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Presentation plan

e Motivation and problems of quantizing gravity

o General relativity as SU(2) gauge theory

o Construction of states - Quantum Mechanics "over” GR
e Quantum geometry

e Predictions and issues of LQG

e Our contribution - open systems in LQG

e Loop quantization in other gauge theories
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|
Why Quantize Gravity?

e Understand the microstructure of spacetime at the Planck scale
(~ 1073 m).
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o Resolve classical singularities.
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Why Quantize Gravity?

e Understand the microstructure of spacetime at the Planck scale
(~ 1073 m).
o Resolve classical singularities.

e Achieve conceptual consistency between quantum mechanics and
general covariance.
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Why Quantize Gravity?

Understand the microstructure of spacetime at the Planck scale
(~ 1073 m).
Resolve classical singularities.

e Achieve conceptual consistency between quantum mechanics and
general covariance.

Describe regimes where both quantum and gravitational effects
are strong:
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Why Quantize Gravity?

Understand the microstructure of spacetime at the Planck scale
(~ 1073 m).
Resolve classical singularities.

e Achieve conceptual consistency between quantum mechanics and
general covariance.

Describe regimes where both quantum and gravitational effects
are strong:

e Early universe (quantum cosmology)
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|
Why Quantize Gravity?

Understand the microstructure of spacetime at the Planck scale
(~ 1073 m).
Resolve classical singularities.

e Achieve conceptual consistency between quantum mechanics and
general covariance.

Describe regimes where both quantum and gravitational effects
are strong:

e Early universe (quantum cosmology)

e Black hole evaporation and information loss
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|
The Problem of Quantizing Gravity

o General Relativity (GR) describes spacetime as a smooth
geometric manifold whose curvature is determined by energy and
matter.
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The Problem of Quantizing Gravity

o General Relativity (GR) describes spacetime as a smooth
geometric manifold whose curvature is determined by energy and
matter.

o Quantum theory successfully describes the other fundamental
interactions as quantum fields on a fixed background.
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The Problem of Quantizing Gravity

o General Relativity (GR) describes spacetime as a smooth
geometric manifold whose curvature is determined by energy and
matter.

o Quantum theory successfully describes the other fundamental
interactions as quantum fields on a fixed background.
e Standard quantization of GR fails:

o Non-renormalizable in perturbation theory.
e Background independence incompatible with fixed-background QFT.
o Singularities (Big Bang, black holes) indicate breakdown of classical geometry.
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|
The Problem of Quantizing Gravity

o General Relativity (GR) describes spacetime as a smooth
geometric manifold whose curvature is determined by energy and
matter.

o Quantum theory successfully describes the other fundamental
interactions as quantum fields on a fixed background.
e Standard quantization of GR fails:

o Non-renormalizable in perturbation theory.
e Background independence incompatible with fixed-background QFT.
o Singularities (Big Bang, black holes) indicate breakdown of classical geometry.

e = A new framework is needed to describe spacetime geometry in
the quantum regime.
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|
GR can be formulated as a Hamiltonian system

Einstein-Hilbert action (metric formulation)

1
S[g;w] = ﬂ/dzlx\/_g’r\)
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GR can be formulated as a Hamiltonian system

Einstein-Hilbert action (metric formulation)

1
S[g;u/] = ﬂ/dzlx\/_g’r\)

Introduce a 3 + 1 decomposition (space + time)
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GR can be formulated as a Hamiltonian system

Einstein-Hilbert action (metric formulation)

1
S[g;u/] = ﬂ/dzlx\/_g’r\)

Introduce a 3 + 1 decomposition (space + time)
= phase space variables (gap, 72°) with action

S= /dt/d3x [Wabdab —’H]
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GR can be formulated as a Hamiltonian system
Einstein-Hilbert action (metric formulation)

1
S[g;u/] = ﬂ/dzlx\/_g’r\)

Introduce a 3 + 1 decomposition (space + time)
= phase space variables (gap, 72°) with action

S= /dt/d3x [Wabdab —’H]

Hamiltonian is a sum of constraints:

H=NS+ NV,
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GR can be formulated as a Hamiltonian system

Einstein-Hilbert action (metric formulation)

1
S[g;u/] = ﬂ/dzlx\/_g’r\)

Introduce a 3 + 1 decomposition (space + time)
= phase space variables (gap, 72°) with action

S= /dt/d3x [Wabdab —’H]

Hamiltonian is a sum of constraints:
H=NS+ NV,

Key point: GR is a fully constrained system

@ No true Hamiltonian evolution

@ Dynamics generated by constraints (gauge symmetries)
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|
We extract internal degrees of freedom via triads

Replace the metric by a local frame (triad):

Gab = 626{,5,'1
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We extract internal degrees of freedom via triads

Replace the metric by a local frame (triad):

Gab = 626{,5,'1

elx): T, X =R

This splits the external (diffeo) and internal (local choice of frame) d.o.f.
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We extract internal degrees of freedom via triads

Replace the metric by a local frame (triad):
Gab = €leld;
elx): T, X =R
This splits the external (diffeo) and internal (local choice of frame) d.o.f.

Technical: introduce densitized triad E7 to later form a canonical, background

independent, pair: ) .
E(x) = /det(q)e}(x).
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We extract internal degrees of freedom via triads

Replace the metric by a local frame (triad):

Gab = e;e{,(sij

elx): T, X =R
This splits the external (diffeo) and internal (local choice of frame) d.o.f.

Technical: introduce densitized triad E7 to later form a canonical, background
independent, pair:

Ei(x) = /det(q)e}(x).

These exhaust the configuration variables from GR, but we still have the momenta
- extrinsic curvature K,p.
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A conjugate variable has to be introduced for quantization

In similar spirit we can introduce
i bi
Ka = Ryp€ ",

but it turns out that more suitable variable is:

A= T+ KL
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A conjugate variable has to be introduced for quantization

In similar spirit we can introduce
i bi
K! = Kype”,

a

but it turns out that more suitable variable is:
AL =T} + 7K,
The term I is determined by compatibility condition
D.,e, =0

like in the metric formulation of GR.
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A conjugate variable has to be introduced for quantization

In similar spirit we can introduce
i bi
K! = Kype”,

a

but it turns out that more suitable variable is:
AL =T} + 7K,
The term I is determined by compatibility condition
D.,e, =0

like in the metric formulation of GR.
This gives us the canonical pair:

{AL(x), EP(v)} = 1038j6(x — y),
{AL), AL} = {E?(x), EP(v)} = 0.
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We can then formulate GR as SU(2) gauge theory

From the redundancy we introduced we get:

G=D,Ef =0 =  GaussLaw
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We can then formulate GR as SU(2) gauge theory

From the redundancy we introduced we get:
G=D,Ef =0 =  GaussLaw
and the connection transforms under local changes of frames as

AL = UA,UY + Uo,U™
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We can then formulate GR as SU(2) gauge theory

From the redundancy we introduced we get:
G=D,Ef =0 =  GaussLaw
and the connection transforms under local changes of frames as
AL = UA,U™ + U9,U™!

Our variables are distributions so we introduce smearing.

he[A] = Pexp / dx®AlT;,  FLIE] = / d*cE?n,,
S
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We can then formulate GR as SU(2) gauge theory

From the redundancy we introduced we get:
G=D,Ef =0 =  GaussLaw
and the connection transforms under local changes of frames as
AL = UA,U™ + U9,U™!

Our variables are distributions so we introduce smearing.

he[A] = Pexp / dx®AlT;,  FLIE] = / d*cE?n,,
S

which give us symplectic structure we are able to effectively quantize

[he, F{] = iChe, T he,, e10er=e
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We build quantum mechanics from operators over a phase
space

So we have operators formulated on an underlying SU(2) space. This is the same

as constructing [x, p] = ih from the classical phase space {x, p} on R®" phase
space.
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We build quantum mechanics from operators over a phase
space

So we have operators formulated on an underlying SU(2) space. This is the same

as constructing [x, p] = ih from the classical phase space {x, p} on R®" phase
space.

@ To proceed to a full quantum theory we want to construct a kinematical
space over SU(2) holonomies.
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So we have operators formulated on an underlying SU(2) space. This is the same

as constructing [x, p] = ih from the classical phase space {x, p} on R®" phase
space.

@ To proceed to a full quantum theory we want to construct a kinematical
space over SU(2) holonomies. Infinitely dimensional = no natural,
diffeomorphism-invariant measure
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We build quantum mechanics from operators over a phase
space

So we have operators formulated on an underlying SU(2) space. This is the same

as constructing [x, p] = ih from the classical phase space {x, p} on R®" phase
space.

@ To proceed to a full quantum theory we want to construct a kinematical
space over SU(2) holonomies. Infinitely dimensional = no natural,
diffeomorphism-invariant measure

@ Consider a diffeomorphism-invariant subspace: Cylindrical functions

U € Cyl, of the connections depending only on a finite number of
holonomies
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We build quantum mechanics from operators over a phase
space

So we have operators formulated on an underlying SU(2) space. This is the same

as constructing [x, p] = ih from the classical phase space {x, p} on R®" phase
space.

@ To proceed to a full quantum theory we want to construct a kinematical
space over SU(2) holonomies. Infinitely dimensional = no natural,
diffeomorphism-invariant measure

@ Consider a diffeomorphism-invariant subspace: Cylindrical functions
U € Cyl, of the connections depending only on a finite number of
holonomies

@ Retrieve the full space in a limit

Bartosz Grygielski (Jagiellonian University) Overview of Loop Quantum Gravity April 30, 2026 9/23



We build quantum mechanics from operators over a phase
space

So we have operators formulated on an underlying SU(2) space. This is the same
as constructing [x, p] = ih from the classical phase space {x, p} on R®" phase
space.

@ To proceed to a full quantum theory we want to construct a kinematical
space over SU(2) holonomies. Infinitely dimensional = no natural,
diffeomorphism-invariant measure

@ Consider a diffeomorphism-invariant subspace: Cylindrical functions
U € Cyl, of the connections depending only on a finite number of
holonomies

@ Retrieve the full space in a limit

Since holonomies amount to parallel transporting from a point to another, and
transform as

he[A]/ = Ushe [A] Ujv

the gauge invariant Cyl functions are going to form networks.
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|
Gauge covariance condition leads to networks

My

Holonomy transformation property:

helA] = he[A]' = Uy helA] Ugsy,

= invariant tensor (intertwiner) ¢, € Inv (® V]()

U(z) € SU(2)

edv
Vj. + SU(2) representation space on edge e (spin j,) s(e), t(e) : source and target of edge e
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We define a Hilbert space over networks

@ Cylindrical states on a graph I" with L edges:
Ure[Al = f(he Al -, he [A]), f:SUR2)" —C.
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We define a Hilbert space over networks

@ Cylindrical states on a graph I" with L edges:
Ure[Al = f(he Al -, he [A]), f:SUR2)" —C.

@ Using the Haar measure on SU(2), define the Ashtekar—Lewandowski
measure and scalar product:

(Wre,VUrg) = / Hdh f(hy,...,h)g(h,..., ho).
su)t
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We define a Hilbert space over networks

@ Cylindrical states on a graph I" with L edges:
Ure[Al = f(he Al -, he [A]), f:SUR2)" —C.

@ Using the Haar measure on SU(2), define the Ashtekar—Lewandowski
measure and scalar product:

(Wre,VUrg) = / Hdh f(hy,...,h)g(h,..., ho).
su)t

o This defines the Hilbert space Hr = L2(SU(2), diHaar)-
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We define a Hilbert space over networks

@ Cylindrical states on a graph I" with L edges:
Ure[Al = f(he Al -, he [A]), f:SUR2)" —C.

@ Using the Haar measure on SU(2), define the Ashtekar—Lewandowski
measure and scalar product:

(Wre,VUrg) = / Hdh f(hy,...,h)g(h,..., ho).
su)t

o This defines the Hilbert space Hr = L2(SU(2), diHaar)-
@ The full kinematical space:
Hyin = @Hr-
r
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|
We define a Hilbert space over networks

@ Cylindrical states on a graph I" with L edges:
Ure[Al = f(he Al -, he [A]), f:SUR2)" —C.

Using the Haar measure on SU(2), define the Ashtekar—Lewandowski
measure and scalar product:

(Wre,VUrg) = / Hdh f(hy,...,h)g(h,..., ho).
sU(@)t
This defines the Hilbert space Hr = L2(SU(2), diiHaar)-

The full kinematical space:
Hyin = @Hr-
r

By Peter—Weyl on I™:

vrefAl = Y f{{::e}{ne}Hw (helA]).

{Jesme,ne}
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|
The network links are labeled by spin of irrep

Now our states are superpositions of networks with different spins, thus forming
spin networks.
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|
The network links are labeled by spin of irrep

Now our states are superpositions of networks with different spins, thus forming
spin networks.

le

Ly € Inv ( ® ‘/_']-,,) Lyt € Ilw( ® V](>

edv edv’

a1

—> Jo : spin (representation) on edge e
Holonomy transformation

Ly @ invariant tensor (intertwiner) at vertex v

helA] = RL[A] = Uy helA] Uy},

Ly € Inv (® Vjv) (SU(2) invariant)
eDv U(z) € SU(2), s(e),t(e) : source and target of e
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Representations of holonomies are related to quantum
geometry
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Quantum geometry of spin networks is consistent with
Gauss law

Area:fS do?/ELE}6;m"n®

l

Area=fsd02 (ﬁs)é(?s){;‘sﬁ"a"b

\ s Area| Wy = 8ty 2 23/ + DI W)
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Quantum geometry of spin networks is consistent with
Gauss law

Area:fs do?/ELE}6;m"n®

l

Area = fs do?(F )i osnn®

\ s Area| Wy = 8ty 2 23/ + DI W)

Gauss constrint is consistent with geometric requirement of closed polyhedra
Si=o
e
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Dynamics of spin networks form spinfoams

boundary graph

link
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|
LQG solves some problems and introduces other

Main predictions:

@ Discreteness of geometry: area and volume operators have discrete spectra
with minimal quanta of order £2.
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LQG solves some problems and introduces other

Main predictions:

@ Discreteness of geometry: area and volume operators have discrete spectra
with minimal quanta of order £2.

@ Singularity resolution: classical singularities in cosmology and black holes are
replaced by quantum bounces.
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Main predictions:

@ Discreteness of geometry: area and volume operators have discrete spectra
with minimal quanta of order £2.

@ Singularity resolution: classical singularities in cosmology and black holes are
replaced by quantum bounces.

@ Black hole entropy: counting spin network punctures on the horizon
reproduces S = A/4(2,.
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@ Singularity resolution: classical singularities in cosmology and black holes are
replaced by quantum bounces.

@ Black hole entropy: counting spin network punctures on the horizon
reproduces S = A/4(2,.

@ Semiclassical limit: coarse-grained spin networks approximate smooth
spacetime geometry.
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LQG solves some problems and introduces other

Main predictions:

@ Discreteness of geometry: area and volume operators have discrete spectra
with minimal quanta of order £2.

@ Singularity resolution: classical singularities in cosmology and black holes are
replaced by quantum bounces.
@ Black hole entropy: counting spin network punctures on the horizon
reproduces S = A/4(2,.
@ Semiclassical limit: coarse-grained spin networks approximate smooth
spacetime geometry.
Open problems:

@ Obtaining the correct low-energy limit and recovering general relativity
dynamically.
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Main predictions:

@ Discreteness of geometry: area and volume operators have discrete spectra
with minimal quanta of order £2.

@ Singularity resolution: classical singularities in cosmology and black holes are
replaced by quantum bounces.
@ Black hole entropy: counting spin network punctures on the horizon
reproduces S = A/4(2,.
@ Semiclassical limit: coarse-grained spin networks approximate smooth
spacetime geometry.
Open problems:

@ Obtaining the correct low-energy limit and recovering general relativity
dynamically.

@ Defining and implementing the Hamiltonian constraint consistently.
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|
LQG solves some problems and introduces other

Main predictions:

@ Discreteness of geometry: area and volume operators have discrete spectra
with minimal quanta of order £2.

@ Singularity resolution: classical singularities in cosmology and black holes are
replaced by quantum bounces.

@ Black hole entropy: counting spin network punctures on the horizon
reproduces S = A/4(2,.

@ Semiclassical limit: coarse-grained spin networks approximate smooth
spacetime geometry.

Open problems:

@ Obtaining the correct low-energy limit and recovering general relativity
dynamically.

@ Defining and implementing the Hamiltonian constraint consistently.

o Lack of experimentally testable predictions at accessible energy scales.
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In our work we introduce external influence on the
connections

(Hs (Ht

w

w
| llb>source | l’b>tﬂrget
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In our work we introduce external influence on the
connections

(Hs (Ht

w

n,
| llb > target

w
| l'b > source ?
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In our work we introduce external influence on the
connections

H,

w
| l'b > source

Introducing noise has more benefits than it first seems

Noise also lets us model decoherence, and thus possibly the classical limit. J
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|
How open systems are introduced

o Consider system + environment:

H=Hs®HE
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How open systems are introduced

o Consider system + environment:
H=Hs®He
@ Full evolution is unitary:

pse(t) = Usepse(0) U§E
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How open systems are introduced

o Consider system + environment:
H=Hs®@HE
@ Full evolution is unitary:
pse(t) = USEPSE(O)U;E
o Effective evolution of the system:

ps(t) = tre(pse(t))
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|
How open systems are introduced

o Consider system + environment:
H=Hs®@HE
@ Full evolution is unitary:
pse(t) = USEPSE(O)U;E
o Effective evolution of the system:
ps(t) = tre(pse(t))

@ Leads to quantum channels (CPTP maps):

ps = A(ps) Z:KPSKT
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In spin networks we can repeat procedure of adding
environment

@ Standard spin networks: unitary holonomies

heZH5—>Ht
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In spin networks we can repeat procedure of adding
environment

@ Standard spin networks: unitary holonomies
he : Hs — Ht

@ Assume underlying joint evolution:

h
pse — hpseh!
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In spin networks we can repeat procedure of adding
environment

@ Standard spin networks: unitary holonomies
he : Hs — Hy
@ Assume underlying joint evolution:
pse 2 hpseh
@ Tracing out environment:

ps — tre(hpseh')
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In spin networks we can repeat procedure of adding
environment

@ Standard spin networks: unitary holonomies
he : Hs — He
@ Assume underlying joint evolution:
pse 2> hpseh
@ Tracing out environment:
ps — tre(hpseh')
@ Induces quantum channels on links:

he —» Ae::ZKi*QbKi
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In spin networks we can repeat procedure of adding
environment

@ Standard spin networks: unitary holonomies
he : Hs — He
@ Assume underlying joint evolution:
pse 2> hpseh
@ Tracing out environment:
ps — tre(hpseh')
@ Induces quantum channels on links:

he —» Ae::ZKi*QbKi

@ Spin network = network of quantum channels
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|
We can define a hilbert space on the open spin networks

@ States are functions of channels:

U[A] = (A, -5 Ae,)

Bartosz Grygielski (Jagiellonian University) Overview of Loop Quantum Gravity April 30, 2026 20/23



|
We can define a hilbert space on the open spin networks

@ States are functions of channels:
U[A] = (A, - .-, Ag,)

@ Each link:

Ae: Vi@ Vi = Ve Vf
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We can define a hilbert space on the open spin networks

@ States are functions of channels:
U[A] = (A, - .-, Ag,)

@ Each link:

Ae: Vi@ Vi = Ve Vf

@ Kinematical Hilbert space:

Hiin = L2 (H cPTP,, [| dAe>
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We can define a hilbert space on the open spin networks

@ States are functions of channels:
U[A] = (A, - .-, Ag,)

@ Each link:

Ae: Vi@ Vi = Ve Vf

@ Kinematical Hilbert space:

Hiin = L2 (H cPTP,, [| dAe>

@ Measure induced from Haar measure on Usg
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|
We can define a hilbert space on the open spin networks

@ States are functions of channels:
U[A] = (A, - .-, Ag,)

Each link:

Ae: Vi@ Vi = Ve Vf

@ Kinematical Hilbert space:

Hiin = L2 (H cPTP,, [| dAe>

Measure induced from Haar measure on Usg

Gauge invariance imposed via intertwiners as in standard LQG
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We are utilizing a pushforward map from unitary
holonomies

U(dsde) CPTP,(
@ f USE '_> A @
fi

d,U,H(SU(dsdE)) ———————— > dA = ﬁkd,uH

Figure: A diagram of mappings used in our formulation.
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Our generalization should bring us closer to falsifiability

@ Generalizes unitary holonomies:
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Our generalization should bring us closer to falsifiability

@ Generalizes unitary holonomies:
h — A
@ Incorporates environment and decoherence:
pure states — mixed states

@ Spin networks as open quantum systems

o Additional degrees of freedom:

Hs - Hs @ HEe
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|
Our generalization should bring us closer to falsifiability

Generalizes unitary holonomies:

h — A

Incorporates environment and decoherence:

pure states — mixed states

Spin networks as open quantum systems

Additional degrees of freedom:

Hs - Hs @ HEe

Possible interpretation:

o effective matter sector
o decoherence of quantum geometry
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|
Outlook

@ Examining dynamics of open gravitational system, mainly decoherence
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Outlook
@ Examining dynamics of open gravitational system, mainly decoherence
@ Quantifying the change in description by quantum information measures of
information
@ The loop quantization can be used for other gauge theories - QED,
Electroweak, QCD
@ The U(1) case has been briefly studied and yields some nice results, but also

some inconsistencies with QFT
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Outlook

@ Examining dynamics of open gravitational system, mainly decoherence

@ Quantifying the change in description by quantum information measures of
information

@ The loop quantization can be used for other gauge theories - QED,
Electroweak, QCD

@ The U(1) case has been briefly studied and yields some nice results, but also
some inconsistencies with QFT

@ And with our extension can possibly introduce open systems intro other
theories.
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|
Outlook

@ Examining dynamics of open gravitational system, mainly decoherence

@ Quantifying the change in description by quantum information measures of
information

@ The loop quantization can be used for other gauge theories - QED,
Electroweak, QCD

@ The U(1) case has been briefly studied and yields some nice results, but also
some inconsistencies with QFT

@ And with our extension can possibly introduce open systems intro other
theories.

Thank you for your attention!
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