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Abstract: Quantum cosmology is the arena where the interpretations of quantum mechanics are pushed to their limits. For instance, the
Copenhaguen interpretation cannot even be applied to this framework. With this in mind, | will describe the main results which emerge from the
application of the Bohm-de Broglie interpretation to quantum cosmology, not only for an investigation of the later, but also to get a better
understanding of the former in comparison with other interpretations. At first, without imposing any spacetime symmetry from the beginning, we
show explicitly the breakdown of spacetime into space and time due to quantum effects, and an investigation of these latter structures within the
Bohm-de Broglie picture. Afterwards, in the case of minisuperspace quantum cosmology, | will present how the notions of an evolution time
parameter, cosmological singularities, and classical limit can be unambiguously defined. Cosmological non singular quantum bouncing solutions
emerge, which are naturally led to th e standard cosmologica model evolution before nucleosynthesis. large classical universes can be obtained
without any traditional primordial inflationary expansion. A theory of quantum cosmological perturbations on these backgrounds is constructed, and
almost scale invariant spectra are obtained. | argue about the possibility of testing these models against inflation. Use of the Bohm interpretation is
crucial to obtain these results, which are otherwise unclear within other interpretations. Finally, 1 show potential discrepant results about the
avoidance of cosmological singularities when different interpretations of quantum mechanics are used, and | speculate about constructing analog
models where such differences could be tested.
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Need of alternative interpretations:

Many Worlds

Consistent Histories
Bohm-de Broglie
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1) General case: superspace:
how iIs quantum geometry?

2) Homogeneous case: minisuperspace:
what about singularities and time?

3) Homogeneous background+perturbations




1) General case

The classical Hamultoman of GR with a scalar field 1s
given by

H=J d3x(*VH+_WHj) (3.1)
where

B 1 |
H= kG I1" H‘H+;h 3 1"'El'[ff,+ n'?

X

1¢ p(3 k.
—k (RO =20) +5h"9,;03;+ U( &)

(3.2)
H,=—2D,I1;+11 43,é. (

irsa: 09090090 j

(')
')

age 5/102



1) General case: superspace:
how is quantum geometry?

2) Homogeneous case: minisuperspace:
what about singularities and time?

3) Homogeneous background+perturbations




1) General case

The classical Hanmultoman of GR with a scalar field 1s
given by

H=J d3:r(NH+JﬁHj) (3.1)
where

= 1 | .
H= ”ijﬂnunﬂ e o 3 o || i +pt?

X

1¢ p(3 o
—k (ROV-20) +5h"9,¢9;+ U( &)

(3.2)
H,=—2D,I1;+11 40,6 (3.3)
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Dynamics of GR in Hamilton-Jacobi form

o S S 1;_1,,
. jjk{ah OIIH :

‘,; D (55(;?{].@5) +(55(;fU.(b) ) (b 0
— Ll ; o;Hh=1,
T S o

: oS
;}Uzﬂ_—VGUﬂTH_I-D V +D N;

and

. 85
<f>=_wr1-~%+_v*aj<b.
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DIRAC ALGEBRA

[H(x). H(x")}=H(x)d;,8(x.x") = H(x")2;6°(x" .x)
[Hy(x). H(x")) =H(x)3;8(x x")

[Hi(x). H(x")} =H{(x)d;& (x.x") + H)(x") 3,8 (x.x").
(3.16)
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Dynamics of GR in Hamilton-Jacobi form

i oS oS 8 1;_1;,," 55)'+V
K(;; = - == - =0
bt O;IU O;I,H 2 . ()(b
5S(h,;.¢) 8S(h;.b)
2D — " 34=0
= IIU (b :
. oS
;IU=2_VGka§i_m+DPV}+Dj_VI
and

| &8
d=Nh" 1'“%4-_\}1-'?;(5.
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DIRAC ALGEBRA

{H(x). H(x")} =H!(x)d;8 (x.x")—H(x")3;6°(x" x)
(Hi(x).H(x")} =H(x)3;8(xx")

VHi(x). H(x")] =H,—('1')ﬁj-53(1'.1" )+ H;(x' )3;6°(x.x").
(3.16)
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Dynamics of GR in Hamilton-Jacobi form

- S5S S . 1;_1,,,' 55*)3+V
.- ~ - — 11— - =0
= yas 0!3;} a;fk[ 2 ; ()(b

‘?; D (55(;.’{].03) +5S(;fv.(b) ) (b 0
— LNl ; o;h=1,
T 56

: oS
b U‘ — Z_VGUEI Jh_k! +.Djiv-}~ +Dj"VI

and

. S
d;»:_wrl--%tv*aj‘b_
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DIRAC ALGEBRA

[H(x). H(x") =H(x)3;8 (xx") - H(x") ;8 (x" .x)
VHi(x). H(x")} =H(x)d;8(x.x")

VH(x ).Hj(_r' )} :'}-{,-(.1‘)31-(53(1'.1" ) +Hj(1")r'l;53(x.x' ).
(3.16)
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Dirac quantization

H,|¥)=0 (3.17)
H|¥)=0. (3.18)

In the metric and field representation. the first equation is

SW(hy.b) SV (hy,.d)

— Y. F). . dh— 3
2hyuD), Sy T o =0. (.19

which maplhes that the wave functional W 1s an mvanant
under space coordinate transformations.

The second equation 1s the Wheeler-DeWitt equation
[34.35]. Wniting 1t unregulated in the coordinate representa-
tion we get

—h? kGiz il +lh—ﬂi +VW(h; . d)=0.
g (Shfj Cls‘.hkf 2 J(bl y

(3.20)
where ¥V 1s the classical potential given by

| -
VF=h ],_"ll: B IIR(S]—Z_\) -I—;};Uf?fd)r?j(f)ﬁ' D'{l,b}].

N . & Y
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Writing in polar form

¥ = Aexp(iS/h)

the equation  H,|¥)=0 yields

(55‘ hfj .(b) + 55( hfj .(ﬁ)
ohy; od

—2hyD., d:6=0. (3.22)
o

0A(hy;.d)  64(hy;.d) s .
: + ; }_ =0 "\'-"‘h
()hfj. 56 o5 (3.23)

= M;,—.DJ;
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The equation ’H\ V)=0. Vyields

o 95 as+1} | 85\’ Bolls
; ijﬂ h.’j hﬂ -’ 00,

; o | 55 | ( }
K
ik 5 oh; ij | c)h Fl 2 ()(b

where

. e ¥4
-0 —1 R — :
N T shydhy 2 s
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The equation  H|V)=0. yields

3 oS 0S5 l} - [ S\ 7+0=0.
s !JH hfj hk[ .;.I (ﬁ

5 o ,08 1; 1,,5‘4.,55} .
- UHTU bhﬂ '_‘f 505(" ™7

where

3

24  h 12§24 )
C)hU()hkf 2 5%
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and

Guidance relations

: oS
h:‘jzlvGr ki 7}&_; +D;N;+ DN,

58
(f) Vh_l 51— V’rﬁ b.
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The Bohmian dynamics can be generated by the Hamiltonian

Ho= J B[ N(H+ Q)+ N'H,)

where we define
HQ =M+ Q :

and constraints

oS| hab*(b)

PU=[1"7—- =
oh;;

0

and

(55( ;}'U .(b)
fD'ﬁEﬂd,— (5(}_’) ~ ().
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The constraints close.

Teitelboim resuit:

H= J Pr(VHENH).

algebrato form a 4-geometryis

(H(x). H(x")}=— E[ﬁ?lx )d;0°(x" .x)]— Hi(x")d;8°(x.x")
(4.15)

"H(x). H(x" ) =H(x)3,8(x.x") (4.16)

[Hilx). Hi(x")) =H(x) 383 (x.x") — Hy(x")#;83(x.x").
(4.17)
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Hojman, Kuchar and Teitelboim: together with other
conditions the Hamiltonian must have the form

— i . ]- i
H=kGyul1"TI™ +5h™Pry+ V. i

where

) P e i —
Ve= —eh'- —h"l(R"”—:h\]'i';fi”j r?f-rfhfrrl,rf)'?" Uld)|.

1-1?19:
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1. Spacetime is hyperbolic (e=—1)
In this case O 1s

1 — —
0 ‘flr{;(*.\%-.\)“b'(é)-i-b'(tﬁ). (4.21)

2. Spacetime is Euclidean (e=1)
In this case Q 1s

[}

Q=—h“[2

B o
—k RO+ -1 3,¢d;d | +—(A+A)
4 ! K

+ U( &)+ U as)}. (4.22)
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3. There is no spacetime: privileged foliation.

Trivial example: real solutions of the Wheeler-DeWitt equation:
S=0,Q=-V

| » o
V=h"'4 -h‘“I[R"-""*:-\I-;H"f'r'*:,-ff)r'*_,-tf!‘ Uld)|.

(3.21)

| JHQ{ X ).JHQ{ x' ) =0.

E.S. Santini and NPN, Phys. Rev. D 39, 123517, (1999).
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2) MINISUPERSPACE MODELS

Degrees of freedom: aft), @(t) or &(t) (homogeneity and isotropy

Simplification implemented to answer qualitative questions
concerning quantum cosmology:

1) How can we decide whether a quantum spacetjme has
a singularity?

2) Does quantum effects eliminate them?

Bohmian answers:

1) As we have quantum trajectories, quantum singularities are
situations where it goes to zero.

2) Yes, in many cases, but not always.
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ACTION FOR HOMOGENEOUS COSMOLOGY WITH RADIATION

5= / dn(pa’ — p*/4).

| Like a free particle when written in conformal time
(dn =dt/a(t)): a =n = a = t'2 (classical solution) |
—

Schrodinger equation:

v i
80?;  40a®
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Initial condition: gaussian

30

1/4 )
%lu]:( ) exp(—ba”).

gerando

Wty 1V ; ! .
W(a.n) :(—) ( ) exp{—[l + _]u'}.
T by —1 N (bn —1)

Bohmian quantum trajectory: daldn = g¢Slca

a(n) = ag (b*n? + 1)"?

J. A de Barros, M. A. Saggioro-Leal, NPN, Phys. Lett. A 241, 229 (1998)
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Initial condition: gaussian

30

1/4 ]
Wola) :( _ ) exp(—ba~).

gerando

8\t 1 12 ) i 1
W(a.n) :(—) ( ) e}q){—[l : 3 _}u'}.
T by —1 n (bn —1)

Bohmian quantum trajectory: daldn = dSlca

a(n) = ay (b*n? + 1)"?

J. A de Barros, M_A. Saggioro-Leal, NPN, Phys. Lett. A 241, 229 (1998)
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General perfect fluids: p=ip

f_) 1 (3X—1)/2 (_) (AIN—-1)/9 () _ '
!ﬁ‘p{m{{l. T} = 1 {H“l 1), -E |:ff - IJ-EI} lI'['[]}["(-I'- T}

‘Diinit] il 3 e \2 = 2 1) —1_3(1-X)/2
(0) = m exp _?ﬂ y \—E{ —A) a

B Ty 8Ts - o —lT.)ﬂE"'l"’h ” AT a¥*1—2) 1 ik T.]) T
jopt . . = T[TE__I.-:T‘. exp IJ.II".I._I:_]':ql-_\I.I Xp ! U[T:-—I;lq]_——,\“: jdl’(‘ 4l T 1

dp 9 [al3*1) 98
e . —p| =0,
Il da 2 da
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Gaussian Superpositions in Scalar Tensor
QOuantum Cosmological Models

Phys. Rev. D62. 83507 (2000)

-

com R. Colistete Jr. e J. C. Fabris

» =
ERC B B
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- o o W e o e e

W W e ek o s o -
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3) LINEAR COSMOLOGICAL PERTURBATIONS

The action:

S=8__ 1+ Sga— 65’ / vV—g Rd*z — / V=g ed*r.

The metric:

_ _(0)
gﬁw e guu h;w-
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Scalar perturbations:

il
hn() = 23‘"()
ho: = —NaB,;

'y P
h.gj' — 2([- (L.-“'j' —EJ)
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The total Lagrangian

azaV
I-N-
|
/d’r‘rT[A‘ _-ﬂl - If‘f-"iq_,,

—Na oV

1 '
+—4‘«|s‘*-‘r + =€ e . +-o-,-e'1

\- 2 g . i 7
L 87 * P a $ .0
*.—lt:;* 7 — o€ + ?!tt l+ qr:\; e "‘4‘
_L jd"ﬁét fd’r'ffi _g#! o
24N GF N
3 o 3 -
——= ) 214+ —-«E‘LE‘; e /d’r‘r‘-‘iﬂA‘

~SAe ;) + mfd’ﬂ*if"ﬁ: — 5eé — 9é)
— d’ﬁ!g,-l' Na s dcxry 7 —#1 y IA‘JL'
&2 - £a (— > + E

1 | 1
—of" ;) — Na'py fd“n*(-,;w + g€ — g€ — o€ )

+_—:,-’\-'a’i='u + Po) /d’rr*-i :.;é*i. + 2%-4‘-5' +A.4%)
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Scalar perturbations

Backeround classical equations of motion and Mukhanov-Sasaki
variables: tremendous simplification of the hamiltonian.

1 1 . - Z2°
— | Pz Fz—| Wwv; — —v’
2 2 _ ;% (N

p=Act Conformal time: dn= dt/a(t)

(2)
Hy

__JHZ W

- _\/ ifm‘*‘ }_E\- 1 (;)f Hw A
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QUANTUM EQUATIONS FOR
PERTURBATIONS

.‘D‘Iﬁjﬂ:ﬁ:"-'ﬁiz 3 1 62 A : a ,
z 9 = /d 2 (5(5:'2 o — )111[2}[1'.1}].

In the Heisenberg representation

Like a scalar field with time dependent mass.
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INFLATION

Expanding ;/\ Expanding
accelerated phase / \ decelerated phase
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Primordial universe models: yield initial conditions
for the evolution of the perturbations.

Spectral indices for large wavelengths::
(k is the wavenumber)

Scalar perturbations: k‘:j PhJ oc ks~ ! :

Tensor perturbations: k:ﬂ’PT X A’”'T .
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. Kolb, Melchiorri. Riotto
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06 — -
0.4 =
.2 | ==
- 4 -
1.2 "_mpﬂ ONLY WMAFP3 - =SDSS _-_
i __no running no running =
0.8 | -
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EE RE= S 3.4 1 1.2 2 I3 2.4

n
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What happens near the smgularity?

What about the perturbations”

(Thev have quantum mechanical origin but

evolve n a classical background)

Quantum cosmological models mav have bounces:
what happens if the Umiverse did not have a begimning”?

Are there observational consequences of a primordial
confracting phase i our Umiverse?
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No use of background equations of motion.

The first to try: Halliwell and Hawking.

Hamiltonian — Quantization

Is it possible to obtain a simplification without

using the background classical equations?




YES: through canonical transformations
and redefinitions of N ‘

L _ayy o ~
F, = TPy +aP, + / x| —u B R

T ."Iflll .f\ = = ]_ P - = é

M | } T SH1-X) I S
= o — (1= O T“T"[f‘?

[“PF.I v 1\ - o

5= aP, + /‘ifgr{-'_‘?-",, +om + e I_[{:\,-I_ 1..'_Elrl%f_t%‘l_im - {1+ 3hyir+ MPT 213 w vIpy
¢ ."—‘PI'\H\ 2y ‘\\,'I-.
{ “[ [|\+[PTI :I_H,“ fI."I‘;\H‘\.-T‘i1PT y “W 1 9 :IHJI : }
+ i + f # _._EL,- + - L....'.,' ;

glp A P A 5 o

= 1L 0 .. PPOF. .
]'_3 o ”R_z - f.i'g.l':!'ﬁ' = i f{’gtl‘f. 2y”°
a 4al
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SCALAR FIELD

H 2V[P’+P3+fd3r(ﬂ:+\/'*"' )]
= =P + P | —+ Jye'v'v; ||
0 mee.m . \/_? Y

Classical Hamilton-Jacobi treatment

The respective Hamilton-Jacobi equation reads
(asr)‘ 1 (asr)"
—— - -
[ﬂ‘;r[—(—) + Jye' v ] (26)

where the classical trajectories can be obtained from a
solution S7 of Eq. (26) through

a

Il
|
"o
&

|

l
Pirsa: 09090090 ﬁ vf‘}' ov ‘

Background:
=lna, ¢
v: perturbation

v is the unique
combination of the
canonical variables
which has null
Poisson brackets
with all first order
firstclass
constraints,
generators of
linear gauge
transformations
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Stla, ¢, v) = Syla, ) + 5> @, v), (28)

where it is assumed that §,(a, ¢, v) cannot be splitted
again into a sum involving a function of the background
variables alone (which would just impose a redefinition of
So)- Noting that, in order to be a solution of the Hamilton-
Jacobi Eg. (26), S, must be at least a second order func-
tional of v (see Ref. [21]), then §, < §, as well as their
partial dertvatives with respect to the background varia-
bles. Hence one obtains for the background that

i . @=— (29)

Inserting the splitting given in Eq. (28) into Eq. (26). one
obtains, order by order:

BV asﬂ)z_
a) *3lag) =¢ O
(asu as-.) " (&S{, aS-.)
da d@
Ia‘lx[ —’) + Jye* t.rv] 0. 3
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SCALAR FIELD

2V

T |
H — 3 _Pi'I'Pi'I' dl.\'(—-l- ,( dag,l I)]"
) prffm[ | f JY Sl

Classical Hamilton-Jacobi treatment

The respective Hamilton-Jacobi equation reads

1 (as—,-): =d (asr):
2 - 2\a

2\da 2\deg

e L (9SrY :

. E[dv\—[ﬁ(ﬂ) + Jye' v u.,]. (26)
where the classical trajectories can be obtained from a
solution S7 of Eq. (26) through

KL _ a8y

@=—-P,= X
da

Pirsa: 09090090 \*‘6 ‘J“F v

Background:
a=ina, ¢
v: perturbation

v is the unique
combination of the
canonical variables
which has null
Poisson brackets
with all first order
firstclass
constraints,
generators of
linear gauge
transformations
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Srla. ¢.v) = §la, @) + 55l @, v), (28)
where it is assumed that §,(e, ¢, v) cannot be splitted
again into a sum involving a function of the background
vartables alone (which would just impose a redefinition of
So)- Noting that, in order to be a solution of the Hamilton-

Jacobi Eg. (26), §, must be at least a second order func-
tional of v (see Ref. [21]), then §, <« §, as well as their

partial derivatives with respect to the background varia-
bles. Hence one obtains for the background that

- . 4 @=— (29)

Inserting the splitting given in Eq. (28) nto Eq. (26), one
obtains. order by order:

_l a5\ 1 850)3_
E(aa) +E(a¢ = -
(BS{, &Sﬁ) 2 (&S{, 651)
da d@
]aﬂt[J—_(asl) + Jye* t.rv] 0. 31
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one obtains the classical trajectories a(r), ¢(r), the func-
tional §,(e. ¢. v) becomes a functional of v and a function
of 1, Sla @ v)—Syalt), e(f), v) = S(t, v). Hence
Eq. (31), using Egs. (29), can be written as

a5 , f d;{ _(55*) wnufu_t.) =0,

(33)

Equation (33) can now be understood as the Hamilton-
Jacobi equation coming from the Hamiltonian

1 T
Hﬂr:-fd]-
-2 VY

which 1s the generator of time r translations (and not any-
more constramed to be null).

If one wants to quantize the perturbations, the corre-
sponding Schridinger equation should be

y 't“"”!!ilf_f), {34}

Quantization of X _ g - (35)
the perturbation only: at )
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Let us define this unitary transformation by

U = ¢iteiB
with,
l a
A== | &xfy=7,
7 x5

1 -
=;fd’.rh:-ﬂ+ﬁﬁ-} log(a)

2 A /I
. a- T in. @ -
H = f d3,t[—+ Y —— yv"].
— a

Heisenberg representation

v,”+ (k*=-a"la) v, =0
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one obtains the classical trajectories a(r), ¢(r), the func-
tional §,(e. ¢. v) becomes a functional of v and a function
of t. Sl @ v)— Salr). or), v) =St v). Hence
Eq. (31), using Egs. (29), can be written as

38, | f { _(‘33“) ﬁe-lﬂ“'-'tp"u.‘.)=ﬂ.

(33)

Equation (33) can now be understood as the Hamilton-
Jacobi equation coming from the Hamiltonian

1 T
H‘r=-fd3.
-2 VY

which 1s the generator of time r translations (and not any-
more constramed to be null).

If one wants to quantize the perturbations, the corre-
sponding Schridinger equation should be

Y -hrmviv.f), {34)

Quantization of A (35)
the perturbation only: dr
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Let us define this unitary transformation by
U = eihe—iB

with,

| &
A =E[d3:€ﬁ?u'.

1
=;fd3.ttii-ir+ﬁ£-} log(a).

LY. N
- a ﬁ.— AL A d a?
Hyy = > fd3.r[—+ 7v"v.,- L ‘)’U'].
— a

Heisenberg representation

v,”+ (k*=-a"la) v, =0
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one obtains the classical trajectories a(r), ¢(r), the func-
tional §,(e. ¢, v) becomes a functional of v and a function

of t. Sla o v)—Salt) et), v) = S(t, v). Hence
Eq. (31), using Egs. (29), can be written as

o - )

(33)

Equation (33) can now be understood as the Hamilton-
Jacobi equation coming from the Hamiltonian

I w°
Hy == f dj-
e 2 ﬁ
which 1s the generator of time r translations (and not any-
more constramned to be null).

If one wants to quantize the perturbations, the corre-
sponding Schridinger equation should be

y dalt) !..Fi IF_,-), {34)

Quantization of L S (35)
the perturbation only: &
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Srla. ¢, v) = §yla. ) + 5-a. @, v), (28)

where it is assumed that S,(a, ¢, v) cannot be splitted
again into a sum involving a function of the background
vartables alone (which would just impose a redefinition of
Sp)- Noting that. in order to be a solution of the Hamilton-
Jacobi Eg. (26), S, must be at least a second order func-
tional of v (see Ref. [21]), then §, < §; as well as their

partial derivatives with respect to the background varia-
bles. Hence one obtains for the background that

7 . 4 @ =— (29)

Inserting the splitting given in Eq. (28) mnto Eq. (26). one
obtains, order by order:

_LfaSe)\ 1 650)3_
E(Ba) +E(B¢ =" 0
_(&Sn 653) i (&S{, aSI)
da d@
fdlt[‘/—_(asz) + Jye* vy, ] 0. (31

Pirsa: 09090090 1(aS,\2  1/3§5\2 =
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one obtains the classical trajectories a(r), ¢(1), the func-
tional §,(e. ¢, v) becomes a functional of v and a function
of t. Sla @ v)— S(alr), ef), v) = S(t, v). Hence
Eq. (31), using Egs. (29), can be written as

38, | J’ { _(‘55’) ﬁe*ﬂmwfu_i)ﬂl.

(33)

Equation (33) can now be understood as the Hamilton-
Jacobi equation coming from the Hamiltonian

1 T
H-r=-jd3.
-2 VY

which 1s the generator of time r translations (and not any-
more constramed to be null).

If one wants to quantize the perturbations, the corre-
sponding Schridinger equation should be

Y -krlﬂviv.f), {34)

" 3
Quantization of X H"X (35)

I——

the perturbation only: at
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Let us define this unitary transformation by
U = ¢ite—iB

with,

l & .,
A= 3 [dj.r\/‘]-f—:v“.

a

W
=;fd’.thi-ﬂ+ﬁﬁ'} log(a)

2 )
A a T ot a A
Hyy = 5 fdj.l'[—'l‘ yv"v.,- T yv"].
— a

Heisenberg representation

v,”+ (k*=-a"la) v, =0
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Quantization of perturbation AND background

where
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Hamilton-Jacobi like equation

1) Background
S l(ﬁ) + l(ﬁ) + L(a—Rﬂ - a—Rﬂ) = ().
2\ da 2\ dg Ry\da- d¢-
2) Perturbation

() () o e
da Do dyg dy 2 VY \ oV

1 (azﬂg_ﬁzRg)_lfdjrlﬁiRg

— — =0.
2Ry \ a2  O¢? VT Ra 62

.I_

From the background equations one can obtain the Bohmian trajectories
a(t) and @(t) ----insert into the perturbation equation
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Quantization of perturbation AND background

(AY + H,)¥ =0,

where
~ e |
5 (0) [0 P@c‘
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Hamilton-Jacobi like equation

1) Background

BN R -2 <o
2\ da 2\ dog 2Ry\da~ d¢-
2) Perturbation

*(qsﬂ.) (@Sﬂ)+(@) (652)+ 1/{13: {_(ﬁ)_ Ay
da )\ da) \dg)\0g) 2 LS

. (&lﬂg_ﬁﬂﬁg _gfd% 1 R
2Ry \ 02  Oy? VT Ra 62

: =0.

From the background equations one can obtain the Bohmian trajectories
a(t) and @(t) ----insert into the perturbation equation
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one obtains the classical trajectories a(r), ¢(r), the func-
tional §,(e. ¢, v) becomes a functional of v and a function
of t. Sla @ v)— Salt), ¢t), v) = S(t, v). Hence
Eq. (31). using Egs. (29), can be written as

3, | fv( S5 | et =

(33)

Equation (33) can now be understood as the Hamilton-
Jacobi equation coming from the Hamiltonian

H, --fd3 —+ Jye' v v,), (34)

which is the generator of time ¢ translations (and not any-
more constramed to be null).

If one wants to quantize the perturbations, the corre-
sponding Schridinger equation should be

Quantization of E}X H"X (35)

!‘_—

the perturbation only: at
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Stla. ¢ v) = Syla, @) + S51la, @, v), (28)

where it is assumed that §,(e. ¢, v) cannot be splitted
again into a sum involving a function of the background
variables alone (which would just impose a redefinition of
So)- Noting that, in order to be a solution of the Hamilton-
Jacobi Eq. (26), S, must be at least a second order func-
tional of v (see Ref. [21]), then §, « §; as well as their
partial derivatives with respect to the background varia-
bles. Hence one obtains for the background that

- @ =— (29)

Inserting the splitting given in Eq. (28) nto Eq. (26), one
obtains, order by order:

a8\ 1 asﬂ)z
Sl e -|.-___ = =t ——
Z(Ba) 2(a¢ . &9
_(&Su 3.5'3) - (3Sy aSI)
da/\da \do J\d¢

1 [ 1 (85\? .
-= —f—1 + fye**viv; |=
Zfd}'r_‘/?(ﬁu) Jye trv,,] 0, 31

Pirsa: 09090090 1 (&SZ)Z | (&Sz
= e

.

Page 60/102

Y row=0. @

9 e



Quantization of perturbation AND background

(AY + H,)¥ =0,

where
-~ -~y
5 (0) a Pa;
H - + -
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Hamilton-Jacobi like equation

1) Background

(B ) -2 <o
2\ da 2\ dg Ry\da~ d¢°
2) Perturbation

- (qan) (532) + (-@) dSﬂ) + l/djx = (@) +7e vy,
da da dy dg 2 VT \ v

1 (5232_3232 _E-/'djr 1 %R
2Ry \ 0a®  O¢? /3 Ry &2

: ; =0.

From the background equations one can obtain the Bohmian trajectories
a(t) and @(t) ----insert into the perturbation equation
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one obtains the classical trajectories a(r), ¢(r), the func-
tional §,(e. ¢, v) becomes a functional of v and a function
of t. Sla @ v)— Syalr) ef), v) = S(r, v). Hence
Eq. (31), using Egs. (29), can be written as

a5 , f { _(55*) h"lu-"u_‘.)=ﬂ.

(33)

Equation (33) can now be understood as the Hamilton-
Jacobi equation coming from the Hamiltonian

1 T~
H, =-jd3.
-2 VY

which 1s the generator of time r translations (and not any-
more constramed to be null).

If one wants to quantize the perturbations, the corre-
sponding Schridinger equation should be

Y -hrtllu.iv.f)l {34}

Quantization of X _ g ” (35)
the perturbation only: ar -
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Srla, g, v) = Syla, @) + 55la @, v), (28)

where it is assumed that S,(e. ¢, v) cannot be splitted
again into a sum involving a function of the background
variables alone (which would just impose a redefinition of
Sp)- Noting that, in order to be a solution of the Hamilton-
Jacobi Eq. (26), S, must be at least a second order func-
tional of v (see Ref. [21]), then §, < §; as well as their
partial derivatives with respect to the background varia-
bles. Hence one obtains for the background that

i @=— (29)

Inserting the splitting given in Eq. (28) nto Eq. (26), one
obtains, order by order:

CLfas)2 1 asﬂ)z_
2Ga) *3lag) "2

_(BSH 353) m (BS{, aSI)
da /\ da dg J\dg

1 I (85\ f ]=
+Efdjx[ﬁ E) + Jye'*v'v; | =0, (31)

Pirsa: 09090090 | (&SZ)I | (35:
=

e
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Let us define this unitary transformation by
U = eihe—iB

with.

| a .
A= E fﬂd.’fﬁ?tﬁ.

I
- fﬁ:ﬁ—ﬁ +57) logla).

2 a) ]
. a (8 i a in
Hyy = > fdj,t[—'i‘ yv"v_,— TR yv"].
— a

Heisenberg representation

v,”+ (k*=-a"la) v, =0
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Hamilton-Jacobi like equation

1) Background
_1(a$ : ;
Lo e +L("’_%> 22)~0
da 2\ deg Ry\da- d¢-
2) Perturbation

-(R)@)- @)+ (5 ) )

1 (aiﬂg szR-g) Ifdﬂrwifzg
+ - - = =0.

da? g2 V7 Ra 62

From the background equations one can obtain the Bohmian trajectories
a(t) and @(t) ----insert into the perturbation equation
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Pirsa: 09090090

-2 o —.1
o - Fx 8 (R—za el ds:c) = (), (47)
at JY du\ ~ v

as 1 1 £85,\2 .
s dSX(_(_'-,) + darlr) .0 )
at zf Vo T

1 f #x 7R,

S = —_ 48

where R,(r,v) = exp(A;(t, v)). In order to obtain these
equations we used that

-5
da /\ da do/\de dt
and the same for R, and R>.

These two equations can be grouped into a single
Schridinger equation
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Let us define this umtary transformation by

U=¢&2"*
- . P It
“l{h‘ - [I— 3 T - ﬂ' 5
- -\ L A'I -~ ety |'_-'L_
l p Hy = T fd l[—?'*‘ YUv,; P VYU
L faghe 2 i W A
2 " a

Heisenberg representation

v,”+ (k?=a”la) v, =0

Has the same form as in the case where the background is classical
but now a(t) is a quantum trajectory.

ONLY POSSIBLE IN THE BOHM INTERPRETATION!

Pirsa: 09090090
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=5 B _-,
R} | [dx (R2 - 43;) =0 D

it Jy dul\ ~ v
as, 1 1 (85,2 .
=4 ; ez, TR dalt) i
at Zf&(vf_'f(ﬁv) vre “U")
1 [ £x &R,
—_—— - — ! 48
zf EEaE T

where R,(r,v) = exp(A,(t, v)). In order to obtain these
equations we used that

-5
da/\da do/\de ar
and the same for R, and R,.

These two equations can be grouped into a single
Schridinger equation

=T}
-

—

X (50)

=1
—
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Let us define this unmitary transformation by
[ = @A piB

with, . ;_'11 ,—'1 a’
H >y =de [—+ JYU'v; ——\/'yv ]

l . — (I n} - \J;:;;
A=— | &xjy—=, .
2 a

Heisenberg representation

v+ (k*=a”"la) v, =0

Has the same form as in the case where the background is classical
but now a(t) is a quantum trajectory.

ONLY POSSIBLE IN THE BOHM INTERPRETATION!

Pirsa: 09090090
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-z A —.1
oG, [dx (Ra‘“-dsx)=u. @)
at Jy du\ ~ v

a8 1 I (85,\2 |
i 3- hg T dax(t) iy .
a3 L8 v v e

= f Le R 0 ws)
2 Rgﬁ v~

where R,(z,v) = exp(A;(t, v)). In order to obtain these
equations we used that

-5
da/\da do/\de ar
and the same for R, and R>.

These two equations can be grouped into a single
Schridinger equation

=
-

X (50)

W

=1
—
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Hamilton-Jacobi like equation

1) Background

*l(ﬁ)- n [(aS{]) + l (6 R{] B'R?) g
2\ da d@ Ry \da* ¢’
2) Perturbation

i 1S9 : 9 L 1 [4S
) (2)-(2)(2)- 1) e
da da dg dg 2 NCRNL

) (3232_323.3 _3[&% L 2P
2Ry \ da2 g2 VIR 02

From the background equations one can obtain the Bohmian trajectories
a(t) and @(t) ----insert into the perturbation equation
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Pirsa: 09090090

-2 " -..-.,
s’ + Fx 8 (R—za o5 d—";) =), (47)
at JY du\ ~ v

35 , f 3 ‘(_(asﬁ,) " ﬁe*ﬂ"'wfu,,-)

d-"t 3-R
48

where R,(r,v) = exp(A(r, v)). In order to obtain these
equations we used that

- (-5
da/\da do/\deg ar
and the same for R, and R,.

These two equations can be grouped into a single
Schridinger equation

=
-]

e

X (50)

=1
—
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Let us define this unmitary transformation by

[ = gilig—38
with, ’ a> T # - a"
_ Hy =— | &x| =+ Jyv't,; ——\/vv
1 =K s 2 \/’V
A=— R &Xly— :
L a

Heisenberg representation

v,”+ (k?=a”"la) v, =0

Has the same form as in the case where the background is classical
but now a(t) is a quantum trajectory.

ONLY POSSIBLE IN THE BOHM INTERPRETATION!

Pirsa: 09090090
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FOR A PERFECT FLUID: p = A€

Before the bounce, / H\ After the bounce,
in the contracting : / \ In the expanding
phase E | \ phase.
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- The two kev ingredients:

1) The fluid that dommmates when crossing the potential.
2) The mixing of the modes when crossing the bounce.

THE RESULTINGSPECTRAL INDICES:
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FOR A PERFECT FLUID: p = A€

Before the bounce, : \ After the bounce,
in the contracting : / \ In the expanding
phase ) / \ phase.
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- The two kev ingredients:

1) The flmid that dominates when crossing the potential.
2) The mixing of the modes when crossmg the bounce.

THE RESULTINGSPECTRAL INDICES:
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FOR A PERFECT FLUID: p = A€

Before the bounce, : \ After the bounce,
in the contracting : / \ In the expanding
phase - / \ phase.
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- The two kev ingredients:

1) The fluid that dominates when crossing the potential.
2) The mixmg of the modes when crossing the bounce.

THE RESULTINGSPECTRAL INDICES:
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FOR A PERFECT FLUID: p = A€

Before the bounce, f \ After the bounce,
in the contracting : / \ In the expanding
phase o / \ phase.
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Let us define this unitary transformation by
| = A piB

4

with, z

a . a"
‘ i ~ p . pr— Y
H -y = — fd’([—v'i- Jyv'v; —?\/}'U' :

Heisenberg representation

v,”+ (k?*=a”"la) v, =0

Has the same form as in the case where the background is classical
but now a(t) is a quantum trajectory.

ONLY POSSIBLE IN THE BOHM INTERPRETATION!

Pirsa: 09090090
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- The two kev ingredients:

1) The fluid that dominates when crossing the potential.
2) The mixing of the modes when crossing the bounce.

THE RESULTINGSPECTRAL INDICES:
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FOR APERFECT FLUID: p = A€

Before the bounce, .-’F H\ After the bounce,
in the contracting : / \ In the expanding
phase / \ phase.
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- The two kev ingredients:

1) The flmd that dominates when crossing the potential.
2) The mixing of the modes when crossmg the bounce.

THE RESULTINGSPECTRAL INDICES:
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FOR A PERFECT FLUID: p = A€

Before the bounce, / H\ After the bounce,
in the contracting : f \ In the expanding
phase ) / \ phase.
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- The two kev ingredients:

1) The fluid that dominates when crossing the potential.
2) The mixing of the modes when crossmg the bounce.

THE RESULTING SPECTRAL INDICES:
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FOR APERFECT FLUID: p = A€

Before the bounce, .-" \ After the bounce,
in the contracting : / \ In the expanding
phase g / \ phase.
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- The two kev ingredients:

1) The fluid that dominates when crossing the potential.
2) The mixing of the modes when crossing the bounce.

THE RESULTINGSPECTRAL INDICES:
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FOR A PERFECT FLUID: p = A€

Before the bounce, HH After the bounce,
in the contracting : / \ In the expanding
phase > / \ phase.
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- The two kev ingredients:

1) The fluid that dommates when crossing the potential.

2) The mixing of the modes when crossing the bounce.

THE RESULTINGSPECTRAL INDICES:

irsa: 09090090
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- Ordinary matter (dark matter?): scale
mvariant

[t 1s not necessarv to have ordinary matter domnating all
along: just when entermng the potential.

Another fluid or ficld mav dominate at the bounce (radiation).
but the bounce must mix the modes.
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FEATURESOF THE MODEL

1) No horizon problem.

2) No smgularitv.

3) Perturbations of quantum mechanical origin.

4) Enhancement of perturbations at the bounce.

5) Flatness problem: if the contraction phase 1s much longer
then the expansion phase. then the Unmiverse 1s almost flat because
it has not expanded enough!

6) Prediction of n, not less than 1.

7) One tundamental parameter: the curvature radius L, at the
bounce. which must have the reasonable value 10° 1,

8) Transplanckian problem can be solved.

9) Homogeneitv problem may be less severe.
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- Ordinary matter (dark matter?): scale
mvariant

[t 1s not necessarv to have ordinary matter dommating all
along: just when entermg the potential.

Another fluid or ficld mav dommate at the bounce (radiation).
but the bounce must mix the modes.
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irsa: 09090090

FEATURESOF THE MODEL

1) No horizon problem.

2) No smgularitv.

3) Perturbations of quantum mechanical origin.

4) Enhancement of perturbations at the bounce.

5) Flatness problem: if the contraction phase 1s much longer
then the expansion phase. then the Umiverse 1s almost flat because
it has not expanded enough!

6) Prediction of n, not less than 1.

7) One tundamental parameter: the curvature radius L, at the
bounce. which must have the reasonable value 1071,

8) Transplanckian problem can be solved.

9) Homogeneitv problem may be less severe.
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-- Basic General Relativity and Quantum Mechanics (within the
Bohm-de Broglie interpretation) yield a sensible bouncing model
which can explain the origin of cosmological perturbations
similarly to inflationary models.

-- Complete different perspective concerning initial conditions
which solve many of the cosmological puzzies.

-- There are no observational reasons for a beginning of the Universe,
so why not exploring the consequences of bouncing models?

-- Bouncing models may be competitive with usual inflation.
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-- Notable advances in observational cosmology: one can test
primordial cosmological models, eg

Inflationary models with V(@)=¢P with p > 3.1 discarded with

95% of confidence level;

String motivated bouncing models: (Phys.Rev. D73 (2006) 123513 ).

More precise observations of anisotropies (spectral indices,
gravitational waves and polarization, superimposed oscillations
in the spectrum, ...) may decide these questions:

inflation: T/S=C(n;-1); bounce: T/IS=C(n,-1)"?

P. Peter, E. Pinho and NPN, JCAP 07, 014 (2003).
P. Peter, E. Pinho and NPN, Phys. Rev. D 73, 0104017 (2006).

P. Peter, E. Pinho and NPN, Phys. Rev. D 75, 023516 (2007).

E. Pinho and NPN, Phys. Rev. D 76, 023506 (2007).

Pirsa: 09090090 Page 97/102



CONCLUSION

Bohm-de Broglie interpretation is very suitable for
quantum cosmology:

Allows precise answers.
Allows calculations of potentially observational effects.
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-z iy -q
ok | ez (ﬁ'2 £ an) -0 @
it Jy du\ ~ v

as, 1 1 (85,)2 |
- & aamd T darlt) ypin,

it zf dx(ﬁ(ﬁv) Vre ”*‘)

= f £ TR @9
2 R:ﬁ v~

where R,(r,v) = exp(A(t, v)). In order to obtain these
equations we used that

-5
da/\da do/\de ar
and the same for R, and R>.

These two equations can be grouped into a single
Schridinger equation

=
=

—

X (50)

=1
—
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Quantization of perturbation AND background

where
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Hamilton-Jacobi like equation

1) Background
E l(ﬁ) : l(ﬁ) : L(ﬂ’ - a—R") ~0
2\ da 2\ d¢ Ry\da- d¢-
2) Perturbation

*(C’Sﬂ) (dsﬂ)_:_(ﬁ) 059)4. l[{:13.1: l_ (@) + /e i
de | \ da EVACE 2 VY \ v

] (3232_3239 _3/&31 1 0°Ry
2R \ da* O V7 Ra 62

=0.

From the background equations one can obtain the Bohmian trajectories
a(t) and @(t) ----insert into the perturbation equation
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=3 . _-..
o 1Y ke (B2ax)=0 @

it Jy du\ ~ v
i 1 1 /85,\2 _
—r d3 st [ darlt) i )
ar 2[ ‘(ﬁ(au) s
1  &£x &R,
e - —_——— ] 48
Efﬂg,ﬁ 3z T

where R,(z,v) = exp(A(t, v)). In order to obtain these
equations we used that

-5
da/\da de/\deg ar
and the same for R, and R,.

These two equations can be grouped into a single
Schridinger equation
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