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M-theory dual of a 3 dimensional theory with reduced supersymmetry
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In a recent paper, Polchinski and Strassler found a string theory dual of a gauge theory with reduced
supersymmetry. Motivated by their approach, we perturb\ke8 theory residing on a set &f M2-branes to
N=2, by adding fermion mass terms. We obtain M-theory duals corresponding to M2-branes polarized into
M5-branes, in Ad$x S'. In the course of doing this we come across an interesting feature of the M5-brane
action, which we comment on. Depending on the fermion masses we obtain discrete or continuous vacua for
our theories. We also obtain dual descriptions for domain walls, instantons and condensates.

PACS numbe(s): 11.25-w, 04.50+h

I. INTRODUCTION the brane become noncommutative, which resulted m a
+2 brane charge. This was worked out in more detafiBihn

In the framework of the AdS-CFT dualifil] and of brane In the 3 brane case, for example, noncommutative configu-
polarization[2], Polchinski and Strassl¢B] found a super- rations of the 3-chiral multiplets describe the polarization
gravity dual of a confining gauge theory by perturbinginto a 3+2=5 brane.
AdS;x S* with a 3-form field background. The AdS-CFT  Based on the above, we expect M2-branes to polarized
duality allowed them to extract information aliGu4 dimen- 3150, when placed in a field configuration which couples with
sional V=1 gauge theory. In particular they found a map- 5 higher brangwhich can only be the M5-brajeWe can
ping between the gauge theory vacua and states corresponghgerstand M2-brane polarization easily in the first way—an
ing to the D3-branes being polarized into a Neveu-Schwarg,s_prane of geometnR3x S° with M2-brane charge will

5-brane(NS5 and D5-brane. . : . have a supersymmetric minimum at a nonzero radius. This is
We can apply the same philosophy in order to obtain th%vhat most of this paper will be on

supergravity dual of a theory coming from perturbing the 3 )
dimensional\/=8 theory residing o M2-branes. The ap- Unfortunately the degrees qf freed_om of t_he M2-brane are
not known, so the second picture is elusive. The weakly

proach is similar, but at some points subtle differences be- o . N
tween string theory and M theory come to play a role coupled theory is irrelevant. It describes the polarization of

As discussed if4], this 3 dimensional theory is obtained D2-branes into D4-branes, which is a different subject to be

in the IR (strongly couplelilimit of a 3 dimensionalv=g treated on its ows]. _ ,

Super Yang-Mills(SYM) theory. We know that the strongly We can present at.most a speculatlon.of this .type: for

coupled theory has 8 scalars and 8 Majorana fermions. op3-branes, when we give mass to the 3 chiral multiplets the

these, 6 scalars and 6 fermions already can be paired intoViCUUM expectation value8/EVs) become noncommuta-

hypermultiplets in the UV(the D2-brane theojy In the tive. This can be interpreted as polarization into a

strongly coupled limit, SG8) symmetry is restored, so the 2-dimensional higher object. We expect on intuitive grounds

other scalar pairs up with the dualizég, and the 2 other that when given mass, 4 hypers becoming “noncommuta-

fermions into a hypermultiplet. We can give masses to thestive” (whatever that means if they are not matrijcespre-

4 hypermultiplets(which appear as fermion masses in thesent somehow the polarization of a M2-bran®iat3 dimen-

Lagrangiai, preserving\V=2 supersymmetry. sional higher object. We will present a bit of support for this
The fermions transform in the8 of the Sd8) picture in Sec. V.

R-symmetry group. Thus, a fermion mass transforms in the

35_ of SO8). By the AdS-CFT duality, giving mass to the

fermions c_orresponds to turni_ng on a nonnprmalizablg mode Il. PERTURBATIONS OF AdS ,X S
of the anti-self-dual 4-form field strength in the 8 dimen-
sional transverse space of the M2-branes. As it is by now standard lore, in the framework of the

In [2] it was observed that in a backgroupd-3 form  AdS-CFT duality, to each local CFT operator of dimension
field, Dp-branes become “polarized.” The polarization was A corresponds one normalizable and one non-normalizable
understood in 2 ways. In one picture the configuration withsolution of the supergravity field equation. The coefficient of
the D-branes spread on af Bith a p+2 brane charge was the non-normalizable solution corresponds to the coefficient
energetically favored to the configuration with the D-branesof the operator in the Hamiltonian, while the coefficient of
in the center in a backgroungH+ 3 form field. In the other the normalizable one corresponds to the VEV of this opera-
picture, the non-Abelian scalars describing the position ofor [6].

According to the AdS-CFT conjecture the conformal field
theory onN M2-branes is dual to M theory in the geometry
*Email address: iosif@physics.ucsb.edu they create, for very larghl. This geometry is
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ds?=7"2Byp, dx*dx"+Z"dx' dx X'
anpq:r_Z[XmTrnpq+XnTmrpq+Xmenrq+Xqunpr]-
1 7
ci=- deo/\dxl/\dxz, FI=dcs, )
(1) The formsT, andV, are normalized:
where u,v=0,1,2, i,j=3,...,10. For the case when the :i MA dxMA dxPA dxd
branes are coincident, the geometry becomes,Xd®, and Ta 4! TmnpdX/ADXAXEAXE,
R® 6 2N M —6 1
Z=15, R°=32m°NM.’, 2 V4=Evmnpqum/\dx”/\dxp/\dxq. (8a)

whereM , is the 11-dimensional Planck mass. In addition we define
We are interested in turning on a bulk field which corre-
sponds to a fermion mass. The fermions in the theory resid- 1 e o a
ing on M2-branes transform in th& of the SA8) R sym- S3=37 Tmnpa dx*AdxPAdXA, (8b)
metry group. The operatorsi)\j—éij)\2/8 are chiral and
transforms in the35_ of this group. Thus, their dimension Since the general perturbation will be a combinatiorTgf

does not change, and their coefficient, transforming also imnd v, multiplied by a power ofr, the following relations
the 35_ is a fermion masg47]. Therefore, the bulk field il be useful:
which we have to turn on is a field strengfy, oriented
perpendicular to the brane, and transforming in 3% of dS$;=4T,, d(Inr)AS;=V,, d(rPS;)=rP(4T,+pV.),
SQ(8)-which is anti-self-dual tensors.
The 11D supergravity 4-form field strength satisfies thedT,=0, dV,=—-4d(Inr)/\T,, dr/AV,=0
equation of motion
L *Ty==*T,, *V4==E(Ty—V,). 9

d* 11Fa=— EF“/\F“' ®) In order to relate fermion masses to tensors it is conve-
nient to group the 8 fermions and the 8 transverse coordi-
The total field strength will contain both the backgrouRyi ~ nates in complex pairs:
and the perturbatioff ;. ThusF,=F}+F%. We can reduce L a1 a4l
the 11 dimensional Hodge dual to an 8-dimensional one: Z=XTHIXY, ZPEXTIX,

*llFizzfl(*Fi)/\de/\Xm/\dXZ' (4) 23=X5+iX9, Z*=x8+ix10, (10a
Combining Egs(1), (3) and (4) we obtain the equation of Similarly the fermions can be made complex:
motion for the perturbed field: AL=ATHINZ AZ=N3HinY,
d[zY(+*F;—F})]=0. 5

(27 (Fa=Fal ) AB=NS+iNG,  Af=NT+iNE (10b)
SinceF] can be written as the exterior derivative of a vectorUnder a rotatiorz— e %17 the fermions transform as
potential,F;=dC3, the Bianchi identity is simplygF;=0.

ALl gi(=¢1+datda+dg)l2p1
A. Tensor spherical harmonics

. . . . . 2 i — ot Ppat 127 2
As we explained in the previous section, a fermion mass A?— g/ (P17 927 3t P02

corresponds to an anti-self-dual 4-tensor supergravity

(SUGRA) background. Other operators which may be of in- A3 gl (91T dom b3t $a)2)\3
terest in this theory transform i85, and correspond to an- .
tisymmetric self-dual 4-tensors backgrounds. Thus A4l (91T dot d3=S)2\ 4 (11
«To = — Mno s 6) If we give masses to the 4 complex fermions, we preserve
KT gy Skl TmnopT = Tk N=2 supersymmetry. Thus the Lagrangian will be perturbed
with
where the+ and — are for35, and35_ respectively. To
make an(anti-)self-dual 4-tensor field on the space trans- AL=RemAT+myA3+mgA3+muA3). (12)
verse to the M2-brane transforming in the same way, we can
useT, or combine it with the radius vector to form This perturbation transforms under @plike
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T=Regm dZAAZAABAZ+ m.dZAAdZAdBAdA simple problem which contains most of the “meat” of the
! 2 more complicated problem—that of the M2-branes becom-

+mydZ2NdZAA AN A+ mdZAAd2ADBADD). ing polarized into M5-branes.
We will be first examining the case of 4 equal masses,
(13 which has an S@) symmetry between the 4 complex sca-
rs. Our test M5-brane has the geoma®$x S°®, and has
2-brane charge. Thus 3 of its directions are parallel to the
M2-branes which create the geometry, while the other 3 are
wrapped on an Sinside S.
Turning on a M2-brane charggarallel to that of the

This symmetry has to do with the fact that our tensors aréCurcé M2-brangson the MS-brane is done by turning on a
anti-self-dual. We will first be exploring the $@ symmet- 3 form field strength fluF; on S'. This can be done, but it
fic configuration mt=m?=mé=m?=m. We can easily IS not so straightforward. The 3-form field strength on the
check that in this case only two componentsTofwill be  MS-brane is self dual—so naively turning on a flux on tHe S
NONZeroTause= — T7ge 1= 4M. In Sec. V we will be explor- cannot be done without turning on a flux in the other 3 di-
ing generalizations to unequal masses. rections. Moreover, we are in a background@f, so the
gauge invariant object in the brane theory is Rgtbut F5
—C3. Thus before proceeding with the computation we need
to have a thorough understanding of the M5-brane action and
As discussed in the previous subsection, the general formsf how self-duality is achieved.
of the perturbation is

Regardless of the masses, this perturbation is invariant undﬁ
the discreteZ, symmetry:

Zl—>i21, 22—>i22, 23—>iZ3, Z4—>_i24. (14)

B. Linearized perturbations

Fi=rP(aT,+bV,). (15 A. M5-brane action

The action of an M5-brane is more complicated than that
of D-branes because, as we said, the theory on the M5-brane
contains a self-dual 2-form field. We will only be interested
Fi:(a/4)rp(4-r4+pv4):(a/4)d(rp53)_ in _the bosoniq part of this acftion. There are 2 approaches at

writing an action for such a field.

Using the equationé5) and(9) we obtain, after a few steps, ' he first approach, by Pasti, Sorokin and Tof@$T) [9],
consists in combining in a clever way the 3-form field with

We can use the Bianchi identity and E¢8) to simplify this
to

p2+ 14p+ 24 24=0. (16) an auxiliary scalar fieléh to form the action
We can see that faB5_ there are 2 solutions Sper= _f dbx \/_de(gmn+iﬁmn)
p=—6, Fi;~(R/N°4T,—6V,], (179 L
+N=09 sz dma(*H)M"H 0%
p=—8, Fi~(R/IN¥4T,—8V,]. (170 945,852 ( npa
Translating to an inertial frame, and remembering that the _f ch+ 1,:/\03 . (19)
AdS, radiusu=r?, we can see that the first perturbation is 2

nonnormalizable, and corresponds to turning on a fermion
mass in the gauge theory, while the second one is normaliz- 6 3
able and corresponds to the VEV k. These perturbations Here C _and C are the pullbacks of the M-theory forms,
correspond to a field which is AdSpseudoscalar and’s F=dB is the field strength on the brané]y,n,=Fmnp

3-tensor, and which satisfies aA &quation of “self-duality ~—Cmnp, * represents the Hodge dual, andip,
in odd dimension” type[8]. The mass perturbation corre- = (*H)nny*a/\d,ad a.
sponds to The action has a Lorentz invariant form, and the self-

duality of H is forced when integrating out the auxiliary
Fi=a(R/r)%[4T,—6V,]=d(a(R/r)®S;), (18  field. The first term looks like a Born-Infeld terfand re-
duces to the normal Born-Infeld term for a D4 brgnthe
where « is the numerical constant that relates the boundargecond term is a mixed terfwhich reduces to a part of the
theory mass to the coefficient of the non-normalizable bulkWess-Zumino term of a D4-brane, but which unlike normal
mode. From now on and throughout this paper we will beWess-Zumino terms is not zero in the absence of background
absorbinga into m. field9. The third term is a Wess-Zumino term. Using this
approach the relative normalizations of the 3 terms in the
IIl. M5-BRANE PROBES action and the generalized formula for background fields, Eq.
(19), can be easily found. Nevertheless, in order to compute
In this section we consider a test M5 brane in the AdS anything using the first 2 terms one has to fix some of the
x S’ geometry, perturbed witl?}1 flux. This is a relatively gauge symmetries.
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The second approach, by Perry and SchwWa€# consists  This can be easily done, and the only change in the PS ac-
in p|_cl_<|ng a spe_C|aI d_lrectlon, and thus maintaining only SDtion is 5B, 5B, — Cs,uy '|:|MV_,(1/3!)€MVP0>\(FPU)\
explicit Lorenz invariancgalthough the theory secretly is —¢ o)
6D Lorentz invariant The 6D metricG,; contains 5D ’
piecesG,,,,G,s andGss. Caretted indices denote 6 dimen-
sional quantities, and uncaretted ones represent 5 dimen- . ] ] ) )
sional ones. The self-dual antisymmetric tensor is repre- In this section we will do a toy problem in which the
sented by a x5 antisymmetric tensoB and its curl Interplay of the 2 formulations of the M5-brane action is

B. Toy problem with the M5-brane action

uvo

F,,=3d,B,,+d,B,,+3B,,. The action obtained is shown. Let us consider a flat M5-brane extended in the
pe R PR 012345 directions in flat 11D, in a background @f;, and
. Cz45. We turn on a nonzerb s, and we select “2” as our
Sps= —f d°x(L;+Lo+Ly), special direction in the PS action. We CélF 45— Cays.
Thus H%'=f, and the Born-Infeld term is 5= — 1+ f2.
where The equation of motioii21) gives
; T f
iG;,G;\H?
= — e S __HpTVA 072801_ Czo]_:—, (22)
Ll \/ de< GMV \/—_G5 \/m
1 and, thus,
LZZZHMV&SBMV’ f2
Ly=———.
L3: - _E;vau)\_ﬁ'uyﬁa)\i (20) . .. .
8 G5 Since the metric is diagonal,;=0. We can read off the

Wess-Zumino term from the PST action. In the gauge we

whereﬁf“’=(1/3!)e“VP"“FpU>\, andGs=detG,,, and the chose Fy1,=3,Bg; is given by Eq.(22). Note that the action
€ symbol is purely numerical. goes likef? for small f and like f for largef. This is also

This action can be used directly for explicit computations,characteristic to the D-brane action. Note that applying na-
and can be obtained from the PST action with no externalvely the weak coupling version of the self-duality would
background upon fixing ,a= 52 andB,5=0. HereL, is give us an action growing liké“ for largef, which is non-
obtained from the Born-Infeld term, and+ L, are obtained ~Physical(it does not have Born-Infeld behavjor
from the mixed term. Self-dualitywhich in this approach Let us try to get some intuition about the physics of the

appears as an equation of motiemthe limit of a free theory ~ Problem. For smalf and no background fields, turning on a
in the gauged ,s=0 isﬁ’”=&sBW. Note thatfi“" is not a flux in the 345 direction induces the turning on of a flux in

. L . the 012 of the same magnitude, E82). What this tells us is
tensor, sinces IS numeric. . . ) .
. . . . . that if we dissolve an M2-brane in an M5-brane their fields
If the theory is interacting, the self-duality relation is

more complicated, and can be found in its full splendor inforce (by the SUGRA equations of motidithe appearance

. . f a field which couples with an orthogonal M2-brane. How-
11]. For the cases we are interested in, where only 345 ang 2 Mex
%12] fields are turned on, the equations simplify to éive ever iff is very large, Eq(22) tells us that the dual M2-brane

charge asymptotes to 1.
_ _GGMM’GVV’F'M/V,

M —GeV1+H,, HAP

In the language of11], if only 345 and 012 fields are turned

on,z'f=222, which makes the formulas simplify. Under this
assumption, also

dsB,,=K (21) C. M5-brane probe

We consider a large number of M2-branes along the 012
directions and an M5-branes with 3 directions wrapped on an
S3. Since we know the effect of rotations in the 3-7, 4-8, 5-9,
and 7-10 planes respectively on all the fields, we can assume

the plane of the sphere to be 3456. Let us denotéijpythe
L,=V—GVi+H, HA". numerlcal_antlsymmetrlc tensor restricted to the 345§-plane.
! wre We also give the M5-brane an M2-brane changby turning

In [11] the action is given for a general gravitational back-°" @ 3-form field strength along’s

ground, but not for a background with a 3-form field turned amn

on. The PST action _however is given in the presence _o_f a F3=Teijk|x'dx1/\dxk/\dx'. (23
background 3-form field, but it is hard to use for explicit M7r*3!

computations. Fortunately, we knqi2,9] how to obtain the

PS action from the PST action without a background fieldWe assumen<<N, so the effect of the M2-brane charge of
Therefore, we expect to obtain a generalization of the P$he probe on the background can be ignored. From @&5,

action by gauge fixing the PST action with background field.(13) and(18) we find thatT;45=4m, and thus
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6 e;ijkl knows about the M-theory equations of motion. This is an

S3=4m<5) ?x‘dxj/\dxk/\dx'. (24)  interesting, if somewhat not expected, connection which de-
r : serves further study.

We have all the pieces needed to compute the full poten-
Fo.r further reference we can also expr%a a}nd Fia"’?“ tial for an M5-brane in this geometry. We also integrate over
using the langles of4the 3-sphere, by noticing ﬂ?\ﬁﬁxod).d the sphere, which will give us a potential energy per unit
ANdxX\dX|s3=3! risiPgsin¢dd/\dp/\de. Here C3 is  |ength. The relevant parts of the potential are
given by Eq.(1). The M-theory 6-form is the dual of the
3-form and can be found using

C%=(?

—Sg _ 3 1 H§45 ~A+ ré +r3C345
L oy Vz|" z | z'2a" z
dCs— 5 Ca/\F4=F7="F,. (25 emV 298
Using EQs.(4), (17) and the relations in Eq$9), we obtain [~
g EqQ ( ) ( 7) Q$ ) _Smixed__rs H345H345 -G
1 2y
dCs=|Z {(*Fi—F}+ 7d(Z 1CH | AdNdX X 27V 2 1+ HgH®
A 1% r3Cys
=0. (26) Q—E‘FR— 27 y (Zgb)
Thus the first term in the Wess-Zumino action gives no con-
tribution. This is different from[3], where the nonzero —Swz r3
6h—form background gave one of the leading contributions to oy - 3[—2C812345+ Co1F 345~ F1:C3a5]
the action.
Since we have spherical symmetry, the value of the action A
will be the same at every point on the 3-sphere. To make the ~—— (290

computation more explicit we concentrate on the poiht 2z

=r, and we chose “2” as our special direction. Thus, S I .
P where the approximation is in the largdimit. We included

4mn RS the C® component which in this case is 0, in order to see how
Haps=H,=—| —3—=5—4mR—z|=—3—-Cays, (27) it combines withCs,sin this action.
M1ar r r As expected, the dominant contributions of the 3 actions

3 . ) o come from the M2-brane charge of the M5-brane, and they
whereA=4mn/M7;. We are interested in the limit when the cgncel. The second terms in E489a and (29b) represent
M2-brane charge of the M5-brane is bigger than its M5-the gravitational energy of the M5-brane. In the absence of a
brane charge. This meamns>/N. Therefore we expect the packgroundC, they would cause the M5-brane to collapse
first term inHg45to be dominant. We separate the 6 dimen-on the stack of M2-branes.
sional metric into perpendicular and parallel parts and denote Since we only worked at orden in perturbation theory,
by G, andG their respective determinants. Using the equathere can be another term proportionaht®A which has the

tion of motion (21) we obtain same relevance as the first 2. Indeed, we expect an ortler
correction inCyy,, via Eq. (3). Since Cyq, couples with
9Bar— Comi= —H. G~ 1 V=G G F145, We can see that this correction will be relevant. It can
2-01 201 S J1+H%G ! also be easily seen that the contribution of this term to the
potential goes like 2.
V—detG;; Thus, the dominant part of the potential is
=~ H3GF¥GHGS¥——r=L. (29 P P
V14 HggH®® 6
-S 3r° 4m , )
. . . ———=———r%+CcAnfr? (30
Since Cyy, is known, Eq.(28) gives us the value oF 5, 27V 4A 2

which couples withCs,5 in the Wess-Zumino term. For a
large M2-brane charge; C,q is very close to the right hand wherec is not yet determined. Since we have 4 supercharges,
side of Eq.(28), and basically the Wess-Zumino term con- ¢ can be computed easily. Indeed, the potential is the square
taining Fy1» is negligible. of the derivative of the superpotential, sds obtained by
This is very interesting, and definitely not a coincidence.simply completing the square. Before proceeding with this
What we discovered is that the equations of motion of arwe need to write the potential in a more general form. As we
M5-brane with a relatively large M2-brane charge in a ge-mentioned at the beginning of this section, we restricted our
ometry given by Eqs(1) give rise to a “dual” 3-form equal attention the 3456-plane. The general(&Qnvariant brane
to the background 3-form field of this geometry, for any configuration is obtained by rotating the sphere of radius
M2-brane charge which is large enough. Note that this ighe 3-7-, 4-8;. .. planes by the same angle This configu-
independent of and even of the shape of the M5-bratiee  ration is parametrized by=re'?. Examining the effect of
G, ’'s cancel out Thus the M5-brane Lagrangian somehowrotation on the terms we had, we see that the action will be
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-S  3|z|° —  A4lZ*m*A eral such spheres, in the 3456- and 789-10-plazied]l be
5o~ x 2MReZ°Z)+ ———— a sum of such terms, properly normalized.
27V 4A 3 . . . . .
The field equation for an antisymmetric anti-self-dual per-
3 turbation is, again,
=ﬂ|z3+4zmA13|2, (3D

d[z~}(*F;—F3)]=0, (34)

where the last term was obtained by completing the square.

This has a supersymmetric minimum in the 3456-plane at and _the B|:_:1n(_:h_| |Qent!ty igF,=0. The behavior of the_
solution at infinity is given by the boundary theory, and is

AmA the same as for trivial. There is also a magnetic source
rZZT' (32)  corresponding to the 5-brane, but this creates a normalizable
mode, which is subleading at. We can perform the same

There is however an extra case to consider. Our mas§eVer trick as in3]. From Eq.(34) we can derive
perturbation(13) is invariant undek14), which flips the M5- 11 el
brane from the 3456-plane to the 879-10-plane. Thus, there d*[277(*Fa=Fy)]=0. (35

will also exist a supersymmetric minimum corresponding OTherefore, by the Hodge decomposition we derive that
an anti-M5-brane of the same radius, in the 789—10—p|an}e1-[.z_1(*F1_F1)] is harmonic, and thus equal to its value at
We will have more comments on the superpotential which . 4 4 '

generates the actiof31) in Sec. V.

This is what we advertised: a test M5-brane in the back- Z‘l(*Fi— lel): —2T,. (36)
ground formed by M2-branes with, flux has a ground state
at nonzera. As we mentioned, the equivalent string theory |n particular, C1 and C4 will change, but Eq(26) implies
picture[3] can be interpreted in 2 ways—as D3-brane polar{yat the combinatiofiCs+2CLACY] will not change. This
ization or as a ground state for a D5-brane with D3-brang, o combination appears in the M5-brane actia®),
charge. Unfortunately, no one has studied the polarizabilit amely Coppaus (1/22)Cays. We are definitely seeing a
of M2-branes, so we can only assume it takes place by an ‘conspiracy’—the factor of —1/2 came from both the

ogy with the string theory case. Born-Infeld and mixed terms of the M5-brane Lagrangian,

and provides exactly the combination which is unchanged
IV. FULL PROBLEM: WARPED GEOMETRY when we changé.

As we have seen in the previous section, turning on fer- There is one more thing to consider, the effect of the

mion masses polarizes the M2-brane. We now consider thiflo-brane charge on _itself. Thg M5-brane is a magnetic
case of theN M2-branes distributed uniformly on one or source for the 3-form field, and it appears as a source in the

several 3-spheres, with M5-brane charges. When the 5—braﬁ.la9ht hand side of the.Bianchi idemity: Nevertheless, th'e MS-
charges are relatively small, the background geometry W“prar;]e onlydcou%leﬁ with the cofrpblnagu(lijﬁ)_, WTf'Ch remains
still be given by Eqs(1), but Z will be different. Since we unchanged, and thus It is unafiected Dy itsel:.

will lose most of the symmetry, it appears that the problem _

will be far harder than the one with a probe M5-brane. For- B. Solutions

tunately, like in[3], the action does not change, so there isno | et ys consider first the potential felt by a probe M5-brane
more work to do. However, here the “conspiracy” which yith M2-brane charge in the geometry created by several

makes this work is far more unexpected. shells of M2-branes. This is still given by Eq29) but with
a differentZ. The leading contributions cancel as usually.
A. Geometry The first 2 terms in Eq(30) will not change, and by super-

As known from time immemorial, the geometry createqgSymmetry, the third term will not change either. Therefore,
by a distribution of M2-branes is still given by Eq®), but the potential will be independent of the distribution of the

with Z being the superposition of the harmonic functionsSOUrces. _ _ ,
sourced by each brane. If for example the M2-branes are W& would like now to consider the potential felt by the

spread over a 3-sphere of radiugin the 3456-plane, the full set of M2-branes. This can be fognd. by bringing the-
new Z factor will be branes one by one from. In our case, like i3] the poten-

tial felt by a brane does not depend on the distribution of the
2 (n RSsinZod o others, so as explained there, the potential is the same as in
Z= —f the probe case.
m If the 4 masses are equal, a general ground state is a
configuration consisting of M2-brane 3-sphere shells with

0 (r3+r3+r2—2ryr,cosf)®

6
— R (33 chargesy in one of the planes 3456 and 789-10. The poten-
[r3+(ra+ro)?)¥2r3+(ry—ro) 2% tial will be
— 2
wherer ; andr, are the radii in the 3456- and 789-10-planes S => i i w (37)
respectively. When the M2-branes are distributed over sev- 21V F 4A, |7 3 ’
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whereQy, is by convention 1 for M5- and-1 for anti-M5- ~ We noted that for any distribution of branes, the M5-brane
branes, andA\,=47n,/M3,. There is however one more equations of motion create a dual field almost equal to the
condition which we ignored. In order for the geometry to bebackground—Cy,,, so there will be no new contribution

valid, the M5-brane charge density of the shells should bdérom the Wess-Zumino term. The dominant terms of the po-

smaller than their M2-brane charge. This means tential do not depend ofs, , so they will have the same
value as before, and they will cancel as usually. The terms
ny> \/N (38 which before were proportional 1¢/A will now be variable

on the ellipsoid, and their value will be
Thus the possible configurations will be given by distribu-
tions satisfying Eq(38).
We can see that there is a large number of discrete vacua, V~r6~j 3\/5\\
corresponding to combinations of charggs, adding toN E

and satisfying Eq(38), in both the 3456- and the 789-10- \\. e might have been afraid @he integrand propor-
planes. It is a straightforward exercise to compute the norfional t0\/G, —which would have made the integral ellitic
malizable modes created by the M5-branes, in each of thes L . nteg

vacua. The coefficient of these normalizable modes gives th 0es not happen. The integral can be easily worked out to
value of a condensate which contains the fermion condensaf' ©
and its supersymmetric partners. The vacua will be distin- 6.2, 12 -
guished by the values of these condensates.Zbhgymme- —S.rs _ 3L a“+b“+2a’hb
try will relate the vacua with M5-branes replaced by anti- 2m2v  4A 4
M5-branes Q,— —Qy,).

Unfortunately, we cannot interpret the vacua in any wayThe term proportional witC5 will be multiplied byab, and
as corresponding to broken gauge symmetries some of whigfyj|| change also because of Ed.2). Putting back the phases
are restored when the M5-branes are coincident, since theyrresponding to rotations, and remembering tagit=|z,|
theory residing orN M2-branes has mysterious degrees of=y |z |=ar, and|z,/=br we obtain the potential to be
freedom. Just for fun we may observe that a relation similar
to (82), (83) in [3] also holds here. Namely, if;Xn,=N, _ 3
descriptions withn; coincident M5-branes and with, co- 2y m(2|z|2|zl|2|22|2+|z|4|zl|2+|z|4|22|2)
incident anti-M5-branes have complementary ranges of va-
lidity. A speculative mind may see in this a sign of some 1 _ _ _
duality, but we will refrain from further commenting on that. - ERG(ZT“ 22,27+ MyZ3 2,27+ M, 212522)

G,
H Opa .

(41

(42)

V. UNEQUAL MASSES A
+ §(2m2|z|2+ m3| z;|2+ m3| z,|?), (43

We can try to generalize the previous construction for the

case of unequal masses. Since we will only be interested in

the limits when one or two masses go to 0, and since want tg/her_e the second line was added to complete the square, as
keep the presentation simple, we will keeg=m,=m and required by supersymmetgUSY). We can illustrate better

vary m; andm,. Unlike the previous case, where the generalthe SUSY nature of this action by writing it as
configurations was S@) invariant, here we only have $2) 3
symmetry, so we expect the M2-branes to become polarized = ——(2|zzz,— 4mAZ3|?+|22z,— 4m;Az, /3|2
into an ellipsoid with 2 equal axes. Again we can restrict to 27V 16A

the 3456-plane and then obtain more general configurations 2 2

by phase rotations. The ellipsoid will be parametrized: 1221 =4moAZI3[5). (44)

x3=ar cosd This potential has a supersymmetric minimum at

x*=b r sinf cose ,_4A m’m, - 4A . /mzml
Zl__ y 22—_ y
3 m; 3 m,

x®=r sin# sin¢ cosa

. . . , 4A [mm;m
x®=rsin@sin¢ sina. (39 2= -

(45)

From Eqgs.(23) and(24), we see that on the eIIipso(déM is

multiplied by ab andF ,,, is unchanged. Also, i co- Thus, the-branes will polarize into an ellipsoid in the

3456-, 879-10-planes respectively with the axes given above.

ordinates, We will now try to write a few comments about the su-
G, =r5Zsin’ 6 sir¢(a2sir? 6 cod ¢ + a2b?sir? 0 sir ¢ perpotential corresponding to the acti¢fd). We can see
that if we assume our fields to be the complex scatarsve
+b?%cos6). (40)  can write a superpotential of the form
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2A 5 ~n;, they will both bend and meet at an intermediate ra-
W~2,7,737,— 3 Z miz;. (46) diusry. By charge conservation, another M5-brane should
come out of the junction. Therefore, the domain wall should
Sorrespond to a M5-brane filling the 3456-ball of radngs
and extended in the 01-directions. Since the M5-brane has 2
longitudinal and 4 transverse directions, it feels no warp fac-

W~tr(®4[D,,P5]), (47)  tor, and its tension will be
M2 7°rg

T(2m® 2

In the case of polarized D-branes, a similar superpotenti
came from a superpotential originally of the form

perturbed with a mass term. Thie, were theNX N scalar
fields on the-brane, corresponding to position in spacetime.
The mass terms forced the ground stdteto become non-

commutative, which corresponded to polarization of the . . . .
. The tension will have another piece,, which comes from
Dp-brane into a D+ 2)-brane. .
the bending of the branes.

In our case however we do not know what form the sca- In the case of vacua with the same number of M5-branes
lars representing the position of the M2-brane hetley are the-branes will just bend into each other, and there will be no

definitely notNxN matrice3. Therefore, we do not know object required by charge conservation to fill the 4-ball. Thus
what form the equivalent of Eq46) will have. What we do ) -guired by 9 . . '
the tension will only have one piece coming from the bend-

know is that it will involve all 4 scalar fields, and that adding . f the b it t hard t ute althouah
mass terms will cause the ground state fields to becomf'd OF the branes. 1t 1S not hard to computg although we
ave not done it here.

“noncommutativei’ (more rigorously spea_king, o modify We can compare; with the tension of a supersymmetric
the ground state fields so that the term which contains all thta i pare; wit . persy
omain wall, which is given by the difference of the super-

4 fields will be nonzerp This can give an intuitive picture e 4
for the polarization of the M2-brane into a brane with 3 extrap“)tem'alS in the 2 phqses. Using E¢$6) and (37) we can
see that for two generic vacua,

dimensions.

We also observe that the superpotent#8) has a “clas-
sical” form. More precisely, it looks like the superpotential Tow~ | AW|~m?2NZ, (49
of a theory with 4 massive hypermultiplets, and does not
contain nonperturbative terms. Since we are at very strong, . .
coupling and we do not know the degrees of freedom of theths has the same dependencemandN asr,. It will be an

theory, we can only suggest that this happens because ofmteresting exercise to show that the construction with bent
being iarge M5-branes reproduces the superpotential calculation for su-

We can also make a few comments about cases whepersymmetric domain walls. Even if the exact normalization

some of the masses go to 0. Using E@§) we can see that of the superpotential is not known, the matching of the de-

if we take one mass to 0, the ellipsoid degenerates into a ”ggendence of the tension on the differamts would be a

of very long length, which corresponds to the theory havin eaguful fe?““- . .
Since naively the superpotentials are the same in 2 vacua

a moduli space. Intuitively we can see thatjfhas no mass, .
it is @ modulus. Nevertheless, this moduli space is not pro[elated k_)y thez, symmetry, it may appear from_ EG9) th_at

tected by supersymmetry, and can in principle be lifted byt s ; .
corrections. If we taken, ,m,—0 keepingms=m,=m, we Eq. (49 implies that the tension between vacua characterized

restore N=4. The ellipsoid degenerates into a pancake oY L\/Iz-br%ne chargeﬂi andn; is zero,_ifEni=Eni =N _and
radiusr2= V4An?/3. It would be interesting to give an in- 2ny=2n;“. This appears to contradict the expectation that

terpretation for this in the framework of theories with 8 su- the bending tensiorr,#0. Nevertheless, since we do not
percharges. know the relative sign of the superpotentials in the 2 phases,

and we also do not know if the domain walls are supersym-
metric, there is no contradiction.

~m?N2, (48)

1

VI. MORE ABOUT THE THEORY ON THE BRANE

Since not too much is known about th€=2 theory
whose dual we constructed, we can only use the duality one
way: to interpret the possible M-theory configurations from ~ The only candidate for an instantéan object with space-
the point of view of the\'=2 theory. time dimension Dis an M2-brane wrapped on thé. Nev-
ertheless, this configuration is unstable. The wrapped M2-
brane can attach to the M5-brane and slide off.

As we mentioned, the coefficient of the normalizable

Since our theory has multiple vacua, they can be sepamode created by the brane configurations gives the value of
rated by domain walls. Let us consider the domain wall bethe condensate which contains the fermion bilinear and its
tween the vacuum corresponding to all the 2-branes polasupersymmetric partners. This can be straightforwardly com-
ized into one M5-brane, and the vacuum with 2 M5-branesguted, although it is not done here. The other objects which
of chargesn; andn,. Since the first 3-sphere has radius may exist in this theory also need a more thorough investi-
~yN, and the concentric 3-spheres will have radii gation.

B. Condensates, instantons, etc.

A. Domain walls
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VII. CONCLUSIONS AND FUTURE DIRECTIONS connections can be made with the vast literature on theories

. . . . . with 8 supercharges.
Most of the conclusions of this construction are identical There is also a relatively well-developed subject dealing

to the conclusions of3], and prc_)bably 'the main one Is that with generalizations of the Ad S’ duality to different less
M theory resol_v es the n_aked smgu!anty on might have ex'supersymmetric versions corresponding to various
petl:_tgt(l tgfot?]tiﬁgsbém;?r']n?oog efedrcr)nr:(énarrr:gsjﬁéérstoo d Theé—manifolds. In particular the perturbation which preserves
tension of the domain walls and their shape are well within_ 2 symmetry(and which is a combination of the self-dual

; ; . and anti-self-dual field strengthbas been identifieflL3] as
our reach. A bit hard is to get an idea about what do the . = " . - 7
plethora of vacua of the theory represent. giving rise to the flow from the\V'=8, AdS,X S’ vacuum to

Another interesting thing which we observed was the in_the62 invariant Englert vacuum. The tools developed in this
aper can be used to learn more about that flow.

terplay of the 3 pieces of the MS-brane Lagrangian and hov! The theory whose M-theory dual we found still remains

the turning on of a large flux along the Sduced via the very mysterious. Nevertheless, we were able using this con-
M5-brane equations of motion a dual field equal to the back- y my ) DO ; g thi
truction to understand quite a few things about it. It is the

ground 3-form. This is an interesting connection between th robably overoptimistic hope of the author that this ap-
equations of motion of the M5-brane and of 11D supergrav-p y op P P
roach may bring us closer to a more complete understand-

Ittga;’vthr:icshigiiecr)\llﬁskfnlg\t/\?lgagséu?ge. :‘,i\:; ?irr]r?gk\jvr?(laio trTa er,:/tlgnﬁ]g of this theory and of the M-theory degrees of freedom.
brane bosonic action®oth by Pasti, Sorokin and Ton[9]
and by Perry and Schwaf20]) were used in a direct calcu-
lation. The cancellation of main contributions in the potential | am deeply indebted to Joe Polchinski for his help and
(as required by supersymmelignd the fact that the sublead- guidance through this project, and to Costin Popescu for his
ing terms reproduce a supersymmetric potential are norelp in understanding the M5-brane action. | also profited
trivial consistency checks for these actions. from very stimulating conversations with Duiliu-Emanuel

The case when one or two hypermultiplet masses ar®iaconescu, Alex Buchel, Aleksey Nudelman, Andrew Frey,
brought to 0 also awaits a more thorough investigation. MoréMitesh Patel, and Simion Hellerman. This work was sup-
can be said about the moduli of these theories, and possibfgorted in part by NSF grant PHY97-22022.
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