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Abstract: <p>I will discuss the role(s) of the Immirzi parameter in Loop Quantum Gravity, insisting on the Poisson algebra formed by Thiem
complexifier, the volume and the Hamiltonian constraint. In particular, we will see how loop quantum cosmology is a direct quantization o
CVH Poisson algebra and how cosmological evolution amounts to a flow in the Immirzi parameter.</p>
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What is the lmwmirzi Parameter 7

Loop Quantum Gravity introduces a new parameter 7
on top of the 3 fundamental constants c,Gn, h

How should we consider the Imwmirzi parameter ?

" New fundamental constant for Quantum Gravity

or just a requlator 7

 To be fixed and determined by experiments ?
 or allowed to flow under renormalization as a coupling constant ?
e ortobesenttoy — 0for v — 7)asaregulator 7
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What is the lmwmirzi Parameter 7

Loop Quantum Gravity introduces a new parameter 7
on top of the 3 fundamental constants c,Gn, h

How should we consider the Imwmirzi parameter ?

" New fundamental constant for Quantum Gravity

or just a requlator 7

 To be fixed and determined by experiments ?
o or allowed to flow under renormalization as a coupling constant ?
e ortobesenttoy — 0for v — 7)asaregulator 7

Here: will become time along trajectories of the geometry
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Imwirzi Parameter and Thiemann Complexifier in LQG

Outline:

1. The Many Roles of the Immirzi Parameter in Loop Q Gravity

2. Thiemann Complexifier and CVH algebra for General Relativity

LY
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Imwirzi Parameter and Thiemann Complexifier in LQG

Outline:

1. The Many Roles of the Immirzi Parameter in Loop Q Gravity

2. Thiemann Complexifier and CVH algebra for General Relativity
N 3. CVH algebra for Cosmology

4. CVH algebra for Loop Quantum Cosmology

5. CVH bubbles for (Loop) Quantum Gravity ?
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What is the lmwmirzi Parameter 7

Many layers from the definition of the classical theory

to the features of the quantum theory

A classical canonical transformation defining a choice of variables
» Cut-off in extrinsic curvature when using holonomy-flux algebra

New coupling constant in 6R action

Topological parameter

Controls coupling to fermions (CP-violation)

Area gap & volume gap in standard loop quantization
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The Canonical Transformation defining LQG

e A classical canonical transformation defining a choice of variables

Canonical Pair Canonical Pair
triad-extrinsic curvature triad-connection

(K@), ES(w)} = 623,

§¥(z —y) {4 (2), B} (y)} = 76266 (2 — )

K, —— A, =TL[E|+1K]

Thiemann Complexifier C = / d°z K:E? generates shitfs in Imwmirzi
parawmefter

Key Property: {C,Ti[E]} =0 MOt A = A, .
eNC} E = et"E
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Cut-offin Curvature

o Cut-offin extrinsic curvature when using holonomy-flux algebra

Ashtekar-Barbero connection at pull-back of space-time connection:
explicitly depends on space-time embedding

Can extract extrinsic
curvature from holonowies ...

R2
We(R) =1+ 2cos [277\/1 +(1+ 72)52‘

Periodic for real lmm parameter;
80 theory does not see high
curvature excitations
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What is the lmwmirzi Parameter 7

Many layers from the definition of the classical theory

to the features of the quantum theory

A classical canonical transformation defining a choice of variables
» Cut-off in extrinsic curvature when using holonomy-flux algebra

New coupling constant in 6R action

Topological parameter

Controls coupling to fermions (CP-violation)

Area gap & volume gap in standard loop quantization
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A New Coupling in the gravity action

* New coupling constant in 6R action

1
Sz/ffJKLEI/\GJ/\FKL[ ]——/eIAeJ/\F;J[w]
Y

Should compute flow under renormalization group of Imwmirzi parameter !

Remark: Spinfoam use Lorentz connection to define bulk amplitude, Ashtekar-B
connection appears only on boundary as choice of boundary state/data
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What is the lmwmirzi Parameter 7

Many layers from the definition of the classical theory

to the features of the quantum theory

A classical canonical transformation defining a choice of variables
' Cut-off in extrinsic curvature when using holonomy-flux algebra

New coupling constant in 6R action

Topological parameter

Controls coupling to fermions (CP-violation)

Area gap & volume gap in standard loop quantization
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The Area gap in Loop Quantum Gravity

» Area gap & volume gap in standard loop quantization
Quantize canonical pair of fields  {A}, ES} = 74,4;

o Wave-functions of the connection ¥[A]

0

o Triad as differential operator E = Ty

Thus ~ always factor in front of geometrical observables

as a global scale factor for spectrum of area and volume operators

As =7V +1)1% with j€N (or As =~ji% )
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What is the lmwmirzi Parameter 7

Many layers from the definition of the classical theory

to the features of the quantum theory

A classical canonical transformation defining a choice of variables
¢ Gut-off in extrinsic curvature when using holonomy-flux algebra

New coupling constant in GR action

Topological parameter

Controls coupling to fermions (CP-violation)

Area gap & volume gap in standard loop quantization

Confusion about 7 due to its many different roles
but, for sure, an essential parameter in LQG
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CVit Algebra for Classical General Relativity

Hawmiltonian constraint: H =HF + H~X

a b - a b
B _ L ELE, (i, rk Hx_(l+72) BYZi  pligd

292 \[det(E) = T dew(B) ¢

; ‘ . i 48
Look at Poisson algebra with volume v = / d‘*m\/ 51 €7 €abe B By B
E .

{C,V}
{C,H"}
Forms a closed sl algebra : i %K}
{V,H"}
{V,H¥}
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What is the CVH algebra important?

Hawmiltonian constraint: H =HF + H~X

a b ; a b
HE = 1 EéEj i, e Hx_(l+’72) Et‘Ej K“Kj]

292 \[det(E) = T dew(B) ¢

‘ ' : L
Look at Poisson algebra with volume v = / d‘*m\/ 31€7 abe EY EJ B
}: .

o Complexifier is dilatation on
Forms a closed sl algebra - (E,K) phase space
e Algebra contains Hamiltonian
{C,V} 1% constraint, for once !
{C,H} = -H o (an be used as constraints on
{V,H} C quantization of C, V and H
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What is the CVH algebra important?

Hawiltonian constraint: H =H% +HE

a b ; a b
1 EE] (i, ok H;{_(1+72) LY E; Fli jd)

272 \/det(E) = T Jdet(B) TP

. . v 1 s ®
Laok at Poisson algebra with volume v = / d":c\/ 51€7* eane B7 B}
E .

o Complexifier is dilatation on
Forms a closed sl; algebra : (EX) phase space
e Algebra contains Hamiltonian
{C,V} Vv constraint, for once!
{C,H} = -H  (an be used as constraints on
{V,H} C quantization of C, V and H
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CVH Algebra for FRW Coswmology

Look at FRW Coswmology with massless scalar field :

2 2
B = o T 2G5

Can switch to connection-triad variables : Al =6t E2 = pb?
3 811'ny

ﬂ.a:_‘flﬂ'G’Y\/ﬁ {C p}

1 '2
8 : O I8 it
depends explicitly on lmm param: #° = oG | &G ——3 =% f c

More convenient to work with volume for LQC and to look at CVH:

4nGu = p*/? =
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CVH Algebra for FRW Coswmology

Inv,b variables, no explicit dependence on lmm parameter :
{b,"U}ZI, {(fbaﬂﬁf)}:l? HO:HS+H2’L:

Compute Complexifier from extrinsic curvature :

/|

1 |
= — | #zEKi = = vb
L 47rGL TR T gy T

Look at gravitational sector :

C — ,HO — b
CVH algebra closes and v, g} =v

forms su(1, 1) algebra (0 w) S | L0 20 = O
y bl Y g g
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CVH Algebra for FRW Coswmology

Look at gravitational sector :
C={v,H)}=vb

CVH algebra closes and
forms su(1,1) algebra [Cov}=v, {C,H}=—H°
bl b1 bl g g

Write in terms of su(l1) generators :
1

C:ky, v:§(jz+k:a:): ngk:c_jz

Vanishing Casimir: € =j2—kZ—kZ=—-2vH)—-C?*=0

o Cowmplexifier as boost
o Gravitational Hamiltonian as null generator
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Cowmplexifier Flow for standard FRW

Cowmplexifier is dilatation on (vb) phase space:

v—i=eMCty=ely, b—ob=eNClp=¢"

Simply rescales the Hamiltonian constraint:

LY

HO — HO = MO 0 = ¢~ KO

~ .
Gives shift in Imwirzi parameter: 7 =e 3"y

v Gy ~
c—é=eMOYe=e 37 {c,p} = =T {é,p} =

8 Gy
3

2 3
Hle,pl = ==

TR e O . Bl
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CVH Algebra for FRW Coswmology

Look at gravitational sector :
C={v,H)}=vb

CVH algebra closes and
forms su(1, 1) algebra {Cov}=v, {CH}=—H°
b b} b g g

Write in terms of su(l1) generators :
1

C:k‘y, 'U:§(jz+ka:)a Hg:km_jz

Vanishing Casimir: € =j2 —kZ—kZ=—-20H)—-C*=0

» Cowmplexifier as boost
o Gravitational Hamiltonian as null generator
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CVH Algebra for Loop-deformed FRW Coswmology

LQC introduces reqularization scale
and construet curvature
from finite holonowmies of connection

HP = Hm +Hg = 247 Gv
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CVH Algebra for Loop-deformed FRW Coswmology

LQC introduces regularization scale

and construet curvature

from finite holonomies of connection
Wfb 1 sin? (\b)

X)L _
H = Mo + Ho = UGy 9! A2

Look at flow of standard complexifier C = b

n{C,} 2 i DR T
N GG — e 1-sin”(Ab)
HWN — HWY [0, b] 54rGs 30 e

HN[@,b] = 1" Vv, b]

Shift in the reqularization scale ...

.. but actually involves b so should be also regularized
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CVH Algebra for Loop-deformed FRW Coswmology

LQC introduces regularization scale

and construet curvature

from finite holonomies of connection
3 1 sin? (\b)

N _ _ T 1
\ HY =Hm+He = 5 ~ 53V e

Construct reqularized complexifier from Poisson bracket:
i C,Hst =—H

C={v,H,}= 'USH;i)\b { a} s

{C,v} = v+ 4)X°H,

Closed regularized CVH algebra !

Immirzi Parameter & Thiemann Complexifier in LQ6 - Livine - P1 17
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CVH Algebra for Loop-deformed FRW Coswmology

Construct reqularized complexifier from Poisson bracket:

b C,Hqot = —H

C = {v,H,} :Usmzi)\ { 3 g
{C,v} =v+4N°H,

Closed regularized CVH algebra !
je= (2N v, ki = (2)\) " lyet2rib
{Jerks} = Fike, {ky, -} =2ij;

Introduce su(l,1) generators:

v=2}\j,, C=ky, Hy= (2)\)_1(km — Jz)

Vanishing Casimir: € =42 —kik_ = —2VH,—C*=0
V = A(j, + ks) = vcos® Ab
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Action of the regularized Complexifier

Write SU(1,1) group action on algebra su(l,1) as adjoint action:

M — M= =g MGt
G =¢'TT

Get exponentiated action of complexifier as boost:

" B twts 8
eI = G MG, Gy = ( cosh 7  sinh 7 )

n

st 1) 7}
smh2 cosh2

v — ¥=-¢e"+4X\*H sinhy
Hg — Hg — G_n Hg .

Transformed volume does not commute with original volume:

{v,9} = 4X\?sinhnC # 0

Immirzi Parameter & Thiemann Complexifier in LQ6 - Livine - P1 17
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CVH algebra for whole Hamiltonian cosntraint

Cowmplexifier simply rescales gravitation Hamiltonian ...
.. but not matter Hamiltonian ...

.. except if we also regularize the inverse volume factor !

2 2 2
e S lvbln (AD) - res — T
2drGv 2 A2 247GV

Because boost simply rescales null directions:

{kya (k:t: -jz)} Tk —(kz _jz)
{kya (k:c ‘|‘jz)} =i (k:z: ‘|'jz)
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CVH algebra for whole Hamiltonian cosntraint

rey
H 247GV

Closed regularized CVH algebra, forms new su(l,1) algebra :
, C=K,, V=AK.+J,), H™ =N K,-J,)

sin 2b cos 2 AT v ATy
Ky,=C=v o Kz =wv 2\ £ 241Gv cos \b ’ Ja = 2\ 247Gucos? \b

Non-vanishing Casimir:

2
el il
Y 127G

C=—2VH™ —C*=J2 - K2—K?=
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Hawmiltonian flow for loop regularized FRW wodel

We integrate flow of Hamiltonian constraint (lapse N=1)
as null SU(1,1) transformation :

 Evolution at constant Complexifier
o Volume v gets modified Friedman equation

LY

3

(%

(8({’0)2 8
S = —2p

Critical density, Big bounce, .. 3 o Loy
ounce m
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Peparametrizing Cosmology

Evolution as Flow Generated by the Complexifier }

Use scalar field ¢ as clock and
' matter momentum 7y as deparametrized Hamiltonian
giving the evolution v(#),b(¢) with no reference to time ¢

For both standard FRW and loop-regularized FRW,

deparametrized Hamiltonian is Complexifier !

HY=0= 71y = V127G C H P =0=-15=EV120GE
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Peparametrizing Cosmology

Evolution as Flow Generated by the Complexifier }

For both standard FRW and loop-regularized FRW,

' deparametrized Hamiltonian is Complexifier !

H0=0=>7r¢,::|:\/127rGC Hreg=0=>ﬁ¢::tV127TGC

Thus evolution given SU(1,1) boost action generated by Complexifier

i.e. as scale transformations shifting the lmmirzi parameter !

with trajectories at constant Complexifier
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Loop Quantum Cosmology as SU(1,1) Coherent States

Let’s go to quantum level
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Loop Quantum Cosmology as SU(1,1) Coherent States

Focus on deparametrized theory

and quantize gravitational CVH alg as SU(1,1) representation

cle,m) = [jf ~ 1R K_ - LK_KL] 1€, m) = €|¢,m)
8 jz |¢,Tn> = m|€,m)
Kil€m) = /m(m+1)—-C€|€,m+1)

K-|g,m) = y/m(m—-1)-C€|¢,m—1)

Choose time-like irrep with vanishing or positive Casimir
labeled by half-integer spinj o, _ SGETIS0 B

v=Jz has discrete positive spectrum, volume gap given by |
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Loop Quantum Cosmology as SU(1,1) Coherent States

Cowmplexifier generates unitary transformations:

o ynitary shifts in Immirzi parameter
e Unitary deparametrized evolution

Uan describe flow on coherent states:

4, m)

] (m+j+1) ()™
|J’ Z (m j '(23 4 1) (20)m+j+2

mej+N

2012 — [ 5 7031 — 2021

¢ = =] ———

(€) = (ky) = —ij 202 — |22
1|'2

VY =Alks + 5 =Xj~

j 2921 + 2021 — |29)2 - |2

(ﬂg) == (2)\);1 (’%x "jz) — ﬁ |zU|2 4 |z1|2
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Loop Quantum Cosmology as SU(1,1) Coherent States

Cowmplexifier generates unitary transformations:

o ynitary shifts in Immirzi parameter
e Unitary deparametrized evolution

Uan describe flow on coherent states:

(m+j+1) ()
-3 (m — DI + D! (Z0)m++2

14, 2) 4, m)

mej+N

o Transform simply under SU(L1) action Uli,2) =15, U > 2)

o Satisfies Semi-classical Casimir eqn _[2 VYL + @2] S R
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Loop Quantum Cosmology as SU(1,1) Coherent States

Cowmplexifier generates unitary transformations:

o Uhitary shifts in lmmirzi parameter
e ynitary deparametrized evolution

Flow as classical boost action:  W,|j, 2) = €™|j, 2) = |5, €™ b 2)

0 i n : bl 0
‘?7 =My = c.osh p sinh 2 {:l
Zy sinh 7 cosh 7 z

Trajectories at constant Complexifier and Matter Momentum:

T

2= —2(V)(,)
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Loop Quantum Cosmology as SU(1,1) Coherent States
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Physical States for LQC from SU(1,1) Irreps

Quantize CVH alg for gravity*matter

using space-like SUIL1) irreps  52= %

and solve Hamiltonian constraint J,|v) = K. |v)

Physical States as eigenspaces of Complexifier
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CVH Algebra for Loop-deformed FRW Coswmology

Remarks :

e Adding Cosmological constant term
o COVH selects iz regularization scheme over 1o scheme

o Wick rotation to imaginary v as thermal states
for complexifier; i.e. deparametrized Hamiltonian
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