arXiv:astro-ph/0511642 v2 29 Dec 2005

Big Bang Nucleosynthesis with an Evolving Radion in the Brane World Scenario

B. Li^∗ and M. -C. Chu^† Department of Physics, The Chinese University of Hong Kong, Hong Kong SAR, China (Dated: December 29, 2005)

We consider the big bang nucleosynthesis (BBN) in the Brane world scenario, where all matter fields are confined on our 3-brane and the radion of the Brane evolves cosmologically. In the Einstein frame fundamental fermion masses vary and the results of standard BBN (SBBN) are modified. We can thus use the observational primordial element abundances to impose constraints on the possible variations of the radion. The possibility of using the evolving radion to resolve the discrepancies between the Wilkinson Microwave Anisotropy Probe (WMAP) and SBBN values of the baryon-to-photon ratio (η) is also discussed. The results and constraints presented here are applicable to other models in which fundamental fermion masses vary.

PACS numbers: 26.35.+c, 98.80.Cq, 06.20.Jr, 11.10.Kk

I. INTRODUCTION

The Brane world scenarios have been attracting much attention during recent years, being motivated by the developments in superstring theory and acting as alternatives to supersymmetric or technicolor models in addressing the gauge hierarchy problem. In such scenarios the matter fields are confined in our world, which is believed to be a 3-dimensional brane embedded in a 1 + 3 + ndimensional bulk spacetime, while gravitation fills all the dimensions. In Ref. [1] Arkani-Hamed, Dimopoulos and Dvali (ADD) proposed a model in which the fundamental energy scale can be as low as TeV while the weakness of gravity is due to the large compactification radius of extra dimensions (millimeter in case of two extra dimensions, for example). A different setup was introduced by Randall and Sundrum (RS) [2] later, in which our brane is one (the negative tension one) of the two boundaries of a 5-dimensional anti-de Sitter (AdS_5) spacetime and the gravitation is localized around the positive tension brane while observers on our brane only measure a weak tail of it. In some works, e.g., [3, 4, 5], the various matter fields are also allowed to propagate along the extra dimensions and interesting consequences are discovered such as a different unification scale and the localization of zero-mode fermions onto our brane.

Brane model cosmology has also been investigated extensively (see, e.g., [6, 7] for an introduction). In particular, it is found [8] that the gravitational equations on our 3-brane (in a 5-dimensional bulk, for example) appear in the form

(4)G_{μν} = −Λ_4g_{μν} + 8πG_Nτ_{μν} +

64π^2 M^{∗6}_{Pl} π_{μν} − E_{μν}, (1) where τ_{μν} is the energy momentum tensor confined on the brane and M^∗_{Pl} the fundamental (5-dimensional) Planck

∗Email address: bli@phy.cuhk.edu.hk †Email address: mcchu@phy.cuhk.edu.hk

mass; Λ_4 is the effective 4-dimensional cosmological constant which is related to the bulk cosmological constant Λ and the brane tension λ by

Λ_4 = 4π M^{∗3}_{Pl} ( Λ + 4π 3M^{∗3}_{Pl} λ^2 ) . (2)

The 4-dimensional Newtonian constant G_N is defined by

G_N = 4πλ 3M^{∗6}_{Pl}

. (3)

The π_{μν} term in Eq. (1) is a quadratic function of τ_{μν} and negligible when the energy density on the brane is much smaller than the brane tension, i.e., τ_{μν} /λ ≪ 1, and the last term is a part of the high dimensional Weyl tensor carrying information of the gravitation outside the brane, which acts in 4-dimensional theory as a relativistic energy component − the so-called dark radiation. If the non-conventional field equations hold down to low energies and the dark radiation term is nonzero, then the predictions of the standard cosmological model, such as BBN and CMB (Cosmic Microwave Background), might be modified dramatically. Consequently the observations of primordial element abundances and CMB power spectrum would place stringent constraints on the parameters in Eq. (1) [9, 10].

In Ref. [10] the authors considered the effects of a nonstandard cosmic expansion rate on the outputs of BBN; yet there is another source for modifying the SBBN yields in the Brane World scenario – namely the variation(s) of the fundamental constant(s). This is because, although in most extra dimensional models the moduli fields (for instance the radion in the brane model) are believed to have been stabilized before the commencement of the primordial nucleosynthesis, it is not necessary to dismiss the possibility of cosmological evolution of the moduli fields in order to avoid the long range forces and deviations from general relativity (GR) [11]. It is conceivable that there is a cosmological attractor mechanism as in some scalar-tensor theories, driving the model towards the conventional GR [12]; it is also probable that the radion itself is a chameleon field [13], acquiring a large effective mass via its self-interaction together with the interaction with matter and thus evading the constraints from local gravitational measurements while evolving cosmologically [14, 15]. Such a time evolution of the radion field will lead to variations of fundamental constant(s). BBN turns out to impose the most stringent constraints on the possible time evolution of the extra dimensions because it is more sensitive than, say, CMB to the changes of the fundamental constants. Therefore, it is our interest in the present work to find out how the outputs of BBN are influenced by an evolving radion field (See [16, 17, 18] for the BBN constraints on other specific models and [19, 20, 21, 22, 23] etc. for constraints on the variations of individual fundamental constants such as the fine structure constant and the strong coupling).

This article is arranged as following: in Sec. II we discuss how an evolving radion field changes the fundamental constant(s) and thus leads to modified predictions of BBN. We will work in the Einstein frame where G_N stays unaltered and show that the only one varying fundamental constant in the model is the Higgs vacuum expectation value (VEV) v = ⟨H⟩. The BBN constraints on a changing Higgs VEV have been investigated previously in [24, 25] and more recently in [26], but ours differs from the previous works in several ways: firstly, we consider some effects ignored in previous works, such as the radiative and Coulomb corrections to the neutron lifetime (and weak interaction rates), their radion dependence and the radion dependence of the p(n, D)γ cross section; secondly, we have done a complete likelihood analysis using the recent compilation on the nuclear rates and uncertainties [27, 28] and measurements of the primordial abundances of D,^4He and^7Li; thirdly, we show that the 7Li yields could be changed significantly with a small evolution of the radion, tending to reduce the inconsistency between the SBBN and WMAP-implied values of η, the baryon-to-photon ratio [29]. Because of the accuracy of the WMAP result, we also use it to constrain the variation of the radion. Our numerical results obtained from a modified BBN code is presented in Sec. III and then Sec IV is devoted to a discussion. Throughout this work we will assume three species of massless neutrinos (or negligible neutrino masses) and zero chemical potentials for neutrinos as in SBBN.

II. THE INFLUENCES OF AN EVOLVING RADION ON BBN

In this section we discuss the influences of an evolving radion on the primordial nucleosynthesis. We first write down the low energy action in the 4-dimensional effective theory and show that only the Higgs VEV (and thus fundamental fermion masses) changes. For simplicity we will concentrate on large flat extra dimensions; the more realistic models with warped extra dimensions are discussed in the literature, e.g., [12]. (In [12] the authors considered a general class of two brane models, including the RS model as a special case; the time dependence of fermion masses in the Einstein frame and time independence of gauge couplings can also be found there.) Then we briefly discuss the implications on BBN. The derivations in this section closely follow our recent work [18].

A. The Low Energy Effective Action

Let us start from a general 4 + n-dimensional model, with n being the number of the large extra dimensions. The full line element is given as: dŝ^2 = G_{AB}dX^AdX^B = g_{μν} dx^μdx^ν + h_{ab}dy^ady^b, (4) where μ, ν = 0, 1, 2, 3 label the four ordinary dimensions, a, b = 4, · · ·, 3 + n denote extra dimensions and A, B = 0, 1, 2, ···, 3+n describe the whole spacetime. (We shall not consider cross terms such as G_{aμ} in Eq. (4)). The extra dimensions are assumed to compactify on an orbifold, and their coordinates y_a take values in the range [0, 1]. The quantities h_{ab} have dimensions of [Length]^2 since y_a are dimensionless in our choice.

Then the effective 4-dimensional action in the gravitational sector can be obtained by dimensionally reducing Eq. (4) as:

S_{Gravity} = 1 κ^2_{4+n} ∫ d^{4+n}X √ |G|R_{4+n}[G] = 1 κ^2_4 ∫ d^4xd^ny √ |g| √ |h| V_0 [ R_4 [g] − 1 4 ∂_μh^{ab}∂^μh_{ab} − 1 4 h^{ab}∂_μh_{ab} · h^{cd}∂^μh_{cd} ] , (5)

in which |g|, |h| and |G| are respectively the determinants of the metrics of the ordinary dimensions, the extra dimensions and the whole spacetime. R_4[g] and R_{4+n}[G] are the Ricci scalars of the ordinary 4 and the total 4 + n dimensional spacetimes. κ_4, κ_{4+n} are related to the 4 and 4 + n dimensional Planck masses through κ^2_4 = 2M^2_{Pl,4} and κ^2_{4+n} = 2M^{2+n}_{Pl,4+n}, while they themselves are connected by a volume suppression κ^2_{4+n} = κ^2_4 · V , V being a measure of the extra space volume whose present-day value is denoted by V_0 in Eq. (5) (Note that because of the specified choice of V_0 and because the higher dimensional quantity κ_{4+n} is treated as a constant, the κ_4 above also takes its currently measured value and is a constant rather than a variable).

The effective Ricci curvature term is not canonical in Eq. (5); to make it so, let us take the conformal transformation

g_{μν} → e^{2ϑ}g_{μν} (6) and choose the field ϑ to satisfy

√ |h| V_0 e^{2ϑ} = 1. (7)

Then we obtain the effective 4-dimensional gravitational action in the Einstein frame:

S_{Gravity} = 1 κ^2_4 ∫ d^4x √ |g| [ R_4 − 1 4 ∂_μh^{ab}∂^μh_{ab} + 1 8 h^{ab}∂_μh_{ab} · h^{cd}∂^μh_{cd} ] . (8)

We shall make a further assumption that the extra dimension(s) are homogeneous and isotropic, i.e., the metric of the extra space takes the following form:

h_{ab} = diag(−b^2, −b^2, · · ·, −b^2), (9)

and then the action Eq. (8) could be rewritten as

S_{Gravity} = ∫ d^4x √ |g| [ 1 κ^2_4

R_4 + 1 2 g^{μν} ∂_μσ∂_νσ ] (10)

by defining a new scalar field, the radion σ: σ ≡ 1 κ_4 √ n + 2 n log b^n V_0

. (11)

Next we turn to the matter sector of the effective action, firstly for the scalar fields. The action of a brane scalar field ϕ is given by:

S_ϕ = ∫ d^4x √ |g| [ 1 2 g^{μν} ∂_μϕ∂_νϕ − Û (ϕ) ] , (12)

because the n large extra dimensions are inscient to the field and have been integrated out. Then the same conformal transformation given in Eqs. (6) and (7) transforms Eq. (12) into the following form:

S_ϕ = ∫ d^4x √ |g| { 1 2 exp [ −κ √ n n + 2 σ ] g^{μν} ∂_μϕ∂_ν ϕ − exp [ −2κ √ n n + 2 σ ] Û (ϕ) } . (13)

Note that from now on we will use κ instead of κ_4 for simplicity. The kinetic term of the scalar field in Eq. (13) could be made canonical by redefining a new scalar field as

φ ≡ exp [ − 1 2 κ √ n n + 2 σ ] ϕ, (14)

and the action becomes (up to the higher order derivative term):

S_φ = ∫ d^4x √ |g| [ 1 2 g^{μν} ∂_μφ∂_ν φ − U (φ) ] , (15) where the potential U (φ) is given by

U (φ) = 1 2 exp [ −κ √ n n + 2 σ ] m^2_ϕφ^2 + λφ^4 (16)

provided that the original potential Û (ϕ) takes the following form:

Û (ϕ) = 1 2 m^2_ϕϕ^2 + λϕ^4. (17)

The same technique could be applied to gauge fields, whose action before conformal transformation is given as

S_{Gauge} = − ∫ d^4x √ |g| 1 4g̃^2

F̂^{rμν}F̂^r_{μν}, (18) where g̃ is the gauge coupling constant (a tilde is used to distinguish it from g, the determinant of the metric) and F̂^r_{μν} are corresponding gauge field strengths. With the conformal transformation Eq. (6) the above action is changed into

S_{Gauge} = − ∫ d^4x √ |g| 1 4g̃^2 F^{rμν} F^r_{μν}, (19) where g̃ is unchanged because F_{μν} = F̂_{μν} have zero conformal weights and are unaltered under conformal transformations.

We can also obtain the effective action for the Dirac fermion field in a similar way. Starting from the brane action:

S_Ψ = ∫ d^4x √ |g| { iΨ̄γ^μD_μΨ − m̂Ψ̄Ψ } (20)

and using the conformal transformation Eq. (6) we get

S_Ψ = ∫ d^4x √ |g| { exp [ − 3κ 2 √ n n + 2 σ ] iΨ̄γ^μD_μΨ − exp [ −2κ √ n n + 2 σ ] m̂Ψ̄Ψ } . (21)

To make the kinetic part of the fermion action Eq. (21) canonical, we rescale the field as

ψ ≡ exp [ − 3κ 4 √ n n + 2 σ ] Ψ, (22)

and then using the conformality of the coupling of massless Weyl fermions, we rewrite Eq. (21) as:

S_ψ = ∫ d^4x √ |g| { iψ̄γ^μ D_μψ − m(σ)ψ̄ψ } , (23)

in which

m(σ) ≡ exp [ − κ 2 √ n n + 2 σ ] m̂. (24)

Note that our results above are equal to those of [30] when there are no universal extra dimensions (i.e., n = 0 in their model).

It is apparent from Eq. (24) that if the radion σ evolves, then the fermion masses also vary. As in the standard model, we assume that the fundamental fermion masses are generated by the Higgs mechanism and that the Higgs potential takes the form as Eq. (17). We find from Eq. (16) that the Higgs VEV (v), which is obtained by simply minimizing the Higgs potential, has the same radion dependence as the fermion masses (Eq. (24)) so that the Yukawa couplings are independent of radion. Recalling also that the gauge couplings would not depend on radion (Eq. (19)), which is because of, as pointed above, the conformal invariance of the gauge kinetic term and this is true in general scalar tensor gravity theories [16]. So here we indeed encounter a model in which the only varying fundamental constant is v. On the other hand, if the gauge fields exist in the full dimensions as suggested by the universal extra dimensional scenario [5], then the above conclusion does not hold anymore and the gauge couplings will be dependent on the radion field [18].

B. BBN with a Varying Higgs VEV

The primordial nucleosynthesis with a varying Higgs VEV has been discussed previously in [24, 25, 26], and here we shall only briefly identify the places where effects of Higgs VEV enter. We also omit the introduction to the BBN theory and observation and refer these to existing literatures, e.g., [31, 32, 33, 34, 35, 36, 37].

A different v from its standard value will modify BBN mainly in two aspects, the weak interactions and the nuclear reactions. Consider firstly the weak interactions ν_e + n ↔ p + e^−, e^+ + n ↔ p + ν̄_e, n ↔ p + e^− + ν̄_e, which interconvert the neutrons and protons. Roughly speaking, they are important for BBN because they determine the neutron density at the beginning of BBN, and, because nearly all the neutrons are incorporated into^4He at last, they are crucial for the final^4He output (for more detailed discussions see e.g., [22]). The rates of these n ↔ p interactions could be well described as

Γ(n → p) = A ∫_∞ 1 dϵ ϵ(ϵ − q)^2(ϵ^2 − 1)^{1/2} [1 + exp(−ϵz_e)] {1 + exp [(ϵ − q)z_ν ]} + A ∫_∞ 1 dϵ ϵ(ϵ + q)^2(ϵ^2 − 1)^{1/2} [1 + exp(ϵz_e)] {1 + exp [−(ϵ + q)z_ν ]}

, (25)

Γ(p → n) = A ∫_∞ 1 dϵ ϵ(ϵ − q)^2(ϵ^2 − 1)^{1/2} [1 + exp(ϵz_e)] {1 + exp [(q − ϵ)z_ν ]} + A ∫_∞ 1 dϵ ϵ(ϵ + q)^2(ϵ^2 − 1)^{1/2} [1 + exp(−ϵz_e)] {1 + exp [(ϵ + q)z_ν ]}

, (26)

using the Born approximation, where we have defined dimensionless quantities q = m_{np}/m_e, ϵ = E_e/m_e and z_ν = m_e/T_ν and z_e = m_e/T with m_e being the electron mass, m_{np} the neutron-proton mass difference and T_ν (T ) the temperature of the neutrinos (the electromagnetic plasma). Here A is a normalization factor determined by the requirement that at zero temperature Γ(n → p + e^− +ν̄_e) = τ^{−1}_n with τ_n the neutron lifetime, which means that:

A = τ^{−1}_n λ(q)^{−1} ∝ G^2_Fm^5_e, (27)

where λ(q) = ∫_q 1 dϵ ϵ(ϵ − q)^2(ϵ^2 − 1)^{1/2}. (28)

¿From Eqs. (25)-(28) we can see that v determines the weak rates through G_F, m_e and m_{np} respectively. The dependences of G_F and m_e on v can be simply parameterized as

G_F ∝ 1 v^2

, (29)

m_e ∝ v. (30)

The neutron-proton mass difference m_{np} is a sum of the electromagnetic contribution (∼ −0.76 MeV) and the u− d quark mass difference (∼ 2.053 MeV) [17], for which the former is unchanged in the present model because the (electromagnetic and strong) gauge couplings are radion independent while the latter is proportional to the Higgs VEV. So m_{np} could be described as

m_{np} = 2.053ρ MeV − 0.76 MeV, (31)

in which ρ ≡ v_{BBN} v_{NOW}

(32)

is the ratio between the Higgs VEVs at the BBN era and at present. m_{np} is important also because it determines the equilibrium neutron-to-proton ratio through [31] n_n n_p = exp [ − m_{np} T ] . (33)

Although the Born approximation in Eqs. (25) and (26) captures the essential features, various corrections are needed for more accurate estimations (see e.g., [37, 38, 39, 40]). For example, the accuracy of the theoretical value of τ_n from Born approximation is ∼ 7% while including the zero-temperature and Coulomb corrections reduces it to be ∼ 0.1% [37]. These two corrections are the most important ones and the radiative correction itself depends on m_{np} (and thus on ρ); in our calculation we numerically integrate Eqs. (25) and (26) and include these corrections explicitly. We have neglected other corrections for simplicity and as the accuracy is adequate for our purpose here (see [37, 38, 39, 40] for discussions on this issue).

Next we turn to the nuclear reaction sector. The change of v will modify the pion mass m_π , which is related to the light quark mass m_q [41]:

m_π ∝ m^{12}_q ∝ ρ^{12} . (34)

According to recent investigations of the dependence of the nuclear potential on the pion mass [42, 43], the deuteron binding energy B_d shows a strong decrease when m_π increases; although the relationships between B_d and m_π as obtained in [42, 43] have large uncertainties, they could be well approximated by B_d = B_{d,0} [ (r + 1) − r m_π m_{π,0} ] (35)

within the small range of m_π (or ρ) we are working with [26, 44], in which B_{d,0} and m_{π,0} denote their present-day values and the central value of r ranges from 6 [42] to 10 [43]. In the following we shall work with r = 10 and 6 in parallel and show that the resulting qualitative features are the same.

The deuteron binding energy plays an important role in BBN because it determines whether a significant amount of D could be produced (via the reaction p(n, D)γ), which then leads to the synthesis of heavier elements. Because of the huge number of photons (recall that η ∼ 10^{−10}!), the inverse process γ(D, n)p could be active down to low energies (∼ 0.08 MeV) and sensitive to the variations in B_d [22, 45]. Besides, the forward cross section of p(n, D)γ will also depend on B_d [45]; to estimate this dependence, we adopt the cross section formula calculated using the effective field theory without pion [46, 47]. The authors of [46, 47] gave an expression of the p(n, D)γ cross section in terms of several parameters in which the deuteron binding energy B_d has by far the largest leverage. In our modified BBN code we average the cross section given in [46] over the thermal distribution of the particles numerically and obtain the reaction rate as a function of the temperature [48]; we have checked that the results obtained in this way are essentially identical to those obtained using the fitted p(n, D)γ rates of [32, 49].

FIG. 1: The primordial abundances of^4He, D and^7 Li as a function of the baryon-to-photon ratio η, for various values of ρ as indicated by the legend in the lower panel and r = 10. Also shown are the observational 1σ ranges of the abundances of^4He from [35] (grey region) and [59] (dark grey region), D from [60](grey region),^7Li from [61] (grey region), as well as the baryon-to-photon ratio implied by WMAP [29], ηWMAP = (6.14 ± 0.25) × 10^{−10} (the vertical lines).

For the other reactions which are of importance to the D yields, such as D(D, n)^3He, D(D, p)^3H, D(p, γ)^3He, D(^3H, n)^4He and D(^3He, p)^4He, their cross sections may also be dependent on m_π or B_d but we have no similar effective field theory calculations on them; so we ignore them in the present article. If we simply take these cross sections to be related to the size of the deuteron radius, i.e. σ ∝ 1/B_d, as in Ref. [22], then in the interested range of η and ρ (See FIG. 5 below) we find modifications to the final outputs of D,^4He and^7Li by <∼ 6%, <∼ 7 × 10^{−4} and <∼ 3% respectively, all well lying within the corresponding 1σ observational uncertainties (∼ 16% for D, ∼ 0.84% for^4He and ∼ 21% for^7Li, see Eqs. (36)-(38) below). In the present work we do not adopt the 1/B_d parametrization of these cross sections due to the lack of more explicit expressions; rather we treat the above estimations as possible errors introduced by neglecting their

FIG. 2: Same as Fig. 1, but here r = 6 and the values of ρ are different.

m_π or B_d dependences and emphasize that further related theoretical calculations are needed to reduce these errors.

Note that the variation of the Higgs VEV probably will also cause modifications in the binding energies of other nuclei and thus change the corresponding reverse reaction rates. However there are again no explicit calculations of these modifications. Fortunately these effects are small because the abundances of these heavier nuclei fall far below their nuclear statistical equilibrium (NSE) values long before the beginning of BBN and the reverse reactions are effectively switched off. For example, according to our constraints on ρ, i.e., ρ ∼ 1.01 (see below), the deuteron binding energy B_d will be decreased by ∼ 5%. Let us suppose that the other binding energies have variations of similar magnitude, since different nuclei may appear in the left-hand and right-hand sides of a reaction (e.g.,^3He and^3H in^3He(n, p)^3H) and we do not know whether the variations of their binding energies correlate or anti-correlate. We thus arrived at a conservative estimation of ∼ 10% for the Q-values of these reactions. If the Q-values of all the reactions relevant to BBN are changed by 10%, then the abundances of D,^4He and^7Li

FIG. 3: Upper panel: individual contours of D (dotted),^4He (dashed) and^7Li (dot-dashed) at 68% confidence level. Lower panel: joint contours of D+^4He+^7Li at 68% (dark grey region) and 95% (grey region) confidence levels; the best-fitting parameters (η, ρ) ≃ (6.28 × 10^{−10} , 1.009) are denoted by the white circle and the case of SBBN by the horizontal dashdotted line. In both panels the range of ηWMAP is represented by vertical solid lines. Here r is taken to be 10.

would be varied by no more than ∼ 0.1%, ∼ 5×10^{−5} and ∼ 0.5% respectively, in the range of η of interest [50].

There is also a modification to the cosmic expansion rate in the present model. As the Newtonian constant G_N is unchanged in the Einstein frame, this modification originates from the variation of energy density compared with SBBN — due to the modified electron and positron masses as described in [18, 26]. We include this effect in the calculation although it is small compared with others.

III. NUMERICAL RESULTS

We have incorporated all the effects discussed in the previous section into the standard BBN code by Kawano [51] and used it to obtain the numerical results presented in this section. The nuclear reaction rates are taken from the NACRE compilation [27] (for the rates not given in [27] we adopt those of [32]) and their uncertainties from the work of Cyburt, Fields and Olive [28]. For the present

FIG. 4: Same as Fig. 3, but for r = 6. The best fitting point here is (η, ρ) ≃ (6.67 × 10^{−10} , 1.020).

neutron lifetime we use the value suggested by the Particle Data Group [52], τ^{ex}_n = 885.7 ± 0.8 s.

In Fig. 1 we plot the abundances of the light nuclei 4He, D and^7Li with a modified Higgs VEV (v), which is characterized by ρ, in the case of r = 10. It is apparent that if v is larger at the BBN era (ρ > 1), then the deuterium output increases while the^4He and^7Li (for^7Li we only consider the larger-η-case implied by the WMAP result [29]) yields decrease compared with SBBN. The behavior of the^4He output is a consequence of several effects: firstly, a ρ-value larger than 1 leads to a larger m_{np} (from Eq. (31)) and a smaller neutron density at the beginning of the nucleosynthesis (from Eq. (33)), thus finally to a smaller^4He output; secondly, the weak interaction rates will be smaller than those in SBBN, leading to increased final^4He abundance. Thirdly, the deuteron binding energy B_d becomes smaller (from Eq. (35)) than in SBBN so that the nucleosynthesis will commence at a later time and become less efficient, producing less^4He and^7Li while leaving more D unprocessed (there is an extra decrease in the forward rate of p(n, D)γ, whose influence is small compared with the effect of commencing BBN later). The sum of these effects is a smaller^4He abundance (see Fig. 1 of [26] for a more explicit comparison among these effects). For comparison we also plot in Fig. 2 the case of r = 6, where the effect of B_d be-

FIG. 5: The likelihood functions as functions of ρ alone with WMAP constraint on η imposed, for r = 10 (the solid curve) and r = 6 (the dot-dashed curve). Both curves are normalized such that the areas under them are unity.

comes weaker than r = 10 but the essential features are the same.

The results in Figs. 1 and 2 suggest that the discrepancy between the SBBN theory and WMAP observations is reduced if ρ is greater than 1 [53]. It is well known that adopting the WMAP-implied value of η [29], the SBBN can reproduce the observed D abundance, but more^4He and^7Li than their observational abundances. One possibility is that this discrepancy is due to some systematic errors in the^4He and^7Li observations. However, it may also originate from some new physics, such as a varying fine structure constant [21], an altered deuteron binding energy [45], more than three relativistic (effective) neutrino species [54], a lepton asymmetry [55], or some combination of them [56], etc. Our results show that we might add another candidate, a varying Higgs VEV, to this list. To see this point more quantitatively, and to derive a constraint on the possible evolution of the radion, next we will give the likelihood analysis of this model. For this purpose, we choose to use the linear propagation approach proposed by Fiorentini et al. [57] and then generalized by Cuoco et al. [58] to estimate the error matrix. The observational abundances and uncertainties of^4He, D and^7Li are taken from Luridiana et al. [59], Kirkman et al. [60] and Bonifacio et al. [61] respectively as: Y^{obs}_P = 0.2391 ± 0.0020; (36) (D/H)^{obs} = 2.78^{+0.44}_{−0.38} × 10^{−5}; (37)

(^7Li/H)^{obs} = 2.19^{+0.46}_{−0.38} × 10^{−10} (38)

(Note that the^4He abundance is quantified by its mass fraction.) These observational results are also shown in Figs. 1 and 2 as grey regions, and in Fig. 1 we also show the earlier wider range of^4He given by Olive, Steigman and Walker [35],

Y^{obs}_P = 0.238 ± 0.005, (39)

by the dark grey region as a comparison, even though we will not use it in our likelihood analysis.

The results for r = 10 are plotted in the upper panel of Fig. 3, where we treat η and ρ as two free parameters and give the 68% C.L. contours from the abundances of D,^4He and^7Li individually. It is apparent that with the presence of an evolving radion field (or equivalently a varying Higgs VEV so that ρ ≠ 1) the observational abundances of these 3 elements can be compatible at the 1σ level and consistent with the WMAP result. This qualitative conclusion is then confirmed by the lower panel of Fig. 3, in which the joint constraints from D+^4He+^7Li at 68% and 95% C.L. are shown. Our best-fitting point in the parameter space (the white circle) is at ρ ≃ 1.009 and η ≃ 6.28 × 10^{−10}. This central value of η is slightly larger than that of η_{WMAP} (η_{WMAP} = 6.14^{+0.25}_{−0.25} × 10^{−10}) but falls into the 1σ range of the latter. In contrast, the SBBN (horizontal line) is only allowed marginally at 95% C.L. and should be further excluded at the same level with η_{WMAP} taken into account. A similar situation is presented for r = 6 (Fig. 4), while the details are a little different: here the best-fitting point ∼ (6.67 × 10^{−10}, 1.02) lies slightly outside the 1σ range of η_{WMAP} and SBBN is excluded at the 95% C.L. using the observational primordial abundances only. In any case we see an improvement compared with SBBN if ρ is appropriately chosen (note also that, if the 1/B_d scaling of the cross sections discussed in Sec. II B is a good approximation, then ρ > 1 will also increases the rates of these reactions by reducing B_d, making the destructions of D more efficient; this will lead to less D yields and shift the D and joint contours leftward).

In some cases we may be interested in how ρ alone is allowed to change, and for this purpose it proves to be convenient to use the constraint on η from the WMAP measurement (the η_{WMAP} given above) by virtue of its high accuracy. We shall construct a likelihood function of ρ only as [45]: L(ρ) ∝ ∫_∞ −∞ exp [ − (η − η_0)^2 2σ^2_η ] exp [ − χ^2(η, ρ) 2 ] dη, (40) in which η_0 and σ_η are respectively the central value and 1σ range for η given by WMAP; χ(η, ρ) is a function of both η and ρ calculated using the same method as above (for D+^4He+^7Li). The results are shown in Fig. 5, where we give the cases for both r = 10 and r = 6 and we have found that the 95% C. L. ranges for ρ in these two cases are ρ = 1.0089 ± 0.0012 and ρ = 1.0182 ± 0.0024, corresponding respectively to changes in the extra space volume V as:

1.52 × 10^{−2} <∼ ΔV V_0

<∼ 1.99 × 10^{−2} (41) and 3.09 × 10^{−2} <∼ ΔV V_0

<∼ 4.00 × 10^{−2}, (42)

where ΔV = V_0 − V_{BBN} is the difference between the extra space volumes at present and at the BBN era. The allowed variation of ρ (or equally the Higgs VEV) we find here is comparable to the value quoted in [26], but the full likelihood analysis using the η_{WMAP} constraint and the new observational abundances of D,^4He and^7Li presented here strongly disfavor ρ ≤ 1. Furthermore, as seen from Fig. 5, the ranges for ρ with r = 10 and r = 6 do not agree with each other at the 95% C. L., even though in both cases the qualitative features are the same. This simply reflects the demand of a more precise understanding of how the deuteron binding energy depends on the light quark masses.

If no constraint on η is used, we obtain looser constraints on ρ, namely ρ = 1.0091 ± 0.0071 for r = 10 and ρ = 1.0198 ± 0.0140 for r = 6 (again at the 95% C.L.), which are comparable to the results above. In this case a variation of the Higgs VEV as large as ∼ 3.4% compared with its present value is still allowed at the BBN era (redshift z ∼ 10^9 − 10^{10}).

IV. DISCUSSIONS AND CONCLUSIONS

In summary, we have considered in this article the possible implications of a cosmologically evolving Brane moduli field on the outputs of the primordial nucleosynthesis. We begin with the discussions on how the fundamental constants are modified if the radion field of the Brane varies and how these modifications would affect the BBN yields. Some effects not considered previously are included in this procedure. Then we present a likelihood analysis using the recent compilation of the various nuclear reaction rates [27] and observational abundances of the light nuclei D,^4He and^7Li [59, 60, 61]. The WMAP constraint on η [29] is also adopted in determining the constraint on the quantity ρ, which characterizes the variation of the Higgs VEV (and thus the evolution of the radion field in the present scenario). We find that the BBN yields could be changed in such a way that the discrepancy between SBBN and η_{WMAP} might be reduced, provided that the Higgs VEV was slightly larger at the BBN era. This conclusion is robust within the present theoretical uncertainty of r (6 ∼ 10), and the errors introduced by neglecting the ρ-dependences of other nuclear reactions are estimated to well fall within the 1σ D, 4He and^7Li observational uncertainties. However, further developments in the understanding of these topics might help constrain ρ more accurately. The constraints we obtain in this work are also applicable to other models in which the Higgs VEV (and fundamental fermion masses) varies cosmologically, and could be used to constrain parameters in such models.

It would be also interesting to consider other implications of such an evolving radion field. One example is its influences on the CMB; this was discussed in Refs. [26, 62] and the authors found that these influences were mainly through the variation of the electron mass m_e (see [62] for more details). This might provide another constraint on the radion field, but it is much looser than the one we obtain and at a different cosmic era (z ∼ 10^3). Another potential implication of interest is the possible existence of di-proton or di-neutron. This is because the bindings of the di-nucleon systems are mainly contributed by the long range pion force which depends on pion mass m_π . If m_π was smaller at the time of BBN, then the bindings of di-proton/di-neutron would be enhanced, and if the di-proton becomes bound, it will open a rapid channel for the hydrogen fusion [63] and thus be catastrophic to the stellar lifetimes. The conditions for the di-proton and di-neutron binding were studied in [64, 65]. In the present work, we see that ρ > 1 is preferred by our BBN analysis, which means that m_{π,BBN} > m_{π,NOW} and the di-nucleon systems would be kept unbound during the BBN era. As the last example of possible implications, let us consider the stability of^5He which, if becoming stable, would fill the mass-5 gap in the BBN nuclear reaction chain, drastically enhancing the production of^7Li. In [23] the authors investigated this question and found that δ(m_q /Λ_{QCD})/(m_q /Λ_{QCD}) >∼ −0.1 was required to prevent^5He from becoming stable, which is obviously satisfied by our constrained results.

Acknowledgments

The work described in this paper was partially supported by a grant from the Research Grants Council of the Hong Kong Special Administrative Region, China (Project No. 400803).

[1] N. Arkani-Hamed, S. Dimopoulos and G. Dvali, Phys. Rev. D 59, 086004 (1999).

[2] L. Randall and R. Sundrum, Phys. Rev. Lett. 83, 3370 (1999).

[3] K. R. Dienes, E. Dudas and T. Gherghetta, Phys. Lett. B 436, 55-65 (1998).

[4] S. Chang, J. Hisano, H. Nakano, N. Okada and M. Yamaguchi, Phys. Rev. D 62, 084025 (2000).

[5] T. Appelquist, H. -C. Cheng and B. A. Dobrescu, Phys. Rev. D 64, 035002 (2001).

[6] P. Binetruy, C. Deffayet and D. Langlois, Nucl. Phys. B 565, 269-287 (2000).

[7] P. Brax and C. van de Bruck, Class. Quant. Grav. 20, R201-R232 (2003).

[8] T. Shiromizu, K. I. Maeda and M. Sasaki, Phys. Rev. D 62, 024012 (2000).

[9] K. Ichiki, M. Yahiro, T. Kajino, M. Orito and G. J. Mathews, Phys. Rev. D 66, 043521 (2002).

[10] J. D. Bratt, A. C. Gault, R. J. Scherrer and T. P. Walker, Phys. Lett. B 546, 19-22 (2002).

[11] T. Dent, hep-ph/0305026.

[12] P. Brax, C. van de Bruck, A. C. Davis and C. S. Rhodes, Phys. Rev. D 67, 023512 (2003).

[13] P. Brax, C. van de Bruck and A. C. Davis, J. Cosmol. Astropart. Phys. 11, 004 (2004).

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

[15] J. Khoury and A. Weltman, Phys. Rev. D 69, 044026 (2004); Phys. Rev. Lett. 93, 171104 (2004);

[16] B. A. Campbell and K. A. Olive, Phys. Lett. B 345, 429-434 (1995).

[17] K. Ichikawa and M. Kawasaki, Phys. Rev. D 65, 123511 (2002).

[18] B. Li and M. -C. Chu, hep-ph/0511013, to appear in Phys. Rev. D.

[19] L. Bergström, S. Iguri and H. Rubinstein, Phys. Rev. D 60, 045005 (1999).

[20] P. P. Avelino et al., Phys. Rev. D 64, 103505 (2001). [21] K. M. Nollett and R. E. Lopez, Phys. Rev. D 66, 063507 (2002).

[22] J. P. Kneller and G. C. McLaughlin, Phys. Rev. D 68, 103508 (2003).

[23] V. V. Flambaum and E. V. Shuryak, Astrophys. J. 65, 103503 (2002).

[24] V. V. Dixit and M. Sher, Phys. Rev. D 37, 1097 (1988). [25] R. J. Scherrer and D. N. Spergel, Phys. Rev. D 47, 4774 (1993).

[26] J. J. Yoo and R. J. Scherrer, Phys. Rev. D 67, 043517 (2003).

[27] C. Angulo et al., Nucl. Phys. A 656, 3 (1999). [28] R. H. Cyburt, B. D. Fields and K. A. Olive, New Astron.

6, 215 (2001).

[29] C. L. Bennett et al., Astrophys. J. Suppl. Ser. 148, 1 (2003); D. N. Spergel et al., ibid. 148, 175 (2003).

[30] A. Mazumdar, R. N. Mohapatra and A. Pérez-Lorenzana, J. Cosmol. Astropart. Phys. 06, 004 (2004).

[31] E. W. Kolb and M. S. Turner, The Early Universe (Addison-Wesley Publishing Company, 1990).

[32] M. S. Smith, L. H. Kawano and R. A. Malaney, Astrophys. J. Suppl. Ser. 85, 219-247 (1993).

[33] S. Sarkar, Rep. Prog. Phys. 59, 1493-1609 (1996). [34] K. A. Olive, Nucl. Phys. Proc. Suppl. 80, 79-93 (2000). [35] K. A. Olive, G. Steigman and T. P. Walker, Phys. Rep.

333-334, 389-407 (2000).

[36] D. Tytler, J. M. O’Meara, N. Suzuki and D. Lubin, Phys. Scripta T85, 12 (2000).

[37] P. D. Serpico, E. Esposito, F. Iocco, G. Mangano G. Miele and O. Pisanti, J. Cosmol. Astropart. Phys. 12, 010 (2004).

[38] D. A. Dicus, E. W. Kolb, A. M. Gleeson, E. C. G. Sudarshan, V. L. Teplitz and M. S. Turner, Phys. Rev. D 26, 2694 (1982).

[39] R. E. Lopez and M. S. Turner, Phys. Rev. D 59, 103502 (1999).

[40] S. Esposito, G. Mangano, G. Miele and O. Pisanti, Nucl. Phys. B 540, 3-36 (1999).

[41] M. Gell-Mann, R. J. Oakes and B. Renner, Phys. Rev.

175, 2195 (1968).

[42] E. Epelbaum, U. -G. Meissner and W. Glockle, Nucl. Phys. A 714, 535-574 (2003).

[43] S. R. Beane and M. J. Savage, Nucl. Phys. A 717, 91-103 (2003).

[44] C. M. Müller, G. Schäfer and C. Wetterich, Phys. Rev. D 70, 083504 (2004).

[45] V. F. Dmitriev, V. V. Flambaum and J. K. Webb, Phys. Rev. D 69, 063506 (2004).

[46] J. -W. Chen and M. J. Savage, Phys. Rev. C 60, 065205 (1999).

[47] G. Rupak, Nucl. Phys. A 678, 405-423 (2000). [48] W. A. Fowler, G. R. Caughlan and B. A. Zimmerman, Annu. Rev. Astron. Astrophys. 5, 525 (1967).

[49] R. H. Cyburt, Phys. Rev. D 70, 023505 (2004). [50] One may consider that there are 1/B dependences of the forward cross sections like the 1/Bd dependence of the p(n, D)γ cross section discussed above, B being the relevant binding energies. If this is the case, then there will be another error for the^7Li yield of order a few percents, but it is hard to estimate it more exactly as we do not know explicitly how these cross sections depend on ρ.

[51] L. H. Kawano, FERMILAB-PUB-88/34-A (1988);

FERMILAB-PUB-92/04-A (1992).

[52] Particle Data Group, S. Eidelman et al., Phys. Lett. B 592, 1 (2004).

[53] To arrive at such a conclusion we have assumed that by the time of CMB (z ∼ 1100) the Higgs VEV has taken its present-day value, and so we will not consider its influences on CMB. See [26] for the CMB constraint on the variation of v.

[54] V. Barger, J. P. Kneller, H. S. Lee, D. Marfatia and G. Steigman, Phys. Lett. B 566, 8 (2003).

[55] V. Barger, J. P. Kneller, P. Langacker, D. Marfatia and G. Steigman, Phys. Lett. B 569, 123 (2003).

[56] K. Ichikawa and M. Kawasaki, Phys. Rev. D 69, 123506 (2004).

[57] G. Fiorentini, E. Lisi, S. Sarkar and F. L. Villante, Phys. Rev. D 58, 063506 (1998).

[58] A. Cuoco, F. Iocco, G. Mangano, G. Miele, O. Pisanti and P. D. Serpico, Int. J. Mod. Phys. A 19, 4431-4454 (2004).

[59] V. Luridiana, A. Peimbert, M. Peimbert and M. Cervino, Astrophys. J. 592, 846 (2003).

[60] D. Kirkman, D. Tytler, N. Suzuki, J. M. O’Meara and D. Lubin, Astrophys. J. Suppl. Ser. 149, 1 (2003).

[61] P. Bonifacio et al., Astron. Astrophys. 390, 91 (2002). [62] J. Kujat and R. J. Scherrer, Phys. Rev. D 62, 023510 (2000).

[63] F. Dyson, Scientific American 225 (September issue), 25 (1971).

[64] J. D. Barrow, Phys. Rev. D 35, 1805 (1987). [65] T. Dent and M. Fairbairn, Nucl. Phys. B 653, 256-278 (2003).