Received: May 11, 1999, Accepted: October 7, 1999

HYPER VERSION

Gauge bosons and the AdS_3/LCFT_2 correspondence

Yun Soo Myung and Hyung Won Lee

Department of Physics, Inje University Kimhae 621-749, Korea E-mail: ysmyung@physics.inje.ac.kr, hwlee@physics.inje.ac.kr

Abstract: We study the relationship between the gauge boson coupled to spin 2 operator and the singleton in three-dimensional anti-de Sitter space(AdS_3). The singleton can be expressed in terms of a pair of dipole ghost fields A and B which couple to D and C operators on the boundary of AdS_3. These operators form the logarithmic conformal field theory(LCFT_2). Using the correlation function for logarithmic pair, we calculate the greybody factor for the singleton. In the low temperature limit of ω ≫ T_±, this is compared with the result of the bulk AdS_3 calculation of the gauge boson. We find that the gauge boson cannot be realized as a model of the AdS_3/LCFT_2 correspondence.

Keywords: Black Holes in String Theory, 2D Gravity, Black Holes.

Recently the AdS/CFT correspondence has attracted much interest [1, 2, 3]. This means that the string/M theory on AdS_{d+1} is dual to the gauge theory of the CFT_d on its boundary. This was used to resolve many problems in black hole physics [4, 5, 7, 8]. For the test of the AdS_3/CFT_2 correspondence one introduces a set of test fields {Φ_i} on AdS_3 and their corresponding operators {O^i} on the boundary. For example, these are in the D1-D5 brane system : a free scalar (ϕ) which couples to (1,1) operator; two fixed scalars (ν, λ) to (2,2), (3,1), and (1,3) operators; two intermediate scalars (η, ξ) to (1,2) and (2,1) operators [9]. The relevant relation between these is given by [3] e^{−Seff ({Φi})} = ⟨ e ∫ B Φ_{b,i}O^i ⟩ . (1)

The expectation value ⟨· · ·⟩ is taken in the CFT with the boundary test field Φ_{b,i} as a source. Eq. (1) was widely used for calculations of the entropy, greybody factor (2-point function), 3- and 4-point functions. It was shown by studying exchange diagram with scalar and gauge fields in N=4 SUSY Yang-Mills from AdS_5 that the 4- point function has logarithmic singularities [10]. More recently Kogan proposed that a dipole ghost pair (A, B) can represent a singleton, which induces the 2-point correlation function for a logarithmic pair (O, O^′) [11]. He argued that this is the origin of logarithmic singularities in the 4-point functions. This logarithmic pair with the normalization factor c = 2(Δ−1)^2/π [7] has the 2-point correlation fucntions [12, 13]

⟨O(x)O^′(y)⟩ = c |x − y|^{2Δ} , ⟨O^′(x)O^′(y)⟩ = c |x − y|^{2Δ} [ −2 ln |x − y| + 1 c ∂c ∂Δ ] , ⟨O(x)O(y)⟩ = 0 . (2)

Here Δ is a degenerate dimension Δ of O and O^′ and we note a crucial relation ⟨O^′(x)O^′(y)⟩ = ∂⟨O(x)O^′(y)⟩/∂Δ. We will use this relation to calculate the greybody factor.

In the AdS_3/CFT_2 correspondence, there exists a puzzle of the missing states between CFT_2 and supergravity [14]. The gauge bosons appear in the resolution of this puzzle. These are chiral primaries which correspond to the descendent of the identity operator in the CFT_2 [6]. But on the supergravity side these are absent and thus may be considered as unphysical singletons on AdS_3 [15]. In this sense, it is important to test the relationship between gauge boson and singleton. The authors in [16] found that these gauge bosons coupled to (2,0) and (0,2) operators on the boundary receive logarithmic corrections from a bulk AdS_3 scattering calculation. Of course this was performed in the low temperature limit of ω ≫ T_±.

In this paper, we derive the greybody factor for the singleton. According to ref. [11], we wish to represent this with a pair of dipole ghost fields (A, B) coupled to (1,1) operators (D, C). This means that a gauge boson with spin 2 assumed to be expressed in terms of a pair of dipole ghost fields with spin 0. And then we calculate the two-point function of their operators in terms of the BTZ coordinates. Using this, we obtain the greybody factor. Finally we will compare this with the result of a bulk AdS_3 scattering in the low-temperature limit.

We start with the bulk AdS_3 action for a dipole pair (A, B) [12, 11]

S_{eff} = ∫ d^3x √ g [ ∂A · ∂B − m^2AB − 1 2 B^2 ] . (3)

At this stage it is not clear if this action comes from supergravity (string) theories. Rather, (3) takes a similar form of the Nakanishi-Lautrup formalism in the gauge theory [17]. In detail, (3) with m^2 = 0 and A_μ = ∂_μA leads to the gauge-fixing term as S_{GF} = − ∫ d^3x √ g [ B∂_μA^μ +^α_2 B^2 ] with α = 1. Here B is the Nakanishi-Lautrup field. A corresponds to σ in [17] and leads to the negative-norm state. Its equations of motion are given by ( ∇^2 + m^2 ) A + B = 0 , ( ∇^2 + m^2 ) B = 0 . (4)

A solution to these can be found from a boundary-bulk Green function for ⟨AB⟩ with mass m [18, 8]

K_{AB} (r, u_+, u_−; u^′_+, u^′_−) = K_{BA}(r, u_+, u_−; u^′_+, u^′_−) = = N π^2T_+T_−

r^2_+−r^2_−

4r exp(π[T_+δu_+ + T_−δu_−]) + r sinh(πT_+δu_+) sinh(πT_−δu_−) Δ , (5)

where we used the coordinates (r, t, ϕ) in the BTZ black hole with R = 1: mass M = (r^2_+ − r^2_−), angular momentum J = 2r_+r_−, and left/right temperatures T_± = (r_+ ±r_−)/2π [19]. The Hawking temperature T_H is defined by 2/T_H = (1/T_+ +1/T_−). Here u_± = ϕ ± t, δu_± = u_± − u^′_±, Δ(Δ − 2) = m^2. The normalization constant N is introduced for convenience. To find K_{AA} we have to solve the equation ( ∇^2 + m^2 ) K_{AA} = −K_{AB} . (6) This is found by a trick as K_{AA} = ∂K_{AB} ∂m^2 = 1 2(Δ − 1) ∂K ∂Δ . (7)

Then the solution is given by

A(r, u_+, u_−) = ∫ du^′_+du^′_− [ K_{AB} (r, u_+, u_−; u^′_+, u^′_−)B_b(u^′_+, u^′_−)+

+ K_{AA}(r, u_+, u_−; u^′_+, u^′_−)A_b(u^′_+, u^′_−) ] , B(r, u_+, u_−) = ∫ du^′_+du^′_−K_{BA}(r, u_+, u_−; u^′_+, u^′_−)A_b(u^′_+, u^′_−) , (8) where A_b and B_b are the boundary values of A and B respectively. Using (3) and (4), the effective action takes only the boundary form

S_{eff} [A_b, B_b] = lim_{rs→∞} 1 2 ∫ S du_+du_− √ −h {A(n̂ · ∇)B + B(n̂ · ∇)A} , (9) where S is a regularized surface at r = r_s and n̂ · ∇ = r(∂/∂r). h_{μν} is an induced boundary metric with diag(−r^2, r^2) and thus √ −h = r^2. Considering the boundary behavior of A and B as A(B)|_{r→∞} ∼ r^{−2+Δ}A_b(B_b) , (10) one finds

S_{eff} [A_b, B_b] = − ΔN 2 ∫ du_+du_−du^′_+du^′_− [ πT_+ sinh(πT_+δu_+)

]_Δ [ πT_− sinh(πT_−δu_−)

]_Δ × × [ 2A_b(u_+, u_−)B_b(u^′_+, u^′_−) +

A_b(u_+, u_−)A_b(u^′_+, u^′_−) 2(Δ − 1) × × { 1 N ∂N ∂Δ − ln ( sinh(πT_+δu_+) πT_+ · sinh(πT_−δu_−) πT_− )}] . (11)

With (1), one can derive the two-point functions for conformal operators C and D as ⟨C(u_+, u_−)C(0)⟩ = − δ^2S[A_b, B_b] δB_b(u_+, u_−)δB_b(0)

= 0, (12) α⟨C(u_+, u_−)D(0)⟩ = − δ^2S[A_b, B_b] δB_b(u_+, u_−)δA_b(0)

= ΔN [ πT_+ sinh(πT_+u_+)

]_Δ [ πT_− sinh(πT_−u_−)

]_Δ

, (13) β⟨D(u_+, u_−)D(0)⟩ = − δ^2S[A_b, B_b] δA_b(u_+, u_−)δA_b(0) = NΔ 4(Δ − 1) [ πT_+ sinh(πT_+u_+)

]_Δ [ πT_− sinh(πT_−u_−)

]_Δ × × [ 1 N ∂N ∂Δ − ln { sinh(πT_+u_+) πT_+ · sinh(πT_−u_−) πT_− }] , (14)

where α, N, and β are chosen to recover (2) in the low temperature limit of T_± → 0. Then one finds α = Δ, N = c, β = Δ/4(Δ−1). We are now in a position to calculate the greybody factor using the above correlation functions [20]. The greybody factor for ⟨AB⟩ is calculated by the boundary CFT as [21, 7]

σ^{AB}_{abs} = π ω ∫ dt ∫_∞ −∞ dϕe^{−iωt+ipϕ} [⟨C(t − iϵ, ϕ)D(0)⟩ − ⟨C(t + iϵ, ϕ)D(0)⟩] = = 2(Δ − 1)^2(2πT_+R)^{Δ−1}(2πT_−R)^{Δ−1} sinh(ω/2T_H ) ωΓ^2(Δ) × × | | | |Γ ( Δ 2 + i ω 4πT_+ ) Γ ( Δ 2 + i ω 4πT_− )| | | 2 , (15) where R^{2(Δ−1)} has been switched on ⟨CD⟩, to recover a complete form of the greybody factor. Here the original integral region of 0 ≤ ϕ ≤ 2π is changed into −∞ ≤ ϕ ≤ ∞ to accommodate the periodic nature of u_± ∼ u_± + 2πn for the BTZ black hole [8]. For Δ = 2(m^2 = 0), (15) takes exactly the same form of the greybody factor for a massless minimally coupled scalar (∇^2Φ = 0) [22]

σ^{AB}_{abs} = π^2ωR^2 e^{ω/TH} − 1 (e^{ω/2T+} − 1) (e^{ω/2T−} − 1) . (16)

In the low energy limit of ω ≪ T_± one finds σ^{AB}_{abs} |_{ω<T±} = 2πr_+ = A_H , while in the low temperature limit of ω ≫ T_± it takes σ^{AB}_{abs} |_{ω>T±} = π^2ωR^2.

It seems to be difficult to calculate the greybody factor σ^{AA}_{abs} directly, because of the logarithmic singularities in (14). Instead, we use the relation of ⟨D(u_+, u_−)D(0)⟩ =^∂_{∂Δ} ⟨D(u_+, u_−)C(0)⟩ and thus expect to find σ^{AA}_{abs} ≃ ∂σ^{AB}_{abs} /∂Δ. In this calculation we have to use the relation for the gamma function as ∂Γ(z) ∂Δ = ∂z ∂Δ ∂Γ(z) ∂z = ∂z ∂Δ Γ(z)ψ(z) , (17)

where ψ(z) = ∂ ln Γ(z)/∂z is a digamma function. Finally we obtain the greybody factor for ⟨AA⟩ by using the boundary LCFT_2 correlator ⟨DD⟩ as

σ^{AA}_{abs} = π ω ∫ dt ∫_∞ −∞ dϕe^{−iωt+ipϕ} [⟨D(t − iϵ, ϕ)D(0)⟩ − ⟨D(t + iϵ, ϕ)D(0)⟩] ≃ ≃ 2(Δ − 1)^2(2πT_+R)^{Δ−1}(2πT_−R)^{Δ−1} sinh(^ω_{2TH} ) ωΓ^2(Δ) × × [ 2 Δ − 1

+ ln(2πT_+R) + ln(2πT_−R) − 2ψ(Δ) + 1 2 ψ ( Δ 2 + i ω 4πT_+ ) + + 1 2 { ψ( Δ 2 − i ω 4πT_+ ) + ψ( Δ 2 + i ω 4πT_− ) + ψ( Δ 2 − i ω 4πT_− ) } ] × × | | | |Γ ( Δ 2 + i ω 4πT_+ ) Γ ( Δ 2 + i ω 4πT_− )| | | 2 . (18)

As far as we know, this is the first result for a dipole ghost pair (singleton). Now let us compare this with the result of a gauge boson with s = 2 from a bulk AdS_3 scattering [16] σ^{gb}_{abs} = π^2ωR^2s^2 [1 + ωRs ln(2ωRs)] . (19) For this purpose, we take the low temperature limit of ω ≫ T_± and Δ = 2 on σ^{AA}_{abs} . In this case the digamma function ψ can take an asymptotic form as [23] ℜψ(1 + iy) = ℜψ(1 − iy) ≃ ln y + 1 12y^2 + 1 120y^4

+ · · · . (20)

In the low temperature limit, σ^{AA}_{abs} takes the form

σ^{AA}_{abs} = π^2ωR^2 [1 + 2 ln(ωR) + c^′] , (21) where c^′ = 2γ − 1 − 2 ln 2 with the Euler’s constant γ = 0.5772. At the first sight, it seems that the (21) takes a similar form as in (19). In (19) the logarithmic term is multiplied by ωR and thus it is a subleading-order. However, in (21) one cannot find such a prefactor and 2 ln(ωR) is regarded as the leading low energy behavior. In this sense, we argue that there is no agreement between the AdS_3 calculation of gauge field and the LCFT result of a singleton. Further, the non-logarithmic terms in (21) do not agree with that of (19). If the spin 2 gauge boson is truely represented by a pair of dipole ghost fields on AdS_3, from the AdS/LCFT correspondence (19) should agree with (21) even in the low-temperatue limit. Hence we conclude that the gauge boson with spin 2 has nothing to do with the AdS/LCFT correspondence.

On the other hand one finds the logarithmic operators in (14), which may induce the unitarity problem. Here we may resolve this problem. It is noted that these logarithmic terms originate from the unphysical dipole ghost fields (A, B). As was shown in [17], this pair (A, B) is turned into the zero-norm state by the Goldstone dipole mechanism in Minkowski spacetime. We suggest that the boundary logarithmic terms come from the negative-norm state of A. In order to remove the negative-norm state, we impose the subsidiary condition as B^+(x)|0⟩_{phys} = 0. Then the physical space (|0⟩_{phys}) will not include any A-particle state. This corresponds to the dipole mechanism to cancel the negative-norm state. Similarily, we expect that in the boundary CFT_2 of AdS_3, the theory can be managed to be unitary by choosing an appropriate subsidiary condition.

In conclusion, we derive the new greybody factor for a singleton from the LCFT_2 correlator ⟨DD⟩ which corresponds to the derivative of the CFT_2 correlator ⟨DC⟩ with respect to the weight Δ. In the low temperature limit the bulk AdS_3 result σ^{gb}_{abs} does not lead to σ^{AA}_{abs} of the LCFT_2 correctly. This means that the spin 2 gauge boson cannot be expressed in terms of a pair of dipole ghost fields (A, B).

Acknowledgments

This work was supported in part by the Basic Science Research Institute Program, Ministry of Education, Project NOs. BSRI-98-2413 and BSRI-98-2441.

References

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

[2] S.S. Gubser, I.R. Klebanov and A.M. Polyakov, Phys. Lett. B 428 (1998) 105 [hep-th/9802109].

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

[4] S.S. Gubser, A. Hashimoto, I. Klebanov and M. Krasnitz, Nucl. Phys. B 526 (1998) 393 [hep-th/9803023].

[5] M. Taylor-Robinson, The D1-D5 brane system in six dimensions, hep-th/9806132.

[6] J. Maldacena and A. Strominger, J. High Energy Phys. 12 (1998) 005 [hep-th/9804085].

[7] E. Teo, Phys. Lett. B 436 (1998) 269 [hep-th/9805014].

[8] H. Müller-Kirsten, N. Ohta, and J. Zhou, Phys. Lett. B 445 (1999) 287 [hep-th/9809193].

[9] C. Callan, S.S. Gubser, I. Klebanov, and A. Tseytlin, Nucl. Phys. B 489 (1997) 65 [hep-th/9610172];

I. Klebanov and M. Krasnitz, Phys. Rev. D 55 (1997) 3250 [hep-th/9612051]; M. Krasnitz and I. Klebanov, Phys. Rev. D 56 (1997) 2173 [hep-th/9703216]; M. Cvetic and F. Lasen, Nucl. Phys. B 506 (1997) 107 [hep-th/9706071]; H.W. Lee, Y.S. Myung, J.Y. Kim, Phys. Rev. D 58 (1998) 104006 [hep-th/9708099].

[10] D.Z. Freedman, Strings’98 lecture, http://www.itp.ucsb.edu/online/strings98/;

H. Liu and A.A. Tseytlin, Phys. Rev. D 59 (1999) 086002 [hep-th/9807097]; D.Z. Freedman, S.D. Mathur, A. Matusis and L. Rastelli, Phys. Lett. B 452 (1999) 61 [hep-th/9808006];

G. Chalmers and K. Schalm, Nucl. Phys. B 554 (1999) 215 [hep-th/9810051]; H. Liu, Scattering in Anti-de Sitter space and operator product expansion,

hep-th/9811152.

[11] I.I. Kogan, Phys. Lett. B 458 (1999) 66 [hep-th/9903162].

[12] A.M. Ghezelbash, M. Khorrami and A. Aghanohammadi, Int. J. Mod. Phys. A 14 (1999) 2581 [hep-th/9807034].

[13] V. Gurarie, Nucl. Phys. B 410 (1993) 535 [hep-th/9303160];

J.S. Caux, I.I. Kogan and T. Rsvelik, Nucl. Phys. B 466 (1996) 444 [hep-th/9511134]; M. Flohr, Int. J. Mod. Phys. A 11 (1996) 4147 [hep-th/9509166]; M. Flohr, Int. J. Mod. Phys. A 12 (1997) 1943 [hep-th/9605151]; M. Flohr, Nucl. Phys. B 514 (1998) 523 [hep-th/9707090]; I.I. Kogan and A. Lewis, Phys. Lett. B 431 (1998) 77 [hep-th/9802102]; A. Lewis, Nucl. Phys. B 539 (1999) 367 [hep-th/9808068].

[14] C. Vafa, Puzzles at large N, hep-th/9804172.

[15] J. de Boer, Nucl. Phys. B 548 (1999) 139 [hep-th/9806104].

[16] J.Y. Kim, H.W. Lee and Y.S. Myung, New gauge bosons and logarithmic corrections in an exact AdS_3, hep-th/9812016.

[17] T. Kugo and I. Ojima, Prog. Theor. Phys. Suppl. 66 (1979) 1;

Y.S. Myung, Y.J. Park and C. Jue, Mod. Phys. Lett. A 7 (1992) 2101.

[18] E. Keski-Vakkuri, Phys. Rev. D 59 (1999) 104001 [hep-th/9808037].

[19] M. Banados, M. Henneaux, C. Teitelboim, and A. Zanelli, Phys. Rev. D 48 (1993) 1506 [gr-qc/9302012];

H.W. Lee and Y.S. Myung, Phys. Rev. D 58 (1998) 104013 [hep-th/9804095]; H.W. Lee, N.J. Kim, and Y.S. Myung, Dilaton test of connection between AdS_3 × S^3 and 5D black hole, hep-th/9805050.

[20] J. Maldacena and A. Strominger, Phys. Rev. D 56 (1997) 4975 [hep-th/9702015].

[21] S.S. Gubser, Phys. Rev. D 56 (1997) 7854 [hep-th/9706100].

[22] D.B. Birmingham, I. Sachs and S. Sen, Phys. Lett. B 413 (1997) 281 [hep-th/9707188];

H.W. Lee, N.J. Kim, and Y.S. Myung, Phys. Rev. D 58 (1998) 084002 [hep-th/9803080].

[23] M. Abramowitz and I. Stegun, Handbook of Mathematical Functions (Academic Press, New York, 1966).