arXiv:1204.2711v4 [hep-th] 8 Nov 2012

N^3 entropy of M5 branes from dielectric effect

E. Hatefi International Centre for Theoretical Physics Strada Costiera 11, Trieste, Italy.

ehatefi@ictp.it

A. J. Nurmagambetov A.I. Akhiezer Institute for Theoretical Physics of NSC KIPT 1 Akademicheskaya St., Kharkov, UA 61108, Ukraine ajn@kipt.kharkov.ua

I. Y. Park Department of Natural and physical Sciences, Philander Smith College Little Rock, AR 72223, USA inyongpark05@gmail.com

Abstract

We observe that the N^3 entropy behavior of near-extermal M5 branes can be reproduced from SYM side with the role of Myers’ terms. We start by generalizing the Klebanov-Tseytlin (KT) supergravity solution that displays the N^3 entropy behavior. The new feature of the general solution is visibility of the ”internal” degrees of the M5 branes, i.e., the M0 branes and the M2 branes. With the rationale provided by the supergravity analysis, we consider a D0 brane quantum mechanical setup with Myers’ terms. Using localization technique, we show that the leading N^3 behavior of the free energy comes from the ”classical contribution” with the rest sub-leading.

1 Introduction

One of the recent lessons on the mechanism behind AdS/CFT - that was born in the birthplace of D-brane physics [1] - is that it may be far more dynamical in nature than might have originally been conceived. Although the complete first-principle derivation of the correspondence is still missing, indications exist that such dynamical nature would be the key to the derivation. One aspect of the dynamical nature is (conjectured) generation of D-brane curvature out of the non-geometric theories (SYM/open string) that one starts with. It was proposed in [2] that open string quantum effects may engineer the curvature around the host branes. Transition between an open string and a closed string is another dynamical aspect, which should also play a crucial role [3] in the first-principle derivation of AdS/CFT.

In the original formulation of AdS/CFT, it was SYM, the massless modes of the open string, that received attention after a ”decoupling” limit. It has been increasingly clear to our view, however, that it is the full-fledged open string theory that is required for reproduction of the results of the dual closed string in general. Although this would be at odds with the strongest (or most radical) form of the AdS/CFT, it should not be entirely surprising since the correspondence would then be understood as a generalization of open-closed string type duality [3]. In one further step, we point out a possibility below which would take the open string to a much elevated status. This possibility is that the role of the open string is more fundamental than might have been expected: an open string setup may be required to reproduce certain nearextremal supergravity results.^1

A large amount of evidence has been accumulated over the years, especially in the case of AdS_5/CFT_4. Nevertheless, we note in this paper that there could be bulk physics associated with stringy effects that may not be suitably described by pure SYM even after non-perturbative effects are taken into account. (”Pure” SYM means SYM without an extra effect such as the dielectric effect.) Non-extremality of certain

1An open string ideal gas model was used to reproduce the N^2 entropy behavior of a near-extremal D3 brane configuration [4]. In the present case, it is the closed string interaction terms, i.e., the Myers’ terms, that are essential for reproduction of N^3 entropy.

supergravity solutions may reflect massive open stringy effect [5][6], and potentially be an example. More specifically, the entropy of such a configuration will reflect stringy effects, and may take more than pure SYM on the dual side. Naturally one may wonder whether/how such effects can be seen from the SYM side.

In this paper, we take the entropy of various near-extremal M5 brane configurations; there have been suggestions that 5D maximal SYM may adequately describe the M5 brane dynamics [7][8]. The N^3 behavior was observed in [9] in the field theory anomaly context. The authors of [10] considered the quantum mechanical model that results from reducing the 5D SYM to time dimension. (See [11][12][13] for related discussions.) They studied the model’s degrees of freedom, and computed a certain index of the model. 5D SYM theory is the low energy limit of D4 branes, and, as such, a UV completion is required for a proper description of the D4 dynamics. For example, it potentially has an issue with renormalizability. In this work, we largely set this issue aside because we will take an alternative route.

It is natural to believe that the Kaluza-Klein modes (see, e.g., [10]) and the selfdual string (see, e.g., [14][15]) should be responsible for the N^3 behavior of M5 branes. (They are ”instanton particles” and ”little” strings in the IIA setup respectively.) We propose below using the IIA setup that it is the dielectric effect [16][17] in a D0/D4 system that is responsible for the leading N^3 entropy behavior. A D0/D4 system can be studied by the quantum mechanical lagrangian that results from reducing the N = 1 6D gauge theory whose field contents are vector multiplet, adjoint hypermultiplet and fundamental hypermultiplet, to time dimension. The Myers’ terms enter in the standard manner. The vacuum structure was studied in the Myers’ paper [17]; we will show that the non-commuting solution is responsible for the N^3 behavior.

To establish the entropy correspondence between supergravity and open string/SYM, it is necessary to understand the mapping between various branches of moduli space in these theories: physics of a given branch of supergravity moduli space must be matched with physics of the corresponding branch of SYM. In other words, AdS/CFT mappings of two theories should be made branch by branch. Once the dielectric effect is taken into account, the minimum energy configuration is a non-commuting solution. One must consider the non-commutative branch (as opposed to, e.g., the branch that is associated with a commuting solution) because that would correspond to the supergravity moduli branch under consideration here.^2

An important point to be made in the following sections is how to justify the use of the one dimensional SYM. The 5D SYM has generalized instanton-type solutions with various moduli. It will be argued that as a result of the branch mapping between SYM and supergravity, one must consider point-like soliton solutions. With that argument, we will consider the reduced action, i.e., D0 action, since the D0 brane would correspond to the point-like ”instanton” solutions^3, a narrower than otherwise branch of the SYM moduli space.

One of the interesting aspects of D-brane physics is that it admits various ”dual” descriptions. Let us illustrate this ”duality” taking the present example, a D0/D4 system. There are two ways to describe the system within the field theory technique, the D4-based description and the D0-based description. (Interesting discussions can be found in [20] and [21] on related matters.) In the D4-based description, one uses 5D SYM, and D0 branes are realized as its soliton solutions, the ”instantonic particles”. If the 5D SYM theory were complete, one would integrate out the perturbative degrees of freedom, and get the D0 action at an intermediate stage of computing the partition function. One would then evaluate the resulting action further to complete the partition function. However, since 5D SYM is not (known to be) complete (see [22] for recent progress), one should rely on the full open string techniques. In the worldsheet setup of the open string, it is not entirely clear how to integrate out the perturbative brane degrees of freedom. (One way would be to use field theory techniques including all the massive modes of the open string. However, this procedure would be impossible to implement.) Therefore, technical reasons alone force one to turn to the fundamental description of D0 branes, D0-based description of D0/D4 system (more on this later).

2The whole issue is tied with the limitations of our tools (both in open string/SYM and supergravity) that do not, in general, allow one to choose the degrees of freedom appropriate for different branches ”in a continuous manner”.

3See [18] and [19] for reviews of instanton.

One thing that needs to be understood in the D0 based description is how D0/D4 system is different from pure D0 system. In other words, the blow-up type solution is there even for a purely D0 brane system. What differentiates D0/D4 system from pure D0 system in the D0 based description? The answer to this question may lie in the peculiar string theoretic manner that the dielectric effect enters as we will point out later.

The near-extremal limit of supergravity should correspond to keeping the next leading order terms in α^′. Therefore, one should take the corresponding step in the SYM side; in general, it is expected that Myers’ terms will be an infinite series in a derivative expansion. Taking the near-extremal limit in the supergravity configuration should correspond to taking the leading terms out of the infinitely many Myers’ terms.

The organization of the rest of the paper is as follows. In section 2, after briefly reviewing the Klebanov-Tseytlin (KT) solution [23], we construct a class of IIA (or 11D) supergravity solutions of a D0/D4 type that display N^3 behavior by putting together ingredients in literature. The solutions can be viewed as a generalization of the Klebanov-Tseytlin solution. We observe that D2 branes are present through the Myers type effect. We take the existence of such solutions as an indication that the Myers’ effect should be included in the gauge theory description as well. In section 3, we set the stage for section 4 in which we analyze the entropy of the D0/D2/D4 system in a D0 brane-based description. We determine in our convention the 5D SYM lagrangian with the Myers term, a system that yields a quantum mechanical model with the D4 brane effect and Myers’ effect incorporated. The action is reduced to time dimension. With the quantum mechanical lagrangian ready, we compute the entropy of the system through localization technique [24][25]. To that end, we first recall facts about the residual supersymmetry of the system. After noting that the partition function consists of several parts, it is shown that the N^3 behavior comes from the ”classical part”^4 with the other parts yielding sub-leading contributions. In

4The Myers terms come from open strings coupling to a closed string. Therefore, it can effectively be view as a loop effect from the standpoint of the open strings.

section 5, we discuss some of the subtle issues, and comment on future directions.

2 Rationale provided by supergravity

Although the KK modes and the self-dual strings are likely to be responsible for the N^3 behavior, their presence in the near extremal solutions [26][27][23] is not evident. There might exist a more general class of solutions with the same N^3 behavior. It is expected that they would have the following characteristics: reduction to the KT solution in some limit, and the more evident presence of the KK modes and the self-dual strings (or M2 branes).

In this section, we confirm this expectation by explicit construction of a class of near-extremal solutions of D0/D4 with the N^3 entropy behavior. They indeed reduce to the KT solution in a certain limit, and provide rationale for incorporating the Myers’ term in the open string/SYM analysis in the following sections. Presumably, the near extremal M5 solution of [23] could be viewed as describing M5 branes with the lower dimensional M-branes completely dissolved.

One can construct a solution that describes a KKW/M2/M5 by boosting an M2/M5 solution [28][29][30] along, say, the x_3 direction. (Details are presented in [31].) The resulting solution has the following form

ds^2_{11} = (HH̃)^{1/3} [ H^{−1}(−K^{−1}fdt^2 + dx^2_1 + dx^2) + H̃^{−1}(Kdx̂^2_3 + dx^2_4 + dx^2_5)

+f^{−1}dr^2 + r^2dΩ^2_4 ] , (1) where H = 1 + N h^3_0 r^3

, H̃ = sin^2 ζ + H cos^2 ζ, f = 1 − μ^3 r^3 , K = 1 + N_0 k^3_0 r^3

, dx̂^2_3 = [dx_3 + (K^{−1} − 1)dt]^2, (2) and F̂_4 = 1 2 cos ζ ∗ dH + 1 2 sin ζ dH^{−1}ϵ_3 + 3 2 sin 2ζ H^{−2}dH ϵ̄_3. (3) ϵ_3 and ϵ̄_3 are volume forms on M^3 and E^3 parameterized respectively by (t, x_1, x_2) and (x_3, x_4, x_5); ∗ is the Hodge dual of E^5 that is transverse to the M5 branes.

This solution is a generalization of the boosted solution of [29][30]. In Nh^3_0 ≪ 1, N_0k^3_0 ≫ 1 limit, the solution (1) can be viewed as a stack of N_0 black M5-branes. This should be a manifestation of the Myers’ effect, since, in the supergravity context, the dielectric effect should manifest itself as a dissolution of lower dimensional branes into higher dimensional ones. One can show that the solution exhibits the S ∼ N^3T^5 entropy behavior in the near-extremal limit.

Since we will use IIA setup in the following sections, let us reduce the solution to the corresponding IIA configuration. The resulting configuration will have the same near-extremal entropy behavior S ∼ N^3T^5. Dimensional reduction of (1) along the x_3 direction in which KK waves travel leads to the D0/D2/D4 interpolating solution, D2/D4 part of which was constructed in [32] in the string frame. In the Einstein frame, ds^2_{11} = e^{−ϕ/6}ds^2_{10} + e^{4ϕ/3}(dx_3 + A)^2, (4) reducing along x_3, one gets

ds^2_{10} = H^{3/8}H̃^{1/4}K^{−3/8} [ H^{−1}(−K^{−1}fdt^2 + dx^2_1 + dx^2) + H̃^{−1}(dx^2_4 + dx^2_5) +f^{−1}dr^2 + r^2dΩ^2_4 ] , (5) e^ϕ = H^{1/4}H̃^{1/2}K^{−3/4}, A_{[1]} = (K^{−1} − 1)dt, (6) and, on account of F̂_4 = F_4 + F_3 ∧ (dx_3 + A), F_4 = 1 2 cos ζ ∗ dH + 1 2 sin ζ dH^{−1}ϵ_3, F_3 = 3 2 sin 2ζ H^{−2}dH ϵ̄_2. (7) ϵ_3 and ϵ̄_2 are the (t, x_1, x_2) and (x_3, x_4) coordinate volume forms respectively; ∗ still the Hodge dual in the transversal E^5 . Setting K = 1 in (5)–(7) leads to a D2/D4 interpolating solution that generalizes the solution found in [32].

3 Open string/SYM setup

Above, we have considered the entropy of the Klebanov-Tseytlin solution and its generalization. In this section, we review open string derivation of the corresponding low energy SYM action, focusing on the standard cubic Myers’ terms. The Myers’ terms will play a central role in reproducing the N^3 entropy from the SYM side, and the precise form of the SYM action with the Myers’ term will be given within our convention. The action will preserve part of the supersymmetry. The residual supersymmetry will be used in the next section in which the partition function is evaluated using localization technique, a very convenient tool for evaluating the full partition function.

In the D0-based description, the presence of D4 branes are realized in part through the sector that comes from dimensional reduction of the N = 1 6D SYM fundamental hypermultiplet. (We will have more on this in section 4.) The RR gauge field C^{(3)} enters as a background in the effective field theory level. One of the key issues is the residual supersymmetry of the Myers’ term since residual susy is essential for employing localization technique. In the following subsection, we recall a few things about the residual supersymmetry of the 5D SYM with the Myers’ terms added, and reduce the system to time dimension. With these tasks completed, we will be ready to compute the partition function in section 4.

3.1 Myers’ terms, supersymmetry and reduction

It is convenient to start in six dimensions, and reduce the system to five dimensions. The 6D theory has (1,1) supersymmetry. In terms of (0,1) supersymmetry, the (1,1) vector multiplet splits into an (0,1) vector multiplet, (A_{μ̂}, χ), and a (0,1) hypermultiplet in the adjoint, (ζ, Z). In addition, the system contains the fundamental hypermultiplet, (w, μ) [33].

The precise form of the low energy 5D SYM action that reproduces the corresponding open string results can be determined by going through the standard procedure. In our convention, it is given by ∫ L = ∫ d^5x Tr [ − 1 4 F_{μ̂ν̂} F^{μ̂ν̂} + 1 2 3∑ i=1 D^2_i − iχ̄_{α̇}Γ^{μ̂}D_{μ̂}χ^{α̇} − (D_{μ̂}Z^{α̇})^†D_{μ̂}Z^{α̇} − iζ̄Γ^{μ̂}D_{μ̂}ζ

+Z̄_{α̇} 3∑ c=1 (τ^cD_c)^{α̇}˙_βZ^{β̇} − Z_{α̇} 3∑ i=1 (τ^iD_i)^{α̇}˙_βZ̄^{β̇} + 4i ([ζ̄, Z^{β̇}]ϵ_{α̇}˙_βχ^{α̇} − χ̄_{α̇}[ζ, Z̄˙_β]ϵ^{α̇β̇}) ]

+ϵ^{α̇β̇} (D_{μ̂}w̄_{α̇})_a(D^{μ̂}w˙_β)^a − w̄_{α̇a} 3∑ i=1 (τ^i)^{α̇}˙_β(D_i)^a_bw^{β̇b} − iμ̄_aΓ^{μ̂}(D_{μ̂}μ)^a

+2i [μ̄_a(χ^{α̇})^a_bϵ_{α̇}˙_β(w^{β̇})^b + (w̄_{α̇})_aϵ^{α̇β̇} (χ̄˙_β)^a_b μ^b] (8)

where

μ̂ = (μ, 5) (9)

For technical reasons, the action is written in the 6D notation. Other than minor conventional differences, this action can be easily deduced from the results that were obtained in [34] which was based on earlier work of [35]. Again, for technical and convenience reasons, we start with the 5D SYM above, and reduce it to time dimension instead of directly considering a D0 system from the beginning.

One feature of the susy transformation of (8)^5 is worth noting: the gauge multiplet fields transform within themselves (whereas the hypermultiplet transformations involve the gauge fields). This feature of the susy transformations will be used in the next section where localization is employed to evaluate the partition function.

Let us (implicitly) reduce the action (8) to time dimension, and add the Myers terms^6 − i 3 f g_{Y M} ϵ_{pqr}ϕ^pϕ^qϕ^r (10) where f is a constant. For now, we will be implicit about the ranges of the indices (p, q, r). They will become clear in section 4.2. The resulting action is ∫ L_{D0/D4} = ∫ dt Tr [ − 1 4 F_{μ̂ν̂} F^{μ̂ν̂} + 1 2 3∑ i=1 D^2_i − iχ̄_{α̇}Γ^{μ̂}D_{μ̂}χ^{α̇} − (D_{μ̂}Z^{α̇})^†D_{μ̂}Z^{α̇} − iζ̄Γ^{μ̂}D_{μ̂}ζ

+Z̄_{α̇} 3∑ c=1 (τ^cD_c)^{α̇}˙_βZ^{β̇} − Z_{α̇} 3∑ i=1 (τ^iD_i)^{α̇}˙_βZ̄^{β̇} + 4i ([ζ̄, Z^{β̇}]ϵ_{α̇}˙_βχ^{α̇} − χ̄_{α̇}[ζ, Z̄˙_β]ϵ^{α̇β̇}) − 2 3 if g_{Y M} ϵ^{pqr}ϕ_pϕ_qϕ_r ]

+ϵ^{α̇β̇}(D_{μ̂}w̄_{α̇})_a(D^{μ̂}w˙_β)^a − w̄_{α̇a} 3∑ i=1 (τ^i)^{α̇}˙_β(D_i)^a_bw^{β̇b} − iμ̄_aΓ^{μ̂}(D_{μ̂}μ)^a

+2i [μ̄_a(χ^{α̇})^a_bϵ_{α̇}˙_β(w^{β̇})^b + (w̄_{α̇})_aϵ^{α̇β̇}(χ̄˙_β )^a_b μ^b] (11)

5The supersymmetry transformations can be found in, e.g., [18] and [34]. 6For supersymmetry in the presence of the Myers terms, see ([36] and) [37].

We record the potential part of the fields in the adjoint representation for later use: −Tr (1 4 [ϕ_{μ̂}, ϕ_{ν̂} ]^2 + 1 2 3∑ c=1 D^2_c + 1 2 [ϕ_{μ̂}, ϕ_m]^2 + i 2 3∑ c=1 D_cη_{cmn}[ϕ^m, ϕ^n] − i 3 f g_{Y M} ϵ_{pqr}ϕ^pϕ^qϕ^r ) (12)

where we have rewritten the Z-fields in terms of ϕ’s [34]. η_{cmn} is the ‘t Hooft symbol whose explicit form can be found, e.g., in [35]. The index m (with μ̂ = 5) represents the directions transverse to the D4 branes. Note that the coefficient of the Myers’ terms have an extra power of the gauge coupling. This is because they come from the coupling between open string states and a closed string state. As well-known, the closed string coupling goes g_c ∼ g^2_0 ∼ g^2_{Y M} . The extra factor of g_{Y M} will be important for the entropy computation later.

4 Entropy analysis with Myers’ term

With the stage set in the previous sections, we evaluate here the free energy of the quantum mechanical system, (11). There are several essential ingredients in the analysis; strictly speaking, some of them are assumptions. First of all, the D0-based setup itself is assumed to properly describe the D0/D4 system with the dielectric effect taken into account. The second ingredient is the aforementioned issue of the moduli branch matching between SYM and supergravity. In the present context, we take this to imply that the SYM branch corresponding to the supergravity branch under consideration should be associated with w_0 = 0, where w_0 denotes the vev of w.^7 The reason is that the KT supergravity solution has the lower dimensional objects completely dissolved: it should correspond to a situation where the solitons become point-like. The third ingredient is localization technique, and it is the main topic of this section: we employ localization technique to evaluate the partition function, and thereby derive the N^3 behavior. Towards the end of this section, we comment on the difference between a

7In principle, the path integral over the quantum fluctuations of the fundamental hypermultiplet must be considered. However, localization technique renders this step unnecessary, as we will see shortly.

D0/D4 and a D(-1)/D3 system, pondering the peculiar way in which the Myers’ terms arise for Dp branes with p ≠ 0. An additional effect of D4 branes in the D0-based description will be commented on at the end of this section as well.

4.1 Entropy of D0/D4 via localization

As recalled in the previous section, the dielectric effect preserves part of the supersymmetry. With the supersymmetry partially preserved, one can rely on localization technique^8 to compute the free energy. More specifically, consider adding a localizing term QS_L to the action (11), ∫ DΦ exp ( i g^2_{Y M} S + i t g^2_{Y M} QS_L ) = exp ( i g^2_{Y M} F ) (13)

where Φ is a collective symbol for the fields, t is a localization parameter and Q is a nilpotent operator that is constructed basically out of the residual supersymmetry transformations. The functional S_L represents an appropriately chosen localizing term; it is possible [36][37] to choose S_L such that the QS_L becomes the action for the adjoint fields ((15) below).

In the path integral^9, there are two contributions: the scalar vevs and the one-loop contributions. The scalar vevs are determined by minimizing the potential with the Myers’ terms. In general, there could be some parameters over which a matrix theorytype path integral would have to be further performed. We will note that there is no modulus in the minimum solution of [17], therefore, this step is not required. As usual, the action will be expanded around the scalar vevs. The one-loop contribution can be evaluated by the saddle point method.

8In [37], it was shown that the supercharge they considered is nilpotent on gauge invariant quantities. Presumably, once one adds the gauge fixing term it would make (as in [25]) the sum of the supercharge and the BRST charge nilpotent on all quantities, not only on gauge invariant quantities.

9The supergravity solutions found in sec 2 are black brane solutions with finite Hawking temperature. This suggests, although not without subtlety, a possibility that it may be a finite temperature field theory that needs to be employed. We expect the finite temperature to preserve the N^3 behavior. The constant f that appears in (10) may be related to the temperature. We postpone the precise relevance and effects of finite temperature for near-future research.

The fields in the adjoint representation can be re-expressed using the 10D notation [34]. Combining it with the fundamental hypermultiplet part of the action, one gets

L = Tr ( − 1 4 F_{MN} F^{MN} − i 2 λ̄Γ^M D_M λ ) − 1 3 if g_{Y M} ϵ_{pqr}ϕ^pϕ^qϕ^r +ϵ^{α̇β̇} (D_{μ̂}w̄_{α̇})(D^{μ̂}w˙_β) − (w̄_{α̇}) 3∑ c=1 (τ^c)^{α̇}˙_β(D_c)(w^{β̇})

−iμ̄Γ^{μ̂}(D_{μ̂}μ) + 2i [ μ̄(χ^{α̇})ϵ_{α̇}˙_β(w^{β̇})^b_u + (w̄_{α̇})ϵ^{α̇β̇}(χ̄˙_β) μ ] (14)

The relationship between gauge fermionic terms in (8) and λ-terms in (14) can be found in [34].

As we have noted in the previous section, the supersymmetry transformations of the gauge multiplet fields do not involve any hypermultiplet fields. This implies that the gauge multiplet and the hypermultiplet fields should be treated differently. Also because of the aforementioned branch matching that implies w_0 = 0, we focus on the gauge multiplet part of the lagrangian, choosing it as QS_L.^{10} Let us focus on the adjoint fields, tQS_L = tL_{adjoint} = tTr ( − 1 4 F_{MN} F^{MN} − i 2 λ̄Γ^M D_M λ ) − i 3 tf g_{Y M} ϵ_{pqr}ϕ^pϕ^qϕ^r (15) where t is a localization parameter.

Using this orientation, let us now work with (11). With the choice of the branch w_0 = 0, the bosonic part of the potential is given by (11) which we quote here,

V = −Tr (1 4 [ϕ_{μ̂}, ϕ_{ν̂}]^2 + 1 2 3∑ c=1 D^2_c + 1 2 [ϕ_{μ̂}, ϕ_m]^2 + i 2 3∑ c=1 D_cη_{cmn}[ϕ^m, ϕ^n] ) + i 3 fg_{Y M} ϵ_{pqr}ϕ^pϕ^qϕ^r (16)

The D-field equation of (12) is

2D_c + iη_{cmn}[ϕ^m, ϕ^n] = 0 (17)

10One may consider a localization lagrangian for the hypermultiplet, and add it to the total lagrangain as well. We expect that the hypermultiplet part of the contribution to the entropy should be subleading basically due to supersymmetry.

Substituting this into (16), the potential becomes

V = −Tr (1 4 [ϕ^M , ϕ^N ]^2 − i 3 f g_{Y M} ϵ_{pqr}ϕ^pϕ^qϕ^r ) (18)

where M, N are 10D indices. This potential was analysed by Myers in [17]. Upon substituting the vacuum solution that represents a non-commutative configuration, the potential yields V = − f^4g^4_{Y M} 32 N(N^2 − 1) (19)

The entropy is obtained by taking a derivative of this result with respect to the SYM coupling, and it displays the leading N^3 behavior.

Finally, let us turn to the fluctuation part and expand (15) around the non-commuting solution just reviewed. In the saddle point method, we keep only up to (and including) the quadratic terms, L_{adjoint,2nd} = Tr ( − 1 4 F_{MN} F^{MN} − i 2 λ̄Γ^M D_M λ ) |_{ϕ→ϕ+ϕ0, 2nd} + i 3 f g_{Y M} ϵ_{pqr}Tr ϕ^pϕ^qϕ^r|_{ϕ→ϕ+ϕ0, 2nd} (20)

The path integral that one should evaluate is ∫ dAdϕdλ e^{∫ − 14 Tr(F0,mn F0,mn) + i3 f gY M ϵpqrTr ϕp0 ϕq0ϕr0} e^{− 14 Tr fμν f μν} e^{∫ − i2 λ̄ΓM (∂M −iAM0 )λ} exp [ ∫ − 1 2 Tr ∂_μϕ_m∂^μϕ^m + if g_{Y M} ϵ_{pqr}Tr ϕ^r_0ϕ^pϕ^q − 1 2 Tr[ϕ_{0,m}, ϕ_{0,n}][ϕ^m, ϕ^n] − 1 2 Tr[ϕ_{0,m}, ϕ_n][ϕ^m, ϕ^{0n}] − 1 2 Tr[ϕ_{0,m}, ϕ_n][ϕ^{0,m}, ϕ^n] ] (21)

where f_{μν} ≡ ∂_μA_ν − ∂_ν A_μ. Note that the scalar part and the gauge part decouple. The remaining task is to show that the rest of the integration does not change the leading N^3 behavior of the classical contribution.

The leading N behavior should come from the scalar part of the path integral, ∫ dϕ exp ( 1 g^2_{Y M} ∫ − 1 2 Tr ∂_μϕ_m∂^μϕ^m + ifg_{Y M} ϵ_{pqr}Tr ϕ^r_0ϕ^pϕ^q − 1 2 Tr[ϕ_{0m}, ϕ_{0n}][ϕ^m, ϕ^n] + 1 2 Tr[ϕ_{0m}, ϕ_n][ϕ^{0n}, ϕ^m] − 1 2 Tr[ϕ_{0m}, ϕ_n][ϕ^{0m}, ϕ^n] )

= ∫ dϕ exp ( 1 g^2_{Y M} ∫ − 1 2 ∂_μ(ϕ_m)_{s1t1} ∂^μ(ϕ^m)_{t1s1} + f^2(N^2 − 1) 16 δ_{t1 t2} (ϕ_n)_{t1s2} (ϕ_n)_{s2t2} + V_ϕ2 ) (22)

Figure 1: one-loop diagrams

where we have defined V_ϕ2 ≡ − 1 2 ( [ϕ_{0m}, ϕ_{0n}]_{s1s2} [ϕ_{ms2t2} ϕ_{nt2s1} − ϕ_{ns2t2} ϕ_{mt2s1} ] )

+ 1 2 ( ϕ_{0ms1t1} ϕ_{0ns2t2} ϕ_{nt1s2} ϕ_{mt2s1} − ϕ_{0ms1t1} ϕ_{0nt2s1} ϕ_{nt1s2} ϕ_{ms2t2} −ϕ_{0mt1 s2} ϕ_{0ns2t2} ϕ_{ns1t1} ϕ_{mt2 s1} + ϕ_{0mt1 s2} ϕ_{0nt2s1} ϕ_{ns1t1} ϕ_{ms2t2} )

− 1 2 ( ϕ_{0ms1t1} ϕ_{0ms2t2} ϕ_{nt1s2} ϕ_{nt2s1} + ϕ_{0mt1 s2} ϕ_{0mt2 s1} ϕ_{ns1t1} ϕ_{ns2t2} ) +if g_{Y M} ϵ_{pqr}(ϕ^r_0)_{s1t1} ϕ^p_{t1s2} ϕ^q_{s2s1} (23)

It should be possible to fully evaluate the integral since the exponent is of quartic order in ϕ. For our purpose it is sufficient to evaluate it perturbatively. Let us view the first line as the propagator terms and the rest as vertices. The propagator is given by < ϕ_{ms1t1} (x)ϕ_{ns2t2} (y) >= g^2_{Y M} δ_{mn} ( δ_{s1t2} δ_{s2t1} − 1 N δ_{s1t1} δ_{s2t2} ) Δ_{xy,N} (24)

Δ_{xy,N} ≡ ∫ dq 2πi e^{iq(x−y)} Nq^2 −^{f 2}_{16} N(N^2 − 1)

(25)

One factor of N in the denominator of (25) could be rescaled away to be in line with the usual convention; with the rescaling, the discussion below would still be valid since all the vertices would get an extra factor of^1_N as well. In the computation below, we only keep the δ_{s1t2} δ_{s2t1} piece since we are interested in the leading N behavior. The first few Feynman diagrams that need to be evaluated are given in Fig. 1.

For an illustration, let us consider the diagram (b). We will now show that the leading terms have N^3 behavior. Also, it is not difficult to see from power-counting that the higher order diagrams are at most of N-cubic order. The diagram (b) corresponds to two insertions of V_ϕ2 . When squared, the leading behavior comes from the terms in the second bracket in (23); they yield f^4 2048

(2N^2 + N)(N^2 − 1)^2 ∫ dxdy Δ^2_{xy,N} (26) The integral yields N^{− 9}2 making the overall leading power N^32 . The leading N behavior of the diagrams with more insertions of V_ϕ2 can be deduced as follows. With more insertions, the number of the propagators increases as well. At the final stage of the evaluation, one would compute

(N− factors from vertices) ∫ dp 1 [ Np^2 −^{f 2}_{16} N(N^2 − 1)

]_# (27)

The increased power of N in the numerator due to the presence of more insertions is cancelled by the increased power due to more propagators in the denominator. For example, the diagram (c) with four insertions gets N^{12} coming from the vertex contractions and N^{− 21}2 coming from the propagators preserving the overall N^32 power. Based on this, we conclude that the leading terms in the one-loop contribution have N^3 behavior that comes from the classical contribution.

4.2 Comments on entropy of a D(-1)/D3 system

As widely known, the entropy of the extremal D3 brane configuration has N^2 behavior. Let us ponder the differences between a D0/D4 and a D(-1)/D3 systems.^{11} Although the Myers’ term in the D0 brane context has been long-known, the direct string theoretic realization in the context of general Dp branes is very recent; it is the eq.(31) in [39]^{12} that is based on the earlier works [40][41][42][43]. We quote it for convenience; in the present notation, it is given by ∫ d^{p+1}x ϵ^{μ0···μp} tr(F_{μ0μ1} ϕ^k)∂_kC^{(p−1)}_{μ2···μp} (28) up to a multiplicative constant. The μ-index denotes the worldvolume directions and the k-index, the transverse directions. The Myers’ term in the D0 context arises upon

11A study of a D(-1)/D3 system can be found, e.g., in [38]. 12Additional Myers’ terms have also been found in [44].

reducing this term to time dimension. There is a peculiarity in the equation above; when the dielectric effect is realized in string theory context, it could also be realized through the closed string coupling to lower dimensional objects than the dimension of the brane that one has started with. We will have more on this in the conclusion. Another implication of the result above is associated with how the effect of D4 branes should be incorporated in the D0-based description; one should start with D4 branes, and reduce them to get the D0 dielectric effect. This is, therefore, where an effect of the presence of D4 branes can be seen in the D0-based description: the presence of the D4 branes -which would not have any effect in the computation of the partition function otherwise - affects the system through the Myers terms given above.

For the Myers’ terms of a D0/D4 system in the D0-based description, one should take p = 4 and reduce this to time dimension. For a D(-1)/D3 system in the matrix theory description, p = 3 should be chosen, followed by reduction to zero dimension. The factor tr(F_{μ0μ1} ϕ^k) becomes tr([ϕ_{μ0} , ϕ_{μ1} ]ϕ^k) which is totally antisymmetric in (μ_0, μ_1, k). Unlike the p = 4 case, μ_0 or μ_1 must take the time direction in the case of p = 3. The whole term would be removed by taking a temporal gauge. This indicates that, for D(-1)/D3, it might not be the dielectric effect that is responsible for the N^2 behavior.^{13}

5 Conclusion

In this work, we have reproduced the leading N^3 entropy behavior from D0 quantum mechanics with the Myers’ terms. The effect of D4 brane is incorporated through the hypermultiplet in the fundamental representation. The leading N^3 behavior came from the classical contribution with the rest of the contributions yielding subleading expressions.

In the D0-based description, the presence of the D4 branes gets to introduce additional branches via w. However, the supergravity N^3 behavior corresponds to the branch where w_0 = 0. Therefore, the presence of D4 branes has no effect on the classical part of the free energy. It does not contribute to the one-loop part of the partition

13However, it could be higher α^′-order dielectric effect that is responsible for the N^2 behavior.

function either (as seen in the previous section) by choosing the localization term solely in terms of the gauge multiplet. This does not mean that the w-field has no effect on the free energy in general. It just means that the w-field is irrelevant for the particular class of the supergravity solutions under consideration.

Although natural, there are several assumptions that were made to derive the results in this paper. Firstly, we used a D0-based description in the spirit of [18]; it is not entirely clear whether the D0-based description would be capable of capturing the full physics of a D0/D4 system although it would certainly capture some aspects of it. This matter would be worth looking into. Secondly, we have noticed in section 4 that the Myers’ terms can be realized in a peculiar manner from the coupling between open and closed strings. It comes from the closed string coupling to a lower dimensional branes as well that ”lie inside” of the branes that one started with. The lower dimensional branes can be viewed as soliton solutions of the branes that one started with. (This seems consistent with the view that the closed string is taken as a composite state of the open string theory.) A better understanding of this phenomenon would be desired. The finite temperature effect is another aspect that requires attention. Finally, it would be interesting to investigate whether the N^2 behavior of extremal D3 branes could be related to a higher order dielectric effect.^{14} We hope to report on some of these issues in the future.

Acknowledgements EH would like to thank K.S. Narain, F. Quevedo, L. Alvarez-Gaume, N. Arkani- Hamed, G. Veneziano and N. Lambert. He is especially grateful to Rob Myers for very beneficial correspondences. Work of AJN is supported in part by the Joint DFFD- RFBR Grant #F40.2/040. He thanks Vladimir Ivashuk for discussion and Anastasios Petkou for communication. IP thanks Jean-Emile Bourgine, Goro Ishiki, Satoshi Nawata, Satoshi Watamura, Satoshi Yamaguchi and Hynn-Seok Yang for their discus-

14Note [45] in this respect, where the N^2 and N^3 entropy growth of effective potentials was observed within effective subdeterminant models of N coincident D3 and M2 branes.

sions/correspondences.

References

[1] J. Polchinski, “Dirichlet Branes and Ramond-Ramond charges,” Phys. Rev. Lett.

75, 4724 (1995) [hep-th/9510017].

[2] I. Y. Park, “Scattering on D3-branes,” Phys. Lett. B 660, 583 (2008) [arXiv:0708.3452 [hep-th]].

[3] I. Y. Park, “Strong coupling limit of open strings: Born-Infeld analysis,” Phys.

Rev. D 64, 081901 (2001) [hep-th/0106078].

[4] S. S. Gubser, I. R. Klebanov and A. W. Peet, “Entropy and temperature of black 3-branes,” Phys. Rev. D 54, 3915 (1996) [hep-th/9602135].

[5] I. Klebanov, private communication

[6] I. Y. Park, “Fundamental versus solitonic description of D3-branes,” Phys. Lett.

B 468, 213 (1999) [hep-th/9907142].

[7] M. R. Douglas, “On D=5 super Yang-Mills theory and (2,0) theory,” JHEP 1102, 011 (2011) [arXiv:1012.2880 [hep-th]].

[8] N. Lambert, C. Papageorgakis and M. Schmidt-Sommerfeld, “M5-Branes, D4-Branes and Quantum 5D super-Yang-Mills,” JHEP 1101, 083 (2011) [arXiv:1012.2882 [hep-th]].

[9] M. Henningson and K. Skenderis, “The Holographic Weyl anomaly,” JHEP 9807, 023 (1998) [hep-th/9806087].

[10] H. -C. Kim, S. Kim, E. Koh, K. Lee, S. Lee, “On instantons as Kaluza-Klein modes of M5-branes,” [arXiv:1110.2175 [hep-th]].

[11] K. -M. Lee, D. Tong and S. Yi, “The Moduli space of two U(1) instantons on noncommutative R**4 and R**3 x S(1),” Phys. Rev. D 63, 065017 (2001) [hepth/0008092].

[12] S. Bolognesi and K. Lee, “1/4 BPS String Junctions and N^3 Problem in 6-dim (2,0) Superconformal Theories,” Phys. Rev. D 84, 126018 (2011) [arXiv:1105.5073 [hep-th]].

[13] S. Bolognesi and K. Lee, “Instanton Partons in 5-dim SU(N) Gauge Theory,” Phys. Rev. D 84, 106001 (2011) [arXiv:1106.3664 [hep-th]].

[14] P. S. Howe, N. D. Lambert and P. C. West, “The Selfdual string soliton,” Nucl.

Phys. B 515, 203 (1998) [hep-th/9709014].

[15] D. S. Berman, “M-theory branes and their interactions,” Phys. Rept. 456, 89 (2008) [arXiv:0710.1707 [hep-th]].

[16] R. Emparan, “Born-Infeld strings tunneling to D-branes,” Phys. Lett. B 423, 71 (1998) [hep-th/9711106].

[17] R. C. Myers, “Dielectric branes,” JHEP 9912, 022 (1999) [hep-th/9910053].

[18] N. Dorey, T. J. Hollowood, V. V. Khoze and M. P. Mattis, “The Calculus of many instantons,” Phys. Rept. 371, 231 (2002) [hep-th/0206063].

[19] S. Vandoren and P. van Nieuwenhuizen, “Lectures on instantons,” arXiv:0802.1862 [hep-th].

[20] K. Hashimoto and S. Terashima, “ADHM is tachyon condensation,” JHEP 0602, 018 (2006) [hep-th/0511297].

[21] K. Ito, H. Nakajima, T. Saka and S. Sasaki, JHEP 0910, 028 (2009) [arXiv:0908.4339 [hep-th]].

[22] D. Young, “Wilson Loops in Five-Dimensional Super-Yang-Mills,” JHEP 1202, 052 (2012) [arXiv:1112.3309 [hep-th]].

[23] I. R. Klebanov and A. A. Tseytlin, “Entropy of near extremal black p-branes,” Nucl. Phys. B 475, 164 (1996) [hep-th/9604089].

[24] E. Witten, “Topological Quantum Field Theory,” Commun. Math. Phys. 117, 353 (1988).

[25] A. Kapustin, B. Willett and I. Yaakov, “Exact Results for Wilson Loops in Superconformal Chern-Simons Theories with Matter,” JHEP 1003, 089 (2010) [arXiv:0909.4559 [hep-th]].

[26] R. Gueven, “Black p-brane solutions of D = 11 supergravity theory,” Phys. Lett.

B 276 (1992) 49.

[27] M. J. Duff, H. Lu and C. N. Pope, “The Black branes of M theory,” Phys. Lett.

B 382, 73 (1996) [hep-th/9604052].

[28] J. M. Izquierdo, N. D. Lambert, G. Papadopoulos and P. K. Townsend, “Dyonic Membranes,” Nucl. Phys. B 460, 560 (1996) [arXiv:hep-th/9508177].

[29] J. G. Russo and A. A. Tseytlin, “Waves, boosted branes and BPS states in Mtheory,” Nucl. Phys. B 490, 121 (1997) [arXiv:hep-th/9611047].

[30] M. S. Costa, “Black composite M-branes,” Nucl. Phys. B 495, 195 (1997) [arXiv:hep-th/9610138].

[31] E. Hatefi, A. J. Nurmagambetov and I. Y. Park, “Near-Extremal Black-Branes with n*3 Entropy Growth,” arXiv:1204.6303 [hep-th].

[32] M. B. Green, N. D. Lambert, G. Papadopoulos and P. K. Townsend, “Dyonic p-branes from self-dual (p+1)-branes,” Phys. Lett. B 384, 86 (1996) [arXiv:hepth/9605146].

[33] M. R. Douglas, “Gauge fields and D-branes,” J. Geom. Phys. 28, 255 (1998) [hep-th/9604198].

[34] P. Di Vecchia, R. Marotta, I. Pesando and F. Pezzella, “Open strings in the system D5/D9,” J. Phys. A A 44, 245401 (2011) [arXiv:1101.0120 [hep-th]].

[35] M. Billo, M. Frau, I. Pesando, F. Fucito, A. Lerda and A. Liccardo, “Classical gauge instantons from open strings,” JHEP 0302, 045 (2003) [hep-th/0211250].

[36] G. W. Moore, N. Nekrasov and S. Shatashvili, “D particle bound states and generalized instantons,” Commun. Math. Phys. 209, 77 (2000) [hep-th/9803265].

[37] P. Austing and J. F. Wheater, “Adding a Myers term to the IIb matrix model,” JHEP 0311, 009 (2003) [hep-th/0310170].

[38] K. Ito, H. Nakajima and S. Sasaki, “Deformation of super Yang-Mills theories in R-R 3-form background,” JHEP 0707, 068 (2007) [arXiv:0705.3532 [hep-th]].

[39] E. Hatefi and I. Y. Park, “More on closed string induced higher derivative interactions on D-branes,” arXiv:1203.5553 [hep-th].

[40] M. R. Garousi and E. Hatefi, “On Wess-Zumino terms of Brane-Antibrane systems,” Nucl. Phys. B 800, 502 (2008) [arXiv:0710.5875 [hep-th]].

[41] M. R. Garousi and E. Hatefi, “More on WZ action of non-BPS branes,” JHEP 0903, 008 (2009) [arXiv:0812.4216 [hep-th]].

[42] E. Hatefi, “On effective actions of BPS branes and their higher derivative corrections,” JHEP 1005, 080 (2010) [arXiv:1003.0314 [hep-th]].

[43] E. Hatefi, “On higher derivative corrections to Wess-Zumino and Tachyonic actions in type II super string theory,” arXiv:1203.1329 [hep-th].

[44] E. Hatefi and I. Y. Park, “Universality in all-order α^′ corrections to BPS/non-BPS brane world volume theories,” Nucl. Phys. B 864, 640 (2012) [arXiv:1205.5079 [hep-th]].

[45] R. G. Leigh, A. Mauri, D. Minic and A. C. Petkou, “Gauge Fields, Membranes and Subdeterminant Vector Models,” Phys. Rev. Lett. 104, 221801 (2010) [arXiv:1002.2437 [hep-th]].