arXiv:1109.4818v2 [hep-th] 14 Mar 2012

YITP-11-101

Warped de Sitter compactifications in the scalar-tensor theory

Masato Minamitsuji Yukawa Institute for Theoretical Physics, Kyoto University, Kyoto 606-8502, Japan.

Kunihito Uzawa Department of Physics, Kinki University, Higashi-Osaka, Osaka 577-8502, Japan (Dated: March 15, 2012)

We present new solutions of warped compactifications in the higher-dimensional gravity coupled to the scalar and the form field strengths. These solutions are constructed in the D-dimensional spacetime with matter fields, with the internal space that has a finite volume. Our solutions give explicit examples where the cosmological constant or 0-form field strength leads to a de Sitter spacetime in arbitrary dimensions.

PACS numbers: 04.50.-h, 11.25.Mj

We present exact solutions of warped de Sitter compactifications in the scalar-tensor theory coupled to the form field strength. We show that certain coupling constants and the warped structure [1–6] allow accelerating expansion of our Universe [7–10] in arbitrary dimensions. In the higher-dimensional gravity theory, timedependence of the hyperbolic compact internal space yields an accelerating universe in the four-dimensional Einstein frame without the warped structure [11]. Then, more general accelerating solutions without warping in the context of higher-dimensional theory have been studied extensively in [11–16]. A (warped) compactification to de Sitter or accelerating universe has also been invoked as models not only in higher-dimensional gravity but also in supergravity and string theory [2, 17–24]. In many of these applications the solutions of the de Sitter spacetime with a warped compactification are evaluated at appropriate values of their parameters. At present several warped solutions which give the four-dimensional de Sitter spacetime have been reported recently in [3, 6] where one of the internal dimensions is noncompact, but de Sitter compactification with a compact internal space has been explored much less extensively (see e.g., [1] for the arguments on general properties of the warped de Sitter compactification). The main purpose of the present work is to present an explicit example of such warped de Sitter compactification just as the starting point for the research in this direction, though the solution presented in this Letter still may not be suitable for the realistic cosmological models.

Without relying on an infinite volume of extra dimensions, we can directly deduce a known construction of the de Sitter compactification in the framework of the higher-dimensional gravity theory. The strategy to find solutions basically follows one used in [6].

We also assume the same metric ansatz in [6], except for the replacement of the noncompact direction with that of S^1. As we will see, our relatively simple ansatz, however, will give us much information to reveal the essential properties of the warped de Sitter compactification.

In the following, we construct the de Sitter compactifications in the D-dimensional theory. Our construction is analogous to a previous approach to warped compactifications [4, 6]. The starting point of the construction is that the internal space can be expressed as a compact manifold. In the first model, we introduce the cosmological constant and matter fields such as the scalar and gauge fields while keeping the scalar coupling constant labeling the fields fixed. This framework will give us the easiest framework for describing the de Sitter spacetime, compact internal space and their generalizations. In the second model, because of the presence of 0-form field strength the cosmological constant may be taken to be negative (see e.g., [1] for the general arguments). This second solution is related to the massive theory which has been discussed with different coupling constant in [25, 26]. The construction of compactification in terms of higher-dimensional theory can be carried through the solutions of the Einstein equations, leading to descriptions based on compact internal space in various dimensions, as we explain in details.

Let us consider a gravitational theory with the metric g_{MN} , the scalar field ϕ, the cosmological constant Λ, and the antisymmetric tensor field of rank p_I . The action which we consider is given by

S = 1 2κ^2 ∫ [( R − 2e^{αϕ}Λ ) ∗ 1 − 1 2 dϕ ∧ ∗dϕ − ∑ I 1 2 · p_I ! e^{αI ϕ}F_{(pI )} ∧ ∗F_{(pI )} ] , (1)

where κ^2 is the D-dimensional gravitational constant, and ∗ is the Hodge operator in the D-dimensional spacetime, F_{(pI )} is the p_I -form field strength, and α, α_I are constants.

The D-dimensional action Eq. (1) gives the field equations: R_{MN} = 1 2 ∂_M ϕ∂_N ϕ + 2 D − 2 e^{αϕ}Λg_{MN} + ∑ I e^{αI ϕ} 2 · p_I ! [ p_I ( F_{(pI )} )_2 MN − p_I − 1 D − 2 g_{MN} F^2_{(pI )} ] ,(2a) d [ e^{αI ϕ} ∗ F_{(pI )} ] = 0 , (2b) d ∗ dϕ − 2αe^{αϕ}Λ ∗ 1 − ∑ I α_I e^{αI ϕ} 2 · p_I !

F_{(pI )} ∧ ∗F_{(pI )} = 0,(2c)

where ( F_{(pI )} )_2 MN is defined by F_{MA1 ···ApI −1} F_N^{A1 ···ApI −1} . To solve the field equations, we assume that the Ddimensional metric takes the form

ds^2 = e^{2A(y)} [ q_{μν} (X)dx^μdx^ν + u_{ij} (Y)dy^idy^j ] , (3)

where q_{μν} (X) is the n-dimensional external spacetime metric which depends only on the n-dimensional coordinates x^μ, and u_{ij} (Y) is the (D − n)-dimensional internal space metric which depends only on the (D − n)- dimensional coordinates y^i, the function A(y) depends only on the coordinates y^i. We assume that Y is a smooth and compact internal manifold.

As the first model, we consider a scalar field and field strengths F_{(n)} and F_{(D−n)} which have nonvanishing components only along the X and Y directions, respectively. The scalar field ϕ and the gauge field strengths are assumed to be ϕ = − 2 α A , (4a)

F_{(n)} = f_1 Ω(X) , (4b) F_{(D−n)} = f_2 e^{(D−2)A(y)}Ω(Y) , (4c)

where f_1 and f_2 are constants, and Ω(X), Ω(Y) denote the volume n-, (D − n)-form,

Ω(X) = √ −qdx^0 ∧ · · · ∧ dx^{n−1} , (5a) Ω(Y) = √ udy^1 ∧ · · · ∧ dy^{D−n}. (5b) Here, q and u are the determinants of the metric q_{μν} and u_{ij} , respectively. In the following, we assume that the parameters α_{(n)}, α_{(D−n)} are given by

α_{(n)} = −α_{(D−n)} = −α(n − 1) . (6)

Let us first consider the Einstein Eqs. (2a). Using the assumptions (3) and (4), the Einstein equations are given by R_{μν} (X) − q_{μν} [ P + K 2(D − 2) − 1 2 f^2 ] = 0, (7a)

R_{ij} (Y) − (D − 2)D_iD_j A + ( D − 2 − 2 α^2 ) ∂_iA∂_j A − u_{ij} [ P + K 2(D − 2) ] = 0 , (7b) where f^2 ≡ f^2_1 + f^2_2 , and D_i is the covariant derivatives with respect to the metric u_{ij} , and △_Y is the Laplace operator on the space of Y and R_{μν} (X) and R_{ij} (Y) are the Ricci tensors of the metrics q_{μν} and u_{ij} , respectively, and P , K are defined as

P = △_YA + (D − 2)u^{ij} ∂_iA∂_j A , (8a) K = 4Λ + (n − 1)f^2 . (8b)

Next we consider the gauge field. Under the assumptions Eq. (4b) and Eq. (4c), the Bianchi identities and the equations of motion for the gauge fields are automatically satisfied. Substituting Eqs. (3) and (4) into Eq. (2c), the scalar field equation gives P + α^2 4 K = 0 . (9)

Now we set

α^2 = 2 D − 2 + c , (10)

where c is constant. In terms of Eq. (4) and Eq. (10), the field equations reduce to

R_{μν} (X) + 1 2 q_{μν} ( f^2 + c 2 K ) = 0, (11a)

R_{ij} (Y) − (D − 2)D_iD_j A + ( D − 2 − 2 α^2 ) ∂_iA∂_j A + c 4 Ku_{ij} = 0, (11b) P + 1 4 ( 2 D − 2 + c ) K = 0 . (11c)

If c and Λ satisfy

f^2 + c 2 [ 4Λ + (n − 1)f^2 ] < 0 , (12)

the solution leads to an accelerating expansion of the ndimensional spacetime.

Next we consider the Eqs. (7b) and (11c). We assume that the (D − n)-dimensional metric u_{ij} is given by

ds^2(Y) = u_{ij} (Y)dy^idy^j

≡ b^2_0dθ^2 + w_{mn}(Z)dz^mdz^n , (13)

where b_0 is a constant with the dimension of the length and w_{mn}(Z) is the metric of (D − n − 1)-dimensional compact Einstein space depending on the coordinates z^m.

Using the metric (13), the Eqs. (7b) and (9) give −(D − 2)A^{′′} + c(D − 2)^2 2 + c(D − 2)

(A^′)^2 + c 4 K = 0 , (14a)

R_{mn}(Z) + c 4 Kw_{mn}(Z) = 0 , (14b)

b^{−2}_0 [ A^{′′} + (D − 2)(A^′)^2 ] + 1 4 ( 2 D − 2 + c ) K = 0 ,(14c) where^′ denotes the ordinary derivative with respect to the coordinate θ . Upon setting c = − 2 D − 1 , (15)

we find A(θ) = 1 D − 2 ln [ cos {√ 4Λ + (n − 1)f^2

2(D − 1)

(b_0θ + b_1) }]

+b_2 , (16)

where b_I (I = 0 , 1 , 2) are constants. Hence, the metric of the D-dimensional spacetime can be written as

ds^2 = Ā^2 [ cos {√ 4Λ + (n − 1)f^2 2(D − 1)

(b_0θ + b_1) }]2/(D−2)

× [ q_{μν} (X)dx^μdx^ν + b^2_0dθ^2 + w_{mn}(Z)dz^mdz^n ] , (17)

where Ā ≡ e^{b2} and a_0 are constants . We have obtained the de Sitter spacetime in a warped compactification, under the general assumption that both the field strengths along the X spacetime and the Y space have nonvanishing values. But, the field equations tell that Ricci tensor on X can take the positive sign, even if either the field strength along the X spacetime or that along the Y space is vanishing.

We can rewrite the metric of the D-dimensional spacetime as

ds^2 = Ā^2 [ cos (¯ θ − θ̄_0 )]_{2/(D−2)} [q_{μν} (X)dx^μdx^ν + 2(D − 1) 4Λ + (n − 1)f^2 dθ̄^2 + w_{mn}(Z)dz^mdz^n ] ,(18)

where θ̄ and θ̄_0 are defined by θ̄ ≡ b_0 √ 4Λ + (n − 1)f^2

2(D − 1) θ, θ̄_0 ≡ −b_1 √ 4Λ + (n − 1)f^2 2(D − 1) . (19) This metric is of cohomogeneity one with foliations of two Einstein spaces in D dimensions (for other examples of cohomogeneity one metric, see e.g., [27–38]).

Since the Kretschmann invariant of the metric (17) is given by R_{ABCD}R^{ABCD} = [ cos (¯ θ − θ̄_0 )] −4_{D−2} [n(n − 2) +(D − n − 1)(D − n − 3) +

2(D − 2) cos^4 (¯ θ − θ̄_0 ) ] , (20)

there are curvature singularities at

θ̄ = θ̄_0 + ( n + 1 2 ) π , (n is integer) . (21)

It is impossible to extend the spacetime across such a point and we should restrict θ̄ to be for one period θ̄_0 − π/2 ≤ θ̄ ≤ θ̄_0 + π/2.

We can construct very similar solutions by considering only the 0-form p_I = 0. Then the D-dimensional action in the Einstein frame includes the parameter of the 0- form field strength m, which is the dual to the D-form field strength F_{(D)} in the string frame. This is the equivalent to the contribution of the cosmological constant. If we set the coupling constant to the 0-form field strength α_{(0)} = α, and use the ansatz for the metric (3) and for the scalar field (4a) with (10), we can obtain the de Sitter solutions which have very similar metric form to (18).

In summary, we have presented exact solutions of the external n-dimensional de Sitter spacetime with the compactifications on the (D − n)-dimensional compact Einstein space under certain conditions in the D-dimensional gravitational theory coupled to the dilaton, n- and (D − n)-form field strengths and a cosmological constant (1). We also commented in the theory with the 0-form field strength. The metric structure requires that warp factor is expressed as the form e^{A(y)}, where A(y) is a function on the internal space. We could find the de Sitter compactification if the matter fields with background parameters satisfy the equations (12). The n-dimensional spacetime becomes de Sitter while the internal space has a finite volume. Then, it is possible to find a de Sitter compactification with a negative cosmological constant.

This work is still at the starting point for the research in this direction. There are problems which should be resolved. In our analysis, we could not find de Sitter solutions in the ten- or eleven-dimensional supergravity because the scalar coupling constants are different from those in it. If we choose the couplings in the supergravity, we only obtain the negatively curved n-dimensional spacetime and hence AdS spacetime. There were several trials to find the de Sitter solution in the supergravity theory in terms of the dynamical p-brane solutions. However, it was impossible to find the de Sitter solution in the ten- or eleven-dimensional supergravity theory [39–54] if we assume the scalar coupling constants in supergravity [53, 55].

We also assumed the simple internal space as an example as S^1×S^{D−n−1} . However, for instance, if the internal space is assumed to be T^2×T^{D−n−2}, the n-dimensional spacetime should be flat or a negative curvature spacetime. Hence, it is not so easy to find de Sitter compactification in the Calabi-Yau internal space. Among more recent developments, de Sitter solutions in string theory have been found to have a connection to the fourdimensional inflationary scenario with extended supersymmetry and have emerged as an important component of the internal spaces with enough symmetries of de Sitter compactification. In our analysis, we have focused on the availability of solutions for a given ansatz, and will leave the issues of the stabilization and the cure of curvature singularities for future studies. The next step of our work will be to develop a framework to understand string compactifications in which one varies the matter fields, the boundary conditions or other details. The issues on the stabilization and the cure of curvature singularities are also very crucial for a realistic model of the dark energy. All of them should be clarified in our future studies.

Acknowledgments

The work of M.M. was supported by the Yukawa fellowship. K.U. is supported by Grant-in-Aid for Young

Scientists (B) of JSPS Research, under Contract No. 20740147.

References

[1] 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 (2001) 822 [arXiv:hep-th/0007018].

[2] J. Blaback, U. H. Danielsson, D. Junghans, T. Van Riet, T. Wrase and M. Zagermann, “Smeared versus localised sources in flux compactifications,” JHEP 1012 (2010) 043 [arXiv:1009.1877 [hep-th]].

[3] I. P. Neupane, “Warped compactification to de Sitter space,” Nucl. Phys. B 847 (2011) 549 [arXiv:1011.5007 [hep-th]].

[4] M. Minamitsuji and K. Uzawa, “Constraints on warped compactifications,” arXiv:1012.5742 [hep-th].

[5] M. Minamitsuji and K. Uzawa, “Spectrum from the warped compactifications with the de Sitter universe,” arXiv:1103.5325 [hep-th].

[6] M. Minamitsuji and K. Uzawa, “Warped de Sitter compactifications,” JHEP 1201 (2012) 142 [arXiv:1103.5326 [hep-th]].

[7] A. G. Riess et al. [Supernova Search Team Collaboration], “Observational evidence from supernovae for an accelerating Universe and a cosmological constant,” Astron. J. 116 (1998) 1009 [arXiv:astro-ph/9805201].

[8] S. Perlmutter et al. [Supernova Cosmology Project Collaboration], “Measurements of Omega and Lambda from 42 high-redshift supernovae,” Astrophys. J. 517 (1999) 565 [arXiv:astro-ph/9812133].

[9] A. G. Riess et al. [Supernova Search Team Collaboration], “The farthest known supernova: Support for an accelerating Universe and a glimpse of the epoch of deceleration,” Astrophys. J. 560 (2001) 49 [arXiv:astro-ph/0104455].

[10] S. Tsujikawa, “Dark energy: investigation and modeling,” arXiv:1004.1493 [astro-ph.CO].

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

[12] C. M. Chen, P. M. Ho, I. P. Neupane and J. E. Wang, “A note on acceleration from product space compactification,” JHEP 0307 (2003) 017 [arXiv:hep-th/0304177].

[13] C. M. Chen, P. M. Ho, I. P. Neupane, N. Ohta and J. E. Wang, “Hyperbolic space cosmologies,” JHEP 0310 (2003) 058 [arXiv:hep-th/0306291].

[14] C. M. Chen, P. M. Ho, I. P. Neupane, N. Ohta and J. E. Wang, “Addendum to ’Hyperbolic Space Cosmologies’,” JHEP 0611 (2006) 044 [arXiv:hep-th/0609043].

[15] N. Ohta, “Accelerating cosmologies from Sbranes,” Phys. Rev. Lett. 91 (2003) 061303 [arXiv:hep-th/0303238].

[16] N. Ohta, “A study of accelerating cosmologies from superstring / M theories,” Prog. Theor. Phys. 110 (2003) 269 [arXiv:hep-th/0304172].

[17] S. Kachru, R. Kallosh, A. D. Linde and S. P. Trivedi, “De Sitter vacua in string theory,” Phys. Rev. D 68 (2003) 046005 [arXiv:hep-th/0301240].

[18] S. Kachru, R. Kallosh, A. D. Linde, J. M. Maldacena, L. P. McAllister and S. P. Trivedi, “Towards inflation in string theory,” JCAP 0310 (2003) 013 [arXiv:hep-th/0308055].

[19] E. Silverstein, “Simple de Sitter Solutions,” Phys. Rev.

D 77 (2008) 106006 [arXiv:0712.1196 [hep-th]]. [20] U. H. Danielsson, S. S. Haque, G. Shiu and T. Van Riet, “Towards Classical de Sitter Solutions in String Theory,” JHEP 0909 (2009) 114 [arXiv:0907.2041 [hep-th]].

[21] C. Caviezel, T. Wrase and M. Zagermann, “Moduli Stabilization and Cosmology of Type IIB on SU(2)-Structure Orientifolds,” JHEP 1004 (2010) 011 [arXiv:0912.3287 [hep-th]].

[22] T. Wrase and M. Zagermann, “On Classical de Sitter Vacua in String Theory,” Fortsch. Phys. 58 (2010) 906 [arXiv:1003.0029 [hep-th]].

[23] J. Rosseel, T. Van Riet and D. B. Westra, “Scaling cosmologies of N = 8 gauged supergravity,” Class. Quant. Grav. 24 (2007) 2139 [arXiv:hep-th/0610143].

[24] U. H. Danielsson, P. Koerber and T. Van Riet, “Universal de Sitter solutions at tree-level,” JHEP 1005 (2010) 090 [arXiv:1003.3590 [hep-th]].

[25] E. Bergshoeff, M. de Roo, M. B. Green, G. Papadopoulos and P. K. Townsend, “Duality of type II 7 branes and 8 branes,” Nucl. Phys. B 470 (1996) 113 [arXiv:hep-th/9601150].

[26] E. Bergshoeff, Y. Lozano and T. Ortin, “Massive branes,” Nucl. Phys. B 518 (1998) 363 [arXiv:hep-th/9712115].

[27] M. Cvetic, G. W. Gibbons, H. Lu and C. N. Pope, “Hyper-Kahler Calabi metrics, L^2 harmonic forms, resolved M2-branes, and AdS4 / CFT3 correspondence,” Nucl. Phys. B 617 (2001) 151 [hep-th/0102185].

[28] G. W. Gibbons, H. Lu, C. N. Pope and K. S. Stelle, “Supersymmetric domain walls from metrics of special holonomy,” Nucl. Phys. B 623 (2002) 3 [hep-th/0108191].

[29] H. Kanno and Y. Yasui, “On spin(7) holonomy metric based on SU(3)/ U(1),” J. Geom. Phys. 43 (2002) 293 [hep-th/0108226].

[30] M. Cvetic, G. W. Gibbons, H. Lu and C. N. Pope, “Cohomogeneity one manifolds of spin(7) and G(2) holonomy,” Phys. Rev. D 65 (2002) 106004 [hep-th/0108245].

[31] H. Kanno and Y. Yasui, “On Spin(7) holonomy metric based on SU(3)/ U(1). 2.,” J. Geom. Phys. 43 (2002) 310 [hep-th/0111198].

[32] A. Bilal, J. -P. Derendinger and K. Sfetsos, “(Weak)

G(2) holonomy from selfduality, flux and supersymmetry,” Nucl. Phys. B 628 (2002) 112 [hep-th/0111274].

[33] M. Cvetic, G. W. Gibbons, H. Lu and C. N. Pope, “A G(2) unification of the deformed and resolved conifolds,” Phys. Lett. B 534 (2002) 172 [hep-th/0112138].

[34] J. D. Edelstein, A. Paredes and A. V. Ramallo, “Let’s twist again: General metrics of G(2) holonomy from gauged supergravity,” JHEP 0301 (2003) 011 [hep-th/0211203].

[35] M. Cvetic, H. Lu, D. N. Page and C. N. Pope, “New Einstein-Sasaki spaces in five and higher dimensions,” Phys. Rev. Lett. 95 (2005) 071101 [hep-th/0504225].

[36] C. -h. Ahn and J. F. Vazquez-Poritz, “Marginal deformations with U(1)^3 global symmetry,” JHEP 0507 (2005) 032 [hep-th/0505168].

[37] W. Chen, H. Lu and C. N. Pope, “Kerr-de Sitter black holes with NUT charges,” Nucl. Phys. B 762 (2007) 38 [hep-th/0601002].

[38] W. Chen, H. Lu and C. N. Pope, “General Kerr-NUT- AdS metrics in all dimensions,” Class. Quant. Grav. 23 (2006) 5323 [hep-th/0604125].

[39] P. Binetruy, M. Sasaki and K. Uzawa, “Dynamical D4- D8 and D3-D7 branes in supergravity,” Phys. Rev. D 80 (2009) 026001 [arXiv:0712.3615 [hep-th]].

[40] M. Minamitsuji, N. Ohta and K. Uzawa, “Cosmological intersecting brane solutions,” Phys. Rev. D 82 (2010) 086002 [arXiv:1007.1762 [hep-th]].

[41] G. W. Gibbons, H. Lu and C. N. Pope, “Brane worlds in collision,” Phys. Rev. Lett. 94 (2005) 131602 [arXiv:hep-th/0501117].

[42] W. Chen, Z. W. Chong, G. W. Gibbons, H. Lu and C. N. Pope, “Horava-Witten stability: Eppur si muove,” Nucl. Phys. B 732 (2006) 118 [arXiv:hep-th/0502077].

[43] H. Kodama and K. Uzawa, “Moduli instability in warped compactifications of the type IIB supergravity,” JHEP 0507 (2005) 061 [arXiv:hep-th/0504193].

[44] H. Kodama and K. Uzawa, “Comments on the fourdimensional effective theory for warped compactification,” JHEP 0603 (2006) 053 [arXiv:hep-th/0512104].

[45] K. i. Maeda, N. Ohta and K. Uzawa, “Dynamics of intersecting brane systems – Classification and their applications –,” JHEP 0906 (2009) 051 [arXiv:0903.5483 [hep-th]].

[46] K. i. Maeda, N. Ohta, M. Tanabe and R. Wakebe, “Supersymmetric Intersecting Branes in Time-dependent Backgrounds,” JHEP 0906 (2009) 036 [arXiv:0903.3298 [hep-th]].

[47] G. W. Gibbons and K. i. Maeda, “Black Holes in an Expanding Universe,” Phys. Rev. Lett. 104 (2010) 131101 [arXiv:0912.2809 [gr-qc]].

[48] K. i. Maeda and M. Nozawa, “Black Hole in the Expanding Universe from Intersecting Branes,” Phys. Rev. D 81 (2010) 044017 [arXiv:0912.2811 [hep-th]].

[49] K. i. Maeda, N. Ohta, M. Tanabe and R. Wakebe, “Supersymmetric Intersecting Branes on the Waves,” JHEP 1004 (2010) 013 [arXiv:1001.2640 [hep-th]].

[50] K. i. Maeda and M. Nozawa, “Black Hole in the Expanding Universe with Arbitrary Power-Law Expansion,” Phys. Rev. D 81 (2010) 124038 [arXiv:1003.2849 [gr-qc]].

[51] M. Minamitsuji, N. Ohta and K. Uzawa, “Dynamical solutions in the 3-Form Field Background in the Nishino- Salam-Sezgin Model,” Phys. Rev. D 81 (2010) 126005 [arXiv:1003.5967 [hep-th]].

[52] K. i. Maeda, M. Minamitsuji, N. Ohta and K. Uzawa, “Dynamical p-branes with a cosmological constant,” Phys. Rev. D 82 (2010) 046007 [arXiv:1006.2306 [hepth]].

[53] M. Minamitsuji and K. Uzawa, “Cosmology in pbrane systems,” Phys. Rev. D 83 (2010) 086002 [arXiv:1011.2376 [hep-th]].

[54] M. Minamitsuji and K. Uzawa, “Dynamics of partially localized brane systems,” Phys. Rev. D 84 (2011) 126006 [arXiv:1109.1415 [hep-th]].

[55] T. Maki and K. Shiraishi, “Multi - black hole solutions in cosmological Einstein-Maxwell dilaton theory,” Class. Quant. Grav. 10 (1993) 2171.