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Abstract. We construct self-dual string soliton solutions in AdS4 x 7 spacetime, starting from the covariant
equations of motion of the M5-brane. We study the properties of the solutions and find that their actions
are linearized, indicating the BPS nature of the solutions, and we find that they have the same electric and
magnetic charges. The straight string soliton solution represents the configuration of the membranes ending
on a M5-brane with a straight string intersection, and it behaves like the spiky solution in flat spacetime. The
spherical string soliton solution, which could be related to the straight one by a conformal transformation,
represents the membranes ending on a M5-brane with a spherical intersection.

Among the D-brane configurations, the spiky string is one
of the most remarkable. It was first discussed in [1, 2]. From
the DBI action of the D-brane, it was found that there could
exist a BPS spiky solution, corresponding to the configu-
ration of a fundamental string ending on the D-brane. In
particular, for the D3-brane in IIB string theory, the spiky
solution could also describe the D1-string or (p,q) string
ending on the D3-brane, corresponding to the magnetic
monopole or to dyons in A/ = 4 super-Yang—Mills theory.
On the other hand, from the dual D-string point of view,
this spiky string configuration could be understood as the
D-string funnel [3], whose non-commutative realization re-
flects the non-Abelian nature of the action of D-strings.

The spiky solution has a natural generalization in
M-theory. The BPS self-dual string soliton solution con-
structed in [4] is its M-theory cousin. In this case, one has
to solve the Mb-brane’s equations of motion, involving an
interacting 2-form gauge field. The BPS soliton solution
found in [4] represents a supersymmetric self-dual string
on a Mb-brane, with equal electric and magnetic charges.
The configuration could be interpreted as the membranes
ending on the M5-brane. The dual membrane description
of the configuration was hindered by our ignorance of the
non-Abelian membrane action. A few years ago, Basu and
Harvey [5] proposed a generalized Nahm equation and con-
structed a funnel-like solution to realize this string soliton
configuration. Briefly speaking, the membranes interact
with each other and expand to become an orthogonal
M5-brane. Though it is still an open issue how to derive the
generalized Nahm equation from a non-Abelian membrane
action, the self-dual string soliton solutions turn out to be
quite valuable for us to understand the membrane and M5-
brane dynamics in M-theory. For a nice review of M-theory
branes and their dynamics, see [6].
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Most of the study on D-branes was focused on branes
in flat spacetime. In curved spacetime, it is generically dif-
ficult to find a BPS D-brane solution. Of particular inter-
est are the D-branes in AdSs x S° spacetime, which could
be essential to understand the AdS/CFT correspondence.
This issue has been addressed in [7]. Besides the BPS D-
brane with fluxes discussed in [7], it was recently found
that there exists another kind of BPS D-brane, which could
be taken as the blow-up of the lower dimensional D-branes.
This happens in the D-brane description of the BPS Wil-
son lines [8—10]. In this case, for the Wilson loop operator
in the high rank representation, the corresponding funda-
mental string blows up to a higher dimensional D-brane,
which could be understood as a dielectric brane [11,12].
The same is true for the Wilson—"t Hooft operators [13]. In
this case, the blow-up of the D(F)-strings not only involves
the interactions between strings but also involves the inter-
action between strings and the background RR-fluxes.

In M-theory, the BPS branes in curved spacetime are
even less clear. Of particular interest are the spacetime
AdS7 x S* and AdS; x S7, both being the maximally su-
persymmetric configurations in 11D supergravity. They
also arise as the near horizon geometry of the Mb-brane
and M2-brane supergravity soliton solution. More impor-
tantly they are the playgrounds of the AdS/CFT corres-
pondence in M-theory. The study of the BPS brane con-
figuration may shed light on the dynamics in M-theory.
Unlike the case of D-branes in AdSs x S°, there is no sys-
tematic study of the BPS membrane or Mb-brane con-
figurations in these backgrounds, as far as we know. The
trouble mainly comes from the complicated form of the
equations of motion. In [14], it has been shown that there
exist M5-brane self-dual string soliton solutions in AdS; x
S* spacetime, corresponding to the M5-brane description
of the Wilson surface operators in high rank representation
in the 6-dimensional (2, 0) superconformal field theory. It
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realizes the picture that the membranes interacting among
themselves and with the background 4-form flux blow up
to M5-branes. The same configuration has also been dis-
cussed in [15]. However, it is not clear how to understand
these configurations from the dual point of view of the
membranes.

In this letter, we construct the self-dual string soliton
solutions in an AdS, x S” background. They are half-BPS
but behave different from the solutions in [14]. The straight
string soliton solution looks like the spiky solution in flat
spacetime.

Let us start from the Mb-brane covariant equations
of motion in eleven dimensions, which was first proposed
in [16] in the superembedding formalism [17,18] and was
then re-derived by requiring xk-symmetry of an open M 2-
brane ending on the M5-brane [19]. For other derivations
from various actions, see [20—22]. The bosonic components
of the equations include a scalar equation and a tensor
equation. The scalar equation takes the form

Q

mn (& mq =My
GV, 8 = — M1 e

V=9
1 a 1 a c
X ale...mG + WFﬁlmzmsHm4m5m6 PQ_
(1)
and the tensor equation is of the form

G™"V i Hppg = QHAY —2(mY +Ym) +mYm)p .
(2)

Here our notation is as follows: the indices from the begin-
ning (middle) of the alphabet refer to the frame (coordi-
nate) indices, and the underlined indices refer to the target
space ones.

Let us spend some time to explain the quantities in
the above equations. There exists a self-dual 3-form field
strength h,,pp, on the M5-brane worldvolume. From it, we
can define

k= hmpqhnpq ) (3)
2

Q=1- gTrk:2 , (4)

md=067—2k1, (5)

(6)

Hmnp = 4Q71(1 =+ Qk)Tthqnp .

Note that hp,pp is self-dual with respect to the world-
volume metric but not H,,p, which instead satisfies the
Bianchi identity

dH; =—-F, (7)

where F, is the pull-back of the target space 4-form flux.
The induced metric is simply

9mn = 5%55’777@ ) (8)
where

EL = 0 mES. .

(9)
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Here 22 is the target spacetime coordinate, which is a func-
tion of worldvolume coordinate z through embedding, and
Ej5, is the component of a target space vielbein. From the
induced metric, we can define another tensor

Gm" = (1 + §k2> g — 4R (10)
which appears in (1). And we also have
Pf=0;—&"E . (11)
Moreover, there is a 4-form field strength Fy, ..., and its
Hodge dual 7-form field strength Fy, ...
Fy=dCs,
Fr; = dCG—l—%Cg/\E;. (12)

The frame indices on Fy and F%7 in the scalar and the ten-
sor equations have been converted to worldvolume indices
with factors of &,. From them, we can define

Yo = [4*xE—2(m* F+xEFm)+m*xFEm|m,, (13)

where

*an —
=oTay
One of the maximally supersymmetric configurations in
11-dimensional supergravity is the AdS, x S” background,
which could be obtained from the near horizon geometry

of the supergravity solution of M2-branes. The metric and
the bulk 4-form flux take the form

mnpqrs
£ pgrs *

(14)

2
ds? = ];—2(—dt2 +dz? 4 dr? + dy?) + 4R?d 22,
(15)
3
3R (16)

Fy=——ditndzAndrAdy,
Y

where we have rescaled the radius of AdS, to be R and
the radius of S” to be 2R. Correspondingly the 4-form field
strength gets rescaled by a factor 2.

Let the worldvolume coordinates of the M5-brane be &;,
i=0,---,5 and the embedding be

50:t7
5320‘7

r= f(y) ) (17)

(18)

§2:Z/»
55277

gl =T,
54 = ﬂ7
where o, 3,7 are the angular coordinates of a S* in S". In
fact, it turns out that there is freedom to choose the embed-
ding of $* in S7, since the non-trivial equations of motions
are actually in the AdSy part. For simplicity, we take the

first three angular coordinates in S”. The induced metric is
then

2 !
s _ R/ o 2 2 2
dsind—y2< dt*+dz +(1+f>dy>
+4R? (doz2 +sin? o d3% +sin? asin2ﬂd72) ,
(19)
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where the prime denotes the partial derivative with respect
to y.
The self-dual 3-form field strength could be

h= = ((2R)?sin® asin Bda A dBA dy

@

2
R 3

+1/1+ Q(—) dtAndzAdy |, 20

VI+f " y (20)

where a could be a function of y. Then we can determine
the other quantities, k2, k,” and G™",

a2
kQkankmn:§a4, kWTLL: _7.[3 20 7
2 0 & 13
(21)
2
1o (B et
2 (1 2)2
ny:<£> _( +a/) ) (22)
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2 2
Goo — (1—(12) Gﬁﬂ — (1—@2)
4R? 4R?sin’a’
1-a2)°
G = % , (23)
4R2sin” asin” 8
where I3 is a rank 3 identity matrix. Also we have
2R)> . 5
Hs =2a o sin” asin GdaAdBA dvy
V1t 2 (R\?
Y| =] dindzAdy|. (24
+ 1+4a? (y) ey (24)

Since the induced field strength of the 4-form bulk flux
is vanishing, we have dHs = 0, which requires a to be
constant.
From the tensor equation of motion (2), we find that f
has to be proportional to y,
f =RY, (25)
with x being a constant. We list the relevant Levi-Civita

connection of the induced metric (19) in the appendix.
Now from the induced metric

R2
ds? = 7 (—dt2 +da® + (1+ /<52) dyz)
+4R? (doz2 +sin® a d % +sin? asin? ,Bd'yz) ,
(26)

we find that M5-brane worldvolume is a AdSs x S® space-
time, where AdSs with radius R/v/1 + k2 is embedded into
AdS, and S* with radius 2R is completely in S7.

In the scalar equations of motions, since the embedding
of S part is trivial, we always have V&g, = 0 for the S°
part. The right hand side of the equation of motions indeed
vanishes, since Py = 0 in this case.
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The whole non-trivial part in the scalar equations of
motion comes from the AdS3 part. In this case, we have

53257 55257 5%25, 53:@7

27

where the vielbein of the AdS, part of the target spacetime is

90:Edt, élzﬁdy, éQZde, B
Yy Yy Yy

y
(28)

The corresponding spin connections may be found in the
appendix.

It turns out that the scalar equations of motion give
only one constraint in this case,

££¥$£§::2a (29)

or

V1+kr2-1

- (30)

a =

Therefore, we have a self-dual string soliton solution
in an AdS, x S” background once the above relation is
satisfied.

It would be interesting to study the properties of this
string soliton solution. Firstly this solution is actually
half-BPS. This may be seen by an appropriate coordinate
transformation such that the above solution is actually the
same configuration as discussed in [23], where the super-
symmetry has been discussed in detail. The condition (30)
is exactly the condition for keeping half of the supersymme-
tries. In fact, one may consider the more general background
AdS, x X7, where X7 is a weak Go manifold. The M5-brane
worldvolume takes the form AdSs x L3, where L3 is an asso-
ciate submanifold in X; and AdS3 is embedded in AdS, as
above. Such a kind of M5-brane has been discussed in [23],
where it has been shown to be BPS under suitable condi-
tions. This kind of configuration gives also self-dual string
soliton solutions. One piece of support for this claim is that
the configurations are half-BPS. Though we are unaware of
a direct proof that the BPS configurations must be the so-
lutions of the equations of motion, the experience with the
BPS Wilson lines and the Wilson surfaces indicates that
this is true. One could also prove the claim by checking the
equations of motion directly. Loosely speaking, since the Lg
embedding is somewhat trivial, the non-trivial part is from
the AdSs part, which leads to the relation (30).

Let us come back to the solution in this paper. The
action of this solution could be worked out. As is well
known, compared to the Dp-brane action, which is just
a Dirac-Born-Infeld (DBI)-type action, the M5-brane ac-
tion is much subtler, since it describes a self-interacting
chiral 2-form whose field strength is self-dual. There exist
two kinds of action, which are equivalent in the sense that
they lead to the same equations of motion. One of them
is the so called PST (Pasti-Sorokin—Tonin) action [24-28].
It is manifestly supercovariant and kappa-invariant and
of a DBI-like form. It contains an auxiliary scalar, from
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which the self-duality condition could be derived as an
equation of motion. This proposal has some troubles in
defining a proper partition function, since the topological
class of the auxiliary scalar would break some symmetries
of M-theory [29]. The resolution of this problem is to em-
bed the chiral theory into a non-chiral one. In [21], a non-
chiral M5-brane action for an unconstrained 2-form gauge
potential has been constructed. In this action, one has to
impose a non-linear self-duality condition to ensure kappa-
symmetry. The equation of motion for the 2-form potential
is equivalent to the Bianchi identity. The action is given by

1
S:SM5—SWZZT5/<§*K;—Z6>, (31)
where
K:2\/1+LH2+L(H2)2_L becde fHefa
12 288 96 © ’
(32)
1

Z6 :Q6—§Q3/\H3, (33)

and T5 is the tension of the M5-brane:

1

= — . 34
"= B 34

Here Zg is the Wess—Zumino term, in which C's and C5 are
the pull-backs of the target space gauge potential. For the
self-dual soliton solution above, classically two kinds of ac-
tion give the same action:

S = / d(Vol)(1+x?),

where d(Vol) is the volume element of M5-brane with-
out flux. In other words, if we turn off the self-dual field
strength, a = 0, then we have x = 0, which implies that we
have a trivial embedding of the M5-brane into the back-
ground. In this case, the M5-brane is AdS3 x S* with radius
R in AdSs and radius 2R in S3. Therefore,

3
ol)=| — sin” asin fdtdzdyda Y.
d(Vol R 2R)?sin” asin fdtdzrdydadBd

y
(36)

(35)

The two terms in the integrand in (35) have a natural inter-
pretation: the first term gives the action of the M5-brane
without 3-form field strength, the second term gives the
action of the membrane ending on the M5-brane. The ab-
sence of the square root in the action indicates that the
solution is BPS. This is reminiscent of the BPS spiky solu-
tion studied in [1, 2], which has an action similar to the one
above. This is very similar to the case in flat spacetime [4].

Let us check the charges carried by the string soliton.
Since our solution could be taken as M2-branes ending on a
M>5-brane, with M2-branes’ worldvolume extending along
t, z,r, the charges could be calculated by

1

©r = 7 /ss +H,
1

QM = Goie /Ss ik

(37)

(38)
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where S? is the transverse S® in S” and  here means the
Hodge dual with respect to the metric of the M5-brane
worldvolume without the string soliton. The charge of our
solution is simply

2R\*® 2a 2R\?
QM:<E> —1_012:(?) K, (39)
_ [2R\’2avI+#2 _ [2R\’
QE‘(K) Tt ‘(E) R 40)

So our solution has the same electric and magnetic charges.
This is reminiscent of the self-dual soliton solution in flat
spacetime [4]. In terms of the charge, one can see that the
action of the membrane of unit charge is the membrane
tension times its volume.

It is remarkable that although our solution looks at first
sight similar to the onesin flat spacetime and the ones corres-
ponding to Wilson surface operators in AdS7 x S* [14], they
arereally different. Compared to the flat spacetime case, our
solution depends on the background 4-form field strength,
which makes the spacetime curved. In the Wilson surface
case, the M5-brane could be taken as the blow-up of the
membrane interaction and its worldvolume could collapse
once the membrane charge is turned off, while in the solution
we studied in this paper, the M5-brane could still make sense
even if the membrane charge were turned off. This difference
isreminiscent of the difference between the D-brane descrip-
tion of the Wilson—"t Hooft operators [8,13] and the BPS
brane with fundamental fluxes in AdS5 x S® spacetime [7].

Let us consider the perturbation around the string soli-
ton solution. For simplicity, we just focus on the one along
the a direction. The perturbation satisfies the following
equation:

GV 10,8 =0, (41)

where ¢ is the perturbation and G™" is the tensor defined
in (10). Since G™" is diagonal and one can separate the S
part and simplify the above relation to become

1 1 A
2, 92 2 _
(—8,5 +5I+m (8y —gay) +?) §=0, (42)
where A is the contribution from the S part, involving
the angular momenta quantum numbers. For simplicity, we
may take the S-wave case so that A = 0. The above equa-
tion could be simplified more by setting § = e’“"t*‘kmwy.
Then we have
1

<85—58y+(1+52) B) 5, =0, (43)
where B = w? — k2. Without losing generality, setting k, =
0 and defining p = yw, we find

1
(8§—Eap+(1+52)) 5,=0. (44)
The solution to this equation is
dp=p (A J1 ( 1+n2p) +BM ( 1+/<;2p)> ,
(45)
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where J; and N; are the Bessel function and Neumann
function, respectively. The asymptotic behavior of the so-
lution could be discussed straightforwardly. It is remark-
able that the perturbation in our case could be solved ex-
actly, unlike the spiky string case [1]. Near p — 0 or y — 0,
the Neumann function blows up, so we just choose the
Bessel function above.

The solution we discussed above could be understood
in terms of membranes ending on the Mb5-brane with
a straight string-like intersection. The other worldvolume
direction of the membranes is an infinitely straight line
extending along r. Actually one can show that through
a conformal transformation, one can obtain another M5-
brane configuration with spherical intersection. This is
more easily seen in Euclidean signature. Since the embed-
ding of S in S” is somewhat trivial, our discussion will just
focus on the AdS, part. The metric of the Euclideanized
AdS, could be written as

2
ds? = % (dy2 +dr? 4?2 (doz2 + sin? adﬁz)) . (46)

Introducing the coordinates 1, p by the following relations:

Rcosn

"= cosh p—sinhp’
Rsinn

o ven A7

Y coshp—sinhp’ (47)

we can rewrite the metric as

2

ds? =

= (dn? +cos®n (da? +sin® adB?) + dp?) .

(48)

Inspired by the study of the Wilson surface operators
in [14], we make the following ansatz:

sinn =k~ 'sinhp, (49)

so the induced metric of the M5-brane worldvolume is

ds? — R? 1+ K2 9
sin?n \ 14 x2sin’7p

+cos®n (da? +sin® a dﬂ2)> . (50)

It is straightforward to check that the above configuration
is indeed a solution of the equations of motion provided
that x satisfy the relation (30). The charges of the solution
are the same as in the case of the straight one. However,
the action of the solution looks more involved. In fact, the
3-form gauge potential could be taken as

2 2
3 COS“ 1) . K Cos“n
_R —3 —Sln7’]+7.2
sin” 7 V14 kK2sin®n

xsinadnA dandg.

Cs=
(51)

The non-chiral part of the action is the same as the straight
case, but the Chern—Simons coupling depends on C5. The

493

action consists of two parts: one part giving the action of
a Mb-brane without flux, and the other part showing the
contribution of the string soliton flux. The absence of the
square root in the action indicates the BPS nature of the
configuration. The difference of the flux energy with the
straight one may come from the conformal anomaly dis-
cussed in [30].

In this letter, we started from the covariant equation of
motion of a M5-brane and constructed the BPS soliton so-
lutions. For the straight soliton solution we constructed, it
is the same configuration as discovered in [23], where it has
been proved to be supersymmetric. The same configura-
tion has been discussed in [15] from the PST action. How-
ever, in our work we were more concerned with the physical
properties of the configuration. We showed that its action
consists of two parts: one part is the M5-brane action with-
out flux, the other one is the contribution from the flux.
The action is linearized, indicating its BPS nature. We also
showed that the solution has the same electric and mag-
netic charge. It is quite different from the M5-brane self-
dual string soliton solutions discussed in [14]. The essential
difference lies in the fact that the M5-brane configurations
in [14] are the blow-up of the membrane and could collapse
once the membrane charge is turned off, while in the con-
figuration discussed here the Mb5-brane is well embedded
in the curved background even without membrane charge.
Both the electric and magnetic charges of the membranes
in this configuration are well defined in the sense of [4],
while for the configurations in [14], the definition of the
electric charge is subtle. The solution here looks similar
to the spiky solution discussed in [1]. But in our case, the
construction of the solution involves the background flux.
Furthermore, we showed that through a conformal trans-
formation, we have a new string soliton solution, represent-
ing the membranes ending on a Mb5-brane with a spherical
intersection.

One interesting issue is to find a dual description from
the non-Abelian membrane interaction [5]. However, this
seems to be quite difficult. One obstacle is that we do
not know how to describe the membrane dynamics from
the point of view of a non-Abelian membrane action even
in flat spacetime [31], not to mention in curved space-
time. Furthermore, in our background we have to con-
sider the coupling of membranes with the background
4-form flux. In the D-brane case, the non-Abelian Chern—
Simons term governing the coupling between D-brane
and the background RR gauge potential leads to the di-
electric branes [11]. In M-theory, we do not know how
to generalize the Chern—Simons coupling to the non-
Abelian case. We wish to come back to this issue in the
future.
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Appendix : Various connections

In this appendix, we list various connections appearing in
our calculation. For the induced metric (19), its Christoffel
symbol has the non-vanishing components

1
ijt:rya:x:_§7
1 1
Fy:_Fy Y
tt T y1+f2
1 /1.1
=+ i
y 14y
I'5s = —sinacosa,
F% = —sin? Bsinacos o,
cos o
ré, =
B sina
F;f,y:—sinﬁcosﬁ,
cos
I =
*Y sina’
cos 3
Il = . Al
By sin 8 ( )

When f = kr, some of the components above are vanishing.
For the AdS, spacetime, its non-vanishing independent
components of the spin connection are

1 1 1 1
w®:_§’ wglzwgzﬁ. (A.2)
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