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Atmoloyla
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in physics we feel, | think justifiably, that we have come to learn something about
the world, often something concrete, sometimes something deep

this comes out most clearly when we recall that physics does more than predict
experimental outcomes based on clearly formulated mathematical models

it also teaches us about qualitative features of the world that we do not know
how to model in anything like an adequate quantitative sense (turbulence, e.g.)

and it teaches us about broad and global features of the world, about its possible
behaviors, that, it seems, we need general theorems to characterize (the
relationships among topology, causal and affine structures in GR, e.g., captured
by the classical singularity theorems)
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in philosophy, we try to understand what it is we've learned, and we realize
that learning is only the first step in coming to understand

in reflecting on the state of our knowledge, we recognize that there always
remain open questions about that knowledge. ..

how to clarify, elaborate and enrich the concepts and the relations among
them we (are trying to!) use to formulate and represent the knowledge
physics has given us, to grasp what conceptual possibilities are opened up
or closed off by that knowledge
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in the best of cases, this sets up a self-sustaining
feedback loop, a virtuous epistemic circle
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physics provides philosophy the knowledge to reflect on:

[W]e are met as cultivators of mathematics and physics. In our
daily work we are led up to questions the same in kind with those
of metaphysics; and we approach them, not trusting to the na-
tive penetrating power of our own minds, but trained by a long-
continued adjustment of our modes of thought to the facts of
external nature.

— James Clerk Maxwell
“Address to the Mathematical and Phys-
ical Sections of the British Association”
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philosophy provides physics the questions whose investigation may not lead to
definitive answers to the questions themselves, but pleasantly often opens up new
avenues of research that lead us to more and deeper learning about the world:

[W]e must bear in mind that the scientific or science-producing value
of the efforts made to answer these old standing questions is not to
be measured by the prospect they afford us of ultimately obtaining

a solution, but by their effect in stimulating men to a thorough in-
vestigation of nature. To propose a scientific question presupposes
scientific knowledge, and the questions which exercise men's minds
in the present state of science may very likely be such that a little
more knowledge would shew us that no answer is possible. The sci-
entific value of the question, How do bodies act on one another at a
distance? is to be found in the stimulus it has given to investigations
into the properties of the intervening medium.

James Clerk Maxwell
“Attraction” (Encyclopaedia Britannica, edition 1X)
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in a field such as black hole thermodynamics, and semi-classical gravity more
generally—where we have not only no empirical experience to test our theorizing,
but, much more importantly (and worse), we have none to guide and constrain
it...

where we have not been “trained by a long-continued adjustment of our modes of
thought to the facts of external nature”. ..

@ — investigations necessarily speculative in a way unusual even in theoreti-
cal physics

@ = technically sophisticated, conceptually deep physical questions inextri-
cable from subtle philosophical considerations spanning ontology, epistemol-
ogy, and methodology, again in a way unusual even in theoretical physics
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in such a field. ..

| see no clear line to be drawn to demarcate
physics from philosophy

And so my task here today, as this Socratic &moloyia suggests,
is to play Socratic gad-fly
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‘Information Loss’ Is Said in Many Ways



two notions of evolution

QFT
1. initial data: quantum state 1y defined on a Cauchy slice ¥;

2. evolution between surfaces governed by standard Schrédinger unitary
evolution:

9e) = U|¢bo)

where "U; = exp(—itH)"

GR
1. initial data: (hgp, ) on slice &

2. evolution into domain of dependence governed by Cauchy develop-
ment induced by EFE
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one might have thought the central issue of the Information-Loss Paradox
would standardly be posed as something like:

are these 2 notions of evolution in
an appropriate sense consistent?

in fact, it is not, in large part because no one knows how to combine the
3+1 EFE with the Schrédinger equation

(the semi-classical Einstein field equation (SCEFE) doesn’t do the job, since it deals
only with (Typ))
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in the context of evaporating black hole spacetimes, there are 4 questions
commonly posed, not always clearly distinguished from each other, and
none clearly equivalent to—or even clearly related to—each other:

Hawking problem is there a unitary scattering matrix from .~ to .# 7

Page-curve problem does the entropy of Hawking radiation decrease at
late times during evaporation?

final-state problem is Hawking radiation (i.e., the quantum state of the
field) in a pure state after evaporation ends?

recovery problem can the “information” encoded in a physical system be
recovered after it enters a black hole (whether part of initial collapse or
later addition)?
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@ they all have more or less vaguely to do with the idea of unitarity—
whether unitary evolution consistently holds in QFT for an evaporat-
ing black hole

@ all complicated by fact that in scattering theory ‘unitarity’ has 2 com-
pletely different meanings:

(1) conservation of probability
(2) evolution from pure states to pure states

@ neither straightforwardly related to standard definition of ‘unitary’ for
self-adjoint operator on Hilbert space
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this ambiguity comes out most clearly in the “standard” argument
about the Hawking problem, and its relative the final-state problem

let's focus for the moment on the final-state problem
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Figure 7.3. A conformal diagram illustrating the phenomenon of loss of
quantum coherence in a spacetime in which black hole evaporation occurs.

(taken from Wald 1994)
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summary

1. by Cauchy evolution, a pure state on ¥; develops into a mixed
state on Xy

2. by Schrodinger evolution, this cannot happen
3. the root of the conflict lies in the pathology of the causal struc-
ture of the spacetime:
i. X1 is a Cauchy surface for that part of the spacetime lying be-
neath the null surface “connecting the evaporation region to
Vas
ii. X9 is not
4. = Y, can, at most, “know’ about the information encoded in
the mixed state defined on ¥ by tracing out that part of the
state associated with the part of X; lying behind the event hori-
zon
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Marolf’s Boundary Unitarity Argument



Marolf (2009) proposed a novel form of argument, which has become
widely influential, that black hole evaporation is fundamentally a unitary
process

—addressing some combination, | think, of the final-state problem and the
recovery problem, using ‘unitarity’ in the sense of the definition applicable

to self-adjoint operators and related to the evolution of pure states to pure
states

| think it is ingenious and elegant, and delivers real insight on a number of
issues
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but | also think it begs a fundamental question, in the same way that all
holographic arguments | know of for unitarity do

and it does so in a way that brings out the problem with clarity (because
the argument itself is so crisp and clear)

—or, from a different perspective, it makes perspicuous some fundamental,
otherwise hidden and severe seeming consequences of unitarity
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to prove my bona fides, | will present the argument using the slides of
a talk by Aron Wall from 2019, who vigorously defends the validity of
the argument
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Argument #2: Boundary Unitarity (Marolf)

assume asymptotically AdS, but do NOT assume AdS/CFT
(instead we will be proving that something like it must hold)

[a asymptotically flat argument exists, but is more subtle.]

argument concerns the set of all quantities
that are measurable on the boundary at a
given time t:

A

allow a small “thickness” At to avoid
worries about smearing operators in time...

basic principles of physics will now imply
that the info that falls into a black hole
remains accessible on the boundary...
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Axiom #1: A A is an algebra of operators [QFT]

- vector subset of operators A, B... in global Hilbert space
- closed under addition (vector space): A+ B

- closed under multiplication (algebra): AB

- and reasonable limits thereof (C* algebra)

These assumptions are totally standard in AQFT when describing the
set of all measurable quantities in a region
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Axiom #2: the Hamiltonian is measurable at boundary [GR]

H e A A

In ANY diffeomorphism-invariant theory of gravity (not just GR),
the total energy is a pure boundary term (the ADM energy).

Gauge symmetry implies that H = 0 locally, up to a total derivative
that arises when the diffeo vector & does not vanish on the
boundary.

The ADM energy is obtained from the case where & limits to a
time translation on the boundary.
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Axiom #3: The Hamiltonian generates time translations [QM]

a) H is a self adjoint operator

b) forall @, [H,O] = i% (Heisenberg picture)

These rules are simply the definition of the Hamiltonian in QM,
which always exists if there is a time-translation symmetry acting
on the complete Hilbert space.

(the identification of this with the previous H is related to the
exact equivalence of gravitational and inertial energy in GR.)
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Axioms 1-3 imply that the boundary evolves unitarily!

If O(t) is a family of operators related by time translation
symmetry, then you can solve for one time in terms of other times:

(’)(tl) = eiH(tl—tz)O(tQ)e—iH(tl—tz)

anything that can be measured at ¢4

can also be measured at 5,

A,
because H and (9(752) are in the algebra
and the r.h.s. is just a limit of sums & products
of those...

A,

hence no info can be lost from the boundary
(unless it was never on the boundary)
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Axiom #4: There are other nontrivial operators in the algebra
that can be excited to form a black hole [AdS QFT]

e.g. the boundary value of a scalar field ([)(t) c -At,At

Dbulk

it is known how to solve for a field
(outside of any horizons) in terms of
integrals of boundary limiting values ¢bu1k

sideways Cauchy problem subtle but basically OK

Hamilton-Kabat-Lifschytz-Lowe (free fields)
interacting case done perturbatively in 1/N
(should be good near infinity)

note we just need some nontrivial field operator,
(other than vacuum symmetry generators like H)
on a small boundary interval
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Information is not lost into the black hole

Ay,

A,

excite fields at 1 to form BH,
these fields carry info to the inside

at any later moment of time 72
(even before the BH evaporates)
the information is still available

in principle, and can be measured
by a complicated experiment
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Summary of Assumptions

#1: exists an algebra of operators A; a+. [QFT]

#2. I € A¢ a¢  IGR]

#3: a) H is a self adjoint operator
b) forall @, [H,0] =i [QM]

= Yar

#4: exist nontrivial operators in A¢ At

that can be used to form black hole [AdS QFT]
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Some Causality Conditions and a Theorem on Causal Structure



the nub of my problem with Marolf's argument is that it implicitly assumes
the interior of spacetime is causally well behaved (all required actions on
the boundary can propagate in a determinable way anywhere into the
interior of spacetime | want)—

but the final-state problem strongly suggests that that is exactly what is up
for grabs

to make the claim precise, | will introduce a few causality conditions and a

theorem by Lesourd (2019), and show where in Marolf's argument the
implicit assumption is made without justification
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for M = (M, gu):

distinguishing Vp,q € M, I~ (p) = I~ (q) or IT(p) = I (q) implies
pP=4q

reflecting Vp,q € M, I~ (p) C 1 (q) iff I*(q) C It (p)

causally continuous M is both distinguishing and reflecting

33/48



6.4] Identify 193

Null geodesic

P ﬁq i...—-Remove strip

%

FicURE 37. A space in which the causality and past distinguishing conditions
hold everywhere, but the future distinguishing condition does not hold at por ¢
(in fact, I*(p) = I*(g)). The light cones on the cylinder tip over until one null
direction is horizontal, and then tip back up; a strip has been removed, thus
breaking the closed null geodesic that would otherwise occur.

(taken from Hawking and Ellis 1973; the spacetime is reflecting)
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Fig. 1.2. The spacetime A is reflecting; the spacetime B is not

(taken from Hawking and Sachs 1974; both spacetimes are distinguishing)
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Froure 42. A small displacement of a point from p to g results in a large change
in the volume of the past of the point. Light cones are at + 45° and a strip has
been removed as shown.

(taken from Hawking and Ellis 1973; the spacetime is causally discontinuous)
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Theorem (Lesourd 2019)

Let M = (M, ga) be a chronological spacetime with timelike asymptotic
boundary . as in Marolf's argument, having topology V x R, such that:

1. there is a non-trivial black hole region and event horizon;

2. I=(F%) c I-(X), where ¥ is a complete cross-section of 7, i.e., a
spacelike submanifold of .#+ with topology V.

Then M is causally discontinuous.

Condition 2 captures the idea that the event horizon persists only up to a
finite “moment of time" in the interior of the spacetime, i.e., that the black
hole evaporates.

(I slightly simplify the formulation, but the original statement of the theorem implies this one.)
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an evaporating black hole spacetime is causally
discontinuous

Figure 7.3. A conformal diagram illustrating the phenomenon of loss of
quantum coherence in a spacetime in which black hole evaporation occurs.

(taken from Wald 1994)
38/48



Marolf’s Dilemma



now, recall this crucial step in Marolf's
argument. . .
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Axiom #4: There are other nontrivial operators in the algebra
that can be excited to form a black hole [AdS QFT]

e.g. the boundary value of a scalar field ([)(t) c -At,At

Dbulk

it is known how to solve for a field
(outside of any horizons) in terms of
integrals of boundary limiting values ¢bu1k

sideways Cauchy problem subtle but basically OK

Hamilton-Kabat-Lifschytz-Lowe (free fields)
interacting case done perturbatively in 1/N
(should be good near infinity)

note we just need some nontrivial field operator,
(other than vacuum symmetry generators like H)
on a small boundary interval
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“sideways Cauchy problem subtle but basically OK"—only assuming that
the interior of the spacetime is causally well behaved!!!

that is to say, assuming that the interior is not, e.g., causally discontinuous
because a black hole has badly evaporated

@ the boundary theory must capture the phenomena of the entire in-
terior, otherwise there is the possibility that a black hole evaporates
non-unitarily in a way that does not register on the boundary

@ thus, in order for the boundary theory to capture the phenomena of
the entire interior, there must be observables capable of affecting ev-
ery region of the interior

@ otherwise, information about what happens in that region is not nec-
essarily recoverable at the boundary

@ but that is what causal discontinuity calls into question
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one cannot reject this problem by claiming that we need a full theory of QG
to know what happens around “the evaporation region":

@ Lesourd's theorem shows the causal discontinuity to occur arbitrarily
far from any neighborhood of “the evaporation region”

@ in particular, the spacetime is causally discontinuous in regions asymp-
totically far from any neighborhood of “the evaporation region”, in
a way completely independent of the details of the geometry in the
neighborhood of the evaporation region
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Conjecture

Unitary (Schrédinger/Heisenberg) evolution is impossible in
a causally discontinuous spacetime.
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there is, of course, a way around the problem: one accepts the
argument by noting that

1. if an adequate underlying theory of QG is pervasively promiscu-
ously non-local

2. so that information characterizing any “small region around the
evaporation region” can be (at least in principle) recovered from
information characterizing any small region asymptotically far
away

3. then there can be no true causal discontinuity

this, | take it, is the pill those who like the argument indeed
swallow—uwhether bitter or not a matter of personal taste (and de
gustibus non disputandum est)
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| balk, for three reasons:

1. it is not clear to me how pervasively promiscuous non-locality at
a fundamental QG level can efface manifest causal discontinuity
at the level of classical spacetime geometry in regions where cur-
vature can be arbitrarily small

2. failure of unitarity for a theory of QG seems to me a less radical
departure from well established physics than a non-locality that
has more or less every region of spacetime encoding information
about every other other region, no matter whether to the past or
future, no matter how distant

3. but most importantly—this would be a profoundly radical con-
clusion to draw about fundamental theory from what is, at bot-
tom, only a semi-classical, effective field-theoretic description

46 /48



now, this is more radical than past revolutions, | claim, because in the past,
when profoundly radical new ideas were introduced (Newton's Second Law
and universal gravity, the electromagnetic field, relativity of simultaneity,
non-commutativity of operators), it was inspired by and in response to
empirical data that could not otherwise be explained

this is most assuredly not the case here
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