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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,
Finstein, 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 = pr/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.



2. Expansion phase.

Let the period of the Universe be designated
by 7 and the bounce take place at ¢ = 0 and
turnaround at ¢ = t7. Thus the expansion
phase is for times 0 < ¢t < t7 and the contrac-
tion phase corresponds to times t7 < t < 7.
We employ the following Friedmann equation
for the expansion period 0 < t < tp:
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where the scale factor is normalized to a(tg) = 1
at the present time t = t) >~ 14Gy.
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To explain the notation, (p;)p denotes the
value of the density p; at time ¢t = t3. The
first two terms are the dark energy and total
matter (dark plus luminous) satisfying

8TG(pA)o
Oy = = (.72 2
3HS (2)
and
m 3HG (3)

where Hy = a(tg)/a(tg). The third term in
the Friedmann equation is the radiation density
which 18 now €2, = 1.3 X 10~
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The final term ~ pyz,(t)? is derivable from
a brane set-up; we use a negative sign aris-
ing from negative brane tension (a negative
sign can arise also from a second timelike di-
mension but that gives difficulties with closed
timelike paths). pyorar = Simp mrpi- As the
turnaround is approached, the only significant
terms in Eq.(1) are the first (where wy < —1)
and the last.
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As the bounce is approached, the only impor-
tant terms in Eq.(1) are the third and the last.
(We shall later argue that the second term must
be absent during contraction.) In particular, the
final term of Eq. (1), ~ pjorqi(t)?, arising from
the brane set up is insignificant for almost the
entire cycle but becomes dominant as one ap-
proaches t — tp for the turnaround and again
for ¢ — 7 approaching the bounce.
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3. Turnaround.

Let us assume for algebraic simplicity wy =
—4/3 = constant. This value is already al-
most excluded by WMAP3 but to begin we
are alming only at consistency of infinite cyclic-
ity. More realistic values may be discussed else-
where. The approach to the Big Rip will follow
that discussed in PHF+TT ¢.v.. With the value
wp = —4/3 we learn therefrom that the time
to the Big Rip is (£ — to) = 11Gy(~wp —
1)~! = 33Gy which is, within 10727 second,
when turnaround occurs at ¢ = tp. So if we
adopt tg = 14Gy then tp =ty + (tm'p —tgy) =
(14 4 33)Gy = 47Gy.
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From the analysis in PHF4TT the time when
a system becomes gravitationally unbound cor-
responds approximately to the time when the
orowing dark energy density matches the mean
density of the bound system. For a “typi-
cal” object like the Earth (or a hydrogen atom
where the mean density happens to be about
the density of water ppg,o = lg / cm3 since
10~%¢ /(10 8%ecm)3 = 1g/em?) water’s density
P H,0 1s an unlikely but practical unit for cosmic
density in the oscillatory universe.
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With this in mind, for the simple case of
w = —4/3 we see from the Friedmann equa-
tion that the dark energy density grows pro-
portional to the scale factor pp(t) o a(t) and
so given that the dark energy at present is
pp ~ 107%g/em? it follows that PAtH,0) =
pH,0 When a(tp,0) ~ 10%7. We can estimate
the time tg,o by taking on the RHS of the

“\ 2
Friedmann equation only dark energy (a) —

a
H(%QAa_ﬂ with 6 = 3(1+w). When we special-
ize to w = —4/3 as illustration and require as

before pa(tg,0) = PH0 then a(tg,0) = 102V

and it follows that
a’(tHQO) _ ( (tm'p o tO) (4)
(a(tp) =1) | (trip — tHy0)

so that (¢4 — tg,0) = 33Gy X 107149 ~
10325 ~ 1 hour. [The value is sensitive to w|

2
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For w = —4/3, it will be useful to consider a
more general critical density pe = np g, 0, since
there is nothing special about p gz, and to com-
pute the time (Z,;, — ) such that pj(t,) =
pe = npH,0- We then find, using a(ty)
1029, that (t,ip—tp) = (typ—t) 10~ 420~
n~Thours is the required result.

2
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To discuss the turnaround analytically we
keep only the first and last terms, the only sig-
nificant ones, on the RHS of the Friedmann
equation which becomes for the special case

w=4/3

Q) )
() = 10 — Qa (5)
a
in which
€ S7G (pp)6
= §
ar=——(paJo  az=—, y (6)
Writing @ = 2% and 2z = (041/042)1/232'716 gives

_2yon 2\/_d( cotd)  (7)

ap sin?0
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Integration then gives for the scale factor

1
aft) = (0‘1 sin2g = P ®
Qg (Pa)o |1 + (P71
where C' = —(3/2rGpe) /2. At turnaround

t = tr, altr) = lpc/(px)ol = (a(t))maz- At
the present time ¢t = tg, a(tg) = 1 and sin’fy =

[(pr)o/pc] < 1, increasing during subsequent
expansion to 7 = 7 /4.
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A key ingredient in our cyclic model is that
at turnaround ¢ = ¢t ( mod 7 ) our universe
deflates dramatically with eftfective scale tactor
a(t) shrinking before contraction to a(tp) =
fa(ty) where f < 10725, This jettisoning of
almost all, a fraction (1 — f), of the accumu-
lated entropy may be permitted by the excep-
tional causal structure of the universe. We shall
see later that the parameter n at turnaround
could be n ~ 103! or even larger which im-
plies the dark energy density at turnaround
of palty) > 1031pH20 (Planckian density of

PA ™~ 10104,0[{20 can be avoided). By the time
the dark energy density reaches such values, ac-
cording to the Big Rip analysis of PHF+TT
even the smallest known bound systems of par-
ticles have become unbound and the constiu-
tents causally disconnected. Possibly smaller
unknown bound systems have equally become
unbound and acausal.
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According to this, at t = ¢ the universe has
already fragmented into an astronomical num-
ber (1/f3) of causal patches, each of which inde-
pendently contracts as a separate universe lead-
ing to an infinite multiverse. The entropy at
t = t7 is thus divided between these new con-
tracting universes and our universe retains only
the infinitesimal fraction f3. Since our eternal
universe has cycled an infinite number of times,
the number of parallel universes is infinite.
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4. Contraction phase.

The contraction phase for our universe occurs
for the period t7 < ¢t < 7 ( mod 7 ). The
scale factor for the contraction phase will be de-
noted by a(t) while we use always the same lin-
ear time ¢ subject to the periodicity t + 7 = ¢.
At the turnaround we retain a fraction f2 of
the entropy with a(t7) = fa(tp) and for the
contraction phase the Friedmann equation is:
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(a@)f 86 ( (51)o (ﬁr)()]  Drotal(t)?

alt) 3 Nag3atD o) S
9)
where we defined
(pi)o fowit ) (Pi)o

ﬁ@(t) - &(t)g(wi+1> - &(t)B(wi—l—l) (10)
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In contrast to expansion we have set pyp, = 0
because our hypothesis is that the causal patch
retained contains only dark energy and radia-
tion but no matter (no black holes). This is
necessary because during a contracting phase
dust or matter would clump, more readily than
during expansion, and interfere with cyclicity.

Perhaps more importantly, presence of dust
or matter would require that our universe go
in reverse through several phase transitions (re-
combination, QCD and electroweak to name a
few) which would violate the second law of ther-
modynamics and be statistically impossible.
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We thus require that

our universe comes back empty!

(like a milk bottle in the old days)
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The contraction of our universe will proceed
from one of the 1/ 3 causal patches following
the truncated Friedmann equation until the ra-
diation term balances the brane tension term at
the bounce.
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5. Bounce

As an estimated time ¢ = 7 for the bounce, the
contraction scale is given, using pc = MpH,0,
from Eq. (1), and using the certainty that

(Pa)o < (pr)o as

Sy (Pa)o 1033]
(7) _(77,0[{20 " (11

Now the bounce at ¢ = 7 must be before the
electroweak transition at tpyy = 10~ Vs when
a(tpy) = 10712 and after the Planck time

where a(tpjgner) ~ 1079 (Recall a oc T 1.
We may take as illustrative cases:

o Tp =10"GeV, alty) = 1073, n = 1087
o T = 101GeV, aty) = 10723, = 107
o T = 10°GeV, alty) = 10710 5 = 10%!
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Immediately after the bounce there is conven-
tional inflation with enhancement E = a(7 +
0)/a(T) and successful inflation requires E >
10%%. Consistency requires therefore f < E~1
to allow for the entropy accrued during normal
expansion after inflation and contraction. The
fraction of entropy jettisoned from our universe
at deflation at the turnaround is thus extremely

close to one, being less than one and more than
(1 —1072%)3,
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6. Entropy.

Consider first the present epoch t = t3. The
contributions of the radiation to the entropy
density s follows the relation

27'(' 3
5= r g1 (12)
First consider only photons with g« = 2. The
present CMB temperature is 1T' = 2.73K =
0.235meV ~ 1.191(mm)~1. Substitution in
Eq.(12) gives a present radiation entropy den-
sity s4(tg) = 1.48(mm) 2. Using a volume
estimate V = (47 /3)R? with R = 10Gly ~
10%?mm gives a total radiation entropy Sy~
6.3 x 1087, Including neutrinos increase gy in
Eq.(12) from g« = 2 to g« = 3.36 = 2 +
6 x (7/8) x (4/11)%3. This increases Sy =

6.3 x 1057 t0 Syyy ~ x10%°.
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The total entropy is interpretable as ezp(10%°)
degrees of freedom, or in information theory to
a number I of qubits where 21 = 5 g0 that [ =
S/(In2 = 0.693) ~ 10%. This is well below the
holographic bound which is dictated by the area
in terms of Planck units 10~%mm? which gives
Sholog(t()) = 47T(1029mm)2/(10_32mm)2 ™~
10123 about 10%° times bigger. Some of this
difference may come from supermassive black
holes.
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The entropy contribution from the baryons is
smaller than S, by some ten orders of magni-
tude, so like that of the dark matter, is negligi-
ble. What is the entropy of the dark energy? If
it is perfectly homogeneous and non-interacting
it has zero for both temperature and entropy.
Another viewpoint, at least for a pure cosmo-
logical constant, is that one number A cannot
contain entropy. Finally, the 4th term in Eq.(1)
corresponding to the brane term is neglible, as
we have already estimated.
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The conclusion is that Syz47(tg) ~ 10%°. Now
consider the entropy at turnaround t = tp (
mod 7 ). We have estimated that a(tp) =
10%n. The temperature T ~ of the radiation
scales as Ty o< a(t) ™! so using the entropy den-
sity of Eq.(12) a comoving 3-volume o< a(t)?
will contain the same total radiation entropy
S~(tr) = Sy(tp) as at present; this is simply
the usual adiabatic expansion.
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The expansion from t = 0 ( mod 7) to tp (
mod 7 ) is, of course, not purely adiabatic be-
cause irreversible processes take place. The first
is inflation which increases entropy by > 1084,
There are phase transitions such as the elec-
troweak transition at te, ~ 100ps, the QCD
phase transition at tgcop ~ 100us, and recom-

bination at tyee ~ 1013s. Further irreversible
processes occur during during stellar evolution.
Although the expansion of the radiation, the
dominant contributor to the entropy, is adia-
batic, the entropy of the matter inevitably in-
creases with time in accord with the second law
of thermodynamics.
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In our model, the entropy of the matter in-
creases between t = 0 ( mod 7 ) and t = 47Gy.
Setting the entropy of the dark energy to zero
and the radiation as adiabatic, the matter part
represented by p,, will cause the entropy to rise
from S(t = 0) to S(t7) = S(t = 0)+ AS where
AS' causes the contradiction plaguing the oscil-
latory universe in the 1920s and 1930s. The key
point is that in order for entropy to be cyclic,
the entropy which was enhanced by a huge fac-
tor 2 > 10%* at inflation must be reduced
even more dramatically at some point during
the cycle so that S(t) = S(t + 7) becomes pos-
sible. Since it increases during both expansion
and contraction, the only logical possibility is
a dramatic decrease at turnaround as accom-
plished by our hypothesis of one causal patch
retention .
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The second law or thermodynamics contin-
ues to obtain for other causally disconnected re-
oions, each with practically vanishing entropy at
turnaround, but these are permanently removed
from our universe contracting instead into sep-
arate universes.
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Next, we look at entropy for contraction t7 <
t < 7 (mod 7 ). According to statistical me-
chanics one expects the entropy to increase here
also, although because it is much smaller the
increase must be correspondingly much smaller
than during expansion and as we are assuming
the universe during contraction is empty of dust
until the bounce its entropy is, in any case, van-
ishingly small for the contraction era.
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Finally, there is the issue of entropy at bounce
t =7 (mod 7 ). Immediately after the bounce
inflation increases entropy by > 1084 so eyelic-
ity S(t) = S(t+ 7) is possible providing the en-
tropy loss at turnaround compensates the gain
during inflation as well as the other entropy ac-
quisitions. We find the counterpoise of inflation
at the bounce and deflation at turnaround an
appealing aspect.

[t is worth a mention that there exists an argu-
ment from the conventional Friedmann equation
(see Misner, Thorne and Wheeler book) that
when the RHS terms all have equation of state
w > —1 then a < 0 which disallows a bounce
after which the universe starts expanding again.
In the present model the brane term contributes
with opposite sign, and double the magnitude,
of the radiation term and a > 0.
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Summary.

The standard cosmology based on a Big Bang
augmented by an inflationary era is impressively
consistent with the detailed data from WMAP3
when dark energy, most conservatively a cos-
mological constant, is included. Our objections
to this standard model are more aesthetic than
motivated directly by observations. The first
objection is the nature of the initial singularity
and the initial conditions. A second objection,
not of concern to all colleagues, is that the pre-
dicted fate of the universe is an infinitely long
expansion.
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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
eternal 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.
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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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