Published by Institute of Physics Publishing for SISSA/ISAS Received: September 13, 2004 Accepted: October 21, 2004

AdS/CFT correspondence and the reheating of the brane-universe

Eleftherios Papantonopoulos^{ab} and Vasilis Zamarias^b

aInstitute of Cosmology and Gravitation, University of Portsmouth Portsmouth PO1 2EG, U.K.

bDepartment of Physics, National Technical University of Athens Zografou Campus GR 157 73, Athens, Greece E-mail: lpapa@central.ntua.gr, zamarias@central.ntua.gr

Abstract: We present a mechanism for exit from inflation and reheating using the AdS/CFT correspondence. A cosmological evolution is induced on a probe D3-brane as it moves in a black D-brane background of type-0 string theory. If the tachyon field is non zero, inflation is induced on the brane-universe, with the equation of state parameter in the range −1 < w < −1/3 depending on the position of the probe brane in the bulk. As the probe brane approaches the horizon of the background black hole, the inflation rate decreases and the value of w gets larger. At some critical distance away from the horizon, inflation ends. When the brane-universe reaches the horizon, the conformal invariance is restored, the background geometry becomes AdS_5 × S^5, and the brane-universe feels the CFT thermal radiation and reheats.

Keywords: D-branes, Tachyon Condensation, AdS-CFT and dS-CFT Correspondence.

© SISSA/ISAS 2004 http://jhep.sissa.it/archive/papers/jhep102004051 /jhep102004051 .pdf

Contents

1. Introduction 1

2. A probe D3-brane moving in a near-horizon AdS_5 × S^5 black hole background 3

3. The non-conformal type-0 string background 7

4. AdS/CFT correspondence, exit from inflation and reheating 8

5. Conclusions 11

1. Introduction

All recent observational data supports the idea that our universe in its early cosmological evolution had an inflationary phase. The most conventional inflationary dynamics is described by a scalar field, the inflaton, with a self-interacting potential [1] and the exit from inflation and reheating of the universe happens when the inflaton field reaches the minimum of the potential and starts oscillating around that minimum. This inflationary scenario can cure the problems of the standard cosmology, like the horizon, flatness and monopole problems, and the inflationary dynamics parametrized by the inflaton field is adequate to describe most of the observational data. However, it is very difficult to produce a complete theoretical model where all the inflationary dynamics comes out in a consistent way from the theory [2]. Specifically, understanding the mechanism of the exit from inflation and reheating is of fundamental interest in the inflationary scenario.

In this direction, it is important to apply new theoretical ideas for understanding the inflationary scenario and the mechanisms involved. Recently, motivated by string theory, the idea of AdS/CFT correspondence was proposed. The AdS/CFT correspondence is build on Maldacena conjecture [3], that the (3+1)-dimensional world-volume of N coinciding D3-branes, in the large N limit, is dual to type IIB superstrings, propagating on the near-horizon AdS_5 × S^5 background geometry [4]. A very important consequence of this conjecture is that, because the (3+1)-dimensional world-volume of N coinciding D3-branes give rise to N = 4 supersymmetric SU(N) Yang-Mills (SYM) theory [5]–[8], the thermodynamics of Yang-Mills theory is linked with the thermodynamics of Schwarzschild black holes embedded in the AdS space [9].

Many ideas about AdS/CFT correspondence were influenced by the intriguing concept of ”holography” [10, 11]. The underlying principle, which was originated in the Bekenstein bound [12], is based on the notion that the maximal entropy that can be stored within a given volume will be determined by the largest black hole fitting inside that volume. Since

– 1 – the entropy of a black hole is essentially given by its surface area, it follows directly that all the relevant degrees of freedom of any system must in some sense live on the boundary enclosing that system.

Recently, using the holographic principle, the entropy bounds in a radiation dominated closed Friedmann-Robertson-Walker universe was analyzed [13]. It was found a surprising similarity between Cardy’s entropy formula for 1+1 dimensional CFT and the Friedmann equation governing the evolution of the universe. After a suitable identification, it was shown that actually the Cardy’s formula [14] maps to the Friedmann equation. In a further development [15] this correspondence between Cardy’s formula and the Friedmann equation was tested in the Randall-Sundrum type model [16]. In the case where the bulk is a Schwarschild-AdS background and there is no matter on the brane, the correspondence between Cardy’s formula and the Friedmann equation is recovered when the brane crosses the black hole horizon.

We generalized these results in [17] where, using the AdS/CFT correspondence we studied the holographic principle in the near-horizon AdS_5 × S^5 geometry with a probe D3-brane playing the rôle of the boundary to this space. The motion of the probe D3- brane in the bulk, induces a cosmological evolution on the brane. As the brane crosses the horizon of the bulk Schwarzschild-AdS_5 black hole, it probes the holography of the dual CFT. We tested the holographic principle and we found corrections to the entropy relations in various physical cases: for radially moving, spinning and electrically charged D3-brane and for a NS/NS B-field in the bulk.

The cosmological evolution on the brane due to its motion in higher dimensional spacetimes was studied in [18] where the Israel matching conditions were used to relate the bulk to the domain wall (brane) metric, and some interesting cosmological solutions were found. In [19] a universe three-brane is considered in motion in ten-dimensional space in the presence of a gravitational field of other branes. It was shown that this motion in ambient space induces cosmological expansion (or contraction) on our universe, simulating various kinds of matter. This is known as Mirage Cosmology. Using the technics of Mirage cosmology we showed in [20, 21], that if a probe D3-brane moves in a non-conformal background of type-0 string theory, with constant values of dilaton and tachyon fields, a cosmological evolution is induced on the brane-universe, which for some range of the parameters has an inflationary phase and there is also an exit from this phase [22]. In [23], using similar technics the cosmological evolution of the three-brane in the background of type IIB string theory was also considered.

Type-0 string theory is interesting because it does not have space-time supersymmetry and as a result of GSO projection a tachyon field appears in the action [25, 26, 28]. Actually the tachyon field manifests itself in two ways: through its tachyon potential and a function f(T) which couples to the RR flux of the background. It was shown that if this function has an extremum then, because of its coupling to the RR field, stabilizes the tachyon potential driving its mass to positive values [25, 29].

Another appealing feature of type-0 string theory is that, when the tachyon field is non trivial, because of its coupling to dilaton field, there is a renormalization group flow from infrared (IR) to ultra violet (UV) [26, 27]. This corresponds to a flow of the couplings

– 2 – of the dual gauge theory from strong (IR region) to weak couplings (UV region) where the dilaton field gets small and the tachyon field requires a constant value. However, because the evolution equations are complicated when the tachyon and dilaton fields are not constant, the analytic evolution from IR to UV fixed points is not known, and only the behaviour of the theory near the fixed points is well understood. At these two fixed points it has been shown that the background geometry asymptotes to the near-horizon AdS_5 × S_5 geometry [25, 28].

In this work we will use the AdS/CFT correspondence to propose a mechanism for exit from inflation and reheating in the case of a brane-universe moving in a type-0 string background [20, 21, 22, 24]. We will first show that as the brane moves in a conformal AdS_5 ×S^5 background, there is no inflation induced on the brane-universe. If the background is generated by the field of other Dp-branes then inflation is possible. In particular we will show that when a probe D3-brane is moving in a black D-brane type-0 string background, inflation is induced on the brane-universe when the tachyon field is not zero, and inflation has its maximum rate when it condenses. During inflation, the equation of state parameter w has the value w = −1 when the brane is away from the horizon of the background black hole, while it is increasing, as the brane is approaching the horizon. We will also show, that there is a critical distance from the horizon where inflation on the brane-universe stops and the equation of state parameter becomes w = −1/3. When the brane reaches the horizon, the equation of state parameter becomes w = 1/3, the background geometry is AdS_5 × S^5 and then because of the AdS/CFT correspondence, the brane-universe feels the thermal radiation and reheats.

The paper is organized as follows. After the introduction in section 1, we briefly describe the technics of Mirage cosmology in section 2 and we apply these technics to a conformal near-horizon AdS_5 × S^5 background. In section 3 we discuss the case of a probe D3-brane moving in a general background generated by other Dp-branes and in particular the brane motion in the D-brane type-0 string background. In section 4 we discuss the inflation generated on the brane-universe and the mechanism to exit from it and reheating, and finally in section 5 are our conclusions.

2. A probe D3-brane moving in a near-horizon AdS_5 × S^5 black hole background

Consider a probe D3-brane moving in a generic static, spherically symmetric background. We assume the brane to be light compared to the background so that we will neglect the back-reaction. The background metric we consider has the general form ds^2_{10} = g_{00}(r)dt^2 + g(r)(d⃗x)^2 + g_{rr}(r)dr^2 + g_S (r)dΩ_5 , (2.1) where g_{00} is negative, and there is also a dilaton field Φ as well as a RR background C(r) = C_{0...3}(r) with a self-dual field strength.

The dynamics on the brane will be governed by the Dirac-Born-Infeld action given by

S = T_3 ∫ d^4ξe^{−Φ} √ − det(Ĝ_{αβ} + (2πα^′)F_{αβ} − B_{αβ} ) + T_3 ∫ d^4ξĈ_4 + anomaly terms . (2.2)

– 3 –

The induced metric on the brane is Ĝ_{αβ} = G_{μν} ∂x^μ∂x^ν ∂ξ^α∂ξ^β , (2.3)

with similar expressions for F_{αβ} and B_{αβ}. For an observer on the brane the Dirac-Born- Infeld action is the volume of the brane trajectory modified by the presence of the antisymmetric two-form B_{αβ} , and worldvolume anti-symmetric gauge fields F_{αβ}. As the brane moves the induced world-volume metric becomes a function of time, so there is a cosmological evolution from the brane point of view [19].

In the static gauge, x^α = ξ^α, α = 0, 1, 2, 3 using (2.3) we can calculate the bosonic part of the brane lagrangian which reads L = √ A(r) − B(r)ṙ^2 − D(r)h_{ij}φ̇^iφ̇^j − C(r) , (2.4)

where h_{ij} dφ^idφ^j is the line element of the unit five-sphere, and

A(r) = g^3(r)|g_{00}(r)|e^{−2Φ} , B(r) = g^3(r)g_{rr}(r)e^{−2Φ} , D(r) = g^3(r)g_S (r)e^{−2Φ} , (2.5)

and C(r) is the RR background. The problem is effectively one-dimensional and can be solved easily. The momenta are given by

p_r = − B(r)ṙ √ A(r) − B(r)ṙ^2 , p_i = − D(r)h_{ij}ϕ̇^j √ A(r) − B(r)ṙ^2 − D(r)h_{ij}ϕ̇^iϕ̇^j . (2.6)

Since (2.4) is not explicitly time dependent and the ϕ-dependence is confined to the kinetic term for ϕ̇, for an observer in the bulk, the brane moves in a geodesic parametrised by a conserved energy E and a conserved angular momentum l^2 given by E = ∂L ∂ṙ ṙ + ∂L ∂ϕ̇^i ϕ̇^i − L = p_rṙ + p_iϕ̇^i − L ,

l^2 = h^{ij} ∂L ∂ϕ̇^i ∂L ∂ϕ̇^j = h^{ij} p_ip_j . (2.7)

Solving these expressions for ṙ and ϕ̇ we find

ṙ^2 = A B ( 1 − A (C + E)^2

D + ℓ^2 D ) , h_{ij}φ̇^iφ̇^j =

A^2ℓ^2 D^2(C + E)^2

. (2.8)

The allowed values of r impose the constraint that C(r) + E ≥ 0. The induced fourdimensional metric on the brane, using (2.3) in the static gauge, is

dŝ^2 = (g_{00} + g_{rr}ṙ^2 + g_S h_{ij}φ̇^iφ̇^j )dt^2 + g(d⃗x)^2 . (2.9)

In the above relation we substitute ṙ^2 and h_{ij}φ̇^iφ̇^j from (2.8), and using (2.5) we get

dŝ^2 = − g^2_{00}g^3e^{−2ϕ} (C + E)^2 dt^2 + g(d⃗x)^2 . (2.10)

– 4 –

We can define the cosmic time η as dη = |g_{00}|g^32 e^{−Φ} |C + E| dt , (2.11)

so the induced metric becomes

dŝ^2 = −dη^2 + g(r(η))(d⃗x)^2 . (2.12)

The induced metric on the brane (2.12) is the standard form of a flat expanding universe. We can derive the analogue of the four-dimensional Friedmann equations by defining g = α^2 (α̇ α )_2 = (C + E)^2g_S e^{2Φ} − |g_{00}|(g_S g^3 + ℓ^2e^{2Φ}) 4|g_{00}|g_{rr}g_S g^3 (g′ g )_2

, (2.13)

where the dot stands for derivative with respect to cosmic time while the prime stands for derivatives with respect to r. The right hand side of (2.13) can be interpreted in terms of an effective matter density on the probe brane 8πG 3 ρ_{eff} =

(C + E)^2g_S e^{2Φ} − |g_{00}|(g_S g^3 + ℓ^2e^{2Φ}) 4|g_{00}|g_{rr}g_S g^3 (g′ g )_2

, (2.14)

where G is the four-dimensional Newton’s constant. We can also calculate α̈ α = ( 1 + g g^′ ∂ ∂r )(C + E)2g_S e2Φ − |g_{00}|(g_S g3 + ℓ2e2Φ) 4|g_{00}|g_{rr}g_S g^3 (g′ g )_2

= [ 1 + 1 2 α ∂ ∂α ]8πG 3 ρ_{eff} .

If we set the above equal to −^{4πG}_3 (ρ_{eff} + 3p_{eff} ) we can define the effective pressure p_{eff} .

Therefore, the motion of a D3-brane on a general spherically symmetric background had induced on the brane an energy density and a pressure. Then, the first and second Friedmann equations can be derived giving a cosmological evolution of the brane-universe in the sense that an observer on the brane measures a scale factor α(η) of the braneuniverse evolution. This scale factor depends on the position of the brane in the bulk. This cosmological evolution is known as ”Mirage Cosmology” [19]: the cosmological evolution is not due to energy density on our universe but on the energy content of the bulk.

We will apply the above described formalism to the near-horizon conformal geometry AdS_5 × S^5. There are Schwarzschild-AdS_5 black hole solutions in this background with metric ds^2 = r^2 L^2 ( − f(r)dt^2 + (d⃗x)^2 ) + L^2 r^2 dr^2 f(r) + L^2dΩ^2_5 , (2.15)

where f(r) = 1 − (^{r0}_r )^4. The RR field is given by C = C_{0...3} = [^{r4}_{L4} −^{r40}_{2L4} ].

Using (2.1) we find in this background

g_{00}(r) = − r^2 L^2 ( 1 − (r_0 r )_4) = − 1 g_{rr} g(r) = r^2 L^2 g_s(r) = L^2 , (2.16)

– 5 – and the brane-universe scale factor is α = r/L. Substituting the above functions to equation (2.14) we find the analogue of Friedmann equation on the brane which is [19]

H^2 = 8πG 3 ρ_{eff} = 1 L^2 [( 1 + 1 α^4 ( E − r^4_0 2L^4 ))_2 − ( 1 − (r_0 L )_4 1 α^4 )( 1 + l^2 L^2 1 α^6 )] , (2.17)

where E is a constant of integration of the background field equations, expressing the conservation of energy, and it is related to the black hole mass of the background [24], while r^4_0/2L^4 is the constant part of the RR field, expressing essentially electrostatic energy, and it can be absorbed into the energy Ẽ = E − r^4_0/2L^4. This Friedmann equation describes the cosmological evolution of a contracting or expanding universe depending on the motion of the probe brane. This motion in turn depends on two parameters the energy Ẽ and the angular momentum l^2. These two parameters specify various trajectories of the probe brane. The scale factor α comes in various powers, indicating that (2.17) describes the cosmological evolution of various kind of Mirage or stiff cosmological matter.

Defining the dimensionless parameter a = l^2/L^2α^6, equation (2.17) becomes

H^2 = 8πG 3 ρ_{eff} = 1 L^2 [( 1 + Ẽ α^4

)_2 − ( 1 − (r_0 L )_4 1 α^4 )( 1 + a )] . (2.18)

Using equations (2.15) and (2.18), the second Friedmann equation in this background reads Ḣ = − 2 L^2 [ 2 Ẽ α^4 ( 1 + Ẽ α^4 ) + (α_0 α )_4( 1 + a ) − 3 2 a ( 1 − (α_0 α )_4)] , (2.19)

and the effective pressure, using again (2.15), is

p_{eff} = 1 8πGL^2 [(α_0 α )_4 + 5 Ẽ2 α^8 + 2 Ẽ α^4

+ 7a ( α_0 α )_4 − 3a ] . (2.20)

From (2.18) we also have the effective energy density

ρ_{eff} = 3 8πGL^2 [( α_0 α )_4 + Ẽ2 α^8 + 2 Ẽ α^4 − a ( 1 − ( α_0 α )_4)] . (2.21)

It is instructive to consider the equation of state p_{eff} = wρ_{eff} where w is given by

w = 1 3 (_{α0} α )_4

+ 5^{Ẽ2}_{α8} + 2^Ẽ_{α4} + 7a (_{α0} α )_4 − 3a (_{α0} α )_4

+^{Ẽ2}_{α8} + 2^Ẽ_{α4} − a ( 1 − (_{α0} α )_4)

. (2.22)

As the brane moves in the Schwarzschild-AdS_5 black hole background, the equation of state is parametrized by the energy of the bulk and the angular momentum of the brane. However, when Ẽ = 0 and a = 0 the brane-universe is radiation dominated at any position in the bulk [17], as can be seen from (2.22). This is expected, because the only scale in the theory is the energy scale E and putting it to zero the theory is scale invariant, while a non-zero angular momentum induces on the brane all kind of Mirage matter. This can also be understood with the use of the AdS/CFT correspondence. The moving probe D3-brane

– 6 – is playing the rôle of the boundary of the AdS_5 × S^5 geometry. Because the background space is an AdS space, the dual theory on the brane is CFT, therefore the brane at any position would be in a thermal radiation state.

We can also investigate if an inflationary phase can be generated on the brane-universe as it moves in the near-horizon AdS_5 × S^5 geometry. Defining the acceleration parameter I as I = H^2 + Ḣ (2.23)

and using (2.18) and (2.19), and putting a = 0, we get I = − 1 L^2 [ 3 Ẽ α^4 + 2 Ẽ2 α^8 + α^4_0 α^4 ] . (2.24)

Therefore for positive energy and no angular momentum on the brane, there is no inflation induced on the brane-universe. Observe that for Ẽ = 0, I is always negative irrespective of the brane position. To have inflation on the brane the background should not be conformal as we will discuss in the following.

3. The non-conformal type-0 string background

In this section we will consider more general non-conformal backgrounds. Such backgrounds are described by Dp-black branes with a metric [5]

ds^2_{10} = 1 √ H_p ( − f(r)dt^2 + (d⃗x)^2 ) + √ H_p dr^2 f(r) + √ H_p r^2dΩ^2_{8−p}, (3.1)

where H_p = 1 + (^L_r )^{7−p}, and f(r) = 1 − (^{r0}_r )^{7−p}. In this background the RR form is C_{012...p} = √ 1 + (r_0 L )_{7−p} 1 − H_p(r) H_p(r) , (3.2)

and the dilaton field takes the form e^Φ = H^{(3−p)/4}_p . Taking the near horizon limit of the above geometry, we recover the Schwarzschild-AdS_5 × S^5 black hole geometry discussed in the previous section. The technics of Mirage cosmology can be applied to these general backgrounds [19] and the Friedmann equation on the brane can be derived. In particular, we will discuss the D-brane background of type-0 string theory.

The action of the type-0 string is given by [25]

S_{10} = ∫ d^{10}x √ −g [ e^{−2Φ} ( R + 4(∂_μΦ)^2 − 1 4 (∂_μT )^2 − 1 4 m^2T^2 − 1 12 H_{μνρ}H^{μνρ} )

− 1 4 ( 1 + T +

T^2 2 ) |F_5|^2 ] . (3.3)

The tachyon is coupled to the RR field through the function

f(T ) = 1 + T + 1 2 T^2 . (3.4)

– 7 –

The tachyon field appearing in (3.3) is a result of GSO projection and there is no spacetime supersymmetry in the theory. The tachyon field appears in (3.3) through its kinetic term, its potential and through the tachyon function f(T ). The potential term is giving a negative mass squared term which however can be shifted to positive values if the function f(T ) has an extremum. This happens in the background where the tachyon field acquires vacuum expectation value T_{vac} = −1 and f^′(T_{vac}) = 0 [25, 29]. In this background the dilaton equation is ∇^2Φ = − 1 4α^′ e^{12 Φ}T^2_{vac}. (3.5)

This equation is giving a running of the dilaton field which means that the conformal invariance is lost, and AdS_5 × S^5 is not a solution. Therefore, the tachyon condensation is responsible for breaking the 4-D conformal invariance of the theory and as we will see in the next section it also induces inflation on a probe-brane moving in this background. However, the conformal invariance is restored in two conformal points, corresponding to IR and UV fixed points, when the tachyon field gets a constant value. The flow from IR to UV as exact solutions of the equations of motion derived from action (3.3) is not known, but when the dilaton and tachyon fields are constant such a solution can be found [25, 28] which can be extended to a black D-brane [30]

ds^2_{10} = 1 √ H ( −ϕ(r)dt^2 + (d⃗x)^2 ) + √ H dr^2 ϕ(r) + √ H r^2dΩ^2_5 , (3.6)

where H = 1 + (^{eΦ0 Q}_{2r4} ), and ϕ(r) = 1 − (^{r0}_r )^4. Q is the electric RR charge and Φ_0 denotes

a constant value of the dilaton field. If we define L = ( e^{Φ0} Q/2 )_{1/4} we can write H = 1 + (_L r )_4 . In this non-conformal background inflation can be induced on the brane-universe. The case of a constant dilaton and tachyon field was studied in [20], while in [21] approximate solutions of the equations of motion were used to study the induced on the brane inflationary phase.

4. AdS/CFT correspondence, exit from inflation and reheating

In this section we will study the way the inflation ends and reheating starts on the braneuniverse using the AdS/CFT correspondence. In the background metric (3.6) using (2.1) we find

g_{00} = −H^{−1/2}ϕ(r)

g = H^{−1/2} = α^2 = ( 1 + (L r )_4)_{−1/2}

g_{rr} = H^{1/2}ϕ^{−1}(r) g_s = H^{1/2}r^2 (4.1)

and the RR field is given by C = e^{−Φ0} f^{−1}(T )(1 + (^L_r )^4)^{−1} + Q_1 where Q_1 is an integration constant. Substituting (4.1) into (2.14) we get the induced Friedmann equation on the

– 8 – brane

H^2 =

(1 − α^4)^{5/2} L^2 [( f^{−1}(T )+ Ẽ α^4

)_2 − ( 1− (α_0 α )_4(1 − α4 1 − α^4_0 ))( 1+a ( 1−α^4 )_{1/2} e^{2Φ0} )] , (4.2)

where Ẽ = (Q_1 +E)e^{Φ0} . To simplify the discussion we consider the case where the constant value of the dilaton field is zero and also the angular momentum of the probe brane is also zero, a = 0. In this case from (4.2) we can calculate the second Friedmann equation and then the equation of state w = p_{eff} ρ_{eff} = 10 3 α^4(1 − α^4)^{−1} + + 1 3 {[ 8 Ẽ α^4 ( f^{−1}(T ) + Ẽ α^4 ) − 3 ( f^{−1}(T ) + Ẽ α^4

)_2

+ 3 ( 1 − (α_0 α )_4(1 − α4 1 − α^4_0 )) + 4 ( α_0 α )_4(

1 − α^4_0 )_{−1}] /[( f^{−1}(T ) + Ẽ α^4

)_2 − ( 1 − ( α_0 α )_4(1 − α4

1 − α^4_0 ))]} . (4.3)

This equation depends on the energy parameter Ẽ. We know that if we take the nearhorizon limit of (3.6) the geometry becomes exact AdS_5 × S^5 and then because of the AdS/CFT correspondence the dual theory on the brane must be CFT. We use this fact to fix the free parameter Ẽ. Considering that the bulk black hole is near extremal and taking the near-horizon limit α ≪ 1 of (4.3) we find w = 1 3 (5^~E^2_{α8} + 2^~E_{α4} f −1(T ) + 3(1 − f −2(T )) +^{α4}0_{α4}

f^{−2}(T ) + 2f^{−1}(T )^Ẽ_{α4} +^{Ẽ2}_{α8} +^{α40}_{α4} − 1 ) . (4.4)

Demanding to have w = 1/3 we get Ẽ α^4 = ± ( f^{−2}(T ) − 1 )_{1/2} . (4.5)

Note that if the tachyon field is zero, also Ẽ = 0, then from (4.4), w = 1/3. This is because with T = 0 we recover the near-horizon AdS_5 × S^5 geometry and then the results of section 2 are valid. We know that we do not have inflation induced on the brane in the near-horizon AdS_5 × S^5 geometry, therefore we parametrize the departure from the near-horizon limit by Ẽ α^4 = ± ( f^{−2}(T ) − 1

)_{1/2} α4_0

α^4

. (4.6)

In the above relation we have used the characteristic scale in the bulk which is set by the horizon of the black hole. The departure from the near-horizon limit is then equivalent to how far away the probe brane is from the horizon of the bulk black hole. We substitute (4.6) into (4.2) (for Φ_0 = a = 0) and we get

H^2 = 1 L^2 [ f^{−2}(T ) ( 1 + (α_0 α )_8) ± 2 ( α_0 α )_4

f^{−1}(T ) ( f^{−2}(T ) − 1 )_{1/2} − 1 − (α_0 α )_8 + ( α_0 α )_4] . (4.7)

– 9 –

Figure 1: Inflation as a function of the tachyon field T, in various distances from the horizon, where X= α/α_0.

Using the above Friedmann equation we can calculate the effective energy density and pressure on the brane and then the equation of state becomes p_{eff} = wρ_{eff} , where

w = 1 3 f^{−2}(T ) ( − 3+5 (_{α0} α )_8) ±2 (_{α0} α )_4 f^{−1}(T ) ( f^{−2}(T ) − 1 )_{1/2} +3−5 (_{α0} α )_8 + (_{α0} α )_4

f^{−2}(T ) ( 1+ (_{α0} α )_8) ±2 (_{α0} α )_4 f^{−1}(T ) ( f^{−2}(T )−1 )_{1/2} −1− (_{α0} α )_8 + (_{α0} α )_4 . (4.8) Observe that on the horizon α_0 = α, we get w = 1/3, independently of the value of the tachyon field, as expected. The acceleration parameter (2.23), for positive energy, using (4.7) is I = 1 L^2 [ f^{−2}(T ) ( 1 − 3 (α_0 α )_8) −2 ( α_0 α )_4 f^{−1}(T ) ( f^{−2}(T ) − 1 )_{1/2} −1+3 ( α_0 α )_8 − ( α_0 α )_4] . (4.9) In figure 1 we plotted the acceleration parameter I as a function of the tachyon field.

Inflation can start at a critical distance α ∼ 1.37α_0 from the horizon and depends on the value of the tachyon field. During inflation the tachyon field gives the maximum rate of inflation when it condenses at T_{vac} = −1. In figure 2 we plotted the acceleration parameter as a function of equation of state w parameter. At the critical value α = 1.37α_0, when tachyon condenses, w = −1/3 and inflation starts. For distances α > 1.37α_0 w is decreasing and for larger values of the distance goes asymptotically to w = −1. For α < 1.37α_0 where there is no inflation, w is increasing and on the horizon takes the value w = 1/3.

The physical picture we get from our previous analysis is as follows. We can trust the theory only near the conformal points where the AdS_5 × S^5 geometry is restored. We parametrized the departure from the exact AdS_5 × S^5 geometry by the ratio α/α_0 where α_0 is the horizon of the bulk black hole. As the inflating probe brane approaches the black hole horizon the inflation rate decreases and the equation of state parameter w increases departing from its asymptotic value w = −1. At some critical distance from the horizon,

– 10 –

Figure 2: Inflation as a function of the equation of state parameter w. Again here X= α/α_0.

depending on the value of the tachyon field, the probe brane stops inflating and at that moment w = −1/3. As the probe brane comes nearer to the horizon, w increases, and on the horizon, where the near-horizon AdS_5 × S^5 geometry is restored, w = 1/3 and the brane-universe reheats.

5. Conclusions

We have presented a mechanism for exit from inflation and reheating using the AdS/CFT correspondence. We followed the motion of a probe D3-brane moving in a black type-0 string background. For constant values of the dilaton and tachyon fields, inflation is induced on the brane-universe. At relative large distances from the horizon of the background black hole, the equation of state parameter w has its minimum value w = −1, while inflation has its maximum rate when the tachyon field condenses. As the brane comes nearer to the horizon, the inflation rate decreases and the value of w gets larger. At some critical distance away from the horizon, inflation ends. When the brane-universe reaches the horizon, the conformal invariance is restored, the background geometry becomes AdS_5 × S^5, the dual theory on the brane is CFT and the brane-universe reheats.

The presence of the closed tachyon field in the background, is crucial to the generation of inflation on the brane-universe. If T = 0 the theory has an exact conformal invariance, the background geometry is AdS_5 × S^5 and there is no inflation induced on the braneuniverse. The tachyon field couples to the RR flux of the background with the function f(T ). Because of this coupling, when the tachyon field condenses, the theory is stabilized. It also couples to the dilaton field and because of that, the tachyon condensation is responsible for breaking the 4-D conformal invariance of the theory. When the tachyon field condenses, the induced inflation on the brane-universe has its maximum rate. However, the tachyon function f(T ) is arbitrary and it is not predicted by the theory. In this work we considered a polynomial form of the function, but it would be interesting to consider other forms, like exponential, and study its effect to the cosmological evolution on the brane-universe.

– 11 –

We have considered the simplest case of a probe brane moving radially in the D-brane type-0 string background. A non zero angular momentum on the probe brane is another source of breaking the conformal invariance of the theory and it would be interesting to see what is the effect of a non zero angular momentum on the brane inflation. Another possible extension of our work is to consider an electric field on the brane. The electric field on the brane acts effectively as radiation term on the brane-universe and it is interesting to see its effect on the reheating.

Acknowledgments

We acknowledge a very helpful correspondence with A. Armoni. E.P. would like to thank the Institute of Cosmology and Gravitation, of the University of Portsmouth, for its hospitality, where this work was completed. Work partially supported by NTUA research program “Protagoras” and by the Greek Ministry of Education program “Hraklitos”.

References

[1] A.H. Guth, The inflationary universe: a possible solution to the horizon and flatness problems, Phys. Rev. D 23 (1981) 347;

A. Albrecht and P.J. Steinhardt, Cosmology for grand unified theories with radiatively induced symmetry breaking, Phys. Rev. Lett. 48 (1982) 1220;

A.D. Linde, A new inflationary universe scenario: a possible solution of the horizon, flatness, homogeneity, isotropy and primordial monopole problems, Phys. Lett. B 108 (1982) 389; Chaotic inflation, Phys. Lett. B 129 (1983) 177;

J.M. Bardeen, P.J. Steinhardt and M.S. Turner, Spontaneous creation of almost scale - free density perturbations in an inflationary universe, Phys. Rev. D 28 (1983) 679.

[2] G. Lazarides, Inflationary cosmology, Lect. Notes Phys. 592 (2002) 351–391 [hep-ph/0111328].

[3] J.M. Maldacena, The large-N limit of superconformal field theories and supergravity, Adv.

Theor. Math. Phys. 2 (1998) 231 [hep-th/9711200]; The large-N limit of superconformal field theories and supergravity, Adv. Theor. Math. Phys. 2 (1998) 231 [hep-th/9711200].

[4] G.W. Gibbons and P.K. Townsend, Vacuum interpolation in supergravity via super p-branes, Phys. Rev. Lett. 71 (1993) 3754 [hep-th/9307049].

[5] G.T. Horowitz and A. Strominger, Black strings and p-branes, Nucl. Phys. B 360 (1991) 197.

[6] S.S. Gubser, I.R. Klebanov and A.M. Polyakov, Gauge theory correlators from non-critical string theory, Phys. Lett. B 428 (1998) 105 [hep-th/9802109].

[7] E. Witten, Anti-de Sitter space and holography, Adv. Theor. Math. Phys. 2 (1998) 253 [hep-th/9802150].

[8] E. Witten, Anti-de Sitter space, thermal phase transition and confinement in gauge theories, Adv. Theor. Math. Phys. 2 (1998) 505 [hep-th/9803131].

[9] S.W. Hawking and D.N. Page, Thermodynamics of black holes in anti-de sitter space, Commun. Math. Phys. 87 (1983) 577.

[10] G. ’t Hooft, Dimensional reduction in quantum gravity, gr-qc/9310026.

– 12 –

[11] L. Susskind, The world as a hologram, J. Math. Phys. 36 (1995) 6377 [hep-th/9409089].

[12] J.D. Bekenstein, A universal upper bound on the entropy to energy ratio for bounded systems, Phys. Rev. D 23 (1981) 287.

[13] E. Verlinde, On the holographic principle in a radiation dominated universe, hep-th/0008140.

[14] J.L. Cardy, Operator content of two-dimensional conformally invariant theories, Nucl. Phys.

B 270 (1986) 186.

[15] I. Savonije and E. Verlinde, CFT and entropy on the brane, Phys. Lett. B 507 (2001) 305 [hep-th/0102042].

[16] P. Baseilhac and V.A. Fateev, Fermion-boson duality in integrable quantum field theory, Mod.

Phys. Lett. A 13 (1998) 2807 [hep-th/9905221];

L. Randall and R. Sundrum, An alternative to compactification, Phys. Rev. Lett. 83 (1999) 4690 [hep-th/9906064].

[17] E. Papantonopoulos and V. Zamarias, Probing the holography of near-horizon AdS_5 × S^5 geometry, JCAP 04 (2004) 004 [hep-th/0307144].

[18] H.A. Chamblin and H.S. Reall, Dynamic dilatonic domain walls, Nucl. Phys. B 562 (1999) 133 [hep-th/9903225];

A. Chamblin, M.J. Perry and H.S. Reall, Non-BPS D8-branes and dynamic domain walls in massive iia supergravities, J. High Energy Phys. 09 (1999) 014 [hep-th/9908047]; P. Kraus, Dynamics of anti-de Sitter domain walls, J. High Energy Phys. 12 (1999) 011 [hep-th/9910149].

[19] A. Kehagias and E. Kiritsis, Mirage cosmology, J. High Energy Phys. 11 (1999) 022 [hep-th/9910174].

[20] E. Papantonopoulos and I. Pappa, Type 0 brane inflation from mirage cosmology, Mod. Phys.

Lett. A 15 (2000) 2145 [hep-th/0001183];

[21] E. Papantonopoulos and I. Pappa, Cosmological evolution of a brane universe in a type 0 string background, Phys. Rev. D 63 (2001) 103506 [hep-th/0010014].

[22] E. Papantonopoulos and I. Pappa, Inflation induced by vacuum energy and graceful exit from it, Mod. Phys. Lett. A 16 (2001) 2545 [gr-qc/0103101].

[23] J.Y. Kim, Dilaton-driven brane inflation in type-IIB string theory, Phys. Rev. D 62 (2000) 065002 [hep-th/0004155].

[24] D.A. Steer and M.F. Parry, Brane cosmology, varying speed of light and inflation in models with one or more extra dimensions, Int. J. Theor. Phys. 41 (2002) 2255 [hep-th/0201121].

[25] I.R. Klebanov and A.A. Tseytlin, D-branes and dual gauge theories in type 0 strings, Nucl.

Phys. B 546 (1999) 155 [hep-th/9811035].

[26] J.A. Minahan, Asymptotic freedom and confinement from type 0 string theory, J. High Energy Phys. 04 (1999) 007 [hep-th/9902074].

[27] F. Bigazzi, RG flows toward IR isolated fixed points: some type 0 samples, J. High Energy Phys. 06 (2001) 068 [hep-th/0101232].

[28] I.R. Klebanov and A.A. Tseytlin, Asymptotic freedom and infrared behavior in the type 0 string approach to gauge theory, Nucl. Phys. B 547 (1999) 143 [hep-th/9812089].

– 13 –

[29] I.R. Klebanov, Tachyon stabilization in the AdS/CFT correspondence, Phys. Lett. B 466 (1999) 166 [hep-th/9906220].

[30] A. Armoni and B. Kol, Non-supersymmetric large-N gauge theories from type 0 brane configurations, J. High Energy Phys. 07 (1999) 011 [hep-th/9906081].

– 14 –