arXiv:hep-ph/0303029 v3 12 Nov 2003

TOKAI-HEP/TH-0333

Dilatonic Inflation and SUSY Breaking in String-inspired Supergravity

Mitsuo J. Hayashi^∗, Tomoki Watanabe^†, Ichiro Aizawa and Koichi Aketo

Department of Physics, Tokai University, 1117, Kitakaname, Hiratsuka, 259-1292, Japan ∗mhayashi@keyaki.cc.u-tokai.ac.jp;^†2aspd004@keyaki.cc.u-tokai.ac.jp

Abstract

The theory of inflation will be investigated as well as supersymmetry breaking in the context of supergravity, incorporating the target-space duality and the nonperturbative gaugino condensation in the hidden sector. We found an inflationary trajectory of a dilaton field and a condensate field which breaks supersymmetry at once. The model satisfies the slow-roll condition which solves the η-problem. When the particle rolls down along the minimized trajectory of the potential V (S, Y ) at a duality invariant point of T = 1, we can obtain the e-fold value ∼ 57. And then the cosmological parameters obtained from our model well match the recent WMAP data combined with other experiments. This observation suggests one to consider the string-inspired supergravity as a fundamental theory of the evolution of the universe as well as the particle theory.

The theory of inflation are still the most promising theory of the early universe before the big bang[1]. Remarkably, on February 11, 2003, NASA’s Wilkinson Microwave Anisotropy Probe (WMAP) was able to capture the cosmic microwave background in the infant universe, which reveals the afterglow of the big bang. “The data show the first generation of stars shines in the universe first ignited only 200 million years after the big bang and pegs the age of the universe at 13.7 billion years. The WMAP team found that the big bang and inflation theories continue to be true. The contents of the universe include four percent of ordinary matter, 23 percent of an unknown type of dark matter, and 73 percent of a mysterious dark energy which acts as a sort of anti-gravity to realize the accelerating expansion of the universe”[2]. In theoretical point of views, people had introduced the quintessence for naming the origin of the dark energy[3], and the quintessence inflation has been investigated[4]. Recently, the authors in Ref.[4] pointed out that the underlying particle theory, which will be responsible for the present quintessential behavior of our universe, is likely to have contact with supersymmetry, supergravity or superstring theory.

As far as the 4D, N = 1 supergravity[5] can play an elementary role in the theory of the spacetime and the particles[6], it can also be essential in the theory of the early universe as an effective field theory. However, supergravity has been confronting with the difficulties, such as the η-problem and the supersymmetry breaking mechanism. Various trials to prevail over these difficulties has been well studied by many authors[7]. In this paper we will revisit the no-scale supergravity as the low energy effective theory of strings[8, 9]. Hidden sector supergravity breakdown appears as the most promising 4D, N = 1 supergravity setup for the low energy effective theory as that of beyond the standard model[10].

Let us, in this paper, investigate the possibility that both the hidden sector supersymmetry breakdown and inflation occur at once. There had been investigations on gaugino condensation and supersymmetry breaking, in the cases of pure super Yang-Mills [11, 12, 13] or that with massive hidden sector matter[14]. We will concentrate on the former case by revisiting the paper by Ferrara et al. of Ref.[12]. We found that the interplay between condensate gauge-singlet scalar Y and the dilaton field S can give rise to sufficient inflation by S and supergravity breakdown by condensate field Y .

First of all, for the self-containedness, we will review the construction of the effective theory of gaugino condensation, incorporating the target-space duality, following to Ref.[12], where the gaugino condensation has been described by a duality-invariant effective action for the gauge-singlet gaugino bound states coupled to the fundamental fields like the dilaton S and moduli T . On the other hand, in Ref.[11], the gaugino-condensate has been replaced by its vacuum expectation value to yield a duality-invariant “truncated” action that depends on the fundamental fields only. The equivalence between these two approaches had been proved in Ref.[14].

Assuming that the compactification of the superstring theory preserves N = 1 supersymmetry, the effective theory should be of the general type of N = 1 supergravity coupled to gauge and matter fields[5]. The most general theory of this type is described by the Lagrangian: L = − 1 2 [e^{−K/3}S_0S̄_0]_D + [S^3_0 W ]_F + [f_{ab}W^a_α ϵ^{αβ}W^b_β ]_F , (1)

where K is the Kähler potential, W is the superpotential and f_{ab} is the gauge kinetic function. All these functions depend on the fundamental chiral matter fields with conformal weight 0, while the gauge superfield W^a_α has conformal weight 3/2. S_0 is the chiral compensator superfield of conformal weight 1, which ensures the correct weights for each of the three terms. All physical quantities depend on K(ϕ, ϕ^∗) and W (ϕ) through the only relevant combination:

G = K + ln |W |^2. (2)

The tree-level Kähler potential is of the no-scale type and is given by:

K = − ln (S + S^∗) − 3 ln ( T + T^∗ − |Φ_i|^2 ) , (3)

where Φ_i represent chiral matter fields. The gauge function is f_{ab} = δ_{ab}S [9].

The target space modular group P SL(2, Z) acts on the complex scalar T as: T → aT − ib icT + d , ad − bc = 1, (4) whereas S remains invariant at the tree-level and Φ_i → (icT + d)^{−1}Φ_i.

According to the underlying conformal field theory, all interactions are target space modular invariant at any order of string perturbation theory, so that the effective string action should be modular invariant as well. Demanding modular invariance of G to guarantee modular invariance of the theory, the superpotential must transform as modular weight −3 under P SL(2, Z): W → W (icT + d)^3 , (5)

up to a T -independent phase factor.

By introducing the composite superfield:

U = δ_{ab}W^a_α ϵ^{αβ}W^b_β , (6)

we may construct the effective theory of gaugino condensation following Ref.[13]. As U has conformal weight 3, we will introduce the superfield:

Ũ = U/S^3_0 , (7) of conformal weight 0. Then, in terms of Ũ, the gauge kinetic term of Eq.(1) gives the contribution to the tree-level superpotential:

W̃^{tree} = SŨ. (8)

The one-loop modification of the superpotential should be S independent and of the form:

W̃^{one−loop} = Ũ f(Ũ, T ), (9)

with f a modular function of weight 0, while Ũ has a modular form of weight −3. Following the general arguments based on the fulfilment of anomalous Ward identities[13], f is required to contain the term:

β_0 96π^2 log Ũ , (10)

where β_0 is the coefficient of β-function. The logarithm of a composite field had been originally introduced to construct the supermultiplet structure which can reproduce the chiral and scale anomaly as analogy from QCD, though the F - term does not get vacuum expectation value. It is well known that, under the assumption that the target space modular group is an exact symmetry of string theory, strong constraints appear in the form of nonperturbative four-dimensional effective supergravity action providing a link to modular function theory. In fact, so as to satisfy the modular invariance of f, a modular form of weight 3 has to be multiplied to Ũ under the argument of this logarithm. In order to avoid unphysical singularities, the argument of the logarithm is required to have neither zeroes nor poles in the upper half-plane of complex iT . This demand leaves us with the unique form:

η(T )^6 = e^{−πT /2} ∞∏ n=1 (1 − e^{−2πnT} )^6, (11)

where η(T ) is the Dedekind η-function, defined by: η(T ) = e^{−2πT /24} ∞∏ n=1 (1 − e^{−2πnT} ). (12)

η(T ) has the modular transformation property of weight 1/2 under P SL(2, Z):

η(T ) → (icT + d)^{1/2}η(T ). (13)

It is convienient to introduce the chiral superfield Y defined by Ũ = Y^3, which has modular weight −1. Then, the effective no-scale type Kähler potential and the effective superpotential that incorporate modular invariant one-loop corrections are given by:

K = − ln (S + S^∗) − 3 ln ( T + T^∗ − |Y |^2 − |Φ_i|^2 ) , (14)

W = 3bY^3 ln [ c e^{S/3b} Y η^2(T ) ] , (15)

where b =^{β0}_{96π2} , and we have disregarded the correction to the dilaton field S in the first term. The effective gauge kinetic function is given by:

f = S + 3b ln[Y η^2(T )] + const. (16)

Since ⟨S + S^∗⟩ = α^′m^2_P, the choice:

[e^{−K/3}S_0S̄_0]_{θ=}¯_{θ=0} = [S + S̄]_{θ=}¯_{θ=0} (17)

corresponds to the conventional normalization of the gravitational action:

L_{grav} ∼ [e^{−K/3}S_0S̄_0]_{θ=}¯_{θ=0}R. (18)

Now, the scalar potential is in order: V (S, T, Y ) = 3(S + S^∗)|Y |^4 (T + T^∗ − |Y |^2)^2 ( 3b^2 | |1 + 3 ln [c e^{S/3b} Y η^2(T )] | |^2

+ |Y |^2 T + T^∗ − |Y |^2 | |S + S^∗ − 3b ln [c e^{S/3b} Y η^2(T )] | |^2

+ 6b^2|Y |^2 [ 2(T + T^∗) | | | | η^′(T ) η(T ) | | | | 2 + η^′(T ) η(T ) + ( η^′(T ) η(T ) )_∗] ) . (19)

Here, all the matter fields are set to zero for simplicity. The potential is explicitly modular invariant and can be shown to be stationary at the self-dual points T = 1 and T = e^{iπ/6}[15].

Now we will show an inflationary trajectory of a dilaton field and a condensate field which breaks supersymmetry satisfying the slow-roll condition and can solve the η-problem. For the sake of simplicity, we will set S = S^∗ and Y = Y^∗. First, the plot of the potential V (S, Y ) at a self-dual fixed point T = 1 is shown at Fig. 1; we can see a valley of the potential and a stable minimum of V_Y (S) = 0 at (Y_{min}, S_{min}) ∼ (0.00646, 0.435).

Figure 1: The plot of V (S, Y ) at fixed T = 1 (self-dual point) with c = 183, b = 5.5.

Therefore, the particle should roll down along a trajectory minimized with respect to Y , and then we can conclude that inflation arises by the evolution of dilaton field S, provided the slow-roll condition is satisfied.

The inflationary trajectory will be well approximated by the equation:

Y_{min}(S) ∼ 0.00663e^{−S/16.2}, (20)

which is slightly different from Ferrara et al.’s approximated equation[12]: |Y | = (ce^{1/3}|η(T )|^2)^{−1}e^{−ReS/3b}. In Fig. 2, we have shown a plot of V (S) minimized with respect to Y . As shown by Ferrara et al.[12], supersymmmetry is broken by the hidden sector gaugino condensation because ⟨|F |⟩ ∝ ⟨|λλ|⟩ ≠ 0.

Figure 2: The plot of V (S) minimized with respect to Y . The minimum value of the potential is V (S_{min}) ∼ −9.3 × 10^{−13}.

Our main purpose of this paper is to prove that the dilaton field plays the role of inflaton field. The slow-roll parameters (in Planck units m_P/ √ 8π = 1) are defined by:

ϵ_α = 1 2 ( ∂_αV V )_2 , η_{αβ} = ∂_α∂_βV V . (21)

The slow-roll condition demands both values to be lower than 1. We understand that it is the end of inflation, when one of the slow-roll parameters reach the value 1. After passing through the minimum of the potential, “matters” may be produced with the critical density, i.e. Ω = 1. The values of ϵ_S and η_{SS} are obtained numerically in Figs. 3 and 4; we find the condition is well satisfied, and the η-problem can just be avoided.

Figure 3: The plot of ϵ_S . Figure 4: The plot of |ηSS |.

Let us now examine whether our scenario is viable or not in comparison with the recent measurements[2].

Number of e-folds at which a comoving scale k crosses the Hubble scale aH during inflation is given by[1]:

N(k) ∼ 62 − ln k a_0H_0 − 1 4 ln (10^{16} GeV)^4 V_k + 1 4 ln V_k V_{end}

, (22)

where we assume V_{end} = ρ_{reh}. We focus the scale k_∗ = 0.05 Mpc^{−1} and the inflationary energy scale is V ∼ 10^{−10} ∼ (10^{16} GeV)^4 as shown in Fig. 2, therefore the number of e-folds which corresponds to our scale must be around 57. On the other hand, using the slow-roll approximation, N is also calculated by: N ∼ − ∫_{S2} S_1 V ∂V dS. (23) We could have obtained the number ∼ 57, by integrating from S_{end} ∼ 1.98 to S_∗ ∼ 10.46, fixing the parameters c = 183 and b = 5.5, i.e. our potential has the ability to produce the cosmologically plausible number of e-folds. Here S_∗ is the value corresponding to k_∗.

Next, a scalar spectral index standing for a scale dependence of the spectrum of density perturbation and its running are defined by:

n_s − 1 = d ln P_R d ln k , α_s = dn_s d ln k . (24)

These are approximated in the slow-roll paradigm as:

n_s(S) ∼ 1 − 6ϵ_S + 2η_{SS} , α_s(S) ∼ 16ϵ_S η_{SS} − 24ϵ^2_S − 2ξ^2_{(3)}, (25) where ξ_{(3)} is an extra slow-roll parameter that includes trivial third derivative of the potential. Substituting S_∗ into these, we have n_{s∗} ∼ 0.95 and α_{s∗} ∼ −4×10^{−4}. Because n_s is not equal to 1 and α_s is negligible, our model supports the model with tilted power law spectrum. The value of n_{s∗} is consistent with the recent observations; the best fitting of them (WMAPext, 2dFGRS and Lyman α) for power law ΛCDM model suggests n_s(k_∗) = 0.96 ± 0.02[2].

Finally, estimating the spectrum of the density perturbation[16] caused by slow-rolling dilaton: P_R ∼ 1 12π^2

V^3 ∂V^2 , (26)

we find P_{R∗} ∼ 2.1 × 10^{−9}. This result matches the measurements as well[2, 17]. Incidentally speaking, the energy scale V ∼ 10^{−10} is also within the constrained range[17].

Now we conclude that inflation and supersymmetry breaking occur at once by the interplay between the dilaton field as inflaton and the condensate gauge-singlet field.

For further investigations, (a) We should consider on the effects of the hidden sector massive matter over inflation and the supersymmetry breaking[14]. (b) it will be interesting to understand what kind of phenomena are obtained from the Sduality invariant theory[6]. Furthermore, (c) the dark matter and the dark energy problem appears to be the most important and exciting as well as the production of ordinary matter[2, 3, 4]. (d) gravitino, inflatino and axion production and their effects should be traced[18]. (e) brane world cosmology might be promising[19], (f) M-theoretical approach seems also important[6, 10]. These problems will be our further tasks.

References

[1] A. H. Guth, Phys. Rev. D23 (1981) 347;

A. Linde, Phys. Lett. B259 (1991) 38; Phys. Rev. D49 (1994) 748; G. Dvali, Q. Shafi and R. Schaefer, Phys. Rev. Lett. 73 (1994) 1886, hep-ph/9406319;

A. R. Liddle and D. H. Lyth, Phys. Rep. 231 (1993) 1; Cosmological Inflation and Large-Scale Structure (Cambridge Univ. Press, 2000); D. H. Lyth and A. Riotto, Phys. Rep. 314 (1999) 1, hep-ph/9807278; D. Wands, B. Bartolo, S. Matarrese and A. Riotto, Phys. Rev. D66 (2002) 043520, astro-ph/0205253.

[2] Science@NASA, The Oldest Light in the Universe, Feb. 11, 2003;

C. L. Bennett et al., Astrophys. J. Suppl. 148 (2003) 1, astro-ph/0302207; D. N. Spergel et al., ibid. 148 (2003) 175, astro-ph/0302209.

[3] I. Zlatev, L. Wang and P. J. Steinhardt, Phys. Rev. Lett. 82 (1999) 896, astro-ph/9807002;

D. J. H. Chung, L. L. Everett and A. Riotto, Phys. Lett. B556 (2003) 61, hep-ph/0210427;

Ph. Brax and J. Martin, ibid. B468 (1999) 40, astro-ph/9905040.

[4] R. R. Caldwell, R. Dave, and P. J. Steinhardt, Phys. Rev. Lett. 80 (1998) 1582, astro-ph/9708069;

P. J. E. Peebles and A. Vilenkin, Phys. Rev. D59 (1999) 063505, astro-ph/9810509;

M. Malquarti and A. R. Liddle, ibid. D66 (2002) 123506, astro-ph/0208562; Ref.[3], and references therein.

[5] E. Cremmer, S. Ferrara, L. Girardello and A. Van Proeyen, Nucl. Phys. B212 (1983) 413;

T. Kugo and S. Uehara, ibid. B222 (1983) 125; H. P. Nilles, Phys. Rep. 110 (1984) 1.

[6] H. P. Nilles, “On the low-energy limit of string and M-Theory”, hep-ph/0004064; and references therein.

[7] E. J. Copeland, A. R. Liddle, D. H. Lyth, E. D. Stewart and D. Wands, Phys.

Rev. D49 (1994) 6410, astro-ph/9401011;

G. Lazarides, “Supersymmetric hybrid inflation”, hep-ph/0011130; C. Panagiotakopoulos, Phys. Lett. B459 (1999) 473, hep-ph/9904284; J. McDonald, “F-term hybrid inflation, the η-problem and extra dimensions”, hep-ph/0201016.

[8] J. Ellis, C. Kounnas and D. V. Nanopoulos, Nucl. Phys. B247 (1984) 373;

A. B. Lahanas, “No-scale supergravity-A viable scenario for understanding the SUSY breaking scale?”, lecture given at the 31st Int. school of Subnuclear Physics, Erice, Sicily, 4-12 July 1993, CERN-TH.7092/93.

[9] E. Witten, Phys. Lett. B155 (1985) 151;

S. Ferrara, C. Kounnas and M. Porrati, ibid. B181 (1986) 263; M. Cvetic, J. Louis and B. Ovrut, ibid. B206 (1988) 227; S. Ferrara and M. Porrati, ibid. B545 (2002) 411, hep-th/0207135.

[10] H. P. Nilles, Nucl. Phys. Proc. Suppl. 101 (2001) 273, hep-ph/0106063; and references therein.

[11] A. Font, L. Ibáñez, D. Lüst and F. Quevedo, Phys. Lett. B245 (1990) 401.

[12] S. Ferrara, N. Magnoli, T. R. Taylor and G. Veneziano, Phys. Lett. B245 (1990) 409.

[13] G. Veneziano and S. Yankielowicz, Phys. Lett. B113 (1982) 231;

M. Dine, R. Rohm, N. Seiberg and E. Witten, ibid. B156 (1985) 55.

[14] B. de Carlos, J. A. Casas and C. Muñoz, Phys. Lett. B263 (1991) 248; Nucl.

Phys. B399 (1993) 623;

D. Lüst and T. R. Taylor, Phys. Lett. B253 (1991) 335.

[15] M. Cvetic, A. Font, L. E. Ibáñez, D. Lüst and F. Quevedo, Nucl. Phys. B361 (1991) 194.

[16] J. M. Bardeen, Phys. Rev. D22 (1980) 1882;

H. Kodama and M. Sasaki, Prog. Theor. Phys. Suppl. 78 (1984) 1; M. Sasaki, Prog. Theor. Phys. 76 (1986) 1036;

V. F. Mukhanov, H. A. Feldman and R. H. Brandenberger, Phys. Rep. 215 (1992) 203.

[17] S. M. Leach and A. R. Liddle, “Constraining slow-roll inflation with WMAP and 2dF”, astro-ph/0306305; Mon. Not. R. Astr. Soc. 341 (2003) 1151, astro-ph/0207213;

A. R. Liddle and S. M. Leach, “How long before the end of inflation were observable perturbations produced?”, astro-ph/0305263.

[18] P. B. Greene, K. Kadota and H. Murayama, Phys. Rev. D68 (2003) 043502, hep-ph/0208276;

M. Kawasaki, M. Yamaguchi and T. Yanagida, Phys. Rev. Lett. 85 (2000) 3572, hep-ph/0004243; Phys. Rev. D63 (2001) 103514, hep-ph/0011104; H. P. Nilles, M. Peloso and L. Sorbo, Phys. Rev. Lett. 87 (2001) 051302, hep-ph/0102264;

H. P. Nilles, K. A. Olive and M. Peloso, Phys. Lett. B522 (2001) 304, hep-ph/0107212;

J. E. Kim and H. P. Nilles, ibid. B553 (2003) 1, hep-ph/0201402.

[19] H. Kodama, A. Ishibashi and O. Seto, Phys. Rev. D62 (2000) 064022, hep-th/0004160;

M. C. Bento, O. Bertolami and A. A. Sen, ibid. D67 (2003) 023504, gr-qc/0204046.