arXiv:1201.0372v1 [gr-qc] 1 Jan 2012

Quark-Hadron Phase Transition for a Chameleon Brans-Dicke model of Brane Gravity

Kh. Saaidi^{a,b},^∗ A. Mohammadi^c,^† and T. Golanbari^{a‡} aDepartment of Physics, Faculty of Science, University of Kurdistan, Sanandaj, Iran bDepartment of Physics, Kansas State University, 116 Cardwell Hall, Manhattan, KS 66506, USA.

cIslamic Azad University, Evaz Branch, Fars Province, Iran. (Dated: January 4, 2012)

Abstract

In this work, the quark hadron phase transition in a chameleon Brans-Dicke model of brane world cosmology within an effective model of QCD is investigated. Whereas in CBD model of brane world cosmology the Friedmann equation and conservation of density energy are modified, resulting in an increased expansion at early universe. These have important effect on quark hadron phase transition. We investigate the evolution of the physical quantities relevant to quantitative description of the early times, namely, the energy density, ρ, temperature, T , and the scale factor, a, before, during and after the phase transition. Our analyzes shows that, the quark hadron phase transition has took place at approximately nano second after the Big Bang.

PACS numbers:

∗Electronic address: ksaaidi@uok.ac.ir; Also at ksaaidi@phys.ksu.edu †Electronic address: abolhassanm@gmail.com ‡Electronic address: teagol@gmail.com

I. INTRODUCTIONS

According to the standard model of cosmology, when the early universe expanded and cooled, it past through a series of symmetry breaking phase transitions, which predict some topological defects. At the early times, above the phase transition, the universe is filled by a quark-gluon plasma, (QGP), so study this quark-gluon plasma to hadron phase transition will help to provide better understanding of the evolution of the early universe. This early universe phase transition has been studied in detailed for over three decades [1–6]. Most studies have shown that one may obtain first, second, or higher order transition. In addition, the possibility of no phase transition was predicted in [7]. It is well known that the order of the phase transition strongly depends on the mass and flavor of the quarks. An early study of first order quark-hadron phase transition in the expanding universe is done in [8]. As the deconfined quark-gluon plasma cools below the critical temperature T c = 150 MeV, it becomes energetically favorable to form color confined hadrons (mainly pions and a tiny amount of neutrons and protons, due to the conserved net baryon number). However, this new phase does not form immediately. As is characteristic for a first order phase transition, some supercooling is needed to overcome the energy expense of forming the surface of the bubble and the new hadron phase. When a hadron bubble is nucleated, latent heat is released, and a spherical shock wave expands into the surrounding supercooled quark-gluon plasma. This reheats the plasma to the critical temperature, preventing further nucleation in a region passed through one or more shock fronts. Generally, bubble growth is described by deflagrations, with a shock front preceding the actual transition front. The nucleation stops when the whole universe has reheated to T_c. After that, the hadron bubbles grow at the expense of the quark phase and eventually percolate or coalesce. The transition ends when all quark-gluon plasma has been converted to hadrons, neglecting possible quark nugget production. The physics of the quark-hadron phase transition, as well as the cosmological implications of this process have been extensively discussed in the framework of general relativistic cosmology in refs. [9–19].

The scalar-tensor theory was conceived originally by Jordan, who embedded a fourdimensional curved manifold in five dimensional flat space-time [20]. The scalar-tensor models include a scalar field, ϕ, whit non-minimal coupling with the geometry in the gravitational action, as introduced by Brans and Dicke (BD)[21]. Brans-Dicke model have proved to be useful in producing clues to the solutions for some of the outstanding problems in cosmology [22, 23]. The mechanism that creates a non-minimal scalar field coupling to the geometry can also lead to a coupling between the scalar and matter field. Two such examples are the quintessence and chameleon scalar field [24, 25]. The scalar field in quintessence mechanism has a very small mass and couples to matter with gravitational strength. The authors of ref. [26] introduced the chameleon mechanism in which the scalar field directly couples to matter with order unity strength. In this mechanism the mass of scalar field depends on the local mass density. Indeed, the chameleon proposal provides a way to generat an effective mass for a light scalar field via the field self interaction, and the interaction between matter and scalar fields. When the chameleon coupling is used in the Brans-Dicke model, this called the chameleon-Brans-Dicke model [27]. Recently, the chameleon-Brans- Dicke model has been used to describe, holographic dark energy (HDE), agegraphic dark energy (ADE), and new agegraphic dark energy (NADE) [28]. These investigations have concentrate on the large-scale aspects of these models. Moffat et al., [29], have studied PPN-parameter in Jordan-Brans-Dicke cosmology, and the recent work of Perivolaropoulos [30], and ref.[31] have considered observational solar system constraints of Brans-Dicke and Chameleon-Brans-Dicke models, respectively.

Over the past decade the possibility that our 4D universe is a brane embedded in a higher dimensional space-time has attracted considerable interest [32]. This scenario has been investigated for the case in which the bulk is five dimensional and it has been shown that it can result in a theory of gravity which mimics purely four-dimensional gravity, both with respect to the classical gravitational potential and with respect to gravitational radiation [33]. The existence of branes and the requirement that matter fields should be localized on the brane leads to a non-conventional cosmology which has seen a large number of studies. Of interest in the present study are the brane-world models in the context of Chameleon Brans-Dicke (CBD) gravity. Interestingly, it will be show that in such a scenario and in the presence of a CBD field in the bulk, due to nonminimal coupling between scalar field and matter field, the conservation equation for the matter field can not be satisfied. It is therefore of interest to study the phase transition of quark-gluon plasma to hadrons in the context of the CBD brane world theory of gravity. The quark-hadron phase transition in the context of conventional brane-world gravity and in Brans-Dicke brane-world gravity have been studied in [34–36].

II. GENERAL FRAMEWORK AND FIELD EQUATION IN CHAMELEON-

BRANS-DICKE(CBD) BRANE SCENARIO

We consider a chameleon-Brans-Dicke action as S = − 1 2κ^2_5 ∫ d^5x √ −g { ϕR − ω ϕ ∂_Aϕ∂^Aϕ − V (ϕ) } + ∫ d^5xf(ϕ)L_m, (1)

where g is the metric determinant, R is the Ricci scalar constructed from the metric g_{AB}, ϕ is a CBD scalar field, ω is a dimensionless coupling constant which determines the coupling between gravity and the CBD scalar field, L_m represents the density Lagrangian for the matter fields and V (ϕ) is the potential. Latin indices denote 5-dimensional components (A,B = 1, . . . , 5) and for convenience we choose κ^2_{(5)} = 8πG_{(5)} = 1. The last term on the right hand said of (1), namely f(ϕ)L_m, indicates non-minimal coupling between scalar field and matter, where f(ϕ) is an arbitrary function of ϕ. One can obtain the gravitational field equation by taking variation of the action (1) with respect to the metric g_{AB} and ϕ as 5G_{AB} ≡ R_{AB} − 1 2 g_{AB}R = 1 ϕ ( T^ϕ_{AB} + f(ϕ)T_{AB} ) , (2)

where

T^ϕ_{AB} = ω ϕ { ∇_Aϕ∇_Bϕ − 1 2 g_{AB}∇_C ϕ∇^C ϕ } + { ∇_A∇_B ϕ − g_{AB} ∇_A∇^Aϕ } − 1 2 g_{AB} V (ϕ), (3) and ∇_A∇^Aϕ = T (3ω + 4) ( f(ϕ) − 3 2 f^′(ϕ)ϕ ) + 1 (3ω + 4) ( 3 2 ϕV^′(ϕ) − 5 2 V (ϕ) ) . (4)

Here T_{AB} indicates the energy-momentum tensor of the matter content of the five dimensional space time and T^A_A is the trace of it. It is well seen that by f(ϕ) = 1 and V (ϕ) = 0 the above equation reduces to the results of [36]. We consider a 5-dimensional flat metric of the following form

ds^2 = −n^2(t, y)dt^2 + a^2(t, y)γ_{ij}dx^idx^j + b^2(t, y)dy^2, (5)

where i, j = 1, 2, 3. We also assume an orbifold symmetry along the fifth direction y = −y. We define the energy-momentum tensor as

T^A_B = T^A_B |_{bu} +T^A_B |_{br}, (6) where the subscripts br and bu refer to the corresponding energy-momentum tensors in brane and bulk respectively. We assume the barne has tension λ and filled with ordinary matter and the bulk is empty from ordinary matter. So that, the energy momentum tensors are

T^A_B |_{br} = δ(y) b diag(−ρ, p, p, p, 0), (7) T^A_B |_{bu} = diag(0, 0, 0, 0, 0), (8)

where it is assumed that the brane is held at y = 0, and

ρ = ρ_m + λ, (9)

p = p_m − λ, (10)

here the subscript m denotes the matter. There are several suggestion for the value of brane tension, λ. One is that, suggested by the big bang nucleosynthesis, λ ≥ 1 MeV^4 [37]. A much stronger bound for λ is due to the null results of submillimeter tests of Newton’s law, giving λ ≥ 10^8GeV^4 [38]. An astrophysical limit on λ which is independent of the Newton’s law and cosmological limits has been studied in [37], leading to the value λ > 5 × 10^8MeV^4. We assume that the metric (IV D), is continuous but their first derivative with respect to y is discontinuous, and then their second derivative with respect to y includes the Dirac delta function. Making use the metric, one can obtain the non-vanishing component of Einstein tensor. The (0,0) components of Einstein equation is

G_{00} = 3 { ȧ a ( ȧ a + ḃ b ) − n^2 b^2 ( a^{′′} a + a^′ a ( a^′ a − b^′ b )) } = 1 ϕ ( T^ϕ_{00} + f(ϕ)T_{00} ) , (11)

where

T^ϕ_{00} = −ϕ̇ ( 3 ȧ a + ḃ b − ω 2 ϕ̇ ϕ ) + (n b )_2 [ ϕ^{′′} + ϕ^′ ( 3 a^′ a − b^′ b + ω 2 ϕ^′ ϕ )] + n^2 2 V (ϕ). (12)

The (i, j) component of Einstein tensor is as G_{ij} = a^2 b^2 γ_{ij} { a^′ a ( a^′ a + 2 n^′ n ) − b^′ b ( n^′ n + 2 a^′ a ) + 2 a^{′′} a + n^{′′} n }

+ a^2 n^2 γ_{ij} { ȧ a ( − ȧ a + 2 ṅ n ) − 2 ä a + ḃ b ( −2 ȧ a + ṅ n ) − b̈ b } = 1 ϕ ( T^ϕ_{ij} + f(ϕ)T_{ij} ) , (13) where

T^ϕ_{ij} = { ( a n )_2 ( ϕ̈ + ϕ̇ (ω 2 ϕ̇ ϕ + 2 ȧ a − ṅ n + ḃ b ) )

− (a b )_2 ( ϕ^{′′} + ϕ^′ (ω 2 ϕ^′ ϕ + 2 a^′ a − n^′ n + b^′ b ) ) + 1 2 a^2V (ϕ) } δ_{ij} (14)

The (0,5) and (5,5) components of Einstein tensor are as

G_{05} = 3 ( n^′ n ȧ a + a^′ a ḃ b − ȧ′ a ) = 1 ϕ T^ϕ_{05}, (15)

G_{55} = 3 b^2 n^2 { − a^′ a ( a^′ a + n^′ n ) + b^2 n^2 ( ȧ a ( ȧ a − ṅ n )) } = 1 ϕ ( T^ϕ_{55} + f(ϕ)T_{55} ) , (16)

where

T^ϕ_{05} = ϕ̇^′ − ϕ̇ ( n^′ n − ω ϕ^′ ϕ ) − ḃ b ϕ^′, (17)

T^ϕ_{55} = ϕ̈ + ϕ̇ ( 3 ȧ a − ṅ n + ω 2 ϕ̇ ϕ ) − (n b )_2 ϕ^′ ( 3 a^′ a + n^′ n − ω 2 ϕ^′ ϕ ) . (18)

And equation of motion of CBD scalar field is ϕ̈ + ϕ̇ ( 3 ȧ a + ḃ b − ṅ n ) − (n b )_2 [ ϕ^{′′} + ϕ^′ ( n^′ n + 3 a^′ a − b^′ b )] = −n^2T (3ω + 4) ( f(ϕ) − 3 2 f̃(ϕ)ϕ )

+ (−n^2)

(_3 2 ϕṼ (ϕ) −^5_2 V (ϕ) ) (3ω + 4)

.(19)

Here, Ẋ :=^{dX}_{dt} , X^′ :=^{dX}_{dy} and X̃ :=^{dX}_{dϕ} . Since, the second derivative of metric consists the Dirac delta function, according to [47], one can define

W^{′′} = ^W^{′′} + [W^′]δ(y) (20)

where Ŵ^{′′} is the non-distributional part of the double derivative of W (t, y), and [W^′] is the jump in the first derivative across y = 0, which defined by

[W^′] = W^′(0^+) − W^′(0^−).

The junction functions can be obtained by matching the Dirac delta function in the component of Einstein tensor with the component of brane and scalar field energy-momentum tensor. From the (0, 0) and (i, j) component of field equation we have, respectively [a^′_0] a_0b_0 = −1 (3ω + 4)ϕ_0 { (p + (ω + 1)ρ)f(ϕ_0) − γρϕ_0f̃(ϕ_0) } , (21)

[n^′_0] n_0b_0 = 1 (3ω + 4)ϕ_0 { ( 3(ω + 1)p + (2ω + 3)ρ ) f(ϕ_0) + (3p − ρ) ϕ_0f̃(ϕ_0) 2 } , (22)

[ϕ^′_0] ϕ_0b_0 = (3p − ρ) (3ω + 4)ϕ_0 { f(ϕ_0) − 3 2 ϕ_0f̃(ϕ_0) } , (23)

where 2γ = 3ω_m − 1.

For f(ϕ) = 1, these equations reduce to the junction relations in [36], and the first two junction relation are equivalent to [40]. Using (0, 0) component of the Einstein field equations for the brane located at y = 0 and the equations which represent the jump conditions (21), (22) and (23) one can find the Friedmann equation as

H^2 + Υ(H − ω 6 Υ) = 1 4(3ω + 4)^2ϕ^2_0 { [ω 6 (3p − ρ)^2 + (2 + 3ω + ω^2)ρ^2 − ωρp − 2p^2 ] f^2(ϕ_0)

+(3p − ρ)^2( 3ω 2 − 1) ϕ^2_0f̃^2(ϕ_0) 2 + ( −ω 2 (3p − ρ) + 2p ) (3p − ρ)ϕ_0f(ϕ_0)f̃(ϕ_0) + 2 3 (3ω + 4)^2ϕ_0V (ϕ_0) } , (24)

where H is the Hubbel parameter, Υ =^{ϕ̇} and the subscript 0 denote the quantity is on the brane. From (0, 5) component of field equation and using (24), (25), (26), we obtain continuity equation on the brane as

ρ̇ + 3H(ρ + p) = −(3p + ρ) f̃(ϕ_0) 2ϕ_0 ϕ̇_0 (25)

as we expected the energy, due to the interaction between matter and scalar field, is not conserved. Note that in all of relation in this section we select n_0 = 1 and b_o = 1, without any less of generality. By substituting the energy density and pressure, the generalized continuity equation explicitly confirms the junction condition (21)- (23). Using (20) and (23) we can obtain the equation of motion for ϕ on the brane as

ϕ̈_0 ϕ_0

+ 3HΥ =

(3p − ρ)^2 4(3ω + 4)^2ϕ^2_0 { ωf^2(ϕ_0) − 3 2 ϕ^2_0f̃^2(ϕ_0) + (1 + 3ω 2 )ϕ_0f(ϕ_0)f̃(ϕ_0) }

− 3 2 ϕ_0V^′(ϕ_0) −^5_2 V (ϕ_0) (3ω + 4)ϕ_0

(26) for obtaining (26) we have assumed ϕ̂^{′′} = 0

III. QUARK- HADRON PHASE TRANSITION

As mentioned in the Introduction, the subject of phase transition from quark-gluon phase to hadron phase is a notion fundamental to study of particle physics, particularly in the context of lattice gauge theories. Any way, it is an usual part of any study dealing with the underlying mechanisms responsible for the evolving universe at its early stages of formation in which a soup of quarks and gluons interact and undergo a phase transition to form hadrons. Therefore it is important which we have an overview of the basic ideas before attempting to use the results obtained from such a phase transition and apply them to the study of the evolution of the early universe within the context of the CBD brane-world scenario. For further review see [34] and references there in. The equation of state of matter in the quark-gluon phase is as [34]

ρ_q = 3a_qT^4 + V (T ), p_q = a_qT^4 − V (T ), (27)

here the subscript q denotes that the matter is quark, a_q(π^2/90)g_q, which for N_f = 2, g_q = 16 + (21/2)N_f + 14.25 = 51.25 and V (T ) is given as [39]

V (T ) = B + γ_T T^2 − α_T T^4, (28)

where B is the bag pressure constant, α_T = 7π^2/20, and γ_T = m^2_s/4, which m_s is the mass of the strange quark in the range m_s ∈ (60−200) MeV. The form of the potential V corresponds to a physical model in which the quark fields are interacting with a chiral field formed with the π meson field and a scalar field [16]. Results obtained in low energy hadron spectroscopy, heavy ion collisions and phenomenological fits of light hadron properties give B^{1/4} between 100 and 200 MeV. In the hadron phase one takes the cosmological fluid to consist of an ideal gas of massless pions and of nucleons described by the Maxwell-Boltzmann statistics, with energy density ρ_h and pressure p_h, respectively. Hence the equation of state is given as

p_h = 1 3 ρ_h = a_πT^4, (29) where a_π = (π^2/90)g_h and g_h = 17.25. The critical temperature T_c is defined by the condition p_q(T c) = p_h(T c) [7], and for m_s = B^{1/4} = 200 MeV is given by

T_c = √ γ_T + √ γ^2_T + 4B(a_q + α_T − a_π) 2(a_q + α_T − a_π) ≈ 125MeV. (30) Since the phase transition is first order, all the physical quantities, like the energy density, pressure and entropy exhibit discontinuities across the critical curve.

A. Behavior of temperature in CBD brane gravity model during QHPT

In this section, we will study the quark-hadron phase transition, in chameleon Brans-Dicke brane-world scenario. The quantities which we want to trace through the quark-hadron phase transition in the chameleon Brans-Dicke brane-world scenario are the temperature T and the scale factor a. For obtaining these parameters we use the results which is obtained in sec.2. For simplicity, we take below assumptions

ϕ_0 = Na^n_0 , (31)

where N and n are constant.In fact there is no compelling reason for this choice. However, it has been shown that for small n it leads to consistent results [41]. It is quite well known now that the solar system experiments give the result for the value of ω is ω > 40000 [42, 43]. Also, this value has obtained in a theoretically study in CBD model of gravity [31]. A case of particular interest is that the product |n|ω results of order unity [41], and this show that the value of n has to be very small∼ 10^{−4}. Also the authors of [43], found that ω is smaller than 40000 on the cosmological scales, and they have shown that the evolution of the effective gravitational constant is derived by the evolution of the JBD scalar field. They have obtained that the constraint of the type ω > 500, 1000 would correspond to a variation |G_{ef f.}−G_0| G_0 ≤ 1.38% and 0.69% respectively. Also, there is another useful research about this

context which is done in [44]. They obtained the observational constraints on BD model in a flat universe with cosmological constant and cold DM using the latest WMAP and SDSS data. They found that within 2σ range, the value of ω satisfies ω < −120.0 or ω > 97.8. They also obtained the constraint on the rate of change of G at present

− 5.53 × 10^{−20}s^{−1} < Ġ G < 3.32 × 10^{−20}s^{−1} (32) at 2σ confidence level. So in our case with assumption (20) we get

− 5.53 × 10^{−20}s^{−1} < Ġ G = ϕ̇ ϕ = ξH < 3.32 × 10^{−20}s^{−1} (33)

This relation can be used to put an upper and lower bound on ξ. Assuming the present value of the Hubble parameter to be H_0 ≃ 2.11 × 10^{−18}s^{−1}, we obtain

− 0.026 < n < 0.015. (34)

It is well seen that for upper bound of n the quantity ωn ≃ 200, 5, 2.5 for ω = 40000, 1000, 500 respectively. These results have an excellent agreement with [41–44]. Therefore, the conservation equation takes the form below

ρ̇_q + 3H ( ρ_q + p_q + (3p_q + ρ_q − 2λ) n 6 f̃(ϕ_0) ) = 0 (35)

We assume the CBD brane world is in the quark-gluon phase, so that T > T_c. Therefore, using (27), (28) and (35) we have H = −1 3 ( (12a_q − 4α_T )T^3 + 2γ_T T ) Ṫ 4a_qT^4 + ( (6a_q + 2α_T )T^4 − 2γ_T T^2 − 2B − 2λ )_n 6 f̃(ϕ_0)

, (36)

and using (27), (28) and (31) the Friedmann equation, (24), takes the following form

H^2 = 1 4(3ω + 4)^2(1 + n −^ω_6 n^2)ϕ^2_0

× (37) { [ω 6 H^2_1 + (2 + 3ω + ω^2)(ρ_q + λ)^2 − ω(ρ_q + λ)(p_q − λ) − 2(p_q − λ)^2 ] f^2(ϕ_0)

+ (3ω 2 − 1 ) H^2_1 ϕ^2_0f̃^2(ϕ_0) 2 + [ 2(p_q − λ) − 1 2 ωH_1 ] H_1ϕ_0f(ϕ_0)f̃(ϕ_0) + 2 3 (3ω + 4)^2ϕ_0V (ϕ_0) } , where H_1 = (3p_q − ρ_q − 4λ).

So one can obtain an expression for describing the evolution of temperature of the CBD brane universe in the quark phase as

Ṫ = −3 [ 4a_qT^4 + ( (6a_q + 2α_T )T^4 − 2γ_T T^2 − 2B − 2λ )_n 6 f̃(ϕ_0) ] 2(3ω + 4)(1 + n −^ω_6 n^2)ϕ^2_0 ( (12a_q − 4α_T )T^3 + 2γ_T T

) (38)

× { [ω 6 T^2_1 + (2 + 3ω + ω^2)T^2_3 − ω ( (3a_q − α_T )T^4 + γ_T T^2 + B + λ ) T_2 − 2T^2_2 ] f^2(ϕ_0)

+ [−ω 2 T_1 + 2T_2 ] T_1ϕ_0f(ϕ_0)f̃(ϕ_0) + (3ω 2 − 1 ) T_1 ϕ^2_0f̃^2(ϕ_0) 2 + 2 3 (3ω + 4)^2ϕ_0V (ϕ_0)

} 1_2 , where T_1 = (4α_T T^4 − 4γ_T T^2 − 4B − 4λ),

T_2 = ( (a_q + α_T )T^4 − γ_T T^2 − B − λ ) , T_3 = ( (a_q − α_T )T^4 + γ_T T^2 + B + λ ) .

B. Behavior of temperature in CBD brane gravity during QHPT with V (T ) = B

In this case the equation of state of the quark matter is given by the bag model, namely p_q = (ρ_q − 4B)/3. Actually, the formula of this subsection are as same as previous section with γ_T = α_T = 0. So the relation (33) becomes H = − 12a_qT^3Ṫ 12a_qT^4 + 6 ( 3a_qT^4 − B − λ ) nf̃(ϕ_0)

(39)

From this relation we should obtain scalar factor with respect to T . Also (31) takes the following form

Ṫ = − [ 4a_qT^4 + 2 ( 3a_qT^4 − B − λ )_n 3 f̃(ϕ_0) ] 8a_q(3ω + 4)(1 + n −^ω_6 n^2)ϕ^2_0T^3

(40) × { [ω 6 T^2_1 + (2 + 3ω + ω^2)T^2_3 − ω ( 3a_qT^4 + B + λ ) T_2 − 2T^2_2 ] f^2(ϕ_0)

+ [−ω 2 T_1 + 2T_2 ] T_1ϕ_0f(ϕ_0)f̃(ϕ_0) + (3ω 2 − 1 ) T_1 ϕ^2_0f̃^2(ϕ_0) 2 + 2 3 (3ω + 4)^2ϕ_0V (ϕ_0)

} 1_2 , where T_1 = −4(B + λ),

T_2 = ( a_qT^4 − B − λ ) , T_3 = ( a_qT^4 + B + λ ) . In the above relation scalar field is a function of scalar factor a_0 and scalar factor is a function of temperature T which is obtained from relation (39).

C. Growing up the volume fraction of hadron in CBD brane gravity during QHPT

During the quark-hadron phase transition, ρ_q(t) decreases from ρ_q(T_c) = ρ_Q to ρ_h(T_c) = ρ_H but, the temperature and pressure are constant. Also the quantities like the enthalpy W = (ρ_q + p_q)a^3 and entropy S = sa^3 are conserved. In phase transition temperature, T_c = 125 MeV we have ρ_q ≈ 5 × 10^9MeV^4, ρ_h ≈ 1.38 × 10^9 MeV^4 and p_c ≈ 4.6 × 10^8MeV^4 in which p_c is constant during the phase transition. Following [7, 34, 36], one can replace ρ(t) by h(t), the volume fraction of matter in the hadron phase, by defining

ρ_q(t) = (1 + mh(τ))ρ_Q, (41)

here m = ρ_H /ρ_Q − 1 = constant. At the beginning of the phase transition h(τ_c) = 0, where τ_c is the time corresponding to the beginning of the phase transition, and ρ(τ_c) = ρ_Q, while at the end of the transition h(τ_h) = 1, where τ_h is the time at which the phase transition ends, corresponding to ρ(τ_h) = ρ_H . For τ > τ_h the universe enters in the hadronic phase. Then with the help of conservation relation we arrive at H = − 1 3 rḣ 1 + rh + (_{3pc+ρQ−2λ} p_c+ρ_Q + rh )_n 2 f̃(ϕ_0)

(42)

where r is defined as

r = ρ_H − ρ_Q p_c + ρ_Q

= constant. (43) The evaluation of hadron fraction during the phase transition is given by equation

ḣ = −3

1 + rh + (_{3pc+ρQ−2λ} p_c+ρ_Q + rh )_n 2 f̃(ϕ_0) 2r(3ω + 4)(1 + n −^ω_6 n^2)ϕ^2_0 × {[ ω 6 A_1 + (2 + 3ω + ω^2)A^2 − ωA_2(p_c − λ) − 2(p_c − λ)^2 ] f^2(ϕ_0) (44)

+ [−ω 2 A_1 + 2(p_c − λ) ] A_1ϕ_0f(ϕ_0)f̃(ϕ_0) + (3ω 2 ) A^2_1 ϕ^2_0f̃^2(ϕ_0) 2 + 2 3 (3ω + 4)ϕ_0V (ϕ)

} 1_2 , where A_1 = (3p_c − ρ_Q − (ρ_H − ρ_Q)h − 4λ), A_2 = (ρ_Q + (ρ_H − ρ_Q)h + λ).

D. Behavior of temperature in CBD brane gravity in pure hadronic era

In this stage of universe, we encounter with a pure hadronic era with following equation of state ρ_h = 3p_h = 3a_πT^4, (45) then with the help of conservation relation one can obtain H = − 1 3 12a_πT^3Ṫ 4a_πT^4 + (2ρ^h_b − 2λ)^n_2 f̃(ϕ)

, (46)

and from the Friedmann equation one arrive at

Ṫ =^{−3} ( 4a_π T^4+(2ρ^h_b −2λ)^n_2 f̃(ϕ) ) 18a_π T^3(3ω+4)(1+n−^ω_6 n^2)ϕ^2_0 { [8ωλ2 3 + (2 + 3ω + ω^2)(3a_πT^4 + λ)^2 − ω(3a_πT^4 + λ)(a_πT^4 − λ)

−2(a_πT^4 − λ)^2 ] f^2(ϕ_0) − 4λ [ − 8ωλ^2 + 2(a_πT^4 − λ) ] ϕ_0f(ϕ_0)f̃(ϕ_0)

+16λ^2 (3ω 2 − 1 )ϕ2_0f̃ 2(ϕ_0) 2 + 2 3 (3ω + 4)^2ϕ_0V (ϕ_0) } . (47)

IV. TYPICAL EXAMPLE

In this section we study our model for some example of f(ϕ) and V (ϕ). Since we study the chameleon kind of Brans-Dicke theory in brane world scenario, then we need a monotically decreasing function for potential where exhibit self interaction and satisfied the chameleon costraint[26]. Therefore we consider power law potential as

V (Φ) = M^5 ( M Φ )_ξ , (48)

where ξ > 0 and M is a constant with mass dimension and M is dimensionless. In this case we assume that the scalar field is dimensionless.The authors of [26] have found that for small value of ξ ∈ (0, 2) the magnitude of M and M are ∼ 10^{−3}eV . Therefore, with point of view the above mention and use of (31), the potential takes the following form V (ϕ) ∼ 10^{−(3ξ+12)} ϕ^ξ ∼ 10^{−(3ξ+12)} a^{nξ} . (49)

Here a is the scale factor of the universe. To obtain an explicit view of the universe we have to find the scale factor. Since other quantities in this theory are versus MeV, then the scalar potential part is very small with respect to other terms and we can withdraw it. Also solving the basic equation of our model for an arbitrary function of f(ϕ) is too complicated, so that we complete our investigation with f(ϕ) = ϕ and we will obtain a and T for all subsection in the pervious section.

A. Bhavior temperature in CBD brane world during QHPT

For obtaining the relevant quantity we use the results which is obtained in sec.2. So that, setting f(ϕ) = ϕ and f̃(ϕ) = 1 in equations (32), we find the conservation equation as

ρ̇ + 3H ( ρ_q + p_q + (3p_q + ρ_q − 2λ) n 6 ) = 0, (50)

and the Hubble parameter takes the form H = ȧ a = − 2 ( (6a_q − 2α_T )T^3 + γ_T T ) Ṫ (a_q(3n + 12) + nα_T )T^4 − nγ_T T^2 − n(B + λ) , = − 2(aT^3 + γ_T T )Ṫ bT^4 − nγ_T T^2 − B_1

, (51)

where

a = 6a_q − 2a_T , (52) b = (12 + 3n)a_q + na_T , (53) B_1 = n(B + λ), (54)

integrating the above equation gives a(T ) = C ( bT^4 − nγ_T T^2 − B − λ )_−^{6a}q^{−2a}T (6+3n)aq +naT exp [ γ 2 √ bB_0 arctan (√ b B_0

(T^2 − nγ_T 2b ) )] , (55) where C is a constant of integration and the other constants are as follows

B_0 = B_1 + n^2γ^2 4b , (56) γ = ( na 2b + 1)γ_T . (57)

Also we obtain the Friedmann equation as follows

H^2 = 1 4(3ω + 4)^2θ { (ω − 2 4 H_1 + 2(p_q − λ) ) H_1 (58)

+ [ω 6 H^2_1 + (2 + 3ω + ω^2)(ρ_q + λ)^2 − ω(ρ_q + λ)(p_q − λ) − 2(p_q − λ)^2 ] } , where H_1 = (3p_q − ρ_q − 4λ), θ = (1 + n − ω 6 n^2).

So one can obtain an expression for describing the evolution of temperature of the CBD brane universe in the quark phase by combining the above equations as

Ṫ = − (bT^4 − nγ^T T^2 − B^1) 2(3ω + 4)(aT^3 + γ_T T ) √ θ {( ω − 2 4 H_1 + 2(p_q − λ) ) H_1

+ [ω 6 H^2_1 + (2 + 3ω + ω^2)(ρ_q + λ)^2 − ω(ρ_q + λ)(p_q − λ) − 2(p_q − λ)^2

]}^12 , (59)

Substituting (27) and (28) into (59) and using (31) and (55), we obtain Ṫ as a function of τ. We solved it numerically and the result is plotted in FIG.1. Fig.1a shows the behavior of temperature as a function of the cosmic time, τ, in a CBD brane-world gravity, during the quark hadron phase transition for different values of ω with n = 0.015 , N_0 = 2 × 10^5 and λ = 10 × 10^8 MeV^4. This plot shows that the phase transition accrued at approximately nano second after Bing Bang. FIG.1b shows the behavior of scalar factor as a function of the temperature, T , in a CBD brane-world model of gravity, during the quark hadron phase transition. This figure shows, when phase transition took place, the effective temperature of the universe is decreased and scale factor is increased. This means that our model satisfy the expansion of universe during the quark hadron phase transition at approximately 10^{−9} s after the Bing Bang.

B. Behavior of temperature in CBD brane gravity during QHPH with V (T ) = B

The formula of this subsection are as same as previous section with γ_T = α_T = 0. So setting f = ϕ in (36) we have H = − 12a_qT^3Ṫ 3(4 + n)a_qT^4 − (B + λ)n

. (60)

Integrating (57) gives a(T ) = c ( 3(n + 4)T^4 − n(B + λ)

)_− 4_{3(n+4)} , (61)

(a) (b)

FIG. 1: (a): shows the temperature of the universe during the quark hadron phase transition for different values of ω = 10^4(solid), 1.5 × 10^4(dashed), 2 × 10^4(dotted), 2.5 × 10^4(dotted − dashed) versus cosmic time(b): shows the scale factor of the universe versus temperature of the universe in quark gluon plasma phase with V (T ) ≠ constant versus temperature. We have taken N = 2 × 10^5, λ = 10^9, n = 0.015 and B^{1/4} = 200 Mev. and Ṫ = −3(4 + n)a^qT^4 − (B + λ)n 24a_qT^3(3ω + 4) √ 2θ × { − 4 ( (2 − ω)(B + λ) + 2(p_q − λ) ) (B + λ)

+ [8ω(B + λ)2 3 + (2 + 3ω + ω^2)(ρ_q + λ)^2 − ω(ρ_q + λ)(p_q − λ) − 2(p_q − λ)^2 ] } 1_2 . Using (31) and (61) and substitute (27), (28) into (62), one can obtain the quantity T as a function of T and τ. We solved (59) numerically and the final result is plotted in FIG.2. which shows the behavior of temperature as a function of the cosmic time τ in a CBD brane-world filled with quark matter for different values of ω, for V (T ) = B. This figure confirm the result of FIG.1

C. Growing up the volume fraction of hadron in CBD brane gravity during the QHPT

In this subsection we want to consider the obtained results in C subsection in the pervious section for f(ϕ) = ϕ and ξ = 1. As was mentioned ago the pressure during the phase transition is constant, p_c ≈ 4.6 × 10^8MeV^4 and also density of quark matter and hadron matter at the transition time are ρ_q ≈ 5 × 10^9MeV^4, ρ_h ≈ 1.38 × 10^9 MeV^4 respectively.

(a) (b)

FIG. 2: (a): shows the temperature of the universe during the quark hadron phase transition for different values of ω = 8 × 10^3(solid), 1.4 × 10^4 (dashed), 2 × 10^4(dotted), 2.6 × 10^4(dotted − dashed) versus cosmic time for V (T ) = B. (b): shows the scale factor of the universe versus temperature of the universe in quark gluon plasma phase versus temperature. We have taken N = 2 × 10^5, λ = 10^9, n = 0.015 and V (T ) = B^{1/4} = 200 Mev

Therefore, in this case (39) reduces to H = − 1 3 rḣ 1 + rh + (_{3pc+ρQ−2λ} p_c+ρ_Q + rh )_n 2 (62)

where r is defined as r = ρ_H − ρ_Q p_c + ρ_Q

= −5.6 × 10^{−6}. (63) Integrating of (60) one can obtain relation between the scale factor on the brane and the hadronic fraction h(τ) as

a(τ) = a(τ_c) ( 1 + n 2 ( 1 + 2 p_c − λ p_c + ρ_Q ) + (1 + n 2 )rh(τ) )_− 1_{3(1+ n2 )} , (64)

here we assume h(τ_c) = 0. So, using equations (58) we obtain the time evolution of the matter fraction in the hadronic phase as

ḣ = −3

1 + (1 +^n_2 )rh +^n_2 ( 1 + 2^{pc−λ}_{pc+ρQ} ) 2r(3ω + 4) √ θ × {(_{ω−2} 4 h_1 + 2(p_c − λ) ) h_1 ϕ_0 + [ω 6 h^2_1 + (2 + 3ω + ω^2)(ρ_q + λ)^2 − ω(ρ_q + λ)(p_c − λ) − 2(p_c − λ)^2 ] } 1_2 , where h_1 = (3p_c − ρ_q − 4λ), ρ_q = ρ_Q(1 + mh(τ)).

After substituting (31) and (64) into (65), the hadron fraction, h(τ), as a function of τ is obtained. The numerical results of h(τ) is presented in FIG.3 for different value of ω. FIG.3a shows the volume fraction of hadron during the quark hadron phase transition for different values of ω = 10^4(solid), 1.5×10^4(dashed), 2×10^4(dotted), 2.5×10^4(dotted − dashed) versus cosmic time. FIG3.b shows the scale factor of the universe during the QHPT versus volume hadron fraction. It is well known that when QHPT has took place the density of quark gluon plasma is decreased and the volume fraction of hadron and the scale factor of universe are increased. The FIG.3 shows that this fact has took place at 10^{−9} and confirm the results of FIG.1 too.

(a) (b)

FIG. 3: (a): shows the volume fraction of hadron during the quark hadron phase transition for different values of ω = 10^4(solid), 1.5 × 10^4(dashed), 2 × 10^4(dotted), 2.5 × 10^4(dotted − dashed) versus cosmic time. (b): shows the scale factor of the universe during quark hadron phase transition versus volume fraction. We have taken N = 20000, λ = 10^9, n = 0.015 and B^{1/4} = 200 Mev

D. Behavior of temperature in CBD brane gravity after QHPT

In this stage of universe we encounter with a pure hadronic era with following equation of state ρ_h = 3p_h = 3a_πT^4, (65) then with the help of conservation relation one can obtain H = − 1 3 12a_πT^3Ṫ 4a_πT^4 + (2ρ^h_b − 2λ)^n_2

, (66) integrating of (66) leads to

a(T ) = a_0(T_c) [ (4 + 3n)a_πT^4 − λn

]_− 1_{4+3n} , (67)

and from the Friedmann equation one arrive at

Ṫ = − ( (4 + 3n)a_πT^4 − nλ ) 4a_πT^3(3ω + 4) √ 2θ { 4λ(ωλ − 2a_πT^4) (68)

+ [ 8λ^2 3 + (2 + 3ω + ω^2)(3a_πT^4 + λ)^2 − ω(3a_πT^4 + λ)(a_πT^4 − λ) − 2(a_πT^4 − λ)^2

]}^1_2 , FIG.4 shows variation of the temperature of hadronic fluid filled CBD brane-world as a function of the cosmic time τ for different values of ω, with n = 0.015 , N_0 = 2 × 10^5 and λ = 10 × 10^8 MeV^4.

(a) (b)

FIG. 4: (a): shows the temperature of the universe after the quark hadron phase transition for different values of ω = 10^4(solid), 1.55×10^4 (dashed), 2.1×10^4 (dotted), 2.55×10^3 (dotted − dashed) versus cosmic time. (b): shows the scale factor of the universe versus temperature of the universe in hadron phase versus temperature. We have taken N = 2 × 10^5, λ = 10^9, n = 0.03 and B^{1/4} = 200 Mev In FIG.5 we have plotted the effective temperature and volume fraction of hadron as a function of cosmic time. FIG.5a shows T vs τ for different pairs of (ω, n) in which ωn = 1. It is seen that all curves are similar to each others and overlap completely. FIG.5b shows h(τ) vs τ for different pairs of (ω, n) in which ωn = 1 and has the same behavior.

The effective temperature has been plotted in GIG.6 for different kind of (ω, n) pairs that ωn = c. FIG6.a shows T vs τ for (ω, n) = (10^5, 10^{−3}), (3 × 10^4, 10^{−2}/3) in which ωn = 100.

(a) (b) FIG. 5: (a): shows that the dependence of temperature of the universe during the quark hadron phase transition for different values of (ω, n) = (10^4, 0.0001), (3 × 10^4, 0.0001/3), (5 × 10^4, 0.0001/5), (7 × 10^4 , 0.0001/7) in which ω × n = 1(b): shows the volume fraction of hadron vs τ for different pairs of(ω, n) = (10^4, 0.0001), (3×10^4 , 0.0001/3), (5×10^4 , 0.0001/5), (7×10^4 , 0.0001/7) in which ω × n = 1. We have taken N_0 = 2 × 10^5, λ = 10^9 and B^{1/4} = 200 Mev

(a) (b) FIG. 6: (a): shows that the dependence of temperature of the universe during the quark hadron phase transition for (ω, n) = (10^5, 10^{−3}), (3 ∗ 10^4, 10^{−2}/3) in which ω × n = 1(b): shows the temperature of the universe during the quark hadron phase transition for different values of (ω, n) = (10^6, 10^{−3})(solid), (3 × 10^5, 0.01/3)(dashed) in which ω × n = 1000. We have taken N = 2 × 10^5, λ = 10^9 and B^{1/4} = 200 Mev This figure indicates these curves have behavior like FIG.5a. But FIG6.b shows T vs τ for (ω, n) = (10^6, 10^{−3}), (3 × 10^5, 10^{−2}/3) in which ωn = 1000. It is seen that these curves have different behavior. We analyzed our model for another values of c. Our considerations show that for n ≤ 0.015, c ⩽ 120 and 100 ⩽ ω ⩽ 10^6, all curves have the same behavior versus cosmic time and for c > 120 the temperatures curve have not similar behavior. These results are in a good agreement with [41].

V. CONCLUSION

In this paper, we have studied the quark-hadron phase transition in a chameleon Brans- Dicke brane cosmological model. We investigated the evolution of the physical quantities relevant to the physical description of the early times such as; the energy density, temperature and scale factor, before, during, and after the phase transition. We found that for different values of n < 0.015 and 100 ⩽ ω ⩽ 10^6 phase transition occur and with increasing time the effective temperature of the quark-gluon plasma and the hadronic fluid will be decrease. We plot the effective temperature and scale factor of universe on the different stage of phase transition for various values of ω and n. All of our plots, show that the effective temperature and the FLRW scale factor decrease and increase respectively by possing time. We then compared our results with the results presented in [34–36]. In [34] the authors studied quark hadron phase transition in a RandallSundrum brane model and showed that for different values of the barne tension ω and λ, phase transition occurs about at 10^{−6}s after the Big Bang. Also in [35, 36], the authors investigated the quark-hadron phase transition in a brane-world scenario where the localization of matter on the brane is achieved through the action of a confining potential and showed that for different values of the parameters in their model, phase transition takes place. They found that for various value of ω the phase transition is took place about10^{−6}s, but our investigation shows that the quark- hadron phase transition has took place at approximately 10^{−9}s after Big Bang. This is a difference between the results of our study and the studies of other researchers. This means that due to the interaction between scalar field and matter, modified conservation equation of energy-momentum, the relation between temperature and cosmic time is changed, then the rate of expansion of the universe is increased at the early times. We plot the effective temperature versus cosmic time for cases which nω = c. These figures show that for n ⩽ 0.015 and ω ∈ (10^2, 10^6) in which ωn ⩽ 120 all curves completely have similar behavior versus cosmic time, and by increasing the c, decreasing the effective temperature is faster and the curves with different pairs of (ω, n) have not similar behavior versus cosmic time. Indeed, this means that we have to be ωn ≈ 1 in the universe.

VI. AKNOWLEDGEMENT

The work of Kh. Saaidi have been supported financially by University of Kurdistan, Sanandaj, Iran, and he would like thank to the University of Kurdistan for supporting him in sabbatical period.

[1] K. Olive, Nucl. Phys. B 190, 483 (1981) [2] E. Suhonen, Phys. Lett. B, 119, 81 (1982). [3] M. Crawford and D. Schramm, Nature 298, 538 (1982). [4] E. Kolb and M. Turner, Phys. Lett. B, 115, 99 (1982). [5] D. Schramm and K. Olive, Nucl. Phys. A 418, 289c (1984).

[6] M. I. Gorenstein, V. K. Petrov and G. M. Zinovjev, Phys. Lett. B 106, 327 (1981); M. I.

Gorenstein, et al., Theor. Math. Phys. 52, 843 (1982).

[7] M. I. Gorenstein, W. Greiner and Yang Shin Nan, J. Phys. G: Nucl. Part. Phys. 24, 725 (1998); M. I. Gorenstein, M. Gazdzicki and W. Greiner, Phys. Rev. C 72, 024909 (1998); I. Zakout, C. Greiner and J. Schaffner-Bielich, Nucl. Phys. A 781, 150 (2007); I. Zakout and C. Greiner, Phys. Rev. C 78, 034916 (2008); A. Bessa, E. S. Fraga and B. W. Mintz, Phys. Rev. D 79, 034012 (2009).

[8] K. Kajantieand, H. Kurki- Suonio, Phys.Rev. D 34, 1719 ( 1986). [9] J. Ignatius, K. Kajantie, H. Kurki-Suonioand M. Lain , Phys. Rev. D 49, 3854 (1994). [10] J. Ignatius, K. Kajantie, H. Kurki- Suonioand, M. Laine, Phys. Rev .D 50, 3738 (1994). [11] H. Kurki- Suonioand, M. Laine, Phys. Rev. D 51, 5431 (1995); Phys. Rev. D 54, 7163 (1996). [12] M. B. Christiansen, J. Madsen , Phys. Rev. D 53, 5446 (1996). [13] L. Rezzolla, J. C. Millerand, O. Pantano, Phys. Rev. D 52, 3202 (1995). [14] L. Rezzolla and J. C. Miller, Phys. Rev. D 53, 5411 (1996). [15] 40L. Rezzolla, Phys. Rev. D 54, 1345 (1996); Phys. Rev. D 54, 6072 (1996). [16] A.- C. Davis, M. Lilley, Phys. Rev. D 64, 043502 (2000). [17] N. Borghini, W. N. Cottingham, R. Vinh Mau, J. Phys. G 26, 771 (2000). [18] H. I. Kim, B.- H. Lee, C. H. Lee, Phys. Rev. D 64, 067301 (2001). [19] J. Ignatius, D. J. Schwarz, Phys. Rev. Lett. 86, 2216 (2001).

[20] P. Jordan, Schwerkraft und Weltall (Friedrich Vieveg Und Sohn, Braunschweig, 1955). [21] C. Brans, R. H. Dicke, Phys. Rev., 124, 925 (1962).

[22] D. La and P. J. Steinhardt, Phys. Rev. Lett.,62, 376 (1989); C. Mathiazhagan and V. B.

Johri, Class. Quantum Grav., 1, L 29 (1984).

[23] N. Banerjee and D. Pavon, Class. Quantum Grav., 18, 593 (2001); S. Sen and T. R. Seshadri, Int. J. Mod. Phys. D., 12, 445 (2003); A. A. Sen and S. Sen, Mod. Phys. Lett. A., 16, 1303 (2001); S. Sen, A. A. Sen, Phys. Rev. D., 63, 124006 (2001); O. Bertolami and P. J. Martins, Phys. Rev. D., 61, 064007 (2000); V. K. Onemli and R. P. Woodard, Class. Quantum Grav., 19, 4607 (2002).

[24] B. Feng, X. L. Wang and X. Zhang, Phys. Lett. B 607, 35 (2005); E. Elizalde, S. Nojiri and S. D. Odintsov, Phys. Rev. D 70, 043539 (2004).

[25] Ph. Brax, C. van de Bruck, A. C. Davis, J. Khoury and A. Weltman, [astro-ph/0410103]. [26] D. F. Mota and J. D. Barrow, Phys. Lett. B 581, 141 (2004); J. Khoury and A. Weltman, Phys. Rev. Lett. 93:171104, (2004); J. Khoury, and A. Weltman, Phys. Rev. D 69:044026, (2004).

[27] T. Clifton and J. D. Barrow, [gr-qc/0603116]; S. Das and N. Banerjee [gr-qc/0803.3936]. [28] A. Sheykhi, M. Jamil, Phys. Lett. B 694, 284288, (2011). [29] J. W. Moffat and V. T. Tout, [arXiv:1001.1564]. [30] L. Perivolaropoulos, Phys. Rev., D 81, 047501 (2010).

[31] Kh. Saaidi, A. Mohammadi, H. Sheikhahmadi; Phys. Rev. D 83, 104019 (2011). [32] V. A. Rubakov and M. E. Shaposhnikov, Phys. Lett. B 125, 136 (1983). [33] L. Randall, R. Sundrum, Phys. Rev. Lett. 83, 3370 (1999); Phys. Rev . Lett 83, 4690 (1999). [34] G. De Risi, T. Harko, F. S. N. Lobo and C. S. J. Pun, Nucl. Phys. B 805, 190 (2008). [35] M. Heydari-Fard and H. R. Sepangi, Class. Quantum Grav.26 , 235021 (2009). [36] K. Atazadeh, A. M. Ghezelbash, H. R. Sepangi; Class.Quant.Grav. 28, 085013 (2011). [37] C. Germani and R. Maartens, Phys. Rev. D 54, 124010 (2001).

[38] R. Maartens, D. Wands, B. A. Bassett and I. P. C. Heard, Phys. Rev. D 62, 041301 (2000). [39] N. Borghini, W. N. Cottingham and R. Vinh Mau, J. Phys. G 26, 771 (2000). [40] P. Binetruy, C. Deffayet and D. Langlois, Nucl. Phys. B 565, 269 (2000); P. Binetruy, C.

Deffayet, U. Ellwanger and D. Langlois, Phys. Lett. B 477, 285 (2000). [41] N. Banerjee, D. Pavon, Phys. Lett. B 647, 447 (2007).

[42] N. Banerjee and D. Pavon, Phys .Rev .D 63, 043504 (2001); Class. Quantum Grav. 18, 593 (2001).

[43] B. Bertotti, L. Iess and P. Tortora, Nature (London) 425, 374 (2003); C. M. Will, Theory and Experiment in Gravitational Physics, Cambridge University Press, Cambridge, (1993); V. Acquaviva, L. Verde, JCAP 12, 001 (2007).

[44] F. Wu, X. Chen, Phys. Rev. D 82, 083003 (2010).