arXiv:1107.4048v4 [hep-th] 13 Mar 2012

TIFR/TH/11-24 CCTP-2011-14

Gregory-Laflamme as the confinement/deconfinement transition in holographic QCD

Gautam Mandal^1 and Takeshi Morita^2

1Department of Theoretical Physics, Tata Institute of Fundamental Research, Mumbai 400 005, INDIA

2Crete Center for Theoretical Physics Department of Physics University of Crete, 71003 Heraklion, Greece

email: mandal@theory.tifr.res.in, takeshi@physics.uoc.gr

Abstract

We discuss the phase structure of N D4 branes wrapped on a temporal (Euclidean) and a spatial circle, in terms of the near-horizon geometries. This system has been studied previously to understand four dimensional pure SU(N) Yang-Mills theory (YM4) through holography. In the usual treatment of the subject, the phase transition between the solitonic D4 brane and the black D4 brane is interpreted as the strong coupling continuation of the confinement/deconfinement transition in YM4. We show that this interpretation is not valid, since the black D4 brane and the deconfinement phase of YM4 have different realizations of the Z_N centre symmetry and cannot be identified. We propose an alternative gravity dual of the confinement/deconfinement transition in terms of a Gregory-Laflamme transition of the soliton in the IIB frame, where the strong coupling continuation of the deconfinement phase of YM4 is a localized D3 soliton. Our proposal offers a new explanation of several aspects of the thermodynamics of holographic QCD. As an example, we show a new mechanism of chiral symmetry restoration in the Sakai-Sugimoto model. The issues discussed in this paper pertain to gravity duals of non-supersymmetric gauge theories in general.

Contents

1 Introduction 2

2 Review of QCD and its gravity dual 4 2.1 Finite temperature QCD . . . . . . . . . . . . . . . . . . . . . 4 2.2 Holographic QCD . . . . . . . . . . . . . . . . . . . . . . . . . 5

3 Finite temperature holographic QCD 8 3.1 Confinement/deconfinement transition in Holographic QCD in the standard scenario . . . . . . . . . . . . . . . . . . . . . 8 3.2 Problems with the standard gravity analysis . . . . . . . . . . 10

4 Our proposal for the confinement/deconfinement transition in holographic QCD 15 4.1 Gregory-Laflamme transition in the gravity theory with (P,AP) boundary condition . . . . . . . . . . . . . . . . . . . . . . . 17 4.2 Gregory-Laflamme transition as a confinement/deconfinement transition . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21

5 New correspondences in holographic QCD 23 5.1 Polyakov loop and D3 brane distribution . . . . . . . . . . . . 23 5.2 Gregory-Laflamme transition as a Hagedorn transition . . . . 24

6 Chiral symmetry restoration in Sakai-Sugimoto model 25 6.1 Sakai-Sugimoto model and chiral symmetry breaking . . . . . 26 6.2 Chiral symmetry restoration in the black D4 brane background 27 6.3 Chiral symmetry restoration in the localized solitonic D3 brane. 29

7 Conclusions 35 7.1 Further questions . . . . . . . . . . . . . . . . . . . . . . . . . 36

A Probe D7 brane solution in T ≫ T_{GL} 38

1 Introduction

Strongly coupled field theories such as QCD and various condensed matter systems are not amenable to perturbative calculations and require numerical or other non-perturbative tools. A powerful new tool in this context is holography, which maps gauge theories to gravity in a higher dimension [1, 2, 3, 4, 5, 6]. Holography, however, is most reliable and quantitative for special supersymmetric gauge theories. In the generic case, including for pure Yang Mills theories, inferences from gravity tend to be less quantitative due to various degrees of extrapolations, although such exercises have proved to be rather valuable, e.g., in the context of holographic QCD [5, 6, 7, 8, 9].

Recently, it was pointed out in [10] that there are problems with a naive application of holography to a two dimensional large N bosonic gauge theory at finite temperature. The dual of this system is based on gravity backgrounds involving N D2 branes on T^2. The phase diagram of gravity, interpreted naively, does not admit a unique continuation to the regime of gauge theory, owing to its dependence on the boundary condition for fermions on the brane. However, it was shown in [10] that the phase structures in gravity and gauge theory could be smoothly connected through an appropriate choice of fermion boundary conditions.

In this paper, we will show that similar problems arise when we holographically analyse more general non-supersymmetric gauge theories at finite temperature. The particular example we will focus on is that of holographic QCD from D4 branes [5, 6, 7, 8, 9]^1. We will discuss some problems with the usual correspondence between the confinement/deconfinement transition in QCD and the Scherk-Schwarz transition between a solitonic D4 brane and a black D4 brane in the gravity dual. Some of these problems were first discussed in [11] (see section 3.2 for further details). Especially we will show that the black D4 brane cannot be identified with the (strong coupling

1We will briefly discuss the generalization to a p dimensional bosonic gauge theory and its holographic dual in section 7.

continuation of the) deconfinement phase in QCD in four dimensions. As a resolution of these problems, we will propose an alternative scenario in which the confinement/deconfinement transition corresponds to a Gregory- Laflamme transition [12, 13, 14] between a uniformly distributed D3 soliton and a localized D3 soliton in the IIB frame.

The scenario we propose suggests that we need to reconsider several previous results in holographic QCD including the Sakai-Sugimoto model [9]. One important ingredient in the Sakai-Sugimoto model is the mechanism of chiral symmetry restoration at high temperatures [11]. We will propose a new mechanism for chiral symmetry restoration in our framework.

The plan of the paper is as follows.

Section 2 contains a short review of finite temperature QCD and the holographic approach to four dimensional Yang Mills theory (YM4)^2 using D4 branes. In Section 3.1 we discuss the gravity theory at a finite temperature and a ‘Scherk-Schwarz’ transition between a solitonic D4 brane and a black D4 brane. In Section 3.2 we recall the conventional correspondence between this transition and the confinement/deconfinement transition of the Yang Mills theory, and discuss problems with this correspondence, with special emphasis on the mismatch of Z_N × Z_N centre symmetry between the black D4 phase and the deconfined 4 dimensional YM theory. In Section 4.1, we discuss the phase structure of the D4 branes using an unconventional (periodic) fermion boundary condition along the Euclidean time circle and show that the high temperature in gravity is described by a localized solitonic D3 brane (or its T-dual) whose centre symmetry precisely matches with the deconfinement phase of four dimensional YM theory. This leads us, in Section 4.2, to propose a new representation of the confinement/deconfinement phase transition in terms of a GL transition between the solitonic D4 and the (Tdual of) the localized solitonic D3 (see Table 2). In Section 5, we show some

2 Throughout this paper we will often use the notation YM4 for four dimensional Yang Mills theory and SYM5 for five dimensional super Yang Mills theory.

new correspondences between phenomena in QCD and their counterparts in gravity following our proposal. In Section 6, we suggest a new mechanism of chiral symmetry restoration in the Sakai-Sugimoto model in keeping with our proposal. Section 7 contains the concluding remarks and some open problems.

2 Review of QCD and its gravity dual

2.1 Finite temperature QCD

In this section, we briefly review some salient properties of four dimensional SU(N) pure Yang-Mills theory at a finite temperature at large N, a system which we will subsequently investigate through holography.

An important symmetry in this theory is the Z_N symmetry along the temporal cycle, which is the centre of the SU(N) symmetry. The order parameter of this symmetry is the temporal Polyakov loop operator

W_0 = 1 N TrP e^{i ∫ β0 A0dx0} . (1) If this operator is zero, the Z_N symmetry is preserved and, if not, it is broken. Especially, if the Z_N symmetry is preserved, physical quantities do not depend on the temporal radius β/2π at O(N^2) order due to ‘large N volume independence’ [15, 16, 17]. If the gauge theory is on a torus S^1_{L1} ×S^1_{L2} ×· · · , the large N volume independence is generalized and physical quantities do not depend on L_i, if the Z_N symmetry along the i-th direction is preserved [18].

Let us consider the phase structure of the Yang-Mills theory. At low temperatures, the confinement phase is the dominant thermodynamic phase. In this phase, the Z_N symmetry is preserved (W_0 = 0). At high temperatures, the deconfinement phase, in which the Z_N symmetry is broken (W_0 ≠ 0), dominates. There is a confinement/deconfinement transition at an intermediate temperature. From studies in large N lattice gauge theories, this is expected to be a first order phase transition [19, 20, 21, 22].

As we remarked above, the free energy in the confinement phase does not depend on the temperature through the ‘large N volume independence’. It implies that the entropy becomes zero at O(N^2). On the other hand, the entropy in the deconfinement phase would be O(N^2). This has a simple physical interpretation: in the confinement phase, the spectrum excludes gluon states, which have O(N^2) degree of the freedom, and consists only of gauge singlet states like glueballs, leading to an O(1) entropy.

2.2 Holographic QCD

In this section, we will review the construction of four dimensional SU(N) pure Yang-Mills theory from N D4 branes [5]. Let us first consider a 10 dimensional Euclidean spacetime with an S^1 and consider D4 branes wrapping on the S^1. We define the coordinate along this S^1 as x_4 and its periodicity as L_4. The effective theory on this brane is a 5 dimensional supersymmetric Yang-Mills theory on the S^1_{L4} . For the fermions on the brane, the boundary condition along the circle can be AP (antiperiodic) or P (periodic); to specify the theory, we must pick one of these two boundary conditions^3. Let us take the AP boundary condition. This gives rise to fermion masses proportional to the Kaluza-Klein scale 1/L_4, leading to supersymmetry breaking (this is called the SS — Scherk-Schwarz— mechanism). This, in turn, induces masses for the adjoint scalars and for A_4, which are proportional to λ_4/L_4 at one-loop. Therefore, if λ_4 is sufficiently small and the dynamical scale Λ_{Y M}

3 Defining a spinor field on a manifold M requires specifying a “spin structure”, which means specifying a consistent choice of the sign of the spinorial transformation (recall that, given a Lorentz transformation Λ on vectors, the corresponding spinor transformation S(Λ) is ambiguous up to a sign S(Λ) ↔ −S(Λ)). On a simply connected Euclidean manifold M there is a unique spin structure; all cycles are contractible and the fermion b.c. along any such cycle is antiperiodic. If M has the topology S^1 × N where N is simply connected (generalizations to multiple S^1 factors are obvious), then the spin structure on M has a two-fold ambiguity, where a spinor can be either periodic (P) or anti-periodic (AP) along the S^1. See, e.g. [23]. For examples relevant to this paper, see [5]).

is much less than both the above mass scales^4, then the fermions and adjoint scalars are decoupled and the 5 dimensional supersymmetric Yang-Mills theory is reduced to a four dimensional pure Yang-Mills theory^5.

By taking the large N limit of this system a la Maldacena at low temperatures, we obtain the dual gravity description of the compactified 5 dimensional SYM theory [5], which consists, at low temperatures, of a solitonic D4 brane solution wrapping the S^1_{L4} . The explicit metric is given by

ds^2 =α^′ [ u^{3/2} √ d_4λ_5 ( dt^2 + 3∑ i=1 dx^2_i + f_4(u)dx^2_4 ) + √ d_4λ_5 u^{3/2} ( du^2 f_4(u)

+ u^2dΩ^2_4 )] ,

f_4(u) = 1 − (u_0 u )_3 , e^ϕ = λ_5 (2π)^2N ( u^{3/2} √ d_5λ_5 )_{1/2} . (2)

There is also a non-trivial value of the five form potential which we do not write explicitly. Here λ_5 = λ_4L_4 is the YM coupling on the D4 world-volume and d_4 is found by putting p = 4 in the general formula

d_p = 2^{7−2p}π^{(9−3p)/2}Γ ( 7 − p 2 ) . (3)

Since the x_4-cycle shrinks to zero at u = u_0, in order to avoid possible conical singularities we must choose the asymptotic radius L_4 as follows

L_4 2π = √ d_4λ_5 3 u^{−1/2}_0 . (4)

With this choice, the contractible x_4-cycle, together with the radial direction u, forms a so-called ‘cigar’ geometry which is topologically a disc. In order that the fermions are well-defined on this geometry, they must obey the AP

4 Recall that Λ_{Y M} = Λ exp[−1/(bλ_4)], where λ_4 is the value of the coupling at some cut-off scale Λ and b is the first coefficient of the β-function; if λ_4 is sufficiently small it is possible to ensure Λ_{Y M} ≪ λ_4/L_4, 1/L_4 since as λ_4 goes to zero, exp[−1/(bλ_4)] goes to zero faster than λ_4.

5In this construction of the 4 dimensional Yang-Mills theory from the 5 dimensional SYM through the Kaluza-Klein reduction, we have implicitly assumed that the long string modes are suppressed. We will come back to this problem later on.

boundary condition. The AP boundary condition along x_4 is, of course, consistent with the choice of fermion b.c. in the boundary theory.

The leading order gravity solution described above is not always valid. E.g. in order that the stringy modes can be ignored, we should ensure that the curvature in string units must be small. In other words, the typical length scale of this solution near u = u_0, viz, l = ( α^′ √ d_4λ_5u^{1/2}_0 )_{1/2} , must satisfy l ≫ √ α^′ [2]. This condition turns out to be equivalent to

λ_4 ≫ 1. (5)

This is opposite to the condition which we found for the validity of the fourdimensional gauge theory description (see footnote 4). Thus, this gravity solution can describe the 5 dimensional SYM but cannot directly describe the 4 dimensional YM theory, inferences about which can only be obtained through extrapolation. This is a common problem in the construction of holographic duals of non-supersymmetric gauge theories. This has been discussed at length; in particular, the gravity description, which necessitates extrapolation to strong coupling, has been likened (cf. [7] and [6], p. 196- 197) to strong coupling lattice gauge theory. Many interesting results, including the qualitative predictions in [5, 6, 7, 9], have been obtained using this prescription.

Let us explore some properties of the soliton solution (2). This solution is expected, on the basis of several arguments, to correspond to the confinement phase in the four dimensional gauge theory. For example, it can be shown that the classical action of this solution at a finite temperature 1/β is [14, 24, 25]^6

S_{SD4}/N^2V_3 = −C_4λ_4βL^{−4}_4 , (6)

where V_3 is the volume of the three spatial dimensions (x_1, x_2, x_3) and C_4 is a

6In Section 3.1 we will describe more details of holographic QCD at finite temperatures. Eq. (6) describes the stable phase of the system only at a sufficiently low temperature.

constant which is obtainable from the formula below [2, 10] by putting p = 4

C_p = 5 − p 2^{11−2p}π^{(13−3p)/2}Γ((9 − p)/2)a^{2(7−p)/(5−p)} p , a_p = 7 − p 4πd^{1/2}p . (7)

Thus the free energy of this solution, F = S_{SD4}/β, is independent of temperature, and hence the entropy is zero at O(N^2) order. These facts are consistent with the interpretation of this solution as the confinement phase in the large N gauge theory, in which the temporal Z_N symmetry is preserved.

Note that the action (6) divided by L_4 does depend on L_4, implying that the Z_N symmetry along the x_4-cycle is broken. Although this observation might appear irrelevant for the 4 dimensional Yang-Mills theory, it is this symmetry breaking which allows a conventional KK reduction to four dimensions (see the next two sections for more details).

3 Finite temperature holographic QCD

3.1 Confinement/deconfinement transition in Holographic QCD in the standard scenario

In existing holographic studies of the thermodynamics in the Yang-Mills theory, it is assumed that the black D4 brane solution corresponds to the deconfinement phase and the Scherk-Schwarz transition in the gravity is related to the confinement/deconfinement transition. In this section, we review this scenario and we will explain its problems in section 3.2.

To discuss holographic QCD at finite temperatures, we begin by compactifying Euclidean time in the boundary theory on a circle with periodicity β = 1/T . To permit description in terms of four dimensional gauge theory, the temperature should, of course, be kept far below the KK scale, T ≪ λ_4/L_4^7. In order to determine the gravitational theory, we need to

7The precise conditions for the decoupling of KK modes from YM4 are T ≪ 1/L_4 for the fermions and T ≪ λ_4/L_4 for the bosonic modes (with λ_4 ≪ 1). Since the second condition includes the first one at weak coupling, we omit the first condition.

fix the periodicity of fermions in the gauge theory along the time cycle. In the existing literature, the fermion boundary condition is chosen to be AP according to the usual practice for thermal fermions (we will see in section 4 that this choice is not imperative here). The resulting fermionic bc’s^8: (AP, AP) along (t, x_4) lead to a Z_2 symmetry of the system under t ↔ x_4. In the gravity dual, we must therefore, include the Z_2-transform of the solution (2), which is a black D4 solution:

ds^2 =α^′ [ u^{3/2} √ d_4λ_5 ( f_4(u)dt^2 + 3∑ i=1 dx^2_i + dx^2_4 ) + √ d_4λ_5 u^{3/2} ( du^2 f_4(u)

+ u^2dΩ^2_4 )] , f_4(u) = 1 − (u_0 u )_3 . (8)

Here u_0 in this metric is related to β as in (4) β 2π = √ d_4λ_5 3 u^{−1/2}_0 . (9)

This solution has a contractible t-cycle and the fermions must obey the antiperiodic boundary condition (see footnote 3), consistent with the AP b.c. in the gauge theory. Analogously to (5), the gravity description of this solution is reliable if λ_4 ≫ β/L_4^9.

The classical action density can be evaluated, as before, yielding

S_{BD4}/N^2V_3 = −C_4λ_4L^2_4β^{−5}. (10)

In contrast with (6), the free energy now is a function of β and hence the entropy is O(N^2) which is appropriate for a description of the deconfinement phase in the gauge theory.

By comparing (6) and (10), we see that at low temperatures (large β) the solitonic D4 solution dominates, while at high temperatures the black brane

8 Here and elsewhere the boundary conditions will always refer to those of the boundary theory along S^1_β × S^1_{L4} , respectively.

9In several equations for the black D4 brane in this paper, we use the four dimensional gauge coupling λ_4 = λ_5/L_4, which obscures the β ↔ L_4 symmetry. If we write these equations using λ_5 instead of λ_4, we will see that they are rather simply obtained from the corresponding equations for the solitonic D4 brane via the exchange β ↔ L_4.

dominates. The transition between the two solutions, which we will call the “Scherk-Schwarz (SS) transition”, occurs at [24]

β_{SS} = L_4. (11)

In the standard discussions of holographic QCD [6, 8, 11], this transition is interpreted as the (continuation of the) confinement/deconfinement transition in the gauge theory. In the following sections, we will explain various problems with this interpretation and present a resolution by proposing an alternative scenario.

3.2 Problems with the standard gravity analysis

The previous subsection describes the usual relation between the confinement/deconfinement transition in 4 dimensional Yang-Mills theory and the SS transition in holographic QCD. However as we will now discuss, there are several problems^{10} associated with this correspondence. Some of these problems were mentioned earlier in [11].

In order to understand these problems, it is convenient to consider first the phase structure of the 5 dimensional SYM on the S^1_β × S^1_{L4} . See Figure 1. As we have seen, the gravity description is valid in the strong coupling regime of this theory (the blue region in Figure 1) which is characterized by the solitonic D4 solution and the black D4 solution. On the other hand, the 4 dimensional Yang-Mills theory is realized at weak coupling (λ_4 ≪ 1) and low temperature (β ≫ L_4/λ_4) (the upper green region in Figure 1) which is characterized by the confinement phase and the deconfinement phase. The usual proposal is that the solitonic D4 and black D4 solutions correspond to the confinement and deconfinement phases respectively.

To examine this proposal in detail, it is useful to consider the realization of the Z_N × Z_N centre symmetry in various phases of the five-dimensional

10The problems discussed in this section are not about the use of holography in predicting the phase diagram of strongly coupled 5 dimensional SYM, but rather about its extrapolation to four dimensional Yang-Mills theory.

Figure 1: The phase structure of the five dimensional SYM (SYM5) on S^1_β × S^1_{L4} with the (AP,AP) boundary condition. The gravity analysis is valid in the strong coupling region (the blue region). The 4 dimensional YM description is valid in the upper green regime. The lower green regime is the mirror of the upper one via the Z_2 symmetry β ↔ L_4. The solid red line in the green regions depicts the known confinement/deconfinement transitions in gauge theory and its Z_2 mirror. The solid red line in the blue region is the SS transition (11). These lines demarcate phases characterized by the Z_N × Z_N order parameters W_0 and W_4 (see Table 1). The solid black lines correspond to a minimal extrapolation of the phase boundaries through the intermediate region. The dotted line denotes another possible phase transition which is allowed by the Z_2 symmetry but across which the Z_N ×Z_N symmetry does not change.

‘Confinement’ phase in YM4 W_0 = 0, W_4 ≠ 0 AP/P ‘Deconfinement’ phase in YM4 W_0 ≠ 0, W_4 ≠ 0 AP/P Z_2 mirror of ‘confinement’ phase in YM4 W_0 ≠ 0, W_4 = 0 AP Z_2 mirror of ‘deconfinement’ phase in YM4 W_0 ≠ 0, W_4 ≠ 0 AP Solitonic D4 phase W_0 = 0, W_4 ≠ 0 AP/P Black D4 phase W_0 ≠ 0, W_4 = 0 AP Localized solitonic D3 phase W_0 ≠ 0, W_4 ≠ 0 P

Table 1: The values of the Polyakov loops in some phases of the 5 dimensional SYM (SYM5) on S^1_β × S^1_{L4} (focussing on features related to the physics of the four dimensional YM theory). The boundary condition for the fermion along S^1_β is shown in the right column. (We have fixed the AP b.c. along the S^1_{L4} .) The ‘confinement’ phase in YM4 here refers to the phase of SYM5 whose KK compactification, at small enough L_4, coincides with the usual confinement phase of YM4. Similarly, the ‘deconfinement’ phase in YM4 here refers to the phase of SYM5 whose KK compactification, at small enough L_4, coincides with the usual deconfinement phase of YM4. The phases labelled by gravity solutions, valid at suitable parameter regimes, denote the respective phases of SYM5 at those parameter regimes.

SYM theory along t and x_4. The Z_N symmetry along t is characterized by the order parameter W_0 which is the temporal Polyakov loop (1). Similarly the Z_N symmetry along x_4 is characterized by the order parameter W_4 which is the Polyakov loop around the x_4-cycle:

W_4 = 1 N TrP e^{i ∫ L40 A4dx4} . (12)

In Table 1 we have collected values of (W_0, W_4) for the phases of 5D SYM discussed in this paper^{11}.

Before testing the above proposal for holographic QCD in terms of these order parameters, let us see how to obtain this table. The ‘confinement’ phase

11One cannot, a priori, rule out additional phases in the intermediate coupling regime (the white region in Figure 1 and 3.). However, the lattice super Yang Mills study in [26] has analyzed such intermediate coupling regimes in the context of D1 branes compactified on a periodic circle, and has not found any novel phases. This result may indicate that there are no other phases in the present case with D4 branes as well.

denotes a phase of the 5D SYM whose KK compactification, at small enough L_4, coincides with the usual confinement phase of YM4. The latter, clearly has W_0 = 0. Now, the fact that we have obtained the 4D phase through a KK reduction, along L_4, implies that the corresponding phase of the 5D theory must have W_4 ≠ 0. This follows from the fact [17, 27] that in a W_4 = 0 phase, KK reduction does not work since the effective KK scale in a large N gauge theory becomes 1/(NL_4) in stead of the usual 1/L_4, and goes to zero at large N^{12}. Thus, the ’confinement’ phase must have W_0 = 0, W_4 ≠ 0, as shown in the first row of Table 1. By similar arguments, the ‘deconfinement’ phase of 5D SYM which coincides with the deconfinement phase of YM4 must have W_4 ≠ 0 (for validity of the KK reduction) and W_0 ≠ 0 (to exhibit 4D deconfinement). This is shown in the second row of Table 1.

The next two rows in Table 1 describe two additional phases of SYM5, which appear only for the (AP,AP) b.c. via the Z_2 symmetry. The third row describes the Z_2 mirror of the confinement phase of YM4, which is characterized by W_0 ≠ 0 and W_4 = 0. Since W_4 = 0, this phase is a fully 5 dimensional object and is not related to the YM4 (indeed, so far as the Polyakov loop order parameters are concerned, this phase can be identified with a deconfinement phase of SYM5). Another phase is the mirror of the deconfinement phase in YM4, which is characterized by W_0 ≠ 0 and W_4 ≠ 0. Since this phase has the same order parameters as the original deconfinement phase, it is not obvious whether these two phases are distinct or smoothly connected through a cross over (we represent the possible phase boundary/crossover by the horizontal dotted line in Figure 1).

To describe the next three rows in Table 1, note that the order parameters (W_0, W_4) have a manifestation in gravity. Thus, e.g. if the Z_N symmetry along t is preserved (W_0 = 0), then, due to the ‘large N volume independence’ mentioned in Section 2.1, the free energy F should be independent of β

12The fractional KK scale, related to the ‘long string’ modes of [28], can be understood as arising from mode shifts of charged fields in the presence of Wilson lines whose eigenvalues are uniformly distributed along a circle.

(equivalently, the action should be linear in β). This is satisfied by the action in (6). Hence for the parameter regime in which the solitonic D4 brane is the dominant phase of the theory, the 5 dim SYM dual exists in a phase characterized by W_0 = 0. Similarly, the non-linear dependence of the action (6) on L_4 implies that the gauge theory dual has W_4 ≠ 0. These results are represented by the 5th row of Table 1. One can similarly deduce by looking at the β, L_4 dependence of (10) that for the phase of the gauge theory represented by the black D4 solution^{13}, W_4 = 0, W_0 ≠ 0, which could also be inferred by the t ↔ x_4 symmetry. This is represented by the 6th row of Table 1. In the last row, we have included a phase of SYM5 with (P, AP) fermion b.c. along (t, x_4) which corresponds to a localized D3 soliton, to be discussed in the next section.

We now come back to the conventional proposal of holographic QCD discussed in the beginning of this section; let us define this proposal as a combination of three propositions:

(a) the solitonic D4 brane phase of gravity corresponds to the confinement phase of YM4,

(b) the black D4 corresponds to the deconfinement phase of YM4, and

(c) the SS transition between the two gravity solutions corresponds to the confinement/deconfinement transition of YM4.

In terms of Table 1, both the solitonic D4 and the confinement phase of YM4 (regarded as a phase of SYM) have W_0 = 0, W_4 ≠ 0; hence both of these phases have the same Z_N × Z_N symmetry and (a) can in principle be valid. However, (b) cannot be valid, since the black D4 phase (W_4 = 0, W_0 ≠ 0) and

13The action (10) depends linearly on L_4, if we rewrite it by using λ_5 = λ_4L_4. Hence the action per unit length in the x_4 direction is independent of L_4; therefore, W_4 = 0.

the deconfinement phase of YM4 (W_4 ≠ 0, W_0 ≠ 0) have different Z_N × Z_N symmetry. In particular, the black D4 corresponds to a phase that cannot be KK reduced to YM4 at all because of vanishing W_4. In fact, it would correspond to the Z_2 mirror of the confinement phase of YM4 (which can be identified with a deconfinement phase of SYM5 which is intrinsically 5 dimensional). Thus, there must be at least one phase boundary between the deconfinement phase of YM4 and the black D4 phase (see Figure 1 for one possibility). Regarding (c), if the SS transition persists even at weak coupling, then it clearly cannot coincide with the confinement/deconfinement transition. The reason is that, even at weak coupling the SS transition can only occur at β = L_4 (since even stringy effects should satisfy the Z_2 symmetry), whereas it is known that the confinement/deconfinement phase transition temperature of YM4 goes down (β_c goes up) at smaller values of λ_4 (see Figure 1).

Through the arguments in this section, it is obvious that the black D4 brane solution does not correspond to the deconfinement phase in the 4 dimensional Yang-Mills theory and the SS transition does not correspond to the confinement/deconfinement transition. In the next section, we propose an alternative correspondence, which resolves these problems.

4 Our proposal for the confinement/deconfinement transition in holographic QCD

In the previous section, we considered the conventional picture of holographic QCD at finite temperature and discussed some of the problems in describing phases of YM4. In this section, we propose an alternative picture to resolve these problems.

In the above discussion, we described finite temperature gauge theory by choosing AP b.c. for fermions on the brane along the compactified Euclidean time. However, let us recall that the gauge theory of interest here is pure Yang

Mills theory in four dimensions, which does not have fermions. Fermions reappear when the validity condition (5) is enforced and Λ_{Y M} goes above the KK scales 1/L_4. In this sense, fermions are an artifact of the holographic method and in the region of validity of the pure YM theory, the periodicity of the fermion should not affect the gauge theory results.

If we start with the 5 dimensional SYM on S^1_β ×S^1_{L4} with a periodic temporal circle, the partition function is the twisted one: Tr (−1)^F exp[−βH_{SYM5}], and is not the standard thermal partition function. However, under the limit λ_4 ≪ 1 and β ≫ L_4/λ_4, in which the 4 dimensional YM theory appears, the fermions are effectively decoupled; hence F → 0. Thus in this limit the ‘twisted’ partition becomes the usual thermal partition function, even with the periodic b.c. for the fermions. More precisely, we have

Z^{SYM5}_{(P,AP)} = Tr(−1)^F e^{−βHSYM5}

= Tre^{−βHYM4} + O(e^{−βλ4/L4} ), (λ_4 → 0, L_4/λ_4β → 0). Z^{SYM5}_{(AP,AP)} = Tre^{−βHSYM5}

= Tre^{−βHYM4} + O(e^{−βλ4/L4} ), (λ_4 → 0, L_4/λ_4β → 0). (13)

Thus, independent of the boundary condition along the S^1_β, we obtain the thermal partition function of YM4.

As a consequence, it is pertinent to study the phase structure of the 5 dimensional SYM on S^1_β × S^1_{L4} with (P,AP) boundary condition through holography^{14}. Indeed, in this sector, we will find a phase transition in gravity, which continues naturally, at weak coupling, to the confinement/deconfinement transition in the 4D Yang-Mills theory.

14The phase structure of the D1 brane on a T^2 with (P,AP) and (AP,AP) has been studied in [27]. Their results are similar to our D4 brane results. The analysis in [29] is also related to our study. See also [10] for related comments.

4.1 Gregory-Laflamme transition in the gravity theory with (P,AP) boundary condition

In this section, we reconsider the gravity theory described in Section 3, now compactified on S^1_β ×S^1_{L4} with (P,AP) b.c. for fermions. In this case, contrary to the (AP,AP) case, the black D4 brane solution (8) is not allowed (see the comment below (9)). However a non-trivial phase boundary still exists, as we will see shortly. The detailed phase structure for this boundary condition is summarized in [14, 25] (with t and x_4 exchanged); see also [10]. We will now outline the salient features.

Let us start from large β. In this region the solitonic D4 brane solution (2) is thermodynamically dominant. As we decrease β, it reaches O ( L_4/ √ λ_4 ) , which is the order of the effective string length at u = u_0 [6, 7]. Below this value, winding modes of the string wrapping on the β-cycle would be excited^{15}. Thus the gravity description given by (2) would be valid only if β ≫ L_4 √ λ_4

. (14)

In order to avoid this problem, we perform a T-duality along the t-cycle and go to the IIB frame^{16}, where the solitonic D4 solution becomes a solitonic D3 brane uniformly smeared on the dual t-cycle. The metric describing this

15In some previous studies including our works [10, 36], the winding modes were not correctly evaluated. We would like to thank S. Sugimoto and K. Hashimoto for discussing this point.

16 In the (AP, AP) case, if we were to perform a T-duality along the t-cycle, the theory would be mapped to the 0B frame which involves a tachyon. The analysis in the bulk gravity in that case would be different from that in the IIB case (we would like to thank S. Minwalla for pointing this out to us). However, unlike in the (P, AP) case, the issue of light winding modes in the temperature range (14) and the consequent need to go to a T-dual frame do not arise, since way before we reach temperatures such as (14), the solitonic D4 solution ceases to be the dominant solution, and is replaced by the black D4 solution at the temperature (11). Recall that in the black brane phase the winding number is not a conserved quantity, as the time circle is contractible; thus there are no winding modes in the spectrum. We hope to come back to a more detailed analysis of the (AP,AP) case in a future work.

solution is given by

ds^2 =α^′ [ u^{3/2} √ d_4λ_5

(_3 ∑ i=1 dx^2_i + f_4(u)dx^2_4 ) + √ d_4λ_5 u^{3/2} ( du^2 f_4(u)

+ dt^{′2} + u^2dΩ^2_4 )] . (15)

Here α^′t^′ is the dual of t, hence t^′ has a periodicity β^′ = (2π)^2/β = (2π)^2T . By considering winding modes on this metric, we can see that the gravity description is now valid if β ≪ L_4/ √ λ_4. Thus even when β is below (14), the gravity analysis in the IIB frame is possible.

As β decreases (hence the dual radius in the IIB frame increases), the uniformly smeared solitonic D3 brane becomes thermodynamically unstable at a certain temperature. This temperature, called the Gregory-Laflamme (GL) instability point, is numerically given by [14]^{17}: β_{GL,inst} ≃ 7.19 L_4 λ_4

. (16)

It is expected that, even before β is lowered all the way to β_{GL,inst}, the smeared solitonic D3 brane becomes meta-stable and undergoes a first order Gregory-Laflamme (GL) transition at an inverse temperature β_{GL} > β_{GL,inst},^{18} leading to a more stable, solitonic D3 brane localized on the dual cycle. This localized solution spontaneously breaks translation symmetry along the temporal direction. Although it is difficult to derive the critical temperature β_{GL} precisely, we can approximately evaluate it as follows [29]. The metric of the localized solitonic D3 brane is approximately given by that of the solitonic D3 on R_9 × S^1_{L4} for a sufficiently large radius β^′ of the dual

17 We obtain this result from Eqn. (12.11) in [14] with p = 4 through identification L̂ = β and T̂ = 1/L_4.

18The GL instability was initially found in the black string. However similar instability exists in the solitonic solutions as well; the reason is easily understood in the Euclidian space, where there are no differences between the black objects and solitonic solutions.

cycle [14, 30],

ds^2 =α^′ [ ũ^2 √ d_3λ_5/β

(_3 ∑ i=1 dx^2_i + f_3(ũ)dx^2_4 ) + √ d_3λ_5/β ũ^2 ( dũ^2 f_3(ũ)

+ ũ^2dΩ^2_5 )] ,

f_3(ũ) = 1 − ( ũ_0 ũ )_4 , ũ_0 = √ d_3λ_5/β π 2L_4

, e^ϕ = λ_5 2πNβ . (17)

Here d_3 = 2 (see Eq. (3)). The value of ũ_0 is determined by the smoothness condition (as in (4)). ũ is regarded as a radial component of a spherical coordinate and is related to the cylindrical coordinates (u, t^′) of (15) by roughly ũ^2 ∼ u^2 +t^{′2}. Here we implicitly assume that the soliton is localized at t^′ = 0. This approximation is valid if ũ_0 and ũ are sufficiently small such that we can ignore the finite size effect associated with the dual circle [14, 30]^{19}.

The classical action of this solution turns out to be

S_{SD3}/N^2V_3 = −C_3L^{−3}_4 . (18)

By comparing this classical action with (6)^{20}, we can estimate that the GL transition will happen around β_{GL} = C_3 C_4

L_4 λ_4 ≃ 8.54 L_4 λ_4

. (19)

Note that, near this critical point, ũ_0 is similar in magnitude to, but less than, the dual radius [29], so we expect (17)-(19) to receive some corrections from the finite size effect.

In addition to these two solutions, (15) and (17), there is another solution: solitonic D3 brane non-uniformly smeared on the dual cycle. The metric of this solution is perturbatively derived in [14]. This non-uniform solution arises at the GL instability point and is always unstable. Although the

19Later on, in (23), we will consider a situation in which ũ is large. In that case the finite size of the t^′-cycle is important and we need to include all the images of the localized soliton on this cycle.

20Note that the classical action is invariant under the T-duality, hence (6) describes both the solitonic D4 as well as the smeared solitonic D3.

Figure 2: The schematic relations among the free energies of various solutions in the GL transition (19) [31, 32]. The red lines denote the stable solutions. The blue lines denote the meta-stable solutions. The yellow lines denote the unstable solutions. The solitonic D4 (uniformly smeared solitonic D3) becomes unstable at the GL instability point (16). In addition, the localized solitonic D3 cannot exist below a certain temperature.

complete behaviour of the non-uniform solution has not been explored, it is expected that it merges with the localized solitonic D3 as shown in Figure 2 [13, 25, 31, 32]^{21}. The fact that the GL instability temperature (16) is higher than the approximately obtained GL critical temperature (19) is consistent with this expectation.

Let us make a few comments on the localized solitonic D3 solution (17). Firstly, through a calculation similar to (5), the gravity description can be shown to be valid (i.e. stringy effects can be ignored) if λ_4 ≫ β/L_4. Secondly, this solution ceases to exist if β is too large, as shown in Figure 2; intuitively, if β were too large, the dual cycle would become smaller than the size of the localized soliton, which is not possible. Thirdly, the free energy F = S_{SD3}/β of this solution, unlike that of (2), is proportional to temperature; hence the entropy of this solution is non-zero at O(N^2)^{22} and the temporal Z_N symmetry is broken. In addition, because of the non-trivial L_4-dependence of

21In this paper, we will often use the notation “SDp” for solitonic Dp brane(s). 22The entropy derived from the classical action (18) does not depend on temperature. If we consider higher order corrections of u_0 and u in the metric (17) as in [14], the corrected entropy depends on the temperature.

the classical action (18) we can see that the Z_N symmetry along the x_4-cycle is also broken. Thus the Polyakov loop W_0 and W_4 in this solution are both nonzero as shown in Table 1 and, contrary to the black D4 solution, the localized solitonic D3 solution is appropriate for a description of the deconfinement phase in the dual gauge theory (which also has W_0 ≠ 0, W_4 ≠ 0). We will build on this observation in the next subsection.

4.2 Gregory-Laflamme transition as a confinement/deconfinement transition

The phase structure^{23} of the 5 dimensional SYM on S^1_β ×S^1_{L4} with the (P,AP) boundary condition is shown in Figure 3. The strong coupling region (the blue region in Figure 3) described by type II supergravity and is characterized by the GL phase transition which occurs at a temperature given by (19). In the weak coupling region (the green region in Figure 3), the 4 dimensional Yang-Mills is realized at low temperatures (β ≫ L_4/λ_4). Although this region is common to the (P,AP) phase diagram in Figure 3 and the (AP,AP) phase diagram in Figure 1, the mirror of this region under the Z_2 (β ↔ L_4) does not exist in Figure 3 since the (P,AP) b.c is not Z_2-symmetric.

The main point to emphasize here it that: contrary to the previous phase structure in the (AP,AP) case, now the localized solitonic D3 phase has the same order parameters (W_0 ≠ 0, W_4 ≠ 0) as the deconfinement phase, thus making it plausible that these two phases are smoothly connected. In Figure 3, we have indicated this by assuming the simplest extrapolation through the region of the intermediate coupling.

Our proposal In view of the above observations, we propose a strong coupling continuation of weakly coupled 4-dimensional Yang Mills theory as shown in Table 2.

23In this phase diagram, we do not distinguish the solitonic D4 and uniformly smeared solitonic D3 because they are essentially the same object, although the regions of validity of their gravity descriptions are different.

Figure 3: The phase structure of five dimensional SYM on S^1_β × S^1_{L4} with the (P,AP) boundary condition. The gravity analysis is valid in the strong coupling region (the blue region). The 4 dimensional YM description is valid in the green region. The phase structure in the intermediate region, including the phase boundary shown by the solid black line, is an extrapolation from these two descriptions.

Weak coupling Strong coupling Z_N × Z_N 4 dimensional YM Gravity (P,AP) Low temp. Confinement phase Solitonic D4 phase W_0 = 0, W_4 ≠ 0 High temp. Deconfinement phase Localized solitonic D3 W_0 ≠ 0, W_4 ≠ 0 Transition Confinement/Deconfinement Gregory-Laflamme

Table 2: Our proposal.

Of course, our proposal is based on a simple extrapolation between the intermediate coupling regime, and the real story there could be more involved. However the mere existence of such a simple extrapolation is a significant improvement over the previous proposal in the (AP,AP) case, where we are certain that there has to be at least one phase boundary between the deconfinement phase and black D4 solution (for the simple reason that their order parameters have different values). It is clearly important, therefore, to further investigate the nature of the deconfinement phase in terms of the localized solitonic D3 solution based on the correspondence outlined above.

5 New correspondences in holographic QCD

Using our proposed correspondence, we can explain anew several phenomena in the gauge theory from gravity. In this section, we list some of these phenomena.

5.1 Polyakov loop and D3 brane distribution

In our proposal, we identified the GL transition in the IIB frame to the confinement/deconfinement transition in the gauge theory. In the GL transition, the distribution of the D3 branes on the dual circle changes from a uniform distribution at low temperatures to a localized one at high temperatures. In this subsection, we explain what the corresponding phenomenon is in the gauge theory.

Since the original five-dimensional gauge theory (of the D4 branes) appears in the IIA frame, in order to understand the role of the D3 branes, we need to consider a T-duality along the temporal direction. Under this Tduality, X_0, which is transverse to the D3 brane, is mapped to the gauge potential A_0 on the D4 brane. Thus the D3 brane distribution on the dual circle is related to a distribution of θ_k’s, which are defined as the eigenvalues of the Polyakov loop operator exp(iθ_k)δ_{kl} = [ P exp(i ∫_β 0 A_0dt) ] kl , k, l = 1, ..., N.

If the D3 branes are uniformly distributed, the θ_k are also uniformly distributed. In that case, by choosing an appropriate gauge, we can take θ_k = 2πk/N. Then the temporal Polyakov loop operator (1) becomes

W_0 = 1 N TrP e^{i ∫ β0 A0dx0} = 1 N N∑ k=1 e^{2πik/N} = 0. (20) Hence this distribution corresponds to the confinement phase. On the other hand, if the D3 branes are localized, then θ_k are also localized and the Polyakov loop becomes non-zero, which characterizes the deconfinement phase. This observation is consistent with the entropy arguments in section 4.1.

The above discussion shows a direct relation between the D3 brane distribution and the eigenvalue distribution of the Polyakov loop operator. This latter quantity can sometimes be explicitly evaluated [10, 33, 34, 35, 36, 37]. E.g. in [10], for four dimensional Yang Mills theory on a small T^2, we found that the uniform, non-uniform and localized distribution of θ_i, all appear, with obvious correspondence to similar gravitational solutions. Especially the free energies of these three solutions show a “swallow tail” relation similar to Figure 2. (See Figure 3 in [10].) This correspondence strongly supports our proposal.

5.2 Gregory-Laflamme transition as a Hagedorn transition

Our proposal opens up the interesting possibility of a relation between the GL transition and the Hagedorn transition.

It is known that the GL instability is an instability of the KK modes of the graviton along the compact circle [12]. In our case, the KK modes along the dual temporal circle, which are associated with the GL instability at (16) in the IIB description, are mapped to winding modes around the temporal circle through the T-duality [25, 38]. This then indicates that the type IIB GL transition is associated with the excitation of the winding modes of the

IIA string^{24}. This phenomenon is similar to the Hagedorn transition in string theory [39], where the associated instability is caused by temporal winding modes. Thus the GL transition in the IIB description might correspond to the Hagedorn transition in the IIA description.

Note that from large N gauge-theoretic calculations also, the usual confinement/deconfinement transition is believed to be related to the Hagedorn transition. It has been explicitly shown in weakly coupled gauge theories [33, 34]. This makes it plausible that the Hagedorn transition in the Yang- Mills theory continues to the Hagedorn transition in the IIA string, which, as we argued above, is possibly the dual of the GL transition in the IIB supergravity.

6 Chiral symmetry restoration in Sakai-Sugimoto model

In the previous sections, we have seen that the conventional holographic representation of the confinement/deconfinement transition as the SS transition is fraught with problems, to circumvent which we proposed in Section 4.2 a different interpretation in terms of a GL transition. However, the SS transition has widely been employed in holographic QCD and purports to explain several phenomena in real QCD. In particular, the chiral symmetry restoration in the Sakai-Sugimoto model was neatly explained in [11]. In their scenario the black D4 brane plays a crucial role. However, since in our proposal the black branes do not appear anymore, we need to find an alternative idea for realizing chiral symmetry restoration. In this section, we discuss how chiral symmetry restoration can happen in the localized solitonic

24Note that we have argued in 4.1 that at values of β lower than (14), winding modes get excited. On the other hand, the instabilities from the winding modes arise at the much smaller β (16) for a large λ. It would be interesting to understand the mechanism for the separation of these two temperatures in the IIA string theory, although it may be difficult since we need to quantize the strings to investigate it.

D3 background.

6.1 Sakai-Sugimoto model and chiral symmetry break- ing The Sakai-Sugimoto model [9] was proposed to describe low energy hadron physics in holographic QCD and elegantly reproduces many aspects of the real QCD. We first briefly review this model and show how chiral symmetry breaking at low temperatures is realized in terms of the dual gravity.

The Sakai-Sugimoto model is an extension of the holographic model of QCD discussed in section 2.2. Sakai and Sugimoto added, to the N D4 brane system, N_f D8 and D8 branes which are localized on the x^4 circle and fill all other directions as follows (0) 1 2 3 (4) 5 6 7 8 9 D4 − − − − − D8/D8 − − − − − − − − − (21)

Here () denotes the compactified directions. (See Figure 4 (a).) This model has a free parameter L, which is the asymptotic (u → ∞) distance between the D8 and D8 brane on the x_4 circle. In the original Sakai-Sugimoto model [9] L was taken to be L_4/2; however, we will let it be general and take values in [0, L_4/2] (the other half, L ∈ (L_4/2, L_4) is related by a reflection and need not be considered separately).

This model has U(N_f ) × U(N_f ) gauge symmetry on the N_f D8 and D8 branes, which can be interpreted as a chiral U(N_f )_L ×U(N_f )_R flavor symmetry in QCD. As we will see soon, in some situations, the D8 and D8 branes merge and the chiral symmetry is broken to a single U(N_f ). Sakai and Sugimoto proposed that this is the holographic realization of chiral symmetry breaking [9].

Let us take a large N limit a la Maldacena and, according to the principle of holography, replace the N D4 branes with a corresponding gravity solution. Here we will keep N_f ≪ N such that we can ignore the back-reaction of the D8/D8 branes onto the background geometry (this is the so-called ‘probe approximation’). In that case, the background (D4 brane) geometry is determined thermodynamically (as the dominant classical solution at a given temperature, as we have done in sections 3 and 4), and the D8/D8 brane configuration coupled to this background, is determined dynamically, with the given distance L as a boundary condition.

Chiral symmetry breaking in this model happens as follows. At sufficiently low temperatures, the favoured geometric background is that of solitonic D4 solution (2), as we have seen in section 3 and 4. On this background, the D8 and D8 cannot extend separately and need to merge as shown in Figure 4 (b). As a result, the U(N_f ) × U(N_f ) gauge symmetry on the D8 and D8 is broken to U(N_f ), representing chiral symmetry breaking (χSB) in the dual gauge theory.

6.2 Chiral symmetry restoration in the black D4 brane background

In the gauge theory, it is expected that chiral symmetry is restored at a sufficiently high temperature. Thus if holographic QCD is to work, there should be a corresponding phenomena in the dual gravity description.

In [11], a mechanism for chiral symmetry restoration was suggested by considering D8 and D8 in the black D4 brane background (8) in the (AP,AP) case. Contrary to the solitonic D4 brane geometry (2), the u − t plane of the black D4 background has a ‘cigar’ geometry. Thus the D8 and D8 branes can wrap the cigar separately as shown in Figure 5 (c). If such a configuration is energetically favoured, U(N_f ) × U(N_f ) gauge symmetry is preserved and chiral symmetry is restored.

In addition to this configuration, another configuration shown in Figure 5 (d) is possible in the black D4 background. This configuration is similar to Figure 5 (b) and chiral symmetry is broken. In [11], energies of these two configurations are compared with the black D4 background. It was found

Figure 4: Brane configuration of the Sakai-Sugimoto model at a finite temperature. Figure (a) shows the basic brane configuration of the Sakai-Sugimoto model before considering the large N limit. The long horizontal direction schematically denotes the x^5, · · · , x^9 coordinates, which are transverse to the D4 branes (if the D4 branes are localized at x^5 = · · · = x^9 = 0 in Cartesian coordinates, the horizontal line can be taken as, for example, x^5 with x^6 = · · · = x^9 = 0). The directions x^1, x^2, x^3 are common to the D4 and D8/D8 branes and are not shown. The directions t and x^4 are periodic and we should identify ‘up’ and ‘down’, and ‘front’ and ‘back’ planes in the figure, respectively. The square planes on the edges denote T^2 = S^1_t × S^1_x4 at u = ∞ (x^5 = ±∞). The N_f D8 and D8 branes are localized on S^1_{x4} with the asymptotic ( u → ∞) distance L. The world-volumes of the N D4 branes are depicted by vertical planes and those of the D8 and D8 by horizontal planes. Before taking the large N limit, the D8 and anti-D8 branes extend parallelly and chiral symmetry is preserved. In (b) we consider the large N limit and replace the N D4 branes by the solitonic D4 brane geometry (2). This geometry is pinched off at u = u_0 and D8 and D8 cannot extend to the x^5, · · · , x^9 direction. Thus they need to merge and chiral symmetry is broken.

Figure 5: Chiral symmetry restoration in the black D4 brane background (8) [11]. In this background, although the horizontal direction is still pinched off, the t − u plane has a ‘cigar’ geometry and the D8 and D8 branes can separately wrap the cigar as shown in (c). (Recall that the ‘front’ and the ‘back’ of this figure are identical.) In this case, chiral symmetry is restored. On the other hand, the configuration shown in (d) is also possible. This configuration is similar to (b) and chiral symmetry is broken.

(see Figure 7 of [11]) that for L > L^{SS}_c ≡ 0.154L_4, it is configuration (c) which is always favoured, indicating a concurrence of deconfinement and chiral symmetry restoration transitions at T_{SS} = 1/β_{SS} ≡ 1/L_4, while for L < L^{SS}_c , a new window T_{SS} ≤ T < 0.154/L opens up where configuration (d) is the favoured one, indicating coexistence of deconfinement and broken chiral symmetry.

6.3 Chiral symmetry restoration in the localized solitonic D3 brane.

Although the chiral symmetry restoration was explained, as above, in the black D4 brane background, our main thesis in this paper is that the black D4 solution itself is fraught with problems, if we interpret this solution as the deconfinement phase of the four dimensional gauge theory (see Section 3.2). The alternative we proposed in Section 4.2 is that the localized solitonic D3 brane solution (17) in the (P,AP) b.c. should be taken as the correct representation of the deconfinement phase in the dual gauge theory. In view of this, we need to understand chiral symmetry restoration in this solution instead of in the black D4 solution.

One subtlety in the application of our proposal to the Sakai-Sugimoto model is the existence of the fundamental quarks from the open string between the D4 and D8/D8 brane. These quarks are, of course, not decoupled in the 4 dimensional limit λ_4, L_4/βλ_4 → 0. Hence, unlike in case of the adjoint fermions, where the P and the AP b.c. on the thermal cycle reduce to the same quantity in the four dimensional limit (see (13)), for the fundamental quarks the P and the AP b.c’s differ in the 4D limit; hence, we must choose the AP b.c. on the temporal cycle to investigate the thermodynamics of the Sakai-Sugimoto model. Since our proposal crucially uses P b.c. for the fermions along the temporal cycle, we must address this issue^{25}. It turns out that with a small addition to our model, viz. that of an imaginary chemical potential [40], we can obtain the desired AP b.c. around the temporal cycle for the quarks retaining the P b.c. for the adjoint fermions^{26}. Details of this approach will appear in a forthcoming paper [41]. Introduction of such a chemical potential does not cause any essential modification to the analysis that follows below, as shown in detail in [41]. Consequently, we will proceed below with periodic (fundamental as well as adjoint) fermions.

In our proposal, the gravity analysis has been done in IIB supergravity by performing a T-duality along the t-cycle: S^1_t → S^1_t′ . Thus it is convenient to dualize the brane configuration of the Sakai-Sugimoto model to the IIB frame. Since all the D branes in the Sakai-Sugimoto model wrap the S^1_t , the above T-duality maps the D4 branes and D8/D8 branes to D3 and D7/D7

25Of course, for N ≫ N_f , the fractional difference in the free energy between the P b.c. and the AP b.c., which entirely arises from the fundamental quarks in the 4D limit, is O(N_f /N) → 0. However, such fractional differences are important when we want to discuss the free energy of the quarks, which itself is of order O(N_f /N) compared to that of the gluons.

26We would like to thank Y. Hidaka for suggesting this point.

Figure 6: T-dual of Figure 4 along the t-cycle. (e) and (f) are the T-duals of (a) and (b) respectively. The distribution of the D3 branes (schematically represented by the bunch of vertical lines) on S^1_t′ is fixed dynamically.

branes spreading

(0^′) 1 2 3 (4) 5 6 7 8 9 D3 − − − − D7/D7 − − − − − − − − (22)

See Figure 6 (e) also. The distribution along S^1_t′ of the D branes in the IIB description (related to the gauge field A_0 in the IIA description), is determined dynamically. In the probe approximation, according to the analyses in section 4.1, at temperatures below the GL critical temperature (19), the D3 branes are distributed uniformly and, above it, they are localized on the S^1_t′ . The fate of the chiral gauge group in the gravity representation depends on the stable configurations of the probe D7/D7 branes in these backgrounds.

In the uniformly smeared solitonic D3 brane geometry (15) shown in Figure 6 (f), the situation is similar to (b) in Figure 4. Since the u direction is smoothly pinched off at u_0, the D7 and D7 have to merge and chiral symmetry is broken.

On the other hand, in the localized solitonic D3 brane geometry, the horizontal direction is not fully pinched off. Recall that the geometry (17) is pinched off at ũ = ũ_0, where ũ ∼ √ u^2 + t^{′2} and u^2 = (x^2_5 + ... + x^2_9)/α^{′2}. Thus

Figure 7: Chiral symmetry restoration in the localized smeared solitonic D3 brane background. In this geometry, the D3 branes are localized on the S^1_t′ and the horizontal x^5, · · · , x^9 direction is not fully pinched off. Then we can consider two configurations. The chiral symmetry is preserved in (g) and broken in (h).

u can reach zero. As a result, D7 and D7 can extend separately as shown in Figure 7 (g). This configuration is similar to (e) in Figure 6 and would restore chiral symmetry. In addition to this configuration, a chiral symmetry broken configuration is also possible as shown in Figure 7 (h).

The last task is the evaluation of the stability of these two configurations at temperatures higher than T_{GL} = 1/β_{GL} (19). In the flat space, the force between a single D3 and single D7 (or between a single D3 and a single D7) in our configuration is repulsive, since the number of the Neumann- Dirichlet open strings between them is 6 [42]. Thus we expect that even after taking the large N and near horizon limits, the force may be repulsive. As a result, the D7/D7 branes, which are separated from the localized SD3 in the t^′-direction, would try to move away as far as possible in this direction. However, since the t^′-direction is compactified on a circle, the D7/D7 branes should then end as being fixed at the point on the t^′-circle which is antipodal to the localized SD3. E.g. if we put the localized SD3 brane at t^′ = 0, the D7 as well as the D7 branes will both be at t^′ = β^′/2. See the left diagram of Figure 8. In this case, we can effectively restrict the dynamics of these

Figure 8: Three classical configurations of the probe D7/D7 brane on the localized SD3 background in u − t^′ and u − x_4 space. Green lines correspond to the configuration of the D7 and D7 branes in Figure 7(g), which preserve chiral symmetry. The red and blue lines correspond to Figure 7(h), which break chiral symmetry. These three solutions satisfy the same boundary condition x_4 → L/2 (u → ∞). The two χSB solutions appear only for L < L_∗(T ). The energy of these solutions are plotted in Figure 9 (a).

branes to (u − x_4) plane (given by t^′ = β^′/2). Thus the problem reduces to finding classical solutions x_4(u) with a boundary condition: x_4(u) → L/2 (u → ∞), where we put the D7 at x_4 = L/2 and D7 at −L/2.

The problem stated above is difficult to solve precisely near the GL transition since the background metric (17) is only an approximate description. The metric around the D7/D7 brane (at t^′ = β^′/2) becomes more and more accurate, however, when T ≫ T_{GL}. As a result, we solve for the stable configuration in this limit. Details of the calculation are presented in appendix A. We find three solutions, corresponding to the D brane configurations of Figures 7 (g) and (h), as shown in Figure 8. In the appendix, we compare the classical DBI actions of these solutions numerically, as depicted in Figure 9 (a) (see also the phase diagram in Figure 10): as one increases temperature beyond a certain value, chiral symmetry is restored, the transition being of first order. Therefore, one can see that even in our proposal, similarly to the case of the black D4 [11], we can explain chiral symmetry restoration at high enough temperatures.

Figure 9: (a) The DBI action for probe D7 branes vs. L. We evaluated (25) for the three solutions (one χS and two χSB solutions). Since these DBI actions diverge, we regularize them by subtracting the DBI action for the χS solution. A first order transition occurs at L = L_c. (b) The relation between u_1 and L in the χSB solution (27). Two χSB solutions exist for a given L if L < L_∗. The colour coding in these figures is the same as that in Figure 8.

Figure 10: Preliminary phase diagram of the Sakai-Sugimoto model. We numerically evaluate L_c(T ) by using the high temperature approximation and the result near T_{GL} is not reliable. The T coordinate is scaled by λ_4/L_4. In higher temperature, the χS phase is favoured.

7 Conclusions

In this paper, we showed that the conventional representation of the confinement/deconfinement transition in holographic QCD has several problems and proposed an alternative representation which resolves these problems.

As mentioned earlier, problems similar to the above had also been encountered in the study of two dimensional bosonic gauge theory in [10]. This indicates that the issues addressed in this paper are rather general in the discussion of holography for non-supersymmetric gauge theories at finite temperatures. To elaborate, in the standard holographic procedure, a p-dimensional non-supersymmetric gauge theory is first constructed through the KK reduction of a (p + 1)-dimensional super Yang-Mills theory on a Scherk-Schwarz circle. The (p + 1)-dimensional SYM at large N can be mapped to a scaling limit of Dp brane geometries [2]. At finite temperatures, because of the two compact cycles (temporal and Scherk-Schwarz), several distinct solutions (depending on boundary conditions) appear in gravity as shown in section 3 and 4: solitonic Dp (equivalently, uniformly smeared solitonic D(p − 1)), localized solitonic D(p − 1), and black Dp. The black Dp brane solution appears at high temperatures in the (AP,AP) case, while the localized solitonic D(p − 1) brane solution is the high temperature phase in the (P,AP) case. A table similar to Table 1 can again be constructed, where the appropriate order parameters would be W_p, W_0; these would again appear to favour the localized solitonic D(p − 1) phase as the more suitable representation of the deconfinement of p-dimensional YM theory (rather than the more conventional black Dp phase which appears only in the (AP,AP) b.c.). Following this logic, a p-dimensional analogue of our proposal (see Section 4.2) would appear to give a better description of holographic QCD in p dimensions. In particular, we believe that the Gregory-Laflamme transition between the solitonic Dp and localized solitonic D(p − 1), would, as in this paper, be related to the confinement/deconfinement transition in the p-dimensional gauge theory.

7.1 Further questions

In order to further understand holographic QCD through the above proposal, it would be of interest to address the following questions.

Transition temperature From (19), the critical temperature of the confinement/deconfinement transition (the GL transition) would be O(λ_4/L_4). On the other hand, holographic QCD seems to predict that the square root of the QCD string tension is O( √ λ_4/L_4), as in (14), whereas the glueball masses are O(1/L_4) [6]. It would be important to understand the reason for the separation of these scales and how they evolve from strong coupling to weak coupling.

Quantitative correspondence Although our new proposal reproduces the known qualitative features of 4 dimensional Yang-Mills theory, it does not automatically lead to a quantitative agreement. For example, the free energy of the deconfinement phase of the YM theory at a sufficiently high temperature must be proportional to T^4, since the coupling becomes weak and the theory becomes approximately conformal. However the free energy of the localized solitonic D3 is proportional to T (as can be seen from (18)). This is not entirely surprising since the functional form of F (T ) can change as one evolves from weak coupling to strong coupling. Furthermore, one has to exercise caution in defining a high temperature limit of YM4 in the holographic context since the temperature must always remain much smaller than the KK scale.

YM4 from SYM5 with (AP,AP) In this article, we have emphasized the correspondence between YM4 and SYM5 with (P,AP) b.c. However, as we pointed out in (13), the 5 dimensional SYM with (AP,AP) b.c. should also be related to YM4, since the boundary condition becomes irrelevant in the limit λ_4 ≪ 1 and β ≫ L_4/λ_4. A possible way this correspondence may work is as follows. In the (AP,AP) case, if we treat the black D4 solution (the blue region in the bottom half of Figure 1), which is not related to YM4, as irrelevant, and focus on the solitonic D4 brane, its winding modes would appear to be light around the temperature (14). A Hagedorn transition parallel to the (P,AP) case might occur above this temperature and might continue to the confinement/deconfinement transition in YM4. However, in order to investigate it further through gravity, we need to understand the gauge/gravity correspondence in the 0B frame as mentioned in footnote 16.

Real time It would be important to explore what geometry corresponds to the deconfinement phase in the real time formalism. An understanding of this would allow us to address dynamical properties of the deconfinement phase, e.g. transport properties. Since previous results in this area were based on the black brane solutions, it would be important to see how well-known results such as the viscosity bound [43] can be derived in our proposal^{27}.

AdS/CMT and chemical potential dependence The SS transition for D3 branes has been studied in the context of the AdS/CMT correspondence to investigate the superconductor/insulator transition in 2+1 dimension [44, 45]. In these studies, a chemical potential for a U(1) charge was introduced and the phase structure involving this chemical potential has been derived. It would be interesting to ask whether our proposal has any bearing on these studies, e.g., whether the GL transition analogous to the one discussed here can be a candidate for the superconductor/insulator or some other transition. A possible line of investigation could be to study the chemical potential dependence of T_c for the GL transition vis-a-vis that for the SS transition and see whether any qualitative differences appear^{28}.

27We would like to thank E. Kiritsis for emphasizing this issue to us. 28The chemical potential dependence for the confinement/deconfinement transition directly from gauge theory has been studied in a one dimensional model [37].

Acknowledgement

We would like to thank Avinash Dhar, Saumen Datta, Koji Hashimoto, Yoshimasa Hidaka, Elias Kiritsis, Matthew Lippert, Shiraz Minwalla, Vasilis Niarchos, Tadakatsu Sakai, Shigeki Sugimoto and Tadashi Takayanagi. We would also like to thank Ofer Aharony, Matthew Lippert, Shiraz Minwalla, Rob Myers and Vasilis Niarchos for a critical reading of the manuscript and for offering suggestions for improvement. We would like to thank the organizers of the sixth regional String theory meeting in Milos, Greece (June 2011) for hospitality during the final stages of this work and for an opportunity to present this work. T.M. would like to thank KEK for hospitality where part of the work was done. T.M. is partially supported by Regional Potential program of the E.U. FP7-REGPOT-2008-1: CreteHEPCosmo-228644 and by Marie Curie contract PIRG06-GA-2009-256487.

A Probe D7 brane solution in T ≫ T_{GL}

In this appendix, we show the calculation of the probe D7/D7 solution in the localized solitonic D3 brane background (17) in the T ≫ T_{GL} limit.

As we argued in section 6.3, the D7/D7 would be localized at t^′ = β^′/2. Then, if the temperature is sufficiently high, we can use the Newtonian approximation [14, 30, 46, 47] around the position of the D7/D7 and the background metric in this region would be approximately described by

ds^2 = α^′ [ F^{−1/2} (_3 ∑ i=1 dx^2_i + (1 + 2Φ)dx^2_4 )

+ F^{1/2} ( 1 − 1 2 Φ ) ( du^2 + dt^{′2} + u^2dΩ^2_4 ) ] ,

F = d_3λ_5 β ∑ n ( 1 u^2 + (t^′ − nβ^′)^2

)_2 , Φ = − ũ_0^4 2 ∑ n ( 1 u^2 + (t^′ − nβ^′)^2

)_2 , e^ϕ = λ_5 2πNβ . (23)

Here the sums in F and Φ are contributions of the mirror images of the localized SD3 on the t^′-cycle and we have assumed Φ ≪ 1. We consider the classical solution of the the D7/D7 brane on this background. Since these branes would be localized at t^′ = β^′/2, the non-trivial configuration of the branes would be x_4(u) only. Then the induced metric on the D7/D7 becomes

ds^2_{D7} = α^′ [ F^{−1/2}_0

(_3 ∑ i=1 dx^2_i ) + F^{1/2}_0 ( 1 − 1 2 Φ_0 ) u^2dΩ^2_4

+ ( F^{−1/2}_0 (1 + 2Φ_0) ẋ_4(u)^2 + F^{1/2}_0 ) du^2 ] , F_0 = F |_t′_{=β}′_{/2} = λ_4L_4β^3 64π^4 sinh x − x x^3 cosh^2(x/2)

, Φ_0 = − π^4λ_4 2^4L^3_4β

F_0, x = βu 2π . (24)

Here we have used d_3 = 2 and β = (2π)^2/β^′. Now the DBI action^{29} of the D7/D7 is given as S_{DBI} =N_f T_7 ∫ d^8xe^{−ϕ} √ det g_{D7} ∝ ∫ du (1 − Φ_0) u^4 √ (1 + 2Φ_0) ẋ_4(u)^2 + F_0. (25) and the equation of motion for x_4(u) from this action is d du ( (1 + Φ_0) u^4ẋ_4(u) √ (1 + 2Φ_0) ẋ_4(u)^2 + F_0 ) = 0. (26)

Recall that the boundary condition for x_4(u) is x_4 = L/2 (u → ∞). (From now we restrict x_4(u) ≥ 0 by assuming that the negative solution is obtained by −x_4(u).)

From this equation, we can find two classical solutions. One is a constant solution: x_4(u) = L/2. This solution corresponds to the χS line in Figures 8 and 9 (a). The other solution is described by

x_4(u) = ∫_u u_1

du^′ (1 − Φ_0(u^′)) √ F_0(u^′) (u^′/u_1)^8 − 1

. (27)

29 We can verify the localization of the D7/D7 brane at t^′ = β^′/2 by evaluating the fluctuation of t^′ in this action.

Here we have assumed the existence of a turning point u_1, which satisfies x_4(u_1) = 0 and ẋ_4(u_1) = ∞. This solution corresponds to the χSB profile in Figures 8 and 9. The value of u_1 can be determined by the condition x_4(u = ∞) = L/2. We numerically^{30} find the relation between u_1 and L, which is plotted in Figure 9 (b). There is a critical value L_∗(T ), and, if L exceeds it, no χSB solution exists whereas two solutions exist if L < L_∗. One solution (the blue lines in Figure 8 and 9) is always unstable compared to another one (the red lines).

By comparing the DBI action (25) for these two χSB solutions and the χS solution, we find that the χS solution is stable for larger L. A first order transition occurs at L = L_c(T ) and the χSB solution becomes stable below it. See Figures 9 (a) and 10. Note that L_c(T ) and L_∗(T ) are decreasing functions of temperature. Thus the χS phase is favoured at higher temperature, which is consistent with QCD.

One important question is whether chiral symmetry is restored at T = T_{GL}. In our numerical calculation, we find that, if L < L_c(T_{GL}) = 0.12L_4, the confinement/ deconfinement transition and the chiral symmetry restoration transition are separated as depicted in Figure 10. However, we have used the high temperature approximation in this calculation and the result would not be reliable near T_{GL}. In addition, the background metric (17) was derived using an approximation which also does not work near this temperature. In order to improve the result near T_{GL}, we may need precise numerical study as in [31].

References

[1] J. M. Maldacena, “The Large N limit of superconformal field theories and supergravity,” Adv. Theor. Math. Phys. 2 (1998) 231-252. [hep-th/9711200].

30 In the numerical calculations, it is convenient to define the following dimensionless quantities: distance L/L_4, temperature L_4T/λ_4, cylindrical coordinate L_4u/λ_4.

[2] N. Itzhaki, J. M. Maldacena, J. Sonnenschein and S. Yankielowicz, “Supergravity and the large N limit of theories with sixteen supercharges,” Phys. Rev. D 58 (1998) 046004 [arXiv:hep-th/9802042].

[3] S. S. Gubser, I. R. Klebanov, A. M. Polyakov, “Gauge theory correlators from noncritical string theory,” Phys. Lett. B428 (1998) 105-114. [hep-th/9802109].

[4] E. Witten, “Anti-de Sitter space and holography,” Adv. Theor. Math.

Phys. 2 (1998) 253-291. [hep-th/9802150].

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

[6] O. Aharony, S. S. Gubser, J. M. Maldacena, H. Ooguri and Y. Oz, “Large N field theories, string theory and gravity,” Phys. Rept. 323, 183 (2000) [arXiv:hep-th/9905111].

[7] D. J. Gross and H. Ooguri, Phys. Rev. D 58 (1998) 106002 [arXiv:hep-th/9805129].

[8] M. Kruczenski, D. Mateos, R. C. Myers and D. J. Winters, “Towards a holographic dual of large-N(c) QCD,” JHEP 0405 (2004) 041 [arXiv:hep-th/0311270].

[9] T. Sakai and S. Sugimoto, “Low energy hadron physics in holographic QCD,” Prog. Theor. Phys. 113 (2005) 843 [arXiv:hep-th/0412141].

[10] G. Mandal and T. Morita, “Phases of a two dimensional large N gauge theory on a torus,” arXiv:1103.1558 [hep-th].

[11] O. Aharony, J. Sonnenschein and S. Yankielowicz, “A holographic model of deconfinement and chiral symmetry restoration,” Annals Phys. 322 (2007) 1420 [arXiv:hep-th/0604161].

[12] R. Gregory and R. Laflamme, “The Instability of charged black strings and p-branes,” Nucl. Phys. B 428 (1994) 399 [arXiv:hep-th/9404071].

[13] O. Aharony, J. Marsano, S. Minwalla and T. Wiseman, “Black holeblack string phase transitions in thermal 1+1-dimensional supersymmetric Yang-Mills theory on a circle,” Class. Quant. Grav. 21, 5169 (2004) [arXiv:hep-th/0406210].

[14] T. Harmark and N. A. Obers, “New phases of near-extremal branes on a circle,” JHEP 0409 (2004) 022 [arXiv:hep-th/0407094].

[15] T. Eguchi and H. Kawai, “Reduction Of Dynamical Degrees Of Freedom In The Large N Gauge Theory,” Phys. Rev. Lett. 48, 1063 (1982).

[16] A. Gocksch and F. Neri, “On Large N QCD At Finite Temperature,” Phys. Rev. Lett. 50 (1983) 1099.

[17] P. Kovtun, M. Unsal, L. G. Yaffe, “Volume independence in large N(c) QCD-like gauge theories,” JHEP 0706 (2007) 019. [hep-th/0702021 [HEP-TH]].

[18] R. Narayanan, H. Neuberger, “A Survey of large N continuum phase transitions,” PoS LAT2007, 020 (2007). [arXiv:0710.0098 [hep-lat]].

[19] B. Lucini, M. Teper and U. Wenger, “The high temperature phase transition in SU(N) gauge theories,” JHEP 0401 (2004) 061 [arXiv:hep-lat/0307017].

[20] J. Kiskis, “Latent heat of the large N finite temperature phase transition,” Phys. Rev. D74, 054502 (2006). [hep-lat/0507003].

[21] M. Panero, “Thermodynamics of the QCD plasma and the large-N limit,” Phys. Rev. Lett. 103 (2009) 232001 [arXiv:0907.3719 [hep-lat]].

[22] S. Datta and S. Gupta, “Continuum Thermodynamics of the GluoN_c Plasma,” Phys. Rev. D 82 (2010) 114505 [arXiv:1006.0938 [hep-lat]].

[23] Y. Choquet-Bruhat and C. deWitt-Morette, “Analysis, Manifolds and Physics: Part II” (North-Holland, 1989).

[24] G. T. Horowitz, R. C. Myers, “The AdS / CFT correspondence and a new positive energy conjecture for general relativity,” Phys. Rev. D59, 026005 (1998). [hep-th/9808079].

[25] T. Harmark, V. Niarchos and N. A. Obers, “Instabilities of black strings and branes,” Class. Quant. Grav. 24 (2007) R1 [arXiv:hep-th/0701022].

[26] S. Catterall, A. Joseph, T. Wiseman, “Thermal phases of D1-branes on a circle from lattice super Yang-Mills,” JHEP 1012 (2010) 022. [arXiv:1008.4964 [hep-th]].

[27] O. Aharony, J. Marsano, S. Minwalla, K. Papadodimas, M. Van Raamsdonk and T. Wiseman, “The phase structure of low dimensional large N gauge theories on tori,” JHEP 0601, 140 (2006) [arXiv:hep-th/0508077].

[28] R. Dijkgraaf, E. P. Verlinde and H. L. Verlinde, “Matrix string theory,” Nucl. Phys. B 500 (1997) 43 [arXiv:hep-th/9703030].

[29] M. Hanada and T. Nishioka, “Cascade of Gregory-Laflamme Transitions and U(1) Breakdown in Super Yang-Mills,” JHEP 0709 (2007) 012 [arXiv:0706.0188 [hep-th]].

[30] T. Harmark, N. A. Obers, “Black holes on cylinders,” JHEP 0205 (2002) 032. [hep-th/0204047].

[31] H. Kudoh, T. Wiseman, “Connecting black holes and black strings,” Phys. Rev. Lett. 94 (2005) 161102. [hep-th/0409111].

[32] B. Kol, “The Phase Transition between Caged Black Holes and Black Strings - A Review,” Phys. Rept. 422, 119 (2006) [arXiv:hep-th/0411240].

[33] B. Sundborg, “The Hagedorn Transition, Deconfinement and N=4 SYM Theory,” Nucl. Phys. B 573, 349 (2000) [arXiv:hep-th/9908001].

[34] O. Aharony, J. Marsano, S. Minwalla, K. Papadodimas and M. Van Raamsdonk, “The Hagedorn - deconfinement phase transition in weakly coupled large N gauge theories,” Adv. Theor. Math. Phys. 8 (2004) 603 [arXiv:hep-th/0310285].

[35] O. Aharony, J. Marsano, S. Minwalla et al., “A First order deconfinement transition in large N Yang-Mills theory on a small S^3,” Phys. Rev. D71 (2005) 125018. [hep-th/0502149].

[36] G. Mandal, M. Mahato, T. Morita, “Phases of one dimensional large N gauge theory in a 1/D expansion,” JHEP 1002, 034 (2010). [arXiv:0910.4526 [hep-th]].

[37] T. Morita, “Thermodynamics of Large N Gauge Theories with Chemical Potentials in a 1/D Expansion,” JHEP 1008 (2010) 015 [arXiv:1005.2181 [hep-th]].

[38] S. F. Ross, T. Wiseman, Class. Quant. Grav. 22 (2005) 2933-2946.

[hep-th/0503152].

[39] J. J. Atick, E. Witten, “The Hagedorn Transition and the Number of Degrees of Freedom of String Theory,” Nucl. Phys. B310 (1988) 291-334.

[40] A. Roberge and N. Weiss, “Gauge Theories With Imaginary Chemical Potential And The Phases Of Qcd,” Nucl. Phys. B 275 (1986) 734.

[41] G. Mandal and T. Morita, work in progress.

[42] J. Polchinski, “String theory. Vol. 2: Superstring theory and beyond,” Cambridge, UK: Univ. Pr. (1998).

[43] G. Policastro, D. T. Son and A. O. Starinets, “The Shear viscosity of strongly coupled N=4 supersymmetric Yang-Mills plasma,” Phys. Rev. Lett. 87 (2001) 081601 [arXiv:hep-th/0104066].

[44] T. Nishioka, S. Ryu, T. Takayanagi, “Holographic Superconductor/Insulator Transition at Zero Temperature,” JHEP 1003 (2010) 131. [arXiv:0911.0962 [hep-th]].

[45] G. T. Horowitz, B. Way, “Complete Phase Diagrams for a Holographic Superconductor/Insulator System,” JHEP 1011 (2010) 011. [arXiv:1007.3714 [hep-th]].

[46] T. Harmark and N. A. Obers, “New phase diagram for black holes and strings on cylinders,” Class. Quant. Grav. 21 (2004) 1709 [hep-th/0309116].

[47] T. Harmark, “Small black holes on cylinders,” Phys. Rev. D 69 (2004) 104015 [hep-th/0310259].