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Some basics of loop quantum gravity



Loop Quantum gravity 
Quantum theory of gravity.  

Some of the assumptions: 

space-time 3+1 dimensional 

Formulation of GR based on frames 

general covariance important (—> use background structures as little as possible)
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Some of the consequences  

QFT of geometry 

discrete, combinatorial picture: “Atoms” of space(-time)  

not easy to interpret operationally, no easy classical limit

?

!



Classical starting point: Formulation using a frame e 

Local frame rotations are gauge trafos:  

Holst action:  for 4d GR 

                                                   fulfills Einstein equations  
 Invariant under gauge transformations and diffeomorphisms 
 Similar description available for 3d GR.  
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ωS[ε, e] = 0 =→ gµω
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e
I
µ(x) →↑↓ !I

J(x) eJµ(x) !(x) ↔ SO(3, 1)
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gµω(x) := eIµ(x)e
J
ω (x) ωIJ
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S[ω, e] =
1

32εG

∫

M

[
ϑ(e → e)IJ ↑ 1

ϖ
eI → eJ

]
→ F (ω)IJ



Legendre trafo  

space/time split 
covering group SO(3,1) —> SL(2,C)  
partial gauge fixing (time gauge) SL(2,C) —> SU(2) 

  

Canonical variables 

Phase space of GR as subspace of SU(2) Yang-Mills. [Ashtekar, Barbero, Sen] 
Similar description available for 3d GR. 
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Holonomies: Think of A in terms of parallel transport 

SU(2) valued (under local trivialization). Under change of trivialization (gauge trafo)

Spatial area and volume:
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Parallel Transport

Natural to think of connection A in terms of parallel transport:

Connection A

Path e

}

−→ he[A] := P exp

∫

e

A “holonomy along e”

Group valued (under local trivialization), no background structure
used.

>
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Connection A
Path e

}
→↑ he[A] := P exp→

∫

e
A “holonomy along e”

<latexit sha1_base64="gHoVa4yWUHLU98DK0pQAgyIHlh0="></latexit>

he →↑ g(t)he g
→1(s)
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VR =

∫

R

→
detE
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AS =

∫

S
|E|
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Canonical loop quantum gravity



Quantum theory [Rovelli, Smolin, Ashtekar Lewandowski]: (unique under some assumptions)  

Holonomies create excitations of geometry from vacuum  

Basis for states: Labeled by 
graph 𝛾 

for each edge e an irreducible rep  𝜋je  of G 

for each vertex v in 𝛾 an intertwiner (equivariant map/invariant tensor) Iv  

 

 

 

—> Spin network basis
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=
j
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= 8ωεϑ2P
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ωj1 → . . .→ ωjn(g)Iv = Iv



Spatial area: [Rovelli+Smolin, Ashtekar+Lewandowski] 

More complicated in general.  

Volume: [Rovelli+Smolin, Ashtekar+Lewandowski] 
Action on intertwiner spaces 

Picture: [Baez, … , Bianchi, Dona,Speziale] 
   n valent vertex  <—>  quantized flat polyhedron 
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jj
bA = 8⇡�l2p

p
j(j + 1)

[ bA , bA ] 6= 0



Fermions 

Must couple to gravity [Corichi, Rovelli, Thiemann,… ] 

Affect geometry [Mansuroglu, HS]
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3. Using the signs of spin components relative to surfaces, we define a kinematical ob-
servable that measures the correlation between space-like separated spins that closely
mirrors the CHSH observable [5]. We then exhibit states of the fermions coupled to
quantum geometry that violate the Bell-CHSH inequality.

Let us motivate this work and put it into context in the following.
Fermions couple very naturally to the spin network excitations of loop quantum gravity.

[1, 4, 6–9]. Since they transform under gauge transformations, fermionic excitations have
to be combined with gravitational excitations already on the kinematical level. A typical
state

. . . h[A]C
B
c
†
B(p) |0→ (1.1)

combines gravitational holonomies and fermionic excitations in such a way that they are
maximally entangled. In this way, fermionic excitations in loop quantum gravity exhibit
interesting properties already at the kinematical level. If it could be shown that they behave
observably di!erent due to some of these properties, this would constitute a sensitive probe
of the framework of loop quantum gravity as a whole. Therefore, it is useful to compare the
behavior of fermions in loop quantum gravity to those in quantum mechanics or standard
quantum field theory, and the current work contributes to this e!ort.

As a second motivation, and with an eye towards the dynamics of the theory, we point
to very interesting proposals to establish the quantum nature of gravity by experimentally
observing gravitational generation of entanglement [10, 11]. Going beyond merely establish-
ing entanglement generation experimentally, it may one day be possible to make detailed
measurements of this process, and thereby obtain clues as to the underlying quantum grav-
ity theory. Therefore it is relevant to study gravitational entanglement generation in loop
quantum gravity. A first step is to understand and distinguish entangled and non-entangled
multi-fermion states in loop quantum gravity. The present work takes this first step. We
identify states of two fermions coupled to gravity in which the spin components normal to
surfaces show non-classical correlations and hence entanglement. We will report elsewhere
[12] on using the kinematical states considered in the present work to establish entanglement
generation in spin foam amplitudes.

Fermions were first introduced to loop quantum gravity in [1, 2]. Important refinements
to the quantum theoretical description were achieved in [6]. In previous work [4], one of
us has explored fermion spin, and fermion spin addition in loop quantum gravity. It turns
out that if the Ashterkar-Barbero connection [13, 14] is used to parallel transport fermion
spins, they have the same commutator relations and behavior under addition as would be
expected from quantum field theory or quantum mechanics in a flat, classical spacetime.

One problem left open in [4] was the calculation of spin-spin correlations. Expectation
values

↑Sa(p)Sb(q)→!, a, b = 1, 2, 3 (1.2)

of the components of spins at points p, q in a spatial slice !, taken in a combined state
of matter and gravity, are not well defined in loop quantum gravity due to the coordinate

– 2 –

j jj + 1/2

j j + 1j + 1/2



Constraints (quantum Einstein equations) 

Diff constraint: Roughly speaking  

Hamilton constraint: Changing the graph 

Matrix elements of projector on solutions: have expansion labeled by coloured 2-complexes 

 

 

 

Similar picture from discretized path integral —> Spinfoam (covariant) loop quantum gravity 
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Covariant loop quantum gravity



Spin foam [Ponzano-Regge, Baez, Rovelli+Reisenberger,………] 

For group G: 

oriented 2-complex (with boundary) C 

labeling of faces with irreps of G 

labeling of edges with interwiners between face-reps 

Amplitude: 

Typically:
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Z =
X

{f}!IrrepG

X

◆

Y

f

Af (⇡)
Y

v

Av(⇡e, ◆n)

Z : { C, boundary data } �! C



Can rewrite Holst action as 

where      enforces twisted simplicity 

BF theory 

topological theory with well known quantum theory. In 2+1 equal to gravity for SO(2,1). Z can give exact path 
integral: 
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S[B,!] =

Z
tr[B ^ F (!)]
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S[B,!,�] =

Z
B ^ F (!) + � B ^B

B = ⇤(e ^ e) +
1

�
e ^ e

�
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Y
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Y
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(I)

π

π

I 
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Can more or less match covariant and canonical approach  

EPRL-FK vertex amplitude: [Engle,Pereira,Rovelli, Livine, Freidel, Krasnov,… ] 

T: vertex spin network 
Y: map  SU(2) spin nets —> SL(2,C) spin nets 

For choice of SU(2) subgroup
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Av(je, ◆n) = (Y T{je,◆n})(ISL(2,C))
(I)

π

π

I 

I



Different perspective on canonical and covariant LQG:  

Group field theory [Ambjorn, Rovelli, Oriti, Gielen, …] 

QFT of a fields on product of groups 

For suitable kinematics, action, in principle  
  
Creation operators create spin network vertices (atoms of space) 
Feynman expansion = spin foam expansion  

Technical matching with LQG Hilbert spaces not always clear,  but beautiful  
complementary perspective on LQG kinematics and dynamics. 
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Oriti, Ryan, Thürigen 2015
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Why could it be right? The classical answers



Some aspects of classical limit under good control 

Canonical formalism:  
Heat kernel coherent states 

Covariant formalism:  

Vertex amplitude asymptotes to Regge-action when evaluated on boundary coherent state 

where Ψ is peaked on boundary geometry ∂𝛥 of Lorentzian large 4-simplex 𝛥.
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approximate classical metric in expectation values 
small fluctuations 
Approximate solutions of constraints 

<latexit sha1_base64="BZ+aKnBBs0QugwiIiljWrY7Yg6g="></latexit>

ω[A] =
[
e→t!A εA→(A)

]
A→→↑C

<latexit sha1_base64="31eiTT6xZntmhxz6Tn4h7PrJb3Y="></latexit>∑

je

∑

ωn

AEPRL
v (je, ωn)!ε!(je, ωn) → eiSRegge(ε!) + e→iSRegge(ε!)
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SRegge(ω!) =
∑

i<j

Aijεij

[Thiemann+Winkler, HS, Ashtekar+Lewandowski, Lewine+Speziale,…]

[Barrett et al ’11, ……………]



(Euclidean) 3d Quantum Gravity can be described this way  
[Ponzano, Regge, Barrett, Crane, …] [Freidel, Livine, Noui, Perez, ……. ] 

Canonical  

Reisenberger-Rovelli expansion of projector gives Ponzano-Regge
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from Perez 06

h𝜶<latexit sha1_base64="bCXXt2CO5/U4KIFhse7diRAkEv4="></latexit>

C[N ] =
∏

ω

tr(Nωhω)

j2

j 4j 1

j3

j5 j6

[Perez+Noui]



Black holes 
Isolated horizons:  
Quasilocal notion of BH horizon, strong enough for BH thermodynamics.  

Boundary condition at horizon 

Symplectic structure acquires CS boundary term. 

Quantum theory: 
CS on boundary, LQG in bulk 

Entropy: 

reproduces Bekenstein-Hawking  for correct choice of β. 

Similar results for more general types of BH with same choice of β. 
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F
→

I(Aω) =
(1→ ω2)ε

aH
!
→

I
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H(j1,j2...) = HCS(j1, j2 . . .)→Hbulk

<latexit sha1_base64="wgSbNKcHv1sTigJ4S9YkrMKvGCI="></latexit>

HaH
=

⊕

4ωε
∑

i

→
ji(ji+1)→aH

H(j1,j2...)

<latexit sha1_base64="Su5OkufY52tE2DWvCMf+/BD1Ld8="></latexit>

lnN→(a) =
ω̃

2εω

aH

4l2
P

→ 3

2
ln(aH/l

2
P
) +O(a0

H
)

[Ashtekar et al, Engle+Noui+Perez]

[Ashtekar+Baez+Krasnov, Engle+Noui+Perez, many others]



Symmetric sectors of gravity as testbed for LQG 
Example: Loop quantum cosmology 
[Bojowald, Ashtekar, Pawłowski, Singh, many others ] 

FRW with massless scalar: Canonical variables 

Quantization in terms of holonomies                      , Fluxes  

Quantum constraint 

scalar = time,  physical Hilbert space = positive frequency space
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AI
a = c ωI

a, Ea
I = p

→
q0

0eaI
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=̂ exp(ilc)
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=̂ p
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p|l→ = 8ωεl2P
3

, exp(il→c)|l→ = |l + l→→

<latexit sha1_base64="G4msv1q/wy0d6zQFZ4DM9a8Oblg="></latexit>

Ĉ |l→ = f0(l)|l→+ f+(l)|l + ω+(l)→+ f→(l)|l ↑ ω→(l)→
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ω2
ω!(ε, l) = Ĉ!(ε, l)

Can GR be reproduced far away from the singularity?  
What happens at the big bang singularity? 
 Some aspects derivable from full theory.  

From Ashtekar, Pawłowski, Singh
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Recent progress



from Han, Liu, Qu 2023

Better understanding of Spinfoams 
Amplitudes, critical points for foams with multiple 4-simpices? Flatness problem? 
Various approaches and tools  

 Effective spinfoams [Asante, Dittrich, Kogios, Padua-Argüelles, Steinhaus,… ]: Computationally tractable 
models incorporating key features of LQG 

numerical methods [Asante, Han, Dittrich, Dona, Liu, Speziale, Steinhaus, ..]: sl2cfoam,  
Simultaneous large j and refinement  limit [Engle, Han, Liu, Rovelli,…] 
Area-metric gravity [Borissova, Dittrich, Padua-Argüelles,… ]   

show: understanding semiclassical consistency, propagating DOF is 
 subtle, but no obvious showstopper.  Also:  

 spinfoam cosmology [Bianchi, Han, Kisielowski, Rovelli, Vidotto,…] 
 Alternative vertex amplitudes: Causality/orientation, simplicity  

constraints [Bianchi, Engle, Oriti,… ]   
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from Agullo, Kranas, Sreenath, 2021  

from Ashtekar, Olmedo, Singh, 2023  

from Rovelli and Vidotto,, 2024  from Husain, Kelly, Santa Cruz, Wilson-Ewing  2022  

Extended work on symmetry reduced models 

Sophisticated models based on LQC 
Bounce effects can aleviate anomalies  

[Ashtekar et al, Agullo et al, Mena et al,…] 

Black hole to white hole transition, matter bounce  
Effective models with LQC 
 techniques, SF amplitudes [Ashtekar, Haggard, Han, Olmedo, Singh, Riello, Rovelli,… ] 
Notion of general covariance  
of effective theory  
[Giesel, Lewandowski, Liu, Ma, …] 
Bounce with matter  
[Giesel, Fazzini, Husain, Wilson-Ewing, ] 
Remnants? [Rovelli, Vidotto,…]  



Other notable areas 

Quantum information  
Entanglement in states of LQG [Bianchi, Han, Livine, Speziale, HS,… ] 
Aspects of holography, AdS/CFT [Chirco, Colafranceschi, Oriti, Han, HS,…] 
Quantum reference frames vs. observables in gauge theories, gravity [Brukner, Dittrich, Giacomini, 
Hoehn, Thiemann, …] 

Group field theory  
GFT condensates for quantum cosmology [Hoehn, Gielen, Oriti,…] 

SUGRA 
LQG in higher dimensions [Thiemann, …] 
LQG with partially manifest SUGRA [Eder, Livine, HS,…  ] 
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Own recent work



An AdS/CFT Model from LQG principles [Otto, Mansuroglu, Schuch, Gühne, HS] 

Holographic tensor networks: [Pastawski et al. 2015] 
Models for AdS/CFT in 2+1 dimensions: 

Holographic tensor networks from LQG 
Use linear combination of spin nets that give hyperinvariant tensor networks  
Ryu-Takayanagi property 
Genuine quantum state, with fluctuations of geometry  

Constraints, Bulk DOF: WIP
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free indices at the boundary.
These tensors have to fulfil several symmetry con-

straints. First, the tensors A and B have to be sym-
metric under cyclic permutations of the indices, i.e.
Aiqi1...iq→1 = Ai1...iq and Bi1i2 = Bi2i1 . Second, A has
to be 1-isometric, i.e. Aik;i2...ik→1ik+1...iq defines an isom-
etry from the k-th index to the rest of the indices for
all k. The same holds for the tensor B with 1-isometric
being equivalent to unitary in the bipartite case [17, 19].
Finally, there is a constraint including two copies of the
tensor A and one of B. Namely,

∑

iq,j2

Ai1i2...iqBiqj2Aj1j2...jq = Vi1j1;i2...iq→1j3...jq (II.1)

has to be an isometry from i1j1 to the complement. We
summarize the requirements for hyperinvariant tensor
networks with a graphical representation of these isome-
try conditions in the following definition.

Definition II.1 (Hyperinvariant tensor networks). A
hyperinvariant tensor network consists of tensors A and
B being placed on the vertices and and edges of a (p, q)-
tesselation of the Poincaré disk respectively. The tensors
A and B have to fulfil the isometry constraints

A
...

A

= and
B

B

=

and
A AB
... ...

A AB

= .

(II.2)

The first holographic states based on tensor networks
have been constructed in Ref. [6]. They can be seen as a
special case of hyperinvariant tensor networks featuring
so-called perfect tensors Ai1...in defining isometries be-
tween every bipartition of the indices whereas the tensor
Bi1i2 can be taken to be the identity.

The mentioned properties of the tensors can be trans-
lated to properties of corresponding quantum states. The
tensor Ti1...in being an isometry from a subset of in-
dices A to the complement A↭ translates to the marginal
ωA := tr

A↭ |εT →↑εT | of the quantum state

|εT → =
∑

i1,...,in

Ti1...in |i1 . . . in→ (II.3)

being maximally mixed. Perfect tensors correspond to
absolutely maximally entangled (AME) states that have
been widely discussed in quantum information theory
[26–28]. These properties are summarized in the follow-
ing definition.

Definition II.2 (k-isometric tensors and k-uniform
quantum states).

Figure 2. Causal cone and entanglement wedge for a
boundary region A in a (7, 3)-tiling. In this case, the
causal cone and the entanglement wedge coincide.

(a) The tensor Ti1...in is k-isometric if it defines an
isometry from any set of k indices to the rest of the
indices. It is called a perfect tensor if it is ↓n

2 ↔-
isometric.

(b) The quantum state |εT → is k-uniform if all
marginals ωA = tr

A↭ |εT →↑εT | on any set A of k

parties are maximally mixed: ωA ↗ 1. It is called
absolutely maximally entangled (AME) if it is ↓n

2 ↔-
uniform.

Note that the tensor T is k-isometric if and only if the
state |εT → is k-uniform.

Thus, the single-tensor constraint on A is equivalent to
the corresponding quantum state being 1-uniform. The
same holds for B implying that the corresponding state
is a maximally entangled bipartite state.
Finally, note that not only the tensors have counter-

parts on the quantum state level, but the contractions
of indices to form a network, too. Contracting indices
of connected tensors corresponds to entanglement swap-
ping.

B. Properties of hyperinvariant tensor networks

Hyperinvariant tensor networks give rise to important
properties predicted by AdS/CFT. The entanglement
structure on the boundary is related to the geometry of
the bulk and thus the gravitational structure. For formal-
izing this, two important definitions are the causal cone
and the entanglement wedge of a boundary region A.

Definition II.3 (Causal cone [17]). Let A be a boundary
region of a hyperinvariant tensor network. The reduced
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Figure 4. White dots represent physical legs on the boundary. Red dots represent logical
input legs associated to each perfect tensor.

tensor network corresponds to a pure state of these boundary spins, which we call a

holographic state. Note that perfect tensors are not necessarily symmetric under all the

possible permutations of tensor legs, and thus we specify some particular ordering of

tensor legs in the construction.

We may similarly attach a state interpretation to more general networks con-

structed by contracting perfect tensors:

Definition 3. Consider a tensor network composed of perfect tensors which cover some

geometric manifold with boundary, where all the interior tensor legs are contracted. A

holographic state is a state interpretation of such a tensor network, where physical

degrees of freedom are associated with all uncontracted legs at the boundary of the

manifold.

We now provide an example of a holographic quantum code. As in a holographic

state, we consider a uniform tiling of the hyperbolic disc, this time by pentagons, with

four pentagons adjacent at each vertex. A perfect tensor with six legs is placed at each

pentagon, so that each tensor has one additional uncontracted open leg. This additional

tensor leg is interpreted as a bulk index or logical input for the tensor network (see

Fig. 4b). The entire system can be viewed as a big tensor with logical legs in the bulk

and physical legs on the boundary. We then have the following theorem:

Theorem 1. The pentagon-tiling tensor network is an isometric tensor from the bulk

to the boundary. We call it the holographic pentagon code.
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Lemma VI.1. Let |ω→ be a holographic tensor network
state build from a HIT |A→ that is a tensor product of
Bell pairs and let ε be a curve on the Poincaré disc.
The quantum geometrical length and the graph length of
ε coincide

↑Lω→ = cAL!(ε), (VI.3)

up to a constant cA =
∑

j ϑj that is determined by the
HIT A.

Let us consider the 3-valent HIT from Example V.2.
The only relevant spin subspaces are j ↓ {0, 1}, since the
holonomies are 4-dimensional (that is, they act to a two-
qubit space). Since the contribution ϑ0 vanishes, the pro-
portionality constant in this case is particularly simple,
cA = ϑ1. The spin 1 projector is a simple symmetrization
of two spin 1

2 indices and has the form P
1
x = 1

3 | →↑ |,
with a factor 1

3 ensuring normalization and idempotence.
If we plug in this example into Eq. (VI.1), we get

↑ |Lω | → =
↔
2|↑ | →|2 =

↔
2

16
| |2

=
9
↔
2

16
= ϑ1, (VI.4)

where
√

j(j + 1) =
↔
2 and we assume the state to be

normalized |↑ | →|2 = 1. Constructing higher spin
projectors P j

x is straightforward, but quickly becomes te-
dious. We discuss a general procedure to derive P

j
x in

Appendix E.

Note that the above discussion is specific to non-
crossing Bell pairs, which form a basis of the SU(2)-
invariant space. Tensors built from a superposition of
such Bell pair products are more complicated, as the com-
binations of Bell pair contractions scales exponential in
the number of vertex tensors A. For instance already
a superposition like A = (| → + | →)/

↔
2 requires

the evaluation of 2N (possibly di!erent) matrix elements
when N is the number of vertices on the Poincaré disc.
As we have not found any indication for the existence
of such HITs, we have to leave a possible deviation of
the geodesic length from the graph length as an open
question.

In addition to the geodesic length, we are also able to
calculate the variance of the geodesic length Lω evaluat-
ing the expectation value ↑L2

ω→. The squared operator L2
ω

decomposes into products of the local operators ↑LeLe→→
acting on edges e and e

→ that intersect ε. This product,
in turn, decomposes to the joint application of projectors
onto spins j and k, which is a simple calculation in the
case of coincidence of the geodesic and the entanglement
wedge EA corresponding to a boundary region A. Leav-
ing out the eigenvalues

√
j(j + 1)

√
k(k + 1), the relevant

terms in ↑L2
ω→, acting on e ↗= e

→, are of the form

Tr




EA EA

P
j
x

P
k
y




=

ϑjϑk√
j(j + 1)

√
k(k + 1)

.

(VI.5)

In the case e = e
→, we get a contribution

√
j(j + 1)ϑj us-

ing the projective property of the symmetrization. With
this, the second moment of the length operator becomes

↑L2
ω→ = L!(ε)

∑

j

√
j(j + 1)ϑj + L!(ε)(L!(ε)↘ 1)c2A

= ↑Lω→2 + L!(ε)




∑

j

ϑj

(√
j(j + 1)↘ cA

)


 (VI.6)

using cA =
∑

j ϑj from Eq. (VI.3). Again, for our exam-

ple of a (7,3) tiling, we can insert cA = ϑ1 = 9
16

↔
2 and

j = 1, which yields a variance Var(Lω) = ↑L2
ω→↘ ↑Lω→2 =

63
128L!(ε).
It has been shown in Refs. [17, 18] that hyperinvari-

ant tensor networks do not always fulfil the RT formula
(for instance in a (5,4) tiling). There are cases where
the causal wedge is slightly larger than the entanglement
wedge and thus the tensors separated by the geodesic do
not trace to identity. In these cases, the entanglement
wedges of the parties A and A↭ are separated by a strip
between the endpoints of A. The length operator acts
on holonomies within the excluded strip as opposed to
Eq. (VI.5), where it acts at the boundary of the entan-
glement wedge. As a consequence, the trace does not
just yield symmetrized identities, but there are surviving
tensors A,B that need to be contracted manually, yield-
ing a slightly deviating result, in general. This happens
for instance in certain cuts of a (5,4) tiling. The same
calculation as before can be carried out, with the only
di!erence that the trace in Eq. (VI.5) does not simplify
to a product of Wilson loops, but rather to a tensor con-
traction of the following form:

Tr




ϖA ϖA

P
j
x

P
k
y




(VI.7)

with a strip ϖA defined by the region between the iso-
metric boundaries εA and ε

A↭ determined by a greedy
algorithm starting from a curve along A or A↭, respec-
tively, see Fig. 4.

B. Wedge Area

The fact that every tensor has an equal area contribu-
tion is more direct and can be seen from the definition of

11

Lemma VI.1. Let |ω→ be a holographic tensor network
state build from a HIT |A→ that is a tensor product of
Bell pairs and let ε be a curve on the Poincaré disc.
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tensors A,B that need to be contracted manually, yield-
ing a slightly deviating result, in general. This happens
for instance in certain cuts of a (5,4) tiling. The same
calculation as before can be carried out, with the only
di!erence that the trace in Eq. (VI.5) does not simplify
to a product of Wilson loops, but rather to a tensor con-
traction of the following form:

Tr




ϖA ϖA

P
j
x

P
k
y




(VI.7)

with a strip ϖA defined by the region between the iso-
metric boundaries εA and ε

A↭ determined by a greedy
algorithm starting from a curve along A or A↭, respec-
tively, see Fig. 4.

B. Wedge Area

The fact that every tensor has an equal area contribu-
tion is more direct and can be seen from the definition of

<latexit sha1_base64="htpI8jGSPdlaoHTi5Dax6J4PdCs="></latexit>

→L2
ω↑ ↓ →Lω↑2

→Lω↑2
↔ ωPlanck

→Lω↑



(m1, m2, …, mN) Ψw,b(m1, m2, …, mN)
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<latexit sha1_base64="0cF9O+AIK5nH3HAR7XQmS6JOyHU="></latexit>

→!w,b | C |!w,b↑
!
= min

Machine learning in LQG [Sherif, HS] 

Example: Solving constraints via neural network quantum states  

Prosaic interpretation: Variational Ansatz for physical state 
Romantic interpretation: Special kind of brain learns about gauge invariance etc. 

Challenge: 
Complexity of the constraints   

Exponential growth of Hilbert space with cutoffs



Can analyze simplified U(1)3 Euclidean model on K5 
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dim H up to 1018 

Expectation values, correlations, geometry 
ordering ambiguities 
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Connection to other approaches 
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Asymptotic Safety
Cosmology

Astrophysics
Quantum Information  
Quantum Reference 

frames

Effective field theory

Gravity on null surfaces, 
at scri

LQC, symmetry 
reduced  models, 
effective theories

Canonical LQG

SpinfoamsGroup field theory
CDT
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Important challenges



Connections: LQC+symmetry reduced models — spinfoams — canonical LQG 
H-constraint vs. SF-amplitude? 
Unequivocal derivation of LQC, other symmetric  
models? 

Coupling matter: 
Ambiguities? 
Any restrictions? 

Predictions: 
Unambiguous “zero order prediction”? ((Quantized area? Remnants? Parity violation? …))   
Unambiguous “first order predictions”? ((Corrections to dispersion relation? CMB B-modes?…))

33

LQC, sym. 
reduced  models Canonical LQG

Spinfoams
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Bonus slides


