arXiv:hep-th/0507251 v1 26 Jul 2005

Higher Representations: Confinement and Large N

Francesco Sannino^1

The Niels Bohr Institute, Blegdamsvej 17, DK-2100 Copenhagen Ø, Denmark

Abstract We investigate the confining phase transition as function of temperature for theories with dynamical fermions in the two index symmetric and antisymmetric representation of the gauge group. By studying the properties of the center of the gauge group we predict for an even number of colors a confining phase transition, if second order, to be in the universality class of Ising in three dimensions. This is due to the fact that the center group symmetry does not break completely for an even number of colors. For an odd number of colors the center group symmetry breaks completely. This pattern remains unaltered at large number of colors. We claim that the confining/deconfining phase transition in these theories at large N is not mapped in the one of super Yang-Mills. The phase transition in super Yang-Mills is expected to be first order since the center of the gauge group remains intact for any number of colors.

We extend the Polyakov loop effective theory to describe the confining phase transition of the theories studied here for a generic number of colors.

Our results are not modified when adding matter in the same higher dimensional representation of the gauge group. We comment on the interplay between confinement and chiral symmetry in these theories and suggest that they are ideal laboratories to shed light on this issue also for ordinary QCD.

We compare the free energy as function of temperature for different theories. We find that the conjectured thermal inequality between the infrared and ultraviolet degrees of freedom computed using the free energy does not lead to new constraints on asymptotically free theories with fermions in higher dimensional representation of the gauge group.

Since the center of the gauge group is an important quantity for the confinement properties at zero temperature our results are relevant here as well.

1E-mail: sannino@nbi.dk

1 Introduction

Understanding strong dynamics is a challenging and fascinating problem. Any progress in this area is likely to affect our understanding of Nature.

We investigate the confining phase transition as function of temperature in theories with fermionic matter in higher dimensional representation of the gauge group. We are interested, specifically, in theories with dynamical fermions in the two index symmetric or antisymmetric representation of the gauge group (denoted here A/S-theories).

The one flavor case is interesting due to the recent observation made in [1] that the A/S theories share the nonperturbative bosonic sector with the one of super Yang-Mills at a large number of color. This limit was introduced by Corrigan and Ramond (CR) [2] as an alternative to the ’t Hooft large N limit of one-flavor QCD [3]. To this end CR considered a Dirac fermion in the two index antisymmetric representation of the gauge group. However when referring here to the CR limit we consider also the symmetric representation as done in [1]. Note that the one flavor QCD with three colors can also be understood as a theory with a Dirac fermion in the two index antisymmetric representation. In the CR large N limit of QCD the fermions loops are not suppressed and hence the properties related to the axial anomaly can be captured better than in the standard ’t Hooft limit. Some of the large N consequences for the CR limit were investigated by Kiritsis and Papavassiliou [4]. A partial identification of a sector of these theories with super Yang-Mills was only proposed recently by Armoni, Shifman and Veneziano in [1]. The link with supersymmetry [1] seems to allow for a better control over a number of observables. Such a relation has also been used in [5] to export part of the phenomenological knowledge about QCD to make predictions on the low energy spectrum of super Yang-Mills.

The phase diagram as function of number of A/S flavors versus the number of colors has been studied carefully in [6]. To extract further quantitative results, at finite number of colors, the effective Lagrangian, of the Veneziano- Yankielowicz [7] type^2, for the one flavor A/S-type theories was constructed in [10].

Recently it has also been shown that theories with just two flavors of S-type matter are natural candidates for breaking the electroweak symmetry

2The Veneziano-Yiankielowicz effective Lagrangian for super Yang-Mills needs to be extended [8] to be able to describe other relevant properties of super Yang-Mills such as domain walls [9] or the glueball sector of the theory.

dynamically while also yielding a very light composite Higgs [6, 11, 12]. These new technicolor theories are not ruled out by electroweak precision data.

Here we analyze the confining properties of a generic A/S theory as function of temperature and compare them with the ones expected in (super) Yang Mills and theories with matter in the fundamental representation. We will demonstrate that even at infinite number of colors the confinement properties cannot be mapped into super Yang-Mills. This can be explained using both; the formal language of the Wilson lines extending in the temporal direction (i.e. the Polyakov loop) as well as the free energy language which although related to the Wilson line argument may be more intuitively understood. While the two index representation is not in the universality class of super Yang-Mills when discussing confinement properties at any number of colors the A and S theories do display the same properties. This means that there is still a limit in which the two different theories are completely equivalent in the CR large N limit but they do not share the confining properties of super Yang-Mills. This is not the case in the ’t Hooft limit in which the large N theory matches the confinement properties of Yang-Mills. Note that at nonzero temperature the confining properties of the theory are investigated using the center symmetry of the gauge group which is independent of supersymmetry and it is a global property of the theory. In order to make our results more transparent we construct the simplest Polyakov loop effective potentials following Svetitsky and Yaffe [13] and more recently Pisarski and collaborators [14].

We study the free energy which helps building our intuition about the physical behavior of different gauge theories and the different large N limits. We will study the different thermal degrees of freedom (d.o.f.) which are active at different temperatures. At very high and low temperatures for an asymptotically free theory which confines in the infrared (or Higgses as for chiral gauge theories) the number of d.o.f. linked to the free energy of the theory can be computed exactly. We show, perhaps not surprisingly, that in the CR limit the ultraviolet d.o.f. match the one of super Yang-Mills for the one flavor A/S-type theory and in the infrared for any number of colors there is a mass gap and hence no light d.o.f.. In the ’t Hooft limit of QCD one recovers the pure Yang-Mills d.o.f. in the ultraviolet but not in the infrared. This is so since at large N à la ’t Hooft one expects the axial symmetry to break spontaneously yielding a Goldstone boson. One can say that the CR limit better describes the properties of one flavor QCD which does not display such a massless boson. Note that we did not use any explicit property of super Yang-Mills in these two extreme temperature regimes, however given that in these two extreme temperature limits the thermal d.o.f. match the super Yang-Mills one, we may be tempted to conjecture that the A/S theories at large N also display a behavior similar to super Yang-Mills at the confining phase transition. However this is not the case, since the center group symmetries are very different even at infinite number of colors, i.e. the full center group breaks always in the A/S theories while it does not for super Yang-Mills. The center group symmetry is relevant for confinement not only at finite temperature [15, 16]. A/S theories can be studied in string theory (see [17, 18] for a review). It would be interesting to understand how the different center group symmetry properties are encoded in the string picture.

When adding more A/S-type flavors the results about the order of the confining phase transition as well as large N arguments do not change. We comment then on the relation between chiral symmetry and confinement using our recent understanding of the interplay between these two phase transitions [19] in ordinary QCD and alike theories.

We have also explored the degree of freedom count at finite temperature when varying the number of A/S flavors. We find that the conjectured inequality between the ultraviolet and infrared thermal d.o.f. introduced by Appelquist, Cohen and Schmaltz (ACS) [20] is still satisfied but it does not provide new constraints on the conformal window of the A/S theory as function of the number of flavors. We remind the reader that the ACS conjectured constraints on strongly coupled theories yield results which are in agreement with the conformal windows in supersymmetric asymptotically free theories summarized in [21]^3. In [23] it was also provided an example based on a product of gauge groups first discussed by Georgi [24] where the inequality does not lead to new constraints. However, according to the analysis done in [6] we expect in the theories investigated here a critical number of flavors (lower than the value above which one looses asymptotic freedom) below which the theory is expected to confine while above the theory develops a strongly interacting infrared fixed point. The latter is expected to persist when increasing the number of flavors up to the point above which one looses asymptotic freedom. This is similar to the case with flavor fermions in the fundamental representation of the gauge group for which the ACS inequality

3The guiding principle suggested in [22] according to which asymptotically free gauge theories choose the infrared realizations minimizing the number of thermal d.o.f. compatible with the ’t Hooft anomaly matching conditions together with the Vafa-Witten constraint is unaffected by our results.

seems to provide a constraint [20].

The ACS inequality is one of the possible 4d conjectured inequalities among the infrared and ultraviolet degrees of freedom. There is, indeed, widespread hope that there exists a 4d analog of the Zamolodchikov’s 2d ctheorem [25]. This means that there exists a central charge, which counts the number of degrees of freedom of a quantum field theory and monotonically decreases along RG flows to the IR, as degrees of freedom are integrated out. Cardy [26] also conjectured that an appropriate such central charge may be the coefficient ‘a’ of a certain curvature-squared term, i.e. the Euler density, of the conformal anomaly on a curved space-time background. The conjectured a-theorem is then that the RG flows satisfy a_{IR} < a_{U V} . Cardy’s conjecture is supported by recent studies [27]. The a-theorem is particularly relevant for supersymmetric theories (see [28] and references therein) but we will not consider it here.

In the next section we study the formal properties of the SU(N) gauge theory with fermions in the two index representation under the center of the gauge group. We show that the S/A type theories, even at infinite number of colors, and accordingly if the number of colors is even or odd preserve either a partial or no center group symmetry. Since super Yang-Mills preserves the full Z_N center we expect different confinement/deconfinement mechanisms. We suggest that for an even number of colors the S/A theory, if second order, the confining/deconfining phase transition is in the universality class of Ising. We compare our results with QCD and more generally with theories with fermions in the fundamental representation of the gauge group. The CR limit of QCD holds for the thermal properties of the theories, even though super Yang-Mills properties cannot be used. In section 3 we construct the Polyakov loop model for the S/A theories while in section 4 we discuss the free energy of the one flavor theories in different representations and compare them with (super) Yang-Mills. In section 5 we add flavors of the S/A type and study the degrees of freedom counted according to the free energy of the theory as function of temperature. We first discuss the interplay between chiral symmetry and confinement and then propose these theories as ideal laboratories to test our current knowledge on the relation between chiral symmetry and confinement also for ordinary QCD. We also show that the ACS conjectured inequality does not lead to new constraints on strongly coupled theories with flavor matter in higher dimensional representations of the gauge group. Finally we conclude in section 6.

2 Thermal Wilson Line

In any SU(N) gauge theory one can define, according to ’t Hooft [29, 30], a global Z_N symmetry which naturally emerges from the associated local gauge symmetry. To review the basic properties consider a generic gauge theory SU(N) with a gauge boson and a A/S Dirac fermion. Defining with Ω the generic gauge transformation in the fundamental representation we have the following transformation laws for the covariant derivative and fermion in a two index representation:

D_μ → Ω^†D_μΩ , q_{c1,c2} → Ω^{†b1}_{c1} Ω^{†b2}_{c2} q_{b1,b2} . (1)

We did not differentiate between symmetric and antisymmetric representation of the gauge group. It is also clear that it is straightforward to generalize the transformation rule for a generic irreducible representation of SU(N). For example, if rather than considering a fermion in the complex representation of the gauge group, one would have chosen a fermion (say λ) in the adjoint representation of the gauge group (Dirac or Majorana is irrelevant) it would have transformed according to the gauge group as:

λ → Ω^†λΩ . (2)

An element of SU(N) must also satisfy the defining properties:

Ω^†Ω = 1 , detΩ = 1 . (3)

Being a gauge transformation Ω is, in general, space and time dependent. However one can always consider a gauge transformation of the type:

Ω_c = e^{iδ}1 , (4)

with δ a constant phase. Due to the determinant constraint the phase must assume only the following N values: δ = 2π k N , with k = 0, 1, . . . , N − 1 . (5)

This defines a global^4 Z_N symmetry which is the center of the group SU(N). This symmetry assumes a relevant role when considering the equilibrium thermal properties of a generic gauge theory.

4An integer cannot change continuously as function of the space-time.

To appreciate how the center group symmetry plays a role at nonzero temperature it is convenient to consider the picture in which the temperature T arises as the imaginary time coordinate τ in the Euclidean space-time. To be more specific the imaginary time is now a compact space 0 ≤ τ ≤ β = 1/T . (6) Quantum statistics impose that bosons must be periodic in τ while fermions must be antiperiodic: A_μ(⃗x, β) = A_μ(⃗x, 0) , f(⃗x, β) = −f(⃗x, 0) . (7) Where with f we indicate a generic fermion in any representation of the gauge group while A_μ is the ordinary vector potential. Any periodic in τ gauge transformation respects the previous boundary conditions. However there is an interesting class of gauge transformation pointed out by ’t Hooft of the type:

Ω(⃗x, β) = Ω_c , Ω(⃗x, 0) = 1 . (8)

It is clear now that not all of the fields are invariant under this specific gauge transformation. For example the fermions in the adjoint and the gauge fields are invariant under this transformation while fermion in the complex representation are not. To be more explicit consider the transformations:

Ω^†_cA_μ(⃗x, β)Ω_c = A_μ(⃗x, β) = A_μ(⃗x, 0) , (9) Ω^†_cλ(⃗x, β)Ω_c = λ(⃗x, β) = −λ(⃗x, 0) , (10) Ω^†_cΩ^†_cq(⃗x, β) = e^{−2 i δ}q(⃗x, β) ≠ −q(⃗x, 0) unless δ = π n (11) with n integer. To show that the adjoint representation of color is invariant under the previous gauge transformation we have used the fact that the transformation at β is just a constant phase which commutes with any SU(N) matrix. However the situation is more interesting for the fermions in the two index theory. We find, using the constraint that k < N that for any N the integer n must be less than two. It is also clear that, for even N, there is always an unbroken Z_2 symmetry whose two elements are obtained by fixing the parameter labelling the elements of Z_N to k = 0 and k = N/2. This choice corresponds to n = 0 or 1.

If fermions are in the fundamental representation then the center group symmetry is broken for general N with no unbroken subgroups. Note that for the two index representation, both symmetric and antisymmetric, the two color theory has unbroken center. This is so since the S theory with two colors corresponds exactly to the adjoint of SU(2) while the A fermion in the SU(2) gauge theory is a gauge singlet and the theory is pure YM. Remarkably, symmetry wise, the center group does not differentiate, for any N, between symmetric and antisymmetric representation of the gauge group while it differentiates between the two index representation and the adjoint one.

This is now a good point to introduce the thermal Wilson line and study its properties when fermions are of the A/S type.

L(⃗x) = P exp [ i g ∫_β 0 A_0(⃗x, τ ) dτ ] , (12)

where g is the gauge coupling constant, and A_0 the vector potential in the time direction while P is the path ordering definition. The thermal Wilson line transforms under local SU(N) gauge transformations as: L(⃗x) → Ω^†(⃗x, β)L(⃗x)Ω(⃗x, 0) . (13) We can now define the Polyakov loop as the trace of the thermal Wilson line: ℓ = 1 N Tr [L] . (14)

This object is locally gauge invariant while under a spatially global Z_N transformation it carries charges one since it transforms according to: ℓ → e^{−iδ}ℓ . (15) In a pure (super)gluonic theory (or any asymptotically free theory with matter in the adjoint representation of the gauge group) the Polyakov loop [31] can be used as the order parameter for confinement. This is so since at extremely large temperatures, compared to the intrinsic renormalization invariant scale of the theory Λ, the coupling constant of the theory vanishes and the thermal average of the loop is: ⟨ℓ⟩ = exp [ 2 iπ m N ] ℓ_c , m = 0, 1, . . . (N − 1) , (16)

Fermion Representation Center Symmetry Phase Transition Pure Glue Z_N 1st Order (N>2) Adjoint Z_N 1st Order (N>2) 2-index (N even) Z_2 2nd Order, Ising 2-index (N-odd) None — fundamental None —

Table 1: Order of the phase transition and expected universality class in case the phase transition is second order.

with ℓ_c approaching one as T/Λ → ∞. At low temperatures we have ℓ_c = 0 [29]. One can define a critical temperature T_c above which ℓ_c is nonzero and below which ℓ_c vanishes. This is the behavior of an order parameter. If the change of ℓ_c at T_c is discontinuous one has a first order phase transition while if the change is continuous the transition is of second order or higher.

Applying the general theory of critical phenomena one expects the two color gauge theory with symmetry Z_2 to display a second order phase transition in the universality class of Ising while for any other number of colors one expects, in general, a first order phase transition. This is simply argued on the possible form of the relevant bosonic effective theory near the phase transition[13]. We summarize our findings in table 1.

This picture changes dramatically in the presence of matter. We have already shown that for matter in the adjoint representation the center remains unbroken. The situation is very different with matter in complex representations. It turns out that the two index representation has interesting confining properties. One can naturally divide the two index theories in even and odd number of colors, for an arbitrary number of flavors even when taking the large N limit.

For example QCD belongs to the odd number of colors and at large odd- N, even in the CR limit, one does not expect a well defined order parameter for the confinement/deconfinement phase transition. We predict for any even N a second order phase transition in the Ising universality class as function of the temperature between the confined and deconfined phase.

We are now in a position to compare our findings with (super) Yang-Mills. The confining properties of the A/S type theories, while undistinguishable from each other at an infinite number of colors, do not match the exact center group symmetry left intact in super Yang-Mills. This is a relevant difference since physically it means that the physical degrees of freedom relevant at the confining phase transition are very different from the ones present, at large N, in super Yang-Mills. In the ’t Hooft limit due to the fermionic component suppression at a large number of colors we expect the large N theory to display confining properties identical to the associated pure Yang- Mills theory.

Our findings do not support the ’t Hooft over the CR limit of one flavor QCD. Indeed it may still be possible that the CR limit is better suited for QCD. What we can say definitely, though, is that one cannot infer information about the confining/deconfining phase transition via super Yang-Mills. The present results should help shaping or opportunely modify the correspondence between the A/S theories and super Yang-Mills at a large number of colors.

3 The effective theory

The effective theory for the thermal Wilson line constructed via a gauge invariant [13] average over a domain of fixed size, parallels the construction of the Ising model on a spin lattice. There are a number of well established reasons behind the choice of the Polyakov loop as the lowest state effective field relevant for the confining phase transition. Arguments based on this effective theory are valid only in the limit in which the long-range physics is dominated by fluctuations in the Polyakov loop order parameter. This is true, for example, if the confining/deconfining phase transition is second order.

3.1 Yang-Mills

Svetitsky and Yaffe suggested that for an SU(N) Yang-Mills theory in d + 1 space-time dimensions the effective theory describing the fluctuations of the order parameter is a d-dimensional Z_N symmetric scalar field theory for the Polyakov loop. The simplest effective theory preserving the Z_N symmetry is:

V_{Y M} = m^2|ℓ|^2 + λ |ℓ|^4 + c(ℓ^N + ℓ^{∗N} ) . (17)

Note that the first two terms are U(1) invariant while the last term is only Z_N invariant^5 and it is the term which renders the phase transition first order. Another interesting U(1) invariant term is |ℓ|^6 which is a marginal operator in three dimensions but will be omitted in the following. For recent reviews on the subject we refer the reader to [32, 33].

For two colors, however, the theory has a Z_2 invariance, here ℓ is real and the confining phase transition has the same critical exponents of the 3-d Ising model [34, 35]. The 2+1 SU(2) Yang-Mills theory has also a second order deconfinement phase transition [36] in the universality class of the 2 dimensional Ising model [37]. The phase transition, as function of temperature, occurs when m^2 changes sign and becomes negative when T > T_c. Near the phase transition λ and c are expected to be constants.

For three colors the cubic term in the action renders the phase transition first order [13]. Interestingly also the three dimensional 3-state Potts model [38, 39, 40] has a first order phase transition. The absence of an universal behavior in the 3-dimensional Z_3-symmetric models suggests that the deconfinement phase transition is first order in SU(3) Yang-Mills. This expectation has been confirmed in lattice simulations [41, 42, 43, 44, 45, 46]. The two space dimensional theory displays instead a second order phase transition in the universality class of the two dimensional 3-state Potts model [47]. The four number of colors case is also very interesting but we will not discuss it. For N ≥ 5 the phase transition can be of second or first order according to the form of the potential. If second order one would still predict critical exponents in the universality class of the Z_N -symmetric chiral clock model which in three dimensions is in the universality class of the U(1)-symmetric XY-model. In practice the center group symmetry Z_N is dynamically to a continuous U(1) symmetry. This is consistent with the expectation that the term in ℓ^N which breaks the U(1) symmetry to Z_N is irrelevant in three dimensions. Numerical simulations performed for the case of SU(6) and SU(8) Yang-Mills theories [48] indicate however a first order phase transition, suggesting, perhaps that all of the 3+1 dimensional Yang-Mills theories with a number of colors larger than three have a first order deconfining phase transition without universal behavior^6. We note that Pisarski and Tytgat have

5The term ℓ^N − ℓ^{∗N} is also Z_N invariant but would violate charge conjugation which is preserved in the theory.

6It may be interesting to observe that recently the dependence on the number of colors of the leading pi pi scattering amplitude in chiral dynamics has been studied. Here we demonstrated the existence of a critical number of colors for and above which the low

also suggested a second order phase transition behavior to occur at large N [50]. In the meanwhile new numerical results at a large number of colors have been reported in [51].

Deconfinement phase transition in gauge theories with fermions in the adjoint representation of the gauge group have been analyzed (see [52] and references therein) and here one expects a behavior similar to the one of pure Yang-Mills theory.

Another set of interesting Yang-Mills theories which have been explored numerically are the ones with Sp(2N) gauge group^7 in which the center is always Z_2 for any number of colors. In reference [53] it was shown that for N larger than two these theories do not display an universal behavior for the 3+1 dimensional theory.

Recently de Forcrand and Jahn [54] have compared, on the lattice, the confinement properties of SU(N) and SU(N)/Z_N . More precisely they have studied SU(2) and SO(3). They have argued that confinement may be linked to the nontrivial homotopy group π_1 [SU(N)/Z_N ] = Z_N which is the same for both SU(N) and SU(N)/Z_N rather than directly to the center group symmetry. Interestingly there are only 3 simple non-Abelian Lie groups for which π_1 is trivial, i.e. the exceptional groups G_2, F_4 and E_8. Hence they are not expected to have a deconfinement phase transition at all. Indeed it has been argued in [55] that the G_2 Yang-Mills theory has a crossover between its low and high temperature regimes.

It is then interesting to ask if the Svetitsky and Yaffe’s universality arguments can be applied to SU(N > 2) gauge theories with fermions not in the adjoint representation of the gauge group.

3.2 Fundamental, Adjoint and A/S representation for matter fields

How does the Polyakov loop potential changes when fermions are added to the theory? This problem has been investigated by different authors [56, 19]. Here it is sufficient to say that according to the symmetry analysis performed

energy pi pi scattering amplitude computed from the simple sum of the current algebra and vector meson terms is crossing symmetric and unitary at leading order in a truncated and regularized 1/N expansion ‘a la ’t Hooft. The critical number of colors turns out to be N = 6 and is insensitive to the explicit breaking of chiral symmetry [49].

7Note that I am using a convention for labelling the symplectic group in which Sp(2) = SU (2).

in [19] the net effect is to introduce symmetry breaking terms in the effective theory for the Polyakov loop.

When fermions are added only in the adjoint representation of the gauge group the effective potential has the same form as the one for the corresponding pure Yang-Mills theory but the coefficients are different. If fermions are added in the fundamental representation the full Z_N symmetry is broken and the simplest term one can add to make such a breaking apparent at the effective Lagrangian level is:

(ℓ + ℓ^∗) . (18)

So the effective Lagrangian for the Polyakov loop when fermions are in the fundamental representation of the gauge group becomes:

V_{Fund} = m^2|ℓ|^2 + λ |ℓ|^4 + c (ℓ^N + ℓ^{∗N} ) + b (ℓ + ℓ^∗) . (19)

A number of observations are in order. Higher dimensional operators spoiling the Z_N symmetry are allowed. More specifically one would expect also (ℓ + ℓ^∗)^2 terms which should be included in the low energy effective theory. Besides when fermions are present these operators are naturally coupled to the fermion bilinears.

What happens for the A/S theory? The situation is rather interesting. For any odd number of flavors the center symmetry is completely broken and the effective theory is similar to the one for quarks in the fundamental representation of the gauge group. However for an even number of colors the Z_N symmetry is broken explicitly to Z_2. In this case the term linear in ℓ is not allowed and one expects an effective theory of the type:

V^{2−ind}

N−even = m

2|ℓ|^2 + λ |ℓ|^4 + c (ℓ^N + ℓ^{∗N} ) + d (ℓ^2 + ℓ^{∗2}) . (20)

Note that the term linear in ℓ is essential when trying to break the Z_N symmetry completely and must disappear when N is even. In this case the first relevant term in an analytical expansion in the Polyakov loop field is quadratic in ℓ. One can imagine a continuous number of colors with fermions in the A/S representation and since for any even N the term linear in ℓ vanishes the coefficient in front of this term has a periodic type behavior. A guess for the effective potential which is valid for any N with S or A-type fermions:

V^{2−ind} = m(N)^2|ℓ|^2 + λ(N) |ℓ|^4 + c(N) (ℓ^N + ℓ^{∗N} ) + d(N) (ℓ^2 + ℓ^{∗2}) +f(N) [ sin Nπ 2 ] (ℓ + ℓ^∗) . (21)

Here m, λ, c, d, and f are smooth, nonsingular and in general nonzero functions of N. Although we expect a periodic behavior as function of the number of colors for the coefficient of the linear term we could also have an even power of the sin function. We also argue that for any N larger or equal to four the term reminiscent of the Z_N symmetry is an irrelevant operator and does not affect the second order character of the phase transition. Besides the leading term in ℓ^2 which breaks the Z_N symmetry we also expect higher order terms preserving ℓ^2 such as ℓ^4 and so on which, in fact, are more relevant at large N than the ℓ^N term. Modern lattice simulations can help shedding light on this issue.

As we have already mentioned one can consider at least two different types of large N limits. The one in which the fermions are in the fundamental representation and the one in which the fermions are in the two index representation of the gauge group. In the first case, i.e. the ’t Hooft limit, the center group symmetry restores at large N. At the effective Lagrangian level one can say that the terms breaking the Z_N symmetry vanish at large N. In particular this limit is interesting for QCD since quenched lattice simulations, for example, are very close to realize the ’t Hooft picture [51]. On the contrary even at large N one never recovers the Z_N symmetry in the CR limit. However this limit is well defined since it just states that the A and S type theories do become exactly equivalent to each other at large N while the confining properties do not match the super Yang-Mills ones.

4 Free Energy and Thermal Degrees of Free- dom The free energy can be seen as a device to probe and count the relevant degrees of freedom and has been used recently for phenomenological explorations in [57]. It can be computed, exactly, in two regimes of a generic asymptotically free theory: the very hot and the very cold one.

The zero-temperature theory of interest is characterized using the quantity f_{IR}, related to the free energy by f_{IR} ≡ − lim_{T →0} F(T ) T^4 90 π^2

, (22)

where T is the temperature and F is the conventionally defined free energy per unit volume. The limit is well defined if the theory has an infrared fixed

YM 1-flavor fund. 1-flavor 2-index SYM

f_{U V} 2(N^2 − 1) 2(N^2 − 1) +^7_2 N 2(N^2 − 1) +^7_4 N(N ± 1) 2(N^2 − 1)(1 +^7_8 )

Table 2: Ultraviolet thermal d.o.f. for different gauge theories as function of the number of colors.

point. For the special case of an infrared-free theory

f_{IR} = ♯ Real Bosons + 7 4 ♯ Weyl − Fermions . (23)

The corresponding expression in the large T limit is f_{U V} ≡ − lim_{T →∞} F(T ) T^4 90 π^2

. (24)

This limit is well defined if the theory has an ultraviolet fixed point. For an asymptotically free theory f_{U V} counts the underlying ultraviolet d.o.f. in a similar way.

In terms of these quantities, the conjectured inequality [20] for any asymptotically free theory is f_{IR} ≤ f_{U V} . (25)

This inequality has not been proven but it was shown to be consistent with known results and then used to derive new constraints for several strongly coupled, vector-like gauge theories. It was applied to chiral theories in Ref. [23]. The principal focus there was on the possibility of preserving the global symmetries through the formation of massless composite fermions.

For theories developing a mass gap the zero temperature free energy vanishes and in the deep infrared the free energy does not distinguish between super Yang-Mills, a pure Yang-Mills theory or, for example, one flavor QCD. However when increasing the temperature different theories will respond differently to the temperature change via their active d.o.f. at each given temperature. To be more specific let us compare (super) Yang-Mills, the one flavor theory with the Dirac fermion in the fundamental representation of the gauge group, and the one flavor A or S theories. All of these theories are expected to develop a mass gap. This means that for all of these theories f_{IR} = 0 while the associated ultraviolet number of d.o.f. is reported in table 2. We can also consider now the large N limit of all of these theories in the

UV. As it is expected at a large number of colors the free energy of the one flavor theory with fermions in the fundamental returns the pure gauge result. While the two index representation goes into the supersymmetric limit.

The situation in the infrared is more subtle. Since in the large N limit of the two index theories the fermion contribution is not suppressed the axial symmetry remains explicitly broken at any N and we expect no Goldstone boson to emerge in the large N limit. However this is not the case in the ordinary ’t Hooft limit. So that the f_{IR} would be one in the large N limit of the theory with a fermion in the fundamental representation of the gauge group. The picture should help explaining these limits.

Figure 1: Degrees of freedom counted according to the free energy for different theories. The left panel represents the degree of freedom count as function of the temperature for a given number of colors. Note that at finite number of colors there are no light degrees of freedom. The right panel represent the large N count of the thermal degrees of freedom. It is clear that the S/A theories become degenerate with SYM both at infinite T and zero T . However the degree of freedom count for the fundamental representation disagrees at zero temperature at large N from the YM count since we have a Goldstone boson here.

We naturally differentiate three regions for the free energy count of freedom as function of temperature: the very hot and cold and an intermediate temperature one associate to the confinement transition. The high temperature limit is the one in which one simply counts the ultraviolet d.o.f. of the asymptotically free theories. The two index theories at large N agree with the super Yang-Mills count of degrees of freedom. In the ’t Hooft limit the theory with a fermion in the fundamental representation overlaps with pure Yang-Mills. At very low temperatures we find that since the axial symmetry acting on the fermions (i.e. the U(1)_R for the gluino) is always explicitly broken the free energy count is zero for these theories for any N. However in the ’t Hooft limit we expect the emergence of a Goldstone excitation associated to the spontaneously broken axial symmetry at large N. The thermal d.o.f. count at very high and low temperature regions is in agreement with the general expectations [2, 1]. So the CR limit is best suited to describe the low energy temperature regime of one flavor QCD since it does not introduce, at large N, a Goldstone excitation.

The intermediate temperature regime associated to the confining phase transition is also interesting. In the figure we have shaded this region which can also be used t differentiate neatly the ’t Hooft from the CR large N limit for one flavor QCD. According to the standard large N limit one predicts a first order phase transition while in the CR limit there is no clear limit at a large number of colors for what concerns the order of the confining phase transition. However if we consider only odd numbers of colors at large N we expect no restoration of the center symmetry. It is however unclear if one can can carry out the limit taking into account also the N-even values of color. Then it is tempting to speculate that due to the oscillatory behavior of the prefactor of the linear term in the effective action of the Polyakov loop one may end up with a near second order phase transition at large N^8.

5 Adding Matter

We now add flavors in higher dimensional representations of the gauge group. The previous considerations on the center of the gauge group symmetry do not change.

5.1 Confinement versus Chiral Symmetry

It is interesting now to explore the interplay between chiral symmetry and confinement. This is so since for an odd number of colors we do not have

8As already mentioned above although we expect a periodic behavior, as function of the number of colors, for the coefficient of the term linear in the effective potential for the Polyakov loop one can also have an even power of the sin function. In this case no suppression at a large number of colors of the term linear in ℓ is expected.

a proper order parameter for confinement while for an even number we do have it and the expected phase transition is second order. Hence the odd number of flavors mimics ordinary QCD while the even number of colors resembles the two color theory with adjoint fermions. However the chiral symmetry pattern can be taken to be the one of QCD for N greater than two for the S-type fermions and different from four for the A-type. Consider, for example, four colors and two S-type flavors. We expect a second order phase transition both for the flavor and confining phase transition. Chiral symmetry is expected to be restored after the breaking of the Z_2 center group symmetry when increasing the temperature^9. Interestingly, according to the findings in [19] we also predict an induced, quasicritical behavior of the fermionic condensate at the confining phase transition. For an odd number of flavors we expect a situation similar to the one in QCD, i.e. the well defined chiral phase transition drives almost critical the behavior of the would be order parameter for confinement, i.e. the Polyakov loop [19]. One would then observe a coincidence in temperature for the exact chiral phase transition and the would be confinement one. Differently than for ordinary QCD, though, even for large number of colors we do not expect the center group symmetry to be restored in these theories. We consider the study of the confining versus chiral symmetry phase transition a relevant and independent test of the present understanding of the relation between confinement and chiral symmetry breaking.

We briefly comment also on the case of p vector like fermions in the fundamental representation and q in the two index representation of the gauge group with q and p such that the theory is asymptotically free. There is no well defined center group symmetry except in the large N limit with even number of colors, where the Z_2 symmetry survives.

5.2 Thermal D.O.F.

According to ACS f_{IR} ≤ f_{U V} . However one can imagine different functions of the number of degrees of freedom of an asymptotically free theory which may also satisfy a similar inequality. In four dimensions a well known one is due to Cardy [26]. The hope is that inequalities might lead to further con-

9Here we are assuming that the remaining of the full Z_N center group symmetry is still a good order parameter for confinement. If this would not be the case than the Z_2 phase transition can also occur after chiral symmetry is restored when increasing the temperature.

straints on the possible phase structure of a generic strongly coupled gauge theory. Cardy’s proposal has been investigated in some detail by Ball and Damgaard in [58] also for theories with fermions in higher dimensional representations. Unfortunately this proposal does not lead to strong constraints. On the other hand the ACS proposed inequality provides interesting constraints on the phase diagram of strongly coupled theories. Some of the deduced constraints are validated by known results in supersymmetric gauge theories [21]. Recently we have studied [6, 12] the phase diagram of theories with matter of the A and S type. It is then interesting to see if the ACS inequality can be of use here.

The d.o.f. count for the multiflavor case is straightforward when considering all of the fermions in the higher dimensional representation of the gauge group and assume, in the infrared, the breaking of the global symmetry group to the maximal diagonal subgroup. Of course we also need the number of flavors to be lower than the number needed to loose asymptotic freedom.

The ultraviolet number of thermal d.o.f for F Dirac S or A type flavors in a generic SU(N) gauge theory is:

f_{U V} = 2(N^2 − 1) + 7 4 F N(N ± 1) . (26)

The upper(lower) sign refers to the symmetric(antisymmetric) representation. Assuming the breaking of the SU(F )_L × SU(F )_R flavor group to the maximal vector diagonal subgroup SU(F ) one can immediately compute the infrared number of d.o.f. provided simply by the number of Goldstone bosons in the theory, i.e.

f_{IR} = F^2 − 1 . (27)

This infrared count is incorrect if the number of colors is two for the S-type fermions or if the number of colors is four for the A-type fermions. This is so since in those cases the fermion representations are real (see [6] for a detailed discussion of these particular cases). According to the one loop coefficient of the beta function asymptotic freedom is lost when: F_{AF} ≥ 11 2 N N ± 2 → 11 2 . (28)

The upper(lower) sign is for the S(A)-type fermions and in the last step we have assumed the large N limit.

Since f_{IR} increases quadratically with the number of Goldstones while the f_{U V} increases linearly with the number of flavors it is sensible to ask what is the number of flavors for which f_{IR} = f_{U V} . Here we find:

F_c = 1 8 [ 7N^2 ± 7N + √ 49N^4 ± 98N^3 + 177N^2 ± 64 ] → 14 8 N^2 , (29)

where in the last step we have considered the large N limit while the upper(lower) sign is for the S(A)-type fermions. At large number of colors we do not differentiate between the S or A type fermions. We find that F_c is larger than F_{AF} and hence the result does not contain any useful information on the phase diagram of these theories as function of number of flavors and colors. It is interesting to understand the technical reason which renders the inequality proposed by ACS, as a new constraint on strongly interacting theories, not constraining here. First, we note that the term in the ultraviolet counting of the thermal fermionic d.o.f. is color enhanced with respect to the case with matter in the fundamental representation of the gauge group. The infrared number of degrees of freedom is, however, identical to the case with fermions in the fundamental representation. It is then clear that one needs a substantially larger number of flavors, with respect to the fundamental representation, for the infrared and the ultraviolet number of degrees of freedom to have the same numerical value. Besides the theory looses asymptotic freedom earlier as function of the number of flavors since we have more screening matter than in the fundamental representation.

From the arguments above it is easy to convince oneself that one can construct other asymptotically free gauge theories in which the inequality between the thermal d.o.f. in the ultraviolet and in the infrared does not lead to new constraints on the strongly coupled theory under investigation. As another example consider a SU(N) gauge theory with F Weyl fermions in the adjoint representation of the gauge group. Here the global symmetry is SU(F ) which breaks spontaneously to O(F ). In the ultraviolet:

f_{U V} = 2(N^2 − 1) + 7 4 F (N^2 − 1) = 2(N^2 − 1)(1 + 7 8 F ) , (30)

while in the infrared: f_{IR} = F^2 2 + F 2 − 1 . (31)

Here the number of flavors for which f_{IR} = f_{U V} is

F_c = 1 4 [ 7N^2 − 9 + √ 49N^4 − 62N^2 + 49 ] → 14 4 N^2 . (32)

For any number of colors asymptotic freedom is lost for F_{AF} ≥ 11 2 . (33)

The thermal inequality does not provide a constraint here as well. The attentive reader has already noticed that the UV properties, i.e. the beta function and the thermal count of the degrees of freedom is identical to the one of F/2 fermions in the two index representation of the gauge group. This observation has been made in [1]. However, in the infrared these theories are not equivalent or at most they share certain subsectors [1]. Besides the confinement properties of these theories, as for the single flavor case, are very different in the large number of color limit.

We note that in the supersymmetric or chiral theories investigated in [20, 23] one dealt with at most one fermion in the adjoint or two index representation of the gauge group while the inequality set constraints on the number of flavors in the fundamental representation of the gauge group. In [23] an example based on a product of gauge groups first discussed by Georgi [24] was investigated where the inequality does not lead to new constraints. According to the analysis done in [6], however, we expect for the theories investigated here a critical number of flavors below which the theory is expected to confine while above it the theory develops a strongly interacting infrared fixed point. This nontrivial and interacting fixed point is expected to persist when increasing the number of flavors up to the number of flavors above which one looses asymptotic freedom. This is similar to the case with flavor fermions in the fundamental representation of the gauge group for which the ACS inequality provides a constraint though [20].

6 Conclusions and Outlook

We have studied the confining phase transition as function of temperature for theories with dynamical fermions in the two index symmetric and antisymmetric representation of the gauge group. Using the properties of the center of the gauge group we have predicted for an even number of colors a second order confining phase transition in the universality class of Ising. For an odd number of colors the center group symmetry breaks completely. This patterns remains unaltered at a large number of colors. We claim that the confining/deconfining phase transition in these theories at large N is not mapped in the one of super Yang-Mills. In particular we expect the phase transition in super Yang-Mills to be first order since the center of the gauge group remains intact for any number of colors.

We have then generalized the Polyakov loop effective theory to describe the confining phase transition with fermions in the S/A type theories. Adding matter in the same higher dimensional representation of the gauge group does not alter our conclusions. We have also suggested how the confinement and chiral symmetry phase transition may be linked in these theories. We have proposed these theories as ideal laboratories to shed light on the same issue for ordinary QCD.

We compared the free energy as function of temperature for various theories. At very high and low temperatures we can compute it exactly and extract the relevant number of degrees of freedom while at intermediate temperature near the confining phase transition we used the knowledge about the center group symmetry and universality arguments. Since the theory with a fermion in the two index antisymmetric representation of the gauge group for three colors is one flavor QCD we compared the CR large N limit with the ’t Hooft one.

Among other things we have shown that the conjectured inequality between the infrared and ultraviolet degrees of freedom computed using the free energy does not lead to strong constraints on asymptotically free theories with fermions in higher dimensional representation of the gauge group. This is so since the flavor-dependent term of the ultraviolet count of the number of degrees of freedom is enhanced with respect to matter in the fundamental representation, while the infrared count is not.

Our findings do not support the ’t Hooft over the CR limit of one flavor QCD. Indeed it may still be possible that the CR limit is better suited for QCD. What we can say definitely, though, is that one cannot infer information about the confining/deconfining phase transition using super Yang-Mills properties. Since the center of the gauge group is a relevant quantity also for the confinement properties at zero temperature we expect our results to lead to new relevant information also at zero temperature. The present results help shaping and opportunely modify the correspondence between the A/S theories and super Yang-Mills at a large number of colors.

Acknowledgments

I am very happy to thank S. Catterall, P.H. Damgaard, L. Del Debbio, D.D. Dietrich, P. Di Vecchia, P. de Forcrand, M. Frandsen, L. Giusti, J. Greensite, P. Merlatti, T.A. Ryttov, J. Schechter, M. Shifman, K. Tuominen and G. Veneziano for helpful discussions, comments or careful reading of the manuscript.

The work is supported by the Marie Curie Excellence Grant as team leader under contract MEXT-CT-2004-013510 and by the Danish Research Agency. We also thank the CERN theory division for the kind hospitality during the initial stages of this work.

References

[1] A. Armoni, M. Shifman and G. Veneziano, Nucl. Phys. B 667, 170 (2003) [arXiv:hep-th/0302163].

A. Armoni, M. Shifman and G. Veneziano, Phys. Rev. Lett. 91, 191601 (2003) [arXiv:hep-th/0307097].

A. Armoni, M. Shifman and G. Veneziano, arXiv:hep-th/0403071. A. Armoni, M. Shifman and G. Veneziano, Phys. Rev. D 71, 045015 (2005) [arXiv:hep-th/0412203].

[2] E. Corrigan and P. Ramond, Phys. Lett. B 87, 73 (1979).

[3] G. ’t Hooft, Nucl. Phys. B 72, 461 (1974).

[4] E. B. Kiritsis and J. Papavassiliou, Phys. Rev. D 42, 4238 (1990).

[5] A. Feo, P. Merlatti and F. Sannino, Phys. Rev. D 70, 096004 (2004) [arXiv:hep-th/0408214].

[6] F. Sannino and K. Tuominen, Phys. Rev. D 71, 051901 (2005) [arXiv:hepph/0405209].

[7] G. Veneziano and S. Yankielowicz, Phys. Lett. B 113, 231 (1982).

[8] P. Merlatti and F. Sannino, Phys. Rev. D 70, 065022 (2004) [arXiv:hepth/0404251].

[9] P. Merlatti, F. Sannino, G. Vallone and F. Vian, Phys. Rev. D 71, 125014 (2005) [arXiv:hep-th/0502196].

[10] F. Sannino and M. Shifman, Phys. Rev. D 69, 125004 (2004) [arXiv:hepth/0309252].

[11] D. K. Hong, S. D. H. Hsu and F. Sannino, Phys. Lett. B 597, 89 (2004) [arXiv:hep-ph/0406200].

[12] D. D. Dietrich, F. Sannino and K. Tuominen, arXiv:hep-ph/0505059. [13] B. Svetitsky and L. G. Yaffe, Nucl. Phys. B 210, 423 (1982).

L. G. Yaffe and B. Svetitsky, Phys. Rev. D 26, 963 (1982). [14] R. D. Pisarski, Phys. Rev. D 62, 111501 (2000) [arXiv:hep-ph/0006205].

R. D. Pisarski, arXiv:hep-ph/0203271.

A. Dumitru and R. D. Pisarski, Phys. Lett. B 525, 95 (2002) [arXiv:hepph/0106176].

A. Dumitru and R. D. Pisarski, Phys. Rev. D 66, 096003 (2002) [arXiv:hep-ph/0204223].

A. Dumitru, Y. Hatta, J. Lenaghan, K. Orginos and R. D. Pisarski, Phys. Rev. D 70, 034511 (2004) [arXiv:hep-th/0311223].

A. Dumitru, J. Lenaghan and R. D. Pisarski, Phys. Rev. D 71, 074004 (2005) [arXiv:hep-ph/0410294].

[15] L. Del Debbio, M. Faber, J. Greensite and S. Olejnik, Phys. Rev. D 55, 2298 (1997) [arXiv:hep-lat/9610005].

[16] J. Ambjorn, J. Giedt and J. Greensite, JHEP 0002, 033 (2000) [arXiv:hep-lat/9907021].

[17] P. Di Vecchia, A. Liccardo, R. Marotta and F. Pezzella, Fortsch. Phys.

53, 450 (2005) [arXiv:hep-th/0412234].

[18] P. Di Vecchia, A. Liccardo, R. Marotta and F. Pezzella, JHEP 0409, 050 (2004) [arXiv:hep-th/0407038].

[19] F. Sannino, Phys. Rev. D 66, 034013 (2002) [arXiv:hep-ph/0204174].

A. Mocsy, F. Sannino and K. Tuominen, Phys. Rev. Lett. 92, 182302 (2004) [arXiv:hep-ph/0308135].

A. Mocsy, F. Sannino and K. Tuominen, JHEP 0403, 044 (2004) [arXiv:hep-ph/0306069].

A. Mocsy, F. Sannino and K. Tuominen, Phys. Rev. Lett. 91, 092004 (2003) [arXiv:hep-ph/0301229].

F. Sannino and K. Tuominen, Phys. Rev. D 70, 034019 (2004) [arXiv:hepph/0403175].

[20] T. Appelquist, A. G. Cohen and M. Schmaltz, Phys. Rev. D 60, 045003 (1999) [arXiv:hep-th/9901109].

[21] K. A. Intriligator and N. Seiberg, Nucl. Phys. Proc. Suppl. 45BC, 1 (1996) [arXiv:hep-th/9509066].

[22] T. Appelquist, Z. y. Duan and F. Sannino, Phys. Rev. D 61, 125009 (2000) [arXiv:hep-ph/0001043].

[23] T. Appelquist, A. G. Cohen, M. Schmaltz and R. Shrock, Phys. Lett. B 459, 235 (1999) [arXiv:hep-th/9904172].

[24] H. Georgi, Nucl. Phys. B 266, 274 (1986).

[25] A. B. Zamolodchikov, JETP Lett. 43, 730 (1986) [Pisma Zh. Eksp. Teor.

Fiz. 43, 565 (1986)].

[26] J. L. Cardy, Phys. Lett. B 215 (1988) 749.

[27] D. Anselmi, D. Z. Freedman, M. T. Grisaru and A. A. Johansen, Nucl.

Phys. B 526, 543 (1998) [arXiv:hep-th/9708042].

D. Anselmi, J. Erlich, D. Z. Freedman and A. A. Johansen, Phys. Rev. D 57, 7570 (1998) [arXiv:hep-th/9711035].

D. Anselmi, Annals Phys. 276, 361 (1999) [arXiv:hep-th/9903059]. [28] K. Intriligator and B. Wecht, Nucl. Phys. B 667, 183 (2003) [arXiv:hepth/0304128].

D. Kutasov, A. Parnachev and D. A. Sahakyan, JHEP 0311, 013 (2003) [arXiv:hep-th/0308071].

E. Barnes, K. Intriligator, B. Wecht and J. Wright, Nucl. Phys. B 702, 131 (2004) [arXiv:hep-th/0408156].

[29] G. ’t Hooft, Nucl. Phys. B 138, 1 (1978). [30] G. ’t Hooft, Nucl. Phys. B 153, 141 (1979). [31] A. M. Polyakov, Phys. Lett. B 72, 477 (1978). [32] K. Holland and U. J. Wiese, arXiv:hep-ph/0011193.

[33] J. Greensite, Prog. Part. Nucl. Phys. 51, 1 (2003) [arXiv:heplat/0301023].

[34] J. Engels, J. Fingberg and M. Weber, Nucl. Phys. B 332, 737 (1990). [35] J. Engels, J. Fingberg and D. E. Miller, Nucl. Phys. B 387, 501 (1992). [36] M. Teper, Phys. Lett. B 313, 417 (1993).

[37] J. Engels, F. Karsch, E. Laermann, C. Legeland, M. Lutgemeier, B. Petersson and T. Scheideler, Nucl. Phys. Proc. Suppl. 53, 420 (1997) [arXiv:hep-lat/9608099].

[38] F. Y. Wu, Rev. Mod. Phys. 54, 235 (1982).

[39] M. Fukugita and M. Okawa, Phys. Rev. Lett. 63, 13 (1989). [40] R. V. Gavai, F. Karsch and B. Petersson, Nucl. Phys. B 322, 738 (1989). [41] T. Celik, J. Engels and H. Satz, Phys. Lett. B 125, 411 (1983). [42] J. B. Kogut, M. Stone, H. W. Wyld, W. R. Gibbs, J. Shigemitsu, S. H. Shenker and D. K. Sinclair, Phys. Rev. Lett. 50, 393 (1983).

[43] S. A. Gottlieb, J. Kuti, D. Toussaint, A. D. Kennedy, S. Meyer, B. J. Pendleton and R. L. Sugar, Phys. Rev. Lett. 55, 1958 (1985).

[44] F. R. Brown, N. H. Christ, Y. F. Deng, M. S. Gao and T. J. Woch, Phys. Rev. Lett. 61, 2058 (1988).

[45] M. Fukugita, M. Okawa and A. Ukawa, Phys. Rev. Lett. 63, 1768 (1989).

[46] N. A. Alves, B. A. Berg and S. Sanielevici, Phys. Rev. Lett. 64, 3107 (1990).

[47] J. Christensen, G. Thorleifsson, P. H. Damgaard and J. F. Wheater, Phys. Lett. B 276, 472 (1992).

[48] B. Lucini, M. Teper and U. Wenger, Phys. Lett. B 545, 197 (2002) [arXiv:hep-lat/0206029].

[49] M. Harada, F. Sannino and J. Schechter, Phys. Rev. D 69, 034005 (2004) [arXiv:hep-ph/0309206].

[50] R. D. Pisarski and M. Tytgat, arXiv:hep-ph/9702340. [51] B. Bringoltz and M. Teper, arXiv:hep-lat/0506034. [52] J. Engels, S. Holtmann and T. Schulze, arXiv:hep-lat/0505008. [53] K. Holland, M. Pepe and U. J. Wiese, Nucl. Phys. B 694, 35 (2004) [arXiv:hep-lat/0312022].

[54] P. de Forcrand and O. Jahn, Nucl. Phys. B 651, 125 (2003) [arXiv:heplat/0211004].

[55] K. Holland, P. Minkowski, M. Pepe and U. J. Wiese, Nucl. Phys. B 668, 207 (2003) [arXiv:hep-lat/0302023].

[56] O. Scavenius, A. Dumitru and A. D. Jackson, Phys. Rev. Lett. 87, 182302 (2001) [arXiv:hep-ph/0103219].

O. Scavenius, A. Dumitru and J. T. Lenaghan, Phys. Rev. C 66, 034903 (2002) [arXiv:hep-ph/0201079].

A. Dumitru, D. Roder and J. Ruppert, Phys. Rev. D 70, 074001 (2004) [arXiv:hep-ph/0311119].

K. Fukushima, Phys. Rev. D 68, 045004 (2003) [arXiv:hep-ph/0303225]. Y. Hatta and K. Fukushima, Phys. Rev. D 69, 097502 (2004) [arXiv:hepph/0307068].

[57] B. Muller and K. Rajagopal, arXiv:hep-ph/0502174. [58] R. D. Ball and P. H. Damgaard, Phys. Lett. B 510, 341 (2001) [arXiv:hep-th/0103249].