction to the energy density then will be positive when the KE dominates, creating an overdensity, and negative when the PE correction dominates, creating a void. The fact that δϕ̈ weakens but doesn’t change

FIG. 10: Percentage variation of the local Hubble parameter at three different redshifts

FIG. 11: Profile of δϕ̈ at three different redshifts

its sign assures that δϕ̇ approaches a constant value, but δϕ keeps growing. The PE contribution m^2ϕδϕ soon becomes dominant over the KE correction, ϕ̇δϕ̇. As soon this happens, a void is created.

Similar reasoning should apply to other slow-roll potentials.

B. Generality

The results we have presented so far were for the mass potential, equation (32). This is not a very attractive model from the theoretical point of view, as the choice of the mass scale and initial conditions are fine tuned.

While the general problem of fine tuning has not yet been resolved, the issue of the initial conditions is alleviated in tracking potentials such as equation (33). To verify that our results are not unique to the mass potential, we have repeated the analysis for the double exponential potential. We present here the equivalent of figures 3 and 8 to show that the results are essentially similar: as a reaction to the perturbation in the matter fluid, the DDE quickly forms a void. Starting very low, the rate of

FIG. 12: The equivalent of figure 3, with the double exponential potential, equation (33).

FIG. 13: The equivalent of figure 8, with the double exponential potential, equation (33).

growth of its amplitude is significantly faster than that of the matter perturbation, motivating a further investigation into the non linear regime.

V. CONCLUSIONS

In this work we have investigated the clustering properties of DDE. We modeled the DDE as a scalar field with a light mass, and have shown that in the vicinity of gravitationally collapsing matter, the DDE develops inhomogeneities and forms voids. Our results show a high sensitivity to the mass scale of the field. For a mass much larger or smaller than the Hubble scale, the field imitates the behavior of dust or the cosmological constant, respectively. The interesting dynamics is most prominent in the window where the mass and Hubble scales are comparable. This window is within the relevant mass range for dark energy models. As the Hubble function was larger in the past, heavier fields would have had comparable mass and Hubble scales at some point in the past.

Our results should apply to any model of DDE which achieves the present acceleration through a slow roll phase, as the slow roll assures that only a small patch of the potential is probed. We have shown this explicitly for the double exponential potential. Whether our results apply to an even wider class of models which achieve accelerated expansion not through slow roll should be further investigated.

One thing which is clear from our results, is that DDE has potentially non-trivial behavior during the growth of inhomogeneities, though full non-linear analysis is needed to confirm whether the amplitude of the DDE inhomogeneities is relevant to observations. As inhomogeneities of dark energy are a clear signature differentiating between the cosmological constant and DDE, such possibilities should be fully explored and exhausted.

A full treatment of the observational consequences of our results is beyond the scope of this work, but we would like to mention a few possibilities. Some obvious places to look for DDE inhomogeneities include lensing, the ISW effect in the CMB, number counts, and mass functions. Some of these directions are being pursued [8, 9].

Our results show that both the energy density and the EOS of DDE develop a spatial dependence. Thus any observation constraining either of the above which can separately be measured locally and globally is valuable.

Another possibility which we would like to point out, is that it would be useful to quantify the effect of a statistical distribution of DDE voids on the CMB, or, following reference [17], on the directional distribution of supernovae. For example, detecting an angular inhomogeneity in H which is not in accordance with the matter distribution might suggest the presence of a DDE void.

Acknowledgments

Our sincere thanks to Andrew Liddle for reading the manuscript and pointing out some corrections, and mostly for the stimulating discussions which helped shape this work. We are also grateful to Tanmay Vachaspati for his careful reading of the manuscript, and for helpful feedback and discussions throughout the course of this work. We thank Daniele Steer and Alex Vilenkin for reading the manuscript, and Josh Frieman for useful discussions. SD would like to thank the Institut d’Astrophysique, Paris, especially Daniele Steer and Patrick Peter, for their hospitality. The work of SD and IM is supported by the DOE and NASA.

[1] P. Astier et al., Astron. Astrophys. 447, 31 (2006) [arXiv:astro-ph/0510447]; A. G. Riess et al., arXiv:astro-ph/0611572.

[2] D. N. Spergel et al., arXiv:astro-ph/0603449;

M. Tegmark et al., arXiv:astro-ph/0608632; W. J. Percival et al., arXiv:astro-ph/0608635.

[3] I. Maor, R. Brustein, J. McMahon and P. J. Steinhardt, Phys. Rev. D 65, 123003 (2002) [arXiv:astro-ph/0112526].

[4] M. Szydlowski, A. Kurek and A. Krawiec, Phys. Lett. B 642, 171 (2006) [arXiv:astro-ph/0604327]; V. Sahni and A. Starobinsky, arXiv:astro-ph/0610026.

[5] O. Lahav, P. B. Lilje, J. R. Primack and M. J. Rees, Mon. Not. Roy. Astron. Soc. 251, 128 (1991); L. M. Wang and P. J. Steinhardt, Astrophys. J. 508, 483 (1998) [arXiv:astro-ph/9804015]; I. T. Iliev and P. R. Shapiro, Mon. Not. Roy. Astron. Soc. 325, 468 (2001) [arXiv:astro-ph/0101067]; N. N. Weinberg and M. Kamionkowski, Mon. Not. Roy. Astron. Soc. 341, 251 (2003) [arXiv:astro-ph/0210134]; R. A. Battye and J. Weller, Phys. Rev. D 68, 083506 (2003) [arXiv:astro-ph/0305568]; C. Horellou and J. Berge, Mon. Not. Roy. Astron. Soc. 360, 1393 (2005) [arXiv:astro-ph/0504465]; P. Wang, Astrophys. J. 640, 18 (2006) [arXiv:astro-ph/0507195]; M. Bartelmann, M. Doran and C. Wetterich, arXiv:astro-ph/0507257; W. J. Percival, arXiv:astro-ph/0508156.

[6] R. R. Caldwell, R. Dave and P. J. Steinhardt, Phys. Rev.

Lett. 80, 1582 (1998) [arXiv:astro-ph/9708069]. [7] J. Weller and A. M. Lewis, Mon. Not. Roy. Astron. Soc.

346, 987 (2003) [arXiv:astro-ph/0307104].

[8] D. F. Mota and C. van de Bruck, Astron. Astrophys. 421, 71 (2004) [arXiv:astro-ph/0401504]; I. Maor and O. Lahav, JCAP 0507, 003 (2005) [arXiv:astro-ph/0505308]; N. J. Nunes, A. C. da Silva and N. Aghanim, arXiv:astro-ph/0506043; T. Koivisto and D. F. Mota, Phys. Rev. D 73, 083502 (2006) [arXiv:astro-ph/0512135]; M. Takada, Phys. Rev. D 74, 043505 (2006) [arXiv:astro-ph/0606533].

[9] C. Wetterich, Astron. Astrophys. 301, 321 (1995) [arXiv:hep-th/9408025]; L. Amendola, Phys. Rev. D 62, 043511 (2000) [arXiv:astro-ph/9908023]; M. Manera and D. F. Mota, Mon. Not. Roy. Astron. Soc. 371, 1373 (2006) [arXiv:astro-ph/0504519]; R. Mainini and S. Bonometto, Phys. Rev. D 74, 043504 (2006) [arXiv:astro-ph/0605621].

[10] J. Garriga and V. F. Mukhanov, Phys. Lett. B 458, 219 (1999) [arXiv:hep-th/9904176]; F. Perrotta and C. Baccigalupi, Phys. Rev. D 65, 123505 (2002) [arXiv:astro-ph/0201335]; M. Kunz and D. Sapone, arXiv:astro-ph/0609040; T. Koivisto and D. F. Mota, arXiv:hep-th/0609155; K. A. Malik, arXiv:astro-ph/0610864; R. Bean, D. Bernat, L. Pogosian, A. Silvestri and M. Trodden, arXiv:astro-ph/0611321.

[11] See for example, S. Weinberg, Gravitation and Cosmology: Principles and Applications of the General Theory of Relativity Wiley (1972) [12] C. P. Ma and E. Bertschinger, Astrophys. J. 455, 7 (1995) [arXiv:astro-ph/9506072].

[13] I. Maor and R. Brustein, Phys. Rev. D 67, 103508 (2003) [arXiv:hep-ph/0209203]; M. Sahlen, A. R. Liddle and D. Parkinson, Phys. Rev. D 72, 083511 (2005) [arXiv:astro-ph/0506696]; M. Sahlen, A. R. Liddle and

D. Parkinson, arXiv:astro-ph/0610812.

[14] T. Barreiro, E. J. Copeland and N. J. Nunes, Phys. Rev.

D 61, 127301 (2000) [arXiv:astro-ph/9910214]. [15] N. J. Nunes and D. F. Mota, Mon. Not. Roy. Astron.

Soc. 368, 751 (2006) [arXiv:astro-ph/0409481]. [16] N. Bartolo, P. S. Corasaniti, A. R. Liddle and

M. Malquarti, Phys. Rev. D 70, 043532 (2004) [arXiv:astro-ph/0311503].

[17] C. Bonvin, R. Durrer and M. Kunz, Phys. Rev. Lett. 96, 191302 (2006) [arXiv:astro-ph/0603240].