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It has been suggested that the observed value of the cosmological constant is related to the supersymmetry
breaking scalé ¢, through the formula\~Mg(Msusy/Mp)8. We point out that a similar relation naturally
arises in the codimension two solutions of warped spacetime varying compactifications of string theory, in
which nonisotropic stringy moduli induce a small but positive cosmological constant.
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Recently, we addressed the question of whether de Sittdour dimensions. It is the aim of this work to point out that
space[1] can be obtained from string theof#]. Such non- the setup of Ref[2] for D=6 leads naturally to a relation
singular, nonstatic spacetimes fall into the class of codimenanalogous to Eq). In particular, the stringy moduli induce
sion two nonsupersymmetric string vacua studied in R&fs. a nontrivial relation between the scale of the global cosmic
4, 5. In these models, supersymmetry is explicitly brokenprane,¢, the nonisotropy of mattets, induced by the brane,
by a global cosmic bran] with a core of sizef, extended  and A, [2]. We take this observation one step further and
along theD — 2 “longitudinal” directions. While Refs[3, 4, find an explicit relation between,,, ¢, and the natural mass
5] considered a flat Minkowski brane, the main point of Ref.scales in this theoryM s and M ,—the Planck scales in the

[2] IS the existence QT nonsupersymmetric codlme_nsmn W& ulk and along the brane, respectively, thus deriving an equa-
solutions with a positive cosmological constant,, in the

(D—2)-dimensional longitudinal spade.

Since the cosmological constant in our mo@2] is di-
rectly related to the nonisotropy of matter, we may compar
it with various attempts to incorporate Mach’s principle in
string theory[8,9] as well with the idea that supersymmetry
breaking might have a cosmological oridih0,11]. In par-
ticular, it has been suggested that the observed value of t
cosmological constant\ ,~10" % GeV* [12,13,7, may be
related to the supersymmetry breaking sdslg,s, through
the formula[14,15,1Q

tion analogous to Eq1).

Although the detailed physics leading to this relation is
unclear, we find it very intriguing that an equation similar to
%q. (1) emerges naturally in our framework. Still, one of the
most important unresolved questions in the scenario pre-
sented in Ref[2] is the issue of the stability of this nonsu-

ersymmetric background in the full string theory. Since su-
rsymmetry is broken, one also has to address the effects of
stringy corrections. We will argue that those corrections are
negligible.
The general framework of our analysis is as in RE3s4,
5,2], to which we refer the reader for a more detailed analy-
4 8 sis. Although we will be mostly interested in the phenomeno-
Ag~Mp(Msusy/Mp)®, @) logically relevant case in whicb =6, and hence the uncom-
pactified spacetime i® —2=four dimensional, we find it
useful to work in a generdD-dimensional background. We
with Mg,e~10 TeV andM,~10" GeV as appropriate in consider type IIB string theorjcompactified on dixed su-
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*Email address: dminic@vt.edu problem. This conjecture is natural from the following intuitive per-

1By string vacua we denote solutions that satisfy the correspondspective on the cosmological constant problem. On one hand, the
ing type lIB supergravity equations of motion and contain modulicosmological constant is tied to the fundamental physics of the
with proper SI(2,7) properties. vacuum, becausd , is essentially given by the vacuum energy

°Note thatA,>0 removesthe naked singularity present in the density. On the other hand, the cosmological constant is related to
model considered ifi3,4,5), in comparison with earlier discussions the large scale behavior of the universe, since a small cosmological
of a positive cosmological constant along the brane wpfld constant implies that the observable universe is big and almost flat.
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persymmetry preserving space which the axion-dilaton 1

system (a,¢), described by the complex modulus fietd Bz=€_2A51(A’2+ (D=3) AA”)
=a+iexp(—¢), varies over thexp_,p_; directions of the

uncompactified spacetime. Thus, the relevant part of the low- o h"h~(P-4/(D-2)

energy effectiveD-dimensional action of the modulus, =€ Ay m (6)

coupled to gravity reads
which determinesB(z) in terms of A(z) or h(2)
1 o def
Seﬁ=ﬁf d°xV=g(R-G-0"d,73,7+--). (2)  =A(z)P~2 With this substitution, the remaining compo-
nents of Eq.5) reduce to the following equation:

Herew,r=0, ... D—1, 2k*=167G{, whereG{ is the 1 h2 h hh 1,
D-dimensional Newton constant, agg= — (7—7) 2 is the 2(0-2) h2_2h Yo T 8 (7)
metric on the complex structure moduli space of a térus.

Let us now briefly review the codimension two solution For w+0 (7+#const), Eq.(7) has a perturbative, analytic
with positive cosmological constart, along the longitudi-  solution®
nal direction of the cosmic brarf@€]. The metric ansatz is

— ( ©’p5(D—3) 2 4 )
057= A2(2)Gap O O+ (B2 ) (d22+d?),  (3) A THO T gp—yp—g 4P T O
®
2
T dx® dXP= — dxZ+ e2RoXo(dxZ+ -+ dx3 ), (4) 1 ( _ w’pg 2 4)
0 1 D-3 B(2) ool 1 8(D—1)Z(Z) +0O(w”) |,

wherez=log(r/€). As in the case when ,=0, we find that
the explicit solutions forr are aperiodic, such as= «
+ig; texpb), but do exhibit a nontrivial S(2, Z) mono-
dromy [3].% This ensures that our solution is stringsl-
though classical and nonsupersymmetrather than merely
a supergravity vacuum. Note, in particular, that the dilaton 0{6’3]’
the type IIB superstring theory varies with the polar angle,
not the radial distance. Recall that withr=q
+igs ' expb), the SL(2,7) symmetry requireg2~0O(1)
in D dimensions. However, in thé)— 2)-dimensional brane
world, g°?=g2\a’/V,, and sinceV, , the volume of the
transversal space, is larg®], g?‘z< 1. Below, we will re-
turn to discussing the corrections to our classical solution.
Following [2], the Einstein equation can be simplified,

whereZ(z)=1-2z/py andpy>0. As was shown in Ref2],
close to the horizon, spacetime is asymptotically flat in
agreement with the behavior of Rindler sp4t8].

In contrast, whenA,=0, the solution is very different

A2)=Z(2)"°7?),
B(2) :z(z)—(D—3)/2(D—z)e(§/2ao)[1—2(z)2], 9)

where nowZ=1-ayz, and we restrict t@,>0. This solu-

tion exhibits a naked singularity, at=a, * (Z=0), for the
global cosmic brane.

While the naked singularity has been removed /by
>0, it was first shown by Gregoryl7] and by[2] that the
global cosmic brane solutiof®) is still a good approxima-
my: (5) tion to Eq.(8) away from the horizon. In particular, by com-

paring Eq.(8) with Eq. (9) close to the core, one can show
Since the metri¢3) is axially symmetric, whileris indepen-  that

dent of the radial distance from the cosmic braﬁ@w

def
R, =G:70,79,7=T

' " 2
=diadO0,...,03 w?¢ ~?]. Equation(5) then defines the general ap= _h_ , E= (h_,_ w_r,]) ‘ ’ (10)
class of our spacetimes aslmost Ricci flat: R,, h z=0 2h" 8h z=0
=diadO,...,05 0*¢ 2], wherew?>0 is indeed related to su- H7h- (0~ /(D-2) w2
persymmetry breakin§3] and ¢ is the (transversal length = Aﬁllz(— ) . (12)
scale of the cosmic brane. (D-2)(D-3) |,_,

The R,,=0 part of Eq.(5) reduces to a single equation,
giving That is, given a smooth solution defined by KEg). and pa-

rameterized in terms ofpG,w,Ayp), this solution close ta
=0 can be interpreted as a global cosmic brane solution with
“Recall that because of its &, 7) properties, the axion-dilaton, Parametersdy,¢,¢) determined by §o,w,Ap) through Egs.
7, can be thought of as the complex structure df%ain analogy  (10) and(11). Alternatively, we can solve foA,,,
with F theory[16].
SAlthough o7 does not transform correctly under @.7) trans-
formations, it is straightforward to show théf;l|a7-|2, which ap- 5This solution is of the same form as that discussed by Gregory
pears in the actiofi2), is invariant. [17] for the U(1) vortex solution.
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(02— 0icp)A?,— ~10 ¥ m. The cosmic brane of Ref2] then describes a
M= 22D -2)(D-3)" (12 (3+1)-dimensional de Sitter world brane, with the charac-

def
teristic scale M,~10'° GeV. Furthermore, L=A, 2

def ~10*" GeV 1~10°° m provides a natural scale that coin-

where w3.z=8ay¢ [3]. Note thatw3cg comes from the
stress tensor associated with the global cosmic brane

t%ides with the Hubble radius.
which the solution tends asymptotically wher-0, while Note that Eq/(15) is an equation of the same form as the
2

? is the stress tensor for th&,>0 solution. Thus, the desired relationshigl) upon identifyingM,o=Mg with the
cosmological constant is directly related to the nontrivialSC@l€ Of supersymmetry breaking, ami, with the four-
variation of the matter as a function éf This gives a very ~dimensional Planck scald,. More precisely, Eq(15) pro-
nontrivial relation between the stringy moduli, and henceVides an explicit relation between the value of the cosmo-
string theory itself, and a positiva, . FurthermoreA,>0  logical constant and the hierarchy involving the two
implies thal w?> w35 When w?=0 it then follows that fundamental scales. Without a detailed dynamical mecha-
w2cg=0. The latter is a necessary condition for obtaining aniSm, it is of course very difficult to argue thists should be
supersymmetric configuration. Thus, we see the importarerécisely identified with the scale of supersymmetry break-

relation between supersymmetry breaking and a positive co$2d. Nevertheless, as we will indicate in the concluding para-
mological constant. graph, the idea that the cosmological constant and supersym-

Finally, the Newton constanG&D‘2)= M5£D2—4) in D metry breaking are related is natural in our model. As far as
— 2 dimensions and the zero-mode wave function normalizawe know, this is the first time such a relation between the

tion (| o) are[2] observed value of the cosmological constant and the scale of
0y by supersymmetry breaking has been obtained in a specific dy-
Gf\, ~d= MB( a )(l//o| o)L, namical situation. Note that this relation crucially depends on

(13)  the fact that the zero-mode normalization scale$yas i)
m ¢ ~¢1\A,, which is a specific feature of the scenario pre-
(Yol o)~ D-3 \/Tb sented in2].
In fact, there exists a whole spectrum of scenarios, albeit
The volume of the transversal spade = (| ) is large ~ With powers of the mass scale ratio in E4) which may

[2] and drives the larg®1p_,/Mp hierarchy. This then im- not be 8 as in Eq.(15). These scenarios differ in the
plies the following relation: compactification/cosmic brane ansatz sequencing. For ex-
ample, let the ten-dimensional spacetime of the type IIB

A ZMD’Z((fM )2( Mp )2D4 (14) string theory first be compactified on a three-dimensional
-2 {p-3) P22 D2\ My, ’ supersymmetry preserving space of characteristic sizg
=M51~(10 TeV) 1~10"2° m. Assuming thatf is stabi-
whereAp_,=A, /G2 is the energy density iD—2 di-  lized by the “bulk” seven-dimensional physics, thef
mensions. ~(M7)~ ! and As~M3(M,/Ms)®. Upon a Kaluza-Klein

From now on we will focus on the phenomenologically ¢compactification on a circle of radiud ; 1~ (101 GeV) 1
relevant case oD=6. Recall thatf is the characteristic __14-35 1y thjs yields a (3 1)-dimensional de Sitter world
(transversgsize of the cosmic brane, for the formation of brane withM,=M g~ 10" GeV. On the other hand, for a
which no concrete physical mechanism is known. However.qqimension two cosmic brane in ten dimensions Witta-
should ¢ be stabilized by a Iongitudinal four-dimensional bilized by the longitudinal eight-dimensional phySIGSB
physical mechanist,then ¢~M,* and [up to factors of ~M8(M1o/Mg)'6. After wrapping on a suitable four-

O(1)] dimensional spacéof sizeMgl), for the desirable values of
Mg Ay~10"* GeV* and M,=Mg~10° GeV, we find that
) (15 Mo~5.6x 1P GeV is the fundamental scale. At the oppo-
site end, by compactifying the ten-dimensional spacetime on

The original scenario of Ref2] then applies, where the & suitable four-dimensional space and then constructing a

ten-dimensional spacetime of the type IIB string theory iscgdimension two cosmic brgne .in six Qimensions Mti;ta-
compactified on a four-dimensional supersymmetry presenfilizeéd by ~the bulk six-dimensional = physics,A,

4 6 .
ing spaceé of characteristic sizM ;;'=Mg*~(10Tev)™* M4_(4'\f s/M4)°.  For the degswable values  ofA,
~10 * GeV* and Mg=M,~10"° GeV, the fundamental

scale becomeM =M ;;~100 MeV.

"That A, is indeed positive can be seen from HE). At the Finally, let us conclude by c_ilscussmg_ the stringy and
horizon,A(z= po) =0, which implies that the right hand side of Eq. duantum corrections to our solution. We will assume that the
(6) is positive if Ay>0. six-dimensional theory has the equivalent &4 super-

®There exist both field and string theory arguments of this typeSymmetry in four dimensions, or equivalently 16 super-
[19]. charges. This will always be the case as long as we are con-

°All remaining supersymmetry will be broken by the cosmic branesidering type Il theories with at most a K3 compactification
solution[3]. from ten to six dimensions. First, note that~h"|,_y¢ 2

041901-3



RAPID COMMUNICATIONS

BERGLUND, HUBSCH, AND MINIC PHYSICAL REVIEW D 67, 041901R) (2003

[which follows from Eq.(11)] is consistent with the notion though our solution is not the Bogomol'nyi-Prasad-
that supersymmetry breaking and a nonzero cosmologic&ommerfield solution, supersymmetry is broken very weakly.
constant are related. To see this, first recall that, from RefTherefore, the corrections should be proportional both to the
[4], the supersymmetry breaking is indicated by the nonvan¢oupling and the supersymmetry breaking parameter. Since
ishing ofdA/dr. But A’ ~Ah’/h, so supersymmetry is bro- the six-dimensional string couplings~O(1) because of

ken whenh’#0, which in turn implies thath”#0 and modular invariance, the four-dimensional string couplirig
hencé® A,>0. Furthermore, fromh=AP~2 it follows that <1 as discussed above. Then, the smallness of the super-

(at least close to the horizprA’~ (h"h~(P-4)/(0-2))12 symmetry breaking parameter justifies neglecting strong cou-

~AY(1 With €~M,'=10"1 Gev'! and A, Ping corrections.
~10"% GeV?, we find A’~10"%, which is a very small We are indebted to V. Balasubramanian, J. de Boer, S.
number. This, we argue, justifies neglecting the correction&achru, N. Kaloper, and F. Larsen for very useful discus-
due to supersymmetry breakifgThe o’ corrections due to  sions. P.B. would like to thank the organizers of the Lake
the global cosmic string would have to take the fauV, , Arrowhead workshop on “New Directions in Conformal
where a’' ~Mg? is the string scale. From Eq13) it then  Field Theory” for a stimulating environment, as well as CIG,
follows that the string corrections are very small. Now, al-Berkeley. T.H. wishes to thank the Caltech-USC Center for
Theoretical Physics for its hospitality. The work of P.B. and
T.H. was supported by the U.S. Department of Energy under
19f h’#0 andh”=0, then this describes the singular global cos- grants Nos. DE-FG03-84ER40168 and DE-FG02-94ER-
mic brane solution in which\,=0. 40854, respectively. D.M. would like to thank the organizers
Hin general, there will ber’ and string coupling corrections with-  of the KIAS Winter School in String Theory for hospitality
out breaking supersymmetry; these will not be considered here. and for providing a stimulating working environment.
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