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Motivations

* AdS/CFT:

* Originally started as a conjecture, AdS/CFT
correspondence proposes that string theory on
the manifold AdS>xS> is equivalent to CFT on its
boundary, the 4D Minkowski space. It was soon
realized that the bulk/boundary correspondence
has far broader applications. This insight alignhed
with the holographic proposal put forth by 't Hooft
and Susskind.

 Corner Conjecture

* The core idea of the Corner Conjecture is
that the gravitational physics within a
bounded region of spacetime is encoded on
its codimension-2 boundary surface—the
corner. In this sense, the corner is where the
hologram resides.




On the
menu

Noether Theorem and codimension-2
surface (corner) charges

Universal Corner Algebra and quantum
corner conjecture.

Quantum Corner Algebra in 2D.

Gluing the segments.

Entanglement entropy and the area law.



Covariant phase space method

e Consider the action

s—[ 7+ ¢
U oU
* Variation of the Lagrangian can be written as

0L = (EOM)ép +di(p,dp), O = f 0
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* The (3,1)-form @ is called the pre-symplectic
potential.

* The associated pre-symplectic form
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Corners and diffeomorphism charges

* One defines the conserved Noether current J[§]
associated with the diffeomorphism generated by
the vector field ¢

7l = T — i oo —+
df) =0 = JF[¢] =dx[¢ :
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* The Noether current 7] is a (d-1) form and v
integrating it on the codimesion-1 surface X, we find $=0Z

that the integral reduces to the integral over the
codimension-2 boundary S, called the corner.

* |[n metric gravity the Noether charges are Komar
integral charges
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Universal Corner SymmetryAlgebra

* Poisson brackets of charges form a representation of algebra of the associated symmetries. In the case of
gravity, the most general corner algebra takes the form

ues = Diff(S) & (SL(2, R)® ¢ (R%)S)

* Expressed in terms of the metric, the charges are
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The Quantum Corner Conjecture

ues = Diff(S) ¢ (SL(2,R)® & (R?))

* The universality of the 1c$ algebra suggests
that it similarly encapsulates the fundamental
kinematical structure of gravity.

* In analogy with representation theory of
Holography organizes Quantum Gravity. Poincare group in QFT, we conjecture that the
representation theory of corner algebra
organizes the Hilbert space of Quantum
Gravity.
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The toy model: ECS,”

* |In D=4 the representation theory of ECS is not
known, but the problem becomes manageable in
D=2, when the corner becomes a point, and the
Diff part of the algebra is gone.

* This places us inthe realm of 2D gravity.

ucss = sl(2, R) x R?

* This approach carries physical significance
because 2D gravity, beyond its intrinsic interest,
also describes the spherically symmetric sector of
4D gravity.

“L. Ciambelli, JKG, and L. Varrin, arXiv:2406.07101 [hep-th] 13



QCS = central extension of UCS,~

* |In quantum theory, we are interested in projective representations of
symmetries. The Bargmann-Mackey theorem states that projective
representations are equivalent to ordinary unitary representations of the
maximal central extension of the symmetry group. Therefore, to obtain the
physical representations, we must consider the central extensions of the

group.

* Interestingly, ECS, also admits a central extension: the emergence of the
central element C turns the translational algebra R?into the Heisenberg
algebra H, .This gives rise to the quantum corner algebra QCS,, whose
irreducible unitary representations we shall investigate.

qcso = s1(2,R) x Hy

" The representation theory of QCS, are discussed in 2409.10624 and 2507.10683 [hep-th] 14
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Algebra of QCS,

* The algebra of QCS,
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* The algebra has two Casimirs, the central element C, and a cubic
Casimir

3 1 1
Cocs = C (LO(LO + 5) —L_ L, + E) + 5 (L_P_|2_ + L+PE — 2L0P_P_|_)



General representations

* The general representation is labeled by s € R*t; n k€N

Cln, k) = c|n, k)

P_|n, k) = Vck|n, k — 1)
Pin,ky =+/c(k+1)|n,k+1)
Lo|n, k) = ( +§+n+3)]n k)

L_|n,k) =+/n(n+2s)n—1,k) + = \/k —1)|n, k — 2)

Liln,k)=+v/n+1D2s+n+1)|n+1,k) + = \/k+ )(k +2)|n, k+2)

Gaocs |n, k) = cs” |n, k)
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Comments

* The QCS algebra organizes corner charges at the quantum level. In gravity,
these charges arise as combinations of metric components at, and near, the
corner. The associated Hilbert space can thus be viewed as the quantum
counterpart of the geometric data localized at a corner.

* The QCS operators act on this Hilbert space by creating or annihilating
“guantum bits of geometry.” The vacuum state (the lowest weight state) seems
to represent the absence of geometry rather than a flat background.

* The corner algebra thereby becomes an organizing principle for quantum
operators. The metric (or connection) is not itself a fundamental quantum
datum; only the charge algebra and its representation theory play that role.

* Ultimately, the theory must recover the metric in an appropriate semiclassical
limit.
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Gluing segments —an idea

* Having two segments we can

glue them into one.
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Gluing segments —an idea

* Two segments could be glued into
one only when the charges of the L
and R corners are equal. The
entangled product

Ko =T, HQCS%RC%L@)%R:%;G,
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Cutting line into segments

Ho = H7, UQCS%RC%L®%R:%;G7

* Knowing how to glue, we can also
cut back.

2R

T cutting
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Quantum gluing

Consider a three-valent vertex in a Feynman diagram. Momentum conservation
at the vertex is ensured by the inclusion of the delta function d(p — q — r).

Now, let us turn to a bi-valent vertex. The delta function associated with this
vertex is 0(p—q), reflecting the equality of the incoming and outgoing momenta.

The momenta in this context are the eigenvalues of momentum operators, i.e. to
the Noether charges corresponding to translational symmetry at the corners of
the lines.

We impose momentum conservation at the vertex because the momentum
operators constitute its maximal commuting subalgebra.

To summarize, in the case of a bi-valent vertex in Feynman diagram construction,
we impose the equality of the eigenvalues of the maximally commuting set of
operators within the Poincare algebra.

Our approach in the context of corner symmetry reflects this same physical
intuition, adapted to the relevant framework.

d(p-q-r)

o(p-q)
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Quantum gluing

* To perform the gluing, we need to identify the maximal commuting sub-algebra of the QCS, which is 3
dimensional. We then demand that after gluing the eigenvalues of the left and right commuting operators

coincide.

* |tis convenient to choose as the three commuting operators the triple (C,H,P) with

|
H=Lo—5(Ly+ L) H
; P

— (P, - P) -

Cqcs

E,p) =F |E,p)

E.p) =p|E,p)
E,p) =c|E,p)

1
Eap> — C (82 o 16) |E7p>
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Quantum gluing and splitting
* To describe the gluing, we starEfrom the two segments Hilbert space

%G — ‘Eapa C>L & ‘Elapl;C/>R

* Then we impose the “Noether charge conservation condition” to obtain

Hac = |E;c) = |E,p;c); @ |E,p;c)p

* The split of a segment into two follows the exact opposite path. Choose the corner point at which split
the system. There is now one copy of the Hilbert space associated with the chosen point. The system is
doubled taking the diagonal tensor product and then relaxing the gluing conditions, we obtain

double relax

|E, p;c) > |[E,p;c); @ |E,p;c)p —— |E,p;¢); & |E',p'5 )5

* A general state in the Hilbert space associated with the glued/splitted point has the form

b, ) = / dpdE $(E)p(p) |E,p), ® |E,p) 5
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Entanglement entropy

* The gluing makes the left and right Hilbert spaces entangled. The density matrix
p=1v,0) @,

= (/ dpdEy(E)é(p) |E,p) ® \E,p>R) ® (/ dp'dE" (E")o(p') |[E',p') f, @ ’E’JpI>R)

* The reduced density matrix
pred = Trip = / dpdE | (E)|? |6(p)2 |E,p) @ (E,p

* And the entanglement entropy

Sent = — 1T Pred In Pred

0

=2 [ aBwE) P neE)) -2 [ dolol) (o)

— OO

L. Ciambelli, JKG, L. Varrin, Arxiv, 2507.16800 [hep-th] 24
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Coherent state entanglement entropy

* We compute the entanglement entropy in a coherent state, i.e., the state
that is “as close to the classical configuration as possible”.

* Ageneral coherent state of QCA is defined as
C, ) = eve L —pc Lo o7z (aPr—al-) n=0,k=0)

* There is a special class of coherent states, called classical states, for
which the parameter Ve Is a given function of the representation label s. In
such states the entanglement entropy scales as

1
SVel ~ s 4 5 In(s), s>1
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Spherically symmetric configurations

* Every spherically symmetric metric can be brought to the form
ds?® = gapdz®dz® + p?(x*)d*Q
* The effective two-dimensional action becomes

A 1 2 3
SEH=/~ d?z/ —Q(CI)RQ—I—(I)_iﬁ) —§/~ d>, \/—ggabab@
O Mo

Mo
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Charges of spherically symmetric configurations

* There is a one-to-one association of classical charges and
generators of the algebra. For example

A e’ Po) (0)

a W 4G gCCL

* In the case of Schwarzschild spacetime

OVIIPWR ...

e On the other hand
1
N < K = h(LOJr (L + L_ ))

1
N, Hth(LO— §(L++L_))
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Area operator

* Therefore, we identify the product of operators K H with Area?

operator. (Alternatively, following Donnelly&Freidel we can use the
sl(2,R) Casimir.)

* The expectation value of K H in a state is the expectation value
Area“in this state. For Schwarzschild we compute

(cl] Area? [el) |~ (cl] K H |el) ~ (cl| K |el) (cl] H|el) + -~ s -

* Butin the large s limit the entanglement entropy scales as s, and
therefore we find the area law

S ~ 1/ (cl| Area® |cl)
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Summary & what’s next

* We investigated the Quantum Corner Conjecture, using two-dimensional
gravity as a toy model.

* We identified the two-dimensional quantum corner algebra and analyzed its
representation theory.

* We established the gluing and splitting procedures.

* We computed entanglement entropy of a coherent state. While the connection between
these quantities and semiclassical geometry remains to be fully understood, we have
derived the area law for appropriate semiclassical states.

* The dynamics of gravity—interpreted as the evolution of the corner—requires
further investigation. The Jacobson’s gravity-as-thermodynamics paradigm
seems to offer a promising conceptual framework.

* Repeat in 3D (cylindrically-symmetric 4D geometries).
* Repeatin 4D (general case). o
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