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Closed string tachyons and semiclassical instabilities
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We conjecture that the end point of bulk closed string tachyon decay at any nonzero coupling is the
annihilation of space-time by Witten’s bubble of nothing, resulting in a topological phase of the theory. In
support of this we present a variety of situations in which there is a correspondence between the existence of
perturbative tachyons in one regime and the semiclassical annihilation of space-time. Our discussion will
include many recently investigated scenarios in string theory including Scherk-Schwarz compactifications,
Melvin magnetic backgrounds, and noncompact orbifolds. We use this conjecture to investigate a possible web
of dualities relating the eleven-dimensional Fabinger-Horava background with nonsupersymmetric string theo-
ries. Along the way we point out where our conjecture resolves some of the puzzles associated with bulk closed
string tachyon condensation.
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I. INTRODUCTION AND THE CONJECTURE one would have dS space to begin withfter the decay one
would have a flat closed string background. On the other
One of the most satisfying recent results in string theoryhand the bulk closed string tachyon of type 0B exists already
involves the fate of theories with open string tachyons. Serh a flat background. This means that the flat space back-
conjectured that the condensation of these tachyons corr@round corresponds to the unstable pdmtmaximum or a
sponds to the decay of unstatilebrane configurations leay- Saddle point of the tachyon potential. Even if there is a
ing a supersymmetric vacuuniwith or without stable Minimum to the tachyon potential the end point of the decay
D-brane$ [1-3]. Support for this conjecture has come from will not be one of the known stable flat space backgrounds of

techniques using conformal field theory, open string fielgString theory. This is illustrated in Fig. 1. _
theory, and noncommutative geometry. In [6] it has been conjectured that the end point of the

There is in addition a natural picture that emerges whereir‘fIecay of type OA or 0B due to the bulk tachyon in these

the open string tachyonic instability is the perturbative mani—theorles is the supersymmetric type IIA or 1B theory. These

festation(for certain values of the background moduf an arguments however are dependent on the equivalance of cer-
. . . . . . . in M-theor kgrounds with n Il in certain
instability which also admits a semiclassical descriptfam ta theory backgrounds with type 0 and type certa

h | f the back d The simpl Melvin magnetic backgroundgWe will review these argu-
other values of the background modulhe simplest ex- o5 |ate). Precisely at the point where one has the flat type

ample of this type is th®-D system where for small enough 0A background however the region in which this equivalence
separation there exists an open string tachyonic mode whidholds shrinks to zero. This renders the picture of magnetic
mediates annihilation of the pair in the manner of Sen, whileflux shielding considerably less trivial. On the other hand in
for large separation the tachyonic mode becomes massive very recent paper by Davet al. [8], sigma model renor-
and the same annihilation instability may be described by analization group(RG) arguments have been used to show
sphaleron solution of the Born-Infeld acti¢f,5]. that the end point of the decay of type OA in flat space is type
The case for closed string tachyons is much less undeMA in flat space. How then can we reconcile the argument of
stood. Recent works on systems with closed string tachyorthe previous paragraph with this claim?
[6—8] have all pointed towards the conclusion that the end The point is that sigma model arguments are made in a
point of the instability is a supersymmetric closed stringparticular background and give a setup in which perturbation
vacuum much like the case for open string tachyj@s11].
However not all tachyons are equal. We believe that if the v(T) V()
coupling is nonzero, closed string tachyons will have a more
drastic effect on the theory than the open string tachyons fol
the following reason. For open string tachyons to arise one
must have D-branes in some closed string background
(space-timg According to Sen the height of the tachyon
potential is given by the tension of the relevdbrands). \\HB m/ T bl T
At the location of the decayin®-brands) one has(before =0 =0 \
the decay happens and for nonzero couplipgsitive curva-
ture. (In the case of sayp9-D9 in a type IIB background

11B+D9D9Y,

7(A<0) 7 (A<0)

FIG. 1. The tachyon potentials for an unstablebrane in dS
*Email address: dealwis@pizero.colorado.edu space on the left versus the flat space tachyon of type OA on the
TEmail address: flournoy@pizero.colorado.edu right.
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theory around that background can be done. One can calcsemiclassical instabilitieg3) The fact that flat space decay
late Smatrix elements for arbitrary numbers of particles onend points do not seem plausible for finite coupling as argued
the assumption that the coupling is so weak that the backbove.
reaction on the background can be ignored. Of course if the The outline of this paper is as follows. In the next section
coupling were exactly zero there would be no back reactiofSec. Il A) we will first apply the conjecture in systems with
and as the tachyon slides down the potential there will be nan eleven-dimensional starting point. These are important be-
change in the background and it is consistent to argue thatause their perturbative limits involve the well known ten-
the end point is indeed type IIA. However in this paper wedimensional string theories. Starting with semiclassically un-
are interested in the question of what happens to nonsupestable circle and interval compactifications of M theory we
symmetric theories at finitthonzerd coupling. In this case identify the tachyonic perturbative limits involving type OA
one really needs to take into account the discussion of ther OB and nonsupersymmetric heterotic strings on flat back-
previous paragraph. In fact even if the tachyon potential botgrounds, Melvin magnetic backgrounds, and noncompact or-
tomed out, at any nonzero coupling the best that one coulbifolds. We then move on in Sec. |l B to similar consider-
hope for is to end up with a supersymmetf®USY) string  ations for ten-dimensional starting points which admit a
theory (say type llA for type 0A in AdS space. greater degree of control and in many instances may be re-
What then might be the end point of this dedéyr any  lated to the eleven-dimensional cases by a “9-11" flip dual-
theory with bulk tachyons—not just type OA or DBt non- ity. Along the way we will encounter several situations for
zero coupling? For now we note that another end pointvhich recent analyses have led to conflicting conclusions
seems plausible, that of space-time annihilation. The motivaand we will discuss these issues. We end with some conclu-
tion for this conjecture comes from a semi-classical argusions (in particular for using the Scherk-Schwamnecha-
ment first presented by Wittdi2] and directly parallels the nism for SUSY breaking and directions for future work.

case forD-D annihilation. This instability dissappears in the
zero coupling limit and so may only be associated with a Il. APPLICATIONS OF THE CONJECTURE
tachyonic instability at nonzero coupling.

A precise formulation of the conjecture is as follows. Sup-
pose we have a theo# on a backgroun& which admits a In this section we will discuss circle and interval compac-
semiclassical instabilitydetermined by an analysis of the tifications of M theory. The semiclassical instabilities arise in
low-energy effective field theojyNow also assume that this the eleven-dimensional low-energy gravity theory as a result
semiclassical instability varies smoothly as the moduli deterof the Kaluza-Klein structure of the vacuum. We adapt sev-
mining X are varied. If by adjusting the moduli of we  eral results fronf13] to the case of ten noncompact dimen-
reach a region in which the semiclassical analysis is invalicsions and discuss our own ideas on the relevance of the semi-
(but otherwise would lead to an instabilityand we are in- classical decay evolution. Identification of perturbative string
stead afforded a perturbative description of the quantunimits requires an extrapolation from strong to weak coupling
theory Y, then the semiclassical instability should be re-and in the absence of supersymmetry is unprotected.
flected by a tachyonic instability in the perturbative descrip-
tion Y. In addition, the end point of both instabilities are to 1. Twisted circle MOX Sg 5
be identified. Consider eleven-dimensional M theory on a background

We may consider a strong and weak form of the conjecwhich locally resembles 10x St
ture above distinguished as follows:

Strong: A semiclassical instability as described above pre-dsf,= —dt?+ dp?+ p?d >+ dy,dy'+ dxil, i=3,...,9
dicts the existence of a tachyonic perturbative description of (1)
the resulting theory and we should identify the end point of
condensation of the tachyon with that of the semiclassicabut differs globally by the nontrivial identifications:

A. 11D—10D

instability.

Weak: A semiclassical instability as described above can X131~ X113+ 27NgR 2
be related to the tachyonic mode whenever it exists in a
perturbative description of the resulting theory by identifica- ¢~ ¢p+2mn BR+2mn,.

tion of the end points of the instabilities.

The weak form allows for theories which do not reduce toWe designate such a “twisted” circle I 5 . Let us choose
tachyonic perturbative descriptions. We will see examples of periodic spin structure for thﬁé. The twist parameteB
each case below. takes values & |B|<2/R. ForB=0 this is a supersymmetric

The conjecture above will in many cases involve extrapo-compactification while foB+ 0 the spacetime supersymme-
lations from strong coupling regions. As the systems are nontry is completely broken. The effective theory governing the
supersymmetric, such extrapolations are unprotected arldw-energy dynamics will generically incorporate Einstein-
hence we do not know how to prove them. Support for thisHilbert gravity. It has been known for some time that gravity
conjecture comes from three directiort$) The close anal- on a Kaluza-Klein background of this form exhibits a semi-
ogy to open string tachyons in unstafidebrane systems for classical instability towards the annihilation of spacetime
which there is much support2) The existence of closed (first discussed for five dimensions 4,15 and later ex-
string tachyons in perturbative limits of systems exhibitingtended to eleven dimensions[ih0]). This instability is me-
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diated by a bounce solution that takes the form of an eleven- For |B|~0 the expression foru reduces to u
dimensional Euclidean Kerr black hole solution: =(%)7(R/|B|"), which clearly diverges fofB|—0. The de-
) cay rate vanishes rendering the theory stable against the
dsf 2ua st
1= o

rés,

s

réy,

semiclassical instability.

For |B|=1/R (corresponding toa=0) the expression
simplifies to u=(4R)®. One can demonstrate that this is
) ) actually a minimum ofw(B) and hence represents the most
t g gdrot2de unstable background.

dx3 dxod e

rre—u In fact we have found with some numerical work that the
Sirke P decay rate is a monotonically decreasing functiorRafor
5 (r?=a®)3— — a’sinf6|de? fixed B#0 indicating the expected stability of the decom-
r pactified theory and in turn the maximum instability of the
+rzco§0(dX2+sin2XdQ§) &) theory asR—0. For fixedR one can also demonstrate that

the decay rate is a monotonically increasing functionBor
where3, =r2— a2cod, 4 is the black hole mass parameter increasing from 6-1/R beyond which it monotonically de-
a is a single complexified angular momentum parameterCré@ses as approaches B. _
and we have writted(), asdy?-+ sirfydQg for later conve- The evolution of the background),(2) after the decay is

nience. The identification€) are most easily expressed in détérmined by finding a zero-momentum surface in the
eleven-dimensiona O(2)-coordinates orS,: bounce solution and using this as inital data for an analytic

continuation back to Lorentzian signature. Such a zero-
t,p,¢>(2"),X3,X4,X57X6,X7,X8,X9,X11 momentum surface is given by=7/2, so we may continue
Eq. (3) by sendingy— #/2+i7 to obtain
but the instanton is more easily expressed in

SO(9)-coordinates 0r8g: 2ua sirtd
A9) B 5= 1- 4 |dxg— 2 dx,dg
Xoyrye(ﬂ'/Z)’qs(ZTr),X(Zw),0&71’),0(211')’0gw),051ﬂ),0,(5w),0(6w). res res
To match the bounce solutidB) to the unstable background + ;drq 3 de?
(1),(2) the background parameters must satisfy r’—a?—pur=8
S
___ + | (12— a3~ £ a2sintg| dg?
R 7 2,5 (4) 3 6
4r—3a’ry r
6 +r2cog6(—dr?+ cosfrdQg). )
aI’H o
- R To get a feel for what the metric above describes let us

first identify the spatial infinity limit with the pre-decay ge-
wherer, is the location of the Euclidean black hole horizon ometry. This is nontrivial owing to the double analytic con-
satisfying tinuation {—ixqy, y— m/2+i7) that we have used to get to
this expression. Just after the decay the geometry far from
s o M the decay nucleus should be in its pre-decay form. Evaluat-
ri=a’+ 5 (5)  ing Eq.(8) for r—o we find
H

_ _ _ dsiy(r—oe)~dx3+dr2+r2d 62+ r2sir? 0d 2 — r2coS 6d 2
The coordinate singularity sets a lower bound on the range of
the radial coordinate +r2cog 0 cositrdQ. 9

r=ry. (6) In this form it is not obvious that this metric describes as-
ymptotically flat space. To see this we first introduce radial
To estimate the decay rate we evaluate the Euclidean dctiorcoordinates fQ,F) defined by
for the bounce solutiof8) and calculatd”~e~'. This evalu-
ates to p=rsing (10)

_ 5 ~
I~e ™ KRI9Gy (7) r=r cosé

where Gy, is the eleven-dimensional Newton's constant.and then introduce “flat” coordinates
Evaluating the decay rate in terms of the background param-

etersR, B involves untangling expressioé), (5) which can T=r coshr (1)
be quite difficult. The task simplifies for two important pa- o
rameter region$l5]: 7=r sinhr.
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In these coordinates E¢Q) takes the form where we see the semiclassical instability describeld! 5
go over to the tachyonic instability elucidated by Sen in
ds2y(r— o) ~dx3+dp? + p2d g2+ dT2+T2d0 g — 07 [1-3.
nf =)~ dxptdp™+p"dé 6 7(12) If the size of the radius shrinks below the eleven-

dimensional Planck lengthR<Ip then the eleven-
which clearly describes a flat eleven-dimensional spacetim%'g]ﬁgié?wleg;?e\”;[g Fan%psrtoggn;:;gr;fgrsde: da:%\;es?rzgﬁléi ((jn?vtvhne

The full post-decay metric expressed in these flat coord|resultln dvnamics in terms of weakly counled string theor
nates is extremely complicated, however the most stnkmE 9dy y P 9 Y-

feature of the decay scenario is easily seen as a result of E cr)irnBs ?ntg'sﬂg]; %%%fergiﬂgce_rshf ggﬁﬁgygézitr:';éy&i%_
(11). Note that the coordinate redefinitions imply 9 9 :

verges for this particular case reflecting that the eleven-
dimensional theory is actually supersymmetric and hence
=r2 (13)  stable. We will now move on to the unstatBe-0 cases and
discuss their perturbative limits.

?2 + ;)2 _"7’_2

A trivial algebraic rearrangement of E¢L3) combined

with the coordinate minimum for in Eq. (6) implies the 2. Melvin models

existence of a totally geodesic submanifold which is growing £ values of &< |B|<1/R andR<Ip we may reduce the

in time background(1),(2) along the Killing vectol =d, —Bd to
o , ~ obtain a Melvin magnetic flux tube backgroutafluxbrane
(r?+ p?) min=rZ+72. (14)  [13,14 which is described by

For the coordinate region inside of the expanding bulBle dsfo= AYA —dt*+dp?+dydy)+ A~ Y2p?d¢p? (15

+p?<rf+72 the metric degrees of freedom cease to exist.

This is the “bubble of nothing” annihilation of spacetime e*?B=A=1+p?B2 (16)

first described by Wittei12,16]. It is a difficult picture to

consider but is strikingly reminiscent of the idea of a purely Bp2 1

topological phase of gravity. One should here consider the A= T 2FWF |p:0:B2 (17)

corresponding story for unstable open string theories in
which the decay(either via condensation of tachyons or

sphaleron mediated semiclassical processken leads to an  Where ¢=¢—Bx,;. This curved ten-dimensional back-
annihilation of the open string degrees of freedom. For unground incorporates an axially symmetric RR two-form field
stableD-branes one always has the closed string vacuum tétrength parametrized by its centrgl<0) valueB, and a
leave behind, but for an unstable closed string vacuum thgontrivial dilaton which grows as we move away from the
natural result seems, though perfectly analogous, considep=0 hyperplane forB#0. To determine the perturbative
ably more catastrophic. content of the theory we should recall that the eleven-

A great deal of discussion has been aimed at elucidatingimensional starting point was M theory on a flat Kaluza-

the picture of this semiclassical decay in terms of a dimenKlein background For the periodic choice of spin structure
sionally reduced theor}6,13—19. This has led to a number on theSR factor and forB=0 this reduces to type IIA strings
of seemingly strange equivalences. A very simple examplen M*° as discussed above. FBr 0 we should then obtain
involves two different ten-dimensional descriptions of thetype IIA strings propagating on the Melvin backgroydid].
same eleven-dimensional procg¢$g]. In one case the decay Quantizing strings on the background5), (16), (17)
involves spacetime falling into a pointlike singularity at an faces the twin difficulties of incorporating RR flux and a
ever increasing rate, while the other description resemblesurved geometry and is beyond current understanding. Ap-
the (considerably less catastrophishielding of a Kaluza- plying the strong form of the conjecture discussed in the
Klein magnetic field via pair production of magnetic mono- introduction would however imply that the corresponding
poles[18]. While these are certainly very interesting results,closed string fluctations should admit at least one tachyonic
we take here the view that exactly when a Kaluza-Klein reimode whose condensation would also lead to the annihila-
duction becomes appropriate we lose the eleven-dimensiontibn of the spacetime.
classical gravity approximation used in these calculations. At The theory for|B|#0 is continuously connected to the
sufficiently small length scales quantum M-theory effects besupersymmetric type IIA vacuum. It may seem natural that
come important. The appropriate quantum description ircondensation of a closed string tachyon would in this case
many cases will be in terms of a perturbative string theory onelax the value ofB| to zero, restoring the supersymmetric
the reduced background. We should not concern ourselvesacuum[20]. In this sense the Melvin magnetic flux would
with the dimensionally reduced picture of the semiclassicatepresent an excited state in the type IIA theory, decaying by
instability. Instead we should look for perturbative manifes-flux dissipation[21]. However the Melvin background does
tations of this instability. Why then identify the end points of not merely constitute weakly coupled type IlA string theory
the semiclassical and perturbative decays? Again a chief mavith some additional unstable flux. As one can see from the
tivation is the analogy with unstable open string theoriesnontrivial dilaton profile(16) a description in terms of any
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4. Noncompact orbifolds

1D, weakly coupled 10-D i strongly coupled When the twist parameter takes special values of the form
: : |IB|=1/NR or |B|=1/R+1/NR we can performSL(2,2)
' ' > p transformations on thex(;,¢) compactification torus and
R /Bl reduce to a ten-dimensional background of the fpéh
FIG. 2. Radial range of weakly coupled 10D physics for a non- 72
critical Melvin background. dsioz ﬂMVdX’U'dXV'i‘er"- md¢2 (18
weakly coupled string theory will only be possible in the P
spatial regiorR<p<1/|B|; see Fig. 2. e =N (19
For p<R we invalidate the Kaluza-Klein ansatz, while
for p>1/|B| the string coupling becomes strong. In either Ane }RN_l (20
case we must utilize the eleven-dimensional description. ) N

3. Critical Melvin and type OA: The Scherk-Schwarz circle The resulting spacetime is that of a noncompact orbifold

_ . . P . with the fundamental region a cone of deficit angle/Rl.
For|B|=1/R the effect of th_e tW.'SIEd identification8) is The dilaton in this case is constant throughout the spacetime.
to accompany a 2R translation inx,; (generated byn;

—on,+1) with a 2 rotation in ¢. This forces fermions to If we start with periodic spin structure on tt& then for

pick up a—1 when transported around the compact circlelB|:l/'\IR the correct perturbative degrees of freedom

[so called Scherk-SchwarsS boundary conditiong22]] mvolviz type OA strings. For periodic spin struc:cure on
and leaves bosons unaffected. Our starting point was a per]'ihe Sg and |B|=1R+1NR we t_ransform toB ,:B

odic spin structure on th8k so the net effect ofB|=1/R is —(B/[B])(1/R) and reverse the spin structure as in Sec.
to exactly reverse this choice of spin structure. Thus one ma A 3. This reduces to type IIA strings propagating on the

consider the “critical” case of[B|=1/R in either of two rbifold background18),(19),(20). . .
ways: Even though the geometry is locally flat, string quantiza-

(a) Periodic spin structure on&and|B| —1/R. This case tion on this background is difficult owing to the presence of

. . . : . the Ramond-RamondRR) Wilson line. Our conjecture
will again rbEdlf(C(a to tﬁpe A strmgs prrlppaga_ltmlg ona Melvin would imply the existence of a tachyonic instability in the
tmhagt%etlc ac grotj]n : I;owe\_/berdlnbt IS cr|t|c|3 c&Eeg.l :2 ‘ perturbative description for eithgB|=1/NR or |[B[=1/R

1€ Iheory 1S Nownhere described by a weakly coupled 1en 1 ,\p \ith the end point of its condensation involving the
dimensional string theory since the relevant region shrinks t

7610 Qnnihilation of spacetime.
b‘ Antiberiodi in struct 1Sand [B|=0. In thi This result seems to contradict the conclusions reached in
(b) An Iperiodic spin structureé ongsan |Bl= - 1N TS [7] where it was found that the effect of tachyon condensa-
case the resulting ten-dimensional background is MaP.

. _ tion in noncompact orbifolds is to “un-orbifold” the theory
Bergman and Gaberdiel have considered M theory cCOmpaGggoring the “underlying” supersymmetric closed string

tified on a Scherk-Schwarz circle and conjectured that the ,-,um. This deserves some discussion. Among the argu-

‘hents in[7] was the observation that the orbifold fixed plane

X ; . represents a curvature singularity in a locally flat spacetime
agrees with our conjecture in the sense that the spectrum hich may be viewed as a localized excitation above the

type OA strings orM*® admits a closed string tachyon. The underlying background. In fact for the special caggswith
end point of condensation of the type OA closed stringy oy 'it was pointed out that the closed string tachyons are
tachyqn would then be identified with the annihilation of |)-ii-ed to the orbifold fixed plane and by an analogy with
spacetime. _ , , open string tachyons localized to unstabldranes represent
Thus far only the special casg|=0,1R admit realiable 5, instability towards decay of the localized energy density
perturbative information. The presence of RR flux and theegoring the supersymmetric vacuum. The elegant analysis
curvature of spacetime fdB|#0, 1R renders even a Spec- i, [7] is sound, however when one tries to apply their con-
trum calculation beyond our reach, however, we will later . sjons to the present scenario we find some obstacles.
discuss similar models in nine dimensions for which the full  First of all the analysis was performed in the zero cou-
spectrum is trivially obtained. pling limit. As we argued in the introduction, for zero cou-
pling the tachyon may condense without affecting the under-
| lying background. We expect that for nonzero coupling the
11-D i strongly coupled tachyon will have a more dramatic effect on the background.
I

strings [23,24). While this conclusion is still unverified it

Secondly to connect these orbifolds to the twisted circle
> compactifications discussed above one must include the RR
Wilson line (20). In [7] the spectrum of the theory was com-
puted without incorporating any Wilson line. As we have
FIG. 3. Radial range of perturbative descriptions for a criticalmentioned earlier including the RR Wilson line is difficult,
Melvin background. however one can circumvent this difficulty by looking at the

R =1/BI
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corresponding situation obtained by compactifying a ten- TABLE I. Consistent nonsupersymmetric heterotic string theo-
dimensional theory on a twisted circle. In this case the Wil-ries in ten dimensions.
son line will arise in the Neveu-Schwarz—Neveu-Schwarz : :
(NSNS sector and the spectrum can be evaluated exactljzauge symmetry Tachyon representation Chiral
We will discuss these in more detail in Sec. Il B but for now

. . . . . H tachyon-free es
we point out that one important effect of including the Wil- , S%*©*SX19) Y Y
son line is the localization of closed string tachyons for any,

value of 0<|B|<1/R (particularly |B|=1/NR with N even Hsa@)xsoes) (8,,1) yes
or odd. In addition the “curvature singularity as a localized Hsuaexsae) (1.2) yes
excitation above a flat background” argument needs to be' SO(16)xEs (16,.1) yes
reconsidered. For a Wilson line of the for(@0) the ten- E7XSU2)XE7XSU(2) (1.21.2) yes
dimensional geometry actually lifts to a flat eleven- Hes (1) no

dimensional geometry which is everywhere regular. Probing

distances very_close to the orbifold fixed plane invalidatesen’s spherically symmetric bubble of nothing expanding in
the Kaluza-Klein ansatz and we should replace the reducegime. We now discuss two possible perturbative limits of the

theory by its eleven-dimensional interpretation. FH scenario.
5. The Scherk-Schwarz interval 155 6. The case of the shrinking interval NPX 153
Consider now Horava-WittefHW) theory [25,26], i.e Consider the situation where the t&8 walls come to-

r]gether. Fol~1p the eleven-dimensional gravity approxima-
tion breaks down. We might anticipate a result similar to the
HW case for which the appropriate description as the B8o

eleven-dimensional M theory compactified on a line segme
of length L. In addition to the bulk degrees of freedom

222??;{1_%?;(;":;322' rvevgﬁ'[)eosuf;ngafhgeegnﬁ(ogy ;(():(l,lt\i/r?]gnF walls come together is in terms of weakly coupled heterotic
g P - "848 E8 string theory HEYS),) on M2, For the case of FH

binger and Horava-H) considered the scenario that reSUItSthe resulting perturbative string description must have bro-

from reversing the chirality of fermions living on one of the 9p g ptio e

walls [27]. This breaks the spacetime supersymmetry an en supersymmetry. Furthermore,_our conjecture in its strong

renders the theory unstable. FH demonstrated the existen am would |mply that the _resultlng string theor_y_sh_ould
ave a tachyonic mode which mediates the annihilation of

of an attractive Casimir force between the walls and the L acetime. There are seven candidate nonsupersvmmetric
went on to discuss a semiclassical instability towards formaz P ' PErsy

tion of a wormhole-like tube connecting the two walls, the heterotic string theorief28]. Their relevant properties are

S . : . summarized in Table I.
interior of which has no metric degrees of freedom. This tube To identify the best candidate theory we consider the

grows radially outward eating up both th8 walls and the membrane world-volume anomaly analysis of H28]. For
bulk spacetime. This system is equivalent to a compactifica- y y ’

tion of M theory on a Scherk-Schwarz circle of radiusr & topologically stabilized membrane wrapping a laje
followed by aZ, orbifolding. This may be viewed as 2, and _stretched t_)etween the two vyalls, fche right-m_ovi_r’fg 8
orbifolding of the critically twisted circleS!, , discussed fermions [29] induce a three-dimensional gravitational
in Sec. Il A 3. The relevant bounce solution is simply the fanomfaly since the world \{olume has orb|fo!d singularities,
invariant form of Eq.(3) evaluated aRey=L/7 andB € it is not a smooth manifold. To cancel this anomaly one

— must add left-moving current algebra modes witk 16.
' Since the anomaly is localized and evenly distributed be-
1 tween the two boundaries of the world volume, the current
d2.=| 1— el dx@.+| 1— Ll dr2 algebra modes should be evenly distributed between the two
11 8 11 3 : H
R ends as well. In the HW case spacetime supersymmetry is

oo preserved, and the only supersymmetric string theory with
+r2(dy?+sirxdQyg). (21)  this world-sheet structure is tHe24Yz, theory[30]. If the
spacetime supersymmetry is broken, as in the case at hand,
For the critical case we may easily express the mass pararthen we should look for nonsupersymmetric strings with this

eter u in terms of the background parameters world-sheet structure. Only two of the seven cases above are
of this type; theHggxso16 and Hsoies)xsogie) theories.

41\8 There are two additional reasons which lead to the choice of
M:(? (22 Hegusoue as theL—0 limit of FH. Motivated by our con-

jecture, we choose the only one of these two that is tachy-
onic. This would follow from the strong form of the conjec-
ture. An indication that this is plausible was worked out in
[27] where the mass of a membrane state stretched between
the two walls was calculated and shown to become tachyonic
when the two walls are sufficiently close, i.e<lp. Of
Analysis of the post decay evolution proceeds along the linesourse the membrane energy calculation becomes invalid
of Sec. Il A 1. The picture is that of &, projection of Wit-  precisely in this regime, but it does seem indicative of a

Borrowing expressioli7) for the decay rate we find

F~e7211L9/3774G11_ (23)
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FIG. 4. Compactifications of
1 1 HW and FH on transverse circles.

- S - The charges carried by the orien-
R™0 R™0 tifold planes are explicitly desig-
-16 NSNS -16 NSNS -16 NSNS -16 NSNS nated.
O sre Type I’ -16RR -16RR Type 0’ +1I6RR
10D Type ITA 10D Type ITA
SS
I I —
16 D8 16 D8 16 D8 16 D8

continued instability of the theory. Furthermore, the Gliozz-where in the M-theory case the firsd, is generated
Scherk-Olive (GSO constraints which lead to the by just the reflection. Thus the theory that we get on reduc-
Hesxsoie) theory differ from those that lead to thégg3zs  tion to ten dimensionsR—0 should be type IIA on
theory by a twist of exprFg) which affects only half of the ngsﬁ,w/(zzxzé) where the two symmetries are generated
left moving current algebra modg31]. It may seem odd that by g andg’. This is equivalent to a theory defined[i82,33
the gauge group is broken asymmetrically as the two-wall&and has an orientifold 8-plane at one fixed point and an anti-
come together since there seems to be no “preferred” wallorientifold at the other fixed point. There is no need to add
However bothE8 and SO(16) require 16 current algebra D-branes to cancel RR tadpoles but getting flat space would
fermions on the corresponding worldsheet so in a sense thequire the cancellation of the NSNS tadpoles and thus
walls are on equal footing. The effect of “flipping” one of would entail the presence of 1®8-branes and 16
the E8 walls on the M-theory side must translate into ap8-branes with the passage to the corresponding M theory
modification of the GSO projection on one of the two sets ofcase possible when the former are coincident with the orien-
16 current algebra fermions on the heterotic string worldtifold plane and the latter with the anti-orientifold plane.
sheet. In any case, the two walls coming together ventureshus this limit of the FH theory is simply an orientation
through intermediate coupling regioftfer which there is no  reversed version of the typé theory. We should then really
known description unprotected by supersymmetry, render-pe considering ar$' compactification of FH with a Wilson
ing the specific mechanism behind the spacetime gauge syMne Y which breaks theE8XE8 gauge symmetry to
metry breaking difficult to study. SO(16)x SO(16). This has a potentially tachyonic mode
coming from the twisted sect¢23], with mass
7. The case of the shrinking transverse circle
M 9X S%e—»ox l Eifinite L2 2

Now consider the FH background keeping the Scherk- mP=———— (29
Schwarz interval length. large and further compactifying dmta’ta
the theory on a transverse cir@é with a periodic choice of
spin structure. FOR<Ip we should be able to describe the which becomes tachyonic wheh<2m\2a’. This state
system by a nonsupersymmetric variant of the familiar typeclearly survives they andg’ projections.
I” theory (type 0') as shown in Fig. 4. It should be stressed that this is a closed string tachyon

In the familiar supersymmetric case typeis obtained coming from the lowest winding mode of the twisted sector
from type IIA compactified on a circle by dividing out by the of the theory. In addition of course the theory has open string
Z, symmetryg=1Q where(} is the world sheet orientation tachyons coming from the open strings stretched between the
reversal and: x°— —x°. In the original M-theory picture of D-D when they get within a distancey2a’ of each other.
the FH construction the reversal of orientation of one of theThe D-branes are attracted to each other and will annihilate
Eg walls may be accomplished by dividing the theory by andue to this, leaving us with a background that will have a
additional Z, symmetry generated by’ =S(—1)"s giving  negative cosmological constaftiue to the negative tension

of the orientifold anti-orientifold systemWhat would one

0 ol o ol ) expect to be the end point of the decay of the closed string
MEXSRX S/ (22X Z5) (249 tachyon?
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HW I H ™ structed in[23,35—37 and indeed contains both open string
E8xE8 E8xE8
tachyons charged under the gauge symmetry as well as a
_— - closed string tachyolthe type OB tachyon survives tHe
L—0 projection. The massless NSNS tadpole contribution for

type OB or(} is twice that in type IIB o}, so to formulate
the type 0B or() theory in flat spacéwhich we expect for
S .Y S .Y the T-dual description of type Qin flat space requires the
addition of 64D9-branes. The absence of massless RR tad-
poles implies that 32 of these should b&-branes and the
other 32D 9-branes. However the type 0 theories exhibit two
types of Dp-brane for any giverp distinguished by their
charge under the twisted sector fiel®3,37. If we desig-
- - nate these bypp’ andDp”, then the massless tadpoles can
be cancelled by adding D9’ —D9’ pairs and 32 n D9”
Type I’ I H:Zyn —D9” pairs. The resulting gauge symmetry is then
L6DSIIA. 1608 Typel ‘) 2 S(_)(In)XSO(n)xSO(SZ— n)xS0(32—n). Of course we
S0(32) dual originally had the 16D8-branes and 1®8-branes of type
0’, but these are standard typeDB-branes. For finite radius
FIG. 5. The standard web of dualities obtained by supersymmeton theT-dual side the situation can be described by the split-
ric compactifications of the Horava-Witten thed5,45. ting of type Il Dp-branes into pairs of type O
Dp’'/Dp”-branes on the dual circl€38], however some

The answer to this according to our conjecture should b§ubtleties for the strict —0 limit are unresolved39]. This
obtained from the picture of semiclassical vacuum bubbldS Presently under investigatide0]. ,
decay that one has whdn>2m2a’ in analogy with the This gauge symmetry enhancement is an unusual feature
corresponding M-theory FH case. Thus as in the FH case ong Scherk-Schwarz compactifications. The point is that for a
expects this theory to be subject to space time annihilation: cherk-Sc_hwrz:\rz r(]:ompac::ﬁ(;]atlor tgere arel.nﬁw tW'OStTd sec:
One might then conjecture that for< 277y2a” also the end  1°" States In the theory which only become lig s 0. In

point of the tachyonic decay should also be interpreted as th e closed string sector these states form an essential part of

- D jectured relationship between type OA and M-theory
catastrophic annihilation of the background, even thougi‘{ € conjec I :
strictly speaking this is not a region where the geometrical 23] where they become the additional NSNS and RR fields

argument of Witten is directly applicable. of type OA(relative to type Il1A. In the case of open strings

In the region for which the lowest mode becomes tachy-they lead to the gauge symmetry enhancement discussed

onic L<2m2a’ the nine-dimensional theory should be re- above[40].
placed by an appropriaté-dual description. In the super-
symmetric case the appropridfedual description is the type
| theory. This theory can also constructed from type IIB by  Our analysis thus far has been based on perturbative con-
gauging the world-sheet parity (type IIB or Q) and adding  structions and nonperturbative relations motivated by the
32 D9-branes to cancel the resulting massless RR and NSNfachyon-semiclassical instability conjecture. At this point we
tadpoles. At strong coupling this theory is described by thewill take an aside from the main line of this paper to com-
weakly coupledH 2%%2) theory. See Fig. 5. plete the picture that seems to emerge. If we are bold enough
For theT dual of type 0 one expects a perturbative de- to push the admittedly speculative results of Sec. Il A7 to
scription in terms of a nonsupersymmetric analog of type Istrong coupling we may expect that tBelual of the type 0
theory. Before discussing this theory in detail we use theheory discussed above will involve a nonsupersymmetric
strong form of our conjecture to anticipate some of its fea-heterotic string theory with a tachyonic instability which is
tures. The semiclassical instability in eleven dimensions aneharged under the gauge symmetry. The task then is to iden-
nihilates both the gauge degrees of freedom and the spactfy which of the seven candidate theories is appropriate. We
time. In the compactification at hand the gauge degrees afhould point out the similarity between the limits of FH that
freedom and the spacetime are described by two differentre have been considering and the standard picture for the
sectors of the theorythe former by open strings and the HW background 5. Where the typ€ @heory resulted from
latter by closed stringsThe single semiclassical annihilation compactifying the FH theory on a circle with a Wilson live
instability of the eleven-dimensional theory should then de-breaking theE8 X E8 to SO(16)X SO(16), we can consider
scend to two tachyonic instabilities, one leading to the annialso compactifying théHggx so16) theory on a circle with
hilation of the gauge degrees of freedom and the other leadhe same Wilson line¥. The resultingT-dual description is
ing to the annihilation of spacetin&4]. the Hsqsp) theory [41]. This leads us to conjecture that
To construct theT-dual theory we permute the twd,  the S-dual of type O is described by thesqs,) string as in
symmetries. In thetrict L— O limit one is then left with type  Fig. 6.
0B or ), which has been called type 0 thedey nonsuper- An unusual feature of thisS-duality proposal is the
symmetric analog of type)l This theory has been con- change in rank of the gauge symmetry group. ThoBghu-

8. Type 0 at strong coupling
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— | O H present in the theory. In particular the modes of open strings
BoxE = FExs0Us) stretched between the twb strings give rise to the world

- sheet fermions carrying a spacetime vector index in the dual

L—0 theory. These bound states are very interesting on their own

in so far as they are very Bogomol'nyi-Prasad-Sommerfield-
(BP9S-like despite being nonsupersymmetric. For example
. when parallel two of these bound states exhibit no force on
R —0 R—0 R one another in a manner analogous to BPStrings. In
addition the bound state is decoupled from all of the twisted
sector fields in the theory including the bulk tachyet®].
Similar proposals have been discussed for the self-duality of
type 0B[23,47. A thorough understanding of these soliton

L—=0 bound states would provide considerable support for the pic-
ture that we have outlined and is presently under investiga-
= tion.
Type 0’ L
16D8-TIA- 1608 Type 0 5062
SO(16)xSO(16)xSO(16)xSO(16) B. 10D—9D

s-dual

. o _ . We now turn to applications of the conjecture for compac-
FIG. 6. Th.e conjectured W.eb of dualities obtained f“.)m S"npletifications from ten to nine dimensions. Some advantages

compactifications of the Fabinger-Horava background; cf. Secs. h . . : h | lei

HAGand AT over the previous discussion are that any Kaluza-Klein gauge

field will now reside in the NSNS sector of the perturbative

alities of this type are know in field theof$2], we know of  string descriptions and there is no coupling interpretation for
no such example in string theory. Of course Beuality compact dimensionsthus avoiding problems with strong
relationship that we have proposed has its geometric origi§oupling extrapolations
in a compactification torus which involves a Scherk-Schwarz Perhaps the most important aspect of starting in ten di-
cycle. The subtleties involved in a strict zero-radius limit for mensions is that we have at our disposal the full quantum
a Scherk-Schwarz circle should manifest itself when takingheory (as opposed to its low-energy effective field theory
the strong coupling limit of type 0. This mismatch in gaugelimit in the eleven-dimensional caseSince theM X Sy g is
group rank was pointed out in a closely related context irflat (though globally nontrivigl string quantization on this
[43,44. It also motivated the authors ¢87] to conjecture  background is straightforward. We can always reduce the
that the strong coupling dual of the ten-dimensional type @heory to nine dimensions to obtain the corresponding curved
theory is theD=26 bosonic string compactified on the NSNS Melvin backgrounds, but for our purposes the spec-
SO(32) lattice since this is the only possible closed stringtrum calculation in ten dimensions will suffice.
theory with a rank 32 gauge group. Our conjecture stems There are numerous supersymmetric ten dimensional
from a larger scheme of dualiti¢gresented in Fig.)eakinto  starting points. We will first briefly present the ten-
the familiar web of dualities shown in Fig. 5. We find these dimensional version of the twisted circle semiclassical insta-
similarities very compelling and are presently working to bility which parallels Sec. Il A 1. This analysis will apply to
understand the gauge symmetry enhancement issue in moagy perturbative string theory compactified on a twisted
detail [40]. circle [48]. We will then move on to a case by case analysis
A standard technique for supportigduality conjectures of the smallR limit. Type IIA or 1IB exhibit similar behavior
is to find a stable soliton that becomes light in the strongas do the two heterotic theories. Type | we discuss on its
coupling limit and identify its fluctuation spectra with that of own.
the fundamental degrees of freedom in the dual theory. In

type | or heteroticSO(32) duality for instance the massless 1. Twisted circle MXSg 5
fluctuations of the type D string (with mass inversely pro- Our discussion of the semiclassical instability of twisted
portional to the string couplingare identified with world-  cjrcle compactifications in 11D carries over to this case with

susy

sheet fields of thé string in Hgg3,) [45]. In particular the  |ittle change. We will quickly highlight the results. The ten-

DD open string modes become thestring fields with  dimensional geometry is flat with the nontrivial identifica-

spacetime quantum numbers while tlEN open string tions

modes go over to the current algebra degrees of freedom.
Trying to apply this reasoning to the present case imme-

diately confronts an ambiguity in that there are two types of

nontachyoni® string present in type [23,37]. Furthermore

th.e fluctuation spectrum on eithBrstring does not.match up b~ d+2mn,BR+27n,.

with the world sheet structure of thesqsy) F string. The

resolution of this ambiguity has already been suggested in

[23] based on observations noted earlief46]. The appro- The ten-dimensional Euclidean Kerr bounce solution is given

priate soliton to consider is a bound state of the Bvstrings by

Xg~X9+27Tn1R (26)
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i? 2. Type IIAB
_ m 2 2unasinrd
dso=| 1~ e = drdé The R<\/a’ limit of the twisted circle compactification
ro%, rx, . . )
works out very nicely for the type IIA or IIB starting points.
The spectra of these theories has been analyzed in detail in
+ ﬁdrzﬂLEdez [49,50 and we will recount only a few important aspects of
rr—as—pur their results. Our purpose is to compare these results with the
20 semiclassical instability described above offering support for
SOV e g2ys — M 2 i 2 our conjecture that these instabilites are related.
+ (re—a®) a“sinfd|de ; ) ) .
Y re For |B|#0,1R the (9+1)-dimensional Lorentz invari-
ance of uncompactified theor is broken to
+r2c020d 0. 27) P Y

(6+1)-dimensional Lorentz invariance by the twisted com-
pactification. These theories contain tachyonic states in the
To match this bounce solution to the twisted circle back-winding sectors forR<2«'|B|. Combining this with the

ground the black hole mass and angular momentum paranimited range of the twist parameter<QB|<1/R, we see

eters (u,a) must satisfy that the largest value & for which the theory is tachyonic is
R=y2a’ which occurs for the critical twigiB| = 1/R. When
2u B=0 the theory is supersymmetric and there are of course
R=——~—— (28)  no tachyonic modes. For afi|#0 the lowest mass state is
7Ty=5aTy a (w=1) winding mode in the N$NS+ sector with a nega-
tive mass shift due to its angular momentum in th@lane.
ara a This arises from a gyromagnetic interaction term in the string
B=—-—5 Hamiltonian of the form
po|elR
2BRw . .
where the horizon radius; now satisfies - - (Jg—J0) (31
o
2= o024 Ll (29) wherejR,jL are the angular momentum operators in the
H ra ' plane. In terms of world-sheet oscillator excitations it is the
same tensor fluctuation that in flat space gives rise to the
The decay rate is given by graviton. - .
For |B|#0, 1R the winding stategclosing only up to
4 n,=w in Eq. (26)] must not only stretch over the circle, but
[~e 157 #R11Zq0 (300 must also stretch to accommodate the arc-length subtended

by 27wBR. This clearly depends on the distancérom the

The post decay evolution of these ten-dimensional theohyperplane about whickp is defined giving a winding en-
ries may be addressed by repeating the analysis of Se€rgy contribution to the string mass of the form
I A1 everywhere replacinglQ)¢— d()s. The picture is that o
of an expanding bubble of nothing with surface isometry 5m2=W R (1+p?B?) (32)
group SO(2) X SO(6). Two aspects of the semiclassical in- a'? P '
stability are important for the discussion in the next section.
First of all the analytically continued bounce solution The tachyonic states in the theory are necessarily winding
(bubble constructed in Sec. Il A1 is centered abput0 in  states and foB+#0 it is clear that any finite negative mass
the plane defining the twist paramet®r It is difficult to  contribution will be canceled for sufficiently large values of
imagine an off-axis bouncéentered aroung+#0) having p. The tachyonic states are thus effectively localized about
the correct asymptotic form to be glued into the decayingp=0. This fits in nicely with our conjecture relating the
spacetime, i.e.5Q(2) isometry defined aboyi=0. In ad-  semiclassical instability for largR to the tachyonic instabil-
dition the predecay geometry is translationally invariantity for small R. In both cases the decay seed is localized to
along the hyperplane, so one would expect the semi-classicéie distinguished hyperplane.
decay to proceed by nucleating bubbles with a uniform dis- One can go even further and analyze the perturbative
tribution along thep=0 hyperplane. These bubbles will ex- spectrum for the critical casgB|=1/R. Naively the argu-
pand off the hyperplane eventually affecting the geometry ament based on E¢32) would seem to again imply localiza-
all points in the spacetime. For the critically twisted c&@e tion of twisted states. However a careful treatment of string
=1/R the identificationg26) act trivially on the spacetime quantization reveals that for a critical twist the shift in nor-
and theU(1)xXSO(6,1)XSO(2) isometry is restored to a mal ordering constant restores the zero mode structure in the
full U(1)xXSQ(8,1). Thep=0 hyperplane is no longer dis- ¢ plane[49,50. The tachyons are no longer localized to the
tinguished and so the geometry will decay by production ofp=0 hyperplane in accord with the delocalization of semi-
spherically symmetric bubbles nucleated throughout thelassical bubble production for the large radius critically
spacetime. twisted circle. This result is not suprising insofar as we can
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consider the critically twisted case in terms of trivial circle NS+ NS+ states tachyonic. This gauge neutral tachyonic
compactification with a reversal of spin structure on Sﬁe state is exactly what we expect from our conjecture relating
One can argue that theR—0 limit of type IIA or IIB on a it to the semiclassical instability. The story changes consid-
critically twisted (Scherk-Schwanzcan be described by type erably if we include a Wilson line along the twisted circle
OA or 0B onM®X S}, , which are better described by the which breaks the heterotic gauge symmetry to some sub-
T-dual type OB or OA theories ol *°[51]. This leads one to  group. In this case the semiclassical instability is associated
pose the following question. Suppose we start with type OAwith a gauge symmetry breaking compactification and we
string theory onM ' which has its usual flat-space tachyon. expect the corresponding tachyons to transform nontrivially
We wish to connect this tachyon to a semiclassical instabilunder the unbroken gauge group. The details of the spectrum
ity. There appear to be two candidates. Either M theory on are currently under investigation.

critically twisted circle or type IIB string theory on a criti-  The critical case without a Wilson line poses an interest-
cally twisted circle of vanishing radius. Though both insta-jng problem for the heterotic strings. Consider settjig
bilities lead to the annihilation of spacetime, the first pro-_3/r ang sending the compactification radius to zero. By

ceeds via an eleven-dimensional bubble geometry while thg, o jyierpolating orbifold argument the resulting description
latter proceeds via a ten-dimensional bubble geometry. Thléan be described in terms of a nonsupersymmetric string

. . L 0.2

:ani:gi”% tr):acr?m\?vsa "élgiei“o” t(r)lferllamzlatrsé Tlr;(t))i?ilis:ﬁwc theory onM*° that is theT dual of the result of twisting the

. y waysl SR%; L 9 ) orginal theory by ¢ 1)Fs. Surveying the table of consistent

tions (for example quantization conditiondf we are inter- . . . . .
nonsupersymmetric heterotic strings in Sec. Il A6 we find

ested in the type OA tachyon in strictiv° then we should . ?

identify it with the M-theory instability since the limiting that(;z_e.re S fr']at Spac.ehtheow with gauge gra?;!zs.

theory is fully ten-dimensionalthe compactification radius In addition t e theory wit gauge groupQ(32) exhibits a
tachyon which transforms nontrivially under the gauge group

playing the role of the coupling The Scherk-Schwarz o X )
compactification of type 1B only approaches 0A dh'? as in contradiction to the expectations outlined above. The reso-
lution of this puzzle is what makes the heterotic case so

M®x Sé_,w. However one may still suppose that a similar. . ) ; . .
ambiguity would hold for type 0A orM9><S§ whereR is interesting. The two supersymmetric heterotic string theories

- . . Ily i i i 1)Fs i
finite and nonzero. In this case either M theory bt? are actually invariant under a twist by-(L)"s as pointed out

SSa 9 oSS in [53]. Combined with the self-duality of these theories un-
X SpuX Sg or type 11B onM™X'S, /), would seem to work.  ger T quality, the result is that thR—0 limit of a critically

However the latter does not T-dualize to type OA B tyisted compactification of these theories returns the original

X Sk, but rather to Type 0A o°x Sz/S/ZR [52]. Again the  theory onM®x Si,,RHm. In this case the association is not
appropriate instability is the M-theory one. between a semiclassical instability on one hand and a tachy-
) onic instability on the other, but rather between semiclassical

3. Heterotic SA32)/E8XES instabilities both large and small compactification radii. This

The twisted circle semiclassical instability is generic. Any case represents the single exception we have found to the
theory with a gravity sector formulated on this backgroundstrong form of our conjecture. If we include a Wilson line
will decay by nucleating(possibly deformed bubbles of along the critically twisted circle, then the— 0 limit can be
nothing. If the twisted circle radius is small enough the semi-described by th&-duals of the nonsupersymmetric heterotic
classical calculation is no longer valid and we believe thetheories and the delocalized semi-classical instabilities de-
same underlying instability should emerge in whatever descend to the bulk tachyons.
scription becomes appropriate. We can push this further and Our conjecture then implies that the fate of these theories
say that since the semiclassical instability is generic then, after condensation of the closed string tachyon involves the
least for twisted circle compactifications, the correspondingannihilation of spacetime.
tachyonic instabilities should be generic. For theories with This poses a resolution to an issue raised by Suyama
gauge degrees of freedom this can be a nontrivial issue. [54,55. Working under the assumption that condensation of

Consider taking either of the supersymmetric heterotidghe tachyon in the nonsupersymmetric heterotic theories
theories and compactifying on a twisted circle. The non-takes the theories to a stable supersymmetric background the
trivial boundary conditions for arbitrar will affect both ~ only choices for the end point involve the gauge symmetries
bosons and fermions winding around the compact circle, bubO(32) E8X E8. It was pointed out that condensation of a
should leave massless the nonwinding gauge bosons of tii@chyon transforming nontrivially under a gauge symmetry
heterotic theory. The gauge symmetry should thus remaighould reduce the rank of the gauge group. However, the
unbroken. It would be natural then to expect that the tachyranks of the gauge symmetries for the nonsupersymmetric
onic instability will be neutral under the heterotic gauge heterotic strings are already as small or smaller than in the
symmetry. We expect the spectrum of heterotic strings on &vo supersymmetric cases. Our conclusion, i.e. that conden-
twisted circle to be very similar to the spectrum of type Il sation of the tachyon leads to an annihilation of the space-
strings on a twisted circle barring the usual differences betime, avoids this puzzle entirely.
tween the spectra of the free theories. A cursory investigation A notable exception is thélsgie)xsois) theory which
of the spectrum of these theorieq 50] supports this picture. €exhibits no tachyonic instability. This theory may be ob-
In particular the negative mass contributions attributablgained as thel dual of a Scherk-Schwarz orbifold of either

to the gyromagnetic interaction term renders the lowestHsg}, or HEgleg With appropriate Wilson lines. One ex-
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pects a semiclassical instability towards spacetime annihilgphenomenological SUSY breaking theories. In this the usual
tion, however in this case it is unclear to what the semiclasproblem has been that the radiBsof the compactification
sical instability descends. However this case is unique in thatircle would tend to zero because of the potential that deve-
this particular Scherk-Schwarz compactification generates pes at one loogand highey [57,58. Thus the system ap-
positive cosmological constant. For all other Scherk-Schwarproaches the tachyonic regime. However one might imagine
compactifications the cosmological constant is negative drivthat this modulus is stabilized either by classical flux terms
ing the theory towards compactification and thus towards ther by some nonperturbative quantum effect. One would of
tachyonic regime. In this case the positive cosmological coneourse want this stabilization to occur at soRe \/a' , in
stant generates a potential which pushes the theory towardsder to avoid having a tachyofand also usually to get
decompactification thereby restoring the supersymmetriemaller than string scale SUSY breakinglowever at such
background with which we began. radii the semiclassical instability of Witten that we discussed
extensively in this paper takes oVé&9]. It may be possible

of course that the fluxe®r quantum effecjsare such as to
L . stabilize the radius at a large enough value such that the
Our aim in this paper has largely been twofold. On thegemiclassical decay lifetime is larger than the age of the uni-

one hand we have taken seriously the idea that semiclassicgl;se put this strikes us as being somewhat unnatural.
gravitational instabilities in supersymmetry breaking COM-  There are a number of outstanding issues associated with

pactifications may in certain limits reduce to perturbative, - conclusions. First of all a quantitative description of the

instabilities signaled by the appearance of a closed stringongensation of closed string tachyons in a vein similar to
tachyon. In making this identification it is then natural to o open string case would put all of these speculations on a
identify the end point of condensation of the tachyon withych firmer footing. The bounce solutions for Scherk-
the end point of the semiclassical instability. In every caseschyarz orbifolds with Wilson lines are under consideration.
that we have considered the end point involves an annihilarpese might shed light on a nonperturbative framework for
tion of the metric degrees of freedom. We have further madg,e «gther” nonsupersymmetric heterotic theorigg0—63.

a case for the naturalness of such a catastrophic fate by Corgypyjeties associated with the zero-radius limit of Scherk-

paring these theories to those theories exhibiting open stringchyarz compaciifications are unresolved but under current
tachyons for which extensive evidence has been presenteﬂvestigation[m].

In both cases the corresponding degrees of freedom are an-
nihilated.

On the other hand we have used this connection between
semiclassical instabilities and tachyons to explore a possible
web of dualities involving nonsupersymetric string theories. One of us wishes to thank the hospitality of the ITP Santa
In particular the eleven-dimensional origins of many nonsuBarbara and the organizers of the M-theory workshop, and
persymmetric ten-dimensional string backgrounds has bee@Gary Horowitz, Joe Polchinski and Eva Siverstein for discus-
conjectured and the overall picture appears to hang togethsions during the initial stages of this work. We also wish to
quite nicely. Our discussion of the limits of the Fabinger-thank Steve Giddings, Michael Gutperle, Yonatan Zunger,
Horava theory constitute to our knowledge the first attemp&and Brookie Williams for discussions. Oren Bergman pro-
to extend the type OA or M-theory relation of Bergman andvided a number of corrections, references, and useful discus-
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