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Abstract:

A diffeomorphism-invariant definition of physical subsystems is crucial for understandir
Recent toy models have made progress by adding observers with clocks and imposing
rigorous von Neumann algebraic definition of generalized entropy. But they depend on ¢
infinitely many diffeomorphisms unaddressed. It is natural to ask what happens when one

I Il show that including null translations lets us prove a version of the generalized secc
with potential direct implications for black hole information. Then | |l outline how the a
define a quantum null time coordinate, and show how to use it to construct dressec
diffeomorphisms (work in progress with Laurent Freidel.)
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QRFs (quantum reference frames) are key to understanding QI in QG.

E.g. boost clocks regularise entropy (via crossed product).
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QRFs (quantum reference frames) are key to understanding QI in QG.

E.g. boost clocks regularise entropy (via crossed product). But:
Only one diffeomorphism Rpoost C Diff (M) accounted for? What about the others?

Boost clock is typically auzxiliary. Can we use an intrinsic QRF?
This talk: how to surmount these limitations — and what we stand to gain.

Generalised second law beyond the semiclassical regime.
Two diffeomorphisms Aff(R) C Diff (M) are accounted for, using dynamical cuts.
Leads to a modification: Sgen(v2) > Sgen(v1) + free energy of QRF.

The area element on a null surface as a QRF.
Completely intrinsic to the gravitational system.

Accounts for Diff(R) C Diff(M). Rich mathematical and physical structure.
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General Covariance

—

Reference Frames

(coordinate systems)

Pirsa: 25060009 Page 5/45



Background Independence General Covariance

~ —~

Dynamical Reference Frames

“clocks and rods”
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Background Independence General Covariance

~ —~

Quantum Dynamieal Reference Frames (QRFs)

\ “quantum clocks and rods”

Quantum Theory
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Quantum clocks regulate entropies.

[Chandrasekaran, Longo, Penington, Witten, Jensen, Sorce, Speranza, ...]

[De Vuyst, Eccles, Hohn, JK, 2405.00114 & 2412.15502]

Let Ay C B(Hqgrr) be the algebra of
field operators with support in some
subregion U.

(AH & B(Hclock))c = ./42,[ x R
‘crossed product’

C = HQFT 52 Hclocka %CIOCk = L2<R)

Fields are thermal in /. Choose a clock that measures the associated time.
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Quantum clocks regulate entropies.

[Chandrasekaran, Longo, Penington, Witten, Jensen, Sorce, Speranza, ...]

[De Vuyst, Eccles, Hohn, JK, 2405.00114 & 2412.15502]

Let Ay C B(Hqgrr) be the algebra of
field operators with support in some
subregion U.

(AZ/I & B(Hclock))c = Az/[ X R
N s
‘crossed product’

= HQFT iR Hclocka %clock — L2(R)

Fields are thermal in ¢/. Choose a clock that measures the associated time.
Entropy of fields is UV-divergent: S(Ay) = o
But entropy of fields and clock is finite! S(Ay ¥ R) < 00

Pirsa: 25060009 Page 9/45



Semiclassically, S(A;; x R) is generalised entropy.

‘Semiclassically’ means small ¢ fluctuations, i.e. small (A#)? = ((f — (£))2).

Alternatively: large Hoa fluctuations. More precisely:
A];Iclock > AHQFT

In this regime one finds: relative entropy

\/ some constant f vacuum
S(-AU A R) = S0 — (Hclock> _ SSET(IPHQ) T s
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Semiclassically, S(A; x R) is generalised entropy.

‘Semiclassically’ means small ¢ fluctuations, i.e. small (A#)? = ((f — (£))?).

Alternatively: large H.,q fluctuations. More precisely:

A];Iclock = AHQFT

In this regime one finds: relative entropy

\/ some constant \/ vacuum
S('AU X R) = S0 — (Hclock> _ SS%?T(W‘Q) e

Introducing a UV regulator, and using Einstein’s equations
G = 8nGNT,,  (with Ty, = T + To0)  leads to:

(Area(0U))

S(AMN]R): 4GN

+ Sqrr(U) + -+
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Consider a Killing horizon 7.

The fields outside a given cut are thermal
with respect to a boost.

The constraint generating the boost
comes from Raychaudhuri’s equation.

Kboost :f UT’U’U'
e

Semiclassical regime AH ok > AHqpr is A Area(00)/4GN > AKpoost
large area fluctuations in Planck units j

Pirsa: 25060009 Page 12/45



For a cut of the horizon located at v, get an algebra A(v) x R.

Semiclassical regime: (A Area(co)/4Gn > AKpoost)
S(A(’Ug) X R) Z; S(A(’Ul) X R)

[Wall 2011; Faulkner, Speranza 2024]

This is the generalised second law: [Bekenstein]

Sgen(V2) 2 Sgen(v1)

i.e. the second law of thermodynamics including black holes.

This is superior to previous proofs of the GSL, because it (1) makes sense
without a UV regulator, and (2) accounts for gauge-invariance under boosts.
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For a cut of the horizon located at v, get an algebra A(v) x R.

Semiclassical regime: (A Area(co)/4Gn > AKpoost)
S(A(UQ) X R) Z; S(A(’Ul) X R)

[Wall 2011; Faulkner, Speranza 2024]

This is the generalised second law: [Bekenstein]

Sgen(V2) Z Sgen(v1)

i.e. the second law of thermodynamics including black holes.

This is superior to previous proofs of the GSL, because it (1) makes sense
without a UV regulator, and (2) accounts for gauge-invariance under boosts.

How do we go beyond the semiclassical regime?
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Entropy inequalities typically come from
subalgebras A, C A;.

But here:

A(vg) xR &€ A(vy) xR

Algebra of later cut not contained in
algebra of earlier cut.

(‘isotony’ is violated)

This happened because a different boost
invariance is imposed in each region.
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Entropy inequalities typically come from
subalgebras A, C A;.

But here:

A(’Uz) x R g A(‘Ul) X R

Algebra of later cut not contained in
algebra of earlier cut.

(‘isotony’ is violated)
This happened because a different boost

invariance is imposed in each region.

This is the reason why the previous approach does not give
a GSL beyond the semiclassical regime.
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Solution: impose invariance under both boosts simultaneously!

Two constraints:

Ch Cy
/ \

boost around v = v, boost around v = v,

(5 — (] generates a null translation v — v + s — moves the cuts.

—> fized cuts are not compatible with gauge symmetry

Local subsystems must be defined relative to QRFs.
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Toy MODEL: dynamical cuts

Instead of fixed cuts, use dynamical
cuts, defined covariantly in terms of
dynamical degrees of freedom.

For example: cuts v,, v, may be
defined as the locations at which
infalling particles a, b cross the
horizon.
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Toy MODEL: dynamical cuts

Instead of fixed cuts, use dynamical
cuts, defined covariantly in terms of
dynamical degrees of freedom.

For example: cuts v,, v, may be
defined as the locations at which
infalling particles a, b cross the
horizon.

These are moved around by gauge
transformations in the appropriate
way, and so give rise to well-defined
physical subsystems.

There are many other ways to construct such dynamical cuts.
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In [Jk 2412.01903]: dynamical cuts labelled by a = 1,2, ....

Each has Hilbert space H, = L*(R): wavefunctions f(v,) of the cut’s location.

Algebra of observables outside of a dynamical cut: a crossed product
dressed to the location of the cut: A(?,) x R.

Now have subalgebra structure: (RHS holds if we condition on the LHS)
@2 = 61 — ./4.(’&2) X R C A(’ﬁl) x R
Using ordinary QI theory (monotonicity of relative entropy), one may then show:

Uy > 07 = S(A(D3) X R) > S(A(D1) x R) + free energy of cuts
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In [JK 2412.01903]: dynamical cuts labelled by a =1,2,....
Each has Hilbert space H, = L*(R): wavefunctions f(v,) of the cut’s location.

Algebra of observables outside of a dynamical cut: a crossed product
dressed to the location of the cut: A(?,) x R.

Now have subalgebra structure: (RHS holds if we condition on the LHS)
@2 > 61 — ./4.(’02) x R - A(’ﬁl) x R
Using ordinary QI theory (monotonicity of relative entropy), one may then show:

Ug 2> 01 => Sgen(U2) = Sgen(¥1) + free energy of cuts

The GSL must account for the heat of quantum clocks.
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Taking QRFSs seriously sheds light on black hole information.

Seen(U2) > Sgen(¥1) + free energy of cuts.
Free energy of cuts can be arbitrarily negative.
=—> Sgen €8N decrease!

For black hole unitarity, we need something like this to
happen, to recover a Page curve.

Is this a loophole for black hole unitarity?

Speculative argument:

“At late times, QRF becomes entangled with a
large amount of Hawking radiation, bla bla v 7
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Taking QRFSs seriously sheds light on black hole information.

Seen(U2) = Sgen(¥1) + free energy of cuts.
Free energy of cuts can be arbitrarily negative.
—> Sgen Can decrease!

For black hole unitarity, we need something like this to
happen, to recover a Page curve.

Is this a loophole for black hole unitarity?

Speculative argument:

“At late times, QRF becomes entangled with a
large amount of Hawking radiation, bla bla vio. 7

It’s possible this is just an artifact of the toy model.
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The gravitational field itself provides natural QRFs.

[Freidel, JK W.I.P.]

On a null surface (more general than just horizon), the fields decompose:

Q, 1 + radiative degrees of freedom
/X

area element canonical partner

[Ciambelli, Freidel, Leigh]
(‘surface tension’)

(2, o give null time coordinates. E.g. ‘affine time’ V, 4 satisfies Oy, {2 4+ 20 = 0.

Upon quantisation, {2, i give a QRF for null times. Gauge group:
null diffeomorphisms:  Diff "(R) 3> boost, null translation, ...
Constraint is Raychaudhuri equation:
C(v) = 62Q — ud,Q + 8GN,
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