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AdS spacetime in warped spacetimes
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We obtain a large class of AdS spacetimes warped with certain internal spaces in 11-dimensional and type
IIA or IIB supergravities. The warp factors depend only on the internal coordinates. These solutions arise as the
near-horizon geometries of more general semilocalized multi-intersections ofp-branes. We achieve this by
noting that any sphere~or AdS spacetime! of dimension greater than 3 can be viewed as a foliation involving
S3 ~or AdS3). Then the S3 ~or AdS3) can be replaced by a three-dimensional lens space~or a BTZ black hole!,
which arises naturally from the introduction of a NUT~or a pp wave! to the M-branes or the D3-brane. We
then obtain multi-intersections by performing a Kaluza-Klein reduction or HopfT-duality transformation on
the fiber coordinate of the lens space~or the BTZ black hole!. These geometries provide further possible
examples of the AdS/CFT correspondence and of consistent embeddings of lower-dimensional gauged super-
gravities inD511 or D510.

PACS number~s!: 11.25.Mj, 04.65.1e, 11.10.Kk
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I. INTRODUCTION

Anti–de Sitter ~AdS! spacetimes naturally arise as th
near-horizon geometries of non-dilatonicp-branes in super-
gravity theories. The metric for such a solution is usually
direct sum of AdS spacetime and an internal sphere. Th
geometries are of particular interest because of the conjec
that supergravity on such a background is dual to a con
mal field theory on the boundary of the AdS spaceti
@1–3#. Examples include all the anti–de Sitter spacetim
AdSd with 2<d<7, with the exception ofd56. The origin
of AdS6 is a little more involved, and it was first suggested
@4# that it was related to the ten-dimensional massive t
IIA theory. Recently, it was shown that the massive type I
theory admits a warped-product solution of AdS6 with S4

@5#, which turns out to be the near-horizon geometry o
semilocalized D4- or D8-brane intersection@6#. It is impor-
tant that the warp factors depend only on the internal4

coordinates, since this implies that the reduced theory inD
56 has AdS spacetime as its vacuum solution. The con
tent embedding ofD56, N51 gauged supergravity in mas
sive type IIA supergravity was obtained in@7#. Ellipsoidal
distributions of the D4 or D8 system were also obtain
giving rise to AdS domain walls inD56, supported by a
scalar potential involving 3 scalars@8#.

In fact, configurations with AdS spacetime in a warp
spacetime are not rare occurrences. In@9#, a semi-localized
M5 or M5 system@6# was studied, and it was shown that th
near-horizon geometry turns out to be a warped produc
AdS5 with an internal 6-space. This makes it possible
study AdS5/four-dimensional conformal field theory (CFT4)
from the point of view of M theory. In this paper, we sha
consider AdS with a warped spacetime in a more gen
context and obtain such geometries for all the AdSd , as the
0556-2821/2000/62~12!/122003~12!/$15.00 62 1220
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near-horizon limits of semi-localized multiple intersectio
in both type IIA and type IIB theories.

The possibility of this construction is based on the follo
ing observations. As is well known, a non-dilatonicp-brane
has the near-horizon geometry AdSd3Sn. The internal
n-sphere can be described geometrically as a foliation
Sp3Sq surfaces withn5p1q11 ~see Appendix A!, and so,
in particular, ifn>4, then-sphere can be viewed in terms o
a foliation with S33Sn24 surfaces, viz.

dVn
25da21cos2adV3

21sin2adVn24
2 . ~1!

In Appendix B, we show that when a non-dilatonicp-brane
with an n-sphere in the transverse space intersects wit
Kaluza-Klein monopole @a Taub-NUT ~Newman-Unti-
Tamburino! with chargeQN# in a semi-localized manner, th
net result turns out to be effectively a coordinate transform
tion of a solution with a distribution of purep-branes with no
NUT present. The round S3 in Eq. ~1! becomes the cyclic
lens space S3/ZQN

with the metric

dV̄3
25

1

4
dV2

21
1

4 S dy

QN
1v D 2

, ~2!

wheredv5V2 is the volume form of the unit 2-sphere. Th
metric retains the same local structure as the standard ro
3-sphere, and it has the same curvature tensor, but thy
coordinate on theU(1) fibers is now identified with a period
which is 1/QN of the period for S3 itself. We can now per-
form a dimensional reduction, or aT-duality transformation,
on the fiber coordinatey, and thereby obtain AdS spacetim
in a warped spacetime. The warp factor depends only on
internal ‘‘latitude’’ coordinatea, but is independent of the
lower-dimensional spacetime coordinates. In fact,
©2000 The American Physical Society03-1
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M5/M5 system with AdS5 found in @9# can be obtained in
precisely such a manner from the D3-brane by using type
or IIB T duality. Note that an isotropicp-brane can be
viewed as carrying a single unit of NUT charge. Althou
this semi-localized way of introducing a Taub-NUT see
trivial, in that it amounts to a coordinate transformation, p
forming a Kaluza-Klein reduction on the fiber coordina
does create a non-trivial intersecting component, since
Kaluza-Klein 2-form field strength now carries a non-trivi
flux. This fact was used in@10# to construct multi-charge
p-branes starting from flat spacetime.

An analogous procedure can instead be applied to
anti–de Sitter spacetime, rather than the sphere, in the n
horizon limit AdSd3Sn of a non-dilatonicp-brane. As dis-
cussed in Appendix A, AdSd can be described in terms of
foliation of AdSp3Sq surfaces withd5p1q11 and so, in
particular, for d>4 it can be expressed as a foliation
AdS33Sd23:

dsAdSd

2 5dr21cosh2 rdsAdS3

2 1sinh2 rdVd24
2 . ~3!

In the presence of app wave that is semi-localized on th
world volume of thep-brane, the AdS3 turns out to have the
form of a U(1) bundle over AdS2 @11#,

dsAdS3

2 52r 2W21dt21
dr2

r 2 1r 2W@dy1~W2121!dt#2,

~4!

whereW511Qw /r 2, andQw is the momentum carried b
the pp wave. This is precisely the structure of the extrem
Bañados-Teitelboim-Zanelli~BTZ! black hole@12#. We can
now perform a Kaluza-Klein reduction, orT-duality transfor-
mation, on the fiber coordinatey. In the near-horizon limit
where the ‘‘1’’ in W can be dropped, we obtain AdS2 in a
warped spacetime with a warp factor that depends only
the foliation coordinate,r.

A T-duality transformation on such a fiber coordinate
AdS3 or S3 has been called the HopfT duality @13#. It has the
effect of ~un!twisting the AdS3 or S3. The effect of this
procedure on the six-dimensional dyonic string, whose ne
horizon limit is AdS33S3, was extensively studied in@11#.
In this paper, we apply the same technique to AdS3 or S3

geometries that are themselves factors in the foliation
faces of certain larger-dimensional AdS spacetimes
spheres.

In Sec. II, we consider the semi-localized D3-NUT sy
tem and show that the effect of turning on the NUT cha
QN in the intersection is merely to convert the intern
5-sphere, viewed as a foliation of S13S3, into a foliation of
S13(S3/ZQN

), where S3/ZQN
is the cyclic lens space of or

der QN . We can then perform aT-duality transformation on
the Hopf fiber coordinate of the lens space and thereby
tain an AdS5 in a warped spacetime as a solution in
theory, as the near-horizon geometry of a semi-localized
or M5 system.

In Sec. III, we consider a semi-localized D3 orpp-wave
system, for which the AdS5 becomes a foliation of a circle
with the extremal BTZ black hole, which is locally AdS3 and
12200
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can be viewed as aU(1) bundle over AdS2. We then per-
form a HopfT-duality transformation on the fiber coordina
to obtain a solution with AdS2 in a warped spacetime in M
theory, as the near-horizon geometry of a semi-localized
or M2 system.

In Secs. IV and V, we apply the same analysis to
M2-NUT and M2–pp-wave systems, and the M5-NUT an
M5–pp-wave systems, respectively; we obtain various co
figurations of AdS spacetime in warped spacetimes by p
forming Kaluza-Klein reductions and HopfT-duality trans-
formations on the fiber coordinates.

In Sec. VI, we consider the D4-D8 system, which has
near-horizon geometry of a warped product of AdS6 and S4.
We perform a HopfT-duality transformation on the fibe
coordinate of the foliating lens space of S4, and thereby em-
bed AdS6 in a warped spacetime solution of type IIB theor

We end with concluding remarks in Sec. VII. In Appe
dix A, we show how arbitrary-dimensional spheres and A
spacetimes can be described in terms of foliations. In App
dix B, we show that the solution describing the semi-loc
intersection of a non-dilatonicp-brane with a Kaluza-Klein
monopole ~Taub-NUT! is equivalent, after a coordinat
transformation, to a solution purely composed of distribu
p-branes, with no NUT.

II. D3-NUT SYSTEMS AND AdS5 IN M THEORY
FROM T DUALITY

AdS5 spacetime arises naturally from type IIB theory
the near-horizon geometry of the D3-brane. Its origin in
theory is more obscure. One way to embed the AdS5 in M
theory is to note thatS5 can be viewed as aU(1) bundle
overCP2, and hence we can perform a HopfT-duality trans-
formation on the U(1) fiber coordinate. The resulting
M-theory solution becomes AdS53CP23T2 @13#. However,
this solution is not supersymmetric at the level of supergr
ity, sinceCP2 does not admit a spin structure.Chargedspi-
nors exist but, after making theT-duality transformation, the
relevant electromagnetic field is described by the windin
mode vector and it is only in the full string theory that stat
charged with respect to this field arise. It was therefore
gued in@13# that the lack of supersymmetry~and indeed of
any fermions at all! is a supergravity artifact and that, whe
the full string theory is considered, the geometry is sup
symmetric. Such a phenomenon was referred as ‘‘supers
metry without supersymmetry’’ in@14#.

Recently, AdS5 in warped 11-dimensional spacetime w
constructed in@9#. It arises as the near-horizon limit of th
semi-localized M5-M5 intersecting system. After performin
a T-duality transformation, the warped spacetime of the ne
horizon limit becomes AdS53(S5/ZQN

). In this section, we
shall review this example in detail and show that the M5-M
system originates from a semi-localized D3-NUT interse
tion in type IIB supergravity.

A. D3-NUT system

Any p-brane with a transverse space of sufficiently hi
dimension can intersect with a NUT. The D3-NUT solutio
of type IIB supergravity is given by
3-2
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ds10IIB
2 5H21/2~2dt21dw1

21•••1dw3
2!

1H1/2@dx1
21dx2

2K~dz21z2dV2
2!

1K21~dy1QNv!2#,

F55dt`d3w`dH211* ~dt`d3w`dH21!, ~5!

where z25z1
21z2

21z3
2, and v is a 1-form satisfyingdv

5V2. The solution can be best illustrated by Table I.
The functionK is associated with the NUT component

the intersection; it is a harmonic function in the overall tran
verse Euclidean 3-space represented as coordinates bzi .
The functionH is associated with the D3-brane compone
It satisfies the equation

]zW
2
H1K]xW

2
H50. ~6!

Equations of this type were also studied in@15–25#. In the
absence of NUT charge, i.e.,K51, the functionH is har-
monic in the the transverse 6-space of the D3-brane. W
the NUT chargeQN is non-zero,K is instead given by

K511
QN

z
, ~7!

and the functionH cannot be solved analytically, but only i
terms of a Fourier expansion inxW coordinates. The usual wa
to solve for the solution is to consider the zero modes in
Fourier expansion. In other words, one assumes thatH is
independent ofxW . The consequence of this assumption is t
the resulting metric no longer has an AdS structure in
near-horizon region. In@6#, it was observed that an explic
closed-form solution forH can be obtained in the case whe
the ‘‘1’’ in function K is dropped. This solution is given b
@6#

K5
QN

z
, H511(

k

Qk

~ uxW2xW0ku214QNz!2
. ~8!

In this paper, we shall consider the case where the D3-b
is located at the origin of thexW space and so we have

H511
Q

~x214QNz!2, ~9!

wherex25xixi . Thus, the D3-brane is also localized in th
space of thexW as well. Let us now make a coordinate tran
formation

TABLE I. The D3-NUT brane intersection. Here3 and2 de-
note the world volume and transverse space coordinates res
tively, and * denotes the fiber coordinate of the Taub-NUT.

t w1 w2 w3 x1 x2 z1 z2 z3 y

D3 3 3 3 3 2 2 2 2 2 2 H
NUT 3 3 3 3 3 3 2 2 2 * K
12200
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x15r cosa cosu, x25r cosa sinu,
~10!

z5 1
4 QN

21r 2 sin2a.

In terms of the new coordinates, the metric for the solut
becomes

ds10IIB
2 5H21/2~2dt21dw1

21dw2
21dw3

2!

1H1/2~dr21r 2dM5
2!,

H511
Q

r 4 , ~11!

where

dM5
25da21c2du21

1

4
s2FdV2

21S dy

QN
1v D 2G , ~12!

and s5sina, c5cosa. Thus, we see thatdM5
2 describes a

foliation of S1 times the lens spaceS3/ZQN
. For a unit NUT

charge,QN51, the metricdM5
2 describes the round 5-sphe

and the solution becomes an isotropic D3-brane. It is in
esting to note that the regular D3-brane can be viewed a
semi-localized D3-brane intersecting with a NUT with un
charge.1 In the near-horizon limitr→0, where the constant 1
in the function H can be dropped, the metric becom
AdS53M5:

ds10IIB
2 5Q21/2r 2~2dt21dwidwi !1Q1/2

dr2

r 2

1Q1/2H da21c2du21 1
4 s2FdV2

21S dy

QN
1v D 2G J .

~13!

B. M5-M5 system and AdS5 in M theory

Since the near-horizon limit of a semi-localized D3-bra
or NUT is a direct product of AdS5 and an internal 5-spher
that is a foliation of a circle times a lens space, it follows th
if we perform aT-duality transformation on theU(1) fiber
coordinatey, we shall obtain AdS5 in a warped spacetime a
a solution of the type IIA theory. The warp factor is asso
ated with the scale factors2 of dy2 in Eq. ~13!. This type of
Hopf T duality has the effect of untwisting a 3-sphere in
S23S1 @11#. If one performs theT-duality transformation on
the original full solution~5!, rather than concentrating on it
near-horizon limit, then one obtains a semi-localiz
NS5-D4 system of the type IIA theory, which can be furth
lifted back to D511 to become a semi-localized M5-M
system, obtained in@6#. In @9#, the near-horizon structure

1An analogous observation was also made in@10#, where multi-
charge solutions were obtained from flat space by making use o
fact that S3 can be viewed as aU(1) bundle over S2. In other
words, flat space can be viewed as a NUT, with unit charge, loca
on theU(1) coordinate.

ec-
3-3
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of these semi-localized branes of M theory were analyz
and AdS5 was obtained as a warped spacetime solution.
refer the readers to Ref.@9# and shall not discuss this solutio
further, but only mention that, from the above analysis, it c
be obtained by implementing theT-duality transformation on
the coordinatey in Eq. ~13!.

III. D3 –pp-WAVE SYSTEM AND EXTREMAL BTZ
BLACK HOLE

In this section, we study the semi-localizedpp wave in-
tersecting with a D3-brane. The solution is given by

ds10IIB
2 5H21/2@2W21dt21W„dy1~W2121!dt…2

1dx1
21dx2

2#1H1/2~dz1
21•••1dz6

2!,

F (5)5dt`dy`dx1`dx2`dH21

1* ~dt`dy`dx1`dx2`dH21!. ~14!

The solution can be illustrated by Table II.
In the usual construction of such an intersection, the h

monic functionsH andW depend only on the overall trans
verse space coordinateszW. The near-horizon limit of the so
lution then becomes K53S6, where K5 is the generalized
Kaigorodov metric inD55, and the geometry is dual to
conformal field theory in the infinite momentum frame@26#.
On the other hand, the semi-localized solution is given by@6#

H5
Q

uzWu4
, W511QwS uxW u21

Q

uzWu2D . ~15!

We now let

x15
1

r
cosa cosu, x25

1

r
cosa sinu, zi5

rQ1/2

sina
n i ,

~16!

wheren i coordinates, satisfyingn in i51, define a 5-sphere
with the unit sphere metricdV5

25dn idn i . Using these coor-
dinates, the metric of the semi-localized D3-wave syst
becomes

ds10IIB
2 5Q1/2s22~dsAdS3

2 1da21c2du21s2dV5
2!, ~17!

wheredsAdS3

2 is given by

TABLE II. The D3–pp-wave brane intersection. Here; de-
notes the wave coordinate.

t y x1 x2 z1 z2 z3 z4 z5 z6

D3 3 3 3 3 2 2 2 2 2 2 H
wave 3 ; 2 2 2 2 2 2 2 2 W
12200
d,
e

n

r-

dsAdS3

2 52r 2W21dt21r 2W@dy1~W2121!dt#21
dr2

r 2 ,

~18!

W511
Qw

r 2 .

Note that the above metric is exactly the extremal BTZ bla
hole @12#, and hence it is locally AdS3. Thus we have dem-
onstrated that the semi-localized D3–pp-wave system is in
fact a warped product of AdS3 ~the extremal BTZ black
hole! with a 7-sphere, where S7 is described as a foliation o
S13S5 surfaces.2 Note that the metric~17! can also be ex-
pressed as a direct product of AdS53S5, with the AdS5 met-
ric written in the following form:

ds5
25s22~dsAdS3

2 1da21c2du2!. ~19!

Making a coordinate transformation tan(a/2)5er, the met-
ric becomes

ds5
25dr21sinh2 rdu21cosh2 rdsAdS3

2 , ~20!

which is precisely the AdS5 metric written as a foliation of a
circle times AdS3 ~see Appendix A!.

The extremal BTZ black hole occurs@28# as the near-
horizon geometry of the boosted dyonic string in six dime
sions, which can be viewed as an intersection of a string
a 5-brane inD510. The boosted D1-D5 system was used
obtain the first stringy interpretation@29# of the microscopic
entropy of the Reissner-Nordstro¨m black hole inD55. The
boosted dyonic string has three parameters, namely the e
tric and magnetic chargesQe , Qm , and the boost momen
tum parameterQw . On the other hand, the extremal BT
black hole itself has only two parameters: the cosmolog
constant, proportional toAQeQm, and the mass~which is
equal to the angular momentum in the extremal limit!, which
is related toQw . ~Analogous discussion applies toD54
@30#.! In our construction of the BTZ black hole in warpe
spacetime, the original configuration also has only two
rameters, namely the D3-brane chargeQ, related to the cos-
mological constant of the BTZ black hole, and thepp-wave
charge, associated with the mass.

A. NS1-D2 and M2-M2 systems and AdS2

We can perform aT-duality transformation on the coordi
natey in the previous solution. The D3-brane isT dual to the
D2-brane, and the wave isT dual to the NS-NS string. Thus
the D3–pp-wave system of the type IIB theory becomes
NS1-D2 system in the type IIA theory, given by

ds10IIA
2 5W1/4H3/8@2~WH!21dt21H21~dx1

21dx2
2!

1W21dy1
2 ,1dz1

21•••1dz6
2#, ~21!

ef5W21/2H1/4,

2A D3-brane with an S33R world volume was obtained in@27#.
In that solution, which was rather different from ours, the dilat
was not constant.
3-4
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F (4)5dt`dx1`dx2`dH21, F (3)5dt`dy1`dW21.

This solution can be represented diagrammatically as T
III.

In the near-horizon limit where the 1 inW is dropped, the
metric of the NS1-D2 system~21!, in terms of the new co-
ordinates~16!, becomes

ds10
2 5Qw

1/4Q5/8s25/2@dsAdS2

2 1da21c2du21s2dV5
2

1~QwQ!21s4dy1
2#, ~22!

where

dsAdS2

2 52
r 4dt2

Qw
1

dr2

r 2 . ~23!

Thus we see that the near-horizon limit of the NS1-D2 s
tem is a warped product of AdS2 with a certain internal
8-space, which is a warped product of a 7-sphere wit
circle.

We can further lift the solution back toD511, where it
becomes a semi-localized M2-M2 system,

ds11
2 5~WH!1/3@2~WH!21dt21H21~dx1

21dx2
2!

1W21~dy1
21dy2

2!,1dz1
21•••1dz6

2#,

F (4)5dt`dx1`dx2`dH21

1dt`dy1`dy2`dW21. ~24!

The configuration for this solution can be summarized
Table IV.

It is straightforward to verify that the near-horizon geom
etry of this system is a warped product of AdS2 with a cer-
tain 9-space, namely

ds11
2 5Qw

1/3Q2/3s28/3@dsAdS2

2 1da21c2du21s2dV5
2

1~QwQ!21s4~dy1
21dy2

2!#, ~25!

wheredsAdS2

2 is an AdS2 metric given by Eq.~23!, and the

internal 9-space is a warped product of a 7-sphere an
2-torus.

TABLE III. The NS1-D2 brane intersection.

t x1 x2 y1 z1 z2 z3 z4 z5 z6

D2 3 3 3 2 2 2 2 2 2 2 H
NS1 3 2 2 3 2 2 2 2 2 2 W

TABLE IV. The M2-M2 brane intersection.

t x1 x2 y1 y2 z1 z2 z3 z4 z5 z6

M2 3 3 3 2 2 2 2 2 2 2 2 H
M2 3 2 2 3 3 2 2 2 2 2 2 W
12200
le

-

a

a

B. Further possibilities

Note that in the above examples, we can replace the ro
spheredV5

2 by a lens space of the following form:

dV5
25dã21 c̃2dũ21 s̃2FdṼ2

21S dỹ

Q̃N

1ṽ D 2G , ~26!

where c̃[cosã, s̃[sinã and dṽ5Ṽ2. As we have dis-
cussed in Appendix B, this can be viewed as an additio
NUT with chargeQ̃N intersecting with the system. We ca
now perform a Kaluza-Klein reduction orT-duality transfor-
mation on the fiber coordinateỹ, leading to many further
examples of warped products of AdS2 or AdS3 with certain
internal spaces. The warp factors again depend only on
coordinates of the internal space. These geometries ca
viewed as the near-horizon limits of three intersecti
branes, with chargesQ, QN andQ̃N . Of course, this system
can equally well be obtained by replacing the horospher
AdS5 in Eq. ~13! with Eq. ~19!.

For example, let us consider the M2-M2 system with
additional NUT component. The solution of this sem
localized intersecting system is given by

ds11
2 5~WH!1/3@2~WH!21dt21H21~dx1

21dx2
2!

1W21~dy1
21dy2

2!,1K~dz21z2dV2
2!

1K21~dy1QNv!21du1
21du2

2#,

F (4)5dt`dx1`dx2`dH21

1dt`dy1`dy2`dW21. ~27!

where the functionsH, W andK are given by

H5
Q

~ uuW u214QNz!2
,

W511QwS uxW u21
Q

uuW u214QNz
D , ~28!

Ka5
QN

z
.

We illustrate this solution in Table V.
The near-horizon structure of this solution is basically t

same as that of the M2-M2 system with the round S3 in the
foliation replaced by the lens space S3/ZQN

. We can now

TABLE V. The M2-M2-NUT brane intersection.

t x1 x2 y1 y2 z1 z2 z3 y u1 u2

M2 3 3 3 2 2 2 2 2 2 2 2 H
M2 3 2 2 3 3 2 2 2 2 2 2 W
NUT 3 3 3 3 3 2 2 2 * 3 3 K
3-5
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perform Kaluza-Klein reduction on the fiber coordinatey and
the solution becomes the semi-localized D2-D2-D6 brane
tersection, given by

ds10IIA
2 5~WH!3/8K21/8@2~WH!21dt21H21~dx1

21dx2
2!

1W21~dy1
21dy2

2!,

1K~dz21z2dV2
2!1du1

21du2
2#,

F (4)5dt`dx1`dx2`dH211dt`dy1`dy2`dW21.
~29!

ef5~WH!1/4K23/4, F (2)5QNV2 . ~30!

The solution can be illustrated by Table VI.

IV. M2-NUT AND M2 –pp-WAVE SYSTEMS

In this section, we apply an analogous analysis to
M2-brane. We show that the semi-localized M2-brane int
secting with a NUT is in fact an isotropic M2-brane with th
internal 7-sphere itself being described as a foliation o
regular S3 and lens space S3/ZQN

, where QN is the NUT

charge. Reducing the system toD510, we obtain a semi-
localized D2-D6 system whose near-horizon geometry i
warped product of AdS4 with an internal 6-space. We als
show that a semi-localizedpp wave intersecting with the
M2-brane is in fact a warped product of AdS3 ~the BTZ
black hole! and an 8-space. The system can be reduce
D510 to become a semi-localized D0-Neveu-Schwarz
brane~NS1! intersection.

A. M2-brane–NUT system

The solution for the intersection of an M2-brane and
NUT is given by

ds11
2 5H22/3~2dt21dw1

21dw2
2!1H1/3@dx1

21•••1dx4
2

1K~dz21z2dV2
2!1K21~dy1QNv!2#,

F (4)5dt`dw1`dw2`dH21, ~31!

wherez25z1
21z2

21z3
2 anddv5V2. The solution can be il-

lustrated by Table VII.

TABLE VI. The D2-D2-D6 brane intersection.

t x1 x2 y1 y2 z1 z2 z3 u1 u2

D2 3 3 3 2 2 2 2 2 2 2 H
D2 3 2 2 3 3 2 2 2 2 2 W
D6 3 3 3 3 3 2 2 2 3 3 K

TABLE VII. The M2-NUT brane intersection.

t w1 w2 x1 x2 x3 x4 z1 z2 z3 y

M2 3 3 3 2 2 2 2 2 2 2 2 H
NUT 3 3 3 3 3 3 3 2 2 2 * K
12200
-

e
r-

a

a

to
-

If the functionK associated with the NUT components
the intersection takes the formK5QN /z, then the function
H associated with the M2-brane component can be solve
the semi-localized form

H511
Q

~ uxW u214QNz!3
. ~32!

Thus, the solution is also localized on the space of thxW
coordinates. Let us now make a coordinate transformatio

xi5r cosam i , z5 1
4 QN

21r 2 sin2a, ~33!

wherem im i51, defining a 3-sphere, with the unit 3-sphe
metric given bydV3

25dm idm i . In terms of the new coordi-
nates, the metric for the solution becomes

ds11
2 5H22/3~2dt21dw1

21dw2
2!1H1/3~dr21r 2dM7

2!,

H511
Q

r 6 , ~34!

where

dM7
25da21c2dV3

21 1
4 s2FdV2

21S dy

QN
1v D 2G . ~35!

Thus we see thatdM7
2 is a foliation of a regular 3-sphere

together with a lens spaceS3/ZQN
. WhenQN51 the metric

dM7
2 describes a round 7-sphere and the solution become

isotropic M2-brane. Interestingly, the regular M2-brane c
be viewed as an intersecting semi-localized M2-brane wit
NUT of unit charge. In the near-horizon limitr→0, where
the 1 in the functionH can be dropped, the metric becom
AdS43M7.

B. D2-D6 system

In the M2-brane and NUT intersection~31!, we can per-
form a Kaluza-Klein reduction on they coordinate. This
gives rise to a semi-localized intersection of D2-branes
D6-branes:

ds10IIA
2 5H25/8K21/8~2dt21dw1

21dw2
2!

1H3/8K21/8~dx1
21•••1dx4

2!H3/8K7/8

3~dz1
21dz2

21dz3
2!,

ef5H1/4K23/4,

F (4)5dt`d2w`dH21,

F25e23/2f* ~dt`d2w`d4x`dK21!. ~36!

The solution can be illustrated by Table VIII.
Again, in the usual construction of a D2-D6 system, t

harmonic functionsH andK are taken to depend only on th
overall transverse space coordinateszW. In the semi-localized
3-6
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construction, the functionH depends onxW as well. In terms
of the new coordinates defined in Eq.~33!, the metric be-
comes

ds10IIA
2 5S rs

2QN
D 1/4

@H25/8~2dt21dw1
21dw2

2!

1H3/8~dr21r 2!~da21c2dV3
21 1

4 s2dV2
2!#. ~37!

Thus, in the near-horizon limit where the 1 inH can be
dropped, the solution becomes a warped product of A4
with an internal 6-space:

ds10IIA
2 5~2QN!21/4Q3/8s1/4

3~dsAdS4

2 1da21c2dV3
21 1

4 s2dV2
2!, ~38!

whereds4
2 is the metric on AdS4, given by

dsAdS4

2 5
r 4

Q
~2dt21dw1

21dw2
2!1

dr2

r 2 . ~39!

The internal 6-space is a warped product of a 4-sphere w
2-sphere.

C. AdS4 in type IIB from T duality

In the above discussion, we found that our starting po
is effectively to replace the round 7-sphere of the M2-bra
by the foliation of a round 3-sphere together with a le
spaceS3/ZQN

. We can also replace the round 3-sphere

another lens spaceS3/ZQ̃N
, given by

dV̄3
25 1

4 FdṼ2
21S dỹ

Q̃N

1v D 2G . ~40!

As discussed in Appendix A, the lens space arises from
troducing a NUT around the fiber coordinateỹ, with NUT
chargeQ̃N . The system can then be viewed as the ne
horizon limit of three intersecting branes, with chargesQ,
QN andQ̃N . For example, with this replacement the D2-D
system becomes a D2-D6-NUT system. Performing
T-duality transformation on the fiber coordinateỹ, the S3

untwists to become S23S1. The resulting type IIB metric is
given by

ds10IIB
2 5S Qsc

4QN
Q̃ND 1/2S dsAdS4

2 1da21 1
4 c2dṼ2

21 1
4 s2dV2

2

1
~4QNQ̃N)2

Qs2c2 dỹ2D . ~41!

TABLE VIII. The D2-D6 brane intersection.

t w1 w2 x1 x2 x3 x4 z1 z2 z3

D2 3 3 3 2 2 2 2 2 2 2 H
D6 3 3 3 3 3 3 3 2 2 2 K
12200
a

t
e
s
y

-

r-

a

This metric can be viewed as describing the near-hori
geometry of a semi-localized D3-D5-NS5 system in the ty
IIB theory. This metric~41! provides a background for con
sistent reduction of type IIB supergravity to give rise to fou
dimensional gauged supergravity with AdS background.

In order to construct the semi-localized D3-D5-NS5 inte
secting system in the type IIB theory, we start with the D
D6-NUT system, given by

ds10IIA
2 5H25/8K21/8~2dt21dw1

21dw2
2!

1H3/8K7/8~dz1
21dz2

21dz3
2!

1H3/8K21/8@K̃~dx21x2dṼ2
2!1K̃21~dy1Q̃Nṽ !2#,

ef5H1/4K23/4,

F (4)5dt`d2w`dH21,

F25e23/2f* ~dt`d2w`d4x`dK21!, ~42!

where x25x1
21x2

21x3
2 and the functionsH, K and K̃ are

given by

H511
Q

~4Q̃N x14QNz)3
, K5

QN

z
, K̃5

Q̃N

x
. ~43!

It is instructive to illustrate the solution in Table IX.
We can now perform theT duality on the coordinatey,

and obtain the semi-localized D3-D5-NS5 intersection of
type IIB theory, given by

ds10IIB
2 5H21/2~KK̃ !21/4@2dt21dw1

21dw2
2HK̃

3~dx1
21dx2

21dx3
2!1KK̃dy2

1HK~dz1
21dz2

21dz3
2!#. ~44!

It is straightforward to verify that the near-horizon structu
of the above D3-D5-NS5 system is of the form~41!. The
solution can be illustrated by Table X.

TABLE IX. The D2-D6-NUT system.

t w1 w2 x1 x2 x3 y z1 z2 z3

D2 3 3 3 2 2 2 2 2 2 2 H
D6 3 3 3 3 3 3 3 2 2 2 K
NUT 3 3 3 2 2 2 * 3 3 3 K̃

TABLE X. The D3-D5-NS5 system.

t w1 w2 x1 x2 x3 y z1 z2 z3

D3 3 3 3 2 2 2 3 2 2 2 H
D5 3 3 3 3 3 3 2 2 2 2 K
NS5 3 3 3 2 2 2 2 3 3 3 K̃
3-7
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D. M2–pp-wave system

The M2–pp-wave solution is given by

ds11
2 5H22/3$2W21dt1W@dy1~W2121!dt#21dx2%

1H1/3~dz21z2dV7
2!,

F (4)5dt`dy`dx`dH21. ~45!

The solution can be illustrated by Table XI.
When both functionsH andW are harmonic on the overa

transverse space of thezi coordinates, the metric becomes
direct product of the Kaigorodov metric with a 7-sphere
the near-horizon limit. Here, we instead consider a se
localized solution, withH andK given by

H5
Q

z6 , W511QwS x21
Q/4

z4 D . ~46!

Making the coordinate transformation

x5
cosa

r
, z25

rQ1/2

2 sina
, ~47!

the metric becomes AdS43S7, with

ds11
2 5

Q1/3

4s2 ~dsAdS3

2 1da2!1Q1/3dV7
2 . ~48!

Here dsAdS3

2 is the metric of AdS3 ~the BTZ black hole!,

given by Eq. ~18!. Thus, we have demonstrated that t
semi-localized M2–pp-wave system is a warped product
AdS3 and an 8-space. Making the coordinate transforma
tan(a/2)5er, the first part of Eq.~48! can be expressed a

ds4
25dr21cosh2 rdsAdS3

2 . ~49!

This is AdS4 expressed as a foliation of AdS3 ~see Appendix
A!.

E. The NS1-D0 system

Reducing the above solution on the coordinatey1, it be-
comes an intersecting NS1-D0 system, with

ds10IIA5H23/4W27/8@2dt21Wdx2

1WH~dz1
21•••1dz8

2!#,

F (3)5dt`dx`dH21, F (2)5dt`dW21,

ef5H21/2W3/4. ~50!

TABLE XI. The M2–pp-wave brane intersection.

t y1 x1 z1 z2 z3 z4 z5 z6 z7 z8

M2 3 3 3 2 2 2 2 2 2 2 2 H
wave 3 ; 2 2 2 2 2 2 2 2 2 W
12200
i-

n

The metric of the near-horizon region describes a war
product of AdS2 with an 8-space:

ds10IIA
2 5823/4Q3/8Qw

1/8s29/4~dsAdS2

2 1da214s2dV7
2!,

~51!

wheredsAdS2

2 is the metric of AdS2, given by Eq.~23!. The

NS1-D0 system can be illustrated by Table XII.
In the M2–pp-wave and NS1-D0 systems, the intern

space has a round 7-sphere. We can replace it by folia
two lens spaces S3/ZQN

and S3/ZQ̃N
. As discussed in Appen

dix B, this can be achieved by introducing two NUTs in th
intersecting system. We can then perform Kaluza-Klein
ductions orT-duality transformations on the two associat
fiber coordinates of the lens spaces. The resulting config
tions can then be viewed as the near-horizon geometrie
four intersectingp-branes, with chargesQ, Qw , QN andQ̃N .

V. M5-NUT AND M5 –pp-WAVE SYSTEMS

A. M5-NUT and NS5-D6 systems

The solution of an M5-brane intersecting with a NUT
given by

ds11
2 5H21/3~2dt21dw1

21•••1dw5
2!

1H2/3@dx1
21K~dz21z2dV2

2!1K21~dy1v!2#,

F (4)5* ~dt`d5w`dH21!. ~52!

The solution can be illustrated by Table XIII.
In the usual construction where the harmonic functionsH

andK depend only thez coordinate, the metric does not hav
an AdS structure in the near-horizon region. Here, we inst
consider a semi-localized solution, given by

H511
Q

~x214QNz!3/2, K5
QN

z
. ~53!

After an analogous coordinate transformation, we find t
the metric can be expressed as

ds11
2 5H21/3~2dt21dwidwi !1H2/3~dr21r 2dM4

2!,

TABLE XII. The NS1-D0 brane intersection.

t x1 z1 z2 z3 z4 z5 z6 z7 z8

NS1 3 3 2 2 2 2 2 2 2 2 H
D0 3 2 2 2 2 2 2 2 2 2 W

TABLE XIII. The M5-NUT brane intersection.

t w1 w2 w3 w4 w5 x1 z1 z2 z3 y

M5 3 3 3 3 3 3 2 2 2 2 2 H
NUT 3 3 3 3 3 3 3 2 2 2 * K
3-8
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dM4
25da21 1

4 s2FdV2
21S dy

QN
1v D 2G . ~54!

Thus, in the near-horizon limit, the metric is AdS73M4,
whereM4 is a foliation of a lens space S3/ZQN

.
We can dimensionally reduce the solution~52! on the

fiber coordinatey. The resulting solution is the NS-NS
5-brane intersecting with a D6-brane~see Table XIV!.

The solution is given by

ds10IIA
2 5H21/4K21/8~2dt21dwidwi !

1H3/4K21/8dx21H3/4K7/8dzidzi ,

ef5H1/2K23/4,

F (3)5ef/2* ~dt`d5w`dH21!,

F (2)5e23f/2* ~dt`d5w`dx`dK21!. ~55!

In the near-horizon limit, the metric becomes a warped pr
uct of AdS7 with a 3-space

ds10IIA
2 5

Q3/4

~2QN!1/4s1/4S r

Q
~2dt21dwidwi !1

dr2

r 2

1da21 1
4 s2dV2

2D . ~56!

B. M5–pp-wave and D0-D4 systems

The solution of an M5-brane with app wave is given by

ds11
2 5H21/3$2W21dt21W@dy11~W2121!dt#2

1dx1
21•••1dx4

2%1H2/3~dz1
21•••1dz5

2!,

F45* ~dt`dy1`d4x`dH21!. ~57!

The solution can be illustrated by Table XV.
We shall consider semi-localized solutions, with the fun

tions H andW given by

H5
Q

z3 , W511QwS x21
4Q

z D . ~58!

TABLE XIV. The NS5-D6 brane intersection.

t w1 w2 w3 w4 w5 x1 z1 z2 z3

NS5 3 3 3 3 3 3 2 2 2 2 H
D6 3 3 3 3 3 3 3 2 2 2 K

TABLE XV. The M5-pp-wave brane intersection.

t y1 x1 x2 x3 x4 z1 z2 z3 z4 z5

M5 3 3 3 3 3 3 2 2 2 2 2 H
wave 3 ; 2 2 2 2 2 2 2 2 2 W
12200
-

-

Using analogous coordinate transformations, we find that
metric of the semi-localized M5–pp-wave system becomes

ds11
2 54Q2/3s22~dsAdS3

2 1da21c2dV3
2!1Q2/3dV4

2 ,

~59!

wheredsAdS3

2 , given by Eq.~18!, is precisely the extrema

BTZ black hole and hence is locally AdS3. After making the
coordinate transformation tan(a/2)5er, the first part of the
metric ~59! can be expressed as

ds7
25dr21sinh2 rdV3

21cosh2 rds3
2 . ~60!

This is AdS7 written as a foliation of AdS3 and S3.
Performing a dimensional reduction of the solution~57!

on the coordinatey1, we obtain a D0-D4 intersecting system
given by

ds10IIA
2 5H23/8W27/8~2dt21Wdxidxi1HWdzidzi !,

ef5H21/4W3/4, F (2)5dt`dW21,

F45e2f/2* ~dt`d4x`dH21!. ~61!

The near-horizon limit of the semi-localized D0-D4 syste
is a warped product of AdS2 with an 8-space:

ds10IIA
2 529/4Q3/4Qw

1/8s29/4~ds2
21da21c2dV3

21 1
4 s2dV4

2!,
~62!

whereds2
2 is given by Eq.~23!. We illustrate this intersecting

system with Table XVI.
In this example in the internal space the round S3 and S4

can be replaced by a lens space S3/ZQN
and the foliation of a

lens space S3/ZQ̃N
, respectively. We can then perform

Kaluza-Klein reductions orT-duality transformations on the
fiber coordinates of the lens spaces, leading to fo
component intersections with chargesQ, Qw , QN andQ̃N .

VI. AdS6 IN TYPE IIB FROM T DUALITY

So far in this paper we have two examples of intersect
Dp/D(p14) systems in the type IIA theory that give rise
warped products of AdSp12 with certain internal spaces
namely forp50 andp52. It was observed@5# also that the
D4-D8 system, arising from massive type IIA supergravi
gives rise to the warped product of AdS6 with a 4-sphere in
the near-horizon limit:

ds10IIA
2 5s1/12@dsAdS6

2 1g22~da21c2dV3
2!#. ~63!

TABLE XVI. The D0-D4 brane intersection.

t x1 x2 x3 x4 z1 z2 z3 z4 z5

D4 3 3 3 3 3 2 2 2 2 2 H
D0 3 2 2 2 2 2 2 2 2 2 W
3-9
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Note that the D4-D8 system is less trivial than the previo
examples, in the sense that it cannot be mapped byT duality
to a non-dilatonicp-brane intersecting with a NUT or
wave.

We can now introduce a NUT in the intersecting syst
which has the effect, in the near-horizon limit, of replaci
the round 3-sphere by a lens space, given in Eq.~2!. We can
then perform a HopfT-duality transformation and obtain a
embedding of AdS6 in type IIB theory:

ds10
2 5c1/2@dsAdS6

2 1g22~da21 1
4 c2dV2

2!1s2/3c22dy2#.

~64!

This solution can be viewed as the near-horizon geometr
an intersecting D5-D7-NS5 system. It provides a backgro
for the exact embedding of six-dimensional gauged sup
gravity in type IIB theory.

The D5-D7-NS5 semi-localized solution can be obtain
by performing theT duality on the D4-D8-NUT system. Th
solution is given by

ds10IIB
2 5~H1K !21/4@2dt21dw1

21•••1dw4
2

1H1K~dx1
21dx2

21dx3
2!1H2Kdy21H1H2dz2#.

~65!

The functionsH1 , H2 andK are given by

H1511
Q1

S 4QNuxW u1
4Q2

9
z3D 5/3, H25Q2z, K5

QN

uxW u
.

~66!

It is straightforward to verify that the near-horizon structu
of this system is of the form~64!. The solution can be illus-
trated by Table XVII.

VII. CONCLUSION

In this paper, we obtain various AdS spacetimes war
with certain internal spaces in 11-dimensional and type
and IIB supergravities. These solutions arise as the n
horizon geometries of more general semi-localized mu
intersections of M-branes inD511 or NS-NS branes o
D-branes inD510. We achieve this by noting that any big
ger sphere~AdS spacetime! can be viewed as a foliation
involving S3 (AdS3). Then the S3 (AdS3) can be replaced by
a three-dimensional lens space~BTZ black hole!, which
arises naturally from the introduction of a NUT (pp wave!.
We can then perform a Kaluza-Klein reduction or Ho

TABLE XVII. The D5-D7-NS5 brane intersection.

t w1 w2 w3 w4 x1 x2 x3 y z

D5 3 3 3 3 3 2 2 2 2 2 H1

D7 3 3 3 3 3 3 3 3 2 2 H2

NS5 3 3 3 3 3 2 2 2 2 3 K
12200
s

of
d
r-

d

d

r-
i-

T-duality transformation on the fiber coordinate of the le
space~BTZ black hole!.

It is important to note that the warp factor depends o
on the internal foliation coordinate but not on the lowe
dimensional spacetime coordinates. This implies the po
bility of finding a larger class of consistent dimensional r
duction of 11-dimensional or type IIA and IIB supergravitie
on the internal space, giving rise to gauged supergravitie
lower dimensions with AdS vacuum solutions. The first su
example was obtained in@7#. In this paper, we obtain furthe
examples for possible consistent embeddings of low
dimensional gauged supergravity inD511 andD510. For
example, we obtain vacuum solutions for the embedding
the six- and four-dimensional gauged AdS supergravities
type IIB theory and for the embedding of the seve
dimensional gauged AdS supergravity in type IIA theory.
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APPENDIX A: SPHERES AND AdS SPACETIME
FROM FOLIATIONS

There are two closely parallel constructions which arise
the various intersections involving NUTs and waves. T
former involves a construction of the unit metric on th
sphere Sp1q11 as a foliation of Sp3Sq surfaces, while the
latter involves an analogous construction of the unit me
on AdSp1q11, as a foliation of AdSp3Sq surfaces.

Consider first the construction of the unit Sp1q11 metric.
We start from the unit metricsdVp

25dXidXi and dVq
2

5dYadYa on the spheres Sp and Sq, defined as the surface

XiXi51, YaYa51 ~A1!

in Rp11 andRq11 respectively. We now introduce Cartesia
coordinatesZA5(Zi ,Za) in Rp1q12, defined by

Zi5Xi cosa, Za5Ya sina, ~A2!

and so ZAZA51, thus defining a unit sphereSp1q11 in
Rp1q12. Clearly Eq.~A2! defines a complete parametriz
tion of points inRp1q12, with 0<a< 1

2 p, and soa and the
constrained coordinatesxi and ya on the spheres Sp and Sq

provide coordinates for the unit sphere Sp1q11 with a mani-
fest SO(p1q12) isometry group action on theZA coordi-
nates. The metric on Sp1q11 is given by dVp1q11

2

5dZAdZA, and so from the above definitions we obtain

dVp1q11
2 5da21cos2adVp

21sin2adVq
2 . ~A3!

The foliating surfaces at a fixed value of the ‘‘latitude’’ co
ordinatea are Sp3Sq, with radii cosa and sina for the two
factors. The construction is a generalization of the Cliffo
torus S13S1 foliating S3.
3-10
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In a similar manner, one can construct a metricdvp1q11
2

on the unit AdSp1q11 as follows. We start from a uni
AdSp , with metric dvp

25dXmdXnhmn , and a unitSq with
metric dVq

25dYadYa, where the coordinatesXm on Rp11

satisfy the indefinite-signature condition

XmXnhmn521, hmn5diag~21,21,1,1, . . . ,1!,
~A4!

while the coordinatesYa on Rq11 satisfyYaYa51 as before.
We now define coordinatesZA5(Zm,Za) by

Zm5Xm coshr, Za5Ya sinhr, ~A5!

which therefore satisfy

ZAZBhAB521, hAB5diag~21,21,1,1, . . . ,1!.
~A6!

The coordinatesZA, subject to this constraint, therefore d
fine AdSp1q11, with a manifestSO(p1q21,2) isometry.
The metricdvp1q11

2 5dZAdZBhAB is given by

dvp1q11
2 5dr21cosh2 rdvp

21sinh2 rdVq
2 . ~A7!

APPENDIX B: NUTs WITHOUT NUTs

In this appendix, we show explicitly that the sem
localized intersection of ap-brane with a Kaluza-Klein
monopole~a NUT! can be recast, after appropriate coor
nate transformations, as a restricted class of ordinary dis
utedp-branes. For definiteness, we take the case of a s
localized intersection of the M2-brane with a NUT as
example. The analysis for the other cases is essentially i
tical.

The semi-localized solution obtained in@6# is given by

ds11
2 5H22/3dwmdwm1H1/3@~dx1

21•••1dx4
2!

1K~dz1
21dz2

21dz3
2!1K21~dy1Aidzi !

2#,

K5
QN

uzWu
, Aidzi5QN cosudw,

H511(
k

Qk

~ uxW2xW0ku214QNuzWu!3
, ~B1!

whereQk denotes the M2-brane charge located atxW0k , QN is
the NUT charge, and we take

~z1 ,z2 ,z3!5
R2

4QN
~sinu cosw, sinu sinw cosu!. ~B2!

It now follows that the part of the metric

ds̄2[K~dz1
21dz2

21dz3
2!1K21~dy1Aidzi !

2 ~B3!

is nothing but the locally flat metric
12200
-
b-
i-

n-

ds̄25dR21R2dV̄3
2 , ~B4!

where

dV̄
2

3
[

1

4
dV2

21
1

4 S dy

QN
1cosudw D 2

~B5!

is the metric on the cyclic lens space S3/ZQN
. Locally, this is

just the standard metric on the unit 3-sphere. Viewed a
U(1) bundle over S2 the coordinatey on theU(1) fibers is
taken always to have the period 4p. WhenQN51, the to-
pology is therefore precisely S3. However, ifQN is a larger
integer, the fiber coordinate has a period that is smaller
the fraction 1/QN than the period that would be needed for3

itself, and consequently the topology is S3/ZQN
.

The solution~B1! can therefore be recast as

ds11
2 5H2

22/3dwmdwm1H2
1/3~dx1

21•••1dx4
2

1dz̃1
21•••1dz̃4

2!, ~B6!

with the harmonic function given by

H2511(
k

Qk

~ uxW2xW0ku21uz̃Wu2!3
. ~B7!

The coordinatesz̃i reside onR4/ZQN
, and are related toR

and the coordinates (u,w,y) on the lens space S3/ZQN
by

z̃11 iz̃25R sin 1
2 uei (y/QN1w)/2,

z̃31 iz̃45R cos1
2 uei (y/QN2w)/2. ~B8!

In other words, if we make the following coordinate tran
formation from (z1 ,z2 ,z3 ,y) to (z̃1 ,z̃2 ,z̃3 ,z̃4),

z̃11 iz̃25F2QN~r 1z3!~z11 iz2!

Az1
21z2

2 G 1/2

e( i /2QN)y,

z̃31 iz̃45F2QN~r 2z3!~z12 iz2!

Az1
21z2

2 G 1/2

e( i /2QN)y, ~B9!

where r 2[z1
21z2

21z3
2, then the metric~B3! is seen to be

nothing but

ds̄25dz̃1
21dz̃2

21dz̃3
21dz̃4

2 . ~B10!

The semi-localized M2-brane–NUT intersection~B1! can
therefore be obtained by starting from a standard distribu
of pure M2-branes~B6!, with charges spread over only fou
of the eight transverse directions as in Eq.~B7!. This is pre-
cisely equivalent to the semi-localized M2-brane–NUT
tersection~B1! with unit NUT charge,QN51. To obtain
3-11
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higher values of the NUT charge, one simply has to fac

theR4 space of thez̃i coordinates byZQN
, as defined above

Note that although this semi-localized way of introducing
NUT seems trivial, in that it amounts to a coordinate tra
formation, performing Kaluza-Klein reduction on the fi
tt

y

’’

’’

12200
r

-

ber coordinate does create a non-trivial intersecting com
nent, since the Kaluza-Klein 2-form field strength now ca
ries a non-trivial flux.

The above discussion carries over,mutatis mutandis, to
the cases of the semi-localized M5-brane–NUT and D
brane–NUT.
in,
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@8# M. Cvetič, S. S. Gubser, H. Lu¨, and C. N. Pope, Phys. Rev. D

62, 086003~2000!.
@9# Y. Oz, ‘‘Warped compactifications and AdS/CFT,

hep-th/0004009.
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