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1. Historical context.

One of the oldest questions in theoretical cos-
mology is whether an infinitely oscillatory uni-
verse which avoids an initial singularity can be
consistently constructed. As realized by Fried-
mann and especially by Tolman (also LeMaitre,
Einstein, De Sitter ....) one principal obstacle
is the second law of thermodynamics which dic-
tates that the entropy increases from cycle to
cycle. If the cycles thereby become longer, ex-
trapolation into the past will lead back to an
initial singularity again, thus removing the mo-
tivation to consider an oscillatory universe in the
first place. This led to the abandonment of the
oscillatory universe by the majority of workers.



Nevertheless, an oscillatory universe is an at-
tractive alternative to the Big Bang. One new
ingredient in the cosmic make-up is the dark en-
ergy discovered only in 1998 and so it natural to
ask whether this can avoid the difficulties with
entropy which have dogged previous attempts.

Some work has been started to exploit the
dark energy in allowing cyclicity possibly with-
out apparently the need for inflation in Stein-
hardt et al Another new ingredient is the use
of branes and a fourth spatial dimension as in
Randall et al, Binetruy et al which have exam-
ined the consequences for cosmology. The Big
Rip and replacement of dark energy by modified

oravity have been explored in PHF and Taka-
hashi.



If the dark energy has a super-negative equa-
tion of state, wy = pp/pp < —1, it leads to a
Big Rip (R. Caldwell) at a finite time where
there exist extraordinary conditions with re-
card to density and causality as one approaches
the Big Rip. In the present article we explore
whether these exceptional physical conditions
can assist in providing an infinitely-cyclic cos-
mology.



We shall consider the situation where if, as
we approach the Big Rip, the expansion stops
due to the brane contribution just short of the
Big Rip and there is a turnaround at ¢t = tp
when the scale factor is deflated to a very
tiny fraction (f) of itself and only one causal
patch is retained, while the other 1/ f3 patches
contract independently into separate universes.
The turnaround takes place an extremely short
time before the Big Rip would have occurred,
at a time when the universe is fractionated into

many independent causal patches, see e.g. PHF
and Takahashi (2004).



We discuss the contraction phase which oc-
curs with a very much smaller universe than in
the expansion phase and with almost vanishing
entropy because it is assumed empty of dust,
matter and black holes all of which were jetti-
soned at turnaround. A bounce at t = 7 takes
place a short time before a would-be Big Bang.
Then, immediately after the bounce, entropy is
injected by inflation (Guth) where the scale fac-
tor is enhanced by large factor and hence so
is entropy. Inflation can thus be a part of the
present scenario which is one distinction from

the work of Steinhardt et al.



For cyclicity of the entropy, S(t) = S(t+7) to
be consistent with thermodynamics it is neces-
sary that the deflationary decrease by f3 com-
pensate the entire entropy increase acquired
during contraction and expansion including the
huge increase during inflation.

A possible shortcoming of the proposal could
have been the persistence of spacetime singu-
larities in cyclic cosmologies (Borde, Guth and
Vilenkin, 2003) but to our understanding for the
truly cyclic universe which we here outline this
problem is avoided, provided a simple constraint
on the time average of the Hubble parameter is
respected.



This work is presented because our discussion
seems to give a plausible realization of the in-
finitely oscillatory universe originally saught by
cosmologists on the 1920s and 1930s ignorant of
dark energy

(see, however, the discussion after Eq.(172.6)
of R.C. Tolman in Relativity, Thermodynam-

ics and Cosmology. Oxford University Press
(1934))

and one whose minor shortcomings can hope-
fully be evolved by others into a convincing sce-
nario.
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2. Vanishing entropy of contracting universe.

The contracting universe of the cyclic model
contains dark energy with zero entropy and pos-
sibly a small amount of radiation which could
possess entropy. The deflation at turnaround re-
duces entropy from a gigantic value O(> 10%)
to an extremely low value O(10'). An unrealis-
tic value for the dark energy equation of state
w = p/p = —4/3 has been employed for alge-
braic simplicity as it makes pp o a, and no at-
tempt yet made at a realistic description of our
universe. We shall now study the entropy of the
contracting universe in this speculative scenario
more quantitatively and now will use arbitrary
w:—1—¢Withgb>()sothatpAo<a3¢.
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The quantity ¢ is the most important parame-
ter for observational discrimination between this
cyclic model and a cosmological constant #1
The next test of ¢ # 0 will likely come from the
Planck Surveyor satellite. One wonders, there-
fore, how different from zero ¢ is? There is no
lower bound on ¢ to make the model work ex-
cept that it must be non zero. We already know
¢ < 0.1 from the WMAP3 data. If ¢ is truly
infinitesimal, the test must await improved tech-
nology. To restore optimism we shall describe
an anthropic fine tuning argument that shows
that extremely small ¢ is unlikely.

#1land from the Steinhardt-Turok cyclic model.
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The universe comes back empty of matter in-
cluding black holes. The presence of matter dur-
ing contraction causes apparently insuperable
problems because accelerated structure forma-
tion will precipitate a premature bounce. Black
holes, if present, will expand and proliferate
with the same consequence. But the presence ot
radiation must also be carefully studied because
although at turnaround the photon energy is in-
finitesimal (Fy < 1072WeV), the blue shifting
during contraction leads before the bounce to
production of ete™ pairs, undesirable because
generically they will create problems with con-
tinued contraction. As we shall show there are
fortunately no photons in the contracting phase
of the cycle, only the truly innocuous dark en-

ergy.
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The cyclic model contains one free parame-
ter, the common density po at which the uni-
verse both turns around and bounces. Since
the bounce is independent of w we begin with
it and take as bounce temperatures Tp = 10F
GeV with, to be above the weak and below
the Planck scales, 3 < p < 17. This gives
pc = 1p,0 where = 101974P) and ppy o =
lg/ em? is the density of water, an easily imag-
inable unit somewhere between the unimagin-
ably small present mean cosmic density and
the unimaginably large critical density po at
turnaround and bounce.
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Going now to the turnaround at time ¢ = tp
the scale factor a(tr) is given by (since a(tg) =
1 and putting pyg = 10_29pH20) a(tp)3? =
102977 _ 1048+4p

The present radiation temperature is (7+)p =

2 x 107% eV, and so the radiation temperature
at turnaround is

(Ty)p =2 x 107" (1o<48+4p>) Ky (1)
which is infinitesimal: putting ¢ = 0.1, Eq.(1)
gives 10720 eV for p=3 and 1073 eV for
p=17; with ¢ = 0.01, the photon energy is
107200 &V for p=3 and 10790 eV for p=17.
In all cases, the photon wavelength is an astro-

nomical number of orders of magnitude longer
than the present Hubble length.
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To evaluate the contraction entropy we need
to estimate many such photons are in one causal
patch at turnaround. The deflationary fac-
tor multiplying entropy at turnaround must be
much less than the inverse of the inflationary in-
crease (> 10%) of the early universe. We take
the huge number of causal patches to be 10V«
where o > 1 is a parameter to allow an arbi-
trarily larger number, and a = 1 will give an
overestimate of contraction entropy:.
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At turnaround the scale factor is

altr) = (1o<48+4p>)31¢ (2)

so taking the present volume as 10%%em?
and the present radiation density as pp(tg) =
1073g/em> = 1eV/em? gives for the radia-

tion energy in one causal patch

1 _L
_ (48+4p)\ 3¢
(Er)patch — (100&>3 (10 g ) eV
(3)

Comparison with Eq.(1) then gives for the
number of photons per causal patch

— 1 4
" 2000 < ( )

which is small even for the unrealistic case
o = 1 and essentially zero for &« > 1. Thus,
the entropy of the contracting universe (cu) van-
ishes Sq, = 0 for any value of equation of state
of the dark energy w = p/p = —1 — ¢ since
Eq.(4) has no ¢ dependence.
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Anthropic fine tuning argument about ¢

The time until turnaround is given by

(7 — to) = f;? (5)

so if we take, for simplicity, the origin of life to
have occurred at tq after the most recent bounce
we see from Eq. (5) that given small ¢ < 1 then
¢ measures the fraction of the expansion phase
taken to originate life. An anthropic argument
is: it is unreasonable for the fraction ¢, assum-
ing it is non zero, to be extremely close to zero.

The special case ¢ = 0 is the standard cos-
mological model with a cosmological constant
where there is no turnaround and the future
lifetime is infinite so the origin of life necessar-
ily takes place after a vanishing fraction of the
expansion lifetime. Although such an infinite
expansion seems to us unaesthetic, not all col-
leagues share our concern.

18



As soon as one commits to ¢ # 0, however, the
anthropic type argument emerges and it is un-
likely that ¢ <<< 1. For example, if ¢p = 1073
the length of the expansion phase is 10* Gy
whereas life orinated after only about 10 Gy
which is only 0.1% of the expansion time. If
life plays a central role in our universe, as in
our understanding is the spirit of the anthropic
principle, such a tiny value of ¢ is strongly dis-
favored; one expects at least ¢ > 0.01 so the
fraction before the origin of life is > 1.0% of the
total expansion time.

This encouraging argument makes it more op-
timistic that the next generation ot observations
such as the Planck Surveyor will succeed in de-
tecting a ¢ # 0.
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3. Constraints on deflation

1 Times of unbinding, causal disconnection and
turnaround

In this section we analyze four relationships be-
tween cosmic times in the cyclic model expan-
sion era: 1) tyuhound (@t which a bound system
will become unbound due to the large dark en-
ergy force with w < —1); ii) teaus (at which a
previously bound system becomes casually dis-
connected, meaning that no light signal could
exchange before the would-be Big Rip; this is
how we estimate Ncp); iii) 7 (time when the
turnaround occurs); iv) ¢, (at which a “would-
be” big rip takes place), in addition to the
present time ).

20



In the BF model, there are three parameters;
w (equation of state of dark energy); po (criti-
cal density which the total density in the system
ptot reached at t = tp); f (the deflation frac-
tion parameter related to the number of causal

patches by Nep = (1/f7)). We will analyze the
model taking the value of w lying in a range,

—1.10000 < w < —1.00001, (6)
and for po choosing the following range,
(10° GeV)* < por < (107 GeV)*. (7)

The choice of the range of w is motivated by
the current lower bound from observations and
the upper bound, by the cosmic variance uncer-
tainty in this measurement.

21



Without showing derivations (see Appendices
of BEM paper) we shall here refer to the resul-
tant expressions:

(trip - tO)
11 Gyr
trip_tOg ‘1_|_w‘ (8)
(trip - tunbound)
trip — Lunbound = @(w)P (9)
where
V2|1 + 3w
— 10
) = ] (19)

and P denotes the period associated with
the binding force which had been constrain-
ing objects into a certain bound system before

L= tunbound-
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(trip — tcaus)

1 + 3w L
trip — leaus = 31+ w) <E) (11)

where c is the speed of light and L stands for
the length scale of the bound system.

(trip — I )

Gyr 145 —1/2
tip =t = 0 2 (12)

where 1 is a scale factor of p defined by po =
npH,0 With pp,o being the density if water,
PH,O = 18- cm 2. Eq.(12) appeared as Eq.(4)
in BF.
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As a result, we find the lower bound for p,
pe > (1018GeV)H, (13)

which is obtained by imposing that the time
for a presently point particle (PPP), with the
size 1073 m = L, satisfy trip > tp > tcl?al?g >
thl)rllij())un 4 1t should be emphasized that this
result is almost independent of a choice of w
in the range of interest. For a nucleon with
L ~ 107m, the corresponding lower bound

1S

pe > (107GeV)? (14)
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2 Given w, the constraints on N,

Various bound systems can be discussed includ-
ing galaxies, the Earth-Sun system, the hydro-
gen atom and a nucleon. Each may be chara-
terised by a present length scale L.

For the CBE condition we must insist that
the smallest bound systems are disintegrated
before turnaround which means that the size of
a generic causal patch Ly, (to be defined below)
is smaller than the size L(t7) at turnaround of
the bound system whose present length scale is
L(tg) = Lo, namely

Fep < Lltz) = Lo <a<tﬁfjnd>> - 19
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We recall that the CBE condition is manda-
tory because if the contracting universe contains
matter it will not generally contract sufliciently
but will undergo a premature bounce. Even if
a causal patch contains only one very infra-red
photon, this can blue-shift to an energy suffi-
cient to create eTe” pairs before the bounce,
again disallowing suflicient contraction for infi-
nite cyclicity.

[t was shown elsewhere (see references, BF2)
that the mean number of low-energy photons
per causal patch is much less than one and is es-
sentially zero. There will always be a vanishing
but strictly non-zero number of patches which
fail to cycle but it can be shown in that the prob-
ability of a successtul universe is equal to one;
it was noted that the total number of universes
has always been, and always will be constantly
infinite and equal to ¥y (Aleph-zero). Ny is a
countable infinity, exemplified by the number ot
primes, of integers or of rational numbers.
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To enable infinite cyclicity we must have the
CBE condition, for the smallest bound systems.
The smallest bound systems we know about are
nucleons with Ly = 107 1°m.

To be general, we consider PPPs ( Presently
Point Particles) meaning particles which are
presently regarded as pointlike but may not be.
We allow a bound state scale for PPPs to be
anywhere between the present upper limit of
about (1TeV)™t = 107®m and the Planck
scale of 107%°m. As we shall see shortly, the
lower bound on Ny, 1s so sensitive to where L
is chosen within these twenty orders of magni-
tude that its presentation requires us to plot
log1glogig Nep against the equation of state of
the dark energy:.
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The present Hubble length r g (2g) is given by

1

ri(ty) = i (16)

which, at the turnaround, would naively be-
come

ru(tr) =rg(to)a(tr) (17)

since by definition a(tg) = 1.

In the cyclic model, the size of a causal patch
L¢p 1s instead defined by

r(tr)

and therefore Eq.(15) have been calculated
for different values of Lgy. The results are il-
lustrated (see references B-F-M) by plotting
log1glogg Nep versus w = —1 — ¢.
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Figure 1: Plot of logiplogi9Nep vs. w. (—1>w>—-1.1)

From this we find that a measurement of w
in the range anticipated for the Planck surveyor
will provide a lower bound on Nep,. For example
w = —1.05 implies N, > 109 for disintegra-
tion of nucleons and N¢p > 101000 for disinte-

oration of PPPs with bound scale at the Planck
length.

Since we know the entropy of the present uni-
verse is at least S(tg) > 10'% one must impose

Nep > 1012 (19)
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Figure 2: Plot of logiglogigNep vs. w. (=1 >w>-2)

and, by requiring only the dissociation of nu-
cleons we see from Figure 2 that this implies

w > —2. (20)

Of course, WMAP data already guarantee this
condition but it is interesting that the cyclic
model would be impossible if Eq.(20) had been

violated.
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3 Discussion of deflation constraints

What we have deduced is that the parameters
pe, w and Nep In cyclic cosmology are already
constrained by existing data. For example one
requires w > —2 for the CBE aspect to work.

This constraint is already known to be re-
spected in Nature but as better and more accu-
rate cosmological data become available it will
shed further light on the viability of the theory.

In particular, the accurate measurement of the
equation of state w = —1 — ¢ is of special in-
terest. Fortunately the Planck Surveyor is an-
ticipated to acquire improved accuracy on w in
the near future. As we have discussed, this will
provide a lower bound on the number N of
causal patches necessary to dissociate the small-
est bound systems at turnaround and hence to
solve the entropy problem and, via CBE, enable
the possibility of infinite cyclicity.
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[t is amusing that the physical conditions at
the approach of deflation are so extraordinary
that it is natural to ask whether the systems
presently regarded as point particles may be
composite because the phantom dark energy
density grows to unimaginably large values and
can disintegrate bound systems down to arbi-
trarily small scales. We have conservatively lim-
ited our attention to systems bigger than the
Planck length. However, although this require-
ment seems dictated by considerations of quan-
tum gravity, it is possible that the dark energy
will dissociate even smaller systems if they exist.
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The advantage of cyclic cosmology is that it
removes the initial singularity associated with
the Big Bang, about 13.7 billion years ago, and
allows that time never began. The previous at-
tempts to create a consistent infinite cyclicity
were stymied between about 1934 and 2002 pri-
marily because of the entropy problem and the
second law of thermodynamics. The discovery
of the accelerated expansion rate of the universe
and the concomitant necessity of dark energy
has permitted more optimism that the cyclic
cosmology is, after all, on the right track.
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4. Multifluid models.

Introduction.  In the history of physics, it is
impossible to exaggerate the fecundity of cross-
fertilization between sub-disciplines. In theoret-
ical physics, high-energy physics and cosmology
have been repeatedly informed by condensed
matter theory. One outstanding example is the
idea of spontanecous symmetry breaking intro-
duced by Nambu into particle theory inspired
by study of the BCS theory of superconductiv-
ity. Few ideas have had more impact on our
understanding of both high energy physics and
cosmology. Here we take our inspiration for
study of cyclic cosmology from the Landau two-
fluid model of superfluidity, itself also applicable
to superconductivity In this model, the energy
density of superfluid liquid helium is expressed
as a sum of two terms

p = pn+ Ps, (21)
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At the lambda temperature, only normal fluid
is present. As temperature is decreased, more
and more normal fluid is converted to superfluid
until at absolute zero the liquid helium consists
only of superfluid. Normal fluids behave like
a Newtonian fluid with viscosity and entropy.
The superfluid components have no viscosity, no
entropy and do not carry any heat. The normal
fluid and superfluid satisty different equations
of motion.

Similarly the different cosmological fluids will
satisfy different equations of state. Omne dark
energy superfluid (density pj, equation of state
wy ) is the one currently measurable. Of the
others, po (w9) becomes important very close to
the turnaround and ps (w3) is important very
close to the bounce.
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Thus, in this analogy it is natural to associate
superfluids with dark energy because it has no
entropy. The normal fluids will correspond with
the matter and radiation. Thus there are n,, =
2 normal fluids for cosmology, and we shall show
that, for cyclic cosmology, we need ns = 3 dark
energy superfluids, making overall a five-fluid
model.
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Friedman equation. We write the Fried-
man equation as

2) =75 Laty g+ S e
22

<g>2 _ 871G [<pm>o (pr)o

where the equations of state for the normal flu-
ids are wy, = 0 and w, = +1/3 for matter and
radiation respectively. The number of superflu-
ids representing dark energy is ns and the first
component with “ = 17 will be the presently
observed dark energy with wy = —1 — ¢1 and

¢1 > 0.
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In Eq.(22), the ng terms in the summation
are analogs of the superfluid term in the Lan-
dau theory in that they carry zero entropy. To
implement cyclic cosmology, it will be necessary
that some (actually those with ¢ > 2) super-
fluid energy densities (p;) be negative. Let us
first consider an ng = 2 four-fluid model with
®o > @1, that is wy = —1 — @9 < wy. For
turnaround from expansion to contraction at
time ¢ = tp, and using a(ty) = 1, we see that

(p2)o = —(p1)olalty)) 3192701 (23)

so that (p2)g < 0 and, because a(typ) > 1
and if (9o — ¢1) is sufficiently non-zero, it fol-
lows that |(p2)g] < [(p1)p| and hence that the
second (4 =27 in Eq.(22)) dark energy super-
fluid is unobservably small at the present time
t = 1.
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Can po play the role of causing both the
turnaround and the bounce in cyclic cosmology?
The answer is negative as is now explained by a
no-go theorem.

No-Go theorem.  Let us prove a no-go the-
orem that ng = 2 cannot produce an acceptable
bounce at t = tp where contraction turns into
expansion.

At the bounce when t = t g, we would need

(p2)o = —(pr)olalty)) =392 (24)

and, because a(tg) < 1, this would require
9 < —4/3, or wy > +1/3, clearly inconsis-
tent with Eq.(23) which requires ¢9 > 0 and
wy > +1/3. This incompatibility of Eqs.(23)
and (24) provide a No-Go theorem for any four-
fluid (n, = 2 and ng = 2) model.
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This is not surprising when we consider the
brane-world Friedman equation

N2 2
(g) = I palt)n + (5 g))go + ipé;g L ot
(25)

where potar = (pA + pm + prr). Thus, the
final term on the right-hand-side of Eq.(25) has
quite a different time dependence for ¢ — tp
and t — tp. This underlies the No-Go theorem
and mandates usage of the following five-fluid
model.
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Five-Fluid Model.  We consider a five-fluid
model with n, = 2 and ng = 3. The densi-
ties po and p3 are negative and the Friedman
equation 1s

(g>2_8ﬂG [(Pm)o 2P0 e

a 3 la®)? alt)?
~(p2)oa(t)*? = (pa)oa(t)*™| , (26)

and in this case we can arrange that at the
turnaround

(p2)o = —(p1)olaty)) 302790 (27)

and at the bounce

(p3)o = —(pr)olalty)) W39 (28)
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At the turnaround, as in the four-fluid model,
we require (I) (¢p9—@1) > 0 while at the bounce
there is the new condition (II) (¢3+4/3) < 0.

Taking the two inequalities (I) and (II) to-
gether will ensure the turnaround and bounce
occur and that |(p1)o| > [(p2)ol and [(pr)o| >
[(p3)o|, as necessary to preserve the successful
description of the present universe. For special
values of the equations of state wy and w3 the
five-fluid model becomes indistinguishable form
the BF model, as follows.
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Brane-world as special case of five-flurd model.

In the special case, consistent with the above
inequalities, where ¢o = 2¢; and ¢3 = —8/3
the Friedman equation of Eq.(26) become indis-
tinguishable for that of the brane -world model
in Eq.(25). Although Eq.(27) is not identical
to Eq.(25) there is no observable difference be-
cause at present the components (p9) and (p3)
are negligible; at turnaround (p9) duplicates
the final term in Eq.(25) and at the bounce
(p3) plays precisely the same role. However,
the five-fluid model is more general if we incor-
porate arbitrary values of ¢9 and ¢3 consistent
with the above inequalities (I) and (IT).
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Distinguishing models. Let us consider a
five-fluid model which is very disparate from the
BF model. In such a case, accurate observations
can distinguish the cyclic models. Of course, we
do not yet know ¢ precisely for the dark energy
but let us suppose that ¢1 = 0.05, consistent
with present WMAP data. We need ¢9 to be
bigger so let us assume ¢o = 0.06. In this case
FEq.(27) requires that

(p2)o = (p1)oalty)" . (29)

Just to complete an example, let us now as-
sume a(t7) = 10733 whereupon Eq.(29) dic-
tates that (p1)g = 10(p2)g and so the fit to dark
energy should use a scale dependence

(ppE) |a(®)"® = 0.1a@)" %) . (30)
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More generally the multifluid model suggests
fitting to

(ppE)o [t = na(t)®?2|, (31

where ¢9 > ¢1 and n is an additional param-
cter related, in general, to the turnaround scale.
More accurate and complete data on dark en-
ergy will enable distinction between fitting with
a two-term formula like Eq.(31) and fitting with
only the first term.
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Discussion of multiflurds  Inspired by pre-
vious successes, we have here attempted to emu-
late the two-fluid model of superfluidity in a five-
fluid model of cyclic cosmology. The analogy
is heightened by the zero entropy for the dark
energy (superfluid) components, The multifluid
models have certain advantages, including that
they do not necessitate derivations from brane
worlds in higher dimensionality. The analogies
to the two-fluid model of superfluidity may be
posited directly in four dimensions. In a certain
limit, the five fluid model with two normal flu-
ids, matter and radiation, and three superfluids

for dark energy become indistinguishable from
the brane-world BF model.
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However, when the five-fluid model become
very disparate from the brane-world model it
will be possible to distinguish them by accu-
rate observations of dark energy as we have dis-
cussed. It is therefore worth studying, as more
and better observational data become available,
whether fits to a two-term expression as in
Eq.(31) are more successful for dark energy than
those using only the first term thereof.
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Summary of Talk

We have outlined here a cyclic cosmology rest-
ing on phantom dark energy where these ob-
jections are ameliorated: the classical density
and temperature never become infinite and fu-
ture expansion is truncated. Also, our proposal
of deflation naturally leads to a multiverse pic-
ture, somewhat reminiscent of that predicted in
cternal inflation, though here the proliferation
of universes must be infinite and originates at
the opposite end of a cyclic cosmology, at its
maximum rather than at its minimum size.

We have shown that the entropy of the con-
tracting universe is not only very small but actu-
ally vanishing so the entropy problem is solved
more completely than originally envisioned. It
offers an explanation of why the entropy pre in-
flation is zero.

48



We have seen how measurement of the dark
energy equation of state can constrain the pa-
rameters (e.g. Nep).

There is an alternative multiflurd approach in
which the dark energy is represented by super-
fluid components.

We present this cyclic universe proposal
mainly in the hope that it will stimulate an
improved and more consistent formulation by
others.

Thank you for your attention
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