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Introduction Key Idea

All major approaches to resolving these problems based on
orthodox quantum mechanics.

1 The problem of time
2 The problem of non-normalizability.
3 The problem of classical limit.

4 The problem of reality conditions.
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Introduction Key Idea

New conceptual approach based on pilot-wave theory.

1 The problem of time v/
2 The problem of non-normalizability. v
3 The problem of classical limit. v~
4 The problem of reality conditions. v
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Introduction Pilot-wave theory

Pilot-wave theory

Quantum State: H|y)) = ihd:|y))
J

Configuration: v = g

Laws of nature

Conceptual approach to key issues

1. The problem of time .| t parameterizes variation of the configuration.
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Introduction Pilot-wave theory

Pilot-wave theory

Quantum State: H|y)) = ihd:|¢))

Configuration: vV = W

Laws of nature

Conceptual approach to key issues
1. The problem of time .| t parameterizes variation of the configuration.
2. The problem of non-normalizability . locally conserved current.
3. The problem of classical limit | quantum corrections in the guidance equation.

4. The problem of reality conditions . implement at the level of guidance equation.
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Pilot-wave non-perturbative quantum gravity

Total constraint for interacting gravitational-fermionic system!

/ (R + N*D,)W[A, €] = 0
M

1S, Alexander et al., Phys. Rev. D 2022, 106, 106012. o = = = o
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Pilot-wave non-perturbative quantum gravity

Total constraint for interacting gravitational-fermionic system:
/ (NHL + N*V,)W[A €] =0
K_MJ N
Lapse function

Shift vector
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Pilot-wave non-perturbative quantum gravity

Total constraint for interacting gravitational-fermionic system:

(

Lapse function

NTL + Naf)a)\ll[/(,é]}* Ashtekar connection
K_MJ N
Shift vector

2-component Weyl Spinor
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Pilot-wave non-perturbative quantum gravity

Pilot-wave non-perturbative quantum gravity

Total constraint for interacting gravitational-fermionic system:

/ (NA + Naﬁa)w[{g]}" Ashtekar connection
fﬁ) > \_>
Shift vector 2-component Weyl Spinor

Lapse function

N 1 N oA A N ~ ~ e~ ~ o~ ~
H= 5e,-jkEbea' (Fjb + §eabcECk) + (D2£) a0 B E? T 4+ E2(Da€) ac? BT

N i ~ ~ ~
Va = S FabEQ + (Dag)sN®
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Pilot-wave non-perturbative quantum gravity

Pilot-wave non-perturbative quantum gravity

Total constraint for interacting gravitational-fermionic system:

/ (NA + Naﬁa)\v[{g]}-’ Ashtekar connection
K_MJ > \_,
Shift vector 2-component Weyl Spinor

Lapse function

~ 1 A A A N ~ A~ a o~ —~
H= 5e,-jkE"f E? (F;b + 5ea,,clsck) + (D2€) a0 B E? T 4 E2(Da€) ac BT
. i oA o

Vs = EFbe,f—k (Dag)slMB

Quantization scheme:

ﬁA—>—I'i

éai
= AL 5EA
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2 aAbj

( b+ Aéabc 5; ) - 2(5a§)AUAB
[ s [ Sviag] - [
- /M N (Bye)Bi

Total constraint for interacting gravitational-fermionic system:
/ fi 1) |:E,'jk 1) £k
M 0Ai

558
i, V1A OF!

VIA.g)
2
ses VA

6Aa,

Where is time?

=] F = = DAy
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Pilot-wave non-perturbative quantum gravity

Total constraint for interacting gravitational-fermionic system:

) €ijk 1) K A ) ~ AB;
N — — | F, - 2(D, : V[A
J 5 (5 sy (P Sy )~ 2Peehaet i [viace

Fal lII[A 5]6
+/ N"éAa,{ via E]] /M M= Sh

-/ NE(Doe)Bi -2 WA €]
M

5€B

Where is time?
re s tim Kodama State

Use ansatz W[A, £] = W [A]P[A, €]
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Pilot-wave non-perturbative quantum gravity

Total constraint for interacting gravitational-fermionic system:

b
~ €jjk O

L[ i)
— —_— € i
m Vi 0A,; 2 5Ay\ S AL b

N 4 9P[A, ¢]
{—2N(Da§) AB,(%—Bcb[A 5]] pr

Vi ®[A, 5]}

+
M 0Ai

Where is time?

r‘ﬁ Kodama State

Use ansatz W[A, £] = Vk[A]P[A, €]
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Pilot-wave non-perturbative quantum gravity

Total constraint for interacting gravitational-fermionic system:

Fb
) + INb

;00144
ot

/ 19 {,vlk J
v VK 0A,; 2 5Ay;

5 [ oo o ag, 0 B
+ /M - [—2N(Da£) 1673¢[A,£]] -

" vl e}

A
(F b1 6abc

Where is time?

/‘ﬁ Kodama State

Use ansatz W[A, ¢{] = W [A]P[A, €]

o0[A el _ [ 6B 5
o=/, e
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Pilot-wave non-perturbative quantum gravity

Total constraint for interacting gravitational-fermionic system:

L 6 [|eix 0 s Fb
/M‘TKJAZ,,-{ ’V7W( o+ eabcéA )+:N,, Wi O[A, g]}
O [ sfp A8, g (0®[A €]
+/M Aa,[ 2N(DaE)aof i 5o ®IA g]] -

Where is time?
Kodama State

Use ansatz W[A, £] = Vk[A]P[A, €]

oolAE _ [ 5P 5
ot _/ st 655¢[A’§]
B
O = N(B)® + 26, L (Bt
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Pilot-wave non-perturbative quantum gravity

Total constraint for interacting gravitational-fermionic system:

L 6 [|eix 0 s Fb
/M‘TKJAZ,,-{ ’V7ﬁ( o+ eabcéA )+:N,, Wi O[A, g]}
O [ sfp A8, 9 [0®[A €]
+/M Aa,[ 2N(DaE)aof i 5o ®IA g]] -

Where is time?
Kodama State

Use ansatz W[A, £] = Vk[A]P[A, €]

B
9%[A. €] E/ % 8 ®[A, €]  implicitly depends on W[A, €]

at 5t 668

M
defines absolute simultaneity f\j
(55 SInWy o
JA

ot

= NB(Dye)B + 263, N(Das)
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Continuity equation

A(|vI*Q)
ot +

Vi + VT =0

Vo = [\ 6/6Ax0

=] F = = DAy
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Continuity equation
2
o(wPR)

Bt Vo Sy + VT, =0
v = fM 8/8Aai

Constraint on Q:

|2 iNe

0A.i6AL 2

Fakb +c.c| +

53Q

iNeg A
6Aa,'6Abj5Ack

—€apc + C.C
2 3
5 F.
— | Np -2 4 cc| =0
SAL 2
=] F = = DAy
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Continuity equation

v2Q ; Sai
—a(|8|t ) + Vi + VT =0

Vi = [, §/5Aq

QA Al = wk{TK

=] F = = DAy
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Continuity equation
v[2Q
o(vPR)

ot

Vi, + V"I =0

Vi = [ 6/8A
QA Al = wkiTK

Implications for Unitarity:
Wi naturally factored out — ®[A,¢] =

V[A,£] ;
may be normalizable.
VA MY
Non-perturbative inner product.
o =3 = E DAl
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Guidance equation
=] F = = DAy
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Guidance equation
§Asi _ Jai iNG, §1nwy
5t v

+

2 §Ay
iNe2 5lno
72131 €jjk (2Fk n

a

€ijk (2Fakb =+ £2P1A€abc
23\
‘ 4 Pl

SIn Wy
Ak
[25|n¢05|n\UK
€
3 P 5A,

52¢

AB Sln®
1
® 5Ack5AbjD

5¢B
=] F = = DAy
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Pilot-wave non-perturbative quantum gravity

Guidance equation

SAL Jai iNG, §Inwy PR
5t SRR T 2 oAy eUk(zFa”HPlAeabc
iNe, (Olnd B A
ik | 2F,
* cik ( A, 3

Sln Wy
SA

Shosinvx 1 5% )
5Ab Au | ® 5ALOA

) — NpFL + 262 (D.€) ac?

€abc [2

2

Classical solution:

; iN R
A = 5 EMej (2F;b + /\eabcEC") — NoF5 + 2R(D,) a0 28
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Pilot-wave non-perturbative quantum gravity

Guidance equation

5A,i Jai iNG, §1n Wy ( PR SinWy
= = | 2FK + 22 A
5t |[vPQ 2 oAy K\ 2Feb TG T
N2 Slnd A A S5ind Slnw 1 80
il €ijk (2F:b —+ ) €abc [2 K — j|)
5Ab, 3 6Ap 0Aq  ® SALOAL,

.= Sind
) — NpFE + 2102 (Dag) ac B 55

+

Classical solution:

. iN . ~ o~
A = TEbJe,jk (2F;b + /\eabCEC") — NpFL + 2N(Dag) acBNB

For self-dual solutions,

. A .
F = —ge,-kbEb"
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Pilot-wave non-perturbative quantum gravity

Guidance equation

SA,i Jai iNG, §1nwy PR SlnWy
= = [ 2FK + 03 Negpe ——=
5t PR 2 oAy k\PTa T EmAcaeTon

iNZ%leijk(szélnCD 28 [5|n¢‘5|n\|/K 1 &0 D

B 5Ay 3 %Ay 0Aw | @ 0AR0AY

+

Classical solution:

ai

LNy, .
A = - EPei (2F§b + /\eabCEC") — NuF5 + 2NE3 (Da€) acfPN®

For self-dual solutions,

F,Jk = ——eypEY

dInV¥ ;

2 K b

Pl EY
Ay
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Pilot-wave non-perturbative quantum gravity

Guidance equation

SAL  Ja iNG, §1nwy

st WPQ T 2 SAy SA%

iNZl%leijk(sz(SlnCD 28 [5|n¢5|n\UK 1 &0 D

T 2 A, GAw | @ 0A0AY

* b5 A 3

Classical solution:
. iN _,. . ~
A = - EPei (2F§b + /\eabCEC") — NpFJ + 2NE (Dag) ac P8
For self-dual solutions,

. A .
F" = —ge,'kbEbJ

6Ind
l = 2 ——— =&
Pl Ay Pl 5¢B
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Pilot-wave non-perturbative quantum gravity

Guidance equation

5A,; Jai iNG, §1nwy P

5:1 = |\U|2219 = 2P 5Abj eijk(ZFab'i'EPlAeabc
ifieg, (Olnd A
—Plea( 2F

- 6'Jk( B SAy 3

SIn Wy
‘SAck
SInd fIn Wy 1 820 :|>
3Ay 0Aq | ® 0AL0A

€abc [2

Classical limit is obtained when ® = ®g¢[¢].
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Pilot-wave non-perturbative quantum gravity

Guidance equation

SAL _ Jai iNG, §1nwy

= = ik [ 2FE + 02\
5t |WPQ 2 Ay e”k( ab 7+ Cpr/\Cae

SInwv . P
7") — NpFE + 2062, (Ds€) ac
5 A

N ifieg, (2Fk dind 280 [ Sln®slnVy, 1 6% D
e Pt =
2 K\ Tebsa, 3 U5 Ay 0Ag | D GA%OAL

ag0Ind
i 553

Classical limit is obtained when ® = ®g¢[€].

Reality Conditions (A, + Aa; = 2T 4, E.; = E,;) implemented at the level of guidance equation.
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Pilot-wave non-perturbative quantum gravity

Guidance equation

8A,; Jai iNG, §1nwy PR

6:1 = |\|J|ZIQ = 2 6Abj €ijk (2Fab —I—ZPI/\eabC
ifieg, (Olnd A
—Ple | 2F

+ 6'./k( ab 6Abj + 3

SIn Wy
SAK
SInd §InWg 1 52 :|)
3Ay 0A% | ® 0AL0A

. o~ olnd
) — NpFE + 2102 (Dat) ac 2B 58

€abc [2

Classical limit is obtained when ® = ®g¢[€].

Reality Conditions (A, + Aai = 2T 4, E.; = E.;) implemented at the level of guidance equation.

1 ; ; 1 ‘E, _E,
M= 76,-jkEbk(E;Yb —E,+ EJ.CE;EA,,) + Ze,-j-kE"k (2Eg = - E] Ea>

2
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Continuity equation

a(|v|?Q . i
7(| 8|1.' ) + va'-lai + Va Jai =

VI = [\ 6/8As
QA Al = L

VWi

Implications for Unitarity:
Wy naturally factored out — ¢ =

Wl may be normalizable.
K
Non-perturbative inner product.
=] F = = DAy
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Pilot-wave non-perturbative quantum gravity

Continuity equation

A|W]2Q . —ai—
AR | 914+ 9775 = 0
Vo= [, 8/6As

QA A = -

Implications for Unitarity:

Wy naturally factored out — & = % may be normalizable.

Non-perturbative inner product.

PW Unitarity: 22 + Vek(p8sk) 4 TH(p ey 4 vp(pos” )+vB(p55 )=0
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Pilot-wave non-perturbative quantum gravity

Continuity equation

v2Q . —ai—
AR | 914+ 9775 =0
Vo= [, §/6As

QA Al = wk{TK

Implications for Unitarity:

W naturally factored out — ® = - may be normalizable.
Vi

Non-perturbative inner product.

— 7 B J— =B
PW Unitarity: 22 4 Vek(p8sk) 4 TH(p ey 4 vp(p28) + Tp(p2E) = 0

Probabilities stay normalized in minisuperspace.
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Global time in pilot-wave approach . Relational time approaches.
Kodama state has a purely dynamical role in the theory.
Exact Schrodinger equation with respect to fermionic time.
Non-perturbative inner product from the continuity equation.

Classical limit and Reality conditions well-defined at the level of guidance equation.
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1. Quantum fluctuations on de-Sitter space.
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Conclusions

Global time in pilot-wave approach .y Relational time approaches.
Kodama state has a purely dynamical role in the theory.
Exact Schrodinger equation with respect to fermionic time.
Non-perturbative inner product from the continuity equation.

Classical limit and Reality conditions well-defined at the level of guidance equation.
Future directions:

1. Quantum fluctuations on de-Sitter space.
2. Insights into singularities.

THANK YOu!
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Low-energy physics: Emergence of quantization in the early universe.
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Experimental implications

Py, t

Low-energy physics: Emergence of quantization in the early universe.

iflot/ 1, K e~ iFot/hpt iflot’ /1 K 2
)= et/ (p) - B [Car e v (7, ¢ o MK () 1 05V
0

=] F = = DAy
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Pilot-wave non-perturbative quantum gravity

Experimental implications

Low-energy physics: Emergence of quantization in the early universe.

je—iHot/h

~ t L o1y o
w7.1) = e otk () - B [ (5 e o K (7) + O(6V2)
0

For realistic perturbations

. je—iFot/h rt . , .
07.0) = B () - S [ S O g ()0 (7) + O(6V?)

normalizable branches of the quantum state
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Pilot-wave non-perturbative quantum gravity

Experimental implications

Low-energy physics: Emergence of quantization in the early universe.
iflot /R, K e~ Tot/hrt e Na—ifot’ /i) K 2
07, 6) = e () - S [Cae e (g, e () 05V
For realistic perturbations

Lo iEct/h K e ot/h td/ H(E—E /B (Yl (7) 4 O(5 V2
P(y,t)=e P (¥) — t ) ey ()Y (¥) + O V7)

normalizable branches of the quantum state

Quantization due to decoherence.
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Pilot-wave eq

Equilibrium density?

(&) 2(0) (e) p5m) () 2(107)

Normalizable case: p — [¢|2
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Pilot-wave eq

Equilibrium density?

(&) 2(0) (e) p5m) () 2(107)

Non-normalizable case: p — 7
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Pilot-wave equ

Equilibrium density?

(@ 2(0) (e) p5m) () 2(107)

"Clearly, there is no lower bound on H and so there is no physical equilibrium state.”?

2A. Valentini, arXiv:2104.07966 2021.
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Pilot-wave equilibrium
HqE/P(Y)'“
C

o(¥) .
(R

=] F = = DAy
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