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Supersymmetric branes with (almost) arbitrary tensions
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We present a supersymmetric version of the two-brane Randall-Sundrum scenario, with arbitrary brane
tensionsT; and T,, subject to the boun{iT; J/<\—6As5, whereAs<0 is the bulk cosmological constant.
Dimensional reduction givesl=1, D=4 supergravity, with the cosmological constant in the range%A5
<A4=<0. The case withA,=0 requiresT,;=—T,=+—6A5. This work unifies and generalizes previous
approaches to the supersymmetric Randall-Sundrum scenario. It also shows that the Randall-Sundrum fine-
tuning is not a consequence of supersymmetry.
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I. INTRODUCTION The approach presented here allows the results to be continu-

. . . ously connected—even in the case of arbitrary brane ten-
During the past few years, codimension-1 branes havg;,,c ~oyr results show that there is no conceptual

been the subject of intense activity. Much of this work Was jitference—at least in the absence of matter—between the
sparked by Randall and Sundrum, who showed howyq cases previously considered in the literature.
cod|men_3|0n-1 branes can solve the gauge h!erarchy problem The paper is organized as follows. In Sec. Il we present
[1]. In this paper we consider supersymmetric extensions ofye supersymmetric bulk-plus-brane action, together with the
the original five-dimensional Randall-Sundrum scenario. Weorresponding supersymmetry transformations. We find that
compactify the fifth dimension on a8'/Z, orbifold, and  supersymmetry requires the brane tensions to have magni-
place codimension-1 branes at the orbifold fixed points. Waudes less than or equal to the bulk cosmological constant,
require odd bosonic fields to be continuous across the branesppropriately normalized. In Sec. Ill we compute the low
but we let odd fermionic fields jump in a way that is consis-energy effective action. We keep the radion field fixed and
tent with their five-dimensional equations of motion. derive the effective action for the four-dimensional super-
In previous work on this subject, the brane tensions wer@ravity multiplet. We show that the reduction leads to a lo-
tuned to be equal and opposite, and equal in magnitude to theally supersymmetric theory with a negative or zero cosmo-
five-dimensional bulk cosmological constant, appropriatelylogical constant. We summarize our conventions and present
normalized[2-5]. In this paper we relax this condition and details of our calculation in Appendixes A and B.
allow arbitrary brane tensions. We present a bulk-plus-brane
action and find the conditions under which it is locally su-
persymmetric. Our results imply that the Randall-Sundrum
fine-tuning is not a consequence of supersymmetry: it must
be imposed by hand to obtain a flat effective four- In this section we present our five dimensional bulk-plus-
dimensional theory.More generally, our construction allows brane action. We start with pufé=2, D=5 supergravity,
the locally supersymmetric five-dimensional theory to havewith cosmological constanhs=—6X2. The cosmological
effective four-dimensional theory with a negative or zeroconstant arises from gaugindH1) subgroup of th&U(2)
cosmological constant. automorphism group, determined by a unit vector of real
Moreover, in previous work, the bulk gravitino mass wasparametersj=(q;,d,,qs). The action and supersymmetry
taken to be either eve2] or odd[3-5] under theZ, parity.  transformationg7] are given by

II. LOCALLY SUPERSYMMETRIC BULK-PLUS-BRANE
SYSTEM
A. Bulk-plus-brane action

1 i~ 3 o~ 1
Soui= f d5xe5[ = 5RH6N 4 SW TMNED Wy — S0 G- 6 Wy SN — 2Py P

6 ~ ~. 1 6 o~
—i1—\/;FMN(2WM'W{“+WL,FMNPQWQi)—ﬁeMNPQKFMNFPQBKJrg)\d&i'BN‘If}WFMNK‘I’KJ- (2.2
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1Zucker came to a similar conclusion using the off-shell formali$i but he was unable to find the Killing spinor that describes the
unbroken supersymmetry.

°The supersymmetry i =2 because it corresponds to a supersymmetry algebra with two independent supercharges, each belonging to the
smallest spinor representatiopseudoreal, of real dimension df the Lorentz groufl5Q(1,4) [8]. However, because this is the minimal
algebra inD =5, this theory is sometimes calléd= 1.
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and
Sorane= sz4xe4[_3)\1_Zalwmlamn¢n1+ H.c.]
Sep=iH T,
5B =i\/—€§fi H; :f d°xe[ =3\ ;= 21 a0 ™ Pn1 +H.C18(2).
S (2.6)

) o The bosonic piece describes the brane tensigrs 6\ ;.
oWvi=2| DyHi—i—5-\-0'Bu K, The fermionic term is necessary to supersymmetrize the full
bulk-plus-brane system for arbitragy
_ 1 The bulk-plus-brane equations of motion can be readily
+iNG- o' TH;+ _\/—(FMNK_49MKFN)FNKHia computed. In terms of the redefined variables, the bosonic
26 equations contain terms proportionaldt(z) and 8(z)2. We
(2.2  eliminate these terms by demanding that all odd bosonic

fields vanish on the brane,
where we drop all three- and four-Fermi terms, and the

spinors are symplectic Majorariaee Appendix A For the ef';=e§=Bm=0, (2.7)
case at hand, we write a symplectic Majorana spifigras
follows: onX. (This implies thatf, on 3. is the induced veirbein, so
B d*xe, is the invariant integration measure on the brafae
Y= — 2= lﬁ“ —pla| . 2.3 equations of motion foef, and ¢,,; contain terms propor-
! s’ 2 ) ' tional to 8(z). These terms cancel when
wherey,, and ¢, are two-component Weyl spinors. Omas=&(Z)N1€ma (2.9
We take the fifth dimension to span the orbifdléZ,. We
work on the covering space and require that the action and YUmo=a1¥m1, (2.9

supersymmetry transformations be invariant under reflection
z— —z, wherez=x> is the coordinate in the fifth dimension. onX. The first condition restricts the spin connectionXn
(We considerS'/Z, later in this section. We assume the itis a Neumann boundary condition for the metjg,. The
action is even under reflection. We then Choe%e 7 and\ second condition identifies the two gravitini on the brane.
to be even, which fixes the remaining parity assignments:

B. Supersymmetry transformations

even:dn, €, €5, Bs, 71, Ym, Y52, Guz, N Consistency of the bulk-plus-brane theory requires clo-
. sure of the supersymmetry algebra and preservation of the
odd: s, €7, €2, By, 72, ¥m2, ¥s1, 93, (24 boundary conditions oB. To check the closure, we convert
the transformationg2.2) to two-component notation and
where (71,72), (¥m1,¥m2) and (fsy,¢s2) are the two-  carry out the redefinitior(2.5) (see Appendix B It is not

component spinors iftt; , V', and¥'s; , respectively. hard to show that the algebra closes, except for the following
The orbifold fixed point atz=0 can be viewed as a singular term:

3-brane, X, parametrized by the coordinatex™

=(x%x1,x2,x3). We take even fields to be continuous across [6:,8,]68= ... +8i70°,8(z)+H.c. (210
the brane. Odd fields, in general, can be discontinuous across

3, with a jump that is twice their value on either side of the We cancel this term by modifying the transformation for
brane. We make the effects of this discontinuity explicit by is,:

redefining all odd fields and parameters as follows:

. . Siso= 8sglola— 4128(2). (211
eﬁqﬂs(z)eﬁq, ei—e(z)el, B,—e(2)Bp,
This modification makesys, finite on X and restores the
No—e(2) M2, Ymp—&(D¥ma,  Ys1—&(Z) sy consistency of the supersymmetry algebra.
Supersymmetry also requires that the boundary conditions
Os—(2)ds, (2.5 (2.7 be preserved:
wheree(z) is the sign function ofiR. After this redefinition, 5e§1= sel=6B,,=0, (2.12

all fields areeven the odd parity arises because of the)
terms. In what follows, we write all expressions in terms ofon . This imposes additional boundary conditions on the

the redefined fields. fermionic fields:
The discontinuities in the fields are induced by the brane
action. We take No= 11, (2.13
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Ps1=— a¥ sy, (2.14 stant onX. It also impliesM =0, which gives the following
relation between\; and a;:
ony.
The boundary conditiong2.8), (2.9 and (2.14 must N(1+aja?)+ N a101+ a7 12
themselves be maintained under supersymmetry. Equation
(2.9 requires the vanishing ob of +(aiaf —1)q3]=0, (2.17)

@18 — o= —2mdma1 +iMoynmy, (2159  where we have used the fact thet=1 (on X and in the
bulk). The variations of Eqs2.14) and(2.8) give boundary
where conditions ondsz, and dsiym,, respectively.
M=\ (1+aia*e?) We now have wh_at we need to check the invariance of the
! 1™ bulk-plus-brane action under supersymmetry. The total varia-
AN Ot a* Aot (aa*e2—1 21 tion receives three contributions: two from the bulk and one
Lendiz* o taat (s 4] (219 from the brane. The first contribution comes from the redefi-
and g;,=0;+1ig,. Equation(2.15 implies thata; is con-  nition gs—&(z)qg3 in the bulk action:

sMS.= f doxe,[6AQa( gt 62— 1)i oy, + H.C18(2). (2.18
The second contribution arises from the modificatiarll) of the supersymmetry transformation:
5(2)55:J’ d°xeaf — 41 710™D iy + Aty Y1 "D 771 — B aleg':msl/fmlﬂl

+ 6[)\16!16!2’{ 82+ )\(CY;_c q12+ ala’l’ 82q3)]i lﬁmlo'm;]_'f' HC} 5(2) (219)

The third contribution comes from the variation of the brane action. The supersymmetry transformations are induced from the
bulk,

se2 =i(1+aja’ &?) 7 0%m +H.C.

~ ] - 2 :
a1 =2Dnmy Ti[N (5ot af 6°03) + N 1af &%) onn — %lengs(Unk—f— Onk) 71.- (2.20
The variation of the brane action is then

5SB:J d°xey{ — 8ty in1 "D 71 + V6 alegFms¢m17ll+6[>\1(1+201af82)

+ Moyt @10 £203) i o1+ H.C}8(2). (2.21

In these expressions, we have used the boundary conditiof$ie derivative term in Eq(2.22) integrates to zero because

for the fermions and the spin connectian, s - the hatted derivative, defined in E@A13), reduces to
The supersymmetry variation of the bulk-plus-brane ac{he covariant derivative or®. The other term vanishes,
tion is the sum of Eqs(2.18, (2.19 and(2.21), M&(z)=0, because of Eq.(2.17) and the fact that
£28(2)= 3 8(2). Therefore the full bulk-plus-brane action is
S5(S-+S :f dSxe, D (-4 nm supersymmetric, without any further conditions.
(S5+Se) o Din(—4a1gm o) Equation(2.17 defines the brane tension in terms of

Aq,

+6iM o™y +H.C]8(2), (222
B 107t a Qoo+ (agay —1)q3

*
1+ a0

where

= N (224

M=\1(1+3aiat&?) ) _ _
Using the(compleX Cauchy-Buniakovsky-Schwarz inequal-

+N @i+ el Aot (3araie®—1)qs]. (223 jty, |a-b|2<|4|2b|2, we find
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e;:’q= eg= Bn=0, wmsi= S(Z)Al,zema!

No= 1M1, Pma= @1 om1s

This equation places an upper limit on the absolute value of

the brane tension.

C. Two branes

This construction can be readily generalized to include a
second brane. We now take tke direction to have the to-
pology of a circleS!, and use the following parametrization

for the fifth dimension:

St=[-2,,~21]U[21,2,],

(21,25,

+1, zeSl=
e(2)=
(_221_21)1

2.2

-1, zeSt= (2.29
where we identify—z,;=z, and —z,=2z,. With these defi-
nitions, ¢’ (z) changes to

e'(2)=2[8(z2—21) — 8(2—2,)]=2[ 51(2) — 6,(2) ].
(2.27)

The parity operation identifieswith —z. It gives rise to two

fixed points, located ak; and z,. As before, we place
3-branes at the fixed points. We take all fields and paramete
to have the parity assignment2.4), so their values in

ze S' are completely determined by those dr S% . We
work with fields redefined following Eq2.5).

(2.30

wherea; ,e Cand\ ,e R are constants, related as follotls:

— *
Ys1= — aq s,

ay A1t af Qiat (ag a7 ,—1)03

*
1+ alyzalyz

Nio=— N. (2.3)

The brane tensiong; =6\, andT,= — 6\, are bounded by
the inequality

(2.32

In the next section we will see that the bulk-plus-brane sys-
tem has a consistent dimensional reduction down to four
dimensions. The resulting effective theoryNs=1, D=4
(on-shel) supergravity with zero or negative cosmological
constant.

INpd=<N\.

Ill. EFFECTIVE ACTION

In this section we derive the effective action for the su-
%ergravity zero modes?, and ¢,,. For simplicity, we ignore
the radion multiplet and set the radion field at its expectation
value. The zero modes fef,, €2 andB,, vanish because of
the boundary conditiofi2.7).

We construct the supersymmetric bulk-plus-brane action For the following, we restore the gravitational couplig

by:

pointsX; and>,,

SB: J d4Xe4[_3)\1_2a1¢m10'mnlﬂn1+ HC]
2
- f d4Xe4[_3)\2_2a21//m10'mnlﬂnl+ HC]
22

:f d°xey{ —3[\181(2) —\252(2)]

—2[@101(2) — 4265(2) ] o™+ H.C
(2.28
(i) modifying the supersymmetry transformations,
Sifsr= s o= AL a161(2) — @285(2) 1715 (2.29

(iii ) and imposing the following boundary conditiGrsn
212:

(i) introducing independent brane actions at the fixed

by rescaling the action and fields as

S—kiS, By—ksBu, Yu—Ksiy. (3.1

A. Bosonic reduction

We first carry out the dimensional reduction for the
bosonic part of the action. We take our ansatz to be

ed(x,2)=a(2)e4(x), e>=el=0,

ee=1, B,=Bs=0. (3.2

With this ansatz, the five-dimensional interval is
ds?=gyundxMdxN=a2(2) g, (X)dXx"dx"+dZ, (3.3

and the connection coefficients are

_ P ’ A _ _
®mab= Omabr  Omas=—a'(Z)€na, Wsap= Wsa5=0,

(3.9

wherewpayp is the four-dimensional connection fef, .

3The boundary conditions are determined by the parity assign-
ments and the jump conditions that follow from the brane action. “The results of2] and [3-5] follow from ours if one setsj=
We could have worked on the intervéihstead of the covering (—1,0,0),a;=a,=1 andg=(0,0,1), a;=a,=0, respectively. In
space with the orbifold identificationsn which case the boundary each case.;=X\,=N\, which corresponds to the original Randall-
conditions guarantee that the supersymmetry variation of the bullSundrum scenario with opposite-tension branes. The case with
action (with arbitrary§) has no residual boundary term. IN1|=|Ns|<\ and@;=a,=0 was discussed in Rdf9].
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SinceBy, =0, the bosonic part of the bulk-plus-brane ac-
tion is

2 5 1
k5$B= d Xe5 _ER_AS

_f d4XE4T1—f d4Xe4T2,
3 3,

where As=—6\?, T;=6\;, and T,=—6\,. The five-
dimensional Einstein equations are

(3.9

Grn=[As5+T161(2) + T262(2) 19mn.

Gms=0, Gss5=As, (3.6
whereGyny=Ryn— 3Rgun is the five-dimensional Einstein
tensor.

The G,5=0 equation is trivially satisfied for our ansatz.
The other two equations reduce to

Gmr={3(aa"+a’'?)—6\%a?

+6[\161(2) —\285(2)18%} Gmn (3.7)

R=—12(a’2—\%a?), (3.9

whereG,,, and R are the four-dimensional Einstein tensor
and scalar curvature for the metgg, ..

Using separation of variables, we split E§.7) into

émn=A4émnx (3.9

and

3(aa"+ alz)_6)\2a2+ 6[)\1(51(2)_)\262(2)]a2:/\4,
(3.10

which are equations fag,,(x) anda(z), respectively. The
separation constant, is the cosmological constant in four
dimensions, according to E¢3.9). We will soon find that
supersymmetry requires,<0. For this case we write

A4=—3\%K2, (3.11

[For the bosonic reduction alone, the case with a positivéa)

cosmological constant is obtained by replacikg— —K?
here and in Eq(3.14) below]

The delta functions in Eq(3.10 must be canceled by
corresponding singularities @”(z). Sincea(z) is an even
function onSY/7,, we write

(3.12

whereay(y) is a smooth function of. The derivatives of
ag(y) are well-defined, and we have

a(z)=ag(y), y=s&(2)Az=\|z|,

a"(z)=N?ag(y) +2\[61(2) - 65(2)]ag(y).  (3.13

With these redefinitions, Eq$3.7) and(3.8) are simply

PHYSICAL REVIEW D 67, 025004 (2003

ag=ag, a,>=aj—K? (3.14
with boundary conditions
ag
N o= _)\a_(yLz)- (3.19
0

The latter follow from the boundary conditions for the con-
nection w4 -

We now proceed to find the effective action, without ex-
plicitly solving for the warp factora,. Indeed, using Egs.
(3.14 and (3.195, together with

R=a 2(R+8aa’+12a'?), (3.16

and

A
jg dzgial[ 61(2)— 8,(2)]=— > é dz(ada))’,
(3.17

we cast Eq(3.5) in the form
1 - 1.
Se=— 3€ dzaéj d4xe4( - —R—A4), (3.18
k2 2

wheree,=det(e2) =\ —det(@y). If we define the effective
four-dimensional gravitational coupling to be

11 ?ﬁ
—== ¢ dzg,
ki K %

we recover the action for four-dimensional gravity with a
cosmological constant,,

(3.19

1,
R—A4). (3.20

1 J' dxe
SB_k_i X&| — 5
Equations(3.9) follow from this action, so the dimensional
reduction is consistent.

It is easy to solve Eqg3.14) to find the explicit form for
the bosonic warp factdrlO]:

A,=—3\%K?, AdS—AdS, |A\pd<A
ao(y) =K coshly—yo)

(b)  A,=0, AdS—Mink,, A;=\,=F\
ao(y)=exp(=(y—Yo))

(c) Ay=+3NK2, AdS—dS;, [Apd>A

(3.20

(We usedSAdSMink to denote a theory with a positive/
negative/zero cosmological constanThe restrictions on
A, follow from boundary condition$3.15 and the fact that

ap(y)=Ksinhly—yp).
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[tanh§)|<1. The caseA,=0 corresponds to the usual B>

Randall-Sundrum scenario with two opposite-tension branes. al,ZZE(yl,Z) (3.27)
In the previous section we found that local supersymme-

try places a restrictiorf2.32) on the brane tension$i

<A\. This implies, according to Ed3.21), that local super- and Eq.(3.15, implies the relation(2.31) between, , and

symmetry restricts the effective four-dimensional theory t0q, ,. The other two conditionsdys,;=0 and 6ys,=0, give
be AdS, or Mink,. Note that forMink,, the parametey, rise to the following equations:

in Eq. (3.2]) is arbitrary and interbrane distance is not fixed.
For AdS, the boundary conditions(3.15 imply vy,

=y;+arctanhi;/\) and fix the proper distana®z in terms 2B1=07,B2—0U3f1, 2B5=01281+03B2. (3.28
of N, Ay and\:

arctan E They permit the right-hand side of E@.26) to be written as
(B1B7 +B2B3)’, which implies that the bosonic and fermi-
onic warp factors obey

A
NAz=arctan N

(3.22

. (Hxlm—xz)}
27 (NN (M=) |
ao=B1B1 + B2B3 , (3.29
The effective cosmological constart, is determined
once we normalize the bosonic warp factor. It is natural to
require thatay(y) is unity at the location of an observéso  up to a multiplicative constant that we set equal to unity.
that s/he uses the same time and distance scales for both theThese conditions are sufficient to find the supersymmetry
five-dimensional and effective four-dimensional theory transformations of the four-dimensional fields. Using the
When effective theory iAdS;, we use cosly)=1 to find  five-dimensional transformatiode,, together with the com-
that 0<K<1 and bination 8% Sy + B3 Simz, We find

—3\?<A,<0. (3.23
5éﬁ]= iksy* naaam-i- H.c.
B. Fermionic reduction
The fermionic part of the four-dimensional effective ac- R R
tion is fixed by supersymmetry. The five-dimensional gravi- Ksyoym=2Dmn+iNgon, (3.30
tini must reduce to a four-dimensional graviting,(x),
while the five-dimensional supersymmetry parameters must

reduce to a four-dimensional spinai(x). These consider- Where
ations motivate the following ansatz for the fermionic fields:

m(x%2)=B1(Y)n(X),  max,2)=B(y) n(X), 0* = 01285 — qT,B5+ 2038182 (3.31

l/lml(X,Z): YBl(y)l//m(X)! ‘/’Sl(xyz)zol . .
Equationq3.28 and(3.29 assure us thajis a constant, and

Pm2(%,2) = YB2(Y) ¥m(X),  Ps(X,2) =0, (3.24  relate it toK as follows:

where the complex warp factors are functionsyef\ |z, 2 o o
just like a, is a function ofy in Eq. (3.12). gg* =ag—ay"=K*. (3.32
Supersymmetry imposes the following consistency condi-
tions on this ansatz:
The four-dimensional supersymmetry transformatich80

B10Ump=Badtm1, Ot51=0, Ss,=0. (3.25  take their usual form if we set

The first condition requires

K4
(B1BY +,32,32) —Q123132 +0161 B2
+03(B285 —B1BY). (3.2 To find the effective action, we first note that the

Ym0 "n201 A{2) terms from the bulk action exactly cancel
This equation, restricted to the fixed points, together withthe a; sify,10™")n161 A2) terms from the branes. Therefore
boundary conditions the fermionic part of the bulk-plus-brane action reduces to
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1 — —
SFZJ dsxe4[§'5mpnk(¢mla'pDn¢kl+meUpDn’ﬂkz)+8(Z)(¢m10'mn‘75¢n2_‘pmzo'mn‘?Swnl)

3\
- T(QlZ‘ﬂmlUmn'ﬁnl_ q;.czmeO'mn(ﬂnz'i' 2q3¢m1‘7mn'ﬁn2) +H.c.

Using Egs.(3.28, (3.29 and(3.31), as well as
Um:aoa—mi oM= aaZa,mn'

we transform this action to

SF:’)/Z § dz%f d4Xé4

. (3.39
mpnk= g 4emPrk e, =ade,, (3.39

1"mpnk_ A * ~mn
€ Um0 oD nth— NQ* gy ™"y +H.C.|. (3.39

The normalization condition&3.19 and (3.33 ensure thatyzgﬁdzaézl. Together with the bosonic part, the total effective

action is therefore

~ |1 1.
S4=fd4xe4 —2(——R+3)\Zgg*)+
K3\ 2

which is the correct action for locallji=1 supersymmetric

theory in four dimensions. This completes the dimensional

reduction.

If we restrictg,,,(x) to be the metric for the maximally
symmetric anti—de Sittefor Minkowski) background, the
local supersymmetry breaks b= 1 global supersymmetry.

1. NI “
EemanmeO'pDn(//k—)\g* Yo"+ H.C. ] , (3.39
|
B1(y)=boexp(£3Y), Ba(y)=aiBi(y),
2bgb?
oy 174 expty) (3.42

The boundary condition§3.15 and (3.27) require a;= aq

The unbroken supersymmetry is described by the fiveand\,=X\;==\, independent of the interbrane distance.

dimensional spinorsy; ;= B1 AY) 7(X), where 5(x) is now

fixed to be the four-dimensional Killing spinor in tig,(X)
background 11].

For any complexx; which is not a solution of Eq.3.41),
the effective theory iAdS,. The value of\; is determined
by a1,

We also present here explicit solutions for the fermionic

warp factors. Equationg3.28 are straightforward to solve.
We first note that 87 ,= 3, , and, using the boundary con-
ditions (3.27), we obtain the following expressions:

B1(y)=bgcosh (y—y;)

+(g1,a1— d3)besinhz (Y —y;) (3.39
Ba(y)= a;bocosh (y—y;)
+(Qu2t a103)besinhz (y—yy).  (3.39

The overall constanl, is fixed (up to a phaseby the nor-

a1Q1,+ @l Qi+ (agal —1)03

1+ aya]

Ay=— N, (343

SO |\i<\. We introduce the real variabley,
=arctanhi ,/\) and, using Eqs(3.29 and(3.38), cast the
bosonic warp factor in the following form:

ao(y) =K cosiy—(y;+y1)], (3.49

where

_ bpbg (1+aya7)

coshy,

K=g| (3.49

malization of the bosonic warp factor. Substituting these ex-

pressions into Eq.3.31), we find

g* =bj(d1o— it + 20za1). (3.40
We distinguish two cases. i, is a root of
Q1o 03,05 + 2030, =0, (3.41

the effective theory isMink,. This equation implies|T,a,
—03=*1 andqq,+Qqsza;= = a1, which permits us to write

For a given separation of the braneSy=y,—y;, the
boundary condition$3.15 and (3.27) determine the values
of ay, andX,,

ot (Qg2+ a1qz)tanh(3AY)

Ay= ’

1+ (31— gg)tanh(zAy)
\ _)\Al—htanhAy 34
27T N—\tanhAy (3.49
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It is not hard to check that, and \, are related by Eq. independent way, without explicitly solving for the warp fac-
(2.31) and furthermore, that, cannot be a solution of Eq. tors. The effective action is that of minimill=1 supergrav-
(3.41). Alternatively, for a givena; and a5, the interbrane ity in four dimensions, with zero or negative cosmological

separation is constant. The effective cosmological constant is zero if and
only if A;=\,==*\, which corresponds to the original

'é a,—ay Randall-Sundrum scenario with two opposite-tension branes.

Ay=2arctan " . Our results show, however, that the Randall-Sundrum fine-

Q12— g+ As(as+ ay) tuning is not a consequence of supersymmetry. For all other

(3.47) IN1Jd <\, we obtain artN=1 supersymmetric theory with a

This equation is equivalent to E(B.22), since\ , are given negative cosmological constant, limited by

by Eq.(2.3D. 1

The fact that the argument of arctanh must be real and of §A5<A4<0. 4.1
absolute value less than unity implies tlagtcannot be cho-
sen completely independently af,. For example, ifqs WhenA s is nonzero, the gravitino mass localized on each

=1, this restrictsy; anda, to have the same complex phase, prane is determined by the brane tension and the bulk cos-
Y Y mological constant. In contrast to flat space, supersymmetry
a1 =r€7,  ap=rae". (3489  cannot be broken spontaneously by changing the brane
) ] masses, as was done [ihi2]. Spontaneous supersymmetry
For given, ,, the absolute values af; , are determined as preaking for warped geometries is discussefioii3,14.
Note added in proof WhenAs#0, theSU2) automor-
phism symmetry of the bulk action is broken tol#1) R
symmetry that depends og. The transformationW .,
(349 v/, =UJ¥, leaves the bulk actiori2.1) invariant for
. _ ) U=exdi(g-o)¢], wheregp e R. It is a symmetry of the full
For g;# 1, one can first rotate tq"=(0,0,1), as explained theory if it also preserves the boundary conditi¢2s). This
in Appendix B, then use the above result and rotate backg the case precisely when E(B.41) is satisfied, that is,

- - - N
ri,=coshy; ,—sinhy;,, Yy;,= arctan?& le) .

arriving at when effective theory hasd ,=0. TheU(1) R symmetry of
_ _ the five-dimensional theory gives rise tdJ41) R symmetry
o 1-gz+qrie’ - 1-qz+quroe’ of the effective theoryy,,— .= exp(Fid) . We thank A.
Y (1-gyref’—qt, ° (1—ga)re’—qt, Nelson for raising this question.
(3.50
ACKNOWLEDGMENTS

wherer  , are given by the same expressions, @nd arbi-
trary. The apparent singularity gg=1 is a consequence of
trying to cover the spher§?=1 using a single coordinate
patch.

We would like to thank A. Falkowski, D. Nemeschansky,
S. Pokorski and R.-J. Zhang for helpful discussions. This
work was supported in part by the U.S. National Science
Foundation, grant NSF-PHY-9970781.

IV. SUMMARY AND CONCLUSIONS APPENDIX A: CONVENTIONS

In this paper we presented a general bulk-plus-brane ac-
tion for the supersymmetric Randall-Sundrum scenario. The
bulk action is that oN=2 supergravity, compactified on a M,N,P,Q,K coordinate space M ={m,;5 m={0,1,2,3
five-dimensionalS'/Z, orbifold. The brane action contains . P
supergravity fields induced from the bulk. The bulk gravitino”-B-C.D.E  tangentspace ~ A={a,5} a={0,1,2,3}
mass depends on a vectgy parametrizing a point on the i,j SU(2) i=1{1,2.
sphereS?. (A1)

We demonstrated that our bulk-plus-brane action has local ) ,

N=2 supersymmetry, constrained by boundary conditiond/é denote the determinant of arbein bye,:

for the fields and supersymmetry parameters. The boundary
conditions are those implied by consistency of the five-
dimensional equations of motion and supersymmetry tran
formations. For the action we considered, the brane tensio
T,=6\; andT,=— 6\, respect an upper limit, expressed in

In this paper we adopt the following index conventions:

es=detey,, e,=dete?, e,=deted. (A2

SThe finfbein ef) (and the veirbeire) allow one to convert
Netween the two types of indices:

i =—6\2 _ A _AB
terms of the bulk cosmological constants=—6\°, as Tu=efla, gun=enetnas,
INpg=<N\. _ _ _ _
We also presented a consistent dimensional reduction for eMNPQK= gMeNePeQeK (ABCDE (A3)

the bulk-plus-brane system. We derived the action and the
supersymmetry transformations in a background-The gamma matrices obey the following relations:
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{FA,FB}:_ZT]AB, 7]AB=dIa§(—++++) DM\P:(?M\P*‘%CUMABEAB\Py
[ABCDE_ _ ABCDE (01235 =+1, [Dy,DN]Y =2iRynaS BT, (A11)
cabecs_ _abed (A4) The connection coefficients, curvature tensor and scalar cur-

vature are defined as follows:

and WMAB= %e,'ﬁeg(e,\,'ca[,\,eﬁl - eNCa[Kel\c/I]

FABCD: GABCDEFE, FABC: GABCDEEDE, _eKC(g[Meﬁ])
1

FP=RTATP]=257 (A5 RyvnaB= IM@naB— INOMAB

The reduction to two-component notatigh5] exploits

- - - +ona “once— ©ma “once
the following representation for the gamma matrices:

0 O_a R:eMARMA:eMAeNBRMNAB. (A12)
a__
2 0/ We introduce a hatted covariant derivative by splittihg as
g
. (=i 0 o 0 DM‘I’zf)M‘I""wMaézaé‘l’
5_ ab__
' ( 0 i ):2 ( 0 ab)' . . i —
Du¢p1=Dni+ EwMaéo' b,
g 0 of
B=—| . A6
* 2\ -2 O (A6) = { Duyp=Duip— wMasU A,
The charge conjugation matrix is taken to be . 1 ab
Dmip=dnip+ 5 @MabC .
i0'2 0 - Eaﬁ 0 .
C=lo o)\ 0 ed] (A7) (AL3)

With this representation, a four-component Dirac spinor, |ts Whene; n=e5=0, Dy becomes the covariant derivative for

Dirac conjugate and its Majorana conjugate are . When, in additiong},=a(2)ex(x), Dy, is also the co-
varlant derivative forem(x).

P — _
_ A — 1 P a .
—( ik W=W'T5=(13,01,), APPENDIX B: THE BULK SUPERGRAVITY ACTION

- o The action of pureN=2, D=5 supergravity without a
Y=¢TC=(- Y1 as)- (A8) cosmological constant is invariant under g(2) rotations
=U;!Wy;. The rotationU e SU(2) can be written in

A symplectic Majorana spinor obeys the following condition: terms of the Pauli matrices

Y=y, (A9) U'u=1, detU)=1 = U= U00'0+|U 7,
We take a
Ug,Uie R, uj+u?=1. (B1)

\I’1=—‘lf2=(ﬁl), Y,=pl= (—iﬂz). (A10) A cosmological constant is introduced by gaugindJél)
1

P2 subgroup of thesU(2). Thegauge coupling breaks the sym-
The covariant derivative and its commutator on a DiracMetry and changes the covariant derivativg, ¥ ; into

spinor are given by DuW¥ni— \/—)\BMQ, Wy, where
ds q:—192
f=—Q, Tr 0o = i ) ieR. B2)
Q'=-Q Q)= Q= Gtiq, —qp 0 W€ (

The matrix for theSU(2) rotation on the two-component spino:!q’,=0ii¢//j , is given by

U:UO(To+i(_U1(71_U2(72+U30'3):O'3UO'3. (83)
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Any such rotation can be compensated by chan@ing
Q'=UQU'=(up+il-3)iq-d(ug—id-¢)=iq’- & (B4)
G =qg+20X(GXqg)—2up(ixq).

With these conventions, the action of gauged supergravity is
5 1 252 i“‘i MNK 3 Ti SMNA 1 MN
Ss= | dxes| — 5 R+ONTG + SV DN Wi +i S AWy 2 TEQIW N — 5 FunF

6 ~ ~. 1 6  ~. .
—i\1/—;FMN(2‘I’M"P{\'+‘I"PFMNPQ\P@)——eMNPQKFMNFPQBK—i£)\BN\I"MFMNKQH‘PK]~ : (B5)

6.6 4

For constant parameters, the Lagrangian is invafiapto a total derivativeunder the following supersymmetry transforma-
tions:

Sey=iHT Wy,
V6
5BM:|7 IMH|
V6 j j L NK
oWpi=2 DMHi_77\BMQi Hi | +AT'uQ; Hj"‘m(FMNK_"'gMKFN)F H; . (B6)

If the parameters are not constant, as when we change consthgta functione(z)qs, the variation of the action is
&:f doxes{Dy( . . )M —[6iWh, SMNH, + \Bi W, TN, By an(AQ)}. (B7)
The action and transformation laws can also be written in terms of two component spinors. We use the identities
iWITH, =W, TH, + H.c.
iU QM = — qaW 4T Hy— ¥, Hy+H.C., (B8)

whereq12=q1+iqz,szAll“AZ. ..T”n, and¥' andH' are arbitrary symplectic Majorana spinors. We carry out the redefi-
nition (2.5) and sete’,=e2=B,,=0. The fermionic part of the bulk action is then

1 o o .
5
Ssp= J’ d5xese§|Efmpnk(szlﬂszpanbkz+ lﬂmlUpDn¢k1)eg+(¢520'manl//n1_82',0510'man‘//n2) + (&% ™ D5y
mn 3A 2 mn mn 5, m, m mn
— im0 'Dyisy) — 7{3 Al (Yoo ™ 1+ Yo ¢n2)e5+|(‘//m20' 5= Y10 Ps) |+ Qo (Ui e
R a3 _
- 82¢m20mn¢n2)eg+ | (Ym1o"Pspt 82¢m20'm¢51)]}_ TlegFms(SZ‘ﬂmzwm_ bm1ts) + ?' Fm5€mnp0(82¢p20'n¢q2
m \/6 2 mn mn mn 2 T mn, mn
+¢p10n'ﬂql)+7”\85[8 A3( Um0 1+ Um0 n2) T Qi Ym0 Y1 T e Yoo o) | — & (Umpo " Dsifng
— Ym0 " "Dsihnz) + 2¢m1 o™ 8(2) +H.C.p, (B9)
SWe assuméj?= 1. This makes the cosmological constant= — 6)\2G2=3\?Tr(Q?) independent ofj. Our definition ofQ;! follows Ref.

[5].
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and the supersymmetry transformations are
Sem=i1(£270%Ymp+ 710 hmy) +H.C.

5eg: | ( 7]20’a1,b'52+ 7]10’a1,b'51) + H.C.
8€m= N2tm— M1¥ma+H.C.

se2=e?noths1— Mot H.C.

V6
5Bm:|7(¢m2771_'/fm1772)+H-C-
6
0Bs=175(sm— e2s17mp) +H.C.

; 24 * 2- 5-n5
OYmi=2DmmitiNoy(e QS772+Q12771)_%|65F (Tmnt9mn) 71
; — — 2 . 5-n5

5¢m2:2Dm772+|)\0'm(q3771_q12772)_%'esF (Tmnt9mn) 72

-1 5 i * 2 m_
Oifs1=2& "DsnitN(e3— V6iBs) (371~ GTp72) — %Fmsg 72

~ ) 2 o
Sihsy=2eDsmy— N(€2— \6iBs) (20372 + A1om) + %FmSUmnl+47725(z): (B10)
where
n i _ R i _
Dm771:Dm771+§8wma§0'a772a Dnn2=Dmn2— Esilwmaéo'anla (B11)

and similarly for other covariant derivatives, according to EL3). [The corresponding expressiobsforethe redefinition
(2.5) are obtained by setting=1 and dropping the5(z) terms]
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