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time
Inflation must have had
a beginning

Craig: Therefore universe
cannot be eternal

space
Aguirre and Gratton,
Carroll and Chen:

Universe can be eternal
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Cosmological Friedmann equations from General R

/cosmologlcal constant
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Cosmological Friedmann equations from General R

—Ccosmological constant
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Quantizing the Friedmann Equations

Assume a Lagrangian
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Quantizing the Friedmann Equations

Assume a Lagrangian
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p° + | 1-—|=0 p=ti—
2G a’ ¢
) 2 2 2 Wheeler-
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0/ ? equation

“Wave function of the universe”

Schrsdinger equation for particle with m= /2, E =0
h=c=1

2
Potential energy V(a) = (g’_gj 5?2 (1_ a_Z)

az
0
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"Tunneling” solution of Vilenkin:

Only outgoing waves
B 3/2 ]
a2
a>a)=K(a) " e —'la ——1
w, (a>a)=K(a) e O(ai ]
3 ) a2 1/2 )
T
K Rl
@3 (26] ( )
0 * , 32
$ 2
Ziexp,"iazf%l"a— /
22, 2G °f; azl
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Hartle-Hawking:
Equal amounts of mcomlng and outgoing

waves F, N2
l//HH(a>aO):K(a)_1/2COS gaf a_2_1
- \ao / —
2 o V2
K(a)= (37tj a a——l
2G \a ).
3/2
.. %At
I (O<a<a)=K(a)"expr—a’g—"1 !
HH D é(az z /
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Hartle-Hawking wave function of the universe
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$ ° 1/2
P! expg' 2 x2m‘V(x) E‘ % Tunneling
0 a probability
2m=1 E=0 a=0 b=a



b 1/2
P = exp(—ZIdxzle‘V(x)— E‘ j Tunneling
a probability
2m=1 E=0 a=0 b=a

P= exp[— 8(;[)]
3

p ~ G_z — P= exp(—g] =0.687




b 1/2
P = exp[—Zde2M‘V(X)_ E‘ Tunneling
a probability
2m=1 E=0 a=0 b=a

8,3
P! EXP% 8G2#2

.. $ 3
#1 G* * P= " — =0.687
€Xp§6 8?

“something (physical universe)” 2x as likely as
“nothing” (unphysical universe)
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s the Universe Eternal?

™ Eternal universe not mathematically
forbidden

M Can’t prove universe had a beginning from
any theorems based on general relativity

™ The biverse is a possible natural scenario

M Does “creation” make any sense with
different arrows of time!

™ Two universes “began” at t = 0

™ Eternal from observer’s point of view in
either universe
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