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Quantum constraint kernel projector : P

K = Span{ |X,,) } ) )
Quantum canonical GR : ) (Z f;) =P
(C.}: K=K g
Perturb. Effective (X!|P|X,) = Faddeev-Popov path int (GR action)

QFT in FRW background

C,, : effective/renormalized, truncated

Local observables : refer to background spacetime

Non-perturb. Fund.
LQG

(X!|P|X,) = well-defined operator components

C{u : fundamental, with quantum geometry

Local observables : (7) abstract without background

= Goal : Universal local observables defined /computed using P
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Physical Hilbert Space from P

A . P = Pf
5|1y ¢ =P: KK {
v

diagP > 0

Refined Algebraic Quant P : K —s H

V1) = [¥y)

H inner product : (11| P|is) = (U] Wy)

Goal : G (v Pliiz) ) = (O(t2)|0()

[D.Marolf, J.Louko, D.Giulini, etc.]
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Elementary Relational Observables in H

Relational description with K = Span{|X;, X,,) }

x Choose Tu = T,_L(meﬂ) and T),(t) < K;= Span{|X;,T,(t))}

(XA}'(t), p{(t)) = I/[\Dfit (Xj,pf) A;lﬁt
H, i K,
X1 (1)) i A |1 X7, Tu(1))
t
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* Heisenberg Observables: Elementary Algebra, Quantum Covariance
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Relevant elements : Py, (X7, X1) = (X}, T, (t2)| P | X7, Tpu(t1))

When G, ;, converges :

(1) Exact relational observable : Gi.;, (X7, X1) = (X7(t2)|X1(¢1))

(2) When (X7(t2)|X1(t1)) = Uyt (X1, X1) = Hp, =H, =D, ¥eD — ¥[X/](t)
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Relevant elements : P; ¢, ((v’, Nk(i))’ (v, Néi)))

Ulv, N k(ﬁ) |(¢) : full quantum interactions/back reactions

Non-Gaussianity details in O(dg?)?

Trans-Plankian 6q£f) : UV supression by quant geometry?
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[M.Bojowald, R.Gambini, J.Pullin, J.Olmedo, L.Modesto, D.Chiou, C.Rovelli,
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— M=) (C)*+ (D) = P=5)

(Ti(z,t), To(z,t)) = (®1(x,1), Pa(x,t)) = K¢ =Span{ |T, ki, ji, my2(t), ni) }

Relevant elements (spinfoam) : Py, ((kl, 55, n%), (ki ji, ni))

W(k;, ji, ns)(t) : full interactions/ full Cauchy surface

Very massive v/ : LQG collapse

Whole quantum spacetime BH evolution




Conclusion and Outlook

N-point functions: O()A(I, P 7)

(X}(to)| Oa(ta) O1(t1) | X1(to)) = [Usgts O2 Unye, O1 Upyry ) (X7, X7)

Existing applications:

* FRW LQC with massless qb [C.Y.L., J.Lewandowski]

* Conformal Brans-Dicke Bianchi I LQC [C.Y.L., Y.Ma]

Ongoing works:
* FRW LQC perturbation with inflaton ¢

* Schwarzchild LQC : with massless ¢,,—1 2(r) and very massive ®(r)

= LQG collapse with 1-D spinfoam
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Existing applications:

* FRW LQC with massless qb [C.Y.L., J.Lewandowski]

* Conformal Brans-Dicke Bianchi I LQC [C.Y.L., Y.Ma]

Ongoing works:
* FRW LQC perturbation with inflaton ¢

* Schwarzchild LQC : with massless ¢,,—1 2(r) and very massive ®(r)

= LQG collapse with 1-D spinfoam



Application and Outlook

Existing Applications:

* FRW LQC with massless ¢
C.Y.L., Jerzy Lewandowski, Phys. Rev. D 98, 026023 (2018)

* Conformal Brans-Dicke Bianchi I LQC

under preparation, see Yongge Ma's talk

Next Challenge :

* Spherical Symm. LQG

= Full Cauchy Slicing, Back Reaction, Loop Correction



E-H Path Integral Formulation
* Relational description with K = Span{|X,,, X,,) }

~ ey

+ Choose Tp =T, (X,, ]5“) and 7),(t) — eigenspace K, = Span{| X1, T,(t)) }

+ Relevant amplitude matrix Py (X}, X;) = (X5, T, (t")| P |T.(t), X1)

e P:K, - H, Physical inner product : P,_;

«P_y =Pl_, and Pi_y(A4, A) >0
diag (Pyy) 50 & T,(t) too weak

* Assumption : [Py, real—diagonalizable{
diag (P¢;) >0 < Isometry K, = H;

o diag (P,;) > 0; We can introduce A : K, — K, with A, — (P, ,)

s (P ) 2Py (Pu) (X7, X1) = (X7, T (t)| ATP A T, (2), X7)
= (X7 X7) = (X7(t)| X1(t))

« Isometry (P-A) : K, — H, ; with (P-A)|X;,T,(t)) =|X1(t))




Flat FRW LQC + massless Klien-Gordon Scalar Field

D = Span{ [+, Py)}

— 1 O(7),Py(r) : D—=>D

- Hikc — Hya

n—0

D = Span{ ’Q +)}

T=6(By)d; T(t) =t

(V. T{)| P |V,T(t))

{ (1) A found
p— N ]
(2) U verified




Flat FRW LQC + massless Klien-Gordon Scalar Field

o K= Span{|V,,Py): Vi, =(1+2n)v}; inner productdy vy 6(Pj — Py)

Gravity : [V, e~ifc] = g e—iic — e~ic |V, Py) = |V + 0, Py)

(p~l, ; v~ lg ) quantum geometry

K.G. Scalar : [¢, P,] =h

~ 6 ~ A A A ~ —_— ~ . 2 A
* () = _W 02 —|—87TGP£ ;. Q= Q(V, sin uc/pn) P = /d)\e“co/h = §(Chy)

* H=Span{|£, Py)} = Span{|Q,x)}; Py, QR



FRW Cosmology with massless @

* KGtheoryingiven T,V :
SEm) = [ ar- Vi, - (o) = [ane v (60)” (v =10)

:/dt pP,— (NV 1. P3)

e Coupling to Dynamical Spacetime N (¢), V(t) = > :

S[gb,Pqﬁ,,a,Pa,N]:/dt ¢Py+ P, — N [P — (P + e’ (N=NV)

* Hamiltonian N [P} — (P74 &) =NC — C=0



Classical Dynamics

*Reduced Phase Space

—

S[¢9P¢JQ7PG7N]

o) =t
C=0— P, = P¢(04,Pa,t)

&(t), Py(a, Po,t) — N(a, Pa,t)

: Sred[a(¢)a Pa((#b)]

Physical Hamiltonian hgy|c, P, @]

{a, P} =1

*Dirac Approach

¢,P¢,C¥,Pa

C =0

_/—73
. — 12
/_/7—1 /

= const
Yn

O(¢a Pt;ba v, Poz)

{0i} € { a(e), Pa(9), ...
ooy (T, Pa) ) Po(T(a,P0)) )




A

General Construction: ¢ (X, Px.Y, Py) .
K —

K = Span{|X,Y) } { /d)\ e~ AC/R (é) ,
' |0) = (| P o)

H([¢) = [9))

Choose 7T =T(X,Py):

P
i M |
Iy
Sr Cc K D C H
Complete Obsv : (YA(T) , p{}(T)) = IED;"A\il (i/, py) ;\ ﬁT [}}A(T), p)j}(T):| isomorph tc

{|YA(T)) =P AT, Y}} Orthnml Basis for Dy

Algorithm : (57 P [S7) (SIA P AST)

T = kernel 7; A = Dp=D? = Up[Y(T)



FRW LQC + massless K.G Scalar

&, By, — (a(¢")|a(9)) = Uar(¢),a(0)
Dirac quantization:

A

(b, Pq57 P K —= K self adjoint

= K = Span {/dAdP¢ V(N Py) | K, P¢>} ; (Kaa) = Kix(a)
$CL2(R?)

 K—H; a, )= |Vae)

(', ¢’ P o, ) = (Vo o/ |Va,6) # Unr(¢),000) Non unitary !

{ Q(¢),Pa(¢), ----aqb(T(a,Pa))apé(T(a,Pa)) } - H — H



Path-Integral Representation

 Reduced Phase Space quantization:

(o' (¢)]a()) = /,W) DWa DP P, o~ iS0[0 (), Pa ()]

e Dirac Quantization:

(o) (o)
(T 0| T gp) = f( o )D(”)aD(mPa D(”)(bD(”)l% DM N
ol ") (t1

5 . o185 [a(t),Pa(t),¢(t), Py (t),N (1)]

e Barvinsky et al : (o/(¢')|a(¢)) = (Vo o |Wae)| + O(h)






KCZ

(X123, P123)

cl
S be

(Xa3, P23)x,

cl

Co=0
S

H
Co=0

—) Cl . Cl
— D, =D
Mg {Xoa(X0), Pos(X1)} = 1

Pl(X1)|C'0




KCZ

(X123, P123)

cl
S X,

(Xas, Pa3)x,

Hcl

Xrl =1

]D)gél — ID)CZ Qua'n,; t D Xo3(X1), Pag(X1)

[Xo3(X1), Pos(X)] = 1
X0(X), Pa(X0)} =1 Wr(X1)[X2s]

Pi(X1)|e,




K¢ Co=0 el

(X123, P123) U
Co=0 ]
Sggl — D%l — Dd Qu‘m’; D ‘?2:%(4\'1}- Pa3(X1)
E [ Xo3(X1), Pos(X1)] =1
(Xa3, P23) x, H%l {Xa3(X1), Pa3(Xq)} =1 Ur(X1)[Xa3] _ | .
Pl(X1)|Co
P

K P
{ [ X123) } U

U i)

St 4l Dt =D
. R

1(t) =t I U (4) [ Xas]




Ke Co=0 el
(X123, P123) U
Co=0 S
S_C)g'l 2 ]D)gé.l — et Quan; D ){2;’,(_4-\'1)- [{zfif_*\—i)
E [ Xo3(X1), Po3(X1)] =1
(Xo3, Pa3) x, H%l {Xo3(X1), Pas(X1)} =1 Ur(X1)[Xoas] ' | o
Pi(Xy)lc,
P
K P
{ [ X123) } o
U Yo3(1), Pas(t)
U ]fD ‘1?35(f) — f” j\; al)_)g :\I,_l 11; (L:\g : S; — S;)
; s
X, (t) =t I1, Xo3(t), Pas(t)
W (t)|X: ; . .
(o) POk ESONCOIES

[Xos(t)) =P Ay | X1(2), Aag)
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