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nrroduction

Inflation:

- explams homogeneity. 1sotropy. flatmess, etc.
[Starobinsky (1980), Guth (1981), Linde{1982), ...]
- “generically™ 15 eternal
[Vilenkin (1983), Linde (1986). _._]
- the “measure™ problem
[Linde. Linde. Mezhlumian (1996). Vanchurin, Vilenkin, Wimitzki(2000). ...]

String theory:
- huge number of distinct vacua
N ~ 10%° - 10"*™

- landscape picture of universe
|Bousso & Polchinski (2000), Susskind (2003), Douglas (2003), ...]

Landscape + Inflation == Eternal Inflation
oot pemarmanee S R
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inthropic principle

A paradox of eternal inflation:

== Semi-eternal in flation
== We are at som e finite distance T
== Slice the space-tim e:

(0, T]. (T, 2T}, (2T, 3T}, —

Why are we so atypical? Why do we live so
close to the origin? Why T is so small?

T

2T
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inthropic principie

A paradox of eternal inflation:

== Semi-eternal in flation
== We are at som e finite distance T
== Slice the space-lim e:

(0, T]. (T, 2T}, (2T, 3T}, -

Why are we so atypical? Why do we live so
close to the origin? Why T is so small?

Vilenkin:
“All observers have the sam e problem.”

2T T
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inthropic principle

A paradox of eternal inflation:

== Semi-eternal in flation
== We are at som e finite distance T
== Slice the space-lim e:

(0, T]. (T, 2T, (2T, 3T},

Why are we so atvpical? Why do we live so
close to the origin? Why T is so small?

Vilenkin:
“All observers have the sam e problem.”

WMinkhanov:
“Infladon 15 mot semi-eternal.™

2T 1
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inthropic principie

A paradox of eternal inflation:

== Semi-eternal in flation
== We are at som e finite distance T
== Slice the space-lim e:

(0, T]. (T, 2T}, 2T, 3T}, —

Why are we so atypical? Why do we live so
close to the origin? Why T is so small?

Vilenkin:
“All observers have the sam e problem.”

Winkh anov:
“Infladon Is not semi-eternal.™

Wvself:
“Tvpical observers do not exist.™
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Mediocrity principle:
“WWe observe, what a tvpical (random) observer would observe™

1) Major problem: 11 is not possible to pick a mndom object from a countable set!
Consider a set of Namral numbers: {1.2.3, ..} _Let p[n| be the probability of choosing n.
If Pin)=const for all n. then

i Pin)= 0if const =0
e =1f const =0

On the otherhand } ~_ P(n jmust be normalized to 1. A random observer is ill-defined.
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inthropic principie (cont'd)

Madiocrity primciple:
“We observe, what a tvpical (random) observer would observe™

1) Major problem: It is not possible to pick a mndom object from a countable set!
Consider a set of Namral numbers (1.2 3, .} Let pjn| be the probability of choosing n.
If Pin)=const for all n then

ZPUI]= 0if const =0

a=1 «if const =0

On the otherhand 3~ P(n jmust be normalized to 1. A random observer is ill-defined.

1) Minor problem: Not interested in observers. but in observations. which is not always the same.
Possible “solutioms™:

1) Define a generalized random observer {or chservation), as a random observer (or observation ) out of
the first n observers (or observations). from an webiared senies of observers. for large enough n.

2) Defne a generalized anthropic principle:

“We observe a (generalized ) random observation.™
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Medioerity principle:
“We observe, what a tvpical (random) observer would observe™

1) Major problem: I is not possible to pick a mndom object from a countable set!
Consider a set of Namral numbers {1.2. 3. ..} Let p{pn| be the probability of choosing n.
If Pin)=const for all o then

Z:.Pill]= 0if const =0

=y wif const=0

On the other hand 3~ P(n jmust be normalized to 1. A random observer is ill-defined.

1) Minor problem: Not interested in observers. but in observations. which is not always the same.
Possible “solutions™:

1) Define a generalized random observer (or chservation ), as a random observer (or observation ) out of

the tirst n observers (or observations). from an wibiased senies of observers. for large enough n.
2) Define a generalized anthropic primciple:

“We observe a (generalized) random observation.™
Two approaches to defme a generalized observation :

1) Global approach: Choose a single realization of miual condmions [V ilenkimn, [ inde, ...]
2) Local approach: Consider many worldlines (one for each realization of IC) [Bousso,_..]
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dahal ¢ e
rig DAL appriiachi

Consider three stochastic processes that generate:

1) Geom etry: G* ! (eternally inflating space-time)
) Content: C:G"—=R  (varying fundamental constants (e.g. A )
3) Observations: O'N—G"' %G  (maybe correlated with (7 and C )

Questions: What is a (generalized) random observation?

Geometry +Conient: Geometry-+HContentHObservers:
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[rinhal approach {cont d)
Ewclidearn space: Consider 21D painted in black and white:
C:R*+0,1]
Define an mfinite set of 1solated pomts (red dots):
O:N R’

What is the probability of a randomly chosen point to be white?
- Mot knorm.

- Not kmown. even if ( maps evervthmg to | ()|

IEEEEETTUTTR— e
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rlobal approach (cornt'd)
Euclidean space: Consider 2D painted in black and white:
e R? 4 0.1
Define an mfinite set of 1selated pomnts (red dots):
0O:N -R*

#hat is the probability of a randomly chosen pomnt to be white?
- Not kmown. even if ( maps evervthmg to | ()|
Define a penerahized random pomt b spherical orderme,

f the 1imit exists, then one should also prove that it is onique.

Page 18/36

My 20, 2007



rlobal approach (cont'd)
Ewclldearn space: Consider 1T pamted in black and white:
C:R* +|0.1]
Define an mfinite set of 1solated points (red dots):
O:N -R’
What is the probability of a randomly chosen potnt to be white?
= Mot knowm.
- Not known. even if ( maps everything to | ()|
Define a penerahized random pomt by spherical orderme.
1 the limit exists, then one should also prove that it is onique.
| volume on finite proper distance is infinte
spherical ordermg of observers 15 ill-defined

Page 19/36



[riobal approach (cont'd)
Ewclidean space: Consider 11 padnted in black and white:
C:R* +|0,1]
Jefine an mfinite set of 1sclated potnts (red dots):
O:N R’
What is the probability of a randomly chosen point to be white?
- Mot knowm.
- Not known. even if ( maps everything to | ()|
Define a generalized random pomt by spherical orderme.
f the limit exists, then one should alzo prove that it is mnique.

Winkovwski and de-Sitter space-times:

| volume on finite proper distance is infingte

pherical ordering of observers is ill-defined

Erernal frflarion:

+ 1+1D landscape models with at least one AdS vacua

- genenic fime-like geodesic has a finite proper length

- eternal geodesics ablways exist and have a unique statistic
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[rlobal approach (cont'd, /

Ewclidean space: Consider 2T panted in black and white:

C:R*+0,1]
Define an infinite set of isolated points (red dots):
0:N -R*

What is the probability of a randomly chosen point to be white?

- Mot knowm.
- Not known, even if C maps everything to | ()|

Define a penerahzed random pomt bwv spherical orderme,
1 the 1imit exists, then one should also prove that it is onique.

Winkovwsiki and de-Sitter space-times:
| volume on finite proper distance is infinite
spherical ordering of observers is ill-defmed

Erermal

irtflation:
+ 1+1D landscape models with at least one AdS vacua

- genenic fime-like geodesic has a finite proper length

- eternal geodesics always exist and have a unique statistic

n 3+1D the spherical ordering of observations counld be well
lefined if we require a finite time  for an observation!
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ypherical measare

In a pure de Sitter:
ds'=—dt’+e "' (dr' +r' d @)
Tunneling rate per unit time [ is given by
"‘f%rﬁ}jry

The bubbies mcleation rate s

-,,g :‘43 E—f %

1".".?"‘,=?1'HJ.'I

wihere

is the Gibbors Hawking antropy. f*, iv the tnehEEoN Setion and _.4#, iv a prefactor.
Matrix of probability currents:
N
My =x,~8, E:_: Key

The magnitude of ¥ is the same for all eodesic observers. but the tunneling rate per unit
proper time T varies [Garriga, Guth, Vilenkin (2006)]:
N =
= p iy 2
M, (vi=(x,—8, 2. 5 )(1-v")

i remar e R
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I

vpherical measare (cont 'd)

Is the spherical m easure well d efined?
1} in 1+1D the 2-volume is finite, thus the procedure 15 well defined
2} in 3+ 1D and fractal dimension of eternal set less than 2 the 4-volume is also finite
3) m 3+ 1D and fractal dimension of etenal st greater or equal to 2:
a) the spherical ordermg of observers 1s ill-defmed
=1l

Wnte down the evolution equation: %sz{??+31ﬂﬁ“]

N Sachev it welnity: fie st iaerirvalng xmeaniies= B1 ()=S0
Inflation is not ctemal for highly boosted observers!
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spherical measare (cont'd)

e dismbution of observations must be counted in three steps (volume => bubbles == observations)
= il

1) Volum e distribu tion: :I;t =Mp™'+3Hp™ = prliti=ge*™

Total cowrnt of Boltzmerm observations: p:fﬁs! I;-:ﬁ]::l-,_frL " e
" b, ix the probability for Boltzmrm civilizarions to form per unir time per wiit voitme)

!} Frequency of bubbles: =k p™ 0 pt)=k5e* ™"

My 20, 2007
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':.__.':_n"; erical measure (cont 'd)

3) Distribution of observatons:

f gt g RIE T 7 i
P:Ih{r]:j:] In Z "F-F,--ES Horrg f defu

r=1 H2

r

I, 15 the probaility for hfe to evolve and to live long enough to preform an observabion
f, s the time of slow roll
Nrisﬁ:numhuie-ﬁnldinpnfﬂummﬂ
.c"‘ﬂi‘: -
L] 2 % kR % % % %% % RRRRLANERAR
Bl : 2 & & & %& & 2% i iAdRRRRRRARRRLRARL AT
| 22 % 2 B R OR ORRRDRRRRRRRRRERLADOR
- = R % ® % % %k kR k%% R RRRRRERRRERTNENER
Ol B R e P N R
"o | I % & £ %R k%% k% k RRRRRRRRRRRRERAAA AR
|l 2 2 ox % R R R 2R RRRRIRARARRT AR
] 0 & R R R R ORERERRRRRRRLRERLIODEER
= * 8 & % % % % %% % FRRRALAERERR
YEER 2% &% &# %% %% %% RRRRREREARARRARARL OO
. 22 %2 R R R % ORRRAMRRRMRMRRLERRR
] R % & % % % % %% R RERRRRRRRERRRLORNRR
L % £ % % % R % %% RERRREAOAORR

§
X
:
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.._-'-'.'r.r erical measure fcont'd)

With two assumplions:
1) tme of slow roll is neglighle r, (in general not true)

2) hife can only exist in vacua with small cosmological constant: H, < H | forall /=0

The total connt of observations 15 given by:

3N
dmwile Ex I S

‘p:"”]_j.ﬂ"-{B-H.—EHﬂ "
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.._-'-'.'r.r erical measure (cont 'd)

With two assumptions:
1) ume of slow roll is neglighle I, (in general not true) _
2) life can only exist in vacua with small cosmological anstant: H <=2 H | forall {#0

The total count of observations 15 given by:

3N,
dwle E.wr | -
. ik ¢

A e a2 H?

Ome can include the collisons of bubbles, which leads 1o modifications of H,—FE:"I
The asyvmptotic distribution of obsery ations:

fi_ '1?&".

e e
3 H -2H,

P

N KRS,
3! =

F

st pemee e RS
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yREFICHL MEASHTE { ol )

With two assumptions:
1) ume of slow roll is neglighle I, (in general not true)
2) hife can only exist in vacua with small cosmological constant: H, < H | forall /=0

The total connt of observations is given by:

4wl ™ S I S
PFII]_E:’E'-{S-H:—EH,:IE' L -

r

E,EE'I

Ome can include the collisions of bubbles, which leads 1o modifications of H‘—rE:"!

The asyvmpitotic distribution of observ ations:

fi!“' N KL,
e Y=

*3H-24, 3
Anthropic consirains on the landscape:

1y H, <= H. foral /#0

N ¥ Awls" X KLE,
SR L e iy

s e e R
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y q
G approdach

K
T;’.F:Frg_ - relative tramsition rates

o B |

Wﬂ:ﬁﬁji - “Wemberg ™ matrix

What 1s the probability to fmd

yourself in a given vacua?

[he answer is not unique and depends on
- mitial conditions
- ensemble of observers
[reat bubbles equally [Bousso (2006)]:

P WI(I-T)'Tp,
[reat geodesics equally:

[reat observers equally:
Puinx NI WII-TT Tlp,
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The “Sleeping Beantv™ problem [Elga & Lewis]:

Beauty 1s put to sleep.
A fair com is tossed.

If the coin falls heads:
She 15 awakened and put to sleep again.

If the coin falls tails:

She 15 awakened and put to sleep again.
She 15 admimistered a memory-erasmg drug.
She is awakened and put to sleep again.
She knows all this!

When she awakes,
what should her credence be that the com fell heads?
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- - = |
OGO approach

.4
T=—.,"— - relative tramsition rates
i X,

Wﬂ.:ﬁﬂ. j!. - “Wemberg ™ matrix

What 1s the probability to fmd

vourself in a given vacua?

[he answer is not unique and depends on
- mitial conditions
- ensemble of observers
[reat bubbles equally [Bousso (2006)]:

P WI(I-T)'Tp,
[reat geodesics equally:
P guodesics™ FFN[[I—TI‘l Tlpg

[reat observers equally:
Painn= N WII-T| Tlp,
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The “Sleeping Beantv™ problem [Elga & Lewis]:

Beauty 1s put to sleep.
A fair coin 15 tossed.

If the coin falls heads:
She 15 awakened and put to sleep again.

If the coin falls tails:

She 15 awakened and put to sleep again.
She 15 admimistered a memory-erasmg dmug.
She 15 awakened and put to sleep again.
She knows all this!

When she awakes,
what should her credence be that the com fell heads?
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The “Sleeping Beantv™ problem [Elga & Lewis]:

Beauty is put to sleep.
A fair com is tossed.

If the coin falls heads:
She 15 awakened and put to sleep again.

If the coin falls tails:

She 15 awakened and put to sleep again.
She is administered a memory-erasing dmug.
She is awakened and put to sleep again.
She knows all this!

When she awakes,
what should her credence be that the com fell heads?

Elga: 13

Lewis: 1/2

s e e R
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The “Sleeping Beantv™ problem [Elga & Lewis]:

Beauty 1s put to sleep.
A fair com is tossed.

If the coin falls heads:
She 15 awakened and put to sleep again.

If the coin falls tails:

She 15 awakened and put to sleep again.
She 15 admimistered a memory-erasmg dug.
She 15 awakened and put to sleep again.
She knows all this!

When she awakes,
what should her credence be that the com fell heads?

Elga: 1/3 == Bousso is right == p=W(I-T)'T p,

Lewis: /2=>Tamright =  px=N[W(I-T" Tlp,

s e e R
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[ ORCLHS IO

Random observers do not exist, or otherwise problems and paradoxes

reneralized anthropic principle:
“We observe a (generalized) random observation™

Three-steps formalism for calculating probabilities:
1) volume distribution => 2) frequency of bubbles == 3) distribution of observations

Spherical measure:
= is well defimed ordening of observations for some models
- the only ordering invariant nnder the Lorentz transformation
- the measure is independent of the choice of a reference point

Local approach:

- depends on the initial conditions
- ambiguous choice of the ensemble
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