arXiv:gr-qc/0312114 v5 8 Apr 2004

Scalar Gravity and Higgs Mechanism

Chi-Yi Chen^{a,b∗} aShanghai Astronomical Observatory, Chinese Academy of Sciences, Shanghai 200030, PR China and bNational Astronomical Observatories, Chinese Academy of Sciences, Beijing 100012, PR China

We introduce the possible roles of auxiliary scalar field ϕ of Brans-Dicke theory played in cosmology. If vacuum energy is assumed to be the origin of dark energy, then the corresponding density parameter would be a quantity varying with ϕ. In addition, almost all of the fundamental components of our universe can be unified into the dynamical equation of ϕ. As a generalization of Brans-Dicke theory, we propose a new gravity theory with a complex scalar field φ which is coupled to the cosmological curvature scalar, through such a coupling, we naturally introduce the Higgs mechanism in the evolution of universe and obtain a running mass scale, on which the gauge symmetry breaks spontaneously. . PACS number(s): 98.80.Cq, 11.10.Kk

I. INTRODUCTION

Recently a number of pieces of evidence, especially studies of the Hubble diagram for type I supernova [1]in 1998 and the fit of cosmological parameters by the recently released Wilkinson Microwave Anisotropy Probe (WMAP) data [2], have lent support to a novel scenario of our universe. Our observable universe, which could contain three components, may have a serious departure from previous standard cosmological model. There is a partial missing energy dominates the universe today and drives the acceleration of universe, which must be distributed smoothly on large scales and subdominated in the early era. We call this missing component dark energy to distinguish from another component dark matter. As a characteristic property, the amount of dark energy may be of the same order of magnitude as dark matter or the general matter during a long period of the cosmological history. It is an uncanny coincidence problem.

In addition, a number of suggestions for the dark energy have been discussed. Among these models, the model of dark energy based on general relativity with a constant vacuum energy is by far the simplest one, which is undistinguishable with cosmological constant in the standard cosmology of general relativity. However, the present theoretical predicted value is enormously greater than observational facts, at least be dozens of magnitudes order over, which is so baffling that we may have to appeal to the Anthropic Principle[4, 5]. This stupendous conflict between predictions of well defined theories and ceaselessly accumulated observational evidences is also well-known as cosmological constant problem. The quintessence model, invoking a very light and slowly evolving scalar field, requires its potential to be so flat that how the tiny mass of this field can stay safe from quantum corrections is perplexing. Other models, include a frustrated network of topological, and recent propositions from extra dimension and so on, are also proposed. But all these have some conceptual problems need to be further clarified[3, 6, 7, 8].

On the other hand, all searches for new physics signals confirm the remarkable success of the particle standard model. Until now these confirmations have been attributed to the success of Higgs mechanism. However, as a necessary product of Higgs mechanism, the corresponding Higgs particle is not found. Furthermore, the particle standard model is still not able to give a rational interpretation of the origin of the Hierarchy between the weak scale and the unification scale.

II. COSMOLOGICAL PROPERTIES OF GRAVITATIONAL SCALAR FIELD

Brans-Dicke theory is an alternative relativistic theory of gravity developed by Brans and Dicke [9, 10]. Compared with general relativity, there is an auxiliary scalar field ϕ which also describes the gravity in Brans-Dicke theory, besides the metric tensor of space-time which describes the geometry. Testing of Brans-Dicke theory on stellar distances and CMB temperature and polarization anisotropy have been argued in [11, 12].

Before applying the Brans-Dicke theory to cosmology, we may write the RW line element as

ds^2 = −dt^2 + a^2(t)g̃_{ij}dx^idx^j. (1)

∗Electronic address: chenchiyi@center.shao.ac.cn

Where i, j run from 1 to 3, a(t) is the scale of the non-compact 3-dimensional space with constant curvature K. The action of Brans-Dicke theory with non-vanishing vacuum energy reads I = 1 16π ∫ d^4x √ −g(ϕ · R + ωg^{μν} ∇_μϕ∇_νϕ ϕ ) + ∫ d^4x √ −g^4 · (L_{matter} − Λ), (2) here R is a curvature scalar of space time; ϕ is an auxiliary scalar field of gravity, ω is the parameter of Brans-Dicke theory; The vacuum energy density from spontaneous symmetry breaking in quantum field theory is noted as Λ(we will have Λ > 0). Then the corresponding field equation reads R_{μν} − 1 2 g_{μν}R = − 8π ϕ T_{μν} − 1 ϕ (g_{μν} ϕ^{;α}_{;α} − ϕ_{;μ;ν} ) − ω ϕ^2 ϕ_{;μ}ϕ_{;ν} + 1 2 ω ϕ^2 g_{μν} ∇_σϕ∇^σϕ − 8π ϕ · Λg_{μν}. (3) The field equation for ϕ reads

□^2ϕ = ϕ^{;μ}_{;μ} = 8π −3 + 2ω (T_{matter} + 4Λ). (4) the matter stress-energy -momentum tensor may be written as T_{μν} = (ρ_m + p_m)u_μu_ν + p_mg_{μν} . then the classically conserved perfect fluid energy momentum tensor gives ∂ρ_m ∂t = −3 ȧ a (ρ_m + p_m). (5)

After a straightforward calculation based on the equation (1), we also obtain the non-zero components of the Ricci tensor

3+1R_{00} = −3 ä a ; (6)

3+1R_{ij} = ( ä a + 2 ȧ^2 a^2 + 2 K a^2

)g_{ij}; (7)

Therefore, the fundamental equations of Brans-Dicke cosmology may be taken as 1 + K ȧ^2 = 8π 3H^2 [ ρ ϕ − ω 16π ϕ̇2 ϕ^2 − ( 3H 8π ϕ̇ ϕ ) + Λ ϕ ]; (8) ä a = − 4π 3 [ 2(−3 + ω + 3ωr_m) −3 + 2ω · ( ρ ϕ ) − 4( ω 16π ϕ̇2 ϕ^2 ) −2( 3H 8π ϕ̇ ϕ ) + −6 − 4ω −3 + 2ω ( Λ ϕ )]. (9)

As we have discussed at the beginning, here we assume vacuum energy play the role of dark energy at present universe. We have Ω_{vacuum} = 8π 3H^2 ( Λ ϕ ), (10)

which is not a constant any longer for a fixed Hubble parameter H. There would be an obvious depression if the scalar field ϕ of Brans-Dicke theory rolls to a large number. Furthermore, It is a natural idea to take a sight on the dynamical equation of ϕ, which can be derived from the equation (4) ϕ̈ ϕ = − 8π(1 − 3r_m)

−3 + 2ω · ( ρ ϕ ) + 8π · (− 3H 8π ϕ̇ ϕ ) − 32π −3 + 2ω · ( Λ ϕ ). (11)

As a remarkable character, the equation (11) contains almost all of components demonstrated in Friedman equations (8-9).

III. SCALAR GRAVITY

As a generalization of Brans-Dicke theory, we consider a new gravity theory with complex scalar field φ which is coupled to the curvature scalar. It is natural to construct the action as I = 1 16π ∫ d^4x √ −g[κφφ^∗ · R + ωg^{μν} D_μφ(D_ν φ)^∗ − λ(φφ^∗)^2] + ∫ d^4x √ −g[− 1 4 F_{μν} F^{μν} − φ(iΓ^μ∇_μ − m)φ + eφΓ^μφA_μ]. (12) Here the coupling constants κ, ω and λ are all dimensionless, which is also consistent with the requirement of renormalizability. In addition, we also restrict all of them to be positive.

IV. HIGGS MECHANISM

To RW metric demonstrated in the formula (1), the curvature scalar reads

R = 4 ä a + 2 ȧ^2 a^2 + 2 K a^2

. (13)

The sign of the curvature scalar would change with the evolution of our universe. On the other hand, the potential of complex scalar φ can be written as V (φ) = −κRφφ^∗ + λ(φφ^∗)^2. (14) When the curvature scalar evolves into a positive quantity, there exists nontrivial minimums. The value of these minimums distribute into a circle |φ| = √ κR 2λ ≡ v √ 2 . (15)

Hence the gauge symmetry breaks spontaneously. For convenience, we only consider the U(1) gauge symmetry in this Letter. Higgs mechanism requires a special gauge transformation as follow φ(x) −→ φ^′(x) = η(x) + v √ 2 ; (16)

A_μ −→ B_μ = A_μ + 1 e ∇_μξ(x); (17)

D_μ = ∇_μ + ieA_μ −→ D^′_μ = ∇_μ + ieB_μ. (18) We obtain I = 1 16π ∫ d^4x √ −g[ω∇_μ(η + √ κR 2λ )∇^μ(η + √ κR 2λ ) − 2η^2κR (19) −2 √ 2κRλη^3 − λη^4 + ωe^2B_μB^μ(η + √ 2κR λ )η + ω κR 2λ e^2B_μB^μ + κ^2R^2 4λ ] + ∫ d^4x √ −g[− 1 4 F^′_{μν} F^{′μν} − φ(iΓ^μ∇_μ − m)φ + eφΓ^μφB_μ]. In our framework, the running of vacuum energy density with the evolution of universe is realized. We have Λ = 1 16π · κ^2R^2 4λ . (20)

Here the Higgs particle is a real gravitational scalar η, which is generated by spontaneous symmetry breaking on the complex field φ. Therefore, the Higgs mass is m_η = √_{2κR} ω and the dynamical equation for Higgs particle can be read as □^2(η + √ κR 2λ ) = 1 2ω [−4κRη − 6 √ 2κRλη^2 − 4λη^3 +

2ωe^2B_μB^μη + ωe^2B_μB^μ √ 2κR λ ]. (21)

In fact, not only the gauge boson obtains mass, which can be read out directly from the equation (20), the fermions can also obtain mass in this picture, if we further consider that the coupling between fermions and gravitational scalar φ exists. Here we consider a simple Higgs-lepton coupling such as

G_e · [e_Rφ^+( ν^ee )_L + ( ν_e e )_Lφe_R]. (22)

After the gauge symmetry breaks, the electron obtains mass

m_e = G_e √ κR 2λ . (23)

Therefore, the mass of fundamental particles are not uniquely fixed in our scenarios, which rest on the cosmological curvature scalar when spontaneous symmetry breaks. However, just what we have discussed at the beginning of this section, whether the gauge symmetry breaks or not is determined by the sign of the curvature scalar, also is determined by the evolution of our universe. Hence not all of the energy scales, on which the spontaneous symmetry breaking can be generated and Higgs mechanism can be realized. That is to say that the fundamental particles may not be distributed homogeneously on all physical energy scales. this is a very interesting result!

V. CONCLUSIONS

In this Letter, we have proposed a new formula of scalar gravity, which is natural to provide a candidate of Higgs particle for Higgs mechanism. we have also tried to figure out the dynamical character of gravitational scalar in cosmology, which may be promising to relieve the cosmological problems at the present time. Our present model is still a little rough and many questions would be clarified in further contemplations.

VI. ACKNOWLEDGMENTS:

This work has been supported in part by National Nature Science Foundation of China under grant No. 10273017, and the Foundation of Shanghai Development for Science and Technology under grant No. 01-Jc14035.

[1] S. Perlmutter et al., Nature (London) 391,51 (1998); astro-ph/9712212; A.G. Riess et al., astro-ph/9805021. [2] C. L. Bennett et al, astro-ph/0302207, to appear in ApJ; also see the WMAP homepage, http://map.gsfc.nasa.gov. [3] S. Kachru, R. Kallosh, A. Linde and S. P. Trivedi, Phys. Rev. D 68,046005(2005) hep-th/0301240; C. P. Burgess, R.Kallosh and F. Quevedo, JHEP 0310, 056(2003) hep-th/0309187.

[4] S. Weiberg, Phys. Rev. Lett. 59, 2607 (1987); A. Weiberg, artro-ph/9908115. [5] J. Garriga and A Vilenkin, Phys. Rev. D 61, 083502(2000).

[6] P. J. E. Peebles and B. Ratra, astro-ph/0207347, S. Carroll, Living Rev. Rel. 4,1(2001); M. s. Turner, Phys. Rep. 333- 334,619(2000).

[7] R. Kallosh, A. Linde, S. Prokushkin and M. Shmakova, Phys. Rev. D 66, 123503(2000). [8] M. Gutperle, R. Kallosh and A. Linde, JCAP 0307, 001(2003) hep-th/0304225. [9] C. H. Brans and R. H. Dicke, Phys.Rev 124,925(1961); C. H. Brans, Phys.Rev 125,2194(1962). [10] C. H. Brans, gr-qc/9705069.

[11] E. Gaztanaga, J. A. Lobo, Astrophys.J. 548, 47-59(2001). [12] X. L. Chen, M. Kamionkowski, Phys.Rev. D60, 104036(1999).