arXiv:hep-th/0408026 v2 9 Aug 2004

Can we have a stringy origin behind Ω_Λ(t) ∝ Ω_m(t)?

Tirthabir Biswas and Anupam Mazumdar

CHEP, McGill University, Montréal, QC, H3A 2T8, Canada.

Inspired by the current observations that the ratio of the abundance of dark energy ΩΛ, and the matter density, Ωm, is such that Ωm/ΩΛ ∼ 0.37, we provide a string inspired phenomenological model where we explain this order one ratio, the smallness of the cosmological constant, and also the recent cosmic acceleration. We observe that any effective theory motivated by a higher dimensional physics provides radion/dilaton couplings to the standard model and the dark matter component with different strengths. Provided radion/dilaton is a dynamical field we show that ΩΛ(t) tracks Ωm(t) and dominates very recently.

The cosmological constant problem is one of the most difficult problems of theoretical physics. What requires an explanation is the fact that the observed energy content of the Universe, ∼ 4 × 10^{−47} (GeV)^4, is many orders of magnitude smaller than that of the theoretical prediction for the cosmological constant energy density alone. The mismatch is of order 10^{−120} × M^4_p , where M_p ∼ 2.4 × 10^{18} GeV. One would naively expect that even if the bare cosmological constant can be made to vanish, the quantum corrections would eventually lead to quadratic divergences ∼ M^4_p . This is known as why the bare cosmological constant is so small and stable under quantum corrections [1]. One can resort to supersymmetry which makes it possible to keep the vacuum energy density under control, but which, nevertheless, has to be broken at weak scale. Therefore invoking supersymmetry certainly ameliorates the problem by 10^{68} orders of magnitude, but does not solve it at all.

There is also a kind of a coincidence problem, sometimes dubbed as a why now problem. Recent observations from supernovae [2] and from the cosmic microwave background (CMB) anisotropy measurements [3] suggest that the majority of the energy density ∼ 70% is in the form of dark energy, whose constituent is largely unknown, but usually believed to be the cosmological constant with an equation of state ω = −1, which is also responsible for the current acceleration. In this respect not only the cosmological constant is small, but it also happens to be dominating the energy density of the Universe. In principle the physics behind the value of the cosmological constant and its “evolution” need not be related to the redshifting of matter/radiation density. Is it then just by coincidence that today ρ_Λ is close to the value ρ_m or are there deeper connections between the two? A related question would be why the cosmological constant is dominating right now and for example not during the big bang nucleosynthesis (BBN) at a temperature T ∼ 1 MeV?

Both the smallness and the why now questions can be answered in part if we believe that the physics of the dark energy is somehow related to the rest of the energy density of our Universe. In some sense the dark energy needs to track the infrared part of gravity which is responsible for the expansion of the Universe. Attempts have been made to construct such tracking mechanisms in single and multi fields, such as dynamical quintessence [4], kessence [5] type models, non-Abelian vacuum structure with non-vanishing winding modes [6], modified Friedmann equation at late time [7], or large distances [8], rolling dilaton with dilatonic dark matter [9], or due to inflationary backreaction [10]. Only in the latter reference it was argued that Ω_{Λeff} (t) ∼ O(1) throughout the evolution.

In this paper we propose a simple model which arises naturally from the compactification of a higher dimensional theory. In string theory compactification it is known that the dilaton and various moduli fields like radion, shape moduli couple to the Standard Model (SM) degrees of freedom. For simplicity we may assume that all but a single combination, Q, of various moduli has been stabilized at higher scales, see for instance [11]. In an effective four dimensional theory Q field couples to the SM degrees of freedom and also to the dark matter. We assume that at least the SM and some relevant (beyond SM) degrees of freedom have already been thermally/non-thermally excited in the early Universe, e.g. see Ref. [12]. In general the potential for Q has a run away behavior, see [13], nevertheless we will show that, by virtue of its coupling to the matter field “the effective potential” for Q can have a local minimum which always tracks the matter density of the Universe. Further observe that the Q field in general will have different couplings to fermions, scalars and gauge bosons by virtue of its running below the string compactification scale [14].

Let us imagine that our world were originally higher dimensional, such that the three spatial dimensions, along with the origin of the SM are all due to some interesting compactification of the extra spatial dimensions. In the Einstein frame the most generic action will take a form S = S_{grav} + S_{fermions} + S_{gauge bosons} + S_{scalars} . where

S_{grav} = M^2_p ∫ d^4x √ −g [ R/2 − (∂Q)^2/2 − V (Q) ] , (1)

S_{fermions} = ∫ d^4x √ −gψ̄_f ( ∇/ + im_f e^{2μfQ} ) ψ_f , (2)

where the coupling exponent μ_f are different for different species, see Ref. [14]. Similarly the most generic coupling of Q to the gauge bosons can be written as

S_{gauge bosons} = (1/4πα_0) ∫ d^4x √ −ge^{2μr Q}F^2 . (3)

From (3) we can read the fine structure constant to be ∼ α_0e^{−2μr Q}. Finally we discuss the fundamental scalar coupling:

S_{scalars} = ∫ d^4x √ −g ( −(∂ϕ_s)^2/2 − m^2_s e^{4μsQ}ϕ^2_s ) . (4)

The radiation content of the Universe is determined by the SM relativistic degrees of freedom, while the cold dark matter component is arising from either scalars, fermions or gauge bosons beyond the SM gauge group, and the dark energy density is identified by,

~ρ_d = Q̇^2/2 + V_{eff} (Q) , (5)

where the effective dark energy potential is given by,

V_{eff}(Q) = V (Q) + ∑ i=s,f,r e^{2μiQ}ρ_i , (6)

with an individual component of matter and radiation density determined by ρ_i. Given all the components we can write down the Friedmann equation for a Robertson Walker metric,

H^2 = (1/3M^2_p )~ρ_t = (1/3M^2_p ) ∑ I=s,f,r,d ~ρ_I ,

= (1/3) ( ∑ i e^{2μiQ}ρ_i + Q̇^2/2 + V (Q) ) . (7)

The evolution equations for Q, ρ_i read as,

Q̈ + 3HQ̇ = −(V^′(Q) + 2 ∑ i μ_ie^{2μiQ}ρ_i) , (8)

ρ̇_i + 3H(p_i + ρ_i) = 0 . (9)

for an equation of state, p_i = ω_iρ_i. Note that although ~ρ_i is the energy density we measure, it is the bare energy density, ρ_i, which obeys the usual equations of state. This can be seen for example in the case of a non-relativistic dust. The density is given by e^{2μiQ}m_iN/V ≡ e^{2μiQ}ρ_i, where N is the total number of particles, a constant, and V is the volume of the universe, which redshifts as a^{−3} leading to ρ_i ∼ a^{−3}. From Eq. (9) we obtain the standard result ρ_i = ρ_{0i} (a/a_0)^{−3(1+ωi)}.

Let us now assume a generic potential for the field Q. Keeping in mind that Q could either be a dilaton/radion or some linear combination of various moduli, such as a volume and/or shape moduli, the potential can be written as

V (Q) = V_0e^{−2βQ} , (10)

where we assume V_0 is the scale of new physics, which could be determined by the string or the Planck scale. Such a run away potential for Q may arise very naturally for the radion/dilaton field from the fluxes, or the pbrane contribution, or from the internal curvature of the compactified manifolds.

Let us also assume that there are two dominating components in the Universe, the dark energy determined by Q and the matter component. Further note, if μ’s and β have the same sign (we will furnish examples later where this can happen) then the effective potential for the Q field, see Eqs. (6,10), provides a dynamical stabilizing mechanism, because the two overall exponents differ in signs. In this case the motion of Q field will always track the minimum of the potential Eq. (6), and therefore if the evolution of the Universe is adiabatic, the motion of Q will be as well, provided β ≥ O(1).

Let us describe the evolution of Q field in an adiabatic approximation, where we neglect the higher time derivatives of Q, e.g. Q̈ ≪ 3HQ̇. This assures that the Q field always stays at the minimum of the “effective potential” for which the evolution of Q can be obtained in terms ρ. V^′_{eff}(Q) = 0 implies

e^{2Q} = (βV_0/μ_iρ_i)^{1/(μi+β)} . (11)

After some algebra we can evaluate the fraction of the radiation/matter density with respect to the critical density of the Universe

Ω_i = ~ρ_i/~ρ_t = β/(μ_i + β) , (12)

where i corresponds to either radiation or dark matter depending on the epochs we are interested in. Within an adiabatic approximation we can also estimate the Hubble expansion rate,

H^2 = V_0 (1 + β/μ_i) (βV_0/μ_i)^{−β/(μi +β)} ρ^{β/(μi +β)} ,(13) H ∼ a^{−(3/2)(1+ωi)β/(μi +β)} . (14) The above equations can be solved to give

a(t) = a_0 (t/t_0)^{(2/3β)[(μi+β)/(1+ωi )]} . (15)

Note that the scale factor depends on the ratio, μ_i/β, and if μ_i/β < 1 then we follow a natural course of radiation or matter dominated epochs.

If we are in a matter dominated epoch, such that ω_c = 0, where c stands for the cold dark matter component, then we obtain an interesting relationship in order to have an accelerated expansion μ_c/β > 1/2 . (16)

Now if we take the matter component, Ω_c ∼ 0.27, we obtain from Eq. (12), μ_c/β ∼ 2.7, indicating an accelerated expansion. In other words μ_c/β ∼ 2.7 explains the value of ~ρ_d ∼ 2.7~ρ_c ∼ 10^{−120}M^4_p , or, Ω_c/Ω_d ∼ 0.37. Further note that the equation of state for the dark energy comes out to be, ω_Q ∼ −1, supports the current observation, [2], by virtue of Q̇^2/2 ≪ V (Q).

Similar calculation can be repeated during the radiation epoch, (ω_r = 1/3), by assuming that the dominant component of the energy density is in the form of radiation and the coupling of the Q field to radiation is determined by the exponent μ_r (for simplicity we can assume that for all the relativistic degrees of freedom, μ_i = μ_r , though this is not necessary), then we obtain

μ_r/β > 1 , (17)

in order to have an accelerated expansion. However during BBN the Hubble parameter is well constrained. One could allow the dark energy component, Ω_d < 0.13 [15], while Ω_r > 0.87, which provides the ratio μ_r/β ∼ 0.14. Indeed the ratio turns out to be smaller than one, indicating a decelerating expansion. However as we shall see below the value of μ_r has to be even smaller.

From the above analysis it may appear that the moment we enter the matter dominated era, the Universe starts to accelerate, but this is not correct. First of all our Eqs. (12,15) should be only viewed as asymptotic expressions when the two component approximation is valid. However during the transition from radiation to cold dark matter, the evolution in general will be complicated. For example, let us assume, μ_c ≫ μ_r, note that in our case ~ρ_b, ~ρ_c redshift differently, indicating that baryons, ~ρ_b were dominating over the CDM not so long ago. In fact we can compute approximately when the CDM began to dominate over the baryons, which will also roughly correspond to the beginning of an accelerated expansion,

1 + z_{accel} = (Ω_{c0} /Ω_{b0} )^{[(μc+β)/3μc ]} . (18)

Taking μ_c/β ∼ 2.7, as obtained above, we find z_{accel} ≈ 1.8. Further note that the above interesting result is determined solely by the ratios of Ω_{d0} /Ω_{c0} and Ω_{b0} /Ω_{c0} .

However in this setup we end up with more baryons than CDM at early epochs, say during the CMB formation. In order to address this issue, we will have to assume here two competing dark matter candidates, one with ~ρ_w , with a different coupling to Q, say μ_w and the other ~ρ_c with μ_c. For the purpose of illustration we may as well assume; μ_w = μ_r ≪ μ_c, and at present ~ρ_w ∼ ~ρ_c. However note that for μ_w = μ_r , ~ρ_w redshifts according to the baryons, therefore maintaining a constant ratio throughout the evolution. On the other hand, ~ρ_c, by virtue of its coupling to Q, becomes ~ρ_c ≪ ~ρ_w, at early times. In this scenario we can achieve two things; first maintain an almost constant baryon to CDM ratio since

BBN, and second we obtain the very late acceleration, e.g. z_{accel} ∼ O(1). Using Ω_m ∼ 0.27, and the present baryonic abundance to be Ω_b ∼ 0.014, we find that in our case ~ρ_c ≥ ~ρ_w + ~ρ_b, at z_{accel} ∼ 0.5. This is the time when the dark energy starts dominating, and also the accelerating phase begins. The baryon abundance at early times, say during CMB is given by Ω_b ∼ 0.044, while the ratio of baryonic and CDM abundance nearly remains, Ω_b/Ω_m ∼ 0.2, until very recently when it decreases slightly as ~ρ_c ≥∼ ρ_w .

By taking slightly smaller baryonic abundance today, Ω_b ∼ 0.01, we obtain z_{accel} ∼ 1. These numbers are encouraging because they are fairly close to the best fit within the present uncertainties [3].

What is crucial for our mechanism to work is the fact that the coupling exponents, μ’s, have to have signs opposite to that of β. Note that one can always redefine Q so that individual signs do not matter.

Let us now consider two examples of the mechanism where we identify Q with the internal volume of the extra dimensional manifold, with β positive in one case and negative in the other. In the first example, let us assume Eq.(10) arising from the string gas [16], where the strings are winding one compactified extra dimension which has a simple topology of a circle. We assume that the dilaton and the rest of the modulii of the additional extra five dimensions are assumed to have been stabilized at the string scale via some mechanism. In this case the string winding modes of a gas of strings would exert an effective negative pressure, which would result in an effective exponential potential for Q, where β < 0 [17]. On the other hand we may assume that all the fermions, gauge bosons and the scalars are living in the entire bulk. Upon dimensional reduction this would lead to negative coupling exponents in Eqs. (2,3,4), for example see Ref. [18]. In this respect we also assume that the cold dark matter candidate resides in the bulk, it could be some stable bulk fermions for instance.

The second example consists of an usual Mtheory/Supergravity type reduction where the potential for Q is either coming from internal curvature terms or fluxes (see for example [11, 19]), where β comes with a positive sign. Now consider the gauge fields to originate from the off-diagonal components of the metric as in the usual Kaluza-Klein scenario; then the radiation coupling comes with always μ_r > 0, with an overall positive exponent, see [20]. In this respect one could as well imagine the cold dark matter component originates from the massive gauge bosons of the hidden degrees of freedom. Such candidates could arise in the mirror Universe, see [21].

Let us now focus on some of the important observational constraints. Due to the low scales involved, although the background Q field is stabilized, the Q quanta are virtually massless (m_Q ∼ 10^{−33} ev), and hence can mediate a fifth force violating equivalence principle. Tests on violation of equivalence principle essentially constraints μ < 10^{−4} [23], for ordinary matter and radiation. Note that the bounds really constrain μ’s for baryonic matter. Couplings for gauge bosons, leptons and neutrinos only follow if one assumes the universal coupling as in the case of Brans-Dicke theory.

In our case we require μ_c > β/2 > μ_r and β ≥ O(1), therefore even if μ_r ∼ 10^{−4}, the above relationship can be satisfied. The running of the coupling constants due to stringy loop corrections may naturally lead to small values for μ’s [14]. On the other hand, recently it has been also realized that even if μ_r’s are significantly larger (∼ 0.1), it might avoid any detection in the fifth force experiments due to “chameleon” type mechanisms, see [24].

It is evident that in our model the physical constants like fine structure constant or the gravitational constant (or equivalently the masses) varies with time through its Q-dependence. Using straight forward algebra we obtain the ratio of the fine structure constants,

α_{bbn}/α_0 = e^{−2μr (Qbbn−Q0)} = (μ_r ~ρ_{bbn} /μ_c ~ρ_0)^{μr /β} , (19)

where the subscript 0 corresponds to the present time. The variation of α is constrained to be within a few percent since BBN, −0.06 < Δα/α < 0.02 at 95 % CL [25], we obtain μ_r/β ∼ 10^{−3}. Note that the CDM coupling to Q is unconstrained from the above mentioned experiments.

Similarly the analysis for variation of G_N is almost identical to α, except that one has to replace μ_r with μ’s corresponding to the fermions, see [23]. Note that the success of our model relies on, μ_r ≪ μ_c.

To summarize, we associate the dark energy component of the Universe by the dynamics of a stringy component which could be a linear combination of radion, dilaton or shape moduli. We point out that if such a field couples to the SM relativistic particles differently than that of the cold dark matter, then it is possible to explain the recent acceleration during the matter dominated era, close to z_{accel} ∼ O(1). We also show that the ratio of the baryons and the CDM abundance can be maintained within the close proximity of the current observations.

Nevertheless, many interesting questions remain, such as the fluctuations of Q during its slow roll evolution, the two types of CDM and their role in galaxy formation. It is also important to go beyond the two component approximation in the evolution and include all the matter components. These questions we leave for future investigation.

This work is supported in part by the NSERC. We would like to thank Luca Amendola and Andrew Liddle for discussion. We are grateful to Guy Moore for pointing out important caveats in our first version of the draft.

[1] S. Weinberg, Rev. Mod. Phys. 61, 1 (1989). [2] S. Perlmutter et al. [Supernova Cosmology Project Collaboration], Astrophys. J. 517, 565 (1999). A. G. Riess et al. [Supernova Search Team Collaboration], Astron. J. 116, 1009 (1998) A. G. Riess et al. [Supernova Search Team Collaboration], [arXiv:astro-ph/0402512].

[3] D. N. Spergel et al., Astrophys. J. Suppl. 148, 175 (2003). [4] C. Wetterich, Nucl. Phys. B 302, 668 (1988); R. R. Caldwell, R. Dave, and P. J. Steinhardt, Phys. Rev. Lett. 80, 1582 (1998).

[5] C. Armendariz-Picon, T. Damour, and V. Mukhanov, Phys. lett. B 458, 209 (1999).

[6] P. Jaikumar, and A. Mazumdar, Phys. Rev. lett. 90, 191301 (2003).

[7] K. Freese, and M. Lewis, Phys. lett. B 450, 1 (2002). [8] G. Dvali, G. Gabadadze, and M. Porrati, Phys. Rev. D 63, 065007 (2001).

[9] L. Amendola, Phys. Rev. D 62, 043511 (2000); L. Amendola, and C. Quercellini, Phys. Rev. D 68, 023514 (2003); L. Amendola, and D. T-valentini, Phys. Rev. D 64, 043509 (2001); L. Amendola, M. gasperini, and F. Piazza, astro-ph/0407573.

[10] R. H. Brandenberger, arXiv:hep-th/0210165; R. H. Brandenberger, arXiv:hep-th/0004016; R. H. Brandenberger, and A. Mazumdar, arXiv:hep-th/0402205.

[11] T. Biswas, and P. Jaikumar, Phys. Rev. D, in press, hep-th/0310172.

[12] K. Enqvist, and A. Mazumdar, Phys. Rept. 380, 99-234 (2003).

[13] M. B. Green, J. H. Schwarz, and E. Witten, Superstring Theory. Vol. 2: Cambridge University Press, Cambridge (1987).

[14] T. Damour, and A. M. Polyakov, Nucl. Phys. B 423, 532 (1994).

[15] P. G. Ferriera, and M. Joyce, Phys. Rev. Lett. 79, 4740 (1997).

[16] R. Brandenberger, and C. Vafa, Nucl. Phys. B 316 , 391 (1989).

[17] T. Batterfeld, and S. Wattson, JCAP 0406: 001 (2004). [18] A. Mazumdar, R. N. Mphapatra, and A. Perez- Lorenzana, JCAP 0406: 004 (2004).

[19] M. Bremer, M.J. Duff, H. Lu, C.N. Pope, and K.S. Stelle, Nucl. Phys B 543, 321 (1999).

[20] T. Applequist, A. Chodos, and P.G.O. Freund Modern Kaluza-Klein Theories Addison-Wesley Publishing Co. Inc. (1987); M.J. Duff, C.N. Pope and B.E.W. Nilsson Phys. Rep. 130,1 (1986); A. Frey, and A. Mazumdar, Phys. Rev. D 67, 046006 (2003).

[21] Z. Berezhiani, D. Comelli, and F. L. Villante, Phys. Lett.

B 503, 362 (2001).

[22] D. Wands, E.J. copeland, and A.R. Liddle Phys. Rev. D 57, 4686 (1998).

[23] C. M. Will, Living Rev. Rel. 4, 4 (2001).

[24] J. Khoury, and A. Weltman Phys. Rev. D 69, 044026 (2004).

[25] C. J. Martins, et. al., astro-ph/0302295.