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Abstract

We construct the (bosonic) effective worldvolume action of an M-theory Kauza—Klein monopole in a background given
by the bosonic sector of eleven-dimensional massive supergravity, i.e. a ‘‘massive Kaluza—Klein monopole’’. As a
consistency check we show that the direct dimensional reduction along the isometry direction of the Taub—NUT space leads
to the massive D-6-brane. We furthermore perform a double dimensional reduction in the massless case and obtain the
effective worldvolume action of a Type IlA Kauza—Klein monopole. © 1998 Published by Elsevier Science B.V. All rights
reserved.

1. Introduction

It is well-known that a classification of worldvolume (scalar, vector and tensor) multiplets leads to the brane
scans for p-branes, D-branes and M-branes. On the other hand, requiring that branes in different dimensions are
related to each other via (direct or double) dimensional reduction leads one to include gravitational waves and
Kaluza—Klein (KK) monopoles [1] as well. These objects are missing in the standard brane scans which are
based upon the so-called Bose—Fermi matching conditions. For the gravitational waves the reason is simply that
their effective action is given by a one-dimensional field theory [2] and for such low-dimensional systems the
Bose—Fermi matching conditions do not apply.

It turns out that the worldvolume action of a d-dimensional KK-monopole corresponds to a (d — 5)-
dimensional field theory [3] and for such case the Bose—Fermi matching conditions do apply. A natural question
to ask is then why is the KK-monopole missing in the standard brane scans? As discussed in [3], a specia
feature of the KK-monopole is that one of its four transverse directions corresponds to the isometry direction in
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the Taub-NUT space of the monopole #. Since the monopole cannot move in this direction one should not
associate a physical worldvolume scalar to it. On the other hand, given the fact that a monopole is a
(d — 5)-brane one cannot use the worldvolume diffeomorphisms to gauge away this unphysica scalar. In order
to write down a Lorentz-covariant action one therefore needs a new mechanism to eliminate unphysical
worldvolume scalars. We proposed in [2] that the effective action of the Heterotic KK-monopole corresponds to
a gauged sigma model [4] with a gauging in the isometry direction of the Taub—NUT space. The effect of this
gauging is to eliminate the unwanted scalar.

The purpose of this letter is to extend the results of [2] (for other partial results on the KK-monopole see [5])
to the Type 1A and M-theory KK-monopoles. For these cases the additional feature arises that the KK-mono-
pole may move in a background with a non-zero cosmological constant proportional to m? with m a mass
parameter. Branes moving in such a background are called ‘‘massive branes’. Their properties have been
investigated in [6] (for earlier results on massive branes, see [7]). It turns out that eleven-dimensional massive
branes are described by a gauged sigma model with the gauge coupling constant proportional to m. This letter
extends the work of [6] to the case of the massive M-theory KK-monopole °.

At this point an obvious question arises. On the one hand, it follows from [2] that the massless M-theory
KK-monopole is described by a gauged sigma model. On the other hand, the work of [6] suggests that in order
to put the M-theory KK-monopole in a massive background we again have to use a gauged sigma model. In
order to reproduce the massive D-6-brane it is clear that in both cases the gauging must be done in the isometry
direction of the Taub—NUT space. However, we can only gauge a given isometry direction once! The resolution
of this apparent puzzle is as follows. In a first stage, in order to describe the massiess M-theory KK-monopole
we gauge the isometry direction using a dependent ® worldvolume gauge field AD with gauged isometry
parameter 6?, see Egs. (2.5) and (2.8). We remind that in order to put the M-wave, M-2-brane and M-5-brane
in a massive background we used a gauging with an independent gauge field b [6]. In the case of the M- -theory
KK-monopole, it turns out that the dependent worldvolume field AD, when put in a massive background, has
exactly the same massive transformation as the independent worldvolume field b we introduced for the other
branes. Therefore the dependent field A(l’ takes over the role of the independent field b.

Although in this sense the gauge field b is not needed to put the KK-monopole in a massive background, it
turns out that the worldvolume action of the monopole already contains this field, even in a massless
background. Whereas for the other branes it is an auxiliary field needed to put the brane in a massive
background, in the case of the M-theory KK-monopole it plays the role of a propagating Born—Infeld (BI) field.

Usually, a propagating worldvolume field describes the flux of another brane. For instance, the Bl 1-form in
the D-brane worldvolume action describes the flux of a fundamental string and the self-dual 2-form in the
M-5-brane worldvolume action describes the flux of an M- 2-brane ’. At this point a puzzle arises because the
1-form field b appearing in the KK-monopole action describes the flux of a 1-brane and no such brane is known
to exist in M-theory. The resolution to this puzzle is that in fact the 1-form b describes the flux of a wrapped
M-2-brane. One way to see this is to observe that an M-2-brane can only intersect with an M-theory

4 For d =11, a direct dimensional reduction over this isometry direction leads to the D-6-brane. This does not imply that the M-theory
KK-monopole is equivalent to the ten-dimensional D-6-brane. The difference is that the D-6-brane is a singular object moving in ten
dimensions whereas the M-theory KK-monopole is a nonsingular object defined in eleven dimensions (of which one is compact). We thank
Paul Townsend for pointing this out to us.

® For some recent work on KK-monopoles, see e.g. [8].

®In case the Wess-Zumino (WZ) term is ignored there is an aternative formulation of the gauged sigma model using an independent
worldvolume gauge field [2]. However, in the presence of a WZ term the two formulations are not equivalent and one must use the
formulation with the dependent gauge field.

7 The same worldvolume fields also play a role in the construction of worldvolume solitons. For instance, the BI 1-form corresponds to a
0-brane soliton and the self-dual 2-form is used in constructing the self-dual string on the M-5-brane worldvolume. Worldvolume solitons
for the KK-monopole action have been considered in [9] recently.
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Table 1
Worldvolume fields
Worldvolume Gauge Field # of
Field Parameter Strength d.o.f
XA 11-7-(1)=3
b P Fi 7-2=5
o 1 p® FD 4, _

In this table we give the worldvolume fields, together with their gauge parameters, field strengths and number of degrees of freedom,
that occur in the worldvolume action of the massive M-theory KK-monopole. The worldvolume scalars X are the embedding coordinates,
b isaBl 1-formand ®© isanon propagating 6-form that describes the tension of the monopole. Due to the gauging the embedding scalars
describe 3 and not 4 degrees of freedom as indicated in the table.

KK-monopole over a 0-brane such that one of the worldvolume directions of the M-2-brane coincides with the
isometry direction z of the Taub-NUT space [10] &:

(0|M2,%%):{><‘>< N

X | — — — z X X X X X X

A compectification of this intersection along the z-direction gives the (0|F1,D6) configuration. The
reduction of b leads in this case to the Bl field of the D-6-brane describing the tension of the F1 fundamental
string.

The organization of this letter is as follows. In Section 2 we present the worldvolume action of the massive
M-theory KK-monopole. As a consistency check we verify in Section 3 that the direct reduction of this action
along z gives the action of the massive D-6-brane. Next, in Section 4 we perform a double dimensiona
reduction of the M-theory KK-monopole and obtain the action of the Type IIA KK-monopole. We perform this
double dimensional reduction only for the massless case leaving the (more involved) massive case for a future
publication. Finally, in Section 5 we present our conclusions.

2. The action

Before presenting the (bosonic) worldvolume action of the massive M-theory KK-monopole, it is useful to
first summarize the worldvolume and target space fields that are involved in the construction of this action. We
first discuss the worldvolume fields. Since the monopole in 11 dimensions behaves like a 6-brane and breaks
half of the supersymmetry, it must correspond, after gauge fixing, to a 7-dimensional multiplet [3]. The natural
candidate is the vector multiplet involving 3 scalars and 1 vector. As discussed in the introduction, the
embedding coordinates describe 11 — 7 = 4 degrees of freedom and one must eliminate a further scalar by
gauging an isometry of the background. Besides scalars and a vector, we also introduce a non-propagating
worldvolume 6-form that describes the tension of the monopole °. The resulting worldvolume field content of
the KK-monopole is summarized in Table 1.

We next discuss the target space fields. The target space background corresponds to massive 11-dimensional
supergravity [6], which has the same field content as the massless 11-dimensional supergravity theory (see

8 We use here a notation where a x(—) indicates a worldvolume (transverse) direction. The zdirection corresponds to the isometry
direction of the Taub—NUT space and the first X in a row indicates the time direction.

® The same 6-form field occurs in the massive M-5-brane action. In that case it leads to the spontaneous creation of a KK-monopole
whenever an M-5-brane crosses an M-9-brane [6].
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Table 2
Target space fields
Target space Gauge
Field Parameter
Gis
Canp X
(IkC)ﬁ,; (g x)
CMl---us )?ﬁl-uﬁs
(:Ch,... s (& Xa,... 24
Nl}lmﬁa 2131---/77
(iRN)ﬁ-l---P’q (Iﬁz)ﬁ-lﬁ«s

This table shows the 11-dimensional target space fields together with their gauge parameters. We g/so include the contractions with the
Killing vector k*, denoted by (i;S) for a given field S The field C is the Poincaré dual of C and N is the Poincaré dua of the Killing
vector, considered as a 1-form kj.

Table 2). The massive background has an isometry generated by a Killing vector k%, such that the Lie
derivative of all target space fields and gauge parameters with respect to k vanish °:

,E”RCA=£Z|Q)?=...=O. (2.1)
Notice that in the massive case the gauge transformation rules of the target space fields contain extra terms
proportional to a mass parameter m.

We proceed by presenting the (bosonic) action for the massive M-theory KK-monopole:

Al An A ~ ~ e oA A A 1 ~ .. A
SI:X“,bi*] = _de7§ kz\/ldet( DTX'U'DJXVGIL;"'(27T(1’)k_17'|7)| + 7(2Wa,)T/d7§ €I1...I7 %\57)"*7
(2.2)

We use the following notation. First of al, k2= —WW@M. The field-strength % of the BI 1-form b is
defined by

~ ~ 1 nn mn A
F =20b+ S —— aXHX (izC) s » (2.3)
where (igé) is the contraction of the field C with k. The covariant derivative is given by
D X* = a X" + APk (2.4)
where the gauge field A? is a dependent field given by
AL =k B XPk; . (2.5)

19 \We use the followi ng notation for the hats. Hats on target space fields and indices indicate they are 11-dimensional. Absence of hats
indicates they are 10-dimensional. Furthermore, we use hats for the worldvolume fields of branes in 11 dimensions and no hats for the
worldvolume fields of branesin 10 dimensions. Finaly, we use hats for worldvolume indices T if the dimension of the worldvolumeis 6+ 1
and no hats for a 5+ 1 dimensional worldvolume.

™ We omit the wordvolume indices. It is understood that the expression is completely antisymmetrized in these indices. We use this
notation throughout the paper.



E. Bergshoeff et al. / Physics Letters B 430 (1998) 77-86 81

Finaly, 7 is the field strength of the non propagating worldvolume 6-form &©:

F0=7]05® — ﬁ(wﬁ) +3(i:C)F -

—30DX DX DX?C,;;(i;C)ab — 60(2ma’) DXADXDX?C,;;9bab

wp
—120(27a’)? ADababab — 15m(2a’)*bababab | . (2.6)

Notice that we write explicitly the pullbacks only when covariant derivatives are used.

The full action is invariant under worldvolume gauge transformations (see Table 1), target space gauge
transformations (see Table 2) and local isometry transformations (with parameter ¢©) as given below. The
gauge transformations of the worldvolume fields are given by:

~n A~ ~ 1
6Xi= —GORE, 5b=p® — ——(i

2T« X)

~

1 A " A A A
80© = 69p® + —— (i3 2) — 30b3(T; x ) — 180(27a’) 4y bab
2Ta
— 120(27a’)? 96 @babab — 45m(2ma’)?(i; ¥ )babab — 15m(2ra’) 3p @ babab. (2.7)
The dependent gauge field A transforms as
X m
BAY =35 + — (ix %) (28)
Note that ®® transforms both under @ and p©. Only if we identify the two parameters
GO = _ _(2770/)5(0)7 (2.9)
the transformation rule of @® coincides with the one given in [6] where it occurred in the coupling to a
massive M-5-brane. We deduce that the ®© describing the monopole tension actually has more symmetries
than when it is coupled to a massive M-5-brane. The reason for this is that in the case of the M-5-brane the

gauge transformation of b is identified with the gauged isometry parameter.
Finally, the gauge transformations of the target space fields are given by:

a(iﬁé)ﬁl...@f 5%1(%):();12...&51 + 1565, )?ﬁzﬁa( ¢C) i~ 20C 5,5, (17 X ) e

5(iﬁ’\])ﬁl...,z7=7{‘9[ﬁ1(iks)ﬁz...ﬁ71+153[ﬁ1(iﬁ§)ﬁz...ﬁ5(iﬁé)ﬁ 1+300 5, %a,5(1:C) 2,2

X(iﬁé)f*eﬁﬂ - ZOG[ﬁlﬁzﬁa(ilzé)ﬁAtﬁsaﬁe(iﬁ)?)M?]} (O)k’\ﬂ/{(l N) cpg
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3. Direct dimensional reduction

As a consistency check on the monopole action presented in the previous Section we perform a direct
dimensional reduction along the direction associated to the isometry of the Taub-NUT space. It is convenient to
use adapted coordinates ki = &2 The embeddi ng scalars then split

Xt=Xr, X?=Z, (3.1)
and the background fields reduce as follows 2

4
) = oy
_ 3 DA _ 1 & _
g/J.V_e 34)9#1} € C( )CIE)' g z e C[.(L)’ gZZ_ € 1
L& NG 3 —C®
(Ikc)ul...m-, o Cul- Sc[mnznz Maprs] ? pr o C;wp d
N —c™ @ Q) =
(IkN),ul...M Cm- -5 7C[M1MZM3 ans Bﬂelh] ! (Ikc);w B,U—V :

Similarly, the reduction rules of the gauge parameters are given by
(iR;)Ml---H4=AfL41)---M4' (iﬁ)?)ﬁt:A/L’ )?W—A/(fz, (iﬁz)m _A(B) Mg " (3'2)

Besides these gauge parameters, we include as well the gauge parameter A<°) associated to the KK vector C,
Concerning the worldvolume fields, the BI field b reduces as

b =b;. (33)
Furthermore, we have
AD= —CO 347, DX?=-C», DXt=aXH. (3.4)

Substituting the above reduction rules into the kinetic term of the monopole action one gets the usua kinetic
term for D-branes

kz\/ldet(Df)zﬁDj)z;@m+(27701’)@ 9:)|_e ¢ ldet(a x4 X"g,, + (2ma’) F3;)| (35)
where
1
=20b+—B (3.6)
ey

is the BI curvature.

We next discuss the reduction of ®®. Since the KK-monopole reduces to the D-6-brane it is expected that
»® will reduce to the field ¢® describing the tension of the D-6-brane. The gauge transformations of ¢©® are
given by [6]:

1
5¢® = 6ak® — —— A® + 30 A®3b — 180(2ma’) APabib + 120(27a’)? A®9babab
yed
— 15m(2ma’ )’ p@ababab + 45m(2ma’)* Ababib. (3.7)
We find the following reduction rule for &® 3
&® = —c® 4+ 120(27a’)*9Zbibib. (3.8)

12 We use the notation and conventions of [6].
%3 This reduction rule coincides with the one given in [6] provided we make the identification (2.9) and rename Z = (27a’)c®.
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Making use of the above reduction rules we find that, after direct reduction, the coordinate Z disappears from
the action and we obtain the action of a massive D6-brane:

17

S[X* ] = =T [d% e *yldet( g + (2ma’) 7 )| - —(2m )T[dE et gD . (3.9)
Here £ is the curvature of the worldvolume field c®:

g =7 {ac<6> + C? —3COF + 15(2ma’)CPFF — 15(2wa’ ) COFFF

7(27a’)
+15m(27-ra’)3bab6bab} . (3.10)

The gauge transformations of the worldvolume and target space fields coupled to the D-6-brane can be found,
for instance, in [6].

4, Double dimensional reduction

In this Section we perform the double dimensional reduction of the M-theory KK-monopole given in Section
2. As aresult we will obtain the action of the Type IIA KK-monopole. We consider only the massless case 1
i.e. our starting point is the action (2.2) with m= 0. In order to perform the double dimensional reduction, we
must introduce an extra isometry for the background, generated by a Killing vector h, and then wrap one
direction of the monopole, £°, £6, around this new compact direction:

g X =i, (4.1)

We have now two different isometries, one is given by h, which is in a direction tangent to the worldvolume,
and the other one is given by k, in a direction transverse to the worldvolume. For the action (2.2) to be invariant
under both isometries we must require that :Zjlk 0. Moreover, this implies that we can find a coordinate
system adapted to both isometries *°: thi =8y ki =gz, Splitting the embedding coordinates as XA = (X™Y)
we find the gauge-fixing condition:

Y=£°. (4.2)

In this double dimensional reduction the Killing vector k becomes, after reduction, the Killing vector associated
to the isometry of the Taub-NUT space of the [IA KK-monopole:

kY=0, kr=k*. (4.3)
We use the following reduction rules for the background fields:

i o _§¢> Oc®  § __g O ¢ =c® A__;b S
9., =€ 370,,— € CM CV v Guy= —¢€ Cu’ Cu C/wp’ Oyy=—€ , CMVY_BMV’
(i@ﬁ)m...uey:_(ikﬁ)ul---ue’i@éﬂyz_(ikB)M'

émmusy = C;(L? 5C[(i1ﬂ2ﬂ3 Wams] ? éﬂ1--~us =~ éul---ue '

(iﬁé) gy _(ikC(S))m--- ( C(S)) [yt Bugug) T 2C[(:;)1/J~2#3(ikB)“4]’

4 For a discussion of the massive case, see the Conclusions. )
5 Notice, that the usage of the adapted coordinates does not imply that kih @ 5
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where N reduces to N, the Poincare dual of the Killing vector, considered as a 1-form k,. Similarly, the
reduction rules of the gauge parameters are given by

~

2 _ A~ 2 _ G CoaAN g
Xy s = Am---us’ XM’_AM’ Xm---My_Am---M' (IkX)Y_(IkA)’

(ilz;)l‘q---ﬂqy: _(ikA(4)).U~1---l‘~3’ (ilz)?)!‘-=(ik/1(2))#' (iﬁs)ul...,usy= _(ikz(s))ﬂl---ﬂs' (44)

We now turn to the reduction of the gauge field AD, Us ng the reduction rules given above one obtains:
~ -1
AV = (1+e*k2(i,CP)) (AP - €2k 2c(i,CV)),

~ -1

A = —(1+ ek 2(i,C®)") " e*k (i, CW), (4.5)
where k2 = —k*k"g,, and the field AP has been defined as the dependent gauge field associated to the
gauged isometry of the Type IIA KK-monopole:

AD =k 2, XHK, . (4.6)
The covariant derivative is defined by

DXH = dX* + ADKkH, (4.7)

Concerning the worldvolume fields, the 1-form b gives rise to a scalar and a 1-form, and the 6-form »©

reduces to a 5-form »® describing the tension of the I1A KK-monopole:

Ao (1 N (0 ~ (6 _
bi_wi()v be—w()’ wi(l.)..ise_wi(l.)..is'

(4.8)

Using the above reduction rules in the action of the massless M-theory KK-monopole, we find the following
action of a massless Type IIA KK-monopole:

o x*,0®,0®] = T [d¥ e~ 24k2\[1 + e20k2(i,CW)’

(2ma’)k™ le?

F |

X1/ ldet| D; X*D;X*g,, — (2ma’)’k 27D.7D + ¢

1+ ek (i, cV)’

1 o
+ E(zm')de% el O (4.9)

Here T is the tension of the Type IIA KK-monopole, which is related to the tension of the M-theory
KK-monopole by:

T=T[ dé®. (4.10)
Sl
The 1-form 7Y is the field strength of the scalar »©
1
F = 00® - ——(i,B), (4.11)
27’
and the field strength 7@ of the 1-form »® is given by

HPD =200 +

(1,C®) — 27M(C® + (i,C) AV). (4.12)

’

T
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Finaly, 7© is the field strength of the non propagating worldvolume 5-form o‘®:

5 ~
(i,C®)(i,C®) —6(i,B)#®

’

FO® = {600® +

-(i,N)) = 30(i,C®) b ® —

T T

30
—120(2ma’) DX*DX"DX*C®), 7 ¥ow® + —— DX*DX"B,,(1,C®)(i,C®)

ma

+

-DX*DX"DX*C®) (i, B)(i,C®) — 30DX*DX*DX"CY, (i, C?) e

To mre
—180(27a’) DX*DX"B,, do®d0® — 360(2ma’)? AVioMioWiw®
e’k ?(i,CcV)
1+e*k2(i kC(l))2

where again, we are writing the pullbacks explicitly only when covariant derivatives are used.
The action is invariant under (massless) gauge transformations and the gauged isometry. The transformations
for the worldvolume fields are:

+15(27a’)’

AR AR SN (4.13)

1 1
Xt = —gOKkr  §u© = — (i A), Sow® = 3p(0) — _(ikA(Z)) + INO@
2ma’ 2ma’

1 N
3w® =54p® — T(ikz(e)) —50(i, A) 0@ + 20 0Da(i\ A?)
ma

—30(27a’) BA(Z)( wPow©@ + aw(l)w(o)) +60(27a’) 0P ®IA
+ 60(2770{')20'(0)8(1)(1)(9(1)(1)(9(1)(0) , (4.14)
whereas that of the target space field (i, N) is given by:

8(i N) =63(i, 3®) +60(i,C) (i, A®) — 309(i\ A) (i, B) — 60(i,C?)(i,C)aA
+12004?(i,C®)(i, B) + 60(i,C)a(i, A?) B — 40C®(i, A?)(i,B)
—20C®(i,C®)a(i, A) — o Ok (i N). (4.15)

The transformations of the other target space fields can be found in [6].
Notice that the truncation of the action (4.9) by setting the RR fields and ¥ to zero leads to the action of
the Heterotic KK-monopole given in [11].

5. Conclusions

In this paper we have presented the worldvolume action of the massive M-theory KK-monopole. We find
that the action is given by a gauged sigma-model. This agrees with the results of [6] where the effective actions
of massive branes where generally shown to be described by gauged sigma-models.

A new feature that arises is that the M-theory KK-monopole action is aready given by a gauged
sigma-model in the massless case. This gauging is needed to effectively eliminate the Taub-NUT isometry
coordinate [2]. We find that the dependent gauge field that is needed for the gauging in the massless case
transforms under the massive transformations such that the massless gauged action can be made invariant under
the massive transformations without the need to introduce an independent auxiliary gauge field. Besides a
dependent gauge field, the monopole action contains an independent Bl gauge field, which already occursin the
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massless case. It turns out that in the massive case extra terms proportional to the mass parameter m need to be
added to the WZ term. As a check on the action we have presented in this work, we have performed a direct
dimensional reduction along the Taub—NUT isometry direction and have obtained the massive D-6-brane.

We have as well performed a double dimensional reduction and obtained the action of the Type IIA
KK-monopole. We have performed this double dimensional reduction only for the massess case. In a
forthcoming publication we will perform the double dimensional reduction in the massive case and present the
massive Type I|A KK-monopole [12]. A new feature that arises in the double dimensional reduction of the
massive monopole is that we first need to construct a massive monopole in which the isometry associated to the
mass is realized along a coordinate different from the Taub-NUT isometry direction. We thus end up with an
M-theory KK-monopole with two gauged isometries. One isometry is the z-direction in the Taub—NUT space.
This isometry is aready gauged in the massless case. The other isometry is only gauged when the monopole is
put in a massive background.

Finally, our results for the Type I|A monopole also lead, via T-duality, to the worldvolume action of a Type
1B NS5-brane, which coincides with that of a D-5-brane in a SL(2,2)-transformed background, see [12]. In
order to work out this duality transformation it is necessary to first derive the set of T-duality rules which apply
to the different world-volume fields that need to be introduced.
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