Effective Dynamics from Full Loop Quantum Gravity
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Issues of LQC / Our motivations

1. How to relate LQC and singularity resolution to the full Loop Quantum Gravity?

2. Quantum fluctuation beyond the homogeneous and isotropic sector?



Recent interesting result

Recent work in Andrea Dapor and Klaus Liegener ’17:

Taking full LQG Hamiltonian and its coherent state expectation value at the homogeneous
and isotropic data

3
8 G2 u?

<‘P§C’P) ‘ﬁLQG‘ \PEC,P)> — VP [sinz(,uC) — (14 42) sin*(uC) + 6(r)

The result is viewed as an effective Hamiltonian of LQC, reproducing the Hamiltonian in
You Ding, Yongge Ma, and Jinsong Yang ’09.

The effective dynamics = the classical evolution generated by this effective Hamiltonian
—> unsymmetric bounce

Relation to the quantum dynamics of full LQG? It relies on the conjecture on the
existence of dynamically stable coherent state in full LQG.



Our idea: Path integral formula

If we formulate the full LQG as path integral,

Jng e B0 = 55=0

Our proposal:

Solutions of Classical / Quantum
Equations of Motion (EOMs) for
full LQG

Cosmological
Effective Dynamics

It doesn’t rely on dynamically stable coherent state: lesson from interacting QFT

Given any solution of classical EOM, we can in principle compute all quantum fluctuations
by standard perturbative expansion.

Path integral in LQC and relation to effective dynamics: Ashtekar, Campiglia, and Henderson, 2009,
Henderson, Rovelli, Vidotto, and Wilson-Ewing, 2009,
Qin and Ma, 2012, Craig and Singh, 2012
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Some remarks

3 scenarios of deparametrized models:
gravity coupled to

e Brown-Kuchar dust
e Gaussian dust
e a massless scalar field

The quantization is on a fixed graph ¥ and
uses non-graph-changing Hamiltonian
(Y is a finite cubic lattice partitioning 3-torus)

2 possible choices of physical Hamiltonian:

e Giesel-Thiemann’s Hamiltonian
e Alesci-Assanioussi-Lewandowski-Makinen’s
Hamiltonian (Warsaw’s Hamiltonian)

Our studies exhaustall 3 X2 =6
possible scenarios.
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Reduced phase space quantization

3 scenarios of deparametrized models: gravity coupled to

Brown and Kuchar 1994

Giesel and Thiemann 2007
e Brown-Kuchar dust

. 1 .
SBKD [pa g,uw Ta SJ7 V‘IJ] - - E Jd4x |det(g) | P [g”yUlqu + 1] > U//‘ - a/,[T_l_ W/jaMSJ

Dirac observables = parametrizing gravity variables with values of dust fields

. ) . . . . Rovelli 2001
Tx) =1, YK =0 T: physical time variable Dittrich 2004
O': physical space variable Thiemann 2004
Gravity Dirac observables

A(o,7) = A(x) | E(0,7) = E(%)|

T(x)=1,5/(x)=067 T(x)=1,5/(x)=0

. Kuchar and Torre 1990
* Gaussian dust Giesel and Thiemann 2015

. p y y .
S |P> 8 T2 W] = - Jd“x\/ [det(g)| [5 (8"0,70,T+1) + g9, T (WjaySf)]

e a massless scalar field
Rovelli and Smolin 1993

1 Gi .
S [gﬂw ¢] = = EJd4x\/ | det(g) | gﬂvaﬂ¢0y¢ E:Vr:aalgo?cl)s\,’s;iezs::b Kaminski, and

Single ¢ only deparametrizes time: px)=1 T: physical time variable

A(X, 1) = AW)| . E(X,7)=E®)|

)=t ()=t
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Reduced phase space quantization

Canonical structure of Dirac observables:
a,b,c.. .: SU(2) indices

{Eé(d, 7),A? (o, T)} = %Kﬂ@-"df(s?’ (0,0") i,,k,...: spatial indices of the dust space &
(space of G’s, slice with constant 7)
Solving constraints (Abelianized constraints): k = 167G
C=P+h(p,qd,T) =0, C=P;+5 [Cup,q)+Po,T|~0 P: momentum of T
P;: momentum of §;
Physical Hamiltonian (generating T evolution): % = {H, f}

e Brown-Kuchar dust Giesel and Thiemann 2007

3
H = L 36 |C(o,7)? - % Z Ci(o, 7)C{(0, 7)

= 2(1+p2
]—1 C =-— d2 tr(ﬁ}k [E] Ek]>+ ( d+lB ) tI'([I{j,Kk] [E] Ek]>
e Gaussian dust Giesel and Thiemann 2015 v Zet(CI) K4/ det(q)
_ kgl
G= " (eFu [ E) )

H = [ d’s C(o,7)
S$

e a massless scalar field Domagala, Giesel, Kaminski, and Lewandowski 2010, Rovelli and Smolin 1993

H = J d3x\/ —4/det(q)C + \/det(q)\/ C? - q“ﬂCaCﬂ C, =~ 0 should be imposed
S
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Reduced phase space quantization

The quantization is on a fixed graph Y with periodic boundary condition

(v is a finite cubic lattice partitioning 3-torus, & =~ T3)

Holonomy and flux at every edge (Dirac observables)

h(e) = @expj A, and pie):=—

e

20 [Ta | eunde! A dalh (0 (@) Ef@5*h (0@) ™

¢ = — (Pauli matrix)“

x)=Q®, L (SUQ)) » X,

Gauss constraint is imposed
quantum mechanically

H y Is already physical Hilbert space because it is constructed with Dirac observables
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Reduced phase space quantization
Non-graph-changing Hamiltonian: Positive and self-adjoint

e Brown-Kuchar/Gaussian dust

. R R 1/4 R o N A
f= Y [Momm| M=, - 2C1.6
a=1or0 eV
A 4 1L 2 2 2 -1
C//l,V = — W Z S1S2S38 172 3Tr T’uh <a"§1151v1252> h (ev;13s3) [h <€V;13S3> . VV] . ’[/[ = 0,1,2,3
p S1585,8;=%£1
; _Thi ’ : : Thiemann 1996
Giesel-Thiemann’s Hamiltonian Giesel and Thiemann 2006, 2007
A . 1+ 4% 4 s .
C,=Co+——Cp K= e Y o DLV,
veV(y) veV(y)

~ 16 A A -1 Al A A -1 Al A A -1 A
CL,V —_ Z S1S2S381112]3 TI' h <8V21151> lh <ev;h1sl) D) K] h (eV;12S2> lh <ev;i2s2> ) K] h <ev;l3s3> [h <ev;l3s3> ’ VV]

3
3 (ipr3i2) s

Warsaw’s Hamiltonian Alesci, Assanioussi, Lewandowski, and Makinen 2015
. 1. 1+ 5%, 4
C,= C R, < scalar curvature operator

% _ﬁ 0,y Kﬁz v

Rovelli and Smolin 1993

 a massless scalar field H » X, p i Domagala, Giesel, Kaminski, and
Y Vs Lewandowski 2010

~ NP 1/4
H= Z <VvaCvVv> defined on %y,Diff
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Complexifier Coherent States

At one edge: g(e) (h(e)) Z (2]‘6 + 1) o~ tiele + 1)/2)6}3 ( g(e)h(e)_l) Sahlmann, Thiemann, Winkler 2000 - 2001
Je
Coherent state label: g(e) = e POT20%OT2 2 S (2,C), p,(e),0,(e) € R® complexified holonomy
p?(e): flux
Holomorphic parametrization of LQG phase space 09(e) /2
e’ *“*'“: holonomy

Lp2
Semiclassicality parameter (dimensionless): = —’2’ a is a length unit, e.g. 1cm, -0 (flg = k)
a
t
o Y
Normalized coherent state Ve = )
H Ye(e) ‘
2
- g(e Voo | = Loz, ge——ﬂH e e), ¢c=—+o
Overcompleteness: L dg(e) g(e)> <~;(e) Ly, dg(e) = —=duy(h(e)dp(e), —+0()
On agraphy: y! = ® W, ® e
e€E(y) e€E(y)
Gauge invariant coherent state: ¥ o= th l// » Where g'= {h;(el)g(e)ht(e)} , dh= H duy (hv
(labelled by gauge orbit [¢]) ¢SE) veV(y)
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Coherent States Path Integral

Given any non-graph-changing, positive, and self-adjoint physical Hamiltonian H

Transition amplitude between 2 gauge invariant coherent states:

Agrier= (|

= th(yf;

[ A
1)y U@ =exp (—%TH>

Additional diffeomorphism average for gravity-scalar model

Discretization and insert N+1 overcompleteness relations

) ~1N
(w} ! [e‘%A"H] ‘wgt,h>, where Az =T/N arbitrarily small,
=[dgNH---dglw;|w;NH><w;NH Feh gt 3t [ ot gty [ 88R pt y fy)

Because U(A7) is a strongly continuous unitary group,

[ A ~t At At
exp —zATH ‘I,Ugl_ <I’U8z+1 l//gl> + _81+1 i h

<wgl+1| |ll/gl + (ﬁ)
'//g>€ W Wi q VG nCirti T
l

lATA
1 ———H
h

~1
<l/jgi+1

= <l/jgz+1
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Coherent States Path Integral

<ng | ©XP <__ATH> “/jg <V/g 1= ZA_T ¢ Wg) T o €ivl,i <£>
i+ h i i+1 i h g h
< i i T
= <l//g V/g> e Vz‘i;i“lwi i ’“’<AT>
i+1 i

Because U(A7) is a strongly continuous unitary group,

(At h U(AD) 1+iATI:I_ At <~t (At |~t> s (Ar) 0
) =— — — H|, =) = | — _ ime . |—|=
N7 ) Ta | no | i\ Ve |“\ 7 ) Vs armo L\ T,

H Wg) At 8i+1,i (AT/h> IAT <Wét’i+1 H‘ l//ét’i> im (AT) 0
me ;|\ — | =
L) A W g Ar=0

AT <AT> 1 1 iAT <l/j<éi+1
— €\ )=~
h h R 73 B (7

Overlap inner product between 2 normalized coherent states

sinh (p,(e)) sinh (p,(e)) - 24(e)

pi(e)py(e) sinh(z,,(e))

~ ~ _ K(g-(e), g (e))/ 00
<l//;2(e) | wgl(e)> = [ e (gz( ), &1( )) t [1 + O(Z )]

1 1 1
K (g,(€),81(e)) = z31(e)* = =py(€)* — =py(e)*, zp4(e) = arccosh (x55(e)), x,i(e) = =Tr [g2(e) g (e)]
2 2 2
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Coherent States Path Integral

Discrete path integral

N+1
S[g. h) 2
Argrer = Wil Ty |\thdg,-v[g] exp ( : =
i=1
Effective action
N+1 . N t N t
1 1 ix (e [H|wg) At
Sigl=Y, D, [ 1. = S Pii(€) - —pl<e>2] Ar | —= — iy, (—)
i=0 e€E(y) a’ lzzl <w£’i+1 | w§i> h

1 \
S Tr |gir1(@)7gi(e)]

Zi+1,(e) = arccosh <Xi+1,i(€))a Xip1,i(€) = negligible when

Measure factor (independent of 1) At — 0
N2 sinh(pe)) sinh(p,_y(€) |~ Z1()
I/[g] — H H ple)) smn(p;_ (e - i,i—1 g(e) _ e_ipa(e)z.a/zega(e),[a/z
i=1 | ecEw) pie) pi—i(e) sinh(z;;_;(e))

As At — 0, the path integral is dominated by || g, — g;|| ~ 0(\/;‘) :

iAT <ng+l| ‘ng> At At
i+1,i

- €;
At every step, <W;i+1 l//gl>€ ke TR T

CXp <_%ATI:\I> ‘li/;) = <l//g+1

_(ap)? + (A0)2

where the overlap function ‘ <V7§3,-+1 it ) ‘ ~e” behaves as a Gaussian
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h—0
Effective equations of full LQG

homogenous and
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Equations of motion (EOMs)

N+1
Slg, hl 3 h
A[g],[g']= ||l/f£>|| ||Wé/||thHdgiV[g] eXP( ) z‘=—§=—’2<
i=1 ad
Semiclassical limit 7 — 0 or t — 0 and stationary phase approximation
path integral is dominated by critical points satisfying EOM 6S[g,h] =0
Variations: . Holomorphic deformation in SL(2,C)  gie) — gf(e) = ge)e ¥, el(e) € C
* Real deformation in SU(2) h,— h' = he"™ m €R
55 _, 2 AOTr [t (@g(@)]  ploTr [t @gie)]  ixkar o (v, | HIwg) N
= . — = i=1,.-,
e \/xi+1,i(e) - 1\/xi+1,i(€) +1 sinh (pi(e)) az def(e) Ay, lwge) lemo
S _, ziim1(@)Tr [/ (e)gi_i(e)]  ple)Tr g/ (e)g (e)] ixAr o (wiHlyl ) N
— : — — R 1= 2,
oeer \/xi,i—l(e) ~ 1\/ X;i-1(e) + 1 sinh (p(e)) az Oef(e)*  (wielwge,) o
5S[g] . a c a _ a.a a.a
5’73 =0: et(g)zvj\ C(Q)po(e) — es(g)zvpo(e) =0 60 T /ZTae—Q T2 _ Aab(g)fb

closure constraint (of cube) on initial data

initial state: 8o = g’h final state: EN+2 = 8
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Equations of motion (EOMs)

5 o [Fa@g@] T O] a0 Wi Blv)
== . — = L= 1,-,
e \/xi+1,i(e) - 1\/xi+1,i(€) +1 sinh (pl-(e)) a*  Oef(e) Wee, 1Wgr) Lemo
S _, Zii1(@Tr [29gf(€)gi_i(@)]  pue)Tr [t (e)gi(e)) ixAr o (wi Hlyl ) Nl
- . - = — ’ I = 4,,
oty \/xi,i—1(€) - 1\/ x;-1(e) +1 sinh (p(e)) az Oef(e)*  (Wielwg ) oo

1
Ziy1.(e) = arccosh (xl- +Li(e)), X; +1’i(e) = ETr [&' +1(e)Tgi(e)]

For any solution { gi(e)}i.i +11 of EOMs,

In the neighborhood || g, — g;|| ~ O/ 1),
At -0 — “left-hand sides —>0" —> J 1841 = &l (\/_)

gi+1(e) — gi(e)
i.e. solutions g,(¢) = g.(e) are continuous in 7 when A7 — 0.

(continuous approximation of discrete solutions)

Lemma: g, (e) = g(e) and g;(¢) = g,_,(e) are isolated roots of “left-hand sides = 0"

Zi_i_l’l-(e)Tr [Tagi-z_l(e)gi(e)] B pi(E)TI‘ [Tag;(e)gi(e)] _ 0 Zi’i_l(e)Tr [TagiT(e)gi—l(e)] B pi(e)TI' [Tag;(e)gi(e)] .
\/Xi+1,i(€) — 1\/xi+1,i(e) +1 sinh (py(e)) | \/xi,i—l(e) - 1\/xi,i—1(€) + 1 sinh (p,(e))

20



Equations of motion (EOMs)

5 o @[ @s]  pOT [FeOue] a0 Wl Bl LN
== . — = L= 1,-,
e \/x,-+1,l-(e) - 1\/xi+1,i(€) +1 sinh (pl-(e)) a*  Oef(e) Wee, 1Wgr) Lemo
S _, Zii1(@Tr [29gf(€)gi_i(@)]  pue)Tr [t (e)gi(e)) ixAr o (wi Hlyl ) Nl
- . - = — ’ I = 4,,
e Vi@ = 1y [Ty + 1 sinh (p(e)) a> Oef(@)*  (wirlvie ) emo

1
Ziy1.(e) = arccosh (xl- +Li(e)), X; +1’i(e) = ETr [&' +1(e)Tgi(e)]

Taking the continuous approximation, on the right hand side:

Lemma: y o (W [Hlyg) (e | H |7
1m =
8i—8i1=8 agia (e) <l//£r;+1 | lljéf> =0 de4(e) =0
) o (wiHlwl ) (. | H [ '.)
1m ==
8i-178i=8 agl.a(e)* <l//£rl.85 | l//(gtvf_1> =0 aga(e)* =0

reduces matrix element of H (hard to compute) to expectation value of H (easier to compute).

Semiclassical perturbation theory: (W | H| fre.) = H [gg] + O(h) Giesel and Thiemann 2006

Classical discrete Hamiltonian

21



Equations of motion (EOMs)

EOMs (at the leading order in 72 ) at every edge ¢ € E(y):

Zip1,(e)Tr [T“gl.ﬂ(e)gi(e)] 3 pie)Tr [Tag;((e)gi(e)] _ikAt oH[g/] —1..--.N
\/xi+1,i(e) B 1\/xi+1,i(e) +1 sinh (p,(e)) a>  0gf(e) |, o
2,i1(OTr [r'gf(0)gii(e)]  plo)Tr[r'g/(e)ge)]  ixAr oH[g*] N
\/xi,i—l(e) - 1\/xi,i—1(e) +1 sinh (p,-(e)) az Oef(e)* |, o

1
Zl-+1,l-(€) = arccosh (xl- +Ll-(e)), X; +1,i(e) = ETr [gl- +l(e)Jrgl-(e)]

Closure constraint (of cube) at every vertex v € V(y):

2 NOp@~ Y pi@ =0

et(e)=v e,s(e)=v

th

initial condition: g, = ¢ final condition: 8n4+2 = &

These are effective equations of the full LQG

e Valid for all spacetimes,
e Solvable analytically or numerically,
e Quantum correction in principle can be computed by perturbative expansion of path integral.
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Cosmological Solutions

Homogeneous and isotropic ansatz: (/ = 1,2,3 label outgoing directions from v, a = 1,2,3 su(2) indices)

1

B (e,(v)) = €872, pt (e,(v)) = p; 8¢ g (e,v)) = el0P)%

. . . ] Dapor and Liegener 2017
p;, 0; are cosmological variables (i labels time steps)

closure constraint: Z AN(0) py(e) — Z poye) =0 is satisfied by the ansatz.

e, f(e)=v e,s(e)=v



Cosmological Solutions

Insert homogeneous and isotropic ansatz into EOMs

2 1,(OTr [t 1(e)ge)]  pile)Tr [e°g (e)ge)]  ixAr oHIgf] O
\/xi+1,i(e) - 1\/xi+1,i(€) + 1 sinh (p,(e)) a?  Oef(e) | . o
G OTr [rg)@g1(0)] (@[] (00g(0)]  ixAr oH[g" e Nl
e=0

\/ X;i—1(€) — 1\/ X;;i—1(e)+ 1 sinh (Pi(e)) a’ Jdef(e)*

%

a [91' -0_, .p _pi—ll ix JOH[g/]
’ 5] - -
7=0

0.,—0; PP ik OHI[g/]
51" +1 =
At At a? agl.a <el(v))

o Diagonal a = [ : time evolution equations

ik OH[g"]
a2 gl (el(v))

[d@ _dp]_ ix OH[gf]
720 az o’ (e,(v))*

dz ldT

€=0

' (e,(v)), €' (¢,(v))* : longitudinal perturbations along the homogeneous and isotropic sector g¢ (¢,(v)) = e 0=ip+2e! (e )] <'12

o Off-diagonal a # I : constraint equations

dH[g*] _ 0H[g]

— =0,
oed (el(v)) =0 04 (61(V)) *le=o

e (¢,(v)), €* (¢,(v))* : transverse perturbations away from the homogeneous and isotropic sector g* (¢,(v)) = el0=ip|z'12 pe"(e ()

25



Giesel-Thiemann’s Hamiltonian

A A A ] N
C=Co+——Cp, K= o Y o DV,
veEV(y) veV(y)

A 16 A A -1 Al A A -1 Al A A -1 A
¢, - S st 1 e [h (e ,K] B () [h (i) ,K] B () [h (i) ,vv]

3
3 (ip312) s

For all Brown-Kuchar dust, Gaussian dust, gravity-scalar models,
(lﬂ;g | H | l/~lg,g> =H [g‘g] + O(h) Giesel and Thiemann 2007

2k+1

. ) 1 —q)(n—1 )2 '
Giesel-Thiemann volume V%9 = (Q )% [1 n 2 (= 1y g(l1 —q) n(!n +q) <<QQVV>2 B 1) ] g0

n=1

Insert in the classical discrete Hamiltonian, and compute linearized perturbations

do _a’p] ik O0H[g*]

[d@ ,dp]_ ix OH[gf]
€=0

_+ —_— —

' ar| T @ el () drdr] T @ 0l (e)* e
Mg | __oMigl | _,
oed (e,(v)) =g 04 (61("))* =0 ,

The brute-force computation is carried out analytically in Mathematica.

The linear expansion uses the parallel computing environment of Mathematica with 30 paraliel
kernels on a CPU+GPU server.

The computation involves manipulation/cancellation of about 300k terms, and lasts about 2 hours.
20



Giesel-Thiemann’s Hamiltonian

Results:

- ﬁ2\/2ﬁp sin®(@)[1 — (1 + pHsin*(@)|,  for Brown-Kuchai/Gaussian dusts
H@,p) = 4

G R JSnk@)[I (1 + sin’@)].  for gravity-scalar.

e Diagonal a = [ : time evolution equations

do K oH0,p) dp K 0H(0, p)

dr a2 op

dr a? 00

K

« Off-diagonal a # I : constraint equations are satisfied automatically

oH[g*] _ OH[g°]
de (e/(n) lz—o 9 (e;(0)* I

Remarks: * involving cancellations between contributions from different vertices
(using periodic boundary condition)

* Brown-Kuchar and Gaussian dust models give the same result since

k‘Q
—
=,
Il
=
\Q
—
0
5
I

O(¢), and H= [ 36 |C(o,7)? - —Z Ci(o, 7)Ci(0,7)
S$ j=1

2/



Giesel-Thiemann’s Hamiltonian

Solution of evolution equations (Brown-Kuchar/Gaussian dust):

Change of variables

Conserved energy:

3 3/2
06 Vza(ﬂp) R
2¢/2
_H
|V(n) |

Resolution of singularity and unsymmetric bounce

v Reduces to FRW asymptotically

100j
80:—
601 critical volume and density
400

27
V.= ?ﬂ6(ﬂ2 +1)’°&3, p.=&lV,

20|

Relate to the //,-scheme:

Change of variables

2
KU
0 = Cu, =—PFP
H, P a2p

0 20 -0 BT R T (,U()—SCheme)
dP 0 dC 0
- = _h(C, P)a - = - _h(C, P),
dr 0C dt oP
3:2 SV2P sin®(Cp) |1 — (1 + p?)sin*(Cp)|for Brown-Kuchai/Gaussian dusts
h(C,P) =«
\/?;P\/ sin?(Cu)[1 — (1 + pPsin*(Cu)| for gravity-scalar .

same Hamiltonian as in Ding, Ma, and Yang 2009 and Dapor and Liegener 2017

28



Giesel-Thiemann’s Hamiltonian

Solution of evolution equations (Brown-Kuchar/Gaussian dust):

a(pp)*?
Change of variables p.0 - V= , b=20
2¢/2
Conserved energy: — H
V()|

Resolution of singularity and unsymmetric bounce

v Reduces to FRW asymptotically

100 |-
80|

60|

critical volume and density

27
V.= ?ﬂ6(ﬂ2 +1)’°&3, p.=&lV,

—C‘%OHH—‘ZOHH—%OHH:““1‘0””2‘0“”3‘0 T (/’lO_SCheme)

A different change of variables: Liegener and Singh 2019

P sin*(uC/2)

a’p  C*/4 But the resulting equation is different from
Liegener and Singh 2019

0=Cu, p=

29



Warsaw’s Hamiltonian

Alesci, Assanioussi, Lewandowski, and Makinen 2015

A 1 A 1 + 2 A A A 2
C,=——Cy,— P SR R, = Z L, s;J,5,) =z =z + arccos
K I#J 51,8, @

+1

ﬁa(ev;[sl)ﬁa(ev;]sz)
- - , a=4
p(ev;lsl)p(ev;.]sz)

Alesci, Assanioussi, Lewandowski 2014

. 1
. — b A A b/ //\ A
LV(I’ 515 J, SZ) - ‘,}—\/Ea Cpb(ev;lsl)pc(ev;Jsz)ea Cpb’(ev;lsl)pc’(ev;Js2)
%
Bianchi 2008

The semiclassical expansion in Giesel and Thiemann 2007 may not work for negative power of volume operator
(1,7/;8 | H | 1/72,8) =H [gg] + O(h) is a conjecture

Assuming the conjecture is true

o Diagonal a = [ : time evolution equations

d0  «k 0H©O,p) dp «x OH(,p) 4\/2Ppsin’(0) for dust models

- ? — H[Qap] = 3 a2
\f/,? py/sin’(@)  for gravity-scalar

dr a2 op dc a* 00

o Off-diagonal a # I : constraint equations are satisfied automatically

oH[g¢] __ OH[g"]
oe4 (e,(v)) =0 O€° (el(V))* =0

_ 3 _ 2
=0, R,[g°] = O(e7)

ata =4
Reproduce standard LQC effective dynamics in j/y-scheme: Symmetric bounce
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Semiclassical Amplitude

i\ o e Slg, h]
oxp (—+TH) %), = 1wt 1wl | an] [dsolel exp (=%

i=1

. t
A[g],[g/] T <\P[g]

Given the initial/final condition (of phase space data), if the solution is unique,

L S[ghlt
Arglig1 ™~ €

solution

It is unclear if the solution is unique in the effective EOM of full LQG.

But the solution is indeed unique in the homogeneous and isotropic sector.

On-shell action:

l.K|V(7)| o

S =—
2a?

T This expression is independent of choices of Hamiltonian.
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Classical Gravity

Full Loop Quantum Gravity

(reduced phase space quantization)

Coherent state path integral

h—0

Effective equations of full LQG

homogenous and
isotropic solutions

Singularity resolution and bounce

recover LQC effective dynamics in jy-scheme




Outlook (I): #-Scheme and Continuum Limit

H

Conserved energy: @ —
V()|

27
Critical volume and density depending on & V.= ?ﬁ6(ﬁ2 + 17383, p.=8IV. ~ &2
Large & would imply large critical volume and small critical density. But is it necessarily true?
No, we have to take continuum limit | V(y)| — oo, whichsends & — 0, V. — 0 and p, — .

V. — O indicates that the minimal area gap in LQG has to have an effect (hint of the ji-scheme)

In LQG, Minimal area gap is a non-perturbative quantum effect.

We may have to consider the quantum effective action of the path integral

e~ W1 — JD¢ o7 (S[#] +IJ¢), [[¢] = — W[J] — []¢

and quantum effective equations ol'[¢p] =0

Alesci and Cianfrani 2013 obtains the j/.-scheme from a random average of Hamiltonians over
different lattices.
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Outlook (I): Connection to Numerical Relativity

Effective EOMs from full LQG

2i1,(OTr [2°gl1(ge)]  pie)Tr |27/ (e)gi(e)]  ixAr oHgf] PN
V50 = 1y 310 + 1 sinh (p(e)) a> 9f(©) lmg .
zi(@Tr [1°g/@g 1)) p@Tr [t'g/@sge)]  ixAr dH[g"] o Nl
e=0

\/ X;i—1(€) — 1\/ x;i_q(e) + 1 sinh (p,(e)) a’? Oded(e)*

A set of dynamical evolution equation for full GR with natural discretization by LQG
e ready for numerical simulation
e can be applied to all dynamical scenarios/spacetimes
To do list:

e gauge invariant cosmological perturbation theory: ongoing work
(comparing to Giesel, Hofmann, Thiemann, and Winkler 2007)

e black holes and binaries

e gravitational waves
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zi(@Tr [1°g/@g 1)) p@Tr [t'g/@sge)]  ixAr dH[g"] o Nl
e=0

\/ X;i—1(€) — 1\/ x;i_q(e) + 1 sinh (p,(e)) a’? Oded(e)*

A set of dynamical evolution equation for full GR with natural discretization by LQG
e ready for numerical simulation
e can be applied to all dynamical scenarios/spacetimes
To do list:

e gauge invariant cosmological perturbation theory: ongoing work
(comparing to Giesel, Hofmann, Thiemann, and Winkler 2007)

e black holes and binaries

e gravitational waves

Thanks for your attention !
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