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LooP QUANTUM GRAVITY + MATTER

* Gravity and matter are intertwined

* Quantum matter fields need (eventually) quantum gravity
- Could the converse statement be also true?

* Could quantum gravity restrict the matter content?
* Emergent regime of quantum matter fields on fixed classical background

- Treatment of symmetries
- Coarse-graining of gravity coupled to matter



LOOP QUANTUM GRAVITY + MATTER

Point :
. Holonomies
holonomies
hv y, TX he 3 ES

Half-densities

0y, 0,

Cylindrical functions

(vertex sets / graphs + colors)

Hilbert space + quantum dynamics

What are the physically relevant (classes of) states?



QUANTUM STATES FOR GRAVITY + MATTER
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* ComplexifierC
e Go(m):=e “Th.elr
* ge(m)qu,m — ge(m)\IjF,m

* Graph change
* Annihilation op. a,

[ CAI,W,‘P?F(O)} = Z\If?r(o)}

* r-Fock representations
* Fock states mapped to Cyl*
* Projecting states in Cyl* onto

separable sub-Hilbert spaces




QUANTUM STATES FOR GRAVITY + MATTER
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* Introduce the U(1)

smeared holonomy-
electric field algebra
(he, E(x))

Quantize this algebra a la
Fock (h%, E(x)): r-Fock
representation

Correspondence:
(h%, E(x)) < (he, E7)

Identify Fock coherent
states as elements in Cyl*

Zp =Y Frlfr, d(Nrql
r,n

Projections onto Hr



FROM Q.G.+M. TO QU. FIELDS ON A FIXED BACKGROUND

How to connect the low energy physics to the loop quantum gravity framework?

How to relate the Fock quantization of matter fields and the loop quantization?
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R-Fock representations
M. Varadarajan [PRD ‘00, ‘01, ‘02] - U(1)" gauge theory

* Original motivation:
understanding the relation between quantum states of linearized gravity and states in LQG.

* Whatis it:
+ r-Fock reps. are reps. for matter fields propagating on Minkowski spacetime, which
connect the standard Fock reps. to the background independent loop reps.
* measurements at a given “scale™: 3 r-Fock rep. =Fock rep.

* Role:
* Provide new measures for the loop states.
* Provide mappings of Fock states to the Loop space.



R—FOCK REPRESENTATION FOR ABELIAN GAUGE THEORY

i

{Au(z), E(y)} = %525(3) (z,y) ] Smearing function
o ' (Schwartz)(g)
QO&‘Q/ 711_1% fr(x - y) =0 (QS, y)
&
HA,.: (hra E) HA: (h7 Er)
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“smeared holonomy”
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[The Fock rep. of HA induces the r-Fock rep. of HA ]




R—FOCK REPRESENTATION FOR ABELIAN GAUGE THEORY

* Fock vacuum expectation values: -
r-rock vacuum

Bk - N4

X2 (k)|?| =: (0,]h,]0,)
4q2|k|’ ’y,r( )‘ < | ’Y| >

(0|AZ|0) = exp |— [

X8 () = [ dsy*(s) fr(z —7(s))

[r—Fock rep. = cyclic rep. generated from the r-Fock vacuum]

* r-Fock measure & AL-measure: Gry=[LE Xo (k) Xo (k)

|k| er,r eJg,r
d,u}}(l) = (Z exp [ annJGIJ Nr n) dHU(1)
T,

* Fock states mapped to Cyl*, in particular the vacuum st. & canonical coherent states:

1
exp [qQ > nmsGrs

1,0
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R—FOCK STATES AND SHADOWS IN ABELIAN GAUGE THEORY

* r-Fock states:

Zr = Z”I [ d3k XgI (k) Zq(k) (NT.i]

exp |:— Zn]nJGIJ

1,0

=
N

> Elements of Cyl*

> Non normalizable

*> Encode Minkowskian geometry

> Non local spatial correlations in the coefficients

* Shadow states = projections of Fock states on separable sub-Hilbert spaces:
exp. : fixed graph, dynamically super-selected sector, ...

exp {— Z nmyGry

1,J

| Z(T Zexp me &Pk Xe (k) Zo (k)

AT 7)

> The set of shadows on all possible graphs captures the full information in the r-Fock state
> Elements of #r: allow the analysis of the semi-classical properties of r-Fock states



BEYOND ABELIAN GAUGE THEORY

* Shadow states - operator generalization to non-Abelian case: [A. Ashtekar, |. Lewandowski, CQG ‘01]
1 r 1 1 A r 1 5
- LS nZ7 —=5 > ninkGrk - LS Er2Z7 —=5 >, ErErGrk
|Z{‘>:Ze aZ < 16 K ‘NF,ﬁ>:Z€ a2 5 16 K F,ﬁ>
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j
> Not gauge invariant: group averaging

* Shadow states v.s. complexifier coherent states: [T. Thiemann CQG ‘02]

> In the abelian case: shadow states are complexifier coherent states
> Non-abelian generalization fails

* r-Fock representation for scalar field: [A. Ashtekar, |. Lewandowski, H. Sahlmann, CQG ‘03]

* r-Fock representation for fermionic field  (workin progress)

* r-Fock measures for SU(N) gauge theory [MA., ). Lewandowski 22]



SU(N) GAUGE THEORIES

* Defining the measure in the case of U(1):

fdﬂﬂ(n hy(A) = <O|B§\O> = fj\/g— dMT(}(1) V(A) = <0W(il§17 x °7B§K)|O>

consequence of Mandelstam identities for U(1): every U(1) cylindrical function can be expressed
as a linear combination of Wilson loops.



SU(N) GAUGE THEORIES

* Defining the measure in the case of U(1):
J iy ey = 0lisloy = [, w4) = s, R l0)

consequence of Mandelstam identities for U(1): every U(1) cylindrical function can be expressed
as a linear combination of Wilson loops.

* Defining the measure in the case of SU(N):

* We “cannot” use smeared holonomies: gauge transformations are peculiar.
* Mandelstam identities for SU(N) suggest that the natural generalization is in terms of
Wilson loops:

YN -1 YN -1 .

fdugU(N) W (A).. WY, (A) = (@AY Q)

Vacuum of the
interacting theory



R—Fock MEASURES FOR SU(N) GAUGE THEORIES

“Poor man’s version:

QT RS |Q) — (oW LW (o)

Vacuum of the / R e \

interacting theory Free theory vacuum

The r-Wilson loop operator:
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R—Fock MEASURES FOR SU(N) GAUGE THEORIES

“Poor man’s version:
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R—Fock MEASURES FOR SU(N) GAUGE THEORIES

“Poor man’s version:

QT RS |Q) — (oW LW (o)

™

YN -1

YN -1
Vacuum of the /

interacting theory Free theory vacuum

The r-Wilson loop operator:

Define the r-Fock measure via:

fdﬂgU(N) W (A)... W (A) =W/ ... W/ o)

YN -1 YN -1



R—Fock MEASURES FOR SU(N) GAUGE THEORIES

 Linear functional: j, - fundamental rep.
L HA— C
SR j $ Srde TR
o7 Z; az-W%. ...VV%-V_1 = Z; a¢<0|Wﬂ- "'WW}'V_1|O>

- Definiteness : convergence of the expansion of the expectation value;

- Positivity : Mandelstam identities for the smeared Wilson loop operators;

- Existence of an induced measure on A/G : continuity w.r.t. the C*-norm on A/G

< sup
AcA/G

1=

M .
(I)F [Z a@'WQjO]
=1

M .
> aiWie(A) |

=1

the smearing: AeS* — A"eS* NA



R—Fock MEASURES FOR SU(N) GAUGE THEORIES

* Mapping between measures:

[dﬂgU(N) = (Z >, % [‘I’F,{j,b}] ‘I’P,{j,b}> dﬂ%U(N) ]

I {50}

lift to a gauge invariant measure on A via group averaging.



R—Fock MEASURES FOR SU(N) GAUGE THEORIES

* Mapping between measures:

d/‘SU(N) - (Z >, P [\IJF,{J}L}] \IJF,{J}L}> dﬂ%U(N)

{g,e}

lift to a gauge invariant measure on A via group averaging.

SU(2) example:

1/2 (1/2 ~a
[ } Z 2"n' dsi ... dszn ZT"(2n) (H / 292‘/6’ So(2m—1), k) X5 1 (So(2m) _k)>

Y \
Permutations

2n
10 = e griniacnte [ 7,
m=1

0.(271)



SUMMARY & OUTLOOK

Fock states as shadow states :
* Matter states encoding Minkowski geometry;
* Non-local correlations;
* Graphs superposition could be restricted by the dynamics;

Q_To explore:
* Non-locality (entanglement) & semi-classical prop. of shadow states;
* Extensions beyond the abelian case
* Effective dynamics for the shadow states as approximate physical states;
* Role in the construction of a continuum limit for LQG;
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