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ADbstract

Homogeneity and correlations in the observed CMB are indicative of some form of
cosmological coherence in early times. Quantum coherence in the early universe
would be expected to give space-like phase coherence to any effects sourced to
those times. If dark energy de-coherence is assumed to occur when the rate of
expansion of the relevant cosmological scale parameter in the Friedmann-Lemaitre
equations is no longer supra-luminal, a critical energy density is immediately
defined. It is shown that the general class of dynamical models so defined
necessarily requires a spatially flat cosmology in order to be consistent with
observed structure formation. The basic assumption is that the dark energy density
which is fixed during de-coherence is to be identified with the cosmological
constant. It is shown for the entire class of models that the expected amplitude of
fluctuations driven by the dark energy de-coherence processis of the order needed
to evolve into the fluctuations observed in cosmic microwave background
radiation and galactic clustering. The densities involved during de-coherence
which correspond to the measured dark energy density turn out to be of the electro-
weak symmetry restoration scale. In an inflationary cosmology, this choice of the
scale parameter in the FL equations directly relates the scale of dark energy de-
coherence to the De Sitter scales (associated with the positive cosmological
constants) at both early and late times.
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The Horizon Problem

A. Why isthe Cosmic Microwave Background so
uniform?

B. How can there be space-like correlations in the
fluctuations and phase?

OUR APPROACH: At sometime in the past, the

whole cosmology had globa quantum
coherence.

We will extrapolate our present understanding of

physics backwards until we have trouble with
basic concepts.



Quantum Basics

Space-Like Correlations: Vacuum expectation values of
the symmetric sum of afield operator at different pointsis
non-vanishing for space-like related events

1
<vac |@g(x)@(y) + (y)p(x) |vac >= Py
J[™S

s =% -y P -(x* - y°)

Since the vacuum expectation value of the field is expected
to vanish, this requires spacelike correlations

2

<vac [¢(x)¢(y) + ¢(y)¢(x) |vac >#
2 <vac |@(x)|vac >< vac |@(y) |vac >

However, the commutator of the field does vanish for space-
like separations, preventing measurement at y from changing
the probability distribution at x.



Quantum M easurement

The Triangle Inequality: A fundamental limit is placed on
guantum measurements due to non-commutivity of operations

C=A+B, IC| < |A| + B
A B
IAlIB| = [[A,B]}/2
LetA=X-<X> B=P-<P>
C
7

= AXAP 2= >



About Zero-Point Motions

e Zero-point motion of sources correspond to

vacuum energy of the associated

Physical effects associated witht
point motions do not depend on't

quanta.

ne Z2ero
ne

coupling constant of the involveo

Interactions, but do depend on the nature of

the interaction.

In physical systems, zero-point motions

correspond to saturation of the tri
Inequality.

angle



Coherence Length Scales
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Macroscopic Quantum Systems

For “He, atomic spacing, and
low particle mass give
comparable zero-point energies
to the weak inter-atomic forces

The Casimir effect gives
measured effects due to vacuum
energy and geometry

The Casimir effect is equivalent
to energies produced by zero-
point motions of the sources at
absolute zero

For gravitating masses within
their Compton wavelength, we
expect significant zero-point
motions

2 2
APAR>H - KE ~ (o)

2m  2mv 3

1
E\/acuum = Z _th(

modes 2
DB i - _ 7T e

Area 720 ?

AEPe = 40.92353"C

acuum
a

E, J(ﬁl +(me2) ~v2me?

m

AEVpI ates

acuum —

2

G.m> m
— N 2mc2<<EO
A M2

m

V ~



An Example: Cold Dark Bosonic M atter

For non-relativistic particulate bosonic dark matter, the relationship between
number density and critical density for a free bose gas is given by

Now _ §(3/2)I(3/2) 3r2 N 2
\;M - (277)2713 (2mDM kBTcrit) , Pow U VDM Mpy C
2/3 2 3 2 /3
KTy, =~ Pou ___(277) (ie) 1160 x10-*Gev Z_ [ Cev ZJ
2 (m,, c?f'° ¢(3/2)r(3/2) gnd \ Moy c

The temperature of the photon gas is expected to scale with the redshift when
appropriate pair creation threshold effects are properly incorporated. Setting
critical temperature the same as the photon temperature

, = (MJ 29, [(kBTyo)“ 5(3/2)r<3/2>J (m, )"

9(Tei)) (@) | Pou (27)*
1/3 5/3
[11.38 x10® M gri/3 M
g(Tcrit) > GeV

where g(z) counts the number of low mass degrees of

freedom available at redshift z. Transition is non-relativistic — m_ =~ > 15ev
if T

crit<mDM g M oy




Particulate Dark Matter/Photon Ratio

Adiabatic expansion is expected to preserve the ratio of
particul ate dark matter number to photon number.
Relating photon energy density to number density gives

Noy _ (4T (4) [Qj ke T

N, {3\ Q, )myc’
53.70x10‘9( Gevzj
My, C

This should give a phenomenological handle on the
thermalization process for the dark matter.



De-Coherence Due to Microscopic Scale

* One expects a quantum phase change occurs when
the energy density of the expanding cosmology
reaches a critical density within aregion of
coherence A,

O

@ ® %o

® o

R<R, R=R, R>R,
Pv> P PPy Pu< P



Einstein’s Equation

e Experiments by Overhauser, et.al. have
demonstrated gravitation of coherent systems

 Wewill assume that Einstein’ s equation describes
the evolution of the cosmology during the epoch
of interest (post-decoherence)

c = L1, o 8CGu. .,
uv = = uv E g,uv - C4/ LV / g,uv
\ Conserved energy- A big blunder
Purely momentum tensor

Geometric



Cosmological Constant

N =000,016,0232,0.48 0.684,0.80,1.00
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1.2

0.8
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Observed deceleration followed by acceleration in late timesis
best fit by a cosmological constant.



Friedmann-Robertson-Walker-Lemaitre
Cosmology

o Assume aspatially homogeneous and isotropic cosmol ogy
(The cosmological principle) -~ FRW metric

dr?

1—kr?

ds® = —c’dt” + Rz(t)[ +r°dd* +r°sin’ z9d¢2]

o Assume anideal fluid asthe form for the energy-
momentum tensor in Einstein’ s equation — FL equations

-\ 2

R _ 871G, _ k.
] =¥ (o0
Y SN

&
E: (,0+3P—2,0,\)



Zero-Point Motions

Uncertainty for quantum energy scale AEAt> ﬁ , AE =g=lC
Radiation dominated t, R.=c , t,=ro
C J DC
cosmology toc 2C
F-L Equation R DS’GN Ooc Roc _C “Roc R:ﬁ
R 3c* R* R* c R

2
At, DtDC[;] . AEAL D%Ri ~ R <c
& T
¢ De-coherence

oo odt _, Criterion
o R(t")
DHorizon = RDC A)(DC = RDC

Null geodesic  cdt=Rdy , Axyc=
(Radiation
dominated only)



Spatial Flathess

.\ 2 2
2| =T (o )
R 3c? MR

An open universe with k=-1 is excluded from undergoing the
de-coherence transition due to the dark energy term. A closed

universe with k=+1 never expands enough for structure to
form.

RCULEN | < 2 2 2
0= (p(R,.)+ 2,) [Rmaxj = R, T2R:

For aflat cosmology, the density at de-coherence is given by

Ppc = S 2-,0
¢ 8rnG, | Ry A




De-Coherence Extrapolation

If the cosmology remains radiation dominated in the standard way down to
t=0, then the scale parameter satisfies ¢ 2 R
R(t) = (t j =ty = —==

b 2C

Using the FL densities at radiation-matter (dust) equality py,(Z¢)= Praq(Zeq) ONE
can extrapolate back to the de-coherence period. Ignoring threshold effects
(which give small corrections near particle thresholds while they are non-
relativistic), this gives

1/4 c 1/2 1+Z 1/4
e Rt ey
IOMO o 'DC Mo

Here, Q,,, Is the present normalized non-relativistic mass density. The scale
parameter at the present time is then expressed in terms of this redshift using

the usual definition R = (1 + Zc )RDC
(0]




Scale Evolution

The evolution of the cosmology during the period for which the dark energy
density is de-coupled from the FL energy density is modeled using the FL
equations. There is a period of deceleration, followed by acceleration
towards a De Sitter expansion. The rate of scale parameter expansion is
sub-luminal during a finite period of this evolution, as shown in the Figures.

Redshift ws time iog 1+x Expansion Rate ws= time Log R/c
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The particular value for the scale at de-coherence is determined by the
microscopic makeup of the dark energy. Present time corresponds to the origin
on both graphs. The value of the expansion rate is ¢ for R=R, as well as when

the expansion scale reaches the De Sitter radius 3
R,=,—=10%cm =1.6x10"1ly



More on Zero-Point Motions

 We will assume that the cosmological vacuum
energy Is due to the zero point motions just at
the availability of luminal equilibrations

4

pr ==t £ 02.37x107 GeV
(R (nc)

This means that the cosmological constant isfixed by the
physical condition of luminal expansion rate (and the
associated de-coherence) being met. At this stage no further
assumption of microscopic scale will be made. We will
construct the mass units responsible.




Cosmological Energy Density
£ D(AP)2 R

N 2M sM(ax)
Require that momentum coherence scale is same

Energy per particle mass=M , ¢

as energy coherence scale , AX=R
. . ~ £ g 2 1
Masses undergoing zero-point £ = N D8I\/| ~= Mc Dé Ne
motions 2 ¢ 4
. NMc® 1., & 1 _,
L — =—N
Expected energy density P R 8 (wcf 8 Pa

__ _3 (I\/I -C’ 5)2 S~ 4 \F M oC°
9= poc =5 oy (09.97x10°Gev*)= N [ -

M Dl\FMp Planck Mass scale units are undergoing the
4 zero-point motions. € isstill arbitrary!

If space-time were Schwarzschild, thedensity  Rs
IS about that associated with a black hole R,



Dark and Cosmological Energy

-\ 2
Friedmann-Lemaitre Equation (Bj _ 876,

3

= (0+0,)

2
Dark energy (i - 8765y _+p,)
de-coherence

ndition
conditio 8nG/L jh\a) 876G, 2N +1)

Number of collective mode quanta “Vacuum energy”
(gravons) in the de-coherent mode

De-coherent energy density P, = 3 (I\/I o 5) — 2N &* [0 CINEX
for quantized energy mode € 8T

N, isthe number of “gravons’, N is the number of coherent Planck mass
units.



Why Does Dark Energy Freeze Out?

*The coherent collective modes of Planck mass units have been
referred to as gravons.

*The zero point motions of these coherent Planck mass sized units
have been shown to correspond to the vacuum energy of the gravons.

After de-coherence, the coherence scale changes from R, to
microscopic scale A, or Ax << R (ie a phase transition occurs).

2N,* = pPpc =P, «—— Friedmann-LeMaitre energy density
et = TN «——— Dark energy density

The vacuum energy of the gravons (or zero point motions of the

coherent Planck scale mass units) de-cohere from the FL energy

density, microscopically freezing this out as dark energy.



Statistical Dark Energy Partitions

Vacuum energy density physically manifests in the Casimir effect. Lifshitz
and his collaborators demonstrated that the Casimir force can be thought of
as the superposition of the van der Waals attractions between individual
molecules that make up the attracting media resulting from the zero-point
motions of the sources. Since these motions are inherently a quantum
effect for systems which manifest vacuum energy, one expects space-like
correlations consistent with a quantum phenomenon.

A weakly interacting sea of the quantum fluctuations due to zero point
motions should establish statistical variations in this "~ dark energy" density
during de-coherence. One should be able to use simple counting
arguments to quantify these variations. If the zero-point motions of the
sources have a statistical weight (XEg) associated with a partition B having
energy Eg; while holding total energy fixed, then the probability of such a

partitioning is given by \\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\j

Q(E,) _ Qo(Ex)(Ey —E) 5
§2tOt Qtot °

P(Es) =

where B represents all external to the B partition.



Statistics of Fluctuations

Requiring that the most likely configuration of energy partitions results when
(the log of) this probability is maximized, this distribution gives a uniform dark
energy distribution if El _ dEd g Q (E,)

AN B
(zeroth law of thermodynamics) Here E , is an intensive energy associated
with the statistical bath and boundary conditions. If one next examines a
“small” partition B for which the reservoir has energy E, ,-Egz, one can
examine the (log of the) lowest order fluctuations from the reservoir to show

Q- (Ey —Epg) OQ-(Ey) o~E/E, thus defining a probability distribution

e " E/Ea

Z e "ETEnA

E

For such an ensemble, the fluctuations satisfy the usual relation

(GE) ) = g2 9 E)

dE ,

P(E) =




Equation of State

A typical equation of state will connect the extensive variable <E> to
a dimensionless extensive variable that counts the available degrees

of freedom Ny . A general equation of state satisfies E =N =
— '"VDoF _a-1
e
_ (6EY) e 1 o
5 — ~ eisanintern
<E > E N DoF energy scale
®Y) _(@))
In terms of the densities, one can <( ) — ( '0) _ Pa
directly write <E>2 ( ,0>2 0

This means that the amplitude of relative fluctuations dp/p is expected to be

of the order 12
o,



Pre-coherence and De-coherence

* We define dark energy de-coherence to occur when the
relevant FRW expansion rateisc. We have found thisto
be most consistent with aflat space.

2
876G
(3] = 2N (oo +0,) O

R 3

&

/SN 0
5 e

 Thisallowsusto calculate the temperature of athermal
system at de-coherence as (or into which) the FL energy
density thermalizes.

77 (koT,)"
=01 55 (o




Fluctuations

* The quantum fluctuations which become manifest during
de-coherence are driven by the vacuum energy. Thisgives
the scale of the amplitude of density fluctuations as

1/2 1/2
de-coherence IO DC N DoF

 Recdl that the red shift at de-coherenceis

1/4 1/2 1+Z 1/4
ezt o) (52
Mo o 'DC Mo

»
0




CMB Fluctuations

Adiabatic perturbations (those that fractionally perturb the
number densities of photons and matter equally) grow
according to

2
A o EwJ radiation — dominated
R

DC

A o [ R(t)} matter — dominated

€q

An estimation of the scale of fluctuations at last scattering is
given by

R. )’ + ?
ALSZ(RLS][ eqjADc:' & ‘ZDC) A

R Roc (1+ Zog )(1+ ZLS) >

€q




Size of Fluctuations

The energy driving fluctuations during dark energy de-coherenceis
expected to be given by the cosmological dark energy. This means that
the amplitude of relative fluctuations dp/p is expected to be of the order

1/2 R
ADC E[p/\ ) — RDC
IODC N

Using the previous equations, this amplitude at last scattering is given by

A — (:l'-l-‘ZDC)2 RDC [I 1 Q/\Q . :26X10_5
- (1+ Zeq )(1+ ZLS) R/\ 1+ ZLS (1_ Q/\O )(1+ ZGCI) |

where a spatially flat cosmology has been assumed. This estimate is
Independent of the scale parameter during de-coherence Ry, and is of
the order observed for the fluctuations in the CMB. FHuctuationsin the
CMB at last scattering of this order are consistent with the currently
observed clustering of galaxies.




DE-COHERENCE DURING DUST/PLASMA DOMINATION

The previous results have demonstrated NO dependency on the energy
density during the transition period if de-coherence occurs during radiation
domination. For completeness, the amplitude of expected fluctuations if
the phase transition occurs during the dust/plasma dominated era is next
examined. The acoustic wave has coherent phase information that is
transmitted to the CMB at last scattering. There must have been a
significant enough passage of time from the creation of the acoustic wave
to the time of last scattering such that peaks and troughs of the various
modes should be present ot > D./v,, where D, is the distance scale of the
longest wavelength (sound horizon), and v, ~ ¢ / V3 is the speed of the
acoustic wave.

Generally, if the phase transition occurs while the energy density is

dominated by dust/plasma, prior to last scattering then the amplitude

satisfies
+
Al_s D[l ZDC] Q/\o

1+2z 3 1+z
1-Q, 1 1 bE
S

which varies from 2 x 10° if the phase transition occurs at radiation dust
equality, to 4 x 10 if it occurs at last scattering.



Thermalization Scenarios

o System undergoes athermal phase
transition at de-coherence

e System undergoes an inflationary transition
at de-coherence

e System undergoes a purely quantum phase
transistion at de-coherence

o System initially classical



Thermal Expansion

Assume the cosmology remains a hot radiation dominated
thermal system during de-coherence with the microscopic
degrees of freedom due to the particle spectrum included.

8T ( ., - T
Poc = 3 (M ) g(TDC)%(

— Kk,T,. 11298 GeV

kB-I-DC )4

Here g(Tpc) counts the number of degrees of freedom associated with
particles of mass mc? << k; T, and M, is the Planck mass.

Thiswould correspond 16
to a redshift of Z,c U1.35%10



Dark Matter Condensation

If the de-coherence scale corresponds to the evaporation of a
dark matter condensate, the mass scale of the dark matter can
be determined

Z,. 01.35x10%

1/3 5/3
18 g(Tyo) 2/3 mDM C2
[01.38 x 10 g23 | oM~
g(Tcrit) o Gev

, 0.107GeV

= my,Cc" U T
ngM

z

crit




Inflationary Transition

If the energy density at de-coherence isthe inflationary dark
energy density, this then defines the de-Sitter scale of inflation

Scale associated with present
On = A = 3 |\/||§¢.;2:>/\i :% cosmological constant defines
871Gy 8 R; Inflationary scale
M.c? )
De Sitter entropy s = - MeC
4G, E
De Sitter temperature KT =t =°
2R, 27
at de-coherence

This means that the scale of the horizon temperature during inflation is
comparable to the dark energy today (ie the thermal energy from the previous

expansion corresponds to the dark energy of the present expansion). We
Indeed expect thisthermal energy to drive theinitial fluctuations!



What' s So Special about € ?

Thusfar, ANY valuefor € will give the observed scale for the
amplitude of fluctuationsinthe CMB. The observed scale of
the dark energy might just be arandom fluctuation. One
might alternatively expect microscopic physicsto fix the
particular scale as a guantum phase transition associated with
a UV momentum or mass scale for the gravitational modes.

1 Ry 1 1V1., , Spacefillinguntil phase
Ph, :\7257’0'31 D(Zﬂj 1 Rwv =My transition at de-coherence
P

m,, C3160 GeV

At de-coherence, actual masses m separated by their Compton
wavel engths can produce this energy density. Such particles
would have coherence distances satisfying

(aP)’

8(AX ) OR. A
(@X) OR A,

O¢  Independent of coupling!



Input of Microscopic Scale

AX and A, are microscopic scales.

Critical density of cosmology must be reached
before microscopic mass scale can “de-cohere”.
Prior to reaching this density there is no space to
de-cohere into.

Many mass units are still within the coherence
distance, leading one to suspect a macroscopic
guantum system

Expected equation of state

5 2
E:%Nzgzmj‘vg?’ = <( °) >—3’O/\

<,0>2 Pbc



Loss of IR Modes

Assume spatiadly flat FRW Cosmology, and a harmonic oscillator
1

B:E(—g"“aﬂzpavt/f—aﬁﬂz) ; W:'[Hﬁd“x
w—%mzwafw{—i]w:o
Expect significant damping if frequencies are of Hubble scale

Similarly, using quantum measurability arguments, quantized
energy scale E, cannot satisfy uncertainty relation prior to time

RI =c,R =Et :RIR<_ assuming radiation
RO 7R E. R 26 dominated epoch



Early Time Thermal Behavior

Friedmann-LeMaitre+Quantum Uncertainty imply aloss of
|R energy modes as the cosmology becomes denser going
back intime. If thereisa UV gravitating mode (needed for
finite vacuum energy density in terms of interaction quanta),
then the early time thermal behavior should change from the
4 " uv
T4 behavior far4from the czutoff. %‘ . (27\;;-1) f PP
Expect (%] -er{w] o7 "
P, 3\ ¢ 9
Asthe IR cutoff approaches the UV cutoff, the thermal
energy should behave as P

U UIR +g(T)

Anv 4 RJV
(2 h) (P C) gRwelkeT _q

where U,z might have macroscopic occupation. Stephan’s
Law is expected to no longer hold.




Alternative Scenarios

In any such scenario, we expect independent (Gaussian)
fluctuations to develop in each mode as expansion proceeds.

Scenario 1. Low temperature behavior

Macroscopic occupation in IR mode, reheating of entropy
as modes become available

Scenario 2. High temperature bosonic system

ATV (. PUYKT
U=Ug+g(T RyC)| 1- = | 22
R+ 0 )(2 hc)( VC)L PVJF’UVC

S=Set oM (FLw)“(l— P'R] : |og£Tl]

27the)’ R, P

UVC



Black Hole Evaporation

Expected rate of _dMy, - Z . dN;
evaporation dt ,- gt \
/Hg
Energy/quantum Emission rate

1 _ 1 (M)
87MG, 87 MCc’

“Thermal” phase space KTy = = E, Uk,T,

Most emitted quanta will be s-wave, and the barrier height is
proportional to the temperature. This means one expects about 1
guantum per unit Rindler time, which in Schwarzschild time results in

dN, C ,
—L0Of g, =—0(ks T, —m;c?)
dt R.
Black hole will not begin emitting 1 M2
ticles m, until its Hawkin M=——F
o . J '8mm,

temperature is sufficient: kT, >m;c?



Number of Low Mass Quanta

1/3
3f c?
Mg, (t, <t<tl+1)D[./l/l3 g m)M 3= A (t- t)j

gj Mj 2_ Mj 3 3f 2 2/3
Nj(tj<t<tj+1)D47Tg(mj) [Mp] [EMJ o g(m ) ( )]

If the subscript F represents 2
the highest mass particle in - \jTota 477 Or [ M 1 9 (Mg
the spectrum, the total such "~ g(m){ M 16772 g(m.)
particles emitted is

Similarly, the number of zero mass quanta emitted is

N(‘)I’otaID
1 1)1 (M), 1 g (MPT
g(m;,,) g(my) )64\ my, ) 64 g(m)( me

M 2 F-1
47T (I\/IBHJ +> 0,
5 ;

1=0




Ratio of Evaporated Particle Number

If initial thermalization into the particle spectrum proceeds
primarily through black hole evaporations, ratios of
gravitating only masses should be fixed at this stage. If dark
matter only gravitates, the number should correspond to

Ny GeV j

D3.7O><10‘9£ ;
m,,, C

4

If dark matter is particulate, this number should be generated
through some sort of gravitational dynamics (ie dueto its
gravitational coupling G, mp,,%) during this de-coherence
phase.



Quantum Early Universe

Examine symmetry breaking in early universe

:_1 Y7 _1 y7% CD 1 ZCDZ—}fZCDA'
L 4F F,uv Z(D,uq)a)g (Dv a)+4rnCD a g a

. . m
Classical solution, gauge K®d, >|= M _ My

fields vanish A=0 PN

Higgs V ector Boson
To = 1£m§>j2 Can argue this as density
8\ f scale of de-coherence ppe

Choosing el ectro-weak symmetry restoration estimates of
the early 90's, Ed Jones predicted a cosmological constant
with Q,~0.6 BEFORE this idea was fashionabl e!



Discussion and Conclusion

We have shown that de-coherence driven by dark energy
gives the expected order for the amplitude of fluctuationsin
the CMB radiation.

We generally expect some form of cosmologica guantum
coherence at a scale far from the Planck scale, implying
space-like correlations and phase coherence.

We expect microscopic luminal interactions to differentiate
amongst pre-coherent cosmologies, all of which givethe
same amplitude of fluctuations, fixing a cosmological
constant for sub-luminal scale expansion. For the observed
dark energy density, the cosmological density at de-
coherence turns out to be given by the electro-weak
symmetry scale.

Spatial flatness is required for observed structure formation
using the relevant microscopic scale in the FL equation.

Some form of microscopic manifestation of gravitational
physicsis expected on the TeV energy scale.
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