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Abstract: We explore ssmple but novel solutions of general relativity which, classically, approximate cosmologies cycling through an infinite set of
““bounces.& quot; These solutions require curvature K=+1, and are supported by a negative cosmological term and matter with -1 &It; w &It; -1/3.
They can be studied within the regime of validity of genera relativity. We argue that quantum mechanically, particle production leads eventualy to
adeparture from the regime of validity of semiclassical general relativity, likely yielding asingular crunch.
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The current Standard Model of cosmology beautifully explains known
data.

Adding a period of inflation to A-CDM also explains conceptual issues
like the harizon and flatness problems. and the origin of density
perturbations.

However. there are still important theoretical questions which are not
addressed...
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The current Standard Model of cosmology beautifully explains known
data.

Adding a period of inflation to A-CDM also explains conceptual issues
like the horizon and flatness problems. and the origin of density
perturbations.

However. there are still important theoretical questions which are not
addressed...

Here we focus on the question of the singularity in the far past.
From cosmological singularity theorems [Penrose. Hawking, ...] We
expect that the universe started from a singularity.

» |s it possible to evade these singularity theorems?

Can we make nonsingular eternal universes? Extensions of the
singularity theorems?
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» Can we construct stable nonsingular casmologies with infinite
cycles of expansion and contraction?

If so. what's their quantum fate?
v, The search for bouncing cosmolagies goes back to Tolman and
Lemaiire.

v More recently: ambitious scenarios like “pre big-bang” and
“ekpyrotic/cyclic” universes [Steinhardt/ Turok. ]
[Scls go through a singularity and knowledge of the UV compiletion is required.]
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» Can we construct stable nonsingular cosmologies with infinite
cycles of expansion and contraction?

If so, what's their guantum fate?

v/ The search for bouncing casmologies goes back to Tolman and
Lemaiire.

v/ More recently: ambitious scenarios like “pre big-bang™ and
“ekpyratic/cyclic” universes [Steinhardt/Turok.. ].
[Scls go through a singularity and knowledge of the UV compiletion is required.]

QOur goal: present stable cosmological solutions where

1) the universe is oscillatory with a,,., > a.,
(bangs and crunches)

2) classical GR is always valid (distances > Planck length)
3) use matter that satisfies the null energy condition.
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1. Evading the singularity theorems

2. A simple harmonic universe

3. Classical and quantum dynamics
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|. Evading the singularity theorems

[As far as we know. our analysis and solution are novel. We were also inspired by work

by Molina-Paris. Visser. Ellis. Maartens...]

» For K = 0. —1 the singularity theorems require the NEC:

T K'K" >0 VK" nul = w>-—-1 [p=wp]

» However. for K = —1 they require much stronger assumptions —

ike the SEC w > 0.
This is violated by many physical systems, and is the main point

we exploit.

Basic tools: classical GR with FRBW metric

ds? — —a? + (1) [1
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...and a fluid p = w p plus cosmological constant

a 4— A
a\* B—G K A
(3) = Fow-z+3

| &

Fo= [aw

[We will need a more precise description of the fluid at shorter scales]

We want to find min & max values a. from 3-term structure

. 87 Gnc
& —K+ 333w1__32

Pirsa: 11070021 Page 10/32



1
Somlon: K=—11 . A<0. 1 W - —

Thus it seems we can evade the inflationary singularity theorems
using ordinary and well-understood sources!

irsa:

» a_ produced by K and p. while a._ produced by A and p
» we require

A g- 2/(3lw|—1)
5 = (?GN c) < M5 = M<a <a

» sols w/oscillatory behavior and nonsingular bounces and
crunches

Let's study this in more detail for the simplest solution w = —2/3.
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lI. A simple harmonic universe (SHU)

When w = —2/3 the FRW egs. describe a harmonic oscillator:
” A 4
a-—+ ?a = ?GNC
1 — g
= alt) = —(1+V1-- cos(wt))
i s
= i e AN
L= e = (47GpcC)?

Focus on the interesting limit

a

a.

S
v f

Y EET =
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» Stability of the simple harmonic universe?

Two possible sources:

1) Homogeneous periurbations

Recall instability of Einstein’s static universe:

- The dust energy density and size of the universe have to be
tuned to match the c.c.

- Any deviation causes a large instability.
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« Stability of the simple harmonic universe?
Two possible sources:

1) Homogeneous perturbations

Recall instability of Einstein’'s static universe:

- The dust energy density and size of the universe have to be
tuned to maich the c.c.

- Any deviation causes a large instability.

~ However. we have a parameter space of solutions. Small
homageneous fluctuations are expected to lead to qualitatively similar
oscillating universes.

Concretely. the maost general homaogeneaus perturbation
3
ds® = —df + ) a(t)?of . ai(t) = a(t) +sa(t)
—1

leads to small oscillatory dag; sols.
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2) Inhomogeneous perturbations

e.g. scalar modes dp. p and

ds® = — (1 +2W) df* + 22(t) (1 — 2W¥) dQ3

o . a 2 K oo
w—§(4—3c§)w—(25—(1—3c§)(?—¥))w—?\753w_0

where dp = cZ ip.
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2) Inhomogeneous perturbations

e.g. scalar modes 4p. p and
ds® = — (1 +2W) df* + a°(t) (1 —2¥) dQ5

. a : a | F K Cs o2y _
w—§(4—3c§)w—(23—(1—3@(?—?)) — 5 VsV =0

where dp = 2 ip.
If matter were really a perfect fluid. since we need negative pressure.
& —w<—1/3

Saound wave perturbations would have an imaginary speed!
~~ Disastrous high momentum instabilities!
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~ Solution: consider a matter source that behaves like a fluid with
w < —1/3 at long distances, but under inhomogeneous periurbations
it behaves like a2 solid.

Based on [Bucher. Spergel: Solid dark matier]

This adds exira elastic resistance to deformations. producing a
positive speed of sound and stabilizing the inhomogeneous modes.

Concrete example: frustrated network of domain walls, with
w—_2/3. ¢ >0
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l1l. Classical and quantum dynamics

Dynamics of massless scalars (e.g. graviton) in the SHU:
5 / d*x \/g® 2(n) (940 — (Vso)]
Normalizing \ = a(n)o and expanding in spherical harmonics,

o aH
\k—(ka2%ﬁ§)\k=0

— Schradinger problem for a particle in a periadic potential.

FF a”l
-ﬂ-—WMk:Hk—Q\-VWFig
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n

Three regimes:
» k = 0. homogeneous mode
» intermediate momenta0 < k < 1/./7
» high momenta kK > 1/,/5 ~ flat space modes

Dynamics of particles in the harmonic universe
- ielectrons in a Bloch potential age 1932



v/ Instead of periadic b.c.. we want to give initial conditions for y
v Set of decoupled harmonic oscillators in each cycle
v/ Patch sols across ‘barriers’ and ‘wells” of the potential

» [he homogeneous mode exhibits linear growth,

di

o) ~

-

» For intermediate momenta k < 1/,/7.

y i k_z k2 I
o) ~exp |\ [1= g | . K~ 1/
c

» At high momenta k > 1/,/7. modulated Minkowski modes,

o(n) ~ (sinn) kn
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Backreaction from the scalar field

Compute the energy density including modes up to k¢ ~ 1/,/5 and
compare to the background.

» Classically. initial amplitude oq arbiirary. Backreaction important
after a number of cycles

M
N. ~ log —5
(-_'J'G
» Quantum-mechanically, g ~ /7 w. Particle production
impaortant when
ME
N. ~log —5

e

Physically. too much radiation will lead to a singular crunch.

Large number of bounces for |A| /M3, < 1.
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V. Conclusions

» We presented new GR solutions of cosmologies that cycle
through an infinite set of nonsingular bounces

» The solutions have K = +1, negative c.c. and matter with
—F < W< —1/3

» Singularity theorems evaded for ~ > 1 /4, while for smaller -
classical perturbations become important after a large number of
cycles.

» QM: pariicle production eventually becomes impartant. and may
lead to a singular crunch. Quantum extension of sing. theorems.

» Next step. combine our solution with other components. Inflation,
radiation/matter domination. ...
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Backreaction from the scalar field

Compute the energy density including modes up to k¢ ~ 1/,/7 and
compare to the background.

» Classically. initial amplitude o4 arbitrary. Backreaction impaortant
after a number of cycles

M,
12

t’_"}'G

N, ~ log

» Quantum-mechanically, g ~ /7 w. Particle production
important when
Mz,

-". P 72

e

N. ~ log

Physically. too much radiation will lead to a singular crunch.

Large number of bounces for [A|/M5, < 1.
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v/ Instead of periodic b.c.. we want to give initial conditions for ¢
v Set of decoupled harmonic oscillators in each cycle
v/ Patch sols across ‘barriers’ and ‘wells’ of the potential

» [he homogeneous mode exhibits linear growth.,

» For intermediate momenta k < 1/, /7,

i ,l'IIII e k_z kz i
o(n) ~ exp VT 2 - ke~ 1/4
c

» At high momenta k > 1/,/7. modulated Minkowski modes,

o(n) ~ (sinn) ekn
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v Instead of periodic b.c., we want to give initial conditions for y
v Set of decoupled harmonic oscillatars in each cycle
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o(m) ~ =%

7
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