arXiv:hep-th/0205206 v5 10 Apr 2003

LBNL-50327 UCB-PTH-02/22 hep-th/0205206 Mar. 27, 2003

Full Component Lagrangian in the Linear Multiplet Formulation of String-inspired Effective Supergravity

Joel Giedt^∗

Department of Physics, University of California, and Theoretical Physics Group, Lawrence Berkeley National Laboratory, Berkeley, California, U.S.A.^† and Department of Physics, University of Toronto, 60 Saint George Street, Toronto, Ontario M5S 1A7 Canada^‡

∗E-Mail: giedt@physics.utoronto.ca †This work was supported in part by the Director, Office of Science, Office of High Energy and Nuclear Physics, Division of High Energy Physics of the U.S. Department of Energy under Contract DE-AC03-76SF00098 and in part by the National Science Foundation under grant PHY-00-98840.

‡Support was also provided by NSERC.

Abstract

We compute the component field 4-dimensional N = 1 supergravity Lagrangian that is obtained from a superfield Lagrangian in the U(1)_K formalism with a linear dilaton multiplet. All fermionic terms are presented. In a variety of important ways, our results generalize those that have been reported previously, and are flexible enough to accomodate many situations of phenomenological interest in string-inspired effective supergravity, especially models based on orbifold compactifications of the weaklycoupled heterotic string. We provide for an effective theory of hidden gaugino and matter condensation. We include supersymmetric Green-Schwarz counterterms associated with the cancellation of U(1) and modular duality anomalies; the modular duality counterterm is of a rather general form. Our assumed form for the dilaton Kähler potential is quite general and can accomodate Kähler stabilization methods. We note possible applications of our results. We also discuss the usefulness of the linear dilaton formulation as a complement to the chiral dilaton approach.

ii

1 Introduction

The topic of 4-dimensional N = 1 supergravity coupled to supersymmetric matter and super-Yang-Mills fields is an old and well-understood part of supersymmetric field theory. A variety of superspace methods were developed many years ago, all of them designed to write locally supersymmetric Lagrangians in a compact form while at the same time leading most easily to component field expressions. Nevertheless, this component expansion can be tedious and it proves useful to have the results tabulated; e.g., so that model-building can proceed, with a minimum of effort, from superfield assumptions to component field consequences.

For the case of chiral multiplets coupled to supergravity and the vector supermultiplets of a super-Yang-Mills theory, component expansions have been tabulated under a very broad set assumptions (originally by Cremmer et al. [1]; nicely reviewed by Wess and Bagger [2]). For less conventional arrangements and assortments of N = 1 multiplets, however, the coverage is a bit patchy. The example with which we are interested involves a linear multiplet [3]. Although supergravity coupled to a linear multiplet [4] has been studied in a large number of works (enumerated and discussed below), some details remain to be given. This is particularly true when very general assumptions for the form of the superfield Lagrangian are envisioned.

In the present work we consider a class of supergravity theories—containing a linear multiplet—for which only specialized or somewhat incomplete results are available; it is our intention to generalize previous work and to fill in some details that are missing in the literature.

While completeness is a reasonable motivation for the determination of the full component Lagrangian, Planck mass suppressed fermion interactions may have phenomenological applications. For example, processes forbidden in the Standard Model and globally supersymmetric extensions might be mediated by gravitationally suppressed interactions. This is particularly true in the case where large vacuum expectation values (vevs) occur due to the presence of an anomalous U(1).

Below, we will argue that a theory of supergravity that contains a linear multiplet is well-motivated from the perspective of string-inspired effective supergravity. Our discussion is a synopsis of opinions offered previously by other authors. Whereas the chiral dilaton formulation is more common, on the basis of the points raised in our discussion it is our opinion that the linear dilaton framework should be regarded as a useful complement.

We are interested in generalizations of the effective theory of Binétruy, Gaillard and Wu (BGW) [5, 6, 7], as well as in the computation of those fermionic terms in the Lagrangian that were neglected by these authors (justifiably, as the issues in which they were interested did not require knowledge of these terms). The BGW effective theory is inspired by orbifold compactifications of the weakly-coupled heterotic string.^1 The low-energy limit of the heterotic string compactified on an orbifold is an effective supergravity theory. The BGW effective theory is designed to implement dynamical supersymmetry breaking through the strong dynamics of a super-Yang- Mills theory in a hidden sector. Whereas the perturbative scalar potential of the effective supergravity has flat directions—corresponding to an infinite vacuum degeneracy parameterized by massless scalars (moduli)—the effective theory of dynamical supersymmetry breaking lifts these flat directions and hence gives rise to moduli stabilization.

In Section 2 we outline the field content that is present in the theories studied here. We describe the interpretations that are to be given to these fields in the context of string-inspired effective supergravity. We briefly review the duality that relates the chiral dilaton and linear dilaton formulations. We discuss the reasons why one might choose to work in the latter formulation in addition to the former. We comment on some instances in which the two formulations have confronted each other and seem to be at odds. A brief summary of previous works on the subject of supergravity with a linear dilaton is given. We relate these to our work and describe how our results supplement those that already exist. Finally, we define the superfield Lagrangian for which we have computed the component expansion.

Section 3 discusses some aspects of our results. We emphasize features of the component Lagrangian that we find interesting. We guide the reader to our main results—lengthy formulae—which are contained in appendices. Our conclusions are stated in Section 4.

1More specifically, BGW were concerned with the E_8×E_8 heterotic string. However their effective supergravity description would work just as well for spin(32)/Z_2 constructions. The only issue there is to hide the hidden sector. Of course this is already a problem in the E_8 × E_8 case due to the presence of twisted sectors, which couple subgroups of the two E_8’s; for example, see the discussion in [8, 9].

In Appendix A we summarize our notations, conventions and abbreviations. In Appendix B we outline the method of projection to component fields that is used in the U(1)_K superspace formalism (see below). In Appendix C we discuss the geometric identities of U(1)_K superspace that are particularly useful in the computation of the component Lagrangian. In Appendices D-F we present the lengthy formulae that comprise our principle results.

2 The effective theory

In this section we introduce the reader to the class of theories that we intend to study. We relate our approach to the more familiar formulation with a chiral dilaton. We also discuss the motivations for working with a linear dilaton. Indeed, we believe that there exist instances where one might prefer to use a linear dilaton; these reasons are of a purely practical nature, as the two formalisms are equivalent provided they are properly related. (Specifically, the equations of motions should form equivalent systems and constraint equations in one formalism must find an equivalent expression in the other.)

2.1 Content and framework

Our intent in this subsection is only to present enough of a summary that the reader not familiar with these topics can understand the motivations and key concepts involved in the present work. For further details the reader is in invited to refer to the articles that we cite below; in particular the reviews [10, 11] are valuable for further study of formal issues of linear multiplets in the U(1)_K formalism and Refs. [12, 13] provide nice reviews of the related superstring phenomenology.

The theory we consider is a variety of four-dimensional N = 1 supergravity. It contains the graviton, Yang-Mills gauge fields, matter fields and moduli fields, including a dilaton. Each of the matter and moduli fields (excepting the dilaton) may or may not be charged with respect to the Yang-Mills gauge group. All of the fields in the theory are introduced along with superpartners through N = 1 supermultiplets, by starting with the Kähler U(1) superspace formalism (denoted U(1)_K ) [14, 15, 16]. The U(1)_K approach has been reviewed in [11], hereafter referred to as BGG. The minimal supergravity multiplet (e^a_m , ψ^α_m , ψ̄_{mα̇}, M, M , b_a) is introduced through the superdeterminant E of the supervielbein E^A_M and geometric relations in U(1)_K superspace. Gauge multiplets (a_{(a)m}, λ_{(a)α}, λ̄^{α̇}_{(a)}, D_{(a)}) are introduced through vector superfields fixed to Wess-Zumino gauge, where (a) labels a basis of orthogonal generators of the gauge group. Except in a counterterm associated with an anomalous U(1) factor, only corresponding chiral field strengths W^α_{(a)} will appear explicitly in the superfield Lagrangian, due to the appearance of the Yang-Mills connection in the covariant derivatives of U(1)_K superspace. Matter multiplets and all of the moduli multiplets except the dilaton are introduced through chiral superfields Φ^k , which have field content (ϕ^k, χ^k_α, F^k). The dilaton is introduced through a (modified) linear superfield L; its field content will be discussed below. We account for the leading effects of a strongly coupled hidden sector with condensing gauge group G_C through static (auxiliary) chiral superfields U_{(a)} and Π^α. Here, U_{(a)} is in correspondence with the operator (WW)_{(a)} in the unconfined theory; i.e., its lowest component (the θ = θ̄ = 0 part, denoted by |_{(0,0)} ) u_{(a)} = U_{(a)}|_{(0,0)} corresponds to the gaugino bilinear operator (λλ)_{(a)} which acquires a nonvanishing vev (vev), triggering gaugino condensation [18]. The lowest component of Π^α corresponds to a scalar operator of hidden sector matter fields which may also take a nonvanishing vev and play a role in the effective theory of supersymmetry breaking through the dynamics of the hidden sector.

2.2 Linear versus chiral dilaton

In the context of string-inspired supergravity, the 4-dimensional dilaton is a composite of 10-dimensional fields dimensionally reduced to an effective four-dimensional theory. In Witten’s classic reduction [17], one has a real scalar σ, which arises from the 10- dimensional graviton, the 10-dimensional dilaton ϕ, and a 2-form field strength f̂_{mnp}. The 4-dimensional dilaton is given by 1 g^2_s (σ, ϕ)

= e^{3σ}ϕ^{−3/4}. (2.1)

It is the vev of this quantity that determines the strength of gauge couplings. The effective supergravity Lagrangian naturally pairs this 4-dimensional dilaton with a pseudoscalar D that is the universal axion; however, a duality transformation must be made to trade f̂_{mnp} for D: ϕ^{−3/2}e^{6σ}f̂_{mnp} ≡ ϵ_{mnpq}∂^qD. (2.2)

Then the natural pairing is

s = e^{3σ}ϕ^{−3/4} + 3i √ 2D, (2.3)

since for a Kähler potential with leading order s dependence K ∋ − ln(s + s̄) the standard chiral supergravity formulation yields the correct terms in the effective Lagrangian. When we promote s → S, a chiral superfield, we have the chiral dilaton formulation. Due to the N = 1 supersymmety, the complex field s has a superpartner which is the dilatino. The chiral multiplet formulation is used for reasons of familiarity and simplicity.

Instead of making the duality transformation (2.2), we can work with an N = 1 multiplet that already contains a 2-form field strength—the linear multiplet [3, 4, 19, 20]. Whereas in the leading-order effective Lagrangian it is straightforward to impose (2.2) and replace f̂_{mnp} by D, in a more general setting one finds that the corresponding duality transformations are difficult to perform explicitly [21, 22, 23]. If the beyond-leading-order Lagrangian is obtained from string theory, so that it already contains the 2-form field strength f̂_{mnp}, it may be more practical to work with the linear multiplet and thus avoid intricacies that may be associated with the duality transformation.

A second issue arises when an effective theory of gaugino condensation is included as a mechanism for dynamical supersymmetry breaking. The chiral field strength superfields of the Yang-Mills group satisfy

(D^2 − 24R) tr (WW) − (D^2 − 24R) tr (WW) = t.d., (2.4)

where “t.d.” stands for a total derivative. To treat the condensate superfield U ∼ tr (WW) as an ordinary chiral superfield (of U(1)_K weight 2) fails to implement this constraint [24, 25, 26]. In the linear dilaton formulation the chiral field strength emerges from the modified linearity conditions:

(D^2 − 8R)L = − tr (WW), (D^2 − 8R)L = − tr (WW). (2.5)

When U = ∑ (a)∈G_C U(a) (where GC is the condensing part of the gauge group) is

introduced in (2.5) through

tr (WW) → tr (WW) + U, (2.6) then (2.4) is automatically satisfied for the U_{(a)}’s [6]. Although this constraint can be imposed in the chiral dilaton multiplet formulation, it is more difficult. In this regard the linear multiplet has a practical advantage.

Of course one may ask: (i) what evidence exists that would suggest (2.4) should be satisfied when tr (WW) is replaced by the interpolating field U; (ii) whether imposing this constraint has any important effects on the effective theory of dynamical supersymmetry breaking. These are certainly fair questions and we know of no clear answer to (i), except that it seems like the most reasonable assumption. We do have something to say about (ii).

In the present formalism the condensate superfields U_{(a)} are introduced as static chiral superfields. Their highest components F_{U(a)} (defined in (A.5)) thus appear only linearly in the component Lagrangian. However a subtlety arises in deriving the corresponding equations of motion: an important constraint exists on the F_{U(a)} if we extend (2.4) to the condensates. That is, suppose we impose

(D^2 − 24R)(tr (WW) + U) − (D^2 − 24R)(tr (WW) + U) = t.d. (2.7)

Then it was noted in [5] that we have for the highest components F_{U(a)} the constraints: − 1 4 ( D^2U_{(a)} − D^2U_{(a)} ) = F_{U(a)} − F_{U (a)} = 4i∇_mB^m_{(a)} + u_{(a)}M − u_{(a)}M. (2.8)

Here ∇_mB^m_{(a)} is identified with the total derivative term in (2.7), while u_{(a)}M − u_{(a)}M arises from the 24RU − 24RU part. When one varies the action with respect to the auxiliary fields F_{U(a)} , it is crucial to respect (2.8) by first rewriting F_{U(a)} as

F_{U(a)} = 1 2 ( F_{U(a)} + F_{U (a)} ) + 2i∇_mB^m_{(a)} + 1 2 ( u_{(a)}M − u_{(a)}M ) (2.9)

and the conjugate of this for F_{U (a)} . (For example, this has been done in Eq. (2.21) of [6].) One then varies with respect to the unconstrained combination F_{U(a)} + F_{U (a)} .

The crucial thing to notice is the last term on the right-hand side of (2.9). Generically it has a nonvanishing vev when the scalar potential is minimized.^2 It is a supersymmetry breaking vev which couples to operators that appear with a coefficient F_{U(a)} in the Lagrangian. In particular it can contribute to soft terms in the low

2Clearly the phases of the condensates u_{(a)} and the auxiliary scalar M are intimately involved in whether or not this term vanishes in the vacuum. Thus a more detailed study of the axionic background is necessary to understand its relevance. For example, see [6].

energy effective Lagrangian. Note also that u_{(a)}M − u_{(a)}M is anti-Hermitian whereas F_{U(a)} + F_{U (a)} is Hermitian. Thus these operators couple to different parts of the operators that are coefficients of F_{U(a)} in the Lagrangian prior to the substitution (2.9).

On the other hand if we had treated U_{(a)} as an ordinary chiral superfield of U(1)_K weight 2, we would have D^2U_{(a)} − D^2U_{(a)} = t.d., (2.10)

and therefore F_{U(a)} − F_{U (a)} = t.d. (2.11)

The supersymmetry breaking vev disappears on the right-hand side in this approach, leading to a different phenomenology. Incidentally, this also occurs in the approach taken in [22], where it was assumed that the highest component of the Chern-Simons superfield Ω_{(a)} (see below) vanishes. But this is nothing other than F_{U(a)} , which as we have seen does not have a vanishing vev in the BGW approach if supersymmetry is broken. In fact, if we look at the perturbative form of Ω_{(a)} as given in [22], there is no apparent reason why its highest component would not get a vev, since it is a scalar operator that solely contains strongly interacting fields.

One might think that it would be useful to relate the effective Lagrangian to that of the chiral dilaton formulation and compare in the global limit where the effective theory is known [27]. However, the last term on the right-hand side of (2.9) is implicitly suppressed by powers of 1/m_P , the inverse reduced Planck mass, and is obviously a supergravity effect. (After all, it involves the auxiliary scalar M of supergravity.) Hence it would not appear the theories of global supersymmetry. Nevertheless it is important in the present context because the soft term phenomenology will generally be affected by its presence.

In conventional supergravity coupled to super-Yang-Mills and a chiral dilaton, the chiral field strength superfields W^α_{(a)} are introduced through an F-density, which necessitates a holomorphic metric f_{(a)(b)}(S, Φ); i.e., on has

L_{YM} = ∫ d^4θ E 8R f_{(a)(b)}(S, Φ)(W^{(a)}W^{(b)}) + h.c. (2.12)

However, it is well-known that this is not the unique local superfield Lagrangian through which the Yang-Mills field strength can be introduced; the possibility of a nonholomorphic metric is allowed if instead we introduce the chiral field strength superfields using a D-density Lagrangian [1]. Generically, the linear multiplet approach leads to a super-Yang-Mills Lagrangian that is equivalent to a combination of the holomorphic F-density and nonholomorphic D-density. On the other hand it has been shown that the one-loop effective Lagrangian derived from heterotic orbifold models [28] is such that one can always write the super-Yang-Mills Lagrangian as a pure F-density [21]. In the linear dilaton formulation matched to the string theoretic calculations, one of course obtains a super-Yang-Mills Lagrangian that is just an F-density in the chiral dilaton formulation.^3 But, it would be interesting to formulate the corresponding conditions explicitly in the general context. The component expansion provided here may be of some aid in such an enterprise.

The advantages of the linear multiplet listed above suggest that in detailed model building—which intends to go beyond leading order, implement gaugino condensation, and nonperturbative corrections to the dilaton Kähler potential—the linear dilaton is a practical tool. At the very least, it is worthwhile to have parallel studies in a different formulation which is supposed to be equivalent to the chiral dilaton. These are among the reasons for which BGW chose to work in this setting. It then becomes useful to have component field expansions that are general enough to handle the cases envisioned in semi-realistic applications. This is the motivation for the computation reported here.

To properly relate the linear dilaton to the chiral dilaton, the duality transformation should respect supersymmetry. One approach is to perform the duality transformation at the superfield level [4]. For global supersymmetry, this duality has been reviewed in Sections 2 of [22] and [10]. For the locally supersymmetric (supergravity) case in the U(1)_K formalism, a review of chiral-linear duality has been given (briefly) in BGG Section 5.5. The duality in the superconformal approach has been discussed in [21, 22].

For illustrative purposes, consider the Lagrangian L = ∫ d^4θ E [ −2 + f(L) + 1 3 (L + Ω)(S + S̄) ] . (2.13)

Here L is treated as a real superfield which is otherwise unconstrained; that is, L is supposed to represent a first-order formulation of the target theory. S is a chiral

3The component expansions given below are general enough to accomodate either situation; to obtain only an F-density requires that arbitrary functionals that appear here satisfy certain conditions.

superfield. Ω is real and is the Chern-Simons superfield [29] (see also [21] or Appendix F.3 of BGG). It satisfies the constraints

(D^2 − 8R)Ω = tr (WW), (D^2 − 8R)Ω = tr (WW). (2.14)

The superfield equations of motion obtained from (2.13) yield the duality L 1 + f(L) = 1 S + S̄ (2.15)

together with the modified linearity conditions (2.5). We denote the θ = θ̄ = 0 (lowest) components as

L|_{(0,0)} = ℓ, S|_{(0,0)} = s, S̄|_{(0,0)} = s̄. (2.16)

Above we mentioned that in the chiral formulation the string coupling g_s is determined by the real part of s; the duality relation (2.15) gives a corresponding meaning to ℓ:

g^2_s = 2 s + s̄ = 2ℓ 1 + f(ℓ)

. (2.17)

Further details on the duality relations—for the case of local supersymmetry in the U(1)_K formalism, including the other component fields—may be found in [15, 20].

A comparison of phenomenological implications of either formulation is given in [6]. In this work it was found that the Kähler moduli of the underlying theory are not stabilized at their self-dual points in the chiral dilaton approach, whereas the stabilization does occur at the self-dual points in the linear dilaton approach. It was argued that the disparate results originate from an explicit S dependence in the effective superpotential of the chiral dilaton formulation.

However, if one starts with a linear dilaton and performs a duality transformation analogous to (2.13), it must be that one obtains a chiral dilaton formulation which is equivalent on-shell. That is, the first-order formalism ensures that the equations of motion for the linear dilaton supergravity are equivalent to the equations of motion for the chiral dilaton supergravity, and that the equivalence is established through the superfield redefinition that is obtained through the duality transformation—the generalization of (2.15). The stabilization of moduli is studied through minimization of the scalar potential. But this is nothing but a study of solutions to the equations of motion in the infrared limit, neglecting all fields with nonzero spin. Since the equations are equivalent in the two approaches, they must yield equivalent solutions. Thus it is our opinion that some subtlety must have been overlooked in performing the duality tranformation for the theory studied in [6]. In that case the target theory was more complicated than the illustrative example (2.13). We intend to return to this issue in a future publication. A full component lagrangian may shed some light on this issue, since it allows us to study the duality transformations at the component field level.

2.3 Antecedants

The effective supergravity discussed here is an extension of the BGW effective theory [5, 6, 7], which does not include an anomalous U(1) factor (hereafter denoted U(1)_X ) in the gauge group. A U(1)_X is a generic feature of semi-realistic string constructions; for example, in [9] it was found that 168 of 175 models had a U(1)_X . The associated anomaly is cancelled by a Green-Schwarz (GS) counterterm [30, 31], as will be discussed below. The linear multiplet formulation provides an elegant description of the effective supergravity that results, as has been discussed in [32]. Indeed Refs. [32, 33] as well as work in progress [34] aim to address the modifications to the BGW effective theory in the presence of an anomalous U(1). However, in none of these references is the full fermionic Lagrangian presented; only the gravitino and gaugino effective masses have been computed [6, 7]. Moreover, we allow for unconfined matter to couple to the (auxiliary) hidden matter condensate superfields Π^α. This is important for the stabilization of flat direcions in the presence of an anomalous U(1) factor, so-called D-moduli [35].

Fermion terms of component Lagrangians in the linear dilaton formulation have previously been computed by authors other than BGW to varying degrees.

In [16], Adamietz et al. obtained all the fermionic terms. However, no superpotential was included in the Lagrangian, a GS counterterm for a U(1)_X was not included, and an effective theory of gaugino condensation was not explicitly added. Adamietz et al. also made the simplifying assumption that the Kähler potential for the linear multiplet is k(L) = α ln L, which is equivalent to the assumption K(S, S) ∝ − ln(S + S) in the chiral dilaton approach. Stabilization of the dilaton sometimes requires a more general function, such as will be studied here.

In [22], Derendinger et al. only gave some of the fermion terms; in particular gaugino bilinears. Their treatment of gaugino condensation differs from that of BGW in some important ways, as will be discussed below; these differences affect predictions for soft supersymmetry breaking operators in the low energy effective theory. Also, a GS counterterm for a U(1)_X was not included in the effective theory. Derendinger et al. use the superconformal tensor calculus [36] to obtain the component Lagrangian, whereas we use U(1)_K superspace. We believe that it is useful to have results in both formalisms.

Various other limiting assumptions were made in these previous works which have not been made here. Thus our calculation can accomodate a more general set of circumstances and exhibits possible couplings that were not accounted for in previous works.

2.4 The Lagrangian

In this article a very general Kähler potential is assumed; it is the same as for BGW [5, 6, 7]:

K = k(L) + G(Φ, Φ), k(L) = ln L + g(L). (2.18) Here g(L) is left arbitrary in our calculations, though we have in mind the sort of nonperturbative corrections that are expected based on general arguments [37] and string duality [38]. Indeed these sorts of corrections have been used by BGW and others to stabilize the dilaton at weak coupling (i.e., g^2_s <∼ 1 in (2.17)) in a scheme that has come to be known as Kähler stabilization [5, 6, 7, 39, 40, 41, 42].

The Lagrangian consists of several pieces:^4

L = L_{kin} + L_{pot} + L_{VY} + L_{thr} + L^0_{GS} + L^X_{GS}. (2.19)

The first piece contains the usual kinetic terms for all the fields, and is written in the U(1)_K superspace formalism as follows:

L_{kin} = ∫ d^4θ E [−2 + f(L)] . (2.20)

The function f(L) is chosen such that a canonical Einstein term −^1_2 R (where R is the Ricci scalar) is obtained in the component expansion. With reference to the Kähler

4See [6] for further discussion of the significance of each term.

potential (2.18), the condition for this to be true is that Lg^′(L) = f(L) − Lf^′(L), (2.21) where g^′(L) = dg(L)/dL, etc. An elementary discussion of how this condition occurs can be found in Section 5.4 of BGG, where their function F is related to the f used here according to F = (2 − f)/3.

The usual superpotential term is included:

L_{pot} = ∫ d^4θ E 2R e^{K/2}W (Φ, Π) + h.c. (2.22) We remind the reader that the chiral superfields Π^α are static fields corresponding to matter condensates of the hidden sector. Thus they do not appear in (2.18), but it is important to include them in (2.22).

In addition to this bare superpotential, we have the Veneziano-Yankielowicz effective superpotential [43], with suitable modifications suggested by Taylor [44]:

L_{VY} = ∫ d^4θ E 8R ∑ (a)∈G_C U_{(a)} [ b^′_{(a)} ln ( e^{−K/2}U_{(a)}/μ^3 )

+ ∑ α b^α_{(a)} ln ( A^α_{(a)}(Φ) Π^α ) ] + h.c. (2.23)

The gaugino condensate superfields U_{(a)} appear explicitly here. When they are integrated out we obtain the usual nonperturbative superpotential [27] induced by instanton effects,^5 only coupled to supergravity in the present context; to match to the globally supersymmetric results one should take the decoupling limit m_P → ∞. The coefficients b^′_{(a)} and b^α_{(a)} are constrained by a matching to the weak coupling quantum anomalies. A further discussion can be found, for example, in [6].

Massive string states can yield threshold corrections to the effective theory below the string scale. The well-known corrections associated with N = 2 sectors in orbifold compactifications of the heterotic string are given by [28, 45]:

L_{thr} = ∑ I ∫ d^4θ E 8R ∑ (a)∉G_C b^I_{(a)}(WW)_{(a)}

+ ∑ (a)∈G_C b^I_{(a)}U_{(a)} ln η^{−2}(T^I ) + h.c. (2.24)

5Indeed, one can argue that U_{(a)} have masses of order the condensation scale and should be integrated out to obtain the effective theory below that scale. We thank Erich Poppitz for a remark in this regard.

where the coefficients b^I_{(a)} are determined by explicit string calculations.

Quantum anomalies that arise from the terms so far described are cancelled by Green-Schwarz (GS) counterterms. The first involves a real function S—not to be confused with the chiral dilaton of the discussion above—which we will refer to as the GS potential. We restrict S to be a function of chiral superfields: S = S(Φ, Φ). Its purpose is to cancel target-space duality anomalies. Its superfield expression is:

L^0_{GS} = ∫ d^4θ ELS. (2.25)

The precise form of S can only be obtained from a detailed understanding of the full anomaly structure of the effective supergravity and how it is canceled in the underlying string theory. The modular anomaly associated with SL(2, Z)^3 tranformations on Kähler moduli associated with the complex planes in orbifold compactifications of the heterotic string is well-known. It is partially canceled by, for example, a choice of S ∝ G, where G is identified in (2.18). However, a richer anomaly structure is anticipated on the basis of 1-loop supergravity calculations [46, 47], and so we leave S arbitrary in our component expansion. We note that since the GS counterterm potential S is left in a rather general form, our component field expansions do not assume modular invariance; that is, we can accomodate models where violations of modular invariance are envisioned, due to nonperturbative effects in the underlying string theory. On the other hand, exact modular invariance can also be imposed with an appropriate choice for S.

The second GS counterterm is associated with the anomalous U(1)_X , with a corresponding vector superfield V_X . It is given by:

L^X_{GS} = ∫ d^4θ ELδ_X V_X . (2.26)

This addition to the BGW effective theory has been the subject of recent work [32, 33, 34]. There it was shown how to fix to unitary gauge and integrate out the modes that acquire large masses when the Fayet-Iliopoulos (FI) term that arises from (2.26) spontaneously breaks U(1)_X at a high scale.

We have omitted the perturbative one-loop effective quantum correction to the Lagrangian. Related expresssions have been studied by various groups: by Derendinger et al. using superconformal methods [21]; by Bagger et al. using a component field approach [48]; by Gaillard et al. in U(1)_K superspace [49]. However, all of these calculations involve various simplifying assumptions on the form of the bare Lagrangian compared to what is given here. Furthermore, in the calculation of [49] there exist some uncertainties in the precise form of the chiral projection operator P_χ employed there. In principle the one-loop effective quantum correction to the Lagrangian can be derived from L_{kin} + L_{pot} by a one-loop computation using, say, Pauli-Villars regularization [46]. In fact, much of this calculation has been performed in [46] for the class of Lagrangians studied here. One possible motivation for the present work is to fill in the fermionic details of the component Lagrangian needed to complete the one-loop computation.

3 Aspects of the component Lagrangian

Our results for L_{pot} + L_{VY} + L_{thr} + L^X_{GS} are given in Appendix D. For this part of L the component field expansion is straightforward, except for a certain subtlety that arises in L^X_{GS}. This has to do with the evaluation of spinorial derivatives acting on the U(1)_X vector superfield V_X . Here it is important to properly account for the conventions of BGG for the solution of superspace Bianchi identities; details are given in Appendix A.

The superpotential Lagrangian (D.1) contains the usual terms that are present in chiral supergravity; of course a mixing with the dilaton occurs due to the ℓ dependence in the e^{K/2} prefactor for these terms.^6 In addition we have pieces explicitly associated with the linear supermultiplet: 1 e L^L_{pot} = e^{K/2} { − 1 4 W (k^{′′} + k^{′2})(φφ) − 1 √ 2 (W_k + W G_k) k^′(φχ^k) +W k^′ [ 1 4 ū − 1 4 tr (λ̄λ̄) + 1 3 Mℓ + i 2 (ψ̄^mσ̄_mφ) ]} + h.c. (3.1)

The bosonic terms were previously studied in the works of BGW. Note that the (effective) dilatino and gaugino masses receive contributions from the bilinears φφ and λ̄λ̄ that appear in (3.1). The bilinear φχ^k which mixes the dilatino φ with matter

6We remind the reader of the dilaton (ℓ) dependent contribution k(ℓ) to the Kähler potential (2.18); also note that k^′ = ∂k/∂ℓ, etc. below.

fermions χ^k is a feature that deserves further study.^7 In particular, the presence of large vevs generally leads to important effects that would arise from the φχ^k bilinear. For example, it is common in semi-realistic string models for exotic states to be removed at a high scale through large effective masses generated by FI-induced vevs: m_{ij} ∼ 1 2 ⟨e^{K/2}W_{ij} ⟩ <∼ O(0.1)m_P , (3.2) where m_P is the reduced Planck mass. This implies effective couplings in (3.1) of the form − √ 2 m_{ij} m_P k^′(ℓ)ϕ^i(φχ^j). (3.3) The implications of such couplings for the cosmology associated with the dilaton, dilatino and heavy matter states presents an interesting topic for further study.

A feature that is special to the fermionic terms appears from the effective theory of gaugino condensation. This is related to the auxiliary fermions Λ^α_{(a)} contained in the gaugino condensate superfields U_{(a)}; see (A.5). When these fields are eliminated by their equations of motion, we obtain their contribution to the Lagrangian: 1 e L(Λ) = ∑ (a)∈G_C b^′_{(a)} 8u_{(a)}

(ΛΛ)_{(a)} + h.c. = ∑ (a)∈G_C 2u_{(a)} b^′_{(a)} { (f^{(a)})^2(φφ) + f̂^{(a)}_k f̂^{(a)}_ℓ (χ^kχ^ℓ)

+(f̃^{(a)})^2(ψ̄_mσ̄^mσ^nψ̄_n) + 2f^{(a)}f̂^{(a)}_k (φχ^k) +2if̃^{(a)} [ f^{(a)}(ψ̄_mσ̄^mφ) + f̂^{(a)}_k (ψ̄_mσ̄^mχ^k) ]} + h.c., (3.4)

f^{(a)} = 1 4 √ 2 [ b^′_{(a)}k^′ − f^{′′} − ( k^′ + ℓk^{′′} 1 −^1_3 ℓk^′ ) k^′ − 2k^{′′} − ( k^′ + 3k^{′′}ℓ k^′ℓ − 3 ) k^′ ] , (3.5)

f̂^{(a)}_k = 1 4 ( b^′_{(a)}G_k − h^{(a)}_k − S_k ) , (3.6)

f̃^{(a)} = 1 8 √ 2 [ 2b^′_{(a)} ln ( e^{1− K2} u_{(a)}/μ^3 ) + 2h^{(a)} + f^′ + k^′ + S ] . (3.7)

The (holomorphic) function h^{(a)}(ϕ, π) is defined in (B.6), and

h^{(a)}_k χ^k = ∂h^{(a)} ∂ϕ^k χ^k + ∂h^{(a)} ∂π^α χ^α. (3.8)

7The coupling of the dilatino to the gravitino can be eliminated with the “gauge” choice (ψ̄^mσ̄_m)^α = 0.

Here √ 2χ^{αβ} = D^β Π^α|_{(0,0)} is a further auxiliary spinor, contained in the matter condensate superfield, which can likewise be eliminated using its equations of motion.

As can be seen from (3.4), we obtain a soft mass for the dilatino; it is roughly the order of the supersymmetry breaking scale u_{(a)}/m^2_P ∼ 1 TeV. Furthermore, matter fermions get a soft mass contribution, which includes mixing with the dilatino, suppressed by ⟨f̂^{(a)}_k ⟩/m_P . These must be singlets under the Standard Model gauge group SU(3)_C × SU(2)_L × U(1)_Y in order for this effect to matter. To see this note that f̂^{(a)}_k transforms as the conjugate of χ^k. This implies ⟨f̂^{(a)}_k ⟩/m_P <∼ 10^{−15} if χ^k is charged under the Standard Model. Thus these terms are relevant only in extended models, such as the Non-Minimal Supersymmetric Standard Model (NMSSM), or models with an inflatino, etc. Going to the gauge ψ̄_mσ̄^m ≡ 0 demonstrates that the above terms do not contribute to the gravitino mass.

In the language of [22], the auxiliary spinors Λ_{(a)} and Λ_{(a)} correspond to the nextto-highest components of the Chern-Simons superfield Ω_{(a)}. However, the authors of [22] set these components identically to zero (cf. their Eq. (3.29)); hence, the above contributions to soft fermion masses do not appear in their results. This is one of the ways in which our results generalize previous work.

4 Conclusions

In this note we have carried out the calculation of the component Lagrangian for supergravity coupled to gauged matter and a linear dilaton multiplet. We have reviewed the reasons why this alternative to the chiral dilaton formultion might be useful. We have commented on previous work that exists in the the literature and have explained the ways in which the results presented here generalize those that have appeared before. We have offered ways in which these results might be put to use.

In particular we believe that further details of the duality between the linear dilaton and the chiral dilaton should be explored. Since some results in the literature are at odds it would appear that a more careful comparison at the component field level may uncover the errors which we suppose have led to these discrepancies. At the same time, holomorphy prevents corrections to the superpotential that involve the linear multiplet and these must arise as exact symmetries in the chiral formulation. It would be interesting to make the connection more precise. The component expansion provided here makes that possible since the duality transformations can be checked at the component field level.

Kähler stabilization involves deviations of the dilaton Kähler potential from the leading order form. Such corrections are easily encoded with the modular invariant L, whereas they require the modified dilaton multiplet S^′ which mixes S and T^I in the chiral formulation.^8 This is no real impediment, but it does make the two frameworks difficult to relate; we can imagine that each naturally probes some different regions of parameter space for these nonperturbative corrections. A further study of the duality transformations is required to determine the extent to which a representative coverage is achieved in either scheme.

We have also pointed out some of the peculiarities of the component Lagrangian. The fact that L cannot appear in the superpotential leads to special constraints that yield a more restrictive phenomenology if they are respected. Whereas they can be imposed in the chiral dilaton formulation, they “fall out” in the present work. This is a nice feature because in a certain sense it automates model-building. We have also pointed out how the effective theory of dynamical supersymmetry breaking is impacted by the fact that the gaugino condensate superfield is obtained from L through Bianchi identies; in particular we showed how this can impact the soft term phenomenology of the low energy theory.

As can be seen, several details of the effective theory, and its relation to other formulations, remain to be explicitly sorted out. We do not expect any remarkable things to be found through further exploration of this duality, but we anticipate that complete agreement between the formulations will emerge. As this goal is achieved, the related phenomenological studies will become increasingly reliable and accurate. Furthermore, the situations that can be studied easily will be enlarged by the availability of component Lagrangians that are more general and can thus accomodate a greater variety of assumptions at the superfield level.

Acknowledgements

The author would like to thank Mary K. Gaillard, Brent D. Nelson and Erich Poppitz for useful discussions. Thanks are also owed to the referee, who provided helpful

8That is, one would typically introduce nonperturbative corrections to the dilaton Kähler potential in a duality invariant way; see for example [21] for a definition of S^′.

suggestions for how this article might be improved. This work was supported in part by the Director, Office of Science, Office of High Energy and Nuclear Physics, Division of High Energy Physics of the U.S. Department of Energy under Contract DE-AC03-76SF00098 and in part by the National Science Foundation under grant PHY-00-98840. Support was also provided by NSERC.

Appendices

A Notation and conventions

The linear superfield L is defined to satisfy modified linearity conditions such that

(D^2 − 8R)L = −U − tr (WW), (D^2 − 8R)L = −U − tr (WW), (A.1) [D_α, D_{α̇}]L = 4LG_{αα̇} + 2B_{αα̇} + 2 tr (W_αW_{α̇}), (A.2)

where we abbreviate sums over G_C (condensing parts of the gauge group) and non-G_C parts of the gauge group by tr (WW) ≡ ∑ (a)∉G_C (WW)_{(a)}, U ≡ ∑ (a)∈G_C U_{(a)}, etc. (A.3)

In what follows we adopt the conventions and notation of BGG for the definitions of component fields in terms of θ = θ̄ = 0 parts (denoted by |_{(0,0)} ) of spinorial derivatives (D_α, D^{α̇}, etc.) of superfields, with the exception that we denote the dilatino according to:

φ_α ≡ D_αL|_{(0,0)} , φ̄^{α̇} ≡ D^{α̇}L|_{(0,0)} . (A.4)

In addition we define the component fields

u_{(a)} = U_{(a)}|_{(0,0)} , Λ_{(a)α} = 1 √ 2 D_αU_{(a)}|_{(0,0)} , F_{U(a)} = − 1 4 D^2U_{(a)}|_{(0,0)} , (A.5)

and corresponding conjugates. We also have in the notation of (A.3) u = ∑ (a)∈G_C u_{(a)}, Λ_α = ∑ (a)∈G_C Λ_{(a)α}, F_U = ∑ (a)∈G_C F_{U(a)} . (A.6)

For the (auxiliary) matter condensate superfields Π^α we have component fields

π^α = Π^α|_{(0,0)} , χ^α_β = 1 √ 2 D_β Π^α|_{(0,0)} , F^β = − 1 4 D^2Π^α|_{(0,0)} , (A.7)

where α should not be confused with a spinor index.

A semicolon denotes the usual Kähler covariant differentiation on the complex scalar manifold; e.g.,

W_{k;ℓ} = W_{kℓ} − Γ^m_{kℓ}W_m, Γ^m_{kℓ} = G^{mm̄}G_{km̄ℓ}. (A.8)

In addition to the usual gauge and space-time reparameterization covariance, Kähler covariance and U(1)_K covariance is included in the covariant derivatives that appear in the component expansions. E.g., for the fermionic components of chiral superfields we have

D_mχ^k_α = ∂_mχ^k_α − ω^β_{mα} χ^k_β − A_mχ^k_α − ia^{(a)}_m (T_{(a)}χ_α)^k + χ^iΓ^k_{ij} D_mϕ^j , (A.9)

and for the dilatino we have

D_mφ^α = ∂_mφ^α + φ^βω^α_{mβ} − φ^αA_m. (A.10)

Here, ω^β_{mα} is the usual spin connection, a^{(a)}_m is the Yang-Mills connection, A_m is the U(1)_K connection, and the Kähler connection Γ^k_{ij} is defined in (A.8). The coefficient of the A_m term in D_m depends on the U(1)_K weight of the field on which it acts.^9 The component field expansion for A_m ≡ A_m|_{(0,0)} is given by

A_m|_{(0,0)} = − i 2 b_m + 1 4 G_k D_mϕ^k − 1 4 G¯_k D_mϕ̄^{k̄} + i 4 G_k¯_k (χ^kσ_mχ̄^{k̄}) − i 8 k^{′′}(φ̄σ̄_mφ) + i 6 k^′ℓb_m − i 4 k^′B_m − i 8 k^′ tr (λ̄σ̄_mλ) + 1 8 k^′(ψ_mφ) − 1 8 k^′(ψ̄_mφ̄). (A.11)

We have checked that our expression for A_m|_{(0,0)} is equivalent to (BGG-E.3.4) in the special case of k(L) = α ln L; in this calculation (BGG-5.2.20) and (BGG-5.3.7) are especially useful; furthermore, a typo in (BGG-E.3.4) must be corrected—the “level”

9See Section 4 of BGG for a fuller specification and explanation of covariant derivatives in the present formalism.

factor of k (not to be confused with the functional k(L)) should be absent on the^∗h_m term that appears in (BGG-E.3.4).

We evaluate the terms of L^X_{GS} and its spinorial derivatives in Wess-Zumino (WZ) gauge:

V_X |_{(0,0)} =_{WZ} D_αV_X |_{(0,0)} =_{WZ} D_{α̇}V_X |_{(0,0)} =_{WZ} D_αD_β V_X |_{(0,0)} =_{WZ} D_{α̇}D˙_β V_X |_{(0,0)} =_{WZ} 0. (A.12)

To evaluate the component field expansions of the spinorial derivatives of V_X , we must be careful to use the conventions of BGG for the solution to the superspace Bianchi identities, and not those of, for example, Wess and Bagger [2]. Taking this into account, we find:

D_αD_{α̇}V_X |_{(0,0)} =_{WZ} −a_{Xαα̇}, D_αD^2V_X |_{(0,0)} =_{WZ} 4iλ_{Xα} + 2ia_{Xm}(σ^nσ̄^mψ_n)_α,

D^2D^2V_X |_{(0,0)} =_{WZ} 8D_X + 16 3 b^ma_{Xm} − 4a_{Xn}(ψ^mσ^nψ̄_m) − 8iD^ma_{Xm} +4(λ̄_X σ̄^mψ_m) − 4(ψ̄^mσ̄_mλ_X ). (A.13)

These expressions are sufficient to compute L^X_{GS}, when combined with other identities given here and in BGG.

It proves convenient to introduce the following abbreviations:

Δ_mϕ^k = e^a_m D_aΦ^k |_{(0,0)} = D_mϕ^k − 1 √ 2 (ψ_mχ^k), (A.14)

Δ_mϕ̄^{k̄} = e^a_m D_aΦ^{k̄} |_{(0,0)} = D_mϕ̄^{k̄} − 1 √ 2 (ψ̄_mχ̄^{k̄}), (A.15)

Δ_mℓ = e^a_m D_aL|_{(0,0)} = ∂_mℓ − 1 2 (ψ_mφ) − 1 2 (ψ̄_mφ̄), (A.16) if̂_{(a)nm} = if_{(a)nm} + (ψ_nσ_mλ̄_{(a)}) + (ψ̄_nσ̄_mλ_{(a)}). (A.17)

Because of its length, we find it convenient to abbreviate D^2(WW)_{(a)}|_{(0,0)} below. It is straightforward to obtain D^2(WW)_{(a)}|_{(0,0)} from (BGG-4.5.25) if one makes the identification f_{(r)(s)} ≡ −16 for the functional f_{(r)(s)} that appears there:

D^2(WW)_{(a)}|_{(0,0)} = 2f^{mn}_{(a)} f_{(a)mn} + iϵ^{mnpq}f_{(a)mn}f_{(a)pq} + 8i(λσ^mD_mλ̄)_{(a)} −4D^2_{(a)} + 4M (λλ)_{(a)} − 4(λ_{(a)}σ^mψ̄_m)D_{(a)}

−4i [ (ψ_mσ^{pq}σ^mλ̄_{(a)}) + (ψ̄_mσ̄^{pq}σ̄^mλ_{(a)}) − (ψ̄_mσ̄^mσ^{pq}λ_{(a)}) ] f_{(a)pq} −2 [ (ψ_mσ^{pq}σ^mλ̄_{(a)}) + 2(ψ̄_mσ̄^{pq}σ̄^mλ_{(a)}) − (ψ̄_mσ̄^mσ^{pq}λ_{(a)}) ] × [ (ψ_pσ_qλ̄_{(a)}) + (ψ̄_pσ̄_qλ_{(a)}) ] . (A.18)

It is also useful to abbreviate the following components of the superspace torsion:

T^α_{cb} |_{(0,0)} = 1 2 e^m_b e^n_c (D_nψ^α_m − D_mψ^α_n ) + i 12 [e^m_c (ψ_mσ_nσ̄_b)^α − e^m_b (ψ_mσ_nσ̄_c)^α] b^n − i 12 [ e^m_c (ψ̄_mσ̄_b)^α − e^m_b (ψ̄_mσ̄_c)^α ] M, (A.19) T_{cbα̇}|_{(0,0)} = 1 2 e^m_b e^n_c ( D_nψ̄_{mα̇} − D_mψ̄_{nα̇} )

− i 12 [ e^m_c (ψ̄_mσ̄_nσ_b)_{α̇} − e^m_b (ψ̄_mσ̄_nσ_c)_{α̇} ] b^n − i 12 [e^m_c (ψ_mσ_b)_{α̇} − e^m_b (ψ_mσ_c)_{α̇}] M, (A.20) as can be found in (BGG-4.1.31) and (BGG-4.1.32).

B Projection to component fields

If Ω is a real superfield of U(1)_K weight zero, then we may use (BGG-D.1.10) to integrate by parts in superspace and obtain

L_Ω ≡ ∫ d^4θ EΩ = ∫ d^4θ E 2R r̂_Ω + h.c., where r̂_Ω ≡ − 1 8 (D^2 − 8R)Ω. (B.1) Note that r̂_Ω is the chiral projection of Ω. We use this technique to convert the integrals of (2.24) to the form (B.1). Doing so we have: r̂_{GS} = r̂^0_{GS} + r̂^X_{GS}, r̂_{thr} = r̂^P_{thr} + r̂^{NP}_{thr} , r̂_{VY} = r̂^U_{VY} + r̂^Π_{VY}; (B.2) r̂_{pot} = e^{K/2}W, r̂^X_{GS} = − δ_X 8 (D^2 − 8R) (LV_X ) , r̂^P_{thr} = 1 4 ∑ I ∑ (a)∉G_C (WW)_{(a)}b^I_{(a)} ln η^{−2}(T^I ), r̂^{NP}_{thr} = 1 4 ∑ I ∑ (a)∈G_C U_{(a)}b^I_{(a)} ln η^{−2}(T^I )

r̂^U_{VY} = 1 4 ∑ (a)∈G_C b^′_{(a)}U_{(a)} ln ( e^{−K/2}U_{(a)}/μ^3 ) , r̂^Π_{VY} = 1 4 ∑ (a)∈G_C ∑ α b^α_{(a)}U_{(a)} ln ( A^α_{(a)}(Φ) Π^α ) ; (B.3)

r̂_{kin} = − 1 8 (D^2 − 8R) [−2 + f(L)] ,

r̂^0_{GS} = − 1 8 (D^2 − 8R) [ LS(Φ, Φ) ] . (B.4)

It is convenient to introduce two holomorphic functionals h^{(a)}(Φ, Π) and ĥ^{(a)}(Φ) by the identifications

r̂^Π_{VY} + r̂^{NP}_{thr} ≡ 1 4 ∑ (a)∈G_C U_{(a)}h^{(a)}(Φ, Π), r̂^P_{thr} ≡ 1 4 ∑ (a)∉G_C (WW)_{(a)}ĥ^{(a)}(Φ, Π). (B.5)

From the expressions (B.3) we see that

h^{(a)} = ∑ α b^α_{(a)} ln ( A^α_{(a)}(Φ) Π^α ) + ĥ^{(a)}, ĥ^{(a)} = ∑ I b^I_{(a)} ln η^{−2}(T^I ). (B.6)

It is worth noting that since our component expansions are written in terms of h^{(a)}, ĥ^{(a)}, our results are more general than (B.6), and accomodate any assumptions of the form (B.5).

For any of the r̂_i defined above, we have from (BGG-4.4.22) that the corresponding component Lagrangian is given in terms of the θ = θ̄ = 0 limit of spinorial derivatives:

L_i = e [ − 1 4 D^2r̂_i|_{(0,0)} + i 2 ( ψ̄_mσ̄^m )_α D_αr̂_i|_{(0,0)} − ( M + ψ̄_mσ̄^{mn}ψ̄_n ) r̂_i|_{(0,0)} ] + h.c. (B.7)

Here, e is the determinant of the ordinary vierbein; i.e., the usual √ − det g factor. In each case r̂_i has U(1)_K weight 2. Let the symbol D denote covariant differentiation including U(1)_K and D covariant differentiation not including U(1)_K . Then

D_αr̂_i = (D_α + 2A_α)r̂_i, D^2r̂_i = (D^α + A^α) D_αr̂_i, (B.8)

where the superform A is the U(1)_K connection.^{10}

10The quantity A_m used above is related via A_m = (E^B_m A_B )|_{(0,0)} , where B runs over b, β, β̇.

C Geometric relations

Here we briefly discuss methods based on the U(1)_K superspace geometry that are used in the more difficult expansions. The first set arises in the kinetic part of the Lagrangian L_{kin}, defined in (2.20). The second set occurs in the Green-Schwarz counterterm Lagrangian L^0_{GS}, associated with duality group invariance, defined in (2.25).

The difficulty that is encountered in evaluating L_{kin} is the computation of the component field expansion of

D_αR|_{(0,0)} , D^{α̇}R̄|_{(0,0)} , D^2R|_{(0,0)} + h.c. (C.1)

Techniques for the evaluation of these in the presence of a linear multiplet were developed in [16]. However in that case the L-dependent Kähler potential is k(L) = α ln L and some simplifications occur; furthermore, our conventions for the component field definitions differ slightly; thus in the present context we must recalculate these expansions. We now detail the techniques and arrange the expressions that are evaluated in Appendices E and F.

For the evaluation of D_αR|_{(0,0)} , we appeal to the identity (BGG-3.4.42): D_αR = − 1 3 X_α − 2 3 (σ^{cb}ϵ)_{αγ}T^γ_{cb} , (C.2)

where X_α is the chiral field strength associated with the Kähler potential: X_α ≡ − 1 8 (D^2 − 8R)D_αK. (C.3)

As originally described in [16], the field strength X_α contains D_αR because of the L-dependence in K (cf. Eq. (2.18)) and the modified linearity conditions (A.1). Thus we extract the D_αR contained in X_α so that we can solve for it explicitly, following the methods of [16]—reviewed in BGG Section 5.4. This involves the definitions:^{11}

X_α = X_{0α} + Z_α − Lk^′(L)D_αR, X_{0α} ≡ − 1 8 (D^2 − 8R)D_αG(Φ, Φ), Z_α ≡ Lk^′(L)D_αR − 1 8 (D^2 − 8R)D_αk(L). (C.4)

11Note that the quantity Y_α appearing in (BGG-5.4.5) is related to the present notation by Y_α ≡ X_{0α} + Z_α.

Using (C.4) we rewrite (C.2) as

(k^′L − 3)D_αR = X_{0α} + Z_α + 2(σ^{cb}ϵ)_{αγ} T^γ_{cb} , (C.5)

where now, as it turns out, D_αR will not appear on the right-hand side when we work out the component expansion. Eq. (C.5) is in agreement with (BGG-5.4.6). After considerable manipulation we find for D_αR|_{(0,0)} the expansion given in (E.3) and (E.4). One obtains D^{α̇}R|_{(0,0)} by hermitian conjugation.

For the evaluation of (D^2R + h.c.)|_{(0,0)} we appeal to (BGG-3.4.44):

D^2R + h.c. = − 2 3 R^{ba}_{ba} − 1 3 (D^αX_α + h.c.) + 4G^aG_a + 32RR. (C.6)

Similar to the situation described in the previous paragraph, we need to extract (D^2R + h.c.) from (D^αX_α + h.c.) due to the L-dependence in K. With definition (C.4) it is not hard to show that

(k^′L − 3)(D^2R + h.c.) =

2R^{ba}_{ba} − 12G^aG_a − 96RR + (D^αX_{0α} + D^αZ_α + h.c.) −(k^′ + k^{′′}L)(D^αLD_αR + h.c.), (C.7)

in agreement with (BGG-5.4.8). Taking the θ = θ̄ = 0 part of this expression yields

(k^′ℓ − 3)(D^2R + h.c.)|_{(0,0)} = 2R − 4 3 b^mb_m − 8 3 MM + (D^αX_{0α}|_{(0,0)} + D^αZ_α|_{(0,0)} + h.c.)

−(k^′ + k^{′′}ℓ)(φ^αD_αR|_{(0,0)} + h.c.), (C.8)

where R is the space-time Ricci scalar. Note that in the special case k(ℓ) = α ln ℓ considered in [16] we have k^′ + k^{′′}ℓ = 0. This eliminates the last term and simplifies many of the expressions given below.

The component field expansion of (D^αX_{0α}|_{(0,0)} + h.c.) is obtained from (BGG- 4.2.13) provided we take K(Φ, Φ) → G(Φ, Φ) in their expressions for derivatives of the Kähler potential. This leaves only (D^αZ_α|_{(0,0)} + h.c.) to be determined; we have evaluated this in (E.7).

For the evaluation of L^0_{GS} it was shown in [16] how to proceed through the chiral field strength for the Green-Schwarz counterterm potential S(Φ, Φ): X_{Sα} = − 1 8 (D^2 − 8R)D_α S. (C.9)

The evaluation of X_{Sα} is more complicated than that for X_{0α} ≡ −^1_8 (D^2 − 8R)D_αG: whereas G_k¯_{k;ℓ} ≡ 0, the corresponding quantity S_k¯_{k;ℓ} does not necessarily vanish. However, the organization of the calculation around this field strength proves productive and leads directly to the results of Appendix F.

D Expansion of L_{pot} + L_{VY} + L_{thr} + L^X_{GS}

Here the expansions are straightforward. See Appendix B for superfield definitions of various parts of the Lagrangian given here. 1 e L_{pot} = e^{K/2} { − 1 2 (W_{k;ℓ} + W G_{k;ℓ} + W_ℓG_k + W_k G_ℓ + W G_k G_ℓ) (χ^kχ^ℓ) − 1 4 W (k^{′′} + k^{′2})(φφ) − [ M + (ψ̄_mσ̄^{mn}ψ̄_n) ] W + (W_k + W G_k ) [ F^k − 1 √ 2 k^′(φχ^k) + i √ 2 (ψ̄^mσ̄_mχ^k) ]

+W k^′ [ 1 4 ū − 1 4 tr (λ̄λ̄) + 1 3 M ℓ + i 2 (ψ̄^mσ̄_mφ) ]} + h.c. (D.1) 1 e L^U_{VY} = ∑ (a)∈G_C b^′_{(a)} 4 { − 1 2u_{(a)}

(ΛΛ)_{(a)} + u_{(a)} 4 k^{′′}(φφ) + u_{(a)} 2 G_{k;ℓ}(χ^kχ^ℓ) + 1 √ 2 k^′(Λ_{(a)}φ) − [ M + (ψ̄_mσ̄^{mn}ψ̄_n) ] u_{(a)} ln ( e^{−K/2}u_{(a)}/μ^3 )

−k^′u_{(a)} [ 1 4 ū − 1 4 tr (λ̄λ̄) + 1 3 M ℓ + i 2 (ψ̄^mσ̄_mφ) ]

−G_k [ u_{(a)}F^k + i √ 2 u_{(a)}(ψ̄^mσ̄_mχ^k) − (Λ_{(a)}χ^k) ]

+ ln ( e^{1− K2} u_{(a)}/μ^3 ) [ F_{U(a)} + i √ 2 (ψ̄^mσ̄_mΛ_{(a)}) ]} + h.c. (D.2) 1 e L^Π_{VY} + 1 e L^{NP}_{thr} = ∑ (a)∈G_C 1 4 { h^{(a)} [ F_{U(a)} + i √ 2 (ψ̄^mσ̄_mΛ_{(a)}) − u_{(a)} ( M + (ψ̄_mσ̄^{mn}ψ̄_n) ) ]

+h^{(a)}_k [ u_{(a)}F^k + i √ 2 u_{(a)}(ψ̄^mσ̄_mχ^k) − (Λ_{(a)}χ^k) ]

− 1 2 h^{(a)}_{k;ℓ} u_{(a)}(χ^kχ^ℓ) } + h.c. (D.3)

1 e L^P_{thr} = ∑ (a)∉G_C 1 4 { ĥ^{(a)} [ (λλ)_{(a)} ( M + (ψ̄_mσ̄^{mn}ψ̄_n) ) − 1 2 f^{mn}_{(a)} f_{(a)mn} − i 4 ϵ^{mnpq}f_{(a)mn}f_{(a)pq} − 2i(λσ^mD_mλ̄)_{(a)} + D^2_{(a)} − M (λλ)_{(a)} + ( (ψ_mσ^{pq}σ^mλ̄_{(a)}) + (ψ̄_mσ̄^{pq}σ̄^mλ_{(a)}) ) × ( if_{(a)pq} + 1 2 (ψ_pσ_qλ̄_{(a)}) + 1 2 (ψ̄_pσ̄_qλ_{(a)}) )

− i 2 ϵ^{mnpq}(ψ̄_mσ̄_nλ_{(a)}) ( (ψ_pσ_qλ̄_{(a)}) + (ψ̄_pσ̄_qλ_{(a)}) )]

−ĥ^{(a)}_k [ (λλ)_{(a)} ( F^k + i √ 2 (ψ̄^mσ̄_mχ^k) ) − i √ 2(χ^kλ_{(a)})D_{(a)} + √ 2(χ^kσ^{mn}λ^{(a)})f̂_{(a)mn} ] − 1 2 ĥ^{(a)}_{k;ℓ} u_{(a)}(χ^kχ^ℓ) } + h.c. (D.4) 1 e L^X_{GS} = δ_X 4 a_{Xm} { 2B^m + tr (λ̄σ̄^mλ) + 2i [ (φσ^{nm}ψ_n) + (ψ̄_nσ̄^{nm}φ̄) ]

−2ℓ(ψ̄^nσ̄^mψ̄_n) + iℓϵ^{mnpq}(ψ̄_nσ̄_pψ_q) } + δ_X 4 { i [ (φλ_X ) − (φ̄λ̄_X ) ] +ℓ [ (ψ̄^mσ̄_mλ_X ) + (λ̄_Xσ̄^mψ_m) ] + 2ℓD_X } (D.5)

Here we have evaluated L^X_{GS} in Wess-Zumino (WZ) gauge (see Eq. (A.12)).

E Expansion of L_{kin}

The kinetic Lagrangian L_{kin}, defined in (2.20), is obtained from the component expansion of r̂_{kin}, defined in (B.4). With some effort the following expressions are obtained:

r̂_{kin}|_{(0,0)} = − 1 8 f^{′′}(φ̄φ̄) + 1 8 f^′ ( u − (λ^{(a)}λ_{(a)}) + 4 3 Mℓ )

+ 1 6 (2 − f)M, (E.1)

D_αr̂_{kin}|_{(0,0)} = − 1 8 f^{′′′}φ_α(φ̄φ̄) + 1 8 f^{′′}φ_α ( u − (λ^{(a)}λ_{(a)}) + 4 3 Mℓ )

+ 1 4 √ 2 f^′Λ_α − i 4 f^′λ^{(a)}_α D_{(a)} + 1 4 f^′(σ^{nm}λ^{(a)})_αf̂_{(a)nm} − 1 4 f^{′′}(σ^mφ̄)_αB_m + i 4 f^{′′}(σ^mφ̄)_αΔ_mℓ + 1 6 f^{′′}ℓ(σ^mφ̄)_αb_m + 1 4 f^{′′}λ^{(a)}_α (λ̄_{(a)}φ̄) + X_{0α}|_{(0,0)} + Z_α|_{(0,0)}

+2(σ^{cb})^γ_α T_{cbγ} |_{(0,0)} . (E.2)

We have left abbreviated T_{cbγ} |_{(0,0)} , which is given above in (A.19), as well as:

Z_α|_{(0,0)} = − 1 8 k^{′′′}φ_α(φ̄φ̄) − i 4 k^{′′}(σ^mφ̄)_αΔ_mℓ − i 4 k^′λ^{(a)}_α D_{(a)} + 1 8 ( k^{′′}φ_α + ik^′(σ^mψ̄_m)_α ) ( u − (λ^{(a)}λ_{(a)}) + 4 3 Mℓ )

+ 1 6 k^{′′}ℓ(σ^mφ̄)_αb_m − 1 4 k^{′′}(σ^mφ̄)_αB_m − 1 4 k^{′′}λ^{(a)}_α (λ̄_{(a)}φ̄) + 1 4 k^′(σ^{nm}λ^{(a)})_αf̂_{(a)nm} + 1 4 √ 2 k^′Λ_α + 1 6 k^′Mφ_α + 1 6 k^′(σ^mφ̄)_αb_m − i 2 k^′(σ^mD_mφ̄)_α + i 4 k^′(σ^mσ̄^nψ_m)_α ( iΔ_nℓ + 2 3 ℓb_n − B_n )

+ i 4 k^′(σ^mλ̄^{(a)})_α(ψ_mλ_{(a)}), (E.3)

X_{0α}|_{(0,0)} = 1 √ 2 F^{k̄}G_k¯_k χ^k_α − i √ 2 G_k¯_k (σ^mχ̄^{k̄})_αΔ_mϕ^k + iG_kλ^{(a)}_α (T_{(a)}ϕ)^k. (E.4)

These quantities also appear in the final piece that contributes to L_{kin}:

(D^2r̂_{kin} + h.c.)|_{(0,0)} = − 1 4 f^{′′′′}(φφ)(φ̄φ̄) + 2 3 (f^{′′} + ℓf^{′′′})(φσ^mφ̄)b_m + 1 4 f^{′′′} [ (φ̄φ̄) ( u − (λ̄^{(a)}λ̄_{(a)}) + 4 3 Mℓ ) + h.c. ]

−f^{′′′}(φσ^mφ̄)B_m + f^{′′′}(φλ^{(a)})(φ̄λ̄_{(a)}) + 5 6 f^{′′} [M(φφ) + h.c.] +f^{′′} [ i(D_mφσ^mφ̄) − i 2 (λ^{(a)}σ^mφ̄)(λ̄_{(a)}ψ̄_m) + i 2 (ψ̄_mσ̄^nσ^mφ̄) ( iΔ_nℓ + B_n − 2 3 ℓb_n )

− i 4 (ψ_mσ^mφ̄) ( u − (λ̄^{(a)}λ̄_{(a)}) + 4 3 M ℓ ) + h.c. ]

+ 1 √ 2 f^{′′}[(φΛ) + h.c.] − f^{′′}Δ^mℓΔ_mℓ +f^{′′} ( B^m − 2 3 ℓb^m ) ( B_m − 2 3 ℓb_m ) − 1 2 f^′(F_U + F_U ) − 1 2 f^{′′}(λ^{(a)}λ^{(b)})(λ̄_{(a)}λ̄_{(b)}) + f^{′′} ( B_m − 2 3 ℓb_m ) tr (λσ^mλ̄) − 1 4 f^{′′} ( u − (λ^{(a)}λ_{(a)}) + 4 3 Mℓ )( ū − (λ̄^{(a)}λ̄_{(a)}) + 4 3 M ℓ )

+f^{′′} [ −i(φλ^{(a)})D_{(a)} + (φσ^{nm}λ^{(a)})f̂_{(a)nm} + h.c. ] +2R − 4 3 b^mb_m − 8 3 MM + ( k^′ + ℓk^{′′} 1 −^1_3 ℓk^′ ) [ φ^αX_{0α}|_{(0,0)} + φ^αZ_α|_{(0,0)} + 2(φσ^{cb})^γ_α T_{cbγ} |_{(0,0)} + h.c. ]

+ [ D^αX_{0α}|_{(0,0)} + D^αZ_α|_{(0,0)} + h.c. ] + 1 8 f^′[D^2 tr (WW)|_{(0,0)} + h.c.]. (E.5)

Here we have abbreviated D^αX_{0α}|_{(0,0)} and D^αZ_α|_{(0,0)} . The quantity D^αX_{0α}|_{(0,0)} is obtained from (BGG-4.2.13) with the replacement K(ϕ, ϕ̄) → G(ϕ, ϕ̄). Thus,

D^αX_{0α}|_{(0,0)} = G_k¯_k [ 2D^m ϕ^kD_mϕ̄^{k̄} − 2F^kF^{k̄} − (ψ^mχ^k)(ψ̄_mχ̄^{k̄})

+i(χ^kσ^mD_mχ̄^{k̄}) − i(D_mχ^kσ^mχ̄^{k̄}) +i2 √ 2(χ^kλ^{(a)})(ϕ̄T_{(a)})^{k̄} − i2 √ 2(χ̄^{k̄}λ̄^{(a)})(T_{(a)}ϕ)^k + i √ 2 F^{k̄} (ψ̄_mσ̄^mχ^k) + i √ 2 F^k(ψ_mσ^mχ̄^{k̄}) + 1 √ 2 ( (ψ̄_mσ̄^nσ^mχ̄^{k̄}) − 2(ψ̄^nχ̄^{k̄}) ) Δ_nϕ^k + 1 √ 2 ( (ψ_mσ^nσ̄^mχ^k) − 2(ψ^nχ^k) ) Δ_nϕ̄^{k̄} ]

− 1 2 R_k¯_{kℓ}¯_ℓ(χ^kχ^ℓ)(χ̄^{k̄}χ̄^{ℓ̄}) + 2G_k D^{(a)}(T_{(a)}ϕ)^k. (E.6)

After no small effort we obtain:

(D^αZ_α + h.c.)|_{(0,0)} = − 1 4 k^{′′′′}(φφ)(φ̄φ̄) − 1 2 k^′ (F_U + h.c.) + k^{′′}Δ^mℓΔ_mℓ

+2k^′D^mΔ_mℓ + 1 2 √ 2 k^{′′} [(Λφ) + h.c.] + 1 2 k^{′′}D^{(a)} [ i(φλ_{(a)}) + h.c. ]

+ 1 2 k^{′′}f̂^{(a)}_{nm} [ (φσ^{nm}λ_{(a)}) + h.c. ] − 1 2 (k^{′′} + k^{′′′})(φλ^{(a)})(φ̄λ̄_{(a)}) − 1 2 k^{′′}(λ^{(a)}λ^{(b)})(λ̄_{(a)}λ̄_{(b)}) − [ k^{′′}b_m + 1 2 (k^{′′} + k^{′′′})B_m ] (φσ^mφ̄) + [ 1 3 (k^′ + 2k^{′′}ℓ)b_m − k^{′′}B_m ] (λ^{(a)}σ^mλ̄_{(a)}) + ( 2 3 ℓb^m − B^m ) [ 4 3 k^′b_m + k^{′′} (2 3 ℓb^m − B^m )]

− 1 4 k^{′′} ( u − (λ^{(a)}λ_{(a)}) + 4 3 Mℓ )( ū − (λ̄^{(a)}λ̄_{(a)}) + 4 3 Mℓ )

+ {( ū − (λ̄^{(a)}λ̄_{(a)}) + 4 3 M ℓ ) [ − 1 6 k^′M + 1 4 k^{′′′}(φ̄φ̄) − i 8 k^{′′}(ψ_mσ^mφ̄) + 1 4 k^′(ψ^mψ_m) ] + h.c. }

+ 1 3 k^{′′} [M(φφ) + h.c.] + 1 2 k^{′′} [i(D_mφσ^mφ̄) + h.c.] + 1 4 k^{′′} [ i(ψ̄_mσ̄^nσ^mφ̄) ( iΔ_nℓ + B_n − 2 3 ℓb_n ) + h.c. ]

− 1 4 k^{′′} [ (λ^{(a)}σ^mφ̄)(λ̄_{(a)}ψ̄_m) + h.c. ] +k^′(ψ^mλ^{(a)})(ψ̄_mλ̄_{(a)}) − k^′ [(ψ^mD_mφ) + h.c.] − 1 6 k^′b_n [i(ψ_mσ^nσ̄^mφ) + h.c.] + 1 6 k^′ [ iM(ψ_mσ^mφ̄) + h.c. ]

+k^′(ψ^mσ^nψ̄_m) ( B_n − 2 3 ℓb_n ) − 1 3 k^′b_m(λ̄^{(a)}σ̄^mλ_{(a)}) + ( k^′ + 3k^{′′}ℓ k^′ℓ − 3 ) [ φ^αX_{0α}|_{(0,0)} + φ^αZ_α|_{(0,0)} + h.c. ]

+ ( k^′(4 − k^′ℓ + k^{′′}ℓ^2) k^′ℓ − 3 ) [ (φσ^{cb})^αT_{cbα}|_{(0,0)} + h.c. ]

+ 1 8 k^′ [ D^2 tr (WW)|_{(0,0)} + h.c. ] . (E.7)

Together with the notations defined in Appendix A, Eqs. (E.1)-(E.7) provide the full component expansion of L_{kin}.

F Expansion of L^0_{GS}

A tedious calculation, using the methods described in Appendix C, yields:

r̂^0_{GS}|_{(0,0)} = 1 8 S [u − tr (λλ)] + 1 2 S¯_k [ ℓF^{k̄} − 1 √ 2 (φ̄χ̄^{k̄}) ]

− 1 4 ℓS¯_{k;}¯_ℓ(χ̄^{k̄}χ̄^{ℓ̄}), (F.1)

D_αr̂^0_{GS}|_{(0,0)} = 1 4 S [ 1 √ 2 Λ_α − iλ^{(a)}_α D_{(a)} + (σ^{nm}λ^{(a)})_αf̂_{(a)nm} ]

+S_k [ 1 4 √ 2 χ^k_α (u − tr (λλ)) + iℓλ^{(a)}_α (T_{(a)}ϕ)^k ]

+ 1 2 S¯_k [ F^{k̄} ( φ_α − iℓ(σ^mψ̄_m)_α ) − 1 √ 2 λ^{(a)}_α (λ̄_{(a)}χ̄^{k̄})

+Δ_mϕ̄^{k̄} (i(σ^mφ̄)_α + ℓ(σ^nσ̄^mψ_n)_α) + √ 2iℓ(σ^mD_mχ̄^{ℓ̄})_α + 1 √ 2 (σ^mχ̄^{k̄})_α (iΔ_mℓ − B^m) ]

+ 1 √ 2 S_k¯_k χ^k_α [ ℓF^{k̄} − 1 √ 2 (φ̄χ̄^{k̄}) ] − 1 2 √ 2 ℓS_k¯_{k;}¯_ℓχ^k_α(χ̄^{k̄}χ̄^{ℓ̄})

+S¯_{k;}¯_ℓ [ i √ 2 ℓΔ_mϕ̄^{k̄}(σ^mχ̄^{ℓ̄})_α − 1 4 φ_α(χ̄^{k̄}χ̄^{ℓ̄}) ] , (F.2)

D^2r̂^0_{GS}|_{(0,0)} = − 1 2 SF_U + S_k [ − 1 2 F^k ( u − (λ^{(a)}λ_{(a)}) ) + 1 2 (χ^kΛ)

+i(φλ^{(a)})(T_{(a)}ϕ)^k + D^{(a)} ( 2ℓ(T_{(a)}ϕ)^k − i √ 2 (χ^kλ^{(a)}) )

+ √ 2iℓ(λ^{(a)}T_{(a)}χ)^k + 1 √ 2 (χ^kσ^{nm}λ^{(a)})f̂_{(a)nm} ]

+S¯_k { − 1 2 ( F^{k̄} + i √ 2 (ψ_mσ^mχ̄^{k̄}) ) ( ū − (λ̄^{(a)}λ̄_{(a)}) + 4 3 M ℓ )

+2iΔ_mϕ̄^{k̄} (iΔ_mℓ − B_m) + √ 2iD_m(φσ^mχ̄^{k̄})

−iF^{k̄} (φσ^mψ̄_m) + Δ_nϕ̄^{k̄} (φσ^mσ̄^nψ_m) + √ 2M (φ̄χ̄^{k̄}) + 1 2 (Λ̄χ̄^{k̄}) − i √ 2 (λ^{(a)}σ^mχ̄^{k̄})(λ̄_{(a)}ψ̄_m) + i √ 2 D^{(a)}(λ̄_{(a)}χ̄^{k̄}) + i √ 2 (ψ̄_mσ̄^nσ^mχ̄^{k̄}) (iΔ_nℓ + B_n − ℓb_n) − 1 √ 2 (λ̄^{(a)}σ̄^{nm}χ̄^{k̄})f̂_{(a)nm} + iΔ_mϕ̄^{k̄} (λ^{(a)}σ^mλ̄_{(a)})

+i(ϕ̄T_{(a)})^{k̄} [ (φλ^{(a)}) − 2(λ̄^{(a)}φ̄) ] − 2ℓD^m D_mϕ̄^k − i 3 √ 2 ℓM(ψ_mσ^mχ̄^{k̄}) + √ 2 [ D^m(ψ̄_mχ̄^{k̄}) + (ψ̄^mD_mχ̄^{k̄}) ] −ℓ(ϕ̄T_{(a)})^{k̄} [ (ψ_mσ^mλ̄^{(a)}) − (ψ̄_mσ̄^mλ^{(a)}) ] +iℓΔ_nϕ̄^{k̄}(ψ_mσ^nψ̄^m) − ℓF^{k̄} (ψ̄^mψ̄_m) − 4 3 ℓMF^{k̄} +2 √ 2iℓ(χ̄T_{(a)}λ̄^{(a)})^{k̄} + 2 √ 2iℓΓ^{k̄}¯_{ℓm̄}(ϕ̄T_{(a)})^{m̄}(λ̄^{(a)}χ̄^{ℓ̄}) −R^{k̄}_{m̄j}¯_ℓ [ 1 2 √ 2 (φχ^j )(χ̄^{m̄}χ̄^{ℓ̄}) + iℓΔ_nϕ̄^{m̄}(χ^j σ^nχ̄^{ℓ̄}) ]}

+S_k¯_k [ √ 2F^{k̄} (φχ^k) + √ 2F^k(φ̄χ̄^{k̄}) − 2ℓF^kF^{k̄}

− √ 2iℓ(χ^kλ^{(a)})(ϕ̄T_{(a)})^{k̄} + 1 2 ℓR^{k̄}_{m̄p}¯_ℓ(χ^kχ^p)(χ̄^{m̄}χ̄^{ℓ̄}) − √ 2ℓΔ_nϕ^k(ψ̄_mσ̄^nσ^mχ̄^{k̄}) + (χ^kσ^mχ̄^{k̄}) ( iΔ_mℓ + 2 3 ℓb_m − B_m )

−(χ^kλ^{(a)})(χ̄^{k̄}λ̄_{(a)}) + √ 2iΔ_mϕ̄^{k̄}(χ^kσ^mφ̄) ]

+S_{k;ℓ} [ 1 4 (χ^kχ^ℓ) ( u − (λ^{(a)}λ_{(a)}) ) + √ 2iℓ(χ^ℓλ^{(a)})(T_{(a)}ϕ)^k ]

+S¯_{k;}¯_ℓ [ 1 4 (χ̄^{k̄}χ̄^{ℓ̄}) ( u − (λ̄^{(a)}λ̄_{(a)}) − 4 3 Mℓ )

+ √ 2iΔ_mϕ̄^{k̄}(φσ^mχ̄^{ℓ̄}) − 2ℓΔ_mϕ̄^{k̄}Δ^mϕ̄^{ℓ̄} +2 √ 2iℓ(λ̄^{(a)}χ̄^{k̄})(ϕ̄T_{(a)})^{ℓ̄} ] + S_k¯_{k;}¯_ℓ [ − 1 √ 2 (χ̄^{k̄}χ̄^{ℓ̄})(φχ^k)

+ℓF^k (χ̄^{k̄}χ̄^{ℓ̄}) + 2iℓΔ_mϕ̄^{ℓ̄}(χ^kσ^mχ̄^{k̄}) ]

+S_k¯_{ℓ;ℓ} [ − 1 √ 2 (χ^kχ^ℓ)(φ̄χ̄^{ℓ̄}) + ℓF^{ℓ̄}(χ^kχ^ℓ) ]

− 1 2 ℓS_k¯_{k;ℓ;}¯_ℓ(χ^kχ^ℓ)(χ̄^{k̄}χ̄^{ℓ̄}) + 1 8 SD^2 tr (WW)|_{(0,0)} +2 √ 2ℓS¯_k (χ̄^{k̄}σ̄^{cb})_{α̇}T^{α̇}_{cb} |_{(0,0)} . (F.3)

References

[1] E. Cremmer, S. Ferrara, L. Girardello, A. Van Proeyen, Phys. Lett. B 116 (1982) 231; Nucl. Phys. B 212 (1983) 413.

[2] J. Wess, J. Bagger, “Supersymmetry and Supergravity,” Princeton University Press, Princeton, New Jersey, 1992.

[3] S. Ferrara, B. Zumino, J. Wess, Phys. Lett. B 51 (1974) 239.

[4] W. Siegel, Phys. Lett. B 85 (1979) 333.

[5] P. Binétruy, M. K. Gaillard, Y.-Y. Wu, Nucl. Phys. B 481 (1996) 109 [hepth/9605170].

[6] P. Binétruy, M. K. Gaillard, Y.-Y. Wu, Nucl. Phys. B 493 (1997) 27 [hepth/9611149].

[7] P. Binétruy, M. K. Gaillard, Y.-Y. Wu, Phys. Lett. B 412 (1997) 288 [hepth/9702105].

[8] J. A. Casas, E. K. Katehou, C. Munoz, Nucl. Phys. B 317 (1989) 171. [9] J. Giedt, Ann. of Phys. (N.Y.) 297 (2002) 67 [hep-th/0108244]. [10] G. Girardi, R. Grimm, Ann. Phys. (N.Y.) 272 (1999) 49 [hep-th/9801201]. [11] P. Binétruy, G. Girardi, R. Grimm, Phys. Rep. 343 (2001) 255 [hep-th/0005225]. [12] Y.-Y. Wu, U.C. Berkeley Ph.D. Thesis, hep-th/9706040.

[13] M. K. Gaillard, talk presented at The Richard Arnowitt Fest, April 5-8, 1998, Texas A & M University, College Station, TX, hep-ph/9805320.

[14] M. Müller, Nucl. Phys. B 264 (1986) 292; P. Binétruy, G. Girardi, R. Grimm, M. Müller, Phys. Lett. B 189 (1887) 83.

[15] P. Binétruy, G. Girardi, R. Grimm, M. Müller, Phys. Lett. B 195 (1987) 389. [16] P. Adamietz, P. Binétruy, G. Girardi, R. Grimm, Nucl. Phys. B 401 (1993) 257. [17] E. Witten, Phys. Lett. B 155 (1985) 151.

[18] H.-P. Nilles, Phys. Lett. B 115 (1982) 193; S. Ferrara, L. Girardello, H.-P. Nilles, Phys. Lett. B 125 (1983) 457.

[19] S. J. Gates, Jr., P. Majumdar, R. Oerter, A. E. M. van de Ven, Phys. Lett. B 214 (1988) 26; Nucl. Phys. B 319 (1989) 291.

[20] P. Binétruy, G. Girardi, R. Grimm, Phys. Lett. B 265 (1991) 111. [21] J.-P. Derendinger, S. Ferrara, C. Kounnas, F. Zwirner, Nucl. Phys. B 372 (1992) 145.

[22] J.-P. Derendinger, F. Quevedo, M. Quiros, Nucl. Phys. B 428 (1994) 282 [hepth/9402007].

[23] B. D. Nelson, private communication.

[24] C. P. Burgess, J.-P. Derendinger, F. Quevedo, M. Quirós, Phys. Lett. B 348 (1995) 428 [hep-th/9501065].

[25] P. Binétruy, M. K. Gaillard, T. R. Taylor, Nucl. Phys. B 455 (1995) 97 [hepth/9504143].

[26] P. Binétruy, M. K. Gaillard, Phys. Lett. B 365 (1996) 87 [hep-th/9506207]. [27] I. Affleck, M. Dine, N. Seiberg, Phys. Rev. Lett. 51 (1983) 1026; Nucl. Phys. B 241 (1984) 493, B 256 (1985) 557.

[28] L. J. Dixon, V. S. Kaplunovsky, J. Louis, Nucl. Phys. B 355 (1991) 649. [29] S. Cecotti, S. Ferrara, M. Villasante, Int. J. Mod. Phys. A2 (1987) 1839. [30] M. B. Green, J. H. Schwarz, Phys. Lett. B 149 (1984) 117. [31] M. Dine, N. Seiberg, E. Witten, Nucl. Phys. B 289 (1987) 585; J. J. Atick, L.

Dixon, A. Sen, Nucl. Phys. B 292 (1987) 109; M. Dine, I. Ichinose, N. Seiberg, Nucl. Phys. B 293 (1987) 253.

[32] M. K. Gaillard, J. Giedt, Nucl. Phys. B 636 (2002) 365 [hep-th/0204100]. [33] M. K. Gaillard, J. Giedt, Nucl. Phys. B 643 (2002) 201 [hep-th/0206249]. [34] M. K. Gaillard, J. Giedt, in progress.

[35] M. K. Gaillard, J. Giedt, Phys. Lett. B 479 (2000) 308 [hep-ph/0001219]; J.

Giedt, Mod. Phys. Lett. A 17 (2002) 1465 [hep-ph/0204017]; hep-ph/0208004. [36] T. Kugo, S. Uehara, Nucl. Phys. B 222 (1983) 125.

[37] S. Shenker, in NATO Advanced Research Workshop on Random Surfaces and Quantum Gravity (1990: Cargèse, France), eds. O. Alvarez, E. Marinari and P. Windley, Plenum Press (1991: New York).

[38] E. Silverstein, Phys. Lett. B 396 (1997) 91 [hep-th/9611195]. [39] J.A. Casas, Nucl. Phys. Proc. Suppl. 52A (1997) 289 [hep-th/9608010]; Phys.

Lett. B 384 (1996) 103 [hep-th/9605180].

[40] Y.-Y. Wu, hep-th/9610089.

[41] T. Barreiro, B. De Carlos, J. A. Casas, J. M. Moreno, Phys. Lett. B 445 (1998) 82 [hep-ph/9808244].

[42] S. Khalil, O. Lebedev, S. Morris, Phys. Rev. D 65 (2002) 115014 [hepth/0110063].

[43] G. Veneziano, S. Yankielowicz, Phys. Lett. B 113 (1982) 231. [44] T. R. Taylor, Phys. Lett. B 164 (1985) 43.

[45] I. Antoniadis, K. S. Narain, T. R. Taylor, Phys. Lett. B 267 (1991) 37. [46] M. K. Gaillard, Phys. Lett. B 342 (1995) 125 [hep-th/9408149]; Phys. Rev. D 58 (1998) 105027 [hep-th/9806227]; D 61 (2000) 084028 [hep-th/9910147].

[47] A. Birkedal-Hansen, M. K. Gaillard, C. Park, in progress. [48] J. A. Bagger, T. Moroi, E. Poppitz, JHEP 0004 (2000) 009 [hep-th/9911029]. [49] M. K. Gaillard, B. Nelson, Y.-Y. Wu, Phys. Lett. B 459 (1999) 549 [hepth/9905122]; M. K. Gaillard, B. Nelson, Nucl. Phys. B 588 (2000) 197 [hepth/0004170].