arXiv:1301.7062v2 [hep-th] 27 May 2013

Emergent D4-Brane Background from D-Particles

Frank Ferrari^∗ and Micha Moskovic^† Service de Physique Théorique et Mathématique, Université Libre de Bruxelles and International Solvay Institutes, Campus de la Plaine, CP 231, B-1050 Bruxelles, Belgium (Dated: May 29, 2013)

Abstract

We show that the solution of a pre-geometric strongly coupled quantum mechanical model describing K D-particles in the presence of N D4-branes in type IIA string theory, at fixed K and large N, yields an effective action describing the motion of the K D-particles in a classical tendimensional curved spacetime. By comparing the effective action with the non-abelian D-brane action in an arbitrary supergravity background, we identify the metric, dilaton and Ramond-Ramond fields and find a precise match with the near-horizon D4-brane geometry.

∗ frank.ferrari@ulb.ac.be † micha.moskovic@ulb.ac.be

INTRODUCTION

A modern paradigm in quantum gravity, beautifully realized in the AdS/CFT correspondence [1], is to view space and gravity as emerging from an underlying, pre-geometric, strongly coupled quantum mechanical model. In the standard set-up, gauge theory correlators are related to the scattering of closed string modes off a large number N of background branes. The closed string modes move in a dual curved ten-dimensional spacetime. This geometry is emergent from the point of view of the gauge theory, which lives on the background brane worldvolume. This framework has been extraordinarily fruitful to study strongly coupled gauge theories using gravity. Unfortunately, learning about gravity from large N gauge theory has proven to be much more difficult. It is highly non-trivial to see the emerging geometry from microscopic gauge theory calculations.

Recently, it was proposed in [2] to use the scattering of probe D-branes off background branes to build calculable models of emergent space. A crucial point emphasized in [2] is that the pre-geometric models describing such scatterings are akin to vector models. A sum over an infinite set of planar diagrams, with any number of loops, contributing to the leading large N approximation, can then always be performed. In favorable cases with conformal invariance and/or supersymmetry, this infinite sum of diagrams can yield exact terms in the effective action. Quite remarkably, this action describes, in principle, the motion of the probe D-branes in the emerging classical ten-dimensional geometry sourced by the background branes. By comparing with the non-abelian D-brane action in arbitrary backgrounds [3], one can then derive the supergravity solution. These ideas have been applied successfully to the case of D-instantons in a variety of examples [2, 4].

The purpose of the present Letter is to carry out this program a significant step forward, by considering quantum mechanical particles as probes. We start from a pre-geometric quantum mechanics, in which only four space dimensions X^μ, 1 ≤ μ ≤ 4, are present and which contains additional “abstract” vector-like degrees of freedom (q_f , q̃^f ), 1 ≤ f ≤ N, together with fermionic superpartners. This model is motivated by the theory of D-particles moving on D4-branes in type IIA string theory. The X^μ correspond to the worldvolume space coordinates and the (q, q̃) describe the interactions between the D-particles and the D4- branes. At large N, we show that the solution of the model is described by a classical action S_{eff}(X^μ, Y^A). The fluctuations of both the X^μ and the new variables Y^A, 1 ≤ A ≤ 5, which are composite in terms of the pre-geometric degrees of freedom (q, q̃), are suppressed at large N. This demonstrates that the original large N strongly coupled pre-geometric quantum mechanics is equivalent to the classical mechanics of D-particles moving in an emergent tendimensional curved background with space coordinates (X^μ, Y^A). By analyzing in detail some of the terms in the action S_{eff}, we can actually read off explicitly the non-vanishing ten-dimensional background fields. The metric, dilaton and Ramond-Ramond forms are found to match precisely the near-horizon D4-brane solution of type IIA supergravity [5].

THE QUANTUM MECHANICAL MODEL

The quantum mechanical system that we consider models the dynamics of K D-particles interacting with N coinciding D4-branes in type IIA string theory. It is related by T-duality to the D(-1)/D3 system considered in [2] and can be interpreted as a U(K) gauged supersymmetric quantum mechanics on the ADHM instanton moduli space. It can be obtained as in [2, 6] from a scaling limit, associated with the near-horizon limit in the background of the D4-branes, of the dimensionally reduced U(K) N = 1 super Yang-Mills theory with one adjoint and N fundamental hypermultiplets from six to one dimension.

For convenience, we work in Euclidean signature. The model preserves eight supercharges. It has a U(K) gauge symmetry, a U(N) flavor symmetry and a SU(2)_+ × SU(2)_− × Spin(5) global symmetry corresponding to SO(4) × SO(5) rotations transverse to the worldlines of the D-particles and preserving the configuration of the background D4-branes. The fundamental degrees of freedom in the adjoint of U(K), associated with D0/D0 strings, are the D4-brane worldvolume matrix space coordinates X_μ and a SU(2)_− doublet of Spin(5) spinor superpartners ψ_{α̇}. The D0/D4 strings yield additional degrees of freedom (q_α, χ) and (q̃^α, χ̃) in the fundamental and anti-fundamental representations of U(N) × U(K). The bosonic q_α and q̃^α are doublets of SU(2)_+ and the fermionic χ and χ̃ are Spin(5) spinors. In terms of these variables, the action contains complicated four-fermion terms and the ADHM constraints must be imposed in the path integral.

The four-fermion terms can be greatly simplified by introducing a non-dynamical auxiliary SO(5) vector Y_A in the adjoint of U(K), whereas the ADHM constraints can be implemented by using adjoint Lagrange multipliers (D_{μν} , Λ^α), where the bosonic D_{μν} is self-dual and the fermionic Λ^α is a SU(2)_+ doublet of Spin(5) spinors. We shall see that these auxiliary variables play a crucial rôle, both at the technical level to solve the model [7] and for the physical interpretation of the solution in terms of an emerging geometry, in a way akin to the case of D-instantons [2, 8].

We are going to focus on the bosonic part of the effective action for the D-particles. We can thus set the adjoint fermions ψ_{α̇} and Λ^α to zero. In terms of the SO(5) Dirac matrices Γ_A, charge conjugation matrix C and su(2)_+ generators σ_{μν} , the microscopic Lagrangian we start from then reads

L = 1 2 ∇q̃^α∇q_α + i 2 χ̃C∇χ + i 2 q̃^αD_{μν} σ^β_{μνα} q_β − i 2ℓ^2_s χ̃CΓ_AY_Aχ + 1 2ℓ^4_s q̃^αY_AY_Aq_α + √ 2π g_sℓ_s tr ( 1 + 1 2 ∇X_μ∇X_μ − 1 2ℓ^4_s

[Y_A, X_μ][Y_A, X_μ] + i[X_μ, X_ν ]D_{μν} ) , (1)

where ∇ is the worldline covariant derivative. The non-trivial normalization of the trace term in (1) is fixed by the D-particle mass in type IIA string theory in terms of the string coupling g_s and the string length ℓ_s.

Let us note that the full open-string description of the D0/D4 system includes a priori additional terms coupling the D4-brane worldvolume fields to the D-particle worldline variables. Similar terms for the D(-1)/D3 system have been discussed in [9]. A comprehensive discussion of the effect of these terms, in a non-supersymmetric context, will be presented in [10]. Presently, with eight supersymmetries, these terms are expected to be irrelevant for some of the contributions in the effective action, on which we focus [2, 4]. In particular, for the kinetic term (see (28)), this is consistent with the non-renormalization theorem discussed in [11].

The Lagrangian (1) is pre-geometric, in the sense that there is no dynamical variable associated with the motion of the D-particles in directions transverse to the D4-branes. The interactions between the D-particles and the D4s are described “abstractly” by the pre-geometric variables (q, χ, q̃, χ̃). Our goal is to show that the strong quantum effects generated by these non-geometric interactions literally create five new dimensions of space in which the D-particles can move. Moreover, we are going to prove that the resulting ten-dimensional spacetime behaves classically at large N, is curved and supports a nontrivial dilaton and three-form field, precisely matching the near-horizon D4-brane type IIA supergravity background [5].

THE SOLUTION OF THE MODEL

The model (1) can be solved at large N because the interacting degrees of freedom (q, χ, q̃, χ̃) carry only one U(N) index and thus are vector-like variables. The leading large N Feynman diagrams are then multi-loop bubble diagrams which can always be summed up exactly. The well-known technical trick to elegantly perform this sum [7] is to rewrite the complicated interactions between the vector degrees of freedom by introducing auxiliary fields, in such a way that the vector variables only appear quadratically in the action. This is exactly what we have done when writing (1) in terms of Y_A and D_{μν} . One then integrates exactly over these variables to obtain a non-local effective action S_{eff} for the auxiliary fields. This effective action is automatically proportional to N. It can thus be treated classically when N is large. The tree diagrams of S_{eff} reproduce the leading large N bubble diagrams of the original action.

In our case, fixing the worldline U(K) gauge invariance such that ∇ = d_t is the ordinary time derivative, the effective action reads S_{eff}(X, Y, D) = ∫ dt L_{tr} + N ( ln Δ_B − ln Δ_F ) , (2) where L_{tr} is the trace term in (1) and Δ_B = det ( −d^2_t + ℓ^{−4}_s Y_AY_A + iD_{μν} ⊗ σ_{μν} ) , (3) Δ_F = det ( −id_t + iℓ^{−2}_s Y_A ⊗ Γ_A ) (4) are bosonic and fermionic functional determinants obtained by integrating out (q, q̃) and (χ, χ̃) respectively. We now claim that the classical action (2) describes the motion of the D-particles in a ten-dimensional spacetime with coordinates X_μ and Y_A. In other words, the auxiliary variables Y_A, which have acquired dynamics through the quantum loops of the vector-like variables, can be interpreted as the coordinates of the emerging five-dimensional space transverse to the D4-branes.

To prove that this interpretation is sensible, we first integrate out D_{μν} which, at large N, can be done by solving the saddle point equation δS_{eff}/δD_{μν} (t) = 0 . (5) This yields a new effective action S̃_{eff}(X, Y ) = S_{eff}(X, Y, ⟨D⟩) (6) which will be compared in the next Section to the non-abelian action for D-particles in a general type IIA supergravity background.

The action S̃_{eff} can be most conveniently analyzed by expanding around time-independent diagonal configurations,

X_μ(t) = x_μI_K + ℓ^2_s ϵ_μ(t) , Y_A(t) = y_AI_K + ℓ^2_s ϵ_A(t) . (7)

In this expansion, the determinants (3) and (4) can be computed by using the identity

ln det(M + δM) = ln det M − ∞∑ k=1 (−1)^k k tr(M^{−1}δM)^k , (8)

with M = −d^2_t + ℓ^{−4}_s r^2, δM = (2ℓ^{−2}_s ⃗y · ⃗ϵ + ⃗ϵ^2)I_2 + i ⟨D_{μν} ⟩ σ_{μν} (9) in the bosonic case and

M = −id_t + iℓ^{−2}_s y_AΓ_A , δM = iϵ_AΓ_A (10)

in the fermionic case. We use the notation

r^2 = y_Ay_A = ⃗y^2 (11)

and ⃗y · ⃗ϵ = y_Aϵ_A, etc. The corresponding bosonic and fermionic Green’s functions read

G_B(t, t^′) = ∫ dω 2π e^{iω(t−t′ )} ω^2 + ℓ^{−4}_s r^2

, (12)

G_F (t, t^′) = ∫ dω 2π e^{iω(t−t′ )} ω^2 + ℓ^{−4}_s r^2 ( ωI_4 − iℓ^{−2}_s y_AΓ_A ) . (13)

The trace in (8) involves both integrals over frequencies and traces over Spin(5), SU(2)_+ and U(K) indices. At each order in the ϵ expansion, we can further expand in powers of the frequencies or, equivalently, in time derivatives. The saddle-point equation (5) can be solved similarly, both in the ϵ expansion (7) and in the derivative expansion.

If we write S̃_{eff} = ∫ dt ∑ p≥0 L_p , (14)

where L_p is of order p in ϵ, we find

L_0 = K √ 2π g_sℓ_s

, L_1 = 0 , (15) which are simple consequences of supersymmetry. We have also computed L_2 and L_3 up to fourth order in derivatives,

L_2 = tr (√2πℓ3_s 2g_s ϵ̇_μϵ̇_μ +

Nℓ^6_s 4r^3 ϵ̇_Aϵ̇_A ) + O ( ϵ̈^2 ) , (16)

L_3 = −

3Nℓ^4_s 4r^5 tr ( ⃗y · ⃗ϵ ˙⃗ϵ^2 ) + O ( ϵϵ̈^2, ϵ̇^2ϵ̈ ) , (17)

and L_4 and L_5 up to second order in derivatives,

L_4 = − tr ( πr3 g^2_s N

[ϵ_μ, ϵ_ν ][ϵ_μ, ϵ_ν ] + ℓ^6_s N 8r^3

[ϵ_A, ϵ_B][ϵ_A, ϵ_B ] + √ 2πℓ^3_s 2g_s [ϵ_A, ϵ_μ][ϵ_A, ϵ_μ] ) + O ( ϵ^2ϵ̇^2 ) , (18)

L_5 = −

6πℓ^2_s r g^2_s N ϵ_{μνρκ} tr ϵ_μϵ_ν ϵ_ρϵ_κ⃗y · ⃗ϵ + · · · + O ( ϵ^3ϵ̇^2 ) . (19)

The · · · in (19) are contributions to the action that are fixed in terms of (18) by general consistency conditions [12]. We are now going to show that the terms (15)–(19) perfectly match with the expected form of the D-particle Lagrangian in a non-trivial background.

THE EMERGENT GEOMETRY

The non-abelian action for D-particles in an arbitrary background can be computed using formulas in [3], see [12] for details. If we denote the space matrix coordinates by Z^i, 1 ≤ i ≤ 9, and expand Z^i = z^i + ℓ^2_s ϵ^i, then the Lagrangian, computed in the static gauge

x^d = x^{10} = t , (20)

can be conveniently written as a sum of terms with a fixed number of derivatives, L = ∑ n≥0 1 n! ℓ^{2n}_s c^{(0)}_{i1···in} (z, t) tr ϵ^{i1} · · · ϵ^{in} + ∑ n≥0 1 n! ℓ^{2(n+1)} s c^{(1)}_{i1···in;k}(z, t) tr ϵ^{i1} · · · ϵ^{in}ϵ̇^k + ℓ^4_s c^{(2)}_{kl} (z, t) tr ϵ̇^kϵ̇^l + ℓ^6_s c^{(2)}_{i;kl}(z, t) tr ϵ^iϵ̇^kϵ̇^l + · · · (21)

The · · · represent terms of higher orders in ϵ with two derivatives or with at least three derivatives. The coefficients in (21) can be expressed in terms of the type IIA supergravity fields. Our goal is to find a match between (21) and the corresponding terms in our microscopically computed Lagrangian (15)–(19), with ϵ^i ≡ (ϵ_μ, ϵ_A). We are seeking a static SO(4) × SO(5) preserving background which has vanishing Neveu-Schwarz B field and Ramond-Ramond one-form. The coefficients in (21) can then be naturally expressed in terms of the following combinations of G_{MN} , 1 ≤ M, N ≤ 10, and dilaton ϕ, g_{MN} = e^{−2ϕ}G_{MN} , H_{ij} = √ g_{dd} ( g_{ij} g_{dd} − g_{di}g_{dj} g^2_{dd} ) . (22)

If C and C̃ are the Ramond-Ramond three-form potential and its dual five-form respectively, dC̃ = i ∗ dC in the Euclidean, the explicit formulas we need read [12]

c^{(0)} = √ 2π ℓ_s √ g_{dd} , c^{(1)}_{i;k} = √ 2π ℓ_s ∂_i ( g_{dk}/ √ g_{dd} ) , (23)

c^{(2)}_{kl} = √ 2π 2ℓ_s

H_{kl} , (24)

c^{(0)}_{[ijk]} = 3 √ 2π 2ℓ^3_s

∂_{[i}C_{jk]d} , (25)

c^{(0)}_{[ij][kl]} = − 9 √ 2π ℓ^5_s g^{3/2}_{dd} e^{4ϕ} ( H_{ik}H_{jl} − H_{jk}H_{il} ) , (26) c^{(0)}_{[ijklm]} = − 60i √ 2π ℓ^5_s ∂_{[i}C̃_{jklm]d} . (27) Other combinations of coefficients either vanish, consistently with the vanishing of some of the background fields, or are expressed in terms of (23)–(27) by solving the general consistency conditions discussed in [12].

A single D-particle, K = 1, probes only the metric g_{MN} . In this case, by comparing (23) and (24) with (15) and (16) and by noting that non-vanishing constant components g_{dk} would be inconsistent with SO(4) × SO(5), we find

g_{MN} dx^M dx^N = 1 g^2_s ( dt^2 + dx_μdx_μ +

L^3 r^3 d⃗y^2 ) , (28)

with L^3 =

Ng_sℓ^3_s 2 √ 2π · (29)

Using the full non-abelian action, K > 1, we can get more information on the background. Indeed, the D-particles then couple to the Ramond-Ramond three-form through commutator terms. By comparing (25) with (17) and (27) with (19), we can find F_4 = dC or its dual F_6 unambiguously. Moreover, one can check that the double commutator term in the fourth order potential (18) has precisely the correct structure to match with (26). Since H_{ij} is already known from the kinetic term (16), we can derive the dilaton profile from this term and then extract the string frame metric ds^2 from (28) and the first equation in (22). Overall, we get

ds^2 = r^{3/2} L^{3/2} (dt^2 + dx_μdx_μ) + L^{3/2} r^{3/2} d⃗y^2 , (30)

e^ϕ = g_s r^{3/4} L^{3/4} , (31)

F_4 =

L^3 8g_sr^5 ϵ_{ABCDE} y_E dy_A ∧ · · · ∧ dy_D . (32) This background is in perfect agreement with the near-horizon D4-brane background [5], including the relation between the supergravity length scale L and string-theory parameters g_s and ℓ_s and the correct normalization of the Ramond-Ramond form, consistently with the D4-brane charge in type IIA.

CONCLUSION

We have explicitly constructed a pre-geometric model for particles interacting with a large number of other degrees of freedom. The emergence of space and gravity are made possible by strong quantum mechanical effects in the pre-geometric description. The model we have solved is quite peculiar, in particular it preserves eight supersymmetries, but the ideas involved are very general and can be applied to a large number of examples, see e.g. [13]. A comprehensive discussion of some of the many possible generalizations will appear in a related paper [10].

Being able to build solvable models of emergent space opens up very exciting possibilities. Outstanding problems for the future will be to build calculable pre-geometric descriptions of classically singular backgrounds, including black holes. This could bring interesting new perspectives on the controversial physics associated with such spacetimes.

We believe that the emergent space paradigm for quantum gravity will become increasingly convincing when more detailed solutions of explicit examples become available. This point of view completely eliminates the old difficulties which superficially make quantum mechanics and gravity hard to reconcile. On the contrary, we can find space and gravity only as a consequence of quantum mechanics.

We would like to thank Antonin Rovai for collaboration at an early stage of this project. This work is supported in part by the Belgian Fonds de la Recherche Fondamentale Collective

(grant 2.4655.07) and the Belgian Institut Interuniversitaire des Sciences Nucléaires (grants 4.4511.06 and 4.4514.08). M.M. is a Research Fellow of the Belgian Fonds de la Recherche Scientifique - FNRS.

[1] J. M. Maldacena, “The Large N Limit of Superconformal Field Theories and Supergravity,” Adv. Theor. Math. Phys. 2 (1998) 231–252, hep-th/9711200.

S. Gubser, I. R. Klebanov, and A. M. Polyakov, “Gauge Theory Correlators from Noncritical String Theory,” Phys. Lett. B428 (1998) 105–114, hep-th/9802109. E. Witten, “Anti-de Sitter Space and Holography,” Adv. Theor. Math. Phys. 2 (1998) 253–291, hep-th/9802150.

O. Aharony, S. S. Gubser, J. M. Maldacena, H. Ooguri, and Y. Oz, “Large N Field Theories, String Theory and Gravity,” Phys. Rept. 323 (2000) 183–386, hep-th/9905111.

[2] F. Ferrari, “Emergent Space and the Example of AdS_5 × S^5,”

Nucl. Phys. B869 (2013) 31–55, arXiv:1207.0886 [hep-th]. [3] R. C. Myers, “Dielectric Branes,” JHEP 9912 (1999) 022, hep-th/9910053.

W. Taylor and M. Van Raamsdonk, “Multiple D0-branes in weakly curved backgrounds,” Nucl. Phys. B558 (1999) 63–95, hep-th/9904095.

W. Taylor and M. Van Raamsdonk, “Multiple Dp-branes in weak background fields,” Nucl. Phys. B573 (2000) 703–734, hep-th/9910052.

[4] F. Ferrari, M. Moskovic, and A. Rovai, “Examples of Emergent Type IIB Backgrounds from Matrices,” Nucl. Phys. B872 (2013) 184–212, arXiv:1301.3738 [hep-th].

[5] G. T. Horowitz and A. Strominger, “Black Strings and P-Branes,”

Nucl. Phys. B360 (1991) 197–209.

N. Itzhaki, J. M. Maldacena, J. Sonnenschein, and S. Yankielowicz, “Supergravity and the Large N Limit of Theories with Sixteen Supercharges,” Phys. Rev. D58 (1998) 046004,

hep-th/9802042.

[6] O. Aharony, M. Berkooz, S. Kachru, N. Seiberg, and E. Silverstein, “Matrix description of interacting theories in six-dimensions,” Adv. Theor. Math. Phys. 1 (1998) 148–157,

hep-th/9707079.

M. Berkooz and H. L. Verlinde, “Matrix theory, AdS / CFT and Higgs-Coulomb equivalence,” JHEP 9911 (1999) 037, hep-th/9907100.

[7] S. R. Coleman, “1/N,” in Aspects of Symmetry. Cambridge U. Press, 1985.

J. Zinn-Justin, “Vector Models in the Large N Limit: a Few Applications,” hep-th/9810198. F. Ferrari, “Nonsupersymmetric Cousins of Supersymmetric Gauge Theories: Quantum Space of Parameters and Double Scaling Limits,” Phys. Lett. B496 (2000) 212–217,

hep-th/0003142.

F. Ferrari, “A Model for Gauge Theories with Higgs Fields,” JHEP 0106 (2001) 057,

hep-th/0102041.

F. Ferrari, “Large N and Double Scaling Limits in Two-Dimensions,” JHEP 0205 (2002) 044, hep-th/0202002.

[8] N. Dorey, T. J. Hollowood, V. V. Khoze, M. P. Mattis, and S. Vandoren, “Multi - Instantons and Maldacena’s Conjecture,” JHEP 9906 (1999) 023, hep-th/9810243. N. Dorey, T. J. Hollowood, V. V. Khoze, M. P. Mattis, and S. Vandoren, “Multi-Instanton Calculus and the AdS/CFT Correspondence in N = 4 Superconformal Field Theory,” Nucl. Phys. B552 (1999) 88–168, hep-th/9901128.

E. T. Akhmedov, “D-instantons probing D3-branes and the AdS/CFT correspondence,” Phys. Rev. D59 (1999) 101901, hep-th/9812038.

[9] M. B. Green and M. Gutperle, “D-Instanton Induced Interactions on a D3-Brane,” JHEP 0002 (2000) 014, hep-th/0002011.

M. Billó, M. Frau, F. Fucito, A. Lerda, A. Liccardo, and I. Pesando, “Classical Gauge Instantons from Open Strings,” JHEP 0302 (2003) 045, hep-th/0211250.

[10] F. Ferrari, “Emergent Space in Matrix Theories,” to appear .

[11] D.-E. Diaconescu and R. Entin, “A Nonrenormalization theorem for the d = 1, N=8 vector multiplet,” Phys. Rev. D56 (1997) 8045–8052, hep-th/9706059.

[12] F. Ferrari, “On Matrix Geometry and Effective Actions,” Nucl. Phys. B871 (2013) 181–221,

arXiv:1301.3722 [hep-th].

[13] F. Ferrari and A. Rovai, “Emergent D5-brane background from D-strings,” to appear in Phys. Lett. B (2013) , arXiv:1303.7254 [hep-th].