arXiv:1108.1046v1 [hep-th] 4 Aug 2011

The Unified First law in “Cosmic Triad” Vector Field Scenario

Yi Zhang^{a,b,1},Yungui Gong^{a,2}, Zong-Hong Zhu^{b,3},

aCollege of Mathematics and Physics, Chongqing University of Posts and Telecommunications, Chongqing 400065, China b Department of Astronomy, Beijing Normal university, Beijing 100875, China

Abstract

In this letter, we try to apply the unified first law to the “cosmic triad” vector field scenario both in the minimal coupling case and in the non-minimal coupling case. After transferring the non-minimally coupling action in Jordan frame to Einstein frame, the correct dynamical equation (Friedmann equation) is gotten in a thermal equilibrium process by using the already existing entropy while the entropy in the non-minimal coupled “cosmic triad” scenario has not been derived. And after transferring the variables back to Jordan frame, the corresponding Friedmann equation is demonstrated to be correct. For complete arguments, we also calculate the related Misner-Sharp energy in Jordan and Einstein frames.

1Email: zhangyia@cqupt.edu.cn 2Email: gongyg@cqupt.edu.cn 3Email: zhuzh@bnu.edu.cn

1 Introduction

The profound connections between gravity and thermodynamics are suggested by many phenomena, such as the discovery of Hawking radiation and the four laws of classical black hole mechanics [1, 2, 3, 4]. Based on the geometric feature of thermodynamic quantities of black holes [5], a remarkable connection for cosmology is found by Jacobson who pointed out it is possible to derive the Einstein equations of gravitational fields from a view of thermodynamics. The keys to derive Einstein equation are the fundamental relation (Clausius relation) δQ = T dS and the form of the entropy which is proportional to the horizon area. Further studies between thermodynamics and gravity have been extended to various cosmological settings [6, 7, 8, 9, 10, 11], such as the Lovelock gravity [12, 13, 14, 15, 16], the brane-world scenario [17, 18, 19], the scalar-tensor theory [20, 21, 22, 23], the loop quantum gravity [24, 25, 26, 27, 28], the Horava-Lifshitz gravity [29], the logarithm correction scenario [30, 31, 32, 33, 34, 35], the trace anomaly correction scenario [36], and the f(R) gravity [37, 38, 39, 40, 41, 42, 43, 44, 45, 46, 47, 48, 51, 52].

In cosmology, the scalar field could be assumed to be isotropic and homogeneous to correspond with the FRW ( Friedmann-Robertson-Walker) background. It is the most popular candidate of dynamical sources for the accelerations in our universe [53, 54, 55, 56]. However, the fundamental scalar field [57, 58] has not to be probed yet. On the other hand, the vector field is common in our realistic world. The inflationary scenario with vector fields was proposed by Refs.[59, 60]. Despite the later discovered instability problems [61] in perturbations [62, 63, 64], this vector field scenario was even extended to higher spin fields in cosmology [65, 66, 67]. The “cosmic triad” scenario is one of those models that coincide with the observable isotropic and homogenous FRW background [68, 69, 70, 71, 72, 73](see also ‘N-inflation” vector field scenario proposed by Refs.[74, 75, 76] which is similar to “N-flation” in scalar field [77], the time-like vector filed scenario proposed by Refs.[78, 79, 80, 81, 82, 83, 84, 85, 86], and the exact isotropic solutions of the Einstein-Yang-Mills system proposed by Refs.[87, 88, 89, 90]). The “cosmic triad” scenario of vector field has three spatial components equal and orthogonal to each other where A_1 = (0, A, 0, 0), A_2 = (0, 0, A, 0) and A_3 = (0, 0, 0, A). In this letter, we will use view to study the relation between gravity and thermodynamics.

In a special kind of spherically symmetric black hole space-times, Padmanabhan showed that the Einstein equations on the back hole could be written into the first law of thermodynamics [6]. Cai and Kim [10] derived the Friedmann equation by assuming that the apparent horizon has temperature and entropy and applying the fundamental relation δQ = T δS to the apparent horizon of FRW universe. The Clausius relation requires the equilibrium thermodynamics. In Einstein gravity, the Clausius relation for the equilibrium thermodynamics could always hold. However, there are some arguments on the existence of thermal equilibrium process for the non-Einstein gravity, such as the scalar-tensor theory ( the f(R) theory as well). The field equation for scalar-tensor gravity needs the nonequilibrium thermodynamics arguments in Refs.[91, 92]. To get the Friedmann equation, the related thermal dynamical discussion has used the bulk viscosity entropy production term [37, 38, 39, 40]. Therefore, it is proposed to add the entropy production term to get the Friedmann equation in Ref.[38]. Meanwhile, it was noticed that the entropy of static horizon is well defined by Wald’s definition in Refs.[41, 49, 50], which is a Noether charge associated with the horizon killing vector and the correct Friedmann equation could be gotten in the non-minimally coupled gravity with equilibrium thermodynamics.

The non-minimally coupled vector fields bring us a new physical background [74, 75, 76]. The non-minimally coupled “cosmic triad” vector field scenario is quite similar to the scalar-tensor theories of gravity. Therefore, it is rather natural to ask whether the corresponding physical process is thermal equilibrium or not. Even worse, we have no idea of the entropy definition in the non-minimally coupled “cosmic triad” vector field scenario. Fortunately, the Einstein frame could be used as a bridge. The exact form of the entropy of “cosmic triad” scenario in the Jordan frame is not prerequisite. Based on the conformal transformations and the entropy form of the Einstein gravity, we can still derive the Friedmann equation.

Our derivations of the Friedmann equation will also be affected by the definition of energy. To make our arguments complete and consistent, we try to discuss general Misner- Sharp energies [93, 94] in a spherically symmetric spacetime by integral method. The generalized Misner-Sharp energy is argued to be related to the Einstein equation whose definition is clear in the Einstein gravity, but not in the non-Einstein gravity [93, 94]. The thermal equilibrium process in scalar-tensor gravity has been presented in Ref. [37, 38, 39, 40] the effective geometric part included in the total energy density. However, our results will not include the obvious effective geometric part. We use units of k_B = c = ℏ = 1 and denote the gravitational constant 8πG by κ^2 = 8πm^{−2}_{pl} where m_{pl} = G^{−1/2} is the Planck mass.

We arrange our letter as follows. In Sec.2, we introduce basic notions in thermodynamics, the temperature, the apparent horizon, the unified first law and the Clausius relation.

After that, we present the minimally coupled “cosmic triad” vector field model and deduce its dynamical equation in Sec.3. Then, in the non-minimal coupling case, considering the similarity between scalar-tensor theories and the discussed vector fields theory, we manage to get the Friedmann equation with the help of Einstein frame in Sec.4. For consistency, the results of the general Misner-Sharp energy are presented by integral method in Sec.5. The paper is concluded in Sec.6.

2 The Unified First Law

The FRW metric is one kind of spherically symmetric space time. If the closure of a hypersurface was foliated by future or past, outer or inner marginal sphere, it is the socalled trapping horizon. However, in the FRW universe, the “outer trapping horizon” does not exist, instead there are a kind of cosmological horizons called “inner trapping horizon” which is the apparent horizon in the context of the FRW cosmology. In this letter, we will not distinguish the two horizons. And, the associated thermodynamics will be discussed. The (3 + 1)-dimensional FRW universe has the metric

ds^2 = −dt^2 + a^2γ_{ij}dx^idx^j, (1)

where a is the scale factor, the metric γ_{ij} is given by γ_{ij} = dρ^2/(1 − kρ^2) + ρ^2dΩ^2_{n−1} and the three-dimensional spatial curvature of the hypersurface is parameterized as negative, zero or positive, respectively. The FRW metric could be rewritten in the double null form as well ds^2 = h_{ab}dx^adx^b + r^2dΩ^2_{n−1}, (2)

where r = a(t)ρ, x^0 = t, x^1 = ρ and the two dimensional metric is h_{ab} = diag(−1, 1/(1 − kρ^2)).

The thermodynamics will be established on the apparent horizon where the future inner trapping horizon is the boundary of a system. The dynamical apparent horizon is defined as r_A = h_{ab}∂_ar∂_br = 1 √ H^2 + k/a^2

, (3)

where H = ȧ/a is the Hubble parameter. And, the surface gravity of the trapping horizon κ_s is defined as κ_s = 1 2 ∇^a∇_ar = r_A(1 − ṙ_A 2Hr_A ), (4)

where the subcript “s” is used to note the variables for the thermodynamics specially. Then, the corresponding temperature is T = κ_s 2π = − r_A 2 (Ḣ + 2H^2 + k a^2

). (5)

For dynamical black holes, Hayward [96, 97] has proposed a relation called “unified first law” to deal with the gravity and the thermodynamics associated with trapping horizon of a dynamical black hole in four-dimensional Einstein theory. For spherically symmetrical space-times, the time-time component of the Einstein equations could be rewritten in the “unified first law” form dE = A_sΨ + W dV, (6) where A_s and V are the area and volume of the three-dimensional space. The first term in the unified first law could be interpreted as an energy-supply term, analogous to the heat-supply term in the classical first law of thermodynamics. One has

Ψ = Ψ_tdt + Ψ_ρdρ = − 1 2 (ρ^{(m)} + p^{(m)})Hrdt + 1 2 (ρ^{(m)} + p^{(m)})adρ, (7)

where the superscript “(m)” notes the variables for the total matter which includes not only the pressure matter, but also the matter field part. In this letter, we just neglect the radiation part which could be added conveniently by rewriting the Lagrangian and it would not affect our results. And, the second term in the unified first law could be interpreted as a work term. Following Refs. [10, 94, 96, 97], the work density at the apparent horizon is W = − 1 2 T^{ab}h_{ab} = 1 2 (ρ^{(m)} − p^{(m)}), (8)

which should be regarded as the work done by a change of the apparent horizon. Finally, on the left hand side of the unified first law, the energy on the apparent horizon is the generalized Misner-Sharp energy

dE = A_sΨ + A_sW dr_A = −(ρ^{(m)} + p^{(m)})A_sHr_Adt + A_sρ^{(m)}dr_A = d(ρ^{(m)}V ). (9)

On the other side, during the time interval dt, the Clausius relation gives out an energy flux δQ = T dS, (10) where δQ and T are the variation of heat flow and the Unruh temperature seen by an accelerated observer just inside the horizon. Then, by matching the heat flux of energy and the amount of energy crossing the apparent horizon, one has δQ = T dS = AΨ. (11) In Einstein gravity, the unified first law also implies the Clausius relation δQ = T dS [95]. The Clausius relation holds for all local Rindler causal horizon through each spacetime point in the equilibrium thermodynamics. Therefore, in equilibrium thermodynamics, by matching Eqs.(6) and (10), it obtains T dS = dE − W dV. (12) Combined with the temperature (5), the above equation could be rewritten as 1 2πr_A (1 − ṙ_A 2Hr_A )dS = 4πr^3_AH(ρ^{(m)} + p^{(m)})dt − 2πr^2_A(ρ^{(m)} + p^{(m)})dr_A (13)

where the equilibrium thermodynamics must hold. It has been shown that the above equation is held in Einstein gravity with the pressureless matter. However, if the vector fields were added, it is a question whether this situation will be changed or not. However, given the exact form of entropy, Eq.(13) will give out the Raychaudhuri equation which connects the geometry and the matter. Furthermore, by considering the conserved equation of the energy density, the Friedmann equation will be easily derived.

3 “Cosmic Triad” Vector Field Scenario

The “cosmic triad” vector field scenario [69] is composed of three vector fields minimally coupled with gravity, which are a set of three identical self-interacting vectors. This kind of vector fields naturally arise from a gauge theory with SU(2) or SO(3) gauge group. In this letter, Latin indices are used to label the different fields (a, b, ... = 1...3), and Greek indices are used to label the different space-time components (μ, ν, ... = 0...3). In minimal coupling case, the action of “cosmic triad” scenario is

I = ∫ d^4x √ −g [ R 16πG − 3∑ a=1 ( 1 4 F^a_{μν} F^{aμν} + V (A^{a2}) ) + L_m ] , (14) where F^a_{μν} = ∂_μA^a_ν − ∂_ν A^a_μ, A^{a2} = g^{μν} A^a_μA^a_ν , A^a_ν is the vector field and L_m is the Lagrangian of pressureless matter. The term F^a_{μν} F^{aμν} /4 could be considered as the Maxwell type kinetic energy term, and the term V (A^2) as the potential of the vector field. We assume the energy density of pressureless matter conservation

ρ̇_m + 3H(ρ_m + p_m) = 0, (15)

where the dot means a derivative with respect to time t.

In “cosmic triad” vector field scenario, the ansatz that the three vectors are equal and orthogonal to each other could be expressed as

A^b_μ = δ^b_μB(t) · a. (16)

Following Ref.[69], we could define a new variable called “physical” vector field which is B_i = A_i/a, where A_i is called “comoving” vector field. The related equation B^2 = B_iB_i = A_μA^μ = A^2 could be conveniently obtained in the FRW background. Then we could express most of our equations in term of B_i and B^2 in the following discussions. The corresponding energy density and pressure are given by

ρ_v = 3 2 (Ḃ + HB)^2 + 3V (B^2), (17)

p_v = 1 2 (Ḃ + HB)^2 − 3V (B^2) + 2B^2V^′, (18)

where the subscription “v” means the variable corresponding to the vector fields, and the prime denotes a derivative with respect to the square of vector field B, for example V^′ = dV/dB^2 = dV/dA^2. In the minimal coupling case, the energy density of the vector field is conserved as well ρ̇_v + 3H(ρ_v + p_v) = 0. (19)

And the equation of motion of vector field is

B̈ + 3HḂ + V^′ + (2H^2 + Ḣ)B = 0. (20)

Obviously, compared with scalar fields, the term (2H^2 + Ḣ)B is an additional term and therefore the dynamics of vector field is different.

In thermodynamics, there are different definitions of entropy. Hayward [96, 97] has studied blackhole’s entropy in generalized theories of gravity and proposed that the correct dynamical entropy of stationary blackhole’s solution with bifurcate Killing horizon is the Noether charge entropy. In Einstein gravity, the two definitions seems to be consistent, the entropy has such a form S = A_s 4πG . (21)

Putting the variables (17), (18) and (21) into Eq.(13), we could get the Raychaudhuri equation in the “cosmic triad” vector field scenario Ḣ − k a^2 = −4πG ( 2(Ḃ + HB)^2 + 2B^2V^′ + ρ_m + p_m ) . (22)

By using the conserved equations (15) and (19), the Friedmann equation is obtained

H^2 + k a^2 = 8πG 3 ( 3 2 (Ḃ + HB)^2 + 3V (B^2) + ρ_m ) . (23)

During the process, an integral constant has emerged which could be regarded as a cosmological constant and could be incorporated into the energy density as a special component. Here, the two energy components are conserved separately, but in the non-minimal coupling case, the situation is more complicated.

4 Non-Minimally Coupled “Cosmic Triad” Vector Field Case

In the vector field scenario, the non-minimal coupling term is used to satisfy the slow-roll conditions [71]. Without the non-minimal coupling term, the vector field could only be used as curvaton [67, 62, 63, 64]. Let us start with the action of non-minimal coupled “cosmic triad” vector field

I_n = ∫ d^4x √ −g [ f(A^2)R 16πG + 3 ( 1 4 F_{μν} F^{μν} − V (A^2) ) + L_m(g_{μν} ) ] , (24)

where the subscript “n” denotes the non-minimal coupling case, the function f(A^2) shows the non-minimal coupling effect and it will go back to the minimal coupling case when f(A^2) = 1. Some gauge-dependent second order derivatives of the vector field A_μ come from the f(A^2)R term which breaks the gauge invariance of the vector’s kinetic term.

Conformal (or Weyl ) transformations are widely used in scalar-tensor theories of gravity, the theory of scalar fields coupled nonminimally to the Ricci curvature R. Due to the similarities between the scalar-tensor theory and the non-minimal coupling ”vector filed” scenario, we could perform the conformal transformation from the Jordan frame to the Einstein frame. One could introduce auxiliary fields, or even simply redefine fields for one’s convenience. There is no unique prescription of redefining the fields of a theory. Acting on the metric by a suitable conformal transformation, the action (24) could be recast into the one in Einstein frame with the new metric,

ḡ_{μν} = f(A^2)g_{μν} , (25)

where the bar represents variables in Einstein frame. And this frame is expected to excite the generic helicity-0 ghost of the non-invariant vector theories. The corresponding action in Einstein frame is changed to [98]

Ī_n = ∫ d^4x √ ḡ [¯ R 2κ − 3 4κ Z^2(∂_μĀ^2)^2 − 1 4 F̄^{μν}F̄_{μν} − W (Ā^2) ] + ∫ d^4xL_m(ḡ_{μν} ) (26)

where the kinetic terms of the vector A_μ and the tensor g_{μν} are now diagonalized in a covariant way, and

F̄_{μν} = F_{μν} = ∂_μA_ν − ∂_ν A_μ, F̄^{μν} = ḡ^{μρ}ḡ^{νσ}F_{ρσ} = ∂_μA_ν − ∂_ν A_μ, (27) U = V f^2

, Ā^2 =

A^2 f , Z = − dln(1/f) dĀ^2 = ff^′ f − A^2f^′ . (28)

The energy densities of pressureless matter and vector fields are being rescaled as

ρ̄_m = ρ_m f^2

, (29)

ρ̄_v = 3 2f^2

(Ḃ + HB)^2 + 3 V f^2 + ḟ 2 f^2

. (30)

The energy densities of two components are not conserved separately any more. However, the total energy of matter is still conserved which includes the rescaled pressureless matter and the rescaled vector fields

˙ρ̄^{(m)} + 3H(ρ̄^{(m)} + p̄^{(m)}) = 0. (31)

where ρ̄^{(m)} = ρ̄_m + ρ̄_v and p̄^{(m)} = p̄_m + p̄_v.

In Einstein frame, the entropy could be written as

S̄ = Ā_s 4πG . (32)

In order to get the heat δQ in the Clausius relation, we have to consider the contribution from matter fields. In the Einstein frame, by using the unified first law, one could get the Raychaudhuri equation ˙H̄ − k ā^2

= −4πG(ρ̄_v + p̄_v + ρ̄_m + p̄_m). (33)

Combining the above equation with the conserved equations (31), the Friedmann equation is obtained H̄^2 + k ā^2 = 8πG 3 (ρ̄_v + ρ̄_m). (34)

In Einstein frame, the energy density has been rescaled and even the energy density of matter is no more conserved.

It should be noted that the energy measured by an observer is the one in Jordan-frame. Based on the rescaled metric, the relations of the scalar factor and the Hubble parameter between the two frames hold as

ā = √ fa, H̄ = dā ādt = H + ḟ 2f . (35)

Then the Friedmann equation (34) in the Einstein frame could be transferred to the one in the Jordan frame

H^2 + k a^2 = 8πG 3 ( 3 2 (Ḃ^2 + HB)^2 + 3V + 6H(ḟ + Hf) + ρ_m ) . (36)

It is just the correct Friedmann equation in the non-minimally coupled “cosmic triad” vector field scenario.

In a short summary, the form of the entropy in the non-minimally coupled “cosmic triad” scenario is needed to directly get the Friedmann equation. Unfortunately, such entropy is unknown. Therefore, we transfer the Jordan frame to the Einstein frame where the definition of the entropy is clear. In the Einstein frame, we have obtained the dynamical equation with the rescaled variables. At last, by transferring these variables back to the Jordan frame, one has the correct Friedmann equation.

The equilibrium thermodynamics could be held in Einstein frame. As the exact physics in the Jordan frame is unknown, there are clearly at least two possibilities for this theory. If the thermodynamics in Jordan frame is in equilibrium, the thermal process are both equilibrious before and after the conformal transformation. But, if it is a non-thermal equilibrium process in the Jordan frame which is contrast to the Einstein frame case, the derived Friedmann equation is just a coincidence. This problem could be left to quantum gravity.

5 The Generalized Misner-Sharp Energy

Due to the strong equivalence principle, the energy-momentum pseudo-tensor of gravitational field will vanish at any point of spacetime in a locally flat coordinate. Therefore, a local energy density of gravitational field does not make any sense [99]. However, there exist two well-known definitions of total energy: the Bondi-Sachs (BS) energy [100] and the Arnowitt-Deser-Misner (ADM) energy [101]. And, considering a boundary of a given region in spacetime, it is possible to define quasi-local energy, for instance, Brown-York energy [102], Misner-Sharp energy [93], etc. In particularly, at null and spatial infinity, the Misner-Sharp mass reduce to the BS and ADM energies [96, 97]. When the notion of generalized Misner-Sharp energy (or mass) is introduced, it seems clear to write and interpret the unified first law [96, 97].

Based on the method developed in Ref.[95] where the Einstein equations are used, we will calculate the corresponding Misner-Sharp energy E_M which is defined in a spherically symmetric spacetime of the “cosmic triad” vector field model. The integral method which is introduced in Ref.[95] shows that the definition of the generalized Misner-Sharp energy depends on a constraint condition. For convenience, another form of double-null metric is considered in Ref.[95],

ds^2 = −dt^2 + e^{2ψ(t,ρ)}dρ^2 + r^2(t, ρ)(dθ^2 + sin^2 θdϕ^2). (37) where r(t, ρ) ≡ a(t)ρ and e^{ψ(t,ρ)} = a(t)/ √ 1 − kρ^2. Following the integral method, we try to list the generalized Misner-Sharp masses.

5.1 Minimal Coupling case

Under the double-null metric (37), the generalized Misner-Sharp energy acts as the boundary of a finite region under consideration in the Einstein gravity. Here, we choose the method developed in Ref.[95] to calculate the generalized Misner-Sharp mass which could be used both for the minimal and for the non-minimal coupling cases. Based on the definition, the general Misner-Sharp mass is

E_M = r 2G (1 − h^{ab}∂_ar∂_br) = r^3 2G (H^2 + k a^2

). (38)

In the small-sphere limit, the leading term of E_M is the production of the volume and the energy density of matter [96],

E_M = ρ^{(m)}V = 4πr^3 3 ( 3 2 (Ḃ + HB)^2 + 3V (B^2) + ρ_m ) . (39)

Matching the above equations (38) and (39), the Friedman Equation could be gotten. However, Einstein equation is used in the derivation of Eq.(39). Therefore, it is not a surprise to get the Friedmann equation. This calculation demonstrates that the Misnersharp is a consistent variable in Einstein equation. Therefore, for the unified first law, the Misner-Sharp energy is also a consistent quantity.

5.2 Non-Minimal Coupling case in Jordan Frame

The generalized Misner-Sharp mass is related to the Einstein equation closely. And, the integral method could be used both in Jordan and in Einstein frames. Therefore, even in the non-minimal coupling case, we could get the generalized Misner-Sharp mass. For metric (37), by using the action (24), the component of the matter part of the stress-energy tensor is 8πGT^{(m)}_{tt} = 3f( k a^2 + H^2

) + 3Hḟ, 8πGT^{(m)}_{tρ} = 0 (40) 8πGT^{(m)}_{ρρ} = a^2 1 − kρ^2 ( −f( k a^2

+ H^2 + 2ä a ) − f̈ − 2Hḟ ) (41)

and based on the unified first law, the generalized Misner-Sharp mass is dE_{nM} = A_sΨ + W dV = C(t, ρ)dt + D(t, ρ)dρ, (42) where

C(t, ρ) = 4πr^2e^{−2ψ}(T^{(m)}_{tρ} r_{,ρ} − T^{(m)}_{ρρ} r_{,t}) = 1 2 Hr^3 [ f( k a^2

+ H^2 + 2ä a ) + f̈ + 2Hḟ ] ,(43)

D(t, ρ) = 4πr^2(T^{(m)}_{tt} r_ρ − T^{(m)}_{tρ} r_{,t}) = 1 2 ρ^2a^3 [ 3f( k a^2

) + 3Hḟ ] . (44)

Then, the energy could be calculated as: E_{nM} = ∫ D(t, ρ)dρ + ∫ [ C(t, ρ) − ∂ ∂t ∫ D(t, ρ)dρ ] dt (45)

If the parameters C and D satisfy the constraint condition ∂C(t, ρ) ∂ρ − ∂D(t, ρ) ∂t = 0, (46)

the generalized Misner-Sharp mass will be gotten E_{nM} = r^3 2G ( f(B^2)( k a^2

+ H^2) + Hḟ(B^2) ) . (47)

And in the small-sphere limit of the non-minimal coupling case, the leading term in E_{nM} is the production of volume and the energy density of the matter E_{nM} = 4πr^3 3 ρ^{(m)} = 4πr^3 3 ( ρ_m + 3 2 (Ḃ + HB)^2 + 3V ) . (48)

It is a consistent result that the Friedmann equation is given out by combining Eqs.(47) and (48).

5.3 Non-Minimal Coupling case in Einstein Frame

In Einstein frame, the definition of the Misner-Sharp energy gives out the geometric representation Ē_{nM} = r 2G (1 − h̄^{ab}∂_ar∂_br) = r^3 2G ( k a^2

+ H̄^2 ) . (49)

And, in the non-minimal coupling case, the total matter contains the redefined vector field and the pressureless matter. In small-sphere limit, by using the Einstein equation, the leading term of Ē_{nM} is the production of the volume and the energy density of total matter

Ē_{nM} = 4πr^3 3 ρ̄^{(m)} = 4πr^3 3 (ρ̄_m + ρ̄_v) . (50)

Then, combined with Eq.(49) and (50), the Friedmann Equation (36) is gotten in the Einstein frame. After another conformal transformation, we could get the correct Friedmann equation (36) in Jordan frame. The correctness of Friedmann equation makes sure that our arguments on the unified first law are consistent.

Compared with Eqs.(48) and (50), the generalized Misner-Sharp energy is being rescaled. However, the Misner-Sharp energy is corresponding to the production of the volume and the energy density of the matter( ρ^{(m)}V in Jordan frame and ρ̄^{(m)}V in Einstein frames). The conformal transformation extracts the freedom in the non-minimally coupled “cosmic triad” vector field theory, and the energy density and the Misner-Sharp mass are both rescaled.

6 Conclusion

Compared with scalar fields, the dynamics of vector fields are more complicated. In this letter, we try to find out the relations between thermodynamics and “cosmic triad” vector field scenario.

In the minimal coupling case of “cosmic triad” scenario, considering the entropy is proportional to the area of horizon in Einstein gravity, dS = dA/4πG is used for the Clausius relation. Additionally, with the unified first law, we get the correct Friedmann equation as expected. However, in the non-minimally coupled “cosmic triad” system, there is no corresponding entropy. Because of the similarity between “cosmic triad” scenario and scalar-tensor theory, we transformed the non-minimally coupled vector field in the Jordan frame to the Einstein frame. In Einstein frame, the form of entropy dS̄ = dĀ/4πG could be used. The Friedmann equation was gotten successfully by using the unified first law of thermodynamics. By matching the variables in the two frames, the Friedmann equation is demonstrated to be correct even in the Jordan frame. Furthermore, we calculated the generalized Misner-Sharp energy as well which is a key variable for the derivations of dynamical equations. The generalized Misner-Sharp energy is the production of the volume and the energy density of the matter and is demonstrated to be consistent with the unified first law.

In conclusion, the unified first law which connects gravity and thermodynamics is a useful way to get the Friedmann equation in the “cosmic triad” vector field scenario. The correct Friedmann equation is obtained by means of the Einstein frame and the generalized

Misner-Sharp energy.

Acknowledgements

YZ thanks Prof. Rong-gen Cai and Dr. Ya-peng Hu for useful discussions. We thanks the valuable comments form the anonymous referee. This work was supported by the Ministry of Science and Technology of China national basic science Program (973 Project) under grant Nos. 2007CB815401 and 2010CB833004, the National Natural Science Foundation of China key project under grant No. 10935013, the National Natural Science Foundation of China under grant Nos.11005164 and 11073005, the Distinguished Young Scholar Grant 10825313, CQ CSTC under grant Nos. 2009BA4050 and 2010BB0408, and CQ MEC under grant No. KJTD201016. YZ was partially supported by China Postdoc Grant No.20100470237.

References

[1] J. M. Bardeen, B. Carter and S. W. Hawking, Commun. Math. Phys. 31, 161 (1973). [2] J. D. Bekenstein, Phys. Rev. D 7, 2333 (1973).

[3] S. W. Hawking, Commun. Math. Phys. 43, 199 (1975) [Erratum-ibid. 46, 206 (1976)]. [4] G. W. Gibbons and S. W. Hawking, Phys. Rev. D 15, 2738 (1977). [5] T. Jacobson, Phys. Rev. Lett. 75, 1260 (1995). [6] T. Padmanabhan, Class. Quant. Grav. 19, 5387 (2002). [7] A. V. Frolov and L. Kofman, JCAP 0305, 009 (2003). [8] U. H. Danielsson, Phys. Rev. D 71, 023516 (2005). [9] R. Bousso, Phys. Rev. D 71, 064024 (2005). [10] R. G. Cai and S. P. Kim, JHEP 0502, 050 (2005). [11] M. Akbar, Chin. Phys. Lett. 25, 4199 (2008). [12] M. Akbar and R. G. Cai, Phys. Lett. B 635, 7 (2006). [13] M. Akbar and R. G. Cai, Phys. Rev. D 75, 084003 (2007).

[14] T. Padmanabhan, AIP Conf. Proc. 861, 179 (2006) [arXiv:astro-ph/0603114];

A. Paranjape, S. Sarkar and T. Padmanabhan, Phys. Rev. D 74, 104015 (2006); T. Padmanabhan, Gen. Rel. Grav. 40, 529 (2008); D. Kothawala and T. Padmanabhan, Phys. Rev. D 79, 104020 (2009).

[15] R. G. Cai, L. M. Cao, Y. P. Hu and S. P. Kim, Phys. Rev. D 78, 124012 (2008). [16] R. G. Cai, L. M. Cao and N. Ohta, Phys. Rev. D 81, 024018 (2010) [arXiv:0911.0245 [hep-th]].

[17] R. G. Cai and L. M. Cao, Nucl. Phys. B 785, 135 (2007); R. G. Cai, Prog. Theor.

Phys. Suppl. 172, 100 (2008); A. Sheykhi, B. Wang and R. G. Cai, Nucl. Phys. B 779, 1 (2007); Phys. Rev. D 76, 023515 (2007); X. H. Ge, Phys. Lett. B 651, 49 (2007); S. F. Wu, G. H. Yang and P. M. Zhang, arXiv:0710.5394 [hep-th]; A. Sheykhi and B. Wang, arXiv:0811.4477 [hep-th]; A. Sheykhi and B. Wang, Phys. Lett. B 678, 434 (2009); T. Zhu, J. R. Ren and S. F. Mo, arXiv:0805.1162 [gr-qc].

[18] Y. Gong and A. Wang, Phys. Rev. Lett. 99, 211301 (2007). [19] N. Sakai and J. D. Barrow, Class. Quant. Grav. 18, 4717 (2001). [20] Y. Gong, B. Wang and A. Wang, JCAP 0701, 024 (2007). [21] Y. Gong, B. Wang and A. Wang, Phys. Rev. D 75, 123516 (2007). [22] E. N. Saridakis, P. F. Gonzalez-Diaz and C. L. Siguenza, Class. Quant. Grav. 26, 165003 (2009).

[23] P. Wang, Phys. Rev. D 72, 024030 (2005).

[24] K. A. Meissner, Class. Quant. Grav. 21, 5245 (2004) [arXiv:gr-qc/0407052]. [25] S. Hod, Class. Quant. Grav. 21, L97 (2004) [arXiv:hep-th/0405235]. [26] C. Rovelli, Phys. Rev. Lett. 77, 3288 (1996) [arXiv:gr-qc/9603063]. A. Ashtekar, J. Baez, A. Corichi and K. Krasnov, Phys. Rev. Lett. 80, 904 (1998) [arXiv:gr-qc/9710007]. A. Chatterjee and P. Majumdar, arXiv:gr-qc/0303030.

[27] R. G. Cai, L. M. Cao and Y. P. Hu, JHEP 0808, 090 (2008).

[28] L. F. Li and J. Y. Zhu, Adv. High Energy Phys. 2009, 905705 (2009); K. Xiao and J. Y. Zhu, arXiv:1001.0306 [gr-qc].

[29] Y. S. Myung and Y. W. Kim, arXiv:0905.0179 [hep-th]; R. G. Cai, L. M. Cao and N. Ohta, Phys. Lett. B 679, 504 (2009); Y. S. Myung, ibid. 678, 127 (2009); A. Wang and Y. Wu, JCAP 0907, 012 (2009); R. G. Cai and N. Ohta, arXiv:0910.2307 [hep-th]; M. Wang, J. Jing, C. Ding and S. Chen, arXiv:0912.4832 [gr-qc].

[30] R. K. Kaul and P. Majumdar, Phys. Rev. Lett. 84, 5255 (2000) [arXiv:gr-qc/0002040]. [31] A. Ghosh and P. Mitra, Phys. Rev. D 71, 027502 (2005) [arXiv:gr-qc/0401070].

M. Domagala and J. Lewandowski, Class. Quant. Grav. 21, 5233 (2004) [arXiv:gr-qc/0407051].

[32] A. J. M. Medved, Class. Quant. Grav. 22, 133 (2005) [arXiv:gr-qc/0406044]. [33] S. Das, P. Majumdar and R. K. Bhaduri, Class. Quant. Grav. 19, 2355 (2002) [arXiv:hep-th/0111001]. S. Mukherji and S. S. Pal, JHEP 0205, 026 (2002) [arXiv:hep-th/0205164].

[34] T. Zhu, J. R. Ren and M. F. Li, Phys. Lett. B 674, 204 (2009). [35] R. G. Cai, L. M. Cao and N. Ohta, JHEP 1004, 082 (2010) [arXiv:0911.4379 [hep-th]]. [36] J. E. Lidsey, Class. Quant. Grav. 26, 147001 (2009). [37] M. Akbar and R. G. Cai, Phys. Lett. B 648, 243 (2007). [38] R. G. Cai and L. M. Cao, Phys. Rev. D 75, 064008 (2007).

[39] G. Chirco and S. Liberati, Phys. Rev. D 81, 024016 (2010) [arXiv:0909.4194 [gr-qc]]. [40] S. F. Wu, B. Wang and G. H. Yang, Nucl. Phys. B 799, 330 (2008). [41] E. Elizalde and P. J. Silva, Phys. Rev. D 78, 061501 (2008). [42] R. M. Wald, Phys. Rev. D 48, 3427 (1993);

[43] R. Brustein and M. Hadad, Phys. Rev. Lett. 103, 101301 (2009). [44] K. Bamba, C. Q. Geng and S. Tsujikawa, Phys. Lett. B 688 (2010) 101 [arXiv:0909.2159 [gr-qc]].

[45] K. Bamba, C. Q. Geng, S. Nojiri and S. D. Odintsov, Europhys. Lett. 89, 50003 (2010). [46] K. Bamba and C. Q. Geng, JCAP 1006, 014 (2010) [arXiv:1005.5234 [gr-qc]]. [47] M. K. Parikh and S. Sarkar, arXiv:0903.1176 [hep-th]. V. Iyer and R. M. Wald, Phys.

Rev. D 50, 846 (1994) [arXiv:gr-qc/9403028].

[48] R. Brustein, D. Gorbonos and M. Hadad, Phys. Rev. D 79, 044025 (2009). [49] S. F. Wu, X. H. Ge, P. M. Zhang and G. H. Yang, Phys. Rev. D 81, 044034 (2010) [arXiv:0912.4633 [gr-qc]].

[50] F. Briscese and E. Elizalde, Phys. Rev. D 77, 044009 (2008). [51] T. Jacobson, G. Kang and R. C. Myers, Phys. Rev. D 49, 6587 (1994). [52] G. Cognola, E. Elizalde, S. Nojiri, S. D. Odintsov and S. Zerbini, JCAP 0502, 010 (2005).

[53] A. H. Guth, Phys. Rev. D 23, 347 (1981). [54] A. D. Linde, Phys. Lett. B 108, 389 (1982).

[55] A. G. Riess et al. [Supernova Search Team Collaboration], Astron. J. 116, 1009 (1998) [arXiv:astro-ph/9805201].

[56] S. Perlmutter et al. [Supernova Cosmology Project Collaboration], Astrophys. J. 517, 565 (1999) [arXiv:astro-ph/9812133].

[57] L. Kofman and S. Mukohyama, Phys. Rev. D 77, 043519 (2008) [arXiv:0709.1952 [hep-th]].

[58] A. Linde, JHEP 0111, 052 (2001) [arXiv:hep-th/0110195].

[59] L. H. Ford, In *Perth 1988, Proceedings, Recent developments in theoretical and experimental general relativity, gravitation and relativistic field theories, pt. A* 893-896. (see Conference Index) [60] L. H. Ford, Phys. Rev. D 40, 967 (1989).

[61] B. Himmetoglu, C. R. Contaldi and M. Peloso, Phys. Rev. Lett. 102, 111301 (2009) [arXiv:0809.2779 [astro-ph]]. B. Himmetoglu, C. R. Contaldi and M. Peloso, Phys. Rev. D 79, 063517 (2009) [arXiv:0812.1231 [astro-ph]]. B. Himmetoglu, C. R. Contaldi and M. Peloso, Phys. Rev. D 80 (2009) 123530 [arXiv:0909.3524 [astro-ph.CO]]. A. Golovnev, Phys. Rev. D 81 (2010) 023514 [arXiv:0910.0173 [astro-ph.CO]].

[62] K. Dimopoulos, Phys. Rev. D 74, 083502 (2006) [arXiv:hep-ph/0607229]. [63] K. Dimopoulos and M. Karciauskas, JHEP 0807, 119 (2008) [arXiv:0803.3041 [hepth]].

[64] K. Dimopoulos, M. Karciauskas, D. H. Lyth and Y. Rodriguez, JCAP 0905, 013 (2009) [arXiv:0809.1055 [astro-ph]].

[65] C. Germani and A. Kehagias, JCAP 0903, 028 (2009) [arXiv:0902.3667 [astro-ph.CO]]. [66] T. Kobayashi and S. Yokoyama, JCAP 0905, 004 (2009) [arXiv:0903.2769 [astroph.CO]].

[67] T. S. Koivisto, D. F. Mota and C. Pitrou, arXiv:0903.4158 [astro-ph.CO]. [68] M. C. Bento, O. Bertolami, P. V. Moniz, J. M. Mourao and P. M. Sa, Class. Quant.

Grav. 10, 285 (1993) [arXiv:gr-qc/9302034].

[69] C. Armendariz-Picon, JCAP 0407, 007 (2004) [arXiv:astro-ph/0405267]. [70] Y. Zhang, Y. G. Gong and Z. H. Zhu, Class. Quant. Grav. 27, 135019 (2010) [arXiv:0912.4766 [astro-ph.CO]].

[71] Y. Zhang, Phys. Rev. D 80 (2009) 043519 [arXiv:0903.3269 [astro-ph.CO]]. [72] H. Wei and R. G. Cai, Phys. Rev. D 73, 083002 (2006) [arXiv:astro-ph/0603052]. [73] T. Chiba and M. Yamaguchi, arXiv:0810.5387 [astro-ph].

[74] A. Golovnev, V. Mukhanov and V. Vanchurin, JCAP 0806, 009 (2008) [arXiv:0802.2068 [astro-ph]].

[75] A. Golovnev, V. Mukhanov and V. Vanchurin, JCAP 0811, 018 (2008) [arXiv:0810.4304 [astro-ph]].

[76] A. Golovnev and V. Vanchurin, Phys. Rev. D 79 (2009) 103524 [arXiv:0903.2977 [astroph.CO]].

[77] S. Dimopoulos, S. Kachru, J. McGreevy and J. G. Wacker, JCAP 0808, 003 (2008) [arXiv:hep-th/0507205].

[78] V. V. Kiselev, Class. Quant. Grav. 21, 3323 (2004) [arXiv:gr-qc/0402095]. [79] S. M. Carroll and E. A. Lim, Phys. Rev. D 70, 123525 (2004) [arXiv:hep-th/0407149].

[80] E. A. Lim, Phys. Rev. D 71, 063504 (2005) [arXiv:astro-ph/0407437]. [81] C. G. Boehmer and T. Harko, Eur. Phys. J. C 50, 423 (2007) [arXiv:gr-qc/0701029]. [82] T. S. Koivisto and D. F. Mota, JCAP 0808, 021 (2008) [arXiv:0805.4229 [astro-ph]]. [83] S. Koh and B. Hu, arXiv:0901.0429 [hep-th]. [84] S. Koh, arXiv:0902.3904 [hep-th].

[85] S. M. Carroll, T. R. Dulaney, M. I. Gresham and H. Tam, arXiv:0812.1049 [hep-th]. [86] B. Li, D. Fonseca Mota and J. D. Barrow, Phys. Rev. D 77, 024032 (2008) [arXiv:0709.4581 [astro-ph]].

[87] Y. Hosotani, Phys. Lett. B 147, 44 (1984).

[88] D. V. Galtsov and M. S. Volkov, Phys. Lett. B 256 (1991) 17.

[89] W. Zhao and Y. Zhang, Class. Quant. Grav. 23, 3405 (2006) [arXiv:astro-ph/0510356]. [90] W. Zhao and Y. Zhang, Phys. Lett. B 640, 69 (2006) [arXiv:astro-ph/0604457]. [91] C. Eling, R. Guedens and T. Jacobson, Phys. Rev. Lett. 96, 121301 (2006). [92] C. Eling, JHEP 0811, 048 (2008).

[93] C. W. Misner and D. H. Sharp, Phys. Rev. 136, B571 (1964); S. A. Hayward, Phys.

Rev. D 49, 831 (1994) [arXiv:gr-qc/9303030]; S. A. Hayward, Phys. Rev. D 53, 1938 (1996) [arXiv:gr-qc/9408002].

[94] D. Bak and S. J. Rey, Class. Quant. Grav. 17, L83 (2000).

[95] R. G. Cai, L. M. Cao, Y. P. Hu and N. Ohta, Phys. Rev. D 80, 104016 (2009) [arXiv:0910.2387 [hep-th]].

H. Maeda and M. Nozawa, Phys. Rev. D 77, 064031 (2008) [arXiv:0709.1199 [hep-th]]. [96] S. A. Hayward, Class. Quant. Grav. 15, 3147 (1998) [arXiv:gr-qc/9710089]. [97] S. A. Hayward, S. Mukohyama and M. C. Ashworth, Phys. Lett. A 256, 347 (1999) [arXiv:gr-qc/9810006].

[98] G. Esposito-Farese, C. Pitrou and J. P. Uzan, Phys. Rev. D 81 (2010) 063519 [arXiv:0912.0481 [gr-qc]].

[99] C. W. Misner, K. S. Thorne and J. A. Wheeler, Gravitation (Freeman, San Francisco 1973); R. M. Wald, General Relativity (Chicago, The University of Chicago Press, 1984); L. D. Landau and E. M. Lifshitz, The Classical Theory of Fields (Beijing, Butterworth-Heinemann, 1999). C. Moller, Annals Phys. 4 (1958) 347; C. Moller, Annals Phys. 12 (1961) 118; L. B. Szabados, Living Rev. Rel. 7, 4 (2004).

[100] H. Bondi, M. G. J. van der Burg and A. W. K. Metzner, Proc. Roy. Soc. Lond. A 269 (1962) 21; R. K. Sachs, Proc. Roy. Soc. Lond. A 270, 103 (1962); R. P. Geroch and J. Winicour, J. Math. Phys. 22, 803 (1981).

[101] R. L. Arnowitt, S. Deser and C. W. Misner, Phys. Rev. 116, 1322 (1959);

R. L. Arnowitt, S. Deser and C. W. Misner, arXiv:gr-qc/0405109.

[102] J. D. Brown and J. W. . York, Phys. Rev. D 47, 1407 (1993) [arXiv:gr-qc/9209012].