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The definition of quantum and

classical tomogram

Wy (Xp,v) = JW(q,p)(S(X — 1q — vp)dxdp

Ve (X,pu,v) = |f(q,p)SX — ug — vp)dq dp

Both definitions are Radon transform respecti\/elg

of a Wigner function and a Boltzmann function.

Theg define c]uantum and classical states with the same

class of functions
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{ The definition of a tomogram

from a wave function
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which equivalent to the Previous definition

in terms of Radon transform
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lntc—:rl:)retation of the tomogram

as Probabilitg functions

lyw(q) | Lzl
| w(X, u,v) |

w(X, 1, v) = Jl/f(q)e"'G(q’X)dq

U gX
G(q,X)z—z—y( *+ X°) 4 :
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Fundamental condition for the

tomogram

JW(X,/A, L)gX = |




' a Construction of the classical de
' Sitter tomogram
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] flg.p) = & (—4p* + 2q — 1)
W (X,,u, 1/) — Jé (—4p2 e g 1) o(X — pq — vp)dgdp
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Classical and quantum de Sitter

tomogra ms
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The universe in a tomogram

Previous results

We found the relation between the quantum and classical

tomograms for a de Sitter universe

The classical limit i > 0) coincided with the limit 4 — 0.
Ruling out the Hartle and Hawking and Linde models

which have no classical limits

Onlg the classical limit of the Vilenkin model coincided

with the classical one.
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* ButA#£0 suggests that also the HH and Linde models can

have a quasi~classica| limit and can be viable cosmo ogical
models to be studied

* Therexcore the clecay o1C the cosmological constant can ]De
resPonsible of the quantum to classical transition More
results were considered with a generic Potential in the

Lagrangian

+ |[twas 1Councl that In many models the clecag O]C the
cosmological constant Produced the transition to a classical

state

+ But thisis not general
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Extencling to models with Peﬁcect
fluids

In this lecture | explore the Prol:)erties cnc the tomograms when N : |

quantum cosmological models with a cosmological fluid 4
To this aim the fluid is represente& in terms of velocitg Potentials

One of these Potentials IS thermasgj we will see its Properties and its

role in the formulation of the Wheeler-De Witt ec]uation
We will take some well-knows solutions and derive its tomograms

f‘ina”g we will consider the Properties of the tomograms neara = 0
and see how the initial singularitg is avoided in the tomographic

formulation at any time. ;
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First principle of

thermodynamics

1

| oq = 1ds = dll + pd—

? ' o

| d +

u=t=F F i
v dpg  po Po

- dp = podu — polds.

| p =pu,s)

= =—=mn p=p1+ID) * [I=—
n v Po % 0 5

‘ s is the sPeciﬁc entropy T is the temperature
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Eq uations of state
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(1 = Wiy W
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Fluids in general
relativity

oM

U,=pu"" (0,0 + 90,5

S=| d*x/—gR+ d%\/%habl(“b + | 167G, /—gpd*x
JM y g

o

—u’ = g (6an 190as) (dbgo + 30,5 . )

Introduced in General Relativitg bg B.F Schutz
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Fluids in General Relativitg

B.F Schutz PRD 2 (1970), 2762,

B.F Schutz PRD 4 (1971), 3559
J.D. Brown CQG10(1993) 1571 (Alternative
|agrangians and analgsis of the Potentials)
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Fluids
V.G. Lapchinsldi and V.A Rubakov Teor. Mat.
P55 (1977). %6

N. Lemos JMP 37(1996), 1449
.G Alvarenga & al. GRG 34 (2002), 351

A.B. Batista &al. PRD 65 (2002), 063511
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Equations

Gy = 87 ((,0 +p)U U, — %gabp)
ValppU®) =0

Ud s =0

U8 =T

E 00 |

i DTV ———
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FLLRW universe

2 5 o o dr-
ds = o | —N-dt” + a“(t)
| 1 — Kr?
6—1/6
ai* 16zGNa’
L = NKa p

N 36
1000 U, = (N,0,0,0)

@ + Vs 1+1/w
e D= 2 exp
N (1 At W)1+1/W

- r2d6? + 2 sin® 9d¢2>

|
i
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The action and the momenta

ada* _%a3 w ety )
S= || NKa — — + 162G )+ 93 ept——11la
J( G e e 0 p( w>
F da . a0
= da N

_%a?ﬁ 1 ( +19.)1/w ( S)
— ) exp | ——
£ 36 (14 w)lw - Pt
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Hamiltonian formalism

p2 1 p}t+1

¢ NI - N = A ] ~_ exp(s)
4a (16zG) a3+

t = 162G p, pg';(w“)exp(—s)

|
— WD) exp(s

o (167[(;)1940 p(s)

: Ds

@ =0 (W
Py
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Hamiltonian

5
7/=NH:N( e )

da a3

ADM Hamiltonian= N x Superhamiltonian

h? 0*Y ih oY
Kol =
4a 0a? a’v or

SR A > . Y S <

e i
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What is 77

r = 162G 9 p,* exp(—s)
e

a
= 162G 9§ gpoexp (—
A o
= (36)"162G Y | —
(36) 36'00

X constant X n

S

W

—W

:

exp(—s)

T 1S the thermasg up to a constant

In a universe with radiation it is the conformal time
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The concePt of thermasg
» Thermasy 8 was introduced by Van Dantzig b

. lnﬁnitesima”g itisdd = Tdt 9=T 2

o The thermasg has convective derivative ec]ual to T and together with
the speciﬁc entropg describes a convective motion in terms of

velocity Potentials

* Relativistic thermasg dd = Tds (the line element or the proper time

instead of time)

%[ \hn Dantzig "On the Phenomenological thermo&gnamics of
moving matter” Phgsica VI (19%9) 675~-704 |
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Thermasg as matter time

. Kﬂowski and coworkers called it “matter time”

* Theg interPretecl it as the time clelag of a Par‘cicle under brownian
motion with resl:)ec’t to the time of Propagation of a fluid along the

flux lines

* Measure of temperature from the variation of the clecay time of a
fluid of radioactive atoms
Kijowski J, Smb6lski A and Gémick A 1990 Phys. Rev. D 41 1875

» A Particle accelerated in a vacuum should have a different thermasg

with resPect to a Particle in a uniform motion due to the Unruh effect.
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Thermasg in a radiation universe

= —
3,0
o
p=—g()T"
30 -
. 2T :
s=ns=——yg(1)T

0 (p+ dsa’
VT?=0 — a°T— B yea it
ot T ot

e S Dodelson, Modern Cosmologg, Amstecham, Netherlands: Academic Pr. (2003) 440




‘ Thermasg and conformal time

, 1
‘ 1l o —.
| ' a

,.M' g it

dt

a(r)

In conclusion in a radiation universe tlﬁermasg
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1S Prol:)ortional to the conformal time and so

is 7. The Wheeler De Witt is a |egitimate
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 The Wheeler De Witt equation
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The Wheeler-Dewitt ecluation
| h? 0*Y ih oYV
Ka¥ =
| da oa? a’" or

can be exPressecl in different equivalent ways




o h i st s St - 5 L ohoin i

- gt e

Wheeler DeWitt equation exl:)ressed

in terms of the thermasg

h? 0*Y ih oY
Ka¥ = o
da oa? a” 09
h? 0V ih o oY
Ky —
4a 0a? a>w kT ot
or
5 :
hod b B2 = in. a &t
4 0a? aw-1 kT ot
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Modified Wheeler Dewitt equation

Notice that for T — oo the equa’tion looses the

time dependence. |.e. the Wheeler De Witt takes its

usual form which derives from this singular condition

o h i st s St - 5 L ohoin i

S e, e

n* 0"y Ka®¥ + aflA. 6. ih  a 0¥
a a S =
4 Jda? aw-1 kT ot
T — o
h? 0°Y

Ka®¥ + af(A, ... )¥ =0

4 oa?

S aRaioL o - - —— e
> =




The Wheeler De Witt equation N a

radiation dominated universe
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We have seen that in a radiation universe(w = —

| Txd xny

[ A° 0T ih 0¥

Kall —

4a Oda? a on

R Y o

Ka*® = ih—  or

e 4 0a” on 1

i using the definition of conformal time. dn = —da
| h* 0°Y oY

: KaV =iha—

4 0a? ot
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Concl tions for the solutions

1-——/

+ Extended minisul:)ersl:)ace (Lapchinski—-—

Rubakov)—co < a < 4+ o

* Hermibian ol:)erators when0 < a < + o
< Square integrable wave functions

« This im :>|9 that also the tomograms are well

definec




Bounclarg conditions

oY
da |
a=0

= ¢ Pl c € (—00, + 00)

0¥
da

a=(

Y(0) = 0, c=+4+ o
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LapchinskFRUBakov nitial
conditions 1

- (a — ap)’ (a + ay)”
W(a,0) = C |exp (— 5 > = BXp (— 7 )

1 L
W (X, p,v,0) = s AGre

—2Xapu 2Xapp Xag
X | exp = + exp - — 2 cos

—co<a<+o0 (extended minisuperspace)
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Time evolution and Propagators

/A (X, U, U, T) = [H (X, WD T X 1/’) WX, u',v,0)dX du' dv’

ey iy i prrea T

ke (X,,u, Lt X, 1/’) =o0(X - X")o (,u’ — U COS WT + v SIn a)r)

PSR TIN RUNC VST N SO

X O <y’—ycosa)f—ﬁsina)7>
0,

P i g B

[ (X,,u, X U’) =9 X=X )o (,u’ — ,u) ) (1/ — U — ,MT)

B T S

Hoyuoc (X,,u, Lot X I 1/) = 0(X —X")o (,u’ — i cosh wt + v sinh a)r)

N e i T e

X0 (v’ — v cosh wt — 0 sinh a)r>
0,




Evolution of the tomogram

We notice that for T — 0
b Ot}‘) [12°¢ an Cl []onosc.
tend to I then when the

> l
UNIVEIsSC COOlS ClOWﬂ one nNas

1 L
A R e

—2Xagu 2Xapu Xay(v — ut)
X | exp = + exp - — 2 cos
p? p? (v — pt)* + p2p?




- AN e L b e g g St - L alonir

N e i,

Conclusions

* Tomograms are very usetul to analgse the transition from quantum to classical universe
* Tl’leg were studied bn|9 for a de Sitter universe
* Therefore itis necessary to extend the tomograms to more general models with material sources

+ But revisiting the models with Pemcect fluids it appears that the fiducial time is an effective time

measurable Witl’l thc clocks of thc observers.

* In Partic:ular we found out that in a radiation dominated universe the Wheeler De Witt equation IS

= Schroedinger equation

* The tomograms that describe the initial state generalise the conditions for the absence of a

singularitg in any frame of the Phase space..
* Future work extend these results to models With cosmological constant and scalar fields

* Find general solutions with aPProximation tcchniques




