PHYSICAL REVIEW D 67, 023510(2003

M theory, cosmological constant, and anthropic principle

Renata Kallosh and Andrei Linde
Department of Physics, Stanford University, Stanford, California 94305-4060
(Received 30 August 2002; published 24 January 2003

We discuss the theory of dark energy based on maximally extended supergravity and suggest a possible
anthropic explanation of the present value of the cosmological constant and of the observed ratio between dark
energy and energy of matter.
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[. INTRODUCTION: ANTHROPIC CONSTRAINTS obtain a numerical constraint on negati¥e The investiga-
ON THE COSMOLOGICAL CONSTANT tion is straightforward, so we will simply show the results in

Fig. 1. We find that the anthropic constraint on the negative
After many desperate attempts to prove that the cosmocosmological constant is a bit less stringent than it was an-
logical constant must vanish, now we face an even mordicipated in[1,7,8. If 7 X 10° years is sufficient for the emer-
complicated problem. We must understand why the cosmogence  of —human life, then A=-18.8,~—-2
logical constant, or the slowly changing dark energy, is at<10 * glcn?. If we really need 14 10° years, then the
least 120 orders smaller than the Planck denblfy, and, ~constraint is somewhat strongerA=—4.7po~—5
simultaneously, why its value is as large Qs po. Here pg X 10 2° g/ent. HOW(_aver, the present observatlonal_data sug-
~1072 glem?~10" 1294 is the total density of matter in gest thatA>0. In this case the use of the anthropic consid-
. P . . rations becomes more involved.[lf] it was argued that the
the universe at present, including the cosmological constan

. > "“life of our type is impossible fon>10"2° g/cn? because
or dark energy, gnd)D~O.7. One of th'e m.ost Interesting i, his caseyghe dengity of matter of the L?niverse would be
attempts to provide such an explanation is related {0 ang,onentially small due to its exponential expansion at the
thropl_c pn_nm_ple[l]. ) _ present stage. A more precise and rigorous constraint was

This principle fo_r a Igr_lg time was rather controyer3|al. It obtained later by Weinberi@]. He pointed out that the pro-

was based on an implicit assumption that the universe wagggs of galaxy formation occurs only up to the moment when
created many times until the final success. It was not cleage cosmological constant begins to dominate the energy
who did it and why it was necessary to make it suitable fordensity of the universe and the universe enters the stage of
our existence. Moreover, it would be much simpler to creataate-time inflation[28]. For example, one may consider gal-

proper conditions for our existence in a small vicinity of a axies formed az=4, when the energy density of the uni-

solar system rather than in the whole universe. verse was 2 orders of magnitude greater than it is now. Such
These problems were resolved with the invention of infla-

tionary cosmology. First of all, an inflationary universe itself, a

without any external intervention, may produce exponen-

tially large domains with all possible laws of low-energy 1.51

physics[2]. And if the conditions suitable for our existence

are established near the solar system, inflation ensures thi 1.25}

similar conditions appear everywhere within the observable
part of the universe. In addition to considering a single in-
flationary universe consisting of many domains with differ-
ent values of constants, one may also consider the possibilit 0.75¢
that an inflationary universe may be born in many different
guantum states with different values of coupling constants, 0.5¢
see e.g[3—6]. This provides a simple justification of the

cosmological anthropic principle and allows one to apply it H\ 2285
to the cosmological constant problem. .t

If, for example, the vacuum energy density were large and-1  -0.8 -0.6 -0.4 -0.2 0.2 0.4

negative A < — 10 ?M?* then such a universe, even if it is

flat 1d coll .t%! the ti that i ler than th FIG. 1. Evolution of a flat\ CDM universe for various values of
al, would coflapse within thé time that 1s smaller than e, = tine js in units of the present age of the univetge-14

age of our universe~14x10° years[1,7,8. This would .1 0% years. The present moment is placedap, the big bang
make our life impossible. One may wonder whether intelli-corresponds to=—1. The upper line corresponds to the flat uni-
gent life could emerge within % 10° years or 5<10° years,  verse withQ =1, 0, =0.7 (i.e. A = +0.7p) andQ,,=0.3. The
but we have no reason to believe that it could happen on fext line below it corresponds to a flat universe with —4.7p,.
much shorter time scale. As we see, this universe collapses at the age of 1@° years. The

Since we are entering the age of precision cosmology, lefotal lifetime of the universe with\ = —18.8, (the lower ling is
us improve the order-of-magnitude estimated h7,8] and  only 7x10° years.
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galaxies would not form if/\2102p0~ 10 27 g/en®. add a cosmological constant term describing vacuum energy
Thus, anthropic considerations may reduce the disagredo the gravitational Lagrangian. However, it appears to be
ment between the theoretical expectations\(Mg) and ob- extremely difficult to do so in the context of M or string
servational data A~ py~10"*?M?) from 120 orders of theory.
magnitude to only 2 orders of magnitude. But this is not yet All known compactifications of the fundamental M or
a complete solution of the cosmological constant problemstring theory to four dimensions do not lead to potentials
Assuming that all values of the cosmological constant arevith de Sitter(dS) solutions corresponding ta>0. How-
equally probable, one would find himself in a universe withever, there are versions of the maximally extende4, N
A~ pg with the probability about 1%. =8 supergravity which have dS solutions. They are also
The next important step was made{8+13. The authors  known to be solutions ofi=11 supergravity with 32 super-
considered not Only our own galaxy, but all other ga|aXieSSymmetrieS, Corresponding to M or String the(ﬁﬂ;@] dS‘
that could harbor life of our type. This would include not so|utions ofd=4, N=8 supergravity correspond to solu-
only the existing galaxies but also the galaxies that are beingons of M or string theory with non-compact internal seven-
formed at the present epoch. Since the energy density at Iatgix_) dimensional space. The relation between states of
stages of the evolution_of the universe bec_omes smaller, eV§llgher dimensional and four-dimensional theory in such
a vlery small c.osmolog|cal constant may disrupt th_e l.ate't'm%ackgrounds is complicated since the standard Kaluza-Klein
galaxy fO(matlon, or may prevent the growth of existing gal'procedure is not valid in this context. It is nevertheless true
axies. This allowed the authors -13 to strengthen the that the class ofl— 4 ” th dS soluti hich
constraint on the cosmological constant. According 1], atthe class ofl=4 supergravities wi solutions, which
the probability that an astronomer in any of the universes'® W.'” consider bglow as dark energy'candldateg has a di-
rect link to M or string theory, as opposite to practically any

would find a value of)p=A/py as small as 0.7 ranges from X ;
5% to 12% dependian on Cgrious assumptions. g other model of dark energy. Moreover, these theories with

However, our goal is not to find suitable conditions for the "€ maximal amount of supersymmetries are perfectly con-
human life in general, but rather to explain the results of ougistent from the point of view of thé=4 theory: all kinetic
observations. These results include the fact that for whatevéderms for scalars and vectors are positive definite.
reason we live in an internal part of the galaxy that probably All supersymmetries are spontaneously broken for dS so-
could not be strongly affected by the existence of a cosmolutions of N=8 supergravity. These dS solutions are un-
logical constant\ ~ p,. Does it mean that we are not typical Stable; they correspond either to a maximum of the potential
observers since we live in an atypical part of the universdor the scalar fieldg or to a saddle point. In all known cases
where we are protected against a small cosmological corene finds[15] that there is a tachyon and the ratio between
stantA~ pg? Also, galaxy formation is not a one-step pro- V"=m? and A=V at the extremum olN(¢) is equal to
cess. The central part of our galaxy was formed very early, at- 2 .
z=20, when the energy density in the universe was 4 orders According to current cosmological data, the relevan; dS
suchﬁzsreglons one would need to havA'z_ 10%p, +(X2+Y2+ZZ+W2)=H52. HereH, is the Hubble param-
~10 * gfen?, It may happen that the probability of the eter. Its inverseHgl, determines time scale of the same

emergence of life in such regions, or in the early formed . 1 0
dwarf galaxies, is very small. Moreover, one could argue tha?_rder as the age of the universt, 10'°yrs. One of the

the probability of emergence of life is proportional to the simplest solutions Ofd:l.l supergravity is given by a
fraction of matter condensed into large galaxj@s-13. warped product of a four-dimensional dS space and a seven-

e . L 4 . i i iHPa iduci
Even if it is so, in an eternally existing inflationary universe dlmlen5|onal hyperboI_OId(-jI f'. Aafkl)ducrl]al (;nodel fwhere all d
there should be indefinitely many regions suitable for exisScalars are constant is defined by the S surface presente
tence of life, so life would eventually appear in one of Suchabove and the surface in an eight-dimensional space defining

places even if the probability of such event is extremely@" m}\eanaI space hyperbolokd™ . This surface is given by

small. A more detailed investigation of this issue is in order?7asZ Z = aHg “, where the constant depends om,q and

[14]. the met'nan'E5 is constant and hgspositive eigenvalues and
In this respect the anthropic constraint 4s<0 seems to 9 Negative eigenvalues amqetq=8.

be less ambiguous. But it is also less important since it does A Simple (and typica) representative ofi=4, N=8 su-

not seem to apply to an accelerating universe with pergravities(see Fig. 2w|th ds maximum, originated from

~0.7p,. In this paper we will show, however, that a similar M theory, has the following actiof20]:

constraint based on investigation of the total lifetime of a flat

universe can be derived in a broad class of theories based on 1 1

N=8 supergravity that can describe the present stage of ac- g YL=--R--(a$)>~A(2—cosh/2¢). (D)

celeration[15—-18. This may allow us to avoid fine tuning 2 2

that is usually required to explain the observed valu@gf.

Here we use unitd1,=1. At the critical pointV’'=0, V,
=A, ¢¢=0.
This corresponds to the cage=q=4 andd=4 super-
Usually in all discussions of the cosmological constant ingravity has gauged th8Q(4,4) non-compact group. At the
the astrophysical literature it is assumed that one can simplgS vacuum it is broken down to its compact subgroup,

II. MAXIMAL SUPERGRAVITY AS DARK ENERGY
HIDDEN SECTOR
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inflation) one should take\ ~10~ 27 . This implies that
the tachyonic mass is ultralighin?|~ — (10 33 eV)2.

In the early universe the ultralight scalar fields may stay
away from the extrema of their potentials; they “sit and
wait” and they begin moving only when the Hubble constant
decreases and becomes comparable with the scale of the sca-
lar mass. This may result in noticeable changes of the effec-
tive cosmological constant during the last few’ }@ars.

Since the potential dil=8 supergravity with dS solution

q) is unbounded from below, the universe will eventually col-
lapse. If the initial position of the field is not far from the top
of the potential, the time before the collapse may be very
long [18].

From the perspective of thé=11 theory it is natural to

) ) consider a large ensemble of possible values for the fields

FIG. 2. Scalar potentiaV/(¢)=A(2—cosh/2¢) in d=4, N F~ JA and¢ and study it. In the context of thi=4 theory

=8 supgrgrgvit)_(l). T_he ve_llue of the potential is shown in units of one may also study a large ensemble of values\fand ¢.
A; the field is given in units oM.

SO(4)x SO(4). Thevalue of the cosmological constant 1. ANTHROPIC CONSTRAINTS ON THE
is related toH, and to the gauge couplingas follows: COSMOLOGICAL CONSTANT IN N=8 SUPERGRAVITY
A=3H2=2g? Consider a theory of a scalar fielfl with the effective
—3H2=2g2

potentialV(¢) = A (2—cosh/2¢) in theN=8 theory(1). In

A similar potential was obtained iN=4 gauged super- order to under;tand th(_a cosmological.consequences_of this
gravity in[21], where the dS solution of extended supergrav-theory, let us first consider this potential |2t/ <1. In this
ity was found for the first time and where it was pointed outlimit the potential has a very simple form,
that it is unstable, being a maximum of the potential. 5 5 )

The gauge coupling and the cosmological constand in V(¢)=A(1-¢%)=3Hy(1- ¢). ()
=4 supergravity have the same origin in M theory: they ) ) o 5 m
come from the flux of an antisymmetric tensor gauge field'"€ main property of this potential is that”=V"(0)=

strength[19]. The corresponding 4-forifi,,,, in d=11su-  —2A= —6H3. 0”92961” show that a homogeneous figid
pergravity is proportional to the volume form of the dS <1 with m?=—6Hg in the universe with the Hubble con-
space: stant Hy grows as follows: ¢(t) = ¢pgexpHqt), where ¢
=(\/33—3)/2~1.4. Consequently, in the universe with the
For2~ VAVor23. (20 energy density dominated byw(¢) it takes time t

~0.7H, tIn ¢yt until the scalar field rolls down frong, to

Here F=dA whereA is a 3-form potential otl=11 Super- o region $>1, whereV($) becomes negative and the
gravity. According to this model, the small value of the COS- niverse collapses.

mological constant is due to the 4-form flux which has the " .5 means that one cannot take largavithout making

mverSﬁ time scale gf Ithﬁ order of the agef of ;heﬂunlversethe total lifetime of the universe too short to support life,
Note that in our model there is no reason for the flux quany,jjess the scalar field, was exponentially small. But if the
tlgatlon since the internal space is not compact. This makes Botential of the fieldg always was very flat, then one can
d|ﬁer$nt JFOTT] [2121 \éyhere t.he fIqu.a'nd/(?rr:ts Ch?ng?s“\j/]vere assume that the fielgh initially (or after inflation can take
quantized. The 11-dimensional origin of the scalar fi any valueg, with equal probability, so there is no reason to

the potential can be explained as follows. Directlydis 4, ;
. expect thatp, must be very small. This means that fop
N=8 gauged supergravity has 35 scalars and 35 pseudoscg—1 the typ%cal lifetime of the universe i9t0t~H61

e e There . A % Tnerfore the unverse can Iue longer tin 14
. . . x 10° years only if the cosmological constant is extremely
lars and it may also be viewed as part of the 11 metric. small, A<p
’ ~ /M0

The first idea would be to discard this model altogether On the other hand, fop>1 the potential falls down ex-
because its potential is unbounded from below. However, the . X
scalar potential in this theory remains positive faii=<1, po.nentlally,V(¢>).~—A expy2| 4. Therefore for¢>1 the
and for smallA the time of development of the instability universe almost instantly _collapses evemﬁspo. .
can be much greater than the present age of the universe, Now: we can_study this process numerically, solving a
which is quite sufficient for our purposé&5—1§. In fact, system of equations for the scale faceqt) and the scalar
we will see that this instability allows us to avoid the stan—f'eId o),
dard fine-tuning and/or coincidence problem plaguing most :
of the versions of the theory of quintessence. To use these 2)’;+3E<}S—V’(¢)=0
theories to describe the present stage of accelerdlate a '
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FIG. 3. Expansion of the universe faf,=0.25. Going from FIG. 5. The region below the thick line contains all possikle

right to left, the first line corresponds 10=0.07p,, the second line ;nadn(blo 4C§ir”riisnp32;i:rslg1§ﬁeth dea;ﬁ?clj l:{;ginle 5(: t:sp:?:t/sgstehigr?ster
corresponds to\ =0.7p,, thenA=7p,,7 and 700,. o ' o . )
P Po Po:70po ®o gion into two equal area parts. The region below the thin curve

) corresponds to all universes with the lifetime greater than 28
V— ¢2—pM x10° years, i.e. to the universes that would live longer than 14
-3 % 10° years after the present moment.

where py, = C/a3(t), and ¢,=0. A detailed description of pear only in a very distant future, a_t~ 102H51~X1012
our approach can be found [18]. Here we will present years, when the unstable stag=0 will decay due to the

some of our results related to the cosmological constarfeStabilizing effect of quantum fluctuatiorigs]. For ¢,
problem >1 the total lifetime of the universe becomes unacceptably

Figure 3 shows expansion of the universe figy=0.25 small, which means that largg, are anthropically forbid-
and for various values oA ranging from 0.5y to 70(Q. den. _ _ . .
Time is given in units of 1& 10° years. One finds, as ex- Further conclusions will depend on various assumptions

pected, that the total lifetime of the universe for a givianis about_ the probabilit_y of parameterA_(qSo). In this section
proportional toA Y2, which means that larga are an- we will make the simplest assumption that all valuesAof

thropically forbidden. and qsq are equally.probable. We wiII_ discuss alterngtive as-
Figure 4 shows expansion of the universe for0.7p,. sumptions _and their consequences in the n_ext section.

The upper line corresponds to the fiducial model with . A." possible valu'es o\ and, correspond|r91g to the total

=0. In this case the field does not move and all cosmologi!ncetlme of the universe greater than ¥40° years are

cal consequences are the same as in the standard theory wihown in Fig. 5, in the region under the thick line. If all
the cosmological constart=0.7p,. The difference will ap- values .c_>fA_ an(_j ¢o are equally probable, the measure of
probability is given by the area. The total area under the

curve is finite,S,,~3.5. One can easily estimate the prob-
a ability to be in any region of the phase spack, ¢,) by
measuring the corresponding area and dividing it3yy.
The dashed lineA=1.50, separates the anthropically al-
lowed region into two equal area parts. This implies that the
average value oA in this theory is about 14g,. It is obvious
1.5l that A can be somewhat larger or somewhat smaller than
1.500, but the main part of the anthropically allowed area
corresponds to

A=0(po)~10"12M3.

This is one of the main results of our investigation. This
— 1 result is a direct consequence of the relatioh= —6H3
1 which is valid for all known versions afl=4, N=8 super-

FIG. 4. Expansion of the universe fdr=0.7p,. The upper line ~ gravity that allow dS solutions.

corresponds to the fiducial model withy=0 (cosmological con- The region below the thin curve corresponds to all uni-
stant; field does not moye The line below corresponds t¢  Verses with the lifetime greater than 28.0° years, i.e. to
—0.5. The next line corresponds =1, then to¢=1.5, and¢  the universes that would live longer thanXd20° years after
=2. the present moment. The area below this curve is 3 times

0.5
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A and explain whyQ);~0.7 at the present stage of the evolu-
tion of the universe.

In this paper we studied cosmological consequences of
the simplest toy model of dark energy based\bn8 super-
gravity. We have found that in the context of this theory one
can resolve the cosmological constant problem, as well as
the coincidence problem plaguing most models of quintes-
sence.

Indeed, one simply cannot add a cosmological constant to
this theory. The only way to introduce something similar to
the cosmological constant is to put the system close to the
top of the effective potential. If the potential is very high,
then it is also very curved{”(0)=—2V(0). Wehave found
that the universe can live long enough only if the fiekd

FIG. 6. The curves corresponding £,=0.5 (line below the initially islwithin the Planck distance from the topg|
thick line), Qp=0.7, andp=0.9. The region to the right of the =Mp, Which sounds reasonable, andvif0), which plays
thin dashed line corresponds to the universes that accelerate ithe role ofA in this theory, does not exceed the critical value
x 10° years after the big bang. po~ 10" 120Mf; by much.

In our paper we made the simplest assumption that the
smaller than the area between the thin curve and the thicRrobability to live in the universe with different and ¢,
curve. This means that the “life expectancy” of a typical does pot erend on thelrvalues. However, in realistic models
anthropically allowed universéhe time from the present the situation may be different. For example, as we men-
moment until the global collapsés smaller than the present tioned, A is related to the 4-form flux il= 11 supergrav-
age of the universe. The prognosis becomes a bit more optity, see Eq.(2). This may suggest that the probability distri-
mistic if one takes into account that we live in the universebution should be uniform not with respect foand ¢, but
with Q,=0.7: The probability that the universe will survive With respect toA? and ¢,. We studied this possibility and
more than 14 10° years from now becomes better than found that the numerical results change, but the qualitative
50%. features of the model remain the same.

Finding the average value of does not immediately tell ~ The probability distribution forg, also may depend on
us what is the most probable value®, . In order to do that ~ $o even ifV(¢) is very flat at¢p<1. First of all, it might
we plot in Fig. 6 the curves corresponding@g,=0.5 (line,  happen that the field$>1 (i.e. $>M,) are forbidden, or
just below the thick ling Qp=0.7 (line, just below the line the effective potential at largeé enlarges. This is often the
Qp=0.5), andQ=0.9(line, below the line€),=0.7). The case inN=1 supergravity. Secondly, interactions with other
region to the left of the thin dashed line corresponds to thdields in the early universe may create a deep minimum cap-
universes that accelerate at the present fiinex 10° years ~ turing the field¢ at some time-dependent poigt<1. This
after the big banp also often happens iN=1 supergravity, which constitutes

The total probability to live in an accelerating universe atone of the features related to the cosmological moduli prob-
the time 14x 10° years after the big bang is determined by lem. If this happens in our model, one will be able to ignore
the area bounded by the thin dashed line in Fig. 6. Dividinghe region of¢,>1 (the right side of Figs. 5, 6in the
this area byS,~3.5, one can find that this probability is calculation of probabilities. This will increase the probability
about 35%. About a half of this area corresponds(tp 10 live in an accelerating universe with 8:81,<0.9.
>0.9. The most interesting part of the accelerating region is In our estimates we assumed that the universe must live as
bounded by the blue curi,=0.5, the curvel,=0.9 and long as 14 109_ years before human life appears. One could
the thin dashed line. All points inside this region correspondgrgue that the first stars and planets were formed long ago, so
to accelerating universes with 6:8),<0.9. As one can We may not need much more than about 5<I0° years for
easily see from Fig. 6, the area of this region is about 0.4the development of life. This would somewhat decrease our
Dividing it by the total area of the anthropically allowed e§t|mate for the probability Fo live in an accelerating universe
region S,~3.5 one finds that the probability to live in such With 0.5<0p<<0.9, but this would not alter our results
a universe is about 10%. These results resolve the fine-tunir@falitatively. On the other hand, most of the planets were

and/or coincidence problem in the theory of dark energy. Probably formed at later stages of the evolution of the uni-
verse[23], so one may argue that the probability of emer-

gence of human life becomes much greatet>afl4x 10°
IV. DISCUSSION years, especially if one keeps in mind how many coinci-
dences have made our life possible. If one assumes that hu-
Most of the theories of dark energy have to face twoman life is extremely improbabl@fter all, we do not have
problems. First of all, it is necessary to explain why the bareany indications of its existence anywhere else in the uni-
cosmological constant vanishes. Then one must find a dyrerse, then one may argue that the probability of emergence
namical mechanism imitating a small cosmological constanbf life becomes significant only if the total lifetime of the

L N 02 B o ) BN
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universe can be much greater thanX#0° years. This its potentialV(f )= — A. The curvature of the effective po-
would increase our estimate for the probability to live in antential in its maximum is given bym?=—A/f2=
accelerating universe with 0s80<0.9. —3H3/f2. Forf=M,=1 one findsm?=— A =—3H3, and

So far we did not use any considerations based on théor szp/\/§ one hasn?= —2A = —6H?2, exactly as in the
theory of galaxy formatiof8—13. If we do so, the probabil- N=8 supergravity. Therefore the anthropic constraints\on
ity of emergence of life forA>p, will be additionally sup- based on the investigation of the collapse of the universe in
pressed, which will increase the probability to live in an this model(for C=0) are similar to the constraints obtained
accelerating universe with 0s515<<0.9. in our paper for theN=8 theory[26]. However, in this

To the best of our knowledge, only in the models based orinodel, unlike in the models based on extended supergravity,
extended supergravity the relatipm?|~H?, together with ~One can easily add or subt.ract any value of.the cosmqlogical
the absence of freedom to add the bare cosmological corfonstant. In o'rder to obtam_ useful anthropic constraints on
stant, is a property of the theory rather than of a particulatn® cosmological constant in this model one should use a
dynamical regime. That is why the increaseMgfb) in such combination of our approach Wlth the usual approach based
models entails the increase [im?. This, in its turn, speeds ©n the theory of galaxy formatiof8—13.
up the development of the cosmological instability, which N this sense, our main goal was not to replace the usual
leads to the anthropically unacceptable consequences. ~ anthropic approach to the cosmological constant problem,

The N=8 model discussed in our paper is just a toybut to §uggest its possible enhancement. We find |t'v¢ry en-
model. It has important advantages over many other theoriggPuraging that our approach may strengthen the existing an-
of dark energy, but to make it fully realistic one would needthropic constraints on the cosmological constant in the con-
to construct a complete theory of all fundamental interac{€xt of the theories based on extended supergravity.
tions, including the dark energy sector described above. This One may find it hard to believe that in order to explain the
is a very complicated task that is beyond the scope of théesul'gs of_cosmologlcal observations one should consider
present investigation. However, most of our results are nof€ories with an unstable vacuum state. However, one should
model specific. For example, instead Nf=8 supergravity _reme_mber that exponential expansion of the universe _durlng
one could study any model with the effective potential of theinflation, as well as the process of galaxy formation, is the

type V() = A(1— ad?) with a=0(1). Another example is result of the gravitational instability, so we should learn how
provided by the simplesN=1 Polmyi-type supergravity to live with the idea that our world can be unstable. Also, we

(SUGRA) model with a very low scale of supersymmetry did not willingly pick up the theories with an unstabl_e
breaking and with a minimum of the effective potential atacuum. We wanted to find the models based on M or string
V(¢)<0. As shown in[18], models of this type also have theory that would be capable_of describing the de Sitter state.
the crucial propertym?|~H2. In fact, this property is re- All models related to M or string theory that we were able to
find so far, with the exception of the recently constructed

quired in most of the models of quintessence. - _
Therefore it would be interesting to apply our methods toMode! based ol=2 supergravity 27], lead to an unstable
S vacuum. So maybe we need to take this instability seri-

the models not necessarily related to extended supergravi'g.
A particularly interesting example is the axion quintessenc®USlY: ,
model. The original model suggested #4] has the potential This brings us good news and bad news. The bad news is
A[cos@/f)+C], and it was assumed th@t=1. It was, how- that in all the theorles_we h_ave considered |n_th!s paper, our
ever, emphasized ifR4] that this is just an assumption. The part of the universe is going to collapse within the next

9 . ;
positive definiteness of the potential wi@=1 and the fact 10-20<10 years or so. The good news IS that we still
that it has a minimum a¥=0 could be motivated, in par- have a lot of time to find out whether this is really going to

ticular, by the global supersymmetry arguments. In superl'@PPen:

gravity and M or string theory these arguments are no longer
valid and the derivation of the value of the paramegeis
not available. In[25] the axion model of quintessence was It is a pleasure to thank T. Banks, M. Dine, T. Dent, J.
studied using the arguments based on M or string theory. ThErieman, N. Kaloper, A. Klypin, L. Kofman, D. Lyth, L.
potential was given in the for=A cos(@/f) without any  Susskind, A. Vilenkin and S. Weinberg for useful discus-
constant part. sions. This work was supported by NSF grant PHY-9870115.
This potential has a maximum &=0, V(0)=A. The The work by A.L. was also supported by the Templeton
universe collapses when the figfdrolls to the minimum of  Foundation Grant No. 938-COS273.
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