arXiv:gr-qc/0409059 v2 2 Nov 2004

Rippled Cosmological Dark Matter from Damped Oscillating Newton Constant

Aharon Davidson^∗ Physics Department, Ben-Gurion University, Beer-Sheva 84105, Israel

davidson@bgumail.bgu.ac.il

(Dated: June 15, 2004)

Abstract

Let the reciprocal Newton ’constant’ be an apparently non-dynamical Brans-Dicke scalar field damped oscillating towards its General Relativistic VEV. We show, without introducing additional matter fields or dust, that the corresponding cosmological evolution averagely resembles, in the Jordan frame, the familiar dark radiation → dark matter → dark energy domination sequence. The fingerprints of our theory are fine ripples, hopefully testable, in the FRW scale factor; they die away at the General Relativity limit. The possibility that the Brans-Dicke scalar also serves as the inflaton is favorably examined.

ΛCDM is perhaps the best cosmological model available. Only two free parameters, controlling the density of dark matter[1] and dark energy[2] (in the form of a cosmological constant Λ) suffice to parametrize the apparent clash between general relativity (GR) and contemporary cosmology. The notion of dark matter is commonly used, but so far we do not have any clue whether dark matter is a fact (in which case identifying its constituents is a major particle physics challenge) or else an artifact (effectively induced when casting the field equations of some beyond GR theory into the traditional Einstein equations format). In this Letter we show, without introducing additional matter fields or dust, that the general relativistic cosmological interpretation of a damped oscillating[3] Newton constant, sliding toward its constant VEV, is of a dark radiation → dark matter → dark energy dominated Universe. The cosmological fingerprints of such a theory are fine (suppressed at the GR limit) ripples, hopefully testable, in the FRW scale factor.

The general idea that Nature’s fundamental constants may vary in space and time is not new. The theoretical motivation for a varying Newton constant, usually accompanied by a varying fine structure constant, ranges from Kaluza-Klein theory[4], Brans-Dicke theory[5] and dilaton/conformal[6] gravity all the way to brane models[7] and even super-string/Mtheory[8] cosmology. One may add to this list k-essence models[9], and in particular, Zee’s broken-symmetric model[10] of gravity. From the experimental[11] side, however, there is so far no indication to support a varying Newton constant, with the major cosmological constraints coming from CMB[12] and Nucleosynthesis[13].

Let our starting point be the Brans-Dicke action S = − 1 16π ∫ ( ϕR + ω_{BD} ϕ g^{μν} ∂_μϕ∂_ν ϕ + V (ϕ) + L_m ) √ −g d^4x , (1)

with ϕ(x)^{−1} locally representing the varying Newton ’constant’. The main role of the scalar potential V (ϕ) will be to allow, by virtue of Zee mechanism[10], for the spontaneous emergence of General Relativity as the BD scalar approaches its constant VEV. In the Jordan frame used, the matter Lagrangian L_m is minimally coupled to gravity, and does not couple to ϕ(x). In turn, all matter field equations exhibit the standard general relativistic structure, and test particles fall freely along geodesics of the (thereby physical) metric g_{μν} . Note that a scale transformation g_{μν} → ϕ^{−1}g_{μν} , which is definitely not a general coordinate transformation, would give rise to a proper-sign scalar kinetic term plus a non-trivial scalar-matter coupling in the so-called Einstein frame. To focus on the physics beyond-GR, however, let us momentarily switch off the matter Lagrangian L_m. We will eventually have to switch it on, e.g. by adding a tiny amount of ordinary dust, as otherwise it will be impossible to tell which metric is actually used by physical rods and clocks.

On some effective potential grounds (to be clarified soon), we choose the special case ω_{BD} = 0. Counter intuitively, this will not make ϕ(x) non-dynamical, and furthermore, would not contradict the well-tested GR in the solar system provided[14] the potential is sufficiently confining to render the BD scalar essentially constant. Although the conventional scalar kinetic term g^{μν} ϕ_{;μ}ϕ_{;ν} has been unconventionally waived away, second order derivatives of ϕ will still enter the game, owing to the fact that √ −gϕg^{μν} δR_{μν} is no longer a total divergence. Associated with the above action principle, with ω_{BD} = 0 enforced and in the momentarily absence of L_m, are the simplified field equations

ϕ(R_{μν} −^1_2 g_{μν} R) = −ϕ_{;μν} + g_{μν} g^{αβ}ϕ_{;αβ} +^1_2 g_{μν} V (ϕ) , (2) ∂V (ϕ) ∂ϕ + R = 0 . (3)

By substituting R into the trace of the gravitational field equation, the familiar Klein-Gordon equation, governed by an effective potential V_{ef f} (ϕ), makes its appearance g^{μν} ϕ_{;μν} = 1 3 (ϕ ∂V ∂ϕ − 2V ) ≡ ∂V_{ef f} (ϕ) ∂ϕ . (4)

The emergence of such an effective potential actually characterizes the ω_{BD} = 0 case. The most general quadratic potential, for example,

V (ϕ) = α + 2βϕ + γϕ^2 , (5)

gets translated into V_{ef f} (ϕ) = − 1 3 (2αϕ + βϕ^2) + const . (6) We shall see that, for a suitable range of parameters, such a potential can deliver stable attractive gravity, meaning ⟨ϕ⟩ ≡ G^{−1} > 0 . (7) Within the framework of FRW cosmology, with its spatially flat k = 0 variant favored on simplicity (as well as experimental) grounds, the two independent field equations take the form ϕ̇H + ϕH^2 = 1 6 V (ϕ) , Ḣ + 2H^2 = 1 6 ∂V (ϕ) ∂ϕ , (8) with H = ȧ/a serving as the Hubble constant. The gravitational field equations can be recasted into the Einstein format, that is R_{μν} −^1_2 g_{μν} R = T^{GR}_{μν} , thereby defining an effective (from GR point of view) conserved energy/momentum tensor. The associated effective energy density and pressure are given respectively by ρ^{GR} = −3H ϕ̇ ϕ + 1 2ϕ V , P^{GR} = ϕ̈ ϕ + 2H ϕ̇ ϕ − 1 2ϕ V . (9)

The GR limit of our generalized Brans-Dicke theory, if exists, can be straight forwardly derived, and for the quadratic potential eq.(5), one finds ϕ(t) → − α β ≡ G^{−1}, H^2(t) → 1 6 ( β − αγ β ) ≡ Λ 3 . (10)

Clearly, to assure the attractive nature of gravity, one must require α/β < 0. This, together with the fact that a non-negative H^2 implies β ≥ αγ/β, furthermore tells us that γ ≥ β^2/α. We can finally close the allowed range of parameters, namely α > 0 , β < 0 , γ ≥ β^2 α > 0 , (11)

by insisting on having V_{ef f} (ϕ) bounded from below. It is important to notice, however, owing to the fact that the effective potential is γ-independent, that the background cosmological constant Λ ≥ 0 can be arbitrarily fine tuned without affecting V_{ef f} (ϕ).

On pedagogical grounds, we first discuss the case of a flat Lorentzian background, and then generalize the scope to allow for the cosmological deSitter background. The constraint Λ = 0 can be conveniently parameterized by α = 6ω^2G^{−1}, β = −6ω^2, and γ = 6ω^2G (this mass scale ω has nothing to do with the Brans-Dicke parameter ω_{BD}), so that

V (ϕ) =

6ω^2 G (1 − Gϕ)^2 ⇒ V_{ef f} (ϕ) = 1 3G V (ϕ) . (12)

Substituting one field equation

Gϕ(t) = 1 + 1 2ω^2 ( Ḣ + 2H^2 ) (13)

into the other, see eqs.(8), leaves us with the second order master equation for the Hubble constant HḦ + 3H^2Ḣ − 1 2 Ḣ^2 + 2ω^2H^2 = 0 , (14)

with ω being the only mass scale involved. The numerical solution of the latter equations is plotted in Fig.1.

FIG. 1: The Hubble constant H(t) and the reciprocal Newton constant ϕ(t) evolution for Λ = 0. Time averaging over the ripples, justified for large ωt, resembles a General Relativistic matter dominated Universe (dashed).

• At early times (ωt ≪ 1), the solution of eq.(14) is characterized by one relevant dimensionless constant of integration p H(t) ≃ 1 2t + 4ωp 5 (ωt)^{1/2} , (15) Gϕ(t) ≃ p (ωt)^{1/2} + 4p^2 5 ωt . (16) Eq.(15) tells us that, at early times, the metric associated with a varying Newton constant reminds us of a radiation dominated Universe recovering from a singular Big-Bang. Depending on the sign of p, weak initial gravity may be attractive (p > 0) or else repulsive (p < 0). It is only the special p = 0 case for which the ϕ-expansion starts with Gϕ(t) ≃ 4 5 ω^2t^2 , (17)

describing strong (small ϕ), necessarily attractive (positive ϕ), initial gravity. The latter case of preference can be singled out on finiteness grounds when noticing that, as t → 0, the Ricci scalar and the Lagrangian behave like R ≃ 12ω^2 (rather than ∼ pt^{−1/2}) and ϕR + V ≃ 6ω^2G^{−1} (rather than ∼ p^2t^{−1}), respectively.

• At later times (ωt ≫ 1), asymptotically approaching GR, the solution exhibits a particular 1/t-behavior modulated by damped oscillations. This can very neatly numerically verified by plotting H^{−1}(t) and noticing that all its minima (corresponding to the maxima of H(t)) lie on a straight line. Quite serendipitously, however, is the fact that the slope of this line is 3 4 . This observation is fully captured by the analytic expansion H(t) ≃ 4 cos^2 ωt 3t ( 1 − sin 2ωt +^5_4 tan ωt + ~p 2ωt ) , (18) Gϕ(t) ≃ 1 − 2 sin 2ωt 3ωt ⇒ ϕ̇(t) ϕ(t) ≃ − 4 cos ωt 3t , (19)

where ~p is a constant of integration (presumably related to the previous p). The corresponding FRW scale factor a(t) can be integrated now to establish our main result a(t) ∼ t^{2/3} ( 1 + sin 2ωt + ~p 3ωt ) (20)

The full numerical solution for a(t) is plotted in Fig.2 (focus at the moment on the Λ = 0 branch). As clearly demonstrated in this Figure, the FRW evolution highly resembles a dark matter dominated Universe. Moreover, the non-trivial correlation

a(t) ∼ t^{2/3} ↔ ϕ(t) ≃ G^{−1} (21)

leads to the pleasing conclusion that the emerging matter dominated Universe is in fact general relativistic.

FIG. 2: Rippled FRW scale factor: Dark matter ripples are only 1/t-suppressed, whereas dark energy ripples are exponentially suppressed. The ripples die away at the ωt → ∞ general relativity limit.

Two practical questions immediately arise: (i) How large is this ω frequency? and (ii) Can one experimentally probe the rippled structure? Following the Nyquist-Shannon theorem[15], we need an experimental sampling frequency ω_{N S} ≥ 2ω in order to faithfully reconstruct the original signal and avoid aliasing. Obviously, if ω^{−1} is many orders of magnitude smaller than the age of the Universe, one would not be able to tell the actual FRW scale a(t) from its coarse grained average a(t) ≡ 1 2T ∫_{t+T} t−T a(t^′)dt^′ (22)

for some T ≃ a few ω^{−1}. Tiny deviations from the average would presumably be interpreted as measurement errors. In some sense, this reminds us of a tracking oscillating energy model[16] where the potential takes the form of a decaying exponential with small perturbations superimposed. To appreciate the way the GR limit is approached, consider a physical quantity which can be calculated by means of Eq.(20), e.g. the luminosity distance d_L(z), and compare it with the standard (GR) Hubble plot for a matter dominated Universe (see Fig.3).

FIG. 3: Hubble Plot: The luminosity distance d_L(z), plotted as a function of the redshift z, is confronted with its corresponding matter-dominated GR rival (dashed).

Attempting to be a bit more realistic, we now switch on the background cosmological constant Λ. This is done by shifting the potential V_{Λ=0} (ϕ), namely

V_{Λ≠0}(ϕ) = V_{Λ=0}(ϕ) + 2GΛϕ^2 . (23)

Notice that V_{ef f} (ϕ) is not sensitive to such a transformation. In turn, V (ϕ) and V_{ef f} (ϕ) do not share anymore the same absolute minimum, and the vacuum of the theory, reflecting the minimization of V_{ef f} (ϕ), is associated now with ⟨R⟩ = −⟨ ∂V ∂ϕ ⟩ = −4Λ. In some sense, this reminds us of Ref.[17], where the constant curvature vacuum solution is deSitter rather than Minkowski. At any rate, in the presence of Λ, Eq.(13) is generalized into

Gϕ(t) = 1 +

Ḣ + 2H^2 −^2_3 Λ 2(ω^2 +^1_3 Λ)

(24) whereas eq.(14) acquires a non-homogeneous term

HḦ + 3H^2Ḣ − 1 2 Ḣ^2 + 2ω^2H^2 = 2 3 ω^2Λ . (25)

The associated numerical solution is plotted in Fig.4.

FIG. 4: The Hubble constant H(t) and the reciprocal Newton constant ϕ(t) evolution for Λ > 0. ΛCDM-like evolution (dashed) is recovered by time averaging over the ripples.

• At early times (ωt ≪ 1), as expected, the Λ = 0 solution eqs.(15,16) remains qualitatively the same. The leading Λ-modified term in H(t) is only O(ω^3t^3), while ϕ(t) is only stretched by an overall factor 3ω^2/(Λ+3ω^2). As before, strong attractive initial gravity is encountered for the p = 0 choice, with eq.(17) staying intact.

• At later times (ωt ≫ 1), however, the Λ > 0 solution is entirely different from the Λ = 0 solution eqs.(18,19). To see what are the possibilities, take H(t) = √ Λ/3+δ(t) and linearize eq.(25) to read δ̈ + √ 3Λδ̇ + 4ω^2δ = 0 . (26) So, it is either damped oscillations with a shifted frequency ω̄^2 = ω^2 −^3_{16} Λ, or else (critical or sub-critical) exponential decay. Notice that, in contrast with dark matter ripples, which are only 1/t-suppressed, dark energy ripples are exponentially exp (−^1_2 √ 3Λt)-suppressed.

This is expressed in Fig.2 where one can appreciate the smooth dark matter to dark energy transition. The cosmological ΛCDM-like evolution is recovered (see the dashed lines in Fig.4) by time averaging over the ripples. The total number N of ripples at the matter dominated era is estimated by N ≃ O ( ω π √ 3Λ ) . (27)

The structure of the scalar potential V (ϕ) is quite arbitrary. As long as a positive Newton constant VEV is our only physical requirement, a quadratic potential will do. It is then by no means trivial that the entire physical dark radiation → matter → energy domination sequence is recovered at no extra cost. But suppose we want more. In particular, one would like to incorporate inflation[18] into the theory. Traditionally, a scalar field is anyhow invoked for such a purpose, so we are naturally led to a unified inflationary model where the inflaton and the reciprocal Newton ’constant’ are in fact the one and the same scalar field. In which case, to end up with (say) a quartic Higgs-like V_{ef f} (ϕ), one better start, as dictated by eq.(4), from a cubic V (ϕ), namely

V (ϕ) = 4Λ_0ϕ(1 − Gϕ)^2 + 2GΛϕ^2 . (28)

The only constraint imposed on the cubic polynomial, namely V (0) = 0, which can be waived away in case of need, is engineered to give rise to the symmetric (under ϕ → −ϕ) double-well effective potential V_{ef f} (ϕ) = Λ_0 G^2

(1 − G^2ϕ^2)^2 . (29)

The coefficient Λ_0 is to be identified as the cosmological constant during the inflationary era.

The non-physical (unstable) yet pedagogical solution ϕ(t) = 0, that is sitting for ever on the top of the V_{ef f} (ϕ) hill, is unexpectedly correlated with a soliton-like solution for H(t) H(t) = √ Λ_0 3 tanh 2 √ Λ_0 3 t . (30) It represents a smooth pre-Big-Bang[19] transition (borrowing string theory terminology, one may call it a ’graceful exit’[20]) from eternal deflation to eternal inflation. The general solution, however, introduces a constant of integration χ > 0, such that around ϕ(0) = 0 we have ϕ(t) ≃ χ √ Λ_0 3 t . (31)

The so-called ’graceful exit’ is now not only a deflation to inflation transition, but furthermore a novel transition from repulsive (ϕ < 0) to attractive (ϕ > 0) gravity. The duration of the inflationary period is of order O(− √ 3/Λ_0 log χ), and can be arbitrarily fine tuned by adjusting χ. The full numerical solution, omitting the interesting ϕ < 0 section which is a bit beyond the scope of this Letter, is depicted in Fig.5.

FIG. 5: The Hubble constant H(t) and the reciprocal Newton constant ϕ(t) evolution governed by a double-well V_{ef f} (ϕ). The novel deflation → inflation transition is demonstrated. The after inflation evolution is the same as in Fig.4.

One may find it conceptually difficult to go beyond GR, and accept the unconventional idea that cosmological dark matter is in fact nothing but a signature of a damped oscillating Newton constant. After all, it is easier to phenomenologically parameterize ΛCDM than struggle with the puzzle where does the cosmological dark matter (and/or dark energy) actually come from. In this paper, by minimally generalizing GR, Brans-Dicke style, without explicitly introducing any additional matter fields or dust, we have derived a cosmological evolution which serendipitously resembles the dark radiation → dark matter → dark energy domination sequence. The main prediction of our theory is that the FRW scale factor associated with the emerging, necessarily general relativistic, dark matter dominated Universe (see Fig.2) is superimposed with a rippled structure. To be on the safe side, one can always seek shelter at the GR-limit ω → ∞ where the ripples die away. But on the other hand, one can only hope that the novel mass scale ω is not that large, allowing the ripples to be experimentally tested. Our final remark concerns the time independent radially symmetric solution which is still under active investigation[21]. At this stage, we can only confirm that the Newton limit has been recovered, with the deviation from the r^{−2} force law being e^{−ωr} Yukawa suppressed.

It is my pleasure to thank Professors Kameshwar Wali and Mark Trodden for their cordial hospitality at Syracuse University. Enlightening discussions with Professors Philip Mannheim, Ray Volkas, and David Owen are gratefully acknowledged.

∗ Email: davidson@bgumail.bgu.ac.il; HomePage: www.bgu.ac.il/~davidson [1] W.L. Freedman and M.S. Turner, Rev. Mod. Phys. 75, 1433 (2003).

[2] S.M. Carroll, Living Rev. Rel. 4, 1 (2001); P.J.E. Peebles and B. Ratra, Rev. Mod. Phys. 75, 559 (2003); S.M. Carroll, M. Hoffman and M. Trodden, Phys. Rev. D68, 023509 (2003); J. Garriga, A. Linde and A. Vilenkin, Phys. Rev. D69, 063521 (2004).

[3] D. La, P.J. Steinhardt and E.W. Bertschinger, Phys. Lett. B231, 231 (1989); F.S. Accetta and P.J. Steinhardt, Phys. Rev. Lett. 67, 298 (1991); L. Perivolaropoulos, Phys. Rev. D67, 123516 (2003); J.D. Barrow, D. Kimberly and J. Magueijo, astro-ph/0406369.

[4] T. Kaluza, Sit. Preuss. Akad. Wiss. 996 (1921); O. Klein, Nature 118, 516 (1926); J.M.

Overduin and P.S. Wesson, Phys. Rep. 283, 303 (1997).

[5] C. Brans and R.H. Dicke, Phys. Rev. 124, 925 (1961); R. Carroll, gr-qc/0406004. [6] P.D. Mannheim, Astro. Phys. Jour. 391, 429 (1992); R. Brandenberger, R. Easter and J. Maja, JHEP 08, 007 (1998); I. Quiros, R. Bonal and R. Cardenas, Phys. Rev. D62, 044042 (2000).

[7] L. Randall and R. Sundrum, Phys. Rev. Lett. 83, 3370 (1999); Phys. Rev. Lett. 83, 4690 (1999); J. Garriga and T. Tanaka, Phys. Rev. Lett. 84, 2778-2781 (2000).

[8] J.E.Lidsey, D. Wands and E.J. Copeland, Phys. Rep. 337, 343 (2000); J. Khoury, B.A. Ovrut, N. Seiberg, P.J. Steinhardt and N. Turok, Phys. Rev. D65, 086007 (2002); M. Gasperini and G. Veneziano, Phys. Rep. 373, 1 (2003).

[9] M. Malquarti, E.J. Copeland, A.R. Liddle and M.Trodden, Phys. Rev. D67 123503 (2003);

R.J. Sherrer, Phys. Rev. Lett. 93, 011301 (2004); N. Arkani-Hamed, H.C. Chang, M.A. Luty and S. Mukohyama, JHEP 405, 074 (2004); H. Kim, astro-ph/0408577.

[10] A. Zee, Phys. Rev. Lett. 42, 417 (1979).

[11] J.P. Uzan, Rev. Mod. Phys. 75, 403 (2003); J.P. Uzan, astro-ph/0409424. [12] X. Chen and M. Kamionkowski, Phys. Rev. D60, 104036 (1999); A. Riazuelo and J.P. Uzan, Phys. Rev. D66, 023525 (2002).

[13] J.D. Barrow, Month. Not. R. Astro. Soc., 184, 677 (1978); T. Rothman and R. Matzner, Astro. Phys. J., 257, 450 (1982); F.S. Accetta, L.M. Krauss and P. Romanelli, Phys. Lett. B248, 146 (1990).

[14] S.M. Carroll, A. De Felice and M. Trodden, astro-ph/0408081 [15] H. Nyquist, Trans. AIEE 47, 617, (1928); C. E. Shannon, in Proc. Inst. of Radio Eng. 37, 10, (1949).

[16] S. Dodelson, M. Kaplinghat and E. Stewart, Phys. Rev. Lett. 85, 5276 (2000). [17] S.M. Carroll, V. Duvvuri, M. Trodden and M.S. Turner, Phys. Rev. D70, 043528 (2004). [18] A. Guth, Phys. Rev. D23, 347 (1981); A. Albrecht and P.J. Steinhardt, Phys. Rev. Lett. 48, 1220 (1982); A.D. Linde, Phys. Lett. B129, 177 (1983).

[19] M. Gasperini, J. Maharana and G. Veneziano, Phys. Lett. B296, 51 (1992). M. Gasperini, M.

Maggiore and G. Veneziano, Nucl. Phys. B494, 315 (1997).

[20] R. Brustein and G. Veneziano, Phys. Lett. B329, 429 (1994); N. Kaloper, R. Madden and K.A. Olive, Phys. Lett. B371, 34 (1996).

[21] A. Davidson and I. Gurwich (in preparation).