arXiv:hep-th/0203244 v1 26 Mar 2002

A Comment on Curvature Effects In CFTs And The Cardy-Verlinde Formula

Arshad Momen^{∗†} and Tapobrata Sarkar^‡

the Abdus Salam International Center for Theoretical Physics,

Strada Costiera, 11 – 34014 Trieste, Italy

Abstract

We examine the Cardy-Verlinde formula for finite temperature N = 4 Super Yang-Mills theory on R × S^3, and its AdS dual. We find that curvature effects introduce non-trivial corrections to thermodynamic quantities computed on both sides. We find a modified version of the Cardy-Verlinde formula for the SYM theory, incorporating these. On the gravity side, these corrections imply that the Cardy-Verlinde formula is exact.

∗E–mail: momena@ictp.trieste.it, arshad@transbd.net, arshadmomen@yahoo.com †Permanent Address: Department of Physics, University of Dhaka, Dhaka-1000, Bangladesh ‡E–mail: tapo@ictp.trieste.it 1

The Holographic principle [1] implies that the degrees of freedom in a given spatial volume can be thought of as being encoded on its boundary, with a density that does not exceed one degree of freedom per Planck area. The basic idea behind this principle is the fact that the maximum possible entropy that one can associate with the given volume is that of the largest black hole that can be fitted inside this volume. The Bekenstein-Hawking entropy of the black hole then gives rise to the the constraint S ≤ A 4G (1) where A is the horizon area of the maximal black hole, and G is Newton’s constant. Recently, a lot of progress has been made in the understanding of the Holographic principle, both in the context of string theory and that of canonical gravity. In fact, many of these recent attempts rely on techniques of conformal field theories in two dimensions. The Cardy formula, that gives a prescription for counting states in a two dimensional conformal theory is at the centre of these developments. Using the AdS/CFT duality [3], E. Verlinde [4] has proposed a generalisation of the Cardy formula (now commonly referred to as the Cardy- Verlinde formula), valid for arbitrary space-time dimensions, which count the density of states for CFT’s that have an AdS dual.

It is now known that for the Cardy formula for two dimensional conformal field theories there are logarithmic corrections [5]. Similar corrections which are logarithmic has also been discussed in the context of black hole thermodynamics [6] originating from thermal fluctuations in the system. Therefore, it is not unnatural to anticipate corrections to the holographic bound (1) or to the Cardy- Verlinde formula.

However, there could be other non-trivial subleading corrections to the holographic bound. Consider type IIB string theory on AdS_5 × S^5, which is dual to N = 4 SU(N_c) Super Yang-Mills (SYM) theory on S^3 ×R. The gravity theory on AdS_5 admits blackhole solutions which correspond to the N = 4 SYM theory at high temperatures (thermalization being achieved in the usual way of compactifying the Euclidean time direction on a circle, and identifying the temperature as the inverse of the circle radius). The Cardy-Verlinde formula seems to be satisfied in this picture [4]. Now, one recalls that when the space is flat, N = 4 SYM is superconformal. Thus, from the point of conformal theories, one is tempted to consider curvature perturbations.

At first sight, this might seem to be a non-issue, since the high-temperature limit assumes, in a sense to be made more precise later, that the curvature is large. However, one could still try to estimate the order of magnitude corrections (if any) even within these limitations. If, for example, one is able to find such corrections from purely curvature effects on the CFT side, this could mean a correction to the Bekenstein bound in the theory.

It is this issue that we study in this note. Specifically, we study the finite temperature SU(N_c) SYM theory in a curved background, and calculate the various thermodynamic quantities. We find that indeed there are subleading order corrections to the energy and entropy for such a theory in a curved background at high temperatures that leads to a certain modification of the Cardy-Verlinde formula.

This note is organised as follows. First, we review the basic CFT framework that we are going to work in, and proceed to compute leading order corrections to the various thermodynamic quantities and an analogue of the Cardy-Verlinde formula. Next, we compute similar quantities on the gravity side, and compare the results. We end with some discussions and conclusions.

Consider an observer in a universe with flat spatial section, who carries out thermodynamic measurements on a system consisting of a massless gas at some given temperature T . We will hereafter view the flat space as the infinite radius (hence zero curvature limit of S^3). Let the volume of the gas be V . Standard finite temperature calculations lead to a free energy density F = − π^2N^2_c T^4 6 . (2)

The presence of the fourth power of temperature T in the above expression leads to the tracelessless of the energy-momentum tensor, as in the case of blackbody radiation.

Now, consider turning on a small but nonzero constant curvature to the space, characterised by the radius of curvature l. We wish to study the thermodynamics of the N = 4 SYM gas in this space. The free energy density for such curved backgrounds has been considered by Burgess, Constable and Myers [7]. In the conformal limit, this system has an AdS dual [3]. Hence, by comparing with the dual theory in this limit, we would be able to derive the Cardy-Verlinde formula for this system, as well as identify curvature corrections.

We start with the free energy density of the four dimensional N=4 Super Yang- Mills on an Einstein Manifold at a finite temperature which has been calculated in [7], using heat kernel techniques - F = − π^2N^2_c 6 [ T^4 + κ

3T^2 2π^2l^2 + · · · ] . (3)

Here the spatial geometry for the system is taken to be a maximally symmetric three dimensional space so that the Ricci scalar on this space is given by R = −^{6κ}_{l2} , l being the “radius” of the space. When κ = +1, 0, −1, the space is given by a three sphere, flat space or hyperbolic space respectively.Hereafter we will exclusively deal with a closed space ,i.e, a sphere and hence κ = 1. Now note that when l → ∞ one recovers the standard flat space result. Therefore the second term in the above free energy density (which is proportional to T^2) can be thought of as the contribution from the background geometry to the thermodynamic free energy of the system. The terms represented by the ellipsis are of the order O(^1_{T 2l6} ). Also, note that in the case of the sphere geometry, the volume of the sample is bounded from above, V ≤ 2π^2l^3. In [7], the quantity F(T ) − F(0) was calculated, and so, there can be a temperature independent term, as calculated by Kutasov and Larsen [10]. However, for the moment we supress this term. We will come back to this issue in a while.

Recall that the thermodynamic measurements on the N = 4 SYM gas will require the volume of the system V to be a variable. Thus, the free energy for the finite volume system is given by F (T, V ) = FV = − π^2N^2_c V 6 [ T^4 − κ

3T^2 2π^2l^2 + · · · ] . (4)

For the moment, we keep the volume of the 3-sphere, V , distinct from the radius of curvature, l for convenience.

Given the Helmholtz free energy one can readily find the entropy of the gas S = − ∂F ∂T = 2π^2N^2_c V 3 [ T^3 − 3 T 4π^2l^2 + · · · ] . (5)

Thus the internal energy of the “gas” would be given by

E = F + T S = π^2N^2_c V 2 P [ T^4 −

T^2 2π^2l^2 + · · · ] . (6)

The ellipses in the above equations represent terms of order O(^1_{l6} ). Since, the internal energy of the system is intrinsically a function of the entropy and the volume, we have to reexpress E in terms of S and V . This can be done via the elimination of T using equation (5). For high temperatures, this equation is a cubic equation in T : T^3 − 3 T 4π^2l^2 − 3S 2π^2N^2_c V

= 0, (7)

and hence can be solved by elementary Cardano’s formula (the temperature independent term in (3) does not appear here). Now, in the limit α ≡^{N 2c V}_{6πSl3} < 1, the equation has a pair of complex conjugate roots and a real root. Note that for the sphere V ≤ 2π^2l^3 and the above condition gives a further restriction S >^{πN 2c}_3 . Now, we work in the limit α << 1, in which the temperature of the gas is given by T = T_0 ( 1 + 1 (2πlT_0)^2 ) T_0 ≡ [ 3S 2π^2N^2_c V

] 1_3 , (8)

T_0 will now have the interpretation of the temperature of the gas in the limit l → ∞. This shows that gas becomes “hotter” in the presence of (negative) curvature.

Let us now spell out exactly the limits in which we work, in terms of the several quantities that have been defined. Firstly the original expression (3), is valid for large N_c, and in the high-temperature limit, i.e^1_{lT} << 1. We will assume, further, that we are working in the large curvature limit, and hence we will choose both l and T to be large. Then, it is clear from (7) that we are dealing with large entropies.

Substituting (8) in the expression for the internal energy one gets E as a function of entropy and the volume V of the gas - E = π^2N^2_c 2 [( 3S 2π^2N^2_c

) 4_3 V^{− 13} + 1 2π^2l^2 ( 3S 2π^2N^2_c

) 2_3

V^{13} + V 8π^4l^4 ] (9) Let us analyse this equation more carefully. When one substitutes V = 2π^2l^3, as is appropriate for the three-sphere, we do get three contributions. The first term now scales as S^{4/3}/l, and the second term as S^{2/3}/l. These are the known behaviours for the “extensive” and “Casimir” part of the energy [4]. However, now a finite contribution to internal energy has appeared which can be thought of as a gravitational contribution to the internal energy from the spatial curvature, which scales as 1/l. Note that, to begin with, we neglected the temperature independent contribution to the free energy. Clearly, the last term in (9) is of this form. In fact, its effect is to lower the magnitude of the temperature-independent term that arises in the free energy as computed in [10]. Interestingly, in the high-temperature limit, the T -independent term will presicely cancel out, as we will see later.

It is further tempting to note that if we calculate the Casimir energy for the system, using the fact that it is essentially the violation of the Euler identity,

E_C = 3 (E + pV − T S) (10)

we get E_C = 0 if the volume V is treated independent of the radius of curvature. In other words, from eq. (9), it is obvious that once we have treated l and V at a different footing (V involving a length scale and hence driving the system away from conformality), the energy scales as E(λS, λV ) = λE(S, V ). Therefore there is no violation of the Euler identity. However, for this situation, the formula for the free energy density will be different than the one in [7], when one does the full QFT calculation. It will be interesting to study the Cardy-Verlinde formula for such non-conformal cases, i.e when the volume in which the observer carries out his measurements introduces another length scale in the problem.

Once we identify the volume V with the maximal volume of the three-sphere, i.e 2π^2l^3, we get the following relation for the entropy

E^′ = π^2N^2_c 2 [( 3S 2π^2N^2_c

) 4_3

V^{− 13} + 1 (2π^2)^{13} ( 3S 2π^2N^2_c

) 2_3 V^{− 13} ] (11)

The l.h.s of the above equation representing a “shifted” energy, i.e, the energy E shifted by temperature-independent terms, proportional to V . The entropy, from eq. (9), can be written as S = √ 2 2πl 3 √ 2E_E E_C (12)

Note that we have a prefactor of √ 2 which is different from the factor of 2 obtained in [9]. There is an upper bound on S in eq.(12), namely, S ≤ √ 2 2π 3 E^′l (13)

where again E^′ is the shifted energy. The temperature independent contribution to the free energy is [10]^{−3}_{16}^{N 2c}_l . Along with a similar contribution that arose in (9), which modifies this term, we obtain finally, S ≤ √ 2 2π 3 El + N^2_c V 32π^2l^3

(14)

Of course, when l is very large, the standard Bekenstein bound is reproduced, although with a different prefactor than [4].^1

The AdS/CFT correspondence of Maldacena [3] relates the strongly coupled four dimensional N = 4 SYM to AdS_5 supergravity. One can try to check the validity of the above results in the context of the AdS/CFT correspondence. We do this again by looking at the free energy density of the strongly coupled system, which is obtained by looking at the black hole solution of the 5D AdS gravity, and using the AdS/CFT correspondence [7]: F = − π^2N^2_c 8 [ T^4 −

3T^2 4π^2l^2 + 1 8π^4l^4 ] (15)

In the same way as before, solving for the temperature in terms of the entropy and feeding it back into the expression for the energy, we obtain the equation E = 3 8 π^2N^2_c V [( 2S π^2N^2_c V

) 4_3 + 1 π^2l^2 ( 2S π^2N^2_c V

) 2_3 ] (16)

Notice that here, in contrast with the previous case, the temperature-independent term in eq. (15) exactly cancels with the curvature term coming from the high temperature expansion of T . Hence, the energy has an extensive and a subextensive term only. It is easily shown that in this case, the Cardy-Verlinde formula is S = 2πl 3 √ 2E_E E_C (17)

with E_E and E_C being the extensive and sub-extensive parts of the energy respectively. Hence, the Cardy-Verlinde formula, in this regime, is exact.

In summary, we have taken a critical look at the Cardy-Verlinde formula [4] for N = 4 SU(N_c) SYM at high temperatures and its AdS dual theory. Our tools have been elementary, but using these, we have been able to take into account systematically the curvature and high temperature effects in the relations defining the thermodynamics of the system. Our main result in this note is that there is a universal Cardy-Verlinde formula, which is exact at strong coupling. The

1From a completely independent perspective [5] there are the so called “logarithmic corrections” to entropy in a conformal theory which reduces the upper bound on the entropy.

high-temperature expansion of the thermodynamic quantities ensured in that case that the temperature-independent terms indeed drop out of the expression for the energy, and also the Cardy-Verlinde formula holds exactly. In the weak coupling regime, this formula is true upto a factor of √ 2, this is in contrast with the result obtained by Klemm et. al [9], differing from their result by a further factor of √ 2. An interesting possibility that one might consider for future work is to investigate if an analogue of the Cardy-Verlinde formula holds for a generic system that is perturbed away from the conformal limit. It will also be interesting to consider the effects of logarithmic corrections to the various well known holographic bounds. We leave such considerations for a future publication.

Acknowledgements We would like to thank D. Klemm for helpful correspondence. We would also like to thank M. Blau, K.S. Narain, G. Thompson and M. Zamaklar for discussions. A. M. would like to thank Prof. S. Randjbar-Daemi and the other members of the HE group for the warm hospitality and support at ASICTP where this work was done.

References

[1] G. ’t Hooft, “Dimensional Reduction in Quantum Gravity” gr-qc/9310026, C. R. Stephens, G. ’t Hooft, B. F. Whiting, “Black Hole Evaporation without Information Loss” Class. Quant. Grav. 11 (1994) 621, gr-qc/9310006, L. Susskind, “The World as a Hologram” J. Math. Phys. 36 (1995) 6377,

hep-th/9409089.

[2] J. Cardy, “Operator Content of Two-Dimensional Conformally Invariant Theories” Nucl. Phys. 270 (1986) 186.

[3] J. Maldacena, “The Large N Limit of Superconformal Field Theories and Supergravity” Adv. Theor. Math. Phys. 2 (1998) 231, hep-th/9711200, S. S. Gubser, I. R. Klebanov, A. M. Polyakov, “Gauge Theory Correlators from Non-Critical String Theory” Phys. Lett. B428 (1998) 105,

hep-th/9802109,

E. Witten, “Anti-De Sitter Space and Holography” Adv. Theor. Math. Phys 2 (1998) 253, hep-th/9802150.

[4] E. Verlinde, “On the Holographic Principle in a Radiation Dominated Universe” hep-th/0008140.

[5] S. Carlip, “Logarithmic Corrections to Black Hole Entropy from the Cardy Formula” Class. Quant. Grav. 17 (2000) 4175, gr-qc/0005-17, and references therein.

[6] S. Das, P. Majumdar and R.K. Bhaduri, “General Logarithmic Corrections to Black Hole Entropy” hep-th/0111001 and references therein.

[7] C. P. Burgess, N. Constable and R.C. Myers, “The Free Energy of N = 4 Super Yang-Mills and the AdS/CFT correspondence” JHEP 9908 (1999) 017, hep-th/9907188.

[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] D. Klemm, A. C. Petkou, G. Siopsis, “Entropy Bounds, Monotonicity Properties and Scaling in CFTs” Nucl. Phys. B601 (2001) 380, hep-th/0101076, D. Klemm, A.C. Petkou , G. Siopsis, Universality and a Generalized C Function in CFTs With AdS Duals” hep-th/0104141.

[10] D. Kutasov and F. Larsen, “Partition sums and entropy bounds in weakly coupled CFT,” JHEP 0101, 001 (2001) hep-th/0009244.