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M theory, cosmological constant, and anthropic principle
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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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I. INTRODUCTION: ANTHROPIC CONSTRAINTS
ON THE COSMOLOGICAL CONSTANT

After many desperate attempts to prove that the cos
logical constant must vanish, now we face an even m
complicated problem. We must understand why the cos
logical constant, or the slowly changing dark energy, is
least 120 orders smaller than the Planck densityM p

4 , and,
simultaneously, why its value is as large asVDr0. Herer0

;10229 g/cm3;102120M p
4 is the total density of matter in

the universe at present, including the cosmological const
or dark energy, andVD;0.7. One of the most interestin
attempts to provide such an explanation is related to
thropic principle@1#.

This principle for a long time was rather controversial.
was based on an implicit assumption that the universe
created many times until the final success. It was not c
who did it and why it was necessary to make it suitable
our existence. Moreover, it would be much simpler to cre
proper conditions for our existence in a small vicinity of
solar system rather than in the whole universe.

These problems were resolved with the invention of infl
tionary cosmology. First of all, an inflationary universe itse
without any external intervention, may produce expon
tially large domains with all possible laws of low-energ
physics@2#. And if the conditions suitable for our existenc
are established near the solar system, inflation ensures
similar conditions appear everywhere within the observa
part of the universe. In addition to considering a single
flationary universe consisting of many domains with diffe
ent values of constants, one may also consider the possib
that an inflationary universe may be born in many differe
quantum states with different values of coupling consta
see e.g.@3–6#. This provides a simple justification of th
cosmological anthropic principle and allows one to apply
to the cosmological constant problem.

If, for example, the vacuum energy density were large a
negative,L!2102120M p

4 , then such a universe, even if it
flat, would collapse within the time that is smaller than t
age of our universet;143109 years@1,7,8#. This would
make our life impossible. One may wonder whether inte
gent life could emerge within 73109 years or 53109 years,
but we have no reason to believe that it could happen o
much shorter time scale.

Since we are entering the age of precision cosmology
us improve the order-of-magnitude estimates of@1,7,8# and
0556-2821/2003/67~2!/023510~7!/$20.00 67 0235
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obtain a numerical constraint on negativeL. The investiga-
tion is straightforward, so we will simply show the results
Fig. 1. We find that the anthropic constraint on the negat
cosmological constant is a bit less stringent than it was
ticipated in@1,7,8#. If 73109 years is sufficient for the emer
gence of human life, then L*218.8r0;22
310228 g/cm3. If we really need 143109 years, then the
constraint is somewhat stronger:L*24.7r0;25
310229 g/cm3. However, the present observational data s
gest thatL.0. In this case the use of the anthropic cons
erations becomes more involved. In@7# it was argued that the
life of our type is impossible forL@10229 g/cm3 because
in this case the density of matter of the universe would
exponentially small due to its exponential expansion at
present stage. A more precise and rigorous constraint
obtained later by Weinberg@8#. He pointed out that the pro
cess of galaxy formation occurs only up to the moment wh
the cosmological constant begins to dominate the ene
density of the universe and the universe enters the stag
late-time inflation@28#. For example, one may consider ga
axies formed atz*4, when the energy density of the un
verse was 2 orders of magnitude greater than it is now. S

FIG. 1. Evolution of a flatLCDM universe for various values o
L. Time is in units of the present age of the universet0'14
3109 years. The present moment is placed att50, the big bang
corresponds tot521. The upper line corresponds to the flat un
verse withV tot51, VL50.7 ~i.e. L510.7r0) andVM50.3. The
next line below it corresponds to a flat universe withL524.7r0.
As we see, this universe collapses at the age of 143109 years. The
total lifetime of the universe withL5218.8r0 ~the lower line! is
only 73109 years.
©2003 The American Physical Society10-1
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galaxies would not form ifL*102r0;10227 g/cm3.
Thus, anthropic considerations may reduce the disag

ment between the theoretical expectations (L;M p
4) and ob-

servational data (L;r0;102120M p
4) from 120 orders of

magnitude to only 2 orders of magnitude. But this is not
a complete solution of the cosmological constant proble
Assuming that all values of the cosmological constant
equally probable, one would find himself in a universe w
L;r0 with the probability about 1%.

The next important step was made in@9–13#. The authors
considered not only our own galaxy, but all other galax
that could harbor life of our type. This would include n
only the existing galaxies but also the galaxies that are be
formed at the present epoch. Since the energy density at
stages of the evolution of the universe becomes smaller, e
a very small cosmological constant may disrupt the late-t
galaxy formation, or may prevent the growth of existing g
axies. This allowed the authors of@9–13# to strengthen the
constraint on the cosmological constant. According to@11#,
the probability that an astronomer in any of the univer
would find a value ofVD5L/r0 as small as 0.7 ranges from
5% to 12%, depending on various assumptions.

However, our goal is not to find suitable conditions for t
human life in general, but rather to explain the results of
observations. These results include the fact that for whate
reason we live in an internal part of the galaxy that proba
could not be strongly affected by the existence of a cosm
logical constantL;r0. Does it mean that we are not typic
observers since we live in an atypical part of the unive
where we are protected against a small cosmological c
stantL;r0? Also, galaxy formation is not a one-step pr
cess. The central part of our galaxy was formed very early
z*20, when the energy density in the universe was 4 ord
of magnitude greater than it is now. To prevent formation
such regions one would need to haveL*104r0
;10225 g/cm3. It may happen that the probability of th
emergence of life in such regions, or in the early form
dwarf galaxies, is very small. Moreover, one could argue t
the probability of emergence of life is proportional to th
fraction of matter condensed into large galaxies@9–13#.
Even if it is so, in an eternally existing inflationary univer
there should be indefinitely many regions suitable for ex
tence of life, so life would eventually appear in one of su
places even if the probability of such event is extrem
small. A more detailed investigation of this issue is in ord
@14#.

In this respect the anthropic constraint onL,0 seems to
be less ambiguous. But it is also less important since it d
not seem to apply to an accelerating universe withL
'0.7r0. In this paper we will show, however, that a simil
constraint based on investigation of the total lifetime of a
universe can be derived in a broad class of theories base
N58 supergravity that can describe the present stage o
celeration@15–18#. This may allow us to avoid fine tuning
that is usually required to explain the observed value ofVD .

II. MAXIMAL SUPERGRAVITY AS DARK ENERGY
HIDDEN SECTOR

Usually in all discussions of the cosmological constant
the astrophysical literature it is assumed that one can sim
02351
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add a cosmological constant term describing vacuum ene
to the gravitational Lagrangian. However, it appears to
extremely difficult to do so in the context of M or strin
theory.

All known compactifications of the fundamental M o
string theory to four dimensions do not lead to potenti
with de Sitter~dS! solutions corresponding toL.0. How-
ever, there are versions of the maximally extendedd54, N
58 supergravity which have dS solutions. They are a
known to be solutions ofd511 supergravity with 32 super
symmetries, corresponding to M or string theory@19#. dS4
solutions ofd54, N58 supergravity correspond to solu
tions of M or string theory with non-compact internal seve
~six-! dimensional space. The relation between states
higher dimensional and four-dimensional theory in su
backgrounds is complicated since the standard Kaluza-K
procedure is not valid in this context. It is nevertheless t
that the class ofd54 supergravities with dS solutions, whic
we will consider below as dark energy candidates has a
rect link to M or string theory, as opposite to practically a
other model of dark energy. Moreover, these theories w
the maximal amount of supersymmetries are perfectly c
sistent from the point of view of thed54 theory: all kinetic
terms for scalars and vectors are positive definite.

All supersymmetries are spontaneously broken for dS
lutions of N58 supergravity. These dS solutions are u
stable; they correspond either to a maximum of the poten
for the scalar fieldsf or to a saddle point. In all known case
one finds@15# that there is a tachyon and the ratio betwe
V95m2 and L5V at the extremum ofV(f) is equal to
22.

According to current cosmological data, the relevant d4
space is defined as a hypersurface in a 5D space2T2

1(X21Y21Z21W2)5H0
22. HereH0 is the Hubble param-

eter. Its inverse,H0
21, determines time scale of the sam

order as the age of the universe,H0
21;1010 yrs. One of the

simplest solutions ofd511 supergravity is given by a
warped product of a four-dimensional dS space and a se
dimensional hyperboloidHp,q. A fiducial model where all
scalars are constant is defined by the dS surface prese
above and the surface in an eight-dimensional space defi
an internal space hyperboloidHp,q. This surface is given by
hABzAzB5a H0

22, where the constanta depends onp,q and
the metrichAB is constant and hasp positive eigenvalues and
q negative eigenvalues andp1q58.

A simple ~and typical! representative ofd54, N58 su-
pergravities~see Fig. 2! with dS maximum, originated from
M theory, has the following action@20#:

g21/2L52
1

2
R2

1

2
~]f!22L~22coshA2f!. ~1!

Here we use unitsM p51. At the critical pointV850, Vcr
5L, fcr50.

This corresponds to the casep5q54 and d54 super-
gravity has gauged theSO(4,4) non-compact group. At the
dS vacuum it is broken down to its compact subgrou
0-2
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SO(4)3SO(4). Thevalue of the cosmological constantL
is related toH0 and to the gauge couplingg as follows:

L53H0
252g2.

A similar potential was obtained inN54 gauged super
gravity in @21#, where the dS solution of extended supergra
ity was found for the first time and where it was pointed o
that it is unstable, being a maximum of the potential.

The gauge coupling and the cosmological constant id
54 supergravity have the same origin in M theory: th
come from the flux of an antisymmetric tensor gauge fi
strength@19#. The corresponding 4-formFmnlr in d511 su-
pergravity is proportional to the volume form of the dS4
space:

F0123;ALV0123. ~2!

HereF5dA whereA is a 3-form potential ofd511 super-
gravity. According to this model, the small value of the co
mological constant is due to the 4-form flux which has t
inverse time scale of the order of the age of the unive
Note that in our model there is no reason for the flux qu
tization since the internal space is not compact. This mak
different from @22# where the flux and/or its changes we
quantized. The 11-dimensional origin of the scalar fieldf in
the potential can be explained as follows. Directly ind54,
N58 gauged supergravity has 35 scalars and 35 pseudo
lars, forming together a coset spaceE7(7) /SU(8). Thefield
f is anSO(4)3SO(4) invariant combination of these sca
lars and it may also be viewed as part of thed511 metric.

The first idea would be to discard this model altogeth
because its potential is unbounded from below. However,
scalar potential in this theory remains positive forufu&1,
and for smallL the time of development of the instabilit
can be much greater than the present age of the unive
which is quite sufficient for our purposes@15–18#. In fact,
we will see that this instability allows us to avoid the sta
dard fine-tuning and/or coincidence problem plaguing m
of the versions of the theory of quintessence. To use th
theories to describe the present stage of acceleration~late

FIG. 2. Scalar potentialV(f)5L(22coshA2f) in d54, N
58 supergravity~1!. The value of the potential is shown in units o
L; the field is given in units ofM p .
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inflation! one should takeL;102120M p
4 . This implies that

the tachyonic mass is ultralight,um2u;2(10233 eV)2.
In the early universe the ultralight scalar fields may s

away from the extrema of their potentials; they ‘‘sit an
wait’’ and they begin moving only when the Hubble consta
decreases and becomes comparable with the scale of the
lar mass. This may result in noticeable changes of the ef
tive cosmological constant during the last few 109 years.

Since the potential ofN58 supergravity with dS solution
is unbounded from below, the universe will eventually co
lapse. If the initial position of the field is not far from the to
of the potential, the time before the collapse may be v
long @18#.

From the perspective of thed511 theory it is natural to
consider a large ensemble of possible values for the fie
F;AL andf and study it. In the context of thed54 theory
one may also study a large ensemble of values forL andf.

III. ANTHROPIC CONSTRAINTS ON THE
COSMOLOGICAL CONSTANT IN NÄ8 SUPERGRAVITY

Consider a theory of a scalar fieldf with the effective
potentialV(f)5L(22coshA2f) in theN58 theory~1!. In
order to understand the cosmological consequences of
theory, let us first consider this potential atufu!1. In this
limit the potential has a very simple form,

V~f!5L~12f2!53H0
2~12f2!. ~3!

The main property of this potential is thatm25V9(0)5
22L526H0

2. One can show that a homogeneous fieldf
!1 with m2526H0

2 in the universe with the Hubble con
stant H0 grows as follows:f(t)5f0exp(cH0t), where c
5(A3323)/2'1.4. Consequently, in the universe with th
energy density dominated byV(f) it takes time t
;0.7H0

21ln f0
21 until the scalar field rolls down fromf0 to

the regionf@1, whereV(f) becomes negative and th
universe collapses.

This means that one cannot take largeL without making
the total lifetime of the universe too short to support lif
unless the scalar fieldf0 was exponentially small. But if the
potential of the fieldf always was very flat, then one ca
assume that the fieldf initially ~or after inflation! can take
any valuef0 with equal probability, so there is no reason
expect thatf0 must be very small. This means that forf0

&1 the typical lifetime of the universe ist tot;H0
21

;L21/2. Therefore the universe can live longer than 1
3109 years only if the cosmological constant is extreme
small,L&r0.

On the other hand, forf@1 the potential falls down ex-
ponentially,V(f);2L expA2ufu. Therefore forf@1 the
universe almost instantly collapses even ifL&r0.

Now we can study this process numerically, solving
system of equations for the scale factora(t) and the scalar
field f(t),

f̈13
ȧ

a
ḟ2V8~f!50,
0-3
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ä

a
5

V2ḟ22rM

3
,

whererM5C/a3(t), and f0850. A detailed description of
our approach can be found in@18#. Here we will present
some of our results related to the cosmological cons
problem.

Figure 3 shows expansion of the universe forf050.25,
and for various values ofL ranging from 0.7r0 to 700r0.
Time is given in units of 143109 years. One finds, as ex
pected, that the total lifetime of the universe for a givenf0 is
proportional toL21/2, which means that largeL are an-
thropically forbidden.

Figure 4 shows expansion of the universe forL50.7r0.
The upper line corresponds to the fiducial model withf0
50. In this case the field does not move and all cosmolo
cal consequences are the same as in the standard theory
the cosmological constantL50.7r0. The difference will ap-

FIG. 3. Expansion of the universe forf050.25. Going from
right to left, the first line corresponds toL50.07r0, the second line
corresponds toL50.7r0, thenL57r0 ,70r0 and 700r0.

FIG. 4. Expansion of the universe forL50.7r0. The upper line
corresponds to the fiducial model withf050 ~cosmological con-
stant; field does not move!. The line below corresponds tof
50.5. The next line corresponds tof51, then tof51.5, andf
52.
02351
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pear only in a very distant future, att;102H0
21;31012

years, when the unstable statef050 will decay due to the
destabilizing effect of quantum fluctuations@15#. For f0
.1 the total lifetime of the universe becomes unaccepta
small, which means that largef0 are anthropically forbid-
den.

Further conclusions will depend on various assumptio
about the probability of parameters (L,f0). In this section
we will make the simplest assumption that all values ofL
andf0 are equally probable. We will discuss alternative a
sumptions and their consequences in the next section.

All possible values ofL andf0 corresponding to the tota
lifetime of the universe greater than 143109 years are
shown in Fig. 5, in the region under the thick line. If a
values ofL and f0 are equally probable, the measure
probability is given by the area. The total area under
curve is finite,Stot'3.5. One can easily estimate the pro
ability to be in any region of the phase space (L,f0) by
measuring the corresponding area and dividing it byStot .
The dashed lineL'1.5r0 separates the anthropically a
lowed region into two equal area parts. This implies that
average value ofL in this theory is about 1.5r0. It is obvious
that L can be somewhat larger or somewhat smaller th
1.5r0, but the main part of the anthropically allowed ar
corresponds to

L5O~r0!;102120M p
4 .

This is one of the main results of our investigation. Th
result is a direct consequence of the relationm2526H0

2

which is valid for all known versions ofd54, N58 super-
gravity that allow dS solutions.

The region below the thin curve corresponds to all u
verses with the lifetime greater than 283109 years, i.e. to
the universes that would live longer than 143109 years after
the present moment. The area below this curve is 3 tim

FIG. 5. The region below the thick line contains all possibleL
and f0 corresponding to the total lifetime of the universe grea
than 14 billion years. The dashed lineL'1.5r0 separates this re
gion into two equal area parts. The region below the thin cu
corresponds to all universes with the lifetime greater than
3109 years, i.e. to the universes that would live longer than
3109 years after the present moment.
0-4
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smaller than the area between the thin curve and the t
curve. This means that the ‘‘life expectancy’’ of a typic
anthropically allowed universe~the time from the presen
moment until the global collapse! is smaller than the presen
age of the universe. The prognosis becomes a bit more o
mistic if one takes into account that we live in the univer
with VD50.7: The probability that the universe will surviv
more than 143109 years from now becomes better tha
50%.

Finding the average value ofL does not immediately tel
us what is the most probable value ofVD . In order to do that
we plot in Fig. 6 the curves corresponding toVD50.5 ~line,
just below the thick line!, VD50.7 ~line, just below the line
VD50.5), andVD50.9 ~line, below the lineVD50.7). The
region to the left of the thin dashed line corresponds to
universes that accelerate at the present time~143109 years
after the big bang!.

The total probability to live in an accelerating universe
the time 143109 years after the big bang is determined
the area bounded by the thin dashed line in Fig. 6. Divid
this area byStot'3.5, one can find that this probability i
about 35%. About a half of this area corresponds toVd
.0.9. The most interesting part of the accelerating regio
bounded by the blue curveVD50.5, the curveVD50.9 and
the thin dashed line. All points inside this region correspo
to accelerating universes with 0.5,VD,0.9. As one can
easily see from Fig. 6, the area of this region is about 0
Dividing it by the total area of the anthropically allowe
regionStot'3.5 one finds that the probability to live in suc
a universe is about 10%. These results resolve the fine-tu
and/or coincidence problem in the theory of dark energy.

IV. DISCUSSION

Most of the theories of dark energy have to face t
problems. First of all, it is necessary to explain why the b
cosmological constant vanishes. Then one must find a
namical mechanism imitating a small cosmological const

FIG. 6. The curves corresponding toVD50.5 ~line below the
thick line!, VD50.7, andVD50.9. The region to the right of the
thin dashed line corresponds to the universes that accelerat
3109 years after the big bang.
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and explain whyVD;0.7 at the present stage of the evol
tion of the universe.

In this paper we studied cosmological consequences
the simplest toy model of dark energy based onN58 super-
gravity. We have found that in the context of this theory o
can resolve the cosmological constant problem, as wel
the coincidence problem plaguing most models of quint
sence.

Indeed, one simply cannot add a cosmological constan
this theory. The only way to introduce something similar
the cosmological constant is to put the system close to
top of the effective potential. If the potential is very hig
then it is also very curved,V9(0)522V(0). Wehave found
that the universe can live long enough only if the fieldf
initially is within the Planck distance from the top,ufu
&M p , which sounds reasonable, and ifV(0), which plays
the role ofL in this theory, does not exceed the critical val
r0;102120M p

4 by much.
In our paper we made the simplest assumption that

probability to live in the universe with differentL and f0

does not depend on their values. However, in realistic mod
the situation may be different. For example, as we m
tioned,L1/2 is related to the 4-form flux ind511 supergrav-
ity, see Eq.~2!. This may suggest that the probability distr
bution should be uniform not with respect toL andf0 but
with respect toL1/2 andf0. We studied this possibility and
found that the numerical results change, but the qualita
features of the model remain the same.

The probability distribution forf0 also may depend on
f0 even if V(f) is very flat atf,1. First of all, it might
happen that the fieldsf@1 ~i.e. f@M p) are forbidden, or
the effective potential at largef enlarges. This is often the
case inN51 supergravity. Secondly, interactions with oth
fields in the early universe may create a deep minimum c
turing the fieldf at some time-dependent pointf,1. This
also often happens inN51 supergravity, which constitute
one of the features related to the cosmological moduli pr
lem. If this happens in our model, one will be able to igno
the region off0.1 ~the right side of Figs. 5, 6! in the
calculation of probabilities. This will increase the probabili
to live in an accelerating universe with 0.5,VD,0.9.

In our estimates we assumed that the universe must liv
long as 143109 years before human life appears. One cou
argue that the first stars and planets were formed long ago
we may not need much more than about 5 – 73109 years for
the development of life. This would somewhat decrease
estimate for the probability to live in an accelerating unive
with 0.5,VD,0.9, but this would not alter our result
qualitatively. On the other hand, most of the planets w
probably formed at later stages of the evolution of the u
verse@23#, so one may argue that the probability of eme
gence of human life becomes much greater att.143109

years, especially if one keeps in mind how many coin
dences have made our life possible. If one assumes tha
man life is extremely improbable~after all, we do not have
any indications of its existence anywhere else in the u
verse!, then one may argue that the probability of emergen
of life becomes significant only if the total lifetime of th

14
0-5
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RENATA KALLOSH AND ANDREI LINDE PHYSICAL REVIEW D 67, 023510 ~2003!
universe can be much greater than 143109 years. This
would increase our estimate for the probability to live in
accelerating universe with 0.5,VD,0.9.

So far we did not use any considerations based on
theory of galaxy formation@8–13#. If we do so, the probabil-
ity of emergence of life forL@r0 will be additionally sup-
pressed, which will increase the probability to live in a
accelerating universe with 0.5,VD,0.9.

To the best of our knowledge, only in the models based
extended supergravity the relationum2u;H2, together with
the absence of freedom to add the bare cosmological
stant, is a property of the theory rather than of a particu
dynamical regime. That is why the increase ofV(f) in such
models entails the increase inum2u. This, in its turn, speeds
up the development of the cosmological instability, whi
leads to the anthropically unacceptable consequences.

The N58 model discussed in our paper is just a t
model. It has important advantages over many other theo
of dark energy, but to make it fully realistic one would ne
to construct a complete theory of all fundamental inter
tions, including the dark energy sector described above. T
is a very complicated task that is beyond the scope of
present investigation. However, most of our results are
model specific. For example, instead ofN58 supergravity
one could study any model with the effective potential of t
typeV(f)5L(12af2) with a5O(1). Another example is
provided by the simplestN51 Polónyi-type supergravity
~SUGRA! model with a very low scale of supersymmet
breaking and with a minimum of the effective potential
V(f),0. As shown in@18#, models of this type also hav
the crucial propertyum2u;H2. In fact, this property is re-
quired in most of the models of quintessence.

Therefore it would be interesting to apply our methods
the models not necessarily related to extended supergra
A particularly interesting example is the axion quintesse
model. The original model suggested in@24# has the potentia
L@cos(f/f)1C#, and it was assumed thatC51. It was, how-
ever, emphasized in@24# that this is just an assumption. Th
positive definiteness of the potential withC51 and the fact
that it has a minimum atV50 could be motivated, in par
ticular, by the global supersymmetry arguments. In sup
gravity and M or string theory these arguments are no lon
valid and the derivation of the value of the parameterC is
not available. In@25# the axion model of quintessence w
studied using the arguments based on M or string theory.
potential was given in the formV5L cos(f/f) without any
constant part.

This potential has a maximum atf50, V(0)5L. The
universe collapses when the fieldf rolls to the minimum of
-
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its potentialV( f p)52L. The curvature of the effective po
tential in its maximum is given bym252L/ f 25
23H0

2/ f 2. For f 5M p51 one findsm252L523H0
2, and

for f 5M p /A2 one hasm2522L526H0
2, exactly as in the

N58 supergravity. Therefore the anthropic constraints onL
based on the investigation of the collapse of the univers
this model~for C50) are similar to the constraints obtaine
in our paper for theN58 theory @26#. However, in this
model, unlike in the models based on extended supergra
one can easily add or subtract any value of the cosmolog
constant. In order to obtain useful anthropic constraints
the cosmological constant in this model one should us
combination of our approach with the usual approach ba
on the theory of galaxy formation@8–13#.

In this sense, our main goal was not to replace the us
anthropic approach to the cosmological constant probl
but to suggest its possible enhancement. We find it very
couraging that our approach may strengthen the existing
thropic constraints on the cosmological constant in the c
text of the theories based on extended supergravity.

One may find it hard to believe that in order to explain t
results of cosmological observations one should cons
theories with an unstable vacuum state. However, one sh
remember that exponential expansion of the universe du
inflation, as well as the process of galaxy formation, is
result of the gravitational instability, so we should learn ho
to live with the idea that our world can be unstable. Also,
did not willingly pick up the theories with an unstab
vacuum. We wanted to find the models based on M or str
theory that would be capable of describing the de Sitter st
All models related to M or string theory that we were able
find so far, with the exception of the recently construct
model based onN52 supergravity@27#, lead to an unstable
dS vacuum. So maybe we need to take this instability s
ously.

This brings us good news and bad news. The bad new
that in all the theories we have considered in this paper,
part of the universe is going to collapse within the ne
10 – 203109 years or so. The good news is that we s
have a lot of time to find out whether this is really going
happen.
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