Classification of dynamical intersecting
branesolutions

KunihitoUzawa

OsakaCityUniversity

(H. Kodama, KJzawa JHEP 0602:200&rKiv hep-th/0512104] )
(P.Binetruy M. Sasaki, Klzawa arXiv:0712.3615, arXiv:0801.3507)
(K. Maeda, NOhta K.Uzawa arXiv:09-.--)



[1] Introduction

Classical solution &upergravity

M-brane D-branesolution

String theory,supergravitytheory :
There are antsymmetric tensor fields.

4-dim Maxwell theory:

A charged particles {@im) couples to 4orm gauge field.
K 2-form field strength

The preceding can be generalized to an (gfefn gauge field in Blim

(p+2)form field strength---- p-(mem)brane
K A pdim charged object couples to (p+fiorm gauge field.

O-brane 5 1-brane D 2-brane



Classical (brane) solution of SUGRA
(G. Horowitz & AStrominger Nucl Phys.B1990) 197)

Super pbranesolution
(M.J.Duff& J.X.LuNucl Phys.B116 (1994) 301)

/

ﬁmersectingbranesolution . (R.Guven Phys.Lett.B27§1992) 49.) \
These are classical solutions arise if the gravity are coupled not

to single gauge field but to several combination of the scalar an
gauge fields in theupergravity

Supersymmetricolution of Intersectingprane
(G. Papadopoulos & P. K. Townsdrlys.Lett.E880 (1996) 273)
(A. ATseytlin Nucl.Phys.B475 (1996) 149)

only
]

Classification of intersectingrane solutions

Q.Bergshoeﬁet. al. Nucl.Phys.B494 (1997) 119) /




Extension ofbranesolution to the dynamical case.

Why do we consider the dynamical case?
A Fluxcompactificationin the supergravityand cosmology
modauli stabilization, de Sitter space

Type 1IB SUGRAfield strength + quantum correction

(S.Kachry R.Kallosh A.Linde S. PTrivedi 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 EinsteilMaxwell system + cosmological constant
(D.Kasto’& J.Traschen Phys.Re\D 47 (1993) 5370)

D-dim EinsteiAMaxwelkdilaton system + cosmological constant
(T. Maki and KShiraishi Class.Quant.Grav.10, (1993) 2171)

.
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Dynamicabkolution in SUGRA

10-dimensionallB model (D3-brane)
(Gibbons & Lu & Pop@hys.Rev.LetB4 (2005) 131602

HeteroticM-theory
\ (W. Chen, et alNucl.PhysB732 (2006) 118 /

Time dependenKlebanow Strasslesolution in 16dim [1B model
(H. Kodama & KJzawa; JHEP 07 (2005) 061)
(H. Kodama & KJzawa; JHEP 03 (2006) 053)

Dynamical goranesolution
(P.Binetruy M.SasakiK.UzawaarXiv:0712.3615p-th])

Intersecting pbranesystem
(K. Maeda, NOhta, K.Uzaw3g



Dynamical solutiomf 4-dim gravity
(D.Kasto’& J.Traschen Phys.Re\D 47 (1993) 5370)

4-dim EinsteirMaxwell system + cosmological constant

4-dimensoinal action

1 1
S = —/dd'a:\/—g (R — SRy MY 2/\)
2K2 4
Solution of field equations

ds® = —h™2(t,y)dt* + h?(t,y)o;;dy"dy’

Mty) = at+b+ 3

7= 7 l| K Time dependent solution

Fy = d(h~ 1)/\dt
A

a = =+4/—
3

Cosmological dynamids linear function of time



[2] Dynamical solution of-pranesystem

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

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

p-branein D-dim spacetime

1 1 1
S = 55 (R #1p = do A wdd 56—0¢F(p+2) A *F(p+2)) ,
2 _ 20+ 1)(D—p—3)
c© = 4- D3 .
. 0[1]---[p|p+l
The dynamicabackgroundof the p-brane Shrame [o o o o
ds? = h_(D_p‘g)/(D_z)qW(X)d:::’"‘d:c” + h(p"'l)/(D_muij(Y)dyidyj,
e = h? h= h(zx,y),
Fipray = dhmHAQUX), QX)=v—qdx’ Adx' A--- A da?,

Inthec # 0 case, the field equations are reduced to

R (X) =0, Ri(Y) =0,
h(:C, y) = ho(ﬂ?) + h1(y), D/_oDz/hO =0, Avhi =0,

Internal and external space are Ricci flat.



Inthe. =0 case, the field equations are reduced to

b
Ruw(X) =0, Rii(Y) = 5Aug(Y),

h(z,y) = ho(z) + hi(y), D,Dyho =g (X), Avyh; =0,

For example, in the case 0quv = N, Uij = dj;
the solution is

3 M,
D e#0 = hole)=cur +& h) =Y s
l

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

B e=0 o) = gatn et 16 i) =3 g

(H. Kodama & KJzawa; JHEP 07 (2005) 061)
(P.Binetruy M.SasakiK.UzawaarXiv:0712.3615ep-th])

Cus c : constant parameters



ds?> = h=P=p=3)/(D=2y dqardz” + P/ D=2)(gr2 4 +2402),
h(t,r) = cit+co+ Mr PTPP3

M2-brane:
10-dimspacetime | 11-dim Kasner

r — 00, ho(t) :a‘,tj
ds? = (at)~ %, datdz” + (at)'/? (dr? + r2dO3)

D=10, p=3 I
411/2

47-1/2
ds? = |:h‘0($) + T—4:| mudm“dm” + |:h0($) + T—4:| (dT‘2 + TQdQE)

= |

AdS &




[3] Dynamical solution of intersectinghpane system
(K. Maeda, NOhta, K.Uzawag

D-dim action
1 1 1 cr¢
S:ﬁ R*]_D—§d§b/\*d¢5—2m€ F(p1+2)/\*F(pI+2) )
7 !
—p;—3
2oy 2(pr + 1)(D — pr = 3)

D -2

AnsatZfor the dynamical background
(R.Argurig F.Englertand LHouart PhysLett. B 398 (1997) 61.)

ds® = =B(t,y)dt* + Y CP(t,y)(dz")*(X) + A(t, y)us; (Y)dy'dy’

p=1
r L o
= — [ rgtd? + > T rP 2 (ty)(de")2(X) + [ [ Bht, w)uss (Y)dy'dy?,
I u=1 I I
a:_D—p[—B b:p[-l-l 5 — —(D—p;—3) for pll 1
D-2 D-2" 1 pr+1 for pw L1
e¢:Hh§ICI/2, e; = +1
I

Fip+2) = d(hy ') AQ(X) Q(X;) = dt AdaP  A--- A dzPT



Assumption

1/2
B2 (Z cu) AD-p9/2 ecrer — (H cu) B3
H

w1

Then field equations then reduce to

Z(pl +1)(0; hlhI ZZ (prr + 1)0¢InhydyInhp = 0,

I

Z atlnhf ZZ&uatlnhI@tlnhI =0

TI

R;i;(Y) =0,
hi(t,y) = Hr(t) + Kr(y), 8752H[:0, AvKr;=0

Above Equations can be satisfied it only if there is only one function
depending on bothy*  and



Compactification

A

‘\

scale of extra dimension

Expansion (4limension)

v



4-dimensionakffectivetheory

0 3[4]5]6[7]8 10
M2-M2-M5-M5 branesystem M2 o |o]o
M2 | o o| o
. M5 | o | o o
Ansatzfor fields R > S
ds®> = (hiha) 23(hsha) ™3 [~dt? 4+ haohy(dz')? + hohs(dz?)? + hiha(dz®)?
+hihs(dz*)? + hihoyi (Y)dy'dy’ + hihahshyu,,(Z)dzPdz"]
Fuay = dhi' ndtAndzt Anda? +dhy' AdtAda® Ada?

+xg (dhy ') A dazt A da® 4wz (dhy ') A da? A dat

Y and Z Is Ricci flat space.

We can choose the solution in which N¥gane part depends on
both ¢ and® . In this case,

hi = hl(Z), ho = hg(z), hy = h4(2), hg(t,z) = Ho(t) + Hl(z),

Solution
Azhl(z) = O? Azhg(z) = 0, Azh4(2) = 0?
ha(t, z) = Ko(t) + K1(2); 0?Kog=0, AzKi(2)=0




Compactifyinghe direction z', 2%, 2?, z* Y . thedounensional
metric in the Einstein frame is given by

dsg, = —(h1ha)~'dt* + hahgu,,(Z)dzPdz"

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

M My \]7 M, M
dst = — {(61 + —1) (cz + —2)} dt* + (ct +ec1+ —3) ((34 - —4) OpqdzPdz1,
z z z z

[ z— o0 ; dsh = —dt* + (ct + c1) 6, dzPd21, ]

The scale factor of our universe;~ ¢/



Lower dimensional effective theory
(H. Kodama & KJzawa, JHEP 03 (2006) 053)

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

1

S = —
QK2

(R*lp— %dqﬁ/\*dqﬁ)

Ansatzfor background

ds®* = hi(x)ds*(X)+ hd(x)ds*(Y),
e = hy?
_ D-p-3 b_p—l—l
““""Db—2 "TD_2

Field equations are reduced to

R,.(X) = hy'D,D,ho =0,
Rij(Y)=0




lower-dimensional effective action

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

Ansatzfor background

ds? = hi(x)ds*(X)+ hd(z)ds*(Y),
eqﬁ _ hac/Q
1
5 = 53 XhO(l’)R(X) *X Lip+1),
- -1/2
k= [V(D—p—l)] kK, V(D—p—l):/"‘l(D—p—l)

(p+1)}dimensionalffield equations

R, (X) = hy'D,D,hq,
Nxho =0




(p+1)dimensionaleffectivetheory with Flux

D-dimensionaimodel

Ansatzfor background

ds* = b PP gy g, (X)dat da” + KPP =2 (@ gy (Y)dy' dy?
¢? = K% h(z,y) = ho(x) + haly),
Flprzy = dh ) AQXp1),  QXpy1) = V—qdz® Adz' A~ A da?

Internal space Is Einstein space

Gauge fields satisfy field equations.

D-dimensionalaction

1 1 L
S = 55 (R*lp—§d¢/\*d¢—§e ¢F(p+2>/\*F<p+2))v
20+ 1)(D—p—3)

2
— 4
¢ D—2




(p+1)ydimensional effective action (¢ - 0)

No flux and internal space is Ricci flat space

S = 272 Jx ) #x 1p+1y,
H(z) = ho(z)+e c:= Vd;1] hixy 1(p—p-1),
Y
N _1/2
Fo= Vibepn) "%k, Vipopn) = fY *y1(p_p-1)

Conformal transformation :  ds*(X) = H* (1-9)¢s*(X)

1

Field equationgH. Kodama & KJzawa; JHEP 03 (2006) 053

R,LLI/(X) = I{_ll).ul)ylf7 R/,LV(X) ﬁD h'lHD h'lH
AxH = 0 AgInH =0

L R, (X)=0, Ri;(Y)=o0, Fieldequations in higher di
h(ZL’, y) = ho(.’L‘) + hq (y), DprhO =0, Avhi =0,




(p+1)dimensional effective action (¢ = 0)

No flux and internal space is Einstein space

1 A
K X 2
H(z) = ho(x)+¢ c:= V(Bl_p_l) [f hi*y 1(p_p—1),
~ —1/2
o= [Viop-1) / , WVip—p-1)= / *Y1(D-p-1)
Y

Conformal transformation :  ds*(X) = H¥(17P)ds?(X)

1 - p

A
—|—§(p +1)(D-p-— 1)bH(1+P)/(1—P)]

Field equations

1 /‘\ R;W(X) = ﬁD“ InH DV InH
RW(X) =H" |D,D,H — ?(p+ (D —-p-— l)bqﬂy(X)] , p
P (p+ 1)(D —p— DpHIFP/(1-)g (X),

+1)2 C2p-1)
(p—)(D—p— 1)Ab. (p 4172

AxH =
4p AgInH =
dp

(D—p-— DAbH P/ (1=p)




p=3, D=10 caseK

4-dimensionaimodulipotential (Einstein frame)
—6)\6_20/‘/§,

V3In {ho(x) + Vglthl xy 1}

A =0 --- flat potential,
A # 0 --- run away potential

Vo)

A <0




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

KK monopoles and KK waves includeKla&uzaKlein charges
generated by the dimensional reduction procedure. KaduzaKlein
charged objects carry the electric or magnetic charge witbréh field
strength which is generated by tlemmpactifications

In D-dimensionalkpacetime we can obtain the electric-Brane and
the magnetic (P4)-braneafter compactificationon one direction of
(D+1}dimensional theory. These objects corresponds to thendie
and KKmonopole in (D+Xilimensions respectively.

Kkwave in eleverdimension Kkmonopole in eleverdimension

‘ uplift l uplift
O-brane in 18dimension 6-brane in 16dimension



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

The 2form has a coupling to thdilaton. For the electric dbrane
the solution of fields in Blimensions can be written by

ds?y = —h~(D=3/(D=2)qt2 L pt/ (D=2, (Y)dy'dy’,
e? = BV (P-D/2AD=2) 4 —(pL 1)y,
Ri;(Y)=0, h(t,y) =ho(t)+ hi(y), ho(t)=at+b, Ayhy =0,

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

ds? = —h~tdt? + uy;(Y)dy'dy’ + b [dz + (h~! = 1)dt]”

Then, the metric is only the relevant field in (D-€limensional theory.
If we define the warp factor H=h, the metric of KKvave is

dsty = —dt* + dz? — H(dt — dz)* + u;;(Y)dy'dy’



(i) KK monopoles(r. DSorkin Phys. Retett. 51 (1983) 87),
(D. J. Gross and M. J. PeNycl Phys. B 226 (1983) 29)

Next we consider the KKonopole. There is a magnetic charge under the
a 2form field strength which denotes the a)-branein D-dimensional
Spacetime

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

dsiy = quudztdx” + h™(dz + Aidy")? + huj(Y)dy'dy?,
h(:L'?y) = ho(ﬂ?) + hl(y)? DHD,,]'LO =0, Avh;1 =0
where the gauge potential4: is given by

8?;143: — 8JA% = —G@jkakh



[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 h

The same results hold fantersecting pbranemodel

Warped structure .
linear combination of theho(z) and hi(y)
H10-dimensional lIA, 1IB and dimensionakupergravity

Further calculations
Construction of the special solution of Einstepjuation
M adlF oAt AT GA2gbsmolggRg | LILX A OF GA2Yy G2






As a special example, we consider the casg; = 0;;

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

M 1
hi(t,y) = At + B + Z yi — yi|D—P—3"

where 4, B and ! are constant parameters.

For every Mbranewith four- or five-dimensional relative transverse and D
branewith four-dimensional relative transverse in the intersection, using the
coordinate 7, the metric can be given by the following form

ds? = f(2) ll + (Tio)a Hl} b l_d# + (%)Q ds?(Ch)
o @) e

where f(2) denotes the products of warp factor depends only on
the coordinate of transverse spaceds*(Cx), ds*(Cn) denotes the line element

of the m, n-dimensional space, the coordinater fobMneis defined by
T (At)>/6 At = g , for o3 =—6/5,
o { (At)?/3 A1g = %, for a3 =-3/2



The numbers between square brackets indicate the number cbkdRes

and M5Dbranes involved in the intersection (6, 7, 8 intersectimgne case).
The notation [2 5]+p W + q KK denotes that the intersections contain k M2
branes, | MSbranes, p waves, q KK monopoles.

11-dim system | m | n | aq o) o3 Oy
(22,54 +KK | 2 [ 8 |-3/2|-2/3 ] -1 [1/2
23, 574+KK |5 |5 ]-6/5|-1/3]-2/5]4/5
[22,544+2KK | 2 [ 8 [-3/2]-2/3] -1 [1/2
[225442KK | 5 |5 ] -6/5]-1/3]-2/5]4/5
[2,5143KK | 2 [8]-3/2]-2/3| -1 |1/2
[2,5443KK | 5 |5 ]-6/5]-1/3|-2/5]4/5
[5%]+4KK 5|5 |-6/5|-1/3]-2/5]4/5
[5]+W 55 |-6/5|-1/3]-2/51]4/5




