astro-ph/9907223 16 Jul 1999

archive/ddmmyy

Assisted dynamics of multi–scalar field cosmologies

Anne M. Green and James E. Lidsey Astronomy Unit, School of Mathematical Sciences, Queen Mary and Westfield College, Mile End Road, London, E1 4NS, U. K. (July 16, 1999)

Abstract

We examine the dynamics of an arbitrary number of scalar fields interacting via a series of exponential potentials. In many cases, redefining the fields reduces the system to a single field with a single exponential potential, independent of the background spacetime. We show that this solution is the late–time attractor for an arbitrary number of scalar fields interacting via two exponential potentials. We apply this analysis to a reduced action resulting from a generalized compactification of higher–dimensional massless fields. PACS numbers: 98.80.Cq

Typeset using REVTEX

I. INTRODUCTION

It is widely believed that scalar fields played a central role in determining the dynamics of the very early universe. In particular, the self–interaction potential energy of a scalar field may have driven an epoch of accelerated, inflationary expansion [1]. Interaction potentials with an exponential form, which have previously received considerable attention, arise naturally in higher–dimensional and higher–order gravity theories [2], including the currently favoured superstring theories of the fundamental interactions [3,4].

In the vast majority of studies to date it has been assumed that, at a given epoch, only the scalar field with the shallowest potential is dynamically important, all other fields having redshifted away. Since superstring theories contain numerous scalar fields, it is crucial to examine their combined dynamics and, in particular, to address whether their interactions have important consequences for the early universe. Typically, the exponential potentials arising in these theories are individually too steep to drive inflation [5,6], but inflation may occur when the combined dynamics of a number of non-interacting fields is considered [7]. On the other hand, the addition of interactions between the fields can impede inflation [8,9].

As a concrete example of the interesting dynamics that arises^1, one can consider a set of m non-interacting scalar fields, ⃗φ = (φ_1, φ_2, . . . , φ_m), each with an exponential potential, V_i(φ_i) ∝ exp(−φ_i/ √ r_i), where r_i is a constant. Naively, one might expect that the field with the smallest coupling constant would dominate the universe at late times. Surprisingly, this is not the case, as was recently observed by Liddle, Mazumdar and Schunck [7]. The late– time attractor of this system for the spatially flat, Friedmann–Robertson–Walker (FRW) cosmology is actually of the form a ∝ t^{r̃}, where r̃ = ∑m i=1 r_i [7,10]. Thus, inflation is possible, r̃ > 1, even if the potentials are individually too steep to drive inflation (r_i < 1). This cooperative behaviour was termed ‘assisted’ inflation [7].

Copeland, Mazumdar and Nunes have studied a more general system, consisting of n

1In this paper, units are chosen such that 16πG = h̄ = c = 1.

exponential potentials and m scalar fields, which allows for interactions between the fields [9]. The action for this system is S = ∫ d^4x √ −g [ R − 1 2 (∇⃗φ)^2 − 1 2 n∑ i=1 m^2_i e�^{⃗ci .⃗φ} ] , (1) where the constant vectors, ⃗c_i, parametrise the couplings between the fields and m_i are arbitrary constants. The analysis of Copeland et al. was restricted to the spatially flat FRW cosmology and a new class of power law cosmologies, a ∝ t^r (r > 1/3), was found by directly solving the field equations. The exponent r is defined as the sum of all the elements of the inverse of a symmetric, n × n matrix M_{ij} : r ≡ n∑ i,j=1 ( M�^1 ) ij , (2) where M_{ij} is formed from the couplings between the fields: M_{ij} ≡ ⃗c_i.⃗c_j . (3) In general, there are two competing effects in generalised models of this type. The expansion rate may decrease more slowly as more potentials are introduced, but the interactions between the multiple scalar fields tend to reverse this effect. Similar behaviour was also noted by Kanti and Olive in multi-field models with power-law, rather than exponential, potentials [8].

We examine the system (1) in more detail in this paper. In Section II, we consider the multi–field dynamics for an arbitrary spacetime metric when the couplings, ⃗c_i, are related in a certain way. We determine the nature of the late–time attractor solution in the case where there are two exponential terms and an arbitrary number of scalar fields. In Section III, we analyse cosmologies derived from Eq. (1) within the context of a generalised toroidal compactification of higher–dimensional fields. We conclude in Section IV.

II. MULTIPLE EXPONENTIAL POTENTIALS AND FIELD ROTATIONS

The assisted dynamics between the scalar fields arising in action (1) can be understood more readily by performing an appropriate field redefinition. Following the analysis of Lü and Pope [11,12] we rotate the fields, ⃗φ, with respect to a unit vector, ⃗n: ⃗φ = φ⃗n + ⃗φ? , (4) where φ is a scalar function and ⃗φ? is perpendicular to ⃗n: ⃗n.⃗φ? = 0. We assume that the set of vectors ⃗c_i each have the same projection onto ⃗n, i.e., that ⃗c_i.⃗n ≡ c ∀ i , (5) for some constant, c. We also consider the class of models where the constants, m_i, can be rescaled without loss of generality such that m^2_i ≡ M^2/n for all i, where M is a constant. The model considered in the next Section satisfies these criteria.

In general, the scalar field equations derived from action (1) are given by

2⃗φ +^1_2^{n∑}_{i=1} ⃗cim^2_i e^{�⃗ci .⃗φ} = 0 . (6)

Taking the dot product of Eq. (6) with respect to ⃗n then implies that

2φ +^{cM 2}_{2n} e^{�cφ n∑}_{i=1} e^{�⃗ci .⃗φ?} = 0 , (7)

and substituting Eq. (7) into Eq. (6) implies that 2⃗φ? +^{M 2}_{2n} e^{�cφ [ n∑}_{i=1} ⃗cie^{�⃗ci.⃗φ?} − c⃗n^{n∑}_{i=1} e^{�⃗ci .⃗φ?]} = 0 . (8) It follows that if the unit vector satisfies the constraint [11] ⃗n = 1 cn n∑ i=1 ⃗c_i , (9) a consistent solution to Eqs. (7) and (8) is given by

2φ +^1_2 cM^2e^{�cφ} = 0 , (10)

⃗φ? = 0. (11) Eq. (10) may be derived from the action for a single scalar field: S = ∫ d^4x √ −g [ R − 1 2 (∇φ)^2 − 1 2 M^2e�^{cφ} ] (12) and the late–time attractor for the FRW cosmologies is known in this case [5,6].

It follows that the corresponding attractor for the general system (1) (subject to the constraints (5) and (9)) can be determined if ⃗φ? → 0 at late times. This will be the case if the full effective potential for the rotated fields has a global minimum along ⃗φ = 0. It is possible to show that this indeed occurs for the case of two potential terms (n = 2) containing an arbitrary number of scalar fields. Eqs. (5) and (9) imply that the vectors ⃗c_i have the same length, |⃗c_1| = |⃗c_2|. Moreover, taking the dot product of Eq. (9) with respect to ⃗φ? implies that ⃗c_1.⃗φ? = −⃗c_2.⃗φ?. Taking the dot product of the field equation (8) with respect to either ⃗c_i and employing these constraints then implies that 2 (⃗ci.⃗φ?) −^{M 2}_4 e^{�cφ (}|⃗ci|^2 − ⃗c1.⃗c2^) sinh (⃗ci.⃗φ?) = 0 . (13) Thus, the effective potential for each of the linear combinations of fields ⃗c_i.⃗φ? (i = 1, 2) is proportional to V_{eff} ∝ cosh (⃗c_i.⃗φ?) and hence has a global minimum at ⃗c_i.⃗φ? = 0. This implies that ⃗c_i.⃗φ? = 0 is the late–time attractor. However, since the vectors ⃗c_i are not parallel, this is only consistent if ⃗φ? = 0. Consequently, for a given metric, the late-time attractor for this class of n = 2 models is the attractor solution that arises from the action (12).

Before concluding this Section, we remark that the effective potential for the fields ⃗c_i.⃗φ? can be expanded about its minimum. To second–order, it contains a constant term and a term that is quadratic in the fields, as is the case in hybrid inflation models [13]. It was observed by Malik and Wands [10] that the assisted inflation solution of Ref. [7] is related to a power–law form of hybrid inflation, where the energy density of the false vacuum is redshifted due to an exponential dependence on a scalar field. The above analysis, which is independent of the background cosmology, illustrates that this connection with hybrid inflation may be a generic feature of assisted inflation models.

In the next Section we apply these results to a higher–dimensional theory containing massless scalar fields.

III. GENERALISED COMPACTIFICATION OF MASSLESS SCALAR FIELDS

In standard Kaluza–Klein compactification it is assumed that the higher–dimensional fields are independent of the compactified coordinates [14]. However, when the action exhibits a global symmetry, consistent lower–dimensional theories may be derived from the more general ansatz of Scherk and Schwarz [15]. The simplest example is the compactification on a circle of a theory containing a massless axion field. Since the field arises in the action only through its derivative, the global symmetry corresponds to a linear shift in its value. A consistent compactification is then possible if the axion has a linear dependence on the internal variable [16,17]. There has recently been renewed interest in generalised compactifications of this type [16–19] within the context of M–theory [20].

In view of this, we consider (D + 1)–dimensional Einstein gravity minimally coupled to a massless scalar field: S = ∫ d^{D+1}x √ −g_{D+1} [ R̂ − 1 2 ( ^∇Φ̂

)_2]

. (14)

Compactification onto a circle may be parametrised in terms of the metric [11]

ds^2_{D+1} = e^{2αφ}ds^2_D + e�^{2(D}�^{2)αφ} (dz + A_μdx^μ)^2 , (15) α ≡ − 1 √ 2(D − 1)(D − 2)

, (16)

where z represents the coordinate of the compactified dimension, A_μ is the gauge potential and the numerical value of α is chosen to ensure that the scalar ‘dilaton’ field, φ, is minimally coupled to the Einstein–frame metric after compactification. For the ansatz Φ̂(x^μ, z) = Φ(x^μ) + mz , (17)

the reduced action is given by [16] S = ∫ d^Dx √ −g_D [ R − 1 2 (∇φ)^2 − 1 4 e^{aφ}F_{μν}F^{μν} − 1 2 (DΦ)^2 − 1 2 m^2e�^{aφ} ] , (18)

where D_μΦ ≡ ∂_μΦ − mA_μ, F_{μν} = 2∂_{[μ}A_{ν]} is the field strength of A_μ and a ≡ √ 2(D − 1)/(D − 2). Action (18) is invariant under the massive gauge transformation δΦ = mχ and δA_μ = ∂_μχ and this allows the vector field to gain a mass by absorbing the axion field [16]. The dilaton field has an exponential self–interaction potential due to the non–trivial slope parameter, m, of the higher–dimensional axion.

The dimensional reduction summarised in Eqs. (15)–(18) may be applied to D– dimensional Einstein gravity minimally coupled to m = D − 4 massless axion fields, ⃗Φ. In principle, these fields may be interpreted as moduli fields arising from the compactification of (D +m)–dimensional, vacuum Einstein gravity on a rectilinear torus. We may then consider a generalised dimensional reduction on a (D−4)–dimensional torus, T^m = S^1 ×S^1 ×. . .×S^1, in terms of a series of compactifications on successive circles, S^1. For each S^1, we assume that one of the massless scalar fields has a linear dependence on the coordinate parametrising the circle and that the remaining fields are are independent of this coordinate. The massive vector field that arises in the dimensional reduction may then be consistently set to zero and the process repeated.

The result is that after compactification to four dimensions, the truncated action contains a set of (D−4) minimally coupled, dilatonic scalar fields, ⃗φ, that parametrise the radii of the compactified coordinates. These fields couple exponentially to each other through (D − 4) potentials that originated from the higher–dimensional axions. The action can therefore be expressed in the form of Eq. (1). The coupling vectors between the fields are determined by induction from Eqs. (15)–(18) and are given by

⃗c_i ≡ 0, 0, . . . , 0 i�1 , (D − 1 − i)s_i, s_{i+1}, s_{i+2}, . . . , s_D�_4 , (19)

where s_i ≡ [ 2 (D − 1 − i)(D − 2 − i) ]_1/_2

. (20)

Eqs. (19) and (20) imply that

⃗c_i.⃗c_j = 2 D�i�2 +^{∑D} �4_{k=i+1} 2

(D�2�k)(D�1�k) , if i = j 2(D�s�1) (D�s�2) +^{∑D}

�4_{k=s+1} 2

(D�2�k)(D�1�k) , otherwise,

(21) where s = max{i, j}. Employing the relationship n∑ k=1 1 [kq + (r − q)][kq + r] ≡ n r(r + nq) , (22)

and substituting Eq. (21) into Eq. (3) then yields the remarkably simple result:

M_{ij} = 2δ_{ij} + 1 , (23)

where δ_{ij} is the (D − 4)–dimensional Kronecker.

In this model, we may rescale the slope parameters, m_i, by performing linear translations on the values of the dilaton fields. It follows, therefore, that the analysis of Section II may be applied to this dimensionally reduced model. We conclude that the system admits cosmological solutions equivalent to that of the single scalar field in Eq. (12) with an exponential coupling parameter, c. The numerical value of the coupling is evaluated by taking the dot product of Eq. (9) with respect to the vector ⃗c_j. We find that

c^2 = 1 n n∑ i=1 M_{ij} , (24)

independent of j.

Thus, the nature of the solution of Ref. [9] can be understood in terms of a suitably defined, single scalar field, φ. If c^2 ≤ 3, the late–time attractor for the spatially flat FRW cosmology derived from action (12) is given by the power law a ∝ t^r, where r = c�^2 [5]. If c^2 > 3, on the other hand, the attractor is a ∝ t^{1/3} [6]. Since M_{ij} is non–singular, Eq. (24) implies that ∑n i=1(M�^1)_{ij} = 1/(c^2n) and summing over j then yields the power law given by Eq. (2) for r > 1/3.

Eq. (24) implies that the dimensionally reduced model derived above admits the spatially flat FRW power law solution, a ∝ t^r, where

r = 1 − 2 D − 2 . (25)

In the five–dimensional model, where only one dimension is compactified, the solution corresponds to that of a massless scalar field, r = 1/3. As more dimensions are compactified, the assisted dynamics between the scalar fields becomes apparent and the power of the cosmological expansion increases monotonically with the dimensionality of spacetime. We can conclude from Eq. (25), however, that assisted inflation does not arise in this compactification scheme regardless of the number of compactified dimensions, since as D → ∞, r → 1. It is interesting that this upper limit corresponds precisely to the coasting solution, where the scale factor is neither accelerating nor decelerating. In summary, each compactification of an axion field effectively introduces a new mass parameter, but the corresponding increase in the relative expansion rate of the universe is counter–balanced by the new interactions that also arise between the scalar dilaton fields.

The above analysis may be readily extended to include the more general class of models with n exponential potentials satisfying the simultaneous constraints ⃗c_i.⃗c_i = α + β and ⃗c_i.⃗c_j = β (i ≠ j) for arbitrary constants α and β. Eq. (3) then implies that M_{ij} = αδ_{ij} + β and from Eq. (24), this model admits a power law solution, where r = n/(α + βn). The condition for inflation may therefore be deduced directly from the form of the coupling parameters.

IV. CONCLUSION

In this paper, we have employed a formalism due to Lü and Pope [11] to examine multi– field cosmologies with m scalar fields interacting via n exponential potential terms. The original fields can be rotated and redefined to reduce the system to a single field with an exponential potential. The power law solution of Ref. [9] arises in the special case of the spatially flat FRW cosmology. We have shown that this solution is the late-time attractor for the case of two potential terms containing an arbitrary number of scalar fields when the couplings satisfy appropriate conditions. Since our analysis is independent of the spacetime geometry, it can be employed to study assisted inflation in the more general setting of spatially anisotropic and inhomogeneous cosmologies. For example, particular solutions for a single scalar field in a class of inhomogeneous Einstein–Rosen models have been found previously [21]. In principle, these may be reinterpreted in terms of multi–field cosmologies.

We considered the generalised compactification of D–dimensional, massless axion fields minimally coupled to gravity. We found that assisted inflation does not occur in this compactification for all D. However, the above model does highlight a potential problem for early universe cosmology resulting from assisted scalar field dynamics. In spatially flat FRW cosmologies containing a single scalar field and a barotropic fluid with an equation of state p = (γ − 1)ρ, the late–time attractor is given by a ∝ t^{(1/c2)} when c^2 < 3γ/2 [23]. When c^2 > 3γ/2, there exists a scaling solution, where the energy density of the fluid and scalar field redshift at the same rate [22–24]. An interesting case of Eq. (25) corresponds to the six–dimensional model, where the assisted dynamics between the scalar fields mimics the behaviour of a relativistic fluid (r = 1/2, γ = 4/3). For D ≥ 7, however, c^2 < 2 and the scalar fields dominate the radiation component. In particular, when D = 8 the expansion corresponds to that of a universe dominated by pressureless dust. This may represent a ‘moduli’ problem for the early universe. Although the individual potentials may be so steep that the fields on their own would track the fluid, it is possible for assisted dynamics to reverse this conclusion. A detailed study of the nature of the late–time attractors in such models would yield further insight into this question.

ACKNOWLEDGMENTS

AMG is supported by the Particle Physics and Astronomy Research Council (PPARC) UK. JEL is supported by the Royal Society. We thank E. J. Copeland, N. J. Nunes and D. Wands for helpful discussions.

REFERENCES

[1] A. A. Starobinsky, Phys. Lett. B 91, 99 (1980); A. H. Guth, Phys. Rev. D 23, 347 (1981); K. Sato, Mon. Not. R. Astron. Soc. 195, 467 (1981); A. D. Linde, Phys. Lett. B 108, 389 (1982); A. Albrecht and P. J. Steinhardt, Phys. Rev. Lett. 48, 1220 (1982); S. W. Hawking and I. G. Moss, Phys. Lett. B 110, 35 (1982).

[2] B. Whitt, Phys. Lett. B 145, 176 (1984); J. D. Barrow and S. Cotsakis, Phys. Lett. B 214, 515 (1988); D. Wands, Class. Quantum Grav. 11, 269 (1994); M. S. Bremer, M. J. Duff, H. Lü, C. N. Pope, and K. S. Stelle, Nucl. Phys. B543, 321 (1999).

[3] M. B. Green, J. H. Schwarz, and E. Witten, Superstring Theory, Cambridge University Press (1987).

[4] B. de Carlos, J. A. Casas, and C. Mumoz, Nucl. Phys. B399, 623 (1993); T. Barreiro, B. de Carlos, and E. J. Copeland, Phys. Rev. D 58, 083513 (1998).

[5] F. Lucchin and S. Matarrese, Phys. Rev. D 32, 1316 (1985); J. J. Halliwell, Phys. Lett.

B 185, 341 (1987); A. B. Burd and J. D. Barrow, Nucl. Phys. B308, 929 (1988). [6] A. R. Liddle, Phys. Lett. B 220, 502 (1989).

[7] A. R. Liddle, A. Mazumdar and F. E. Schunck, Phys. Rev. D 58, 061301 (1998). [8] P. Kanti and K. A. Olive, Phys. Rev. D 60, 043502 (1999); hep-ph/9906331. [9] E. J. Copeland, A. Mazumdar, and N. J. Nunes, astro-ph/9904309. [10] K. Malik and D. Wands, Phys. Rev. D 59, 123501 (1999). [11] H. Lü and C. N. Pope, Nucl. Phys. B465, 127 (1996). [12] H. Lü, S. Mukherji, and C. N. Pope, hep-th/9612224.

[13] A. D. Linde, Phys. Lett. B 259, 38 (1991); Phys. Rev. D 49, 748 (1994); E. J. Copeland, A. R. Liddle, D. H. Lyth, E. D. Stewart, and D. Wands, Phys. Rev. D 49, 6410 (1994).

[14] M. J. Duff, B. E. W. Nilsson, and C. N. Pope, Phys. Rep. 130, 1 (1986). [15] J. Scherk and J. H. Schwarz, Nucl. Phys. B153, 61 (1979).

[16] E. Bergshoeff, M. de Roo, M. B. Green, G. Papadopoulos, and P. K. Townsend, Nucl.

Phys. B470, 113 (1996); P. M. Cowdall, H. Lü, C. N. Pope, K. S. Stelle, and P. K. Townsend, Nucl. Phys. B486, 49 (1997).

[17] N. Kaloper, R. R. Khuri, and R. C. Myers, Phys. Lett. B 428, 297 (1998). [18] I. V. Lavrinenko, H. Lü, and C. N. Pope, Nucl. Phys. B492, 278 (1997); I. V. Lavrinenko, H. Lü, and C. N. Pope, Class. Quantum Grav. 15, 2239 (1998); C. M. Hull, J. High. En. Phys. 027, 9811 (1998); N. Kaloper and R. C. Myers, hep-th/9901045.

[19] P. Meessen and T. Ortin, Nucl. Phys. B541, 195 (1999).

[20] E. Witten, Nucl. Phys. B443, 85 (1995); P. K. Townsend, Phys. Lett. B 350, 184 (1995).

[21] J. M. Aguirregabiria, A. Feinstein, and J. Ibanez, Phys. Rev. D 48, 4669 (1993); A.

Feinstein, J. Ibanez, and R. Lazkoz, Class. Quantum Grav. 12, L57 (1995). [22] C. Wetterich, Nucl. Phys. B302, 668 (1988); D. Wands, E. J. Copeland, and A. R.

Liddle, Ann. N. Y. Acad. Sci. 668, 647 (1993).

[23] E. J. Copeland, A. R. Liddle, and D. Wands, Phys. Rev. D 57, 4686 (1998). [24] P. G. Ferreira and M. Joyce, Phys. Rev. D 58, 023503, (1998); A. P. Billyard, A. A.

Coley, and R. J. van den Hoogen, Phys. Rev. D 58, 123501 (1998).