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Chapter 6

Domain Walls

In this chapter, we will construct half-supersymmetric domain wall solutions to the massive
and gauged supergravities of the previous chapter and we will discuss their physical interpre-
tation in terms of branes. In the last section we will consider 1/4 supersymmetric intersections
of domain walls with strings.

6.1 D8-brane in Massive IIA

D8-brane Solution

In section 3.4 we have discussed the different supersymmetric solutions of massless IIA su-
pergravity. The situation for massive IIA supergravity is radically different: there is no maxi-
mally supersymmetric solution [98] and only one half-supersymmetric solution, the D8-brane
solution [62]. It is carried by the metric and the dilaton, which read

ds2 = H1/8dx9
2 + H9/8dy2 , eφ = H−5/4 . (6.1)

Note that this is of the form of the genericp-brane solutions (3.37) withd = 9, d̃ = −1
and ∆ = 4, and has

√−ggyy = 1. It is expressed in terms of one harmonic function
H = c + mRy, where we takemR positive andc is an arbitrary integration constant. This
solution preserves half of supersymmetry under the supersymmetry rules (B.5) with explicit
massive deformations (5.3) with Killing spinor

ε = H1/32ε0 , with (1 + Γy) ε0 = 0 , (6.2)

whereε0 is a constant spinor that satisfies the above linear constraint. Thus the D8-brane has
16 unbroken supersymmetries.
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For later use we would also like to present the D8-brane in a different coordinate system,
which is related via

H̃ = 2mRỹ + c̃ = H(y)2 . (6.3)

In the new transverse coordinateỹ the solution reads

ds2 = H̃1/16dx9
2 + H̃−7/16dỹ2 , eφ = H̃−5/8 . (6.4)

Note that we now have
√−ggtt = −1. For the present section, we will use the first parame-

terisation (6.1), however.
As discussed in section 3.4, a domain wall with harmonic functionH = c + mRy is not

well-defined. The zeroes inH induce singularities in the solution. To avoid these, one has
to include source terms (corresponding to a thin domain wall) to modify the behaviour of the
harmonic function. We will discuss such source terms for the D8-brane solution in the next
subsection.

Source Terms and Piecewise Constant Parameters

To this end we introduce a number of source terms, corresponding to eight-branes. Since
these couple to a nine-form potential it is necessary to dualise the mass parameter of massive
IIA to a ten-form field strength:

mR = e−5φ/2 ? G(10) , G(10) = dC(9) , (6.5)

as discussed in section 3.2. In the absence of sources, the field equation forC(9) implies
mR to be constant. When sources are present, however, the parametermR is required to
be piecewise constant, i.e. it can take different (constant) values in different regions of the
transverse space. This property is the reason why the corresponding solution is called a
domain wall; the eight-brane sources separate physically different regions.

The eight-brane source terms are given by

S8 = − 2π

(2π`s)9

∫
d9x{e−φ

√−g(9) + 1
9!ε

(9)C(9)} , (6.6)

with ε(9) µ0···µ8 = ε(10) µ0···µ8y and we use the rangesµ, ν = (0, . . . , 8) in this section.
Depending on the coefficients ofS8 in the total action, the source terms have a different
interpretation in string theory:

• Objects with positive coefficients correspond to D8-branes. Passing through such a
domain wall leads to a decrease of the slope of the harmonic function [62, 71, 186].
The prime example is

H =

{
c−mRy , y > 0 ,

c + mRy , y < 0 ,
(6.7)
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with c andmR positive. This can be written asH = c − mR|y|, where the absolute
value of the transverse coordinatey can be seen as a consequence of the piecewise
constant parametermR. It follows thatH will vanish for some critical value ofy.

• Objects with negative coefficients correspond to so-called O8-planes. These are orien-
tifold planes1, which arise by dividing out by a specificZ2 symmetry. In this case the
relevant symmetry isIyΩ, whereIy is a reflection in the transverse space andΩ is the
world-sheet parity operation. Its effect on the IIA supergravity fields reads

y → −y ,{
φ, gµν , Bµν

} → {
φ, gµν ,−Bµν

}
,

{
C

(2n−1)
µ1···µ2n−1

} → (−)n+1
{
C

(2n−1)
µ1···µ2n−1

}
,{

ψµ, λ, ε
} → Γy

{
ψµ,−λ, ε

}
, (6.8)

and the parity of the fields with one or more indices in they-direction is given by the
rule that every index in they-direction gives an extra minus sign compared to the above
rules.

Due to the inclusion of such source terms, the harmonic function will be e.g.H =
c + mR|y| with c andmR positive [71,186]. ThusH is positive for all values ofy and
has a minimum at the O8-plane.

One thus finds that the introduction of D8-branes leads to zeroes inH and thus to a ’critical
distance’. It forces one to include O8-planes at a smaller distance, such that the zero inH is
avoided. If the transverse space isR/Z2, we can take one O8-plane with Ramond-Ramond
charge−16 (in units where a D8-brane has charge+1) andn D8-branes and their images
with n ≤ 8. Forn > 8 the total tension is positive and a zero in the harmonic function will
occur. On the other hand, if the transverse space isS1/Z2 (i.e. the range ofy is compact),
the total tension has to vanish and one is led to type I′ string theory with two O8-planes at the
two fixed points and 16 D8-branes and their images in between [62].

Type I′ String Theory and Supergravity

We will consider an example of the latter situation in full detail. First we choose our space-
time to beM9 × S1. All fields satisfyΦ(y) = Φ(y + 2πR) with R the radius ofS1.
Furthermore, the fields are either even or odd underI9Ω. Modding out thisZ2 symmetry, the
odd fields vanish on the fixed pointsy = 0 andy = πR of the orientifold, where we will
put the brane sources. However, the type IIA theory would be inconsistent under orientifold
truncation unless extra gauge degrees of freedom appear in the theory. It turns out we have to
place 32 D8-branes between these O8-planes [62], leading to typeI′ string theory. It is T-dual

1Orientifold planes arise when modding out with a discrete symmetry that involvesΩ, the string world sheet
parity operation; see [187] for a nice introduction.



120 Domain Walls

to type I string theory, which is obtained by modding the IIB theory with theZ2 symmetryΩ,
as discussed in section 2.2. This also explains the origin of the 32 D8-branes: the type I gauge
groupSO(32) can be seen to come from 32 unoriented D9-branes (filling all of space-time)
and performing T-duality yields the 32 D8-branes [64].

We will consider the special situation where all D-branes coincide with either one of
the O-planes. In addition, we assume that there is no matter on the branes. Thus, we are
describing the vacuum solution of the D-brane system, switching off the excitations on the
branes. Therefore, our total effective action is given by

S = 2(n− 8)S8δ(y) + 2(8− n)S8δ(y − πR)− 2π

(2π`s)9

∫
d9xLbulk , (6.9)

which is given by the bulk action and an O8-plane and2n D8-branes aty = 0 and an O8-
plane and32 − 2n D8-branes atπR. For definiteness we will take8 < n ≤ 16, i.e. the
D8-branes dominate the O8-plane aty = 0 while the latter dominates aty = πR.

The D8-brane solution is given by (6.1) with harmonic function [71]

H = c +
(8− n)
2π`s

|y| . (6.10)

Thus we may identify the mass parameter as follows:

mR =





8− n

2π`s
, y > 0 ,

n− 8
2π`s

, y < 0 .
(6.11)

The harmonic function (6.10) with piecewise constant mass parametermR will have a zero if
the range ofy is too large; the distance between the branes must be small enough to prevent
the harmonic function from vanishing. The radius of the circle and distance between the
O-planes is thus restricted to

R <
2c`s

(n− 8)
. (6.12)

The saturating case is called the critical distanceRc. Thus it seems that typeI′ string theory
is consistent only onM9 × (S1/Z2) with a circle of restricted radius.

Of course we have only considered a special case of the typeI′ theory with all D-branes
on one of the fixed points. However, also with D-branes in between the O-planes we expect
the vacuum solution to imply a critical distance: each O8-plane necessarily has16 D8-branes
in its vicinity. The same phenomenon of typeI′ was found in [62] in the context of the
duality between the heterotic and type I theories. Note that the maximal distance depends on
the distribution of the D-branes. In the most asymmetric case (n = 16) it is smallest while in
the most symmetric case (n = 8) there is no restriction onR.
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Note that the identification (6.11) implies a quantisation of the mass parameter of massive
IIA supergravity. Upon dimensional reduction, this should coincide with the special case of
theSL(2,R) mass parameters

~m = (0,
ñ

2πR
,

ñ

2πR
) , ñ ∈ Z , (6.13)

as can be seen from (5.28) and (5.33). At first sight, these quantisation conditions do not
seem to match. The resolution can be found in [73], where factors ofgs are properly taken
into account. Being related to the mass of D-branes, both quantised masses (6.11) and (6.13)
are inversely proportional togs of IIA and IIB, respectively (see the discussion below (3.49)):

mA =
±(n− 8)
2π`sgA

, mB =
ñ

2πRBgB
, (6.14)

where we have included the A and B labels and omitted thes subscript ofgs. The T-duality
relations between the IIA and IIB parameters

RARB = `s
2 , gA`s = gBRB , (6.15)

then exactly relate the two expressions for the quantised mass withñ = ±(n− 8).
It is clear that the D8-O8 system can be generalized further. To start with, placing D-

branes in any compact transverse space requires the presence of oppositely charged branes
that need to have opposite tensions in order to be in supersymmetric equilibrium [71]. If all
the negative-tension branes are identified with orientifold planes, as we have suggested here,
then the compact transverse spaces must be orbifolds with the orientifold planes placed at
the orbifold points. TheZ2 reflection symmetries associated to the orientifold planes can be
part of more general orbifold groups (Zn etc.). It would be interesting to realize these bulk &
brane configurations explicitly.

6.2 Domain Walls inCSO Gaugings and their Uplift

The DW/QFT Correspondence

Due to the AdS/CFT correspondence [20], it has been realized that there is an intimate rela-
tionship between certain branes of string or M-theory and corresponding lower-dimensional
SO(n) gauged supergravities. The relation is established via a maximally supersymmetric
vacuum configuration of string or M-theory, which is the direct product of an AdS space and
a sphere (see section 3.4): for ap-brane withn transverse directions, we are dealing with an
AdSp+2×Sn−1 vacuum configuration. On the one hand, this vacuum configuration arises as
the near-horizon limit of an M2-, D3- or M5-brane; on the other hand, the coset reduction over
the spherical part leads to the relatedSO(n) gauged supergravity inp+2 dimensions, which
allows for a maximally supersymmetricAdSp+2 vacuum configuration (see section 5.5). The
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gauge theory of the AdS/CFT correspondence can be taken at the boundary of thisAdSp+2

space. All dilatons are constant for this vacuum configuration (with no extra dilaton present,
i.e.a = 0). This is related to the conformal invariance of the gauge theory.

There are two ways to depart from conformal invariance, which both involve exciting
some of the dilatons in the vacuum configuration. The first deformation can be introduced via
then− 1 dilatons of the AdS supergravities. By exciting some of these dilatons one obtains
a deformed Anti-de Sitter configuration. In the AdS/CFT correspondence this corresponds to
considering the (non-conformal) Coulomb branch of the gauge theory [20].

Alternatively, one can obtain a non-conformal theory by considering the other branes of
string and M-theory, for which there is an extra dilaton present in the scalar potential of the
gauged supergravities (corresponding to the

√
in table 6.1). This leads to DW supergravities,

where the maximally supersymmetric AdS vacuum is replaced by a non-conformal and half-
supersymmetric domain wall solution. This situation is encountered when one generalises
the AdS/CFT correspondence to a DW/QFT correspondence [33,34].

D n φ Brane

10 1
√

D8

9 2
√

D7

8 3
√

D6

7 5 / 4 − /
√

M5 / NS5A

6 5
√

D4

5 6 − D3

4 8 / 7 − /
√

M2 / D2

Table 6.1: The domain walls and gauged supergravities inD dimensions withn mass pa-
rameters are related to M- or D-branes withn transverse directions.

A natural generalisation is to excite some of then − 1 dilatons describing the Coulomb
branch of the CFT and the extra dilaton that leads to a non-conformal QFT at the same time.
This leads to domain wall solutions ofSO(n) gauged DW supergravities [188] that describe
the Coulomb branch of the (non-conformal) QFT. The uplift of these multiple domain walls
leads to (the near-horizon-limit of) brane distributions in string or M-theory, as we will see in
the next subsections. This is based on results from [189].

A p-brane can be reduced in two ways: via a double dimensional reduction (leading to
a (p − 1)-brane in one dimension lower) or a direct dimensional reduction (leading to ap-
brane in one dimension lower). It has been pointed out [34] that direct dimensional reduction
leads fromSO(n) gauged supergravities to the generalisedCSO gauged supergravities of
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[176, 177]. Thus, direct dimensional reduction corresponds to a group contraction of the
gauged supergravity (see section 5.5). In contrast, double dimensional reduction of a brane
corresponds to a dimensional reduction of the gauged supergravity, which was discussed in
the same section. Recapitulating, we have the following correspondences between the brane
and gauged supergravity points of views:

Brane Gauged supergravity

direct dimensional reduction ⇔ group contraction
double dimensional reduction⇔ toroidal reduction

Note that not all branes of string or M-theory are present in table 6.1. The missing cases of
the D0 and F1A can rather easily be included, as has been done in [189]. The corresponding
D = 1, 2 gauged supergravities haven = 9, 8, respectively [190, 191]. The remaining
cases are the IIB doublets of NS5B/D5 and F1B/D1 branes. The associated theories are
the reduction of IIB overS3 or S7 with an electric or magnetic flux of the NS-NS/R-R three
form field strength [124,129]. For theD = 3 SO(8) theories corresponding to the IIB strings
(which are different from the F1A result), see [191]. The five-brane cases are supposed to
lead to newD = 7 SO(4) gauged supergravities, which might be related to the theories
constructed in [180].

Domain Walls

In this subsection, we give a unified description of a class of domain wall solutions for the
CSO gauged supergravities in various dimensions, which is of particular relevance to the
DW/QFT correspondence.

We consider the following Ansatz for the domain wall withD − 1 world-volume coordi-
nates~x and one transverse coordinatey:

ds2 = g(y)2d~x2 + f(y)2dy2 , M = M(y) , φ = φ(y) . (6.16)

The idea is to substitute this Ansatz into the action, consisting of the Einstein-Hilbert term,
scalar kinetic terms and the scalar potential (5.92), and write this as a sum of squares [192].
Using (5.93), the reduced one-dimensional action can be written as

S =
∫

dy gD−1f
[ D − 1
4(D − 2)

(2(D − 2)
fg

dg

dy
−W

)2

− 1
2

( 1
f

d~φ

dy
+ ~∂W

)2

+

− 1
2

( 1
f

dφ

dy
+ ∂φW

)2

+
1
f

dW

dy
+ (D − 1)

1
fg

dg

dy
W

]
, (6.17)

which is a sum of squares, up to a boundary term. Minimalisation of this action therefore cor-
responds to the vanishing of the squared terms. This gives rise to the first-order Bogomol’nyi
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equations

1
f

d~φ

dy
= −~∂W ,

1
f

dφ

dy
= −∂φW ,

2(D − 2)
fg

dg

dy
= W , (6.18)

Note that one should not expect a Bogomol’nyi equation associated tof since it can be
absorbed in a reparameterisation of the transverse coordinatey.

The Bogomol’nyi equations can be solved by the elegant domain wall solution, general-
ising [188,193],

ds2 = h1/(2D−4)d~x2 + h(3−D)/(2D−4)dy2 ,

M = h1/ndiag(1/h1, . . . , 1/hn) , eφ = h−a/4 , (6.19)

written in terms ofn harmonic functionshi and their producth:

hi = 2qiy + l2i , h = h1 · · ·hn . (6.20)

Note that this transverse coordinate basis2 has
√−ggtt = −1. The functionshi are necessar-

ily positive since the entries ofM are positive. For allqi ≥ 0, this implies thaty can range
from 0 to∞; if there is at least oneqi < 0, the range ofy is bounded from above.

The solution is parameterised byn integration constants3 li. However, if a chargeqi

happens to be vanishing, the correspondingli can always be set equal to one (bySL(n,R)
transformations that leave the scalar potential invariant). In addition, one can eliminate one
of the remainingli’s by a redefinition of the variabley. Therefore we effectively end up with
p + q− 1 independent constants, parameterising thep + q harmonics. We definem to be the
number of linearly independent harmonicshi with qi 6= 0 and call the corresponding solution
(6.19) anm-tuple domain wall. For different values of the constantsli, one finds different
numbersm of linearly independent harmonics. For examples of truncations to single domain
walls, see tables 6.2 and 6.3.

It should not be a surprise that all scalar potentials of table satisfy the relation (5.93) since
these are embedded in a supergravity theory, whose Lagrangian “is the sum of the super-
symmetry transformations” and therefore always yields first-order differential equations. For
this reason, domain wall solutions to the separate terms in (6.17) will always preserve half of
supersymmetry. The corresponding Killing spinor is given by

ε = h1/(8D−16)ε0 , (1 + Γy)ε0 = 0 , (6.21)

where the projection constraint eliminates half of the components ofε0. An exception is
a = 0, qi = 1 andli = 0, in which case the domain wall solution (6.19) becomes a max-
imally (super-)symmetric Anti-De Sitter space-time in horospherical coordinates. Then the
singularity aty = 0 is a coordinate artifact and there is an extra Killing spinor, yielding fully
unbroken supersymmetry.

2ForD = 10 andn = 1, the solution (6.19) coincides with the D8-brane in theỹ-coordinate (6.4).
3Strictly speaking, it isli2 rather thanli that appears as integration constant, allowing for positive and negative

li
2. However, one can always take these positive by shiftingy, in which case the crucial distinction betweenli and

li
2 disappears.
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Higher-dimensional Origin and Harmonics

Upon uplifting these domain walls, one obtains higher-dimensional solutions, which are re-
lated to the 1/2 supersymmetric brane solutions of 11D, IIA and IIB supergravity, as given
in table 6.1. Note that the number of mass parameters (and therefore the number of har-
monic functionshi of the transverse coordinate) always equals the transverse dimension of
the brane. Thus, inD dimensions, the numbern of mass parameters is given by the co-
dimension of the half-supersymmetric(D − 2)-brane of IIA, IIB or M-theory.

The metric of the uplifted solution can in all cases be written in the form

ds2 = H(2−n)/(D+n−3)
n dx2

D−1 + H(D−1)/(D−n−3)
n ds2

n , (6.22)

whereHn is a harmonic function on the transverse space, whose powers are appropriate for
the corresponding D-brane solution in ten dimensions or M-brane solution in eleven dimen-
sions (as can be checked from section 3.4). From the form of the metric one infers that the
solution corresponds to some brane distribution. For allqi = 1, these solutions were found
in [192–194] for the D3-, M2- and M5-branes and in [188,195] for other branes.

The harmonic function takes the form

Hn(y, µi) = h−1/2
( n∑

i=1

q2
i µ2

i

hi

)−1

, (6.23)

whereµi are Cartesian coordinates, fulfilling (5.83). The transverse part of the metric is given
by [193]

ds2
n = H−1

n h−1/2dy2 +
n∑

i=1

hi dµ2
i , (6.24)

With a change of coordinates, it can be seen that then-dimensional transverse space is flat4

[193,196]

zi =
√

hiµi , ds2
n =

n∑

i=1

dzidzi . (6.25)

The above is easily verified

dzi = h
−1/2
i qiµi dy + h

1/2
i dµi ,

n∑

i=1

dzidzi =
n∑

i=1

q2
i µ2

i

hi
dy2 +

n∑

i=1

hi dµ2
i , (6.26)

where we have used
∑n

i=1 qi µi dµi = 0, which follows from (5.83). Note that one has√−ggii = 1 after the coordinate change tozi.

4For D = 10 andn = 1, this coordinate transformation coincides with (6.3). Indeed, the brane solution (6.22)
is identical to the D8-brane with transversey-coordinate (6.1).
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The harmonic functionHn specifies the dependence on then transverse coordinateszi.
The constantsli parameterise the possible harmonics that are consistent with the reduction
Ansatz. The mass parametersqi specify this reduction Ansatz. Thus, changing a mass pa-
rameterqi changes both the reduction Ansatz and the harmonic function that is compatible
with that Ansatz. Sending a mass parameter to zero, e.g.qn → 0, corresponds to truncating
the harmonic function onn-dimensional flat space to

Hn(qn = 0, ln = 1) = Hn−1 , (6.27)

i.e. a harmonic function on(n− 1)-dimensional flat space.
It is difficult to obtain the explicit expression for the harmonic functionHn in terms

of the Cartesian coordinateszi (the example ofn = 2 will be given in the next section).
Nevertheless, one can show thatHn is indeed harmonic onRn for all values ofqi, thus
extending the analysis of [194] whereqi = 1. The calculation is facilitated by the following
definitions

Am =
n∑

i=1

qm
i z2

i

hm
i

, Bm =
n∑

i=1

qm
i

hm
i

. (6.28)

In terms ofAm andBm we calculate

∂iHn = h−1/2
(
− qizi

hi

B1

A2
2

+ 4
qizi

hi

A3

A3
2

− 2
q2
i zi

h2
i

1
A2

2

)
, (6.29)

from which we finally get

n∑

i=1

∂i∂iHn = h−1/2
(
2
B2

A2
2

− 2
B1A3

A3
2

− 16
A4

A3
2

+ 16
A2

3

A4
2

− 2
B2

A2
2

+ 16
A4

A3
2

+ 2
B1A3

A3
2

− 16
A2

3

A4
2

)

= 0 , (6.30)

which proves the harmonicity ofHn onRn.

Brane Distributions for SO(n) Harmonics

Since the harmonic functionHn depends on the angular variables in addition to the radial,
the uplifted solution will in general correspond to a distribution of branes rather than a single
brane. ForD < 9 and allqi = 1 (i.e. theSO(n) cases5 with n ≥ 3) this means that the
harmonic function can be written in terms of a charge distributionσ as follows [188,193]

Hn(~z) =
∫

dnz′
σ(~z ′)

|~z − ~z ′|n−2
, (6.31)

5Note that we can also include the cases where someqi = 0, using (6.27).
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and sinceHn appears without an integration constant, the distributions will actually be a
near-horizon limit of the brane distribution.

It turns out that the distributions are given in terms of higher dimensional ellipsoids [193,
197]. The dimensions of these ellipsoids are given in terms of the numberm of independent
harmonicshi or, equivalently, the numberm−1 of non-vanishing constantsli. It is convenient
to define

xm−1 = 1−
m−1∑

i=1

z2
i

l2i
, ~l = (l1, . . . lm−1, 0, . . . , 0) , (6.32)

where the lastn −m + 1 constantsli are vanishing. Starting with the casem = n, i.e. all
harmonicshi independent and onlyln equal to zero, we have a negative charge distributed
inside the ellipsoid and a positive charge distributed on the boundary:

σn ∼ 1
l1 · · · ln−1

(
− x

−3/2
n−1 Θ(xn−1) + 2 x

−1/2
n−1 δ(xn−1)

)
δ(1)(zn) , (6.33)

whereΘ(x) is the Heaviside step function:Θ(x < 0) = 0 andΘ(x > 0) = 1. Upon sending
ln−1 to zero, the charges in the interior of the ellipsoid cancel, leaving one with a positive
charge on the boundary of a lower dimensional ellipsoid:

σn−1 ∼ 1
l1 · · · ln−2

δ(xn−2) δ(2)(zn−1, zn) , (6.34)

which is the brane distribution corresponding ton − 1 independent harmonics sincehn−1

and hn are linearly dependent. Next, the contraction of more constants will yield brane
distributions over the inside of an ellipsoid. The distributionσ(zi) is then a product of a delta-
function and a theta-function and the branes are localised alongn −m + 1 coordinates and
distributed within anm−1-dimensional ellipsoid, defined byxm−1 = 0. For2 ≤ m ≤ n−2
non-zero constants, one has

σm ∼ 1
l1 · · · lm−1

x
(n−m−3)/2
m−1 Θ(xm−1) δ(n−m+1)(zm, . . . , zn) . (6.35)

Finally, one is left with all constantli vanishing, in which case the distribution has collapsed
to a point and generically reads

σ1 = δ(n)(z1, . . . , zn) , (6.36)

i.e. we are left with a single brane with all harmonicshi linearly dependent. All these distri-
butions satisfy

σm−1 = δ(zm−1)
∫

σm , (6.37)
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Figure 6.1: The distributions of NS5A-branes corresponding to the uplift of the 7DISO(4)
domain walls with three, two, one and zero non-vanishingli’s, respectively.

consistent with the picture of distributions that collapse thezm−1-coordinate upon sending
lm−1 to 0. The case of NS5A-branes is illustrated in figure 6.1.

The general lesson to be drawn from this section is that the domain wall solutions uplift
to branes with harmonic functions given by (6.23). For the cases with allqi ≥ 0, these
harmonic functions correspond to the near-horizon limit of the brane distributions (6.33). In
the simplest case, with all relevantli = 0 and thereforem = 1, this distribution collapses to
a point (6.36) and the harmonic function stems from the near-horizon limit of a single brane.
In the next sections we will see whether these findings also hold for the special casesn = 2
andn = 3.

6.3 Domain Walls in 9D and Uplift to IIB

In this section, we will consider domain wall solutions to the 9D gauged supergravities that
were constructed in section 5.3. We will first focus on theSL(2,R) gauged theories and later
comment on the possibility of domain walls in the other 9D gauged theories.

Domain Walls in SL(2,R) Gauged Supergravities

We first consider domain walls in theSL(2,R) gauged supergravities in 9D, which are spec-
ified by three mass parameters. We will takem1 = 0, which can be obtained by anSL(2,R)
transformation. Thus, we are left with a symmetric mass matrixQ with diagonal entriesq1

andq2, see (5.85). By choosing appropriate values forq1 andq2, one can still cover each of
the three conjugacy classes ofSL(2,R), corresponding toq1q2 positive, negative or vanish-
ing.

For the present purpose of domain walls, it suffices to consider a truncation to gravity and
the scalars. The supersymmetry transformations of the fermions, which are given in (B.16)
in full generality, then reduce to (see (B.16) and (5.20))

δψµ = (∂µ + ωµ + i
4eφ∂µχ + 1

28γµW )ε ,

δ0λ = i(/∂φ + δφW ) ε∗ − eφ(/∂χ + δχW ) ε∗ ,

δ0λ̃ = i(/∂ϕ + δϕW ) ε∗ , (6.38)
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with the superpotentialW given by (5.19). The projector corresponding to a domain wall
Ansatz is

ΠDW = 1
2 (1 + γy) , (6.39)

wherey indicates a tangent space direction, see appendix A.
Half-supersymmetric domain walls correspond to configurations satisfying the Killing

spinor equations, which are obtained by requiring (6.38) subject to the projection (6.39) to
vanish. The most general solutions were first classified in [150] (for other discussions of 9D
domain walls, see [198,199]) and read6

ds2 = h1/14(−dt2 + dx2
7) + h−3/7dy2 ,

eφ = h−1/2h1 , e
√

7ϕ = h−1 , χ = c1h1
−1 , (6.40)

with the functions

h = h1h2 − c2
1 , h1 = 2q1y + l1

2 , h2 = 2q2y + l2
2 . (6.41)

This is the most general half-supersymmetric domain wall solution.
The general domain walls are parameterised by three constants. However, as also ex-

plained for the general case in section 6.2, one can always do a coordinate transformation
y → y + c to shift eitherl1 or l2 to zero. The third parameterc1 can be understood as
corresponding to the gauge symmetry with constant parameters: by performingSL(2,R)
transformations of the form (5.26) one shiftsc1. For this reason, one can always choose a
gauge in which it vanishes. In this case the Killing spinor reads

ε = h1/56 ε0 , (6.42)

while in general it depends onc1. Since the transformation to shiftc1 to zero is a gauge
transformation with constant parameter, it does not affect the gauge potentials. Note that the
most general domain walls therefore areSL(2,R) orbits of the prime example (6.19) and is
expressed in terms of two harmonic functions and one constant. In theSL(2,R) frame with
c1 = 0, it can be seen as a harmonic superposition of the domain walls with harmonicsh1

andh2. Due to the two independent harmonic functions, we call this the double domain wall.
In certain truncations, the general solution (6.40) becomes a single domain wall with

only one independent harmonic function. This can happen either due to the vanishing of
a mass parameterqi or due to special values of the constantsli. In table 6.2 we give the
two possible truncations leading to single domain walls and the corresponding value of∆ as
defined in [90]. Note that theSO(2) case cannot be assigned a∆-value since it has vanishing
potential, as already noted in [150]. The domain wall is carried by the non-vanishing massive
contributions to the BPS equations. In other words, the potential is zero but there is a non-
vanishing superpotential.

6In [150] a different transverse coordinateỹ was used, which is related viah(y) = h̃(ỹ)2, where the function
h̃(ỹ) appears in the metrics of [150] and is not necessarily harmonic. Each different conjugacy class has a different
functionh̃(ỹ) and therefore requires a different coordinate transformation.
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Gauge group (q1, q2) h1 h2 ∆

R (0, q) 1 2qy 4

SO(2) (q, q) 2qy 2qy ×

Table 6.2: The single domain walls as truncations of the 9D double domain wall solution.
We give the two possible truncations and the corresponding value of∆. Note that there does
not exist a∆-value in theSO(2) case due to the vanishing of the potential.

Seven-branes and Orientifold Planes

As discussed in the section 6.1, the occurrence of domain walls with positive tension leads
to a harmonic function that vanishes at a point in the transverse space. To avoid this, one
has to include orientifold planes with negative tension as well, which can be introduced by
modding out the theory with aZ2-transformation. In 10D IIA the relevant symmetry isIyΩ
(6.8) which introduces (in the case ofy compact) 16 D8-branes and their images and two
O8-planes. In 9D the relevantZ2-symmetry can be obtained from the IIA transformation
IyΩ (6.8) by the reduction in a direction other thany. Alternatively, one could reduce the
IIB transformation(−)FLIxyΩ in thex direction. Upon reduction these give the same trans-
formation and therefore are T-dual [71]. In particular, the 9DZ2-symmetry acts on the mass
parameters asQ → −Q. Thus all three mass parameters flip sign. However, one can always
use anSL(2,R)-transformation to setm1 = 0. Then one is left withq1 andq2 and since
both mass parameters flip sign, one introduces orientifold planes which carry a charge of
−16 with respect to bothq1 andq2. Takingy compact (for a non-compact transverse space
the discussion is analogous), one also has to introduce a number of positive tension branes to
cancel the total charges. For theq2-charge this correspond to 32 D7-branes. The cancellation
of q1-charge requires 32 Q7-branes, which are defined as S-duals of the D7-branes. Thus the
following picture seems to emerge:

• Two orientifold planes, one at each of the fixed points of theS1, each carrying a charge
of (−16,−16) with respect to the two mass parameters(q1, q2).

• Sixteen D7-branes and their images, located at arbitrary points between the two O7-
planes and each carrying a charge of(0, 1).

• Sixteen Q7-branes and their images, defined as S-duals of the D7-branes, also dis-
tributed between the two O7-planes and each carrying a charge of(1, 0).

Depending on the positioning of the various 7-branes, the mass parameters can take different
values. Note that the gauge group can change when passing through a 7-brane, since it can
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affect onlyq1 or q2 and thusdet(Q) need not be invariant. The reduction of the type I′ theory
would correspond to a special case of this general set-up, in which eight of the Q7-branes
and their images are positioned at each O7-plane, thereby cancelling the(−16, 0) charge and
inducingq1 = 0 everywhere in the bulk7.

Uplift to IIB and D7-branes

Instead of the nine-dimensional discussion of source terms above, one can also uplift the
domain walls to solutions of IIB supergravity. The general formula (6.23) applied to the 9D
case yields the harmonic function

H2 =
(√

h2µ1
2 +

√
h1µ2

2
)−1

, (6.43)

with the identifications (5.86) to make contact with the explicit twisted reduction Ansatz
(B.14) with reduction coordinatey. In this case, it is straightforward (though perhaps not
very insightful) to perform the coordinate transformation tozi, which yields:

H2 =
(αz1

2 + βz2
2 + γ(z1

2 + z2
2)

2γ2

)1/2

, (6.44)

with the definitions

α = q1q2(z1
2 + z2

2) + q1l
2
2 − q2l

2
1 ,

β = q1q2(z1
2 + z2

2)− q1l
2
2 + q2l

2
1 ,

γ =
√

1
2 (α2 + β2) + q1q2(z1

2 − z2
2)(α− β) .

(6.45)

Indeed, it can be checked that this function is harmonic with respect to flat(z1, z2)-space for
all values ofqi andli.

The harmonic functionH2 generically depends on bothz1
2 + z2

2 andz1
2 − z2

2. Note
that the dependence on the latter only disappears ifα = β = γ, in which case the harmonic
function reads

H2 = (q1q2)−1/2 . (6.46)

This requires the relationq1l
2
2 = q2l

2
1. This cannot be satisfied with the charges(q1, q2) =

(1,−1) and(1, 0) while keeping bothhi > 0. Therefore, the only possibility is charges(1, 1),
implying that the two constantsli need to be equal, yielding a harmonic function given by
H2 = 1. Another case with a manifest isometry is provided by the charges(1, 0), where the
harmonic function becomes

H2(q2 = 0) = |z1|/l2 , (6.47)

7Toroidal compactifications of type I′ string theory have been considered in [200] from a somewhat different
point of view. It would be interesting to link its results to our analysis here.
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Figure 6.2: The distributions of D7-branes corresponding to the uplift of the 9DSO(2)
domain walls with one and zero non-vanishingli’s, respectively. The cross indicates the
conical singularity of the locally flat space-time.

which is a harmonic function in a one-dimensional transverse space, in agreement with (6.27).
For theSO(2) case, in which we takeq1 = q2 = 1, the IIB solution can be understood as

a distribution of D7-branes. Without loss of generality we takel2 = 0. Then one has

H = 1 +
∫

dz′1dz′2σ(z′1, z
′
2; l1) log((z1 − z′1)

2 + (z2 − z′2)
2) , (6.48)

with the D7-brane distribution

σ(z′1, z
′
2;1 ) =

1
2πl1

[
− (

1− z′1
2

l12

)−3/2Θ
(
1− z′1

2

l12

)
+ 2

(
1− z′1

2

l12

)−1/2
δ
(
1− z′1

2

l12

)]
,

(6.49)

for the casem = 2 (implying that l1 6= 0). Note that this distribution consists of a line
interval of negative D7-brane density with a positive contribution at both ends of the interval.
Both positive and negative contributions diverge but these cancel exactly:

∫
dz′1dz′2σ(z′1, z

′
2) = 0 , (6.50)

i.e. the total charge in the distribution (6.49) vanishes.
The parameterl1 of the generalSO(2) solution can be set to zero, truncating to only one

independent harmonic function:m = 1. This corresponds to a collapse of the line interval to
a point, as can be seen from (6.49). However, due to the fact that the total charge vanishes,
this leaves us without any D7-brane density:

σ(z′1, z
′
2; l1 = 0) = 0 , (6.51)

Indeed, the general harmonic function (6.44) equals one for theSO(2) case withl1 = l2 = 0.
The D7-brane distributions are shown in figure 6.2.

Therefore, the two-dimensionalSO(2) harmonic function (6.48) of the D7-brane differs
in two important ways from the genericSO(n) harmonic function withn > 2. Firstly,
the total charge distribution of D7-branes vanishes, while it adds up to a finite and positive
number in the other cases. Secondly, but not unrelated, one needs to include a constant in the
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harmonic function (6.48) in terms of the distribution. In the generic cases this constant was
absent, corresponding to the near-horizon limit of these branes. In this respect, the D7-brane
is special, as can also be seen from the following observation.

As discussed in section 3.4, the near-horizon limit of D-branes (3.40) yields a metric that
is conformally8 AdS× S. To absorb the conformal factor, one needs to go to the so-called
dual frame, in which the tension of the brane is independent of the dilaton:

gdual
µν = exp

(
(3− p)
2(p− 7)

φ

)
gEinstein

µν . (6.52)

In the dual frame, the near-horizon geometry of all D-branes withp ≤ 6 reads AdSp+2 ×
Sn−1. Clearly, this formula does not hold for the D7-brane; a related complication is the fact
that the dual object is the D-instanton, which lives on a Euclidean space.

Having found the generalSL(2,R) domain walls, we would like to impose the different
quantisation conditions on~m of section 5.3. For theSO(2) case withq1 = q2 = q, these
translate in a deficit angle: since the argument of the trigonometric functions ofµi (5.86) is√

q1q2y and the variabley is identified up to2πR, our SO(2) angular variable has a range
of 2πqR. For this reason, the locally flat space-times withH2 = 1 are conical space-times
with a deficit angle2π(1 − qR). Let us go through the three quantisation possibilities for
SO(2) [150], giving the result forl1 = l2:

• The first quantisation condition (5.34) hasq = 1/(4R) and thus yields a deficit angle
of 3π/2. In other words, this is a half-supersymmetric Mink8×C/Z4 space-time with
non-trivial monodromy, the bosonic part of which was also mentioned in [95].

• The second quantisation condition (5.35) cannot be applied toq but only to anSL(2,R)
related partner of our uplifted domain wall, since it requires an off-diagonal matrixQ.
It gives rise to a deficit angle of5π/3, leading to a half-supersymmetric Mink8×C/Z6

space-time with non-trivial monodromy.

• The third quantisation condition (5.36) hasq = 1/R and thus leads to fully super-
symmetric Mink10 space-time. The monodromy is trivial and there is a second Killing
spinor with opposite chirality. For the previous two quantisation conditions this second
Killing spinor had a different monodromy and was therefore not a globally consistent
solution of the Killing spinor equations.

Domain Walls for other Gauged Supergravities

In the previous subsections, we have constructed and discussed the most general domain wall
solution to the threeSL(2,R) gauged supergravities. In this subsection we would like to
address the possibility of domain walls for the other 9D gauged supergravities of section 5.3.

8Except for the casep = 5, which has Minkowski7 rather than AdS7 [91].
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Since we are looking for 1/2 BPS solutions, we have to solve the Killing spinor equations.
These are obtained by setting the supersymmetry variation of the gravitino and dilatini to
zero, while the supersymmetry parameter is subject to a certain projection. The projector for
a domain wall is given by12 (1± γy), wherey denotes the transverse direction.

In this way we solve first order equations instead of second order equations, which we
would encounter if we would solve the field equations directly. For static configurations,
a solution to the Killing spinor equation is also a solution to the field equations. From an
analysis of the massive supersymmetry transformationsδ0 + δm of the gravitino and the
dilatino, it was found [145] that to solve the Killing spinor equations, one has to set all mass
parameters to zero except for~m. Therefore, there are not more half-supersymmetric domain
wall solutions than the ones given in (6.40) with mass parametersq1 andq2.

By analysing the possibilities for other projectors in nine dimensions (i.e. demanding that
the projector squares to itself and that its trace is half of the spinor dimension), we find that
there is another projector given by12 (1 ± iγt). This projector would give a time-dependent
solution, which can be seen as a Euclidean domain wall having time as a transverse direction.
See [201] for an example.

6.4 Domain Walls in 8D and Uplift to IIA and 11D

In this section, we will construct the most general half-supersymmetric domain wall solution
to the 8D gauged maximal supergravities of section 5.4. We will start with the class A theories
and only comment on class B at the end.

Domain Walls of Class A Theories

In section 5.4 we have obtained the bosonic action (5.68) and supersymmetry transformations
(5.63) of theD = 8 gauged maximal supergravities with gauge groups of class A. We now
look for domain wall solutions that preserve half of the supersymmetry, following [136]. For
an earlier discussion of a subset of these solutions, see [202].

We consider the following domain wall Ansatz:

ds2 = g(y)2dx7
2 + f(y)2dy2 , M = M(y) , ϕ = ϕ(y) , ε = ε(y) . (6.53)

Our Ansatz only includes the metric and the scalars. All other fields are vanishing except
the SL(2,R)/SO(2) scalar` which we have set constant. It turns out that there are no
half-supersymmetric domain walls for non-constant`. We need to satisfy the Killing spinor
equations (which are a truncation of (5.63) to the fields of the Ansatz (6.53))

δψµ = 2∂µε− 1
2 /ωµε + 1

2 /Qµε + 1
24e−ϕ/2fijkΓijkΓµε = 0 ,

δλi = −/P ijΓ
jε− 1

3
/∂ϕΓiε− 1

4e−ϕ/2(2fijk − fjki)Γjkε = 0 ,
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where the Killing spinor satisfies the condition

(1 + Γy123)ε = 0 . (6.54)

The indices1, 2, 3 refer to the internal group manifold directions.
The most general class A domain wall solution reads

ds2 = h
1
12 dx2

7 + h−
5
12 dy2 ,

eϕ = h
1
4 , eσ = h

− 1
2
√

3 h

√
3

2
1 , eφ = h−

1
2 h
− 1

2
1 (h1h2 − c2

1) ,

χ1 = c1h
−1
1 , χ2 = χ1χ3 + c2h

−1
1 , χ3 = (c1c2 + c3h1)

(
h1h2 − c2

1

)−1
, (6.55)

where the dependence on the transverse coordinatey is governed by

h(y) = h1h2h3 − c2
3h1 − c2

2h2 − c2
1h3 − 2c1c2c3 ,

h1 = 2q1y + l1
2, h2 = 2q2y + l2

2, h3 = 2q3y + l3
2 . (6.56)

The corresponding Killing spinor is quite intricate so we will not give it here. Note that the
solution is given by three harmonic functionhi. For this reason we call the general solution
a triple domain wall.

The general solution has six integration constantsci andli. As before, one can eliminate
one of the constantsli by a redefinition of the variabley. The other three constantsc1, c2

and c3 can be understood to come from the following symmetry. The mass deformations
do not break the full globalSL(3,R); indeed, they gauge the three-dimensional subgroup
of SL(3,R) that leaves the mass matrixQ invariant. Thus one can use the unbroken global
subgroup to transform any solution9, introducing three constants. In our solution these corre-
spond toc1, c2 andc3, which can therefore be set to zero by fixing theSL(3,R) frame. From
now on we will always assume the frame choicec1 = c2 = c3 = 0 unless explicitly stated
otherwise. This results in

χ1 = χ2 = χ3 = 0 , M = h−2/3diag(h2h3, h1h3, h1h2) , h = h1h2h3 . (6.57)

In thisSL(3,R) frame the expression for the Killing spinor simplifies considerably and reads
ε = h1/48ε0. Thus, analogously to 9D, we find that the most general domain wall solution to
these gauged supergravities is given by theSL(3,R) orbits of the generic solution (6.19).

The triple domain wall can be truncated to double or single domain walls when restricting
the constantsl1, l2 andl3. In table 6.3 we give the three possible truncations leading to single
domain walls and the corresponding value of∆ as defined in [90]. The Bianchi II case was
given in [202] and the Bianchi IX case in [34] (up to coordinate transformations). Note that
the Bianchi VII0 case cannot be assigned a∆-value since it has vanishing potential. The
domain wall is carried by the non-vanishing massive contributions to the BPS equations. The
same mechanism occurs inSO(2) gaugedD = 9 supergravity [150], see section 6.3.

9Note that one cannot use the unbroken local subgroup ofSL(3,R) (the gauge transformations) since this would
induce non-vanishing gauge vectors and thus would be inconsistent with our Ansatz (6.53).
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Bianchi Q = diag h1 h2 h3 ∆ Uplift

II (0, 0, q) 1 1 2qy 4 (6.70)

VII 0 (0, q, q) 1 2qy 2qy × (6.68)

IX (q, q, q) 2qy 2qy 2qy − 4
3 (6.65)

Table 6.3: The single domain walls as truncations of the 8D triple domain wall solution. Note
that there exists no∆-value in the Bianchi VII0 case due to the vanishing of the potential. In
the last column we indicate where the uplifted solution to 11D is given.

Uplift to IIA and D6-branes

The special case of theSO(3) D6-brane distributions (with allqi = 1) was first discussed
in [188]. This splits up in three separate possibilities, withm = 3, 2 or1. The first distribution
σ3 consists of positive and negative densities and is given by the general formula (6.33). Upon
sendingl2 to zero, this collapses to

σ2 ∼ 1
l1

δ
(
1− z1

2

l12

)
δ(2)(z2, z3) . (6.58)

This is a distribution at the boundary of a one-dimensional ellipse, i.e. it is localised at the
pointsz1 = ±l1. For this reason, the corresponding harmonic function is given by

H3(~z, l1) =
1

2((z1 − l1)2 + z2
2 + z3

2)1/2
+

1
2((z1 + l1)2 + z2

2 + z3
2)1/2

, (6.59)

i.e. the near-horizon limit of the double-centered harmonic. Upon sendingl1 to zero, the
brane distributionσ1 collapses to a point, as given in (6.36). Indeed, the harmonic function
becomes

H3 =
1
|~z| , (6.60)

i.e. the near-horizon limit of the single-centered harmonic withSO(3) isometry. The different
distributions of D6-branes are shown in figure 6.3.

Uplift to 11D and KK-monopoles

The D6-brane solution is different from the other branes in table 6.1 in the following sense:
they can be uplifted to a purely gravitational solution in 11D, the Kaluza-Klein monopole
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Figure 6.3: The distributions of D6-branes corresponding to the uplift of the 8DSO(3)
domain walls with two, one and zero non-vanishingli’s, respectively.

(see also section 3.4). In thezi coordinates, the higher-dimensional metric reads

ds2 = dx2
7 + H−1(dy3 +

3∑

i=1

Aidzi)2 +
3∑

i=1

Hdzi
2 , (6.61)

wherey3 is the isometry direction of the KK-monopole. The functionH = H(zi) is given
implicitly in (6.23) with n = 3 andAi = Ai(zj) is subject to the condition (3.54).

However, since we do not have the harmonic functionH = H(zi) explicitly, we will
rather use the coordinatesy andµi. Theµi are related to the coordinatesy1 andy2 of the
group manifold via (5.89). In these coordinates and using theSL(3,R) frame of (6.57), the
triple domain wall solutions becomes a purely gravitational solutions with a metric of the
form d̂s2 = dx7

2 + ds4
2, where

ds4
2 = h−

1
2 dy2 + h

1
2

(
σ2

1

h1
+

σ2
2

h2
+

σ2
3

h3

)
. (6.62)

Hereσ1, σ2 andσ3 are the Maurer-Cartan 1-forms defined in (4.46) (withyi instead ofzi),
h = h1h2h3 and the three harmonicshi are defined in (6.56). The uplifted solutions are all
half-supersymmetric.

The solutions (6.62) are cohomogeneity one solutions of different Bianchi types. The
SO(3) expression of this four-dimensional metric was obtained previously in the context of
gravitational instanton solutions as self-dual metrics of Bianchi type IX with all directions
unequal [203]. More recently, the Heisenberg,ISO(1, 1) andISO(2) cases and their re-
lations to domain wall solutions were considered in [133, 204], whose results are related to
ours via coordinate transformations. In the following discussion we will focus on the four-
dimensional part of the eleven-dimensional metric since it characterises the uplifted domain
walls.

Without loss of generality, we takeq3 = 2 in this subsection. The coordinate transforma-
tion 2y = 1

2r4 − l3
2 then eliminates the constantl3 and results in the metric

ds4
2 = (k1k2k3)−1/2

[
dr2 + r2(k2k3σ

2
1 + k1k3σ

2
2 + k1k2σ

2
3)

]
, (6.63)

wherekj = qj/2 + sjr
−4 with sj = lj

2 − qj l3
2 for j = 1, 2, andk3 = 1. As anticipated,

the metric (6.63) depends only on two constant parameterss1 ands2, which are restricted by
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the (gauge group dependent) condition

sj > −qjr
4/2 , (6.64)

in order to satisfy the requirementshj > 0.
In general the metrics have curvatures that both go to zero asr−6 for larger and diverge

at r = 0 andkj = 0, producing incomplete metrics [203, 205]. There are two exceptions to
this behaviour, which coincide with the special cases of the D6-brane discussion withSO(3)
isometry:

• The first one corresponds to the case withs1 = s2 = 0, which can only be obtained
for theSO(3) case due to (6.64). Takingq1 = q2 = 2, the metric is locally flat space:

ds4
2 = dr2 + r2(σ2

1 + σ2
2 + σ2

3) , (6.65)

wherer is the radius of the three-dimensional spheres. This corresponds to the uplift
of the 9D Bianchi type IX single domain wall or the D6-brane with harmonic function
(6.60).

• The second exception corresponds to theSO(3) gauging (takingq1 = q2 = 2) with
s1 = s2 = s < 0. It is known as the Eguchi-Hanson (EH), or Eguchi-Hanson II,
metric [205]:

ds4
2 =

(
1 +

s

r4

)−1

dr2 + r2(σ2
1 + σ2

2) +
(
1 +

s

r4

)
σ2

3 . (6.66)

This metric corresponds to the uplift of the D6-brane with harmonic function (6.59).

Another case that we want to discuss, although it is singular, is obtained in theSO(3) gauging
(with q1 = q2 = 2) by choosings1 = s 6= 0 ands2 = 0:

ds4
2 =

(
1 +

s

r4

)−1

(dr2 + r2σ2
1) +

(
1 +

s

r4

)
(σ2

2 + σ2
3) . (6.67)

This metric is called the Eguchi-Hanson I (EH-I) metric [205].
The uplifted metrics for the singular cases withdet(Q) = 0 are also given in (6.63).

Among them are two special metrics, which can be obtained by contraction of the EH metrics
(6.66) and (6.67). This contraction is possible because the solutions contain at least one non-
zero constantsi, and must be performed before identifying the chargesq1 andq2 and the
constantss1 ands2. We will takeq1 = 0 (which impliess1 > 0 due to (6.64)) andq2 6= 0 to
get the uplifted metrics for theISO(2) gaugings.

As an example, let us perform such contractions on the contracted EH metrics, leading
from SO(3) isometries toISO(2) isometries. After contraction, the expression for the EH-I
metric is

ds4
2 =

( s

r4

)−1/2

(dr2 + r2σ2
1) +

( s

r4

)1/2

(σ2
2 + σ2

3) , (6.68)
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and the EH-II metric reads

ds4
2 =

( s

r4
(1 +

s

r4
)
)−1/2

dr2 +
( s

r4
(1 +

s

r4
)
)1/2

σ2
3+

+ r2
(
(1 +

r4

s
)1/2σ2

1 + (1 +
r4

s
)−1/2σ2

2

)
, (6.69)

In the EH-I contracted metric (6.68) we have takens1 = s whereas in the EH contracted
metric (6.69) we have sets1 = s2 = s, while q2 = q3 = 2 in both cases. Notice that the
contracted EH-I metric withISO(2) isometry is precisely the four-dimensional part of the
uplifted metric for the Bianchi type VII0 single domain wall.

The metrics with Heisenberg isometry are obtained by a further contractionq2 = 0 in the
metric (6.63). Among these metrics, there is again one special case that can also be obtained
by a contraction of the contracted EH metric with isometryISO(2). Notice that it is not
possible to have a contracted EH-I metric with Heisenberg isometry since this would require
s2 = 0 and the metrics with Heisenberg isometry haves2 6= 0. The expression for the
contracted EH metric with Heisenberg isometry is

ds4
2 =

( s

r4

)−1

dr2 + r2(σ2
1 + σ2

2) +
( s

r4

)
σ2

3 ,

=
( s

r4

)−1

dr2 + r2(dz1
2 + dz2

2) +
( s

r4

)
(dz3 + 2z1dz2)2 , (6.70)

wheres2 = s andq3 = 2. This is the four-dimensional part of the uplifted metric for the
Bianchi type II single domain wall. This contraction was considered previously in [206].

It is interesting to note that the uplifting of the triple domain wall solution (6.55) does
not lead to the most general four-metrics. For example, there are three complete and non-
singular hyper-Kähler metrics withSO(3) isometry in four dimensions: the Eguchi-Hanson,
Taub-NUT and Atiyah-Hitchin metric (for a useful discussion of these metrics, see [207]).
The absence of the Taub-NUT and Atiyah-Hitchin metrics in our analysis stems from the fact
that only the Eguchi-Hanson metric allows for a covariantly constant spinor that is indepen-
dent of theSO(3) isometry directions [208]. In performing the group manifold reductions,
we have assumed that our spinors are independent of the internal coordinates. This is not
compatible with the Taub-NUT and the Atiyah-Hitchin metrics, which therefore reduce to
non-supersymmetric domain walls in 8D. It would be interesting to see whether one can alter
the procedure of group manifold reductions, to allow for the Taub-NUT and Atiyah-Hitchin
metrics to reduce to half-supersymmetric domain walls inD = 8 dimensions.

Isometries of the 3D Group Manifold

The internal three-dimensional manifolds are by definition invariant under the three-dimensional
group of isometries given in (5.61) and (5.62). This holds for arbitrary values of the scalars
in (5.58). However, there can be more isometries, which rotate two of the Maurer-Cartan
one-formsσi andσj into each other. This is an isometry of the metric in two cases:
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• qi = qj = 0: In this case one can use the automorphism group to setli = lj = 1.
Equation (6.62) shows that a rotation betweenσi andσj is an isometry for all solutions
of this class.

• qi = qj 6= 0: In this case one must setli = lj by hand, after which a rotation between
σi andσj is an isometry. Thus, this only holds for a truncation of the solutions of this
class and sincehi = hj corresponds to decreasingm by one.

This leads to the different possibilities summarised in table 6.4. These exhaust all possible
number of isometries on three-dimensional class A group manifolds [153].

Bianchi (q1, q2, q3) m = 0 m = 1 m = 2 m = 3

I (0, 0, 0) 6 - - -

II (0, 0, 1) - 4 - -

VI0 (0,−1, 1) - - 3 -

VII 0 (0, 1, 1) - 6 3 -

VIII (1,−1, 1) - - 4 3

IX (1, 1, 1) - 6 4 3

Table 6.4: The numbers of isometries of the three-dimensional group manifold for the differ-
ent multiple domain wall solutions withm independent harmonic functionshi. For a given
type one finds isometry enhancement by decreasingm, i.e. upon identifying two harmonic
functions.

The extra fourth isometry was constructed by Bianchi [159] for the types II, VIII and
IX. He claimed that type VII0 did not allow for isometry enhancement but the existence of
three extra Killing vectors10 was later shown in [209]. These three extra isometries appear
upon identifying the twoy-dependent harmonics. Note that the extra isometries may not be
isometries of the full manifold in which the group submanifold is embedded. Indeed, this is
what happens for type VII0 where two of the extra isometries arey-dependent and therefore
do not leave the full metric invariant [209]. The extra Killing vectors of the group manifold
for the uplifted domain wall solutions (6.55) are explicitly given by [153]

10We thank Sigbjørn Hervik for a valuable discussion on this point.
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• Type I withQ = diag(0, 0, 0):

L4 = −z2 ∂

∂z1
+ z1 ∂

∂z2
, L5 = −z3 ∂

∂z1
+ z1 ∂

∂z3
,

L6 = −z3 ∂

∂z2
+ z2 ∂

∂z3
. (6.71)

• Type II with Q = diag(0, 0, 1):

L4 = −z2 ∂

∂z1
+ z1 ∂

∂z2
+ 1

4 ((z1)2 − (z2)2)
∂

∂z3
. (6.72)

• Type VII0 with Q = diag(0, 1, 1) with h(y) = h2 = h3:

L4 = −h−1/2z2 ∂

∂z1
+ h1/2z1 ∂

∂z2
,

L5 = −h−1/2z3 ∂

∂z1
+ h1/2z1 ∂

∂z3
, (6.73)

L6 = −z3 ∂

∂z2
+ z2 ∂

∂z3
.

• Type VIII with Q = diag(1,−1, 1):

L5 =
s3,2,1s1,3,2

c1,3,2

∂

∂z1
+ c3,2,1

∂

∂z2
+

s3,2,1

c1,3,2

∂

∂z3
. (6.74)

• Type IX with Q = diag(1, 1, 1):

L4 = −c3,2,1s1,3,2

c1,3,2

∂

∂z1
+ s2,3,1

∂

∂z2
− c3,2,1

c1,3,2

∂

∂z3
,

L5 =
s3,2,1s1,3,2

c1,3,2

∂

∂z1
+ c3,2,1

∂

∂z2
+

s3,2,1

c1,3,2

∂

∂z3
, (6.75)

L6 = − ∂

∂z1
,

where we have used the definitions (5.56). The extra Killing vectorsL4, L5 andL6 corre-
spond to rotations betweenσ1 andσ2, σ1 andσ3 andσ2 andσ3, respectively.

As we have mentioned above, two of the class A solutions uplift to flat space-time in
D = 11: the Bianchi type IX solutions withm = 1 and all Bianchi type I solutions (having
m = 0). In view of the discussion above, we can now understand why this happens. One
can check that the only way to embed three-dimensional submanifolds of zero (for type I) or
constant positive (for type IX) curvature in four Euclidean Ricci-flat dimensions is to embed
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them in four-dimensional flat space. Indeed, this is exactly what we find: the two solutions
both have a maximally symmetric group manifold with six isometries and hence constant
curvature and uplift to flatD = 11 space-time.

The type VII0 group manifold can also have six isometries and zero curvature. For the
domain wall solutions above, this cannot be embedded in four-dimensional flat space due
to they-dependence of two of its isometries. Note, however, that there is another type VII0

solution with flat geometry and vanishing scalars that coincides with the type I solution (6.55)
given above11. The corresponding group manifold can be embedded in four-dimensional flat
space and indeed this solution uplifts to 11-dimensional Minkowski just as the type I solution.
However, unlike its type I counterpart, the eight-dimensional type VII0 solution with flat
geometry and vanishing scalars breaks all supersymmetry.

Domain Walls for Class B Theories

We would like to see whether there are also supersymmetric domain wall solutions to the
class B supergravities of section 5.4. It turns out that for this case there are no domain
wall solutions preserving any fraction of supersymmetry, much like the situation in nine
dimensions. This can be seen as follows.

The structure of the BPS equations requires the projector for the Killing spinor of a half-
supersymmetric domain wall solution to be the same as (6.54). The presence of the extra term
in δψµ (see (5.63)), depending on the trace of the structure constants, implies that there are no
domain wall solutions with this type of Killing spinor, since the structure ofΓ-matrices of this
term cannot be combined with other terms. To get a solution, one is forced to putfij

j = 0,
thus leading back to the class A case. This also follows fromδλi, since the resulting equation
is symmetric in two indices, except for a single antisymmetric term, containingfij

j .

6.5 Domain Walls with Strings Attached

In this section, we will consider an extension of the domain walls of the previous sections
where strings and particles are included. The resulting solutions will be 1/4-supersymmetric.
The analysis will only be performed in massive IIA supergravity andSL(2,R) gauged su-
pergravity inD = 9, but we expect that some generalisation exists for allCSO gauged
supergravities of section 5.5.

D8-F1-D0 Solution

As explained in chapter 2, it was found in the mid 1990’s that D-branes can be understood
as hyperplanes on which a fundamental string, or F-string, can end [24]. The endpoint of an
F-string appears as an electrically charged particle on the world-volume of the D-brane. An

11This solution coincides, after anSO(2) rotation of 90 degrees, with the Kaluza-Klein reduction of the Mink9

solution [145,148] of theSO(2) gauged supergravity inD = 9.
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exception to this generic phenomenon is the D-particle, on which a single F-string cannot end
due to charge conservation12 [210,211].

The situation changes in the presence of a domain wall in which case charge conservation
no longer forbids an F-string to end on a D-particle [212]. In fact, when a D-particle crosses
a D8-brane, a stretched fundamental string with endpoints on the D0- and D8-brane is cre-
ated [213–215]. This process is, via duality, related to the Hanany-Witten effect in which
a stretched D3-brane is created if a D5-brane crosses an NS5-brane [216]. The intersecting
configuration for this case is given by13

D5 : × ××−−−×××−
NS5 : × ×××××−−−−
D3 : × ××−−−−−−×

(6.76)

The intersecting configuration of [213–215] is obtained by first applying T-duality in the di-
rections 1 and 2, next applying an S-duality and, finally, applying a T-duality in the directions
6,7 and 8:

D0 : × −−−−−−−−−
D8 : × ××××××××−
F1 : × −−−−−−−−×

(6.77)

In this subsection, we consider the massive IIA supergravity background of the F1-string
that is stretched between the D8-domain wall and the D0-particle. It is given by the following
solution14 [219] to the equations of motion of theD = 10 Romans’ massive IIA supergravity
theory [74]:

ds2 = −H1/8H̃−13/8dt2 + H9/8H̃−5/8dy2 + H1/8H̃3/8dx2
8 ,

Bty = −H̃−1 , C
(1)
t = HH̃−1 , eφ = H−5/4H̃1/4 , (6.78)

where the harmonic functionsH andH̃ are defined as

H = c + mRy , H̃ = 1 +
Q

r6
, (6.79)

and the radial coordinate is given in terms of the coordinates longitudinal to the D8-brane,
r2 = x2

1 + . . . + x2
8. The solution preserves 1/4 of supersymmetry and the Killing spinor is

annihilated by the following projectors

ΠD0 = 1
2 (1 + Γ0Γ11) , ΠF1 = 1

2 (1 + Γ0y) , ΠD8 = 1
2 (1 + Γy) , (6.80)

where any of the three projectors can be obtained from the other two. The solution is a
harmonic superposition of two elements, which can be obtained by taking different limits:

12Indeed, the Born-Infeld vector, which carries the corresponding degrees of freedom on the D-brane world-
volume, is not present on the world-line of the D-particle.

13Each horizontal entry indicates one of the 10 directions0, 1, . . . , 9 in space-time. A×(−) means that the
corresponding direction is in the world-volume or (transverse to) the brane.

14There are also other string-like solutions to massive IIA supergravity [217,218], which we will not consider.
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• The limit Q → 0 leads to the single D8-brane solution (6.1) which preserves 1/2
supersymmetry.

• The limit mR → 0 leads to an (infinite) F-string with D-particles smeared in the string
direction, preserving 1/4 supersymmetry. The F1- and D0-brane charges are related and
therefore it is not possible to obtain these as single objects from the above solution.

More precisely, the flux distributions of the F-string and D-particle described by the solution
(6.78) are given by

Q1 = e−φ ? (dB) = −QH dΩ7 ,

Q0 = e3φ/2 ? (dC(1) + mRB) = Q dy ∧ dΩ7 , (6.81)

with dΩ7 the volume form ofS7. To obtain the corresponding charges these are to be inte-
grated overS7 andS7 × R, respectively, whereS7 together with the 8D radiusr spansR8

andR covers they-direction transverse to the domain wall. The flux distributions are related
by

dQ1 = −mRQ0 , (6.82)

as required by the field equation forB. This relation shows that in the presence of a domain
wall (mR 6= 0), the D-particle (Q0 6= 0) leads to the creation of a fundamental string (dQ1 6=
0). A similar result was obtained in [218] for the NS5-D6-D8 system, i.e. when a NS5-brane
passes through a D8-brane a D6-brane, stretched between the NS5-brane and the D8-brane,
is created. Both processes are related to the Hanany-Witten effect via duality.

We now return to the distribution of D-particles and F-strings described by (6.78). First
of all we note that all non-zero tensor components of (6.78) are even under theZ2 orientifold
symmetryIyΩ (6.8). If this were not the case, one would be forced to include a source term,
corresponding to the non-zero tensor components, which is smeared over a 9D hyperplane.
The only odd field that we allow for is the mass parameter and the corresponding source
terms are the domain walls. The supergravity solution (6.78) that we consider only has even
non-zero tensor components and the inclusion of source terms for this solution was discussed
in [220]15, resulting in a globally well-defined solution onS1/Z2. We will now discuss its
physical implications.

We note that the distribution of F-strings is linear inH, see (6.81). When we are dealing
with a D8-brane, we haveH = c − mR|y| which is a linearly increasing function when
going towards the domain wall. This is in agreement with the idea of creation of strings when
passing through a D8-brane [213–215]. It is pictorially given in figure 6.4, where we have
taken all D8-branes to coincide with one of the orientifolds. The strings are unoriented due to
the identificationy ∼ −y which superposes two strings of opposite orientation, see e.g. [215].

15The particle and strings source terms of [220] are smeared in they-direction and directly relate to the charge
distributions (6.81).
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It should be noted that the linear behaviour ofQ1 is an artifact of the coordinate frame for
the transverse coordinatey. The important feature is that it is monotonically increasing when
approaching the domain wall.

�� �������� ������

�� F1D0O8
+16−16

O8 + 32 D8

Figure 6.4: The creation of strings in type I′: a (continuous) distribution of D-particles with
a monotonically increasing distribution of unoriented F-strings ending on the D8-branes.
The distribution of these F-strings has a maximum at the position of the D8-branes.

Domain Walls with SL(2,R) Strings in D = 9

In [221] the D8-F1-D0 solution of massive IIA has been generalised to the 9D gauged super-
gravities with gauge groupCSO(p, q, r) with p + q + r = 2.

We start from a general Ansatz, respectingSO(7) symmetry. The fields are thus allowed
to depend onr = (x1

2 + . . . + x7
2)1/2 and the transverse directiony. Our strategy will be

to solve the BPS-equations obtained from the supersymmetry variations of the fermions. In
analogy with the solution (6.78) for the Romans’ mass parameter, we will assume that the
dependence onr andy coordinates can be separated in a product, i.e.f(y, r) = f(r) f(y).
This assumption will simplify the equations drastically.

The BPS-equations are obtained by requiring the spinorε to be annihilated by the projec-
tion operators for the relevant branes. We search for solutions, which include domain walls,
strings and particles. Since we search for 1/4 BPS solutions the 3 projection operators cor-
responding to the domain walls, strings and particles should not be independent. In other
words, once we have two of the operators, the third should follow as a combination of these.
In contrast to the IIA solution (6.78), we have the possibility ofSL(2,R) doublets of both
the particles and the strings in 9D. By analysing the supersymmetry variations in type IIB in
D = 10, it can be seen that the projectors for the F1- and the D1-strings are actually different,
and this will therefore also be the case for the strings and particles inD = 9. Choosing a
specific string projector corresponds to choosing anSL(2,R) frame. We take the following
projectors

ΠD0 = 1
2 (1 + γ0∗) , ΠF1 = 1

2 (1 + γ0y∗) , ΠDW = 1
2 (1 + γy) , (6.83)
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where∗ is seen as an operator, i.e.∗ε = ε∗. Any third projector is implied by the other two:

ΠDW = ΠD0 + ΠF1− 4 ΠD0ΠF1 , (6.84)

and cyclic. Sinceε transforms underSL(2,R), the choice ofSL(2,R) frame can be seen
as a choice ofε. To get the most general solution, we should keep the mass parameters as
general as possible. We can, however, still performSL(2,R) transformations, which are
upper triangular, without changingε. This can easily be seen by noting thatε transforms as

ε →
(cτ∗ + d

cτ + d

) 1
4
ε (6.85)

under theSL(2,R) transformation

Λ =
(

a b
c d

)
. (6.86)

We see thatε is invariant forc = 0. The mass matrix transforms underΛ as well. Even with
c = 0 we can always useΛ to putm1 to zero.

Analysing the BPS equations we find that, in order to make up the relevant projection
operators, the following components must be put to zero:

Fty = Ftm = F 1
ty = F 1

tm = Hi
tmn = H2

tym + χH1
tym = 0 , (6.87)

wherem,n are indices of the spatial coordinatesxm 6= y. The Bianchi identity forF 1 reads
dF 1 = −q1H

2. SinceF 1 = 0, this will lead to further restrictions whenq1 is non-vanishing.
We find thatH2 = 0 and, using (6.87), alsoχH1

tyi = 0. We requireH1 6= 0, since otherwise
no F-strings would be present and we conclude thatχ = 0 if q1 6= 0. If q1 = 0, one can draw
the same conclusion but from a different argument. In this case, the BPS equations directly
imply ∂µχ = 0 and thereforeχ is a constant. The only non-zero mass parameterq2 gauges
theR subgroup ofSL(2,R), which shifts the axion. Thus one can always use a global gauge
transformation to setχ = 0. Then (6.87) impliesH2 = 0. On top of this we takeF 2

ty = 0
since a non-zero value requires D0-brane sources smeared on the domain-wall world-volume
and we want to avoid such ’walls’ of D0-branes. We thus find that, for all values of the mass
parameters, we are left with just two non-vanishing tensor components,F 2

tr andH1
tyr.

We now substitute our Ansatz in the supersymmetry variations of the fermions, which
are given in (B.16) and (5.20). This leads to two undetermined functions, one depending on
r and one depending ony. The latter can be fixed arbitrarily by using a general coordinate
transformations iny. To determine the function ofr, we need at least one field equation,
e.g. the one forϕ. We have computed this field equation, and the result is that ther-dependent
function can be expressed in terms of a harmonic function. The resulting particle-string-
domain wall solution can be expressed in a unified way, i.e. including all casesdet(Q) = 0,
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det(Q) > 0 anddet(Q) < 0, as follows

ds2 = −(h1h2)1/14H̃−11/7dt2 + (h1h2)−3/7H̃−4/7dy2 + (h1h2)1/14H̃3/7dx2
7 ,

eφ = h
1/2
1 h

−1/2
2 , e

√
7ϕ = (h1h2)−1H̃ ,

A2
t = −h

1/2
2 h−1 , B1

ty = −h
−1/2
2 h−1 , (6.88)

ε = (h1h2)1/56H̃−11/28 ε0 .

The solution is given in terms of three harmonic functions

h1 = 2q1y + l1
2 , h2 = 2q2y + l2

2 , H̃ = 1 +
Q

r5
. (6.89)

The q’s are given in terms of the mass parameters in (5.85) andl1 and l2 are integration
constants. Just as inD = 10, the solution is a harmonic superposition of D-particles, F-
strings and domain walls with string and particle fluxes

Q1 = e−φ−ϕ/
√

7 ? (dB1) = −Qh2
1/2 dΩ6 ,

Q0 = eφ+3ϕ/
√

7 ? (dA2 + q2B
1) = −Qh2

−1/2 dy ∧ dΩ6 , (6.90)

with dΩ6 the volume form of theS6. The charges are obtained by integrating the fluxes over
S6 andS6 × R, respectively, where theS6, together with the 7D radiusr, spansR7 andR
covers they-range. The flux distributions are related by

dQ1 = q2Q0 , (6.91)

as required by theB2 equation of motion.
Of course one can perform anSL(2,R) transformation on the solution (6.88) and obtain

intersections with more general strings and particles. TheSL(2,R) generalised flux distribu-
tions are given by

Qi 1 = e−ϕ/
√

7Mij ? (dBj) = qi 1Q1 ,

Qi 0 = e3ϕ/
√

7Mij ? (dAj −QjkBk) = qi 0Q0 , (6.92)

where the massive field strengths are taken from (5.21). In this notation the F-strings and D-
particles (6.90) have chargesqi 1 = (1, 0) andqi 0 = (0, 1). A transformation with parameter

Λ =
(

r p
s q

)
∈ SL(2,R) , (6.93)

would take the distributions of F-strings and D-particles (6.90) toqi 1 = (r, s) andqj 0 =
(p, q). This corresponds to(p, q)-particles and(r, s)-strings subject to the conditionqr−ps =
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1. Furthermore, theSL(2,R) transformation (6.93) rotates the diagonal background (5.85)
into

Qij = 1
2

( −m′
2 + m′

3 m′
1

m′
1 m′

2 + m′
3

)
=

(
q2q1 + s2q2 −pqq1 − rsq2

−pqq1 − rsq2 p2q1 + r2q2

)
. (6.94)

From now on we will omit the primes on the mass parameters. Thus we find that the most
general intersection of(p, q)-particles,(r, s)-strings and an(m1,m2,m3)-domain wall is
subject to two conditions:

• The SL(2,R) condition qr − ps = 1 should be satisfied. This condition requires
orthogonality of the strings and particle charges. It can be expressed asεijqi 0qi 1 = 1.

• The form of the mass matrix is given in (6.94). This mass matrix contains only two
independent parametersq1 andq2 rather than three for an arbitrary but symmetric mass
matrix. This restriction corresponds toQijqi 0qi 1 = 0.

The two orthogonality conditions are manifestlySL(2,R) invariant and the parametersq1

andq2 specify the onlySL(2,R) orbits that solves the BPS equations.
The physical picture consists of a distribution of particles from which strings are ema-

nating towards the domain wall, like in the IIA case. However, we now have anSL(2,R)
generalisation of(r, s)-strings stretching between(p, q)-particles in an(m1,m2,m3) back-
ground with two orthogonality conditions. The two conditions reduce the seven parameters
to five, three of which correspond to theSL(2,R) freedom while the two remaining param-
eters areq1 andq2. In addition the chargeQ is the unit string charge. The general solution
is illustrated in figure 6.5. The interval in this case is Max(−q1/l1

2,−q2/l2
2) < y < 0

with all qi positive. Note that the charge distribution of the strings is not linear, as opposed
to the massive IIA solution in 10D. This is due to the freedom of reparameterisation of the
y-coordinate; the important feature is thatQ0 is continuous and positive, implyingQ1 to be
monotonically increasing on this interval.

(m1,m2,m3)−background

�� �������� ������

�� (p,q)−particle

(r,s)−string

Figure 6.5: The creation of strings in 9D: a (continuous) distribution of(p,q)-particles with a
monotonically increasing distribution of emanating oriented(r,s)-strings in an(m1,m2,m3)-
background. There are two orthogonality conditions on the charges.
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One can take different limits of the general solution (6.88). First of all, one can set
the parameterq1 = 0. This case corresponds to the reduction of the massive IIA solution
of [219] and indeed the Kaluza-Klein reduction (B.9) of (6.78) along one of the world-volume
directions of the D8-brane gives (changingy to ỹ for reasons that will become clear shortly)

ds2 = −H1/7H̃−11/7dt2 + H8/7H̃−4/7dỹ2 + H1/7H̃3/7dx2
7 ,

eφ = H−1 , e
√

7ϕ = H−2H̃ , (6.95)

B1
tỹ = −H̃−1 , A2

t = −HH̃−1 ,

where the harmonic functions are defined as

H = c + 2mRỹ , H̃ = 1 +
Q

r5
. (6.96)

The above is a special solution to the nine-dimensional gauged supergravity where the mass
parameters obeyq1 = 0 andq2 = mR. Exactly the same identifications were found in the
case of the reduced massive IIA supergravity, see (5.28). It is related to the generic solution
(6.88) by a coordinate transformationy = y(ỹ) defined byh2(y) = H(y)2, which is a special
case of the coordinate transformation of footnote 6 of this chapter.

Another possible truncation of the general solution (6.88) is obtained by setting both
mass parametersq1 andq2 equal to zero. This yields a harmonic superposition of the F-string
solution with a distribution of D-particles on it. The two charge distributions are related (both
are linear inQ) and therefore it is impossible to obtain either one separately.

�� �������� ������

��

O7
(−16,−16) (+16,+16)

(r,s)−string
(p,q)−particle

O7 + 32 Q7 + 32 D7

Figure 6.6: The creation of strings in 9D onS1/Z2: a (continuous) distribution of(p,q)-
particles with a monotonically increasing distribution of unoriented(r,s)-strings ending on
the D7- and Q7-branes.

The 9D particle-string-domain wall solution (6.88) corresponds to a region between two
domain walls on theS1/Z2, as illustrated in figure 6.5. One might wonder about the possi-
bility of extending this to a globally well-defined solution by including source terms for the
domain walls and the particle-string intersection. Note that all tensor components of (6.88)
are even under the relevant 9DZ2-symmetry. In fact, the reason to discard the possibility of
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non-zeroF 1
ty was its odd transformation under thisZ2-symmetry. Thus one is led to think

that it is possible to embed the solution (6.88) in a globally well-defined solution onS1/Z2,
as is illustrated in figure 6.6. It would be interesting to investigate the boundary conditions in
a manner analogous to the IIA analysis of [220].

Recapitulating, the 9D solution (6.88) consists of a smeared distribution of(p, q)-particles,
from which(r, s)-strings are emanating and ending on the(m1, m2, m3)-domain wall. There
are two orthogonality conditions on the seven parameters,εijq1 0qi 1 = 1 andQijq1 0qi 1 = 0,
which are manifestlySL(2,R) invariant. This is the natural generalisation of the 10D IIA so-
lution (6.78). These solutions suggest new possibilities of string creation in nine dimensions
that are not the result of the reduced type I′ mechanism.

In the light of the general domain wall solution (6.19) of section 6.2, it would be very
interesting to extend our 10D and 9D analysis here and consider intersections of domain walls
and strings in all dimensions. It is not obvious to us, however, what the general structure in
D ≤ 7 will be. Consider as example theSO(5) gauged theory inD = 7. Due to the lack
of one- and two-forms in the fundamental representation ofSO(5), our construction does
not trivially carry over. We do expect solutions like (6.88) in theISO(4) gauged theory
in D = 7, however. It would be very interesting to investigate such solutions in lower-
dimensional gauged supergravities and their uplift to the higher-dimensional theories.




