arXiv:hep-th/0104011 v3 12 Jun 2001

IC/2001/21 hep-th/0104011

A Note on Thermodynamics and Holography of Moving Giant Gravitons

Donam Youm^1

ICTP, Strada Costiera 11, 34014 Trieste, Italy

Abstract

In our previous work (Phys. Rev. D63, 085010, hep-th/0011290), we showed that the brane universe on the giant graviton moving in the near-horizon background of the dilatonic D(6 − p)-brane is described by the mirage cosmology. We study thermodynamic properties of the moving giant graviton by applying thermodynamics of cosmology and the recently proposed holographic principles of cosmology. We find that the Fischler-Susskind holographic bound is satisfied by the closed brane universe on the moving giant graviton with p > 3. The Bekenstein and the Hubble entropy bounds and the recently proposed Verlinde’s holographic principle applied to the brane universe on the giant graviton are also studied.

April, 2001

1E-mail: youmd@ictp.trieste.it

It is argued in Ref. [1] that gravitons moving in the S^n portion of the AdS×S^n spacetime blow up into spherical (n−2)-brane of increasing size with increasing angular momentum through the Myers effect [2]. Later, it is further argued that gravitons can expand into a sphere also in the AdS portion [3, 4] of the AdS×S^n background and even in the background spacetime other than the AdS×S^n spacetime provided certain conditions on the bulk fields are satisfied [5]. Their argument is based on the fact that the spherical probe p-brane with the stable radius and nonzero angular momentum wrapping the S^p portion of a certain background spacetime has the same energy as that of a graviton with the same angular momentum. The giant graviton moving in the near horizon background of the dilatonic D-brane is shown [6] to be described by the expanding closed universe in mirage cosmology^2 [7, 8, 9, 10]. Recently, there has been growing interest in various holographic bounds [11, 12, 13, 14, 15, 16, 17] in cosmology. It is the purpose of this note to apply such conjectured holographic bounds to the mirage cosmology on the moving giant graviton to infer thermodynamic properties of the moving giant graviton and its holographic dual theory.

We begin by briefly summarizing the result of our previous work. The nontrivial fields for the near-horizon background of the source D(6 − p)-brane, magnetically charged under the RR (p + 1)-form potential A^{(p+1)}, have the forms:

ds^2 = −g_{tt}dt^2 + 6−p∑ i=1 g_{ii}dx^2_i + g_{rr}dr^2 + h(r)r^2dΩ^2_{p+2},

e^Φ = ( L_p r ) (p�3)(p+1)_4 , A^{p+1}_{ϕθ1...θp} = L^{p+1}_p ρ^{p+1}ϵ_{θ1...θp} , g_{tt} = ( r Lp ) p+1_2 , g_{ii} = ( r Lp ) p+1_2 , g_{rr} = ( L_p r ) p+1_2 , h(r) = ( L_p r ) p+1_2

, (1)

where ϵ_{θ1...θp} is the volume form of a unit S^p and the metric dΩ^2_{p+2} is parametrized as

dΩ^2_{p+2} = 1 1 − ρ^2 dρ^2 + (1 − ρ^2)dϕ^2 + ρ^2dΩ^2_p. (2)

When the spherical probe p-brane with the tension T_p and the angular momentum P_ϕ has the stable (coordinate) radius ρ_0 = (P_ϕ/N)^{1/(p−1)}, its energy E is the same as that of a graviton with the same angular momentum P_ϕ and thereby the probe brane can be identified as a graviton blown up into a sphere, i.e., the giant graviton. Here, N ≡ T_pV_pL^{p+1}_p is the number of D(6 − p)-branes, where V_p ≡ 2π^{p+12} /Γ ( p+1 2 ) is the volume of the unit S^p. The induced metric on the spherical probe p-brane can be put into the following standard comoving frame form for the Robertson-Walker metric for the expanding closed universe:

ds̃^2 = −dη^2 + a^2(η)dΩ^2_p = −dη^2 + a^2(η) [ dθ^2 + sin^2 θdΩ^2_{p−1} ] , (3)

2The term ‘mirage’ was coined to signify that the expansion of the brane universe is not due to energy density and pressure of real matter on the brane, but due to something else, namely, the geodesic motion of the universe brane in the curved background of other brane(s).

where η is the cosmic time, θ is the azimuthal angle, dΩ^2_{p−1} is the line element on the unit polar (p − 1)-sphere, and a(η) ≡ √ h(r)rρ_0 = L^{(p+1)/4}_p ρ_0r^{(3−p)/4} is the cosmic scale factor. Note, for the dilatonic D-brane case (i.e., the p ≠ 3 case), the volume of the spherical probe p-brane or the giant graviton varies while the giant graviton moves along the r-direction of the background spacetime (1), although its coordinate radius ρ_0 remains constant. When p < 3 [p > 3], the volume (∼ a^p) of the giant graviton increases [decreases] while the giant graviton moves away from the source D(p − 6)- brane. The time evolution of a, while the giant graviton moves along the r-direction, is described by the following Friedmann-like equations: (ȧ a )_2 = (p − 3)^2 16 [ Ē^2P̄^{−2 p}

�1_p �3 ϕ a^{2 p+1p}�^3 − 1 a^2 ] , (4) ä a = (p − 1)(p − 3) 8 Ē^2P̄^{−2 p}

�1_p �3 ϕ a^{2 p+1p}�^3 , (5)

where Ē ≡ E/N, P̄_ϕ ≡ P_ϕ/N and the overdots stand for derivatives w.r.t. η. From Eq. (5), we see that ä < 0 [ä > 0] for p = 2 [p > 3], for any values of a. Since a ∼ r^{(3−p)/4}, this implies that the giant graviton is always attracted to the dilatonic (p ≠ 3) source D(6−p)-brane. For p > 3 the volume of the giant graviton approaches infinity, whereas for p = 2 its volume approaches zero, as it approaches the source D(6 − p)-brane.

Spherical D-branes can be regarded as bound states of D0-branes. (See Refs. [18, 19, 20] for the spherical D2-brane case.) So, spherical D-branes, regarded as gas of D0-branes, are thermodynamic system described by thermodynamic quantities such as entropy, pressure and temperature. Also, thermodynamics of the giant graviton can be regarded as being originated microscopically from the vibrating excitations arising from motion of the giant graviton in spacetime [21]. Since the motion of the giant graviton is described by the Friedmann equations (4,5) for an expanding closed universe, we would expect that thermodynamics on the giant graviton moving along the r-direction of the source brane emulates thermodynamics of the expanding closed universe.

First of all, the energy density and the pressure on the moving giant graviton are expected to be given by the effective energy density and pressure determined from the effective Friedmann equations (4,5). The Friedmann equations for an expanding (p+1)- dimensional closed universe are generally expressed in terms of the energy density ϱ and the pressure ℘ of the perfect fluid matter in the universe as (ȧ a )_2 = 16πG p(p − 1) ϱ − 1 a^2

, (6) ä a = − 8πG p(p − 1) [(p − 2)ϱ + p℘] , (7)

where G is the (p + 1)-dimensional Newton’s constant. So, the energy density and the pressure on the moving giant graviton are inferred to be given by ϱ = p(p − 1) 256πG [ (p − 3)^2Ē^2P̄^{−2} p�1_p �3 ϕ a^{2 p+1p}�^3 − (p + 1)(p − 7) 1 a^2 ] , (8)

℘ = − p − 1 256πG [ (p − 3)(p^2 − p + 2)Ē^2P̄^{−2} p�1_p �3 ϕ a^{2 p+1p}�^3 − (p − 2)(p − 7)(p + 1) 1 a^2 ] . (9)

From this we see that the gas of D0-branes or the giant graviton is made up of noninteracting two species of perfect fluids satisfying the equations of state ℘_i = w_iϱ_i with w_1 = −^{p2−p+2}_{p(p−3)} and w_2 = −^{p−2}_p . For the p = 2 case, the gas of D0-branes is made up of perfect fluids with w_1 = 2 and w_2 = 0, namely the acausal fluid and the (pressureless) dust. For the p > 3 case, w_1 < 0 and w_2 < 0, so the pressure on the giant graviton is always negative, implying instability of the gas of D0-branes. As a result, the brane universe on the giant graviton always accelerates (ä > 0), i.e., inflates, when p > 3. (Cf. It was previously shown [22, 23, 24] that a gas of strings also has negative pressure, satisfying the equation of state ℘ = −ϱ/(D − 1).)

From the Friedmann equations (6,7), we obtain the following conservation equation:

ϱ̇ + p(ϱ + ℘) ȧ a = 0. (10)

The second law of thermodynamics, applied to a comoving volume element of unit coordinate volume and physical volume V = a^p, implies the following entropy change for the giant graviton: T dS = d(ϱa^p) + ℘d(a^p). (11) From Eqs. (10,11), we see that the entropy of the gas of D0-branes per comoving volume stays constant in time, i.e., dS/dη = 0. By substituting the following thermodynamic relation, obtained from the integrability condition ∂^2S/(∂T ∂V ) = ∂^2S/(∂V ∂T ): d℘ dT = ℘ + ϱ T , (12)

into Eq. (11), we obtain the following expression for the entropy of the gas of D0-branes per comoving volume: S = a^p T (℘ + ϱ) + S_0, (13)

where S_0 is an integration constant, which will be shown to be related to a Casimir entropy or energy. So, substituting Eqs. (8,9) into Eq. (13), we obtain the temperature of the giant graviton as a function of the cosmic scale factor a: T = p^2 − 1 128πG(S_0 − S) [ (p − 3)Ē^2P̄^{−2} p�1_p �3 ϕ a^p 2�p+2_p �3 + (p − 7)a^{p−2} ] . (14)

For p = 2, T scales as a^{−4} for small a and asymptotes to a constant as a → ∞. For p > 3, T scales as a^{p−2} for small a, whereas it scales as a^{(p2−p+2)/(p−3)} for large a.

The holographic principle of cosmology generally states [11] that the total entropy S_{tot} = SV inside a spherical region of coordinate volume V should not exceed the area A of the bounding surface in Planck units, i.e., S_{tot}/A < 1. Note, we showed in the above that the homogeneous comoving entropy density S is constant in η. Fischler and

Susskind (FS) [11] proposed that the holographic bound applies only to the part of the entropy contained within the particle horizon L_H , which is the product of a and the comoving distance r_H to the horizon. In the case of the closed universe, the comoving distance is given by the extent of the azimuthal angle traveled by light:

θ_H = L_H a = ∫ η 0 dη^′ a(η^′) . (15)

Since the coordinate volume surrounded by the comoving horizon is V = ∫ θ_H 0 dΩ_{p−1}dθ sin^{p−1} θ = V_{p−1} ∫ θ_H 0 dθ sin^{p−1} θ, (16)

and the area of the particle horizon is

A = V_{p−1}a^{p−1}(η) sin^{p−1} θ_H, (17)

the ratio of the total entropy to the surface area is S_{tot} A = S ∫ θ_H 0 dθ sin^{p−1} θ a^{p−1}(η) sin^{p−1} θ_H

. (18)

For example, for the p = 2 and p = 4 cases, the ratios are respectively given by S_{tot} A | | p=2 = S 1 − cos θ_H a(η) sin θ_H , S_{tot} A | | p=4 = S cos 3θ_H − 9 cos θ_H + 8

12a^3(η) sin^3 θ_H

. (19)

We can solve Eq. (15) along with the first Friedmann equation (4) to express a as a function of θ_H in the following way:

a^2(θ_H) = ĒP̄_ϕ sin θ_H 2 , (20)

for p = 2, and a^{−2 p} �1_p �3 (θ_H) = ĒP̄^{− p}

�1_p �3 ϕ sin (π 2 − p − 1 2 θ_H ) , (21)

for p > 3. In performing integration in Eq. (15), we made use of the fact that the closed universe on the giant graviton was initially of zero size (a_0 = 0) and finite size (a_0 = Ē^{− p}

�3_{2(p}�_{1)}¯ P^{12}_ϕ ) for p = 2 and p > 3, respectively. The minus sign in front of the θ_H term inside of the sin-function in Eq. (21) was fixed by using the fact that ȧ ≥ 0 all the time for p > 3. First, we consider the p = 2 case. Eq. (20) states that the brane universe starts from zero size (a = 0) when θ_H = 0, then expands until it reaches the maximum radius a_{max} = √ ĒP̄_ϕ when θ_H = π. When the brane universe or the giant graviton reaches its maximum size (at θ_H = π), the area A = 2πa sin θ_H of the comoving horizon vanishes. So, the FS holographic bound on S_{tot}/A is violated. Namely, the gas of D0-branes forming the 2-sphere giant graviton does not obey the FS holographic principle. Next, we consider the p > 3 case. Eq. (21) states that the brane universe starts from finite size with radius a_{min} = Ē^{− p}

�3_{2(p}�_{1)}¯

P^{12}_ϕ when θ_H = 0, then expands indefinitely, approaching infinite size (a → ∞) as θ_H → π/(p − 1). Note, the comoving distance θ_H takes values within the interval 0 ≤ θ_H < π/(p − 1), only, while the brane universe expands. So, the surface area A = V_{p−1}a^{p−1} sin^{p−1} θ_H never vanishes for η > 0, implying that the FS holographic bound S_{tot}/A < 1 can be satisfied by the (p − 1)-sphere giant graviton with p > 3. (Note, although A is zero initially (at θ_H = 0), S_{tot}/A approaches a finite value as θ_H → 0, as can be seen from the specific explicit expressions for S_{tot}/A in Eq. (19).) This is related to the fact that the giant graviton has negative pressure (Cf. see also Ref. [25] for this point).

There are different types of cosmological entropy bounds, depending on the strength of gravitation of the system. When the self-gravity of the system is small compared to the total energy E, for which the Hubble radius H^{−1} = a/ȧ is larger than the radius a of the universe (i.e., Ha ≤ 1), the total entropy S_{tot} is bounded from above by the Bekenstein entropy S_B [26]: S_{tot} ≤ S_B ≡ 2π p Ea for Ha ≤ 1. (22)

Here, the total energy E is given by the product of the energy density ϱ and the volume V_{tot} = V_pa^p of the universe. So, when the following condition is satisfied: a^{4 p} �1_p�_3 ≤ (p − 3)^2 + 16 (p − 3)^2

Ē^{−2}P̄^{2 p}

�1_p �3_ϕ , (23)

the total entropy of the giant graviton cannot be bigger than the following Bekenstein entropy of the moving giant graviton:

S_B = (p − 1)V_p 128G [ (p − 3)^2Ē^2P̄^{−2} p�1_p �3 ϕ a^p 2�1_p�_3

− (p + 1)(p − 7)a^{p−1} ] . (24)

Since the closed universe on the giant graviton is not radiation dominated, the above Bekenstein entropy is not constant while the brane universe evolves, unlike the case considered in Ref. [17]. For a strongly self-gravitating universe, satisfying Ha ≥ 1, S_{tot} is conjectured [12, 13, 15, 16] to be bounded from above by the Hubble entropy S_H: S_{tot} ≤ S_H ≡ (p − 1) HV_{tot} 4G for Ha ≥ 1. (25)

So, when the following condition is satisfied: a^{4 p} �1_p�_3 ≥ (p − 3)^2 + 16 (p − 3)^2

Ē^{−2}P̄^{2 p}

�1_p�_3 ϕ , (26) the total entropy of the giant graviton cannot be bigger than the Hubble entropy:

S_H = (p − 1)|p − 3|V_p 16G √ Ē 2P̄^{−2 p}

�1_p �3 ϕ a^{2 (p} �1)^2_p �3 − a2(p−1). (27)

When Ha = 1 or a = a_{crit} = [ (p − 3)^2 + 16 (p − 3)^2

] p�3_{4(p}�_{1)}

Ē^{− p}�^32(p�1) P̄^12_ϕ , (28)

the Bekenstein entropy (24) and the Hubble entropy (27) of the moving giant graviton coincide. First, for the p = 2 case, such critical value is given by a^4_{crit} = (ĒP̄_ϕ)^2/17. Note, a = L^{3/4}_2 P̄_ϕr^{1/4} for p = 2. So, as the giant graviton moves away from the source D4-brane starting from r = 0, the giant graviton initially has strong self-gravity and its total entropy is bounded from above by the Hubble entropy

S_H = π 4G √ Ē 2P̄ 2_ϕ

a^2

− a^2, (29)

until it reaches the critical distance r_{crit} = L^{−3}_2 Ē^2P̄^{−2}_ϕ /17 (corresponding to a_{crit}) from the source brane, and after the giant graviton passes through the critical distance r_{crit} its self-gravity becomes weak and its total entropy becomes bounded from above by the Bekenstein entropy

S_B = π 32G [Ē^2P̄^2_ϕ

a^3

+ 15a ] . (30)

Second, for the p > 3 case, a is inversely related to r as a = L^{p+14}p P̄^{1p}�^1_ϕ r^{− p}

�3_4 . So, as the giant graviton approaches the source D(6 − p)-brane from its maximum distance r_{max} = L p�1_p �3_p Ē^2_p�_1 P̄^{− 2}p�1_ϕ (corresponding to the minimum radius a_{min} = Ē −^p�^3_{2(p}�_{1)} P̄^12_ϕ of the brane universe), the giant graviton initially has weak self-gravity with its total entropy bounded from above by the Bekenstein entropy (24) until it reaches the critical distance (corresponding to the critical cosmic scale factor Eq. (28)) r_{crit} = [ (p − 3)^2 (p − 3)^2 + 16

] 1_p�_1 L p+1 p�3_p Ē^2_p�_1 P̄^{− 2}p�1_ϕ , (31)

from the source brane, and after the giant graviton passes through r_{crit} its self-gravity becomes strong and its total entropy becomes bounded from above by the Hubble entropy (27). To sum up, when the distance r between the giant graviton and the source brane is less [greater] than the critical distance (31), the self-gravity of the giant graviton is strong [weak] and its total entropy S_{tot} is bounded from above by the Hubble entropy S_H [the Bekenstein entropy S_B].

Verlinde proposed [17] a new purely holographic cosmological bound which remains valid throughout the cosmological evolution. We briefly summarize the Verlinde’s proposal in the following. It is proposed that, just like a CFT in a finite volume, the total energy E of the closed universe contains a non-extensive Casimir contribution E_C . The Casimir energy E_C is defined as the violation of the Euler identity, which follows from the second law of thermodynamics along with an assumption that E is extensive, in the following way: E_C ≡ p(E + ℘V_{tot} − T S_{tot}). (32) The new cosmological bound puts constraint on the sub-extensive entropy, called a Casimir entropy S_C , associated with E_C , defined as S_C ≡ 2π p E_C a. (33)

Since it is usually assumed that E_C ≤ E, we have S_C ≤ S_B. The new cosmological bound for a closed universe states that

E_C ≤ E_{BH}, (34)

where E_{BH} is the Bekenstein-Hawking energy, interpreted as the energy required to form a universe-size black hole and defined as the energy E for which the Bekenstein entropy S_B and the Bekenstein-Hawking entropy S_{BH} ≡ (p − 1)^{Vtot}_{4Ga} are equal, namely, 2π p E_{BH}a ≡ (p − 1) V_{tot} 4Ga or E_{BH} ≡ p(p − 1) V_pa^{p−2} 8πG . (35)

The bound (34) states that the Casimir energy is not by itself sufficient for forming a universe-size black hole. The new cosmological bound (34) is equivalent to

S_C ≤ S_{BH}. (36)

S_C can be interpreted as a generalization of the central charge to p + 1 dimensions, with an identification S_C ≡^{πc̃}_6 , where c̃ is a (p + 1)-dimensional analogue of the central charge c in 1 + 1 dimensions. So, the bound (36) is interpreted as a holographic upper limit on the degrees of freedom of the holographic dual theory. From the definition of E_{BH}, we have the following criterion for a weakly and strongly self-gravitating universe: E ≤ E_{BH} for Ha ≤ 1 E ≥ E_{BH} for Ha ≥ 1. (37)

The first Friedmann equation (6) can be put into the following form of the cosmological Cardy formula: S_H = 2πa p √ E_{BH}(2E − E_{BH}), (38) which resembles the following conjectured Cardy formula, called the Cardy-Verlinde formula, for the holographic dual theory: S_{tot} = 2πa p √ E_C (2E − E_C ). (39)

Eqs. (38,39) imply that the new bound E_C ≤ E_{BH} is equivalent to the Hubble bound S_{tot} ≤ S_H when Ha ≥ 1. The Hubble bound is saturated when E_C = E_{BH}^3, for which the cosmological Cardy formula (38) and the Cardy formula (39) for the holographic dual theory coincide. Making use of the identification S_C = πc̃/6, the generalized central charge of the holographic dual theory is therefore inferred to be

c̃ = 12 p E_{BH}a_{crit} = 3(p − 1)V_pa^{p−1}_{crit} 2πG , (40)

where E_{BH} is evaluated at a = a_{crit}, for which Ha = 1 is satisfied. For the weakly gravitating case, for which Ha ≤ 1 and therefore E_C ≤ E ≤ E_{BH}, S_{tot} in Eq. (39) is bounded from above by S_B (which is just the Bekenstein bound (22)) and the bound is saturated when E_C = E. The second Friedmann equation (7) can be put into the form E_{BH} = p(E + ℘V_{tot} ± T_HS_H ), T_H ≡ ± Ḣ 2πH , (41)

which resembles the defining relation (32) for the Casimir energy. The signs ± in Eq. (41) are chosen to make T_H positive, namely, plus [minus] signs for an accelerating [a decelerating] universe. Since E_C ≤ E_{BH} and S_{tot} ≤ S_H are equivalent for a strongly gravitating universe, Eqs. (32,41) imply the following bound on T for a decelerating universe:

T ≥ T_H for Ha ≥ 1. (42)

For an accelerating universe, we have T ≥ −T_H, which is trivially satisfied by any T and therefore is not a bound on T . The temperature bound (42) is saturated when E_C = E_{BH}.

The above argument leading to new cosmological bounds by Verlinde does not depend on a specific form of the equation of state of the perfect fluid matter. So, we can apply the result of Ref. [17] to infer thermodynamic properties of the moving giant graviton and its holographic dual theory. When the giant graviton has strong self-gravity, i.e., r ≤ r_{crit}, its total entropy S_{tot} is bounded from above by S_H. This bound is saturated when r = r_{crit}, at which the Hubble entropy (27) of the giant graviton takes the form:

S_{tot} = S_H = (p − 1)V_p 4G [ (p − 3)^2 + 16 (p − 3)^2

] p�3_4

Ē^{− p}�^32 P̄^p

�1_2 ϕ . (43)

3This follows from the fact that E_C ˇ E_{BH} ˇ E for Ha ˘ 1 and S_{tot} in Eq. (39), as a function of E_C , takes the maximum value when E_C = E.

Since the total entropy S_{tot} is constant during the cosmological evolution, this entropy expression is expected to hold for any a. Substituting Eq. (28) into Eq. (40), we obtain the following generalized central charge of the holographic dual theory of the moving giant graviton:

c̃ = 3(p − 1)V_p 2πG [ (p − 3)^2 + 16 (p − 3)^2

] p�3_4

Ē^{− p}�^32 P̄^p

�1_2 ϕ , (44)

which is proportional to S_{tot} as expected from the holographic principle. So, we infer that the (bosonic) degrees of freedom in the holographic dual theory would scale as ∼ Ē^{− p} �3_2¯ P^p �1_2 ϕ . Note, the brane universe on the moving giant graviton decelerates [accelerates] when p = 2 [p > 3]. So, for the p = 2 case, the temperature T of the moving giant graviton at a distance r ≤ r_{crit} from the source D4-brane is bounded from below by

T_H =

3Ē^2P̄^2_ϕ − a^4 8πa^3 √ Ē 2P̄ 2_ϕ − a4

. (45)

This bound on T is saturated when r = r_{crit}:

T = T_H = 25 16π 17^{1/4} √ ĒP̄_ϕ . (46)

At that point, the giant graviton has the total entropy saturated by the Hubble entropy

S_{tot} = S_H = π 17^{1/4}G √ ĒP̄_ϕ, (47)

and the energy density and the pressure given by ϱ = 17^{1/2} 4πG 1 ĒP̄_ϕ , ℘ = 17^{3/2} 64πG 1 ĒP̄_ϕ . (48)

So, the Casimir energy of the moving giant graviton at r = r_{crit} is E_C = 1/G, which coincides with E_{BH} in Eq. (35) with p = 2, as expected. Comparing Eq. (13) with the defining relation (32) of the Casimir energy, we see that the constant S_0 is related to the Casimir energy as E_C = −pS_0V_pT . For the p = 2 case, by evaluating this relation at r = r_{crit}, we obtain S_0 = −^2_{25G} √_{ĒP̄ϕ} 171/4 . The temperature (14) of the giant graviton,

valid for any a, therefore takes the form: T = 25 · 17^{1/4} 352π √ ĒP̄ [ Ē^2P̄^2_ϕa^{−4} + 5 ] . (49)

The holographic dual theory has the generalized central charge given by Eq. (44) with p = 2: c̃ = 6 17^{1/4}G √ ĒP̄_ϕ. (50)

For the p > 3 case, since the brane universe on the moving giant graviton inflates, the temperature T on the moving giant graviton at a distance r ≤ r_{crit} from the source D(6 − p)-brane is bounded from below by the negative temperature −T_H. So, it appears that the temperature bound (42) is trivially satisfied and cannot be saturated when Ha = 1. However, we find that T is not always positive in the course of cosmic evolution on the moving giant graviton, unlike the case of the conventional cosmologies. To determine integration constant S_0 in Eq. (14), we obtain the expression for T |_{r=rcrit} by evaluating Eq. (32) at r = r_{crit}, at which E_C = E_{BH}. Plugging the resulting S_0 back into Eq. (14), we obtain the following temperature of the giant graviton, valid for any a: T = − p^3 − 7p^2 + 23p − 1 32(p^2 − 8p + 23)π [ (p − 3)^2 + 16 (p − 3)^2

] 3�p_4

Ē^p�^32 P̄^1

�p_2 ϕ × [ (p − 3)Ē^2P̄^{−2} p�1_p �3 ϕ a^p 2�p+2_p �3 + (p − 7)a^{p−2} ] . (51)

This temperature expression indeed saturates the bound (42) when r = r_{crit}, i.e.,

Ha = 1. For 3 < p < 7, T < 0 when a^{4 p}

�1_p �3 >^{7−p}_{p−3}Ē^{−2}P̄^{2 p}

�1_p�_3 ϕ . For p ≥ 7, T < 0 for any a.

Since a^4 p�1_p �3_{min} = Ē −2P̄^{2 p}

�1_p �3_ϕ , actually T < 0 always in the course of the cosmic evolution

for p ≥ 5.

In conclusion, we studied thermodynamic properties of a moving giant graviton in the near-horizon background of the dilatonic D-brane. Explicit expressions for thermodynamic quantities of the moving giant graviton are obtained by applying thermodynamics of cosmology and the recently conjectured holographic principles of cosmologies. This nontrivial thermodynamics is expected from the fact that the giant gravitons are extended objects having excitation spectrum arising from vibrations about their equilibrium configuration [21].

References

[1] J. McGreevy, L. Susskind and N. Toumbas, “Invasion of the giant gravitons from anti-de Sitter space,” JHEP 0006 (2000) 008, hep-th/0003075.

[2] R.C. Myers, “Dielectric-branes,” JHEP 9912 (1999) 022, hep-th/9910053. [3] A. Hashimoto, S. Hirano and N. Itzhaki, “Large branes in AdS and their field theory dual,” JHEP 0008 (2000) 051, hep-th/0008016.

[4] M.T. Grisaru, R.C. Myers and O. Tafjord, “SUSY and Goliath,” JHEP 0008 (2000) 040, hep-th/0008015.

[5] S.R. Das, S.P. Trivedi and S. Vaidya, “Magnetic moments of branes and giant gravitons,” JHEP 0010 (2000) 037, hep-th/0008203.

[6] D. Youm, “Closed universe in mirage cosmology,” Phys. Rev. D63 (2001) 085010, hepth/0011290.

[7] H.A. Chamblin and H.S. Reall, “Dynamic dilatonic domain walls,” Nucl. Phys. B562 (1999) 133, hep-th/9903225.

[8] A. Chamblin, M.J. Perry and H.S. Reall, “Non-BPS D8-branes and dynamic domain walls in massive IIA supergravities,” JHEP 9909 (1999) 014, hep-th/9908047.

[9] P. Kraus, “Dynamics of anti-de Sitter domain walls,” JHEP 9912 (1999) 011, hepth/9910149.

[10] A. Kehagias and E. Kiritsis, “Mirage cosmology,” JHEP 9911 (1999) 022, hepth/9910174.

[11] W. Fischler and L. Susskind, “Holography and cosmology,” hep-th/9806039.

[12] R. Easther and D.A. Lowe, “Holography, cosmology and the second law of thermodynamics,” Phys. Rev. Lett. 82 (1999) 4967, hep-th/9902088.

[13] G. Veneziano, “Pre-bangian origin of our entropy and time arrow,” Phys. Lett. B454 (1999) 22, hep-th/9902126.

[14] D. Bak and S. Rey, “Cosmic holography,” Class. Quant. Grav. 17 (2000) L83, hepth/9902173.

[15] N. Kaloper and A. Linde, “Cosmology vs. holography,” Phys. Rev. D60 (1999) 103509, hep-th/9904120.

[16] R. Bousso, “A Covariant Entropy Conjecture,” JHEP 9907 (1999) 004, hep-th/9905177;

“Holography in general space-times,” JHEP 9906 (1999) 028, hep-th/9906022; “The holographic principle for general backgrounds,” Class. Quant. Grav. 17 (2000) 997, hep-th/9911002.

[17] E. Verlinde, “On the holographic principle in a radiation dominated universe,” hepth/0008140.

[18] A.Y. Alekseev, A. Recknagel and V. Schomerus, “Non-commutative world-volume geometries: Branes on SU(2) and fuzzy spheres,” JHEP 9909 (1999) 023, hep-th/9908040.

[19] A.Y. Alekseev, A. Recknagel and V. Schomerus, “Brane dynamics in background fluxes and non-commutative geometry,” JHEP 0005 (2000) 010, hep-th/0003187.

[20] Y. Hikida, M. Nozaki and Y. Sugawara, “Formation of spherical D2-brane from multiple D0-branes,” hep-th/0101211.

[21] S.R. Das, A. Jevicki and S.D. Mathur, “Vibration modes of giant gravitons,” Phys. Rev.

D63 (2001) 024013, hep-th/0009019.

[22] N. Turok, “String driven inflation,” Phys. Rev. Lett. 60 (1988) 549.

[23] J.D. Barrow, “String-driven inflationary and deflationary cosmological models,” Nucl.

Phys. B310 (1988) 743.

[24] M. Gasperini, N. Sanchez and G. Veneziano, “Highly unstable fundamental strings in inflationary cosmologies,” Int. J. Mod. Phys. A6 (1991) 3853.

[25] S.K. Rama, “Holographic principle in the closed universe: A resolution with negative pressure matter,” Phys. Lett. B457 (1999) 268, hep-th/9904110.

[26] J.D. Bekenstein, “A universal upper bound on the entropy to energy ratio for bounded systems,” Phys. Rev. D23 (1981) 287; “Entropy bounds and black hole remnants,” Phys. Rev. D49 (1994) 1912, gr-qc/9307035; “Is the cosmological singularity thermodynamically possible?,” Int. J. Theor. Phys. 28 (1989) 967.