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nents ot a CoLn&le:l'e. The.og_\'] of the Universe

|. Physical variables (argumerts of w7

A. Dynamica\ laws ('TOE')

3. Boundary conditions (quantum state)
L. Probabi l'rl'y cules (analosue of Born's rule)

E. What has Prcbcbi\?‘l'?es?
6. What do +he probabﬂi'l‘?es mean’

Ti
Want complete theories predicting

normalized probabilities B() of observations
0;, RM=Pl)md, THd=1.




The Born Rule 3

Traditional quantum theory uses Born's rule:

R(d= P(o;\T) = (P>,

¥, = Projed'l'on operator Lor observation J,

{ . =expectation value of operator inside

in the quaitum state given by theory Ti.

E.aq, {P>;=4IR|iD> in pure state |12,
Born's rule seems to work well in

ordinary sinsle. laboratery settings,

where +he observer can distinguish between

a set of mutudly exclusive outcomes.
However, i+ does net work in a universe

larqe enough +that the same observatien may

occur ot ditferent locations, with no ebserver

within +he universe (a Froq) having access

+o both obsgervations.

Bird = superobserver who can see +he entire universe
Frogq= localized observer whe can see only one part.



The Problem with Born's Rule

Suppose spacetime has N reqions labeled by L,
1 <L <N, but suppese local observations by frogs
do net determine L.

Suppose |?_'\L R = jkﬁL but ﬁkf:‘ 20 for J¥k, LM,
One cannct say P'(i)=<ﬁ’-">; , since L isn't known.
One could +r7 Fd= (H’) with P =I-TT(I.- "),
Bul then ?.'ﬂ(n)ﬂ, since 0; can occur in
one re.sion and O, in ancther,

. The Bern rule does net work when
there may be copies ot +he observer.

The Born rule dies.



JToy Mode| Showing Death of Born's Rule :
Let (D= éaulﬁ’..), where each 1> has N
fegions or sites where 0 or | observation occurs.
(DifSerent N model different sizes of the universe,

Here, let 1WD=|W)= balizd +bal2i.
112)>: L=} has O, L=2 has Oz .
121>: L=) has Oz, L=2 has O

Since each component has the same number
of O/s as O,'s (ene of each), expect P=P=%
But there are not prcjec'\'?on operd"“s Fi and Iz
in this sulvspace qiving f;’-‘(ﬂﬁ"bwg $or all such [¥

E.q, suppose Fi=1%addu), o= 140<4s),
V.S = cos 8 12D +sinde#|2D), [WLD=-singe €1 +ceshl D
Then i+ b.zg 00 bnzs?nae“, So W>=W’u>,

CPIRIVD = ()0l = | # % ond
LA A CHOETES 3




Replacemernts of Born's Rule

?rinciples we mi‘sh'l' use das guiées:

. No Extra VYisioen ?rinciple (NEV"P’):

The Probabi li+ies of observations thal have
zero amp\i\'ude.s +o occur anywhere in the

quantum state are zero; one camct see
what is not there in the quartum state.

2. :ﬁ‘obabﬂi'}'y Symme‘H‘i'c ?rfncipb (PS?P):

\¥ +he quan'!'um state is an ei sens+a+e
ot equa\: numbers of observations of +wo
ditferent observations, then the prebabi lities

o% +‘these +we observations are eclual.

3. Probability Fraction Frinciple (PFPD:

|f +he quantum state is an eigenstate
ot +he $raction of the number of each
possible observation o the +otal number
of all pessible observat-ions, then the
probability of each observation is that Fraction,



97
Plausible Rule for Fixed N

I 1WD>=1%> with a fixed number of sites N,

say %= 28";; with reldtive Probcbi‘iﬁes Pﬁ@g)ﬁ(%{?:
Kk

the expectdtion value ot the number of O observation
For N=2, IWD=1¢d=b, 1D +blidd+ by |20+ bapl22),
R'= 1<) + 12>zl , B2 =uddnl+ 120,

V;-'-'- 2> +122DKaal, B'=h2)a)+1228X322) .

Ny =R+ 7= 2110l + 12>zl +(21d<z1),

Na= B +F = 12><2] +120D<21) + 2122421
P = WIN WD = 2lb, |+ by +lbal,
Pa={PIN2|W> = |be)? 416y, |? + 2]baa)”.

For L9lwd=), Zpu=2Ibuf+2)ba)?+2lbal?+ 2lbxl =2, s

B = 1bul?+ $1bg)? +3lbal”, Fa=lbal"s 4lbal”+1bal"
£ 1Wd=b, 12d +bgl2D, indeed B =Fa=%.

However, T #<VIRIWD for any projection operdters

‘E’s +ixed 'lndefe.nderd' ot +the quan"\'um state,
so this is not Bern's rule.



What Rul ¢ Varigble N ¢ 3

3. 'Volume weishﬂns’; R{d= Z.:&Qé.éi) , Pi@®=Nd=(eR
N; =13+ 2133543 + DGR+ P! +3) DK+
L. "Volume avemsirﬁ‘: ?3(‘1-)=<F_-‘) , F:izg_-'!'— N;:%.'l‘.ga'?"s
F=11l+ %[2!3‘./’"\-&\39)(3&\ +19>43)
+ 51313115453 +2\333><33&\+~-}+&[.--1+---

F; is the £raction opera"'br Lor what Fraction of
+he N sites has the observation O;, Summed over N.

E. 'Observationdl cwerasins’; p:‘(s):(&s)' §i= %#’N_-‘ ,
where No=%N; is the total number operater .
for all observations in the state compo ent with N sies,

In +hese three cases,  JORTCHOM with

W from unnormalized qi(id:

;6= & = % P P5 P,
P, = WD\ onte N sites, Fan, onto N sites with No

observations,



Results for g Toy Quarttum State

[¥> = cos 6 Moz m,; mad+ SinBlno; M; N2

56
— o
= & [10™;10% 0> + 3 10 S 0510

m, or ny: Number of sites with no observat-ion.
m, of n,: number of sites With human observation O:.
M, or Ny: number of sites with Boltamann brain » Oa.

10°6-10"%

Volume we‘ﬁh‘H ns’ :
- m, c°379 + N, S'mze _ ﬂ-(iogs-' ‘o"z - lO)
?'(3) -(m;+ ma)cos? +(n.+nSsin’0 10

“Volume cwerasing' :

‘Observational avcrasins':

tnd
- m.cos'o nsSin 6
?. (s) = mymgy + N+ha

)
R



Born's Rule for Local States 10

Born's rule does net work for the global quarttum
state of +he universe, { D;: one cannet Find shite-
independavﬁ' projec:\'i'on oyera‘l'ors WJ such that
Fi(d= <ﬁ§)s satisfies reasonable properties
such as t+he ?Nbabm"’y S’mmeh'y ?Pi'ndfle.

However, one may be able +o £ind a local
densﬂ-y matrix P() For a single site so +hat
PG = tr (I f(i’)) Sor some local . If the site
is L, one could +ake Fj +o be the restriction
of P +o the Hilbert space of that site.

Then the ambiquity in the replacements
ot Born's rule would be the ambiguity of how
+o calculate P(D From the glebal quamtum shite.
So.7 JJOL ~(D)/+e r() With unnermalized Hermitian
r(id with nonneqative e'\'senva!ues.

Say th:ég

, mauuo\%n.); 1¥hmeP;8 No obs., N sites.
Let Phg(d = Fe(l%medi<Wol).

‘Volume weighting’: r®= é’ é"anu.\z‘_% P:;l,(3>
‘Volume qvemss'ns': r(u-)zg 2; !Gnm\z-&-%P:m(“')

‘Observationdl avemss'ng"- r(s)= g “.“\ dun,\z-ﬁ']-‘é p.:'u,(s)
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Nonlinear Rules For Probabilitie

So far | have .J.iscussed linear rqbs
filds :P(Oj\"ﬁ) = ::;‘%tgc% ="-<Q3(‘i)>; = ‘g(‘b:.()i»i‘ .
(Actually, they aren't guite linear because o the denomindler
but +he unnormalized relative probabilities ﬁ(i)-'-'(ﬁ(i)).m

However, one canalse propose nonlinear rules.

(Everett existence probability '

=0 if {FD=0V L,

;D=1 ¥ LB"D>0 For some L

(nonzero amplitude For the observation +o exist).
‘Nonlinear bird existence probabilﬁy’:

pie) = P_;(:)‘ with redl positive c#|, where

@ = R =WIT -T(E-FDIvD

is the linear quantum pmbab'ili%, for a %’wd +o see

+he existence of ot least one observation O .

Nonlinear velume weishﬁ’as‘: pi(M=piEF=<E& Ry

‘Nonlinear Volume avemsins‘; pi(8d= Pi(l’)e'@g: LR ?j‘?j

'Nonlinear observational averaging’: pi(= PJ(ssz_;égt&ﬂ"mé
Al) of these obey +he No Extra Vision Frinciple

and the ?robabili+7 Symne'i-rs, Frinciple but not the
?robabilﬁy Fraction 7rincip‘e.




Implicdtions for the Measure Froblem £
Harte-Hawking and cthers: Dynamical ‘Theory of
Everything' isn't; one also needs the quantum stite.

This work: Quantum state is also not enough;
one needs new rules for extracting probabi!? ies.
This implies the measure problem in ccsmo\o;y

is more serious than mishi' have been thoughT:
4+ can't be solved just by knowing the quartum shrte.

‘Nolume weis_hﬂns' : '‘volume averaqi ' and
‘observationdl averasi‘ns' seem the simplest rules so'ur.
'Volume we'is)ﬂ'i’ns’ and ‘observational avemsins’
+end +o lead to a late-time Bettamann brain problem.
'Volume averaging' can ameliorate this, 30@ it still
may fequire universe lifetime S 10'° .

One also needs a good quantun state.

The Hartle-Hawking no-boundar\/ Proposal seems to
have an early-time Bolzmann brain Problem.
Perhaps a symmetric- bounce quantum shite is betler
(work in progress.

In any case, Born's rule does not work

in cosme\osy when +he universe Is sﬁ*icien’ﬂy
larqe +o have many copies ot an observation.




