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Overview

e Main hypothesis for quantum cosmology

e Born-Oppenheimer approximation H. Bergeron, P. Matkiewicz, PP — 2405.09307
Phys.Rev. D110, 043512 (2024)

[TE)Y = 15P8) (¢)) @ [PV Lo q (1), p (7)]) +2503.14570

e Simple background state K. Mazde, L. Mickel, PP —2508.06231

[¥(a)f?

ng)(q)) —

scale factor a

e Enhanced quantization on the half line

H. Bergeron, J.-P. Gazeau, P. Matkiewicz, PP —2310.16868

Phys.Rev. D109, 023516 (2024)
e A new class of exact coherent states

e Cosmological consequences
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Basic model: 3+1 GR + perfect fluid

1 A /= 4 /= 2
Toen /d T/ gR+/d x\/—gPy[(0¢)“]

SEHS —

4

Canonical quantization
Wheeler De Witt
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Basic model: 3+1 GR + perfect fluid

1 / W / d*zy/=gP,[(09)?]

Ses = 167G

-~

FLRW metric S Su

ds* = —N?(7)d7r* + a*(7)v;; do'da’
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Basic model: 3+1 GR + perfect fluid
/d4:13\/—_gR+/d4a:\/—_gK,u1+1/w

FLRW metric

ds® = —N?(7)d7? + a*(7)7;; da'da?

Ve

SEH
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Basic model: 3+1 GR + perfect fluid

— N - > P =—g""0a00p¢
FLRW metric Sen S p+ P
H= n
ds® = —N?(7) P =wp
Hgi K, w N A
i Auid = Y( ) ( \/ﬁ) Dy

3
N = —a”" = Hgauiq = pr

9 . \ Use as clock

»  New canonical variables

D= a%(?)w—l)pa g5 (1+w)
/
H; = ngav + Hayia = p2 + Pr

H
Hubble rate
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Coherent state quantization

Background phase space (¢,p) € R" x R ={(q,p)|g > 0,p € R}

A
Natural choice = 2 parameter affine group of thereal line A € R — (¢,p) - A = . +p

{(g0,p0) (¢, p)} — (¢',p") = (q0,p0) © (¢, p) = <qu, z +po)
qo
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“Usual” Coherent state quantization

Background phase space (¢,p) € Rt x R

A
Natural choice = 2 parameter affine group of thereal line A € R — (¢,p) - A = . +p

unitary, irreducible and square-integrable representation in the Hilbert space # = L* (R, dz)

(2|U(g; p)|b) = (zlg,p) = ej;‘” (§>

\w) (a|y)

covariant integral quantization on (affine) coherent states

RT xR > (q,p) > |g,p) :=Ulg,p)|€) € H

l \_\/pormalized fiducial state

Ulg,p) = 0Pt o —i(lng)d algtfbra
[z,d] =iz
S SN
dilation d := §(a:p + px)
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“Enhanced” Coherent state quantization

Background phase space (¢,p) € R x R

A
Natural choice = 2 parameter affine group of the real line A € R — (¢,p) -\ = 7 +p

p
aqa—l

Equivalent representation ——> canonical transformation ¢ +— ¢ & p —

unitary, irreducible and square-integrable representation in the Hilbert space H, = L* ([R+, x_o‘dx)

covariant integral quantization on (affine) coherent states

) €H

\__\/ normalized fiducial state
- V,, =e% £2e—i(hﬂqz)fﬂ _ ity @7 —i(lng)d algebra
= p’
¢,

+Cq~
ﬁ d/ 2) = closed Lie algebra with structure constant independent of '

Rt xR 3> (q,p) = |g,p) :=

A 1
2 dilation d := 5(@]5 + pI)
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T dx

define ¢, (v) :/O 7+2|¢( o —— /m

dgdp
27‘(’00 f()

|¢,p){q,p| =1 (resolution of unity)

affine coherent state quantization: | f i A, = / _dgdp (¢,p) f(q,p)(q:p|
I 2meo(&o)

—5 VaeR, Aqa:@,@a — Aq—cl(&’)fc

co(&o) co(&o)
A _ C1 (50) p\ R R
P (&) impose ¢ (&) = ¢o(&y) to ensure [A,, A, =
. . K 3] 1
P (o) p”+ ol 2| %2 Hamiltonian
K = / _50 > 0
. p? -1
H, =p*+ = 4 generic (factor ordering...)
s
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Coherent state semiclassical framework

new fiducial state |¢g)

1¢,0) = Vgplto

VO{GR, (q,p!ﬁa\q,wzc_a_z(lbo)qa I qp‘x‘q p>—C 3( )Q}

(g, p|plg,p) = c—3(o) P

time-dependent functions ¢(7)and p(7)

define time-dependent coherent states |¢(7),p(7)) = VqT - [Y0) (Z) = q(7)

C
12

4+
q\
C

» semiclassical hamiltonian: (q,p|p%|¢.p) = c—4(¥o) p
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Choosing the fiducial state [vo)wisely... 0, =+l 1

1) demand that the coherent state solves the Schrodinger equation

107 e 197 |Q7'7p7'>¢0] — €—i¢(T)ﬁu IQT7pT>¢O

with extra time dependent phase
2) apply Ehrenfest theorem:

% () O [p(r)) = i ()| [H, O] (7))

€_i¢(T) ’CJT ) p7'>¢0

c.0.m

. d ~ o de o 2 1 N — o 2 1 Cl(w )
etoive, ) g (0O = —2(2 - ) wla o) =2(s - 7 ) 24
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Choosing the fiducial state [v0)wisely... H,=p"+ Vx—;

A
semi classical hamiltonian:  Hsc(q,p) = p* + ( 22 1(%o)
(dg  0H,
dr 0
> < ’ P
@ . _aHSC
- dr q

+ constraint: C — /O (@) de = (v2 - i) e (W0)e—a (o) — co(tbo)]

POSSIBLE ???
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Choosing the fiducial state [v0) wisely...

A

H,

— p?

Ve —
+—

j2

3) Necessary condition: di’erT Or [e‘iqﬁ(T)f/quT} 1) = e_iqb(T)Vq‘;pT ﬁquTpT Vo)

2.2 (v* = Pa(o) 5 2pr

e’V o, {e_ié(T)VquT] = ¢'(T) + pia " e+ .

drpPr

. . 1 X
Vi HV,, = 2P + p23? +

2 1
— []52 + y£_24 + (u2 — i)cl(wo) :%2] o) = ¢2¢' (1) |1bo)

eigenvalue (3
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Choosing the fiducial state [vo)wisely... H, =P + —5
X
2 1 1
4) Solve eigenvalue equation []32 NN <y2 _ _) ¢1 (o) & ] o) = 626/ (7) o)
T2 4 Kagsh/
8

. d
using E(Q’Tp‘l') — 2Hsc(‘]7’ap7')

2 _
5) Solve eigenfunction equation  F |®,,) = (p +H—= ’ + 2% 2) D) = Br |Pn)
T2

> 1 & >0

— O, (z)=(z|d,) ER
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Choosing the fiducial state [vo)wisely... oy

6) Open book on known Hamiltonian eigenvalues and eigenvectors:

— B =26,02n+v+1)

2 n! vt1 _lg 22
— Py (z) = \/F( &7 av ALY (&2?) e 2%

v+n+1)

2

04
Laguerre polynomials

0.3}

[{z|®n)[*

0.2}

0.1}

0.0

‘.,
S,

0
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Choosing the fiducial state |vo)wisely... H,=p+ 1
7) Wrap up with full solutions : o
pup L ikl <§y - }quT) 4
g, pivin) = e g pr) & + igrps

2 n! gy’n . iquT %(Qn—}—y—}—l) VTH xu+1/2 , .’1}2 1 . ZCQ
<x|QT7pT;V7n> — F(V—I—?”L—Fl) §V,TL WLT;, gu,ng exp _§(€V,n_1qu'r)_2

Evn =F 10508

T

8) Plot nice figures for the phase space evolution... "
semiclassical trajectory in phase space T R
0 =6 /VE
w = 2B/, ~o
Co(r) = a1+ w2(r — 7,
< 1 F
p( ) 1 dq wzqg ( ) ................\...-,.....-.-..-:::::::.'.'.'ZI.':.':::::::::::::::::
T) = —— = T—Ts) e
. 2 dT QQ(T) ’ TP e oosees st eI ITO s I
% 1 3 4
2 _
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semi classical probability density py(q,p) = |{q,p; v, 0| ¢>‘2/[27TCO<V> 0)]

v=3,n=0 v=3n=1
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e . 1
Next step: include perturbations H— H, + Z H,E,2) H, + Z [ T 1] 2 (w L2 ) 0|

B 8(1 — 3w) p_2
(14 3w)? ¢2

d

— i) = (ﬁf@ +ﬁ1<2>) )

usual way to go Born-Oppenheimer approximation

(W) = [P (g)) @ [P [{vg};q (1), p (1)])

+ Schrédinger idiw(Pert)> — <¢(bg)‘j_\[(2)w(bg)> [p(Pert)y
T

but possible non diagonal terms... (ib\"%|H )]y "¢))
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or time evolution or
BO not stable |V) = |¢(bg >|¢ép t)> > |U(T Z [P8) (7)) [ Per) (1))

BO initial condition interferences

Schrédinger ———> i%\wgpem ZM LH) | pert)

~_

overcomplete basis & ("8 |H®) |y £

= (Y210 (WP I HO )

a simple ‘semiclassical’ state eventually evolves into a multibranched state

interferences / virtual universes / loop expansion

interpretation / meaning?
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Universe » | biverse » multiverse

967 (7)) = |go(7), po(7))
18 (1)) = |au (), pr (7))

fixed basis

} two background modes with energies £y and £,

i0-1¢m0) = (q0(7), po (M) H g0 (1), Po(T))| 12, )

Born-Oppenheimer basis|¢x, (7)) and |¢g, (7) )—»{ ~
i0:|0m,) = (1 (7). 21 (D H a1 (), p1(7)) 65,

67 (1)) = oo ()68, (1)) + 01 (7)|¢E, (7))
P (1)) = a10(7) [P, (7)) + a1 (7)|¢m, (7))

perturbation basis

——> (7)) = |g0, Po) [200(7)| @, (7)) + 01 (7)|6, (7)] + la1,p1) [@10 ()66 (7)) + 11 (7) | @, (7))]
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1

2mCy

pE(Q7p7 ’7') — ‘¢E<Q7p7 T)‘2

| astaplodatus)
0
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— _ 2
two modes PEO,El(C],p,T): Ve, (¢, 0,7 —T0) + YR, (q,p, 7 — T1)]

2(1+ MRe(qo, polqr; p1))
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. S - (2 1 0% 1 1
One k mode perturbation hamiltonian / 2.(].) = (—5@ - iwk%i M, — §Vij v,%
2%e Ql 1/4
Gaussian perturbation representation (g |oE,) = [#] exp [—Q4(n)v)

/
mode equation /" + (wk* — V;;)f; = 0 ————> variance (; = — %

DO | =
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[Vi2(n)l

0.100
0.010
0.001
1074
1075
1078

1077

potentials

T T T T T l;

1000 Voo (1) ]

100 Vii(n) ]

10 4

(= ]

s E

0.100 !

0.010 i

0.001 b ;

F' " . v " s 24 a2 2 2 8 a2 a2 2 2 2 2 2 2 2 2 a2 & 4 B a2 2 a2 a2 B 2 2 2 2 &

-30 -20 -10 0 10 20 30
!

Vo1(n)
]
3
]
F
]
| S S S PP TP TP b
-30 -20 -10 10 20 30
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projected distribution

10
~~
o ] Mbpen |
10 / \
E / \
3 / \
E 7 \
I, \\
1007°9E 7 \
E / \ 2
l’ . . * |%h, pertbasis
-20 -10 0 10 20
'}

Non gaussian
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General framework

basis for background states 7, = {|)} solving Hamiltonian H ()

actual background state 7 > |ay (7)) € Hy

general state | ¥ (7)) & BO initial conditions |V (0)) = |av) @ [4:(0)) solves H©) + H (%)

¢P(>BO)( >>\‘ ‘(I)(T» _ 6—i[[:[(0)_|_]:[(2)}(7-—7'0) ‘@(7-0>>

BO procedure ii
dr

= (2
(0 (7.)> _ Hcng)(T)

——> o)) =T (exp {i/: LR dT’}) ) (79) )

0
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. . - (2 O A9y _if(©)
interaction picture 27 (7) = ¢ T HZ) e T

S e oy (2) 0 / i (T 7 (2) - A
j B(7)) = e—lH(O)T T [6—1 S H (T )dT] T [6 J7 Hy o d ] 61H(O)T & (B0) (7_)>

— _/
v

— expand the exponentials

— only V(q, p)depends on time

: Beyond Born-Oppenheimer

|¢£BBO><T>> ~ L—KT,TO (Z mm) ]
L : J

2

T 1 ) R 1 T
K,,.,TO :/ dTl/ dTg <OCB(0)| VB(I)(Tl)I/B(I)(T2) |aB(0)> — 5 I:/ ‘/3(7'1)(317'1:|
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Cosmological consequences

(BBO) A A (BBO)
Power spectrum (01 0)\BB0) = <¢P (7)) Oie [r (T)>
¢ )

(BBO)(T) w(BBO) n

P P

——> POl (k) = PO (k) [1 — 8%Re(K;.ry) SRPS”)(/@)}

non linear modification

(BBO) A A A (BBO) >
Bispectrum gt 550) <¢p (7)] Ok Delm |V (T) 0
(6 (7)™ (7))
(68 ()| twtedmn [ (7)) k
Trispectrum (O 0g 0y 0 ) 750 = l / / ¢
(7 () [ (7)) A -
—k
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Conclusions

® A new class of coherent state basis for background quantum cosmology

e quantum background + quantum fluctuations

l

superposition principe = possible interferences

10, | e Non gaussianities from gaussian states

-6x10%-4x108-2x108 0  2x10% 4x10% 6x10°
1 Vi
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