Published by Institute of Physics Publishing for SISSA/ISAS Received: April 7, 2004 Revised: July 15, 2004 Accepted: July 15, 2004

D-term inflation and nonperturbative Kähler potential of dilaton

Tetsutaro Higaki and Tatsuo Kobayashi

Department of Physics, Kyoto University Kyoto 606-8502, Japan E-mail: tetsu@gauge.scphys.kyoto-u.ac.jp,

kobayash@gauge.scphys.kyoto-u.ac.jp

Osamu Seto

Institute of Physics, National Chiao Tung University Hsinchu, Taiwan 300, Republic of China E-mail: osamu@mail.nctu.edu.tw

Abstract: We study the D-term inflation scenario with a nonperturbative Kähler potential of the dilaton field. Although the FI term which leads an inflationary expansion is given by the derivative of the Kähler potential with respect to the dilaton in heterotic string models with anomalous U(1), the too large magnitude is problematic for a viable D-term inflation. In this paper, we point out that the Kähler potential with a nonperturbative term can reduce the magnitude of FI term to desired values while both the dilaton stabilization and D-term domination in the potential are realized by nonperturbative superpotential.

Keywords: Cosmology of Theories beyond the SM, Superstrings and Heterotic Strings.

© SISSA/ISAS 2004 http://jhep.sissa.it/archive/papers/jhep072004035 /jhep072004035 .pdf

Within the framework of supergravity theory, scalar fields, including an inflaton field, generally gain the Hubble-induced masses during inflation, if the potential energy is dominated by F -terms. Violation of the slow-roll condition by these mass terms is known as the η-problem. From this viewpoint, the D-term inflation is an attractive scenario, because the inflaton field does not gain such a large mass if the D-term is dominant during inflation [1]–[3]. The Fayet-Iliopoulos (FI) term plays a role as the potential energy in D-term inflation models.

The FI term is generated through anomalous U(1) symmetries in four-dimensional string models. Indeed, most of four-dimensional string models have anomalous U(1)’s for both heterotic string models [4, 5] and type I string models [6]. These anomalies can be cancelled by the Green-Schwarz (GS) mechanism [7], where certain fields transform nonlinearly under anomalous U(1) symmetries. In heterotic string models, the gauge kinetic function f is obtained by the dilaton field S as

f = S , (1)

up to Kac-Moody levels, that is, the gauge coupling g is determined by the vacuum expectation value (VEV) of S as 1/g^2 = ⟨Re(S)⟩. Under the anomalous U(1) transformation, the dilaton field S transforms nonlinearly as S → S + iδ_{GS} θ(x), where θ(x) is a parameter of the anomalous U(1) transformation and the anomaly coefficient δ_{GS} is obtained as^1 δ_{GS} = 1 192π^2

Tr(Q) , (2)

with the summation of anomalous U(1) charges, Tr(Q). That generates the dilatondependent FI term ξ = δ_{GS} K_S , (3) in the unit of M_P = 1, where K_S is the first derivative of the Kälher potential K with respect to S and M_P denotes the reduced Planck scale. Hereafter we use the unit M_P = 1.

Thus, it seems possible to embed the D-term inflation scenario in string models. However, we have problems.^2 One of problems is due to the fact that the FI term ξ and anomalous U(1) gauge coupling g depend on S. The tree-level Kähler potential of S is obtained as K_0(S + S̄) = − ln(S + S̄) . (4)

With this form of the Kähler potential, the D-term scalar potential V_D during inflation behaves V_D = g^2ξ^2/2 ∼ (S + S̄)^{−3}. Only with this term, the dilaton rolls down rapidly the potential to infinity, Re(S) → ∞, and the potential energy goes to zero, V_D → 0. The slow roll condition or the D-term inflation can not be realized. Therefore, the first problem is how to stabilize the dilaton field during inflation. For example, the dilaton can be stabilized by adding the F -term scalar potential due to dilaton-dependent nonperturbative superpotential terms [9].^3

1In type I models, twisted moduli fields transform nonlinearly under anomalous U(1) symmetries. 2See also for recent works ref. [8] and references therein.

3Similarly, in the D-term inflation of type I models, one can stabilize twisted moduli, which determine FI terms [10].

– 1 –

The second problem is concerned about the magnitude of ξ. The GS coefficient δ_{GS} is model-dependent, and explicit models lead to δ_{GS} = O(10^{−1}) − O(10^{−4}) [5]. On the other hand, the magnitude of the anisotropy of the cosmic microwave background (CMB) requires ξ^{1/2} ≤ O(10^{15} − 10^{16}) GeV [3]. Thus, explicit heterotic string models seem to have much larger value of the FI term ξ. Until now, just a few models leading to effectively small ξ have been studied [11, 12], this seems still an open question. Another way out of this problem is to consider D-term inflation in type I string models [10, 13].

Another problem is the generation of cosmic strings in the true vacuum after inflation. Its string tension is estimated as the FI term ξ in the true vacuum. If ξ^{1/2} = O(10^{15} − 10^{16}) GeV in the true vacuum, cosmic strings besides inflaton lead to the density perturbation, which is not consistent with the CMB observation [3, 14, 15].

Here we will study these problems in models with nonperturbative Kähler potential of the dilaton field, in particular, the stabilization problem and how to reduce the magnitude of the FI term. In the true vacuum, the dilaton stabilization has been studied in models with its nonperturbative Kähler potential in refs. [17]–[22]. In particular, in ref. [22] it has been shown that one can stabilize S with nonperturbative Kähler potential in the true vacuum such that Re(S) = O(1) and K_S is suppressed. That corresponds to a suppressed value of ξ. Thus, here we investigate the possibility for stabilizing S such that K_S and ξ are suppressed during inflation. We will also comment on the cosmic strings.

First, let us review briefly on the D-term inflation [2, 3]. We consider a simple model with U(1) gauge symmetry and the non-vanishing FI term ξ. This model includes three matter fields, X and ϕ_±, and ϕ_± have U(1) charges ±1 and X has no U(1) charge. The U(1) D-term is written as D = ξ + |ϕ_+|^2 − |ϕ_−|^2 . (5) Here we take the charge normalization such that ξ > 0. In addition, we assume the following superpotential, W = λXϕ_+ϕ_− . (6) Then, the scalar potential is written as V = ∑ i |∂_iW |^2 + g^2 2 D^2 , (7)

= λ^2|X|^2(|ϕ_+|^2 + |ϕ_−|^2) + λ^2|ϕ_+ϕ_−|^2 + g^2 2 (ξ + |ϕ_+|^2 − |ϕ_−|^2)^2 . (8)

The true vacuum corresponds to

X = ϕ_+ = 0 , |ϕ_−|^2 = ξ . (9)

In order to analyze the minimum of V for a value of X fixed, we define X_c, X_c ≡ g λ √ ξ . (10)

For |X| < X_c, the minimum corresponds to

|ϕ_−|^2 = ξ − λ^2 g^2

|X|^2, ϕ_+ = 0 . (11)

– 2 –

On the other hand, for |X| > X_c, the minimum corresponds to

ϕ_± = 0 . (12)

In the latter case, the potential energy is obtained as V = g^2 2 ξ^2 , (13)

and drives the inflationary expansion of the Universe, where the radial part of X is identified with the inflaton. At the tree level, the inflaton X has the flat potential. The supersymmetry (SUSY) is broken during inflation because of the non-vanishing D-term and the scalar components of ϕ_± have masses squared,

m^2_± = λ^2|X|^2 ± g^2ξ . (14)

Here the second term is the SUSY breaking mass squared by non-vanishing D-term, while the first term is the supersymmetric mass squared, which fermionic partners also have. These mass splitting generates the one-loop effective potential,

V_{1−loop} = g^2 2 ξ^2 ( 1 + g^2 16π^2 ln λ^2|X|^2 Λ^2 ) , (15)

where Λ is the renormalization scale. Thus, the potential for X is slightly lifted, and the inflaton X slowly rolls down the potential. The inflation ends when X reaches at X_c or X_f ,

|X_f |^2 ≡ g^2 8π^2

M^2_p , (16)

where the slow roll condition is violated.

Next, let us consider the D-term inflation scenario from the viewpoint of 4D effective theory of string theory. Here, we use the tree-level Kähler potential (4) and the gauge kinetic function (1). Since the FI term and the gauge coupling are replaced with Sdependent FI term (3) and g^2 = 2/(S +S̄) respectively, the scalar potential during inflation (13) is rewritten as V = (δ_{GS} K_S )^2 S + S̄ (17) = δ^2_{GS} (S + S̄)^3

. (18)

Now, two problems we mentioned above become clear. The first one is that only with this potential the dilaton rapidly runs away to infinity, Re(S) → ∞, and the inflation can not be realized. In ref. [9], the dilaton stabilization has been studied by adding the F -term scalar potential generated by gaugino condensation as well as non-vanishing flux of the antisymmetric tensor field B_{μν} . The second problem is that the scale of the potential energy is too high to produce the density perturbation with an appropriate magnitude as long as Re(S) = O(1) and δ_{GS} = O(10^{−1}) − O(10^{−4}). These problems will be studied in our models with nonperturbative Kähler potential.

– 3 –

In ref. [22], the possibility for suppressing K_S has been studied by taking account of nonperturbative effects on Kähler potential. Actually, if we have additional terms in the Kähler potential K other than the tree-level term K_0, the potential minimum of eq. (17) can correspond to the point^4 K_S = 0. However, that implies vanishing FI term and that is not good, because we can not realize the D-term inflation. We need another contribution to lead to a suppressed, but non-vanishing value of K_S . Hence we will consider models with nonperturbative corrections and study the dilaton stabilization in order to lead to a suppressed, but non-vanishing FI term.

The Kähler potential must also have the perturbative correction K_p. We expect [23]

K_p(S + S̄) = a S + S̄ + · · · , (19)

with a = O(1/8π^2), because of ⟨K_p/K_0⟩ = O(g^2/16π^2). We consider the case with Re(S) = O(1). Hence, it is expected that the perturbative correction would be irrelevant. For the moment, we neglect K_p, but we will consider its effects after examining explicit models.

Nonperturbative effects in the Kähler potential are still unknown. Following refs. [16, 17], we use the following Ansatz for the nonperturbative term,

K_{np}(S + S̄) = d(S + S̄)^{p/2}e^{−b(S+S̄)1/2} , (20)

where p, b > 0. We also include the over-all moduli field T . Then, the total Kähler potential is written as

K = K_0(S + S̄) + K_{np}(S + S̄) − 3 ln(T + T̄ ) + K_X¯_X |X|^2 + · · · , (21)

where the fourth term in the right hand side is the Kähler potential of X. Only with this Kähler potential, the scalar potential during inflation is written as V = (δ_{GS} K_S )^2/(S + S̄). Its minimum corresponds to K_S = 0 other than the runaway vacuum, that is, we can not obtain a finite vacuum energy deriving the inflation. Hence, another contribution is necessary to realize the dilaton stabilization leading to a suppressed, but finite value of K_S .

As a such contribution, here we assume a nonperturbative superpotential. We consider two types of nonperturbative superpotentials. One is written as

W_1 = Be^{−24π2S/B} + h . (22)

Here the first term is due to the gaugino condensation with the 1-loop beta-function coefficient B, and the second term is due to the non-vanishing flux.^5 The second type of superpotential is written as

W_2 = αb_1e^{−24π2S/b1} + βb_2e^{−24π2S/b2} . (23)

This superpotential is generated by double gaugino condensations with 1-loop beta-function coefficients b_1, b_2, that is, the so-called racetrack type [26]. For simplicity, we have assumed that either W_1 or W_2 does not include T . Then, the total scalar potential during inflation

4See also refs. [23, 24].

5See ref. [25] for dilaton stabilization in heterotic models with the non-vanishing flux.

– 4 –

Figure 1: The potentials for W_1 with parameters, p = 0, b = 1, d = 1, B = 54, h = −1/40 and δ_{GS} = 0.005. A horizontal axis represents s and a vertical axis represents potentials. When s ≃ 4.9, V_T ≃ 2.7 × 10^{−7}. (light - V_D, dotted — V_F , bold — V_T ).

is written as

V_T = V_F + V_D , (24)

V_F = e^{Knp(s)+KXX̄ |X|2} s(T + T̄ )^3K_S¯_S

|K_S W + W_S|^2 , (25)

V_D =

(δ_{GS} K_S )^2 s , (26)

where s = (S + S̄).

In order to realize the D-term inflation, we have to stabilize S such that V_D ≫ V_F . Note that V_D does not include T . Thus, if S is stabilized satisfying V_D ≫ V_F , the potential for the moduli T would be insignificant and its dynamics also could be ignored. Furthermore, we are interested in the model leading to a suppressed value of V_D compared with δ^2_{GS} /s^3, which is the vacuum energy in the model only with the tree-level Kähler potential. Concerned about a stabilized value of Re(S), we are interested in models with s = O(1), but we do not restrict ourselves to some specific values, e.g. s = 4. The stabilization we are discussing happens in the false vacuum, and in the true vacuum the dilaton potential and its stabilized value would be different from those of false vacuum.

Here we show examples of the dilaton stabilization with V_D ≫ V_F . Note that the density perturbation generated by the inflaton is same as that in a simple model by the condition, V_D ≫ V_F . For simplicity, we take e^{KXX̄ |X|2} /(T + T̄ )^3 = 1/2 in the following analysis.

Figure 1 shows the case using the superpotential W_1 with the parameters, p = 0, b = 1, d = 1, B = 54, h = −^1_{40} and δ_{GS} = 0.005. The almost flat light line corresponds to V_D, and the dotted one corresponds to V_F . The bold one corresponds to the total potential V_T . In this model, the dilaton is stabilized at s = 4.9, where we have V_D ≫ V_F . Around this minimum, V_F is very steep, while V_D is very flat. Such situation plays a role in realizing V_D ≫ V_F . The total potential value is obtained as V_T = 2.7×10^{−7}, and that is comparable

– 5 –

Figure 2: The potentials for W_1 with parameters, p = 2, b = 1, d = −6, B = 54, h = −^1_{40} and δ_{GS} = 0.005. A horizontal axis represents s and a vertical axis represents potentials. When s ≃ 7.1, V_T ≃ 1.3 × 10^{−11}. (light — V_D , dotted — V_F , bold - V_T ).

Figure 3: The potentials for W_2 with parameters, p = 3, b = 1, d = 4.5, α = 1, β = 3, b_1 = 15, b_2 = 12 and δ_{GS} = 0.005. A horizontal axis represents s and a vertical axis represents potentials. When s ≃ 0.55, V_T ≃ 2.8 × 10^{−10}. (light — V_D , dotted — V_F , bold - V_T ).

to δ^2_{GS} /s^3, which is the potential value derived only by the tree-level Kähler potential K_0. In this case, the non-perturbative Kähler potential does not contribute to suppress the FI term.

In order to obtain more suppressed FI term, we take another different set of parameters. Figure 2 shows the case using W_1 with the parameters p = 2, b = 1, d = −6, B = 54, h = −^1_{40} and δ_{GS} = 0.005. The dilaton is stabilized at s = 7.1, where we have V_D ≫ V_F . At this minimum, the total potential is obtained as V_T = 1.3 × 10^{−11}. Now the potential value V_T = 1.3 × 10^{−11} is suppressed compared with δ^2_{GS} /s^3. In this case, the nonperturbative Kähler potential plays a role in suppressing the FI term. Thus, the non-perturbative Kähler potential is useful to lead to a suppressed FI term when we take proper parameters. The value of minimum potential depends linearly on δ^2_{GS} . When we take more suppressed value of δ^2_{GS} , we obtain much smaller potential value.

– 6 –

Figure 4: The potentials for W_1 with parameters, p = 1, b = 1, d = −1.5, B = 54, h = −1 and δ_{GS} = 0.02. A horizontal axis represents s and a vertical axis represents potentials. When s ≃ 6.0, V_T ≃ 1.1 × 10^{−11}. (light - V_D, dotted - V_F , bold - V_T ).

Similarly, figure 3 shows the case using the superpotential W_2 with the parameters, p = 3, b = 1, d = 4.5, α = 1, β = 1, b_1 = 15, b_2 = 12 and δ_{GS} = 0.005. The dilaton is stabilized at s = 0.55, where we have V_D ≫ V_F . At this minimum, the total potential is obtained as V_T = 2.8 × 10^{−10}, which is very suppressed compared with δ^2_{GS} /s^3. The form of potential is steeper.

In the literature, another form of nonperturbative Kähler potential has been used like

K = ln(e^{K0} + e^{Knp} ) . (27)

For this type, we can study similarly. For example, figure 4 shows the case using this Kähler potential and the superpotential W_1 with the parameters, p = 1, b = 1, d = −1, B = 54, h = −1 and δ_{GS} = 0.02. The dilaton is stabilized at s = 6.0, where we have V_D ≫ V_F . At this minimum, the total potential V_T = 1.1 × 10^{−11} is very much suppressed compared with δ^2_{GS} /s^3. Therefore, it is possible to stabilize the dilaton such that δ^2_{GS} /s^3 ≫ V_D ≫ V_F when we take suitable values of parameters. In this model, the potential value V_T depends linearly on δ^2_{GS} , again. When we take smaller values of δ_{GS} , we obtain more suppressed value of V_T .

We have neglected the perturbative Kähler term K_p. Here we investigate its effects on our results. We replace K_0(S + S̄) as follows,

K_0(S + S̄) → K_0(S + S̄) + a S + S̄ , (28)

in the above models. Then we repeat the above potential analysis. The results, the stabilized values of s and the potential values, are the same for |a| < 0.1 in all of the above models except the model shown in figure 3. In the model of figure 3, the stabilized value of s does not change, but the potential value changes, that is, the total potential value V_T at the minimum is obtained as V_T ∼ 10^{−7}, e.g. for a = 0.01. This potential value V_T ∼ 10^{−7} is still suppressed compared with δ^2_{GS} /s^3. Thus, the nonperturbative

– 7 –

Kähler potential contributes to suppress it. However, the perturbative term in the Kähler potential is important in this model. Its reason is that the stabilized value s is small, while the dilaton is stabilized at larger values in the other models. Hence, we have to take into account effects due to the perturbative Kähler term, in particular the models with a small value of s. Furthermore, there is a possibility that the perturbative Kähler term plays a role to lead to suppressed FI term by cancelling the contribution due to K_0 in models with little contribution due to K_{np}. In such case, the stabilized value of s would be quite small like s ∼ a.

Finally, we give a brief comment on the cosmic string problem. After inflation, in the true vacuum the cosmic strings are generated,^6 and that leads to the density perturbation, which is inconsistent with the CMB observation for λ ∼ 1 if the FI term ξ in the true vacuum is obtained as √ ξ = O(10^{15} − 10^{16}) GeV. One way to avoid this problem is to take a suppressed value of λ like λ = O(10^{−4} − 10^{−5}) [15]. In string theory, the coupling λ also depends on the dilaton and other moduli fields. For example, in orbifold models, it is obtained as λ ∼ e^{−aT} , where a is a constant factor [28]–[30]. That implies that a large value of T , e.g. aT ∼ 10, leads to a small value of λ.^7 However, the inflaton must take a large expectation value of order M_p in a model with such a extremely small λ. In this sence, this option might not be a excellent solution.

The second possibility is that the FI term ξ is suppressed through the above mechanism both in the false vacuum during inflation and in the true vacuum like √ ξ < O(10^{15} − 10^{16}) GeV. In this case, the density fluctuation generated by cosmic strings is suppressed sufficiently. However, at the same time, the density fluctuation due to the inflaton is also suppressed. We need another source of the density fluctuation to be consistent with the CMB observation, e.g. the curvaton.

We have another possibility, that is, the dilaton is stabilized through the above mechanism leading to √ ξ = O(10^{15} − 10^{16}) GeV during inflation. After inflation, the superpotential can change, e.g. the VEV of ϕ_− in the true vacuum can make mass terms of hidden matter fields relevant to nonperturbative superpotential. In this case, the stabilized value of s in the true vacuum would be different from one in the false vacuum during inflation. The true vacuum can correspond to more suppressed values of K_S and ξ than those during inflation. Analysis of such possibility in explicit models is beyond our scope. It will be studied elsewhere. Here we would like to mention that the nonperturbative Kähler potential may solve not only the problem of the magnitude of the FI term but also the problem of cosmic string in D-term inflation.

To summarize, we have studied the possibility for suppressing the FI term in the D-term inflation scenario. That is possible when we consider the nonperturbative Kähler potential of the dilaton field. That is an interesting possibility. Thus, it would be important to study its implications in detail by investigating evolutions of dilaton and other moduli after inflation, a concrete model of gaugino condensation, and so on.

6Recently, the D-term inflation model without generating cosmic strings has been studied [27]. 7Furthermore, the coupling λ also depends on continuous Wilson lines similarly [30]. Large value of continues Wilson lines lead to a suppressed value of λ.

– 8 –

Acknowledgments

One of the authors (T.K.) would like to thank Kiwoon Choi for useful discussions. T.H. and T.K. are supported in part by the Grant-in-Aid for the 21st Century COE “The Center for Diversity and Universality in Physics” from Ministry of Education, Science, Sports and Culture of Japan. T.K. is supported in part by the Grant-in-Aid for Scientific Research from Ministry of Education, Science, Sports and Culture of Japan (#14540256). O.S. is supported by National Science Council of Taiwan under the grant No. NSC 92-2811-M-009 -180.

References

[1] E.D. Stewart, Inflation, supergravity and superstrings, Phys. Rev. D 51 (1995) 6847 [hep-ph/9405389].

[2] P. Binetruy and G.R. Dvali, D-term inflation, Phys. Lett. B 388 (1996) 241 [hep-ph/9606342];

E. Halyo, Hybrid inflation from supergravity D-terms, Phys. Lett. B 387 (1996) 43 [hep-ph/9606423].

[3] For a review, see e.g. D.H. Lyth and A. Riotto, Particle physics models of inflation and the cosmological density perturbation, Phys. Rept. 314 (1999) 1 [hep-ph/9807278].

[4] E. Witten, Some properties of O(32) superstrings, Phys. Lett. B 149 (1984) 351;

M. Dine, N. Seiberg and E. Witten, Fayet-Iliopoulos terms in string theory, Nucl. Phys. B 289 (1987) 589;

W. Lerche, B.E.W. Nilsson and A.N. Schellekens, Heterotic string loop calculation of the anomaly cancelling term, Nucl. Phys. B 289 (1987) 609.

[5] T. Kobayashi and H. Nakano, *Anomalous* U(1) symmetry in orbifold string models, Nucl.

Phys. B 496 (1997) 103 [hep-th/9612066];

G.B. Cleaver and A.E. Faraggi, On the anomalous U(1) in free fermionic superstring models, Int. J. Mod. Phys. A 14 (1999) 2335 [hep-ph/9711339].

[6] L.E. Ibáñez, R. Rabadán and A.M. Uranga, Anomalous U(1)’s in type-I and type-IIB D = 4, N = 1 string vacua, Nucl. Phys. B 542 (1999) 112 [hep-th/9808139]; Z. Lalak, S. Lavignac and H.P. Nilles, String dualities in the presence of anomalous U(1) symmetries, Nucl. Phys. B 559 (1999) 48 [hep-th/9903160].

[7] M.B. Green and J.H. Schwarz, Anomaly cancellation in supersymmetric D=10 gauge theory and superstring theory, Phys. Lett. B 149 (1984) 117.

[8] P. Binetruy, G. Dvali, R. Kallosh and A. Van Proeyen, Fayet-Iliopoulos terms in supergravity and cosmology, Class. and Quant. Grav. 21 (2004) 3137 [hep-th/0402046].

[9] S.F. King and A. Riotto, Dilaton stabilisation in D-term inflation, Phys. Lett. B 442 (1998) 68 [hep-ph/9806281].

[10] T. Kobayashi and O. Seto, Dilaton and moduli fields in D-term inflation, Phys. Rev. D 69 (2004) 023510 [hep-ph/0307332].

[11] J.R. Espinosa, A. Riotto and G.G. Ross, D-term inflation in superstring theories, Nucl. Phys.

B 531 (1998) 461 [hep-ph/9804214].

– 9 –

[12] J. Lesgourgues, Double D-term inflation, Phys. Lett. B 452 (1999) 15 [hep-ph/9811255].

[13] E. Halyo, D-term inflation in type-I string theory, Phys. Lett. B 454 (1999) 223 [hep-ph/9901302].

[14] R. Jeannerot, Inflation in supersymmetric unified theories, Phys. Rev. D 56 (1997) 6205 [hep-ph/9706391];

D.H. Lyth and A. Riotto, Comments on D-term inflation, Phys. Lett. B 412 (1997) 28 [hep-ph/9707273].

[15] M. Endo, M. Kawasaki and T. Moroi, Cosmic string from D-term inflation and curvaton, Phys. Lett. B 569 (2003) 73 [hep-ph/0304126].

[16] S.H. Shenker, The strength of nonperturbative effects in string theory, RU-90-47 presented at the Cargese Workshop on Random Surfaces, Quantum Gravity and Strings, Cargese, France, May 28–Jun 1, 1990 SPIRES entry.

[17] T. Banks and M. Dine, Coping with strongly coupled string theory, Phys. Rev. D 50 (1994) 7454 [hep-th/9406132].

[18] P. Binetruy, M.K. Gaillard and Y.Y. Wu, Dilaton stabilization in the context of dynamical supersymmetry breaking through gaugino condensation, Nucl. Phys. B 481 (1996) 109 [hep-th/9605170].

[19] J.A. Casas, The generalized dilaton supersymmetry breaking scenario, Phys. Lett. B 384 (1996) 103 [hep-th/9605180].

[20] T. Barreiro, B. de Carlos and E.J. Copeland, On non-perturbative corrections to the Kähler potential, Phys. Rev. D 57 (1998) 7354 [hep-ph/9712443].

[21] K. Choi, H.B. Kim and H.D. Kim, Moduli stabilization in heterotic M-theory, Mod. Phys.

Lett. A 14 (1999) 125 [hep-th/9808122].

[22] T. Higaki, Y. Kawamura, T. Kobayashi and H. Nakano, Non-perturbative Kähler potential, dilaton stabilization and Fayet-Iliopoulos term, Phys. Lett. B 582 (2004) 257 [hep-ph/0311315].

[23] N. Arkani-Hamed, M. Dine and S.P. Martin, Dynamical supersymmetry breaking in models with a Green-Schwarz mechanism, Phys. Lett. B 431 (1998) 329 [hep-ph/9803432].

[24] M. Dine, Y. Nir and Y. Shadmi, Enhanced symmetries and the ground state of string theory, Phys. Lett. B 438 (1998) 61 [hep-th/9806124].

[25] S. Gukov, S. Kachru, X. Liu and L. McAllister, Heterotic moduli stabilization with fractional Chern-Simons invariants, Phys. Rev. D 69 (2004) 086008 [hep-th/0310159].

[26] N.V. Krasnikov, On supersymmetry breaking in superstring theories, Phys. Lett. B 193 (1987) 37;

L.J. Dixon, Supersymmetry breaking in string theory, SLAC-PUB-5229, invited talk given at 15th APS Div. of Particles and Fields General Mtg., Houston,TX, Jan 3–6, 1990, SPIRES entry;

T.R. Taylor, Dilaton, gaugino condensation and supersymmetry breaking, Phys. Lett. B 252 (1990) 59;

J.A. Casas, Z. Lalak, C. Muñoz and G.G. Ross, Hierarchical supersymmetry breaking and dynamical determination of compactification parameters by nonperturbative effects, Nucl. Phys. B 347 (1990) 243;

– 10 –

B. de Carlos, J.A. Casas and C. Muñoz, Supersymmetry breaking and determination of the unification gauge coupling constant in string theories, Nucl. Phys. B 399 (1993) 623 [hep-th/9204012];

M. Dine and Y. Shirman, Remarks on the racetrack scheme, Phys. Rev. D 63 (2001) 046005 [hep-th/9906246].

[27] J. Urrestilla, A. Achucarro and A.C. Davis, D-term inflation without cosmic strings, Phys.

Rev. Lett. 92 (2004) 251302 [hep-th/0402032].

[28] S. Hamidi and C. Vafa, Interactions on orbifolds, Nucl. Phys. B 279 (1987) 465;

L.J. Dixon, D. Friedan, E.J. Martinec and S.H. Shenker, The conformal field theory of orbifolds, Nucl. Phys. B 282 (1987) 13.

[29] T.T. Burwick, R.K. Kaiser and H.F. Muller, General Yukawa couplings of strings on Z_N orbifolds, Nucl. Phys. B 355 (1991) 689.

[30] T. Kobayashi and O. Lebedev, Heterotic Yukawa couplings and continuous Wilson lines, Phys. Lett. B 566 (2003) 164 [hep-th/0303009];

Heterotic string backgrounds and CP-violation, Phys. Lett. B 565 (2003) 193 [hep-th/0304212].

– 11 –