Title: Space-Time Granularity and Lorentz Invariance Violation
Date: Oct 31, 2004 11:15 AM

URL: http://pirsa.org/04100047

Abstract:

Pirsa: 04100047 Page 1/19



[ ‘ 0
7/@5&%&5/&5 el
[ erso
o2 He s..j _ @//@ mé;%tm c}[ 7he

€

0 CosHUC mém}im%&




0o - b, cocrons jncoemsial

) /LL&%WJ’LCGL w@xcjnm aPJ’Q’ pomm,gfegw
ufmgo&oyu.wm/bc:% :

l))i Soen oLse¢WLm&L \,OQ)EHMCJH# ToMBARAIG,
W-MA?) maMmg heso /mahdwm

f i
= vzl { | fi I
[ J'd-'— A / - I F— A - 1 [ | [
= e AN Y . 1Al O Y L™ s Sllaunse |

B l - - gl
(v i,}_ﬂ/bf}e A an G | el g SFTlcoNS

7 i s
new » oty eyl M“’-’z‘f/@/"ﬂj
LLQ/L? wVLA—E’H)HL‘:\ G-‘.L::OUT)' ﬂzcs (PL{"_J[UJLL

ZL(, UAMWWJ’}J ahs 4 Mg% A&w:o)m@u&;

gwoiﬂﬁbﬁ éfac&%—ﬂ- uu-'j/(n = W?LD—/MA é—(
,L\LMW)(M s f-r& Vacvum Jﬁ-té N,\q(/’,, >

h‘ét 7 Pw dos I'La/-sf tmi a a}T‘LE w.# c.:,t(—m.rm,
WagW% ound MLI&?"‘{J/UM 2




P A)L\w ch'\OC_\. ‘I{Aﬁ, Me LS U Heu— U v 7

or \/\,c;lr s /.,{/u_ 1mea5-J’1L5\ %Mlﬁ\j

® «UJJLQBF ?LL_‘Q‘EI&CQ,K dowCo. UVLOL‘/*Q@‘\'

l{ﬁ MGIC.&?DL&/VAWL L

va = ™~ "‘_ ol = L /
05 —,2
‘I I~
\I:VD,‘LD) Vot I 2 50
©l oy =0 Zo\l o)

J'\Aj bo U {«L&lcmm Al £0 -,JE}} ?

%%W@Q\ &_Qvlaétimgl\m quhou‘L
iM\)\;'ﬂ-\ﬂ Yo nmodo Ls 0\ GC:-){




o consdor fpungon e Az Case O{;
cin A%mmb OSCJ./{QTLG“L i 7%1( ng{ g}z;_g_

(N A

-1 p '1 _ - [ - il 1A ™~ can Tl J;-__' A
| 1 L S aal W o d  can Tl
e .-‘I' A, -’_, L =0 h

w( v AT~

b~ s

quir Hats means ’H\c}‘} Ne mectunre. X
"(,Ea.qu{mg M[AAPA ;u-.-"l) iw‘u-{ a § ‘l‘l'S'}'L‘Cq.-(

.s}ﬁ’uco{ A | ;
i) ) ' \ 1 e s Su| et |




2 A look to proposed ideas on the transition

Fa

to classicality

Standard Decoherence
Decoherence without Decoherence
Squeezed States

Alternative to Inflation

Issues

1) Is there o measurement involved in the transition from a field characterized
by a quantum state to the ensemble of realizations described by the stochastic
ficld?

2) 1f so, what is performing the measurement?

3) Precisely, what is the set of quantum observables that is being mea-
sured? and what determines them?

4) When is this measurement taking place, and does the answer to this
question have any possible obsenvational conscquences?

5) JusF'FCa'Kw [:n. X.: e OL t=bshiee

wm o somghe uaedverse 7




The standard view, supplemented by the physical col-

lapse hypothesis. o fa 1y o4 2

3 Linearized Einstein’s equations and the evo-
lution of small Auctuations

ds® = a(n)’ i_u + 20)dg? + (1 - E-!rj-"_;a.’:'.!r" (12)

Einstein tensor (G =

Let us first write down the components of tl
Ry — g, ) up to first order in the perturbations:

[0} a*
G-j =3—
a?

.

o "

G ==—2

a’ a

a
[‘.'E.l; = 2T — GE i
a

G = 23,4 + 250,4-
a

Gy =(V?—a8a)(d—W) +2¥+2 (2’-1 - [—) (T + &) + 211(-i- + )
i 1 a

AN Sy
Gy =00,(¥—2) for i#;j (13)
The components of the energy momentum tensor are as follows
{0

1, :a. Pt
T = ,—)(L‘-,:I +a*V[éd]

L s
T = =(dg) —a*V ]
Toy = ¢obd + 2a° DV [do] + 28,V (0]

{1) -
Toi' = ¢udiddd

{1 T T g Lt -
T = —$&3 + dodd — W(¢2 — a1 [6a]) — 5a” sV [8]6d

.tl-_-ﬂ for i#j (14)

i
Finally the scalar field equation yiclds, to zero order:
a . = -
$o+2=% +a'dV[d] =0 (15)
(] =




to zero order Is Gig

The only nontrivial amongst
-

which leads to Fricdman’s equ

(16)

Iy {1 § - - . -
In the linear order let us start from (?,_1"‘ = &:G]"I'Jl' which implics the metric
perturbation potential to be equal, namely

Jr = & {1‘”
After some algebra we obtain
- <q L a= - 1 =
VT + 47Ga Y = 4=G | o8 + —89) — dodd (18)
a

Finally, Wlhv equation for the scalar field perturbation

we obtain

5¢ + ‘.’Eéa — V265 + a’03 ,V[6]66 — 167G() 66 — 2Wdp =0 (19)
This differs from the evolution equation of the scalar field perturbations
in:the background spacetime. However note that the corrections due to the
Newtonian potential are suppressed by the factor G.
Qur main equations will be then te equation for the scalar field in the
background space-time

(20)

{ =
and equation @, which, upon quantization of the scalar field perturbation
d¢ onc can promote the previous equation to semi-classical equation to de
termine W in terms of < d¢ >.




Quantum theory of fluctuations

d deseribed by the action

[ 1 A :
= f|—;;‘$‘_;f.a'~.‘u_¢:?"" =1 [f'.'] v—gd'z

(21)
mn of the FRW line clement the previous action becor
s ﬂ:, - - a0 A dyrran ] ]
S[d] = —{(—¢ Lo +od,dy08Y) — al) 2] d'z (22
Separate the scalar D.O.F into an omogeneous background component
%o plus small fluctuation §¢, namely
8= ¢y + 6. (23)
The background field ¢q is deseribed in a completely classical fashion while
only the fluctuation &3 is quantized
In these coordinates, the field equation becomes
[ - - TP e a_. Froa
| g —=Vidg+2-d=0 (24)
a

where dots denote derivatives with respect to 7 and A is the Laplacian on

fiat Euclidean three space.
Note that we hove neglected
3]
slow rolling appraximation.
If we expand the fluctuation ir
]
motion for the mede &g

o terms proportional to &

Vi¢] using the

—

n its Fourier components the equations

s of
2 beco
FA d .. 12 o
o0Q +2 = qul_—\_ - |.<r_'|_- =] ';':‘-J'II
a

Introduce an auxiliary ficld y = a3

V- (‘T-': F E) y=0, (26)
a

We will now proceed to quantize .,
Let us consider the fie

I in a Box of side L, decompose a real classical
field ¥ satisfying (7?) inta plane waves

(27)




the sum is over k =a

kil = 2zn; for i = 1,2, 3 with n; iur,-:-,;-_':*

on relations between the field y
- Thus we write
S 5 g (@™ +alme™),  aln) =nmse (28
= <R (D) i

where yu(n) is a solution of 7?) and @, is the usual annihilation operator on
the one particle space H = £2(L3, &z). Upon choosi ng the solutions 1, (n), &
thus becomes an operator on the Fock space over H. Similarly the canonical

=3l

conjugate to y;

200, 5) = j(n,5) - 2 §(n, 2= (29)
a
1 - - {(m iEr , =t f — i e )
e (Gag(m)e’™ + @l qu(m)e ) (30)
where
o= U — (31)

e classical solutions y; (n).

To complete the quantization, we have tu-“rﬂ.l.\
- r

Toinsure [ay, @] = hE25; .

v (n)i Jox(n) =i (32)

for all k at some (and hence any) time 7.
A pair of independent solutions is given by

1

l-—)(\p’_a’qh (33)
1k
L (0 s EsuLLI !1{4'{-1 7
AT LAt mbku =l He o :
o I3
g (n) = _._:\ —exp(=ikn) (34)
Note that the dimensions l..]p lied for Gy is (Mass)'?(Lenght)? which is

compatible with the dimentionalized conmutat

or Eri-_,ﬁj.,! = RL35;




5 Evolution of the fluctuations through col-
lapse

The collapsing modes

In:the present paper, we choose the following modes

() :=

Pl AT
v (m) e + T (n)a,.

(35)
These medes are mutually independent (i.c. commuting), they afford a de-
compao

on of the quantum field into a collection of harmenic oscillators.
and, together with their canonical conjugates

=¥y . Vet = | <
Fr () := gu(n)ds + Ta(n)a, (36)
contain complete information about the feld.
As we have to follow the evolution of the
collec

4
i =0

modes during inflation, let us
ome formulas for the evolution of their lowest moments: Let I=) be
any state in the Fock space of 7. Let us introduce the following cons

nstants:
5 G=<iios £y =< GLoy >= . (37)
In terms of these, the expectation values of the modes are expressible as
< §i >==2Re(ydy)

<Ay 2= 2Re(qdy) (33)
while their corresponding dispersions are
(A%)Z = 2Re(1ic) + v

* (AL +2¢4) — 4Re(yds)? (39)
and

(A%)2 = 2Re(gic) + o (AL + 2¢;) — 4Re(qudy)? (40)
For the vacuum state |0) we certainly have di = ¢ = e =0, and thus
< i >0=0, 3

while their corresponding disg

T

i\
(41)
WTSIONS are

I (nL?),

10




The collapse

we have to describe is the state |

| not specily the state :'n:::]l:-"_-']_'._ but only
: - s T -
dy =< 4y >g, G =< a; >a, € =< @0 >g . (43)

At this point a few remarks on our statistical treatment are in order.

We view the collapsed state of the field corresponding to our universe to
be a single state [8) and not in any way an ensemble of states.

The way sto
measure directly and separately the modes w
rather an regate contribytion of all such modes to the spherical harmonic
decompasition of the tempemture fluctuations on the celestinl sphere. In

tics enters our picture is related to fact that we do not
. + g — T
ith specific values of £ but

ict an imaginary ensemble of universes. Thus

ses characterized by the after-collapse state
fics the specific clement in the ensemble. Then

order to proceed we we cons
we have an cnsemble of ur
|8)i where the label i iden

we will have an independent random series of numbers ot pertaining to value
of physical quantities in the collapsed state in cach clement § in the en
for every single k (we will be assuming there are no correlations amons
various harmonie oscillators). Qur universe however, corresponds to a sing

semble

. I ig)
clement fg in the cmnscmble, so for cach J we have a number .;‘[." . The

» ial
point is then, that sequence g

a result, also a random sequEnce

for fixed 7y but for the full sct of F will, as
il e

with the quantit
distributed accord-
ing to Gaussian distributions ¢ (Af)3 and [.l.?;_""jf,
respectively. However, since they are mutually non-commuting, their distri-
butions are certainly not independent. In our collapse model, we do not want
to distinguish one over the ot so we will ignore the s conmutativity and
make the following assumption about the (distribution of) state(s) |8) after
collapse:

In our specific calculation t
+di : In the vacuum state, i and 2

npproach will be taker
dividually are

i
red at 0 with spres:

(nf) >e=XT

< i(nf) >e= Xi, < -

where X, X* are random varinbles. distributed acc
tribution centered at zero with spread (Ag;
other way to express this is

L

<) >o = /(AR = 2 nmO VAL
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The collapse

At this point

ion valucs

=cribe is the state

he state completels

- - r -3 - e = 7201
dy =< 0 >g, € =< ap >g, Cp =< @143 >o . (43)

At this point a few remarks on our statistical treatment are in order.
We view the collapsed state of the ficld corresponding to our universe to
igle state |©) and not in any way an cnsemble of states.

tics enters our picture is related to fact that we do not

bea s

The way statis
measure dircctly and separately the modes with specific values of k. but
rather an aggregate contribution of [ all such modes to the spherical harmonic
decompasition of the L temperature fluctuations on the celestial sphere. In
order to proceed we we construct an imaginary ensemble of universes. Thus
1 ensemble of universes characterized by the after-collapse state
the label i identifics the specific element in the ensemble. Then

we have ¢
) w
we will have an independent random series of numbers o
of physical qu.m |t:1::. in the collapsed state in each element § in lnﬂ ns
for every single i {(we will be assuming there are no cnrrq-lm:r.-ns nmox
various harmonic oscillators). Our universe however, corresponds to a single
clement i in the emnsemble, so for cach ) we have a number g 1. The
{n

- 2) = =g
point is then, that sequence 0V for fixed ta but for the full set of J; will, as

with the :;tmmiﬂ-‘ﬁ
distributed accord-
ing to Gaussian distributions centered at 0 with spread (Ag, )3 and (A5 ]
respectively. However, since they are mutug ally non-commuting, their distri
butions are cer tainly not independent. In our col llapse model, we do not want
tmii.~1i:-.-g-.ah,m'w over the other, so we w ill ignore the non-conmuta tivity and
make the following assumption about the {dL-.r:hml on of) state(s) [8) after
collapse:

L

» 1150 & random seque
In our specific caleculation this
i ¢ In the vacuum state, §, and :

approach will be t
individually .

< ii(ng) >e= X], (44)

where X7, X ndom variables, distributed accorc
tribution cer .u[ at zero with spread (Aj
other way to express this js

<il(n) >a = =] V(AR = il (s VALE, (45)
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zylan () VAL, (46)

where xi, 7} are now g to a Gaussian distribution cen-
tered at zero with spread one.

Wer

s ay

written

. 1 —
cos(ag + ) = VALY (47)

1,
|di| cos{ax + Gi) = s Vh

While we could solve these equations in full generality, let us make the sim-
plifving assumption that the collapse happens early, i.e. that [knf] is large.

Under this assumption we find that 1 = f; + =/2 whence we get

)
vhiL tan{a) = —. (48)
2 I}

=
where 1 = (/11" + 1} g the di
uniform distribution for 7 and for x4 n one-sided Gaussian distribution with

ribution of } and xj, we find the

spread one.
. We need to concentrate on the expectation value of the quantum operator
8¢ which appears in our basic formuln
VU 4+ m* = s (49)

> We i::!h‘_.wllw_-':ui the abbrevintions m* = 4zG¢3 and s .“-'-*'.-C.‘c"\,] and

= ;—EJ:E{". while in the slow roll approximation we have I' = §é =
s, il

We want to say that, upon quantization, the above equation turns

VA 4 m? = s(I). (50)
e e ]
Before the collapse occurs, the expectation value on the right hand side is
zcro. Let us now determine what happens after the collapse: To this end,
take the Fourier transform of (50) and rewrite it as

-5 o= i
~([i)e- (51)

e 1%
¥iln) = ———
LA FJ 12 — 112

—

4

:"lra Lw::'sir [-:)'feLS
vallme o O T




tion and compute the right hand

Let us focus now on the sl \ppraxi

1 and hence

side, we note that d¢ =

% et o
5, = —(geo + Tx0-1)- (32)
a

For the expectation value we find

(RL3k o
(Lf;-" +d '."-.)::1\_1%—!-1;}"{_-"-'} {dﬂj

Ok =7 C_LTk

(Cxe =

TR S ) e e ) =
— '1| _‘.?_-Et - Th e X _RE 1} (J'l]
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6 Recovering the observational quantities.

ize the fact that we can not measure

Here o crucinl obse
W for each ind t we measure in fact is the *New ‘l’.‘l"h
t scattering: W(np,Tp) which is a f

potential” on the st
| two-sphere, i.e a function of tw

of the coordinates on
From this we extract

atm = [ (10, Z0)Yind’D (56)
e e ———————————

—p—
In fact the quantity that is measured is :';?-'{f.?. 2) which is expressed as
Eim0im V1,m(0, 7).

The angular variations of the the temperature is lhcn identify with the
corresponding variations in the “Newtonian Potential”

Thus we identify the theoretical expectation agm wit! the observed quan-
tity ay- The quantity that is presented as the result of observations is
OB; = I{I +1)C; where C; = (21 + 1)-'Z,.|ata|?. The observations indi-
cate that the quantity OB is independent of [ and this is interpreted as a
reflection of the “scale invariance” of the primordial spectrum of fluctuntions. — we |y
ty of interest we write first

To evaluate the qu

__ &
$(07) = ot P L R R, 67 of stedishics

BP2— m-‘; 2[3a

Thus using £ = Rp(sin(0) sin(), sin(8) cos{), cos(F)) and standard results. 9
we obtain L‘:tQA"‘":'
. wall iy

i I"r_ " o
is)| ;.;1 e fFlJ‘ Ery (0, 2)d°Q (58) £ da 3

(1. oE . :
e S e A= I R (50
is\| 3752 Sem e F A RoYin(8) | (9)¢ gy b
where J: indicates the direction of the vector £. Now we compute th cupu.'n l-l ké-
magnitude of this quantity. As a first step fﬁl-ug'_

Qi

. 2l Ll VE VI - s iy Al P
81m]* = & ::‘1-:.-=mFr_r—”-_.f‘U-‘JF(‘- JilkRp) 5 (K Rp)Yin (k) Yia(K)-
..;\lu LY
® T
N O+
14
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Now we simplify by t
random phases a,. To do this, note that

g the expectation value with respect to the

FE)F(R)  (zic"®) — z_je Ho-vtm))(z etlowtn) _ g cilo_utrly
(61)
The randompess of the phases will make the off dineonal elements 1o caneol.
Next write the sum as an integral by noting that the values of the components
of k are separated by Aly = 2=/L, thus

172 I=

si=h Py R 2 NV (R ALY

< ,n,.|| {ul:f,]’--' ] Ir.lr. 25) :'—‘{_F'"T}:J‘ (|-’|PJ} im (B (AK)
(62)
= (sh'*[a)*(2/) f T =yt (FIRo) Yim ()P (63)

The lnst expression can be made more useful by changing the variables of
integration to = ERp leading to

< lawnl? >= (sh"*/a)(1/7) [ | = .n,,) iRy TaEdE (6)

itne where m is negligible we find: t

which in the re

1 ="
< o) >= (sh'3/a)?( (1/2=)L (1) = (sh'/? /a)? T[f-—_l} (63)

Now, since this does not depend on m ':L is clear that the expectation of
Cr=(2+1) 1_,q|n tm|? 15 just < | |t -|* > and thus the observational quan-
tity OB; = l{l +1)C; = (1/2)(sh'/?[a)? Jl.u'pc"dl:n' of ! and in agreement
with the scale imariant spectrum obtained in ordinary treatments and in the
observational studics. Now lets look at the predicted value for the obser-
vational quantity OB5;. Using the equation of motion for the ‘--.1.1': field in
the backgroound in the slow roll approximation we have & = —21* where
vz , and the first of Einstein’s equations, in the backgroun d W h.-_hgj'.x-:w:

well.
v K’/_ S

0B, = (=/3)Gh—= 1. .{2:_;'3:{,;1',.f,'.r,'.,.J (65)

7Gatl(dy), we find,

where in the last |1|-J:1]"\ we ]-\- ¢ used I] ¢ ".‘“c'; <‘ definition of the slow

roll parameter £ =

LM‘["VMJ‘ u.lu"{’l ;ermtiMa’ LE_&L—'L/?L
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