arXiv:hep-th/0606041 v3 14 Jun 2006

hep-th/0606041

Space-like branes, accelerating cosmologies and the near ‘horizon’ limit

Shibaji Roy^1 and Harvendra Singh^2

Saha Institute of Nuclear Physics, 1/AF Bidhannagar, Calcutta-700 064, India

Abstract

It is known that there exist two different classes of time dependent solutions in the form of space-like (or S)-branes in the low energy M/string theory. Accelerating cosmologies are known to arise from S-branes in one class, but not in the other where the time-like holography in the dS/CFT type correspondence may be more transparent. We show how the accelerating cosmologies arise from S-branes in the other class. Although we do not get the de Sitter structure in the lowest order supergravity, the near ‘horizon’ (t → 0) limits of these S-branes are the generalized Kasner metric.

1E-mail: shibaji.roy@saha.ac.in 2E-mail: h.singh@saha.ac.in

The interests in the time-dependent solutions in low energy (dimensionally reduced) string/M theory are manifold. (a) They might lead to a better understanding of the black hole as well as big bang singularities. (b) They might tell us about how the cosmological observations of our universe can be understood from a fundamental theory. (c) The time dependent solutions can provide a concrete realization of dS/CFT correspondence and show us how time emerges from an Euclidean world-brane theory. (d) They can help us understand the time dependent processes in string theory.

Low energy string/M theory admits various kinds of time dependent solutions. We here consider a specific kind of solutions which are non-supersymmetric, singular and has the form of space-like (or S)-branes [1]^3. An Sp-brane has a (p + 1)-dimensional Euclidean world-volume and has isometry ISO(p + 1) × SO(d − p − 2, 1) in d space-time dimensions. In the literature there exist two classes of S-brane solutions. In one class the solutions are asymptotically (t → ∞) non-flat and are characterized by three or more independent parameters [3, 4]. The coordinates used here are also quite different from the usual BPS p-branes. Whereas, in the other class the solutions are asymptotically (t → ∞) flat and are characterized by two or more parameters [5]^4. Here the solutions can be written in terms of a single harmonic function with a singularity at t = 0 much like a BPS pbrane (of course the form of the solutions are quite different) with the radial coordinate r taking the place of time t. As the AdS/CFT correspondence is well-understood for BPS D3-brane, it is hoped that for this class of solutions, the dS/CFT correspondence [7, 8, 9]^5 can similarly be understood by taking a near ‘horizon’^6 limit. However, since it is difficult to find de Sitter solution in low energy string theory^7, the understanding of this issue remains unclear. The possibilities of obtaining eternally accelerating solutions from S-branes were also discussed in [12].

One of our objectives here is to find the four dimensional cosmologies from the Sbrane solutions just mentioned. For this purpose let us recall that for the static BPS p-brane solutions combining the radial part with the brane world-volume part we get a (p + 2) dimensional geometry which can be thought of as obtained by compactifying the ten dimensional theory on a (8−p)-dimensional sphere. In the similar spirit, for S-branes,

3See [2] for some earlier works on time dependent solutions in supergravities. 4In ten dimensions this class of solutions was also obtained in [6]. 5See [10] for some earlier works on dS/CFT correspondence.

6This is really an abuse of the term “horizon”, but we are using it in analogy with the static, BPS p-brane solutions of M/string theory. Even for the latter case, as is well-known, it is degenerate with zero area._7

Some such solutions were found in [11] with the inclusion of higher order curvature terms in the effective action.

combining the temporal part with the (p + 1)-dimensional Euclidean brane world-volume part, we get a (p+2)-dimensional geometry by compactifyting the d dimensional theory on (d − p − 2) dimensional hyperbolic space. So, in order to get a four dimensional world, we must take p = 2. In general the volume of compactification associated with the hyperbolic space is time dependent and for this case it is possible to obtain accelerating cosmologies in four dimensions, evading a ‘no-go’ theorem [13, 14], as was shown by Townsend and Wohlfarth [15] starting from pure Einstein gravity in higher dimensions. The solution used in [15] is a special case of the first class of S-brane solutions we mentioned above, that is, they are asymptotically non-flat. In general in this case one should have a two parameter family of solutions [3], but ref.[15] used some specific values of the parameters. A more general S-brane solutions containing a gauge field (and a dilaton) and belonging again to the first class was used in refs.[16, 17] to obtain four dimensional cosmology^8. These solutions in general contains three (four) independent parameters and in showing the accelerating cosmology the parameters are restricted to specific values. When the gauge field (and the dilaton) is (are) put to zero these solutions reduce to those of Townsend and Wohlfarth when the parameters take specific values. Accelerating cosmologies were not known to follow from the second class of S-brane solutions^9 where the coordinates are much like those of BPS p-branes and dS/CFT type correspondence may be easily understood. So in this paper we will show that four dimensional accelerating cosmologies also follow from the second class of S-brane solutions where the solutions are asymptotically flat and are characterized by two or more independent parameters.

The second class of d-dimensional Sp-brane solutions were constructed in [5]. They can also be obtained by a Wick rotation of the static, non-susy p-brane solutions obtained in [20] as was shown there. Substituting p = 2 and considering the d − 4 = n-dimensional hyperbolic space compactification [21, 22, 23] on time varying volume we obtain the four dimensional metric in the Einstein frame. We show that the metric represents flat, homogeneous and isotropic FLRW universe with some scale factor S(η). Then we show that for certain values of the parameters, we can get an accelerating expansion from the four dimensional metric which can be thought of as obtained from time dependent hyperbolic compactifications of low energy M or string theory for n = 7 or 6. It thus shows

8Cosmological space-times from S-branes were also studied earlier in ref.[18]. 9In fact it might seem that the accelerating cosmologies do not follow from this class of S-brane solutions. The reason is, although it is known [19] that the first class of solutions maps to the second class under a coordinate transformation on imposing the same boundary conditions on the metric and the dilaton but, for the parameter restrictions used in refs.[15, 16, 17] these two classes remains disctinct. So, it may appear that the asymptotic non-flatness of the metric may be a necessary condition for the appearance of accelerating cosmologies. We will show later that this is not correct.

that the accelerating cosmologies quite generically follow from the S-branes irrespective of the fact whether they are asymptotically flat or not. Here also as for the other class of S-branes, the acceleration is transient with two decelerating phases at η → 0 and η → ∞ and does not lead to a realistic cosmology. We find that as η → 0, the behavior of the scale factor is universal with S(η) ∼ η^{1/3} irrespective of whether we consider first class or second class of S-brane solutions and whether we have a gauge field and/or a dilaton or not. The reason for this can be attributed to the fact that the near ‘horizon’ or η → 0 limit of these solutions give the generalized Kasner metric^{10}.

The asymptotically flat, space-like or S2-brane solution in gravity coupled to dilaton and an (n − 1)-form gauge field in n + 4 space-time dimensions is given in [5] and has the form,

ds^2 = F^{12(n−1)χ} ( HH̃ ) 2_{n−1} ( −dt^2 + t^2dH^2_n ) + F^{− 4χ} 3∑ i=1 (dx^i)^2

e^{2ϕ} = F^{− 4a(n+2)(n−1)χ} ( H H̃ )_{2δ} F_{[n]} = bVol(H_n) (1)

In the above F = ( H(t)/H̃(t) )_α cos^2 θ+ ( H̃(t)/H(t) )_β sin^2 θ, where, H(t) = 1+ω^{n−1}/t^{n−1} and H̃(t) = 1 − ω^{n−1}/t^{n−1} are the two harmonic functions. The physically acceptable region is t > ω. Here α, β, θ, ω and δ are integration constants. b is a ‘charge’ parameter and dH^2_n represents the line element of an n-dimensional hyperbolic space and Vol(H_n) is its volume form. a is the dilaton coupling which is given by a^2 = 4 − 6(n − 1)/(n + 2) for maximal supergravities [25] in diverse dimensions d = n + 4. Note that a = 0 for n = 7 or for M-theory and a = −1/2 for space-like D2-brane solutions of string theory. Also in the above χ is defined to be χ = 6 + a^2(n + 2)/(n − 1). Note that as t → ∞, the functions H(t), H̃(t) and F go to unity and so the metric becomes asymptotically flat in Rindler coordinates. We mentioned that the solution depend on several parameters but not all of them are independent. They are related as α − β = aδ 1 2 δ^2 + 2α(α − aδ)(n + 2) χ(n − 1) = n n − 1 b = √ 4(n + 2)(n − 1) χ (α + β)ω^{n−1} sin 2θ (2)

So, the only independent paramaters are ω, θ and δ (δ vanishes for n = 7).

10This was also noticed in a different context in the second paper of reference [4] and [24]. We would like to thank Vladimir D. Ivashchuk for pointing this out to us.

Now instead of writing the solution in terms of two harmonic functions we can rewrite it in terms of a single harmonic function much like the BPS p-branes. For this purpose we make a coordinate transformation, t̃ = t ( 1 + ω^{n−1} t^{n−1} ) 2_{n−1} = tH^{2n−1} (3) This relation can be inverted to give t = t̃ ( 1 + √ f 2 ) 2_{n−1} (4) where f(t̃) = 1 − 4ω^{n−1}/t̃^{n−1}. The function F (t) above can then be written as F = (H H̃ )_α cos^2 θ + (H̃ H )_β sin^2 θ = f^{− α2} cos^2 θ + f^{β2} sin^2 θ (5) The solution (1) can then be rewritten as, ds^2 = F^{12(n−1)χ} f^{1n−1} ( − dt̃^2 f + t̃^2dH^2_n ) + F^{− 4χ} 3∑ i=1 (dx^i)^2 e^{2ϕ} = F^{− 4a(n+2)(n−1)χ} f^{−δ} F_{[n]} = bVol(H_n) (6) By defining another coordinate t̂^{n−1} = t̃^{n−1} − 4ω^{n−1} (7) we further rewrite the solution as

ds^2 = ( g^{α2} cos^2 θ + g^{− β2} sin^2 θ

)^{12}_{(n−1)χ} g^{1n−1} ( − dt̂^2 g + t̂^2dH^2_n )

+ ( g^{α2} cos^2 θ + g^{− β2} sin^2 θ

)_−^4_χ^3∑ i=1 (dx^i)^2 e^{2ϕ} = ( g^{α2} cos^2 θ + g^{− β2} sin^2 θ

)_−^{4a(n+2)} (n−1)χ gδ F_{[n]} = bVol(H_n) (8) where g(t̂) = 1 + 4ω^{n−1}/t̂^{n−1}. This solution has a singularity at t̂ = 0 much like the static, BPS p-brane which has singularity at r = 0, otherwise it is regular everywhere. The various parameters like α, β, ω, θ, δ and b satisfy the same relations as given before in eq.(2). Also in the following we will replace t̂ in solution (8) by t for brevity. As mentioned before in order to obtain four dimensional cosmology we combine the temporal part with the three dimensional Euclidean world-volume part and for obtaining the four dimensional cosmology in Einstein frame we extract from the four dimensional part the proper conformal factor. So, we write the metric in (8) as follows, ds^2 = F^{− 6n(n−1)χ} g^{− n2(n−1)} t^{−n}ds^2_E + F^{12(n−1)χ} g^{1n−1} t^2dH^2_n (9) where ds^2_E = −F^{6(n+2)(n−1)χ} g^{− n−42(n−1)} t^ndt^2 + F^{2(n+2)(n−1)χ} g^{n2(n−1)} t^n 3∑ i=1 (dx^i)^2 (10) is the four dimensional metric in the Einstein frame. Here F (t) = g(t)^{α/2} cos^2 θ + g(t)^{−β/2} sin^2 θ, with g(t) as given before. Now redefining a new time coordinate η by dη = F^{3(n+2)(n−1)χ} g^{− n−44(n−1)} t^{n2} dt (11) we can write the Einstein frame metric ds^2_E in the standard FLRW form as ds^2_E = −dη^2 + S^2(η) ( (dx^1)^2 + (dx^2)^2 + (dx^3)^2 ) (12) where the scale factor S(η) has the form, S(η) ≡ A(t) = F^{n+2(n−1)χ} g^{n4(n−1)} t^{n2} (13) Let us also define another function B(t) = F^{− 2(n+2)(n−1)χ} g^{n−22(n−1)} (14) We will have an expanding universe if the scale factor satisfies dS(η)/dη > 0 and the expansion will be accelerated if d^2S(η)/dη^2 > 0. In terms of the functions A(t) and B(t), these two conditions can be written as m(t) ≡ d ln A dt > 0 n(t) ≡ d^2 ln A dt^2 + d ln A dt d ln B dt > 0 (15) Now in order to understand whether (12) can give an accelerating cosmology or not we will have to fix the various parameters and study the functions m(t) and n(t) of eqs.(15) to see whether both can be satisfied for some range of the time coordinate t or η. We first note that from the second relation in eq.(2) we get α and β in terms of δ as α = ± χn − 3δ^2(n − 1) 2(n + 2) + aδ 2 β = ± χn − 3δ^2(n − 1) 2(n + 2) − aδ 2 (16)

In the following we will study the four cases separately. (a) Pure Einstein gravity (a = 0, δ = 0 ⇒ α = β, b = 0 ⇒ θ = 0) (b) Einstein gravity with an (n − 1)-form gauge field (δ = 0 ⇒ α = β, a = 0, b ≠ 0) (c) Einstein gravity with a dilaton (a ≠ 0, b = 0 ⇒ θ = 0) (d) Einstein gravity with a dilaton and an (n − 1)-form gauge field.

We will take n = 7 for M-theory compactification (Case I) and n = 6 for string theory compactification (Case II). We will discuss the above four possibilities in these two cases. Note that for n = 7, there is no dilaton and so, a = δ = 0 and therefore cases (c) and (d) do not arise. But for string theory all these four cases will arise. Case I: M-theory compactifications (n = 7)

(a) For this case a = 0, δ = 0 and χ = 6 and so, α = β = ± √ 7/3. Also, we have b = θ = 0, so there is no gauge field. The function F = g(t)^{α/2}, so, from (13) and (14) we find A = g(t)^{± 18}

√_{73 + 724} t^{72} B = g(t)^{∓ 14}

√_{73 + 512} (17) where g(t) = 1 + 4ω^6/t^6. We have plotted the functions m(t) and n(t) defined in (15) in Figures 1,2 for the upper sign and have shown that both the conditions in (15) can be simultaneously satisfied for certain range of t indicating an accelerating cosmology for that period of time. The lower sign does not produce accelerated expansion. Note that we have plotted m(t) and n(t) for 4ω^6 = 0.01, 0.1, and 1 to show the behavior of the functions for different values of the parameters. The parameter 4ω^6 has very little effect at very large and very low values of t. This is the reason we see acceleration only for a finite interval of time. When we introduce more and more parameters to study various other M/string theory compactifications we will see that the basic behavior of the functions remain the same and the additional parameters do not contribute significantly to the cosmology we obtain.

(b) For this case a = δ = 0 and so, α = β = ± √ 7/3 as in the previous case. However, here b ≠ 0 which implies θ ≠ 0, that is, there is a non-zero 6-form gauge field. Here

Figure 1: Plot of m(t) for M-theory compactification without a gauge field (θ = 0) given in (15) for 4ω^6 = 0.01, 0.1, and 1. The top curve is for the value 0.01, the middle one for 0.1 and so on. All the curves meet at small and large values of t.

Figure 2: Plot of n(t) for M-theory compactification without a gauge field (θ = 0) given in (15) for 4ω^6 = 0.01, 0.1, and 1. The left curve is for the value 0.01, the middle one for 0.1 and so on. All the curves appear to meet at late and early times. All the curves are positive for some finite interval of time indicating an acceleration for that period, but are decelerating beyond that.

also χ = 6. We have considered three different values of θ i.e. θ = π/4, π/6, and π/18. However we find that the functions behave almost similarly for different values of θ and so, we give here the plots only for θ = π/4. In this case the various functions have the forms,

F (t) = 1 2 ( g(t)^{12}

√_{73} + g(t)^{− 12}

√_{73} )

A(t) = 1 2^{14} ( g(t)^{12}

√_{73} + g(t)^{− 12}

√_{73} )^1_4 g(t)^{724} t^{72}

B(t) = 2^{12} ( g(t)^{12}

√_{73} + g(t)^{− 12}

√_{73} )−^1_2 g(t)^{512} (18)

where g(t) is as given in (a) above. Here also we have plotted the functions m(t) and n(t) given in (15) for 4ω^6 = 0.01, 0.1, 1 in Figures 3,4. Again the plots show that we get an accelerating cosmology for certain interval of time.

Figure 3: Plot of m(t) given in (15) for M-theory compactification with a gauge field for 4ω^6 = 0.01, 0.1, and 1 and θ = π/4. The top curve is for the value 0.01, the middle one for 0.1 and so on. All the curves meet at small and large values of t.

Case II: String theory compactifications (n = 6)^{11}

(a) For this case a = δ = 0, which implies α = β = ±3/2. Also χ = 6 and b = θ = 0. The various functions in this case have the forms

F (t) = g(t)^{± 34} A(t) = g(t)^{± 15 + 310} t^3 B(t) = g(t)^{∓ 25 + 25} (19)

where g(t) = 1 + 4ω^5/t^5. We have plotted m(t) and n(t) using the functions in (19). But since we have pure Einstein gravity we expect the functions to have the same behavior as in M-theory case or in Case I(a) above. We indeed find that to be true and so, we do not give those plots here. Here also the upper sign of (19) gives accelerated expansion but the lower sign gives deceleration.

11Unlike in cases (c), (d) cases (a), (b) given below do not correspond to maximal supergravities.

Figure 4: Plot of n(t) for M-theory compactification with a gauge field given in (15) for 4ω^6 = 0.01, 0.1, and 1 and θ = π/4. The left curve is for the value 0.01, the middle one for 0.1 and so on. Here n(t) is positive in some finite time interval for different values of 4ω^6 chosen, showing the accelerating phase. But beyond these points there are deceleration.

(b) In this case we have a = δ = 0 implying α = β = ±3/2. Here also χ = 6, but now we have b ≠ 0 which implies θ ≠ 0. We therefore have a non-zero 5-form gauge field. The function F has now the form

F (t) = g(t)^{± 34} cos^2 θ + g(t)^{∓ 34} sin^2 θ (20)

where g(t) is as given in Case II(a) above. We have plotted m(t) and n(t) for three different values of θ namely, θ = π/4, θ = π/6 and θ = π/18 with three different 4ω^5 = 0.01, 0.1, 1. Here also since this is pure gravity with a non-zero gauge field, we expect the functions to behave similarly as in Case I(b) above. We find this to be true and so, we do not give the plots here.

(c) In this case we have a non-zero dilaton and so, a = −1/2. But we choose b = 0 which implies θ = 0 and the form field is vanishing. Here χ = 32/5 and from (16) we find α = ± √ 192 − 75δ^2 80 − δ 4 β = ± √ 192 − 75δ^2 80 + δ 4 (21)

The various functions defined in (13) and (14) now take the forms,

F (t) = g(t) 1 2 ( ± √_{192−75δ2}

80 −^δ_4 )

A(t) = g(t) 1 8 ( ± √_{192−75δ2}

80 −^δ_4 ) +^3_{10}

t^3 B(t) = g(t) 1 4 ( ∓ √_{192−75δ2}

80 +^δ_4 ) +^2_5

(22)

where g(t) is as given before in Case II(a) and |δ| ≤ √ 192/75, but otherwise is an arbitrary parameter. We have plotted m(t) and n(t) as given in (15) for various values of δ and 4ω^5 in Figures 5,6. We found like the parameter 4ω^5 that for not all values of δ we get an accelerating cosmology. We chose a specific value of δ = 0.1 and plotted the functions for three different values of 4ω^5. For all these cases we get accelerating cosmologies in some time interval. Here we have used only the upper sign of the various functions given in (22). The lower sign gives deceleration. Since in this case we have a non-zero dilaton, we expect to have a different behavior of the functions. But surprisingly, the new parameter δ has little effect on the cosmology. The differences in behavior of the functions are indeed very small as can be seen by comparing Figures 5,6 with those of the M-theory compactifications given in Figures 1 – 4.

Figure 5: Plot of m(t) given in (15) for string theory compactification with a dilaton but no gauge field (θ = 0) for 4ω^5 = 0.01, 0.1, and 1 and δ = 0.1. The top curve is for the value 0.01, the middle one for 0.1 and so on. All the curves meet at small and large values of t.

(d) In this case none of the parameters are zero. So, we have a non-zero dilaton as well as a non-zero 5-form gauge field. Again for this case χ = 32/5 and a = −1/2. α and β are the same as in Case II(c) above. The various functions are given as,

F (t) = g(t) 1 2 ( ± √_{192−75δ2}

80 −^δ_4 ) cos^2 θ + g(t) 1 2 ( ∓ √_{192−75δ2}

80 −^δ_4 ) sin^2 θ

Figure 6: Plot of n(t) given in (15) for string theory compactification with a dilaton but no gauge field (θ = 0) for 4ω^5 = 0.01, 0.1, and 1 and δ = 0.1. The left curve is for the value 0.01, the middle one for 0.1 and so on. All the curves are positive for certain interval of time indicating an accelerating cosmology. Beyond these points there are deceleration.

A(t) = g(t) 1 2 ( ± √_{192−75δ2}

80 −^δ_4 ) cos^2 θ + g(t) 1 2 ( ∓ √_{192−75δ2}

80 −^δ_4 ) sin^2 θ 1 4 g(t)^{310} t^3

B(t) = g(t) 1 2 ( ± √_{192−75δ2}

80 −^δ_4 ) cos^2 θ + g(t) 1 2 ( ∓ √_{192−75δ2}

80 −^δ_4 ) sin^2 θ

−^1_2

g(t)^{25} (23)

We have plotted the functions m(t) and n(t) given in (15) for various values of θ, δ and 4ω^5. As before for not all values of the parameters we get accelerating cosmologies. We here give the plots for θ = π/6, δ = 0.1 and with three different values of 4ω^5 = 0.01, 0.1 and 1 in Figures 7,8. With more parameters we expect the functions m(t) and n(t) to behave differently from the other cases, but again we found that the additional parameters have very little effect on the cosmology and we get essentially the same behavior as in the other cases. We have plotted the functions in various cases with the same scale for better comparison.

To summarize we have studied the conditions for accelerating cosmologies (15) for various M/string theory compactifications on hyperbolic space with time varying volume. In all the cases we have seen that both the conditions in (15) can be simultaneously satisfied in a certain time interval for some specific values of the various parameters. This indicates that under such compactifications the resulting four dimensional isotropic, homogeneous, FLRW universe in the Einstein frame can support accelerating cosmologies

Figure 7: Plot of m(t) given in (15) for string theory compactification with a dilaton and a gauge field for 4ω^5 = 0.01, 0.1, 1, δ = 0.1 and θ = π/6. The top curve is for the value 0.01, the middle one for 0.1 and so on. All the curves meet at small and large values of t.

Figure 8: Plot of n(t) given in (15) for string theory compactification with a dilaton and a gauge field for 4ω^5 = 0.01, 0.1, 1, δ = 0.1 and θ = π/6. The left curve is for the value 0.01, the middle one for 0.1 and so on. All the curves are positive for certain interval of time indicating an accelerating cosmology. Beyond these points there are deceleration.

for certain period of time. This acceleration is transient with an e-folding of the order of one and does not lead to an interesting cosmological scenario. In order to obtain the accelerating cosmology we have made use of the time dependent supergravity solution in the form of S-branes. A similar phenomenon was known for a class of S-branes which are asymptotically non-flat [3, 4]. However, here we have used another known class of S-branes which are asymptotically flat [5, 6]. Here we remark that although the details of the four dimensional cosmology we obtain from these two classes are quite different, which are also seen from the Figures given in this paper and those obtained in the earlier literature [15, 16, 17], the robust features are quite similar. We here make a few comments regarding the various cases we have studied with the asymptotically flat solution. First of all, we have given eight Figures, four for M-theory and four for string theory compactifications. All the cases are different with different values of the parameters, yet the Figures look quite the same. From all the plots of m(t) we see that they remain positive for all values of t indicating that they give expanding universe. Also they have two extrema, one maxima and one minima. The positions of these extrema and the variations of the curves change significantly with the change of the parameter 4ω^6 (for M-theory) or 4ω^5 (for string theory). But beyond certain time interval the function m(t) changes very little with 4ω^6 or 4ω^5. This is the reason the plots n(t) have two zeroes. So, the cosmologies start with deceleration (corresponding to negative values of n(t)) and also end in deceleration, but since they have two zeroes we have accelerating phase in between. However, since the positions of extrema changes with 4ω^6 or 4ω^5, the period of acceleration also changes with the parameter. But we must remark that the peroid of acceleration does not change much with the introduction of other parameters (like δ and/or θ). It is easy to see that the relation between the actual four-dimensional time η and t given in eq.(11) can be integrated for large (t → ∞) and small (t → 0) t. For t → ∞ we find t ∼ (η − η_0)^{2/(n+2)} and so, from (13) we get the late time behavior of the scale factor as S(η) ∼ (η−η_0)^{n/(n+2)}. So, the behavior depends on the theory from which the cosmology is obtained, but the detailed structure is not important. However, keeping the upper signs of α and β given in (16), it is easy to check that at early time F (t) ∼ t^{−(n−1)α/2} and t ∼ η^{−4χ/(6α(n+2)−3nχ)}. Similarly for the lower signs of α and β, we can check that at early time, F (t) ∼ t^{(n−1)β/2} and t ∼ η^{4χ/(6β(n+2)+3nχ)}. For both cases the behavior of the scale factor at early time can be seen from (13) to have the form S(η) ∼ η^{1/3}. Now we find that the behavior is quite universal independent of n. These early and late time behaviors of the scale factor match exactly with the pure gravity compactification (although their solution is different from the one used here) observed by Townsend and Wohlfarth [15].

The universal feature of the scale factor at early time can be attributed to the fact that the metric takes the generalized Kasner form when t → 0 and the resulting space-time is four dimensional. We would like to remark that the solution we have used in this paper is asymptotically flat with a ‘horizon’ at t = 0, just like the static, BPS p-brane (with horizon at r = 0) and since the near horizon geometry of a static D3-brane has the anti de Sitter structure, similarly, one might expect to get a de Sitter structure for this time dependent S2-brane solution in the near ‘horizon’ limit. But, it can be easily checked for the solution (8) that, we get de Sitter structure only if δ is a complex number or in other words a real de Sitter solution does not follow from the near ‘horizon’ limit of S2-brane. However, we find that t → 0 limit of the metric and the dilaton in (8) have the forms^{12},

ds^2 = −t^{− 6αχ +n−2}dt^2 + t^{2αχ (n−1)} 3∑ i=1 (dx^i)^2 + t^{− 6αχ +1}dH^2_n

e^{2ϕ} = t^{2aα(n+2)χ −δ(n−1)} (24)

Since in the above t is nearly zero, one can rewrite the metric by replacing t by λ t with λ → 0 and t = finite, in the form ds^2 = λ^{− 6αχ +n} [ −t^{− 6αχ +n−2}dt^2 + λ^{2αχ (n+2)−n}t^{2αχ (n−1)} 3∑ i=1 (dx^i)^2 + λ^{1−n}t^{− 6αχ +1}dR^2_n ] (25)

Note that we have replaced dH^2_n in (24) by the line element of a flat n-dimensional Euclidean space dR^2_n. This is possible because for n > 1, the coefficient of dH^2_n in (24) becomes infinite and so we can replace it by the flat space. Going back to the original coordinate t we therefore write the solution (24) by replacing dH^2_n by dR^2_n. Now defining a new coordinate by dt̄ = t^{−(3α/χ)+(n/2)−1}dt we can write the metric and the dilaton in (24) as, ds^2 = −dt̄^2 + t̄^{− 4α(n−1)6α−χn} 3∑ i=1 (dx^i)^2 + t̄^{2(6α−χ)6α−χn} dR^2_n e^{2ϕ} = t̄^{−4aα(n+2)+2δχ(n−1)} 6α−χn (26) Further, defining the various exponents of t̄ appearing in the metric and the dilaton in (26) p = − 2α(n − 1) 6α − χn , q = 6α − χ 6α − χn , γ = −2aα(n + 2) + δχ(n − 1) 6α − χn (27)

we find that they satisfy

3p + nq = 1, 1 − 3p^2 − nq^2 = 1 2 γ^2 (28)

In order to satisfy the second equation of (28) we have made use of the relation between the parameters α and δ given in (2). These are precisely the conditions satisfied by the

12Here we keep only the upper signs of α and β given in (16) and mention about the lower signs later. Also since for very low values of t, 4ω^{n−1} has very little effect on cosmology we have put 4ω^{n−1} = 1 without any loss of generality.

generalized Kasner metric [26]. Note that in deriving (24) and (26) we have used the upper signs of α, β, however, for the lower signs, they have very similar forms with α replaced by −β. The various exponents of t̄ in that case have the forms p = − 2β(n − 1) 6β + χn , q = 6β + χ 6β + χn , γ = − 2aβ(n + 2) + δχ(n − 1) 6β + χn (29)

It is easy to check that they again satisfy eq.(28) if we use eq.(2). We thus conclude that the near ‘horizon’ limit of the solution (8) is the generalized Kasner metric. Note that when there is no dilaton γ = 0, a = 0 and δ = 0, then p and q reduce precisely to the standard Kasner form given in [15]. Because of this the scale factor of the resulting four dimensional FLRW cosmology has a universal behavior S(η) ∼ η^{1/3}.

We have thus seen that the four dimensional accelerating cosmologies quite generically follow from the known S-brane solutions of M/string theory. This was known for the asymptotically non-flat solutions and we have shown this to be true for the asymptotically flat solutions as well. As in the former case, we have seen that the cosmology does not change much with the introduction of various parameters. Although we get accelerating cosmologies in various cases, the acceleration is transient. Since S-branes are unstable systems without any supersymmetry, it might be interesting to see whether by coupling the four dimensional action with the tachyon effective action and/or the inclusion of the higher order curvature terms can give a better understanding of the initial cosmological singularity and a longer period of acceleration leading to a de Sitter solution.

Acknowledgements

H.S. is grateful to AS-ICTP, Trieste and its Associateship Programme for hospitality where part of this work has been carried out.

References

[1] M. Gutperle and A. Strominger, “Spacelike branes,” JHEP 0204, 018 (2002) [arXiv:hep-th/0202210].

[2] H. Lu, S. Mukherji, C. N. Pope and K. W. Xu, “Cosmological solutions in string theories,” Phys. Rev. D 55, 7926 (1997) [arXiv:hep-th/9610107]; H. Lu, S. Mukherji and C. N. Pope, “From p-branes to cosmology,” Int. J. Mod. Phys. A 14, 4121 (1999) [arXiv:hep-th/9612224]; A. Lukas, B. A. Ovrut and D. Waldram, “Cosmological solutions of type II string theory,” Phys. Lett. B 393, 65 (1997) [arXiv:hep-th/9608195];

A. Lukas, B. A. Ovrut and D. Waldram, “String and M-theory cosmological solutions with Ramond forms,” Nucl. Phys. B 495, 365 (1997) [arXiv:hep-th/9610238]; K. Behrndt and S. Forste, “String Kaluza-Klein cosmology,” Nucl. Phys. B 430, 441 (1994) [arXiv:hep-th/9403179].

[3] C. M. Chen, D. V. Gal’tsov and M. Gutperle, “S-brane solutions in supergravity theories,” Phys. Rev. D 66, 024043 (2002) [arXiv:hep-th/0204071].

[4] V. D. Ivashchuk and V. N. Melnikov, “Multidimensional classical and quantum cosmology with intersecting p-branes,” J. Math. Phys. 39, 2866 (1998) [arXiv:hepth/9708157]; V. D. Ivashchuk, “Composite S-brane solutions related to Toda-type systems,” Class. Quant. Grav. 20, 261 (2003) [arXiv:hep-th/0208101]; N. Ohta, “Intersection rules for S-branes,” Phys. Lett. B 558, 213 (2003) [arXiv:hep-th/0301095].

[5] S. Bhattacharya and S. Roy, “Time dependent supergravity solutions in arbitrary dimensions,” JHEP 0312, 015 (2003) [arXiv:hep-th/0309202].

[6] M. Kruczenski, R. C. Myers and A. W. Peet, “Supergravity S-branes,” JHEP 0205, 039 (2002) [arXiv:hep-th/0204144].

[7] A. Strominger, “The dS/CFT correspondence,” JHEP 0110, 034 (2001) [arXiv:hepth/0106113]; A. Strominger, “Inflation and the dS/CFT correspondence,” JHEP 0111, 049 (2001) [arXiv:hep-th/0110087].

[8] D. Klemm, “Some aspects of the de Sitter/CFT correspondence,” Nucl. Phys. B 625, 295 (2002) [arXiv:hep-th/0106247].

[9] V. Balasubramanian, J. de Boer and D. Minic, “Mass, entropy and holography in asymptotically de Sitter spaces,” Phys. Rev. D 65, 123508 (2002) [arXiv:hepth/0110108].

[10] M. I. Park, “Statistical entropy of three-dimensional Kerr-de Sitter space,” Phys.

Lett. B 440, 275 (1998) [arXiv:hep-th/9806119]; M. I. Park, “Symmetry algebras in Chern-Simons theories with boundary: Canonical approach,” Nucl. Phys. B 544, 377 (1999) [arXiv:hep-th/9811033].

[11] K. i. Maeda and N. Ohta, “Inflation from M-theory with fourth-order corrections and large extra dimensions,” Phys. Lett. B 597, 400 (2004) [arXiv:hep-th/0405205];

K. i. Maeda and N. Ohta, “Inflation from superstring / M theory compactification with higher order corrections. I,” Phys. Rev. D 71, 063520 (2005) [arXiv:hepth/0411093]; K. Akune, K. i. Maeda and N. Ohta, “Inflation from superstring / M-theory compactification with higher order corrections. II: Case of quartic Weyl terms,” Phys. Rev. D 73, 103506 (2006) [arXiv:hep-th/0602242].

[12] S. Forste, “A note on inflationary string cosmology,” Phys. Lett. B 428, 44 (1998) [arXiv:hep-th/9802197]; C. M. Chen, P. M. Ho, I. P. Neupane and J. E. Wang, “A note on acceleration from product space compactification,” JHEP 0307, 017 (2003) [arXiv:hep-th/0304177]; C. M. Chen, P. M. Ho, I. P. Neupane, N. Ohta and J. E. Wang, “Hyperbolic space cosmologies,” JHEP 0310, 058 (2003) [arXiv:hepth/0306291]; M. N. R. Wohlfarth, “Inflationary cosmologies from compactification?,” Phys. Rev. D 69, 066002 (2004) [arXiv:hep-th/0307179]; I. P. Neupane, “Accelerating cosmologies from exponential potentials,” Class. Quant. Grav. 21, 4383 (2004) [arXiv:hep-th/0311071]; I. P. Neupane and D. L. Wiltshire, “Cosmic acceleration from M theory on twisted spaces,” Phys. Rev. D 72, 083509 (2005) [arXiv:hepth/0504135]; C. M. Hull, “Timelike T-duality, de Sitter space, large N gauge theories and topological field theory,” JHEP 9807, 021 (1998) [arXiv:hep-th/9806146]; L. Andersson and J. M. Heinzle, “Eternal acceleration from M-theory,” arXiv:hepth/0602102; R. Mochizuki, “Eternally Accelerating Cosmologies from S-Brane,” arXiv:hep-th/0606009.

[13] G. Gibbons, “Aspects of supergravity theories” in Supersymmetry, Supergravity and Related Topics, Eds. F. de Aguila, J. A. de Azcarraga and L. Ibanez, 346 (World Scientific, 1985).

[14] J. M. Maldacena and C. Nunez, “Supergravity description of field theories on curved manifolds and a no go theorem,” Int. J. Mod. Phys. A 16, 822 (2001) [arXiv:hepth/0007018].

[15] P. K. Townsend and M. N. R. Wohlfarth, “Accelerating cosmologies from compactification,” Phys. Rev. Lett. 91, 061302 (2003) [arXiv:hep-th/0303097]; P. K. Townsend, “Cosmic acceleration and M-theory,” arXiv:hep-th/0308149.

[16] N. Ohta, “Accelerating cosmologies from S-branes,” Phys. Rev. Lett. 91, 061303 (2003) [arXiv:hep-th/0303238]; N. Ohta, “A study of accelerating cosmologies from superstring / M theories,” Prog. Theor. Phys. 110, 269 (2003) [arXiv:hepth/0304172]; N. Ohta, “Accelerating cosmologies and inflation from M / superstring theories,” Int. J. Mod. Phys. A 20, 1 (2005) [arXiv:hep-th/0411230].

[17] S. Roy, “Accelerating cosmologies from M/string theory compactifications,” Phys.

Lett. B 567, 322 (2003) [arXiv:hep-th/0304084].

[18] C. P. Burgess, F. Quevedo, S. J. Rey, G. Tasinato and I. Zavala, “Cosmological spacetimes from negative tension brane backgrounds,” JHEP 0210, 028 (2002) [arXiv:hepth/0207104].

[19] S. Roy, “On supergravity solutions of space-like Dp-branes,” JHEP 0208, 025 (2002) [arXiv:hep-th/0205198].

[20] J. X. Lu and S. Roy, “Static, non-SUSY p-branes in diverse dimensions,” JHEP 0502, 001 (2005) [arXiv:hep-th/0408242].

[21] N. Kaloper, J. March-Russell, G. D. Starkman and M. Trodden, “Compact hyperbolic extra dimensions: Branes, Kaluza-Klein modes and cosmology,” Phys. Rev. Lett. 85, 928 (2000) [arXiv:hep-ph/0002001].

[22] G. D. Starkman, D. Stojkovic and M. Trodden, “Large extra dimensions and cosmological problems,” Phys. Rev. D 63, 103511 (2001) [arXiv:hep-th/0012226]; G. D. Starkman, D. Stojkovic and M. Trodden, “Homogeneity, flatness and ’large’ extra dimensions,” Phys. Rev. Lett. 87, 231303 (2001) [arXiv:hep-th/0106143].

[23] A. Kehagias and J. G. Russo, “Hyperbolic spaces in string and M-theory,” JHEP 0007, 027 (2000) [arXiv:hep-th/0003281].

[24] V. D. Ivashchuk and V. N. Melnikov, “Billiard representation for multidimensional cosmology with intersecting p-branes near the singularity,” J. Math. Phys. 41, 6341 (2000) [arXiv:hep-th/9904077].

[25] M. J. Duff and J. X. Lu, “Black and super p-branes in diverse dimensions,” Nucl.

Phys. B 416, 301 (1994) [arXiv:hep-th/9306052].

[26] S. R. Das, J. Michelson, K. Narayan and S. P. Trivedi, “Time dependent cosmologies and their duals,” arXiv:hep-th/0602107.