arXiv:1205.1674v2 [hep-th] 23 Aug 2012

OU-HET 749

Expectation values of chiral primary operators in holographic interface CFT

Koichi Nagasaki^1 and Satoshi Yamaguchi^2

Department of Physics, Graduate School of Science, Osaka University, Toyonaka, Osaka 560-0043, Japan

Abstract

We consider the expectation values of chiral primary operators in the presence of the interface in the 4 dimensional N = 4 super Yang-Mills theory. This interface is derived from D3-D5 system in type IIB string theory. These expectation values are computed classically in the gauge theory side. On the other hand, this interface is a holographic dual to type IIB string theory on AdS_5×S^5 spacetime with a probe D5-brane. The expectation values are computed by GKPW prescription in the gravity side. We find non-trivial agreement of these two results: the gauge theory side and the gravity side.

1nagasaki [at] het.phys.sci.osaka-u.ac.jp 2yamaguch [at] het.phys.sci.osaka-u.ac.jp

Contents

1 Introduction and summary 2

2 Gauge theory side 3 2.1 Fields and Action . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4 2.2 Interface . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4 2.3 One-point function . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5

3 Gravity side 6 3.1 The Gubser-Klebanov-Polyakov-Witten relation . . . . . . . . . . . . . 7 3.2 Background . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7 3.3 One-point function from gravity theory . . . . . . . . . . . . . . . . . . 9

4 Discussion 10 4.1 Gauge theory . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10 4.2 Gravity theory . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10

A Spherical harmonics 12 A.1 SO(3) × SO(3) invariant ansatz . . . . . . . . . . . . . . . . . . . . . . 12

B Detailed calculation 13 B.1 Fluctuations h and a . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13 B.2 D5-brane action . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14

1 Introduction and summary

The AdS/CFT correspondence [1] is an interesting duality between a gravity theory and a gauge theory. However it is very difficult to check this duality since unprotected quantities are calculable only in the small ’t Hooft coupling λ regime in the gauge theory side, while they are calculable in the large λ regime in the gravity side.

There are several ways to overcome this difficulty. One of them is to introduce another large parameter as in [2]. In [2], the R-charge J (the angular momentum in the gravity side) has been taken to be large and the effective expansion parameter has become λ/J^2. By virtue of this change of the effective coupling, the conformal dimension of such operators have been successfully compared to the energy of the stringy excited states in the pp-wave geometry. This result has given a non-trivial evidence of the AdS/CFT correspondence. Other examples of similar phenomena are found in surface operators [3] (see also [4]) and the interface [5].

An interface is a wall in the space-time which connect two different (or the same) quantum field theories. A partial list of related references are [6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20]. See also [21] and references there in. The interface considered in this paper is so called a “Nahm pole” which connects SU(N) gauge theory and SU(N − k) gauge theory. The boundary condition is determined by the fuzzy funnel solution [22]. In this interface a parameter k is introduced, and taken to be large in this paper as done in [5]. This interface is described by the intersecting D3-D5 system where k D3-branes end on the D5-brane. Thus the gravity dual is given by the near horizon limit of the supergravity solution for the D3-branes with the probe D5-brane with k units of magnetic flux [9].

In this paper we study the expectation values of chiral primary operators in the presence of the above interface. In the gauge theory side the expectation values are evaluated by just substituting the classical solution of the fuzzy funnel solution. On the other hand they are calculated by GKPW prescription [23, 24]. Usually these two results cannot be compared to each other because the gauge theory result is only valid in the small λ regime, while the gravity result is only valid in the large λ regime. However in our case we can take k → ∞ limit and make λ/k^2 small even if λ is large in the gravity side. In this limit we find perfect agreement between the gauge theory result and the gravity result. This is a quite non-trivial evidence of the AdS/CFT correspondence.

The construction of this paper is as follows. In section 2, we review the 4- dimensional N = 4 SYM theory and the interface, and show the calculation of the expectation values of the chiral primary operators in the presence of the interface. In section 3, we turn to the calculation in the gravity side using GKPW prescription. In section 4, the above two results are compared and the perfect agreement is found in the leading order. The next-to-leading term is predicted from the gravity side.

2 Gauge theory side

We consider the 4-dimensional N = 4 supersymmetric Yang-Mills theory in this section. We review the action of this theory and classical solutions. After that we calculate the expectation values of the chiral primary operators in the presence of the interface.

2.1 Fields and Action

We consider here the N =4 super Yang-Mills theory with the gauge group SU(N). We use the same convention as [5]. The action is given by S = 2 g^2 ∫ d^4xtr [ − 1 4 F_{μν} F^{μν} − 1 2 D_μϕ_iD^μϕ^i + i 2 ψ̄Γ^μD_μψ + 1 2 ψ̄Γ^i[ϕ_i, ψ] + 1 4 [ϕ_i, ϕ_j][ϕ^i, ϕ^j] ] , (2.1) where F_{μν} , μ = 0, · · · , 3, are the field strength of the gauge field A_μ, which is expressed as F_{μν} = ∂_μA_ν − ∂_ν A_μ − i[A_μ, A_ν ]. While ψ is a fermion field and ϕ_i, i = 4, · · · , 9, are scalar fields. All these fields are in the adjoint representation of SU(N), in other words, N × N hermitian traceless matrices. These scalar fields play a crucial role in the one-point function we want to calculate in this paper.

This action is invariant under the following supersymmetry transformation with the spinor parameter ϵ.

δA_μ = iϵ̄Γ_μψ, (2.2)

δϕ_i = iϵ̄Γ_iψ, (2.3) δψ = 1 2 F_{μν} Γ^{μν} ϵ + D_μϕ_iΓ^{μi}ϵ − i 2 [ϕ_i, ϕ_j]Γ^{ij} ϵ. (2.4)

2.2 Interface

We introduce here a wall-like object called interface. This object separates a whole space into two regions where gauge theories with different gauge groups live. One has gauge group SU(N) and the other has SU(N − k). This interface is defined by a classical solution known as a fuzzy funnel solution [22]. This solution plays a crucial role in our calculation. The interface is defined by a boundary condition between two different gauge theories and leads to a non-trivial classical vacuum solution.

A_μ = 0, ϕ_i = ϕ_i(x_3), (i = 4, 5, 6), ϕ_i = 0, (i = 7, 8, 9). (2.5)

The solution ϕ_i = ϕ_i(x_3), (i = 4, 5, 6), is called a fuzzy funnel solution [22]. The solution of scalar fields are given by

ϕ_i = − 1 x_3 t_i ⊕ 0_{(N−k)×(N−k)} (x_3 > 0), (2.6)

where t_i, i = 4, 5, 6, are k ×k matrices which denote the generators of SU(2) algebra of the k-dimensional irreducible representation. The following relation is useful for our calculation. ϕ^2_4 + ϕ^2_5 + ϕ^2_6 = 1 4x^2_3

(k^2 − 1)1_{k×k} ⊕ 0_{(N−k)×(N−k)}. (2.7)

2.3 One-point function

In this section we consider the one-point functions of chiral primary operators. The chiral primary operators are defined as

O_Δ(x) :=

(8π^2)^{Δ/2} λ^{Δ/2} √ Δ C^{I1I2···IΔ} Tr(ϕ_{I1} (x)ϕ_{I2} (x) · · · ϕ_{IΔ} (x)), (2.8)

where Δ denotes the conformal dimension and C^{I1I2···IΔ} is a traceless symmetric tensor normalized as C^{I1I2···IΔ} C^{I1I2···IΔ} = 1. The normalization of the operator is determined so that the two point function without interface becomes

⟨O_Δ(x)O_Δ(y)⟩ = 1 |x − y|^{2Δ} . (2.9)

See [25] for the detail.

We would like to calculate the one-point function of this operator. Let us insert this operator at a point x_3 = ξ and consider the expectation value ⟨O_Δ(ξ)⟩. For calculating the classical expectation value of this operator we substitute the fuzzy funnel solution introduced in the above section 2.2. Since our fuzzy funnel solution preserves SO(3)×SO(3) symmetry, only SO(3)×SO(3) invariant chiral primary operators can have non-vanishing expectation values. As shown in Appendix A, Δ must be even and is denoted as Δ = 2ℓ. Moreover there is only one such chiral primary operator for each Δ = 2ℓ, ℓ = 0, 1, 2, 3, · · · .

The traceless symmetric tensors C^{I1···IΔ} are related to the spherical harmonics (see Appendix A). C^{I1I2···IΔ} x_{I1} · · · x_{IΔ} = Y_ℓ(ψ), 6∑ i=4 x^2_i = sin^2 ψ, 9∑ j=7 x^2_j = cos^2 ψ (2.10)

Spherical harmonics is expressed as eq. (A.9) Y_ℓ(ψ) = C_ℓF (−ℓ, ℓ + 2, 3 2 ; cos^2 ψ) = C_ℓ(1 + cos^2 ψP (cos^2 ψ)), (2.11)

where P (cos^2 ψ) is an inhomogeneous polynomial of cos^2 ψ. The normalization C_ℓ is determined so that C^{I1I2···IΔ} C^{I1I2···IΔ} = 1 is satisfied, or equivalently eq. (A.10). We can express this spherical harmonics by a homogeneous polynomial of sin^2 ψ and cos^2 ψ. This is because if we have a inhomogeneous term, we can replace 1 by some power of sin^2 ψ + cos^2 ψ. In particular we can replace the first term 1 in the paren in eq. (2.11) by (sin^2 ψ + cos^2 ψ)^ℓ and get homogeneous expression

Y_ℓ = C_ℓ(sin^{2ℓ} ψ + cos^2 ψ Q(sin^2 ψ, cos^2 ψ)), (2.12)

where Q(sin^2 ψ, cos^2 ψ) is a homogeneous polynomial of sin^2 ψ and cos^2 ψ. Then replacing sin^2 ψ by

∑_6 i=4 ϕ^2_i and cos^2 ψ by

∑_9 j=7 ϕ^2_j , we obtain the relation^3

C^{I1···IΔ} ϕ_{I1} · · · ϕ_{IΔ} = C_ℓ (_6 ∑ i=4 ϕ^2_i )_ℓ + (_9 ∑ j=7 ϕ^2_j ) Q (_6 ∑ i=4 ϕ^2_i , 9∑ j=7 ϕ^2_j ) . (2.13)

Substituted the solution (2.5), all terms except the first one vanish since ϕ_7 = ϕ_8 = ϕ_9 = 0. Using the relations (2.7) we obtain the following result.

⟨O_{2ℓ}(ξ)⟩_{classical} =

(8π^2)^{Δ/2} λ^{Δ/2} √ Δ C_ℓTr [( 1 4ξ^2

(k^2 − 1) )_ℓ 1_{k×k} ]

= C_ℓ (2π^2)^ℓ √ 2ℓλ^ℓ (k^2 − 1)^ℓk 1 ξ^{2ℓ} . (2.14)

The behavior 1/ξ^{2ℓ} is determined by the conformal symmetry and does not change by the quantum correction. The non-trivial part is the coefficient, which will change by the quantum correction. We compare this result with the gravity side calculation.

3 Gravity side

In this section we calculate the expectation values of the chiral primary operators in the gravity side. The AdS/CFT correspondence is a duality between the N = 4 super Yang-Mills theory we discussed in the previous section and type IIB superstring theory on AdS_5×S^5. How this gravity side is modified when the interface is inserted? The object which corresponds to our interface is a probe D5-brane with k units of magnetic flux [9]. This gravity dual is obtained by the following way. We consider a D5-brane where k D3-branes end. Then SU(N) gauge theory is realized in the side where there are N D3 branes and SU(N −k) gauge theory is realized in the other side as low energy effective theories. This D5-brane is pulled by k D3-branes which end on it and become funnel shape with k units of magnetic flux. If we consider the supergravity solution

3Precisely speaking the right hand side is symmetrized product.

of D3-branes and take the near horizon limit, we obtain the gravity dual mentioned above.

Here we make a remark on the value k. Although we take k large, it is still much smaller than N in order not to modify the supergravity background.

3.1 The Gubser-Klebanov-Polyakov-Witten relation

The correlation functions in the AdS/CFT correspondence are calculated by GKPW prescription [23, 24]. Due to GKPW there is one-to-one correspondence between local operators in the gauge theory and fields in the gravity theory. Let O be a scalar operator in the gauge theory, and s be the scalar field in the gravity theory which corresponds to O. GKPW claims that the relation ⟨ e^{∫ d4xs0(x)O(x)} ⟩ CFT = e^{−Scl(s0)} (3.1)

is satisfied in the classical gravity limit. In this equation s_0 is a boundary condition of s up to a certain factor, S_{cl}(s_0) is the action evaluated by the classical solution with the boundary condition given by s_0. Using this relation the one-point function is calculated as follows. ⟨O(x)⟩ = −δS_{cl}(s_0) δs_0(x) | | | |_{s0=0} . (3.2) We employ the normalization ⟨1⟩ = 1.

If no interface or other defects are inserted, this one-point function vanishes due to the conformal invariance. In terms of the gravity theory, this one-point function vanishes since the background is a solution of the equation of motion and thus any variation of the action vanishes at this background. In our case this one-point function does not vanish in general because the interface is inserted as we have seen in the previous section. In the gravity side, this one-point function does not vanish because we have, in addition to the supergravity, a probe D5-brane which gives non-vanishing contribution.

3.2 Background

We consider here type IIB superstring theory as the gravity theory. The near horizon limit of the supergravity solution of N coincident D3-branes is AdS_5×S^5. The coordinates of AdS_5 are denoted by y, x^μ, μ = 0, 1, 2, 3. The metric on this space is given by ds^2_{AdS5×S}5 = 1 y^2

(dy^2 + η_{μν} dx^μdx^ν ) + ds^2_S5 . (3.3)

In this paper we choose the unit in which the radius of AdS_5 is 1. Thus the string coupling constant g_s and the slope parameter α^′ are related as

λ := 4πg_sN = α^{′−2}. (3.4)

Furthermore the RR 4-form is also excited

C_4 = − 1 y^4 dx^0dx^1dx^2dx^3 + · · · . (3.5)

In addition to the D3-brane configuration discussed earlier, we introduce a D5- brane in order to study the corresponding theory of the interface CFT. The D5-brane action is the usual DBI+WZ action.

S = T_5 ∫ d^6ζ √ det(G + F) + iT_5 ∫ F ∧ C_4, (3.6)

where T_5 = (2π)^{−5}α^{′−2}g^{−1}_s is the tension of the D5-brane, ζ’s are the world-volume coordinates, G and F denote the induced metric and the field strength of the worldvolume gauge field respectively.

The AdS_4×S^2 solution is obtained by [9]. We use the convention of [5]. AdS_4 part is embedded in AdS_5 and expressed by the equation

x_3 = κy (3.7)

with a constant parameter κ. S^2 is embedded in S^5 as a great sphere. We denote world-volume coordinates of D5 by (y, x_0, x_1, x_2, θ, ϕ); (y, x_0, x_1, x_2) are coordinates of AdS_4 and (θ, ϕ) are ones of S^2. The induced metric and the gauge field are summarized by a matrix H = G + F. H takes the following form in this solution.

H =

(1 + κ^2)y^{−2} y^{−2} y^{−2} y^{−2} 1 −κ sin θ κ sin θ sin^2 θ

. (3.8)

Actually the parameter κ is related with k as κ =^{π√}_λ k.

3.3 One-point function from gravity theory

Now let us turn to the calculation of the one point function. The scalar fields which correspond to the chiral primary operators are identified in [26, 25]. These scalar fields come from the fluctuation of the metric and the RR 4-form as h^{AdS}_{μν} = −

2Δ(Δ − 1) Δ + 1 sg_{μν} + 4 Δ + 1

∇_μ∇_ν s, (3.9)

h^S_{αβ} = 2Δsg_{αβ}, (3.10)

a^{AdS}_{μνρσ} = 4i √ g^{AdS}ϵ_{μνρση} ∇^ηs, (3.11) where h^{AdS}_{μν} , h^S_{αβ} and a^{AdS}_{μνρσ} are the fluctuation of AdS_5 part of the metric, S^5 part of the metric and AdS_5 part of the RR 4-form, respectively. Δ = 2ℓ corresponds to the conformal dimension of the operator in the gauge theory.

The classical solution of s with the boundary condition can be written as s(y, x, θ, ϕ, ψ, · · · ) = ∫ d^4x^′c_Δ y^Δ K(y, x, x^′)^Δ s_0(x^′)Y_{Δ/2}(ψ),

K(y, x, x^′) := |x − x^′|^2 + y^2,

c_Δ =

Δ + 1 2^{2−Δ/2}N √ Δ . (3.12)

where Y_{Δ/2} is the spherical harmonics obtained in appendix A. The normalization factor c_Δ is the correct one obtained in [27, 25]. It is determined so that the coefficient of the two point function is unity.

The first order fluctuation of the action is

S^{(1)} =

T_5 2 ∫ d^6ζ √ det H(H^{−1}_{sym})^{ab}∂_aX^M ∂_bX^N h_{MN} + iT_5 ∫ F ∧ a_4, (3.13)

where h_{μν} and a_4 are the fluctuation of the metric and the RR 4-form given in eqs. (3.9)- (3.11). H^{−1}_{sym} denotes the symmetric part of the inverse matrix of H.

The one-point function can be calculated by using eq. (3.2). The classical action S_{cl} in eq. (3.2) can be replaced by S^{(1)} in eq. (3.13) ⟨O(x)⟩ = − δS^{(1)}(s_0) δs_0(x)

. (3.14)

The detailed calculation of the fluctuation S^{(1)} is shown in the appendix B. The final result of gravity side is given by eq. (B.22) − δS_{cl} δs_0(ξ) = C_ℓ √ λ2^ℓΓ(2ℓ + 1/2) π^{3/2} √ 2ℓΓ(2ℓ) 1 ξ^{2ℓ} ∫_∞ 0 du u^{2ℓ−2} [ (1 − κu)^2 + u^2

]_{2ℓ+1/2} . (3.15)

Here ξ is the distance between the interface and the point where the chiral primary operator is inserted.

In eq. (3.15), the dependence of ξ is 1/ξ^{2ℓ} and this is determined by the conformal symmetry. We will compare the coefficient with the gauge theory side in the next section.

4 Discussion

In the previous sections, 2 and 3, we calculated the one-point function in the gauge theory side and the gravity side. Our goal is to confirm the correspondence between the gauge theory and the gravity theory. Let us compare these results in this section. We consider the limit k ≫ 1 and λ/k^2 ≪ 1, and compare the leading terms.

4.1 Gauge theory

Since we consider the limit k ≫ 1 the gauge theory result (2.14) becomes

⟨O_{2ℓ}⟩_{classical} = C_ℓ

(2π^2)^ℓ √ 2ℓλ^ℓ (k^2 − 1)^ℓk 1 ξ^{2ℓ} ≈ C_ℓ (2π^2)^ℓ √ 2ℓλ^ℓ k^{2ℓ+1} 1 ξ^{2ℓ} . (4.1)

This result is compared with the gravity side.

4.2 Gravity theory

We consider the behavior of the gravity side result in the limit ϵ :=^1_{κ2+1} → 0, κ = π√ λ k ≫ 1. The following expression of the Dirac delta function is convenient^4.

δ(x) = lim_{ϵ→0} 1 √ π Γ(n) Γ(n − 1/2) ϵ^{2n−1} (x^2 + ϵ^2)^n

. (4.2)

Using this formula the integrand of the equation (3.15) can be approximated by the Dirac delta function. 1 ( (1 − κu)^2 + u^2 )_{2ℓ+1/2} −→ 1 ϵ^{4ℓ} Γ(2ℓ)Γ(^1_2 ) Γ(2ℓ +^1_2 ) δ(u − κϵ). (4.3) 4The case n = 1 is well known.

After integration we obtain the result − δS^{(1)} δs_0(ξ) = C_ℓ (2π^2)^ℓ λ^ℓ √ 2ℓ k^{2ℓ+1} 1 ξ^{2ℓ} . (4.4)

Comparing (4.1) and (4.4), we can conclude that these two quantities completely agree in the leading order of λ/k^2 series.

We can go to next-to-leading order in the gravity side. Actually the integral in eq. (3.15) can be rewritten as

I : = ∫_∞ 0 du u^{2ℓ−2} [(1 − κu)^2 + u^2]^{2ℓ+1/2}

= κ^{2ℓ+1} ( 1 + 1 κ^2

)_{3/2} ∫_{π/2}

− arctan κ dθ(cos θ)^{4ℓ−1} ( 1 + 1 κ tan θ )_{2ℓ−2} , (4.5)

by the change of variable as tan θ = (1 + κ^2)u − κ. This function can expanded around κ → ∞ as^5

I = κ^{2ℓ+1}

Γ(2ℓ)Γ(1/2) Γ(2ℓ + 1/2) ( 1 + 1 κ^2

I_1 + O( 1 κ^4 ) ) , (4.6)

I_1 = 3 2 + (2ℓ − 2)(2ℓ − 3) 4(2ℓ − 1)

. (4.7)

Using this I_1 the gravity result up to next-to-leading order is − δS^{(1)} δs_0(x) = C_ℓ (2π^2)^ℓ λ^ℓ √ 2ℓ k^{2ℓ+1} 1 ξ^{2ℓ} ( 1 + λ π^2k^2

I_1 + · · · ) . (4.8)

These corrections are formally a positive power series of λ/k^2. The expansion eq. (4.8) indicates the reason why we can compare the gravity side and the gauge theory side. In the gravity side λ/k^2 can be small even though λ is large because k^2 can be larger. Thus one can suppress the sub-leading terms by sending λ/k^2 → 0 which has superficially the same effects as λ → 0. A heuristic arguments of λ/k^2 scaling in the gauge theory side is given in the discussion section of [5].

An interesting future work is to compare the prediction of the 1-loop correction in eq. (4.8) from the gravity side to the 1-loop calculation in the gauge theory side.

Acknowledgments

We would like to thank Hiroaki Tanida for discussions and comments. S.Y. was supported in part by KAKENHI 22740165.

5This expansion is correct for ℓ ≥ 2

A Spherical harmonics

A.1 SO(3) × SO(3) invariant ansatz

The interface in this paper preserves SO(3)×SO(3) symmetry out of SO(6) R-symmetry. Thus only SO(3)×SO(3) invariant operators can have non-vanishing expectation values. We would like to introduce SO(3)× SO(3) invariant spherical harmonics on S^5. S^5 is described as a hypersurface in 6-dimensional Euclidean space whose coordinates are (x_4, . . . , x_9). S^5 is defined by the equation

x^2_4 + · · · + x^2_9 = 1. (A.1)

We introduce a parameter ψ, 0 ≤ ψ ≤^π_2 and reexpress this S^5 as the following way.

x^2_4 + x^2_5 + x^2_6 = sin^2 ψ, x^2_7 + x^2_8 + x^2_9 = cos^2 ψ. (A.2)

Then the metric is written as

ds^2 = dψ^2 + cos^2 ψdΩ̃^2 + sin^2 ψdΩ^2, (A.3)

where dΩ̃^2 and dΩ^2 are line elements of unit S^2.

The SO(3)×SO(3) invariant spherical harmonics only depends on the coordinate ψ. Let Y be such a function of ψ; Y = Y (ψ). The Laplacian operating on this Y is written as □Y = 1 √ g ∂_i √ gg^{ij}∂_j Y = 1 cos^2 ψ sin^2 ψ d dψ cos^2 ψ sin^2 ψ d dψ Y (ψ). (A.4)

After changing the variable z := cos^2 ψ, the Laplacian is rewritten as

□Y = 4z(1 − z)∂^2_z Y + (6 − 12z)∂_z Y. (A.5)

Then the eigenvalue equation, □Y = −EY , reads

z(1 − z)∂^2_z Y + ( 3 2 − 3z ) ∂_z Y + E 4 Y = 0. (A.6)

This is a hypergeometric differential equation.

In general a hypergeometric differential equation is given by

z(1 − z)∂^2_z F + (c − (a + b + 1)z)∂_z F − abF = 0, (A.7) where a, b, c are real parameters. The solution which is regular at z = 0 is the hypergeometric function given by an infinite power series F (a, b, c; z) = ∞∑ n=0 (a)_n(b)_n (c)_n z^n n! . (A.8)

Here the Pochhammer symbol (a)_n = Γ(a + n)/Γ(a) is used.

Since we need the smooth solution on whole S^5, the solution of eq. (A.6) must be regular not only at z = 0 but z = 1. Then the solution must be a hypergeometric function with a = −ℓ, b = ℓ + 2, c = 3/2, (ℓ = 0, 1, 2, 3, . . . ) and the eigenvalue E = 2l(2l + 4) is obtained. Therefore the solution of the equation (A.6) is expressed in terms of hypergeometric function.

Y_ℓ(ψ) = C_ℓF (−ℓ, 2 + ℓ, 3/2; cos^2 ψ), (A.9)

where the normalization factor C_ℓ is determined by ∫ S^5 √ g|Y_ℓ|^2 = π^3 2^{2ℓ−1}(2ℓ + 1)(2ℓ + 2)

. (A.10)

The conformal dimension Δ of the corresponding chiral primary operator is Δ = 2ℓ.

B Detailed calculation

B.1 Fluctuations h and a

In this appendix we show the detailed calculations of fluctuations h and a defined by the scalar field s(x) as (3.9),(3.10) and (3.11). Actually it is enough to calculate them when s_0 is a delta function as

s_0(x) = δ^4(x − x^′). (B.1)

In this case the classical solution (3.12) becomes s(y, x, θ, ϕ, ψ) = c_Δ y^Δ K(y, x, x^′)^Δ Y_{Δ/2}(ψ). (B.2)

We use the convention for the covariant derivative and totally anti-symmetric ten- sor ∇_iT_{j1···jn} := ∂_iT_{j1···jn} − n∑ l=1 Γ^k_{ijl} T_{j1···jl−1kjl+1···jn} , (B.3) ϵ_{y0123} = 1, (B.4) where Christoffel symbols are Γ^i_{jk} :=^1_2 g^{il}(∂_j g_{lk} + ∂_kg_{lj} − ∂_lg_{jk}).

The first derivatives and the second derivatives of s are ∂_ys s = Δ( 1 y − 2y K ), (B.5) ∂_is s = −Δ

2(x − x^′)_i K , (B.6)

∇_y∇_ys s = Δ^2 y^2

+ 4Δ(Δ + 1) ( − 1 K + y^2 K^2 ) , (B.7) ∇_y∇_is s = Δ(Δ + 1) ( +4y (x − x^′)_i K^2 − 2 (x − x^′)_i yK ) , (B.8) ∇_i∇_j s s = −Δ δ_{ij} y^2

+ 4Δ(Δ + 1)

(x − x^′)_i(x − x^′)_j

K^2

. (B.9)

Using these results and the definition of h in AdS the expression of fluctuations are

h^{AdS}_{yy} Δs = 2 y^2 − 16 K + 16 K^2

, (B.10)

h^{AdS}_{yi} Δs = 16y (x − x^′)_i K − 8 (x − x^′)_i yK , (B.11)

h^{AdS}_{ij} Δs = −2 δ_{ij} y^2 + 16(x − x^′)_i(x − x^′)_j K^2

, (B.12)

and in 2-sphere h^S_{θθ} Δs = 2, h^S_{ϕϕ} Δs = 2 sin^2 θ. (B.13)

B.2 D5-brane action

When we give fluctuation to the metric and the RR 4-form, the D5-brane action is deformed as follows in the first order. We use the notation v_i = x_i − x^′_i and p, q run 0, 1, 2. The first order fluctuation is calculated as follows.

S^{(1)} =

T_5 2 ∫ d^6ζ √ det H(H^{−1}_{sym})^{ab}∂_aX^M ∂_bX^N h_{MN} + iT_5 ∫ F ∧ a_4 = T_5 ∫ d^6ζ(L^{(1)}_{DBI} + L^{(1)}_{WZ}). (B.14)

In this equation we need the explicit form of the symmetric part of H^{−1}.

H^{−1}_{sym} =

(1 + κ^2)^{−1}y^2 y^2

y^2 y^2

(1 + κ^2)^{−1} [sin^2 θ(1 + κ^2)]^{−1}

. (B.15)

Eq. (B.14) is calculated as follows.

L^{(1)}_{DBI} := 1 2 √ det H(H^{−1}_{sym})^{ab}∂_aX^M ∂_bX^N h_{MN} = (1 + κ^2) sin^2 θ 2y^4

{H^{yy}∂_yX^M ∂_yX^N h^{AdS}_{MN} + H^{ij}∂_iX^M ∂_j X^N h^{AdS}_{MN}

+ H^{θθ}∂_θX^M ∂_θX^N h^S_{MN} + H^{ϕϕ}∂_ϕX^M ∂_ϕX^N h^S_{MN} } = Δs sin θ y^4K^2

{−8y^2v^2_3 + κ(16y^3v_3 − 8yv_3K) + κ^2(8y^2(v_pv_p + v^2_3 ) − 4K^2)}. (B.16)

L^{(1)}_{WZ} :=iF_{θϕ} 1 4! ϵ^{abcd}(P a)_{abcd} =i2κ sin θ(a_{y012} + κa_{3012})

=i2κ sin θ { Δ4s 1 y^3

2v_3 K + κΔ4s 1 y^3 (1 y − 2y K )}

= i sin θΔs y^4K^2 { κ(16v_3yK) + κ^2(8κ^2 − 16y^2K) } . (B.17)

S^{(1)} is the sum of these two terms

S^{(1)} = T_5 ∫ d^6ζ ( L^{(1)}_{DBI} + L^{(1)}_{WZ} )

= −8T_5 ∫ d^6ζ sin θ · Δs y^2K^2

(v_3 − κy)^2

= −8T_5 ∫ d^6ζ sin θ · Δs y^2K^2 x^{′2}_3 . (B.18)

This formula with the classical solution (B.1) s_0(x) = δ^4(x − x^′) is the functional derivative δS^{(1)}/δs_0(x^′). This functional derivative evaluated at x^′_3 = ξ is the quantity we want. Notice that the D5-brane sits at ψ = π/2, thus the spherical harmonics should be evaluated at this surface. This value is given by (see eq. (A.9))

Y_ℓ(ψ = π/2) = C_ℓ. (B.19)

Putting all these things together, we obtain − δS^{(1)} δs_0(ξ)

=32T_5πΔc_ΔC_ℓ ∫_∞ 0 dy ∫ dx^0dx^1dx^2 y^{Δ−2}ξ^2 ((κy − ξ)^2 + x^px^p + y^2)^{Δ+2}

=32T_5π^{5/2}Δc_ΔC_ℓ

Γ(Δ + 1/2) Γ(Δ + 2) ξ^2 ∫_∞ 0 dy y^{Δ−2} ((κy − ξ)^2 + y^2)^{Δ+1/2}

. (B.20)

In the above calculation we used the formula. ∫ d^Dx 1 (x^2 + A)^α = Γ(−D/2 + α) Γ(α) π^{D/2} A^{−D/2+α} . (B.21)

In our unit (3.4) the D5-brane tension is written as T_5 =^{2N√λ}_{(2π)4} . Finally by substituting T_5, c_Δ and Δ = 2ℓ to eq. (B.20), and the change of valuable as y = ξu, we obtain − δS_{cl} δs_0(ξ) = C_ℓ √ λ2^ℓΓ(2ℓ + 1/2) π^{3/2} √ 2ℓΓ(2ℓ) 1 ξ^{2ℓ} ∫_∞ 0 du u^{2ℓ−2} [ (1 − κu)^2 + u^2

]_{2ℓ+1/2} . (B.22)

References

[1] J. M. Maldacena, “The Large N limit of superconformal field theories and supergravity,” Adv.Theor.Math.Phys. 2 (1998) 231–252,

arXiv:hep-th/9711200 [hep-th].

[2] D. E. Berenstein, J. M. Maldacena, and H. S. Nastase, “Strings in flat space and pp waves from N = 4 super Yang Mills,” JHEP 04 (2002) 013,

arXiv:hep-th/0202021.

[3] N. Drukker, J. Gomis, and S. Matsuura, “Probing N=4 SYM With Surface Operators,” JHEP 10 (2008) 048, arXiv:0805.4199 [hep-th].

[4] E. Koh and S. Yamaguchi, “Holography of BPS surface operators,” JHEP 0902 (2009) 012, arXiv:0812.1420 [hep-th].

[5] K. Nagasaki, H. Tanida, and S. Yamaguchi, “Holographic Interface-Particle Potential,” JHEP 1201 (2012) 139, arXiv:1109.1927 [hep-th].

[6] S. Sethi, “The matrix formulation of type IIB five-branes,”

Nucl. Phys. B523 (1998) 158–170, arXiv:hep-th/9710005.

[7] O. J. Ganor and S. Sethi, “New perspectives on Yang-Mills theories with sixteen supersymmetries,” JHEP 01 (1998) 007, arXiv:hep-th/9712071.

[8] A. Kapustin and S. Sethi, “The Higgs branch of impurity theories,” Adv.Theor.Math.Phys. 2 (1998) 571–591, arXiv:hep-th/9804027 [hep-th].

[9] A. Karch and L. Randall, “Open and closed string interpretation of SUSY CFT’s on branes with boundaries,” JHEP 06 (2001) 063, arXiv:hep-th/0105132.

[10] O. DeWolfe, D. Z. Freedman, and H. Ooguri, “Holography and defect conformal field theories,” Phys.Rev. D66 (2002) 025009,

arXiv:hep-th/0111135 [hep-th].

[11] C. Bachas, J. de Boer, R. Dijkgraaf, and H. Ooguri, “Permeable conformal walls and holography,” JHEP 06 (2002) 027, arXiv:hep-th/0111210.

[12] D. Bak, M. Gutperle, and S. Hirano, “A dilatonic deformation of AdS(5) and its field theory dual,” JHEP 05 (2003) 072, arXiv:hep-th/0304129.

[13] E. D’Hoker, J. Estes, and M. Gutperle, “Ten-dimensional supersymmetric Janus solutions,” Nucl. Phys. B757 (2006) 79–116, arXiv:hep-th/0603012.

[14] E. D’Hoker, J. Estes, and M. Gutperle, “Interface Yang-Mills, supersymmetry, and Janus,” Nucl. Phys. B753 (2006) 16–41, arXiv:hep-th/0603013.

[15] J. Gomis and C. Romelsberger, “Bubbling defect CFT’s,” JHEP 08 (2006) 050,

arXiv:hep-th/0604155.

[16] E. D’Hoker, J. Estes, and M. Gutperle, “Exact half-BPS Type IIB interface solutions I: Local solution and supersymmetric Janus,” JHEP 06 (2007) 021,

arXiv:0705.0022 [hep-th].

[17] E. D’Hoker, J. Estes, and M. Gutperle, “Exact half-BPS Type IIB interface solutions II: Flux solutions and multi-Janus,” JHEP 06 (2007) 022,

arXiv:0705.0024 [hep-th].

[18] D. Gaiotto and E. Witten, “Supersymmetric Boundary Conditions in N=4 Super Yang-Mills Theory,” arXiv:0804.2902 [hep-th].

[19] D. Gaiotto and E. Witten, “Janus Configurations, Chern-Simons Couplings, And The theta-Angle in N=4 Super Yang-Mills Theory,” JHEP 1006 (2010) 097, arXiv:0804.2907 [hep-th].

[20] D. Gaiotto and E. Witten, “S-Duality of Boundary Conditions In N=4 Super Yang-Mills Theory,” arXiv:0807.3720 [hep-th].

[21] I. Kirsch, “Generalizations of the AdS/CFT correspondence,”

Fortsch. Phys. 52 (2004) 727–826, arXiv:hep-th/0406274.

[22] N. R. Constable, R. C. Myers, and O. Tafjord, “The noncommutative bion core,” Phys. Rev. D61 (2000) 106009, arXiv:hep-th/9911136.

[23] S. Gubser, I. R. Klebanov, and A. M. Polyakov, “Gauge theory correlators from noncritical string theory,” Phys.Lett. B428 (1998) 105–114,

arXiv:hep-th/9802109 [hep-th].

[24] E. Witten, “Anti-de Sitter space and holography,” Adv.Theor.Math.Phys. 2 (1998) 253–291, arXiv:hep-th/9802150 [hep-th].

[25] S. Lee, S. Minwalla, M. Rangamani, and N. Seiberg, “Three point functions of chiral operators in D = 4, N=4 SYM at large N,” Adv.Theor.Math.Phys. 2 (1998) 697–718, arXiv:hep-th/9806074 [hep-th].

[26] H. J. Kim, L. J. Romans, and P. van Nieuwenhuizen, “The Mass Spectrum of Chiral N=2 D=10 Supergravity on S^5,” Phys.Rev. D32 (1985) 389.

[27] D. Z. Freedman, S. D. Mathur, A. Matusis, and L. Rastelli, “Correlation functions in the CFT_d / AdS_{d+1} correspondence,” Nucl.Phys. B546 (1999) 96–118, arXiv:hep-th/9804058 [hep-th].