arXiv:0909.4721v1 [hep-ph] 25 Sep 2009

CP^3- Origins: 2009-16

QCD condensates in ADS/QCD

Jacopo Bechi^∗ CP^3-Origins, Campusvej 55, DK-5230 Odense M, Denmark.

Abstract

This paper focuses on some issues about condensates and renormalization in AdS/QCD models. In particular we consider the consistency of the AdS/QCD approach for scale dependent quantities as the chiral condensate questioned in some recent papers and the 4D meaning of the 5D cosmological constant in a model in which the QCD is dual to a 5D gravity theory. We will be able to give some arguments that the cosmological constant is related to the QCD gluon condensate.

∗E-mail: bechi@fi.infn.it

I. INTRODUCTION

Recently in some papers in the AdS/QCD literature (at the best of our knowledge [1] was the first to ask this important question) was raised the interesting problem about the theoretical and phenomenological consistency of the treatment of scale-dependent operators in holographic models of QCD. For the sake of simplicity, following [1], we work in the hardwall model of [2] and focus on the behavior of the quark condensate ⟨q̄q⟩ (see also [3] for an interesting phenomenological treatment of the condensate in AdS/QCD). We will show that, with some very little modification of the AdS/CFT dictionary and with an appropriate 4D interpretation of the mass scales on the 5D side, there is not inconsistence. In the second part of this letter we will do some comments about the 4D meaning of the 5D cosmological constant in a model in which the QCD is dual to a 5D Einstein theory. In particular, we will argue that the cosmological constant is in relation to the gluon condensate.

Now we quickly review the model that we use for the first part of the our considerations. The 5D fields are the gauge fields A_{L,R} = A^a_{L,R}T^a holographically dual to the Noether currents of the QCD chiral symmetries SU_L(2) × SU_R(2) and the scalar field ϕ associated with the operator q̄q. The background metric is the AdS_5 metric

ds^2 = G_{MN} dx^M dx^N = 1 z^2 (η_{μν} dx^μdx^ν − dz^2), ϵ < z < z_m, (1) where η_{μν} = diag(+1, −1, −1, −1), ϵ is an UV regulator (ϵ → 0 at the end of calculation) and z_m is related to the confinament scale. The Latin indices take values 0, 1, 2, 3, z and the Greek indices take values = 0, 1, 2, 3. Note that all is adimensional. The bulk action is

S_5 = ∫ d^5x √ gTr [ |Dϕ|^2 + 3|ϕ|^2 − 1 4g^2_5

(F^2_L + F^2_R) ] (2) where D_μϕ = ∂_μϕ − iA_{Lμ}ϕ + iϕA_{Rμ} and F_{MN} = ∂_M A_N − ∂_N A_M − i[A_M , A_N ]. The background profile of ϕ is obtained solving the classical equation of motion with the following boundary condition

ϕ(ϵ) = ϵM ; ϕ(z_m) = ξ. (3) where M = 1m_q is the quark mass matrix.

The solution is

ϕ(z) = c_1z^3 + c_2z (4) with

c_1 = ξ − Mz_m z_m(z^2_m − ϵ^2)

; c_2 = Mz^3_m − ξϵ^2 z_m(z^2_m − ϵ^2) (5) As shown by [4] c_1 = ⟨q̄q⟩ = σ1.

II. THE CHIRAL CONDENSATE

In the way we get it, the argument of [1] about the possible inconsistency of the treatment of the chiral condensate in the AdS/QCD models is the following. In the holographic models it is generally assumed that 1/z plays the role of the renormalization scale μ. The AdS/CFT dictionary relates fields on the AdS z = 0 boundary to QCD quantities in UV. The matching to QCD is done at asymptotically high scales, where it is weakly coupled, and μ → ∞, in accordance with the identification 1/z ∼ μ. However, in QCD, as μ → ∞ the quark mass m_q tends to zero and the chiral condensate σ goes to infinity. Consistency with QCD then implies that in the holographic model m_q, which is fixed on the z = 0 boundary, should also be zero, while σ must diverge because the left side of the GOR relation is a Renormalization Group Invariant

m^2_πf^2_π = 2m_qσ (6) This is inconsistent with the phenomenology of the model, which requires that σ ≠ ∞ in order to have a finite splitting between the ρ and a_1 mesons.

Now we wish to show that there are arguments because this inconsistence to disappears. Let’s begin reviewing some simple aspects of the renormalization in the AdS/CFT models. For the sake of simplicity let’s consider a bulk scalar field ϕ with mass m_ϕ. The value of this field to boundary ϕ(z = ϵ, x) (ϵ is the regulator dual to the 4D UV cutoff Λ_{UV} to be taken zero at the end of the calculation) is dual to the source of a 4D scalar operator O of conformal dimension Δ = 2 + √ 4 + m^2_ϕ. In others words the 4D action has the bare term ∫ d^4xϕ(z = ϵ, x)O(x). Using the AdS/CFT dictionary (and neglecting contact divergences) the interesting non-analitic term in the limit ϵ → 0 is (considering Δ non integer for example)(for a review [5])

⟨O(x)O(y)⟩ ≃ ϵ^{2Δ−8} 1 |x − y|^{2Δ} (7) To eliminate the cutoff dependence we can define the renormalized operator [O] = ϵ^{4−Δ}O and ∫ d^4xϕO = ∫ d^4xϕϵ^{Δ−4}[O] = ∫ d^4x[ϕ][O] (8) where, therefore, the renormalized source is

[ϕ](x) = ϵ^{Δ−4}ϕ(x, z = ϵ). (9) The Holographic Renormalization can be done more rigorous adding counterterms on the boundary [6] and, in any case, the boundary value ϕ^0(x) of the field ϕ(x, z) defined by ϕ^0(x) = lim_{z→0} z^{Δ−4}ϕ(x, z) plays the rule of renormalized ϵ-independent source. The renormalization scale μ is arbitrary and we are taking μ = 1 so all is adimensional.

So m_q and σ are, respectively, the quark mass and the chiral condensate renormalized to the scale μ arbitrary but ϵ independent.

Then we restore the right dimensionality inserting factors of R = μ^{−1} in the formulas. So we find for the boundary behavior (taking ϵ ≪ R)

ϕ(ϵ) = ( ϵ R )_{3−Δ} ϕ^0 (10) where we have used ϵ to restored the mass dimension of ϕ(ϵ) because it is dual to the source renormalized to the scale 1/ϵ.

Now we will show that, in presence of a condensate, μ have to be fixed at the same scale of the characteristic momentum of the 4D vacuum. In fact, in the chiral limit, is worth the relation

σ = ξ z_m(z^2_m − ϵ^2)

. (11) So, taking ϵ → 0, and remembering that σ is dual to ⟨[q̄q]_μ⟩_{adim.} renormalized at μ (the suffix ”adim.” remembers us that we are considering the dimensionless operator)

⟨[q̄q]_μ⟩_{adim.} = ξ ( R z_m )_3 (12) and so ξ has to be interpreted as ⟨[q̄q]_{1/zm} ⟩_{adim.}, namely as the chiral condensate renormalized at the confinement scale.

In the holographic model we can calculate the pion decay constant expanding the polarization operator of the axial current Π_A(q^2), defined by Π^{μν}_A = (^{qμqν}_{q2} − g^{μν} )Π_A(q^2) = i ∫ d^4xe^{iqx}⟨0|J^μ_AJ^ν_A|0⟩, around q^2 = 0: Π_A(q^2) = Π_A(0) + q^2Π^′_A(0) + O(q^4). Considering ξ ≫ 1 (the best phenomenological value is ξ = 4 [7]):

Π_A(0) = f^2_π ∼ N ξ^{2/3} z^2_m

(13) e thus

f_π ∼ √ Nσ^{1/3} (14) and, because f_π ∼ √ NΛ_{χSB} (where Λ_{χSB} is the scale of chiral symmetry breaking), σ is dual at the chiral condensate ⟨q̄q⟩ renormalized at Λ_{χSB}. So we can see that the scale μ have to be taken at the physical scale of the chiral symmetry breaking.

Let’s consider now the holographic realization of the Renormalization Group (RG) transformations. RG transformations in AdS/CFT can be studied by using bulk diffeomorphisms that induce a dilation on the boundary metric. This is a subgroup of the conformal transformation studied in [8]. It’s known that the AdS metric, because of the second order pole, not yield a metric at the boundary z = 0. It yields a conformal structure instead, i.e. a metric up to conformal trasformations. Namely, indicating with G the AdS metric, we can define the boundary metric by

g^0 = z^2G|_{z=0} (15) but also g^0 = e^wz^2G|_{z=0}, where w is a function with no zeros or poles at the boundary, is good. So the AdS metric yields a conformal structure at the boundary and the dual theory is CFT [9] because this theory have to be indifferent to a conformal rescaling.

Here, following [6], we will consider the trasformations,

z = z^′μ, x^i = x^{′i}μ (16) that produces the transformation g^0_{μν} (x) → μ^2g^0_{μν} (xμ).

Let’s consider a scalar field ϕ(x, z) = ϕ^′(x^′, z^′), that implies (now we are working in un general AdS_{d+1} space)

ϕ(x, ϵ) = ϵ^{d−Δ}ϕ^0(x) = ϕ^′(μx, μϵ) = (μϵ)^{d−Δ}ϕ^0(μx) (17) by which we have

μ ∂ ∂μ ϕ^0(x) = −(d − Δ)ϕ^0(x) (18) which is the correct RG transformation rule for a source of an operator of dimension Δ. At this point one could be puzzled because if ϕ^0 transform under a dilatation it can’t be renormalized at a physical scale that instead has to be taken invariant under dilatation. We can come out considering that this is fully consistent with the fact that a CFT has not physical scale and that a minor change will be necessary here to adapt the holographic construction to QCD. Because QCD is not a CFT, it can’t be defined on a conformal manifold, as is the boundary of AdS at z = 0. So we are forced to introduce a physical cutoff z = ϵ_{UV} that can be understood of order of the Planck scale. Of course this scale can’t be changed under a dilatation and it limits the diffeomorphisms that we can consider to produce a RG transformation. Only the diffeomorphisms that keep unchanged z can be considered. This is consistent with the fact that in the AdS/QCD model discussed before ϕ^0 had to be understood as renormalized at a physical scale about Λ_{QCD}.

III. THE GLUON CONDENSATE

To obtain more grasp on the meaning of μ, let’s consider now an AdS/QCD model in which the QCD is dual to the 5D Einstein gravity coupled a dilaton field φ as in [10][11]

S_{gravity} = −M^3_5 ∫ d^5x √ g [ R^{(5)} + 1 2 g^{μν}∂_μφ∂_ν φ + V (φ) ] , (19) and V (φ) = Λ + ∑ n=1 φ^nc_n (because the manifold has a boundary we should have to add the Gibbons-Hawking term to the action but we neglect it because it is not important for the our argument). Let’s consider also a UV cutoff at z = ϵ.

We assume that ϵ is small enough so that we can neglect the contribution of the dilaton to the gravitational action respect to the contribution of the cosmological constant Λ. This approximation is justified if ϵ^{−1} corresponds to a energy at which the QCD is in a small coupling regime. This picture is dual to the QCD with a UV cutoff Λ_{UV} ≃ ϵ^{−1} coupled to the dynamical 4D gravity. This gravity is induced by the integration of the modes with frequencies above Λ_{UV} and the action is

S^{gravity} 4 = −M^3_5 ∫_ϵ 0 dz ∫ d^4x √ −g [ R^{(4)}(g_{μν} ) + Λ ] = = −M^3_5 ϵ ∫ d^4x √ −g [ R^{(4)}(g_{μν} ) + Λ ] (20) where M_5 is the 5D Planck scale and S^{gravity}_4 is obtained by substituting g_{zz}(x, z) = g_{μz}(x, z) = 0 and g_{μν} (x, z) = g_{μν} (x, ϵ) = g_{μν} (x) into the 5D Einstein action. The dimensional reduction is justified because the holographic dictionary tell to us that the 5D modes localized at z = ϵ have energy E ≃ ϵ^{−1} (in order that to make this argument fully consistent we have to take ϵ ≤ R where now R is the AdS radius. Otherwise the warping effects could not be neglected). The 4D effective induced Planck scale is M^2_4 = M^3_5 ϵ. In this effective theory the 4D gravity has a cosmological constant term which is naturally understood as the cosmological constant induced by the QCD scale anomaly (see [12] for a review on an early approach at some of this ideas in an pure Quantum Field Theory context).

Generally also the perturbative vacuum energy contributes to the cosmological constant which a contribution proportional to the cutoff scale. As we have already seen, a change in the renormalization scale is dual to a 5D diffeomorphism that induces a Weyl transformation of the boundary metric. Because Λ is diffeomorphism invariant, we associate this with a renormalization group invariant quantity.

To value the induced cosmological constant, let’s consider the 4D semiclassical Einstein equation, with cosmological constant, that follows by a variational principle around a solution of the equation of motion δS_{grav.} δg^{μν} δg^{μν} + δW_R δg^{μν} δg^{μν} = 0 (21) where S_{grav.} is the 4D Einstein-Hilbert action, W_R is the renormalized connected correlation functions functional generator of the QCD and δg^{μν} is an arbitrary variation of the metric. Following [13] we get δS_{grav.} δg^{μν} δg^{μν} = −M^2_4 ∫ ( R_{μν} − 1 2 g_{μν} R − 1 2 Λg_{μν} ) δg^{μν} √ −gd^4x (22)

and the overall sign minus is fixed by the demand that the kinetic energy be positive. Let’s consider the following transformation of the metric (with σ ≪ 1),

g^{μν} → e^{−2σ} g^{μν} ≃ g^{μν} − 2σg^{μν} = g^{μν} + δg^{μν} . (23) This transformation is equivalent to a dilatation, so is equivalent to a shift of the renormalization scale μ,

μ → μ + σμ = μ + δμ (24) that implies a change of the renormalized coupling constant

g(μ) → g(μ + σμ) ≃ g(μ) + σβ and β ≡ ∂g ∂μ μ (25)

Because the QCD (we neglect the quarks) is classically scale invariant, this change in the renormalized coupling constant is the only effect [25] that contributes to the variation of W_R

δW_R = ∂W_R ∂g ∂g ∂μ δμ (26)

Starting from

e^{iWR(g)} = ∫ DA_μe^{− i2g2} ∫ TrF^2 √ −gd^4x (27)

we get ∫ DA_μe^{− i2(g+δg)2} ∫ TrF^2 √ −gd^4x ≃ ∫ DA_μe^{− i2g2 (1−2δg/g)} ∫ TrF^2 √ −gd^4x ≃ ≃ ∫ DA_μ ( 1 + i δg g^3 ∫ TrF^2 √ −gd^4x ) e^{− i2g2} ∫ TrF^2 √ −gd^4x = = e^{iWR(g)} ( 1 + i ∂W_R ∂g δg ) (28)

from which follows δW_R δg = 1 g^3 ∫ ⟨TrF^2⟩ √ −gd^4x (29)

Let’s consider, then, δS_{grav.} under the same variation of the metric

δS_{grav.} = −M^2_4 ∫ ( R_{μν} − 1 2 g_{μν} R − 1 2 Λg_{μν} ) δg^{μν} √ −gd^4x = = M^2_4 ∫ ( R_{μν} − 1 2 g_{μν} R − 1 2 Λg_{μν} ) 2σg^{μν} √ −gd^4x = = −M^2_4 ∫ 2σ ( R + 2Λ )√ −gd^4x (30)

Putting everything together

δS_{grav.} + δW = − ∫ 2σM^2_4 ( R + 2Λ )√ −gd^4x + ∫ σ β g^3

⟨TrF^2⟩ √ −gd^4x = 0 (31)

Because we are interested to the induced cosmological constant Λ_{ind.}, let’s specialize (31) to the case of flat metric and, using the translational invariance,

Λ = 1 M^2_4 β 4g^3

⟨TrF^2⟩ (32)

and so the induced cosmological constant is

Λ_{ind.} = − 1 M^2_4 β 4g^3

⟨TrF^2⟩ (33)

where the condensate is valued on a flat background and, because β < 0 by asymptotic freedom, the sign of Λ depends by the sign of the gluon condensate. This quantity gets contribution only by non perturbative field configurations that in the semiclassical region at which we are looking are dominated by the instantons. The gluon condensate can be write as ⟨TrF^2⟩ = 2(B^2 − E^2), where B and E are, respectively, the cromomagnetic and cromoelectric fields (see e.g. [15]). Indeed, instanton is a tunneling processes, it occurs in imaginary time; therefore in Minkowski space one has imaginary cromoelectric fields and so the gluon condensate is positive.

From this consideration, it follows that Λ > 0 in (20), and this is the sign that we have to take to get AdS space. It’s nice that the necessity of a asymptotic AdS behavior in 5D is linked to the presence of the instantons in the QCD vacuum. Moreover, from it, we can get hints about the origin of the constant part of the dilaton potential in more stringy model as [10][11]; if our analysis is right, the constant part of the potential have to be generated by non perturbative effects dual to tunneling events in QCD.

In our derivation, we have used an arbitrary cutoff ϵ and, keeping it explicit, we have

Λ = 1 M^3_5 ϵ β 4g^3

⟨TrF^2⟩, (34) Let’s consider the case ϵ = R, where R is the AdS radius; using M^3_5 R^3 ∼ N^2 (see e.g.

[16]), Λ = 12/R^2 and the fact that^β_{4g3} ⟨TrF^2⟩ is a Renormalization Group Invariant and so it will be (see the end of this section), β 4g^3

⟨TrF^2⟩ ≃ cΛ^4_{QCD} with c ∼ O(N^2). (35) we find 1 R ∼ Λ_{QCD} (36) Moreover, if we consider a generic ϵ, we get 1 ϵ ∼ 10 1 R (37) The numerical factor in (37) is only indicative and it should not to be taken too seriously;

(37) only says that the UV cutoff is to be taken about to Λ_{QCD}. So this seems to indicate that AdS/QCD have to be understood as a low-energy description valid only below some cutoff scale which is generally a few GeV. It is in accord to the fact that there are many things AdS/QCD gets wrong at high energy [17][18] (see also [19] where an UV cutoff at ∼ GeV is imposed to improve the phenomenological analysis).

Now one could wonder that in the N counting we have taken ⟨Tr(F_{μν} )^2⟩ ∼ N like follows by Feynman diagram arguments and not ⟨Tr(F_{μν} )^2⟩ ∼ e^{−N} as is for a gas of semiclassical objects. Several facts, the most important is maybe the success of the Instantons Liquid Model (for a review [20]), suggest that in the QCD vacuum the interactions between instantons are important and the instanton ensemble is more similar to a liquid than to a gas. Schafer [21] has shown that, in the Instanton Liquid picture, the instanton density in the large N limit is proportional to N. This is also in accord with lattice results.

By the point of view of this section, the fact that in presence of quarks, the fermion condensate scale is Λ_{χSB} ∼ 1/R is an obvious fact. Moreover, the identification of Λ with the non perturbative gluon effects lets to us to understand why we can neglect the backreaction of the fermion condensate on the AdS metric and still to get good results. This is the same approximation that work successfully in SVZ [22][23].

IV. CONCLUSIONS

In this paper we have studied some issues about the condensates in two different models of holographic QCD. We have shown that the treatment of the chiral condensate is consistent in AdS/QCD models and that the renormalization scale have to be taken at the scale of the condensate. Moreover, we have found a relation between the cosmological constant and the gluon condensate in a holographic model with dynamical background. This relation indicates that the cosmological constant of the 5D gravity theory dual to the QCD is related at the instanton physics in 4D. Finally, also in this model appears that the UV cutoff of the AdS/QCD models have to be taken at a few GeV in accord a some precedent analysis [19].

We think that a better understanding of these questions should be useful to explain why certain models work especially well and to obtain more grasp on the possibilities and the limitations of the AdS/QCD approach.

Note: when this work was completed we noted [24] that does some similar consideration about the renormalization of the chiral condensate in an Conformal Technicolor/Holographic context.

Acknowlegdements: I would like thank the CP^3 − Origins for hospitality and the Fondazione Angelo della Riccia for financial support.

[1] A. Cherman, T. D. Cohen and E. S. Werbos, “The chiral condensate in holographic models of QCD,” arXiv:0804.1096 [hep-ph].

[2] J. Erlich, E. Katz, D. T. Son and M. A. Stephanov, “QCD and a Holographic Model of Hadrons,” Phys. Rev. Lett. 95 (2005) 261602 [arXiv:hep-ph/0501128].

[3] J. Hirn, N. Rius and V. Sanz, Phys. Rev. D 73 (2006) 085005 [arXiv:hep-ph/0512240]. [4] I. R. Klebanov and E. Witten, Nucl. Phys. B 556 (1999) 89 [arXiv:hep-th/9905104].

[5] E. D’Hoker and D. Z. Freedman, “Supersymmetric gauge theories and the AdS/CFT correspondence,” arXiv:hep-th/0201253.

[6] K. Skenderis, “Lecture notes on holographic renormalization,” Class. Quant. Grav. 19 (2002) 5849 [arXiv:hep-th/0209067].

[7] L. Da Rold and A. Pomarol, “Chiral symmetry breaking from five dimensional spaces,” Nucl.

Phys. B 721 (2005) 79 [arXiv:hep-ph/0501218].

[8] C. Imbimbo, A. Schwimmer, S. Theisen and S. Yankielowicz, “Diffeomorphisms and holographic anomalies,” Class. Quant. Grav. 17 (2000) 1129 [arXiv:hep-th/9910267].

[9] E. Witten, “Anti-de Sitter space and holography,” Adv. Theor. Math. Phys. 2 (1998) 253 [arXiv:hep-th/9802150].

[10] U. Gursoy and E. Kiritsis, “Exploring improved holographic theories for QCD: Part I,” JHEP 0802 (2008) 032 [arXiv:0707.1324 [hep-th]].

[11] U. Gursoy, E. Kiritsis and F. Nitti, “Exploring improved holographic theories for QCD: Part II,” JHEP 0802 (2008) 019 [arXiv:0707.1349 [hep-th]].

[12] S. L. Adler, “EINSTEIN GRAVITY AS A SYMMETRY BREAKING EFFECT IN QUAN- TUM FIELD THEORY,” Rev. Mod. Phys. 54 (1982) 729 [Erratum-ibid. 55 (1983) 837].

[13] L. D. Landau, E. M. Lifshits, “Teoria dei campi”, Editori Riuniti, 1996 (in italian) [14] M. J. Duff, “Twenty years of the Weyl anomaly,” Class. Quant. Grav. 11 (1994) 1387 [arXiv:hep-th/9308075].

[15] D. Diakonov, “Instantons at work,” Prog. Part. Nucl. Phys. 51 (2003) 173 [arXiv:hep-ph/0212026].

[16] N. Arkani-Hamed, M. Porrati and L. Randall, “Holography and phenomenology,” JHEP 0108 (2001) 017 [arXiv:hep-th/0012148].

[17] D. M. Hofman and J. Maldacena, “Conformal collider physics: Energy and charge correlations,” JHEP 0805 (2008) 012 [arXiv:0803.1467 [hep-th]].

[18] C. Csaki, M. Reece and J. Terning, “The AdS/QCD Correspondence: Still Undelivered,” JHEP 0905 (2009) 067 [arXiv:0811.3001 [hep-ph]].

[19] N. Evans and A. Tedder, “Perfecting the Ultra-violet of Holographic Descriptions of QCD,” Phys. Lett. B 642 (2006) 546 [arXiv:hep-ph/0609112].

[20] T. Schafer and E. V. Shuryak, “Instantons in QCD,” Rev. Mod. Phys. 70 (1998) 323 [arXiv:hep-ph/9610451].

[21] T. Schafer, “Instantons and the large N(c) limit, A.D. 2004,” arXiv:hep-ph/0412215. [22] M. A. Shifman, A. I. Vainshtein and V. I. Zakharov, “QCD And Resonance Physics. Sum Rules,” Nucl. Phys. B 147 (1979) 385.

[23] M. A. Shifman, A. I. Vainshtein and V. I. Zakharov, “QCD And Resonance Physics: Applications,” Nucl. Phys. B 147 (1979) 448.

[24] K. Haba, S. Matsuzaki and K. Yamawaki, “S Parameter in the Holographic Walking/Conformal Technicolor,” Prog. Theor. Phys. 120 (2008) 691 [arXiv:0804.3668 [hep-ph]].

[25] Because we are working on a general metric there should be also a contribution from the gravitational Weyl Anomaly [14]. Because we are interested to specialize to a flat metric at the end we neglect this. However, this contribution should be 1/N suppressed respect to (26)