arXiv:0912.4268v2 [hep-th] 3 Feb 2010

Compactification Effects in D-brane Inflation

Daniel Baumann,^1 Anatoly Dymarsky,^1 Shamit Kachru,^{2, ∗} Igor R. Klebanov,^3 and Liam McAllister^4 1School of Natural Sciences, Institute for Advanced Study, Princeton, NJ 08540 2Kavli Institute for Theoretical Physics, Santa Barbara, CA 93106 3Department of Physics and PCTS, Princeton University, Princeton, NJ 08544 4Department of Physics, Cornell University, Ithaca, NY 14853 (Dated: February 4, 2010)

Dedicated to the memory of Lev Kofman

We determine the scalar potential for a D3-brane in a warped conifold background subject to general ultraviolet perturbations. Incorporating the effects of imaginary anti-self-dual (IASD) fluxes and four-dimensional curvature at the nonlinear level, we compute the leading terms in the D3-brane potential. We then provide strong cross-checks of our results by reproducing them in the dual gauge theory. Finally, we observe that the D3-brane potential induced by nonperturbative effects on D7-branes can be represented by a ten-dimensional supergravity solution containing suitable IASD fluxes. Our method allows for the systematic inclusion of compactification effects and serves to constrain the D3-brane effective action in a large class of stabilized compactifications.

Introduction. The success of inflation [1] depends sensitively on Planck-suppressed contributions to the inflaton action [2]. This strongly motivates realizing inflation in an ultraviolet-complete theory, such as string theory, and then computing these contributions.

In this Letter we study compactification effects in Dbrane inflation [3, 4]. A concrete arena for D-brane inflation is a finite warped throat attached to a compact space [5]. Computing the D3-brane action in the noncompact limit is straightforward, as explicit supergravity solutions such as [6] are available for noncompact throats. However, on general grounds one expects that objects and fields in the bulk of the compactification, i.e. outside the warped throat, can induce order-unity corrections to the inflationary slow-roll parameters. D-branes, orientifold planes, fluxes, and quantum effects in the bulk may not preserve the same supersymmetry as a D3-brane, and hence can contribute to the D3-brane potential. These ‘compactification effects’ must be incorporated, or shown to be suppressed, in any explicit realization of D3-brane inflation.

We propose a systematic approach to this problem. Taking the compact bulk to be a rather general solution of type IIB supergravity, we determine how the form of this solution in the ultraviolet region of a finite throat affects the potential for a D3-brane well inside the throat. Our strategy is to study a noncompact solution subject to general deformations, as a computable proxy for a finite throat attached to a compact space with modulistabilizing ingredients.

A primary goal of our work is a systematic characterization of the structure of the effective potential, as

∗On leave of absence from Stanford University and SLAC.

captured by the spectrum of scaling dimensions Δ_i in

V (ϕ) = ∑ i c_i ϕ^{Δi} M^{Δi−4} UV . (1)

Here ϕ is the canonically-normalized field related to the D3-brane position and M_{UV} is a scale determined by the location at which the throat is glued to the bulk.

Our analysis incorporates imaginary anti-self-dual (IASD) three-form fluxes and four-dimensional curvature in a unified framework. We provide general solutions for IASD fluxes on arbitrary Calabi-Yau cones and derive the flux-induced contributions to the D3-brane potential in closed form. Specializing to the singular conifold, we determine the dimensions Δ_i in (1). The inclusion of the nonlinear effects of fluxes and curvature is a substantial step beyond our linear analysis in [7].

A nontrivial check of our results follows from using the AdS/CFT correspondence [8] to represent nonnormalizable flux perturbations as perturbations to the Lagrangian of the dual conformal field theory (CFT). Building on the work of Ceresole et al. [9], we provide the operator in the conifold CFT dual to each mode of flux. In the case of chiral operators perturbing the superpotential, we compute the potential in the CFT and find agreement with the supergravity result [10].

Our approach is strongly reminiscent of a fourdimensional effective field theory analysis, but the field theory that governs the D3-brane potential is strongly coupled. Furthermore, some of the contributing operators have irrational dimensions and are difficult to study on the field theory side. Our method, which is to consider general perturbations of the ultraviolet region of the supergravity solution, uses AdS/CFT to provide a tractable problem that realizes the spirit of the four-dimensional effective field theory approach.

We limit our presentation in this Letter to explicit results for chiral operators; extensions to non-chiral operators and further computational details will appear in a companion paper [10].

Equations of motion. For the line element, we use the ansatz

ds^2 = e^{2A(y)}g_{μν} dx^μdx^ν + e^{−2A(y)}g_{mn}dy^mdy^n , (2)

with g_{mn} a metric that is Calabi-Yau at leading order. We take the five-form flux to be F̃_5 = (1 + ⋆_{10}) dα(y) ∧ Vol_4. D3-branes couple to a particular combination of fields,

V_{D3} = T_3 ( e^{4A} − α ) ≡ T_3Φ_− , (3)

where T_3 is the D3-brane tension. In the following we are therefore interested in perturbations of the scalar quantity Φ_− ≡ e^{4A} − α. Furthermore, it will be convenient to define IASD three-form fluxes,

G_− ≡ (⋆_6 − i)G_3 and Λ ≡ e^{4A}G_− , (4)

where ⋆_6 is the six-dimensional Hodge star. Expanding around backgrounds with Φ_− = G_− = 0, these fluxes obey [10]

dΛ = 0 and ⋆_6 Λ = −iΛ . (5)

Finally, the D3-brane potential is determined by

∇^2Φ_− = g_s 96 |Λ|^2 + R_4 , (6)

where ∇^2 is the Laplacian constructed from g_{mn}, g_s is the string coupling, and R_4 is the four-dimensional Ricci scalar.

IASD fluxes in Calabi-Yau cones. In [7] we studied the homogeneous solutions of (6), ignoring the effects of IASD fluxes and curvature. The solutions to (6) were then harmonic functions, Φ_− = f, which satisfy ∇^2f = 0. In this Letter we extend this to a nonlinear treatment, emphasizing that IASD fluxes can make important contributions to the D3-brane potential.

We first present solutions to the flux equations of motion in a general Calabi-Yau cone. To construct solutions to (5), we use the Kähler form J, the holomorphic (3, 0) form Ω, and harmonic functions f as building blocks. Three distinct types of closed, IASD three-forms can be constructed using the above ingredients. In [10] we give the most general such solutions, while here we specialize to solutions dual to perturbations by chiral operators, in which case the harmonic functions f are in fact holomorphic and the fluxes are of pure Hodge type.

The first flux series is of Hodge type (1, 2),

Λ_I = ∇∇f_1 · Ω̄ , (7)

which in components is (Λ_I)_α¯_{βγ̄} = ∇_α∇_σ f_1 g^{σζ̄} Ω̄¯_ζ¯_{βγ̄} . The second flux series is non-primitive (2, 1)_{NP},

Λ_{II} = ∂f_2 ∧ J . (8)

The third flux series is of type (3, 0),

Λ_{III} = f_3 Ω . (9)

Spectrum of the D3-brane potential. Next, we derive the spectrum of contributions to the D3-brane potential. We first study the flux source terms in (6), then incorporate R_4 as a source. From (6) – (9) we obtain the flux-induced potential

Φ_− = g_s 32 [ g^{αβ̄}∇_αf_1 ∇_β f_1 + 2|f_2|^2 + 2 ∇^{−2}|f_3|^2 ] , (10)

up to the addition of a harmonic function. The result (10) is completely general, and is valid for IASD fluxes on an arbitrary Calabi-Yau cone. For concreteness we now specialize to the singular conifold [11].

The harmonic functions on the conifold are defined by their quantum numbers {j_1, j_2, R_f } under the SU(2) × SU(2) × U(1)_R isometries of T^{1,1} [9]. The radial scaling dimensions Δ_f are

Δ_f ≡ −2 + √ H(j_1, j_2, R_f ) + 4 (11) = 3 2 , 2 , 3 , √ 28 − 2 , · · · , (12)

where H(j_1, j_2, R_f ) ≡ 6 [ j_1(j_1 + 1) + j_2(j_2 + 1) − R^2_f /8 ] . For chiral modes, j_1 = j_2 =^1_2 R_f , we have Δ_f =^3_2 R_f .

With this information about the spectrum of harmonic functions on T^{1,1}, the scaling dimensions and charges of the three series of flux modes can be determined [10]. The contributions to the potential are of the form (1) with Δ_{ij} ≡ Δ_i + Δ_j − 4, where Δ_i and Δ_j are the scaling dimensions of the individual fluxes [10]. The result is

Δ_Λ = 1 , 2 , 5 2 , √ 28 − 5 2 , · · · (13) The final term shown, with dimension √ 28 −^5_2 ≈ 2.79, is the leading contribution of an operator in a long multiplet. This term is not protected by supersymmetry or by a global symmetry, and hence would be difficult to obtain in a field theory analysis at large ’t Hooft coupling, or in a four-dimensional supergravity analysis like [12, 13] in which only superpotential interactions are computed. We expect that this mode of flux will contribute to the D3- brane potential in a general compactification, and may in some cases play an important role in the inflationary phenomenology. A substantial advantage of our supergravity approach is the ability to capture low-dimension non-chiral contributions of this sort.

A D3-brane in a compact space receives additional contributions to its potential when the four-dimensional Ricci scalar is nonvanishing: one must then solve (6) with the Ricci scalar given by R_4 ≈^4_{M 2pl} ( V_0 +T_3Φ_− ) . Here we have assumed a quasi-de Sitter phase sourced by the D3- brane potential T_3Φ_− and by the effects of other sectors included in the constant V_0. We observe that the source term in (6) proportional to V_0 gives rise to precisely the

‘eta problem’ mass term in [5] (cf. [14]). The complete series of corrections induced by the Ricci scalar is [10]

Δ_R = 2 , 3 , 7 2 , · · · (14) Although for brevity we have focused here on the radial scaling dimensions Δ, one can use the above methods to determine the angular dependence of each term [10].

CFT duals of flux perturbations. A useful dual formulation of our results is in terms of perturbations to the Lagrangian of the dual CFT [11]. This is an N = 1 superconformal theory with gauge group G = SU(N) × SU(N) and continuous global symmetries G = SU(2) × SU(2) × U(1)_R. The matter content consists of chiral superfields A_i and B_j (i, j = 1, 2) which are in the (N, N̄) and (N̄, N) of G and in the (^1_2 , 0,^1_2 ) and (0,^1_2 ,^1_2 )

of G. The chiral gauge field strength superfields W^{(1,2)}_α have dimension Δ =^3_2 and R-charge R = 1, while the A and B fields have Δ =^3_4 and R =^1_2 .

Our goal is to determine the most relevant operators in the CFT that contribute to the potential on the Coulomb branch. We focus primarily on chiral operators, deferring a more general treatment to [10]. For the CFT in question there are three series of chiral operators [9]:

O_I = Tr(AB)^k , (15) O^α_{II} = Tr[(W^α_{(1)} + W^α_{(2)})(AB)^k ] , (16)

O_{III} = Tr[(W^2_{(1)} + W^2_{(2)})(AB)^k ] , (17)

where the integer k obeys k ≥ 1 for series I and II and k ≥ 0 for series III.

We are interested in compactification effects that break the supersymmetry of the CFT. This is efficiently represented in terms of spurions X and X^α, i.e. non-dynamical fields whose expectation values break supersymmetry, ∫ dθ_αX^α ≠ 0, ∫ d^2θX ≠ 0, with the remaining components vanishing. The operators dual to IASD flux perturbations can then be written as

ΔL = ∫ d^2θ [O_I + O^α_{II}X_α + O_{III}X] + c.c. , (18)

which selects the top (θ^2) component of O_I, the middle component of O^α_{II}, and the bottom component of O_{III}. (In [7] we studied linearized perturbations ∫ d^4θ OX^†X; these are dual to harmonic modes of Φ_−, whose spectrum is given in (12).)

We therefore obtain the following matching between the components of the supermultiplets of operators (15) – (17) and the IASD flux perturbations (7) – (9):

Flux Operator Δ R j1 j2 ∇∇f1 · Ω̄ ∫ d^2θ Tr(AB)^{k 3}_2 k + 1 k − 2^1_2 k^1_2 k ∂f2 ∧ J ∫ dθα Tr[W^α_+ (AB)^k]^3_2 k + 2 k^1_2 k^1_2 k

f3Ω Tr[(W^2_+(AB)^k]^3_2 k + 3 k + 2^1_2 k^1_2 k

• The perturbations ∫ d^2θ O_I yield superpotential perturbations of the CFT and are dual to perturbations by G_{(1,2)} fluxes in series I. This is consistent with the results of [15, 16], where it was found that G_{(1,2)} flux generates superpotential interactions for a D3-brane. We remark that the leading (Δ = 1) term in (13) corresponds to the lowest-dimension superpotential perturbation ∫ d^2θ Tr(AB) and gives the dominant contribution in [13] (see (20) below).

• The operators ∫ dθ_α O^α_{II} correspond to the nonprimitive G_{(2,1)} fluxes of series II. This agrees with the results of [15, 16], where it was shown that non-primitive G_{(2,1)} flux couples the gaugino to the matter fermions.

• Finally, the operators O_{III} are mapped to G_{(3,0)} fluxes in series III. This is consistent with the fact that (3, 0) flux creates a mass term for the gaugino [15].

For perturbations in series I and II, the leading terms in the CFT scalar potential are governed by holomorphic data and by the unperturbed Kähler potential, and one can show exact agreement between the potential on the CFT side and in supergravity [10]. For operators in series III, Kähler potential perturbations render the potential uncomputable in the CFT, but one can still exhibit strong consistency checks [10] of the correspondence to series III fluxes.

Note that perturbing by a relevant operator, ΔL = c O, does not create an instability in the infrared if c is sufficiently small in units of the hierarchy of scales in the throat. Requiring that the D3-brane energy does not drive decompactification leads to a similar constraint on c [7, 10]. We consistently study the c ≪ 1 regime in which instabilities are absent.

Superpotentials from fluxes. In the presence of a nonperturbative superpotential from gaugino condensation on wrapped D7-branes, a D3-brane feels a nontrivial potential [12]. We now point out that this potential can be represented in ten dimensions by IASD fluxes. Consider a stack of n D7-branes on a four-cycle defined by a holomorphic embedding condition h(z_a) = 0, where z_a are complex coordinates on the conifold. The superpotential of the D7-brane gauge theory depends on the D3-brane position via [12]

W_{np}(z_a) = A_0h(z_a)^{1/n} e^{−aρ} ≡ A(z_a)e^{−aρ} , (19)

where ρ is the Kähler modulus associated with the volume of the 4-cycle and a ≡^{2π}_n .

Combining W_{np}(z_a) with the tree-level superpotential and Kähler potential, K = −3 ln[ρ + ρ̄ − γk(z_a, z̄_a)], and working to leading order in an expansion in^{γk}_σ =^{ϕ2}_{3M 2pl} , with 2σ ≡ ρ + ρ̄, one finds the following D3-brane potential [13]: V = κ^2 12σ^2 e^{−2aσ} γ ( g^{αβ̄}A_αĀ¯_β + 2aγ(aσ + 3)AĀ −aγ(Āg^{αβ̄}k¯_β A_α + c.c.) ) + harmonic . (20)

Comparing (10) to (20) suggests the matching conditions

f_1 = c_1A , f_2 = c_2A + c_3k^β A_β , f_3 = 0 . (21)

Choosing c_1 = c, c_2 = c √ aγ(aσ + 3), and 2c_2c_3 = −c^2aγ, with c^2 ≡^{κ2}_{σ2}^{e−2aσ}_{γT3}^8_{3gs} , we recover (20), at leading order in expansions in^{γk}_σ and^1_{aσ} .

Towards a D7-brane geometric transition. It is tempting to speculate about the implications of the above result for a ten-dimensional representation of the nonperturbative superpotential associated with D7-branes (cf. [17, 18]).

Suppose that n D7-branes wrap a rigid four-cycle that is small compared to the rest of the compact space, e.g. a small del Pezzo surface. Far from the D7-branes, it should be possible to encode the effects of gaugino condensation in a local solution of ten-dimensional supergravity containing appropriate IASD fluxes. It is therefore natural to conjecture that nonperturbative effects on D7-branes actually source these fluxes. This is somewhat similar to the geometric transition of D5-branes wrapping rigid curves, in which the resulting gaugino condensate is captured by three-form fluxes in a deformed geometry [6, 19, 20].

Specifically, we propose [10] that a coupling between the D7-brane gauginos and the closed string background serves to source IASD fluxes when ⟨λλ⟩ ≠ 0. As shown in detail in [10], the gaugino mass term of [16] contributes a local source term, proportional to ⟨λλ⟩, to the flux equation of motion. The resulting solution contains G_{(1,2)} flux that precisely encodes the gaugino condensate superpotential.

Finally, we remark on an interesting implication of our result. In [21] it was shown that the noncommutative superpotential induced on coincident D3-branes by three-form fluxes solves a problem in F-theory modelbuilding by increasing the rank of the Yukawa matrix.

However, in [22] it was argued that a noncommutative superpotential should not arise at tree level, but should instead be induced by nonperturbative effects on D7- branes. Our proposal yields an explicit connection between these works by representing the nonperturbative superpotential of [22] as the flux of [21].

Conclusions. We have presented a systematic method for obtaining the structure of the scalar potential of a D3- brane in a noncompact Calabi-Yau cone subject to arbitrary ultraviolet deformations, in an expansion around a background with G_− = Φ_− = 0. For the case of the conifold, we obtained the explicit spectrum of scaling dimensions for the leading correction terms, (12) – (14), incorporating harmonic perturbations of Φ_−, IASD fluxes, and four-dimensional curvature. This result includes all significant contributions to the D3-brane potential discussed in the literature so far, and does so in a single coherent framework, classical ten-dimensional supergravity.

Our results constitute significant progress towards determining the Planck-suppressed contributions to the effective action in a large class of string compactifications. By decoupling gravity in a noncompact configuration, then systematically reincorporating compactification effects, we have provided an approach in which the structure of the Planck-suppressed contributions can be computed.

Acknowledgements. We thank J. Gray, Z. Komargodski, J. Maldacena, E. Pajer, N. Seiberg, and G. Torroba for discussions. This work was supported in part by the NSF under grants PHY-0855425 (D.B.), PHY-05- 51164 (S.K.), PHY-0756966 (I.R.K.), and PHY-0757868 (L.M.), by the DOE under grants DE-FG02-90ER40542 (A.D.) and DE-AC02-76SF00515 (S.K.), and by the Stanford Institute for Theoretical Physics (A.D. and S.K.).

[1] A. Guth, Phys. Rev. D 23, 347 (1981); A. Linde, Phys.

Lett. B 108, 389 (1982); A. Albrecht & P. Steinhardt,

Phys. Rev. Lett. 48, 1220 (1982).

[2] D. Baumann et al., AIP Conf. Proc. 1141, 10 (2009).

[3] G. Dvali & S. Tye, Phys. Lett. B 450, 72 (1999).

[4] C. Burgess et al., JHEP 0107 (2001) 047.

[5] S. Kachru et al., JCAP 0310, 013 (2003).

[6] I. Klebanov & M. Strassler, JHEP 0008, 052 (2000).

[7] D. Baumann et al., JHEP 0903, 093 (2009).

[8] O. Aharony et al., Phys. Rept. 323, 183 (2000).

[9] A. Ceresole et al., Phys. Rev. D 61, 066001 (2000).

[10] D. Baumann et al., arXiv:1001.5028 [hep-th].

[11] I. Klebanov & E. Witten, Nucl. Phys. B 536, 19 (1998).

[12] D. Baumann et al., JHEP 0611, 031 (2006).

[13] D. Baumann et al., JCAP 0801, 024 (2008),

[14] A. Buchel & R. Roiban, Phys. Lett. B 590, 284 (2004).

[15] J. Polchinski & M. Strassler, arXiv:hep-th/0003136;

M. Graña & J. Polchinski, Phys. Rev. D 63, 026 (2001);

[16] P. Camara et al., Nucl. Phys. B 708, 268 (2005).

[17] A. Frey & M. Lippert, Phys. Rev. D 72, 126001 (2005).

[18] P. Koerber & L. Martucci, JHEP 0708, 059 (2007).

[19] C. Vafa, J. Math. Phys. 42, 2798 (2001).

[20] J. Maldacena & C. Nunez, PRL 86, 588 (2001).

[21] S. Cecotti et al., arXiv:0910.0477 [hep-th].

[22] F. Marchesano & L. Martucci, arXiv:0910.5496 [hep-th].