arXiv:0903.2316v3 [hep-ph] 28 Mar 2009

KUNS-2195, YITP-09-19

Finite-temperature spectral function of the vector mesons in an AdS/QCD model

Mitsutoshi Fujita,^1 Kenji Fukushima,^2 Tatsuhiro Misumi,^2 and Masaki Murata^2 1Department of Physics, Kyoto University, Kyoto 606-8502, Japan 2Yukawa Institute for Theoretical Physics, Kyoto University, Kyoto 606-8502, Japan

We use the soft-wall AdS/QCD model to investigate the finite-temperature effects on the spectral function in the vector channel. The dissociation of the vector meson tower onto the AdS black hole leads to the in-medium mass shift and the width broadening in a way similar to the lattice QCD results for the heavy quarkonium at finite temperature. We also show the momentum dependence of the spectral function and find it consistent with screening in a hot wind.

PACS numbers: 12.38.Mh,11.25.Tq,25.75.Nq,14.40.Gx

INTRODUCTION — The intrinsic properties of hot and dense matter out of quarks and gluons in quantum chromodynamics (QCD) have been drawing our attention to a deeper understanding of strongly-correlated systems. Such matter has been created at the Relativistic Heavy-Ion Collider (RHIC) in Brookhaven and widely called the strongly-correlated quark-gluon plasma or sQGP [1]. It is generally challenging to attack nonperturbative physics problems and there is no systematic strategy established. Recently powerful techniques have developed based on the recognition of the gauge/string duality or the bulk/boundary correspondence [2, 3, 4], with which one can treat the strong-coupling regime in the gauge field theory on the boundary by solving the weak-coupling (or classical in some limit) string theory in the bulk Anti de Sitter (AdS) space.

In sQGP physics the most striking and well-known achievement from the gauge/string duality is the analytical computation of the shear viscosity to the entropy density ratio, η/s, in the N = 4 supersymmetric Yang- Mills plasma [5]. Although the theory is different from QCD, the obtained result is valuable under the present circumstance that the non-perturbative QCD calculation of the shear viscosity is cumbersome [6, 7]. The smallness of η/s is an important indication of the sQGP because a large reaction cross-section implies small η in gaseous states. Another suggestive hint to the sQGP has come from the lattice QCD study on the J/ψ spectral functions at high temperature [8, 9, 10]. There, it has been found that the mesonic correlation survives even above 2T_c where T_c is the deconfinement critical temperature.

This melting temperature for the J/ψ meson inferred from the lattice QCD simulation is not consistent with the potential model estimate with the Debye screening [11, 12], though the spectral enhancement after melting may explain the lattice observation [13]. We have not yet reached a consensus on the right interpretation of the J/ψ spectral functions above T_c. It is most likely that the heavy-quarkonium spectral property reflects the sQGP nature. Hence, it would be intriguing to take advantage of the dual model to see what spectral shape would transpire non-perturbatively in strongly-correlated systems.

We remark that the spectral functions and also the meson dissociation have been nicely discussed by means of the D3/D7 setup [14, 15]. The correspondence between the J/ψ spectral function and the holographic outcome is not transparent, however, because the embedding of the D7 brane in an AdS-Schwarzschild background leads to a first-order phase transition at which the dissociation takes place.

In this Letter we shall make use of a rather phenomenological approach to QCD inspired by the success of the AdS/CFT correspondence, which is generally referred to as the AdS/QCD models or the holographic QCD models [16]. Particularly, since J/ψ is a vector meson, we adopt the “soft-wall” model [17] (see Ref. [18] for a related idea) which is designed to reproduce the Regge trajectory of the vector mesons (i.e. vector meson tower). Here, we remark on some related works along the similar line. In Ref. [19] the meson spectrum has been discussed in the “hard-wall” holographic QCD model at finite temperature. The hard-wall model is, however, not quite appropriate to look into the spectral functions because the infrared (IR) boundary condition has ambiguity, while the soft-wall model is smooth in the IR side. Although the meson mass shift has been investigated in Ref. [20] in the soft-wall framework, its relevance to the lattice QCD results is rather indirect.

Our aim is to derive the finite-temperature spectral function in the vector channel from the holographic QCD model in a way that we can make a direct comparison with the lattice QCD. As a matter of fact, as we will discuss, the resulting spectral shape and the associated mass shift and width broadening are all in qualitative agreement with the lattice calculations.

MODEL SETUP — We make a brief review on the formalism and equations that we are using. The soft-wall model proposed in Ref. [17] is composed from the gauge fields A_{Lμ} in SU_L(N_f ) and A_{Rμ} in SU_R(N_f ) and the bifundamental matter X whose ultraviolet (UV) behavior controls the chiral symmetry breaking.

The essential point in the soft-wall setup is that the five-dimensional action contains the dilaton field potential so that the spectrum realizes the linear confinement.

That is, the Lagrangian density is multiplied by the smooth IR cutoff function, e^{−Φ(z)}, where z is the fifth coordinate and Φ(z) = cz^2. Here, c is the only mass dimensional parameter in the model, and we will later make all other quantities dimensionless in the unit of √ c. We can decompose the model action into one piece involving the vector field, V = (A_L + A_R)/2, and the other involving the axial-vector field, A = (A_L − A_R)/2. Then, as long as the vector SU_V(N_f ) symmetry is left unbroken, the (linearized) equation of motion for V decouples from X and A. Thus, we need to solve the following equation of motion in the V_z = 0 gauge, ∂_z [ e^{−Φ(z)} √ −gg^{λλ}g^{zz}∂_z V_λ ] + e^{−Φ(z)} √ −gg^{λλ}g^{μν} ∂_μ∂_ν V_λ = 0. (1) Because the physical degrees of freedom for the massive vector field have three polarizations, we eliminated one of four components by imposing ∂^μV_μ = 0. Let us now write down the metric representing the AdS black hole; g_{μν} dx^μdx^ν = L^2 z^2 [ −f(z)dt^2 + dx^2 + 1 f(z) dz^2 ] , (2)

where f(z) = 1 − z^4/z^4_h with the horizon denoted by z_h and L denotes the radius of the AdS space. The Hawking temperature is read as T = 1/(πz_h), which translates into the temperature of a QGP medium.

It should be mentioned that the AdS-Schwarzschild metric (2) undergoes a first-order phase transition to the AdS metric and the critical temperature is T_c ≃ 0.492 √ c in the soft-wall model case [21, 22]. The temperature of our interest is, as we will see later, up to ∼ 0.15 √ c. This metric transition is not a serious flaw in our present setup, however, by the following twofold reasons. One is that what we really want to know is simply the effect of the presence of a medium on the spectrum and not the spectrum in the ground state determined selfconsistently. For this limited purpose it makes sense to accommodate (transient) matter by introducing the meta-stable black hole metric (2). The second reasoning is a more physical one. If we are interested in J/ψ specifically, it is possible to construct the U(1) soft-wall model in the charm sector alone because the charm current is conserved. The relevant scale √ c = √c_{J/ψ} should be about four times bigger than that for ρ(770), which we shall write √c_ρ for the moment. Then, 0.15√c_{J/ψ} might be a higher temperature than T_c which is characterized by √c_ρ. We will go into a more quantitative argument when we show our numerical results. To fully justify this hand-waving argument, one should break SU_V(N_f ) symmetry and carry out the analysis in Ref. [22] for three light and one heavy flavors. This would be an important check to correctly relate T_c to the heavy-quarkonium dissociation temperature. Here we postpone resolving this quantitatively and let us concentrate on demonstrating qualitatively that the holographic QCD model works well to elucidate the vector spectral function.

FIG. 1: Potential U(ξ) for the dimensionless temperatures, t = 0.05, 0.10, and 0.15 at ω^2 = 4 and q^2 = 0. The thin vertical lines represent ξ_h = 1/(πt), that is the location of the black hole horizon.

SOLUTION — Before solving (1), it would be helpful to pursue the analogy to the Schrödinger equation in quantum mechanics. We take a plane-wave form in four dimensional space-time as usual. Then, using dimensionless energy ω and momentum q in the unit of √ c and changing the fifth coordinate by ξ = √ cz, we can get rid of c from the equation of motion.

Since the presence of matter breaks Lorentz symmetry, the transverse (λ = i = 1, 2, 3) and the longitudinal (λ = 0) components in Eq. (1) lead to distinct differential equations. The difference is, nevertheless, not qualitative but quantitative, and so we shall show the solution of the transverse V_i field only. [33]

The change of the field, v = (e^{−Φ} √ −gg^{ii}g^{zz})^{1/2}V_i (no sum over i), simplifies the equation of motion in the following form; v^{′′} − U(ξ)v = 0 with the potential,

U(ξ) = ξ^2 + 3 4ξ^2 − f^′ 2f ( 2ξ+ 1 ξ ) − (f^′)^2 4f^2 + f^{′′} 2f − 1 f (ω2 f −q^2 ) . (3) Figure 1 shows this potential for various dimensionless temperatures in the unit of √ c. In the t = 0 case the downward-convex potential, ξ^2 + 3/(4ξ^2), yields the discrete spectrum, ω^2 = 4n (n = 1, 2, . . . ) for q^2 = 0, only for which the wave-function is normalizable. We see that the higher t or smaller ξ_h = 1/(πt) makes the potential less convex and eventually it becomes monotonic for t ≃ 0.15. With a monotonic potential we cannot expect a remnant of the original spectrum any more. In other words we should anticipate dissociation then.

At finite temperature the potential is no longer rising in the large ξ side and the normalizability does not quantize the spectrum. We can easily extract the asymptotic solutions of Eq. (1) near the horizon as V_i(ξ) → ϕ_± = (1 − ξ/ξ_h)^{±iωξh /4}, (4) as ξ → ξ_h. Here ϕ_+ represents the out-coming solution

FIG. 2: Spectral functions Im B(ω, 0) for the temperatures, t = 0.07, 0.09, 0.10, and 0.15.

and ϕ_− the in-falling solution into the black hole. Because the imaginary part of the retarded Minkowskian Green’s function gives the spectral function, the right IR boundary condition should pick only ϕ_− up near the horizon.

SPECTRAL FUNCTIONS — Following the procedure elucidated in Ref. [23] in details, we can numerically get two independent solutions starting from the UV limit, that is, Φ_1(ξ) and Φ_2(ξ) satisfying Φ_1(ξ) ≃ ξ^2 and Φ_2(ξ) ≃ 1 in the vicinity of ξ = 0. Then we can make an appropriate linear combination,

V_i(ξ) = A(ω, q)Φ_2(ξ) + B(ω, q)Φ_1(ξ) → ϕ_−(ξ), (5)

as ξ → ξ_h, with the commonly adopted normalization A = 1 (i.e. V_i(0) = 1).

From the prescription for Minkowskian correlators in Ref. [24] we can relate the UV property of V_i(ξ) to the retarded Green’s function by

D^R(ω, q) = −C lim_{ξ→0} ( 1 ξ V^∗_i ∂_ξV_i ) = −2CB(ω, q), (6) where C is a constant given as N_c/(24π^2). The spectral function is, by its definition, ρ(ω, q) = −(ImD^R(ω, q))/π = (2C/π) ImB(ω, q). To be free from the normalization convention we plot ImB(ω, q) as a function of ω and q for various temperatures. We also refer to ImB(ω, q) as the spectral function discarding the overall factor.

We show our numerical results in Fig. 2 for q = 0. It is obvious at a glance that, at low temperature, sharp peaks stand in accord with the spectrum ω^2 = 4n with n = 1, 2, . . . known at t = 0. Since the eigenvalues for not Φ_1(ξ) but Φ_2(ξ) are relevant to our prescription, the peak positions are slightly shifted from ω^2 = 4n, as seen in the data for t = 0.07 whose lowest-lying peak is located at ω^2 = 3.92. We can identify this peak as the J/ψ

FIG. 3: Mass shift squared as a function of the width with changing temperatures. The dashed curve smoothly connects the calculated points with the interval Δt = 0.005 and the crosses mark the points separated by Δt = 0.01.

mass squared, from which we get our dimension unit, √c_{J/ψ} = 1.56 GeV. We find that the peak completely

vanishes for t as high as 0.15. This clearly corresponds to the temperature where the potential U(ξ) in Fig. 1 loses convexity. The deconfinement transition is, on the other hand, T_c = 0.492√c_ρ = 0.19 GeV. This means that in our non-perturbative soft-wall QCD model the spectral peak melts around T ∼ 0.15√c_{J/ψ} ≃ 1.2T_c. We note, however, that we should not take this melting temperature in terms of T_c too seriously because we just borrowed T_c from the estimate in Ref. [22]. Our patchedtogether (decoupled U(1) charm sector plus light quarks for T_c) argument is valid only approximately and does not go beyond qualitative estimate. In principle we can improve the holographic deconfinement scale provided in the pure gluonic sector by mimicking QCD [25] and the heavy quarkonium is to be put on top of it. Such selfconsistent treatment will be reported elsewhere.

It is notable in Fig. 2 that the second lowest-lying state near ω^2 = 8 melts far earlier than the ω^2 = 4 state. This is quite natural because higher excited states are less stable generally. In terms of the potential a larger ω^2 causes stronger absorption into the black hole by the term, −ω^2/f^2 in Eq. (3), which is negative large near the horizon. Furthermore, the lowest-lying state moves only slightly to a smaller mass, while the excited states shift more as seen in the second peak in the t = 0.07 curve.

In Fig. 3 we plot the mass shift Δm and the width Γ associated with the lowest-lying peak in the spectral function. We have found that a functional form, a ω^b/[(ω − ω_0)^2 + Γ^2], fits the spectral shape precisely, from which we extracted the peak position ω_0(t) (leading to the mass shift Δm(t) = ω_0(0) − ω_0(t)) and the width Γ(t) as a function of the temperature. Interestingly enough, our numerical results show that (Δm(t))^2 ∝ Γ(t)

FIG. 4: Spectral functions ImB(ω, q) as a function of ω and q for a fixed temperature t = 0.10.

seems to hold as long as the spectral peak is sharp. This relation seemingly makes a contrast to the linear proportionality predicted in the QCD sum rule [26] but could be interpreted as consistent [27]. The mass shift is saturated with increasing t, while the width broadening goes on consistently. The saturation behavior above t = 0.14, as depicted in Fig. 3, can define where the vector meson melts quantitatively in terms of the spectral function.

Finally we shall discuss the momentum dependence of the spectral functions. We plot the numerical results in Fig. 4 for q^2 ranging from 0 to 12 with t = 0.10 fixed. It is apparent that the spectral peak is gradually collapsed as q increases. This is highly non-trivial. In the perturbative regime, typically, a larger q makes the spectral peak less sensitive to the medium effect [28]. In strongly-correlated matter, as discussed in Ref. [29] (see also Ref. [30]), J/ψ is more screened and melts at higher q, or in a frame where J/ψ is at rest, it melts under the hot wind of matter. Figure 4 clearly illustrates that the J/ψ suppression by the hot wind is also the case in our calculation. It is intriguing that the screening is evident at the momentum scale q ∼ √ 10 which corresponds to about 5 GeV, which is not far from the transverse momentum of particles observed at RHIC.

SUMMARY — We derived the spectral function of the vector meson states at finite temperature using the soft-wall AdS/QCD model. The qualitative properties of the obtained spectral pattern are in good agreement with the lattice observation for the heavy quarkonium.

We numerically found that the mass shift squared is approximately proportional to the width broadening. Another interesting finding is that the spectral peak diminishes at high momentum. We can interpret this as consistent with the J/ψ suppression under the hot wind.

In our future publication we will report not only the vector channel addressed here but also the axial vector channel. It would also be an important extension to investigate the medium modification with finite baryon number. In that case the Chern-Simons coupling plays an intriguing role in the vector–axial-vector mixing [31, 32].

We are grateful to Toru Kikuchi for discussions and Yoshimasa Hidaka and Misha Stephanov for comments. M. F. thanks Kentaroh Yoshida and Tatsuo Azeyanagi for discussions. T. M. and M. M. thank Noriaki Ogawa for technical supports. K. F. is supported by Japanese MEXT grant No. 20740134 and also supported in part by Yukawa International Program for Quark Hadron Sciences.

[1] M. Gyulassy and L. McLerran, Nucl. Phys. A 750, 30 (2005).

[2] J. M. Maldacena, Adv. Theor. Math. Phys. 2, 231 (1998). [3] S. S. Gubser, I. R. Klebanov and A. M. Polyakov, Phys.

Lett. B 428, 105 (1998).

[4] E. Witten, Adv. Theor. Math. Phys. 2, 253 (1998); Adv.

Theor. Math. Phys. 2, 505 (1998).

[5] G. Policastro, D. T. Son and A. O. Starinets, Phys. Rev.

Lett. 87, 081601 (2001).

[6] A. Nakamura and S. Sakai, Phys. Rev. Lett. 94, 072305 (2005).

[7] H. B. Meyer, Phys. Rev. D 76, 101701 (2007). [8] T. Umeda, R. Katayama, O. Miyamura and H. Matsufuru, Int. J. Mod. Phys. A 16, 2215 (2001).

[9] M. Asakawa and T. Hatsuda, Phys. Rev. Lett. 92, 012001 (2004).

[10] S. Datta, F. Karsch, P. Petreczky and I. Wetzorke, Phys.

Rev. D 69, 094507 (2004).

[11] T. Matsui and H. Satz, Phys. Lett. B 178, 416 (1986). [12] A. Mocsy and P. Petreczky, Phys. Rev. D 77, 014501 (2008).

[13] A. Mocsy and P. Petreczky, Phys. Rev. Lett. 99, 211602 (2007).

[14] D. Mateos, R. C. Myers and R. M. Thomson, Phys. Rev.

Lett. 97, 091601 (2006); R. C. Myers, A. O. Starinets and R. M. Thomson, JHEP 0711, 091 (2007) [15] J. Erdmenger, N. Evans, I. Kirsch and E. Threlfall, Eur.

Phys. J. A 35, 81 (2008).

[16] J. Erlich, E. Katz, D. T. Son and M. A. Stephanov, Phys.

Rev. Lett. 95, 261602 (2005).

[17] A. Karch, E. Katz, D. T. Son and M. A. Stephanov, Phys.

Rev. D 74, 015005 (2006).

[18] K. Ghoroku, N. Maru, M. Tachibana and M. Yahiro, Phys. Lett. B 633, 602 (2006).

[19] K. Ghoroku and M. Yahiro, Phys. Rev. D 73, 125010 (2006).

[20] Y. Kim, J. P. Lee and S. H. Lee, Phys. Rev. D 75, 114008 (2007).

[21] O. Andreev and V. I. Zakharov, Phys. Lett. B 645, 437 (2007).

[22] C. P. Herzog, Phys. Rev. Lett. 98, 091601 (2007) [arXiv:hep-th/0608151].

[23] D. Teaney, Phys. Rev. D 74, 045025 (2006). [24] D. T. Son and A. O. Starinets, JHEP 0209, 042 (2002);

G. Policastro, D. T. Son and A. O. Starinets, JHEP 0209, 043 (2002).

[25] S. S. Gubser and A. Nellore, Phys. Rev. D 78, 086007

(2008) [arXiv:0804.0434 [hep-th]].

[26] K. Morita and S. H. Lee, Phys. Rev. Lett. 100, 022301 (2008).

[27] K. Morita and S. H. Lee, in private communications. [28] Y. Hidaka, O. Morimatsu and T. Nishikawa, Phys. Rev.

D 67, 056004 (2003).

[29] H. Liu, K. Rajagopal and U. A. Wiedemann, Phys. Rev.

Lett. 98, 182301 (2007).

[30] R. C. Myers and A. Sinha, JHEP 0806, 052 (2008).

[31] S. K. Domokos and J. A. Harvey, Phys. Rev. Lett. 99, 141602 (2007).

[32] M. Harada and C. Sasaki, arXiv:0902.3608 [hep-ph]. [33] The longitudinal part has the solution near the horizon as V0(ξ) → (1 − ξ/ξ_h)^{1/2±i} √_{(ωξh )2−4/4} , which is different from Eq. (4), implying the existence of a threshold frequency at ωξ_h = 2 or ω = 2πt.