arXiv:hep-th/0411076 v3 30 Mar 2005

Glueball Masses from Supergravity with Flavor

Kenji Suzuki^∗

Department of Physics, Ochanomizu University, Otsuka, Bunkyou-ku, Tokyo 112-8610, Japan

Institute of Quantum Science, College of Science and Technology, Nihon University, Chiyoda-ku, Tokyo 101-8308, Japan

Abstract

We study the glueballs in a four-dimensional N = 2 super Yang- Mills theory with fundamental matters in terms of the supergravity dual. The supergravity background is constructed by N D3 brane with a probe D7 brane. We numerically compute the glueball masses for 0^{++} and 1^{−−} in the background. We find that the mass ratio of 0^{++} glueballs is mostly in agreement with the lattice calculations. We compare the glueball masses with the meson masses. The mass ratio M_{GB} /M_{meson} is calculated with 1.4. If the mass M_{GB} is set to 1.6GeV , the meson mass M_{meson} is given with 1.1GeV

∗ksuzuki@sofia.phys.ocha.ac.jp

1 Introduction

The AdS/CFT correspondence [1, 2, 3, 4] is a duality between the supersymmetric gauge theories in the large N strong-coupling limit and the string theories on the AdS backgrounds. As the generalization of the duality, the supergravity duals to the gauge theories with less supersymmetries have been investigated [5, 6, 7, 8, 9, 10]. According to the method [11], the behaviours of Wilson loops for the gauge theories with less supersymmetries have been calculated in the dual gravity backgrounds [12, 13, 14, 15], which indicate that the gauge theories are in confinement phase. The mass spectra for the 0^{++} glueball in the dual background can be obtained by solving the wave equations of motion for the dilaton [6, 16, 17, 18, 19, 20, 21, 22], which are in agreement with the lattice calculations [23, 24].

In order to obtain the supergravity dual of a four-dimensional N = 2 SU(N) super Yang-Mills theory with N_f hypermultiplets Karch and Katz consider the background embedded N_f D7-branes into N D3-branes [25, 26]. The masses of the hypermultipletes (quarks) is given with the distance between the D3-branes and the D7-brane. The mesons, which correspond to open string excitations of the D7-brane, can be calculated in the background [27]. The N = 1 cases are also studied [28, 29]. In the nonsupersymmetric cases, the chiral symmetry breaking by the quark condensate in terms of the gravity dual is studied in the three-dimensional QCD [30] and in the four-dimensional QCD [31]. However, the glueballs in the dual background with hypermultiplets is not investigated .

The purpose of this paper is to study the glueballs in a four-dimensional N = 2 super Yang-Mills theory with fundamental matters in terms of the supergravity dual. We calculate the glueball masses and compare them with the meson masses. We show that the glueball masses is proportional to the mass of the fundamental matter. The mass spectrum in the background are in agreement with the lattice calculations.

The organization of the paper is as follows. In section 2, we will review the calculations of the meson spectrum in the supergravity background constructed by N D3 brane with a probe D7 brane discussed in [27]. In section 3, we will solve the wave equation of the scalar fields in the background numerically to obtain the 0^{++} glueball mass spectrum. We compare the results with the lattice computations and evaluate the mass ratio of the glueball and the meson. In section 4, we will solve the equation of the RR 2-form numerically to obtain the 1^{−−} glueball mass spectrum. We compare the spectrum with the calculation [21].

2 Mass spectrum for meson

In this section, we review the derivation of the mass spectrum for meson using the supergravity dual of a four dimensional supersymmetric Yang Mills theory with fundamental matter.

We first consider a D7-brane probe in the supergravity background dual to N D3-branes represented by the array

D3: t 1 2 3 - - - - - - D7: t 1 2 3 4 5 6 7 - - .

The metric is given by

ds^2 = f^{−1/2}(−dt^2 + d⃗x^2) + f^{1/2}(dλ^2 + λ^2dΩ^2_3 + dx^2_8 + dx^2_9), (1)

where ⃗x = (x_1, x_2, x_3), and

f = 1 + α^{′2}R^4

r^4

, (2) R^4 = 4πgN, (3) e^ϕ = g, (4) r^2 = λ^2 + x^2_8 + x^2_9. (5)

In the decoupling limit α^′ → 0, the metric becomes

ds^2/α^′ = ( u R )_2

(−dt^2 + d⃗x^2) + ( R u )_2

(dρ^2 + ρ^2dΩ^2_3 + dX^2_8 + dX^2_9 ), (6)

where u = r α^′ , ρ = λ α^′ , X_8 = x_8 α^′ , X_9 = x_9 α^′ : fixed (7) u^2 = ρ^2 + X^2_8 + X^2_9 . (8)

We next consider the meson spectrum in the background. The meson correspond to open string excitations of the D7-brane. The DBI action for the D7 brane in this background,

S_{D7} = −T_7 ∫ dσ^8e^{−ϕ} √ −detg ∼ −T_7 ∫ dσ^8ϵ_3ρ^3e^{−ϕ} { 1 + g^{ab}R^2 2u^2

(∂_aX_8∂_bX_8 + ∂_aX_9∂_bX_9) } , (9) where g_{ab} is the induced metric on the D7 brane, ϵ_3 is the volume of the three sphere, and T_7 = 1/(2π)^7gα^{′4} is the D7 tension. To obtain the mass spectrum of the meson, we take the form as

X_9 + iX_8 = m + δ(ρ)e^{ikixi} , (10) m_q = m/2π, M^2 = −k^2, (i = 0, 1, 2, 3), (11)

where δ(ρ) is a small fluctuation. The mass of the quark m_q is proportional to the distance m between the D3-branes and the D7-brane. M is the meson mass. The equation of motion becomes

∂^2_ρ δ(ρ) + 3 ρ ∂_ρδ(ρ) + M^2R^4 (ρ^2 + m^2)^2 δ(ρ) = 0. (12)

The solution can be written as δ(ρ) = A ρ^2 + m^2

F (−n − 1, −n, 2; −ρ^2/m^2) (13)

where F is the hypergeometric function. We finally obtain the mass spectrum for meson to be M = 2m R^2 √ (n + 1)(n + 2), (n = 0, 1, 2, · · ·). (14)

Therefore the mass of meson in the N = 2 cases is proportional to the quark mass in the UV region. It is known that in the non-supersymmetric cases the mass of meson is proportional to the square root of the quark mass, which relation is in agreement with the Gell-Mass-Oakes-Renner (GMOR) relation [31]

3 Mass spectrum for 0^{++} glueballs

In this section, we consider the mass spectrum for 0^{++} glueball using the supergravity dual description.

We take the location of the D7-brane at X^2_8 + X^2_9 = m^2. The induced metric is

ds^2/α^′ = ρ^2 + m^2

R^2

(−dt^2 + d⃗x^2) +

R^2 ρ^2 + m^2

(dρ^2 + ρ^2dΩ^2_3), (15)

discussed in the previous section. In order to compare the glueball masses with the meson masses at the same time, it is necessary to consider the duals of glueballs (closed strings) in the same background as in the case of

MR^2/m D3/D7 0^{++} 4.1 0^{++∗} 6.2 0^{++∗∗} 8.3 0^{++∗∗∗} 10.4 0^{++∗∗∗∗} 12.6

Table 1: 0^{++} glueball masses

the mesons. We suggest that the mass spectrum for 0^{++} glueball can be obtained by solving the wave equation of the scalar fields in the supergravity dual background. The wave equation is ∂_μe^{−2ϕ} √ −gg^{μν} ∂_ν Φ = 0. (16)

We take the form Φ = ϕ(ρ)e^{ikixi} (i = 0, 1, 2, 3). The equation becomes

∂_ρ{ρ^3(ρ^2 + m^2)∂_ρϕ} + ρ^3 ρ^2 + m^2

M^2R^4ϕ = 0 (17)

M^2 = −k^2, (18)

where M is the glueball mass. Using the dimensionless variable ρ^′ ≡ ρ/m with non-zero m, the equation becomes

∂_ρ′ {ρ^{′3}(ρ^{′2} + 1)∂_ρ′ ϕ} + ρ^{′3} ρ^{′2} + 1

M^2R^4 m^2 ϕ = 0. (19)

The equation has asymptotic solution of the form ϕ ∼ c/ρ^{′4}, where c is arbitrary constants. We solve the equation by shooting method [16], integrating from large ρ^′ >> 1 (i.e. ρ >> m) to ρ^′ = 0. We show the results in table 1. We note that the masses are proportional to the quark mass. The lightest mass is M ∼ 4.1 m R^2

. (20)

In table 2, we compare our results with lattice calculations and with the results in the other backgrounds. We find that our results are mostly agreement with the results of lattice calculations and others.

We next consider to compare the glueball masses with the meson masses. The mass ratio of the lowest 0^{++} glueball state (20) and the lowest meson state (14) is written as M_{0++} M_{meson} ∼ 4.1 2 √ 2 ∼ 1.4, (21)

M D3/D7 YM^∗ [15] KS [21] N = 0 [16] Lattice [23, 24] 0^{++} 1.6(input) 1.6(input) 1.6(input) 1.6(input) 1.6±0.15 0^{++∗} 2.4 2.4 2.9 2.6 2.48±0.23 0^{++∗∗} 3.2 3.1 ? 3.5 ?

Table 2: The comparison of 0^{++} glueball masses in GeV

which is independent to the quark mass m_q =^m_{2π} . We note that the mass ratio of the glueballs and of the mesons are given by the the square root of ratio of the tension T_{adj} and the tension T_{QCD} [32], namely

M_{0++} M_{meson} = √ T_{adj} T_{QCD} = √ 2N^2 N^2 − 1

∼ 1.4 (22)

in large N limit, which is consistent with our results. If the mass M_{GB} is set to 1.6GeV , the meson mass M_{meson} is given with 1.1GeV .

4 Mass spectrum for 1^{−−} glueballs

In this section, we consider the 1^{−−} glueballs in the supergravity description. The operators of 1^{−−} glueball are dual to the antisymmetric tensor fields. The equation for the anti-symmetric tensor field A_{μν} is given by

∂_μ( √ −gg^{μ′μ}g^{μ′1 μ1} g^{μ′2μ2} ∂_{[μ}′ A_μ′_{1μ}′_{2 ]}) = 0. (23)

We take the form A_{μν} = h(ρ)e^{ikixi} (i = 0, 1, 2, 3). The equation becomes

∂_ρ( ρ^3 ρ^2 + m^2

∂_ρh) + 1 3 ρ^3 (ρ^2 + m^2)^3

M^2R^4h = 0, (24)

where M^2 = −k^2. The equation has asymptotic solutions of the form h ∼ c ln ρ, where c is arbitrary constant. We solve the equation by shooting method, integrating from large ρ^′ = ρ/m >> 1 to ρ^′ = 0. We show the results in table 3 and table 4. We note that the masses are proportional to the quark mass. The lowest mass is written as M ∼ 4.7 m R^2 .

MR^2/m D3/D7 1^{−−} 4.7 1^{−−∗} 8.9 1^{−−∗∗} 12.6 1^{−−∗∗∗} 16.3 1^{−−∗∗∗∗} 19.8 Table 3: 1^{−−} glueball masses

M D3/D7 KS [21] 1^{−−} 1.8 1.9 1^{−−∗} 3.4 3.3 1^{−−∗∗} 5.2 ?

Table 4: The comparison of 1^{−−} glueball masses in GeV (input 0^{++} = 1.6GeV ).

We consider the mass ratio of the lowest 0^{++} glueball and the lowest 1^{−−} glueball. We compare it in our results with in the results in the N = 1 Klebanov-Strassler background [21]. (M_{1−−} M_{0++} ) D3/D7 = 1.15 (M_{1−−} M_{0++} ) KS = 1.20

We find that our results are mostly in agreement with the results in the Klebanov-Strassler background.

5 Conclusions

We study the glueball in the four-dimensional N = 2 super Yang-Mills with fundamental matters. We numerically compute the glueball masses for 0^{++} and 1^{−−}. We find that the masses are proportional to the quark mass. The mass ratio of 0^{++} glueballs is mostly in agreement with the results of lattice calculations. The mass ratio of 1^{−−} glueballs is mostly in agreement with the results in the N = 1 Klebanov-Strassler background.

We evaluate the mass ratio of the glueball and the meson, which is written as M_{GB} /M_{meson} ∼ 1.4. The mass ratio of the glueballs and of the mesons are given by the the square root of ratio of the tension T_{adj} and the tension T_{QCD}, namely ,

M_{0++} M_{meson} = √ T_{adj} T_{QCD} = √ 2N^2 N^2 − 1

∼ 1.4 (25)

in large N limit, which is consistent with our results.

It would be interesting in calculating the 2^{++} glueball masses in the dual background in order to study the Regge trajectory of the glueball masses. It was already shown that the Regge trajectory is linear in the Klebanov- Strassler background [33].

We are also interested in studying the glueballs, especially, in the nonsupersymmetric cases with massless quarks, which indicate that the chiral symmetry is broken by the quark condensate.

References

[1] J. M. Maldacena, Adv. Theor. Math. Phys. 2 (1998) 231, hep-th/9711200.

[2] E. Witten, Adv. Theor. Math. Phys. 2 (1998) 253, hep-th/9802150.

[3] S. S. Gubser, I. R. Klebanov and A. M. Polyakov, Phys. Lett. B428 (1998) 105, hep-th/9802109.

[4] O. Aharony, S. S. Gubser, J. Maldacena, H. Ooguri and Y. Oz, Phys.

Rep. 323 (2000) 183, hep-th/9905111.

[5] N. Itzhaki, J. M. Maldacena, J. Sonnenschein and S. Yankielowicz, Phys. Rev. D58 (1998) 046004, hep-th/9802042.

[6] E. Witten, Adv. Theor. Math. Phys. 2 (1998) 505, hep-th/9803131.

[7] L. Girardello, M. Petrini, M. Porrati and A. Zaffaroni, Nucl. Phys.

B569 (2000) 451, hep-th/9909047.

[8] I. R. Klebanov and M. J. Strassler, JHEP 0008 (2000) 052, hep-th/0007191.

[9] J. Maldacena and C. Nunez, Phys. Rev. Lett. 86 (2001) 588, hep-th/0008001.

[10] J. Babington, D. E. Crooks and N. Evans, Phys. Rev. D67 (2003) 066007, hep-th/0210068.

[11] J. Maldacena, Phys. Rev. Lett. 80 (1998) 4859, hep-th/9803002. [12] A. Brandhuber, N. Itzhaki, J. Sonnenschein and S. Yankielowicz, Phys.

Lett. B434 (1998) 36, hep-th/9803137.

[13] A. Loewy and J. Sonnenschein, JHEP 0108 (2001) 007, hep-th/0103163.

[14] T. Mateos, J. M. Pons and P. Talavera, Nucl.Phys. B651 (2003) 291, hep-th/0209150.

[15] R. Apreda, D. E. Crooks, N. Evans and M. Petrini, JHEP 0405 (2004) 065, hep-th/0308006.

[16] C. Csaki, H. Ooguri, Y. Oz and J. Terning, JHEP 9901 (1999) 017, hep-th/9806021.

[17] R. de Mello Koch, A. Jevicki, M. Mihailescu and J. P. Nunes, Phys.

Rev. D58 (1998) 105009, hep-th/9806125.

[18] J. A. Minahan, JHEP 9901 (1999) 020 , hep-th/9811156. [19] R. C. Brower, S. D. Mathur and C. I. Tan, Nucl. Phys. B587 (2000) 249 , hep-th/0003115.

[20] H. Boschi-Filho and N. R. F. Braga, JHEP 0305 (2003) 009 , hep-th/0212207.

[21] E. Caceres and R. Hernandez, Phys. Lett. B504 (2001) 64 , hep-th/0011204.

[22] L. Ametller, J. M. Pons and P. Talavara, Nucl. Phys. B674 (2003) 231, hep-th/0305075.

[23] M. Teper, hep-lat/9812187.

[24] C. J. Morningstar and M. Peardon, Phys. Rev. D60 (1999) 034509, hep-lat/9901004.

[25] A. Karch and E. Katz, JHEP 0206 (2002) 043, hep-th/0205236. [26] A. Karch, E. Katz and N. Weiner, Phys. Rev. Lett. 90 (2003) 091601, hep-th/0211107.

[27] M. Kruczenski, D. Mateos, R. C. Myers and D. J. Winters, JHEP 0307 (2003) 049, hep-th/0304032.

[28] C. Nunez, A. Paredes and A. V. Ramallo, JHEP 0312 (2003) 024, hep-th/0311201.

[29] B. A. Burrington, J. T. Liu, L. A. Pando Zayas and D.Vaman, hep-th/0406207.

[30] J. Babington, J. Erdmenger, N. Evans, Z. Guralnik and I. Kirsch, Phys.

Rev. D69 (2004) 066007, hep-th/0306018.

[31] M. Kruczenski, D. Mateos, R. C. Myers and D. J. Winters, JHEP 0405 (2004) 041, hep-th/0311270.

[32] L. A. Pando Zayas, J. Sonnenschein and D. Vaman, Nucl. Phys. B682 (2004) 3, hep-th/0311190.

[33] X. Amador and E. Caceres, hep-th/0402061.