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[1] Introduction

Classical solution of supergravity

M-brane, D-branesolution

A charged particles (0-dim) couples to 1-form gauge field.
Ҝ 2-form field strength

String theory,  supergravitytheory :
There are anti-symmetric tensor fields.

The preceding can be generalized to an (p+1)-form gauge field in D-dim

4-dim Maxwell theory:

(p+2)-form field strength ---- p-(mem)brane
ҜA p-dim charged object couples to (p+1)-form gauge field.

0-brane 1-brane 2-brane



Classical (p-brane) solution of SUGRA
(G. Horowitz & A. Strominger; Nucl. Phys.B(1990) 197)

Super p-branesolution 
(M.J.Duff& J.X.Lu; Nucl. Phys.B416 (1994) 301)

Intersecting branesolution :   (R. Guven; Phys.Lett.B276, (1992) 49.)   

These are classical solutions arise if the gravity are coupled not only 
to single gauge field but to several combination of the scalar and 
gauge fields in the supergravity.

Supersymmetricsolution of Intersecting brane
(G. Papadopoulos & P. K. Townsend; Phys.Lett.B380 (1996) 273)
(A. A. Tseytlin, Nucl.Phys.B475 (1996) 149)

Classification of intersecting branesolutions
(E. Bergshoeff, et. al. Nucl.Phys.B494 (1997) 119)



Why do we consider the dynamical case?
Ą Flux compactificationin the supergravityand cosmology

moduli stabilization, de Sitter space

Extension of  branesolution to the dynamical  case.

Type IIB SUGRA --- field strength + quantum correction
(S. Kachru, R. Kallosh, A. Linde, S. P. Trivedi; Phys.Rev.D68:046005,2003)

4-dimensional effective theory in large radius limit (neglecting warped 
structure of the metric).

Time dependent solutions  with gravity and field strength

4-dim Einstein-Maxwell system + cosmological constant 
(D.Kastor& J. Traschen; Phys.Rev. D 47 (1993) 5370 )

D-dim Einstein-Maxwell-dilatonsystem + cosmological constant
(T. Maki and K. Shiraishi; Class.Quant.Grav.10, (1993) 2171) 



Dynamical solution in SUGRA

10-dimensional IIB model (D3-brane)
(Gibbons & Lu & Pope; Phys.Rev.Lett. 94 (2005) 131602)

HeteroticM-theory 
(W. Chen, et al., Nucl.Phys. B732 (2006) 118)

Time dependent Klebanov& Strasslersolution in 10-dim IIB model 
(H. Kodama & K. Uzawa; JHEP 07 (2005) 061)
(H. Kodama & K. Uzawa; JHEP 03 (2006) 053)

Dynamical p-branesolution
(P. Binetruy, M.Sasaki, K.Uzawa, arXiv:0712.3615 [hep-th])

Intersecting p-branesystem
(K. Maeda, N. Ohta, K. Uzawa)



Dynamical solution of 4-dim gravity
(D.Kastor& J. Traschen; Phys.Rev. D 47 (1993) 5370 )

4-dim Einstein-Maxwell system + cosmological constant

4-dimensoinal action 

ҜTime dependent solution

Cosmological dynamics  Ҝ linear function of time

Solution of field equations 



The dynamical background of the p-brane

p-branein D-dim spacetime

In the              case, the field equations are reduced to 

Internal and external space are Ricci flat.

[2] Dynamical solution of p-branesystem
(G.W. Gibbons, H. Lu, C.N. Pope  Phys.Rev.Lett.94:131602,2005)

(H. Kodama & K. Uzawa; JHEP 07 (2005) 061)
(P. Binetruy,  M. Sasaki, K. Uzawa, arXiv:0712.3615)



For example, in the case of 
the solution is 

In the              case, the field equations are reduced to 

(G.W. Gibbons, H. Lu, C.N. Pope; Phys.Rev.Lett.94:131602,2005

:    constant parameters 

(H. Kodama & K. Uzawa; JHEP 07 (2005) 061)
(P. Binetruy, M.Sasaki, K.Uzawa, arXiv:0712.3615 [hep-th])



AdS5 S5

10-dim spacetime

M2-brane:
AdS4 S7

M2-brane:
11-dim Kasner



[3] Dynamical solution of  intersecting p-branesystem
(K. Maeda, N. Ohta, K. Uzawa)

D-dim action

Ansatzfor the dynamical background 
(R. Argurio, F. Englertand L. Houart, Phys. Lett.  B 398 (1997) 61.)



Assumption 

Then field equations then reduce to

Above Equations can be satisfied it only if there is only one function 
depending on both        and       .



Compactification

Expansion (4-dimension)

scale of extra dimension



4-dimensional effective theory

M2-M2-M5-M5 branesystem

Ansatzfor fields 

Solution

and is Ricci flat space.

We can choose the solution in which M5-brane part depends on 
both      and     .  In this case,



Compactifyingthe direction                                    ,  the four-dimensional 
metric in the Einstein frame is given by

The scale factor of our universe; 

We assume that Z is Euclid space. Then, above metric is   



Ansatzfor background

(p+1)-dimensional effective theory (No flux case)

Field equations  are reduced to 

Lower dimensional effective theory
(H. Kodama & K. Uzawa; JHEP 03 (2006) 053)



(p+1)-dimensional field equations 

lower-dimensional effective action 

No flux and internal space is Ricci flat space
Scalar field satisfies the equation of motion. 

Ansatzfor background



(p+1)-dimensional effective theory with Flux

D-dimensional model

Ansatzfor background 

D-dimensional action 

Internal space is Einstein space

Gauge fields satisfy field equations.



(p+1)-dimensional effective action 

Field equations (H. Kodama & K. Uzawa; JHEP 03 (2006) 053) 

Conformal transformation :

No flux and internal space is Ricci flat space

Field equations in higher dim .



(p+1)-dimensional effective action 

Field equations 

Conformal transformation :

No flux and internal space is Einstein space



p=3, D=10 case,   Ҝ 4-dimensional moduli potential  (Einstein frame)



[4] Intersections of KK monopoles and KK waves in eleven dimensions
(E. Bergshoeff, et. al., Class. Quant. Grav. 14 (1997) 2757)

KK monopoles and KK waves include the Kaluza-Klein charges 
generated by the dimensional reduction procedure. The Kaluza-Klein 
charged objects carry the electric or magnetic charge with 2-form field 
strength which is generated by the compactifications.

In D-dimensional spacetime, we can obtain the electric 0-brane  and 
the magnetic (D-4)-braneafter compactificationon one direction of 
(D+1)-dimensional theory. These objects corresponds to the KK-wave 
and KK-monopole in (D+1)-dimensions respectively.

KK-wave in eleven-dimension

0-brane in 10-dimension 6-brane in 10-dimension

KK-monopole in eleven-dimension

uplift uplift



(i) KK waves :  (H. W. Brinkmann, Proc. Nat. Acad. Sci. U.S.A. 9 (1923) 1)

The 2-form has a coupling to the dilaton. For the electric 0-brane 
the solution of fields in D-dimensions can be written by

If we reverse the KK procedure to derive a (D+1)-dimensional metric 
from a D-dimensional field configuration, the (D+1)-dimensional metric 
can be written as 

Then, the metric is only the relevant field in (D+1)-dimensional theory.
If we define the warp factor H=h-1, the metric of KK-wave is



(ii) KK monopoles : (R. D. Sorkin, Phys. Rev. Lett. 51 (1983) 87), 

(D. J. Gross and M. J. Perry, Nucl. Phys.  B 226 (1983) 29)

Next we consider the KK-monopole. There is a magnetic charge under the 
a 2-form field strength which denotes the a (D-4)-branein D-dimensional 
spacetime. 

This solution is given by the reduction over the transverse coordinate 
in (D+1) dimensional KK-monopole background. The metric of the KK-
monopole can be expressed by 

where the gauge potential          is given by



[4] Summary : 

The solutions we found have the property that they are genuinely  higher-
dimensional in the sense that one can never neglect the dependence on 
say of        .

The same results hold for intersecting p-branemodel.

Further calculations : 
Construction of the special solution of Einstein equation
Ҧ ǎǘŀōƛƭƛȊŀǘƛƻƴ ŀƴŘ ŀǇǇƭƛŎŀǘƛƻƴ ǘƻ cosmology

Warped structure : 
linear combination of the             and  
Ҧ 10-dimensional IIA, IIB and 11-dimensional supergravity





As a special example, we consider the case

In this case, the solution for           can be obtained explicitly as

where and            are constant parameters. 

For every M-branewith four- or five-dimensional relative transverse and D-
branewith four-dimensional relative transverse in the intersection, using the 
coordinate          , the metric can be given by the following form

where            denotes the products of warp factor depends only on 
the coordinate of transverse space,                             denotes the line element 
of the m-, n-dimensional space, the coordinate          for M-braneis defined by 



The numbers between square brackets indicate the number of M2-branes
and M5-branes involved in the intersection (6, 7, 8 intersecting  branecase). 
The notation [2k, 5l]+p W + q KK denotes that the intersections contain k M2-
branes, l M5-branes, p waves, q KK monopoles. 


