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Black hole evaporation

Part 1: black holes radiate

| 2

>

In 1974 Hawking wrote a seminal paper in which he found
that Black holes emit radiation.

In the process of BH formation, quantum fields yield particle
creation — BH formation is not stationary.

At late times, once the BH formed, the creation of particles
has thermal spectrum.

In the test-field limit, radiation is thermal at Ty = k/(2m7),
e.g. for Schwarzschild Ty = 1/(8ntM).

Not entirely surprising, an exterior observer has no access to
the details of the field state in the BH interior, thus, a pure
state looks thermal by “tracing out” DOF in the interior.

Note that the Hawking temperature depends only on M, J
and Q.
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Black hole evaporation

Part 2: black holes evaporate

» The energy flux at the BH horizon is negative, i.e., radiation
makes the BH shrink.

» As the BH shrinks, it becomes hotter, evaporation cannot be
stopped!

» Eventually, one ends up with the following diagram... (which |
will explain in detail)
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Figure: Diagram in (Hawking, 1975): After the BH Hawking-radiates
away, a post-evaporation region emerges, which is nearly flat (red dots).
A pure ‘in’ state wj, defined on I~ will evolve into a mixed ‘out’ state
Weyt defined on J*. This is the information loss puzzle.
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Non-global hyperbolicity and information loss

P [t is noteworthy pointing out that the previous diagram is not
globally hyperbolic.

» Information loss is a manifestation of this lack of global
hyperbolicity: there is a breakdown of quantum (and classical)
determinism.

» This point has been emphasised by Wald, Unruh, etc.

» However, there is strong evidence that Cauchy horizons are
not semiclassically stable.

» The point | want to make is that this semiclassical instability
is contrary to the standard information loss picture.

> Let me begin by providing a precise statement.
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Quantum algebras and states

We can view the algebras of observables in spacetimes as
associated to spacetime regions. Example:

The Klein-Gordon algebra in the (for now, globally hyperbolic)
spacetime (M, gap) is the (unital) %-algebra A(M) generated by
fields @©(f), where f € C§°(M), subject to the relations

1.

2
3
4.
>

Linearity: f — @(f) is linear.

. Hermiticity: ®(f) = ®(f)*.
. Field equation: ®((0— m? —&R)f) = 0.

Commutation relations: [®(f), D(g)] = —iE(f,g)1

Suppose N C M can be endowed with the induced metric
from (M, g,5) and it is a globally hyperbolic spacetime in its
own right. Then we can define A(N) analogously.

Further, A(N) is isomorphic to the sub-algebra A(M;N) of
A(M).
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Quantum algebras and states

States over an observable algebra are linear maps w : A — C, such
that

1. w(1) =1 (normalisation),
2. w(A*A) >0, A € A (positivity).
P> A state w is defined by all its n-point functions

W) ... 0(f) = wnlfi...f). (1)

» The GNS construction allows one to obtain a representation
of the observable algebra in Hilbert space.

» For our purposes, the most relevant one is the two point
function

Walfy, ) = JM Pl x VAR (2

» G, is the Wightman function, e.g. in Minkowski spacetime
d3k . / /

G N — SR wg(t—t! )tk (x—x ) 3

+0x7) JRs 2023wy (3)
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Quantum algebras and states

A state is Hadamard if in a convex normal neighbourhood

1/2 /
G, (x,x") = ! 2 (A b, x) + v(x,x') In <€2> + Wz(X»X’))

2(2m

> A is the van Vleck-Morette determinant.
> = o(x,x’) +ie(t(x) — t(x")) + %62: regularised
half-squared geodesic distance.

» v and w; are smooth and symmetric coefficients — v is state
independent and w; depends on the state.

> { € R is an arbitrary length scale.

Hadamard states are generally considered to be the class of
physically relevant states in curved (and flat) spacetimes.
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Quantum strong cosmic censorship: Auxiliary definitions

Definition

Let (M, g,5) be a spacetime and S a partial Cauchy surface, i.e., a
closed achronal set with D(S) # J(S). We say that S is a strictly
partial Cauchy surface if S cannot be extended to be a Cauchy
surface of the conformal completion of (M, g,p) or (b) if S admits
an extension to a Cauchy surface, say C, the extension is such that
C\ S contains an open set of C in the interior of the conformal
completion of (M, gap).

Definition (Algebra and state extensions)

We say that the x-algebra Ais an algebra extension of the
*-algebra A if A is a x-subalgebra A. Let w: A — C be an
algebraic state. We say @ : A — C is a state extension of w if
Wd(a) = w(a) for every a € A.
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Quantum strong cosmic censorship.

Conjecture (Quantum strong cosmic censorship)

Let S be strictly partial Cauchy surface of the (not necessarily
globally hyperbolic) spacetime (M, g.p) and let D(S) be its
domain of dependence. (D(S),g.5) can be seen as a globally
hyperbolic spacetime in its own right, where 8., = " *g.p with
P :D(S) = P(D(S)) C M an isometric embedding. Let A be an
F-local quantum field theory defined over (M, g,5) and B a
quantum field theory over (D(S), g,5) isomorphic to A(M; D(S)).
Let w: B — C be a generic pure Hadamard state. Then,
generically there exist no extension of w to a state

w : A(M;D(S)) — C that is Hadamard.
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Quantum strong cosmic censorship: Remarks

» A breakdown of the Hadamard condition might indicate a
breakdown of semiclassical gravity, e.g., it might indicate the
non-existence of w( T,,), which sources the semiclassical
gravity Einstein equations via

Gab + /\gab = 87TGNw( Ta ) (4)

» If the breakdown is sufficiently strong, one might develop
semiclassical curvature singularities — | argue this is what
occurs in BH evaporation. (But see my recent
arXiv:2412.08402.)

» The final stage of BH evaporation is — | argue — beyond the
semiclassical regime of quantum gravity.
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Quantum strong cosmic censorship: Remarks on
hypotheses

>

>

>

Strictly partial Cauchy hypothesis: Consider Milne's universe,
i.e., the portion t > |x| in Minkowski space. It is possible to
construct a pure state in Milne that can be extended to the
Minkowski vacuum in the whole of Minkowski spacetime. But
here, a Cauchy surface of Milne is not a strictly partial Cauchy
surface in Minkowski.

Purity hypothesis: Consider the right Rindler wedge x > [t| in
Minkowski space. There exist mixed states that extends to
the whole of Minkowski spacetime. For example, a thermal
state at the Unruh temperature in the right Rindler wedge
extends to Minkowski.

F-locality hypothesis: A failure of F-locality indicates that the
observable algebra is not a bona fide one.

Genericness hypothesis: One can ‘cheat’ and construct
conformal states that are regular at Cauchy horizons.
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Evidence for QSCC

» A number of authors have observed the breakdown of the
Hadamard property in Cauchy horizons. For example, the
Hadamard property breaks down for:

1. The Rindler at the Rindler wedge boundary in flat spacetime.

2. The Unruh and HHI vacua at the inner horizon of 1 + 1
Reissner-Nordstrom-like BHs (Judrez-Aubry, 2017;
Judrez-Aubry, Louko, 2022).

3. The Unruh and HHI vacua in Reissner-Nordstrom's inner
horizon (Lanir et al, 2019; Zilberman et al, 2020).

4. Generic states in the inner horizon of Reissner-Nordstrom-de
Sitter (Hollands et al, 2022; ibid 2020, Papadodimas et al,
2020; Shrivastava, 2020).

5. the Unruh state in Kerr's inner horizon (Zilberman et al,
2022), etc.
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Evidence for QSCC

» The Kay-Radzikowski-Wald (KRW) theorems establish that
there are no Hadamard state extensions for a free scalar field
in a globally hyperbolic region with a compactly generated
Cauchy horizons. In fact, the theorems are stronger in the
following sense: Theorem KRW 1 establishes that there is no
F-local extension of an initial globally hyperbolic quantum
field theory at the Cauchy horizon, due to a breakdown of
F-locality at certain base points of the compactly generated
Cauchy horizon. Theorem KRW 2 establishes that at these
base points a state extension will fail to be Hadamard in a
very strong sense: it is not possible that the difference
between the state's two-point bi-distribution and a locally
constructed Hadamard bi-distribution be a bounded function
in a neighbourhood of any base point in M x M.

Quantum SCC & BH evaporation 15 BA Judrez-Aubry (York)



Evidence for QSCC

» A result by Fewster and Verch (2013) implies that any state
that is pure or normal to a pure state (i.e., represented as a
density operator in the Hilbert space of the pure state)
defined in the interior of a double cone in a globally
hyperbolic spacetime cannot be extended to the spacelike
boundary of the double cone as a Hadamard state. Note here
that the boundary of the double cone plays the role of a
Cauchy horizon for the interior region.
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What | think semiclassical gravity actually predicts

1

Figure: Breakdown of semiclassical gravity in BH evaporation: Infalling
matter (denoted by diagonal lines) forms a BH with BH region shaded in
blue. At the end-point of evaporation, a semiclassically unstable Cauchy
horizon is formed, denoted by C. The spacetime described by

semiclassical gravity ends with a naked smgularlty meeting JF.
Quantum SCC & BH evaporation BA Judrez-Aubry (York)



Semiclassical evaporation picture

There are two strong pieces of evidence that the above picture
must be correct:

» The final evaporation event is a curvature singularity. If
semiclassical gravity is at all a reasonable theory, singularities
must propagate along null geodesics (according to
Hormander's theorem). This means that the naked singularity
should propagate along the Cauchy horizon in the original
evaporation picture.

» The above is consistent with the physical picture of
evaporation: As the BH shrinks the emitted temperature
becomes unbounded. The state ceases to have a Hadamard
singular structure and — | argue — the expectation value of the
stress-energy tensor becomes too singular.
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Figure: The role of qllgantum gravity.
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Thanks!

See more at:

> B. A. Judrez-Aubry, “Quantum strong cosmic censorship and
black hole evaporation”, Class. Quant. Grav. 41 (2024)
no.19, 195027 doi:10.1088/1361-6382/ad756¢
[arXiv:2305.01617 [gr-qc]].

> B. A. Judrez-Aubry, “A new class of semiclassical gravity
solutions, gravitational quantum stealths and regular Cauchy
horizons”, [arXiv:2412.08402 [gr-qc]].

Quantum SCC & BH evaporation 20 BA Judrez-Aubry (York)



	Black hole evaporation
	The information loss puzzle
	Quantum strong cosmic censorship
	Evaporation as a unitary process

